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Using a molecular orbital approach we discuss several modes by which a reagent could affect the reactivity
of an organic molecule. Field effects, orbital overlap, charge transfer, and polarization are analyzed. The
model substrate molecule is oxirane or acrolein, the model perturber a fixed point charge or an acceptor or-
bital of varying energy. The mixing of substrate orbitals by the perturbation can cause highly specific and
localized changes in the electron distribution in the substrate.

The ever-improving computational capability of the the-
oretical chemist must be accompanied by an enhanced ana-
lytical ability. T'o transform calculation into understanding
we need sharpened analytical tools with which we may ex-
tract the essential physical features which made a calcula-
tion come out the way it indeed did. This paper is part of
our effort in this direction. It presents no novel conclusions
of experimental interest. However in the context of ex-
plaining some new and older theoretical results, it develops
further the methodology available for analyzing molecular
orbital calculations. Our special focus is on external pertur-
bations caused by point charges and donor or acceptor or-
bitals.

Electrostatic, Orbital Overlap, and Charge Transfer
Interactions in the Protonation of Oxirane

It was recently pointed out that the overlap population,
and therefore presumably the bond strength, of the carbon-
carbon bond of oxirane (ethylene oxide) increases upon
protonation.! Although there is no experimental observa-
tion allowing a direct comparison of carbon-carbon bond
length or strength before and after protonation, there is
some indirect supporting information in the literature.?
The problem has a broader context in that it represents a
model system for the study of solvent effects and acid ca-
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We first consider the simple electrostatic effect of the ex-
ternal field. The reference is an iterative extended Hiickel
(EH) calculation on oxirane.? Resulting charges and over-
lap populations are shown in 1.
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To study the electrostatic effect of the external field we
placed a point charge de 3.0 A away from the oxygen atom.
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It was not obvious from which direction such a positive
probe should approach oxirane. One possibility is to use the
Bonaccorsi-Scrocco-Tomasi potential.4 Another possibili-
ty, followed by us, is to calculate first the composition of
the in-plane lone pair orbital of oxirane, using the criterion
of Ruedenberg.5 That orbital is found to be an sp%56 hybrid
on oxygen, possessing maximum extension away from the
ring. Taking a one-to-one linear combination of this hybrid
with the out-of-plane, pure 2p lone pair orbital of oxygen,
we found ~118° for the angle between the two hybrids. To
see the qualitative effect of the charge, we took 60° for 6, as
shown in Figure 1. Corrections to the Coulomb integrals of
the atomic orbitals (AO) were made in the following ap-
proximate way

0
hii = hii + A‘Ei A

ii

= -se’/r; (1)

where h;;0 is the Coulomb integral without perturbation
and r; is the distance between the center of the AO i and
the point charge de.® The atomic and overlap populations
are given in 2 and 3 for 6 = 0.3 and & = 0.5, respectively. A
significant change in the carbon-carbon overlap popula-
tions is observed.
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The total wave function of the perturbed system can be
expanded in terms of the various electronic configurations
of the unperturbed states.” They are for § = 0.3

¥ = V_}—%——r Iai’al’ag’gzl........39'59'
= 0.9988%, + 0.0333F,., +
0.0126%; .15 + +eonn (2)
where

‘1’0 = 131513.2;2.......-539591 (3)
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Figure 1. The model used to calculate the electrostatic effect of a
perturbing point charge on oxirane.
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a4 = 2 cudr unperturbed MO
7
8 = 7 cri'Xs perturbed MO

The numbering refers to the ground state configuration of
oxirane. For 6 = 0.5

¥ = 0.9970%, + 0.0515%, . +
0.0201W, .45 + vevuun

Thus the wave function of the perturbed system is ex-
pressed as a combination of the original state and excited
states of the unperturbed system. The leading term outside
of the ground configuration involves a promotion of an
electron from occupied orbital a;(38bs) to the lowest unoc-
cupied molecular orbital (LUMO) of the isolated molecule,
a10(4be). These orbitals, both antisymmetric with respect
to the mirror plane bisecting the CC bond, are shown sche-
matically in Figure 2.8 They are obviously related to the
Walsh orbitals of cyclopropane.

