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ABSTRACT 

Studies have been carried out in the following areas: 

Photochemistry 

The photochemical behaviour of selected aromatic carbonyl 
compounds has been studied, especially in relation to the nature 
of the excited state involved in chemical reaction. The 
photochemistry of certain pyrimidine-based agrochemicals and 
related compounds has been investigated from a kinetic and 
product viewpoint. The dye sensitised photooxidation of these 
compounds has also been studied. 

Spectroscopy and Charge-Transfer Complexation 

The spectroscopic properties and electron acceptor ability of a 
variety of organic compounds has been reported upon. 

Chemistry of Polynitroaromatic Compounds 

The synthesis of a number of new polynitronaphthalenes and 
polynitroacenaphthenes has been achieved, and the properties of 
many of these compounds has been studied by nmr, esr, electronic 
spectroscopy and by mass spectrometry. The, reaction of base 
with such compounds has also been investigated. 

Education 

Articles have been published in educational journals on 
molecular complexes, colour, solar energy and spectroscopy. 
Textbooks on molecular spectroscopy and photochemistry have been 
published. 
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588. Reactions of Methylene with isoButene. 
By J. H. KNOX, A. F. TROTMAN-DICKENSON, and C. H. J. WELLS. 

THE reactions of methylene with isobutene have been studied bvphowlysing keten in the 
presence of the olefin (ratio 1 : 2.S) in a Pyrex vessel with light from a medium-pressure 
mercury arc. The products were analysed by gas chromatography and identified by 
their infrared spectra. The formation of products may be interpreted in terms of the 
following scheme: 

CH. 
*CH 	k, 	/ \ 
/ \ 	-_ Me-C---CH. (I) 

1-- MeC—CH. (1*) -4-M 
. 	 (II) CH + MeCCH 	-.,.. MeCCHMe (II) 	k,ô 

—* Me2CCHMe 
 

CMeEtCH (III) 

The variation of the yields of (I), (II), and (III) with pressure, shown in Fig. 1 for 200, 
indicate that at pressures above about 4 cm. effectively all the (1*) molecules are 

FIG. 1. 	 Fxo. 2. 
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deactivated by collision, i.e., k[] > k16. At the higher pressures, therefore, the values 
of the relative yields give the ratios of the rate constants k,, k.,, and k5. The effect of 
temperature on the high-pressure ratios is shown in Fig. 2. The straight lines have the 
equations: 

1?1I1?2 = 60 exp [± 180 cal. mole'/R7] 
= 1-2 exp [± 430 cal. mole-'/RTl 

Addition to the double bond is several times more rapid than insertion into the C—H bonds. 
This is in agreement with Frey 1  who showed that for ethylene k,/k, = 1.6, after allowance 
for 4 ethylenic bonds in ethylene and only two in isobutene. Skell and Woodworth's 
results 2 on the reaction of methylene with cis-but-2-ene and Skeli and Garner's on the 
reactions of CBr0 with olefins in general confirin the conclusion. 

The small activation-energy differences are of the same order as those previously 
found for insertion of CH0  into saturated hydrocarbons.4  They likewise fall in an 
unexpected order in that E0  > E 0  > ECE. However, their absolute values arc 

8 

1 6  



probably low and are likely to be determined by steric requirements rather than by the 
strengths of the bonds broken or formed. The A factor ratios can be expressed in terms of the rates of attack on individual bonds as 

A00:ACH . ACH_19 :1.00.O.4 

showing that the high reactivity of the double bond is due to ahigh entropy of activ-
ation, not to a low energy of activation. Skell and Woodvorth's finding 2 that the 
addition of CH. to CIS-but-2ene is stereospecific rules out the possibility that this high 
entropy is due to free rotation in the activated complex. Skell and Garner's results' on 
the reactions of CBr2  show that its reactions are much more selective than those of 
methylene. Addition to isobutene is, for example, some 14 times as fast as the addition 
to hex-i-one, whereas preliminary results with methylene indicate that its addition to 
isobutene and pent-i-ene occur at roughly the same rate. 

At low pressures, as seen from Fig. 1, the ratios 1/11 and 111/11 fall as the pressure is 
reduced while (I + 11)/Ill remains constant. Compounds (I) and (II) are, therefore, 
alternative final products, the latter being increasingly favoured at lower pressures. This 
is in full accord with the scheme outlined above, where activated 1 l-dimethylcyclopropane 
either isomerjses [to (II)] or is stabilised by collision. The limiting pressure for stabilis-
ation (about 4 cm.) may be compared with the corresponding pressure for activated cyclo-propane' (about 200 cm.) and methylcyclopropane 6 (about 40 cm.) formed by similar 
reactions of methylene with ethylene and propene. The larger number of degrees of 
freedom in the more complex activated molecules account for their greater lifetimes. 

The isomerisation of (1*) might yield either 2-methylbut-2-ene (II) or 3-methylbüt-
1-one (IV). Small quantities of the latter which has a boiling point close to that of the 
cyclic compound (I) might not have been detected on the chromatograms, and since the infra 
red identification was carried out with a sample from a high-pressure experiment, there is po 
direct analytical evidence that the but-i-one was not formed at low pressures. However, 
the yield of (I + II) closely approaches zero at low pressures and so the percentage of the but-
1-ene (IV) which could have been included in the analysis as dimethylcyclopropane (I) must 
be low. Furthermore, the standard free-energy change (F°) for the conversion of (II) into (IV) is dF° = +361 kcal. mole-' and if the isomerisation yields the methylbutenes 
(II) and (IV) in equilibrium proportions only 24 x 10  of the product will be the latter. 

The authors thank Dr. D. M. W. Anderson for the infrared analyses and the Royal Society 
of London for financial assistance in the purchase of the recorder used in the gas-
chromatography apparatus. 
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Slow Oxidation of Ethane and Ethylene in the Gas Phase 

Part L—General Features at 362°C 

By J. H. KNOX AND C. H. J. WELLS 

Dept. of Chemistry, University of Edinburgh 

Received 11th September, 1963 

The kinetic and analytical features of the oxidation of ethane and ethylene at 362° are described. 
In the early stages of the oxidation of ethane, 80 % of the hydrocarbon consumed gives ethylene. 
In the intermediate stages the ethylene is itself oxidized. In the initial stages of the oxidation of 
pure ethylene over 80 % of the hydrocarbon consumed gives formaldehyde, and in the intermediate 
stages the formaldehyde is oxidized to carbon monoxide. The main molecular stages in the oxida-
tion are therefore ethane, ethylene, formaldehyde, carbon monoxide, with water also being formed 
at the appropriate stages. 

The kinetics of the ethane oxidation are similar to those of the propane oxidation and the 
autocatajysis of the reaction is probably due to the oxidation of formaldehyde. The slow start of the 
acceleration is in part due to the fact that the branching intermediate is not an initial product of the 
reaction. 

The general nature of hydrocarbon oxidation reactions is discussed. It is concluded that the 
main reaction of alkyl radicals with oxygen at 3004000 is usually an abstraction reaction 

CH2 +1±O, = CH2-1-HO,. 

However, there is strong evidence that the HO, radical is unable to abstract H from ethane or most 
Other hydrocarbons, and it is proposed that a key reaction in alkane oxidation is the conversion 
of H02  to OH. The reaction 21102 = 20H+O, is suggested. 

There is general agreement on the main experimental facts concerning the gas 
phase oxidation of fuels. The reactions are usually autocatalytic and numerous 
intermediate products can be. identified; the rates of oxidation of most fuels show 
a negative temperature coefficient between 300 and 400°C with the associated 
phenomenon of cool flames; the overall rates of oxidation of single fuels are very 
sensitive to their structure but their relative rates of oxidation in mixtures are much 
less so. These facts demand a free radical chain mechanism for their explanation. 

Three distinct types of chain mechanism have been proposed for the oxidation 
of alkanes (and more generally saturated fuels). These are the peroxide,1-3  the aldehyde 4'  5 and the olefin mechanisms.6. 7 All accept that the primary product 
from free radical attack on an alkane is an alkyl radical; they differ primarily in 
the mode of oxidation of the alkyl radical. With ethyl, e.g., the theories give: 
peroxide 	 C2H5 ±02  = C2H500 	 (I) 

C2H500+C2H6 = C2H500H+C2H5. 	 (2) 
aldehyde 	 C2H5+02 = CH3CHO+QH, 	 (3) 
olefin 	 C2H5+0, = C2H4+HO,. 	 (4) 

The first two mechanisms were supported by the evidence of peroxides and alde-
hydes in the reaction products. However, in the early stages of alkane oxidations 
the major initial product is an olefin. 3.9 with the same number of carbon atoms 
as the alkane. As this reaction accounts for about 80 % of the alkane disappearing, 
the peroxide and aldehyde mechanism cannot account for more than about 20 % of 

2786 



J. H. KNOX AND C. H. J. WELLS 	 2787 
the oxidation at most. The evidence now presented shows that for ethane reactions 
(2) and (3) are unimportant above about 3200.  

Apart from the olefin, in the early stages the combined yield of H,02  and H2O is close to that of the olefin. The peroxide yield is usually about 30 % that of the water.io. 11 
For ethane, the overall initial reactions thus appear to be 

	

C2H6+02 = C2H4+H202 	 (5) and 	 C2H6+4-02 = C2H4+H20. 	 (6) 
Hydrogen peroxide could arise from two reactions 

	

2H02  = H,,02+0? 	 (7) 

	

H02+C2H5 = H202+c2H5. 	 (8) 
Reaction (7) is important in the oxidation of hydrogen at 500° in boric acid coated 
vessels.12  At this temperature the peroxide quickly dissociates and the reaction 
proceeds by means of a "degenerate chain " in which free radical and molecular 
intermediates alternate as active species. Sampson 13 has shown convincingly 
that . similar mechanism applies in the oxidation of ethane at 600°. The degenerate 
chain for both systems can be written 

OH+C2H6(H2) = H20+C2H5(H) 	 (9) 
C2H5(H+M)+02 = C2H4(M)+H02 	 (4) 

21102  = H202+02 	 (7) 

	

H202+M' = 20H+M' 	 (10) 
(the reactants and products in brackets apply to the hydrogen + oxygen reaction). 
The overall rates of both reactions are close to the independently measurable rate 
of homogeneous pyrolysis of the hydrogen peroxide present. .At 300°, however, 
the rate of pyrolysis of the peroxide is much too low,14 so that reaction (7) can-
not be the main remover of HO, if the overall oxidations are chain reactions. 
There are, however, serious objections to reaction (9) since D[H-00H] = 89±2 
kcal.15 Therefore most reactions of HO, with alkalies will be endothermic and are 
Likely to have activation energies at least 5 kcal greater than their endotherrnjcities 
Falconer, Knox, Smith and Trotman-Dickenson 16,17 found that the relative rates of 
oxidation of propane and ethane in mixtures of two hydrocarbons differed by a 
factor of 2•3. The relative rates of attack of C118, CH3014 and Bris on these hydrocarbons are 20, 30 and 10 at 350°C. Consequently on the basis of these experiments taken only OH 19 is the most likely attacking radical. There is good 
evidence for the unreactivity of HO2  in the 'hydrogen-oxygen reaction 12 and in the methane oxidation.20 The dependence of the rate of slow oxidation of hydrogen 
on the hydrogen mole fraction at 500° requires the introduction of a "regeneration 
rnctioa 

H02+H2 = H202+H. 	 (11) 
Although the HO, concentration must be much higher than the OH concentration 
this reaction never accounts for more than 5 % of the hydrogen consumption. 
From the overall rate of the reaction and assuming reactions (7) and (11) have steric 
factors of unity, E11  is calculated to be about 27 kcal. If the steric factor of (1 1) were 
10-3, E11  = 17 kcal. 

In the oxidation of methane,20  the formaldehyde concentration passed through-1 maximum during the reaction. This maximum increased with temperature with 
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an activation energy of about S kcal. According to their mechanism 20 this energy 
is given by 

EF = +{E(H02 + CH4) + E(OH + CH4) - E(H02  + CH2O) - E(OH + CH2O)}. 

Since the activation energies of the two OH radical reactions are probably low 
the difference in the activation energies of the H02  radical reactions must be close 
to 16 kcal and thus E(HO,+CH4) 16 kcal. These values for E(H02 +H,) and 
E(H0+CH4) compare with 20 and 18 kcal for the corresponding reactions of 
bromine atoms. 13 It is therefore likely that E(HOz+C2H6) 13 kcal. It is most 
unlikely that the competitive experiments can be explained on the basis of H02  
as the radical attacking the hydrocarbons. Since the formation of HO2  along with 
the olefin in reaction (4) seems unavoidable, a key reaction in hydrocarbon oxidation 
may be the conversion of H02  to OH. The most plausible reaction is 

	

2H02  = [H00—OOH] = 20H+02. 	 (12) 

This reaction is analogous to those of alkyl peroxy radicals to give alkoxy radicals + 
oxygen,21. 22 but whereas the latter are almost certainly exothermic since they occur 
at room temperature, reaction (12) is about 8 kcal endothernijc. The difficulty of 
the endotherrnicity can be overcome if it is supposed that the hydrogen tetroxide 
is a true intermediate which decomposes preferentially to OH and 02 rather than 
to H02. The decomposition into three fragments might be expected to have an 
A factor higher by between 102  and 103, which could compensate for the adverse 
activation energy.23 

The initial aim of the present work was to discover whether ethane, the simplest 
hydrocarbon showing all the characteristics of higher alkane combustion,24  was 
oxidized initially to ethylene, acetaldehyde or ethyl hydroperoxide above 320°, 
and to establish the main products of oxidation of ethyl between 300 and 400°C. 
We have shown that ethylene indeed accounts for about 80 % of the initial products 
with formaldehyde as a minor product. The concurrent study of the oxidation of 
ethylene has shown that its main initial oxidation product is formaldehyde (>80 %) 
with ethylene oxide as a minor product. The main molecular stages of the oxidation 
of ethane are thus: 

ethane-+ ethylene --* formaldehyde ..+carbon monoxide 
+water 	 +water 

The results agree with Gray 6  and with Steacie and Plewes 25 as regards the production 
of ethylene and with Bone and Hill 26 who established the main oxygenated products. 
They also fall into line with the work of Sampson 13 on the ethane oxidation at 
600°C and that of Dingledy and Calvert 22 on the oxidation of ethyl radicals at 
room temperature. 

EXPERIMENTAL 

MATERIALS 

Oxygen was taken directly from B.O.G. cylinders and dried by bubbling throigh liquid 
oxygen. It contained 0-3 ¼ nitrogen. Ethane, supplied by B.O.G., contaied 15 %
ethylene which was removed by passing the gas through a column of charcoal saturated 
with bromine. Any bromine carried over from this column was absorbed by N: N-dimethyl 
p-toluidine supported on firebrick. The ethane was dried by passage through a trap at 
- 80°C and collected at - 183°C. It was finally subjected to several trap-to-trap distilla-
tions, first and last fractions being rejected. Ethylene, supplied by B.O.G., contained 
15 Y. carbon dioxide as the only detectable impurity. 
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APPARATUS 

The reaction was carried out ur..±er static conditions in a 500 ml Pyrex reaction vessel 5.5 cm diani. housed in an electric furnace whose temperature was constant and uniform 
to about 1 deg. Reaction mixtures were made up in a mixing vessel to the required corn-
position. The reaction was followed by measurement of pressure change with a Pyrex-
glass spoon gauge fitted with an aJ-glass link system which moved a small mirror. A 
light spot reflected by the mirror =oved 530 cm on a scale for each cm Hg pressure 
difference. 

ANALYSIS 

The analysis of reaction producu was carried out wherever possible by gas chromato-
graphy. Eluted components were .ientified by comparison of their retention times with 
those of pure substances and where possible by their infra-red spectra. Infra-red identi-
fication required about 10-6  moles of sample. Formaldehyde and hydrogen peroxide 
were analyzed colorimetrically. Tte sampling system consisted of two 25 ml traps which 
could be simultaneously connected :o the reaction vessel. Both sampling vessels and the 
connecting tubing were heated to prevent condensation of water vapour. The sample 
in one of the traps was analyzed for formaldehyde or hydrogen peroxide and that in the 
other by gas Chromatography for the remaining products. The sharing ratios between 
the two sampling vessels and the reaction vessel were known and absolute measurements 
of the quantities of the various products present in the sample volumes enabled their 
pressures in the reaction vessel to e determined. Calibration of the gas chromatograph 
was accordingly carried out on an arsolute basis. 

The formaldehyde was determjne.j by the chromotropic acid method 27 and the hydrogen 
peroxide by the titanium sulphate etbod.23 No analysis was made for other peroxides 
which, from Cartlidge and Tipper's 19  work and our own carbon balances, were assumed 
to be absent. Formic and acetic acids 26 were not detected by gas chromatography. 
Since hydrogen peroxide analyzed as water, the yields of water refer to H20 ± H202. 

GAS CHROMATOGRAPHIC ANALYSIS 

The contents of the trap for gs chromatographic analysis were divided into three 
fractions (a) gases uncondensed at —183°C, (b) products involatjje at - 1830  but volatile at - 80° and (c) the remaining prothzcts termed "the condensables ". The quantities of 
(a) and (b) were separately measuref in a calibrated gas burette fitted to a Toepler pump, 
and aliquots were transferred to the sampling U-tube of the gas chromatography ap-
paratus. From the gas chromatorrams subsequently obtained the proportions of each 
component were obtained and hen their partial pressures in the reaction vessel. Ab-
solute determination of the amoums of components present in the aliquots agreed well 
with the total quantities of sample indicating that no component in fractions (a) or 

(b) 
was missed. The condensables were completely transferred to the U-tube of the chromato-
graphy apparatus and an absolute qantitatjve analysis carried out. The columns employed 
for the analysis of the three fractions are given in table 1. Detection was by katharometer 
and the carrier gas was hydrogen. 

The low temperature cohznm used for the separation of ethylene, carbon dioxide and 
ethane was ideal since ethylene was siuted before ethane and trace quantities could readily 
be determined. Acetylene was eluud before ethylene and none could be detected in the 
oxidation products of ethylene. 

The analysis of fraction (c) was c.rnplicated: (i) owing to the slight volatility of ethylene 
oxide and acetaldehyde at - 80° sJl quantities of these substances were usually present 
in fraction (b) and it was always necsary to analyze an aliquot of this fraction on column 4. 
(ii) Since acetaldehyde and ethylene oxide were not separated on column 3, the first peak 
containing these components was uapped in a spiral packed with glass beads and cooled 
to - 183°. After their elution the aap was by-passed for the rest of the analysis. The 
contents of the spiral were then analyzed on column 4. (iii) Water was eluted from column 
3 long after ethanol. To obtain a2alysis with reasonable sensitivity the second half of 

93 
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TABLE l.—GAS CHROMATOGRAPHIC COLUMNS 

column fraction Con(ajnr Icngth 

	

cm 	 support 	 liquid 
w Phase 

 

rate 	substances 
mi min-,) 	analyzed 

a 	glass U 	150 	Linde molecular 	 18°C 	0,, (N2), sieve SA+activ- (30) 	CO, CH4  ated charcoal 
2 	b 	copper 	300 	Celjte 60-80 	20 % 140- —80°C 	(C,H,) - coil 	 mesh 	160°C 	(30) 	CO2, _C2144 petroleum 	 Q) H6 3 	c 	glass U 	150 	Celite 60-80 	20 % poly- 	47°C 	conderi- mesh 	ethylene 	(70) 	sables * 

glycol 400 
4 	c 	copper 	iso 	same as column 	0°C coil 	 CH3CHO, 

	

3 	 (70) 	C21140 
* Condensables in order of elution were CI{3CHO±C,H40 CH30H, C2HcOH and H2O. 

column 3 was disconnected after the elution of the alcohols and the water eluted from the 
first half of the column only. (iv) Acetaldehyde condenses with hydrogen peroxide 30 
and the gas chromatographic determination of acetaldehyde in the presence of hydrogen 
peroxide would be expected to be low. Tests in which solutions of acetaldehyde in 30 % 
hydrogen peroxide were analyzed on column 4 showed that only about 1/7th of the acetal-
dehyde was eluted as such. However, by coating the walls of the sampling vessel with 
barium hydroxide, about 95 % of the aldehyde was recovered. When the coated sampling 
vessel was used for oxidation products the yield of acetaldehyde rose by only 30 %. Thus, 
the heating and cooling of the sample must have been so rapid that no appreciable reaction 
of aldehyde with peroxide could take place. 

RESULTS 

Kinetic experiments were carried out at 
carried out on seven ethane-oxygen 

3620. 	Analytical experiments were 
mixtures between 

ethylene ± oxygen mixture 318 and 3860, one ethane ± at 362° and three and 362°. 	Details are given in table 2. 
ethylene + oxygen mixtures at 313 

TABLE 2.—MixTuR.Es STUDIED  
mixture 	 components 	 molar  0 	. total 

sure 
Mm Hg 

fl( es 
2E31 	ethane+ oxygen 	3:1 296 2E11 	

,, 	 1:1 4E11  442 
318 
318 

6E31 	 ,, 	 1:1 442 340 	b ,, 	 3:1 6E11  296 362 
6E12 	 1:1 442 362 	c 
8E11 	 1: 2 442 362 ,, 

	 1:1 6EAII 	ethane+ethylene±oxygen 	63:1: 73 
442 
442 

386 	b 
2A11 	ethylene+ oxygen 	1: 1 442 

362 
6A11  318 

,, 	 1:1 6Al2  441 318 
 1: 2 333 362 	b 

The first number in the code gives the approximate  oxidation temperature  in tens of degrees above 300°; the letters E and A denote ethane and ethylene 
the hydrocarbon to oxygen ratio. respectively; the final two figures give 

reaction products analyzed only in the initial stages. 
reaction studied with and without the addition of .1 % acetaldehyde. 
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KINETIC FEATURES 	 - 

The oxidations of both eane and ethylene are autocatalytic.26. 31 Typical 
pressure against time curves are shown in fig. Ia. 

In the oxidation of ethane :he pressure rise Ap is proportional, except in the 
last stages of reaction, to the .imount of water formed and to the consumption 

b 

x+ time, mm 

C 

pressure rise, cm Hg 

d 

pressure rise, cm Hg 	 pressure rise, cm Hg 
FIG. I---(a) Pressure against time ci;es for various mixtures; (b) yield of water; (c) oxygen pressure and (d) ethane pressure as fcuons of pressure rise. For key to mixture compositjons 

and urnperatures see table 2. 

of oxygen (fig. lb  and Ic). The proportionality constants (except for the etfiane+ 
ethylene + oxygen mixture) are independent of composition at any temperature. 
Thus, pressure rise can be used co measure the extent of reaction for the greater 
part of the reaction. The proporonality between pressure rise and water production 
is independent of temperature as well as composition: 

= 2-6, 
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but that between pressure rise and oxygen consumption falls with riseof temperature, 
d{03]/dp = 30 at 318° and 26 at 362°. 

Initially ethane is consumed at about twice the rate of pressure rise (fig. Id) but 
later because of oxidation of the initial products the rate of consumption falls. In 
fig. id the broken lines have been drawn with an initial gradient 

d[C2H6]/dp = 20. 

The initial gradients are similar to those obtained for the oxidation of propane at 318'.8  
The pressure against time curves for ethane (fig. la) are sigmoid and at low 

temperatures and pressures the reaction exhibits an induction period. Generally 
oxidation reactions accelerate exponentially during the initial stages, i.e., 

ip=Aexp(çbt) or dp/dt=p. 

However, the plot of reaction rate against pressure rise (fig. 2a) shows that the ac-
celeration gradually increases from nearly zero to a maximum value which is held 
almost until the maximum rate of reaction is achieved. Thereafter the reaction 
slows down at a rate which is greater the less oxygen is present. The period of 
increasing acceleration, ringed in fig. 2a, was also noted with propane 7 and found 
to be highly susceptible to the addition of inert gases. During this period some 
reactive species is efficiently removed on the walls of the reaction vessel. Later, the 
walls are less effective judged by the same criterion. This may be because the walls 
become acclimatized during the reaction or because the mechanism of the reaction 
changes. 

The maximum acceleration constant, measured from the straight parts of plots 
like that in fig. 2a, increases rapidly with ethane pressure at 362° with an order much 
higher than unity (fig. 2b). The dependence is similar to that found with isobutane 
at 3180 32  but contrasts with that found for ethane and propane at this temperature 
when 4' increased linearly with hydrocarbon pressure above a certain limiting 
pressure.7. 32 With increasing oxygen pressure, 4' increases linearly at first but 
becomes independent of oxygen pressure when it exceeds the ethane pressure. This 
behaviour has been noted with other hydrocarbons.7. 33 Inert gas (carbon dioxide) 
has a slight catalytic effect. This contrasts with the marked effect noted with propane 
in the early part of the reaction and indicates that diffusion-controlled processes 
are important in the early stages only. 

Replacement of part of the ethane by ethylene (fig. 2c) increases the maximum 
acceleration constant considerably and ethylene is thus a promoter of the reaction 
as is propylene in the oxidation of propane.7  The effect of ethylene partly explains 
the maintenance of the acceleration constant in spite of the consumption of the 
reactants since ethylene accumulates during the reaction. Replacement of ethane 
by ethylene oxide has no effect on 4' and the addition of ethylene oxide has the same 
effect as the addition of an equal amount of ethane. Ethylene oxide is therefore 
neither a promoter nor a branching agent. It has much the same reactivity as ethane 
in the oxidizing mixture. 

Acetaldehyde is a catalyst of gas-phase oxidations and is often suggested as a 
degenerate branching agent. Its addition to a mixture of ethane and oxygen 
(fig. 2d) considerably reduces the induction period but even a 4 % addition (based 
on the ethane pressure) does not eliminate the period of autocatalysis. Approxim-
ately 1 % (2 mm pressure) is required to reduce the induction period substantially 
but this is about ten times the maximum quantity of acetaldehyde found by analysis 
at 362*. It therefore seems unlikely that acetaldehyde is an important branching 
agent in the oxidation of ethane. 
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The oxidation of ethylene differs from that of ethane in starting with a pressure 

decrease at 362° anj below. The pressure decrease is more pronounced the lower 
the temperature, am'c has been noted with other oleflns.34-36 Pressure change cannot 
therefore be used as a measure of the extent of reaction and the only simple way of 
studying the kinetics is by an analytical method. There is even some doubt as to 
whether the reactions are truly autocatalytic at the lowest temperatures. 

E 
-9- 
x 
C 

pressure rae. mm  Hg 

 

partial pressure, cm Hg 

d 

partial prenure, cm Hg 	 x+ time, mm 
FIG. 2.—(a) Rate agains pressure rise curve for 355 mm ethane±90 MM oxygen at 362°; = 035 mm -i; (b) variatioo of 0 with reactant pressure at 362°. 0 77 cm oxygen, ethane varied; C) I53 cm oxygen, ethaze varied; Q 256 cm ethane, oxygen varied; • 218 cm ethane, 7-7 cm oxygen, carbon dioxide varied; (c) variation Of O, mixture 6E1 I. • ethylene substituted for ethane; C) ethylene oxide subsutued for ethane; 0 ethylene oxide added; --- ethane added (from fig. 26). (d) Effect of added acetaldebyde on pressure time curves: pressures of added acetaldehyde in mm are marked on lines, mixture 6E11. 

GENERAL ANALYTICAL FEATURES 

In order to elucidate the reactions occurring at various stages in the oxidation 
it is necessary to carr- out detailed analyses and it is desirable to plot the yields of 
the products against tome measure of the extent of reaction. The lines for true 
initial products then rzart from the origin at a finite angle to the X-axis whereas 
those of secondary prcducts start tangential to the X-axis. 

There are several ossible measures of the extent of reaction. Pressure rise is 
the simplest but may e in error in the earliest stages either because of small tem-
perature fluctuations Cr because of uncertainty in the mechanism in a region where 
pressure change cannot be accurately correlated with consumption of reactants. 
Furthermore, it can oiy be used for alkane oxidations since the olefin oxidations 
start with pressure dezases. The consumption of hydrocarbon or oxygen is the 
only true measure of the extent of reaction but analytical techniques at present 
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available are not sufficiently accurate to measure very small consumptions. The yield 
of some major product such as water is satisfactory if it is known to follow the 
consumption of one or other of the major reactants. In presenting the overall 
results and those for the final stages this parameter is the most convenient, but is 
not ideal for the initial stages firstly because the analysis of traces of water by gas 
chromatography is difficult and secondly because water is not a major initial product 
of the oxidation of ethylene. For this region the quantity of carbon found by analysis 
in the products is undoubtedly the best measure of extent of reaction, provided that 
the carbon balances are close to 100 %. Generally throughout the work this was 
the case. Only for the ethane +ethylene +oxygen mixture (6EA1I) was there a 
systematic discrepancy and therefore the reaction in the initial stages could not be 
satisfactorily examined. This measure of the extent of reaction is unfortunately 
not applicable to the final stages of the reaction since they involve mostly the oxida-
tion of products and the total carbon in the products is therefore nearly constant 
even when oxidation continues to occur. 

The general analytical features of all mixtures were similar and are illustrated 
in outline for equimolar ethane+oxygen and ethylene+oxygen mixtures at 362° 
(mixtures 6E11 and 6A1 1) in fig. 3a and 3b. Ethane and ethylene give the same 
oxidation products although in different proportions, and their oxidations are closely 
interrelated. The data for acetaldehyde are not included in the figure since the 
maximum concentration recorded at 362° was 02 mm. 

to 

water in products, mm Hg 

 

Fcc. 3.—(a) Product development in the oxidation of ethane, mixture 6E1 I. (b) Product develop-ment in the oxidation of ethylene, mixture 6A1 1. EO = ethylene oxide, M = methane, EA = 
ethanol. 

Ethylene and an equivalent amount of \vater+hyd.rogen peroxide are the chief 
initial products of the oxidation of ethane; and formaldehyde alone is the chief 
initial product of the oxidation of ethylene. The yields of both ethylene and 
formaldehyde pass through maxima indicating their consumption in the later stages of 
the oxidations. Since carbon monoxide and water are the main oxidation products 
of formaldehyde 3 '  38 

the molecular stages in the oxidation of ethane must be: 
+02 	+02 	 +201  

C2 H6__*C1H_+2CH, O--.2C0 
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with water and hydrogen peroxide being formed in appropriate amounts in stages 
(a) and (c). The initial yield of hydrogen peroxide from both ethane and ethylene 
oxidations was about 30 % that of the water +peroxide. As the yield of peroxide 
did not fall off until near the end of the reaction, it seems likely that heterogeneous 
decomposition was not of major importance, and that the figure of 30 % represents 
the true proportion of peroxide formed in the reaction. 

Minor initial products were formaldehyde from the oxidation of ethane, and 
ethylene oxide from the oxidation of ethylene. Methanol as shown in part 2 was 
not an initial product of either oxidation; it was formed in greater yield in the oxida-
tion of ethane and therefore cannot be a secondary product formed through the 
agency of ethylene. Its most likely free-radical precursor is methoxy. Ethylene 
oxide appears to be formed only by oxidation of ethylene and not as an initial 
product from the ethane oxidation in agreement with Sampson's work at 600°C.13  

Methane and ethanol appear towards the end of both oxidations, and ethane 
appears at the end of the oxidation of ethylene. These products suggest the prior 
formation of methyl, C21150 and ethyl. Certain deductions may be made about 
reactions involving these radicals. 

METH0xY.-If methanol is derived from methoxy and if methoxy .is an initial 
product of the oxidation it must be largely oxidized to formaldehyde in the early 
stages. Only when a good hydrogen donor such as formaldehyde, has accumulated 
can abstraction compete with oxidation. The precursor of methanol is unlikely to be 
hydroxymethyl since it has a lower heat of formation 39  and its abstraction reactions 
would mostly be endothermic. Oxidation would probably be the preferred reaction. 

C2H50.—Ethanol is formed in the last stages of the oxidations at 362° when 
the oxygen concentration is low. This suggests that a competition may take place 
between oxidation of and abstraction by C2H50. However, the likely oxidation 
products are acetaldehyde and ethylene oxide.11  Since both are formed in rela-
tively small proportions, too small to be regarded as substitutes for ethanol, it seems 
that the C2H50 radical is peculiar to the final stages of the reaction. 

vmmyt..---.The most likely source of methyl is the decomposition of the ethoxy 
radical which has an activation energy of about 17 kcal.39 The formation of 
ethanol and methane may therefore be closely connected. Both may derive from 
the ethoxy radical. 

ETHYL.—The formation of ethyl in the ethylene oxidation strongly suggests that 
reaction (4) is reversible and that when the oxygen concentration is low the 
equilibrium 

C2H4+H02  = C2H5 +02 	 (-4) 

is sufficiently displaced to the right that abstraction by ethyl can take place from 
substances with weak C—H bonds such as formaldehyde and methanol. 

DISCUSSION 

The analytical data presented strongly suggest that the main reactions removing 
ethane are 

C2H6 ±X = C2H5+XH 	 (13) 
C2H5-i-02  = C2H4+OH2, 	 (4) 

with about 5 % of the reaction occurring by 

C2H5±0, = CH2O+CH30 	 (14) 
CH30+02  = CH20+HO1. 	 (15) 
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The oxiation of ethylene produces formaldehyde and a small proportion of 
ethylene oxie. H02  will be formed both in the oxidation of ethane by (4) and in 
the oxidatica of ethylene through the concurrent oxidation of formaldehyde by 
reaction (16. 

CHO+02  = C0+H02. 	 (16) 
Because it is a relatively unreactive radical it is likely to be present in rather high 
concentratic. The major reaction of ethylene is therefore likely to be addition 
to HO2 : 

C2H4 +H02  = CH2  . CH2 . OOH 	 (17) 
CH2CH200H = CH20+CH2OH 	 (18) 
CH20H+02  = CH20+HO2, 	 (19) 

followed by decomposition of the peroxy radical and finally oxidation of the 
hydroxymev1 radical. The formation of ethylene oxide is readily explained by 
the "plantiz" of an 0 atom by HO., on to the ethylene molecule, 

H02+C2H4  = C2H40+OH. 	 (20) 
It is unliker to be formed via 3-membered-ring transition states from C2H500 
or C2H400H. 

In the ehane oxidation the further oxidation of the ethylene initially formed is 
therefore the main source of formaldehyde. Near the point of maximum reaction 
rate the ethylene and formaldehyde concentrations are stationary and therefore 
both formnidehyde and ethylene must be undergoing oxidation at nearly the same 
rate as the ehane (slightly less because not all the ethane yields ethylene and not 
all the ethyne yields formaldehyde as initial products). The relative ease of oxida-
tion of ethane, ethylene and formaldehyde must therefore be roughly in inverse 
proportion :o their concentrations at this point in the reaction. The relative 
reactivities 	then: ethane 10, ethylene 5, and formaldehyde 20. If a single radical 
is responsice for the attack on these three substances then these figures represent 
relative rate constants (see, e.g., ref. (40)). 

Hydrope:oxides are probably important as the degenerate branching inter-
mediate beicv about 300° while aldehydes are more important above this tem-
perature.29  In the oxidation of ethane, acetaldehyde is only a trace product and 
the low caulyiic activity of added acetaldehyde rules it out as the major auto-
catalyst at 362°. Ethylene oxide, a possible autocatalyst in the ethylene oxida-
tion above ..10°,31  is not a catalyst in the ethane oxidation at 362° as shown by its 
negligible e'ect on the acceleration constant when added in substantial quantity. 
Hydrogen :roxide has little catalytic effect on oxidations 	even when it is 
probably pyrolyzing homogeneously at a considerable rate. Methanol does not 
itself oxidize below about 400°." Thus formaldehyde which oxidizes above 270° 45 
remains the only reasonable possibility. It is unfortunate that the catalytic effect 
of formaldehyde was not investigated in the present study. Since formaldehyde 
is formed izinly from ethylene and not directly from ethane the slow start of the 
ethane oxition can be partly explained. The failure of acetaldehyde to remove 
the autocatalysis even when in considerable concentration is likewise explained 
since the rection can only proceed at maximum rate when both ethylene and form-
aldehyde have accumulated. This requires a substantial amount of reaction, 
considerably more than that induced by the oxidation of the added acetaldehyde. 
In working cut the kinetics of a reaction where the degenerate branching intermediate 
is essentially a secondary product the assumption that the maximum reaction rate 
can be acb.eved with insignificant consumption of the fuel is untenable. In the 
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oxidation of ethylene this situation does not arise and Harding and Norrish could 
completely remove the induction period and autocatalysis of the reaction by the 
addition of sufficient formaldehyde to the mixture. 

We therefore conclude that the oxidation of ethane and possibly other alkanes 
is not a simple degenerately branching chain reaction 46  but one in which the branch- 
ing intermediate is a secondary product of the oxidation. This fact probably ac-
counts for the promoting effect of olefins on the oxidation of aikanes.. The kinetics 
of this type of reaction are more complicated than those of a simple degenerately 
branching chain reaction and the apparent exponential acceleration over much of the 
reaction may result simply from the balancing of a number of compensatory factors. 

The high order of acceleration constant with respect to ethane concentration 
probably reflects this complexity since the build-up of formaldehyde results from 
two consecutive processes. The independence of the acceleration constant on 
oxygen pressure in fuel-weak mixtures is in line with the analytical data presented 
later that oxygen concentration has little effect on the relative yields of important 
products. It therefore appears to have little kinetic role in oxidations and its major 
role is to add to, or abstract from radicals in processes which are not rate determining. 

We have avoided discussion of the nature of the species X in reaction (13). The 
relative reactivities of the C—H bonds in ethane and formaldehyde are approxim-
ately 1: 7 as deduced from the concentrations of the two species when the formal-
dehyde concentration is a maximum. If we assume that the same radical attacks 
formaldehyde as ethane and that the A factors per C—H bond are equal the activ-
ation energy for attack of X on ethane is about 2 kcal greater than for attack on 
formaldehyde. This is a small difference when it is taken with the relative bond 
strengths in ethane and formaldehyde and suggests that X, if a single species, is 
much less selective than H02. Enikolopyan and co-workers 19 suggested that 
activation energy difference for H02  attack on methane and formaldehyde is about 
16 kcal. In the ethane oxidation it therefore seems more Likely that the ethane 
is removed predominantly by OH radical attack and the formaldehyde by H02  
radical attack. Thus the conversion of HO2  to OH is required on the basis of internal 
evidence. 	 - 

Further support for this is found in -the contrasting effects of inert gas on the 
induction period and the main part of the reaction. Reaction (12) for the conversion 
of H02  to OH is second order in H02  and will therefore only occur when the con-
centration of HO2  is high. In the absence of mutual reaction of H02  radicals by 
(7) or (12) the radicals will tend to diffuse to the walls of the reaction vessel possibly 
attacking a small number of C2H6  molecules on the way. Thus we might expect a 
diffusion controlled chain reaction in the initial stages which becomes a gas phase 
terminated chain reaction in the later stages when the rate of reaction has risen 
sufficiently. 	 - 

The time of diffusion of H02  to the walls in the present reaction vessel is about 
05 sec (see ref. (46)) and the rate constant of reaction (8) is probably given ap-
proximately by 

k8  = 109  exp [- 13,000/R7 mole' 1. sec-1  

= 	mole-I 1. sect at 635°K. 

The chain length with an ethane concentration of 200 mm (5 x 10-3  mole l.1 at 
635°K) is then about 90. 

As the reaction accelerates the concentration of H02  rises and eventually mutual 
reaction will occur. The chain length will then decrease due to reaction (7). When 
the chains are fully terminated in the gas phase inert gas will have no effect. 
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The importance of HO, attack on ethane may be assessed as follows. Let us 
assume that H02  is involved only in reactions (7) and (8). Baldwin 12 considers 
that k7  = 1010  mole-' 1. sect, which is slightly less than the collision number. 
The maximum rate of removal of ethane in the 1: 1 mixture at 362°C is 03 mm sec-1. 
Denoting reaction rates by R7 , R8, etc., we then have 

03 mm sec' = R8  = k8 [H02 }[RHJ, 

B7  = k7[H02 ]2, 

R7/R8  = k7R8/(k8[RHD2, 

with k8  = 	k- = 1010,R8  = 10-5  and [RH] = 5x 10-3  (units being mole 1.-I 
and sec), we obtain R7/R8  = 3. Recombination of H02  would therefore be expected 
to compete strongly with abstraction of H02  from ethane. The evidence is there-
fore that H02  chains cannot account for the observed rate of removal of ethane if 
they are properly terminated by reaction (7). If, on the other hand, the mutual 
reaction of H02  radicals occurs to some extent by reaction (12) then for every HO, 
which terminates the reaction by (7) there will be a number of OH radicals which 
will remove ethane. On the basis of the initial yield of H202  and water, k12/k7  
cannot be greater than 2 or 3. Thus the chains are likely to be extremely short 
and for the reaction to show autocatalysis a strong branching reaction must be intro-
duced. In an earlier paper 7  it was deduced that alkane oxidations proceeded by 
chains which provided only a few molecules of branching agent per chain; this 
was thought due to the small proportion of chain steps forming branching agent 
rather than to the shortness of the chains. It now appears that the second alter-
native may be correct for the main stages of the reaction although the first may be 
true during the induction period. There is indirect evidence that oxidation chains 
may be much shorter than generally thought. When hydrogen peroxide is added 
to methane ± oxygen 42  and formaldehyde + oxygen 41  mixtures it has little cata-
lyric effect even at temperatures where it should be decomposing at a substantial 
rate. This can be explained by supposing that the internal sources of new radicals 
produces them faster than the added material.. Since the rate of generation of OH 
by hydrogen peroxide is in some cases a large fraction of the reaction rate the chains 
must be very short.47  

We therefore conclude that the oxidations start as well-terminated chain reactions 
in which HO-2  is the chain carrier and where the chain length may be about 100 units, 
but that at a low percentage conversion, when the reaction rate is only just becoming 
measurable, wall reaction of H02  radicals is replaced by mutual reaction in the gas 
phase. Probably, the majority of the H02  radicals reacting in this way produce 
hydroxyl and oxygen directly not hydrogen peroxide as is generally supposed. 

In proposing the conversion of HO-) to OH by reaction (12) it is necessary to 
consider the effect of its introduction into the scheme for the hydrogen oxygen 
reaction. Baldwin et al.12  have shown that the slow oxidation in boric-acid-coated 
vessels proceeds by a degenerate chain reaction comprising reactions (9), (4), (7) 
and (10), which in their notation are numbered (i), (iv), (x), and (vii). This scheme 
predicts that the overall rate of slow oxidation at pressures above the second ex-
plosion limit is close to the independently measurable rate of homogeneous decom-
position of hydrogen peroxide, which is thought to occur by the reactions 14 

H,O2+M' = 20H+M' (vii) 

OH±H202 = H20±H07 (xv) 

2H02  = H202 ±02  (x) 
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Thus the observed rate of pyrolysis of the peroxide is twice the rate of reaction 
(vii). The introduction of the further reaction (12) or (xa) 

2H02  = 20H+02 	 (12)(xa) 
which effectively short-circuits reaction (x) and (vii) would make the observed rate 
of pyrolysis 2(k+k)/k times that of (vii). Although, this introduces an error 
into the derived value of k 11, it does not affect the conclusion that the rate of slow 
oxidation of hydrogen should be close to the experimentally observable rate of 
pyrolysis of.the hydrogen peroxide present. Thus the addition of (xa) to Baldwin's 
scheme does not affect the conclusions regarding the rate of the slow reaction. This 
is not true for the second explosion limit. Neglecting quadratic branching the second 
explosion limit results from the introduction of the branching reactions 

H+02 =OH+O 	 (ii) 
O+H2 =OH+H  

and explosion occurs when (iv) just fails to baiance (ii) and (iii). The limit pressure 
is [M] = 2k11/k and the explosion develops with extreme rapidity with an iso-
thermal time constant t = 1/k11[02 } 48  which at 500° would be about 3 x 10-5  sec. 
Under these conditions the lifetime of H202  is several seconds and reaction (x) is 
a chain terminating reaction. In KC1-coated vessels chain termination occurs by 
removal of H02  at the walls of the reaction vessel before they react mutually by (x). 
Thus, in either case, at the second limit all H02  radicals are effectively " dead ". 
This interpretation is confirmed by the observation that when quadratic branching 
is allowed for, the second limit in boric-acid-coated vessels is close to that in a KCI-
coated vessel. If reaction (xa) is introduced the explosion limit in boric-acid vessels 
should be higher than in KCI-coated vessels by a factor of (kxa  ±k)/k. In order 
to explain the hydrocarbon oxidation results the ratio would need to be at least 
three. The maximum value for the ratio according to Baldwin would be about 
1-25.49  Thus reaction (xa) is inadmissible as one might also argue from its endo-
thermicity. Both difficulties can be circumvented if an unstable peroxide H204  is 
postulated and if reaction (xa) is written 

2HO = HOO—OOH 	 (xa') 
HOO—OOH = 20H+02. 	 (viia) 

For (xa') to be effectively chain terminating at the second explosion limit the per-
oxide H204  must have a lifetime of at least 10 4  sec at 500°. This would imply 
an activation energy for decomposition of about 30 kcal if the reaction were uni-
molecular. There is some evidence for the existence of a compound which may be 
H204  although its properties do not meet the above requirements. Nekrasov, 
Skorokhodov, Kobozev and co-workers,50  have shown that identical products are 
obtained either by freezing the products of a silent discharge through water vapour 
at - 196° or by reaction of H atoms with liquid ozone. The initial product appears 
to be the H02  radical but measurements of the e.s.r. spectrum of the solid product 
at - 196° reveal a free radical concentration of only 04 %. Since up to 60 % 
reaction can occur in the ozone reaction the major component of the product is 
not a free radical. On warming the solid it melts at between —60 and —70° and 
then decomposes to equimolar quantities of 1-1102  and  O between —55 and —40° 
giving out 35 kcal/mole of oxygen liberated. It is suggested that the reaction 
occurring is 

H204  = H202+02, 	AH= —35 kcal. 
From thermochemical data 51  the heat of formation of H,04  in solution must be 
about - 12 kcal and its heat of dissociation to HO, about +6 kcal. The lifetime 
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of the superoxide at —70° sou1d be 	I sec. The observed lifetime of about 
100 sec at - 50° requires an a.tivation energy for decomposition of 15 kcal if the 
reaction is unimolecular. There are clearly discrepancies between the experimental 
data from frozen peroxy radii condensates and the requirements of the theory 
of hydrocarbon oxidation. 
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From detailed analysis of the initial stages of the oxidation of ethane. water, ethylene and 
formaldehyde are the only signiticant initial products at 362' and acetaldehyde is an additional 
initial product at 318°. Methanol, ethanol, ethylene oxide, carbon monoxide and carbon dioxide 
are secondary products. As oxygen has no effect on the relative yields of initial products they are 
produced by reactions of the same kinetics. Between 362 and 318° there is a profound change in 
the distribution of initial products. It is proposed that the equilibrium (1) is established 

C2H5±02 = C2H500 	 (1) 

and that ethylene is formed by direct H atom abstraction from ethyl while formaldehyde is formed 
from the ethyl peroxy radical. 

The initial products from the oxidation of ethylene are ethylene oxide, formaldehyde and acet-
aldehyde. The secondary products are the same as from ethane. Various possible mechanisms 
re discussed for their formation. It is concluded that H02 is the main radical attacking ethylene. 

The end products of the oxidations are methane. ethane (from ethylene) and ethanol. 

The detailed analytical results presented here substantiate the conclusions out-
lined in part 1 and point to certain other unexpected features of the oxidations. In 
particular, it seems that an equilibrium 

C2H5 ± 02:;~C2H500 

is established and that ethylene is formed by hydrogen abstraction from ethyl by oxy-
gen, whereas formaldehyde is produced via a four-membered ring transition state of 
low entropy from the ethyl peroxy radical. 

T.at.a I.—INITIAL PRODUCTS FROM THE OXIDATION OF ETHANE AND ETHYLENE 

mixtures initial product yields in motel 100 moles 
- pressures of 	 hydrocarbon consumed 

code (°) hydrocarbon oxygen 	water 	ethylene 	formaldehyde 	acetaldehyde methanol (b) 

2E31 222 74 	80±10 	50±10 	60±5 	1'8±02 60±10 
2E11 221 221 	80±5 	55±10 	60±5 	4'5±0'5 60±10 
4E11 221 221 	90±5 	70±5 	17±2 	- - 

6E31 222 74 	90±5 	90±5 	12±1 	<0'2 20±5 
6E11 221 221 	90±5 	90±5 	12±1 	<02 30±5 
6E12 148 296 	90±5 	90±5 	12±1 	<02 20±5 
8E11 221 221 	95±5 	95±5 	11±1 	- - 

waer or carbon monoxide frsnaldehydc 	ethylene oxide acetaldehyde 

2A11 221 221 	20 	150±10 	17±2 l'6±0•1 
6A11 221 221 	20 	170±10 	8±1 0'8±0'1 
6Al2 111 222 	20 	170±10 	8±1 05±0'1 

Mixture code; first figure refers to reaction temperature in tens of degrees above 300'C: 
2 = 318°; 4 = 340'; 6 = 362: S = 3860. 	Letter gives hydrocarbon: E = ethane; A = ethyl- 

ene. 	Last two figures give [hydrocarbon ]/(oxygen] ratio. 
The figures for methanol are the maximum proportional yields in the intermediate stages 

of the reaction. 	Methanol is not an initial product, 
2301 
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EXPERIMENTAL 

The details of the apparatus and analytical procedure have been described.t Details 
of the temperatures and compositions of mixtures are given in table 1. 

RESULTS 

When more than one product can arise from a common free radical the relative 
kinetics of their formation can be obtained by studying the effect of reactant con-
centrationson the product ratios.2  In particular, if products are formed in reactions 

a 

a. 

C 
C. 
> 

3: 

b 

V 

 

C 	 d 

to 

C 

carbon in products mm Hg 
FIG. 1.—Development of products from the oxidation of ethane: (a) water, (b) ethylene, (c) formal-dehyde, (d) acetaldehyde 0, ethanol •. For convenience, most of the curves in this and later 

figures are displaced vertically. For mixture code, see table 1. 

of identical kinetics their relative yields are unaffected by changes in reactant con-
centrations, and relative Arrhenius parameters can be obtained by measuring 
product ratios over a temperature range. it is essential to determine the product 
distribution in the early stages of the oxidation when secondary reactions are 
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minimal and to cover wide ranges of temperature and composition. Since the 
initial products from the oxidation of alkanes must arise from the reactions of 
alkyl radicals with oxygen. aikane concentration should have no effcct on the initial 
product yields. We have accordingly investigated only the effect of oxygen pressure 
on the product yields. 

11, 

	 b 

C-) 

Ci 

0 

C) 

C 
	

a 

to 

C 

dj 

C, 

carbon in products, mm Hg 

Fto. 2.—Development of products from the oxidation dfethane: (a) carbon monoxide, (b) methanol, 
(c) ethylene oxide, (d) carbon dioxide. 

In order to distinguish between initial and secondary products we have plotted 
the yields of products against the total carbon content of the reaction products 
measured as a hypotheticai C L  gas pressure. The results for the initial and inter-
mediate stages of the oxidation of ethane are presented in fig. la-id and 2a-2d, and 
for the oxidation of ethylene in fig. 3a-3d and 4a, 4b. The figures for the ethyiene 
containing mixtures include the data for the 1: 1 ethane ± oxygen mixture at 362° 
for comparison. 

Water, ethylene and formaldehyde (fig. Ia. b and c) are the initial products from 
the oxidation of ethane between 318 and 386. Acetaldehyde (fig. Id) is a minor 
initial product at 318° and probably a trace initial product at the higher temperatures. 
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Carbon monoxide, methanol, ethanol and ethylene oxide (fig. 2a, 2b, Id and 2c) 
are secondary products. Carbon dioxide is a minor product and at the lowest 
temperature may be an initial product formed in surface reactions (fig. 2d). At 
the higher temperatures it is a secondary product. 

In the oxidation of ethylene at 318 and 362° formaldehyde and ethylene oxide 
are the main initial products (fig. 3a and 3b). Acetaldehyde is a minor initial product 
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carbon in products, mm Hg 

Ftc. 3.—Development of products from oxidation of ethylene: (a). formaldehyde, (b) ethylene 
oxide, (c) carbon monoxide, (d) water. 

(fig. id). The yield curves for water and carbon monoxide (fig. 3c and 3d) almost 
coincide and both rise sharply convex to the X-axis. It is therefore difficult to 
establish the initial gradients but it is likely that neither are initial products. They 
are probably formed by the oxidation of formaldehyde 

CH20±+02=CO±H20. 	 (2) 
Methanol, carbon dioxide and ethanol (fig. 4a. 4b and Id) are secondary products. 

The initial fractional yields derived by measurement of the initial gradients of 
the lines in fig. l are given in table I. The key features of the results are: 

(i) The yields of ethylene and formaldehyde produced from ethane rise to 
maximum values and eventually decline; the yield of formaldehyde in the oxida-
tion of ethylene passes through a maximum. Thus formaldehyde and ethylene are 
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intermediate products in the oxidation of ethane between 313 and 386° and formalde-
hyde is an interediate in the oxidation of ethylene. 

There is :0 dependence of the initial yields of ethylene and formaldehyde 
from ethane on the oxygen pressure at either 318 or 362°. 

There is a profound change in the distribution of products in the ethane 
oxidation as the temperature fails from 362 to 318°. The yields of formaldehyde 

a 

iz"
.L,  

carbon in products, mm Hg 

C 	 d 

4) v. 
('4 

4) 

H 
water vapour pressure, mm Hg 

FIG. 4.-1Develoce:t of products (a) methanol from ethylene. (b) carbon dioxide from ethylene, 
c) end-products from ethane. (d) end-products from ethylene. 

x methane; 	0 ethanol; 	0 ethane; 	- - - oxygen 

and acetaldehyde increase greatly between 362 and 318° while the yield of ethylene 
falls. In the intermediate stages of the oxidation the yield of methanol shows 
similar features and its formation may be linked with that of formaldehyde. In 
the oxidation of ethylene a similar but lesser effect is noted in the yields of ethylene 
oxide and acesnidehyde relative to formaldehyde. The activation energy differ-
ences associated with these changes in product distribution are about 35 kcal for 
the ethane oxidation and about 10 kcal for the ethylene oxidation. 



23 

2806 	 OXIDATION OF ETHANE AND ETHYLENE 

These observations sugest that the main molecular stages in the éhane oxidation 
can be represented by the scheme below: the thickness of any line indicates quali-
tatively the fraction of the reaction proceeding by that path; the products written 
inside brackets are alternatives formed in the intermediate stages of the oxidation: 

CH CHO 	CH3CHO 

7  	2 

> CH 	—) 2CH20 - 	2CO +2H20 

(cN20 +CX.CH) 

Minor features of the yield curves bear out this scheme. The yield of methanol 
in the intermediate stages of the oxidation follows the yield of formaldehyde in 
the initial stages when the temperature is altered. The yield curves for formaldehyde 
at the higher temperatures start with a positive gradient indicating that formalde-
hyde is an initial product and then the gradients of the curves increase slightly before 
they flatten off. This is due to an increase in the rate of formaldehyde production 
from the oxidation of ethylene. When the yields of ethylene and formaldehyde 
are constant the major reaction is effectively a straight-through run from ethane 
to carbon monoxide. The yield curves show that 70 % of the carbon consumed 
appears as CO and 70 % of the hydrogen as water. 

The development of the products in the final stages of the oxidations are shown 
in flg. 4c and 4d for the ethane and ethylene oxidations respectively. In the oxida-
tion of ethane at 362° methane and ethanol appear in the final stages. They arise 
only when the oxygen concentration is low but there is no simple relationship between 
the pressures of methane, ethanol and oxyren, and quantitative interpretation is 
not possible. At 318° ethanol, although not an initial reaction product, appears 
like methanol in the intermediate stages and there is no upward trend of the yield 
curve at the end of the oxidation as might have been expected by comparison with 
the curves for 362°. There therefore appear to be two mechanisms forming 
ethanol, one for the intermediate stages which increases in importance as the tem-
perature falls and one for the final stages which decreases in importance as the 
temperature falls. Since the yield of methane falls as the temperature falls there may 
be a connection, between the reactions forming the two products in the final stages 
of the reaction. 

In the last stages of the oxidation of ethylene, ethane appears in addition to 
methane and ethanol. The yields of all three final products rise with rise of tem-
perature. The formation of ethane in the ethylene oxidation suggests that the 
main reaction proposed for the oxidation of ethyl can be reversed: 

	

C2H4 ±H02  = C2H5 ±02. 	 (3) 

DISCUSSION 

ETHANE 

The absence of dependence of the initial formaldehyde/ethylene ratio on oxYgen 
pressure (varied four-fold at 362° and three-fold at 3 18°) indicates that both products 
are formed by reactions with the same dependence on oxygen concentration. Since 
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ethylene can hardly be formed other than by reaction (4), 

	

C2H5±02 = C2H4 +H02, 	 (4) 

formaldehyde must be formed in a reaction which for kinetic purposes can be written 
C2H5 +02  = CH20+CH30, 	 (5) 

followed by the oxidation of methoxy since methanol is not an initial product of the 
reaction 

S .. 	 CH30±02  = CH2O±H02. 	 (6) 

Evidence for reaction (6) is that the yield of methanol formed in the pyrolysis of 
dimethyl peroxide is greatly reduced by the addition of oxygen at about 200°C.3  
It may also occur in the oxidation of methanol 4 although here the predominant 
radical is probably CH20H not CH30. The formation of methanol later in the 
reaction must then be dependent upon the formation of a good hydrogen donor. 
Even at room temperature's methanol can arise by reaction( ' 

CH30+CH20 = CH30H+CHO. 	 (7) 

Since formaldehyde is certainly formed and consumed in the intermediate stages 
of the ethane oxidation this reaction is the most likely source of methanol. The 
analogous reaction (8) may also occur, 

CH20H+CH20 = CH30H+CHO, 	 (8) 

but, being less exothermic 6  than (7), oxidation is the more likely fate of hydroxy-
methyl. These views on the formation of methanol agree with those of Fisher and 
Tipper 7  on the role of formaldehyde as a hydrogen donor in the oxidation of methane. 
The increase in the yield of methanol in the ethane oxidation as the temperature 
falls agrees with this set of reactions. The fraction of ethyl radicals giving rise to 
methoxy by reaction (5) rises as the temperature falls and so does the concentration 
of formaldehyde in the intermediate stages of the reaction: thus the rate of (7) 
should increase so as to give a higher proportional yield of methanol. 

Acetaldehyde is only a trace product at the higher temperatures but is readily 
detectable as an initial product at 318°. It is the only initial product whose frac-
tional yield depends upon the oxygen pressure to any extent, the initial yield being 
roughly proportional to the oxygen pressure. The formation of acetaldehyde by a re-
action of higher order in oxygen than formaldehyde requires a reaction scheme such as 

C2H5±02 = C2H500 	 (I) 

	

C2H500 = CH20+CH30 	 (9) 

C2H500±02  = CH3CHO±OH±02. 	 (10) 

Reaction (9) requires a four-membered ring transition state of low entropy but the 
direct decomposition of C2H500 to give acetaldehyde and hydroxyl proposed by 
Norrish S  necessitates an even more unlikely transition state. Therefore, the forma-
tion of acetaldehyde from the ethyl peroxy radical may conceivably only occur by 
the formation of a 6-membered ring which includes a second oxygen molecule. 

Ethanol is not an initial product of the reaction but it is formed in approximately 
the same yield as acetaldehyde and so might be an alternative product to acetalde-
hyde formed by a mechanism similar to that proposed for methanol. However, 
the yield of acetaldehyde depends upon the oxygen concentration while that of 
ethanol does not. Thus, ethanol cannot be regarded as a substitute product for 
acetaldehyde. It probably arises from the addition of OH to ethyiene followed by 
abstraction by the CH2CH2OH radical: 

	

CHZCHZ ±OH = CH2CH20H 	 (11) 

CH1CH1OH±CH2O = CH3CH0H+CH20, 	 (12) 
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which cannot other-vise be oxidized or decompose. The low yield of ethanol in 
the intermediate stz:2s of the reaction is then in accord with the view that the OH 
concentration is mu.h lower than the HO, concentration. Ethylene oxide is not 
an initial product fr2m ethane and therefore reaction (13) 

C2H500 = CH2—O—CH1±OH 	 (13) 
does not occur. 	 - 

The striking incase in the aldehyde/ethylene ratio as the temperature falls 
from 362 to 318° requires an apparent activation energy difference E4—E5  = 35 
kcal, and an except:na1ly low A factor ratio .A 5/A. A possible explanation is that 
the equilibrium (I) is established, and that whereas ethylene is formed by a direct 
abstraction by oxvrn from ethyl, formaldehyde is eventually formed as a result 
of the decon-ipositior; of the peroxy radical by reaction (9). This scheme maybe repre-
sented as 

(4) 	 (1) 	 (9) 

C,H.— HO-, 4--C,H5  + O,C,H5  OO—.CH,O + CH3 O. 
(-1) 

Provided that the euilibrium (1) is not disturbed by these two reactions, then the 
apparent activation energy difference and A factor ratio are 

E4 —E = E4 —H,—E9; A4/A5  = A4  exp [—S,/R]/A9. 

The only well-erablished peroxy bond strength is that in H02, D(H-00) = 45 
kcal.9  An upper Emit may be set to D(R-00) on the basis of the reactions of 
R02  radicals. Sirt:e the peroxy radicals CH300, C2H500 10  and C4H900 11 

disproportionate at room temperature to give the appropriate alkoxy radicals, and 
since these reactions can hardly be endothermic, the maximum R—OO bond 
strengths can be e -aluated from known thermochemical data on the alkyl and 
alkoxy radicals.6  This calculation gives 30 kcal. A value of AH, = —25 kcal is 
therefore reasonable. The discovery of substantial quantities of ethane in the end 
stages of the oxidadon of ethylene indicates that, even in the presence of moderate 
concentrations of ctvgen, ethyl radicals can abstract hydrogen atoms from suitable 
H donors in preference to being oxidized. The direct abstraction reaction (4) may 
therefore have an activation energy of up to 10 kcal. Reaction (9) is exothermic 
and although it passes through a transition state of low entropy it may still have a 
near-zero activation energy. Thus, an overall activation energy difference E4 —E5  
of about 35 kcal is :ossible. 

The C2H500 radical is similar to the n-butane molecule; the translational and 
rotational entropi are similar, and only the entropy contribution from internal 
degrees of freedom, vibrations and internal rotations will be significantly different. 
Now the entropies of straight chain molecules may be divided into components 
for the vibrations and internal rotations of the chain,12  and components for the 
vibrations and internal rotations of the C—H bonds and CH3  groups. The en-
tropies for the chaLa processes in the two molecules should be similar, but those due 
to the vibrations cf the C—H bonds and the internal rotations of the CH3 groups 
in the C2H500 radical will be exactly half those in the n-butane molecule. Allowing 
for the change in symmetry number and electronic degeneracy, the entropy of the 
peroxy radical can thus be calculated. The entropy of the ethyl radical can be 
taken as close to that of ethane, 13  again with allowance made for change in symmetry 
number and electrnnic degeneracy. Calculating in this way the entropy loss in 
the formation of the CH,OO radical from C2H5  and 02 is about 32 cal/deg. mole 
between 300 and 40° at I atm. 

The entropy lcss on forming the transition state in reaction (9) may also be 
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estimated. Since the transition state will be a four-membered ring all free rotations 
and low frequency chain vibrations will be lost. There are two internal rotations 
(one for the chain and one for the CH3  group) and three low frequency chain vibra-
tions. The entropy loss will then be about 25 cal deg.' mole-1 and A9  will be approximately 10 3  exp [-25/199] = 	The A factor for reaction (4) will be 
close to the collision frequency or - 1010  atm-1  sec'. The ratio of the rates of 
formation of ethylene and formaldehyde can therefore be estimated as 
R4/R9  R/R5  = {Aexp [—S1/R]/A9 } exp [(—E4+H1 +E9)/RT] = 

10 	exp [(—E+E1)/RT]. 
Since the experimental ratio is about 3 at 600°K a maximum activation energy differ-
ence of about 25 kcal is obtained since larger entropy contributions in reactions (I) 
and (9) are unlikely. This compares with the experimental value of 35 kcal and 
shows that the unexpected temperature dependence of the aldehyde/ethylene yield 
is still not fully explained. 

For equilibrium (1) to be insimiificaritly disturbed, reaction (9) must be consider-
ably slower than (-1). If (-1) is ten times as fast as (9), then 

107* 5 = 01 A_t  exp [-25000/199x600J, 
Whence A_1  = 1017 , an unacceptably high value. Dingledy and Calvert 10 have 
measured the rate of reaction (I) and obtained the value 1c1  = 10126  cm3 mole-i see-' = 108 atm-i sect. If AS01  = 32 cal deg.-' mole-' we obtain A 	1015  sec-1. The A factor for the decomposition of the ethyl peroxy radical is therefore likely 
to be high but not hith enough to allow reaction (9) to be slower than (-1). If 
equilibrium between ethyl and ethyl peroxy is the correct explanation of the ob-
served temperature dependence of the aldehyde/ethylene ratio then the entropy loss 
in reaction (9) must be larger than 25 cal deg.-' mole-I. It is difficult to accept this. 

The appearance of methane and ethanol at the close of the oxidations of ethane 
and ethylene is not explained by any simple mechanism. The ethyl radical cannot 
pyrolyze and the ethyl peroxy radical could only give rise to methyl and formic 
acid, by an extremely improbable reaction. Furthermore, the final yield of methane 
is so large that substantial quantities of formic acid should have been observed; 
and, in addition, the yield of methane declines with temperature whereas the yield 
of products typically derived from the peroxy radical apparently increase with fail 
in temperature. The most probable sources of methyl are then the CH3CO and CH3CH20 radicals. The former would be produced by radical attack on acetalde-
hyde. Although acetaldehyde is attacked during the oxidations at 318°C the pro-
portion of acetaidehvde formed is never sufficient to account for all the methane 
observed even at 318° where the aldehyde yield is highest. At 362° only a very 
small, fraction of the methane could arise in this way. The most likely precursor 
is therefore CH3CH2O. 

Ethanol, apart from methane, could arise from the abstraction reactions of 
three radicals, CH3CHOH, CHCH,OH or CH3CH2Q. The first of these radicals 
oxidizes to acetaldehyde and HO, at temperatures above 2700.14  At 362° the ob-
served yield of acetaldehyde is always too small to account for the formation of 
ethanol as an alternative product. The CH2CH-,OH radical, probably formed by 
addition of OH to ethylene, is a plausible precursor of ethanol as it can neither be 
oxidized nor pyrolyze without rearrangement. It appears to explain the formation 
of ethanol in the intermediate stages of the reaction but there seems no reason why 
this radical should be formed only at the end of the ethane and ethylene oxida-
tions at 362°. Thus the erhoxy radical is the most likely precursor of ethanol 
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formed at the close of the oxidations. The ethoxy radical cannot be formed in a 
simple way from ethyl or ethyl peroxy. A conceivable mode of formation is via 
ethyl hydroceroxide which itself might be formed by reaction (14). 

C2H500±CH2O = C1H500FI+CHO. 	 (14) 

However, this being a typical product formed from ethyl peroxy rather than ethyl, 
the formation of ethanol at the end of the reaction would be encouraged by a reduc-
tion in temperature, which is not the case. Other possible sources of ethoxy are 
radical ±radicai reactions. Three possibilities are 

	

2C2H500 = 2C2H50+02 	 (15) 

C2H500+H02  = C2H50±02+OH 	 (16) 

	

C2H5±H02 = C2H50+OH. 	 (17) 

The first two reactions would occur throughout the oxidation and the absence of 
ethanol in the intermediate stages of the oxidation at 362° is explained by assum-
ing oxidation of the ethoxy radicals. Since there is no obvious alternative 
product in su±cient yield (acetaldehyde or ethylene oxide) only (17) is 
likely. The concentration of ethyl will rise as the reaction proceeds due to the 
reversal of the equilibrium (1) so the early, formation of ethoxy and thence ethanol 
from this reaction is not expected. The effect of temperature is also explained 
as the temperature is reduced the equilibrium (1) moves further to the right-hand 
side and the concentration of ethyl decreases as shown in table 2. In addition, 
the overall oxidation is slower and the radical concentrations lower. Thus, the 
rate of (17) is strongly temperature dependent. The formation of ethane at the 
end of the oxidation of ethylene follows from the increasing stability of the ethyl 
radical as the temperature is raised, particularly if reaction (4) requires a significant 
activation energy. In agreement, the yield of ethane increases from 318 to 362°. 

Tt.e 2.—EQuIUORrOM CONSTANT FOR THE REACTION 

C2H5± 02 = C2H500; AH= —25 kcal moiet; &S° = -32 cal deg.' mole't 

temp. °K 500 	600 650 700 750 800 

log10  K = 
(S—,.E/T)j46 —3•7 	—2-2 —1-5 —0-9 ±0-3 ±0-3 

[EtOOI/[Et] 
[102] = 10 mmHg 100 	2-0 0-4 0-10 0-025 0-007 
j021 = 100 mm Hg 1000 	20 4 10 0-25 0-07 

ETHYLENE 

There are several ways of explaining the formation of formaldehyde as the major 
product from the oxidation of ethylene above 320°C. The simplest 15  is the direct 
addition of an oxygen molecule across the double bond to give a four-membered 
ring peroxide which then decomposes (reactions (18) and (19)) 

C2H4±02  = CH2—O—O—CH2 	 (18) 

CH200CH2  = 2CH20. 	 (19) 

These reactions explain the initial pressure decrease observed in this and other olefin 
oxidations if the ring peroxide has some stability. However, the oxidations of 
ethane and ethylene are closely interhnked and ethylene oxide is also an initial 
product of the ethylene oxidation; it is therefore extremely unlikely' that the major 
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part of the oxidation of ethylene proceeds by a molecular rather than a free radical 
process. The direct addition of oxygen, if it occurs, must be a minor reaction. A 
more likely cause of the pressure decrease is a partial polymerization 15  which might 
occur by the series of free radical steps initiated by the addition of H0 to ethylene 

+H02 	 +02 	 +C2H 	 +RH 
C,H--3. HOOC,H---HO0C,H4O0--. HOOC,H4O0C,H  -- 

• pyrolysis 
HO.O(C,HOO)2H 	2nCH,0+H,0,. 

Since the observed pressure decreases are small compared with the amount of 
oxidation at any stage, the reactions responsible must always be of minor impor-
tance and it is unlikely that this type of polymerization reaction is the main source 
of formaldehyde in the oxidation. 

There are at least three plausible chain mechanisms which can explain the 
formation of formaldehyde although none of them explain the initial pressure 
decrease at low temperatures. The earliest mechanism,16  based on analytical and 
kinetic evidence, was: 

C2H4+OH=C2H50 	 (20) 

	

C2H50 = CH3+CH20 	 (21 

	

CH3 +02  = CH2O+OH. 	 (22) 
The radical formed in (20) would be expected to be CH2CH2OH and an isomer-
ization to CH3CH20 would be required before reaction (21) could occur. This 
would require 20-30 kcal activation energy, and it might be argued that the forma-
tion of ethanol should be observed in the initial stages. A more serious objection 
to the scheme comes from the oxidation of higher olefins where the initial reaction 
can generally be represented by 

RaRoC : CRcRif.01  = R0RbC: 0+0: CRCRJ. 	 (23) 

If reactions (20)-(22) held generally then in the oxidation of 2-methyl-but-2-ene 
reaction (22) would produce either ethyl or isopropyl radicals. Above 320°, these 
radicals are oxidized predominantly to the olefins and therefore ethylene and 
propylene would be the major products. Likewise with but-2-ene, ethylene should 
be an important product at temperatures above 320° contrary to oberervation.17. 18 
Skirrow et al. have overcome this disadvantage by proposing that the radical 
formed in (20) is further oxidized: 

CHzCH,+OH CH1CH1QH 	 (20) 
CH2CH20H±07 = OOCH2CH,OH 	 (23) 

00CH,CH0H = CH2O±CH3O+OH. 	 (24) 

The formation of ethylene oxide can then be accommodated by incorporating 
reaction (25), 

CH2CH20H±01 = CH2OCH,±H0,. 	 (25) 
This scheme has two disadvantages. Firstly, reaction (25) requires a strained 
low-entropy transition state and would not be expected to complete effectively with 
the addition of oxygen to CH2CH2OH. Secondly, in the oxidation of ethane the 
radical in the hi--hest concentration is almost certainly H02  since any OH radicals even 
if they are mainly responsible for removing ethane will quickly be converted to HO2  
by reactions (26) and (4):  

	

OH+C2H6  = H20+C7H5 	 (26) 

	

C2H5 ±01 = C2H4 ±H0,. 	 (4) 
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Likewise in the oxidation of ethylene, after the initial stages, OH whenever formed 
will be rapidly converted to H02  via the reaction with formaldehyde. In both 
oxidations HO. is likely to be the predominant radical and since the additions of 
H02  and OH to ethylene will both be exothermic their activation energies are both 
likely to be small. Thus the major part of the attack on ethylene will be carried 
on by HO,. Accordingly, we prefer a third mechanism for olefin oxidations, 
involving the reactions (27)-(30): 

CH2CH2 ±H02 = CH2CH200H 	 (27) 

CH2CH200H = CH2O+CH20H 	 (28) 

	

CH20H±02  = CH20+HO2. 	 (29) 

Reaction (28) is analogous to the decomposition of the ethyl peroxy radical into 
CH30 and CH:O and involves a four-membered ring transition state. The forma-
tion of ethylene oxide can occur by the direct reaction of HO, with ethylene 

	

C2H4±H02  = CH20CH2 +OH. 	 (30) 

This scheme has the advantage of accounting for the formation of small amounts 
of methanol in the ethylene oxidation. The CH20H radical formed in (38) has a 
lower heat of formation than CH30 6  and therefore abstracts with greater difficulty. 
Even in the presence of formaldehyde in high concentration, there is a high probab-
ility that it will be oxidized. 

The fact that the yield of ethylene oxide increases as the temperature falls in-
dicates that reacrion (27) has a higher activation energy than (30). While reaction 
(30) involves a ring transition state, it is highly exothermic and may have a near-
zero activation energy while reaction (27) might be expected to have a small positive 
activation enerrv. 

There is probably a further way in which HO2  can add to ethylene which accounts 
for the formation of ethane in the last stages of the ethylene oxidation 

	

CH2CH2 ±HO2  = CH3CH2±02. 	 (-4) 

This reaction m'.st occur throughout the oxidation but normally the ethyl radicals 
are oxidized back to ethylene.. However, a small proportion will give rise to 
formaldehyde aad methanol and this may be the source of the methanol in the 
ethylene oxidaticn rather than abstraction by CH20H. 
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INTRODUCTION 	 - 

The e:iced intermediate responsible for the photolytic reduction of aromatic ketones 
is believe-± to be the triplet state (1, 2). The initial stages of the mechanism can be repre-
sented by the following sequence of reactions: 

	

RCO ± h7 — RCO5 	 [11 

	

R2CO9* -. R2CO 	 (21 

	

R2CO9* — R2COT 	 [31 
R2COT* - R2CO 	 [4] 

R2COT5  ± DH - R2COH ± D 	 [5] 
Canadian Jo — i of chemistry. Volume 41 (1963) 
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The ketone molecule is excited initially to an upper singlet state which will decay back to 
the ground state or form a triplet state by internal conversion. The triplet state will either 
decay to the ground state or abstract a hydrogen atom from the solvent DH to form a 
ketyl radical, R2COH. The ketyl radical forms the final products by reacting with the 
solvent, DH, with the radical, D, or by dimerization. 

Since the photolysis of an aromatic ketone can result in the formation of both the triplet 
state of the ketone and the ketyl radical as intermediates care must be exercised in the 
assignment of transient absorption spectra. McClure and Hanst (3) observed the triplet 
absorption in the flash photolysis of benzophenone in a rigid medium. The close similarity 
between this absorption and the transient absorption in solution originally led Porter 
and Windsor (4) to believe that the transient observed in solution was also the triplet 
state. The absorption was subsequently assigned (5) to the relatively long-lived ketyl 
radical C6 H 5 0HC.1 H 5. The triplet absorption was not observed in solution, presumably 
because of the rapidity of the hydrogen transfer occurring in reaction (5]. 

It has been reported (6) that certain naphthoyl ketones, including 2-acetonaphthone, 
are not photoreduced in the presence of a weak hydrogen donor such as a secondary 
alcohol. The reduction of 2-acetonaphthone does occur, however, if a more active hydrogen 
donor, such as tributvlstannane, is added to the system (7). This suggests that the corres-
ponding ketyl radical for 2-acetonaphthone can only be formed in the presence of active 
hydrogen donors, and that any transient absorption observed when 2-acetonaphthone is 
photolyzed in the presence of a weak donor must be that of the triplet state. The present 
work was undertaken to study the decay of the triplet absorption of 2-acetonaphthone 
in an 'inert' solvent and to characterize any transient absorption that may be observed 
when 2-acetonaphthone is photolyzed in the presence of tributylstannane. The effect of 
the addition of 1-naphthol and triphenylene as quenching or energy-transfer agents in 
the system was also studied. 

EXPERIMENTAL 

2-Acetonaphthone (Eastman Kodak White label) was recrystallized three times from petroleum ether 
(60800).  1-Naphthol (Eastman Kodak White label) was vacuum sublimed, recrystallized three times from 
spectroscopic grade benzene, and resublimed. Triphenylene (Aldrich Chemical Corp.) was zone refined. 
Tributylstannane was prepared from tributvltin chloride (Metal and Thermit Corp.) by the method of 
Van der F-Zerk and Luizjen (8). The solutions were all made up in spectroscopic grade benzene (Eastman 
Kodak) and were thoroughly degassed before flashing. This was done by a freeze—pump--melt—freeze—pump 
procedure combined with trap-to-trap distillation under high vacuum. 	 S 

The flash apparatus was of conventional design, the photolysis lamp consisting of a quartz tube of 42-cm 
length and 3.3-cm 0. D., araldited into cylindrical stainless steel electrodes of a design developed by Claesson 
and Lindqvist (9). Discharge occurred between 1/4-in, tungsten rods mounted in the centers of the electrodes. 
The lamp was mounted coaxially in a cylindrical brass can coated on the inside with magnesium oxide, and 
was generally filled with nitrogen to a pressure of 5 cm. The duration of the flash on discharging a 66 f 
condenser bank through the lamp at 10 kv was approximately 12 microseconds. The spectroscopic lamp was 
similar in design to the photolysis lamp but with a quartz capillary of 3-cm length- and 2-mm bore. It was 
filled with nitrogen to a pressure of 4 mm and had a flash-time of 5 microseconds for a 50 joule flash. The 
timing of the spectroscopic flash was controlled by an electronic delay unit and checked by means of an 
oscilloscope. The discharge was focused through the reaction vessel Onto the slit of a Hilger-Watts E 742 
Automatic quartz spectrograph. 

The reaction vessel was a quartz tube 21 cm long and 15 mm in diameter located beside the photolysis 
lamp. It was surrounded by a double quartz cylindrical vessel with an annular space 6 mm wide which could 
be filled with filter solutions. The absorption spectra were photographed on either Kodak 103-F or Ilford 
HP3 plates. The plates were scanned with a Hilger-Watts recording microdensi come ter and the deflection 
readings at each wavelength converted to optical density of transient from a previously constructed call-
1;. ation graph. Each place was calibrated by inserting alumina-on-quartz neutral density filters between the 
reaction vessel and the spectrograph, firing the photolamp and the spectroscopic lamp with the delay set 
at 14 microseconds, and measuring the corresponding plate density. 
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RESULTS AND DISCUSSION 

The transient absorption observed when a 1.01 X 10 M solution of 2-acetonaphthone 
in benzene was flashed is given by curve A in Fig. 1. The concentration of 2-aceto- 

FIG. 1. Transient absorption spectra following photolysis in benzene solution of (A) 1.01X103 if 
2-acetonaphthone;  (B) 1.01X10 M 2-acetonaphthone + 0.17 M tributvlstannane; (C) A, 0.90X10 4  M 
1-naphthol, no filter present; z, 1.01 X 10 il( 2-acetonaphthone + 0.90 X10-1  M 1-naphthol; filter solution, 
0.5 Al 1-naphthol. Flash energy, 2220 joules; delay, 11 microseconds. 

FIG. 2. (A) Logarithm of the optical density of the triplet state of a 1.01X10' M solution of 2-aceto-
naphthone in benzene, against time. (B) Reciprocal of the optical density of the triplet state of a 0.90X10 2  
21'! solution of 2-acetonaphthone in benzene, against time. Flash energy, 2220 joules. 

naphthone and the absorption spectrum of the solution were unchanged after 30 flashes 
at 2220 joules per flash, showing that the transient absorption was that of the triplet state. 
When a solution 1.01 X 10-1  M in 2-acetonaphthone and 0.17 M in tributyistannane was 
flashed under the same conditions a transient absorption was obtained (curve B, Fig. 1) 
which differed from that of the triplet state. The peak maximum of this absorption band 
lies below 385 mz, and is hidden by the singlet—singlet absorption band of 2-acetonapthone. 
The new absorption band had a relatively long lifetime as compared to the triplet absorp-
tion band and could be detected some 10 milliseconds after flashing. This long lifetime, 
plus the observation that 200/70  of the 2-acetonaphthone had been decomposed after 20 
flashes, indicates that the transient absorption spectrum was that of the ketyl radical 
C10H7 OHCH3. The maximum in the absorption in curve B at 430 mg may be caused 
by simultaneous triplet—triplet absorption of 2-acetonaphthone, and hence it was not 
possible to decide whether the spectrum in this region is due to the ketyl radical only, or 
to a combination of triplet and ketyl radical absorption. 

The kinetics of the decay of the triplet state was investigated for different initial con-
centrations of 2-acetonaphthone. For a 1.01X10 4  Msolution a plot of the logarithm of 
the optical density against time was linear within the limitations of plate photometry 
(Fig. 2, curve A). The first-order rate constant, k1, had a value of 1.27±0.25X104  sec', 
and thus the triplet-state lifetime was 0.75±0.25X10 4  sec. When the concentration of 
2-acetonaphthone was increased to 0.90X10 2  iV[, the decay was second order (Fig. 2, 
curve B) with a rate constant k 2  of 5.5±0.9X 10 (€C)' sec, where e is the molar extinc-
tion coefficient and C is the molar concentration. The transition from primarily first-order 
kinetics at low concentrations to second-order kinetics at the higher concentrations 
suggests that at the lower concentrations there will be some contribution to the decay 
from second-order quenching, and hence the value obtained for the rate constant, k 1, is a 
maximum. 
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It has been shown (10, 11) that selective excitation of the triplet level of one molecule 
in the presence of another molecule with a lower-lying triplet level can lead to energy 
transfer from the upper triplet to the lower triplet. It was therefore of interest to see if 
the triplet state of 2-acetonaphthone could be quenched by the addition to the solution 
of a molecule with a lower-lying triplet level, and to examine the consequent effect on the 
extent of photoreduction. As illustrated schematically in Fig. 3, the energy levels of 1-
naphthol relative to those of 2-acetonaphthone made it suitable for use as a quencher. 

FILTER CUTOFF 
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FIG. 3. Energy level diagram of the first excited states of 2-acetonaphthone and 1-naphthol. 

Selective excitation of the 2-acetonaphthone in the presence of 1-naphthol was achieved 
by surrounding the solution to be flashed with a concentrated solution of 1-naphthol. 
The transfer of energy between the 2-acetonaphthone triplet and the 1-naphthol triplet 
is shown by the results presented in Fig. 1. Curve A illustrates the triplet-state absorption 
for a 1.01 X 10 ill 2-acetonaphthone solution. Curve C shows the triplet absorption of a 
0.90 X 10 M 1-naphthol solution with no filter in the system, and also shows the transient 
absorption of a solution which is 0.90 X 10 M in 1-naphthol and 1.01 X 10 il'f in 2-aceto-
naphthone with the 1-naphthol filter present. When a 0.90 X 10 M solution of 1-naphthol 
was flashed with the filter solution present no transient absorption could be detected. 

Transfer of energy from the first excited singlet of 2-acetonaphthone to the correspond-
ing state in 1-naphthol is unlikely since this state is higher in 1-naphthol than in 2-aceto-
naphthone. Direct transfer from the first excited singlet state of 2-acetonaphthone to the 
triplet of 1-naphthol is also unlikely as this is a spin-forbidden process and, for many 
donor—acceptor pairs, has been shown to be unimportant compared with triplet—triplet 
energy transfer (10-12). 

The quenching effect of 1-naphthol on the photoreduction of 2-acetonaphthone is shown 
by the results given in Fig. 4(a). Solutions which were 1.01 X 10 M in 2-acetonaphthone 
and 0.42 Jf in tributylstannane were flashed in the presence of various amounts of 
1-naphthol. The results show that the decomposition of the 2-acetonaphthone decreased 
as the concentration of 1-naphthol increased. The observation that 1-naphthol removes 
triplet excitation energy from 2-acetonaphthorie and also quenches the photoreduction 
provides convincing evidence that the triplet state is the active intermediate in the photo-
reduction. 

The possibility that 1-naphthol reacted with the tributylstannane on flashing, or that a 
complex was formed between the 1-naphthol and 2-acetonaphthone was ruled out by the 
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FIG. 4. Percentage decomposition of 2-acetonaphthone against concentration of 1-naphthol and 
tri -phenylene in benzene solution: (a) 1.0IX 10-3  M 2-acetonaphthone + 0.42 U tributylstannane ± 1-naph-thol; filter solution, 0.5 U 1-naphthol. (b) 5.2X10 M 2-acetonaphthone ± 0.21 .11 tributvlsrannane + 

triphenylene; no filter present. Flash energy, 2220 joules; number of flashes, 20. 

observation that the absorption spectrum of a solution containing 1-naphthol arid tn-
butvlstannane was the same before and after being flashed, and by the fact that the 
absorption spectrum of a solution of 2-acetonaphthone and 1-naphthol after flashing was 
identical with the combined spectra of the two solutes in separate solutions. 

