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During the past few decades, nickel- and palladium-catalyzed Table 1. Impact of Reaction Parameters on the Efficiency of a
cross-couplings of aryl and vinyl halides/sulfonates have been devel- Suzuki Cross-Coupling of a Secondary Alkyl Bromide
oped into very powerful tools for carbertarbon bond formatioh. 4% Ni(cod)
The first indications that such couplings might also be viable for QBr (HO)pB—Ph 8% bathophenanthroline Qph
B-hydrogen-containing, unactivatedkyl halides/sulfonatésvere 1.6 equiv KO#-Bu
provided by the pioneering work of Suzuki in 1992nd a series s-butanol
of investigations by Knochel beginning in 1995which focused 60°C,5h
on reactions with boron and zinc reagents, respectively. Within the "standard" conditions
past two years, the pace of progress in the development of methods entry  deviation from the "standard" conditions? yield (%)?
for cross-coupling alkyl electrophiles has accelerated significantly

1.2 equiv

. ? . . S8 il 9 1 none 91
wlth rgports of reactions with magnesuimln_, silicon; and_ 2 Ni(acao), [instead of Ni(cod),] o4
zirconium® reagentd! However, these studies only describe 3 NiBry [instead of Ni(cod)s] <3
couplings ofprimary alkyl halides/sulfonates. 4 Pd(OAc); or sz(dba)? [instead of Ni(cod)] <3

. " . 5 s-Bu-Pybox [instead of BP] <3

F:Iearly, to fully .expllon the exmtmg potential of alkyl electrq- 6  PPhgor P(tBu),Me [instead of BP] <8
philes as partners in nickel- or palladium-catalyzed cross-couplings, 7 1,3-bis(1-adamantyl)imidazol-2-ylidene [instead of BP] <3
it is imperative that methods be available to couple more hindered g 1,1O-Dher]antpro{ined[infsgepa]cl of BP] eg

. . neocuproine |Instead O <
substrates. In 2003, we disclosed the first gxamples. .of CroSS- 15 ppy [instead of BP] 43
couplings of unactivatesecondanalkyl electrophiles, specifically, 11 4,4-dimethoxy-2,2"-bipyridine [instead of BP] 57
Negishi reactions of bromides and iodidé#lore recently, we have 15 4°/°bbat:]h0ri‘henart1;hrtf_hne [instead of 8%)] 42
. . . . no bathophenantnroline <
turned our attenu(_)n to Suzukl reacthns. Among cross-coupling 14 KOEt [instead of KO&BU] 83
processes, Suzuki reactions are particularly widely used, due to 15  rt. 8
attractive attributes such as the commercial availability, the airand 16 2% Ni(cod),, 4% BP [instead of 4% Ni(cod),, 8% BP] 76
water stability, and the nontoxic nature of boronic aéftl this aYield according to GC, versus a calibrated internal standard
communication, we report the first method for achieving Suzuki (average of two runs). ®BP = bathophenanthroline.
cross-couplings of unactivated secondary alkyl halides (eq 1). N
Ph Ph
4% Ni(cod), )= 0~ NT | o] 7N
8% bathophenanthroline A \) _ /
/ N N N N
Raiky—X (HO):B—R - Rakyi—R (1) =N N B M M
) 1.6 equiv KOt+-Bu s-Bu sBu © ©
X=8Br, | 1.2 equiv s-butanol ‘ .
60 °C bathophenanthroline s-Bu-Pybox neocuproine

