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Effect of Ring Strain on the Thiolate—Disulfide Exchange.
A Computational Study
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B3LYP/aug-cc-pVDZ and MP2/6-31+G* calculations of the reactions of HS™ with small cyclic
disulfides (dithiirane, 1,2-dithietane, 1,2-dithiolane, and 1,2-dithiane) were performed to determine
the reaction mechanism. For the five- and six-membered rings, the reaction proceeds via the
addition—elimination pathway, consistent with acyclic analogues. The smaller, more strained three-
and four-membered rings react by the Sy2 mechanism. Addition of the nucleophile cannot be
accommodated by the small rings without concomitant ring cleavage.

Introduction

The thiolate—disulfide exchange provides for reversible
creation and disruption of the S—S bond, of critical
importance in many biological processes. While numerous
solution-phase studies have implicated a simple S\2
process for this reaction,’~® we have recently reported
computations that suggest that the mechanism is addi-
tion—elimination in the gas phase.®~ !

Singh and Whitesides® reported that 1,2-dithiolane (the
cyclic five-membered disulfide) undergoes the thiolate—
disulfide exchange about 600 times faster than 1,2-
dithiane (the cyclic six-membered disulfide). Relief of the
greater strain energy of the smaller ring results in its
faster rate is suggested. They speculate that this rate
enhancement is the cause for the selection of lipoic acid
as a cofactor in enzymes such as the pyruvate dehydro-
genase multienzyme complex.*? Lipoic acid (as a lipoa-
mide) serves two functions within this multienzyme, both
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of which involve nucleophilic substitution at sulfur:
nucleophilic attack of the hydroxyethyl-TPP carbanion
on the lipoamide to form acetyldihydrolipoamide-E; and
transfer of the acetylate moiety between enzyme sub-
units.’® LeMaster and Kushlan!* have argued that com-
pression of the angle about sulfur in the cyclic five-
membered disulfide ring of thioredoxin, which mimics the
angle in the presumed S\2 transition state, leads to the
high activity of this enzyme.

Gronert and Lee!®>!® have argued that formation of
small, strained rings such as thiirane and oxirane
proceed through relatively strain-free transition states.
For example, in the reaction of HSCH,CH,S™ to thiirane,
the barrier is 19.2 kcal mol™t, but the Sy2 reaction of
MeS™ with ethyl sulfide has a barrier of 25.0 kcal mol™.
They argue that strain energy is gained after the transi-
tion state in the formation of the small ring. In addition,
to understand the energetics, one must account for 1,3-
interactions and a proximity effect that favorably ar-
ranges the nucleophile near the reactive center. This
leads to a much greater barrier, for example, in the
formation of thietane (the four-membered ring) than
thiirane (the three-membered ring), where one fewer 1,3-
interactions are lost and a less favorable proximity effect
is exhibited.

In this paper, we examine nucleophilic attack at sulfur
in a series of cyclic disulfides, reactions 1—4 shown in
Scheme 1, focusing on the effect of ring strain on the
reaction mechanism. Given the computational depend-
encies we have previously noted for the thiolate—disulfide
exchange, we examine these reactions at the B3LYP and
MP2 levels.?!! Reactions 3 and 4, involving relatively
strain-free disulfides, proceed via the expected addition—
elimination route just as their acyclic analogues. On the
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SCHEME 1
g * HS —= HS-8-CHy-§ (R1)
3'1 + HS" ——= HS-S-CH, -CH, -S° (R2)
Q + HS" ——= HS-8-CH, -CHj -CH, -§° (R3)

+ HS® —— HS-S-CH,-CH, -CH, -CH,-S"  (R4)
S-S

other hand, reactions 1 and 2, involving strained di-
sulfides, proceed by the Sy2 pathway.

