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Hydrosilylation, hydrostannation, carbosilylation, and carbostannation of unactivated alkynes with organosilanes,
or organostannanes proceed effectively in the presence of catalytic amounts of Lewis acids to produce the corresponding
vinylsilyl or vinylstannyl compounds in a highly regio- and stereoselective way. Although it is well known that transition
metal catalyzed hydrometalations and carbometalations, in general, proceed in a cis-manner, the Lewis acid-catalyzed
reactions proceed in a trans-manner exclusively. The coordination of a triple bond to Lewis acids is proposed as a key

step for the Lewis acid catalyzed reactions.

Electrophilic reactions catalyzed by a Lewis acid, such
as Diels—Alder reactions, aldol reactions, and ene reactions,
play a fundamental and important role in organic chemistry.'
Much attention has been paid to the activation of elec-
trophiles, such as carbonyl and imine groups, by coordi-
nating the lone pairs of those heteroatoms of electrophiles
to Lewis acids. Actually, the electrophilicity of carbonyl
groups is enhanced by coordinating to Lewis acid through
the lone pair of a carbonyl oxygen. However, in some cases,
a carbonyl ligand coordinates to a Lewis acidic metal center
preferably through their st-bond instead of their lone pair
(Eq. 1).2 In contrast, the activation of carbon—carbon multi-
ple bonds based on the coordination to Lewis acids through
their m-electrons has been much less studied. In this account
we present the recent findings, in our laboratories, on the
Lewis acid catalyzed hydrometalation and carbometalation
of unactivated alkynes, which proceed via the coordination
of the triple bond of alkynes to Lewis acids (Eq. 2).
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1. Hydrometalation

The hydrometalation of a carbon—carbon multiple bond is
one of the most fundamental and straightforward method-
ologies for the preparation of new organometallics.® Par-
ticularly, the hydrometalation of unactivated alkynes is a

practical method for the preparation of vinyl metals, which
have great versatility as building blocks in organic synthe-
sis. Although hydroboration and hydroalumination proceed
without any activators, most hydrometalations are promoted
by transition metal catalysts or by radical initiators. On the
other hand, only a little attention has been paid to the utiliza-
tion of a Lewis acid as an activator. We found that certain
Lewis acids are quite useful activators for hydrosilylation
and hydrostannation.

1-1. Hydrosilylation. 1-1-1. Hydrosilylation of
Alkynes.  The great versatility of vinylsilanes as build-
ing blocks has been increased in modern synthetic organic
chemistry.* Hydrosilylation of alkynes® is one of the simplest
and the most straightforward preparative methods to obtain
vinylsilanes. It is well known that the hydrosilylation of
alkynes is induced either by radical initiator® or by transition
metal catalysts.” The radical-induced procedure often pro-
vides a mixture of trans- and cis-hydrosilylation products.
Although the transition metal-catalyzed reaction proceeds
with high stereoselectivity via a cis-hydrosilylation pathway,
it usually produces a mixture of two regioisomers (terminal
and internal products) in the reaction with terminal alkynes.

The Lewis acid catalyzed hydrosilylation of alkenes and
alkynes with chlorodialkylsilanes was first reported by Finke
and Moretto in 1979.% Afterward, Keiji Yamamoto et al.
found that the AlCls-catalyzed hydrosilylation of alkenes
with chlorodialkylsilanes proceeded in a trans manner.” Re-
cently, Jung’s group reported the Lewis acid-catalyzed hy-
drosilylation of alkenes with trialkylsilanes.”® AIX; (X: Clor
Br)-catalyzed hydrosilylation of alkynes with trialkylsilanes
was found by Voronkov and his co-workers. They reported
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that the stereoselectivity of hydrosilylation depended on the
reaction conditions.!!

We investigated the Lewis acid-catalyzed hydrosilylation
of alkynes with trialkylsilanes systematically.'”> As previ-
ously observed by Voronkov’s group, the reaction was cat-
alyzed dramatically by Lewis acids such as AICl; and
EtAICl,. Interestingly, the AlICI;- and EtAICI,-catalyzed
hydrosilylation proceeded in a trans-fashion exclusively, re-
gardless of the reaction conditions, in contrast to Voronkov’s
results (Eq. 3, Table 1). Neither a stereoisomer of 2 (cis-
addition product) nor a regioisomer (3) was detected in the
'"HNMR spectra of the crude reaction product, except for
the reaction of (trimethylsilyl)acetylene (Entry 7). The re-
giochemical difference in the hydrosilylation reaction of the
alkyl- and silyl-substituted alkynes is very interesting and is
discussed in the mechanistic section. The use of non-polar
solvents such as toluene or hexane was essential for obtaining
high stereoselectivity and chemical yield. Unlike EtAICI,,
AlCl; is not soluble in such solvents, and thus the AlCIs-
catalyzed hydrosilylation proceeded in a heterogeneous sys-
tem. The hydrosilylation of alkynes bearing a silyloxy or
benzyloxy (BnO) group gave the corresponding trans-hy-
drosilylation products in good to high yields (Entries 10, 11,
and 12). It is interesting that the use of 1.2 equiv of Lewis
acids was essential for obtaining good chemical yields. Most
probably, 1.0 equiv of the Lewis acids would be needed to
form the complex with an oxygen atom of a silyloxy or ben-
zyloxy group, and the remaining 0.2 equiv Lewis acid would

act as a catalyst.
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Table 1. Lewis Acid-Catalyzed Hydrosilylation of Alkynes
with Et;SiH?

Entry Lewis acid Alkyne Yield/%
(equiv) 1 R' R 2 3
1 AICk (0.2) la C;oHyp H 93 0
2 EtAIC1, (0.2) 1a CyHy H 95 0
3" ERAICI(0.2) 1la CjoHy H 0 0
49 AIC13(0.2) 1a CioHy H 90 0
5  AICK (0.2) 1b PhCH,; H 8 0
6 AICL (0.2) Iec  +C4Ho H 82 0
7 AICL (0.2) 1d Me;Si H 0 89
8 EtAIC1; (0.2) 1e 1-Cyclohexeny! H 75 0
9 EtAICLL (0.2) 1If Ph H 77 0
109 EtAICL (1.2) 1g i-Pr;SiO(CHz), H 86 0
11 AICI (1.2) 1h  i-Pr3SiO(CH,)s H 74 0
12 EtAlCL; (1.2) 1i PhCH,O(CH;); H 72 0
13 AICI; (0.2) 1j CsHy, CHiy 73 —
14 AlCL (0.2) 1k Ph Ph 66 —
15 AICL (0.2) 11  Ph CHy; 76 10
16  AlCl; (0.2) Im Ph C;Hs 54 26

a)

quantitatively.

Reactions were conducted in toluene at 0 °C under Ar un-
less otherwise noted. b) The starting material 1a was recovered

d) Hexane was used as a solvent.

¢) Reaction was carried out without any solvents.
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Table 2. Lewis Acid-Catalyzed Hydrosilylation of 1-Do-
decyne 1a with R3SiH”
Entry  Lewis acid R3SiH Yield of 2 /%
1 AlCly t-BuMe,SiH 78
2 AlCly (c-CeH11)Me,SiH 73
3 EtAICl, Ph3SiH 40
4 EtAICL Ph;MeSiH 45
5 EtAlCL PhMe,SiH 60

a) Reactions were conducted in toluene at 0 °C under Ar in the
presence of 0.2 equiv of Lewis acids.
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Chart 1.

Not only Et3SiH but also other trialkylsilanes were useful
for the present reaction (Eq. 4, Table 2).
Lewis Acid CiHa1  SiRs
c = H — 4
-2 FaSH Van¥ 4)

1a 2

The Lewis acid-catalyzed hydrosilylation of diyne com-
pounds was also examined. It is interesting that the AlCl;-
catalyzed hydrosilylation of 1,6-heptadiyne 4a gave the six-
membered cyclization product 5 in 60% yield, whereas that
of 1,7-octadiyne 4b afforded bis-hydrosilylation product 6
in 47% yield (Chart 1). The results are in marked contrast
to the cyclization reaction of diyne compounds either by Ni-
catalyzed-"* or Rh-catalyzed hydrosilylation.'*

Recently, Buriak and Allene applied our procedure to the
modification of the surface of porous silicon (Eq. 5).!° They
stated that Lewis acid catalysts are suitable for the hydrosi-
lylation of porous silicon, because transition metal catalysts
have the potential for activation of the weaker Si—Si bonds
on the surface instead of the Si—H bonds.

o
—S——Sr——Si—
porous silicon surface

EtAICI,
+ R¥—=—-R2 ———

H H
2 2
R\%Rlil R%R

—S——S8——8r— (5)

A plausible mechanism for the AlCl;- or EtAICl,-cat-
alyzed trans-hydrosilylation is shown in Scheme 1. The
acetylenic bond of 1 would coordinate to AICl; or EtAICI,
(AlIX3) to produce the zwitterionic intermediate 7 through a
st-complex. A hydride from HSiR3 would attack an electron-
deficient carbon from the side opposite to AlX; to produce
an aluminum ate-complex 8. The intermediate 8 would un-
dergo transmetalation from aluminum to silicon with reten-
tion of geometry to give 2 and AlXj3. This mechanism can
explain the reverse regioselectivity in the hydrosilylation of
(trimethylsilyl)acetylene 1d mentioned above (Table 1, En-
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try 7). The coordination of 1d to AlX; would afford the
zwitterionic intermediate 9a, instead of another regioisomer
9b (Chart 2), since the trialkylsilyl group stabilizes a -
cationic carbon significantly and destabilizes an «-cationic
carbon.'® Subsequent reaction of 9a with triethylsilane via a
similar transformation pathway to that shown in Scheme 1
would produce 3d through 10.

1-1-2. Hydrosilylation of Allenes. The hydrosilyl-
ation of substituted allenes 11 was catalyzed dramatically by
AIlCl;; the results are summarized in Table 3.'® The addi-
tion of trialkylsilane to the allenes occurred not only regio-
but also stereoselectively to give the corresponding adducts
in good to fair yields (Eq. 6) However, the allene, bearing
a strong electron-withdrawing trifluoromethyl group at the
para-position of phenyl ring, underwent no hydrosilylation
reaction (Entry 4). A sterically less demanding trialkylsilane
is more suitable for the hydrosilylation of allenes. Actu-
ally, the hydrosilylation of 1,3-disubstituted allenes hardly
proceeded even with ethyldimethylsilane, and therefore tri-

Table 3. Lewis Acid-Catalyzed Hydrosilylation of Allenes
with R;SiH¥
Entry Allenes 11 R;SiH Yield of 12
R' R* R’ Ar %
1 H H H C¢Hs 11a EtMe;SiH 76
2 H H H p-MeC¢Hs 11b EtMe,;SiH 78
3 H H H p-F-CiHy 11c EtMe,SiH 96
4 H H H p-CF;-C¢Hs 11d EtMe,SiH 0
5 Me H H p-Me-CqHs 1le MesSiH 60
6 Me H H C¢Hs 11f Me;SiH 66
7 Me H H p—F—C6H4 llg MC}SiH 72
8 Me Me H p-F-C¢Hs;  11h MesSiH 58
9 H H Me p-F-CiHs  11i MesSiH 46

a) Reactions were conducted in CH,Cl; at O °C in the presence
of 0.2 equiv of AICl3. b) The starting material was recovered.
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methylsilane was used in those cases (Entries 5, 6, 7, 8, and
9). Very interestingly, in the case of 1,3-disubstituted allenes,
the E-vinylsilanes were obtained stereoselectively (Entries 5,
6, and 7), and no stereoisomers were obtained. Furthermore,
even the trisubstituted allene underwent regioselective hy-
drosilylation with trimethylsilane to give the tetrasubstituted
vinylsilane in 58% yield (Entry 8). All the allenes examined
in Table 3 possess an aromatic substituent (see 11), and a hy-
dride from HSiR; always attacks the carbon attached to the
aromatic ring. However, the hydrosilylation did not proceed
at all with those aliphatic allenes.

