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1.

THE NATURE OF CONJUGATED SYSTEMS
INTRODUCTION

Thers are three types of systems eontaining two double bonds; the
"oumulated" or "twinned" type in which the two double bonds are adjacent
to each other, the “conjugated” type in waieh the double bends ere
separated by one single bond, and the "lsolated” type in which they are
aopai'ateé by two or more single bonds. A conjugated system may contain
- several double bonds conjugafed with each other as in the eérotenoida.

The conjugated system is the most stable of the three for although
at ordinary temperatures these compounds do not change over inte each
other, at elevated temperatures, cumulated systems (of foﬁr or more
carbon atoms) or isolated systems change over into the isomeric conju~
gated compounds.(l) Ineressing the length of the conjugated chain by
addition of suceessive ~CH=CH~- groups causes a progressive shift of
- the absorption maximum to the red end of the speotrum,f‘ads the number
of conjugated linkages inerease, it becomes relatively more eaay to
produce eleotronic changes in the system, whioch meane that the ebaorp-
tion will shift to the low energy end of the ﬁp&etrum, the red. |
Chemical evidence has showm that with increasing length, the thermsl
reactivity of conjugated systems becemes progressively greater.(2)
Nearly all substances containing a conjugated system waieh inecludes an
oxygen atom show halochremism, the property of forming with strong
aclds colu:ed salt-like produects which are mere or less readily decom-

posed by water,(3) Conjugated hydrocarbons ahbu optical pxﬂaltation,

c ok
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thet {s the moleculer refraction is higher than the value calculated on
the dbasis of isolated double bondsy this effect however is not shown
by olosed cireuits of alternate single and double bonde &s in benesne,
toluens, or oyslocctatetrens.(4) Dipole moments of sonjugated systems
generally deviate from mredicted values.(5) Conjugated systems such
as écrela,in and -crotohaldohyde show much greatey photochemical stability
than the corresponding unoénjusated isomera,(8) Conjugated _syétom
show grester chemical stability than the isemerig unconjugated Syatm.
014 Thecries

Diolefins add meny reagents as for example the halogens. The addi-
tion may take place in sters. WUhen the addition to a conjugated system
ie carried out in steps, the reaction often takes an unexpected eourse
for at the first step, the addends ere often attached to the firat and
fourth carbon atoms rather than the adjacent ca'rbon atams. This reaotion
is called conjugats eddition or 1,4 addition, Thus butadiene and
bromine yisld 1,4 -dibromo-2-butene, and addition of a sesond molscule
of bromine yislds 1, 2,-3, 4 tetrabromebutems. That is, butadiene
reacts as if the terminal carbon atams were the most unsatuarated,
Thiocle in 1899 explained ccnjugate addition i!.th hig theoary of partial
valence or residual affinity.(?) The {nitial assumption is made that
not all the available affinity is used by a double bond between the two
atoms; the residual affinity on each atom is a partial wvalence and is
represented graphically by dotted lines as in ¥,

) |
Of,— 08— Cr=—CH. 0B,~CH—QH—CH, CH, 0B —GROE,

I I | IIx



In Q conjugated system, the partiel valences on the intermediate atoms
(2 and 3 in formula I) neutr#liza each other so that the effective
unsaturation is localized at the ends of the system as in II, Additien
to such a system will take place at the end atoms and since the addendem
'will-require more affinity than is available from the partial valences,
ths double bonds will be broken and a new double bond will be W;
.;cho ﬂnﬂ product wili be IIX, 'rhie;e'a theory was eagerly adopted
but 4t failed to explain 1,2 addition in conjugate systems, Hinrichsen
modified the theory so as to take into consideration the nature of the
substituents in the econjugated aystem and the nature of tﬁe a_dderid.(a)

The hypothesié of initial 1,4 addition to the system C=C-C=0
followad by smibsequent isomeris change explains why the ethylﬁnie
linksge in wneaturated ketones and acids eppears to possess the un-
usual property of forming addition eompounds with substances such as
apmonia, hydrogen cyanide end sodium bisulphite. The Diels - Alder
‘reaction or the diene syntheais(9) is characteristic of conjugated
systems, It consists of the 1,4 sddition ét «~& unsaturated eurbényl ,
coméounds to & conjugated diene such as the reaction of butadioxie with
acrolein, acetaldehyde (as vinyl al.epho).) and maleic anhydride to form
a cyelic compound, The reasction is quite cften span.tanoem.‘ Conjugated
systems also gdd glk’al:l metals readily, | Conjugated syateﬁs have Rower
heats of combustion and are definitely more staeble.(10)

Thiele olsimed that the tendency to fom econjugated systems
promotes enolization, In & — diketomes and (— ketonie esters, &
carbonyl group in the ,~2-position has the effect of stabalizing the

enolie form, although this doss not happen when the carbonyl group is
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'ia in the contiguowus o<—position, Thiele peinted out thet the enclie
form of the < ceompounds contain & conjugated system which is absent
both in the ketonic form of these compounds end in the hypothetical
enolic forms of the o< and ) @&iketones. |

'.conjugaté systems are charscterized by a tranamission of chemjcal
reactivity from one @tm to anocther (alternate atoms acquire similar
polarities and reac'civitieﬂs). Thus in the -~ unsaturated bstones, the
negative polarity of the oxygen which enables it to unite with & proton
is transferred to the «— eérbon stom anafpvesitive polarity of the
carbon in the carbonyl group is transmitted to the 2 carbon atom,(11)
Lapworth in 1898 put forward this concept of alternation,(12) It wae
suggested that in intramolecular changes, the labile greup ﬁovos from
a ~«—atom to attach itself to & ) atom or more gemerally that "a
labile group might move along a chain of slternately sinslj and doubly
bound stoms, the ethylenic and, single linkages changing place.in the
-path of the labile group.”

Modern Thecries

My in 1923 working upon the sssumption that only activated
moleeﬁles undergo chemicel change postulated that ihe additive pro=-
perties of the olefins under the influence of polar reagents -aépaml
upon the ionizetion of ome link of the double bond.(13) "It then
becomss obvious that the characteristic property of & cén;jusaﬁed ehain
vot atoms 18 {te ability to develop & series of alte‘rmt'e‘ positive and
negative charges on alternate atoms by activation of the double bonds?(14)
Poler activation of conjugated systems may be symbolized: “

>c—_-£‘?- ?—_—2’04 = )E—?-—é{——&<
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‘Ingold introduced the temm electromeric chenge for the process of
consecutive elsotren displacement,.(15) .- The essential characteristic
of coenjugated systems consists in their af;ili.ty to undergo & rearrange-
ment of bonds whereby & valency elactron can be handed on fram end to
end of the eonjugated aybtem, Ingeld hes recently developed Theile's |
idea of conjugation Stabilimm the molésule in wave mchaniéal iagnguaga(le
Ho terms it the maaﬁmﬂe‘ effoct.

Application Of The Resonance Concept To Oonjusgtéd Systems

Pauling end his ooworkers use the term resonance raﬁm than
mesemerism,(17) %Thus if a substance may be represented by twe or more
valence bond airnetm'ea, the molecule is said to resonate beiween these

structures, Thas the four structures

<+ —_
H,C— CH= CH~= CH. H,C = CH—CH= CH,
I o S
— +
H,C —CH=CH— CH. H.G— OH— CR—(H,
III | v

may be written for butadiens. None of these structures give the
sctual structure of butadiene thus quoting from Pauling(l8) "4 sub-
stance showing resonsnce betweeﬁ two or more valence bond structures
does not contain moleculss with the eonfigurations and properties
usnally associated with these structures.” Hesonance between these
various valence bond structures tends to étabﬁliza the bmolaoule and
give 1t “extra resonance energy." Extra pesonance energy is the extra
energy that the molecule aequireé due to resonance auong‘ several
valence bond structures,

