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Nucleophilic substitution reactions of small rings incorporating selenium are examined using computational
methods. The potential energy surfaces of HS- and HSe- with 1,2-diselenirane, 1,2-diselenetane, 1,2-
diselenolane, and 1,2-diselenane were computed at B3LYP/6-31+G(d) and MP2/6-31+G(d). The reactions
of three-, four-, five-, and six-membered rings incorporating the S-Se bond with HS- were computed
at B3LYP/6-31+G(d). The strained three- and four-membered diselenides and selenenyl sulfide rings
undergo SN2 reactions, while the five- and six-membered rings react via the addition-elimination pathway,
a path that invokes a hypercoordinate selenium intermediate. The strain in the small rings precludes the
addition of a further ligand to either heteroatom. Substitution at selenium is both kinetically and
thermodynamically favored over attack at sulfur.

Introduction

Nucleophilic substitution remains one of the pillars of
mechanistic principle developed within the realm of physical
organic chemistry. The SN1 and SN2 mechanisms are well-
understood for reactions at carbon.1 Our recent work has been
focused on the nature of nucleophilic substitution at heteroatoms,
specifically at oxygen,2 phosphorus,3 sulfur, and selenium, using
computational means. For nucleophilic substitution at sulfur,
the Hartree-Fock method predicts a standard SN2 mechanism
for the gas phase, with a single transition state on the potential
energy surface (PES).4 This turns out to be an artifact of omitting
electron correlation. With a variety of methods that include
electron correlation to some extentsMP2, DFT, and CIswhat
was the HF transition state is actually a local energy minimum.5,6

The gas-phase mechanism is addition-elimination (A-E): the
nucleophile adds to sulfur, forming a hypercoordinate anionic
intermediate, and in a second distinct chemical step, the leaving
group exits. The addition-elimination mechanism operates in
a variety of sulfur environmentssacyclic monosulfides,7 dis-

ulfides,5,8 and trisulfides.9 The extreme case is the reaction SCl2

+ Cl- where the only critical point (besides reactant and
products) on the PES is the hypercoordinate species SCl3

-.10

The SN2 mechanism operates when the sulfur is placed into a
very strained environment, such as dithiirane and 1,2-dithietane,
but the larger and less strained rings, 1,2-dithiolane and 1,2-
dithiane, undergo nucleophilic substitution via the A-E
path.11,12

Our initial studies of nucleophilic substitution at selenium
found results very similar to those for substitution at sulfur.
The HF method again fails to locate the hypercoordinate
intermediate. Both MP2 and B3LYP predict topologically
identical PESs that indicate an addition-elimination mechanism
for substitution in acyclic diselenides.13 The reaction SeCl2 +
Cl- has a single critical point corresponding to the hypercoor-
dinate intermediate SeCl3

-.14 One important difference is that
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substitution at selenium is thermodynamically and kinetically
more favorable than at sulfur.

Very little experimental work has been reported on the nature
of nucleophilic substitution at either the S-Se or Se-Se bond.
Kice and Slebocka-Tilk examined the reaction RSSeSR+ RSH
with R ) n-Bu, i-Pr, ort-Bu.15 They found that the nucleophile
is thiolate, not thiol, and that attack at selenium is generally
faster than attack at sulfur. Rabenstein and co-workers found
similar resultssattack at selenium is faster than at sulfur for
the reactionsD-penicillamine (PSH) with bis(D-penicillamine)-
selenide (PSSeSP) andt-BuS- + t-BuSSeSBu-t.16 Recent
studies by Sarma and Mugesh suggest that proximal interactions
with nitrogen and oxygen can be used to enhance nucleophilic
attack at either sulfur or selenium in selenenyl sulfides, though
attack at the selenium is generally preferred.17 For the case of
substitution reactions of diselenides, Rabenstein examined the
reaction R*SeH+ RSeSeR where R is H3NCH2CH3 and R* is
a selectively deuterated analogue.18 The nucleophile is seleno-
late, not the selenol, similar to the thiol-disulfide exchange
and reactions of selenenyl sulfides. Of greater interest here is
that the exchange reaction with diselenide is 107 times faster
than the reaction of identically substituted disulfide. Rabenstein
argued that selenium is more polarizable than sulfur, making it
both a better nucleophile and leaving group. Nucleophilic
cleavage of the Se-Se bond has been exploited for synthetic
purposes.19

The purpose of this study is twofold. First, we examine gas-
phase nucleophilic substitution at a selenium atom of cyclic
diselenides. This extends our previous work with acyclic
diselenides13 and offers the comparison with the cyclic disul-
fides.11 We utilize HS- and HSe- as the nucleophile for
comparison with our previous studies and also to compare the
relative nucleophilicity of sulfur versus that of selenium. Second,
we examine nucleophilic substitution of cyclic selenenyl
sulfides, comparing the selectivity of substitution toward
selenium versus sulfur. Thiolate is used as the nucleophile as a
model of the cellular nucleophile glutathione.

We hope these latter model systems will provide some insight
as to the role of selenium in selenoproteins. Selenium-containing
proteins comprise an unusual yet important class of biologically
necessary compounds.20 Examples of selenoproteins include
glutathione peroxidase,21 thioredoxin reductase,22 and iodothy-
ronine deiodinase.23 These proteins incorporate a selenocysteine
residue that invariably makes a S-Se bridge with a cysteine

residue. This S-Se linkage is implicated in the activity of many
selenoproteins, being cleaved through redox reactions or nu-
cleophilic attack at either heteroatom.24 It should be realized
that the computations we report here are for the gas phase and
so their direct applicability to solution-phase enzymatic systems
may be limited. A follow-up study incorporating solvent is
underway and will better address this issue.