The electron density of ethylene oxide perturbed by 0.3e
is given by

p' = p + (0.0333°(~ a*a; + ajg*a,) +
0.9988 X 0.0333 x V2 x (a;*a;, + a;gfa;) +...

(5)
where p is the unperturbed electron density
occ
p=22 a;*a, (6)

1

Although the third term of p’ vanishes upon integration
over all space, it brings about a reorganization of the elec-
tron density distribution.?

The MO’s a; and aip which do not interact in the isolated
state of oxirane are forced to intermix by the external per-
turbation. The mode of mixing is drawn schematically in
Figure 2. It is clear that a’ of perturbed ethylene oxide has
less p,~p, antibonding character. We can attribute the in-
crease in the carbon-carbon overlap population mainly to
the increase in the p,-p, bond population. Table I gives the
specific change in the AO overlap populations of the car-
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Figure 2. A schematic representation of the mixing of two b, orbitals
of oxirane, induced by a static charge. In reality the mixing coeffi-
cients are not equal.

TABLE I: Differences in the Carbon-Carbon
Overlap Populations between Unperturbed
Oxirane and the Molecule Perturbed by a
Static Charge

Cis Cip Ciy Cre
Cas —0.0024 0.0015 0 0
Caz 0.0015 ~-0.0014 0 0
Cay 0 0 0.0001 0
Co. 0 0 0 0.0121

bon-carbon bond when oxirane is under the influence of a
static charge of +0.3e. A relatively large increase in 2p,—2p,
overlap population is observed.

We turn to an analysis of the interaction of oxirane with
a high-lying hole or acceptor orbital. It was shown above
that the bond strengthening due to perturbation by a point
charge was brought about by the mixing of two antisymme-
tric MO’s. In that case no orbital overlapping was assumed
between the MO’s of oxirane and the perturbing agent. In
general a reagent interacting with a substrate will bear not
only a charge but a set of orbitals. To see the effect of this
we placed a vacant hole consisting of a single 1s orbital,10 in
the vertical mirror plane, 1.5 A from the oxygen. The angle
8 was again taken as 60° (see Figure 1). In order to avoid
strong charge transfer, the hole was placed high in energy
at —5 eV. The resultant population analysis is given in 4.
We can see an increase, albeit not large, of the carbon-car-
bon overlap population.

In this instance, unlike the case mentioned above, only
the MO’s symmetric with respect to the mirror plane can
interact with the hole orbital. Antisymmetric MO’s remain
unchanged. Since the hole is indeed empty, charge transfer
is unidirectional from oxirane to the hole. This in turn
implies that the symmetric MO’s of oxirane will lose some
fraction of their electron pairs, leading to a weakening of
the carbon-carbon bond. However the observed net result
is a strengthening of that bond. The increase in the overlap
population comes from the second-order mixing of two
symmetric MO’s through their overlap with the hole orbit-
al.? The wave function of the system composed of oxirane

The Journal of Physical Chemistry. Vol. 78, No. 18, 1974



1876

@Yi/@ %@ — ?@
{

¢
Qg ay Cg

Figure 3. Formation of the perturbed ag’(6a4) MO of oxirane.

TABLE II: Changes in the Carbon-Carbon Overlap
Populations between Unperturbed Oxirane and the
Molecule Perturbed by a High-Lying Vacant
Orbital

Cie Cie Ciy Cyy
Cos (.0012 0.0007 0 0
Cox ¢.0007 —0.0001 0 0
Cay 0 0 0.0002 0
Cs, ¢ 0 0 0.0032

and the vacant orbital is given by
= 0,9499%, + 0,1383%,,, + 0.0944%,_, +

0.0172%, .4 + 0.0121%, 4y + .\.un..

where V.., means a charge-transferred state from a; to the
orbital of the hole

1 - - -
Yion = V2 fla,. . .ah. . a0, -

n\aigi. . .Eih. . .ag_a_gi}

We can see that locally excited states ¥g_.i; and Wg_.q;
come to mix into ¥. The contribution of ¥g..; to the bond
strengthening is small because ag{2b,) is a w-type lone pair
orbital, while a;;(7a;) is a o-type MO. The intermixing of
these orbitals yields an electron: distribution unsymmetri-
cal with respect to the molecular plane.

