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Abstract—The formation of 9,10-phenanthryne (5), 4-methy!l-9,10-phenanthryne (7) and 9,10-benz(c)phenanthryne
(9) by the thermal degradation of appropriate arenedicarboxylic acid anhydrides has been investigated by a
combination of VLPP and mass spectrometry and by a co-pyrolysis of the anhydrides with benzene, hex-
adeuterobenzene and 1,3-butadiene. Compounds 5, 7 and especially 9 are formed easily by VLPP at 700-900° from
the anhydrides. The results indicate that 7 and 9 are less reactive by H-addition to the aryne bond than §, benzyne
or naphthalyne, respectively. The results of the co-pyrolysis experiments show that 8 and 9 react with benzene and
1,3-butadiene by H-abstraction and addition reactions, similar to 1,2-benzyne and 2,3-naphthalyne. However, the
reactivity of the aryne in the H-abstraction reaction decreases and the selectivity for the addition reaction increases
in the series 1,2-benzyne, 2,3-naphthalyne, 9,10-phenanthryne and 9,10-benz(c)phenanthryne.

The combination of very low pressure pyrolysis (VLPP)
and mass spectrometry (MS) has been proved to be a
very convenient method to study the formation of bis-
dehydroarenes (arynes) from certain disubstituted
aromatic compounds.' By this technique®® the vapor of
the substance to be pyrolysed is introduced into the
ionisation chamber of a mass spectrometer through a
quartz capillary, which is located within the ion source
housing and which can be electrically heated to tem-
peratures of 1000°, Thus the molecules of the precursor
substance are pyrolysed at a pressure below 10~* Torr
just before entering the ion source and primary pyrolysis
products can be detected after ionisation in the mass
spectrometer. If the energy of the ionising electron beam
is kept low enough, only the molecular ions of the
precursor substance and of its pyrolysis products, res-
pectively, are observed in the mass spectrum. Neglecting
any differences in the ionisation cross sections, the in-
tensity ratios of the signals in the mass spectrum roughly
indicate the relative yields of the pyrolysns products.
Furthermore observing the reduction in the intensity of
the molecular ions of the precursor by switching on the
pyrolysis reactor to the appropriate temperature, gives
information about the sensitivity of the substance
towards VLPP. This intensity reduction, expressed as
percentage of the ion intensity without pyrolysis, will be
quoted as pyrolysns yield.

Dunng our investigation of several benzynes,? naph-
thalynes®> and phenanthrynes® by VLPP-MS it was
observed, that 9-mono- and 9,10-disubstituted phenanth-
rene derivatives are much more easily pyrolysed than the
corresponding benzenes and naphthalene derivatives and
form 9,10-phenanthryne in high yields. In this paper
some further experiments on the formation of sub-
stituted 9,10-phenanthrynes by VLPP and their reaction
with benzene and 1,3-butadiene are reported.

VLPP-MS-experiments. Figs. 1-3 show the mass
spectra of the pyrolysis products obtained by VLPP-MS
of phenanthrene-9,10-dicarboxylic acid anhydride (1), 4-
methyl-phenanthrene-9,10-dicarboxylic anhydride (2) and
benz(c)phenanthrene-9,10-dicarboxylic anhydride (3),
respectively.

The anhydrides of aromatic ortho-dicarboxylic acids

%
100 178 248
1
900°
E
%
S 50/
:-é 176
s
T T
Fig. 1.
%
1004 262
190 2
800°
>
A
§ 59 192
E
[
20 0 250 0 miz
Fig. 2.

have been shown to be excellent precursors for the
formation of the corresponding arynes on pyrolysis® and
the thermal degradation of 1 has been investigated by the
VLPP-MS-methods before.* The present results (Fig. 1)
are in very good agreement with these earlier obser-
vations. The pyrolysis yield of 1 at 800° under the
experimental conditions used, is about 60%. Besides the
peak at m/z 248, due to molecules of 1 surviving the
VLPP, only two pyrolysis products of molecular weights
(=MW) 178 and 176, respectively, are indicated by large
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peaks in the spectrum. According to the MW's these
products are phenanthrene (4) and 9,10-phenanthryne (8).
These assignments are corroborated by an observation of
the decay time of the signals of the products in the mass
spectrum after switching off the heating of the pyrolysis
(ri:a:‘t)or and by measurements of the ionisation energies

(M)).