Since the action of 1-naphthol as a quencher was to remove triplet-state energy it 
follows that a molecule which could transfer energy to the 2-acetonaphthone triplet should 
sensitize the photoreduction. The requirements for an ideal sensitizer are: (1) a first triplet 
level lying above that of 2-acetonaphtfione; (2) a first excited singlet lying below that of 
2-acetonaphthone; and (3) a triplet—triplet absorption band lying in a region of the spec-
trum different from that for 2-acetonaphthone to enable the energy transfer between 
triplets to be followed by plate photometry. Unfortunately it was not possible to obtain a 
molecule with all three requirements. Triphenylerie, however, does meet the first require-
ment and was used as a sensitizer. The results presented in Fig. 4(b) show that the addi-
tion of triphenylene to a solution of 2-acetonaphthone and tnibutylstannane greatly 
increases the rate of removal of 2-acetonaphthone from the system. The absorption spectra 
of triphenylene and 2-acetonaphthone are so similar that it was not possible selectively 
to excite the triphenylene. However the concentration of 2-acetonaphthone was 5.2 X 10 
iVI while the lowest concentration of triphenylene used was 5.0 X 10 iVI' so that it is 
safe to assume that most of the light was absorbed by the triphenylene. Owing to the close-
ness of the energies of the first excited singlet states of 2-acetonaphthone and triphenylene 
it was not possible to decide whether the 2-acetonaphthone was excited to its triplet state 
by direct energy transfer from the triphenylene triplet or by singlet—singlet energy 
transfer between the two molecules followed by internal conversion of the singlet of 
2-acetonaphthone to the triplet state. 

Experiments similar to those carried out with 1-naphthol gave no indication that tri-
phenylene and 2-acetonaphthone formed a complex in solution, or that triphenylene 
reacted with tributylstannane on flashing. 
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COMPLEXES OF DICHLOROMALEIC ANHYDRIDE 
WITH SOME METHYLBENZENES AND THE ELEC-
TRON AFFINITIES OF MALEIC ANHYDRIDE AND 

DICHIOROMALEIC ANHYDRIDE 

C. H. J. WELLS 
Chemistry Depazrnent, Kingston College of Technology, Penrhyn Road, 

Kingston upon Thames 

(Received 2 December 1965; in revised form 2 February 1966) 

Abstract—Isomeric 1:1 comrexes and higher order complexes are formed between dichloromaleic: 
anhydride and either durene. pentamethylbenrene or hexamethylben.zene in carbon tetrachloride 
solution. The electron affinities of dichloromaleic anhydride and maleic anhydride as calculated from 
the charge transfer transitica energies of the corresponding complexes are 05 and 01 cv 
respectively. 

ACCEPTOR properties of anhydrides  are well established from studies of their charge 
transfer complexes with aromatic hydrocarbons.' The association constants and the 
molar absorptivities of th complexes have been computed by means of the Benesi-
Hildebrand equation or cne of its many variations.2  However Johnson and Bowen3  
have recently shown that association constants derived by means of the Benesi-
Hildebrand equation are only meaningful if the value of the association constant is 
independent of the wavele:2-th of measurement. In view of this and the fact that there 
are no reports on the eletron acceptor properties of dichloromaleic anhydride, the 
charge transfer interactic: between dichloromaleic anhydride and somemethylben- 
zenes has been investigatsd and the variation of the association constant with wave-
length reported. 

The absorption spec--a of mixtures of dichloromaleic anhydride with durene, 
pentamethylbenzene and hexamethylbeazene in carbon tetrachloride gave broad 
featureless bands in the r.-on 355-430 my which were not observable in the spectra 
of the individual componeflts. These bands were ascribed to the formation of a charge 
transfer complex or com:iexes since good straight line plots were obtained for the 
Benesi-Hildebrand relatica: 

where a is the constant acceptor concentration, b the varied donor concentration 
(b > a), e the molar absorance of the complex, D the optical density for a 1 cm light 
path and K (I. mole-1  unis) is the association constant for complex formation. 

The positions of the sand maxima, the values of the association constants and 
molar absorplivities (calctiated for Arnax) at 202 and 40.10  are given in Table 1, while 
1  L. J. Andrews and R. M. Kefer,J. Amer. Chem. Soc. 75, 3776(1953); W. G. Barb, Trans. Faraday 

Soc. 49, 143 (1953); M. Cz2wdhuty and S. Basu, Ibid. 56, 335 (1960); L. L. Ferstandig, W. G. 
Toland and C. D. Heaton, Amer. Chem. Soc. 83, 1151 (1961). 
H. A. Benesi and I. H. Hilthrand,J. Amer. Chem. Soc. 71, 2703 (1949); R. L. Scott, Rec. Tray. 
Chim. 75, 787 (1956); N. J. Rose and R. S. Drago, I. Amer. chem. Soc. 81, 6138 (1959). 
G. D. Johnson and R. B. Bwen, J. Amer. c/tern. Soc. 87, 1655 (1965). 
1 	 1985 
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the corresponding values at 202° over the wavelength range 355-430 mu are given 
in Table 2. 

Although the association constants are reasonably invariant in the region of the 
band maxima the values increase in each case at longer wavelengths. Jurinski,4  
Hayman5  and Johnson and Bowen-' have shown that this would be expected for the 
casewhere higher order complexes are formed simultaneously with 1: 1 species. It is 

TABLE 1. ASSOCIATION CONSTANTS (K) AND MOLAR ABSORPTI'TITIES (€) FOR 
COMPLEXES OF OICHLOROMALEIC AN}tYDRIOE WITH METHYLBENZENES IN 

CARBON TETRACHLORIDE AT 2nax OF CHARGE TRANSFER ABSORPTION 

Amax K(1. mole') e 
Donor mp 202° 	40-1° 202° 	40-1° 

Durene 360 1-08 	067 1792 	894 
Pentamethylbenzene 	372 240 	1-67 2029 	1670 
Hexamethylbenzene 390 4-64 	260 2042 	1816 

TABLE 2. ASsonnoN CONSTANTS' (in 1. mole-') AT 202° FOR DICHLORO. 
MALEIC ANHYDRIDE—METHYLBENZINE COMPLEXES FOR ALL WAVELENGTHS 

STUDIED (as IN PARENTHESIS ARE 95% PROBA.BILrI-Y LIMITS) 

mz Durene PMW HMBC 

355 1-10(0-10) 208(0-09) 4-98(0-16) 
360 108(0-15) 2-35(0-11) 453(0.15) 
365 1-12(0-12) 244(0.13) 4-01(0.22) 
370 1-19(0-12) 2-32(0-19) 4-46(0-19) 
372 - 2-40(0-20) - 
375 109(009) 240(0.26) 440(0.15) 
380 111(015) 232(0.13) 4-58(0-12) 
385 1.09(0-10)  235(0 14) 4.68(0.20) 
390 1-00(0-13) 2-38(009) 4-64(0-10) 
395 098(0•12) 2-46(0.12) 4-69(0-20) 
400 149(0-21) 2-58(0-18) 4-70(0.16) 
405 1-50(0-09) 2-55(0-21) 520(0-25) 
410 162(1-14) 2-58(0-17) 5-41(0-21) 
415 1-69(0.20) 2-67(0-18) 5-53(0-18) 
420 - 290(0-21) 5-77(0-10) 
425 - - 6-01(0-18) 
430 - - 6-01(028) 

° The mean value of five determinations. 	Pentamethylbenzene ° Hexamethyl benzene 

thus apparent that higher order complexes and 1: 1 complexes are present in the 
dichioromaleic anhydride—methvlbeazene systems studied. Juriaski and de Maine6  
have also observed an increase in association constant with increasing wavelength in 
the case of aromatic hydrocarbon—aromatic nitro compound complexes and attributed 
this to the formation of higher order complexes. 

N. B. Jurinski, J. Miss. Acad. Sci. 10, 74 (1964). 
S  H. J. G. Hayman, J. Chem. Phi's. 37, 2290 (1962). 

N. B. Jurinski and P.A.D. de Maine, I. Amer. Chem. Soc. 86, 3217 (1964). 
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The decrease in the molar absorptivities of the complexes with increasing tempera-
ture (Table 1) can be explained by the presence of "isomeric" or orientational com-
plexes. The molar absorptivities of the complexes decreased with temperature over 
the complete range cf the complex absorption band and comparison of the plots (not 
shown) of the molar absorptivity against wavelength at 202 and 401° did not reveal 
any significant chance in the position of the band maxima or shape of the absorption 
band with increased :emperature. Thus it would appear that the most stable species 
and hence the relatively more abundant at a higher temperature does not absorb at a 
different energy from any other complex. 

The molar absorrivities of the complexes increase slightly with increasing complex 
stability (Table I). .s the electron donor becomes more effective and the association 
constant increases the transition moment increases and an increase in the molar 
absorptivity is observed. The contribution of contact charge transfer absorption to the 
total absorption intesity must be small, if any, as this would be reflected by a decrease 
in the absorptivity of the complex with increasing stability.' 

According to Mrfliken's theory of intermolecular interaction between electron-
acceptor and electrca-donor molecules the energy hvcT of electron transfer from 
donor to acceptor is ulated to the ionization potential I of the donor and the electron 
affinity EA of the acceptor by the expression:8  

hvcT =I—(EA — E)± 	 (2) 
I - (EA - E) 

where E is mainly the energy of the coulomb attraction between D+ and A after the 
transfer of one electron from the donor D to the acceptor A and c1  is a constant. At 
sufficiently large ionition potentials (I> 75 ev) the last term in the above expression 
may be neglected and the equation reduces to: 

hvcT =I— (EA —E) 	 (3) 

For charge transfer complexes of the same bond type and configuration E may be 
considered constant. 2nd for two acceptors of similar structure and one and the same 
donor the following miationship will apply: 

(hvcT)j - (hvCT) = EA - EA 	 (4) 

The electron affinity of an acceptor 1 can be calculated from the charge transfer 
transition energies of complexes of acceptor 1 and acceptor 2 with the same donor if 
the electron affinity of acceptor 2 is known. The hvcT  values for complexes of various 
aromatic hydrocarbons with p-chloranil, maleic anhydride and dichloromaleic 
anhydride in carbon tetrachioride are listed in Table 3 alongwith the values of the 
electron affinities of maleic anhydride and dichloromaleic anhydride calculated 
relative to the electrca affinity of p-chloranil. 

The mean values -f the electron affinities of maleic anhydride and dichloromaleic 
anhydride are 011 ard 053 ev respectively. Owing to the assumptions made in the 
derivation of Eq. 4 the accuracy in these values is probably not greater than about 
01 ev. Briegleb9  has previously calculated the electron affinity of maleic anhydride 

L. E. Orgel and R. S. Mulliken, J. Amer. Chem. Soc. 79, 4839 (1957). 
R. S. Muiliken, J. Ame-. Client. Soc. 72,600 (1950); 74,311 (1952); J. Chem. PIns. 19,514 (1951). 
G. Briegleb, Angew. Cem. (Inter. Ed.) 3, 617 (1964). 
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from Eq. 4 to be 0-57  ev while Batley and Lyons,10  using the same method, have aiven 
values of 20 and 1-5, ev. These results cannot be considered reliable since the 0'57  
and 20 ev values were determined from data on a single complex only, viz, the 
perylene-maleic anhydride complex, while the 1'53  ev value was calculated relative to 
the electron affinity of iodine. Iodine is a o type acceptor and will form complexes of 
different configuration from those formed with maleic anhydride which is a IT type 
acceptor. Consequently it is not valid to assume that the E term of Eq. 3 will be the 
same for the different types of complex. The 153  ev value will therefore be in error by 
an amount equal to the difference between the £ terms for ir, u and Ir, ir complexes. 
From the above results this difference would appear to be about 14 ev. 

TABLE 3. ELECTRON AFFINITIES (EA) OF DIcteL0R0MALEIc ANHYDRIDE AND MALEIC 
ANHYDRJDE CALCULATED FROM ENERGIES OF COMPLEX ABSORPTION BAND 

MAXLMA.°  REFERENCE-p-CHLORANIL, EA = 137 eva 

p-Chloranil 
Donor 	 hv0r(ev) 

DCMA° 
hvar(ev) 	EA(ev) 

MAd 
hv(ev) EA(ev) 

Toluene 3-34 4-16 0-55 - - 
m-Xylene 308 395 0-50 439 0-06 
Mesitylene 289 3-70 0-56 4-12 0-14 
Durene 2-56 345 0-48 397 —004 
Pentarnethylbenzene 2-53 3-34 0-56 3-74 0-16 
Hexarnethylbenzene 2-40 3-19 0-58 3-62 0-15 
1,2,4 Trimethoxybenzene 2-19 298 056 - - 
Naphthalene 259 3-48 0-48 382 0-14 

Solvent-carbon tetrachloride, I Ref. 9. 
Dichioromaleic anhydride, d  Maleic anhydride. 

The electron affinities of the anhydrides reflect their relative electron acceptor 
properties. Substitution of chlorine into the anhydride ring enhances the electron 
acceptor ability and increases the electron affinity by about 0-4 ev. This value is 
comparable to the difference in electron affinity between p-benzoquinone (077  ev) and 
2,3 dichlorobenzoquinone (1-1 ev)9. 

EXPERIMENTAL 
Materials. Carbon tetrachloride, Hopkins and Williams "Spectrosil" grade was used without 

further purification. Toluene, mesitylene and m-xylene, B.D.H. were distilled before use and respec-
tive fractions boiling 110-111°, 163-164°, 138-139° collected. Durene, pentamethylben.zene and 
hexamethylben.zene, B. Newton Maine Ltd., were recrystallized 3 times from EtOH, resp. rn.ps 79°, 
53°, 162°. Naphthalene, B.D.H., was recrystallized from EtOH, m.p. 80°. 1,2,4 Trimethoxybeazene, 
B. Newton Maine Ltd., was distilled and the fraction boiling 86-90° collected. Dichloromaleic 
anhydride, L. Light and Co., was recrystallized 3 times from pet. ether (60-80°) and stored under 
vacuum, m.p. 120°. Maleic anhydride, B.D.H., was recrystallized from CHCI3, vacuum sublimed, and 
stored under vacuum, m.p. 60°. 

Spectrophotomerric determinations. The absorption spectra and optical density measurements 
were recorded on a Unicam S.P. 500 spectrophotometer using 1 cm silica cells sited in a thermostated 
cell holder. Stock solutions of dichloromaleic anhydride and the particular hydrocarbon under study 
were prepared just prior to use. For each hydrocarbon._dichloromaleic anhydriciu system 5 sets of 
solutions were prepared. In each set the dichioromaleic anhydride concri. was kept constant in the 

M. Batley and L. E. Lyons, Nature, Land. 196, 573 (1962). 
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range I x 10-1  to 3 x 10 M for durene and pentamethylbenzerie and 3 x 10 to 7 x 10 M for 
hexamethyl benzene while ,_'-d hydrocarbon concn. was varied over the range 3 x 10 to 15 x 10' M 
for durene and pen tame thbenzene and 3 x 10 to I x 10 M for hexamethylbeazene. A hydro-
carbon solution of the same concn. as the hydrocarbon in the solution under study was used as the 
reference. Where necessz.rv the measured optical densities were corrected for the absorbance of 
dichloromaleic anhydride -.:sing Klaboe's procedure.1' All solutions were prepared at room temp 
using Cd 4  as solvent, an oncns were corrected to the temp of measurement. 

The 2m for complex 2bsorption bands in hydrocarbon_maleic anhydride and hydrocarbon-
dichloromaleic anhvdride -;stems were determined by making up solutions of known concn. in CCI4  
and plotting the absorpt::a spectra of these solutions with a hydrocarbon solution of the same 
concentration as reference. 

Acknow1edements—The a:thor wishes to thank Mr. F. Haggarty for help with part of the experimen-
tal work. 

"P. Klaboe, J. Amer. Chi. Soc. 84, 3458 (1962). 
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The electron donor ability of fumaronitrile 

(Received 28 April 1966) 

Abstract—Evidence for the formation of complexes between fumaronitrile and iodine mono-
chloride is given byTh1R, infra-red and visible absorption spectra. 

ETHYLENIC nitriles act in charge transfer complexation either as electron donors or electron 
acceptors dependent upon the number of cyano groups in the molecule. Aciylonitrile acts as 
an electron donor via the lone pair electrons on the nitrogen atom [1] while tetracyanoethylene 
acts as an electron acceptor via the electron deficient ethylenic bond [2]. No information has 
been reported to date on the donor or acceptor properties of compounds with structures inter-
mediate between that of acrylonitrile and tetracyanoethylene. As part of a general investigation 
of the donor—acceptor properties of ethylenic nitriles the complexing ability of fumaronitrile has 
been investigated by infra-red, visible and NMR spectroscopic methods and it is shown that 
fumaronitrile acts as an electron donor. 

CM-1  

Fig. 1. The 2280-2220 cm71  region of the infra-red spectra of fumaronitrile, 0-6 NI 
and a mixture of fumaronitrile, 06 M, with iodine monochloride, 20 M 

(—) in methylene dichloride. 

The infra-red spectra of solutions of fumaronitrile and iodine monochioride in the region of 
the nitrile stretching frequency of fumaronitrile are shown in Fig. 1. It can be seen that addition 
of iodine inonochioricle to a solution of fumaronitrile in methylene dichioride results in two bands 
appearing on the high-frequency side of the futnaronitrile peak. This is consistent with the 

P. KLABOE, Acta Chem. Scartd. 17, 1170 (1963). 
R. E. MERRn'IELD and W. D. PHULIPS, J. Am. Chem. Soc. 80, 2778 (18). 
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Table I. Spectroscopic data on fumaronitrile—iodine monochloride system* 

Iodine 	 Complex 
monochloride 	Fuznaronjtrjle 	1:1 	2:1 

—CnsN stretching 
frequency cm1 - 	2238 	2248 	2261 

Visible absorption 
(m/z) 455 	 - 	368 

Proton resonance 
c/s (rel. to TMS) - 	395f 	 398 

403 
* Solvent, methylene dichloride. 	 - 
t 1.5 x 10-2  M fumaronitrile in 0110012.. 

1•5 x 10 2 Tv1 fumaronitrile + 0.49 NI 101 in 0110012. 
§ 1•5 x 10-2  ivI fumaronitrile + 1-41 M IC! in 0112012. 

formation of 2: 1 and 1: 1 fumaronitrile—iodine monochloride complexes in which the lone-pair 
electrons on the nitrogen are partially bonded to the iodine [3]. NIvIR data supports this assign- 
ment. The shift of the proton resonance in fumaronitrile to successively lower fields as the con - 
centration of iodine monochloride in the solution is increased (Table 1) indicates a deshieldixig of 
the protons on complex formation and that there is a transfer of electron density from fumaro-
nitrile to iodine monochloride. 

07 r- 

06 

05 
I — - 

0-4k 

----- 	
,, 

03f— V 

o 

0.2f__ 

0-I 

320 340 	360 380 	400 	420 440 	460 	480 200 
mp. 

Fig. 2. The u.v.-visible absorption of mixtures of iodine monochloride (3.19 x 
10 	M) with fumaronitrile, 0-00 M (.....), 0-47 M (•- - -), 1-00 Al (- - -) and 

202 M (-) in methylene dichloride (1-cm cells). 

The change in the visible absorption spectrum of iodine monochioride on addition of fumaro-
nitrile also shows that complexation occurs between the components. The absorption spectra 
of mixed solutions in the region 320-500 mu are shown in Fig. 2. As the concentration of fumaro- 

[3] E. AUGDArrr and P. KLnox, Specroch-ins. Acta 19, 1665 (1963). 
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nitrile is increased a new band emerges on the short wavelength side of the iodine monochioride 
absorption. This new band may be assigned as the visible interhalogen band, blue-shifted on 
formation of a complex or complexes [4]. The absence of an isobestic point indicates that more 
than one complex is formed. 

Ethylenic nitriles appear to function either solely as electron donors or electron acceptors. 
Although tetracyanoethylene is a strong electron acceptor it might be expected that it could also 
function as a donor,  via the lone-pair electrons on the nitrogen. This does not appear to be the 
case however as there is no change in the region of the —CN stretching frequency with added 
iodine monochioride. Similarly fumaronitrile does not appear to possess electron acceptor 
properties. Even in the presence of a strong donor such as hexamethylbensene there is no 
evidence from ultra-violet and visible absorption measurements of complex formation. 

Kingston College of Technology 	 C. H. J. Wxxxs Penrhyn. Road 
Kingston upon Thames 

[4] A. I. Popov and W. A. DESnIN, J. Am. Chem. Soc. 80, 2976 (1958) 
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Photochemical reactor. 1, Lamp; 2, cooling jacket: 3, sample 
tubes; 4, aluminium drum; 5, pulley wheel; 6, glass filters; 
7, filter mount; 8, annular space containing filter solution; 
9, asbestos base plate: 10, polythene skirt: 11, separator; 

one of four separators to create a gap for cooling air; 
Perspex mounung block; 14, stationary section c clam 

bearing. 
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A photochemical reactor for quantitative studies 

D. A. WARWICK and C. H. J. WELLS 
Deparuenc of Chemistry, Kingston College of Technology, Kingston-upon-Thames, Surrey 
MS. received 21st December 1966 

Abstract. A photochemical reactor has been constructed that allows for the simultaneous 
irradiar:.in of a number of samoles and for each sample to receive the same fraction of 
inciden: radiation. 

1. Introduction 
Apparatus described in the literaure for the measurement of 
quantum yields generally only a.ows for irradiation of one 
or two samples at a time (Calvsr-t and Pitts 1966). Many 
photochemical- reactions have low quantum yields and in 
order to obtain an appreciable e--rent of reaction the system 
may have to be photolysed for a :onsiderable length of time. 
This may be inconvenient, especisllv if a series of runs have to 
be carried out, since the intensiv of the lamp may change 
during the irradiation period. If so the intensity of the 

lamp would have to be checked regularly during the course of 
the runs. In order to overcome this a photochemical 
reactor has been constructed which allows for the simul-
taneous photolysis of several samples and for each sample to 
receive the same fraction of incident radiation. 

2. Apparatus 
The apparatus consists of a mercury arc lamp mounted 

vertically inside a cooling jacket and a filter system. The 
sample tubes are positioned round the inside of a drum which 

483 

is rotated around the lamp-filter system in order to even out 
any variation in the transmission characteristics of the filter 
system. 

The lamp I (see figure) is a Hanovia 1000 w medium 

pressure mercury arc. It is cooled by circulating water 
through the cooling jacket 2and by drawing air over the lamp 
with a variable-speed fan attached by wide-bore tubing to the 
top of the cooling jacket. The filter system consists of 
sections of glass filter 6 (72 mm x 72 mm. x 2mm thick) 
positioned round the cooling jacket and a filter solution 
contained in the annular space between two cylindrical Pyrex 
tubes (12 cm and 17 cm outer diameter, 25 cm in height, 
2 mm thick) which were glued to an asbestos base plate. The 
part of the cooling jacket not covered by the glass filters is 

blackened, and a black polythene skirt 10 attached to the 
asbestos base plate to prevent any unfiltered light from 
reaching the samples. The sample tubes (9 mm outer 
diameter, 1 mm thick) are of Pyrex and up to 36 tubes can be 
mounted inside the aluminium drum 4. The drum (29 cm 
Outer diameter, 44 cm in height) is blackened on the inside 
and mounted on a plain beating (marked with hatching in the 
figure) attached to a pulley wheel 5. The pulley wheel is 
driven by an electric motor fitted with a reduction gearing 
at 4 rev min* 

3. Results 

The variation in the amount of radiation incident upon 
different sample tubes was measured by irradiating a solution 
of benzophenone in isopropyl alcohol (Pitts et al. 1959), 
contained in tubes positioned round the drum, and deter-
mining the amount of benzophenone reacted in each tube. 
A 00382 M solution of benzophenorie in isopropyl alcohol 
was used and each often sample tubes was filled to the same 
height (13 cm) with solution. The filter system consisted of 
water (20 mm path length), an OVI glass filter (2 mm thick, 
Precision Optical Co. Ltd.) and a saturated aqueous copper 
sulphate solution (20 mm path length). The system had a 
maximum transmission of 60% at 3850 A. The samples 
were photolysed for two hours and the amount of benzo-
phenone reacted in each tube was determined by measuring 
the absorbance of the solutions, after appropriate dilution, 
at 3800.L The mean extent of reaction was 14-95 % and 
the maximum deviation from the mean was ±0-56%. 

4. Conclusions 

The results show that the reactor is suitable for making 
quantitative measurements simultaneously on different 
samples. The intensity of the light incident upon the samples 
could be determined by phot'lysis of actinometer solutions 
in the sample tubes, and quanr.im yields could be obtained if 
the reactant system were photolysed along with the actino-
meter solutions. 
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THE PHOTOREACTIVE STATES OF 9-ANHLDEivjE 

D.A. WARWICK and C.E.J. WIllS 

Department of Chemistry, Kingston College of Technology, 
Kingston upon Thames, Surrey, England 	- 

(Received th UK 12 July 1968; accepted for publication 25 July 1968) 
The rcent publication by Yang and Loeechen (1) on the photochemical reaction of 

9-anthraldeh-e with 2 ,3-dimethyl-2-butene prompts us to report our findings on this and other 

systems invo:ring 9-.anthraldehyde. We have studied the photo-reaction of 9-anthraldehyde with 

213-dimethyl_-butene under experimenta]. conditions (\= 36600A, temp. = 30-350) which differ 

from those cf Yang et al. (2). Whereas Yang (3) has found that the oxetane I was the major 
product of 	reaction when light of wavelength Shorter than 400 mp was used, we have found 

that under c' conditions the pinacol II and polymeric material are the major products of tb 

reaction and that oxetane I and also the diner of 9-anthraldehyde are minor products. Pinacol 

II was alsormed in the photo-reaction of 9-anthraldehyde with toluene under our experimentsl 

conditions ang with the diner of 9-anthraldehyde, polymeric material and dibenzyl. 

10  

PHOH  

PinacL II was characterised by elemental analysis, the infrared spectrum (-OR stretching 
band at 3460 	1), the ultraviolet spectrum (lack of 'anthracene type' absorption in the 

region 300-40C 91) and the mass spectrum (molecular ion peak nile 4149  base ion peak zn/c 207). 
Pinacol II is iost probably formed in the reaction sequence 

(9-anthraiclehyde) + hv __ (9-anth.ralaehyae)* 	 (1) 
(9-anthraldehyde ) + RH - 	080K 	+ 	R 	(2) 

-.-. ..-. - 
CHOH 

2 	 Pinaco]. III 	 (3) 

Pinaco]. III 	+ hv 	Pinao]. II 	 (4) 
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Absorption of light energy by pinacol III will lead to pinacol 11 (step 4) by a 

process analagous to that by which 112-bis(9-anthryl)ethane is linked across the 9,10 positions 

of the anthracene systems (4). 

The relative product yields in the reaction of 9-anthraldehyde with 213-.dimethyl-2-

butene depend upon the wavelength of the incident light, and under our conditions as under those 

of Yang et al. (3), the major product of the reaction when light of wavelength longer than 

410 m  is used is the diner of 9-anthraldehyde. 

The ability of an aryl ketone to abstract hydrogen from a substrate is dependent upon 

the nature of the reactive triplet state of the ketone; compounds with reactive n,* states are 

photoreduced with ease (5) while those with reactive 	triplet states are not readily 

photoreduced (6). Since the photoreactive state of 9-anthra.ldehyde abstracts hydrogen from 

substrates, such as 293-dimethyl-2-butene and toluene, which are not attacked by aryl ketones 

with reactive 	v* triplet states, it would appear that the reactive state of 9-anthraJ.dehyde is 

an n,* triplet state. Also, the fact that the photoreduction reactions are inhibited by 

triplet state quenchers (see Table I) is indicative that the reactive state is a triplet state 

and not a singlet state as has been previously suggeited (7). The energy of the reactive 

triplet state of 9-anthraldehyde has been estimated by means of the quenching experiments 

reported in Table I. Benzene solutions containing 0.0114 9-anthraldehyde, 0.6814 2,3-dinethyl-2 

butene and quencher were degassed and irradiated withmoncchromatic. light of 366 m (8). The 

quantum yield for the disappearance of 9-anthraldehyde was determined by ape ctrooho tome tric 

measurement of the concentration of 9-snthraldehyde before and after reaction and by measuring 

the light energy absorbed by the reactant solutions using a benzo phe none -be nzhydrol actinometer 

(9). The quantum yield values given below are corrected for the small percentage of light 

absorbed by the quencher. 

TABLE I 

Quencher Conc. 5T (Kcal/mole) 0 
None - - 0.012 

Naphthalene 0. Som 60.9 0.012 

2-Acetonaphthone 0.0214 59.3 0.011 

l-Naphthaldehyde 0.0214 56.3 0.010 

Benzi]. 0.0214 .53•7 0.009 

Pyrene 0.0214 48.7 0.009 

Azulene 0.0214 31-39 0.009 
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As can be seen from Table I there is a email but significant decrease in the quantum 

yield for the disappearance of 9-anthraldehyde in the presence of 2-acetonaphthone, 

l-naphthaldehyde, benzil, pyrene and azulene. The reaction is not quenched by naphthalene, 

even when present in high concentration, indicating that the energy of the reactive triplet 

state is similar to or lower than that of naphthalene. If the energy of the reactive triplet 

state is close to that of naphthalene then the rate of reversible energy transfer from the 

triplet state of naphthalene to the reactive triplet state may be such that quenching would not 

be observed under the conditions of our experiments. Coupled transitions between the reactive 

triplet state of 9-.anthraldehyde and the triplet state of naphthalene would be expected to occur 

with reasonable probability even if the difference between the energies of the lowest 

vibrational levels of the two states was of the order of 3 Kca]Jmole. Yang and Loeschen have 

shown by means of photosensitisation experiments (1) that the energy of the reactive triplet 

state must be above 58 Kcal/mole and this result taken in conjunction with the present results 

places the energy limits for the reactive triplet state of 9-anthrai.dehyde between 58 to 

64 Kcal/mole. These limits for the energy of the reactive triplet state provide additional 

evidence that this state is n,* in character since aromatic carbonyl compounds with reactive 

,x* triplet states of similar energy are unable to abstract hydrogen from substrates such as 

toluene and isopropanol (6). 

Yang et al. (10) have suggested that in the photoreaczon of 9-anthraldehyde with 

2,3-dimethyl-2-butene there are two excited states of 9-anthraldehyde involved in the reactioa 

leading to oxetane I; one state being responsible for 77% of the oxetane formed and the other 

for 23%. The nature of these states is not known conclusively but Yang and Loeschen's 

evidence from photosensitisation experiments (1) suggests that both states lie in the triplet 

manifold. The recent observation (ii) that the energy of the lowest triplet state of 

9-anthraldehyde is 43.5 Kcal/mole above the ground state excludes the possibility that this 

state is active in either the reaction forming oxetane I or that leading to pinacol II. In 

view of the present evidence which indicates that the reactive state in the reaction leading to 

pinacol II is an n,z* triplet state, it is reasonable to assume that this state is responsible 

for the 77% of the oxetane formed under the conditions of Yang and Loeschen 's experiments. 

This is supported by previous work of Yang et al. (3) which indicates that the formation of 

oxetanes from l-naphthaldehyde and 2-naphthuldehyde, which possess lowest 	triplet states, 

occurs via an n,* species. Thus it would appear that the n, triplet state of 9-anthralde,1e, 
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like that of other carbonyl compounds (12), can either add across the double bond of an olefin 

or else abstract a hydrogen atom (See scheme below). However the possibility that hydrogen 

abstraction occurs via an n, triplet state while addition across the double bond occurs 

mainly via a ,i,1c triplet state cannot be ruled out. 

	

Addition 	0— C 
>I 	I 	—p Oxetane I 

( 	)* + 	

\ ~ydrogen 
-) 	RCHOH 	- - - -9 Pinacol II 

Abstraction 

At elevated temperatures the biradical intermediate in the oxetane forming sequence 

may well readily dissociate before ring closure can occur to form starting materials in the 

ground state. Consequently the hydrogen abstraction process would become more predominant at 

elevated temperatures, especially since the activation energy for this process would be 

expected to be higher than that for the addition process. 
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Abstract—Singlet—triplet transitions in aromatic carbonyl compounds with lowest ir, i.* triplet 
states are enhanced by the presence of oxygen while singlet—triplet transitions in aromatic 
carbonyls with lowest n, 7r * triplet states are unaffected. The oxygen perturbation technique 
thus provides a simple method for characterising the lowest triplet state of aromatic carbonyl 
compounds. 

INTRODUCTION 
PHOTOCHEMICAL reactions often proceed 'via the lowest triplet states of molecules and 
in many cases the photoreactiv-ity of the molecule can be correlated with the nature 
of the lowest triplet state [1]. In view of the role of the triplet state in photochemistry 
it is important that the nature of the lowest triplet state be characterised. 

Information on triplet states can either be obtained from triplet - singlet 
emission spectra [2, 3] or from singlet -i-  triplet absorption spectra [4]. The former 
method has been utilised to yield data on both the nature of the triplet states 
from which emission occurs [2, 3] and on the energy levels of the emitting states [5] 
while the latter method has been used in the determination of energy levels of triplet 
states [4]. Since singlet—triplet absorption spectra can often be readily observed in 
the presence of a paramagnetic molecule under high pressure [4] it was proposed to 
investigate this method as a means of characterising the lowest triplet states of 
molecules. Aromatic carbonyl compounds were chosen for this study since a great 
deal of information has been accumulated on the properties of triplet states in such 
compounds. 

EXPERIMENTAL 
The high pressure absorption cell consisted of a brass tube (9.0 cm long) with 

silica windows (1.6 cm o.d. and 6 mm thick) mounted on each end between poly-
tetrafluorethylene gaskets by means of a hollow brass screw cap. The overall path 
length of the cell was 8•5 cm. A high pressure valve and a filling port were mounted 

J. N. PITTS, F. WxrzINsoN and G. S. 	Iro1m, Adv. Photochem. 1, 1 (1964); W. M. 
Moo, G. S. Huniozm and R. P. Foss, J. Am,. Chem. Soc. 83, 2789 (1961); G. S. Hnxo -D and P. LEERMAxYJxS, ibid. 84, 207 (1962). 
S. K. Lowxi and M. A. EL-SAYED, Chem. Rev. 66, 199 (1966). 
D. R. KEARNS and W. A. CASE, J. Am. Chem. Soc. 88, 5087 (1966). 
D. F. Evurs, J. Chem. Soc. 1351 (1957). 
W. G. KERKSTROxTER, A. A. Liox. and G. S. Rsnuo1m, J. Am. Chem. Soc. 86, 4537 (1964). 
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on the side of the tube. The valve could be joined via a pres.ure gauge to a cylinder 
of oxygen. The cell could be mounted in a 10 cm cell-holder in the sample compart- 
ment of a lJnicam SP.Soo spectrophotometer. Spectra were obtained at atmospheric 
pressure and at a pressure of 100 atm of oxygen. 

The solutes were the purest available commercially and were either distilled or 
twice recrvstallised before use. The solvents used were either Analar or Spectrosol 
grade. 

• 	 RESULTS AND DISCUSSION 

The szectra shown in Figs. 1-3 illustrate the effect of oxygen on the absorption of 
several aromatic carbonyl compounds. The noteworthy feature is that compounds 

	

H,0 	
CH3,0 

11  LT 

	

3O 430 	470 	510 	550 390 430 	470 	510 	550 390 430 	470 	510 	550 
Wavelength, m 

Fig. I. (- --) Spectrum at atmospheric pressure; (—) spectrum under 100 atm of 
oxygsn. l-naphthaldehyde, 020 M in n-hexane; 2-acetonaphthone, 200 M in 
ch1orforrn; l-acetonaphthono, 100 M in chloroform. Path length 85 cm. 

Reference-_attenuator 

Cl43 	 C143 
vp C0 

OH 	 OCH, 

Q: 	0. 4[ 

021  

03 	
0 	460 soo sso 	600 	650

-------- 2,  

	

700 360 	410450 400 	450 	500 
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Fig. 2 (---) Spectrum at atmospheric pressure; (—) spectrum under 100 atm of 
oxygen. 4 hydroxyacetophenone 080 M in chloroform; 9-anthraldehyde, 0-58 .411 
in benzene; 4-methox7acetophenone 050 M in ethanol; 2-naphthyl phenyl 

ke:.ne, 050 il'I in chloroform. Path length 85 cm. Reference_attenuator. 
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which have lowest ir, ir triplet states (see Table 1) show an enhancement of the S-T 
transition in the presence of oxygen while compounds with lowest n,rr" triplet states 
are unaffected. The results obtained for compounds whose lowest triplet states have 
been assigned as ir, ir  are given in Table 1. 

06 - 	 CH.O 	
0 	 - 	 H\,O 

0-4 

02— 

0  LI  
t p:ST  

04 

02 — 

-7---- 0 1 

2

0 	
I 

360 360 400 420 440 500 520 540 	560 	580 360 380 400 420 440 
Wavelength, m ju 

Fig. 3. (.- -) Spectrum at atmospheric pressure; (—) spectrum under 100 atm of 
oxygen. Acetophenone, 0'20 M in n-hexane; p-benzoquinone, 003 M in n-hexane; benzaldehyde, 070 M in n-hexane. Path length 85 cm. Reference—attenuator. 

Table 1. Perturbation of S-T transitions in aromatic carbonyl compounds with lowest ir, 1r 6  
triplet states 

Energy of 
lowest 	 Assignment 

max of 	 triplet level 	of lowest 
enhanced bands 	 (kcal/mole) 	triplet state Compound 	 (Mt) 	 Exp. 	Lit. 	References 

4-hydroxyacetophenone 	 405 	 706 	72.4* 	 [3] 4-methoxyacetophenone 	 397 	 720 	76.7* 	 [3] 1-acetonaphthone 	 447, 475, 506 	565 	564t 	 [13] 2-acetonaphthone 	 422, 450, 486 	588 	93t 	 [13] 2-naphthyl phenyl ketone 	423, 450, 480 	596 	59.6 	 [13] 1-naphthaldehyde 	 444, 474, 510 	561 	56•3t 	 [13] 9.anthraldehyde 	 558, 600, 658 	43•5  
* Ref. [3]. 
t Ref. [5]. 

E. J. BAUM, J. K. S. NVAN and J. N. PITS, J. Am. Chem. Soc. 88, 2652 (1966). 
S. P. MCGLYNN, M. J. REYNOLDS, C. W. DAICRE and N. 0. CISTODOYLEAS, J. Phys. Chem. 66, 2499 (1962); S. P. MCGLYNN, T. Azun and M. KAs, J. Chem. Phys. .40, 507 (1964). 
Y. K.&i -nA, H. KASEDA and T. MA'nmrtm.&, Spectrochim. Acta 20, 1387 (1964). 
D. F. Evs.s, J. Chem. Soc. 2753 (1959). 
J. Muxrr, Mol. Phys. 3, 319 (1960). 
H. TSUBOMVRA and R. ML'lr.xxxN, J. Am. Chem. Scc. 82, 5966 (1960). 
C. J. HoIJTm-x, Tetrahedron 19, Suppl. 2, 179 (1963). 
G. PORTER and P. Suppiy, T'ram.g. Faraday Soc. 62, 3375 (1966). 
N. C. YANG, Pure Appi. Chem. 9, 501 (1964). 
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It can be seen from Table 1 that the energies of the lowest triplet states as cal-
culated from the position of the longest wavelength S-T absorption bands agree 
well with the literature values. In cases- where the S-S absorption band did not lie 
close to the lowest energy S-T transition vibrational structure could be observed. 
The spacing of the vibrational levels in compounds containing the naphthalene moiety 
was approximately 1400 cm-1  which is similar to that observed for naphthalene [4]. 
The lowest triplet level of 4-hydroxybutyrophenone has been assigned as ir, ir' [6] 
but no enhanced S-T bands could be observed in the spectrum (not shown). At the 
concentrations required to observe S-T transitions the intensity of the S-S band in 
4-hydroxybutyrophenone in the region in which the S-T transitions would occur is 
high and the weak S-T transitions are hidden. 

The S-T transitions in 2-acetonaphthone, 2-naphthyl phenyl ketone and 9-
anthraldehyde are intensified in the presence of iodobenzene and can be observed 
directly when iodobenzene is used as solvent. The enhanced bands are at the same 
position as the bands observed in the presence of oxygen but the intensities of the 
bands in iodobenzene are about one-third that for the bands observed when the 
oxygen pressure was 100 atm for the same concentration of solute and path length. 
Intensification of S-T, transitions by solvents containing heavy atoms has been 
previously observed for aromatic hydrocarbons [7] and aromatic carbonyl com-
pounds [3]. As the enhancement in heavy atom solvents is weak as compared to 
that in the presence of oxygen, the oxygen perturbation method is to be preferred for 
the observation of S-T, transitions. 

Acetophenone, p-benzoquinone and benzaldehyde which have lowest ii, 
triplet states do not show enhancement of S-T transitions in the presence of oxygen 
at 100 atm. Figure 3 illustrates that the S-T transitions in acetophenone, benzalde-
hyde and p-benzoquinone can be observed directly and that there is no oxygen effect 
on these transitions. The absence of oxygen perturbation is in accord with previous 
experimental findings for the effect of heavy atom solvents on the intensity of 
transitions [3] and for the effect of oxygen at atmospheric pressure on the 
transition in benzaldehyde [8]. 

It is of interest to note that 	transitions in pyrazine [9] and in acridine [4] 
are enhanced by oxygen. In these systems as in the aromatic carbonyl systems with 
lowest ir, ir' triplet states the half-vacant bonding and anti-bonding orbitals are 
specifically associated with the aromatic ring and obviously this situation favours 
enhancement of S-T transitions. Two theories have been proposed to account for 
the intensification of the S-T absorption by a perturber molecule. MURRELL [10] 
and TSUBOMURA and MULLIXEN [11] have suggested that the intensification is due to 
intensity-borrowing of the S-T transition from a charge transfer transition in an 
aromatic hydrocarbon-perturber complex, while HOIJTINK [12] has attributed the 
effect to intensity-borrowing from the corresponding S-S transition in the aromatic 
hydrocarbon, the magnitude of the enhancement being dependent on the extent of 
electron exchange between the aromatic molecule and the paramagnetic perturber. 
The results obtained in the present work do not allow a choice to be made between 
the two theories and the relative importance of the exchange or charge transfer 
mechanism must still remain an open question. 

Since S-T transitions of aromatic carbonyl compounds with lowest ir, 7r * triplet 
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states are enhanced by oxygen whilst S-.T transitions in aromatic carbonyls with 
lowest n, 	triplets are unaffected, the oxygen perturbatioll technique provides a 
method for characterising the lowest triplet states of such compounds. The method 
has the advantage over phosphorescence methods [5] and phosphorescence excitation 
methods [3] in that the spectra can be obtained in a routine manner without special-
ised equipment. 
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Electron affinity of mafeic anhydride, diiodomaleic anhydride and dichloromaleic anhydride 
by G. L. 0. Davies and C. H. I. Wells 
Department of Chemistry, Kingston College of Technology, Kingston upon Thames 

It is well known that anhydrides act as electron acceptors 
in the formation of charge-transfer complexes with aro-
matic hydrocarbons1  and that the ability to form complexes 
is dependent upon the electron affinity of the aniiydride.Z 
Nevertheless the complexing abilities of maleic anhydride 
and halogenated derivatives of nialeic anhydride are not 
well defined, owing to lack of data on the electron affinities 
of halogenated derivatives and to the uncertainty in the 
reported values for the electron affinity of maleic anhy-
dride.24  The electron affinities of maleic anhydride (MA), 
diiodornaleic anhydride (DIMA) and dichioromaleic an-
hydride (DCMA) reported here were calculated from the 
energy of the charge-transfer transition in complexes 
formed with pyrene and hexamethyibenzene using equations 
derived by Briegleb.3 The energies of the charge-transfer 
transitions (h'ic'r) in the complexes are listed in Table I and 
the calculated values of the electron affinities are given in 
Table II. The energies of the charge-transfer transition in 
complexes of p-chloranil with pyrene and hexamethyf-
beozene are also included in Table I since these values are 
used in the calculation of electron affinities by method II. 

Table I 

hv 3. values for MA, DLMA, .DCMA and p-chloranil cornolexes in 
carbon tetrachloride 

Donor Hexamethylbenzene pyrene  
Acceptor Jr1C3 ev /r,'. CY 

MA 3-62 - 
DvfA 3-26 3-02 - 
DCMA 3-15 291 
p-Chloranil 2-40 204 

Table U 
Electron Affinities (ev) of MA, DIMA and DCMA 
Donor 	 Method of calculation'  

I 	IT 	III 	IT/ 
MA compie.-ces 

Hexainethyibenzece 	- 	0-15 	001 	008 
DIMA complexes 

Hexamezhylbenzene 	- 	051 	038 	0-44 
Pyrene 	 0-40 	0.39 	0-42 	0-49 

DCMA complexes 
Hexamnethyibeuzene 	- 	0-62 	0-50 	0-55 

'Pyrece 	 051 	0-50 	0-54 	0•60 

Reference 3:1 - eqn (230; U - eqn (25); lIt - eons (23') and (30); 
W—eqn(33) 

The mean values of the electron affinities of MA, DIMA 
and DCMA calculated by methods I, II, In and IV are 
0-08, 0-43 and 0-55 ev respectively. These values indicate 
that the relative acceptor strengths of the anhydrides lie 
in the order DCMA>DIMA>.ivfA. The interesting 
feature is the marked increase in electron affinity on 
substitution of iodine or chlorine into the an.hydride ring 
system and the, relatively small difference in electron 
affinity between the iodo and cliloro derivatives. This effect 

. is paralleled in the quinone system where the electron 
affinities of p-benzoquinone, p-iodanil and p-chloranil are 
0-77, 1-36 and 1-37 ev respectively.3 

We thank Dr J. Idris Jones of the National Physical 
Laboratory for a gift of duiodomaleic anhydride. 

Received 6 November 1967 
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substituted cyclobutanes 
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Abstract—The infra-red spectra (3500-400 cm) of trans.l,2-divinylcycjobutane trans-1,2- 
dimethyl- l.2-divinylcyclobutane, trans-i -isopropenyl-2.methyl2vinylcyczobutane and trais- 
1,2-diisopropenylcyclobutane are reported. Assignments for the principal vibrational frequen-
cies are given. 

INTRODUCTION 

SOME early assignments [1] of infra-red frequencies associated with various aliphatic 
hydrocarbon groupings have become well established in the literature of spectral 
correlations. It is important to assess the range of validity of such correlations, 
particularly when a hydrocarbon contains several types of groupings (including 
cyclic systems). In the present work the infra-red spectra of trans- 1,2-div-thylc?jclo_ 
butane (I), trans- I ,2-dimethyl- 1 ,2-divinylcyclobutane (II), trans- 1-isopropenyl-2- 
methyl-2-'v-inylcic1obutane (III) and . transl,2*diisopropeny1cyclobutane (IV) have 
been studied. 

Ii 

III 	 lIT II 

Comparison of the spectra of compounds I—FT enable a number of unequivocal 
assignments to be made. These are considered in relation to the characteristic 
frequencies currently attributed to methyl, vinyl, vinylidene and ciiclobutane 
groupings. 

EXPERIMENTAL 

Compounds I—IV were prepared by the method of HAMMOND et al. [2] and were 
purified by gas-phase chromatography. 

Infra-red spectra were recorded between 400 and 3500 cm-1  on a Grubb Parson 
"Spectromaster" spectrometer. This instrument was calibrated with indene [3] and 

N. SPPARD and D. M. Snsor, Quart. Rev. 1, 6 (1952); 19, 7 (1053). 
G. S. Hnxom, N. J. Tmuso and R. S. H. Lr, J. Org. Chem. 23, 3297 (1963). 
I.U.P.A.C., The Calibration of Infrared Spectrometers. Butteiworths (1061). 
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all the frequencies reported should be accurate to better than 5 cm-1. Each sample 
was examined as a 100 v/v solution in carbon tetrachloride 6t 01 mm path length 
and as a liquid film at 01 mm path length. In each case the spectra of the sample in 
the two states were the same except that additional weak bands were observed in 
the spectra of the liquid state. 

DIscussIoN 
The substituents on the cyclobutane ring in compounds I, II, Ill and IV may take 

up a number of different possible conformations. The most probable conformation 
in compounds I, II and IV has a two-fold rotation axis of symmetry and the molecules 
are likely to belong to the C. point group. All vibrations are infra-red active belonging 
either to species A or B (symmetric and antisymmetric to the two-fold rotation axis 
respectively). It follows [4] that compound I will have 54 fundamental vibrations 
(28 a and 26 b), compounds II and IV will have 72 fundamental vibrations (37 a 
and 35 b). Compound III will also have 72 fundamental vibrations but no distinction 
can be made between them using symmetry considerations. In these compounds a 
large number of vibrational frequencies will overlap, others will be very weak and 
some will occur at very low frequencies. It is unlikely that any detailed assignments 
can be made to the a and b symmetry species. The frequencies of the absorption 
bands of compounds I, II, III and IV are compared and assigned in Table 1. It will 
be convenient to discuss the spectra of these compounds under the following headings. 

Olefinic groups 
The olefinic ==CH2  asymmetric stretching frequencies are assigned between 3084 

and 3087 cm-1  in all four compounds: no difference is observed between these 
frequencies in the vinyl and vinylidene group. The ==CH2  symmetric frequency is 
seldom assigned; however, NAIsHI [5] suggested that this mode absorbs at 
2975 cm-' and consequently bands in the 2969-2980 cm-' region of the spectrum of 
compounds I, II, III and IV are probably due to this mode although strongly over-
lapped by other C—H stretching modes. The —CH= stretching frequency in 
compounds I, II and III is observed in the 3060-3072 cm-1  region. This is signifi-
cantly higher than the 3010-3040 cm-' region in which absorptions from this mode 
occur in acyclic vinyl compounds [6]. Two C=C stretching modes are observed for 
compound III and comparison with compounds I, II and IV reveal that the vinyl-
idene C=C stretching mode is at higher frequency than that due to the vinyl C==C 
stretching mode. The presence of only one C=C stretching frequency in compounds 
I, II and III (together with the absence of any doubling of other olefin frequencies) 
is evidence in favour of a single conformation for each molecule with the olefinic 
groups occupying equivalent environments. It is expected that the a and b modes 
are superimposed due to the large separation of the olefinic groups in these molecules. 
In-plane deformations of the vinyl C—H groups are assigned at 1414 cm-1  and also 
a weak band near 1290 cm-' in compounds I and II is probably associated with 
these modes. The in-plane deformation of the vinylidene C—H group has previously 

E. B. WusoN, J. C. DEcrnS and P. C. CROSS, Molecular Vibrations. McGraw-Hill (1955), 
K. NAXANTSRI, Infrared Absorption Spectroscopy, p. 24. Holden-Day (1962). 
L. J. BELLA1\rY, The Infrared Spectra of Complex Molecules-, p. 43. Methuen (1959). 
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Table 1. Comparison of assigned frequencies (crxrl)* for some vinyl, methyl 
and isopropenyl substituted cyclobutanes 

I II III IV Assignments 
3084 in 3087 Sn 3087 m 3084 in =Crn asym St. 3072 sh 3001 w 3061 vw =CH— St. (vinyl) 2096 sh 2996 sh 3001 Sli 3008 w ring C—H asvm St. 2980s 2069s 2969 s 2969 s =C112 syrn. St. 2940 in 2939 sh 2939 s 2942s CH, and ring C—H asym. St. 2905 in 2905 m 2910w 2914 s 
2866 in 2866 in 2873 m 2866 in1 CH, and ring C—H syrn. St. 
1826 w 1826w 1826 W 2 X 911 = 1822 

1783 w 1783 w 2 x 886 = 1772 
1635 s 1637 in 

1640 in 1643 rn C==C St. (vinvlidone) 
1460 w 

1632 in C=C St. (vinyl) 
ring C—H asym. def. 1436 in 1449 in 1451 in CE3  asym. def. 1441 m 1449 in 1439 in 1439 in ring C—H asym. def. 1422 m 

1414 m 1414 rn 1414 Sn C—H in-plane def. (vinyl) 
1372 in 1372 in 1374 in CE3  svm. del. 12S9 w 1292 w C—H in-plane def. (vinyl) 

1235 w 
1276 w 1292 w C—H in-plans def. (vinylidene) 1266 w 1242 in 1250 in C—C ring St. 

1218w 1220m 1215w) 
1200w C—C, C—lie St. 1162w 

1111   1110w 1116w 1100  C—O ring St. 
1089  ) 
1059 v 1042 in 1004 wI C—C, C—Me St. 

990s 998s 998 in —HC =CH— out-of-plane 
912S 9103 9108 

twist (vinyl) 
= CH, wag (vinyl) 

667 	r 684m 
885s 
680 

887s 
 ) 

=0H3  wag (vinylideno) 
629 w ring del. 
558 w 566 w 546 w —CECE, wag (vinyl) 

* Frequencies quoted are for 10% v/v solutions in carbon tetrachloride. 
8 = strong, in = medium, w = weak, sh = shoulder. 

been assigned to the 1410-1420 cm-' region [7]. The intensity pattern for bands in 
this region for compounds I, II, III and IV clearly establishes that the in-plane 
vinylidene C—H deformations occur elsewhere and weak bands at 1276 and 1292 cm' 
in compounds III and IV are assigned to these modes. The out-of-plane deformations 
are readily assigned from their characteristic frequencies and intensities. The three 
out-of-plane modes of the vinyl group are very similar to those in propene (990, 
912, 577 cm-1) [8] and the forms of these vibrations have been the subject of normal 
co-ordinate calculations [9]. 

Cyclobutane groups 

Vibrations due to the cyclobutane system should be more clearly observed in 
compound I than in compounds II, III and IV since overlapping methyl absorptions 
are absent in the former. Furthermore vibrations associated with the vinyl group 
are less likely to couple with the ring vibrations than those due to a methyl group. 
It has been shown [7] that cyclic C—H stretching modes absorb at higher frequencies 

H. L. MCItImRy and V. THoRox, Anal. Chem. 24, 31B (1052). 
R. C. LORD and P. VEIcKATESWARL, J. Opt. Soc. Am. 43, 1079 (1953). [0] J. R. SCRERER and W. J. Po'rrs, J. Chem. Phys. 30, 1527 (1959). 
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than linear C—H stretching modes. The present work indicates a series of bands 
between 2866 and 3008 cm' in all four compounds. These are particularly well-
defined in compound I and are assigned to the symmetric ring C—H stretching 
modes (2S66, 2905 cm-1) and asymmetric ring C—H stretching modes 2940 and 
2996 cm-1. The absorption near 3000 cm-' is probably the most reliable band in the 
spectrum for indicating the presence of a cyclobutane ring. This is because remaining 
fundamental vibrations are in regions of the spectrum where other hydrocarbon 
frequencies occur. For example ring C—H deformation modes observed between 
1.439 and 1450 cm-1  in compounds I-TV are overlapped by CH, modes in compounds 
II-IV. Similarly bands at 910-920 cm-' which have been assigned to the ring 
vibrations of mono-alkyl cyclobutanes [10] are overlapped by absorptions of the 
vinyl group. Ring stretching vibrations are assigned to bands in the region 1100-
1116 cm-' and 1235-1266 cm-1  in the present work; these are likely to be coupled 
with C—vinyl stretching modes. Bands between 669 and 686 cm' are probably 
due to ring  deformation modes. 

Methyl groups 
The two methyl groups in compounds II, III and IV produce a general broadening 

of bands in the C—H stretching region which prevents the assignment of OH3  
stretching modes. However, OH3  deformation modes are clearly observed between 
1449 and 1456 cm-' (asymmetric) and 1322-1374 cm-' (symmetric). Comparison 
of the spectra of these compounds suggest weak or medium bands in the region 
1004-1089 cm-1  and 1162-1218 cnr' are due to coupled C—C modes. 

Acknowledgement—Thanks are due to the Science Research Council for grants for the purchase 
of spectroscopic equipment and a preparative gas-phase chromatograph. 
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RESEARCH NOTE 

Solvent effects on the carbonyl stretching frequency of 1-naphthaldehyde 

(Received 25 .March 1968) 

Abstract—The solvent-induced shift of the C=O stretching band of 1-naphthaldehyde in the 
1-naphthaldehyde.iodine monochioride complex is greater than that for 1-naphthaldehyde in 
the free state. This is accounted for in terms of the difference between the dipole moment of 
the molecule in the two states. 

THE solvent-induced frequency shifts in the stretching vibrations of various types of linkage 
has been extensively studied and explanations for the effect have been given in terms of specific 
solute—solvent interactions [1, 2], non-specific dispersion forces and bulk dielectric effects of the 
medium [3, 4]. In the case of the stretching vibration of the X—H group the main contributing 
factor to the frequency shift is specific solute—solvent interaction, whereas the evidence to date 
for the C=O group suggests that each of the above factors contributes to the solvent-induced 
shift. The magnitude of the shift is also determined by the strength of the dipole involved in the 
interaction [5, 6]. In the course of a study on charge-transfer complexation the effect of solvent 
on the C==O stretching frequency of l-iiaphthaldehyde in the presence of iodine monochloride 
has been examined. This system is of interest because the C=0 group is present in two states 
viz, the "free" state and the "complexed" state C=O ----I—Cl [7], and because the strength 
of the dipole in the C=O group is different in the two states. 

EE1IamNT 

l-Naphthaldehyde (Koch-Light) was purified by distillation under vacuum. Iodine mono. 
chloride (B.D.H.) was fractionally recrystallised three times. The solvents were distilled before 
use. 

The spectra were obtained by means of a Grubb-Parsons "Spectromaster" which was 
calibrated using the spectrum of indene [8]. The path length of the cell was 0-1 mm. The 
spectrum of 1 -naphthaldehyde was recorded in the region of the carbonyl absorption in each 
solvent with and without added iodine monochlorjde. The addition of iodine monocbloride did 
not alter the position of the "free" carbonyl absorption band. The relative concentrations of 
1 -naphthaldehyde and iodine monochioride in the mixed solutions were adjusted to give optimum 
peak heights for the "free" and "complexed" carbonyl bands. The vapour phase spectrum of 
1-naphthaldehvde was obtained at 150°C using a stainless steel cell with a path length of 70 mm. 

L. J. BELLAMY, H. B. Hui&r and R. L. WILLIAMS, Trans. Faraday Soc. 54, 1120 (1958). 
L. J. Brrry and H. B. EA-AM, Trans. Faraday Soc. 55, 220 (1959). 
G. L. CLoow and H. W. TxosoN, Proc. Roy. Soc. 254A, 1 (1960). 
K. B. WEETSEL and R. B. KAGARISE, Spectrochim. Acta 18, 341 (1962). 
H. B. H&x.I.AM and T. C. RAY, J. Chem. Soc. 318 (1964). 
H. P. FIGEYS and J. NASIELSI, Spectrochim. Acta 23A, 465 (1967). 
E. _kUGD Am and P. KLAEB0E, Acta. Chem. Scand. 16, 1647 (1962). 
I.U.P.A.C., The Calibration of Infrared Spectrometers. Butterworths (1961). 
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DISCUSSION 

The spectrum of 1-naphthaldehyde in the presence of iodine monochloride exhibits two bands 
in the carbonyl region. These bands have been assigned as arising from the stretching vibration 
of the "free" and "complexed" carbonyl groups; the band at higher frequency corresponding 
to the "free" carbonyl group [7]. It can be seen from Table 1 that, in general, the positions of 
these bands shift to lower frequencies as the polarity of the solvent increases. Unfortunately 
the range of solvents which could be used was limited on account of the reactivity of iodine 
monochloride. 

Table 1. Effect of solvent on C=O stretching frequency (cm—') of 1 -naphthaldehyde 

Solvent Free 
3, AV 

Complex with ICI Free Complex with ICI 

Vapour 1713 
Cyclohexane 1704 1662 9 51 Diethyl ether 1699 1656 14 57 
Carbon tetrachloride 1698 1657 15 
Carbon disulphide 1697 1652 16 

56 
61 n-Butyl chloride 1697 1655 16 58 Chloroform 1691 1649 22 64 Djchloromethane 1693 1648 20 65 

'a 

I 5C 
o  

40 

, cm 

Fig. 1. Relative solvent shifts of C=O stretching band in "free" and "complexed" 
states of 1-naphthaldehyde. 

The shifts (AV) of the "free" and "complexed" carbonyl bands in the different solvents 
relative to the position of the free carbonyl absorption in the vapour state are given in Table 1, 
and the shifts for the "complexed" carbonyl band are plotted against those of the "free" 
carbonyl band in Fig. 1. The plot in Fig. 1 is linear and has a slope of 1.18 ± 0•16 (the error is 
based on lines of maximum and minimum slope). This indication that the effect of solvent on 
the C='=O stretching vibration is greater for the "complexed" state than for the "free" state 
is in accord with previous findings (5) that solvent-induced shifts for stretching vibrations of 
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C-Halogen and C=O groups in rotational isomers are dependent upon the dipole moment of the 
isomer and that the larger the greater is the shift. Since the interaction between 1-naphthalde-
hyde and iodine rnonochloride involves transfer of electronic charge from the oxygen atom of 
the carbonyl group to the iodine atom of the interhalogen, with consequent rearrangement of 
the charge distribution in the carbonyl function, the dipole moment of 1 -naphthaldehyde in 
the "complexed" state will be greater than that for the "free" state. The relatively small 
difference between the solvent-induced shifts for the" free" and "complexed" states is indicative 
of the weak nature of the bond in the charge-transfer complex formed between 1-naphthalde-
hyde and iodine monochloride. 

Department of Chemistry 
Kingston College of Technology 
Kingston upon Thames 

J. E. Cxn 
C. H. J. Wxnis 
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Mass Spectra of Isomers. Part I. Cyclobutanes and Cyclohexenes of 
Molecular ForrnutaC10 j-116 

By E. F. H. Brittain and C. H. J. Wells.' Department of Chemistry, Kingston College of upon Thames 	 Technology, Kingston 

H. M. Paisley, Chemical Standards Division, National Physical Laboratory, Teddingtot, 

The mass spectra of a number of isomeric derivatives of cyclobutane and cyclohexene of molecular formula C10H1 
have been examined and found to be similar. Metastable ions were observed for all processes except those for the 
formation of the ion m/e 63 and for cleavage of an ethylene molecule from the ring of the molecular ions. The 
differences in me Intensities of the major peak in the spectra result from differences in stability of the molecular ions. 

ALTHOUGH mass spectroscopy is of use in the identi-
fication of positional isomers I there are few reports on 
the fragmentation processes in such compounds. The 
work reported here describes the mass spectra of iso-
meric derivatives of cyclobutane and cyclohexene of 
molecular formula C501116. 

The mass spectral data for &ans-1,2-dimethvj-1,2di_ 
vinylcyciobutane (I), lrans-1 -isopropenyl_2methyl_2_ 
vinylcyclobutarie (II), frans-1 ,2-di-isopropenyicvclo_ 
butane (III), 1,4-dimethyl4_vinylcyclohexene (IV), and 
1-methvl4-is0prOpenylcyclohexene (V) are listed in 
Table 1. The peak intensities of the ions are given as 
percentages of the intensity of the base peak. 

7. 7 f- 

I" ~-~-"'Oy L i__ E,;-- - 
(I) 	 (II) 	(111) 	(IV) 	(V) 

As expected, the major peaks and the positions of 
the metastable ions in the mass spectra are similar for 
all the compounds. The base peak in each spectrum is 
due to the ion rn/c 68 which is readily assigned as the 
molecular ion of isoprene. The mass spectrum of each 
compound below rn/c 68 is similar to that of isoprene; 
consequently the discussion is limited to fragmentation 
processes which originate from ions with rn/c values 
greater than 68. Although the same metastable ions 
are observed in all the spectra, indicating similar frag-
mentation routes, the cyclobutanes and the cyclo-
hexenes are, for convenience, discussed searately. 

Mass Secfra. of Cyclobi4anc Deiivaives._possfole 
fragmentation processes for compound (I) which lead to 
ions having an rn/c value greater than or equal to 68 
and which yield ions having a relative intensity 0110% 
or more are shown in Figure 1. Where possible, these 
assignments are made on the basis of observation of 
metastable ions, 'nj', as indicated in Figure 1. The 
fragmentation processes for compounds (II) and (III) 
are the same except that the position of the methyl 
groups and charge sites in the molecular and fragment 
ions differ. Metastable ions corresponding to the 
transitions rn/c 136 -b.- 68 and rn/c 136 -- 108 for 
compound (I) were not observed, although a weak 

J. H. Bevnon, Mass Spectrometry and its Applications to 
Organic Chennstx-v,' Elsevier, Amsterdam, 1960. 

metastable peak corresponding to the 136 -b- 68 
transition was observed in compounds (II) and (III). 

One of the results of electron impact on compounds 
(I)—(III) is cleavage of the cyclobutane ring. Depen-
dent upon which way the ring is split, either an ion of 

TABLE 1 

Mass spectra 

Relative intensity (mfc 68 = 100) 
rn/c (I) (II) (III) (IV) (V) 

26 
27 

3 
19 

. 

11 8 10 
2 

13 
28 
29 

12. 
6 

4 
. 3 

2. 
3 5 

27 
7 

32 
38 

1 
4' 1 

6 
1 

39. 
40 

25 
14 

15 
9 

14 
8 

12 
5 

20 
8 

41 
42 

23 
7 

16 
5 

15 
6 

15 
3 

21 
4 43 

44 
1 2 1 2 

50 
51 7 

1 
4 

1 
3 

. 

I 
4 

5 
3 
5 

52 
53 

4 
32 

2 
22 

2 
19 

3 
15 

4 
19 

54 
55 

2 
7 

1 
4. 

1 
3 

2 
11 

3 
8 

63 
65 

2 
6 

1 
3 

1 
4 

1 
5 	. 

3 
6 

66 
67 

4 
53 	. 

4 
55 

3 
47 

3 
. 	35 

4 
35 

68 
69 

100 
7 

100 
7 

100 
8 

100 
8 

100 
7 

77 
78 

9 
2 

5 
1 

7 	. 

. 	1 
8 
4 

13 
4 79 

80 
10 

6 
9 
5 

. 	8 
6 

14 
7 

22 
11 

81 
.82 

8 
1 

8 
2 

8 
1 

10 
3 

13 
2 

91 
92 

7 
5 

.10.. 
8 

7 
13 

9. 
9 

14 
21 

93 
94 

. 	23 
11 

34 
13 

43 
12 

29 
14 

65 
20 

95 
105 

5 
2 

4. 
2 

3 
2 

7 
'4 

8 
4 106 

107 18 13 13 
3 

22 
1 

18 
108 
109 

12 
1 

4. 4 8 
2 

6 

119 3 2 121 
122. 

13 
1 

13 
1 

8 15 
2 

19 
2 136 

137 
6 3 1. 17 27 

. 

rn/c 108 and an ethylene molecule or an ion of rn/c 68 and 
an isoprene molecule are formed. Further fragment-
ation of the ion rn/c 68 gives a spectrum similar to that of 

Mass Spectral Data Sheet No. 242, American Petroleum 
Institute Research Project 44. 
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FICuRE 1 Major fragmentation routes of 

isoprene while the further fragmentations of the ion of 
rn/c 108 result in the production of ions of rn/c 93 and 79. 
The lack of a metastable ion corresponding to the transi-
tion rn/c 136 —*. 68 in compound (I) is surprising since 
the corresponding metastable ions are observed in com-
pounds (II) and (111) although they are of low intensity. 
The possibility that the absence of the metastable ion 
could be explained by the thermal decomposition of the 
parent compound to isoprene can be discounted since 
the intensity of the peak for ion rn/c 08 expressed as a 
percentage of the total ion intensity (1001/El) did not 
change- significantly as the temperature of the source 
block was varied over the range 60180°. Further-
more, the appearance potential-of the ion rn/c 68 differs 
significantly from that of isoprene, as the ionisation 
efficiency curves in Figure 2 show. The appearance 
potentials obtained were 87 ± 0•1 ev for isoprene and 
94 ± 01 ev for the ion rn/c 68 from the dimer. 

It is significant that the metastable ions corresponding 
to the transition rn/c 136 —.-. 68 in (11) and (III) are 
very weak and that in (I)—(III) nometastables corres-
ponding to the transition rn/c 136 —.... 108 occurred. 

7-0 	8-0 	9-0 	10.0 	110 
Electron beam energy ev uncorrected 

FIGURE 2 Ionisation efficiency curves 
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CH —CHCH—CH=C—CM=CH2 

n,1e93 

This suggests that processes involving cleavage of the 
ring in the molecular ion are rapid. 

Another important pathway for degradation of the 
molecular ion of the cyclobutane derivatives is the loss 
of a methyl radical to give an ion of rn/c 121. The 
positive charge on this ion will either be localised on 
the cyclobutane ring in (I) or on the side chain in (III). 
Subsequent cleavage of the cyclobutane ring in the ion 
rn/c 121 results in the production of an ion of rn/c 93 
and a molecule of ethylene. Loss of a CH fragment 
from the ion of rn/c 93 results in an ion of rnfe 79. It is 

J. Chem. Soc. (B), 1968 

interesting to note that ring cleavage in the fragment 
ion rn/c 121 leads to a metastable ion in compounds (I)—
(III) whereas the metastable ion corresponding to ring 
cleavage in the molecular ion was not observed. 

The modes of fragmentation of the parent ion of the 
cyclobutane derivatives which lead to the production 
of ions of rn/c 107 and 94 are difficult to interpret. The 
formation of these ions must be accompanied by the 
production of an ethyl radical and a molecule of propene 
respectively. Subsequent fragmentation of ions rn/c 
107 and 94 involves loss of a molecule of ethylene which 

67 

[CH2 CcH2J 

m/e68 

+ 

CM 3 —CHCH—CHCCHCM3 

No

I 
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CH3
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+ 	 CM3 
CC 

CH 	CH~CH, 
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CH?. 
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CHCH—C—CHCH2 

CHCH2 

B 

mle 94 	 We 107 

FIGuRE 3 Major fragmentation routes of 1,4-dimethyl-4-vinylcyclohexene 
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is most readily interpreted as arising from cleavage 
of the ring in the ions. 

Mass Spectra of Cyclohexene Derivatives.—Figure 3 
shows the possible fragmentation pathways of corn-
pound (IV) which lead to ions having ni/a values greater 
than or equal to rn/a 68 and which have the same ni/a 
value as those from the cyclobutanes (Figure 1). The 
fragmentation processes in compound (V) are the same 
as in compound (IV) except that, as in the cyclobutanes, 
the position of the methyl groups and charge sites differ 
in the molecular and fragment ions of the isomers. The 
metastable ions corresponding to the fragmentation 
processes for compound (V) are the same as for compound 
(IV). No metastable ion, corresponding to the transition 
rn/a 136 —*- 108 was observed in either compound. 

The observation that fragmentation of derivatives 
of cyclohexene involves isomerisation and hydrogen 
transfer processes 3 suggests that the fragmentation in 
compound (IV) results from the breakdown of isomers A 
and B (see Figure 3). 

Fragmentation of the rings in isomers A and.B by a 
retro-Diels—Alder process 4 leads, via 2,6-bond fission in 
isomer A, to the ion rn/a 68 and, via 1,3-bond fission in 
isomer B, to the ion rn/a 108. 

The formation of the other main ions of rn/a> 68 is 
readily explained in terms of fragmentation of isomer B. 
The ion of ni/a 107 results from cleavage of bond 4 in the 
ring of the molecular ion followed by migration of a 
hydrogen atom and subsequent cleavage of bond 3. 
This ion is further fragmented as shown in Figure 3. 
The formation of the ion rn/a 94 arises by cleavage of 
bond 2 in the molecular ion as shown in Figure 3. 

Loss of a methyl radical from isomer B results in an 
ion of rn/a 121. Cleavage of the ring in this ion yields 
an ion of rn/a 93 and a molecule of ethylene. As in the 
case of the cyclobutane systems, the metastable ion 
corresponding to the transition involving ring cleavage 
of the ion rn/a 121 is observed. 

The ion of rn/a 93 can also be formed by loss of a 
methyl radical from the ion of rn/a 108. A CH2  fragment 
can be split from the ion of rn/a 93 with the resultant 
formation of an ion rn/a 79. This latter ion can also be 
formed by loss of an ethylene molecule from the ion of 
rn/a 107. 

It is noteworthy that, as in the case of the cyclobutane 
derivatives, no metastable ion could be observed for 
the fragmentation involving the split of an ethylene 
molecule from the ring of the molecular ion. 

Values of 100I/El.—The peak intensities of the ions 
shown in Figures 1 and 3 are listed in Table 2 as per-
centages of the sum of all peak intensities (1001/El). 

Since the value of 1001/El for a molecular ion is a 
measure of the stability of that ion 5  the results shown in 
Table 2 for the ion of ni/a 136 indicate the relative stabili- 

307 

TABLE 2 

Values of 1001/I for major ions from compounds 
(I)—(V) 

in/e (I) (II) 	(III) (IV) (V) 
136 1-16 - 	0-73- 	037 376 4.35 
121 2-61 3'22 	206 3-31 3-02 
108 232 1-04 	1-01 175 1-01 
107 3-63 301 	3-32 4-70 2-95 
94 218 3-11 	297 3-01 3-20 
93 5-72 8-30 	10-82 6-39 10-52 
79 2-00 2-08 	1-88 3-01 3-54 
68 20-17 24-09 	2513 21-83 16-24 

ties of the molecular ions formed from compounds (I)—
(V). The molecular ions formed from the cyclobutane 
derivatives are less stable than those formed from the 
cyclohexene derivatives and the order of stabilities with-
in these groups is (I) > (II) > (III) and (V) > (IV). 

The base peak in all the spectra corresponds to the 
molecular ion of isoprene. Since this ion is common to 
compounds (I)—(V) the difference in the 1001/El values 
must arise from differences in the stabilities of the 
molecular ions which are the precursors of the isoprene 
ion. As the stabilities of the molecular ions of com-
pounds (I), (II), and (III) are in the order (I) > (II) > 
(III), the values of 1001/El for the ion of rn/a 68 are in 
the expected order. Similarly the order of the values of 
1001/El for the ion rn/a 68 from compounds (IV) and (V) 
is as expected. 

Although the values of 1001/El for the ions other 
than rn/a 136 and 68 vary between compounds (I)—(V), 
these values cannot be used to predict the relative 
stabilities of the ions since they are dependent upon the 
stabilities of both the parent and daughter ions. How-
ever, the values of 1001/El given in Table 2 are of use 
in characterising compounds (I)—.(V). 

EXPERIMENTAL 

Mass spectra were recorded at the N.P.L. on an AEI 
MS 9 instrument. The electron beam energy was 70 ev 
and the temperature of the gas inlet system was 1000. 
Ionisation efficiency curves were obtained by an automatic 
voltage scanning device 8 using a trap current of 20 
and zero repeller voltage. Appearance potentials were 
evaluated by the extrapolated voltage difference method 
and the reference ion was the molecular ion of dichioro-
methane (rn/e 84, I.P. 11-4 ± 0-1 ev).7  Metastable peaks 
were allocated using an Elliot 4120 computer. All mass 
spectra have been submitted to the Mass Spectrometry 
Data Centre, Aldermaston. 

Compounds (I)—(V) were prepared by the photodimeris-
ation of isoprene.8  The compounds were purified by g.l.c. 
and characterised by i.r. and n.m.r. spectroscopy and by 
measurement of refractive index. 
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Molecular Complexes. 
Dr CHJ Wells 

Molecular complexes resulting from the physical interactions of molecules are a widespread chemical 
phenomenon. Their formation can influence reaction pathways and may be detected spectroscopically. 

Many molecules which are not capable of reacting 
'chemically' often interact 'physically' and are bound 
together in the form, of a molecular complex by weak 
forces of coordination. Such molecular complexes 
are generally formed as a result of interaction between 
'electron rich' sites in a donor molecule and 'electron 
deficient' sites in an acceptor molecule. The binding 
between the components of a complex is generally 
weak and in solution a dynamic equilibrium exists 
between the complex and components: 

Donor ± Acceptor —_ Molecular complex 

Since a 'wide variety of molecular types is capable 
of interaction, molecular complexes are widespread 
in chemistry, and since the formation of a molecular 
complex between reactive species may exert an in-
fluence on the reaction pathway, it is important that 
the possibility of the existence of complexes be 
recognized. 

Types of donor and acceptor 
Donor and acceptor molecules can be classified accord-
ing to the nature of the orbitals in which the electrons 
involved in the interaction are located. On this basis 
there are two types of donor, viz: -,-,-donors and 
n-donors. Aromatic hydrocarbons provide an exam-
ple of -,r-donors: the v-electron system of the hydro-
carbon acts as the donor site when complexes are 
formed. Compounds containing heteroatoms are 
often n-donors and in these the electrons available 
for sharing are located in the non-bonding orbitals 
(n-orbitals) associated with the heteroatom. 

Acceptor molecules can be divided into v-acceptor 
types and a-acceptor types, although it should be 
recognized that many acceptors do not fall into either 
class. Picrates are molecular complexes in which the 
acceptor species, picric acid, is of the ir-tvpe. Since 
aromatic hydrocarbons are v-donors the picrates 
formed with such donors are referred to as v,v com-
plexes. Another type of complex involving v-accep-
tors is that formed between an amide and an aromatic 
hydrocarbon. In these, the amides act as n-donors 
by using the lone-pair electrons on the oxygen  

atom while the aromatic hydrocarbons act as v-accep-
tors by virtue of the v-orbitals of the ring system. 
Such complexes are termed n,-,r complexes. 

In the complexes formed between carbonyl com-
pounds and halogens the interaction between donor 
and acceptor involves the non-bonding orbital on 
the oxygen atom and a a-orbital of the halogen 
(R..C=O---X—X). A complex of this type is 
termed a n,a complex. Complexes in which a hydro-
gen bond exists between the donor and acceptor 
species are an important class of n,a complex. The 
hydrogen-bonded complexes formed between carbonyl 
compounds as donors and alcohols as acceptors are 
typical examples: 

RC=O ± H—O—R R..C=O---H--O—R 
Hydrogen bonding can also occur between v-type 

donors and a-type acceptors as exemplified by the 
benzene—chloroform complex (v,a complex). 

C6H6  + H—M, CE6  ----H—Cd 3  
Some examples of compounds belonging to the dif-

ferent donor and acceptor classes aregiven in Table 1. 
Although complexes arising from the four possible 
types of interaction (v S,-  in, n - in. in -. a, n - a) 
have been characterized it does not follow that a donor 
molecule of either the in- or n-type will automatically 

Table 1. Types of donor and acceptor 
Donors 	 Acceptors 

in-type v-type 
Aromatic hydrocarbons Aromatic hydrocarbons 

and a&enes with electro- 
negative substituents 

Alkenes Anhydrides 
Quinones 

n-type a-type 
Alcohols Metal halides 
Organic sulphides Halogens 
Ethers Salts of Ag. Cu(I), Hg(u) 
Heterocycles Hydrogen donors, e.g. 

alcohols, hydrogen 
halides, haloforms 
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form a complex with any acceptor of the IT- or o-tvpe 
since other factors, such as the extent of orbital over-
lap between potential donors and acceptors, can 
determine whether or not complexes are formed. 

Electronic transitions in molecular complexes 
Many molecular complexes, such as the picrates, are 
intensely coloured and it is now commonly accepted 
that the colour of these complexes is associated with 
the transfer of an electron from a molecular orbital 
of the donor to a molecular orbital of the acceptor. 
The lowest energy transition in the complex will 
correspond to the promotion of an electron from the 
highest occupied molecular orbital (Homo) of the 
donor D to the lowest vacant molecular orbital 
(LvMo) of the acceptor A (Scheme 1). Since the ab-
sorption of radiation brings about the transfer of an 
electron from the donor to acceptor species, the process 
is often termed a charge-transfer' transition. 

The energy required for the promotion of an 
electron from the HOMO of the donor to the LYMO of 
the acceptor will obviously vary for different donor-
acceptor pairs and although the energy difference is 
often such that the molecular complexes absorb 
visible radiation and are coloured, it is also frequently 
the case that the energy required for the transition 
corresponds to energy in the ultraviolet range and the 
complexes are colourless. 

In the above model, the energy AE required for 
the promotion of an electron is given by the expression 

AE = 	- ED(HOMO) 	 (1) 

where the E terms represent the energies of the appro-
priate orbitals of the acceptor and donor. If the 
energies of the orbitals are expressed in terms of the 
176 

Huckel molecular orbital parameters o and 9  and the 
orbital coefficients x' then equation 1 can be written as 

= 	- XAI ) - (O + xm8) 	 (2) 
= -x4 - XDi 	 (3) 

For a series of complexes of different donors with 
the same accettor, equation 3 can be reduced to 

= constant - XDI 	 (4) 

The validity of equation 4, and hence the validity of 
the charge-transfer model, for representing the elec-
tronic transition of lowest energy in molecular com-
plexes has been verified. A straight line is obtained 
when the experimentally derived values of AE for the 
complexes formed between aromatic hydrocarbons as 
donor and tetracvanoethylene as acceptor are plotted 
against the coefficients Xo  for the hydrocarbons.1  

Wave-mechanical description 
Mulliken2  has proposed that a molecular complex 
formed by the interaction of a donor molecule D and 
an acceptor molecule A is a resonance hybrid of two 
structures—one a no-bond structure (DA) in which 
the two moleular species are bound by van der 
Waal's forces, and the other an ionic structure 
(D+—A-) in which an electron is transferred from 
the donor molecule D to the acceptor molecule A 
with the formation of a covalent bond between the 
donor and acceptor. Mulliken expressed the wave 
function i4 of the ground state of the complex by 
the equation 

= aJr(D,A) ± b,1(D+—k".) 	(5) 
where a and b are constants. The terms ab0(D,A) 
and b/r1(D—k) represent respectively the contribu-
tions to the grannd state of the no-bond structure and 
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the ionic structure. The energy of the ionic structure 
was considered to be higher than that of the no-bond 
structure and the contribution of the former structure 
to the wavefunction of the ground state was con-
sidered to be low (i.e. a > b). In the benzene-iodine 
complex, for instance, the contribution of the ionic 
state is of the order of 8 per cent. 

The absorption of ultraviolet or visible radiation 
by a complex corresponds to the transfer of an electron 
from the donor to acceptor, and the resulting excited 
state is largely ionic in character. The wavefunction 
'E for the complex In the excited state is given by 

the equation 
= a*,1(D+Aj - b* 0(D,A) 	(6) 

where a*  a, b* b and a* > b*. The term 
a* j(D+_Aj,. representing the contribution 'of the 
ionic structure to the excited state, is of greater 
magnitude than the term b*,0(DA) which represents 
the contribution of the no-bond structure. 

Ionic character of complexes 
According to Mulliken's concept of molecular com-
plexes' the contribution of the ionic structure D+—A 
to the ground state of the complex is generally small 
and it is the no-bond (DA) form which provides the 
main contribution. Measurement of the dipole 
moments of complexes and of their components can 
often lead to values for the coefficients a and b in 
equation 5, and thus to values for the percentage ionic 
character (1002/a2  + b2) of the complexes in the 
ground state.3  Table 2 lists values for the percentage 
ionic character of the ground state of selected com-
plexes. This can vary greatly from complex to com-
plex. The -,r, complexes formed between aromatic 
hydrocarbons as donors and s-trinitrobenzene and 
tetracyanoethylene as acceptors possess -very little 
ionic character whereas the n.r complexes formed 
between aliphatic and aromatic amines as donors and 
picric acid as acceptor are significantly ionic. 

The majority of complexes which have been investi-
gated are essentially non-ionic and as would be 
expected for complexes which are formed with mini-
mum perturbation of the components, the properties 
of these complexes are- not, in general, significantly 
different from those of the components. However, 

Table 2. Ionic character of complexes in the 
ground state 

Percentage 
ionic 

Complex 	 Solvent 	 character 

Benzene-iodine 	Cyclohexane 	-' 8.2 
Triethvlamine-iodine 	Dioxane 59.0 
Naphthalene- 	Carbon tetrachloride 2.3 
s-trinitrobenzene 
Naphthalene-chloranil Carbon tetrachloride 4.1 
Hexamethylbenzene- Carbon tetrachloride 6.7 
tetracvanoethylene 
Aniline-picric acid 	Dioxane - 33.1 
Ethy1axnine--picric acid Dioxane 64.0 

complexes in which the structure D+—A-  is dominant 
often exhibit properties which are markedly different 
from those of the components. 

In the ionic form of a complex, the unpaired elec-
trons odupying the HOMO and LVMO orbitals of the 
donor and acceptor respectively can either have their 
spins anti-parallel in which case the complex is a 
singlet state and diamagnetic, or they can have their 
spins parallel in which case the complex is a triplet 
state and is paramagnetic. If the complex is suffi-
ciently ionic in character then the paramagnetic trip-
let state may not be of much greater energy than the 
ground state and the complex will be measurably 
paramagnetic at room temperature. 

One method of determining whether or not a com-
plex is paramagnetic is by means of electron spin 
resonance (esr) spectroscopy. A paramagnetic com-
plex should exhibit an esr signal and under favourable 
conditions the esr spectra of the D7 and A radical 
ions may be picked out from the spectrum, e.g. the 
esr spectrum of the solid adduct formed between 
N,iV,N' ,N'.tetramethyiphenylenediamine as donor 
and p-chloranil as acceptor exhibits lines from both 
the donor and acceptor radical ions.4  

Detection of complexes 
When a donor and acceptor species are mixed in 
solution the ultraviolet-visible absorption spectrum 
of the mixture often exhibits bands which are not 
present in the spectra of the individual species. These 
new absorption bands could be caused by an electronic 
transition associated either with a molecular complex 
or with some reaction product. In order to ascertain 
whether or not the absorption bands arise from a 
molecular complex use is made of the Benesi-Hilde-
brand equation3  which relates the absorbance of a 
1: 1 molecular complex to the concentration of the 
component species. If any new absorption band is 
due to the presence of a molecular complex then a 
plot of the reciprocal of the absorbance at a particular 
wavelength against the reciprocal of the donor con-
centration at a constant concentration of acceptor 
should yield a straight line. 

