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Abstract—The structures of epoxycycloalkane molecules and strains therein were calculated using the
MM2MX procedure. Opening of the oxirane ring in these compoundskaline methanolysis was simulated

by the PM3 method. The calculations were performed both for the gas phase and with account taken of
solvent effect in macroscopic and supermolecular approximations. A model was developed, which takes into
consideration contributions of electronic and steric factors in the supermolecular approximation. The cal-
culated values ofAH* showed a good agreement with the experimental rate constants of the corresponding
reactions.

Epoxy compounds are readily formed in living More recent MINDO/3 quantum-chemical calcula-
bodies via enzymatic processes. They are obtaindtbns [5], analysis of spectral parameters [6] and
on a laboratory or industrial scale with the aid ofbasicity [7] of epoxycycloalkanes, and theoretical [8]
accessible oxidants [1, 2]. Numerous camapds and experimental assessment of strain in their mole-
belonging to this group are characterized by higtcules by thermochemical methods [9] demonstrated
reactivity with respect to various nucleophiles, sucra clear relation between the strain and electron density
as amines, water, alcohols, etc. Reactions of epoxgistribution in their molecules [10]. However, some
derivatives, as well as their formation, are convenienimportant problems concerning the reactivity of epoxy
models for studying important biological processesderivatives remained unresolved.
specifically those responsible for carcinogenesis. The goal of the present study was to obtain quanti-
Therefore, these reactions persistently attract interetdtive data on reactions of epoxycycloalkarie¥!Il
and are extensively studied by both experimental andith methanol. Compoundglll andIX were studied
theoretical methods. for comparison.

A specific group of epoxy derivatives consists of
compounds in which the oxirane ring is fused to | (j
an alicyclic fragment. Steric strains inherent to the T O@ © ©
latter should considerably affect the reactivity of the
oxirane ring toward nucleophiles. We previously T v

reported on the methanolysis of epoxycycloalkanes
[3], and kinetic parameters of these reactions in O% Q
various media were presented in [4]. The greatest i

I II

activity was found for epoxycyclohexandl() in the 0

presence of both sulfuric acid and sodium methoxide. v VI viI

Some compounds, e.g., epoxycyclooctane, epoxy-

cyclododecane, andxcepoxynorbornane\{l), /\/ﬁ N/

undergo opening of the oxirane ring only in acid 0 0

medium [3, 4]. We also revealed considerably dif- VIII IX

ferent reactivities of two stereoisomeric epoxy deriva-

tives: exa (VI) and endeepoxynorbornane\); the The mechanism of gas-phase opening of the
exoisomer is more reactive in acid medium, and theoxirane ring in the parent compouhd and its closest
endo isomer, in neutral and basic media. homolog (methyloxirane) was studied in sufficient
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detail using reactions with N F~, CI', SH, NH,~,  ring resulted in distortion of the structures (Table 1)
and H as nucleophiles, as well as by semiempiricabnd considerable overestimation of the deformation
[11, 12] and nonempirical quantum-chemical methodsnergy of bond angles [8]. We thought it reasonable
involving extended basis sets and taking into accourib calculate the whole series of compounbdX
electronic correlation in terms of the Melldtlesset using the MM2MX force field [9]. The data of [9],
second-order perturbation theory [13, 14]. It waswhere compoundsVl and IX were calculated, as
found that in alkaline and neutral media the reactionvell as the data in Table 2, show a good agreement
is a bimolecular nucleophilic substitution process ibetween the calculated enthalpies of formation
which the oxirane oxygen atom is a nucleofuge [15](MM2MX) and experimental results of thermo-
Also, the advantage of thesar attack by nucleophile, chemical studies [9].
typical of the {2 mechanism, was demonstrated Table 2 shows that the strain energy of epoxycyclo-
relative to the frontal attack [16]. Theoretical studiesalkanes varies over a wide range, from 126.78 to
of the solvent effects using the Germer solvator224.86 kJ/mol), and increases in the setles< Il <
model [13] and supermolecular approximation [17]IV < VII <V < |. The major contribution to the
were performed only for the parent compoundoverall steric energy of moleculésV, andVI is that
oxirane itself. No quantum-chemical studies ofof the angular strain resulting from deformation of
methanolysis of epoxycycloalkanes were reported. the bond anglex (contiguous to the oxirane ring).
We performed molecular-mechanics calculationd/0lecules of the other epoxycycloalkanes are charac-
of the structure and strain of epoxycycloalkane§e”zed by the major contribution of the torsion strain.

