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Boryl Substitution of Functionalized Aryl-,
Heteroaryl- and Alkenyl Halides with Silylborane and
an Alkoxy Base: Expanded Scope and Mechanistic
Studies¥

Eiji Yamamoto, Satoshi Ukigai and Hajime Ito*

A transition-metal-free method has been developed for the boryl substitution of functionalized
aryl-, heteroaryl- and alkenyl halides with a silylborane in the presence of an alkali-metal
alkoxide. The base-mediated boryl substitution of organohalides with a silylborane was
recently reported to provide the corresponding borylated products in good to high yields, and
exhibited good functional group compatibility and high tolerance to steric hindrance. In this
study, the scope of this transformation has been extended significantly to include a wide
the boryl
substitution of (£)- and (Z)-alkenyl halides proceeded smoothly to afford the corresponding

variety of functionalized aryl-, heteroaryl- and alkenyl halides. In particular,
alkenyl boronates in good to high yields with retention of configuration using modified
reaction conditions. The results of mechanistic studies suggest that this boryl substitution

proceeds via a carbanion-mediated mechanism.

Considerable research effort has been devoted to the
development of versatile methods for the preparation of
organoboronate esters.” Despite considerable progress in this

esters are incredibly useful and versatile building blocks in
organic synthesis because they can be readily converted into a
wide variety of different functional groups. Heteroaryl
boronates are especially important for pharmaceutical
applications because heteroaryl moieties such as oxazole,
carbazole, pyridine, pyrazole and pyrimidine groups are often
found in a large number of pharmaceuticals and natural
products, as shown in Figure 1.
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Fig. 1 Natural products and pharmaceuticals containing five- and six-membered
heterocyclic rings.
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area, the existing synthetic methods are still in need of further
improvement. One of the most conventional procedures for the
synthesis of organoboronate esters involves the reaction of
organolithium or Grignard reagents with boron electrophiles.’
However, these methods are limited by the availability of the
organolithium or Grignard reagents, which have low functional
group compatibility and require additional preparation steps.
Several transition-metal-catalyzed methods have been
developed during the course of the past two decades for the
borylation of aryl and alkenyl halides,**> C(sp?)—H borylation®
and the hydroboration of alkynes,” and all of these methods
show broad functional group compatibility. However, the
application of these methods to the preparation of
pharmaceuticals has been limited by the costs associate with the
use of expensive transition-metal catalysts and the potential for
the contamination of the product with residual transition-metal
impurities.®® Furthermore, many transition metal-catalyzed
borylation reactions are susceptible to the steric constraints
imposed by the substrate. For example, bulky 2.4,6-
triisopropylbromobenzene requires exquisite catalysts.**¢
Based on these limitations, the development of functional
group and steric-bulk tolerant, transition-metal-free synthetic
routes for the construction of organoboronates are strongly
desired. Several transition-metal-free borylation methods have
been developed, including radical-mediated- and electrophilic
borylation'™!" reactions. However, these reactions still have
issues in terms of their reactivity, regioselectivity and
functional group compatibility. Furthermore, to the best of our
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knowledge, there are currently no transition-metal-free boryl
substitution reactions available for the synthesis of disubstituted
(Z2)-alkenyl boronates, which are important building blocks in
organic chemistry.

We previously reported the boryl substitution of
organohalides with a commercially available silylborane,
PhMe,Si—B(pin) (1), in the presence of an alkoxide base [i.e.,
Base-mediated borylation with silylborane (BBS method),
Figure 2].'? This reaction proceeds smoothly in the absence of
transition-metal catalysts and shows good functional group
compatibility as well as high tolerance toward sterically
hindered substrates. Most notably, the silylborane reagent used
in this reaction performs a formal nucleophilic boryl
substitution reaction towards halide electrophiles. This boryl
substitution is a counterintuitive reaction in that the silylborane
substrate should react with base to generate the corresponding
silyl nucleophile, as seen in the base-mediated activation of B—
Si'*! bonds in the absence of a transition-metal.

In our previous study,'” aryl-, alkenyl- and alkyl halides
substrates were investigated. However, the substrate scope and
limitations of the reaction were not thoroughly investigated,
with a heteroaryl bromide bearing a 1-methylindol moiety and a
tetrasubstituted alkenyl bromide being shown as the only
examples of heteroaryl and alkenyl substrates, respectively.
With regard to the reaction mechanism, the results of several
experimental studies'? and a DFT-based theoretical study'® led
to the proposal of a carbanion-mediated mechanism. However,
further mechanistic studies are still necessary to assess the
validity of the proposed mechanism.

o/ O | %@.@s@

N
Ph—Si—B base sii.of
7 ~E-O @ ~
nucleophilic 6 ~/ _ (E —B(pin)
] silyl group —
silylborane 1 elusive borylation
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PhMe,Si—B(pin) (1.5 equiv)
KOMe (1.2 equiv)

X=Br,1 R = aryl, alkenyl, alkyl

R—X
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R—B(pin) + (R*SiMezPh>
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Fig. 2 Boryl substitution of organohalides with silylborane and alkoxy base.

Herein, we report the results of our recent efforts towards
expanding the substrate scope of this transition-metal-free boryl
substitution reaction to functionalized aryl-, heteroaryl- and
alkenyl halides, and our mechanistic investigation of the BBS
method. Notably, extensive investigation of the substrate scope
revealed that a variety of functionalized aryl-, heteroaryl- and
alkenyl halides could be successfully applied to this borylation.
Furthermore, (E)- and (Z)-alkenyl iodides reacted to afford the
corresponding alkenyl boronates in good to high yields with
retention of the configuration under modified reaction
conditions. The results of our mechanistic experiments
supported the existence of a carbanion-mediated mechanism
and discounted the possibility of a radical anion-mediated
mechanism.

