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Aryl boronic acid derivatives, especially aryl boronate esters
of diols, are of great importance in organic synthesis, in
particular as substrates for the Suzuki–Miyaura cross-cou-
pling.[1a,b] Classically, they are prepared by the treatment of
trialkyl borates with magnesium or lithium alkyl reagents,
followed by hydrolysis or transesterification with the diol of
interest. However, this method is restricted to substrates free
of reactive functional groups: additional costly protection/
deprotection steps may be required.[1] Alternative routes to
aryl boronates have been developed, including palladium-
catalyzed cross-coupling reactions of alkoxy diboron[2] or
alkoxy borane[3] reagents with aryl halides, the related nickel-
catalyzed[4] borylation of aryl halides with alkoxy borane
reagents, and the selective iridium-catalyzed C�H-boryla-
tion[5] of aromatic substrates. The copper-catalyzed coupling
of aryl iodides (but not aryl bromides) with pinacolborane
(HBpin, pin = OCMe2CMe2O) in the presence of copper(I)
iodide and sodium hydride at room temperature was also
reported recently by Zhu and Ma.[6] Furthermore, copper(I)
boryl complexes are of interest in their own right, as
intermediates in the borylation of a,b-unsaturated carbonyl
compounds,[7, 8a,9] the diboration of alkenes[10,8b,c,11] and alde-
hydes,[8d, 12] and the reduction of CO2 to CO.[8e,13] However,
thus far only two copper(I) boryl complexes have been
isolated and characterized in detail.[13, 14]

In the course of our studies of copper-catalyzed borylation
reactions,[8] we investigated the reaction of a copper(I) boryl
complex with various substrates, in particular with aryl halides
(Figure 1). Treatment of the known and well-characterized[13]

boryl complex [(iPrNHC)CuBpin] (2a ; iPrNHC = 1,3-
bis(2,6-diisopropylphenyl)imidazol-2-ylidene), prepared in
situ from [(iPrNHC)CuOtBu] (1a) and B2pin2, with
4-MeC6H4I led to the formation of 4-MeC6H4Bpin (4a), as
shown by in situ NMR spectroscopy (Figure 1; see Figure S1
in the Supporting Information for 1H NMR spectroscopic
data).

On the basis of this observation, and assisted by DFT
calculations,[15] we envisaged a catalytic cycle for a potentially
very useful, copper-catalyzed borylation of aryl halides
(Scheme 1, L = iPrNHC). All steps of the outlined catalytic
cycle, aside from the C�B bond-formation step, can be
assumed to proceed smoothly, as they, or closely related
stoichiometric reactions, have been reported previously to

Figure 1. Formation of 4a, as monitored by in situ 11B{1H} NMR
spectroscopy (128 MHz, C6D6, room temperature). Left-hand spec-
trum: formation of 2a from 1a and B2pin2; right-hand spectrum:
subsequent reaction with 4-MeC6H4I to form 4a and 3a.

Scheme 1. A possible, simple catalytic cycle for the copper-catalyzed
borylation of aryl halides.

[*] Dr. C. Kleeberg, Prof. Dr. T. B. Marder
Department of Chemistry, Durham University
South Road, Durham, DH1 3LE (UK)
Fax: (+ 44)191-384-4737
E-mail: todd.marder@durham.ac.uk
Homepage: http://www.dur.ac.uk/chemistry/staff/profile/?id= 194

L. Dang, Prof. Dr. Z. Lin
Department of Chemistry
The Hong Kong University of Science and Technology
Clear Water Bay, Kowloon, Hong Kong (China)
Fax: (+ 852)2358-1594
E-mail: chzlin@ust.hk
Homepage: http://ihome.ust.hk/~ chzlin

[**] C.K. thanks the Deutsche Forschungsgemeinschaft (DFG) for a
postdoctoral fellowship and Dr. A. S. Batsanov (Durham) for helpful
discussions concerning the X-ray diffraction studies. T.B.M. thanks
AllylChem Co. Ltd. for a generous gift of B2pin2 and B2neop2 and the
Royal Society (UK) for an International Outgoing Short Visit Grant.
Z.L. thanks the Research Grants Council of Hong Kong (HKUST
601507) for support.

Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/anie.200901879.

Communications

5350 � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2009, 48, 5350 –5354

http://dx.doi.org/10.1002/anie.200901879


proceed readily.[8a, 13, 16] Our DFT calculations[15] show that the
C�B bond-formation step is indeed favorable, and could
proceed through s-bond metathesis, with an activation barrier
of DE� = 12.7 kcal mol�1, DG� = 25.8 kcal mol�1 for PhI (Fig-
ure 2a).