The Benesi-Hildebrand equation has the disad-
vantage that it can only strictly be applied to com-
plexes with 1: 1 stoicheiometry. An alternative 
method of ascertaining whether or not a particular 
absorption band is due to a molecular complex is 
Job's method of continuous variation .6 This involves 
making up mixtures containing different ratios of the 
components and plotting the absorbance of each 
mixture, at a particular wavelength, against the mole 
ratio of one of the components in the mixture. If 
the absorption band is the result of a charge-transfer 
transition in a complex then a smooth plot will be 
obtained with a maximum corresponding to the 
stoicheiometric composition of the complex. A plot 
is illustrated in Fig. 1 for the 1: 1 complex formed 
between hexamethylbenzene and tetracyanoethylene. 
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H exam ethyl benzene (mol per cent) 

Fig. 1. Job plot for hexamethylbenzene—tetracyanoethylene 
complexes.7  

In many cases the absorption bands of molecular 
complexes in the ultraviolet and visible regions cannot 
be observed because of masking by the absorption 
bands of the components, and other methods have to 
be used to detect the presence of complexes. Methods 
based on the change in physical properties of a system 
as the composition of the component mixture is 
changed are commonly used to establish both the 
existence of a complex and also the ratio of the 
components in the complex. For example, Reeves 
and Schneider" used freezing-point-composition dia-
grams to study complex formation between aikenes 
and chloroform, and from diagrams such as the one 
shown in Fig. 2 they were able to determine the 
stoicheiometrv of any complexes formed. The plot 
shows that a 2: 1 chloroform-hex-1-ene complex is 
formed between these components. 

The differences between the infrared spectra of 
molecular complexes and those of the individual 
components are often sufficiently great to enable the 
presence of molecular complexes in a system to be 
detected, although the differences depend upon the 
type of complex formed. For i -, r complexes formed 
between aromatic hydrocarbons and s-trinitrobenzene 
the interaction is largely delocalized, and the infrared 
spectra of the solid complexes are essentially com-
posites of those of the free components with only 
minor changes in the intensities and positions of the 
bands. On the other hand, in the n.o complexes 
formed between aromatic carbonyl compounds and 
halogens the interaction is localized between the 
178 
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Fig. 2. Freezing-point--composition diagram for chloro-
form—hex-1-ene system. 

oxygen atom of the carbonyl group and one of the 
atoms of the halogen (R,C=0 - -- X—X), and here 
significant changes occur in the positions of the bands 
associated with the site involved in the interaction. 
Similarly, in hydrogen-bonded complexes involving 
the 0—H grouping, the position of the band repre-
senting the 0—H stretching vibration in the complex 
is often markedly different from the position in the 
non-bonded component. 

Nuclear magnetic resonance (nmr) spectroscopy can 
also be used to detect the existence of complexes in 
solution. As for infrared spectroscopy, the spectra 
of the complexes are generally composites of the 
spectra of the individual components, although the 
resonance positions of nuclei often change when 
coinplexed. For example, the resonances observed 
in the nmr spectrum of a solution of dimethylform-
am.ide in a non-complexing solvent such as cyclo-
hexane or in a complexing solvent such as benzene, 
correspond to those expected for the individual com-
ponents, although the resonance positions of the 
methyl protons in dimethylformamide are different 
in the two solvents.9  This difference arises because 
in the molecular complex formed between dimethyl 
formarnide and benzene the magnetic environments 
and hence the resonance positions of the methyl 
protons differ from those in the 'free' dimet.hyl-
forinamide. 

Mass spectrometry is a technique which can some- 
times be applied to the identification of non-ionic 
solid complexes. Since the binding energy between 
donor-acceptor components in solid complexes is 
relatively low (4-40 kJ mol-1), complexes will dissociate 
into component species on electron impact in the 
spectrometer, and in such cases the spectrum recorded 
would be equivalent to the sum of the spectra of the 

(concluded on page 1S3) 



Molecular Complexes 

73 

(concluded from page 178) 

components. Alternatively, if one of the components 
is markedly more volatile than the other, then the 
spectrum recorded may correspond to that of the 
more volatile species. Thus, comparison of the 
spectrum of any solid product isolated from a mixture 
of donor and acceptor species, with the spectra of 
the donor and acceptor will reveal whether or not 
the product is a molecular complex. 
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THE NATURE OF THE PHOTOREACTIVE TRIPLET STATE OF 9-ANTHRALDEL-IYDE 

D.A. Warwick and C.H.J. Wells 

Department of Chemistry. Kingston College of Technology. 
Kingston upon Thames, Surrey, England. 

(Received in UK 29 October 1969; accepted for publication 6 November 1969) 

The photoreduccion of aromatic ketones normally occurs via the intermediacy of an n, si triplet stare 

1) although In certain cases the reduction can proceed via a e, r triplet stare ( 2). The photoreactive triplet 

state may not necessarily be the lowest energy stare of the triplet manifold. In the case of 9-anthraldehyde the 

triplet sate of lowest energy is q, r  In character ( 3  ) and non-reactive with respect to photoreducoon ( 4). and 

it has been deduced ( 4) that the higher energy photoreactive state is n.y • in character. 9-anthraldehyde is 

photoreduced in the presence of toluenes ( 4), and the results given below for comparative reductions in toluenes 

provide further evidence that the photoreactive state is n, Sr in character. 

Comparative experiments were performed by irradiating at 366nm sealed. degassed solutions of 9-anthraldehyde 

0.O1M ) and toluene or substituted toluene (0.1 - 0.5M ) in benzene. The photolysis were carried our in an 

apparatus previously described ( 5  ) and the quantum yields for the photoreductson of 9-anrhraldehyde by toluene, 

and by substituted toluenes, sb, were calculated after allowance had been made for the consumption of 

9-anrhraldehyde by photo-dimerisarion and for the different numbers of ' reactive protons in the toluenes used. 

The plot of log10  Is! 	against the Hammett 	constants for the subsrituenrs is shown in Fig. 1. 

The value for the reaction constant p+ 
 derived from the straight line plot is -1.31. This value is to be 

compared with the corresponding value of -1.16 for the photoreactive triplet state of benzophenone (6 ). Since it 

has been well established that the photoreactive triplet state of benzophenone is n. Sr in character, the similarity 

between two values indicates that the reactive triplet stare of 9-anthraldehyde is also n, Sr in character. 

It is to be expected that the n, 	triplet stares of 9-anthraldehyde and benzophenone would have similar 

electronegativities, and hence the slightly larger negative value of a for the triplet state of 9-anthraldehyde may 

reflect a decreased reactivity of this triplet state as compared to that of benzophenone. This would be in accord 

with the lower energy ( 58 - 64 Kcal/mole ) of the triplet state of anthraldehyde ( 4) compared to the higher 

energy ( 69 Kcal/mole) of the triplet state of benzophenone ( 7  ). 

4955 
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Fig. 1. Relationship between relative reactivides of toluenes and Hammett a + constants. 
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Mass Spectra of Isomers. Part II.' Electron-impact-induced Isomeris-
ation of Some Derivatives of Cyclobutane 

By H. M. Paisley, National Physical Laboratory, Teddington 
E. F. H. Brittain and C. H. J. Wells. Department of Chemistry, Kingston College of Technology, Kingston 

upon Thames 

The electron-impact-induced fragmentation of some isomeric derivatives of cyclobutane is interpreted in terms of 
the formation of a cyclohexene intermediate: the structure of the intermediate is dependent upon the parent cyclo-
butane. The losses of C,H S and C3H 6 from the molecular ions are a consequence of the formation of the cyclo- 

hexene intermediates. 

IT is well known that the mass spectra of isomers are 
essentially similar and in the case of isomeric trimethyl-
cyclopentadienes, for example, the similarity between 
the spectra has been interpreted 2 as resulting from the 
formation of a common cyclic benzenium species prior 
to fragmentation. An indication of a change in struc-
ture of the molecular ion prior to fragmentation is the 
presence of ions the formation of which cannot be 
readily explained on the basis of the original structure. 
In the case of isomeric derivatives of cyclobutane 
[(I)—(III)] the presence in the spectra of ions which 
correspond to losses of C2H5 and C3H6 from the mole-
cular ions could not be accounted for in terms of frag-
mentation of the cyclobutane system.' In order to 
ascertain whether these losses were a consequence of 
the formation of an intermediate molecular ion, of 
different structure from the parent molecular ion, two 
further isomeric cyclobutanes [(IV) and (V)] have been 
prepared. Their mass spectra (Table 1) are similar to 
those of compounds (I)—(III) 1 and show the same 
metastable transitions (mfe 136 —).- 107, m 842; 
in/e 136 ---P.- 94, m 65.0), corresponding to the loss 
of C2H5 and CH, from the molecular ions. 

The fragmentations ni/e 136 —*- 107 and 136 —p'- 94 

Part I, E. F. H. Brittain, C. H. J. Wells, and H. M. Paisley, 
J. 

 
Chem. Soc. (B), 1968, 304. 

also occur in isomeric cyclohexene derivatives and a 
mechanism for the fragmentations has been proposed 
previously.' The formation of the ions of nile 107 and 

[~~ [:~ E: - \E~: El~ 
(I) 	(II) 	(Ill) 	(IVi 	(V 

94 from the molecular ions of the cyclobutanes is now 
explained by a mechanism which involves isomerisation 
to a cyclohexene derivative and subsequent fragment-
ation as previously described. The mechanism for the 
isomerisation involves a six-membered transition state, 
as shown for the isomerisation of compound (I) to the 
corresponding cyclohexene (A). 

[1t

':> 

[]t 	[\Q(j 
(I) 	

(A) 

Since the proposed isomerisation involves free-radical 
2 A. G. Harrison, P. Haynes, S. McLean, and F. Meyer, 

J. Amer. Chem. Soc., 1965, 87, 5099. 
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TABLE 1 

Mass spectra of compounds (IV) and (V) [mass spectra 
of compounds (I), (II), and (III) have already been 
reported'] 

Relative intensity (rn/c 68 	100) (electron-beam energy 70 ev) 

rn/c 	(IV) 	(V) 	rn/c 	(IV) 	(V) 
27 6 5 69 7 5 
28 2 3 77 5 3 
29 2 2 78 1 1 
39 11 9 79 12 3 
40 5 5 80 3 1 
41 11 9 81 2 2 
42 3 3 91 3 3 

.51 2 2 92 2 2 
52 2 1 93 8 8 
53 .11 10 94 4 4 
55 3 2 95 2 1 
65 3 3 107 2 2 
66 3 2 121 2 1 
67 32 32 136 1 4 
68 100 100 

addition to an olefinic system, it is expected that if there 
are alternative sites for addition then the addition 
will occur preferentially at the site of lowest electron 
density. Thus the isomerisation of compounds (II) 
and (IV) will proceed via free-radical addition to the 
ethylenic group in each compound, rather than via 
free-radical addition either to the isopropenyl group in 
compound (II) or to the propenyl group in compound 
(IV). The isomerisation of compounds (II) and (IV) 
will result in the formation of the cyclohexenes (B) 
and (D) respectively, whereas the isomerisation of 
compounds (III) and (V) will form the cyclohexenes (C) 
and (E) respectively. 

The fragmentation of the molecular ions of species 
(A) and (B) has been discussed previously 1  when it 
was shown that the ions of m/e 107 and 94 were formed 
by a process which involved migration of the double 
bond in the ring followed by ring cleavage and then, 
either subsequent cleavage of the chain with loss of a 
C5H6  molecule, or hydrogen transfer and chain cleavage 
with loss of a C0H5  radical. The formation of ions of 
inle 107 and 94 from species (C), (D), and (E) can also 
be accounted for in this way, although no migration of 
the double bond before ring cleavage is necessary in 
species (D). 

The mass spectra of compounds (I)—(V) all show that 
the same fragment ions are formed in each case, al-
though there are significant differences in the values of  

1001/El for some of the ions. The values of 1001/El 
for the ions of rn/e 136, 107, 94, and 68 formed in the 
fragmentation of compounds (I)—(V) at an electron-
beam energy of - 70 ev are given in Table 2. It can be 

TABLE 2 

Values of 1001/El for molecular and fragment ions 
(70 ev) 

Cyclobutane 	(I) 	(II) 	(III) 	(IV) 	(V) 

Cyclohexene 
intermediate 	(A) 	(B) 	(C) 	(D) 	(E) 

(rn/c) 

	

(136) 	116 	073 	037 	041 	153 

	

(107) 	3•63 	301 	3•32 	0•89 	088 

	

(94) 	218 	311 	297 	170 	180 

	

(68) 	20•17 	2409 	25•13 3839 4195 

seen that the values for the fragment ions are similar 
for compounds (II) and (III), and for compounds (IV) 
and (V), and that these values are different from those 
for the ions from compound (I). It is significant in 
this respect that whereas the isomerisation of compounds 
(II) and (III) yields isopropenyl-substituted cyclo-
hexenes, and the isomerisation of compounds (IV) and 
(V) yields propenyl-substituted cyclohexenes, the iso-
merisation of compound (I) yields a vinyl-substituted 
cyclohexene. Thus the values of 1001/El for the frag-
ment ions apparently depend upon which of the three 
types of cyclohexene intermediate is formed on iso-
merisation of the parent molecular ion. The values of 
1001/El at an electron beam energy of 20 ev for the 
ions of ni/e 107, 94, and 68 formed from each type of 
cyclohexene intermediate are shown in Table 3. Com-
parison of the values given in Tables 2 and 3 reveals 

TABLE 3 

Values of 1001/E1 for molecular and fragment ions 
(20 ev) 

Cyclo butane 	(I) 	(II) 	(III) 	(IV) 	(V) 

Cyclohexene 
intermediate 	(A) 	(B) 	(C) 	(D) 	(E) 

(rn/c) 

	

(136) 	1-39 	168 	1-03 	0-62 	1-88 

	

(107) 	432 	5-02 	5-17 	1-57 	1-78 

	

(94) 	2-62 	5-52 	5-00 	2-86 	3-05 

	

(68) 	26-81 	31-59 	3253 	59-91 	54-86 

that for each type of cyclohexene intermediate, the 
values of 1001/El for the fragment ions increase when 
the electron beam energy is decreased from 70 to 20 ev. 
This may be taken as evidence that the ions of rn/c 107, 
94, and 68 are primary fragment ions formed directly 
from the corresponding molecular ion. 

Compounds (I)—(III) are dimers of isoprene and 
compounds (IV)—(V) are dimers of penta-1,3-diene 
and thus the fragmentation rn/c 136 —a.- 68 in each case 
involves breakdown of the molecular ion of the dimer 
to that of the monomer. The values of 1001/E1 for the 
ion of rn/e 68 from the pentadiene dimers (IV) and (V) 
are much higher than the values for the isoprene dimers 
(I), (II), and (III). This is a consequence of the higher 
stability of the unbranched pentadiene chain compared 
with that of the branched isoprene chain. Further, 
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on the basis of the localised charge site concept, the 
ion of nife 68 from compound (I) may be expected to be 
least stable because of the methyl branch at the charge 
site. The ions of m/e 68 from compounds (II) and (III) 
will be of intermediate stability, since the charge site 
may or may not carry a methyl group depending upon 
which half of the fragmented dimer carries the charge. 

EXPERIMENTAL 

Mass spectra were recorded at the National Physical 
Laboratory on an AEI MS 9 instrument, at electron-beam 
energies of 70 and 20 ev. The temperature of the gas 

inlet system was 100. Metastable peaks were allocated by 
computer. 

Compounds (I)—(TII) were prepared by the photo-
dimerisation of isoprene and compounds (IV)—(V) by the 
photodimerisation of pena-1,3-diene.3  The compounds 
were purified by preparative gas-phase chromatography and 
characterised by i.r. and n.m.r. spectroscopy. 

The authors thank Miss J. Grice for experimental assis-
tance. 

[8/786 Received, June 5th, 1968] 

G. S. Hammond, N. J. Turi-o, and R. S. H. Liu, J. Org. Chem.. 
1963, 28, 3297. 



Electron Spin Resonance of the Triplet State of Some Aromatic 
Carbonyl Compounds  

By C. H. J. WELLS* 
(Eei,artmeni of Chemistry, Kingston College of Technology, Kingston-upon-Thanes, Surrey) 

and A. HORSS-IELD and J. PA.rroN 
(Varian Associates Ltd., Molesey Road, Walton-upon_Thames, Surrey) 

Reprinted from 

Chemical Communications 1969 

The Chemical Society, Burlington House, London WIVOBN 



CHEMICAL COMMUNICATIONS, 1969 
	

393 

Electron Spin Resonance of the Triplet State of Some Aromatic 
Carbonyl Compounds 

By C. H. J. WELLS* 

(Department of Chemistry, Kingston College of Technology, Kingsion-upon-Tham€s, Surrey) 

and A. HORSFIELD and J. PAXTON 

(Varian Associates Lid., Molesey Road, Walton-upon-Thames, Surrey) 

Summary The e.s.r. spectra of some carbonyl derivatives 
of naphthalene which possess lowest triplet states of the 
7r,7r* type, exhibit triplet state signals from which the zero-
field-splitting parameters D and E can be calculated. 

THE lowest triplet state of aromatic carbonyl compounds can 
be either n, ir or ir,r in character, or in certain cases, 
charge-transfer in character.1,2  The majority of aromatic 
carbonyls possess lowest triplet states of then, ir type, and 
the e.s.r. spectra of the triplet state of these compounds have 
not been observed on account of the short phosphorescence 
lifetimes (<0-1 sec.) of these states. Studies related to the 
photochemistry of aromatic carbonyl compounds have 
revealed that a number of aromatic carbonyl compounds 

-s lowest triplet states of the 17 , r* type amid thtt the  

phosphorescence lifetimes of these states can be relatively 
long.1,3  Naphthalene-2-carbaldehyde, methyl 2-naphthyl 
ketone, and 2-naplithyl phenyl ketone possess lowest triplet 
states of the ir, ir type,4  and we now report that the e.s.r. 
spectra of the triplet states of these compounds can be 
observed. 

The spectra of ii .v.-irradiated samples of naphthalene-2-
carbaldehyde, methyl 2-naphthyl ketone, and 2-naphthyl 
phenyl ketone in EPA (ether—isopentane—ethanol) glass at 
77°ic exhibit typical triplet-state signals with a relatively 
intense "jXin = 2" transition and weak "Am = 1" transitions. 
In contrast to the spectra of carbonyl derivatives of 
benzenoid compounds, where only the "in = 2" transition 
can be observed,' the spectra of the compounds studied 
lierin show fmirof thi: six ".n; = 1" trausitions. Analvsi:- 
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of the spectra gave the parameters for the spin—spin 
interaction listed in the Table. 

E.s.r. parameters for the triplet -states of some derivatives of 
naphihalene 

Compound 	D 	E 	(D + 3E 	D' 

Naphthalene-2- 
carbaldehyde 0094 0-029 0-105 0-I2 

Methyl 2-naphthyl 
ketone 	 0-096 0.027 0-107 0105 

2-Naphthyl phenyl 
ketone 	 0-095 0-026 0106 0105 

[H]Naphthalenet 0-100 0-015 0-103 0101 

E. Wasserman, L. C. Snyder. and W. A. Yager, J. Cheni. 
Phys., 1964, 41, 1763. 

The values of the composite term D8  calculated from the 

position of the 'm = 2" transition8  are in agreement with 

the values for the equivalent term (D2  + 3E3) ê calculated 

from the positions of the "trn = 1" transitions. It can be 

seen from the Table that the values of D for the carbonyl 

derivatives of naphthalene are less than that for [5H8] 

CHEMICAL ConsuNIcATrONS, 1969 

naphthalene whiht the corresponding values of E are greater. 

The smaller values of D for the carbonyl derivatives of 
naphthalene as compared to the value for [H!] naphthalene 

reflect the extended conjugation and the lower degree of 
interaction between the unpaired electron spins in the former 
compounds. The higher values of E are a measure of the 

lower symmetry of the carbonyl compounds. 
Since aromatic carbonyl compounds possessing lowest 

triplet states of the ir,ir type can exhibit triplet-state 
signals whereas those with lowest triplet states of the is, 

type do not, the e.s.r. technique may be used in certain 
cases to characterise lowest triplet states. However, the 
absence of a triplet-state signal does not necessarily mean 
that the lowest triplet state of the carbonyl compound is of 
the is, ir type since the phosphorescence lifetimes of r,-,r 
states can be too short to allow detection. 

The e.s.r. parameters of aromatic carbonyl compounds 
may provide evidence as to the relationship between the 
electronic distribution of triplet states and the chemical 
reactivity of these states. 

(Received, February 191h, 1969; Corn. 231.) 

G. Porter and P. Suppan, Trans. Faraday Soc., 1965, 61, 1664. 
G. Porter and P. Suppan, Trans. Faraday Soc., 1966, 62, 3375. 
V. L. Ermolaev, U.spe/thi Fir. Nauk (English translation), 1963, 80, 3; P. J. Wagner and A. E. Kemppainen, J. Amer. Chem. Soc., 

1968, 90, 5897; N. C. Yang and R. L. Drusenberg, ibid., p.  5899; J. N. Pitts, jun., D. R. Burley, J. C. Mani, and A. D. Broadbent, 

ibid.. p.  5902. 
4 G. S. Hammond and P. A. Leermakers, J. Amer. Chem. Soc., 1962, 84, 207; N. C. Yang. Pure and Appi. Chem., 1964, 9, 591. 

L. H. Piette, J. H. Sharp, T. Kuwana, and J. N. Pitts, jun., J. Chem. Phys., 1962, 36, 3094; P. J. Wagner, personal communication; 

C. H. 3. Wells, unpublished results. 
'J. H. van der Waals and M. S. de Groot, Mol. Phys., 1959, 2, 333; 1960, 3, 190. 
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Mass Spectra of Isomers. Part 111. 1  Cyclo-octadiene and Derivatives of 
Cyclobutane and Cyclohexene of Molecular Formula C8H 12  

By E. F. H. Brittain and C. H. J. Welts. Department of Chemistry. Kingston College of Technology, Kingston 

upon Thames. Surrey 
H. M. Paisley. Division of Chemical Standards, National Physical Laboratory, Teddington, Middlesex 

The mass spectra of trans-i ,2-divinylcyclobutane. 4-vinylcyclohexene and 1 .5-cyclo-octadiene have been ex-
amined. The similarity between the spectra of these compounds is probably a consequence of a major fragmentation 
pathway in each compound proceeding through a common intermediate, while the differences in the relative 
abundances of some of the ions is postulated as being a result of alternative routes for fragmentation of the isomers. 

The values of 1 00/f1 for the major ions at electron beam energies of 70 and 20 eV are reported and interpreted in 

terms of the proposed fragmentation routes. 

ALTHOUGH the mass spectra of geometric 2 and of posi- 
tional isomers 	are essentially similar, their spectra 
often exhibit differences in the relative abundances of 
some of the fragment ions. In continuation of a study 
of the relationship between the structures of isomers 
and the relative abundances of the ions formed upon 
electron impact, the mass spectra of trans-1,2-divinyl-
cyclobutane (I), 4-vinylcyclohexene (II), and 1,5-
cyclo-octadiene (III) have been examined. The mass 

(1) 	(II) 	(III) 

spectral data for compounds (I)—(III) are presented 
in Table L It can be seen that, while essentially the 
same fragment ions ae formed from each compound, 
there are considerable differences in the relative intensi-
ties of some of the ions. Compounds (I)—(III) were 
prepared by the photodimerisation of 1,3-butadiene 
(1W', 54) and since the base peaks in the spectra are at 

a 54 it is apparent that the compounds readily fragment 
to the monomer ion upon electron impact; charge 
retention in the monomer fragment of 4-vinylcyclo-
hexene has been investigated by Smith and Thornton.5  

Part II, E. F. H. Brittain, H. M. Paisley, and C. H. J. Wells, 
J. Chem. Soc. (B), 1969, 185. 

P. Natalis, Mass Spectrometry, NATO Advanced Study,' 
ed. R. I. Reed, Academic Press. 1964, p.  379. 

The mass spectra of the compounds below ni/e 54 are 
similar to that of butadiene and this region of the 
spectra is not discussed. 

TABLE I 

Mass spectra (70 ev) (relative intensity: ni/e 54 = 100) 

rn/c (1) (II) (III) rn/S I) (II) (III) 

26 3 2 2 65 4 7 9 
27 18 17 19 66 6 36 16 
2S 6 3 6 67 12 26 80 
29 2 3 3 68 1 2 5 
38 2 2 3 77 7 15 13 
39 39 37 46 78 5 13 6 
40 2 3 4 79 28 60 38 
41 10 18 21 80 16 32 42 
50 
51 

4 
7 

4 
9 

5 
9 

81 
91 

2 
3 

3 
9 

3 
7 

52 5 5 5 93 9 18 12 
53 13 11 13 94 1 1 

1 
- 

1 54 100 100 100 107 1 
55 5 5 5 108 0-3 9 5 
63 2 2 3 

The major ions above mfe 54 appear at infe 66, 67, 77, 
78, 79, 80, and 93 and a scheme indicating the origin 
of these ions is shown in Scheme 1. This scheme is 
based upon the previously reported fragmentation 
routes of derivatives of cyclobutane and cyclohexene 
which are similar in structure to compounds (I) and (II). 
The present scheme incorporates the fragmentation 

E. F. H. Brittain, H. St. Paisley, and C. H. J. Wells, J. 
Cliern. Soc. (B), 1968, 304. 

A. G. Harrison, P. Haynes, S. McLean, and F. Meyer. J. 
Amer. Chem. Soc., 1965, 87, 5099. 

E. P. Smith and H. R. Thornton, J. Amer. Chem. Soc., 1967, 

89. 5079. 
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SCHEME 1 Major fragmentation routes of trans- 1,2-divinyl-
cyclobutane (I). 4-vinylcyclohexene (II), and 15-cyclo-octa-
diene (III) 

pathways of the molecular ion of 1,5-cyclo-octadiene 
(III) and it is postulated that this ion, like the molecular 
ion of compound (I), can undergo isomerisation to the 
molecular ion of compound (II) and that the breakdown 
of this latter ion contributes to the peak intensities 
of the ions observed in the mass spectra of compounds 
(I) and (III). 

This postulate is reasonable in view of the similarity 
between the spectra of compounds (I)—(III) and the 
difficulty of proposing an alternative fragmentation 
route leading to the ions of rn/e 66 and 79 from the 
molecular ions of compounds (I) and (III). Formation 
of the ions of rn/e 66 and 79 to a significant extent in the 
spectra of compounds (I) and (III) indicates that the 
molecular ion of compound (II) is formed when com-
pounds (I) and (III) are subjected to electron impact. 

The molecular ions of compounds (I) and (III) would 
not be expected to isomerise totally to the molecular 
ion of compound (II) and certain of the ions formed 
from compounds (I) and (III) will result from fragment-
ation of the molecular ion of the parent compound as 
well as from fragmentation of the isomerised form. 
The ions from compounds (I) and (III) which have a 
greater relative intensity than the corresponding ions  

from compound (II) must also be formed by a route other 
than that proceeding via the molecular ion of compound 
(II). On the other hand, ions from compounds (I) and 
(III) which have a lower elative intensity than the 
corresponding ions from compound (II) may, or may not, 
be produced by more than one route. 

The only important ions in the spectra of compounds 
(I) and (III) which have a greater relative intensity than 
the corresponding ions from compound (II) are the 
ions of ni/c 67 and 80, formed from compound (III). 
The ion of rn/c 67, which corresponds to loss of CH.'  
from the molecular ion of compound (III), may be 
formed via the routes illustrated in Scheme 2. 

Isomerisation (A) can proceed by addition of the free 
radical at C-i to the olefinic system at C-6 with subse-
quent bond rearrangement to give the molecular ion 
of compound (II). Fragmentation of this ion by the 
route indicated will give the ion of in/c 67. Isomeris-
ation (B) involves hydrogen-atom migration and bond 
rearrangement, and results in an open-chain molecular 
ion from which a C3H5  fragment may be lost by bond 
fission. 

The ion of rn/c 80 in the spectrum of compound (III) 
is produced by the loss of a molecule of ethylene which 
can occur by a simple fragmentation process and so may 
be expected to compete with the isomerisation process 
which leads to the formation of the molecular ion of 
compound (II). 

The molecular ion of compound (I) would also be 
expected to fragment directly to the ion of ni/c 80. 
However, as indicated by the relative intensity of the 
ion of rn/c 80 from compound (I) as compared with the 
relative intensities of this ion from compounds (II) 
and (III), this fragmentation route does not compete 
so effectively with the isomerisation route as does the 
corresponding fragmentation route in compound (III). 

It is significant that the spectra of compounds (I)—
(III) are markedly different from the spectra of tn-
methylcyclopentadienes 4  although both sets of com-
pounds are isomers of molecular formula C8H12. The 
difference between the spectra is probably due to the 
intermediate in the fragmentation of compounds (I)—
(III) being the molecular ion of compound (II), whereas 
the intermediate in the fragmentation of the trimethyl-
cyclopentadienes is a cyclic benzenium species.4  

The mass spectrum of 1,5-cyclo-octadiene (III) 
reported in this paper is identical with that reported by 
Harrison et al.4  and is similar in many respects to the 
spectrum of 1,3-cyclo-octadiene reported by those 
authors. One main difference between the spectra of 
1,5-cyclo-octadiene and 1,3-cyclo-octadiene is that the 
ion of rn/ e 54 is the most abundant ion in the spectrum 
of the former compound, whereas it is only present in 
relatively small amounts in the spectrum of the latter 
compound. This is to be expected since the ion of ni/c 
54 can be formed by direct dissociation of the molecular 
ion of 1,5-cyclo-octadiene whilst to obtain an ion of 
rn/c 54 from 1,3-cyclo-octadiene bond migration must 
occur in the molecular ion prior to dissociation. 



TABLE 2 
Values of 1001/Er at 70 ev and 20 ev for the major 

ions from compounds (I)—(III) 
(I) (II) (III) 

,-'-- in le70 ev 	20 ev70 ev 	20 ev 	70 cv 	20 cv 
108 	009 	0'21 	205 	275 	1'07 	1.90 
93 	267 	485 	400 	6•06 	249 	3'62 
80 	472 	6'74 	6'92 	11.11 	8'52 	1300 
79 	8'54 	10•96 	1217 	1699 	723 	8'36 
77 	222 	1•16 	3'24 	1'88 	263 	1•39 
67 	370 	5•69 	5'59 	6'85 	16'21 	26'92 
66 	177 	3'09 	7•84 	1306 	324 	5•15 
54 	3006 	4214 	21•77 	25'48 	20•24 	24'14 

:r: 
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On the other hand the loss of a CH5  fragment from 

the molecular ion of 1,5-cvclo-octadiene involves bond 
migration and hence does not readily occur. The corre-
sponding loss from the 1,3-cyclo-octadiene occurs readily 
without bond migration and, as a result, the relative 
intensity of the ion of ni fe 79 in the spectrum of 1,3-cyclo-
octadiene is much greater than the value for this ion in 
the spectrum of 1,5-cyclo-octadiene. 

Values of 1001/E1. The intensities of the ions shown 
in Scheme 1 are given in Table 2 as 1001/El values for 
spectra recorded at. electron-beam energies of 70 and 
20 ev. The values Of 1001/El for the molecular ions are a 
measure of the relative stability of the ions 6  and the 
results. shown in Table 2 indicate that the stabilities 

of the molecular ions of compounds (I)-.-(III) are in the 
order (II) > (III) > (I). The observation that the 
molecular ion of compound (II) has the greatest stability 
is in accord with the evidence that the molecular ions of 
compounds (I) and (III) isomerise to the molecular 
ion of compound (II). The relatively large values of 
1001/El for the ion of vile 54 from compound (I) com-
pared with the corresponding values for this ion from 
compounds (II) and (III) are presumably a consequence 
of the molecular ion of compound (I) being the least 
stable of the molecular ions. 

The values of 1001/E1 for the ions produced from the 
major fragmentation routes generally increase when the 
electron-beam energy is decreased. This is because all 
the ions listed, with the exception of m/e 77, are primary 
fragments which result directly from fission of the 
molecular ion. The ion of m/e 77, on the other hand, is 
not formed directly from the molecular ion and there-
fore its intensity decreases when the electron-beam 
energy is lowered. 

On changing the electron-beam energy from 70 to 20 
ev the increase in the value of 1001/El for the ion of 
vile 67 is greater in compound (III) than in compound 
(II). This is compatible with the suggestion that the 
ion of ni/e 67 from compound (III) is formed by two 
routes (see Scheme 2). 

5 4 
CHCH2  

CH=CH—CH 
6 7 8 

transitions were confirmed by observation, with a device 
fitted to the instrument,' of the decompositions occurring 
in the field-free region between the source and the electro-
static analyser. Compounds (I)—(III) were prepared by 
the photodimerisation of 1,3-butadierie.8  The compounds 
were purified by gas-phase chromatography and character-
ised by ix. and n.m.r. spectroscopy and by measurement of 
refractive index. 

electron-beam energy of 70 ev and 20 ev. Samples were 
injected through a gallium inlet-sinter at 100°. Metastable 
peaks were observed in spectra recorded on an A.E.I. 
MS9 instrument at N.P.L. The corresponding metastable 
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II 	1 	 m 	c(3)—C(4) 
3CH 	..5 CH 2 	 4I56 bond fission 

4 	 I 
rn/c 93 

A(b
H migration from C(8)—C(6) 
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CH 

CH / 
4 

rn/c 67 
	 rn/c 67 

SCHEME 2 Competing fragmentation processes which lead 
to the ion of m/e 67 

EXPERIMENTM., 

The mass spectral data given in Tables 1 and 2 were 
obtained with an A.E.I. MS2 instrument operating at an 

M. Pahl, Z. Nalurforich., 1954, 9b, 418. 
M. Barber, W. A. Woistenholme, and K. R. Jennings, 

.Vahre, 1967, 214, 664. 
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A Charge-transfer Complex of a Substituted Tetrazaborol-2-ine 
By N. FALLA and C. H. J. WELLS 

(Department of Chemistry, Kingston College of Technology, Penthyn Road, Kingston upon Thames, Surrey) 

and J. H. MORRIS* 

(Department of Pure and Applied Chemistry, University of Strathclyde, George Street, Glasgow, C.1) 

Summary The parameters of the charge-transfer interac-
tion of 1,4,5-trimethyltetrazaborol-2-ine with 1,3,5-. 
trinitrobenzene, studied by nm..r., have indicated 
probable ii 	i rather than r - ir interactions. 	- 

THERE has been considerable interest recently in heteró-
cyclic boron—nitrogen compounds,' particularly in view of 
potential ir-electron delocalisation in a number of these 
systems. The tetrazaboroline ring (1), which may be 
visualised as a five-membered, six -electron system, is 
strongly suggested to be planar on the basis of spectroscopic 

and other evidence,' and M. 0. calculations2  have indicated 
considerable -zr-delocalisafion in the ring. 

I 	(1) 
3N 	N2  

As part of a general study of the chemistry of this system, 
we have endeavoured to obtain direct, experimental 
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evidence for rr-delocaljs;,t,on and therefore examined the 
po..'ihilitv of forming charge-transfer complexes of the 
tetra7.al,orol joe system with suitaie ir-acceptors. 

We have studied the charge trsfer interaction of 1,4,5-
trir loth vltetrazaborol-2-ii,e with 1,3,3-trinitrobenzene in 
carbon tetrachloride solution a: 31'5' using the n.rn.r. 
method developed by Hanna and Ashbaugh" and modified 
byFoster and Fyfe.4  

A least-squares plot of the ra,io of the chemical-shift 
difference of the acceptor promns in the complexing 
medium and the uncomplexed staze to the concentration of 
donor. /[D], against the same chemical-shift difference, A, 
led w values of the associatioa constant K and shift 
difference of the acceptor protons m the pure complex and 
those in, the free acceptor,' 0, of rapectiveIv 5'4 kg. mole -' 
and S•O Hz. 

It is interesting to compare the data with the literature 
values for benzene, hexamethylbeazene, and N.V-dimethvl-
aniline donors with the acceptor l,3,5-trinitrobenzene in 
carbon tetrachloride under similar :onditions.4  The observed 
value of I is very much larger than that which would have 
been expected for a ir ir compex since it is comparable 
with the very strong —,donor hexarnethvlbenzene (5l) and 
an order of magnitude larger than that of benzene (050). 
Although it is difficult to make csmparisons with different  
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accc'pt(iI-s in different solvents, it would appear that the 
association eoiistanc is vastly larger than that which hexa-
mcthvlborazine night be expected to have with frmnitro-
hcnzene on the basis of the observed value of 117 with 
tctraevanocthvlene in thlorof'orm.5  We were unsuccessful 
in obtaining the direct comparison with hexamethvlborazine 
experimentally since further reaction occurred between the 
borazine and the frmnitrobenzene during the time of the 
experiment. The observed K value is probably best ac-
counted for by an interaction of different nature to that in 
benzene and hexamethylbenzene, and thus we suggest 
ii -s- interaction from the lone pairs at the 2- and 3-
nitrogens. This is consistent with estimates of ionisation 
potentials of a lone-pair electron and removal of an electron 
from the highest filled molecular orbital in MeN,BH.2 .' 

The small value of AO  in the tetrazaboroline complex also 
correlates with an interaction which is different from the 
iT 	IT complexes. It is of interest to note that pentameth- 
vlenetetrazole interacts with trinitrobenzene in carbon 
tetrachloride to give values of K and of 2-1 kg. mole-' and 
ca. 6Hz.7  The authors suggested that this was air - ir charge 
transfer complex, but again we feel that this is more likely 
to be a similar n - 	interaction. 
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Studies on Nitroaromatic Compounds. Part I. Nuclear Magnetic Reson-
ance investigation of Complexes of Benzene with Trinitrotoiuenes 

By E. Shilton and C; H. J. Wells. Department of Chemistry. Kingston Polytechnic, Kingston Upon Thames 
Surrey 

The formation of complexes of benzene with the six isomeric trinitrotoluenes has been studied by n.m.r. spectro-
scopy. Chemical-shift data have shown that the relative positioning of the components within the complexes 
depends upon the placement of substituents in the trinitrotoluenes. Where possible, association constants (K,) 
for complex formation have been evaluated from chemical-shift measurements on nonequivalent protons, and it 
has been found that for a particular acceptor the values of K, so obtained are the same within experimental error. 
The relative stabilities of the complexes are discussed in terms of steric effects and Lewis acidities of the trinitro-
toluenes. 

NITROAROMATIC compounds can act as electron acceptors 
in the formation of charge-transfer complexes with 
suitable electron donors.' In the case of polvnitro-
benzenes, the stability of complexes formed with a 
single donor is dependent upon the number of substituent 
nitro-groups and, for isomeric species, the position of 
the substituents in the ring system.2'3  Studies on the 
electron-acceptor properties of isomeric nitrobenzenoid 
compounds have been confined to the dinitro- and trinitro-
benzenes, for which only three isomers are available in 
each series. In order to gain further insight into the 
complexing properties of isomeric species we have 
studied the complexes formed between benzene and the 
six isomeric trinitrotoluenes. 

EXPERIMENTAL 

Chemical-shift measurements were made on a Perkin-
Elmer Rio n.m.r. spectrometer operating at 60'004 MHz. 
Tetramethylsilarie was used as internal reference. Each 
measurement was made in triplicate and the results were 
averaged. The results were analysed using equation (l), 

= —iNK, ± i.,K, 	 (1) 

where [Di, is the total donor concentration, K, is the as-
sociation constant for formation of a 1: 1 complex between 
donor and acceptor, A is the difference between the chemical 
shift of the acceptor protons in the presence and absence 
of the donor, and 1, is the difference between the chemical 
shift of the acceptor protons in the uncomplexed acceptor 
and the fully complexed acceptor. 

The values of K, and Ag  (see Table) were evaluated from 
a least-squares plot drawn by an Elliot 4100 computer. 

1,2-Dichioroethane was used as solvent and was frac-
tionallv distilled prior to use. Samples of the trinitro-
toluenes were kindly supplied by Drs. I. Dunstan and 
R. Simkins of the Explosives Research and Development 
Establishment, Ministry of Technology. 

RESULTS AND DISCUSSION 

The values of K, and A, given in the Table are for 
measurements made on the aliphatic and aromatic 
proton resonances of the trinitrotoluenes. In the case of 

1 See references cited in (a) L. J. Andrews and R. M. Keefer. 
'Molecular Complexes in Organic Chemistx-c' Holden-Dav Inc., 
San Francisco. 1964: (b) R. Foster, ' Ortanic Charge-Transfer 
Cornolcxcs,' Academic Press. London, 1960. 

B. Dale, R. Foster, and D. Ll. Hammick, J. Chem. Soc., 
1054, 39S6.  

the 2,3,4-, 2,3,5-, 2,3,6-, and 2,4,5-derivatives there are 
two magnetically nonequivalent aromatic protons which 
give rise to either two single bands or a pair of doublet 
bands in the spectra. The addition of benzene to the 
systems causes the resonances to move upfield, and in 
these particular derivatives either both aromatic 
resonances or the upfleld partner eventually became 
obscured by the benzene and associated sideband 
resonances. Since it was desirable to make measure-
ments over as wide a range of chemical shift as possible, 
measurements were not made on signals which became 
obscured. The results given in the Table for the 
aromatic resonances of the 2,3,5- and 2,4,5-trinitro-
toluenes are for the downfield resonance in each case. 

Association constants (K,) and chemical-shift values () 
for complexes of benzene with isomeric trinitrotolu-
enes 

Trinitrotoluene 	Al • Ar! 	Al 	Ar 	- 

	

3,4,5- 	016 0-17 75 83 

	

2.3,4- 	0'12 	g 	68 	g 

	

2.4,5- 	0'15 0-13 64 72 

	

2,3,5- 	0'15 0-16 62 57 	- 

	

2,3,6- 	O'll 	g 	54 	g 

	

2,4,6- 	- 044 0-13 .51 66 
Solvent: 1.2-dichioroethane; temperature: 33-5'. b In 

kg solution mol. I Estimated error in quoted - values is 
±0-01 in each case. d  In Hz. • K, values derived from 
measurement of chemical shift of aliphatic protons. I  K, 
values derived from measurement of chemical shift of aromatic 
protons. In cases where two aromatic resonances were ob-
served, measurements were taken on the position of the down-
field resonance. ' Aromatic proton resonances obscured by 
benzene and associated sideband resonances. 

The values of K, derived from measurements on 
nonequivalent protons in a particular acceptor are 
found to be the same within experimental error. This 
contrasts with previous findings for the benzene-2,4,6-
trinitrotoluene complex (in carbon tetrachloride) where 
the values of K, derived from the aliphatic and aromatic 
proton resonances were 0-21 and 042 kg solution mol 
resDectivelv.5  The difference between these values was 
suggested to have arisen because the stoicheiometry 
of the complex species was not restricted to 1 : 1. The 

R. Foster, J. Chem. Soc., 1960, 1073. 
R. Foster and C. A. Fyie, Trans. Faraday Soc.. 1965. 61, 

1626. 
M. I. Foreman, R. Foster, and D. R. Twiseiton, Chem. 

Comm., 1069, 131S. 
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observation that in 1,2-dichloroethane the values of 
IC0, obtained from measurements made on nonequivalent 
protons, are the same suggests that the stoicheiometry 
of the complexes is essentially 1: 1 in this solvent. As 
is the case for other charge-transfer complexes,6 the 
values of K. for the benzene-2,4,6-trinitrotoluene system 
are lower in 1,2-dichloroethane than the corresponding 
values in carbon tetrachloride. 

Evidence for the time-averaged relative orientations 
of the donor and acceptor components in a 1: 1 complex 
can be gained from the values of A0 for the different 
proton types in the acceptor moiety.' If, for example, 
there are two proton types then the protons with the 
larger value of A0 will be closer to the centre of the 
complex. It can be seen from the Table that the values 
of A. for the aliphatic and aromatic protons of each 
acceptor differ and, also, that the values for the aliphatic 
protons can be broadly classified into three groups: 
those greater than 70 Hz, those between 60-70 Hz, and 
those less than 60 Hz. The values for the aliphatic and 
aromatic protons of 3,4,5-trinitrotoluene are of particular 
significance since it is only in this acceptor that the 
three nitro-groups are located at one end of the molecule 
leaving the aliphatic and aromatic protons 'exposed'. 
In the complex the benzene molecule will tend to be 
sited over the 1,2, and 6 positions of the acceptor rather 
than over the stericallv crowded 3,4, and 5 positions 
and, in such a situation, both the aliphatic and aromatic 
protons will be close to the centre of the complex. The 
relative values of &, for the aliphatic and aromatic 
protons suggest that the aromatic protons lie closer-to 
the centre of the complex than the aliphatic protons. 
Possible orientations of the components within the 
complex are as shown in structures (I) and (II). 

	

NO o 	 ~~?NO a 
Me— 	 N

10 	
0 

 Me 	 N 

NO2 	 NO2 

In the benzene-2,4,6-trinitrotoluene complex it is 
the 1,2, and 6 positions of the acceptor which are 
stericallv crowded, and here the benzene molecule 
would be expected to lie preferentially over the 3,4, and 
5 positions. This is borne out by the fact that the 
value of Ao for the aromatic protons is relatively high 
while for the aliphatic protons is the lowest recorded. 

R. Foster and C. A. Fyfe, Trans. Faraday Sac., 1966, 62, 
1400. 

Possible structures for this complex would be analagous 
to structures (I) and (II) with the methyl group and 
central nitro-group interchanged. The A0 value for 
the aliphatic protons in the benzene-2,3,6-trinitro-
toluene complex aiso falls within the group having A0 
less than 60 Hz. Here again the 1,2, and 6 positions in 
the acceptor are substituted and, presumably as a 
consequence, the aliphatic protons are relatively far 
removed from the centre of the complex. 

The A. values for the aliphatic protons in those com-
plexes in which one of the positions or/io to the methyl 
group is substituted fail in the range 60-70 Hz and lie 
between the corresponding values for the complexes in 
which both ortho positions are substituted and the value 
for the complex in which the ortlzo positions are un-
substituted. Thus the proximity of the methyl group 
to the centre of the complex appears to depend upon the 
extent of substitution at the 2 and 6 positions in the 
acceptor. This in turn implies that the benzene mole-
cule occupies different positions with respect to the 
methyl group in the different complexes. 

The magnitude of the association constants (K0) 
provide a measure of the stability of the complexes. 
The results shown in the Table for the aliphatic protons 
indicate that the complexes of benzene with the 2,3,4-
and 2,3,6-trinitrotoluenes are the least stable. This 
can be rationalised in terms of steric crowding in the 
acceptor species.3 The four substituents in the 2,3,4-
and 2,3,6-trinitrotoluenes are in adjacent positions in the 
ring and the steric hindrance to the approach of the 
donor molecule will be greatest for these particular 
molecules. Also, steric interaction will cause the 
nitro-groups to be forced out of planarity with the ring, 
and the consequent decrease in the mesorrieric effect of 
the nitro-groupings will be greatest for the 2,3,4- and. 
2,3,6-derivatives. Thus the Lewis acidity of these 
molecules would be expected to be lower than for the 
other, less stericallv crowded,. isomers. 

There is no apparent clear-cut distinction between the 
stabilities of the complexes formed with the 2,3,5-, 
2,4,5-, 2,4,6-, and 3,4,5-trinitrotoluenes. However the 
slightly higher average value of K0 for the complex with 
3,4,5-trinitrotoluene suggests that this complex is the 
most stable. If the Lewis acidities of this group of 
trinitrotoluenes are similar, this would indicate that 
3,4,5-trirlitrotoluene presents the least steric impedance 
to the approach of the benzene molecule. 

(01676 Received, April, 27th 1970) 

M. I. Foreman and R. Foster, J. Cze,n. Soc. (B), 1969, 385. 
and references cited therein. 
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c:-LRGE-TRANSF C0LCtG ABILITY  OF 2-c:o-4,6-DIc'0PYIlfIDfl 

D.T. Hurst and C.H.J. Wells 

Department of Chemistry, Kin.'ston Polytechnic, 
Kintcn upon Thames, Surrey, England.  

(Received in UK 12 Auust 1970; accepzed for publication 27 August 1970) 

The nature of subs tituents in a molecule determines whether the moleculle acts as an 

electron donor or electron acceptor in charge-transfer cornpleY.atl•on. The 	-e1ectron system 

of aromatic compounds is often an electron donor site (1), but if electron withdrawing 

substituentm are prsent this property may be reversed and the electron deficient 'rr-system 

may act as an electron acce?tpr site (2). As part of a general study of the acceptor 

prooertles of electron deficient systems we are synthesising pindines and puranes caing 

electron withdrawing substituents. A possible site for interaction with carcinogens is at a 

nucleic acid, and although there are some observations of chemical, interaction between aromatic 

hydrocarbons and purines, pyriothines and, nucleic acids which refer to the solubilisaticn of 

the hydrocarbon (3), there are only a few reports of charge-transfer complexation in the 

purine-hydrocaroon and prin::the-hydroc.arbcn systems. tacnmer and Duchesne (4) have reported 

evidence for charge-transfer comolexacion between ademine, guanine. cytosine, and thynine and 

the strong acceptor ohicrs.nii in dime thy lsulpnoxide solution, and Duchesne and co-workers (5) 

have reoort.ci chargs-t=nzfer complexation between some nucleosides and chloranil. Evidence 

for some tyme of compledn.; between thiamine and various indolee has been obtained from n.m.:. 

soectroscoy (6), but no charge-transfer bands have been reported for the purne-hydrocarbon 

and pinidine-hydrocarhon systems in which the heterocyclic species is the acceptor. We have 

synthesized 2-chioro-4,6-dicyancmfrimidirie and wish to report on the electron acceptor ability 

of this compound. 

The ability of 2-chlorc-i$-dicyanooyr:nsdine to form. charge-transfer complexes is 

indicated by the annearance of a new absr,rotaon band in. the visihl re.-7-ion of the spectrum 

when electron donors such as anthraceme. chrycene, and pyrene are added to a solutino of the 

compound in chloroform. A straiht line plot is obtained (Fir 1) when the energy corresponding 

to the peak maximum of this new hand, for a series of donors, is plotted against the energy of 

the charge-transfer transition in the corresponding complexes with 1,3,5-trin-itrcbenZene. 

3919 



94 

3920 	 No .45 

24 

E 	23 

CT 
(CMX R5) 

22 

21 

/ 

9 	20 	21 	22 	23 

E MAX  (CMI 
(53) 

Fig. 1. 	Plot of energy (E, cm) of peak maximum for a series of complexes of 2-chioro.. 

4,6-dicyanopyrimidine against charge-transfer transition energy (ECT,  cm ) for 

the corresponding complexes of 1,3,5-trinitrobenzene. 

The donors are: (1) perylene; (2) 3,4-benzopyrene; (3) anthracene:  (4)  pyrene; 

(5) 1,2-benzanthracene; (6) chrysene. 

This demonstrates that the new hand arises from a charge-transfer transition and, since the 

slope of the line is close to unity, it is evident that the complexes formed with 2-chloro-

4,6-dicyanopyrim 4ldine are of the sane typo as those formed with l,3,5-trinitrchenzene, 

namely r,1r complexes. 

Association constants for complex formation are readily evaluated by the n.m.r. method 

developed by Hanna and Ashbaugh (7) and modified by Foster and Frfe (8). The value of the 

association constant for the benzene/2_chloro_4,6_dicyancpyrimjdiae system in 1,2- 

dichloroethane at 35.50  is 0.65 kg mol* This value may be compared vith the value of 0.26 

kg mol 	for the association constant of the mesitylene/l,3,5-trinitrsbsnzene system in 1,2- 

dichlcroethane.at 
33•50 

(9). Since aesitylene is a more powerful electron donor than benzene 

(10) it is apparent that 2-chlcrc-4,6-dicyennpyr4-.midjne is a better electron acceptor than 

1,3, 5-trinitrobenzene. 
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Electron acceptor ability of some thioanhydrides 

by G. L. 0. Davies, C. A. Roff and C. H. J. Wells 

Department of Chemistry, Kingston Polytechnic, Kingston upon Thames 

Anhdride and thioanhydride groups are electron with-
drawing and when bonded to atoms in a -electron system 
cause a charge deficiency in the n-system. This is exemplified 
by the ability of anhydrides, such as maleic and tetra-
chlorophthalic anhydride, to act as electron acceptors in 
the formation of charge-transfer complexes with electron 
donor molecules.' The electron affinity of such anhydrides 
is related to the charge deficiency in the -system and can 
be evaluated from the energy of charge-transfer from the 
highest occupied molecular orbital of the donor to the 
lowest vacant molecular orbital of the acceptor.2  Although 
the electron affinities of a number of anhydrides have been 
measured in this way,2'3 there are no reported values, as 
far as is known, for the electron affinities of thioanhydrides. 
In view of this, the authors have measured the energy of the 
charge-transfer transition in a number of complexes involv-
ing dichloromaleic thioanhydride (DCMTA), phthalic thio-
anhydride (PTA) and pyromellitic dithioanhydride 
(PMDTA) (Table I) and have calculated the electron 

Table I 
Energy of charge-transfer (ev) in complexes of thioanhydrides with 
aromatic hydrocarbons (Solvent - carbon tetrachloride) 
Donor 
Accearor 	 Hexamethylbenzene Pyrene Acenaphthene 

Dichioromaleic 
thioanhydride 301 292 	296 

Phthaiic 
thioanhydride 3-28 3-10 

Pyromellitic 
dithioanhydride 276 249 	2-61 

p-Chioroanil° 240 204 	2-25 

The energy of the charge-transfer transition in complexes of 
p-chloranil are included in the Table since these values are used in the 
calculation of electron affinities by method II of Table II 

affinities of these thioanhydrides using the equations derived 
by Briegleb.2  The calculated electron affinities are given in 
Table II. 

The mean values for the electron affinities of dichloro-
maleic thioanhydride, phthalic thioanhydride and pyro-
mellitic dithioanhydride obtained from the results given in 
Table II are 0-61, 038 and 0-96 ev respectively. These 
values may be compared with the literature values for the 
electron affinities of dichloromaleic anhydride (055 ev),l 
phthalic anhydride (010 ev)2  and pyromellitic dianhydride  

(0-86 ev).2 Thus it is apparent that thioanhydrides are 
better electron acceptors than their anhydride analogues. 
This is in agreement with the previous qualitative findings 
that phthalic thioanhydride is a better electron acceptor 
than phthalic anhydride.-' 

Table H 
Electron affinities (ev) of dichloromaleic thioanhydride (DC/IrA), 
phthalic thioanhydride (PTA I and pyromellitic dithioanhydride (PM.DTA) 

Method of calculation - 
M 	(II) 	(III) 	(IV) 

DCMTA complexes 
Hexamethylbenzene 0-76 064 069 
Pyrene 0-50 	049 0-53 0-59 
Acenaphthene 0-66 

PTA complexes 
Hexamethylbenzene 049 0-37 0-42 
Pyrene 032 	0-31 0-34 0-41 

PMDTA complexes 
Hexamethylbenzene 101 0-90 094 
Pyrene 0-93 	0-92 097 0-98 
Acenaphthene 1.91 

° Reference 2: I - equation (23'); II - equation (25); III - equations 
(28') and (30); IV - equation (33) 

The more powerful electron acceptor properties of 
thioanhydrides may be rationalised in terms of the larger 
outer valence shell of the sulphur atom compared to that 
of the oxygen atom, and the consequent greater degree 
of electron delocahsation in the thioanhydride system. 
Just as for thiophen and furan, the sulphur-containing 
molecule has the greater 'aromaticity' and a relatively 
lower electron density in the -electron system. As a 
result of this lower electron density, thioanhydrides would 
be expected to be better acceptors than the corresponding 
anhydrides. 

Dr J. Idris Jones of the National Physical Laboratory is 
thanked for a gift of samples of the thioanhydrides. 

Received 24 July 1970 
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Mass Spectra of Isomers. Part IV.' Dinitronaphthaienes 

By E. F. H. Brittain and C. H. J. Wells, Kingston Polytechnic, Kingston upon Thames, Surrey 
H. M. Paisley, Division of chemical Standards. National Physical Laboratory, Teddington, Middlesex 
D. J. Stickley, Perkin-Elmer Ltd., Beaconsfield, Buckinghamshire 

The mass spectra of the ten isomeric dinitronaphthalenes have been examined. The differences between the 
spectra have been accounted for in terms-of the relative electron densities at the 8-position, steric interactions, and. 
alternative fragmentation pathways. 

THE mass spectra of mononitroaromatic compounds 
have been fairly extensively investigated and the frag-
mentations associated with the nitro-group have been 
well characterised.2  The effect on the spectra of 
further substitution with nitro-groupings has, however, 
received relatively- little attention. The introduction 
of a second strongly electronegative entity can have a 
marked effect on the fragmentation pattern of the 
molecule, the effect being dependent upon the relative 
positions of the substituents.3'4  Beynon, Job, and 
\Viiliams have discussed the elimination of CO from the 
molecular ions of the 1,3-, 1,4-, 1,5-, and 1,8-dinitro-
naphthalenes.5  The mass spectra of the ten isomeric 
dinitronaphthalenes are now presented and discussed in 
more general terms. 

The mass spectra of the dinitronaphthalenes are 
shown in the Figure. The major peaks in the spectra 
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2 H. Budziekiewicz, C. Djerassi, and D. H. Williams, in ' Mass 
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1968, p.  340. 

from rn/e 114 upwards are readily assigned on the basis 
of the expected losses 6 of N00 , CO, No', and OH 
either singly or in combination (Scheme 1). As would 
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be expected for isomers, the overall patterns of the 
spectra are similar. However comparison of the spectra 
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shows that there are significant differences in the 
relative intensities of the ions at certain nile values. 

Comparison of the spectrum of 1,8-dinitronaphthalene 
with the other spectra in the Figure reveals several 
notable features in the former spectrum, namely a 
relatively small molecular ion peak, relatively large 
peaks at rn/c 172, 142, and 114 and only a small peak at 
rn/c 126. The relative instability of the molecular ion 
of 1,8-diriitronaphthalene must be the result of some 
form of interaction between the nitro-groups in the 
er-positions Where considerable overlap of he electron 

clouds associated with the oxygen atoms in the different 
nitro-groups would be expected. The detailed nature 
of the interaction is still, however, open to surmise. The 
peak at rn/c 172 (V1 - NO,') is considerably larger in the 
spectrum of the 1,8-derivative than in the others, 
suggesting that in this isomer the ion is either more 
readily produced from the molecular ion, or fragments 
by a different mechanism from that which operates for 
the other compounds. The observation that the peak 
arising from the ion of rn/c 126 is very small for 1,8-
dinitronaphthalene is significant in this respect since 
the presence of a metastable peak at rn/c 9230 in the 
spectra of the other derivatives shows that this ion is 
derived directly from the ion of rn/c 172 by loss of the 
second nitro-group. Thus it appears that this loss is 
hindered in the 1,8-derivative, presumably because of 
the positive charge residing at the 8-position, and that 
the ion of rn/c 172 derived from 1,8-dinitronaphthalene 
must mainly fragment by some alternative pathway. 
The presence of a positive charge at the 8-position, taken 
in conjunction with the lone-pair electron density on the 
oxygen of the remaining nitro-group, would favour the 
formation of the intermediate structure [A] shown in 
Scheme 2. Subsequent isomerisation of this inter- 

r.o. 
02N NO2

NQ 

I 	 + 

--- 	C -NO2 	L.::::a__i........ J -NO2 	10 5 

171/0 218 	 rn/a 172 	rn/e 126 

iö 	 •c5—N coo,  
rn/a 11.2 

C 9  H 

rn/e 111. 
SCHEME 2 Fragmentation pathways in 1,8.dinitronaphthalec 

mediate, followed by loss of N0 and then CO as shown 
in Scheme 2 would explain the formation of the ions of 
nile 142 and 114. The relatively large peaks due to 
these ions in the spectrum of l.S-dinitronaphthalene can 
therefore be explained on the basis of this different 

fragmentation route for the ion of rn/c 172 derived from 
the 1,8-derivative, although it should be noted that ions 
of rn/c 142 and 114 are produced to some extent from 
all of the isomers, possibly via rearrangement of theill/'e 
172 species to the nitrite form)' 

Mechanisms for the loss of CO from the molecular ions 
of the 1,3-, 1,4-, and 1,5-dinitronaphthalenes have been 
given by Beynon, Job, and Williams.5  They have 
explained the varying extents of this loss of CO in terms 
of the electron density at the 8-position; the higher the 
electron density in this position the greater the extent of 
the loss. The electron density  at the 8-position in the 
1-substituted derivatives (excluding 1 ,2-cTmnitronaphthal-
ene) would be expected to be in the order 1,3- > 
1,4- > 1,6- > 1,5- > 1,7-, and hence the loss of CO, as 
measured by the intensity of the peak due to the ion of 
rn/c 190, should also be in this order. Detailed examin-
ation of the spectra in the Figure reveals that the 
relative intensities of the peak at in/c 190 follow the 
expected order (changing from 5'9% for 1,3-dinitro-
naphthalene to 0'15% for 1,7-dinitronaphthalene with a 
marked decrease between the 1,4- and 1,6-dinitro-
.'iaphthalenes) although this order may .be fortuitous 
since subsequent decomposition of the ion of rn/c 190 
may not be the same for the different isomers. 

It has been suggested 5 that the loss of CO from the 
molecular ions of the dinitronaphthalenes could proceed 
by two mechanisms, the initial steps of which are shown 
in Scheme 3. It is to be expected that one of these 

HO.+cJ. 

1t:ItI1:1::II-3-- NO2 	 iIIrIII:- NO

N. 

 

CI) 	 (U) 

COG 
fragmentation routes would predominate, and an 
indication as to which route offers the lower-energy 
pathway for the majority of the isomers is given in the 
spectrum of 1,3-dinitronaphthalene The spectrum of 
this derivative differs from those of the other isomers in 
that there are intense peaks at rn/c 201 and rn/c 171, 
and since these peaks correspond to loss of OH and 
HONO respectively from the molecular ion it is probable 
that this compound fragments to an appreciable extent 
via species (II). Since the loss of OH and HONO does 
not occur to any significant extent in the other com-
pounds it may be concluded that fragmentation of 
species (I) is preferred to fragmentation of species (II) 
in these isomers. The loss of CO from the molecular ion 
of 1.3-dinitronaphthalene will also occur via species (I), 
and the observation made by Bevnon ci al.5  that the 
extent of this loss is lower than would be predicted from 
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calculations of the electron density at the 8-position can 
thus be explained in terms of the existence of two 
competing fragmentation routes of similar energy. The 
formation of species (II) appears to be more markedly 
dependent on the electron density at the 8-position than 
is the formation of species (I). It is only for the 1,3-
derivative, which has the highest electron density at this 
site, that fragmentation via species (II) becomes 
important. 

The 1,2-derivative is anomalous compared with the 
other 1-substituted derivatives in that the loss of CO 
does not occur even though the electron density at the 
8-position must be relatively, high. This can be ex-
plained if the mechanism for CO loss involves the 
transfer of an oxygen atom from a nitro-group at the 
1-position to the carbon atom at the 8-position and if 
the orientation of the nitro-group at the 1-position 
relative to the carbon atom at the 8-position is altered 

1717 

by steric interaction with a nitro-group at the 2-position 
so that the mechanism cannot operate. 

The absence of a peak at ni/e 190 from the spectra of 
the 2,3-, 2,6- and 2,7-dinitronaphthalenes is also in 
accord with the suggested mechanism for the loss of CO 
from the molecular ions. 

EXPERIMENTAL 

Mass spectra were obtained on a Perkin-Elmer—Hitachi 
RMS4 instrument operating at 70 ev with a 10 second per 
mass decade scan rate. During each scan total ion current 
readings remain constant. Samples were admitted by use 
of a direct insertion probe with probe temperature 80 °C, 
and ionisation chamber temperature 100 °C. 

We thank Professor R. Foster, University of Dundee, for 
gifts of the dinitronaphthalenes, and Miss June Grice of 
Kingston Polytechnic for technical help. 

[0/679 Received, Apra 27th, 1970] 
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SOLVENT EFFECTS ON THE ASSOCIATION OF BZE WITH 2,4,6-TRINITROT0L=TE 

K. Barnes and C.H.J. Wells 

School of Chemistry, Kingston Polytechnic, Kingston upon Thames 

(Received in Ui 26 October 1970; accepted for publication 5 November 197) 

The association constant for the formation of a ll molecular complex between electron 

donor and electron acceptor species can be measured by a number of methods 1. 
 Of those, 

the n.m.r. method developed by Hanna and Ashbaugh2  and modified by Foster and Fife' has been 

extensively used in recent years. Under the appropriate concentration conditions ne n.m.r. 

method has been shown to give results which are internally consistent4' and, also, results 

which are in reasonable agreement with those derived by optical methods5. However a recent 

communication  on association constants obtained by n.m.r. for a number of donor - acceptor 

systems reported that the value obtained is dependent on the particular nucleus in the 

acceptor upon which measurements are made. Carbon tetrachloride was used as solve::-- in the 

study, and since the results for the benzene-2,4,6-trinitrotoluene system conflic:sd with our 

findings for this system in 1,2-dichloroethane7  we have now investigated the effect of solvent 

on the association constant for the interaction of benzene with 2,4,6-triitrotoluene. 

Chemical shift measurements were made on the aliphatic and aromatic protons of 

2,4,6-trinitrotoluene(A) in the presence of excess benzene(D), and the values of 

association constants, K , were derived from a plot based on the equation 

- 	K AD L  

where 0 
0  is the initial concentration of donor D, 21is the difference between the :hemical 

shift of one of the acceptor proton types in the presence and absence of donor, ani L is 

the difference between the chemical shift of the acceptor protons in the pure com:x and in 

the uncomplexed acceptor. The values of the association constants in the different solvent 

systems are summarised in the Table. 

It can be seen from the Table that there is a marked difference between the values of 

the association constants derived from measurements on the aliphatic and aromatic =tons in 

the non-polar solvents carbon tetrachloride, carbon bisulphide, cyclohexane and n-.sxane. As 

would be expec.tep the values are lower in the relatively more polar solvents chlortform, 

4935 
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Association constants (OD)  for the benzene (D)-2,4,6-trinitro toluene (A) system under the 

condition 0 )> A and at 33.5
0
. 

-1 
a 	(kg. mol )a  

Solvent 	 Aliphatic protons 	Aromatic protons 

Carbon tetrachloride 	 0.35 	 0.42 

Carbon bisuiphide 	 0.28 	 0.32 

Cyclohexane 	 0.27 	 0.35 

n-Hexane 	 0.23 	 0.31 

Chloroform 	 0.20 	 0.22 

1,2-Dichloroethane 	 0.14 	 0.13 

Dichloromethane 	 0.12 	 0.14 

alhe error in the quoted values is + 0.01 in each case. 
bp.j05 

 literature 

values for the aliphatic and aromatic protons in this solvent are 0.21 and 

0.42 kg. mol 	respectively
6
. 

1,2-dichloroethaxie and dichioromethane. As the values drop so the difference between the 

association constant within a system becomes masked. Since the differences are more marked in 

the non-polar set of solvents it would suggest that solute-solvent interaction is not the 

underlying cause of the anomaly in the values. It has been suggested previously  that the 

differences might arise from the presence in the system of isomeric 1:1 complexes or 

additional complexes in which the stoicheiometr'j is not confined to 1:1. The present results 

taken in conjunction with the previous findings indicate that association constants for weak 

interactions between donor and acceptor species must be viewed with caution. 
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Preface 

Molecular spectroscopy has been the subject of a great deal of interest 
and activity in the past two decades. The early practitioners were mainly 
physicists but the subject has occupied an increasing share of the literature 
of chemistry both in relation to detailed fundamental studies of small 
molecules and to the necessarily more empirical studies of larger molecules. 

The object of the present book is to present a balanced treatment of the 
-'rincipal methods of molecular spectroscopy together with selected prac- 

ai work. The book is intended primarily for undergraduate courses in 
chemistry and represents the authors' experience in teaching the principles 
and applications of molecular spectroscopy to L.R.I.C., G.R.I.C. and 
B.Sc. students at both Ordinary and Honours level. Some of the subject 
matter is, however, covered in more detail than would normally be presented 
to undergraduates. This additional material, taken in conjunction with more 
advanced texts, has been used by the authors in a number of specialist 
short courses and in an M.Sc. course in molecular spectroscopy. 

The book is limited to consideration of electronic, vibrational, nuclear 
magnetic resonance and mass spectrometry because of the general applica- 

ity of these methods and their availability to students. The first chapter 
is concerned with material which is common to different branches of mol-
ecular spectroscopy and an attempt has been made to present a unified 
approach to the underlying principles of the subject. Subsequent chapters 
deal with the different chosen branches in turn, and each chapter is divided 
into three sections—principles, instrumentation and experiments. The ex-
periments have been designed largely to illustrate topics discussed in the 
principles and instrumentation sections, and cross-referencing to the appro-
priate experiments is given throughout the text. 

We would like to express gratitude to many students and colleagues who 
hae shared in the development of much of the material of this book and 
to Mr V. G. Mansell, Mr N. Falla and Miss J. Grice for valuable technical 
assistance. We are grateful also to Mr B. Haynes for the encouragement 
he has provided for the development of molecular spectroscopy within various 
courses in Kingston Polytechnic. Our thanks are also due to the staff of 
Academic Press who have provided considerable assistance and shown much 
patience. 
April, 1970 	 E. F. H. BRITrAIN 

W. 0. GEORGE 
C. H. 3. WELLS 
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Studies on Nitroaromatic Compounds. Part IL' An Electron Spin 
Resonance Study of the Radical Anions of Some Nitronaphthalic An-
hydrides 

By C. H. J. Wells • and J. A. Wilson. School of Chemical Science and Technology, Kingston Polytechnic, 
Kingston-upon-Thames 

The radical anions of 2.5-dinitronaphthalic anhydride. 4.5-dinitronaphthalic anhydride, 2,4,5-trinitronaphthalic 
anhydride, and 2.4,5.7-tetranitronaphthalic anhydride have been prepared by reduction with sodium and their 
e.s.r. spectra have been recorded. Analysis of the spectra has yielded proton and nitrogen hyperfine coupling 
constants which are assigned, where possible, on the basis of molecular orbital calculations performed by use of the 
Hückel—LCAO method and the approximate configuration interaction method of McLachlan. The calculated 
IT-electron spin densities agree well in most cases with experimental values. The radical-anion spectra have been 
simulated satisfactorily except in the case of the radical anion of 2.4.5-tri nitro naphthalic anhydride where linewidth 
alternation alters the intensities of the lines in the spectrum. 

POLYNITROAROMATIC compounds can act as electron 
acceptors and their radical anions can generally be 
formed by either electrolytic reduction,' photolytic 
reduction,7  or by chemical reduction with alkali 
metals,1013  sodium dithionite,14  or hydroxylarnine.15  
The e.s.r. spectra of the radical anions of polynitro-
benzenoid compounds have been extensively studied and 
shown to be dependent upon the solvent system and the 
method of preparation of the radical anion.13"5'16-19  
In many instances good agreement is found between the 
observed spectra and the spectra calculated on the basis 
of the expected interaction between the unpaired electron 
and the magnetically active nuclei in the system. How-
ever, in other cases, such as in the spectra of the dinitro-
benzene radical anions, anomalies have been found in the 
linewidths and intensities of the observed lines.202' 
These anomalies have been explained in terms of 
modulation of the hyperfine couplings either by migration 
of the cation between sites within the ion pair 23  or strong 
solvation of the radical anion.15" 

Relatively little work has been carried out on nitro-
naphthalenic systems in comparison to nitrobenzenoid 
systems. The spectra of the radical anions of 1,4-, 1,5-, 
1,8-, 2,6-, and 2,7-dinitronaphthalenes and 1 ,4,5,8-tetra- 
nitronaphthalene have been analysed 	and again 
line-broadening effects are observable in the spectra.15  
As part of a general study of the electron-acceptor 
properties of nitronaphthalenes, we have prepared the 
radical anions of 2,5-dinitronaphthalic anhydride, 4,5- 

Part I, E. Shilton and C. H. J. Wells,  J. Chem. Soc. (B). 
1970, 1613. 

2 A. H. Maid and D. H. Geske, J. Amer. Chem. Soc., 1961, 
83, 1852. 

H. Piette, P. Ludwig. and R. N. Adams, J. Amer. Chem. 
Soc., 1961, 83, 3909; 1962, 84, 4212. 

T. Melchior and A. H. Maid, J. Chem. Ploys., 1961, 34, 
471. 

1156. 
J. H. Freed and G. F. Fraenkel, J. Chem. Phys., 1962, 37, 

P. H. H. Fischer and C. A. McDowell, Mol. Ploys., 1964, 8, 
357. 

C. Lagercrantz and M. Yhiand, Ada Chem. Scand., 1962, 
16, 1799. 

R. L. Ward, J. Chem. Ploys., 1963, 38, 2588. 
W. T. Dixon and R. 0. C. Norman, Nature, 1962, 196, 891. 

10  T. L. Chiu, G. E. Pake, D. E. Paul, J. Townsend, and S. I. 
Weissman, J. Ploys. Chem., 1953, 57, 504. 

U R. L. Ward and M. P. Klein, J. Chem. Ploys., 1958, 28, 518. 
" R. L. Ward, J. Amer. Chem. Soc., 1961, 83, 1297. 

dinitronaphthalic anhydride, 2,4,5-trinitronaphthalic 
anhydride, and 2,4,5,7-tetranitronaphthalic anhydride 
and have recorded their e.s.r. spectra in order to gain 
insight on the unpaired spin densities at sites within the 
naphthalene system and to ascertain whether any 
anomalous effects are apparent in the spectra. The 
results of this work are now reported. 

RESULTS 

The e.s.r. spectra of the radical anions are shown in 
Figures 1-4. The linewidths in all the spectra were 005 Oe 
except for the spectrum of 4,5-dinitronaphthalic anhydride 
where the linewidth is 010 Oe. The spectra can be ex-
plained in terms of isotropic nuclear-electron spin coupling 
for the appropriate proton and nitrogen atoms in the 

TABLE 1 
Molecular orbital parameters used in calculations 

Atom Bond 
Substituent X X-Y 
C-NO2  N 2-2 N-O 1•67 

.0 14 C-N a 
0' C -0-4 CC 125 

C_CS 0' 2-0 C5-0' 1'6 "a" 0" 12 C=0" 1.0 
See Table 2 for values used for 

radical anions. The experimental coupling constants were 
checked by simulation of the spectra from the coupling-
constant values and the peak to peak hyperfine linewidths 
by use of a computer programme based on a Lorentzian 

13 F. Gerson and R. N. Adams, He/v. Chim. Ada, 1965, 48, 
1539, 

14  P. L. Kolker and W. A. Waters, J. Chem. Soc., 1964, 1136. 
15  C. J. W. Gutch, W. A. Waters, and M. C. R. Symons, J. 

Chem. Soc. (B), 1970, 1261. 
16 M. J. Blandamer, T. E. Cough, J. M. Gross, and M. C. R. 

Symons, J. Chem. Soc., 1964, 536. 
17  J M. Gross and M. C. R. Symons, Mol. Ploys., 1965, 9. 287. 
18 M. J. Blandamer, J. M. Gross, and M. C. R. Symons, Nature, 

1965, 205, 591. 
10  J M. Gross and M. C. R. Symons, Trans. Faraday Soc., 

1967, 63, 2117. 
'° J. H. Freed, P. H. Rieger, and G. K. Fraenkel, J. Chem. 
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21 R. L. Ward, J. Chem. Ploys., 1962, 36. 1405. 
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line-shape function. The simulated spectra are also shown 
in Figures 1-4. 

The values used in the molecular orbital calculations for 
the parameters h and h_,, in the Coulomb integral 

= a + hf3 and the resonance integral f3 = 	re- 
spectively are given in Table 1. The values for the C—NO2  
group are those of Rieger and Fraenkel 25  with the resonance 
integral parameter 	modified (see Table 2) to take into 
Account steric interaction between the peri nitro-groups in 
the 	radical anions of 4, 5-dinitronaphthalic anhydride, 
2,4,5-trinitronaphthalic anhydride, and 2,4,5,7-tetranitro-
naphthalic anhydride and between the anhydride group and 
the ortho nitro-group or -groups in the radical anions of 
2, 5-dinitronaphthalic anhydride, 2,4, 5-trinitronaphthalic 
anhydride, and 2,4,5, 7-tetranitronaphthalic anhydride. 
The parameters for the anhydride group are those of Sioda 
and Koski 26  with the exception of h_.. which was given a 
value of 1-25 instead of 10. 

- 
Oe 

involves introducing a perturbation into the Hückel spin 
densities such that 

Pi = cl ij - 
where C1 is the coefficient of the ith atom in the 5th 
molecular orbital containing the unpaired electron, Cj is 

FIGURE 2 The e.s.r. spectrum of the radical anion of 4,5-di-
nitronaphthalic anhydride at —40 °C; A, experimentally 
observed; B, simulated 

the coefficient of the sth atom in the same orbital, 7ri, is the 
atom—atom polarisability, and ) is an empirical constant 

TABLE 2 

Values of 	used in calculations 
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Fir-uRE 1 The e.s.r. spectrum of the radical anion of 2,5-di- 
nitronaphthalic anhydride at —40 °C; A, experimentally 	 Radical anion 
observed; B, simulated 	 2.5-Dinitronaphthalic anhydride 

The results of Huckel LCAO calculations for the unpaired 
spin densities in the systems studied are given in Table 3. 
The unpaired spin densities, p, were also calculated accord-
ing to McLachlan's method 27  whereby configuration inter-
action is introduced into the simple Huckel theory. This 

2-1 P. H. Reiger and G. K. Fraenkel, J. Chem. .Phys., 1963, 39, 
609. 

Position of 
nitro-group 	ho_N 

2- 	13 
5- 	1•2 
4,5- 	14 
2- 	13 
4,5- 	14 
2,7- 	l•3 
4,6- 
	 l4 

26 R. E. Sioda and W. S. Koski, J. Amer. Chem. Soc., 1967, 89, 
475. 

31  A. D. McLachlan, Mol. Phys., 1960, 3, 233. 

4.5-Dinitronaphthalic anhydride 
2,4,5-Trinitronaplithalic anhydride 

2,4,5,7-Tetranitronaphthalic anhydride 



-225 

g -1.50 

C 
0 

which normally takes the value 1•2E. The unpaired spin 
densities calculated by the McLachlan procedure are given 
in Table 3. The experimental spin densities (Tabl3) were 
derived from the McConnell equatici ' using a value of 
-23-7 Oe for the a -n interaction parameter Q11  

The calculated nitrogen coupling cristants, a, given in 

J. Chem. Soc. (B), 1971 

mental densities are in reasonable agreement (Table 3). 
This is illustrated in Figure 5 where the calculated spin 
densities obtained by the McLachlanmethod are plotted 

A 
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Al 

2 Ge 

Fiouxz 3 The e.s.r. spectrum of the ra.icai anion of 2.4,5-tn-
nitronaphthalic anhydride at —40 ; A, experimentally 
observed; B, simulated 

column 7 of Table 3, were obtained from Huckel spin 
densities by use of expression (1)," while the values given 

aN = ±l79pN' -t-  1492Po 	806po' 	(1) 

in column 8 were obtained from McLachlan spin densities 
by use of expression (2),25  where p', s.-, and P0  are the spin 

= 	 71-'5c0' 	 (2) 

densities at the nitrogen nucleus and at the neighbouring 
carbon and oxygen nuclei respectivein. 

DISCUSSION 

Except for the results for 2,4.5-trinitronaphthalic 
anhydride, the values for the caLmlated and experi-. 

' H. M. McConnell, J. Ciem. P)ys., 156, 24, 632. 

FIGURE 4 The e.s.r. spectrum of the radical anion of 2,4,5.7- 
tetnanitronaplithaiic anhydride at —40 °C; A, experimentally 
observed; B, simulated 

- 000 &02 001. 0-06 0-08 010 
Calculated spin density 

FiGuax 5 Proton correlation plot: 0 2.5.dinitronaphthalic 
anhydride. x 4,5-dinitronaphthalic anhydride, and S 
2,4,5,7.tetnanitronaphthalic anhydride 
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against the experimentally observed proton coupling 
constants, the signs of which have been chosen to agree 
with the calculated signs of p and the negative sign of 
Q. The straight line in the Figure represents absolute 
correlation and corresponds to Q = —237 Oe. 

The spectrum of the radical anion of 2,5-dinitro--
naphthalic anhydride can be analysed in terms of 
nuclear—electron spin interaction involving two In-
dividual protons, two equivalent protons, and two  

spectrum of this radical anion is the absence of nitrogen 
hyperfine interaction, even although the calculations 
using McLachlan spin densities predict a value of 0-4 Oe 
for the nitrogen coupling constant. The lack of nitrogen 
coupling with the beri nitrogen nuclei in 4,5-dinitro-
naphthalic anhydride is -to be contrasted with the 
coupling constants of 7-5 and 0-25 Oe found for peri 
nitrogen interaction in the sodium—i,S-dinitronaphtha-
lene and sodium—i ,4,5,8-tetranitronaphthalene ion-pairs 
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TABLE 3 
Calculated and experimental parameters for thtronaphthaLic anhydride radical anions 

Spin densities 	 Proton 	Nitrogen coupling constants (0e) 
coupling 

Radical anion Position 	Huckel 	McLachlan 	Expt. 	constants (Oe) 	Hückel 	McLacian 	Expta 

	

(I) 	0(a) 	0-0547 	0-0580 	- 	- 	- 	- 	- 
N(a) 	0-0388 	0-0353 	- 	- 	0-64 	0-66 	0-59 
0(b) 	00650 	0-0673 	- 	- 	- 	- 	- 
N(b) 	0-0462 	0-0418 	- 	- 	0-74 	0-68 	0-59 
3 	0-0003 	0-0326 	0-0272 	0-64 	- 	- 	- 
4 	0-0709 	0-0960 	0-1005 	238 	- 	- 	- 
6 	0-0829 	0-0938 	0-0841 	99 	- 	- 	- 
7 	0-0714 	0-0756 	0-0841 	- 	- 	- 	- 

	

(II) 	0(a) 	0-0552 	0-0571 	- 	- 	- 	- 	- 
N(a) 	0-0410 	0-0373 	- 	- 	0-29 	0-40 	- 
2 	0-0707 	0-0788 	0-0785 	1-86 	- 	- 	- 
3 	0-0644 	0-0649 	0-0650 	1-54 	- 	- 	- 

	

(III) 	0(a) 	0-0474 	0-0486 	- 	- 	- 	- 	- 
N(a) 	0-0320 	0-0282 	- 	- 	0-79 	0-69 	0-73 

0-0394 	0-0404 	- 	- 	- 	- 	- 
N(b) 	0-0266 	0-0227 	- 	- 	0-58 	0-65 	0-73 

0-0360 	0-0358 	- 	- 	- 	- 	- 
N(c) 	0-0243 	0-0207 	- 	- 	0-50 	0-51 	0-46 
3 	0-1017 	0-1012 	0-0613 	1-45 	- 	- 	- 
6 	0-0678 	0-0768 	0-0105 	0-25 	- 	- 	- 
7 	0-0643 	0-0689 	0-0105 	0-25 	- 	- 	- 

	

(IV) 	0(a) 	0-0340 	0-0309 	- 	- 	- 	- 	- 
N(a) 	0-0237 	0-0206 	- 	- 	0-46 	0-18 	0-35 0.650 
0(b) 	0-0287 	0-0262 	- 	- 	- 	- 
N(b) 	0-0199 	0-0164 	- 	- 	0-35 	0-25 	0-35, 0-65 
3 	0-0282 	0-0253 	0-0253 	0-60 	- 	- 

Calculated from equation (1). 6  Calculated from equation (2). 	Cannot be unambiguously assigned. 

	

Ok..-0 0 	OOO 	O,0O 

I a 	L1 
	MN02

a 	all a 
NO2 	i 'r2 	 02N 	'( N 02 

6 l. 	.___ 	 3 	6 	3 	 3 
NO2 4 	 NO2 NO2 	NOz NOz 	 NO2 NO2 (fl 
b 	 a 	 C 	b 	 b 

equivalent nitrogen nuclei. The assignment of the two 
equivalent protons given in Table 3 must be regarded as 
tentative since the differences between the various 
calculated spin densities is not great enough to exclude 
any ambiguity. The assignment of the proton site of 
lowest spin density is fairly certain however. It is 
interesting that the nitrogen couplings in this radical 
anion are coincidently equivalent. This may reflect the 
ortho,panz influence of the anhydride group tending to 
equalise the electron densities at these nuclei. 

The agreement between the McLachlan and experi-
mental spin densities for the 4,5-dinitronaphthaiic 
anhydride radical anion is remarkably good and allows 
the proton coupling constants to be assigned with some 
degree of certainty. The noteworthy feature of the  

respectively.13  Since these results relate to the same 
solvent, viz. 1,2-dimethoxyethane, it is unlikely that 
these marked differences in couplings arise from differ-
ences in solvent-anion interactions. The absence of 
hyperfine coupling to nitrogen in 4,5-dinitronaphthalic 
anhydride still awaits an explanation. 

