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Abstract—Boyd's iterative force-field computer program, with modified parameters, has been used to calculate
strain energies in the following molecules: trans-cyclooctene, cyciohexene, methylenocyclohexane, 1,3,5- and
1,3,6-cyclooctatriene, udcycbmnm.nolhmnddymmnmolﬂnconfmmndmdm
molecules have been investigated in detail, and the results are discussed in conjunction with extant experimental

data and previous force-field calculations.

Empirical force-field (strain-energy or molecular
mechanics) calculations, with geometrical optimization
bymeansoflmuveeompmerproeedmts can be car-
ried out casily and cheaply, even on relatively large
organic molecules.' Such calculations, especially when
combmedthhNMRanddu‘ectsu'umraldm,arevery
valuable and can provnde a deep undmtmdmf
conformational properties of cyclic mo In tlus
paper, we present calculations on a variety of cyclic
unsaturated hydrocarbons carried out by means of the
procedure and computer program developed by Boyd.>#
The parameters of the force field used by this author for
saturated hydrocarbons have been found to be very
satisfactory for cycloalkanes.™® However, the
parameters for the ethylenic group in Boyd’s program
are less satisfactory, in our opinion, especially when a
twisted double bond is present, as is sometimes the case
in medium rings. For example, trans-cyclooctene, al-
though admittedly a very strained and twisted olefin,
cannot be sansfactorily treated with Boyd's parameters. o
Allinger and Sprague’ and Ermer and Lifson® have
employed torsional and out-of-plane parameters that do
reproduce the geometry of trans-cyclooctene.

Forcc-ﬁdd calculations. The force-field used by P:mer
and Lifson® is more complicated than Boyd's, and
contains a number of bilinear cross terms, which were
introduced mainly to improve the calculated vibrational
frequencies, but the cross terms have apparently little
effect on the strain energy, or on the calculated ther-
modynamic properties.

Allinger and Sprague’ have reported calculations of
the conformations and energies of a series of olefins and
their force field reproduces correctly the geometry of
trans-cyclooctene. The procedure used by these authors
gives rise to certain problems when the symmetry is
constrained or when conformational transition states are
examined. Ermer” has recently stressed the desirability
ofdetummmgwhetheramvenpometryobtamedma
force-field calculation is a true (local) energy minimum
with respect to any small distorsion of the molecule. A
test for a true (local) energy minimum can be made if the
vibrations! frequencies of the conformation are cal-

tThis work was supported by the Nationsl Science Foun-
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culated, as all vibrational frequencies should be real for a
true minimum. For tramsition state geometries, on the
other hand, the criterion that must hold is that one and
only one vibrational frequency be imaginary. For exam-
ple, the boat conformation*® of cis, cis-1,5-cyclooctadiene
is actually a conformational transition state.'"'?

TbemodlﬁedNewm-Raphsonmnonproeedmu
used by Ermer and Lifson® as well as by Boyd® lead to
straightforward calculations of the vibrational frequen-
cies, and are therefore particularly suitable for examining
conformational transition states. Paths linking confor-
mahonscanbemvesuntedwnhforce-ﬁeldulculauom
by “driving” a torsional or in some cases more
than one torsional angle.” In this procedure, the
torsional potential is changed to force the desired
geometric change, but the energy is calculated with the
normal torsional potential. Once a geometry close to the
transition state is obtained, the calculations can be car-
ried out in a normal manner, since convergence to an
energy maximum takes place equally well as to an energy
minimum in the modified Newton—Raphson procedure.

Force-field  parameters, Empirical  force-field
parameters for the strain-energy calculations are shown
in Table 1 and are the same as those used by Boyd® with
the following exceptions: (a) torsional and out-of-plane
parameters for double bonds, (b) a conjugation energy
term in the form of a two-fold torsional potential for
single bonds flanked by two double bonds, and (c)
parameters for the acetylenic moiety.

