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1. Introduction

Additions of homoelementelement and heteroelement
element linkages to unsaturated substrates catalyzed by the
platinum group metals constitute synthetically highly versatile
processes. Two identical or different functionalities, which
can undergo a multitude of further synthetic transformations,
are added to the unsaturated moiety in one single step.
Interelement linkages add to alkynes and alkenes in a 1,2-
manner, whereas they usually add to allenes and conjugated
dienes via 1,2- and 1,4-addition, respectively. Under certain
conditions, additions to alkynes and 1,3-dienes are ac-
companied by dimerization of the unsaturated compound,
and additions to diynes, enynes, and bisdienes may lead to
carbocyclization. Reaction conditions are often possible to
control, leading to high chemoselectivity. Recently a number
of enantioselective additions have been achieved, thus
expanding the synthetic utility of this type of catalytic
processes

Activation of the interelement linkage is usually achieved
by group 10 metal compounds, but a few reactions are
catalyzed by other transition metal complexes, in particular
complexes containing Rh or Ru. Phosphites and isocyanides
were originally employed as ligands, although later phos-
phines and other types of phosphorus ligands as well as
ligand-free complexes have proven to constitute successful
catalyst components.

The term “interelement linkage” was introduced for
chemical bonds such as mutual linkages within the heavy
main group elements and linkages between the main group
elements and the transition metéls$zor the individual
reactions and reagents, there seems to be no agreement
regarding nomenclature, however. For example, in American
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1999 covers additions of interelement compounds to alk{nes.
In a review on palladium-catalyzed reactions of allenes,
which appeared one year later, stannylations, silylations, and
germanylations of allenes are includetihe same year, an
excellent review covering all types of additions of homo-
and heteroelement compounds with silicon appeérad.
feature article from 1999 provides a brief summary of the
field.” In addition to these broader summaries, a number of
more specialized accounts have appeared dealing with
disilylations? silaboration$;°and diboratiord-*2%of carbor-
carbon multiple bonds, processes including interelement
linkages with sulfur and seleniut,and silylations and
germylations of carboranés.

In our opinion, there is a need, however, to consider recent
results. The field is very important and develops fast, and
many interesting results have appeared lately. Until now, no
review covering the entire field has appeared. There is a need
to compare the results from additions to different types of
substrates as well as within a group of substrates, since, even
for simple reactions of EE compounds with alkynes,
unexpected results may be achieved depending on the
structure of the compounds and, in particular, the nature of
the transition metal catalyst. Other important issues concern
the mechanism of the additions and their chemo-, regio-, and
stereoselectivities.

This review summarizes homo- and heterointerelement
additions to alkynes, 1,3-dienes, 1,2-dienes, and alkenes, as
well as additions to methylenecyclopropanes and vinylcy-
clopropanes, with the latter being covered together with
alkenes. It does not deal with additions to carbbateroatom
unsaturated compounds such as carbonyl compounds or
imines, and it does not deal with 1,4-additions to unsaturated
carbonyl compounds. The literature up to 2005 is covered,
although some earlier literature covered by previous reviews
has been omitted.

2. Additions to Alkynes

The literature concerning interelement additions to alkynes
was covered in detail up to 1999 in our previous revfew.
Many of the products obtained serve as important building
blocks in organic synthesis. Several vinyl compounds can
be used for formation of carbercarbon bonds, thus giving
access to tri- and tetrasubstituted olefins. Vinylsilanes
undergo substitutions with a wide range of electrophifes,
vinylstannanes are important building blocks in natural
product chemistry? and vinylboron compounds are versatile
carbon-carbon bond forming tools undergoing Suzudki
Miyaura coupling reaction®. Addition of heteroelement
compounds opens up wide synthetic possibilities, in that two
consecutive functionalizations of the product from interele-
ment addition can be achieved.

2.1. Si-Si
Transition metal-catalyzed disilylations of alkynes, which

Chemical Society (ACS) journals, silastannation, silylstan- constituted the first examples of elemeriement additions
nation, silastannylation, and silylstannylation are all used for to unsaturated compounds, were pioneered by Japanese
the addition of S-Sn bonds to unsaturated compounds. We scientists in the beginning of the 1970s. Due to great efforts
decided to generally employ nomenclature in accordance withby the groups of Kumad& and Sakura?® many new
the first of these, but exceptions are made when widely reactions of organosilicon compounds were discovered and
e}ccepteq nomenclature for particular compounds and reac-many new organosilicon compounds, including silicon-
tions exists. containing polymers, were synthesized utilizing these reac-
Several reviews covering the field have appeared lately. tions. For a long time, this research field was a Japanese
Two of them, both from 199532 include the addition of  domain, and contributions from other groups such as that of
disilanes to unsaturated compounds. Our own review from Seyfertli* appeared only in the 1980s.
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It was shown that the addition of interelement compounds Scheme 4

to terminal as well as internal alkynes catalyzed by palladium Me

complexes takes place with high syn selectivity (Scheme 1). SiMe, 1 . (Pd] <s.| R
o + R'—= —_—

y I
Scheme 1 SiMez s TR?

Meg

[Pd] R! R?
XmRamSiSiRamXm  + RI—=—R2 —» —

The majority of the reactions were catalyzed by palladium
complexes, but also other type of catalysts, based on platinum

The reaction proceeds smoothly with differently substituted and nickel, were able to catalyze the addition of disilanes to
disilanes, X= F, Cl, or OMe (Scheme 1), sometimes even alkynes. The most efficient systems were obtained using Pt-
at room temperature, with palladium phosphine com- (CHz=CH:)(PPh)z, NiCl(PE%), and Ni(PE{). as precata-
plexes?222 Surprisingly, disilanes with phenyl substituents lysts. They were, in particular, used for dehydrogenative
have an accelerating effect on these reactions. That thisaddition with compounds having two SiR groups (Scheme
influence is rather complicated can be seen from a kinetic 5)- These reactions include in some cases the formation of
study of the stoichiometric reaction betweas-Pt(PPh),-
(SiRs), and phenylacetylene. To shed light on the mechanism

of the catalytic process, the insertion of acetylenes into the SiMezH  pi(GH,CHy)(PPhs)s gieZ -
- . Pt °

XmRamSi  SiRgmXm

Scheme 5

silicon—platinum bonds was studied by Ozatfaln the Pt
presence of excess phenylacetylene, pseudo-first-order rate SiMesH - Hp - CHoCH Si_PPhg

. . . . Me.
constantskynsg Were measured for insertion into the silieen Me, 2
platinum bond of (PMgPh)Pt(SiR;), compounds (Scheme Ph—=—H Si__Ph
2) 25 The rate constants for insertion of phenylacetylene into - - ©i I
-(Pt) Si
Scheme 2 Me
|_‘Pt,sm3 Ph—= RSS“PT SiRg| +L straizr;ed silicor-silicon bonds possessing particular proper-
—_— 7/ — R H
V SR L L ties: . . )
"% CD,Clp, 5 °C PR H The dehydrogenative reaction of 1,1,2,2-tetramethyldi-
silane with alkynes catalyzed by Ni complexes was followed
L. ,SiRs . R3Si  Kopsq10* (sec’™) by dimerization and formation of silacyclopentadienes
PSP - (Scheme 6030
vy ——  product PhMe,Si  1.15 -
Ph H PhyMeSi 0.41
Ph3Si 11.8 Scheme 6
R! R
Pt—Si bonds in Pt(ll) disilyl complexes revealed a reactivity o INi] &
order inconsistent with the steric and electronic nature of ~ HMegSi=SiMeH  + RI-=—R* —— &R
the silyl substituents® A detailed kinetic investigation Me,

showed that the first step is dissociation of one of the

phosphine (L) ligands to form an unsaturated complex, which ~ The insertion of disubstituted acetylenes into 3,4-benzo-

undergoes rate determining migratory insertion via prior 1,1,2,2-tetraethyl-1,2-disilacyclobut-3-ene was shown to lead

coordination of the acetylene to the vacant site. to two isomers, A and B, via insertion of the alkyne into
Insertion of dimethyl acetylenedicarboxylate in a silyl- Ni—Si and Ni~C bonds, respectively (Scheme *¥)The

platinum(ll) phosphine complex afforded products which

were isolated and characterized. The initially formed cis Scheme 7

complex was shown to be in equilibrium with a 4-sila-3- gfz ) Ety
platinacyclobutane, which ring opened to yield the trans N""“R Si_Ri
complex (Scheme 3. e S /e SII
1
Et, R Et.
Scheme 3 2 e G
’ _ Etp Et
SiHPh, PhoHsi (2 SiEt F—="Fe Si-giEt, Si~2s'Et
. | \ -
MegP-Pt—SiHPh, + z——=—7 Me3P—I;"t~(kZ éE - [ NiL, =2
PM93 MesP 7 1 t2 Ni(PEtg)4 — . = R1
Re Rz (B)
~ ) ‘ SiEt,
Z= COzMe MGSP SIHPh2 Z Z — <I‘ :NI=C=C:R —
A — . ‘ SiMe3
PhyHSi—Pt z . +HSiPhy SiEt,
! Me3P SIPh2 1 Etz
MesP  Z si R
PMeg A B ¢ =(
Ry =Ry =Et 36 29 s SiM
.. . . R1=R2=Ph 27 72 E{ IMeg
Other disilanes and other palladium complexes with less ' 22" o' o 5} 55 2 0
donating phosphine ligands were found not to be efficient R, =Me, Ro=SiMe; 44 27

as catalysts. However, with cyclic disilanes having strained

Si—Si bonds, additions could be achieved with silanes analogous reactions catalyzed by Pd and Pt were previously
lacking activating substituents using conventional palladium known to afford only the first type of adduct$3? Mono-
catalysts such as Pd{Ph), under mild conditions (80C, substituted alkynes did not afford the same products but
Scheme 4§°23.28 resulted in oligomerization of the unsaturated compounds.
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With trimethylsilyl-substituted alkynes, a vinylidene nickel
complex () was, according to the authors, formed as an
intermediate after migration of the trimethylsilyl group,
resulting in formation of a product (C) having a carbon atom
carrying two silyl substituents, in addition to %A.

A disilyl nickel complex @) was obtained by reaction of
Ni(PE#)4 with 1,2-bis(dimethylsilyl)carborane (Scheme®8).

Scheme 8
SiHM92 gl‘? ’\Slliez
Vavy v NiPEty — DO NiPEt),
Vs SiHMe, Ve ﬁliez

2

It reacted with alkynes in two different ways, via ordinary
insertion of the alkyne into the silicemickel bond, leading,
after reductive elimination, t8, and via Ni-insertion into
the carbon-(sp)—silicon bond (with formation of Ni(IV)!)
followed by shift of a trimethylsilyl group to form a
vinylidene nickel intermediaté and, finally, the second type
of product 6, Scheme 9).

Scheme 9
Meg

Pl Si SiMe3
2 — -~ M I
QXL s” R
3 M62

Me,

Meo

T, _-Si . T, _-Si

WAVA \Ni,SlMes . WAVA \

L ~g L ~gf
ﬁlllez\R I?/Ileg 4

Ni—o— Shes

M

-e2
. bﬁ&?{ S'>:,, SiMeg

Mes 5

The authors who studied the reactions of 3,4-benzo-
1,1,2,2-tetraethyl-1,2-disilacyclobut-3-ene preferred to write
the product from oxidative addition to Ni(0), implying
equilibrium between two intermediates (Scheme °90),

Scheme 10
(i — [l
Ni “Ni”
A~gi A S
R./ =) L R SiRy L

whereas the authors who studied reaction of the carb&tane
wrote a catalytic cycle involving Ni(0), Ni(ll), and Ni(IV),
although this was not discussed by the authors.

A similar reaction, catalyzed by palladium, was studied
for 1,2-bis(diethylsilyl)carboran®.The palladium complex
formed by insertion of palladium into the -S8i bond had
sufficient activity to activate an $garbon-hydrogen bond
in benzene to yiel®, which was transformed into a product
with Si—H and Si=Ph bonds (Scheme 11).

Carborane derivativé, with a five-membered ring with
three silyl groups, reacted with phenylacetylene in the

Chemical Reviews, 2006, Vol. 106, No. 6 2323

Scheme 11
T, _-SiEty S SI PhH
XX | — XX paPMess
N siet, Vo Sikt,
I, S Ph SiHEt,
L re, — 9
e SiEtp N SiPhEt,
6
Scheme 12
ns/[ez I giez Ph
<>, S| PA(BUCN), &> \
XN siMe, + Ph—= ——— XY \3
Si NV si—SiMez
Me, 80% Me
7 8 2

The formation of these two types of compounds was
observed also in a stoichiometric reaction of alkynes with
1,2-bis(dimethylsilyl)carborane platinum comp@xScheme
13) 35 Heating (120°C) with acetylenes gave six-membered

Scheme 13
Me, MGZ
A7) = "
PtPMeg)y ———— I
«v}‘ S ‘&v»‘ S | a2
9 Me, 10 Me,
o R'=R?=Ph
Bu—= R'=Ph,R2=H
R'=R2=Et
'\S/',ez H R!'=R?=Me
P N | —R2-
WAW o R' = R? = CO,Me
NP~
11 M92

2,3-disubstituted 5,6-carboranylene-1,1,4,4-tetramethyl-1,4-
disilacyclohex-2-enes. Thus, from 2-hexyh@ (R = Me,

2 = Pr) was obtained. From 1-hexyne, however, five-
membered ring compountl was obtained under the same
conditions.

Yoshida presented the first example of palladium-catalyzed
disilylation of arynes, generated in situ from 2-(trimethyl-
silylaryl triflates (Scheme 14% The adducts were suggested

Scheme 14
— R
X
MeSi—SiMe; v \ 7/
@[ ™3 Pd(0AC),, 'OCINC Me,Si  SiMe,
A F KF, 18.crown-6
OTt  THF 20°

R = H, 5-Me, 4-MeO, 4-Ph, 6-Me, 30-77%
3-MeO, 6-Ph, 2,4-(CH)y4, 3,4-(MeO),
3,6-(MeO),

to be formed via normal oxidative addition of the disilane
to Pd(0), insertion of the triple bond, and reductive elimina-
tion. It is interesting to note that no addition products were
formed in the absence of Pd.

presence of a palladium catalyst. The sole product was The reaction was applied to a variety of arynes using Ito’s

6,7-0-carboranylene-1,1,4,4,5,5-hexamethyl-2-phenyl-1,4,5-tri-
silacyclohept-2-eneg], with the acetylene inserted into one
of the Si~Si bonds (Scheme 12).The structure of the
product was determined by X-ray crystallography.

catalyst Pd(OAG)'OctNC to give products in good to high
yields. Two other cyclic disilanesl2 and 13, were also
employed in the process, thus affording eight- and seven-
membered ring compounds (Scheme ¥5).
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Scheme 17

= R Pd(OAc),, 'OctNC
MeZS| SIMeZ \ /

MeszSiSiMez + Ph——=——H
oTf KF 18 crown -6 =
Me3Si SiMe3

Scheme 15

PhMe, reflux

82%, ZIE = 96:4

Mey
e SiM Pd(OAc),, ‘OctNC
MegSi-Sitle; C[ Mes pa(0AG), eNG. si MosSiSiMe;  + Hex—==—H S OA%%2
U / OTf KF 18 crown -6 PhMe, reflux
R THF, H Hex
13 Mez _
81%, ZE = 95:5
MesSi  SiMeg

Tetrasilylated products were obtained from bisarynes

(Scheme 16).

Scheme 16
SiMes SiMes
TfOOTf TfO@OOOTf
MesSi MesSi

| |
D e
(& FH U

A: 14% 41% 44%
B: 16% 31% 30%

The four-membered disilanels} decomposed under the

trioxa-1-phosphabicyclo[2.2.2]octane, etpo). These two types
of catalysts allowed additions of any type of disilane,
including nonactivated disilanes such as3Bie-SiMe;, to

be performed.

The first catalytic system was widely employed by Ito and
co-workers for intramolecular variations, (RN€¥(0), with
allylic and propargylic alcohols to provide access to allyl-,
alkenyl-, and propargylsilanes, which are valuable reagents
in organic synthesi$They performed stoichiometric reac-
tions of isolated 'BUNC),Pd with cyclic disilanes to give
disilylpalladium complexe$®

The disilanes obtained have been employed in a variety
of synthetic applications. These include intramolecular
versions of the disilylation with subsequent transformations
of the Si-containing cyclic compound into useful organic
derivatives.