Quentum mechanical caloulations(1?) indicate that the single bonds

in a conjugated system have about 20% double bond character and that the
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extra resonance energy resulting from the conjugation of the two
double bonds is about five to ejght kogls/mola. It ie also shown by t
tho easlculations that a double bond and a benzene nucleus are about
equivalent in conjugating power, The thermochemisal data(20) for
biphenyl, phenylethylene, and stilbene correspond to a value of about
seven koale/mole for the conjugation energy ef a double bond'and(‘a
Benzena vrms or of tie benzene rings. ~Yhe conjugation emergy in dienes
frcm data on the heats of hydrogenation(al) ranges from twe to six
kcéls/male. From data on the heats of hydregenation of ethyl vinyl
ether and vinyl ebher, the conjugation energy of é_ double 'bangi ranvd 8
free electron pair on an oxygen etom is found to be abdnt, three
keals/mole(28)., The data on the ethers shows that the eoningatinn
energy of & free electron pair wﬂh one double bond is the same as the
conjugation ensrgy with two double bonds, If vinyl ether is coplanar,
only one free qlﬂetron pair is free for resonance,and then this result

might be expected,
Conjugation and Interatomic Diatances

The resultant bond shortening waieh appears in the earbon~ocarbon
single bonds in conjugated systems is a measure of the eitra reseonance
exi,ergy and also determines the amount orvdeuble bond chardeter in the
bond dus to eénjugatian, The relation between interatomic distence and
the smount of double hond chearacter is shown in Fig. l. which was cepied
from Pauling's "Nature of the Chemica) Bond"™ page 164. The points on
the curve -ar& empirical, The carbop-earbon ﬁa_ingle bond distance is
taken as 1.542, the double bond distance as 1.33!0. These two values

provide the end points of the curve, A third point at fifty percent
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ﬁoubls bond character is provided by benzens with carbon-carbon distance
of 1,39, A fourth point at thirty-three and one third percent doudle
‘character is provided by graphite with a distance of 1.42L, 4 amooth
eurve is drawn through these four points. The double bond covalent
radius of & given atom may be determined from its single bond covalenf
radius by subtracting 0,214, -

There are other conjugated systems than these composed of conjugated
double bonds and a table is here reprodnced from Panling, sﬁrihgall,
and PalmerYe data on acetylenic compounds(23), Table L.. “
Table I shbws that the conjugating power or 8 triple bond is mmeh
greater than the eonjugating power of & double bond or a bgnzenc ring,.
A correction of 0,04A is applied to the triple bend sb.ortening due to
the change in the acetylenie carbon rsdii.

Table I

Interatomic Distances for Single Bonds in eonjugated Systems

Type of cénjugated Substence Observed Amount of
system C-C distanee X ‘double bond
 character %
N Butadiene 1.,46+0,03 18 +10
Cyclopentadiene 1,46 +0,03 18 £10
D“\ Stilbene 1.44 £ 0,02 8547
Q“C} {;’-Diphenylbenzene 1.46+0,04 1812
} iphenyl 1,48 40,04 18+12
=Ty Vinylacetylene
= > Tolam 1,40 £ 0,02 55+ 8
R — Diagetylene 1,36 0,03 44+13
— — Cyanogen 1,37 20,08 38 £+10
Dimethyldiadety- ' '

lens 1.38 £0,03 34 £13
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‘i’he_ resonsnce concept ean account in a guaslitative way for the
chmical properties of conjugated systems empecially their power of
transmitting the effects of groups. It aleo accounts for the |,2
addition to conjugete systems as well as the 1,4 addition, Many of
the properties of the carotenoids may be diresctly attributed to the
conjugeted system of double bonds which characterize them.(24)
?aulins(las) has based a theery of the color of dyes upon the trens-
m.iaa:lon of resonance effects along conjugated systems, |

| The resonance concept has proven very useful in expléining chemi®
cal etfneta,ﬁ.’; should preve even more useful in the ruturé as there
are many fields in which the concept of reaonance may well serve to |

explain heretofore more or lsss ambiguous data,
Reasons for The Investigation

Hoat of the information heretofore obtained concerning conjugated
systems has dealt with systems containing carbonwcarbon d,oubief, bonds,
Systens containing carbon-oxygen double henéa are very mpértant 1#
ehemiatry,and henoe this investigation has been devoted to such systems,
?ata upon vinyl ether and oxalyl echloride are reported for the first
time in this dissertation, Data upon fomldehyde; glyoxal and
dimthylglyexa; heve already been published and the reprme of these
publications are ineluded in the thesis. 4 summary of the final results
obtained fram this investigation appears in the coneluding section of

the dissertation,
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THE MOLECULAR STRUCTURES OF VINYL ETHER AND

OXALYL CHLORIDE BY THE ELECTRON DIFFRACTION METHOD
INTRODUCTT ON

.Tho detemingtion of the structures of vinyl ether and oxalyl
chloride by the electron diffraction method is an extension of the
work upon simple resonating molecules centaining oxygen.(l) The
structure of vinyl ether is of special interast for the 1nromartien it
may provide regarding the tércea restricting internsl rotation and the
extent of conjugetion(2) of the unshared electron pairs of the oxygen
atom with the earbon-carbon double bonds of the molecule, Oxalyl
chloride is of interest frem several points of view. Wierl (1f) in-
vestigated the possibility of free rotation around the carbon-carbon
bond in oxelyl chloride and reported that the electron diffraction data
was incompatible with unrestricted rotation around the carben-carben
bond,but he did not give any perameter values nor an estimate ‘of the
amount of restricted rotation in the molecule. Resonance between a
fres electron pair on an atom, X, and a conjugated double bond with the
resultant shortening of the bond, C=X, of the type found in the
chloreethylenes(3) and the chlorobenzenes(4) ia pessible in oxalyl
chloride. There is & strong possibility that the resonance of the
earbon-.oxygén double bond with & free electron pair on the chlorine |
atom may have an effect upen the resonance between the conjugated

carbon~oxygen double bonds,
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Experimsntal

Merck's vinyl ether was washed with several portions of water,
dried over calcium chloride, and then dried over sodium wire, The
dry ether was then fractionated in an atmosphere of nitrogen, the
fraction distalling at 28,1° -- 28,2° C was used to obtein the dif-
_ﬁ'actioh phofearaphé.

| Eastman "white label™ oxalyl chloride was twioce vacuum diatilled,
oniy the middle ﬁh:lrd of the distillate being reteined in esch dlatile
lation, 7The stopeock lubricant recemmended by Kreuskeff and Bouerson(s)
Merved satisfactorily,

The electron diffraction photographs ware prepared with the
apparatus desoribed by Brookway.(é) The electron wavelength determined
from transmission piotures of gold foll a = 4.&370; was 9.06155 for the
vingl sther plotures and 0.0611f far the oxalyl chloride plotures,:ine
camera distance was 10.84 om in each cass. The radisl diattib'gtion
function{?) were caleulated using the S, veluss of both the maxima
end the minima, and the coofficients, Cy, were determined from thess
Sp values and the visually estimated intemsities, _Ik, according to the

method recommended by Schomaker(8).
Vinyl Ether

The photographs of vinyl ether ere good’having 4$he rings emtending
to Sg = 28 Phe radial distribution ourve (Fig. 8, Curve B) caleulated
with the C, and Sk values of Table II has peaks at 1.38, (2,08), 2.37,

(2.77), and ((5.'?))1?., the values in parenthesis being less reliable than

the other valuss. The peak at 1.364 is contributed to by both the
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Fig. 2 Curves for Vinyl Ether. Denoting the ¢ —E—0 angle by <<
the 0 — 0 —C angle by ~,and the ratio © —0/C=C vy <~
X 4 ~ o

Curve 4* 122° 111° 1,40/1.34
Curve Al 1228 111° 1,40/1.34
Curve 41l 122 1119 1.40/1.34
Curve B - 121° 113° 1.40/1,34
Curve C 1 1110 1 043/ le34
Curve D 126 111° 1.32/1,34

Carve E  Radial Distribution function

*Difference in 4, .&1, and All gre explained in the text.
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Pable IX
Vinyl Ether
Model B® Model &Y
Max Min T O 8, s 5/s, s 8,8, |
1 7 5 5,35  5.86 (1.158)° 3.80  (1.135)

2 - =10 =14 4,54 4,53 (0.998) 4.4¢  (0.978)

2 10 18 5,99 5,83 0,974 5.86 0,978
3 3 -7 7.60  7.78  1.011 7,73 1,005
3 6 11 8495  9.428 (1.,053) 9.53  (1.064)

4 =l =3 10,05 10.04 0,999 10,08 1,001
4 7 14 11.16 10.98 [o.98¢4) 10,96  (0.982)
8  -B -2l 12,62 18,56 0,995 18,558 0,994
6 5% 13 14,01 14,32 (1,022) 14,50 (1.,035)
6 -4 ~10 15.26 15.69 (1.088) 15.5¢  (1.018)
6 5 13 16,32 16,18 (0.991) 16,06  (0,984)
7 -9 -2l 17,59 17,33 0,985 17.18 0.977

