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The stoichiometric 1:2:2 reaction of SCl2, trimethylsilyl trifluoromethanesulfonate, and pyridine produced sulfur(II)
dications featuring two pyridine donors. The complexes were reacted with unsaturated organic substrates, which
displayed addition with carbon-carbon and carbon-nitrogen double bonds. The substitution on the para position of
the ligand was varied by using electron donating, electron withdrawing, and neutral groups. The electronics at this
position were determined to have a substantial effect on the outcome of the reaction. The presence of an electron
donating group increased the Lewis basicity sufficiently to completely stop the reaction, whereas an electron
withdrawing group decreased the reaction time. These observations are unique to the chemistry of sulfur(II) dications
and main group polycations as a whole.

Introduction

The activation of small molecules is an important area in
the fields of organic and inorganic chemistry especially for
the transformation of abundant chemical feedstocks into
more complex molecules or for targeted synthesis.1 In the
past, transition metal catalysts have been the dominant play-
ers in this field. Recently, nonmetal reagents have shown
utility in this area, spurring further developments within the
p-block. Most noteworthy has been the development of the
“Frustrated Lewis Pair” by the Stephan and Erker groups,
which is derived from the combination of a sterically en-
cumbered Lewis acid and Lewis base, precluding the forma-
tion of a classical adduct.2,3 Certain carbenes, specifically the
cyclic alkyl amino and diamido derivatives, have also shown
the ability to transform several unreactive substrates and
have proven useful in the activation of a variety of molecules,

such as dihydrogen, alkynes, alkenes, carbon dioxide, ammonia,
and nitrous oxide.4-13 Aside from these reagents, other non-
metal examples for performing such tasks are minimal.14-20

Main group complexes have also shown a rich chemistry in
addition reactions across the double bond in unsaturated
organic substrates. Notable examples include hydrobora-
tions and, in the presence of a catalyst, hydrostannation
and hydrosilylation reactions.21-23 With respect to the re-
activity of sulfur compounds with alkenes, sulfur homopo-
lyatomic cations form novel heterocycles with nitriles though
cycloaddition reactions and sulfur chlorides have shown
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additions to olefins.24,25 A reaction of interest early in the 20th
centurywas in theproductionof sulfurmustard.26This chemical
warfare agent was first synthesized in 1822 by Despretz, which
was accomplished by the direct reaction of SCl2with ethylene to
produce the toxin.27 The reaction has been studied extensively
since that time, and the proposed mechanism involves the for-
mation of a cationic thiiranium intermediate (1a), followed by
attackof thehalide toacarbonatomin the three-membered ring
to yield the desired thioether (1b, Scheme 1).28 Although these
reactionshavebeenknown for anumberof years, developments
are still being made today, andmost noteworthy is the work by
Denmark.29,30 These reactions have been useful in organic
synthesis but toxicity is a concern.
A class of molecules that is predicted to have interesting

reactivity toward small molecules is main group polycations,
which carry a formal charge of 2þ or larger on the central
atom as they possess a highly electropositive moiety. The
development of suchmolecules has flourished in recent years;

however, there have been no examples that take advantage of
the reactive center in onward chemistry.31-57

In this context, our lab has developed a series of sulfur(II)
dications utilizing multidentate ligands to stabilize the highly
charged atom.35-37 The reported examples feature bi- and
tridentate (2, 3, and 4) ligands about the sulfur atom (Figure 1).
Preliminary reactivity studies have thus far been unsuccessful
as the tridentate derivatives are too stable, and the bidentate
species react uncontrollably. Herein we report an extension
of the previous work, synthesizing the first monodentate seq-
uestered sulfur(II) dications featuring monodentate pyridine
ligands (5). These species readily undergo addition with
carbon-carbon and carbon-nitrogen double bonds into
the sulfur-nitrogen dative bond displaying new reactivity
for main goup polycations. Pyridine ligands are of interest as
the substitution on the pyridine ring has a distinct influence
on the donor properties at the nitrogen atom, and this
provides a means of tuning the electronic properties of the
dication. This study focuses on the synthesis, characteriza-
tion, and reactivity of these new sulfur(II) dications, with
electron donating, neutral, and withdrawing substituents on
the ligand.

