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ABSTRACT

The structures of three simple olefina and three small ring
compounds containing double bonds have been determined by electron dif-
fraction, and the results discussed in terms of hyperconjugation, re-
hybridization, strain, and intramolecular repulsions.

In Part I, the structures of propene, isobutene, and
cig butene-2 are described., The single bonds in these molecules have
a length of about 1.50 A, exhlbiting about half the shortening found in
single bonds adjacent to triple bonda,

In Part IT, an attempt is made to calculate the intramolecular
repulslve energy Qf the methyl groups in cls butene-2, using inter-
molecular force constants,

Parts I1I, IV, and V describe the siructure determinations of
methylenecyclopropane, 1,3~dimethylenecyclobutane, and l-methyl-3~-methy=~
lenecyclobutene., In each case, the single bonds adJjacent to double honds
are found to be short,

Part VI contains some further discussion of the factors which

alter carbon-carbon single bond lengths.
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THE MOLECUIAR STRUCTURES OF PROPENE, ISOBUTENE,.

AND CIS BUTENE-2

Single bond lengths and bond angles in simple olefinic com-
pounds are of fundamental interest to the organic and the structural
chemist, yet little accurate experimental data on such structures are
avallable in the literature., It has long been known that carbonecarbon
single bonds adjacent to triple bonds are considerably shortened, even
in non-conjugated systems, e.g., methyl acetylene, C-C = 1,46 A (1).
It geems reasonable to expect a double bond to cause a similar shorten-
ing of adJacent single bonds, but this point has received little at=-
tention experimentally. The purpose of the present study is to provide
some accurate structural data for three simple olefins having single
bonds adjacent to double bonds in a non-conjugated situation.

Pauling and Brockway (2) studied a number of olefins including
isobutene by electron diffraction, and came to the conclusion that single
bonds adJacent to double bonds have the normal length of 1.5% A, An
investigation of ¢is butene-2 gave a similar result (3). As will be
shown later, the data in both cases were in reality insufficient to
determine the molecular parasmeters wlth any accuracy. Propene, to our
knowledge, has not been previously investigated.

Photographs were made with the new electron diffraction ap=
paratus on Kodak 50 plates and interpreted in the usual manner ().

The samples were of Matheson C. P, propene, isobutene, and cis butene-2

(99%, used without further purification). The camera distance was



about 10 cm,, and the wave length, calibrated with zinc oxide (%), was
about 0.06 A,

In the later stages of refinement, photographs were made using
a rotating sector and Kodak Process plates., These were examined vis-
ually and were quite useful for checking many details of the original
interpretation.

The original photographs were measured by two independcant ob-
servers,; and in addition, a get of meagurements was made on a sectored
plate for each compound. The three gets of measurements were averaged
together to obtain the scale factor for each molecule. TIn computing the
scale factor, features at q « 30 and shelves on major maxima vere
cmitted, All other measurements were given squal weight.

For all three structures, theoretical intensity curves were

calculated using the expresalon

2
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for the shape parameter ranges 1.48/1.34% £ ¢-C/0=C < 1.54/1.34%, and
120° £ £0=C¢ £ 127°. Methyl C~E and ethylenic C-H were agsumed to
be 1.09 and 1.07 A respectively, and £ H~C=C was assumed to be 120°,
Difference curves were calculated to test the result of varyling

C=g, < H-C=C, and the temperature factors. Any reasonable change in
these guantities does not affect the results for carbon-carbon distaunces

by more than a few thousandths of an A, even in the most unfavorable
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*
cage., All terms except He«+H were included in calculating the

theoretical intensity curves. The values of aiJ in the temperature
2
- . s
factor € '1J° are listed in Table 1.

Table 1
Ti4 8y 4
Ce-H 00,0023
Ce.H 0.00%1
C~C 0.00025-0.00045
C..C 0.0010
=C 0.0000

Propene
The radial distridbution curve (RD), vieusl curve (V), and e

faw theoretical intensity curves for propene are shown in Fig. l.
Critical marks (6) point out the important deficiencies in the unac-
ceptable calculated curves. The most sensitive region for the determina-
tion of C=C/C=C 15 60 <« g < 80. Model B is the best model., In model A,
maximun 7 is too low relative to maxiwmum 8, In models C through E,
maximum 7 becomes progressively too strong, while maximum 8 becomes too

weak, finally disappearing in model E, It should be kept in mind that

*
The value methyl C~H = 1.10 A leads to slightly improved overall

appearance of the curves for isobutene and cis butene-2 in the region
60 < gq < B80; the final carbon-carbon distances change by one or two
thousandths of an Angstrom.



the appearance of this sgensitive region as a whole ig the criterion for
acceptability, and this is sometimes difficult to discusé in terms of
small differences in the appearance of individual features. Models F
and G show approximately the limits of acceptabllity in the C~C=C angle
determination. In model F, maximum 5 is too weak, maximum 10 is too
convex inside, and maximum 11 is too narrow, ag well as too strong
relative to maxima 10 and 12. In model G, maximum 8 is too low, maximum
10 is a bit too concave, and maximum 11 has lost its agymmetry. Table 2

lists values of q/q0 for model B,

Isobutene

Fig. 2 shows the radial distribution curve, visual curve, and
a Tew theoretical intensity curves for isobutene. Model ¢ is the best
model. Models A, B, D, and E do not show the correct relationship
between the heights of maxima 7, 8, and 9, which is the critical point
in the determination of the ratioc C-C/C=C. The shape and width of the
radial distribution pesk corresponding to C...C suggests that the three
C...C distances are very nearly equal. Thisg leads to a C-C=C angle of
123 1/2°. Model F is clearly unacceptable. Model G ie also unacceptable,
maximum O belng a chade weak, and maxima 11 and 12 not having the correct

asymmetries. Table 3 lists q/q0 values for model C.

Cig butene-2

The radial distribution curve, visual curve, and a few
theoretical intensity curves for cig butene-2 are ghown in Fig. 5. As
would be expected, the photographs of cig butene-2 are very similar to

those of isobutene. However, there are many clear and important dif-



legend for Figure 1

Model c-c/e=C £C~C=C
A 1.49/1.34 125°
B 1.50/1.34 125°
C 1.51/1.5k4 125°
D 1.52/1.34 12509
E 1.54/1.34 125°
F 1.50/1.3k4 122.5°
G 1.50/1.3k 127°



PROPENE




biffraction Data for Propene, Model B

a/4,
Min. Max. Qealo (JM™ non-gect.) (V8 non-sect.) (™ gect.)
1 8.6
1 10.5
2 13.4 (1.000) {(1.017)
2 19.5 (1.045) (1.016)
3 26.1 {1.021) (1.059)
3 31.65 0.983 0.997
b 36.6 0.944 0.994
N 41,7 1.003 0.995 (1.014)
5 45,7 51.008) (1.002) { 1.000)
5 48,0 0.971) {0.984) {0.986)
6 53.2 0.992 1.005 0.998
6 58.55 1.006 1.006 1.011
7 62.5 (1.006) (1.010) (1.005)
7 65.0 {0.987) {0.998) (0.995)
8 70.25 1.002 - 1.011 1.000
8 4.0 (0.993) (1.005) (0.993)
9 76.0 (0.976) (0.992) (0.992)
9 80.6 0.987 1.004 0.997
10 86.55 0.990 1.006 1.003
10 94,0 0.987 0.991 0.998
11 101.8 0.992 1,002 1,004
11 108.8 0.991 0.992 1,000
12 116.25 0.998 1,000 1.001
12 122.9 1,004 0.99% 1,001
13 130.6 (0.990) (0.999) (1.009)
13 137.5 (0.986) (1.011)
Average 0.9945 0.9998 1.0013
Average dev, 0.0063 0.0051 0.0027
Total average 1/3(0.9945 + 0.9998 + 1.0013) = 0.9985
Resultse: c~C 0.998% x 1,500 = 1,498 A

c=C 0.9985 x 1.34%0 = 1.338 A

LC-C=C 125° & 2°



Iegend for Figure 2

Model c~c/c=C 4C-C=C
A 1.48/1.34 123,59
B 1.50/1.34 123.5°
¢ 1.51/1.34 123.5°
D 1.52/1.34 125.5°
E 1.54/1.34 125°
F 1.51/1.34 120°