Computational Methods

Early studies of the thiolate—disulfide exchange noted that
the HF potential energy surface (PES) consists of an entrance
and exit ion—dipole complex, and a transition state connecting
these two stable structures, consistent with a gas-phase Sn2
mechanism.®*” The PES at both MP2 and B3LYP is topologi-
cally quite different, implying a different reaction mecha-
nism.%! In addition to the two ion—dipole complexes, a third
stable structure is found corresponding to the addition of the
nucleophile (thiolate) to sulfur. Transition states connecting
each ion—dipole to this intermediate complete the PES, which
is indicative of an addition—elimination (AE) pathway. An-
ticipating that similar mechanism dependence is likely for
reactions 1—4, we have employed the MP2/6-31+G* and
B3LYP/aug-cc-pVDZ methods.*®1° These methods differ in
their treatment of electron correlation and allow for compari-
son of the methods in terms of the nature of the PES. Previous
calculations have shown the PES and reaction energetics for
thiolate—acyclic disulfide exchange are very similar for these
two computational methods.!! Furthermore, a recent exhaus-
tive comparison of DFT methods to CCSD applied to Sn2
reactions at carbon indicate that B3LYP provides reasonable
geometries and energies; important systematic deficiencies of
B3LYP are overestimation of the hydrogen bond distance in
ion—dipole complexes and underestimation of the ion—dipole
complex energy and activation barrier.?°

A cautionary note needs be mentioned here with regard to
the relative energies of critical points along the reaction
pathways. The Schaefer et al.?® DFT study cautions that
B3LYP activation barriers for Sy2 reactions are likely under-
estimated by 2 kcal mol~t. Some of the barriers obtained in
this study are on this order or less—and for the two reactions
that are SN2 reactions (reactions 1 and 2), the B3LYP and MP2
barriers are within 2 kcal mol~2. It is important to recognize
that the goal of this study is the nature of the potential energy
surface and, because of the difficulty in accurately determining
barriers, the energetics are of secondary importance. For all
of the nucleophilic substitution reactions at sulfur we have
examined, both in this study and previously, MP2 and B3LYP
provide identical topologies for the PES. The only exception
is the lack of intermediates or transition states for the chair
conformation for reaction 4 at MP2, despite exhaustive searches.
We therefore believe that the computational methods employed
here are suitable for our purpose of explicating the PES, and
thus the mechanism of nucleophilic substitution at sulfur in
strained rings.

We attempted to locate entrance ion—dipole complexes,
transition states, and intermediates for reactions 1—4 by
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complete geometry optimization at both MP2/6-31+G* and
B3LYP/aug-cc-pVDZ. Multiple conformations of the rings,
especially for the five- and six-membered rings, were explored
in the searches for transition states and intermediates. We
report only those transition states that correspond to substitu-
tion reactions. There are multiple local minima that cor-
respond to different conformations of the products; we report
only the conformation directly connected to the transition
state. The nature of all structures was confirmed using
analytical frequencies; all reactants, ion—dipole complexes,
intermediates, and products had only positive eigenvalues of
the Hessian matrix, while all transition states had one and
only one negative eigenvalue of the Hessian matrix. The
optimized B3LYP structures are shown in Figures 1-7, and
relevant distances (for both the B3LYP and MP2 structures)
are listed in Table 1. Throughout the paper, we refer to the
incoming sulfur as Sy, and the exiting sulfur as Si;. We employ
the following labeling scheme: for all cases, n designates the
reaction number, and we designate reactants as R-n, ion—
dipole complexes as ID-n, entrance transition states as TS1-
n, intermediates as INT-n, exit transition states as TS2-n,
products as P-n, and proton-transfer products as PTP-n. All
energies include the electronic energy and the zero-point
vibrational energies, scaled by 0.96 and 0.98 for the MP2 and
the B3LYP results, respectively. All computations were per-
formed with GAUSSIAN-98.2%

Results

Geometries and Ring Strain Energies of R-1—R-
4. The structures of the cyclic disulfides are shown in
Figure 1; both the chair and boat forms of R-4 were
located. These geometries are as expected. The MP2 S—S
and S—C distances are all shorter than the B3LYP
distances (see Table 1), but the difference is very small.