using the MM2MX force field which was obtained by ComMpoundsl-Vil conform to the relation found in
supplementing the standard MM2 force field [18] with [8]: decrease in the angle is accompanied by devia-
parameters of the oxirane ring taken from [19]. Thelon Of the epoxy frallgrznesnt from the ring plane: the
electron density distribution in epoxycycloalkanedihedral angle¢ (C°C°C°O) shows the following
molecules and parameters of their reactions witgorrelation witha: a = (261+28) — (1.3£0.2)¢; r =
methanol were calculated by the PM3 semiempiricaP-950, n = 7 (Table 3).
method [20]. The solvent effects were taken into According to our previous data [4] and those ob-
account in the macroscopic approximation using théained in this work (Tables 2, 3), increase in the strain
COSMO procedure [21]e(= 32.66; this value corre- energy of epoxycycloalkanes is accompanied by
sponds to the dielectric constant of methanol) anéhcrease in the LUMO energy and the order of the
also in the supermolecular approximation where&C—O bond (in the seriefil , Il , IV, VII'). Our PM3
the solvate shell was simulated by introduction ofresults (Table 3), as well as the parameters calculated
methanol molecules. Transition states were localizeth [4] by the MINDO/3 procedure, indicate a good
by preliminarily scanning the potential energy surfaceagreement between thg o values and orders of
The nature of critical points was established by calthe C-O bonds of epoxycycloalkanef -IV and
culating the force constant matrix where transitionepoxybicyclo[2.2.2]octaneV(l ), on the one hand,
states are characterized by the presence of one negend the kinetic data [4], on the other. In keeping with
tive value; for prereaction complexes, all values ar¢he kinetic data, the rate of alkaline methanolysis
positive. decreases in the following seridd: > 11 >V > VIl .
Epoxy derivativesll, lll , and V-VII were cal- However, the calculated bond orders and LUMO

culated previously [8] using the standard MM2 forceenergies do not reflect some specific features of the
field. However, the lack of parameters of the oxiranénethanolysis of 1,2-epoxyhexan¥Iil ) and stereo-
isomeric epoxynorbornane¥ and VI. Compound
Table 1. Some geometric parameters of the molecule olVlll is the most reactive among epoxy derivatives
oxirane (X) [-VIII , and the calculation gives the greatest order
of the G-0O bond inVIIl (0.9703). The orders of the

Parameter MM2 | MM2MX | Experiment [22] C—O bond in molecules/ and VI are 0.9654 and
0.9638, respectively; according to [4xoeisomerVI
I(C—0), A 1.435 1.439 1.436 is stable to sodium methoxide ([MéP= 6.21 M)
I(C—C), A 1.505 1.478 1.472 for 20 h at 60C, whereas under the same conditions
I(C—H), A 1.087 1.089 1.082 endcisomerV ulnd(i)rgoes slow methanolysis at a rate
o(COC), deg| 63.2 61.8 61.7 of 0.036 Imol™s™ [4].
a(HCH), deg | 115.04 | 115.3 116.7 The above may be explained by a considerable

contribution of steric factor to the reaction. Therefore,
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Table 2. Contributions of different interactions and strains to steric energy, enthalpies of formation, and strain energies
of molecules|-VIl, calculated by theMM2MX method (kJ/mol)

Parameter I I 1] v \% VI VI
Total steric energy 160.82 73.33 68.27 86.93 | 151.81 | 142.51 122.35
Distortion of bond lengths 3.68 1.54 1.66 1.89 4.87 4.75 451
Distortion of bond angles 96.10 22.55 10.78 16.22 71.47 69.21 18.04
Cross term (bondsingles) -5.45 -1.11 -0.12 0.33 -4.14 -3.82 -1.16
Torsion strain 65.42 46.20 44.47 54.06 67.22 59.36 72.95
Van der Waals 1,4-interactions 4.95 9.36 19.48 23.50 17.90 17.42 37.75
Other van der Waals interactions -0.98 -1.55 -4.13 -5.32 -2.11 -1.00 -6.20
Dipole-dipole interactions -2.90 -3.66 -3.86 -3.75 -3.33 -3.40 -3.55
Strain energy 224.86 134.61 126.78 142.68 | 206.32 | 196.83 173.91
Enthalpy of formation
MM2MX 8.33 | -106.01 | -137.92 | -146.13 | -54.22 | -63.73 | -110.75
MMX 34.14 -86.94 | -120.83 | -124.18 | -21.09 | -32.13 -78.28
MM2 [8] - -90.09 | -123.23 - -33.23 | 4211 -93.35
experiment [9] - -97.1 -138.0 -152.3 - -53.90 -

