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Nickel catalysis enables us to develop new reactions with trialkylboranes and silacyclobutanes of
modest reactivity. A combination of Ni(cod), and tri-t-butylphosphine catalyses alkylation
reactions of aldehydes and a,B-unsaturated esters with various trialkylboranes of modest reactivity,
suppressing conceivable B-hydride elimination from alkylnickel intermediates. A nickel catalyst is
10 also useful for 1,4-addition of bis(pinacolato)diboron to o,B-unsaturated esters and amides.
Nickel-catalysed reaction of silacyclobutanes with aldehydes results in ring opening to afford the
corresponding alkoxyallylsilanes. In contrast, the ring expansion reaction of benzosilacyclobutene
with aldehydes yields benzoxasilacyclohexenes. A nickel catalyst prepared from Ni(cod), and
tricyclohexylphosphine realises direct silylation of terminal alkene with silacyclobutane furnishing

15 vinylsilanes.

1. General introduction

Taking advantage of their excellent and/or unique reactivity,
molecular nickel catalysts have been attracting increasing
attention in organic synthesis.!  Among nickel-catalysed

20 reactions, cross-coupling and carbometalation reactions, in a
broad sense, with organometallic reagents provide powerful
and reliable tools for carbon-carbon bond formation. A
variety of organometallic reagents such as organomagnesium,
-zinc, -aluminum, -silicon, and -boron reagents are now

25 available for use under nickel catalysis. However, to expand
scope, and to establish universal organic synthesis, further
studies on nickel-catalysed reactions are essential. In light of
the importance of moderately reactive organoboron and -
silicon reagents, we have focused on nickel-catalysed

30 reactions with these reagents. This account consists of two
sections. The former section deals with nickel-catalysed
alkylation  reactions of carbonyl compounds with
trialkylborane. The latter describes nickel-catalysed reactions
of unsaturated compounds with silacyclobutanes.

» 2. Nickel-catalysed alkylation reactions with
trialkylboranes

2.1 Overview of organoborons under nickel catalysis

Compared to palladium? and rhodium,? nickel catalysts were
far less frequently used for reactions with organoborons:
w0 cross-coupling reactions of aryl tosylates and mesylates* and
alkyl halides,® allylic arylation,® 1,2- and 1,4-addition,’
carboboration,® and three-component coupling of carbon-
carbon multiple bonds, carbonyls, and arylboron reagents.® It
is worth noting that all the reactions utilise aryl- or
«s alkenylboron reagents and that few reports of alkylation
reactions with alkylboron reagents have appeared.® For
instance, nickel-catalysed reaction of isoprene with
benzaldehyde in the presence of triethylborane failed to afford
the corresponding ethylated three-component coupling
so product 1, and did result in reductive coupling yielding 2

(Scheme 1).!  Fast B-hydride elimination from an
ethylnickel intermediate 3 is inevitable, which renders the use
of alkylboron reagents under nickel catalysis as alkylating
agents difficult.  During the last few years, we have
ss successfully developed simple yet unprecedented nickel-
catalysed alkylation reactions with trialkylboranes,
overcoming the competitive B-hydride elimination.

Me
S cat. Ni(acac), “
+ EtsB, THF, r.t. Ph 2
PhCHO 94%, anti/syn = 15:1

l !

H Me OH

“. _Ni_ BEt " Ni—Et " Ni—H
\\\/<_<o” 3 L M_<08Et2 _»V<_<OBEt2
Ph 3% Ph Ph
Et, Me OH
X Ph 1
Scheme 1. Nickel-catalysed reductive coupling reaction with
60 triethylborane
2.2 Nickel-catalysed alkylation of aldehydes with

trialkylboranes

Alkylation of aldehydes with organometallic reagents is a

s basic and thus important reaction in organic chemistry.
Conventional alkylboron reagents do not react with aldehydes,
due to their modest reactivity. Based on reports of nickel
catalysis for arylation of aldehyde with arylboron reagents’ as
well as alkylations of aldehydes with dialkylzinc'? and

o trialkylaluminum® reagents, we envisioned that a nickel
catalyst can facilitate alkylation with alkylboron reagents. By
suppressing  undesirable  B-hydride elimination  from
alkylnickel intermediates, we indeed developed such an
alkylation reaction.