Ring strain energy (RSE) is determined using the
group equivalent approach.?? RSEs are evaluated as the
negative of the reaction energy for eq 1. These RSEs are

$S + HSSH —— HSSCH,SSH
S EN
S<

é/(CHz)n +(n-1) CH3CHz —

CH3CH,SSCH,CH3 + (n-2) CH3CH,CH3 (N=2,3,4)

given in Table 2. The MP2 and B3LYP estimates are in
good general agreement, and one can therefore anticipate
that these two methods should conform with each other
when applied to the reactions under study. Calorimetric
estimation? of the RSE of R-3 and R-4 is 4 and 0.5 kcal
mol~2, respectively. These agree with the calculated RSEs
of about 6 kcal mol~* for R-3 and 2 kcal mol~! for R-4.
The smaller rings are significantly more strained: the
RSE of R-1 is about 19 kcal mol~?, and that for R-2 is
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TABLE 1. Selected Geometric Parameters of Critical Points in Reactions 1—42
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Reactants
S—Sig S—Syig S—Syg
compound MP2 B3LYP compound MP2 B3LYP compound MP2 B3LYP
R-1 2.104 2.132 R-3 2.075 2.114 R-4boat 2.061 2.099
R-2 2.132 2.170 R-4 2.067 2.107
lon—Dipole Complexes
S—Syg Snuct+H
compound MP2 B3LYP MP2 B3LYP
ID-1 2.107 2.133 2.459 2.476
1D-2 2.127 2.163 2.996 3.030
2.958 3.003
1D-3 2121 2.159 2.784 2.730
1D-4 2.071 2112 2.691 2.620
Transition State 1
S_Slg ShuetH Shue'** S Shuc-S SIg
compound MP2 B3LYP MP2 B3LYP MP2 B3LYP MP2 B3LYP
TS11 2.120 2.151 2.880 2.855 3.826 4.191 111.7 105.8
TS12 2.150 2.196 2531 2.525 3.933 4.294 137.7 128.5
TS13 2.116 2.156 2.648 2.543 3.298 3.850 165.9 155.2
TS14chair 2.135 2.548 3.847 164.1
TSl4boat 2.123 2.256 2.733 2.755 3.254 2.916 178.5 174.6
Intermediate
S_Slg Snuc_S Snuc_S SIg
compound MP2 B3LYP MP2 B3LYP MP2 B3LYP
INT-3 2.442 2.502 2.524 2.552 177.3 179.0
INT-4chair 2.295 2.810 177.7
INT-4boat 2.417 2.593 2.536 2.454 178.5 179.3
Transition State 2
S"'Slg Shuc—S Shuc—S Slg
compound MP2 B3LYP MP2 B3LYP MP2 B3LYP
TS22 4111 2.115 118.2
TS23 3.765 3.967 2.081 2.129 145.6 144.0
TS24chair 3.824 2.139 159.8
TS24boat 3.895 3.895 2.096 2.144 171.4 163.7
Product
Snuc7S SnucfS snucfs
compound MP2 B3LYP compound MP2 B3LYP compound MP2 B3LYP
P-1 2121 2.237 P-2a 2.115 P-4 2.071 2.108
P-2 2.121 2.308 P-3 2.074 2.124

a All distances in angstroms and all angles in degrees.

even higher, about 22 kcal mol~*. These can be compared
to the RSEs of the small rings containing a single
sulfur: thiirane, 19.1 kcal mol~%; thietane, 22.2 kcal
mol~1; tetrahydrothiophene, 3.1 kcal mol—.1
Geometries. Thiolate and any disulfide will associate
to form an ion—dipole complex in the gas phase. This is
well established in both experiments and computations.
As noted by Gronert!>1® for ion—dipole complexes of
thiirane and oxirane, with larger disulfides a number of
configurations of the ion—dipole complex are possible
with little energy difference among them. We have not
performed an exhaustive search of the ion—dipole space,
figuring that any ion—dipole structure is likely to not be
significantly higher in energy than the actual minimum
energy complex, if the structure we found is not actually
the optimum structure. Thus, one can consider the
structures shown in Figure 2 as representative of the

ion—dipole space. Formation of the complex barely per-
turbs the cyclic disulfide geometry (see Table 1 for the
S—S distances). The putative hydrogen bond distance is
little affected by the computational method. This distance
is longer in ID-2 than the others due to the bridging
position of thiolate. (Repeated attempts failed to locate
an ion—dipole structure for reaction 2 that does not
involve a bridging thiolate ion.)