? 6% 16 19.15 19,17 1,001 19,33 1,004
8 -4 »8 20,56 20.80 1,012 20,83  1.014

8 % 3 21,46 321.61 1.006 21.49 1,001
9 «5 -8 22,85 22,89 0,975 22,25 0.974

° .8 6 24,15 24.41 1,011 24.26 1,004
10 -8 -9 26,20 25,96 (0,987) zs.vea“ (0,988)

10 5 ? 28.42 BB8.44 (1,001) 28,80  (1.013)
Av, 0,9951 0,018 0.9971 0.018

8 Models are described in legend to Fig. 2

b Loss reliablo} values)not inocluded inteking the average, are ghowmn in

parenthesis.
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i carbonecarben bond distance and the carbon-oxygen bend disteance; the

peak at 2.3R£;%;"Ly the long carbon oxygen distaence ami the - carbon-
carbon distance., Of the three possible eoplanar configurations, the
canpletely eis (cis «- cis) configuration is ruled out by sterie factorsjyand
the completely trans (trens -- trans) form is suggested by the broad

flat peek atrs.vg'and the smell peak at 2.7?j1 If the melecule was in

the $rans - céds eontiéaration the pesk af 3.?2 wonld be sharpar and

the peak at 2,77& would be at 2,74 with about half the intensity of the
peak at 2,374,

Intensity curves for eiahteon models were ealeulatedAwith thé ratio
C~0/C—C varying fram 1,3741.34 to 1,43/1,34, the anga.e/ o< (6= C—0) /
varying from 119° to lseg,and the angli/ £ (6—0—0) verying from 109°
to 115°. 7The six intensity curves of Fig. 2 were caloulated for the
coplanar trans — trans model with C—-H df stance assumed to be 1.084,
Three curves were caleulated for each model; one curve which econtained
no hydrogen terms, and only these terms wiich are independent of rote-
tion around the carbon-oxygen bond euch as Curve Y onnveﬁmva whi#h
contained all terms independent of rotation around the earbon-oxygen
bond such as Curve Ay and one curve waich contained sll terms sach as
Curve 4, Curves A and B represent the phategraph§ best, The model
which would represent the photographs best would lie batu@en the
models A" and &' or between the corresponding B models. Untortunately
practically all the maxima in vinyl ether exhibit the St, Jannls/ effect
wvhich mekes qunntitativa‘aumparieon dirficult, & suall‘temperafure
factor is needed in vinyl ethar but estimation of the magnitude of the
temperature factor is rather difficult for such molecules as vinyl ether.

It 18 ooneluded thet the vinyl ether moleculs 1s easentially co-

plenar trans--trans with libretions of small magnitude around the
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_ carbon-oxygen bonds. The paramster valuss are: cvﬂ=1,09f (assumed),
CrC —1,34+0.08f, G—0-1.40+ 0,034, engle < (C= ¢ — 0) — 1213° =+ 2°,
and angle &£ (C-0—C) = 1128%42°, The electron diffraction date are
not incompatible with & mixture containing a small fraction of ois--

trans molecules.
Oxalyl Chloride

The photographs of oxalyl chleride are good showing twenty-six
measurable features extending to 8p = 85, The radial disﬁriba‘tion
function, (fig. 3, Curve A) was calculated with the Cy and Sk‘valiws
of Table III, The radial distribution maxima are at 1.49(shelf),

1.72, 2,35 (shelf), 2.61, 8.96, 3.38, and 4.254 The maxima at 2,61,
2.96, and 4.35£ give the most reliable valuwes of interatomie distanéea
in the molecule, The shelf at 1.494 eorresponds to the earbon-garbon
bond distance, the mexima at 1.72& to the cerbon-chlorine bond dis-
tanee, and the shelf at a.asf to the - earbon-oxygen distaﬁea', The
maximum at 3.615 is contributed to by the é(—eafbun-»ehlori_ne dismﬁce
and the chlorine~oxygen distance (ohlorine and exygen attached to the
same carbon atom), end the meximum at 8.965 eorresponds t_o the eis
chlorine-oxygen distance for the trams molecule, Ir the molegulo were
oia this maxim would be‘ contributed to by the oxygan-oxygen distance
and the chlorine-shlorine distance. Resonance tends to make the mole-
cule coplanar, 8f the two coplanar eonfigurations, the trans form is
suggested by the weak maximum at 3.384 (the trans oxygen-oxygen distence)
and the strong maximum et 4,254 (the trans chlerine-chlorine distance).
If the moleculs were cis,a maximum should occur at about 3.93 (trans

oxygen~chlerine distance in the cis molecule).
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Fig. 9, Curves for Oxalyl Chloride,
the angle Cl-C= 0 by B, the agimuthal angle by ¢/, the ratic of the
C-C distance to the C=0 distanoce by .~ , and the ratio of the C~Cl
distance to the C =0 daistance by »:

J

R

Denoting the angle C~-C=0 by

Curve A -~ Radial Distribution funetion

Curve B

Curve By

Curve C
Curve DY
Curve Dg
Curve
Curve Dy
Curve D5
Curve E
Curve F

&
123°
1830
123°
1239
123°
1aa°
123°

1230
1230
125°

V4
183°
1zl°
123°

123°
123°
123°
123°
123°
18190
1250

* terms dependent upon (¥ omitted

+ temperative factor used.

yz
1.47/1.20
1.47/1.20
1.50/1.20

1.50/1.20

1.50/1.20
1,50/1.20
1.50/1.20
' 1.50/1030
1.53/1.20
1.53/1.20

D
1.72/1.20
1.78/1.20
1.68/1,20
1.72/1.20
1.728/1.20
1.72/1.20
1,78/1.20
1,72/1.20
1.68/1,20

1.72/1.80
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Teble III

Oxplyl Chloride

Max, Min. I Cy s, 8 s/s,
1 3 3 3.08  3.04 (1.007)
2 -8 -5 4.11 3,93 (0.956)
2 10 9 498 5,05 (1.014)
3 3 -3 5080 ses  ees -

3 4.5 5 6e18  eee oo
4 ~-10 -13 6.83 6,70 0,881
s 745 13 7.4 7,95 1,001
5 -4 -7 8487 8,70 13003
5 3.5 ? 9426 9,16 04989
8 -8 -11 9.97 9,93 0.998
6 5 9 10,66 10,88 (1.820)
7 -4,5 -9 11.44  11.27 (0.985)
7 4.5 10 12,35 12,10 (0.980)
8 -5 5 12,88 12.95  (1.005)
8 3 ” 12,53  13.40 (0.990)
0 7 «15 14,20 14,20 1,000
® 5,5 13 15,09 15,23 1,009
10 -5,5  -l12 16,35 16,18 04990
10 4.3 9 17,34  17.40 1.003
11 ~3,5 -7 18.46 18,62 1,009
11 4 8 19,51 19,53 1,001

(a) These foatures did not sppear on the theoretical intensity curves.



