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Palladium complexes are among the most versatile catalysts
that are capable of constructing a variety of bonds.[1,2]

Consequently, fundamental studies on palladium complexes
have a great impact on the design and understanding of
practical catalytic processes. Studies on reductive elimination
to form C�X bonds (X = CF3, C, O, Cl, F) from PdIV

complexes have recently been achieved.[3–5] Despite the
importance of sulfur-containing products,[6] related mecha-
nistic studies on C�S bond-forming reactions are rare.[7]

Herein we report the synthesis, characterization, and study
of novel palladium(IV) sulfinate complexes. We describe the
first direct observation of C�S bond-forming reductive
elimination from PdIV complexes.[1c]

Sulfonyl chlorides are convenient and versatile reagents
for both palladium-catalyzed cross-coupling reactions and
palladium-catalyzed C�H bond oxidation.[8–10] Dubbaka and
Vogel have reported cross-coupling reactions involving sul-
fonyl chlorides that occur by C�C reductive elimination with
loss of SO2.

[9] In contrast, we have observed C�H bond
oxidations that presumably occur by C�S reductive elimina-
tion to produce sulfones.[10] While Vogel�s cross-coupling

reaction occurs via Pd0/PdII species, chelation-assisted C�H
bond oxidation reactions are thought to occur via high-valent
Pd species.[11, 12] However, direct evidence for C�S reductive
elimination from high-valent Pd species has been elusive.[13]

Inspired by this challenge, we aimed to 1) explore sulfonyl
chlorides as oxidants for PdII and 2) study reductive elimi-
nation from palladium(IV) sulfinate complexes. Based on the
previous reports,[4,5] we chose [Pd(phpy)2] (1, phpy = 2-
phenylpyridyl) as the model complex for our initial inves-
tigations. Rigid and electron-rich C,N ligands are known to
stabilize PdIV centers and promote the formation of carbon–
carbon and carbon–heteroatom bonds.[4,5] Indeed, treatment
of complex 1 with 4-methylbenzenesulfonyl chloride (2a) in
dichloromethane at room temperature for 20 minutes
resulted in the desired palladium(IV) sulfinate complex 3a,
which was isolated as a yellow solid (66% yield; Table 1,

entry 1). The molecular structure of complex 3 a was estab-
lished by X-ray crystallography (Figure 1). The Pd�S bond
(2.317 �) is shorter than the Pd�Cl bond (2.421 �). Complex
3a is stable in the solid state and in a solution of dichloro-
methane for at least 5 days. However, 3 a will slowly decom-
pose in a solution of dimethylsulfoxide (DMSO; 30%
conversion in 5 days). Canty et al. have proposed the
intermediacy of a palladium(IV) thiophenolate species,[13]

Table 1: Oxidation of [Pd(phpy)2] to palladium(IV) sulfinate complexes
using different sulfonyl chlorides.[a]

Entry 2 R 3 Yield [%]

1 2a 4-MeC6H4 3a 66
2 2b 4-MeOC6H4 3b 53
3 2c 4-FC6H4 3c 52
4 2d Bn 3d <24
5 2e CF3 3e 97

[a] Oxidation was performed in dichloromethane at room temperature.
Complex 3b was characterized by X-ray crystallography. Bn = benzyl.

Figure 1. X-ray crystal structures of complexes 3a and 3b.
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Elena Dimitrijević for help with synthesis and isolation of complex
3a, and Dr. Alan Lough for X-ray crystallography.

Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/anie.201005489.

Communications

932 � 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2011, 50, 932 –934

http://dx.doi.org/10.1002/anie.201005489


and characterized an unstable tris(pyrazolyl)borate analogue
by 1H NMR spectroscopy at�40 8C.[13b] To our knowledge, we
have isolated and fully characterized the first PdIV complexes
containing a Pd�SO2R bond.[1, 14, 15]

We discovered that both aryl and alkyl sulfonyl chlorides
oxidize complex 1 to generate palladium(IV) sulfinate com-
plexes 3 (Table 1). Both electron-donating (methoxy) and
electron-withdrawing (fluoro) substituents on the aryl sulfo-
nyl chloride are tolerated (Table 1, entries 2 and 3). Oxidation
of 1 with benzylsulfonyl chloride (2d) results in the corre-
sponding palladium(IV) alkylsulfinate complex 3d, albeit in
low yield (Table 1, entry 4).[16] In contrast, the use of
trifluoromethanesulfonyl chloride (2e) provides complex 3e
in 97% yield in less than one minute at room temperature
(Table 1, entry 5).