During the VLPP-experiment there is a steady state
concentration of unstable reactive pyrolysis products
and stable unreactive ones in the gas phase of the
ionisation chamber. If the pyrolysis is stopped by
switching off the electrical heating of the reactor, the rate
of decay of the signals of stable unreactive pyrolysis
products is determined by the rate of diffusion out of the
ionisation chamber and ion source housing of the mass
spectrometer. Typical decay times 1., for the signals of
unreactive products to drop to 50% of their original
values are 15-45s. However, the decay times 7,5 for
unstable reactive pyrolysis products are much shorter
being about 1-2 s because these species disappear mainly
by fast chemical reactions in the gasphase and at the
walls of the ion source.

In the VLPP of 1, 712~2s and 72> 20s are obser-
ved for the products MW 176 and 178, respectively, as
expected for the unstable compound 5 and the stable
hydrocarbon 4. The ionisation energies of these
products, determined by the RPD-method,® are 1(176) =
8.0+0.1eV and I(178)=8.0+0.1 eV, in good agreement
with the values reported in the litersture for 5* and 4.
Therefore it can be concluded, that 1 looses CO, and CO
in a clean reaction during VLPP to give § as the primary
pyrolysis product, which picks up two hydrogenst during
its flight from the pyrolysis zone to the ionisation cham-
ber and forms 4 as a secondary pyrolysis product
(Scheme 1).

The VLPP of 2 (Fig. 2) at temperatures of 700-800°
gives apparently only two products of MW 190 and MW
192 the pyrolysis yield being again ca. 60%. The rather
long decay time 7y, >20s and the 1(192) of 78+ 0.1eV’
identifies the product MW 192 as 4-methylphenanthrene
(6). Correspondingly one will expect the product MW 190
to be 4-methyl-9,10-phenanthryne (7); however, 4.5-

tPart of 1 is more or less completely destroyed by VLPP at
800-1000°, as is indicated by coating of the quartz capillary of the
pyrolysis reactor with carbonous material after the experiments.
Obviously hydrogen is set free by this complete degradation and
the hydrogenation of arynes to the corresponding arenc has been
observed in all our experiments. >
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methylenphenanthrene(8), formed by loss of H; and ring
closure from 4-methyl-phenanthrene, is also a likely
candidate. Between both possibilities can be differen-
tiated by observing the decay time of the signal at m/e
190, because 8 is expected to be stable under the
experimental conditions, whereas 7 is a reactive primary
pyrolysis product. The observed value, r, 2~ 125, is typical
for an aryne, and as long as the pyrolysis temperature is
kept below 800°, the signal at miz 190 disappears com-
pletely in a few seconds after switching off the pyrolysis.
Thus by far most of the signal at m/z 190 observed at a
pyrolysis temperature of 800° is due to 7. This is of
interest because contrary to the intensity ratic of 5/4
(Fig. 1), the intensity of 7 exceeds that of the cor-
responding arene 8. Although the intensities in the mass
spectra obtained by VLPP-MS vary somewhat even
under apparently constant experimental conditions, this
different behaviour between § and its 4-Me derivative 7
is always observed. Obviously hydrogenation of 7 is not
as easy as that of the parent aryne 5. The ionisation
energy 7.7+0.1eV of 7 is only slightly below that of 6,
as it was the case with the couple §/4.

If the VLPP of 2 is performed at temperatures above
ca. 800°, the signals of two additional pyrolysis products
appear at m/z 176 and m/z 178. At the same time the
intensity of the signal at m/z 190 rises, but now only a
part of this signal disappears with a short decay time
after switching off the pyrolysis reactor, while the
remaining part of the signal decays rather slowly. This
indicates the formation of a stable species MW 190,
which is presumably 8, in addition to 7, The product MW
178 is 4 as shown by its 7,,,>>20s and its ionisation
energy. The product MW 176 is an unstable reactive
species which has the molecular weight of a phenanth-
ryne and probably corresponds to 4,5-phenanthryne.’ It
has been demonstrated by VLPP-experiments with 4-
methyl-phenanthrene 6, that these three additional
products arise from pyrolytic reactions of this compound
at high temperatures.' The pyrolytic reactions of 2 in
VLPP are shown in Scheme 2.