Results and discussion

We previously reported that the BBS method tolerated
various functional groups, including chloro, fluoro, ester, amide,
ether and dialkyl amino groups.'” In this study, we initially
examined extending the functional group compatibility of the
boryl substrate with various aryl bromides using our previously
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reported borylation conditions'? to investigate the scope of this
method (Table 1). An aryl bromide bearing an epoxy group
underwent the borylation reaction to give the desired product
3a in 84% yield. p-Methylthiophenyl boronate 3b was also
formed in good yield (78%). Pleasingly, aryl bromides bearing
an aromatic alkene moiety reacted smoothly to afford the
desired products in high yields (3¢: 85%, 3d: 87%).
Unfortunately, p-nitrobromobenzene (2e) performed poorly as a
substrate and provided the desired product 3e in low yield (8%).
p-Bromophenylacetylene (2f) and p-bromobenzophenone (2g)
were even less effectively as substrates and gave complex
mixtures. The failure of these substrates was attributed to the
nucleophilic attack of the silyl moiety on the keto group or the
abstraction of a proton from the terminal alkyne of the substrate.
The borylation of heteroaryl bromides was also investigated,
and the reactions of 4-bromodibenzofuran (2h), 3-bromo-9-
ethylcarbazole (2i), 2-bromodibenzothiophene (2j) and 5-
bromobenzothiophene (2Kk) all proceeded smoothly to give the
desired products in good to high yields (3h: 77%, 3i: 85%, 3j:
75%, 3k: 51%). Substrates containing a S5-membered
heterocycle such as a thiophene, pyrazole, isoxazole, oxazole or
thiazole group also reacted efficiently to provide the
corresponding heteroaryl boronates in good yields (31-q: 87, 68,
67, 74, 63 and 68% yields, respectively). The application of the
reaction conditions to 5-bromopyrimidine (2r) did not afford
any of the borylated product 3r. However, 5-bromopyrimidine
derivatives bearing a methoxy or piperidyl group at their 2-
position successfully underwent the borylation reaction to give
the desired products in moderate to good yield (3s: 38%, 3t:
71%). This difference in the reactivity of these substrates could
be attributed to the reactivity of their 2-positions towards the
silyl nucleophile. 3-Bromopyridine (2u) and 3-bromoquinoline
(2v) both reacted smoothly under the standard conditions to
afford the borylated products in moderate to good yields (68
and 58%, respectively). Disappointingly, however, the products
3u and 3v could not be isolated because they decomposed
during purification by silica-gel column chromatography.

This journal is © The Royal Society of Chemistry 2012
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Table 1 Boryl substitution of aryl- and heteroaryl bromides with

PhMe,Si—B(pin) (1.5 equiv)
KOMe (1.2 equiv)

PhMe,Si—B(pin)/base reagents.*”
Rz R
DME, 30°C, 1h T,

B(pin) /©/B(pln) A/<>/B(pin)
l>/©/ > 3¢, R' = H, 64(85)%

3a, 49(84)% 3b, 63(78)% 3d, R' = Ph, 62(87)%

B(pin) B(pin) B(pin)
oy "
O,N
o

AN

3e, (8)% 3f, complex mixture 3g, complex mixture
B(pin) B(pin)
! S
B(pin) . 5
3h, (T7)% 3i, 74(35)% 3j, 61(75)%
B(pil .
B(pin) _ (eI B(pin)
7 A\ —
s s~ TB(iN  BnT N7 NG
3k, 51% 31, 82(87)% 3m, 59(68)% 3n, 67%°
B(pin) Ph
51 ,;lé\ Nﬁ
/
O Ph/40 B(pin) Et/<S B(pin)

30, 51974)%

. B(pin)
. B(pin)
B(pin) N /j/
N
Y oy P
N MeO N

3t, (71)%

3p, 58(63)%° 3q, 46(68)%

3r, not detected 3s, (38)%

X Bein) X Bein)
| p | p
N N

3u, (68)% 3v, 58%

“Reaction conditions: A mixture of PhMe,Si—B(pin) (0.75 mmol) and KOMe
(0.6 mmol) in DME (5 mL) was stirred for 10 min at 30 °C. Aryl bromide 2
(0.5 mmol) was then added, and the resulting mixture was stirred for 1 h.
’Isolated yield of product 3, and yields of 3 based on 'H NMR analysis are
shown in parentheses. ‘Isolated yield of product 3n containing a small
amount of the corresponding silylated by-product (total yield, 82%; B/Si =

1 : 19). “Isolated yield of the borylated product 30 containing a small
amount of the corresponding silylated by-product (total yield, 57%; B/Si =
90 : 10). “PhMe,Si-B(pin) (1.5 mmol) and KOMe (1.2 mmol) were used.

We then conducted sequential boryl substitution/Suzuki—
Miyaura coupling procedures to demonstrate the utility of this
borylation reaction (Table 2). After quenched with TBAF to allow
for the decomposition of any unreacted silylborane, the reaction
mixture was subjected to an aqueous work-up procedure to give the
crude borylation product, which was progressed directly into a cross-
coupling reaction under conventional conditions. This reaction
sequence provided facile access to compound 4h, 4t and 4w in high
yields (84, 78 and 74%, respectively). However, substrate 2x
containing a nitrile group afforded the corresponding coupled
product 4x in a much lower yield (36%), which was attributed to a
low yield during the initial borylation step. For substrates 2u and 2v,
the sequential boryl substitution/Suzuki-Miyaura coupling

This journal is © The Royal Society of Chemistry 2012
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procedure was performed in one-pot without an aqueous work-up to
avoid the loss of the products during the work-up process. In both
cases, the sequential reaction process proceeded smoothly to afford
the corresponding coupled products 4u and 4v in moderate to good
yields (64 and 58%, respectively).