Experimental Section

General Procedures.Allmanipulationswere performed under
an inert atmosphere in a nitrogen filled MBraun Labmaster dp
glovebox or using standard Schlenk techniques unless specified.
Sulfur dichloride was synthesized using a literature procedure.58

Trimethylsilyltrifluoromethanesulfonate (TMS-OTf), 4-dimet-
hylaminopyridine (DMAP), 4-trifluoromethylpyridine, and N,
N0-diisopropylcarbodiimide (DIC) were purchased from Alfa
Aesar. Ethylene (Polymer 3.0 grade, 99.9% pure) was obtained
from PRAXAIR Specialty Gases and Equipment and 4-phe-
nylpyridine from Fisher Scientific. All reagents were used with-
out further purification. Dichloromethane, CH3CN, n-pentane,
and Et2O were obtained from Caledon Laboratories and dried
using anMBraun Controlled Atmospheres Solvent Purification
system. Acetone and THF were used as received from Caledon.
The dried solvents were stored in Strauss flasks under an N2

atmosphere or over 4 Å molecular sieves in the glovebox.
Solvents used for 1H NMR spectroscopy [CD3CN and (CD3)2-
CO] were purchased fromSigma-Aldrich and dried by storing in
the glovebox over 4 Å molecular sieves. Multinuclear NMR
data are listed in ppm, relative toMe4Si (

13C and 1H) andCFCl3
(19F), coupling constants are in Hertz, and all NMR spectra
were recorded on an INOVA 400 MHz (1H = 399.76 MHz,
13C = 100.52 MHz, 19F = 376.15 MHz) spectrometer or
INOVA 600MHz spectrometer. Single crystal X-ray diffraction
data were collected on a Nonius Kappa-CCD area detector or a
Bruker Apex II-CCD detector using Mo-KR radiation (λ =
0.71073 Å). Crystals were selected under N-paratone oil,

Scheme 1. TheReaction of Sulfur Chlorides withOlefins in Thioether
Synthesis
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mounted on nylon loops then immediately placed in a cold
stream of N2. Structures were solved and refined using
SHELXTL.

Samples for FT-Raman spectroscopy were packed in capil-
lary tubes and flame-sealed. Data were collected using a Bruker
RFS 100/S spectrometer, with a resolution of 4 cm-1. FT-IR
spectra were collected on samples as KBr pellets using a Bruker
Tensor 27 spectrometer, with a resolution of 4 cm-1. Decom-
position points were recorded in flame-sealed capillary tubes
using a Gallenkamp Variable Heater. Elemental analyses were
performed by Columbia Analytical Services in Tucson, AZ.

Synthesis. 5Ph. A solution of SCl2 (0.032 g, 0.315 mmol)
and TMSOTf (0.140 g, 0.629 mmol) in CH2Cl2 (5 mL) was
prepared at -78 �C. To this mixture 4-phenylpyridine (0.098 g,
6.29mmol) inCH2Cl2 (5mL)was added immediately generating
awhite precipitate. The supernatant was decanted and the solids
were dried in vacuo. 0.180 g, 89%; d.p. 170-172 �C; 1H NMR
(CD3CN, δ) 9.33 (d, 4H, 3J=6.6Hz), 8.45 (d, 4H, 3J=6.6Hz),
8.01 (d, 4H, 3J = 8.4 Hz), 7.74 (t, 2H, 3J= 7.8 Hz), 7.68-7.65
(m, 4H); 13C (CH3CN, δ) 155.2 152.0, 136.6, 136.4, 133.1, 131.8,
128.8; 19F{1H} NMR (CH3CN, δ) -78.6.

5NMe2. The analogous procedure for 5Ph was utilized with
the same quantities substituting DMAP (0.077 g, 0.629 mmol)
for 4-phenylpyridine 0.168 g, 93%; d.p. 136-138 �C; 1H NMR
(CD3CN, δ) 8.34 (d, 4H, 3J=8.0Hz), 6.90 (d, 4H, 3J=8.4Hz),
3.24 (s, 12H); 13C (CH3CN, δ) 158.1, 147.1, 110.0, 41.4; 19F{1H}
NMR (CH3CN, δ) -78.6. Elemental analysis: Calc for
C16H20F6N4O6S3 C 33.45, H 3.51, N 9.76; found C 33.45, H
3.22, N, 9.56.