The mode of orbital overlap interaction may be analyzed
schematically as shown in Figure 8. Orbitals 8 and 11 are
both in-plane ¢ orbitals. It is evident that the mixing of
these two symmetric MO’s can increase the carbon-carbon
overlap population. The changes in the AO populations of
the bond, given in Table II, support this conclusion.

In the case discussed above, the charge-transfer from the
three-membered ring to the vacant perturber orbital was
rather small, since the hole was placed high in energy com-
pared to the highest occupied MO (HOMO) of oxirane. We
examine next the complementary case in which the hole
lies lower than the HOMO of oxirane. The energy of the
hole was tentatively assigned the same value as the Cou-
lomb integral of the hyvdrogens of the three-membered ring.
Resulting overlsp populations are given in 5.

0.639
+0.131

; ;0.521
+1.045 0
~1.436 h

5

Except for the drasiic change in oxygen and hole charg-
es, a comparison with 4 reveals little effect on ring bond
strengths. This is surprising. The wave function of the sys-
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Figure 4. A schematic representation of direct eleciron shift from
high-lying oxirane orbitals to a perturbing hole orbital.

tem may be decomposed as follows!!
= 0.2079%, + 0.2279%, ., + 0.4637T¥¢;., +

0.1240%5 ., 5., *+ 0.5046%, ., 4., +

0'3538@8"7’1,9”!‘2 T oeveen °

where ¥g_.j, 95, indicates the ditransferred state, one elec-
tron from ag and one electron from ag both moving into h.
Thus in this case we have a direct transfer of electrons from
ag (and/or ag) to the hole orbital, as shown schematically in
Figure 4. Since the HOMO is a symmetrical orbital, the re-
moval of electrons from this orbital produces a decrease of
the carbon-carbon overlap population. However, the de-
crease is small, because the HOMO is a lone-pair orbital al-
most completely localized at the oxygen atom. Our result
should thus not be generalized to other systems. Strong
charge transfer to or from a substrate is likely to cause
large changes in electronic distributions.

Our discussion has treated separately the effects of a
static field, orbital interaction with minimal charge trans-
fer, and orbital interaction with strong charge transfer. Of
course, in a real case all the effects will be operative, en-
hancing or compensating each other. A self-consistent field
calculation will include all the effects, as well as the relaxa-
tion of electron density through the self-consistent process.
A normal extended Hiickel calculation does not include the
field effect. In the case of oxirane an ab initio calculation
gives somewhat greater carbon-carbon bond strengthening
upon protonation than does an extended Hiickel calcula-
tion.'% This is consistent with our analysis of the field ef-
fect.

Intermolecular Interaction in the Presence of a
Perturbing Field

It is clear that solvent polarity and catalysis play a key
role in governing the chemical reactivity of molecules.!3 We
will now discuss the important features of a perturbation
caused by an external field upon bimolecular reactions.
Consider an interaction between two systems, which, for
the sake of simplifying the discussion, are assumed each to
possess two orbitals and two electrons. The orbitals of the
two systems are labeled as indicated below.

A B

LUMO g;j >< b LUMO
HOMO ¢; —o-o— —@ by HOMO

The wave function which describes the thermal interac-
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tion of the two systems is given by a linear combination of
various electronic configurations!4

\I’ == CO\IIO +’ Ci..m\I/i_.m + Cl-‘j\pl"j +
Cra¥in; +Can¥ap + e (D

~1
Vo

1 - - —
i’i -m 17’2‘ Ryam Ha‘ibmblblj - \aibmblblu (9)

I-m

where

- - 1S,
¥y = myla@hbdy| g = | V4! '

S;; 1

xS / m
Simsl 2y 1/2 77 -1
Sir 1 ) }
1 - —
Vin; = '17'2“ nwi»]‘HalajbzbzI - 1aiajblbl|] (10)
Y Sa) b Sy
ni.y = | V4! (‘15“1 X ga1 | T
-1
‘Sijsjl 2)1/2}
S;;1