The reaction proceeds from the ion—dipole complex
with the thiolate swinging toward the disulfide bond,
thereby lengthening the putative hydrogen bond of the
ion—dipole complex. These transition states are shown
in Figure 3, and important distances are listed in Table
1. At B3LYP, we located two TSs for reaction 4, corre-
sponding to attack of the boat and chair form of the six-
membered ring, while at MP2 only the boat form was
found. The S—S,q distance is only slightly longer in these
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FIGURE 1. B3LYP/aug-cc-pVDZ-optimized geometries of
R-1—R-4. All distances are in angstroms, and all angles are
in degrees.

TABLE 2. Ring Strain Energy (kcal mol1) from Eq 1

compound B3LYP MP2  compound B3LYP MP2
R-1 18.7 20.5 R-4chair 2.0 1.6
R-2 20.8 23.9 R-4boat 6.6 6.7
R-3 5.8 6.4

TSs than in the reactants, and the S,:**S distance is
very long. The Sy **S+++Siy angle is decidedly nonlinear.
Clearly, these are early TSs with an attack angle that is
inconsistent with backside linear attack found in the
classic Sy2 mechanism. The B3LYP and MP2 geometries
are reasonably similar: the MP2 S—S,4 distance is only
slightly shorter than at B3LYP, and only for TS1-3 is
the S,.*--H distance different by more than 0.1 A. There
is greater discrepancy in the Sp,:--S distances. MP2
predicts a much closer approach of the nucleophile than
B3LYP, except in TS-4boat. The geometry of TS-4chair
indicates a much earlier transition state than TS4-boat;
its S—S,q distance is shorter, the Sn,.—S distance is much
longer, and the S,,;—S—S,q angle is much narrower than
in the boat form.

There is a divergence in the reaction pathway forward
from TS1: reactions 3 and 4 proceed through an inter-
mediate (INT-3 and INT-4), while no intermediate is
found for reactions 1 and 2 (TS1-1 connects directly to
P-1, and TS1-2 connects directly to P-2). The intermedi-
ates are drawn in Figure 4, and important distances are
listed in Table 1.

INT-3 and INT-4boat are representative of typical
intermediates we have seen in our previous studies of
nucleophilic substitution at S; the two S—S bonds are of
similar length and in the vicinity of 2.5 A, and the S—S—S
angle is nearly linear. Like INT-4boat, INT4-chair has
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FIGURE 2. B3LYP/aug-cc-pVDZ-optimized geometries of I1D-
1-1D-4. See Figure 1.

a nearly linear S—S—S angle, but the S—S distances are
quite different. The S-S distance is very long (2.810
A), though this is much shorter than in TS1-4chair. The
S—S), bond has lengthened by 0.16 A from that in TS1-
4chair, but remains much shorter than typical distances
in intermediates we have previously encountered. Be-
sides the differences in the S—S distances, the two
intermediates from reaction 4 differ in the conformation
about the ring, one in a boatlike form and the other in a
chairlike form. As for TS1-4, only a boat form of the
intermediate for reaction 4 (INT-4boat) is found at MP2.
The two MP2 intermediates (INT-3 and INT-4boat) are
structurally similar to their B3LYP complements, though
the asymmetry in the lengths of the two S—S interactions
is somewhat larger at MP2.

Continuing on for reactions 3 and 4, after the inter-
mediate is a second transition state, TS2-3 and TS2-4.
These second TSs are drawn in Figure 5, and important
distances are listed in Table 1. In these TSs, the S—S;
bond is fully formed and the S—S)q bond very long, about
4 A. There is little difference between the B3LYP and
MP2 geometries. These TSs mostly involve the opening
up of the ring by rotations about the C—C bonds.

The direct products of reactions 1—4 are drawn in
Figure 6 and some of their bond distances listed in Table
1. A comprehensive search for the lowest energy confor-
mation of the products was not performed, and these are
simply representative of the product space. As for the
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TS1-4boat

FIGURE 3. B3LYP/aug-cc-pVDZ-optimized geometries of
TS1-1-TS1-4. See Figure 1.

