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Origin of the Reactivity of Allyl Chloride and a-Chloroacetaldehyde in Sy2
Nucleophilic Substitution Reactions: A Theoretical Comparison
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A comparison of the molecular orbitals of the transition state for the SN2 nucleophilic substitution of chloride
ion on allyl chloride and a-chloroacetaldehyde was made by employing ab initio calculations. These data suggest
that the enhanced rate of nucleophilic substitution for both reactions is the result of a low lying “allylic” bonding
interaction present in the transition state. The origin of this relatively low lying molecular orbital is traced back
to a three molecular orbital four-electron interaction between the nucelophile and the o~7 conjugated bonding
and antibonding molecular orbitals comprising the ooy and o*cc; bonds of the substrate.

The relationship between structure and reactivity has
intrigued organic chemists for many years. One of the
earliest examples is the enhanced rate of bimolecular nu-
cleophilic substitution at a saturated carbon adjacent to
a multiple bond.> This reactivity has been ascribed to the
ability of the multiple bond to delocalize the developing
negative charge at the reaction site.?® More recently,
Dewar* has indicated that in benzylic substrates a 7-bond
overlap stabilizes the transition state (1a) resulting in the
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increased rate of nucleophilic substitution. The impor-
tance of this stabilization was pointed out by King® in
model studies where Sy2 attack at the benzylic carbon
occurred 8000 times faster in 2a than in the cyclic analogue
2b. In the latter case, the C—S a-bond undergoing dis-
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placement is constrained to lie in the plane of the aromatic
ring and cannot engage in o—m conjugation as depicted in
transition state la. This atypical “benzylic reactivity” is
also observed in «-halo nitriles and amides and is further
enhanced in a-carbonyl substrates.® On the basis of
theoretical studies on a-chloro carbonyls, it has been
suggested’ that the enhanced rate was the result of an
“allylic” interaction of the periplanar Cl- - -C- - -Nuc moiety
with the polarizable carbonyl functionality as in 1b. De-
spite the similarity of the Sy2 reactions involving allylic
(benzylic)™ and a-halo carbonyl substrates?, no ab initio
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Table 1. Total Energies (au) for the Optimized Structures
(4-31G) for the Ground-State and Transition-State Species
for the Addition of Cl” to Conjugated (5) and
Nonconjugated (3) a-Chloroacetaldehyde

structure Eror
Cl -459.026 405
CICH,CHO (3) (nonconjugated) -611.083917
CICH,CHO (5) (conjugated) —611.084 463

-1070.123 897
-1070.141133

nonconjugated (6) transition state
conjugated (7) transition state

mechanistic study has been reported that demonstrates
that there is a relationship between these reactions. This
is partially the result of complicating features inherent in
the a-carbonyl reaction, such as the uncertainty as to the
site of attack® and the dependence on the nucelophile.’ As
we have noted earlier,’ there was no bonding of the nu-
cleophile to the carbonyl carbon, an observation also re-
ported by Dewar.! We now provide a direct comparison
of the molecular orbitals of the transition state for both
reactions that clearly shows that the origin of the
“electrophilicity” of both classes of compounds are quite
similar in nature. The increased rate of nucleophilic attack
may be ascribed to a relatively low lying conjugated
“allylic” orbital that stabilizes the transition state.

Results and Discussion

The rate acceleration for a-halo carbonyls and allylic
(benzylic) substrates is dependent upon the ground-state
conformation where the ¢ bond is parallel to the p or-
bitals of the adjacent m-bond. The effect of this ¢—7 in-
teraction on the energy of the LUMO orbital is demon-
strated in Figure 1.1° The inductive effect of a carbonyl
group, in a conformation where the op¢; bond and the mc
orbitals are orthogonal (3), has little effect on the energy
level of the o*¢¢, orbital relative to that in methyl chloride.
However, a 90° C-C bond rotation affords a conformer (5)
where the upper filled antibonding combination (HOMO
= oo — Te—o) 18 elevated in energy as a result of a four-
electron interaction and the LUMO, a bonding combina-
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Figure 1. Calculated 4-31G (STO-3G) occ and o*¢c) energy levels (au) for molecules containing a carbon chloride bond and selected

nucleophiles.

tion of o*cy with 7%, is substantially lowered in energy
by 0.105 au (66 kcal/mol).}?2 This significant electronic
perturbation of the pertinent LUMO is accompanied by
a marked increase in the rate of nucleophilic substitution.
The corresponding energy level of the LUMO in allyl
chloride is intermediate between methyl chloride and
a-chloroacetaldehyde (Figure 1) in accord with their re-
spective reactivities toward nucleophiles. The rate of
nucleophilic substitution is, of course, affected by the in-
teraction of the HOMO of the nucleophile with both the
pertinent HOMO and LUMO energy levels of the sub-
strate.!®

A comparison of the frontier orbitals involved in CI”
displacement on the ¢—7 conjugated and nonconjugated
conformers of a-chloroacetaldehyde will be instructive.!4
Since the effects of a g-orbital in conjugation with a more
polarizable carbonyl w-bond exceed those of a carbon-
carbon double bond, the stereoelectronic effects are more
evident. The charge transfer to the carbonyl group at the
transition state is reminiscent of the stabilization of an
enolate anion; an opposing flow of electron density occurs
in the o-framework.” Thus, the rate enhancement due to
the multiple bond is also a manifestation of the polariza-
tion of the w-system.