5CF3.A solution of SCl2 (0.032 g, 0.315 mmol) and TMSOTf
(0.140 g, 0.629mmol) inCH2Cl2 (5mL)was prepared at-78 �C.
To thismixture 4-trifluoromethylpyridine (0.093 g, 0.629mmol)
in CH2Cl2 (5 mL) was added generating a white precipitate.
Normal pentane (5 mL) was added resulting in more solids
precipitating from solution. The supernatant was decanted and
the solids were dried in vacuo. 0.171 g, 87%, d.p. 179-181 �C;
1H NMR (CD3CN, δ) 9.65 (d, 4H, 3J = 6.4 Hz), 8.50 (d, 4H,
3J = 6.4 Hz); 13C NMR (CH3CN, δ) 153.8, 127.8, 123.1;
19F{1H} NMR (CH3CN, δ) -65.5 (s, 6F), -78.6 (s, 6F).

6Ph.Asolutionof5Ph (0.150g, 0.234mmol) inCH3CN(10mL)
was prepared in a Schlenk round bottomed flask in a dinitrogen
atmosphere. The flask was immersed in a liquid nitrogen bath
and the solutionwas frozen. The nitrogenwas removed in vacuo
and the flask was warmed to room temperature allowing the
solvent to thaw. The flask was filled with one atmosphere of
ethylene and stirred overnight. The solvent was removed in
vacuo resulting in a yellow paste. The desired material was
crystallized in the open atmosphere by vapor diffusion of ether
into acetone. 0.112 g, 69%;mp 138-141 �C; 1HNMR(CD3CN, δ)
8.75 (d, 4H, 3J = 7.2 Hz), 8.29 (d, 4H, 3J = 6.6 Hz), 7.95-
7.93 (m, 4H), 7.69-7.62 (m, 6H), 4.73 (t, 6.6Hz, 4H), 3.19 (t, 6.6
Hz, 4H); 13C ((CD3)2CO, δ): 157.3, 146.2, 134.8, 133.1, 130.7,
129.0, 125.7, 60.4, 32.4; 19F{1H} NMR (CH3CN, δ) -78.6;
elemental analysis: Calc for C31H32F6N2O7S3 C 48.27, H 3.76,
N 4.02; Found C 48.79, H 3.65, N, 3.84. ESI-MS m/z 547
[M2þ][OTf-].

6CF3.The analogous procedure for 6Phwas used substituting
5CF3 (0.200 g, 3.21 mmol) in place of 5Ph. The resulting yellow
paste was dissolved in THF (3 mL) and pentane (3 mL) was
added in the open atmosphere. The solution was stored at-30 �C
overnight generating a white solid. The supernatant was decan-
ted and the solids were dried in vacuo. 0.089 g, 41%; mp 146-
148 �C; 1HNMR ((CD3)2CO, δ) 9.61 (d, 4H, 3J=6.4 Hz), 8.67
(d, 4H, 3J=6.4 Hz), 5.26 (t, 4H, 3J=7.2 Hz), 3.56 (t, 4H, 3J=
6.8Hz); 13C ((CD3)2CO,δ): 148.8, 126.1, 126.0, 62.2, 32.4;

19F{1H}
NMR ((CD3)2CO, δ) -65.0, (6F), -78.2 (6F).

7Ph.To a solution of 5Ph (0.200 g, 0.313mmol) in acetonitrile
(5 mL), neat cyclohexene (0.039 g, 0.625 mmol) was added and
the reaction was stirred overnight resulting in a light brown
solution. The volatiles were removed in vacuo giving a brown
paste. The material was purified by two recrystallizations by
vapor diffusion of Et2O into a concentrated acetone solution in
the open atmosphere. 0.106 g, 42%; mp 249-251 �C; 1H NMR
((CD3)2CO, δ): 9.28 (d, 4H, 3J= 5.6 Hz), 8.63 (d, 4H, 3J= 6.4
Hz), 8.13-8.11 (m, 4H), 7.73-7.67 (m, 6H), 4.59 (td, 3J = 8.0
Hz, 3J = 4.0 Hz, 2H), 3.28 (td, 3J= 7.6 Hz, 3J = 4.0 Hz, 2H),
2.42-2.39 (m, 2H), 2.21-1.15 (m, 16H); 13C ((CD3)2CO, δ):
157.9, 134.8, 133.3, 130.8, 129.1, 128.8, 126.0, 76.1, 51.4, 36.0,
34.1, 25.9, 25.3; 19F{1H}NMR ((CH3)2CO, δ)-78.0. Elemental
analysis: Calc for C36H38F6N2O6S3 C 53.72, H 4.76, N 3.48;
Found C 53.53, H 4.59, N, 3.73. ESI-MS m/z 655 [M2þ][OTf-].

