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ABSTRACT: A copper complex has proven to be a potent catalyst for forming a C-B bond via
diborylation of arynes and alkynes, affording vic-diborylarenes and vic-diborylalkenes with high
efficiency. A boryl-substituted organocopper species, which is intermediately generated in the
diborylation, has been found to be captured by a tin or a carbon electrophile, leading to three-
component borylstannylation or carboboration, in which C-B and C-Sn (or C) bonds are
constructed simultaneously. Furthermore, reducing the Lewis acidity of the boron center with 1,8-
diaminonaphthalene decisively alters the regiochemical behavior of the borylcopper species,
enabling the installation of a boryl moiety to occur at an internal carbon of terminal alkynes in
borylstannylation and protoboration. Copper catalysis for C—Sn and C-Si bond-forming processes
via distannylation, hydrostannylation and silylstannylation, as well as silver catalysis for a C-B
bond-forming reaction, is also described.

Keywords: boron, copper, metalation, silicon, tin

1. Introduction

W 4in'? or sili-

Main-group organometallics containing boron,
con® are highly important carbon nucleophiles utilized for
introduction of functional groups and carbon—carbon bond-
forming processes, especially via cross-coupling reactions'®! (B:
Suzuki-Miyaura, Sn: Migita—Kosugi-Stille, Si: Hiyama),
because of their bench-stable and easy-to-handle properties aris-
ing from their inertness toward oxygen and moisture, moderate
reactivides suitable for chemoselective transformations, high
functional group compatibility, etc. Whilst B-, Sn- or Si-
containing organometallics with multifarious structures are
accessible by such established methods as metal-exchange
reactions between highly nucleophilic organometallics (organo-
lithiums, Grignard reagents) and metal electrophiles, hydrometa-
lation of unsaturated C~C bonds and catalytic metalation of C—
X bonds (X: hydrogen, halogen/pseudohalogen), the search for
new synthetic methods that open up facile approaches to B-, Sn-
or Si-containing organometallics of structural complexity with
defined stereochemistry and/or high functionalities continues to
be a central subject in chemical synthesis.

We have directed our attention to aryne-based organic
synthesis,® because this offers potent and unique methods
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for constructing aromatic frameworks that would not be
achievable with stable compounds. In addition to successful
insertion reactions into Nu—El & bonds”! and multicompo-
nent couplings®® based on the highly electrophilic character of
arynes, their salient reactivities were found to be controllable
under transition-metal catalysis: arynes could be directly trans-
formed into diboryl-,"”! distannyl-"" and disilylarenes!"! by
dimetalation reactions catalyzed by group 10 transition-metal
complexes (Pd, Pt), demonstrating that arynes are promising
building blocks in forming B-, Sn- or Si-containing organome-
tallics. Furthermore, we have also exploited unique copper
catalysis for converting arynes into biaryl derivatives via hydro-

121 or bromoalkynylation.""?! During the course

alkynylation
of these studies, we became especially interested in the ambi-
philic behavior of a copper species, which has both transition-
metal and main-group-metal character, and in its utilization as
a catalyst for the transformation of arynes into B-, Sn- or Si-
containing organometallics. This paper presents an overview
of our recent study on the copper-catalyzed borylation reaction
of arynes and its application to other unsaturated C—~C bonds.

Related stannylation and silylation reactions are also discussed.

2. Borylation

2.1. Diborylation

At first our attention was riveted on the use of nucleophilic
borylcopper species, arising from 6-bond metathesis between
Cu(l) complexes and diborons,"* ' as key intermediates,
because they were expected to have high affinity for arynes of
soft electrophilic character, leading to the occurrence of facile
C-B bond-forming processes.

We carried out the reaction of in situ generated benzyne
(from 2-(trimethylsilyl) phenyl triflate and KF/18-crown-6)
with bis(pinacolato)diboron (1, (pin)B-B(pin)) in the pres-
ence of (PPh3)3CuOAc, and observed that the B-B bond was
smoothly added across the C-C triple bond, affording a dibor-
ylation product (2a) in 68% yield (Scheme 1).1"7"¥ A variety
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Scheme 1. Diborylation of arynes.

of monosubstituted and disubstituted arynes reacted smoothly
with the diboron to afford the respective vic-diborylarenes
(2b—2e) in good yields. It should be noted that the trimethyl-
silyl moiety of 4-(trimethylsilyl)benzyne was totally tolerated
regardless of the presence of the fluoride ion, leading to the
selective formation of 2f.

As illustrated in Scheme 2, a key intermediate of the
diborylation would be a borylcopper species (3) generated
from copper acetate with 1. Subsequent insertion of the C-C
triple bond of an aryne into the Cu-B bond to give a boryl-
substituted arylcopper species (4) followed by -bond metath-
esis with 1 provides a diborylation product with regeneration
of 3. The validity of the second step of the catalytic cycle was
confirmed through the stoichiometric reaction of mesitylcop-
per(I) with 1, in which the C(spz)—Cu bond was indeed trans-
formed into the C(spz)—B bond (Scheme 3).

The results imply that alkynes may also undergo the
diborylation under similar conditions, since alkynes have been
known to insert into the Cu-B bond of 3, giving boryl-
substituted alkenylcopper species."® As depicted in Scheme 4,
cis-vic-diborylalkene (5a) was produced in 82% yield when 4-
octyne was treated with 1 in the presence of PCy; and
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Scheme 2. A catalytic cycle for the diborylation of arynes.
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Scheme 3. The stoichiometric reaction of mesitylcopper with (pin)B—B(pin).
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R———R' + (pin)B—B(pin) ———— >=(
toluene, 80 °C R R'
1 5
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5a: 82% (3 h) 5b: 76% (3 h) 5¢: 78% (4.5 h) 5d: 73% (6 h)
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Ph Ph Ph - Ph Me Ph Et
5e: 78% (11.5 h) 5g: 78% (8.5 h) 5h: 78% (24 h)
OMe

5f: 82% (13.5 h)

Scheme 4. Diborylation of alkynes.

Cu(OAc),. Other aliphatic alkynes including 2-octyne and 4-
methyl-2-pentyne could also participate in the diborylation to
afford high yields of the respective vie-diborylalkenes (5b and
5c¢), and treatment of a homopropargyl ether resulted in the
formation of 5d, whose C-OMe bond remained intact
throughout the reaction. The broad substrate scope for alkynes
was demonstrated by extension to diarylalkynes and aryl(alkyl)
alkynes to successfully produce 5e-5h.