This journal is © The Royal Society of Chemistry [yvear]
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Treatment of aldehydes with tri-n-butyl- or triethylborane
in the presence of cesium carbonate and catalytic amounts of
Ni(cod), and P(t-Bu); in toluene at room temperature for 24 h
afforded the corresponding alkylated products in good yields

s (Figure 1).* A variety of aldehydes, including keto aldehyde,
underwent the alkylation. The key for the successful
alkylation is the combination of P(t-Bu); and cesium
carbonate. Other ligands such as PPh;, P(n-Bu)s;, and P(c-
CeHi11)3 were ineffective. In the absence of cesium carbonate

10 Or with potassium carbonate instead of cesium carbonate, no
butylated alcohols were obtained.

Ni(cod), (5 mol%)
P(t-Bu)z (10 mol%)

Q Cs,CO3 (2G3 equiv) OH
k +  R%B )\
R! H R2 = n-Bu or Et toluene, r.t.,, 24 h R R2
(2&3 equiv)
OH OH OH
Ph)\n-Bu 4-MeOCGH4)\ Et 2-MeCeH4)\n—Bu
86% 81% 88%
OH OH oH
Ph(CH2)2)\n'BU c-CgH1 1)\ Et MeCO(CHz)s)\ Et
83% 86% 84%

Fig 1. Nickel-catalysed alkylation of aldehydes

Trialkylboranes  prepared by hydroboration  from
1s hydroboranes and alkenes can be employed for the reaction
(Scheme 2). Trihexylborane, prepared from borane-dimethyl
sulfide complex and 1-hexene, reacted with benzaldehyde to
afford 1-phenyl-1-heptanol in excellent yield. Alkylboranes,
prepared from 9-borabicyclo[3.3.1]nonane (9-BBN) and 3,3-
20 dimethyl-1-butene, transferred the 3,3-dimethyl-1-butyl group
selectively.

BH;¥SMe,
ZSnBu (n-CgH13)sB
THF,0(C, 3 h
cat. Ni(cod),/P(t-Bu)s OH
CSZCO3 PhCHO
toluene, r.t., 24 h Ph n-CgH13
89%
}BH
Z By
- B
THF, .t 10 h "ty
cat. Ni(cod),/P(t-Bu)s OH
Cs,CO; PhCHO
toluene, r.t.,, 24 h Ph 85% tBu

Scheme 2. Alkylations of aldehydes with alkylboranes prepared by
hydroboration

s Mechanistic work by Ogoshi'® on nickel(z?-aldehyde)
complexes promoted us to propose the following mechanism
for the alkylation reaction (Scheme 3). A nickel(0) species
initially reacts with aldehyde to generate a 7-coordinated
complex or its resonance form. Subsequent transmetalation

3 with trialkylborane or its borate formed by the action of
cesium carbonate yields intermediate 4. P(t-Bu); highly
promotes reductive elimination from 4 to provide the

corresponding alcohol and the initial nickel complex. No
primary alcohol R'CH,OH was detected, which would be

3 formed if B-hydride elimination from the intermediate 4 could
occur. The exact role of cesium carbonate is not clear.
Formation of a borate complex from R%B and Cs,CO; could
facilitate the transmetalation step.

Ni©

\—0

R "R?
/ "
OH Reductive
J\ elimination ?-Coordination
R'" "R?
R1
BH
elimination
1
R’ Ni'—H R H Not detected
40 Scheme 3. Plausible mechanism for alkylation of aldehydes

Water is not only cheap, nontoxic, and nonflammable
solvent but also offers extraordinary solvent effects on
reactions performed in water.’® The additions of
organometallic reagents to aldehydes in aqueous media have

s also been widely explored.’'®  However, alkylation of
aldehydes in water is not a trivial reaction. We disclosed that
nickel-catalysed alkylation reactions of aldehydes with
trialkylboranes proceed smoothly in water (Table 1).%°
Intriguingly, the reaction in water took place in the absence of

so cesium carbonate (entries 1, 2, and 5), which is different from
the alkylation in toluene. The amount of water also
dramatically influenced the yield. An addition of 3 equiv of
water in toluene had no effect (entry 3). The larger the
amount of water was, the higher the yield was (entries 4-6).

