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Preface

Finding molecules which are able to catalyze the reaction between others is an im-
portant contribution of molecular chemists to increase the efficiency of chemical re-
actions whereby our daily life based on consumption of chemicals is shifted closer
to an ecologically and economically tolerable equilibrium with our environment.
Processes, where large amounts of energy are consumed - mostly in order to over-
come the activation barrier of a reaction — will disturb significantly and irreversibly
our living conditions. Considering the fact that only a small part of the world popu-
lation lives under acceptable conditions, it would be cynical to call for a reduction of
industrial production and development. On the contrary, the production of fine
chemicals for any pharmaceutical and agricultural use must increase immensely.

Meanwhile, synthetic organic chemistry has reached a level where probably for
any molecule composed of the elements carbon, hydrogen, nitrogen, and oxygen (to
name only the most relevant elements of functionalized organic molecules) a suit-
able synthesis can be found via a retro-synthetic approach using the fund of known
reaction principles [1]. However, depending on the complexity of the target mole-
cule (which will increase with our understanding of the interaction of molecular en-
tities with its surroundings) these syntheses correspond actually to reaction
schemes including a multitude of single reaction steps. The thermodynamic pa-
rameters for any of these steps are given. Also the costs of a reaction calculated per
atom (i.e. carbon, hydrogen, nitrogen, oxygen, etc.) are almost fixed by the prices of
the basic chemicals on the world-market. Making a reaction sequence shorter and
inevitable reaction steps faster can reach the aim of increasing the productivity
while keeping energy consumption on a tolerable level. For example, the — especial-
ly stereospecific — synthesis of alcohols or amines requires often a lengthy multi-
step synthesis by which suitable functionalized intermediates are formed. Clearly,
the direct stereospecific addition of water or an amine to a prochiral C=C function
would be the ultimate response to this problem. However, this addition is connect-
ed with a very high activation barrier and without a catalyst (which in its most ele-
gant form may also intervene to control the stereochemistry of the addition process)
this reaction is ineffective and useless.

This book is divided in eight chapters and each of them is devoted to the state-of-
the art of the homogeneously catalysed addition of E-H or E-E’ heteroelement
bonds™ to unsaturated substrates with C=C, C=C and C=X functions (X=0, S). Em-

* By this term we understand bonds between
heteroelements in the sense of classical
organic chemistry, i.e. bonds which do not
include the element carbon.
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phasis is not only given to highlight achievements, which have been made in each
domain, but also to clearly show the limitations. Reactions including the addition of
dihydrogen (hydrogenations) or C-H bonds (C-H activation) are not considered and
the reader is referred to recent monographs covering these topics [2,3]. The ordering
of the chapters follows simply the ordering by which the heteroelement is posi-
tioned in the periodic table. The addition of reagents containing main group ele-
ments is treated first and the one of transition metal containing reagents last. Hence
the first chapter discusses the catalyzed addition of boron reagents and the last one
gives an overview about hydrozirconation reactions.

A catalyzed hydroboration reaction has first been described in 1985. In the begin-
ning, the advantage of this reaction was seen in the use of cheap boron reagents
which are easy to handle but little reactive in the non-catalyzed reaction. The con-
siderable progress, concerning the development of the boron reagents and the cata-
lysts employed in these types of reactions, is traced by N. Miyaura in the first chap-
ter. Nowadays a wide variety of catalyst types based on complexes of Ti, Zr, Sm, Ru,
Rh, Ir, Ni, Pd, and different boranes are employed which allow to control the stere-
oselectivity and specificity of the borane addition to a manyfold of substrates con-
taining C=C, C=C, and C=X multiple bonds. More recently the addition of B-B, B-Si,
B-Ge, and B-Sn bonds to unsaturated substrates attracted attention. These reactions
are generally catalyzed by Pd(0) Pt(0) or Rh(I) complexes. They allow the elegant
syntheses of highly functionalized products in few steps. Furthermore, the catalyzed
cross-coupling reaction of diboranes, R,B-BR,, with organic halides opened a
straightforward route to aryl and allyl boranes which themselves are valuable inter-
mediates.