Letters Most Cited Paper 2003-2006 Award (2006), The
Chemical Society of Japan Award for Young Chemists
(2007), The Society of Silicon Chemistry Award for Young
Chemists (2008), and The Young Scientists’ Prize, The Com-
mendation for Science and Technology by the Minister of
Education, Culture, Sports, Science and Technology (2009).
His research interests include (1) catalytic reactions for the
synthesis of main-group organometallics containing boron,
tin or silicon, (2) aryne-based organic synthesis, and (3) their
application to organic electronics materials.
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Scheme 5. Cu- or Pt-catalyzed borylation of 1,4-dimethoxy-2-butyne.
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Scheme 6. A catalytic cycle for the tetraborylation.

The most striking feature of the copper catalysis was
observed in the reaction of a propargyl ether (Scheme 5). Thus,
with the aid of the copper catalyst, 1,4-dimethoxy-2-butyne was
found to be solely convertible into a tetraborylation product,
1,2,3,4-tetraboryl-2-butene (5i), in which four C-B bonds had
been formed all in one pot by replacing the MeO groups with
the boryl groups. This result was totally different from that
using the established platinum catalyst (Pt(PPh3)4),[19] which
furnished the usual diborylation product (5'1).

We supposed that formation of borylallene 7 via 3-
oxygen elimination from alkenylcopper species 6 should trig-
ger the tetraborylation (Scheme 6).2% The resulting borylal-
lene then inserted into the Cu-B bond of 3 to furnish m-allyl
copper species 8, which was transformed into 2,3-diborylbuta-
diene (10) by a second B-oxygen elimination from c-allyl cop-
per species 9. Finally, 1,4-diborylation of 10 occurred under
the copper catalysis to provide 5i.

2.2. Borylstannylation

In view of the nucleophilicity of organocopper species, we
envisaged that a boryl-substituted alkenylcopper species (6),
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2BusSnOtBu was used instead of 11a

Scheme 7. Borylstannylation of alkynes.

being an intermediate in the diborylation of alkynes, could
serve as a key intermediate in a new type of borylation reaction
by capturing suitable electrophiles, and found that the use of a
tin alkoxide as a third component enabled the first catalytic
three-component borylstannylation of unsaturated carbon
linkages to occur, giving diverse vic-borylstannylalkenes in a
regio- and stereodefined manner.”*"!

We first carried out the reaction of diphenylacetylene with
1 and tributyltin methoxide (11a) in the presence of
Cu(OAc),~PCys, and observed that three-component boryl-
stannylation took place in a cis fashion to afford 12a in 87%
yield (Scheme 7).*2! Variously substituted diarylalkynes
smoothly participated in the borylstannylation, in which
almost equal amounts of regioisomers (12c and 12'c) were
generated from an unsymmetrical alkyne. In marked contrast,
the reaction of a diarylalkyne bearing an electron-donating
(MeO) and electron-withdrawing (CF3) groups proceeded
with perfect regioselectivity, and the stannyl moiety was
attached to the geminal position relative to the 4-
methoxyphenyl moiety. The exclusive formation of a single
regioisomer (12e-12g), whose stannyl moiety and the aryl
moiety were invariably geminal, was also observed in the reac-
tion of alkyl(aryl)alkynes, and moreover a trimethylstannyl
moiety could be introduced into the product (12g) with the
same regioselectivity by using trimethyltin zerz-butoxide 11b.
Aliphatic alkynes were also found to be convertible into the
products (12h and 12i), and it should be noted that the prop-
argylic C-O bonds in 1,4-dimethoxy-2-butyne remained
intact throughout the borylstannylation, in contrast with the
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Scheme 8. A catalytic cycle for the borylstannylation of alkynes.
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Scheme 9. The reaction of an alkenylcopper with a tin alkoxide.
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Scheme 10. Borylstannylation of a,B-unsaturated esters.
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(pin)B-B(pin) +

H

g CO,Me
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‘\SnBu3

o

result obtained in the above tetraborylation. In addition, the
reaction was applicable to terminal alkynes to afford the prod-
ucts bearing the stannyl moiety at the more substituted site.
The functional group compatibility of the borylstannylation
was appreciably high, and an aryl-Br bond, an alkyl-CI bond
and a cyano group were totally tolerated under the reaction
conditions.

A key intermediate of the borylstannylation is expected to
be a boryl-substituted alkenylcopper species (6), which is gen-
erated by addition of borylcopper species 3 to an alkyne (szep
A, Scheme 8). Subsequent capture of 6 with a tin alkoxide (11)
provides a borylstannylated product and a copper alkoxide
(szep B), which is transformed into 3 upon reaction with 1 (szep
C). Because steps A and C are well-known processes in the
copper-catalyzed borylation reactions of alkynes, we con-
ducted a reaction of 11a with an alkenylcopper species (13),
which can be formed in situ by transmetalation between boryl-
stilbene and Cu=X (X: OAc or OMe).?? As depicted in
Scheme 9, the reaction led to the smooth formation of stannyl-
stilbene, which confirms the validity of step B and the proposed
catalytic cycle.

The borylstannylation has turned out to be applicable to
alkenes: the reaction of methyl acrylate regioselectively
afforded an 84% yield of vic-borylstannylalkane 14a having a
boryl moiety at the B-position of the ester group (Scheme
10).**! Diastercoselectivity in the reaction using B-substituted
o,B-unsaturated esters was sufficiently high, and thus (£)-
methyl crotonate selectively gave anti-14b (anti:syn = 93:7) in
74% yield. Furthermore, (£)- or (£)-methyl cinnamate under-
went the diastereoselective borylstannylation to afford anti-
14c as the major product irrespective of the stereochemistry of
the starting alkenes, implying intermediary formation of a cop-
per enolate species in the reaction (vide infra). It is worth not-
ing that the borylstannylation of methyl 3-methoxyacrylate

Cu(OAc), (1 mol %)
PCy; (3.5 mol %)

BuzSnOMe

THF, rt
R' \SnBu3 BU3SI1 ‘\R'
R . . .
o CO,Me o CO,Me
(pin)B" (pin)B"
anti-14 syn-14
SnB
H SnBuy B nBug
Ph { pin
)._)\COZMe W)\COZMe
(pin)B" 4 B(pin)
14c: 47% (2 h, 93:7, from (E)) 14d: 79% (2 h)
14c: 70% (2 h, 97:3, from (2))
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(SIMes)CuCl (1 mol %) (pin)B SnBu,
R/_ \R, + (pin)B-B(pin) + Bu;SnOMe —M 3
THF, rt,2h R R'

1 1a 15

SnBu,
B(pin) SiMe, SiMe,Ph B(pin)

15a: 88% 15b: 91% 15¢: 97% 15d: 65%

(pin)B SnBu; (pin)B SnBu;  (pin)B SnBuj

Scheme 11. Borylstannylation of alkenes.