! R3 cat. AICl3 1 " R
== + RSH ———— — TAr (6)
Rr2 Ar CHyCh R2 SiR3
11 12

The following mechanistic rationale can explain the regio-
and stereoselective hydrosilylation of allenes (Scheme 2).
The double bond of an allene would coordinate to AICI; to
produce the zwitterionic intermediate 14 through rt-complex
13. Hydride transfer from HSiR3 to 14 would give the ate-
complex 15, which would undergo facile transmetalation to
afford the vinylsilane 12 and AICl;. Aromatic groups such
as p-CH;—CgH, and p-F-C¢H,'"'® stabilize significantly the
benzyl cation of 14, whereas p-CF;—C¢H, destabilizes the
carbocation due to the strong electron-withdrawing effect of
CF;-group. Accordingly, the reaction did not proceed at all
in the case of 11d. In the case of allenes substituted only
with aliphatic groups, the stabilization of the carbocation
derived from the coordination of the double bond of the
allene to AICl; would probably be weak in comparison with
that derived from aromatic allenes, and therefore the hydro-
silylation did not occur with aliphatic allenes. The above
mechanism also explains very nicely the regiochemistry of
the hydrosilylation; Si always attaches at the central carbon
of the allene, and the hydride attaches at the carbon bearing
aromatic group.

In the reactions of the 1,3-disubstituted allenes (11e—g),
the trans- vinylsilanes (12e—g) were obtained stereo-
selectively; such stereoselectivity can be explained by the
geometry of allene double bond (Scheme 3). The double

F\1’_:§<l2?' AICl3 R r3
R2 SiR3 R? :Ar
12 "
R1 R3
K—§< T

AICI . sm :
3 3 13 AICK
15
1 ) R /
Fx___.<<Ar
HSiRs R2 AICl3

14 ©

Scheme 2.
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bond of the allenes (11e—g) would coordinate to AlCl; as
shown in Scheme 3 in order to diminish the steric conges-
tion between methyl-group at C-3 and AICl;. The selective
formation of the trans-vinylaluminate 14E would give vinyl-
silanes 12e—g stercoselectively.

1-2. Hydrostannation. 1-2-1. Hydrostannation of
Alkynes.  Hydrostannation' of acetylenes is one of the
simplest and the most straightforward preparation methods
for vinylstannanes, which have great versatility as build-
ing blocks in synthesis.!*® It is well known that the hy-
drostannation of acetylenes is induced by either radical
initiators®’ or transition metal catalysts.”* The radical-in-
duced procedure often provides a mixture of the trans- and
cis-hydrostannation products, since the isomerization of the
alkenyltin products occurs in the presence of tin radicals.**
Although the transition metal-catalyzed reaction proceeds
through cis-hydrostannation pathway,? a mixture of two re-
gioisomers (terminal and internal products) was formed in
the reaction with terminal alkynes similar to the case with
the transition metal-catalyzed hydrosilylation.

We found that the hydrostannation process was catalyzed
dramatically by a Lewis acid such as ZrCly or HfCly, and
that the ZrCly-catalyzed procedure enables to produce the
trans-hydrostannation product regio- and stereoselectively
(Eq. 7, Table 4).* Since the hydrostannated compounds
were slightly decomposed during the purification, the iso-
lated yields were lower than those obtained by NMR. The
reaction using 0.2 equiv of ZrCls gave better results com-
pared to that using stoichiometric amount (Entries 1 and 2).
It should be noted that ZrCl, is not soluble in toluene and
hexane at 0 °C and therefore the reaction is carried out in
a heterogeneous system. The use of THF and CH,Cl; as
solvents, which dissolve the catalyst more effectively than
do the non-polar solvents, gave lower stereoselectivity and
chemical yield. HfCl; was also an efficient catalyst for the
trans-hydrostannation (Entry 4), but the reaction speed via
HfCly was slightly slower than that via ZrCly. The use of
a typical Lewis acid of group 13, AlCls, as a catalyst af-
forded a 60 : 40 mixture of 17a and 18a in 53% yield. The
reaction of 5-(z-butyldimethylsilyloxy)-1-pentyne (16d) gave
17d stereoselectively in high yield (Entry 7). On the other
hand, the addition to 5-benzyloxy-1-pentyne (16e) did not
take place and the starting material was recovered quanti-
tatively (Entry 8). The BnO group can coordinate more
easily to Lewis acids than the sterically demanding (+-Bu)-

ACCOUNTS

Table 4. Lewis Acid-Catalyzed Hydrostannation of Acety-
lenes with Bu;SnHY

entry Lewis acid Alkyne 16 Yield of 17
(equiv) R R’ %
1 ZrCli (1.1) CéHps H 16a 30
2 Z1Cl (0.2) Ce¢Hpz H 16a 76
39 ZrCly (0.2) CeHjz H 16a 89
4 HfCly (0.2) CsHis H 16a 86
5 ZrCly (0.2) Ph H 16b 73 (40)?
6 ZrCly (0.2) p-Me-CsHy H 16¢ 84
7  ZrCly (0.2) TBDMSO(CH2):® H  16d 87 (48)
8 ZrCl (0.2) BnO(CH,);" H 16e 0°
9 ZrCly (0.2) CeHjs Cl  16f 47 (40)
10 ZI‘C14 (10) C5H11 C5H|1 16g 56
11 ZrCly (1.0) Ph Ph 16h 330

a) Reactions were conducted in toluene at 0 °C under Ar un-
less otherwise noted. b) Determined by 'HNMR spectra of
the reaction product using p-xylene as an internal standard. Iso-
lated yields were in the parenthesis. c¢) Hexane was used as a
solvent. d) Trace amount of 18 was produced. e) The start-
ing material (16e) was recovered quantitatively. f) trans-Stil-
bene was obtained in 46% yield in addition to 33% yield of 17h.
g) TBDMS =7-BuMe;,Si. h) Bn=PhCH>.

Me,SiO. Therefore, it seems that ZrCly forms the complex
with BnO group of 16e, instead of acting as a catalyst for
the hydrostannation. The reactions of 6-dodecyne (16g) and
tolan (16h) also proceeded smoothly, although the use of
stoichiometric amounts of ZrCly gave better results.

__ SnBug __/SnBus
e (=)o
18

17

BuzSnH
ZrCly

16

A plausible mechanism for the ZrCly-catalyzed trans-hy-
drostannation is shown in Scheme 4. The coordination of the
acetylenic bond of 16 to ZrCl, would produce the m-complex
19. A hydride from HSnBuj would attack an electron-defi-
cient carbon from the side opposite to ZrCly to produce an
ate-complex 20. The intermediate 20 would undergo trans-
metalation from zirconium to tin with retention of geometry
to give 17 and ZrCly.

The Lewis acid-catalyzed hydrostannation with dibutyl-
tin dihydride also proceeded smoothly to give regio- and
stereodefined divinyltin derivatives 21 in good to high yields

ZrCI
4 BuzSn-H

/( rClg® SnBua

H™N\_R
ZrCly

?_/ H 20
nBus
H™X\_R

H 17
Scheme 4.
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Table 5. Lewis Acid-Catalyzed Hydrostannation of Acety- Table 6. Lewis Acid-Catalyzed Hydrostannation of Allenes
lenes with Bu;SnH3 with Bu;SnH?
Entry R 16  Yield/%"™ 21: Other isomers® Entry R 22 Condition Yield of 23/%
I CeHp 16a 85(60) 2la  >95:5 1" CsHyy 22a rt,24h 37
2 PhCH; 16i 78(4) 21b >95:5 2 GCeHy 22b 0°C—r.t.,22h 41
3 1-Cyclohexenyl 16j 76 21¢ >95:5 3 PhCH, 22¢ 0°C—r.t,3h 57
) Roact ducted using 4.0 cauivalent of 16. 1.0 equ 4 Ph 22d 0°C—-rt1,3h 60
a) Reactions were conducted using 4.0 equivalent o , 1.Oequiv- ~ - o

alent of Bup;SnHjy, and 0.2 equivalent of ZrCly in toluene at 0 °C 5 pMe-GHy = 22 0°Cort, 3oh 7
under Ar. b) Determined by 'HNMR spectra of the reaction 6 p-MeO-CeHs 22f —70—--50°C,2h 59
7  MeO 22g —78°C,3h 12

product using p-xylene as an internal standard. Isolated yields
were in the parenthesis. ¢) Determined by 270 MHz 'H NMR
spectra. The stereoisomers were not detected by the NMR. The ra-
tio, > 95: 5, came from the limit of detection for the stereoisomer.

(Eq. 8, Table 5).2® To avoid the formation of vinyltin hydride
derivatives by the reaction of 1 equiv of Bu,SnH,, excess
amounts of acetylenes were used.

A= BuySnH, F&ra/SnBuz ®
- cal ZiICly H H 2
16 21

1-2-2. Hydrostannation of Allenes. = Hydrostannation
of allenes, in the case of controlled regiochemistry of this
process, may serve as the most straightforward and universal
way to both vinyl- and allylstannanes, which have great ver-
satility as building blocks.'** Since Kuivila? first reported
the free radical addition of Me;SnH to allenes, only a lit-
tle attention has been paid to this subject. Thus, Oshima®
showed that free radical addition of Ph;SnH to allenes pro-
duces a complex mixture of vinyl- and allylstannanes. The
only two examples of Pd-catalyzed hydrostannation of sub-
stituted allenes present in the paper® exhibit contradictory
regiochemistry: in one case an allylstannane, and in an-
other a vinylstannane, was formed exclusively. Shortly after
Mitchell® reported a study on a comparison between rad-
ical and Pd-catalyzed addition of Me;SnH to allenes. As
in the previous cases”? the free radical hydrostannation
was characterized by an unsatisfactory degree of regio- and
stereocontrol, producing a variety of products in which the
tin group attached either to the central or to terminal car-
bon atom of allenic moiety. The Pd-catalyzed reaction was
more selective, furnishing allylstannanes as a major prod-
uct, however, the last were always accompanied with trace
to significant amounts of isomeric vinylstannanes.” Taken
together, it seems that due to the low degree of regio- and
stereocontrol neither free radical nor Pd-catalyzed addition of
Me;SnH or Ph;SnH to allenes could serve as a synthetically
useful approach to vinyl- and allylstannanes.*

We found that 20 mol% of B(C¢Fs); at low to room tem-
peratures catalyzed the addition of BuzSnH to certain mono-
substituted allenes 22, leading to vinylstannanes 23 exclu-
sively (Eq. 9, Table 6).*' It should be pointed out that ZrCly
also catalyzed the reactions mentioned above; however, the
yields of 23 in most cases were slightly lower than those
via B(C¢Fs); catalyst. The low yield of 23g is presumably
due to the strong affinity of the Lewis acid to the enol oxy-
gen atom* of alkoxyallene 22g that causes deactivation of

a) Reactions were conducted in toluene in the presence of 0.2
equivalent of B(CgFs); under Arunless otherwise noted.  b) Hex-
ane was used as solvent.

the catalyst at low temperatures and decomposition of the
starting allene when the reaction is carried out at the tem-
peratures higher than —78 °C (Entry 7). Silyloxyallene 22h
{R = triisopropylsilyloxy (TIPSO)} reacted with Bu3SnH in
a different manner, producing allylstannanes 24 and 25 in
a ratio of 85:15 with a total isolated yield of 52%. It is
clear that replacement of the methoxy group (22g) with the
bulky TIPSO group (22h) not only prevents a coordination
between Lewis acid and the enol oxygen atom of 22h, but
also prevents an internal addition of the tin group to the cen-
tral carbon of the allene moiety, and thus leads to the terminal
addition products 24 and 25 (Chart 3).