Thedwblebondpnnmemmvaymnihnoﬁme
of Ermer and Lifson.® The out-of-plane angle, however,
is defined as in Boyd's original program (Table 1) and
thus the force constant is different from that of Ermer
and Lifson; the energy required for a given small out-of-
plane distorsion, however, are very similar.

The conjugation energy terms for the cyclooctatrienes
was obtained from the torsional angle of single bonds
fianked by two double bonds. A two-fold potential with a
stabilization (negative strain energy) of 4.25 kcal/mol for
thephnar(()'or 180° angle) ammentmchosen.
since this reproduces the barrier to rotation in 1,3-
butadiene.™ this treatment is not as general as
that used by Allinger," it is much simpler, and shouki be
adequate for cyclic dienes and trienes.

The main parameter of interest for acetylenes is angle
bending. The force constant which we have used for

"



(;:C—ClyendingisthesameuthnmedbyAllinwand
eyer.

Approximate coordinates for trial geometries of the six
molecules presented in this paper were calculated by
means of the program COORD"’ with torsional angles
estimated from Dreiding-Fieser molecular models. The
calculations were carried out on an IBM-360M91
computer at the Campus Computing Network of
UCLA.t

trans-Cyclooctene. The conformation of traas-cyclo-
octenc has been determined by electron-diffraction
measurements'® to be a twist-chair-chair. Similar con-
formations occur in various trams-cyclooctene metal
complexes'® and in trans-2-cyclooctenyl dinitroben-
zoate.® The twist-chairchair conformation actually
was predicted correctly by empirical force-field cal-
culations.”® The geometry obtained with the parameters
given in Table 1 is in good agreement with previons
calculations and with the experimental data (Table 2).
The ring torsional angle of the double bond in trans-
cyclooctene is about 136°, indicating a highly twisted
double bond. Thus, this molecule serves as an excellent
test of force field parameters for the double bond.

Cyclohexene. The chiral half-chair proposed in 1937,
has been found to be the conformation of cyclohexene

tCalculated atomic coordinates for conformations discussed in
paper are available from the authors on request.
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by electron-diffraction  measurements.®  Similar
conclusions were reached by IR and Raman studies™
and from X-ray diffraction measurements of substituted
cyclobexenes.? Ring inversion in cyclohexene and in
some of its derivatives have been investigated by
dynamic NMR spectroscopy, and has been the subject
of a number of studies. Thermodynamic measurements™
on cyclohexene have been interpreted in terms of a
mixture of half-chair and boat conformations where the
former is the predominant conformation and is more
stable than the boat by 2.7kcal/mol. Since the free-
energy barrier to ring inversion in cyclohexene is about
5.3 keal/mol,”® it appeared that the boat was an inter-
mediate in the ring inversion of the half-chair.”
However, force-field results’ ™ and general considera-
tions™ show that the boat is actually a transition state
and is 6.1’ or 6.9° kcal/mol higher in energy than the
half-chair. The experimental free-energy barrier (AG*)
for ring inversion in partially deuterated cyclohexenes is
5.2 or 5.4 kcal/mol. On the assumption that the only
contribution to AS* arises from reaction pathway
multiplicity and is therefore Rin2, and that the isotope
effects are negligible, a AH* of 5.5 kcal/mol has been
estimated® for the ring inversion barrier in cyclohexene,
since AG*=AH*-TAS*. However, this analysis
neglects the fact that the half-chair is chiral and exists as
a mixture of two mirror-image conformations, whereas
the boat is achiral. The entropy of mixing contribution is