Indeed, when the reaction was performed in the manner
outlined with [(iPrNHC)CuOtBu] (1a ; 10 mol%) as the
catalyst precursor in THF at ambient temperature,
4-MeC6H4Bpin was formed, but only with moderate con-
version (18 % after 5 h, 55% after 17 h). According to our
theoretical studies, phosphanyl copper boryl complexes,
suspected to be the catalytically active species in the well-
established borylation of a,b-unsaturated carbonyl com-
pounds, are closely related to N-heterocyclic carbene
(NHC) copper boryl complexes (Figure 2).[8a] In fact, our
computed activation energy for the C�B bond-formation step
is lower with L = PMe3 than with L = Me2NHC. We therefore
used [(nBu3P)CuOtBu] (1b ; 10 mol%) as the catalyst pre-
cursor and observed complete borylation of 4-MeC6H4I

within 5 h at ambient temperature.
The process can be simplified signifi-
cantly through the in situ formation of
the phosphanyl copper alkoxide com-
plex formed from CuX, the phos-
phine, and KOtBu.

We screened a range of reaction
conditions, phosphine ligands, copper
sources, bases, and solvents to deter-
mine the scope and limitations of this
reaction. The reactions were typically
carried out for 17 h to overcome
mixing problems associated with the
in situ formation of the copper phos-
phine complex and the formation of a
sparingly soluble B2pin2/KOtBu
adduct,[17] even though catalytic con-
version may be complete much ear-
lier in some cases.

Initially, we screened a variety of
copper sources. Copper powder and
copper(II) sulphate (anhydrous) did
not show significant catalytic activity,
nor did the reaction proceed in the
absence of a copper source (the
nature of a possible uncatalyzed
background reaction will be
addressed elsewhere[17]). In contrast,
all copper(I) sources employed, aside
from copper(I) oxide, promoted high
conversion (Table 1, entries 1–4).
Hence, comparatively inexpensive
and air-stable CuI was used in sub-
sequent studies.

Next, the influence of the ligand
was studied by using three different
phosphines (Table 1, entries 4–6)
together with CuI. All reactions in
the presence of a phosphine ligand
were essentially complete after 17 h

or less. In the presence of nitrogen ligands, pyridine, and 4,4’-
dimethyl-2,2’-bipyridine, no significant conversion was
observed (Table 1, entries 7 and 8). The need for a suitable
ligand was demonstrated by the low conversion observed in
the absence of a ligand (Table 1, entry 9).

When KOtBu was omitted from the reaction mixture, no
significant amount of the aryl boronate was formed (Table 1,
entry 10). The replacement of KOtBu with less basic KOAc
(in THF or DMF) or K2CO3 (in DMF) resulted in no
conversion, either under standard conditions or under micro-
wave irradiation at 60 8C (Table 1, entries 11–13). An increase
in the reaction temperature to 60 8C, or microwave irradiation
at 60 8C, resulted in a drastically increased reaction rate
(Table 1, entries 14 and 15). With microwave irradiation, 4-
MeC6H4Bpin (5a) was formed in 90 % yield in only 5 min. A
reaction performed under microwave irradiation at 60 8C
without the addition of CuI showed no significant conversion
after 20 min; thus, any uncatalyzed reaction is minimal, even
under microwave irradiation.

Figure 2. Energy profiles calculated for the copper-catalyzed borylation of PhI with the model
ligand a) Me2NHC or b) Me3P on the basis of the catalytic cycle proposed in Scheme 1. Relative
free energies and electronic energies (in parentheses) are given in kcal mol�1. Beg
(eg = OCH2CH2O) was used to model Bpin.
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With a reduced catalyst loading of 3 mol% (Table 1,
entry 16), the reaction was not complete after 17 h at room
temperature; it required approximately 48 h to reach com-
pletion. However, when the reaction with a catalyst loading of
3 mol% was performed at 60 8C, complete conversion was
observed after 2.5 h (Table 1, entry 17).

We tested the compatibility of the borylation reaction
with a range of solvents, from the aromatic hydrocarbon
toluene to polar solvents, such as THF, MTBE, MeCN, and
DMF (Table 1, entries 18–22). The limited solubility of
KOtBu or the initially formed B2pin2/KOtBu adduct[17] may
account for the only moderate conversion in toluene and
MeCN (Table 1, entries 18 and 19). The lack of conversion in
MeOH (Table 1, entry 20) is not yet well understood.

