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In Situ Generation of Silylzinc by Si—-B Bond Activation Enabling
Silylzincation and Silaboration of Terminal Alkynes

Yuki Nagashima,* Daiki Yukimori, Chao Wang, and Masanobu Uchiyama*

Abstract: We designed a new protocol for the in-situ generation of ~ successfully cleaved, formation of th s would be
unstable Si-Zn species through the reaction of dialkylzinc, thermodynamically favored he corresponding B-Zn
phosphine, and silylborane (Si-B). Successive reaction with various  species (Scheme 1). We disclo n the in situ generation of
terminal alkynes using this protocol enabled highly controllable  silylzinc species from g novel Si-B bond
regio-/stereo-/chemoselective  silylzincation and silaboration on  activation reaction, moselective  cis-
demand without the need for a transition-metal catalyst. silylzincation or cis-,

Scheme 1. In situ gen
Organozinc compounds are ubiquitous and versatile  Lewis base, and dialkyl

intermediates in modern synthetic organic chemistry.! A
number of preparation methods have been developed, which
permit the preparation of a broad range of organozinc
compounds.”® In recent years, increasing attention has been
devoted to a new type of “heteroatom-zinc species” having Zn—
Het bond(s) (Het = B, Si, Sn, ...),’® but the unstable nature of the
Zn-Het bond(s) makes their stoichiometric preparation
problematic. Conventional methods to prepare stable
organozincs are often not appropriate or not effective: (1)
halogen-zinc exchange reaction of Het-X, and deprotonative
zincation of Het—H(hydrides) remain undeveloped,” and (2)
transmetalation by the reaction of organolithiums with zinc
halides suffers from difficulty in quantitative preparation of
unstable Het—Li species, such as B-Li, Si-Li, or Sn—Li speci
A recently developed protocol for activation of the B-B bdnd of
stable diborons and successive in situ transmetalati with

jon of borylzinc or inc species from silylborane,

Si—
+
Zn R-tZni—R - Si++Zn
+
wis Base

ased on o orking hypothesis, we started with a screening
suitable activator (Lewis base) for Si—B bond
ation by using 1-octyne (1a), PhMe;Si-B(pin) (2, 1.1 eq)
ezZn (1.1 eq) in THF (0.25 M) at 50°C as a fixed condition
1). In the absence of Lewis bases, only a trace amount of
silylzincated product was detected (run 1). The use
: ts of NaOMe promoted cis-silylzincation to afford
the desire@Products (3a and 4a) as a mixture of regioisomers
(45%, run 2), indicating the success of in situ generation of Si—
Zn species. The change to other alkoxy or fluoride anion did not
impgove the yield or regioselectivity (runs 3 and 4). Interestingly,
er, addition of a phosphine base such as "BusP or Phs;P
only the 1,2-cis-silylzincated product (3a, the silyl moiety is
alled at the terminal carbon), albeit in low yield (entries 5 and
. After extensive experimentation, we found that the use of an
appropriate amount of phosphine (0.3 eq) is crucial for smooth
silylzincation (57%, run 7). Finally, the set of conditions shown in
run 8 was found to be optimal (94%, 3a:4a = >98:2).

With the optimized conditions in hand, we examined the 1,2-
silylzincation (3) of various terminal alkynes, as summarized in
Table 2. Not only primary aliphatic alkyl substituents (runs 1 and
4), but also secondary aliphatic substituents (runs 2 and 3) gave
the product in high yield with excellent selectivity (>98%).
Various polar functional groups, including alkyl chloride (run 5),
ether (run 6), protected hydroxyl group (run 7), amine (run 8)
and cyano group (run 9), are tolerated in the reaction. The
Graduate School of functional group specificity of this silylzincation is very high
The University of Tokyo because of the transition-metal-free condition (internal alkyne 11
7-3-1 Hongo, Bunkyo-ku, K . i