QOur goal is to determine the coefficients in eq 7. For the
electron density we have the following expressions?®

4 [ U*idey dry. . .d7y = 2(a;*a; + b*b,) +

A@*a; + brb)6S,," - Syt) -
(@*b, + b*a)(S;, — S;,M] /U - 8,5 (A1)
4 W™ |, dgy dry.. . dTy =
V2*a, + 2b*0,)S;, + V2a;*b, + ... (12)
and
41 W *¥, ., degdry. .. dry, = Y 2a.*a; + ...,
(13)
by integrating over all the spin and space coordinates of
electrons 2, ..., 4 and over the spin coordinate of electron

1. It is clear that the original state gives a negative overlap
population (~4S5;2) between A and B, which is characteris-
tic of the interaction between two closed-shell systems.!6
The mixing in of the charge-transferred state is important
in bringing about intermolecular bond formation, through
the overlapping of a; and by, by an electron donated from
a;. The mode of the mixing of ¥;_.,, with Vg is, of course, in
phase in the ground state, so as to give a positive overlap
population between A and B.17 As mentioned above, the
mixing in of lccally excited states is primarily responsible
for the intermolecular reorganization of electron distribu-
tion. Therefore, the stabilization comes from the interac-
tion between the HOMO of A and the LUMO of B and the
converse. We are repeating here the basic conclusions of
the theory of intermolecular interaction developed by
Fukuil8 and Salem.!®
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In photoinduced reactions, in which one of the two reac-
tants is promoted to the lowest singlet excited state, the in-
teraction between the HOMO and a singly occupied (SO)
MO, and that between the LUMO and SOMO’ give the
main stabilizing terms, as shown below.1812

somMo’ o; —e bm LUMO

When there is a perturbation from an external field, we
have a wave function similar to eq 7

Vo= Co'ly + Cou /YL, + G+

ivm Yiem
(14)
-where
' = n'la;/a,b,d,’| (15)
¥, = g aB, By |~ &, B ]
Ve (16)
The perturbed MO’s a’ and b’ will be given by
a;’ = kya; + ke
b, = kyb; + kb, etc. (1

k;j and Ky, are small in comparison with k; and &y, respec-
tively, as long as the perturbation is small. Then we have

By = kiR Y+ V2kk R YL
Vektkykiy¥y o + Ryt WLy T

Bty g +ooe. (18)
Ty =— Btk Bam + Riikukinkn) ¥ —
(ByikrikimBmm + RitRrm Bon) s oy om —
(Ri k1t Brm + Fikrikimkn V¥ o g om + oon (19)

We have thus derived in explicit form the expansion coeffi-
cients. In the above expressions the straightforward, but al-
gebraically complicated, correction due to the normaliza-
tion factors has been dropped. It is easy to calculate the
overlap integrals between these electron configurations

.J\PO*\IIi~m dr = ﬁsim + O(Sab3>

The contributions to this integral are shown diagramatical-
ly below.

j ————/-—e-m — —
i —e— -o-o- £ i -o-6~
\I/i—-m \I/O
and
—e—+\——‘—ee- -~ —~
and
J“\Ill - m*‘Iri - m ar = — Si[ + O(Sabg)
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Figure 5. The  orbitals of acrolein.
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¥, 2., dr = S, + O

IR 7 ar = S, + OSx’)

i Gyiwm
IR T dr = 0(Sx’) ete.

Therefore, neglecting small terms, and assuming all the
overlap integrals to have similar magnitudes, we have

V/. ‘IIOI*\I,i - m, dr = - ﬁ(kii3k214kmmsinz -

kil RrmbmmSin + BBk S ) (20)
The first term corresponds to interaction between the
HOMO of A and the LUMO of B in the charge transfer
from A to B. The second and third terms come from the in-
teraction between the HOMO of A and the HOMO of B
and from the interaction between the LUMO of A and the
LUMO of B, respectively. It is clear that the interaction
partially acquires the characteristics of an excited state
reaction. Thus we may interpret the role of such perturb-
ing agents as chemically inducing the equivalent of local
electronic excitation by mixing the unoccupied levels into
the occupied levels. However, far more important is that
the ground-state-type and excited-state-type interactions
commingle as shown in eq 20. They may have a positive ef-
fect, reinforcing each other, or a negative effect, canceling
each other, depending on the nature of the perturbation.

