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Unusual nickel-mediated C-S cleavage of alkyl and aryl sulfoxidesT
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The first examples of transition metal mediated C-S cleavage of
sulfoxides containing sp> and sp3-hybrid1'zed carbon bonds
attached to the sulfur atom and the first example of a
structurally characterized complex featuring an oxygen-bound
sulfinyl ligand are presented.

Transition metal mediated carbon-element bond cleavage and
bond formation reactions are important processes in chemistry
because they provide the key steps in the building of complex
molecules from simple precursors. Insertion of transition metal
complexes into C—E bonds in solution can lead to the development
of new selective and efficient processes for the utilization of organic
molecules, and this type of reaction therefore plays a dominant
role in transition metal mediated stoichiometric and catalytic
transformations. In this contribution, we report the isolation and
structural characterization of reaction products of an unusual
nickel-catalyzed C-S cleavage reaction of bonds between sp> and
sp>-hybridized carbon atoms and the sulfur atom of sulfoxides.

The widespread use of sulfoxides in synthesis'? makes carbon—
sulfur insertion reactions particularly desirable for higher oxidation
state sulfur. In previous work, it has been found that the C-S
bonds of sulfoxides and sulfones are cleaved during nickel-
catalyzed reactions with Grignard-reagents, and that sulfur
containing functional groups are readily replaced by carbon-
containing substituents.®> The groups of Wenkert and Kagan, for
example, reported cross coupling reactions of aryl methyl sulfones
and aryl methyl sulfoxides with MeMgBr in the presence of
10 mol% [NiCl,(PPhs),] to afford toluene derivatives.* Although
no reaction intermediates have been observed or isolated, a
nickel(0) catalyst is a likely active species and a conceivable
reaction pathway for this transformation includes the activation of
the C-S bond by a nickel(0) intermediate.

We recently reported the synthesis and characterization of the
NHC (N-heterocyclic carbene) stabilized nickel complex
[Nip(iPr,Im),(COD)] 1 (iProIm = 1,3-di(isopropyl)imidazole-2-
ylidene), which is a source of the reactive [Ni(/Pr,Im),] complex
fragment in stoichiometric as well as catalytic transformations.’
Complex 1 is an excellent catalyst for the insertion of
diphenylacetylene into the 2,2’-C—C bond of biphenylene under
activation of the carbon—carbon bond and is very efficient in C-F
activation reactions of fluorinated arenes.’ Since conclusive
evidence of sp> and sp’-carbon-sulfur bond cleavage of sulfoxides
is currently not available, we became interested in the activation of
sulfoxides and the reactions of sulfinyl containing ligands in the
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coordination sphere of transition metals. The reactivity of the
metal-sulfur linkage in metallasulfoxides is virtually unexplored.®
We note, however, the special case of an insertion of an [(n’-
CsHs)Co(PPh3)] complex fragment into the C(sp)-S bond of an
alkynyl sulfoxide reported recently.” Another example might be a
likely intermediate of C(sp)-S bond fission in the palladium
catalyzed sulfinylzincation using alkynyl sulfoxides reported by
Maezaki and Tanaka and co-workers.®