G 1.51/1.34 126°
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Table 3
Diffraction Data for Isobutene, Model C
| a/q,
Min., Max. Qealc. (JM non-sect.) (Vs non-sect,) (JMM sect.)
1 7.5 {1.082) (1.215)
1 9.5 {0.926) (1.012)
2 13.5 {0.975) (0.981)
2 18.5 (1.005) (1.029)
3 22.7 (1.032) (1.018)
3 25.9 (C.999) (1,020)
b 28.5 (0.965) {1.010)
" 32,2 (0.965) (0.992)
5 37.1 0.994 1.004
5 42,0 1.008 0.998 0.999
6 46.5 (1.005) {1.002) (1.000)
6 49.0 (0.987) (0.987) (0.989)
7 53.0 0.992 0.998 0.990
7 57.8 1.001 0.992 0.997
8 62.% 0.998 0.996 0.998
8 66.1 0.991 0.991 0.995
9 70.0 0.999 0.999 1.000
9 T3.45 0.994 0.995 0.999
10 76.75 0.987 0.990 0.9%96
10 81.4% 0.992 0.990 0.997
i1 86.9 0.995 1.000 1.001
11 96.2 1.006 1.004 1.005
12 102.0 0.999 1.003 1.002
12 108.8 0.990 0.989 1.000
13 116.4 0.994 0.988
13 122 .4 0.997 0.99%
14 130.0 (1.002)
14 1%6.9 (0.989)
Average 0.9961 0.9956 0.9984
Average dev. 0.0044 0.0046 0.0027

Total average 1/3(0.9961 + 0.9956 + 0.9984) = 0.9967

Results: c-C 0.9967 x 1.510 = 1.505 A
c=C 0.9967 x 1.340 = 1.336 A

£C=C=C 12% 1/2° = 2°



Iegend for Figure 3

Model c-~¢/c=C £ C=C=C
A 1.48/1.34 125°
B 1.50/1.34 125°
C 1.51/1.34 125°
D 1.52/1.34 125°
E 1.54/1.34 125°
F - 1.50/1.34 122.5°
G 1.50/1.3h 124°
H 1.50/1.34 126°
J 1.50/1.3k4 127°
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CIS BUTENE-2
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Table %4

Diffraction Data for Cis butene-2

a/q,
Min. Max., Qeale. (JPM non-sect.) (VS non-sect.) (I sect.)
1 7.2 (1.051)
1 9.5 (1.051)
2 12.6 (0.901) {1.010)
2 19.3 (1.131) (1.055)
p) 2h.35 (1.035) 1.047)
3 27.9 (1.087) 1,039)
b 29.5 (1.000) 1.010)
4 3245 {0.989) (1.005)
5 36 .65 0.998 0.998
5 h1.3 1.019 0.997 0.995
6 45 .5 (1.004) (1.011) (0.989)
6 47.3 (0.966) (0.993) (0.973)
7 52,15 0,988 1.000 0.989
T 58.1 1.021 1.007 1.010
8 62.6 1.011 1.007 1.000
8 66.0 1,009 0.995 1.000
9 69.3 1.000 1,006 1.003
9 72.65 1.000 1.009 1.004
10 6.2 0.997 1.003 0,996
10 80.% 0.991 0.993 0.987
11 88.1 1.020 1.020 1.006
11 T 96.2 0.999 1.015 1.008
12 101.8 0.999 1.011 1.000
.12 109.2 1.009 1..003 1.001
13 116.3 1.00% 1.005 1.003
13 12%.1 0.994 0.990 1.001
kb 130.5 1.00%
14 137.1 0.997
Average 1.003% 1.0038 1.0002
Average dev. 0.007T 0.0063% 0.0046
Total average 1/3(1.0055 + 1,00%38 + 1.,0002) = 1,0024
Results: ¢-C 1.002% x 1.500 = 1.504 A

c=C 1.0024 x 1,340 = 1.343 &
4 C=D=C  126° = 1°



ferences. Maximum 3 18 weaker snd maximum 4 gtronger, compared to iso=~
butene, Maxima 8 and 9 appear as a palr of very nearly équal helght,
minimunm 9 being shallower than 8 and 10, Minimum 11 and maximum 11 are
shaped differently than for isobutene, while maximum 12 cuts off more
gharply outside than ingide, as opposed to isobutene vhere the opposite

ig true.

In models B, G, H, and J, maxima 8 and 9 have the correct
relative heights, and give the C-C/C=C ratio, But there are other
features which are quite senasitive to the C-L=C angle, thereby per-
mitting & more accurate determination of this angle than was the case
with either propene or iscbutene. In models B and G, maximum 4 is too
weak. Also minimum 9 is too deep relative to 8 and 10, giving maxima 8
and 9 lesa of a doublet appearance than does wodel H. Also, in model G,
the wrong side of maximum 12 has the greater slope. In model J, maximum
6 is not sufficlently prominent, and maximum 12 is too narrow. Model H

1s therefore the best model., Table 4 lists q/qo values for model H.

The resulting parameters for the three molecules are listed

in Table 5.
Table 5
Propene Taobutene €is butene-2
c~C 1,498 +0,014 A 1.505x0.010 A 1.504 £+ 0.010 A
c=C ' 1.3581:0.011 A 1.33630.012 A 1.543 £ 0,011 A

LC=C=C 125% ¢ 20 123 1/2° £ 2° 126° = 1°
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The old results for isobutene (2) and c¢is butene-2 (3) are

listed in Table 6.

Table 6
Isobutene Cis butene=2
c~C 1.5% A 1.54 A
Cc=C 1.34 A 1.38 A
c-C=C 124 1/4° 125°

The fallure of the previous investigators to observe any
single bond shortening in these molecules may be attributed to the fact
that their data did not extend into the critical region (60 < q < 80)
for the determination of the C-C/C=C ratio, cutting off at about q = 63
for isobutene and at q = 45 for cis butene-2, The C-C/C=C ratio may be
varied over wide limits without showing any disagreement with their data.
There is also a gquantitative disagreement between the old re-
sulte and the present, which reflects the accuracy of measuring the
photographs. In the case of isobutene, the old data give an average
carbon-carbon distance for the molecule of 1.470 A, compared with 1.L49 A
on the basis of the new data, a disagreement of 1l.4%, while for
cis butene-2, the values are 1.485 A and 1.450 A, a disagreement of 2.4%,
The inner part of the diffraction pattern is the most difficult to
nmeagure accurately because of the steep background which tends to deceive
the eye as to the true position of the maxima and minima. In addition,

the percentage error in the q/qo values for the inner rings is relatively
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greater for a given absolute error in the measurement of a ring position.
Since the 0ld results are based on a few features lying chiefly in the
region of the diffraction pattern whiéh is very difficult to measure
accurately, they cannot be considered reliable.

Another Tactor which probably contributes to this quantitative
disagreement is the degree of accuracy to which the wave length of the
electrons is known. The voltage regulation on the new apparatus in
these laboratories is much better than it was on the apparatus on which
the old work was done. Voltage fluctuations during a given experiment
are of the order of a few hundredths of a percent. Reproduclibility, as
determined from zinc oxide calibration photographs taken at different
times, is better than 0.1%. This is to be contrasted with the old ap=~
paratus, where voltage drifts of the order of 1% were not uncommon.

The modern experiment can therefore be considered more reliable.

The disagreement with respect to bond angles is rather small,
being within the limits of error of the two determinations, but none the
less deserves comment. Pauling and Brockway were unable to determine the
C~C=C angle in isobutene, but assumed that it was the same as they found
for tetramethylethylene, i.e., 124 l/ho. However, in view of the probable
methyl group repulsions, one expects the C~C=C angle to be slightly
smaller in isobutene than in tetramethylethylene, the angle in the latter
lying somewhere betﬁeen that found for isobutene and that found for
cis butene-2. Brockway and Cross simply assumed a C-C=C angle of 125O
for cisg butene-2 and evidently made no survey of parameter space to test

this assumption.
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A part of the observed single bond shortening is probably due
to a decrease in the bonding radius of the carbon atom. The covalent
radius of a carbon atom for a particular bond will surely depend on the
way in which all the valencies of the atom are engaged, and may be de-
creaged if some of the valencies are involved in multiple bonding. In
other words, the length of 8 glven bond should depend on how the
orbitals of the carbon atom as a whole are hybridized, and variations
in hybridization will produce variations in bond length.* Some ideg of
the magnitude of this effect can be obtalned by considering the lengths
of carbon-hydrogen bonds in three situations. Herzberg and Stoicheff (10)

give the following C-H bond lengths:

|
~-C-H 1.095 A =C=-H 1,071 A =C~H 1.065 A
|

The bonding radius of a carbon atom therefore seems to decrease by about
0.024 A if the atom is engaged in double bond formation, aﬁd by about
0.030 A if it is engaged in triple bond formation.