During our catalyst-development effort, we focused our attention 15). Finally, use of a lower catalyst loading leads to a modestly
on coupling cyclohexyl bromide with phenylboronic acid. After lower yield (entry 16}
exploring a wide array of conditions, we determined that 4%  Our optimized procedure can be applied directly to Suzuki cross-
Ni(cod),/8% bathophenanthroline/1.6 equiv ikBu in s-BuOH at couplings of a range of secondary alkyl bromides (Tabl¥ Bpth
60 °C furnishes an excellent yield (91%) of the desired Suzuki electron-rich (entries 34) and electron-poor (entries=) aryl-
cross-coupling product (Table 1, entry 1). boronic acids can be coupled, along with certain heteroarylboronic
The data in Table 1 illustrate the impact of various parameters acids (entries #8). Interestingly, for the substrates illustrated in
on the efficiency of this process. Although Ni(acadjisplays entry 9, the reaction occurs selectively at the secondagyBC,
some activity (entry 2), other nickel and palladium complexes rather than the ArCl, bond.
afford essentially no carbercarbon bond formation (entries-3). The method that we have developed for cross-coupling alkyl
s-Bu-Pybox, which is useful for Negishi reactions of secondary bromides can also be employed for Suzuki reactions of alkyl iodides
alkyl halides!? is ineffective under these conditions (entry 5), as (Table 3)! Thus, without re-optimizing the conditions, we have
are an array of phosphine and carbene ligands (e.g., entriés 6  determined that 4% Ni(cogB% bathophenanthroline catalyzes
Phenanthroline itself (entry 8)but not a more hindered derivative  couplings of secondary (entries-2) and primary (entries -34)
(entry 9)y—is a moderately efficient ligand, as are bipyridines (entries alkyl iodides with aryl- and alkenylboronic acids in satisfactory
10—-11). A decrease in the bathophenanthroline:Ni ratio leads to a yield.
decrease in yield (entry 12), and no phenylcyclohexane is observed In conclusion, we have developed a catalyst system that achieves
if bathophenanthroline is omitted (entry 13). Use of KOEt, rather the first Suzuki reactions of unactivated secondary alkyl bromides
than KQ-Bu, results in slightly less effective coupling (entry 14). and iodides. The ability to couple readily available, easy-to-handle
To achieve a reasonable reaction rate, heating is required (entryboronic acids is an attractive feature of this process. We anticipate
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Table 2. Suzuki Cross-Couplings of Unactivated Secondary Alkyl
Bromides (eq 1)

entry Raiky—Br (HO).B—R yield (%)
Br

1 (HO)ZBO 742
H
H

2 (HO)ZBO 712
Br
Br

3 ©j (HO)ZBOMe 90

Me
4 Br (HO)@OOMe 68
Me
HO),B
5 Q—Br (0% Q 44
CN

6 @Q"'Br (H0)2|34<j>—0|=3 630

OTBS
/S
7 <:>—Br (HO)ZBA<; 63
~
NS TS &
Me
9 er (HO)sz 75

Cl

2The exo product is formed. 5The trans product is formed.

Table 3. Suzuki Cross-Couplings of Unactivated Alkyl lodides
(eq 1)

entry Ra\kyl_l (HO)QB—R yield (%)
|
g g
6}
|
Me (HO).B
2 I \_pp, 65
Me Me
3 | (HO)ZBOSMe 75
Me
4 e (HORB—\_ 63
Me/K/\I \ n-Hex

that the capacity to employ alkyl electrophiles as coupling partners
will markedly increase the already exceptional utility of cross-

coupling reactions, and our current efforts are therefore focused
on developing highly versatile catalysts for a range of processes.

Acknowledgment. Support has been provided by the National
Institutes of Health (National Institute of General Medical Sciences,

R01-GM62871) and Novartis. We thank Frontier Scientific for
supplying boronic acids and Ivory Hills for assistance in preparing
the manuscript. Funding for the MIT Department of Chemistry
Instrumentation Facility has been furnished in part by NSF CHE-
9808061 and NSF DBI-9729592.

Supporting Information Available: Experimental procedures and
compound characterization data (PDF). This material is available free
of charge via the Internet at http://pubs.acs.org.

References

(1) For reviews of metal-catalyzed cross-coupling reactions, see: (a) Diederich,
F., Stang, P. J., Eddetal-Catalyzed Cross-Coupling Reactiphigiley-
VCH: New York, 1998. (b) Miyaura, N., EdCross-Coupling Reac-
tions: A Practical Guide Topics in Current Chemistry Series 219;
Springer-Verlag: New York, 2002. (c) Negishi, E.-i., Bdandbook of
Organopalladium Chemistry for Organic Synthesdig¢iley-Interscience:
New York, 2002.

For overviews of the difficulty of achieving coupling reactions gEEX

electrophiles, see: @denas, D. JAngew. Chem., Int. EQR003 42,

384—387. Cadenas, D. JAngew. Chem., Int. EA.999 38, 3018-3020.

See also: Luh, T.-Y.; Leung, M.-k.; Wong, K.-Chem. Re. 200Q 100,

3187-3204.

