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ABSTRACT: Palladium-catalyzed alkenylboration of car-
bon-carbon double bonds has been achieved using the
reaction of chloro(diisopropylamino)boryl ethers of homo-
allylic alcohols with alkenylzirconium reagents. The reaction
may proceed through an initial oxidative addition of the B-
Cl bond, intramolecular insertion of the CdC bond into the
B-Pd bond, transmetalation from the alkenylzirconium
reagent, and reductive elimination of the products. The
cyclization proceeds with high diastereoselectivity for the
formation of cis-3,5- or trans-3,4-disubstituted-1,2-oxabor-
olane products. Cross-coupling of the resultant products
with aryl iodides proceeds with retention of configuration at
the boron-bound secondary carbon atom.

Organoboronic acids and their ester derivatives have been
utilized as a unique class of organometallic reagents in

organic synthesis because they are isolable and purifiable yet
reactive in a variety of transformation reactions.1 In addition to
conventional synthesis such as uncatalyzed hydroboration and
transmetalation from other organometallic compounds, organo-
boronic acids have been efficiently prepared via transition-metal-
catalyzed borylation reactions in recent years.2 Such catalytic
borylations even allow the introduction of additional functional
groups into the organic framework, leading to the synthesis of
highly elaborated organoboron compounds that are difficult to
synthesize by other means.3 Of particular interest are carbobora-
tion reactions, in which B-C and C-C bonds are created
simultaneously.4-7 Our recent study revealed that transmetala-
tive carboboration, in which the catalytic cycle may be initiated
with activation of the B-Cl bond, is widely applicable to the
stereoselective synthesis of alkenylboronate derivatives.6 It
would be highly attractive if the strategy could be extended to
carboboration of carbon-carbon double bonds, which would
provide a new synthetic access to stereodefined alkylboronates. It
should be noted that carbometalation of alkenes involving boron,
silicon, and tin has had only limited success, including uncata-
lyzed carboboration with triallylborane8 and catalytic carbostan-
nation of norbornene and norbornadiene.9 In this report, we
describe our findings on palladium-catalyzed cyclizative carbo-
boration of CdC bonds using organozirconium reagents as
organic group donors.

We examined the reaction of chloroboranes 1 containing
CdC bonds, on the basis of the success of alkyne carboborations
using the same strategy.5a,6a,6b Chloroboryl ether 1a derived from
homoallylic alcohol was subjected to reaction with alkenylzirco-
nium reagent 2a, which was prepared in situ by the reaction of
1-hexyne with Cp2ZrHCl (Table 1).

10 When the reactions were
conducted at 120 �C in the presence of palladium/phosphine
catalysts, cyclizative carboboration product 3aa was formed in
various yields via 5-exo cyclization. We observed a significant
dependence of the reaction yield upon the phosphine ligand used
in the reaction (Table 1). While only poor yields were obtained
in the absence of the phosphine ligand or in the presence of
bidentate ligands (entries 1-3), monodentate phosphines
such as triphenylphosphine and tricyclohexylphosphine gave the

Table 1. Palladium-Catalyzed Cyclizative Carboboration of
1a with Alkenylzirconium Reagent 2aa

entry ligand Pd source Pd/P ratio % yield (NMR)

1 none PdCp(π-allyl) - trace

2 DPPE PdCp(π-allyl) 1/2 27

3 DPPP PdCp(π-allyl) 1/2 11

4 PPh3 PdCp(π-allyl) 1/2 54

5 PCy3 PdCp(π-allyl) 1/2 71

6 PCy3 Pd(dba)2 1/2 51

7 PCy3 Pd(OAc)2 1/2 60

8 P(t-Bu)3 PdCp(π-allyl) 1/2 trace

9 PMe3 PdCp(π-allyl) 1/1 58

10 PMe3 PdCp(π-allyl) 1/2 86

11 PMe3 PdCp(π-allyl) 1/3 74

12 PMe3 PdCp(π-allyl) 1/4 65
a 1a (0.20 mmol), 2a (0.30 mmol), Pd complex (0.010 mmol), and
triorganophosphine were heated in toluene (0.20 mL) at 120 �C (bath
temperature) for 12 h.
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product in fair to good yields (entries 4 and 5). Pd(dba)2 and
Pd(OAc)2 could also be used as the sources of palladium,
although the reaction yields were slightly lower than that using
a PdCp(π-allyl) complex (entries 6 and 7). No product forma-
tion was observed with tri-tert-butylphosphine as a ligand
(entry 8). We finally found that trimethylphosphine served
as an efficient ligand (entries 9-12). As for the Pd/ligand ratio,
use of 2 equiv of PMe3 gave the highest product yield (entry 10).
The attempted use of some other organometallic com-
pounds such as alkenylstannane and alkenylboronic acids did
not afford the corresponding products under the same reaction
conditions.

