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Sulfur trichloride anion is stable in the gas phase. Computational results at the G2 level indicate that SCl3
-

lies 99.0 kJ/mol below the dissociation products, dichlorosulfide and chloride anion, on a single-well potential
energy surface. The anion has a T shape, with axial S-Cl bond lengths of 2.383 Å and an equatorial S-Cl
bond length of 2.068 Å. Collision-induced dissociation results obtained using a flowing afterglow-tandem
mass spectrometer give aDO(SCl2-Cl-) bond energy of 85( 8 kJ/mol.

Introduction

Nucleophilic substitution is a fundamental chemical reaction.1

Most computational studies of substitution reactions have dealt
with substitution at carbon atoms.2 Recently more computational
effort has been concentrated on reactions at heteroatoms such
as nitrogen,3 oxygen,4 phosphorus,5 and sulfur.6,7 Substitution
reactions at sulfur are of particular biological importance.8 For
example, the thiol-disulfide exchange reaction plays an im-
portant role in the folding of proteins. Disulfide bonds are critical
in obtaining the proper lowest energy protein conformation; such
bonds are often formed by a nucleophilic substitution reaction.9

Thiol-disulfide exchange is also essential to the enzyme
activities of flavin-containing dehydrogenases10 such as lipo-
amide dehydrogenase, and glutathione reductase, which helps
prevent the destruction of red blood cells. Several sulfide
systems, particularly di- and trisulfides, have been analyzed and
their nucleophilic substitution mechanisms determined theoreti-
cally.6,7

High-level calculations (including large basis sets and electron
correlation) indicate that gas-phase substitution reactions of HS-

at organic sulfides (such as RSSR, where R can be H, CH3,
SH, or SCH3) occur via an addition-elimination mechanism.6,7

In these reactions, asymmetric transition states connect ion-
dipole complexes with a stable intermediate (which is absent
in many potential energy surfaces for substitution reactions).11

The triple-well potential energy surface for this reaction is shown
in Figure 1a. Studies on reactions of Cl- and PH2

- with ClSCH3

and PH2SCH3, respectively, also indicate an addition-elimina-
tion mechanism.12 While computationally analyzing the mecha-
nism for the gas-phase nucleophilic substitution reaction of
chloromethyl sulfide and chloride anion, a very stable interme-
diate (SI) was discovered. This intermediate, dichloromethyl
sulfide anion, is 90.8 kJ/mol lower in energy than the reactants.
As seen in Figure 1b, the SI is more stable than the ion-dipole
complex, and the activation barrier between them is extremely
small. The significant effect of substituting one organic sub-
stituent with a halogen suggested replacing the CH3 on ClSCH3

with another halogen and looking at its potential energy surface.
This paper describes calculations and experiments on the identity
substitution reaction of Cl- with SCl2.13

The SCl3- anion is an example of hypervalent bonding.14,15

The central sulfur atom has 10 electrons in its valence shell.
Little is known about the gas-phase periodic trends and bond
strengths in hypervalent systems. However, ACln-Cl- bond
strengths are available for ACln ) SiCl4,16 PCl3,17 and ClCl,15

and measurement of the SCl2-Cl- bond strength would allow
the determination of the effect of the central atom on hypervalent
bond strengths.

Computational Methods

Ab initio calculations were performed on the reactants and
stable intermediate using GAUSSIAN 94 or 98.18 The geom-
etries of SCl2, Cl-, and SCl3- were optimized at the B3LYP
level19 using Dunning’s correlation-consistent aug-cc-pVDZ
basis set.20 The relatively large cc-pVDZ basis set, which
includes polarization functions, was augmented with diffuse
functions to better account for the electron distribution in anions.
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Figure 1. (a) Generalized B3LYP/aug-cc-pvDZ potential energy
surface (PES) for di- and trisulfide nucleophilic substitution reactions.
(b) B3LYP/aug-cc-pvDZ PES for the reaction of Cl- with ClSCH3.
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Analytical frequencies were also calculated at the B3LYP/aug-
cc-pVDZ level to obtain vibrational constants. The frequencies
obtained were not scaled because the recommended B3LYP
“low-frequency scaling factor” is 1.00.21 Stable structures were
confirmed by the existence of zero imaginary vibrational
frequencies. Rotational constants were calculated from the
optimized geometries. The lowest energy conformers for SCl2

and SCl3- both hadC2V symmetry. A potential energy surface
scan was also obtained at this level.