The spectrum of the radical anion of 2,4,5-trinitro-
naphthalic anhydride can be explained as arising from 
interactions involving one individual proton, two 
equivalent protons, one individual nitrogen, and two 
equivalent nitrogen nuclei. Comparison of the experi-
mental spectrum with the spectrum simulated on the 
basis of these interactions and the observed coupling 
constants reveals that although the line positions and 
the overall width of the spectra compare favourably, the 
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intensities of the lines differ considerably. This differ-
ence is probably due to line broadening brought about 
by cation migration between sites in the ion pair. 
Whether the cation would migrate between the meta 
nitro-groups or the Peri nitro-groups or between all three 
sites is still an open question. Line broadening brought 
about cation migration between sites in an ion pair has 
been observed in the spectra of the radical anions of 
a- and mdinitrobenzenes.m Whereas cation hyperfine 
splitting was observed in the spectra of the dinitro-
benzene radical anions it was not observed in any of the 
spectra at present under discussion. Thus it is con-
ceivable that line broadening in the spectrum of the 
radical anion of 2,4,5-trinitronaphthalic anhydride could 
arise - from an intermolecular effect involving cation 
exchange. 

The Huckel and McLachlan calculations for the 2,4,5-
trinitronaphthalic anhydride indicate that the magnetic-
ally equivalent protons in this system are those ortho in 
the ring. Here, as in other systems where line-broaden-
ing effects are operative,25  the agreement between 
calculated and experimental n-electron spin densities is 
poor. Comparison of the experimental nitrogen coupling 
constants with the values derived from the Huckel and 
McLachlan spin densities suggests the assignment given 
in column 9 of Table 3. 

The spectrum of the radical anion of 2,4,5,7-tetra-
nitronaphthalic anhydride does not exhibit line broaden-
ing and here the agreement between the calculated and 
experimental spin densities is excellent. The spectrum 
in this case arises from interactions involving two 
equivalent protons and two pairs of equivalent nitrogen 
nuclei. The experimental nitrogen coupling constants 
cannot be assigned to specific nuclei since there are large 
discrepancies between the calculated and experimental 
nitrogen coupling constants. Such discrepancies have 
been found for other nitroaromatic radical anions. 

The extent of nitrogen hyperfine interaction in the 
radical anions which have nitro-groups in the pen 
positions varies in an interesting manner. For the 
dinitro-species the nitrogen coupling is apparently zero, 
for the trini-tro-species the coupling is finite but the line 

29 B. C. Webb, C. H. J. Wells, and J. A. Wilson, to be pub-
lished. 

3° F. Bell, J. Chem. Soc., 1952, 1952.  

broadening associated with the nitrogen nuclei is 
apparent, and for the tetranitro-species the coupling is 
finite but no line-broadening effects are observed. It 
would thus appear that if nitrogen interaction and line 
broadening are related to cation migration then there is a 
wide range of migration rate in the di-, tn-, .and tetra-
nitro-series of naphthalic anhydrides. 

EXPERIMENTAL 

The nitronaphthalic anhydrides studied were prepared 
either by literature methods or in the case of new com-
pounds by methods developed in the course of the work.2  
The compounds prepared by literature methods were 
purified until the m.p. was equal to or higher than the 
reported value: 2, 5-dinitronaphthalic anhydnide,29  m.p. 
232-235°; 4,5-dmitronaphthalic anhydride,30  m.p. 322° 
(lit., 322°); 2,4,5-trinitronaphthalic anhydride,29 m.p. 
244-245° (decomp.); and 2,4,5,7-tetranitronaphthalic 
anhydride,29  m.p. 292-295° (decomp.). 

The solvent, 1,2-dimethoxyethane, was dried over 
sodium, trap-to-trap distilled from alumina and sodium 
hydroxide pellets onto sodium and anthracene, and 
thoroughly degassed. 

The radical anions were prepared as follows: the nitro-
naphthalic anhydride (Ca. 2 mg) was placed in a quartz 
tube (4 mm o. diam.) which formed an outer limb of a 
three-limbed vessel. Sodium metal (ca. 05 g) was placed 
in the other outer limb and the vessel was evacuated. A 
sodium mirror was formed by gently heating the sodium 
and the end of the limb was sealed off to isolate any im-
purities. Dimethoxyethane (Ca. 0'3 cm3) was distilled into 
the central limb and degassed several times and the vessel 
was then sealed and removed from the vacuum line. The 
solvent was shaken with the sodium mirror and carefully 
poured onto the nitro-compound. As soon as colouration, 
indicative of radical anion formation, became apparent the 
limb was immediately immersed in liquid nitrogen and 
stored until the e.s.r. spectrum was recorded. The spectra 
was recorded at —40 °C on either a Varian E-4 or E-9 
spectrometer. The spectral coupling constants were read 
directly from the calibrated charts. 

We thank Drs. A. J. Bowles and A. Hudson of the 
University of Sussex and Dr. K. D. J. Root and Mr. J. 
Paxton of Varian Associates Ltd. for providing instrumental 
facilities for this work. 
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Dr CHJ Wells 	Molecular complexes 
in reaction mechanisms 

In a previous article in Education in Chemistry' 
the nature of molecular complexes between 
electron-donor and electron-acceptor species was 
discussed and some of the methods used to 
detect such complexes in chemical systems were 
considered. Molecular complexes are thought to 
play an important role in a wide variety of 
reactions, and some of these are considered. 

In most systems where reaction occurs between 
electron-donor and electron-acceptor species it is still 
an open question as to whether the complexes are 
formed in independent side reactions or whether they 
are essential intermediates in the reaction. Neverthe-
less, there is evidence to suggest that in certain 
reactions molecular complexes do play a direct role in 
the reaction sequence. These include important pro-
cesses such as electrophilic aromatic substitution 
(Friedel-Crafts reaction, aromatic halogenation), 
nucleophilic aromatic substitution and Diels-Alder 
reactions. Here, examples have been restricted to the 
reactions of amines, polymerizations and photo-
chemical reactions. For a more extensive discussion 
of the role of molecular complexes in reaction mechan-
isms, the reader is referred to three excellent reviews. 4  

Reactions of amines 
Many aliphatic and aromatic amines can act as electron 
donors and react with compounds which are electron 
acceptors. These reactions are often accompanied 
by striking colour changes, ranging through violet, 
blue, green, yellow, orange and red. For example, 
mixing chloroform solutions of N,N-dimethylaniline 
and tetracyanoethylene gives, instantaneously, a blue 
colour which rapidly changes to pink and then to red.5  
Scheme 1 shows the postulated mechanism for this 
reaction. The initial step is the formation of a mole-
cular complex (blue coloration) in which the com-
ponents are bound by van der Waals' interaction 
between the 1T-orbitals of the donor and acceptor. 
This then converts to a covalently bonded complex 
from which the reaction proceeds. 

Similar mechanisms have been suggested for the 
reactions of aniline and its N-methyl derivatives with 
chloranil and tetracyanoethylene.' 	The reaction 
between 1,3,5-trianiinobenzene and chloranil is also 

-similar: here it has been claimed8  that there is direct 
evidence for the conversion of the molecular complex 
to the covalently bonded complex. The reaction of 
N,N-dimethylaniline with iodine9  is thought to proceed 
via a mechanism in which the initially formed molecular 
complex is converted to a covalently bonded complex 
by a sequence of reactions (Scheme 2). 

In the reaction of triethylamine with chloranil, it has 
been suggested2  that the step subsequent to molecular 
complex formation involves electron transfer from  

donor to acceptor component to give two radical 
ions. These then react to give tetrachlorohydro-
quinone, and finally N,N-diethylaminovinyl-trichloro-p-
benzoqüinone and hydrochloric acid (Scheme 3). 

Another reaction that may be classified as an amine-
electron acceptor reaction is that of 1-ethyl-4-carbo-
methoxypyridinyl with p-nitrobenzylchloride. The rate 
of this reaction is extremely sensitive to the polarity of 
the solvent and it has been deduced from this that one 
step in the mechanism involves transfer of an electron, 
within a molecular complex, from the pyridinyl radical 
top-nitrobenzylchloride. Since such a step will involve 
the formation of a highly polar species, the ease of 
formation of this species, and hence the reaction rate, 
will be markedly dependent upon the solvent system. 

Polymerization 	 - 
The polymerization of certain vinyl compounds can be 
initiated by the addition of compounds which possess 
electron acceptor properties. In view of this, and the 
fact that the 17-electron system of the vinyl group will 
be an electron donor site, it seems likely that these 
polymerizations are initiated as a result of complex 
formation. It is proposed that the molecular complex 
is an intermediary in the production of the monomer 
radical cation which-initiates the chain process.'° 

The polymerization of vinyl ethers in the presence of 
the tropylium ion, C7H, is an example of this type of 
initiation.10  The tropylium ion is a powerful electron 
acceptor and it is reasonable to expect that the forma-
tion of a complex between the vinyl ether and tropylium 
ion will lead to the donation of an electron to the ion 
and the consequent formation of a radical cation and 
tropylium radical. 

C711 SbCI ± CH2=CHOR 	[Molecular complex] 

+ 
C7H + CH1-CH =OR 

The polymerization of N-vinyl carbazole is also 
initiated by electron acceptor compounds. Features 
of this polymerization are that it can be initiated by a 
variety of electron acceptors of widely different electron 
affinity (acrylonitrile, chloranil, 1,3,5-trinitrobenzene, 
tetracyanoethylene etc.), and that initiation by acrylo-
nitrile and methyl methacrylate results in almost pure 
homopolymer, even though these compounds readily 
copolymerize with N-vinyl carbazole in the presence 
of a free radical initiator. The latter observation is 
further indirect evidence that the polymerization results 
from complex formation. 	 - 

The kinetics of the copolymerization of 1,2-dimethoxy-
ethylene and ofp-dioxane with maleic anhydride suggest 
that molecular complexes take part.2  In these systems, 
it is thought that the molecular complexes participate 

16 
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in both the initiation and propagation steps. The 
possible participation of molecular complexes in the 
copolymerization reactions between 2,4,6-trinitro-
styrene and vinylpyridines has also been considered.12  

Photochemical reactions 
Molecular complexes often exhibit intense absorption 
bands in the ultraviolet-visible region of the spectrum, 
and, frequently, these bands occur over a wavelength 
range where neither of the individual donor and acceptor 
components absorb. This feature is particularly useful 
in ascertaining whether or not a photochemical re-
action proceeds via a molecular complex since, by 
appropriate choice of the incident radiation, the mole-
cular complex can be selectively promoted to an 
excited state while the uncomplexed reactant molecules 
remain in the non-activated ground state. If, under 
these conditions, the products of the reaction are the 
same as those formed when the uncomplexed reactants 
are excited, or if the reactants do not give products 
when excited, it may be assumed that the reaction 
depends on the formation of the complex. 

One photochemical reaction in which a molecular 
complex appears to play an important part is that 
between benzene and maleic anhydride. These corn- 

pounds form a molecular complex which absorbs at 
longer wavelengths than either benzene or maleic 
anhydride, and when the system is irradiated with 
radiation (A = 280-325.nrn) which is only absorbed by 
the complex, the adduct A (Scheme 4) is formed.13  
Irradiation of the system under experimental conditions 
where only 3 per cent of the maleic anhydride was 
present as the complexed form gave no detectable 
amount of adduct A. A possible mechanism for the 
reaction is given in Scheme 4. 

The absorption of radiation by the benzene-maleic 
anhydride complex causes the transition of an electron 
from a molecular orbital of the donor species to a 
higher energy molecular orbital of the acceptor species: 
this leads to the formation of a photoexcited complex 
which is a radical ion pair. Conversion of the radical 
ion pair to a diradical intermediate could then give the 
1: 1 benzene-maleic anhydride adduct, and subsequent 
1,4-addition of a second molecule of maleic anhydride 
would give the adduct A. In principle, energy transfer 
from the photoexcited complex to uncomplexed benzene 
or maleic anhydride followed by reaction of the energeti-
cally excited benzene or maleic anhydride is also 
possible, but this is less likely to lead to A than the 
proposed mechanism. 

17 
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The products of photochemical reactions involving 
molecular complexes will depend on the mode of 
reaction of the components within the complex. In the 
last example, the components reacted to form a di-
radical and the products of the reaction were readily 
explained in terms of subsequent reaction of this 
intermediate. In the reaction of hexamethylbenzene 
with maleic anhydride, the nature of the products 
indicates that the components of the complex do not 
form a radical but are involved in a proton-transfer 
reaction instead (Scheme 5).14 

Photoexcited molecular complexes may be formed 
either by direct absorption of radiation by a molecular 
complex consisting of ground-state molecules, or by 
combination of a photoexcited molecule with a ground-
state molecule. An example of the latter is the complex 
formed between photoexcited anthracene and ground-
state triethylamine. This energetically excited complex 
is thought to be an intermediate in the reduction of the 
anthracene moiety.15  

A photoexcited molecule which combines with a 
ground-state molecule to give the activated molecular 
complex may be in either an excited singlet state (S) 
or a triplet state (T). For example, the photoreaction 
of anthracene with triethylamine involves an excited 
singlet state of anthracene,15  while, in the photo- 

18 

reduction of aromatic ketones by tertiary amines, it is 
a triplet state of the ketone which is involved in the 
complex-forming step (Scheme 6)6 Conversion of the 
photoexcited complex to a radical ion pair complex 
appears to be a necessary step in the mechanism 
leading to the products (Scheme 6). Both these types 
of intermediate complex have been postulated in the 
photochemical reactions of ketones with phosphites,'7  
phosphines17  and sulphides.18  

Scheme 7 

P±G 	
1 	

PG 
2 

P -i-hv1 	 P-i-G±hv2 

v,=fluorescence frequency of P 
v2=fluorescence frequency of PG 
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Photoexcited 	molecules 	may return to the ground 3 L. J. Andrews and R. M. 

state by emission of radiation: if the ground and excited Keefer, Molecular complexes 

states are both singlet states then the emitted radiation 
in organic chemistry, 146. 

is termed fluorescence. 	The formation of a molecular 
San Francisco: Holden-
Day, 1964. 

complex between a photoexcited molecule, P, capable 4 R. Foster, Organic charge- 
of fluorescing, and a ground-state molecule, G, can transfer complexes, 303. 

result in quenching of the fluorescence of p*,19 	This London: Academic, 1969.
Z. 

arises because the system can return to the ground 
Rappoport, J. chern. Soc.,, 

1963 4498. 
state by an alternative pathway—through emission of 6 Z. Rappoport and A. 
radiation by the complex PG 	(Scheme 7). 	The pro- Horowitz. J. chem. Soc., 

portion of P 	fluorescence to PG*  fluorescence in the 1964, 1348. 

total emitted radiation is dependent upon the relative 
7 J. W. Eastman, G. 

Engeisma and M. Calvin, 
rates of the processes 1, 2, 3 and 4. J. Am. chem. Soc., 1962, 

84, 1339. 
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interests are in photochemistry, spectroscopy and charge- 
Nagalcura, J. phys. Chem., 

transfer complexes. 	He is co-author of Introduction to 9 
1969, 73, 2670. 
B. Z. Senkowski and G. S. 

molecular 	spectroscopy: 	theory 	and 	experiment parson, J. org. Chem., 
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A MEISENHEIMER COMPLEX OF 3,5,6,8.TETRANITROACENAPHTHENE 

C.H.J. Wells and J.A. Wilson 	 - 

School of Chemical Science and Technology, Kingston 

Polytechnic, Kingston upon Thames, Surrey. 

(Received in UK 14 October 1971; 	accepted for publication 21 October 1971) 

Meisenheimer complexes are formed by nucleophilic attack at electron - 

deficient sites in aromatic molecules and are of importance in regard to their 

role as intermediates in nucleophilic aromatic substitution reactions (1). The 

reactions of nucleophiles with polynitroaromatic compounds have been extensively 

studied and the results reviewed in detail (2,3). Although many 1-substituted 

polynitrobenzenoid compounds react with nucleophiles to give the expected 

Meisenheimer complexes a - trinitrotoluene is an exception and the reactions of 

this compound with base are more complicated due to the possibility of proton 

abstraction from the methyl group (4). 3,5,6,8-tetranitroacenaphthene bears a 

structural resemblance to a - trinitrotoluene in that it contains nitro substitu-

ents symmetrically disposed ortho and Para to an aliphatic group. However, 

unlike a - trinitrotoluene, 3,5,6,8-.tetranitroacenaphthene yields an isolatable 

Meisenheimer complex on reaction with methoxide ion. 

Treatment of 3,5,6,8-tetranitroacenaphthene in dry- dichloromethane, under a 

blanket of nitrogen, with sodium methoxide resulted in a bright red solution. 

Cooling to 00  caused the precipitation of a brown solid which was filtered off 

under nitrogen and identified as the Meisenheimer complex, I, shown below. 

(Found: C, 37.5 	H, 2.4; N, 13.1; Na, 10.6. C14H12N4O10Na2  requires C, 38.0; 

2Na 

CH3O'CH  

(I) 

4521 
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4522 	
No. 47 

H, 	2.7; 	N, 12.7; 	Na, 10.4%); 	n.m.r. spectrum in (CD 3)2S0: singlet (2H) 13.80, 

singlet (4H) 15.82, and a singlet (6H) 16.79. 

The uDfjeld shift of the aromatic resonancérepresenfing iwo protons from 

10.80 in 3,5,6,8-tetranitroacenaphthene to t3.80 in the complex indicates that 

the ring protons are bonded to the carbon atoms at which attack of the anion 

takes place (2). The resonance at 15.82 corresponds to four protons and arises 

from the methylene bridge protons in the complex. The integrated intensity of 

this resonance and the small shift from the resonance position (15.83) in 

35,6,8-tetranjtroacenaphthene provides evidence that the attack of the methoxy 

ion occurs by substitution in the ring system and not by proton abstraction from 

the methylene bridge. The sharp resonance at 16.79 representing six protons 

indicates that the methoxyl groups are equivalent and are in an environment which 

corresponds more closely to an aliphatic ether than to an aromatic ether. 

An interesting feature of the Meisenheimer complex, I, is that it is stabili-

sed by two nitro groups per negative charge whereas normally for complexes to be 

isolatable three nitro groups per negative charge are required. This is especi-

ally significant since steric interaction between the nitro groups at the 5- and 

6- positions forces them out of the plane of the ring and diminishes the Lewis 

acid effect of these groups. 

Structure I will be of high energy and the expected instability of complexes 

with this type of structure is borne out by the fact that the complex isolated 

from the reaction of ethoxj.de  ion with 3,5,6,8-tetranitroacenaphthene detonated 

on touch. 
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Drs WO George 
and CHJ Wells 	Visible absorption spectrum 

of iodine vapour 

Today, an introduction to spectroscopy forms 
part of many A-level syllabi and there is a growing 
need for experiments in this field which are 
suitable for sixth-forms. A recent article in 
Education in Chemistry (1971, 8, 178) described 
the use of a relatively low-cost commercial 
spectrometer in experiments relating the colour 
and absorption spectra of first-row d-block 
elements. This article describes how the visible 
absorption spectrum of iodine vapour, obtained 
with the same spectrometer, can be used to 
demonstrate fundamental spectroscopic principles. 
Quantitative information on the iodine molecule 
can be obtained from the spectrum. 

Spectroscopy is a subject which has attracted much 
attention in recent years because of the importance of 
the information it provides on the microscopic structure 
of matter and because of its applications in problems of 
analysis. It is concerned with the interaction of radiation 
with matter, and the different branches of the subject 
deal with interactions involving radiation from the 
different regions of the electromagnetic spectrum. 
Visible radiation constitutes only a small part of the 
entire spectrum but it was from Newton's observation 
that visible radiation could be dispersed into its com-
ponent colours that the subject of spectroscopy 
originated. Newton's experiment can be demonstrated 
with the apparatus in Fig. la. In this arrangement, the 
component colours are shown up by projection on to a 
screen. 

The selective absorption of the components of visible 
radiation is the basis of the phenomenon of colour. 
Iodine vapour owes its characteristic red—violet tint to 
the fact that it mainly absorbs the radiation correspond-
ing to the orange, yellow and green parts of the spec-
trum, leaving the transmitted radiation relatively richer in 
violet, blue and red light. Thus, if a sample of iodine 
vapour is placed between the source and screen 
(Fig. ib) an absorption band will be observed over the 
orange to green regions on the screen. 

Another arrangement for obtaining the absorption 
spectrum is to have a slit device and photoelectric 
detector placed after a rotatable prism. As the prism is 
rotated, radiation ofa narrow wavelength range passes 
through the slit and on to the photoelectric detector. 
The signal from the detector may then be amplified and 
fed to a galvanometer or pen recorder. When there is no 
sample between the source and detector the intensity 
of radiation of different wavelengths reaching the 
detector is proportional to the intensity of the source at 
these wavelengths and the emission spectrum of the 
source is recorded (Fig. 2a). But if a sample of iodine 
vapour is inserted, a band of radiation is absorbed and 
within this band the intensity of radiation reaching the  

detector is reduced. This results in a trough in the 
emission spectrum of the source (Fig. 2b). The trough 
represents the visible absorption spectrum of iodine 
vapour. With suitable instrumental operating conditions 
the iodine absorption band shown schematically in 
Fig. 2b is found to have detailed fine structure (Fig. 3). 

Explanation 
In order to explain the visible absorption band of iodine 
and its detailed fine structure, the electronic and 
vibrational energy states of molecules must be con-
sidered. The uptake of energy by the iodine molecule on 
absorption of visible radiation causes an electron to be 
promoted from a lower energy to a higher energy orbital 
with the resultant formation of, an excited state of the 
molecule. Molecules in the initial state—before elec-
tronic excitation—are said to be in the ground state. 
Iodine molecules, like other molecules, are con-
tinuously vibrating and the potential energies of the 
ground state and excited state molecules change with 
the internuclear separation of the iodine atoms. Since 
the binding forces in the molecule, as represented by 
the electronic structure, are different for the two states, 
the change in potential energy with internuclear separa-
tion will also differ for the two states. This is repre-
sented in Fig. 4 where the upper curve representing the 
state of higher energy, the excited state, is displaced to 
larger internuclear separations relative to the lower 
curve. 

The energy of a molecule is made up of four types—
translational, electronic, vibrational and rotational. For 
spectroscopy in the visible region, only the electronic 
and vibrational energies are significant. The electronic 

Fig. 1. Apparatus and diagrammatic Spectra for (a) dispersion of 
visible light; (b) absorption by iodine vapour. 
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energy of a molecule in either the ground or an excited 
state is the sum of the energies of the electrons in the 
different orbitals in these states. The vibrational energy 
of a molecule arises from the vibrations of atoms and, 
for any state, it is confined to specific values, i.e. it is 
quantized. The quantized vibrational energy levels of 
the iodine molecule in the ground and excited states are 
represented schematically by the horizontal lines on the 
potential energy curves of Fig. 4.  The energy of each 
level is a function of an integer v which is called the 
vibrational quantum number. 

Absorption of radiation of appropriate energy results 
in the formation of an excited state in which any of the 
vibrational levels (V = 0, 1, 2, . . .) may be populated, i.e. 
there are a large number of possible transitions, v = 0 
tov'=0,v=Otov'=1,v=Otov'2e1c. Some of 
these are shown by the vertical arrowed lines in Fig. 4. 
The different transitions require the absorption of 
radiation of different wavelength and, in certain cases, 
each transition may be observed as an absorption band 
in the spectrum of the molecule. For the apparatus 
described, the transitions will be observed as troughs 
in the emission spectrum of the source (Fig. 3). 

Quantitative theory 
The energy required for individual transitions is the 
difference between the energy, E, 	, of the lower 
vibrational level and the energy, E 0,1 ,2 _., of the 
upper vibrational level. Thus, the difference in energy 
between transitions from the ground state level v = 0 
to the excited state levels v' and v' = n is the difference 
between the energy, E of the excited state level v' and 
the energy, 	of the excited state level v' + n. If each 
trough in the emission spectrum of the source repre-
sents an individual transition, the difference in energy 
between transitions from the ground state to the v' and 

± n levels of the excited state can be obtained, in 
principle, directly from the spectrum by measuring the 
difference in energy between the corresponding 
troughs. 

The minimum of each trough occurs at a specific 
wavelength, A, and the corresponding energy, in units of 
cm-1, is related to the wavelength of the absorbed 
radiation by the expression 

(1) 

Table 1. Wavenumber values of transitions in the iodine 
absorption spectrum. 

Transition 
Wavenumbert 

(cm') Transition 
Wavenumber; 

(cm) 
a 

(cm-1) 

0-i. 21 18011 0— 31 18 775 765 
22 18116 32 18832 716 
23 18172 33 18892 720 
24 18271 34 18953 682 
25 18362 . 	35 19015 653 
26 18430 36 19066 536 
27 18498 37 19127 629 
28 18577 38 19172 595 
29 18649 39 19231 582 
30 18712 40 19275 563 

t Comparison with literature valuesl shows that these values are 
within + 50 cm -1 	of 	true 	values. Comparison with literature 
values4  shows that these values are within —40 cm-' of true values. 

The energy, E, of a vibrational level in the excited 
state is given, to a first approximation, by 

E' = a(v' + +)—ab(v' + +) 	 (2) 

where v' is the quantum number of the vibrational level, a 
is 	Constant with units of cm' and b is a dimensionless 
constant. 

The difference in energy, AE,, between vibrational 
levels of energy E and E .,, is equal to 	, (the energy 
difference between the corresponding troughs) and 
is given by 

= Avn  =Ev—E 	 (3) 

Substituting the appropriate expressions for E + and 
E from equation 2 into equation 3 gives 

= n (a—(n + 1)ab) - 2nabv' 	 (4) 

Equation 4 suggests that if measured values of LV, are 
plotted against v' a straight line will be obtained of slope 
—2nab and with an intercept of n(a—(n + 1)ab). Thus, 
values of a and b can be obtained from the plot and used 
to determine the dissociation energy of the iodine mole-
cule in the excited state (see below). 

If the wavelength of each trough can be measured 
accurately (±0.02 per cent) it is feasible to measure 
differences between adjacent troughs (i). If, however, 
the wavelength can only be measured with moderate 

Fig. 2. (Left) (a) Emission spectrum of the source. (b) Absorption 
spectrum of iodine vapour. 

where is the wavenumber of the radiation—the number 	Fig. 3. (Below) Assignment of fine structure in the absorption 
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Fig. 4. Variation of potential energy with internuclear separation for 
the ground and excited states of a diatomic molecule such as iodine 
vapour. Vibrational energy levels are represented by horizontal 
lines. 

accuracy (±0.2 per cent), a more accurate value is 
obtained if the differences are measured between 
troughs separated by, say, 10 intervals (io). In the 
latter case, the appropriate equation, corresponding to 
equation 4, is 

Lv0 = (10a-110ab)-20abv' 	 (5) 

The separation of adjacent vibrational levels in the 
excited state decreases as v' increases and becomes 
zero when v' = m (see Fig. 4). From equation 4, the 
energy difference between the V = m and v' = rn—i 
levels is 

= 0 = (a-2ab)-2ab (rn-I) 	 (6) 

Thus 
rn = 1/21; 	 (7) 

The dissociation energy, D, of the iodine molecule in 
the excited state is the difference between the energy of 
the lowest vibrational level (v' = 0) in the excited state 
and that of the vibrational level (V = m) in which the 
internuclear separation of the iodine atoms goes to 
infinity. Thus 

= [a(m ± +)-ab(rn + 4)2]_Ea&)_ab()xJ 

= am—abm—abmZ 	 (8) 

800 	',o(cm— ) 

60 

Vibrational quantum number V 
22 	, 	24 	 26 	 218 	 3 

Fig. 5. Energy separation between the vibrational levels V and v'+l 

as a function of V. Constants a and b are obtained from this plot. 

Substituting the value for m given by equation 7 into 
equation 8 gives 

D= 
(_ 

2)  

Thus once the values of a and bare known, the dissocia-
tion energy, D, can be calculated. It is also possible tc 
derive the force constant of the I-I bond in the excitec 
state, the convergence limit, the dissociation energy of 
the iodine molecule in the ground state, and the theore-
tical potential energy curve for the excited state mole-
cule (see ref. 1). 

Results 
The visible absorption spectrum of iodine vapour 
obtained on an MLI Vuespec spectrometer2  is shown in 
Fig. 3. The spectrum consists of three overlapping band 
systems,' at the longer wavelengths the spectrum 
results from overlapping transitions originating from the 
v = 1 and v = 2 levels of the ground state, while at the 
shorter wavelengths it results from transitions originat-
ing from the v = 0 level. 

The transitions from v = 0 to V = 21 and higher levels 
are marked on Fig. 3. The wavelengths of these transi-
tions were determined using the manufacturer's 
calibration data.' The wavenumber values are listed in 
Table 1 and the plot corresponding to equation 5 is 
shown in Fig. 5. The values of a and b derived from this 

plot are 134.0 cm-1  and 8.210 x 10 respectively. These 
give the dissociation energy, D, for the iodine molecule 
in the excited state as 48.07 kJ moH (4015 cm). 

Acknowledgements 
We should like to thank Mr W. D. Tucker for recording 
the iodine spectrum and providing calibration data. The 
late Mr K. S. Tetlow designed the Vuespec and we were 
grateful to him for many helpful comments. 

Dr George is principal lecturer in analytical chemistry and 
Dr Wells senior lecturer in physical and analytical chem-
istry at Kingston Polytechnic. They are co-authors of 
Introduction to molecular spectroscopy and Dr George 
edited Spectroscopic methods in organometallic 
chemistry. 

References 
E. F. H. Brittain, W. 0. 	2 Morris Laboratory Instru- 
George and C. H. J. Wells, 	ments, 96 High Street, 
Introduction to molecular 	 Putney, London SW15. 
spectroscopy: theory and 	3 J. Hollenberg, J. chem. 
experiment, p  80. London: 	Educ., 1970, 47, 2. 
Academic, 1970. 	 4 R. Mecke, Ann/n Phys., 1923, 

71, 104. 

21 



124 

Studies on Nitroaromatic Compounds. Part III.' The Synthesis of Some 
New Polynitroacenaphthenes 

By B. C. Webb and C. H. J. Wells,* School of Chemical Science and Technology, Kingston Polytechnic, Kingston 
upon Thames 

Reprinted from 

JOURNAL 

OF 

THE CHEMICAL SOCIETY 

PERKIN TRANSACTIONS I 

1972 

1 



124 

166 	 J.C.S. Perkin I 

Studies on Nitroaromatic Compounds. Part III.' The Synthesis of Some 
New Polynitroacenaphthenes 

By B. C. Webb and C. H. J. Wells. School of Chemical Science and Technology, Kingston Polytechnic, Kingston 
upon Thames 

The nitration of mono- and di-nitroacenaphthenes in various media has been investigated, and it has been found 
that nitration occurs preferentially at the positions para to the aliphatic bridge. Methods have ceen devised for the 
preparation of 3.7-dinitroacenaphthene. 3.8-dinitroacenaphtherie. 4.6-diriitroacenaphthene. 3. 5.6-trinitroacenaph-
thene. 3.5,7-trinitroacenaphthene. 3,5.8-trinitroacenaphthene, 3.6.7-trinitroacenaphthene, 4.5.6-trinitroace-
naphthene, 3,5,6,7-tetranitroacenaphthene. and 3.4,5.6,8-pentanitroacenaphthene. 

ACENAPHTHENE can be readily nitrated, and a number of 
mono-, di-. and tetra-nitro-derivatives have been re-
ported. 4  Mononitration yields either 5-nitroacenaph-
thene (VII) ' or a mixture of 3-nitroacenaphthene (I) 
and 5-nitroacenaphthene,7'8  depending on the reagent 
and reaction conditions employed. The third mono-
nitro-isomer, 4-nitroacenaphthene (IX), is not formed to 
any significant extent in the nitration of acenaphthene, 
but it may be synthesised via the 5-nitro-derivative.9"0  

Diri.itration of acenaphthene and the further nitration 
of 3- and 5-nitroacenaphthene to dinitro-derivatives 
have received a good deal of attention; 2.7,11-14  much 
confusion existed in the literature on the structure of the 
dinitroacenaphthenes so prepared until the paper of 
Dashevskii and Malevannaya 15  was published. These 
workers showed that the dinitration of acenaphthene 
and the further nitration of 3- and 5-nitroacenaphthene 
by the methods reported gave only 3,6-dinitroacenaph-
thene (II) and 5,6-dinitroacenaphthene (VIII). They 
were unable to obtain 3,8-dinitroacenaphthene (III) by 
the earlier reported procedure of Morgan and Harrison.2  
Apart from the synthesis .of 3,5,6,8-tetranitroacenaph-
thene (VI) ' there are no reports on nitroacenaphthenes 
containing more than two nitro-groups. 

One of the important factors controlling the extent of 
nitration in aromatic systems is the type of nitrating 
medium used. We have found that it is possible by 
using nitric acid in various solvents to take the nitration 
of mono- and di-nitroacenaphthenes to the di-, tn-, 
tetra-, or penta-nitro stages, and in this way to prepare a 
number of new polvnitroacenaphthenes. 

3-Nitroacenaphthene was converted into dinitro-
acenaphthenes by a mixture of nitric acid and 1,2-di-
chioroethane. Column chromatography of the product 
mixture yielded 3,6-dinitroacenaphthene and 3,8-di-
nitroacenaphthene. The ratio of the two isomers in 
the product mixture, as determined by n.m.r. spectro- 

1 Part II, C. H. J. Wells and J. A. Wilson, J. Chain. Soc. (B), 
1971. 1588. 

2 G. T. Morgan and H. A. Harrison, J. Soc. Chant. Ind., 1930, 
49, 413T. 

Y. Yamazaki, J. Soc. Org. Synth. Client. (Japan), 1954. 12, 
221. 

F. Vernon and R. D. Wilson, Tetrahedron, 1965. 21. .2719. 
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proceeds through to the tetranitro stage to give 3,5,6,8-
tetranitroacenaphthene. Quenching the reaction mix-
ture in ice-water at various time.intervals after the start 
of the nitration and comparing the n.m.r. spectrum of the 
precipitated product (Figure) with the n.m.r. spectra of 
pure samples of di-, tn-, and tetra-nitroacenaphthenes 
showed that the 3,5,6,8tetranitroacenaphthefle is formed 
by a stepwise reaction sequence involving the intermedi-
ate formation of 3,6dinitroacenaphthene, 3,5,6-trinitro-
acenaphthene (IV), and 3,5,8-trinitroacenaphthefle (V). 
The postu ' ed steps in the nitration of 3-nitroacenaph-
thene in nitric acid-sulphuric acid are shown in Scheme 1. 

2 	 . NO2 	 -. NO2 

NO2 	 NO2  NO2  

(I) 	 () 

02 N1 rO2 - 0
2N 	NO2 02 	NO2  

NO2 	 NO2  NO 

() 	 (VI 	 (Vt) 
SCHEME 1 

Although 3,8-dinitroacenaphthene could not be detected 
in the product mixture isolated from the reaction of 
3-nitroacenaphthene in mixed acid, it is included as a 
possible reaction intermediate in Scheme 1 on the grounds 
that it is formed along with 3,6-dinitroacenaphthene 
when the nitration is carried out in nitric acid-1,2-di-
chioroethane. 

The step in Scheme 1 involving the conversion of 
3, 6-dinitroacenaphthene into 3,5, 6-tninitroacenaphthene 
and 3,5,8-tninitroacenaphthene was investigated by 
nitrating the 3,6-derivative in a mixture of fuming nitric 
acid and nitromethane. Under these conditions nitra-
tion of the tninitro-species is sufficiently slow to allow 
them to be isolated. The 3,5,6- and 3,5,8-trinitro-
acenaphthenes are formed in the ratio 7 : 3, respectively. 
Comparison of these figures with those for the conversion 
of 3-nitroacenaphthene into 3,6-dinitroacenaphthene and 
3,8-dinitroacenaphthene (ratio 9 : 1) reveals that the 
presence of the nitro-group at the 6-position in the 
3,6-dinitro-compound reduces the probability of sub-
stitution at the position Para to the bridge relative to that 
for substitution at the ortho-position. This is probably 
partly owing to the steric effect of the nitro-group in the 
6-position. 

The course of the nitration of 5-nitroacenaphthene in 
nitric acid-sulphuric acid was followed, like that of 
3-nitroacenaphthene, by using n.m.r. spectroscopy to 
analyse product mixtures isolated at different times 
during the reaction. The nitration proceeded via 3,6-
arid 5,6-dinitroacenaphthene and 3,5,6- and 3,5,8-tn-
nitroacenaphthene, and gave 3,5,6,8-tetranitroacenaph- 
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thene as the final product. The probable steps in the 
reaction sequence are given in Scheme 2. 

NO 2 	 NO2 	 NO2  

(Y) 	 (U) 	 (V) 

1 NO2  02N 	NO2 

LL 	 - LJLJ 
NO2  NO2 	 NO2  NO2 	 NO2  NO2  

(V) 	 (P1) 	 (VI) 

ScaEmE 2 

The initial nitration step of Scheme 2 produces the 
previously characterised 3,6- and 5,6-dinitroacenaph-
thenes. Further nitration of these dinitroacenaphthenes 
to the corresponding trinifroacenaphthenes can be 
studied by use of nitric acid-nitrornethane as the nitra-
tion medium. Nitration of 3,6-dinitroacenaphthene 
gave 3,5,6- and 3,5,8-trinitroacenaphthene (see before); 
nitration of 5,6-dinitroacenaphthene yielded 3,5,6-tn-
nitroacenaphthene. 

Polynitroacenaphthenes with a nitro-group meta to 
the aliphatic bridge can be synthesised through the 
nitration of 4-nitroacenaphthene. The nitration of this 
compound in nitric acid-acetic anhydride gave a mixture 
of 3,7-dinitroacenaphthene (X) and 4,6-dinitroacenaph-
thene (XI) in the ratio 35: 65, respectively. These 
figures are similar to those for the formation of 3-nitro-
acenaphthene and 5-nitroacenaphthene (34: 66) from 
the nitration of acenaphthene in nitric acid-acetic an-
hydride.16  It thus appears that the presence of a 
nitro-group meta to the aliphatic bridge does not signifi-
cantly affect the relative reactivities of the ortlio- and 
Para-sites in the unsubstituted ring. However, as 
would be expected, the presence of a nitro-group at the 
meta-position deactivates the ortho- and para-positions 
in the substituted ring towards electrophiiic attack, and 
neither the 3,4- or 4,5-dinitroacenaphthenes could be de-
tected in the nitration of 4-nitroacenaphthene in nitric 
acid-acetic anhydride. 

Carrying out the nitration of 4-nitroacenaphthene in a 
mixture of nitric acid, sulphuric acid, and nitrornethane 
enables the reaction to be taken through to the trinitro 
stage. The only product which could be isolated, how-
ever, was 4,5,6-tninitroacenaphthene (XIV); either the 
other possible tninitro-isomers were not formed or else 
they were present in low concentration in the product 
mixture. This indicates that the preferred route for 
the nitration of 4-nifroacenaphthene in nitric acid-
sulphuric acid-nitromethane is 4-nitroacenaphthene —p.-
4,6-dinitroacenaphthene--*- 4,5,6-trinitroacenaphthene. 
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The occurrence of the first step in this sequence is sup-
ported by the observation that 4,6-dinitroacenaphtherie 
is the predominant isomer formed during the nitration 
of 4-nitroacenaphthene in nitric acid-acetic anhydride. 

The apparent absence of both the 346- and 3,5,7-tn-
nitro-isomers from the product mixture obtained from 
the nitration of 4,6-dinitroacenaphthene in mixed acid-
nitromethane indicates that the position Para to the 
aliphatic bridge in this compound is much more suscep-
tible to electrophilic substitution than either of the two 
ortho sites. The predominance of Para-substitution is 
also demonstrated in the nitration of 3,7-dinitroacenaph-
thene. Nitration of this derivative in nitric acid-
sulphuric acid gave a 1: 1 mixture of 3,5,7-trinitro-
acenaphthene (XIII) and 3,6,7-trinitroacenaphthene 
(XII). The absence of 3,4,8-trinitroacenaphthene from 
the product indicates that ortho-substitution does not 
occur to any significant extent. Likewise, ortho-
substitution does not occur in the nitration of 4,6-dinitro-
acenaphthene in nitric acid-sulphuric acid, and 4,5,6-
trinitroacenaphthene- is the only detectable product. 

LJA. JNO 

Z "X,  \ 
O2N 

NO2 

-, NO2 	LA9N0 
NO2 	 NO2 NO 2  

(X) 	 (XI) 	 (XIv) 

H 
O2N

NO 02N 6 N07 

NO2 	 NO2 / 
(X) 	(r) / 

1/ 

- 	
NO 2   - - 	02N .- 	-. NO2  

L.Lit'C2  
NO2  NO 2 	 NO2  NO2  

(XV) 	 (XVI) 

SCHEME 3 

Treatment of 4-nitroacenaphthene with excess of nitric 
acid in sulphuric acid at room temperature affords 
3,5,6,7-tetranitroacenaphthene (XV) as the sole product. 
The fact that the position which is ortho to the aliphatic 
bridge and ortho to the meta-nitro-group is vacant in this 
product indicates that compounds (XII), (XIII), and 
(XIV) are likely trinitro precursors. This, taken in  

conjunction with the prior observations on the nitrations 
of the 4-nitroacenaphthene, 3,7-dinitroacenaphthene, 
and 4,6-dinitroacenaph then e, suggests that the nitration 
steps leading to the formation of 3,5,6,7-tetranitro-
acenaphthene are as shown in Scheme 3. 

3,4,5, 6,8-Pentanitroacenaphthene (XVI) can be syn-
thesised by treating 4-nitrocenaphthene with a mixture 
of fuming nitric acid and sulphuric acid at 350  for 5 days. 
Undoubtedly the pentanitro-derivative is formed in a 
stepwise process involving the intermediate formation of 
di-, tn-, and tetra-nitro species with the final step pre-
sumably being the conversion of 3,5,6,7-tetranitro-
acenaphthene into 3,4,5,6,8-pentanitroacenaphthene as 
shown in Scheme 3. 

EXPERIMENTAL 

Column chromatography was carried out with Merck 
Kieselgel (005-02 mm) unless otherwise stated. Mass 
spectral molecular weights were determined with an A.E.I. 
MS9 spectrometer. N.in.r. spectra were recorded on a 
Perkin-Elmer RiO spectrometer (tetramethylsilane as in-
ternal reference). The structures of the nitration products 
were assigned from the n.m.r. spectra. In particular, the 
structures of the isomeric products were assigned by use of 
the following criteria: (a) a single intro-group ortho to the 
aliphatic bridge resulted in an A5B1  pattern for the resonance 
of the bridge protons, (b) intro-groups in the 4. and 5-posi-
tions only affected the resonance position of the bridge 
protons and not the resonance pattern, and (c) the coupling 
constants for ortho-protons in the aromatic system Lay in 
the range 8-10 Hz while those for meta-protons lay in the 
range 0-2 Hz. 

Nitration of 3-Nitroacenaphthene.-3-Nitroacenaphthefle 15  
was recrystallised from acetic acid and then washed with 
water, methanol, and ether, and dried in vacuo. The n.m.r. 
spectrum of the product in nitrobenzene showed it to be 
free of the 5-isomer. 

In nitric acid-i ,2-dichloroeihane. Nitric acid (d 142; 
3.5 ml) was added with stirring to a solution of 3-nitro-
acenaphthene (5 g) in 1 ,2-dichloroethane (18 ml) so that the 
temperature did not exceed 40°. After 5 mm, more nitric 
acid (3-5 ml) was added with stirring, again with the 
temperature kept below 40°. After a further 12 h the 
resulting precipitate was filtered off, washed with a small 
quantity of cold 1,2-dichioroethane, then with water, and 
dried at 70° in vacuo. A portion of the mixture was 
chromatographed on a column (500 x 20 mm) of silica gel. 
Initially the eluant was 1: 8 benzene-light petroleum (b.p. 
60-80°), but its composition was gradually altered during 
10 days to 1: 4 benzene-light petroleum. Fractions con-
taining each of the three yellow bands were evaporated to 
dryness. The first two components were identified as 3-
nitroacenaphthene and 3,6-dinitroacenaphthefle by com-
parison of their n.m.r. spectra (CD3NO) with those of 
authentic samples. The third component was 3,8-dinitro-

acenaphihene, in.p. 186° (Found: C, 59'1; H. 33; N, 114. 
C1 H3N0 requires C, 590; H. 3-3; N, 115%); (CD3NO2) 

1-58 and 2-03 (2H, ABq, JAB  10 Hz) and 606 (4H, s); in/s 

244 (Mt). 
In nitric acid-sulphuric acid (preparative run). 3-

Nitroacenaphthene (2-0 g) was added in portions to a 
mixture of nitric acid (d 142; 5-0 ml), sulphuric acid 
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(d 1.84: 15 ml). After 2 h the mixture was poured on 
crushed ice (50 g) and stirred for 15 mm. The precipitated 
solid was filtered off, washed with water, until the filtrate 
was neutral, dried in vacuo, and recrystailised from nitro-
rnethsne to give 3,5,6,8-eeiraniiroacenaphthene (2-8 g, 85%), 
m.p. 213° (lit.,' 212°), - (CD3NO) 	0.75(s) and 5.77(s); 
nile 334 (M). 

(c) In nitric acid-sulphuric acid (identification run). 
3-Nitroacenaphthene (0.5 g) was added in portions to a 
mixture of nitric acid (d 1-42; 175 nil), sulphuric acid (d 
184; 7•5 ml), and water (075 nil). When addition was 
complete one third of the total volume was withdrawn, 
poured on crashed ice and stirred; the resulting precipitate 
was filtered off, washed, and dried. Hall of the remaining 
volume was removed after 30 min and treated likewise, and 
the-remaining mixture was treated similarly after 100 mm. 
The n.m.r. spectra of the solid products in nitrobenzene were 
recorded over the range -r 5-10 (see Figure). 

Nitration of 3, 6-Dinitroacenaphthene)-5 —(a) In nitric 
acid--nitromethane. 3, 6-Dinitroacenaphthene (1-2 g) was 
added to a stirred mixture of nitric acid (d 15; 6 nil) and 
nitromethane (10 ml). After 3 days the mixture was 
poured on crushed ice (50 g) and stirred vigorously for 2 h. 
The precipitate was filtered off, washed with water, and 
dried in vacuo at 90° to give a buff-coloured solid (1.32 g). 
The product (0.4 g) was chromatographed on a column of 
silica gel (20 x 400 mm; Hopkin and Williams silica gel 
M.F.C.). Decomposition occurred on the column but 
elution with benzene at Ca. 3 ml muxit separated two yellow 
bands. Evaporation of the first fraction to small volume 
and addition of excess of light petroleum (b.p. 40-60°) 
gave 3,5,84frmnitroacenaphthene (0.06 g, 170//,), nip. 152-
155° (Found: C, 50-4; H, 2-8; N, 144. CH7N306  re-
quires C, 499; H, 25; N, 14-5%); -r (CD3N(52) 0-60 (1H, 
s), 1-20 (2H, s, splits into an AB system on addition of 
benzene), and 586 (4H, s); m/e 289 (M); 

Evaporation of the second fraction to small volume and 
addition of excess of light petroleum (b.p. 40-60°) gave 
3,5,6-trinitroacenaphthene (0.05 g, 14%), m.p. 202° (Found: 
C, 50•0; H, 2-9; N, 14-5. CHI N3O6  requires C, 499; 
H, 2-5; N, 14.5%); 'r (CD3NO) 092 (1H, s), 1-39 and 
2-07 (2H, ABq, J 8 Hz), and 588 and 6-25 (4H, AB.,m); 
m/e 289 (M). 

The n.m.r. spectrum of .a sample of the product mixture 
in nitrobenzene showed that 3,5, 6-trinitroacenaphthene and 
3,5,8-trinitroacenaphthene were present in the ratio 7: 3. 

Nitration of 5-Nitroacenahthe-ne.10 —Nitration of 5-nifro-
acenaphthene by the method of Vernon and Wilson 4  gave 
3,5, 6,8-tetranitroacenaphthene. 

(a) In nitric acid-sulphuric acid (identification run). 5-
Nitroacenaphthene (0-5 g) was added to a mixture of nitric 
acid (d 1-42; 1-75 ml), sulphuric acid (d 1-84: 7.5 ml), and 
water (075 ml). When addition was complete one third 
of the total volume was withdrawn, poured on crushed ice, 
and stirred; the resulting precipitate was filtered off, 
washed, and dried. Half of the remaining volume of the 
reaction mixture was removed after 30 min and treated 
likewise; the remaining mixture was treated similarly after 
100 min. The n.m.r. spectra of the product mixtures in 
nitrobenzene showed the presence of di-, -tn-, and tetra-
thtroacenaphthenes (cf. Figure). 

Nitration of 5, 6-Dinitroacenaphihene.' 5 —(a) In nitric 
acid-nitromethane. 5, 6-Dinitroacenaphthene (24 g) was 
added to a stirred mixture of nitric acid (d 1-42; 200 ml) 
and nitromethane (200 ml). The mixture was stirred at  
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room temperature for 5 days then poured on crushed ice 
(200 g) and stirred for 2 h. The precipitate was filtered off, 
washed with water, and dried in vacuo at 00°. Recrystal-
lisation from 1: 1 nitromethane-glacial acetic acid gave 
3,5,6-trinitroacenaplithene (20.3 g), m.p. 199° (Found: C. 
49-8; -H, 2-4; N, 14-3. Caic. for C,H7N3O6 : C,-499; H, 
25; N, 145%), identical (n.m.r. and mass spectra) with the 
sample produced in nitration of 3,6-dinitroacenaphthene in 
nitric acid-nitromethane. 

Nitration of 4-N it roacenaphthene.'°—(a) In nitric acid-
acetic anhydride. 4-Nitroacenaphthene (4 g) was suspended 
in acetic anhydride (150 ml) by vigorous stirring and cooled 
to - 10° in an ice-salt bath. An ice-cold solution of nitric 
acid (d 1-5; 2-5 ml) in acetic anhydride (40 ml) was added 
dropwise during 30 mm, and the mixture was then main-
tained at 10-20° for 3 days. It was then poured into dis-
tilled water (1 1) and the precipitated product was filtered 
off, washed with water, and dried in vacuo at 90° to give a 
yellow solid (3.85 g). The product (0-1 g) was chrornato-
graphed on a column of silica gel (20 x 400 mm) with 1: 1 
diethyl ether-benzene as eluant and an elution rate of 
0-7--0-8 ml mint. The product separated into two yellow 
bands. Evaporation of the first fraction to small volume 
and addition of excess of light petroleum (b.p. 40-60°) 
gave 3,7-dinitroacenaphthene, m.p. 275° (Found: C, 58-5; 
H, 3-5; N, 11-2. C12H3N204  requires C, 59-1; H, 3.4; N, 
11.5%); r (CD3NO2) 1-28 and 1-78 (2H, ABq, JAB  2 Hz), 
1-67 and 1-96 (2H, ABq, JAB  9 Hz), and 604 and 6-35 (4H, 
A2Brn); mf e 244 (M). 

Evaporation of the second fraction to small volume and 
addition of excess of petroleum (bp. 40-60°) gave 4.6-
dinitroacenaphthene, m.p. 200-202° (Found: C, 58-7; H, 
37; N, 113. C12HSN204  requires C, 59-1; H, 3-4; N, 
115%); 	(CD3NO2) 0-61 and 180 (2H, ABq, J&B  2 Hz), 
1-33 and 2-24 (2H, ABq, J A.B  8 Hz), and 640 (4H, s); nm/c 
244 (M). 

The n.m.r. spectrum of a sample of the crude product in 
nitrobenzene showed that 3, 7-dinitroacenaphthene and 
46-dinitroacenaphthene were present in the ratio 35: 65. 

In nitric acid-sulphuric acid-nitromethane. 4-Nitro-
acenaphtheñe (1 g) was dissolved in nitromethane (40 ml) 
and nitric acid (d 1-5; 8 ml) was added, followed by sul-
phuric acid (d 1-84; 4 ml). The mixture was stirred for 
3 h and then washed with saturated aqueous magnesium 
nitrate (4 x 50 mu!). The nitromethane solution was then 
dried (Mg504) for 24 h and filtered. The clear filtrate was 
then reduced in volume to (ca. 10 nil) and stored at -10° for 
6 days. The precipitated crystalline solid was filtered off, 
-washed with dichioromethane, and dried in vacuo. Re-
crystallisation from nitromethane gave the pale yellow 
4,5,6-triniiroaeenaphthene (0-3 g, 24%), m.p. 199° (Found: 
C, 49-4; H, 2-9; N, 14-4. C1.H1N3O requires C, 49-9; H, 
2-5; N, 14-5%), -r (CD3NO) 0-90 (1H, s), 1-17 and 2-10 
(2H, ABq, J 9 Hz), and 6-20br (4H, s); nm/c 289 (M). 

In nitric acid-suhuric acid. 4.Nitroacenaphthene 
(1 g) was added in portions to a stirred mixture of nitric acid 
(d 1-42; 10 ml) and sulphuric acid (d 1-84; 10 ml). The 
solution was stirred for 8 h and then poured on crushed ice 
(50 g). The precipitate was filtered off, washed with 
water, and dried in vacuo at 90° to give 3,5,6,7-eetranitra-
acenaphthene (1.3 g. 77%), imp. 157° (Found: C, 43-0: H, 

2-I: N, 16-8. CI HN4OS  requires C, 43-1; H, 1-8; N, 
16-80i/.); -r (CDSNO) 0-50 (1H, s), 0-75 (1H, s), and 5-79 and 
5-09 (4H. A.B,m); rn/c 334 (Mt). 

In nitric acid-sulphuric acid at elevated temperature. 
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4NitroacenaPhthene (0-5 g) was added in small portions 
to a stirred mixture of nitric acid (d 1-5; 10 ml) and sul-

phuric acid (d 1-84; 10 ml) maintained in an ice-bath so as 
to keep the temperature below 100. The mixture was then 
transferred to a dried flask (50 ml) equipped with a nitrogen 
inlet and drying tube, and was maintained at 35° under 

nitrogen for 5 days. (NB. If the solution is left too long, 

oxidation products also precipitate out.) The crystalline 
precipitate was filtered off, washed with water, and dried 

in vacuo to give 3,4,5,6,8pe7:tanitrOaceflaPhthene (025 g, 

26%) (Found: C, 37-8; H, 1-8; N, 18-6. C121_I 5N5010  re-

quires C, 38-0; H, 1-3; N, 18-5%); -, (CD3NO) 0-61 (1H, s) 

and 577 (4H, s) ni/e 379 (M') 
Nitration of 3,7_Diniiroacenaphthefle in Nitric Acid-

Sulphuric Acid—A mixture of nitric acid (d 1-5; 04 ml) 

and' sulphuric acid (d 1-84; 25 ml) was prepared, and a 
portion (25 ml) was added to a solution of 3,7-dinitro-
acenaphthene (0.06 g) in sulphuric acid (d 1-84; 2-5 nil). 

The mixture was stirred for 20 h and then poured on crushed 
ice (15 g). The precipitate was filtered off, washed with 

water, and dried in vacuo at 45° to give an ochre-coloured 
product (0.05 g). All attempts to separate the mixture by 
column chromatography failed on account of the rapid 
decomposition of the products on the various stationary 
phases used. Elemental analysis showed that the product  

was a mixture of trinitroacenaphthenes (Found: C, 50-4: H, 

25. CaIc. for C12H1N3O: C, 499; H. 2-5%). 
The n.m.r. spectrum of a sample of the product in [2H] 

nitromethane shdwed that it was a 1: 1 mixture of 3,5,7-
trinitroacenaphthene (XIII) and 3,6,7trinitroacenaphthene 
(XII): , (XIII) 0-59 (1H, s, 1-46 (2H, s), and 5-90 and 
614 (4H, ABm) (the singlet at -7 1-46 splits into a doublet 

on addition of C6D6); -r (XII) 0-47 (1H, s), 133 and 1-74 

(2H. ABq), and 5-90 and 6-14 (4H, AB2m). 

Nitration of 4, 6_Dinitroacenap/itliefle in Nitric Acid-

Sulphuric Acid.—A solution of nitric acid (d 1-5; 0.1 ml) 

and sulphuric acid (d 184: 25 ml) was prepared, and a 
portion (2-5 nil) was added to a solution of 4,6-dinitro-
acenaphthene (0.06 g) in sulphuric acid (d 1-84; 2-5 ml). 

The mixture was stirred for 24 h and then poured on crushed 
ice (20 g). The precipitate was filtered off, washed with 

water, and dried in vacuo at 450 to give 4,5,6-trinitro-

acenaphthene (004 g), identical (n.m.r. and mass spectra) 
with the sample produced from nitration of 4-nitroace-
naphthene in nitric acid-sulphuric acid-nitromethane. 
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Studies on Nitroaromatic Compounds. Part IV.' Electron Acceptor 
Properties of Polynitronaphthalefle-1 .8-dicarboxylic Anhydrides in Com- 

plex Formation 

By C. H. J. Wells and J. A. Wilson. School of Chemical Science and Technology, Kingston Polytechnic. 

Kingston upon Thames, Surrey 	 - 

The charge-transfer complex formation of polynitronaphthalene-1 .8-dicarboxylic anhydrides with a number of 
aromatic hydrocarbons has been investigated. The electron affinities of the nitronaphthalenecarboxylic an-
hydrides have been estimated from the charge-transfer transition energy in the complexes. Thermodynamic and 
other data has been obtained for the complex formed between pyrene and 3.6-dinitronaphthalene-1 ,8-dicarboxvlic 
anhydride. 

ANHYDRIDE and nitro-groupings are electron-withdraw-
ing entities and when bonded to atoms in a ir-electron 
system cause an electron deficiency in the c-system. 
The electron acceptor properties of 3-nitronaphthalene-
dicarboxylic anhydride have been reported 2.3 but apart 

from this work the combined effects of anhydride and 
nitro-groups on the charge density in the naphthalenic 

naphthalene- I ,8-dicarboxylic anhydrides and aromatic 
hydrocarbons in the solid state and in chloroform solu-
tion are given in Table 1. The values for the corre-
sponding complexes formed with 1,3,5-trinitrobenzene 
are included in the Table for comparison. These values 
are in good agreement with previously reported values.47  

An interesting feature of the results given in Table I 

TABLE 1 

The charge-transfer maxima 	rim) a and the energy of charge-transfer (ECT , J mol' x 10) for a 
series of donor-acceptor complexes in the solid state and in chloroform solution 

\ Acceptor 	 _--------------------' 	 - 
Donor 	 36- 	4,5- 	2.4,5- 	TNB 	2,5- 	3,6- 	TNB 

Naphthalene 	 ?.. 	-d 	 445 	460 	400 	420 	- 	370 

ECT 	 2-69 	260 	299 	2-85 	 3-23 

Phenanthrene 	 - 	450 	470 	410 	420 	- 	370 

ECT 	 266 	254 	292 	285 	 323 

Chrysene 	 ).. 	450 	± • 	+ 	450 	460 	460 	420 

ECT 	2-66 	 2-66 	2-60 	260 	2-85 

1,2,5,6-Dihenzanthracene 	 470 	± 	+ 	450 	500 	490 	430 

ECT 	254 	 266 	239 	2-44 	2-78 

1,2-Benzanthracene 	 ),. 	470 	+ 	± 	460 	520 	510 	440 

ECT 	2-54 	 2-60 	2-30 	234 	2-72 

Pyrene 	 Xm x. 	490 	550 	570 	475 	520 	510 	445 

ECT 	244 	2-17 	210 	2-52 	2-30 	234 	2-69 

Anthracene 	 500 	560 	600 	490 	525 	- 	525 	460 

ECT 	239 	2-14 	199 	244 	228 	2-28 	2-60 

3,4-Benzopyrene 	 ).m. 	550 	610 	640 	520 	570 	570 	475 

ECT 	2-17 	196 	1-87 	230 	2-10 	2-10 	252 

Perylene 	 570 	620 	670 	530 	600 	600 	480 

ECT 	210 	193 	178 	226 	1'99 	- 	1'99 	2-49 - 

Estimated accuracy is ±5 rim. 	3.6DinitronaphthalenedicarboxYlic anhydride. 	1,3,5-Tr 	d Peak minimum 

could not be observed. 	Complex not formed. 

,r-electron system has not been studied. Results now 
obtained on the electron acceptor properties of 2,5-di-
nitronaphthalenedicarboxylic anhydride, 3,6-dinitro-
naphthalenedicarboxylic anhydride, 4,5-dinitronaphth-
alenedicarboxylic anhydride and 2,4,5-trinitronaphthal-
enedicarboxylic anhydride are reported herein. 

RESULTS AND DISCUSSION 

The wavelengths of the absorption maxima for the 
charge-transfer complexes formed between polynitro- 

Part III. B. C. Webb and C. H. J. Wells, J.C.S. Perkin I, 
166, 1972. 

1. Ilmet and S. A. Berger, J. Pitys. Chem., 1967, 71. 1534. 
S. A. Berger, Spectrochirn. Aaa, 1967, 23A, 2213. 
A. Bier, Rec. Tray. chim., 1956, 75. 866. 

is that whereas the wavelength values for the complexes 
formed with 1,3,5-trinitrobenzene increase in going 
from solution to the solid state the values for the 
complexes formed with 3,6-dinitronaphthalenedicar-
boxylic anhydride decrease. It is to be noted that the 
intermolecular separation of the components in a 
charge-transfer complex can alter on changing phase 
and that this can contribute to a change in the energy 

R. Beukers and A. Szent-Gyorgyi, Rec. Tray. chim., 1962, 
81. 265. 	- 

A. Szent-Oyorgyi. Introduction to Submolecular Biology.' 
Academic Press, New York, 1960. 

M. J. S. Dewar and A. R. Lepley, J. Amer. Chem. Soc., 

1961, 83, 4560. 
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of the charge-transfer transition.812  It is thus feasible 
that the difference in the energy changes for the charge-
transfer transition in the 1,3,5-trinitrobenzene and 
3,6-dinitronaphthalenedicarboxylic anhydride complexes 
on changing phase is related to a difference in the 
relative separations of the components in the two 
types of complex. A complex can only be formed if the 
donor and acceptor species approach sufficiently close 
to each other and in this respect it is significant that 
solid state complexes could not be prepared between 
chrysene, 1,2,5 ,6-dibenzanthracene, and 1 ,2-benzanthra-
cene as donors and 4,5-dinitronaphthalenedicarboxylic 
anhydride and 2,4,5.trithtronaphthalenedicarboxylic 
anhydride as acceptors. These particular acceptors 
have, nitro-groups in the eri-positions of the naphth-
alene ring and because. of mutual interaction between 
the nitro-groups they will be twisted out of the plane 
of the ring. Consequently the approach of the donor 
to the acceptor will be sterically hindered and in the 
case of large donor molecules the interaction may be 
sufficient to prevent the components taking up positions 
which would give stable complexes. 

The electron affinities of the nitronaphthalenedicar-
boxylic anhydrides studied herein were calculated from 
the data of Table 1 using the methods of Briegleb.13  
The mean of the electron affinity values show an in-
creasing trend in the order 3,6-dinitronaphthalenedi-
carboxylic anhydride (0.94 x 105  J mol'), 2,5-dinitro-
naphthalenedicarboxylic anhydride (1.05 x 10 J mol'), 
4,5-dinitronaphthalenedicarboxylic anhydride (1.13 x 
101 J mo!-1), and 2,4,5-trinitronaphthalenedicarboxylic 
anhydride (131 x 105  J mol'). This order can be 
rationalised if the effects of nitro-group substitution 
are additive and if substitution of a nitro-group into the 
positions orllzo, meta, or Para to the anhydride group 
has differing effects on the charge density in the x-electron 
system, meta-substitution having the least effect and 
Para-substitution the greatest effect. 

Electron-acceptor properties can also be evaluated 
from measurements of the association constants for 
complex formation and from measurements of the 
enthalpies of formation of complexes. This approach 
to the determination of electron acceptor ability was 
limited in the present study to 3,6-dinitronaphthal-
enedicarboxylic anhydride because of the low solubility 
of the other nitronaphthalenedicarboxylic anhydrides. 
The thermodynamic parameters evaluated for the 
pvrene-3,6-dinitronaphthalenedicarboxylic 	anhydride 
are given in Table 2. 

The values for the enthalpy of formation of the 
pvrene-3,6-dinitronaphthalenedicarboxy!ic anhydride 
complex and for the oscillator strength and transition 

M. Kroll and M. L. Ginter, J. Plzys. Chem., 1965, 69, 3671. 
F. T. Lang and R. L. Strong, J. Amer. Chem. Soc., 1965, 

87, 2345. 
10 J. M. Goodenow and M. Tarnres, J. Chem. .Phys.. 1965. 43, 

3393. 
" J. Prochorow and A. Trarner. J. Chem. Pliys., 1966, 44, 

4545, 
12 P. J. Trotter,  J. Amer. Chem. Soc., 1966, 88. 5721. 
13 G. Briegleb, Angew. Chem. Internat. Edn., 1964, 3. 617. 
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dipole moment of the charge-transfer transition are 
comparable to values reported for other ir,r com-
plexes.1 "6  The ,x complexing power of 3,6-dinitro-
naphthalenedicarboxy!ic anhydride will be similar to 

- 	 ,TA13L& 2 

Association constant (K'°), enthalpy of formation (H), 

oscillator strength (f), and transition dipole moment 
(s') for the 3,6-dinitronaphthalenedicarboxylic an-
hydride-pyrene in chloroform solution 

Temp. 	(K°) 	(—H) 6 

	

(°C) 	(cm3  moN) 	(J mol' x 10) 	 (D) 

	

29 	956 ± 025 '( 

	

275 	3-27 ± 010 	31 ± 02 	0'14 	1904 

	

410 	173±007) 

Calculated using the method given in ref. 14. b  Cal-
culated from the plot of log K° versus reciprocal of temper- 

	

ature. 	Calculated from the equations given in ref. 15. 

that of the 2,5-, 4,5-, and 2,4,5-riitronaphthalenedi-
carboxylic anhydrides and comparison of their electron 
affinities with other reported values 13  shows that the 
iv,x-complexing ability of the polynitro-1,8-naphthalene-
dicarboxylic anhydrides is similar to that of the 2,4,7-
trinitro-9-fiuorenone. 

EXPERIMENTAL 

3, 6-Dinitronaphthalenedicarboxylic anhydride and 4,5-
dinitronaphthalenedicarboxylic anhydride were prepared by 
literature methods.17  2, 5-Dinitronaphthalenedicarboxylic 
anhydride and 2,4, 5-trinitronaphthalenedicarboxylic an-
hydride were prepared by methods to be reported else-
where.18  

The solid complexes were prepared by mixing a solution 
of 	the nitro naphthalenedicarboxylic anhydride in hot 
acetic anhydride with a solution of an equimolar quantity 
of the donor in hot chloroform. The mixture was allowed 
to cool and the solid which precipitated was filtered off, 
washed with light petroleum (b.p. 40_600),  and dried at 
room temperature in vacuo. Elemental analysis con-
firmed that in each case the stoicheiometry of the complex 
was 1: 1. The visible absorption spectra of the solid 
complexes were recorded on a Unicam SP 800 spectro-
photometer fitted with a diffuse-reflectance attachment. 

Complexes were prepared in solution by mixing chloro-
form solutions of equimolar concentration in donor and 
acceptor. The visible absorption spectra of the complexes 
were recorded on a Unicam SP 800 spectrophotometer 
using 40 mm cells and with a solution of the acceptor 
in the reference beam of the same concentration as in the 
sample beam. 

The measurements for the determination of the associa-
tion constants were taken on a Unicam SP 500 spectro-
photometer fitted with a thermostat system accurate to 
within ±Ol°. Stock solutions of pyrene and 3,6-dinitro-
naphthalenedicarboxylic anhydride in chloroform were 
prepared just prior to use. Solutions were made up for 

' R. Foster, D. Ll. Hainmick, and A. A. Wardley, J. Chem. 
Soc., 1953, 3817. 
" G. Briegleb, ' Electronen—Donator—Acceptor Koniplexe.' 

Springer-Verlag, Berlin, 1961. 
16 S. P. McGlynn, Client. Rev., 1958. 58. 1113. 
11  F. Bell, J. Chem. Soc., 1952. 1952. 
18  B. C. Webb, C. H. J. Wells, and J. A. Wilson, to be pub-

lished. 
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measurement by mixing appropriate volumes of the stock 
solutions so that the concentration of 3,6-dinitronaphthal-
enedicarboxylic anhydride was kept constant at each 
temperature (220 x 10 4 M at 290, 2'5 x 10i at 275°, 
and 319 x 10 	at 410°) and the concentration of 
pyrene was varied over the range 0'5 x 10 1-2'7 x 10'M. 

A solution of 3, G-dinitronaphthalenedicarboxylic anhydride 
of the same concentration as in the solution under study 
was used as the reference. Each optical density measure-
ment was repeated three times and the average value was 
taken. 

[I/.'57 Recei'ed, 131h May, 19711 
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Preface 

The expansion of interest in photochemistry over the past decade is reflec-
ted by the large number of research papers and reviews of photochemical 
research which have been published during this period. The growth of photo-
chemistry is connected to some extent to the realization by researchers that 
many of the concepts of molecular electronic spectroscopy are applicable 
to photochemistry, and a language linking photochemistry and electronic 
spectroscopy has now arisen. The research work over the past decade has laid 
the foundations for the understanding of photochemical and photophysical 
processes, and photochemistry is now being taught in most Universities, 
Polytechnics and Colleges as part of th6 undergraduate teaching programme. 
Although a number of texts on photochemistry have appeared in recent 
years these are mainly at final-year undeigraduate and post-graduate level 
and it is felt that there is a need now for an introductory undergraduate text 
on the subject. 

The object of the book is to present the principles of molecular photo-
chemistry in a form suitable for undergraduate students new to photo-
chemistry and to electronic spectroscopy. It is hoped that it may also be 
useful to post-graduate students and research workers seeking a concise 
introduction to photochemistry. The first chapter is concerned with the 
properties of electromagnetic radiation and the relationship between the ab-
sorption of radiation, absorption spectra and photochemistry. The second 
chapter develops the concepts of electronic transitions and absorption spec-
tra, and this is followed in the third chapter by a discussion of electronically 
excited states and their properties. The fourth chapter deals with the kinetics 
of intramolecular and intermolecular processes, both chemical and physical, 
originating from excited state molecules. Some of the many photochemical 

lx 

134 



135 

reactions undergone by organic compounds and those of a limited number of 
inorganic compounds are outlined in the fifth and sixth chapters. The fifth 
chapter is concerned mainly with different types of photochemical reaction, 
while the sixth chapter deals mainly with photofragrnentation and related 
reactions in various classes of compound. 

I would like to express my appreciation to my colleagues, Mr E. F. H. 
Brittain and Dr A. Vincent, for reading the manuscript and for making 
valuable comments and suggestions. 

C. H. J. Wells 

Kingston upon Thames 
January, 1972 
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FiA 

FOREWORD TO THE JAPANESE EDITION 

Photochemistry is now well established as an important 
branch of modern-day chemistry, and the realisation that 

radiation from the sun may be man's future energy source has 

given rise to an increase in the already considerable research 

activity in this area. The importance of photochemistry makes 
it desirable that the subject be taught in undergraduate chem-
istry courses, and it is hoped that the present volume will 
serve as a suitable undergraduate text for the teaching of 
photochemistry in Universities and Colleges in Japan. 

C. H. J. WELLS 

Kingston upon Thames 

October, 1976 
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Studies on Nitroaromatic Compounds. Part V.' The Electron Spin 
Resonance Spectra of Some Symmetrically Substituted Polynitroace 
naphthenes 

By Brian C. Webb, Clifford H. J. Wells,' and James A. Wilson. School of Chemical Science and 
Technology, Kingston Polytechnic, Kingston upon Thames, Surrey 

me e.s.r. spectra of the radical anions of 3,8-dinitroacenaphthene and 3,5,6.8-tetranitroacenaphthene have been 
ecorced at —40'. Proton and nitrogen hyperfine coupling constants have been assigned, where possible, on the 

:asis c McLachlan MO calculations, and the spectra have been simulated using the values for the experimental 
:ouplig constants. 

THERE are many examDles where observed e.s.r. spectra 
of radical anior..s diEr from theoretical spectra pre-
dicted on the basis of the usual isotropic hyperfine inter-
action between the un?aired electron and the magnetic-
ally active nuci in the system. Modulation of the 
hyperfine couplizg constants by migration of the counter 
ion between sites within the ion pair 2  or strong solvation 

Part IV, C. H. J. \V-Lis and J. A. Wilson, J.C.S. Perkin II, 
1972, 166. 

2 T. A. Claxtcz. \V. t. Fox, and M. C. R. Symons, Trans. 
Faraday Soc., 196' 63. 270. 

of the radical anion 3,4  can lead to differences between 
the experimental and the predicted spectra, these 
differences being manifested by anomalous line broaden-
ing and line intensities in the experimental spectra. 
These anomalous effects have been observed in the e.s.r. 
spectra of the radical anions of a number of nitroaromatic 

C. J. W. Gutch, W. A. 
J. Chem. Soc. (B), 1970. 1261. 

J. H. Freed. P. H. Riegel 
Phys., 1962, 37, 1881. 

Waters, and M. C. R. Symons. 

and G. K. Frarnhel, J. Chem. 



Radical McLachlan 
anion 	Position spin densities 

(I) 	 1(H) 00014 
8(H) 0-0042 
9(H) 0l212 
5(N) 00088 
6,7(0) 00160 

Proton coupling constants (Oe) 
Thcor.ô 	Expt. 

036 	 0-25 
010 	216, 281 d 

287 	216. 281 

compounds .2-14 The studies on nitroaromatic com-
pounds have been restricted to nitrobenzenoid and 
nitronaphthalenic systems and in order to extend the 
range of investigations we have prepared the radical 
anions of 3,8-dinitroacenaphthene (I) and 3,5,6,8-
tetranitroacenaphthene (II) and recorded their e.s.r. 
spectra. 

RESULTS AND DISCUSSION 

The numbering system used for the description of the 
radical anions (I) and (II) is given in the Scheme. The 
spin densities at the nuclear sites in the radical anions 

2 2 
N 	

02 
\07 	 07 

N10  

S 

NO2  

/\ 
110 	012  

(I) 	 (Ui 

SCHEME 

(Table 1) were calculated using the McLachlan approxi-
mate configuration interaction method,'-' the calcula-
tions being performed on the basis that hvperconjuga-
tion between the methylene protons and the electron 

J.C.S. Perkin II 

were obtained from the calculated spin densities, p, 
using the McConnell equation (1) 19  where for the methyl-
ene protons and aromatic ring protons values of 254 18  

a=Qp 	 (1) 

and 23-7 Oe 20 were chosen respectively for the Q term. 
The theoretical nitrog&t coupling constants, aN , 

given in Table 1, were obtained from the calculated spin 
densities using equation (2) 21  where PN  and Po are the 

aN  = 	716 Po 	 (2) 

spin densities at the nitrogen nucleus and at the neigh-
bouring oxygen nucleus respectively. 

The e.s.r. spectrum of radical anion (I) is shown in 
Figure 1(a) and that for radical anion (II) in Figure 2(a). 
The experimental coupling constants derived from these 
spectra are listed in Table 1. There is no apparent line-
width alternation in the spectra under the experimental 
conditions used and the spectra could be simulated 
satisfactorily using the experimental coupling constants 
and integer ratios for the predicted line intensities 
[Figures 1(b) and 2(b)]. 

The spectrum of radical anion (I) can be analysed in 
terms of electron-nuclear spin interaction involving four 
equivalent protons, two equivalent nitrogens, and two 
pairs of equivalent protons. The basic pattern in the 
spectrum is that of a triplet of triplets and this, taken in 

141 

TABLE 1 

Spin densities and coupling constants for polynitroacenaplithene radical anions 
Nitrogen coupling constants (Oe) 

	

Theor. 	Expt. 

	

027 	 025 

(II) 	 1(H) 	 0-0013 	 033 
8(11) 	 00921 	 218 
5(N) 	 0-0020 
6,7(0) 	-00041 
10(N) 	 00075 
11,12(0) 	00154 

Numbering system refers to the structures shown in the Scheme. 
(2). ' Cannot be unambiguously assigned. 

032 
2•74 

040 	0-42, 044' 

036 	0-42, 044' 

Calculated from equation (1). 	Calculated from equation 

system accounted for the electron-nuclear interaction 
at the methylene protons.118  The values used in the 
calculations for the parameters li and k in the Coulom-
bic integral ac, = ± lip and the resonance integral 

= k.,prespectively are given in Table 2. The 
theoretical proton coupling constants, a, listed in Table 1, 

Bernal and G. K. Fraenkel, J. Amer. Chem. Soc., 1964, 
86, 1971. 

H. Freed and G. K. Fraenkel, J. Chem. Phys., 1964, 40, 
1815. 

3. H. Freed and G. K. Fraenkel, J. Chem. Phys., 1964, 41, 
699. 

M. J. Blandamer, T. E. Gough, 3. M. Gross, and if. C. R. 
Symons, J. Chem. Soc., 1964, 536. 

C. J. W. Gutch and W. A. Waters, Chem. Comm., 1966, 39. 
10  J. M. Gross and M. C. R. Symons, Trans Faraday Soc., 

1967, 63. 2117. 
11 J M. Gross and M. C. R. Syrnons, Mel. PAys., 1965, 9. 287. 

conjunction with the values for the calculated coupling 
constants, indicates that the major splittings arise from 
interaction with the two pairs of aromatic ring protons. 

12 R. D. Allendoerfer and P. H. Rieger, J. Chem. PAys., 1967, 
46, 3410. 

R. J. Faber and G. K. Frankel, J. Chem. Phys., 1967, 47, 
2462. 

14  J. Subra"ianian and P. T. Nara.simhan, J. Chem. Phys., 
1968, 48. 3757. 

' A. D. McLachlan, Mel. Phys., 1960, 3. 233. 
A. D. McLachlan. Mol. PAys., 1958. 1. 233. 

17  J. P. Coloa and E. de Boer, Physics Letters, 1963, 5. 225. 
11 J P. Coloa and E. de Boer, Mol. Phys., 1964. 7. 333. 
" H. M. McConnell. J. Chem. PAys., 1956, 24. 632. 
20  M. Karplus and G. K. Fraenkel, J. Chem. Phys., 1961, 35. 

1312. 
11  P. H. Reiger and G. K. Fraenkel, J. Chem. Phys., 1963. 39. 

609. 



1973 

142 

The experimental values for the coupling constants of 
these protons are similar (2.16 and 241 Oe) and it is not 
possible to use the calculated values to assign the coupl-
ings to specific protons. In view of the similarity be-
tween the experimental values it is surprising that there 
is such a large difference between the calculated values 
for positions 8(H) and 9(H) (Table 1). The presence of 

TABLE 2 

MO Parameters used in calculations 

Position Bond' 
1(H) -0-40 1-2(C-H) 30 
2(C) -0-85 2-3(C-C) 0-2 
3(C) -0-0, 	-0-35 2-2'(C-C) 0-8 

4-5(C-N) 1-8 
5.10(N) 22 5-6,7 (N-0) 24 

6,7,11,12(0) 1-2 9-10(C-N) 1-2 
10-11,12(N-0) 24 

Numbering system refers to the structures shown in the 
Scheme. 6  Value used for radical anion (I). 	Value used 
for radical anion (II). 

the nitro-groups obviously has a marked effect since the 
experimental coupling constants for the positions corre-
sponding to 8(H) and 9(H) in the radical anion of 
acenaphthene are notably different and there is good 
agreement between the experimental and theoretical 
values.18  The molecular orbital parameters used for the 
nitro-group determine the agreement between the 
experimental and calculated coupling constants, and in 
the present work some sixty calculations were performed 
with gradual variation of the parameters until the 
best fit was obtained with those parameters quoted in 
Table 2. It did not prove possible to find a set of para-
meters which gave similar values for the coupling 
constants at positions 8(H) and 9(H) and at the same 

IDe 

1W 

'Fl 	— 
Ce 

FIGURE 1 First derivative e.s.r. spectrum of the radical anion 
of 3,8-dinitroaccnaphthene at -40 'C: (a) experimentally 
observed; (b) simulated 

time gave reasonable agreement between the experi-
mental and calculated coupling constants for the other 
magnetically active sites in radical anions (I) and (II). 

The experimental coupling constants for interaction 
at the nitrogen nuclei and at the bridge protons in radical 
anion (I) have the same value and the agreement with 
the calculated values is reasonable. The coupling con-
stant for the bridge protons in radical anion (I) is much 

FIGURE 2 First derivative e.s.r. spectrum of the radical anion 
of 3,5,6,8tetranitrOacenaphtheflC at -40 'C: (a) experiment-
ally observed; (b) simulated 

lower than the corresponding value for the radical anion 
of acenaphthene (7-53 Oe),18  presumably because of the 
electron-withdrawing properties of the ortho-substituted 
nitro-groups in radical anion (I). 

The spectrum of radical anion (II) can be analysed in 
terms of splittings from two equivalent protons, two 
pairs of equivalent nitrogens, and four equivalent proton 
nuclei. There is good agreement between the values 
for the experimental and theoretical proton coupling 
constants and this allows the proton coupling constants 
to be assigned unambiguously to specific protons. Here, 
as for radical anion (I), the major splitting arises from 
interaction with the aromatic ring protons and the 
spectrum exhibits a basic triplet pattern. Although the 
values for the theoretical nitrogen coupling constants 
agree well with the experimental values the difference 
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between the experimental values is too small to allow an 
unambiguous assignment to be made. 

EXPERIMENTAL 

3,8-Dinitroacenaphthene was prepared by a reported 
method.22  3,5,6, 8-Tetranitroacenaphthene was prepared 
by the method of Vernon and Wilson '3  with the modification 
that recrystallisation was performed using nitromethane 
instead of benzene. 5,6-Dinitroacenaphthene was pre-
pared by a literature method .24  The synthesis of the 
unreported compound 4,7-dinitroacenaphthene was at-
tempted but was not successful 

The radical anions of 3,8-dinitroacenaphthene and 
3,5,6,8-tetranitroacenaphthene were prepared by reduction 
with sodium.25  Repeated attempts to prepare the radical 
anion of 5,6-dinitroacenaphthene by the same method were 

22 B. C. Webb and C. H. J. Wells, J.C.S. .Perkin I, 1972, 166 
23 F. Vernon and R. D. Wilson, Telvahedron, 1965, 21, 2719. 

unsuccessful. The 1,2-dimethoxyethane which was used 
as solvent was dried over sodium, trap-to-trap distilled from 
alumina and sodium hydroxide pellets onto sodium and 
anthracene, and stored under vacuum. 

The e.s.r. spectra of the radical anions were recorded at 
_400  on a Varian E-4 spectrometer. The experimental 
proton and nitrogen coupling- constants derived from the 
spectra were checked by simulating the spectra using a 
computer program based on a Lorentzian line-shape func-
tion. 

We thank Dr. J. A. Paxton, Varian Associates Ltd., and 
Dr. A. Hudson, University of Sussex, for providing instru-
mental facilities for this work. 

[2/2234 flcceivc(i. 4/h October, 1 972 

11  M. M. Dashevskii and Z. P. Malevannava, J. Gen. C/tern. 

U.S.S.R.. 1964, 34, 521. 
25 C. H. J. Wells and J. A. Wilson, J. Chein. Sot'. (B), 1971, 

1588. 
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The Positive and Negative Ion Mass Spectra of Some Nitro- and Polynitro-
acenaphthenes 
By John F. J. Todd and Robert B. Turner, University Chemical Laboratory University of Kent at Canterbury 

Brian C. Webb and Clifford H. J.WelIs. School of Chemical Science and Technology. Kingston Polytechnic 

Kingston-upon-Thames. Surrey 

The positive and negative ion T'O eV mass spectra of thirteen nitro- and polynitro-acenaphthenes are reported. The 
postulated fragmentation pairs, many of which are supported by metastable ion evidence, are interpreted in terms of 
structural features of the mo(ecfes and stabilities of the products formed. The significant similarities and differences 

- 	between the two types of spe::ra are rationalised where possible. 

THE positive ion mass spectra of simple rLtrOaromatics 
are now relatively well characterised,1  th compounds 
studied including nitrobenzene, the moncaitrotoluenes, 
nitroanilines, and nitrophenols.5  Numerous mono- and 
di-nitronaphthalefles have also been investigated.33  
The negative ion mass spectra of these compounds have 
received considerably less attention, the only significant 
publications having appeared within the last two years. 

extent to which the two types of spectra relate both to 
each other and to the published data on other nitro-
compounds. 

DISCUSSION 

(A) The Positive Ion Mass Spectra.—The most abund-
ant ions in the spectra of the nitroacenaphtheneS are 
listed in Table 1 along with the value for the percentage 

TABLE 1 

Metastable transitions 11  and percentage :oral ion current for important fragmentations in the positive ion spectra, 
of nitroacenaphthenes 

Daughter ions 	 -- 

(21 - OH.]* 
((11 - OH-) - 
(or [M - HONO [M - NO (ill - NO, 	((?f - NO,') - NO-1-  (21 - O] [21 	H.) ((21 - H,) — N01 

Substitution 
pattern 1%) 	,,,' % m 

57 

M. 

0'O 
in 

 24 11  6-4 

4-ill) 
244 	• 
219 

166 
12 

() 	225 
1611 

08 
0'9 176 0-1 

0,1 
0-3 
0-8 

0-0 
0-1 

5-9 
46 

5.(tlI) 
i,6-(IV) 

196 	• 
1.3-8 

.37 
16-4 

164 
() 	 37 

23 
0-2 

9-1 
14 14 

0-0 
26 

4 
0'1 
00 

07 
0-5 

2,7.(V) 121 
171 	• 152 

18's 
211 
19 

0-0 
0-2 

18 
1-1 10 

U'S 
28 
0-0 

0-2 
0-0 

0-7 
0-1 

45.) VII) 176 
215 	• 

02 
31 

00 
('1 	10 

Q.j 
15 

20 
38 20 0-7 0-1 

01 
0-2 
0-1 4,6-(VIII) 

5,641M 147 	• 02 () 	0'l 0-i 
0-0 

68 
28 

18'3 
23 

0.3 
0-4 04 0'8 

3.3,6-(X) .5-S 	• 
122 	• 18 

120 
06 

)) 	 i 0-1 0-7 03 19 36 
27 

1-2 
29 

i,5,6,7-)XiI) 62 	• 
• 

32 0-2 
03 

0-3 
0-9 

11 
0-6 

0,5 
0-1 

0-7 
04 34 6'3 

3,6,6,8-(XIII) 44 	 1-6 
indicates that metastable 

() 

ion observe' 	at appropriate rn/c value. 	I Parentheses indicate metastable ions observed for the transitions (21 - OH') 
Asterisk in Table - NO.)* and (M - HONO). The remaining metastable.  os are for the transition ((M - OHS) - NO' only. 