Max, Min, I
12 =445
12 3
15 -3
13 | 2
Average” |

Table III (Con't)

&

(<}

. b

Ooxalyl Chloride

20,75
21.87
23,38

£4.50

20,80

82.12

23.37

24.03

19a,

s/s,
14002
1,011

(1.000)

(0.981)

1,000+ 0,006

(b) Average teken by execluding figures in parenthesis. If only the £irst

three reatui'ea are excluded in taking the average falue of ‘8/89, the

average obtained is 0,999:0,009



Interatomic distancea wore caleulated for thirty-five models, in
all of which the carbon-oxygen doubls bond was agemed to be l.zoi
(the value found in glyoxal and dimethylglyoxal). (2G) The term, model,
includes all models derived from the model without rotational terms by
inclusion of these terms with varying valuss of the azimuthal angle.
‘f_hc raﬁ.o ef_S#Gl/ﬁ‘—’—O was varied from 1.68/1.20 to 1..?6/1.20 aﬁd the
ratio of C—C/C=0 from 1,43/1,20 to 1.53/1.80. The engles o< (< C-C=0),
Ve (< C1—C=0), and % (the azimuthal angle) were varied'rrdn 1_20"
o0 1250, 119° to 185° and 0° to 180° respectively. The azimthal
engle ia 0° for the trans model and 180° for the cis model. |
Theorstical intensity curves were caleulated for elevqn of these
models so chosen that the‘ behayé&' of the theoretieal 1n§ansi§y curves
for the remasining models can be predicted from the caloulated curves,

P l'mpll' i:;'ecf

In the ecaloulation of these curves, the 2y in the Atheoretical intenaity
funotion were replaced by (Z1—fi) / m . The £y were
ebtained from Pauling and Shermsn's Tsbles(9), Ourves B,..F, fig. 3
are some of the theeretical intensity oyrves roi oxalyl chloride,
Curve Dy gives the best representation of the diffraction phetographs.
Maximum 3 of Table 3 did not appear ecn any of the theorotieal‘ curves,
Th‘a intensity curves far the cis models confirmed ﬁhe cone;usiena
derived from the radial distribution function, i.e., the cis molecule
alone could not give the observed diffraction pa_ttern,b |

It is difficult to make an exsct structure investigation of oxalyl
chleridé as'tm determination of the structure is a five-~parameter
problem even when the length of the carbon-oxygen bond is essumed, In
the detemination of the strueture every possible model was not 'elim:lna-\

ted, instead modele were chosen whieh approximately satisfied the
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”'\ridial distribution function and a choice of structure made from among
these models, A series of trans models were calculated and a temperature
» factor applied to the beat onme, Dg, in an atiempt to gein some informa~
4ion conceraning the librations around»tha earbon~carben bond, Ebtevar}
the factor 8 —0.0054 in the function e — % ° gorresponds to 2 very large
amplitude of libratieh. The curve Dy corresponding to Dy with the |
large temperature factor 15'however a good representation er_tha pheto-
graphs, The best trans models wore thet rotated through the azimathal
- angle until the ehlorine—chlérins distance becams 4.255 snd thé eorrespond~
ing curves caloulated. Curve Dg derived from Dp gives the best repre=
sentation of the photographs. The sverage deviation of the correspond-
ing interatomic distanees in Dy from the three most reliable maxima

in the radial distribution function is 0.0lgl Comparison eof curves

Dy, B4, D5’ and the photographs indicate that a small tempe rature
factor (a =0,0028) would imprevavosz however, as the éfféet‘or.this
temperature factor 1s obvious, the curve was not calculated. The
radial distribution function does not give a reliable value for the
length of sarbon-garbon bondj there 1A"3Msngne shelf at 1,404

however the ourves for models with C—C z1.4?£ and’e-'c==1.5az uereb
not as satisfactory as the curves for modele with G—-c==1,5oﬁ;(0urvaa
(g, ¥, B, C)h -

" It 18 concluded thet a model with the following parameters is a8
good representation of the oxalyl chloride molecules ¢—0 =1,20&
(assuned) ,C—C =1,50+ 0,034, C-Cl—1,72+0,08%, sngle  (¢-C=0)
123%+ 20, ﬁnsla ~Z ( ©61—-C¢=0) 123°$3°,7\/g\n519 /=179, A tempera-

ture factor 1s necessary.
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Discussion

. Vinyl Bther:e- The heats of hydregenation(10) of vinyl ether and ethyi
vinyl ether give values for the resenance enérgy of a free elaetran
pair with a double bond of 2.4 keal/mole and 3,1 keal/mole respectively,
These values are equal within the experimentel error of the wark.: Then
the reaohgnceAiﬁ each eerben oxygen bond of vinyl ether is approximately
half that in the single carbon-oxygen bond involved in resonance in
athyl vinyl ether. IS follows then that the observed bond shortening
| in vinyl ether is approximately half the a&ortenin; that would be ex-
pected in e compound in which the free elestren pair is nonjugéted
against only one double bond.

Stusrt(ll) showed that the Kerr constant for ethyl ether demends
the extended structure, Ethyl ether has a dipole moment(12) of 1,18
Debye, vinyl ether 1,09 Debye and furan 0,7 Debye. If vinyl ether
‘has the extended trans~trans strusture assigned to it, it is'e;peotpd
that the dipols moment of vinyl efher would be less then e»fhyl sther,
fis the dipole induced by resonance is epposite in sign to fha‘dipﬂle
due te the carbon~-oxygen bonds. The resultant induced dipole is small
in magnitude as the two induced dipoles have an angle of ébout 173 degrees
between them., In furan on the other hand, the twe 1nduaed'd1§olas have
a much amaller‘angle between them and the resultant dipole is rather
lprgs; henee, it i3 expected that furan will have a mnment somewhat
leas than vinyl esher, The dipole moment data thus support the assigna-
tion of the extended trans-trans configuration to vinyl ether.
Oxalyl Chleride:~- The observed shortening of 0.045 in the sarbon-carbon
bond in oxalyl chloride is 0.0SX leas than thet reported for glyoxal

and dimathylglyoxal.(aG): Resonance across the cerbon-carbon bond
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rw;__%pe-t:noen the conjugated double bonds ecauses this shortening, The ob-

| sémd,m in the carbon~shlerine bend in oxalyl ehloride is 0.03&
‘less than that reperted for the substituted ohlorocethylenes(3) con-
teining one or two chlorine atoms, Resonance between & free electron
pair on the chlorine atem and ths carbon-oxygen double bond ganaeajthis.
shqrtening. The sum gr the shortening in the two bonds is jasi: eqﬁal
to the shortening found in a single bond in & molesule in waich only
one of these resonance effects is found, If it is posiula'sed\that tho
resonance of the carbon-oxygen double bond with a free olect_ron 'pair

on an adjacent chleriné atem cuts down the resonance of the carbon-
oxygen double bonda across the c¢arbon-carbon bond and vi%g-vgrsa, then
the experimental results may be explained in terms of the competitive
resonance, The total resonance energy in oxalyl chloride is then of
the same order of magnitude as that in glyoxal or in the ohloreothylones.
| From consideration of the work of Beaesh and Turkoﬂch(lS), Beach
and Palmer(l4), and LuValle and Schemaker(lg) on the potential Sarrigr
‘reatricting rétating rotation in the ethylene haiides and dimethyl-
glyoxal, the potential barrier restricting rotaticn in oxalyl chloride
is estimated to be greater then five keoals/mole., It is ;:éz;?:ed from
the results of this paper that the potential curve either hap a very

broed minimum or a double minimum. There are no dipole mement data

available for oxalyl echloride, hends

Summary

Vinyl ether is econcluded to have the following parameter values

G-H=1.09f (assumed), € =C=1.34+ 0,033, c—0=1.40£0.03&, angle



24,

‘o (6=C=0) = 1213°+ 29, and angle &£ (C—0 -C)=1139+2°, There

is a libration of amsll amplitude sround the cerbon-oxygen bends.
Oxalyl chloride is found to have the structure given by the

following parameters G=0 =1,204 (assumed), C—C=1,50+0,084,

c-C1 ~1,78 20,034, angle < (C- €C—=§) = 123% 2°, angle 3 (C1L—C=0)=

123°%+ 80’;3”9813_9/: 17”. 4 temperature factor with a~0,002 is néededo
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The Structure of Formaldehyde from Electron Diffraction

By D. P. STEVENSON,! JaMES E. LUVALLE? AND VERNER SCHOMAKER

Introduction

The structure of monomeric formaldehyde is of
particular interest since it is the simplest mole-
cule containing a carbon-oxygen double bond.
Bru® found the carbon—oxygen distance to be
1.15 = 0.05 A. by electron diffraction. The
accuracy, =0.05 A., of this determination is very
much less than is now obtainable in determining
the size of simple molecules.? Furthermore, this
value for the carbon—oxygen distance is about
0.1 A. smaller than that predicted by the covalent
radius table® for the carbon-oxygen double bond,
1.24 A., and that found for the carbon—oxygen
distance of acetaldehyde,® 1.22 A., and glycine,’
1.24 A. Badger’s rule® applied to the carbon—
oxygen frequency gives 1.21 A.? for the distance.

The moments of inertia have been determined
very accurately®® but are insufficient by them-
selves to determine the structure uniquely. This
will be discussed below. Since the carbon-
oxygen distance appeared definitely to be shorter
than predicted, we were led to redetermining it by
the electron diffraction technique.