The second catalytic system was widely used by the group
of Tanaka for the synthesis of Si-containing polymers and
oligomers, as a result of insertion of the alkyne inte-Si

reaction conditions, and no reaction was observed with cyclic bonds of polysilane$t®

disilanes15—17 and acyclic disilaned8 (Chart 1). No

An illustrative application of palladium-catalyzed intramo-
lecular disilylation of triple bonds is the stereospecific

Chart 1 reaction of a bissilyl derivative of chiral secondary alcohols,
Me,Si—SiM leading, after Peterson elimination, to chiral allenes (Scheme

SlR MesSi-SiMe,  Me,Si—SiMes ez\l N2 18) 3 9 (
SIR2 \\ // \ / I / — '

R=Et Pr MesSi” S S” “SiMes

_14' 15 16 17 SCheme 18
) . ) i 1. Pd(OAc),, 'OctNC .
PhR,Si—SiR,Ph N SiMes  MesSi SiMeg Phosi SMe (OAclz, Oc SiMeg
| | & PhMe, reflux /=.=<

R=Me, Et, Bu N o To oTt O\/ 2. Bull, THF R Hex

18 19 20 R R = Me, 79%

R = c-Hex, 85%
products were obtained from arynes generated fi@rand
20. The reaction with tertiary propargylic alcohols under the

An ab initio study of the oxidative addition of Sitind  same conditions afforded rather stable products which were
HsSi—SiH; to Pt(PPh), showed that addition of the SBi hydrolyzed (Scheme 193.

bond is more exothermic than that of the-$i bond (46.4
and 25.8 kcal/mol, respectively) but that the activation barrier scheme 19
was higher for the first type of process (17.4 and 0.7 kcal/

) R ]
mol for Si—Si and Si-H, respectivelyf® Therefore, the two R, SMes Pd(OAc)p, 'OctNC /Siz_ SiMes
types of reactions can compete with compounds containing Sz PMerefx O o
both types of bonds, with the actual result being dependent

R = SiMes, R'= Ph, 99%
R =Hex, R' = Ph, 93%
R = SiMeg, R' = Me, 84%

on structure and reaction conditions. In another study it was
shown that the oxidative addition of;Bi—SiH; to Pd(0) is
less exothermic than that to Pt(0), although the former

process has a slightly lower activation enefgy. FEOMTHF  HOPR,SI0. - SiMes
Important contributions to palladium-catalyzed reactions R = SiMes SiMeg
were made by Ito, who introduced an efficient catalytic R'=Ph

system comprising Pd(OAg)1,1,3,3-tetramethylbutyl iso-
cyanide (Scheme 17),and by Tanak&! who discovered
the efficiency of Pd(dba)-P(OCH)sCEt (4-ethyl-2,6,7-

Another reaction with 1,2-migration of the silyl group,
proceeding with retention of configuration, was observed by
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treatment of the four-membered cyclic silyl ether with
trimethylsilyl triflate (Scheme 20).

Scheme 20
Phg ’ .
i SiMes  MesSiOTf ?SlMea/ SiMes
o ) PhZSi\‘/
SIMe3
2.2. Ge—Ge

The first additions of Ge Ge bonds to triple bonds were

Chemical Reviews, 2006, Vol. 106, No. 6 2325

yield (48%) under rather harsh conditions (T25), although
with high regioselectivity (Scheme 2%).

Scheme 23
Pd(PPhg)s Ph
MesGeSiMe,Ph  + Ph—= ———F— —
120 °C,2days MesGe SiMe,Ph
2.4. Sn=Sn

Distannation of terminal alkynes catalyzed by Pd(§Ph
was achieved for the first time in modest to high yields by

reported by Ando, who used digermanes which inserted pjitchell 4° Alkynes having functional groups gR= CO.R,

alkynes into Pe-Ge bonds to give cyclic products in rather
modest yields (Scheme 2%9).
Scheme 21

+ R———R Pd(PPhg), ArgGe/\GeArg

PhH, reflux
R R
Ar= R = H, 20-25%
R = CO,Me, 51%

Ar2Ge/—\GeAr2

CONMe, OR; Scheme 24) also underwent reacfidis

Scheme 24
R! R?
Pd(PPh
ReSn-SnRs + Rl—==—g2 ~orNa)s —
nt RsSn  SnRs
up to 90%

for other elementelement additions, the reactions are syn
additions and proceed under milder conditions than those

In the same way as for disilanes, only activated digermanesnpecessary for disilylations.

react with alkynes in the presence of Pd(RRhThus,

However, the conversion in the reaction with more bulky

reaction of bis(chlorodimethylgermane) with phenylacetylene py,sn—SnBy, using Pd(PP}). was not complete. Recently,

gave the product in 88% yieltt. For nonactivated com-
pounds, such as MéeGeMeGeMsg;, Tanaka’s ligand was

Lautens showed that the reaction could be performed under
mild conditions using Ito’s cataly$t. The reaction tolerated

used, but even for phenylacetylene, a higher temperature 3 variety of functional groups, such as carbamates, amines,

120°C, was required for reaction to proce®d.
1,2-Digermylcarboran1 was shown not to behave in
the same way as its disilyl analogé additions to alkynes.

A digermylnickel(ll) complex was generated by dehydro-

genation of-bis(dimethylgermyl)carboraffeor by oxidative

sulfonamides, ethers, esters, and alcohols. Reactions with
internal alkynes, with the exception of dimethyl acetylene
dicarboxylate, were unsuccessful, however.

The bisstannylation of butynoat@2aand22b was used
for the preparation oR3a and 23b, respectively (Scheme

addition of 3,4'Carb0rany|ene'1,1,2,2'tetramethy|'1,2'di' 25) The latter Compound was transformed into 3,4_bis_

germacyclobutarfé to tetrakis(triethylphosphine)nickel(0)

(tributylstannyl)-2(5H)-furanone2@).5?

(Scheme 22). Digermacyclohexenes were obtained in sto-

Scheme 22
GeMeoH GeMe, .
E:%‘Z‘ o ig}‘ l Ni(PEtg)q
GeMeoH GeMe,
21 Meg
S @ Ge H
P _
Me, / kV) GZ_Q—\;
S G? Me
Vavy Ni(PEts), 62% 2
\v, Ge \ Meg
Mez Rl—=——R2 < Ge _R'
4 T
RT-110°C YL o& R
Me,

R!'=R2 =Me, 72%
R! = R? = SiMeg, 72%
R! = R? = CO,Me, 58%

R!'=R2=Ph, 75%
R'=Ph, R®=H, 65%
R'=R2? =Et, 87%
R' = Ph, R2 = Me, 85%

ichiometric reactions of the digermylnickel(Il) complex with

alkynes, except for 1-hexyne, which provided a vinylidene-
digermacyclopentane as the major product. X-ray crystal
structures for the Ni(ll) complex and several insertion

products were determined. Yields were higher than those

observed in the analogous disilylations.

2.3. Si—Ge

Additions of Si-Ge bonds to alkynes are essentially

unknown. However, the product from reaction of Me

Scheme 25
PdClo(PPhg)s

BusSnSnBus + _ / — ©CO2Me
PO THF, rt
22a. P = TBS

22b. P =THP

PO COMe nowex® sow-xa ©

BusSn SnBus

23a. 98%
23b. 75%

BusSn SnBus

24.74%

Quite recently, Yoshida reported that distannangSmR
SnR; (R = Me, Bu), in analogy to disilane®,add to the
strained carboncarbon bonds of in situ generated arynes
in the presence of palladium acetate and an isocyanide to
yield 1,2-bis(trialkylstannyl)arenes (Scheme #8)Vhen the
isocyanide was replaced by etpo, the addition was accoma-
panied by dimerization, affording biaryl derivatives as the
major product$? The authors obtained the complex
Pd(OctNC)(SnBuw), and performed stoichiometric reactions
with aryne which gave the same results as the catalytic
process (74% yield). This allowed them to propose a
mechanism proceeding via oxidative addition of the distan-
nane to Pd(0) followed by activation of the triple bond and
its insertion into the PdSn bond? An alternative pathway,
via activation of the triple bond by Pd(0), was suggested to
afford the distannylbiaryl&

The insertion of terminal alkynes into the titin bond of
1,1,2,2-tetramethyl-1,2-distanna[2]ferrocenophane catalyzed

GeSiMePh with phenylacetylene was obtained in moderate by Pt(CH=CH,)(PPh), was reported (Scheme 2%).
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Scheme 26 Migratory insertion of the alkyne in the trans complex can
SiMes kr 18-crown-6 SnRs take place in two ways due to two cis-positioned stannyl
RaSN-SnR, + - . groups (Scheme 29). The complex having the bulky phenyl
3 3 Pd(OAc),, ‘OctNC
R’ OTf THF. nt 2 R SnR3
26-73% Scheme 29
R'=H, 4-Me, 3-MeO, 4-MeO, 4-Ph, 4-F, 6- L. SnMeg
Me, 3-MeO, 6-Ph, 2,4-(CH)y, 3,4-(MeO); Pt
3,6-(MeO), etc MesSn L
R
|\ X
SiMeg KF, 18-crown-6 ¥ SnR L H Ph—=
R3Sn-SnR3 + ; ort m y SHR: L snw L SnMeg L. ,SnMes
R THF, 1t | P e3 Pl_Ph | _P{ SnMeg
4 L L \—
R' Messn // . | -
41-62% PH Me3Sn Ph
R'=H, 4,5'M€2, 4,5'Et2, 4,5'BU2, 4,5'(CH2)4-
, 4,5-(CHy)3- efc H
L L
Scheme 27 L 7
Y L Pt SnMeg
Me; MegSn’P\t_<8nMe3 . MesSn =(
?—SnMez Pt(PPhg)a(CH2=CHy) @‘Snl R Ph Ph
e +R= — - e
&= SnMe; <—Sn . . .
Meg substituent at the remote position was considered to be

R =H, Pr. Bu, Ph, CH,0SiMeg, COEt favored, leading to the formation of a product different from

that obtained frontis-Pt(SnMe).(PMePh).

Distannation of triple bonds can also be performed starting
om trialkyltin hydride as a result of metal-catalyzed
decomposition of the hydride to give distannane and

The same products as those formed in the catalytic reaction
were formed in the stoichiometric reaction of platinum
complex25and an acetylene. Pt(Pfhas well as Pd(PRJy
and Pd(dba)were not efficient catalysts for the reaction.

hydrogert®
Me Applications of 1,2-bis(trimethylstannyl)-1-alkenes in re-
7] . . . . .
. actions with electrophiles were studied by Mitchell and co-
Fo  _PI( 'S workerss®

<—>—sn PPhg

M .

2 2.5. Si-Sn

Among additions of interelement compounds to alkynes,
those involving siliconr-tin bonds have attracted most
attention due to the possibility to prepare, in one step,
compounds containing two elements with different reactivi-
ties. The first examples of this type of processes were
reported by Chenaffland Mitchell®! They showed that the
additions are catalyzed by Pd(RRhand proceed stereo-
selectively to afford syn products. Moreover, additions to
terminal alkynes were shown to exhibit high regioselectivity,
with tin attached to the more substituted carbon atom
(Scheme 30§%2612 Results from reactions with internal

Structures of complexes obtained by oxidative additions
of distannanes to Pt(0) and the following insertion of alkynes
have been investigated. The Pt(ll) complex obtained by
oxidative addition of hexamethyldistannane to Pt[§HE
Me)s]s was isolated and characterized and shown to be
distorted from planarity and to exhibit fluxional behav#br.

A detailed experimental study of the insertion of phenyl-
acetylene into PtSn bonds was recently reported by
Ozawa®’ Oxidative addition of MeSn—SnMe; to Pt(0) in
the presence of PMBh afforded a 72:28 mixture of the cis-
and trans-isomers, which rapidly interconverted in the
presence of the ligand. By coordination of Pk, the trans-  scheme 30

isomer was converted to a five-coordinate species, PMe R
Ph)Pt(SnMe),, which was isolated and fully characterized FSSMeR + R rrhad _
and shown to have trigonal bipyramidal geometry with the THF,65°C  R3Sn  SiMepR"

phosphine ligands in equatorial positions. Displacement of

a phosphine ligand in the cis complex by the alkyne followed alkynes were less clear, regarding regioselectivity as well
by migratory insertion into the P{Sn bond adjacent to the  as the influence of substituents on the yigkg®

alkyne gave, for electronic reasons, the regioisomer shown No successful reaction was described for internal alkynes

in Scheme 28. Due to the strong trans influence of alkenyl With alkyl substituents. Even with Ito’s catalyst, which
allowed the addition of different silicertin compounds B

Scheme 28 Sn—SiMeR' (R = Me, Bu; R = Me, 'Bu) to terminal
MesSn. ,SnMe; Ph—==  Me3Sn. ,SnMes alkynes at room temperature, ordinary internal alkynes failed
P H S to reacts?
UL L N Vi i . . .
/ With acetylene itself, the reaction proceeded in a very
Ph stereoselective manner under mild conditions (1 atm) (Scheme
MesSn ,SnMeg L. /SnMes 31) 63
Pt SnMe. Pt SnMe L L/Pt _ SnMes .

Palladium-catalyzed silastannation was applied to a variety
of terminal propargylic alcohols and their derivatives, leading
to regio- and stereoselective formation of high yields of
and stannyl ligands, isomerization of the initially formed product bearing tin at the internal vinylic position (Scheme
complex occurred before final coordination of phosphine. 32)8

el 3_» Il 3
>_/ >_/ Ph

Ph Ph
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Scheme 31 Competitive insertion of phenylacetylene into the platirtum
PA(OAC),/OCNG H H silico.n and Fhe plqtinumtin bonds_ was observed under
BuzSnSiMe,R  + H—=—H = kinetic conditions in (PMg&Ph)Pt(SiR)(SnMe), whereas
foluene, 35°C RMe,Si  SnBug under thermodynamic conditions only products obtained by
E:g"ﬁ’gﬁ;{j((zz/g:ggf; insertion into the PtSi bond were formeff’
A detailed mechanistic study of alkyne insertion into cis-
Scheme 32 silyl(stannyl)platinum complexes was performed by Ozawa
Pdp(dba)s CHClg and co-worker$® (PhMeP),Pt(SiPh)(SnMe) was found to
OH PPhg oH exhibit fluxional behavior involving a twist rotation via a
BugSnSiMes  + R)\ THF, reflux R SnBus pseudotetrahedral transition state. Competitive insertion of
Rt Ph B o “SiMe the alkyne into the PtSi and P+Sn bonds was observed,
=H, Ph, Bu, Cy 72-85% 3

with the ratio of the two types of products being dependent

It was shown that addition of B8n—SiMes to arylacety- on the substituents on Si and the ligand (Scheme 35). The

lenes bearing electron-withdrawing substituents can be

efficiently catalyzed by Pd complexes with phosphite ligands Scheme 35

such as (MeQpP, (PrOxP, and (PhQPS5® Protodestan- F S SMe Pt(COD), "‘Pt’snMe3
nylation of the initially obtained 1-silyl-2-stannylalkenes 8 8 2L L’ “SiRg
afforded arylated vinylsilanes (Scheme 33).
V7
Scheme 33 R.//\p{S"Mes — g bpSMes
Pddba),  Ar  H L” 'SiR, X SiRs
Ar——=  + MegSi-SnBug —— —
BugSn SiMe3 J
L
HCI, EtsNCI A H 4-F (83%), 4-Cl (78%), L )=\ L. ,SnMes
_ 4-CF5 (90%), 4-CO5Et (96%), Pt 'SnMeg Pt __ SiRs
H  SiMes  4-NO, (71%), 4-CN (92%) L "SR, L
R
~ The reaction of BgSn—SiMe; with terminal alkynes in L = PMeoPh, R = Meg, MeoPh, MePhy, PPhg
ionic liquids was studie€ Yields somewhat higher than L = PMeg, Rg = MeoPh

those previously reported from reactions in TPFwere L = PEts, PMePh,, Rg = SiMezPh

obtained, and the catalyst could be recycled up to 10 times ] ) ) ]

without loss of activity. Thus, quantitative or close to structure of the product obtained from insertion of dimethyl

quantitative yields were obtained with phenylacetylene, acetylene dicarboxylate into the carbesilicon bond (Si

1-decyne, and 5-hexyn-1-ol when the catalyst was recycled= SiMe;Ph) was determined by X-ray crystallography.

at least a few times (Scheme 3Z}Alkenes were obtained In a theoretical study concerning the regioselectivity of
palladium-catalyzed silastannations, Ito, Nakatsuji, and co-

Scheme 34 workers showed that, for all types of alkynes, insertion into
iﬂfﬂphpsly EoH the Pd-Sn bond should be favored for kinetic reasons, with
R—= + MesSi-SnBus fomim] PFe — attack of Sn at the terminal positiéh.The fact that the
70°C By SiMes theoretically suggested regiochemistry was observed experi-
mentally only for alkoxyacetylen&® was explained by the
omiml = ~N" NN EZEZALOOOJ/,‘H‘?& @) larger steric bulk of triphenylphosphine comparedtea-

octyl isocyanide and the possibility of thermodynamic control
in the case of unstable products.

in excellent yields with high regio- and stereoselectivity.  Palladium-catalyzed bismetalative cyclization of enynes
Reaction times were usually longer than those required in was achieved by Mori upon reaction with f8n—SiMes.”°
THF. The activation of the catalyst involved mild heating Products from metalation of the triple bor@i7(or 28) were
in the first cycle, indicating that Pd(0) is different from RdL ~ expected to accompany the formation of the desired cyclized
A catalyst loading of 1 mol % proved to be sufficient, compoundsZ9 or 30). Only compounds with structure8
although the use of 5 mol % resulted in faster reactions. and29were observed. The formation of bismetalated alkynes
Although the nature of the active catalyst is unknown, it was favored in the presence of phosphines (Scheme 36). Best
was suggested that palladivtimidazolylidene carbene results were obtained using phosphine-free complexes, e.qg.
complexesZ6) or possibly palladium metal nanoclusters may Pdy(dba)y. Heterogeneous complexes such as Pd/C or Pd-
be responsible for the activation effects. (OH),/C also provided high yields of the desired products,
although prolonged reaction times were required. Only

— R = CgHy7, 99%

NB v RN terminal alkene and alkyne functions provided good results.
[ >—P:d—< ] Y =Br, BF, With the future goal of achieving asymmetric induction

N vy N in the process, different types of ligands were tested.

