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A REPARAMETERIZATION OF EMPIRICAL HYDROCARBON
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Abstract—An attempt was made to improve the tendency of Allinger's latest empirical force field MM2 to
underestimate barrier heights of rotation about C-C single bonds. The strategies adopted are (1) to change the
smallest possible number of parameters, (2) to reproduce the experimental barrier heights of central C-C bond
rotation in several substituted ethanes and the calculated syn barrier of n-butane (5.2 + 0.4 kcal mol 't by ab initio
4-31G calculation involving structure optimization by gradient method), (3) to re-adjust the van der Waals
interactions by calibrating against short intramolecular H/H distances determined by neutron diffraction analysis,
and (4) to comply with the major criteria used in the original construction of MM2 including calculations of layer
spacings of n-hexane crystal, C-C bond length in diamond and axial-equatorial energy difference of methylcyclo-
hexane. The best compromise was accomplished by changing the following five parameters while keeping the other
original parameters intact: V3(C-C-C-C) 0.600, Vi(H-C-C-H) 0.350 kcal mol ', 19(C-C) 1.526, r(C) 2.000, r(H)
1.426 A. The modified force field performed as well as the original MM2 in reproducing bond lengths, valence and
dihedral angles of 21 hydrocarbons. The standard deviation between the calculated and experimental heats of
formation of 44 hydrocarbons was 0.59 kcal mol™'. The modified force field correctly reproduced chair~chair
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interconversion barrier of all-cis-1,2,3,4,5,6-hexamethylcyclohexane (calc. 16.7, obsd. 17.6 kcal mol™").

Empirical force field calculation has now become a
popular tool for chemists as the result of wide dis-
tribution of versatile program packages.® Allinger's 1977
force field MM2* marked the arrival of the “second
generation” molecular mechanics scheme and has been
remarkably successful in solving numerous practical
problems in diverse fields of organic chemistry.’
Parameters for heteroatoms and functional groups are
being added to the original hydrocarbon force field to
facilitate the application of MM2 to wider range of
compound classes.®

In the course of our exploitation into the application of
this force field,” we noticed several aspects of its hydro-
carbon part still needing some refinement. The most
serious of these is the failure to reproduce barrier heights
for internal rotation of congested C-C single bonds.
Also, MM2 tends to overestimate close nonbonded
H...H distances.® Some of the torsional parameters
apparently are too small and the van der Waals
parameter for H...H contact too large. While these
defects may appear most clearly in rather novel con-
gested molecules, they may accumulate themselves dur-
ing the pairwise addition calculations of large molecules,
where molecular mechanics should perform most ad-
vantageously, leading to large errors. In view of the
remarkable merit of molecular mechanics in confor-
mational analysis where torsional processes prevail, it is
highly desirable to correct these defects. This paper
describes an attempt to partially reparametrize MM2 in
order to improve the performance without damaging its
otherwise excellent features.

RESULTS AND DISCUSSION

Ab Initio Calculation of n-butane
Our previous comparison of the calculated with the
observed barrier heights of internal rotation in simple to

1 keal mol ™' = 4.184 kJ mol™".

congested hydrocarbons showed almost proportional in-
crease in the error of calculated barriers with the number
of eclipsing C-C—C—C units at the torsional barrier.® This
observation prompted us to re-examine the energy of syn
conformation of n-butane, against which the torsional
parameters of empirical force field have traditionally
been determined. No experimental data is available for
this energy and we must resort to the computational
estimate. Previous ab initio calculations of n-butane
have reproduced experimentally determined quantities of
this molecule generally well: the relative energy of anti
and gauche conformations, the height of anti-gauche
barrier, and the C-C-C-C dihedral angle in gauche con-
former (Table 1).>'° Nevertheless, these facts do not
guarantee high reliability in the calculated properties of
syn conformer.

