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Pyramidalized Cycloalkenes (Cyclohexene, Cycloheptene, amis-Cyclooctene): An MM4
and ab Initio Study

Vladimir S. Mastryukov
Department of Chemistry and Biochemistry, bsity of Texas, Austin, Texas 78712

Kuo-Hsiang Chen and Norman L. Allinger*

Computational Center for Molecular Structure and Design, Department of Chemistry, Chemistry Annex,
University of Georgia, Athens, Georgia 30602-2526

Receied: April 26, 2001; In Final Form: June 27, 2001

The molecular geometries of the most stable conformergsatycloalkenes, @Hzn—2, with n = 6—8, were
optimized by both the MM4 molecular mechanics force field and by MP2 calculations using the 6-31G**
basis set. Both computational methods agree that in each of these molecules the olefinic carbon atoms show
small but definite pyramidality, contrary to the usual assumption made in structural studies. This is in agreement
with both computational and experimental studies of related systems and can be understood in terms of the
molecular mechanics model.

Introduction dalization. Small cycloalkenes, cyclopropene and cyclobutene,
have a planar heavy-atom skeleton, and according to Mislow’s
statement they must have a planar arrangement around the
double bonds.

It is well known that the spand sp hybridized carbon atoms
are associated with idealized bond angles of 10%aid 120,
respectively. The latter value also implies a planar arrangement
of chemical bonds around the%parbon. As additional and
more accurate structural data became available, they allowed
Mislow to conclude in 1965 that “the regular tetrahedral angle
is the exception rather than the rule in organic chemistry.”

An essentially similar limiting statement was formulated for
olefinic carbons:

Planarity is not expected if the molecule does noteha In the higher cycloalkenes {#), the carbon skeleton is no
plane of symmetry passing through thé sarbons and all four ~ longer planar, and one may expect to find théerbon atoms
corresponding ligands. pyramidalized.

However, a planar trigonal arrangement of thé sarbons

remained for decades one of the most obvious assumptions use
in many structural studies. On the other hand, structural data
on highly strained compounds such as cuBerti-Bredt
olefing®~® and other olefins 8 clearly show that the bond angles
(4} ()] 3) 4)

in these compounds do not fit the widely accepted generalization
(more examples can be found in a recent paper by Mastryukov
and Bogg®. From these examples, one might think that the
pyramidalization of olefinic carbons is a direct consequence of
the geometric constraints introduced in the molecules. Can we
still expect a pyramidality of olefinic carbons when less
geometric constraint is imposed?

Cyclopentene (1) was an object of a high level ab initio
guantum chemical study by Allen, Csaszar, and Horner in
199210 This molecule provides an excellent illustration of the
importance of symmetry stressed by MisléWhen the five-
membered ring is forced to be planar, the calculations by Allen
et al. showed that the vinyl hydrogens were to be found in the
same plane. However, when the molecule was allowed to adopt
the equilibrium “envelope” conformation, the’sgarbons were
pyramidalized.

Cubene

Cycloalkenes, @Hon—2, seem to be good candidates to
examine in an attempt to answer this question. Although some
geometric constraint does exist because of the cyclization, at
the same time the vinyl hydrogens in these molecules are free
to adopt the geometry of minimum energy. Therefore, these
hydrogens can serve as an indicator of thecgbon pyrami-
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later confirmed by electron diffractiof? X-ray diffractior?® and
ab initio calculationg?

The purpose of this communication is to report MM4 and ab
initio calculations for cyclohexene, cycloheptene, arid-
cyclooctene in search of the Sparbon pyramidality, and to

try to better understand why it occurs.
A Computational Methods. Geometry optimizations were
— carried out using the MM4 progr&thand the Gaussiang2and

\7 Gaussian9% program packages, at the Hartréeock and MP2

levels of theory with the 6-31G** or larger basis sets, to show
c
H

H—C=C—H torsion angle has the value 144 0.2 for HF/6-

that the conclusions reached in the present work were not
significantly changed as a function of basis set size or electron
correlation over those ranges. At higher levels, pyramidalization
occurs where it should according to Mislow’s rule, in agreement

Figure 1. Most stable conformers of cyclohexene, cycloheptene, and . ] o ) .

cis-cyclooctene. The projections along the double bond are shown at3lG » MP2/6-31G™* and MP2/6-311+G(2d,2p) calculations.

with the best experiments. In cyclohexene, for example, the
the bottom.