- Myl m
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Here we consider, as an example, the attack of hydride
ion on oxirane?®

H- + W — CH;—CH,—0"~

Hydride ion was placed 2.8 A from one of the carbon atoms
in the molecular plane, as shown in 6.2! The energy level of

H
\ ,/'/

the hydride ion was taken as —7 eV, 1.1 ¢V lower than the
LUMO of unperturbed oxirane. The wave function of the
system is given by

¥ = 09786y + 0.1794V; 10+ 0.0252¥,-.q1 +...

where h~ is the hydride orbital. It can be seen that the
charge transfer from the hydride ion to the LUMO of the
three-membered ring plays a dominant role in chemical
bond formation between the two species. By placing oxi-
rane under the influence of the point charge, the initially
doubly occupied MO a7 comes to mix with ai, as was illus-
trated in Figure 2, in such a way as to enlarge the coeffi-
cient of the p, AOQ’s of the carbons. A calculation shows
that the overlap integral between the hydride orbital and
the LUMO of perturbed oxirane is greater than the corre-
sponding integral in the unperturbed state. The doubly oc-
cupied MO a7 of the isolated molecule comes to lose a frac-
tion of its electron pair by mixing unoccupied levels into it-
self. Correspondingly, the overlap population between the
hydride orbital and a7, which is negative (—0.0006) due to
the electron exchange interaction, becomes less negative
(—0.0002) upon introduction of the electrostatic field. The
absolute value of the overlap population is small, because
a7 is antisymmetric and the hydride-carbon separation
large.

The mixing of a; and a;q yields new MO’s a7’ and ago’.
The LUMO ajq’ of the perturbed system has a greater fron-
tier electron density at the carbons than it had in the un-
perturbed molecule. This facilitates charge transfer, and
therefore bond formation, between hydride and oxirane.
The occupied MO a;” has less density in the C, AO’s than
ay, thus decreasing the antibonding effects between hy-
dride and oxirane. Thus there are two cooperative effects of
the mixing of a; and ajy, both facilitating bond formation
between oxirane and hydride.

The wave function of the system composed of oxirane
and hydride, with a point charge of 0.3e, is given by

¥’ = 0,8995%," + 0,4038%¥,-. 1" +
0.0258‘1’;,".. 11' + ...
= 0.8984¥, + 0.4034¥,-.,, +

0’0258‘1]?!-* i1 + 0.0320‘1’7,10 + LRI

Here the energy level of hydride was tentatively taken as
—17.0 eV, the same as in the unperturbed case. The greater
mixing of the charge-transferred state ¥p-—.10 in ¥’ than in
the unperturbed wave function ¥ is due to the somewhat
artificial way of choosing the energy of the hydride orbital.
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The LUMO of ethylene oxide was lowered in the presence
of a potential field.?2 Such a lowering of the LUMO and an
elevation of the HOMO may represent another way in
which static and dipolar fields can influence the course of
chemical reactions.

The overlap integral between an MO of A and an MO of
B can be decomposed into intermolecular AO pair overlaps.
For instance, we have

A T PO (21)

A B
Z Z k rs's r8
r 8

o~ 0} 3y 4
k'rs = = Vz(kw kll kmmci'rcms -
34, 3 2 4
Rii*r " RymRmmCinCis + Rii RisRrs RumC 1y Coms

The terms on the right-hand side of eq 21 reinforce each
other by having the same sign for certain intermolecular
AQ pairs r and s, and weaken each other by possessing dif-
ferent signs for other AO pairs. In the above example, the
overlap between the hydride orbital and the 2p, AO of the
carhon of oxirane was strengthened. The effect of the per-
turbation is very selective and specific. This, of course, is
the most interesting point of the influence of an external
field.

