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A series of nucleophilic substitution reactions involving simple species (chloride, phosphide,
methoxide, hydroxide, and amide) as nucleophile and leaving group in methylsulfenyl derivatives
were examined at B3LYP/aug-cc-pVDZ. The reactions involving hydroxide and amide correspond
to deprotonation and not substitution. The substitution reactions follow an addition—elimination
pathway, possessing a triple-well potential energy surface. The intermediate along this pathway
is of trigonal bipyramid geometry with the nucleophile and leaving group occupying apical positions.

Nucleophilic substitution reactions play a central role
in both synthetic chemistry and in the development of
mechanistic paradigms.! While most attention has cen-
tered on substitution at carbon, there is growing interest
for substitution at heteroatoms.

Experimental studies of nucleophilic substitution at
dicoordinate sulfur reveal a mechanistic dependence on
the nucleophile and the leaving group. Ciuffarin’s group
has examined nucleophilic substitution of sulfenyl halides
and thiocyanates with amines and alcohols.?~* The rela-
tive reaction rates, they argued, are best understood via
an addition—elimination mechanism. They proposed an
intermediate where the nucleophile and leaving group
occupy the apical positions of a trigonal bipyramid
centered on sulfur. Kice and co-workers have examined
nucleophilic substitution at sulfenyl, sulfinyl, and sulfo-
nyl centers.>~8 Generally, they too conclude that substitu-
tion at the sulfenyl center proceeds with the formation
of an intermediate. However, thiolate and cyanide attack
of the sulfenyl center of phenyl benzenethiosulfonate
shows evidence of an Sy2 mechanism. Extensive exami-
nation of the disulfide—thiolate interchange supports an
Sn2 mechanism, based on B, values from a Bronsted
plot and kinetic and thermodynamic data.®~1®
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Bachrach and Mulhearn recently examined the gas-
phase thiolate—disulfide exchange'® and the reaction of
thiolate with trisulfides!” using ab initio methods. At the
HF level, these reactions appear to follow an Sy2 path-
way: a single transition state is found connecting an
entrance and exit ion—dipole complex. However, when a
correlated wave function is used (MP2, MP4, or CCSD-
(T)), the shape of the potential energy surface (PES)
radically alters. Instead of the classic gas-phase double-
well potential of an Sy2 reaction, a triple-well potential
is found. The thiolate nucleophile and either di- or
trisulfide first combine without a barrier to form an ion
dipole complex. Next, the nucleophile attacks the sulfur
through an asymmetric TS to form a stable intermediate
whose structure is very similar to the HF TS. In transit-
ing the exit channel, the leaving group departs through
a TS leading to another ion—dipole complex.

We recently described the reaction of chloride ion with
SCI, via high-level theoretical methods and gas-phase
experiments.’® The potential energy surface for this
reaction has no transition states; rather, the two reagents
fall into a single-well conforming to SCl;~.

In this paper, we report density functional calculations
examining the reaction of nucleophilic substitution of
methylsulfenyl derivatives using simple nucleophiles and
leaving groups. As long as the nucleophile is not too
strong a base (where deprotonation is the only reaction
observed), the nucleophilic substitution proceeds along
an addition—elimination pathway.

Computational Methods

The reactions examined here are listed in Scheme 1. The
first five reactions are identity reactions, while the last two
involve cases where the incoming nucleophile differs from the
leaving group.
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Figure 1. Geometries of critical points along reaction 1. All distances are in A, and all angles are in deg.