We screened different aryl halides and alkoxy diboron
reagents in the copper-catalyzed borylation reaction. In these
experiments, the aryl halide was treated with the diboron
reagent (1.5 equiv) in the presence of KOtBu (1.5 equiv) as

the base, CuI (0.1 equiv), and nBu3P (0.13 equiv) as the ligand
in THF at room temperature (Table 2).

Aryl halides with different steric and electronic properties
as well as different halogen substituents were investigated. A

wide range of aryl iodides were converted into the corre-
sponding ArBpin compounds in satisfactory to excellent
yields (Table 2, entries 1–8 and 15); furthermore, aryl and
heteroaryl bromides were borylated in good yields (Table 2,
entries 9–14). In fact, the yield of the isolated product appears
to be largely independent of the nature of the halide
(compare entries 1 and 9, 5 and 12 in Table 2). This
observation is especially remarkable, as aryl bromides were
not suitable substrates in the copper-catalyzed borylation
procedure of Zhu and Ma.[6] Sterically encumbered, ortho-
substituted phenyl derivatives were also borylated in moder-
ate to good yields (Table 2, entries 4, 10, 11, 15, and 17).

Table 1: Screening of reaction conditions for the borylation of 4-
MeC6H4I.

[a]

Entry CuX
(mol%)

L
(mol%)

Base t [h] Conv. [%][b]

(yield [%])

1 CuCl (10) nBu3P (13) KOtBu 17 100
2 CuOAc (10) nBu3P (13) KOtBu 17 100
3 Cu2O (10) nBu3P (13) KOtBu 17 trace
4 CuI (10) nBu3P (13) KOtBu 24 100 (92)
5 CuI (10) Ph3P (13) KOtBu 17 91
6 CuI (10) dtbpe[c] (13) KOtBu 17 100
7 CuI (10) pyridine (13) KOtBu 17 0
8 CuI (10) Me2bipy[c] (13) KOtBu 17 0
9 CuI (10) none KOtBu 22 12

10 CuI (10) nBu3P (13) none 5 0
11 CuI (10) nBu3P (13) KOAc 17 trace
12[d,e] CuI (10) nBu3P (13) KOAc 0.3 trace
13[d,e] CuI (10) nBu3P (13) K2CO3 0.3 trace
14[d] CuI (10) nBu3P (13) KOtBu 0.08 93 (90)
15[f ] CuI (10) nBu3P (13) KOtBu 0.5 100
16 CuI (3) nBu3P (3) KOtBu 24 75
17[f ] CuI (3) nBu3P (3) KOtBu 2.5 100
18[g] CuCl (10) nBu3P (13) KOtBu 22 64
19[h] CuI (10) nBu3P (13) KOtBu 22 50
20[i] CuI (10) nBu3P (13) KOtBu 22 0
21[j] CuI (10) nBu3P (13) KOtBu 22 100
22[e] CuI (10) nBu3P (13) KOtBu 22 100

[a] Reaction conditions, unless otherwise stated: 4-MeC6H4I (459 mmol,
1 equiv), base (1.5 equiv), B2pin2 (1.5 equiv), THF, room temperature.
[b] The conversion was determined by GC-MS of a diluted and filtered
aliquot of the reaction mixture from the ratio of the peak areas for 4-
MeC6H4I and the aryl boronate. The yield of the isolated product is given
in parentheses. [c] dtbpe= tBu2PCH2CH2PtBu2, Me2bipy= 4,4’-dimethyl-
2,2’-bipyridine. [d] The reaction was performed at 60 8C under microwave
irradiation. [e] The reaction was performed in N,N-dimethylformamide
(DMF). [f ] The reaction was performed at 60 8C. [g] The reaction was
performed in toluene. [h] The reaction was performed in MeCN. [i] The
reaction was performed in MeOH. [j] The reaction was performed in
methyl tert-butyl ether (MTBE).