Ishiyama, T.; Abe, S.; Miyaura, N.; Suzuki, AChem. Lett.1992

691-694.

For more recent work, see: (a) Netherton, M. R.; Dai, C.; Neugchu;

Fu, G. C.J. Am. Chem. So001, 123 10099-10100. (b) Kirchhoff, J.

H.; Dai, C.; Fu, G. CAngew. Chem., Int. E@002 41, 1945-1947. (c)

Netherton, M. R.; Fu, G. CAngew. Chem., Int. EQ2002 41, 3910~

3912. (d) Kirchhoff, J. H.; Netherton, M. R.; Hills, I. D.; Fu, G. &.Am.

Chem. Soc2002 124, 13662-13663.

(5) (a) Devasagayaraj, A.; Stamann, T.; Knochel, PAngew. Chem., Int.
Ed. Engl. 1995 34, 2723-2725. (b) Giovannini, R.; Stemann, T.;
Dussin, G.; Knochel, PAngew. Chem., Int. EAL998 37, 2387-2390.

(c) Giovannini, R.; Knochel, PJ. Am. Chem. S0d.998 120, 11186~
11187. (d) Giovannini, R.; Stlemann, T.; Devasagayaraj, A.; Dussin,
G.; Knochel, PJ. Org. Chem1999 64, 3544-3553. (e) Piber, M.; Jensen,
A. E.; Rottlander, M.; Knochel, POrg. Lett. 1999 1, 1323-1326. (f)
Jensen, A. E.; Knochel, B. Org. Chem2002 67, 79—85.

(6) For more recent work, see: Zhou, J.; Fu, GJCAm. Chem. So2003
125 1252712530.

(7) (a) Terao, J.; Watanabe, H.; Ikumi, A.; Kuniyasu, H.; KambeJNAm.
Chem. Soc2002 124, 4222-4223. (b) Terao, J.; Ikumi, A.; Kuniyasu,
H.; Kambe, N.J. Am. Chem. So@003 125, 5646-5647. (c) Frisch, A.
C.; Shaikh, N.; Zapf, A.; Beller, MAngew. Chem., Int. EQR002 41,
4056-4059.

(8) (a) Menzel, K.; Fu, G. CJ. Am. Chem. So2003 125 3718-3719.

(b) Tang, H.; Menzel, K.; Fu, G. CAngew. Chem., Int. EQ003 42,
5079-5082.

(9) Lee, J.-Y.; Fu, G. CJ. Am. Chem. So@003 125, 5616-5617.

(10) Wiskur, S. L.; Korte, A.; Fu, G. CJ. Am. Chem. So2004 In press.

(11) For Sonogashira reactions, see: Eckhardt, M.; Fu, Gl. &m. Chem.
Soc.2003 125 13642-13643.

(12) Zhou, J.; Fu, G. CJ. Am. Chem. So2003 125 14726-14727.

(13) For reviews of the Suzuki reaction, see: (a) Suzuki, AHémdbook of
Organopalladium Chemistry for Organic Synthedi&egishi, E.-i., Ed.;
Wiley-Interscience: New York, 2002; pp 24262. (b) Miyaura, NTop.
Curr. Chem.2002 219 11-59. (c) Kotha, S.; Lahiri, K.; Kashinath, D.
Tetrahedron2002 58, 9633-9695. (d) Suzuki, A. InMetal-Catalyzed
Cross-Coupling Reaction®iederich, F., Stang, P. J., Eds.; Wiley-VCH:
New York, 1998; Chapter 2.

(14) The addition of water (1.0 equiv) leads to a 74% yield of phenylcyclo-
hexane.

(15) Notes: (a) For each entry, a single regio- and stereoisor&d:{) is
observed (see the Supporting Information). Our current hypothesis is that
a radical intermediate may be involved. (b) Under our standard conditions,
primary and tertiary alkyl bromides, alkylboronic acids, and ortho-
substituted arylboronic acids are not suitable substrates.

(16) Notes: (a) Under our standard conditions, alkyl chlorides and tertiary
alkyl iodides are not suitable substrates. (b) Reactions of functionalized
alkyl electrophiles proceed in lower yield.

JA039889K

@

~

3

~

4

=

J. AM. CHEM. SOC. = VOL. 126, NO. 5, 2004 1341