Table 1. Force-field parameters

Strain-Energy Unstrained Values Force Constants
Terms® of Anglas or Distances
Bond Stretching® r [
Cspa-ﬁ 1.070 5.080
csp.-u (aNylic -cuz-) 1.09%0 4,550
c,p.-u (non-allylic -cuz-) 1.090 4.450
C’p-C” 1. 21.2 10.000
C,p-C'pg 1.466 5.200
csp,-c’p. {single bond) 1.460 5.800
c'p,-c”. (double bond) 1.330 6.800
C’P:-C”s 1.500 5.100
Copt~Capt 1.6% 4.400
Bond-Angle Bending® ] %
"'csp"" 118.9 0.2;0
H-Cypr-h 107.9 0.508
“'c:p"csp or H-C’p.-c”g or
H-Cyps~Cyp2 109.5 0.608
H-Cypr-Cope 120.5 0.605
H-Cypa-Cops 119.5 0.350
Cgp=Csp-Cap? 180.0 0.380
cw-c”.-c”. or C’pa-cwl'C.’a
or c”.-c”.-c,p. or c”.-cw.-c’p. 1.0 0.800
c”.-c”.-c”; or c’pl‘c’pl‘c”l 124.7 0.620
€3p?~Cgpt=Cyps 119.0 0.650
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Table 1. (Contd)
Strain-Energy Unstrained Valuas Force Constants
Terms® of Angles or Distances
Out-of-Plane Bending’ s Xs
Hi H
K ~ 4 0
Gref—=Cy or ¢ eT— G 0.080
H
-
Cl- § 0 0.280
Torsional Strain® ¢ 5! B [
C-Cyp1-Cypr-C £ 60 or 180 0.oi8 1 3
C-Copt=Cyp2-C $+120 or 0 ©0.0133 -1 3
C-C,pz-cspa'C 0 or 180 -0.0295 1 2
'I\ cz-c:’/‘ 1-2-3-4 0 <0.1135 -1 2
5 6 5-2-3-6 0 0.3 a1 2
Non-bonded Interactions’ - A 8 ¢
Coeuns [ - 4.45 104.0 3.090
[ H - 0.96 30.0 3.415
| P H - 0.19 18.4 3.750

* Energfes are in units of 10N erg/molecule; r in Rngstroms; 6, 9, 8
in degress. To convert 107" erg/molecule to keal/mol, multiply by 144.

P E(r) = welr - £

€ £(6) = 1xg(8-0)%, engles to be reduced to redians for use.

dg(s) = 1, (8)2, where("/2-8) 15 the angle between the normal to the plane
1Jk and the vector from § to . Atom § 13 the out-of-plane atom.

¢ E(0) = uKy(8 + cosCy).

TE® (1) o ar® + 8 exp(=cr).

—RIn2 and cancels the path multiplicity effect and thus
the value of AH* should be 5.3kcal/mol The path
multiplicity effect which is clearly evident in deuterium
labelled species, can alternatively be formulated in terms
of symmetry numbers (valid for unlabelled species). The
half-chair, with a C, axis has o =2, whereas the boat,
which iacks C; axes, has o = 1. This difference in sym-
metry numbers is of course offset by the chirality effect
previously mentioned.
. Using the force-field parameters given in Table 1, we
find that the strain energy of cyclohexene is a minimum
for the half-chair conformation, and that the boat is a
true energy maximum (transition state or saddle point)
separating enantiomeric half-chairs (Fig. 1), in agreement
with other recent force-field calculations.”*® However,
the strain energy is a fairly fiat fuaction of the 3456
torsional angle near the energy maximum (e = —20 to
+20). Stuctural parameters and contributions to the
total strain energy in different forms of cyclobexene are
given in Fig. 2 and Table 3 respectively.
Methylenecyciohexane. The barrier to ring inversion in

methylenecyclobexane(Ill) has been determined by
dynamic 'H NMR y.>'*2 It is higher than the
barrier in cyclobexanone (AG* = 4.0 kcal/mol),” but still
substantially lower than the barrier in cyclohexane
(AG*10.1 kcal/mol).** Since calculations of the barrier to
ring inversion in methylenecyclohexane(Ill) have not