INT-4boat

INT-4chair

FIGURE 4. B3LYP/aug-cc-pvVDZ-optimized geometries of
INT-3—INT-4. See Figure 1.

cyclic reactants, the structures of P-1, P-3, and P-4 are
quite normal and expected. MP2 S—S distances are again
slightly shorter than the B3LYP values.

P-2 obtained at MP2 is also ordinary, with a normal
Snuc—S distance and a long, broken S—S); distance.
However, the B3LYP product of reaction 2 is rather
unusual: the S—S,, distance (2.308 A) is much longer
than a typical S—S bond, and the S—S,q distance (2.747
A) is short enough to suggest some possible remaining
interaction. It is tempting to identify this structure as
an intermediate. We did locate a transition state leading
from this structure to a structure with a completely
broken S—S,4 bond (P-2a). Motion along the imaginary
frequency in this transition state corresponds primarily
to rotation about the C—C bond, suggesting that P-2 and
P-2a are simply conformers. Further, P-2 is much more
stable than the intermediates found in reactions 3 and 4

TS2-4chair

FIGURE 5. B3LYP/aug-cc-pVDZ-optimized geometries of

TS2-3—TS2-4. See Figure 1.

FIGURE 6. B3LYP/aug-cc-pVDZ-optimized geometries of
P-1—-P-4. See Figure 1.

or in our previous studies. It is energetically much more
in line with the product of reaction 1.

All attempts to locate a cyclic product having an
intramolecular hydrogen bond between the disulfide
hydrogen and the sulfur anion led to proton transfer. The
proton from the terminus of the disulfide transfers to the
sulfur anion, creating a more stable disulfide anion.
These products, referred to as PTP-1—-PTP-4 for proton-
transfer product, are cyclic, having an intramolecular
hydrogen bond between the thiol and disulfide anion.
They are drawn in Figure 7. Again, these structures are
as expected, and there are only minor differences between
the B3LYP and MP2 structures.

Energetics.The relative energies of all structures in
reactions 1—4 are listed in Table 3. We will first examine
the energetics of each reaction individually and then
compare them.

Formation of the ion—dipole complex is exothermic by
about 11 kcal mol™! in reaction 1. The complex is
predicted to be about 1 kcal mol~! more stable at MP2

J. Org. Chem, Vol. 67, No. 25, 2002 8987
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FIGURE 7. B3LYP/aug-cc-pVDZ-optimized geometries of
PTP-1-PTP-4. See Figure 1.

TABLE 3. Relative Energies (kcal mol1) for Reactions
1-4

R ID TS1 INT TS2 P PTP
1B3LYP 0.0 10.4 —9.6 —28.9 —30.6
MP2 0.0 11.6 —10.3 —26.0 —32.1
2B3LYP 0.0 12.4 —10.1 —24.0 —30.3
MP2 0.0 13.9 —10.8 —23.1 —35.2
3 B3LYP 0.0 11.5 —8.7 —12.61 —2.0 —5.7 —-16.2
MP2 0.0 13.7 —-9.4 —9.72 -1.8 —6.9 —18.8

4B3LYP 0.0(C) 9.1(C) -8.1(C) —9.41(C) —3.2(C) -0.2 —13.3
MP2 46(B) 5.4(B) -3.7(B) —5.72(B) —2.3(B) —2.3 —16.8
0.0(C) 11.5(C) —0.6(B) —3.22(B) —4.6(B)

5.1(B) 7.4(B)

and B3LYP. The reaction barrier is then computed
relative to this ion—dipole; it is 0.8 kcal mol~* at B3LYP
and 1.24 kcal mol~* at MP2—both very small values, and
this TS lies well below the reactant energies. This TS
directly connects to the product P-1; at B3LYP, it lies
28.9 kcal mol~1 below the reactants, 18.5 kcal mol~1 below
ID-1, and 19.4 kcal mol~* below TS-1. The product is
slightly less stable at MP2. The proton transfer releases
1.7 kcal mol~* (6.1 kcal mol~* at MP2) to give the final
product PTP-1.

