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Potential Energy Surface of SC§~
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Sulfur trichloride anion is stable in the gas phase. Computational results at the G2 level indicate that SCI
lies 99.0 kJ/mol below the dissociation products, dichlorosulfide and chloride anion, on a single-well potential
energy surface. The anion$a T shape, with axial-SCI bond lengths of 2.383 A and an equatoriat@

bond length of 2.068 A. Collision-induced dissociation results obtained using a flowing afterglow-tandem
mass spectrometer givelzp(SCL—CI™) bond energy of 85t 8 kJ/mol.

Introduction a)

Nucleophilic substitution is a fundamental chemical reaction.
Most computational studies of substitution reactions have dealt TS1 TS2
with substitution at carbon atordifecently more computational
effort has been concentrated on reactions at heteroatoms such
as nitroger?, oxygen? phosphorus$,and sulfur®.” Substitution
reactions at sulfur are of particular biological importaféer
example, the thietdisulfide exchange reaction plays an im-
portant role in the folding of proteins. Disulfide bonds are critical D1 D2
in obtaining the proper lowest energy protein conformation; such
bonds are often formed by a nucleophilic substitution reaétion. b Reactants Products
Thiol—disulfide exchange is also essential to the enzyme
activities of flavin-containing dehydrogena¥®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 ID1 D2

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, CH SI
SH, or SCH) occur via an additiorelimination mechanisrf’ Figure 1. (a) Generalized B3LYP/aug-cc-pvDZ potential energy
In these reactions, asymmetric transition states conneet ion surface (PES) for di- and trisulfide nucleop_hilic subs_titution reactions.
dipole complexes with a stable intermediate (which is absent () B3LYP/aug-cc-pvDZ PES for the reaction of"Qhith CISCH.
in many potential energy surfaces for substitution reactidhs). L 5
The triple-well potential energy surface for this reaction is shown __ 1he SCh~ anion is an example of hypervalent bondifg
in Figure 1a. Studies on reactions of Gind PH~ with CISCH; T.he gentral sulfur atom has 10 electron's in its valence shell.
and PHSCH, respectively, also indicate an additiealimina- Little is known about the gas-phase periodic trends and bond

tion mechanisn2 While computationally analyzing the mecha-  Séngths in hypervalent systems. Hc;\évever,lﬁCCII‘ bonlg
nism for the gas-phase nucleophilic substitution reaction of Strengths are available for AG+= SiCl,™ PCL,*" and CICH,

chloromethyl sulfide and chloride anion, a very stable interme- @nd measurement of the SCCI~ bond strength would allow
diate (SI) was discovered. This intermediate, dichloromethyl the determination of the effect of the central atom on hypervalent
sulfide anion, is 90.8 kJ/mol lower in energy than the reactants. Pond strengths.

As seen in Figure 1b, the Sl is more stable than the-itipole

complex, and the activation barrier between them is extremely Computational Methods

Sma”' Thg significant effect of substitut.ing one organic sub- Ab initio calculations were performed on the reactants and
st]:ﬁent vtvk:th ihlalogen s(;l?geks_,ted r{e_?lacwt]g tthe] mHClSCbe stable intermediate using GAUSSIAN 94 or ¥8The geom-
with another halogen and looxing at Iits potential €nergy Surtace. o045 of SgJ CI-, and SC4~ were optimized at the B3LYP
This paper descrlpes calculapons anoll3exper|ments on the |dent|ty|eve|19 using Dunning’s correlation-consistent aug-cc-pVDZ
substitution reaction of Clwith SCb. basis set® The relatively large cc-pVDZ basis set, which
* Northern Illinois University. inclut_jes polarization functions, was augmen_ted_wit_h dif_fuse
* Trinity University. functions to better account for the electron distribution in anions.

Reactants Products

TS1 TS2

10.1021/jp993671w CCC: $19.00 © 2000 American Chemical Society
Published on Web 03/09/2000



Potential Energy Surface of SCI J. Phys. Chem. A, Vol. 104, No. 13, 2002959

TABLE 1: Optimized Geometrical Parameters and Dissociation Energ§

SCh SCk™
level S-ClI Cl-S—CI S—C|(1) S—C|(2) C|(1)—S—C|(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 Al distances are in angstroms, all angles are in degrees, and all energies are imrkJ mol