The remainder of the single bond shortening, about 0.020 A for
propene and 0.013 A for isobutene and cis butene-2, 1s presumably due to
hyperconjugation. A detailed discussion of this phenomenon is given by

Mulliken, Rieke, and Brown (1l). Using thermodynamic data, they arrive

* This idea has been discussed by a number of investigators, for

exasmple Pauling, Springall, and Palmer (1c), Coulson (7), Duchesne (8),
and Walsh (9).



at empirical hyperconjugation energies per methyl group of 1.2, O.T*,
and 0,06 kcal. for propene, iscbutens, and ¢is butene-2 respectively.
These figures are certainly compatible with the bond shortenings at-
tributed to hyperconjugation above. They are, however, only approximate,
and are subject to corrections which could easily amount to several
tenths of a keal. The reader is referred to reference 11 for more de=-
tails.,

The infrared spectrum of ethylene was studied by Gallaway and
Barker (12), and they arrived at a value of 1.353 A for the C=C bond
length, Using Gallaway and Barker's value for the rotational constant
A, and a more recent value of B determined from the Raman spectrum (15),
Stoicheff (14) calculated a value of 1.344 A for the double bond length
in ethylene, This latter value is in better agreement with the double
bond lengths found for the simple olefins studied in the present in-
vestigation. The H=C-H angle in ethylene, 119955' (12), is very nearly
the 120° which would be expected, according to Coulson (15), if the

orbitals of the carbon atoms were pure sp2

orbitals. However, as soon as
one or more of the hydrogen atoms in ethylene are replaced by methyl
groups, the bonding situation seems to change somewhat, so that the
bonding is no longer apa. The resultiﬁg bonding is characterized by a
considerable change in bond angle, and possibly by a slight decrease in
the length of the double bond, although the uncertainties in the structure

determinations asre sufficient to leave the latter open to guestion.

*  Their Table VIII gives 1.45 for this valuc, but this is evidently

a computational error.



The difference in bond angle between propene and igobutene
may be due in part to a difference in hybridization ocecurring when two
methyl groups are bonded to the same carbon atom instead of only one.
Distortion resulting from steric and electrostatic repulsion of the
methyl groups could account for the remainder of the difference.

The C-C=C angle observed for cis butene-2 differs from that
found in propene by 1°, Thie difference can be explained in terms of
the mutual repuleion of the two methyl groups. Although the methyl
carbon atoms are much farther apart in cis butene-2 than in isobutene,
the orilentation of the methyl groups is such that they show more mutual
interference in cis dbutene~2. This can easily be verified by making a
drawing of the molecules to scale using any arbiirary radius for the
hydrogen atoms greater than 1 A, The matter of methyl-methyl repulsions
will be discussed Iin more detall later.

The dipole moments of propene (16) and isobutene (17) are
0.34% and 0.49D. A value for cis butene-2 is not avallable. If the
value for propene is tsken as a standard, and 1f the dipole moment is
congidered as a sum of vector components, one for each methyl group along
the direction C..sC rather than along C-C (see Fig. 4), a simple trigono-
metric calculation gives = 0,54 for isobutene, in good agreement with

the experimental value.* Similarly, a value of 0.33D is calculated

* This is, of course, a maximum value for the calculated dipole moment

of isobutene. Tt could be brought into éxact agreement with experlment
by directing 4, and Mo frcm.Cl to a point a short distance along the
double bond toward Co. However, the data are probably not preclse enough
to merit further consideration. Nevertheless, it is interesting that this
crude analysis produces some clue regarding the charge distribution in the
molecule independent of any theoretical valence congiderations.
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for the dipole moment of ¢is butene-2.

CH, p
E;}43 M G) \\;?\\\L\x
o A=
5 o o A
2
@
A p
Figure L
Structures such as
';‘ H('H
e

H'q: )
H\CH::CHz ~ H\C—-—-‘CHL

are sometimes written for propene to explain bond shortening. It is
interesting that the observed dipole moment limits the contribution of
such ionic structures to the extent that they can account for a bond

shortening of only about 0.0l A.
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THE INTRAMOLECULAR REPULSION OF METHYL GROUPS

It was suggested on page 19 that the difference in the ¢-C C
bond angle between ¢is butene-2 and propene is the result of the mutual
repulsion of the methyl groups in cis butene-2. This point will now be
considered in more detail.

The heats of hydrogenation of cis and trang butene-2 differ

by 1 keal./mole (18). Since the two molecules hydrogenate to the same
molecule, this difference must reflect a difference in energy between
the two olefin molecules. This energy difference can be satiefactorily
explained as arising principally from the repulsion of the two methyl
groups in cisg butene-2. The interaction of the methyl groups in trans
butene-2 is assumed to be small.

Consider the interaction of the two methyl groups to be very
gimilsr to the interaction of two methane gas molecules undergoing

collision., Assume that a Lemnard-Jones potential function of the form
12 G
Ve e [(@0) "= (%) ]

is applicable, where ¢ 1is the depth of the potential minimum, r is the
digtance between the two methyl carbon atoms, and ¢ 1is the effective
"collision" diameter, The appropriate value of ¢ is obtained by the

%
relation r = 2 0 , where r

e» the equilibrium internuclear distance,

is assigned the value 3.6 A. This is roughly the minimum intermolecular

contact distance for methyl groups in crystals (19). The empirical value
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of € for methane is used (20). The potential energy curve is shown
in Flg. 5.

The methyl-methyl distance in cigs butene-2, 3.10 A, falls on
the potential energy curve at a point about 0.60 kcal. above the
potential minimum. Since trans butene-2 is not really at the potential
minimum, the energy Aifference between cig and trans butene-2 ig some-
what leas than this, say 0.50 kcal. The slope of the curve at this
point corresgponds to a repulsive force of 2,72 x 10“5 dynes per molecule,
This force iz to be compared with the force necessary to bend the two
C-C=C bond angles one degree, The two forces should; of course, be
equal. For thls calculation, we use the relation

V= %:Kﬂréi
where k has the value (21) 0.5 x 107 dyne cm./radian2, L is the single
bond length, and & is the angle of distortion in radians., Putting in
the appropriate numbers leads to the result V = 27 cal./mole for each
distorted C=C=C angle. The force required to bend the two bond angles

one degree is

oV

F=2 %) = 3.24 x/O'[aynes

Considering the approximations involved, the agreement between the two
forces is quite pleasing.

A simple model thus accounte for 0.50 + 0.05 = 0.55 kecal. of
the 1 kecal. energy difference between ¢is and trans butene-2, The

potential energy curve rises very rapldly with decreasing r in the region
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of interest, so a slightly larger value of o would give a considerably
larger ensrgy of repulsion., £ince the slope of the curvé does not change
very rapidly in this region, a few tenths of a kcal. more energy could be
obtained without greatly unbalancing the two opposing forces. However,
the original numbers are very satisfying and indicate that the assumed
model ig reasonable.

The fact that the model works is attributed to the physical
reality of the similarity of the interactions involved in the collision
of tWwo slow methane molecules and in the repulslion of methyl groups in
the same Molecule, Methane molecules consgist of hydrogen atoms bonded
to carbon atoms, and their interaction on c¢ollision results from fields
generated by the systen hydrogen~bonded-to~carbon. Two such systems in
the game molecule would be expected to repel one another in almost
exactly the same way, since the influence of other parts of the moplecule
onn the parts under discusslon is in general relatively small., The
chief difficulty in applying the method lies in choosing a proper value
for o . This value will depend on how the groups are oriented relative
to one another, as well as their distance apart. A reasonable estimate
mey be made by consldering a projection drawn to scale, uging some
arbitrary standard radlus for the hydrogen atoms, and noting the amount

the hydrogen atowms overlap.*

A value of about 1.2 A for the radiue of the hydrogen atom is
convenient. Calculations show that about 80% of the electron is contained
within a sphere of this radius (22).



METHY LENECYCLOFPROFPANE

The sample of methylenecyclopropane was prepared by M. Vogel.
Tt boiled at 8.0° uncorrected. Jmpurities were believed to be of such
a nature as not to lnterfere with the electron diffraction experiment.

Both ordinary and sectored photographs were obtained for this
compound wnder the usual experimental conditions. The unsectored
photographs were used only to determine the inner part of the diffrac~
tion pattern (g < 40). The rest of the pattern was obtained by visual
examination of the sectored photographs. A microphotometer trace of one
of the sectored plates was secured, and parte of it were found useful in
reinforcing the vigual interpretation of certain important features of
the diffraction pattern. The method of working up such microphotometer
data is discuseed later under the structure of l-methyl,3-methylene-
cyclobutene.

The carbon atoms are numbered as indicated below, so that o
is the angle CB'CQ-CA' Hydrogen atoms bear the same numbers as the

carbon atoms to which they are bonded.



Theoretical intensity curves were calculated for the shape
parameter ranges 1.49/1.3% ¢« 02-05/c=c & 1.,52/1.33% and 61° £ o & 64°.
03-H3 and Cl“ﬁl were gasumed to be 1.09 and 1.07 A, znd A.CEECl-ﬂl to
be 120°, Some question arevse as to the proper value to use for the
angle H§~03~H3. Most of the theoretical curves were calculated with
thie angle equal to 118°, Decresging it to 114° has no significant
effect on the curves, 8o this angle could not be usefully determined.*
The projection of C;-K3 onto the plane of the molecule was assumed to
bisect the angle ca-c5-04. Difference curves showed that ressonable
variations in the temperature factors and in the various agsuted quan~
tities wouwld not change the final bond lengths to be determined by mere

than a few thousandths of an A, The values of 8y used in the tempera-

J
ture factors are listed in Table 7.
Table :Z.