Computational Methods

In order to assess the selectivity for attack at sulfur versus
selenium, we first examined nucleophilic attack by either thiolate
(HS-) or hydrogen selenide (HSe-) at selenium in the three-, four-,
five-, and six-membered cyclic diselenides (1-4). These reactions
are labeled as Reaction 1x-4x, wherex is S or Se to indicate the
nucleophile. As is typical for a gas-phase nucleophilic substitution
reaction,25 an ion-dipole complex is first formed along the reaction
path; these are labeled asIDC-Nx, whereN designates the reaction
number andx again designates the nucleophile. Next, a transition
state is located and designated asTS1-Nx. If the reaction mecha-
nism is SN2, the next critical point located is the product,P-Nx. If
the mechanism is addition-elimination, an intermediate,INT- Nx,
occurs next, followed by an exit transition state,TS2-Nx. To
complete the reaction, we located the product (P-Nx) conformation
that directly results from the exit transition state. In some cases,
we located other product conformations and the structure that results
from intramolecular proton transfer (PTP-Nx). Sketches of the
potential energy surface for both the SN2 and addition-elimination
pathways with all critical points identified are shown in Schemes
1 and 2.

Nucleophilic attack on cyclic selenenyl sulfides was examined
in an analogous fashion. Thiolate served as the nucleophile.
Reactions 5-8 denote attack at the three-, four-, five-, and six-
membered rings (5-8), respectively. In labeling the critical points
along these reactions, we use the same scheme as described above,
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SCHEME 2. PES for Reaction 3S
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except now the trailingx designates whether the nucleophile has
attacked the sulfur (S) or selenium (Se) atom in the ring.

As discussed in the Introduction, Hartree-Fock theory incorrectly
predicts the topology of the potential energy surface for nucleophilic
substitution at sulfur and selenium.5,13 However, once electron
correlation is included, no matter the manner, similar topologies
are found. There are noticeable differences in relative energies of
the critical points as determined by different computational methods.
We would like to make use of DFT methods for the study of
Reactions 5-8 to minimize computational costs. In order to gauge
the relative errors in the energies of the critical points, we have

examined Reactions 1-4 at MP2/6-31+G(d) and B3LYP/6-31+G-
(d).26 This complements our previous study of nucleophilic substitu-
tion of cyclic disulfides.11 (We also examined the reaction HS- +
MeSSeMe with a number of different basis sets and methods.)
Geometries of all critical points were completely optimized with
these two methods. Analytical frequencies were computed, and the
resulting zero-point vibrational energies were used without further
correction. The critical points for Reaction 5-8 were obtained at
B3LYP/6-31+G(d). All computations were performed using Gauss-
ian 03.27

Results

Substitution of Cyclic Diselenides.All critical points along
Reactions 1S-4S and 1Se-4Se were optimized at both B3LYP
and MP2. The geometries obtained with these two methods are
generally quite similar; a few exceptions will be noted below.
Additionally, the overall structure of the critical points are
analogous whether the nucleophile is HS- or HSe-. So for
simplicity, we display in Figures 1 and 2 the structures of the
critical points for Reactions 2 and 3 with HS-, respectively.
These figures demonstrate the various types of critical points
found in all of the reactions we present here. (Drawings of the
critical points for Reactions 1 and 4 with HSe- are presented
in Figure S1 and S2, and the coordinates of all critical point
structures are given in the Supporting Information.)

As noted many times for gas-phase reactions involving an
anion and a neutral substrate,25 an ion-dipole complex (IDC)
is the first critical point along all of these reactions. These IDCs
are formed by the attraction of either the negatively charged S
or Se for the partially positively charged hydrogen atoms of
the rings. There are many potential configurations of ion-dipole
structures, with the anionic heteroatom associated with only one
hydrogen atom or bridging across multiple hydrogen atoms. We
have not attempted an exhaustive search of the IDC space, but
rather located a viable representative of the IDC collection for
each reaction. For this reason, the following transition state may
be lower in energy than the IDC we have located.

The next critical point along each reaction pathway is a
transition structure where the nucleophile begins to swing toward
a selenium atom of the ring while also weakening the interaction
with the hydrogen atom(s). These transition states (TS1) all
involve long separations (greater than 4 Å) between the
incoming heteroatom and the ring selenium atom. This is
consistent behavior with what we observed in the nucleophilic
substitution reactions of cyclic disulfides.11
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The nature of the pathway for Reactions 1 and 2 diverges
from the others afterTS1. For these four reactions, as the
nucleophile continues to move toward a selenium atom, the Se-
Se bond ruptures, so that the next critical point is the substitution

productP-1 or P-2. Here, the bond between the nucleophile
heteroatom and selenium is fully formed, and what was the Se-
Se bond of the three- or four-membered ring is broken. (We
defer further discussion ofP-2 to where we present the
intermediates of Reactions 5-8, but note that their geometrical
parameters are listed in Table 1.) Conformational rotation can
bring the ends of the chain in proximity, at which point the
proton transfers to yieldPTP-1 or PTP-2.