Table 2: Screening of aryl halides and diboron reagents for the copper-
catalyzed borylation reaction.[a]

Entry Diboron
reagent

ArX Conv. [%]
(ArH [%])

Product
(yield [%][b])

1 B2pin2 4a (4-MeC6H4I) 100 (–)[c] 5a (92)
2 B2pin2 4b (4-MeOC6H4I) >97 (<3) 5b (91)
3 B2pin2 4c (4-MeO2CC6H4I) 100[d] (0) 5c (77)[d]

4 B2pin2 4d (2-MeOC6H4I) 100[e] (–)[c] 5d (74)[e,f ]

5 B2pin2 4e (4-CF3C6H4I) 100 (–)[c] 5e (69)
6[g] B2pin2 4 f (1,4-I2C6H4) 78[h] (–)[c] 5 f (70)[f,h]

7[i] B2pin2 4 f (1,4-I2C6H4) 81[j] (–)[c] 5g (76)[j]

8[g] B2pin2 4g (4-BrC6H4I) 89 (6)[k] 5h (73)[f,k]

9 B2pin2 4h (4-MeC6H4Br) 100 (–)[c] 5a (83)
10 B2pin2 4 i (2-MeC6H4Br) 100 (–)[c] 5 i (91)
11 B2pin2 4 j (2,4,6-Me3C6H2Br) 90 (10) 5 j (69)
12 B2pin2 4k (4-CF3C6H4Br) 100 (–)[c] 5 l (65)
13 B2pin2 4 l (4-Me2NC6H4Br) 88 (12) 5 l (69)
14 B2pin2 4m (2-bromothiophene) 100[l] (–)[c] 5m (83)[f ]

15 B2pin2 4n (1-iodonaphthalene) >97 (<3) 5n (74)
16 B2neop2 4a (4-MeC6H4I) 93 (–)[c] 6a (91)[f ]

17 B2neop2 4 j (2,4,6-Me3C6H2Br) 91 (7) 6b (60)[f ]

18 B2neop2 4b (4-MeOC6H4I) 100 (0) 6c (83)
19 B2neop2 4 l (4-Me2NC6H4Br) 57 (16) 6d (48)[f ]

[a] Reaction conditions: aryl halide (typically 459 mmol, 1 equiv), diboron
reagent (1.5 equiv), CuI (10 mol%), nBu3P (13 mol%), KOtBu
(1.5 equiv), THF, room temperature. [b] Yield after chromatographic
workup. [c] ArH peak was not separated from the solvent peak. [d] Total
borylation yield. A mixture of the methyl (45%) and tert-butyl esters
(32%) was isolated. The reaction mixture contained the methyl and tert-
butyl esters in a 58:42 ratio (GC-MS). [e] Total borylation yield. The
product underwent partial hydrolysis during chromatographic workup.
[f ] The compound was characterized by single-crystal X-ray diffrac-
tion.[15, 18] [g] B2pin2: 1 equivalent. [h] C6H5Bpin (13%) and C6H4(Bpin)2

(9%) were also detected by GC-MS. A mixture of 4-IC6H4Bpin (70%) and
1,4-(Bpin)2C6H4 (7 %) was isolated. [i] B2pin2: 3 equivalents. [j] Com-
pound 5g is 1,4-(Bpin)2C6H4. C6H5Bpin (19%) was also detected by GC-
MS. [k] Compound 5h is 4-BrC6H4Bpin, ArH is C6H5Br. [l] The reaction
mixture contained a trace amount of bithiophene (GC-MS).
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The reaction is faster for iodides. With 1 equivalent of
B2pin2/KOtBu, 4-bromophenyl iodide (4g) was borylated to
give the 4-bromophenyl boronate 5h exclusively (Table 2,
entry 8). 1,4-Diiodobenzene (4 f) also underwent predomi-
nant monoborylation if only 1 equivalent of the borylating
reagent was used (Table 2, entry 6). The 1,4-diborylated
product 5g was isolated in 76 % yield when 4 f was treated
with 3 equivalents of B2pin2/KOtBu (Table 2, entry 7).

Not only does the reaction show wide scope with respect
to the aryl halide substrate, but B2neop2 (neop =

OCH2CMe2CH2O) can be substituted for B2pin2 (Table 2,
entries 16–19) to give the corresponding ArBneop com-
pounds in similar yields to those observed with B2pin2.

The procedure is also applicable to the borylation of
benzyl and allyl halides,[9b, 19] as exemplified by the borylation
of benzyl and allyl chloride. PhCH2Bpin (7a) was isolated in
61% yield; GC-MS showed that 7a, PhCH2OtBu, and
(PhCH2)2 were present in the reaction mixture in a 73:2:25
ratio. However, when allyl chloride was used, CH2=

CHCH2Bpin (7 b) was isolated in only 9% yield, probably
as a result of decomposition during the workup.[15] Complete
consumption of the allyl chloride and the formation of CH2=

CHCH2Bpin (7b) accompanied by an as yet unidentified side
product was observed by 1H NMR spectroscopy of the
reaction mixture (see Figure S2 in the Supporting Informa-
tion).