& O
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Table 2. Comparison of the experimental and calculated data for the structure of traas-cyclooctene (I). The
mbminbnckmmmndarddevigﬂom

Strain-Energy Calculations

Electron Diffraction

This Study A 1
Bond S i
1-2 1.324 1.338  1.338 1.332
2-3 1.492 1.504  1.499 1.499
34 1.547 1.541 1.546 1.549
4-5 1.587
5-6 1.559
Bond Angles (°)
1-2-3 119.1 7.9 8.9 121.9 (0.4)
2-3-4 107.9 106.4  104.0 104.6 (0.2)
3-4-5 4.7 15.0 116.5 113.8 (0.2)
4-5-6 116.0 nzo My 118.8 (0.3)
C=C-H 120.5 121.9  120.5 118.4 (1.0)
Dihedral les (*
1-2-3-4 -86.5 -87.0  -92.6 -91.1 (0.4)
2-3-4-5 50.7 50.0 4.4 54.2 (0.5)
3-4-5-6 -81.0 -80.6  -76.7 -82.8 (0.3)
4-5-6-7 4.4 1148 110.9 111.8 (0.5)
C-C=C-C 135.4 138.0  145.0 136.0 (0.2)
H-C=C-H 172.0 177.6  170.4 177.5 (5.6)

% 0. Ermer and S. Lifson, J. Am. Chem. Soc., 95, #121 (1973).

b

N. L. Allinger and J. T. Sprague, ibid., 94, 5734 (1972).

© M. Trattaberg, Acts Chem. Scand., Ser. B, 29, 29 (1975).

v i

. . . .
[ # o -g0* -40° -80°
-

Fig. 1. Cslculated strain-emergy profile for ring inversion in
cyclobexese (TD).

been reported, we have investigated this molecule by the
foroe-ﬁeldmethod.kmcmvmms-memb«ednng
usually proceed via intermediate boat conformations.

In the present case we have examined seven different
ways of converting the chair form to a boat form (Table
4). The paths correspond to driving either a single
tomomlmde(m.anoto,)ottwo-dncemmm
angles. The lowest barrier is obtained by driving w,, the
torsional angle adjaceat to the methylene group. Driving
o2 or @, and u is almost as favorable but the other paths
are substantially higher in energy. The calculated strain-
energy barrier is 8.1 kcal/mol, which compares well with
the observed mmgy basrier (8.4:+0.1kcal/mol).”!

11-KC (Cy)
(malf-Chair)

-8 (C,)
(Deat)
Fig. 2. Calculsted torsional and internal angles in balf-chair and
boat forms of cyclobhexene (TI).

methylenecyclohexane are of similar energies, and are S
to 6 kcal/mol higher in energy than the chair.

13,5- and 1,3,6-Cyclooctatrienes. We have already
repomdpnhmmgmuluoffome-ﬁeldalcdaﬁomon
these two trienes.”” For the 1,3,5-isomer (IV), there is
only one energy minimum (Fig. 4), and this corresponds
to a twist-boat (IV-TB) with a CH,-CH, torsional angle
of 63°, in contrast to the boat conformation (e =0)
genenally depicted in the literature. The boat is the
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CHy
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CHa
-

18

-7 (Cy) m-Ta (e)) MI. P16 (Cp) n1-712 (Cy) . {ey) HI-TI4 (C,)

Fig. 3. Calculsted torsional and internal angles in various energy-minima and energy-maxima geometries of

Table 3. Calculated strain energies (kcal/mol) in various geometries of cyclohexene (II)

Strain-Energy Half-Chair Boat
Contributions {II-HC, cz) {11-8, c,)

“‘-so‘ u"SO’ u‘-ﬂ” n“”. u"m' N"‘o. u‘=0'