In the second chapter, homogeneously catalyzed hydroalumination reactions of
alkenes and alkynes are surveyed. Although alanes are more reactive than boranes
and many hydroaluminations proceed indeed without a catalyst (especially those of
alkynes), metallocene chlorides, such as Cp,TiCl, or Cp,ZrCl,, nickel or cobalt salts,
or palladium(II) complexes not only accelerate the reaction but also influence the
stereochemistry of the addition reaction. Apart from (enantioselective) hydroalumi-
nations of carbon-carbon multiple bonds and allyl ether cleavages, the reader will
learn about highly selective reductive ring opening reactions, which were invented
in the group of M. Lautens who is, with M. Dahlmann, the author of this chapter.
This reaction is another good example for the short and elegant synthesis of com-
plex molecules by a novel approach using a catalytic heterofunctionalization as the
key step.

The transition metal-catalyzed hydrosilylation belongs to the ,o0ld-timers“ of cat-
alytic heterofunctionalizations and numerous applications have been established.
Therefore, J. Tang and T. Hayashi concentrate in the third chapter on the progress
made in enantioselective hydrosilylations. Frequently, precursor complexes with
platinum and rhodium as active centres and a chiral phosphine as ligand are em-
ployed in these reactions. However, recently also palladium complexes carrying a
monodendate axial-chiral phosphine were introduced as highly efficient catalysts
for enantioselective hydrosilylations. Furthermore, new lanthanide and group 3
metallocene complexes were found to be active complementing the established list
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of d° metal hydrosilylation catalysts, i.e. titanocenes and zirconocenes. Notable
progress has also been made in the asymmetric syntheses of functionalzsed carbo-
cycles by hydrosilylation of suitable dienes. Catalyzed by chiral palladium(II) oxazo-
line or rhodium(I) bisphosphine complexes, C-C, C-Si and C-H bonds are stereose-
lectively formed within one catalytic cycle making the efficiency of catalytic hetero-
functionalizations evident.

The fourth chapter gives a comprehensive review about catalyzed hydroamina-
tions of carbon carbon multiple bond systems from the beginning of this century to
the state-of-the-art today. As was mentioned above, the direct - and whenever possi-
ble stereoselective - addition of amines to unsaturated hydrocarbons is one of the
shortest routes to produce (chiral) amines. Provided that a catalyst of sufficient ac-
tivity and stability can be found, this heterofunctionalization reaction could compete
with classical substitution chemistry and is of high industrial interest. As the au-
thors J. J. Brunet and D. Neibecker show in their contribution, almost any transition
metal salt has been subjected to this reaction and numerous reaction conditions
were tested. However, although considerable progress has been made and enantios-
electivites of 95% could be reached, all catalytic systems known to date suffer from
low activity (TOF < 500 h) or/and low stability. The most effective systems are rep-
resented by some iridium phosphine or cyclopentadienyl samarium complexes.

The discussion of the activation of bonds containing a group 15 element is con-
tinued in chapter five. D.K. Wicht and D.S. Glueck discuss the addition of phos-
phines, R,P-H, phosphites, (RO),P(=O)H, and phosphine oxides R,P(=O)H to un-
saturated substrates. Although the addition of P-H bonds can be sometimes
achieved directly, the transition metal-catalyzed reaction is usually faster and may
proceed with a different stereochemistry. As in hydrosilylations, palladium and plat-
inum complexes are frequently employed as catalyst precursors for P-H additions to
unsaturated hydrocarbons, but (chiral) lanthanide complexes were used with great
success for the (enantioselective) addition to heteropolar double bond systems, such
as aldehydes and imines whereby pharmaceutically valuable o-hydroxy or o-amino
phosphonates were obtained efficiently.

In the sixth chapter the activation of O-H bonds of water, alcohols and carboxylic
acids, and their addition to multiple bonds is reported. Since the formally oxidative
addition of ROH gives rise to hydrido(hydroxo) complexes, [MH(OR)Ln] which are
postulated as intermediates in many important reactions (water gas shift reaction,
Wacker-chemistry, catalytic transfer hydrogenations etc.) the authors of this chapter,
K. Tani and Y. Kataoka, begin their discussion with an overview about the synthesis
and isolation of such species. Many of them contain Ru, Os, Rh, Ir, Pd, or Pt and
complexes with these metals appear also to be the most active catalysts. Their stoi-
chiometric reactions, as well as the progress made in catalytic hydrations, hydroal-
coxylations, and hydrocarboxylations of triple bond systems, i.e. nitriles and
alkynes, is reviewed. However, as in catalytic hydroaminations the ,holy grail“, the
addition of O-H bonds across non-activated C=C double bonds under mild condi-
tions has not been achieved yet.