At B3LYP, reaction 2 first forms an ion—dipole complex
that lies 12.4 kcal mol~! below the reactants. A barrier
of only 2.1 kcal mol~! precedes formation of P-2, which
is 11.5 kcal mol~* below ID-2. Proton transfer leads to
PTP-2, which lies 7.6 kcal mol~* below P-2 or 30.3 kcal
mol~* below the reactants. A similarly shaped potential
energy surface is found at MP2. An ion—dipole complex
is formed (slightly more exothermic than at B3LYP), and
then a small barrier (3.1 kcal mol™t) intervenes before
formation of P-2, which is 9.2 kcal mol~! below ID-2.
Subsequent proton transfer is very exothermic, —12.1
kcal mol—.

B3LYP and MP2 are in very close energetic agreement
for all structures in reaction 3. Therefore, just describing
the surface at B3LYP, ID-3 is 11.5 kcal mol~* below the
reactants. The barrier to the intermediate INT-3 is 3.9
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kcal mol~2, which is 1.1 kcal mol~! below ID-3. The
second barrier is 10.6 kcal mol~! above INT-3 and only
1.95 kcal mol~* below the reactants. Formation of P3 is
endothermic from the intermediate (+6.9 kcal mol™2),
though it is 5.7 kcal mol~! below the reactants. Proton
transfer is 10.5 kcal mol~! exothermic, giving an overall
reaction energy of —16.2 kcal mol~1.

In principle, reaction 4 can proceed via reaction of the
chair and boat forms of R-4. The chair form is 4.6 kcal
mol~! below the boat form at B3LYP and 5.1 kcal mol™*
at MP2. Despite extensive search, we could not locate a
chair form of either the intermediate or entrance transi-
tion state at MP2/6-31+G*, but only boat forms: TS1-
4boat and INT-4boat. On the other hand, both chair and
boat pathways could be identified at B3LYP/aug-cc-
pVDZ. Before considering the two pathways, we can
discuss the overall energetics. Production of P-4 is at best
only slightly exothermic: —0.2 kcal mol~* at B3LYP and
—2.3 kcal mol~t at MP2. The internal proton transfer to
give PTP-4 is strongly exothermic by 13.1 kcal mol™
(14.5 at MP2), and it is this that drives the overall
reaction in the gas phase.

Following the boat pathway, the ion—dipole complex
lies 9.9 kcal mol~* below the reactant at B3LYP (12.5 kcal
mol~! at MP2). The barrier to the intermediate INT-
4boat is 1.7 kcal mol~* at B3LYP but much larger (6.8
kcal mol~1) at MP2. While the intermediate is predicted
to lie below the reactants with both computational
methods, B3LYP predicts it to also lie below 1D4-boat,
while MP2 indicates that it is 4.2 kcal mol~! above the
ion—dipole complex. The two methods are similar in their
estimate of the second barrier, 8.0 (B3LYP) and 7.8 (MP2)
kcal mol~.

The chair form of the ion—dipole complex lies about
10 kcal mol~1 below the reactants. From here forward,
the chair pathway is found only at B3LYP. Repeated
attempts to locate this pathway using the MP2 method
led to dissociation to reactants only, even when beginning
with the B3LYP structures. From ID-4chair, a barrier
of only 1.0 kcal mol~?! intercedes formation of the inter-
mediate INT-4chair. This intermediate is only 0.4 kcal
mol~! more stable than ID-4chair. The next barrier is
quite large, 12.6 kcal mol~2.

Discussion

The main purpose of this work is to ascertain the
mechanism for nucleophilic substitution at sulfur in a
cyclic disulfide. Therefore, this discussion will focus on
this issue.

First, we will summarize the salient points from our
previous studies. For the simple prototype nucleophilic
substitution reactions (reactions 5—7),

HS™ + HS—SH — HS—SH + HS™ (R5)

MeS™ + HS—SMe — MeS—SH + MeS™ (R6)

HS™ + MeS—SH — HS—SMe + HS™  (R7)

the potential energy surface at both MP2/6-31+G* and
B3LYP/aug-cc-pVDZ has three wells, corresponding to

entrance and exit ion—dipole complexes and an interme-
diate, and two transition states connecting the ion—
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R-3

INT-3 _L “ PTP-3

FIGURE 8. Potential energy surface for reaction 3 with
relative B3LYP/aug-cc-pVDZ energies in kilocalories per mole.