R 26 R N-Heterocyclic carbenes were found to serve as suitable

ligands, although no chiral induction was observed when
Silastannylated products derived from acetylene were usedasymmetric carbene ligands were employed catalytic
for a variety of transformations including reactions with cycle for the reaction was proposed (Scheme 37). It included
aldehydes and cross-couplings, leading to functionalized the formation of a palladium intermediate formed by insertion
vinylsilanes?? of the acetylenic moiety into the Pdi bond, followed by
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Scheme 36
MesSi  SnBug BusSn  SiMes

\\ / Me3Si-SnBug X — A =
Pd(0) o

MesSi 7 BugSn_ 28
BusSn /) MesSi /
+ or
I Me3Si SiMes
BugSn H Bussn
U MegSi-SnBug ‘a Q)\
e Pd(PPhg),
E = CO,Et 4% so%
Scheme 37
BuzSn- SIMQ—( BugSn-Pd-SiMes \(
SiMe
MegSi  Pd(0) s
B 3 © P/ BuiSnPd,  Sileg
3Sn / -~ \

BusSn
/

MesSi ‘_/
BU3SnPd \ />

the addition of the resulting vinylpalladium fragment to

the remaining olefinic bond.

Beletskaya and Moberg

Scheme 39
E><:: Me3Si-SnBug E /" SiMeg
E — Pda(dba)s/(o-tolyl)sP g X SnBug
PhH, reflux

79% (75% isolated)

72 SIM93 7 SiM€3
>_ X SnBug Ts~N X SnBug

79% 77%
E :: E ~ "~ SiMeg
H — H X SnBu3

66%

Recently, carbocyclization of 1,6-enynes via silylstanna-
tions to yield cyclopentane and pyrrolidine derivatives was
repeated by Lautens, who employed homogeneous cationic
palladium complexes and performed reactions providing high
yields of product (Scheme 40).

Me3Si-SnBug

Scheme 40
E ><_7: Me3Si-SnBug E >O<\SiMea
E / [Pd] E SnBug
E = COLEt /7 NTONT
[Pd]=(Nl ):r\? 81%
/ Pd* T\
Br
2.6. Ge=Sn

Studies of the addition of germastannanes to triple bonds
are limited to propargylic estef$.As in the case of
silastannatiofi?2 the products were formed with poor ste-
reoselectivity due to isomerization of th&isomer to the
E-isomer and, in contrast to the former type of reactions,

The synthetic utility of the bismetalated products was also also with poor regioselectivity (Scheme 41).

explored’? A variety of N-containing heterocycles with

vinylsilyl and alkyltin substituents, some of them with Scheme 41

defined stereochemistry, were prepared (Scheme 38). MesGe-SnBus + R—=—GO,R' Pdg;Po!;su
Scheme 38
MesSi MesGe SnBuz BugSn GeMeg
~ BusSn Y, H  CoR K Com
\L —_— 48-61% 14-19%
N N : : .
Ts Ts Recently, the insertion of phenylacetylene into [Pt-
SM (GeMe)(SnMey)(PMePh)], obtained as a cistrans mixture
BugSn | N2 from MesGe-SnMe and Pt(cod) was studied? The
reaction afforded a 80:20 mixture of two isomers. In solution
@ the thermodynamically less stable ison3drwas converted
into the more stabl82 (Scheme 42).
SlMe Scheme 42
BU38n Ph
L. ,SnMeg W
Pt N
L ‘GeMeg — /Pt‘GeMir;Mes
A )\ Ph—= = 31
Ph -
Ph L. ,SnM
P{ e — L
MesGe L +_.SnMes
Sn—Si-mediated carbocyclizations of 1,6-diynes proceeded L = PMe,Ph T _ GeMeg
with high regio- and stereoselectivities to yield 1,4-disub- Ph> N

stituted ¢,2)-1,3-dienes (Scheme 3%).The sterically de-
manding substituents forced the molecules to be nonplanar2 7 B-B
and thus to exhibit axial chirality, as observed by X-ray
crystallography as well as by low-temperature NMR spec-
troscopy’*

The first addition of diboron compounds to alkynes was
reported by Miyaura, Suzuki, and co-workers in 1993.
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Various Pt(0) complexes such as Pt(BRHPt(PMe),, PtlL,-
(CH,=CH,), and Pt(CO)YPPh), served as catalysts for the

Chemical Reviews, 2006, Vol. 106, No. 6 2329

Theoretical calculations demonstrated that reactions cata-
lyzed by Pd(0) and Pt(0) should proceed via the same type

additions, whereas Pd and Rh complexes were found to beof mechanism but that palladium complexes are inactive as
inactive. Terminal and internal acetylenes reacted at elevatedcatalysts due to the instability of the Pd(Il) complex formed

temperatures (120C, but phenylacetylene at 5C), the
latter to form adducts witlZ-configuration’® The catalytic
cycle proposed for the reaction included oxidative addition
of the diborane to Pt(0) and insertion of the alkyne into the
Pt—B bond?® That syn addition took place was supported
by stoichiometric reactions betweers-(PPh).Pt[B(pin)]:
and alkynes (hexyne and phenylacetylefielroducts ob-
tained from diborations were employed in cross-coupling
reactions to give trisubstituted alkerfgs.

Automated screening of the influence of different mono-
phosphine ligands on the addition of bis(pinacolato)diboron
to alkynes was performed at ambient temperattiFar this

purpose, phosphines with different properties were added to

labile platinum(0) olefin catalyst precursors. The best phos-
phines for the addition to bis[4-(trifluoromethyl)phenyl]-
ethyne were PGyand PPKo-Tol). The optimum ligand-
to-metal ratio was found to be 1:1, and a 2:1 ratio turned
out to be even less efficient than phosphine -free platinum.
These findings support a mechanism in which the rate
determining step is insertion of the alkyne. This conclusion
was also supported by a kinetic study of catalytic as well as
stoichiometric additions of bis(catecholato)diboron to alkyfes.
An inverse dependence on [Pfta first-order dependence

by oxidative additior?’

2.8. B-Si

Silaborations of alkynes and silaborative carbocyclizations
of diynes and enynes were reported first by®itand
somewhat later by Tanak&.Tanaka's cataly4t showed
excellent results, providing products with high regioselec-
tivity in high yields (Scheme 45).

Scheme 45
/
R
Pdy(dba)s/et
[ B-SiMe,Ph + = o2 a:)sem « -

N 80°C N-B  SiMeoPh
K/N\
R = Hex, 92%
R = Ph, 97%

The reaction was applied to carbocyclizations of 1,6- and
1,7-diynes and a 1,6-enyne. Despite the fact that palladium
complexes with PMgand PPhserved as efficient catalysts

for the reaction, etpo was required to obtain the cyclic

compound as the major product (Scheme&ahe structure

on [alkyne] and [catalyst], and the absence of a dependenceScheme 46

on [diborane] were observed.
The platinum-catalyzed addition of bis(pinacolato)diboron
to 1-alkynylphosphonates and 1-alkynylboronates allowed

cis-1,2-diboronated vinylphosphonates and trisboronated

alkenes to be synthesized in high yields (Schemée43).

Scheme 43
Pt(PPh R 2
R—=—=—7 + (pin)B—B(pin) u» —
80°C  (imB"  B(pin)

R = Ph, Bn; Z = P(O)(OEt)y, B(pin)

Catechol-substituted diborylacetylenes reacted with bis-

(catecholato)diboron in the presence of Pt(go) give
tetraborylethane, whereas in the presence of PHRE#,—
CH,) or Pt(PPB)4 tetra- and hexaborylethane derivatives were
obtained (Scheme 44).

Scheme 44
(cat)B B(cat')
(cat')B B(cat')
70% (R =H)
(c t')B B(cat')
al 1
YB-B(cat' : .
(cat)B-B(eat) +(cat)B Bicat) (cat')B B(cat')
low yield
cat' = /@[ (cat' )B B(cat')
R (cat)Br at)
R=H, Me, ’Bu (cat')B B(cat')
A: (Ph3P)oPt(CoHy), toluene, reflux 24 h; 71% (R = H)

B: (Ph3P)oPt(CoHy), THF, 55 °C 24 h
C: Pt(COD)y, toluene, 40 °C 48 h

Products obtained from the addition of bis(pinacolato)-
diboron to alkynes were recently subjected to electrophilic
fluorination to vyield a-fluorinated ando,c-difluorinated
carbonyl compound¥.

/
N\

[B-SiMezPh + Z A
N

\

y SiM72Ph
/\:[\ -N
W

[Pd]

—_—

\
N
2.
N

PhMe,Si |
eoSi 33

+ Z

/N
of 33 shows that insertion proceeds into the-fBlbond.

Ito demonstrated that his catalyst also was efficient for
the process, and the same results were obtained for additions
of PhMeSi—B(pin), and PhMegSi—B(NMe,), to 1-octyne
(50 and 110°C, 94 and 92%%8°° The reactions exhibited
high regio- and stereoselectivities. It is interesting to note
that Pd(PP¥), was a poor catalyst for the reaction, whereas
Pt(PPh), was efficient at 100C. The reaction was applied
to a variety of alkynes bearing functional groups, and the
products obtained were employed in palladium-catalyzed
cross-couplings and Rh-catalyzed 1,4-additions to vinyl-
ketones to form vinylsilanes.

The general catalytic cycle for interelement additions was
suggested (Scheme 47). A cyclic silylborane added to

Scheme 47
PhMe,Si.  B(pin)
H Pd(0) \((pin)B-SiMeZPh
PdSiMe,Ph B(pi
,B(pin)
X B(pin) Pd_
R)\’ SiMe,Ph

R

R—
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1-octyne in the presence of a palladium catalyst to give the platinum—boron bond was favored both kinetically and

product with boron attached to the terminal alkyne carbon
atom?! The reaction with an internal alkyne also exhibited
high regioselectivity.

The nickel-catalyzed reaction of Phh&—B(pin) with

alkynes led to regio- and stereoselective silaborative dimer-

ization (Scheme 48

Scheme 48
R
) R
N /DIBALH Z i
(pin)B-SiMe,Ph + R—=_R (@a0) B(pin)
toluene 80 °C R X SiMe,Ph
R = Et, 92% R
R =Bu, 88%

R = TBSOMe,, 78%

With terminal alkynes, mixtures of isomers, with the boryl

group at the terminal position, were obtained. Carbocycliza-

tion of diynes was also achieved (Scheme 49).

H
2 B(pin)
o SiMe,Ph

H 55%

Scheme 49

(pin)B-SiMe,Ph +

Ni(acac),/DIBALH

PBug
toluene 110 °C

thermodynamically.

2.9. B-Ge

Germaboration of 1-hexyne was demonstrated by Ito, who
obtained the product from dimerization with Ni. With Pd
and Pt catalysts the same compound was obtained along with
the normal addition product (Scheme 52).

Scheme 52

_ M]
PhMesGe-B(pin) + Bu—=

BU~ 2> GeMe,Ph
~_B@pin)  *
Bu
[M] = Ni(acac),/DIBALH  74% (74/267)

Pd(acac),/'OctNC ~ 39% (96/4”)
Pt(CH,CH,.)(PPhg), -

Bu

PhMe,>Ge

trace
41% (>99/1**)
87% (91/9™)

* head to head/head to tail ratio
** regioisomeric ratio

B(pin)

2.10. B=Sn

The first stannaboration of an alkyne was reported by
Tanaka, who studied the addition of 1,3-dimethyl-2-(tri-
methylstannyl)-2-bora-1,3-diazacyclopentane to terminal and
internal alkynes (Scheme 5%)Several palladium complexes

The catalytic cycle shown in Scheme 50 was proposed gcheme 53

Scheme 50

A B(oin)
SlMegPh

B(pm Ni(0)L, (pin)B-SiMe,Ph
SlMezPh \(
B(pin)

PhMe28| PhMe28|
NiLp 4 N|L2 N|
(mp)B\)\ (pin)B SlMegPh
major C minor
R—:
N|S|Me2Ph
N B(p|n

for the reaction. Regioselective insertion of the alkyne into
the Ni—B bond of the complex obtained by initial oxidative
addition of the silylborane to Ni(0) (A) gave intermediate

B. Insertion of a second alkyne was suggested to take place

into the Ni-Si bond to give intermediate C. The possibility
that the second alkyne inserts into the-ll bond of B was
excluded.

Four new cis-silylborylplatinum(ll) complexes with either
B(pin) or B(dmeda) groups and with phosphine ligands were
prepared by oxidative addition to in situ generated Pt(cod)-
L, complexes® Insertion of phenylacetylene afforded se-
lectively complexes34 (Scheme 51). Insertion into the

Scheme 51

L. ,SiMeoPh _SiMe,Ph
P Pt B(pin)

{
‘B(pin) L

Ph 34
L = PEty >> PMe,Ph>PMe;

L/

/
H1 R2
Pd
[TB-SnMeg + Rl———R2 [Pdl - N —
N\ PhH, rt or 80 °C N"B\ SnMe3

k/N\

were found to catalyze the reaction, although some of them
required elevated temperatures. It is interesting to note that
Pd(PPh), did not serve as a catalyst for the addition.

The products were obtained with high regio- and stereo-
selectivity, and yields were high. From terminal alkynes,
essentially only the regioisomer having tin at the more
substituted position was obtained. The results are in agree-
ment with the accepted mechanism, with the alkyne inserting
into the Pd-B bond. The reaction was used for stannabo-
rative carbocyclization of 1,5-, 1,6-, and 1,7-diynes, including
heterocontaining 1,6-diynes (Scheme %$4Yhe products

Scheme 54
\
M B’Nj P 7 inMes
e3Sn N + /\x% PhH, 1t N
) N
n =0, X = CHyp, 64% /

n=1,X=CH2, 79%
n=2, X=CH2, 74%
n=1,X=NTs, 82%
n=1,X=0,83%

were isolated in good vyields.

The structure 085 supported the assumption that insertion
proceeds into the PeB bond. Hept-6-en-1-yne underwent
the same type of process, affordi@6, again in agreement
with insertion occurring into the PeB bond.

2.11. S-S and Se-Se

Additions of PhS-SPh and PhSeSePh to triple bonds
were first described by Ogawa and Sonétiderminal
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Et
EtO.C % S\“MGS Et0,C S\“'V'e3
EtO,C N\ B,N] EtO,C N\ B,N]
35 N 36 N
/ /

alkynes were shown to react with both types of compounds
in the presence of Pd(PBRh to provide high yields of

Z-adducts (Scheme 55). The reactions tolerated a variety of

Scheme 55
Pd(PPhg),

_ =

R
R—=

+ PhX-XPh

PhX XPh

X =8, Se

functional groups. For some activated substraeispmers
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The barrier was found to be higher for Pt than for Pd, in
accordance with the experimentally observed reactivifies.
Recently, a polymer-supported palladitiphosphine com-
plex was used for additions of diaryl disulfides to a variety

of terminal alkynes (Scheme 5%F. The products were

Scheme 57
Q@~~PPh, B H
R—— + ArS-SAr _— ):(
ArS SAr

@-~~PPh, = triphenylphosphine resin 94-99%
R = CgHyq, (CH2)20H, CHo0H, CHoNMe,, CHOMe, SiMes,
(CHy)2CN, CH,SPh, CH,SePh

isolated in high yields by simple filtration, and catalyst
activity was maintained during several catalytic cycles.
In contrast to palladium complexes, platinum phosphine

were formed as a result of a noncatalyzed process. Whencomplexes (RSPt(PPR), are monomeri€’ This is in
1,6-enynes were employed as substrates, addition took placeaccordance with theoretical calculations, which showed that

only to the triple bond and no carbocyclization was observed.
Pt(PPR), and Rh(PP¥s;Cl served as catalysts for the
processes but were inferior to the palladium complex.
Recently, it was shown that binuclear palladium com-
plexe§” are formed under catalytic as well as stoichiometric
conditions (Scheme 568§.These complexes may be obtained

Do

Scheme 56
PhE™ + PdCl, + PPhg

PhE-EPh + Pd(PPh)s

Ph
PhE_ /Ph\ LEPh PhE, _E_ ,PPhg
’Pd\E/Pd\ + ) \E/Pd\
PhgP’ Bh PPhg PhsP Fh EPh
cis trans
E=S, Se

either by methathesis af-bonds or by oxidative addition
of the disulfide or diselenide to Pd(0).

In the absence of phosphine, Pd(XAundergoes polym-
erization. Additions of diphenyl disulfide and diaryl di-
selenides to a variety of alkynes catalyzed by PdgRRbh
mol %) and PPH(15 mol %) performed at 80 or 10TC
without solvent in air afforded the products in essentially
quantitative yields? A dramatic acceleration of the reaction
rate was observed, obviously as an effect of concentration.
At 120 °C, the reactions were complete within 5 min,

allowing the catalyst concentration to be decreased to 0.01

mol % (97% yield) and even to 0.001 mol % (70% yield
after 300 min) at 140C. The catalysts, [REXAr) 4(PPh).],
were stable in air and could be recycled without loss of
activity. The reactions could conveniently be performed in
gram scale. When triphenylphosphine was replaced by
phosphite ligands, product purification was simplified at the
same time as catalyst polymerization was avoitfédey
monomeric and dimeric palladium intermediates with a
P(OPr); ligand were isolated and characterized by X-ray
crystallography. Additions of diaryl disulfides and diaryl
diselenides were also performed using microwave hedting.
A theoretical study of the oxidative addition of disulfides

dimerization is less feasible for F€

Recently, selenium complexes (Rg&dmphen)(olefin)
(dmphen= 2,9-dimethylphenanthroline), obtained by oxida-
tive addition of diselenides to Pt(0), were also isolated and
characterized by X-ray crystallograpH{.The reactions were
reversible, and the equilibrium could be tuned by varying
the electronic and steric properties of the ligands. Although
this study demonstrates that diselenides undergo oxidative
addition to Pt(0), Pt complexes did not show catalytic activity
in the addition of diselenides to alkynes. The explanation
for this failure was provided by mechanistic studies showing
that the cis-platinum complexes initially formed exhibited
good catalytic activity but were isomerized to more stable
and catalytically inactive trans complexes under the reaction
conditions?