Although the reaction shows broad scope, there are some
substrate restrictions. Aryl chlorides are not readily con-
verted,[15] and certain functional groups are not well tolerated.
For example, a substrate containing a methyl ester group
underwent partial transesterification with the OtBu� nucle-
ophile (Table 2, entry 3). The reason for the failure of the
reaction with other functional groups is less clear. When
hydroxy- or cyano-substituted arenes were used, the aryl
boronate was detected in only small amounts by GC-MS, and
was not readily isolated. Aryl halides containing a nitro or
aldehyde moiety reacted under the conditions employed, but
none of the products could be identified by GC-MS.

In some cases, the formation of the hydrodehalogenation
product, ArH, was observed (Table 2, entries 2, 8, 11, 13, 15,
17, and 19). Hydrodehalogenation during coupling reactions
of aryl halides with boron reagents has been reported
previously for palladium- and nickel-catalyzed reactions
with (RO)2BH,[3,4] but, to the best of our knowledge, not for
coupling reactions involving alkoxy diboron reagents[2, 20] or
copper catalysts.[6] The addition of H2O or D2O (20 mol%) to
the reaction mixture did not result in an increased amount of,
or deuterium incorporation into, the hydrodehalogenation
product, so adventitious moisture can be ruled out as the
cause of this undesired side reaction. Moreover, the boryla-
tion of 4 l in [D8]THF led to selective deuteration at the
para position of the resulting N,N-dimethylaniline (70%
deuteration by 1H NMR spectroscopy).[15] Present research
is directed towards a closer understanding of this pathway.
Such an understanding appears to be necessary for detailed
mechanistic insight into the borylation reaction.

The excellent applicability of the borylation procedure to
synthetic chemistry is illustrated by a series of findings. The
reaction can be performed successfully in nitrogen-flushed

glassware with commercial, reagent-grade KOtBu in dry THF.
Even brief exposure of the reaction mixture to air did not
influence the outcome greatly. However, when the reaction
was performed in air, low conversion and low reproducibility
were observed. Catalyst degradation is not a problem, as
complete conversion was observed with 10 mol% of the
catalyst within 17 h upon recharging an already completed
borylation reaction with the substrates (4-MeC6H4I, B2pin2,
and KOtBu); recharging four additional times resulted in
82% overall yield of the isolated product.[15]

Mechanistic studies on the borylation reaction catalyzed
by the copper phosphine complex are ongoing. However, we
can put forward a preliminary proposal based on our
experimental observations and calculations to date: As
discussed above for the iPrNHC ligand, the crucial C�B
bond-formation step, proceeds, according to our calculations
(Figure 2b, L = Me3P), through a s-bond-metathesis step with
a small activation barrier (DE� = 8.8 kcalmol�1, DG� =

20.1 kcal mol�1). We therefore propose a catalytic cycle
according to Scheme 1 (L = Me3P). However, the individual
steps for the L = phosphine case are not yet supported by
other reported studies, as well as they are for an NHC ligand.
Phosphanyl copper alkoxy complexes are not unprece-
dented,[21] and phosphanyl copper boryl complexes are
widely accepted intermediates in the borylation of a,b-
unsaturated carbonyl compounds, although no such complex
has yet been isolated.[7–9] However, this simple cycle does not
explain the occurrence of hydrodehalogenation, nor does it
take into account the possible formation of aggregated[22]

phosphanyl copper species. Moreover, it has to be considered
that copper nanoparticles might be the actual catalyst.[15]

In summary, we have developed a simple catalytic process
for the borylation of aryl halides, including electron-rich and
sterically hindered bromides, under mild conditions (ambient
temperature) in the presence of an inexpensive metal (Cu)
and ligand (nBu3P) in a solvent with a modest boiling point
(THF). The process thus represents a cost-effective alterna-
tive to the widely employed palladium-based ArX/B coupling
reactions developed by Miyaura and co-workers[2] or Masuda
and co-workers.[3a,b] The large-scale (e.g. 100 kg) commercial
production of the diboron reagents B2pin2 and B2neop2 and
consequent price reduction make such a process very
attractive.