Experimental

Dieke and Kistiakowsky!® found it possible to
maintain a pressure of 100 mm. of H,CO by heat-
ing paraformaldehyde. For this reason we first
attempted to obtain photographs by heating
Eastman Kodak Company White Label para-
formaldehyde from 150 to 200° in the “high
temperature nozzle.”” Some of the photographs
obtained in this fashion had the expected pattern,
namely, that of a diatomic molecule, while others
showed a much more complicated pattern. The
latter were probably due to small polymers (e. g.,
trimer). In order to eliminate the possibility of
polymer in the vapor we prepared 10 cc. of the

(1) National Research Fellow.

(2) Julius Rosenwald Foundation Fellow.

(3) L. Bru, Ann. soc. espafl. fis. quim., 80, 483 (1932).

(4) Cf. V. Schomaker and D. P, Stevenson, THis JOURNAL, to be
published.

(6) L. Pauling and M. L. Huggins, Z. Krist., 87, 205 (1934); L.
Pauling and L. O. Brockway, TrIs JoURNAL, B9, 1223 (1937).

(6) D.P, Stevenson and H.. Burnham, ibid., to be published.

(7) G. Albrecht and R. B. Corey, 1bid., 61, 1087 (1939).

(8) R. M. Badger, J, Chem. Phys., 3, 128 (1934), and 8, 710 (1935).

(9) H. W. Thompson and J. W. Linnett, J. Chem. Soc., 1391 (1937).

(10) G. H. Dieke and G. B. Kistiakowsky, Phys. Rev., 46, 4 (1934).

monomeric liquid according to the method of
Spence and Wilde.!* The liquid was held at
—25° in the side-arm of a 200-cc. flask attached to
the apparatus. This gave an effective pressure
of nearly one atmosphere. Since air was ex-
cluded carefully from the preparation, polymeri-
zation was delayed long enough to obtain photo-
graphs of the monomer. The photographs so
obtained were excellent, having a pattern similar
to that of a diatomic molecule.

The camera distance was 10.84 cm. and the
wave length of the electrons was 0.0611 A. based
on transmission pictures of gold, the structure of
which is known (a = 4.070 A.).

Interpretation.—Only the ‘photographs ob-
tained by the second technique will be considered
since polymers may have been present in the gas
in the high temperature photographs. The
photographs showed five minima and five maxima
of gradually decreasing intensity. The measured

values of s (SO = %}r sin g) are given in the third

column of Table I. Comparison with a simple
sin x/x curve indicated the carbon-oxygen dis-
tance to be about 1.20 A. This distance and the
moments of inertia (see below) give a carbon-
hydrogen distance of 1.09 A. and a hydrogen-
carbon-hydrogen angle of 120°. A theoretical
intensity curve was then calculated for the corre-
sponding model. In place of the commonly used
cotfficients Z,Z;,, (Z; — f){Z; — fle~4i was
used in the expression

n l;s

10 = LY G =7 e o S
v g

The use of the “temperature factor,” ‘‘e—4i;,”
will be discussed by one of us.!? The atomic
scattering factors ‘‘f’’ were obtained from Pauling
and Sherman.!®* The curve so obtained is shown
in Fig. 1, curve C, along with a common visual
curve calculated for the same molecular dimen-
sion and the curve sin 1.20x/1.20x. The vertical
lines indicate the position of the measured
maxima and minima. Quantitative comparison
with the curve calculated with temperature fac-

(11} R. Spence and W. Wild, J. Chem. Soc., 338 (1935).
(12) V. Schomaker, to be published.
(13) L. Pauling and J. Sherman, Z. Krist., 81, 1 (1932).
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1 1 | 1. I

values of the carbon—oxygen and carbon-
hydrogen distances which are consistent
with the moments of inertia as a function
of the hydrogen—carbon-hydrogen angle.
Our value of 1.213 A. for the carbon—oxygen
distance (marked by a circle on the graph)
corresponds to an angle of 120° and a hy-
drogen—carbon distance of 1.086 A. Ebers
and Nielsen!* from an incompletely re-
€ solved infrared band at 4.5 u have deter-
mined rough values for the moments of
inertia of deuteroformaldehyde. Although
their value for the small moment of inertia
is in good agreement with that of Dieke

5 10 15 20 25
Fig. 1.—Theoretical intensity curves for formaldehyde:

1.205/1.20s; B, ordinary intemsity curve for C-O = 1.20 A, C-
H = 1.09 A., ZH-C-H = 120°; C, like B with coefficients includ-
ing the atomic scattering factors and a “‘temperature factor.”

tor is given in Table I. It leads to a carbon-
oxygen distance of 1.213 = 0.008 A.

TaBLE I
Max, Min, 53 Scaled.” o/ 50
1 3.95 3.73 (0.944)°

1 6.62 6.71 1.014

2 9.15 9.12 0.997

2 11.95 11.89 0.995

3 14.40 14.59 1.013

3 16.90 17.10 1.012

4 19.40 19.61 1.011

4 22.15 22.21 1.003

5 24.16 24.81 1.027

5 26.86 27.50 1.024
Average of 9 features 1.011 = 0.008
Carbon-oxygen distance = 1,20 X 1.011 = 1,213 =
0.008 A.

* From curve calculated with C-0 = 1.20, C-H = 1.09,
£LH-C-H = 120°, with temperature factor. ” Omitted
from average.

Discussion

Dieke and XKistiakowsky!® have determined
values for the moments of inertia of formaldehyde
from the analysis of the rotational structure of six
ultraviolet bands. Since the molecule is planar,
there are only two independent moments of inertia
while there are three parameters which determine
the structure of the molecule, namely, the carbon-
oxygen and carbon-hydrogen distances and the
hydrogen-carbon-hydrogen angle. An inde-
pendent determination of any one of these struc-
tural parameters along with the moments of
inertia suffice to determine the other two struc-
tural parameters. In Fig. 2 we have plotted the

and Kistiakowsky!? for light formaldehyde,
their value for the large moment is not
sufficiently accurate to be used in deter-
mining the structure of formaldehyde.
Thompson and Linnett® using the fre-
quencies of Nielsen!® and a five constant potential
function have found ke.o = 12.3 X 10° dynes/cm.
and ke g = 4.3 X 10° dynes/cm. With these val-
ues Badger’'s rule? leads to a carbon-oxygen dis-
tance of 1.21 A. and a carbon-hydrogen distance of
1.09 A. in good agreement with our determination.
Very little significance can be assigned to the
agreement in the case of the carbon-oxygen bond
distance since Thompson and Linnett® find the

A, sin

1.251

: <o
1.20 B //
11561
1.10}

i CH
1.05[ L 1 L

115 120 125

Fig. 2.—Graph of distances and angles
consistent with the moments of inertia of
formaldehyde: I; = 2.941 X 10~4°g. cm.?;
I; =21.390 X 10~% g, cm.?

(14) E. S. Ebers and H. H. Nielsen, J. Chem. Phys., 6, 311 (1938).
(15) H. H. Nielsen, Phys. Rev., 46, 117 (1934).
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same distance for ketene, which has been found
by electron diffraction to have a carbon—oxygen
distance equal to 1.17 A.1¢

The large value of the hydrogen—carbon-
hydrogen angle, 120°, may be interpreted as
indicating that the bonding in formaldehyde is
primarily of the sp?, 7 type which gives three
coplanar bonds at 120°. It has been found
that in acetaldehyde® a similar situation obtains,
the carbon~carbon -oxygen angle being 122 = 2°,
The carbon-oxygen distance in formaldehyde is
definitely shorter than that predicted by the

(16) J.Y. Beachand D. P, Stevenson, J. Chem. Phys., 6, 75 (1938).

PauL M. LEININGER AND MARTIN KILPATRICK

Vol. 61

covalent radius table for a carbon—oxygen double
bond.

Summary

Electron diffraction photographs of monomeric
formaldehyde have been obtained using fast
electrons. Their interpretation leads directly to
a carbon-oxygen distance equal to 1.21 = 0.01
A. Using this distance and the accurately known
moments of inertia one finds the carbon-hydrogen
distance to be 1.09 = 0.01 A. and the hydrogen-
carbon-hydrogen angle to be 120 = 1°.