For the other four substitution reactions of cyclic diselenides,
forward progress fromTS1 leads to an intermediate (INT )
possessing a hypercoordinate selenium atom. All of these
structures possess only real frequencies, confirming that they
are local minima. Critical parameters of these intermediates (the
Se-Se distance within the ring, the Se-X distance, and the
Se-Se-X angles, where X is either S or Se of the nucleophile)
are listed in Table 1. For comparison purposes, typical Se-Se
distances in the intermediates of a substitution reaction involving
acyclic diselenides are 2.67-2.70 (B3LYP) or 2.64-2.66 Å
(MP2). The B3LYP S-Se and Se-Se distances in the inter-
mediate for the reaction HS- + CH3SeSeCH3 are 2.716 and
2.580 Å, respectively. While the Se-Se distance is little changed
at MP2 (2.608 Å), MP2 predicts that the S-Se distance is much
shorter, 2.567 Å. The intermediates for Reactions 3 and 4 have
distances that match up well with the acyclic analogues. MP2
and DFT values are in good agreement, except again where the
Se-X MP2 distance is about 0.1 Å shorter than that predicted
by B3LYP.

The structures of the intermediates follow a simple trend. As
the ring gets larger, the intermediate geometry approaches that
of the acyclic intermediates. The smaller the ring, the more the
ring Se-Se bond is lengthened, the shorter the Se-nucleophile
distance, the more nonlinear the Se-Se-X angle.

From the intermediates, these reactions pass over an exit
transition state (TS2). The atomic motion associated with the
reaction coordinate for these transition states is predominantly
rotation about a single bond, relieving the eclipsing interactions.
So, for example,TS2-3S looks like a transition state simply
for rotation about one of the C-C bonds, with all groups
eclipsed about this bond. Rotation about the C-C bond, moving
the terminal selenium in one direction, leads to the product of
the substitution reactionP-3. Rotation in the opposite direction
moves toward agauche-like structure, but as the two selenium
atoms approach, they form a partial bond, yielding the inter-
mediateINT-3S. This same analysis applies to all four second
transition states (TS2)sthey connect intermediates (INT ) with
the substitution products (P).

We have optimized the conformation of the product that is
the direct result ofTS2; other conformations are possible, and
some may be lower in energy. In all cases, if the two ends of

FIGURE 1. B3LYP/6-31+G(d) optimized geometries of the critical
points for Reaction 2S. All distances are in angstroms.

FIGURE 2. B3LYP/6-31+G(d) optimized geometries of the critical
points for Reaction 3S. All distances are in angstroms.

TABLE 1. Geometric Parameters of P-2, INT-3, and INT-4a

r-
(Se-Se)

r-
(Se-X)

a-
(Se-Se-X)

r-
(Se-Se)

r-
(Se-X)

a-
(Se-Se-X)

P-2S 2.857
2.871

2.447
2.366

163.2
161.9

P-2Se 2.850
2.786

2.559
2.546

161.8
160.9

INT-3S 2.652
2.672

2.633
2.507

171.7
170.2

INT-3Se 2.665
2.632

2.710
2.669

169.7
168.0

INT-4S
chair

2.609
2.629

2.707
2.563

176.0
172.9

INT-4Se
chair

2.623
2.591

2.773
2.724

174.4
172.1

INT-4S
boat

2.691
2.701

2.631
2.513

174.2
173.4

INT-4Se
boat

2.698
2.650

2.710
2.679

174.2
172.3

a All distances are in angstroms, and angles are in degrees. X represents
S or Se of the nucleophile. B3LYP/6-31+G(d) values are in normal font,
and MP2/6-31+G(d) values are in italics.
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the products approach, the proton transfers from what was the
nucleophile to the leaving anionic selenium, producing the more
stable terminal Se-X anion, which we label asPTP for proton-
transfer product. We have not searched for a transition state
for this proton transfer.

The energies of the critical points for the eight reactions of
cyclic diselenides relative to isolated reactants are listed in Table
2. Energies are reported for both B3LYP and MP2 computations.
Reactions 1 and 2, with either nucleophile, take place on a
potential energy surface with two minima, corresponding to the
IDC and product. This surface is sketched in Scheme 1 for
Reaction 1S. This double-well topology is predicted by both
B3LYP and MP2. The latter method predicts a more stable IDC
and TS than does B3LYP, but these differences are less than 2
kcal mol-1. Schaefer noted that B3LYP activation barriers are
typically underestimated by about 2 kcal mol-1 for SN2
reactions.28 Our computations actually indicate the opposites
the B3LYP barriers for the reverse reaction are up to a couple
of kcal mol-1 higher than that predicted by MP2. However, it
is the shape of the potential energy surface that is the most
critical point of our studies, and both methods agree that
Reactions 1 and 2 have just a single transition state. The reaction
with HSe- has a slightly lower barrier than the reaction with
HS-, and it is also more exothermic.

Reactions 3 and 4 with HS- or HSe- follow a PES with three
minima: the IDC, intermediate, and product. The PES for
Reaction 3S, representative of all four reactions, is drawn in
Scheme 2. For Reaction 4, we have identified the critical points
for the reaction through both the chair and boat conformations
of 4; the former is more favorable, as are all of the critical points
for reaction involving the chair conformer.