55 Table 1. Butylation of benzaldehyde in water

Ni(cod), (8 mol%)
P(t-Bu)z (19 mol%)

additive OH
PhCHO + n-BusB /K
(0.50 mmol) (3 equiv) solvent, r.t., 20 h Ph n-Bu
entry solvent additive yield
1 toluene (10 mL) none <2%
2 toluene (10 mL) Cs,CO3 (3 equiv)  88%
3 toluene (10 mL) H,0O (3 equiv) <2%
4 water (5 mL) none 33%
5 water (10 mL) none 63%
6 water (20 mL) none 90%

It is worth noting that benzaldehyde, tri-n-butylborane, and

the nickel catalyst were completely insoluble in water, and the
60 reaction proceeded in a biphasic system, organic droplets in
water. The effect of water as a reaction medium is not clear.
Water can enhance the #?-coordination step and/or the
transmetalation step. These steps cause the reduction of the

2 Journal Name, [year], [vol], 00-00
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total volume of the organic components, which water would
enhance due to hydrophobic interaction.’®®* Moreover, an
aqua complex (n-Bu);B¢OH, can more readily undergo the
transmetalation.

Scope of the alkylation in water was similar to that in
toluene with the aid of cesium carbonate (Figure 1 and
Scheme 2 vs. Scheme 4), although the yields obtained in water
were generally lower.

o cat. Ni(cod),/P(t-Bu); OH
DI X
R H (2 equiv)  Water (20 mL), r.t, 20 h R Et
R =4-MeOCgHjy, 59%; R =2-MeCgHg, 81%
R= Ph(CHz)z, 69%; R= C-C6H11, 60%
BH3£M62
R (RCH,CH,)5B
THF,0(C,3h
cat. Ni(cod),/P(t-Bu)z OH
PhCHO
Ph R

water (20 mL), r.t., 20 h
R =n-Bu, 74%; R = t-Bu, 71%; R = (CH,)OSit-BuMe,, 69%
Scheme 4. Nickel-catalysed alkylation with trialkylboranes in water

The reaction with trialkylborane having a benzyloxy moiety
resulted in low yield (Scheme 5). To our delight, an addition
of a catalytic amount of a-cyclodextrin (a-CD) dramatically
improved the yield to 84%. Additions of B-cyclodextrin (-
CD) and y-cyclodextrin (y-CD) showed less efficiency. The
exact role of a-CD is not clear. «a-CD is known to
accommodate a phenyl ring in its cavity most tightly among
CDs.2! We suppose that interaction between the benzyloxy
group and the nickel or boron centre might suppress the
transmetalation step to result in low yield and that the
inclusion of the benzyloxy group in a-CD would help
blocking out the unfavourable interaction.

cat. Ni(cod),/P(t-Bu)3 OH
PhCHO, additive (10 mol%)

M/OBH
H,0 (20 mL), rt., 20 h Ph 6

additive | none a-CD B-CD v-CD
yield | 24% 84% 37% <2%

BWOBn%

(3 equiv)

Scheme 5. Effect of cyclodextrins in nickel-catalysed alkylation in water

2.3 Nickel-catalysed 1,4-addition of trialkylboranes to a,f-
unsaturated esters

Transition-metal-catalysed 1,4-addition of alkylmetals is
among the most powerful and promising C—C bond formations
in organic synthesis. In particular, copper-catalysed addition
of alkylmagnesium, alkylzinc, and alkylaluminum reagents
have been widely studied and accomplished asymmetric
induction using a variety of chiral ligands.?? 1,4-Addition
reactions with trialkylboranes have been less explored,?
although 1,4-addition of aryl- and alkenylboronic acid
derivatives under rhodium,? palladium,® and nickel” catalysis
has been established.