The anhydride 3 is much more sensitive to pyrolysis
than 1 and 2. The mass spectrum obtained during VLPP
(Fig. 3) shows only a rather small peak of surviving
molecules of 3 with MW 298; the pyrolysis vield being
>90%. Products of MW's 228, 226, 216, 202, 190 and 178
are observed. As is shown by a typical short decay time
T2, only the compound MW 226 is a short lived primary
pyrolysis  product, corresponding to 9,10
benz(c)phenanthryne(9). This is corroborated by the ion-
isation energy of 7.6+0.1eV, which is close to the
ionisation energy 7.76 eV’ of benz(c)phenanthrene (10)
and the addition of H. to 9 to form 10, MW 228. As it
was observed for 7, the intensity of the signal of 9 at 226
always exceeds that of the parent hydrocarbon 10 at 228
(Fig. 3), indicating again a reduced reactivity of the aryne
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toward hydrogen addition. The structures of the other
(stable) pyrolysis products have not been determined, so
the structures shown in Scheme 3 are tentatively given.

Reactions with benzene and 1,3-butadiene. To get ad-
ditional information about the reactivity of the arynes §
and 9 the anhydrides 1 and 3 have been pyrolyzed in a
stream of benzene, hexadeuterobenzene or 13-
butadiene, respectively, at temperatures of ca. 700° and a
total pressure of 10-20 Torr in a quartz tube. Under
these conditions the pyrolysis of benzene and 13-
butadiene, respectively, as pure compounds, give only
small amounts of polymeric material. About 50% of the
materials pyrolysed in the co-pyrolysis experiments were
recovered as high boiling destillates, which were
analysed by gas chromatography and a GC/MS-com-
bination. The results are shown in Tables 1 and 2.

The co-pyrolysis of 1 and benzene results in the for-
mation of bipheny! (11), phenanthrene (4) and tripheny-
lene (12) as the main products besides some minor com-
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ponents. These include fluorene and 9-phenylphenanth-
rene, as shown by comparison of their GC retention
times and mass spectra. The pyrolysis of 1 in the
presence of CeDe gives a similar mixture of the same
compounds, which contained deuterium to various
degrees as indicated in Table 1.

Similarly the co-pyrolysis of anhydride 3 and benzene
gives 11, benz(c)phenanthrene (10) and benz(g)chrysene
13 the two last compounds being the main products.
Compound 11 is only a minor component of this reaction
mixture, and besides 11 there are quite a number of
compounds formed in similar amounts which, however,
could not be identified by GC/MS-analysis. The deu-
terium incorporation into the products by co-pyrolysis of
3 with CsDs is shown also in Table 1.

If anhydrides 1 or 3, respectively, are pyrolysed in a
stream of 1,3-butadiene, the reaction products shown in
Table 2 have been observed. Compound 1 forms 4,
9,10-dihydrophenanthrene (14) and 12 as the main
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Tabie 1. Products from pyrolysis of phenanthrene-9, lO-dmrboxyhc anhydride (1) and benz(c)phenanthrene-9,10-
dicarboxylic anhydride (3) in CeHg and CeDs

rel.con
anhydride product cmtrat.im‘) deuterium content
1 biphenyl 11 1,0 > 97% 4,,
phenanthrene 4 2,0 ko ] dz, 408 d1, 308 do
triphenylen 12 1,5 908 d‘, 108 do
m < 0,2 > 97 dG
fluorene < 0,2 25% d2 25% d 508 d
3 biphenyl 11 1,0 > 978 d1°
benz (c) phenr-
anthrene 10 7,0 mdz,md1,md
benz () chrysens 13 10,0 ~ 958 d,
phenanthrene 4 3,0 -