Both MP2 and B3LYP predict the same three-well topology
for Reactions 3 and 4. MP2 predicts all of the critical points to
be more stable, relative to their appropriate isolated reactants,
than does B3LYP. These differences can be upward of 5 kcal
mol-1. A more critical evaluation of the energies is the depth
of the well associated with the intermediate, the structure that
most critically defines the reaction mechanism. The well depth
is evaluated as the entrance barrierE(TS1) - E(INT ) and exit
barrierE(TS2) - E(INT ). The exit barrier is higher than the
entrance barrier by about 8-10 kcal mol-1. The maximum
difference in the MP2 and B3LYP barrier heights is less than
2.8 kcal mol-1, and both computational methods agree as to
which barrier is higher. Given the recent studies showing some
serious systemic problems of B3LYP, especially notable with
increasing size of the molecule under study,29 B3LYP mimics
well the results obtained with MP2 for these nucleophilic
substitution reactions. Most important for this study, B3LYP
reproduces the topology of the PES while underestimating the
stability of critical points by only a few kcal mol-1.

Substitution of Cyclic Selenenyl Sulfides.Given that
B3LYP adequately reproduces the MP2 PES, especially its
topology, for Reactions 1-4 and for the reactions of thiolate
with cyclic disulfides,11 we were inclined to examine Reactions
5-8 at B3LYP/6-31G(d) only. In order to support this decision,
we computed the relative energies of the intermediates formed
by the reaction of HS- at either sulfur or selenium of MeSSeMe
using a number of different methods and basis sets. This tests
the ability of B3LYP to differentiate attack at sulfur from
selenium, a critical point of our study, and also augments our
previous work. The results are shown in Table 3. There are
actually two intermediates for attack at each heteroatom,
differing by the orientation of the methyl group on the central
heteroatom. The relative ordering of the four intermediates is
essentially identical with all methods (MP2 and two different
DFT procedures, including PBE1PBE30 which is thought to deal
well with weak interactions31 and basis sets). Most important
is that all methods, including B3LYP/6-31+G(d), indicate that
the intermediate from attack at selenium is more stable than
that from attack at sulfur. Also noteworthy is that our choice
of the small 6-31+G(d) basis set provides energies quite similar

TABLE 2. Energies (kcal mol-1) Relative to Isolated Reactants for
Reactions 1-4a

Reaction IDC TS1 INT TS2 P PTP

1Se -13.35
-15.50

-15.12
-16.77

-38.37-36.58 -38.85

2Se -17.12
-19.16

-14.33
-16.99

-34.46-35.31 -37.19

3Se -14.88
-17.46

-14.20
-16.56

-23.98
-25.17

-6.46
-7.04

-11.17-12.50 -25.04

4Se
(chair)

-12.85
-16.24

-13.74
-16.77

-22.79
-24.37

-4.64
-5.91

-6.13
-7.42

-17.81

4Se
(boat)b

-8.80
-12.71

-9.02
-10.69

-19.60
-21.21

-2.07
-3.66

1S -13.10
-15.13

-13.15
-14.40

-35.24
-36.09

-29.14

2S -16.14
-18.19

-12.15
-15.13

-30.95
-34.14

-27.25

3S -12.95
-15.91

-11.03
-13.56

-20.31
-22.54

-2.47
-7.53

-6.24
-11.22

-13.76

4S
(chair)

-10.23
-13.45

-9.90
-12.60

-18.50
-20.79

0.78
-4.16

-0.82-5.82 -6.61

4S
(boat)b

-5.34
-8.99

-4.35
-7.54

-14.77
-17.71

2.94
-2.21

a B3LYP/6-31+G(d) energies in normal font, and MP2/6-31+G(d)
energies are in italics. Energies include ZPE evaluated at the same level.
b Energies relative to the chair conformation of4. 4(boat) are 5.83 (B3LYP
and MP2) kcal mol-1 higher in energy than4(chair).

TABLE 3. Relative Energies (kcal mol-1) of the Intermediates for the Reaction HS- + MeSSeMe

B3LYP/6-31+G(d)a 5.94 6.24 0.03 0.0
B3LYP/6-311+G(2d,p)a 6.68 6.76 0.05 0.0
PBE1PBE/6-311+G(2d,p)a 7.22 7.11 0.04 0.0
MP2/6-31+G(d)b 5.69 6.26 0.05 0.0
MP2/6-311+G(2d,p)b 7.58 7.59 0.0 0.06

a Corrected with ZPE at B3LYP/6-31+g(d). b Corrected with ZPE at MP2/6-31+G(d).
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to that with the larger basis set, and if anything itunderestimates
the preference for attack at selenium.

The potential energy surfaces of Reactions 5-8 were
therefore computed at B3LYP/6-31G(d). These surfaces are very
similar to their diselenide (vide supra) and disulfide11 analogues.
The reactants first come together to form ion dipole complexes
characterized by a weak interaction between the thiolate sulfur
and hydrogen atom(s) of the ring compound. We assume that a
single IDC is the start for both attack at S and Se. Next, the
thiolate swings toward either the ring sulfur or selenium atom,
passing through the entrance transition state. For both of the
reactions of the three-membered ring5 and the four-membered
ring 6, forward progress from the entrance transition states leads
directly to a ring-opened product. For Reactions 7 and 8, an
intermediate results from the attack at either S or Se. A second
transition state then leads to cleaving of the S-Se bond of the
ring, resulting in the product.

The geometries of the critical points for Reactions 5-8 are
analogous to those of Reactions 1-4. For that reason, we have
not included drawings of them except for the intermediates. The
pathways for Reactions 7 and 8 clearly contain intermediates.
These intermediates have S-Se and S-S distances comparable
to the intermediates of acyclic reactions (Figure 3). Inspection
of the intermediate geometries reveals that they follow the same
structural trend as noted for the intermediates of Reactions 3
and 4; namely, as the ring becomes bigger, the intermediate
geometry approaches that of the intermediate of the acyclic

analogue. Another interesting trend observed in the intermediates
is the nearly equivalent sum of the bond distances to the
hypercoordinate S or Se, about 5.18 Å.