Scheme 1
CI + MeS-Cl —» CI-SMe + CI Reaction 1
PH; + MeS-PH, — PH,-SMe + PHy Reaction 2
MeO + MeS-OMe — MeO-SMe + MeO Reaction 3
MeO + iPrS-OMe — MeO-S-iPr + MeQ’ Reaction 3’
HO + MeS-OH — HO-SMe + HO Reaction 4
NH; + MeS-NH; — NH;-SMe + NH; Reaction 5

Cl + MeS-OMe — Cl-SMe + MeO' Reaction 6

CI + MeS-OH — Cl-SMe + HO Reaction 7

All structures of reactants, transition states, intermediates,
and products for reactions 1—7 were completely optimized at
B3LYP/aug-cc-pVDZ¥22 using GAUSSIAN-98.2% Since the
topology of the potential energy surface is dependent on the
computational level,*® the choice of method is critical. Exten-
sive comparison of the potential energy surface for simple
thiolate-disulfide reactions (HS™ + HSSH, HS™ + CH3SSH,
CH3S™ + HSSCH3) show a triple-well potential for all three
reactions at MP2, MP4, CCSD(T), B3LYP, BPW91, and
MPW1PW91 using a variety of different basis sets that all
include at least one set of polarization functions and one set
of diffuse functions.*62 Therefore, since the DFT methods are
computationally advantageous and provide reliable results in
an analogous reaction, we choose to utilize it in this study.
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The nature of all structures was confirmed using analytical
frequencies; all ground states had only real frequencies and
all transition states had one and only one imaginary frequency.
Zero-point energies were scaled by 0.980.%° Gibbs free energies
are calculated at STP. For all the reactions examined, the only
significant difference between the relative electronic and free
energies is the stabilization of the reactants relative to the
other critical points by about 6 kcal mol~2, attributable to the
bimolecular character of the reactants and the unimolecular
character of the other points. We will primarily discuss the
electronic energies.

Results

Reaction 1. The potential energy surface for reaction
1 (and also reactions 2 and 3') is demarked by five critical
points, corresponding to an incoming ion—dipole complex
(ID;-1), an incoming transition state (TS;-1), a stable
intermediate (SI-1), an outgoing transition state
(TSo-1), and last an outgoing ion—dipole complex (1Do-
1). Due to the symmetry of the reaction, the incoming
and outgoing TSs and IDs are identical.

The optimized structures of these compounds are
drawn in Figure 1. In forming the ion—dipole complex
ID;-1, the incoming chloride ion interacts with a hydrogen
atom of the methyl group. The chloride is 2.422 A from
the hydrogen and 4.309 A from the sulfur atom. The
reaction progresses by having the chloride swing down
toward the sulfur, forming TS;-1; the S—CI distance
decreases to 3.946 A and the CI—-S—C angle widens from
47.4° t0 58.6°, yet a Cl—H interaction remains. Continu-
ing on, the chloride moves toward sulfur and away from
the methyl hydrogen, reaching the stable intermediate
SI-1. This intermediate possesses two long S—CI dis-
tances (2.460 A to the incoming ClI and 2.418 A to the
leaving CIl) and the CI-S—CI angle is nearly linear
(177.9°). There is, in fact, one more transition structure
on the surface. Note that the S—CI distances are not
identical in SI-1 and that one of the methyl hydrogens
is nearly coplanar with the entering chlorine, sulfur and
carbon. A transition state of Cs symmetry connects the
entrance and exit stable intermediate. It lies only 0.03
kcal mol~! above SI-1 and actually is 0.03 kcal mol~!
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Figure 2. Geometries of critical points along reaction 2. All distances are in A, and all angles are in deg.

Table 1. Relative Energies?and Gibbs Free EnergiesP
(kcal mol~?) for Reactions 1, 2, 3, 6, and 7

rxn reactants ID;i TS INT TS, 1D, products
1 0.0 —-13.33 —-13.16 -21.77 —13.16 —13.33 0.0
0.0 —-747 —-6.22 —-15.12 —-6.22 —7.47 0.0
2 0.0 —6.04 -—-5.02 -588 -5.02 -6.04 0.0
0.0 0.32 2.98 1.54 2.98 0.32 0.0
3 0.0 —16.83 —14.80 —24.96 —14.80 —16.83 0.0
0.0 —-7.44 —-6.20 —15.78 —6.20 -—7.44 0.0
6 0.0 —-8.90 —-8.00 -—-8.51 +41.61
0.0 -3.28 -—-102 -2.32 +38.72
7 0.0 —-9.07 -8.20 -—8.67 +47.78
0.0 —340 -—-1.28 -—-243 +46.34

a Evaluated at B3LYP/aug-cc-pVDZ + ZPE scaled by 0.980.
b Relative free energies evaluated at 1 atm and 298.15 K, listed
in italics.

