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ABSTRACT: The reaction of hydroxide with epichlorohydrin in the gas phase was investigated with ab initio
calculations. Three mechanisms were examined, each corresponding to nucleophilic attack at a different carbon atom
of the substrate. It was determined that through attack at the ring methylene position was favored, whereas attacks at
the alkyl methylene or ring methine positions were found to have larger activation energies. These results are
consistent with experimental results found in the literature. Copyright © 2004 John Wiley & Sons, Ltd.
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INTRODUCTION

Epichlorohydrin is a commercially important compound
used in the industrial production of glycerol, resins and
elastomers.'? It is also a toxic substance, a vesicant and is
potentially carcinogenic in humans (see toxicological
references in Ref. la). Epichlorohydrin has also been
used in the synthesis of optical isomers of antihyperten-
sive and antianginal drugs.lb For these reasons, epichlor-
ohydrin has been the subject of numerous experimental
investigations.

These studies have frequently sought to establish the
reaction mechanism between epihalohydrins and nucleo-
philes. For instance, does the initial attack by the nucleo-
phile occur at the C1 (ring methylene) or C3 (alkyl
methylene) position? In the most important examination
of the reaction mechanism, McClure ef al.? demonstrated
that the answer to this question depends on the choice of
leaving group, nucleophile and reaction conditions. Sub-
sequent studies by Ohishi and Nakanishi® on epichlor-
ohydrin and by Cawley and Onat* on epibromohydrin
confirmed that both pathways are active. It should be
noted that, with the exception of an acetolysis investiga-
tion by Whalen,’ little attention has been given to the
possibility of nucleophilic attack at the C2 (ring methine)
position.
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In the course of my work with epichlorohydrin as a
polymeric cross-linking agent, the question of its reactiv-
ity again arose; unexpected products could not be entirely
explained by an appeal to the experimental literature. It
also appears that no systematic theoretical investigation
of the reactivity of epichlorohydrin has been reported.
A computational study of limited scope, which included
an examination of the reaction of ammonia with epi-
chlorohydrin, has been reported previously6. An ab initio
study into the inherent (gas-phase) reactivity of epi-
chlorohydrin with hydroxide was therefore carried out.
While solvation effects will clearly have a strong influ-
ence on the current system, the gas-phase reaction co-
ordinates established here will serve as the first step
towards a more thorough theoretical understanding of
the reactivity of epichlorohydrin in solution under basic
conditions.

COMPUTATIONAL METHODS

All structures were fully optimized at the restricted
Hartree-Fock (RHF) level of theory with the double
split-valence 6-31G basis set of Pople and co-workers’
to which sets of d-polarization® and sp-diffuse’ functions
were added to all non-hydrogen atoms (6-31 + G*). The
structures were deemed converged when the maximum
and rm.s. gradients fell below 0.012 and 0.004
kcalmol 'A™", respectively (1 kcal =4.184 kJ). Hessian
matrices were computed for all stationary points at the
same level of theory. The absence of negative eigenvalues
confirmed the stationary points as minima, while a single
negative eigenvalue defined a stationary point as a transi-
tion state. All vibrational frequencies were scaled by a
factor of 0.8953 to compensate for the known
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overestimation of harmonic vibrational frequencies at the
Hartree—Fock level with double-zeta quality basis sets.'®
Enthalpies and entropies were computed at 298.15K
and 1 atm using standard equations from statistical
mechanics."'

Minimum energy paths were determined by carrying
out intrinsic reaction coordinate (IRC)'? calculations
from the transition states to the associated ‘reactant’
and ‘product’” minima. All minima were subsequently
fully optimized and their Hessian matrices computed.

Single-point energy calculations were performed upon
all HF stationary structures using second-order Mgller—
Plesset (MP2)'? perturbation theory with the augmented,
correlation-consistent, double split-valence basis set of
Dunning and co-workers (aug-cc—pVDZ).14 Only the
valence electrons were correlated in these calculations,
i.e. the frozen core (fc) approximation was used.'” These
calculations were intended to recover the effects of
dynamic electron correlation, which can be important
in the description of transition states in which bonds are
formed or broken.