8Ph. A solution of 5Ph (0.100 g, 0.156 mmol) in acetonitrile
(4 mL) was prepared in a vial and neat DIC (0.020 g, 0.156 mmol)
was added. The solution was stirred for 10 h acquiring a light
brown color. The volatiles were removed in vacuo producing a
brown oil. The oil was dissolved in a minimal amount of
acetonitrile (1mL) and diethylether (2mL)was added dropwise.
The vial was stored at -35 �C for 1 h which caused the pre-
cipitation of a white powder. The supernatant was removed and
the solids were dried in vacuo. 0.49 g, 41%; d.p. 155-157 �C; 1H
NMR (CD3CN, δ) 9.10 (br, 2H), 8.85 (br, 2H), 8.56 (d, 2H, 3J=
5.4 Hz), 8.34 (dd, 2H, 3J = 7.2 Hz, 4J = 1.8 Hz), 8.07 (d, 2H,
3J=7.8Hz), 7.99 (d, 2H, 3J=7.8Hz), 7.76 (t, 1H, 3J=7.2Hz),
7.73-7.65 (m, 5H), 3.99 (br, 1H), 3.19 (br, 1H), 1.35 (br, 6H),
1.27, (d, 6H, 3J=6.0 Hz). 13C (CD3CN, δ): 161.1, 158.9, 143.4,
134.7, 133.4, 134.3, 133.7, 133.5, 130.8, 130.7, 129.8, 129.2,
127.3, 127.2, 126.0, 59.5, 53.4, 23.7, 21.8; 19F{1H} NMR
(CH3CN, δ) -78.6. ESI-MS m/z 766 [M3þ][2OTf-].

Results and Discussion

Synthesis. The addition of two stoichometric equiva-
lents of TMS-OTf to SCl2 in CH2Cl2 at-78 �C generated
an orange solution, to which a para-substituted pyridine
(5Ph, R = Ph; 5NMe2, R = NMe2; 5CF3, R = CF3) in
CH2Cl2 was added resulting in the immediate generation
of a copious amount of white precipitate (Scheme 2). The
supernatantwas removed by decantation or filtration and
the white solids were dried in vacuo. Proton NMR
spectroscopy of the bulk materials in CD3CN displayed
a single set of signals consistent with only one pyridine

Figure 1. Bi- and tridentate supported sulfur(II) dications (2, 3, and 4) and the new monodentate derivatives (5); Dipp = 2,6-diisopropylphenyl,
pMeOPh= para-methoxyphenyl, Dmp= 2,6-dimethylphenyl.
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species present for all three derivatives. Diagnostic fea-
tures were downfield shifts of the pyridine signals with
respect to the free ligands, which is consistent with the
bidentate and tridentate derivatives and is indicative of
binding to an electron deficient center. The 19F{1H}
NMR spectra of 5Ph, 5NMe2, and 5CF3 revealed signals
for ionic triflate in solution (δ=-78.6 ppm c.f. [NOct4]-
[OTf] δ= -78.5 ppm) and 5CF3 contained a second sig-
nal at -68.5 ppm for the trifluoromethyl group, also
shifted downfield with respect to the free pyridine. X-ray
diffraction experiments of 5Ph and 5NMe2 confirmed the
identity of the compounds, two pyridine ligands coordi-
nating to a dicationic sulfur center, consistent with the
multinuclear NMR spectroscopic data. All three com-
pounds were prepared in high yields (5Ph: 89%; 5NMe2:
93%; 5CF3: 87%) and were all extremely air/moisture
sensitive, decomposing rapidly upon exposure to the open
atmosphere.
We then carried out benchmark reactions of these new

complexes using a series of organic substrates (Scheme 3).
The reaction of 5Phwith the simplest olefin, ethylene, was
monitored by 1H NMR spectroscopy and after 15 min
elapsed, the reaction mixture began turning light brown.
The 1HNMR spectrum showed the emergence of a signal
at δ = 5.41 ppm for free ethylene, two overlapping trip-
lets as well as four sets of triplets ranging between 2.9 and
5 ppm (Figure 2). After allowing the reaction to proceed
for 2.5 h, there was a predominant set of resonances
indicating the reaction was proceeding to a single pro-
duct. It is also noteworthy that throughout the course of
the reaction the {1H}19FNMRspectrumdisplayed a peak
characteristic of covalent triflate (δ = -75.0 ppm). The
reaction was left to stir overnight, allowing for complete
conversion.

