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Abstract: A force field for nonconjugated olefins was derived by the CFF method. The set of energy functions 
included stretching, bending, torsion, twisting, and out-of-plane bending of double bonds, nonbonded atom-
atom interactions, and bilinear cross terms. The latter correspond to the valence force field (VFF) type functions 
and give mostly somewhat better agreement with experiment than the Urey-Bradley (UBFF) functions used 
previously. The optimized energy parameters comprise 22 parameters for the aliphatic energy functions and 17 
for the double bond and its surroundings. Experimental data for the least-squares optimization of energy param
eters comprise: 259 experimentally assigned frequencies of ethylene-rfo and -dt, trans- and cw-2-butene, isobutylene-
d0 and -d8, cyclohexene-rfo and -di0, 1,4-cyclohexadiene, and trans,trans,trans-l,5,9-cyc\o<iodecatriene; 44 con
formational data on ethylene, propene, cis- and skew-1-butene, isobutylene, cyclopentene, cyclohexane, trans-
cyclooctene, c«,c«-l,6-cyclodecadiene, 1,5,9-cyclododecatriene, butane, cyclohexane, and cyclodecane; ten cis— 
trans differences and excess values (over cyclohexene) of heats of hydrogenation involving the 2-butenes, the 1,2-
methyl-/e«-butylethylenes, the 1,2-di-/er/-butylethylenes, and the five- to ten-membered ring olefins. The inner 
hydrogens of cw-2-butene are found to be eclipsed with the double bond, and relief of strain is obtained by open
ing the C=C—C bond angles. 1,4-Cyclohexadiene is found to be planar. For /raw-cyclooctene, the calculated 
C—C=C—C torsion angle is calculated as 42 ° off planar, trans- and cw-cyclononenes are predicted to be similar 
to the corresponding crystalline /ranj-caprylolactam and its cw-hydrochloride, respectively. Less pronounced 
are the similarities of the cyclodecenes and their silver nitrate adducts. Heats of hydrogenation agree much 
better with experiments in the gas phase than in acetic acid, where dipolar interactions and other solvent effects 
interfere. 

The calculation of a variety of molecular properties, 
such as equilibrium conformations, vibrational 

frequencies, and thermochemical quantities, with the 
help of a "consistent force field,"2 has so far been 
applied to simple saturated hydrocarbons2 and amides.3 

In what follows, the evaluation of a consistent force 
field (CFF) for nonconjugated olefinic hydrocarbons 
is described. 

The study of olefin conformations and thermochem
ical properties by means of strain-energy calculations 
has been the subject of previous work.4 More re
cently, Favini, Buemi, Zuccarello, and Raimondi5~7 

calculated conformations and energies of cycloalkenes 
and cycloalkadienes (six- to ten-membered rings). 
Dunitz8 discusses the energy requirements for non-
planar deformations of a double bond in his review 
on conformations of medium rings. It was in fact 
the corresponding problems pointed out in this latter 
publication which prompted us to extend the CFF 
method to the calculation of olefin properties. The 
strained double bond is the subject of a review by 

(1) Lehrstuhl fiir Organische Chemie I, Ruhr-Universitat, D 463 
Bochum-Querenburg, Germany. 

(2) (a) S. Lifson and A. Warshel, / . Chem. Phys., 49, 5116 (1968); 
(b) A. Warshel and S. Lifson, ibid., 53, 582 (1970). 

(3) (a) A. Warshel, M. Levitt, and S. Lifson, / . MoI. Spectrosc, 33, 
84 (1970); (b) S. Karplus and S. Lifson, Biopolymers, 10, 1973 (1971). 

(4) (a) R. Pauncz and D. Ginsburg, Tetrahedron, 9, 40 (1960); (b) 
F. H. Herbstein, / . Chem. Soc, 2292 (1959); (c) R. Bucourt and D. 
Hainaut, Bull. Soc. Chim. Fr., 1366 (1965); (d) N. L. Allinger, J. A. 
Hirsch, M. A. Miller, and I. J. Tyminsky, / . Amer. Chem. Soc, 90, 5773 
(1968). 

(5) G. Favini, G. Buemi, and M. Raimondi, J. MoI. Struct., 2, 137 
(1968). 

(6) G. Buemi, G. Favini, and F. Zuccarello, / . MoI. Struct., S, 101 
(1970). 

(7) G. Favini, F. Zuccarello, and G. Buemi, J. MoI. Struct., 3, 385 
(1969); F. Zuccarello, G. Buemi, and G. Favini, ibid., 8, 459 (1971). 

(8) J. D. Dunitz, Perspect. Struct. Chem., 2, 57 (1968). 

Zefirov and Sokolov.9 After the completion of this 
work, Allinger and Sprague10 published a paper on 
the conformations and energies of a series of olefins. 

Vibrational spectra of olefins and their normal mode 
analysis have been the subject of numerous publica
tions. A recent review by Califano11 covered very 
satisfactorily all aspects of this subject which are rele
vant to the present work. 

The main feature of the present work, as compared 
with previous studies on olefins, is that it combines 
consistently vibrational analysis with conformational 
and thermodynamic analysis. Consequently, we can 
calculate the vibrations of strained and unstrained mole
cules with the same force field while conventional vibra
tional analysis requires different force constants for 
strained molecules. The conformational analysis also 
gains significantly by coupling it to vibrational analysis. 
Thus the introduction of stretch-bend, stretch-stretch, 
and bend-bend cross terms, linked with nonbonded 
interactions, gives better values for all functions in
volved. Similarly, the inclusion of vibrational enthal
pies in the calculated heats of hydrogenation makes 
the comparison with experiment more realistic. 

Potential Functions 

In the present work a valence force field combined 
with nonbonded interactions has been applied. A 
number of important cross terms have been included. 
The nonbonded interactions are represented by the 
9-6 potential introduced by Warshel and Lifson2b 

for saturated hydrocarbons, Figure 1 gives the defini-

(9) N. S. Zefirov and V. I. Sokolov, Russ. Chem. Rev., 36, 87 (1967). 
(10) N. L. Allinger and J. T. Sprague, / . Amer. Chem. Soc, 94, 5734 

(1972). 
(11) S. Califano, Pure Appl. Chem., 18, 353 (1969). 
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Figure 1. Definition of the CFF parameters (see section on Poten
tial Functions for further details; dependent reference angles are 
given in square brackets). 

tion of the force constants in graphical form. The 
general expression for the potential is 

V = 7»E*»(* - ^ ) 2 + V i X W - 0„)2 + 
1UTHxX

2 + 1 A I X ( I + 5 cos «#) + 

T1T1FUb - b0)(b' - b0') + 

TTFeeie - 6oW - do') + 

TTFUb - b0)(e - e0) + 

TTFXXXX' + TA2(r*lrf - 3(r*/rf] (1) 

b, 6, <S>, and x are the bond lengths, bond angles, torsion 
angles, and out-of-plane bending angles, respectively; 
b0 and 0O are parameters representing the corresponding 
reference values. In the cos n$ term, n = 3 for all 
C-C single bonds and n = 2 for double bonds, r 
denotes distances between atoms separated by a chain 
of three or more bonds. Further explanations are 
given below. 

Strong correlations exist between some of the ref
erence angles B0. For instance, the d0 values corre-

\LJ/ 
/ \ 
3 6 

Figure 2. Numbering of the double bond atoms. 

sponding to the three angles at the double bond carbon 
atoms appear correlated if varied independently.38 

This hampers convergence of the least-squares optimiza
tion process. Assuming that in the absence of strain 
the local symmetries of methylene and methyl groups 
are C2„ and C3 „, respectively, and that the double 
bond carbons are coplanar with their ligands, we intro
duced the following relations (for notations see Figure 
1): cos Yo = — cos V2S0 cos 1I2U0; cos/30 = —((1 + 
2 cos a0)/3)1/2; r)0 = 2ir — 2<j>0; \po = 2 T — </>0 — e0; 
CT0 = 27T — 2e0. The number of adaptable parameters 
has been thus reduced. A0 was given the tetrahedral 
value of 109.47°. The torsional energy was evaluated 
individually for each of the torsion angles X-C-C-Y 
around the C-C bonds, making altogether nine tor
sional angles for the sp3-sp3 bond and six for the sp3-
sp2 bond. The torsional energy parameters were 
V9 and Ve of the values for //$R and i/*T given in Table 
III, respectively. The values of s in eq 1 are — 1 for 
C = C - C - C and C = C - C - H rotations and + 1 
for all other rotations around single bonds. Out-of-
plane deformations of the double bond were taken 
into account by using two types of functions. For 
pure twisting around the double bond (i.e., no py
ramidal distortion at the sp2 carbons) a twofold cos 
potential was applied, with s = — 1 and 3> = Va(*2i45 
+ $3H6) (see Figure 2; <£o6c(2 denotes a dihedral angle 
between the two planes defined by the positions of 
atoms a, b, c and b, c, d, respectively; a sign is attached 
to this angle, according to the convention recommended 
by Klyne and Prelog12). The definition $ = 1I2(Q2Ut 
+ $3145), used by Piaggio, Dellepiane, and Zerbi13 

for the vibrational analysis of ?ra«s-3-hexene, is equiv
alent. For pure out-of-plane bending, i.e., pyramidal 
distortion without twisting, the potential of Warshel, 
Levitt, and Lifson3" was taken (x = TT — $2143, x ' 
= IT — $5146! a similar possibility would have been 

X = TV - $4123, X ' = T — $1466). 