In summary thermal intermolecular interaction in a per-
turbing field is characterized by the acquisition of some
features of what in the isolated, unperturbed system would
be excited-state interaction. The precise mode of mixing in
of such excited states is of key importance in activating or
deactivating specific sites in a molecule.

Orbital Interchange and Degeneracy

Finally we must add another possible effect of external
perturbation. In a recent paper Houk and Strozier pointed
out the LUMO of acrolein is greatly modified, both in ener-
gy and in shape, by the presence of a proton.23 We carried
out a similar calculation by the CNDO/2 method.?4 The
unperturbed = MO’s of acrolein and the LUMO of the pro-
tonated acrolein with the proton 2.0 A from oxygen are
shown in Figure 5 and in 7, respectively. The change in the

4//\()/0'\

i

7

LUMO, as noted by Houk and Strozier, is remarkable. The
perturbation is also much greater than in the correspond-
ing oxirane case discussed in the preceding sections.

The LUMO of unperturbed acrolein has maximum fron-
tier electron density at C4, while protonated acrolein has it
at Co. By expanding the perturbed LUMO in terms of un-
perturbed MO’s we have

7y’ = — 0.00467; — 0.22857, +

0.80977; + 0,5404m,

w9 and w3 mix in such a way as to increase the frontier elec-
tron density both at Cy and C4. However, the dominant ef-
fect is brought about by mixing in of r4, increasing further
the density at Csy, and decreasing the density at Cs. One
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reason why s mixes better with =4 than with x, may be the
greater energy separation between 73 and w9 than that be-
tween 73 and 4. However this calculation suggests another
important phenomenon. The =4 orbital has greater electron
density in the carbonyl bond region, while 73 is more local-
ized in the vinyl bond region. Therefore =4 will be more sta-
bilized by the presence of a proton than w3 The separation
between 73 and =4 is about 4.8 eV in the isolated state, but
it is about 3.3 eV in the field of a proton.

Higher unoccupied MO’s may be more perturbed by an
external perturbation than the LUMO and come closer to
the LUMO. In the extreme case these higher lying vacant
levels may even come lower than the original LUMO. In
other circumstances lower lying occupied MO’s may be
more destabilized by an external field than the HOMO. In
such a case we can expect the frontier electron density dis-
tribution to be quite different from that in an unperturbed
state.?

Acrolein provides an example of this kind of perturba-
tion. The Diels-Alder reaction of methylacrylate with
diene in the presence of Lewis acid gave a different mixture
of products from that obtained without catalysis.26 Poly-
merization of acrolein can take place through the opening
of a vinylic bond, 9, through the opening of the carbonyl
bond, 10, or through the migration of a double bond, 11.
The polyacetal, 10, is obtained only when the polymeriza-
tion is initiated by a strong anionic catalyst, e.g., sodium
naphthalene, in a polar solvent, e.g., tetrahydrofuran, and
at low temperatures.?” In this case the counterion, e.g.,
Nat, in cooperation with solvent molecule(s), will presum-
ably influence the acrolein, activating the carbonyl group.

_(_CHZ""'{':H—)T -—*(*flj—'“"o‘“);;’
CHO CH
9 (!'H‘z
10

—~(~CH,—CH=CH—O0-)-

11

The = bond orders of unperturbed and perturbed acrole-
in are shown in 12 and 13. Bond alternation takes place in
such a manner as to strengthen the Co-C3 bond and weak-
en the 01-Cy and C3-C4 bonds.?8 The stretching of a given
bond causes the elevation of the MO’s having no node and
the lowering of the MO’s possessing a node in that bond re-
gion.2® The shortening of a bond has an opposite effect. In
the case of acrolein the stretching of Co~0O; and C3-Cy
bonds and shortening of the Co-Cs bond will lower the en-
ergy of the LUMO, because that orbital has a node between

01 and CQ.
9 .0
o2 4, 1 “
93///N\\E€\9;//’ 'n.H+

12 i3

o ~Q ;3 1.0
096 73 097'

An analysis similar to that of this section has been inde-
pendently carried out by Imamura and Hirano.3°