Results and Discussion

The direction of the departure of the vinyl hydrogens from

) . . ) : . The most stable conformers of the three cycloalkenes studied
the plane is easy to predict. It will be that direction which y

are shown in Figure 1, together with their projections along the
Bouble bond. Calculated structural parameters for cyclohexene
@nd cycloheptene have been reported several Him8swith
similar results, and our present results differ from those by very
little. We will here concentrate our attention on the geometric
parameters characterizing the pyramidality of the olefinic carbon

substituents on the adjacent saturated carbon. The magnitud
of the departure of the vinyl hydrogens from the plane was found
to be comparable with the value measured experimentally by
Knuchel, Grassi, Vogelsanger, and Bad#i@r norbornadiene,
WhI.Ch. may be ylewed as cqmposed of two cyclopentene atoms, which are displayed in Table 1.
moieties. (Even if the calculations and experiment were both ized i bl h of th lecul idered
exact, these numbers are expected to be different, because the AS. summarized in Ta. € 1, eac 10 t € molecules considere

S ) . Mg L Ih this work exhibits definite pyramidality of the olefinic carbon
ab initio calculation gives the equilibrium value, while the

experiment (depending on what kind of an experiment it is) atoms. The effect, however, is small, and it is difficult to
Xp P g on’ P measure directly by existing experimental methods. From the
gives some type of a vibrationally averaged value.

computational point of view, it is also somewhat sensitive to
the level of theory used. For the most part the higher the level
of theory, the stronger the pyramidality. The first illustration is
provided by cyclohexene, for which the ab initio results are
listed in Table 1. The MP2/6-31G** results show a slightly
increased pyramidality (0°Bcompared with the HF calculations.
The second example comes from the calculations for cyclo-
heptene. Burked® who used the MM2 force field, concluded
that cycloheptene has a planar double bond, whereas present
Cyclohexene (2) exists in a half-chair conformation (discussed calculations with the MM4 force field and the MP2 calculations
later, see Figure 1) in which the double bond is expected to be both show a slight pyramidality (Table 1). A similar phenom-
slightly twisted. As a consequence, the olefinic atoms are enon was observed in ab initio calculations, i.e., at the STO-
expected to be pyramidalized. However, in all experimental 3G level the double bond is planar, whereas at the MP2/6-31G**
studies of this molecule by both microwave spectrosébpy  level the vinyl hydrogens are out of plane by O torsion
and gas-phase electron diffractith® the planarity of the angle).
double bond was assumed. In 1981, Saebo and Bobgasied Cyclohexene was also chosen as a simple molecule from
out ab initio calculations for cyclohexene with a basis set similar which to learn how the pyramidality is affected by the
to 4-21G. As in the previously discussed case of cyclopentene,substitution. For this reason, both vinyl hydrogens were replaced
what these authors found was also consistent with the symmetryby fluorine atoms, and HF/6-31G* calculations were carried
principle: where the carbon ring is planar, the vinyl hydrogens out for both cyclohexane and the 1,2-difluoro derivative. The
lie in this plane; when the ring is not planar, the vinyl hydrogens three dihedral angles (as in Table 1) were 1.1, 1.2, arftifarl
are out-of-plane. the hydrocarbon, and 1.3, 1.7, and°ifér the difluoride. These
Cycloheptene (3) was investigated by electron diffraction values show that the more electronegative substituents increase
assisted by molecular mechanics (MM2) calculatirend later the dihedral angles in question by 8:2.5°. The differences
by ab initio calculationg? In the electron diffraction study, are small but systematic, and they suggest that other substituents
planarity around the double bond was assumed. might be found where the differences are larger.
cis-Cyclooctene (4) has been investigated by the MM4 force  The four cycloalkenes {24) mentioned in the Introduction
field by Nevins, Chen, and Allingef, but the structural may now be discussed together because they show two different
parameters were not reported. Isometianscyclooctene ways in which the pyramidality can occur in cycloalkenes. These
received attention previously because of its unusual structure.are directly related to the number of carbon atoms in the ring.
It was studied as early as 19%58and it was concluded, based The odd-membered rings (cyclopentene and cycloheptene)
on the large dipole moment of the molecule and other evidence,display a simpler pattern; these molecules h&vesymmetry
that the unsaturated carbons were strongly pyramidal. This waswith the four carbon atoms-©C=C—C lying in a plane. In
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TABLE 1: Dihedral Angles (in degrees) Characterizing the Pyramidality of the Olefinic Carbon Atoms in Cyclohexene,
Cycloheptene, and Cyclooctene