It should be noted that out-of-plane bending is 
essentially different from torsion, as the first involves 
the interactions between the three orbitals of the 
same carbon atom, while the latter involves those be
tween the orbitals of neighboring atoms. Twist and 
out-of-plane bending are well known to be distinct 
normal modes in vibrational analysis. 

Aliphatic and olefinic carbon and hydrogen atoms 
were attributed the same nonbonded interactions. 
Williams has shown14 that this is a reasonable approx
imation for crystalline aliphatic and aromatic hydro
carbons. 

Cross terms were determined without differentiating 
between single and double bonds. Vibrational analy
sis of a number of cyclenes showed that this simplifica
tion is permissible. Similarly, the cross terms involv
ing the CH bond were chosen the same for all kinds of 
CH bonds. Bend-bend cross terms of two angles at 

(12) W. Klyne and V. Prelog, Experientia. 16, 521 (1960). 
(13) P. Piaggio, G. Dellepiane, and G. Zerbi, /. MoI. Struct., 8, 115 

(1971). 
(14) D. E. Williams, J. Chem. Phys., 47, 4680 (1967). 
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adjacent carbon atoms were made proportional to 
cos <£, as proposed by Warshel and Lifson2b (and, 
similarly, by Bruesch16). These authors' assumption, 
that the constant for HCCC is the geometric mean of 
the constants for HCCH and CCCC, is not supported, 
however, by valence force field calculations of alkanes16 

and cycloalkenes.1 1 Therefore, we introduced two con
stants, fyy andfyU, for HCCH and HCCC, respectively. 
The cross term corresponding to CCCC was neglected, 
its influence being in general rather small.2b'16 The 
Fxx cross term was introduced since it affects strongly 
the two out-of-plane bending modes of ethylene, though 
it was found to be less important for cycloalkenes. 

Selection of Experimental Data for the 
Least-Squares Optimization Process 

In order to obtain a useful consistent force field, 
we fit the potential constants to a reasonably large set 
of data, representing a large variety of structural fea
tures. Limiting factors were: availability of reliable 
experimental data, economy in computing and pro
gramming time, as well as the general difficulties of 
handling simultaneously a multitude of complex cal
culations. A total of 313 observed quantities was in
corporated into the least-squares fitting process: 259 
vibrational frequencies, 44 conformational data, and 
10 thermochemical quantities. 

The vibrational frequencies were selected from the 
following compounds: ethylene-d0

17 (12 fundamentals), 
ethylene-^18 (12), trans- and c/s-2-butene19 (26 each), 
isobutylene-c/o and isobutylene-t/8

 20 (28 each), cyclo-
hexene-c?o and cyclohexene-(/10

21 (39 and 38, respec
tively), 1,4-cyclohexadiene22 (the B2u ring-puckering 
frequency), trans, trans, trans-1,5,9-cyclododecatriene2 3 

(49 fundamentals). The experimental frequencies used 
in the least-squares optimization and the calculated 
differences obtained are listed in Table I. 

The 44 conformational data are listed in Table II. 
Electron diffraction was the source of data for ethylene,2 4 

cyclohexene,25 cis,cis- 1,6-cyclodecadiene,26 «-butane,27 

and cyclohexane.25 Microwave studies are the source 
of the data for propene,29 cis- and s/cew-1-butene,30 

(15) P. Briiesch, Spectrochim. Acta, 22, 867 (1966). 
(16) R. G. Snyder and J; H. Schachtschneider, Spectrochim. Acta, 

21, 169(1965). 
(17) W. L. Smith and I. M. Mills, / . Chem. Phys., 40, 2095 (1964). 
(18) B. L. Crawford, J. E. Lancaster, and R. G. Inskeep, J. Chem. 

Phys., 21, 678 (1953); J. Charette and M. de Hemptinne, Bull. Cl. ScI., 
Acad. Roy. BeIg., 37, 436 (1951). 

(19) L. M. Sverdlov, Opt. Spektrosk., 1, 752 (1956). 
(20) C. M. Pathak and W. H. Fletcher, / . ATo/. Spectrosc, 31, 32 

(1969); W. C. Harris and I. W. Levin, ibid., 39, 441 (1971). Fre
quencies were selected according to the following sequence of descend
ing priority: ir gas (PF), Raman liquid (HL), Raman liquid (PF), 
Raman solid (HL). Because of experimental uncertainties, m and 
H2(A2) of both molecules were omitted from the calculation. 

(21) N. Neto, C. di Lauro, E. Castellucci, and S. Califano, Spectro
chim. Acta, Part A, 23, 1763 (1967). 

(22) J. Laane and R. C. Lord, J. MoI. Spectrosc, 39, 340 (1971). 
(23) N. Neto, C. di Lauro, and S. Califano, Spectrochim. Acta, 

Part A, 24, 385 (1968); F. Ambrosino, N. Neto, and S. Califano, 
Spectrochim. Acta, 21, 409 (1965). 

(24) K. Kuchitsu, J. Chem. Phys., 44, 906 (1966). 
(25) J. F. Chiang and S. H. Bauer, / . Amer. Chem. Soc, 91, 1898 

(1969). 
(26) A. Almenningen, G. G. Jacobsen, and H. M. Seip, Acta Chem. 

Scand., 23, 1495 (1969). 
(27) R. A. Bonham and L. S. Bartell, J. Amer. Chem. Soc, 81, 3491 

(1959). 
(28) M. Davis and O. Hassel, Acta Chem. Scand., 17, 1181 (1963). 
(29) D. R. Lide and D. Christensen, J. Chem. Phys., 35, 1374 (1961). 
(30) S. Kondo, E. Hirota, and Y. Morino, J. MoI. Spectrosc, 28, 

471 (1968). 

and isobutylene.31 For the ring-puckering angle of 
cyclopentene the value is derived from the far-infrared 
spectrum.32 The conformational data for trans,trans,-
/ran.?-l,5,9-cyclododecatriene are the results, averaged 
over D3 symmetry, of an X-ray crystal structure analy
sis.33 Precise structural information on molecules 
with nonplanar double bonds is rare. The trans-cy-
clooctene values (averaged to represent the assumed 
C2 symmetry) were taken from an X-ray analysis of 
the iodine-containing derivative I34 and hence are of 

/ v ^ O 

I 
limited quality. Since one of our main interests for 
having carried out the present study was in the struc
ture of such molecules we thought it necessary to use 
these data and tolerated the lack of precision. (The 
data are torsion angles with an estimated experimental 
error of 3-4°.) The cyclodecane values represent 
averages worked out by Dunitz35 from a number of 
X-ray analyses of cyclodecane derivatives assuming a 
conformation with C2* symmetry. The value for the 
HCH angle is derived from a recent neutron-diffraction 
study36 of ?ra«5-cyclodecane-l,6-diol (average of four in
dependent values for the HCH angles at the carbon atoms 
of the same type as 4; see Figure 3). The «-butane27 

and cyclohexane28 data were included because of their 
high precision. The conformational cyclodecane prop
erties were introduced into the calculation in order 
to increase the amount of data from strained systems 
which are of particular value for the adjustment of 
the potential constants. Another reason for including 
the cyclodecane data was that relatively precise HCH 
angles have not been measured for suitable other com
pounds. 

The enthalpy data are of two kinds, cis-trans en
thalpy differences and excess heats of hydrogenation. 
The difference in the heats of hydrogenation of a cis/ 
trans-olefin pair is given by the cis-trans strain enthalpy 
difference of the two olefins, assuming that this is the 
only source of their enthalpy difference. Excess 
heats of hydrogenation with respect to a suitable refer
ence olefin are given by 

AAH = H(s) - H(u) - [Hr(s) - Hr(u)] 

where H(u) and H(s) are the strain enthalpies of the 
olefin and the corresponding saturated compound, 
and HT(u) and H1(S) are related to the reference com
pound. Obviously, excess heats of hydrogenation 
are meaningful only for a class of closely related olefins 
with similarly substituted double bonds. In the 
present calculations excess heats of hydrogenation of 
olefins containing the grouping C—CH=CH—C were 

(31) L. H. Scharpen and V. W. Laurie, J. Chem. Phys., 39, 1732 
(1963). 

(32) J. Laane and R. C. Lord, / . Chem. Phys., 47, 4941 (1967). 
(33) A. Immirzi and G. Allegra, Atti Accad. Naz. Lincei., Cl. Sci. Fis., 

43, 338 (1967). 
(34) G. Ferguson and D. Hawley, unpublished results; we thank Dr. 