Finally, all stationary point structures (minima and
transition states) were reoptimized at the MP2(fc)/6—
31+ G* level of theory. These calculations were per-
formed to assess the importance of dynamic electron
correlation on the optimized structures. Enthalpic and
entropic corrections were calculated at the HF/6-31 4- G*
level.

All calculations were carried out with the GAMESS'®
program, which is freely available from Iowa State
University, on a cluster of personal computers running
the Linux operating system.

RESULTS

Three mechanisms were investigated, each correspond-
ing to nucleophilic attack by hydroxide at a different
carbon atom of epichlorohydrin. While a number of
elimination pathways involving hydroxide and epichlor-
ohydrin are possible, they were not the focus of this study.
The following free energies were calculated at the MP2/
aug-cc-pVDZ//HF/6-31 + G* level of theory:

Copyright © 2004 John Wiley & Sons, Ltd.
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In the first mechanism, nucleophilic attack occurs at
the C1 (ring methylene) position, resulting in an oxide
intermediate [Scheme 1(a)]. The anionic oxygen atom
can then attack the C3 (alkyl methylene) position to form
glycidol with the loss of chloride [Scheme 1(b)]. Both
reactant ion—-molecule (RIM) and product ion—molecule
(PIM) complexes are formed along the gas-phase path-
way; the reactant complex is composed of hydroxide and
epichlorohydrin, and the product complex is formed from
chloride and glycidol. As three minimum-energy con-
formers exist for epichlorohydrin (gauche—, cis and
gauche—+) [at the MP2 level of theory, the relative free
energies of the three conformers are cis
(1.5kcalmol ") > gauche— (0.4 kcal mol™ H> gauche+
(0.0 kcal mol ~'); this translates into a Boltzmann popula-
tion of cis (5%) < gauche— (32%) < gauche+ (63%);
these results reproduce those found in the literature at
the B3LYP/6-311G(2d,2p) level of theory”], there are
also three possible transition states (TS) for the Cl1
mechanism. All three transition states were located at
the Hartree—Fock (HF) level of theory.

In the second mechanism, nucleophilic attack takes
place at the C2 (ring methine) position, which results in
ring opening of the epoxide to form an oxide intermediate
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(Scheme 2a). A reactant (hydroxide—epichlorohydrin) ion—
molecule complex was again found, and numerous at-
tempts to locate three transition states led only to the two
gauche-related structures. Upon formation of the oxide
intermediate, three subsequent reaction steps were inves-
tigated: (1) attack by the anionic oxygen atom on the C3
(alkyl methylene) position to yield 2-hydroxyoxetane with
loss of chloride [Scheme 2(b)]; two transition states and
product (chloride—oxetane) ion—molecule complexes were
located for this pathway; (2) proton transfer between the
hydroxyl group and the anionic oxygen atom to produce
another oxide intermediate [Scheme 2(c)], followed by the
attack of the new anionic oxygen atom on the C3 (alkyl
methylene) position to form glycidol with loss of chloride
[Scheme 1(b)]; three transition states and product (chlor-
ide—glycidol) ion—-molecule complexes were found; (3)
proton transfer from the C2 methine position to the anionic
oxygen atom accompanied by the elimination of chloride
to form a 2-propen-1,3-diol [Scheme 2(d)]; two transition
states and product (chloride-diol) ion—molecule com-
plexes were located.

For the third mechanism studied, nucleophilic attack
occurs at the C3 (alkyl methylene) position, resulting in

the direct displacement of chloride to form glycidol
(Scheme 3). Only two transition states, associated with
the gauche conformers, reactant (hydroxide—epichloro-
hydrin), and product (chloride—glycidol) ion—molecule
complexes were found.

It should be noted that the complete reaction coordi-
nates for the C1 and C2 pathways are not given in
Schemes 1 and 2, respectively. The missing steps corre-
spond to low-energy transitions between conformers (e.g.
INT 1a— INT 1b in Scheme 1). As they are not
predicted to be rate-limiting steps, they are not discussed.

The reaction path energetics for Schemes 1-3 are given
in Tables 1-3, respectively. For the sake of clarity, only
results from the lowest energy pathways are given. Both
enthalpies (A.H°) and free energies (A,G°) at 298.15K
and 1 atm are provided at the Hartree—Fock (HF) and
Mgller—Plesset (MP2) levels of theory. The structures
corresponding to important stationary points are pre-
sented in Figs 1-3.