On the basis of results obtained in the previous section, we
have developed nickel-catalysed 1,4-addition of
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trialkylboranes to a,f-unsaturated esters (Figure 2).%
Treatment of benzyl crotonate with triethylborane in the
presence of a Ni(cod),/P(t-Bu); catalyst and cesium carbonate
in toluene at room temperature for 17 h afforded the 1,4-
adduct 5a in 88% yield. The addition of cesium carbonate
was essential to attain satisfactory yield. The chlorobenzyl
moiety of 5d remained untouched, and the conceivable
Suzuki-Miyaura cross-coupling product was not obtained.
Not only crotonic acid esters but also unsaturated esters
having a larger alkyl group at the S position participated in the
reaction. For instance, cyclohexyl-substituted esters 5¢ was
obtained in 81% yield. Methoxy-substituted cinnamate ester
also reacted to yield 5e in 57% yield.

Ni(cod), (8 mol%)
P(t-Bu)s (19 mol%)

(0] Cs,CO3 (3 equiv) Et (0]
/\)‘L * Et3B /K)J\
RN OR? (3 equiv) toluene, r.t., 1774 h R . OR2
Et (0] Et (0] Et (o]
MOOBH Ph/\/UJ\ OEt
5a88% 5b 74% 5c 81%
Et (0] Et O

OEt
5d 94% ol MeO 5e 57%

Fig 2. Nickel-catalysed 1,4-addition of triethylborane

1,4-Addition of triethylborane to benzyl acrylate is a
challenging because acrylate can undergo radical and anionic
polymerisation much more readily. 1,4-Adduct 6 was indeed
obtained in only 59% yield under similar conditions (Scheme
6). About half of the starting ester underwent the undesired
polymerisation. The addition of the initially formed boryl
enolate to acrylate ester would cause the side reaction.
Considering that smooth protonolysis of the intermediate was
essential, we performed the reaction in an aqueous/organic
biphasic system.?® To our delight, the desired product 6 was
obtained in 94% yield under water/Et,O biphasic conditions.

5 mol% Ni(cod),
12 mol% P(t-Bu);
2 equiv Na,CO3
2 equiv Et3B

(0]
V&O/\Ph

0.5 mmol

0
Et/\)sko/\Ph

59% in toluene (5 mL)
94% in H,0 (10 mL)/Et,O (5 mL)

solvent, r.t., 6 h

Scheme 6. 1,4-Addition to acrylate ester in water/ether biphasic solvent

Initial attempts to perform sequential hydroboration/1,4-
addition resulted in failure (Scheme 7). No 1,4-addition took
place, and the starting material was completely recovered.
After many experiments, we finally found that an addition of
4.0 equiv of methanol dramatically enhanced the reaction.
Interestingly, a large amount of methanol prevented the
reaction completely. Other alcohols such as tert-butyl alcohol
and phenol had no influence on yield. The use of N,N-
dimethylacetamide (DMA) and water led to slight
improvement of the yield. A much stronger Lewis base,
pyridine, did not work to promote the reaction.

This journal is © The Royal Society of Chemistry [yvear]
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H—B{
B

R

BnO
*(\%g% THF, rt, 15 h

cat. Ni(cod),/P(t-Bu)s
3.0 equiv Cs,CO3
benzyl crotonate

no B{
\M/g\/ (3.0 equiv)
(0]
BHOMOB
n

toluene, r.t., 8.5 h 9

additive

additive ‘ none methanol (4 equiv)  water (4 equiv) DMA (4 equiv)

yield | 0%

96% 24% 65%

Scheme 7. Effect of additive in sequential hydroboration/nickel-catalysed
1,4-addition

With the optimal methanol-promoted conditions, 1,4-
addition of several 9-alkyl-9-BBN to benzyl crotonate was
examined (Figure 3). The advantage of the reaction is facile
introduction of functionalised alkyl groups. For instance,
alkylborane having an sp’C-Br bond, which the
corresponding alkylmagnesium halide and dialkylzinc are
difficult to prepare, underwent 1,4-addition smoothly.