D. Hawley for providing us with the X-ray results. 
(35) See ref 8, p 27. 
(36) O. Ermer and J. D. Dunitz, Chem. Commun., 178 (1971). 
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Table I. Experimental Frequencies and Calculated Differences (AD = veiM - pobad) Used in the Least-Squares Optimization 

Ethylene-do 
Ag 3026 -

1623 -
1342 

Au 1023 -
BiE 3103 -

1222 
Bi11 949 -
B2g 943 -
B2u 3106 -

826 -
B3U 2989 -

1444 

23 
20 
2 
13 
-6 
36 
32 
26 
21 
33 
14 
13 

2-Buiene 
trans-

Ag 3011 40 
2965 15 
2926 -43 
1681 7 
1455 -11 
1389 4 
1309 -2 
1145 —18 
870 —5 
507 —15 

Au 2960 19 
1471 -25 
1057 -23 
964 -6 

Bg 2965 14 
1455 -9 
1043 2 
746 16 
210 42 

Bu 3021 13 
2960 20 
1449 4 
1393 -2 
1311 0 
1072 -17 
980 24 

Ai 

A2 

B1 

B2 

-A 
2251 
1515 -
981 
726 -
2304 
1006 
720 -
780 -
2345 -
584 -
2200 -
1078 

-8 
-32 
-9 
-12 
29 
8 

-26 
-23 
-48 
-15 
-47 
-1 

cis-
3034 
2979 
2931 
1669 
1462 
1389 
1267 
1009 
881 
304 
2979 
1462 
1044 
402 
2979 
1462 
1016 
685 
3030 
2979 
1462 
1422 
1397 
1134 
978 
581 

13 
9 

-43 
16 
15 
19 

-28 
33 

— 30 
19 
0 

-23 
1 
15 
-1 
-19 

7 
46 
9 

-1 
-18 
-14 
-12 

6 
-6 
-5 

Isobutylene-rfo 
A1 2980 

2941 
2912 
1661 
1470 
1416 
1381 
1064 
807 
387 

A2 971 
697 
209 

B1 3086 
2972 
2893 
1458 
1386 
1282 
996 
974 
435 

B2 2945 
1444 
1079 
890 
429 
239 

10 
41 

-29 
10 
0 
5 
17 
-2 
9 
5 
22 
18 
-4 
3 
7 

-10 
-4 
10 
27 
12 

-29 
-30 
35 
10 
-9 
32 
-9 
-19 

. 
2235 
2176 
2119 
1620 
1120 
1057 
1025 
856 
705 
323 
769 
490 
148 
2309 
2241 
2086 
1267 
1053 
1047 
797 
739 
367 
2204 
1036 
920 
706 
363 
172 

Cyclohexadiene-1,4 
B2u 108 64 

ds 
-9 
28 

-29 
-15 
-11 

6 
5 

-11 
19 
7 

-7 
17 
-2 
6 

-23 
4 

-33 
11 

-17 
-14 
31 

-30 
14 
4 

-39 
24 
2 

-13 

Cyclohexene-rfo 
A 3026 

2940 
2916 
2865 
2839 
1656 
1436 
1353 
1343 
1241 
1222 
1068 
966 
905 
822 
789 
495 
394 
281 

B 3067 
2960 
2898 
2882 
2860 
1450 
1443 
1392 
1338 
1321 
1265 
1139 
1040 
1009 
917 
878 
721 
643 
455 
175 

22 
-8 
9 

-4 
13 
6 
1 

-18 
-32 
21 
-6 
3 

-12 
-10 
27 
24 

-24 
3 
11 

-28 
-32 
28 

-25 
-11 

4 
-4 
14 

-10 
-27 
-4 
42 
24 

-66 
7 

-3 
-3 
21 
9 
5 

-( 
2264 
2221 
2140 
2105 
2087 
1621 
1206 
1103 
1079 
998 
923 
899 
845 
799 
779 
737 
727 
615 
457 
327 
230 
2302 
2206 
2182 
2115 
2093 
1170 
1080 
1064 
1048 
962 
868 
791 
730 
710 
605 
497 
378 

iio 
9 

-21 
38 
-8 
-2 
0 

-5 
31 
-1 
-23 
-11 
-16 
-24 
-3 
3 

-3 
-6 
20 

-20 
8 
9 

-52 
-18 
-3 
-25 
-13 
41 

-15 
-6 
2 

-11 
1 

-1 
13 
15 
-5 
21 
18 

trans,trans, trans-
1,5,9-Cyclodi 
decatriene 

A1 3004 
2914 
2848 
1677 
1447 
1318 
1304 
1208 
1153 
993 
811 
482 
331 
174 

A2 3032 
2919 
2844 
1430 
1350 
1302 
1169 
1041 
882 
768 
266 
135 

E 2934 
2912 
2844 
2844 
1675 
1445 
1436 
1351 
1282 
1197 
1097 
1017 
979 
955 
914 
855 
786 
511 
488 • 
375 
218 
146 
97 

O-

47 
15 
9 
15 
4 
28 

-24 
-8 
-34 
-18 
6 

-9 
-11 
31 
2 
7 
6 
22 
4 
9 
2 
1 
14 
21 
15 
21 
-5 
14 
13 
6 
14 
9 
15 

-19 
24 
4 
19 
7 
3 

-7 
-6 
2 
17 
1 

-19 
6 
16 

-17 
4 

incorporated. Vibrational, rotational, and transla-
tional contributions to the enthalpies were taken into 
account as described in ref 2a. Cyclohexene was 
chosen as a reference olefin. 

The cis-trans enthalpy difference of the 2-butenes 
was taken from equilibration measurements37 in the 
gas phase at 4000K. That of the 1,2-methyl-ten-butyl-
ethylenes and the 1,2-di-te/^-butylethylenes is obtained 
from heats of hydrogenatian in acetic acid solution.38 

Acetic acid solution data also supply the cis-trans 
energy difference for the cyclooctenes, cyclononenes, and 
cyclodecenes.39 

The excess heats of hydrogenation, relative to cy
clohexene, of/ra«5-2-butene, cyclopentene,cycloheptene, 
and m-cyclooctene were obtained from heat of hy-

(37) D. M. Golden, K. W. Egger, and S. W. Benson, J. Amer. Chem. 
Soc, 86, 5416 (1964). 

(38) R. B. Turner, D. E. Nettleton, and M. Perelman, / . Amer. 
Chem. Soc, 80, 1430(1958). 

(39) R. B. Turner and W. R. Meador, / . Amer. Chem. Soc, 79, 4133 
(1957). 

drogenation measurements of Kistiakowsky and co
workers40 and refer to the gas phase at 3550K. 

Least-Squares Optimization of Force Field Parameters 

Initial values for the force field parameters were 
taken from vibrational spectroscopic investigations21 

and from Herzberg;41 the optimization of the non-
bonded interaction parameters was begun with the 
values of Warshel and Lifson.2b 

In the later phases of the optimization process it 
became evident that some of the potential parameters 
could be grouped together or omitted. Initially four 
different parameters //*D for the twist around a double 
bond were varied individually: one value each for 

(40) G. B. Kistiakowsky, J. R. Runoff, H. A. Smith, and W. E. 
Vaughan, J. Amer. Chem. Soc, 57, 876 (1935); ibid., 58, 137 (1936); 
M. A. Dolliver, T. L. Gresham, G. B. Kistiakowsky, and W. E. 
Vaughan, ibid., 59, 831 (1937); J. B. Conn, G. B. Kistiakowsky, and 
E. A. Smith, ibid., 61, 1868 (1939). 

(41) G. Herzberg, "Infrared and Raman Spectra of Polyatomic 
Molecules," Van Nostrand, New York, N. Y., 1945, pp 194 ff. 
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Table II. Experimental Values (y0bad), Differences (Ay = j>caicd — yobsd), and Reciprocal Weights (1/P) 
of Conformational and Thermochemical Quantities Used in the Least-Squares Optimization 