Rather surprisingly, the reactions of dinuclear 1 with two
equivalents of dimethyl sulfoxide (dmso) or phenyl methyl
sulfoxide (pmso) in toluene smoothly lead to products of sp>-C—
S(O) bond cleavage of dmso and sp>~C-S(O) bond cleavage of
pmso. The activation products [Ni(iPr,Im),(Me)(SOMe)] 2 and
[Ni(iPr,Im),(Ph)(SOMe)] 3 (eqn (1)) were isolated as yellow
solids in good yields and were characterized by elemental
analyses,'H-NMR, "*C-NMR, and IR spectroscopy as well as
X-ray crystallography.
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While elemental analyses of 2 and 3 are in accord with the
addition of dmso and pmso to the [Ni(iPr,Im),] complex fragment,
the first evidence for C-S activation, rather than adduct formation,
came from the EI/MS data obtained for 2. In this spectrum, the
signals with the highest masses were assigned to M* — SOMe, i.e.
the loss of a methyl sulfinyl moiety was observed under the
conditions of mass spectroscopy. The 'H-NMR spectra of 1 and 2
reveal signal patterns typically obtained for pseudo C type
structures in solution, which is in accordance with a trans
alignment of the carbene ligands in solution and thus excludes
potential complexes of the type [Ni(iProIm)»(n>(S,0)-OS{R } Me)],
assuming a relatively high rotation barrier of the 1> coordinated
sulfoxide ligand. Furthermore, coordination of the dimethyl
sulfoxide via its O or S atom to afford complexes of the type
[Ni(iPr,Im),(OSMe,)] or [Ni(iPr,Im),(OSMe,)] was excluded due
to the occurrence of two sets of signals for the sulfoxide methyl
groups in the "H-NMR spectrum of 2. The proton resonance of
the methyl group attached to the nickel atom in
[Ni(iPr,Im),(Me)(SOMe)] 2 was detected significantly upfield
shifted as a singlet at —0.52 ppm, whereas the methyl sulfinyl
ligand gives rise to a resonance at 2.35 ppm. For
[Ni(iPr,Im),(Ph)(SOMe)] 3, the protons of the methyl group
attached to the sulfur atom were detected at 2.16 ppm and those of
the phenyl ligand, as a multiplet at 6.73 ppm and a doublet at
7.11 ppm. In the IR spectra of 2 and 3, strong absorption bands at
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Fig. 1 ORTEP diagram of the molecular structure of [Ni(iPryIm),-
(Me)(SOMe)] (2) in the solid state (ellipsoids set at the 40% probability
level). Hydrogen atoms have been omitted for clarity. Selected bond
lengths (A) and angles (°): Ni-C(1) 1.891(2), Ni-C(10) 1.886(2), Ni-C(19)
2.000(3), Ni-S 2.201(1), S-C(20) 1.800(4), S-O 1.536(2); C(1)-Ni—C(10)
172.54(10), C(19)-Ni-S 170.26(10), C(1)-Ni—C(19) 88.62(11), C(10)-Ni-
C(19) 86.55(11), C(1)-Ni-S 93.14(8), C(10)-Ni-S 92.58(8), Ni-S-C(20)
108.58(12), Ni-S-O 116.56(9).

937 cm™!' (2) and 945 cm™! (3), respectively, were tentatively
assigned to the S=O stretch of the sulfinyl moiety present in the
molecule, although this part of the IR spectrum is significantly
overlaid by vibrations of the NHC ligand. To prove our findings
unequivocally, crystals of 2 and 3 suitable for X-ray diffraction
have been grown from saturated toluene or toluene-thf solutions
(Fig. 1 and 2).1

The molecular structures of 2 and 3 clearly reveal in both cases a
methyl sulfinyl ligand attached via the sulfur atom to the nickel
atom and thus support the occurrence of C-S activation of dmso
and pmso. The nickel-carbon distances are unexceptional’® and the
Ni-S bond lengths of 2.201(1) A and 2.214(1) A are in the range
typically observed for other metallasulfoxides.® The S=O distances
of 1.536(2) A and 1.531(2) A are slightly elongated compared to
the S=O distances reported for dmso (1.494 A) and are on the
upper limit of the range observed for transition metal complexes
with S-bonded sulfoxide ligands (1.398-1.524 A).'® The sulfur
lone pairs of 2 and 3 do not seem to be involved in bonding, as the
angles Ni-S-O of 116.56(9)° (2) and 116.89(9)° (3) and Ni-S-C of
108.58(12)° (2) and 109.59(14)° (3) reveal.

Dimethyl sulfoxide is a widely applied solvent in transition
metal chemistry. Furthermore, there exists a rich chemistry of
sulfoxide stabilized late transition metal halides and dmso

Fig. 2 ORTEP diagram of the molecular structure of [Ni(iPryIm),-
(Ph)(SOMe)] (3) in the solid state (ellipsoids set at the 40% probability
level). Hydrogen atoms have been omitted for clarity. Selected bond
lengths (A) and angles (°): Ni-C(1) 1.904(3), Ni-C(10) 1.887(3), Ni-C(19)
1.930(3), Ni-S 2.214(1), S-C(25) 1.795(4), S-O(1) 1.531(2); C(1)-Ni—C(10)
174.53(10), C(19)-Ni-S 166.93(9), C(1)-Ni-C(19) 90.78(11), C(10)-Ni—~
C(19) 87.12(11), C(1)-Ni-S 92.39(8), C(10)-Ni-S 90.78(8), C(25)-S-O(1)
103.23(18), Ni-S—C(25) 109.59(14), Ni-S-O(1) 116.89(9).