While extensive electron correlation calculations like
configuration interaction are desirable but still not feasi-
ble to us, we carried out ab initio calculations of the four
key stationary points of n-butane (anti, anti-gauche bar-
rier, gauche and syn) with 4-31G basis set involving full
geometry optimization by the gradient method.'>'” The
results (Table 1)'* agree well with the experimental
values obtained by the direct analysis of torsional tran-
sitions in the low frequency Raman spectra in the gas
phase.'' It is interesting to note that the calculated
energy of syn barrier increases from the minimal basis
set on partially’—or molecular mechanics'®—optimized
geometries to our value of 6.13 kcal mol™'. After the
empirical electron correlation correction (~0.9+ 0.4 kcal
mol™")'® we obtain 5.2+ 0.4 kcal mol™' as the best esti-
mate of the syn barrier height of n-butane. This value is
used below as one of the criteria in the re-evaluation of
torsional parameters.

Readjustment of torsional and nonbonded potential
parameters in MM2 force field

Using the best estimate of syn barrier height of n-
butane as well as other experimental barrier heights of

2769



2770

C. JaME and E. Osawa

Table 1. Relative energies of four key stationary points in gaseous n-butane (kcal mol ')

Stati

po‘i’::'y STO~3G/PRDDO®  STO-3G/MM2P 4-31G/Gradient® mu2'd wM2  Exp®
Anti 0.0 (Cy) 0.0 (Cpp) 0.0 (C,) (-157.0716334)f  0.00 0.00 0.00
AG barrier 3.41(¢,) 3.56(C,) 3.55(C,) (-157.06596806) 3.29 2.49 3,63
Gauche 1.08(C,) 0.88(C,) 0.98(C,) (-157.07007300) 0.83 0.86 0.899
Syn 5.68(C,,) 5.99(C,,)  6.13(C,) (-157.06186368) 5.42 4.73 ——

c

minimized geometry, ref. 10.

d

by gradient method. This work.,

+0.03 kcal mol™l,

alkanes, we started to reparametrize torsional parameters
of MM2. It was clear from the outset that the repulsion
at the C-C-C-C eclipsing must be increased. For this
purpose, we changed only the V; torsional parameter.
Since such a change naturally disturbs the balance be-
tween torsional and nonbonded potentials, it is also
necessary to modify the latter parameters. After several
trial calculations using changed nonbonded potential
parameters, we found it sufficient for our present pur-
pose to change only the van der Waals radii of H and C
atoms,

After a number of adjustments on the trial-and-error
basis, each time followed by calculations of a large body
of test molecules, we conclude that a set of only five
revised parameters as given in Table 2 provides the best
compromise. When used in conjunction with the remain-
ing MM2 parameters a substantially improved force field
emerged, which we call hereinafter “modified MM2" (or
MM?' in Tables). The main criteria are separately men-
tioned below.

Rotational barriers about C~C bond. Relative steric
energies of n-butane conformers and barriers recal-
culated by the modified MM2 are included in Table 1.
The best ab initio estimate of syn barrier height is now
well reproduced. Relative energies of other stationary

STO-3G calculation on PRDDO minimized geometry, ref,

Mofified MM2,

b

9. STO~3G calculation on MM2

This work, 4-31G calculation with full geometry optimization

e 9

Ref. 11, £ Total energy in hartree.

points also are satisfactorily calculated. Four substituted
ethanes, for which the barriers of rotation about the
central bond had been calculated too low by the original
MM?2.* now gave calculated barrier heights which vir-
tually reproduce experimental values (Table 3).