>"obsd Ay 
Conformational Properties" •* 
HP yobsd Ay UP 

/12 

In 
Bm 

/12 

/23 

#123 

P123 

P234 

P123 

P234 

vl23 

*1534C 

*1234 

* 2 3 4 5 

* 3 4 S 6 

*8123 

*123 4 

*2345 

$ 3 4 5 6 

*4567 

Ethylene 

1.335 -0.002 
1.090 -0.001 
121.7 - 0 . 3 

Propene 
1.336 -0.002 
1.501 0.003 
124.3 —0.4 

m-l-Butene 
126.7 0.1 
114.8 0.0 

skew-1-Buttne 
125.4 - 1 . 4 
112.1 - 1 . 0 

Isobutylene 
115.3 - 0 . 5 

Cyclopentene 
156.7 1.9 

Cyclohexene 
-15 .2 0.7 

44.9 0.4 
-60 .2 - 1 . 8 

fra«.s-Cyclooctene 
138.0 0.0 

-88 .0 1.0 
51.0 - 0 . 9 

-80 .0 - 0 . 7 
112.0 2.8 

0.003 
0.003 
0.4 

0.004 
0.004 
0.3 

0.5 
0.5 

0.5 
0.5 

0.3 

1.0 

1.8 
1.8 
1.8 

2.7 
2.7 
2.7 
2.7 
2.7 

/12 

'23 

0123 

#345 

*1234 

$ 2 3 4 5 

0123 

0345 

*1234 

*2345 

* 3 4 5 6 

/23 

/34 

0123 

/ l2 

/34 

0123 

0123 

0284 

0345 

0748 

*1234 

*2346 

^ 8 4 6 6 

cw.ci'j-1,6-Cyclodecadiene 
1.326 
1.506 
128.2 
114.1 

-114.7 
58.2 

trans,trans,trans-
124.1 
111.1 
178.0 

-116.5 
63.4 

1.533 
1.108 
112.4 

0.007 
-0.005 
- 0 . 1 
- 0 . 7 
- 1 . 1 
- 0 . 2 

•1,5,9-Cyclododecatriene 
- 0 . 6 

0.0 
1.6 
0.7 

- 1 . 8 

Butane 
-0.002 
-0.002 
- 0 . 6 

Cyclohexane 
1.528 
1.104 
111.5 

0.005 
0.003 

- 0 . 5 

Cyclodecane 
118.0 
118.1 
114.7 
105.7 
66.0 
55.0 

-152.0 

0.5 
0.4 
0.7 

- 0 . 3 
0.1 
0.0 
1.1 

0.004 
0.006 
0.5 
0.5 
0.6 
0.6 

0.9 
0.9 
1.3 
1.3 
1.3 

0.003 
0.004 
0.3 

0.005 
0.005 
0.4 

0.5 
0.5 
0,5 
0.5 
1.0 
1.0 
1.0 

Cis/trans differences'* 
yobsd 

B. Heats of Hydrogenation, AH, kcal mol-1 

Excess values relative to cyclohexene6 

Ay IjP j„bsd Ay VP 

2-Butene 
l,2-Methyl-?e«-

butylethylene 
1,2-Dwm-butyl-

ethylene 
Cyclooctene 
Cyclononene 
Cyclodecene 

-1 .20 
-4 .29 

-9.37 

9.26 
2.87 
3.34 

-0 .05 
0.03 

-2 .23 

2.02 
1.91 

-2 .46 

0.10 
1.00 

1.00 

1.00 
1.00 
1.00 

rrart.s-2-Butene 

Cyclopentene 

Cycloheptene 
m-Cyclooctene 

0.97 

1.68 

2.08 
5.06 

0.0 

0.02 

0.23 
-0 .23 

0.10 

0.10 

0.10 
0.10 

" Units: lengths in A, angles and torsion angles in deg. h See Figure 3 for definition of internal coordinates. c See Results and Dis
cussion (c) for evaluation of ring-puckering angle. d AH(cis-o\efin) — AH(trans-o\tfin) (note that heats of hydrogenation, AH, are nega
tive quantities). • AH(olefin) - AH(cyclohexene). 

(a) ethylene, propene, and the 1-butenes; (b) isobutyl
ene; (c) c - C — C H = C H — C ; (d) ? - C — C H = C H - C . 
The first two and last two types of constants were finally 
taken together. Similarly, the same parameters Hx and 
Hxx were found to be sufficient for a satisfactory de
scription of all occurring types of out-of-plane bendings. 
The bend-stretch and bend-bend cross terms F R / and 
Fyy' were omitted because they refined essentially to 
zero, and because all the data were insensitive to them. 

The choice of an appropriate weighting scheme for 
the observed quantities in the least-squares calcula
tions presented a problem. Three different kinds of 
experimental quantities are treated together, and there 
is no definite rule for establishing their proper relative 
weights. The weights were chosen proportionally to 
the inverse "e r ro r s" of the data in such a way that the 
influence of the frequencies, conformational data, 
and thermochemical quantities on the finally result
ing force field parameters were reasonably balanced so 

as to obtain a consistent predictive power for all three 
different kinds of properties. The "e r rors" are under
stood to comprise not only experimental errors but 
also the shortcomings of the computat ional model, 
for instance the neglect of anharmonicity effects. A 
reciprocal weight of 1/F of 20 c m - 1 was attached to 
all frequencies. The reciprocal weights for the con
formational data were essentially the reported experi
mental errors. The enthalpy data valid for the gas 
phase were given a reciprocal weight of 0.1 kcal m o l - 1 , 
those measured in acetic acid solution 1.0 kcal m o l - 1 . 
The final value of the minimized quantity H(PAy)2 

was composed of 75 % vibrational, 16 % conformational, 
and 9 % enthalpy contributions. An a posteriori 
justification for the relative weights chosen is the fact 
that the average absolute differences between the cal
culated and observed quantities are roughly the same 
as the corresponding reciprocal weights. 

The parameter shifts in the iterative least-squares 
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Figure 3. Atom numbering for notation of the conformational data 
of Table I. 

process were reduced with the help of a scaling tech
nique.42 In this method the normal equation matrix 
A is modified to A' = A + X£, with E^ = A^h^; 
for the present calculations a value of 0.2 for A was 
found to yield appropriate parameter shifts. The 
refinement process was stopped at the point when no 
parameter shift was bigger than a half of the respective 
standard deviation. (The average ratio of shift to 
standard deviation at this stage was 0.12.) A total 
of 15 refinement cycles was calculated. In the final 
cycle the value of S(PAj;)2 dropped by 1.0%. The 
absolute magnitude of all correlation coefficients was 
less than 0.7 (see Table III). 

Results and Discussion 

The results of the CFF calculations are summarized 
in three tables. Tables I and II list all frequencies, 
conformations, and heats of hydrogenation incor
porated into the least-squares fitting procedure. In 
Table III the optimized CFF parameters, together with 
their standard deviations, are given. The notation 
of the conformational quantities is evident from 
Figure 3. The following discussion consists of four 
parts: (a) the force field for the olefin calculations, 
(b) conformations, (c) enthalpies, and (d) vibrational 
frequencies. 

(a) The Force Field Applied for the Olefin Calcula
tions. The valence force field (VFF) has been chosen 
here instead of the Urey-Bradley force field (UBFF) 
used previously,2 because the VFF is more general. 
A VFF can always be modified in such a way as to 
achieve a better fit between observed and calculated 
quantities. Disadvantages of the VFF are the com
puter programming complexities associated with the 
introduction of new types of cross terms and the time-
consuming effort to assess them. A detailed account 

(42) D. W. Marquardt; / . Soc. Ind. Appl. Math., 11, 431 (1963); 
R. Fletcher, U. K. Atomic Energy Authority, Theoretical Physics 
Division, Harwell, Berkshire, 1971. 

Table III. Optimized Force Field Parameters0 

I. Diagonal terms Torsions 
tf#E 
H*D 

#«T 

mR 

37.9(1.1) 
32.7(1.8) 
2.532(0.101) 
2.845(0.122) 

Out-of-plane bending 
Hx 

II. 
F R R 
FR10 

F R 7 
Fyy 

Jyu 

fyy 
Fxx 

22.9(0.5) 

Cross terms 
28.5(7.3) 
60.2(6.0) 
38.4(2.0) 
-7 .9(1 .1) 
-10.5(1.4) 
-10.0(0.7) 
3.31(0.46) 

III. Nonbonded interactions' 
y2r*HH 
f V , H H 

V^CC 
e1/2oc 

1.816(0.016) 
0.0641 (0.0032) 
1.759(0.020) 
0.4072(0.0310) 

Ki, 
KR 

Ki 
Ki 

Kr 
b OD 

b OT 

b OR 

601 
bra 

H1 
H, 
Mu 
H$ 
H* 
Hy 

H, 
Hg 
€0 

Wo 
4>0 
So 
« 0 

1309.9(18.4) 
645.3(10.9) 
723.0(2.4) 
654.0(2.2) 
681.5(2.4) 
1.333(0.002) 
1.501 (0.003) 
1.526(0.003) 
1.089(0.003) 
1.105(0.003) 

Angle bend 
72.4(4.7) 
104.3(16.4) 
93.2(5.1) 
67.5(2.1) 
75.0(3.3) 
88.8(1.1) 
66.7(2.2) 
79.0(0.9) 
122.3(0.2)» 
110.5(0.2) 
121.2(0.4) 
109.6(0.5) 
106.4(0.6) 

° Units: energies in kcal mol~l, lengths in A, angles in radians, 
standard deviations in parentheses; see Figure 1 for notation of 
parameters. * See section on Potential Functions for the evalua
tion of dependent reference angles. c The e and r* parameters, 
being strongly correlated, were optimized alternatively; therefore, 
the standard deviation of each parameter was obtained with the 
other fixed. 

on the merits of the two different force fields is given 
in a recent review by Califano.11 

The present calculations involve several saturated 
hydrocarbons, and most of our olefins contain sat
urated parts; thus the present force field is applicable 
also to the alkane family. 