With PMe3 as the ligand and PdCp(allyl) as the source of
palladium (Pd:P = 1:2), reactions of chloroboryl ethers of various
homoallylic alcohols were carried out (Table 2).11 Chloroboryl
ether 1a afforded cyclization product 3aa in 86% NMR yield,
which was then converted into the hydrolytically stable ester 4aa
by treatment of the reaction mixture with acetic anhydride and
pinacol (entry 1). Product 4aa was isolated by column chroma-
tography on silica gel in 72% yield from 1. It should be remarked
that reactions of 1b-d bearing primary alkyl, secondary alkyl,
and aryl groupsR to the oxygen atoms all exclusively afforded the
corresponding cis five-membered-ring products 3ba-da, which
were finally transformed to syn-4ba-da (entries 2-4). This high
stereoselectivity held for the reactions with various alkenylzirco-
nium reagents derived from TMS-, t-Bu-, and phenyl-substituted
acetylenes (entries 5-7). Unsubstituted vinylzirconium success-
fully afforded the corresponding vinylboration product (entry 8).
Substrate 1e bearing an allylic substituent afforded anti product
4ea derived from trans five-membered-ring product 3ea (eq 1)
with high stereoselectivity:

In sharp contrast to the carboboration of the C-C triple bond,6b

arylzirconium and alkylzirconium reagents failed to take part in
the reaction. Furthermore, substrates with homoallylic groups
bearing 1,1-, (E)-1,2-, or (Z)-1,2-disubstituted CdCbonds failed
to give the desired carboboration products. We should also note
at this moment that substrates derived from allylic and bisho-
moallylic alcohols did not give the corresponding carboboration
products.

The stereochemical assignments were made after the conver-
sion of the products 4 into the corresponding diols 5 by hydrogen
peroxide oxidation (eq 2):

The resultant diols were further converted into the correspond-
ing acetonides, whose 1H and 13C NMR spectra clearly indicated
the stereochemistry.12

Table 2. Pd-Catalyzed Cyclizative Carboboration of the
CdC Bond of 1 with Organozirconium Reagents 2a

entry 1 (R) 2 (R1) product 4 % yieldb

1 1a (H) 2a (Bu) aa 72 (86)

2 1b (Me) 2a ba 79 (86)

3 1c (i-Pr) 2a ca 76 (86)

4 1d (Ph) 2a da 81 (90)

5 1b 2b (Me3Si) bb 68 (79)

6 1b 2c (t-Bu) bc 67 (76)

7 1b 2d (Ph) bd 80 (88)

8c 1b 2e (H) be 59 (69)
aCarboboration (the initial step): 1 (0.20 mmol), 2 (0.30 mmol),
PdCp(π-allyl) (0.010 mmol), ligand (0.020 mmol), toluene (0.20 mL),
120 �C, 12 h. Conversion to 4 (the second step): pinacol (0.40 mmol),
Ac2O (0.51 mmol), pyridine (0.62 mmol), DMAP (0.027 mmol), 60
�C, 12 h. b Isolated yields of 4 (two steps); NMR yields of 3 are given in
parentheses. c 2e (0.40 mmol), 80 �C, 24 h.

Scheme 1. ProposedMechanism for the Palladium-catalyzed
Alkenylboration.a

a Pd = PdLn, B = BNiPr2
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A possible mechanism for the cyclizative alkenylboration is
depicted in Scheme 1. Following the initial oxidative addition of
the boron-chlorine bond to the palladium(0) species generated
from Cp(allyl)Pd, insertion of the carbon-carbon double bond
in intermediate A into the B-Pd bond takes place. It should be
noted that in the related cyclizative carboboration of carbon-
carbon triple bonds, oxidative addition of the B-Cl bond to the
Pd(0) species and subsequent facile insertion of the triple bond
into B-Cl bond was elucidated by isolation of an intermediate
corresponding to B.6b,13 The chlorine atom is substituted by an
alkenyl group in the transmetalation step, leading to the forma-
tion of C. Reductive elimination gives the alkenylboration
product 3. The observed stereoselectivities can be explained by
chairlike transition states in the insertion step, in which the
substituents preferentially occupy the equatorial positions.
Similar stereoselectivities were observed in the palladium-cata-
lyzed intramolecular bis-silylation of carbon-carbon double
bonds.14

We attempted Suzuki-Miyaura cross-coupling of the carbo-
boration products, which bear a boryl group at the stereogenic
sp3 carbon atom.15 No coupling proceeded upon use of 4ba with
iodobenzene in the presence of a palladium catalyst bearing
diisopropylphosphinoferrocene (DIPPF).16 In contrast, the in-
itial carboboration products 3ba and 3be afforded cross-coupling
products 6, in which the phenyl group was introduced with
complete retention of configuration at the stereogenic carbon
atom (eq 3):

Although the origin of the enhanced reactivity of 3 is not clear,
intramolecular coordination of the oxygen atom may be the
reason, on the basis of the recent discussion of the use of
triolborate derivatives as highly reactive coupling reagents.17

The stereochemical course of the Suzuki-Miyaura coupling at
the stereogenic sp3 carbon center has been discussed on the basis
of the reactions of cyclic organoboranes, including cyclopropa-
neboronic acid derivatives,18 a deuterated primary alkylborane
derivative,19 secondary benzylic organoboronates,20 and R-ami-
nobenzylboronic esters.21 The present examples may be the first
demonstration of retention of configuration with an acyclic, non-
benzylic sec-alkylboronate derivative.22

In summary, we have demonstrated the first catalytic carbo-
boration of alkenes using alkenylzirconium reagents as donors of
organic groups. The 5-exo cyclization mode and the high
stereoselectivity are the key features of the carboboration reac-
tion. Since the homoallylic alcohols used as starting materials are
easily available in enantiomerically enriched forms, the present
carboboration could be extended to the asymmetric synthesis of
chiral molecules.23 Cross-coupling of the product proceeds with
retention of configuration at the stereogenic carbon atom carry-
ing the boron atom. Modification of the reaction conditions for
use of other organometallic reagents and internal alkenes as well
as for more efficient cross-coupling reactions is now being
undertaken in this laboratory.
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