PAsaDENA, CALIFORNIA REecEIVED JULY 10, 1939



The Molecular Structures of Glyoxal and Dimethylglyoxal by the Electron lefractwn
Method

By Jamrs E. LUVALLE! AND VERNER SCHOMAKER

Introduction.—Extension to open chain hetero-
atomic aliphatic compounds of the structural in-
vestigations? of the constitutional effect of differ-
ent bonds upon adjacent bonds should provide
useful information concerning the electronic struc-
tures and the extent of resonance in these mole-
cules. The recent electron diffraction studies of
formaldehyde® and acetaldehyde! have given a
reliable value for the carbon—oxygen double bond
distance. We have now extended the investiga-
tion of compounds containing the carbonyl group
to glyoxal and dimethylglyoxal, both of which

(1) Julius Rosenwald Fellow.

(2) (a) L. Pauling, L. O. Brockway and J. Y. Beach, Tais JoUr-
NaAL, 87, 2705 (1935); (b) L. Pauling and L. O. Brockway, ibid., 89,
1223 (1937); (c) L. Pauling, H. D. Springall and K. J. Palmer #bid.,
61, 927 (1939); (d) V. Schomaker and L. Pauling ibid., 61, 1769
(1939).

(8) D. P. Stevenson, J. E. LuValle and V. Schomaker, :bid., 61,
2508 (1939).

(4) D. P, Stevenson, H. D. Burnham and V. Schomaker, sbid., 61,
2022 (1939).

contain a pair of conjugated carbon-oxygen
double bonds and present the possibility of free
rotation around the carbon—carbon bond connect-
ing the adjacent carbonyl groups. Furthermore,
both substances are colored, glyoxal being the
simplest colored compound whose molecules have
a conjugated system. Of the compounds glyoxal,
dimethylglyoxal, oxalyl chloride, oxamide, and
oxalic acid, it is found that glyoxal and dimethyl-
glyoxal are colored whereas the remaining com-
pounds are colorless. All five of these compounds
may be represented by the formula RCORCO and
the difference in color between the first two com-
pounds and the remaining three compounds sug-
gests that there may be a structural difference be-
tween the two groups of compounds. Ozxalyl chlo-
ride is now under investigation in these Laborato-
ries by the electron diffraction method, and the X-
ray study of crystals of oxamide is also under way.
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Experimental.-—-Glyoxal was prepared by the
oxidation of ethylene with selenium dioxide after
the method of Riley and Friend.> The ethylene
was oxidized in a 3 X 30 cm. Pyrex tube contain-
ing equal amounts by weight of phosphorus pent-
oxide and finely-ground selenium dioxide placed
in alternating layers. At the ends of the tube
there were longer (7 cm.) columns of phosphorus
pentoxide and plugs of “Pyrex wool” (No. 9930).
Gentle heating was necessary for starting the re-
action. The glyoxal was collected in a trap at
—60°,  The ethylene was obtained from the Ohio
Chemical Company and the selenium dioxide from
the Eimer and Amend Company, New York.

Eastman “‘white label” dimethylglyoxal (b. p.
87-88.5°) was used without further purification.

The electron diffraction photographs were pre-
pared with the apparatus described by Brockway.$
The values of s, = (4w/N)sin 8/2 given in the
tables are averages of the values found by visual
measuretnent of the ring diameters for ten or more
films. The wave length of the electrons deter-
mined from transmission pictures of gold foil (¢ =
4,070 A.) was 0.0611 A. and the camera distance
was 10.84 cm. The radial distribution functions’
were calculated using the sy values of both the
maxima and minima, and the coefficients, Cg,
were determined from these s values and the
visually estimated intensities, /g, according to
the method recommended by Schomaker.?

Glyoxal.—The photographs of glyoxal are
very good, extending to s, = 2V and showing
thirteen maxima and shelves. The radial dis-
tribution curve (Fig. 1) calculated with the Cy
and s, values of Table I shows four principal peaks
at 1.18, 1.48, 2.34 and 3.45 A., the last two peaks
being more reliable than the first two. The peak
at 1.18 A. corresponds to the carbon-oxygen
double bond distance, that at 1.48 A. to the car-
bon-carbon distance, and that at 2.34 A. to the
long carbon-oxygen distance. These distances
indicate a value of about 121° for the C—C=0
angle. Resonance probably causes the molecule
to be coplanar. Of the two coplanar configura-
tions, the frans form is suggested by the strong
radial distribution peak at 3.45 A., this value being
very close to that calculated for a frans model

(5) H. 1. Riley and N. A, C. Friend, J. Chem. Soc., 2342
(1932).

(6) L. O. Brockway, Rer. Mod. Physics, 8, 231 (1936).

(7) 1.. Pauling and 1. O. Brockway, Tuis Jourwnar, 67, 2684
(1935).

(8) Verner Schomaker, American Chemical Bociety Meeting,
Baltimore, Aoril, 1839
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having the above parameters (3.41 A.). The re-
maining small radial distribution peaks are prob-
ably without significance.

G Y OXAL

A \f\\\//\ M et oL

o b f | [l

. A L -l L

1.5 20 25 30 35 4.0
vA —

Fig. 1.—Radial distribution curves for glyoxal and
dimethylglyoxal. The vertical lines beneath the curves
show the various interatomic distances of the models used
in the final determination of distances by the correlation
method.

Twenty-four intensity curves were calculated
with the ratio C—C/C==0 varying from 1.38/1.20
to 1.52/1.20 and the angle C—C==0 varying from
116° to 128°. The eight intensity curves of Fig.
2 were calculated for coplanar frans models with
the distance C—H = 1.09 A. and the angle
H—C—C = 114°. A temperature factor was
introduced into all the hydrogen terms in the in-
tensity function.® If the C—H parameter here
assumed were in error by 0.03 A. the change would
not be detected since the contribution of the hy-
drogen terms is small. The H—C-—C angle pa-
rameter is likewise unimportant. The longer car-
bon-oxygen distance and the oxygen—oxygen dis-
tance in these models are compatible with the
strong radial distribution peaks at 2.34 A. and
345 A. The faint seventh and tenth shelves
which were measured and used in the radial dis-
tribution function cannot be distinguished defi-
nitely on any of the theoretical curves; however,
this is shown by the work of Schomaker and
Stevenson® on the interpretation of electron dif-
fraction photographs not to be especially surpris-
ing. .

Curves D and F of Fig. 2 reproduce the photo-
graphs satisfactorily, and curves C and E are
nearly as good; in the final evaluation of parame-
ters all four models have been used with models

(¥) V. Schomaker and D. P. Stevenson, to be published.
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TABLE I
GLYOXAL
Model Co Modet D Model E Model F
Max, Min. I Cx So s s/s0 s 5/50 s s/s0 s s/s0
1 -10 -6 3.18 3.20 (1.013)° 3.30 (1.044) 3.20 (1.013) 3.30 (1.044)
1 4 2 4.02 3.50 (0.871) 3.60 (0.806) 3.40 (0.846) 3.50 (0.871)
2 — 6 -6 4.87 4.48  (0.920) 4.32 (0.930) 4.55 (0.934) 4.50 (0.928)
2 10 6 6.06 6.07  1.002 6.10 1.007 6.06 1.000 6.08 1.003
3 —5 -6 7.26 7.40  (1.019) 7.60 (1.047) 7.40 1.019 7.60 1.047
3 5 5 8.12 7.90  (0.973) 8.00 (0.985) 7.90 (0.974) 8.00 (0.985)
4 — 2 -3 8.81 8.80  0.999 8.80 0.999 8.77 0.995 8.80 0.999
4 3 4 9.51 9.10 0.957 9.50 0.999 9.22 0.970 9.20 0.967
5 — 7 — 8 10.34 9.95  (0.962) 10.07 (0.974) 9.90 (0.957) 10.00 (0.962)
5 8 12 11.54 11.40  0.988 11.52  0.998 11.32 0.981 11.49 0.996
6 — 4 -6 12.53 12.66  1.010 12.87 1.027 12.47 0.987 12.64 1.009
6 3 5 13.40 13.32  0.994 13.50 1.007 13.28 0.991 13.38  0.999
7 —1 -1 1436  ...c
7 2 3 15.06° e ..
8 — 8 —13 15.28 15.30  (1.001) 15.40 (1.008) 15.22  (0.996) 15.22 (0.996)
8 7 12 16.90 16.83  0.996 17.05 1.009 16.77 0.992 16.90 1.000
9 —2 -3 17.78 18.05 (1.018) 18.33 (1.032) 17.90 (1.008) 18.22 (1.026)
9 1 2 18.67 18.58  0.995 18.80 1.007 18.40 0.986 18.73 1.003
10 — Y, — 1 19.47 e
10 1/, 1 20.187 e
11 — 8 —10 20.87 20.05 (0.984) 20.05 (0.984) 20.70 (1.016) 20.05 (0.984)
11 5 8 22.25 22.18  0.997 22.40 1.007 22.08 0.992 22.25 1.000
12 — 8 — 8 23.50 23.60  1.004 23.90 1.017 23.54 1.002 23.70  1.009
12 2 3 24.38 24.10 0.989 24.60 1.009 23.90 0.980 24.40 1.001
13 — 3 —~ 2 25.53 25.20 (0.976) 25.35 (0.991) 25.10 (0.984) 25.24 (0.987)
13 3 4 27.08 27.43  (1.013) 27.63 (1.020) 27.28 (1.007) 27.60 (1.019)
Average 0.994 1.008 0.989 0.999
Average deviation 0.008 0.006 0.008 0.006
(C=0) = 1.20 X (750) 1.193 1.208 1.187 1.199
(C—C) = 1.46 X (5/50) 1.451 1.472
= 1.48 X (5/55) 1.464 1.479
(C=0) = 1.20 = 0.01 A.
(C—C) = 1.47 = 0.02 A.

