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ABSTRACT

Boryl substitution on an olefin activates the olefinic double bond toward addition of an organozinc reagent. Addition of an allylic zinc reagent
to an alkenylboronate thus takes place smoothly to afford a variety of gem-zincio/boryl species. Theoretical studies with density functional
calculations on the reaction pathway revealed that the reaction proceeds via a zincio-ene reaction rather than a bora-Claisen rearrangement.

Among various examples of activation of an alkene toward
organometallic addition across the olefinic double bond,
replacement of the alkenyl hydrogen atom with a metal or a
metalloid atom has been used as an effective protocol and
has provided a unique route to synthesis of a variety of sp3-
geminal organodimetallics.1,2 While a Group 14 metal
substituent on an olefin has long been known to electro-
philically activate the olefin toward organometallic addition,3

few examples have been reported about the effect of Group

13 element substitution on the carbometalation reaction.4

Here we report that an alkenylboronate1 can serve as a
versatile substrate for carbometalation reaction, in which an
allylic zinc reagent reacts with the olefin to afford syntheti-
cally useful geminal Zn/B organometallic species.5,6

Scheme 1 depicts two possible reaction pathways in the

addition of a nucleophilic organometallic reagent to a
vinylboronate. Our strategy to employ an allylic zinc reagent
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Scheme 1. Organometallic Addition to Vinylboron Compound
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to achieve selective carbometalation was inspired by our
recent theoretical studies, by which the pathways of the
addition of allylic zinc reagents to various vinylmetal species
were proved for the first time.7 We expected that the
propensity of the zinc atom to assist the carbometalation
reaction8 would direct the allylic zinc reagent to the CdC
double bond rather than to the boron atom.

The addition of an allylic zinc reagent2 to the alkenyl-
boronate (1a and b) was found to take place smoothly to
afford an organoboronate4 under mild conditions. Upon
electrophilic trapping of an intermediary Zn/B organodi-
metallic species3, a variety of organoboronates were
obtained in fair to excellent yield (Scheme 2). The product

4′, which is a regioisomer of4, did not form at all. The
addition of allylmagnesium bromide and allyllithium to1
did not give the allylation product at all under the same
conditions.9 None of the desired carbometalation product was
obtained even in the reaction of2, when the pinacol borane
moiety was replaced with a dibutoxy boryl group.

Table 1 summarizes the results of the reaction between a
variety of allylic zinc reagents and alkenylboronates. The

reaction was carried out simply by mixing a slight excess
amount of the allylic zinc reagent2 with vinylboronate1a
at 0-25°C for 36-48 h. The addition reaction is much faster
with allylbutylzinc than with allylzinc bromide (entries 1 and
2). The allylbutylzinc reagent2 was prepared by treatment
of an allylic zinc bromide with a stoichiometric amount of
butyllithium.10 Butylmethallylzinc also added to vinylbor-
onate1 to give the allylzincation product in 87% yield (entry
3). Note that the butyl group on the zinc atom is essential to
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Scheme 2. Allylzincation of Vinylboronate

Table 1. Addition of Allylic Zinc Reagents to Alkenylboronate
1

a All reactions were performed in THF/hexane at 0-25 °C for 36-48 h
using 1.0-1.2 equiv of an allylic zinc reagent.b SE′ regioisomer was
obtained in 11% yield.c (E)-Styrylboronate1b was used.d The enantiomeric
excess was determined by chiral capillary gas chromatography after
oxidative conversion to the corresponding alcohol.
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achieve smooth conversion as we previously reported for
the related carbozincation reactions.2

The addition of aγ-substituted allylic zinc reagent (entries
4-6), as well asγ,γ- and â,γ-disubstituted allylic zinc
reagents (entries 7 and 8) to the vinylboronate1 proceeded
smoothly under the same conditions. The C-C bond
formation took place exclusively at theγ-position of the
allylic zinc reagents in 69-96% yield.11 The reaction of
styrylborane1b with butylmethallylzinc gave the regioisomer
4 as an exclusive product.12 As shown in entry 10, installation
of chiral bis-oxazoline ligand in place of the butyl group
resulted in chirality induction (44% ee). Further experimenta-
tion is clearly necessary to obtain acceptable selectivity and
reactivity.

Through suitable functional group manipulations, the
geminal Zn/B moiety in intermediates3 can be transformed
to useful functional groups. The alkenylboronate molecule,
hence, serves as a useful acceptor synthon of a functionalized
two-carbon unit. Thus, intermediary zinc compound5 could
be trapped with a carbon electrophile, and the resulting
boronate product afforded the secondary alcohol6 upon
oxidation with basic hydrogen peroxide in 83% yield (eq
1). Oxidation with molecular oxygen after the addition of 1
equiv of zinc bromide to the intermediate7 allows direct
transformation to aldehyde8 (eq 2).13

Density functional theoretical studies on the reaction
pathway of the allylzincation at the B3LYP/631A level14,15

showed that the Zn/B product can form via two independent
pathways, carbometalation (zincio-ene reaction) and borate
paths (followed by bora-Claisen rearrangement) (Scheme 1).
Transmetalation of the allyl group from zinc to boron was
found to give the borate complex, which is 9.6 kcal/mol
higher in energy than the starting material, a complex
between vinylboronate and allylmethylzinc. The transition
structures of the two paths are shown in Figure 1. The zincio-

ene transition state (9) is of lower energy than the bora-
Claisen rearrangement TS (10) by ca. 10.5 kcal/mol.
Molecular orbital analysis indicated that the zincio-ene
transition state is stabilized by the interaction between the
forming C-Zn σ bond and the boron’s vacant p orbital.16

In summary, the present study revealed that the boryl
substituent activates an olefin toward carbozincation reaction
and provides an efficient method for the synthesis of a variety
of geminal Zn/B organodimetallic species. Experiments and
theory suggested that the formation of a stable borate
complex can be avoided by the combined use of an allylic
zinc reagent and the bulky pinacol borane substituent.
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Figure 1. Transition structures of allylzincation of vinylboronate
(B3LYP/631A).
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