R’ R'
/& + H—B T )\/B
R THF, rt,15h R

(3.0 equiv)
cat. Ni(cod),/P(t-Bu)s
3.0 equiv Cs,CO3 i
MeOH (4.0 equiv)  benzyl crotonate w
toluene, r.t., 6.5610h R OBn
79% from 58% from 61% from 73% from
Et t-BuMe,SiO Br PhCOO
Et

Fig. 3. Methanol-promoted nickel-catalysed 1,4-addition of functionalised
alkylborane reagents

We are tempted to assume the mechanism of the reaction
with 9-alkyl-9-BBN as follows (Scheme 8). Formation of a
nickel(7°-alkene) complex initially took place. Coordination
of the carbonyl moiety of 7 to alkylborane affords the
intermediate 8 and then 7°-coordinated complex 9.2” Transfer
of the R group on the boron to nickel furnishes an alkylnickel
species 10. Finally, reductive elimination from 10 affords 11
and regenerates the initial nickel complex. Protonolysis of 11
would provide the product. The exact roles of cesium
carbonate and methanol are not clear at this stage. They can
enhance the transmetalation step through their coordination to
the boron centre of 9. Moreover, methanol can be a good
proton source for intermediate 11.

30
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50

B

R O
_— O
MOB” /\).L
Protonolyiy Ni OBn

Product
7?-Coordination

Reductive
elimination

(0]
/B
oL s /_)\-—osn
n
__ : 7
| Ni
Ni 10 -
R’ B= 48
Transmetalation
/R /R
/R B ®
O-/B +d\
U OBn o OBn
9 Ni Ni 8

Scheme 8. Plausible mechanism of 1,4-addition

2.4 Nickel-catalysed 1,4-addition of bis(pinacolato)diboron to
o,B-unsaturated esters

Platinum-, rhodium-, and copper-catalysed 1,4-additions of
diborons to «,f-unsaturated aldehydes and ketones are
important procedures for the preparation of organoboranes
having carbonyl functionalities at the / position.?2 However,
similar additions to «,f-unsaturated esters and amides have
been still challenging. Moreover, the reaction of sterically
demanding multisubstituted esters and amides is not trivial.
Considering the similarity in the Lewis acidic character
between trialkylboranes (R-BR,) and bis(pinacolato)diboron
[(pin)B-B(pin), pin = pinacolato], we expected that the
nickel-catalysed conditions developed in the previous section
would be applicable to 1,4-addition of bis(pinacolato)diboron
to «,f-unsaturated esters.

This was indeed the case, and after screening reaction
conditions, we realised efficient borations of a wide range of
a,B-unsaturated esters and amides (Figure 4).>°  The
substitution patterns of the substrates had little influence on
reaction efficiency. tert-Alkyl-substituted pinacolatoborons
were obtained in high yields. A plausible reaction mechanism
would be similar to that described in Scheme 8.

Journal Name, [year], [vol], 00-00
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R" O
27X Ni(cod), (5 mol%)
R X P(c-CgH11)3 (10 mol%)
R® (0.5 mmol) Cs;,CO3, Hy0 (1.5equiv) O O
+ B 0

toluene (5 mL)

O\ /O
B—B methanol (0.25 mL) R X
/ \ rt., 3G14 h R2

O [e) R3

(1.5 equiv)
B(pin) O B(pm B(pin) O
Mo t-Bu p-MeOCsH4 O-tBu %o t-Bu
11h, 77% 10 h, 72% 12h, 71%
B(pin) O B(pin) O B(pin) O
OEt Moa OEt
12 h, 76% 7.5h, 82% 12h, 83%
B(pin) O B(pin) O (pln
MN(OMe)Me H)J\NE‘Q NEt2
3 h, 80% 4h,70% 7 h, 80%

Figure 4. B-Boration of o,B-unsaturated esters and amides

3. Nickel-catalysed reactions with silacyclobutanes

5 3.1 Overview of silacyclobutanes under transition metal
catalysis

Organosilicon compounds have generally high thermal and
chemical stabilities, compared to other organometallic
reagents. Especially, tetraalkylsilanes are quite stable and

10 inert to water and oxygen. Their low reactivity often becomes
problematic from the synthetic point of view. However,
silacyclobutanes have quite interesting reactivity based on
their ring strain and high Lewis acidity, and thus are useful in
organic synthesis.*

15 Platinum- and palladium-catalysed transformations of
silacyclobutanes are well known, and usually begin with
oxidative addition of silacyclobutanes to low valent transition
metals.®®*?  In contrast, nickel-catalysed reactions of
silacyclobutanes have not been explored, although nickel

20 belongs to the same group, group 10. Considering the Lewis
acidity of silacyclobutanes that is comparable to that of
trialkylboranes, we started to develop nickel-catalysed
reactions of silacyclobutanes with carbonyl compounds.