R/—_— = Bu;,SnH Bu(f>=<H (9)
B(CeFsk R H
22 23

A plausible mechanism for the Lewis acid-catalyzed hy-
drostannation of allenes is shown in Scheme 5. The coordi-
nation of the internal double bond of 22 to B(Cg¢Fs); would
produce the zwitterionic intermediate 26, which would be
transformed into the ate complex 27 via hydride transfer
from Bu3SnH to the cationic center of 26. The transmetala-
tion from boron to tin would produce the vinylstannane 23

_ SnBug — SnBug
- TIPSO/}/
Chart 3.
R R\._— o—
N e !
22 B(CsFs)a
R
"
B(CeFs)s (CeFs)B
26
HSnBuj
(CSFS)(B +
BU3S\ 23 SnBu3
7
Scheme 5.
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and regenerate B(Cg¢Fs); catalyst. Perhaps ZrCly-catalyzed
hydrostannation of allenes would proceed through a similar
mechanism.

1-2-3. Hydrostannation Using Bu3SnCl and Et;SiH.
Since the first synthesis of tributyltin hydride by Schlesinger
in 1947,% this compound has become one of the most fre-
quently used organometallic reagents in organic synthesis.*
Along with wide applicability as a hydrogen source in var-
ious kinds of reductions, BuzSnH is the most popular hy-
drostannation agent for the synthesis of vinyl- and allyl-
stannanes. The later, due to their great versatility as building
blocks, are of increasing importance in modern synthetic or-
ganic chemistry. Although Bu;SnH is commercially avail-
able, it gradually decomposes after storage in a refrigerator
for a prolonged period of time;* consequently, distillation is
needed before use. It occurred to us that in situ generation of
Bu;SnH from stable precursors would be synthetically more
convenient for the hydrostannation reaction.”® In our initial
experiments, we found that simple mixing of Bu;SnCl and
Et3SiH in toluene at room temperature did not produce any
detectable amount of tin hydride. In contrast, a redistribu-
tion took place by the addition of 20 mol% ZrCl, to the same
reaction mixture and noticeable amounts of BuzSnH were
detected by '"HNMR analysis of the reaction mixture after
one hour (Eq. 10).

ZrCI4

BusSnH (10)

1%

BusSnCl  + EtySiH E4SiC

89%

+

Motivated by this result, we applied this method for the in
situ preparation of BuzSnH and subsequent ZrCl,-catalyzed
hydrostannation of phenylacetylene; as a result the trans-
addition product (Z)-f -(tributylstannyl)-styrene was formed
in 52% yield. A brief search for a more efficient Lewis acid
catalyst has located B(C¢Fs);. We found that 10 mol% of
B(C¢Fs); effectively catalyzed hydrostannation of various
alkynes 28 with Bu;SnH, generated in situ from Bu3SnCl
and Et;SiH, producing the hydrostannation products 29 and
30 in excellent chemical yields (Eq. 11, Table 7). This
methodology was applicable not only to alkynes but also to
phenylallene and styrene (Eqs. 12 and 13).

ACCOUNTS

cat. B(CgF
R—==—R? + Bu3SnCl + Et3SiH cat BCFga

28
! SnBu R2
= \—< (1n
FK‘<R2 SnBug
. BuSCLEWSH a2
Pﬁ cat. B(C5F5)3 SnBUa
BusSnCl, Et;SiH SnB
= s e e - U
P cat. B(CGF5)3 Pl(\/ (13)

2. Carbometalation

Since the first carbometalation discovered by Zieglar and
Bihr in 1927, a number of additions of organometallics
to carbon—carbon multiple bonds have been reported.”® The
carbometalation of alkynes can be used not only for prepa-
ration of vinylmetals but also for C—C bond formation. The
intramolecular version of carbometalation is a useful method-
ology for the synthesis of carbocycles (vide post). The al-
lylmetalation of activated alkynes, such as alkynyl ketones
(Michael acceptors) and alkynols (functionally substituted
alkynes), in both intramolecular and intermolecular versions
proceeds smoothly with various allylmetals.*** However,
the allylmetalation of simple unactivated alkynes is not easy,
and only a limited number of allylmetals can serve for this
purpose.*!

2-1. Carbosilylation. = 2-1-1. Intermolecular Allylsi-
lylation. Among carbometalations, carbosilylation still
remains unexploited due to the lack of activation of car-
bon-silicon bonds.*>~* Recently, Jung’s group reported the
AICl;-catalyzed allylsilylation of alkenes* and alkynes.*'°
Hosomi’s group also found that the allylsilylation of alkenes
and alkynes can proceed via a radical process.*

We investigated the Lewis acid-catalyzed reaction of al-
lyltrimethylsilane with unactivated alkynes 31 systematically
and established that the allylsilylation proceeded in a trans
fashion (Eq. 14, Table 8).*” The addition of allyltrimethylsi-
lane to 1-octyne in the presence of 0.5 equiv of EtAICl, gave
the allylation product 33 in low yield (Entry 1). However,
the allylsilylated product 32a was obtained by the addition of
an excess amount of chlorotrimethylsilane (TMSCI) (Entry

Table 7. B(CgFs)3-Catalyzed Hydrostannation of Alkynes with Bu;SnH Generated in situ from Bu3SnCl and Et3SiH”

Entry Alkynes 28 Conditions Yield Ratio
R! R? 29+30°  29: 309
1 C¢Hi3 H 0 °C, 40 min then rt, 3h 78 >95:5
2 1-Cyclohexenyl H 0°C,2h 85 86: 14
3 PhCH, H 0°C,4h 85 >95:5
4 Ph H 0°C,25h 77 >95:5
5 p-Me—CeHy H 0°C,2.5h 89 >95:5
6 p-MeO-CeHy H -35°C,15h 70 >95:5
7 CsHy, CsHiiy  0°C,06hthenrt,3h 90 80: 20
8 Ph Ph 0°C,0.6hthenrt,3h 71 >95:5

a) Reactions were conducted in toluene in the presence of 0.1 equivalent of B(CgFs)3; under Ar unless

otherwise noted. b) Isolated yield.

¢) Determined by 'H NMR analysis of crude reaction mixtures.
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Table 8. Lewis Acid-Catalyzed Carbosilylation of 1-Octyne
31a with Allyltrimethylsilane®

Entry Yield/%® Ratio®
Lewis acid  Solvent 32a+33 32a: 33

1 EtAICI, Toluene 20 5:>959
2 EtAICl, None? 90 >95: 5"
3 AlCl4 Toluene 40 24 .76
4 AlBr3 Toluene | 50 15: 85
5 HfCly Toluene 9 >95: 5"
6 HfCly Hexane Trace g
7 HfCl, CH:Cl; 50 >95: 5"
g HfCl, CH.Cl, 88" >95: 5"

a) Reactions were carried out at —78 to 0 °C with 0.5 equiv
amount of Lewis acid unless otherwise noted. b) Determined
by 'HNMR spectra of the reaction product using p-xylene as
an internal standard. c¢) The ratio was determined by 'HNMR.
d) Reaction was conducted in the presence of TMSCI (20 equiv).
e) 32a was not detected by 'HNMR. f) 33 was not detected by
THNMR. g) Not determined. h) Reaction was carried out at
0°C 1) Isolated yield.

2). On the other hand, the HfCly-catalyzed allylsilylation in
CH,Cl, at 0 °C afforded 32a as a single reaction product in
88% yield without TMSCI (Entry 8). The present allylsilyl-
ation was applied to various alkynes (Eq. 15, Table 9).

. /\/SiMes Lewis acid

CHig———H
3a
CeHiz SiMes CeH13
32a 33
1 iMe3
HfCly
5,?2 (15)
CH:Cb —

3 32

R==—pg2 + Z M

Further examination of the HfCly-catalyzed addition of
different substituted allylsilanes 34a—h to phenylacetylene

Table 9.  HfCly-Catalyzed Carbosilylation of Acetylenes
with Allyltrimethylsilane®

Entry 31 R! R> 32 Product yield/%"
1 31a CH3(CHy)s H 32a 88
2 31b Ph H 32b 95
3 31c p-CH3CeH, H 32 97
4 31d PhCH; H 32d 73
5 31e CH3(CH2)9 H 32e 86
6 31f 1-Cyclohexenyl H 32f 42
7 31g Ph Me 32g 90
8 31h Ph Et  32h 82
9 31i H T™™S 32i 659
10  31j tBu H 325 109
11 31k 2-Propenyl H 32 609

a) Reactions were carried out in CH,Cl; at 0 °C with 50 mol % of
HfCly. b) Isolated yield, except for where otherwise indicated,
¢) Yield was determined by ' H NMR using p-xylene as an inter-
nal standard. d) The allyltrimethylsilane was added slowly via
syringe pump in order to avoid its dimerization.

Bull. Chem. Soc. Jpn., 73, No. 5 (2000) 1077

was carried out (Eq. 16, Table 10). The addition of allyl-, £-,
and Z-crotyl-, methallyl-, and prenyltrimethylsilane to phen-
ylacetylene proceeded smoothly, affording the corresponding
adducts in excellent chemical yields. Replacement of the
trimethylsilyl group with triethylsilyl, dimethylphenylsilyl,
and methyldiphenylsilyl groups caused a slight decrease in
the chemical yields of allylsilylated products, as well as a
noticeable elongation of reaction times. It should be pointed
out that in all cases only y-addition products were formed,
and the formation of a-adducts was not detected by analyses
of crude reaction mixtures by 'H NMR and capillary GLC.