Close H...H nonbonded distances. White'® pre-
viously noticed that the existing empirical force fields
generally gave too large interatomic distances for short
nonbonded H...H interactions. Since then several
attempts have been reported trying to reduce the ‘hard-
ness’ of an H atom in various molecular mechanics
schemes. For example, Allinger decreased the e constant
of Hill equation from 0.063 to 0.047 kcal mol ', and
increased the offset of the electron density center along
the C-H bond toward carbon atom from 7.5 to 8.5%, in
addition to transferring some part of nonbonded inter-
actions to the torsional term in the construction of MM2
force field.*>'” Nevertheless, practically all of the existing
force field models still overestimate the H...H dis-
tance.> The problem is complicated by the fact that the
experimental H...H distances are not always reliable
because of technical difficulties in locating the position of
protons. Table 4 illustrates the situation. Compounds 1-§
were analyzed by X-ray diffraction method, protons
being located by using difference Fourier maps.'®> This

Table 2. Readjusted MM2 parameters

Parameter Original New
v,(C—c~Cc-C), keal mo1”1 0.093 0.600
V4 (H-C-C-H), kecal mol™! 0.237 0.350
1°(c-¢), R 1.523 1.526
£(C}, by 1.900 2.000
r(H), b3 1.500 1.426
a V3z Torsional constant of the third order.
1°: Natural bond 1length. r{X): van der Waals

radius of atom X. C:

sps—hybtidized carbon atom.
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Table 3. Experimental and calculated barriers of rotation about C-C bonds (kcal mol ™)

Compound Exp m2'2  mM2

sym-Tetramethylethane

anti —> gauche 4.3® 481 3.09

gauche — gauche —_ 6.90 5.02

(anti/gauche Qiff 0.13> o0.11 o0.16)
Pentamethylethane 6.97° 6.98 4.1
Hexamethylethane 9.6-10.0° 9.63 5.3
2,2,4,4,5,5,7,7-Octamethyloctane 13.8°  11.899 9.4

11.64% 8.3¢

f

12.25 7.8

a b

This work., Modified MM2, L. Lunszzi, D. Macciantelll,

F. Bernardi, and K. U. 1Ingold, J. Am. Chem. Soc., 1977, 99,

c

4573-4576. J. E. Anderson, and H. Pearson, ibid., 1375, 97,

d e

764-769. anti — eclipse. gauche — eclipse. £ gauche —

eclipse', see ref. 8.

indirect technique gives large uncertainties: for example, unusually short intramolecular contacts,””'™* an esti-

the standard deviation for the H...H distance of 3 is  mate of 1.86 A is given for the H;. .. H, distance based
0.11A." on three X-ray-determined C skeletons of various bicy-
clo[3.3.1]nonane derivatives fitted with neutron-deter-
mined geometry of 3-methylene group in 9-thiabicy-

o o clo[3.3.1Jnonane-2,6-dione.” Note that our modified
MM2 gave a value of 1.92 A for 6, not exactly identical
but the closest to the ‘experimental’ distance among all
previous calculated results (Table 4). The molecular
structure of flexible cyclodecane ring 7 is sensitive to the

1 2 packing force in crystal, and the observed (meutron
~ ~ diffraction) H...H distances are subject to changes as

large as 0.03 A.** Nonetheless, the calculated distances
SN A
4

are in satisfactory agreements with the observed values.

Me

3 , g

R
H‘ N H %
§ Q Me
HH
<7

s z X

The observed H...H distance (1.68 A) of 1 is too Me
short and is supposed to represent a time average of two
skewed interactions.'® Hence, in the head-on orientation
of two C-H bonds from methylene bridges, which cor-
responds to our calculated energy minimum, the distance
should be longer. Hence, disregarding 1 and 3 for the reasons mentioned,
Only the neutron diffraction analysis gives sufficiently ~ we see that the modified MM2 satisfactorily reproduces

precise data. For bicyclo[3.3.1]nonane 6, which is per- short H...H distances and its hydrogen can be con-
haps the most studied molecule regarding the problem of  sidered to be properly parameterized.