* The models are described in the legend to Fig. 2.
in parentheses.

® The theoretical curve indicates no precisely measurable feature at this point.

b Less reliable values, not included in taking the averages, are shown

¢ The values of s,

used in the radial distribution function were somewhat different than the ones given here; the weights show these terms

were relatively unimportant.

D and F assigned weights three times as great as
models C and E. Curves A, B, G and H are not
at all satisfactory and the corresponding models
were discarded.

It is concluded that the glyoxal molecule has
the configuration and distances described by the
following parameters: C—H = 1.09 A. (assumed),
C=0 = 1.20 = 0.01 A, C—C = 1.47 = 0.02 A,
angle C—C=0 = 123° = 2°, The molecule is
probably coplanar and trans, the evidence for this
view provided by the radial distribution function
is supported by a strong dependence of the inten-
sity curves upon the relative orientation of the
carbonyl groups of the glyoxal molecule. Theo-
retical considerations! indicate that resonating

(10) L. Pauling and J. Sherman, J. Chem. Phys., 1, 679 (1933);
W. G. Penney, Proc. Roy. Soc. (Loudon), A188, 306 (1987).

systems tend to be coplanar. The electron dif-
fraction data are not incompatible with a mixture
containing a small fraction of molecules with the
cis configuration. The data indicate that the
amplitude of libration around the carbon-carbon
bond is small.

Dimethylglyoxal.—The photographs of di-
methylglyoxal are excellent, extending out to so =
27 and showing eleven maxima and shelves. The
so, Ix, and Cx values are given in Table II. The
radial distribution curve (Fig. 1), calculated with
the s, and Cx values of this table, has peaks at
1.19, (1.50), (2.12), 2.41, 2.75, (3.56), and 3.95 A.
(The less reliable peaks are enclosed in parenthe-
ses.) We can assume coplanarity of the molecule
as it possesses a resonating system. The peak
at 1.19 A. corresponds to the carbon-oxygen
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Fig. 2.—Theoretical intensity curves for glyoxal.

Max. Min. [
1 50
2 -100
2 100
3 — 30
3 60
4 - 10
4 5
5 — &80
5 50
6 - 40
6 55
7 - 60
7 60
8§ — 30
8 20
9 - 60
9 45
10 — 20
10 10
11 - 25
il 30

Average
Average

% The models are described in the legend to Fig. 3.
The theoretical curves do not show a precisely measur-

]

10

15

20 25 30

§

Denoting the C—C=0 by « and the ratio of

the C—C distance to the C=0 distance by p:

Curve A, o = 128° 5
Curve C, o = 125° »
Curve E, « = 125°, p
Curve G, a = 122° »
TasLe IT
DIMETHYLGLYOXAL
Model Co
Ck $ s s/so
4 3.05 2.94 (0.964)
~10  4.36 4.27 (0.979)
12 5.89 5.75 (1.028)
-2 7.35 7.23 0.984
11 8.20 8.27 1.008
-2 88 .0
1 9.37 .30 0.993
—12 10.28 10.20 0.997
12 11.44 11.52 1.007
—11 12.37 12.43 1.005
14 13.44 13.46 1.001
—24 15.29 15.18 0.990
17 16.21 16.77 (1.035)
~-10 17.64 17.73 1.005
5 18.84 18.47 (0.980)
—15 20.19 19.90 0.986
13 21.48 21.30 1.001
— 7 23.26 23,80 1.023
3 24.34 24.70 (1.013)
-~ 7 25.23 25.05 (0.993)
8 26.87 27.53 (1.025)
0.998
deviation 0.007

able feature at this point.

1.42/1.20;
1.46/1.20;
1.48/1.20;
1.52/1.20;
Model D
s s/s0
2.80 (0.951)
4.25 (0.975)
5.82 (1.041)
7.30 ©0.993
8.30 1.012
9.30 0.993
10.26  1.003
11.50 1,005
12.42  1.004
13.42  0.999
15.10  0.988
16.64 (1.027)
17.57  0.996
18.3¢ (0.973)
19.88 0.985
22.30 1,038
23.63 1.017
24.40 (1.002)
25.60 (1.015)
27.35 (1.018)
1.001
0.010

Curve B, o = 125°, p = 1.42/1.20;
Curve D, « = 122° p = 1.46/1.20;
Curve F, o = 122°, p = 1.48/1.20;
Curve H, o« = 119°, p = 1.52/1.20.

§ =,

Fig. 3.—Theoretical intensity curves for dimethyl-
glyoxal. All the curves have the following parameters
in common: C—H = 1.09 . (assumed), C=0 = 1.20 &,
Cr—Cy = 147 A, C,—C,; = 1.54 A, and angle CO—C==0
(a) = 123° = 2° Denoting angle CH;—C=0 by 8 we
have: Curve A, 8 = 125°, Curve B, 8 = 124°; Curves
C, C',and C”, g = 123°; Curves D, D', aud D”, 8 =
122°; Curve E, 8 = 121°,
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double bond distance, that at 1.50 A. to the 2-3
carbon—carbon distance and the two 1-2 carbon-
carbon distances, and that at 2.41 A. to the 1-3
carbon—carbon distance and the two carbon—oxy-
gen distances. The peak at 2.75 A. may be at-
tributed to the long carbon—oxygen distance of
the molecule with the frans configuration or pos-
sibly to the long carbon-carbon distance for the
cis configuration, and the broad peak at 3.56 A.
may represent the oxygen—oxygen distance for the
trans configuration or the long carbon—oxygen
distance for the c¢is configuration. However, the
peak at 3.95 A. can be attributed only to the long
carbon~carbon (1-4) distance of the frans form,
which indicates strongly that the molecule has the
trans configuration.

Assuming that the distances and the C—C==0
angle found for glyoxal hold for dimethylglyoxal,
five models were set up and fifteen intensity curves
calculated, five for the cis form, five for the trans
form, and five in which the terms dependent upon
the relative orientation of the acetyl groups were
omitted from the intensity function. The angle
B was varied from 119 to 125°.

Of the curves shown in Fig. 3, A, B,C, Dand E
are for the frans models, C’ and D’ are for the cis
models, and C” and D” are the incomplete inten-
sity curves corresponding to C and D, respec-
tively, Curves C and D both give satisfactory
agreement with the photographs except for the
ninth and tenth maxima. On curve C, the ninth
maximum is observed to have shifted to a smaller
s value than that measured and the tenth maxi-
mum is too weak, whereas on curve D, the ninth
maximum is observed to have shifted to a larger s
value than that measured and the tenth maximum
is too strong. The best model accordingly lies
between model C and D. Examination of Fig. 3

shows that the remaining frans models, A, B, and_

E, are unsatisfactory and the cis models C’ and
D’ are out of the question. Curves C” and D”
show that the libration around the 2-3 carbon-
carbon bond is not of great amplitude.