proper description of the chemical behavior of oxirane The C-O bonds in the epoxy fragment of molecule
derivatives requires detailed knowledge of thelll are nonequivalent (see the corresponding orders
mechanism of oxirane ring opening, including local-of bonds in Table 3). We examined the potential
ization of transition states and prereaction complexesnergy surfaces (PES) for two alternative reactions
and simulation of the reaction conditions (specifically,involving attack by methoxide ion on the*@nd

the effect of the solvent). Table 4 contains geometri@atom. In keeping with the concepts developed in [22],
parameters of transitions states and enthalpies @#vorable attack by methoxide ion (X = Mefon ct
activation AH®) for alkaline methanolysis of com- gives rise to mild transition from thkalf-chair con-
poundsl-IX . The activation barriers for the gas-phasgormation of the initial epoxy compound to ttehair
reactions are well consistent with such parameters gfonformer of the product. Alternative attack orf C
the initial epoxy compounds as the strain energy ants unfavorable, for it leads to formation of the
the order of the €O bond: increasing strain in the

alicyclic fragment in the series of epoxycycloalkaneslable 3. Calculated parameters and relative rate constants
I-VIl is accompanied by increase in the enthalpy off methanolysis of compounds-IX

activation.
Among geometric parameters of transition statescomp. E, o, Angle, deg Ofogjez) .
- el

the most illustrative are the bond angle$C0? (B) no. eV

and GCCC? (y), where 3 is the oxirane oxygen o ¢ bond
atom, and & is the oxygen atom of methoxide ion.
The first of these angles decreases\éE rises: from
167.9 for oxirane (X) to 144.0 for the most strained
endeepoxynorbornane \):

2.1415| 90.6 | 120.1| 0.9650 -
2.3628 | 108.3| 110.3| 0.9603| 0.41
1l 2.3591 | 120.8 | 103.6 | 0.958%| 1.00
0.959%
\Y; 2.4061 | 121.6 | 106.7 | 0.9605 |15.5x 1073
V 2.3392| 104.5| 116.0| 0.9654| 0

. VI 2.4188| 104.6 | 116.9 | 0.9638| O
An analogous correlation is observed betwet’ v 24857 | 111.0] 112.6 | 0.9630| 5.52x10°3

and y. The existence of such correlations is closely V::| 2 3628 0.9703 | 5.96
related to the @2 character of the reaction under |y 23862| - — | 0.9705 -
study: the corresponding angles in a classical bimole-
cular substitution reaction approach 8Meviation a godium methoxide concentration 1.667 M {29 [4].
from this value reduces overlap of molecular orbitals® order of the =0 bond.
and the activation barrier increases (Fig. 1). ¢ Order of the E—O bond.

AH* = (1.4+0.2) + (332+24);1 = 0.95,n = 9.
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Scheme 1.

Favorable attack ,«XS_ X H
% AH* =120.58 kJ/mol i H . -
H,, 7 H,, H Z\ 7 H -
ofs-
H O X O
x°-
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X~ X
Unfavorable attack H H
AH?* =129.12kJ/mol N H* X
e ¥ —H,, H #—H _
6] 0%~ H
4
o H

asymmetricboat conformer with higher energy Taking into account that experimental data on alkaline
(Scheme 1). Thus the conclusion drawn in [23] ismethanolysis of epoxycycloalkanes were obtained in
supported, according to which conformational factomethanol which is a fairly polar solvent capable of
contributes most to regioselectivity of opening of theforming hydrogen bonds, we performed a theoretical
oxirane ring in epoxycyclohexane, whereas sterecstudy of the solvent effect on the process.
electronic and steric effects are less important. Table 4 gives the prinicipal geometric parameters
Epoxy compoundsli-IV, VII, and VIII show andAH” values for alkaline hydrolysis of compounds
a satisfactory correlation between the calculated-IX, calculated in the macroscopic approximation
values of AH” (Table 4) and logarithms of the rate using the COSMO procedure [22]. The corresponding

constants given in [4]: transition states are characterized by lower degree
of O>~C bond formation and greater degree of @'
logk,e; = —(0.31+0.03)AH* + (37.4+6.7); bond cleavage, as compared with the gas-phase cal-
culations, i.e., the transition states &leoser’ In this
r=095n=5 case, theendoisomer of epoxynorbornanes turns out

to be more reactive; however, the difference in the
However, the calculations performed for the gasactivation barrier is as small as 2.38 kJ/mol, which
phase incorrectly predict greater reactivity ke is not quite consistent with the experimental data [4].
epoxynorbornaneM]) relative to itsendoisomerV. |n addition, theAH” values for compound¥Il and
This may be due to underestimation of steric factol/||I are considerably underestimated.
whose contribution considerably increases in reactions e supermolecular approximation provides

of epoxy derivatives with solvated methoxide i0n., nqre anpropriate desription of specific solvation and
reaction mechanisms, where solvent molecules are
considered to be reagents. Successful application of
the supermolecular approach requires that the neces-
sary and sufficient number of solvent molecules be
specified. While studying the reaction of oxiran |

with methanol [17], the most acceptable results were
obtained when the first solvate shell of methoxide ion
contained four solvent molecules (methanol) and the
less basic oxirane oxygen atom was solvated with one
methanol molecule, i.e., the model @b (CH;0H), +
oxirane(CHOH),, (n = 4, m = 1) was used. The same
model was used to examine alkaline methanolysis of
epoxy derivativesl-VIII .