cyclohexene cycloheptene cis-cyclooctene
dihedral angle MM4 MP2/6-31G** MM4 MP2/6-31G** MM4 MP2/6-31G**
Cc-C=C-C 12 1.4 0.0 0.0 2.4 3.4
H—-C=C-H 3.1 1.6 0.0 0.0 0.5 0.5
A(C—C=C—H)? 1.0 15 0.3 0.6 5.6,3.7 45,16

a Deviation of the G-C=C—H dihedral angle from 180 For cis-cyclooctene, because of low symmetGx), the two values given are for the
two different directions.

the even-membered rings (cyclohexene argcyclooctene),

if Cs symmetry were present, it would lead to an eclipsed
conformation for the €C bond which is just opposite to the
double bond. The relief from torsional strain is achieved through

a twist around this bond, which amounts to 63(63.5") in Cay Can
cyclohexene, and to 103.1102.6) in cis-cyclooctene (the first  Figure 2. Conformations of Bicyclo[3.3.0]oct-1,5-ene.
value refers to the MM4 calculations, and the value in
parentheses is the MP2/6-31G** result). This effect might be and it proceeds far enough that the molecule is significantly
thought of as transferred to the opposite side of the ring where nonplanar about the double bond. What then happens? The two
the double bond is twisted in response. Therefore, in thesehydrogens may either stay where they are, in which case we
molecules, the €C=C—C fragment is no longer planar, and would have two planar trigonal carbon atoms, with a substantial
the hydrogen atoms follow this movement, as is clearly seen torsional angle between them, or the alkene carbons may
on the projections along the=€C bond (see Figure 1). This  pyramidalize, in which case the two hydrogens can have the
type of behavior is quite similar to what has been observed in torsion angle separating them reduced. The latter means that
the appropriate deformations of the ethylene molecule studiedthe torsion energy is also reduced, and the out-of-plane bending
quite recently? energy is increased. In general, when there are two competing
It is important to recognize that the reasons for pyramidal- forces trying to deform the molecule in different ways, there
ization in different molecules may be different. There is the will be some weighted average resultant, depending on the
general statement due to Mislow. Depending on the case, therelative strengths of the forces. And so in this case, as expected,
deformation corresponding to this statement may be large orone does not have just torsion, and one does not have
small. The actual physical reason that underlies the deformationpyramidalization to the point where the two hydrogens are
resulting from the lack of symmetry is usually easy to understand eclipsed, but one has a system that is somewhere in befeen.
in terms of a molecular mechanics model. If we consider the  Another interesting case is the conformations of bicyclo[3.3.0]-
most simple example, propene, one of the hydrogens of theoct-1,5-ene (Figure 2). First, consider the double bond as being
methyl group eclipses the double bond in the ground state, planar in the two conformations. One of these GBassymmetry,
leading toCs symmetry. The symmetry plane includes the two the other ha€,, symmetry, as shown. In th&,, molecule, the
alkene carbons, plus the four atoms attached to them. Onesubstituents on one side of the double bond are exocyclic to a
hydrogen on the methyl exactly eclipses the double bond. If five-membered ring, and want to bend in the opposite direction
the hydrogen eclipsing the double bond is forced out of the from the way the tip of the envelope bends, to minimize the
plane (in a larger molecule this can happen as a result of variouseclipsing. The substituents on the other side, related by
kinds of constraints), then the alkene carbons will pyramidalize. symmetry, bend in the same direction. Hence, the double bond
There is a force that tends to keep the alkene carbons and then this molecule becomes nonplanar, and the molecule retains