In this paper we have discussed several possible modes
by which a reagent could affect the reactivity of an organic
molecule. Field effects, orbital overlap, charge transfer, and
polarization may operate independently or cooperatively,
depending on the system in question. No doubt the influ-
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ence of solvents or catalysts upon chemical reactions is not
so simple that it can be treated fully by the approximate
MO methods that we have applied. We have also not exam-
ined all possible interactions.3! Qur work suggests, how-
ever, that appropriately modified frontier electron densi-
ties calculated by idealizing the external perturbation may
be helpful in understanding and predicting the chemical
reactivity of organic molecules. Also it is anticipated that in
the near future accurate MO calculations will become
available for chemically interacting systems explicitly in-
cluding solvent molecules and catalytic species. The meth-
odology developed here can be easily applied to other
modes of caleulation, with, it is hoped, further ingight into
the nature of chemical reactivity resulting therefrom.

Acknowledgment. Acknowledgment is made to the Do-
nors of the Petroleum Research Fund, administered by the
American Chemical Society, and the National Science
Foundation. for the support of this research.

References and Notes

{1) W.-D. Stohrer and R. Hoffmann, Angew. Chem., 84, 820 (1972);
Angew. Chern., Int. Ed. Engl., 11, 825 (1972).

{2) (a) E. Vogel, W. A. B3ll, and H. Gunther, Tetrahedron Lett., 608 (1965);

(b) E. Voge! and H. Gunther, Angew. Chem., 79, 429 (1967); (c) H.

Prinzbach and P. Vogel, Helv. Chim. Acta, 52, 396 (1969); (d) H. Prinz-

bach, P. Vogel, and W. Auge, Chimia, 21, 469 (1967); (e) G. Maier,

Angew. Chem., 79, 446 (1967).

R. Hoffmann, J. Chern. Phys., 39, 1397 (1963); R. Hoffrann and W. N.

Lipscomb; ibid., 36, 2179, 3489 (1962), 37, 2782 (1962). The charge it-

eration was done on all atoms according to a program devised by J. M.

Howell and A. Rossi. The final input parameters were as follows: for H,

the Coulomb integral was —14.3 eV, Slater exponent 1.3; for C, the 2s

Coulomb integral was ~~21.85, 2p —12.05, exponent 1.625 for both; for

0, the corresponding parameters were —27.73, —11.13, and 2.275.

{4) R. Bonaccorsi, E. Scrocco, and J. Tomasi, J. Chem. Phys., 52, 5270
(1970). See aiso A, B. Anderson, J. Chem. Phys., 60, 2477 (1974). D. T.
Clark, Tetrahedron, 23, 1887 (1973), claims that this potential does not
fully include the polarization effect required to describe an accurate
reaction path.

(5) K. Ruedenbery, Rev. Mod. Phys., 32, 335 (1960).

{6) Resonance integrals, hy were calculated in the same way as in the ex-
tended Hiickel MO calculation.

3

=

hij = 0. 875»81!(11,'1' -+ hjj)
A similar result was obtained by the use of

hiyy = 0.8758;,(h;," + k") + 0.55,(8, + 4,)

The Journal of Physical Chemistry, Vol. 78, No. 18, 1974

Hiroshi Fujimoto and Roald Hoffmann

(7) (@) H. Baba, 8. Suzuki, and T. Takemura, J. Chem. Phys., 50, 2078
(1969); (b) S. Yamabe, S. Kato, H. Fujimoto, and K. Fukui, Theor. Chim.
Acta, 30, 327 (1973); the expansion in terms of various selsctronic con-
figurations is formal and doss not necessarily imply the actual presence
of such electronic states.

(8) More realistic pictures of the MO’s are given in W. L. Jorgensen and L.
Salem, “The Organic Chemist's Book of Orbitals,” Academic Press,
New York, N. Y., 1973, pp 159-160.

(9) For more detailed discussions of polarization affects see, for instance,
L. Libit and R. Hoffmann, J. Amer. Chem. Soc., 96, 1370 (1974); H. Fuji-
moto and R. Hoffmann, J. Phys. Chem., 78, 1167 (1974).

