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ABSTRACT: Carboboration of alkenes was found to occur
readily with an unsymmetrical diboron [(pin)B—B(dan)] and
alkyl halides under copper catalysis, leading to the direct
formation of protected alkylboron compounds via synchro-
nous C—C and C-B bond-forming processes. The B(dan)
moiety was solely installed into the organic frameworks with
the regioselective attachment to a terminal carbon of alkenes
employed.
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arboboration of unsaturated carbon—carbon bonds, which

enables carbon—carbon and carbon—boron bonds to be
constructed synchronously, has certainly been an invaluable
method for synthesizing organoboron compounds of multi-
farious structures." The organoboron compounds thus
generated are facilely transformable into synthetically 51gn1ﬁcant
compounds by a variety of established carbon—carbon® and
carbon—heteroatom® bond- -forming reactions, and hence
development of new carboboration reactions endowed with
high regio- and stereoselectivities has been a central subject in
modern synthetic organic chemistry. Recently, considerable
attention has been concentrated on unique copper catalysis
toward the carboboration of alkynes,” allenes,” and alkenes®
depending upon three-component coupling using bis-
(pinacolato)diboron and carbon electrophiles, in which a
borylcopper(I) species, Cu—B(pin),” arising from o-bond
metathesis between a copper(I) complex and the diboron
acts as a key intermediate (Scheme 1).

Scheme 1. Cu-Catalyzed B(pin)-Installing Carboboration
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We have just disclosed that 1,8-diaminonaphthalene-
substituted borylcopper species, Cu—B(dan), can be formed
by use of an unsymmetrical diboron, (pin)B—B(dan),’® through
selective Lewis acid [(pin)B—B(dan)]—base (Cu—OR) inter-
action in the o-bond metathesis step, and that this species
exhibits apparent affinity for unsaturated carbon—carbon bonds,
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to three-component hydroboration” and borylstanny-

leadin
B (Scheme 2). Herein we report that Cu—B(dan) also

lation

Scheme 2. Cu-Catalyzed B(dan)-Installing Hydroboration
and Borylstannylation
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serves as a key catalytic intermediate in the first B(dan)-
installing carboboration, which enables a protected boryl
moiety to be installed into organic frameworks.'"'* The
reaction provides a direct way of synthesizing diverse alkyl—
B(dan) compounds of structural complexity, thus contributing
to further progress in a boron-masking strategy.'”

First, we carried out the reaction of dimethyl(phenyl)vinyl-
silane (1a) with (pin)B—B(dan) (2) and benzyl chloride (3a)
in 1,4-dioxane in the presence of potassium tert-butoxide
(KOtBu) and cuprous chloride (CuCl) and found that the
carboboration smoothly occurred to give an alkylborane (4aa)
in 85% yield by using dppf as a supporting ligand (entry 1,
Table 1). The protected boryl moiety, B(dan), was solely
transferred to the carbon—carbon double bond with the
regioselective attachment to the terminal carbon, and a
carboboration product having a B(pin) moiety’ was not
generated at all. Such bidentate ligands as BINAP and dppp

Cu—0OR [(dan}E}-@‘(pfn)
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Table 1. Optimization of Reaction Conditions”

CuCl (5 mol %)
dppf (5 mol %)

KOiBu (1.5 equiv) Bn
PhMe,Si~ " + (pin)B—B(dan) + Bn—Cl - _ B{dan]
.3 1,4-dioxane, 50 °C  PhMe,Si
2:2:1 2F
1a 2 3a 4aa
entry change from standard conditions yield (%)°
1 none 85
2 rac-BINAP instead of dppf 83
3 dppp instead of dppf 77
4 1a (1 equiv), 2 (1.3 equiv), 3a (3 equiv) 65

“Conditions: 1a (0.60 mmol), 2 (0.60 mmol), 3a (0.30 mmol),
KOtBu (0.45 mmol), CuCl (0.015 mmol), dppf (0.01S mmol), 1,4-
dioxane (1 mL), 50 °C, 2 h. “Determined by "H NMR (average of two

Scheme 4. Carboboration of an Allene
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S). Thus, a variety of para- or ortho-substituted benzyl chlorides
were readily coupled with 1a and 2 under copper catalysis to

Scheme $S. Scope of Organic Halides”
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have also proven to be effective for the carboboration (entries 2 3
and 3) ;'* however, a change in molar ratio of the substrates led
. . . Me Pr
to a lowering of the yield because of the generation of a
hydroboration byproduct (entry 4)."
With the optimized reaction conditions in hand, we next PhMe,Si B ppmtesi B(dan)
investigated the carboboration of various alkenes (Scheme 3). dab: 76% (4 h, 98:1)  dac: 85% (3 h, 96:4)
cl NC
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“Isolated yield. Conditions: 1 (0.60 mmol), 2 (0.60 mmol), 3a (0.30
mmol), KOtBu (045 mmol), CuCl (0.015 mmol), dppf (0.01S
mmol), 14-dioxane (1 mL), SO °C. Regioisomeric ratio is in
parentheses.