Bond Stretching 0.14 0.14 0.17 0.21 0.23 0.23 0.23
Bond-Angle Banding 0.1 0.53 1.25 1.60 1.18 1.10 1.08
Out.-of Plane Bending 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Torsional Strain 1.24 1.94 3.04 4.77 6.10 6.46 6.54
Non-bonded Inter- 3.28 3.03 3.0 3.2 1.5 3.83 3.67
actions

Total Strain Energy 4.88 5.64 7.4 9.80 11.02 11.42 .52

Table 4. mevmhqud)hvmwmﬁmdmahybmycmxm {m

Strain-Energy " Chair Boat-1 Boat-2 Twist-Boat-1 Twist-Boat-2
Contributions (111-c, Cs) (111-81, C’) (111-82, Cl) (ri1-m1, Cz) (111-182, Cl)
Bond Stretching 0.18 0.25 0.24 o.2¢ 0.25
Bond-Angle Bending 0.44 0.53 0.56 0.46 0.50
Torsional Strain 0.23 4.80 4.65 4.35 4.38
Out-of-Plane Bending 0.01 0.05 0.02 0.00 0.04
Non-bonded Interactions 2.87 4.3 3.95 3.8 4.05
Total Strain Energy 3.73 9.94 9.42 8.91 9.22

be called a pseudorotation, has the plane symmetrical twist-boat-chair (V-TBC) and has C; symmetry. The
boat (IV-B) as a transition state. The higher-energy higher-energy conformation (the balf-chair, V-HC) bas
process is a ring invession and its transition state, the C, symmetry and is an intermediate in the ring inversion
“half-chair” (IV-HC), has C, symmetry. The two pro- o!lhetwist-boat-chi(}’k.ﬂ.’l‘hetwoeodamaﬁomof

.
minima were found for 1,36cyclo- octatriene (IV) is conformationally homogeneous at
octatriene (V). The lower-energy coaformation is the room temperature. This feature should facilitate a struc-
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- |1¥@<: C.
H IV-HC(C,)

4 ~
e
M — /
-63*
Iv-TB() (C,) Iv-TB(2) (C)) Iv-TB(3) ()

Fig. 4. Calculated strain-energy profile for ring inversion and pseudorotation of twist-boat conformation of
1,3,5-cyclooctatriene (IV).

Table S. Calculated strain energies (kcal/mol) of various transition-state geometries for the interconversion of
“chair” and “boat™ families in methylenecyclobexane (IIT)

Strain-Energy Driven Angle(s)
Contributions
W e ey wpadug sandey;  gpanduy uy and

- I111-12 I111-13 I11-T16 111-M2 111-T23 111-T34
Bond Stretching 0.24 0.28 0.34 0.23 0.26 0.33 0.36
Bond-Angle Bending 1.95 2.59 3.13 2.20 2.31 2.96 3.4
Torsional Strain 6.10 5.64 6.33 6.05 6.39 6.65 7.16
Out-of-Plane Bending 0.04 0.09 0.02 0.10 0.06 0.02 0.00
Non-bonded Interactions 3.4 3.3 3.51 3.5 3.39 3.57 3.4
Total Strain Energy 11.79 11.96 13.33 11.83 12.41 13.53 14.79

Table 6. Calculated strain energics (kcal/mol) in various energy-minima and energy-maxima geometries of 13.5-

and 1,3,6-cyclooctatriene

Strain-Energy 1,3,5-Cyclooctatriene (IV) 1,3,6-Cyclooctatriene (V)
Contributions Twist-Boat Boat Half-Chair Twist-Boat-Chair Half-Chair Transition State