The nature of the critical point that follows the first transition
state for all reactions of the four-membered rings2 and 6
requires further discussion. These critical points are all local
minima and could be either intermediates or products. We favor
the latter interpretation based on the following characteristics.
First, the distances of the bonds to the heteroatom under attack
are atypical of intermediates. The nucleophile-heteroatom
distances are short, and the breaking heteroatom-heteroatom
distances are very long. For example, the Se-S distance inP-2S
is almost 0.3 Å shorter than that in the intermediate for the
reaction of HS- with CH3SeSeCH3, and only 0.1 Å longer than
a typical Se-S bond, suggesting that this bond is nearly fully
formed. InP-6SandP-6Se, the breaking S-Se bond is more
than 0.2 Å longer than that in the intermediates of Reactions 7
and 8. Second, these structures are much more energetically
stable (by 10 kcal mol-1) than the intermediates. Their relative
energies are more comparable to those of the products of the
three-membered rings. The low energy ofP-2andP-6suggests
that the ring strain energy of the four-membered ring has been
fully released, indicative of a product and not an intermediate
where the ring is still extant. We drew a similar conclusion with
the substitution reaction of 1,2-dithietane.11

The relative energies of the critical points on the potential
energy surfaces for Reactions 5-8 are listed in Table 4. Both
reactions of5 and6 follow the two-well surface, represented
in Scheme 1. The reactions involving the larger cyclic selenenyl
sulfides follow the three-well PES as represented in Scheme 2.

As with Reactions 1-4, all of the nucleophilic substitution
reactions of selenenyl sulfides are exothermic, though Reaction
8S is only exothermic when one considers the proton-transfer
productPTP-8S. The reactions become less exothermic with
increasing ring size. This reflects relief of ring strain energy
(vide infra).

The intermediates of Reactions 7 and 8 lie in a potential
energy well characterized by the height of the entrance and exit
barriers. For these reactions, the exit barrier is higher than the
entrance barrier. In fact, the exit barrier is at or above the energy
of the reactants. This behavior is identical that seen with the
diselenides and disulfides.11

There are distinct energetic differences between attack at the
sulfur or selenium of the selenenyl sulfides5-8. First, the
overall reaction for attack at the selenium of all four rings is
more exothermic than the attack at sulfur. This energetic
preference ranges from 4.64 kcal mol-1 in Reaction 5 to 1.32

(28) Gonzales, J. M.; Cox, S. C. I.; Brown, S. T.; Allen, W. D.; Schaefer,
H. F. I. J. Phys. Chem. A2001, 105, 11327-11346.

(29) (a) Check, C. E.; Gilbert, T. M.J. Org. Chem.2005, 70, 9828-
9834. (b) Grimme, S.Angew. Chem., Int. Ed.2006, 45, 4460-4464. (c)
Schreiner, P. R.; Fokin, A. A.; Pascal, R. A.; deMeijere, A.Org. Lett.2006,
8, 3635-3638. (d) Wodrich, M. D.; Corminboeuf, C.; Schleyer, P. v. R.
Org. Lett.2006, 8, 3631-3634.

(30) Perdew, J. P.; Burke, K.; Ernzerhof, M.Phys. ReV. Lett.1996, 77,
3865-3868 (errata1997, 78 , 1396).

(31) (a) Zhao, Y.; Truhlar, D. G.J. Chem. Theory Comput.2006, 2,
1009-1018. (b) Zhao, Y.; Truhlar, D. G.J. Chem. Theory Comput.2007,
3, 289-300.

FIGURE 3. B3LYP/6-31+G(d) optimized structures ofP-6 and
intermediates of Reactions 7 and 8. All distance are in angstroms.

TABLE 4. Energies (kcal mol-1) Relative to Isolated Reactants for
Reactions 5-8a

Reaction IDC TS1 INT TS2 P PTP

5S -12.79 -12.78 -30.18 -27.45
5Se -10.37 -34.82 -34.18
6S -14.27 -9.22 -22.83 -24.79
6Se -10.57 -29.94 -32.17
7S -11.48 -8.57 -12.81 2.31 -3.03 -10.48
7Se -10.10 -19.58 -0.14 -4.35 -15.93
8S(chair) -10.66 -7.80 -10.76 4.24 2.25 -5.16
8Se(chair) -10.14 -18.10 3.82 -1.78 -10.35
8S(boat)b -6.92 -0.97 -7.87 2.46
8Se(boat)b -4.99 -13.64 -0.39

a B3LYP/6-31+G(d) energies including ZPE.b Energies relative to the
chair conformation of8. 8(boat) are 4.57 kcal mol-1 higher in energy than
8(chair).
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kcal mol-1 in Reaction 7. The preference for attack at selenium
is larger if one considers the proton-transfer products; in that
case, selenium attack is favored by 5.5-7.5 kcal mol-1.

In all four reactions where intermediates are observed, the
intermediate from attack at selenium is lower in energy than
the intermediate from attack at sulfur. The energetic preference
for the selenium intermediate is about 6-7 kcal mol-1.