P iRs
s _
HfC! !
Ph—=—H + R‘\g\/SiRa 2
CHoCh
2 3
R 24 R a5
(16)

This kind of regiochemistry is not surprising. The y-
addition of different substituted allylsilanes to various elec-
trophiles has been extensively studied during the past two
decades and is well documented.** The y-regioselectiv-
ity of this reaction has been explained by the intermediate
formation of carbenium ions, which are hyperconjugatively
stabilized by the carbon-silicon bond in the f-position.'®
Furthermore, the recent kinetic study on the reaction of car-
benium ions with various allylsilanes accomplished by Mayr
provided the methodology for quantitative determination of
the nucleophilicity of the allylsilane element. Attack of the
carbenium cation 36 at the y-position of the allylsilicon com-
pound 34 is rate-determining and leads to formation of the
[3-silicon-stabilized carbenium ion 37, which subsequently
transforms into product 38 via elimination of the silicon
group (Eq. 17).%*

Table 10. HfCly-Catalyzed Carbosilylation of Phenylacet-
ylene with Allylsilanes
Entry Allylsilane 34 Time/min 35 Yield/%*
1 A~ SiMe;  34a 60”  35a(32b) 95
2 ~~SiMe;  34b 60 35b 96
30 M e w00 3 90
4 L _sive, 34d 25 3¢ 92
SiMe,

s \(\/ 34e 120  35d 97
6 Z~SiEl 34f 180 35e 73
7 _~_SiPhMe, 34g 140 3sf 76
8 A~SiPhMe  34h 230 35g 51

a)} Reactions were carried out in CH,Cl; at 0 °C with 50 mol %
of HfCl4. b) In the presence of 10 equiv of TMSC], the reaction
was completed in 20 mm.
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In order to elucidate whether the relative reactivities of
different substituted allylsilanes in the HfCl4-catalyzed allyl-
silylation of alkynes are similar to those toward carbenium
ions reported by Mayr,*” we determined relative reactivities
for addition of allylsilanes 34a—e to phenylacetylene based
on the measurement of the half-reaction times.’® We found
that relative reactivities of most allylsilanes bearing trimeth-
ylsilyl groups (34a—e) in the HfCl,-catalyzed addition to
phenylacetylene (Fig. 1, part a) are in good agreement with
relative reactivities of the same allylsilanes 34a—e toward
diarylcarbenium ion 36. This finding encouraged us to con-
sider the intermediacy of some cationic species analogous to
36 and 37 in the HfCly-catalyzed allylsilylation of alkynes,
and allowed us to propose the plausible mechanism for this
reaction shown in Scheme 6.

As we mentioned above, the coordination of the triple
bond of 31 to HfCl; would form zwitterionic intermediate
39 through a ;i-complex, which would attack the double bond
of allylsilane at the y-position affording carbenium cation 40
trans-selectively. The elimination of the silyl group from 40
would produce 32 and regenerate the catalyst. On the other
hand, the mechanism for the EtAICl,-catalyzed reaction was
proposed in Scheme 7. After formation of zwitterionic in-
termediate 42, transmetalation of aluminum halide by the
trimethylsily! group would afford 32 and regenerate the cata-
lyst. On the contrary, the coupling between the chloro and si-
lyl group would produce Me3SiCl and the alkenylaluminum
derivative 43, which would afford 33 upon hydrolysis. An

(a)
HfCl4-catalyzed addition to
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HiCl, ,
RY—=—R
31
1 SiMe;
%ﬂz
32
1 fCly ® ©
HfCl,
—— HL=< 39
R2 Y R2
® \
SiMe3 2
4 SiMe;

Scheme 6.

excess amount of TMSCI is needed to drive the equilibrium
over in favor of replacing aluminum with silicon. Although
Jung et al. proposed a mechanism different from ours,*¢ our
mechanism nicely explains not only the regio- and stereo-
selectivities of the present reaction but also the reason for the
generation of 33.

2-1-2. Intramolecular Allylsilylation.  Carbocycliza-
tions of alkenes and alkynes are extremely important and
useful reactions for the synthesis of a variety of a carbo-
cyclic and heterocyclic compounds.®’ Since the early report
in 1943 on the ene reaction by Alder,* and the first system-
atic studies by Lehmkuhl on metallo-ene™ versions of this
reaction, the chemistry of transition metal-catalyzed carbo-
cyclizations became a vast field and a number of transition
metal-mediated’* and -catalyzed® carbocyclization method-
ologies were developed. Carbocyclization of alkynes is of
particular interest since it allows one to obtain carbo- and
heterocycles with higher degrees of unsaturation.>'**—¢! Ap-
parently, the exclusive or predominant exo-fashion was a
general regiochemical trend for the previous intramolecular
carbocyclizations of alkynes.’! It is clear that the scope and

(b}

ty2(min)  phenylacetylene log kgl krel toward AnPhCH (36)
7]
10 —
I /,\/SIMS:; (13) 3 —}——— )\/SlMe;; 8.9‘102
20 —
\/\/SlMe3 (34) . _
2 \/\/SlMe;, 220101
30 — SiMes (35 __ ~SMes  gg
r\/ .
Z~-SMes (39 BN \(\/SiMea 8.1
e
\(\/SIM% @) 0T A~ SMes g,
50 —
-1

Fig. 1.
from Ref. 49. An = p-MeO-CsHy.

a) Determined by capillary GLC with hexadecane as an internal standard. See also Ref. 50. b) Relative reaction constants
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synthetic utility of intramolecular carbocyclizations would
be enhanced if methods permitting selective endo-cycliza-
tion could be found. As a partial solution of this problem,
we reported HfCly-catalyzed intramolecular allylsilylation
of unactivated alkynes, proceeding exclusively in the endo-
fashion to give five-, six-, and seven-membered carbocycles
45 in moderate to high chemical yields with none of the exo-
cyclization products 46 being produced (Eq. 18).92

Me3 i R
10 mol% HfCl, 1

=R
R‘
n
a4 i a5 )

50 mol% Me3SiCl
CH,Cl, 0°C
endo-product

Me;Si_ R

(13)
as )

exo-product

The HfCl4/TMSCI catalyst system was found to be effec-
tive for the intramolecular allylsilylation of carbon tethered
alkynyl allylsilane, and the endo-cyclization product was
obtained exclusively (Table 11). The cyclization of alkyl-,
alkenyl-, and aryl-substituted alkynyl allylsilanes 44a—e,
which each have three methylene groups in the tether, pro-
ceeded smoothly to produce the six-membered carbocycles
45a—e in good to nearly quantitative yields. Analogously,
the cyclization of 44f—h, having a tether chain of four meth-
ylene groups, selectively gave the seven-membered 45f—h.
In contrast to the above cases, the cyclization of 44i, j, having
a shorter carbon chain, afforded the five-membered cyclic vi-
nylsilanes 45i, j in rather low yields. It should be pointed out
that, regardless of the size of the ring obtained, the cyclization
of alkyl-, alkenyl-, and aryl-substituted alkynyl allylsilanes

Table 11.  HfCly- Catalyzed endo- Carbocyclization of
Alkynyl Allylsilanes 44%

Entry Substrate® R R' Product Yield/%"®

n
1 44a  Ph H | 45a 61
2 4b  CeHp H 1 45b 99
3 44c 1-Cyclohexenyl H 1  45¢ 58
4 44d  p-Me-CeH, H 1 45d 63
5 44e CeH )3 Me 1 45e 839
6 44f  Ph H 2 45f 76
7 44g  C¢Hps H 2 45 84
8 4h  p-Me—CeH, H 2 45h 65
9 44i Ph H 0 45 229
10 44j CoHis H 0 45§ 47"

a) Reactions were carried out in CH,Cl; at 0 °C with 0.1 equiv
amount of HfCl4 and 0.5 equiv amount of TMSCl under Ar. b) A
4:1 mixture of Z- and E-isomers of 44 was used. ¢) Isolated
yield. d) The endo-product 45e was isolated in 83% yield along
with small amount of unidentified isomeric material. ) Approx-
imately 20% of 44i was recovered. f) NMRyield. g) 30 mol%
of HfCly was used. The catalyst was added in three portions.

44a—j proceeded exclusively in the endo-fashion, and no
traces of exo-cyclization products 46 or any other regioiso-
mers of 45a—j were detected by "H NMR and capillary GC-
MS analyses of crude reaction mixtures.

The coordination of the triple bond of 44 to HfCl4 would
form the zwitterionic intermediate 47 through a t-complex.
The carbocation of 47 would be attacked by the double bond
of internal allylsilane moiety at the y-position affording a
carbenium cation 49 via an endo-mode cyclization pathway.
The elimination of the silyl group from 49 would form ate-
complex 50, and the subsequent transmetalation of hafnium
halide with silicon would produce 45 and regenerate the cat-
alyst (Scheme 8). Obviously, the key intermediate 47, which
is responsible for the apparent endo-cyclization mode, could
be in equilibrium with an isomeric 48, which would pro-
duce an exo-product 46 via a similar reaction pathway. The
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Scheme 8.

predominance of 47 over 48 could be well accounted by elec-
tronic and steric features of these vinyl cation intermediates.
Indeed, in the case of the aryl- and alkenyl-substituted sub-
strates 44a,¢,d.fh the zwitterionic intermediate 47 would be
favorable due to the higher stabilizing ability of the aryl and
alkeny! group compared with that of the CH, group of the
alkyl tether chain.%® In contrast, the cation-stabilizing abili-
ties of the n-hexyl group and that of the alkyl tether chain in
44b.e,g would be rather similar. Perhaps even in this case the
intermediate 47 would be more preferable over 48 due to the
steric reasons; for a significant nonbonding interaction be-
tween an alky! group and the allylsilane moiety in 48 would
destabilize the intermediate 48, and thus the formation of 46
would be unfavorable.

The additional support for the proposed cationic mecha-
nism for the HfCly-catalyzed carbocyclization reaction was
obtained from the cyclization of the trimethylsilyl-substituted
substrates 44k (Eq. 19). The exclusive exo-mode cyclization
of 44k was observed and the five-membered carbocycle 52

was obtained in 87% yield as a single product. This reversal”

of the reaction mode was accounted for by the stabiliza-
tion effect of a cation at the f3-position by the silyl group,
since the intermediate 51 would be more stable due to the
[3-silicon stabilization, in comparison with the regioisomeric
vinyl cation which leads to the formation of a six-membered
carbocycle.'

©]
—==—SiMe; ® fCly
HiC
__L‘- SiMe;
SiM63

44k 51 SiMes
MeaSi SiMe3

exo-mode
52

2-1-3. Intramolecular Vinylsilylation. Despite the

extensive investigation of the carbometalation reactions of
alkenes and alkynes, there are very few reports on vi-
nylmetalation, especially of alkynes. Vinylmetalation of
alkynes gives new vinyl organometallics, which may exhibit
a reactivity similar to that of the starting vinyl organometal-
lic compounds. This type of carbometalation results in
oligomerization or polymerization reactions. This is one of
the major reasons for limiting the scope of vinylmetalation
of alkynes.®*—% We reported the first example for the in-
tramolecular vinylsilylation of unactivated alkynes; the
Lewis acid-catalyzed reaction of the carbon-tethered alkynyl
vinylsilanes 53 gave the (E)-cyclic dienylsilanes 54 in good
to high yields (Eq. 20).%% The results are summarized in
Table 12. Not only six-membered products but also seven-
membered cyclization product was obtained in good to high
yields. It is well known that the reactivity of vinylsilanes to-
wards electrophiles is much lower than that of allylsilanes.**
Accordingly, it was rather surprising for us to discover that
the vinylsilylation of 53 proceeded so smoothly in the pres-
ence of Lewis acids.

RZ

iR!
4 cat. Lewis acid 8
. —_— Z~p2 (20)
iR's CH,Cly (
(VN
# 53 54

A plausible mechanism for the Lewis acid catalyzed trans-
vinylsilylation is shown in Scheme 9. The coordination of
the triple bond of 53 to a Lewis acid would form m-complex
55. The a-carbon of vinylsilane moiety would attack the
electron-deficient triple bond from the side opposite to the
Lewis acid to produce an aluminum ate complex 56 stereo-
selectively. The transfer of trimethylsilyl group to the alumi-
nate center would afford 54 and regenerate the Lewis acid.