four attached atoms in a plane (which is formulated as out-of- C,, symmetry.
plane bending, or improper torsion in molecular mechanics).  On the other hand, if we look at th&, molecule as shown,
But if any other force is applied unequally to the two different bending two of the substituents on the double bond downward,
sides of the plane, the molecule will deform in response to this in the direction of the peak of the cyclopentene to which they
force. Specifically, if the hydrogen that was eclipsing the double are exocyclic, causes the double bond to bend from planarity
bond in propene is forced out-of-plane by say,2®restoring in one direction, but bending the two substituents on the other
force will tend to put it back where it was. But if this cannot be ring in a similar way causes it to bend in the opposite direction.
achieved because of other constraints, pyramidalization of the These forces are equal and opposite, so the molecule remains
alkene carbons will occur in such a direction as to tend to move in a geometry with a planar double bond (Bg symmetry is
the symmetry plane to where the hydrogen is (rather than theretained).
other way around). The plane, of course, is lost in the process, These seem like very different cases because one contains a
so we are talking now about a mean plane defined by the two double bond which is planar, and the other is nonplanar, but
alkene carbons and the four attached atoms. As a rough rulethese results are easily understood in terms of the earlier
the larger the force acting that tends to push the hydrogen (ordiscussion.
other substituent) out-of-plane, the greater the deformation from  Strain Energy and Reactivity. The norbornene double bond
a symmetrical position, and the greater the nonplanarity that is highly strained, by the chemical test of adding phenyl aZide.
will result. This general effect may be conveniently examined It is also highly reactive, undergoing similar additions thousands
as specific effects in particular cases. For exampldrans of times faster than cyclohexene does. According to Fékui,
cyclooctene, the two methylene groups attached to the alkenehyperconjugation phenomena are responsible for the large
carbons are simply too far apart to allow the molecule to be electronic exo lobes in the structure of norbornene, which in
bridged with the normal polymethylene chain, so the molecule turn are expected to lead to enhanced reactivity. These are
deforms in an effort to bring them closer together. Imagine that accompanied by the nonplanarity (bending of the hydrogens
the deformation is a twist, or torsion about the double bond, attached to the double bond carbons out of the plane in the endo
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TABLE 2: Selected G=C and =C—H Stretching sizable increase in the dipole moment. There is an out-of-plane
Frequencieg(cm™?). distortion in norbornene, but the major distortion is in-plane
compound &C =C—H and is brought about by the fact that the normal°ltaind angle

cis-4-octend 1650 3010 for the C—C=_C angle_ is very muph constrained by the five-
trans-4-octené 1670 (30279 membered rings (it is only 107in norbornene, by MM4
cis-cyclooctene 1664 3010 calculation). So in norbornene, most of the distortion is in the
trans-cyclooctené 1658 3000 sigma-system, not in the pi-system. This smat#@©-C bond
cyclohexene 1650 3020 angle in norbornene leads to a substantially increpséracter

norbornené 1575 3070 in the CG=C—C sigma bonds. This in turn leads to a much

2 All spectra are with liquid films® N. Sheppard and D. M. Simpson,  reduced &-C stretching frequency (and presumably to-aC
Quant. Re., 1982,6, 1. ° See ref 21 Not reported for this compound,  stretching frequency as well, although this frequency would be
but homologues have this bend at 362829 cnr™. mixed in with other similar frequencies, and does not appear to