3.2 Nickel-catalysed reactions of silacyclobutanes with
aldehydes

N}
a

Treatment of 1,1-dimethylsilacyclobutane with benzaldehyde
in the presence of catalytic amounts of Ni(cod), and PPh,Me
in toluene at 100 °C afforded allylbenzyloxydimethylsilane in
high yield (Table 2, entry 1).3¥ Ester functionality could
survive under the reaction conditions (entry 3). Aliphatic
aldehydes as well as aromatic aldehydes were converted to
alkoxyallylsilanes (entries 4 and 5). In the reaction of trans-
cinnamaldehyde, 1,2-reduction predominated to afford the
corresponding allylcinnamyloxysilane as the sole product
(entry 6).

@
S

w
G

Table 2. Nickel-catalysed reaction of silacyclobutane with aldehydes

RCHO Ni(cod); (10 mol%)

+ Me PMePh, or P(n-Bu); (20 mol%) Me  Me
_d _si

Me SD toluene, 100 &C, 20 h RT0TTT
entry RCHO ligand yield
1 PhCHO PPh,Me 88%
2 2-MeCgH,CHO PPh,Me 85%
3 4-MeOCOCxzH,CHO P(n-Bu); 53%
4 Ph(CH,),CHO P(N-Bu);  73%
5 ¢-CeH1CHO P(N-Bu);  69%
6 trans-PhCH=CHCHO PPh,Me 51%

a0  Apparently, nickel-catalysed carbon-silicon bond cleavage
is involved in this transformation. In analogy with the
mechanism in Scheme 3, we propose the following
mechanism (Scheme 9). A nickel(0) species initially reacts
with aldehyde to generate 7°-coordinated complex or its

s resonance  form. Subsequent  transmetalation  with
silacyclobutane gives the intermediate 12. Following pB-
hydride elimination and reductive elimination furnish

allyl(alkoxy)silane and regenerate the initial low valent nickel

(Path A). Direct reductive elimination (Path B) is much
so slower than B-hydride elimination.
Me Me
\ 7/
_Si
o J Ni
o p
Reductive
elimination
Me Me

. Reductive
Ni " elimination

.. Path B

Path A Me  Me

S-H elimination

Scheme 9. Plausible mechanism of the reaction of silacyclobutane with
aldehydes

If the intermediate 12 had no hydrogens at the B-position,
ss reductive elimination could proceed to afford the ring-
expanded product like 13 (Path B). As expected,
benzosilacyclobutene 14 reacted with benzaldehyde under
similar conditions to afford benzoxasilacyclohexene 15 in
good vyield (Scheme 10). Interestingly, regioselective
e cleavage of the sp® carbon-silicon bond occurred. Tamao-
Fleming oxidation could transform 14 to the corresponding
diol.  The overall transformation is equivalent to 2-
(hydroxymethyl)phenylation of aldehydes.

This journal is © The Royal Society of Chemistry
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Ni(cod), (10 mol%) Me
PPhyMe (20 mol%) S\I\Me
Si—Me *+ PhCHO o)
I toluene, 100 (C, 20 h
14 Me
15 Ph 65%
KF, KHCO3, aq H,0, OH
MeOH/THF = 1:1, r.t., 24 h OH
Ph 91%

Scheme 10. Nickel-catalysed ring-expansion

3.3 Nickel-catalysed regio- and stereoselective silylation of
s terminal alkenes with silacyclobutanes for the synthesis of
vinylsilanes from alkenes

Vinylsilanes are very useful organometallic reagents.
Methods for the synthesis of vinylsilanes are thus extensively
studied.  Regio- and stereoselective direct silylation of
o alkenes is an ideal route to vinylsilanes. Transition-metal-
catalysed dehydrogenative silylation of alkenes with
hydrosilanes sounds attractive (Scheme 11).3* However, the
substrates were limited to activated alkenes such as «,f-
unsaturated esters and  styrenes. Moreover, the
dehydrogenative silylations required a large excess of alkenes
because the alkenes were hydrogen acceptors as well as
substrates to be silylated. During the investigation of nickel-
catalysed reactions of silacyclobutanes with aldehydes, we
found nickel-catalysed silylation of alkenes with
o silacyclobutanes.®®  The reaciton provides a facile and
straightforward access to vinylsilanes from a variety of
terminal alkenes without formation of byproducts such as
alkanes.