Table 2. Experimental?® Gas-Phase Deprotonation
Energies (DPE, kcal mol™1)

compd DPE compd DPE
NH3 399.6 PH3 369.0
H.0 390.8 HCI 3334
CH30OH 379.2 CH3SCH3 390.2

more stable than the intermediate when ZPE is included.
Since the surface is so flat in this regime, we will consider
the stable intermediate here (and for all reactions) as just
the single structure and neglect the TS connecting the
two intermediates.

The relative energies of the critical points along
reaction 1 are listed in Table 1. The ion—dipole complex
lies 13.33 kcal mol~! below reactants. The barrier for
reaction is only 0.17 kcal mol~1, with the intermediate
lying 21.77 kcal mol~* below reactants or 8.44 kcal mol—!
below ID;-1. The very small barrier coupled with the very
low energy of the intermediate inspired our search for a
stable hypercoordinate sulfur species, which we found in
SCl;™.18 The same trend is observed using the Gibbs free
energies, except that the reactants are stabilized by about
6 kcal mol~* relative to the other critical points.

Reaction 2. Figure 2 displays the structures of the
critical points on the PES of reaction 2. Their relative
energies are listed in Table 2. PH,— and CH3PH, combine
without a barrier to form ID;-2, with a release of 6.04
kcal mol~1. The distance between the two fragments is
quite large—the P—H interaction distance is 2.856 A and

the P—S distance is extremely long, 5.137 A. The transi-
tion state TS;-2 is reached when the PH, moiety swings
down toward sulfur (with little change of the P—H
distance), reaching a P—S distance of 4.013 A. The
P—S—P angle is 169.7°. The barrier height is 0.98 kcal
mol~1. The intermediate SI-2 is characterized by long
S—P distances (2.742 and 2.504 A) and a near-linear
P—S—P angle. The intermediate lies 5.88 kcal mol*
below reactants, but 0.16 kcal mol~! above 1D;-2. Relative
differences in free energy of the critical points parallel
the electronic energies, however all the critical point are
higher than reactants.

Reaction 3. Reaction 3 is the identity reaction of
methoxide with CH3;S—OCHS3;. We were unable to locate
a transition state that corresponded to nucleophilic
substitution. Rather, the only TS located was for depro-
tonation, i.e., CH;O~ + CH3S—OCH; — CH3;0OH +
~CH,SOCHs. Alkyl substitution of the methyl group may
reduce its acidity. We next examined the reaction of
methoxide with CH3;CH,S—OCHS3; but again could only
locate a transition state for deprotonation. However, we
could locate the appropriate substitution TS for the
reaction of methoxide with (CH3),CHS—OCHz3, reaction
3.

The geometries of the critical points for reaction 3' are
drawn in Figure 3, and their relative energies are listed
in Table 1. The ion—dipole complex 1D;-3' is considerably
more stable than reactants (16.83 kcal mol~! below
reactants), resulting from a hydrogen bond between the
methoxy oxygen and the methinyl hydrogen. TS;-3' is
2.03 kcal mol~* above I1D;-3, with a slightly longer O—H
hydrogen bond and much shorter O—S interaction (3.256
Ain TS;-3' vs 3.724 A in ID;-3'). The intermediate is
10.16 kcal mol~? below the TS, over 8 kcal mol~* more
stable than ID;-3'. The two S—O distances are very
similar, differing by only 0.014 A, and the O—S—0 angle
is 174.5°.