H. Kuniyasu continues the discussion of the activation of group 16 element bonds
with an overview on S(Se)-X additions to unsaturated substrates. For some time, it

Xl
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was believed that sulfur compounds ,,poison“ systematically transition metal com-
plexes by forming very robust metal sulfides. However, as it is shown in this seventh
chapter, a wide variety of thiols, disulfides, diselenides, silyl and germyl sulfides and
selenides, and thioboranes can be successfully added to carbon carbon multiple
bonds, especially alkynes, with the aid of metal catalysts. Frequently, the ,ubiqui-
tous“ metal complexes used in homogeneous catalysis like the phosphine complex-
es of palladium, platinum, and rhodium can be used to afford a wide range of
chalcogenato compounds. Also cobalt, nickel, and ruthenium complexes, and some
Lewis-acids were studied as catalysts.

A chapter written by A. Igau reviewing hydrozirconations concludes this book. As
was demonstrated in recent years, the addition of the Schwartz reagent,
[Cp,ZrHC(lI],, to unsaturated substrates containing C=C, C=C, C=N, C=P, and C=0
entities allowed the synthesis of a wide range of highly functionalized zirconium
derivatives which proved to be valuable intermediates in organic synthesis. Since
the primary products of the hydrozirconation reaction contain a highly polar zirco-
nium(8+) X(8-) bond (X = C, N, O, etc), they can be easily transformed further by
substitution reactions with halides or insertion reactions of another equivalent of an
unsaturated substrate into the Zr-X bond. Although catalytic hydrozirconations are
just being discovered and most of the reactions described in this chapter are stoi-
chiometric, the reader will find many useful applications of this type of heterofunc-
tionalization.

For some of the reactions described in this book, rather precise and detailed ideas
about the reaction mechanism exist. However, for many catalytic reactions, the
mechanistic understanding is very poor and further experimental studies are cer-
tainly needed. Calculations proved to be a highly valuable tool to gain a more precise
picture of the reaction pathways. However, mostly only model systems can be stud-
ied due to the complexity of the problem. Anyway, it is the firm believe of the au-
thors that for any reaction with an activation barrier a suitable catalyst can be found.
This book shall give an insight into what has been achieved in this area concerning
the synthesis of heterofunctionalized organic molecules. It is the hope of all con-
tributors that future retro-synthetic schemes will include the catalytic approaches
outlined in this book.

[1] D. Seebach, Angew. Chem. 1990, 102, 13; Angew. Chem. Int. Ed. Engl. 1990, 29, 1320.

[2] P. A. Chaloner, M. A. Esteruelas, F. Jod, L. A. Oro, Homogeneous Hydrogenation, Kluwer Aca-
demic Publishers, Dordrecht, 1994.

[3] J. A. Davies, P. L. Watson, J. F. Liebman, A. Greenberg, Selective Hydrocarbon Activation,
VCH-Wiley, Weinheim, 1990.

Ziirich, July 2001 H. Griitzmacher A. Togni
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Hydroboration, Diboration, Silylboration, and Stannylboration

Norio Miyaura

1.1
Introduction

In this work, particular attention will be given to the synthesis of organoboron com-
pounds via the metal-catalyzed addition and coupling reactions of H-B, B-B, B-Si,
and B-Sn reagents [1, 2]. The classical methods for the synthesis of organoboron
compounds are based on the reaction of trialkyl borates with Grignard or lithium
reagents (transmetalation) or the addition of H-B reagents to alkenes or alkynes
(uncatalyzed hydroboration) [3]. Although these methods are now most common
and convenient for large-scale preparations, the metal-catalyzed reactions are advan-
tageous in terms of efficiency and selectivity of the transformations. Hydroboration
of alkenes and alkynes is one of the most studied of reactions in the synthesis of
organoboron compounds and their application to organic synthesis. However, cat-
alyzed hydroboration did not attract much attention until Minnig and N6th in 1985
[4] reported that a Wilkinson complex [RhCI(PPh;);] catalyzes the addition of cate-
cholborane to alkenes or alkynes. Although the transition metal complexes signifi-
cantly accelerate the slow reaction of (dialkoxy)boranes, the catalyzed hydroboration
is a more interesting strategy to realize the different chemo-, regio-, diastereo-, and
enantioselectivities, relative to the uncatalyzed reaction, because the catalyzed reac-
tion can change the metal-hydride species which interacts with the unsaturated C-C
bond. The addition of diboron tetrahalides B,X, (X=F, Cl, Br) to unsaturated hydro-
carbons (diboration), first discovered by Schlesinger in 1954 [5, 6], is an attractive
and straightforward method to introduce boryl groups into organic molecules, but
the synthetic use has been severely limited because of the instability and limited
availability of the reagents. Although tetra(alkoxo)diboron dramatically enhances
the stability of the B-B species at the expense of reactivity for organic nucleophiles,
the B-B compounds oxidatively add to low-valent transition metals with the B-B
bond cleavage, thus allowing the catalyzed transfer of boron to unsaturated organic
substrates. The metal-catalyzed addition of B-B, B-Si, or B-Sn reagents to alkenes
or alkynes provides a new class of boron compounds including heterofunctionalized
alkyl-, alkenyl-, and allylboronates. The cross-coupling reaction of metal-boryl
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reagents is an alternative to the transmetalation method and perhaps a more con-
venient and direct protocol for the synthesis of organoboron compounds from or-
ganic halides and other electrophiles.