Ty 5 aij(s)
C-H 0.0023
¢..H 0.0041]
C=C 0,00025
C+uC 0.00045
c=C 0.000

A mumber of three-tembered ring compounds having one of the methylene
groups replaced by nitrogen {23), oxygen (24), or sulfur (25) have been
studied by microwaves, and were sll found to have H-C-HE angles between
116° and 117°. The actusl value in methylenecyclopropane is probably very
nearly the same, Calculations by Coulson and Moffitt (26) predict an
angle of 116° for cyclopropane.
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The visual curve (V), radial distribution curve (RD), and a
few theoretical intensity curves are shown in Fig. 6. Thé diffraction
pattern is most sensitive to variation of o and 02-05/C=C in the
range 50 < q < 100. Maxima 5 and 6 are esgentially a single feature,
ninimum 6 being virtually non=existent. Maximum 6 contrasts with
maximum 8 in that it is well above the zero line, whereas maximum B is
below, Minims 7 and 8 are of very nearly equal depth. Maxima 11, 12,
and 13 are quite broad, but their detailed shape could not be cbserved.

None of the calculated curves qulte agrees with the experi-
mental curve in all the essential details. The curves were improved by
incressing the C~H distances put into the calculations. Values of 1.10
and 1.085 for C5-H3 and C;<C, respectively were found satisfactory.
Multiplication by the scale factor leads to final C-H bond lengths of
1.085 and 1.070 A, The best model was found by interpolating between
several curves ag indicated on the plot of parameter space in Fig. T.
Table 8 lists q/q, values for a fev models.

The final parameters for methylenecyclopropane are given in

Table 9, along with the equivalent parameters for Feist's acld,

co, H
===<:::[co , » @8 determined in a recent crystal structure
2

investigation (27).
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Table 8
Max.  Min. a4 a/e (K) /g (1) a/q,(F) a/q,(@)
1 {12.80) (0.883) {0.875) (0.883) 0.883)
1 (18.62) (0.977) 0.97T) (0.972) §0.972)
2 (24.,83) {1.000) 0.983) €.991) {0.983)
2 (29.61) (1.027) (1.027) 1.020) {1.022)
3 (34.81) (1.,011) (1.008) 1,005) (1.003)
3 %9.96 0.991 0,991 0.986 0.988
L 42,73 0.981 0.983 0.974 0.981
b 45,54 0.988 0.988 0,984 0.984
P 49,95 0.997 0.997 0.992 0.993
5 (54.32) (1.011) (1.003) (1.007) (1.003)
6 (57.67) (0.997) (0.997) (0.988) (0.997)
6 (€0.35) (0.986) (0.994) (0.978) (0.996)
7 6k 4o 0.989 0.989 0.981 0.984
7 68.81 0.986 0.985 0.980 0.981
8 (77.11) (0.979) (0.982) (0.973) (0.982)
9 (79.21) (0.972) (0.985) (0.972) (0.978)
9 83.01 0.987 0.985 0.983 0.982
10 88.37 0.987 0.987 0.984 0.982
10 (95.46) (0.998) (0.999) (0.99%) (0.995)
11 102,48 0.989 0.990 0.992 0.988
11 110.33 0.987 0.987 0.983 0.984
12 117.13 0.987 0,989 0.985 0.986
12 123 .64 0,996 0.997 0.991 0.995
13 (129.93) (1.00%) (1.007) (0.997) (1.003)
13 (136.28) (1.007) {1.011) (1.010) (1.010)
Average, '
13 features 0,9879 0.9882 0.9840 0.9850
Aversge devistion 0.,0035 0.0036 0.0040 0,0038
+ + +
Scale factor K+ F) 8 (L+6) = 0.9861
Results: Cc=C 1,330 x 0.9861 = 1.312 A
CoCy ) 1505 x 0.9861 = 1.484 A

X 62.25°
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Table 9
Methylenecyclopropane Felst's acid
c=C 1.312 £ 0,010 A 1.317 A
Co=Cs ), 1.484 + 0,010 1.494 (average)
CB-Ch 1.535 £ 0,015 1.545
o 62°15' £ 30! 62°451

The bond lengths in Felst's acid have an average standard deviatioﬁ* of
about 0,01 A. The equivalent parameters for the two molecules are thus
in falrly good agreement.

it is of interest to compare methylenecyclopropane with cyclo-
propane, G;nthard, Lord, and McCubbin (28), from the interpretation of
infrared spectra, report a value of 1.524 + 0,01k A for the C-C bond
length in cyclopropane. They were unable to determine absolute values
for the C~H bond length and the H-C-H bond angle, but they could deter-~
mine C-H as a function of 4 H-C~H. The most reasonable values of C-H
and Z H-C=-H deduced from this relationship were 1.07 A and 120°. This
value for C-H seems rather short, while the H-C-H angle seems a bit

large. A calculation using their moment of inertia and assuming

* Limits quoted for molecular parameters in recent electron diffrac-

tion work in these laboratories are equivalent to about 2¢, where o 1is
the standard deviation commonly quoted in X-ray crystal structure deter-
minations, The parameters are therefore determined more accurately for
methylenecyclopropane than for Feist's acid.



C-E = 1.086 and <« H~C-H = 116%, which seems reasonable, leads to a
value of 1.511 A for the C~C bond length. H. Pfeiffer (29) found a C-C
bond length of 1.518 A in an electron diffraction investigation. This
value is squeezed down to about 1.507 A if the model is forced to it
the spectroscopic moment of inertia. Dunitz and Schomaker (30) cal~
culate a value of 1.504% A for the C~C bond length in cyclopropane from
the relationship 4 = 1.542 sine /8 , where & is the half angle strain.
Preliminary results of an electron diffraction investigation by
Almenningen and Bastiansen indicate a C-C bond length of 1.504 A (31).
The bulk of the data thus seems to favor a value of 1.51 A or less for
the C-C bond length in cyclopropane. For convenience in the following
discussion, we will assume that the C=C bond length in cyclopropane is
1.51 A.

The C~C bonds in the three-membered ring would pregsumably be
even shorter were it not for the partial relief in strain provided by
the expanded H~C~H angles. The central carbon atom in splropentane does
not have this strain relieving factor, so it is not surprising that the
averagé C-C bond length in this molecule, 1.49 A (32), is shorter than in
cyclopropane. The only relief from strain for the central carbon atenr in
spiropentane results from a amall amount of differential angle strain
vhich arises from the peripheral carbon atoms, with their expanded H-C~H
angles, being less stralpned than the central carbon atom. The experi-
mental bond lengths are central C=C = 1.48 A and peripheral

C=C = 1.51 A (32).
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One might expect the single bonds in methylenecyclopropane to
be even shorter than those in spiropentane, if the former is considered
the limiting case of angle strain in the series 1,l-dimethylcyclopropane™,
spiropentane, methylenecyclopropane. However, the average C=C bond length
in methylenecyclopropane, 1.501 A, although shorter than in cyclopropane,
is longer than in spiropentane, This apparent anomaly can perhaps be
explained in terms of effective angle strain as measured by straln energy,
instead of nominal angle strain., If we consider strain energy per
methylene group, the results are not very satisfying. For example, from
the heats of combustlon per methylene group of cyclohexane (33) {(un-
strained), cyclopropane {34), and ethylene (33), we obtain strain ener-
gies per methylene group of 9.2 kcal. for cyclopropane and 1l.1 kcal.
for ethylene. 1If, however, we consider the strain energy per methylene
group in a double bond as the C-C bond energy less half the C=C bond
energy**, we get a strain energy of 8.6 kecal., to be compared with the
value of 9.8 kcal. derived from bond energies and the heat of formation
of cyclopropane. Neither of these calculations 1s completely satis=-
factory, and perhape all we can infer is that the strain energy per
methylene group is roughly the same for a double bond and a cyclopropyl
ring. However, another point of view is to consider the total strain,

which is about 50% greater in a cyclopropyl ring than in a double bond.

¥ Unfortunately, no structural parameters are available for this

compound. The bonds in the ring, however, should 4iffer negligibly from
those in cyclopropane,

*%
Bond energies are taken from reference 35.
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The double bond in methylenecyclopropane coniributes less strain to the
molecule as a whole than does the second cyclopropyl ring in spiro-~
pentane, If we accept this assessment of the effective angle strain
along with the rather general cbeervatlon that bonds under angle strain
tend to be short and that this shortening is greater the greater the
gtrain, then the fact that the ring bonds are longer in methylenecyclo=-
propane than in gpiropentane becomes reasonable.