Additions of dialkyl disulfides to terminal alkynes were
successfully achieved in a highly stereoselective manner
using Rh(PP¥)./(p-MeOPh}P in the presence of trifluo-
romethanesulfonic acid to give products wattonfiguration
(Scheme 58)% The sulfonic acid was shown to dramatically

Scheme 58
RhH(PPhg)g, CFgSOgH
BuS-SBu + R—= (p-MeOCeHa)sP —
acetone, reflux, 10 h BuS 'SBu

R = CgH13 (95%), CgH17 (98%),
cyclohexyl (83%), HO(CHy)4 (100%)
Ph(CHy)z (99%), Me5Si (64%)

change the reactivity of the rhodium complex. Several other
Rh and Pd catalyst precursors were tried, but they were found
to be inefficient. Good to high yields were obtained with a
variety of alkynes and disulfides.

2.12. Si-S, Si—Se, and Ge—Se

Oxidative additions of StX as well as SAX (X = S,
Se, Te) bonds to Pt(0) are known and proceed more readily
with the tin-containing compounds than with their silicon
analogued® No reactions of the complexes resulting from
addition of S-S or S-S bonds with alkynes have been
observed, however, and so far no insertion of an alkyne into

and diselenides to Pd(0) and Pt(0) demonstrated that thea metat-tellurium bond has been observed. The only

activation barrier correlates with the-£ bond energy and
is higher for E= S than for E= Se; the weaker the E=
bond, the smaller the oxidative addition barf&The overall

successful result was obtained by Tanaka for activated silicon
compounds ArS SiCl;, obtained in situ from ArSSAr and
Cl:Si—SiCl; (Scheme 5997 It was tentatively suggested that

exothermicity was also shown to decrease in the same orderinsertion takes place into the platingraulfur bond.
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Scheme 59
R

ArS

Pt(0)
PhMe, 110 °C

R = CgHy3 (83%), PhCHy (76%)
Ph (62%), NC(CHp)3 (81%). 'BUCO(CHy), (87%)

ArS-SAr + ClgSi-SiCly +
Ar = 4-CICgH,

R
SiClg

Ogawa reported that the additions of PhR&EMe; and
PhSe-GeMeg to arylacetylenes catalyzed by Pd(RRted
to regio- and stereoselective formation of products having
selenium at the internal position, albeit in poor yields
(Scheme 60%2

Scheme 60
Ph
PhSe-EMe; + Ph——= %» —
E=Si Ge 12-04 h PhSe EMes
2.13. B-S

Miyaura and Suzuki found that the addition of boren
sulfur bonds to terminal alkynes was catalyzed by PdgRPh
under mild conditions to provide high yields of adducts with
high regio- and stereoselectivities (Scheme 161).

Scheme 61
Pd(PPhg), R

PhS-B@ PR= ———— )=
THF,50°C,24h phs g

R = CgHy7 (80%), CI(CHy)3 (83%) @
THPCH, (70%), CN(CHy)3 (81%)

Beletskaya and Moberg

add oxidatively, should not be good catalysts for thiaboration
due to energetically unfavorable reductive elimination.

2.14. P-Se

The only addition of a phosphorasieteroatom compound
to an alkyne is that of phenylselenophosphonates to terminal
alkynes described by Tanaka (Scheme 83Y.he reaction

Scheme 63

Pd(PPhg)4 R

PhSeP(O)(OPh); 4+ R—=

THF.67°C " phse  P(0)(OPh),

R = CgH13 (95%), H (68%), MeOCH,(87%)
NC(CHy)3 (91%), Ph (65%)

was catalyzed by palladium(0) phosphine complexes. Plati-
num complexes, which, like their bis-selenium analodiies,
are stable in their trans forms, did not catalyze the reaétfon.
High regio- and stereoselectivities were observed, with the
regiochemistry being the same as that observed for other
selenium-element additions. The authors considered the
possibility of insertion into the PdSe bond as well as into
the Pd-P bond.

Although reactions with symmetrical-EE bonds do not
allow conclusions to be drawn about whether Markovnikov
or anti-Markovnikov products are formed, results from
carbonylative additions by Ogawa and Sorf§daay provide
insight into the regiochemistry, at least for additions of
disulfides and diselenides. They showed that reaction of
terminal alkynes in the presence of carbon monoxide led to
vinyl carboxylate with the thiocarboxylic or selenocarboxylic

The same regiochemistry as that observed in the additiongroup at the terminal position (Scheme 64).

of Si—S bonds was found, with sulfur being attached to the
internal position. The authors were in favor of insertion
taking place into the palladiurrsulfur bond, with formation

of the Markovnikov product (Scheme 62).

Scheme 62
R

RS>=\B@ \/ Pd(0) \( PhS-B@
A
RS>=;d—B @ PhS-Pd-B@

S

R—=

No reaction was observed with PdEPh),, probably due
to difficulties in the reduction of Pd(Il) to Pd(0) under the
reaction conditions.

However, a theoretical study showed that oxidative addi-
tion of HS—B(OR), or CH;S—B(OR), to Pd(0) is highly
endothermic and does not take pla€eThe authors sug-

gested a new mechanism for the thiaboration of alkynes with

acetylene coordination to Pd(Pfh phosphine dissociation,
and addition of the SB bond to the metal center via a
methathesis-like transition state leading to a vinylpalladium
complex, which after isomerization undergoes reductive
elimination to form the final product.

In our opinion, this mechanism provides a better explana-

tion for the experimentally observed regioselectivity, but the

authors did not consider the problem of regiochemistry. They

predicted that Pt(0) complexes, to which-B bonds can

Scheme 64
R

=\ _SPh
PhS>_\f

(o)

Pd
co [Pd]

PhS-SPh + R—== +
15-60 kg/cm?

PhH, 80 °C

This can be considered as evidence that the reaction
proceeds in the same manner as the addition 5SS
Se, Ge-Se, or B-S, in which a PdSePh or PdSPh fragment
is attached to the unsaturated carbon atom (Scheme 65).

Scheme 65
[Pd] R
PhS-SPh  + R—= —— —
PhS  PdSPh
co R -[Pd] R
- =\ PdsPh — =
PhS>_}( PhSWSPh
0 0

However, other possibilities, such as formation of an PhXPd-
(COXPh)L; (X = S, Se) intermediate and insertion of alkyne
into the P&-COXPh bond, cannot be excluded.

Reaction of ethynylferrocene with Cp*Rh&(B1oH10)]
afforded carborane37, which was subjected to X-ray
structural analysis, in high yield via insertion of the alkyne
into one RR-S bond followed by Rh-induced hydrogen
transfer from B via Rh to the terminal acetylene carbon
atom!*! The Se analogue did not undergo the same type of
reaction.

2.15. Comments on Additions to Alkynes

(1) Additions of homo- and hetero-interelement com-
pounds to alkynes have been extensively studied, particularly
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symtetramethyldisilane upon reaction with a variety of 1,3-
C. ? dienes in the presence of N(IPEt), afforded 1,4-disilylated
\ S alkenes along with products from hydrosilylation (Scheme
S—Rh H 66)_19b
ﬁ"’
a7 Scheme 66
1 2
those involving StSi, Ge-Ge, Sn-Sn, B-B, Si—Sn, and R A + HMesSi-SiMe.H NiClx(PEts)2
B—Si bonds. Several types of additions have emerged as 2 2 90 °C
synthetically versatile processes.
(2) A variety of palladium, platinum, and nickel complexes Rl R? R! R?
catalyze the additions of disilanes, digermanes, distannanes, HMeZSihSiMeZH HSiMeZSiMeZH

and silylstannanes to alkynes. Diborations, on the other hand, 1+ oo .
are catalyzed only by platinum complexes (see results of 21 :HR F=12H:H 66202’ 15%
theoretical calculatiortg. R'=R2=Me 20% 50%

(3) Terminal and internal alkynes can participate in the
additions, although the latter require harsher reaction condi- FMe,Si—SiMe,F was also shown to undergo addition to
tions. several substituted 1,3-dienes catalyzed by Pd{zRi

(4) The mechanisms of most reactions involve oxidative PdCL(PPh), to give as the major product that from 1,4-
addition of the interelement compound to the metal, insertion addition, with pureZ-configuration, and up to 25% of the
of the alkyne into the metalelement bond, and reductive head-to-head product from bissilylative dimerizatiéh.
elimination. Additions of B-S bonds catalyzed by Pd Strained Si-Si bonds were shown by Sakurai to add to 1,3-
proceed via a different mechanism (see results of theoreticaldienes more easili}®> Later Watanabe, Nagai, and co-
calculation&®). workerst® showed that reaction of (@¥es-Si), catalyzed

(5) The additions usually proceed with high syn selectivity. by Pd(PPk)4 gave only 1,4-addition products, whereas
As arule, the reactions with hetero-interelement compounds Sakurat!” observed only the product of bissilylative dimer-
are also highly regioselective. In silastannations of terminal ization with high regio- and stereoselectivities in the presence
alkynes, Si becomes attached to the terminal position, of PACL(PhCN) or Pd(OAc). The dimer obtained from
whereas, in silaborations, B adds to the terminal position. butadiene and hexamethyldisilane was used in a synthesis
In the former type of additions, the insertion of the alkyne of rac-muscone. A catalytic system, consisting of Pd(dba)
proceeds into the PeSi bond of the SitPd—Sn complex, in DMF or dioxane, allowing the reaction to be performed
and in the latter type, the insertion proceeds into thePH at ambient temperature, was later fou#tlBissilylative
bond of the B-Pd—Si complex, with the Pd substituent dimerization catalyzed by Pd complexes, which can be
ending up at the most substituted carbon atom. Some authorgarried out even with M&Si—SiMe;, has also been exten-
propose mechanisms with alkyne insertion taking place into sively studiect!19
the alternative metalelement bond. These would indeed lead  Selective 1,4-additions of disilanes to conjugated dienes
to the same final product, but they do not take into account were observed in the presence of Pt(g@BPh), (Scheme
electronic and steric preferences. 67)120 Yields were good to high, but th&/Z ratio was

(6) Reactions of interelement compounds with alkynes
carrying anw-unsaturated function, i.e., diynes and enynes, Scheme 67

result in carbocyclizations to yield synthetically interesting R
carbo- and heterocyclic products. )/—\\ + PhMe,SiSiMe,Ph 027
(7) Nickel-catalyzed additions of strained cyclic disilanes CO, THF, 130 °C
lead to formation of two types of products, having the alkyne R
inserted in the SiSi bond and in a StC bond, respectively. _)=\_
(8) The regiochemistry of additions of RXXR, X = S PhMe,Si SiMePh
and Se, is different from that of other interelement com- ) N
pounds. strongly dependent on the substituents on silicon and the
structure of the diene. The unexpected high reactivity of
3. Additions to 1,3-Dienes disilanes with a phenyl group on silicon was suggested to

be due taz-coordination of the arene to platinum.

The catalytic addition of an interelement linkage to a 1,3-  Addition of disilacyclobutane38 to 2,3-dimethyl-1,3-
diene is a particularly important process, as it allows the butadiene was found to be catalyzed by a platinum complex,
preparation of compounds having two equal or different but it failed in the presence of palladium catalysts (Scheme
reactive allylic functionalities in one step. Additions provid- 68)12!
ing access to allylsilari&? and allylborane functionalitie’s?
which both serve as important synthetic motifs, have been Scheme 68

particularly well studied. Despite a rather long history, it is Mes
only recently that studies aiming at synthetic applications N\ siMe, R' R? R Si,_
of the processes started. This development will be briefly J—SiMe, * M - R2| I~
presented here. Si

38 ©2
3.1. Si-Si

o-Bis(dimethylsilyl)benzene added in a 1,2-fashion mainly
Additions of an interelement compound to dienes were to the least substituted double bond of isoprene in the
first observed by Kumada and co-workers, who found that presence of Pt(Ci#+=CH,)(PPh), (Scheme 69)%?
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Scheme 69 The addition of42 with a strained SiSi bond to dienes
SiMepH catalyzed by Ni(PE)s gave two different products. The
>_\ ©i authors suggested that the reaction started witftapon-
SIMezH hydrogen activation (Scheme 735.

Mez Scheme 73

Me, M
oL ©z
+ Etg
Si s\ SlEt2 Ni(©)_ SiEtp
Mes Mez Me Nn_2 = “NiL,
2 SlEtg Etz SlEtz

73% 10% 9%
Bisdienes39 (E = CO,Et, SQTol-p) were shown to gfz E‘Q
undergo the interesting process of carbocyclizatidin |
silylation in the presence of Pd(dbaj® The reactions S.Etz EtS Et s.
proceeded with high regioselectivity but low stereoselectivity, jﬁr 22N
producing the transH),(2)-isomers of 40 as the main SlEt2 Etz Et2
products along with stereoisomers (Scheme 70). In contrast, ©:
N|
Scheme 70 Et2 Et2
= . .
E><\<:i + PhMeuSiSiMe P 00032 From 1,3-cyclohexadiene and 1,4-cyclohexadiene, the
E AN 2 2" dioxane same product was formed due to isomerization of the 1,4-
39 80*Cortt diene in the first step. The possibility of a tautomeric
E "TSIMesPh g L oot 82% (mixture of equilibrium was proposed. . .
, trans (E,E), trans (E,2), cis (E,E); With the strained disilanéd3, 2,3-dimethyl-1,3-butadiene
E =" giMe,Ph  E =SO,Tok-p, 98% (mixture of gave 7,8-carboranylene-1,1,6,6-tetramethyl-3,4-dimethyl-1,6-
40 isomers); E = CN, 74% (pure (E,2))

disilacycloocta-3-enedd) in high yield in the presence of

. . Ni(PEt), at room temperature (Scheme ?#)The reaction,
bisdiene39 (E = CN) afforded the transK),(2)-isomers as

the single product. Scheme 74
The homologué1 also reacted with high stereoselectivity,

Me2
giving only the 1,2-transk),(E)-disubstituted isomer (Scheme s|Me2 .
71). Other palladium complexes, with or without phosphine }?&%‘}ﬂ + H N WA‘{'{
rt

SiMe»
Scheme 71 84%
E
Etot;zo e o d(dba)s like that 0f42, was suggested to proceed via initial activation
N TMeSESIMEPh - xane of a terminal olefinic C-H bond by the intermediate nickel
M complex obtained fromd3 and Ni(0) followed by 1,4-
E10,C addition across the diene.
E0,C N giMe,Ph The reaction of disiland3 with 2,3-dimethyl-1,3-butadi-
P ~_-SiMePh 49% ene is thus different from that of compou#d, also with a

strained S+Si bond, which afforded a mixture of two

ligands, such as Pd(PBh PACL(PhCN}, and [Pd{3-CsHs)- products'?® . - _
Cl], exhibited no catalytic activity in this reaction. The same  Reactions of 1,3-dienes with disilanes in the presence of

types of adducts were observed from distannations andacid chlorides and Pd(dbaps catalyst did not lead to
silastannations. disilylation but resulted in 1,4-carbosilylation with concomi-

tant decarbonylatio#?® The reactions were highly regio- and
stereoselective, providing only th&)¢olefins.
The geometries, bonding nature, and reactivities #XC
(X = Si, Ge, Sn) reductive eliminations of Pd(X};>-
CsHs)(PHs) were studied theoreticalf?’ In contrast to
reductive eliminations involving CHin place of XH;,
moderate activation barriers and moderate reaction energies
Scheme 72 were found. '_I’he moderate activatio.n barr.iers were explained
by the transition state structures, in which the dtoup
2 SiMePh . H Ni(PEt5)q _>=£ still bound to palladium can interact with the allyl carbon
SiMe 180-220 °C  Me,Si SiMePh atom as a result of the hypervalency of the elements.
Addition of CIMe,Ge—GeMeCl to isoprene was achieved
\§ \> by Tanaka using his catalytic system consisting of Pd¢dba)
Me3Si—C>—SiMePh + MeSSi—C>"'SiMePh P(OCH,):CEt (Scheme 75%

The stoichiometric reaction of the Ni(ll) complex of 1,2-
quantitative yield, 1:1 ratio bis(dimethylgermyl)carborand5 with isoprene and 2,3-

The early work of Kumad&® on nickel-catalyzed di-
silylations of 1,3-dienes was continued in the 1990s. Reaction
of 2,3-dimethyl-1,3-butadiene with 1,2,2,2-tetramethylphen-
ylvinyldisilane was shown to afford theZf-adduct as the
single product, whereas from 1,3-cyclohexadiene a mixture
of cis- and trans-isomers was obtained (Schemé?#2).

Ni(PEts)s /) 3.2. Ge—Ge

180 °C
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Scheme 75 tylditin led to dramatic changes and resulted in hydrostan-
; Pd(dba), nation in place of distannation.
CIMeoGe-GeMeoCl  + N\ T
P(OCH,)3CEt 34 Si—Sn
CIMeGeCH,C(CHg)=CHCHoGeMeoCl - 77% 1,4-Silastannation of 1,3-dienes catalyzed by Pt(CO)-

_ . . . (PPh), producing E)-olefins stereoselectively was described
dimethyl-1,3-butadiene afforded five-membered ring com- by Tsuji and Obora3 Other Pt complexes exhibited low or
pounds46 with the two germanium atoms attached to the no reactivity, and Pd complexes were essentially unreactive.

same carbon atom (Scheme 76). The reactions with unsymmetrical dienes were highly regio-
selective, with the products having the tin-containing sub-
Scheme 76 stituent attached to the most substituted end of the olefin
oMot xez (Scheme 80).
I, SeMeR g NiCly(PEty)y &7 H
+ M }ng >§C Scheme 80
GeMeH ge | R
45

R=H, Me Mey IP1] R . SiMeg
46 } \\ + M63Si-SnR3
BusSn

The mechanism proposed by the authors includes oxidative
addition of the terminal olefinic €H bond to Ni(ll), a shift
of the diene group from Ni to Ge, with cleavage of the- Qi
and Ni—Ge bonds, 1,4-addition of NiH, and reductive
elimination to form Ni(0) and the product (Scheme 77).