A known deficiency of Hartree—Fock theory is the
overestimation of activation energies (E).'® This is
particularly true for transition states in which bonds are
formed or broken. In these transition states, dynamic
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Table 1. Reaction coordinate energetics for nucleophilic attack on the C1 position of epichlorohydrin [Scheme 1(a) and 1(b)]®

A H° [Scheme 1(a): attack on C1 position]

Epichlorohydrin + Reactant ion— Transition Intermediate
Level of theory hydroxide molecule (RIM 1a) state (TS 1a) (INT 1a)
HF 0.0 —21.5 —7.1 (599icm™") -50.9
MP2 0.0 —23.8 —16.6 —48.1
A,G° [Scheme 1(a): attack on C1 position]
HF 0.0 —14.1 1.6 —41.4
MP2 0.0 —16.4 -7.9 —38.6
AH° [Scheme 1(b): epoxide formation]
Intermediate Transition Product ion—molecule Glycidol +
(INT 1b) state (TS 1b) (PIM 1b) chloride
HF —61.3 ~53.9 (418icm ™) -79.1 —69.9
MP2 —59.8 —-51.7 —62.4 -50.3
A,G° [Scheme 1(b): epoxide formation]
HF —51.3 —43.9 —71.7 —67.8
MP2 —49.7 —41.8 —-55.0 —48.2

* Standard enthalpies (AH°) and free energies (A,G°) in kcal mol ', Parenthetical values correspond to transition-state imaginary vibrational frequencies.
HF = HF/6-31 + G*; MP2 = MP2/aug-cc-pVDZ//HF/6-31 + G*. See text for details.

electron correlation effects can be large. It is not surpris-
ing, therefore, that HF theory, which takes no account of
dynamic electron correlation, fails to describe the present
transition states adequately. Results obtained at the
Moller—Plesset level of theory will, therefore, be focused
upon in the Discussion.

A comparison of the results predicated upon HF and
MP2 optimized structures reveals that dynamic electron
correlation does not have a significant effect on the
structures and thus energetics. [The following enthalpies
and free energies of activation, based upon MP2(fc)/6—
31 + G* optimizations and HF/6-31 + G* Hessians, were
calculated: A H°(TS1a)=—15.2; A H°(TS2a)=—12.1;
AH(TS3a)=—14.0;, AG° (TSla)=-6.5; AG°
(TS2a)=—3.1; and A,G°(TS3a)= —5.3kcalmol .
These values compare very favorable with those obtained
at the highest level of theory reported in this paper:
MP2(fc)/aug-cc-pVDZ//HF/6-31 + G* (Tables 1-3). Ex-
amining the HF and MP2 structures for these transition
states also reveals that the two sets of structures are in
good agreement with one another. Comparing the dis-
tances associated with the reaction coordinates for the
three transition states evinces a mean difference and
standard deviation of only —0.01 and 0.05 A, respec-
tively.] This validation of the current computational
approach (MP2 single-point energies on HF optimized
structures) is important for reasons beyond the current
study. First, an investigation into the effects of solvation
upon the reactivity of epichlorohydrin under basic con-
ditions is currently being conducted. The approach under-
taken in this work is one of microsolvation, where the
solutes are surrounded with a number of solvent mole-

Copyright © 2004 John Wiley & Sons, Ltd.

cules. Optimizations at the MP2 level would, therefore,
prove very costly in this context. Second, these results
underscore the importance of selecting the appropriate
level of theory. Too often computational chemistry is
marginalized by the demand that only the highest level of
theory be employed. This attitude severely limits the
applicability of ab initio methods.