Next, we studied the transformation of complex 3a at
elevated temperatures in various solvents. We anticipated
that decomposition of complex 3a could result in various
products including sulfone 4, ligand dimer 5, chloride 6, and/
or biphenyl 7. These products result from C�S, C�C, C�Cl,
and/or desulfitative C�C bond formation, respectively. Heat-
ing complex 3a results in the formation of all four products
(Table 2). These results represent the first examples of

C�SO2R bond formation and C�C bond formation (with
loss of SO2) from a PdIV species. Our observations reveal that
the formation of the C�SO2R bond is favored over the
formation of either C�C or C�Cl bonds. In 1,2-dichloro-
ethane (DCE), sulfone 4 was observed as the major product
(52 %, 6 h; 71 %, 18 h; Table 2, entries 1 and 2). In both acidic
solvent (AcOH) and basic media (pyridine) we observed a
preference for C�S bond formation, while desulfitative C�C
bond formation was suppressed (Table 2, entries 3 and 4).
Complex 3a underwent reductive elimination efficiently in
DMSO to yield 4 as the major product (58%; Table 2,
entry 5). Complexes 3b and 3c undergo reductive elimination
to give comparable results to 3a, while complex 3e decom-
poses to give dimerization of the ligand.[17]

Elsevier and Sanford have shown that the addition of Ag
salts (such as AgBF4 and AgOTf) aids reductive elimination

by generating more reactive cationic intermediates.[3b, 4c] This
salt metathesis results in a vacant coordination site on the Pd
center. In accordance with these studies, 3a was completely
transformed into 4 and 5 when treated with AgBF4 and
AgOTf, respectively, at 120 8C for 6 hours (Scheme 1).
Product 6 was formed in trace amounts, but there was no

product 7. In each case, 4 was formed in more than 80% yield.
This result suggests that the formation of the C�SO2 bond
may occur from a PdIV species via a five-coordinate cationic
PdIV intermediate. Next, we examined the oxidation of
complex 9 bearing a benzoquinoline ligand with 3 equivalents
of 2a at room temperature (Scheme 2). Complex 10 was

produced in 80% yield. Sulfone 11 was obtained in 71% yield
when complex 10 was treated with 1 equivalent of AgBF4.
Crossover products were observed in less than 5 % yield
(based on gas chromatographic analysis) when complex 10
and 3b were heated together. These results further support
reductive elimination directly from PdIV as the major mech-
anistic pathway.

While these studies were inspired by our original sulfo-
nylation reaction,[10] they are not direct mechanistic studies of
the catalytic process. Indeed, the use of complex 3a as a
catalyst for the ligand-assisted sulfonylation of C�H bonds
results in less than two turnovers. Further kinetic and
mechanistic studies are necessary to establish relevance to
catalysis, but these results support the feasibility of palladium-
catalyzed sulfonylation and desulfitative C�C cross-coupling
reactions through a PdII/PdIV catalytic cycle.

To conclude, sulfonyl chlorides can oxidize PdII to PdIV to
generate stable palladium(IV) sulfinate complexes. These
novel complexes undergo reductive elimination to give
products with C�S, C�C, and C�Cl bonds. This fundamental
contribution to organopalladium(IV) chemistry will aid
future studies on carbon–sulfur bond formation and bond
activation.

Table 2: Reductive elimination study of complex 3a.[a]

Entry Solvent 4 [%] 5 [%] 6 [%] 7 [%]

1 DCE 52 19 8 1
2[b] DCE 71 14 9 1
3 AcOH 58 7 2 0
4 pyridine 64 17 10 <1
5 DMSO 58 30 5 <1

[a] Reductive elimination reactions were carried out at 120 8C for 6 h.
Yields were determined by gas chromatography based on an average of
2–3 runs, using dodecane as an internal standard. [b] 18 h.

Scheme 1. Reductive elimination of 3a upon addition of Ag salts.
Tf= trifluoromethanesulfonyl.

Scheme 2. Formation and reductive elimination of benzoquinoline-
ligated palladium(IV) sulfinate complex 10. Ar= 4-MeC6H4.
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Experimental Section
Complex 3a : A 5 mL vial was charged with PdII complex 1 (8.3 mg,
0.02 mmol), 4-methylbenzenesulfonyl chloride (4.56 mg,
0.024 mmol), and dichloromethane (0.5 mL). The resulting solution
was stirred at room temperature for 20 min. The solvent was removed
under reduced pressure to afford a yellow residue. The resulting
residue was washed with Et2O (1 mL�3) and dissolved in a mixture of
chloroform and hexanes (0.3 mL, CHCl3/hexanes = 5:1, v/v). After
15 h, a yellow solid precipitated from the solution. The resulting
mixture was filtered through a Celite plug in a Pasteur pipette. The
solid was collected on the top of the Celite plug and washed with a
mixture of chloroform and hexanes (0.2 mL�2, CHCl3/hexanes = 1:1,
v/v). The original vial and Celite were then washed with dichloro-
methane. The dichloromethane eluent was collected, concentrated,
and dried in vacuo to afford a yellow solid. This reaction was
conducted five times. The yellow solid 3a was obtained in an average
yield of 66 % (8.0 mg). A single crystal suitable for X-ray diffraction
was grown by diffusion of diethyl ether into a solution of 3a in N,N-
dimethylformamide.
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