Analytical frequencies were also calculated at the B3LYP/aug- 95% helium and 5% argon. lons are sampled from the flow
cc-pVDZ level to obtain vibrational constants. The frequencies tube into the main chamber, which contains the tandem mass
obtained were not scaled because the recommended B3LYPspectrometer. This chamber is differentially pumped to pressures
“low-frequency scaling factor” is 1.08. Stable structures were  sufficiently low that further collisions of the ions with the buffer
confirmed by the existence of zero imaginary vibrational gas are unlikely. The octopole passes through a gas cell that is
frequencies. Rotational constants were calculated from thefilled with argon for collision-induced dissociation (CID)
optimized geometries. The lowest energy conformers fop SCI experiments.
and SC4~ both hadC,, symmetry. A potential energy surface Threshold Analysis. The threshold energy for a reaction is
scan was also obtained at this level. determined by modeling the intensity of product ions as a
The B3LYP density functional method was used because of function of the reactant ion kinetic energy in the center-of-mass
previous studies that dealt with nucleophilic substitution reac- (CM) frame,Ecu. The translational energy zero of the reactant
tions that had sulfur as the central reactive atom. Bachrach andion beam is measured using the octopole as a retarding field
Mulhearn compared many different computational levels for the analyzer?®30 The first derivative of the beam intensity as a
disulfur reactions, finding little variation among the energies function of energy is approximately Gaussian, with a full-width
or geometries using the MgllePlesset (MP2, MP4), coupled  at half-maximum of typically 1.0 eV. A small fraction of the
cluster (CCSD), and DFT (B3LYP) methofl€alculations at ions can be translationally excited in excess of this distribution
the present level of theory give EA(GH 3.72 eV, in reasonable by the rf fields of the first quadrupole. This results in additional
agreement with the experimental value of 3.61%8Vh other tailing at the lowest energies of the cross section data. The effect
studies of main group halides, Schaefer and co-workers foundof this tailing is included in the overall uncertainty in the
that the B3LYP method gave better agreement with the reported reaction thresholds. The laboratory en&igyis given
experimental dissociation energies for BAFPF2* and PR by the octopole rod offset voltage measured with respect to the
than other density functional methods. There is also good center of the Gaussian fit. Conversion to the CM frame is
agreement between experimental and B3LYP bond energies inaccomplished by use &y = Ejapm/(m + M), wherem andM
PF,~ and Pk~,2224as well as SF/9~ specie€? On the other are the masses of the neutral and ionic reactants, respectively.
hand, the B3LYP bond energy for BrCl is 24 kJ/mol lower than This energy is corrected at low offset energies to account for
the experimental valu®, and agreement on electron affinities truncation of the ion beart¥.
of PF, systems is poot*2’ To further evaluate the efficacy of Total cross sections for reactiota, are calculated using
the B3LYP method, the dissociation energy of $Civas eq 130 wherel is the intensity of the reactant ion beah s
obtained by reoptimization of the geometries at B3LYP/aug- the intensity of the incoming ion bearty & | + [;), andl; are
cc-pVTZ, B3PW91/aug-cc-pVTZ, and G2. The geometries and
dissociation energies are listed in Table 1. I =1, exp(—o,,nl) (1)

Experimental Section the intensities for each product ion. The number density of the

The flowing afterglow tandem mass spectrometer used in neutral collision gas i$1,_ gndl is the effective coII_ision cell
these experiments consists of an ion source, a flow reactor, andength, 13+ 2 cm?? Individual product cross sections are
a tandem mass spectrometer comprising a quadrupole mas§&dual tOG_total('i/'i)- ) )
filter, an octopole ion guidé a second quadrupole mass filter, ~ T0 derive CID threshold energies, the threshold region of
and a detector. This instrument has been described in detailthe data is fitted to the model function given in eq 2, where
previously?® a brief description follows. o(E) is the cross section for formation of the product ion at

The ion source used in these experiments is a dc discharge
that typically operates at 1500 V with 2 mA of emission current. o(E) = 0% [gPo(EE)(E + E — E)VE] (2)
The ions for these experiments were produced by adding SCI
(Aldrich Chemical Tech Grade 80%, used as received) at the center-of-mass enerdy, Er is the desired threshold energy,
plasma source. Dissociative electron attachment to §@és is a scaling factorn is an adjustable parameter related to the
Cl—, and attachment of the Clto another molecule of S¢l shape of the cross sectidPy is the probability of an ion with
gives SC{~. The flow tube is a 92 cnx 7.3 cm i.d. stainless  a given amount of energy dissociating within the experimental
steel pipe with five neutral reagent inlets. The pressure in the window (ca. 30us), andi denotes rovibrational states having
flow tube is 0.4 Torr, as measured at the middle gas inlet by a energyE; and populatiorg; (g = 1). Pp and the branching
capacitance manometer. The buffer gas flow velocity is 100 fractions for multiple dissociation pathways were calculated
m/s, and ions undergo approximately®illisions with the using the RRKM formalism. The CRUNCH program is used
buffer gas during their 10 ms residence in the flow tube. Since in the threshold analysis described abéve.
transfer of energy from low-frequency vibrational modes to  The thermal motion of the collision gas (Doppler broadening)
translational energy during collisions is efficient, even $SClI  and the kinetic energy distribution of the reactant ion (which is
ions formed near the end of the flow tube are almost certainly approximated by a Gaussian function with the experimental
equilibrated at room temperature. The buffer gas is typically fwhm) are also included in the fitting procedure. The effect of
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Figure 3. Appearance curves for collision-induced dissociation of
SCk™ 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 are= 1.38 ander = 0.86
ev.