Table 2 Sequential boryl substitution/Suzuki-Miyaura coupling.”

i) 1 (1.5 equiv)

KOMe (1.2 equiv) Pd cat.

o Ar'—1 (2.0 equiv)
Ar-Br w. Ar—B(pin) Ar-Ar'
, i) TBAF treatment s base, solvent, temp. 4
() Wt
N /
% _ N\ /
N
4at, 78%°
4h, 84%P
=~
4x, 36%”
4w, 74%"°
/\\/}OMG \OMe
N=— N—
4u, 64% 4v, 58%7

“Isolated yield. *1-Todo-4-nitrobenzene, K,COs (2.0 equiv) and Pd(PPhs), (10
mol %) were used in a 10 : 1 (v/v) mixture of DMF and H,O at 100 °C.
“lodobenzene, K,COs (2.0 equiv) and Pd(PPhs)s (10 mol %) were used in a
10 : 1 (v/v) mixture of DMF and H,O at 100 °C. d4-Iodoanisole, K5PO4(2.55
equiv), PCy; (3.6 mol %) and Pd,(dba);-CHCl; (1.5 mol %) were used ina 3 :
1 (v/v) mixture of 1,4-dioxane and H,O at 100 °C.

The overall utility of this borylation process was further
demonstrated by the synthesis of key precursors in the production of
Crizotinib'® and a GPR 119 agonist'’ (Scheme 1). The borylation of
pyrazolyl bromide 2y proceeded smoothly to give the corresponding
borylated product 3y in good yield. Borylation of the 5-
bromopyrimidine derivative 2z followed by the oxidation of the
resulting product gave S5z, which is a precursor of the GPR 119
agonist, in good yield (71% yield, over 2 steps).

B0
1 (1.5 equiv) (pin)

Br
N, /ﬁ KOMe (1.2 equiv) B
N N 2eq N7
oc DME, 30°C, 1 h Boc—N
2y

3y, 61(51)%°

N

7 Cl

-0 —/
F

N_ ~
N cl ref. 16
HNW N o

N, Crizotinib

(anti-cancer drug)

i) 1 (1.5 equiv)
KOMe (1.2 equiv)

N
/N .

BocN N—</ \) gy DME30°C1h oo
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BocN N—</ } /—® X
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— N
N N :\>—OH
NIVARN
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ref 17
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Scheme 1 Synthetic application of the borylation reaction for the synthesis of
precursors of Crizotinib and GPR 119 agonist. °Isolated yield of derivatized product
obtained from sequential borylation/NaBOs-H,0 oxidation of 2y over two steps. For
detail, see ESI. Yields of 3y based on 'H NMR analysis is shown in parentheses. ®lsolated
yield of product 5z.

The results obtained during the course of our investigation
of the substrate scope of the borylation reaction towards
heteroaryl halides indicated that quinoline (6) undergoes silyl
addition under the conditions used in the BBS method to give
2-silylated quinoline 7 in an isolated yield of 19% (Scheme 2).
It is noteworthy that reports pertaining to the silyl substitution
of quinolines or pyridines with a silyl nucleophile via a
transition-metal-free dearomatization are scarce.'®?° This
silylation reaction therefore represents a possible pathway for
the formation of by-products when heteroaryl halides are used
as substrates in the borylation reaction. These results also
suggest a silyl nucleophile is formed under the conditions used

by the BBS method.
N ~N
| — | —
N N~ “SiMe,Ph
7, 19% isolated yield

6 (1.0 equiv)

PhMe,Si-B(pin) (1.5 equiv)
KOMe (1.2 equiv)

DME, 30°C, 1h

Scheme 2 Reaction of quinoline under the boryl substitution conditions.

With regard to the preparation of alkenyl boronates, the
thermal hydroboration of alkynes is a common and
straightforward method for the synthesis of (£)-alkenyl
borates.’’ In contrast, (Z)-alkenyl boronates are usually
prepared via an indirect trans-hydroboration reaction using
alkynyl bromides, which need highly reactive nucleophilic
reagents such as alkenyl lithium compounds.”?> With this in
mind, we proceeded to investigate the borylation of (Z)-alkenyl
iodide 8a under a variety of different conditions (Table 3). Our
initial efforts in this area focused on applying our previously
determined optimum conditions for the boryl substitution of
aryl bromides to an alkenyl halide substrate.'” The reaction of
(2)-8a with PhMe,Si—B(pin) (1.5 equiv) in the presence of
KOMe (1.2 equiv) in DME at 30 °C afforded the (Z)-product in
moderate yield and high levels of both (2)- and
borylation/silylation (B/Si) selectivity (Table 3, entry 1, 53%,
Z/IE =92 : 8, B/Si = 95 : 5). In addition, vinylcyclohexane,
which is a protonated product of 8a, was observed as the major
by-product under these reaction conditions. The use of NaOMe
instead of KOMe successfully suppressed the formation of the
by-product and led to an improvement in the yield, as well as
the Z/E and B/Si selectivities (Table 3, entry 2, 72%, Z/E =96 :
4, B/Si =96 : 4). Furthermore, the use of NaOEt as a base led to
a further increase in the yield of the desired (Z)-borylated
product compared with NaOMe (Table 3, entry 3, 79%, Z/E =
97 : 3, B/Si = 97 : 3). Finally, increasing the amount of
silylborane 1 to 2.0 equivalents relative to the substrate
afforded the highest yield of the product boronate observed
during this optimization process (Table 3, entry 4, 89%, Z/E =
97 : 3, B/Si =96 : 4). Several other bases were also investigated
(Table 3, entries 5-8). No reaction occurred when LiOMe was
used as the base (Table 3, entry 5), and the use of bulky
alkoxide bases, such as K(O-#-Bu) and Na(O-#-Bu), afforded
much lower yields of the product than NaOEt, as well as lower
selectivities (Table 3, entries 6 and 7). The use of a weaker base
(i.e., NaOTMS) did not lead to significant improvements in the
yield or selectivity of the reaction (Table 3, entry 8). The
reaction also proceeded when THF or 1,4-dioxane was used

4| J. Name., 2012, 00, 1-3

instead of DME, although the products were formed in lower
yields in both cases (Table 3, entries 9 and 10). The use of
CH,Cl, and toluene as solvents afforded only trace amounts of
the borylated product (Table 3, entries 11 and 12).

Table 3 Boryl substitution of (Z)-alkenyl iodide with PhMe,Si—B(pin)/base
reagents.”