Brown and Weber 5  have reported upon the negative 
ion spectra of in- and p-dinitrobenzenes obtained with 
2-20 eV electrons, and Bowie and his cc-workers have 
discussed the negative ion mass spectra of the isomeric 
nitrophthalic anhydrides 6 and N-substituted nitro-
anilines,7  as well as a series of nitrobenzezes containing 
substituent groups such as formyl and carboxy 8  and 
trifluoroacetarnido.9  Direct comparisons between posi-
tive and negative ion mass spectra within the same 
publication are extremely rare, although one recent ex-
ample is the report by Larkins et al.10  on a series of sub- 
stituted trinitromethanes. 

In this account we discuss the positive and negative 
ion mass spectra of a series of nitro- ad polvnitro-
acenaphthenes, a group of compounds not previously 
subjected to mass spectral analysis, and consider the 

H. Budzikiewicz, C. Djerassi. and D. H. Wiiliams, Mass 
Spectrometry of Organic Compounds.' Holdec-Jay, San Fran- 
cisco. 1967, p. 517. 

2  J H. Bevnon, R. A. Saunders. and A. E. \Viams, The Mass 
Spectra of Organic Molecules.' Elsevier. .Amsteram, 1968, pp. 
322-334, 340-342. 

Ref. 2. pp. 334-339. 
E. F. H. Brittain, C. H. J. Wells, H. M. Paisley, and D. J. 

Stickley, J. Chem. Soc. (B), 1970, 1714.  

total ion current carried by each ion. These values when 
taken in conjunction with the metastable ion evidence 

IH-2H1 

fM-NOi 

114H0N01t . [W-NOfl 	((M-2H)-NOzl 
ScHES.IE 1 

for specific decay processes suggest that the molecular 
ions fragment in the main by the routes shown in Scheme 
1. 	The molecular ions are relatively stable and although 

C. L. Brown and W. P. Weber, J. Amer. Chem. Soc., 1970, 
92, 5775. 

T. Blumenthal and J. H. Bowie, Austral. J. Chem., 1971, 24, 

1853. 
J. H. Bowie, T. Blumenthal, and I. Walsh, Org. Mass 

Spectromctry, 1971, 5, 777. 
J. H. Bowie, Org. Mass Sec1rome1ry, 1971, 5. 945. 
J. H. Bowie. Austral. J. Chem., 1971, 24. 989. 

° J. T. Larkins, J. M. Nicholson. and F. E. Saalfeld, Org. 
Mass Spectrometry, 1971, 5. 265. 
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the stability is less for the tn- and tetra-nitroacenaph-
thenes than for the mono- and di-nitroacenaphthenes the 
molecular ion peak is still of significant intensity in the 
spectra of the former compounds. 

Loss of hydroxyl radical and nitrous acid. The results 
show that the losses of OH and HONO represent major 
fragmentation routes in the decomposition of the majority 
of compounds studied. Possible mechanisms for the 
expulsion of OH- and HONO from nitroacenaphthenes 
in which there is a nitro-group ortho to the aliphatic 
bridge system are shown for 3-nitroacenaphthene (I) in 
Scheme 2. 

H 	 H °YI 
96 	1 	)w 	 I 	L. 

7 
5 	5 	 -HO', 

cz 
SCHEME 2 

The loss of OH via interaction of a nitro-group with a 
neighbouring alkyl group as shown in Scheme 2 is 
analogous to the fragmentation of the molecular ion of 
o-nitrotoluene.' However, whereas the [M - OH] 
ion formed from o-nitrotoluene fragments further by 
sequential loss of CO and HCN, where the carbon atom 
lost as CO is the methyl carbon atom, this route for 
further fragmentation is not available to the [M - OH-] 
ions from nitroacenaphthenes since the elimination of CO 
by an analogous mechanism to that operative for o-
nitrotoluene would involve rupture of two bonds in the 
aliphatic bridge. As expected, therefore, the peaks at 
mf e values corresponding to the [(M - OHS) - CO 
ions and the [(M - OH.) - CO - HCN] ions are 
insignificant in the spectra of the nitroacenaphthenes. 

Elimination of OH' and of HONO also occurs from 
those nitroacenaphthenes which are not substituted at 
the sites ortho to the aliphatic bridge. For such com-
pounds the hydrogen abstraction step analogous to that 
shown in Scheme 2 will involve the neighbouring ring 
hydrogen atoms rather than the bridge hydrogen atoms. 
Previous reports on the loss of 0H from alkyl substituted 
nitroaromatics "'i  suggest that in the case of 5-sub-
stituted derivatives the hydrogen would be preferentially 
abstracted from the ring not containing the nitro-group. 

Loss of nitrogen dioxide and nitric oxide. The elirnin- 
S. Meyerson, I. Puskas, and E. K. Fields, J. Amer. Chem. 

Soc., 1966. 88. 4974. 
12 J. Haney-Mason, T. P. Toube. and D. H. Williams, J. Chem. 

Soc. (B). 1966, 396.  

ation of NO2' from the molecular ion of the nitro-
acenaphthenes can occur by simple bond fission and in 
the majority of cases the corresponding metastable ion 
peak is observed in the spectra (Table 1). Similarly, the 
elimination of No' from the molecular ions, presumably 
via the nitro —p- nitrito rearrangement,15  is indicated in 
most cases by the presence of a metastable ion peak. 
These fragmentation processes do not warrant further 
comment except that insofar as their relative importance 
depends upon the structure of the nitroacenaphthene and 
the facility of the other competing primary fragmentation 
processes. The sequential loss of NO2' and NO' is of 
greater interest since this process appears to be markedly 
structure-dependent as shown by the fact that the 
percentage total ion current for the [(M - NO2.), - 
NO-] 4  ion is relatively low for all the compounds except 
5,6-dinitroacenaphthene (IX) where the value is very 
high, viz. 18.3%. This last phenomenon can be rational-
ised in terms of the mechanism for sequential loss of 
NO2' and NO' shown in Scheme 3. 

One feature of Scheme 3 is that transfer of an oxygen 
atom from a nitro-group at the 5-position to C-6 can occur 
under favourable circumstances, e.g. a positive charge 
residing at C-6. The observation of a metastable ion 
peak in the spectrum of 5,6-dinitroaceriaphthene corre-
sponding to the loss of CO from the [(M - NO2.) 
NO']' ion provides support for this oxygen transfer step. 

Elimination of NO2' followed by NO' does not play a 
prominent role in the fragmentation of the molecular 
ions of tn- and tetra-nitroacenaphthenes substituted at 

-NO; , 

NO2N 	
c3"o' .0 0 

 

- 	- C 0 	 NO' 

0* 	 O 

SCHEME 3 

the 5- and 6-positions since in these compounds alter-
native fragmentations, such as elimination of OH', 
dominate the breakdown pattern. 

Loss of hydrogen. A notable feature of the spectra of 
the nitroacenaphthenes is the increase in intensity of the 
[M - H2] peak as the number of nitro-groups in the 
compounds increases (Table 1) The loss of hydrogen is 

13 J. H. Bevnon, B. E. Job, and A. E. Williams, Z. Natur-
forsch., 1966, 21a. 210. 

" G. E. Robinson. C. B. Thomas, and J. M. Vernon, J. Chem. 
Soc. (B), 1971. 1273. 

15 J. H. Bevnon, R. A. Saunders, and A. E. Williams. Ind. 
C,Tlim. beige, 1964, 311. 
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likely to occur from the aliphatic bridge and the results 
in Table 1 suggest that the probability of loss increases 
as the Lewis acidity of the naphthalene system increases 
and the charge density on the aliphatic bridge decreases. 
This is supported by the results for the percentage total 
ion current for the I - H2]" ion from 3,5,6-trinitro-
acenaphthene (X) (04%) and 3,5,8-trinitroacenaphthene 
(XI) (36%). The Lewis acidity of the naphthalene 
system of (X) will be less than that of (XI) since in the 
former compound steric interaction between the nitro-
groups at the 5- and 6-positions forces the groups out of 
the plane of the aromatic system and reduces their 
electron-withdrawing power. Thus the electron density 
in the aliphatic bridge of (XI) will be lower than that in 

'(X). Also, theinductive effect of the two ortlzo-nitro-
groups in (XI) as compared to that of the one ortho-
nitro-group in (X) will be such that the electron density 
will be lower in the aliphatic bridge of the former com-
pound. Similarly, the electron density in the aliphatic 
bridge of 3,5,6,8-tetranitroacenaphthene (XIII) will be 
less than that in 3,5,6,7-tetranitroacenaphthene (XII) 
and here the percentage total ion currents carried by the 
[M - H2]1" ions are 3'4 and 27 respectively. The small 
values for the percentage total ion current for the 
[M - H2] ion in the spectra of the mononitro- and 
dinitro-derivatives suggest that the electron density in 
the aliphatic bridge in these compounds is not sufficiently 
low for the elimination of H. to be an energetically 
favoured process compared with the other primary frag-
mentation routes. 

Loss of atomic oxygen. The values given in Table 1 
for the percentage total ion current for the [M - O]1" ion 
show that the elimination of an oxygen atom is favoured 
when there is a nitro-group or/ho to the aliphatic bridge. 
A similar, though less marked, effect is observed in the 
spectra of mononitrotoluenes.1' The mechanism where-
by the neighbouring alkyl group in the or/ho-substituted 
nitroacenaphthenes and in o-nitrotoluene enhances the 
loss of an oxygen atom is open to conjecture. 

Loss of carbon monoxide. It is of interest that nitro-
acenaphthenes substituted at the 5-position but not at 
the 6-position do not undergo significant loss of CO from 
the molecular ion whereas for nitronaphthalenes sub-
stituted at the 1-position but not at the 8-position the 
loss of CO from the molecular ion is a major fragmenta- 
tion process.4"3  The elimination of CO from nitro-
naphthalenes of this type is dependent upon the transfer 
of an oxygen atom from the nitro-group to C-8. The 
difference between the nitroacenaphthenes and the nitro-
naphthalenes could arise because the C-5-C-5a-C-6 bond 
angle in the acenaphthene skeleton is greater than the 
corresponding bond angle in the naphthalene skeleton,'6  
a factor which has been invoked 	to explain the 
observation that the rate of nitration at the 5-position 
of acenaphthene is seventeen times greater than that at 
the 4-position in 1,8-dimethvinaphthalene. The in- 
creased bond angle results in an increased separation 
between the oxygen and the adjacent eri-carbon atom 
in nitroacenaphthenes relative to that in nitro naphthal- 

Loss of hydroxyl radical and nitrous acid. As can be 
seen from Table 2 the loss of hydroxyl radical and of 
nitrous acid from 4,5-dinitroacenaphthene, 4,6-dinitro-
acenaphthene, and 5,6-dinitroacenaphthene is signifi-
cantly less than the corresponding losses from the re-
mainder of the polynitroacenaphthenes which all have a 
nitro-group positioned or/ho to the aliphatic bridge. 
This indicates that the losses involve abstraction of a 
hydrogen atom from the aliphatic bridge system by the 
nitro-group. The presence of a further nitro-group in an 
analogous meta-position to the or/ho-substituted group 
facilitates the losses by resonance delocalisation of the 
negative charge that remains alter the hydroxyl radical 
or nitrous acid is removed. This is exemplified for 
3,8-dinitroacenaphthene in Scheme 5. It is significant 
that the combined yield of [M - 0H] and [M - 
HONO] ions from 3,8-dinitroacenaphthene, in which 
there are two nitro-groups or/ho to the aliphatic bridge 
is much greater than that from 3,6-dinitroacenaphthene 
in which the nitro-groups are in analogous meta-positions 
but only one group is ortho to the aliphatic bridge. In 
the case of 3,5,8-trinitro- and 3,5,6,8-tetranitro-acenaph-
thene there are two and three nitro-groups respectively 
which are in analogous meta-positions to the nitro-
groups or/ho to the aliphatic bridge. Also, since there 
are two nitro-groups or/ho to the bridge in both com-
pounds, the likelihood of loss of OW would be expected 
to be high. In fact the peak corresponding to the 

H. W. W. Ehriich, .4cta CrysL, 1957, 10. 699. 
' A. Davies and K. D. Warren, J. Chem. Soc. (8), 1969, 373. 

enes with the effect that oxygen transfer is likely to be 
inhibited. Nevertheless under favourable conditions 
(see above) the oxygen transfer step can compete effec-
tively with other processes involved in the fragmentation 
of the positive ions. 

(B) The Negative Ion Mass Spectra.—General features. 
The percentage total ion current carried by each of the 
major negative ions produced from the nitroacenaph-
thenes is given in Table 2, as are the observed metastable 
ion transitions. As can be seen the majority of the 
molecular anions formed are highly stable and for nine 
of the compounds studied the molecular ion peaks are 
also the base peaks of the spectra. The most prominent 
routes for fragmentation of the molecular ions involve 
loss of hydroxyl radical, nitrous acid, nitric oxide, and 
nitrite. These primary fragmentations and the major 
subsequent fragmentations are summarised in Scheme 4. 

IM- OH'] 	 (NO2l 

fM:HONOl 	 (M-NO-1 

[(M-NO.)-NOfl 
ScHEME 4 



[M - OHS] ion is the base peak in the spectrum of each 
of these compounds. 

Loss of nitric oxide. It has been suggested by Bowie 
et al.7  that the loss of NO from nitroaromatic compounds 
is facilitated when an orilio/para electron-withdrawing 
group is present. This is thought to arise because of 
resonance stabilisation of the phenoxide ion which 

J.C.S. Perkin II 

here nitro-groups are also in meta-positions to each other. 
The mixed ortho/para- and meta-character of this com-
pound is reflected in its negative ion spectrum in that the 
yield of the CM - NO] ion is similar to the combined 
yield of the [M - OH.]-  and [M - HONO] ions. 

Formation of nitrite ion. Loss of the nitrite ion from 
the molecular anions is a particularly prominent feature 
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TABLE 2 

Metastable transitions ° and percentage total ion current for important fragmentations in the negative ion mass 
spectra of nitroacenaphthenes 

Daughter ions 

UM - OH-) 
- NO]-  

Substitution 	2, f_ 	- OH]-  hO8O]) (M - NO-)- [)M—No-) 
	- 	((M - NO-) 

pattern (%) n* 	% m' 	% m' 	% m' 	% 	m' 
3-(I) 646 0-6 1-6 
4-(II) 633 0-0 0-1 
5-(tI1) 274 0-7 0-2 3-0 
3,8-(rY) 21-2 32 1-7 5.1 1-4 
3,7-(V) 9-4 1-9 b 	5-6 18-9 3-6 
3,8(VI) 28-0 6-5 2-0 * 	3-2 0-8 
4,5-(V1I) 152 00 0-0 161 0-0 
4,6.(VIIj) 32-6 0-0 0-6 15-1 * 	3.3 
5,6-(IX) 26-2 0-0 0-8 07 0-1 
3,5,6-(X) 168 87 12 41) 0-6 
3,5,8-(XI) 7.9 193,36,36 1-0 
3,5,6,7-(XII) 13-0 5-2 2-2 63 0-5 
3,5,6,8-(XIII) 47 18-8 30 1-7 0-5 

Asterisk in Table indicates that metastable ion observed at appropriate mie value. 
dMetastabie ions indicate ((M - NO,-) - NO-] 	also formed. 

results from loss of N0. It is thus to be expected that 
the loss of N0 will be favoured in compounds containing 
a nitro-group in an effective ortho/para position relative 

HYTh 
H OH 

;tJ°- 

SCHEME 5 

to the nitro-group from which the loss eventually occurs. 
Presumably this fragmentation is preceded by a nitro 
—.*.. nitrito rearrangement as is shown for 4,6-dinitro-
acenaphthene in Scheme 6. 3,7-Dinitro-, 4,5-dinitro-, 
and 4,6-dinitro-acenaphthene all have nitro-groups 
which are effectively ortho/para to each other and it can 
be seen from Table 2 that the relative abundance of the 
[M - NO.] ion from these compounds is far higher than 
for any of the other compounds studied. 3,5,6,7-Tetra-
nitroacenaphthene is the only other compound in which 
nitro-groups are effectively ortho/para substituted but 

- NO,-)-  - NO,- j-- [M - O -• ;31 — H-)- 
	 ((31 - H,) 

% m % % 
0-5 1-3 18-7 
0-3 1-1 5-5 0-4 18-3 

0-3 1-3 2-5 0-1 03 45-0 
06 0-6 0-6 37 0-2 0-7 42-3 
1-4 0-7 0-8 1-3 0-1 0-4 41-7 
0-7 0-7 0-8 0-9 0-2 0-8 33-1 
1-5 00 0-0 0-0 0-0 0-0 65-5 
0-5 • 0-3 1-4 0-3 0-3 0-0 38-4 
0-3 1-4 0-0 0-9 0-0 0-1. 61-1 
1-0 • 3-4 0-0 34 0-9 1-7 18-1 
1-8 • 1-8 3-0 1-8 0-7 1-3 9-1 
8-6 * 3-7 0-8 0-5 1-6 1-5 3-2 
1-8 d 6-7 3-4 1-3 3-4 4-0 2-1 

Corresponding to ((U - NOV) - OH. Corresponding to ((U - OH.) - No.;-.. 

of the negative ion spectra. However the percentage 
total ion carried by this ion is less easy to correlate 
directly with the structure of the parent ion than is the 
case for the other major ions. No metastable ion was 
observed for the formation of the nitrite ion and it may 
be concluded that it must be produced by a rapid process, 
e.g. dissociative electron capture. 

(C) Comparison of Spectra.—In their study of the 
negative and positive ion mass spectra of trinitro-
methanes, Larkins et al.'° considered that there was little 
correlation between the peak intensities in the two types 
of spectra. In the present work, ionisation with 70 eV 

11 k4 N 	 0 

-O - +O 	 -O 	0 

i-No. 

-O $ O 	 0 

SCHEME 

electrons should place negative ion formation in the 
domain of ion-pair formation 18  with zero yield of parent 

' C. E. Melton in 'Mass Spectrothetry of Organic Ions,' ed. 
F. W. McLafierty, Academic Press, New York and London, 
1963, ch. 4. 
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ions.19  That this latter effect is clearly not observed in 
these spectra is consistent with the suggestion made 
recently by McAllister 20  that at 70 eV there is a suffi-
ciently high density of slow-moving secondary electrons 
(accompanying positive ion formation or emitted from 
electrode surfaces) to make electron attachment and 
dissociative attachment significant processes under these 
conditions. On this basis the axiomatic approach to the 
fragmentation of the primary molecular anions, suggested 
recently by Alexander et al .21 should be applicable to 

these compounds. 
If ion-pair formation is of importance one might 

expect to see similar trends in the yields of complemen-
tary pairs of ions between the two sets of spectra. Such 
a pair might be [M - NO2 ] and NO. In fact there is 
no apparent correlation of intensities over the range of 
compounds studied, and furthermore other ions which 
could be considered to be a complementary pair were 
not observed to be of importance in the spectra. The 
metastable ion evidence in the negative ion spectra 
clearly points to the fragmentation of the molecular 
anion, principally by expulsion of neutral species such as 
0H, HONO, NO, and to a lesser extent NO2 . These 
modes of fragmentation show fairly clear parallels in 
the behaviour observed for both sets of ions, e.g. there is 
the requirement in both series of spectra that a nitro-
group be situated ortho to the aliphatic bridge for loss 
of hydroxyl radical from the molecular ion to be generally 
easy. On the other hand the balance between the tend-
ency to lose NO' or NO2  is quite different: whereas the 

C. E. Melton, 'Principles of Mass Spectrometry and Nega-
tive Ions.' Marcel Dekker, New York, 1970, p. 192. 

20 T. McAllister, J.C.S. Chem. Comm., 1972, 245. 
21 R. G. Alexander, D. B. Bigley, and J. F. J. Todd, Org. 

11! ass SpectrometrY, in the press. 

former is principally expelled in negative ion fragmenta-
tions, with the latter being of only minor importance, 
the reverse situation is observed in the positive ion mass 
spectra. This might suggest that the anionic parent 
species is the more stable insofar as the loss of NO must 
in general be preceeded by the. nitro -.-- nitrito re- 
arrangement. 

There is some similarity-  in behaviour between the 
two sets of spectra in the trends of the yields of ions 
formed by expulsion of H0 from the molecular ion, where 
it appears that in both cases an increase in the number of 
electron-withdrawing substituents renders the bridge 
hydrogens more labile. Similar trends are also observed 
in the ions formed by sequential losses: [(fri - H2) - 

NO'] and [(M - H0) - NOO]. 

EXPERIMENTAL 
The synthesis of the compounds studied has been de-

scribed elsewhere.22  All the compounds were isomerically 
pure, with the exception of 5nitroacenaphthefle from which 
it did not prove possible to separate traces of the 3-nitro-

compound .23 The mass spectra were recorded on AEI 
MS9 and MS902 instruments operating at source pressures 
of ca. 10 Torr and temperatures of 150-220 °C. Assign-
ment of the negative ion peaks was assisted by the use of an 
AEI 'Massmaster' modified for use with negative ion 
mass spectra .24 

We thank the S.R.C. for a research grant in partial 
support of this work and Mr. R. G. Alexander for helpful 
discussions. 
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Abstract-The polynitration of derivatives of 2.3-dimethyinaphthalene has been investigated. 

The nitration of methylbenzeneS has been exten-
sively studied. but relatively few investigations 
have been concerned with the nitration of methyl- 
naphthalenes. 

The mononitration of 1- and 2-methylnaph-
thalene has been reported in some detaiL1-2 as has 
the mononitration of a number of the isomeric 
dimethy [naphthalenes .3  The synthesis of poly-
nitro dime thyl nap hthalefles has been limited to the 
preparation of dinitro derivatives,'---  except in 
the case of 2.6dimethylnaPhthalene from which 
a tetranitro derivative has been prepared. The 
lack of information on synthetic routes to poly-
nitrodimethylnaPhthaienes is surprising since such 
compounds might be expected to exhibit explosive 
properties similar to the structurally similar poly-
nitrotoluenes. and might be expected to be inter-
mediates in the preparation of thermally stable 
explosives3  having applications in space re-
search.'"' In view of this. we have studied the 
nitration of methylnaphthaleneS and dimethyl- 
naph.thalenes, and we now report on the synthesis 
of some new polynitro2.3dimethYlnaPhthenes. 
Prior to this work. the only reported derivatives 
of 2.3 -dime thy 1naPhtha1ene (1) were 1-nitro-2.3- 
dimethylnaphthalene (2), 	5-nitro-2.3 -dimethyl- 

naphthalene (3),3 
(4)3 and 1. 8 -dinitro- 2 .3 -dime thy lnapllthalene (5).3 

Nitration of 1 with nitric acid in acetic an- 
hydride gave a product mixture from which 1.4- 

(6), 1 .5-dinitro-2. 
3dimethy1r1aPhthalene (7) and 5 were separated 
by fractional crystailisation and column chrornato-
graphy. Undoubtedly the dinitro-compounds are 
formed via the intermediacy of 2 and 3 as shown in 
Scheme 1. In accord with this. the nitration of 2 
in acetic anhydride yielded a mixture of 5. 6 and 7. 
The ratio of the isomers in the latter product 
mixture. as determined by NMR spectroscopy, 
was ca 1: 1: 1. It may be inferred from this ratio 
that the deactivating effect of the nitro group in 
the methyl substituted ring counterbalances to 
some extent the activating influence of the methyl 
groups. with the overall result that the rate of  

nitration in the methylated ring is similar to that 
for the non-methylated ring. Obviously, the 
presence of a nitro group in the non-methylated 
ring as in 3 would deactivate this ring towards 
nitration relative to the methylated ring and, as 
was to be expected. nitration of 3 with nitric acid/ 
acetic anhydride gave a product mixture corn-
prised solely of Sand 7. The NMR spectrum of the 
product mixture showed that the isomer ratio was 
ca 60:40, indicating that nitration occurred at 
the 4-position in 3 in preference to the 1-position. 
This presumably arises because the 4-position is 
"mew" to the nitro group in 3 and as such is a 
favoured site for nitration. Obviously electronic 
effects have a greater influence than steric effects 
in determining the preferred site of nitration since 
the 1-position in 3 is less sterically hindered than 
the 4-position. 

Conversion of 5, 6 and 7 into 1,4.5-trinitro-2.3- 
dimethy[naphthalene (8) can be achieved by nitra-
tion with the stoichiometric amount of nitric acid 
dissolved in sulphuric acid. As far as could be 
determined by NMR spectroscopy, 8 is the sole 
product in each of the reactions. Nitration of 8 in 
a mixture of nitric acid and sulphuric acid gives 
1,4,5 .7.tetranitro2.3d1methYlnaPhtha 	(9) and 

a 	small yield of 1,4,5 ,tetranitro2.3dimethy1 
naphthalene (10). 9 can be isolated by fractional 
crystallization but it was not possible to isolate 10. 
However, this latter compound can be synthesised 
by an indirect route (see below). The various steps 
in the conversion of 2.3dimethylnaPhthalene into 
the tetranitrocompounds 9 and 10 are summarised 
in Scheme 1. 

The 	synthesis of polynitro-2.3-dimethY lnaph- 
thalenes having nitro substituentS in the non-
methylated ring only, or having a greater number 
of nitro groups in the non-methylated ring than in 
the methylated ring can be achieved via the inter-
mediacy of 5-amino or 5-acetamido derivatives of 
2.3 -dime thylflaphthalene. For instance. 5-amino- 

(11) is obtained 
on treatment of 3 with alkaline hydroxylamine. 
and can be diazotised and treated with sodium 

2203 
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SCHEME I 

nitrite to yield 5,8 -dinitro- 2.3 -dime thyl naphthalene 
(12). Nitration of this latter compound using the 
required amount of nitric acid for mononitration 
results in substitution in the methylated ring to 
give 1,5,8 - trinitro-2.3 -dime thy I naphthalene (13) 
as the only product. Nitration of 13 with excess of 
mixed acid takes the reaction through to the tetra-
nitro stage, and here 1.4,5,8-tetranitro-2,3-di-
methylnaphthalene (10) is the only product. 

Reaction of 5-amino-2.3-dimethylnaphthalene 
(14) with a 1: 1 mixture of acetic anhydride/acetic 
acid yields 5-acetamido-2,3-dimethylnaphthalene 
(15). The acetamido group in this latter compound 
activates the nonmethylated ring such that nitration 
using nitric acid/acetic anhydride results in substi-
tution in the non-methylated ring only. Thus. 
dinitration of 15 gives 5 -ace tamido-6 .8-dinitro-2.3-
dimethylnaphthalene (16) as the only detectable 
product. Hydrolysis of 16 results in the forma-
tion of5-amino-6,8-dinitro-2,3-dimethylnaphthalene 
(17), an intermediate which can be used to prepare 
tn-. tetra- and pentanitro-derivatives of 2.3-di-
methylnaphthalene in which the number of nitro 
groups in the nonmethylated ring exceeds that in 
the methylated ring (see Scheme 2). 

Route A in Scheme 2 is initiated by removing the  

amino group from 17 via diazotisation to yield 
5 ,7-dinitro-2,3-dimethylnaphthalene (18). Nitration 
of the latter compound in mixed nitric/sulphuric 
acid using the stoichiometric amount of nitric acid 
for conversion to trinitro products gave a 30: 70 
mixture of I ,5,7-trinitro-2.3-dimethylnaphthalene 
(19) and 1,6,8 -trinitro-2.3 -dime thyinap h th ale ne 
(20). 19 and 20 were separated by column chroma-
tography, and their structures assigned from their 
NMR and mass spectra. The compounds are not 
distinguishable from each other by their NMR 
spectra but are distinguishable by their mass 
spectra. Thus, the (M—NiO.)l ion gives rise to the 
base peak in the spectrum of 20. a feature charac-
teristic of polynitronaphthalenes having nitro 
groups in adjacent pen -positions." whereas the 
W ion gives rise to the base peak in the spectrum 
of 19, a feature characteristic of polynitronaph-
thalenes having only one of the pen -positions 
occupied." It is noteworthy that nitration of 18 
occurred preferentially at the 4-position to give 20 
as the major product. This is probably because the 
4-position is a ",nern" position in relation to the 
nitro groups at the 5- and 7-positions and as such 
is favoured for nitration over the I-position which 
is an "ort/zo/pczra' position. 
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The synthesis of 5,6,8-trinitro-2,3-dmethyl-
naphthalene (21) was achieved by the conversion 
of the amino group of 17 into a nitro group, via 
diazotisation and treatment with sodium nitrite 
(route B of Scheme 2). The trinitro compound (21) 
is of interest since the three nitro groups are in the 
non-methylated ring, leaving two highly activated 
sites vacant in the methylated ring. Nitracon of 21 
in nitric acid/sulphuric acid using the stoichio-
metric amount of nitric acid for conversion to the 
tetranitro stage gave a mixture of 1,5.6.8-tetra-
nitro-2,3 -dime thy lnaphthalene (22) and 1,5,7,8-
tetranitro-2,3-dimethylnaphthalene (23. The 
nitration of 21 in excess of nitric acid/sulphuric 
acid yielded 1,4,5 ,6,8-pentanitro-2,3-& ethyl-
naphthalene (24) as the sole product. Undoubtedly, 
the formation of this latter compound proceeds via 
the intermediacy of the tetranitro derivaiives 22 
and 23 as shown in Scheme 2. 

EXPERIMENTAL 
Unless otherwise stated, column chromatogranhy was 

carried out with Merck silica gel (005-0-2 t-_m) using 
400 x 20 mm columns, and elution with 1: 1 enzene-
petroleum (b.p. 60-80°). Mass spectral molecui.ar weights 
were determined with an AEI MS9 mass speCtrometer. 
NMR spectra were recorded on a Perkin-Emer RIO 
spectrometer (tetramethylsilane as internal rtference). 
The structures of the nitration products were assigned 
from NMR and mass spectra. In particular. the following 
criteria were used in the assignments from ne NMR 
spectra: (a) a slightly broadened methyl resonance indi-
cated coupling to an ort/zo proton at either the 1- or 4-
positions in 2.3-dimethylnaphthalene. (b) a sharp methyl 
resonance indicated a nitro group in either the 1- or 
4-positions. 

Nitration of 2.3 -di,nethy lnaplzthalene (1). Nitric acid 
(d 142: 1 ml) was added dropwise during 05 h to a solu- 

tion of 1 (1 g) in acetic anhydride (10 ml) maintained in 
an ice-bath so as to keep the temperature below 10°. The 
mixture was then maintained at 20° for 2 h, and poured 
into water (50 ml). The precipitated product was filtered 
off, washed with water, and dried in vacuo to give a pale 
yellow solid (098 g). The first crop from recrystallisation 
of this solid from petroleum (b.p. 60-80°) gave 1,8-
dinitro-2,3 -dim ethylnaphthalene (5) (0-3g), m.p. 243-5°  
(lit,5  245°). The remaining crops were combined and 
column chromatographed to give three fractions. Evapora-
tion to dryness of the first fraction gave 1,4-dinitro-2,3-
dimethy1naphthalene (026g, 17%), m.p. 197°. (Found: C, 
584; H, 42; N, 111. C12 H10N204  requires C. 58'5; H, 
41; N, 114%); i (CDCI) 231 (41-1, s)and 758 (6H, s); 
mfe 246 (Mt). Evaporation of the second fraction to 
dryness gave 1 ,5-dinirro-2,3-dimethylnaphthalene ( 035 g, 
22%), m.p. 160°. (Found: C, 585; H, 46; N, 113. 
C12H10N204  requires C, 58'5; H, 41; N. 114%); r 
(CDC13) 15-25 (4H. m), 749 (3H, s) and 765 (3H, s, 
broadened); mle 246 (M). Evaporation of the third 
fraction to dryness gave 5(0.08 g). 

Nitration of 1-nitro-2.3-dimethylnaphthalene ( 2). Nitric 
acid (d 142; 0'S ml) was added dropwise during 05h 
to a solution of 2 (1 g) in acetic anhydride (10 nil), the 
temperature being maintained below 10°. After standing 
at 20° for I h, the solution was poured into cold water 
(50 ml). The precipitate was filtered off, washed with 
water, and dried in vacuo to give a pale yellow solid 
(097g). The NMR spectrum of a sample of the product 
showed it to be a 1: 1: 1 mixture of 5, 6 and 7. 

Nitration of5-nitro-2.3-di!net/1vinaphthalene ( 3). Nitric 
acid (d 142; 0-5 (W) was added dropwise during 05h to 
a solution of 3(1 g) in acetic anhydride (10 ml), the tem-
perature being maintained below 10, in an ice-bath. After 
standing at 20° from 1 h. the solution was poured into 
water (50 ml). The precipitate was filtered off. washed 
with water, and dried in vacua to give a pale yellow solid 
(106g). The NMR spectrum of a sample of the product 
showed it to be a Ca 60:40 mixture of Sand 7. 	- 

Preparation of I .4.5-,rinitro-2.3-dinzetlzvinap/zt/zalene 
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(8). A solution of 5 (2 it) in sulphuric acid (d 1.84: 30 ml) 
was prepared. and nitric acid (d 1'42: 05 ml) added with 
stirrn2. The mixture was allowed to stand at 20°  for 2 h. 
and poured on to crushed ice (50 ). The precipitate was 
filtered off, washed with water. and dried in twoo to 
give 8(19g. 81%). m.p. 175°. (Found: C. 49'3: H. 33: N. 
14-5. CHN0. requires C. 495: H. 3-1: N. (44%): 
r (CDCI1) 175-23 (3H. m). 7-5 0H. s) and 755 (3H. 5): 

rn/C 291 (Mi. Using the same procedure. 7 (2 g) gave 8 
(20g. 88%). There was no evidence for any other com-
pound in the N1 R spectrum of the crude product. Using 
the same procedure 6 (2 g) gave 8 (I 6g. 68%). There was 
no evidence for any other compound in the NMR 
spectrum of the crude product. 

Vitiation oJS. Nitric acid Id 142: (5 ml) was added to 
a solution of S (1 g) in sulphuric acid (d 184: 30 uI). The 
mixture was stirred for I h. and then poured on to crushed 
ice (SO g). The precipitate was filtered off. and dried 
in Vacilo to give a white solid (105g). The NMR spec-
trum of a sample of the product in CDCI:i  showed that 
it was a ca 95:5 mixture of l,4.5.7.tetranztro-2.3-di- 
,net/tvinaphtha/ene (9) and 	I .4.5.8-tetrc:nztro-2.3-di- 
rnethv/naphtlia/ene (10). r (9) 1'07 and 122 (2H. ABq, 

JAB 2 Hz). 7'37 (3H. s) and 744 (3H. s); (10) 1'80 (2H, s) 
and 742 (6H. s). Recrys tall isation of the product mix-
ture from glacial acetic acid gave pure 9 (0'97 g, 84%). 
m.p. 279°. (Found: C. 429; H. 2-5; N. 16'2. CHN4O, 
requires C, 429; H. 24; N. 16'7%): m/e 336 (Mi. 
Evaporation of the mother liquor to dryness gave a 
residue from which it was not possible to isolate 10, since 
column chromatography of the mixture using various 
stationary phases resulted in rapid decomposition in 
each case. 

Preparation of 5 .3_ c /iiiitro_2.3_di,net/iy/nctPhthalt'ne 
(12). A soln of  (1(g) in 95% ethanol (10 ml) was added 
to a soln of hydroxylamine hydrochloride (3 g) in 957c 
ethanol (50 ml). and the mixture maintained at 60° whilst 
a solution of potassium hydroxide (lOg) in methanol 
(30 ml) was added dropwise. with stirring, during 1 h. 
The mixture was stirred for-a further 2h. and poured 
into water (300 ml). The precipitate was filtered off. 
washed with water and dried. Recrystailisation from 95% 

ethanol gave 5_arnino_8_nitro_2.3-dirnet/tylnttP/itltalene 
(11) (07g. 54%). m.p. 188°. (Found: C. 66'4; H. 5•5 N. 
13'0%. CL2HliN0 requires C. 66'7; H. 5'6; N. 13'07c. 
11 (1 g) was added to a mixture of sulphuric acid (d 1'84: 
4 ml) and glacial acetic acid (25 ml). and cooled to 5' 
in an ice-bath. The cooled mixture was added to a soln 
of sodium nitrite (S g) in sulphuric acid (d 1'84: 5 ml). 
After standing for 05 h. the red diazonium mixture was 
poured into a mixture of sodium nitrite (lOg), sodium 
bicarbonate (20 g) and water (200 ml). The brown precipi-
tate (07 g) was filtered off, dried, and chromatographed 
to give 12 (006g. 5%). m.p. 177'. (Found: C. 58'2: H. 
44: N. 11-3. C-H ,N04  requires C. 585; H. 41: N. 
114%): 7(CDCI1) 182 (2H. s). 2-01 (2H. s) and 748 
(6H. s. broadened): rn/c 246 (Mi. 

Nitration of 12. A solution of nitric acid (d 1'42: 
0'25 ml) in sulphuric acid (d 184: 25 ml) was prepared. 
and a portion (075 ml) added to a soln of 12 (0-03 g) in 
sulphuric acid (d 184; 3 ml). The mixture was stirred for 
2 h. and poured on to crushed ice (20 g). The precipitate 
was filtered off. washed with water, and dried in racno to 
give 1.5 .8_trinitro-2.3'diinet/iyinaplitlitilcite (13) (0025 g, 

7017). m.p. 170°. (Found: C, 49'2: H. 3-5: N. 141. 
C aH..N:0 requires C. 49'5: H. 3.(: N....4%): CDCL) 
167 (IH. sI. 188 (2H. s). 738 (3H. s. broadened) and 
743(3 H. s): /ll/C 291 (Mi. 

Nitrati.,, ./' 13. Nitric acid (d 142: 005 ml) was added 
to a soln of 13 (0'02 g) in sulphuric acid Id 184: 5 ml). The 
mixture was stirred for 1 h. and poured on to crushed ice 
(20 to. The precipitate was washed with water and dried 
ill t-aciw to give 10 (((02g. 87%). m.p. 160°. (Found: C. 
423: H. 2-: N. (6'!. C1-,H.N 0, requires C. 42-9: H. 
2-4: N. 167%); 7 (CDCI) 180 (2H, s) and 742 (6H. s): 
in/c 336 (M). 

Preparation of 5.7.dinitro-2.3-di,netIiy/naplitlialene 
(18). A soln of 3 (8-5g) in 95% ethanol (150 ml) was 
refluxed with hydrazine hydrate (15 ml) in the presence 
of 1017c Palladium on charcoal (O'l g) for (Oh. Hot filtra-
tion. followed by cooling, gave 5-wnino-2.3-diniet/iy/-
n(lp/itlialeiie (14) (7-0g. 96%). m.p. 65'. (Found: C. 84-3: 
H. 7-5: N. 8-I. CaHiN requires C. 84-2: H. 7-6: N. 
82%). 14 (7 v) was added to a mixture of glacial acetic 
acid (25 ml) and acetic anhydride (25 ml). Cooling 
resulted in the separation of 5-acetamido-2.3-dimethyl-
naphthalene (15) which was filtered off. washed with 
water. and dried (80g. 92%). m.p. 162°. (Found: C. 77-7: 
H. 68: N, 6'5. C 4H1 N0 requires C. 778: H. 7-0: N. 
6'6%). 15 (8 g) was dissolved in acetic anhydride (100 ml). 
and nitric acid (d 1'50: 4 ml) added dropwise. the temp 
being maintained below 10°  in an ice-bath. The mixture 
was poured into water (500 ml) and the product filtered 
off and dried. Recrystallisation from 95% ethanol gave 
5_ciceta,nido_6.8.dinitro_2.3.din7etItYiltaP/ltItaIehte 	(16) 
(4-6g. 41%). m.p. 190°. (Found: C. 55'O; H. 4-2: N. 13'7. 
C14H13N.105 requires C. 55'5: H. 43; N. 13'901o). 16 
(4'6g) was refiuxed for 16h in 9590 ethanol containing 
70% sulphuric acid (15 ml). Cooling and neutralising 
the reaction mixture with N sodium hydroxide (300 ml) 
resulted in the precipitation of 5-arntno-6.8-dinitro-2.3-
dirnethvinap/itlia/ene (17 . which was filtered off and dried 
(3'0g. 76%). m.p. 150°. (Found: C. 55-0: H. 42: N. 160. 
C1 H11N104 requires C. 552; H. 4'2: N. 16-117c). 17 
(0'6g) was added to a mixture of sulphuric acid (d 1'84: 
2 ml) and glacial acetic acid (15 ml), the resulting mixture 
cooled to 5' in an ice-bath. and then added to a solution 
of sodium nitrite (1 g) in sulphuric acid (d 1-84: 5 ml). 
After standing for 0'5 h. the red diazonium solution was 
poured into a soln of ferrous sulphate (10 g) and ethylene 
glycol (20 ml) in water (30 ml). The brown precipitate 
was filtered off, dried and column chromatographed to 
give 18 (0'08 g. 14%), m.p. 156°. (Found: C. 58'2; H. 4'5; 

N, 11'3. C12H10N04  requires C. 58'5: H. 41; N. 1 l'4%); 

r (CDCI.1) l'lO (2H. s), 160 (1 H, s). 2-08 (1H. s). 7'43 
(3H. s. broadened) and 747 (3H. s. broadened) (singlet 
at l'lO splits into an ABq on addition of CD); rn/c 

246 (M). 
Nitration of 18. Nitric acid (d 1'42: 012 ml) was added 

to a soln of 18 (0-5 g.) in sulphuric acid (d 1'84: 20 ml). The 
mixture was stirred at 20° for 2 h. and then poured on to 
crushed ice (50 g). The precipitate was filtered off, 
washed with water, and dried in cacao to give a pale 
yellow solid (0'4g). Column chromatography of the solid 
yielded two fractions. Evaporation of the first fraction 
to 	dryness gave 1,5.7- trinitro- 2.3 -dinzeth.vhraph th tile tie 
(19) (0-095g. 1617c). m.p. 169° (yellow needles). (Found: 
C. 49'3; H. 3'5: N. 14-6. Ci H,N:0 requires C. 49'5: H. 
3'I: N. 144%); (CDCI:) l'OS and 1'21 (2H, ABq. JAB 

2Hz). 1'46 ((H. s). 735 (3H. s. broadened) and 7'54 
(3H. 5): nt/c 291 (IM-) (base peak at rn/c 291). Evapora-
tion of the second fraction to dryness gave I .6.8-trinztro- 
2.3-dirnerliv/,iaplitliale!te (20) (0232g. 39%). m.p. 178° 
(white crystals). (Found: C. 496: H. 3'3: Ni. 14-7. 

Ci H.,N0 requires C.49-5:14.3- 1 -. N. 144%); 7( DCI) 
1-05 and 1-21 (2H. ABq. JAB  2Hz). 184 (IH. 5). 735 
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(3H. s. broadened). 7'4 (3H. s): ipIle 291 (Mi (base peak 

at 1,1/c 245). 
Preparation of 5 .6.S_trinitro_2.3_di1nethY llaP/1tIla1'1  

(21). 17 (09 g) was added to a mixture of sulphuric acid 
(d 1'84: I'S ml) and lial acetic acid (15 ml). and cooled 
to 5°  in an ice-bath. The mixture was added to a soln of 
sodium nitrite (I g) in lulphuric acid (d 184: 4 ml), and 

allowed to stand for 05 h. The red diazonium solution 
was poured into a mixture of sodium nitrite (7 g), sodium 
bicarbonate (15g). and water (150 ml) to give a buff 
coloured precipitate. which was filtered off and dried. 
The product (03 g) wal chromatographed on a column of 
silica gel (350 x 20 rnrr' using benzene as eluent to give 
21 (0-15g. 18%). m.p. 52°. (Found: C. 502: H. 36: N. 
139. C 0H,N•0 requ::s C. 49'5; H. 3'1; N. 1447c.); 
(CDCI) 1'22 (IH. s). bI (lH. s). 235 (lH. s). 740 (3H. 
s, broadened) and 745 H. s. broadened),nfe 291 (Mi. 

Nitration of 21. A solution of nitric acid (d 142: 25 ml) 

in sulphuric acid (d 184; 25 ml) was prepared. and a 
portion (04 ml) added :o a soln of 21 (0'2g) in sulphuric 
acid (d 184; 6 ml). The mixture was maintained at 35°  for 
1 h. and then poured an to crushed ice (10 g). The result-
ing precipitate was fil:ered off, washed with water, and 
dried in vacuo to give a white solid (02g). Elemental 
analysis showed that te product was a mixture of tetra-
nitro2.3-dimethylnaphthalenes. (Found: C. 42'9; H. 23; 
N, 163. Cl2HHN40I recuires C. 42'9; H, 24; N, 16'7%). 
The NMR spectrum oa sample of the product in CDC1 
showed that it was a ca 70:30 mixture of 1.5.7,8-tetra-
nitro_2.3_dimet/iylnapi:thalefle ( 23) and 1,5 ,6,8-tetranitro-
2,3-dimethylnaphthaler.e ( 22); r (23) 123 (1 H, s), 218 
(I H. s). 735 (3H, s, broadened) and 743 (3H. s); (22) 
140 (1H. s), 160 (lH. s), 743 (3H, s, broadened) and 
754 (314. s). All attempts to separate the mixture by 
column chromatograp)y failed due to decomposition of 
the products on the varous stationary phases used. 

Nitric acid (d 142; 1 ml) was added to a soln of 21 
(013g) in sulphuric acid (d 184: 10 ml). The mixture was 

stirred at 50° for 2 hr, then poured on to crushed ice (50 g). 
The resulting precipitate was-filtered off, washed with 
water, and dried in 'acuo to give I .4.5.6.8_pcnta,l!tro-

2.3_dimetliInapIitIlalene ( 24) (005g. 34%), m.p. 175°. 
(Found: C. 372: H. 24: N. 178. C1 H7NO0 requires C. 

378; H. 1'8: N. 184%); r (CD:;COCD:1) 0-81 (I H. 5). 
7.29(3H s) and 736 (3H. s); ni/c 381 (Mi. 

Acknoa/edgements-We thank Dr. I. Dunstan and Mr. 
J. A. Bell of the Explosives Research and Development 
Establishment. Ministry of Defence. for discussions. 
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Studies on Nitroaromatic Compounds. Part Vi.t Synthesis of Poly-
nitro-1,5- and -1,8-dimethyinaphthalenes 

By Stephen R. Robinson. Brian C. Webb. and Clifford H. J. Wells. School of Chemical and Physical 
Sciences, Kingston Polytechnic, Kingston-upon-Thames, Surrey 

The nitration of 1.5- and 1 .8-dimethyl-4-nitronaphthalene has been studied in different media and a number of 
new polynitro-1.5- and -1.8-dimethylnaphthalenes have been prepared. 

MANY of the explosives used in space research are re-
quired to be thermally stable and of low volatility since 
they may have to be sterilised by thermal means prior to 
transportation in spacecraft 2  and may be subjected to 
high temperature and low pressure under conditions of 
use.3  2,2',4,4',6,6'-Hexanitrostilbene has found wide 
application as an explosive for use in space 20  and is pre-
pared for such purpose by treatment of 2,4,6-trinitro-
toluene with base.4  Since polynitro-1,5- and -1,8-di- 

1 Part V, B. C. Webb, C. H. J. Wells, and J. A. Wilson, J.C.S. 
Perkin II, 1973, 156. 

2 N. J. Bowman and E. F. Knippenberg, J. Spacecraft, 1966, 
3. 1542. 

methylnaphthalenes are structurally similar to poly-
nitrotoluenes, they are of interest as possible inter-
mediates in the preparation of thermally stable explosives 
of low volatility. The nitration of 1,5- and 1,8-dimethyl-
naphthalene has been relatively little studied, and only 
mononitro-derivatives have been reported to date.5  In 
view of this, we have investigated the nitration of 1,5-
and 1,8-dimethyl-4-nitronaphthalene t(I) and (VI)] in 
relation to the preparation of polynitro-derivatives. 
The conditions used for the nitrations are shown in 

E. E.Kilmer, J. Spacecraft, 1968, 5, 1216. 
K. G. Shipp and L. A. Kaplan, J. Org. Chem., 1196, 31. 857. 
A. Davies and K. D. Warren, J. Chem. Soc. (B), 1969, 873. 
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Schemes 1 and 2, as are the new compounds (II)—(V) 
and (VII)—(X) which have been synthesised. 

Me 

Me NO2  

NO2  Me 	 Me 

o2  co 
Me NO2 	 Me NO2  

(It) 	

/ 

W

NO2 Me 	 NO2 Me 
ryNO2 ii 	 ' NO2 

02  N iiLi 
Me NO2 	 Me NO2 

(IV) 	 (1) 

Me Me 

NO2 

Me Me 	 Me Me 

NO2 	 NO2 NO2 

(va) 	
V 

Me Me 	 Me Me 
02Nf -(NO2 

LLJ 	- 
NO2 NO2 	 NO2 NO2 

(DC) 	 CX) 
SCHEME 2 Reagents as Scheme 1 

ScHEME 1 Reagents: i, HNO3—Ac20; ii, fuming 	 We thank the Ministry of Defence for financial support 
HNO3—(CH2CI)2 ; iii, HNO3—HSO4 	 and for a maintenance grant (to B. C. W.). 

EXPERIMENTAL 	 [4/526 Received, 18th March, 1974] 

Details are available as Supplementary Publication No. 	* For details of Supplementary Publications see Notice to 
SUP 21104 (6 pp.).* 	 Authors No. 7 in J.C.S. Perkin I, 1973, Index issue. 
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RESEARCH NOTE 

Electronic spectra of nitro- and polynitro-acenaphthenes and of nitro- and 

polynitro-1,8-dimethylnaphthalenes 

(Received 29 April 1974) 

Abstract—The electronic absorption spectra of twelve nitro- and polynitro-acenaphthenes and of 
five nitro- and polynitro. 1 ,8-dimethylnaphthalenes have been measured and discussed. 

THE ELECTRONIC spectra of nitro and polyxiitro aromatic compounds have not been studied to 
any extent, with the exception of the nitro-derivatives of benzene [1-103. A number of studies 
have been carried out, however, on the electronic spectra of conjugated nitro olefins [11-13]. 
As part of a study on the chemistry of nitroaromatic compounds we have synthesised a number 
of new polynitroacenaphthenes [14] and polynitro- 1 ,8-dimethylnaphthalenes [15] and the main 
features of the ultraviolet absorption spectra of these compounds and of mononitro derivatives 
of acenaphthene and 1,8-dimethylnaphthalene are given in Table 1. 

The compounds listed in Table 1 exhibit three main absorption bands in the wavelength 
range 250-400 nm. This is similar to the spectrum of naphthalene where the bands at 221, 286 
and 312 nm correspond to 'Bb  -- 'A, 1La  - 'A and 'Lb  — 'A transitions respectively [16]. 
Information on structure-wavelength and structure-intensity correlations is limited for band I 
in the present set of spectra on account of solvent absorption but the band does show a trend of 
a blue shift and intensification as the degree of substitution by nitro groups increases. Likewise, 
band II exhibits a hypsochroinic effect and a hyperchromic effect with increasing substitution. 
There are, however, notable differences in the extinction coefficients for band II within the groups 
of dinitroacenaphthene, trinitroacenaphthene and tetranitroacenaphthene derivatives. Thus, in 
situations where there is steric interaction between ortho substituted nitro groups, as in 4,5-
dinitroacenaphthene, and between peri substituted nitro groups, as in 3,5,6-trinitroacenaphthene, 
the molar extinction coefficient is considerably less than that for the non-sterically hindered 
derivatives within the group. It is also of interest that the band II extinction coefficients for 
2,5-dinitro- 1 ,8-dimethylnaphthalene (e = 5620) and for 2,4,5,7-tetranitro- 1 ,8-dimethyl-

naphthalene (e = 23,400) are considerably lower than the values for theirrespectiveacenaphthene 

L. DoIIB and J. M. VANDENBELT, J. Am. Chem. Soc. 69, 2714 (1947). 
L. DouB and J. M. VANDENBELT, J. Am. Chem. Soc. 71, 2414 (1949). 
L. Doim and. J. M. VANDENBELT, J. Am. Chem. Soc. 77, 4535 (1955). 

S. NAo.axurtA and J. TANAXA, J. Chem. Phys. 22, 236 (1954). 
.S. NAGAXURA, J. Chem. Phys. 23, 1441 (1955). 
S. NAGAXURA, M. KoJIMA and Y. MAXuoM&, J. Mol. Spec. 13, 174 (1964). 

A. WENZEL, J. Chem. Phys. 22, 1623 (1954). 
W. F. FORBES, Can. J. Chem. 36, 1350 (1958). 
W. M. SCHUBERT and J. RoBINs, J. Am. Chem. Soc. 80, 559 (1958). 

B. M. WEPSTER, Rec. Tray. Chim. 76, 335 (1957). 
E. A. BRAUDE, E. R. H. JONES and G. G. ROSE, J. Chem. Soc. 1104 (1947). 

T. E. MEAD and L. B. CLAPP, J. Org. Chem. 23, 921 (1958). 
J. P. FaxEM.bi , J. Org. Chem. 26, 4190 (1961). 
B. C. WEBB and C. H. J. WELLS, J. Chem. Soc. Perkin Trans. 1, 166 (1972). 

B. C. WEBB and C. H. 5. WELLS, unpublished results. 
J. R. PLATT, J. Chem. Phys. 18, 1168 (1950). 
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Table 1. Wavelengths (nm) and molar extinction coefficients* (1 mo1 1  cm') of 
main bands in the electronic absorption spectra of nitroacenaphthenes and nitro-

1,8.dimethylnaphthaleneS in chloroform solutiont 

Compound Band I Band II Band III 

3-NA 272(29,700) 298(8550) 374(Z-, 20) 

4-NA 274(30,100) 303(7230) 374(3560) 

5-NA 262(15,100) 314(2510) 376(7220) 

4-NDMN 256(10,000) 290( 	2500) 364(3800) 

3,6-D1NA <250§ 288(16,000) 351(8890) 

4,6-DiNA 259(25,400) 294(12,500) 375(9180) 

5,6DiNA <250 -II 349(8420) 

3,7-DiNA 268(43,600) 299(11,500) 385(5690) 

4,5-DiNA 272(16,500) 305(4000) 376(2440) 

2,5-DiNDMN <250§ 296(5620) 343(4670) 

4,5-DiNDMN <250 § - 342(7200) 

3,5,6-Tr NA <250 278(4380) 345(1930) 

3,5,8-Tn NA - 277(13,300) 351(4070) 

2,4,5-Tr NDIvEN <250 -D 331(5620) 

3,5.6,7-Tetra NA - 271(21,000) 360(5470) 

3,5,6,8-Tetra NA 269(41,600) 364(11,100) 

2,4,5,7-Tetra NDMN - 264(23,400) 328(7900) 

* Extinction coefficients are shown in parenthesis. 
Chloroform was used as solvent on account of the insolubility of many of the 

compounds in nonpolar solvents. 
The symbols NA and NDMN refer to nitroacenaphthene and nitro-1,8- 

dixnethyhiaphthalene respectively. 
§ Band maximum obscured by solvent absorption. 
11 Inflection. 
If Obscured by band I. 
** Band I totally obscured. 

structural counterparts viz. 3,6dixuitroacenaphthefle (e = 16,000) and 3,5,6,8-tetranitro-
acenaphthene (e = 41,600). This probably reflects the greater steric interaction between the 
alkyl substituents and the adjacent nitro group(s) in the dimethy]naphthalefle derivatives. 

Band III in the spectra may be assigned as arising from transitions associated with the 
substituent intro groups, and according to NAOAKtTRA [5] these transitions may be of the intra-
molecular charge-transfer type. It is noteworthy that for those dinitroacenaphthefleS where the 
nitro groups are effectively meta to each other, viz, the 3,6- and 5,6-derivatives, the band III 
maxima are blue shifted relative to the maxima for those dinitroacenaphthenes in which the 
nitro groups are effectively ortho/para positioned viz, the 4,6-, 3,7- and 4,5-derivatives. Meta 

substitution of the nitro groups allows resonance stabilisation of the ground state and, conse-
quently, greater energy is required for electron promotion to an upper electronic state as com-
pared to the situation for ortho/para substitution. 

School of Chemical and Physical Sciences, 	 B. C. WEBB 

Kingston Polytechnic, 	 C. H. J. WELLS 

Kingston upon Thames, 
Surrey 



160 

Mass Spectroscopy, Isotopes and 

lonisatiOn Potentials 

R. DAVIS and C. H. J. WELLS 
School of Chemical and 
Physical Sciences, 
Kingston Polytechnic, 
Kingston upon Thames, England 

Two,  of the most significant discoveries of physical 
science arose as a result of mass spectroscopic studies; these 
being the. discovery of isotopes and of the mass defect in 
elements. Although mass spectroscopy is still used for 
research in the physical sciences, it is most widely noted 
nowadays for its range of applications to problems in the 
chemical sciences, of which one of the most important is 
in the elucidation of the structure of compounds. 

MASS SPECTROSCOPY is concerned with the analysis of ions 
formed from atoms or molecules. One method for ionising 
atoms or molecules is to bombard the gaseous sample with 
a beam of electrons. This is brought about in mass spectro-
scopy by injecting the sample into an evacuated chamber 
(see Figure 1) where a heated metal filament emits elec-
trons which are accelerated to high energy across the cham-
ber by means of an electron trap held at a positive poten-
tial. In the case of a molecule (m), say, collision with the 
electron beam will result in an electron being ejected from 
the molecule to give a positively charged ion, termed the 
molecular ion (m). In many cases the molecular ion 
formed is highly energetic and fratments to give ions of 
lower mass (mt( mt,- - -). The ions formed are character-
istic of the parent molecule and can be used for the pur-
poses of structure identification. 

The ions once formed are accelerated using a negative 
potential; separated according to their mass-to-charge 
(rule) ratio, and the relative abundances of ions of dif-
ferent ru/e value measured. The acceleration and separa-
tion processes can be illustrated conveniently by means of 
the mechanical model shown in Figure 2. If a series of 

Electron 
.rap 

Sample - 	 / T'0 vacu= 

5iectrca—' lom  beaa 

Ac1-rat1r_ A S  

II 	plates 
zoaed 
C11aaen 	 Ta.riable 

5ie1. :trsagth 

detec'tcr 

D apflhtctrt 
a-%d recorSe: 

Figure 1 — Schematic diagram of a mass spectrometer 

12 

wooden balls of different sizes, and hence mass, but all 
having the same sized iron core, are allowed to roil down 
the slope, then they will have a kinetic energy at the bot-
tom which is dependent upon their mass. The magnet sited 
at the bottom of the slope exerts the same attraction on each 
ball but since the deflection produced will depend upon the 
mass of the ball (the light ones being deflected most) the 
bails of different mass will follow separate paths, as shown 
in Figure 2. 

In mass spectroscnpy the ions of different ru/e value 
are induced to follow different paths by applying a strong 
magnetic field (about 3000 Gauss) at right angles to their 
direction of flight in the spectrometer. Under such circum-
stances, ions follow a curved flight path governed by the 
equation 

irs 	B2 r2 
e 	2V 

where B is the strength of the magnetic field, r is the radius 
of curvature of the ion path. and V is the accelerating po-
tential. If the values of B and V are held constant, the ions 
of different rule values will follow flight paths having 
different radii of curvature and the ion beam entering the 
magnetic field will become separated into beams of ions 
of different m/e value (see Figure 3). In a mass spectro-

graph the ion beams separated in this way impinge onto a 
photographic plate where the images formed can be related 
to the relative abundance of the ions in each of the beams. 
In a mass spectrometer the radii of curvature of the inn 
paths are altered by either varying the accelerating poten-
tial V or the magnetic field strength B so that each ion 
beam 'passes successively through the entrance slit of an 

lacreasing deflactl0fl, 
decr,a3j.r ease 

Figure 2 — Mechanical model simulating acceleration and 
magnetic separation at ions. 
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Figure 3 - Ion separation and detection in a mass spectro-
graph. 
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ion detector where the relative abundance of the ions in 
each beam is recorded as an electrical signal. A typical 
modern mass spectrometer is shown schematically in Fig-
ure 1, where the relative disposition of the ion source, ion 
accelerator, ion separator and ion detector can be seen. 

Isotopes 

The mass spectrum that would be obtained for neon 
from •a spectrometer as described above is shown in Fig-
ure 4. Neon has three isotopes, °10Ne, °'LONe and tioNe, 
and since they are of different mass, the ions formed from 
them will be of different m/e value and hence give rise to 
three ion beams in the spectrometer and hence three peaks 
in the spectrum. Ions formed from atoms. unlike those 
from molecules, cannot fragment further and hence there 
are no other peaks in the spectrum of neon due to the 
singly charged species. However, low intensity peaks oc-
curring from the corresDonding doubly charged species 
are observed. The heights of the peaks are proportional 
to the number of ions in each beam and hence it can be 
deduced from the mass spectrum that the °10Ne. 0Ne and 

2 0Ne isotopes are present in neon in the ratio of 10:0.03:1. 
Thus the atomic weight of neon can be calculated to be 
20.2. in eareement with the accepted value. 

The discovery of the existence of isotopes was made by 
J. J. Thompson in 1912 when by studying the effect of 
electric and magnetic fields on the "positive rays' produced 
in neon discharge tubes, he was able to demonstrate the 
presence of the two most abundant isotopes of neon. 
These findings were later extended using a more conven-
tional mass spectrograph when the occurrence of three 
isotopes of neon was demonstrated and their relative pro-
portions determined. F. W. Aston was able to show that 
the masses of individual isotopes (nuclides) when measured 
on the atomic weight scale actually differed from whole 
numbers. Precise measurements of relative atomic mass by 
mass spectrometry have subsequently shown that the 
masses of nuclides are not exactly equal to the sum of the 
individual masses of the component protons, neutrons and 
electrons. The difference in masses is termed the mass 
defect and is a measure of the binding energy of the nu-
cleus as governed by Einstein's relationship E = mci. Thus 
mass spectroscopic studies provided experimental evidence 
for Einsteins special theory- of relativity. 

Ionisation Potential and the Periodic Table 

The efficiency of production of positive ions in a mass 
spectrometer is a function of the energy of the ionising 

Figure 4 - Partial mass spectrum of neon showing peaks du 
to singly charged ions. 

medium. When a beam of electrons is used for ionisatioc 
of the sample, the kinetic energy of the electrons in the 
beam is changed by varying the positive potential on the 
electron trap in the ionisation chamber (Figure 1). If the 
intensity of a -beam of ions of particular m/e value reach-
ing the ion detector is monitored as the electron beam 
energy is varied then a plot such as shown in Figure 5 is 
observed. If it Is assumed that the energy gained by an 
atom or molecule upon electron imact is equal to the 
energy of the electron beam, then the energy required to 
remove an electron from the atom or molecule (termed the 
ionisation potential) is given by the value of the electron 
beam energy at which the relevant ions are first detected 
(see Figure 5). The ionisation potentials of a number of 
atomic species (Ce, Er, Nd. Tb, Th, U) have been obtained 
by mass spectral methods although the majority of atomic 
ionisation potentials have been measured by other spectro-
scopic methods. 

The values of the first ionisation potential of the ele-
ments are of interest since a plot of these values against the 
atomic number clearly shows the existence of shells in the 
arrangement of electrons in an element. The plot of first 
ionisation potential against atomic number is shown in 
Figure 6 where it can be seen that minima occur for the 
alkali metal elements (Li. Na. K, Rb, Cs) and maxima for 
the noble gas elements (He, Ne. Ar, Kr, Xe). These results 
are readily explainable on the basis that a relatively low 
amount of energy is required to remove the single unpaired 
electron in the outermost shell of the alkali metal elements. 
whilst a relatively high energy is required to remove an 
electron from the completely filled outermost shell of the 
noble gas elements. The pattern of the values for the first 
ionisation potentials between the minima and maxima on 
the plot gives information on the arrangement of electrons 
in the electronic sub-shells of the elements. For example. 
there is an increase in ionisation potential for the elements 
going from boron to neon corresponding to the filling of 
the 2p sub-shell. The somewhat anomalous position of ni-
trogen arises as a consequence of the 2p shell of this ele-
ment being half-filled, the enhanced ionisation potential 
reflecting the stability  of a half-filled sub-shell. 

The stability of a completely filled shell is also demon-
strated by the values for the ionisation potentials for suc-
cessive removal of electrons from any element. Thus. ir 
general, the values increase regularly for an element as 
the valency electrons are successively removed until a shei 
is emptied, whence a very large increase is observed for 

JANUARY, 1975 
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Figure 6 - Variation of the first ionisation potential with 
atomic number. 

the removal of an electron from the next lower-lying filled 
shell. 

For example, beryllium has first and second ionisation 
potentials of 898.8 and 1755.2 kJg-atorn1  corresponding 
to removal of the two 2s electrons, while the subsequent 
removal of a Is electron requires an energy of 14,851.76 
kJg-atom'. Examination of the values for the ionisation 
potentials of Na, Mg, Al, Si and P given in the Table shows 
the marked increase to occur after removal of one, two, 
three, four and five electrons respectively. Such large in-
creases are reflected in the effective upper valency limits 
of these elements. 

TABLE 

Element Ionisation potential (kjg-atom') 

1st. 2nd. 	3rd. 	4th. 	5th: 	6th. 

Na 495.9 4563.7 
Mg 737.1 1.447.3 7728.4 
Al 577.0 1.813.9 2740.2 11578.1 
Si 786.4 1572.7 3,232.2 	4.3514 16112.8 
P 1,061.4 1,900.7 2,913.8 	4.959.3 	6,271.5 21,226.5 

CANADIAN CHEMICAL EDUCATION 
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Base-induced coupling of 4-nitro-1,5- and 
-1, 8dimethylnaPhthalefle5  
Stephen R Robinson, Brian C Webb and Clifford H J Wells 

School of Chemical and Physical Sciences. Kingston Polytechnic. Kingston upon Thames. Surrey 

Dimerisation of 2,4,6-trinitrotoluene TNT) under alkaline 
conditions yields 2.2',4,4'6,6'_heXafl0stu1b 	(I-INS) in 

good yield,' this latter compound being of importance as a 
thermally, stable explosive suitable for use in space research.2 '3  

Knowledge of this reaction prompted an investigation of the 

action of base on 	 and 4- 

nitro 1,8dimethYlflaPhthalene with a view to obtaining 
coupled products which would have the potential for further 
nitration to polynitro compounds anaiagous in structure to 

HNS. 
The reaction of potassium hydroxide in methanol with 

4-nitro-1 ,5dimethyinaPhthalefle 	gave 	4,4'-dinitro-5,5' 

dimethyl_bis_l,2(1_naPhthYl)etl 	(I) and 4,4'-dinitro-5,5' 

dimethyl_bsl,2(l_naPhthYl)eth1ae (II) as initial products, 
while prolonged reaction yielded 4_methoxy5-methyll 

naphthaldehYde (III) as sole produc. The reactions were 
performed as follows. To a solution cf 4_nitro-1,5-diillethYl 

naphthalene (Ig) in methanol (50cm3) was added 30 per cent 

potassium hydroxide in methanol (3C.zm3), and the solution 

stirred for 12h at 200. The precipita:ed yellow solid (06g) 
was filtered off, and recrystallised from nitrobenzene to give 
compound (1), (055g). mp 282°, n.m.r. spectrum (CDC13),  

2-2 - 2-6 (6H,tn) and 	745 (3H,s't, mass spectrum. m/e 

398 (M+). The mother liquor was eva-porated to dryness. the 
residue extracted with benzene, and the extract run on a 
silica gel t.l.c. plate (03mm; 200 x 200mm) using 1:1  

benzene/light petroleum (bp 60-80°) as eluent. The band at 

Rf 0-89 was extracted with methanol. and evaporated to 
dryness to give compound (II) (0-019), mp 220°, n.m.r. 

spectrum (CDC13), 	2-3 -2-6 (5H,tn), 6-55 (2H,$) and 

765 (3H,$); mass spectrum, m/e 400 (M). 

HC 	CH 	 cH2-CHZ 

00 00Q:OMe NO2 NO2 Me 	NO2 NOi Me 

Sampling (5cm3) of the initial reaction mixture at hourly 
intervals, drowning out in hydrochloric acid (2N; 25cm3), 

and analysing the precipitated products by n.m.r. spectral 
measurements showed the disappearance of compounds (I) 
and (II) with time and the appearance of compound (III). 
After 24h the precipitated product contained only compound 
(III), mp 73°, n.m.r. spectrum (CDC13), - -01 (lH,$), 
07 (IH.$), 23-26 (2H.m), 2-10 and 3-10 (2H, ABq, JAB 

9Hz), 60 (3H,$) and 715 (3H,$); mass spectrum m/e 200 

(M). 
The action of potassium hydroxide in methanol-tetra- 

hydrofuran on 	 yielded 4,4'- 

dinitro_8.8'-dimethyl-1 ,2-bis-( lnaphthyF)ethefle (IV), 4,4'- 
(V), and 4 

(VI) in a similar fashion 

to the reaction of base with 4-nitro- .5-dimethylnaphthalene. 
Spectral properties are in agreent with the assigned 
structures: (IV) - n.m.r. spectrum, (C6D5NO2) 	23 - 28 

(overlapped by solvent) and 703 (s); mass spectrum, m/e 

398 (M); (V) - n.m.r. spectrum (CDCI3)1 
 - 2'0 - 30 (511,m), 

631 (211,$) and 710 (3H,$); mass sectrum, m/e 400 (M); 

(VI)-n.m.r. spectrum (CDC13), - -01 (lH.$), 16-27 
(3H,m), 190 and 314 (2H, AB, JA.B 9}-j), 5.95 (3H,$) and 

720 (311 s) 	 . 

All the new compounds gave satisfactory elementa 

analyses. 	 - 
The Ministry of Defence is thanked for financial support o 

this work. 
Received 16 January 197 
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Studies on Nitroaromatic Compounds. Part VII.' A Nuclear Magnetic 
Resonance Study of the Reaction of [H3]Methoxide Ion with Some 
Polynitrodimethylnaphthalenes 

By Stephen R. Robinson. Brian C. Webb. and Clifford H. J. Wells. School of Chemical and Physical 

Sciences, Kingston Polytechnic, Penrhyn Road. Kingston upon Thames, Surrey 

The interaction of 1.8.dimethyl-2.4.5.7.tetranitrO- (I), 1.5dimethyl-2.4,6,8-tetranitro- (II). and 1.5-dimethyl-
2.4.8-trinitro-naphthalene (III) with ('H,]methoxide ion in ('H]dimethyl suiphoxide has been investigated by 
'H n.m.r. spectroscopy. The major initial reaction is proton abstraction from a methyl group of (I)-.-.(III) to give a 
resonance stabilised benzyl-type anion. The anions from (I) and (III) are stable, whereas the anion from (II) 
undergoes isomerisation to give a stable product. The anion from (III). unlike those from (I) and (II). can react 
with ['H)methoxide ion to give a dianlonic species. In the case of (I), addition of base to a nuclear position in the 
parent nitro-compound competes with proton abstraction. 

THE reactions of nitroaromatic compounds with base 
are well documented 	and, of these, the reactions of 
2,4,6-trinitrotoluene (TNT) with both weak and strong 
base have received considerable attention. In a number 
of systems the reaction of TNT with base has been postu-
lated as proceeding via the intermediacy of the 2,4,6-trini-
trobenzyl anion (TNT-).6-10  

Whereas in many cases, 'H n.m.r. spectroscopy has 
provided direct evidence in establishing the structures 
of intermediates and products in the reactions of alk-
oxide with nitroaromatic compounds,2  it has not proved 
possible to obtain n.m.r. spectra relating to the reaction 
of alkoxide with TNT, owing probably to the presence 
of free radicals in these systems.4'1' Hence it has not 
been possible to gain direct structural evidence for the 
existence of the TNT-  anion. We have investigated the 
reaction of [2H,]mnethoxide ion with some polynitrodi-
methylnaphthalenes which are structurally related to 
TNT, and now report on n.m.r. evidence for the forma-
tion of ben.zyl-type anions in the systems studied. 

RESULTS AND DISCUSSION 

As can be seen from Figure 1, there are notable dif-
ferences between the 'H n.m.r. spectrum of 1,8-dimethyl-
2,4,5,7-tetranitronaphthalene (I) in [2H6]dimethyl suiph-
oxide and the n.m.r. spectrum of a I. : 1 mixture of (I) 
and sodium [2H3]methoxide in the same medium. 
The most noticeable effect of addition of sodium [2H,]-
methoxide is the splitting of the aromatic proton reson-
ance of (I) into two resonances at 1.43 and 1.72, the 
halving in relative intensity of the methyl proton reson-
ance at r 7.31, and the appearance of two new reson-
ances at 'r 3.84 and 4.69 [see Figure 1(b)]. The integral 
ratio of these resonances (from low to high field) is 
1:1:1:1:3. The broad resonance at ca. 6.0 and the 
multiplet resonance centred at 7.50 were present in all 
spectra after addition of base and can be assigned to 
CD30H and CD,HSOCD3  respectively. Other features 

1 Part VI, S. R. Robinson, B. C. Webb, and C. H. J. Wells, 
J.C.S. Perkin I, 1974. 2239. 

I 	Foster and C. A. Pyle, Rev. Pure Appi. Chem., 1966, 16. 
81. 

E. Buncel, A. R. Norris, and K. E. Russell, Quart. Rev., 

1968, 22. 123. 
' M. R. Crampton. Ado. PJys. Org. Chem:, 1969, 7, 211.. 
' M. J. Strauss, Chem. Rev., 1970, 70, 867. 

are the appearance of somewhat weaker resonances close 
to 	7.0 and 8.0 and in the region r 1-2. 

The spectrum of Figure 1(b) indicates that reaction 
with [2H,]methoxide occurs at a methyl group of (I) and 
that this involves loss of a proton to give a structure in 
which the remaining two protons resonate in the midfield 

C)13  CH 
(o) C-0 

2 	l 

U) 

1W 

Fxouaz 1 'H N.m.r. mectra of 1,8.dimethyl-2,4,5,7.tetraflitrO-
naphthalene in [2H,]dimethyl sulphoxide containing sodium 
[2H,]methoaide: mole ratio [CD101 : [nitroaromatic] is 
(a) 0.0 and (b) 1.0 

region of the spectrum. The main features of the spec-
trum can be explained in terms of a resonance stabilised 
benzyl-tvpe anion of which two canonical forms (IV) and 
(V) are shown in Scheme 1. The observation of two 
resonances in the midfield region indicates that structure 
(V), and other similar canonical forms involving charge 

E. F. Caldin and G. Long. Proc. Roy. Soc., 1963, A223, 263. 
A. Blake, M. J. B. Evans, and K. E. Russell, Gonad. J. 

Cliem., 1966. 44. 119. 
G. Shipp and L. A. Kaplan, J. Org. Chem., 1966, 31. 857. 

C. F. Bernasconi, J. Org. Chem., 1971. 36; 1671. 
10 E. Buncel, A. R. Norris. K. E. Russell, and R. Tucker, 

J. Amer. Chem. Soc., 1972, 94, 1646. 
11  K. L. Servis, J. Amer. Chem. Soc., 1967, 39. 1608. 



localisation at a nitro-group, represent the charge distri-
bution in the anion more closely than structure (IV). 
Thus the resonances at 1.43, 1.72, and 7.31 can be 

H 	HE 
CH3 	CH

11 

02N 5~1 	NO2 - 	a- 

c 

07 	
II 

H B 

NO2 N07 N07 	t 

() 

SCHEME I 

assigned to protons HA, HE, and H0 of anion (V) res-
pectively, while the resonances at T 3.84 and 4.69 can be 
assigned to protons HD and HE. It is not possible to 
assign unambiguously the resonance for H0 and HE as 
their relative chemical shifts will depend upon the orien-
tation of the 2-nitro-group and the associated shielding 
cone with respect to the aromatic ring system. The 
absence of observable coupling between the gentinal 
protons H0 and HE is consistent with the n.m.r. spectra 
of other compounds in which the exocycic olefinic 

H8C Oco 
CHA 3 

02 N 	 N102 

NO2 NO3 

Egg  

J.C.S. Perkin II 

formed by a-addition of the [2H3]methoxide ion at the 
C-i and -3 positions of (I) respectively. On this basis, 
the resonances at r 6.96 and 7.08 can be assigned to the 
HA protons of (VI) and (VII), whilst the resonances at 
' 7.92 and 8.04 can be assigned to the H3 protons of (VI) 
and (VII). The weak singlet resonances in the region of 

1-2 maybe attributed to the aromatic protons of (yr.) 
and (VII). The sumof the integrals for the H, reson-
ances of (VI) and (VII) amounted to Ca. 15% that of the 
integral for the H0 protons of (V). It is thus apparent 
that the reaction of [HJmethoxide ion with (I) involves 
competitive proton abstraction and a-addition processes, 
and that under the conditions employed in the present 
study, compound (I) undergoes Ca. 85% methyl proton 
abstraction to 15% a-addition. This contrasts to the 
reaction of methoxide with 2,4,6-trinitroaniline where, in 
a 1: 1 methanol-dimethyl sulphoxide solvent system, the 
nitroaromatic compound undergoes Ca. 20% NH proton 
abstraction and 80% a-addition.114 

The effect of sodium [2H3]methoxide on the n.m.r. 
spectrum of 1 ,5_dimethyl_2,4,6,8-tetranitronapllthalefle-
(II) is shown in Figure 2. The spectrum of Figure 2(b), 
obtained shortly after addition of one equivalent of 

CH CH. 

	

03N 
-' 	

NO7 

	

-... 	.. 	H 

NO2 NO2 
0 CD3 

t=j 
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H H 	 H H 	 H H 
N0 7 	 NO 2 	 NO 2 

NO3 	 HO 3 

02N CH3 N 
	

CH3 N 
	

CH3 	Q3 

f 7M I (X) 

group is part of a conjugated system.1213 Further 
evidence of hydrogen abstraction having occured from 
(I) was obtained by adding a sample exhibiting the n.m.r. 
spectrum of Figure 1(b) to deuteriochioric acid-heavy 
water whence 1 ,8-dimethyl-2,4,5,7-tetranitro[2HflaPh-
thalene was precipitated. 

The signals in the spectrum of anion (V) decreased 
in intensity with time and were not detectable after 
24 h; no new signals were detectable however. The 
change in spectrum does not arise because of reaction of 
anion (V) with [2H3]methoxide ion since addition of two 
equivalents of sodium [2H3]methoxide to a sample ex-
hibiting the spectrum of anion (V) did not cause any 
alteration in the spectrum. 

The weak resonances in the spectrum of Figure 1(b) 
most probably arise from the 1: 1 adducts (VI) and (VII) 

11 C. F. Wilcox and D. L. Nealy, J. Org. Chem.. 1963. 28. 
3446. 

sodium [2H3]methoxide, is similar to that of Figure 1(b) 
both in terms of chemical shift positions and relative 
integral ratios of the observed resonances. Thus it would 
appear that a resonance stabilised benzyl-type anion 
(VIII) is formed by proton abstraction from (II). 

Unlike (V), the anion (VIII) is not stable and within 
30 min the spectrum of (VIII) is replaced by that shown 
in Figure 2(c). In this latter spectrum, the olefinic 
resonances of (VIII) in the midfield region have been 
replaced by two resonances of the same intensity in the 
low field region. With regard to this, it is interesting to 
note that a downfield shift has been observed for the 
amino protons in 2,4,6-trinitroaniline on reaction of 2,4,6-
trinitroaniiine with base.15 This shift was ascribed to 

13 H. M. Hutton and T. Schaefer, J. Phys. Chem., 1964, 88, 
1602. 

14 M. R. Crampton and V. Gold, J. Chem. Soc. (B), 1966, 893. 
15 M R. Crampton, J. Chem. Soc. (B), 1968, 120 
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increased hydrogen bonding between the amino-protons 
and the adjacent nitro-groups in the anion as compared 
to that in the parent molecule. The time scale of the 
present process excludes hydrogen bonding as the cause 

of the mechanism tentatively proposed in Scheme 2. As 
might be expected, the reaction sequence (II) —0- (VIII) 

—.o.. (IX) is reversed under acid conditions. Thus, 
addition of a solution exhibiting the n.m.r. spectrum of 

0 	 OH 	 OH 
- 	I 

ON+ tCH2 	 O—N—CH 	 O—N--CH 

rrj'fi NO2 	 1NO2 	. 	
NO2 

02 N 	 02 

_/\_ 

tj 

	

	 1) 

SCHEME 2 

of the change but indicates, instead, some form of chemi-
cal reaction. The disappearance with time of the 

NO1  CH, 
NOj 

O,N{I)tIII) 
CN2 NO, 

In) 

 

Figure 2(C) to deuteriochioric acid—heavy water gave 

Reaction of sodium [H3Jmetho2dde with 1 ,5-dimethyl-
2,4,8trinitronaphtha1efle (III) in 1 : 1 mole ratio gives 
the n.m.r. spectrum shown in Figure 3(b). It is ap-
parent that an anion of similar structure to (V) and (VIII) 

NO, CH, 

(a) 
 Call."NO,  

CH, NO, 
1111) 

l ) 

Ib) 

Cc) 

.\,.. 

0 	2 	1. 	6 	8 	10 
-r 

FIGURE 
2 'H N.m.r. spectra of 1,5dimethy12,4.6.8tetimo.. 

naphthalene in ['H]dimethyI suiphoxide containing sodium 
[H,]methoxide; mole ratio [CD30I [nitroarornatic] is (a) 
0.0, (b) 1.0, spectrum alter 2 min, (c) 1.0, spectrum alter 30 
min  

olefinic resonances of (VIII), coupled with the observa-
tion that anion (V) is stable and does not react in this 
way, suggests that the reaction proceeds ?ia the nitro-

group at the 8-position. A reaction product of structure 
(IX) could account for the observed n.m.r. spectrum. 
The formation of this product can be rationalised in terms 

IR 

-r 

FIGURE 3 'H N.xn.r. spectra of 1,5dimethy12,4.811tr0  

naphthalefle in [2HdimethYl sulphoidde containing sodium 
['H,]methoxide mi.e ratio [CD01 : [nitroaromat±j is (a) 
0.0, (b) 1.0, and (c) 3.0 

is formed. Comparison of this spectrum with that of 
(III) in Figure 3(a) shows clearly that the olefinic reson-
ances ofthe anion are derived from one of the methyl 
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group resonances of (III). Since proton abstraction is 
more likely to occur from the methyl group at the 1-
position in (III), the anion would be expected to have 
structure (X). Deuteriation of (X) in deuteriochioric 
acid-heavy water yielded 1 ,6-dimethyl-2,4,8-trinitro-
[2HTxiaphthalene. 

The specurn of Figure 3(b) does not change with time, 
but further addition of sodium deuteriomethoxide 
resuits in the spectrum of Figure 3(c). The resonances 
in the latter spectrum may be assigned on the basis of 
addition of rnethoxide at C-3 in (X) to give the adduct 
(XD. As would be expected, addition at C-3 causes the 
resonance for the proton at this site to shift upfield; 
from -r . 1.25 to 3.68 in this case. Interestingly, coupling 
between the exocycic olefinic protons is observed when 
conjugatiorr between the olefinic linkageand the C-2--C-3 
bond is broken by a addition at C-3. 

EXPERIMENTAL 

The nitroaromatic compounds were prepared and purified 
as previously described.' [2HDimethy1 suiphoxide and 
[1HJ methanol were dried over molecular sieve. 

1H N.xn.r. spectra were recorded at 310  on a Perkin-Elmer 
Rio spectrometer operating at 60 MHz. Chemical shifts 
were measured relative to internal tetramethylsilane as 
reference. Solutions were prepared immediately prior to 
use, and the initial n.m.r. spectra recorded within 2-4 mm 
after preparation. Deuteriated products were prepared by 
drowning out samples, after recording their n.m.r. spectra, 
in deuteriochioric acid-heavy water mixtures. The pre-
cipitated product was filtered off, dried in varuo, and the 
mass spectrum of the product recorded using an A.E.I. MS9 
spectrometer. 

We thank the Ministry of Defence for financial support 
and for a maintenance grant (to B. C. W.) 

[5/963 Received, 21s May. 1975] 
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Positive and Negative Ion Mass Spectra of Nitro- and Polvnitro-1,5- and 
-.2,3- D imethylnaphthalefleS 
By Stephen R. Robinson and Clifford H. J. Wells.*  School of Chemical and Physical Sciences, Kingston 

Polytechnic. Kingston upon Thames, Surrey KT 2EE 
Robert B. Turner and John F. J. Todd. University Chemical Laboratory, University of Kent at Canterbury, 

Kent CT2 7NH 

The positive and negative ion 70 eV mass spectra of four nitro-1,5- and twelve 
nitro2.3dimethYIflaPhthalene5  are 

reported. The major molecular ion fragmentations in both modes are elimination of NO2-. OH-. and NO-. These 

fragmenta:iOfl pathways are supported by metastable ion evidence in many instances and can be rationalised in 
terms of neighbouring group interactions and the stabilities of products formed. The elimination of the nitrite 
ion is a feswre of negative ion fragmentation but is not observed to any extent in the positive ion mode. 