o

2 o
R#3SiH cat. Fe, Co, Ru, and Rh “__R! ]
= FR S SN
xR s
Inevitable
Limited to R! = Ar and CO,R byproduct

5 Scheme 11. Dehydrogenative silylation

Table 3 displays the broad scope of the silylation reaction
with silacyclobutane. Except for the silylation of acrylamide
(entry 2), the reactions proceeded in high yields with
exclusive E selectivity. Not only acrylates, acrylamide, and
styrenes (entries 1-6) but also unactivated alkenes such as 1-
tetradecene were efficiently silylated (entries 7-10).
Functional groups such as pyridyl, ester, and silyl ether were
compatible under the reaction conditions.

Notably, benzosilacyclobutene 14 was also the suitable
silylating agent (Equation 1). Styrene reacted with 14 to
furnish the benzyldimethylsilyl-substituted styrene regio- and
stereoselectively. In this case, Ni(cod),/2PPh; catalyst gave
the better result. The palladium-catalysed cross-coupling
reaction of benzyl-substitued vinylsilane with aryl halides®®
o would be applicable to the product.

S

45

50
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Table 3. Nickel-catalysed silylation of terminal alkenes with
silacyclobutane

Ni(cod), (5 mol%)
P(C—CBH11)3 (10 mOl%)

>~ _R
o+ XUR n-PrMe,Si” X~
E;Mez T oluene, 100 @, 12 h rviezs!

entry R yield E/Z

1 CO,CH,Ph 95% >99:1
2 CONEt, 82% 88:12
3 Ph 98% >99:1
4 2-MeCgH, 99% >99:1
5 4-MeOCg¢H, 93% >99:1
6 2-Pyridyl 71% >90:1
7 n-CioHss 93% >99:1
8 CH,SiMe,Ph 82% >99:1
9 (CH,)40Sit-BuMe, 93% >99:1
10 (CH,)sOCOt-Bu 81% >099:1

The reaction would proceed as follows (Scheme 12).
Oxidative addition of silacyclobutanes to zerovalent nickel
followed by insertion of alkene to the Si-Ni bond of the
intermediate affords nickelasilacycloheptane 16. In the case
of benzosilacyclobutane 14, the oxidative addition of the
sp2C-Si bond to Ni(0) predominates over that of the benzylic
sp3C-Si bond. Subsequent f-H elimination followed by

reductive elimination produces product to complete the
The result of the silylation of terminally
with our

catalytic cycle.
deuterated styrene was
mechanism (Equation 2).

consistent plausible

Ni
Product

Oxidative
addition

Reductive
elimination

ETERN SiMe,
H E H r::’\ S
R N4 ! :[\/SiMez
'T“ TN
H
S-H elimination Insertion
. AN SiMez H
i H
RSN /Zv )\/R
TONTNR e M
Scheme 12. Plausible mechanism of nickel-catalysed silylation of
alkenes
(91% D) cat. Ni(cod), D (86% D)
D cat. P(C-C5H11)3 x~ _Ar
T, A W @
SiMe, b toluene Me,
(91% D) 100 &C, 12 h D (84% D) 94%

Ar = CgHy-p-OMe

Ni(cod), (5 mol%) 4. Conclusions
@jsw'ez PPh; (10 mol%) s X PN 0 N _
+ M lene 100 @ 12 h Me; We have focused on the reactivity of electron-rich low valent
X Ph ' ' 64% nickel complexes and succeeded in the activation of
trialkylboranes, diboron, and silacyclobutanes by the nickel
6 | Journal Name, [year], [voll, 00-00 This journal is © The Royal Society of Chemistry [year]



catalysts.

The new modes of activation enabled several

synthetically useful reactions with these reagents for carbon-

carbon,

—boron, and -silicon bond formations, which

exhibited the interesting nature of the nickel complexes.

s Detailed mechanistic

studies and further applications

including asymmetric reactions are awaited.
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