Much attention has recently been focused on organoboronic acids and their esters
because of their practical usefulness for synthetic organic reactions including asym-
metric synthesis, combinatorial synthesis, and polymer synthesis [1, 3, 7-9], molec-
ular recognition such as host-guest compounds [10], and neutron capture therapy in
treatment of malignant melanoma and brain tumor [11]. New synthetic procedures
reviewed in this article will serve to find further applications of organoboron com-
pounds.

1.2
Metal-Catalyzed Hydroboration

1.2.1
Hydroboration of Alkenes and Alkynes

Most studies of catalyzed hydroboration have employed catecholborane 1 (HBcat)
[12] because of its high reactivity for various transition metal catalysts (Scheme 1-1).
However, pinacolborane 2 (HBpin) [13] has recently been found to be an excellent
alternative because it is a more stable, easily stored and prepared hydroboration
reagent. The high stability of the resulting products (pinacol esters of alkyl- or 1-
alkenylboronates) to moisture and chromatography is also very convenient for or-
ganic chemists. Other borane reagents including 4,4,6-trimethyl-1,3,2-dioxabori-
nane (3) [14], oxazaborolidines (4) [15] , benzo-1,3,2-diazaborolane (5) [16], and bo-
razine (8) [17] may also be used, but the scope of these reagents remains to be ex-
plored.

There is no systematic study of the effect of borane reagents, and the best choice
would be highly dependent on the catalysts and substrates. A series of di(alkoxy)bo-
ranes have recently been synthesized and subjected to hydroboration of cyclopen-
tene at ambient temperature in the presence of RhCl(PPh;); (Scheme 1-2) [18]. The

1 (HBcat) 2 (HBpin) 3 4 5
cl ;
H. .B. .H
Hog o ° H*B/O Q NN
o cl o O H'B‘N By
6 7 8

Scheme 1-1  Borane Reagents for Catalyzed Hydroboration
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OB(OR)Q
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borane time for >90% conversion
7 4 min
6 30 min
1 90 min
HB(OCHyPh), no reaction

Scheme 1-2  Effect of Borane Reagents

superiority of more Lewis-acidic boranes is suggested because acyclic dialkoxybo-
ranes do not participate in the catalytic cycle and tetrachlorocatecholborane (6) re-
acts adequately faster than catecholborane. However, the less acidic six-membered
borane 7 is, unexpectedly, the best reagent for the rhodium-catalyzed hydroboration.

Hydroboration of styrene derivatives has been extensively studied, and perhaps
these are the best substrates to consider in a discussion of the efficiency and selec-
tivity of the catalysts (Table 1-1). A neutral rhodium-phosphine complex

Tab.1-1 Catalysts for Hydroboration of Vinylarenes

ArCH=CH 1. HBX,/Rh catalyst/THF/r.t. AVYUH N Ar\/\OH
2. Hy0,/OH" CHg

Ar=Ph or 4-MePh 9 10
Entry Borane Catalyst Yield /% 9 10 Ref.