The charge parameter was omitted from the present 
calculations after we found that its influence on any 
of the quantities included in the optimization process 
was sufficiently small to justify its omission. It 
seems that many observables, more than previously 
expected,2 are insensitive to the charge parameter and 
the subject is now further examined.43 

Our consistent force field is similar in many respects 
to the VFF used by Califano,11 and a comparison of 
the two is of some interest (Table IV). Nonbonded 
interactions are included only in the CFF, and some 
parameters are quite different; e.g., the CCC bending 
constants H1 and Ha are lower in the CFF, while the 
bending constants involving hydrogens are rather sim
ilar. A correlation between nonbonded interactions 
and bending constants was considered qualitatively 
by various authors44'45 who introduced reduced angle 
bending constants in strain calculations. 

(b) Conformations. The average absolute differ
ences between the 44 observed and calculated bond 
lengths, bond angles, and torsion angles^ used in the 
optimization of parameters are 0.003 A, 0.5°, and 
1.0°, respectively. 

(43) A. Hagler, private communication. 
(44) J. E. Williams, P. J. Stang, and P. v. R. Schleyer, Annu. Rev. 

Phys. Chem., 19, 531 (1968). 
(45) N. L. Allinger, M. T. Tribble, M. A. Miller, and D. H. Wertz, 

/ . Amer. Chem. Soc, 93, 1637 (1971). 
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Figure 4. Calculated geometries of (a) trans- and (b) cw-2-butene 
(symmetries Cu and Cs,, respectively). 

Table IV. Comparison of Some of the Optimized CFF Parameters 
(Table III) with Spectroscopic Force Constants Derived by 
Califano, et a/., for Cyclohexene21 (A) and 
trans,trans,trans-\,5,9-Cyclododecatriene28 (B) 

CFF B 

K0 

KR 
KI 
Kd 
H, 
Hu 
Hff, 

H+ 
Hy 
HS 

H*D 

H*r 

H*R 

Hx 
F-R-R 

FR0, 
F-Ry 

Fyy 

1309.9 
645.3 
723.0 
654.0 
72.4 
93.2 
67.5 
75.0 
88.8 
79.0 
32.7 
2.532 
2.845 

22.9 
28.5 
60.2 
38.4 

- 7 . 9 

1252.8 
631.3 
729.8 
655.5 
132.0 
151.3 
72.6 
68.7 
95.2 
78.3 
32.0 
1.92 
2.30 

23.9 
16.0 
60.9 
49.9 

- 4 . 6 

1253.1 
631.3 
712.4 
651.5 
131.0 
151.1 
72.0 
69.1 
95.6 
77.8 
47.2 
2.02 
2.30 

21.5 
15.6 
60.3 
49.6 

- 4 . 3 

In the following, some conformational details are 
discussed. 

1. 2-Butenes. trans-2-Butene poses no conforma
tional problems. The conformation and some calcu
lated geometry parameters of the C2A-symmetric mole
cule are given in Figure 4a. The agreement with 
electron diffraction (ED) results46 is satisfactory. 

The cis isomer is structurally more interesting. If 
it would have the same geometry as propene, where 
the inner methyl hydrogen is coplanar with the double 
bond, the distance between the inner hydrogens would 
be only 1.80 A. Thus the question arises whether the 
repulsion between these hydrogens will open the 
bond angles to allow a minimum energy conforma
tion of strict C2v symmetry or whether a lower sym
metric C2 conformation with twisted methyl groups 
and/or a nonplanar double bond might be more favor
able. Allinger and Sprague10 suggested a twisted 
C2 conformation. The experimental evidence of ED46 

on this question was not conclusive but from a recent 
microwave (MW) analysis47 C2 „ symmetry was definitely 
deduced. Our Newton-Raphson minimization tech
nique yielded a C28 conformation as a true minimum, 
even when the minimization was started with a severely 
distorted (twisted methyl groups, nonplanar double 

(46) A. Almenningen, I. M. Anfinsen, and A. Haaland, Acta Chem. 
Scand., 24, 43 (1970). 

(47) S. Kondo, Y. Sakurai, E. Hirota, and Y. Morino, J. MoI. 
Spectrosc, 34, 231 (1970). 

H-. / H 

ll3pV>J.539̂  

H ^ \ 

.1239 

114.5 H / 

K H 

I Vi 1.934 

9.4/. 506 \ H 

H 

-I 
_._ 129.4, 

/16.8 II5.A 

H H 

Figure 5. Calculated geometries of the l,2-methyl-/e«-butyl-
ethylenes: (a) trans isomer, symmetry C; (b) compound with 
known crystal structure, containing carbon skeleton of cis isomer; 
(c) cis isomer, symmetry C ; (d) cis isomer, symmetry C, alterna
tive conformation. 

bond) C2 model. From Figure 4b it is seen that 
the above-mentioned H • • • H interaction causes an 
opening of the C—C=C and the inner H — C - C 
angles (127.6 and 115.3°, respectively). The MW 
value of the C - C = C angle is 126.7° and that of ED 
is 125.4°. Indeed, twisting of the double bond or the 
methyl groups in m-2-butene is not an effective mech
anism of increasing the short inner H - H distance 
since the hydrogens are moved perpendicular to the 
Hne connecting them. Angle opening moves the two 
hydrogens essentially along the connecting line and is 
therefore more effective. In other words, a relatively 
small adjustment of angles has the same effect as com
paratively large changes of torsion angles, so that 
angle bending may be preferred to torsional deforma
tions despite the higher force constants involved. 

The methyl groups are calculated to possess an only 
slightly distorted local C8, symmetry and to be tilted 
outward by 2.3°, while an inward tilt of 0.9° and an 
outward tilt of about 5° were obtained by MW and 
ED, respectively. The short H • • • H contact is cal
culated to be 2.162 A. The increased energy of cis-
2-butene as compared with the trans isomer is mainly 
due to the higher angle strain of the former (cis-trans 
difference of this type of strain is 1.10 kcal mol -1). 
The nonbonded energy of the cis isomer is only 0.21 
kcal mol - 1 above that of trans-2-butene. 

2. l,2-Methyl-re/7-butylethylenes. Their structures 
have not been studied experimentally. For the trans 
isomer the conformation of Figure 5a (C5 symmetry) is 
probably the most favorable one. The fact that 1-
butene consists of a conformational mixture containing 
an appreciable amount of the syn planar conformer30 

supports this assumption. 
For the cis isomer one might draw conformational 

conclusions from an X-ray analysis48 of the compound 
shown schematically in Figure 5b, which contains 
the structural unit of interest in this context. The 
X-ray coordinates of this compound, which has a 
twisted double bond, provided the starting model for 
cw-l,2-methyl-te/-r-butylethylene. The resulting geom-

(48) D. Mootz, Acta Crystallogr., Sect. B, 24, 839 (1968). 
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Figure 7. Calculated geometries of cyclopentene and 1,4-cyclo-
hexadiene. 

Figure 6. Calculated geometries of the l,2-di-/er/-butylethylenes: 
(a) trans isomer, symmetry Cih; (b) cis isomer, symmetry Cz. 
Rotations of the tert-buty\ groups are measured from the eclipsed 
position with respect to the double bond; rotations of the methyl 
groups are measured from the staggered position with respect to 
the =C—C single bond. 

etry is shown in Figure 5c. The conformation has 
Cs symmetry and hence a planar double bond. An 
energetically unfavorable feature of this conformation 
is the staggered arrangement of the double bond with 
respect to the tert-butyl group which results in a tor
sional strain of 2.6 kcal mol - 1 . As an alternative a 
second conformation with Cs symmetry was examined 
with the double bond eclipsed with respect to the 
/er?-butyl group. The corresponding geometry of 
minimum energy is given in Figure 5d. The removal 
of torsional strain is compensated mainly by an increase 
(2.8 kcal mol -1) of angle strain. Including vibra
tional contributions, the enthalpy of the conformation 
of Figure 5d is higher than that of the other conformer 
by 0.8 kcal mol"1. 

3. 1.2-Di-?err-butylethylenes. No experimental 
structure determination is available. The conforma
tion of the trans isomer is most likely as in Figure 6a 
(symmetry C2/i). The conformation of the cis isomer 
was assumed to be similar to the analogous partial 
conformations in 2,3-di-te^-butylquinoxaline (DTBQ), 
4,5-di-re^-butylimidazole (DTBI), and 1,2,4,5-tetra-
?er?-butylbenzene (TTBB), three compounds for which 
X-ray analyses have been published recently.49 Geo
metric details of the minimum energy conformations 
(C2 symmetry) are given in Figure 6b. The most 
striking effect of the repulsions between the nonbonded 
tert-butyl hydrogens is the calculated opening of the 
C—C=C angles by 12.9° relative to the reference value 
of 122.3°. The double bond deviates only slightly 
from planarity (C—C=C—C torsion angle = 5.1°); 
this is similar to the X-ray results of the three above-
mentioned compounds.49 This small double bond 
deformation does not primarily increase the short 
H • • • H distances but rather allows the tert-butyl groups 
to rotate somewhat further away from their unfavor
able staggered orientation with respect to the double 
bond. Our calculations do not, therefore, support 
Mock60 who considers a relief of steric compression 
in cw-l,2-di-/e/*/-butylethylene by torsion around the 

(49) DTBQ: G. J. Visser and A. Vos, Acta Crystallogr., Sect. B, 
27,1793(1971); DTBI: G. J. Visser and A. Vos, ibid., 27, 1802 (1971); 
TTBB: C. H. Stam, ibid., 28, 2715 (1972). 