Last, except forTS1-5Sand TS1-5Se, the transition states
for attack at selenium are lower in energy than those for attack
at sulfur. In Reaction 5, the barrier for attack at sulfur is 2.4
kcal mol-1 lower than for attack at selenium. For Reaction 6,
TS1-6Seis 1.4 kcal mol-1 below TS1-6S. For the other two
reactions, we focus on the higher of the two transition states.
With Reaction 7, the second transition state with attack at
selenium is favored by 2.4 kcal mol-1 over sulfur attack.
Reaction 8 actually favors reaction through the boat conforma-
tion, and again the selenium pathway is favored over the sulfur
path.

Ring Strain Energy. The ring strain energy (RSE) of1-8
was evaluated using the group equivalent method.32 The RSE
is defined as the negative of either eq 1 or 2, and values are
listed in Table 5. Experimental values are not available for
comparison. However, the trends in strain energy for these cyclic
compoundssRSE decreases with increasing ring size and the
three-membered rings are slightly more strained than the four-
membered ringssmimic strongly those we reported for cyclic
disulfides,11 whose values are reproduced in Table 5.

Discussion

The mechanism of nucleophilic substitution at sulfur or
selenium can be distinguished by the presence or absence of
an intermediate. If the path has no intermediate, then the
nucleophile adds as the leaving group exits, the SN2 mechanism.
On the other hand, if an intermediate is traversed, then a two-
step mechanism is invoked. First, the nucleophile adds to create
the intermediate, and in a distinct second chemical step, the
leaving group exits. This is an addition-elimination mechanism.

We have noted a broad range of substitution reactions at sulfur
that follow the addition-elimination pathway.5-11 Model reac-
tions for nucleophilic substitution at selenium also indicate an
A-E reaction.13

Our study on nucleophilic substitution at sulfur in cyclic
disulfides revealed that ring strain energy can alter the mech-
anism.11 Namely, substitution reactions of the strained three-
and four-membered cyclic disulfides proceed via the SN2
reaction, while the larger and less strained five- and six-
membered rings follow the A-E path.

Nucleophilic substitution reactions involving the selenium-
containing cyclic compounds examined in this study (1-8) also
show this mechanistic dependence on the ring size. The
substitution reactions of the three-membered rings (1 and5) all
have potential energy surfaces that are topologically identical
to that shown in Scheme 1. This surface is characterized by
having no intermediate. A single transition state takes the IDC
into the product. This SN2 mechanism is followed for the
reaction of1 regardless of nucleophile used and for reaction of
5 at either sulfur or selenium. Consistent with the SN2
mechanism, the incoming nucleophile attacks from the backside.
Since these are very early transition states, the angle formed
by the nucleophile, the heteroatom under attack, and the leaving
group is much smaller than the paradigmatic value of 180°.

The SN2 mechanism operates for the substitution reactions
of the four-membered rings2 and6. Here again, the reactions
have no intermediates, though the products (P-2S, P-2Se, P-6S,
andP-6Se) have some attributes that resemble the intermediates
observed in other addition-elimination reactions involving
substitution at sulfur and selenium. The distance between the
heteroatoms that were bonded in the four-membered reactants
is very long relative to that in true intermediates. Some
interaction may still exist between these heteroatoms; these
gaucheproduct conformations are lower in energy than their
anti isomers. Nonetheless, as argued in the Results section, an
intermediate of the type seen in true addition-elimination
reactions, like those involving the five- and six-membered rings,
is not observed. Substitution reactions involving the larger five-
and six-membered rings proceed via the addition-elimination
mechanism, characterized by a stable intermediate on the
reaction pathway.

Ring strain is the obvious culprit for these differences. The
three- and four-membered cyclic diselenides, disulfides, and
selenenyl sulfides are more strained than their five- and six-
membered ring congeners. The strain energy in the small rings
ranges from 18 to 24 kcal mol-1. The five-membered rings are
substantially less strained, with RSEs of 4-6 kcal mol-1. The
six-membered rings are essentially unstrained. Relief of ring
strain is a strong driving force in the reactions of1, 2, 5, and6.
This can be seen in the overall reaction energies, which are
much more exothermic for the reactions of these small rings,
ranging from-25 to -38 kcal mol-1, than for the five- and
six-membered rings, whose reaction energies are exothermic
by only a few kcal mol-1 without considering the proton-transfer
products.

One argument for the SN2 mechanism for reactions at small
rings is that as the heteroatom-heteroatom bond begins to
lengthen the ring strain is released, driving the full cleavage of
the bond. This is an extension of the argument by Gronert and
Lee that formation of small rings occurs through essentially(32) Bachrach, S. M.J. Chem. Educ.1990, 67, 907-908.

TABLE 5. Ring Strain Energy (kcal mol-1) of 1-8a

B3LYP MP2 B3LYP B3LYP

1 24.1 24.2 5 21.5 CH2S2 18.7
2 22.6 23.8 6 20.4 (CH2)2S2 20.8
3 5.2 4.6 7 3.8 (CH2)3S2 5.8
4

(chair)
-0.4 -1.6 8

(chair)
0.6 (CH2)4S2

(chair)
2.0

4
(boat)

5.4 8
(boat)

5.2 (CH2)4S2

(boat)
6.6

a Evaluated at B3LYP/6-31+G(d) using eq 1 or 2. Disulfide results from
ref 11.
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strain-free transition states.33 For example, the reaction of
HSCH2CH2S- to form thiirane has a barrier of 19.2 kcal mol-1,
almost 6 kcal mol-1 lower than the barrier for the reaction of
ethylsulfide with MeS-. They argue that the strain energy of
the four-membered ring is accruedafter the transition state. In
our casesthe reverse of the ring formation examined by
Gronertsthe strain energy is releasedbeforethe transition state
is reached. The implication is that, for the strained rings, no
intermediate can be achieved, and the mechanism is SN2.