a) estimated from peak heights in the gas chromatogram

Table 2. Products from pyrolysis of phenanthrene-9, 10-dicarboxylic anhydride (1) and benz(c)phenanthrene-9,10-

dicarboxylic anhydride (3) in 1,3-butadiene
anhydride product nl.cammtim‘)
hl phenanthrene 4 1,0
9,10-dihydro~
phenanthrene 14 2,3
triphenylene 12 3,5
3 benz () phananthrens 10 1,0
benz (g) chrysens 13 10,0

a) estimated from peak heights in the gas chromatogram

products (ca. 70%) and only a few minor byproducts,
which have not been identified. In the case of 3 about
80% of the mixture of volatile reaction products consists
of 10 and 13. The rest of the mixture contains a number
of compounds in low concentrations which have not
been investigated.

DESCUSSION

Whereas disubstituted derivatives of benzene, naph-
thalene and phenanthrene form the corresponding bis-
dehydroarenes on pyrolysis at temperatures between 800
and 1000° by loss of both substituents>* there is a
distinct difference in the pyrolytic fragmentations of
monosubstituted benzenes and naphthalenes on one side
and 9-substituted phenanthrenes on the other side. The
only pyrolysis products observed in VLPP-MS experi-
ments of chloro-, bromo- and jodo-benzenes and naph-
thalenes are the nding arenes, which are formed
by loss of the halogenosubstituents and addition of a
H-atom to the reactive phenyl or naphthyl radicals.>
contrast to this 9-halogeno- and 9-nitrophenanthrene
ywldthearyneSasapnmarypyrolysxsproductqmte
casily, comparable to the pyrolytic fragmentanon of
disubstituted derivatives. Thus it appears that § is for-

med more easily and hence is probably more stable (less
reactive) than 1,2-benzyne, 1,2-naphthalyne and 2,3-
naphthalyne.

Enhanced selectivity and correspondingly less reac-
tivity has been observed for reaction of § in solution and
has been explained by a shielding of the reactive “aryne”
bond of § by H-atoms at the peri-position.® This effect,
however, can not explain the greater ease of formation
of 5 by pyrolytic fragmentations. Furthermore the high
yield of an aryne as a primary product on pyrolysis of
monosubstituted arenes appears to be an unique property
of phenanthrenes, as no didehydropyrene is observed
during the VLPP of 3- and 4-bromopyrene, the only
product detected being pyrene.” Thus in spite of the
possibility to form an aryne with an extended =-system
and a chemical surrounding at the aryne bond similar to
§, the substituted pyrenes behave like substituted naph-
thalenes during pyrolysis.

Theoretical calculations of the geometry of 1,2-ben-
zyne have shown,' that in this molecule the carbon
skeleton of the benzene nucleus is distorted to allow for
a short bonding distance of the “aryne™ bond between
C-1 and C-2. Similar deviations from the geometry of the
carbon skeleton of the parent arene are to be expected
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for the other arynes. Possibly the rearrangement of the
carbon skeleton during the transformation of a
phenanthrene derivative into 9,10-phenanthryne § is
assisted by a “back strain” in the phenanthrene molecule
due to a repulsion between the H-atoms at position 4 and
$,1! which is relieved by shortening the C-3—C-10 bond-
ing distance. This effect would explain the greater ten-
dency of 9-substituted phenanthrenes to form 5 during
pyrolysis, in contrast to naphthalene and pyrene deriva-
tives, and may also be of some importance for the
reduced reactivity of §, since an addition to the aryne
bond will restore the strain in the resulting phenanthrene
derivative.

If this explanation is correct, the 4-substituted 9,10
phenanthrynes 7 and 9 should be formed even more
easllyandshouldbelessreactrvethans because of the
increased steric strain in 4-substituted phenanthrenes.
The VLPP-experiments with the anhydrides 1, 2 and 3
show, that the pyrolytic fragmentation of 2 proceeds at
least as easily and that of 3 much more easily than that
of 1, the arynes 8, 7 and 9, respectively, being the main
primary pyrolysis product. As can be seen from the mass
spectra of the products shown in Figs. 1-3, 7 and 9 show
a remarkable small tendency to form the parent arene 6
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and 10, respectively, by addition of H-atoms to the aryne
bond. Under comparable experimental conditions the
ratio of the intensities of aryne and arene are 0.5 for $/4,
1.8 for 7/6 and 2.2 for 9/10, indicating a reduced reac-
tivity of 7 and 9.