PhMe,Si-B(pin)

Cy/\ Base (1.2 equiv) Cy” ™ Cy” ™
| solvent,30°C, 1h Blpin)  + SiMe,Ph
8a, ZIE = 98:2 9a 10a
Si-B Yield of 92” Z/E of 9a°

Entry Base (equiv)  Solvent (%) (%) B/Si¢

1 KOMe 1.5 DME 53 92:8 95:5

2 NaOMe 1.5 DME 72 96:4 96:4

3 NaOEt 1.5 DME 79 97:3 97:3

4 NaOEt 2.0 DME 89(71) 97:3  96:4

5 LiOMe 1.5 DME 0

6 K(O-#-Bu) 1.5 DME 27 83:17 68:32
7 Na(O-t-Bu) 1.5 DME 41 95:5 74 :26
8 NaOTMS 1.5 DME 65 89:11 92:8

9 NaOEt 2.0 THF 81 96:4 97:3

10 NaOEt 2.0 1,4-dioxane 73 98:2 99:1

11 NaOEt 2.0 CHCl, 2

12 NaOEt 2.0 toluene 0

“Reaction conditions: A mixture of PhMe,Si-B(pin) and base (0.6 mmol) in
solvent (5 mL) was stirred for 10 min at 30 °C. (£)-(2-lodovinyl)cyclohexane
8a (Z/E =98 : 2, 0.5 mmol) was then added to the reaction, and the resulting
mixture was stirred for 1 h. ’GC yield. Isolated yield was shown in
parentheses. “Z/E ratio was determined based on GC analysis. “Ratio of
borylated 9a and silylated 10a products.

With the optimized conditions in hand (Table 3, entry 4),
we proceeded to investigate the substrate scope for various
alkenyl halide substrates (Table 4). In most cases, Z/E ratios of
substrates employed for investigating the substrate scope are
>98.5 : 1.5 (For details, see ESI), and only less than trace
amount of geometric isomers (<5%) were detected in the
borylated products based on GC and '"H NMR analysis. The
reaction of alkenyl iodide (E)-8a proceeded in high yield with
retention of configuration [(£)-9a, 86%]. Several other (2)-
alkenyl iodides bearing n-pentyl or phenethyl groups also
reacted smoothly under these conditions to provide the
corresponding borylated products (2)-9b and (Z2)-9¢ in 83 and
80% yields, respectively. The boryl substitution reactions of
a,a-disubstituted alkenyl bromide 8d and trisubstituted alkenyl
iodide (Z)-8e¢ proceeded as anticipated to give the
corresponding borylated products in moderate to good yields
[9d: 43%, (E)-9e: 64%]. The tetrasubstituted alkenyl bromide
8f also reacted effectively, albeit under modified conditions, to
provide the corresponding alkenyl boronate 9f, although the
yield was similar to that achieved under the previously reported
conditions [i.e., 1 (1.5 equiv) and KOMe (1.2 equiv) in DME at
30 °C for 1 h, 58%]."* Functionalized (Z)-alkenyl iodides
containing a benzoyl or acetal group also successfully
underwent the boryl substitution reaction to afford the desired
products in good yields [(2)-9g: 70%, (Z£)-9h: 74%]. A cyclic
alkenyl boronate containing a MOM group 9i was also formed
in good yield under the optimized conditions (58%). For cyclic
alkenyl iodides and pseudohalides containing a dihydropyranyl
moiety, the C=C double bond can undergo positional
isomerisation under the Pd-catalyzed borylation conditions,
which can lead to a decrease in the yield of the desired alkenyl
boronate.”*? However, under the current borylation conditions,

This journal is © The Royal Society of Chemistry 2012
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substrate 8j bearing a dihydropyranyl moiety gave the desired
oxacyclic alkenyl boronate 9j in good yield (71%). The
sterically hindered cyclic alkenyl bromide 8k bearing a butyl
ester moiety also provided the desired borylated product 9k in
good yield (53%).

Table 4 Substrate scope of the boryl substitution reaction with
PhMe,Si—B(pin)/base reagents.*”

PhMe,Si—B(pin) (2 equiv)
NaOEt (1.2 equiv)

Alkenyl—X Alkenyl—B(pin)
8, X =Br, | DME, 30°C, 1 h 9
s /\/\/\ Ph X
B(pin) B(pin)
(E)}9a, X =1 (2)-9b, X =1 (2)-9¢, X =1
68(86)%° 72(83)%< 64(80)%°
B(pin) Phw /KTB(pin)
PhM B(pin)
od, X =Br (E)-9e, X =1 9f, X =Br
43% 64%° (60)%
i B
Ph)j\o TN 0~ "o TN
(2y9g, x=1 BN @y-9h,x=1 BFIM
51(70)%%" 74%
. B(pin)
B(pin) B(pin)
OMOM @
o)
o Cy OBu
9i, X=Br 9j, X=Br 9k, X =Br
58% 71%" 53%

“Reaction conditions: A mixture of PhMe,Si—B(pin) (1.0 mmol) and base (0.6
mmol) in solvent (5 mL) was stirred for 10 min at 30 °C. Alkenyl halide 8
(0.5 mmol) was then added to the reaction, and the resulting mixture was
stirred for 1 h. ‘Isolated yield. “Yield based on GC analysis is shown in
parentheses. “Yield based on 'H NMR analysis is shown in parentheses.
“Substrate 8e is in a Z/E ratio of 6:94, and no significant amount of (Z)-9e
was contained in the isolated product based on NMR analysis. /Isolated yield
was determined after Suzuki-Miyaura cross coupling. Details are described
in ESL

Mechanistic Studies

It was initially assumed that the boryl substitution reaction
could proceed according to one of four possible reaction
pathways, including: (1) trace-transition-metal catalysis, (2)
radical-mediated mechanism, (3) radical-anion-mediated
mechanism or (4) carbanion-mediated mechanism (Scheme 3).
Several experiments were conducted in our previous paper to
investigate the reaction mechanism.'> The possibility of trace-
transition-metal catalysis was investigated by analyzing the
alkoxide base for the presence of various transition-metals (i.e.,
Ni, Pd, Pt, Rh, Au, Ag, Ir, Ru and Co) by ICP-AES. The results
of this analysis revealed that contamination resulting from
trace-transition metals was significantly low (e.g., 3.0 ppm for
Co, Ni, Ir and Pd, and 2.0 ppm for Ag, Pt, Rh, Ru and Au).
Furthermore, the borylation reaction was repeated in the
presence of transition-metal salts, which showed no
acceleration in the yield or selectivity of the reaction. Several
experiments were also conducted to probe the radical-mediated
mechanism such as the reaction of o-butenylbromobenzene
under the optimized condition and a borylation in the presence
of a radical scavenger. The results of our previous study'’