THE positive ion mass spectra of simple nitroarotnatiC 
compounds are now relatively well characterised 1.2 and 
in recent years considerable attention has been given to 
the study of the negative ion spectra of such compounds. 
Included in this latter work are reports on the negative 

1 H. BudzikiewiCz, C. Derassi, and D. H. Williams, 'Mass 
Spectrometry of Organic Compounds Holden—Day, San Fran- 
cisco, 1967, p. 517. 

2  J H. Benvon, R. A. Saunders, and A. E. Williams. 'The 
Mass Spectra of Organic Moiecules.' Elsevier, Amsterdam, 1968, 
pp. 322-342. 

J. F. J. Todd, R. B. Tuner. B. C. Webb, and C. H. J. Wells, 

J.C.S. Perkin II, 1973, 1167. 

ion spectra of nitroacenaphthenes,3 dinitrobenzeneS,4 
nitrophthalic anhydrides.5  N-substituted nitroanilines,6  

trinitromethaneS,1  substituted nitroarylbenzoates,8  and 

C. L. Brown and W. P. Weber, J. Amer. Chem. So:., 1970, 92. 

5775. 
T. Blumenthal and J. H. Bowie, Austral. J. Chem., 1971. 24, 

185.3 
6  J H. Bowie, T. Blumenthal, and I. Walsh, Org. Mass 

Spectromelry, 1971. 5, 777. 
J.T. Larkins, J. M. Nicholson. and F. E. Saalfeld, Org. Mass 

Spectromery, 1971, 5, 265. 
J. H. Bowie and B. Nussev, Org. Mass Spcctro;'zetry, 1972, 6. 

429. 



5.7 	* 1.9 
2.4 	* 1.7 
1.9 0.0 * 8.8 
0.2 0.0 1.0 
0.7 0.1 1.5 
0.5 0.2 1.1 
0.7 0.1 0.8 
1.7 0.0. * 1.0 
0.3 0.0 0.5 
2.1 0.0 7.1 
0.0 0.0 * 0.1 
0.2 0.0 * 0.5 

2.3 0.4 0.0 
0.5 0.0 0.0 
0.2 0.0 0.0 
0.2 0.0 0.0 

Metastable ion also observed for [(Al - NO') - 
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aryl nitrobenzoates.8  In the case of negative ion spectra, 
molecular anions are sometimes formed which do not 
possess enough internal energy to enable fragmentation 
to occur 5 and there are also certain functional groups 
which under normal conditions do not fragment. 11  
These effects, taken along with the early observations 
that only small numbers of negative ions are produced 
upon electron impact and the frequent occurrence of ions 
produced by ion-molecule reactions, partly account for 
the fact that negative ion mass spectrometry has been 
rarely used in conjunction with positive ion mass spectro-
metry to study mass spectral fragmentation. We now 

Inspection of Table 1 shows that in the case of the 
nitro_2,3-dimethylnaphthalefleS, fragmentation route A 
predominates in those compounds having nitro-groups 
on adjacent pen-positions, viz, compounds (III), (VIII), 
(X), and (XII). Obviously, steric strain between nitro-
groups on adjacent pen -positions facilitates loss of NO 
and in each of these compounds the [M - .NO2'] ion 
gives rise to the base peak in the spectrum. In contrast, 
the degree of steric interaction between orLho-substituted 
nitro-groups is such that NO2' loss is not favoured relative 
to other losses. This is seen for 5,6,8-trinitro-2,3-di-
methylnaphthalene (XI) where the [M - NO] ion 

TABLE 1 

Metastable transitions a and percentage total ion current for important fragmentations in the positive ion mass spectra of 
nitrodimethylnaphthalenes 

Daughter ions 

[(M - OH') [(M - OH.) [(M - No') 
-. 	ri r 	T( .1+ rr - OH-1+ IM - NO-]+ 	-NOi 	COJ 	-CO) 
I' 

(%) 
L-' - 	2 

rn * 	% 
L' 

rn * %  m * 0' 	* - 
% 

Nitro-2, 3.dimethylnaphthalefles 
14.0 
14.3 

S 	 4.2 
* 	5.6 

* 2.0 
0.2 

	

2.0 	* 

	

1.2 	* 
2.7 
2.4 

1,8- (III) 
1,5- (IV) 

4.8 
4.2 

* 	14.5 
0.1 * 

0.1 
0.5 

0.1 
0.1 

0.2 
0.2 

1,4- (V) 
5,7- (VI) 

8.0 
7.5 

0.5 
1.0 

* 
* 

1.1 
0.4 

0.7 
0.1 

0.6 
0.3 

5,8- (VII) 
1,4,5- (VIII) 

10.7 
1.4 

0.9 
* 	10.0 

* 0.7 
0.1 

0.3 
0.1 

0.6 
0.0 

1,5,7- (IX) 
1,6,8- (X) 

9.8 
4.0 

0.2, 
* 	14.2 

3.7 
0.1 

0.5 
0.1 

0.3 
0.2 

5,6,8- (XI) 
1,4,5,7- (XII) 

1.0 
0.1 

0.1 
* 	2.4 

* 0.3 
0.1 

0.1 
0.4 

0.1 
0.0 

Nitro-1 ,5.dimethylnaphthaleneS 

4- (XIII) 
4,8- (XIV) 

6.4 
5.7 

* 	2.8 
0.5 * 

15.6 
12.0 

0.9 	* 

0.2 
2.9 
1.9 

2,4,8- (XV) 
2,4,6,8- (XVI) 

8.3 
1.7 

0.1 
0.2 * 

6.9 
2.0 

0.0 
0.0 

0.4 
0.4 

Asterisk indicates that metastable ion observed at appropriate ;n/e value. 

NO2 ]. 

m5 	
0/ 	)IL* 	0' 
/0 	 /0 

report on both the positive ion and negative ion mass 
spectra of a series of nitro- and polynitro-1,5- and -2,3-
dimethylnaphthalefleS and consider herein the extent to 
which the two types of spectra relate to each other and 
to the spectra of other nitroaromatic compounds. 

RESULTS AND DISCUSSION 

(A) Positive Ion. Mass Specfra.-The most abundant 
ions in the positive ion mass spectra of the nitro-1,5- 
and nitro.2,3-dimethylnaphthalenes are listed in Table 1 
along with the value for the percentage total ion current 
carried by each ion. The major fragmentation routes of 
the molecular ions and of the resultant daughter ions are 
represented in Scheme 1. 

CAI _NO 2 ]t 	[M-OH'] 	fM-N01' 

/\ 
(u-NO - NOr [(W-OH'l-NO'] 	M -o-co] Liw-No -CO] 

SCHEME 1 

does not give rise to a particularly prominent peak in 
the spectrum. 

The loss of NO' subsequent to the elimination of NO2' 
in those compounds having pen-substituted nitro-groups 
can occur by the mechanism shown in Scheme 2. In 

NO 
-NO 	J cH3 

 

	

OH3 	 , , CH3 	61b OH3 

irni 	 + 	o 
/ 

	

0 	 0 . 

	

cH3 	- 

	

C H3 NO' 

	

-.- 	- CH3 	-... 	.- CH3 

ScHE,Ia 2 

this Scheme, the initial loss of NO2' leaves a positive 
charge at the pen-position which facilitates bonding to 

J. H. Bowie, Org. Mass Spectrometry, 1971, 5, 945. 
10  R. G. Alexander, D. B. Bigley, and J. F. J. Todd, Org. Mass 

Speciromery, 1973, 7, 643. 
11  J H. Bowie, Org. Mass Spectrometry, 1974, 9, 304. 



1(M - OHS) 

,,j_ 	[M - NO,j-• %I - 050 -' [11 - N0] [M - CH,-] (.11 - HONO]- -CO] 

(%) 	m' % m' 	% m 	% m 	% m' % m 	% 
Nitro.2,3.dim6thylnaphthalenes 
1- (1) 	 20.6 
5- (11) 	 50.6 

0.8 
0.1 

2.0 
0.5 

10.9 
3.4 

0.0 
0.0 

b.c 0.7 
0.1 

1.4 
0.2 

1'8-(111) 	13.1 	• 
1,5- (IV) 	12.8 

9.1 
0.6 

0.1 
05 

1.0 
8.0 

0.0 
0.0 b. 

0.1 
0.2 

1.4 
0.2 

1,4- (V) 	21.0 
5,7- (VI) 	23.S 

1.4 
0.4 

2.0 
1.1 

17.8 
16.5 

0.0 
0.0 

b_d 0.1 
0.0 

• 0.4 
0.1 

5,8- (VII) 	48.7 
1,4,5- (VIII) 	1.4 

3.0 
9.4 

'.1 
0.2 

19.5 
2.4 

0.0 
0.0 

u).1 
0.2 

0.5 
1.7 

1,5,7- (IX) 	18.4 	• 3.2 ' 	2.2 30.6 
1.5 

0.0 
0.0 

b.c 1.9 
(0.2 

0.8 
1.9 1,6,8- (X) 	3.6 	• 

5,6,8- (XI) 	5.1 	• 5.4 
9.0 

0.) 
1.0 36.9 0.0 0.2 1.6 

1,4,5,7- (XI 1) 	0.1 	• 14.3 .0 1.7 0.0 0.1 2.0 

Nitro-1,5-dirnethY)flaPhthalefles 
4- (XIII) 	18.3 
4,8- (XIV) 	30.9 	• 0.8 

0.6 
0.3 
0.2 

3.2 
14.7 

0.2 
2.7 ' 

0.1 
1.0 

0.4 
0.3.  

2,4,8- (XV) 	1.9 	• 
2,4,6,8- (XVI) 	1.5 	• 2.1 - 	2.4 

3.6 1M 8.6 6.O 
2.6 1.9 

b_d 
b 

1.6 
0.7 

2.5 
1.7 

Asterisk indicates that toetastable ion oboervat appropriate te/C value. 	b Corresponding to ((U - OH( - NO'j. 
log to [t! - OH') - NO-i-'. e Metastable ion aiso oUocrved for (M - NO-) - NO,'J. 

	

[(U - NO') 	M - NO,') 

	

-NOV]- 	-NO-)- 	NO- 
m % m % m1. 

46.8 
30.7 

0.1 	• 	4.8 60.3 
1.1 	0.2 45.0 
0.4 	 0.2 43.0 
1.8 	0.5 47.7 
0.2 	0.4 14.6 
0.5 	* 	1.0 45.1 

* 	3.6 	2.9 9.6 
0.9 	• 	8.5 50.9 
0.1 	' 	5.1 14.6 
0.2 	' 	26.5 14.3 

70.0 
1.0 	• 	0.2 52.3 
0.9 	0.4 21.0 
0.4 	0.3 15.0 

* corresponding to 	r - HoNo]-'. ecorrespoud- 
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an oxygen atom on the adjacent nitro-group. It is not 
possible for this mechanism to occur for the other nitro-
2,3_dimethylnaphthaiefleS, or for the nitro-1,5-dimethyl-
naphthalenes, and the percentage total ion current 
carried by the [(M - NO2.) - NO ions formed from 
these compounds is correspondingly low. 

The importance of steriç interacion in enhancing a 
particular fragmentation route is also observed in 
situations where a methyl and a nitro-group are sited at 
adjacent pen-positions. Each of the nitro-1,5-dimethyl-
naphthalenes has this structural feature and in each of 
the spectra, except that of 2,4,8-trinitro-1,5-dimethyl-
naphthalene (XV), the base peak asises from the [Al' - 
OH] ion which undoubtedly will :e formed as a result 
of bonding between a hydrogen atom of the methyl 
group and an oxygen atom of the atjacent nitro-group.12  
The peak resulting from the [Al - OH] ion in the  
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naphthalene (XIV) (14.4%) with the corresponding sum 
for the ions formed from 1-nitro- (I) (9.4%) and 1,4-
dinitro-2,3-dimethylnaphthalene (V) (1.4%). 

For compounds. which do not have a nitro-group 
adjacent to an alkyl group the elimination of OH' will 
involve bonding of oxygen to a neighbouring ring hydro-
gen atom. Earlier reports on .the loss of OH' from alkyl 
substituted nitroaromatic compounds 1215 would suggest 
that in the case of the 5- and 8-substituted nitro-2,3-
dimethylnaphthalenes bonding will occur preferentially 
to hydrogen in the ring not containing the nitro-group, 
i.e. at the adjacent pen-hydrogen atom. It is interesting 
to note that for the 5- and 8-substituted nitro-2,3-
dimethylnaphthalenes which have an unsubstituted 
adjacent pen-position there is no loss of CO from the 
molecular ion, unlike the case for structurally similar 
nitronaphthalenes.14"6  The key step in the elimination 

TABLE 2 

Metastable transitions a and percentage total current for important fragmentations in the negative ion mass spectra of 
nitrodimethylnaphthaleneS 

Daughter ions 

spectrum of compound (XV) has a relative intensity 
85% that of the base peak which, in this particular case, 
corresponds to the molecular ion. 

The likelihood of loss of OH- through interaction 
between neighbouring methyl and nitro-groups will be 
dependent upon the relative orientations of the hydrogen 
and oxygen atoms involved in te bonding. For the 
nitro-1,5- and -2,3-dimethylnaph±alefleS, the relative 
orientations in pen-substituted methyl and nitro-groups 
are such that the loss of OH is more favoured than 
the cases where these groups are oni/w-substituted. 
This is highlighted by a comparis.Dn of the sum of the 
percentage total ion currents carried by the principal 
ions formed via route B from the fragmentation of 4-
nitro- (XIII) (20.8%) and 4.5-dinitro4.5-dimethyl- 

12 S. Meyerson, I. Puskas, and E. K. Fields, J. Amer. Chem. 
Soc., 1966, 88. 4974. 

13  J Harley-Mason, T. P. Toube, and D. H. Williams, J. Chem. 
Soc. (B). 1966, 396. 

14 J. H. Benyon, B. E. Job, and A. E. Williams, . Z. Naurforsch., 
1966, 21a. 210. 

11  G. E. Robinson. C. B. Thomas, azi J. M. Vernon, J. Chem. 
Soc. (B),1971. 1273. 

of CO from the molecular ion of the nitronaphthalenes is 
bonding of an oxygen atom of the nitro-group to the 
carbon atom at the adjacent pen-position.14  In the case 
of the 5- and 8-substituted nitro_2,3-dimethylnaphtha-1-
enes this step would be in competition with bonding to 
the hydrogen atom at the adjacent pen-position and this 
latter bonding is favoured presumably because of the 
effect of the electron-donating methyl groups at the 2-
and 3-positions. 

The values for the percentage total ion current carried 
by the [M - NO.] + ions do not reveal that any significant 
structural factors control the loss of No- from the 
molecular ions. This fragmentation process, which in-
volves the nitro -p.- nitrito rearrangement 17 does not 
therefore warrant further comment at this point, although 
the loss of No- from nitroaromatic compounds has previ-
ously been studied in detail.18  

' E. F. H. Brittain, C. H. J. Wells, H. M. Paisley, and D. 3. 
Stickley, J. Chem. Soc (B). 1970, 1714. 
" J. H. Benyon, R. A. Saunders, and A. E. Williams, Ind 

c/tim. beige. 1964, 311. 
18  J H. Benyon, M. Bertrand, and R. G. Cooks, J. Amer. Chem. 

Soc., 1973, 95, 1739. 
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(B) Negative Ion Mass Spectra.—The most abundant 
ions in the negative-ion mass spectra of the nitro-1,5-
and nitro-2,3-dimethylnaphthalenes are given in Table 2 
along with the value for the percentage total ion current 
carried by each ion. The most prominent routes for 
fragmentation of the molecular ions involve formation 
of NO or loss of NO0 ', OH, N0, and, in the case of the 
nitro-1,5-dimethylnaphthalenes, loss of CH,'. These 
primary fragmentations and the major subsequent frag-
mentations are summarised in Scheme 3. 

N0 	 /4 	> [/4-01'] 

[u_No21 	[M-OH'] 	[/4-NO'] 

H-NOj-NO [tN-ON1-lo"J N-OHi-CO] EM-No -N0]' 

SCHEME 3 

The results given in Table 2 show that elimination of 
NO 	from the molecular ion is enhanced for compounds 
in which there is steric interaction between nitro-groups, 
regardless of whether the interaction be between 

eri- or ortho-substituted nitro groups. In such 
compounds the loss of NO2' from the molecular ion pre-
dominates over loss of 0H and the peaks in their spectra 
corresponding to the [M - OH] ion are relatively 
minor. The peak arising from the [M - OH.]-  ion is 
also relatively minor for those compounds which do not 
have a nitro-group adjacent to a methyl group. It is 
only for those compounds in which there is no steric 
interaction between nitro-groups and in which a nitro-
group is adjacent to a methyl group that the peak arising 
from the [M - OHS]-  ion is of some significance. The 
mechanism for loss of OH' via interaction of a nitro-
group with a neighbouring alkyl group would be expected 
to be analogous to that for the loss of OH from the 
molecular ion of 3-nitro- and 3,8-dinitro-acenaphthene.3  
The metastable ion evidence (Table 2) shows that the 
OH group can be lost from the molecular ion either as 
an individual entity or as part of the HONO species. 

The elimination of NO', like that of OH-, plays a 
secondary role in the fragmentation of the molecular 
anions from compounds in which there is steric inter-
action between pen-substituted groups. Nevertheless, 
loss of NO from the molecular anion is an important 
fragmentation process in the other compounds. The 
elimination of NO from the molecular anion of poly-
nitroaromatic compounds is facilitated when there is a 
nitro-group effectively ortho/para to the nitro-group 
from which the loss occurs; this being a consequence of 
the remaining nitro-group participating in the resonance 
stabilisation of the phenoxide ion formed as a result of 
NO' loss.3' 6  For the compounds under study, this 
phenomenon could only be examined for 5,7dinitro- (VI) 
and 5,8-dinitro-2,3-dimethylnaphthalene (VII) in which, 
unlike the other compounds investigated, there is no 
steric interaction between ortho- or eri-substituted 
groups. The results given in Table 2 are in agreement  

with the previous findings to the extent that the [31 - 
NO.]-  ion from the para-substituted compound (VII) 
carries a greater percentage total ion current, viz. 19.5%. 
than the [il'I - No']-  ion from the meta-substituted 
compound (VI), viz. 16.5%. 

The percentage total ion current carried by the 
[M - NO] ion from 1,5,7-trinitro-2,3-dimethvinaph-
thalene (IX) is significantly higher (30.6%) than thos. 
of all the other [M - NO.]- ions, and, for this particular 
compound the [M - NO.] - ion gives rise to the base 
peak in the spectrum. Compound (IX) has the dis-
tinguishing structural feature as compared to the other 
compounds in that whichever of the three nitro-group 
the loss of NO' occurs from, there is always a nitro-group 
remaining which is effectively ort/zofpara to the site of 
NO' loss and which, therefore, can stabilise the resulting 
phenoxide type ion. 

A peak corresponding to the [M' - CH3 ] - ion is present 
in the negative ion spectra of the nitro-1,5- but not 
in the spectra of the nitro-2,3-dimethylnaphthalenes. 
Previous workers have also reported that certain func-
tional groups show no fragmentation or are not elimin-
ated in negative-ion mass spectrometry," except under 
conditions of collision-induced decomposition.'9  If, as 
has been suggested for nitroacenaphthenes,3  the molecu-
lar anions of the nitro-1,5- and -2,3-dimethylnaph-
thalenes are formed by secondary electron capture, then 
the differences in behaviour of the molecular ions may 
result from differences in unpaired spin density distribu-
tion between the two sets of compounds. Hückel ivIO 
calculations show that for the radical anions of the nitro-
1,5-dimethylnaphthalenes, the spin densities at the nu-
clear sites substituted by a methyl group are higher than 
the corresponding spin densities for the radical anions of 
the nitro-2,3-dimethylnaphthalenes. For example, the 
spin densities at the 1- and s-positions in the radical 
anion of 4-nitro-1,5-dimethylnaphthalene (XIII) are 
calculated to be 0.139 and 0.157 respectively, whereas 
the corresponding values at the 2- and 3-positions in the 
radical anion of 1-nitro-2,3-dimethylnaphthalene (I) are 
only 0.040 and 0.057 respectively. These results indicate 
that electron capture has the greater effect on the C-
methyl bonds in the nitro-1,5- as compared to the nitro-
2,3-dimethylnaphthalenes, and that the cleavage of the 
C-methyl bond consequent upon electron capture might 
be expected to occur more readily in the nitro-1,5-di-
methylnaphthalenes. 

Nitrite ion formation is a major feature of the negative 
ion spectra. However, there is no obvious correlation 
between the percentage total ion current carried by this 
jot, and the structure of the parent compound, possibly 
because the ion originates from a variety of fragment 
ions. 

(C) Comparison of Spectra.—The positive and negative 
ion spectra are similar in that the principal primary frag-
mentations in both cases involve loss of NO,-, OH'. and 
NO'. Also, the fragmentations involving loss of NO2' 
and OH' show fairly clear parallels in their behaviour for 

J. H. Bowie, J. Amer. Chem. Soc., 1973. 95. 5795. 
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both sets of ions, viz. steric interaction facilitates elimin-
ation of the NO2.species from both types of molecular 
ion, and the elimination of the OH species from the 
molecular ions only occurs to a significant extent in both 
modes when there is an alkyl and nitro-group on adjacent 
sites. On the other hand, the tendency to lose N0 is 
different in the two sets of spectra with this ion being 
principally expelled in negative ion fragmentations. 
This may be linked to the fact that the negatively 
charged molecular ions tend to be more stable than the 
positively charged molecular ions, especially for the 
less highly substituted nitro-compounds, and that the 
molecular ions have to undergo the nitro —*- nitrito re-
arrangement prior to loss of NO. The major difference 
between the two sets of spectra is the formation of the 
nitrite ion in the negative ion but not the positive ion 
mode. 

The results reported herein, taken in conjunction with 
a previous report on the mass spectra of dinitronaph-
thalenes,16  indicate that positive ion and negative ion 
spectra can be used as an aid in assigning substitution 

20 s R. Robinson and C. H. J. Wells, Tetrahedron, 1973, 29, 
2203. 
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patterns in isomeric polynitronaphthalenic compounds. 
Thus for a set of isomers, those for which the [M - NO2.] 
ion gives rise to either the base peak or a very intense 
peak in the spectrum are more than likely to possess 
pen-substituted nitro-groups as part of the substitution 
pattern. 

EXPERIMENTAL 

The synthesis and purification of the compounds studied 
has been described elsewhere.20'2' The mass spectra were 
recorded on AEI MS9 and MS902 instruments operating at 
source pressures of ca. 10 TonS and temperatures of 150-
220°. Assignments of the negative ion peaks was assisted 
by the use of an AEI Massmaster modified for use with 
negative ion mass spectra.22  

We thank the Ministry of Defence for financial support 
and for a grant to one of us (B. C. W.). 
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' S. R. Robinson, B. C. Webb, and C. H. J. Wells, J.C.S. 
Perkin I, 1974, 2239. 

22 D. A. Gallagher and J. F. J. Todd, Iniernat. J. Mass Spectro-
metry Ion Phys., 1971, 7, 336. 
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Photodimerisation of some systemic 
pyrimidine fungicides 
Barrie D Cavell 
Plant Protection Division, ICI Ltd, Jeaiott's Hill. Berkshire 

and Stephen J Pollard and Clifford H J Wells 
School of Chemical and Physical Sciences, Kingston Polytechnic, Kingston upon Thames. Surrey 

Agricultural chemicals when exposed to ultraviolet-visible 
radiation in the environment may undergo photochemical 
reactions which reduce their active lifetime and which may 
give rise to a variety of products. It is of importance, there-
fore, that the nature of any such reactions be understood. 
5-n-Butyl-2-dimethylainino-4-hydroxy-6-methylpyrimidine (I) 
and 5-n-butyl-2-ethylamino-4-hydroxy-6-methylpyrimidine 
(II) have been developed as fungicides for the control of 
powdery mildew on cucurbits and cereals respectively,1'2  

and the authors have investigated the photo-reactions of these 
pyrimidine-based fungicides and also of the structurally 

related pyrimidine, 2-dimethylamiuo-4-hydroxy-5,6-dimeth:. 
pyrimidine (III). 

When a nitrogen flushed solution of compound (I) 
acetonitrile was photolysed using radiation from a mediu 
pressure Hg lamp in the range 300-320nm, the longe 
wavelength absorption band of (I) (X ax. 302nm) disappear 
with time. Separation of the product mixture by thick layc 
chromatography on silica gel using chloroform - methan. 
(95:5) as eluant gave four products (Rt 032 (A), 028 (B 
023 (C), 017 (ID)). . Field desorption mass spectra of tF 
products exhibited a molecular ion peak at m/e 418 and a. 

intense peak at m/e 209 showing that the products were 
dimers of compound (I). As might be expected for dimeric 
products, the electron impact mass spectra did not give an 
observable molecular ion peak and were closely similar to 
that of (I). The ultraviolet absorption spectra of the products 
showed only end-absorption at 220nm and a gradual tailing 
to 300nm suggesting that dimerisation had been accompanied 
by loss of conjugation in the parent pyrimidine. This, taken 
in conjunction with the fact that four dimers are formed, can 
be explained by dimerisation across the 5,6-bond of compound 
(I) to give the cyciobutane derivatives (IV)—(VII). As expected 
for cyclobutanes of this type,' photolysis of solutions of 
(IV)—(VII) in acetonitrile with 254nrn radiation resulted in 
dissociation of the dimers. This was shown by the reappear-
ance on photolysis of the absorption band at 302nm cor-
responding to compound (I). 

The same results were obtained for the four products 
isolated from the photolysis of (II) and (III) in acetonitrile, 
except that field desorption mass spectra were not recorded. 
It may be concluded, however, that the products from (II) 
and (III) would have analogous structures to those from (I). 

Product mixtures from the photolysis of 2-'4C labelled (I) 
in benzene, acetone and acetonitrile were separated by t.Lc. 
chromatography and the photo-dimers A, B, C and ID 
quantitatively analysed by liquid scintillation counting. The 
relative yield of each dimer, expressed as a percentage of the 
total dimer yield, is. given in the Table along with the cor-
responding values for the four cyclobutane-type dimers 
derived from photolysis of 1,3-dimethyluracil.4  The photo 
dimers from 1,3-dimethyluracil are labelled A, B, C and D 
in the Table in order of decreasing Rc as are the photo-
dimers from (I). 

Table Variation of dimer yield with solvent 
Yield of dimer as a 
percentage of total 

Solvent 	 Pyrimidine dimer yield 
A 	B 	C D 

Benzene 	 (I) 24 	17 	39 20 
1,3-dimethyluracil4  22 	15 	40 23 

Acetone 	 (I) 15 	20 	16 49 
1,3-dimethyluracil 11- 	24 	16 49 

Acetonitrile 	(I) - 13 	31 	20 36 
1,3-dimethyluracii4  8 	30 	27 35 

The stereochemistry of the photo-dimers from 1,3-dimethyi 
uracil has been established,s  and from the similarity betwee: 
the relative yields of the photo-dimers from 1,3-dimethyl 
uracil and from (I) in the different solvents, it is likely thc 
corresponding A, B, C and D dimers have the same stereo 
structure. If so, the structural assignments for the photodimer 
from (I) would be : A = trans-anti (IV), B = trans-syn (V 
C = cis-anti (VI), D = cis-syn (VII). 

Dimers have not been detected in crops, soils or wate: 
which were treated with (I) and (II) and exposed to sunligh 
under natural conditions. 

Received 2 March 197 

References 
'Bebbington, R. M., Brooks, D. H., Geoghegan, M. J. & Snell, B. K. 

Chem. & Lid., 1969, 1512 
Elias, R. S., Sheppard, M. C., Snell, B. K. & Stubbs, J., Nature, Lone 
1968, 219, 1160 
Varghese, A. J., Photophvsiol., 1972, 7, 207 and references cited therir. 
Elad. D., Rosenthal, I. & Sasson, S., J. chem. Soc. (C), 1971, 2053 
Sasson, S., Rosenthal, I. & Elad, D., Tetrahedron Lett., 1970, 4513 



176 

Kinetic and Energetic Aspects of the Photodimerisation of Some 
Systemic Pyrimidine Fungicides 
By Barrie D. Cavell, I.C.I. Ltd., Plant Protection Division, Jealott's Hill, Berkshire RG1 2 6EV 

Stephen J. Pollard and Clifford H. J. Wells. School of Chemical and Physical Sciences, Kingston Poly- 
technic, Kingston upon Thames, Surrey KT1 2EE 

Reprinted from 

JOURNAL 

OF 

THE CHEMICAL SOCIETY 

PERKIN TRANSACTIONS II 

1977 



177 

21 
	

J.C.S. Perkin II 

Kinetic and Energetic Aspects of the Photodimerisation of Some 
Systemic Pyrimidine Fungicides 
By Barrie D. Cavell, I.C.I. Ltd.. Plant Protection Division, Jealott's Hill, Berkshire RG1 2 6EY 

Stephen J. Pollard and Clifford H. J. Wells. School of Chemical and Physical Sciences, Kingston Poly-
technic, Kingston upon Thames. Surrey KT1 2EE 

The photodimerisation of 2-dimethylamirio-4-hydroxy-6-methyl-5-n-butyl- (1.). 2-ethylamino-4-hydroxy-6-
methyl-5-n-butyl- (2). and 4-hydroxy-5.6-dimethyl-2-dirnethylamino-pyrimidine (3) has been investigated in 
acetonitrile. Quenching experiments have shown that the formation of photodimers involves a triplet state of 
(1 )—(3). the energies of which have been estimated. The quantum yields for intersystem crossing from the singlet 
to triplet manifolds of (1 )—(3) fall in the range 0.09-0.1 1. and the quantum yields for photodimerisation fall 
in the range 0.07-0.08. Rate constants for radiationless decay of the triplet state pyrimidines have been deter-
mined (2.1-3.0 x  10's-1), and also the rate constants for reaction of the triplet states of (1 )—(3) with the corre- 
sponding ground state pyrimidine (1.5-2.0 x  108  I moi 	s-'). The efficiency of the triplet state dimerisation 
reactions of (1 )—(3) is high compared with that of the analogous triplet state reactions of the biologically 
important pyrimidines. thymine and uracil. 

EXPOSURE of agricultural chemicals to u.v.—visible radi- such chemicals undergo photochemical reaction so that, 
ation may reduce their active lifetime and may give rise if necessary, the reactions can be prevented or modified. 
to a variety of products. Consequently it is important 	2-Dimethviamino-4--hydroxy-6-methyl-5-n-butyl- (1) 
to have an understanding of the mechanism whereby and 2ethylamino-4-hydroxy-6-inethyl-5-n-butYl-PYr- 
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imid.ine (2) are used as systemic fungicides for the 
control of powdery mildew on cucurbits and cereals re-
pectively,1- 2  and we report herein on the mechanism of 
the photoreactions of (1) and (2) in acetonitrile, and of 

Me 	 Me 	 Me 

N 'Z B u 	NC-- Eu 	N - Me 

Me?NQN'_J OH EtHNNJOH Me2NUNJQH 

(1) 	 (2) 	 (31 

	

Bu Me 	 HO Bu 8uoi. 

N 

M e 2 N
C,NMe2 	

Me?N 1 N 	NNMe? 
MeBuOH 	 Me Me 

	

HO Bu Me 	 HOBuBuOH 

N Me 2 	N 

Me2 	

N 

N 	Me2NE4__ N)NMe2 

Me Bu OH 	 Me Me 

(6) 	 (7) 

the structurally related compound 4-hydroxy-5,6-
dimethyl-2-dimethylaminopy6midine (3), in the same 
solvent. The products from each of these photoreactions 
have been characterised previously 3  as stereoisomers 
formed by dimerisation across the 5,6-bond of the parent 
pyrirnidine; the structures of the products from (1) 
being (4)—(7). 

(Or 

08 

06 
U 
C 0 
-a 
0 

02 

250 	 300 	 350 
A / nm 

FIGURE 1 Absorption spectrum of a 4.0 x 10x degassed 
solution of (1) in acetonitrile after photolysis for (a) 0, (b) 6. 
(c) 15, (d) 20. and (e) 30 h 

RESULTS AND DISCUSSION 
Photolysis of (1)—(3) in degassed acetonitrile solutions 

with Hg radiation in the range 290-330 nm brings about 
photochemical reaction as indicated by the disappear- 

1 R. M. Bebbington, D. H. Brooks, M. 3. Geoghegan. and 
B. K. Snell. Chem. and Ind.. 1969. 1512. 

R. S. Elias, M. C. Sheppard, B. K. Snell. and J. Stubbs, 
Najure, 1968, 219, 1160.  
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ance with time of the longest wavelength absorption 
band of the substrate. A typical set of absorption 
spectra recorded after different photolysis times are 
shown in Figure 1. Monitoring the disappearance of the 
substrates with time gave plots which showed that the 
reactions followed first-order kinetics. A plot for (1) is 
shown in Figure 2(a); similar plots were obtained for (2) 
and (3). 

The effect of added cis-penta-1,3-diene on the photo.-
reaction of (1) is also shown in Figure 2, where it can be 
seen that the added diene virtually completely quenches 
the reaction. The same effect was observed for the 
photolysis of (2) and (3) in the presence of cis-penta-1,3-
diene. G.l.c. analysis of the reaction mixtures revealed 
that frans-penta-1,3-diene had been formed as a result of 
the photolysis. Since cis-penta-1,3-diene does not absorb 

r 
>. 

0 
>. 

CL  

C 

0 	 S 	 to 	is 

t/h 
FIGURE 2 First-order kinetic plots for photolysis of a 5.0 x 

10 4M degassed solution of (1) in acetonitrile in (a) the absence 
of cis-penta-1,3-diene and (b) the presence of css-penta-1,3 
diene (1.0 X 10M) 

at the wavelengths used for irradiation it is apparent that 
energy transfer from the pyrimidines had brought about 
the cis-trans isomerisation of penta-1,3-diene. As the 
energy of the lowest excited singlet state of cis-penta-1,3-
diene is 544 kJ moi', considerably higher than that of 
the pvrimidines under study (ca. 370 kJ mol'), singlet-
singlet energy transfer is an unlikely mechanism for 
quenching of the photodimerisation of (1)—(3). Since 
the cis-Urans isomerisation of penta-1,3-diene can proceed 
via a triplet state diene species,4  it can be concluded that 
the quenching of photodimerisation occurs by triplet 
energy transfer to the diene. 

Prolonged irradiation of (1)—(3) in the presence of 
either cis- or trans-pertta-1,3-diene leads to the establish-
ment of a photostationary state, as shown for (1) in 
Figure 3. The trans cis ratio at the photostationary 

B. D. Cavell, S. 3. Pollard, and C. H. 3. Wells, Chem. and 
Ind., 1976, 566 

G. S. Hammond. 3. Saltick, A. A. Lamola, Y. J. Türro. J. S. 
Bradshaw, D. 0. Cowan, R. C. Counsel!, V. Vogt. and C. Dalton, 
J. Amer. Chem. Soc., 1964, 88, 3197. 
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state being close to 2.1 : 1 in each case enables the energy 
of the lowest triplet state of (1)-(3) to be estimated from 
the results of Hammond et al.' as either Ca. 230 or 270 kJ 
mol'. The latter value may be compared with values in 
the range 291-305 kJ mol' obtained from the phos-
phorescence spectra of (1)-(3).5  Since the method of 
Hammond et al. for deriving triplet state energies in-
variably gives low values for unsaturated compounds, the 
value of 270 kJ mol' is as expected in relation to that 
obtained from phosphorescence measurements. 

As the energies of the lowest triplet state of cis- (238) 
and trans-penta-1,3-diene (246 kJ molt) are lower than 
that of the lowest triplet state of (1)-(3), the most prob-
able mechanism for quenching of the photodimerisation 

cisi 
0 	30 	60 	90 

fib 

FIGURE 3 Photolytic cis-trans isomerisation of penta- 1 ,3-diene 
in a 4.8 x 10 4 M solution of (1) in degassed acetonitrile contain-
ing initially (a) 100% trans-penta-1.3-diene (1.0 x 10t) and 
(b) 100% cis-penta-1.3-diene (1.0 x 10M). Composition at 
photostationary state is 67.7% trans- and 32.3% cis-perLta- l .3-
diene 

of (1)-(3) is by direct triplet-triplet energy transfer. 
Furthermore, since the quenching was, to all extents and 
purposes, 100% efficient it is apparent that, at the con-
centrations used, the photodimerisation of (1)-(3) pro-
ceeds virtually entirely by way of triplet state pyrimidine. 
It is to be noted that for such a situation, the kinetics of 
addition of triplet state to ground state pyrimidine to 
form a dimeric species would be first order with respect to 
the pyrimidine. 

The quantum yield for formation of triplet state 
pyrimidine is equal to the quantum yield, ct, for inter-
system crossing from the singlet to triplet state manifold, 
and was determined for each pyrimidine by using the 
photosensitised cis-trans isomerisation of pent a-1,3-diene 
as a means of counting the triplet states formed on ir-
radiation.6  The values so determined for Di  are given 
in the table. Ina similar fashion, irradiation of solutions 
of the pyrimidines both in the absence and presence of 
added cis-penta-1,3-diene, followed by product analysis, 
allowed measurement of the ratio of the quantum yield of 

D. Sen and C. H. J. Wells. unpublished results. 
A. A. Lamola and G. S. Hammond, J. C,em. Phvs., 1965, 

43. 2129.  

dimerisation, 	to that for intersystem crossing 	. 
The values of Paj, derived from this ratio are Listed in the 
Table. 

Quantum yield and kinetic data for photoditnerisation 
Pyrimi- 	 108kj 

dine 	 . 	 10kjs 1 	I mol s' 
u; 	0.09 ± 0.01 0.07 ± 001 2.09 	0.07 1.72 ± 0.13 

0.09 	0.01 0.06 ± 0.01 2.37 ± 0.07 1.46 = 0.15 
0.11 ± 0.01 0.08 ± 0.01 2.99 ± 0.06 2.04 	0.20 

The quantum yield data given in the Table show that, 
at the pyrimidine concentrations employed, between 66 
and 77% of the triplet state molecules formed react to 
give photodimers. This is in marked contrast to the 
photodimerisation of thymine (2,4-dihvdroxy-5-methv1-
pyrimidine) and uracil (2,4-dihvdroxvpyrimidine), two 
biologically important pyrimidines which play a direct 
role in the photodenaturation of DNA and RNA respec-
tively.-,-" Thus, photoexcitation of thymine and uracil 
under similar experimental conditions to those used in the 
present work gives rise to triplet states of which only 
1.4% in the case of thymine and 4.9% in the case of 
uracil react to give photodimers.9  The low conversion to 
photodimers in the case of thymine and uracil is a con-
sequence of the formation of a metastable dimeric species 
(by addition of a triplet state molecule to a ground state 
molecule) which either stabilises to form products or 
reverts to ground state molecules, with the latter route 
predominating. If such a metastable dimeric species is 
formed during the reaction of the triplet state of (1)-(3) 
with ground state pyrimidine, then obviously this species 
has a higher efficiency of conversion into products and a 
smaller efficiency of splitting to ground state pyrimidine 
than is the case for thvmine and uracil. 

Applying the steady-state approximation method to  
simple reaction mechanism in which the pyrimidine sub-
strate is consumed via reaction of triplet with ground 
state pyrimidine gives expressions (1) and (2) where 

	

-IQ] 	 (1) 

	

= kd ± k7CPyrJ 	 (2) 

and 	represent the respective quantum yields for con- 
sumption of pyrimidine in the absence and presence of 
quencher [Q], is the lifetime of the triplet state, [Pyr] 
is the concentration of ground-state pyrimidine, and kq, 

d, and kr  are the respective rate constants for quenching 
of the triplet state, unimolecular radiationless decay of the 
triplet state, and reaction of triplet state with ground 
state pyrimidine. A Stern-Volmer plot according to 
equation (1) is shown for compound (1) in Figure 4; 
similar plots were obtained for (2) and (3). The plots 
were linear up to high values of 0,10 reinforcing the 
conclusion that, at the concentrations of pyrimidine used, 
the photodimerisation occurs via the triplet state. 

In view of the difference between the triplet state 
energies of the pyrimidines and of the quenching agents 

J. G. Burr, Ado. PJotocJicm., 1068, S. 193 and references 
cited therein. 

R. 13. Setlow, P/,otocitem. and Photobiol., 1968, 7, 643. 
P. J. Wagner and D. J. Bucheck, J. Amer. Chem. Soc.. 1970. 

92. 181. 
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each pyrimidine. Since a dimer represents two pyrimi-
dine molecules, the initial rate of dimer formation is 
given by one-half the initial slope of the graph of dimer 
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used in these studies, it may be assumed that quenching activity. For a mechanism in which photodirners are 
is diffusion controlled and that the rate constant. k,, will formed by reaction of triplet state with ground state 

pvrimidine, the initial rate, R, of dimer formation is 
given by expression (3) 10  where a is a constant specific to 

05  [cis - Penta - .3 -diene3 /M 

FIGURE 4 Representative Stern—Volmer plots for phctolvsis of 
degassed acetonitrtie solutions of (1): (a) 1.0 x 10, (b)'5.0 x 
10, and (c) 10.0 x 10i 

have the diffusion controlled value of 1.1 x 1010  1 moi' s 
in acetonitrile.9  Using this value, the slop of the 
Stern—Volmer plots yielded values for the tripiet state 
lifetimes, ', which when plotted against pyrimidine con-
centration according to equation (2) gave the straight 
line plots shown in Figure 5. The intercepts ath slopes 
of these plots yielded the values for kd  and k listed in the 
Table. 

The rate constant values for (1) were checked-)v moni-
toring the rate of formation of photodimers from. 2-14C 
labelled (1) using t.I.c. for product separatiod foi:owed by 
liquid scintillation analysis. The build-up of photo- 

10 

104[Pyr] /M 

FIGURE 5 Plot of reciprocal of triplet state lifetime :'ersus 
py-rimidine concentration 

dimers with time is plotted in Figure 6 where he total 
dimer yield is expressed as a percentage of Le initial 

f/h 

FIGURE 6 Yield of dimers from photolysis of degassed acetoni-
true solutions of 2-14C labelled (1): (a) 4.0 x 10, (b) 5.0 x 
10, (c) 7.0 x 10-2, and (d) 10.0 x 10M 

160r 

i 3[PyrJ tM - 

FIGURE 7 Plot of reciprocal of initial rate of dimer formation 
versus reciprical of concentration of (1) 

yield versus time (Figure 6). A plot according to 
equation (3) is shown in Figure 7. The ratio k d/kr  
derived from the slope and intercept of the straight line 
shown in the plot is 0.9 x 10 mol 1< which may be com-
pared with the value of 1.2 x 10 mol 1' derived from 
the values given in the Table. 

The rate constants for addition of triplet state to 
ground state pvrimidine for (1)—(3) fall in the range 

'° I. H. Brown and H. E. Johns, Photochem. and Pholobiol. 
1968, 8. 273. 
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1.5-2.0 x 108 1 mol' s 1  which is markedly lower than 
the values determined I for the corresponding rate con-
stants for thvrnine (7.0 x 108  1 moi' s') and uracil 
(20.0 x 108 1 mol' s 1). The similarity in the rate 
constants for (1)—(3) is not unexpected in view of the 
similarity in substituents, and hence electron density, at 
the C(5)-C(6) bond across which dimerisation occurs. 
Photodimerisation in thvmine and, uracil also occurs 
across the C(5)-C(6) bond, and the change in rate con-
stant values in the order (1) (2) - (3) < thvmine < 
uracil most probably reflects the decreasing steric hin-
drance at the C(5)-C(6) bond is going from (1)—(3) to 
uracil. 

EXPERIMENTAL 

.cetonitrile was purified by the method of O'Donnell et 
al.1' and distilled through a 30 plate spinning band coiumn 
so that there was no absorption above 260 nixi. The dis-
tilled acétonitnie was stored in the dark under nitrogen and 
used within three weeks. The purity of cis- (K and K) and 
trans-penta-1,3-diene (K and K) was checked by g.l.c., only 
material of >991/110' purity being used. Compounds (1) and 
(2) were supplied by Plant Protection Division, I.C.I. 
Limited, and were recrystallised twice from methanol prior 
to use. Compound (3) was prepared by an adaptation of 
the method of Hull et al." 1,1-Dimethvlguanidine sulphate 
(27.2 g) was added to ethanolic sodium ethoxide, prepared 
by adding clean sodium (4.6 g) to redistilled absolute ethanol 
(150 cm3). The mixture was shaken for 15 mm, then ethyl 
2-methylacetoacetate (28.8 g) was added, and the solution 
allowed to stand for 18 h, after which time it was refluxed 
for 2 h, cooled, filtered, and the filtrate evaporated to low 
volume whence (3) crvstahlised as needles. Recrvstallisation 
from methanol yielded product (8.4 g), rn.p. 169-173°. 

G. 1. c. analysis of cis- and lrans-penta- 1, 3-diene were per-
formed on an Aerograph 660 chromatograph using an 8.5 m 
x 3 mm column packed with 25% 1,2, 3-tris-(ft.cvanoethoxy) - 
propane on 40-60 mesh Chromosorb W. Absorption spec-
tra were recorded on a tjnicam SP 8000 spectrophotometer 
and quantitative analysis of (1)—(3) was carried out at 302 
nm on a Unicam SP 500 spectrophotometer. T.Lc. was 
performed on Merck silica gel F154  plates (0.2 ram x 20 cm 
x 20 cm) using chloroform—methanol (95: 5) as e!uant. 
Autoradiograms were taken using Ilford X-ray film. Liquid 
scintillation was carried out on an Ekco Electronics N664A 
instrument connected to a Nuclear Enterprises ST3 digital 
counter. 

Samples were prepared for photolysis by pipetting sample 
solution (4 cm-1) into 10 mm i.d. quartz tubes, connected by 
graded seal to a Pyrex socket, and degassed by a repeated 
freeze—thaw cycle until a vacuum of at least 0.3 N m 2  was 
achieved, and then sealed in vacuo. Each sample was pre-
pared in duplicate or triplicate. Up to 28 sample solutions 
\veru simultaneously photolvsed using a 500 W Hanovia 
medium-pressure Hg arc lamp located in a quartz well at the 
centre of a merry-go-round ' apparatus 13  which itself was 
located in a constant temperature bath maintained at 25'. 
For photolvsis using radiation in the range 290-330 am, 
the lamp radiation was filtered by means of a Chance 0X7 
glass firer (2 mm) in combination with a filter solution of 
potassium chromate (1.05 g in 2 dm-1  of 10

10  aqueous sodium 
carbonate) pumped through the annulus in the quartz well 

" T. F. O'Donnell, J. T. Ayres, and C. K. Mann, Anatvt. Chem., 
1965. 37, 1161.  

and through a 'neat exchanger. This filter combination had 
a transmission maximum at 313 nm and cut-offs at 200 and 
330 am. 

Kinetic plots, such as shown in Figure 1, were derived 
from data obtained by photolsing solutions of the pvrimi 
dines (3.5-5.0 x 10 4 M) in acetooitrile with solutions of the 
same concentration of pyrimidine but containing cis-penta-
1,3-diene (5.0 x l0.i). Samples were withdrawn at 
various times and, after appropriate dilution, the absorbance 
of the parent pyrimidine in the solutions measured at 302 
nm. The ratio of the absorbance of the solutions before 
photolysis to that at intervals during photolysis gave the 
ratio iPyri0/[Pyr]. Values for the ratio(D,/(D used in plots 
of the type shown in Figure 4 were derived from data ob- 
tained by photolvsing for a specified time degassed solutions 
of tie pvtimidines of fixed concentration (2-10 x 10 4 M) 
containing various concentrations of cis-penta-1,3-diene 
(1-5 x 10'll) alongside degassed solutions containing the 
same concentration of pyrimidine but without added cis- 
penta-1,3-dieoe. The ratio of the drop in absorbance at 
302 nra for the unquenched solutions on photolysis to the 
drop in absorbance for each quenched solution gave the ratio 
(I)Q /(I). 

The procedure for the determination of the quantum 
yield, 	of intersvstern crossing from the singlet to triplet 
state manifold was as follows. Two sets of degassed aceto- 
nitrile solutions of composition (a) 5.0-7.0 x 10- 1 in pyr- 
imidine and 5 x 10s in cis-penta- 1, 3-diene, and (b) 2.0 x 
10s in benzophenone and 5.0 x 10x.i in cis-penta-1,3-
diene were simultaneously photolysed and after a suitable 
time the percentage conversion of cis- to trans-penta-1,3- 
diene in each solution was determined by g.l.c. The photo- 
lysis time was chosen such that the photostahonary state at 
which the ratio cis : trans is constant was not reached, 
typical cis—trans conversions for the pyrimidine solutions 
were in the range 15-20% for a photolysis time of 10 h. 
The same amount of radiation was absorbed by solutions (a) 
and (b) at the concentrations used, and all triplet states 
formed would be quenched by energy transfer to the penta- 
1,3-diene. The ratio of the quantum yield of intersystem 
crossing in each of the pyrimidines to that in benzophenone 
was determined using the expressions of Laniola and 
Hammond,' and the :Ij, values for the pyrimidines were 
calculated from these ratios on the basis that 	for benzo- 
phenone is unity.6  

The ratio of the quantum yield, Odim,  for formation of 
dimers to the quantum yield for intersystem crossing in the 
pyriniidsnes was determined by simultaneous photolysis of 
degassed acetonitrile solutions of the pyrimidines (5.0-7.0 
X 10 41t) in the absence and in the presence of the quencher, 
cis-penta-1,3-diene (5.0 x 10M). The percentage drop in 
the absorbance of the pyrimidines at 302 airs in the un- 
quenched solutions gave a measure of the number of pyrimi- 
dine triplets reacting to give dimers. Also, the percentage 
conversion from cis- to trans-penta-1,3-diene in the totally 
quenched systems when divided by the factor of 0.55 to 
take into account the reverse conversion trans to cis,8  gave 
a measure of the total number of pyrimidine triplets formed. 
The two sets of percentage values gave the ratio di: 

Liquid scintillation data was obtained from four sets of 
degassed acetonittile solutions of 2-14C labelled (1) (4.0— 

" R. Hull, B. J. Lovell, H. T. Oenshaw, L. C. Pavman, and 
A. R. Todd, J. Chem. Soc., 1946, 357. 

13 F. G. Moses, R. S. H. Liu, and B. M. Monroe, Mol. Photo-
them., 1969, 1. 245. 
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10.0 x 10 4M) which were simultaneously photolysed in the 
reactor. Samples from each of the four sets were with-
drawn at regular intervals, evaporated down, the residue 
dissolved in a small volume of methanol, and the products 
separated by t.l.c. The regions on the plates shown by 

autoradiography to contain the four photodimers were com-
bined, and the activity residing in the combined photo-
dirners in each sample was determined by liquid scintillation 

analysis. 
[6/523 Received, 18th March, 19761 
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Stztden t Review - 

Colour, structure and electrons 
By C. H. J. Wells 

School of Chemical and Physical Sciences. Kingston Polytechnic. Kingston upon Thames. Surrey 

Couleur, structure et electrons—un aperçu pour stagiares 

Farbe. Struktur und Elektronen—Eine Studentenbesprechung 

The rainbow is a dramatic display in nature of the range of 
colours in the visible spectrum—violet, indigo, blue, green, 
yellow, orange and red. This phenomenon of the dispersion of 
sunlight into its component colours was reported by Newton 
in 1672 when he observed that sunlight shining through a 
glass prism also gave rise to the visible spectrum. Since then 
the factors which give rise to colour in organic compounds 
have been the subject of extensive study, and the relationship 
between colour, structure and the electronic processes 
occurring in organic compounds is now well understood. 

When visible radiation is absorbed by a molecular system, 
the energy uptake results in the promotion of an electron 
from a molecular,  orbital of lower energy to one of higher 
energy. It may be considered that molecular orbitals are 
formed by a linear combination of the atomic orbitals of 
atoms within the molecular structure. The combination of 
two atomic orbitals gives rise to two molecular orbitals—one 
a bonding orbital and the other an anti-bonding orbital—and 
the electrons forming the a or 	bond in the molecular 
structure occupy the corresponding bonding orbital. There is 
a third type of molecular orbital to be considered in the case 
of organic compounds containing heteroatoms. In this 
situation, those electrons associated with the heteroatom 
which are not involved in the bonding system of the molecule 
occupy non-bonding molecular orbitals (n-orbitals). This is 
illustrated for formaldehyde in Fig. 1 where there are two 
electrons in the non-bonding 29,, orbital on the oxygen atom. 

JO / 
Fig. 1. Non-bonding orbital in formaldehyde 

The relative energies of the different types of molecular 
orbital in organic molecules is shown in -Fig. 2. The energy of 
a non-bonding orbital is normally greater than that of a a or 

orbital, but less than that of the anti-bonding orbitals. 
However, there are instances of molecules having a high 
degree of conjugation where the energy of the orbital is 
greater than that of the n orbital. 

The possible types of electronic transition between orbitals 
in organic compounds are represented by the vertical arrowed 
lines in Fig. 2. Electronic transitions occur upon absorption 
of electromagnetic radiation of energy equal to the energy 
difference between the orbital from which the electron 
originates and the orbital into which the electron is promoted, 

ci ANTI-BONDING 

ir'ANTI-BO NO INC 

Ti NON-ONOING 

v BONDING 

a BONDING 
Fig. 2. Relative energies of molecular orbitals and possible transitions 

between orbitals 

and are seen as absorption bands in the ultraviolet/visible 
absorption spectrum of a compound. For example, the 
ultraviolet absorption spectrum of formaldehyde exhibits 
three bands Fig. 3) and these have been assigned to the 
different types of electronic transition as shown in Fig. 3. The 
n—r transition which gives rise to the absorption band at 
280nrn can be depicted in terms of the electron configuration 
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Fig. 3. Absorption spectrum of formaldehyde 
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of the molecule before and after the transition in the following 
way: 

[inner electrons] a22/12 	[inner electrons] a2-2/11 W), 
transition 

Ground state, S0 	 Excited stare, 51 

Here, the ground state molecule So is converted to an 
energetically excited state molecule 5, upon absorption of the 
energy required to promote the ,:-+ transition. This transi- 
tion and the other two transitions, n-# 	and -+1r, which 
give rise to the absorption bands of Fig. 3 are represented by 
the vertical arrowed lines in Fig. 4. 

Fig. 4. Electronic states of formaldehyde and electronic transitions 
between states 

A band in an ultraviolet/visible absorption spectrum is 
indicative of an electronic transition, and since the band 
spreads over a range of wavelengths, the corresponding 
electronic transition must occur over a range of energies. This 
is a consequence of the fact that each electronic state (So, Si, 
S2 . . .) has an associated Set of vibrational energy levels. 
These levels are quantised and each has a vibrational quantum 
number, V. As shown in Fig. Sa, there can be a number of 

29 

transitions originating from the lowest vibrational level (V=o) 
of an S0 state to the various vibrational levels of the 5, state, 
and these transitions will require slightly different energies. If 
a high resolution spectrometer is used to record the absorption 
spectrum then the individual transitions may sometimes be 
observed in the form of vibrational fine structure on the 
absorption band (Fig.. Sb). Normally, however, bands in the 
absorption spectra of compounds in the solid state or in 
solution do not exhibit fine structure and only the band 
envelope (dotted line of Fig. Sb) is observed. Obviously, 
vibrational energy levels play an important role in determining 
the colour of a compound since the existence of these levels 
causes the absorption of the compound to be spread over a 
range of wavelengths. 

3 
2 

0-1 

WAVELENGTH 

Fig. Sa. Electronic-vibrational transitions, and 

Fig. Sb. Absorption band showing vibrational fine structure 
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COMPOUND ABSORPTION SPECTRUM COLOUR 
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9-FLUORENONE 
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RED 

AZOBENZENE 
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GREEN 
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VIOLET 
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Fig. 6. Relationship between colour and absorption in the visible region 



Compounds are coloured when one or more of the absorp-
tion bands fail within the wavelength range of visible radiation 
(Fig. 6). For organic compounds, such bands usually 
correspond to n-- or T.+TC* transitions. The other possible 
electronic transitions, r-+r and n_~*, normally require 
greater energy than n-4-7r or 7_* transitions, so, that the 
corresponding absorption bands occur at shorter wavelengths, 
usually outside the visible region. 

The energy range of the visible region is from 4.96 x 10' J 
(equivalent to 400nm) to 2.48 x lo' J (SOOnm), and for 
an organic compound to be coloured the energy difference 
between an n and a * orbital or between a Tr and a orbital 
must fall within this range. Compounds in which this occurs 
generally possess one or more of the following structural 
features: 

(1) an extended conjugated system of double bonds, 

a conjugated system of multiple bonds, which involves 
atoms having non-bonding electrons, 

a multiple bonded system, involving non-bonding 
electrons and charges. 

The relationship between colour and the extent of double 
bond conjugation is demonstrated in Fig. 7 for a series of 

to 
i Co 

C. H. J. WELLS JOCCA 

pounds, and it can be seen that as the extent of conjugation 
increases so the band moves to longer wavelengths, and that 
in the case of naphthacene and pentacene the band has moved 
into the visible region. Naphthacene and pentacene are 
coloured yellow and blue respectively, whilst benzene, 
naphthalene and anthracexfe are colourless. The bands in 
Fig. 7 each represent 	transition, and thus the effect of 
increasing conjugation is to decrease the energy for the 
transition. Examples of other coloured compounds exhibiting 
extended conjugation and which have 	absorption bands 
in the visible region are given in Fig. 8. 

H H H 1-4 H 
C 0~.,C~. ~C,~, '0 

H H H H H 

ORANGE 

YELLOW 

CH3 	CH3 	CH3 	 HaC -s-. 

CH3 

H 	H 	H H -I 1-4 H

D 
- 	 - 

H H H H H 	H 	H 

Cl-I3 	 CH3 	CH3 

PURPLE RED 

Fig. 8. Some examples of compounds which are coloured due to the 
influence of extended conjugation 

Absorption bands arising from n-v transitions frequently 
occur in the visible region for compounds which have the 
structural features (ii) and (iii) listed above. Some examples 
of coloured compounds with these features are shown in Fig. 9. 

185 

0 

CH2=N=N 

YELLOW 

0 OH ccoc 	OH 

co 
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200 	 400 	 600 
WAVELENGTH (nm) 

Fig. 7. Band envelope of longest wavelength absorption band of some 
aromatic hydrocarbons 

hydrocarbons—benzene, naphthalene, anthracene, naphtha-
cene and pentacene. The Figure shows the position of the 
longest wavelength absorption band for each of the corn- 

RED 	 ORANGE 

Fig. 9. Some examples of compounds which are coloured due to the 
influence of extended conjugation and non-bonding electrons 

In conclusion, colour in an organic compound normally 
arises because the energy of an electronic transition of the 
n-+ir or --ir type fails withfn the range corresponding to 
visible radiation and the compound has the ability, in conse-
quence, to absorb such radiation. The actual colour of the 
compound is dependent upon the wavelength range of the 
visible radiation absorbed, which in turn is dependent upon 
the structure of the compound. 

[Received 24 July 1976 
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Synthesis of 1,3,5- and 1,4,5-trinitro- and 1,3,5,7-
and l3S18-tetra nitro- 2,6...dimethyInaphtha1enes 
Eric Buckley, John E Everard and Clifford H J Wells 
School of Chemical and Physical Sciences, Kingston Polytechnic, Kingston upon Thamas. Surrey KT1 2EE 

Dimerisation of 2,4,6-trinitrotoluene (TNT) under the action 
of base yields 2,2',4,4',6,6'-hexanjtrostjlberie (HNS) in good 
yield,' this latter compound being of importance as a ther- 
mally stable explosive having applications in space tech-
nology.',:' Following a report" on a large laboratory scale 
preparation of 1,5-dinitro-2,6-dimethylnaphthalene (I), the 
authors have investigated the synthesis from this compound 
of trinitro- and tetranitro-2,6-dimethylnaphthalene which 
could have the potential for base-induced coupling to give 
thermally stable explosive materials analogous in structure 
to HNS. 

The reaction of nitric acid and compound (I) in concen-
trated sulphuric acid gave 1,4,5-trinitro-2,6-dimethylnaph.. 
thalene (II) as follows. To a stirred solution of compound 
(I) (2g) in concentrated sulphuric acid (600cm3) was added 
06cm3  of nitric acid (d = 1-42). After 2h the mixture was 
poured onto ice and the precipitated solid filtered off, 
washed thoroughly with water, dried in vacuo, and washed 
with toluene (15cm3). Recrystallisation from glacial acetic 
acid gave compound (II) (154g), mp 193°C; n.m.r. spec-
trum (DMSO-d6), r 143 (1H, s), 199 and 203 (2H, ABq, 
JAB = 90 Hz), 739 (3H, s) and 746 (3H, s); mass spectrum, 
m/e 291 (M), 245 (base peak). The base peak corresponding 
to [M-NO]+ showed that peri-nitro groups were present 
in the compound structure.5  

The reaction of nitric acid with compound (I) in acetic 
anhydride yielded 1 ,3,S-trinitro-2,6-dimethylnaphthalene(I1I) 
as follows. To a stirred solution of compound (II) (5g), in 
acetic anhydride (300cm3) was added 40cm3  of nitric acid 
(d = 1'42) at a rate such that the temperature did not 

exceed 40°C. After the addition the solution was allowed 
to stand for 16h, and then 30cm3  of nitric acid (d = 150) 
was added over a period of 4h, after which time I 'Scm3  of 
concentrated sulphuric acid was added. The temperature 
of the reactant solution was slowly increased to 70°C while. 
stirring continuously, and then after 5 min vigorous evolution 
of fumes the reactants were quenched in excess of water. 
(Caution has to be taken on heating owing to the formation 
of tetranitromethane in the reactant mixture.') After 18h  

the precipitated solid was filtered off and recrystallised from 
acetone followed by acetic acid to give compound (111) 
(1'5g), mp 176°C; n.m.r. spectrum (DMSO-d6), 	140 
(1H, s), 203 and 206 (2H, ABq, JAB= 92Hz), 745 
(3H, s) and 7'48 (3H, s); mass spectrum, m/e 291 (M). 
The mass spectrum of compound (III) differed from that 
of the isomeric compound (II) in that the base peak did 
not correspond to [MN04]+ showing that there were no 
peri-nitro groups present. 

Further nitration of compound (III) in fuming nitric 
acid/sulphuric acid yielded I ,3,5,8,tetranitro-2,6-dimethyl-
naphthalene (IV) in the following manner: 4cm3  of nitric 
acid (d = 150) was added dropwise with stirring to a 
solution of compound (III) (13g) in concentrated sulphuric 
acid (400cm3) in a vessel fitted with a drying trap. After 
standing for 30h the reaction mixture was poured onto ice 
and the precipitated product thoroughly washed with water 
followed by acetone and then recrystallised three times from 
glacial acetic acid to give compound (IV) (60g), mp 302°C; 
n.m.r. spectrum (DM80-d.), r 122 (IH, s), 124 (IH, s), 
741 (3H, s) and 747 (3H, s); mass spectrum, m/e 336 (Mt), 
290 (base peak). As before, the base peak corresponding to 
the [M-NO] ion indicated the presence of peri-nitro 
groups. 

The action of fuming nitric acid on compound (III) in 
acetic anhydride resulted in the formation of 1,3,5,7-tetra-
nitro-2.6-dimethylnaphthajene (V). Thus, a solution of 
compound (III) (3g) in acetic anhydride (300cm3) was 
treated in exactly the same manner as for the preparation of 
compound (III). Recrystallisation as specified above yielded 
compound (V) (03g), mp 332°C; n.m.r. spectrum (DMSO-
d6), 'r 1'35 (2H, s), 748 (6H, s); mass spectrum, m/e 336 
(M+). 

Dr B. C. Webb of the Rocket Propulsion Establishment, 
Ministry of Defence, is thanked for discussions. 
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Abstract C Photolvtic decomposition of indapamide (I) in nitrogen-
flushed mci haticil vieids i_sulfamicvl_4_chIi,rc)ben7amtde (II). 2-,neih-
vllcidoline (ill). semicarhazide (IV), and 1 .(Niorniamido).'2-cnethytifl-
doline (V): in oxygen-flushed methanol, II-V, 1-amtnucarhoxymetlivl-
2-methvlindoline (VI). ;i.sulfar.yl-1-chlorobenzOlc acid (VII), 
methvL3sultaoyl4ChiOr0hei17;0Le (VIII). and 2-(N-acetamido)-
benz6ic acid (IX) are forrned.A comparison is made with thermal de-

composition of 1. 

Keyphrases C ndaoamide—photolytic decomposition, thermal de-

composition. decomposition products identified o Photolvsis—indap-

amide, products identified C The rmolysis_inda pain ide. products 

identified 0 Diuretics—indaPamide, photolytic and thermal decompo- 

sition. products identified 	- 

There has recently been a growth in drug photosensiti-
zation studies. Numerous drugs have photosensitizing 
properties (1), and these properties appear to show a cor-
relation with in t'ivo photosensitivity. In particular, the 
saluretic furosemide exhibits a high affinity for oxygen 
under UV irradiation, and this affinity may be related to 
the reported skin rash reaction among patients taking the 
drug (2). 

As part of detailed studies of indapamide [N-(3-sui-
famoyi4chiorobenZamido)-2-methY1ifldo1e] (I), a com-
pound with prolonged saluretic action (3), a study of the 
photolytic decomposition of this compound was con-
ducted. In contrast to earlier studies (1), the products of 
in vitro photolytic decomposition were identified prior to 
in vivo experiments. 

EXPERIMENTAL' 

Indapainide (fl was supplied as a pure com poonda. 2-Methylindoilne 
(III). semicorhazide (IV), and 2-(N-acetamido)benzoiC acid (IX) were 
supplied as pure reference cciinpounds* 

1 Mass spectra were recorded on an A.H.I. MS9 spectrometer. IR spectra were 
recorded 00 a Perkin-E)rnr 257 spec, rot)  flc)ci)  III  etet.  NMR soectra were recorded 
on a Perkin-Elmer H.11 0 giectroineter. and V spectra were recurdo au a Unkarn 
Si', 4YJ0 spectrornuotomeer. 

ucuratores. Servicer. ('.idv. France. 
ervier Laboratories. Greenfurd.Micldlesez. England.  

A B C SO2NH, 

NN 	 Cl 

QHÔ 

Photolytic decompositions were performed on 2.7 X 10 M I solution 
in nitrogen- or oxygen-flushed methanol. The reactant solutions wer 
contained in the inner well of a cylindrical quartz reaction vessel. whic. 
was mounted vertically before a 1000-w Hanovia medium-pressur 
mercury lamp. A filter solution of saturated aqueous copper sulfate wo 
pumped through the annular space (4-mm i.d.) surrounding the inns 
well of the reaction vessel and also was pumped through a heat-exchange 
to maintain the reacttioL solution at 293°K. The filter solution had a shor 
wavelength cutoff at 300 nm. After photolysis for 12 hr. the solution wc 
evaoorated to dryness under reducdd pressure. The residue was dissolv(-
in a small volume Of redistilled nti-thanol prior to spotting on TL. 
plates. 

Thermal decompositions were performed by heating samples in a: 
automatic thermo-recording )alance. A 1-g sample of I was heated eithe 
at a constant rate of 5°K/min from ambient temperature to 453e K unt 
the weight loss rate stabilized or at 453°K for 12 hr while the samp: 
underwent a regular and continuous weight loss. The solids were dissolve 
in redistilied methanol prior to spotting on TLC plates. 

Preparative TLC was performed using 20 x 20-cm plates coated wit 
a 1-nun layer of silica gel,̀ . Two solvent systems were used for plate d 

velopment: 1, 100% dimethvl carbonate: and 2, the top layer obcatn 
after vigoroos)v shaking pentan-1-o( (35 cma) and ammonia (speci:. 

gravitY 0.8i0. 15 cma)  together and then allowing them to stand. All so 
vent systems were prepared fresh daily, and not more than two deve. 
opinents were carried out in any one preparation. 

After development, reactant and product spots were visualized unc 
UV light, scraped off the plates, and extracted into a small volume 
redistilled methanol, which was evaporated to dryness under reduci-
pressure. The residual material was identified spectroscopically. 

RESULTS AND DISCUSSION 

The results relating to the identification of the products formed by 
photolysis are summarized in Table I. These products arise pr:ncipa: 
as a result of bond cleavages in the N-NH-CO-C linkage. 

Si in ton. 
Merck (3E',. 
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Table I—Products from P'otolytic and Thermal Decomposition of Indapanside 

?hotochernical 	l'hotochemicaj 
Dusomposi two 	Decomposition 

in N.2- 	 in O- 	Thermal 	Product 	 Method of 
Flushed Methanol Flushed Methanol Decomposition 	R1 Vajue° 	 Structure As.,.cnment 5  

11 11 II 0.1 9C NM R, JR. UV, and mass spectra. 
III Ill Ill 0.63 Comparison of IR, UV, and mass spectra with those of a reference sanv. 

TV 0.75 Comparison of IR. UV, and mass spectra with those ut' a reference sam 
V5  0.25 UV and mass spectra 

VI VI VI 0.19c NMR, IR. L'V, and mass spectra 
VIII v!: 0.35 Mass spectrum' 

VIl1 0.45. 0.44*  Mass spectrum' 
LX 0.12 Comparison of JR. UV, and mass spectra with those of a reference saint: 
N 0.65 NMR, JJ?, UV, and mass spectra 

X1e 0.27 Mass spectrum' 

The R, values refer 'a q'alitative TLC plates developed in Soivent System I. except for tdose marked with an asterisk, which refer to Solvent System 2,  L'niess other. stated.. sectra were ubta:ier. for products soluTcO from each of the three decomposition systems. The orod.ici at R 0.19 WUS a mixture of 	 v, 11 and VI. Curnrur': was sw..
p
..-aec out ci the mwand obtained ass white crystalline comoounc. Produrt univ observed in those tbermul decomnosition samu!es maintained at 4.. for l hr. Minor product cs judged by quantity of material iso:atec rom TC o:es as compared to other products. Oo!y sufficient material could he isolated mass Spectrum to be recorded. 

Type A cleavage leads to 3-sulfamovl-4-chlorobenzamide (II and III), 
type B cieavage leads to 3-suifamovl-4-chlorobenzoic acid, and type C 
cleavage yields i-(iV-formamido).2.methvlindoiine (V) and 1-amino-
carboxvrnethyl-2-methvlindoline (VI). Methyi-3-sulfamoyi.4-chiuro-
benzoate (VIII) presumably arises ass consequence of estenificatitrn of 
VII by the solvent, while IX arises as a consequence of indoline ring ox-
idative cleavage in species such as Ill or 1. At present, the origin of IV is 
not clear. 

Thermal decomposition of I yields only II—TV besides 2-methylindole 
(X) and JV.(3.suifamoyl.4.chlc,robenZainido)2.methyljndole  (XI). Thus, 
type A cleavage can occur from vibrationally excited levels of the ground 
(S0) state, and 11 and 111 can arise by this mechanism in photolytic re-
actions. Such species could be generated by internal conversion from the 
photolvticaily generated S1  state. Presumably, the appropriate S5  levels 
for dehvdrogenaLion are not accessible via internal conversion. Type B 
and C cleavages only occur under photolysis and must, therefore, arise 
from the first excited states. Since such reactions are not inhibited by 
oxygen. which is known to quench triplet-state molecules (4), the S5  state 
is implicated. 

Thus, the study has demonstrated the complexity of photolvsjs 
simple pharmaceutical and has shown the wide ran ge of compound. 
oe screened in photosensitization tests of such molecules. 
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Photochemistry of Some Systemic Pyrimidine Fungicides- 

Clifford H. J. Wells, Stephen J. Pollard and Devdoot Sen 
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(Manuscript received 5 Noventher 1978) 

Synopsis 

The compounds dimethirimol (I) (5buty12dimethYlaminO.6methYlPYrimt n-4-ol, and ethirimol 

(11) 	
are effective as fungicides for the control of 

:owdery mildew on cucurbits and cereals respectively." 2  An understanding of the effect of ultra-

violet (u.v.) radiation on agricultural chemicals is of importance and therefore, a study into the 
:notochemistry of compounds I and II and also the structurally related 2-dimethylamino-5,6- 

thmethylpyrimidin-4-Ol (III) has been carried out. 

Wave'ength (Cm) 

Figure 1. Absorption spectrum of a 0.4 miI degassed solution of dimethirimol(1) in acetonitrile (a) before photo-

lysis. after photolysis for (b) 6 h; (c) 15 h: (d) 20 h; (e) 30 It. 

Synopsis of a paper presented at the symposium on Phowdegradotion of pesticides on 3 October 1978, organised 

y the Physicochemical and Biophysical Panel (Pesticides Group), Society of Chemical Industry. 

.0031-613X/79/0400-0171 S02.00 © 1979 Society of Chemical Industry 
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Photolysis of compounds I—HI in degassed acetonitrile solutions with mercury radiation in 
range 290-330 nm brought about Photochemical reaction as indicated by the disappearance 

with time of the longest wavelength absorption band of the substrate. A typical set of absorption spectra 
recorded after different photolysis times is shown in Figure 1. Separation of photolysis reaction 
products from the compounds i—HI by thick-layer chromatography on silica gel gave four products 
for each of the three compounds. The products were identified by spectroscopic and degradation 
studies as being formed by dimerisation across the 5,6-bond of the parent pyrimidinol. The 
structures of the four products formed from compound I are shown in Figure 2. 

HO 'Bu Me 
N. J__j NMe 

Me 6u  OH 
tPaflS.tpanojd 

(trans-anti) 

HO Bu Me 
NJ 4 JNMe  

Me. NL_1 N  
Me Bu OH 

HO Bu Bu OH 

Me.NCTIIlIICJNMe 

Me 

trans-cisojd 
(rrans.syn) 

HO Bu Bu OH 

Me. JNMe 

Me Me 
cis-transojd 
(cis-anti) 

cis-cisoid 
(cis.syn) 

Figure 2. Products from photolysis of dimethjrjmoj (I) in degassed acetonhcrije solution. 

Monitoring the disappearance with time of compounds I—lU on photolysis in degassed acetoni-
true gave plots which are typified by that shown for compound I in Figure 3. The effect of added cis-
penta-1,3diene on the photoreaction of I is also shown in Figure 3, where it can be seen that the 
added diene virtually completely quenched the reaction. The same effect was observed for the 
photolysis of II and III in the presence of cis-penta.1,3diene. Gas—liquid chromatography (g.Lc.; 
analysis of the reaction mixtures revealed that trans-penta_l,Jdjene had been formed as a result Of the photolysis. As cis-penta1,3djene does not absorb at the wavelengths used for irradiation it 
is apparent that energy transfer from the pyrimidinol had brought about the cis-trans isomerjsation 
of penta-1,3. ene As the energy of the lowest excited singlet state of cis-penta-1,3_diene is con- 

10 	 15 

Time (h) 

Figure 3. First-order kinetic plots for photolysis of 
a 0.5 mm degassed solution of dimethjrjmol (1) in 
acetonitrile in (a) the absence of cis-pen(a1.3diene 
and (b) the presence of ci-pen(a-1.3_djene (10.0 mM). 



Photochemistry of pyrimidine fungicides 

siderably higher than that of compounds I-Ill, singlet-singlet energy transfer was an unlikely 
mechanism for quenching of the photoreactions. Because the cis-trans isomerisation of penta-
1,3-diene can proceed via a triplet state diene species,,' it can be concluded that the quenching of 
the photoreactions of I-TI1 in degassed acetonitrile occured by triplet energy transfer to the diene 
and, therefore, that the photoreactions of 1-111 in this medium proceeded, via the lowest triplet 
state of compounds I-Il!. 

The phosphorescence emission from the lowest triplet state of compounds I-Il! in EPA glass 
(diethyl ether +isopentane±ethanol, 5+5±1 by volume, at 77 K) is shown in Figure 4. The 
energies of the lowest triplet states as estimated from the O--O transitions (indicated by arrows 
on the spectra) were found to be as follows: 1, 291 kJ moht; II, 305 kJ mol'; III, 295 kJ mol-1. 

400 	 450 	 500 

Wavelength (Sm) 

Figure 4. Phosphorescence spectra in diethyl ether+isopentane -t-ethanol (5+5+1 by volume) at 77 K of (a) 
dimethirimol (I); (b) ethirimol (11); (C) compound 111. Excitation wavelength 300 nm. 

The fluorescence and phosphorescence emissions from compounds 1-111 in cyclohexarie+iso-
pentane at 77 K corresponded to the fluorescence and phosphorescence emissions in aqueous 
solutions at pH 7 (Figure 5). This suggests that the emitting species in the aprotic solvent system 
was the same as that in the protic solvent system at pH 7. As only the neutral pyrirriidinol species 
is likely to exist to any extent in the aprotic solvent, it is most probable that compounds I-Ill 
exist as neutral molecules in aqueous solution at pH 7. The fluorescence and phosphorescence 
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oo 
Woeenq,fl (m) 

Figures. Fluorescence and phosphorescence spectra of (111) 
at 77 K in (a) Cyclohexane. Isopentane- (b) water at pH 7. Excitation wavelength 290 nm. 

spectra of compounds I—Ill at low and high pH differ 
from those at pH 7 indicating the presence of cationic and anionic pyrimidinol species at low and high pH respectively. 

 
Photolysis of compound iii in degassed aqueous solution at pH 7 in the temperature range 

278-333 K gives rise to two out of the four dimers formed in acetonitrile solution. It was reported 
previously in the case of the analogous four dimers produced on photolysis of thymine (5-methyl-
PYrimidine2,4..dioj) and uracil (pyrimidine2 4-diol) that the cis-isomers predominated at all reaction 
temperatures and were more stable than the 

trans-isome4,i matrix the sole photop 

	

	 In fact for thymine in an ice roduct was the cis-cisoid dimer (cis-syn dimer).4  Thus it may be con- 
e cis-isomers. 

ction scheme, in which the 

cluded tentatively that the two products isolated in the present work are th 
Applying the steady-state approximation method to a simple rea 

parent pyrimidinol is consumed solely by reaction of triplet with 
dimers, results in the following expression 	 ground state pyrimidinol to form 

l/5 	[I + (kd/krfPyrJo)J/Tsc 	
(I) 

where FD is the quantum yield for consumption of pyrimidinol (calculated by monitoring the re-
moval of pyrimidinol from the reaction System),(Dj5c is the quantum yield for intersystem crossing from the Singlet to triplet manifold of excited states, {Pyr}0  is the initial concentration of pyrimidinol.  
and kd and k r 

 are the respective rate constants for unimolecular radiationless decay of the triplet 
state and the reaction of triplet state with ground state pyrimidinol. 

 
A plot according to equation I is shown for compound III in Figure 6. 

It can be seen from Figure 6 that a straight line relationship holds at high values of 
1/[PyrJ0 that is at low initial pyrimidinol 

concentrations (<0.1 mm). Furthermore, the data obtained at three temperatures over the range 
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6.0 

4.0 

2.0 

4- 

1.0 	 2.0 	 3.0 	 4.0 

II tPyr 1 It Pyr]0  expressed as ' 

Figure 6. Plot according to equation I for dimerisation of compound (HI): at 278 K, x ; 303 K, a; 333 K, •. 

278-333 K fall on the same straight line. It may be concluded, therefore, that the proposed mecha-
nism holds at low pyrimidinol concentrations and that under these conditions photodinierisation 
proceeds via interaction of triplet with ground state pyrimidinol. 

As shown in Figure 6, the experimental points obtained at high initial pyrimidinol concentrations 
(>5 mm) fall off the straight line and the value of l/5 is less than predicted by the straight line 
relationship. That is, the quantum yield. 75, for consumption of the pyrimidinol is greater than that 
predicted if dimers were formed solely by reaction of triplet with ground state pyrimidinol. Hence 
an additional mechanism for dimerisation must be operative at high pyrimidinol concentrations. 
This has been observed in other pyrimidinol systems where it has been proposed that dimerisation 
can occur via ground-state paired aggregates.6  In this situation, two ground state pyrimidinol 
molecules are suitably associated to form an aggregate in which permanent bonding occurs to 
give a dimer on absorption of ultraviolet radiation. This is represented schematically as follows: 

Pyr±Pyr(Pyr.Pyr) -- Dimers 

If the above additional mode of forming dimers is taken into account in the reaction mechanism, 
a modified version of equation I is obtained, as follows: 

Poveraii 	i3+ 2K(PyrJo 	 (2) 

where 7Dnveran is the overall quantum yield for the consumption of pyrimidinol, 7D is the quantum 
yield for consumption of pyrimidinol via the triplet state alone, K is the equilibrium constant for 
the formation of aggregates, and 5A  is the quantum yield for formation of dimers via aggregates. 
Results obtained at three different temperatures are plotted according to equation (2) in Figure 7. 
The straight line relationships so obtained support the conclusion that at high pyrimidinol con-
centrations (>5 mm), dimersation via aggregates contributes to the overall dimerisation reaction. 
This is supported by the fact that the value of overall decreases as the temperature is increased 
(Figure 7). This can be explained in terms of aggregates being 'shaken apart' at higher temperatures 
and, as a consequence, a lower proportion being able to form dimers as the temperature is increased. 



Figure 7. Plot according to equation 2 for dimerisa. 
lion of Compound (III) at (a) 278 K; (b) 303 K; (C) 
333 K. 
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Reaction of base with 1,3,8-trinitro and 
1,3, 6,8-tetranitro-2,7-dimethoxynaphthalene 
Eric Buckley, John E Everard and Clifford H J Wells 
School of Chemical and Physical Sciences, Kingston Polytechnic, Kingston upon Thames, Surrey KT1 2EE 

The action of base on a-TNT to produce the thermally stable 
explosive 2.2'.4.4'.6,6'-hexanitrostilbene is one of the most 
commercially important reactions involving the reaction of 
13base with analkyl substituted polynitroaromaticcompound. 
Numerous other analogous systems have been studied. -' 
the majority of which have involved the reactions of base 
with alkoxy substituted polynitroaromatic compounds. 712 
Most of the latter studies have been concerned with the 
reaction of base with 1-methoxy-polynitrobenzenes and 
I -methoxy-polynitronaphthalenes. This work has shown 
that for reactions involving methoxide ion as base, addition 
of the methoxide ion occurs at either the C-I or C-3 positions 
of 	the poly nitro-aromatic with the thermodynamically 
Favoured C-I addition compound being obtained as the 
final stable product. In the case of the reaction of sodium 
methoxide with l-methoxv-24,7-trinitronaphthalene addition 
occurs only at the C-I position to give the 1.1-dimethoxy 
complex (1). 12  The reaction of methoxide ion with polynitro 
.5- and 1.7- dimethoxvnaphthalenes also results solely in 

addition (unpublished results). 
The authors have studied the reaction of methoxide-c/3  ion 

and sulphite ion with 1.3.8-trinitro-2.7-dimethoxynaphthalene 
(It) and I .3.6.8-tetranitro-2.7-dimethoxynaphthalene (III) 
using n.m.r. spectroscopy and now report that addition of 
base occurs at position 4 to give anions having the 
structures (IV) and (V) respectively. Thus, in contrast to 
previous studies the thermodynamically favoured product is 
formed by addition of the base at a ring site which does not 
possess a methoxy substituent. 

The reactions involving methoxide-c/3  were performed by 
adding the base to a solution of the parent compound in 
['Ht,]-dimethyI sulphoxide and immediately recording the 
n.m.r. spectrum of the reactant solution. Thus, addition of 
one equivalent of sodium methoxide-d3  to a solution of 
compound (II) in [2H,]-dimethyl sulphoxide resulted in the 
following n.m.r. spectrum assignable to anion (IVa): t 6.14 
(31-1_v). 6.03 (3H.$). 4.44(1 H. s). 2.94 and 2.49 (21-1. ABq. J AB 
9.01-1i). The visible absorption spectrum obtained on 
diluting a solution which gave the n.m.r. spectrum of anion 
(IV) showed a single peak Ot'/ mux  455nm. The peak maximum 
is in the region expected for anions of this type.21 

MeO OMe 

02N06 

No2J Na' 

(I) 

MeO joMe 

Elil 
	Olme 9 NO, 

(Wa) R = OCDJ  (Va) R = OCD, 
(lVb) R = so; (Vb) R = S03- o; 

Reactions Reactions involving sulphite ion were performed in 
D20/[2H6]-dimethyl sulphoxide mixtures. Thus, addition of 
three equivalents of sodium sulphite in D.O to a solution of 
compound (111) in [2H]-dimethyI sulphoxide gave the follow-
ing n.m.r. spectrum: t 4.34 (1 H, s) and 1.85 (IH,$) with the 
resonance region of the methoxy substituents obscured by 
i H absorption of the solvent mixture. The visible absorption 
spectrum obtained on diluting a solution which gave this 
n.m.r. spectrum showed a peak of Xm3x  458nm. 

Dr B. C. Webb of the Rocket Propulsion Establishment. 
Ministry of Defence, is thanked for discussions. 
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Abstract-The fluorescence, phosphorescence and absorption spectra of 5.6-dimethvl-2-dimethvl-
amino-4-hvdroxypynmidine (I). 5-n-butyl..2-dimethylamino-4_hydroxypyrjmjdjne (2). and 5-n-burvl-
2-ethvlamino-4-hydroxvpyrimidine (3) have been obtained in organic media and in aqueous solution 
at different pH values. The spectra reveal that the pyrimidines exist principally as rations at low pH. 
neutral species at pH values around 7 and as anions at high pH. The pK values for the ground state or 
compounds (1)-{3) have been measured as have the pKn  values for the first excited singlet state. 