DISCUSSION

A cursory examination of the energetics for the three
mechanisms reveals that initial nucleophilic attack on
the substrate is the rate-limiting step. Based on previous
studies of ambident substrates, it is predicted that the Sx2
mechanism should be favored under basic conditions.
Nucleophilic attack should, therefore, take place at the
least substituted position, i.e. C3 > C1 > C2. Attack at the
ring methylene (C1) position [Scheme 1(a)] has a lower
activation energy than attack at the alkyl methylene (C3)
position (Scheme 3), while attack at the C2 methine
position [Scheme 2(a)] possesses the largest activation
energy. The relative activation enthalpies are 3.1
(C2)> 1.6 (C3)>0.0 (Cl1)kcalmol'. The relative acti-
vation free energies similarly are 3.3 (C2) > 1.6 (C3) > 0.0
(C1) keal mol ~'. The inclusion of entropic effects serves,
therefore, only to raise the absolute activation energies for
the three transition states. The associated imaginary fre-
quencies for the C1, C2 and C3 transition states are 599,
610 and 418 cm™ ', respectively, revealing that the C1 and
C2 transition states are tighter and less accessible than the
C3 transition state. This should in turn favor nucleophilic
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Table 2. Reaction coordinate energetics for nucleophilic attack on the C2 position of epichlorohydrin [Schemes 2(a)—(d)]?

AH° [Scheme 2(a): attack on C2 position]

Epichlorohydrin + Reactant ion—molecule Transition Intermediate
Level of theory hydroxide (RIM 2a) state (TS 2a) (INT 2a)
HF 0.0 —21.5 —1.9 (610icm™ ") —50.8
MP2 0.0 —23.8 —13.5 —48.1
A,G° [Scheme 2(a): attack on C2 position]
HF 0.0 —15.0 7.0 —41.3
MP2 0.0 —17.3 —4.6 —38.7
A H° [Scheme 2(b): oxetane formation]
Intermediate Transition Product ion-molecule ~ 2-Hydroxyoxetane +
(INT 2b) state (TS 2b) (PIM 2b) chloride
HF —50.5 —42.1 (455icm™ ) —113.8 —70.9
MP2 —47.2 —38.5 —70.9 —49.6
A,G° [Scheme 2(b): oxetane formation]
HF —40.7 —31.8 —105.8 —68.7
MP2 —37.5 —28.2 —62.8 —47.3
AH° [Scheme 2(c): proton transfer from C2 hydroxyl to C3 oxide]
Intermediate (INT 2c¢) Transition state (TS 2c¢) Intermediate (INT 2¢’)
HF —56.4 —53.9 (1384icm™) —61.3
MP2 —55.5 —59.5 —59.8
A,G° [Scheme 2(c): proton transfer from C2 hydroxyl to C3 oxide]
HF —46.3 —43.5 —51.3
MP2 —45.4 —49.1 —49.7
AH° [Scheme 2(d): proton transfer from C2 methine to C3 oxide]
Intermediate Transition Intermediate 2-Propene-1,3-
(INT 2d) state (TS 2d) (PIM 2d) diol 4 chloride
HF —50.8 4.1 (1925icm™") —102.3 —22.6
MP2 —48.1 —10.6 —89.7 —4.4
A,G° [Scheme 2(d): proton transfer from C2 methine to C3 oxide]
HF —41.3 13.7 —94.4 —52.8
MP2 —38.7 —-1.0 —81.8 —34.6

# Standard enthalpies (A H°) and free energies (A,G°) in kcal mol ', Parenthetical values correspond to transition-state imaginary vibrational frequencies.
HF = HF/6-31 + G*; MP2 = MP2/aug-cc-pVDZ//HF/6-31 + G*. See text for details.

Table 3. Reaction coordinate energetics for nucleophilic attack on the C3 position of epichlorohydrin [Scheme 3]

AH° [Scheme 3: attack on C3 position]

Epichlorohydrin + Reactant ion— Transition Product ion— Glycidol +
Level of theory hydroxide molecule (RIM 3a) state (TS 3a) molecule (PIM 3a) chloride
HF 0.0 —-21.5 —13.7 (418icm ™) —79.1 —69.9
MP2 0.0 —23.8 —15.0 —62.4 -50.3
A,G° [Scheme 3: attack on C3 position]
HF 0.0 —14.1 —-4.9 —-71.7 —67.8
MP2 0.0 —16.4 —6.3 —55.0 —48.2

# Standard enthalpies (A H°) and free energies (A,G°) in kcal mol ', Parenthetical values correspond to transition state imaginary vibrational frequencies.
HF = HF/6-31 + G*; MP2 = MP2/aug-cc-pVDZ//HF/6-31 + G*. See text for details.
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Figure 1. Structures of stationary points along reaction
coordinate [Scheme 1(a) and 1(b)] for hydroxide attack
at the C1 position of epichlorohydrin. RIM, reactant
ion—-molecule complex; TS, transition state; INT, inter-
mediate; PIM, product ion—-molecule complex. See text for
details