Only trans-1-stannyl-4-silyl-2-butene was formed in the
reaction with unsubstituted diene, and only the trans-isomer
was obtained in the reaction with 2,3-dimethyl-1,3-butadiene
(Scheme 81). The yield decreased sharply when the substit-

Scheme 77 Scheme 81
Rl R R! SiMe
Me Mez R [Pt] — 3
_~__Ge , _ _+__Ge } § + MegSi-SnRy —— J—(
S wp NONO O V\( Bugsn— W2
N\ A N goni-H R'=R?=H 93%
Me; Me R'=R2=Me 70%
R'=Me,R?=H 84%
Me, R Mes R'=Ph,R2=H 85%
ﬁ Ge . _~_Ge R
bﬂV)‘ Ni - Ni(0) }ng { uents on silicon were replaced by more bulky groups.
Ge’ Ge
Me. M .
’ . 3.5. B-Si
3.3. Sn-=Sn Silaboration of 1,3-dienes in the presence of the platinum

phosphine complex Pt(GHCHy,)(PPh), provided addition
The successful addition of M®n—SnMe; to butadiene, products in good yields but with poor stereoselectivity
isoprene, and 2-phenyl-1,3-butadiene using Pd¢dbayl (Scheme 823! Palladium complexes, even Pd(OAlc)
trialkyl phosphite as catalyst precursor to obtain 1:1 adducts
in modest yields was reported by Mitchell et al. in 1992 Scheme 82

(Scheme 78)?® The same year another publication about 1 g2 R R?
H [P =
Scheme 78 + PhMe,Si—B(pin) oliena” PhMeZSiﬁ—B(pin)
R R 110°C
Pd(dba),/P(OEt)s _ R'=R2=Me 95%, ZE=1/1
2 N\ + MesSn-SnMe; 4»60 < MeSSn—)_\—SnMe3
R=H 16% 1,1,3,3-tetramethylbutyl isocyanide, which was the most
R=Me %8% efficient catalyst for the silaboration of alkynes, did not give

any adduct??

distannations of dienes appeared, in which Tsuji and Kakehi !N contrast, stereoselective 1,4-addition to 1,3-dienes to
showed that reaction of hexamethyldistannane catalyzed byYi€!d (2)-4-boryl-1-silyl-2-alkene derivatives was observed
Pd(dba) led to dimerizatior-double stannylation in high  Using nickel(0)-phosphine complexes, generated from Ni-

yield (Scheme 79%2° No product was obtained employing (acac) and _diisob_utylaluminum _hydride,_ as catalysts. With
unsymmetrical dienes, low regioselectivity was observed,

2
Scheme 79 however (Scheme 83¥:
R 0 Scheme 83
) \ +MezSn-SnMe Z > SnMes
N\ +Mes 3 MesSn B R - -
R=H 8%%R + PhMe,Si—B(pin) —
R=Me 75% } § tol
© 300u°%]e PhMeZSiﬂB(pin)

Pd(PPh)4, and other phosphine-free palladium complexes gi_gp2_me  90%, ZE> 99/
such as Pd(PhCMgI, or [Pd(allyl)Cl], exhibited low or no R'=R2=H 90%
reactivity. The replacement of hexamethylditin for hexabu- ~ R'=Me, R?=H 66% + 26% of regioisomer
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Platinum complexes were reported to be poor catalysts aldehyde is present, the platinum complex is trapped by the
for the silaboration of cyclic dienes, affording merely 21% aldehyde prior to reductive eliminatidh.
yield in the reaction with 1,3-cyclohexadiene. In the presence  Oxidative additions of (HO)B-XH;3; (X = Si, Ge, Sn)
of certain phosphines, nickel(0) catalysts afforded high yields bonds to Pd(Pk), and Pt(PH), were investigated theoreti-
of adducts from 1,3-cyclohexadiene. With cyclohexyldi- cally.?"*134Low activation energies were observed. Addi-
methylphosphine, an essentially quantitative yield of the cis tions to Pt(0) were highly exothermic, while those to Pd(0)

adduct was obtained (Scheme 8%). were less exothermic due to weaker-™M and M—B bonds.
m-Back-donation from a filled metal d orbital to the empty
Scheme 84 p orbital on boron accounts for the strong-Bl bonds. This
INi-L] charge-transfer interaction stabilizes the transition states and
@ *+PhMe,Si—B(pin) PhMeQSi—<j>—B(pin) thus explains the observed high reactivity of the interelement
compounds. The trans influence of the boryl group was found
L jeld cis/trans i
EE“S zg o to be stronger than that of the silyl group.
PML:asgPh g2 6940 3.6. B-B
PMePh, 97 937
PCyMe, 99  >99/1 Miyaura and co-workers were the first to report Pt-

catalyzed diboration of 1,3-dien&8.With butadiene, iso-
The Ni(0) catalyst with the best phosphine ligand, PGyPh prene, and 2,3-dimethylbutadiene, the reaction proceeded
catalyzed the reaction of 1,3-cycloheptadiene to give only smoothly, affording the 1,4-syn addition products in high
the cis adduct in high yield (Scheme 85). yields and with high stereoselectivity in the presence of Pt-
(PPh), (Scheme 88).

Scheme 85 Scheme 88

. . [Ni)/PCyoPh
+ PhMe,Si—B(pin) : PhMeQSiOAB(Pin) R R2 RL__F®
toluene Pt(PPhs)4 =
80°C } § + (pin)BﬂB(pin)

(pin)B—B(pin) ————
80 °C

93%, cis/trans > 99:1
R'=R?=H 95% Z>99%
Later, it was found that platinum complexes with a variety R!=H,RZ=Me 8%  £>99%
of phosphorus ligands catalyzed silaborations of 1,3-cyclo- ~ R =R"=Me
hexadjene, although at higher temperatures,°ﬂ('m place Exchanging Pt(PR) for Pt(dba) allowed the reaction
of 80 °C, than required for the Ni complexé?Catalysts to be per?orrg]ed (at%fygom telgnper)ature, but dimerization
generated from Pt(acac)DIBALH, and chiral phosphor- addition was observed in place of simple 1,4-addition

:;1gl|/d|tes) led to enantioenriched 1,4-addition products (up to (Scheme 89). The dimers were thought to result from diene
b ee).

The silaboration of 2,3-dimethyl-1,3-butadiene, catalyzed scheme 89
by Pt(CH=CH,)(PPh),, was performed in the presence of R1RR or(db
aldehydes to yield a product with a new-C bond at the M + (pin)B—B(pin) Pudba,
less substituted position, showing that insertion of 1,3-dienes tnoluene
takes place into the platinusboron bond (Scheme 86}

Scheme 86 (pin)BWB(pin)

R1 R2 o, 0,
R R2 94%, E,E 99%
.« — R3CHO ) L .
Pt PhMeZSiLnPtﬂB(pin) insertion into the platinumcarbon bond.
PhMeoSi  B(pin) With Pt(dba), 1,2-addition to 1,3-pentadiene was ob-
served, demonstrating that small changes in substrate and
] catalyst structure lead to major changes in product formation
PhMe,SiL,PtO

PhMegSiO R HO Rt (Scheme 90)3
RSy R R3 Y R 7
o "2 R2 Scheme 90

in)B i i
(pin) (pin)B (pin)B " (oin)B
t(dba
R'= H, R2 =R3=Ph //_\\_ (pin)B—B(pin) % (pln)B_>_\\_
99%, syn/anti 95:5 tr?Iuene 929%

The product was different from that obtained by subse- The catalytic cycle for the 1,4-addition was suggested to
quent reaction of an aldehyde with the product from include oxidative addition, formation of &-allyl platinum
silaboration of the diene (Scheme 87), showing that, when intermediate, and reductive elimination (Scheme'91Jhe

procedure has been employed in synthetic applicafibns.

Scheme 87 Several chiral diboraned{—50) and their complexes with
HO R Pt were prepared (Chart 2). The structure of was
R determined by X-ray crystallography. The diboranes reacted
. ﬂ , PhCHO s with Pt(CH=CH,)(PPh), to yield cis-platinum complexes
PhMe,Si B(pin) PhMe,Si quantitatively!37
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Scheme 91 Scheme 93
(pin)B—/_\—B(pin) Pt(0) a
/——/H\/ Ni(O),@‘P
<
(pin)B_/PTt\\ (pin)B-B(pin) Y
(pin)B”
R=Ph, X =NTs method A 100 : 0 87%
/ 3y
d method B 0 : 100  77%
R=C5H11,X=NTs method A 86 : 14  72%
Chart 2 method B 11: 89 77%
R = Ph, X = C(CO»Et), method A 95 : 5 85%
MeOLL. o 0. sC0Me  Ph{ o o .Ph method B 9 : 91 78%
BB B-B l
MeO,C 0 [e) "’COZMe Ph“. (o] 0 Ph A: 20 °C; B: 20 °C during intramolecular
47

o o
48 allylation, then -78 °C BB - \< B-g >\
o o

w QL oD stemess
0 o S O._ .0
): B-B j B R R? NG Pdc(j%)a)§ C N Ne
; \ B. L P( H23 Et _)_§_ ’
0T OO 7+ s s/ )
20 s N THF, 80 °C N

Me Me

. . . . . R'=R2=H 87%
In diboration of dienes, chirality transfer from the diborane RI_R2-Me  84%

diolate groups was inefficient. FromE)-1,3-pentadiene, R'=Me, R2=H 80%
approximately eqaual amounts of the two diastereomers were

formed, with the highest de observed amounting to 20%. complicated by dimerization of the diene. As usual, the
Diboration of 1,3-cyclohexadiene proceeded faster than thatg ;icome of the reaction is determined by the nature of the
of acyclic dienes and afforded, according ¥ NMR catalyst, and even by the ligand.

spectroscopy, one single diastereomer formed by syn addi- (2) Pt complexes are often more efficient as catalysts than

tion. e .
The product obtained by diboration of a 2,3-dimethyl-1,3- Egngcs)m&?ﬁ; ?:rt ;dnclj)ilti;?]rs%?‘dsltflsonnzoﬂa? and B-Si

butadiene using bis(diethyHartrateglycolato)diboron was . SR : o .
trapped by aldghydés, to%‘orm enagr]wgoenric%ed (up to 74% (3) The regloselectlvn_y IS h'g.h since It is determined by
ee) allylated product via chirality transfer from the boronate (€ nature of the bond into which insertion proceeds. The

groups to the new stereogenic center (Schemé2). Lnos;rpt:g)rz results in unavoidable formation of 5aallyl

Scheme 92 (4) The stereoselectivity depends on the nature of the
O (B0 Me interelement compound. Cis products are usually formed
Mo Me <:>—/( from additions of SiSi and B-B bonds, whereas trans
H e products result from additions of -SBn bonds. The stereo-
Btart) selectivity of B—-Si additions is often poor.
OH Me (5) Ligandless palladium can be used for carbocyclizations
oxidation involving Si—Si, Sn—-Sn, and S+ Sn bonds.

"Me

OH 4. Additions to 1,2-Dienes

Diboration of 1,3-dienes, employing Ni(cedind tris(2- Studies of transition metal-catalyzed additions of inter-
furyl)phosphine, followed by sequential intramolecular and element compounds to 1,2-dienes have been rather limited.
intermolecular allylation of two aldehyde groups, afforded Through the additions, compounds having vinyl as well as
systems with four stereogenic centers with high diastereo- allyl metal moieties are accessible in one step. The products

selectivity (Scheme 93§ Products with six membered rings  have large potential for a wide variety of subsequent synthetic
could be prepared using the same method. transformations.

(tart)B B(tart)

3.7.B=Sn 4.1. Si-Si

Regio- and stereoselective 1,4-stannaboration of 1,3-dienes
was shown to proceed smoothly in the presence of catalytic
amounts of Pgdba) and P(OCH);CEt to give high yields
of (2)-1-boryl-4-stannyl-2-butenes (Scheme 9#).The
product obtained (R= Me; R?> = H) was employed in
allylations of aldehydes. No stannaboration was observed
with 1,3-cyclohexadiene even at 11G.

Disilylations of allene and 1,2-butadiene catalyzed by Pd-
(PPh), were first described by Watanabe and co-workers
in 19814 In the reaction of chloromethyl- and methoxy-
methyldisilanes as well as hexamethyldisilane to 1,2-buta-
diene, only one regioisomer, formed by addition to the
internal double bond, i.e., 2,3-addition, was observed. With
unsymmetrical disilanes, the most electron deficient silyl
. . group added to the allylic position (Scheme 95).
3.8. Comments on Additions to 1,3-Dienes Cyclic disilanes with strained SiSi bonds were shown
(1) Homo- and hetero-interelement compounds usually addto react under milder conditions. Thus, addition of octa-
in a 1,4-fashion to 1,3-dienes. The reactions are often methyl-1,2-disilacyclobutadiene to allene took place at 80
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Scheme 95 Scheme 99
R
R Pd(PPhg)y  XpMeg.nSi
==k XoMegSiSiMeg Xy o e (CHp)s N +MegSn-SnMeg
- XnMeg.nSi
R =H, Me, CI, OMe SnMeg
—
°C2*and some additions occurred even at room temperature SnMe; SnMes
(Scheme 96342 51 SnMes Z/E>98/2
Scheme 96 N . . .
cyclization occurred as a result of interaction of the allyltin
“S".e2 function with the triple bond (Scheme 100). According to
' PdClx(PPhg), i
£ + §IM62 _— 91%
SiMe, 80 °C Si Scheme 100
M62 SnMes

M E>< Me3Sn-SnM i E>< 7"~ Sneg
leo + Me3Sn-SnMes
> <+ N—siMe, [Pd] N . E = t E =
SiMe. rt ©
7 ? 7 Si N SnMej
Me,
E
E = CO,Et, 46% isolated,
4.2. Sn—Sn 45°c E N_SnMe;  90% by NMR

Mitchell and co-workers showed that hexamethylditin adds NMR spectroscopy, the yields of cyclized products were
to 1,2-dienes in the presence of Pd(BP{Scheme 97). At high, but the products were not stable and therefore were
difficult to isolate. For this reason, distannation was not

Scheme 97 recommended for this type of carbocyclizatidffs.
R R" 4 MouSn-SnMie. - SPPRa)s Compounds3 was obtained in 42% yield but not isolated
R,> Syt eesnrenes due to decomposition during chromatography. An example

" of a product from 1,2-addition to the allenic part of the

/ R R CHR'SnMes R H substrate, with the triple bond untouched, is provide&4y
R'RC + )= + —
MesSn  SnMe; R H R CHR"SnMe, =
Ph SnMe3 N
. . o & MegSn_~

lower temperatures, reversible formation of the kinetically oij“v o]
favored product occurred, while at higher temperatures the X ShMej MegSn
thermodynamically stable products were obtaitf@dther 53 54

hexaalkylditin compounds reacted analogouétyThe dis-

tribution of products was dependent on the reaction condi- The THP-substituted alleng&5 was shown to react with

tions as well as on the structure of the allene and the 1,1,2,2-tetramethyl-1,2-phenylditin to give a product from

distannane. 1,2-addition to the terminal allenic bond (Scheme 10%).
From monosubstituted allenes, quite high yields of adducts

were obtained, whereas for 1,1-disubstituted compounds,Scheme 101

yields were considerably lower, although conversions were THPO—,

high, and, for trisubstituted allenes, even conversions were + PhMezSn-SnMeoPh

low (Scheme 98)#3 %

Pd(PhCN),Cl, THPO SnMes
Scheme 98 - —
Ph Ph SnMes
\—=——+Me3Sn-SnMe;
65-80°C MeySn SnMeg A single olefin isomer was obtained from distannation of
1-(methoxy)methoxyallene. Subsequent treatment with chiral
Ph _ OH,SnMe;  Ph _ SnMes nonracemic aldehydes provided product alcohols as single
125°C SnMes N CH,SnMes diastereomers (Scheme 102).
MesSn—SnMe was shown to undergo palladium-catalyzed Scheme 102
addition to medium-sized cyclic 1,2-dienes. Cyclonona-1,2-  MoOMQ Pd(PPhg)s . o SnBus
diene, the smallest cyclic allene, gave mainly one isomer M=+ BugSn-SnBuy ————= BUSIN AN
(51, Scheme 99), whereas a mixture of isomers was obtained 0 OMOM
from cyclodeca-1,2-diene and cycloundeca-1,2-d#étiehe HJ\O‘ BusSn  OH 88%
reactions were suggested to proceed via formation of an anti-
anti~r-allyl palladium complex. = O ovd
Allenynes52 were subjected to palladium-catalyzed di- LowisAdd 57%

stannation. At room temperature, only 1,2-addition to the
allenic moiety was observed, but at elevated temperatures, OTBS
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Treatment of bisallené&6 with Buz;Sn—SnBuy in the Both the regioselectivity and the stereoselecivity were
presence of Pd catalysts resulted in cyclizatidistannation greatly improved by the use of the phosphine-free palladium
to afford cis-fused produd7, which upon prolonged reaction complex Pg(dbay-dbal®? Only one product, withE-con-
underwent intramolecular homocoupling to yi&Bl(Scheme figuration, having the silyl group at the central position and

103)148 the stannyl group at the unsubstituted terminal carbon atom
was obtained, independent of the electronic and steric factors
Scheme 103 in the allene (Scheme 107). The reaction proceeded smoothly
Pd(PPha)s Scheme 107
TsN + BugSn-SnBuz ———~ R (Pd] SiMe3
THF, reflux : \ + MesSi-SnR's HW/\/San
56 57 ' snBu, i
H 73% (80% at rt with [n3-allyl)PdCl],) R'=Me, Bu R s0-01%
& R = Ar, 1-naphthyl, Bu, Oct, >99% E
— TosN cyclopentyl, cyclohexyl
H s in toluene at room temperature or at®Dto give high yields
) of products.
4.3. Si=Sn The absence of the kinetic product even at room temper-

ature using the phosphine-free catalyst was explained by the
formation of as-allyl palladium complex §1) with the R

oup anti to the silyl group. Reductive elimination from
is intermediate led to the observed isomer.