-tokyo.ac.jp, uchiyama@mol.f.u- or terminal olefin 1m was intact), and the products 3l and 3m
were obtained chemoselectively (runs 10 and 11). Moreover, the
results of runs 2 and 11 provided some mechanistic insight, i.e.,
dvanced Elements the radical mechanism is not plausible, since ring-opening of the
cyclopropyl group and 5-exo-trig cyclization by-products were
not detected at all." Aryl alkynes were also reactive. The
d by JSPS Grantin-Aid for Scientific electronic effect at acetylene carbons had little influence on the
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as well as an electron-withdrawing group (CF3, Br, and CO,Me)
on the phenyl ring were efficiently converted to the

species for the borylation of aromatic halides and
of unsaturated C—C bonds."! However, its simpl
commercial Si-Si compounds for the prep
species has been unsuccessful due to low reactivity
bond. Thus, we considered the use of the readily av
storable, and easy-to-handle silylboranes,® even though
initially appeared that activation of the Si—-B bond would require
a high activation energy,"”
selectivity would be low, leading to tl
B—Zn and Si—~Zn species."'" We anti

these issues, it would open up
boration and element-zincatio,
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corresponding products (runs 12-18). As the result of run 10
indicates, internal alkynes were not converted to the
corresponding silylzincated product at all (run 20). The resultant

silylzincated intermediates can be utilized as vinyl anion
equivalents (Scheme 2). For instance, the intermediate
generated by 1,2-silylzincation of 1-octyne (1a) or

phenylacetylene (1n) was treated with allyl bromide to give the
corresponding olefin (3ab or 3na) in high yield. The vinylzinc
intermediate also underwent copper-catalyzed methylation (3ab
and 3nb), and LiCl-mediated iodination (3ac).'"¥ Thus, the
present methodology for in situ generation of silylzinc species

enables versatile synthesis of densely functionalized vinylsilanes.

Table 1. Optimizing the conditions of silylzincation

Me,Zn (1.1 eq) H H
o . Lewis Base _
< ~—=——H + PhMe,Si—! _— + —
— THF (0.25 M) SiMe,Ph  PhMe,Si
1a 2 (x eq) 50°C, 18 h; 3a 4a
D,0 “1,2-silylzi 2 1-silylzi
1 1l.1eq - trace -
2 l.1leq NaOMe (1.1 eq) 45 56:44
3 l.1eq NaO'Bu (1.1 eq) trace -
4 l.leq CsF (1.1eq) 37 83:17
5 l.leq "Bu,sP (1.1 eq) 33 >98:2
6 l.leq Ph;P (1.1 eq) 27 >98:2
7 l.leq "Bu,P (0.3 eq) 57 >98:2
8 1.5eq "Bu,P (0.3 eq) 94 (921¢) >98:2

by "H NMR analysis. [c] Isolated yield.

[a] NMR vyield determined by1H NMR analysis. [b] Ratio of 3a:4a dete’

To gain insight into the mechanism of the present silylzincation,
we performed DFT calculations using model
(Figures 1 and 2). The gas-phase calculations indic
reaction pathway of generation of putative Si-Zn s
in Figure 1 is the most probable (see Supporting |

to the Zn atom to produc
stabilization energy of the is very large (—26.8

gy loss of the first

silylzincation. Having obtained
ecies A, which is likely to be
theoretically an
DFT calculations
terminal alkynes. sible pathways for the
. (2,1-silylzincation TS) and
as shown in Figure 2. The activation
TS is lower by several kcal/mol

than that of the 2, TS, probably because of the

steric factor, in good agreement with the experimental selectivity.

Table 2. 1,2-Silylzincation of terminal alkynes
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Me,Zn (1.1 eq)
- . "BugP (0.3eq) | R H H0 R H
R————H + PhMe,Si— THF (025 M) —_—
- [Zn] SiMe,Ph| H SiMe,Ph
1 2(1.5eq) 50°C, 18 h 3 2
Run Productla! Run Product@ Run Product(@
F3C
H 80
Qo | y
H SiMe,Ph SiMe,Ph
3a 92% 3q 70%
T,
2] <g_<H Q_<H
H SiMe,Ph H SiMe,Ph
9 3k 37%
3b 72% o MeO,C 3r 89%
/ A\
30l H 17 H
H i Syfl¥-n H  SiMe,Ph
3e 88 3s 73%
PhoN
7\
¢ ©_>_<H _H 1® = A
SiMe,Ph SiMe,Ph H  SiMe,Ph
Sm 36% (50%) 3t 62%
7
5lb] H 12 19 5 / H
H e,Ph SiMe,Ph H  SiMe,Ph
39 3n 91% 3u81%
7N
0—>_<H 20 *:§_<Me
H SiMe,Ph SiMe,Ph H SiMe,Ph
72% 30 93% 3vnd.
o
N4
H  SiMe,Ph SiMe,Ph
3i71% 3p 89%

\ N

[a] | ted yield (NMR yield, determined by 'H NMR analysis, is shown in
pargtheses). In all cases, the ratio of regioselectivity (1,2-silylzincation:2,1-
siil@®incation) was >98:2, as determined by 'H NMR analysis. [b] Run at 75°C.