Received: April 7, 2009
Published online: June 16, 2009

.Keywords: aryl boronates · boronate esters · copper ·
diboron reagents · homogeneous catalysis

[1] a) N. Miyaura, A. Suzuki, Chem. Rev. 1995, 95, 2457 – 2483;
b) Boronic Acids—Preparation, Applications in Organic Syn-
thesis and Medicine (Ed.: D. G. Hall), Wiley-VCH, Weinheim,
2005 ; c) K.-T. Wong, Y.-Y. Chien, Y.-L. Liao, C.-C. Lin, M.-Y.
Chou, M.-K. Leung, J. Org. Chem. 2002, 67, 1041 – 1044.

[2] a) T. Ishiyama, M. Murata, N. Miyaura, J. Org. Chem. 1995, 60,
7508 – 7510; b) T. Ishiyama, Y. Itoh, T. Kitano, N. Miyaura,
Tetrahedron Lett. 1997, 38, 3447 – 3450; c) T. Ishiyama, K. Ishida,
N. Miyaura, Tetrahedron 2001, 57, 9813 – 9816; d) A. F�rstner, G.

Angewandte
Chemie

5353Angew. Chem. Int. Ed. 2009, 48, 5350 –5354 � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://dx.doi.org/10.1021/cr00039a007
http://dx.doi.org/10.1021/jo011073j
http://dx.doi.org/10.1021/jo00128a024
http://dx.doi.org/10.1021/jo00128a024
http://dx.doi.org/10.1016/S0040-4039(97)00642-4
http://dx.doi.org/10.1016/S0040-4020(01)00998-X
http://www.angewandte.org


Seide, Org. Lett. 2002, 4, 541 – 543; e) C. Xu, J.-F. Gong, M.-P.
Song, Y.-J. Wu, Transition Met. Chem. 2009, 34, 175 – 179.

[3] a) M. Murata, S. Watanabe, Y. Masuda, J. Org. Chem. 1997, 62,
6458 – 6459; b) M. Murata, T. Oyama, S. Watanabe, Y. Masuda, J.
Org. Chem. 2000, 65, 164 – 168; c) O. Baudoin, D. Gu�nard, F.
Gu�ritte, J. Org. Chem. 2000, 65, 9268 – 9271; d) A. Wolan, M.
Zaidlewicz, Org. Biomol. Chem. 2003, 1, 3274 – 3276.

[4] a) A. B. Morgan, J. L. Jurs, J. M. Tour, J. Appl. Polym. Sci. 2000,
76, 1257 – 1268; b) B. M. Rosen, C. Huang, V. Percec, Org. Lett.
2008, 10, 2597 – 2600; c) D. A. Wilson, C. J. Wilson, B. M. Rosen,
V. Percec, Org. Lett. 2008, 10, 4879 – 4882.

[5] See, for example: a) J. Y. Cho, M. K. Tse, D. Holmes, R. E.
Maleczka, M. R. Smith, Science 2002, 295, 305 – 308; b) T.
Ishiyama, J. Takagi, K. Ishida, N. Miyaura, N. R. Anastasi, J. F.
Hartwig, J. Am. Chem. Soc. 2002, 124, 390 – 391; c) N. Miyaura,
Bull. Chem. Soc. Jpn. 2008, 81, 1535 – 1553; d) I. A. I. Mkhalid,
D. N. Coventry, D. Albesa-Jove, A. S. Batsanov, J. A. K.
Howard, R. N. Perutz, Todd, B. Marder, Angew. Chem. 2006,
118, 503 – 505; Angew. Chem. Int. Ed. 2006, 45, 489 – 491; e) P.
Harrison, J. Morris, P. G. Steel, T. B. Marder, Synlett 2009, 147 –
150; f) I. A. I. Mkhalid, J. C. Murphy, J. H. Barnard, T. B.
Marder, J. F. Hartwig, Chem. Rev. , submitted.

[6] W. Zhu, D. Ma, Org. Lett. 2006, 8, 261 – 263.
[7] a) H. Ito, H. Yamanaka, J. Tateiwa, A. Hosomi, Tetrahedron

Lett. 2000, 41, 6821 – 6825; b) S. Mun, J.-E. Lee, J. Yun, Org. Lett.
2006, 8, 4887 – 4889; c) J.-E. Lee, J. Kwon, J. Yun, Chem.
Commun. 2008, 733 – 734; d) V. Lillo, A. Prieto, A. Bonet, M. M.
D�az-Requejo, J. Ram�rez, P. J. P�rez, E. Fern�ndez, Organo-
metallics 2009, 28, 659 – 662.