The most extensively studied additions of interelement
compounds to allenes are those involving-Snh bonds.
These reactions have some advantages compared to thos;t%I
involving Sn—Sn or Sr-B compounds, as the silylstannanes
are easy to handle and the products are easy to isolate. SiMes
Mitchell found in 1985 that products with the silyl group
attached to the central carbon atom were exclusively formed

TN

(Scheme 104%*° The position of the tin-containing substitu- F;,PId\SnR,S § = solvent
Scheme 104 61
R\ MorSi-Sn Pd(PPhs)s Modified conditions for silastannation of 1,2-dienes af-
At fording higher regio- and stereoselectivities were recently
R'=Bu, c-Hex, Bu, MeO presented by RajanBabu and co-workéfsUsing Pd-
R =Me, Bu (dbay—P(CsFs)s or Pd(PhCN)Cl,—P(GsFs); as catalyst
precursor, they synthesized a variety of interesting allylic
R SiMes R, SiMes tin derivatives via palladium-catalyzed silastannation of
+ - functionalized allenes. The examples provided demonstrate
MegSn SnMes the functional group tolerance of the process. Of five selected
heat 1

phosphine ligands, PEs)s, P(3,5-MeCgHs)s, PPh, PB,
t h o d d on th bstituent the all and PBus, the first two showed the best results. The rate of
ent was shown to depend on the substituents on e alene ., jon was also dependent on the palladium precursor; with
vylthlgullsl%y groups favoring addition to the terminal posi- P(GiFs)s as ligand, rates decreased in the order Pd(PKTIN)
tion.14% ’ N . N
Addition of (trimethylsilyl)trimethylstannane to 1,1-di- é|2[Pg(a|:l>lgPF?|al]é;4Agg; fi; tig(%zz)é %';'(f Clzjn;?éspyf ?)hze
m.etthylalligg 'nc}gg %re?encte oftth(B)%rafiorqe;j a 1:%h combination of (trialkylsilyl)trialkylstannanes and the cata-
mixture of59 andsu. By trealing the p())ro uct mixture wi lytic system turned out to be very efficient for cyclizations
additional Pd(PP), under heating, 80% df0was obtained of 1,2-diene-8-ynes. However, in the former case, initial

49
(Scheme 105: addition to the alkyne system occurred, whereas, in the latter,
the allene function reacted first. Reactions with less reactive

Scheme 105 . . . : .
- silylstannanes such as W¥&—SnBuy permitted the isolation
>=.: +Me3Si-SnMeg : of 62, which was cqnverted to the cycl_ic product (Scheme
108). In contrast, with the more reactive reagBuMe,-
N 7 Scheme 108
MesSn s SiMes Me3Sn  SiMeg SnBug
heat } 60
E: Z Pd(dba)s/(CeFs)sP  E /\\—// :SiMeS
. . . i + MegSi-SnBugy ————
Reactions of Mg5i—SnBw and PhMeSi—SnBw with E = rt E =
unsubstituted allene afforded the addition products in high 62
yields under mild conditions (Scheme 108). SiMes
E
. 81% E = CO,Et
Scheme 106 45 °C E N SnBus 2
) Pd(PPhg)s SnBug
+ AMezSiSnBus — SiMe,R Si—SnPh, only the cyclic product was observed.

R=Me 45% Heterocyclic compounds, such@3and64, were obtained
R=Ph 66% using the same procedure. High yields were obtained
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according to NMR spectroscopy, but the yields of isolated Scheme 110

products were lower.

SiMe,Bu Ph  SiMeyBu TsN

& N
TsN O, 56
X-SnPhy X SnPhy

63, 41% 64, 61%

SiMes
H
Pd(PPhg),

+ Me3Si-SnBug

%]
p=4

THF, reflux

H
65 SnBug
78% (76% at rt with [(n-ally)PdCl],)

group compared to SnBuwith the former having a larger

The use of this approach for the synthesis of highly effective size due to the short<Gi bond. Carbocyclic
functionalized carbocyclic and heterocyclic compounds, @nalogues, with cis or trans substitution depending on the
including the syntheses of pyrrolidines and indolizidines, was distannane used, were obtained using the same procedure.

recently beautifully demonstrated (Chart!®The reaction

Chart 3
H MesSi H
=

MesSi H Y i
N N
Me,Si Bu,Sn N
BusSn N
(@) SnBug =

H H

AN :

MesSi A~ Megsi~N
0

BusSn SnBu,

Et0,C

r\§\\

O
N

O

f%\\
O

L/\ )OTBDMS SiMe;
o) —
N\( SnBug
| © N,
BusSn o R

SiMey

Recently, Kang and co-workers presented tandem sila-
stannatior-allylstannane carbonyl addition, thereby achiev-
ing stereoselective formation of cis-cyclopentanols in high
yields from allene aldehydes and allene ketones (Scheme
111)15 The stereochemistry observed was explained by the

Scheme 111

SiMea
SnBu
X/\/ Me3Si-SnB [Pd] X 4 )
o + MesSi-SnBuz —— 0
( n ; ( n i
R R
H SiMe3
[Pd] H n=1,2;R=H, Me;
— X X =NTs, O, C(COZEt)z
( nlf;{ OH

higher stability of the intermediate leading to the cis-isomer.
The best catalyst for the transformation was found to be bis-
(rr-allylpalladium chloride), which allowed the reaction to
be performed at room temperature.

4.4. Ge-Sn

was limited to terminal acetylenes; only addition to the
allenic bond was observed in compounds containing an In connection to studies of disilylations and distannations,
internal triple bond. Along with the cyclized products, many Mitchell investigated palladium-catalyzed additions oftin
interesting highly functionalized compounds were obtained germanium bonds to allené¥. The regioselectivity was
from 1,2-addition to the allenic function. shown to be dependent on the substituents on the allene,

The addition thus proceeds in two steps: 1,2-addition to demonstrating that the reaction can proceed via insertion into
the allenic moiety and reaction of the allyltin function with the Pd-Sn bond as well as into the P&e bond (Scheme
the triple bond, with the latter step being well-known in the 112).

literature (Scheme 10953

Scheme 112
Scheme 109 R Pd(PPhg)
s ===+ Me;Ge-SnBug i MeO\ASnBUQ + isomers
E ><:<% Pd(0) ,\( :><j o o
== R =0OMe
E N SnY _ R=Bu
} gi + SiSn Bu )
Si Eﬁl.: GeMes + isomers
4 SnBus _
N-Pdg = A study of carbocyclizations of bis(allenes) leading to five-
membered carbo- and heterocycles which was mediated by
\ E germylstannanes (EBeSnBy and BuGeSnBy) and cata-

lyzed by palladium complexes revealed that the stereo-
selectivity was highly dependent on the structure of the
reagent and the reaction conditions (Scheme 1¥3).
Depending on the R group and the nature of the catalyst,
either trans- or cis-fused product was obtained, the latter
along with bicyclic dienes, as a result of the equilibrium

Silastannatiorraldehyde cyclization was recently used as
a key step in the synthesis of indolizidine alkalotéfs.

In contrast to distannation, the palladium-catalyzed car- shown in Scheme 1148
bocyclization-silastannation of bis(allenes) provided trans- '
fused cyclized products (compare Scheme 18&3Yhus, 45 B—-B
reaction of MgSi—SnBuy with bis(allene) 56 gave 65 "~
(Scheme 110). The striking reversal of stereoselectivity was Additions of bis(pinacolato)diboron to allenes were per-
explained by larger steric hindrance provided by the SiMe formed in the presence of Pt(Pfhor Pt(dba) and a
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Scheme 113 Scheme 117
y GeRs y GeRs PhCHO PhI Ph OH
X + RyGe-SnBu; (RO)}B°  B(OR), dioxane = PdCly, dppf/ag KOH Ph
8 LA, + X 50 °C, 16 gioxane, 90 °C, 16h
20°C ’ ’ 75%
SnBug SnBug

X =0, NTs, C(COOEt), [Pd] = [(3-allyl)PdCl], Theoretical consideratiofishave suggested that the oxida-

or Pd(PPhg)y tive addition of B-B bonds to Pd(0) is an unfavored process

and that palladium complexes therefore fail to catalyze

Scheme 114 diborations of unsaturated carbecarbon bonds. However,
by efs H H it has been shown that it is possible to modify the reaction
by employing a different approach. Cheng and co-workers
)<j¢ X/\:I:(\{’d'-? - XCK showed that palladium-catalyzed diboration of allenes pro-
H FasnBu, H H ceeds smoothly to give high yields of products with high

phosphine, with the latter catalytic system even at room
temperature (Scheme 115§ Low yields were observed due

regio- and stereoselectivities in the presence of a catalytic
amount of an aryl or alkenyl iodide or iodine (Scheme
118)15 The regioselectivity observed was different from that

Scheme 118
Scheme 115 . bl Bl(pin)
R [PY Y 4 (GNB-BN) + R 2 R _B(pin
ReH) (RO)2B—B(OR); R (cat)  80°C R2
F; R2(H) R2(H) of normal diborations; whereas one boryl group added to
. R the central allenic carbon atom, the second boryl group added
(RO):B"  B(OR), (RO)B°  B(OR), to the terminal unsaturated position of the allene.

The authors suggested that iodo(pinacolato)boron was

to decomposition of the catalyst. The inefficiency of catalysts generated and started the catalytic process by oxidative
based on palladium to catalyze the reaction was believed toaddition to Pd(0). The iodoboron intermediate is regenerated
be due to unfavorable oxidative addition of the diborane to in the catalytic cycle, and therefore, only a catalytic amount

Pd(0). With substituted allenes, addition to the internal
olefinic bond was preferred, although, with 1,1-disubstituted

of the iodide is required (Scheme 119). Pt(pRlklid not

allenes, the opposite regiochemistry was observed. Hetero-Scheme 119

substituents retarded the reaction due to slow insertion of
the electron-rich double bond. The stoichiometric reaction
between 1,2-heptadiene anis-Pt(BO,CMe,)(PPh), af-
forded the same product as the catalytic reaction, but with a
different isomeric ratio. The ratio of the two isomers was
shown to depend on the nature of the platinum complex and
the temperature (Pt(PRhat 80°C or Pt(dbayPCy; at 50
°C).

In the presence of chiral enantiopure phosphoramidites,
highly enantioenriched adducts were obtained (Scheme
116)1%° Binaphthol-based phosphoramidites provided poor

Scheme 116
Pds(dba)s
Bno” " + (pin)B—B(pin)

ph. Ph
o] o v
in)B P—-N
(plrié\ >< g \

(pin)B OBn Ph" pp,

enantioselectivity, whereas those based on taddol afforded

up to 91% ee. Modification of the ligand structure, achieved
by replacing the phenyl substituents by 3,5-dimethylaryl
groups, resulted in improved enantioselectivities (up to 98%
ee)160

The product from diboration of allene was used for the
synthesis of a homoallylic alcohol via reaction of the allylic
boronate with benzaldehyde, followed by cross-coupling with
iodobenzene (Scheme 117.

Single pot diboration/allylboration/oxidation affordgehy-
droxyketones with good levels of enantioconti®l.

B(pin)
Rl _~ B(pin)

)

+ IB(pin)

R2
Pd(0)

AN

pinB-Pd-1

R1
RZ N

Pd,
B(pin)
(pin)B-B(pin) _/<

R!  B(pin)

2_/\ R1
\__ >=l‘=
2

R

IPd
R :
pinB-Pd-1

B(pin)

catalyze the reaction in the presence of organic iodides. The
Z-stereoselectivity (9395% Z-isomer) is a result of face
selective coordination of Pd to the allene, leading to a syn-
sr-allyl palladium complex.

Other phosphine-free palladium complexes, such as Pd-
(OAC),, PdCL(MeCN),, and PdCGI(PhCNY), also served as
active catalysts for the process, whereas [Pa@l(yl)] . was
less active and resulted in lower yield. The addition of
phosphines inhibited the reaction.

4.6. B-Si

Silaborations of allenes catalyzed by palladium complexes
with 2,6-xylyl isocyanide were shown by Ito and co-workers
to proceed regioselectively with addition of the boron
containing substituent to the central carbon atom of the 1,2-
diene (Scheme 120§? With substituted allenes, reaction
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Scheme 120 Scheme 124

R [Pd] Pr [Pd]
— + PhMe,Si—B(pin) _ \:.:\P + PhMeySi—B(pin) ———
r
B(pin) . (pin)B R Pr B(pin) . B(pin)
SiMe,Ph PhMezsiJ_r( SiMe,Ph Pr SiMe,Ph
i i Pr Pr
major minor

ElZ = 62:38, 88%
R = BUCH,CH,Ph, 99%, ratio of isomers >99/1

R =Cy, 91%, ratio of isomers>99/1
Pr [Pd]

occurred at the internal double bond, in analogy to the \=-=\Cy + PhMeySi—B(pin) ~——
addition of disilane$*!
From an allene substituted with a perfluoroalkyl group, (PimB\_ ¥ (B SiMePh
Ito obtained only the product from addition to the terminal PhMeZSif Pr / Cy
double bond (Scheme 121). Pr 64:36, 88%
E1Z=69:31 E1Z=89:11
Scheme 121 Scheme 125
CoF Pd(acacl, 2.6 ®inB.  CeF B(pin)
Y PhMe,Si—B(pin) Xylyl lsocyanide J=r’ e RW __\__SiMe,Ph
120°C PhMe,Si R0 PhMe,Si—B(pin)
>/\ Pd(0)
Tanaka and co-workers observed the same regiochemistry L _
in additions using their Pd/etpo catalytic syst&fHowever, pg-SMe2Ph L. SiMesPh
in contrast to the situation with Pd, the reaction of 1,1- RW L RD L,Pd_B( )
dimethylallene catalyzed by platinum complexes gave only B(pin) RD = MeO, alkyl, H P
the product formed by addition to the unsubstituted olefinic K RY=H, CeF13
bond (Scheme 122).
L. SiMeyPh ] R®
Scheme 122 Pd L. .SiMeyPh
RW-L__B(pin) Pd
Pt(CH,=CHy)(PPhs) qem | ’ NG
i PUCH=CHa)(PPhg)s L siMe,Ph
== +PhMe,Si—B(pin) \ﬁ\/ 2 RD D
? 80 °C 87% \/ R
Scheme 126
With the Pd/etpo catalytic system, even tetrasubstituted Cotally)Pd B(OR")2
allenes afforded high yields of products (Scheme 123). ==py, +t PhMeSi—BORY), ———— s Ph
PPhs SiMe,Ph
Scheme 123 -
. . [Pd] B(pi R2}-0 o} A0
>=.a~ + PhMeySi—B(pin) —— \__ (pin) R,,J: 'B—SiMe,Ph 2: B—SiMe,Ph _B—SiMe,Ph
—SiMe,Ph r’ O Rl 'O
900 2 66 T 67 68
The regioselectivity of the silaboration of 1,2-dienes was CO o, PPh, OO Ph
considered in detail by Suginome and ¥éFor monosub- PNPr SiPhs 2
stituted, 1,1-disubstituted, and 1,3-disubstituted allenes, the Oe 0 é OO

regioselectivity was dependent on the nature of the substit-
uents and the nature of the catalyst as well as on the reaction
conditions. The regioselectivity was usually very high. FOr  gg/ge: 249 de: 68/70: 81% de: 68/71: 89% de
unsymmetrical 1,3-disubstituted allenes, the regioselectivity

70 71

and theE/Z selectivity were low, however (Scheme 124). poranes as the only source of chirality, low diastereoselec-
After oxidative addition of the borylsilane to Pd(0), tivity was observed, but in combination with chiral ligands,

coordination and insertion of the more electron deficient high selectivity was achieved.

olefinic bond into the PtB bond occurred. Formation of It is interesting to note that the application of the catalyst

m-allyl complex and reductive elimination gave the product containing ligand’1 to achiral silylborane led to a moderate

(Scheme 125).

Recently, it was reported that Cp(allyl)Pd/BRerves as
a very efficient catalytic system for silaborations of allenes,

enantioselectivity (68% ee), indicating that the chiral group
on boron plays an important role in the enantioface discrimi-
nation. An enantioenriched allylsilane was subjected to

allowing the reactions to be performed at room tempera- Marko-type cyclization to afford a cyclic alkenylborane,
ture165 This catalyst was employed in an asymmetric version Which was oxidized to a ketone (Scheme 127).

of the reaction, using chiral silylboorane36(-68) as well as
chiral phosphorus ligands69—71, Scheme 126). With

Since silaborations of allenes are highly regioselective, the
products can be used for the preparation of functionalized
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Scheme 127
O o-Hex
B(OR*), " " :
. c-rex
; OSiMePh (*RO)zB*G
SiMe,Ph c-Hex

88% de

o]
ODQ 88% ee

alkenylboranes, by taking advantage of the reactivity of the
allylsilane moiety (Scheme 128%

Scheme 128

( /—)—OSiMezPh Pd(acac),/P(OEt)3
n + PhMe,Si—B(pin) _
octane, reflux

B(pin)

SiMe,Ph

B(pin) RCHO
TMSOTY
SiMe,Ph  —————
) CHgC|2
n -78 °C

<
R

R

PhMe,SiO

/\/BI‘
PdL4, NaOEt

76%

~(_/\§ 75%

A cascade cyclization givingrans-1,2-benzodecaline
skeletons via sequential reaction efphenethylg-boryl-
allylsilane with aldehydes was reportt&d.