cheme 2. In situ electrophilic trapping of the silylzincated intermediate

Me,Zn (1,1 eq)
. "BugP (0.3 eq) R H
R———H + PhMe,Si— _— —
THF (0.25M) | 2 i
1 2(1.5eq) 50°c 18h [zn]" SiMe,Ph

§ l*’ S i

/ A \
A H H
Site;Ph Mé'  SiMe;Ph ; SiMe,Ph Me’  SiMe,Ph  I°  SiMe,Ph

3na 3nb 3aa 3ab 3ac
89% 72% 77% 71% 64%

[Conditions] [a] allyl bromide (3 eq), 75°C, 18 h. [b] Mel (5 eq), CuCN (5
mol%), 75°C, 18 h. [c] N-lodosuccinimide (2 eq), LiCl (2 eq), r.t., 30 min.

Me Me M Ph

—Si-Ph 3-Si-Ph '\{' s _Ph Me.g; Me Me

+ Me woMe | iq36 | BT Me | yp8 F, o+ 5
Me—Zn—Me Me — N

+ 56 |yo-Zh +4.1 /Zn’PMes —26.8 "' PMes

PMes € PMe, Mé Si-Zn(A) + Me-B(B)

RT CP1 CP2 PD
Figure 1. Energy profile for in situ generation of silylzinc species

(M06/631SVP (SVP for Zn, and 6-31+G* for others)). For each step, the
energy change (AE) is shown below the arrow and values in italics above the
arrow are activation barriers (AEI) in kcal/mol.

This article is protected by copyright. All rights reserved.



Angewandte Chemie International Edition

TSp Co T
@ [[Pe9’ 53"
@) W

+21.0 o4 97

Figure 2. Energy profile for silylzincation of 1-propylene (M06/631SVP; energy
in kcal/mol). The structures of TS, and TSg are shown in the dotted boxes.

Scheme 3. Proposed mechanism of Zn-catalyzed silaboration reaction

MeZZn
P"Bu;, PhMe,Si—!
SlMezPh
+ Me—|
MeZn SlMezPh
MeZn SiMe,Ph + Me—
A Silylzinc B
R——H

Table 3. Optimizing the conditions of silaboration
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hydrosilylated product (3n), probably because the intermediary
vinylzinc species is too stabilized both electronically and
sterically for the borylation step to occur (run 12). The
silaboration products (5) are versatile platforms for further
chemical elaborations. For instan -silaborated product 5a,
generated by 1,2-silaboration of (1a), was treated
under cross-coupling conditions to give ted vinylsilane
(5aa, eq 1) in 83% yield. 5a also und
in high yield to give 1-silyl
synthesized via a complex
contrast, chemoselective

smoothly with N-io
product (5ac, eq
synthesis of variou
obtaining regio

is normally
synthetlc procedure. In
of 5a proceeded
e boryliodinated
rategy enables versatile
Iborons as platforms for
ituted olefins and

inylsilanes and
ntrolled trisu

Table 4. 1,2-si es and transformations of the

intermediate (5a)

Me,Zn (0.3 eq)
PhsP (0.3 eq) R_H
TR oo S
Run Product(a! Run Productl Run Product(@!
Reon, @H
SiMe,Ph 'SiMe,Ph 'SiMe,Ph

5a 83%

5f 67% (96:4)l°)

5k 56% (65%)

Cl
By
SiMe,Ph SiMe,Ph
59 75% 5l 46% (68%)

MeyZn (0.3 eq) H H
. Lewis Base __ _
C/%H + PhMe,Si—| _— +
solvent SiMe,Ph PhMe,Si
1a 2 (2 eq) 75°C, 18 h; 5a 6a
D,0 “t,2:si i “21-sil
1 THF (0.25 M) "Bu,P (0.3 eq) 43 >98:2
2 MTBE (0.25 M) "Bu,P (0.3 eq) 73 >98:2
3 MTBE (0.5 M) "Bu,P (0.3 eq) 86 >98:2
4 MTBE (0.5 M) Ph,;P (0.3 eq) 94 >98:2
5l MTBE (0.5 M) Ph,P (0.3 eq) 86 (83M4)) >98:2
_—

a yield determined by analysis atio o
NMR vyield d d by 'H NMR I b] Ratio of

i i is. 5a: etermiped
by "HNMR analysis. [c] 1.5 eq of 2 was employed. [d] Isolated d. ;

Next, we envisioned silaboration reaction via
reaction of the in-situ-generated silylzincatio

of an ionic silaboration of un

transition-metal catalyst.”®'*"3]

(94%, 5a:6a = >98:2, run
amount (1.5 eq) of PhMe,Si—
ults in terms of reactivity and

4), and in this case, reducing
B(pin) (2) also
selectivity (run 5).