R (IMes)CuCl (1 mol %) R B(pin)
>=~ = + 1 + M1a —mM8MMM8M8M8M8M8m» —
R' THF, rt, 2 h R' SnBu,
16
B(pin) B(pin) Ph B(pin)
Ph SnBuj Oct SnBuj Ph SnBuj
16a: 76 % 16b: 77 % 16¢: 76 %

Scheme 12. Borylstannylation of allenes.

was accompanied by replacement of the methoxy moiety with
a boryl moiety, similar to that observed with 1,4-dimethoxy-2-
butyne, furnishing the 3,3-diborylated product (14d) in 79%
yield.

An N-heterocyclic carbene (NHC)-coordinated copper
complex ((SIMes)CuCl) was an effective catalyst for the boryl-
stannylation of simple alkenes (Scheme 11). Treatment of a
vinylborane with 1 and 11a in the presence of (SIMes)CuCl
led to the formation of 15a in 88% yield with perfect regiose-
lectivity, where the stannyl moiety was installed into the gemi-
nal position of the parent boryl moiety. Similar regioselectivity
was observed with vinylsilanes, and trimetalated alkanes (15b
and 15¢) were formed as the sole products. Furthermore, nor-
bornene was solely transformed into the exo-borylstannylation
product (15d). The substrate scope was further extended to
allenes: the reaction of 1-phenylallene or 1-octylallene with the
aid of the catalyst (IMes)CuCl proceeded regio- and stereose-
lectively, leading to the exclusive formation of 16a and 16b
having allylstannane and alkenylborane units (Scheme 12).
The regioselective borylstannylation also occurred with 1,1-
diphenylallene to give 16¢ in 76% yield.

The perfect regioselectivity observed in the reaction of
o,B-unsaturated esters and boryl- or silyl-substituted alkenes
can be explained by selective installation of the copper into the
gem-position of the ester, boryl and silyl groups in the boryl-
cupration step, induced by the electronic directing effect of
these substituents, and the selective production of the same
diastereomer (anti-14c) regardless of the (E) or (2) stereo-
chemistry of methyl cinnamate should suggest the intermedi-
ary formation of copper enolate species (anti-17, syn-17 and
17’) and fast interconversion between them (Scheme 13). As
was the case with the copper-catalyzed proto(deuterio)boration
of alkenes,””’ the capture of 17 with 11a may proceed with
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R Cu R R Cu
) \ ~ (pin)B>_\>~*«OCu ~ ) (
(pin)B COLR' RO (pin)B COLR'
anti-17 17 syn-17
anti-14 syn-14

Scheme 13. Intermediacy of a copper enolate species.

CO,Me Diborylstannylation (pin)B SnBug
MeO (pin)B CO,Me
r Cu-B(pin) 14d
(pin)B Cu Cu-B(pin)
MeO 18 CO,Me (pin)BOMe
5 11a
Cu-OMe
CO,Me (pin)B Cu
(pin)B ; (pin)B CO,Me
Cu-B(pin)

Scheme 14. A catalytic cycle for the diborylstannylation.

retention of the stereochemistry, and thus fast isomerization to
anti-17 should be responsible for the preferential formation of
anti-14.

In a similar manner to the above tetraborylation, -alkoxy
elimination from B-borylalkylcopper species 18 should lead to
the formation of methyl 3-borylacylate, which then undergoes
borylstannylation to provide diborylstannylated product 14d
(Scheme 14).

2.3. Carboboration

Having succeeded in the three-component borylstannylation
with a tin electrophile, our attention was next turned toward
the use of a carbon electrophile, which should lead to three-
component carboboration.*® As shown in Scheme 15, benzyl
chloride was found to be adequate for this purpose: treatment
of diphenylacetylene with 1 and benzyl chloride in DMF in
the presence of Cu(OAc),~PCy; and KO#Bu resulted in the
simultaneous formation of B—C and C-C bonds to afford the
cis-carboboration product (19a) in 67% yield.[27’28] The car-
boboration was also applicable to a diarylalkyne and a dialky-
lalkyne to give the respective products (19b and 19¢) in
moderate to good yields, and exclusive formation of a single
regioisomer (19d and 19e), whose benzyl moiety was attached
to the geminal position relative to the phenyl moiety, was
observed in the reaction of alkyl(aryl)alkynes. The reaction of
phenylacetylene proceeded with perfect regioselectivity to
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KOtBu
Cu(OAc), (2 mol %)
PCy; (7 mol %)

R—=——R' + (pin)B—B(pin) + pp-" ¢
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(pin)B Ph Ph B(pin)

=

R R' R R'
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(pin)B Ph (pin)B Ph  Ph B(pin) (pin)B>_(—Ph
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19a: 67% (29 h) 19¢: 57% (24 h)

OMe OMe
19b+19'b: 84% (29 h, 52:48)

(pin)B)_(—Ph (pin)B)_(—Ph (pin)B>_(—Ph

Me Ph Et Ph H Ph
19d: 54% (24 h) 19e: 50% (15 h) 19f: 44% (46 h)

(pin)B >_<—Ph Ph —HB(pin)

H nHex H nHex
19g+19'g: 51% (32 h, 56:44)

Scheme 15. Carboboration of alkynes.

afford 19f bearing the benzyl moiety at the more substituted
site, whereas 1-octyne furnished a mixture of regioisomers.