T
RIM 2a . TS 2a INT 2a
. . ' . i (0 [ p— )...;I i 2 éfj
g [ |
L = . &
INT 2h TS 2h PIM Zh
<’J
[ o T, I ¥
O (\:’; '\l
INT 2¢ TS ¢ INT 2¢
% Q
' |

INT 2d Ts1d PIM 2d

Figure 2. Structures of stationary points along reaction
coordinate [Schemes 2(a)~(d)] for hydroxide attack at
the C2 position of epichlorohydrin. RIM, reactant ion—
molecule complex; TS, transition state; INT, inter-
mediate; PIM, product ion—-molecule complex. See text for
details
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Figure 3. Structures of stationary points along reaction
coordinate (Scheme 3) for hydroxide attack at the C3
position of epichlorohydrin. RIM, reactant ion—-molecule
complex; TS, transition state; PIM, product ion-molecule
complex. See text for details

attack at the alkyl methylene position. Based on the
activation energies, however, nucleophilic attack should
occur at the C1 position resulting in the formation of an
oxide intermediate, with attack at the C3 position being
less competitive. Assuming a Boltzmann distribution for
the activation energies, 93.4% of the reactions should
proceed via the C1 pathway and only 6.3% through the
C3 pathway. Given the even larger activation energies for
the C2 pathway, this mechanism should only be active to a
very limited extent (0.4% of the reactions).

These conclusions are fairly consistent with experi-
mental results. Ohishi and Nakanishi® reacted a phenolate
with radiolabeled epichlorohydrin and discovered that
attack at the C1 (ring methylene) position is slightly more
favorable than at the C3 (alkyl methylene) position by a
7:5 ratio. No attack was detected at the C2 (ring methine)
position. Similarly, Cawley and Onat” reacted catecholate
anion with epibromohydrin and determined the free
energy of activation to be marginally lower for attack at
the Cl position: AG°(TS1la)=22 and AG°
(TS3a) =24 kcalmol~'. As the authors note, while the
enthalpic contribution to the free energy of activation is
lower for attack at the ring methylene position
[AH°(TS1a)=12 and AH°(TS3a)=19kcalmol '],
the entropic contribution is nearly double that for attack
at the alkyl methylene position [AS°(TS1a) = —34 and
A,$°(TS3a) = —18 cal mol 'K~ ']. There is, therefore, a
subtle interplay between enthalpy and entropy for this
system that slightly favors attack at the C1 position.
Again, no attack at the ring methine position was found.
This balance between pathways was most dramatically
shown by McClure et al.? when they reacted a number of
para-substituted phenols with enantiomerically pure epi-
chlorohydrins under a variety of reaction conditions. By
examining the products for retention or inversion of
configuration, they found that the choice of nucleophile,
solvent system and reaction conditions determined
whether attack occurred at the C1 or C3 position.

It must be noted that the HF level of theory predicts a
different ordering of the transition states for this initial
step: C2 > C1 > C3. The relative differences in activation
energies are also greater. Both the enthalpies and free
energies for attack at the ring methylene position are four
times larger than for attack at the alkyl methylene
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position. Similarly, the enthalpies and free energies for
the C2 transition state are nearly four times larger at the
HF level than at the MP2 level. Effectively 100% of the
reactions should proceed through the C3 transition state.
The exclusion of dynamic electron correlation, therefore,
favors the C3 pathway over the C1 pathway. This result
stands in contrast with experimental results.”™

Nucleophilic attack at the ring methylene position
opens the epoxide to form an oxide intermediate. A
new epoxide can be formed via attack of the anionic
oxygen atom on the alkyl methylene position with loss
of chloride [Scheme 1(b)]. The activation energies
for this process are significantly lower than those for the
initial nucleophilic attack [E,(H°) = —35.1 and E,(G°) =
—33.9kcal mol~']. Examination of the associated ima-
ginary frequency (418 cm™") reveals that this transition
state is also less demanding than for the initial attack.
Consequently, glycidol should be readily formed by
attack at both C1 and C3 positions.