(50) W. L. Mock, Tetrahedron Lett., 475 (1972). 

double bond. According to our CFF, this relief is 
achieved almost entirely by bond angle opening. 

The calculated bond lengths appear normal. Wie-
benga and Bouwhuis51 calculated a double bond length 
of 1.356 A and a C(sp 2)-C(sp3) length of 1.557 A with 
the help of a simple scheme devised for evaluating the 
strain energy and geometrical features of overcrowded 
compounds containing cis-tert-butyl groups. The ap
plication of this scheme, which critically rests on the 
experimental geometries of DTBQ, DTBI, and TTBB, 
to m-l,2-?e«-butylethylene does not seem completely 
legitimate. Opening of the C—C=C angles in the 
latter compound is probably energetically cheaper 
than in the three aromatic compounds: in the olefin 
the tert-butyl groups are not attached to rigid rings 
and there is no equivalent to the o-hydrogens or the 
nitrogen lone pairs of the aromatics, which likewise 
disfavor angle opening as a mechanism for reducing 
the nonbonded repulsions. The CFF energy min
imization of l,2-di-/ert-butylcyclohexene, which is 
more closely related to the aromatics discussed above, 
yields stretched C = C and C(sp2)-C(sp3) bonds: 1.352 
and 1.530 A (1.536 A within the six ring), respectively. 
Our calculated bond stretchings have, however, to be 
judged with caution, since no geometry data of mole
cules with abnormal bond lengths were involved in 
the determination of the CFF parameters. 

A further effect of the H • • • H repulsions is noted in 
Figure 6b; the four inner methyl groups are rotated 
slightly out of ideally staggered partial conformations 
in such a way as to make more room for the inner 
hydrogens. Finally, it is interesting to mention that 
the highest calculated methyl CH-stretching frequency 
of the cis isomer (corresponding to a symmetric mode 
which involves the jnovement of the two hydrogens 
separated by 2.054 A; see Figure 6b) exceeds the cor
responding frequency of the trans isomer by 29 cm - 1 

(3011 and 2982 cm"1, respectively). 
4. Cyclopentene. The conformation of cyclo

pentene is mirror symmetric with the symmetry plane 
bisecting perpendicularly the double bond. Hence, the 
C—C=C—C torsion angle is zero and the ring pucker
ing angle can be expressed in terms of the improper 
torsion angle $1534 (Figure 7a; puckering angle = 
7T — $1534). The ring-puckering angle was introduced 
into the least-squares optimization process and a 
value of 21.4° was calculated. From far infrared, 
microwave, and electron diffraction experiments pucker
ing angles of 23.3 ± 1, 22.3 ± 2, and 29.0 ± 2.5° 

(51) E. H. Wiebenga and E. Bouwhuis, Tetrahedron, 25, 453 (1969). 
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were derived, respectively. 32>52>53 The energy difference 
between the planar and the puckered conformations was 
deduced from far ir analysis32 to be 0.66 kcal mol -1 . 
Our calculated value for this barrier is 0.36 kcal mol - 1 ; 
Allinger and Sprague10 obtained 0.41 kcal mol -1. 

5. 1,4-Cyclohexadiene. Earlier experimental evi
dence,54 as well as a recent far-infrared study,56 leaves 
little doubt that 1,4-cyclohexadiene has a planar 
Aft structure, a result which is borne out by our cal
culations. (For geometrical details see Figure 7b; 
the minimization was started with a nonplanar C28 

structure in which the dihedral angle between the double 
bond planes was 120°.) Oberhammer and Bauer56 

interpreted results of electron diffraction experiments 
in terms of a nonplanar C2v structure with the planes 
of the two double bonds forming an angle of 159.3°. 
Dallinga and Toneman,57 on the other hand, analyzed 
their electron diffraction results as strongly favoring 
the planar D2h model. As supporting evidence for 
the C2v structure, Oberhammer and Bauer refer to the 
nonplanarity of 9,10-dihydroanthracene derived from 
an X-ray crystal structure analysis58 and quote a semi-
empirical strain calculation of Herbstein4b which also 
yielded a nonplanar structure. The conformation of 
1,4-cyclohexadiene is mainly determined by two factors. 
Angle strain favors a nonplanar six-ring, since the sum 
of the four C—C=C and the two C—C—C reference 
angles is 9.8° smaller than 720° (Table III). Tor
sional strain on the other hand favors planarity. The 
net result is a planar structure since the C=C—C—C 
torsion angles vary so much faster with small ring 
puckering than the CCC angles that angle bending is 
less effective despite the relatively high force constants 
involved. The situation is reversed in 9,10-dihydro
anthracene because the torsional barrier around a 
C-C single bond attached to a benzene ring is dis
tinctly smaller than the torsional barrier around a 
C-C single bond adjacent to an olefinic double bond,59 

so that here angle strain becomes the dominant factor. 
Conformational comparisons between olefins and 
their benzo derivatives have to take into account this 
important difference with regard to torsional barriers. 
Herbstein's calculations on 1,4-cyclohexadiene are 
not conclusive as far as the planarity problem is con
cerned, since he did not consider the influence of tor
sional strain. 

6. Cycloheptene. The conformational properties of 
cycloheptene have been studied experimentally by 
vibrational spectroscopy60 and by nmr techniques.61 

Observed spectra were in both cases interpreted in 
terms of a Cs symmetric chair form as the most stable 
conformation. Detailed experimental structure deter
minations have not been published. Three confor
mational types were considered in our calculations 

(52) G. W. Rathjens, / . Chem. Phys., 36, 2401 (1962); S. S. Butcher 
and C. C. Costain, J. Mol. Spectrosc, 15, 40 (1965). 

(53) M. I. Davis and T. W. Muecke, J. Phys. Chem., 74, 1104 (1970). 
(54) H. D. Stidham, Spectrochim. Acta, 21, 23 (1965). 
(55) J. Laane and R. C. Lord, / . Mol. Spectrosc, 39, 340 (1971). 
(56) H. Oberhammer and S. H. Bauer, J. Amer. Chem. Soc, 91, 10 

(1969). 
(57) G. Dallinga and L. H. Toneman, J. Mol. Struct., 1, 117 (1967). 
(58) W. G. Ferrier and J. Iball, Chem. Ind. (London), 1296 (1954). 
(59) For a detailed discussion see R. K. Harris and M. Thorley, 

J. Mol. Spectrosc, 42, 407 (1972). 
(60) N. Neto, C. di Lauro, and S. Califano, Spectrochim. Acta, 

Part A, 26, 1489 (1970). 
(61) M. St.-Jacques and C. Vaziri, Can. J. Chem., 49, 1256 (1971). 
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Figure 8. Calculated cycloheptene geometries (a-c) and experi
mental geometry of e-caprolactam (d) (peripheral values: bond 
lengths and angles; others; torsion angles): (a) chair, symmetry 
C8; (b) C2 form; (c) twist-boat, no symmetry. 

(Figure 8). The mirror symmetric chair of Figure 8a 
is the most stable conformation in agreement with 
previous calculations,5'10 although the C2 form of 
Figure 8b has an enthalpy calculated to be only 0.42 
kcal mol - 1 higher (vibrational contributions taken into 
account; this holds for all following stability compar
isons). The conformation of Figure 8c is a very 
distorted boat (no symmetry) and is less stable than 
the chair by 2.64 kcal mol -1. The Cs-symmetric 
boat has four unfavorable torsion angles and cor
responds to an energy maximum in our calculations. 
Thus we confirm Allinger and Sprague's10 result that 
the C2 twist form is only slightly above the chair form 
but not their proposal that the boat is another local 
minimum. In Figure 8d the geometry of e-caprolactam 
as obtained from a crystal structure analysis62 is given 
for comparison. This compound possesses a slightly 
distorted chair conformation. The pattern of bond 
angles and torsion angles resembles quite closely that 
of the calculated chair conformation of cycloheptene, 
in particular if one excludes the double bond and amide 
moieties from the comparisons which make up the 
difference between the two compounds. 

7. Cyclooctenes. There is good experimental evi
dence as to the type of conformation of c/s-cyclo-
octene,63 though its detailed structure has not yet 
been determined. It can be derived from the chair-
boat conformation of cyclooctane by placing the double 
bond at the position of the smallest torsion angle. 
In Figure 9a details of the calculated conformation (no 
symmetry) are given. For comparison, the similar 
geometrical results of an X-ray study of enantholactam 
hydrochloride64 are shown in Figure 9b. It should 

(62) I. Nitta, M. Haisa, N. Yasuoka, K. Kasami, Y. Tomiie, and 
Y. Okaya, Annu. Rep. Fiber Res. Inst. Osaka Univ., No. 17, 1 (1965). 