Reactions 4 and 5. Reactions 4 and 5 involve attack
with nucleophiles that are also relatively strong bases.
Given the difficulties described for locating the proper
TS with methoxide as a nucleophile, we anticipated
further difficulties with these reactions. Numerous at-
tempts at locating 1D;-4 and ID;-5 resulted in structures
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Figure 4. Geometries of critical points along reaction 6. All distances are in A, and all angles are in deg.

where a hydrogen transferred from the methyl group to
the base. The only TSs located corresponded to proton
transfer. Since hydroxide is a weaker base than amide,
we opted to do further exploration of a possible substitu-
tion pathway for Reaction 4. Attempts were made to
locate ion dipole complexes and transition states for
reactions of hydroxide with CH3;CH,SOH and (CHg),-
CHSOH. In both cases, the only TSs obtained were for
proton transfer, removing the methylenyl or methinyl
proton, respectively. Last, we examined the reaction with
(CH3)3:CSOH, assuming that the acidity would be suf-
ficiently reduced here that a substitution pathway could
be found. However, deprotonation off a methyl group was
again found, presumably in this case leading toward an
elimination product. No further analogues of Reactions
4 and 5 were investigated.

Reactions 6 and 7. Reactions 6 and 7 are nonidentity
nucleophilic substitution reactions. Both involve chloride
as the nucleophile, but differ in their leaving groups,
methoxide in reaction 6 and hydroxide in reaction 7. Both
are very endothermic; the reaction energy for reaction 6
is +41.61 kcal mol™, and as expected since hydroxide is
a stronger base than methoxide, reaction 7 is 6.17 kcal
mol~! more endothermic.

Entrance ion—dipole complexes, transition states and
intermediates for both reactions were located and are
displayed in Figures 4 and 5. Reaction energetics are
indicated in Table 1. Both reactions possess relatively
flat PESs. The three critical points lie within 0.90 kcal
mol~? for reaction 6 and 0.87 kcal mol~! for reaction 7.

Repeated attempts were made to locate exit ion—dipole
complexes and transition states for both reactions. We
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Figure 5. Geometries of critical points along reaction 7. All distances are in A, and all angles are in deg.

were able to locate only proton-transfer pathways. Re-
placing the methyl group attached to sulfur with an ethyl
or isopropyl group did not alter the surface and again
only proton transfer was observed. Apparently, both
methoxide and hydroxide are simply too strong bases to
observe substitution chemistry in these systems. It is
interesting to note that these substitution reactions are
exceedingly endothermic (41.61 kcal mol~t and 47.78 kcal
mol~! for reactions 6 and 7, respectively), which also
contributes toward the difficulty in locating this pathway.

Discussion

A major complication met within this study was the
propensity for deprotonation when the nucleophile in-
stead acts as a base. The experimental gas-phase acidi-
ties?® of the conjugate acids of the nucleophiles studied
are listed in Table 2. Since the DPE of dimethyl sulfide
is 390.2 kcal mol™, it is not surprising that both amide
and hydroxide prefer to deprotonate rather than substi-
tute. The other nucleophiles are sufficiently less acidic
than methyl sulfide, and we can therefore obtain substi-
tution pathways.

Reactions 1, 2, and 3" all possess a triple-well potential
energy surface, each with a single intermediate and an
entrance and exit ion—dipole complex and TS. This
surface is consistent with an addition—elimination path-
way and distinctly incompatible with an Sy2 mechanism,
which must not involve an intermediate. The same is also
true for the first half of reactions 6 and 7. Here, the
nucleophile (CI~) adds to sulfur through an asymmetric
transition state forming an intermediate. The second half
of the addition—elimination pathway (the elimination
step) does not occur since the leaving groups, methoxide
in reaction 6 and hydroxide in reaction 7, are very strong
bases.

The structures of the intermediates share a major
common feature. The angles formed by the nucleophile,
sulfur, and leaving group are nearly linear: 177.9°in Sl-
1, 178.3° in SI-2, 174.5° in SI-3', 179.5° in SI-6, and
178.9° in SI-7. This is consistent with Ciuffarin’s trigonal

(26) Linstrom, P. J.; Mallard, W. G. NIST Chemistry Webbook, 2000,
URL: http://webbook.nist.gov/.