The B3LYP density functional method was used because of
previous studies that dealt with nucleophilic substitution reac-
tions that had sulfur as the central reactive atom. Bachrach and
Mulhearn compared many different computational levels for the
disulfur reactions, finding little variation among the energies
or geometries using the Møller-Plesset (MP2, MP4), coupled
cluster (CCSD), and DFT (B3LYP) methods.6 Calculations at
the present level of theory give EA(Cl)) 3.72 eV, in reasonable
agreement with the experimental value of 3.61 eV.22 In other
studies of main group halides, Schaefer and co-workers found
that the B3LYP method gave better agreement with the
experimental dissociation energies for BrF,23 PF,24 and PF324

than other density functional methods. There is also good
agreement between experimental and B3LYP bond energies in
PF4

- and PF6-,22,24 as well as SFn+/0/- species.25 On the other
hand, the B3LYP bond energy for BrCl is 24 kJ/mol lower than
the experimental value,26 and agreement on electron affinities
of PFn systems is poor.24,27 To further evaluate the efficacy of
the B3LYP method, the dissociation energy of SCl3

- was
obtained by reoptimization of the geometries at B3LYP/aug-
cc-pVTZ, B3PW91/aug-cc-pVTZ, and G2. The geometries and
dissociation energies are listed in Table 1.

Experimental Section

The flowing afterglow tandem mass spectrometer used in
these experiments consists of an ion source, a flow reactor, and
a tandem mass spectrometer comprising a quadrupole mass
filter, an octopole ion guide,28 a second quadrupole mass filter,
and a detector. This instrument has been described in detail
previously;29 a brief description follows.

The ion source used in these experiments is a dc discharge
that typically operates at 1500 V with 2 mA of emission current.
The ions for these experiments were produced by adding SCl2

(Aldrich Chemical Tech Grade 80%, used as received) at the
plasma source. Dissociative electron attachment to SCl2 gives
Cl-, and attachment of the Cl- to another molecule of SCl2

gives SCl3-. The flow tube is a 92 cm× 7.3 cm i.d. stainless
steel pipe with five neutral reagent inlets. The pressure in the
flow tube is 0.4 Torr, as measured at the middle gas inlet by a
capacitance manometer. The buffer gas flow velocity is 100
m/s, and ions undergo approximately 105 collisions with the
buffer gas during their 10 ms residence in the flow tube. Since
transfer of energy from low-frequency vibrational modes to
translational energy during collisions is efficient, even SCl3

-

ions formed near the end of the flow tube are almost certainly
equilibrated at room temperature. The buffer gas is typically

95% helium and 5% argon. Ions are sampled from the flow
tube into the main chamber, which contains the tandem mass
spectrometer. This chamber is differentially pumped to pressures
sufficiently low that further collisions of the ions with the buffer
gas are unlikely. The octopole passes through a gas cell that is
filled with argon for collision-induced dissociation (CID)
experiments.

Threshold Analysis.The threshold energy for a reaction is
determined by modeling the intensity of product ions as a
function of the reactant ion kinetic energy in the center-of-mass
(CM) frame,ECM. The translational energy zero of the reactant
ion beam is measured using the octopole as a retarding field
analyzer.28,30 The first derivative of the beam intensity as a
function of energy is approximately Gaussian, with a full-width
at half-maximum of typically 1.0 eV. A small fraction of the
ions can be translationally excited in excess of this distribution
by the rf fields of the first quadrupole. This results in additional
tailing at the lowest energies of the cross section data. The effect
of this tailing is included in the overall uncertainty in the
reported reaction thresholds. The laboratory energyElab is given
by the octopole rod offset voltage measured with respect to the
center of the Gaussian fit. Conversion to the CM frame is
accomplished by use ofECM ) Elabm/(m + M), wherem andM
are the masses of the neutral and ionic reactants, respectively.
This energy is corrected at low offset energies to account for
truncation of the ion beam.30

Total cross sections for reaction,σtotal, are calculated using
eq 1,30 whereI is the intensity of the reactant ion beam,I0 is
the intensity of the incoming ion beam (I0 ) I + Ii), andIi are

the intensities for each product ion. The number density of the
neutral collision gas isn, and l is the effective collision cell
length, 13( 2 cm.29 Individual product cross sectionsσi are
equal toσtotal(Ii/Ii).