1o
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Table 4. Experimental and calculated short intramolecular H ... H nonbonded distances A

Calcd
Compound Exp® MM2'P Mm2 OtherS
1 1.68(x)¢ 1.78¢  1.84%
2 1.80(x)¢ 1.80°  1.86°
3 1.95(0F 1.87  1.89
4 1.82(x)9 1.83 1.89 1.90(CFF)9
5 1.85(x)? .90  1.94 1.96(cFF)?
6 1.86 (NPl 1.928 2,028 2.20a71y13
1.85(x)%r1 2.15(mM1)™
1.85(x)" 1.97 (we)J
7 A 1.94(N)° 1,93t 2.00! 2.01(cPR)P
B 2.08 (N)° 2.128 20151 2.13(cFRyP

2 x = X-ray diffraction. N = Neutron diffraction. b This
work., Modified MM2. € oOther force field calculations: WB =
wWhite/Bovill force field, ref. 16b. A71 = Allinger 1971 force
field, ref. 17. MMl = Allinger 1973 force field: (a) D. H.
Wertz, and N. L. Allinger, Tetrahedron, 1974, 30, 1579-1586; (b)

N. L. Allinger, and Y. H. Yuh, Quantum Chemistry Program

Exchange, 1980, 11, 318. CFF = Ermer's version of Consistent

Force Field, ref. 3c. a R =20, ref. 18, ® R = CH,. Carboxylic

acid anhydride cannot be handled by the present version of MM2. £

Ref. 19. 9 Ref. 20. D

Indirect {inference from neutron
diffraction analysis of a related compound. See text and ref.
21. i R=H, i Taken from ref. 21, k Estimated from X-ray
analysis of 5-methy1-l-p—toluenesultonyloxynethylblcyclo[3.3.1]-

nonan-9-o0l, ref. 22, 1

R-CH3. " The present calculation. " The
compound is 2,6-dichloro-9-thiabicyclo[3.3.1)nonane 9,9-dioxide
corrected for the artefact shortening of C-H bond lengths, ref.
23, © R=OH. The distance given {s an average of two independent

molecules in the unit cell, ref. 24. P Taken from ref. 24,

General structural features Table 5. Standard deviations between the calculated and experi-
We now proceed to check the effects of our modified  mental bond lengths, bond angles, dihedral angles and nonbonded

parameters on the other molecular properties at energy distances for the 22 hydrocarbons basis set

minima. MM2 excels in this regard and hence our pri-

mary purpose hereinafter is to see if the performance of

. . £ Structural MM2'
modified MM2 remained as well as the original level. The ructural parameter Hm2
standard set for the calibration of groung state structurss
is taken from those used by Schleyer™ and Allinger,* Bond

. ; length, & 0.0098 0.0093
and consists of 21 hydrocarbons.”® The standard devia- ene
tions of calculated structural parameters from experi- Bond angle, deg 1.7 1.3
mental values turned out to be essentially the same as  pipeqra) angle, deg 5.3 6.6
those of the original MM2 (Table 5).
Nobond distance, R 0.038 0.046

Another structural criterion, used by Allinger in
assessing his force fields, is to calculate the unit cell
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Table 6. Experimental and calculated spacing between chain layers along principal axes in n-hexane crystal A)

——calca®

mu2'€ MM2
4.17 4.22
4.7 4.69
8.93 8.45

Principal axis !xptla
a 4.17
b 4.70
c 8.57
2 Ref, 32, °

containing eight n-hexane molecules.

dimension of n-hexane crystal.'”””" Eight n-hexane
molecules (160 atoms) were packed in a space cor-
responding to the observed unit cell’* and the whole
assembly was relaxed without constraint. The resultant
average spacings between molecular chains are again in
good agreement with experiment and comparable to
those obtained with MM?2 (Table 6).