1.7 ~~'o .
¥ ... PTP-1

FIGURE 9. Potential energy surface for reaction 1 with
relative B3LYP/aug-cc-pVDZ energies in kilocalories per mole.

dipoles to the intermediate. This surface corresponds to
an addition—elimination mechanism. The depth of the
intermediate well is smaller at MP2 than at B3LYP by
2—3 kcal mol~2. In fact, for reaction 7, the well is quite
shallow, only 0.1 kcal mol~ at MP2, raising some doubt
as to the nature of the mechanism (though the well depth
is 2.8 kcal mol~* at B3LYP). Additional steric bulk at the
sulfur under attack might switch the mechanism to Sy2.
On the basis of these results, we anticipated that the
larger cyclic disulfides would undergo addition—elimina-
tion reactions, but perhaps with increased strain, the
smaller rings might follow the S\2 path.

Nucleophilic attack of sulfur in 1,2-dithiolane (reaction
3) or 1,2-dithiane (reaction 4) proceeds by an addition—
elimination pathway. Figure 8 shows the PES for reaction
3, and topologically represents the PES for reaction 4 as
well. It is characterized by three local minima: the ion—
dipole complex, the intermediate, and the product. The
Sn2 mechanism is incompatible with the observation of
the intermediate. Since the ring strain energy of R-3 and
R-4 is small, an intermediate containing a hypercoordi-
nate sulfur can be accommodated, resulting in the
addition—elimination mechanism.

Even though the sulfur under attack bears a carbon
atom, which resulted in a very shallow intermediate well
in the prototype reaction 7, the intermediates in reactions
3 and 4 sit in reasonably deep wells. The entrance into
the well is shallower than the exit. TS1-3 lies 2.8 kcal
mol~! at B3LYP (4.4 kcal mol~! at MP2) above INT-3,
while TS2—-3is 10.7 kcal mol~* at B3LYP (7.9 kcal mol~?*
at MP2) above INT-3. Similar barrier heights exist for
reaction 4, though the entrance is slightly lower in
reaction 3.

Reactions 1 and 2 involving attack upon dithiirane and
1,2-dithietane, the smallest cyclic disulfides, proceed via
the Sy2 mechanism. Both the B3LYP and MP2 calcula-
tions concur on this pathway, sketched in Figure 9 for
reaction 1. A single transition state separates reactants
from product, with no intervening intermediates. While
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TABLE 4. Relative Energies (kcal mol-1) of Model
Geometries of the Intermediate?

CHs
o
HS3——S1—S,H

A
o (deg) rel E o (deg) rel E
60 30.8 80 17
70 9.2 90 0.0

a8 Geometry optimized at B3LYP/6-31+G* with r(S;-S,) = 2.5
A and a fixed to specified values.

the attack angle (Snu.—S—Syg) is not strictly 180°, reflect-
ing the need to break the hydrogen bond in ID-1 along
with forming the new S—S bond, the form of the potential
energy surface is consistent with the Sy2 mechanism.

For the thiolate—disulfide exchange, one can dif-
ferentiate the Sy2 mechanism from the AE mechanism
simply on one point: the S\2 transition state vs the AE
intermediate. These have similar structures; for example,
the HF/6-31G* transition state for reaction 5 is nearly
structurally identical to the MP2/6-31+G* intermediate.®
Which mechanism occurs can be thought of in terms of
whether this structure is stable enough to be an inter-
mediate. For reactions 3 and 4, this structure is an
intermediate, just as for the acyclic analogues. For
reactions 1 and 2, this structure is not stable and is a
transition state. This suggests that these have too much
strain energy.

To qualitatively assess the strain in this putative
“intermediate/TS” structure, we have modeled this struc-
ture as A shown in Table 4. We fix the S;—S; distance at
2.5 A, close to the typical distance found in the interme-
diates of reactions 5—7. We then optimize the structure
with the further constraint of holding the C—S;—S; angle
(o) to 90°, 80°, 70°, and 60° to mimic an intermediate
that has a small ring. The resulting relative energies are
listed in Table 4. Clearly, as the angle about the central
sulfur (S;) contracts, the intermediate becomes less
stable, with dramatic destabilization when « is less than
70°. The corresponding angle a in R-3 and R-4 is 91.0°
and 98.5°, respectively, and so these larger rings can
accommodate the incoming nucleophile and create a
stable intermediate. On the other hand, o is 78.3° in R-2
and only 54.0° in R-1. Addition of the nucleophile to these
strained rings cannot be accommodated without simul-
taneous cleavage of the ring; to do otherwise would
dramatically increase the strain in the system.