(1v-T8, C1) (Iv-8, Cs) (1v-HC, Cz) (v-TBC, CZ) {v-HC, Cs) (v-T)
Bond Stretching 0.24 0.24 0.45 0.20 0.26 0.40
Bond-Angle Bending 5.20 2.54 11.15 .14 6.84 9.13
Out-of-Plane Bending 0.19 0.22 0.55 0.10 0.00 0.20
Torsional Strain -2.16 4.80 -2.14 4.9 2.10 1.80
Non-Bonded Interactions 2.86 3.46 2.95 2.94 2.87 2.87
Total Strafn Energy 6.61 11.26 13.24 10.28 12.07 14.40

ture determination of IV in the gas phase by electron only investigated one conformation, which has ap-

diffraction. It would be valuable, of course, to have proximately C, symmetry

direct structural data on IV for comperison with the Wehnvearmdoutmemnvef«ce-ﬁeldtmdyon

results of the force-field calculations. the conformations and conformational interconversions
Cyclononyne. Allingec and Meyer'® have published of cyclononyne (VI) (Table 8, Figs. 7 and 8). The lowest-

force-field calculations for cyclononyne. They apparently energy conformation, VI-A, was found to be unsym-
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00,
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V-TBC (C,)

Fig. 5. Cakulated torsional and internal angles in various energy-
minima and energy-maxima geometries of 1,3,5- and 1,3,6cyclo-

octatriene
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4.

00

V-TBC'(C,)

vi-D (C,) vi-Ti (Cy) vi-T3 (C,)
Fig. 7. Calculated torsional and internal angles in various energy-
-3 -us minima and energy-maxima geometries of cyclononyne (VI).
]

1Y-TB (Cy) 1v-3 (C,) 17-KC (Cy) metrical. By driving ¢sus6 of this conformation from S1
(Tulst-Beat) (Deat) (Ealt-Chsir) to —86° another w_mmm geometry, VI-B (C)),

which is 0.4kcal/mol less stable than VI-A, was
obtained. The transition state (VI-TI) separating VI-A
from VI-B was found to be 6.4kcal/mol above VI-A.
Conformation VI-A can be converted to yet another
energy-minimum conformation, VI-C, by driving @aser.
This latter conformation has a two-fold axis of symmetry
and its strain energy is 0.7 kcal/mol above that of VI-A.

v-TaC (C4) v-t (cy) v-BC () The energy barrier for interconversion of VI-A with

(Twist-Beat-Chalr) (Tzeseition State) {Ralf-Chair) VI_C i! M to u 9-okc."m°l. 'rhm m are

Fig. 6. Calculated strain-energy profile for ring inversion in 1,36- three relatively low-energy conformations for
cyclooctatriene (V).

cyclononyne.

Table 7. Experimeatal and calculated relative energies* in 1,3,S-cyclooctatriene (IV)
Conformation Symmetry Exptl. Free  Calcd. Strain
Energy Energy
Twist-Boat (IV-TB) [ 0.0 0.0
Boat (Iv-B) [ a3 4.8
Half-Chadr (IV-HC) [ 6.2+ 0.5 6.6
6.7 1 0.2°

% In units of kcal/mol, relative to twist-boat.

b ner. 36.

€ Ref.

37.

Table 8. Calculated strain energies (kcal/mel) in various energy-minima and energy-maxima geometries of
cyclononyne

D
Strain-Energy Contributions VI-A vi-g vi-C vi-D vi-n YI-T2
Bond Stretching 0.88 0.63 0.68 0.82 0.88 0.9
Bond-Angle Bending 6.31 3.59 7.05 13.23 7.40 8.62
Torsional Strain 3.58 6.49 4.82 1.76 7.62 8.93
MNon-bonded Interactions 4.42 4.92 3.0 3.26 5.66 5.Nn
Total Strain Energy 15.19 15.63 15.93 19.07 21.56 24.22

TET Vol. 4, No. 198



vi-T2(C,)

Q7

VI=C (Cy)

VI-A(C)
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vI-Ti (C,)

VI-B(C,)

Fig. 8. Calculated strain-energy profile for interconversion of various conformations of cyclononyne (VD).

CONCLUSNONS
Boyd's force-field parameters, as modified and ex-
tendcdmﬂaepmentpaper.smdact«ilynpmdwethe
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