1 HBcat RhCI(PPh;); (argon) 80 >99 <1 [19, 20]

2 RhCI(PPh,), (air) - %76 19, 20]

3 [RhCl(cod)], 45 20 80 20, 22]

4 [RhCl(cod)],/4PPh, 90 98 2 [19, 20, 23]

5 [RhCl(cod)],/2dppe 50 34 66 [22]

6 [RhCl(cod)],/2dppb 83 45 55 [22]

7 [RhCl(cod)],/2dppf 83 10 90 [22]

8 Rh(n*-2-Me-allyl) (dppb) - >99 <1 [24]

9 [Rh(cod),]BF,/2PPh, 93 99 1 (22, 25]
10 [Rh(cod),]BF,/dppb 99 99 1 [22, 25]
11 [Cp*IxCly], - 0 100 28]

12 [Ir(cod) (Py)(PCy;)]OTf - 2 78 28]
13 RuCl,(PPhy), - 0 100 [29]
14 RuCl,(PPh;),(MeOH) - 1 99 [29]
15 Cp,TiMe, (in benzene) 89 0 100 [30]
16 Cp*,Sm(THF) (in benzene) 89 0 100 31]
17 HBpin  RhCl(PPhs); (CH,Cl,) 999 41 59 33]
18 Rh(CO)(PPh,),Cl (CH,CL,) 99 1 99 33]
19 CpNiCl(PPhs) (CH,CI,) 99 1 99 33]
20 [Ir(cod)Cl],/2dppp (CH,CL) 97 <1 >99 [34]

a) PhCH=CHB(OR), (15%) was also accompanied.

3
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[Rh(u-CI)(PPh3)a]2
+ [RhCI(O2)(PPhga)a]>
+PhsP=0

Oz

RhCI(PPhg)s RhCI(05)(PPha)s

Scheme 1-3  Air Oxidation of Wilkinson Catalyst

RhCI(PPhs); is the most studied catalyst for hydroboration of alkenes, but the com-
plex is unfortunately highly sensitive to air. Thus, handling the catalyst under argon
or air results in different regioselectivity (entries 1 and 2) [19, 20]. The changes in
regioselectivity resulted from lowering the triphenylphosphine-to-rhodium ratio via
oxidation of phosphine to the oxide (Scheme 1-3) [21]. Thus, the in situ preparation
of the catalyst from [RhCl(cod)], and a limited amount of phosphine (entries 3-7)
[19-23] or the use of an air stable m-allylrhodium complex (entry 8) [24] is a conven-
ient alternative, but the use of a large excess of the ligand should be avoided because
of its higher coordination ability to the metal than that of alkenes. An addition of
phosphine to [Rh(cod),]BF, generates a highly active species to catalyze hydrobora-
tion even at temperatures lower than 0°C (entries 9 and 10) [22, 25]. The regiochem-
ical preference giving terminal (10) or internal products (9) depending on the ligand
and the valence state of the metal has not yet been well understood. The high inter-
nal selectivity of vinylarenes is accounted by a contribution of a n-benzylrhodium
species [22]; however, the catalyzed reaction commonly exhibits high internal selec-
tivity for alkenes having an electron-withdrawing group such as vinylarenes, fluo-
roalkenes [26], and o,B-unsaturated esters or amides [27], and the cationic rhodium
catalysts would further increase the internal selectivity. The iridium(I) [28] and
ruthenium(II) or (III) [29] complexes analogously catalyze hydroboration with cate-
cholborane (entries 11-14). Although the neutral phosphine complexes reveal a
high terminal selectivity, the scope of these catalysts has not yet been studied in de-
tail. The cyclopentadienyl complexes such as Cp,TiMe, [30] and Cp*,Sm(THF) [31]
are excellent catalysts for the addition of boron to the terminal carbon (entries 15
and 16). Such high terminal selectivity can be accounted for by steric hindrance of
the cyclopentadienyl ligand, since the Cp* complex exhibits higher terminal selec-
tivity than that of the Cp ligand and Sml; [32] results in a mixture of both isomers.
The steric effect of borane reagents also plays an important role in selectivity. Pina-
colborane selectively adds to the terminal carbon because of its bulkiness (entries
17-20), which is in sharp contrast to the internal addition of catecholborane accord-
ing to the electronic effect of the phenyl group. Although RhCl(PPh,), results in a
complex mixture for styrene including regioisomers (9, 10) and a dehydrogenative
coupling product PhCH=CHBpin (entry 17), other Rh(I), Ni(II), and Ir(I) catalysts
reveal high terminal selectivity (entries 18-20) [33—34].