Thus, treatment of trimethyl(vinyl)silane (1b) or ethoxy-
(dimethyl)vinylsilane (1c) with 2 and 3a provided the
corresponding products regioselectively in 59% or 51% yield
(4ba and 4ca), whose Si—OEt bond remained undamaged in
the latter case regardless of its relative lability. A carbon—
carbon double bond attached to a silicon atom exhibited
superior reactivity toward the carboboration: a vinyl group of
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homoallyl(vinyl)silane (1d) exclusively underwent the reaction,
demonstrating the high chemoselectivity of the carboboration
(4da). In addition to vinylsilanes, a vinylborane (le)
participated in the carboboration with perfect regioselectivity,
giving a 1,2-diborylalkane bearing protected [B(dan)] and
reactive [B(pin)] boryl moieties (4ea). Furthermore, the
reaction was also found to be applicable to an allene (1f) to
afford an alkenylborane in a regio- and stereoselective manner
(Scheme 4), whereas the reaction of an alkyne (diphenylace-
tylene) or other alkenes including allyl(trimethyl)silane,
styrene, and 1l-octene did not furnish desired carboboration
products.'®

The synthetic versatility of the carboboration could further
be expanded by employing other carbon electrophiles (Scheme

831

“Isolated yield. Conditions: 1 (0.60 mmol), 2 (0.60 mmol), 3a (0.30
mmol), KOfBu (045 mmol), CuCl (0.015 mmol), dppf (0.01S
mmol), 1,4-dioxane (1 mL), SO °C. Regioisomeric ratio is in
parentheses.

offer the respective products with over 92% regioselectivity
(4ab—4ai). As shown in the case of 4ae and 4ah, the
C(benzyl)—Cl moiety solely served as an electrophilic carbon
center, and the C(aryl)—Cl bond remained unchanged. Such
sterically congested carbon electrophiles as 2,4,6-triisopropyl/
2,4,6-trimethyl benzyl chloride and 1-(chloromethyl)-
naphthalene were also convertible into the carboboration
products (4aj—4al), and moreover primary alkyl halides (I for
4an, Br for the others) and an allyl chloride could act as a
carbon electrophile (4am—4aq). Functionalized alkyl bromides
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with a carbon—carbon double bond (4ar), a carbon—chloride
bond (4as), ester (4at), or acetal (4au) similarly furnished the
respective products with these functional groups remaining
intact, demonstrating the high functional group compatibility of
the reaction. It should be noted that the radical clock reaction'”
using cyclopropylmethyl bromide (4av) proceeded without
ring opening, which indicates that a radical pathway should not
be operative in the carboboration, and the result is in marked
contrast to those of the copper-catalyzed direct borylation of
alkyl halides.">"”

The difference in reactivity between the B(dan) and the
B(pin) of 1,2-diborylalkane (4ea) obtained in the present
reaction allowed chemoselective transformation: oxidation”’ of
the sterically hindered position became feasible to give a
B(dan)-substituted secondary alcohol (§) in 63% yield
(Scheme 6). Furthermore, the B(pin) moiety was also
transformable into potassium trifluoroborate (6) by treatment
with KHF,”" without damaging the B(dan) moiety.

Scheme 6. Chemoselective Transformation of 4ea
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As depicted in Scheme 7, selective o-bond metathesis
between a copper(I) alkoxide and an unsymmetrical diboron

Scheme 7. A Plausible Catalytic Cycle
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(2), which provides Cu—B(dan),”"® would trigger the
carboboration. Subsequent insertion of an alkene into the
Cu—B bond followed by coordination of an alkoxide to the
resultin(g alkylcopper species generates an alkylcuprate
species.””” The cuprate is finally captured by a carbon
electrophile®”** to give a carboboration product with
regeneration of a copper alkoxide. Although a borylcopper
species may accept coordination of an alkoxide to give a
borylcuprate sgpecies as was the case in the direct borylation of
alkyl halides,"* this pathway should be ruled out, because the
borylcuprate serves as a strong one-electron reductant for
generating alkyl radicals from alkyl halides, being in sharp
contrast to the above result (4au, Scheme 5).

In conclusion, we have disclosed that the first B(dan)-
installing carboboration becomes feasible by use of an

832

unsymmetrical diboron [(pin)B—B(dan)] under CuCl—dppf
catalysis. The present carboboration provides a direct and
regioselective method for synthesizing diverse protected
alkylboron compounds, which are otherwise difficult to obtain.
Further studies on the copper-catalyzed three-component
carboboration of unsaturated carbon linkages as well as on
details of the reaction mechanism are in progress.
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