The modified MM2 performed slightly less satisfactory
against more rigorous criterion for C-C bond lengths. As
a model of diamond, we used unknown hexamantane 8,
wherein the central C-C bond (indicated with a thick
line) between two quaternary C atoms is surrounded by

Obtained by unconstrained relaxation of a cell

€ This work. Modiflied MM2,

six tertiary carbons.”® Our modified parameter set gave
1.560 A for this bond, 0.016 A longer than the observed
diamond value of 1.544 A. On the other hand, like the
original MM2, the modified MM2 also underestimates the
bond length of eclipsed C-C-C~C unit. Differences be-
tween observed and calculated are, for examples, 0.013
A (average) for endocyclic C-C bonds of 1,16-dimethyl-
dodecahedrane 9, 0.020 A for C,-C; bond of nor-
bornane and 0.011 A for CrC; bond of bicy-
clo[2.2.2]octane.”® With the original MM2 the cor-
responding, underestimations are 0.015 (average), 0.020
and 0.014 A, respectively.

Table 7. Experimental and calculated enthalpies (kcal mol™’, gas, 25°C)

Compound Exptla Calcdb Exptl-Calcd
Ethane -20.24 -18.88 -1.36
Propane -24.82 ~24.30 -0.52
n-Butane -30.15 -29.46 -0.69
n-Pentane -35.00 ~34.81 -0.19
n-Hexane -39.96 -40.03 0.07
n-Heptane -44.89 -45.28 0.39
n-Octane -49.82 ~50.62 0.80
Isobutane -32.15 -31.95 -0.20
Isopentane -36.92 -36.25 -0.67
2~Methylpentane -41.99 -41.63 -0.36
3-Methylpentane -41.33 -40.52 ~0.82
2,2-Dimethylbutane -44.48 -44.14 -0.34
2,3-Dimethybutane -42.49 -42.73 0.24
3,3-Dimethylpentane -48,08 -47.86 -0.22
Neopentane -40.27° ~40.27 0.00
Hexamethylethane -53.95 -54.40 0.45
2,2,3-Trimethylbutane -48.95 -49,24 0.29
3,3-Diethylpentane -55.449  _s5.73 0.29
Cyclobutane 6.38° 4,34 2.04
Cyclopentane -18.30%° -17.72 -0.58
Cyclohexane{chair) -29.43%  -29.19 -0.24
Cycloheptanef -28.22° -27.44 -0.78
Cyclooctane -29.73%  -29.22 -0.51
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Table 7 (Contd.)

Compound Exptl* Calcd®  Exptl-Caled
Methylcyclopentane -25.50 ~25.45 -0.05
Methylcyclohexane -36.99 -36.90 -0.09
1,1-Dimethylcyclohexane -43.26 ~43.36 0.10
trans-1,2-Dimethylcyclohexane -43,.99 ~43.60 0.61
cis-1,2-Dimethylcyclohexane -41.39 ~42.01 0.62
Norbornane -12.48"  -13.44 0.96
1,4-Dimethylnorbornane ~30.639  -31.45 0.82
2,3-Dimethylnorbornane -25.719  -25.65 -0.06
Cubane 148.709  148.73 -0.03
cis-Bicyclo[4.2.0]octane -6.39%  -6.56 0.17
cis-Bicyclo[3.3.0]octane -22.30'  -21.26 -0.04
trans-Bicyclo[3.3.0]}octane ~15.901 -15,.58 -0.32
cis-Hydrindane ~30.41%° -30.03 0.38
trans-Hydrindane ~31,45%  -31,66 0.21
cis-Decalin -40.45°  -41.53 1.08
trang-Decalin -43.54°  -44.15 0.61
Adamantane -31.763  -31.43 -0.33
1-Methyladamantane —40.573  -40.19 -0.38
Tetramethyladamantane -67.15j -66.55 0.40
endo-Tricyclo(5.2.1.02*%1decane -14.389  -14.36 -0.02
Diamantane -34.879  -34.66 -0.21
Di-tert-butylmethane ~58.16 -60.10 1.94
Cyclodecane 7 -36.88 -39.04 2.16
Bicyclo[2.2.2]octane -23. 1% 10,57 -4.17
T-S~-T-Perhydroanthracene -58.12 -59,24 1.12
T-A-T-Perhydroanthracene -52.73 -51.13 ~1.60
Protoadamantane -20.54 ~18.12 -2,41