To derive CID threshold energies, the threshold region of
the data is fitted to the model function given in eq 2, where
σ(E) is the cross section for formation of the product ion at

center-of-mass energyE, ET is the desired threshold energy,σo

is a scaling factor,n is an adjustable parameter related to the
shape of the cross section,PD is the probability of an ion with
a given amount of energy dissociating within the experimental
window (ca. 30µs), andi denotes rovibrational states having
energyEi and populationgi (Σgi ) 1). PD and the branching
fractions for multiple dissociation pathways were calculated
using the RRKM formalism. The CRUNCH program is used
in the threshold analysis described above.31

The thermal motion of the collision gas (Doppler broadening)
and the kinetic energy distribution of the reactant ion (which is
approximated by a Gaussian function with the experimental
fwhm) are also included in the fitting procedure. The effect of

TABLE 1: Optimized Geometrical Parameters and Dissociation Energya

SCl2 SCl3-

level S-Cl Cl-S-Cl S-Cl(1) S-Cl(2) Cl(1)-S-Cl(2) D

B3LYP/aug-cc-pVDZ 2.072 103.65 2.109 2.406 96.75 115.2
B3LYP/aug-cc-pVTZ 2.050 103.86 2.086 2.392 96.62 107.6
B3PW91/aug-cc-pVTZ 2.031 103.83 2.063 2.359 95.42 107.4
G2 2.035 103.32 2.068 2.383 95.67 99.0

a All distances are in ångstroms, all angles are in degrees, and all energies are in kJ mol-1.

I ) I0 exp(-σtotalnl) (1)

σ(E) ) σ0Σi[giPD(E,Ei)(E + Ei - ET)n/E] (2)
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secondary collisions is accounted for by linear extrapolation of
data taken at several pressures to a zero pressure cross section.32

The derived reaction threshold can be affected by possible
errors in the calculated frequencies, which determine the
predicted internal energy of the reactant ions and the probability
of dissociation,PD. The possible effect was estimated by
multiplying the derived reactant and product frequency sets by
0.8 and 1.2 and refitting the data with the scaled frequency sets.
The resulting changes in the derived threshold were 0.01 eV or
less, indicating that likely errors in the calculated frequencies
have a negligible impact on the overall uncertainty of the
measurements. The uncertainty associated with a factor of 3
change in the 30µs time window for dissociation is also
negligible (<0.001 eV). The uncertainty in the energy scale is
0.15 eV in the lab frame, or 0.034 eV in the CM frame. These
uncertainties are combined with the standard deviation of the
thresholds derived from different data sets to give the overall
uncertainty in the reaction threshold.

Results

The computed structures for sulfur dichloride and the sulfur
trichloride anion are shown in Figure 2. A single-well potential
energy surface, also shown in Figure 2, is calculated for this
reaction. Structures represented on this surface were obtained
by fixing one S-Cl distance and optimizing all other geometric
parameters. No ion-dipole complex or transition state was
found. Local energy minimum structures, having no imaginary
frequencies, were determined for SCl2 and SCl3-. SCl2 has a
bent geometry, and SCl3

- is roughly T-shaped. The latter
geometry is consistent with both VSEPR theory and with the
presence of a three-center-four-electron bond. It also agrees
with expectations for a collinear Cl-S-Cl geometry for a
nucleophilic substitution reaction. Addition of Cl- to SCl2
lengthens one of the original S-Cl bonds by only 0.037 Å,

while the S-Cl bond opposite the incoming Cl- is lengthened
by 0.334 Å in the symmetric intermediate.

