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Carbon—carbon cross-coupling reactions are very important
in the areas of material science and medicinal chemistry. Most
current methods require expensive transition-metal catalysts
(for example, based on Cu, Pd, Co, Ni, Pt, Ru, and Rh) and
ligands (for example, phosphines). Early reports by Kharasch
and Reinmuth! in 1954 and then by Tamura and Kochi? in
1971 suggested that inexpensive Grignard reagents and alkyl
halides can be coupled in the presence of iron catalysts
[Scheme 1, Equation (1)].

Fe cat.

RMgX + RY R-R' + Mgy ()

Fe cat.

RMgX + RCOCI RCOR + Mg(X)Cl (2)

Scheme 1. Fe-catalyzed cross-coupling reaction of Grignard reagents
with alkyl halides and the Fe-catalyzed acylation of Grignard reagents.

Apart from a few exceptions, this discovery remained
dormant until 1992, when studies by Cahiez et al.*! and more
recently by the research groups of Fiirstner,”) Knochel,"!
Nakamura,”! Bedford,”) and Cossy.™” However, in 1982
Julia and co-workers!'” reported the Fe-catalyzed C—C cross-
coupling reaction of Grignard reagents with vinylic sulfones,
while in 1983 Molander et al. reported the Fe-catalyzed cross-
coupling of aryl Grignard reagents with alkenyl halides,""! and
in 1984 Marchese and co-workers!'” developed the
Fe-catalyzed acylation of Grignard reagents [Scheme 1,
Equation (2)].

Our research group has demonstrated that sulfonyl
chlorides can be used as electrophilic partners in desulfiny-
lative C—C cross-coupling reactions catalyzed by palladium
complexes!"” or palladium nanoparticles in ionic liquids.""
However, when we attempted to carry out desulfinylative
Corriu-Kumada C—C cross-coupling reactions!”” between
Grignard reagents and arenesulfonyl chlorides in the pres-
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ence of Pd- or Ni-based catalysts, only products of aryl-aryl
homocoupling were formed.!'®! Alkanesulfonyl chlorides are
not suitable reagents in Pd-catalyzed desulfinylative C—C
cross-coupling reactions as they undergo concurrent {3 elimi-
nation with the formation of the corresponding alkenes.
Herein we report for the first time that alkane- and
alkenesulfonyl chlorides undergo smooth desulfinylative
C—C cross-coupling reactions with Grignard reagents in the
presence of catalytic amounts of [Fe(acac);] (acetylacetonate)
without the need for any extra ligands.

Treatment of n-octanesulfonyl chloride with PhMgBr in
THF at 80°C in the presence of [Fe(acac);] (5mol%)
afforded the coupling product n-octylbenzene in 28 % yield,
together with 5% of the corresponding sulfone (n-octylphe-
nylsulfone; Table 1, entry 2). In the absence of any catalyst

Table 1: Optimization of the reaction conditions for the Fe-catalyzed
desulfinylative C—C cross-coupling reaction of nOctSO,Cl with PhMgBr.

nOCtSO,CI + PhMgBr —2ndtionS _— octPh + nOctSO,Ph

Entry Conditions nOctPh [%]®  nOctSO,Ph [%]*

iron catalyst (equiv)

1 no catalyst, 0°C to RT - 76
[Fe(acac)s] (5%), THF, 80°CPl 28 5

3 FeCl; (10%), TMEDA (2 equiv), decomp -
THF, 80°CH
[Fe(acac)s] (5%), THF, 80°C 16 48

5 [Fe(acac)s] (5%), TMEDA 58 -
(10%), THF, 80°C

6 [Fe(acac),] (5%), HMTA(10%), 65 -
THF, 80°CH

7 [Fe(acac);] (5%), THF/NMP, 72 -
80°CH

[a] Yield determined after flash chromatography. [b] Grignard reagent
was added immediately. [c] Starting materials were decomposed and no
cross-coupled product or sulfone was observed. [d] Reaction was done in
a microwave reactor, Grignard reagent was added to the reaction at
—78°C, and was heated for 1.5 h at 80°C. [e] Grignard reagent in THF
was added slowly (2 mLh™"). TMEDA=N,N,N’,N’-tetramethylethylene-
diamine, HMTA = hexamethylenetetramine.