Single crystals of sufficient quality forX-ray diffraction
experiments were grown from the bulk powder by vapor
diffusion of Et2O into a saturated acetone solution in the
open atmosphere. The redissolved crystals in acetonitrile-
d6 gave two triplets at 4.73 and 3.19 ppm, which each
integrated to four with respect to the ligand indicative of
an equal number of pyridine ligands to ethylene groups in
the product. These signals were shifted upfield from ethy-
lene consistent with a change in hybridization from sp2 to
sp3 at the carbon center. On the basis of these data the
structure was assigned as 6Ph, with the ethylene moiety
inserted into the sulfur-nitrogen dative bond, which was
confirmed by X-ray diffraction studies.
A proposed mechanism for this insertion is outlined in

Figure 3. The first step likely involves dissociation of one
of the pyridine ligands from 5R giving A, which under-
goes a cyclizationwith ethylene to produce the thiiranium
ringB. Although aweak nucleophile, a triflate counterion
ring opens to giveC, where free pyridine in solution easily
displaces the triflate (D). Although it is more intuitive to
have the free pyridine act as the nucleophile in this step,
covalent triflate signals are clearly present in the 19F{1H}
NMR spectra (consistent with C and G), which subse-
quently disappear as the reaction proceeds (Supporting
Information).59 This process then occurs a second time
(through E, F, and G) to yield the final product 6R. In
total 10 sets of triplets are expected; however, only six are
clearly observed; the intermediatesA andE are likely con-
sumed very quickly, thus not observable on the NMR
time scale and the overlapping signals are assigned to
species B and F as they resemble peaks reminiscent of

Scheme 2. Synthetic Route to Pyridine Stabilized Sulfur(II) Dications (5Ph, 5NMe2, and 5CF3)

Scheme 3. Reactivity of the Dicationic Systems with Organic Substrates

(59) Huang, L.; Huang, X.Electronic Encyclopedia of Reagents inOrganic
Synthesis; John Wiley & Sons: New York, 2005, RM226M.
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protons within a thiiranium ring.30 Intermediates C, D,
and F would each produce an additional two sets of sig-
nals and the asymmetric G two more set of triplets, to
produce five pairs of triplets (total of 10). Thismechanism
is only a hypothesis but an in-depth kinetic study is
necessary to clearly elucidate the definitive steps.
The analogous reactions were carried out with 5NMe2

and 5CF3, examining a more electron donating group
(NMe2) at the para position as well as a more electron
withdrawing group (CF3) with respect to the phenyl
substituted species to determine the effect of varying the
donor strength of the ligand. The dimethylamino sub-
stituted dication did not react at all with ethylene even at
elevated pressures and temperatures (200 psi, 90 �C),
whereas a faster reaction was observed for 5CF3. The
proton NMR spectrum of the redissolved solids revealed
similar resonances for the ethylene moiety, reminiscent of
6Ph, consistent with the formation of the ethylene in-
serted product 6CF3. This indicates the potential for
tuning the system by taking advantage of the variability
at the para position.
To see if the reactivity could be extended to other

olefins, neat cyclohexene was added to an acetonitrile
solution of 5Ph. The solution slowly transformed to a light

brown color. After stirring overnight, the volatiles were
removed in vacuo giving a brown paste. Proton NMR
spectroscopy of the unpurifiedmaterial indicated the pre-
sence of primarily one cyclohexene containing product.
Two successive recrystallizations of the material by vapor
diffusion of Et2O into acetone gave colorless crystals. The
integrations in the 1H NMR spectrum of the redissolved
crystals in acetone-d6 indicated the presence of an equiva-
lent number of cyclohexyl groups and pyridine ligands.
The two signals of the alkene protons were shifted to
higher field with respect to cyclohexene. By analogy to the
ethylene reaction, the product was assigned as 7Ph, the
product resulting from the addition of two cyclohexyl
units into the S-N bonds. It is noteworthy that the pro-
duct contains four chiral centers giving the possibility of
several enantiomers. However, only a single diastereomer
was observed by proton NMR spectroscopy.
To investigate the reactivity of these complexes with

heteroatomic olefins, carbon-nitrogen bonds were stu-
died using N,N0-diisopropylcarbodiimide (DIC). One
equivalent of DIC was added to a solution of 5Ph in
CH3CN, and the solution was stirred for 10 h resulting in
a light brown color. The volatiles were removed in vacuo
leaving a brown paste. The paste was redissolved in