It 18 realized that the arguments in the preceding paragraph
are weak. Rellasble heatz of combustion for methylenecyclopropane and
epiropentane* would be of conslderable help., Perhaps a redetermination
of the structure of spiropentane ig also in order.

Differential angle strain in methylenecyeclopropane, which
stretches the CB-CM bond about 0.025 A, would tend to shorten the CE"C},A
bonds by about half that smount, or about 0.013 A, The remaining shorten-
ing observed in the CE'CB,h bonds may be accounted for by hyperconjugation

end possibly rehybridization**.

" ,
Humphrey and Spitzer (36) found a value of 785.3 kcal./mole for the

heat of combustion of spiropentane. This leads to a strain energy in
spiropentane which is less than twice the strain energy in cyelopropane,
which does not seem reasonable. However, they had considerable trouble
in getting a complete combustion, so their answer could well be a little
low. A value one or two percent higher would yield a strain energy in
better agreement with what elementary strain considerations would predict.

X The value of 0.025 A suggested on page 17 for shortening due to the

decreased bonding radius of a trigonal carbon atom would not be expected
to apply ip this case. The shortening of the C~C bonds in cyclopropane
is probably due at least in part to rehybridization (23), and it is not
clear how much more ghortening from this source, 1f any, the presence of
the double bond would induce.



The double bond in methylenecyclopropane, 1.312 A, is rather
short, It is suggested that this shortening is caused by strain, i.e.,
the short double bond helps minimize the strain in the molecule. Allene,
with its two adjacent double bonds of length 1.309 A (14), presents a
similar situation; the double bonds are strained and alsoc short. Another
example of a molecule with a short double bond is cyclopropene,

C=C = 1.286 + 0.0k A (37), and this molecule is also highly etrained.



1,3-DIMETHY LENECYC LOBUTANE

The sample of 1,3-dimethylenecyclobutane (IMC) was prepared
by Dr.q F. F. Caserio. It is a colorless 11@1«1, boiling at 68°C. TIts
configuration was confirmed by nuclear magnetic resonance and infrared
spectra.

Both sectored and unsectored diffraction photographs of IMC
vere made, using Kodak Procesg plates for the former and Kodak 50 plates
for the latter. The camera distance was about 10 cm. and the accel-
erating potential about 40 kv. The unsectored photographs were used
only to obtain data for the region q < 30, The sectored photographs
were interpreted visually and provided the bulk of the data.

The carbon atoms are numbered as indicated below; ot is the
angle 05"02'Ch' Hydrogen atome besr the game number as the carbon atome

to which they are bonded. The molecule was assumed to have C2v gymmetyy.,

For purposes of simpliclity and clarity in the actusl determina-
tion of this structure, we distinguish between msjor and minor shape
parameters. The major shape parameters are the ratio C*C/C=C, the angle
< , and the dihedral angle, The remaining shape paraweters are degig-

nated minor parameters and have the properties that (1) reasonable
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variations in them produce cnly small changes in the calculated curves
and (2) more accurate values for them can in general be guessed a priori
than c¢an actually be determined., Fach minor parameter 1s assigned some
reagonable value which 1s held constant in all the theoretical curves
calculated in the process of determining the major parameters. Dif-
ference curves are calculated to test the effect of changing individusl
minor parameters, In the final analysis, after the major parameters
have heen determined as well as posglble, the minor parameters are
altered as necessary to produce the best possible fit with the experi-~
mental intensity curve, With the difference curves available, it is
possible to keep clearly in mind the effects on the curves of varying
the minor parsmeters when accepting or rejecting the theoretical curves
calculated in the process of surveying major parameter space.

Theoretical intensity curves were calculated for planar models
in the shape parameter ranges 1.51/1.34 <& C=¢/C=C £ 1,56/1.34 and
91o £ ol é.95°, In addition, a mumber of curves were calculated for
models bent up to 20°. In calculating the curves, methylenic and
ethylenic C-H were agsigned the values 1.09 and 1.07 A respectively;
£ Hz+C5-H; vwas taken as 118°,'and £ Hy=Cy-H, as 120°. Values of agy in
the temperature factor e ~1J° are listed in Table 10.

As theoretical intensity curves were calculated, 1t became ap-
parent that the region moet difficult to interpret precisely on the
photographs, 50 < g < 70, was also the fegion most gensitive to varia-
tions in the major parameters. Maximum 6 appears to have a slight bump

at its base where it merges into minimum 7. The exact shape of minimum 7



Table 10
13 %13
C-H 0.0023%
C..H 0.0041%
c-C 0.00025 -0, 00045**
C..C 0.00045
C=C 0,0000

ig difficult to Jjudge, except that it ls rather flat and shallow and
seems to slope upward slightly into the base of maximum 6, Due to this
uncertalnty, some latitude was allowed in the shape of this feature when
accepting or reJjecting theoretical models, Maxima 7 and § appear as g
doublet, with maximum 8 slightly brosder and stronger than 7. There are
only a few other features which can be ugsed for criteria of acceptability.
Maximum 2 hee a slight bump outside. Maximum 6 igs considerably higher
than the average of 5 and 8. The difference in intensity between mini-
mum 7 and maximum 8 is less than the difference between minimum 5 and
maximuwm 5.

The visuasl curve (V), radial distribution curve (RD), and a

few theoretical intensity curves are shown in Fig. 8 . Awong the planar

= 0,0030

Except a
020 .Hl

%
* A value of about 0,.00035 seemg best.



legend for Pigure 8

Model c-¢/c=¢ o Dihedral angle
A 1.52/1.34 92° o°
B 1.53/1.34 93 0
c 1.54/1.34% 92 0
D 1.54/1.354 93 0
E 1.55/1.34 92 0
F 1.55/1.34 93 0
G 1.56/1.5k4 92 0
H 1.54/1,3k 91 0
J 1.54/1.34 9k 0
K 1.54/1.34 92 10
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models, A has the wrong appearance in the region 40 < q < 75. Models B,
C, D, E, and F reproduce the overall sgppearance of the pﬁotographs
pretty well, although E and F are slightly less satlsfactory than the
others in the region of minimum 7 and maxima 7 and 8., The difference in
intengity between minimum 7 and maximm 7 in model G is great enough to
reject this model, Also maxima 7 and 8 are too nearly equal., In model H,
minimun 7 does not have the correct shape, maximum 6 is too weak, and
maximum 8 is much too strong. In model J, the bottom of minimum 2 has
the wrong shape, as does minimum 7, and maxima 7 and 8 are too nearly
equal. Model X, which is the oame as model C except for a dihedral angle
of 10°, shows the bump on the outside of mwaximum 2 which does not appear
on any of the planar models except model D. Minimum 7 is acceptable, but
maximm 8 is a little too strong. Increasing the angle o by only 1°
over its value in model C makes models with a dihedral angle of 10° un-
acceptable in the region 55 ¢ q < T70; dihedral anglesg over 10° also cause
trouble in this reglon.

The beet model is an average of models € and D, with the ad-

dition of a swall dihedral angle*, yielding the following parameters:

C=C 1.526 + 0,012 A
c=C 1.328 & 0.012 A
o 92.5° + 1°

dihedral £ 59 £ 5°

Values of g/q, for models C and D are listed in Table ll.

The dihedral angle presumably refers to an average configuration,
with the molecule vibrating back and forth through the planar equilibrium
configuration.
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Table 11

%

6 092

8.31
11.19
17.90
26 .66
31.08
36 028
40.61
4k 61
47.62
51.46
55,86
60,54
64.27
67.13
70.35
Tholl
78.21
84.3%0
88.95
94 .30
98.79
100,22
102.76
108.35
115.31
122,16
128,90
155.63

Average, 20 features

Average deviation

1/2 (c + D)

Scale Tactor

Results:

c-C
=C

X

1.526 A

92,5°

0.9907

a/q.(D)

(0.983)
(1.011)
1.028)
1.000)
0.975)
(0.974)
0.990
1.005
0.998
0.993
0.991
0 0985
(1.00k4)
0.996
0.988
0.981
0.991
0.995
0|98§
0.983
0,988
0.992
0.998
0.994
0.990
01»988
0,992
éo'%ﬂ
0.999)

0.9911
0,004k
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Putting the methylenic and ethylenic C-H distances into the
caleculations at 1.10 and 1.08 A respectively improves the curves some-
what, These parameters then become 1.090 and 1.070 A after multiplica-
tion by the scale factor. Reducing é-H5-03~HS to 114° or less causes
the shape of minimum 2 and the height of maximum 6 to be slighily less
attractive on the planar models, but thesge effects are canceled by
bending the molecule a few degrees out of planarity. The distances in
the beet model are in excellent agreement with the radial distribution
curve,

The carbon-carbon single bonds in Imcbare 0,0k2 A shorter than
those in cyclobutane, where C~C = 1.568 A (30).* The single bonds in
isobutene were found to be 0.037 A shorter than the standard value of
1.542 A, and this shortening was attributed to the decreased bonding
radius of a trigonally bonded carbon atom plus hyperconjugation. These
two effects should cause roughly the same amount of shortening in IMC
as they do in isobutene, but not exactly the same amount, since the
bonding in the two molecules is not identical. For example, the trigonal
carbon atom in the four-mewmbered ring is probably not hybridized exactly
the same as the trigonal carbon atom bonded to the methyl groups in iso-
butene, so there may be a difference in the bonding radil of the trigonal
carbon atoms in the two molecules. In addition, some extra shortening
should appear in IMC because of angle strain, which is greater in IMC than

in cyclobutane, and not present at all in isobutene.