Natural population analysis (NPA) charges of the atoms in
SCl2 and SCl3- are given in Figure 2. These results are very
consistent with the 3C-4E bonding model, which predicts
charges of-0.5 on the terminal atoms of the hypervalent bond.
Natural bond orbital (NBO) calculations give 1.8% d orbital
character for the orbitals on the sulfur that are bonded to the
two axial chlorine atoms. This is also more consistent with the
3C-4E model, rather than the expanded octet model.

CID Results. The data for collision-induced dissociation of
SCl3- as a function of translational energy are shown in Figure
3. The reactions observed are given in eqs 3-5, where the
neutral products are assumed on the grounds that other possible
neutral products are at least 2.5 eV

higher in energy.22 The two minor products have sufficiently
small cross sections in the reaction threshold region that they
can be ignored in the threshold fitting procedure. The optimized
fitting parameters areET ) 0.88( 0.07 eV andn ) 1.4( 0.2.
The threshold energy corresponds to a bond energy of 85( 8
kJ/mol after other sources of error are included. For comparison,
the experimental bond energies in SCl2 are roughly 3 times as
strong: D(ClS-Cl) ) 293 kJ/mol andD(S-Cl) ) 240 kJ/mol.22

Reactions 3 and 5 involve competition between SCl2 and Cl
for the electron. The fact that reaction 3 has a lower threshold
than reaction 5 is consistent with the electron affinity of chlorine,
3.61 eV, being higher than that of SCl2. A quantitative analysis
of this competition is in progress.33 Reaction 4 is presumably a
ligand coupling reaction, which should proceed without a barrier
in excess of the endothermicity for this system.34

Bond Energies.The calculated dissociation energy at B3LYP/
aug-cc-PVDZ is 115.2 kJ mol-1. This value is in rather poor
agreement with the experimental value, 85( 8 kJ mol-1.
Improving the basis set to aug-cc-pVTZ reduces the dissociation
energy to 107.6 kJ mol-1 and essentially the same value is
obtained using the B3PW91 functional. The geometries are only
slightly affected by the basis set and functional type.

To obtain excellent agreement with experiment, calculation
at the G2 level is required. Here, the dissociation energy is 99.0

Figure 2. B3LYP/aug-cc-pvDZ energy surface for SCl3
-. Geometrical

parameters and natural population analysis charges are also shown.

Figure 3. Appearance curves for collision-induced dissociation of
SCl3- as a function of kinetic energy in the center-of-mass frame. The
solid line is the model appearance curve calculated using eq 2 and
convoluted as discussed in the text. The dashed line is the unconvoluted
fit. The fitting parameters for this data set aren ) 1.38 andET ) 0.86
eV.

SCl3
- f Cl + SCl2

- (3)

Cl2 + SCl- (4)

SCl2
- + Cl (5)
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kJ mol-1, within the combined error limits of the experiment
and calculation. While the G2 geometries are very similar to
the DFT geometries, clearly the DFT methods can provide only
approximate dissociation energies. However, the most critical
feature is the lack of any barrier or intermediate for this reaction,
and all of the methods employed give this same qualitative
potential energy surface.

Table 2 lists the measured bond strengths for ACln-Cl- bond
strengths for third row elements A. There is not a significant
periodic trend in these bond strengths, indicating that the bond
strength is reasonably independent of the central atom. However,
substitution of fluorine for chlorine in these systems more than
doubles the strength of the bond, indicating that the terminal
atoms do affect the bond strength.

Potential Energy Surface for Substitution.Electronegative
substituents stabilize the Cl(X)S-Cl- ion-dipole complex by
increasing the size of the dipole. Electronegative substituents
also stabilize the intermediate by withdrawing electron density
from the rest of the system. If the substituents are sufficiently
electronegative, the barriers between the ion-dipole complexes
and the stable intermediate disappear, leaving a single well. A
more complete analysis of the effect of the nucleophile and
leaving group on the mechanism for nucleophilic substitution
at sulfur will be presented in a subsequent paper.12
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