2 Unless otherwise noted taken from F. D. Rossinl et al.

"Selected Values of Physical and Thermochemical Properties of
Hydrocarbons and Related Compounds, Compiled by American Petroleum
Institute,” Carnegie Press, Pittsburgh, Pa., 1953, b Obtained by
using the modified parameter set (Table 2) and the new bond and
structural heat increment parameters (Table 10) in the framework
of MM2, For acyclic and cyclic alkanes, all significant
conformers were taken into accounts to compute energy population
according to a method similar to that described in ref. 36.
However, for n-heptane and n-octane, only the all-anti

conformation was calculated. ¢

G. Pilcher and J. D. M.
Chadwick, Trans. Paraday Soc., 12§Z' 63, 2357-2361. 4 A,

Labbauf, J. B. Greenshields, and F. D. Rossini, J. Chen.

Eng. ta, lgfi' 6, 26, ® Taken from Table I of ref. 4a. £
Twist- chair-twist boat. 9 Taken from Table II of ref. 25, h
Ref . 37. i Ref. 38. i Ref. 5b. x Average of two

determinations, refs. 38, 39,
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Heats of formation. The eventual usefulness of an
empirical force field is judged by its capabih‘ty to
reproduce heats of formation, energies being, in general,
more difficult to calculate than structures.’®'* We
closely followed Allinger’s method of deriving enthalpies
from computed steric energies using incremental con-
stants for various bond and structure types. ™™ Our stan-
dard hydrocarbon set is again a composrte of those used
by Allinger** and by Schleyer,™ consisting of 50 com-
pounds (Table 7). Two bond (C~C and C-H) and three
structural (isobutane, neopentane and C,,3-methyl types)
increments were computed by the least squares method
so that the errors in the calculated enthalpies for the
standard hydrocarbon set were minimized. When these
calculations were started, we noticed that compounds
having 4- to 6-membered ring gave very poor agreements
in heats of formation and decided to introduce new ring
increments. The final set of eight new increments for the
calculation of heat of formation is given in Table 8.
Heats of formation of the standard hydrocarbon set
obtained by using these increments are compared with
experimental values in Table 7.

In the course of this process, we noticed that several
compounds in Table 7 persistently gave large errors.
Finally we removed six of them (listed under dotted line
in Table 7) from the calculation of standard deviation.

Me Me
Me Me M
6)
Me 2 "“ e
2 e
‘ 3 Me Me
Me Me

2175

These are di-t-butylmethane, cyclodecane, bicy-
clo[2.2.2Joctane, T-S-T- and T-A-T-perhydroanth-
racene, and protoadamantane. It is difficult to decide the
reasons for the Jarge discrepancies in these six com-
pounds. Since the results of combustion experiments
often ditfer significantly among different in-
vestigators,”**** some of the reported heats of for-
manon for these problematic molecules could well be
wrong.*' Di-t-butylmethane is certainly the most
crowded molecule among the list, and it will be safe to
avoid applying the modified MM2 to such an extremity.

The standard deviation of errors in the calculated
heats of formation for the rest 44 compounds of various
structural types is 0.59 kcal mol™",*® which is only
slrghtly larger than that of the ongma} MM2 (0.42 kcal
mol™") but smaller than those of the first generatmn force

fields (e.g. 0.83 kcal mol™' of Schieyer force field®® and
1.03 of Allinger’s 1771 force field™).

Conformational energy of methylcyclohexane. We
refer here only one example of conformational energy
calculation. A recent accurate determination of the free
energy difference between axial and equatorial methyl-
cyclohexane by the direct low-temperature NMR method
gave 1.74+0.06 kcal mol™ at 172 K.>* Our modified
MM2 gave an enthalpy difference of 1.74 kcal mol ™"

Chair Boat 1
Cay
Me Me
Me
VaraNs
MeMe
Twist- boat 'Cy transition ‘Cg 2(1) transition
%] state state
10
S

Table 8. Regular heat increments for modified MM? (kcal mol™)

c-¢ 1.305
c-H -3.690
180 ~1.941
Neo -4.868
Methyl ~0.1016
D ~2.830
O ~1.242
O 0.0504

Example: Torsional energy surface of all-cis-
1,2,3,4,5,6-hexamethylcyclohexane (10).