HOMO: E = -3.0030 eV  LUMO: E = —6.5607 eV The principal geometric and activation parameters
for methanolysis of compounds-VIIl , calculated

Fig. 1. Structure and energies of frontier molecular N terms of the supermolecular approximation, are

orbitals of the transition state in alkaline methanolysis of given in Table 4. Here, the correlation 'bet\Neen the
oxirane (X). AH” values and the anglgsandy was retained. Also,
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Table 4. Calculated geometric parameters of transition states for opening of the oxirane ring and the corresponding
activation barriers for compounds-IX

Bond length, A Angle, deg
Co”r‘]'g"“”d AH?, kJ/mol
' c-ot c-0? ccot B y
| 1.779 2.071 76.1 147.8 -157.6 133.55
I 1.775 2.005 76.6 150.9 -158.5 129.91
1 a 1.787 2.000 76.8 152.5 159.6 120.58
v 1.837 2.036 79.3 148.8 162.8 134.08
\% 1.854 2.058 80.3 144.0 -142.7 141.24
VI 1.876 2.064 81.5 144.4 -144.9 135.60
VI 1.867 2.043 81.2 148.0 -148.5 136.20
VI 1.737 1.982 74.1 159.3 175.1 115.23
IX 1.740 1.995 74.5 167.9 175.6 108.74
Macroscopic approximation
| 1.841 2.193 79.0 142.3 -153.1 149.66
I 1.832 2.142 79.1 145.8 -157.6 156.98
1 a 1.826 2.101 78.7 148.1 -151.7 150.37
v 1.873 2.124 81.3 147.8 -151.5 127.32
\% 1.893 2.155 82.2 139.3 -137.2 169.74
VI 1.981 2.292 87.0 137.0 -136.8 172.05
VI 1.903 2.152 82.8 144.0 -144.5 132.97
VI 1.775 2.014 75.9 159.5 176.1 149.62
IX 1.772 2.065 76.1 154.7 179.5 128.24
Supermolecular approximation
Il 1.950 2.088 85.5 147.5 16.1 179.79
I 2 1.890 2.046 82.2 145.0 157.8 163.43
\Y; 1.892 2.030 82.3 143.3 155.5 188.28
V 2.046 2.298 91.1 143.7 138.8 205.23
VI 2.078 2.205 92.8 134.5 124.3 214.85
il 2.015 2.190 89.4 138.4 134.3 198.76
VI 1.871 1.993 81.1 158.1 174.8 148.82
IX 1.862 1.991 81.3 156.0 179.6 141.46

2 For the reaction at € (favorable attack); the value ofH”* for gas-phase attack on®Qs equal to 129.12 kJ/mol.

a satisfactory correlation exists between the calculated Both supermolecular and macroscopic calculations
AH” values and logarithms of the experimental relaof stereocisomeric epoxynorbornanes which do not

tive rate constants (ldg,): react with sodium methoxide under the given condi-
tions predict the largest values aH”. It should be
AH* = —(0.2+0.04)3 + (195+24); noted that the activation barrier to the reaction of
r=091n =8 endo isomer V, calculated in the supermolecular
approximation, is lower by 9.62 kJ/mol than the corre-
AH* = (0.7+0.1)y + (278+18): sponding barrier calculated foexo isomer VI.
Comparison of these results with those obtained by
r=209n=8 calculations for the gas phase shows that steric factor

_ . _ is actually determining for the reactivity of strained
logkre) = ~(0.14£0.02)AH™ + (23.1+3.4); epoxynorbornane¥ andVI. Just this factor is taken
r =096,n=5. into account in terms of the supermolecular approach,
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according to which solvent molecules are included 7.

in the explicit form. As a result, the effective volume
of the reagent considerably increases (Fig. 2).

X
\ l
\4 HH
A
O—11~ )2

Ol

0-H- -,
H/

) 4r 7LO,I|{ 0
P 0
A% VI

Fig. 2. Structure of transition states in the methanolysis
of stereoisomeric epoxynorbornan¥sand VI, calculated
in the supermolecular approximation € 4, m= 1).
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