¥ A preliminary report on a nev electron diffraction study of cyclo-

butane (31) gives a C-C bond length of 1.546 A, considerably shorter than
the old value. The final results of this investigation are awaited with
great interest.
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It is interesting to compare IMC with methylenecyclobutane,
which has an average carbon-carbon single bond length ofl1.55 A (38).

If the bonds opposite the double bond are assumed to have the length
1,568 .+ € , longer by ¢ +than in cyclobutane because of differential
angle strain, then the bonds adjacent to the double bond would have a
length of 1.5%2 = €é , in essentially perfect agreement with the bond
lengthes obgserved in IMC if, as seems reasonable from other estimates of
differential angle strain (39), € amounts in this case to a few
thousandths of an Angstrom. In addition, the angle straing in IMC are
greater than in methylenecyclobutane, and this could account for some of
the difference between 1,532 and 1.526 A, to say nothing of error in the
two structure determinations.

The double bonds in IMC are also short. The ratio of the
double bond shortening in IMC to that in methylenecyclopropane is very
nearly the ratio of the half angle strains on the ring trigonal carbon
atoms in the two molecules, This lends some support to the suggestion
on pege 35 that the double bond shortening is connected with strain.

The apparent dihedral angle of 5 in IMC may be compared with
the value of 20° found in cyclobutane (30). The torsional strain which
tends to favor the non-planar configuration in cyclobutane should be
quite small in IMC. Aleo, the greater angle strain in IMC would tend to
favor the planar configuration. The smaller apparent dihedral angle in
IMC is therefore not surprising.

The value found for o seems quite reasonable. It would be

expected to be greaster than 90° because of the greater strain involved in
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distorting the bond angles of a trigonally bonded carbon atom compared
with those of a tetrahedrally bonded carbon atom.

The rather short Cp.sC distance in this molecule, 2,10 A,

5
suggests the possibility of a bonding interaction across the ring. The
obgerved value of o« might be determined in part by such an inter-
action. However, if such an effect does exist, the absence of any severe

sbnormality in the observed molecular parameters suggests that it is not

a large one,
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1-METHYL~ 3-METHYLENECYC LOBUTENE

A sample® of a compound believed to be 1,3-dimethylenecyclo-
butane was submitled for a structure determination by electron diffrac-
tion. The infrared spectrum and the preliminary electron diffraction
vork cast considerable doubt on the compound's actually being what it
wag supposed to be, ILater, the nuclear magnetic resonance spectrum was
chtained and Interpreted in tertts of l«methyl-~ 3-methylenecyclobutene
(MMC), and finally authentic 1,3-dimethylenecyclobutane was produced.
But since the electron diffraction data had already been obtained, and
since providing a confirmation and details of the atructure of MMC was
algo of interest to the writer, the electron diffraction work was
continued.

The sample was a pale, straw-colored liquid boiling at 68.5°C.
It polymerized eagily at room temperature, but could be safely stored at
dry ice temperature.

Diffraction photographs were taken on Kodak Process plates,
using a rotating sector. The camera distance was about 10 cm, and the
wave length about 0.06 A. Photographs made with both the large end small
sector beam stops provided data extending from about ¢ = 13 to g = 140,

Microphotometer traces’™ of a few of the best plates were prepared, the

Prepared by Dr. D. H. Parker

* The writer wishes to thank Professor J. L. Greenstein for permitting

the use of the Astrophysice Department microphotometer Por this work,
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Plates being spun about the center to average out blemishes., The final
experimental intensity curve wasg derived from the microph@tometer traces
by a series of operations which will be described in sonme detail.,

The complete equation for the scattering of electrohs by

randomly oriented gas molecules is

P

2 -a.:$
Its) = const. 3 Z(Zz'f;\ +ZZ‘-S. "‘Z(?—,-‘f.-)(i;*i)e sin sn;
& : [ 4

¥ g

The first two summatione vepresent the atomic and inelastic scattering
which give rise to the smooth background observed oun the photographs.
The third swmmetion 1s the structure sensitive part of the scattering
expression, and is all we shall be concerned with for the present. This

expregsion may be rewrltten as

2
. - = - M -a..s .
sI(S)-.-const.-éz,Z(z‘ 5"-:'(?’ i) e Sin SY;
(8 ¢

which in the present case is approximated by (40)

’ x| . a5 .
sIts) =const.” (2,~£) = 22 o "% sinsy, (1)
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The problem is to put the microphotometer data in such a form that they
may be easily compared with calculated theoretical intenéity curves,

For each plate, a full scale (0=100% transmittance) micro=-
vhotometer trace was mafde., But since the actual transmitiance of g
given plate varied over only a few percent, these itraces were used only
to fix the transmittance scale on other traces made at much higher
amplification. A q scale was placed on the traces and the deflections
at integral q values were read with a centimeter scale and converted to
tranomittances and to optlcal dengities. Optical demsity of the plates
ig here designated by IP.

The corrections necessary to put the data in the desired form
are indicated on the left of egquation 2.

2

$
sin sq. = sl (2)

_a;s

y,‘& 3 -
[;: % s 1, -B]cz =a-40) B e

The term o measures the angular opening of the sector. It was con«
venient to introduce it as the factor r2/ct , where r is the distance
from the center of the sector. The factor l/c0530 corrects for the
diminishing of intensity with increasing scattering angle arising from
the uese of a flat photographic plate. B is the background arising from
atotic and inelastic scatiering, as well as stray scattering from the

apparatus, and is subtracted graphically.
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Three overlapplng traces were reguired to cover the entire
diffraction pattern fromq = 13 to g = 140, and up to ﬁhis point,
these were treated separately, The three traces had different intensity
scales, i.e., were traced at different amplification, After subtracting
the background, they were plotted on the same paper, and the overlapping
regions were used to obtaln factors for putting all three sections on
the same intensity scale. Now 1f, after completing the operations
indicated on the left of equatlon 2, the curve is divided by (Z_~f c)2,

the result is a2 curve of the form

2 S

~Gcee S z2.2. ~da.5

SI(S) = € Z -v-";;l e Yosin SV (3)
i :

where a, . + 6813 = 8y4. Equation 3 is of the form used for cal-
culating theoretical intensity gurves in ordinary visual work, with the
exception of the factor e 0=¢® | por easge in calculation, this factor
was omitted when calculating curves until a reasonably good fit with the
experimental curve was obtained. It was then included in the best models
for final comparison with the experimental curve,

It should be mentioned that the point at which the background
ig subtracted 1s largely a matter of convenlence. Subtracting a very
steep background or ome with a very large curvature lntroduces large
errors. On gome of the traces, better results were obtained by sub~

1/2

tracting the background from.(rj/d.)(qi/r3)1pq , then multiplying by

q5/2. The inner part of the pattern had a sharply curving background.
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In order to reduce this curvature, the corrected IP wag multiplied by =
modification function, which was then divided out after éubtracting the
background.

Since microphotometer data for @ < 13 was lacking, this
portion of the experimental curve was copled from a theoretical intensity
curve, When the complete experimental intensity curve was plotted, it
was obvious that there was congiderable error in the position of the zero
line in the regilon g ¢ 50. It was later found that if the peaks apw
pearing below 0.9 A on ‘the radial digtribution curve were transformed
and subtracted from the original experimental curve, this error in the
zero line was greatly diminished. The final experimental intensity curve
includes thls correction.