This journal is © The Royal Society of Chemistry 2012
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suggested that this borylation reaction does not involve trace-
transition-metal catalysis or a radical-mediated mechanism.
However, the possibility of a radical-mediated mechanism was
not completely ruled out by the results of our previous study.
Furthermore, the possibility of the reaction occurring via a
radical-anion- or carbanion-mediated mechanism has still not
been investigated. Thus, further mechanistic studies are needed
to elucidate the mechanism of this reaction.

i) Trace-Transition-Metal Catalysis

Ok
o
O

Scheme 3 Four possible reaction pathways of the BBS method.

ii) Radical-Mediated
Mechanism

Si-B
base .
PhBr ii) Radical Anion-Mediated Ph—B(pin)

Mechanism

iv) Carbanion-Mediated
Mechanism

The occurrence of a radical-mediated mechanism can be
discounted based on the results of the stereoretentive borylation
of (Z)-alkenyl halides. This borylation reaction could proceed
via a radical mechanism if a radical species could be generated
from an organohalide via a SET process involving a
silylborane/alkoxy-base ate complex under basic conditions.
For example, Strohmann et al’* reported that a radical-
mediated mechanism was involved in the silyl substitution
reaction of aryl iodides with an o-aminosilyllithium reagent.
Further investigation of the borylation of (Z)-alkenyl halides
revealed that the reaction proceeded in a perfectly
stereoretentive manner, as shown in Tables 3 and 4. It was
therefore envisaged that the generation of the corresponding
vinyl radical species would lead to the E/Z-isomerization of the
intermediate, which would subsequently lead to a lower E/Z
ratio in the product (eq.1).>* These experimental results
therefore suggested that a carbanion-mediated mechanism was
more likely than a radical-mediated mechanism.

borylation with _ N
Cyﬁ silylborane/alkoxy base Xy -B(pin) , CY
— == Cy . (eq.1)
| B(pin)
(2)8a (Eyoa (2)9a

t
H fast NV
o N —— oy
5 3

Several competition experiments were conducted to develop
further mechanistic insights into this transformation. We
initially performed a competition reaction with two different
aryl bromides to investigate the involvement of a radical- or
radical-anion-mediated mechanism (Scheme 4a). (E)-p-
Bromostilbene (2d) has a lower reduction potential than 4-
bromo(trifluoromethyl)benzene (2a’), and the carbon atom
bound to the bromine in the latter of these two substrates is
much more electrophilic than that of the former.”® The
competition reaction with these two halides afforded the
borylated products 3d and 3a’ in a ratio of 12 : 88. A further
competition reaction was performed using three aryl bromides
(2b’—d’) with different levels of electrophilicity (Scheme 4b).
The borylation of 4-bromo(fluoro)benzene (2b’) proceeded
much more rapidly than the other two substrates, which were
less electrophilic. These observations therefore support the
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existence of a carbanion-mediated mechanism rather than a
radical- or radical-anion-mediated mechanism, and are also in
good agreement with the results of the DFT study reported in
our other paper.'’

We then proceeded to investigate the possibility of a
carbanion-mediated mechanism using a silyl nucleophile.
Consideration of the carbanion-mediated mechanism revealed
that the halogenophilic attack of the silyl nucleophile would be
the key reaction in the borylation process. It is noteworthy,
however, that this reaction has not yet been studied in great
detail.*”*® With this in mind, we performed the silyl
substitution  reaction of an aryl bromide  with
(dimethylphenylsilyl)lithium, which is a common silyllithium
reagent (Scheme 5). The silyl substitution of p-bromoanisole
(2d’) with the (dimethylphenyl)silyl lithium proceeded
smoothly to provide the corresponding silylated product 11 in
51% vyield. This reaction most probably involved the initial
halogenophilic attack of the silyl nucleophile on the bromine
atom, followed by the reaction of the resultant silyl bromide
with the aryl lithium species to provide the silyl substitution
product 11. This result provides further evidence in support of
the formation of an aryl anion intermediate from the reaction of
aryl halides with the silyl nucleophile generated by the reaction
between PhMe,Si—B(pin) and an alkoxide base.

a) Reaction of Substrates Bearing Different Reduction Potential and

Electrophilicity
/\)©/ ’ w
1
Ph™ ™ Ph/\/©/

2d (1.0 equiv)

PhMe,Si-B(pin) 3d, 7% yield
reduction potential: lower (1.5 equiv)
e|eC‘tr0phI|IiIIty of C1: lower KOMe (1.2 equiv) .

Br
oy
F3C

2a' (1.0 equiv)
reduction potential: higher
electrophilicity of C1: higher

DME, 30 °C, 15 min : B(pin)
F;C

3a', 52% yield
3d/3a'=12:88

b) Reaction of Substrates Bearing Different Electrophilicity

Br Br Br
oo
F MeO

2b' (1.0 equiv) 2¢' (1.0equiv)  2d' (1.0 equiv)

PhMe,Si-B(pin) B(pin) B(pin) B(pin)
(1.5 equiv)
KOMe (1.2 equw)
DME, 30 C 1h
3b', 63% yield 3c¢', 13% yield 3d', 10% yield
Scheme 4 Competition reactions between aryl bromides.
\ p-MeOCgH,Br ]
1.0 equi
n i 00|\ e Y —owe
THF,30°C,1h /
(2.0 equiv) l -