Figure 2. Stacked 1HNMRplot of the reactionprogress of 5Phwith ethylene inCD3CNzoomed in on the ethylene region; for the full sweepwindow refer
to the Supporting Information. (3) Spectrum15min after the solutionwas exposed to ethylene; (2) spectrumafter 2.5 h; (1) spectrumofpurified 6Ph. Orange
and black dots denote thiiranium intermediates; purple, green, and blue dots denote other intermediates; red dot denotes product.
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acetonitrile and diethylether was added.Upon storing the
solution at -35 �C, a white precipitate was obtained.
Redissolving the solids in CD3CN and obtaining a 1H
NMR spectrum, a loss of symmetry in the DIC moiety
was apparent. Two sets of resonances for the pyridine
protons indicated two chemically inequivalent pyridines

were present and in total, integrated in a 2:1 ratio with
respect to the DIC molecule, indicative of the incorpora-
tion of a single diimide into the product. The 19F{1H}
NMR spectrum displayed a single peak consistent with
ionic triflate in solution (δ=-78.5 ppm). On the basis of
these data, the product was tentatively assigned as the
addition product of the sulfur dication into one of the
CdN bonds in DIC (8Ph) with the formation of a new
S-N bond and a new N-C bond with the diimide. X-ray

Figure 3. Proposed mechanism of the conversion of 5R to 6R. In steps (i) and (ii) pyridine could also ring open the thiiranium intermediate.

Figure 4. Solid-state structure of 5NMe2. Ellipsoids are drawn to 50%
probability and all hydrogen atoms are omitted for clarity. Selected bond
lengths (Å) and angles (�): S(1)-N(1) 1.717(3), S(1) 3 3 3O(3) 2.888(3),
N(1)-S(1)-N(1A) 101.1(2).

Figure 5. Solid-state structure of 5Ph. Ellipsoids are drawn to 50%
probability and all hydrogen atoms are omitted for clarity. Selected bond
lengths (Å) and angles (�): S(1)-N(1) 1.737(3), S(1) 3 3 3O(1) 2.829(3),
N(1)-S(1)-N(1A) 100.3(2).
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diffraction experiments confirmed the identity of this
reaction product.

X-ray Crystallographic Studies.Compounds 5Ph and
5NMe2 were crystallized by vapor diffusion of Et2O
into acetonitrile yielding colorless crystals. The two com-
pounds are isostructural, and are both in the C2/c space
group with the molecule lying on a center of symmetry
(Figures 4 and 5). Both pyridine ligands are bound to the
dicationic sulfur center with bond lengths slightly short-
er than typical nitrogen-sulfur single bonds, which is

attributed to their attraction to the electropositive
center (1.737(3), 5Ph and 1.717(3), 5NMe2 c.f. 1.76
Å).60 The difference in these bond lengths is subtle but
surprisingly; this has a large influence in the reactivity.
The N-S-N bond angles are 101.1(2)� and 100.3(2)�,
consistent with two ligands and two lone pairs or an
AX2E2 electron pair configuration. The oxygen atoms of
the triflate anions do lie within the sum of the van der
Waals radii for O and S (closest contact S 3 3 3O 2.829(3),
5Ph; S 3 3 3O 2.888(3), 5NMe2; c.f. 3.25 Å); however, they
do not complete a square planar geometry about the
sulfur center (Figure 6) which would be consistent with
covalently bound triflate to a chalcogen center.60,61 In
fact, the interplanar bond angles show a significant
deviation from an ideal square planar geometry (25.5�
for 5Ph, 26.4� for 5NMe2 c.f. 0�). Furthermore, there is no
elongation in the corresponding sulfur-oxygen bond
length with respect to the other sulfur-oxygen bonds in
the triflate anions, which would be observed if a covalent
interaction were present [5Ph: S(2)-O(1) 1.430(3), c.f.
1.424(3) and 1.434(3); 5NMe2: S(2)-O(1) 1.435(3) c.f.
1.430(3) and 1.442(3)].38 On the basis of these data, the
molecules were assigned the structures of a dicationic
sulfur(II) center stabilized by two pyridine ligands with
two triflate counterions. Despite numerous attempts,
unfortunately we were unable to grow crystals of suitable
quality for X-ray diffraction experiments for 5CF3. How-
ever, on the basis of the analogous spectroscopic data, the
structure was assigned to 5CF3.
Upon the examination of the solid-state structure of the

reaction product with ethylene, 6Ph, an ethyl group is
now found between the pyrdine nitrogen and the formerly
dicationic sulfur center from 5Ph, meaning a new N-C
bond with the pyridine ligand and a S-C bond with the