Whereas the ongmal MM2 has performed generally
well for ring processes, it failed with 10: the calculated
barrier of chair-chair mterconversron turned out to be
much too low (11.7 kcal mol™)* compared the observed
(17.6 £ 1.0 kcal mol™")*" (Table 9). In view of the danger
of artefacts in the one-bond driver calculations®®*® two-
bond drive calculations™** were performed to cover the
torsional energy surface of 10 (Fig. 1).*

The minimum energy reaction path of chair-chair in-
terconversion is C-“C," »TB—-“C,"»C, where “C,"
con'esponds to the well-known chair-chair intercon-
version barrier of ¢ clohexane where four nng carbon
atoms lie in a plane.” Four such paths appear in Fig. |
and they are all equivalent by symmetry The highest
points along this path, 16.7 kcal mol , agree with the
observed barrier height (Table 9).*' anure 1 clearly
illustrates pseudorotational path along w,, = w.s line, TB-
B1-TB-B2-TB-B1-... Bl and B2 can be reached from C
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Table 9. Relative energies of important conformers of all-cis-
1,2,3,4,5,6-hexamethylcyclohexane (10) (kcal mol™")

Obs.? —calc
Conformer MMZ'b mM2€
Minima
Chair (C) 0.0 0.0 0.0
Twist-boat (TB) _— 8.5 4.8
Saddle points
P 17.6
C2 (21.0) 16.7 11.7
Boat 1 (Bl) —_ 10.7 7.1
Boat 2 (B2) e 13.5 10.6
Maxima
] L
Cs 1 —_— .23.1 e
'Cs'2 — .16.8 —_—
a b c
Ref. 47. This work. Modified MM2. Ref. 46.

R

S,

W SO
i) “"v., l,,’l:-“‘\\n
AR
AN

90, v

AN
s 4 ////I’g)\
eees o 5
S8
-80
-90 90°

W12

Fig. 1. Torsional energy surface of all-cis-1,2,3,4,5,6-hex-
amethylcyclohexane (10) obtained by using modified MM2. C =
chair, TB = twist-boat, B1 = boat 1, B2 =boat 2, C; = transition
state with four ring carbon atoms near coplanar, C,1 = transition
state with five ring carbon atoms near coplanar leading to boat 1,
C,2 = transition state with five ring carbon atoms near coplanar
leading to boat 2. w2 = Dihedral angle at ring carbons 6-1-2-3.
was = Dihedral angle at ring carbons 3-4-5-6. E,; = relative steric
energy in kcal mol™".

C. JaME and E. Osawa

by way of “C,”1 and “C,”2 respectively, where “C,”
corresponds to the cyclohexane barrier with five ring
carbons coplanar.

The reason for our success in reproducing the energy
barrier is partly due to the improved van der Waals
constants, leading to smaller hydrogen and larger carbon,
but must be mainly due to the corrected syn energy of
C-C-C-C unit, four nearly syn such units appearing in
the “C.” transition point.*>>*

CONCLUSION

The goal of this study, to improve MM2 with regard to
its performance in calculating torsional processes of
hydrocarbons without sacrificing other characteristics of
the original MM2, can be considered to have been
fulfilled. The presently modified version of MM2 is
expected to perform well not only in the region near the
energy minima but also near the conformational tran-
sition states. Our modification includes decreased *size”
of H atom and increased “size” of C atom, which im-
proved the evaluation of van der Waals interactions.
Further results of application of the modified force field
to various aspects of dynamic conformational analysis**
will be reported shortly.
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