As stated in the Results section, nucleophilic attack at
the ring methine position may be followed by three
different steps. Both the transition states for oxetane
formation [Scheme 2(b)] and proton transfer from the
hydroxyl group [Scheme 2(c)] are lower in energy than
that for initial attack. Proton transfer is favored over
oxetane formation [AE,(H°) = —21.0 and AE,(G°)=—
20.9kcalmol '). The imaginary vibrational frequency
for oxetane formation (455cm ™) is far smaller than for
proton transfer (1384cm™") and should favor oxetane
formation. An elimination pathway involving proton
transfer from the methine group to form the diol [Scheme
2(d)] was also investigated. An activation energy larger
than for the initial attack was found [AE,(H°) =2.9 and
AE,(G°)=3.6kcalmol™"). The associated imaginary
vibrational frequency is 1925cm™'. Based on these
results, it is predicted that nucleophilic attack at the C2
position should lead to glycidol formation (via proton
transfer from the hydroxyl group to the anionic oxygen
atom followed by epoxide formation). Oxetane should be
a minor product to the extent that it is formed at all, and
diol formation should not occur.

The formation of glycidol (Schemes 1-3) and oxetane
(Scheme 2) are exothermic (glycidol pathways: AH° =
—50.3 and A,G° = —48.2kcal mol " '; oxetane pathways:
AH® =—49.6 and A,G°=—47.3kcal mol™'). Given
these small differences in exothermicities, the product
distribution for the reaction of hydroxide with epichlor-
ohydrin should be under kinetic control. While the
formation of the diol is also thermodynamically favorable
(AH° = —4.4kcal/mol and A,G° = —34.6 kcalmol ™),
the associated activation energies are greater than those
for the formation of glycidol or oxetane.

Both glycidol and 2-hydroxyoxetane are subject to
further nucleophilic attack. These reactions were not
investigated, but as basic conditions favor Sy2 mechan-
isms, attack would presumably occur at the least sub-
stituted positions and should be thermodynamically

Copyright © 2004 John Wiley & Sons, Ltd.

favored. Both steps are indeed exothermic. Using
experimental heats of formation for water (AH° =
—57.8kcalmol ') and glycerol (AH° = —138.1kcal
mol "), and using Benson’s group equivalent scheme to
calculate the heats of formation for glycidol (AH° =
—58.0kcalmol™") and 2-hydroxyoxetane (AH° =
—59.2kcalmol "), the following reaction enthalpies
were computed:
OH

A‘\ +  HO — HD\)\/DH

CHOH

AH" =223 keal/mol

oH

D\ + HAO —= HO\_)\/OH

OH
AH"=-21.1 keal/mol

[AH°(H,0), Ref. 19; AtH°(C3HgO3), Ref. 20; group
equivalents, Ref. 21].

It is reasonable to wonder if the intermediate oxides
formed in Schemes 1 and 2 could abstract a proton from
an aqueous solvent system and thus preclude glycidol or
oxetane formation. While solvent effects were not ex-
plicitly considered in the current work, such a process is
unlikely in the gas phase. The oxides should be signifi-
cantly less basis than hydroxide, and their conjugate acids
should not form to any great extent. [The conjugate acids
of the oxides can be modeled by 1,2-dihydroxyethane
(ethylene glycol). Its gas-phase acidity has been mea-
sured: A,G° =360.9 +2.0kcalmol '.** Likewise, the
gas-phase acidity of water is experimentally known:
A,G° =383.7 £ 0.3kcal mol "> The transfer of a pro-
ton from water to the oxides of ethylene glycol is
appreciably endothermic and should not occur in the
gas phase. The pK, for ethylene glycol is not known
conclusively.] A comparison of the pK,s would be more
meaningful, but experimental values for the oxides in
question are not known.

AGP = +22.8 keal/mol

CONCLUSIONS

The reaction of hydroxide with epichlorohydrin in the gas
phase was studied via ab initio calculations. Three
mechanisms corresponding to nucleophilic attack at
each of the three carbon atoms of epichlorohydrin were
considered. Attack at the C1 position was found to be
favored over attack at the C3 position at the highest level
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of theory. Attack at the C2 position was found to be
unlikely. In a subsequent paper, solvent effects upon the
reactivity of epichlorohydrin with hydroxide will be
reported. It will prove interesting to interpret these results
in light of the aforementioned experimental work of
McClure et al..”
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