The broad substrate scope of carbon electrophiles was
exemplified by the use of substituted benzyl chlorides and alkyl
(pseudo)halides, and the formation of the cyclopropylmethy-
lated product (191) in the reaction using cyclopropylmethyl
bromide suggests that a radical pathway is not operative in the
carboboration (Scheme 16).

We next investigated the carboboration of alkenes, and
found through catalyst screening that (SIMes)CuCl was the
optimum choice.'*”’ As depicted in Scheme 17, the carbobora-
tion of styrene derivatives,®”’ 2-vinylpyridine, vinylborane
and vinylsilane with benzyl chloride took place smoothly to
give borylalkanes (20a—20e) in good to high yield, where the
benzyl moiety was preferentially attached to the internal car-
bon of the alkenes. In marked contrast, such aliphatic alkenes
as 1-octene or vinylcyclohexane underwent the reaction with
the inverse regioselectivity to furnish 20'f and 20'g as the
major products having the benzyl moiety at the terminal car-
bon of the alkenes.

Disubstituted alkenes could also participate in the carbo-
boration: perfect regioselectivity was observed in the reaction
of methyl methacrylate, and the boryl and benzyl moieties
were introduced into 1,2-dihydronaphthalene regio- and
stereoselectively, affording syz-adduct 20i in 75% yield
(Scheme 18).

The reaction of substituted benzyl chlorides with a vinylsi-
lane and 1 furnished high yields of the respective products,
irrespective of the electronic character of the substituents, and
1-naphthylmethyl chloride could also act as a carbon electro-
phile (Scheme 19). The sole formation of the cyclopropylme-
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KOtBu
Cu(OAc); (2 mol %) .
PCy3 (7 mol %) (pin)B R
Ph———Ph + 1 + R-X —mMmMmF——— > >=<
DMF, 50 °C Ph Ph
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Ph Ph iPr Ph Ph Ph Ph

19h: 60% (24 h)

(PiNB  Me (pin)B >_(—<]

Ph Ph Ph Ph
19Kk: 39% (44 h) 191: 30% (23 h)

19i: 70% (26 h) 19j: 60% (50 h)

Scheme 16. Carboboration of diphenylacetylene with various carbon

electrophiles.
(SIMes)CuCl (2 mol %)
KOtBu Bn B(pin) (pin)B Bn
R +1+ pp" N —m >
DMF, rt R R
20 20'
Bn B(pin) Bn B(pin) (pin)B Bn Bn B(pin) (pin)B Bn
Ph = —
20a: 65% (1 h, >99:1) \ /N \ /N
MeO MeO
20b+20'b: 47% (1 h, 88:12) 20c+20'c: 52% (1 h, 91:9)
Bn B(pin) (pin)B Bn Bn B(pin) (pin)B Bn
(pin)B’ (pin)B PhMe,Si PhMe,Si

20d+20'd: 68% (7 h, 98:2) 20e+20'e: 85% (8 h, 94:6)

Bn B(pin) (pin)B Bn Bn

>_/

nHex nHex Cy Cy

B(pin) (pin)B Bn

20f+20'f: 45% (1 h, 2:98) 20g+20'g: 38% (1 h, 17:83)

Scheme 17. Carboboration of monosubstituted alkenes.

(SIMes)CuCl (2 mol %)

KOtBu
alkene + 1 + pp” " >Ng ———————————» carboboration product

DMF, rt
Bn

20i: 75% (0.5 h, >99:1)

Bn
pim <
P CO,Me
20h: 40% (1 h, >99:1)

Scheme 18. Carboboration of disubstituted alkenes.

thylated product was observed in the reaction with
cyclopropylmethyl bromide, and moreover a chemoselective
reaction with 1,5-dibromopentane or ethyl 4-bromobutyrate
occurred, leaving the reactive functional groups (C-Br and
ester moieties) intact.

As was the case with the diborylation and borylstannyla-
tion, a boryl-substituted organocopper intermediate should
form from 3 and an unsaturated C—C bond (Scheme 20). Sub-
sequent interaction with KOzBu produces cuprate 21, which is
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(SIMes)CuCl (2 mol %) (i) (pin)
R B(pin] pin)B R
KOtBu
PhMe,Si- X + 1 + R-X —— >

DMF, rt PhMe,Si PhMe,Si
‘©_>_/B(p'")

20 20'
PhMe,Si PhMe,Si PhMe,Si

cl ~©—>_/B(pin) O B(pin)
20j; 90% (3 h, 97:3) 20k: 85% (3 h, 95:5) 201: 72% (7 h, 97:3)
Br
EtO,C
D—>_/B(pin) B(pin) ‘\—>_/B(pin)

PhMe,Si PhMe,Si PhMe,Si
20m: 85% (7 h, >99:1) 20n: 70% (7 h, 98:2) 200: 37% (7 h, 96:4)

Scheme 19. Carboboration of a vinylsilane with various carbon electrophiles.

(pin)BOtBuU RJ R'
Cu-| B(pln)
KOtBu (pin)B
CuCI CuOtBu
KOt-Bu
(PIH)B
KX + (pln)B CuOt-Bu| o
K

21

Scheme 20. A catalytic cycle for the carboboration.

then captured by a carbon electrophile to provide a carbobora-
tion product and CuOsBu.

2.4. Protoboration with a Masked Diboron

The borylcopper species Cu-B(pin) has been proven to oper-
ate effectively as a key intermediate in synthesizing diverse
organoboron compounds through diborylation, borylstanny-
lation and carboboration of unsaturated C-C bonds, and we
then became especially interested in the regiochemical out-
comes of these reactions. These are definitively governed by
the mode of addition of Cu-B(pin) across the unsaturated C—~
C bonds, and B selectivities are usually observed with terminal
alkynes (and alkenes), as depicted in Scheme 21. Similarly to
the conventional uncatalyzed hydroboration, one of the chief
factors affecting the orientation of the approaching borylcop-
per species should be the Lewis acidic character of the B(pin)
moiety, which favors addition to the terminal carbons to gener-
ate the more stable carbocationic transition state. We thus
hypothesized that reducing the Lewis acidity of a boron center
with appropriate substituents may alter the regiochemical
behavior of a borylcopper species in the borylcupration step,
leading to o selectivity. In this regard, an unsymmetrical
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Cu(l) + (pin)B—B(pin) Bu,Sn B(pin)