INTRODUCTION 

The photochemical behaviour of the pyrimidines 
thyrnine (2.4-dihvdroxv-5-methvlpyrirnidine) and 
uracil (2,4-dihvdroxvpvrimidine) is of great interest 
because of the role these pyrirnidines play in the 
photodenaturation of nucleic acids [1-5]. As a con-
sequence of this role, the spectroscopic properties 
of these and related compounds have been well 
documented [2,5-10]. The structural relationship 
of 	5,6-dimethvl-2-dimethvlamino-4-hydroxypyr- 
irnidine (1), 5-n-butyl-2-dimethylamino-4-hydrox_ 
ypyrimidine (2) and 5-n-butyl-2-ethvlarriino-4-
hydroxvpyriinidine (3) to the nucleic acid pyrimi-
dines has evoked interest in their photochemistry 
[11. 12], especially as compounds (2) and (3) are 
used as systemic fungicides [13, 141. Knowledge of 
the photochemical behaviour of compounds (1)-(3) 
is of value because of the likelihood of photo-
chemical reactions occurring when they are ex-
posed to sunlight under field conditions. In order to 
gain information on possible species involved in the 
photochemistry of compounds (1)-(3), their emis- 
sion and absorption spectra have been investigated 
and the results are reported herein. 

EXPERIMENTAL 

Compounds (2) and (3) were supplied by the Plant 
Protection Division. I.C.I. Ltd., and were recrystallized 
twice from methanol prior to use. Comoound (1) was 
prepared by an adaptation of the method of Huu. ec al. 
[15]. 1.1-Dimethlguanidine  sulphate (27.2g) was added 
to ethanolic sodium ethoxide. prepared by adding dean 
sodium (4.6 g) to redistilled absolute ethanol (150 cma). 
The mixture was shaken for 15 mm.. then ethyl-2-methyi-
acetoacetate (23.3 g) was added and the solution allowed 
to stand for 18 h. after which time it was reduxed for lb. 
cooled, filtered and the filtrate evaporated :o low volume, 
whence compound (1) crystallized as needles. Recrystal- 
lization from methanol yielded product (8.4 g), m.p. 169-
1730.  

Fluorescence and phosphorescence spectra were re-
corded using a Perkin-Elmer,Hitachj MPF4 spectrome-
ter. U.v. absorption spectra were recorded using a Un-
icam SF31100 spectrophotometer. Absorbance measure-
ments were made using a Pye-Unicam SP6-500 and 
Perkin-Elmer Coleman 55 spectrometer. The uv. absorp-
tion spectra were obtained at various pH values in triple 
distilled water and in a number of non-aqueous solvents. 

The pH values of the solutions were adjusted using I or 
0.1 M hydrochloric acid (Hopkins and Williams. volumet-
ric), and 1 or 0.1m sodium hydroxide (Hopkins and 
Williams. volumetric). The spectra were recorded im-
mediately after adjustment of pH and the pH of the 
solutions were measured before and alter recording the 
spectra and an average pH value thus obtained. 

RESULTS AND DISCUSSION 

Data for the wavelength of maximum fluores-
cence and phosphorescence emission of compounds 
(1)-(3) are listed in Table 1. It can be seen from the 
table that for all three compounds the 	values 

Table 1. Wavelength maxima (A,,,,) for fluorescence and 
phosphorescence emission 

Phosphor- 
Fluorescence' Am,  escence; 

Com- (nml (nm) 
pound 	pH 77K', 298 Kt 77 KI 

1.91 388 387 
4.32 365 372 435 
5.51 360 365 
7.00 358 365 430 
8.92 350 360 

10.11 350 356 420 
11.64 350 356 
13.40 350 360 

1.91 385 385 
4.32 385 375 	430 
5.51 380 370 
7.00 375 365 	425 
8.92 375 365 

10.11 375 362 	415 
11.64 375 362 
13.40 360 360 

3 	1.91 360 365 
4.32 360 360 	436,  
5.51 355 360 
7.00 355 358 	430 
8.92 365 358 

10.11 365 360 	415 
11.64 365 356 
13.40 335 356 

Solvent-water. 
Excitation wavelength-290 nm. 
Solvent-ethylene glycol water (1: 1 v/v) 

§ Excitation wavelength-300 nm. 

563 



197 

564 
	

D. S and C. H. J. WELLS 

200 	350 	400 	450 
Wavelengin rim, 

Fig. 1. Fiorescence spectra of compound (1) at 77K in: 
(a) cyclohexane:isopentane (1:5 v/v). and (b) aqueous 

solution at pH = 7.02. 

for fluorescence and phosphorescence decrease as 
the pH increases, indicating that different species 
are acting as principal emitters in different pH 
regions. The bathochromic shift of the fluorescence 
A,, values when the temperature is changed from 
77 to 298 K is consistent with previous obser-
vations on the fluorescence spectra of nucleic acid 
pyrirnidines C2J. 

The fluorescence spectrum of compound (1) in 
aqueous solution at pH= 7.02 is shown in Fig. 1, 
along with the fluorescence spectrum in cvclo-
hexane : isocentane. The close similarity between 
the fluorescence spectra in the two solvent media. 
which was also observed for the fluorescence emis-
sion of compounds (2) and (3), is paralleled by the 
close simiiarlcv between the phosphorescence 
spectra of these compounds in ethylene 
glycol: wa:er at pH = 7.00 and in cyclohexane : iso-
pentane. These observations suggest that for each 
of the compounds the same species is emitting in 
the protic and aprotic solvent systems. Since it is 
unlikely that these pyrimidine compounds would be 
present in any form other than a neutral molecule 

18 

	

04 	3-5 
4-8 

7-6 :7-1  \A 
0-2 

S 
C 

5 06 
0 

87 

	

04 	
10.4 

	

1 	11-2 

250 	 300 	 350 
Waveiengrn (rim) 

Fig. 	2. Absorption spectra of compound 	(1) (0.96x 10-',m) in aqueous solution over pH ranges: (a) 
1.8-7.6. and (b) 8.7-12.3. 

in an aprotic solvent system such as cvcio-
hexane : isopentane. it may be concluded that these 
pyrimidines exist mainly as neutral species in aque-
ous solution at pH values close to 7. 

The u.v. absorption spectra of compound (1) at 
different pH values are shown in Fig. 2. Similar 
spectra were obtained for compounds (2) and (3). 
The figure shows that over the low pH range there 
is an isosbestic point at 290 nm whilst over the high 
pH range there is an isosbesric point at 309 nrrt. 
These observations taken in conjunction with the 
observations on the fluorescence and phosphor-
escence spectra indicate the existence of two single 
equilibria in the low and high pH ranges. This is 
explainable in terms of a cationic pyrirnidinol 
species being present at low pH and an anionic 
pyrimidinol species at high pH with these species 
being in equilibrium with the neutral pyrimidinol 

Table 2. Spectral and ionization data 

Commund 	p1-I Species (mm (cmmol') 

Isosoestic 
0flt5 

(nm) 
Ground state 
pK1i 	pK..i 

First excited 
singlet state 

pK 	pK± 

1.00 Cation 270 79.200 290 4.19 10.13 3.13 	8.69 7.00 Neutral 275 (298) 4850 
12.00 Anion 290 6670 309 

2 	1.00 Cation 272 79.500 291 4.60 10.79 3.86 	9.55 7.00 Neutral 277(300*) 5010 
13.00 Anion 290 6650 305 

3 	1.00 Cation 269 79.500 285 4.46 10.72 5.21 	10.05 7.00 Neutral 276 (296*) 4910 
12.10 Anion 283 6630 299 

De'e.-mined by the method described by ALBERT and Seatr 1161. 
De:ermined by the method described by WELLER {171 and V'4oER DoNcrr (18) 

§ 1nrectjon point. 
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Which is itself the principal species present at inter-
mediate pH values. The equilibria may be rep-
resented as shown in the following scheme 

HGN:HO: N: 
NcH) MCH) NCH1)2  N)CN3) 

LOw OH In,erw0iao PH High OH 

The absorption maxima and molar extinction 
coefficients of the cationic. anionic and neutral 
pyrirnidinols are listed in Table 2. Also listed in the 
table are the ground oe pK values for the 
equilibria shown in the scheme, along with the pK 
values for the equilibria when involving first excited 
singlet state molecules. As expected. there are rela-
tively small differences in the ground state pK 
values of compounds (1)-(3), reflecting the minor 
structural differences between these compounds. It 
is of interest that the pK*  values of the first excited 
singlet state of compounds (1)-(3) are generally less 
than the corresponding ground state pK values. 
Thus, compounds (1)-(3) act as weaker bases in 
their first excited sinalet state than in the ground 
state and this may be an important factor in rela-
tion to their photochemistry when these pyrimi-
dines are excited into their singlet state manifold. 
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Studies on Nitroaromatic Compounds. Part 8.t A Kinetic and Spectro. 
scopic Study of the Reaction of Di-and Tri-ethyamine with 1,5-Dimethyl-
24.8-trinitronaphthalene 

By Eric Buckley, John E. Everard. and Clifford H. J. Wells. School of Chemical and Physical Sciences. 
Kingston Polytechnic, Kingston upon Thames. Surrey KT1 2EE 

The reaction of 1,5-dimethyl.2.4,8.trinitronaphthalene with diethylamine and triethylamine in DMSO and in 
DMSO—MeOH solvent systems has been studied. 'H N.m.r. investigations have shown that a benzyl type anion is 
formed due to hydrogen abstraction from the 1-methyl group of the nitroaromatic compound. Kinetic and 
thermodynamic data for the systems have been determined. The results are explained in terms of the difference in 
solvation of the two amines and the charged products and the difference in solvating ability of the solvent media 
used. The effect of added triethylammoniun chloride on the reaction of 1.5-dimethyl-2.4.3.trinitronaphthalene 
with triethylamine in DMSO has been studied and the change in kinetics is attributed to ion association between the 
added salt and the charged products. 

KINETIC, thermodynamic, and structural investigations 
of the reaction of bases with nitroaromatic compounds 
have received considerable attention and a variety of 
products have been proposed including Meisenheimer 
complexes, radical ions, and carbanions.1  

The kinetics of the reaction of 2,4,6-trinitrotoluene 
with base to give the 2,4,6-trinitrobenzvj anion has been 
investigated by various workers,7U but only recently has 
there been a successful n.m.r. investigation of the form-
ation of this anion in flow and static systems.12  N.m.r.  

amine 	with 	I 5-dimethvl-2,4,8-trinitronaphthaJene 
(TND) in DMSO and DMSO—MeOH solvent systems. 

RESULTS 

Speclrosco:t,y._The 'H n.m.r. spectrum of a mixture of 
TND and one equivalent of triethylamine in ['HJdimethvl 
suiphoxide exhibited a set of product peaks which were 
assigned to the benzyl type anion, TND, shown in the 
Scheme. No peaks attributable to products other than 
those of the Scheme were observed in the spectrum. A 
similar 'H n.m.r.. spectrum was obtained for the product 

NO2 CH3 	 NO2 CH2  

iIIIiD2 ± Bose 	
ki  

NOz + Bose H 
CH 3  NO2 	 CH3 

NO 

TND 	 B 
SCHEME 

spectroscopy has also been used to show the formation 
of a benzyl type anion in the reaction of 1,5-dimethvi- 
2,4,8-trinitronaphthalerie with methoxide ion. 	As far 
as is known, no other evidence for the formation of 
benzyl type anions from alkylpolynitronaphthaiezies has 
been reported. 

Previous studies of the reaction of amines with nitro-
aromatic compounds have indicated the formation of the 
zwitterionic form of a Meisenheimer complex and the 
conjugate base of this complex. For example, primary 
and secondary amines react with 2,4,6-trinitro-benzene 
and -anisole in DMSO to give a Meisenheimer complex 
with addition at C-1.1-' The reaction of butylamincs 
with ethyl 2,4-dinitro-1-naphthyl ether in DMSO 
proceeds through an intermediate zwitterionic Meisen-
heimer complex by addition at C-i. The complex then 
loses a proton to the base to give the conjugate base of 
the neutral zwitterionic form.18  Recently a flow n.m.r. 
study of this S stem confirmed tile presence of the inter-
mediate complexes.19  

The present paper reports on the formation of a benzyl 
type anion in the reaction of diethylamine and triethyl- 

t Part 7 is ref. 13. 

formed when diethyiamirie was added to TND in ['He]-
dimethvl suiphoxide. The product resonances in these 
spectra were in similar positions to those reported for the 
product formed on reaction of TND with methoxide ion." 

'H N.m.r. spectroscopy showed that the reactions did not 
go to completion when methanol was present in the soivent 
system. Thus, the 'H n.m.r. spectrum of a reaction system 
containing TND and three equivalents of triethylamine in a 
3 1 mixture of [2H1dimethvi su1hoxide_{2HJmethanol 
exhibited peaks due to both TND and TND. Addition 
of further ['H,]methanoi to the system shifted the equili-
briuin position as evidenced by an increase in the relative 
intensity of the peaks due to TND and a concomitant 
decrease in intensity of the peaks due to TND. That is, 
the equilibrium constant for the system shown in the 
Scheme decreases as the methanol content of the solvent 
increases. 

Visible absorption spectra of mixtures of TN and either 
di- or tri-ethylamine are typified by that shown in Figure 1. 
Since neither the reactants or the BH species absorb in the 
visible region, the band, with 	at 560 nm can be assigned 
to the TND anion. The values obtained for the molar 
decadic absorptivity, c, of this species at 560 nm by reacting 
TND with excess of diethviaraine and substituting the 
final absorbance (Abs) into the expression (Abs) = cITND],1 
are 1 970, 1 960, and 1 940 in: moN at 303.5, 314.0, and 
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324.5 K. respectively. There is good agreement between 
these values and the respective values of 2 000, 1 970, and 
1 040 rn2  mol', determined at the same temperatures, from 

C 
C 

.0 

A / rim 
FIGURE 1 Absorption spectrum of a solution containing TND 

(6.8 x 10M) and 800 equiv. of diethylamine in DMSO-McOH 
(2 1). Ccli path length I = 10 mm 

Benesi-Hildebrand type plots on the results of the reaction 
of TND with an excess of triethylamine. A point of note is 
that the values for c decrease with increase in temperature, 
a trend which has previously been reported for the values of 

1),)
•1 r'' 

c for the charge-transfer complex formed between hexa-
methylbenzene and tetracyanoethylene.20  

Kinetics.-Kinetic results were obtained by monitoring 
the change with time of the absorbance due to the TND 
anion at 560 nm. Kinetic analyses were then carried out 
using the appropriate equations given in the Experimental 
section. In the majority o f cases the initial concentration 
of base was in excess, usually between 100 and 1 600 times 
the initial concentration of TND, so that pseudo-first-order 
kinetics applied to the forward reaction and second-order 
kinetics to the reverse reaction of the Scheme. For this 
situation, the pseudo-first-order rate constant, k, for the 
forward reaction was evaluated using either equations (1) 
or (2). The values of h,b. for the reaction of TND with 
diethylamine and with triethylamine in different solvent 
systems are listed in Tables 1 and 2 respectively. 

The second-order rate constant, k1, for the forward 
reaction is related to 	by the expression 	= 1[Basei. 
and the values for A, listed in Tables I and 2 were obtained 
from the slope of the straight line plots of bobs  versus [Basel. 

Values for the equilibrium constant, K for the reaction of 
TND with base under various conditions are also listed in 
Tables 1 and 2. These values were derived using equations 
(3) or (4), or, in the case of solvent containing 6700  DMSO, 
from the ratio of k 1/i_ 1. Typical plots according to equ-
ation (4) are shown in Figure 2. The values for the second- 
order reverse rate constant, 	, given in Tables 1 and 2 were 
derived in most cases from the relationship b = .1JK. In 

TABLE 1 

Kinetic data for reaction of TND. with diethylamine 
%DMSO 
by vol. in 

tfC 	solvent. 	10fTND1/M 	103[HNEt]/M 	lO3kOb,/St 	,/dma moF1  s' _1/dm3  mol7l s 
21.4 	 100 	 5.11 	 5.11 	 1.93 	 0.37 	 0.45 -. 

- 5.11 10.22 3.81 
5.11 15.30 5.62 

30.5 100 5.11 5.11 3.01 0.59 
5.11 5.11 3.12 
5.11 5.11 3.13 
5.11 10.22 5.93 
5.11 15.30 9.33 

41.4 100 . 	5.11 5.11 5.38 0.97 
5.11 5.11 5.50 
5.11 10.22 10.30 
5.11 10.22 10.23 
5.11 15.30 15.10 
5.11 15.30 14.50 

31.5 67 6.82 6.82 0.792 0.112 
6.81 13.60 1.44 
6.80 34.00 4.00 
6.78 54.30 5.99 

41.0 67 . 6.82 . 	3.41 0.588 0.210 
6.82 6.82 1.16 
6.81 13.60 2.89 
6.73 54.30 11.00 

51.5 67 3.41 3.41 1.14 0.36 
6.81 13.60 4.83 
6.80 34.00 12.26 

30.5 50 5.11 10.22 0.567 0.0.6 
5.11 15.30 0.882 
5.09 50.90 3.02 
5.09 50.90 3.10 

41.0 50 5.11 5.11 0.405 0.088 
5.11 10.20 0.784 
5.11 15.30 1.6 
5.10 30.60 2.66 
5.09 50.90 4.11 

52.3 50 5.11 10.22 1.97 0.213 
5.11 15.30 2.98 
5.09 . 	50.90 10.82 

Value determined using low base concentrations. 	6  Value determined using equation (5) 

0.89 

1.67 

0.86h 

2.35 

5.99 

0.50 

3.14 

10.00 

K 
0.82' 

0.65 

0.59' 

0.130' 

0.089' 

0.060' 

0.12 

0.028 

0.021 

Value determined from t/-1 
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TABLE 2 

Kinetic data for the reaction of TND with triethylamine 

% DMSO 
by vol. in 

solvent 10TND1/M 10NEt,1/M 103k,b.is k,/dm' molt s I  _k_1 /dm2  mol 	s 
30.0 100 5.11 5.11 0.441 0.081 0.64 

5.11 10.22 0.862 
5.09 40.07 3.34 
5.06 80.93 6.53 

40.8 100 5.11 5.11 0.854 0.133 1.13 
5.11 10.22 1.62 
5.11 10.22 1.63 
5.10 20.40 3.05 
5.09 40.70 	. 6.12 
5.06 80.93 10.20 
5.06 80.93 11.05 

51.3 100 5.11 2.56 0.684 0.268 3.01 
5.11 3.83 1.08 
5.11 5.11 1.41 
5.11 10.22 2.82 
5.11 10.22 2.80 
5.10 25.50 6.82 

60.3 100 5.11 2.56 1.19 0.449 4.93 
5.11 5.11 2.18 
5.11 5.11 2.41 
5.11 10.22 4.59 

31.3 90 4.60 4.60 0.275 0.068 0.51 
4.60 9.20 0.621 
4.60 10.50 0.782 
4.59 23.00 1.59 
4.58 36.70 2.42 
4.57 54.80 3.77 
4.56 72.90 4.96 

41.0 90 4.60 4.60 0.507 0.113 1.40 
4.60 11.49 1.28 
4.58 36.70 4.14 

52.0 90 4.60 4.60 0.877 0.201 4.18 
4.60 11.49 2.41 
4.58 36.70 7.91 
4.56 72.90 14.40 

31.6 80 5.11 5.11 0.241 0.049 0.702 
5.11 10.22 0.453 
5.10 20.40 1.09 
5.09 40.70 2.07 
5.07 60.90 1.02 
5.06 81.00 3.94 

31.5 67 6.82 5.11 0.176 0.038 2.28 
6.81 6.81 0.201 
6.81 10.22 0.273 
6.79 27.20 0.827 
6.78 40.70 1.52 
6.77 54.20 2.07 

41.0 67 6.82 5.11 0.216 0.070 6.84 
6.81 10.22 0.497 
5.10 20.40 1.09 
5.07 60.90 3.28 

51.5 67 6.82 5.13 0.383 0.117 17.8 
6.81 10.22 0.815 
6.79 27.20 2.47 
5.09 40.70 3.68 
5.07 60.90 5.62 

60.3 67 6.82 6.82 32.3 
32.0 50 5.11 10.22 0.182 0.021 4.88 

5.11 15.30 0.300 
5.10 20.40 0.455 
5.09 30.60 0.611 
5.08 50.80 1.08 

41.0 50 5.11 10.22 0.217 0.027 15.9 
5.09 30.60 0.868 
5.08 50.80 1.33 

52.3 50 5.11 10.22 0.635 0.070 25.9 
5.09 30.60 2.17 
5.68 50.80 3.50 

Value determined using equation (5). Value determined from 

K 
0.126 

0.118 

0.089 

0.091 

0.134 

0.081 

0.048 

0.070 

0.01676 

0.0079 

0.0066 6  

0.0043 

0. 00 17 

0.0027 
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those systems where the solvent contained 670/,, DMSO, 
values for h.., were determined using equation (5). 

Arrheriius plots for the change with temperature of k and 

5. 
I 

U, 

a 
Vi 
0 

10 	20 	30 	40 	50 
C0[Base] 

1M2 
(Abs),  

FIGURE 2 Benesi-Hildebrand plots according to equation (4) 
for the reaction of TND with (a) triethylamine in DMSO-MeOH 
(9 : 1) at 304.3 K, and (b) diethylamine in DMSO-MeOH (1: 1) 
at 303.5 K 

k., in different solvent mixtures gave good straight lines. 
Values for the enthalpy of activation, H, and entropy of 
activation. XS, calculated from such plots are listed in 
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DISCUSSION 

Tables 1 and 2 show that the rate constants, k1, for the 
forward reaction increase as the percentage of DMSO in 
the solvent system increases, whilst Figure 3 shows that 
a reasonably linear relationship is observed when log k1  

is plotted against % DM50. The rate constants, k_i, for 
the reverse reaction decrease as the percentage of DMSO 
is increased although the results for the composition 
range 90-10001/. DMSO are not entirely consistent with 
this behaviour. 

Generally in the formation of Meisenheimer complexes 
from lyate ions and nitroaromatic compounds in DMSO-
ROH solvent mixtures, the increase in the forward rate 
constant as the amount of DMSO is increased is attri-
buted to the enhanced nucleophilicity of the ivate ion 
which results from the lower solvation of the ion as the 
percentage of DMSO increases,3'5  whilst the decrease in 
the reverse rate constant is attributed to the enhanced 
solvation of the Meisenheimer complex in solvents 
containing a high percentage of DMS0.5  Normally when 
anions react with aromatic molecules in Meisenheimer 
complex formation or in nucleophilic displacement 
reactions, H decreases and AST often increases as the 
percentage of DMSO in the solvent increases.2122  How-
ever the opposite trend in H was observed for the 
reaction between hydroxide ion and 2,4-.dinitrophenyl 
3-nitrophenyl ether. 23  

In the present study of hydrogen abstraction by a 
neutral base from a nitroaromatic compound, the in- T 

ABLE 3 

Thermodynamic parameters for the reaction of TND with di- and tri-ethylamine in DMSO-MeOH at 298 K 

Base 	DMSO kJ mot-' kJ mot-'kJ mot-' J K' moN J K moN J K' mot-1. 

ELNH 	100 34.9 4- 3.0 48.4 ± 4.0 -13.5 ± 5.0 -135 ± 6 -87 ± 8 -48 ± 10 

67 45.6-3.0 76.0±3.5 -30.4±4.8 -113J-6 3 ± -117±9 

50 45.2 ± 4.5 -120 	10 

Et,N 	100 45.9 ± 3.0 56.4± 4.0 -10.5 ± 5.0 -115±6 -63±8 -52 ± 10 

90 40.4±4.0. 8L3±4.0 -41.9±5.7 -135±8 .12±8 -147± 11 

67 3.0 81.0±3.5 -37.3±4.6 . -129±6 23±7 -157±9 

50 47.0 ± 4.5 -124 ± 10 
The standard state in ASt calculations taken as 1 mot dm. 

Table 3. Also listed in certain cases are the calculated 
values for the overall entlialpy change, A H, and the overall 
entropy change AS, for the two reaction systems. 

Kinetic data for the reaction of TND with triethylamine 
in the presence of triethy lam monium chloride are given in 
Table 4. 

TABLE 4 

Kinetic data for the reaction of TND (5.12 x 10s) 
with triethylamine in DMSO at 313.4 K in the presence 
of triethy lain monium chloride (5.12 x 10i) 

	

IO2[Et,N1/M 101k0,./s 	k, /dm3  moN s 	k_,/dtn3  moN s' 

	

0.512 	0.661 	0.129 	0.076.' 0.067 

	

1.024 	1.350 	0.132 

	

8.190 	9.910 	0.121 
Derived from expression h, = k,,./(Base]. b Derived 

from expression k_, = k/K where the value of K as determined 
experimentally using 	equation (7) is 1.67. 	Determined by 
addition of tricthylammoniuln chloride (5.12 x 10 3 M0 to a 
previously equiiibriated mixture of TND (5.12 x 10.i) and 
triethylamine (1.02 x 10t) followed by analysis using 
equation (9). 

crease in k1  with increase in the DMSO content of the 
solvent for the reaction of TND with triethylamine 
appears to be due to an increase in AS,:, as indicated by 

the trend in 	values (see Table 3). However, for 
the reaction with diethylamine the corresponding in-
crease in k appears to be due to a decrease in AH,. For 
both reactions the decrease in h.. as the percentage of 
DMSO increases is due to a large decrease in AS-,'  

compensating for a decrease in  
An interesting feature of the results given in Table 3 is 

that for the reaction of TND with both di- and tri-
ethylamine the overall enthalpy change, d.H, is more 

exothermic in mixed solvent than in 100% DMSO. This 
can be explained on the basis that there is a greater 
degree of solvation of products in the mixed solvent than 
in 100% DMSO, with the greater solvation arising 
because of hydrogen bonding between methanol in the 
mixed solvent and nitro-groups carrying a partial 
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negative charge in the product species.13,24  Thus, the 
greater release of energy arises because hydrogen 
bonding stabilises the system relative to the situation 
where hydrogen bonding does not occur. The fact that 
the overall entropy change, AS, for the two reactions are 
much more negative in mixed solvent than in 100% 

us 

1. DM50 

FIGURE 3 Plots of log k 2  against % DMSO in solvent for re- 
action of TND with (a) diethvlamine at 303.5 () and 314 K 
(a), and (b) triethylamine at 304.5(0). 314 (0). and 325 K () 

DMSO is consistent with the foregoing in that there will 
be a lesser degree of freedom for product molecules and 
a more ordered system produced in the mixed solvent. 

It is noteworthy that in 67% DMSO the overall 
entropy change is less negative for the reaction with 
diethylamine than for that with triethylamine. The 
most likely explanation is that in the former reaction 
system hydrogen bonding occurs between the amine 
hydrogen of diethylamine and the methanol in the 
mixed solvent 25  and, as a consequence, diethylamine is 
solvated to a greater extent than triethylamine. This 
would lead to a smaller decrease in entropy on forming 
products from the TND-diethylamine system than from 
the TND-triethylamine system. 

The large negative values for the entropy of activation, 
AS, for the forward step in the reaction of TND with 
both of the amines in the different solvent systems 
indicates that the activated complex is more highly 
ordered than the reactants. It is of interest that the 
values for the entropy of activation given in Table 3 are 
similar to the value of —134 J K-' mol' determined for 
the reaction of n-butylamine with ethyl 2,4-dinitro-1- 
naphthyl ether in DMSO to form a zwitterionic Meisen-
heimer complex by addition at C-1.18  

The value of LS, for the reaction of TND with diethyl-
amine in 1000/10  DMSO is more negative than the cor-
responding value for the reaction with triethylamine. 
Since solvation of the reactants in the two systems will 
be similar in 100% DMSO, this result implies that there  

is a greater restriction imposed on the activated complex 
in the former situation. This could arise by the form-
ation of the complex (X) which contains an eight-
membered ring in which bonding occurs to the hydrogen 
atom of diethylamine. This conclusion supports the 
postulate *previously put forward of involvement of an 
eight-membered cyclic-  transition state in hydrogen 
abstraction from 2,4,6-trinitrotoluene by sodium iso-
propoxide.' 

The entropy of activation, AS..,, for the reverse 
reaction has positive values for the reactions carried out 
in mixed solvent and negative values for the reactions 
carried out in 100% DMSO (see Table 4). This is 
consistent with the expected large increase in entropy 
when during the course of the reverse reaction in mixed 
solvent, the activated complex is formed from the two 
highly solvated charged species TND and BH. 

Comparison of the results presented in Table 4 for the 
reaction of TND with triethylamine in DMSO at 313.4 K 
in the presence of triethylammonium chloride with the 
corresponding results at 314.0 K in the absence of tn- 
ethylammonium chloride (Table 2) shows that the effect 
of the added salt is to decrease the value of the reverse 
rate constant, ,..,, from 1.130 to 0.076 dm3  mol' 	and 
to increase the value of the equilibrium constant from 
0.12 to 1.67. These results parallel the observations 
of previous workers 6  who noted that in the formation 

l:1•  
CH 2  "0 

a,  "' __ \ 0 
CH 3  NOz 

(I) 

of a Meisenheimer complex by addition of methoxide 
ion to substituted dinitro-anisoles the value of K 
increased markedly with increase in concentration of 
sodium methoxide owing to an apparent decrease in k, 
values. Both sets of results are explainable in terms of 
the charged product, benzyl-type ion or Meisenheimer 
complex, being stabilised by ion association. 

EXPERIMENTAL 
1,5-Dimethyi-2,4.8-trinitronaphthalene (TND) was pre-

pared and purified as previously described.27 Reagent 
grade di- and tri-ethylamine were distilled using a Fischer 
Spaltrohr 60 theoretical plate column, the middle fractions 
being selected. Dimethyl sulphoxide (reagent grade). 
[H]dimethvl sulphoxide, AnalaR methanol, and [2H411-
methanol were dried over molecular sieve prior to use. 
Triethvlammoniurn chloride was prepared by addition of 
concentrated hydrochloric acid to stirred triethylamine at 
0 °C; the crystals formed on neutralisation were filtered off. 
twice recrystallised from absolute ethanol, and dried in 
vacuo. 

90-MHz 'H Continuous-wave n.m.r. spectra were recorded 



205 

1980 

at 31 °C on a Perkin-Eliner R32 spectrometer, whilst 00-
MHz 'H Fourier-transform n.m.r. spectra were recorded on 
the same instrument fitted with a Nicolet TT4 Fourier 
transform unit. 220-MHz 'H continuous-wave n.m.r. 
spectra were recorded at PCMIJ, Harwell. Chemical 
shifts were measured relative to internal tetramethylsilane 
as reference. Dissolution of TND (0021 g) in HJdime-
thvl suiphoxide (0.5 cm3) followed by addition of triethvl-
amine ((1.01 crn) and recording of the 220 MHz spectrum 
within .5 rain gave the following spectrum for the beiizyl 
type anion: r 1.35 (1 H, s), 2.54 and 2.72 (2 H, ABq, JAB 
8 Hz). 4.09 (1 H, s), 5.12 (1 H. s), and 7.86 (3 H, s). 

LT.v.-visible absorption spectra were recorded on a 
.Perkin-Elmer SP 1700 spectrophotometer using 10 mm 
matched silica cells In a thermostatted cell compartment 
maintained at ±0.1 °C. Reaction mixtures were prepared 
by. mixing thermostatted solutions of TND with the appro-
priate amine in a cell capped with a PTFE stopper. To 
check that evaporation of the amine did not occur, the PTFE 
stopper was replaced by a silica-seal rubber cap in some runs 
and the amine injected through the cap by syringe. Identi-
cal results were obtained by each method. Reversal of the 
reaction was achieved by letting the reaction reach the 
equilibrium position, removing one-third of the solution 
from the cell, replacing with the same volume of methanol 
at the same temperature, the cell being rapidly shaken and 
replaced in the spectrophotometer. Reversal of the re-
action was also achieved by adding 0.5 cm3  of triethyl-
ainmoniuin chloride (3.07 x 10 2M) in DM50 to 2.5 cm3  
of an equilibrated mixture of TND (5.12 x 10M) and ti-i-
ethylarnine (1.023 x 10M) in DMSO. 

Treatment of Experimental Data.—In cases where pseudo-
first-order kinetics applied to the forward reaction and 
second-order kinetics to the reverse reaction of the Scheme 
values for the pseudo-first-order rate constant, k, were 
obtained from plots according to equation (I) where C0  

In rcc-  ± C(C 	C,)1 	(2C0 	C) k
0101 (1) L 	-o(e 	) 

represents the initial concentration of TND, and C and 
represent the respective concentrations of TND at 

time land at equilibrium. The reaction between TND and 
excess of diethylamine in DMSO proceeded virtually to 
completion and for this system equation (I) couid be used 
in the simplified form (2). 
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obtained directly from the expression C. = (AbS)e/d. How-
ever the equilibrium constant, K, had to be determined 
using lower base concentrations than those used in the 
kinetic runs. Typically a ratio of IBasel/C0  of Ca. 10 used, 
and the values of K were obtained by substitution of the 
measured value of (Abs) into equation (3) or (4). 

In a number of runs, 1'eaction mixtures in DMSO were 
allc.wed to reach equilibrium and sufficient methanol was 
then added to give a final solvent composition containing 
670/'n  DMSO. Addition of the methanol resulted in a 
reversal of the forward reaction of the Scheme, and the 
resultant decrease in absorbance at 560 nra was followed 
with time. The kinetic expression applicable in these 
cases is given in equation (5) where C. is the concentration 

U 
C-  ± C000/(C,, - C0 

CCe 	f 
1C0 + C,-C,/(G, - - Ce) 

11 - - 
C0  - C 

Ce(2C0 - C0) 	
(5) 

of TND in the original DMSO solvent multiplied by a 
dilution factor of 2/3, C0  and C-  are the respective con-
centrations of TND' immediately after the addition of 
methanol and after time I and C0  is the concentration of 
TND at the final equilibrium position. Values of 
were determined by plotting the left-hand side of equation 
(5) against I. 

The reaction of TND with excess triethylamine in DMSO 
in the presence of triethvlammonium chloride was investi-
gated in a number of runs and was found to obey pseudo-
first-order forward and first-order reverse kinetics. Plots 
based on equation (6) were used to derive values for the 
pseudo-first-order rate constant k from which values for 
the rate constant k, were determined using the expression 

= h1[Ba.se]. The values of e and K for these systems 

were determined from Benesi-Hildebrand•type plots 
according to equation (7) where [BH] represents the con- 

00 	[BH] 	1 
(Abs),. 	Kcl{Base] + 	 (7) 

- C-) = kot,s  + constant 	(2) 

The concentration of TND during a run was determined 
by monitoring the absorbance, (Abs), at 560 nin and sub-
stituting the absorbance values into the Beer-Lambert 
relationship C-  = (Abs)/el. The molar absorptivity, t, of 
the TYD anion was determined from Benesi-Hildebrand 
type plots, according to either equations (3) or (4). with the 
latter equation being used in the majority of cases. The 
equilibrium constant, K, was also determined from these 
plots. 

C0  (Abs). 	I 
(AbS)e  = [Base) K(tl)2 ± 	

T' 	
. 	(3) 

C0 BaseI cl 	1 
(Abs), = 	(Abs)e2 	

(4) 

Since the reaction of TND with excess of diethvlamine in 
DMSO proceeded to virtual completion under the conditions 
used for kinetic runs, the molar absorptivity, c. could be  

centration of triethvlammoniurn chloride. 
Addition of triethylamrnonium chloride to a previously  

equilibrated mixture of TND and triethylamine in DM50 
causes reversal of the forward reaction of the Scheme and a 
consequent decrease in the absorbance at 560 rim doe to the 
TND anion. The kinetic expression (8) applies to thu 
approach to the new equilibrium position where CO  is the 

--In 
 I 	

= 	
± C0  —00] k,t 

(8) 

initial concentration of TND corrected for dilution caused 
by addition of the solution of triethylammonium chloride 
in DMSO, C0  is the concentration of TND at the first 
equilibrium position, and C and CQ  are the respective 
concentrations of TND at time I after the addition of 
triethylar.:moniurn chloride and at the final equilibrium 
position. The second-order rate constant, k_,, for the 
reverse reaction was determined by monitoring the decrease 
in absorbance at 560 nui with time after the addition of 
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triethvlammonium chloride and ploing the results 
according to the following modified form of equation (8) 

- In(C - Ce ) = ak_11 ± 5 	 (9) 

where a and b are constants. 

We thank Dr. B. C. Webb, Rocket Prculsion Establish-
ment, Ministry of Defence, for helpful discussions. 
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Rates of Reaction of Singlet Oxygen with Some 	- 
Systemic Pyrimidine Fungicides and Related Compounds 

Garry J. Harkness and Clifford H. J. Wells 

School of chemical and P/irs icc! Sciences. Kingston Polytechnic. 
Kingston upon Thames. Surrey KTI 2EE 

(Manuscript received 26 February 1980) 

Rate constants have been measured for the reaction in chloroform solution of sing-
let oxygen with the fungicides ethirimol (5-butyl-2-ethylamino-6-merhylpyrimidin-
4-ol) and dimethirimol (5-butyl-2-dimerhylamino-6-merhylpyrirnidin-4-of), and with 
the compounds 2-dimethylamino-5,6-dimethyfpyrimidin-4-oi, 2-dimethyiamino-6-
methyl pyrirnidin-4-ol, 4-benzyloxy-2-dimethylamino-5,6-dirnethylpyrimidine and 2-
diethylarnino-6-methylpyrimidin-4-oi. The values obtained show that singlet oxygen 
reacts readily with these compounds; the differences between the rare constant values 
have been rationalised in terms of the different structural features of the compounds 
studied. The possibility that singlet oxygen may react with agricultural chemicals 
under natural conditions is considered. 

1. Introduction 

Many agricultural chemicals react in the environment 'under the influence of sunlight and oxygen 
to form oxidation products. For example, exposure 6f the fungicide ethirimol to sunlight yielded 
a complex range of products including a number of highly oxygenated species.' Although in many 
cases the structures of photo-oxidation products are known the mechanism whereby these products 
are formed and the role of oxygen in the photo-oxygenation process remains unclear. 

Singlet oxygen (102) is a highly reactive form of molecular oxygen and can be produced readily 
by photosensitisarion.' Many of the compounds which can sensitise the formation of singlet 
oxygen, including dyes,5  porphyrins7  and chlorophylls,7  absorb in the visible region of the spectrum 
and hence have the capability of using the energy of the sun to produce singlet oxygen. As there is 
such a wide variety of compounds able to sensitise the formation of singlet oxygen, it is quite 
possible that singlet oxygen could be generated in the environment under. conditions in which it 
can react with an agricultural chemical to give oxygenation products. The findings, that singlet 
oxygen can be generated by irradiation of sensirisers bound on surfaces and that the singlet oxygen 
so formed can undergo gas phase-3  and liquid phase3-10  reactions, lend support to the possibility 
of singlet oxygen being involved in environmental reactions. 

In order to test whether singlet oxygen might have a role in environmental photo-oxidations, 
determinations were made of the rate of reaction of singlet oxygen with the two fungicides erhirimol 
(I) and dimethirimol (II), and also the four structurally related compounds: 2-dimethylarnino-
5,6-dimethylpyrimjdin.4-ol (Ill), 2-dimethvlamino-6-methyl-pyrimidin-4-ol (IV), 4-benzyloxy-2-
dimerhyfamino5,6dimethylpvrjmidjne (V), and 2-diethylamino-6-methylpyrimidin-4-oI (VI), 
shown in Figure 1. 

2. Materials and methods 

Rubrene (Aldrich Chemical Co.) and chloroform (Hopkins and Williams Ltd. 'A' grade) were 
used as received. Compounds I-VI were prepared by procedures outlined previously." 

003 I-613X/8110400-215 $02.00 © 1981 Society of Chemical Industry 
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Cl-I3 	NH(CH1) 

CH.CH )3  
OH 

Ethirirnol (1) 

Ci,- 
	

N(CH), 

OH 

CH, 	N(CH)2  ',,NY 

 CH3 (CH.), 
OH 

Dimethixirnol (II) 

CH, 

NY  CH, 	 - 

(IV) 

Figure 1. Ethirimol (I), dimethirimol (II) and the four structurally related compounds 111—VT. 

Stock solutions of rubrene (1.6 mm) were prepared by dissolving weighed amounts of rubrene 
in measured volumes of chloroform. Solutions containing compounds I—VI were prepared by 
dissolving weighed amounts of each in separate measured volumes of rubrene stock solution to 
give a nal concentration of 20 mm for each compound. In this way, each solution for photolysis 
had the same initial concentration of rubrene and the same initial concentration of the compound 
under est. 

Sarn:ies were prepared for photolysis by pipettingprepared solutions (5 ml) into quartz tubes 
(10 mrz i.d.). To ensure that each sample received the same amount of radiation, the samples were 
simultzeousiy photolysed using a 60-W fluorescent light tube located in a quartz well at the centre 
of a 'rzerry-go-round' reactor.12  All radiation from the fluorescent tube of wavelength shorter than 
440 nr was filtered out using Chance—Pilkington OYS filter glass. The samples were irradiated for 
4.5 h. :uring which time approximately one-third of the rubrene had been consumed in the solu-
tions ct containing a pyrimidine compound. After irradiation, the sample solutions were diluted 
five-1oi and the absorbance of the rubrene remaining in each solution was measured at 440 rim 
(e = 2 m2  mol') on a Unicam 5P6-500 spectrophotometer. 

3. Results and discussion 

Rubrere is an orange hydrocarbon which on absorbing visible radiation both sensitises the forma-
tion of :02  and reacts with 102 according to the scheme: 

	

R+/zv___LR 	 (1) 

IR 	3R 	 (2) 

1R 3O2-- 3R±'02 	 (3) 

3R±'02--R'02 	 (4) 

	

'02 -302 	 (5) 

R±'02--R05 	 (6) 

in wh1 k represents the rate constant for the process shown, R is rubrene, 'R is the rubrene first 
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excited singlet state. 311 is the rubrene lowest triplet state and R0 is the colourless peroxide formed 

by addition of 102 to rubrene. 
If to this system is added a substrate P which either quenches singlet oxygen or reacts competively 

with R for singlet oxygen, then the following reaction has to be included in any kinetic- analysis: 

kit 1  
P+102 	

P+302 	
(7) 

products 

where kp. represents the overall rate constant for all interactions/reactions of P with singlet oxygen. 
If reaction (7) occurs, the rate of removal of rubrene from the system will be reduced, relative to 

that when no substrate P is added, because of the competition between P and R for 10,z. It has been 

shown" 4  that, if two solutions of equal volume, one containing substrate P and one without P 

and each having the same initial concentration of rubrene, are each exposed to the same amount of 

102, kp, can be calculated from the equation: 

kR = (k6( [R],'2  - (RIF°) + k, In ((R]F  I (RIF°))/[P] In ((RI I [R]F2) 	 (8) 

in which (RI is the initial concentration of rubrene. [Rh" the final concentration of rubrene in the 
solution containing substrate F, CRIF° the final concentration of rubrene in the solution not con- 

taining substrate P, and (P1 the concentration of substrate P. 

Values for the rate constants k, and k6 have been determined'5"6  and when substituted into 

equation (8) the following expression is obtained: 

kp(5.3 x 107((R]F2 — (R]F0)+ 1.7 x 104  In ([Rig"' I [R]F0)}/[P] In ((RI I (R]g') 	(9) 

Equation (9) was used to determine values for the rate constant (kR) for the reaction of singlet 
oxygen with compounds 1—VI. The results, listed in Table 1, show that all the compounds reacted 
with singlet oxygen, the rates of reaction being comparable to the rates of reaction of singlet oxygen 

with a variety of organic substrates.5.17"8  Singlet oxygen is an electrophilic reagent, and the obser-

vation that it reacts readily with compounds 1—VI is in accord with these compounds being electron-

rich because of the number of electron-donating substituens on the pyrimidine ring. 

Table 1. Rate constants for the 
reaction of singlet oxygen with 

compounds t—VI 

kitx 106 

Compound 	(mol" s') 

I 	 2.26 (±0.22) 
II 	 5.54(±0.33) 
III 	 11.3 (±0.11) 
IV 	 1.03 (±0.02) 
V 	 9.02(±0.27) 
VI 	 0.70(±0.04) 

Values are the average of three 
determinations. 

A noteworthy feature of the results shown in Table I is that there is almost a ten-fold difference 
between the rates of reaction of Ill and IV. These two compounds differ structurally in that there 
are two methyl group substituents on the 5,6-double bond in III, whereas there is only one methyl 
group substituent in IV. This structural difference probably accounts for compound III being 

the more reactive, as it has been found previously' 5  that the rate of reaction of singlet oxygen with 

methyl-substituted olefins correlates with the number of methyl groups on the olefinic double bond. 
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This effect arises because the greater the number of methyl groups, the more electron-rich the 
molecule becomes. In this resect, the higher rate of reaction of dimethirimol €11) as compared to 
ethirimol (I) most probably reflects the greater electron-donor ability of the dimethylamino group 
at C-? in II as compared with the ethylamino group at C-2 in I. 

Comparison of the rates of reaction of compounds II and IV, as given in Table 1, shows that 
the former is the more reactive; this was expected, because II has an electron-donating butyl group 
at C-5 whereas IV does not. It is interesting that the rate of reaction of compound H is about one-
half that of III, suggesting that the bulky nature of the butyl group at C-S relative to that of a 
methyl group at C-S sterically hinders attack by singlet oxygen. This conclusion is supported by 
earlier studies5° on the reaction of singlet oxygen with a series of trial kyl-substituted olefins in 
which it was found that the relative reactivity decreased with increasing steric bulkiness of one 
alkyl group. 

The results on the relative rates of reaction of compounds II-IV suggest that one site of attack 
of singlet oxygen on these compounds is at the 5,6-double bond. In this context, the small difference 
in the reaction rates for compounds ifi and V would suggest that C4 is not a primary site of attack 
by singlet oxygen. The mode of attack of singlet oxygen on all six compounds is currently being 
investigated by separation and identification of the products formed. Preliminary work has shown 
that complex product mixtures are produced in agreement with previous findings that reaction of 
singlet oxygen with organic compounds can proceed by a number of different types of reaction 
with the formation of a variety of products.a 

4. Conclusions 

Singlet oxygen can react with the fungicides ethirimol (I) and dimethirimol (II), as well as the 
structurally related compounds III-VI; if singlet oxygen were formed under field conditions, 
reactions might be expected to occur with the fungicides (I) and (II), and possibly with any other 
agricultural chemicals present. 
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Photolysis of 2-dirnethylamino5,6.dimethyfpyrimidin..ol (I) in degassed aqueous 
solution yields two isomeric photo-dimers which are formed by dimerisation across 
the 5,6-double bond of I. The yield of dimers is dependent upon the initial concentra-
tion of I and on the temperature; this can be explained in terms of a mechanism 
whereby pyrimidinol aggregates react to give dimers. The formation of aggregates 
can account for the fact that the quantum yield for the overall reaction of I was 
higher in degassed acetonitrile than in degassed aqueous soiution,ir can also account 
for four photo-dimers being formed in the former solvent and only two in the latter 
solvent. The photo-dimers revert to I when heated or on photolysis. That photo-
dimers are not formed under natural conditions in the environment is considered to be 
partly because oxygen may react competitively with photo-excited pyrimidinol species 
and so prevent dimerisation. 

I. Introduction 

2-Di met hylarnino_5.6.dimerhy(pyrj midi n...4...ol (I) is a hydrolysis product of the pesticide pirirnicarb, 
and because I may be formed in the environment, a knowledge of its photochemical behaviour 

is of interest. The photochemistry of I in degassed acetonitrije solution has been previously reported 
on, as has the photochemistry of the structurally related fungicides dimethirjmol (5-butyl-2-dime-

thyfarnino-6methylpyrirntdin,ol. II), and ethirimol (5-butyl-2-ethvlamino6methy(pyrimidin 
4-ol; III) in the same solent system.1-3  Compounds I-Ill react in degassed acetonitriie to produce 
four isomeric phoo-djrners, these dimers being formed by self-addition across the 5.6-double 
bond of the parent pyrirrudine. These dimers have not been detected, however, in crops, soils or 

water which were treated with the three compounds 1-III and exposed to sunlight under natural 

conditions. In order to ascertain whether it is possible for photo-dimers to be formed in aqueous 
systems, a study of the photochemistry of I in degassed aqueous solution was undertaken, and the 
results are reported herein. 

2. Materials and methods 

Compound I was prepared by the method described previously.2  [2-14C]I was supplied by Plant 
Protection Division, ICI Ltd. Benzophenone and dipilenylmethanol (Hopkins and Williams. 

Analar) were thrice recrvstallised from ethanol prior to use. Water was deionised, triple distilled 
in glass apparatus and used immediately to make up solutions. 

Absorption spectra were recorded on a Unicarn SP8000 spectrophotometer and absorbance 

measurements were made using a Unicam SP6-500 spectrophotometer. Nuclear magnetic resonance 
(n.m.r.) spectra were recorded on a Perkin-Elmer R32 spectrometer fitted with a Transform Tech-
nology Fourier Transforrr, accessory. 

Samples were prepared for photolysis by pipetting sample solutions (3 ml) into ID-mm i.d. 
quartz tubes, connected by a graded seal to a Pyrex socket; the tubes were degassed by a repeated 

0031--61 ' X 3110600-0339 502.00 © 1931 Society of Chemical Industry 
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freeze-thaw cycle until a vacuum of at least 0.3 N rn-2 was achieved, and then sealed hr vacua. 
Each samale was prepared in duplicate or triplicate. Up to 28 sample solutions were simultaneously 
photolyse using a 500-W 1-lanovia medium-pressure mercury arc lamp located io a quartz well 
at the cerre of a 'merry-go-round' apparatus-'which itself was located in a constant temperature 
bath. For phocolysis. using radiation in the range 290-330 nm. the lamp radiation was filtered 

by means of a Chance 0X7 glass filter (2 mm) in combination with a filter solution of potassium 
chromate (1.05 g in 2 litres of l% aqueous sodium carbonate) pumped through the annulus in 
the quart: well and through a heat exchanger. This filter combination had a transmission maximum 

at 313 nrr and cut-offs at 290 and 330 nm. After photolysis. the sample solutions were evaporated 
down to :ryness under vacuum without the application of heat. The residues were taken up in a 
small vokme of an appropriate solvent prior to analysis or further study. 

Studies on the photodegradattori of dimers were performed by photolysing aqueous solutions 
of dirners in an Applied Photophysics (London) 'merry-go-round' reactor using a 250-W medium-

pressure mercury lamp as radiation source. The filter system used comprised (a) 2M-nickei(IJ) 
sulphate Ii 5 	sulphuric acid (2 cm); (b) 0.8M-cobalt(LJ) sulphate in 5% sulphuric acid (2 cm); 
and (a) Omi-iodine and 0.7 mm-potassium iodide in water (2 cm). This filter combination had a 
transmission maximum at 250 nm and cut-offs at 220 and 270 rim. Studies on the thermal degradation 
of the diiters were performed by maintaining the solutions under investigation at a known tempera-
ture in the thermostatted cell compartment of either a Unicarn SP8000 or SP6-500 spectrophoco-
meter, and monitoring the change with time of the absorbance at 300 nm. 

Preparajve thin layer chromatography (t.l.c.) was performed on Merck silica gel F254 plates 
(0.4 mm layer thickness x 20 cm x 20 cm), pre-washed with methanol, using chloroform± acetone 

-- 

methanol 80-i- 15±5 by volume) as eluant. Quantitative t.l.c. was performed using Kontes silica 
gel LQDF54 plates (0.25 mm layer thickness x 20 cm  20 cm) with pre-scored 2-mm divisions 
giving 19 strips on each plate. These plates had the advantage of a pre-absorbent layer, thus pro- 
viding the means of rapidly applying quantitative amounts of a number of samples. Samples 
containing 1,4C.4abelled material were applied as strealçi to the pre-absorbenc layer and the solvent 
(chloroforrt+ acetone + methanol; 80±15~5 by volume) allowed to run up the pre-absorbent 
layer until it reached the silica gel, whereupon the plate was removed and dried in an oven main- 

tained at 203 K. The activity at the baseline was measured using a Geiger-Muller tube (Mullard 

ZP/481) held directly above the baseline region in a specially constructed mounting movable in the 
X-Y direc:ons. After the radioactivity had been determined, the plate was developed three times 
using the same solvent system, the plate being dried as before between each development. After 
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development, the radioaci. v in the regions corresponding to dimers was determined under the 
same conditions as the acrivh n the baseline. The yield of each dimer was calculated by expressing 
the radioactivity due to each L .rter as a percentage of the initial activity reading at -the baseline. 
The overall quantum yield (D0 . j) for the reaction of the pyrimidinol I was calculated using the 
following expression: 

Dover ii = (The number of pyrimidinol molecules that reacted)/ 
(the number of quanta incident upon the sample) 

The numerator in this expression was evaluated by measuring the absorbance of the pyrimidinol 
at an appropriate wavelength before and after phorolysis, and relating the change in absorbance 
to a change in pyrimidinol concentration, using the Beer-Lambert relationship and the pre-deter-
mined value of the molar extinction coefficient of pyrimidinol I at the chosen analytical wave-
length, and in the particular solvent system used. The denominator in the above expression was 
evaluated by monitoring the intensity of radiation incident upon the samples during photolysis using 
the benzophenone-dipheriylmethanol actinometer.5-7  

3. Results and discussion 

The structures of the four possible isomeric dimers, formed by dimerisation across the 5,6-double 
bond of pyrimidinol I, are shown in Figure 1. T.Lc. of the mixtures of products from the photolysis 
of I in degassed aqueous solution at 278 and 298 K, revealed that only two out of the four possible 
photo-dimers were formed. An autoradiograrn showing the position of the two photo-dimers 
relative to that of the pyrimidinol I is represented in Figure 2; as can be seen, some activity remained 
on the baseline after plate development. At 278 K, the baseline material represented some l2cV  
of the total product yield and it was found to be comprised mainly of 1,1-dimethylguariidj:ie. 

Also shown in Figure 2 is a representation of an autoradio'gram of the mixture of products from the 
photolysis of I in degassed acetonitrile solution. This autoradiogram shows that the four possible 

(I) 

Dimer 

Oimer S 

Figure 2. Autoradjogmms of the mixtures of pro-
ducts from photolysis of the pyrimidinol I in (a) 
degassed aqueous solution at 273 K. (b) degassed 	Sosewie 

aqueous solution at 293 K. and (c) degassed aceto- 
nitrite at 293 K. 

(a) 	(b) 	(c) 
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Figure 3. Nuclear magnetic 
resonance spectra in deutero-
chloroform of (a) the pyrimidino) 
I. (b) dimer A. and (c) dimer B. 
D =deuterochloroiorrn: 	TMS = 
tetramethylsilane. 

photo-dimers are formed in acetonitrile and that the two having intermediate Rr values correspond 
to the two dimers formed in aqueous solution. 

The stereochemistry of the two photo-dimers formed in degassed aqueous solution is open to 
conjecture as it was not possible to obtain crystallographic or dipole moment data on these dimers 
as has been the case for the corresponding dimers formed from the structurally related pyrirnidines 
thymine (5-methylpyrimidine-2,4-dioi) and uracil (pyritnidine-2,4-diol).8  As expected, the electron 
impact and chemical-ionisation mass spectra of the photo-dimers were the same as those of the 
parent pyrimidinol due to breakdown of the dimers into monomer under the thermal conditions 
used in the mass spectrometers. However, as shown in Figure 3, the ri.m.r. spectra of the two 
photo-dimers differed from that of the parent pyrimidinol. Although the n.m.r. spectra are consistent 
with the proposed dimer structure, it is not possible to deduce the stereochemistry of the dimers 
from such spectra. However, it has been reported.9  in the case of the analogous four dimers formed 
on photolysis of thymine in aqueous solution, that the cis-isomers predominated at all reaction 
temperatures between 275-343 K. In fact, for thymine in an ice matrix, the sole photo-product 
was the cis-cisoid dimer (cis-syn dimer).tO.Sl  These results suggest that the two dimers isolated in 
the present work are those with the cis-coriiiguration. 

Figure 4 shows how the yield of each dimer depended on the initial concentration of the pyrimi-
dinol I and on the temperature over the range 278-333 K. It is of interest that the yield of dimer. 
A is higher than that of dimer B at each of the three temperature used. Also of interest is the fact 

'°i-  Dinier 4 

B 

—40 

Dimer 6 

0 5 0 

(Pyr), CM x IO) 

Figure 4. Yield of dimer (in the form of the radioactivity of the dimer. expressed as a percentage of the initial 
activity) as a function of the initial pyrimidinol I concentration, [Pyrlo. and the temperature. Q, 273 K. X, 303 K. 
and ., 333 K. 
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that the yield of dimer increases as the initial pyrimidinol concentration is increased. Earlier resultsa 
showed that at low initial pyrimidinol concentrations ( < 5mth dimers are formed solely by the 
reaction of triplet with ground state pyrimidinol species but that at higher pyrimidinol concentra-

tions. dimers are formed by an additional mechanism which involves ground-state paired aggregates. 
This latter mechanism is represented below: 

Pyr -i- Pyr ( Pyr.Pyr) —dimers 
itgri',nice 

The present results support the involvement of this mechanism in dimer formation, as it is to be 
expected that as the concentration. of pyrimidinol increases, so the extent of aggregation will increase 
and thus the yield of dimers will also increase. This mechanism for dimer formation is also supported 
by the effect of temperature on dirtier yield. It can be seen from Figure 4 that as the temperature 

is increased, so the yield decreases. This can be explained in terms of the aggregates having greater 
vibrational energy at the higher temperatures and breaking apart at higher temperatures, with the 
consequence that a lower proportion of aggregates will be able to react to form dimers as the 
temperature is increased. 

The variation in the overall quantum yield ((Doverait), for the reaction of the pyrimidinol I as the 
composition of the solvent medium is changed from 100 water to 100 acetonitrile. is shown in 
Figure 5. The Figure shows that the quantum yield is higher in acetonitrile than in aqueous solution, 
and that furthermore, as shown in Figure 2, four dimers are formed in acetonitrile whereas only 

Figure 5. Variation of overall quantum yield 
(<tnve,,ti), for reaction of the pyrimidinol I. with the 
composition of the aqueous acetonirile solvent. 

Warer 	 Aceranitrile 

(100%) 	- 	 - (ICO%) 

two are formed in aqueous solution. Obviously the solvent medium will have an effect on the extent 
of aggregation, and as the initial pyrimidinol concentration (10 3M), in the experiments represented 
in Figure 5, is in the region where dimerisation via aggregates will have a significant role, the difference 
in quantum yield, between water and acetonitrile as solvents. may well arise because of the difference 

in the degree of aggregation in these two solvent systems. Water being highly polar would not 
be such a favourable medium for aggregate formation as acetothtriie. because the greater degree 
of solvation of the pyrimidinol moiety in water will make the energy barrier to aggregate formation 
relatively higher. The orientation of the pyrimidinol molecules in the aggregates will predetermine 
the stereochemical structure of the dimers and presumably, in water, only two out of the four 
possible orientations give aggregates which are sufficiently strongly bound to overcome the solvating 

effects of the aqueous medium. Thus, in aqueous solution, there will be only two types of aggregate 
that can react on absorption of radiation to give dimers. 

The photo-dimers from the pyrimidinol I have similar properties to those formed from thymine 
and uracil in that they revert to the parent pyrimidinol when subjected to heat or ultraviolet radia-
tion.,' The formation of the pyrimidinol I can be monitored readily because its longest wavelength 
absorbtion band in water (kma 275 nm) is well removed from the corresponding absorption band 
of the dimers ('\max<240 nm). The formation with time of the pyrimidinol I, as measured by the 
increase in absorbance at 300 nm. when aqueous solutions of the dimers are heated at 358 K and 
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Figure 6. Plots of the absorbance at 300 nm against time for the rrsorsomerisarion of( 0) dimer A and ( s) dimer 
B. by (a) hear a( 358 K and (b) phocolysis using 254-nm radiation. 

when photolysed with radiation of 254 nm wavelength, is illustrated by the plots shown in Figure 6. 
Attempts to obtain corresponding plots to those of Figure 6a in acidic aqueous solution were 
unsuccessful because of the rapid conversion of dimer to monomer under acidic conditions. The plot 
of Figure 6b shows that the photo-reversal is dependent only upon the amount of radiation absor-
bed; this kind of zero-order behaviour is common for photochemical reactions of this type. TJ.c. 
of the products after heating or photolysis confirmed that the photo-dimers had been converted 
to the pyrimidinol I. 

The foregoing results on the degradation of the dimers could partly explain why dimers are not 
formed when compounds such as dimethirimol and ethirimol are exposed to sunlight under natural 
conditions. Certainly, if dimers were formed in acidic conditions, they would revert rapidly to the 
parent pyrimidinol. However, it is likely that oxygen plays the most significant role in preveri:ing 
dimer formation in the environment. It is well knowri,  that oxygen acts as an efficient quencher of 
triplet-state species, and if the major pathway for the formation of dimers is via reaction of the 
triplet-state pyrimidinol with ground-state pyrimidinol, then the presence of oxygen will prevent 
the occurrence of this reaction. It is to be noted in this respect that the formation of dimers in the 
photolysis of thymine is quenched by oxygen.12  

At high concentrations of a pyrrmrdinol, aggregates will have an important role in dimer forrna-
tion, and dimers may be formed when aggregates are photo-excited into their singlet-like manifold. 
In this situation, oxygen could well prevent dimer formation by reacting chemically with excited 
singlet-state molecules. This is supported by the fact that oxidation products are formed when 
ethirimo[ is photolysed in the presence of oxygen14  and by the fact that many photo-oxidations 
of organic compounds occur by direct reaction of singlet-state species with oxygen. Thus, in sum-
mary, it is quite possible that dimers are not formed from compounds I—Ill under natural conditions 
because of the competitive reaction of oxygen for the photo-excited singlet and triplet-state molecules 
of the parent pyrimidinols. 
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Synthesis of 2,4,8- and 4,5,8- trinitro- and 2,4,5,7-
and 2458 -tetra nitro -I- methyl naphthalene 
Eric Buckley, Terry F Houiellebecq and Clifford H J Wells 
School of Chemcal and Physical Sciences, Kingston Polytechnic, Kingston upon Thames, Surrey KT1 2EE 

2,4,6-Trinitrotciuene (TNT) is of well-known importance as 
a military expitsive, but it is of additional importance in that 
it can be converted readily by the action of base into 
2,2',4.4',6,6'-he:tanitrostjlbene (HNS); 	HNS is used as a 
crystal modifying additive in melt-cast TNT charges and also 
as a thermally stable explosive having applications in space 
technology.4'5  The ready conversion of TNT into HNS under 
the influence c( base occurs because of the acidity of the 
methyl protons of TNT induced by the nitro group sub-
stituents. In view of the ease with which the methyl group in 
TNT undergoes coupling, the authors have investigated the 
nitration of 4.-thnitro- and 4,8-dinitro-1-methylnaphthalene 
with a view to obtaining naphthalenic compounds possessing 
a methyl grou: susceptible to base-induced coupling. Pre-
vious work on the nitration of methylnaphthalenes dealt 
with the syntesis of mono-6  and dinitro-1-methylnaph 
thalenes7  and coly the formation of one tri-nitro derivative, 
viz 	2,4,S-trinito-1-  methyl naphthalene, was reported .7  As 
the more highly nitrated compounds are of the greatest in-
terest with respt to coupling reactions of the methyl group, 
the present atthors were principally concerned with the 
synthesis of tn- and tetra- nitro-1-methylnaphthalenes, 

Nitration of 1-methyl naphthalene (1) with dilute nitric 
acid in 1,2-d.chloroethane yielded 4,8-dinitro-(II) and 
4.5-dinitro-(Ill) 1-methyl naphthalene. Subsequent nitration 
of compounds [1) and (III) gave the desired tn- and tetra-
nitro derivatives Thus, the reaction of fuming nitric acid 
with compound (II) in sulphuric acid yielded the new com-
pounds 2.4,8-t_-uiitro-(IV), 4,5,8-trinitro-(V) and 2,4,5,8-
tetranitro-1-metvfnaphthalene (VI), whereas the action of 
fuming nitric aid on compound (Ill) in sulphuric acid 
resulted in the rormation of a new compound. 2,4,5,7-
tetranitro:.l_mernvinaphthalene (VII). Experimental details 
are as follows. 

Preparation of compounds (II) and (III) 
Compound (1) (20cm3) was added to 30cm3  of a 2:1 nit: 
acid (d=1.42):water mixture and the whole was stirred 
room temperature for 24h. The deposited solid was filter. 
off and dissolved in a minimum quantity of I ,2-dichloroethan 
To this solution was added nitric acid (d= 1.42) (35cm3) ar 
the reactant mixture was stirred vigorously at 40°C for 2 
The organic layer was separated off, washed sequentia 
with distilled water, sodium hydrogen carbonate solution ar 
finally distilled water prior to being rotary evaporated 
give a deep-orange residue. The residue was deposited on 
silica gel from an acetone solution by rotary evaporatic 
and the coated silica gel applied to the top of a column 
dry silica gel (Merck Kieselgel 60, 70-2:30 mesh, F354 ; 
The column was developed using a 4:3 mixture of 1,2-d 
chloroetharie:light petroleum (bp 40-60°C). Five bands we 
obtained, labelled A-E in decreasing order of Rr  yak 
Band B was extracted into acetone and rechromatographe 
using a 1:2 mixture of ethyl acetate:light petroleum (h 
40-60°C) to give three bands which were extracted and show 
to be (in decreasing order of R) 4,8-dinitro-1-methylnaphth 
lene (II), 2,4.dinitro-1-methylnaphthalene (VIII) and a 
unidentified dinitro-1- methyl nap hthalene, Band C was r 
chromatographed using the same solvent mixture as fc 
band B and one major band was observed which, on e 
traction into acetone and evaporation to dryness. yielde 
4,S-dinitro-1-methylnaphthalene (111). 

Preparation of compounds (IV), (V) and (VI) 
Compound (II) (0.3g) was dissolved in 60cm3  of sulphur 
acid (d= 1.84) maintained at 2°C and to the stirred solutic 
was added a solution of nitric acid (d=1.5) (2cm3) in sulphur. 
acid (d=1.84) (10cm3) at a rate such that the temperatu: 
did not exceed 2CC. After the addition the mixture 	; 
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stirred in an ice-bath for lh, after which time the mixture 

was poured onto ice and the precipitated solid filtered off, 
washed thorouahlv with water and dried in racuo. The 
residue was subjected to dry--column chromatography as 
before, using a 4:3 mixture of I,2-dichloroethane:light 

petroleum (bp 40-60°C) as the developing solvent system to 
yield three principal bands. Extraction of the band of 
highest R value into acetone and subsequent evaporation to 
dryness yielded compound (IV) (75m2), mp l35-8°C n.m.r. 
spectrum (DMSO-d5), 6 2.51 (3H.$), 7.99-8.66 (3H,,n), 
8.91 (IH,$); mass spectrum rn/c 277 (M4'),259 (base peak). 
Extraction of the band of intermediate R value into acetone 
and subsequent evaporation to dryness yielded compound 
(V) (40mg), mp 218°C (decomp.); n.m.r. spectrum (DMSO-d5), 

(3 6 2.60 	H,$), 7.95 and 8.65 (2H, ABq, JAB =9.OHz), 8.43 
and 8.65 •(2H, ABq, JAB==9.OHz); mass spectrum rn/c 
277 (MI), 231 (base peak). The base peak corresponding to 
M - NO,-] 4'  showed the existence of peri-nitro groups in 

the compound structure." Extraction of the band of lowest 
Rf  value into acetone and subsequent evaporation to dryness 

yielded compound (VI) (19mg), mp 220'C (decomp.); n.m.r. 
spectrum (DMSO-d6), 6 2.57 (3H,$), 8.64 and 8.84 (2H, ABq, 

JAB=9.0Hz), 9.10 (1H,$); mass spectrum rn/c 322 (M), 
276 (base peak). 

Preparation of compound (VI) 
To a solution of compound (111) (0.360 in sulphuric acid 
(d_—l.84) (60cm3) maintained at —1°C was added a solution 
containing 2cm? of nitric acid (d=1.5) in 10cm3  sulphuric 
acid (d= 1.84) at a rate such that the temperature of the 
reactant mixture was kept close to 0°C. After the addition, 

the mixture was stirred for 2.5h in an ice-bath, poured onto 

ice and the precipitated solid washed thoroughly with water 

and dried in vacua. The residue was subjected to dry-colum: 
chromatography as before using a 1:2 mixture of ethv 

acetate:light petroleum (bp 40-60°C) as the developint 

system to yield two main bands. The band of lower R 
value corresponded to a previously reported compound, 2,4.5 
trini.ro-1-methylnáphtha1ene. The band of higher R1. valu 
was extracted into acetone and evaporated to dryness to 
give compound (VII) (21mg), mp 190°C (decomp.); n.m.r 
spectrum (DMSO-(/), 63.05 (3fts), 9.12 (I H,$), 9.22 and 9.5 
(2H, ABq, JAB=3.OHz); mass spectrum rn/e 322 (M) 
276 (base peak). 
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Storing the sun's 
chemical bonds 

energy in 

The depletion of the fossil fuel resources of the world is Of great concern, and has 
stimulated research into alternative ways of obtaining and storing energy. The 
sun is the most important energy source for our planet and if the energy of the sun 
could be harnessed and stored for use by man as a replacement fuel then problems 
relating to fossil fuels would no longer exist. The sun is a vast energy source for 
our planet, and in the course of a year the surface of the earth receives 3 x 10211 J of 
energy, comparable with the estimated proven reserves of natural gas, coal, oil 
and uranium amounting to 2.5 X 102 J of energy. Thus, in less than one week the 
earth receives from the sun an amount of energy. equal to the total known reserves. 

The most common method to date of 
storing the sun's energy is the use of 
solar panels for water heating, but the 
disadvantage of this method is that the 
energy absorbed is converted directly 
into heat or electricity, neither of which 
can be stored as such. 

In recent years interest has been 
aroused in using photochemical 
reactions undergone by organic 
molcules as a means of storing energy. 
The principle of the method can be 
illustrated by reference to the photo-
isomerisation of norbornadiene (NBD) 
to quadricyclane (Q) as shown in 
Scheme 1. 

The photo-isomerisation of NBD to Q 
has energy storage capacity because of 
bond strain in the product molecule. 
The energy stored in Q can be released, 
when desired, by conversion of Q back 
to NBD, either by the use of a catalyst 
or by heating. The enthalpy, ti-I, of 
isomerisation of NBD to .Q in the liquid 
phase is 111 kJ moht , and as Q has a 
molecular weight of 92 the energy 
storage capacity in Q is equal to 1207 J 
per gram of material. The potential for 
energy storage in strained organic 
molecules becomes evident on 
comparison of this value with that of 
water (200 J g for a temperature rise of 
50 °C) and that of rocks (40 J  g 1 ). 
Obviously, in order to achieve this 
potential it is necessary to have as much 
bond strain as possible in the storage 
molecule and for this molecule to be of 
low molecular weight. 

The steps in the harvesting of solar 
energy and in the subsequent storage 
and release of energy are depicted in 
Fig. 1. In the initial step, solar radiation 
hvis absorbed by the fuel molecule F to 
form an electronically excited species 
F* with excess vibrational energy. The 
excess vibrational energy is rapidly lost 
and an excited state species F*  in the 
lowest vibrational level formed. It is this 
energetically rich species, either in the 
form of a singlet or triplet state, which 
isomerises to the storage molecule S 
and in so doing locks in an amount of 
energy AH. If S is a stable entity then  

the energy AH is stored until such time 
as S is heated or subjected to a catalyst 
in order to promote the reverse reaction 
S .- F. This reaction has an activation 
energy, E A, and occurs via the 
transition state T. Energy is released in 
the final step and the fuel molecule F so 
regenerated can participate in another 
cycle of energy absorption, storage and 
release. 

There are a number of criteria relating 
to the cycle which have to be met to 
achieve an efficient photochemical 
storage system. 

The fuel molecule F should absorb as 
much sunlight as possible, ie the mole-
cule should have high absorption over 
the wavelength range 300-700 rtm. 

The phoochemical conversion F - 
S should be efficient, ie have a high 
quantum yield. 

The storage molecule S should not 

Fig. 1. Storage and release of solar energy. 

competitively absorb zunlight and be 
converted back to F. 

The molecule S sh:uld have a high 
energy storage capacv, and yet be 
thermally stable over ong periods of 
time at room tempera1re or just above. 
There are obvious ec:nomic 
advantages in the am:unt of energy 
stored, zH, being as igh as possible, 
but if iH is too high ren the activation 
energy barrier, E A, be:veen the storage 
molecule S and the fs molecule F will 
be lower, with a conssauent increase in 
the likelihood of a sic,iuicant 
conversion of S into F :ccurring at room 
temperature. In other words, if AH is 
very high the long tern thermal stability 
of S may be reduced. 

The chemical yielc in each step of 
the cycle should be hit, otherwise side 
products or degradathn products will 
build up on repeated --vcling. 
Ideally the material used to fuel a 
photochemical energy storage system 
would be an industri chemical in 
current production wrich is cheap and 
non-hazardous. However, the number 
of industrial chemicai capable of 
undergoing energy stcring photo-
reactions is small and orincipally 
limited to the reactiors in Scheme 2. 

Dicyclopentadiene 1) is obtained in 
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Fig. 2. A possible photochemical solar energy Converter. 

large quantities in the thermal cracking 
of gas oil and naphtha, 1,5-cycfo-
octadiene (2) is readily produced from 
butadiene which is widely used in 
the synthetic rubber industry, and 
limonene (3) is a waste product of the 
citrus fruit industry. The products of the 
above photo-reactions have an energy 
storage capacity approximating to 
500 J g, and although relatively high 
the storage capacities are well below 
that of the NBD/Q system mentioned 
previously. 

The NBD/Q system 
The NBD/Q system is one of the most 
attractive energy storage reactions 
investigated to date, not only because 
of the high storage capacity but also 
because (i) Q is extremely stable, (ii) 
both NBD and Q are liquids and are 
easy to handle, (iii) NBD can be 
manufactured from dicyclopentadiene 
and acetylene, (iv) the photochemical 
and chemical yields in the forward and 
reverse reactions of the system are 
quantitative, and (v) the transformation 
of Q into NBD can be readily catalysed. 

The main disadvantage to the use of 
NBD as a photochemical fuel is that 
NBD does not absorb in the wavelength 
range of sunlight. However, this 
problem in a potential photochemical 
energy converter can be overcome by 
the use of sensitisers which absorb 

A possible design for a photo-
chemical solar energy converter is 
shown schematically in Fig. 2. The 
photochemical fuel F would be pump 
round the system and as it passed ov 
the sensitiser bed, comprising sensitis 
bound to inert support material, enerc 
transfer would occur from the sensitis-
to F with formation of F and 
consequent conversion of a percenta 
of the fuel F to storage material S. Thi 
fluid mixture would then flow over a 
suitable catalyst bed where thermal 
energy, AH, would be released. If the 
catalyst chamber formed part of a hea 
exchanger incorporated in a domestic 
hot water system then the thermal 
energy released would be available fc 
household use. 

An important advantage of a 
photochemical solar energy converter 
that it is possible to collect solar energ  
throughout daylight hours and to store 
the energy continuously in material S; 
the greater the total amount of energy 
collected so the higher the percentage 
of S in the fluid mixture. The stored 
energy can then be released, when 
desired, either during the day or at 
night. The capacity to store solar energ 
is an attractive feature of an energy 
converter system, but whether 
photochemical devices will come into 
common usage in the future depends 
upon the costs and efficiencies of such 
systems relative to those of 
conventional solar devices. However, 
considerable research effort is being 
expended in the search for efficient 
low-cost photochemical energy storage 
systems that will replace solar energy 
Converters. 

Clifford Wells is principal lecturer in 
physical chemistry in the School of 
Chemical and Physical Sciences, 
Kingston Polytechnic. 

sunlight and then transfer the absorbed 
energy to the fuel molecule; the transfer 
of absorbed energy from one molecular 
species to another is a common 
occurrence in photochemical systems. 
The process of energy transfer can be 
represented in simplified form as 
follows: 

Sensitiser + hv—* (Sensitiser)* 
(Sensitiser)* + F - Sensitiser + F* 

represents an energetically rich wecies. 
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Barriers to Rotation of the Dimethylamino 
Group in Some 2-Amino-4-(N,N- 
dimethylamino)pyriinidines 

C. H. J. Wells 
School of Chemical and Physical Sciences, Kingston Polytechnic, Kingston-upon-Thames, Surrey KT1 2EE, UK 

The free energy of activation for rotation about the exocyclic C—N bond of the disnethylamino group of 
some 6-substituted 2-amino.4.(N,N-djmethyjamjjjo)pyrjjnjdjnes has been determined using 'H NMR line 
shape analysis. The results are discussed in terms of the relative electron-withdrawing and electron-releasing 
effects of the substituents. 

INTRODUCIION 

Hindered internal rotation about partial double bonds 
has been the subject of a great deal of research. The 
partial double bond character of exocyclic C—N bonds 
has been of particular interest, and a number of re-
ports have appeared on the barriers to rotation of the 
C—N bond in NN-dimethylamjno-substituted ben-
zenes, pyrirnidines and related compounds.'-5  The 
thertnodynarnjc parameters LH', 	 relating 
to rotation about the C—N bond can be determined 
by line shape analysis of the variable temperature 1H 
NI'V[R spectra of the NN-dimethylainjno group. This 
method has now been applied to the spectra of the 
6-substituted 2-amino-4-(N,N-dimethylamjno)pmj 
dines 1-6 in order to investigate the effect of meta 
substitution on rotation around the C—N bond of the 
dimethylamino group. 

RNMe, 
NN 

NH, 

1 R = CH3  2 R = (CH3)2CH 3 R = Cl 
4 R = OH 	5 R = NH, 	6 R = (CH3)2N 

RESULTS A.ND DISCUSSION  

The thermodynamic parameters for hindered rotation 
about the exocyclic C—N bond of the N,N-
dimethylamino group in compounds 1-6 are given in 
Table 1. together with the temperatures, T, at which 
the peaks for the methyl resonances of the N,N-
dimethylamino group coalesce. The coalescence temp-
eratures for 1-5 span a range of about 100 K and, as 
expected, the enthalpy of activation, 	decreases 
as the coalescence temperature falls. Barriers to rota-
tion are best discussed, however, in relation to 
rather than to H' values. The values for the free 
enercy of activation at the coalescence temperature, 

G1-, (Table 1) are similar in magnitude to those 
reported' for rotation about the exocyclic C—N bond 

Table 1. Thermodynamic parameter? for the barrier to 
rotation of the dimethylamino group in 4-(N,N-
dimethylamino)pyrin,jdjes 

Compound Solvent (K) (kJ mor') (J mo(' K') (k.J mol') 
1 CDC13  276±0.5 75.2±3.5 50±6 61.4 
2 CDCI3  283±0.5 78.0±3.9 55±7 62.5 
3 CDC13  243±1 44.8±1.8 —33±3 52.8 
4 CDC],  230±2 41.6±2.6 -48±5 52.7 

CDOD 231±1 43.5±1.9 -42±5 	. 53.1 
- 	5 CD3OD 190±3 23.3±0.9 -153±16 52.3 

6 CD3OD <183 

Errors are the standard deviations from the least-squares plot. 

in 2-substituted 4-(NN-dimethylamino)pyrjmidjnes. 
The results given in Table 1 for 4 show that there is no 
significant solvent influence on AGT O, in accord with 
previous findings.5  

The most notable feature of the results is that the 
values of AGT.  for 3-5 are constant at approximately 
52 kJ mol'. These compounds have substituents at 
the 6-position which possess lone-pair electrons, and 
the values for GT' are significantly lower than those 
for 1 and 2, in which the substituents at the 6-position 
do not have lone-pair electrons. The Hammett sub-
stituent constants, o,,, for the Cl, OH and NH, groups 
in 3-5 cover a wide range, being 0.37, 0.12 and 
-0.016, respectively, and if the bond order of the 
exocyclic C—N bond at the 4-position was affected by 
the electron-withdrawing power of the substituent, as 
has been found for substituents at the 2-position in 
other 4-(NN-dimethylamino)pyrirnidines,5  then a var-
iatiorI in the LGT ' values for 3-5 would probably 
have been observable. The relative constancy of the 
LG.' values for 3-5 thus suggests that the mesomeric 
effect of the lone-pair electrons on the substituents 
outweighs their electron-withdrawing effect. 

The canonical forms contributing to the resonance 
interaction of the NN-dimethylamino group with the 
ring system can be represented by structures A-C. 

The 4- and 6-positions in A-C are equivalent in that 
both are ortho and para to the ring nitrogen atoms. 
When both the substituent, R, at the 6-position and 
that at the 4-position possess lone-pair electrons, there 
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BARRIERS TO ROTATION OF THE DIMETHYLA.ivtJNO GROUP 

CNMe., 

 

	

We, 	 NMe, 	was also found for the related compound 2,4,6- 
R- 	- 	 - 	 tri(N'N-dimethylaminopynmidine.5 
N) 	 N N- 	NN 

NH, 	 NH, 	 NH2 	 EXPERIMENTAL 
A 	 B 	 C 

will be 'competition' between the two substituents in 
relation to the placement of negative charge at the 
ring nitrogen atoms. The net result would be that the 
contribution to the resonance hybrid from structures B 
and C would be reduced, with a consequent decrease 
in the bond order of the exocyclic C—N bond at the 
4-position. This would be manifested by lower AG,,'  
values for compounds having substituents with lone-
pair electrons at the 6-position compared with com-
pounds having substituents without lone-pair electrons 
at the 6-position. Thus, it would be expected that 1 
and 2, with alkyl groups at the 6-position, would have 
higher AG ,.A 	for rotation about the C—N bond 
at the 4-position. 

The rotational barrier in 6 could not be measured 
because the coalescence temperature is too low. This 

Compounds 1-6 were prepared by refluxing the ap-
propriate 6-substituted derivative of 2-1mino-4-
chioropyrimidine with a 20 fold molar excess of di-
methylamine in propan-1-ol for 2-3 h, evaporating the 
reaction mixture to dryness under reduced pressure 
and recrystallizing the residual solid from either to-
luene, toluene-ethanol (95 :5) or benzene-toluene 
(95:5). The compounds were characterized by NMR 
and mass spectral data. 

The NMR spectra were recorded on a Perkin-Elmer 
R32 90 MHz spectrometer. The rate constants for 
rotation about the C—N bond of the N,N-dimethyl-
amino group were determined by the standard method 
of line shape analysis using the equations of Gutowsky 
and Holm and assuming equal population of sites.1°  
The values of AH1  and LS' were obtained using 
absolute rate theory. 
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Dye-sensitised Photo-oxidation of 2-Dimeth.ylamino-5,6.. 

dimethylpyrimidin_4o1 in Aqueous Solution 

Stephen R. Dixon and Clifford H. J. Wells 

School of Chemical and Physical Sciences, Kingston Polytechnic, Kingston-upon-Thames, Surrey KTJ 2EE 

(Revised manuscript received 6 December 1982) 

The sensitisation by Rose Bengal of the photo-oxidation of 2-dimethylamjno-5,6_ 
dirnethylpyrimidin.4.ol (I) has been studied in aqueous solution by monitoring the 
rate of oxygen consumption in the system. The results are in accord with a mechanism 
whereby I is oxidised via a reaction with singlet oxygen. Values for the rate constant 
for the reaction of I with singlet oxygen have been determined over the temperature 
range 279-296 K, and the energy of activation and entropy of activation for the 
reaction have been evaluated as 71.9 ki mol-' and 150.5 J K-' mol-1, respectively. 
The positive value for the entropy of activation suggests that the reaction intermediate 
could have a zwitterionic form. The effect of pH on the reaction rate has been 
investigated, and the increased rate at high pH has been attributed to an increase in 
-singlet oxygen production as the pH is raised. 

1. Introduction 

Pyrimidine bases play an important role in agricultural chemistry, and compounds such as ethirimol 
(5.butyl-2.ethylamino6mezhyipyrimidin..40j) and dimethirimoi (5-butyl.2.dimethyiamjo.., 
methylpyrimidjn_4..ol) are used as systemic fungicides, whilst pirimicai-b (2-dimethylamino-5,6.. 
dimethyipyrjn-ijdin...4..yI dimethylcarbamate) is used as an insecticide. Pirimicarb can be readily 
hydrolysed to 2.dimethylamino5,6_dimethylpyrimidj..4..0j (I) (ICI Ltd., Plant Protection Division; 
private communication); consequently, I may be formed in the environment and subsequently 
react photochemically. 

The ground state of oxygen is a triplet state having two unpaired electrons, but on transfer of 
absorbed photon energy to oxygen, an electronically excited singlet state of oxygen can be produced 
in which all the electrons are paired. The singlet oxygen so formed is a highly reactive electrophile,  
and the oxidation of chemical species by reaction with singlet oxygen is a possible mode of environ-
mental degradatj•2 It is noteworthy in this respect that singlet oxygen has been detected in natural 
surface waters and shown to act as an oxidising agent in this environment. .4 As dyes can act as 
efficient energy transfer agents for the production of singlet oxygen,' a study has been undertaken 
of the dye-sensitised photo-oxidation of I in aqueous solution in order to ascertain whether the 
reaction with singlet oxygen could provide a possible route for the environmental degradation 
of I. The ability of singlet oxygen to react in chloroform solution with land a number of structurally 
related compounds has been demonstrated previously.3 	 - 

2. Experimental methods 

Compound I was prepared by the method described previously.6  Rose Bengal (Colour Index 
45440) (Aldrich Chemical Co. Inc.) and sodium azide (Hopkin and Williams Ltd) were used as 
supplied. Solutions containing Rose Bengal (20 ,mol) and various concentrations of I in water 
were placed in the sample compartment of an oxygen electrode (Rank Bros., Bottisham, Cambridge), 
and the space above the sample solution was filled with nitrogen. The solutions were photolysed 
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in a dark box using light from a microscope lamp. The light from the lamp was filtered through a 
Kodak Wratten gelatin filter which absorbed radiation of all wavelengths less than 420 nm. The rate 
of oxygen removal was monitored using a precalibrated chart recorder and all the rates were-
measured 

ere
measured in quadruplicate. In the experiments using sodium azide as a quencher, solutions 
containing Rose Bengal (20 ,mol), compound I (0.1 mrnol) and various concentrations of 
sodium azide (0-10 mmol) in water were placed in Pyrex glass vessels and simultaneously exposed 
to sunlight for a period of time such that, in the solutions without sodium azide, the consumption 
of I was approximately 50%. The amount of I that had reacted in each solution was determined by 
measuring the absorbance of the solution at 277 nm before and after photolysis. 