(0°C to 25°C), the sulfone was the sole product, and was
obtained in 76 % yield (Table 1, entry 1). Importantly, when
the Grignard reagent was added slowly through a syringe
pump, the formation of the sulfone was completely sup-
pressed. Only decomposition products were observed under
the conditions developed by Nakamura et al.’! for the cross-
coupling reaction between aromatic Grignard reagents and
alkyl halides (Table 1, entry 3).

Y

These are not the finél page numbers!



Communications

2
R

R'—F&(MgX),

When the reaction was carried out in refluxing diethyl
ether or 1,2-dimethoxyethane (DME), the yields were
low because of the competitive homocoupling of the
Grignard reagents. If carried out at 25°C, the reaction

Table 2: Scope of the Fe-catalyzed desulfinylative C—C cross-coupling reaction
of sulfonyl chlorides with Grignard reagents.

[Fe(acac),] (5 mol%)
THF/NMP, 80 °C

RMgX + R'SO,CI R-R' +S0, 1 + Mg(X)Cl

gives a larger proportion of the sulfone, as expected for  Entry R R Product Yield [%]*
all our desulfinylative C—C cross-coupling reac- Ph nBU BuPh 61
tions.*1*191 Additives such as TMEDA and HMTAF! Ph n-CyHy, nOctPh 7911
were beneficial to the reaction (Table 1, entriesS and 3 Ph n-CyoHy CyoHy1Ph 54
6). The best yield of n-octylbenzene was obtained in the 4 Ph n-CyeHss CigHs3Ph 47
absence of any ligand and using a mixture of THF and N- 5 CH,=CH n-CgHy; dec-1-ene 23
methylpyrrolidone (NMP) as the solvent at 80°C © CHZf(Me) n-GgHhy 2-methyldec-1-ene 46
(Table 1, entry 7).5) We found that the yield of the C-C ¢ Jue &1 maf - Jmelyundectens 22
cross-coupling reaction depends on the quality of the 4 4-MeOCH, n-CyHy, 1-methoxy-4-octylben- 82
Grignard reagent. Interestingly, no C—C cross-coupling zene
product was observed in the reaction of PhMgBr or 10  allyl n-CgH,, - L
PhMgCl with n-octyl chloride in the presence of [Fe- 11 Ph Bn diphenylmethane 55
(acac);]. This result shows that sulfonyl chlorides are 12 4-MeCeH, Bn 4-methylCeH,Bn 58
better electrophilic partners than the corresponding 13 PhCH,CH,MgCl n-GgHy,y CroHznPh 6
L . . . 14 Ph EtOCOCH, - -
chlorides in these reactions. Our optimized conditions 15 Ph 1-ethyl- o 78
were then applied to a wide range of sulfonyl chlorides naphthyl (PhCH,CH,)naphthalene
and Grignard reagents (Table 2). 16 a-naphthyl n-CgH,; a-(n-octyl)naphthalene  traces
Unlike alkyl halides, which were found to react 17 Ph iPr cumene 24
sluggishly with alkenyl Grignard reagents under the 18  4-MeGH, iPr p-cymene 29
conditions developed by Nakamura et al.” alkanesul- 19 4-MeCeH, sBu tz'(4'methylphe”>'|)b“‘ 64
. . . ane
fonyl .chlorlde.s und.ergo the desqlflnylatlve C—C cross- 20 ph Bu 2-phenylbutane 57
coupling reaction with alkenyl Grignard reagents. Unex- ., Ph cyclopentyl  phenylcyclopentane 63
pectedly, allyl- and benzylmagnesium bromides failed to 25 4.Me0CH, cyclopentyl  4-cyclopentylanisole 71
give C—C cross-coupling products; only decomposition of 23 Ph cyclohexyl phenylcyclohexane 68
n-octanesulfonyl chloride into 24 CH;/~C(Me) cyclohexyl 2-cyclohexylpropene 43
1-chlorooctane was observed. No 1-chlorooctane was 25  n-CiH,, Ph/\/%t ph-Cetiz 68!
opserved wht.en n-octanesulfonyl ch?orlde was heated % nChHy, N =, N €1
either alone in deuterated THF or in the presence of
[Fe(acac);] in THF. This experiment demonstrates that 27  Ph ph/\/%‘ (E)-stilbene 550

[Fe(acac);] alone is not capable of catalyzing the 28
desulfinylation of sulfonyl chlorides. The required cata- 29
lyst must be a reduced form of Fe resulting from the 30
reaction of [Fe(acac);] with the Grignard reagents.[*”)

Ph R="Ph 34

4-MeCeH, R=4-MeCH, 32

4-MeOCH, R=4- 42
w0 r~ O MeOCH,

Interestingly, (E)-styrenesulfonyl chloride reacted
with phenyl-, n-hexyl-, and n-octylmagnesium bromide
to give exclusively E alkenes (‘H NMR analysis of the
crude reaction mixture). Unknown camphor derivatives
were obtained by applying the methodology to camphor-
sulfonyl chloride and various Grignard reagents. These
compounds might be useful as chiral auxiliaries and ligands.