Table 3. NPA2 Charges? in the Intermediates

R
Nuc—S—LG
compd S Nuc LG R
SI-1 0.182 —0.540 —0.570 —0.072
SI-2 —0.127 —0.479 —0.295 —0.100
SI-3' 0.379 —0.623 —0.626 -0.111
SI-6 0.450 —0.878 —0.472 —0.101
SI-7 0.419 —0.880 —0.441 —0.099

2 These charges are the sum of the atomic charges for all atoms
within the substituent group.

bipyramid model,>® having sulfur's two lone-pairs oc-
cupying equatorial positions. This structure is also
consistent with an addition—elimination process.

While the reactions are all consistent with the addi-
tion—elimination pathway, their PESs show differing
well depths and barrier heights. Reactions 1 and 3’ are
dominated by very stable intermediates. The transition
states for these two reactions are early, as seen by the
relatively small differences in the geometries of the ion—
dipoles and transition states; mainly just a swing of the
nucleophile down from the methyl group by about 15°
converts the ID into the TS. This early TS is consistent
with the Hammond Postulate.?” The critical points for
the other reactions are energetically very close, implying
(by the Hammond Postulate) later TSs than in the
previous two examples. These TSs are reached from the
IDs by having the nucleophile swing away from the
methyl group by about 30° along with a significant
decrease in the sulfur-nucleophile distance.

The stability of the intermediate can be rationalized
in terms of the degree of charge delocalization. Table 3
presents the NPAZ?8 charges on the groups present in the
intermediates. The very stable intermediates (SI-1 and
S1-3') are characterized by large negative charges on the
nucleophile and leaving group. The charge is therefore
extensively delocalized in these two intermediates, lead-
ing to their stability. The extreme case is our previous

(27) Hammond, G. S. J. Am. Chem. Soc. 1955, 77, 334.
(28) Reed, A. E.; Weinstock, R. B.; Weinhold, F. J. Chem. Phys. 1985,
83, 735.
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study of SCl;~, where the PES has no barriers or
complexes; the global minimum is the analogous inter-
mediate.!®

While there is extensive charge-transfer evident in S1-2
(0.52 e have moved off the incoming nucleophile), the net
charge distribution is not as delocalized as in SI-1 and
SI-3', as evidenced by the difference in charges on the
nucleophile and leaving group. Even less charge transfer
occurs in S1-6 and SI-7. In these two cases, just over 0.1
e are moved off the incoming chloride ion and the
resulting charge delocalization is small. Therefore, these
intermediate do not possess the great stabilization found
in SI-1 nor SI-3'.

Last, the charge distributions shed some light on the
Pruc Values obtained in a number of solution-phase
studies.® ! Values of fn, range from —0.3 to —0.5 for
the thiolate-disulfide exchange and have been interpreted
as showing large negative charge on the nucleophile and
leaving group. The NPA charges in the intermediates
indicate large negative charges on the nucleophile and
leaving group, consistent with the experimental results,
without invoking an Sy2 mechanism.

Conclusion

For all five nucleophilic substitution reactions exam-
ined here (including the half-reaction of reactions 6 and
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7), the mechanism is addition—elimination. The PES is
characterized by its three wells, corresponding to en-
trance ion—dipole complex, intermediate, and exit ion—
dipole complex. Even though the surface is somewhat flat
for reactions 2, 6, and 7, there definitely is a transition
state connecting the entrance ion—dipole with the inter-
mediate, critical points that are incompatible with an Sy2
mechanism. The intermediate has the nucleophile and
leaving group in the apical positions, as expected for a
trigonal bipyramid structure. These results are in accord
with our earlier examination of thiolate substitution of
di- and trisulfides.'®” These theoretical studies also agree
with previous experimental solution-phase studies?~8 that
suggest that nucleophilic substitution at dicoordinate
sulfur proceeds via an addition—elimination mechanism.
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