The five basic orbitals of the reactants that are involved
in nucleophilic attack of Cl- on a-chloroacetaldehyde in
the preferred conformation include a lone pair of electrons
on the nucleophilic (C1") and the ¢ and = bonding and
antibonding orbitals of the active halide (Figure 2).1* The
transition structure (4-31G) for the “degenerate” dis-
placement by ClI” is 10.8 keal/mol lower in energy'® for the
o-m conjugated conformer 7 than for 6 (Table I). Upon
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Figure 2. Frontier molecular orbitals on the principal axis of
reaction for nucleophilic displacement by Cl~ on a-Chloroacet-
aldehyde in the transition state.

examination of the resulting five molecular orbitals of the
transition state (Figure 2), we note that the HOMO orbital
has no contribution from the atomic p orbital of the
“electrophilic” carbon atom. This is a consequence of the
principle of atomic orbital coefficient cancellation.!® In
the next lowest pertinent MO (), the partial C-Cl bonds
are antibonding to the carbonyl w-bond. The only orbital
with the proper symmetry to stabilize the transition state
for nucleophilic substitution at the a-carbon in this con-
formation is Yo, a molecular orbital far removed in energy
from the HOMO orbital (¥99). The resulting delocalized
“enolate anion” interaction results in a lowering of the
energy of this conjugated bonding MO (Figure 2) by 11.1
kcal/mol (4-31G) relative to the same molecular orbital
in the unconjugated conformer in good accord with the
EFMO analysis. We saw no significant ¢-bridging of the
incoming nucleophile with the “electrophilic” carbon and
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Figure 3. Frontier Molecular Orbitals (4-31G) for displacement
by CI" on 3-chloropropene in symmetrical transition state 8.

the carbonyl carbon as initially advocated by Winstein.!¢
Examination of the bonding interactions in the FMOs
(Figure 2) also excludes partial bonding between the
chloride ion and the carbonyl carbon as the basis for en-
hanced reactivity.'®® The interactions of an incoming
nucleophile with the bonding (¥4) and antibonding (yo,)
“allylic” molecular orbitals in 5 would essentially cancel
one another. We, therefore, attribute the enhanced re-
activity of a-substituted carbonyl compounds and by
analogy allyl (benzyl)™ substrates to the stabilization of
the lower lying bonding combination (yy) consisting of
the w-bond interacting with the principal axis of the re-
action constituting the X--C--NUC o-bond. Although it
may be fortuitous, this delocalization energy (11.1 kcal/
mol) accounts for the difference in energy (10.8 kcal /mol)
between the nonconjugated (6) and o—7 conjugated (7)
transition structures (4-31G). By employing similar ar-
guments this exercise may be extended to include the
enhanced susceptibility of allylic substrates to direct Sy2
displacement.

The pertinent molecular orbitals of the symmetrical Sy2
transition state of Cl™ and 3-chloropropene are shown in
Figure 3.122 These orbitals are the result of the two- and
four-electron interactions of the HOMO of the nucleophile
with the four allylic molecular orbitals of the allyl system.
Early along the reaction coordinate the effective HOMO
will be the antibonding combination of the lone pair on
the nucleophile with the carbon chlorine o bond (n¢—ocey)-
Proceeding along the reaction coordinate, this developing
MO increases in energy from the initial four-electron in-
teraction to a point where the accompanying interaction
with the LUMO (o*cc) becomes significant. This at-
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Figure 4. Three molecular orbital four-electron interaction
diagram between a C~X ¢ and ¢* and an incoming nucleophile.

tendant stabilizing two-electron interaction serves to me-
diate the repulsive component of the reaction by lowering
the energy of the “effective” HOMO. At the transition
state (8) the two chlorines are identical by symmetry. As
a direct result of the two opposing interactions, there is
a cancellation of the p orbital at the central carbon in
HOMO (yg). Carrying this analysis further to NHOMO
(Y94), symmetry considerations preclude the involvement
of the carbon 2s atomic orbital in this molecular orbital.
Evidence for the “allylic” stabilization present in this
transition structure is seen in the lower lying bonding (o
+ =) combination comprising molecular orbital Y93, Con-
sidering the principal axis of the displacement reaction,
Va3 is the only orbital that can result in the lowering of
the energy of activation on an allylic substrate.'?b

In both types of reactions the incoming nucleophile is
net antibonding to the “electrophilic carbon” until that
“null point” is reached where the phase of both the in-
coming nucelophile and that of the leaving group, with
respect to the reaction site, must be the same. We have
become accustomed to thinking about partial bonding of
the attacking nucelophile to the “electrophilic carbon”
along the reaction coordinate. Although this is true in the
lower lying molecular orbitals, the net overlap of the nu-
celophile to carbon in HOMO, resulting in a symmetrical
transition state, must by symmetry be antibonding until
a point at or near the transition structure is achieved. A
corrolary to this statement is that the leaving group should
be net bonding when the overlap population is summed
over all occupied MOs. The resultant symmetry about the
“electrophilic carbon” is a consequence of destructive in-
terference, i.e., occ and o*cg orbital cancellation.!?