RMgX + [Fe(acac)s]

/ R'SO,CI

RS

R'SO;~Fe(MgX), ——=—= R—Fe(MgX), +

c cl + co-products
) R'-Fe(MgX) (A
RMgX Mg(xX)Cl

Scheme 2. Hypothetical mechanism for the desulfinylative C—C cross-
coupling reaction of sulfonyl chlorides and Grignard reagents catalyzed
by [Fe(acac)s]. L=THF or NMP.
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[a] Yields of isolated products after flash chromatography. [b] 56 % yield using
PhMgCl instead of PhMgBr. [c] 61 % yield for the reaction at 25 °C, concurrent
formation of the corresponding sulfone. [d] No C—C cross-coupling product
observed. [e] E alkene is formed exclusively. Bn=benzyl.

A possible mechanism for our desulfinylative C—C cross-
coupling reaction of sulfonyl chlorides with Grignard reagents
is shown in Scheme 2. As proposed by Fiirstner and co-
workers,! low-valent iron species probably react in a similar
fashion as Pd’ catalysts. At this stage we cannot exclude a
multiple-step process that involves radical intermedi-
ates '8 during the formal oxidative additions and reductive
eliminations of the metallic catalytical species.

For the first time, conditions have been uncovered that
allow the desulfinylative C—C cross-coupling of inexpensive
sulfonyl chlorides and Grignard reagents. These conditions
rely on environmentally friendly iron catalysts and do not
require expensive and/or toxic ligands.

Received: October 19, 2007
Published online: Il WM, 2007

Angew. Chem. Int. Ed. 2008, 47, 1—4


http://www.angewandte.org

Keywords: cross-coupling - Grignard reagents -
homogeneous catalysis - iron - sulfonyl chlorides

[1] M. S. Kharasch, O. Reinmuth, Grignard Reactions of Nonmetal-
lic Substances, Prentice-Hall, New York, 1954, pp. 1257.
[2] M. Tamura, J. Kochi, J. Organomet. Chem. 1971, 31, 289-309;
see also M. Tamura, J. Kochi, J. Am. Chem. Soc. 1971, 93, 1487 —
1489; J. Kochi, Acc. Chem. Res. 1974, 7, 351 -360.
a) G. Cahiez, P. Y. Chavant, E. Metais, Tetrahedron Lett. 1992,
33, 5245-5248; b) G. Cahiez, S. Marquais, Tetrahedron Lett.
1996, 37, 1773-1776; c) G. Cahiez, H. Avedissian, Synthesis
1998, 1199-1205; d) G. Cahiez, V. Habiak, C. Duplais, A.
Moyeux, Angew. Chem. 2007, 119, 4442 -4444; Angew. Chem.
Int. Ed. 2007, 46, 4364-4366; e) G. Cahiez, C. Duplais, A.
Moyeux, Org. Lett. 2007, 9, 3253 -3254.
a) A. Furstner, A. Leitner, M. Méndez, H. Krause, J. Am. Chem.
Soc. 2002, 124,13856-13863; b) R. Martin, A. Fiirstner, Angew.
Chem. 2004, 116, 4045—-4047; Angew. Chem. Int. Ed. 2004, 43,
3955-3957; ¢) A. Fiirstner, H. Krause, C. W. Lehmann, Angew.
Chem. 2006, 118, 454 —458; Angew. Chem. Int. Ed. 2006, 45, 440 —
444; d) B. Scheiper, M. Bonnekessel, H. Krause, A. Fiirstner, J.
Org. Chem. 2004, 69, 3943 —3949.
a) W. Dohle, F. Kopp, G. Cahiez, P. Knochel, Synlett 2001, 1901 -
1904;b) C. Duplais, F. Bures, T. J. Korn, I. Sapountzis, G. Cahiez,
P. Knochel, Angew. Chem. 2004, 116, 3028 -3030; Angew. Chem.
Int. Ed. 2004, 43, 2968 -2970.
a) M. Nakamura, A. Hirai, E. Nakamura, J. Am. Chem. Soc.
2000, 722, 978-979; b) M. Nakamura, K. Matsuo, S. Ito, E.
Nakamura, J. Am. Chem. Soc. 2004, 126, 3686-3687; c) M.
Nakamura, S. Ito, K. Matsuo, E. Nakamura, Synlett 2005, 1794 —
1798; d) T. Hatakeyama, M. Nakamura, J. Am. Chem. Soc. 2007,
129, 9844 -9845.
a) R. B. Bedford, D. W. Bruce, R. M. Frost, J. W. Goodby, M.
Hird, Chem. Commun. 2004, 2822-2823; b) R. B. Bedford,
D. W. Bruce, R. M. Frost, M. Hird, Chem. Commun. 2005, 4161 —