Bu;SnOMe =
or
+ R m:‘5 Cu  B(pin)  PhCH,CI Me,Si
Cu—B(pin) ——>» — —_— or
(R = SiMeg, Ph) R Ph B(pin)
p-selective —
Ph

>99% selectivity

Scheme 21. Borylstannylation and carboboration of terminal alkynes with 3

selectivity.
(SIPF)CuCI (2 mol %)
KO1Bu (6 mol %
MeOH ( °) (dan)B
R—— + (pin)B—B(dan) ——m— >
22 THF, 50°C, 3 h R
23
H
;
(dan)B = B
\
H
(dan)B (dan)B (dan)B (dan)B (dan)B
Ph nHex tBu
23a: 81% OMe 23d: 92% 23e: 79%
MeO
23b: 99% 23c: 92%
(dan)B (dan)B (dan)B B(dan)
T™S MeO /—)=
B(dan)
23f: 99% 239g: 99% 23h 99% 23i: 95%

Scheme 22. The a-selective protoboration of terminal alkynes with a masked
diboron.

diboron (22, (pin)B—B(dan)),Bl] containing a boryl moiety
masked with 1,8-diaminonaphthalene (dan),?
attention, because the masked diboron was expected to pro-
duce a borylcopper species of diminished Lewis acidity, Cu—
B(dan), via selective interaction between the Lewis acidic
B(pin) moiety and the alkoxy moiety of Cu~OR in the o-

bond metathesis step.

caught our

We first carried out the reaction of 22 with phenylacety-
lene in THF in the presence of an NHC-coordinated copper
complex ((SIPr)CuCl, 2 mol %), KOBu and MeOH, and
observed that the B(dan) moiety was introduced with exclusive
a selectivity to afford a branched borylstyrene (23a) in 81%
yield (Scheme 22).%%' The ortho- and para-methoxy-substi-
tuted arylalkynes were also smoothly converted into the respec-
tive a-borylstyrenes (23b and 23c) in excellent yields, which is
in marked contrast to Hoveyda’s results where a mixture of a-
and B-borylalkenes was produced (41:59 for ortho-methoxy-
phenylacetylene; 62:38 for para-methoxyphenylacetylene).**!
It should be noted that the protoboration (formal hydrobora-
tion) proceeded with a high degree of a selectivity, irrespective
of the steric and electronic properties of the terminal alkynes
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LCu-CI
KOtBu

KClI
LCu-OtBu

r' 22
LCu—0tBu

(dan)a' B(pin)
(pln)BO

0

in)BOMe
(pin) LCu—B(dan)

LCu-OMe

(dan)B

(dan)B‘
=

R (dan)B _

¥ =

-Cu(SIPr)

(SIPr)Cu; 'B(dan)
# o=
R
Scheme 23. A catalytic cycle for the a-selective protoboration of terminal
alkynes.

(Ph3P)3CuCl (2 mol %)
KOiBu (6 mol %)

H B(dan) (dan)B H
MeOH
R R + 22 — 3 >=< + >=<
THF, rt R R' R R
23 23'

H B(dan) B(dan) H B(dan)

nBu

23; 9%(1h >99:1)
EtO,C

23k: 89% (1 h, 96:4) 23l: 99% (1 h, 96:4)

H B(dan) B(dan) H B(dan)

Ph OH
230: 99% (1 h, >99:1)

NC

23m: 93% (1 h, 95:5) 23n 96% (2 h, 90:10)

Scheme 24. Protoboration of internal alkynes with a masked diboron.

employed, giving the boryl-substituted aliphatic alkenes (23d
and 23e), silylalkene (23f) and allyl ether (23g) in high yields.
Furthermore, the high functional group compatibility of the
reaction was demonstrated by the use of 4-bromo-1-butyne,
where the C—Br bond remained intact (23h), and the reaction
was also applicable to 1,7-octadiyne, both of whose triple
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Meozc/\ > Meozc/\/B(dan)
22 26a: >99%
MeOH (4 h, with (PhgP);CuCl)
Cu catalyst (2 mol %)
KOtBu (6 mol %)
THF, 50 °C
Ph > pp \Bdan)
26b: 91%

(1 h, with (SIMes)CuCl)

Scheme 25. Protoboration of alkenes with a masked diboron.

bonds underwent the a-selective protoboration to give dibory-
lation product 23i.

The protoboration would be triggered by exclusive forma-
tion of a masked borylcopper species, Cu-B(dan) (24). Subse-
quent insertion of an alkyne into the Cu-B(dan) bond, which
generates a [3-borylalkenylcopper species (25), followed by
protonation with MeOH provides the protoboration product
with regeneration of Cu—OMe (Scheme 23). Owing to the
diminished Lewis acidity of the masked B(dan) moiety in 24,
the interaction between an incoming terminal alkyne and the
boron center, which may be a contributory factor of B-
selective addition through the more stable carbocationic transi-
tion state (vide supra), would be negligible in the borylcupra-
tion step. Therefore, the orientation of 24 should simply be
controlled by steric repulsion between the alkyne substituent
and the bulkier copper moiety, which results in the sole intro-
duction of the B(dan) moiety into the internal carbon of termi-
nal alkynes.

The direct construction of a C-B(dan) bond by the Cu-
catalyzed protoboration using 22 was also achievable with
internal alkynes (Scheme 24).%*) Thus, treatment of 1-phenyl-
I-propyne with 22 and MeOH in the presence of
(Ph3P)3CuCl (2 mol %) furnished cis-protoboration product
23j with perfect regioselectivity, where the B(dan) moiety was
attached to the geminal position of the methyl group. Func-
tionalized alkyl(aryl)alkynes having ketone, ester, nitrile,
bromo or hydroxy groups were likewise converted into the
respective products (23k—230) regioselectively, leaving these
functional groups intact. As depicted in Scheme 25, the copper
catalysis was also effective in installing the B(dan) moiety into
the C—C double bonds of methyl acrylate and styrene to afford
excellent yields of alkylborons (26a and 26b) with perfect
regioselectivity.