Figure 6. View of the dicationic sulfur center in (a) 5NMe2 and (b) 5Ph, interplanar O-S-O and N-S-N angles: 5Ph: 25.5� and 5NMe2: 26.4�.

Figure 7. Solid-state structure of 6Ph. Ellipsoids are drawn to 50%
probability, and all hydrogen atoms and solvates are omitted for clarity.
Selected bond lengths (Å) and angles (�): S(1)-C(1) 1.805(2), N(1)-C(2)
1.487(3), C(1)-C(2) 1.518(3), C(1)-S(1)-C(1A) 103.28(16).

Figure 8. Solid-state structure of 7Ph displaying the molecule in the R,
R, R, R - configuration within the unit cell; only one position of the
disordered phenyl group is shown. Ellipsoids are drawn to 50% prob-
ability and all hydrogen atoms are omitted for clarity. Selected bond
lengths (Å) and angles (�): S(1)-C(1) 1.824(4), S(1)-C(11) 1.824(4),
C(1)-C(2) 1.530(5), C(11)-C(12) 1.519(5), C(2)-N(1) 1.490(5), C-
(12)-N(2) 1.496(5), C(1)-S(1)-C(11) 106.92(18).

Figure 9. Solid-state structure of 8Ph. Ellipsoids are drawn to 50%
probability and all hydrogen atoms are omitted for clarity. Selected bond
lengths (Å) and angles (�): S(1)-N(11) 1.664(4), S(1)-N(1) 1.801(4),
N(11)-C(1) 1.379(5), C(1)-N(12) 1.254(5), N(2)-C(1) 1.477(5), N-
(1)-S(1)-N(11) 105.37(17), S(1)-N(11)-C(3) 121.4(3), C(1)-N-
(11)-C(3) 122.8(3), S(1)-N(11)-C(1) 115.8(3).

(60) Pauling, L.TheNature of the Chemical Bond; Cornell University Press:
Ithaca, 1960.

(61) Krebs, B.; Ahlers, F. P. Adv. Inorg. Chem. 1990, 35, 235–317.
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dicationic center were generated (Figure 7). The car-
bon-carbon bond length has elongated significantly
from that of ethylene (1.33-1.518(3) Å) consistent with
the conversion from a double to a single bond. The newly
formed N-C bond and S-C bonds are also consistent
with single bonds confirming the structure as 6Ph.
The addition reaction product with cyclohexene

showed a related solid-state structure (Figure 8). How-
ever, the fact that the carbon atoms bear an additional
group in comparison to ethylene gives the potential for
multiple products, as there are four chiral centers in the
molecule. On the basis of the 1H NMR data, only one
species was observed. Compound 6Ph crystallized in the
triclinic space group P1, with two molecules lying within
the unit cell related to one another by a center of sym-
metry. The asymmetric unit revealed a molecule in the R,
R, R, R - configuration; however, given the centrosym-
metric space group, the othermolecule in the unit cell is its
mirror image (S, S, S, S- configuration). This means the
crystal is a 50:50 racemic mixture of the two enantiomers.
This is consistent with the 1HNMR spectroscopic data as
both species would produce identical spectra. It can be
concluded that the pyridine and sulfur in all cases are
positioned anti to one another, which is reasonable as this
arrangement imposes more favorable steric interactions.
Examination of the solid-state structure of 8Ph (Figure 9)

shows that another addition reaction has occurred.
One pyridine group remains bound to the sulfur center,
and the other has migrated to the central carbon atom in
the diimide unit. The sulfur is now bound to a nitrogen
atom from the DIC species. The sulfur-nitrogen bond
lengths are 1.664(4) and 1.801(4) Å for the newly formed
bond to the diimide and for the pyridine ligand, respec-
tively. The latter is longer than that in the dication, which
could be attributed to the reduced cationic character at
sulfur. The newly formed S-N bond is shorter than a
single bond, indicating a strong interation with the DIC
moiety. The nitrogen-carbon bond lengths from theDIC
unit are 1.379(5) and 1.254(5) Å, consistent with the
retention of one double bond and the elongation of the
other to a single bond. The geometry about the nitrogen
atom is trigonal planar (sum of angles = 360.0�). The

most accurate structural representation would have the
positive charge on the nitrogen atom from the DIC
moiety and a double bond to the sulfur center. The
elongated pyridine sulfur interaction from the dication is
a result of the pyridine being bound to a neutral sulfur
atom (Table 1).