Various metal complexes catalyze the addition of catecholborane and pinacolbo-
rane to aliphatic terminal alkenes (Table 1-2). Neither the borane reagents nor the
catalysts alter the high terminal selectivity, but a titanium catalyst does (entry 3). Al-
though Cp,TiMe, [30] exhibits high terminal selectivity for vinylarenes, aliphatic
alkenes afford appreciable amounts of internal products, whereas an analogous
Cp*,Sm(THF) [31] allows selective addition of catecholborane to the terminal car-
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Tab. 1-2 Catalysts for Hydroboration of Aliphatic 1-Alkenes

ROH-CH, 1. HBXo/Rh catalyst/r.t. RYOH . R~ on
2. Hy0,/OH" CHs
1 12
Entry  Alkene R= Borane  Catalyst (solvent) Yield/% 11 12 Ref.
1 C,H, HBcat  RhCl(PPhs); (THF) - 1 9 35]
2 [Rh(nbd)(dppb)]BF, (THF) - 10 90 35]
3 Cp,TiMe, (benzene) 85 34 66 [30]
4 Cp*,Sm(THF) 78 1 >99 [31]
5 CsHyy Sml, (3 h, THF) 8 25 75 132]
6 Sml; (18 h, THF) 98 2 98 132]
7 CeHys HBpin  RhCI(PPhs); (CH,C,) 99 0 100  [36]
8 Cp,ZrHCI (CH,CL) 70 0 100 [36]
9 [Ir(cod)Cl],/2dppm (CH,CL,) 89 <1 >99 [34]
10 PhOCH, RhCI(PPhs); (CH,CL,) 9 0 100 33]
11 [Ir(cod)Cl],/2dppm (CH,CL,) 89 <1 99  [34]
12 CH,C(0)0 RhCI(PPhs); (CH,CL,) 8 0 100  [33]

bon (entry 4), which is due to differences in the metal hydride species participating
in the insertion of alkene (see Section 1.2.2). SmlI; exhibits a unique regioselectivity
depending on the reaction time (entries 5 and 6) [32]. The reaction initially yields a
mixture of internal and terminal product, but the catalyst slowly isomerizes second-
ary alkylboronate to the primary one on prolongation of reaction time, thus suggest-
ing reversible formation of the C-B bond. On the other hand, the catalysts do not al-
ter the high terminal selectivity of pinacolborane (entries 7-12) [33, 34, 36).

The differences in the steric effect between catecholborane and pinacolborane,
and the valence effect between a cationic or neutral rhodium complex reverse the re-
gioselectivity for fluoroalkenes (Scheme 1-4) [26]. The reaction affords one of two
possible isomers with excellent regioselectivity by selecting borane and the catalyst
appropriately, whereas the uncatalyzed reaction of 9-BBN or Sia,BH failed to yield
the hydroboration products because of the low nucleophilicity of fluoroalkenes. The
regiochemical preference is consistent with the selectivity that is observed in the hy-
droboration of styrene. Thus, the internal products are selectively obtained when us-
ing a cationic rhodium and small catecholborane while bulky pinacolborane yields
terminal products in the presence of a neutral rhodium catalyst.

The isomerization of internal alkenes to terminal ones before hydrometalation or
the isomerization during hydrometalation results in the formation of terminal prod-

cH 1. HBcat 1. HBpin
3 /[Rh(cod)(dppb)]BF4 /RhCI(PPh
R~y ————— ReCH=CH, __/RNCiPPhs)s R OH
F 2. HoO,/OH 2. Hy0,/OH"
internal >97% terminal >92%

Re=CF3, C4Fg, CeF13

Scheme 1-4 Regioselectivity of Fluoralkenes
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Tab.1-3 Isomerization to the Terminal Carbon

1. HBXy/catalyst

(E)-CgH;CH=CHC3H; —————— 1-octanol+ 2-octanol + 3-octanol + 4-octanol
2. HyO,/OH"
Entry  Borane  Catalyst Yield/% 1-ol 2-0l 3-0l 4-0l Ref.
1 HBcat  RhCI(PPhy), (THF) -~ 0 0 0 100 [20
2 [Rh(nbd)(dppb)]BF, (THF) - 4 2 7 8 o
3 HBpin  Rh(CO)(PPh;),Cl (CH,CL) 94 3 0 0 97 [33]
4 CpNICI(PPh,) (CH,CL,) 99 1 0 0 9 33
5 RhCI(PPh,), (CH,CL) 92 100 0 0 0 [33,36]
6 [Ir(cod)CI],/2dppp (CH,CL,) 77 100 0 0 0 [34