Representative re
silaboration are sum

scope of the present
ized in Table 4. Various aliphatic alkyl
ired products in high yield with high
1-5); various polar functional
C—C triple bond, and a terminal
olefin (runs 10 and 11) were tolerated. On the other hand,
aromatic alkynes such as phenylacetylene (1n) did not
effectively undergo 1,2-silaboration (5n), but gave the 1,2-

A

QH

SiMe,Ph
5m 78%

|

=

~

=

@

o
Y

I

SiMe,Ph
5¢ 70% (95:5)M0]

SiMe,Ph
5h 41% (75%)

SiMe,Bu
o
H gl \—>_<H H
SiMe,Ph SiMe,Ph SiMe,Ph
5d 51% (93%) (92:8)°! 5i 83% (95:5)] 5nn.d.lel
PhI (1.1 eq)
KOHag. (3 eq), PdCl,dppf (5 mol%) Saa (1)
THF (0.2 M), 50°C, 8 h SiMe,Ph 227

’ HoOo¢urea (1 eq)
‘>:<H NaOAc (1 eq) 5ab (o)
77%
THF (0.2 M), 0°C, 18 h

SiMe,Ph SiMe,Ph
5a
NIS (1.1 eq) 5ac
43% (3)
MeCN (0.08 M), dark, r.t., 18 h (86%)

[a] Isolated yield (NMR vyield, determined by 'H NMR analysis, is shown in
parentheses). [b] The ratio of 5:6 (1,2-:2,1-silaboration) was determined by H
NMR analysis. Unless otherwise noted, all ratios were >98:2. [c] 2 eq of 2 was
employed. [d] Run at 100°C. [e] 1,2-Hydrosilylated product (3n) was obtained.

During this silaboration study, we fortuitously found that
removal of phosphine from the present 1,2-silaboration reaction
mixture resulted in completely opposite regioselectivity of
silaboration (Table 5). Although further theoretical and
spectroscopic studies of the present 2,1-silaboration are needed
to elucidate the reaction pathway, it seems that a distinct
species is generated that facilitates the selectivity.

Table 5. 2,1-Silaboration of terminal alkynes

This article is protected by copyright. All rights reserved.
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Me,Zn (0.3 eq) R H
R—==—H + PhMe,Si— - . =
THF(O5M)  phite,si
1 2(2eq) 75°C, 18 h
Run Product® Run Product® Run Product@
cl SiMe,'Bu
(o]
1 H 2 H 3 H
PhMe,Si PhMe,Si PhMe,Si
6a 68% (83%) (6:94)(°] 6g 41% (68%) (8:92)1) 6i 60% (76%) (7:93)1)

[a] Isolated yield (NMR vyield, determined by 'H NMR analysis, is shown in
parentheses) [b] The ratio of 5:6 (1,2-:2,1-silaboration) was determined by H 7]
NMR analysis.

Scheme 4. Summary of conditions for Zn-mediated silylmetalations

Me,Zn (1.1 eq) 18]
"Bu;P (0.3 eq) R i H
THF (0.25 M), 50°C, 18 h [Zn] SiMe,Ph (]
1,2-silylzincation (3)

Me,Zn (0.3 eq)

R H
PhsP (0.3 e
R—=H + PhMe,Si— sP (03 eq) =
} ) MTBE (0.5 M), 75°C, 18 h SiMe,Ph
1,2-silaboration (5)
R H

Me,Zn (0.3 eq)

THF (0.25 M), 75°C, 18 h  PhMe,Si
2,1-silaboration (6)

[10]

In summary, we have developed a new method for in-situ
generation of highly reactive silylzinc species (Si—Zn) via a novel
activation of the stable Si—B bond with dialkylzinc and phosphine.
This method can provide highly controllable regio-/stereo-
/chemo-selective silylmetalations, i.e., 1,2-silylzincation, 1
silaboration and 2,1-silaboration, on demand (Scheme 4).
believe that the present protocols might also offer
approach for the activation of other inert bonds and provide
access to a wide variety of hetero element-zinc specie
work to expand the scope of this methodology and t
approach to a variety of reactions is in progress.

Keywords: zinc - silicon ¢ silylmetalation < silylb
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