: _SiMe,Ph
MeO

11, 51% GC yield

\'/Li14©~ow|e

Scheme 5 Reaction of p-bromoanisole with a silyl nucleophile.
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Based on the experimental finding presented above, we
have proposed a plausible carbanion-mediated mechanism for
the BBS method involving the halogenophilic attack of the silyl
anion on the bromine atom of the substrate (Scheme 6).'*!°
PhMe,Si—B(pin) would initially react with the alkoxide base to
give the silylborane/alkoxy-base complex A. Subsequent
nucleophilic attack of the nucleophilic silyl moiety of complex
A on the bromine atom of an organobromine substrate would
lead to the formation of complex B, which contains a carbanion
species. The carbanion species would then attack the boron
electrophile rather than the PhMe,SiBr generated in situ to give
the corresponding organoborate intermediate C, which would
react with the silyl bromide to give the corresponding
organoboronate ester together with ROSiMe,Ph and the
bromide salt, which would be formed as by-products. Based on
this mechanism, the nature of the counter cation and the
bulkiness of the base activator would be expected to have a
significant impact on the yield and B/Si selectivity. For the
alkenyl halide substrate 8a, sodium alkoxides such as NaOEt
and NaOMe were found to be more suitable as base activators
than KOMe, which afforded the best results when aryl
bromides were used as substrates. Furthermore, the use of
KOMe resulted in the production of vinylcyclohexane as a
major by-product. These results could be attributable to the
basicity of the carbanion? in complex B: The high basicity of
the vinyl potassium species in complex B would lead to the
formation of this by-product through the abstraction of a proton.
With regard to the effect of the bulkiness of the base, the results
of the reactions presented in Table 3 with a s-butoxide base
indicate that the presence of a bulky substituent on the base
lowers the B/Si selectivity by increasing the kinetic stability of
the boron electrophile in complex B, which would prevent this
complex from being attacked by the carbanion species.

Ph.| 0%
[¢] \S' /
/ i—g-0
B\ Ph | /OJ>< R'—Br 4 ?e
o . SI\Béo

Ph—Si—
. = OR & _.
RO-M* OR M Br.
R
R = Me, Et A
M=K, Na
Me \
Ph_ Ph—Si—Br
sli,Me Y M@
OR
N L <
o” ™ R~ O —MBr %
r R o —ROSiMe,Ph
B c

Scheme 6 Plausible reaction mechanism.

Conclusions

In summary, we have successfully expanded the scope of
our borylation reaction using silylborane and an alkoxide base
to a variety of functionalized aryl-, heteroaryl- and alkenyl
halides. It is noteworthy that the reaction of (Z)-alkenyl halides
also proceeded in a stereo-retained manner. Furthermore, we
have demonstrated the overall utility of this reaction for the
borylation of heteroaryl substrates by synthesizing the
precursors involved in the preparation of Crizotinib and a
GPR119 antagonist. This reaction has also been applied to the
development of a sequential boryl substitution/Suzuki—Miyaura
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coupling reaction. Furthermore, the results of competition
experiments and the reaction of a silyllithium reagent with an
aryl bromide support the occurrence of a carbanion-mediated
mechanism rather than a radical- or radical-anion-mediated
mechanism. It is envisaged that the results of this study will
lead to the development of new strategies for the preparation of
organoboron and organosilane compounds, as well as a deeper
understanding of boron and silicon chemistry.

Acknowledgements

The Funding Program for Next Generation World-Leading
Researchers (NEXT Program, GRO002) is gratefully
acknowledged. This work was supported by JSPS KAKENHI
Grant number 26-2447. E.Y. was supported by Grant-in-Aid for
JSPS Fellows. A part of PhMe,Si—B(pin) used in this study was
provided by Frontier Scientific, Inc.

Notes and references

“Division of Chemical Process Engineering and Frontier Chemistry

Center, Faculty of Engineering, Hokkaido University, Sapporo 060-8628,

Japan

1 Electronic Supplementary Information (ESI) available: See

DOI: 10.1039/b000000x/

1 For a review, see: J. Yamaguchi, A. D. Yamaguchi and K. Itami,
Angew. Chem., Int. Ed., 2012, 51, 8960.

2 (a) N. Miyaura and A. Suzuki, Chem. Rev., 1995, 95, 2457; (b) N.
Miyaura, Bull. Chem. Soc. Jpn., 2008, 81, 1535; (c¢) D. G. Hall,
‘Boronic Acids: Preparation and Applications in Organic Synthesis,
Medicine and Materials’ Wiley-VCH, Weinheim, 2nd edn., 2011,
vols. 1 and 2.

3 (a) H. C. Brown and T. E. Cole, Organometallics, 1983, 2, 1316; (b)
H. C. Brown, M. Srebnik and T. E. Cole, Organometallics, 1986, 5,
2300; (c¢) O. Baron and P. Knochel, Angew. Chem., Int. Ed., 2005, 44,
3133; (d) J. W. Clary, T. J. Rettenmaier, R. Snelling, W. Bryks, J.
Banwell, W. T. Wipke and B. Singaram, J. Org. Chem., 2011, 76,
9602; (e) C. Pintaric, S. Olivero, Y. Gimbert, P. Y. Chavant and E.
Duiiach, J. Am. Chem. Soc., 2010, 132, 11825.

4 Transition-metal-catalyzed borylations of aryl halides have been
reported. For Pd-catalyzed reaction, see: (a) T. Ishiyama, M. Murata
and N. Miyaura, J. Org. Chem., 1995, 60, 7508; (b) M. Murata, T.
Oyama, S. Watanabe and Y. Masuda, J. Org. Chem., 2000, 65, 164;
(c) T. Ishiyama, K. Ishida and N. Miyaura, Tetrahedron, 2001, 57,
9813; (d) A. Fiirstner and G. Seidel, Org. Lett., 2002, 4, 541; (e) M.
Murata, T. Sambommatsu, S. Watanabe and Y. Masuda, Synlett,
2006, 1867; (f) W. Tang, S. Keshipeddy, Y. Zhang, X. Wei, J.
Savoie, N. D. Patel, N. K. Yee and C. H. Senanayake, Org. Lett.,
2011, 13, 1366; (g) S. Kawamorita, H. Ohmiya, T. Iwai and M.
Sawamura, Angew. Chem., Int. Ed., 2011, 50, 8363; For Cu-catalyzed
reaction, see: (h) C. Kleeberg, L. Dang, Z. Lin and T. B. Marder,
Angew. Chem., Int. Ed., 2009, 48, 5350; For Ni-catalyzed reaction,
see: (1) A. B. Morgan, J. L. Jurs and J. M. Tour, J. Appl. Polym. Sci.,
2000, 76, 1257; (j) B. M. Rosen, C. Huang and V. Percec, Org. Lett.,
2008, 10, 2597, For a review, see: (k) W. K. Chow, O. Y. Yuen, P. Y.
Choy, C. M. So, C. P. Lau, W. T. Wong and F. Y. Kwong, RSC A4dv.,
2013, 3, 12518.