There remains the point that the rate enhancement is
not nearly as pronounced for neutral nucleophiles (i.e.,
amines) as for ionic or charged nucleophiles. In some
instances methyl iodide® or benzyl bromide® can exhibit
a higher reactivity than phenacyl bromide in the Sy2 re-
action with amines. Considering Figure 1, it should be
noted that the HOMO levels of the substrates (acc)) are
very close in energy to the HOMO of the amine nucleophile
(NHj). Thus, the initial electronic interaction between the
two respective HOMOs results in a net destabilization as
we have noted earlier.’® In contrast, a HOMO-LUMO
dominant interaction may occur between the higher lying
charged nucleophile H™ and the substrate LUMOs. In
reactions with chloride ion where the HOMO energy level
is intermediate between the filled and virtual orbital, the
HOMO of the nucleophile will mix initially with both the
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ocor and o*cq in a three molecular orbital four-electron
interaction (Figure 4).

As we have described elsewhere,'®® interactions of this
type can be net stabilizing. The initial four-electron in-
teraction gives rise to a bonding combination, y;, which
is lowered in energy. The accompanying antibonding
component is increased in energy to a point where it begins
to mix into itself the higher lying virtual orbital (¢*x) in
a two-electron interaction. In most of the cases that we
have examined thus far, the magnitude of this two-electron
stabilization increases to a point where it equals or exceeds
the intrinsic four-electron destabilization of this three MO
four-electron interaction. Thus the HOMO orbital ¢, is
stabilized at the expense of an empty orbital ¥ such that
AE, > AE, (Figure 4). For both of these above cases when
a charged nucleohile is involved, there is a significant
stabilizing contribution to the overall energetics of the
reaction early along the reaction coordinate. For a neutral
nucleophile such as an amine, we would expect a greater
influence of the four-electron interaction early along the
reaction coordinate. Only after the level of the relatively
low lying amine lone pair has been sufficiently raised in
energy, as a result of its closed shell repulsion with the
filled ooc orbital, should any significant two-electron
stabilization resulting from the interation of the developing
HOMO orbital with the o*cc; be realized. As pointed out
elsewhere,'® such reactions typically exhibit a barrier in
the gas phase and involve a relatively late transition state.
This is partially responsible for the smaller degree of rate
enhancement observed with neutral nucleophiles. One
must also take into consideration that charged nucleophiles
are typically more highly solvated which also contributes
to the activation barrier.

In our comparison of the Sy2 attack by Cl- at saturated
carbon, we have concluded that the more polarizable

carbonyl bond™ has a stronger activating influence than
a carbon-carbon double bond. The difference in reaction
rate is an obvious consequence of the ability of the car-
bonyl functionality to stablize a developing negative charge
at the transition state. We propose a unifying mechanism
where the increased rate of SN2 displacement of allylic
(benzylic) substrates relative to methyl chloride and es-
pecially n-propyl chloride!” may also be attributed to the
stabilizing influence of the delocalized allylic MO (y45) in
the transition state (Figure 3). Thus, no special explana-
tion or multicenter bonding of the nucleophile to the
electrophilic center and the adjacent carbonyl carbon need
be involved in an explanation of the enhanced reactivity
or “electrophilicity” of a-halo carbonyls. Increased re-
activity toward nucleophiles in the Sy2 reaction should be
anticipated whenever the repulsive or four-electron com-
ponent of the reaction can be decreased by electron de-
localization via a conjugated molecular orbital (y,;) as
depicted in Figure 2.8
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It is proposed that the reason sulfenic acids (RSOH) are so reactive and usually not isolated or even detected
is that they form thiosulfinates (RS(O)SR) so readily. This is a consequence of the sulfenic acid hydrogen-bonded
dimer, 1, which lowers the energy of activation for thiosulfinate formation. The stability of the few sulfenic acids
that have been isolated can be explained in terms of steric, electronic, and intramolecular hydrogen-bonding
effects which prevent dimer formation. The importance of these effects on the stability of simple unstable sulfenic
acids was demonstrated by flash vacuum pyrolysis (FVP) and the thiosulfinate/vinyl sulfoxide ratio. A novel,
high yield, rearrangement of sulfenic acid 19f to 1,3-benzothiazine 26 was observed.

Sulfenic acids (RSOH) have been of interest for more
than three-quarters of a century. Their importance as
transient intermediates in organic and bioorganic sulfur
reactions is now well recognized.>* The two most im-
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portant reactions of a sulfhydryl group (RSH) in living
systems, oxidation to higher sulfur oxides (RSO,H) and
to disulfides (RSSR), has recently been shown to involve
sulfenic acid intermediates.** Much of the chemistry of
the penicillin sulfoxides is related to the relatively stable
2-oxazetidine-4-sulfenic acid.’ Indeed, the spectrum of
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