. ) have been sorted out in previous spectroscopic work). On the
direction) and place a much larger electron density on the exo ginar hand, when one increagesharacter in some bonds at

side of the double bond. Itis a case where the pyramidalization 5, 4tom becauseandp characters are conserved, there must
raises the ground state energy (relative to a double bond that i, increaseds character in some other bond. indeed the
not pyramidalized). The pyramidalization reduces slightly the geometry requires that the—G4 bond obtains the extra

torsional energy, but the resulting double bond is still highly character, hence becoming much stronger, and this frequency
strained, mostly from the bending energy (the ©=C angle increases considerably.

is about 107). So the reactivity results, not from a lower energy So here, we have a case where there are two distorted double

transition state but fro_rn a h'ghef energy grou_nd state. Note, bonds, both pyramidalized from planarity, but in quite different

Eg\r,rzz\éefrr,otrza; th&t:tﬁ:‘?efennetrggL:pc;hlﬁaay;?g]n:d?r:gtegolize?r? ways with quite different physical results, but a similar chemical

transcycloocter?e Itrans-cyclooctene, the carbons are simi- result. The r.eac.tivitit.as ir!crease gre.atly in both cases, but the
: ’ spectroscopic situation is totally different, and the electron

larly but more severely pyramldall_zed, but the strain is Iargely distributions, as revealed by their dipole moments, also are quite
from torsion, rather than from bending. In norbornene, the strain different. The chemical reactivity of norbormene atrens-

IS mosﬁly from thte |n-p_llane bdendltngdof.thet doublefbond. -I;Jhtlsl cyclooctene are both greatly enhanced, but for somewhat
IS perhaps most easily understood in terms of an orbital yigerant reasons. Norbornene represents a case of what is
explanation, and can be clearly seen in the vibrational Sloectra'usually called-strain?® |-strain (for internal strain) comes about

Whentrans-cyclooctene pyramidalizes, the electron density \yhen 3 reactant contains some kind of strain that is diminished

on one side (the outside of the ring) of the double bond is much j, 4ing to the product, and is hence diminished in the transition

increased, and the pyramidalization is accompanied by torsion, giate  Raising the ground state energy of the starting material
with bending of the substiuents on the double bond toward the e than that of the transition state leads to increased chemical
inside of the ring. This leads to a _hlghly reactive pi electronic reactivity. So this is simple angle strain, being released as one
system. It also leads to a large dipole moment (0.82 D) from ¢e5 from the formally alkene geometry to the formally alkane
the unequal electron distribution with respect to the alkene geometry, and the zero of angle strain goes formally from about
plane?! Finally, because what is happening in orbital terms is 15¢p tg about 110, The trans<yclooctene case is different,
thats character is being transferred into the orbital that would pacause the strain comes from a combination of torsion about
have been pure if the alkenf_e were planar, and the result is  ihe double bond, and out-of-plane bending. Double bond
that the amount o$ character in the €H bond attached to the  444ition leads to a product of havingsg type geometry, so
pyramidalized carbon, and also in the-C sigma component  hese distortions are greatly relieved in the reaction product (and
of the double bond, is reduced, with the result that theHC  j, {he transition state) relative to the ground state. Again, this
bond becomes slightly weaker. The-C bond sigma compo-  aactivity can be viewed as release of I-strain. So both of these

nent also becomes slightly weaker too in this picture. TR&iC ompounds are highly reactive because of a release of strain in
stretching frequency is accordingly somewhat reducdthins the transition state, but the type of strain is formally different
cyclooctene, relative to that in the cis isomer, ocig4-octene, in the two cases.