(3]

(4]

[5

—_

(0]

(7]

Angewandte
Chemie

4163; c) R. B. Bedford, M. Betham, D. W. Bruce, S. A. Davis,
R.M. Frost, M. Hird, Chem. Commun. 2006, 1398-1400;
d) R. B. Bedford, M. Betham, D. W. Bruce, A. A. Danopoulos,
R. M. Frost, M. Hird, J. Org. Chem. 2006, 71, 1104-1110.

A. Guérinot, S. Reymond, J. Cossy, Angew. Chem. 2007, 119,

6641-6644; Angew. Chem. Int. Ed. 2007, 46, 6521 —6524.

For reviews, see a) H. Shinokubo, K. Oshima, Eur. J. Org. Chem.

2004, 2081-2091; b) C. Bolm, J. Legros, J. Le Paih, L. Zani,

Chem. Rev. 2004, 104, 6217-6254; c) A. Firstner, R. Martin,

Chem. Lett. 2005, 34, 624-629; d) D. Necas, M. Kotora, Chem.

Listy 2006, 100, 967-973.

J. L. Fabre, M. Julia, J. N. Verpeaux, Tetrahedron Lett. 1982, 23,

2469-2472; see also E. Alvarez, T. Cuvigny, C. H. Du Penhoat,

M. Julia, Tetrahedron 1988, 44, 111-118.

[11] G. A. Molander, B.J. Rahn, D. C. Shubert, S. E. Bonde, Tetra-
hedron Lett. 1983, 24, 5449 —-5452.

[12] V.Fiandanese, G. Marchese, V. Martina, L. Ronzini, Tetrahedron
Lett. 1984, 25, 4805 -4808.

[13] a) S. R. Dubbaka, P. Vogel, J. Am. Chem. Soc. 2003, 125, 15292 —
15293; b) S. R. Dubbaka, P. Steunenberg, P. Vogel, Synlett 2004,
1235-1238; ¢) S. R. Dubbaka, P. Vogel, Org. Lett. 2004, 6, 95—
98; d) S. R. Dubbaka, P. Vogel, Adv. Synth. Catal. 2004, 346,
1793-1797; e) S. R. Dubbaka, P. Vogel, Chem. Eur. J. 2005, 11,
2633-2641;f) S. R. Dubbaka, P. Vogel, Angew. Chem. 2005, 117,
7848-7859; Angew. Chem. Int. Ed. 2005, 44, 7674 -7684.

[14] S. R. Dubbaka, D. B. Zhao, Z. F. Fei, C. M. R. Volla, P. J. Dyson,
P. Vogel, Synlett 2006, 3155-3157.

[15] a) J. P. Corriu, J. P. Masse, J. Chem. Soc. Chem. Commun. 1972,
144; b) K. Tamao, K. Sumitani, M. Kumada, J. Am. Chem. Soc.
1972, 94, 4374 -4376.

[16] S. R. Dubbaka, P. Vogel, Tetrahedron Lett. 2006, 47, 3345 —3348.

[17] a) R. B. Allen, R. G. Lawler, H. R. Ward, J. Am. Chem. Soc.
1973, 95, 1692-1693; b) G. F. Lehr, R. G. Lawler, J. Am. Chem.
Soc. 1984, 106, 4048 —4049.

[18] B. Holzer, R. W. Hoffmann, Chem. Commun. 2003, 732-733.

(8]

[9

—_—

(10]

Angew. Chem. Int. Ed. 2008, 47, 1—4

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.angewandte.org

These are not the final page numbers!