Conclusion

Through these studies, a new series of sulfur(II) dications
were synthesized by utilizing monodentate pyridine ligands
to stabilize the sulfur center. These compounds may be
described as pyridinium salts, but based on the lability of the
sulfur-nitrogen bond in the chemistry of the molecules, the
dative model is more accurate, and these species represent
the first monodentate stabilized sulfur(II) dications. The
substitution at the para position on the pyridine ring could
be altered, which was influential on the reactivity at the
sulfur center. This proved to be useful in reacting the
dications with olefins as the strong donor ligand dimethy-
laminopyridine prevented any reaction from occurring,
while the phenyl and trifluoromethyl substituted pyridine
readily reacted inserting the olefin into the sulfur-nitrogen
bond. The reaction is very similar to that of sulfur dichloride
with ethylene in the production of sulfur mustard. The
reaction products possess a carbon atom bound to a pyri-
dinium center, which represents an excellent leaving group
and should be useful in the onward synthesis of new organic
molecules. The system was extended from ethylene to
cyclohexene showing the analogous reactivity producing
only products with substituents anti to one another. More-
over, the addition chemistry was also transferable to car-
bon-nitrogen bonds. The 1:1 stoichiometric reaction with
N,N0-diisopropylcarbodiimide resulted in the pyridine
bonding to the central carbon in the diimide and a covalent
sulfur nitrogen bond. Current efforts are focused on modi-
fying the current system in hopes of activating other small
molecules with sulfur reagents.
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Table 1. X-ray details for 5Ph, 5NMe2, 6Ph 3 (CH3)2CO, 7Ph, and 8Ph

compound 5Ph 5NMe2 6Ph 3 (CH3)2CO 7Ph 8Ph

empirical formula C24H18F6N2O6S3 C16H20F6N4O6S3 C31H32F6N2O7S3 C36H38F6N2O6S3 C31H32F6N4O6 S3
FW (g/mol) 640.58 574.54 754.77 804.86 766.79
crystal system monoclinic monoclinic monoclinic triclinic triclinic
space group C2/c C2/c C2/c P1 P1
a (Å) 25.234(3) 20.142(4) 30.303(6) 11.287(2) 8.3050(5)
b (Å) 9.8706(13) 10.009(2) 10.033(2) 12.121(2) 15.0203(10)
c (Å) 11.2571(15) 11.392(2) 11.027(2) 14.544(3) 15.1251(10)
R (deg) 90 90 90 83.80(3) 107.243(4)
β (deg) 104.2900(10) 90.17(3) 92.44(3) 89.35(3) 95.421(4)
γ (deg) 90 90 90 72.99(3) 98.949(3)
V (Å3) 2717.1(6) 2296.5(8) 3349.4(12) 1891.1(7) 1760.2(2)
Z 4 4 4 2 2
Dc (mg m-3) 1.566 1.662 1.497 1.413 1.447
radiation, λ (Å) 0.71073 0.71073 0.71073 0.71073 0.71073
temp (K) 173(2) 150(2) 150(2) 150(2) 150(2)
R1 [I > 2σI]a 0.0596 0.0583 0.0505 0.0664 0.0759
wR2 (F

2)a 0.1657 0.1323 0.1375 0.1914 0.2325
GOF (S)a 1.283 1.065 1.042 1.013 1.043

a R1(F[I>2(I)])=
P

||Fo|- |Fc ||/
P

|Fo|;wR2(F
2 [all data])= [w(Fo

2- Fc
2)2]1/2; S(all data)= [w(Fo

2- Fc
2)2/(n- p)]1/2 (n=no. of data; p=no. of

parameters varied; w = 1/[σ2(Fo
2) þ (aP)2 þ bP] where P = (Fo

2 þ 2Fc
2)/3 and a and b are constants suggested by the refinement program.
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