(10) The orbital exponent was taken as the hydrogenic vaiue of 1.3.

(11) Configuration interaction will make the contribution of charge-trans-
ferred states smaller.

(12) R. Bonaccorsi, E. Scroceo, and J. Tomasi, /. Chem. Phys., 52, 5270
(1970). See text and footnote 5 of ref 1.

(13) See, for example, E. S. Amis, “Solvent Effects on Reaction Rates and
Mechanisms,’’ Academic Press, New York, N. Y., 1966.

(14) K. Fukui and H. Fujimoto, Bull. Chem. Soc. Jap., 41, 1989 (1968).

(15) H. Fujimoto, S. Yamabe, and K. Fukui, Bull. Chem. Soc. Jap., 43, 2936
(1971).

(16) (a) R. S. Mulliken, J. Chem. Phys., 23, 1833 (19855); (b) L. Salem, Proc.
Roy. Soc., Ser. A, 264, 379 (1961); (c) V. Magnasco, Theor. Chim.
Acta, 21, 267 (1971).

(17) For numerical results see, for instance, K. Fukui, H. Fujimoto, and S.
Yamabe, J. Phys. Chem., 26, 232 (1972).

(18) (a) K. Fukui, Accounts Chem. Res., 4, 57 (1971); (b) K. Fukui, ‘‘Molecu-
lar Orbitals In Chemistry, Physics and Biology,” P.-0. Lowdin and B. Puil-
man, Ed., Academic Press, New York, N. Y., 1964, p 513; (c) W. C.
Herndon, Chem. Rev., 72, 1567 (1972).

(19) (a) L. Salem, J. Amer. Chem. Soc., 90, 543, 553 (1968); (b) A. Deva-
quet and L. Salem, ibid., 91, 3793 (1969).

(20) For instance, the reaction of propylene oxide with methanol was studied
by W. Reeve and A. Sadle, J. Amer. Chem. Soc., 72, 1251 (1950).

(21) For a detailed MO calculation of the interaction between hydride and ox-
irane, see H. Fujimoto, M. Katata, S. Yamabe, and K. Fukui, Bull. Chem.
Soc. Jap., 45, 1320 (1972).

(22) For the mechanism of acid-catalyzed reaction of epoxides with bases
see, for instance, E. S. Gould, “Mechanism and Structure in Organic
Chemistry,” Henry Holt and Co., New York, N. Y., 1959, p 292.

(23) K. N. Houk and R. W. Strozier, J. Amer. Chem. Soc., 95, 4094 (1973),

(24) J. A. Pople and D. L. Beveridge, “‘Approximate Molecular Orbital Theo-
ry,” McGraw-Hill, New York, N. Y., 1870. The following geometry was
assumed: 04-Co, 1.22 A; Co-Cs, 1.48 A; C3-Cy, 1.36 A; C-H, 1.09 A;
all the angles are 120°,

(25) For application of these ideas to the design of stabilized species see R.
Gleiter and R. Hoffmann, Angew. Chem., 81, 225 (1969); R. Hoffrnann,
Pure Appl. Chem., 28, 181 (1971).

(26) T. Inukaiand T. Kojima, J. Org. Chem., 32, 869, 872 (1967).

(27) R. C. Schultz and W. Passmann, Makromol. Chem., 60, 139 (1963); R.
C. Schuitz, Angew. Chem., 76, 357 (1964).

(28) An optimized geometry of protonated acrolein by the use of CNDO/2
gives the same conclusion; A. Dargelos, D. Liotard, and M. Chaillet, Tet-
rahedron, 28, 5595 (1972),

(29) K. Fukui and H. Fujimoto, Bull. Chem. Soc. Jap., 53, 3399 (1969).

{30) A. Imamura and T. Hirano, to be submitted for publication. We are
grateful to Dr. A. imamura for communicating his work to us.

(31) For instance others have pointed to an important role of direct Coulom-
bic interaction between ionic species and polar molecules: G. Klopman,
J. Amer. Chem. Soc., 90, 223 (1968); R. F. Hudson, Angew. Chem., int.
Ed. Engl., 12, 36 (1973). See also ref 19b.