The same methodology as for palladium-catalyzed di-

B(pm)

R =Hex PdL4 NaOEt
L =PPhg

Ar= p-NOZCGH4
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Scheme 130

PhMe,Si-B(pin) + ,—=— + R"CHO

R
Pd(dba)y, Al OH SiMesPh

EtOAc,80°C R"

Scheme 131
SnMejy

\
E N~ Pd(dba)y/(CgFs)sP  E \
+ MegSn-B j —_— N
E = N 80 °C, 1h E N ]
/

B
_ 72 \
52, E = CO,Et oo% !

the reaction proceeded well by NMR, the product was
isolated in a yield of merely 50%.

4.8. Se=Se and S-S

The addition of dialkyl disulfides to 1,2-dienes catalyzed
by RhH(PPh), was shown to lead to mixtures of monosub-
stituted dienes and alkenes (Scheme 182).

Scheme 132
™ [Rh)/(p-tolyl)sP

TfOH, acetone
reflux, 2h

+ R'/\)\SR

47%
41%

+ RS-SR

SR

R'/\/J\

R= C4H9, R'= C7H15:
R= CQH5, R' =C7H15:

47%
46%

A cysteine derivative gave adducts without racemization

borations of allenes was used by Cheng and co-workers to(Scheme 133).

perform palladium-catalyzed silaboration of alleA®&sThe
authors showed that the addition of a catalytic amount of an
organic iodide, iodine, or a silyl iodide initiated the reaction
of silylboranes with allenes in the presence of phosphine-
free palladium complexes (Scheme 129). The reaction

Scheme 129
SiMe,Ph
R! Pd(dba) 2"
Ve +PhMe,Si—B(pin) + Rl — == RL_Z\_ B(pin)
R2 (cat) EtOAc, 80 °C R2

proceeded with high regio- and stereoselectivities and
produced high yields of products having the silyl substituent

at the central carbon atom and the boryl group at the terminal
i.e., as in the case of the

unsubstituted carbon atom,
diboration.

The regiochemistry was thus opposite to that observed
under the conditions of I{6? and Tanak&® The explanation

for this difference was based, as for the analogous dibora-

tion,'%! on the formation of PhMsSil and its participation
in the catalytic cycle.

As an application of the methodology, the authors showed
that homoallylic alcohols could be obtained in high yields
with excellent syn selectivity X99%) using a one pot

procedure with added aldehyde (Scheme 130). Desilylation
t

with preserved stereochemistry was achieved by treatmen
with fluoride.

4.7. B=Sn

Stannaboration of allenyre?2 was shown by RajanBabu
to lead to cyclized product2 (Scheme 131})%¢ Although

Scheme 133
NHBoc
Crths” ==+ IH30020 —_—
s CO,CH3 /\/L
+ = CO,CH3
NHBoc " C;H S
C7H15/\/§ 7H1s /\l\;-lBoc

42%, 97% ee 36%, 98% ee

The same reaction proceeded with dialkyl diselenides,
although low yields were obtained. In the additions ef$S
and Se-Se bonds, the yields and the distribution of isomers
were dependent on the nature of the phosphine ligand, but
the influence was different for the two types of reactions.

The mechanism was suggested to include oxidative ad-
dition of the disulfide followed by insertion of the allene to
form az-allyl complex.-Elimination, being more rapid than
reductive elimination, led to one product and a rhodium
hydride. Reductive elimination and Rh-catalyzed reaction of
allene with the thiol obtained explains the formation of the
second product (Scheme 134).

Ogawa recently showed that diselenation of allenes is
catalyzed by Pd(PRBJy (Scheme 135)° Use of polar
solvents, in particular acetonitrile, afforded high yields of
products obtained as mixtures & and Z-isomers by
addition to the unsubstituted double bond; in contrast to the
analogous reaction with alkyn&slow yields were obtained
when the reactions were run in benzene. Divalent palladium
complexes were inefficient as catalyst precursors. The
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Scheme 134 Scheme 136
SR [N — o P —
RS-SR RS-Rh-L, \( =+ XMezSi-SiMexX XMeoSi  SiMepX
A X =F:95%
/\)\ X = CHgO: 53%
R' SR H N X = CgHs: 4%
- 1 RhL, LoRh— »—SR —f— .
SR ~A_SR difluoro-1,1,2,2-tetramethyldisilane, whereas disilanes with
R == R less electronegati bsti h 1,2-dimethoxy-
= A gative substituents, such as 1,2-dimethoxy
RSH H SR 1,1,2,2-tetramethyldisilane, resulted in moderate yields. Poor
RS-Rn'L, NN results obtained using 1,2-diphenyl-substituted disilane were
thought to be due to the increased steric demand of the
Scheme 135 phenyl substituents.
R Pd(PPhy); R SePh The structure of the phosphine ligand proved to be
\—=—+PhSe-SePh on CN3 : "=§_ important for the outcome of the reaction. Improved results
82 gc, 2h SePh were obtained with more electron donating and sterically less
R = "Hex: 72% £/Z49'51: R = *Hex: 96% E/Z93:7: demanding phosphines. Pd(BRland PACi(PhCN}, which
R = Ph: 67% E/Z 49:51; R = Bu: no reaction are known to catalyze disilylations of alkynes and dienes,

were inactive in the present reaction.

reaction was suggested to proceed by oxidative addition of Using norbornene as the substrate, addition of the disilane
the diselenide to Pd(0) followed by insertion of the allene Was shown to be a cis process (Scheme 137).

to form a vinylpalladium species. That an allylpalladium

complex was not formed was shown by carbonylation of the Scheme 137

intermediate palladium complex.
Lb - FMe,SiSiMeF o
e . 291" 2!
4.9. Comments on Additions to 1,2-Dienes
(1) Palladium-catalyzed additions of interelement com- Lb/SiFMez Ab/snwes
SiFMe; SiMeg

pounds to 1,2-dienes are highly stereo- and regioselective,
resulting in the attachment of one element to the central
carbon atom and the other, linked to Pd, to the substituted From model stoichiometric studies, a mechanism involving
terminal allenic carbon atom. oxidative addition of the disilane to Pt(0) followed by
(2) Many exceptions to this “classical” (electronically insertion of ethylene into a P{Si bond and final reductive
controlled) pattern have been observed, particularly for elimination was suggested (Scheme 138). Nevertheless, a
distannations. These processes are reversible and lead to
different isomers depending on whether the reaction occursScheme 138
under kinetic or thermodynamic control. Si-Si
(3) In silastannations, Si becomes attached to the central
position as a result of insertion of the unsaturated moiety

into the Pd-Si bond. IPt] Py S'_
(4) As with diynes and enynes, synthetically versatile Si Si
carbocyclizations take place witihw-bis(1,2-dienes). Si] ’\( >r =
(5) With monosubstituted 1,2-dienes, highly enantio-
selective diborations can be carried out. [\ ]/Si
(6) Diborations and silaborations of allenes with electron- [P”\z: =g
withdrawing or sterically bulky substituents may lead to the \/—'_—

formation of two isomers having B at the central position
and the second element at the unsubstituted terminal position
This is particularly true for Pt-catalyzed reactions. Simple

1,2-addition provides an alternative explanation for the ¢hown to exhibit high reactivity as a catalyst for the

formation of such regioisomers. disilylation of olefins using 1,1-difluoro-2,2,2-trimethyl-1-

(7) Diborations and silaborations of allenes are promoted yhenvidisilane (Scheme 13%Modest regioselectivity was
by organic iodides and iodine. pheny ( 9) g y

t(8|)| Other E-E additions are not well studied or studied gcheme 139
at all.

palladium complex generated in situ from bisgllylpalla-
dium chloride) and dimethylphenylphosphine was later

R Pd)/PMe,Ph
N \=" + PhF,Si-SiMe; [PalPieaPh_
5. Additions to Alkenes o .
5.1. Si-Si PhF,Si SiMe; * MesSi SiF,Ph

In comparison with additions to alkynes, 1,3-dienes, and
1,2-dienes, additions to olefins is a relatively new field. The observed in additions to unsymmetric olefins.
first example was the disilylation of ethene, catalyzed by  With a cyclic, strained disilane, additions to ethene,
Pt(PPh)4, published by Tanaka and co-workers in 1990 1-hexene, and styrene took place even at room temperature
(Scheme 136)7* High yields were observed only for 1,2- using Pd(PPJ), as catalyst (Scheme 14%Y.
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Scheme 140
Ety
R SiEt,  Pd(PPh Si
g ¢!
SiEty si” R
Et,

Ethene reacted in a different fashion from that of 1-hexene

and styrene, producing two products (Scheme 141).

Scheme 141
Et2

L)

Et2

Pd(PPh3)4

SiEt,
+ |
SiEt,
N\
+

Si—Si
Et, Et

Unlike the palladium-catalyzed addition of 3,4-dibenzo-
1,1,2,2-tetraethyl-1,2-disilacyclobut-3-ene to olefitisthe
nickel-catalyzed process did not result in simple 1,2-addition
to the double bonéf® Instead, products analogous to those
obtained by reaction with diené% formed as a result of
insertion of Ni into the spcarborn-hydrogen bond, were
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All reactions led to the same type of five-membered ring
disilylene compound¥5. The reaction was suggested to

proceed as shown in Scheme 144.

Scheme 144
Me2 M82
VAT \ /PEts LY \ MR
}‘\V)‘ / "PEts =< }‘\Vf‘ / \—(
Mez Me M62
Rp=H VT'AV
b=
l\sll_e2 R / b\Vf‘ si
i—C
— e

P s. N| H \ Si
VAV
><CHPh2
Meg

Ito and co-workers have also studied intramolecular
disilylations!”? In contrast to the situation with analogous
intermolecular reactions} disilanes lacking electron with-

obtained (Scheme 142). Of special interest is the formation grawing groups reacted readily (Scheme 145).

Scheme 142
R SiEt,  Ni(PEt,
— . ©:| (PEts)s
SiEty
H R

Et2

Et2
@[ Si- Sl
O
Etg
SiEt,
+ |
SiEt,

Ni(PEts)4

Etz Et ﬂ Et,
; 2 h
Si Si-Si Si
>: + ©/ Et2 + ]
Si Si
Etp 73 E{z

of 73, formed via cleavage of aA=-Si bond. A product
from 1,2-addition to the alkene was observed only in the
case of ethene.

1,2-Bisdimethylsilylcarborane underwent the same type of
additions to olefins catalyzed by Ni(Pt!® The reaction
involved Ni complex74 (Scheme 143), which was able to

Scheme 143
M
_1~_SiMesH Sle2 PEL
kVPA SiMe,H * Ni(PEtg)a ‘ﬂV)‘ / \PEta
74 'V'ez

Scheme 145

Pd(OAC), Me,

” SIMez
SIM92R .
NG RMesSi

Disilanes tethered to the olefinic group by three atoms
underwent stereo- and regioselective exo ring closure to
afford five-membered ring products (Scheme 146). Alkenes

Scheme 146
— Messi ';\
MesSi-Si- S M;Zz_)
— RMGZSI
RMeZS| SI O ;21
xR « Lo B
ot X\ R
RMe; s.P ¢ SI RMe,Si dgegk/
2

% PhMe,Si
PhMe,Si—Si /

—J\>_ Me3Si
RMe,Si—Si
eSi l\sllleg M;QD\

with an allylic substituent gave trans-3,4-disubstituted prod-

ucts, whereas, frong-substituted alkenes, cis-3,5-disubsti-
tuted isomers were favored. The high diastereoselectivity

catalyze the reaction of the disilane with olefins such as observed was suggested to be due to a preference for a
1-octene, but not the disilylation of styrene. However, the chairlike transition state over a boatlike one, with theand
stoichiometric reaction of74 with styrene afforded the  S-substituents occupying equatorial positions. Poor stereo-
disilylated product. selectivity was observed with-substituted substrates.
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Disilanes tethered to the olefinic group by a two-carbon- extrusion of E)-allylsilanes along with 1,3-dioxa-2,5-di-
atom tether reacted analogously to afford four-membered silacyclohexanes, which in turn underwent Peterson-type
rings with high diastereoselectivity (Scheme 147). elimination by treatment with BuLi or PhLi to giveE}-

allylsilanes. Excellent 1,3-chirality transfer was observed in
Scheme 147 the reactions. Enantioenriched allylsilanes were obtained
_ from allylic alcohols of lower enantiomeric purity via
PhMeSi—Si PhMe,Si i separation of diastereomeric dimers.
Phy Phe The same protocol was applied to the synthesis of
: enantioenriched allylsilanes using polymer-bound disilafles.

= The stereodifferentiation in disubstituted olefinic disilanes
FhiMezSSt PhMe,Si

, gihz is more complicated, but products having a cis relationship
between the 3- and 5-substituents were favored.
%_ The use of chiral isocyanide, prepared froir){ketopinic
PhMe,Si—SiPh, PhMeoSi 81 . acid, as ligand allowed the realization of an enantioselective

intramolecular disilylation (Scheme 15%}.The best results

Intramolecular disilylation of dienol6 was shown to  gcheme 151
proceed with high diastereofacial selectivity and moderate

to high diastereotopic selectivity, affording tHR§RSRY- o s? PaOA) PhMeZSi%

and RSSRR9-isomers as the main products, with the ratio 625! D AraSI

depending on the substituents on the dienol part as well as X

on the disilanyl part of the substrate (Scheme #48The 7 +OR

Scheme 148 ©

R =. R were obtained with disilanes derived from 3-buten-1-ol (87%

i>_< § yield, 64% ee) and 3-methyl-3-buten-1-ol (59% yield, 78%
=/ OSiR-SiMezPh S’ ee, Scheme 152).

PhMe,Si R
Scheme 152

\ CgH17
R =CgHy7, R' = :2 Eé >\—> Pd(OAc),  PhMe,Si—, |
PhMe,Si—Si. )
77 Y Arzo AI'QSI\O
OSiMeg
OSiMe3

protocol was used for the highly stereoselective synthesis N
of (—)-avenaciolide 77). ¢
Intramolecular cyclization of trisilyl ethers of homoallylic
alcohols also proceeded regio- and stereoselectively (Scheme The enantioenriched allylsilanes were used in synthetic
149)174 applications.’®
An important application of this type of process is the

Scheme 149 synthesis of polyols. The authors demonstrated that the 1,2-

R2 R2 oxasilolanes obtained were oxidized, with cleavage of the

PN R RS o R Si—0 bond, to 1,2,4-triols with retention of configurati®f.

b Using the same procedure, pentaols were also obtained. The
intramolecular disilylation of the corresponding silylamides
followed by oxidation, after removal of the catalyst, led to
stereoselective formation of 4-acetamido-1,2-diols. The cyclic
products obtained from disilanes derived from allylic alcohols
were difficult to isolate but underwent oxidation to yield
products with the expected stereochemistry.

Both RuHy(H,)2(PCy). and the complex obtained by
reaction with ethene, RUH(E)[P(;73-CsHs)Cy2]3(PCys),

M92 .0 . .‘ B
MesSi-Si— s. MegSi-SiMe; i 20

Use of disilanes derived from enantiopure allylic alcohols
afforded highly enriched allylsilané$® In a recent study, it
was shown that the initially formed 1,2-oxasiletanes dimerize
to stereoselectively give 1,5-dioxa-2,6-disilacyclooctanes
(Scheme 150376 The latter compounds underwent thermal

Scheme 150 catalyzed the reaction of ethene with H)3e-SiMe;H to
yield monosilanes, formed via cleavage of the-Si bond
_SiMe,Ph  Pd(acac),,L | Phz and functionalization of the SiH bonds (Scheme 153%°
Ph,Si ' o’S'" Hex
0 HeX hexa . Scheme 153
Y\/ r:f)l(u;je2h \(_/SIMGZPh AUl
MesSi-SiMe, + = ——— g7 L g\
H b (20 bar) THF Me; Mep
PON 100 min
PhMe,Si Ph25| SlPh2 90 : 10
G /O, toluene _ N -
Hex “SiPh, ]/\/ BuLi The palladium-catalyzed additions of interelement bonds
Ph,Si : HeX Treflux SiMe,Ph : . . .
2 ‘o«( 277 |THF to bicyclopropylidene can hardly be considered as a simple
SiMe,Ph \/\/Hex addition to a double bond, as the substrate has features

Lo ><>( SiMe,Ph reser_n_blin_g those of cumulenes. However, to provide a clea_lr
NC classification, these substrates are included here together with
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other cyclopropane derivatives. Using Ito’s catalyst, Pd- Scheme 157

(OAc),—1,1,3,3-tetramethylbutyl isocyanide, high yields of X SnMej
products 78 from bicyclopropylidene) were obtainé#f. 7 + X-SnMeg \Y/
R' R2 R'" R?
SiMes
Me3Si Mex SnMeg E1O2G x_/ones Mk/snMes Etozc>)\(\7/ e
Ph ™S AlIO,C ™S
The intramolecular version of the reaction led to products X = SiMes, SnMeg
with retention of both cyclopropane rings (Scheme 154).
Scheme 154 resulting fromg-elimination were obtained, but could be
O-_.SiMes o avoided using an Au(l) catalyst. Diborations of alkenes,
I/V e, I catalyzed by Pt complexes, were reported by Miyaura and
2 SiMe, 136 . L .
- . co-workerst*®* Terminal alkenes or cyclic alkenes with
MesSi strained double bonds reacted with bis(pinacolato)diboron
in the presence of Pt(dba)nder rather mild conditions to
Me, give diborylated products in high yields (Scheme 158). The
Si-SiMes
Qszl"% Scheme 158
. R
Me3Si . . R\: [Pt] (oin)B 5(0in)
The presence of electron withdrawing groups at silicon (PinB=B(pin) * P i
did not result in simple disilylation of the olefinic bond, but
afforded 79, formed via cyclopropylmethyl to homoallyl
rearrangement (Scheme 155). The reactivity and the type of (pin)B a0 B(pin) (pin)B” o "B(pin)
Scheme 155
I Pd] PdL,E addition of ligands such as PRMAsPh, or PCy; provided
— — | — | no advantages. The additions to cycloalkenes showed that
SiMe,R RMeQSiZL RMe,Si the additions are stereoselective, proceeding in a syn manner
PdL E 79 “E (affording 80 and 81 from cyclopentene and norbornene,

[Pd]: Pd(PPhg)zCly; R: F; X: SiMeoF: 75% respectively). With cyclooctene, the yield was low, and

product formed in each case were dependent on the naturd€minal alkenes were unreactive.

of the element attached to silicon, the nature of the ligand, ASymmetric diboration was achieved using chiral di-
and the source of palladium. boranes. Addition of the diborane derived from 1,2-di-

phenylethanediol48, Chart 2) to arylalkenes catalyzed by
i— _ phosphine-free Pt complexes afforded, in analogy to the
52. Si=Sn and Sn=Sn addition of bis(pinacolato)diboron, moderate to high yields
Shortly after Tanaka’s study of disilylations of olefins, of the diborylated product with modest diastereoselecti¥fy.
Tsuji and co-workers showed that ethene and norborneneThe selectivity was even lower using tartrate derivative
can be inserted into SiSn bonds using Pd complexes with  The best results (80% yield, 60% de) were observed with
trialkylphosphine ligands as catalysts (Scheme 1%&ather p-methoxyphenylethene.
Scheme 156 Iverson z_ind Smith studied the addition of bis(catecholato)-
— diboron using Pt(cod)as a catalyst precursor and also found
R'Me,Si  SnR% that the reaction led to high yields of products (Scheme
159)18 The catalyst tolerated various functional groups.