2.5. Borylstannylation with a Masked Diboron

The exclusive generation of 25 by the use of a masked diboron
directed our attention to its utilization for the borylstannyla-
tion (cf. Section 2.2), because terminal alkynes always accepted
regioselective addition of a boryl group at a terminal carbon
and a stannyl group at an internal carbon in the previous boryl-
stannylation, irrespective of the catalytic systems and the reac-

. 21,22
tion modes.! ]
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(dan)B SnBuj

(SIPr)CuCI (2 mol %) R
Bu;SnOMe (11a) 27
R——=— + (pin)B—B(dan) ———>
22 THE 1, 1h BusSn B(dan)
R

27

(dan)B SnBug (dan)B SnBuz  (dan)B SnBug (dan)B SnBug

nHex iBu

27a: 86% (10 h, 96:4) 27b: 81% (99:1)  Ph Br

27¢: 74% (94:6) 27d: 87% (99:1)

(dan)B SnBu; (dan)B SnBu; (dan)B SnBuj (dan)B SnBuj
J_)_/ Ph o
NC 27g: 73% (99:1) [¢]
27e: 79% (95:5)
27f: 81% (99:1)

27h: 66% (>99:1)
(dan)B SnBuj (dan)B SnBug

Et,N T™MS
27i: 69% (>99:1) 27j: 75% (>99:1)

Scheme 26. Borylstannylation of terminal alkynes with a masked diboron.

B(dan)

nOct SnBuy

(IMes)CuCl (2 mol %) 28a: 72%

R THFR,rt, 1 h B(dan)

Ph SnBug
28b: 65%

Scheme 27. Borylstannylation of allenes with a masked diboron.

We conducted the reaction of 1-octyne with 22 and tribu-
tyltin methoxide (11a) in THF at room temperature in the
presence of (SIPr)CuCl, and found that the cis-borylstannyla-
tion took place with regioselectivity inverse to that of the previ-
ous borylstannylation (86% yield, 27a:27'a = 96:4), leading
to the introduction of the boryl group at the internal carbon
and the stannyl group at the terminal carbon (Scheme 26).5°!
The reaction could also be applied to other simple aliphatic
alkynes and functionalized alkynes, whose functional groups
(C-Br bond and cyano group) remained intact. Similar regio-
selectivity was also observed using an enyne and phenylacety-
lene, and furthermore the reactions of a THP-protected
propargyl alcohol, propargyl amine and trimethylsilylacety-
lene, resulting in the exclusive formation of 27b—27j. The ver-
satility of the borylstannylation was further expanded by
application to allenes: the regio- and stereoselective reaction
proceeded to provide (Z2)-1-stannyl-2-boryl-2-alkenes (28a
and 28b) as the sole product (Scheme 27).

2.6. Ag-Catalyzed Protoboration

In marked contrast to the high potency of copper catalysis in the
borylation reactions, the catalytic use of silver, another group 11
element, for synthesizing organoboron compounds remains
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29k+29'k: 72% (4 h, 26.74)

Scheme 28. Ag-catalyzed protoboration of alkynes.

almost totally unexplored, except for the diborylation of alkenes
with bis(catecholato)diboron.””! In view of the differences
between copper and silver in fundamental properties such as
atomic radius, electronegativity, softness as a Lewis acid, etc., we
envisaged that borylation reactions of different modes and/or
selectivities should be feasible under silver catalysis.

When the reaction of 1-octyne with (pin)B-B(pin) (1) in
the presence of MeOH using (IMes)AgCl (2 mol %) and KOBu
(6 mol %) was carried out, a protoboration product (29a) formed
in 89% yield with high B selectivity (Scheme 28).*®) The intrigu-
ing feature of the silver catalysis in the protoboration is higher
regioselectivity compared to that obtained with a copper cata-
lyst:!*%>3* aliphatic terminal alkynes having 7-amyl or phenethyl
groups were readily convertible into the respective linear borylal-
kenes (29b and 29c¢). The reaction could also be applied to cyclo-
pentyl- and zerr-butylacetylene to provide high yields of the
products (29d and 29e), irrespective of the steric congestion
around the triple bonds. Only the C-C triple bond of an enyne
underwent the protoboration to afford boryldiene 29f, and the
high chemoselectivity of the present system was further demon-
strated by the reactions of functionalized alkynes bearing cyano,
halogen or silyl ether moieties, in which these reactive groups
remained intact. In contrast, the reaction of propargyl ether or
N-propargylphthalimide gave a-adducts to some extent. Internal
alkynes such as diphenylacetylene and 1-phenyl-1-propyne also

underwent the regio- and stereoselective protoboration.
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step A step B

(IMes)Ag B(pin)

(IMes)Ag-OMe >=<

R H
31
step C
H B(pin)
= MeOH
R H

Scheme 29. A catalytic cycle for the Ag-catalyzed protoboration of alkynes.

The protoboration may be triggered by formation of a
borylsilver(I) species (30) arising from o-bond metathesis
between a silver(I) alkoxide and 1, as in the copper(I)-catalyzed
borylation reactions (step A, Scheme 29). Subsequent addition
of 30 across the C—C triple bond (step B, borylargentation),
which produces a boryl-substituted alkenylsilver species (31),
followed by protonation with MeOH gives a protoboration
product with regeneration of the silver alkoxide (szgp C).

3. Stannylation

3.1. Distannylation

Having demonstrated that a copper catalyst is extremely versa-
tile for the C-B bond-forming reactions, which produce
diverse organoboron compounds, our attention was naturally
riveted on developing C-Sn bond-forming reactions under
copper catalysis; however, the lack of practical approaches to
the catalytic generation of Cu—Sn species discouraged the
widespread utilization of this potential methodology.'”
Through thorough screening of reaction conditions, we devel-
oped the unprecedented activation of a distannane with a cop-
per(I) complex, which leads to the efficacious generation of a
Cu-Sn species, and its synthetic application to the first copper-
catalyzed distannylation of alkynes.***!