It is concluded that the dimethylglyoxal mole-
cule is essentially coplanar and frans with the
following parameter values: C—H = 1.09 4.,
Cr—Cs = 147 = 0.02 A, Cr—C, = 1.54 = 0.02
A, C=0 = 1.20 = 0.02 A, angle CO—C=0
(e) = 123° = 2° and angle CH;—C=0 (8) =
122.5° = 1°, The electron diffraction data are
not incompatible with a mixture containing a
small fraction of ¢is molecules. The data indi-
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cate that the amplitude of libration around the
(Ce—C;) carbon—carbon bond is small, It must be
emphasized that the determination of the con-
figuration and distances in dimethylglyoxal is not
as precise as that for glyoxal. The radial dis-
tribution curve strongly indicates this model but
a model in which the 2-3 carbon-carbon bond is
somewhat lengthened and the 1-2 and 3-4 car-
bon~carbon bonds are slightly shortened cannot
be eliminated by the qualitative comparison, but
such a model does not agree with the radial dis-
tribution function as well as our final model.

Discussion.—The observed shortening in both
molecules of 0.07 A, for the carbon—carbon bond
connecting the adjacent carbonyl groups corre-
sponds to 15 or 209, double bond character,? and
is nearly the same as that (1.46 A.) reported for
butadiene.®® The electron diffraction data for
both glyoxal and dimethylglyoxal indicate re-
stricted rotation around the carbonyl-carbonyl
bond.

Calculation of the potential restricting rotation
around the 2-3 carbon—carbon bond in dimethyl-
glyoxal by the method of Beach and Stevenson!!
using Zahn’s values!? of the dipole moment and
Smyth’s values'® of the group moments indicates
that the potential barrier restricting rotation is
steeper than a parabolic barrier and greater than
12 kcal. in height. Zahn'? finds an amplitude of
approximately 30° for the libration in dimethyl-
glyoxal. Dipole moment data are not available
for glyoxal, so that the corresponding calculation
could not be made; however, the potential barrier
should be of the same order of magnitude for both
substances.

Calculation of the coulombic interactions for
the cis and ¢rans models of glyoxal and dimethyl-
glyoxal using Smyth's values'?® of the bond mo-
ments shows that the frans glyoxal molecule is
about 6.9 kcal./mole more stable than the cis
configuration and that the frans dimethylglyoxal
molecule is about 1.7 keal./mole more stable than
the cis configuration. Calculations of the ratio
of the partition functions of cis to frans glyoxal
and dimethylglyoxal are simplified by the as-
sumption that the vibrational partition functions
are the same for both the c¢is and frans configura-
tions, the translational partition functions are the
same; therefore, the calculation becomes the cal-

(11) J. Y. Beach and D. P. Stevenson, J. Chem. Phys., 8, 635
(1938).

(12) C. T. Zahn, Phys. Rev., 40, 201 (1932).

(13) C. P. Smyth, J. Pkys. Chem., 41, 209 (1937).
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culation of the square root of the ratio of the prod-
uct of the three principal moments of inertia for
the two configurations. The ratios [({1lol3)q;
(LD 3)ians) * for the glyoxal and dimethylgly-
oxal molecules are 1.15 and 1.00, respectively.
For the equilibrium cis == frans these values
combined with the AE values given above corre-
spond to equilibrium constants of 87,000 and 20
for glyoxal and dimethylglyoxal, respectively;
that is, the fraction of c¢is glyoxal is negligible and
that of cis dimethylglyoxal may be about 5%,
These results agree with our electron diffraction
investigations.

We express our thanks to Dr. Linus Pauling for
his helpful criticism and discussion and to Dr.
D. P. Stevenson for assistance with the calcula-
tions and helpful discussion.

QuaNTUM EFFICIENCY OF PHOTOSYNTHESIS IN CHLORELLA

3525

Summary
The configurations of glyoxal and dimethyl-
glyoxal as determined by the electron diffraction
method are given by the following parameters:
Glyoxal: C-—H = 1.09 A. (assumed), C=0 = 120 =
0.01 A., C—C = 1.47 = 0.02 A, angle C—C=0
= 123° = 2°
Dimethylglyoxal: C-—H = 1.09 4. (assumed), C=0 =
1.20 = 002 A, C—Cy = 147 = 0024,
Cr—Cy = 1.54 = 0.02 A, angle CO—C=0 =
123° = 2°, angle CHy—C=0 = 122.5° = 1°
The electron diffraction data and the dipole mo-
ment data as well as chemical information indi-
cate uniformly that both molecules are coplanar
with the #rans configuration and that rotation
around the carbon—carbon bond connecting the
adjaeent carbonyl groups is restricted.

PasapENA, CALIFORNTA REeCEIVED OCTOBER 23, 1939



Summary

The electron-diffraction investigation of formelddhyde, glyoxel,
dimethylgloxal, oxealyl chloride, end vinyl ether has shown that the
conjugating power of two carbon-oxygen double bonds ia of the same
magnitude as the conjugating power of two carbom-oarbon double bondse
The critérion for the magnitude of the econjugating power is the decrease
in the earbon-carbon single bond diatance. The carbon-oarboh single
bond distance in glyoxal and dimethylgloxal is 1.47i (1g), and the
carbon-carbon single bond distance in butadienme and eyclopentadiene is
1.462 (1h). These distances ere the same within the exparimental errer
of the determinatien,

The investigation of romaldiyde (11) gave a relisble value of the
carbon~oxygen double bond distence of 1.215..

In oxalyl chloride the carbon~-ocarbon bond distsnce is only 1.503
instead of 1.474 es in glyozxel and dimethylglpoxal(lg). The carbon=
chlorine bond distance in the same molecule is l.'lzi, a shortening of
0.043.. The value of 1.502 may be explained by the competition of a
free electron pair on the ehlorine atom with the carbon-carben single
bond for the carbon-oxygen double bond.

In vinyl ether a bond shortening of enly o.ozﬁ in each bond or
0.042 total shortening is reported. The shortening may be summed in
this molecule es the heat of hydrogenatign data(10) show thet the
amount of resonance in vinyl ether is the same as in ethyl vinyl ether,
The shortening is due to ths resonance between a free elactron pair
on the oxygen atem and the two earbon-carbon double bends. This

shortening is less than that shown by the chloroethylenes(3) but the
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aifference in electronegativity of chlorine and oxygen may well explain
this faet.

The molecules glyoxal, dimethylglyoxal, oxalyl chloride and vinyl
ether are: all found to be coplanar and traxia with the exeception of
oxalyl chloride in which the (COC1) groups are rotated 17° from the
trans position. The‘ potentisl barrier restricting rotation in the
first three molecules was“ronnd to be greater than five keals, ‘and it
15,(%«1 that the potential curve for oxalyl chloride will show a
double minimum, No estimate was made of the potential barrier in

vinyl ether,
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PROPOSITIONS

The use of micro gas analytical apparatus similar to that developed
by Blacet, MacDonald, and Leighton will enable investigaticns of
thermolysis to be carried to much lower temperatures then thoié
usually givah as the threshold for thermsl decomposition,

The investigation of propinal end 2~butinal by the electren diffrac-
$1on method should give information concerning the amount cir double
bond character assumed by the carbon-carbon singls bond between
the tripls bond and the double bond.

The resonesnce between a free electron pair and a double bond is of
the same order in respect to bend energy and bond shortening as
the resonance between two double bonds,

Color in organiec molecules of the formula RCO.RCO is intimately

related to the length of the carbon-carbon bond between the conju-

- gated double bonds,

Se

6o

7.

Electron diffraction photographs obtzined by use of thevngbyo
Gamera’willﬂnever ocompletely supplant electron diffraction photo-
graphs obtained by the usual method,

Empirical temperature factors in polyatomic moleculos may bé ob~
tained from theoretical intensity eurves caleulated for the rigid
molecule,.*

The electrophoresis cell as developed by Tiselius when used in
conjunction with the modified schlioran method of Longsworth is

an excellent device for the analysis of protein solutions.

*Original idea suggested by Dr. Schomeker.
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8; Neither the ultra~ocentrifuge nor the electrophoretiec method will
establish the homogeneity of a protein unambiguously.

9, The term "denaturation" as applied in protein chemistry should
be restriced to those processes which are reversible.

10. A:method is needed which will abseolutely prove the presence of
free redicals such as a Stern-Gerisch experiment upon a molecular
beam containing free r;dicals.

1l. An adequate gymnasium is en important need of the California
Institute, Facilities At the Institute 8t present are highly

inadequate,