AN

3


http://dx.doi.org/10.1016/S0022-328X(00)86239-7
http://dx.doi.org/10.1021/ja00735a030
http://dx.doi.org/10.1021/ja00735a030
http://dx.doi.org/10.1021/ar50082a006
http://dx.doi.org/10.1016/S0040-4039(00)79145-3
http://dx.doi.org/10.1016/S0040-4039(00)79145-3
http://dx.doi.org/10.1016/0040-4039(96)00116-5
http://dx.doi.org/10.1016/0040-4039(96)00116-5
http://dx.doi.org/10.1055/s-1998-2135
http://dx.doi.org/10.1055/s-1998-2135
http://dx.doi.org/10.1002/ange.200700742
http://dx.doi.org/10.1002/anie.200700742
http://dx.doi.org/10.1002/anie.200700742
http://dx.doi.org/10.1021/ol7016092
http://dx.doi.org/10.1002/ange.200460504
http://dx.doi.org/10.1002/ange.200460504
http://dx.doi.org/10.1002/anie.200460504
http://dx.doi.org/10.1002/anie.200460504
http://dx.doi.org/10.1002/ange.200502859
http://dx.doi.org/10.1002/ange.200502859
http://dx.doi.org/10.1002/anie.200502859
http://dx.doi.org/10.1002/anie.200502859
http://dx.doi.org/10.1021/jo0498866
http://dx.doi.org/10.1021/jo0498866
http://dx.doi.org/10.1055/s-2001-18748
http://dx.doi.org/10.1055/s-2001-18748
http://dx.doi.org/10.1002/ange.200453696
http://dx.doi.org/10.1002/anie.200453696
http://dx.doi.org/10.1002/anie.200453696
http://dx.doi.org/10.1021/ja983066r
http://dx.doi.org/10.1021/ja983066r
http://dx.doi.org/10.1021/ja049744t
http://dx.doi.org/10.1055/s-2005-871541
http://dx.doi.org/10.1055/s-2005-871541
http://dx.doi.org/10.1021/ja073084l
http://dx.doi.org/10.1021/ja073084l
http://dx.doi.org/10.1039/b413790f
http://dx.doi.org/10.1039/b507133j
http://dx.doi.org/10.1039/b507133j
http://dx.doi.org/10.1039/b601014h
http://dx.doi.org/10.1021/jo052250+
http://dx.doi.org/10.1002/ejoc.200300757
http://dx.doi.org/10.1002/ejoc.200300757
http://dx.doi.org/10.1021/cr040664h
http://dx.doi.org/10.1246/cl.2005.624
http://dx.doi.org/10.1016/S0040-4039(00)87370-0
http://dx.doi.org/10.1016/S0040-4039(00)87370-0
http://dx.doi.org/10.1016/S0040-4020(01)85098-5
http://dx.doi.org/10.1016/S0040-4039(00)94109-1
http://dx.doi.org/10.1016/S0040-4039(00)94109-1
http://dx.doi.org/10.1016/S0040-4039(01)81525-2
http://dx.doi.org/10.1016/S0040-4039(01)81525-2
http://dx.doi.org/10.1021/ja038328q
http://dx.doi.org/10.1021/ja038328q
http://dx.doi.org/10.1021/ol036131x
http://dx.doi.org/10.1021/ol036131x
http://dx.doi.org/10.1002/chem.200400838
http://dx.doi.org/10.1002/chem.200400838
http://dx.doi.org/10.1002/ange.200463007
http://dx.doi.org/10.1002/ange.200463007
http://dx.doi.org/10.1002/anie.200463007
http://dx.doi.org/10.1021/ja00767a075
http://dx.doi.org/10.1021/ja00767a075
http://dx.doi.org/10.1016/j.tetlet.2006.03.101
http://dx.doi.org/10.1021/ja00786a073
http://dx.doi.org/10.1021/ja00786a073
http://dx.doi.org/10.1021/ja00326a035
http://dx.doi.org/10.1021/ja00326a035
http://dx.doi.org/10.1039/b300033h
http://www.angewandte.org

Communications

Communications
. [Fe(acac);] (cat.)
Homogeneous Catalysts R-SO,ClI + R'MgX m’ R-R' + 80,4 + Mg(CHX
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uncovered that allow the desulfinylative reactions rely on environmentally friendly
Iron-Catalyzed Desulfinylative C—C Cross- ~ C—C cross-coupling reaction of inexpen- iron catalysts and do not require expen-
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