The MMC molecule has too many parameters for a complete struc-~
ture determination. The method of attacking the problem was to postulate
a few models based on the interpretation of the radial distribution curve
combined with structural knowledge derived from cother molecules, then to
vary bond angles and temperature factprs in an effort to oblain a good
fit by the correlation procedure. It was thereby possible to cobtain
reasohably good values for a number of parameters without making a
complete survey of parameter space, |

Congiderable structural information was obtained from the
analysis of the radial distribution curve (shown in Fig. 9). The partial
regolution of the complex peak at about l.4 A suggests that one of the
single bonde is rather short. This peak also indicates an average carbon=

carbon single bond distance of about 1.505 A. The peak at about 2.1 A



containg a number of distances, insluding the cross-ring terms, so the
average cross-ring distance could not be determined directly with any
accuracy. The complex peak at 3.3 to 3.6 A contains principally the
05..05 and Cl"c6 distances*, making it possible to set rather narrow
limits on values for these two distances, The C,..C, distance at 4,86 A
is clearly resolved, The ?eak at 2,65 A contains the distances 02..05,
Ch..C5, 02"06’ and Ch"cé’ in addition to one small C-H term, Therefore
the average value and the limiting values for these distances are im-
mediately deduced, The shape of thls peak also suggests that one of
thege distances is guite a bit longer than the average of the other
three,

In constructing models, the following very reasonable assump=
tions, based on structural knowledge derived from other molecules and on

minimizing strain in this molecule, were utilized:

C1-C), shortest single bond because of first order conjuga-
tion,

longest single bond because of differential angle
strain.

02-—05 £ 01-02

03-06 assumed to be 1.50 A, from isobutene value.

CI=C5 assumed to be 1,33 A, from IMC value,
C5=Cu assumed to be 1.35 A, greater than normal because of

cross=-ring repulsions.

See Fig. 10 for the numbering of the carbon atoms. Hydrogen atoms
bear the same numbers as the carbon atoms to which they are bonded.
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ACA-CI-CE > 401-02~03 from strain considerations,

A:cl-ch-c5 2 CQ-CB'CM from strain considerations.
These assumpiions, combined with the information derived from the radial
distribution curve, enable the carbon skeleton to be constructed with
only small possibilities for variation, except for the exocyelic bond
angles, which can vary over a range of about 200, though not indepen-
dently, and still glve distances which fit the radial distribution curve,
(Although the Cye++Cg and 05..c5 distances are known fairly accurately
from the radial distribution curve, they are rather insensitive to con-
siderable changes in the exocyclic bond angles.)

The information thus far derived was used to construct models
by means of accurate scale drawinge, proceeding by trial and error until
a good fit with the available data was obtained.

In calculating theoretical curves, the following assumptions
were made: methyl and methylenic C~H = 1.10 A, ethylenic C-H = 1.07 A,
A.HQ-CQ-H2 = 1160 (with the plane of 32-62-32 bisecting the angle

C,CpC5)s £ HgeCeHy = 120°%, amd £Cy-Cy-H, = 131°

3
The calculated curves were found to be quite sensitive to
changes in the exocyclic bond angles, enabling them to be determined with
gome ACCUracy.
Only slight variations in the four-membered ring are posslble,
if good agreement with the radial distribution curve and the assumptions
listed on page 51 is to be preserved, and these involve altering the

relative single bond lengths., Some of the best calculated curves are
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shown in Fig. 9. These all have the eXocyclic bond angles end tempera-
ture factors adjusted to give the best fit with the experimental curve,
Model) A fits the experimental curve pretty well in all the esmential
Teatures, except that minlmum 7 is much too shallow., This deficiency is
corrected in model C. Model B, which is the ssme as C except Cl'ca is
lengthened 0,01 A to 1.53 A, shows scme slight disagreement wlth the
experimental curve Iin the depth of minimum 7, but otherwise is quite
good. Meodel D, with all the ring gingle bond distances equal, is clearly
unacceptable, the shapee of maxima 5, 6, 8, 9, and 11 being quite in~
correct. The best model 1s taken to be an average of models B and C,

Values of q/q, for the two best models are listed in Table I2.
Table 13 liets values of the temperature factors found best. The final
bond lengths and bond angles, along with limits of error estimated from
the radial dlstribution curve, thecretical culrves or both, may be found
in Table 14, For convenient reference, a projection of the molecule
showing bond lengths apd bond angles 18 shown in Fig. 10.

The 35..06 distance on the best medel is sbout 0.02 A longer
than the peak on the radial distribution curve indicates. Similarly, if
the Cl"cé distance were gbout 0.01 A shorter, it would fit the radial
distribution curve better. These small discrepancies might be due to
experimental error, bult a more sstisfying explanation may be that the
out-~of-plane bending vibrations cause the average poslition of the 05—06

bond, and poasibly to a lesser extent the € bond, to be a few degrees

1'05
ot of the plane of the molecule. Such a situation would shorten the
aforementioned distances without significantly affectling the other dis-

tances in the molecule.
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Pigure 9

Single bond dletances in the four-membered

ring for the theoretical models shown

Model A Model B Model ©
1.54 1.53 1,52
1.53 1.52 1.52
1.46 1.46 1.46

Model D

1.51

1,51

1.51






Table 12
Max. Min. 1, q/qo(ﬁ) q/qo(c)
1 11.2 1,000 1.000
1 18,0 1.011 1.011
2 26.8 1.000 1.000
2 30,8 1.006 1.006
3 36.2 1.000 1.000
3 41,3% 1.000 1.000
b 4,2 1.002 1,002
Y h6.1 1.007 1.007
5 51.3 1,002 1,002
5 55.6 0.995 0.99%
6 59 .8 1.005 1.005
7 65,2 1.002 1.002
T 69.6 1.003 1,004
8 74,0 1.005 1.005
8 79.3 1.004 1.00%
9 88.5 0,997 0.996
9 95.5 1.002 1,004
10 102.5 1.001 1.005
10 108.4% 1.003 1.004
11 115.6 1.001 1.002
11 122.6 1.003 1.00%
12 129.6 1.001 - 1.002
12 157.1 1.003% 1.00%
Average, all features 1.0023 1.0027
Average deviation 0.0022 0.002%

Best model 1/2 (B + C), yielding scale factor of 1.0025



c=c
Cy=C),
€,y
ComCy
Cg=Cs
CpeeCs
Cpe o0y,

..CE

€5
05"Ch
05..0
06..01
06..02
Cé"“h

05. IC6

C..H
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Table 13

Temperature Factors

aij(a)

0.00050
0.00061
0.00075
0.00075
0.00075
0,00095
0.00095
0.00095
0,00095
0.00095
0.00095
0.00151
0.00151
0.00151
0,00280
0.00460



Table 14

Bond lengths and bond angles in MMC

(35':01L
01:05
¢1=C,
€17C2
€2y
C6“Cj
I_Cl-Ca-(.‘,5
£Cp=C3=C),
£€470,,7Cy
Z-Ch_"Cl"'GE
£85=C1=C,
Z 05~C1"01+
406-03-02

‘:C6~C§-Cll,

1.353 £ 0,015 A

1.333
1,46k
1.529
1.524

1.504

+ 0.015 A
+ 0.020 A
x 0,015 A
+ 0,015 A

£ 0,015 A

84,5 + 1,5°

93.2
95.5
88.8
13k.2
137.0
129.5
13743

x

=

t

1.5°
1.5°
1.5°
2.0°



.48 4

93.5

93.2 /

129.5 Cf} \

Figure 10
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The lengths of the ring C+«C bonds seem remsonable. The Cl'ch
bond is expected to be rather sghort since it is part of é conjugated
syetem. Tt has about the same length as the equivalent bond in
1,3-butadiene (41), although we might expect cross-ring repulsicn to
lengthen this bond in MMC relative to butadiene. It may be that the
gevere girain in this bond causes enough shortening to nullify the ef-
fect of the crosa~ring repulsions. The 01-02 and 02-05 bonds average to
about the IMC value, so that the two opposing influences of differential
angle straln, which would tend to lengthen these bonds relative to IMC,
and the greater total angle strain, which would tend to shorten them,
seem to cancel one mnother. The greater differential angle strain to
which the Cl-c2 bond is exposed would tend to make it a litile longer
than the 02—05 bond. The sverage single bond length in cyclobutene is
1.537 A (42), 0.01 A longer than the average of C,-C, and 02-03 in MMC,
We expect the 02-03 bond in MMC to be very nearly the seme length as the
equivalent bonds in cyclobutene. However, ve expect the Cl-c2 bond in
MMC to be considerably shorter than the equivalent bond in cyclobutene
because of the additional strain, hyperconjugation, etc. lntroduced by
the exocyclic double boud. Unfortunately, experimental values for the
4ndividual C-C bond lengths 1n cyclobutene are not avallable, but if we

apsume that the 02-0 bond in MMC and the equivalent bonde in cyclobutene

)
have about the same length, then it follows that the Cl-c2 bond in MMC is

about 0.034% A shorter than the equivalént bond in cyclobutene,
An imteresting point in this etructure is the 06-(:3-0h hond
angle., In forming the four-menbered ring, 4;02-03-ch is strained about

30° from the isobutene value. Strain on the c5 carbou atom is evidently



minimized when the methyl group swings around toward C, through an angle,

14°, which is about half the strain angle arising from the C,-C, bond

3
being part of the four-membered ring.