The distannylation was found to take place smoothly to
afford cis-vic-distannyloctene 33a, when we conducted the
reaction of hexamethyldistannane (32) with 1-octyne in DMF
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(PPh3);CuOAc (2 mol %)

Cs,CO3 (20 mol %) Me;Sn SnMeg
R———= + MesSn—SnMe; —— 3 >=/
DMF, 60 °C R
32 33

Me;Sn SnMeg Me;Sn SnMe; Me;Sn SnMe; Me;3Sn SnMe;

X

nHex nOct
33a: 80% (13.5 h) 33b: 90% (11 h)
33c: 85% (3.5 h) 33d: 78% (3 h)
MezSn SnMes Me;Sn SnMea MeSSn SnMe:, MezSn SnMe;

33e: 76% (7.5 h) 33f 51% (12.5 h) 33g: 54% (16 h) 33h: 41% (51 h)

Me;Sn SnMe, Me;Sn SnMe,
Ph —)_/
33i: 64% (24 h) G
33j: 58% (24 h)

Scheme 30. Distannylation of alkynes.

Pd(tBuNC),Cl, (2.5 mol %)
nHex—= + 32 £ >  33a
THF, 60 °C, 13 h

Scheme 31. Pd-catalyzed distannylation of 1-octyne.

in the presence of (PPh3);CuOAc (2 mol %) and Cs,COs3
(20 mol %) (Scheme 30). Other aliphatic terminal alkynes
bearing a primary or secondary alkyl group were converted
into the respective distannylalkenes (33b-33d) in high yields.
The prominent copper catalysis toward the electronically non-
biased aliphatic terminal alkynes is worth noting, because the
reaction using a conventional palladium catalyst was sluggish
and led to a low product yield (Scheme 31).14125 The distan-
nylation was also applicable to 5-chloro-1-pentyne and 5-
hexynenitrile to afford the products (33e and 33f) without
damaging these functional groups. The course of the distanny-
lation was little affected by coordinating groups in the propar-
gylic amine and ether, although the yields became moderate.
In addition, phenylacetylene and THP-protected propargylic
alcohol could easily be coupled with 32 by the use of a strong
base (KO#Bu or LiO#Bu) instead of Cs,COs.

A key intermediate of the distannylation should be a Cu—
Sn species (34) derived from the CuOR’ complex and a distan-
nane (32) (Scheme 32). Subsequent addition of 34 to the C-C
triple bond of an alkyne affords stannyl-substituted alkenyl-
copper species 35, which is then captured by Me;SnOR’ to
give the distannylation product with regeneration of the
CuOR’ complex.

3.2. Hydrostannylation

The intermediary formation of a stannyl-substituted alkenyl-
copper species in the distannylation prompted us to investigate
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Sn Cu Cu—Sn
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Scheme 32. A catalytic cycle for the distannylation of alkynes.

its capture with another electrophile, and the use of water as a
protic reagent was found to be quite efficient for synthesizing
alkenylstannanes with excellent « selectivity. >4

The a-selective hydrostannylation has proven to be a fea-
sible method, providing branched (36a) and linear (36'a) alke-
nylstannanes in 75% yield (36a:36'a = 98:2), when we treated
1-tetradecyne with hexamethyldistannane (32) and water in
toluene at 110°C in the presence of Cu(OAc),~P#Buj catalyst
(Scheme 33). The reaction was also applicable to 1-dodecyne
and an imide-substituted alkyne, giving 36b and 36¢ in excel-
lent yield with high degrees of a selectivity, and functionalized
aliphatic alkynes bearing acetal, silyl ether, hydroxy or amine
groups smoothly underwent the a-selective hydrostannylation,
leaving these reactive moieties intact. The regioselective instal-
lation of a stannyl group into the internal carbon of aromatic
terminal alkynes was achieved under the present conditions as
well, and thus pyridyl, naphthyl and phenyl acetylenes were
efficiently transformed into the respective branched alkenyl-
stannanes (36h—36j). An internal alkyne, diphenylacetylene,
also participated in the reaction to furnish (£)-trimethylstan-
nylstilbene (36k) as the sole product, showing that the hydro-
stannylation completely proceeds in a ¢/s fashion.

With the successful synthesis of diverse branched alkenyl-
stannanes having a trimethylstannyl moiety, we next investi-
gated the a-selective installation of a tributylstannyl moiety,
and found that a silylstannane, tributyl(trimethylsilyl)stannane
(37), turned out to serve as a more effective and reactive stan-
nylating reagent compared with hexabutyldistannane, afford-
ing a 73% yield of 38a and 38'a (38a:38'a = 86:14) (Scheme
34). It should be noted that the silyl moiety was not incorpo-
rated into the alkyne at all in the reaction with the silylstan-
nane, which is in marked contrast to the copper-catalyzed
selective silyl-incorporation reactions into unsaturated hydro-

[44]

carbons with silylboranes.”™ The hydrostannylation using a

silylstannane also took place smoothly with various aliphatic
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Scheme 33. The a-selective hydrostannylation of terminal alkynes with a

distannane.

Bu;Sn
H,0 R>

Cu(OAc), (10 mol %)
PCy (35 mol %) 38

R—— + MezSi—SnBug ——m—————

37 toluene, 30 °C SnBu;,
R
38'
BuzSn Bu3Sn BuzSn BujSn
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38a: 73% (4 h, 86:14) 38b: 74% (2 h, 88:12)  38c: 74% (2 h, 85:15)
38d: 55% (3 h, 93:7)

BuzSn Bu3Sn

e e

38e: 44% (2 h, 92:8)  38f. 55% (2 h, 88:12)

Scheme 34. The a-selective hydrostannylation of terminal alkynes with a
silylstannane.

terminal alkynes to provide 38b and 38c with high o selectiv-
ity, and functionalized terminal alkynes bearing cyano, chloro
or benzyloxy moieties were transformed into the respective
branched alkenylstannanes as well.

Formation of a stannylcopper species (34) via c-bond
metathesis between a distannane (or silylstannane) and Cu-—
OH would initiate the hydrostannylation (Scheme 35). This
stannylcopper species (34) then adds across the C-C triple
bond of the terminal alkyne (stannylcupration) to produce a
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Scheme 35. A catalytic cycle for the a-selective hydrostannylation of terminal
alkynes.

stannyl-substituted alkenylcopper species (35), which is finally
transformed into the hydrostannylation product through proto-
nation with water. The formation of branched alkenylstannanes
with high a selectivity should be attributable to the regioselec-
tive generation of 35, possessing the stannyl moiety at the inter-
nal carbon, in the stannylcupration step, which has already been
well documented to be kinetically favored in the stoichiometric

reaction of a stannylcopper species with a terminal alkyne.*”’

4. Silylation

4.1. Silylstannylation

Through the above studies on the stannylation reactions,
where a boryl- or stannyl-substituted organocopper species was
facilely trapped by a tin alkoxide, we envisaged that silylstanny-
lation of unsaturated C—C bonds would also be feasible under
copper catalysis by the use of a suitable silylating reagent'**4!
to allow the smooth generation of silylcopper and silyl-
substituted organocopper species.