A second argument is based on the ability of the heteroatom
to accommodate an additional ligand, that is, to become
hypercoordinate. To assess this, we expand on the model we
described in the study of cyclic disulfides. A model intermediate
A (see Table 6) is constructed such that the X2-X3 distance is
fixed to a value typical of acyclic intermediates (2.65 Å for
Se-Se and 2.5 Å for all other combinations), and the C-X2-
X3 angle (calledR) is held fixed. All other variables are allowed
to optimize. VaryingR allows us to mimic the angles in a small
ring environment and test the ability of a heteroatom to bind
an additional ligand: the incoming nucleophile in our case. The
relative energies for four values ofR are listed in Table 6. With
all four heteroatom pairs, the energy rises appreciably only after
the angleR has been reduced to 70° and becomes quite large
to 60°. These small values ofR are what would occur if there
was an intermediate involving a three- or four-membered ring.
Were a nucleophile to add to the heteroatom in these small rings,
the strain energy would simply become too great, and instead
of forming an intermediate, the ring breaks open. On the other
hand, the value ofR in the intermediates formed from the five-
and six-membered rings is always between 80 and 90°; for
example, it is 83.3° in INT-7Se, 86.2° in INT-7S, 86.9° in INT-
4Se(chair), and 87.1° in INT-4S(chair). The nucleophile can
be readily accommodated in these larger rings, and so an
intermediate is observed.

The mechanism for nucleophilic substitution at selenium (just
as for sulfur) appears to be independent of the nature of the
nucleophile. The reactions of1 and2 is SN2 and that of3 and
4 is A-E, whether the nucleophile is HS- or HSe-. Further-
more, though B3LYP predicts larger differences in activation
barriers and overall reaction energies than does MP2, both
methods agree that barriers are lower and reactions are more
exothermic with HSe- than with HS-. This thermodynamic
preference is seen in the model Reactions 9 and 10 involving
simple acyclic diselenides (Table 7). The intermediates involving

attack with HSe- are also lower in energy than those involving
attack by HS-. HSe-, being more polarizable than HS-, is the
better nucleophile.

It is also worth commenting upon the similarities between
substitution reactions of the diselenides and disulfide rings. The
mechanism for substitution of the three- and four-membered
ring disulfides and diselenides is SN2, while substitution occurs
by the A-E mechanism with the five- and six-membered rings.
The reaction of 1,2-dithiolane (the five-membered cyclic dis-
ulfide) is faster than that of 1,2-dithiane (the six-membered
cyclic disulfide).34 We found that (a) the intermediate for attack
of 1,2-dithiolane is more stable than that of 1,2-dithiane; (b)
the barrier for attack of the five-membered ring is higher than
that of the six-membered ring; and (c) the reaction of 1,2-
dithiolane is more exothermic than that of 1,2-dithiane. These
same trends are exhibited by the diselenides: the reactions of
3 are both more exothermic and have a lower barrier than those
of 4, and the intermediates derived from3 are more stable than
the intermediates from4.

Our results reinforce the notion that nucleophilic substitution
at sulfur and selenium preferentially proceeds by the addition-
elimination mechanism. It is only with the perturbation of a
small ring that the mechanism switches to the alternate SN2
mechanism. Evidence is now mounting that nucleophilic
substitution at atoms other than first-row elements dominantly
follow the addition-elimination pathway. Bickelhaupt’s recent
study35 of nucleophilic substitution at phosphorus finds the
addition-elimination pathway, confirming our earlier study.3

Extensive studies of substitution at silicon also show the
addition-elimination mechanism.36 The SN2 mechanism oper-
ates at carbon and other first-row elements, where accommoda-
tion of an additional bond cannot happen, from either molecular
orbital or steric points of view.

The other major issue addressed in this study is the potential
selectivity of nucleophilic attack at selenium versus sulfur. Our
initial study on this question examined simple acyclic selenenyl
sulfides, where we found both a kinetic and thermodynamic
preference for substitution at selenium.13 Reactions 5-8 extend
this study to the cyclic selenenyl sulfides. In all aspects, attack
at selenium is preferred over attack at sulfur. These computa-
tional results are consistent with the recent experiments of Sarma
and Mugesh.17 They found essentially no substitution reactions
at sulfur of selenenyl sulfides unless activating groups were
present as in the drug ebselen.

(33) (a) Gronert, S.; Lee, J. M.J. Org. Chem.1995, 60, 4488-4497.
(b) Gronert, S.; Lee, J. M.J. Org. Chem.1995, 60, 6731-6736.

(34) Singh, R.; Whitesides, G. M.J. Am. Chem. Soc.1990, 112, 6304-
6309.

(35) vanBochove, M. A.; Swart, M.; Bickelhaupt, F. M.J. Am. Chem.
Soc.2006, 128, 10738-10744.

(36) (a) Bento, A. P.; Sola`, M.; Bickelhaupt, F. M.J. Comput. Chem.
2005, 26, 1497-1504. (b) Windus, T. L.; Gordon, M. S.; Davis, L. P.;
Burggraf, L. W.J. Am. Chem. Soc.1994, 116, 3568-3579. (c) Gronert,
S.; Glaser, R.; Streitwieser, A.J. Am. Chem. Soc.1989, 111, 3111-3117.