Additional informations about differences in the reac-
tivity of § and 9 are obtained by the pyrolysis of 1 and 3
in the presence of benzene, hexadeuterobenzene and
13-butadiene, respectively. The reactions of arynes,
generated by a pyrolytic fragmentation of the ap-
propriate aromatic dicarboxylic acid anhydrides, with
CgH; and C4Ds have been studied by Fields and Meyer-
son.* The two main reactions are a H-abstraction from
CeHs by the aryne, which gives bipheny! 11 and the
corresponding arene as the final products, and a 1,2- or
more probably 14-addition of the aryne to C¢Hs, a
benzannelated arene being the final product (Scheme 4),

The high boiling pyrolysate, obtained by a co-pyrolysis
of phthalic anhydride and benzene, contained as a major
portion a mixture of 11 and naphthalene in the relative
concentrations of 1.00:0.18.° In similar experiments with
naphthalene-2,3-dicarboxylic anhydride the pyrolysate
contained 11, naphthalene, anthracene and phenyl-
naphthalene in  the relative  concentrations
1.00:0.44:0.85:0.68.° It is of interest to note, that rela-
tive to 11, which is the typical product of the H-ab-
straction reaction, the amount of the addition product
anthracene is considerably larger in the case of 2,3
naphthalyne. Thus it appears that 2,3-naphthalyne reacts
more selectively, favouring the addition reaction.

This effect is also observed in our experiments. The
main products in the co-pyrolysis of 1 and benzene and
hexadeuterobenzene, accounting for about 90% of the
volatile high boiling products, are 11, 4 and 12 in the
relative concentrations 1.0:2.0:1.5. The deuterium con-
tent of 11 was >97% dyo in the experiment with CgDs.
This clearly shows, that 11 is formed from benzene by
the H-abstraction reaction, as proposed by Fields and
Meyerson® (Scheme 5). Since in the same experiment the
deuterium content of 4 was 30% d, 40% d, and 30% d,

0

Scheme §.
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the other primary product of the H-abstraction reaction,
the 9-phenanthryl radical, cither again abstracts a H-
atom from a benzene molecule in the gas phase or picks
up a H-atom from the walls of the reactor or from other
sources. Triphenylene 12 is the expected product of the
1,4-addition of § to benzene (Scheme S5) and the deu-
terium content of 12, formed by the reaction with CeDs,
was 90% d,, i caun}amhaspecﬁcmcuonwnﬂlom
much H/D-exchange

The co-pyrolysis of 3 and benzene gives only two main
products, 18 and 13 (Table 1), accounting for about 66%
of the volatile products. The rest of the pyrolysate
consists of a mixture of compounds, which have not
been identified by the GC/MS-analysis, besides 4 and 11,
The relative concentrations of 11, 10 and 13 are
1.0:7.0:10.0. The deuterium contents of these products,
formed by reaction with CcDs, show the patterns expec-
ted by the reaction of Scheme 4. Again the deuterium
content of 11 is >97% die, 13 contains about 95% d.,
slo.hile 10 shows a distribution of 28% d,, 39% d, and 32%

The high vields of 11-d;o and 4-d, or 13-d, respec-
tively, in the reactions of § and 9 with CsDs show, that
the relative concentrations of these products can be used
to characterise the selectivity of an aryne toward the
H-abstraction and addition reaction with benzene. In-
cluding the results of Fields and Meyerson,” which have
been obtained under similar experimental conditions, the
relative concentrations of 11 and the addition products
are approximately 1:0.2; 1:0.9; 1:1.5 and 1:10 in the
series 1,2-benzyne, 2,3-benzyne, 23-naphthyne, 9,10-
phenanthryne (5) and 9,10-benz{c)phenanthryne (9).
Obviously the ability of the aryne to abstract a H-atom
from benzene decreases in this series, in agreement with
the results of the VLPP-MS experiments, where a large
signal for the aryne is observed for 7 and 9 (Figs. 2 and
3). Nevertheless the reactivity of all arynes investigated
is large enough for 1.4-addition reactions with benzene
and other substrates. The selectivity of ¢ in these reac-
tions is also seen from the results of co-pyrolysis of 1
and 3, respectively, with 13-butadiene. The main
products in the reaction of §, formed by fragmentation of
1, are 12, 4 and the dihydro derivative 14 in the relative
concentrations of about 1.0:0.3:0.7. 12 is formed by
1,4-addition of 5 to 1,3-butadiene and dehydrogenation of
the addition product (Scheme 6), while 4 is formed by
H-abstraction reactions of 5.