Best agreement with the data requires 405-01-{:& to be a little
larger than 405-01-02. This may be attributed to the significant double
bond character of the short C1'°1+ bond tending to force the exocyclic

double bond towards a linear arrangement of atoms 05, Cl, and Clt'
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CONCIUDING REMARKS

Table 15 lists a number of molecules containing single bonds
sdjacent to double bonds whose bond lengths the writer believes have
been determined with sufficient accuracy to be useful for making com-~
parisons. The bond lengths given refer to single bonds adjacent to
double bonds.  In the case of small rings, the reader should keep in

mind that the proper standards for comparison are cyclobutane,

C=C = 1.568 A, and cyclopropane, C-C = 1.510 A.
Table 15
Compound C-C Reference
propene 1.498 This thesls
isobutene 1.505 Thi=s thesis
cis butene-2 1.504 This thesis
toluene 1.51 b3
cyclobutene 1.5372 42
b
methyleyclobutene 1.54 38
methylenecyclobutane 1.55° 38
1,3-dimethylenecyclobutane 1.526 This thesis
d
1-me thyl-3-me thy lenecyclobutene {i’§23e This thesis
methylenecyclopropane 1.464 This thesis
cyclepropene 1o525f 37
3 Average, two short, one long.
b Average, ring + exocyclic.
C Average, two short, two long (see page hb).
d Average, including conjugated bond in ring and exocyclic bond .,
€ Average of the tWo non-conjugated ring C-C bonds,
f These single bonds are subjected to a strong lengthening effect from

differential angle straln.
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We see that in all caseé*, the single bonds adjacent to double
bonds are short. Moreover, this shortening is about half the shortening
obagerved in single bonds adjacent to triple bonds. Variations occur in
the attual bond shortenings observed in individual molecules, but this
is not surprising, since we would expect the exact bonding situation to
be somewhat different in different molecules,

There seems to be a remarkable additivity among the single
bond shortenings found in unsaturated, non-aromatic molecules. In ad-
dition to the double bond =~ triple bond relationship already mentioned,
we notice that the two double honds in butadiene cause a shortening of
the single bond to 1.46 A (41). This is just equal to the shortening
caused by a triple bond, and twice that caused by a double bond. The
single bond length in diacetyleme is 1.375 A (1d), =o two triple bonds
cause twice the shortening of one triple bond and four times the shorten=~
ing of a double bond. The gingle bond adJjacent to both a double bond
and a triple bond in pirylene has a length of 1.42 A (4k), half way
between the values for butadiene and diacetylene, In short, each carbon-
carbon Tr bond adjascent to a single bond causes a shortening of about
0.04 A, whether the molecule is propene, with one 7r bond adjacent to
the single bond, or diacetylene, with four.

Bond shortenings in these situations are often referred to
conjugation and hyperconjugation, and the usual feeling seems {o be, in

agreement with the distinction implied by the names, that the two effects

Except in cyclopropene, However, see footnote f, Table 15,



are of greatly different importance. The elementary theoretical treat-
ments of conjugation in themselves have been conducive t§ auch a feeling;
8o often the hyperconjugation situation has arbitrarily been lgnored or
assigned low importance, and, more fundamentally, the secular equations,
involving the whole electronic system, automatically bring attention to
the interaction - even cooperation - of different parts of the system,
in analogy to the most characteristic conjugated systems, such as benzene
or a carotenold. To be sure, the equation for hyperconjugation is often
solved by perturbation methods so as to get an addltive effect*, but this
seems not to have been considered as justifiable for conjugatlon.
Nothing in the bond length data seems to dlecriminate beilween
conjugation and rehybridization as explanations for these bond shorten-
ings, tut if we assume that conjugation is the important effect, then we
are led to the conclusion that, contrary to the picture presented in
last paragraph, hyperconjugation and conjugation, in simple systems and
measured by bond shortenings, are, by virtue of the above-mentioneﬁ ad-
ditivity, substantially equivalent, conjugation between two double donds
amounting to just twice the hyperconjugation of the single bond with one
double bond. If, on the other hand, the single bond shortenings are
referred to rehybridization effects, these must also be called additive.
In discussing the structures described in this thesis, we have
congidered a number of factors which we might expect to cause varlations

in carbon-carbon single bond lengths. These include hyperconjugation,

*
For example, see reference 1l.
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rehybridization, total angle straln, differential angle strain, and
cross-ring repulsions. In complex molecules, we can, in general, say
what factors may be operating and give their sign (bond shortening or
bond lengthening). By extrapolating from simple molecules, where few
bond altering factors are present, we can make a quantitative estimate
of the total effect of many such factors, if we assume that each acts
independently. Such procedure has proved guite successful in most cases,

However, a notable exception is indicated in Table 16,

Table 16
A B C D E
> 1ss d= 1.505 0.037
O 1.568 L= 1.526 0.042
> 1.510 D= 1.484 0,026 (0.013)

In Table 16, colunn B gives the C-C bond lengthe for the base
structures shown in column A. Column D gives the lengths of the single
bonde adjacent to the double bonds in the structures listed in column C.
Column E gives the total single bond shortening induced by the double
bonds., We would expect the numbers in column E to increase down the
table, with the total shortening equal to 0.037 + € , where ¢
measures the additlonal shortening over that in isobutene caused by the
increasing strain introduced by the double bond, However, this is not
the case, the shortening induced by the double bond in methylenecyclo-

propane being less than the shortening induced by the double bond in
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iscbutene, If we make a correction for differential angle strain,
(value in parentheses), the situation becomes even worse; This ap~
parent anomaly may be due to a fallure of additivity, or to our lack of
knowledge of what is to be added, or both. Although neglect of the inter-
action of the various bond altering factors has been found to be a good
approximation in most cases, this may no longer be true for the highly
strained methylenecyclopropane molecule., Also, the comparisons under
conslderation are not strictly valid, e.g., tﬁe net change in hybridiza-
tion is probably not the same when a double bond is added to propane to
form isobutene as when a double bond is added to cyclopropane to form
methylenecyclopropane, so that the resultant bond shortenings from this
source may not be the same, The difficulty appears to lie not so much
in our methods, but rather in extrapolating too far into a region where
we have insufficient experimental data.

Perhaps a word should be said about experimental error. We
have generally discussed our experimental results as if they were exact.
This is perhaps too much to hope for, but we are certainly confident
that our answers are sufficiently close to the correct ones to mske our
discussions and arguments valid. It is sometimes not easy to assess the
reliability of the results of other investigators, but the general
compatibility of the various resultis compared in our discussions would
seem to indicate that none of them is seriocusly in error.

To summarize briefly, we have been able to give a reasonable
and detailed explanation of most, if not all, of our results. The

gimplicity and general success of our methods certainly cannot be denied,
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although we have sometimes been entbarrasged by having to desl with too
many reaconable explanations and too little experimental data. Con-
giderable work in this field, both theoretical and experimental, will

be needed before a true understanding can be reached.
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PROPOSITIONS

Bond angle distortions are often attributed to intramolecular repul-
sions, It is proposed that such arguments may be put on a more or
leas Quantitative basis by considering intramolecular repulsive inter-
actions as analogous to intermolecular collisjions of molecules in a

gas.

No less than six "determinations" of the structure of acetone have
been made (1). It is proposed that none of these is conclusive. The
fundamental importance of this molecule makes it worthy of a careful

stmcture determination.

A mechanism is proposed to explain the relative ease of substitution
of bromine on triethylsilane when allyl bromwide is used as a
brominating ageut (2), compared with some other brominating

agents (2,3).,

The bond lengths and bond angles found in trimethylene oxide and
3-methylenetrimethylene oxide (4) not only discourage the idea of
crose ring bonding in the latter compound, but further suggest that
there is a significant repulsive interaction between the oxygen atonm

and the opposite carbon atom,

Tt is proposed that the potential barriers to internal roiation
derived by Pitzer (5) for cis and trans butene-2 end isobutene are
incorrect. Minimwm values for these barriers, based on the molecular

configurations of these molecules, are suggested.
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A mechanism for the anomalous rearrangement in the acylation of

cyclopropane (€) is propesed.

An empirical relation involving electronegativities is proposed for
predicting variations in ocarbon-halogen bond lengths in halomethanes.
The average deviation between the calculated and the experimentally
determined C-X bond lengths is less than 0.007 & for twenty-two

cages,

The use of difference intensity curves to follow the effects of
varyling minor pavameters is a very useful technique in the electron

diffraction correlation procedure, and should be more widely used.

An accurate and detalled electron diffraction lnvegtigation of
1,3~butadiene, with particular attention to the C~C=C bond augles,

would provide structural information of theoretical significance.
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