(63) L. M. Trefonas and R. Majeste, Tetrahedron, 19, 929 (1963); 
A. F. Cameron, K. K. Cheung, G. Ferguson, and J. M. Robertson, 
/ . Chem. Soc. B, 559 (1969); M. R. St. Jacques, Ph.D. Thesis, Los 
Angeles, 1967. 

(64) F. K. Winkler and J. D. Dunitz, J. Mol. Biol., 59, 169 (1971). 
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Figure 9. Cyclooctene geometries (peripheral values: bond 
lengths and angles; others: torsion angles): (a) m-cyclooctene 
calculated, no symmetry; (b) enantholactam hydrochloride ob
served; (c) fraws-cyclooctene calculated, symmetry Ci\ (d) trans-
cyclooctene as observed in an iodine derivative (Ci averages); (e) 
?ra«j-cyclooctene calculated, distorted chair conformation, sym
metry Ci. 

be mentioned that the minimization was started with 
a model possessing torsion angles different from the 
corresponding ones of the minimum conformation 
by up to 20°; the derivatives of the energy with re
spect to the cartesians after minimization were less 
than 1O-7 kcal mol - 1 A - 1 . Previous authors5'10 also 
concluded that the conformational type of Figure 9a 
is the most favorable for c/s-cyclooctene. 

The conformations of three derivatives of trans-
cyclooctene have been analyzed by X-ray techniques, 
two with metal-complexed double bonds65 and one 
noncomplexed iodine-containing derivative.34 All 
three ring conformations are similar and show approxi
mate C2 symmetry (Figures 9c and 9d). The torsion 
angles of the eight-membered ring of the iodine deriva
tive were used as data in the optimization process 
(Table II). The agreement between the calculated 
and observed, highly nonplanar, C—C=C—C tor
sion angle is particularly satisfactory. The energy 
required for the nonplanar distortion of the double 
bond is nearly equally distributed between twisting 
and out-of-plane bending (3.75 and 3.44 kcal mol -1, 
respectively). Favini, et a/.,6 favor a C2 symmetric 
distorted chair form for rra/w-cyclooctene. A con
formation of that type was minimized with our force 
field (Figure 9e). Its enthalpy is 3.14 kcal mol - 1 

higher than that of Figure 9c.65a Favini's calculations 
yield a C - C = C - C torsion angle of -163.0°, while 
our value is —137.9°. Allinger and Sprague10 are 
qualitatively in accord with our results. 

8. Cyclononenes. No detailed conformational 
properties of the cyclononenes are known. We de
rived the conformational models for trans- and cis-
cyclononene from two recent crystal structure analyses 
of caprylolactam and its hydrochloride.64 Figure 10 
gives a comparison of the minimized two cyclononene 
conformations and the corresponding observed geom
etries of caprylolactam and caprylolactam hydrochlo-

(65) P. Ganis, U. Lepore, and E. Martuscelli, / . Phys. Chem., 74, 
2439 (1970); P. C. Manor, D. P. Shoemaker, and A. S. Parkes, J. Amer. 
Chem. Soc, 92, 5260 (1970). 

(65a) NOTE ADDED IN PROOF. In a recent electron diffraction study 
of gaseous rro«s-cyclooctene, the chair model was found to fit the data 
better than the crown (R. M. Gavin and Z. F. Wang, / . Amer. Chem. 
Soc, in press). For the C—C=C—C torsion angle a value of - 157.0° 
was derived. We thank Professor Gavin for providing us with these 
results prior to publication. 
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Figure 10. Calculated cyclononene geometries and observed geom
etries of caprylolactam (b) and its hydrochloride (d) (peripheral 
values: lengths and angles; others: torsion angles): (a) trans-
cyclononene, symmetry &; (c) ds-cyclononene, no symmetry. 

ride. It is again striking how similar the confor
mational details of the olefins and the corresponding 
lactams are. In particular, the conformations of cis-
cyclononene and caprylolactam hydrochloride are 
very closely related. This is not surprising in view of 
the enhancement of the double bond character of the 
C(O)-N bond on protonation of the amide oxygen. 
The experimental enthalpy of fraws-cyclononene is 
2.9 kcal mol - 1 higher than that of the cis isomer. The 
corresponding trans-cis difference in the free lactams 
would be smaller due to the lower double bond char
acter of the amide group. The protonated lactams 
would have a larger difference, i.e., more similar to 
the olefins, because of the enhanced double bond char
acter. This reasoning offers an explanation why the 
protonated lactam crystallizes in the cis conformation, 
while the free lactam yields more readily to other forces 
in the crystal which appear to prefer the trans confor
mation. Favini and coworkers6 assumed local mirror 
symmetry in the olefinic and local C2 symmetry in the 
aliphatic halves of m-cyclononene. Our results (Fig
ure 10c) show significant deviations from these local 
symmetries, but the conformational types are qualita
tively similar. 

9. Cyclodecenes. The crystal structures of the 
silver nitrate adducts of cis- and rrans-cyclodecene have 
been studied by X-ray analysis.66,67 A derivative of 
the trans isomer (rra«.s-cyclodecen-5-yl /7-nitrobenzo-
ate) with a noncomplexed double bond was also in
vestigated.68 It was found that the 10-ring confor
mations in the crystals of the two fra/M-cyclodecene 
derivatives are of different types. We analyzed seven 
different rrans-cyclodecene conformations, and six 
of them were within 2.5 kcal mol -1. The conformation 
presented in Figure 11a (C2 symmetry) possesses the 
lowest minimum enthalpy and corresponds to the X-ray 
result of the AgNO3 complex (Figure lib). The 

(66) O. Ermer, H. Eser, and J. D. Dunitz, HeIc. CMm. Acta, 54, 2469 
(1971). 

(67) P. Ganis and J. D. Dunitz, HeIv. ChIm. Acta, SO, 2379 (1967). 
(68) O. Ermer, Ph.D. Thesis, ETH Zurich (ND. 4465), 1970; J. D. 

Dunitz, Pure Appl. Chem., 25, 495 (1972). 
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Figure 11. Cyclodecene geometries (peripheral values: lengths 
and angles; others: torsion angles). /rons-Cyclodecene: (a) 
calculated, symmetry Cu (b) observed (AgNO3 complex, Ca 
averages). cis-Cyclodecene: (c) calculated, no symmetry; (d) 
observed (AgNO3 complex). 

conformation of the />-nitrobenzoate crystals was 
calculated to be less stable by 2.02 kcal mol -1. Fur
ther details will be dealt with in a future publication. 

For m-cyclodecene two conformations were min
imized, one of them (Figure lie) corresponding to 
the AgNO3 adduct36 (Figure l id) ; the other proved 
to be 1.92 kcal mol - 1 higher. 

A comparison of the trans- and CW-AgNO3 adducts 
with the corresponding calculated conformations (Fig
ure 11) reveals strikingly larger differences for the 
trans than for the cis isomer. The molecular packing 
arrangements in the crystals of the AgNO3 adducts of 
the cyclodecenes are very similar.66'67 It is therefore 
unlikely that crystal forces are primarily responsible 
for the rather large discrepancies. Apparently the 
silver coordination plays an important role. Neutron 
diffraction investigations of a metal complex contain
ing a platinum-coordinated ethylene molecule (Zeise's 
salt)69 show that the ethylene ligand is nonplanar and 
adopts C2„ symmetry; i.e., the cis torsion angles 
remain zero, while the trans torsion angles deviate 
from 180°. Silver coordination of a double bond 
should have a qualitatively similar effect. For a 
cis double bond close to planarity only a small coordina
tion effect on the C—C=C—C torsion angle is ex
pected, while for a trans double bond the absolute 
value of this angle should be reduced. For trans-
cyclodecene the upper limit of this reduction is es
timated as 21° (Figures 11a and l i b ; a comparison 
of these two figures reveals considerable differences 
for other ring torsion angles as well; furthermore, 
one of the calculated CCC angles exceeds the corre
sponding observed value in the AgNO3 complex by 
7°). It was thought that the influence of the silver 
coordination could be understood in terms of a per
turbation of Hx, H$D, and H^. However, an at
tempt to vary these CFF parameters systematically by 
least squares (taking the Co-averaged observed angles 
and torsion angles of the complex conformation as 
data) in such a way as to reproduce the ten-ring con-

(69) W. C. Hamilton, K. A. Klanderman, and R. Spratley, Acta 
Crystallogr., Sect. A, 25, S172 (1969). 

Figure 12. Geometries of c«,cw-l,6-cyclodecadiene (lower right 
values: torsion angles; others: bond lengths and angles). C24 con
formation: (a) calculated; (b) observed; (c) C%v conformation 
calculated. 

formation of the AgNO3 complex failed: Hx and //*T 

were adjusted to unreasonably small values without 
consistent conformational changes of the ten ring. 
The problem requires a more detailed study. 

The calculated conformation of m-cyclodecene 
agrees reasonably well with that observed for the AgNO3 

adduct and is very closely related to the stable cyclo-
decane conformation.66 The largest difference be
longs to a ring segment which is characterized by high 
thermal motion in the crystals of the adduct and there
fore by poorly defined atomic positions. 