A zwitterionic intermediate such as 57 may intervene in
the step from 55 to 56 (Chart 4). Obviously, when the vi-
nylsilyl group approaches the electron-deficient carbon of
the alkenylaluminate, a sterically demanding R group would
hamper the approach of the vinylsilyl group (see 57). This is
the reason why the reaction of 53¢, having hexyl substituted
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Table 12. Lewis Acid-Catalyzed Carbocyclization of 53
Substrate 53 Lewis acid (equiv) Temp Yield of 54
Entry
n R R’ °C %®
1 1 Me H 53a EtAICl; (0.5) —78 54a 69
2 1 Me H 53a AlICl; (0.5) —78 54a 67
3 1 Me H 53a AlBr3; (0.5) —78 S54a 56
4 1 Me H 53a EtAICl; (1.1) —78 54a 61
5 1 Me H 53a EtAICl, (0.2) —78 54a 92
6 1 Me H 53a EtAIClL, (0.1) —78t0 0 54a 49¢
7 1 Me H 53a AlCL; (0.1) —78to =30  S4a 84
g 1 Me H 53a EtAICI; (0.2) —78 S4a 91
9 1 Et H 53b EtAICL (0.2) —78t0 —20  54b 85
109 1 Me  CeHis 53¢ EtAICL; (0.5) r.t. 54c¢ 3i
119 1 Me  SiMe; 53d EtAIClL; (0.5) r.t. 54d 85
12 2 Me H 53e AlCl; (0.2) —78t0 -5 54e 89
a) Reactions were conducted in CH,Cl, at the indicated temperature within 1h, except for where
otherwise mentioned. The reactions were quenched by adding excess amounts of Et;NH and saturated
aq NaHCOs solution at the reaction temperature.  b) Isolated yield. ¢) The starting material 53a was
recovered in 23% yield. d) Hexane was used as a solvent. ¢) Reaction was conducted for | d.
iMes . R R (58b.c, R = C3H7) (vide infra). Interestingly, these prod-
( A q AlXg Mo ucts were produced via an endo-mode cyclization, in contrast
Wn P ¢ to the reactions of 53, which proceeded in an exo-mode fash-
54 53 ion. These results can be accounted for by the following
mechanistic rationale (Scheme 10). When the ¢-carbon of
vinylsilane attacks the terminal acetylenic carbon of the com-
'gx3 XAl plex 60 (route a, endo-mode), which was formed from 58 and
( / ) Lewis acid, no significant steric repulsion would be produced

R

R &

SiMes\_/ (0 X piMes

56 Z 55
Scheme 9.

V.
v‘%\f‘EAlxa

57 SiMeg

Chart 4.

internal alkyne (R = C¢H,3), was sluggish and the cycliza-
tion product was obtained in low yield (Table 12, Entry 10).
On the other hand, the smooth cyclization of 53d can be ac-
counted for by the well-known 3 -silyl effect: the carbocation
beta to trimethylsilyl group is stabilized significantly.'® The
Z-vinylsilane reacts with retention of configuration, which
is the normal stereochemistry for the electrophilic substitu-
tion of a vinylsilane, whereas the E-isomer has to undergo
inversion, which it is reluctant to do.” Indeed, no cyclization
product was obtained when (E)-isomer of 53a was treated
with a catalytic amount of AlCl;.

We further examined the cyclization of differently sub-
stituted vinylsilanes 58. Although no cyclization product
was obtained in the reaction of 58a, this is normal for elec-
trophilic attack on a vinylsilane of this type. However, the
cyclizations of 58b and 58c¢ took place in the presence of
catalytic amounts of EtAICl, and the trans-vinylsilylation
products 59b and 59¢ were obtained, respectively (Eq. 21),
because the carbocation of 61a is stabilized by the substituent

(62a and 63a) (Chart 5), although the terminal acetylenic car-
bon should be electronically deficient. In contrast, exo-mode
cyclization (route b) proceeds via a vinylcation on the in-
ternal acetylenic carbon, as shown in 62b and 63b. Serious
steric repulsion between the vinylic proton and vinylsilane
moiety would destabilize these intermediates. Accordingly,
the endo-mode cyclization would take place to give 6la,
leading to 59.

iMea

cat. EtAICl

iM93 (

CHoCl, 0°C 2h

N
A

58a: n=1, R=H
b: n=1, R=C3H7
c: n=2, R=C3H;

59a: n=1, R=H 0%
b: n=1, R=C3zH; 90%
c: n=2, R=C3H7 35%

AlX3

%a RN ( AlXg
( route a & — route b —
5Qu— -— b
SiMes ") ) a SiMes
N p SiMe3 R+
R 61a R 60 61b
Scheme 10.

MesSi MegSi J Mes Meg
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2-2. Carbostannation.  Although organostannanes are
widely used for the carbon—carbon bond formation in organic
synthesis,™ carbostannation of alkenes and alkynes has not
been known.” Recently, three research groups independently
developed three different methodologies for carbostannation.
Hosomi’s group found the allylstannation of alkenes and
alkynes proceeded via a radical pathway.”? Hiyama and co-
workers reported the transition metal complex-catalyzed car-
bostannation of alkynes.” On the other hand, we reported that
the allylstannation of unactivated alkynes proceeded in the
presence of catalytic amounts of Lewis acids, such as ZrCly
or EtAICl,, in a trans addition manner (Eq. 22).™

3
Kl/ Lewis acid
R——-H + R&a_~ SnBuy —— " =~

Toluene

64 65
! nBus ' H
ngi + R%SnBua (22)
RG_ RB
66 67

The selected ZrCly-catalyzed allylstannylation of various
unactivated alkynes listed in Table 13 provides the following
conclusions: 1) Reactions of the aromatic acetylenes pro-
ceed smoothly to give the corresponding trans-allylstannated
products with very high regio- and stereoselectivity in high
yields (Entries 1, 2, 3, and 4). 2) The conjugated enyne
also produced the trans-allylstannylation product 66e (Entry
5). 3) Stoichiometric amount of ZrCl, was needed for ob-
taining good yields in the reaction of the aliphatic acetylene
(Entries 6 and 7). Interestingly, the cis-addition products

ACCOUNTS

were afforded predominantly in the reaction of the aliphatic
acetylenes in toluene at 0 °C, in contrast to the reactions of
aromatic acetylenes (Entries 7,9,11, and 12). Particularly,
the reaction of cyclopentylacetylene gave the cis-adduct 671
as a sole product. Without solvents, however, allyltribu-
tylstannane added to the acetylenic bonds of 64f and 64g
with trans-fashion (Entries 8 and 10). Consequently, stereo-
divergent synthesis of (£)- and (Z)-alkenylstannanes can be
carried out in the reactions of aliphatic acetylenes by chang-
ing the solvent system. 4) The reaction of 3,3-dimethyl-
1-butyne 64j did not proceed at all, perhaps owing to the
steric factor of +-Bu group (Entry 13). 5) Stereoselective
cis-allylstannylation was observed in the reaction of acety-
lene 64k (Entry 14). The chemical yield was enhanced to
55% by the addition of 1 equiv of 1,5-cyclooctadiene (Entry
15). 6) Crotyl- and methallylstannane (65b and 65c¢) also
underwent the trans addition to phenylacetylene 64a to give
the corresponding alkenylstannanes (661 and 66m, respec-
tively) in reasonable yields (Entries 16 and 17). In the case
of crotylstannane, only the y-adduct was isolated.

The addition order of reagents and substrates is essential
for obtaining the allylstannated products in the present re-
action. Treatment of alkynes with a suspension of ZrCly
in toluene, followed by addition of allyltributylstannane to
the reaction mixture, gave allylstannylation products. How-
ever, the reverse mode of the addition of the reagents and
substrates gave no products; the addition of allylstannane to
ZrCly in toluene and subsequent addition of alkynes did not
afford the adducts. Probably the treatment of allyltributyl-
stannane with ZrCl, induced transmetalation to produce an
allylzirconium species, which would not undergo the addi-
tion to alkynes under the reaction conditions. The interaction

Table 13. ZrCly-Catalyzed Allylstannylation of Unactivated Alkynes®

Entry  ZrCl Temp Allyltin Product  Yield”  Ratio”
equiv °C Alkyne R! R R' 66 67 % 66 : 67
1 0.2 —781t00 64a Ph H H 66a 83 100: 0
2 0.2 ~78100 64b  p-CH;CeHs H H 66b 84 100: 0
3 0.2 —78100 6dc p-CICsH,4 H H 66¢c 65 100: 0
4 0.2 —78t00 64d  p-CH;0CeH, H H 66d 79 100: 0
5 0.2 —78t0 0 64e 1-Cyclohexenyl H H 66e 99 100: 0
6 0.3 —78t00 64f CsHis H H 66f 0 —
7 1.0 0 64f CeHi3 H H 66f+67f 68 17: 83
gy 1.0 0 64f CeHis H H  66f 51 100: 0
9 1.0 0 64g CioHa; H H  66g+67g 70 27:73
104 1.0 0 64g CioHy H H 66g 32 100: 0
11 1.0 0 64h PhCH; H H  66h+67h 47 14: 86
12 1.0 0 64i Cyclopenty!l H H 67i 30 0: 100
13 1.0 0 64 t-Bu H H 66 0 —
1459 1.0 0 64k H H H 67k 32 0: 100
150 10 0 64k H H H 67k 55 0:100
16 0.2 ~78t00 64a Ph Me H 66l 56 100: 0
17 0.2 ~78t0 0 64a Ph H Me 66m 55 100: 0

a) Reactions were carried out with 2 equiv of allylstannane.

d) Reaction was carried out without solvent.

b) Isolated yield. c¢) Ratio was determined by 'H NMR.

e) Destannylated product was obtained in 10% yield in addition to 32%

yield of alkenylstannane 66g. f) Excess amounts of acetylene 64k was used. g) Isolated yield based on allylstannane.

h) 1,5-Cyclooctadiene (1 equiv) was added.
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Table 14.  EtAlCl,-Catalyzed Allylstannylation of Unacti-
vated Alkynes”

Entry Alkyne Product  Yield” Ratio®

64 R 66 67 % 6667

1 64a Ph 66a 83 100: 0

2 64b p-CH3CeHy 66b 98 100: 0

3 64d p-CH3OCsHs  66d 62 100: 0

4 64e 1-Cyclohexenyl 66e 54 100: 0

5 64f CeHis 66f+67f 50 86: 14

6 64g C]()Hz] 66g+67g 51 82: 18
79 64k H 66k 0 —

a) Reactions were carried out with 2 equiv of allylstannane in the
presence of 0.2 equiv of EtAICl,. b) Isolated yield. ¢) Ratio
was determined by 'THNMR. d) Excess amounts of acetylene
64k was used.

between Lewis acidic ZrCly and a triple bond is a key for this
addition reaction; actually the color of the reaction mixture
changed to orange when alkynes were added to a suspension
of ZrCly in toluene.