_thf opeg-(;haént\z;nalogﬂl:e. Th[;c=c st(;eftchltr;]g Irequengyl IS In our earlier paper discussing the reactivity of the double
intermediate between those observed Tor the two Moael COM- 4 in norpornend’, we mentioned that Fukui’s nonequivalent

pounds (Table 2). The result is that the hybridization changes orbital extensio?? was not supported by MNDO or MINDO/3

:: :T'S rr:ﬁlecule Illear? toa ".”“%‘j gh?ngedlntthte r(}i'lpolte mome.nt, calculations, which were the best quantum mechanics calcula-
uttorather small changes in the infrared Stretching IreqUeNCIes. i, s that were usually carried out at the time (before 1980).

This may be contrasted with the situation in norborn&ne. owever, in norbornene the strain is primarily in the sigma
The norbornene molecule has a slightly nonplanar double bond,sysiem, so the nonequivalent orbital extension is only a minor
and hence the electron density should be higher on one sideyqntributor to reactivity in that molecule (but a much more
(the exo side) of the ring. However, the dipole moment of mnartant contributor to the high reactivity sns<cyclooctene).

norbornene (0.40 B) is perfectly ordinary, so the electronic  pg reactivity of norbornene comes mainly from simple I-strain
asymmetry induced here in the pi system would appear to be, the sigma system.

small. On the other hand, if one looks at the-lg& and G=C
stretching frequencies (Table 2), one sees that theHC
frequency is unusually high (some 50 cthabove that of
cyclohexene), whereas the=C stretching frequency is unusu- In most previous experimental studies of tiecycloalkenes,

ally low (75 cnt?! below that of cyclohexene). Why are these the planarity of the double<€C bond was assumed and never
numbers so different from those trans-cyclooctene? There  questioned. However, present results, together with those taken
seem to be two reasons. First, the distortion of the pi-system from the literature, clearly show that the olefinic carbon atoms
out-of-plane is much larger itrans-cyclooctene, leading to a in all these molecules larger than cyclobutene are slightly but

Conclusions
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definitely pyramidalized in accordance with a idea of a broken (2) Eaton, P. E.; Maggini, MJ. Am. Chem. S0d.98§ 110, 7230.
symmetry. Further experimental studies would be desirable to Borc(fe)n Kvl\llm?rhAxr'r-llcgfﬁggafgon gga?lltfhégvgvé S. C.; Eichinger, B. E;
confirm thesg predictions. Acomblngtlon of different techniques (4) Shea, K. J: Lease, T. G.: Ziller, J. W Am. Chem. S0499Q
(recently reviewed by Mastryuké®) might be useful to measure 115 gg27.

such a small effect. In particular, liquid crystal (LC) NMR data (5) Wijsman, G. W.; de Wolf, W. H.; Bickelhaupt, FJ, Am. Chem.
can be helpful because they are sensitive to the proton positionsSoc.1992 114 9191.

Another possibility consists of finding an appropriate substituent 199&623%3255304”' W. H.; Kashyap, R.; Plummer, B. Acta Crystallogr.
for which the Eﬁeq IS more pr(_)nOL_Jnced. (7) Menzek, A.; Saracoglu, N.; Krawiec, M.; Watson, W. H.; Balci,
And why does thl_s pyra_lmldallzatlon occur? In_ the mole_cular M., J. Org. Chem1995 60, 829.

mechanics model, it is simply a matter of torsional strain. In (8) Balci, M.; Bourne, S. A.; Menzek, A.; Saracoglu, N.; Watson, W.
the alkenes discussed here, exdegms-cyclooctene, the vinyl ~ H., J. Chem. Crystallogri995 25, 107.

hydrogens generally have dihedral angles of-20° with (9) Mastryukov, V. S.; Boggs, J. EStruct. Chem200Q 11, 97.

respect to vicinal alkane hydrogens, in the range where the 192(9120)11A4"%%3\4,1\./' D.; Csaszar, A. G.; Homer, D. Al, Am. Chem. Soc.

torsional potentials are steep. Total energy minimization is  (11) knuchel, G.; Grassi, G.; Vogelsanger, B.; Bauder,JAAm. Chem.

influenced by these potentials, so the dihedral angles areSoc.1993 115 10 845.