ucts for internal alkenes. For example, the hydroboration-oxidation of 4-octene
yields terminal or internal alcohols depending on the boranes and catalysts em-
ployed (Table 1-3). The cationic rhodium and the iridium complexes are more prone
to isomerize the boron atom to the terminal carbon than the neutral rhodium com-
plexes (entries 1 and 2) [20]. A bulky pinacolborane has a strong tendency to iso-
merize to the terminal carbon [33, 36]. Thus, all selectivities shown in Table 1-3 il-
lustrate the superiority of pinacolborane for the synthesis of terminal boron com-
pounds. The bulkiness of the pinacolato group may have the effect of accelerating -
hydride elimination and slowing down the C-B bond formation from
R-Rh(III)-Bpin intermediate so that the rhodium can migrate to the terminal carbon
via an addition-elimination sequence of the H-Rh(III)-Bpin species. An uncatalyzed
sequence of hydroboration/isomerization at elevated temperature is an alternative
to synthesizing terminal alcohols from internal alkenes or a mixture of terminal and
internal ones [37].

The catalyzed hydroboration of alkynes with catecholborane or pinacolborane af-
fords (E)-1-alkenylboron compounds at room temperature (Table 1-4). The
RhCl(PPh;);-catalyzed reaction of phenylacetylene yields a complex mixture of two
regioisomers of alkenylboronates (13 and 15), two hydrogenation products of 13 and
15, and a trace of a diboration product (entry 1) [19]. The nickel- [33, 39] or palladi-
um-phosphine complexes [40] and Cp,Ti(CO)2 [30] are good catalysts for catecholb-
orane giving selectivity comparable to that of the uncatalyzed reaction (entries 2, 7,
8, and 11-13), and Cp,ZrHCI [38], Rh(CO)(PPhs),Cl [33] or CpNiCl(PPhs) [33] for
pinacolborane (entries 4-6 and 9-10). The cis- and anti-Markovnikov addition to ter-
minal alkynes may have no significant advantage over the uncatalyzed reaction
since the same compounds can be reliably synthesized by the uncatalyzed reaction
at slightly elevated temperature. However, the differences in the metal hydride
species between the catalyzed and uncatalyzed reactions often alter the chemo-, re-
gio-, and stereoselectivity. For example, the catalysts reverse the regioselectivity in
the hydroboration of 1-phenyl-1-propyne (entries 7 and 8). The Cp,Ti(CO), [30]
prefers the addition of boron to the carbon adjacent to phenyl according to its elec-
tronic effect, and steric hindrance of the phosphine ligand of NiCl,(dppe) [39] forces
the addition to the B-carbon. The uncatalyzed hydroboration of thioalkynes with di-
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Tab. 1-4 Catalysts for Hydroboration of Alkynes

1 2 R2 1 2
R1-CEC-R2 L, R\:<R + /:< + R>:/R
catalyst BX, R! BXo X,B
13 14 15
Entry R'= R’=  Borane Catalyst (solvent)  Yield/% 13 14 15 Ref.
1 Ph H HBcat  RhCl(PPh), = 60 0 40 [19]
2 p-Tol H Cp.Ti(CO), 96 100 0 0 [30]
3 Ph H HBpin  Cp,ZrHCl 75 98 1 1 [38]
4 Ph H RhCl(PPhs); 99 48 0 52 [33]
5 Ph H Rh(CO)(PPh;),Cl 99 98 0 2 [33]
6 Ph H CpNiCl(PPhj) 99 98 0 2 [33]
7 Ph Me HBcat  Cp,Ti(CO), 89 33 0 67 [30]
8 Ph Me NiCl,(dppe) 98 67 0 33 [39]
9 C,H, H HBpin  Rh(CO)(PPh;),Cl 99 99 0 1 [33]
10 C;H; C;H; RhCI(PPhs); 99 99 0 - [33]
11 EtS Me HBcat  NiCl,(dppe) 929 >99 0 <1 [39]
12 PhS H NiCl,(dppp) 93 >99 0 <1 [39]
13 MeSe H Pd(PPhs), 74 >97 - - [40]
14 Ph H [Rh(cod)Cl],/4P'Pr, 60" 199 0 [44]
15 CHy; H [Rh(cod)Cl],/4P'Pr, 86" 1 99 0 [44]

a) 1-Phenylethylborare and 2-phenylethylborate were also produced.
b) The reaction was carried out at room temperature in CH,Cl, in
the presence of Et;N (1 equiv) and excess of alkyne (1.2.equivs).