The trans and cis conformations calculated by Favini, 
et al.,% are all different from our most favorable con
formations. Our results agree with those of Allinger 
and Sprague10 on the favorable conformation of cis-
cyclodecene. However, their suggested C2 twist form 
as the favorable trans conformation seems to have 
synclinal torsion angles on both sides of the double 
bond, while our C2 twist has these torsions as 109° 
(Figure Ha). Thus, the conformations appear to be 
different. 

10. c;s,cis-l,6-Cyclodecadiene. Available experi
mental26'70 and computational71 evidence on the con
formation of ds,ds-l,6-cyclodecadiene leads to a 
C2/,-symmetric chair conformation. Some results 
of an electron diffraction analysis26 were used as data 
for the force field optimization (Table II). In Figures 
12a and 12b calculated and observed geometrical 
details are given for comparison. Another possible 
conformation with C2 „ symmetry is shown in Figure 
12c. Its calculated enthalpy is higher by only 0.16 
kcal mol - 1 than that of the CVsymmetric conformation. 
From this one would have predicted the occurrence 
of a conformational mixture consisting of roughly 
equal amounts of the C2* and C2„ forms. According 
to electron diffraction,26 the molecule exists predom
inantly in the Cm conformation and possibly to a 
minor extent in the C25 conformation. Thus our cal-

(70) J. Dale, T. Ekeland, and J. Schaug, Chem. Commun., 1477 
(1968); H. L. Carrell, B. W. Roberts, J. Donohue, and J. J. Vollmer, 
/. Amer. Chem. Soc, 90, 5263 (1968); B. W. Roberts, J. J. Vollmer, 
and K. L. Servis, ibid., 90, 5264 (1968). 

(71) N. L. Allinger and J. T. Sprague, /. Org. Chem., 37, 2423 
(1972). 
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culated enthalpy difference seems to be too small. 
The reason might be that the parallel double bonds 
in the Civ form repel each other more than calculated 
with our functions for the nonbonded interactions, 
due to orbital symmetry considerations. 

(c) Enthalpies. The average absolute difference 
for the ten heats of hydrogenation is 0.92 kcal mol -1. 
It is low (0.11) for the gas data and rather high (1.73) 
for the solution data. 

The heats of hydrogenation of a number of mono-
olefins have been measured both in acetic acid solu
tion and in the gas phase3872 and differences of up 
to 1.7 kcal mol - 1 were found, which are apparently 
due to solution effects.73 Therefore, in the least-
squares process considerably lower weights were given 
for the solution data as compared with the gas data 
(Table II). Four out of five of our calculated values 
do not agree satisfactorily with the solution data. In 
the case of the cyclooctenes, for instance, the calculated 
cis-trans difference turns out to be higher (by 2.0 
kcal mol-"1) than the observed value. rra/is-Cyclooctene 
has a rather high dipole moment74 (0.8 D) and should 
be relatively better stabilized by the polar solvent 
(acetic acid) than m-cyclooctene (dipole moment 
0.4 D). In cyclodecene, the situation is reversed, 
namely the dipole moment of the cis isomer is larger 
than that of the trans isomer, in line with the calcu
lated cis-trans difference being smaller than the experi
mental one (by 2.5 kcal mol-1)- A similar reasoning 
may hold also for the l,2-di-te/-?-butylethylenes. It 
is more difficult to estimate such an effect for the cyclo-
nonenes, whose dipole moment difference is unknown. 
Other solution effects may also play a role. For 
instance, trans- and m-l,2-methyl-te/-/-butylethylene 
have probably different dipole moments, but their 
calculated value for the cis-trans difference fits ex
periment well. Measurements of enthalpies of solu
tion could help to clarify the solvent effect. Alter
natively, gas-phase equilibration studies would be 
welcome. 

The calculations of the heats of hydrogenation de
pend, of course, on the correct conformational choices 
for the individual olefins and the corresponding satu
rated hydrocarbons. For simplicity we chose in all 
cases the conformations of calculated lowest enthalpy 
and did not allow for conformational mixing when 
encountered. 

The calculated and observed heats of hydrogenation 
of the cyclenes with five- to ten-membered rings are 
compared in Table V. The following conformational 
assumptions were made for the cyclanes involved in 
the calculation of these heats of hydrogenation. The 
cycloheptane skew-chair was preferred to the skew-
boat (both of C2 symmetry) being more stable by 3.86 
kcal mol -1. The stable conformation of cyclooctane 
was assumed to be the chair-boat form (Cs symmetry). 
The conformational analysis of cyclononane poses a 
problem. In the crystals of cyclononylamine hydro-
bromide75 the nine-ring possesses an approximate 
C2 symmetry. On the other hand, a recent nmr study 
by Anet and Wagner76 strongly supports a D3-sym-

(72) R. B. Turner, W. R. Meador, and R. E. Winkler, / . Amer. 
Chan, Soc, 79, 4116 (1957). 

(73) A. C. Cope, P. T. Moore, and W. R. Moore, J. Amer. Chem. 
Soc, 82, 1744(1960). 

(74) N. L. Allinger, J. Amer. Chem. Soc, 80, 1953 (1958). 
(75) R. F. Bryan and J. D. Dunitz, HeIv. Chim. Acta, 43, 3 (1960). 

Table V. Calculated0 -h and Observed" Heats of Hydrogenation, 
AH, of the Five- to Ten-Membered Cyclenes 

Cyclopentene 
Cyclohexene 
Cycloheptene 
m-Cyclooctene 
/ra«,s-Cyclooctene 
c/i-Cyclononene 
/raws-Cyclononene 
c/s-Cyclodecene 
/ra«j-Cyclodecene 

— Aftalcd 

26.85 (-0.69) 

26.26(0.34) 
23.74(0.29) 
35.01 (0.34) 
22.61 (0.34) 
27.39(0.51) 
19.37(0.26) 
20.22(0.35) 

— AHobad 

26.92 
28.59 
26.52 
23.53 
32.24 
23.62 
26.49 
20.67 
24.01 

"Calculations for the gas phase at 2980K; reference olefin: 
cyclohexene; vibrational contributions are given in parentheses. 
b See Results and Discussion (b and c) for conformational assump
tions. c Cyclopentene through c/s-cyclooctene: measurements in 
the gas phase at 3550K; ?rara-cyclooctene through trans-cydo-
decene: in acetic acid at 2980K. 

metric structure. Previous conformational calcula
tions7778 favored the Z)3 form by 3-4 kcal mol -1. Our 
present CFF calculations favor the above-mentioned 
C2 conformation by 0.31 kcal mol -1. We chose this 
C2 conformation for the present calculations of the 
heats of hydrogenation. 

(d) Vibrational Frequencies. Our CFF analysis 
of vibrational spectra comprises seven different mole
cules plus three perdeuterated species, providing a total 
of 259 frequencies. This is the largest number of 
olefins hitherto analyzed simultaneously. This large 
scope has helped to remove some ambiguities unresolv-
able in the study of single molecules. 

The average absolute difference between observed 
and calculated values of the 259 frequencies used in 
the optimization process is 15.4 cm -1 , the maximum 
absolute difference 66 cm -1. 

The torsional vibrations of the methyl groups in 
cis- and ?rans-2-butene are a good example of the inter
relation between vibrational and conformational anal
ysis, characteristic of the CFF method. The repul
sion between the inner hydrogens in m-butene must 
reduce the methyl torsional frequencies, as compared 
with those of the trans isomer. Our calculated fre
quencies are 179 cm - 1 (B1) and 132 cm - 1 (A2) for the 
cis isomer and 252 cm - 1 (Bg) and 195 cm - 1 (Au) for 
the trans isomer. Experimental infrared and Raman 
experiments for these very weak modes are difficult. 
Richards and Nielsen79 assigned the frequencies 290 
and 210 cm - 1 to the two cis torsions and the two trans 
torsions, respectively, contrary to the above considera
tion. However, a very recent far-infrared and laser 
Raman study of methyl-substituted ethylenes80 is in 
close support of our considerations and results. 

A more detailed discussion of the normal mode 
assignments of some of the olefins included in Table 
I, as well as the calculated frequencies and a number 
of new assignments of 1,4-cyclohexadiene and of cy
clopentene, will be presented elsewhere. 

Acknowledgment. An EMBO Fellowship for one of 
us (O. E.) is gratefully acknowledged. 

(76) F. A. L. Anet and J. J. Wagner, J. Amer. Chem. Soc, 93, 5266 
(1971). 

(77) M. Bixon and S. Lifson, Tetrahedron, 23, 769 (1967). 
(78) J. B. Hendrickson, J. Amer. Chem. Soc, 89, 7036 (1967). 
(79) C. M. Richards and J. R. Nielsen, / . Opt. Soc. Amer., 40, 442 

(1950). 
(80) J. R. Durig, C. W. Hawley, and J. Bragin, J. Chem. Phys., 57, 

1426 (1972). 

Journal of the American Chemical Society j 95:13 / June 27, 1973 