The pyrolysate obtained from the pyrolysis of 3 and
1,3-butadiene contained 70% of 13, the product expected
from 14-addition of 9 to 14-butadiene and dehy-
drogenation, and only a small amount of 10, the relative
concentrations of 13 and 10 being 1.0:0.1. Thus the
addition reaction of 9 predominates over the H-ab-
straction reaction again by a factor of 10.

The observation, that certain arynes related to 9,10
phenanthryne are easily formed by pyrolytic reactions
and possess a high reactivity and selectivity in addition
reactions with arenes and unsaturated hydrocarbons,
may be important with respect to the generation of
polynuclear aromatic compounds during the combustion
of hydrocarbons. If arenes contsining only a few aroma-
tic rings are formed by condensation of small hydro-
carbon molecules and radicals® during the combustion,
the temperatures in these flames are sufficiently high for
a formation of arynes by dehydrogenation processes or
by elimination of small sidechains. By the high yield of
addition products in the reaction of aryne 9 with benzene
and butadiene one can expect similar addition reactions
of these arynes with other aromatic compounds. This
would be a very efficient mechanism for the formation of
large polynuclear aromatic hydrocarbons from relatively
small molecules by only a few reaction steps. It will be
of interest to test this possibility by a further in-
vestigation of the formation and reactions of certain

polynuclear arynes.

EXPERIMENTAL

Compounds 1,'* 2' and 3' have been synthesised according to
the lit. The apparatus used for VLPP and its combination with a
mass spectrometer have been described before.®® The quartz
capillary of the reactor was activated by treatment with
CrOslconc. H,S0,, thoroughly washing with H;O and heating to
900° in vacuo. The pyrolysis of anhydrides 1-3 were performed
at a pressure <10~ Torr and temps between 500° and 900° (as
indicated in Figs. 1-3). The contact times of the molecules in the
reactor are estimated to be 1072~ 1072 s. The mass spectra of the
pyrolysis products were obtained at an (nominal) electron energy
of 10eV.

The ionisation energies have been determined by measuring
the ionisation efficiency curves of the molecular jons of the
products during a VLPP experiment with a Fox-ion source
(Varian MAT, Bremen) by the retarding potential difference
method® using naphthalene (I(M)=8.26¢V’) or phenanthrene
(I(M) = 8.03 ¢V") as an internal standard for the calibration of the
electron energy.

The preparstive co-pyrolysis of the anhydrides 1-3 with ben-
zene, hexadeuterobenzene or 1,3-butadiene were performed in a
quartz tube of 1cm i.d., which was electrically heated at a length
of 10cm to 80(F. 1 g of the compound to be pyrolysed was slowly
evaporated by heating into a stream of the reagent at a pressure
of 10-20 Torr just before the pyrolysis zone of the reactor, and
the products were collected in a trap cooled by liquid N, The
condensed material was dissolved in benzene and treated with
NaOHagq to extract unreacted anhydrides. The soln was concen-
trated in vacuo and the residue analysed by gas chromatography
(Fa. Cario Erba, 2101 column 3% OV 17, 2m) or a GC/MS-
instrument (Fa. Varian MAT 111). The deuterium content of the
products was calculated from the mass spectra obtained by the
GC/MS-analysis.

The amount of the pyrolysate obtained varied in different runs.
Typically about 50% (by weight) of the material evaporated in
the pyrolysis was condensed in the trap, and about 50% of the
condensate consisted of unreacted anhydrides.
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