Fig. 3 ORTEP diagram of the molecular structure of [Ni(/Pr,Im),-
(Ph)(OSPh)] (4) in the solid state (ellipsoids set at the 40% probability
level). Hydrogen atoms have been omitted for clarity. Selected bond
lengths (A) and angles (°): Ni-C(1) 1.903(5), Ni-C(10) 1.917(4), Ni-C(19)
1.898(5), Ni-O 1.936(4), O-S 1.593(4), S-C(25) 1.731(5); C(10)-Ni-C(1)
180.0(2), C(19-Ni-O 172.60(17), C(10)-Ni-O 94.32(15), C(1)-Ni-O
85.70(16), C(10)-Ni-C(19) 89.29(16), C(1)-Ni-C(19) 90.69(17), Ni-O-S
119.3(2), O-S-C(25) 102.9(2).

complexes in particular, which are widely used as precursors in
inorganic synthesis.'® Despite the existence of numerous metal
sulfoxide and metal sulfone complexes, evidence of general
carbon-sulfur bond cleavage in sulfoxides has not been given
before. To further substantiate our findings, diphenyl sulfoxide
(dpso) was reacted with 1. Interestingly, the reaction of dpso with 1
also leads to C-S activation of the sulfoxide, but affords
[Ni(iPrpIm),(Ph)(OSPh)] 4, a product in which the phenyl sulfinyl
ligand is bound via the oxygen atom to the nickel atom (eqn (2)).
The evidence for this coordination mode, however, is mainly based
on the infrared spectrum and on the solid state X-ray crystal
structure of complex 4 (Fig. 3). In the IR spectrum of this complex,
no strong vibration is detectable in the range expected for the S=O
stretch of the sulfinyl ligand. We attribute this coordination mode
either to deactivation of the S-donor atom by the phenyl
substituent or to increased steric congestion of the phenyl sulfinyl
moiety.
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S/O linkage isomerism is well known in di(organyl) sulfoxide
chemistry. Complex 4, however, is the first example of a
structurally characterized complex featuring an O-bound sulfinyl
ligand. The S-O bonding distance of 1.593(4) A in 4 is only slightly
elongated compared to the S-O bond lengths in 2 (1.536(2) A) and
3 (1.531(2) A), but is significantly larger than the S-O bond
length in dpso (1.492(1) A)'® and is in the range typically observed
for S-O single bonds in tosylates. The Ni-O distance of 1.936(4) A
observed in 4 is significantly shorter compared to the average
Ni-O distance of 2.11(3) A observed for oxygen-bound di(organyl)
sulfoxide ligands in nickel(1) complexes,'® but is in the upper
range expected for four-coordinate nickel alkoxides. Ni-O
distances in these compounds are typically observed in a range
of 1.85-1.90 A, but examples with Ni-O bond lengths over 1.90 A
are reported in the literature.!! Preliminary DFT calculations
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performed on 4 reveal a significant degree of nickel-oxygen n
antibonding character in the highest occupied orbitals of this
compound and thus explain the rather long nickel-oxygen bond
distance. First experiments show that the sulfinyl moiety can be
transferred to organic substrates in stoichiometric reactions. The
reaction of 3 with methyl iodide, for example, affords dmso and

[Ni(iPr>Im),(Ph)(D)].