Consequently, a plausible mechanism for the ZrCly-cat-
alyzed trans-allylstannylation is shown in Scheme 11. The
coordination of alkynes to ZrCl, would produce the w-com-
plex 68, which would be stabilized by the m-system of R!
group in the case of aromatic acetylenes to form the zwitter-
ionic intermediate 69. Allyltributylstannane would attack the
electron-deficient carbon from the side opposite to the Lewis
acid to produce the adduct 70 stereoselectively, which would
undergo elimination of BuzSn* and form the correspond-
ing zirconium ate complex. Transmetalation of zirconium
halide by the tributylstannyl group would afford the trans-
allylstannated product 66 and regenerate the catalyst. On
the other hand, aliphatic alkynes might produce the #?-com-
plex 71 because the resonance stabilization of vinyl cation
by a m-system, as observed in the case of aromatic acet-
ylenes, is not expected. Allyltributylstannane would react
with zirconium (ZrL,) of 71, instead of reacting with the
unsaturated bond, to form allyl zirconium 72, which would
undergo the regioselective intramolecular allylation to give
the vinylzirconium derivative 73. Transmetalation of zirco-
nium halide by the tributylstannyl group would afford the

cis-allylstannated product 67.

We next examined the EtAlCl,-catalyzed allylstannylation
to various alkynes; the results are summarized in Table 14.
Addition of allyltributylstannane to arylsubstituted alkynes
(64a, 64b, and 64d) and the conjugated enyne 64e in the
presence of 0.2 equiv of EtAICl, proceeded smoothly, giving
regio- and stereoselectively the corresponding allylstannated
products (66a, 66b, 66d, and 66e, respectively) in good to ex-
cellent yields (Entries 1, 2, 3, and 4). In contrast to the ZrCly-
catalyzed reaction, allylstannane reacted with aliphatic acet-
ylenes even in the presence of catalytic amounts of EtAlCl,
in reasonable yields and the trans-allylstannated products
were obtained predominantly (Entries 5 and 6). On the other
hand, no product was obtained in the reaction using acet-
ylene 64k (Entry 7). The outline of the proposed reaction
mechanism for the EtAICl,-catalyzed trans-allylstannylation
of alkynes is the same as that for the ZrCly-catalyzed trans-
allylstannylation of aromatic alkynes.

3. Conclusion

We are now in a position to effectively prepare (regio-
and stereoselectively in good to excellent yields) various
types of vinylsilanes and vinylstannanes via the Lewis acid-
catalyzed hydrosilylation, hydrostannation, carbosilylation,
and carbostannation of unactivated alkynes. The essential
mechanism behind the Lewis acid-catalyzed stereoselective
trans-addition of the nucleophiles to alkynes is simple and
straightforward: mt-basic alkynes coordinate to Lewis acids,
making an electron-deficient unsaturated carbon center, and
nucleophiles attack that carbon from the phase opposite to the
Lewis acid coordination side. The resulting vinylmetals are
not easily available via any previously known methodologies
and may be useful as building blocks in organic chemistry.

References

1 Forreviews, see: a) H. Yamamoto, “Lewis Acid Chemistry:
A Practical Approach,” Oxford Univ. Press, Oxford (1999). b) R.
Mahrwald, Chem. Rev., 99, 1095 (1999). ¢) M. Santelli and J. M.
Pons, “Lewis Acids and Selectivity in Organic Synthesis,” CRC
Press, Boca Raton (1996). d) M. Yamaguchi, in “Comprehensive
Organic Synthesis,” ed by B. M. Trost and 1. Fleming, Pergamon



1084 Bull. Chem. Soc. Jpn., 73, No. 5 (2000)

Press, Oxford (1991), Vol. 1, p. 325.

2 For example, see: S. Shambayati and S. L. Schreiber, in
“Comprehensive Organic Synthesis,” ed by B. M. Trost and I.
Fleming, Pergamon Press, Oxford (1991), Vol. 1, p. 283.

3 a)Hydroboration, see: K. Smith, A. Pelter, and H. C. Brown,
“Borane Reagents,” Academic Press, London (1988); K. Smith and
A. Pelter, in “Comprehensive Organic Synthesis,” ed by B. M. Trost
and I. Fleming, Pergamon Press, Oxford (1991), Vol. §, p. 703. b)
Hydromagnesiation, see: F. Sato and H. Urabe, in “Handbook of
Grignard Reagents,” ed by G. S. Silverman and P. E. Rakita, Marcel
Dekker, New York (1996), p. 23; B. Wakefield, “Organomagnesium
Methods in Organic Synthesis,” Academic Press, London (1995),
p. 54; F. Sato, J. Organomet. Chem., 285, 53 (1985). c¢) Hydro-
alumination, see: F. Sato, Janssen Chim. Acta, 8, 3 (1990); J. J.
Eisch, in “Comprehensive Organic Synthesis,” ed by B. M. Trost
and I. Fleming, Pergamon Press, Oxford (1991), Vol. &, p. 733.
d) Hydrosilylation, see: T. Hiyama and T. Kusumoto, in “Com-
prehensive Organic Synthesis,” ed by B. M. Trost and 1. Fleming,
Pergmon Press, Oxford (1991), Vol. 8, p. 763; 1. Ojima, in “The
Chemistry of Organic Silicon Compounds,” ed by S. Patai and Z.
Rappoport, John Wiley, Chichester (1989), p. 1479; J. Reichl and
D. H. Berry, Adv. Organomet. Chem., 43, 197 (1998). ¢) Hydro-
titanation, see: H. Urabe, T. Hamada, and F. Sato, J. Am. Chem.
Soc., 121, 2931 (1999); Y. Gao and F. Sato, J. Chem. Soc., Chem.
Commun., 1995, 659. f) Hydrozincation, see: Y. Gao, K. Harada, T.
Hata, H. Urabe, and F. Sato, J. Org. Chem., 60, 290 (1995). g) Hy-
drozirconation, see: P. Wipf and H. Jahn, Tetrahedron, 52, 12853
(1996); J. A. Labinger, in “Comprehensive Organic Synthesis,” ed
by B. M. Trost and 1. Fleming, Pergamon Press, Oxford (1991),
Vol. 8, p. 667. h) Hydrostannation, see: M. Pereyre, J. -P. Quintard,
and A. Rahm, “Tin in Organic Synthesis,” Butterworths, London
(1987).

4 a) E. W. Colvin, “Silicon Reagents in Organic Synthesis,”
Academic Press, London (1988). b) W. P. Weber, “Silicon Reagents
for Organic Synthesis,” Springer, Berlin (1983). ¢) E. W. Colvin,
“Silicon in Organic Synthesis,” Butterworth, London (1981).

5 a) Ref. 3d. b) Organolanthanide catalyst, see: G. A.
Molander, E. D. Dowdy, and B. C. Noll, Organometallics, 17,
3754 (1998), and references cited therein. ¢) Organoactinide cata-
lyst, see: A. K. Dash, J. Q. Wang, and M. S. Eisen, Organometallics,
18, 4724 (1999).

6 a) T. G. Selin and R. West, J. Am. Chem. Soc., 84, 1860
(1962). b) R. A. Benkeser, M. L. Burrous, L. E. Nelson, and J. V.
Swisher, J. Am. Chem. Soc., 83, 4385 (1961).

7 Transition metal complexes derived from Pt, Ir, Pd, Rh, Ru,
Ni, Co, Fe, Re, and Mn metals have been used for hydrosilylation ;
see Ref. 5.

8 a)U. Finke and H. Moretto, German Patent 2804204 (1979);
Chem. Abstr.,, 91, 193413x (1979). b) K. Oertle and H. F. Wetter,
Tetrahedron Lett., 26, 5511 (1985).

9 K. Yamamoto and M. Takemae, Synlett, 1990, 259.

10 Y.-S. Song, B. R. Yoo, G. -H. Lee, and I. N. Jung,
Organometallics, 18, 3109 (1999).

11 a) M. G. Voronkov, S. N. Adamovich, and V. B.
Pukhnarevich, J. Gen. Chem. USSR (Engl. Transl), 52,
2058 (1982). b) M. G. Voronkov, S. N. Adamovich, L. V.
Sherstyannikova, and V. B. Pukhnarevich, J. Gen. Chem. USSR
(Engl. Transl.), 53, 706 (1983).

12 a) N. Asao, T. Sudo, and Y. Yamamoto, J. Org. Chem., 61,
7654 (1996). b) T. Sudo, N. Asao, V. Gevorgyan, and Y. Yamamoto,
J. Org. Chem., 64, 2494 (1999).

13 K. Tamao, K. Kobayashi, and Y. Ito, J. Am. Chem. Soc., 111,

ACCOUNTS

6487 (1989).

14 1. Ojima, J. Zhu, E. S. Vidal, and D. F. Kass, J. Am. Chem.
Soc., 120, 6690 (1998).

15 J. M. Buriak and M. J. Allen, J. Am. Chem. Soc., 120, 1339
(1998).

16 a) Ref. 4. b) S. G. Wierchke and J. Chandrasekhar, J. Am.
Chem. Soc., 107, 1496 (1985). c¢) J. C. White, R. J. Cave, and
E. R. Davidson, J. Am. Chem. Soc., 110, 6308 (1988). d) M. R.
Ibraham and W. L. Jorgensen, J. Am. Chem. Soc., 111, 819 (1989).
e) C. Eaborn, J. Chem. Soc., Chem. Commun., 1972, 1255. f) J.
B. Lambert, Tetrahedron, 46, 2677 (1990). g) Y. Apeloig, in “The
Chemistry of Organic Silicon Compounds,” ed by S. Patai and Z.
Rappoport, John Wiley & Sons, Chichester (1989), Part 1, p. 57.
h) G. A. McGibbon, M. A. Brook, and J. K. Terlouw, J. Chem.
Soc., Chem. Commun., 1992, 360. i) C. Dallaire and M. A. Brook,
Organometallics, 9, 2873 (1990). j) A. J. Kresge and J. B. Tobin,
Angew. Chem., Int. Ed. Engl., 32, 721 (1993). k) V. Gabelica and
A.J. Kresge, J. Am. Chem. Soc., 118, 3838 (1996). 1) W. Zhang, J.
A. Stone, M. A. Brook, and G. A. McGibbon, J. Am. Chem. Soc.,
118, 5764 (1996). m) L. Fleming, CHEMTRACTS Org. Chem., 6,
113 (1993).

17 R.D. Chambers, in “Fluorine in Organic Chemistry,” Wiley,
New York (1973), p. 73.

18 a) H. C. Brown and Y. Okamoto, J. Am. Chem. Soc., 79,
1913 (1957). b) H. C. Brown and Y. Okamoto, J. Am. Chem. Soc.,
80, 4979 (1958). ¢) H. C. Brown and Y. Okamoto, J. Org. Chem.,
22,485 (1957).

19 a)Ref.3h.b) A.J. Leusink, H. A. Budding, and W. Drenth, J.
Organomet. Chem., 9, 295 (1967). ¢) A.J. Leusink, H. A. Budding,
and W. Drenth, J. Organomet. Chem., 9, 285 (1967).

20 For example, see: a) J. K. Stille, Angew. Chem., Int. Ed.
Engl., 25, 508 (1986). b) R. F. Heck, “Palladium Reagents in Or-
ganic Synthesis,” Academic Press, New York (1985).