deformed in the direction of the nearest minimum (6ontil (12) Scharpen, L. H.; Wollrab, J. E.; Ames, D. 8.,Chem. Physl96§

the lowering of the energy due to improved torsion angles is 43 fge% T - Kozima. KBull. Chem. Soc. Jori969 42 1263

balgnced by other forces, Iarg.ely.out.-of-plane bending.'This is 2143 cﬁ;tr?é, ] Ff);zggiér, 2”H] AﬁT'ChZ;_ goagga 9’1‘ 1898,

an important point. The pyramidalization does not occur ifthere  (15) Geise, H. J.; Buys, H. RRec. Tra. Chim. Pays-Bad97Q 89,

is a plane of symmetry containing the double bond and the four 1147.

attached atoms because the forces perpendicular to the plane (16) Naumov, V. A.; Dashevskii, V. G.; Zaripov, N. MJ, Struct. Chem.

are the same from both sides. But if the torsion angles between(U?EF;)lSi% e 1 g Mol Struc 1081 73 137

the viny| hydr.OgenS and the SUb.StltuentS are. ata stationary point (18) Ermola,eva;, L. ﬁ;gNiastryL;kov, V. S,; Allinger, N L.; Almenningen,

on the potential surface, they will not experience any net force, a "3 Mol. Struct.1989 196, 151.

and the double bond will not pyramidalize, no matter what the  (19) Leong, M. K.; Mastryukov, V. S.; Boggs, J. El, Mol. Struct.

symmetry. In the quantum mechanical model, a similar thing 1998 445 149.

is true, where the torsional forces are a result of the ethane- (20) Nevins, N.; Chen, K. Allinger, N. LJ. Comput. Chent.996 17,

type barrieB! Such torsional force_s are zero when the torsion (él) Allinger, N. L., J. Am. Chem. Sod 95§ 80, 1953,

angles put the molecule at a stationary point. In cases such as (25) Traetteberg, M.Acta Chem. Scand.975 B29, 29.

cycloheptené! the torsion angle is only°lor so, and this may (23) Ermer, O.; Mason, S. AActa Crystallogr.1982 B38, 2200.

be too small to have a detectable effect on planarity. (24) Frisch, M. J.; Trucks, G. W.; Head-Gordon, M.; Gill, P. M. W,;
Finally, we should note that the MM4 results reproduce those Wong, M. W.; Foresman, J. B.; Johnson, B. G.; Schlegel, H. B.; Robb, M.

from quantum mechanical calculations quite well. The MM4 ﬁ"Sefgg%ggfé?(,’\A”;?S;t’sh'?'l’_fnégisg' 'J':;' gi?rgi":cgégi;KéaEf('gﬁleJY;’

alkene model was chosen with care to reproduce as well asstewart, J. J. P.; Pople, J. ASaussian 92, Résion G.2 Gaussian, Inc.,

possible the structural data available on small alkene molecules,Pittsburgh, PA, 1992. _

and it automatically takes into account the behavior of the Joéﬁi%nﬁgcg 'MR.on.é) T’\VAUC/K% gﬁe\é\gén%we?eéé .erEi‘t}?] C‘%"!'P'Z-te'\ﬁ'és\(’)\a? .

.m0|eCU|e,S described here. (No MM4 parameter adjustment WaSA.; Montéor.ner')’/, J. A.;’ Reltgh'évachari, K. AI-LaHém, M.’A.';'Zakrzewski, ‘

involved in the present work.) An important advantage of the v. G.: Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.: Stefanov, B. B.;

molecular mechanics model is that it allows us to understand Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;

the physical phenomena involved in terms of straightforward Wong. M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.

. . . . Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-
(classical) mechanical effects, which can be easily extendedGordon, M.; Gonzalez, C.; Pople, J. AGaussian 94 Gaussian, Inc.:

conceptually to physically related cases. Pittsburgh, PA, 1995.
(26) Burkert, U.,Angew. Chem., Int. Ed. Endl981, 20, 572.
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