To conclude, we presented here the first examples of transition
metal mediated C-S cleavage reactions of sulfoxides containing
sp>- and sp>-hybridized carbon bonds attached to the sulfur atom.
Complex 4 represents the first structurally characterized example
of a complex featuring an oxygen-bound sulfinyl ligand and thus
demonstrates the ambivalence of O versus S binding of sulfoxide
ligands. These findings should be of interest for bioinorganic
chemists, since nickel sulfinyl moieties [Ni-S(=O)R] are of possible
significance to the deactivation of nickel-containing enzymes.
Furthermore, these results might have an impact on the use of
sulfoxides in metal mediated transformations, i.e. the activation of
sulfinyl-containing ligands in connection with transition metal
catalyzed sulfinyl transfer reactions or a possible racemization/
enantiomerization of sulfoxide ligands in the coordination sphere
of transition metals. Further work on the chemical behaviour of
such compounds is in progress.
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solved by direct methods (SHELXS-972) and refined by full matrix least
squares methods on ¥ (SHELXL-97)."> For crystallographic data in CIF
or other electronic format see DOI: 10.1039/b618632g
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2a(1)) = 0.0945, goodness-of-fit on F*: 0.989.
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reflections collected: 24 628, independent reflections: 6319 (Ry, = 0.0541),
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6011(2) A®, T'=203(2) K, space group Phca, Z = 8, radiation Mo-Ka. (/. =
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1 (@) G. H. Posner, in The Chemistry of Sulfones and Sulfoxides, ed.
S. Patai, Z. Rappoport and C. J. M. Stirling, Wiley, New York, 1988,
ch. 3, p. 55 and ch. 16, p. 823; (b) A. Kalir and H. H. Kalir, in The
Chemistry of Sulfur-Containing Functional Groups, ed. S. Patai and
Z. Rappoport, Wiley, New York, 1993, p. 957.

2 (a) M. C. Carreno, Chem. Rev., 1995, 95, 1717-1760; (b) 1. Fernandez
and N. Khiar, Chem. Rev., 2003, 103, 3651-3705.

3 S. R. Dubbaka and P. Vogel, Angew. Chem., 2005, 117, 7848-7859,
(Angew. Chem., Int. Ed., 2005, 44, 7674-7684).

4 (a) E. Wenkert, T. W. Ferreira and E. L. Michelotti, J. Chem. Soc.,
Chem. Commun., 1979, 637-638; (b) F. Rebiere, O. Riant, L. Ricard and
H. B. Kagan, Angew. Chem., 1993, 105, 644-648, (Angew. Chem., Int.
Ed Engl, 1993, 32, 568-570).

(a) T. Schaub and U. Radius, Chem.—Eur. J., 2005, 11, 5024-5030; (b)

T. Schaub, M. Backes and U. Radius, Organometallics, 2006, 25,

4196-4206; (c¢) T. Schaub, M. Backes and U. Radius, J. Am. Chem.

Soc., 2006, 128, 15964-15965.

6 Known metallasulfoxides are usually synthesized via controlled oxida-
tion of chelating thiolato ligands or via metal insertion into the S-S
bond of thiosulfinates. For known crystallographically characterized
transition metal sulfinyl complexes, see: (@) S. M. Aucott, H. L. Milton,
S. D. Robertson, A. M. Z. Slawin, G. D. Walker and J. D. Woollins,
Chem.—Eur. J., 2004, 10, 1666-1676; (b) S. M. Aucott, H. L. Milton,
S. D. Robertson, A. M. Z. Slawin and J. D. Woollins, Dalton Trans.,
2004, 3347-3352; (c) A. Ishii, M. Saito, M. Murata and J. Nakayama,
Eur. J. Org. Chem., 2002, 979-982; (d) L. Heinrich, Y. Li,
J. Vaissermann and J.-C. Chottard, Eur. J. Inorg. Chem., 2001,
1407-1409; (e) A. J. Souers, T. D. Owens, A. G. Oliver, F. J. Hollander
and J. A. Ellman, Inorg. Chem., 2001, 40, 5299-5301; (f) R. Winsch,
G. Bosl, C. Robl and W. Weigand, J. Organomet. Chem., 2001, 621,
352-358; (g) D. Seebach, A. K. Beck, M. Hayakawa, G. Jaeschke,
F. N. M. Kuhnle, I. Nageli A. B. Pinkerton, P. B. Rheiner,
R. O. Duthaler, P. M. Rothe, W. Weigand, R. Winsch, S. Dick,
R. Nesper, M. Worle and V. Gramlich, Bull. Soc. Chim. Fr., 1997, 134,
315-331; (h) W. Weigand, G. Bosl, C. Robl and W. Amrein, Chem.
Ber., 1992, 125, 1047-1051; (i) R. M. Buonomo, I. Font, M. J. Maguire,
J. H. Reibenspies, T. Tuntulani and M. Y. Darensbourg, J. Am. Chem.
Soc., 1995, 117, 963-973; (j) P. J. Farmer, J.-N. Verpeaux, C. Amatore,
M. Y. Darensbourg and G. Musie, J. Am. Chem. Soc., 1994, 116,
9355-9356; (k) T. Tuntulani, G. Musie, J. H. Reibenspies and
M. Y. Darensbourg, Inorg. Chem., 1995, 34, 6279-6286; (/) 1. Font,
R. M. Buonomo, J. H. Reibenspies and M. Y. Darensbourg, Inorg.
Chem., 1993, 32, 5897-5898; (m) J. Harrowfield, J. M. Patrick,
B. W. Skelton and A. H. White, Aust. J. Chem., 1988, 41, 159-172;
(n) K.-I. Okamoto, T. Konno, H. Einaga and J. Hidaka, Bull. Chem.
Soc. Jpn., 1987, 60, 393-394; (o) J. Messelhauser, K. U. Gutensohn,
1.-P. Lorenz and W. Hiller, J. Organomet. Chem., 1987, 321, 377-388;
(p) M. Kita, K. Yamanari, K. Kitahama and Y. Shimura, Bull. Chem.
Soc. Jpn., 1981, 54, 2995-2999; (¢) W. E. Silverthorne, J. Organomet.
Chem., 1980, 184, C25-C27; (r) I. K. Adzanti, K. Libson, J. D. Lydon,
R. C. Elder and E. Deutsch, Inorg. Chem., 1979, 18, 303-311; (s)
W. G. Jackson, A. M. Sargeson and P. O. Whimp, J. Chem. Soc.,
Chem. Commun., 1976, 934-935.