21 a) The use of AIBN as a radical initiator: Ref. 19. b) The
use of Et3B: K. Nozaki, K. Oshima, and K. Utimoto, J. Am. Chem.
Soc., 109, 2547 (1987); K. Nozaki, K. Oshima, and K. Utimoto,
Bull. Chem. Soc. Jpn., 60, 3465 (1987). c¢) The use of ultrasound:
E. Nakamura, Y. Imanishi, and D. Machii, J. Org. Chem., 59, 8178
(1994); E. Nakamura, D. Machii, and T. Inubushi, J. Am. Chem.
Soc., 111, 6849 (1989).

22 a) Pd catalysts; Y. Ichinose, H. Oda, K. Oshima, and K.
Utimoto, Bull. Chem. Soc. Jpn., 60, 3468 (1987); H. X. Zhang,
F. Guibe, and G. Balavoine, Tetrahedron Lett., 29, 619 (1988); H.
Miyake and K. Yamamura, Chem. Lert., 1989, 981. b) Rh cata-
lysts: K. Kikukawa, F. Umekawa, G. Wada, and T. Matsuda, Chem.
Lett., 1988, 881. c) Mo catalysts: H. X. Zhang, F. Guibe, and
G. Balavoine, J. Org. Chem., 55, 1857 (1990); U. Kazmaier, D.
Schauss, and M. Pohlman, Org. Lett., 1, 1017 (1999).

23 a) A. J. Leusink, H. A. Budding, and W. Drenth, J.
Organomet. Chem., 11, 541 (1968). b) C. Nativi and M. Taddei,
J. Org. Chem., 53, 820 (1988).

24 The sonochemical hydrostannation produces the trans-hy-
drostannation product stereoselectively (Ref. 21c).

25 a)N. Asao, J. -X. Liu, T. Sudoh, and Y. Yamamoto, J. Org.
Chem., 61, 4568 (1996). b) N. Asao, J. -X. Liu, T. Sudoh, and Y.
Yamamoto, J. Chem. Soc., Chem. Commun., 1995, 2405.

26 The cyclic divinyltin derivatives were produced by the hy-
drostannation of diynes under heat conditions: a) A. J. Keusink, J.
G. Nottes, H. A. Bussing, and G. J. M. van der Kerk, Recl. Trav.
Chim. Pays-Bas, 83, 1036 (1964). b) A. J. Ashe, Il, and P. Shu, J.
Am. Chem. Soc., 93, 1804 (1971), and references cited therein.

27 H. G. Kuivila, W. Rahman, and R. H. Fish, J. Am. Chem.



N. Asao et al.

Soc., 87, 2835 (1965).

28 Y. Ichinose, K. Oshima, and K. Utimoto, Bull. Chem. Soc.
Jpn., 61, 2693 (1988).

29 T.N. Mitchell and U. Schneider, J. Organomet. Chem., 405,
195 (1991).

30 There is an exemplary report, describing the free radical
hydrostannation of methoxyallene by Bu3;SnH leading to the mix-
ture of corresponding Z- and E-allylstannanes: M. Koreeda and Y.
Tanaka, Tetrahedron Lett., 28, 143 (1987).

31 V.Gevorgyan, J. -X. Liu, and Y. Yamamoto, J. Org. Chem.,
62, 2963 (1997).

32 The strong coordination of an enol oxygen atom to various
Lewis acids was reported: a) V. Gevorgyan and Y. Yamamoto, J.
Chem. Soc., Chem. Commun., 1994, 58. b) V. Gevorgyan and Y.
Yamamoto, Tetrahedron Lett., 36, 7765 (1995).

33 A. E. Finholt, A. C. Bond, K. E. Wilzbach, and H. L.
Schlesinger, J. Am. Chem. Soc., 69, 2693 (1947).

34 For leading review, see: a) W. P. Neumann, Synthesis, 1987,
665. b) T. V. RajanBabu, in “Encyclopedia of Reagents for Organic
Synthesis,” ed by L. A. Paquette, Wiley, New York (1995).

35 a) G. Bihr and S. Pawlemko, in “Methoden der Organ-
ischen Chemie,” ed by E. Miiller and O. Bayer, Georg Thieme
Verlag, Stuttgart (1978), Vol. 13/6, p. 181. b) A. G. Davies and
P. J. Smith, in “Comprehensive Organomet. Chem.,” ed by G.
Wilkinson, Pergamon Press (1982), Vol. 2.

36 The reduction of various organic halides with Bu;SnH pre-
pared in situ from tributyltin chloride and LiAlH4 or NaBH, was
reported: a) E. J. Corey and J. W. Suggs, J. Org. Chem., 40, 2554
(1975). b) H. G. Kuivila and L. W. Menapace, J. Org. Chem., 28,
2165 (1963); However, due to the presence of reactive metal hy-
drides in the reaction mixture, this method could not be applicable
to the Lewis acid-catalyzed hydrostannation reaction. See, also: c¢)
D.S.Hays and G. C. Fu, J. Org. Chem., 61,4 (1996). d) D. S. Hays,
M. Scholl, and G. C. Fu, J. Org. Chem., 61, 6751 (1996). e) R. M.
Ropez, D. S. Hays, and G. C. Fu, J. Am. Chem. Soc., 119, 6949
(1997). ) D. S. Hays and G. C. Fu, J. Org. Chem., 62, 7070 (1997).
g) D. S. Hays and G. C. Fu, J. Org. Chem., 63, 2796 (1998). h) 1.
Terstiege and R. E. Maleczka, Jr., J. Org. Chem., 64, 342 (1999).

37 V.Gevorgyan, J. -X., Liu, and Y. Yamamoto, J. Chem. Soc.,
Chem. Commun., 1998, 37.

38 K. Ziegler and K. Béhr, Chem. Ber., 61, 253 (1928).

39 Forreviews, see: a) J. F. Normant and A. Alexakis, Synthe-
sis, 1981, 841. b) E. Negishi, Pure Appl. Chem., 53, 2333 (1981).
¢) W. Oppolzer, Angew. Chem., Int. Ed. Engl., 28, 38 (1989). d)
P. Knochel, in “Comprehensive Organic Synthesis,” ed by B. M
Trost and 1. Fleming, Pergamon Press, Oxford (1991), Vol. 4, p.
865. e) Y. Yamamoto and N. Asao, Chen. Rev., 93, 2207 (1993). f)
P. Knochel, in “Comprehensive Organometallic Chemistry II,” ed
by E. W. Abel, F. G. A. Stone, and G. Wilkinson, Pergamon Press,
Oxford (1995), Vol. 11, p. 159. g) I. Marek and J. F. Normant, in
“Metal-Catalyzed Cross-Coupling Reactions,” ed by F. Diederich
and P. J. Stang, Wiley-VCH, Weinheim (1998), p. 271. h) 1. Marek,
J. Chem. Soc., Perkin Trans. 1, 1999, 535.

40 See, for example: a) S. Araki, A. Imai, K. Shimizu, M.
Yamada, A. Mori, and Y. Butsugan, J. Org. Chem., 60, 1841 (1995),
(allyl-In). b) K. Okada, K. Oshima, and K. Utimoto, J. Am. Chem.
Soc., 118, 6076 (1996); J. Tang, K. Okada, H. Shinokubo, and K.
Oshima, Tetrahedron, 53, 5061 (1997), (allyl-Mg/Mn).

41 a)D. A. Singleton, S. C. Waller, Z. Zhang, D. E. Frantz, and
S.-W. Leung, J. Am. Chem. Soc., 118, 9986 (1996), (allyl-B). b) J.
A. Miller and E. Negishi, Tetrahedron Lett., 25, 5863 (1984), (allyl-
Al). ¢) S. H. Yeon, J. S. Han, E. Hong, Y. Do, and I. N. Jung, J.

Bull. Chem. Soc. Jpn., 73, No. 5 (2000) 1085

Organomet. Chem., 499, 159 (1995), (allyl-Si). d) J. J. Eishi and M.
P. Boleslawski, J. Organomet. Chem., 334, C1 (1987), (allyl-Ti).
e) N. Chatani, N. Amishiro, T. Morii, T. Yamashita, and S. Murai,
J. Org. Chem., 60, 1834 (1995); G. A. Molander, J. Org. Chem.,
48, 5409 (1983); E. Negishi and J. Miller, J. Am. Chem. Soc., 105,
6761 (1983), (allyl-Zn). f) M. Yamaguchi, T. Sotoyama, and M.
Hirama, J. Chem. Soc., Chem. Commun., 1997, 743 (allyl-Ga). g)
T. Takahashi, M. Kotora, K. Kasai, and N. Suzuki, Tetrahedron
Lett., 35, 5685 (1994), (allyl-Zr). h) N. Fujiwara and Y. Yamamoto,
J. Org. Chem., 64, 4095 (1999); N. Fujiwara and Y. Yamamoto, J.
Org. Chem., 62,2318 (1997); B. Ranu and A. Majee, J. Chem. Soc.,
Chem. Commun., 1997, 1225 (allyl-In). i) K. Takai, M. Yamada, H.
Okada, K. Utimoto, T. Fujii, and 1. Furukawa, Chem. Lett., 1995,
315, (allyl-Ta).

42 The net carbosilylation from three component coupling re-
action was reported, see: a) N. Chatani, N. Amishiro, and S. Murai,
J. Am. Chem. Soc., 113, 7778 (1991). b) Y. Obora, Y. Tsuji, and T.
Kawamura, J. Am. Chem. Soc., 115, 10414 (1993). ¢) Y. Obora, Y.
Tsuji, and T. Kawamura, J. Am. Chem. Soc., 117, 9814 (1995). d)
M.-Y. Wu, E-Y. Yang, and C.-H. Cheng, J. Org. Chem., 64, 2471
(1999).

43  For direct C-Si bond cleavages within a transition metal co-
ordination sphere, see: a) W. Lin, S. R. Wilson, and G. S. Girolami,
J. Am. Chem. Soc., 115, 3022 (1993). b) A. D. Horton and A. G.
Orpen, Organometallics, 11, 1193 (1992). ¢) L. S. Chang, M. P.
Johnson, and M. J. Fink, Organometallics, 10, 1219 (1991), and
references cited therein.

44 For example, the mean bond. dissociation energies D(M—
R) of representative organometallics MR,, are as follows: Si—Et,
290425 kImol™'; Li-Et, 209 kJmol™'; Zn—Et, 145 kJmol~';
Al-Et, 242 kJmol™'. See: H. A. Skinner, Adv. Organomet. Chem.,
2,49 (1964); B. J. Aylett, “Organometallic Compounds; The Main
Group Elements, Part 2,” (1979), Vol. L.

45 a) I. N. Jung and B. R. Yoo, Synlert, 1999, 519. b) S. H.
Yeon, B. W. Lee, B. R. Yoo, and I. N. Jung, Organometallics, 14,
2361 (1995). ¢) B. K. Cho, G. M. Choi, J. -1. Jin, B. R. Yoo, and
I. N. Jung, Organometallics, 16, 3576 (1997). d) G. M. Choi, S.
H. Yeon, J. -I. Jin, B. R. Yoo, and 1. N. Jung, Organometallics, 16,
5158 (1997). e) G. M. Choi, B. R. Yoo, H. -J. Lee, K. -B. Lee, and
I. N. Jung, Organometallics, 17, 2409 (1998).