5 For Transition-metal-catalyzed borylation of alkenyl halides or
pseudohalides, see: (a) M. Murata, T. Oyama, S. Watanabe and Y.

This journal is © The Royal Society of Chemistry 2012

10

11

12

Chemical Science

Masuda, Synthesis, 2000, 778; (b) J. Takagi, K. Takahashi, T.
Ishiyama and N. Miyaura, J. Am. Chem. Soc., 2002, 124, 8001; (c) T.
Ishiyama, J. Takagi, A. Kamon and N. Miyaura, J. Organomet.
Chem., 2003, 687, 284; (d) L. Euzénat, D. Horhant, C. Brielles, G.
Alcaraz and M. Vaultier, J. Organomet. Chem., 2005, 690, 2721; (e)
K. L. Billingsley and S. L. Buchwald, J. Org. Chem., 2008, 73, 5589.
Transition-metal-catalyzed C(sp?)-H borylations, see: (a) 1. A. L
Mkhalid, J. H. Barnard, T. B. Marder, J. M. Murphy and J. F.
Hartwig, Chem. Rev., 2010, 110, 890; For pioneering works, see: (b)
J.-Y. Cho, C. N. Iverson and M. R. Smith, IIl, J. Am. Chem. Soc.,
2000, 122, 12868; (c) S. Shimada, A. S. Batsanov, J. A. K. Howard
and T. B. Marder, Angew. Chem., Int. Ed., 2001, 40, 2168; (d) T.
Ishiyama, J. Takagi, K. Ishida, N. Miyaura, N. R. Anastasi and J. F.
Hartwig, J. Am. Chem. Soc., 2002, 124, 390.

The pioneering work of transition-metal-catalyzed hydroboration,
see: (a) D. Ménnig and H. Noth, Angew. Chem., Int. Ed., 1985, 24,
878; For transition-metal-catalyzed cis-hydroborations, see: (b) X. He
and J. F. Hartwig, J. Am. Chem. Soc., 1996, 118, 1696; (c) S. Pereira
and M. Srebnik, Organometallics, 1995, 14, 3127; (d) S. Pereira and
M. Srebnik, Tetrahedron Lett., 1996, 37, 3283; (e) 1. D. Gridnev, N.
Miyaura and A. Suzuki, Organometallics, 1993, 12, 589; (f) B. H.
Lipshutz, 7. V. Boskovi¢ and D. H. Aue, Angew. Chem., Int. Ed.,
2008, 47, 10183; For transition-metal-catalyzed trans-hydroboration,
see: (g) T. Ohmura, Y. Yamamoto and N. Miyaura, J. A4m. Chem.
Soc., 2000, 122, 4990; (h) B. Sundararaju and A. Fiirstner, Angew.
Chem., Int. Ed., 2013, 52, 14050.

(a) C. E. Garrett and K. Prasad, Adv. Synth. Catal., 2004, 346, 889;
(b) J. Magano and J. R. Dunetz, Chem. Rev., 2011, 111, 2177.

Base metal-catalyzed borylation reactions have recently emerged as
environmentally benign alternatives to transition-metal-catalyzed
processes because base metals are less toxic and relatively
inexpensive. For Zn-catalyzed reactions, see: (a) S. K. Bose, K.
Fucke, L. Liu, P. G. Steel and T. B. Marder, Angew. Chem., Int. Ed.,
2014, 53, 1799. (b) S. K. Bose and T. B. Marder, Org. Lett., 2014,
16, 4562. (c) Y. Nagashima, R. Takita, K. Yoshida, K. Hirano and M.
Uchiyama, J. Am. Chem. Soc., 2013, 135, 18730; For C—H Borylation
reactions using Cu-Fe and Zn-Fe heterobimetallic catalysts, see: (d)
T. J. Mazzacano and N. P. Mankad, J. Am. Chem. Soc., 2013, 135,
17258.

Radical-mediated borylations, see: (a) F. Mo, Y. Jiang, D. Qiu, Y.
Zhang and J. Wang, Angew. Chem., Int. Ed., 2010, 49, 1846; (b) C.
Zhu and M. Yamane, Org. Lett., 2012, 14, 4560.

Electrophilic borylations, see: (a) M. J. S. Dewar, V. P. Kubba and R.
Pettit, J. Chem. Soc., 1958, 3073; (b) E. L. Muetterties, J. Am. Chem.
Soc., 1960, 82, 4163; (c) E. L. Muetterties and F. N. Tebbe, Inorg.
Chem., 1968, 7, 2663; (d) F. A. Davis and M. J. S. Dewar, J. Am.
Chem. Soc., 1968, 90, 3511; (e) A. M. Genaev, S. M. Nagy, G. E.
Salnikov and V. G. Shubin, Chem. Commun., 2000, 1587; (f) A. Del
Grosso, R. G. Pritchard, C. A. Muryn and M. J. Ingleson,
Organometallics, 2010, 29, 241; (g) A. Del Grosso, P. J. Singleton,
C. A. Muryn and M. J. Ingleson, Angew. Chem., Int. Ed., 2011, 50,
2102; (h) L. Niu, H. Yang, R. Wang and H. Fu, Org. Lett., 2012, 14,
2618.