0 1 2

while the S-CI bond opposite the incoming Cis lengthened
by 0.334 A in the symmetric intermediate.

Natural population analysis (NPA) charges of the atoms in
SChL and SC}~ are given in Figure 2. These results are very
consistent with the 3€4E bonding model, which predicts
=3 4 s 8 10 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
Figure 2. B3LYP/aug-cc-pvDZ energy surface for $CIGeometrical g axjal chlorine atoms. This is also more consistent with the
parameters and natural population analysis charges are also shown. 3C—4E model, rather than the expanded octet model.

- . . : CID Results. The data for collision-induced dissociation of
secondary collisions is accounted for by linear extrapolation of SCk- as a function of translational energy are shown in Figure
data taken at several pressures to a zero pressure Cross é%ections_ The reactions observed are given in egsS3where the

The derived reaction threshold can be affected by possible neytral products are assumed on the grounds that other possible
errors in the calculated frequencies, which determine the peytral products are at least 2.5 eV
predicted internal energy of the reactant ions and the probability

Length (A) of S~--Cl bond

of dissociation,Pp. The possible effect was estimated by SCl,” —Cl+ SCl,~ (3)
multiplying the derived reactant and product frequency sets by
0.8 and 1.2 and refitting the data with the scaled frequency sets. Cl,+ scr 4)
The resulting changes in the derived threshold were 0.01 eV or
less, indicating that likely errors in the calculated frequencies SCL, +Cl (5)

have a negligible impact on the overall uncertainty of the

measurements. The uncertainty associated with a factor of 3higher in energy? The two minor products have sufficiently
change in the 3Qus time window for dissociation is also  small cross sections in the reaction threshold region that they
negligible (<0.001 eV). The uncertainty in the energy scale is can be ignored in the threshold fitting procedure. The optimized
0.15 eV in the lab frame, or 0.034 eV in the CM frame. These fitting parameters arBr = 0.884 0.07 eV anch= 1.4+ 0.2.
uncertainties are combined with the standard deviation of the The threshold energy corresponds to a bond energy of 85
thresholds derived from different data sets to give the overall kJ/mol after other sources of error are included. For comparison,

uncertainty in the reaction threshold. the experimental bond energies in $&fte roughly 3 times as
strong: D(CIS—CI) = 293 kJ/mol and(S—ClI) = 240 kJ/moPk?2
Results Reactions 3 and 5 involve competition between S@id Cl

for the electron. The fact that reaction 3 has a lower threshold

The computed structures for sulfur dichloride and the sulfur than reaction 5 is consistent with the electron affinity of chlorine,
trichloride anion are shown in Figure 2. A single-well potential 3.61 eV, being higher than that of SCA quantitative analysis
energy surface, also shown in Figure 2, is calculated for this of this competition is in progres8.Reaction 4 is presumably a
reaction. Structures represented on this surface were obtainedigand coupling reaction, which should proceed without a barrier
by fixing one S-Cl distance and optimizing all other geometric in excess of the endothermicity for this systé&m.
parameters. No iondipole complex or transition state was Bond Energies.The calculated dissociation energy at B3LYP/
found. Local energy minimum structures, having no imaginary aug-cc-PVDZ is 115.2 kJ mol. This value is in rather poor
frequencies, were determined for $@hd SC{~. SCh has a agreement with the experimental value, 858 kJ mol™.
bent geometry, and Sg€I is roughly T-shaped. The latter Improving the basis set to aug-cc-pVTZ reduces the dissociation
geometry is consistent with both VSEPR theory and with the energy to 107.6 kJ mot and essentially the same value is
presence of a three-centdpur-electron bond. It also agrees obtained using the B3PW91 functional. The geometries are only
with expectations for a collinear €S—CI geometry for a slightly affected by the basis set and functional type.
nucleophilic substitution reaction. Addition of Clto SCh To obtain excellent agreement with experiment, calculation
lengthens one of the original-SC1 bonds by only 0.037 A, at the G2 level is required. Here, the dissociation energy is 99.0
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TABLE 2: Periodic Trends in Bond Energies (kJ mol™2) (11) Chabinyc, M. L.; Craig, S. L.; Regan, C. K.; Brauman, &dience

1998 279, 1882-1886.