46 K. Miura, H. Saito, T. Nakagawa, T. Hondo, J. Tateiwa, M.
Sonoda, and A. Hosomi, J. Org. Chem., 63, 5740 (1998).

47 a)N. Asao, E. Yoshikawa, and Y. Yamamoto, J. Org. Chem.,
61, 4874 (1996). b) E. Yoshikawa, V. Gevorgyan, N. Asao, and Y.
Yamamoto, J. Am. Chem. Soc., 119, 6781 (1997).

48 a) I. Fleming, in “Comprehensive Organic Chemistry,” ed
by D. H. R. Barton and W. Ollis, Pergamon Press, Oxford (1979),
Vol. 3, p. 541. b) H. Sakurai, Pure Appl. Chem., 54, 1 (1982). ¢)
A. Hosomi, Acc. Chem. Res., 21, 200 (1988). d) 1. Fleming, J.
Dunogues, and R. Smithers, Org. React. (N.Y.), 37, 57 (1989).¢) R.
Eaborn and W. Bott, in “Organometallic Compounds of the Group
IV Elements,” ed by A. G. Mac-Diarmid, Marcel Dekker, New
York (1968), Vol. 1, Part 1.

49 a) H. Mayr and M. Patz, Angew. Chem., Int. Ed. Engl., 33,
938 (1994). b) G. Hagen and H. Mayr, J. Am. Chem. Soc., 113,
4954 (1991).

50 Although the so-called “half-reaction time” data are very
proximate, they are only useful for the rough estimation of relative
reactivities. For example, see: 1. Fleming and J. A. Langley, J.
Chem. Soc., Perkin Trans. 1, 1981, 1412.

51 For a review, see: a) I. Ojima, M. Tzamarioudaki, Z. Li,
and R. J. Donovan, Chem. Rev., 96, 635 (1996). b) E. Negishi, C.



1086 Bull. Chem. Soc. Jpn., 73, No. 5 (2000)

Coperet, S. Ma, S. -Y. Liou, and F. Liu, Chem. Rev., 96, 365 (1996).

52 K. Alder, F. Pascher, and A. Schmitz, Ber. Dtsch. Chem.
Ges., 76, 27 (1943).

53 For a review, see: a) H. Lehmkuhl, Bull. Soc. Chim. Fr.
Part I, 1981, 87. See, also: b) H. Lehmkuhl and D. Reinehr, J.
Organomet. Chem., 25, C47 (1970).

54 For areview, see: a) Ref. 39c¢. See, also: b) G. Courtois, A.
Masson, and L. C. Migniac, R. Acad. Sci. Ser. C, 286, 265 (1987).
¢) J. van der Louw, C. M. D. Komen, A. Knol, E. J. J. de Kanter, J.
L. van der Baan, F. Bickelhaupt, and G. W. Klumpp, Tetrahedron
Lezt., 30, 4453 (1989). d) J. van der Louw, J. L. van der Baan, C.
M. D. Komen, A. Knol, F J. J. de Kanter, F. Bickelhaupt, and G.
W. Klumpp, Tetrahedron, 48, 6105 (1992). e) W. Oppolzer and F.
Svhroder, Tetrahedron Lett., 35, 7939 (1994). ) Y. Takayama, Y.
Gao, and E. Sato, Angew. Chem., Int. Ed. Engl., 36, 851 (1997).

55 See, for example: a) F. Camps, J. Coll, J. M. Morreto, and
J. Torras, Tetrahedron Lett., 28, 4745 (1987). b) W. Oppolzer, T.
H. Keller, M. Bedoya-Zurita, and C. Stone, Tetrahedron Lett., 30,
5883 (1989). ¢) W. Oppolzer and C. Robyr, Tetrahedron, 50, 415
(1994). d) See also Refs. 54a and 54e.

56 For a review, see, for example: a) M. Lautens, W. Klute,
and W. Tam, Chem. Rev., 96, 49 (1996). See, also: b) T. Harada, T.
Otani, and A. Oku, Tetrahedron Lett., 38, 2855 (1997). ¢) H. Huang
and C. J. Forsyth, J. Org. Chem., 62, 8595 (1997).

57 For Li, see: a) W. F. Bailey and T. V. Ovaska, J. Am. Chem.
Soc., 115, 3080 (1993). b) W. F. Bailey, N. M. Wachter-Jurcsak, M.
R. Pineau, T. V. Ovaska, R. R. Warren, and C. E. Lewis, J. Org.
Chem., 61, 8216 (1996). c) X. Wei and R. J. K. Taylor, Tetrahedron
Lett., 36, 6467 (1997). d) M. Oestreich, R. Frohlich, and D. Hoppe,
Tetrahedron Lett., 39, 1745 (1998), and references cited therein.

58 For Mg, see: a) H. G. Richey, Jr., and A. M. Rothman,
Tetrahedron Lett., 1968, 1457. b) W. C. Kossa, Jr., T. C. Rees, and
H. G. Richey, Jr.,, Tetrahedron Lett., 1971, 3455. ¢) S. Fujikura,
M. Inoue, K. Utimoto, and H. Nozaki, Tetrahedron Lett., 25, 1999
(1984).

59 For Zn, see: a) G. Courtois, A. Masson, and L.. Miginiac, C.
R. Acad. Sci. Paris, Ser. C, 286, 265 (1978). b) M. C. P. Yeh and P.
Knochel, Tetrahedron Lett., 30, 4799 (1989). ¢) T. Stiildemann and
P. Knochel, Angew. Chem., Int. Ed. Engl., 36, 93 (1997).

60 For Al see: J. A. Miller and E. Negishi, Isr. J. Chem., 24,
76 (1984).

61 For Cu, see: a)J. K. Crandall, P. Battioni, J. T. Wehlacz, and
R. Bindra, J. Am. Chem. Soc., 97, 7171 (1975). b) E. D. Sternberg
and K. P. C. Vollhardt, J. Org. Chem., 49, 1574 (1984). ¢) J. K.

ACCOUNTS

Crandall and W. J. Michaely, J. Org. Chem., 49, 4244 (1984).

62 K. Imamura, E. Yoshikawa, V. Gevorgyan, and Y.
Yamamoto, J. Am. Chem. Soc., 120, 5339 (1998).

63 For aryl-stabilized vinylic cations, see, for example: a) T.
S. Abram and W. E. Watts, J. Chem. Soc., Chem. Commun., 1974,
857. b) H. -U. Siehl, J. C. Carnahan, L. Eckes, and M. Hanack,
Angew. Chem., Int. Ed. Engl., 13, 675 (1974).

64 a)G. Wilke and H. Muller, Chem. Ber., 89, 444 (1956).b) G.
Wilke and H. Muller, Justus Liebigs Ann. Chem., 618, 267 (1958).
¢) J. J. Eisch and W. C. Kaska, J. Am. Chem. Soc., 88, 2213 (1966).
d) G. Zweifel, J. T. Snow, and C. C. Whitney, J. Am. Chem. Soc.,
90, 7139 (1968).

65 a) A. Alexakis and J. F. Normant, Tetrahedron Lett., 23,
5151 (1982). b) M. Furber, R. J. K. Taylor, and S. C. Burford,
Tetrahedron Lett., 26, 3285 (1985). ¢) M. Furber, R. J. K. Taylor,
and S. C. Burford, J. Chem. Soc., Perkin Trans. 1, 1986, 1809.

66 H. G. Richey, Jr., and F. W. Von Rein, J. Organomet. Chem.,
20, 32 (1969).

67 T. Takahashi, D. Y. Kondakov, Z. Xi, and N. Suzuki, J. Am.
Chem. Soc., 117, 5871 (1995).

68 N. Asao, T. Shimada, and Y. Yamamoto, J. Am. Chem. Soc.,
121, 3797 (1999).

69 There are very few reports on the intramolecular carbomet-
alation with vinylmetals, see: a) G. Wu, F. E. Cederbaum, and E.
Negishi, Tetrahedron Lett., 31, 493 (1990). b) T. V. Ovaska, R. R.
Warren, C. E. Lewis, N. M. Wachter-Jurcsak, and W. F. Bailey, J.
Org. Chem., 59, 5868 (1994). c) Ref. 57b.

70 L. E. Overman and R. M. Burk, Tetrahedron Lett., 25, 5739
(1984).

71 The net carbostannation from the three-component coupling
reaction was reported, see: M. Yamaguchi, Pure Appl. Chem., 10,
1091 (1998), and references cited therein.

72 a) K. Miura, T. Matsuda, T. Hondo, H. Ito, and A. Hosomi,
Synlett, 1996, 555. b) K. Miura, D. Itoh, T. Hondo, H. Saito, H. Ito,
and A. Hosomi, Tetrahedron Lett., 37, 8539 (1996).

73 a) E. Shirakawa and T. Hiyama, J. Organomet. Chem.,
576, 169 (1999). b) E. Shirakawa, H. Yoshida, T. Kurahashi, Y.
Nakao, and T. Hiyama, J. Am. Chem. Soc., 120, 2975 (1998). c) E.
Shirakawa, H. Yoshida, Y. Nakao, and T. Hiyama, J. Am. Chem.
Soc., 121, 4290 (1998). d) E. Shirakawa, K. Yamasaki, H. Yoshida,
and T. Hiyama, J. Am. Chem. Soc., 121, 10221 (1998).

74 a)N. Asao, Y. Matsukawa, and Y. Yamamoto, J. Chem. Soc.,
Chem. Commun., 1996, 1513. b) Y. Matsukawa, N. Asao, and Y.
Yamamoto, Tetrahedron, 55, 3779 (1999).

Naoki Asao was born in Sendai, Japan, in 1964. He received his M.Sc. (1989) and Ph.D. (1992)
from Tohoku University working under the direction of Professor Y. Yamamoto. While studying
for his Ph.D., he became a JSPS Fellow for Japanese Junior Scientists (1991).
as a visiting graduate student in the laboratory of Professor C. H. Heathcock at the University
of California, Berkeley, in 1991. He joined the faculty of Tohoku University as a Research
Associate in 1992. He was appointed Lecturer at Hokkaido University in 1995 and moved to
Tohoku University in 1998.
Young Chemists. His current research is focused on the use of organometallic reagents for the
development of new synthetic methodologies.

He worked

In 1997, he received the Chemical Society of Japan Award for



N. Asao et al.

Bull. Chem. Soc. Jpn., 73, No. 5 (2000) 1087

Yoshinori Yamamoto was born in Kobe, Japan, in 1942. He received his M.Sc. (1967) and
Ph.D. (1970) degrees from Osaka University, Japan. He was appointed as an Instructor at Osaka
University in 1970. While he was working as an Instructor at Osaka University, he went to
Professor H. C. Brown’s research group at Purdue University, as a Postdoctral Associate (1970—
1972). In 1977 he was appointed as an Associate Professor at Kyoto University, Japan where
he remained until 1985. In 1986 he moved to Tohoku University to take up his present position,
Professor of Chemistry. He is also holding a Professorship at ICRS, Tohoku University and a
visiting Professorship at Kyushu University. He is a recipient of the Chemical Society of Japan
Award for Young Chemists in 1976. More recently, he was awarded the Chemical Society of
Japan Award (1995). He is the regional editor of Tetrahedron Letters and he is the President
(elect) of the International Society of Heterocyclic Chemistry. He has a wide range of research
interests in synthetic organic and organometallic chemistry. His recent work focussed on the use
of transition metal complexes as catalytic reagents in organic synthesis and synthesis of complex
natural products.