3. Results and discussion - 

Production of singlet oxygen (102) via energy transfer from a dye photosensitiser involves the 
- 	following processes:' 

.1. 
Dye (So) -- Dye (S,) (I) 

k P  
Dye (Si) - Dye (So)+hv  

k1 
Dye (Si) -4- Dye (So)  

Dye (Si) -. Dye (Ti) 	--  

k4  
Dye (Ti) -- Dye (So)  

Dye (T,)+ 302 -- Dye (So)+ 102   

where I represents the intensity of absorbed radiation; S0. S, and Ti represent, respectively, the 
ground state, first excited singlet state and lowest triplet state of the dye molecule; kF, k10 and 
k150 represent, respectively, the rate constants for fluorescence, internal conversion and inter-
system crossing from the Si state; kd is the rate constant for intersystem crossing from the Ti 
state of the dye; ko represents the rate constant for the process whereby energy is transferred, 
from the electronically excited dye in its T1 state, to molecular oxygen in its ground state, to give 
the dye in its original S0 state and the electronically excited form of oxygen 102. 

If a pyrimnidine species (Pyr) that reacts with singlet oxygen is present, then the following reac-
tions have to be included in the overall reaction mechanism: 

kd 
10 2 	 (7) 

k, 
102+Pyr - Products 	 (8) 

Application of the steady state principle, to the reaction sequence given by Equations 1 to 8 results 
in the following expression:7  

[-_ d(02)/dt}1 = (l/Ia IT ) + (l/IaDT) X (kd/k,) x (l/[Pyr]) 	 (9) 

where rktsc/(kF+kIc+kjsc). 

If the above mechanism represents that for the dye-sensitised photo-oxidation of I, then a plot 
according to Equation 9 of the reciprocal of the rate of oxygen removal, versus the inverse of the 
concentration of pyrimnidin-4-ol, should yield a straight line. Furthermore, the ratio of slope/ 
intercept for the plot will be equal to kd/kr, and as kd is known to have a value of S x 10 s in 
aqueous solution,8  the value of kr can be determined. Plots according to Equation 9 are shown in 
Figure 1, and the linearity of the plots is consistent with the mechanism given above for the photo- 
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0 	0.5 	1.0 	.5 
[Pyr]'' (mmcl'') 

Figure 1. Plots according to Equation 9 for the photo-oxidation of compound I in aqueous solution at: () 
279 K; (0) 285 K; () 289 K and (,) 296 K. 

oxidation of I, when sensitised by Rose Bengal. The involvement of singlet oxygen in the reaction 
mechanism is supported by comparison of the rates of reaction when water (H20) was used as 
solvent to those when deuterium oxide (D20) was used as solvent (see Table 1). It can be seen 
from Table 1 that the rate of reaction was increased from six- to eight-fold over a pyrimidin-4..ol 
concentration range of 0.5-2.0 mmol, when D20 was used as the solvent. This arises because the 
lifetime of singlet oxygen is significantly greater in 1)20 than in H20;79  consequently, as the 
steady-state concentration of singlet oxygen was higher in the deuteriated solvent, the rate of 
reaction was also higher. 

The solvent isotope effect will only manifest itself when kd?.'kr [Pyr], and at relatively high 
values of [Pyr] the effect will become less apparent. This is seen in the results given in Table 1 
which shows that the ratio of the rate of reaction in D20 to that in H20 dropped markedly as 
the concentration of I was increased above 2 mmol. The difference in rate between the deuteriated 
and non-deuteriated systems could conceivably have been due to a difference between tI'T in these 

Table 1. Rate of oxygen consumption (R) in water (H20) and deuterium oxide (D,O) at 
289K 

[Pyrl 
(rnmol) 

10 R(H20) 
(mot dm' s') 

101 R(D20) 
(mot dm-3  s") R(D20)/R(H20) 

0.5 0.21 1.65 7.85 
0.75 0.29 2.26 7.75 
1.0 0.45 3.04 6.75 
2.0 0.67 4.51 6.73 
5.0 1.65 4.83 2.93 

25.0 3.20 4.16 1.30 

systems, and this has to be borne in mind when interpreting the differences in rate brought about 
by a solvent isotope effect. The involvement of singlet oxygen in the reaction was confirmed, 
however, by the observation that sodium azide, a known singlet oxygen quencher,11 2  inhibits 
the reaction. This is seen from the results given in Table 2 which show that for the solutions con-
taining sodium a.zide, the extent of the reaction, relative to the unquenched reaction, decreased as 
the concentration of the quenchcr was increased. 

Values for the rate constants (kr) for the reaction of I with singlet oxygen over the temperature 
range 279-296 K are summarised in Table 3. These values give a linear Arrhenius plot from which 
the energy of activation for the reaction is evaluated at 71.9 kJ mol'. The experimental data also 
yield a value of 150.5 J K-' mol' for the entropy of activation. 
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Table 2. Effect of sodium azide, a 
known cucncher (Q) of singlet 
oxygen. en the extent of the reaction 

IQ] 
(mmol) 

0.0 1.0 
0.1 0.99 
0.5 - 	0.96 
1.0 0.74 
5.0 0.47 

10.0 0.29 

q is the decrease in absorbance 
at 277 cm in the presence of the 
quencher: Ao is the decrease in 
absorbare in the absence of the 
quenche. 

Table 3. Rate constants (k,) for the reaction 
of compound I with singlet oxygen, as deter-

mined frcm plots shown in Figure 1 

Temperature 	 10' k 
(K) 	 (dm3  mo!' s')' 

279 	 1.32 (±0.16) 
285 	 2.91 (±0.19) 
289 	 4.47 (±0.11) 
296 	 8.99 (±0.12) 

Errors are the standard deviations from 
the least-sc- axes plot. 

	

CH, 	
II 

N(CH) 

	

0-0 	II 
NH 

CH3  

0 

Figure 2. Possible zwitterionic intermediate in the reaction of singlet oxygen with compound I. 

Previous studies5  on the reaction of singet oxygen with I and other structurally related pyrimidin-
4-ols indicated that the site of attack by singlet oxygen is at the 5,6-double bond of the parent 
pyrimidine. This, combined with the large ositive value now determined for the entropy of activa-
tion, suggests that the transition state coud well have the zwitrerionic structure shown in Figure 2. 
Zwitterions have been postulated as intermediates in a number of reaction systems involving 
singlet oxygen reacting with heterocyclic ompounds.13-55  The positive entropy of activation for 
the reaction of I with singlet oxygen is in contrast with the negative values that have been reported 
for the reaction of singlet oxygen with oter olefinic systems.16.17  

Measurements on the rate of reaction of singlet oxygen with I over a range of pH values resulted 
in straight line plots similar to those of Figure 1. The linearity of the plots at low, intermediate and 
high pH values indicated that the mechar.m of the reaction did not alter as the pH was changed, 
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Table 4. Effect of pH on the rate 
constant for the reaction of com-

pound I with singlet oxygen 

l0 k, 
PH 	 (dm3  moI' s') 

4.0 	 4.35 (±0.86) 
7.0 	 8.07(±l.98) 
9.0 	 14.14 (±0.61) 

and oxygen was removed from the system via the reaction of singlet oxygen with the pyrimidine 
species, as represented in Equation 8. Values for the rate constant (kr) of the reaction at different 
pH values are given in Table 4, from which it can be seen that the rate constant increased as the 
pH was increased. This could be the result of two factors: a change with pH of the pyrimidinol 
species present and/or an increase in the steady-state concentration of singlet oxygen as the pH was 
increased. It has been found18  that a cationic pyrimidinol species is present at low pH, and an 
anionic pyrimidinol species at high pH, these species being in equilibrium with the neutral pyrimi-
dinol which is itself the principal species present at intermediate pH. As singlet oxygen is an electro-
phile, reaction with the anionic form present in alkaline solution would have the highest rate. 
However, the pKa  value'8  for proton loss from I is such that the concentrations of I at pH 7 and 
pH 9 are similar, whilst at pH 9, the concentration of I is some ten-fold greater than that of the 
anionic form. Thus the increase in the value of kr  with pH is most probably due to an increase in 
the steady-state concentration of singlet oxygen as the pH is raised. This is in accord with previous 
observations 19, 20 that the efficiency of singlet oxygen production, using dye sensitisers, is much 
greater ma basic medium than in an acidic medium. 

4. Conclusions 

The dye-sensitised photo-oxidation of I in aqueous solution probably involves singlet oxygen as the 
reactive intermediate responsible for the initial attack on the substrate. As singlet oxygen can be 
present in natural surface waters, it is possible that photo-oxidation of I in water under field con-
ditions could occur via a reaction with singlet oxygen, and that the mechanism may be similar to 
that given herein. 
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Substituent Pattern Effect in the Reaction of 
Dimethyltrinitronaphthalenes with Di- and Triethylamine 

E. Buckley, T. F. Houiellebecq, and C. H. J. Wells 

School of Chemical and Physical Sciences, Kingston Polytechnic, Kingston upon Thames Surrey KT 12 EE (United Kingdom) 

EinfluB der Substituen ten-S tellung bei der Reaktion von Dunethyltrini. 
tronaphthalin mit Di- und Triethylamin 

Reaktionskinetische Untersuchungen der Reaktion zwischen Di- . 
nd Triethylamin und 1,8-6imethyl-2,4,5-trinitronaphthalin 

(245 TND) in Dimethylsulfoxid und Dimethylsulfoxid/Methanol 
Losungsmittelsystemen wurden áusgefuhrt, sowie Vergleiche mit 
Ergebnissen der entsprechenden Reaktionen mit 1,5-Dimethyl-2,4,8-
trinitronaphthalin (248 TND) angestelit. Die Ergebnisanalvse zeigt, 
daB das benzylartige Anion leichter mit 245 TND gebildet wird ais mit 
248 TND. Also hat 245 TND das höhere Potential für eine dutch 
Basen induzierte Kopplung, urn einen hitzebestandigen Sprengstoffzu 
erhaiten. 

Influence de Ia position des substituants dans la reaction des diméthyt. 
trinitronaphthalènes avec la diéthylamine ou la triéthylaxnine 

On a étudié la cinétique de la reaction entre la diCthylamine et la 
triéthylarnine d'une part et Ic 1,8-dimCthyl-2,4,5-trinitronaphthalene 
(245 TND) d'autre part, en presence d'un soivant constitué soit par du 
dimCthylsulfoxyde, soit par un mélange de diméthylsulfoxyde et de 
methanol. Les résultats ont été compares a ceux obtenus par la réac-
tion correspondante du 1,5-dim6thyl-2,4,8-trinitronaphtalène 
(248 TND). Cette comparaison montre que la formation d'un anion 
du type benzyle est plus facile a partir due 245 TND qu'à partir du 
248 TND. II apparait donc que Ic 245 TND Se préte mieux a un cou-
plage en milieu basique pour fournier une substance explosive thermi-
quement stable. 

Summary 

The kinetics of the reaction of di- and triethylarnine with 1,8-
dirnethyl-2,4,5-trinitronaphthalene (245 TND) have been studied in 
dimethylsulfoxide and dirnethylsulfoxide-methanol solvent systems 
and comparison made with data for corresponding reactions involving 
1,5-dirnethyl-2,4,8-trinitronaphthalene (248 TND). Analysis of the 
results shows that the formation of a benzyl-type anion is more facile 
with 245 TND than with 248 TND. Thus, the former compound has 
the greater potential for base-induced coupling to give thermally 
stable explosive material. 

1. Introduction 

The action of base on alkyl substituted polynitroaromatic 
compounds has been the subject of extensive research('-51  and, 
in this category, reactions involving 2,4,6-trinitrotoluene 
(TNT) have been of particular commercial importance 
because of base-induced coupling to give the thermally stable 
explosive 2,2', 4,4',6,6'-hexanitrostilbene 10 . The reaction of 
TNT with the base moiety of certain surfactants is also of 
importance as a means of removing TNT from wastewater 
emanating from plants engaged in the production and packag-
ing of this explosive("). The reactivity of TNT is associated 
with the acidity of the methyl group and reaction with base can 
occur via hydrogen abstraction from the methyl group to give a 
benzy.-type anion11214 . 

The authors have been concerned with the reaction of base 
with alkyl substituted polynitronaphthalenic compounds with 
a view to the preparation of thermally stable explosive mate-
rials and have found that a benzyl-type anion is formed in the 
reaction of 1,5-dimethyl-2,4,8-trinitronaphthalene (248 TND) 
with methoxide 	and di- and triethylaminet16 , and kinetic 
and equilibrium data for the reaction with di- and triethyl-
amine have been reported (16).  In order to ascertain the effect 
of the pattern of substituents on the reactivity of the parent 
alkyl substituted polynitronaphthalene, a study has been 
undertaken of the kinetics of the reaction of 1,8-dimethyl- 

2,4,5-trinitronaphthalene (245 TND) with di- and triethyl-
amine in DMSO and DMSO-MeOH solvent systems and com-
parison made with corresponding data for the reaction with 
248 TND. 

2. Results and Discussion 

The addition of three equivalents of diethylamine to a solu-
tion of 245 TND in [2H6]-DMSO resulted in the following 
1H NMR spectrum assignable to the benzyl-type anion shown 
in the scheme: 

CH3  Cit3  CH3 CH 
NO2 

+ B ___ NO2 
+ BH 

0::)  
NO2  NO2  NO2  NO2  

â2.60 (3H, s), 5.24 (1H, s), 6.18 (1H, s), 7.26 and 7.59 (2H, 
ABq, JAB  8.3 Hz), 8.65 (1H, s). The visible absorption spec-
trum obtained on diluting a solution which gave the NMR 
spectrum of the anion showed a single peak with Xmax  = 
558 rim. Similar 1H NMR and visible absorption spectra were 
obtained for the product formed when triethylarnine was 
added to 245 TND in [2H6]-DMSO. 

Kinetic results were obtained by monitoring the change with 
time of the absorbance at 558 rim due to the anion. All meas-
urements were made under first-order conditions with the base 
concentration in large excess. Second-order rate constants for 
the forward reaction were obtained from the slope of the plot 
of pseudo first-order rate constants against base concentra-
tion. The second-order rate constant, k, the enthalpy of activa- 
tion, 	and the entropy of activation, 	for the reac- 
tion at 298 K are listed in Table 1. The corresponding values 
for reaction with 248 TND are also listed for comparison. 

The results show that the rate constant, k, for the reaction of 
245 TND with both amines increases as the % DMSO in the 

© Verlag Chemie GmbH, D-6940 Weinheim, 1984 	 0721-3115184/0408-0135$02.50/0 
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Table 1. Kinetic Parameters for the Reaction of 245 TND with Di- and Triethylamine in DMSO and DMSO-MeOH at 298 

Base 	 % DMSO 102k[dm3/mol 	s] AH[kJ/mol] iS[JIK. mol) 

Et2NH 	 100 89.4 (42.0) 22.6 ± 3.0 (34.9) —170 ± 6 (-135) 
67 28.0 	(7.89) 37.4 ± 3.0 (45.6) —130 ± 6 (-113) 

Et3N 	 100 13.8 	(5.50) 31.4 ± 2.5 (45.9) —156 ± 5 (-115) 
67 5.84 (2.48) 38.6 ± 3.0 (43.7) —139 ± 6 (-129) 

Values in brackets refer to the corresponding reaction(16)  with 248 TND. 

solvent increases. Also the AH value for the reaction of 245 
TND with both amines is lower than for the corresponding 
reactions with 248 TND implying that it is easier to abstract a 
proton from the 1-methyl group in 245 TND than in 248 TND. 
Since steric interaction between the two peri nitro groups in 
245 TND twists the groups out of planarity with the aromatic 
ring system there is likely to be a resultant decrease in the 
electron withdrawing power relative to that for two planar 
nitro group substituents(t7' 18)•  It might be expected, therefore, 
that the acidity of the methyl protons at the 1-position in 
245 TND would be less than that of the corresponding protons 
in 248 TND, and that the value of 	would be higher in the 
former system. That this is not the case may well be due to the 
bulky intro groups at the 2- and 8-positions in 248 TND steri-
cally hindering hydrogen abstraction from the 1-methyl group 
by the amines resulting in a higher value of HE  for the reac-
tion of 248 TND with both amines. 

The entropy of activation, 	is large and negative for the 
reaction of 245 TND with both amines in both solvent sys- 
tems, indicating that the activated complex is more highly 
ordered than are the reactants. Moreover, since 	has a 
greater negative value for the reaction of 245 TND with the 
two amines in both solvent systems than for the reaction of 
248 TND, it appears that there is a greater restriction in the 
activated complex formed in the former systems. Shielding of 
the 1-methyl group in 248 TND by the adjacent nitro groups 
would cause the degree of bonding in the activated complex 
between the nitrogen atom of the amine and the hydrogen 
atom of the methyl group to be less than that for the corre- 
sponding complex involving 245 TND. This would give rise to 
a "less-ordered" complex in the case of 248 TND, and 	for 
the formation of the complex would be expected to be less 
negative than for the formation of the complex from 
245 TND. The fact that the value of AS for the reaction of 
245 TND with diethylamine in 100% DMSO is more negative 
than the corresponding value for the reaction with triethyl-
amine suggests, as was the case for 248 TND, that the acti-
vated complex has an eight-membered ring structure in which 
there is partial bonding between the hydrogen atom of diethyl-
amine and an oxygen atom of the 2-nitro groupt16 . 

From the above, it is apparent that the pattern of nitro and 
methyl group substituent in 1-methyl substituted naphthalenes 
has a marked effect on proton abstraction from the 1-methyl 
group by di- and triethylamine in DMSO and DMSO-MeOH 
solvent systems. Interchanging a methyl group and a nitro 
group between the 5- and 8-positions in going from 248 TND 
to 245 TND increases the rate of proton abstraction and 
greatly increases the proportion of benzyl-type anion present 
at equilibrium. This has obvious implications for the base-
induced coupling of alkyl substituted polynitronaphthaienes to. 
give potential thermally stable explosive compounds.  

Experimental 

1,8-Dimethyl-2,4,5-trinitronaphthalene (245 TND) was pre-
pared and purified as previously déscribed 19 , Reagent grade 
di- and triethylamine were distilled using a Fischer Spaltrohr 
60 theoretical plate column, the middle fractions being 
selected. Dimethylsulfoxide, [2H6]-dimethylsulfoxide, Analar 
methanol were dried over molecular sieve prior to use. 

NMR spectra were recorded on a Perkin-Elmer R 32 spec-
trometer. Samples were prepared by adding the appropriate 
amount of di- and triethylamine to a solution of 245 TND in 
[2H61-dimethylsulfoxide in an NMR tube. 

Visible absorption spectra were recorded on a Perkin-Elmer 
SP 1700 spectrophotometer using 10 mm matched cells in a 
thermostatted cell compartment maintained at ± 0.1 O(  Reac-
tion mixtures were prepared by mixing thermostatted solu-
tions of 245 TND with the appropriate amine in a cell capped 
with a PTFE stopper. 
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Green — the predominant colour of nature 
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Green is the colour man most ccnmonly perceives around him 
in his natural environment, and the question may be asked as 
to why man sees the leaves of zees, grass and the foliage of 
plants as green and not some oer colour. The answer lies in 
the response of the eye and brtn to different wavelengths of 
visible radiation, and in the waviength range of light reflected 
from the surface of leaves, grass and foliage. 

Visible radiation (white light) Es that part of the electromag-
netic spectrum with a. wavelexith range of 400-7.00 nm. In 
1672 Isaac Newton used a prurl to demonstrate that white 
light could be separated into its component colours - violet, 
indigo, blue, green, yellow, ornge and red. The colour of 
objects most commonly arises because radiation of particular 
wavelengths is preferentially r--moved from white light by 
absorption at the surface of, cr within the object. Thus, if 
radiation of wavelengths corres:onding to violet, indigo, blue, 
yellow, orange and red is preferentially absorbed, then the 
radiation reflected from the srface of the object will be 
principally comprised of wavengths corresponding to the 
green region of the spectrum. 

"Green" is the interpretatio: by the brain of the effect 
produced upon the eye by radizzion covering the wavelength 
range 490-575 nm. In the eye there are two kinds of light 
receptor, viz, rods and cones. Rod cells are sensitive to low 
levels of light whilst cone cells a.-e sensitive to bright light and 
colour. There are in fact three 7,Tes of cone cell, each with a 
different response to radiatiofl in the visible region. The 
response curves of the three typss of cone cell (blue, green and 
red) are shown in Figure 1. Aliost any colour sensation can 
be created by combining blue, aeen and red at different levels 
of intensity, and colour percepuca in man is based on the rela-
tive extent to which the different uceptor cones are stimulated. 

The site of light absorption in a plant is the photosynthetic 
cell and it is here that the energy from sunlight is taken up and 
converted to stored chemical ezrgy. In a blade of grass, for 
example, the photosynthesising cells lie just underneath the 
upper and lower epidermis (FEzure 2). The principal light 
absorbers in the photosynthesiEng cells of a green plant are 
chlorophyll a and chlorophyll b. these compounds being con- 

Figure 2. Cut-away section of a blade of grass 
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tamed in the chioroplast of the cell (Figure 3). The chlorophyll 
content of the chioroplast is some 70 per cent chlorophyll a 
and 30 per cent chlorophyll b. The structures of chlorophylls a 
and b are shown in Figure 4 and their absorption spectra in 
Figure 5. Evidence that the chlorophylls are the major light 
receptors in the photosynthesising cells of green plants comes 
from the similarity between their absorption spectra and the 
action spectrum for photosynthesis (Figure 6). It can be seen 
from figures 5 and 6 that the chlorophylls absorb most 
strongly at those wavelengths which are most effective in 
photosynthesis, viz, the wavelengths corresponding to the blue 
and red regions of the visible spectrum. Radiation reflected 
from a substrate in which chlorophyll is the major absorber 

400 	500 	600 	700 
WAVELENGTH (rim) 

Figure 6. Action spectrum for photosynthesis in a bean leaf 

Figure 7. Structure of 3-carotene 

Figure 8. Structure of a metalloporphin showing 16-atom conjuga-
tion (heavy-line) 
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Figure 9. Structure of iron (H) protoporphin 
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will be composed mainly of wavelengths spanning the range 
490-600 nm. This radiation will stimulate the green receptor 
cone of the eye preferentially and the substrate will be 
perceived as being green. 

Light absorption in the chioroplast other than by the chloro-
phylls occurs through the presence of carotenoids such as 
carotene (Figure (Figure 7). 

Whereas. the chlorophylls represent approximately II per 
cent of the total mass of a photosynthesising cell, the 
carotenoids represent only about I per cent of the mass. 
However, carotenoids absorb in the blue region of the visible 
spectrum and so their presence supplements the blue absorp-
tion of the chlorophylls. 

Chlorophylls absorb radiation in the visible because of the 
extended conjugation which exists within their molecular 
framework. This is illustrated by the heavy lining in the 
structure of Figure 8 wherein a 16-atom conjugated pathway 
in a metalloporphin is traced out. The wavelength of the lowest 
energy absorption in conjugated systems increases with the 
extent of conjugation, as exemplified by the series bujadiene 
(180 nm), hexatriene (258 nm) and octatetraene (300 nm). 
These compounds have two, three and four conjugated bonds 
respectively and as the number of conjugated bonds increases 
so the absorption shifts closer to the blue. Thus in 0-carotene. 
where there are 11 conjugated bonds, the longest wavelength 
absorption falls in the blue region. With the degree of conjuga-
tion that exists in chlorophyll it is to be expected that absorp-
tion will occur in the visible region. Theoretical calculations, 
beyond the scope of this review, predict two principal absorp-
tion bands in the visible region for the chlorophylls and related 
structures. For chlorophyll a, one band of moderate intensity 
(molar absorptivity, e,, 	8 x 103  m2  mot-') is observed at 
approximately 670 nm, and the other of higher intensity (Em 
16 x 103  m2  mot-') is observed close to 450 nm. These bands 
are referred to as the Q and B bands respectively. 

It is interesting to speculate as to why the predominant 
photosynthetic pigment in nature is chlorophyll and why, 
therefore, the predominant colour is green. Why is another 
metalloporphin such as iron (II) protoporphin (Figure 9) not 
the major pigment and grass and plant foliage not red as a con-
sequence? This must be, presumably, a question of efficiency 
through evolutionary history. The spectral irradiance of 
sunlight falling on the surface of the earth spans the visible 
region (Figure 10), and the fact that the chlorophylls absorb 
strongly in both the blue and red regions makes them good 
harvesters of solar radiation. Thus plants containing chloro-
phyll are particularly efficient in harnessing the energy of 
sunlight for use in producing carbohydrate. This means that 
green plants have the built-in ability to proliferate on the 
earth's surface relative to plants containing other 
photosynthetic pigments. in places where the incident radiation 
is not normal daylight, such as under water where the light is 
more blue, life using rarer photosynthetic pigments can be 
more efficient in capturing the available light and organisms 
coloured red or brown are more commonplace. 

In summary, the perception by man of colour as has been 
outlined above is a result of a series of steps. The process starts 
with the emission of visible radiation from the sun, some of 
winch will eventually reach the surface of the earth. If this 
radiation is incident upon an object in which certain 
wavelengths are preferentially absorbed, then only the non-
absorbed radiation will be reflected to the eye of an observer. 
This reflected radiation will stimulate one or more of the colour 
cones in the eye and a signal will be sent to the visual cortex of 
the brain. When the primary light absorber is chlorophyll, the 
reflected radiation will be principally composed of wavelengths 
in the range 490-575 nm and the final signal will be registered 
as green. 

Figure 10. Visible irradiance of sunlight at the surface of the earth 
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Preface 

There have been many advances made in spectroscopy in recent years. One of the most 
important of these has been the advent of pulsed Fourier Transform n.m.r. spectrometers 
which enable 13Cri.m.r. spectra of organic compounds to be obtained on a routine basis. 
The increasingly widespread use of such spectrometers has had an impact on the teaching 
of spectroscopy in relation to structure elucidation, and nowadays as much emphasis is 
placed on the "C n.m.r. spectrum of a compound as on its 'H n.m.r. spectrum. It is of 
importance, therefore, that students be able to interpret the information available in a 
13 

 n.m.r. spectrum. Consequently, we have compiled a set of structural problems in which 
the 13Cn.m.r. spectra of a selection of organic compounds are presented alongside their 
'Hn.m.r. spectra. In real life, such spectra are used in conjunction with infrared and mass 
spectra to aid unambiguous structure elucidation. Thus, for each of the problems, the 
infrared, 1H n.m.r., '3C n.m.r. and mass spectra of the compounds are presented, together 
with either analytical data or a molecular formula. 

The spectral problems are graded in complexity, beginning with those of relative 
simplicity and ending with what we believe are quite challenging examples. If we have 
erred towards the side of simplicity in the collection then it is intentional. It is hoped that 
undergraduate students in their early years at British universities and polytechnics should 
be able to solve the majority of problems without too much difficulty and so gain 
experience and confidence in the use of spectral data for the elucidation of organic 
molecular structures. It is also the intention that the problems should be of value to the 
teaching of spectral interpretation to undergraduates in other countries. 

We should like to thank Mr T. Mills and Mr M. Stephens for assistance in recording 
the n.m.r. and mass spectra respectively. We should also like to thank Dr A. Cooper for a 
gift of one of the compounds. 

C.HJ.W. 
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Reactions between Dinuclear Metal Carbonyl Complexes and Alkyl Halides: Formal 
Oxidative Addition across a Metal—Metal Single Bond 
Michael A. Bidduiph, Reg Davis,*  Clifford H. J. Wells, and Fiona I. C. Wilson 

School of Inorganic & Physical Chemistry, Kingston Polytechnic, Penrhyn Road, Kingston upon Thames KT1 2EE, 
U.K. 

Photochemical reactions between [Mn2(CO)8(PR3121 (R = Et, Bun, OEt) and alkyl halides (R'X) proceed to completion 
in 2 to 4 h yielding equimolar quantities of [MnR'(CO)4PR3] and [MnX(CO)4PR3], by a route involving reaction of R'X 
with mononuclear intermediates. 	- 

-There has been considerable interest in the photochemical 
reactions of metal—metal bonded dimers of the type 
[L n(OC)nMM(CO)n Lm}. Until recently most of these 
processes were believed to proceed by M—M bond homolysis 
[equation (1)], the reactions, thus, being those of the 
'metal-centred free radicals', [M(CO)Lm}. lb  Of particular 
interest have been the reactions of such radicals which are 
believed to involve oxidative addition processes. Thus, 
complexes such as {Co(CO)3(PBu 3)]2  react with SnHBu°3  to 
yield [Co(SnBun3)(CO)3(PBun3)] and H2  by a complex 
mechanism in which the two critical steps are equations (2) 
and (3).2  It has also been suggested that the photochemical 
reaction of [Mn2(CO)8(PR3)2] (R = Bu, OEt) with HCI 
yielding {Mn(H)(CO)4PR3] and {MnC1(CO)4PR31, a reaction 
which is a formal oxidative addition across a metal—metal 
bond, involves oxidative addition of HCI to the intermediate, 
[Mn(CO)3PR3], giving [Mn(H)Cl(CO)4PR3], as the crucial 
step.3  

[Lm(CO)nMM(CO),,L,,,] = 2[M(CO),,L,,,] 	(1) 

[M(CO)nLm] = [M(CO)n_iLm] + CO 	(2) 

M[M(CO)n_iLm] + SnHBu3 - {M(H)(SnBu3)(CO)njLm ] 
(3) 

[Lrn(CO)nMM(CO)nLmI 
[Lrn(CO)nMM(CO)n _ i Lm ] + CO (4) 

We have been interested in the reactions of dinuclear metal 
complexes with halogenoalkanes4  and wished to examine such 
reactions under photochemical conditions, with the aim of 
employing the oxidative addition to produce halogeno and 
alkyl metal complexes. Since commencement of this 
work, others have reported that there is no evidence for 
CO dissociation from [Mn(CO)5], [Mn(CO)4PR3], and 
[Mn(CO)3(PR3)2],la.5.6  and furthermore, there is now sound 
evidence that CO dissociation from metal carbonyl dimers 
[equation (4)] is a primary photoprocess which is able to 
compete effectively with metal—metal bond homolysis.5.6  It is 
also noteworthy that in the case of [Mn2(CO)10], the rate 
constant for the recombination reaction of equation (1) is 
approximately 103  times that of the recombination reaction of 
equation (4).6 

We have now examined photochemical reactions between 
Ph(CH2),,C1 (n = 1,2) and [Mn2(CO)8(PR3)2} (R = Et, Bun, 
OEt; 150 W mercury discharge lamp; hexane solution) and 
have observed the formation of equimolar amounts of 
[MnCl(CO)4PR3] and [Mn((CH2)Ph)(CO)4PR31 as the only 
productst in reactions that proceed cleanly to completion in 
2.5 h (R = Et) to 4.0 h (R = Bun). Similar reactions with 
[Mn,(CO)g(PPh3)2] also yield products of this type, but are 

t Prolonged irradiation leads to the further production of small 
quantities of mer- [ MnCl(C0)1(PR).1. 

much slower, not having reached completion in 35 h. The 
reactions were monitored by following changes in i.r. spectra 
in the metal carbonyl region, the halogeno and alkyl metal 
complexes being produced at equal rates. When comparable 
reactions were performed under an atmosphere of CO, both 
products were again formed at identical, but reduced rates. 

These findings contrast with the recently reported flash 
photogeneration of [Mn(CO)4PR3] in the presence of 
halogeno- and polyhalogeno-alkenes which led to the obser-
vation of [MnX(CO)4PR3] only.7  However, we have found 
that observation of both halogeno and alkyl metal complexes 
is very dependent on the reaction system. Thus, while 
both products are observed in reactions involving 
[Mn,(CO)8(PR3)2} and Ph(CH2)C1 (n = 1, 2), reactions with 
Ph64213r yield only [MnBr(CO)4PR3]. However, in separate 
experiments we have found that [Mn(CH2Ph)(CO)4PBu 3] 
undergoes a rapid photochemical reaction with PhCH2Br 
leading to [MnBr(CO)4PBun3], whereas no reaction is ob-
served with PhCH2CI. We have also confirmed the findings of 
Brown and co-workers,7  who observed that reactions of Cd 4  
with [Mn,(CO)8L2] (L = CO, PBun3) lead only to 
[MnC](CO)4L], however, we have found both of these 
reactions to be inhibited by CO. Furthermore, we have 
observed that reactions between [M02(CO)6(1-cp)2], 
{Fe2(CO)4(r-cp)2], and [CO2(CO)6(PBu 3)2] and PhCH2X 
(X = Cl, Br) give only halogeno complexes together with 
dibenzyl (cp = cyclopentadienyl). 
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Figure 1. Plot of [M(i)1 I.S. {l'vt,(i) - P]. 
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hv 
[Mn2(CO)8(PR3)21 = 2[Mn(CO)4(PR1)1 

Ic, 
[Mn(CO)4PR3] [Mn(CO)3PR3] + CO 

	

[Mn(CO)3PR3] + R'X 	Mn(R')X(CO)3PR31 

[Mn(R')X(CO)3PR3} + [Mn(CO)4PR3] 
[MnR'(CO)3PR3] + [MnX(CO)4PR3 ] 

[MnR'(CO)3PR3] + CO [MnR'(CO)4PR3] 

Scheme 1 

hv 
[Mn2(CO)8(PR3)2] 2[Mn(CO)4PR3] 

kz  
[Mn(CO)4PR3] + R'X [Mn(CO)4PR3] + R'X- 

R'X —  -4 R' + x- 

	

[Mn(CO)4PR3] + X 	[MnX(CO)4PR3] 

ks  

	

[Mn(CO)4PR3} + R' 	[MnR'(CO)4PR3] 

Scheme 2 

In order to probe the mechanism of these reactions in more 
detail, we have carried out .a kinetic study of the reaction 
between [Mn2(CO)8(PBun3)2] and PhCH,Cl, employing a 
thermostated merry-go-round photoreactor4 Figure 1 shows 
the reaction rate to be proportional to ([Mn2(CO)8-
(PBUn 3)21)l,§  a finding that suggests metal—metal bond scis-
sion is an important feature of the reaction. It has not been 
possible to measure the reaction order with respect to 
PhCH,CI, as the balance between solubility limitations and 
measurable reaction rates makes it impossible to obtain 
pseudo-first order conditions {[Mn2(CO)8(PBun3)21 
101PhCH2C1]}. 

Mechanisms consistent with the experimental findings are 
shown in Schemes 1-3. In view of the facts that 
[Mn(CO)4PR3] has been found not to undergo CO dissocia-
tionla but that all the reactions of [Mn2(CO)8L2] (L = CO, 
PR3) with halogenoalkanes reported here are inhibited by 
CO, we do not favour the mechanism shown in Scheme 1. The 
mechanism shown in Scheme 2 does not require a CO 

The reaction rate was measured by monitoring the production of 
[MnC](CO)4(PBun3)] by means of i.r. spectroscopy. The results 
obtained in this way display greater accuracy since the enhanced 
stability of this compound, compared to the benzyl analogue, allows 
it isolation in a higher state of purity. This, together with its higher 
Stability leads to more accurate measurement of molar absorptivities 
of the CO stretching frequencies. However, monitoring the rate of 
production of [Mn(CHPh)(CO)4(PBu 3)] gives essentially the same 
results. 

§ The merry-go-round reactor enables product concentrations to be 
measured in a series of solutions containing different concentrations 
of starting material, but all irradiated for the same period of time. The 
rate expression is thus integrated to give an expression relating initial 
reactant concentration to product concentration. In this case this leads 
to the expression [M(i)j - ki = [M(i) - PP where M2(i) is the initial 
concentration of metal dimer and P is the concentration of product at 
time, t. It is this relationship which is plotted in Figure 1. 

hv 
[Mn1(CO)8(PR3)2] 	[Mn(CO)7(PR3)2 ] + CO 

k, 
[Mna(CO)7(PR3)21,[Mn(CO)3PR3] + [Mn(CO)4PR3] 

[Mn(CO)3PR3] R'X [Mn(R')X(CO)3PR31 

[Mn(R')X(CO)3PR3} + [Mn(CO)4PR3] 
[MnR'(CO)3PR3] + [MnX(CO)4PR3] 

[MnR'(CO)3PR3] + CO [MnR'(CO)4PR3] 

Scheme 3 

dissociation step and thus should not strictly be subject to 
inhibition by added CO. However, the 16-electron interme-
diate, [Mn(CO)4PR3]+ would probably be susceptible to 
capture by CO leading to the known stable cation, 
[Mn(CO)5PR3]+, thereby inhibiting the reaction. If this were 
the case, it might be expected that i.r. absorptions arising from 
the 18-electron cationsa would be observed and that the rate of 
production of the halogeno complex would be retarded, while 
that of the alkyl complex is unaffected. Neither of these 
phenomena is observed. 

We, therefore, favour the mechanism shown in Scheme 3. 
This is in accord with the experimental findings and the 
relative recombination rates of equations (1) and (4). As yet, 
we have no direct evidence for the third step, the oxidative 
addition of R'X to [Mn(CO)3PR3], but believe it is a 
reasonable postulate in view of the fact that such a species 
would almost certainly have three unpaired electrons, thereby 
displaying an electronic configuration analogous to [V(1-
cp)2]. Vanadocene has been shown to react with alkyl halides 
to produce [VR(11-cp)2} and [VX(ii-cp)2} by a mechanism 
involving formation of [V(R)X(1cp)2].8b 

Thus, although the reaction discussed above could be 
viewed as a formal oxidation addition across a metal—metal 
single bond, the reaction proceeds by interaction between the 
alkyl halide and mononuclear intermediates. 

We thank the S.E.R.C. and the British Petroleum Co. PLC 
for financial support and Dr. G. Morris (B. P. Research 
Centre) and Dr. J. Betts (Kingston Polytechnic) for helpful 
discussions. 
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ABSTRACT 

2-Dimethylamino -5,6-diznethylcvrimidin-4-ol (I) and 5-n-butyl 

-2-dimethvlmino--methylovr 4-midin-4-ol (dimethirimol) form 1:1 

complexes with Cu(II), Cd(II), Mn(II), Co(II), and Eg(ll) salts. The 

infrared spectra of the complexes indicate that these pyrimidine bases 

bond to the metal ions through the carbonyl group at C (4) 

INTRODUCTION 

Interaction between agricultural chemicals released into the environment 

and other chemical species therein is of interest from the point of view 

that the interaction could either inhibit or enhance the desired properties 

of the agrochemical. Pvrimidine bases play an important role in agricul- 

tural chemistry, and compounds such as 2-dimethvlamino-5,6-dimezhyl- 

pyrimidin-4-yl-dimethvlcarbamate (pirimicarb) is used as an insecticide, 

whilst 5-n-butvl-2-dimethylamino-6-methylpvrimidin-4-ol (dimethirimol) is 

used as a systemic fungicide. Pirimicarb is readily hvdrolvsed under 

environmental conditions to 2-dimethvlamino-5 , 6-dimethylyrimidin-4-ol (I) 

and thus (I) may be present in field situations whenever pirimicarb 

is used. Possible modes of environmental degradation of dimethirimol and 

of (I) have previously been investigated (ref.l) . Reports that the nucleic 

acid pvrimidines, thsine and uracil (ref.2), and other structurally related 

cvrimidines (ref.3) , form complexes with metal salts prompted us to investigate 

the interaction between (I) and dimethirimol and a series of metal salts, 

especially since such salts may also be present in the environment. 

METHODS 

Dimethirimol was a gift from Plant Protection Division, IC.I.Ltd. 

Compound (I was preparec by a previously described method (ref.4) 

Complexes were prepared by the following method. Pyrimidine compound 

0022-2360/86/S0350 	© 1986 Elsevier Science Publishers B.V. 
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(lit mol) and metal salt (lit mol) were dissolved respectively in 25 cm  

of dry ethyl acetate and 10 cm  of dry ethanol in a Schlenk tube. The 

solutions were degassed by a thrice repeated freeze-thaw cycle under high 

vacuum, and then the solution of pyrjmidine compound was added via a transfer 

tube and under nitrogen into the solution of metal salt. In cases where a 

precipitate formed on mixing, the solution was, stirred for two hours, the 

Precipitate filtered off and washed with 15cm3  of dry ethyl acetate under 

nitrogen. The product was dried in vacuo and then stored in a sealed tube 

under vacuo prior to elemental analysis. In cases where a preciPitate was 

not formed on mixing the reactants, the solution was refluxed until a 

precipitate formed and the foregoing procedure then carried our. 

Infrared spectra were recorded in KBr discs on a Unicsit SP-200 

soectrophometer. 

RESULTS AND DISCUSSION 

Analytical data for complexes formed between (I) and various metal salts 

are listed in Table 1. It is evident from the data that 1:1 complexes 

are formed between (I) and the metal salts. Likewise, analytical data for 

complexes formed between dimethirjmol and the same metal salts show that 1:1 

complexes are formed in these systems also. 

TABLE 1 

Analytical results (%) for complexes formed between (I) and some metal 

salts. 

Complex Colour 

Found 

c 	H N C 

Calculated 

5 	N 

CuCl2(I) Green 32.90 4.55 14.02 31.35 4.34 13.93 

CdBr2(I) White 21.16 2.93 9.08 21.87 2.98 9.56 

CdC12(I) 
°2 White 26.04 3.60 11.30 26.07 4.10 11.40 

MnCI 2 (I) 0.5W 0 White 31.98 4.77 13.86 31.80 4.67 13.91 

HgCl2(I) White 22.26 3.15 9.70 21.91 2.98 9.58 

CoCl2(I) .2H20 Blue 28.00 4.50 11.93 28.85 5.14 12.62 

240 
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The mode of bondin f (I) and of dimethjrjmoj to the metal ion in the 

complexes was invest::sted by comparing the infrared spectra of (I) and of 

dimetnj.rimol with the _ifrared spectra of the individual complexes. The 
spectrum of (I) is sr.wn in Fig.la along with the spectrum of the complex 

formed with cooaltous :nloride. The spectra of all the complexes are closely 

similar with regard t: their main features and that of Fig..lb represents a 
typical spectrum.  

4000 3000 2000 1800 1600 1400 1200 1000 800 600 

Fig-l- The infrared spectra of (a) compound (I), and (b) the complex 

formed with cobltous chi:rj.de. 
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Cot ound (I) exists in the keto form and its infrared spectrum closely 

resembles that of 1-methvlacetamide over the region 1200-1600 cm 1. 

Based on the analysis made of the latter spectrum (reL5) , the bands in the 

spectrum of (I) at 1620, 1580 and 1250 cm 1  can be assigned to amide I, 

amide II and amide III vibrations respectively. 	These vibrations are of a 

complex form but have prncia1 components involving in-plane N-ti deformations 

coupled with -C=O stretching. It can be seen from Fig.l that significant 

changes occur with respect to these bands on complexation. This indicates 

that bonding of (I) to the metal ion could occur via the carbonyl oxygen 

which is acting as the donor atom. This is in accord with previous findings, 

based on infrared spectra, for the complexation of thvmine and uracil to metal 

ions (ref.2) . The strong bands around 1500 cm which are present in the 

spectra of the complexes but not that of (I) could well arise from aside-type 

vibrations which have been modified in energy relative to those in (I) because 

of the bonding of (I) to the metal via the carbonyl oxygen. A further effect 

of this interaction could be to alter the energy of the N-H stretching 

vibration in the pvrimidine moiety. Comparison of Figs.l(a) and (b) shows 

that the broad band around 3000 cm 1  in the spectrum of (I) moves to 3350 cm-

on complexation and no longer overlaps the C-H stretching bands at just below 

3000 cm 1. 
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ABSTRACT 

The chlorophyll sensitised photodegradation of 2-dimethylamino-5, 6-
dimethylpyrimidin-4-ol (1), a hydrolysis product ofpirimicarb, in the solid 
state on silica gel and in chloroform solution has been investigated. The 
product distribution in the solid state photodegradation was different from 
that in chloroform solution and was dependent upon the wavelength range 
of the incident radiation. When radiation of wavelength greater than 
420 nm was used, the products formed in the chlorophyll sensitised 
degradation of I in the solid state were similar to those obtained when Rose 
Bengal or Methylene Blue were used as sensitisers. These results indicate 
that singlet oxygen is implicated in the sensitised photodegradation of I in 
the solid state, Numerous products were formed in each of the systems 
studied. 

1 INTRODUCTION 

The importance of pyrimidine bases in agricultural chemistry is illustrated by the 
use of ethirimol (5-butyl-2-ethylamino-6-methylpyrimidin4.ol) and dimethirimol 
(5-butyl-2-dimethylamino-6-methylpyrimidjn4ol) as systemic fungicides, and of 
pirimicarb (2-dimethvlamino-5,6-dimethvlpyrimidin4yl dimethylcarbamate) as 
an insecticide. The mode of degradation of agrochemicals under the influence of 
light and oxygen is of interest and previous investigations of the degradation of 
pyrimidine bases under such conditions indicate that singlet oxygen could have a 
role in the degradation process. 1-2  Singlet oxygen is readily formed via the uptake 
of visible radiation by a coloured sensitiser which subsequently transfers the 
absorbed energy to ground state molecular oxygen; singlet oxygen is a highly 

To whom all correspondence should be addressed. 
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reactive eIectrophiie.3- Chlorophyll is known to act as a sensitiser for singlet 
oxygen production' and, since chlorophyll is a primary light absorber in the 
environment, the ability of chlorophyll to sensitise the photodegradation of 
pyrimidine bases has been investigated. The present paper reports on the chloro-
phyll sensitised photodegradation of 2-dime thy lamino5,6djmethylpyj.imjdin 
4-ol (I), a compound which is released into the environment on the hydrolysis of 
pirimicarb (ICI plc. Plant Protection Division; private communication). 

H3C 
	N(CH)) 

xii' 
H3C 	

' 
OH 

2 EXPERIMENTAL METHODS 

[2-14C]i was supplied by ICI plc. Plant Protection Division. Chlorophylls a and b 
were extracted from spinach leaves and purified as previously described.8  Rose 
Bengal and Methylene Blue (Aldrich Chemical Co Inc) were used as supplied. 

The photo-reactor used in experiments consisted of six 100-watt standard light 
bulbs mounted radially around a central sample well, the whole being housed in a 
light-tight container. The light from the bulbs was filtered through Kodak 'Wrat- 
ten' gelatine filters which removed radiation of wavelength shorter than 420 nm. 
Samples for photolysis in solution were housed in a 40-cm3  glass reaction vessel, 
thermostatted at 20°C. which was located at the centre of the well at a distance of 
60 cm from the light sources. Typically, 5 cm3  samples were removed at 15 min 
intervals during photolysis. evaporated almost to dryness under reduced pressure 
and applied to a t.l.c. plate prior to development. 

The samples for photolysis in the solid state were made up in methanol solution 
and spotted onto Merck silica gel F 4  plates (0.2 mm layer thicknessx 
20 cmx 20 cm). Compound I was applied first and the amount of material applied 
to a particular spot was controlled so that the 

'4C-activity at each spot along the 
baseline was within 517o of the activity of the spot used as the reference blank. 
Solvent was evaporated after each application and also prior to the application of 
sensitiser to the spot regions. The t.l.c. plates were mounted in a holder and were 
covered with a Kodak Wratten gelatine filter when they were to be exposed to 
radiation of wavelength greater than 420 nm. The plate holder was mounted at 
the centre of the photolytic reactor and the t.l.c. plate exposed to radiation from 
the six 100-watt light bulbs. When plates were to be exposed to sunlight they were 
placed in a thin, perforated polythene bag transparent to radiation of wavelength 
greater than 300 nm. After photolysis the t.l.c. plates were developed directly. 

One-way chromatography was carried out using chloroform+methanol (95+5 
by volume) as eluent. whilst two-way chromatography was carried out using 
acetone±water (98+2 by volume) as initial eluent and butan-1-ol+acetjc 
acid+water (12+3+5 by volume) as second eluent. Two-way chromatograms 
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TABLE I 
Spray Reagents for the Detection of Guanidines and Ureas 

Compound Spray reagent Positive result 

Ureas Cobalt (II) nitrate (1 g) and Intense yellow spots on an 
p-dimethvlaminobenzaldehyde (1 g) intense green background 
dissolved in ethanol and sprayed. Plate 
exposed to HC1 vapour when dry. 

Guanidine Ethanolic Bromocresol green Blue spot 
N-methyl 10 g litre-1  a-Naphthol in 2-M Purple spots on a green 
guanidine, NaOH background 
and 
N,N-dimethyf 1 g litre 	Diacetvl in H20 
guanidine 

Equal quantities of (a) and (b) mixed, 
plate sprayed and then heated for 3 
ruin at 100°C 

were obtained by extracting material from selected regions on a one-way chro-
matogram into methanol, concentrating to small volume, and then spotting onto 
one corner of a t.l.c. plate prior to development. 

Autoradiograms were obtained by placing the developed plate in contact with 
X-ray film (Kodak NS 59T), covering with black polythene, and exposing the film 
for a period of time, typically 56 h. After exposure the film was developed and 
fixed using Ilford X-ray photographic chemicals. The entire operation was carried 
out in a dark room fitted with Kodak 6B safelights. 

Urea, N-methylurea, NN-dimethylurea, guanidine, N-methylguanidine and 
N,N-dimethlguanjdjne were used as standards for their identification in product 
mixes. These compounds were detected on two-way chromatograms using the 
spray reagents described in Table 1. 

3 RESULTS 

The autoradiogram depicted in Fig. 1 is from the chlorophyll sensitised 
photodegradation of I in chloroform solution. It can be seen from Fig. 1 that as the 
photolysis proceeds there is a decrease in the amount of I detected in the 
autoradiogram and a concomitant increase in the amount of product material 
appearing on the baseline of the autoradiogram. Two-way chromatography on 
this 'baseline' material revealed that a number of products were present and, of 
these, the spots labelled as a, b, and c in Fig. 2 were identified as 
N, N-dimethylurea, N-methylurea and N, N-dimethylguanidine respectively. 

Figure 3 illustrates the autoradiogram arising from the sensitised 
photodegradation of I on silica gel using radiation of wavelength greater than 
420 urn. The autoradiogram shows that there is no significant degradation of I in 
the absence of sensitiser and that the product distribution in the presence of 
sensitiser appears to be largely independent of the nature of the sensitiser. Two-
way chromatography of the 'baseline' material seen in the autoradiogram from 
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f e d c b a 
Fig. 1. Autoradiogram resulting from photolysis of a solution of [2 14ClI (7-5x 10-4  M) and a mixture 
of chlorophylls a and b (approxlmateiv 6x 10 5 M) in chloroform. Photolysis time (h): (a) 0. (b) 0-25. 
(c) 0-5, (d) 0-75, (e) 10. Wavelength of radiation >420 nm. Autoradiogram (1) is for I run as standard. 

Fig. 2. Autoradiogram resulting from two-way chromatography of product material appearing on 
baseline of autoradiogram of Fig. 1. (a) N.N-dimerhvlurea. (b) N-methvlurea. (c) N.N- 

dimethvlguanidine. 

the chlorophyll sensitised degradation (Fig. 3(b)) gave rise to the autoradiogram 
of Fig. 4. 

When sunlight was used to initiate the photodegradation of! in the solid state 
the product distribution was as shown on the autoradiogram of Fig. 5. Figure 6 
shows the autoradiogram resuiting from two-way chromatography of the product 
mixture appearing on the baseline of the autoradiogram from the chlorophyll 
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a 

$ 

a 	b 	c 	d 	e 
Fig. 3. Autoradiogram resulting from sensitised phorodearadation of I in the solid state on silica gel. 
(a) I run as a standard after phoolvsis: Sensiciser: (b) chlorophylls a and b, (c) Methylene Blue. (d) 

Rose Bengal. (e) none. Wavelength of radiation >420 nm. 

Fig. 4. Autoradiogram resulting from two-way chromatography of product material appearing on 
baseline of autoradiogram (b) of Fig. 3. 

sensitised degradation of I (Fig. 5(a)). The autoradiogram of Fig. 6 is closely 
similar to those obtained from the product mixtures appearing on the baseline of 
the autoradiograms of Figs 5(b) and 5(c), but differs to some extent from that of 
Fig. 7 which was obtained by two-way chromatography of the baseline' products 
(Fig. 5(d)) formed in the direct photodegradation of I, i.e. in the absence of 
sensitiser. 
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a 	b 	c 	 e 
Fig. 5. Autoradiogram resulting from sunlight initiated photodegradation of I in the solid state on 
silica gel. Sensitiser: (a) chlorophylls a and b, (b) Methylene Blue. (c) Rose Bengal. (d) none. (e) 

none. I run as a standard after photolysis. 

Fig. 6. Aucoradiogram resulting from two-way chromatography of product material appearing on 
baseline of autoradiogram (a) of Fig. 5. 
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Fig. 7. Autoradiogram resulting from two-way chromatography of product material appearing on 
baseline of auto radiogram (d) of Fig. 5. 

4 DISCUSSION 

Rose Bengal and Methylene Blue are widely used as sensitisers for the formation 
of singlet oxygen,M and it has been shown previously2  that the Rose Bengal 
sensitised photo-oxidation of I occurs via reaction with singlet oxygen. Chloro-
phyll also acts as a singlet oxygen sensitiser,7  and the similarity found herein 
between the product distributions in the Rose Bengal, Methylene Blue and 
chlorophyll sensitised photodegradation of I suggests that singlet oxygen could 
well participate in this process. 

It is of interest that the chlorophyll sensitised photodegradation of I in chloro-
form solution does not lead to any significant amount of 'non-baseline' products 
(Fig. 1) in contrast to the sensitised photodegradation in the solid state (Fig. 3). 
The difference in products between photodegradation in chloroform solution and 
in the solid state is also seen on comparing the autoradiograms (Figs 2 and 4). For 
example. the photodegradation of I in chloroform leads to the formation of 
N,N-dimethylurea and N-methylurea, neither of which are formed in the 
photodegradation in the solid state. Furthermore, the material remaining on, or 
close to, the oricin in the two-way autoradiogram from the 'baseline' products of 
the solid state photolysis (Fig. 4) is not observed in the corresponding autoradio-
gram from the 'baseline' products of the solution photolysis (Fig. 2). 

Previous studies have shown that singlet oxygen attacks I at the 5,6-double 
bond of the pyrimidirie moiety. The mode of reaction of singlet oxygen at nitrogen 
activated double bonds of this type is well charac:erised,3-6  and reaction either 
occurs via an ene process to give a hydroperoxide as initial product or via a 1,2-
cycloaddition process to give a dioxetane as initial product (Fig. 8). With systems 
in which both reaction pathways can occur the polarity of the reaction medium 
controls the balance between the pathways,9-12  with non-polar solvents giving rise 
preferentially to 'ene'-type products and polar solvents to 'dioxetane'-tvpe pro- 
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dioxetane --c —0 

/ 
Fig. 8. Modes of reaction of singlet oxygen with ethene systems. 

ducts. It is quite possible, therefore, that the difference between the products 
formed in chloroform solution and on silica gel arises because of the difference in 
polarities of the reaction media. In both cases the number of products ultimately 
formed is relatively large, with at least ten products being observed in the 
autoradiograms depicted in Figs 2 and 4. The number of products actually formed 
will be greater than that observed since only those products carrying the 'C label 
will show up on an autoradiogram. The complexity of the product mixtures 
precluded characterisation of the products other than by use of t.l.c. standards as 
described. 

The nature of the products formed in the sensitised degradation of I in the solid 
state is dependent upon the wavelength range of the incident radiation. Compari-
son of Figs 3 and 5 reveals that a greater variety of 'non-baseline' products are 
formed when radiation of wavelength greater than 420 nm is used, as compared to 
the situation where sunlight is used. The difference is further highlighted on 
comparing Figs 4 and 6 when it can be seen that the 'baseline' product mix in the 
chlorophyll sensitised degradation of I using sunlight differs from that when 
radiation of wavelength greater than 420 nm is used. The wavelength range of 
sunlight extends down to the region 300-320 nm and since I is known to undergo 
photochemical transformations when photolysed with radiation in this 
wavelength region. 13  it is to be expected that products from the direct photolysis of 
I and also from the sensitised degradation of I will be present in sensitised 
reactions when sunlight is the radiation source. The 'baseline' products from the 
direct (non-sensitised) photodegradation of I in the solid state using sunlight are 
shown in Fig. 7. This product mix differs from those of Figs 4 and 6. 

It can be seen from Fig. 5 that the rate of photodegradation of I in sunlight is 
greater in the presence than in the absence of sensitiser. This is shown by the 
almost complete removal of I in the presence of sensitiser as compared with its 
only partial removal in the absence of the latter. This could arise because the 
presence of sensitiser increases the proportion of radiation absorbed and utilised 
in the photodegradation. Furthermore, previous work'- has shown that singlet 
oxygen reacts rapidly with I and thus generation of singlet oxygen via the inter-
mediacy of a sensitiser under the conditions described would be expected to, lead 
to rapid removal of I. 
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5 CONCLUSIONS 

The absorption of visible light or the sun's radiation by chlorophyll and other 
sensitisers in the  presence of compound I leads to the degradation of this com-
pound. Since the sensitisers used are known to produce singlet oxygen which 
reacts rapidly with I. it is likely that singlet oxygen is involved in the degradation 
proce-ss. It may be concluded that chlorophyll has the potential to sensitise the 
degradation of I in the environment when light and oxygen are present. 
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ABSTRACT 

The products from the methylene blue sensitised photo-oxidation 
of 2-dimerhVlamino-5,6 -dime th ./prri,njdjn..ol (I) in deuterochloroform/ 
deuteroacetone have been investigated. A zivitterion and a htdroperoxide are 

formed initially, with the zwitterion predominating. The zwirrerion compound 
degrades or reacts in the solid state on silica gel to give further products. 

I INTRODUCTION 

The application of pyrimidine bases as agrochemicals is exemplified by the use of 
dimethjrirnol (5-butyl-2 dimethvIamino.6methyjpyj.imidj4-ol) and ethirimol (5-
butyl-2-ethylamlno6_methylpynmjdjfl..ol) as fungicides for the respective control 
of mildew in cereals. and cucurbits, and of pirimicarb (2-dimethylamino-5,6_ 
dimethvlpyrimidin.....yldjmethylcarbamate) as an insecticide. Such compounds can 
be subjected to sunlight photolysis in the environment, and in previous studies'-' 
the photochemistry of dimethjrimol and ethirimol, and of the structurally 
related compound, 2-dimethylamino..564imethylpyrimjdjn..ol(I) have been 
investigated. Compound I is released into the environment on the hydrolysis of 
Pirimicarb (ICI plc, Plant Protection Division; private communication). 

The combination of sunlight, oxygen and a suitable absorber of radiation can 
lead to the formation of singlet oxygen, an energetic form of oxygen which has the 
chemical properties of a highly-reactive electrophile. Singlet oxygen is formed by a 
process whereby the absorbing compound transfers energy to ground-state 
molecular oxYgen to give an electronically excited species of oxygen (') which has 
Significantly long lifetimes in the gas phase and in solution. This form of oxygen has 
been detected in natural surface waters and been shown to act as an oxidising agent 
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in this environment.5 " Singlet oxygen has been implicated in the photo-oxidation 
of thiabendazole fungicides,' pyrimidine based fungicides. 9 thioether-containing 
pesticides10 ' 1  and pyrethroid insecticides.' 2  The photo-oxidation of compound! 
may also occur via a mechanism involving singlet oxygen) 3  In view of the 
increasing realisation that singlet oxygen may have an important role in the 
photoderadation of agricultural chemicals, a further study of the photo-oxidation 
of compound I has been carried out in order to gain information on the initial stages 
of the reaction sequence leading to degradation products. 

Photo-excitation of methylene blue in the presence of oxygen leads to the 
formation of singlet oxygen which can then react with any electron-rich species 
present in the system. 	Compound I is such a species and solutions of methylene 
blue and I have been photolysed at low temperature in order to trap the initial 
products formed in the reaction of singlet oxygen with I. The results of this work are 
reported herein. 

2 EXPERIMENTAL METHODS 

Compound I was prepared by the method described previously.' [2-'4C]I was 
supplied by Plant Protection Division, ICI plc. methylene blue (Aldrich Chemical 
Co. Ltd) was used as supplied. Deuteroacetone-d5  (BDH Ltd) and 
deuterochloroform-d3  (BDH Ltd) were 995 and 998 atom % pure respectively. 'H-
and ' 3C-NMR spectra were recorded on a Jeol JNM-GX 400 spectrometer using 
tetramethvlsilane as internal reference. 

Samples were prepared for photolysis by pipetting a solution (4 ml) of 
methylene blue (2x 10 	Ni) and of I (7- 5 x 10-2  Ni) in deuterochloroform-d 3  -f- 
deuteroacetone-d5  (1 + 1 by volume) into an NMR sample tube (10 mm o.d.). The 
tube was immersed in a dry-ice acetone bath at 195 K in a Pyrex vessel and 
irradiated through a window in the vessel with radiation from a 600 W tungsten- 
halogen lamp whilst dry oxygen was bubbled through the solution. 'H-NMR 
spectra of photolysed solutions were obtained by directly placing the NMR tube in 
the spectrometer sample compartment maintained at 213K. Spectra could then be 
obtained subsequently at any desired temperature. Photolysis of the reactant 
solution for an extended period, typically 6 h. resulted in the precipitation of a white 
crystalline solid. This material was filtered off on a sintered-giass filter at ambient 
temperature before being dissolved in deu terochloroform-d3  + deuteroacetone-d 
(1±1 by volume) and the 'H- and '3C-NMR spectra of the solution recorded. 

Samples for analysis by thin layer chromatography (TLC) were prepared by 
pipetting a solution (05 ml) of methylene blue (2x 10 	Ni) and of [2-14C]I 
(10 	Ni) in deurerochloroform-d 3 +deuteroacetone-d6  (1+1 by volume) into an 
NMR sample tube (5mm o.d.). The solution was photolysed as described 
previously for —4 h. After photolysis the reactant solution was spotted directly  
onto a Merck silica gel F,54  plate (02 mm layer thickness x 20 cm x 20cm). The 
plates were developed using chloroform + methanol (1+ I by volume) as eluent. 

Autoradio2rams were obtained by placing the developed plate in contact with X-
ray film (Kodak NS 59T). covering with black polyethylthene. and exposing the fill"  
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for a period of time. typically 56 h. After exposure, the film was developed and fixed 
using Ilford X-ray photographic chemicals. The entire operation was carried out in 
a darkroom fitted with Kodak 6B safelights. 

3 RESULTS AND DISCUSSION 

Photolysis of a solution of-methylene blue (2x 10 	M) and I (75 x 10-2  i) in 
deuterochlorofot-m-d3  +deuteroacetone-d6  (I+ 1 by volume) at 195 K with 
radiation of wavelength greater than 420 rim resulted in the precipitation of  white 
crystalline solid which gave rise to the 1 H-NMR spectrum shown in Fig. I and the 
13C-NMRspectrum shown in Fig. 2. Examination of the 'H-NMR spectrum of the 
reaction solution after various times of photolysis showed the presence of the same 
set of signals as in Fig. I with the addition of signals arising from methylene blue 
and unreacted I. It can be inferred from this observation that the spectrum shown in 
Fig. 1 is that of the only product(s) formed in the photolysis system. 

------------ 
5 	7 	.6 	5 	4 	3 	2 	1 	o  

Fig. 1. 'H-NMR spectrum of solid product from sensitised photo-oxidation of 1. Solvent—
deuzerochloroforrn..cj3  -t-deuteroacetone-d6  (1+ 1 by volume). Temperature-2 13 K. Resonances in the 

range 21-2-26 and at 2956 are from the solvent. 

Fig. 2. 13C-NMR spectrum of solid product from sensitised photo-oxidation of I. Solvent—
deuterochIorofo,..J +deuteroacetone-.j (I + 1-by volume). Temperature— 243 K. 
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Fig. 3. Structures of photoiysis products. 

Previous work' on the dye-sensitised photo-oxidation of I indicated that 
oxidation occurred at the 5,6-double bond of the pyrimidine moiety. The present 
results can be explained on this basis, and the 1 H-NMR spectrum, Fig. 1, can be 
interpreted in - terms of the structures A and B (Fig. 3). The resonances at 1425 and 
2506 can be assigned to the methyl protons at C-S and C-6 respectively in both 
structures A and B, whilst the resonances at 331ô and 3516 can be assigned to the 
methyl protons in the dimethylamino group at C-2 in structure A. The methyl 
protons in the dirnethvlamino group in structure A are chemically non-equivalent 
because of restricted rotation about the C--N bond and give rise to two signals of 
equal intensity. 

The resonance at 7546 in the spectrum, (Fig. 1) can be assigned to the proton of 
the hydroperoxide group in structure B. This assignment is in agreement with a 
previous report 16 of a proton resonance of this type at 706. The intensity of the 
signal for the proton in the hydroperoxide group is only about one-fifteenth of that 
of the individual signals for the methyl protons in forms A and B, indicating that the 
hydroperoxide form B is the minor component of the product mixture. 
Furthermore, on warming a solution which gave the resonances shown in Fig. 1 up 
to ambient temperature (293 K), the signal due to the proton of the hydroperoxide 
group in form B disappeared whilst the signals due to the zwitterion form A 
remained. In fact the signals due to the zwitterion were observable for some hours at 
a temperature of 323K. The '3C-NMR spectrum shown in Fig. .2 for the product 
isolated from the reaction of singlet oxygen with I is in accord with both the 
zwitterion structure A and the hydroperoxide structure B. As the zwitterion is the 
predominant component of the initial product mixture the assignments of the 
signals are made in Table I on the basis of the zwitterion 

The formation of the zwitterion can be explained by the electron shifts in structure 
C (Fig. 3), these shifts occurring on approach of singlet oxygen to the 5,6-double 
bond of!. The hydroperoxide would be formed by internal hydrogen atom transfer, 
from the NH group. It is noteworthy that both zwitterion and hydroperoxide  
intermediates have been reported in the reaction of singlet oxygen with a variety of  
substrates, 16-11 and it has been proposed previously,9  on the basis Of  
thermodynamic data, that a zwitterion is formed in the reaction of singlet oxygell 
with I. 

Photolysis of solutions of methylene blue (2x iO 	M) and [2-' 4C]1(10 3  I) 
deuterochloroform-d.+deuteroacetoned5  (1+1 by volume) at 195 K and at 
293 K followed by spotting on a TLC plate and subsequent development gave the 
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TABLE I 
C-N,MR Assitnments for Zwitterion A 

Chemical sIzi/ 
(5 

.%1 u/ti p/ic/tvt Assignment 

20-69 quartet CH 3 -05) 
21-38 quartet CH,-C(6) 

37.39 2 x quartet (cH3)2-C(2) 
75-56 singlet c(s) 

159-31 singlet C(6) 

179-04 singlet c(4) 
193-28 singlet C(2) 

'Proton decoupled spectrum. Internal reference—TMS. Solvent 
deuterochlorofcrm-d, + deuteroacetone-d6  (1 + 1 by volurnet. 
Proton coucied spectrum. Internal reference—TMS. Solvent 

deuterochloroicrm-d 3 +deuteroaCetone-d6  (1+1 by volume). 

Fig. 4. .Autoradiogram resulting from photolysis 
of a solution of methylene blue (2x lO 	M) 

and [2.t 4C]1(l0_ 3  M) in deuterochloroform-d,/ 
deuteroacetone-d6  (I+ I by volume). Tempera-
ture of solution (a) 195 K. b) 293 K. 
Autoradiosram (c) is for I run as a standard. 

respective autoradiozrams shown in Figs 4(a) and 4(b). A number of products are 
observable in both autoradiograms. but the number of products actually formed 
may be oreater than that observed since only those products carrying the C label 
will show up on an autóradiogram. Previous studies' 3  would suggest that the 
products on the 'baseLine' of the autoradiograms contain guanidines and ureas. It 
can be seen from Fig. 4 that the product distribution is the same for photolysis 
carried out at low temperature (195 K) and at ambient temperature (293 K). Thus 
the mechanism for the photo-oxidation of I is not affected by temperature. Since the 
zwitterion A is the only major species formed during photolysis, the products 
observed in autoradiograms 4(a) and 4(b) must be derived from this .species. 
Furthermore, since it has been found that the zwitterion is stable in solution at 
ambient temperature :he products must be formed as a consequence of reaction or 
breakdown of the zwtterion on contact with the silica gel of the TLC plate. This 
implies that if the z,vilterion were to be formed in the environment on photo-
oxidation of I and was in contact with plant or soil surfaces then it would react or 
break down to give further products. 

4 CONCLUSIONS 

The sensitised photcoxidation of I in deuterochlorofo rm-d,,'deu teroacetone-d6  
leads to the formation of a zwitterion as the major product. Although stable in 
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solution at ambient temperature and above, the zwitterion gives rise to various 
products when in the solid state and in contact with silica gel. The zwitterion would 
also be likely to break down or react to give products when in contact with plant or 
soil surface. 
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Abstract 
Equilibrium constants have been measured by n.rn.r. spectroscopy for the electron donor-
electron acce:cor interaction between a number of aromatic hydrocarbons and diazines. The 
values obtair.sd have shown that the interaction is weak, and that the aromatic hydrocarbon 
acts as the ejectron donor and the diazine as the electron acceptor in the systems studied. 
Chemical-shift data have provided evidence for the relative positioning of the donor and 
acceptor coonents within the various complexes. The effect of temperature on the 
equilibrium cnstant for complex formation between (2 H6)benzene and pyrazine has shown 

that the entiiipy of formation is close to zero. 

Introduction 
Interactions between nucleic acids and nucleotides and other species such 

as proteins, intercalating drugs and carcinogens are important aspects of. 
recognition and binding in biological systems. The work which, has been 
carried out indicates that different types of interaction are responsible for 
such bindizg, e.g., hydrogen bonding, stacking, electrostatic and hydrophobic 

interactions.1.2  In the case of the aromatic amino acid tryptophan rr-rr stacking 
interactions occur with nucleic acid bases due to the strong r-eiectron-donating 

character of the indole ring system. 1-4 

Aromatic hydrocarbons are known to intercalate into DNA, a process which 
involves rr-rr interactions, and molecular associations between nucleic acids 
and aromac hydrocarbons have been reported. (For a review of charge-
transfer in:ractions of biomolecules see ref. S.) Some workers have shown 
molecular associations between aromatic hydrocarbons and simple pyrimidines 

Helene, C.. arid  Maurizot, J. C., cRc. crit. Rev. Biochem., 1981, 10, 213. 
2 Helene. C., and Lancelot. C., Frog. Biophys. Mot. Biol., 1982, 39, 1. 

Karniichi. K, Doi, M., Nabae, M., Ishida, T., and Inoue, M., J. Chem. Soc., Perkin Trans. 2, 

1987, 1739. 
Ishida, 1., :catsuta, M., Inoue, M.. Yamagate. Y., and Tomita, K., Biocheni. Biophys. Res. 

Cornmun., 1933, 115, 849. 
Slifkin, M..-'— 'Charge Transfer Interactions of Biomolecules' (Academic Press: London 1971). 

0004.9425/89/09000 1S03.00 
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and purines, 	but, although there has been much work carried out on more 
complex systems, there has been comparatively little published on relatively 
simple systems in which the effect of substitution patterns, positioning of the 
heteroatoms, etc., on the molecular interactions could be ascertained. It has 
been reported9  that in complexes of purines and pyrimidines with aromatic 
hydrocarbons the heterocyclic compounds act as electron donors whilst other 
reports6'7  show that heterocyclic compounds act as electron acceptors. A 
report of the contributions of the purine nitrogens to stacking association has 
been made;'° this shows a dependence of the association constant upon the 
number of nitrogen atoms. 

N.m.r. spectrosc-opy has proved a valuable technique for the study of 
molecular complexes formed between electron donor and electron acceptor 
species, especially as measurement of equilibrium constants for complex 
formation from concentration-dependent n.mr. chemical-shift data has a 
number of important advantages over spectrophotometric methods." Chemical 
shifts are generally insensitive to small concentrations of impurities, which 
may be formed by slow chemical reaction of donor with acceptor, whereas 
spectrophotometric methods cannot generally be used with confidence if 
there is a significant absorption by extraneous species at the wavelength of 
measurement. Ideally, with the spectrophotometric method, the absorbances 
of a series of solutions are measured at the wavelength(s) corresponding to 
the maximum absorption coefficient(s) for the intermolecular charge-transfer 
band(s), and for which the absorbance arising from free donor and acceptor 
(and solvent) is zero. In practice, there are very few systems where this 
set of conditions is even approached. In the usual n.m.r. determinations, 

12 

it is line positions not line intensities that are required. Because of the 
narrowness of n.m.:. lines there is less chance of the lines to be observed, 
usually of the accetor, being masked by absorptions due to the donor or 
solvent compared to the corresponding situation in u.v.—visible spectroscopy. 
Furthermore, often more than one n.m.r. probe in an acceptor can be used, 
thus providing muitiple sets of experimental data from which independent 
equilibrium parameters can be calculated. 	A further advantage of the 
n.m.r. method is that information can be gained on the structures of the 
complexes with regard  to the relative positioning of the donor and acceptor 

components. 
We have now undertaken a study by n.m.r. spectroscopy of complexes 

formed in solution between a number of diazines and aromatic. hydrocarbons 
in order to ascertain their donor—acceptor relationship and to gain information 
on the structure of the complexes formed. 

6 Rosenthal, I., Tetrahedron Left., 1969, 3333. 
Hurst, D. T., and Wells. C. H. J., Tetrahedron Lett., 1970, 3919. 

8 Slifkin, M. A., and Lit. S. H., J. Chromatogr., 1983, 269, 103. 
Slifkin, M. A., in Physico.Chemical Properties of Nucleic Acids' (Ed. J. Duchesne) Vol. 1, 

p. 67 (Academic Press: London 1973). 
10 Wagner, K. G.. Arfrann. H.-A., Lawaczeck. R.. Opatz, K., Schomburg. L. and Wray, V., 
in Nuclear Magnetic Resonance Spectroscopy in Molecular Biology' (Ed. B. Pullman) p. 103 
(Reidel: Dordrecht 1975). 
11  Foster, R., 'Organic Carge Transfer Complexes' p. 140 (Academic Press: London 1969). 
12 Foster, R., and Fyfe. C. A., Trans. Faraday Soc., 1965, 61, 1626. 



260 

I 

Donor-Acceptor Hydrocarbon-Diazine Interaction 	 3 

Results and Discussion 

When a donor, D, interacts with an acceptor, A, to give a 1:1 complex, 
DA, in equilibrium with its components, then the equilibrium constant, K, for 
complex formation is given by 

K=[DAI/[Dl[A] 	 (1) 

In the n.rn.r. experiment a single set of signals is observed for a given set of 
chemical-shift-equivalent nuclei in the A species, irrespective of whether the 
particular A molecules are complexed or not. For a system in which [D]o >> [A]o 
[the subscript zero indicating the total (free plus complexed) concentration of 
the species], equation (2) becomes valid to a good approximation: 12 

(2) 

where d is the difference in shift between a signal in A in the absence of D 
and in the presence of an added amount of D equivalent to a concentration 
[D]0, and z10  is the difference between the chemical shift of a signal in A in 
the absence of D and when A is in the fully complexed form. 

It has been argued13  that it is incorrect to take A as the measure of the 
shift for the signal in the equilibrium mixture relative to that in solution 
where [D]o = 0. The argument is that z and o  are measured for a signal 
due to A alone in the pure solvent whereas they should be referred to A 
in a hypothetical solution containing the appropriate concentration [1?]0  but 
in which there is no specific complex formation. This suggestion derives 
from observations of line positions of single solutes in isotropic solvents 
(usually carbon tetrachloride) compared with those in anisozropic solvents 
(usually. benzene).. The shift difference 'aromatic solvent induced shift has 
been ascribed to non-complexing collisions by molecules of the anisotropic 
solvent.14  It has been suggested that this effect will operate in solutions 
containing D and A molecules and will be extra to 1:1 association. This 
effect is called 'additional unspecific shielding'. 14  For solutions under present 
conditions the effective anisotropic 'solvent' would be the mixture of D and the 
diluting solvent. In systems where additional unspecific shielding is operative 
plots according to equation (2) would be curved. 13 

In the systems studied herein plots of /[D]0 againstA according to equation 
(2) gave good straight lines, which indicated that in these systems only 1:1 
complexes were formed and that termolecular complexes (D2A) and additional 
unspecific shielding were not of significance. A typical plot is shown in Fig. 1. 

Values of K and 60  derived from plots of /[D]o  against Al are given 
in Table 1. In the case of complexes involving pyrimidine and pyridazine 
the values of K were derived from chemical-shift measurements on different 
proton sites in each compound, and for each compound the values of K so 
derived are the same within experimental error. This suggests again that 
the stoichiometry of the complexes is essentially 1:1. It was found that for 

13 Stamm, H., Lamberty, W., and Stafe, J., J. Am. Chem. Soc., 1980, 102, 1529. 
14 Engler, E. H., and Laszlo, P., J. Am. Chem. Soc., 1971, 93, 1317. 
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pyrimidine the change in the chemical shift of the proton at the 2-position 
was too small to allow accurate measurement, and therefore values of K based 
on measurement of the signal from this proton are not given in Table l. 

It can be seen from Table 1 that the values for the equilibrium constants lie 
in the range 0- 29—C. 57 kg moi. The low values for K show that only weak 
complexes are formed in these systems. The results in Table 1 also show that 
as the electron donor ability of the aromatic hydrocarbon increases, by virtue 
of an increase in the number of methyl group substituents in the benzene ring 
or by an increase in the number of aromatic ring systems, so the strength of 
complexaton, as measured by the value of K, increases. This clearly reveals 
that the aromatic hydrocarbons are acting as the electron donors and the 
diazines as the electron acceptors in the complexes. 

The highest values for K are those for the complexes of (2 H8)naphthalene 
with pyrazine and pyrimidine. Since naphthalene has a more extended 

Fig. 1. Plot according to 
equation (2) for the 
toluene—pyrimidine system in 
carbon tetrachloride at 308 K: 
[pyrirnidinel= 5-0xi0 mci 
per kg of solution. 

to 	 20 	 30 

(Hz) 

Table 1. Ecuilibrium constants (K, kg mor') and chemical-shift values (, Hz) for 
complexes of aromatic hydrocarbons with diazines in carbon tetrachloride at 308 K 

Estimated error in quoted values for K is ±0-01 

Hydrocarbon K o 

Pyrazine 

(2H3)Benzene 0-30 39 
(2 H)ToIuene 0-32 37 
(2 H10)-o-Xylere 0.34 43 
(2Ho)-p-Xylene 0-35 30 
(2H3)Naphthaiene 0-57 37 

(2 H6)Benzene 

K 	60  K 	60  

Pyrimidine 
H4,6' H5A 

0-29 	44 0-27 	81 
0-31 	45 0.30 	88 
0-35 	44 0.33 	84 
0.33 	45 0-35 	83 
0-51 	58 0.53 	89 

5-Methylpyrimidine 
H4,6A Q 3A 

0-28 	39 0-28 	68 

X 	60 K 	110  

Ryridazine 
H3,6' H4,SA 

0-20 	47 0.23 	88 
0-23 	48 0.24 	88 
0.30 	44 0-30 	80 
0-30 	41 0-31 	76 
0-34 	30 0-36 	61 

4,6-Dichioropyrimidine 
HZA H SA 

0-25 	49 0-27 	90 

A Values of K and Lo derived from measurement of chemical shift of numbered protons. 
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,-r-orbital system than ±e benzenoid hydrocarbons it will have a greater orbital 
overlap with toe diazies, and this is manifested in a stronger charge-transfer 

interaction. It is of ir.:erest that for the complexes with (2 H8)naphthalene the 

values of K He in the order pyrazine> pyrimidine> pyridazine. The nitrogen 

atoms in pyrazine are in the para positions and the consequent symmetric 

electron density disti-bution means that the whole of the molecule will be 
involved in in:eraction with an electron donor. The electron density distribution 
in pyridazine s unsyr_rietrical in the sense that there is relatively high electron 
density at the 1- and 2-positions, where the nitrogen atoms are located, and 
relatively low electror density over the remainder of the molecule. Thus only 

part of the rzolecule will act as a charge acceptor and the lower extent of 
overlap with a donor as compared to pyrazine is manifested in a lower value 

of K. 
The most likely position of the components within the 1: 1 complex formed 

betweeh the s-rmmetri:aI donor benzene and the symmetrical acceptor pyrazine 

is as shown in szrucre (1). 

N 	N 	 N 

(1) 	 (2) 	 (3) 

For complexes involving an acceptor with more than one type of proton, 
evidence for the time-averaged positions of the donor and acceptor can be 

gained from the values of Ao  for the different proton types.15  If, for example, 

there are two proton types then the protons with the larger value of o will 
be closer to the cenre of the complex. It can be seen from Table 1 that 
for each aromatic hvdrocarbon-pyridaZifle complex the value of o for the 
protons at the 4,5-pasitionis in pyridazine is approximately double that for 
the protons at the 3.5-positions. This indicates that for these complexes the 
aromatic hydrocarbon is preferentially sited over the 4,5-positions. A possible 
orientation for the c:mponents within the (2 H6)benzene-pyridazine complex 

is shown in structure (2). 
It is noteworthy that in the benzenoid hydrocarbon-pyrimidine complexes 

the Ab values for the protons at the 4,6-positions in pyrimidine are similar 
to those for the pro:ons at the 3,6-positions in pyridazine in the benzenoid 
hydrocarbon_pyridaZe complexes. This would suggest that in these two sets 
of complexes H4,6 in yrimidine and the H3,6 in pyridazine are approximately 
equidistant from the centre of the complex. A possible time-averaged structure 

for the (2He eflZefle_PYrimidifle complex is shown in structure (3). In this 

15 Foreman. M. 1, and Fzer. R., J. Chem. Soc. B. 1969, 885. 
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structure the benzene donor is relatively far removed from the proton at the 
2-position in pyrimidine, in accord with the observation that the change in 
chemical shift of this proton on complexatiori was too small to allow values 

of K and 	to be derived from the shift data. 
Values for K and 6 for complexes of (2 H6)benzene with pyrimidine. 5-

methylpyrimidifle, and 4,6-dichloropyrimidifle are given in Table 1. Although 
there are no marked differences in the equilibrium constants for formation 
of these complexes, there is a significant difference in the values of 6b for 

protons.at  different positions in the acceptor moiety. Whereas the value of o 
for the proton at the 2-position in pyrirnidirie and in 5-methylpyrimidine was 
found to be very small, the corresponding value in 4,6-dichioropyrirnidine is 
relatively large, namely, 49 Hz. This clearly indicates that in the (2 H6)benzene-

4,6-dichioropyrimidifle complex the benzene donor component is located on 
average more central to the pyrimidine ring system than in the complexes 
with pyrirnidine and 5-rnethylpyrimidine. This presumably arises because of 
the charge deficiency created in the ring by the electron-withdrawing chioro 
substituents. A possible time-averaged orientation of the components of the 
(2 6)b pefle_4,6dich1O rOpyrimidine complex is shown in structure (4). In this 
structure the benzene donor is closer to the 5-position than the 2-position, 
and this is reflected in the o value of 90 Hz for the proton at the 5-position, 
as compared to 49 Hz for the proton at the 2-position. 

C1 	 N 

C13  

(4) 	 (5) 

The results given in Table 1 show that for the complex of (2H6)benzene with 

5-methylpyrimidine o value for the methyl protons is larger than that for the 
protons at the 4,6-positions. This, taken in conjunction with the observation 

that the 	value for the proton at the 2-position is very small, suggests that 
the benzene component is sited preferentially in the region over CS and the 
methyl substituent. This is illustrated in structure (5). 

The values of K and 	for the (2H6)benzene—pyraZifle complex at different 

temperatures in carbon tetrachloride are as follows: 

Temperature (K) 	263 	273 	293 	308 	323 	336 

K (kg molt) 	 033 	0-30 	0.32 	0.30 	0•28 	030 

'lo (Hz) 	 53 	43 	42 	39 	35 	31 

There is no significant change in the value of K (estimated error in quoted 

values is ±001) with temperature over the range 263-363 K: this indicates 
that the enthalpy of formation of the complex is zero or very close to zero. 
However, the results listed above show that there is a significant decrease in 
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the value of Ao as the temperature increases. Thus the average separation 
between donor and acceptor species increases, and, as is to be expected, the 
complex becomes less tightly bound as the thermal energy of the system 
increases. 

Experimental 

AnalaR grade carbon tetrachloride was used as solvent. Pyrazine, pyrimidine and pyridazine 
were supplied by the Aldrich Chemical Company as 99+% pure, and were used without further 
purification. (2 H6)Benzene, (2H8)toluene, (2 H10)-o-xylene and (2 H10)-p-xylene were supplied 
by the Aldrich Chemical Company as 99+ atom % 2 H, and (2 H8)naphthalene was supplied as 
98-i atom % ZH. Solutions were made up with the concentration of diazine within the range 
0. 05-0• 1 rnoi per kg of solution, and the concentration of aromatic hydrocarbon within the 
range 0.5-10.0 mol per kg of solution. The concentrations in any solution were always 
such that the concentration of aromatic hydrocarbon was always at least 10-fold that of the 
diazine. Chemical-shift measurements were made by using a Perkin—Elmer R32 sapectrorneter 
operating at 90 MHz, with tetramethylsilane as internal reference. Each measurement was 
made in triplicate, and the results were averaged. 
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