[8] a) L. Dang, Z. Lin, T. B. Marder, Organometallics 2008, 27,
4443 – 4454; b) L. Dang, H. Zhao, Z. Lin, T. B. Marder, Organo-
metallics 2008, 27, 1178 – 1186; c) L. Dang, H. Zhao, Z. Lin, T. B.
Marder, Organometallics 2007, 26, 2824 – 2832; d) H. Zhao, L.
Dang, T. B. Marder, Z. Lin, J. Am. Chem. Soc. 2008, 130, 5586 –
5594; e) H. Zhao, Z. Lin, T. B. Marder, J. Am. Chem. Soc. 2006,
128, 15637 – 15643.

[9] a) K. Takahashi, T. Ishiyama, N. Miyaura, J. Organomet. Chem.
2001, 625, 47 – 53; b) K. Takahashi, T. Ishiyama, N. Miyaura,
Chem. Lett. 2000, 982 – 983.

[10] V. Lillo, M. R. Fructos, J. Ram�rez, A. A. C. Braga, F. Maseras,
M. M. D�az-Requejo, P. J. P�rez, E. Fern�ndez, Chem. Eur. J.
2007, 13, 2614 – 2621.

[11] D. S. Laitar, E. Y. Tsui, J. P. Sadighi, Organometallics 2006, 25,
2405 – 2408.

[12] D. S. Laitar, E. Y. Tsui, J. P. Sadighi, J. Am. Chem. Soc. 2006, 128,
11036 – 11037.

[13] D. S. Laitar, P. M�ller, J. P. Sadighi, J. Am. Chem. Soc. 2005, 127,
17196 – 17197.

[14] a) Y. Segawa, M. Yamashita, K. Nozaki, Angew. Chem. 2007,
119, 6830 – 6833; Angew. Chem. Int. Ed. 2007, 46, 6710 – 6713;
b) T. Kajiwara, T. Terabayashi, M. Yamashita, K. Nozaki,
Angew. Chem. 2008, 120, 6708 – 6712; Angew. Chem. Int. Ed.
2008, 47, 6606 – 6610.

[15] See the Supporting Information for details.
[16] a) N. P. Mankad, D. S. Laitar, J. P. Sadighi, Organometallics 2004,

23, 3369 – 3371; b) T. Ohishi, M. Nishiura, Z. Hou, Angew. Chem.
2008, 120, 5876 – 5879; Angew. Chem. Int. Ed. 2008, 47, 5792 –
5795.

[17] M. R. Fructos, C. Kleeberg, T. B. Marder, unpublished results.
[18] CCDC 726766 (5h), 726767 (5d), 726768 (5 f), 726769 (6a),

726770 (6b), 726771 (6d), and 726772 (5m) contain the
supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

[19] a) T. Ishiyama, Z. Oohashi, T. Ahiko, N. Miyaura, Chem. Lett.
2002, 780 – 781; b) A. Giroux, Tetrahedron Lett. 2003, 44, 233 –
235.

[20] Y. Ma, C. Song, W. Jiang, G. Xue, J. F. Cannon, X. Wang, M. B.
Andrus, Org. Lett. 2003, 5, 4635 – 4638.

[21] M. J. Hampden-Smith, T. T. Kodas, M. Paffett, J. D. Farr, H.-K.
Shin, Chem. Mater. 1990, 2, 636 – 639.

[22] See, for example: a) T. H. Lemmen, G. V. Goeden, J. C. Huff-
man, R. L. Geerts, K. G. Caulton, Inorg. Chem. 1990, 29, 3680 –
3685; b) S. J. Lippard, J. J. Mayerle, Inorg. Chem. 1972, 11, 753 –
759; c) M. R. Churchill, F. J. Rotella, Inorg. Chem. 1979, 18,
166 – 171; d) R. G. Goel, A. L. Beauchamp, Inorg. Chem. 1983,
22, 395 – 400; e) H. Schmidbaur, J. Adlkofer, K. Schwirten,
Chem. Ber. 1972, 105, 3382 – 3388; f) I. Medina, J. T. Mague, M. J.
Fink, Acta Crystallogr. Sect. E 2005, 61, m1550 – m1552; g) S.
D�ez-Gonz�lez, H. Kaur, F. K. Zinn, E. D. Stevens, S. P. Nolan, J.
Org. Chem. 2005, 70, 4784 – 4796; h) A. F. Wells, Z. Kristallogr.,
Kristallgeom., Kristallphys., Kristallchem. 1936, 94, 447 – 461.