TABLE 6. Relative Energies (kcal mol-1) of Model Geometries of
the Intermediatea

R (deg)
Se-Se-Se

rel E
S-Se-S

rel E
S-S-Se

rel E
S-S-Sb

rel E

90 0.0 0.0 0.0 0.0
80 2.4 2.0 3.0 1.7
70 7.8 8.7 12.5 9.2
60 26.2 29.3 37.4 30.8

a The order of the heteroatoms is X1-X2-X3. Geometry optimized at
B3LYP/6-31+G(d) with r(X2-X3) fixed asr(Se-Se)) 2.65 Å andr(Se-
S) ) r(S-Se)) r(S-S) ) 2.5 Å andR fixed to specific values.b Values
from ref 11.

TABLE 7. Reaction Energies (kcal mol-1) for Model Acyclic
Reactionsa

∆E
(B3LYP)

∆E
(MP2)

Reaction 9 CH3SeSeCH3 + HS- f HSSeCH3 + CH3Se- 14.12 11.32
CH3SeSeCH3 + HSe- f HSeSeCH3 + CH3Se- 10.10 10.21

Reaction 10 CH3SeSeCH2Se- + HS- f HSSeCH2Se- +
CH3Se-

10.30 9.50

CH3SeSeCH2Se- + HSe- f HSeSeCH2Se- +
CH3Se-

6.76 9.01

a Computed at B3LYP/6-31+G(d) or MP2/6-31+G(d) including ZPE.
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Kinetic preference is decidedly in favor of attack at selenium.
For Reactions 5 and 6, which proceed via the SN2 mechanism,
the transition state involving attack at selenium is lower than
that of attack at sulfur:TS1-5Selies 2.41 kcal mol-1 below
TS1-5Sand TS1-6Seis 1.15 kcal mol-1 below TS1-6S. For
Reactions 7 and 8, the second transition state is rate-limiting.
TS2-7Seis 2.45 kcal mol-1 belowTS7-S; in fact, this later TS
lies above the energy of separated reactants. For the reaction
of 8, the only path throughTS2-8Se(boat)avoids a transition
state that is higher in energy than reactants. Even the first
transition states are more favorable for attack at selenium than
at sulfur.

Thermodynamic preference for attack at selenium is noted
in two aspects. First, the overall reaction is more exothermic
when the attack occurs at selenium than when it occurs at sulfur.
Reaction 7 shows the least preference, whereP-7Sis only 1.32
kcal mol-1 higher in energy thanP-7Se. However, the prefer-
ence for selenium is enhanced if one considers the proton-
transfer product; the smallest preference is now 5.19 kcal mol-1

in Reaction 8.

The intermediates of Reactions 7 and 8 created by attack at
selenium are more stable than those formed by attack at sulfur.
This energy difference is significant:INT-7Se is 6.77 kcal
mol-1 more stable thanINT-7S and the difference in energy of
INT-8Se and INT-8S is 7.34 kcal mol-1. These values are
consistent with our study of nucleophilic substitution of acyclic
diselenides (see Table 3). Selenium is better able to take on the
additional ligand, accommodating a hypercoordinate environ-
ment, than is sulfur. This is due to selenium being larger than
sulfur, so that it has room to fit a third species, and has
energetically closer orbitals, which enhances its ability to
participate in four-electron/three-center bonding.37

Extrapolating gas-phase results to the solution phase can be
treacherous given that solvent can dramatically alter reaction
rates especially for charged species. Nonetheless, the gas-phase
results do mimic the limited experimental results for nucleophilic
substitution of acyclic species; that is, substitution at selenium
is faster than at sulfur. We are currently investigating the effect

of water on nucleophilic substitution reactions at selenium in
cyclic and acyclic species and will report these results in due
course.

Conclusions

Gas-phase nucleophilic substitution reactions at selenium in
acyclic diselenides occur by the addition-elimination reaction.
We examined substitution at selenium in the parent three-, four-,
five-, and six-membered cyclic diselenides. For the larger, less
strained five- and six-membered rings, substitution again occurs
via the addition-elimination route. However, relief of ring strain
accompanies nucleophilic attack at the three- and four-membered
diselenides, indicating a change of mechanism to SN2. This
behavior is identical to that of the cyclic disulfides. There is
now substantial evidence that the standard pathway for gas-
phase nucleophilic substitution at heteroatoms beyond the first
row is the addition-elimination mechanism.

Selectivity for nucleophilic substitution at selenium over
sulfur was demonstrated in cyclic selenenyl sulfides. The
mechanism for this substitution was independent of which
heteroatom is attacked; the size of the ring dictates the
mechanism. The small, strained three- and four-membered cyclic
selenenyl sulfides react via the SN2 pathway, while the larger
five- and six-membered rings react by the addition-elimination
mechanism. Attack at selenium is favored in terms of both
kinetics and thermodynamics for the reaction of all four cyclic
selenenyl sulfides, consistent with recent experimental17 studies.
This enhanced reactivity toward selenium over sulfur provides
a tantalizing hint as to why nature has incorporated selenocys-
teine in a number of proteins. The S-Se bridge in proteins looks
to be more reactive toward nucleophiles than the conventional
disulfide bridge. We reiterate our suggestion for further
examination of reactions at selenium in selenoproteins.
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