E. Yamamoto, K. Izumi, Y. Horita and H. Ito, J. Am. Chem. Soc.,
2012, 134, 19997.

J. Name., 2012, 00, 1-3 | 7



13

14

16

17

18

19

20

21

22

23

24

25

26

27

Chemical Science

For examples of activation of Si-B bonds with nucleophiles, see: (a)
A. Kawachi, T. Minamimoto and K. Tamao, Chem. Lett., 2001, 1216;
(b) T. Hata, H. Kitagawa, H. Masai, T. Kurahashi, M. Shimizu and T.
Hiyama, Angew. Chem., Int. Ed., 2001, 40, 790; (c) J. M. O’Brien
and A. H. Hoveyda, J. Am. Chem. Soc., 2011, 133, 7712; (d) H. Ito,
Y. Horita and E. Yamamoto, Chem. Commun., 2012, 48, 8006; (e) C.
Solé and E. Fernandez, Angew. Chem., Int. Ed., 2013, 52, 11351; (f)
C. Kleeberg and C. Borner, Eur. J. Inorg. Chem., 2013, 2013, 2799;

For reviews about transformations with silylboron reagents, see: (g) T.

Ohmura and M. Suginome, Bull. Chem. Soc. Jpn., 2009, 82, 29; (h)
M. Oestreich, E. Hartmann and M. Mewald, Chem. Rev., 2013, 113,
402.

Related base activation of B-B bond, see: A. Bonet, C. Pubill-
Ulldemolins, C. Bo, H. Gulyas and E. Fernandez, Angew. Chem., Int.
Ed., 2011, 50, 7158.

R. Uematsu, E. Yamamoto, S. Maeda, H. Ito and T. Taketsugu, J. Am.
Chem. Soc., submitted.

J. J. Cui, M. Tran-Dubé¢, H. Shen, M. Nambu, P.-P. Kung, M. Pairish,
L. Jia, J. Meng, L. Funk, 1. Botrous, M. McTigue, N. Grodsky, K.
Ryan, E. Padrique, G. Alton, S. Timofeevski, S. Yamazaki, Q. Li, H.
Zou, J. Christensen, B. Mroczkowski, S. Bender, R. S. Kania and M.
P. Edwards, J. Med. Chem., 2011, 54, 6342.

J. S. Scott, A. M. Birch, K. J. Brocklehurst, A. Broo, H. S. Brown, R.
J. Butlin, D. S. Clarke, O. Davidsson, A. Ertan, K. Goldberg, S. D.
Groombridge, J. A. Hudson, D. Laber, A. G. Leach, P. A. MacFaul,
D. McKerrecher, A. Pickup, P. Schofield, P. H. Svensson, P. S6rme
and J. Teague, J. Med. Chem., 2012, 55, 5361.

D. Dauzonne, I. A. O’Neil and A. Renaud, J. Org. Chem., 1984, 49,
44009.

A review of dearomatization reactions containing silyl addition
reactions, see: F. Lopez Ortiz, M. J. Iglesias, 1. Fernandez, C. M.
Andujar Sanchez and G. R. Gomez, Chem. Rev., 2007, 107, 1580.

A related transition-metal-free dearomatization reaction with
PhMe,Si—B(pin), see: K. Oshima, T. Ohmura and M. Suginome,
Chem. Commun., 2012, 48, 8571.

D. G. Hall, in Boronic Acids: Preparation and Applications in
Organic Synthesis, Medicine and Materials, ed. D. G. Hall, Wiley-
VCH, Weinheim, 2nd edn., 2011, vol. 1, 45-60.

H. C. Brown and T. Imai, Organometallics, 1984, 3, 1392.

(a) S. Lessard, F. Peng and D. G. Hall, J. Am. Chem. Soc., 2009, 131,
9612; (b) for a review, see; M. Murata, Heterocycles, 2012, 85, 1795.
C. Déschlein, S. O. Bauer and C. Strohmann, Eur. J. Inorg. Chem.,
2011, 2011, 1454.

(a) P. R. Jenkins, M. C. R. Symons, S. E. Booth, and C. J. Swain,
Tetrahedron Lett., 1992, 33, 3543; (b) C. Galli, A. Guarnieri, H.
Koch, P. Mencarelli and Z. Rappoport, J. Org. Chem., 1997, 62,
4072.

E. Shirakawa, Y. Hayashi, K. Itoh, R. Watabe, N. Uchiyama, W.
Konagaya, S. Masui and T. Hayashi, Angew. Chem., Int. Ed., 2012,
51,218.

For related halogenophilic reactions, see: (a) G. Wittig and U.
Schollkopf, Tetrahedron, 1958, 3, 91; (b) S. V. Sunthankar and H.
Gilman, J. Org. Chem. 1951, 16, 8; (¢) G. A. Artamkina, P. K.
Sazonov, V. A. Ivushkin and 1. P. Beletskaya, Chem. Eur. J. 1998, 4,
1169; (d) M. Mori, N. Kaneta, N. Isono and M. Shibasaki,
Tetrahedron Lett. 1991, 32, 6139; (e) V. A. Ivushkin, P. K. Sazonov,

8 | J. Name., 2012, 00, 1-3

28

29

G. A. Artamkina and 1. P. Beletskaya, J. Organomet. Chem. 2000,
597, 77; For a review of halogenophilic reactions, see: (f) N. S.
Zefirov and D. 1. Makhon’kov, Chem. Rev. 1982, 82, 615.

For related halogenophilic reactions with boryl nucleophiles, a few
examples have been reported. See, ref 9c and following references:
(a) Y. Segawa, Y. Suzuki, M. Yamashita and K. Nozaki, J. 4m.
Chem. Soc., 2008, 130, 16069; (b) M. S. Cheung, T. B. Marder and Z.
Lin, Organometallics, 2011, 30, 3018.

E. V. Anslyn and D. A. Dougherty, Modern Physical Organic
Chemistry, University Science, Sausalito, CA, 2004, ch 2, pp 91.

This journal is © The Royal Society of Chemistry 2012

Page 8 of 8