SnR?
+ R'Me,Si-SnR? _— Moop
2 3 SiMezR Scheme 159

= + R'Me,Si-SnR?%3

R [PH] R R= H,84%
harsh conditions were required for the reaction to proceed, CaB-B(a) + = ——— b Bn, 90%
. X . . . ' (cat)B B(cat) p-MeOPh, 90%
but the yields obtained were high. Silastannation of ben- p-CFsPh, 95%
zonorbornene resulted in a moderate yield, and 1-hexene, B (CHp)4Cl, 85%
; (cat) B(cat) (CH2)4,0COMe, 88%
styrene, cyclohexene, and cyclopentene were unreactive. (cat)B Bcat)
The addition of SASn and SA-Si bonds to 1,1-disub- 89%
stituted cyclopropenes catalyzed by Pd(QAdert-isooctyl Bcat)
isocyanide was shown to proceed easily at room temperature, A~~~ —~ (anB _
o . R . (cat 82% (1 equiv "B-B")
providing high yields of tetrasubstituted cyclopropanes olieg
(Scheme 1573 The reactions proceeded with high facial B(cat)
selectivity to yield syn addition products, as controlled by (cat)B Bleat)
steric factors. B(cat) 87% (2 equiv "B-8")
5.3. B-B

Internal olefins, with the exception of norbornene and
Diboration of vinylarenes was shown to be catalyzed by norbornadiene, gave complex mixtures of products due to
Rh(l) complexes with chelating phosphiné$.Products SB-hydrogen elimination.
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A zwitterionic Rh complex82) was later shown to serve
as an excellent catalyst for the diboration of alkenes,
including norbornene and internal olefins, under mild condi-
tions 187

Diboration of alkenes is a very complicated process due
to the possibility ofs-elimination with subsequent hydrobo-
ration, resulting in complex mixtures of products. Marder
recently showed that Rh(l)-catalyzed diboration @&)-(
styrylboronate esters gave predominantly eit@gror 84,
both containing three boryl groups, depending on the catalyst
employed; the first type of product was formed by using
Wilkinson’s catalyst, and the second was formed by using
[Rh(COEX(u-Cl)]2.18 The catalytic cycle in Scheme 160 was

Scheme 160
(cat)B B(cat)
AT gq BlCaD 3/4 Rh /\
Rh—B(cat)
(cat)B \l/ Flth—B(cat)
Bcat) . B(cat)
/ k B(cat)
-H- —
glimination __ Bleay Ar
Bl Ar Flzh—B(cat)
A ‘th B(cat) B(cat)
H 'B(cat)
l F”I.I_H Ar = CBH57 p'CGH4
(cat)B
=~ B(tac)
(cat)Bﬁ/\@\ .
—_— /—E (tac)
Blcay R Ar 83 B(tac)

suggested to explain the influence of the rhodium catalyst.

Diboration of simple alkenes using chiral Rh catalysts
allowed Morken and co-workers to prepare highly enan-
tioenriched 1,2-diols via oxidation of the primarily obtained
diboranes (Scheme 16%p. Higher syn/anti selectivity and
enantioselectivity were observed wit{quinap/[(cod)Rh]-

BF, than with [(§)-(binap)Rh(cod)]BE, and replacement of
1,5-cyclooctadiene for norbornadiene resulted in improved
results. The reaction appeared to be general for trans alkene
whereas diboration of cis alkenes was less general.

Surprisingly, dihydronaphthalene aod-3-methylstyrene
gave products with opposite absolute configuration relative
to indene. Monosubstituted and 1,1-disubstituted alkenes
reacted with lower selectivity (Scheme 162).

Diboration oftrans-5-decene was achieved a 1 gscale
using merely 0.5 mol % of catalyst A variety of 1-alkenes
were subjected to one-pot diboratieBuzuki cross-coupling,
resulting in highly enantioselective formation of carbohy-
droxylated products (Scheme 169).

In situ regioselective homologation of the 1,2-bis(cat-
echolboronates) using TMSCHNwvas also recently ac-
complished-®*

Beletskaya and Moberg

Scheme 161
M
~ ® + (cayBBay B
PH 2. HQOZ, NaOH
OH OH
Ph/\:/Me +Ph/\‘/Me
OH OH
-+
QO
[Rh] = Rh(COD)  BFy
DO M
=[(S)-(binap)Rh(cod)]BF4
ooW
/ [(cod),Rh]BF 4
SN
O 2 =l(S)-quinap)(cod),Rn]BF4
Scheme 162
OH
— (Do
OH
OH
N ~_wOH
Me Me
HO, OH
F’h/= Ph>_,
Me HO  OH
>= Mea_l
Ph Ph
Scheme 163
[Rh] B(cat)
B(cat)

/— + (cat)B-B(cat)
By Bu

OH
Ar'

1. Suzuki
2. Oxidation gy,

Silver(l) N-heterocyclic carbene complexes were recently
employed as catalysts for the diboration of internal and
terminal alkene&?? No chiral induction was observed when
a carbene complex derived from menthol was used.

The influence of the nature of the catalyst and the
electronic properties of the substrate on the competing

S‘[*B-elimination, affording mono(boronate)esters, in Rh-

catalyzed diborations of vinylarenes was recently stuéfied.

An alternative route to enantioenriched 1,2-diboronates
consists of enantioselective rhodium-catalyzed hydrogenation
of the products obtained by diboration of alkyri&sThis
strategy provides access to chiral diols, which were obtained

with low enantioselectivity from diboration of monosubsti-

tuted olefing®® (Scheme 164).

The solvent had a strong influence on the selectivity. The
best results were obtained employing Walphos-W&8, (
R = Ph) and Walphos-W0086, R = Cy) as ligands. An
excess of ligand was required for high enantioselectivity.
Surprisingly, ligand-to-metal ratios below 1:1 afforded the
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Scheme 164
B(pin) B(pin)
X-BPIN) (nba),RNBF, ©)\/B(pin)
ligand, Ha
OH
NaOH ©)VOH
H202 93% ee

product with opposite absolute configuration, although with
low enantioselectivity.

PR,
F3C,
p Fe
Me @
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Many examples of diboration of methylenecyclopropanes
to provide 2,4-bis(boryl)-1-butene derivatives were presented
(Scheme 165)?° The reactions were catalyzed by Pt(Bgh

Scheme 165

A + (ca)B—B(cat) —— (cat)BJk/\B(Cat)

Ph

Ph
g + (cat)B—B(cat) (Cat)BLB(cat)
Bu Bu
ﬂ + (cat)B—B(cat) ——— ( /E/\

cat)B B(cat)

e
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60
32
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60 69

45 52 68%

and Pt(dba) the latter exhibited higher reactivity but
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5.5. B=Si

The first example of heterometalation of an olefinic bond
was the silaboration of double bonds by Ito and co-
workers!®® The reactions of PhM8&i—B(pin) and PAMeSi—
B(pin) with a variety of alkenes catalyzed by Pt(&H
CH,)(PPh), exhibited good regioselectivity but resulted in
modest yields of products (Scheme 166). Pd(QA&)1,3,3-

Scheme 166

B(pin)

SiMePhR +R B(pin)

SiMePhR

R
\— + RPhMeSi—B(pin) — R

tetramethylbutyl isocyanide did not catalyze the reaction. A
catalytic cycle including oxidative addition of the borylsilane
to Pt(0) and coordination, followed by migratory insertion
of the olefin into the PtB bond and reductive elimination
was proposed. The isolation of a small amountieforyl-
4-methoxystyrene corroborates the suggested mechanism,
since this compound may be formed®¥ydride elimination
from the Pt alkyl intermediate. The formation of the minor
regioisomer was explained by regioisomeric insertion of the
double bond into the PtB bond, -hydride elimination,
reinsertion of the resulting alkenylborane into the-Rtbond,
and reductive elimination.

Recently, the addition of PhM8i—B(pin) to highly
strained methylenecyclopropanes was repoftétihe reac-
tion was found to be catalyzed by Pt and Pd complexes. Both
types of reactions proceeded with ring opening with the same
regioselectivity, affording products with the boron substituent
in the vinylic position and with a homoallylic silyl group
(Scheme 167). In the reactions of benzylidenecyclopropane,

Scheme 167
COE cout
2
PhMe,Si—B(pin)  + g _PdlorPd 1 SiMePh
B(pin)

sometimes resulted in lower yields due to decompostion of different stereocisomers were formed using the two types of
the ligand-free complex. The rate of reaction decreased with catalysts, however.
increased sterical hindrance in the substrate. Diboration of The influence of steric effects is evident from reaction with
bicyclic substrates demonstrated that the reaction proceeded.-methyl-1-phenylmethylenecyclopropane, where only one
with retention of configuration at the stereogenic center to isomer was formed due to selective cleavage of the less
provide the cis-isomer as the sole product. sterically hindered proximal €C bond (Scheme 168).

The suggested mechanism includes the addition of the
diborane to the double bond and homoallylic rearrangementScheme 168

with cleavage of the less hindered proximal cyclopropane Me

Ph

C—C bond.

5.4. Ge—Ge
Bisgermylation of octene, catalyzed by Ni(RE&t using

[PY]

PhMe,Si—B(pin) + I

For cycloalkylidenecyclopropanes, cleavage of proximal

Me\

B(pin)

SiMe,Ph

o-bis(dimethylgermyl)carborane proceeded in the same way (A, Scheme 169) as well as distal (B)-C bonds was

as the analogous bissilylation, affordi8$.t> When 4-vi-

observed, with the product obtained being dependent on the

nylanisole was used as a substrate, the first step, thestructure of the substrate and the nature of the catalyst.

activation of the spcarbonr-hydrogen bond, was similar to
that of the bissilylation, but then it proceeded in a different
way to give 87.%¢ With 1,1-diphenylethene, a product
analogous to that obtained from the disilylation was obtained.

With methylenecyclopropan&8, having substituents in
the cyclopropane ring, an opposite situation was encountered,
in that the Pd catalyst induced proximal bond cleavage
affording89, whereas the Pt catalyst provid@d which may
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Scheme 169
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also be derived via the proximal €C
(Scheme 170%%

bond cleavage

Scheme 170
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—
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Three types of intermediate8(;, 91, and92, Scheme 171)

Scheme 171
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can be considered.

Silaboration of vinylcyclopropanes catalyzed by a Ni(0)
catalyst generated from Ni(aca®)IBALH/PCy; was also
studied by Suginome, Ito, and co-workers (Scheme 19795.

Scheme 172
R1
RZ: /f i R?
INi/PCys _, )
+ PhMe,Si—B(pin) RNB(P'")
R'=H,R2=Ph; UNi=0:15% SiMezPh
R!=H, R? = Ph; UNi=1:69%
R'=Bu, R2=H; LUNi=1:84%

Beletskaya and Moberg

cleavage of the proximal-©C bond in the cyclopropane ring
and formation of E)-allylsilanes containing am-boronyl
group.

Double addition was observed for bis(cyclopropyl)ethene
(Scheme 173).

Scheme 173

(pin)B
%{A —— monoadduct + \/D\/\/B

PhMeoSi  SiMesPh

(pin)

The mechanism was suggested to involve formation of a
sr-allyl nickel complex (Scheme 174).

Scheme 174

PhMe,Si.
product

=
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isomerization >
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The reaction of vinylcyclobutanes proceeded analogously,

(pin)B
with formation of different side products, however (Scheme
175).

PhMe25|

Scheme 175
R1 R2

| N RL .
R2 + PhMe,Si—B(pin) B(pin)

SiMe,Ph
R' =H, R2 = Ph: 65%
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5.6. Other Catalysts

We have so far considered transition metal complexes with
Pt, Pd, Ni, and Rh as catalysts for interelement additions to
double bonds, with their activities being dependent on the
nature of the interelement compound. It is interesting to note
that, according to a theoretical study, bissilylation of ethene
also can be catalyzed by titanium dichloride (Scheme 1°76).

Scheme 176

TiCl,

_TiClp
SiClg

+ Cl3Si—SiCly —
ClgSi

Reaction of gem-aryl-disubstituted methylenecyclopro-
panes with diaryl diselenide produced 1,2-bis(arylselanyl)-
3,3-diarylcyclobut-1-enes in the presence of iodosobenzene
diacetate in moderate to good yiefd8.

5.7. Comments on Additions to Alkenes

(1) Despite difficulties to achieve transition metal-
catalyzed additions of elemen¢lement bonds to double
bonds, some examples of this process are known, particularly
additions of activated disilanes. Nonactivated disilanes are

The reaction proceeded regio- and stereoselectively withinvolved in intramolecular processes leading to diastereo-
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selective formation of silacycles. Enantioselective cycliza- > PtGeMeg (43.4) > Pt—SnMe (41.0). The energies of
tions are possible in the presence of a chiral ligand. formation are as follows: MeSi (75.7)> Me—Ge (63.2)

(2) Diboration can be performed using Pt, Au, or Rh > Me—Sn (53.9). Thus, insertion into the met&i bond is
complexes as catalysts. Enantioselective diborations havefavored, in particular for Pd.
been performed.

(3) Reactions of cyclic alkenes with-Si and B-B bonds
have shown that the reactions are syn additions.

(4) The regiochemistry of silaborations catalyzed by Pd
showed that insertion proceeds into the-fBdbond, with
formation of the Markovnikov product.

7. Conclusions and Outlook

Additions of interelement compounds to unsaturated
carbon-carbon bonds constitute versatile synthetic proce-
dures. Fundamental studies of oxidative additions of inter-
element compounds to low valent transition metal complexes
6. Miscellaneous zﬁnd insertion (_)f differept types of unsaturfated hydrocarbons

ave resulted in deep insight into mechanistic aspects as well

The same type of compounds as well as compounds withas important synthetic methodology. However, for wider
similar structures to those obtained from elemesiement synthetic applications, many aspects remain to be elucidated.
additions may be obtained by alternative routes. Thus, Higher chemoselectivity, regioselectivity, and enantioselec-
disulfides were shown to react with alkynes and alkenes in tivity are needed for many processes. With this achieved,
the presence of gallium trichloride to provide good to high the reactions will serve as invaluable constituents of the

yields of 1,2-adducts, mainly witB-configuration, probably

synthetic tool box, and wide synthetic applications are to be

via a thiirenium ion which undergoes nucleophilic attack by expected.

sulfide?! Radical processes are known to yield mixtures of
E- and Z-isomers?®? Regio- and E)-stereoselective distan-
nation by Mg@SnCuSMeLiBr of an unsymmetrically substi-
tuted alkyne was observéef
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Scheme 177
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Tri- and tetrametalated methanes, substituted with, e.g.,
S, Si, Ge, and Sn, were obtained via silaboration of
halomethyllithiums with silylborane®® During studies of
dehydrogenative borylation of alkenes, conditions affording
1,1-diboration were founéf’

Electrophilic addition of disulfides to alkenes catalyzed
by Lewis acids was shown to lead to formation of dithio-
ethers. The only known reaction of disulfides with alkenes
catalyzed by transition metals is the reaction using ruthenium
complexes (Scheme 178%

Scheme 178
Lb Cp*RUCI(COD) Lb/SR
RS-SR + toluene, 100 °C SR

Palladium pincer complexes were shown to catalyze
substitution of propargylic substrates by hexamethyldistan-

nane, affording propargylstannanes and allenylstannanes in

place of the commonly formed addition produ®&The ratio

suggestions.
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