SiXa-X" PXe-X" SXo- X~ X X" (12) Bachrach, S. M.; Gailbreath, B. D. Manuscript in preparation.
X=F 251+ 172 168+ 8.4 (13) For a systematic study of the effects of varying theleophilic
X =Cl 1014+ 8.4 804+ 7¢ 854 &d 994 5¢ group, see: Hoz, S.; Basch, H.; Wolk, J. L.; Hoz, T.; Rozental]. Am.

Chem. Socl1999 121, 7724-7725.

(14) Chemistry of Hypearalent CompoundsAkiba, K., Ed.; Wiley-
VCH: New York, 1999.

(15) Nizzi, K. E.; Pommerening, C. A.; Sunderlin, L. 5.Phys. Chem.

I . I . A 1998 102 7674-7679.
1
kJ mol™, within the combined error limits of the experiment (16) Larson, J. W.; McMahon, T. B. Am. Chem. So4985 107, 766—

and calculation. While the G2 geometries are very similar to 773.

the DFT geometries, clearly the DFT methods can provide only (g) Wa'(';ef, B. W-é)iur;d_ef"ﬁ, ll\-/l SJ-_NEHUECViPGt ir\}vp_r%pfﬁatior;- B
approximate dissociation energies. However, the most critical g 'p) -y " Jonnson, B. G- Robb, M. A Chdeseman.J. R Keith T
feature is the lack of any barrier or intermediate for this reaction, petersson, G. A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.;
and all of the methods employed give this same qualitative Zakrzewski, V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov,
potential energy surface. B. B. Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen,

. _ W.; Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin,
Table 2 lists the measured bond strengths forAQI~ bond R’} “Fox, D. L.; Binkley, J. S.; Defrees, D. J.; Baker, J.: Stewart, J. J. P.;
strengths for third row elements A. There is not a significant Head-Gordon, M.; Gonzales, C.; Pople, J. A.; Gaussian, Inc.: Pittsburgh,
periodic trend in these bond strengths, indicating that the bond gA, 1995. g) gaUSS'gg 93'1 'X'S%‘h'\/'- J; TFUCS&S VZV-:kSChle?(?'-\*/*- (B;-!

H H cuseria, N = obDo, AL eeseman, J. ., LaKrzewskl, V. o
strength is reasonaply mdepend_ent_of the central atom. However,Momgomery’ 3. A, Jr.; Stratmann, R. E.: Burant, J. C.. Dapprich, S.: Millam,
substitution of fluorine for chlorine in these systems more than j. Mm.: Daniels, A. D.: Kudin, K. N.: Strain, M. C.: Farkas, O.: Tomasi, J.:
doubles the strength of the bond, indicating that the terminal Barone, V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.;

aReference 16° Larson, J. W.; McMahon, T. Bl. Am. Chem. Soc.
1983 105, 2944-2950.¢ Reference 174 This work. ¢ Reference 15.

atoms do affect the bond strength.
Potential Energy Surface for Substitution. Electronegative
substituents stabilize the CI(X)SCI~ ion-dipole complex by

Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q;
Morokuma, K.; Malick, D. K.; Rabuck, A. D.;.; Raghavachari, K.; Foresman,
J. B.; Cioslowski, J.; Ortiz, J. V.; Baboul, A. G.; Stefanov, B. B.; Liu, G.;
Liashenko, A.; Piskorz, P.; Komaromi, |.; Gomperts, R.; Martin, R. L,;

increasing the size of the dipole. Electronegative substituentsF0x D. L.; Keith, T.; Al-Laham, M. A;; Peng, C. Y.; Nanayakkara, A.;

also stabilize the intermediate by withdrawing electron density

Gonzalez, C.; Challacombe, M.; Gill, P. M. W.; Johnson, B.; Chen, W.;
Wong, M. W.; Andres, J. L.; Gonzalez, C.; Head-Gordon, M.; Replogle,

from the rest of the system. If the substituents are sufficiently E. S.; Pople, J. A.; Gaussian, Inc.: Pittsburgh, PA, 1998.

electronegative, the barriers between the-idipole complexes
and the stable intermediate disappear, leaving a single well.

(19) (a) Becke, A. DJ. Chem. Phys1993 98, 5648-5652. (b) Lee,

AC.; Yang, W.; Parr, W. GPhys. Re. B 1988 37, 785.

(20) (a)Woon, D. E.; Dunning, T. Hl. Chem. Phys1993 98, 1358—

more complete analysis of the effect of the nucleophile and 1371 “(b) kendall, R. A.; Dunning, T. H.: Harrison, K. B. Chem. Phys
leaving group on the mechanism for nucleophilic substitution 1992 96, 6796-6806.

at sulfur will be presented in a subsequent pdper.
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