Communications

5354 www.angewandte.org � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2009, 48, 5350 –5354

http://dx.doi.org/10.1021/ol0171463
http://dx.doi.org/10.1007/s11243-008-9174-8
http://dx.doi.org/10.1021/jo970963p
http://dx.doi.org/10.1021/jo970963p
http://dx.doi.org/10.1021/jo991337q
http://dx.doi.org/10.1021/jo991337q
http://dx.doi.org/10.1021/jo005663d
http://dx.doi.org/10.1039/b310047b
http://dx.doi.org/10.1002/(SICI)1097-4628(20000523)76:8%3C1257::AID-APP6%3E3.0.CO;2-%23
http://dx.doi.org/10.1002/(SICI)1097-4628(20000523)76:8%3C1257::AID-APP6%3E3.0.CO;2-%23
http://dx.doi.org/10.1021/ol800832n
http://dx.doi.org/10.1021/ol800832n
http://dx.doi.org/10.1021/ol801972f
http://dx.doi.org/10.1126/science.1067074
http://dx.doi.org/10.1021/ja0173019
http://dx.doi.org/10.1246/bcsj.81.1535
http://dx.doi.org/10.1002/ange.200503047
http://dx.doi.org/10.1002/ange.200503047
http://dx.doi.org/10.1002/anie.200503047
http://dx.doi.org/10.1021/ol052633u
http://dx.doi.org/10.1016/S0040-4039(00)01161-8
http://dx.doi.org/10.1016/S0040-4039(00)01161-8
http://dx.doi.org/10.1021/ol061955a
http://dx.doi.org/10.1021/ol061955a
http://dx.doi.org/10.1039/b716697d
http://dx.doi.org/10.1039/b716697d
http://dx.doi.org/10.1021/om800946k
http://dx.doi.org/10.1021/om800946k
http://dx.doi.org/10.1021/om8006294
http://dx.doi.org/10.1021/om8006294
http://dx.doi.org/10.1021/om700999w
http://dx.doi.org/10.1021/om700999w
http://dx.doi.org/10.1021/om070103r
http://dx.doi.org/10.1021/ja710659y
http://dx.doi.org/10.1021/ja710659y
http://dx.doi.org/10.1021/ja063671r
http://dx.doi.org/10.1021/ja063671r
http://dx.doi.org/10.1016/S0022-328X(00)00826-3
http://dx.doi.org/10.1016/S0022-328X(00)00826-3
http://dx.doi.org/10.1246/cl.2000.982
http://dx.doi.org/10.1002/chem.200601146
http://dx.doi.org/10.1002/chem.200601146
http://dx.doi.org/10.1021/om060131u
http://dx.doi.org/10.1021/om060131u
http://dx.doi.org/10.1021/ja064019z
http://dx.doi.org/10.1021/ja064019z
http://dx.doi.org/10.1021/ja0566679
http://dx.doi.org/10.1021/ja0566679
http://dx.doi.org/10.1002/ange.200702369
http://dx.doi.org/10.1002/ange.200702369
http://dx.doi.org/10.1002/anie.200702369
http://dx.doi.org/10.1002/ange.200801728
http://dx.doi.org/10.1002/anie.200801728
http://dx.doi.org/10.1002/anie.200801728
http://dx.doi.org/10.1021/om0496380
http://dx.doi.org/10.1021/om0496380
http://dx.doi.org/10.1002/ange.200801857
http://dx.doi.org/10.1002/ange.200801857
http://dx.doi.org/10.1002/anie.200801857
http://dx.doi.org/10.1002/anie.200801857
http://dx.doi.org/10.1246/cl.2002.780
http://dx.doi.org/10.1246/cl.2002.780
http://dx.doi.org/10.1246/cl.2002.780
http://dx.doi.org/10.1016/S0040-4039(02)02566-2
http://dx.doi.org/10.1016/S0040-4039(02)02566-2
http://dx.doi.org/10.1021/ol035857q
http://dx.doi.org/10.1021/cm00012a007
http://dx.doi.org/10.1021/ic00344a012
http://dx.doi.org/10.1021/ic00344a012
http://dx.doi.org/10.1021/ic50110a019
http://dx.doi.org/10.1021/ic50110a019
http://dx.doi.org/10.1021/ic50191a035
http://dx.doi.org/10.1021/ic50191a035
http://dx.doi.org/10.1021/ic00145a007
http://dx.doi.org/10.1021/ic00145a007
http://dx.doi.org/10.1002/cber.19721051025
http://dx.doi.org/10.1107/S1600536805021744
http://www.angewandte.org