The three-component silylstannylation was found to
readily occur to afford 40a and 40'a in 86% yield with regiose-
lectivity inverse to that of the previous Pd-catalyzed silylstan-
nylation (40a:40'a = 93:7),[47] when the reaction of 1-octyne,
a silylborane (PhMe,Si-B(pin), 39) and tributyltin zer-butox-
ide (11c) was carried out in acetonitrile at room temperature
in the presence of CuCl-P#Bus catalyst (Scheme 36).1%®! Lin-
ear and branched aliphatic terminal alkynes could undergo the
regioselective silylstannylation, where the stannyl moieties
were predominantly attached to the terminal carbon of the
alkynes. This unique regioselectivity was also achievable with
functionalized alkynes bearing cyano, bromo or hydroxy
groups, and the result that these reactive moieties remained
intact demonstrates the high functional group compatibility of
the silylstannylation. In contrast, the stannyl moiety was selec-
tively introduced into the internal carbon of THP-protected
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PhMe,Si SnBu;
Bu;Sn01Bu (11¢)
PtBuj (2 mol %) R
CuCl (2 mol %) 40
R—== + PhMe,Si—B(pin) ——— >
39 MeCN, rt
Bu,Sn SiMe,Ph
R
40’
PhMeSi SnBuz PhMe,Si SnBu;  PhMe,Si SnBu; PhMe,Si SnBu,
nHex nBu
40a: 86% (6 h, 93:7) 40b: 76% (3 h, 95:5) NC

40c: 65% (7 h, 93:7)  40d: 56% (3.5 h, 94:6)

PhMe,Si SnBu; PhMe,Si SnBu, Bu;Sn SiMe,Ph  Bu;Sn SiMe,Ph
Br HO [o]
40e: 47% (16 h, 91:9)  40f: 43% (4 h, 97:3)

40'g: 75% (6.5 h, 10:90)

40'h: 59% (12.5 h, 1:99)

Scheme 36. Silylstannylation of alkynes.

SnBuj
BuzSnOMe (11a) R SiMe,Ph
—= ClIMesCuCl (2 mol % (E)-41
& + 39 A
MeCN, rt, 15 min R SnBug
SiMe,Ph
(241
SnBug SnBug SnBuj

nC12H/25_Q—SiMeZPh /—ﬁ—SiMezPh SiMe,Ph

h
41a: 87% (E:Z=78:22) 41b: 86% (E:Z = 77:23)

41c: 77% (E:Z = 87:13)

SnBug () SnBujg

— MeN—( ﬂ
SiMe,Ph N SiMe,Ph
TBSO B
41d: 93% (E:Z = 75:25) N 6]
Me

41e: 76% (E:Z=83:17)

Scheme 37. Silylstannylation of allenes.

propargyl alcohol and propargyl ether to provide 40'g and
40'h as the major products.

The Cu-catalyzed silylstannylation of allenes was also
found to proceed smoothly with regioselectivity inverse to that
of the previous silylstannylation under palladium catalysis
(Scheme 37).1%! Thus, treatment of pentadeca-1,2-diene with
39 and tributyltin methoxide (11a) in the presence of
“IMesCuCl catalyst afforded an 87% yield of (E)- and
(2)-41a (ratio = 78:22), where the stannyl moiety had been
exclusively installed into the central carbon of the allene. The
regioselective formation of silylstannylated products (41b and
41c) bearing allylsilane and alkenylstannane units was
observed with 5-phenylpenta-1,2-diene and cyclohexylallene,
and functionalized allenes possessing a silyl ether or a theobro-
mine moiety also underwent the silylstannylation with a simi-
lar regioselectivity to provide the respective products (41d and
41e) without damaging these functional groups.
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PhMe,Si SnBuj
R
LCu-ClI
SnBi
nSus BusSnOR'
R SiMe,Ph K Bu;SnCl
LCu-OR'
39
Bu3SnOR'
step C step A
P R'OB(pin)
PhMe,Si cuL
R
43 LCu-SiMe,Ph
CuL 42
R/=<—SiMe2Ph

R—=
==
R

Scheme 38. A catalytic cycle for the silylstannylation.

Generation of a silylcopper species, Cu-SiMe,Ph 42, via
6-bond metathesis between a copper alkoxide and a silylbor-
ane would trigger the silylstannylation (Scheme 38, step A).
Then, the alkyne or allene inserts into the Cu—Si bond to give
a silyl-substituted alkenylcopper species (43 or 44, step B),
which is subsequently trapped by a tin alkoxide to furnish the
silylstannylation product with regeneration of the copper alk-
oxide (szep C). The regiochemical outcome of the reaction with
an alkyne or an allene should be ascribable to the regioselective
formation of 43°% or 44, the latter of which has been demon-
strated to be kinetically favored in the stoichiometric reaction
using a silylcopper species.”") On the other hand, the elec-
tronic directing effect of a propargylic functional group, which
induces the addition of the copper moiety to the internal car-
bon of the alkyne in szep B, should become dominant to pro-
vide 40 as the major product.

5. Conclusion

We have developed copper-catalyzed dimetalation, carbometa-
lation and hydrometalation reactions of unsaturated C-C
bonds, which allow direct access to various main-group orga-
nometallics containing B, Sn and Si of high synthetic signifi-
cance. The reaction system, which utilizes the ambiphilic
character of a copper species between a transition metal and a
main-group metal, can basically assemble three components,
namely, a main-group metal, an unsaturated C-C bond and
an electrophile, and hence main-group organometallics can be
synthesized and diversified more readily compared with con-
ventional two-component reactions. Moreover, we have dem-
onstrated that the Lewis acidity of the boron center in a
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borylcopper species governs its regiochemical behavior in the
borylcupration, which leads to a regioselectivity reversal in the
reaction of terminal alkynes, depending upon the diboron
employed. Further studies on catalytic metalation reactions for
synthesizing main-group organometallics are in progress.
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