7 J. M. O’Connor, K. D. Bunker, A. L. Rheingold and L. Zakharov,
J. Am. Chem. Soc., 2005, 127, 4180-4181.

8 N. Maezaki, S. Yagi, S. Ohsawa, H. Ohishi and T. Tanaka,
Tetrahedron, 2003, 59, 9895-9906.

9 For Ni-C distances, see for examples: () Y.-J. Kim, K. Osakada,
A. Takenaka and A. Yamamoto, J. Am. Chem. Soc., 1990, 112,
1096-1104; (b) 1. Bach, R. Goddard, C. Kopiske, K. Seevogel and
K.-R. Porschke, Organometallics, 1999, 18, 10-20; (¢) R. E. Douthwaite,
M. L. H. Green, P. J. Silcock and P. T. Gomes, Organometallics, 2001,
20, 2611-2615; (d) H.-F. Klein, A. Bickelhaupt, M. Lemke, H. Sun,
A. Brand, T. Jung, C. Rohr, U. Florke and H.-J. Haupt,
Organometallics, 1997, 16, 668-676; (e) J. J. Garcia and W. D. Jones,
Organometallics, 2000, 19, 5544-5545; (f) A. Zeller, E. Herdtweck and
T. Strassner, Eur. J. Inorg. Chem., 2003, 1802-1806.

10 (a) E. Alessio, Chem. Rev., 2004, 104, 4203-4242; (b) M. Calligaris,
Coord. Chem. Rev., 2004, 248, 351-375; (¢) M. Calligaris, Croat. Chem.
Acta, 1999, 72, 147-169; (d) M. Calligaris and O. Carugo, Coord. Chem.
Rev., 1996, 153, 83-154; (e) V. Kukushkin, Coord. Chem. Rev., 1995,
139, 375-407; (f) H. B. Kagan and B. Ronan, Rev. Heteroat. Chem.,
1992, 7, 92-116; (g) J. A. Davies, Adv. Inorg. Chem. Radiochem., 1981,
24, 115-187.

11 (@) Y.-J. Kim, K. Osakada, A. Takenaka and A. Yamamoto, J. Am.
Chem. Soc., 1990, 112, 1096-1104; (b) A. L. Seligson, R. L. Cowan and
W. C. Trogler, Inorg. Chem., 1991, 30, 3371-3381; (c¢) J. Campora,
J. A. Lopez, C. Maya, P. Palma, E. Carmona and P. Valerga,
J. Organomet. Chem., 2002, 643, 331-341.

12 (@) G. M. Sheldrick, SHELXS-97, Program for solution of crystal
structures, University of Gottingen, Germany, 1997; (b) G. M. Sheldrick,
SHELXL-97, Program for refinement of crystal structures, University of
Gottingen, Germany, 1997.

W

This journal is © The Royal Society of Chemistry 2007

Chem. Commun., 2007, 2037-2039 | 2039