Gronert and Lee!®!® have argued for “strain-free”
transition states in nucleophilic substitution reaction at
carbon that result in small rings. A similar type analysis
is problematic here in that the mechanism for substitu-
tion upon the ring and its acyclic analogue are different.
Reactions 1 and 2 proceed via the Sy2 mechanism, while
the acyclic reference is reaction 5, which proceeds by
addition—elimination. Their transition states are there-
fore not comparable in the sense employed by Gronert
and Lee. However, one can compare the reaction barriers
for the reverse of reactions 1 and 2 and compare these
with the RSEs of R-1 and R-2. The B3LYP barrier for
the reverse of reaction 1 is 19.4 kcal mol~! and 15.7 kcal
mol~! at MP2, which are near the RSE of R-1. On the
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other hand, the reverse barrier of reaction 2, 13.9 and
12.3 kcal mol™* at B3LYP and MP2, respectively, is
substantially less than the RSE of R-2. If one considers
that the intrinsic barrier to nucleophilic substitution at
S is constant (and the barriers of reactions 5—7 are very
similar), then the differences in these two barriers reflect
the added ring strain built into the transition state.
Therefore, reaction 1 certainly has substantial strain
energy at its transition state, in contrast to the findings
for substitution at carbon. This is not unexpected given
the structure of TS1-1, where there is little lengthening
of the S—S bond within the ring relative to that of R-1.
Both TS1-1 and TS1-2 are geometrically very early, and
significant loss of the RSE is thus unlikely.

Last, we comment on the relative energetics for reac-
tions 3 and 4. Whitesides has claimed that the greater
strain of the smaller five-membered ring or the six-
membered ring leads to its greater rate toward nucleo-
philic substitution. Direct comparisons of barrier heights
is complicated by the addition—elimination mechanism
and the nature of gas-phase chemistry. For example,
formation of ID-3 is more exothermic than that of 1D-4,
and so judging the barrier height to the intermediate is
complicated by the relative stabilities of the ion—dipole
complexes. This barrier is only 1 kcal mol~* for reaction
4 but 2.8 kcal mol~* for reaction 3—a difference that
matches the relative stabilities of the ion—dipole com-
plexes. The second transition state is complicated in the
same way: INT-3 is more stable than INT-4, leading to
a higher barrier from the former.

However, some clarity can be gained by examining the
energies of the transition states relative to the reactants.
For both reactions 3 and 4, the second transition state is
predicted to be rate limiting. TS2-3 is nearly 2 kcal mol™*
lower in energy than the isolated reactants, while TS2-4
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is 2—4 kcal mol~! higher in energy than the reactants.
This suggests that reaction 3 will be kinetically more
facile than reaction 4, consistent with Whitesides’ re-
sults.® In addition, reaction 3 is overall exothermic, while
reaction 4 is essentially thermoneutral. These results add
further support to Whitesides’ supposition for the natural
selection of lipoic acid as a cofactor.

Conclusion

The mechanism for gas-phase nucleophilic substitution
at sulfur in cyclic disulfides is dependent on the size of
the ring. For the very strained three- and four-membered
rings, dithiirane R-1 and 1,2-dithietane R-2, the reaction
follows the S\2 pathway, though the angle formed by the
nucleophilic sulfur and the disulfide sulfurs is not linear.
On the other hand, the larger rings, 1,2-dithiolane R-3
and 1,2-dithiane R-4, are much less strained, and nu-
cleophilic substitution upon them proceeds by the addi-
tion—elimination pathway. Addition—elimination is the
pathway for nucleophilic substitution of acyclic disulfides
as well. The strain energy of the small rings precludes
the formation of an intermediate, thereby excluding the
AE mechanism.
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