cyclohexylborane yields 15 because the a-carbon adjacent to the alkylthio group is
more nucleophilic than the B-carbon [41]. However, the nickel- or palladium-phos-
phine complexes allow a complete reversal of the regiochemical preference, result-
ing in a selective formation of B-alkylthio-1-alkenylboronates (entries 11 and 12)
[39]. The (Z)-1-alkenylboronates have been synthesized by a two-step method based
on the intramolecular Sy2-type substitution of 1-halo-1-alkenylboronates with metal
hydrides [42] or the cis-hydrogenation of 1-alkynylborates [43]. The rhodium(I)- or
iridium(I)-"Pr;P complex has recently been found to catalyze the trans-hydroboration
of terminal alkynes directly yielding cis-1-alkenylboron compounds (entries 14-15)

Bu D HBcat HBcat b H
= ~————— BuCCD — =
H B-0 uncatalyzed [RhCl(cod)]> BU  B-O
0 /4PrsP/EtsN 0
/CHoCly/r t.
E>99% Z>99%
D
D
‘ p HBcat Bu ‘
[Rh—=—Bu——> Rh==< —— [Rn— _
Bu |‘_| Bcat
16 17 18

Scheme 1-5  Cis- and Trans-Hydroboration of Terminal Alkynes
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[44]. The dominant factors reversing the conventional cis-hydroboration to the trans-
hydroboration are the use of alkyne in excess of catecholborane or pinacolborane
and the presence of more than 1 equiv. of Et;N. The B-hydrogen in the cis-product
unexpectedly does not derive from the borane reagents because a deuterium label at
the terminal carbon selectively migrates to the B-carbon (Scheme 1-5). A vinylidene
complex (17) [45] generated by the oxidative addition of the terminal C-H bond to
the catalyst is proposed as a key intermediate of the formal trans-hydroboration.

The catalyzed hydroboration of conjugate dienes, 1,2-dienes (allenes), and enynes
proceeding though a m-allylmetal intermediate realizes very different regioselectivi-
ties relative to the uncatalyzed reactions. The palladium-catalyzed hydroboration of
conjugate 1,3-dienes yields allylboronates via an oxidative addition-insertion-reduc-
tive elimination process (Scheme 1-6) [46, 47]. The cis-addition of the H-B bond to a
diene coordinated to palladium(0) affords cis-allylboronate (Z>99%), and the selec-
tive migration of a hydrogen to the unsubstituted double bond gives a single regioi-
somer for asymmetric dienes, though analogous reaction of 1,3-pentadiene [46] or
1-phenyl-1,3-butadiene [47] fails to yield allylboronates. The rhodium complex gives
a complex mixture for alicyclic dienes, but Rh,(CO),; is recognized to be the best
catalyst for 1,4-hydroboration of 1,3-cyclohexadiene (92%).

R' R?
R'" R2? >:& 0 Me_ R!
HBcat " 5 :@ PRCHO \ pp
;/ N\ Pd(PPh [e)
3)4
benzene/rt R? OH
‘ / R! R2 yield/%
H H 81 (syn>99%)
R! R2 H Me 89 (syn>99%)
1
R R? >?< Me Me 81
X %’\ H
Pd_ Pd\Bi
H B— /

/
Scheme 1-6  Hydroboration of 1,3-Dienes

The uncatalyzed hydroboration of allenes suffers from the formation of a mixture
of monohydroboration and dihydroboration products or a mixture of four possible
regioisomers (19-22) [48]; however, the phosphine ligand on the platinum(0) cata-
lyst controls the regio- and stereoselectivity so as to provide 21 or 22 for alkoxyal-
lenes, and 20 or 22 for aliphatic and aromatic allenes (Scheme 1-7) [49]. The addi-
tion to aliphatic and aromatic allenes with Pt(dba),/2P'Bu; occurs at the internal
double bond to selectively provide 20, whereas the electronic effect of MeO or TBSO
play a major role in influencing the course of the reaction as evidenced by the pref-
erential formation of the terminal cis-isomer (21) by way of attack from the less-hin-
dered side of the allenes (Z>84-91%). Thus, a platinum(0)/2'Bu;P complex affords
the internal products (20) or the terminal anti-Markovnikov products (21) depend-
ing on the electron-donating property of the substituents. On the other hand, a very
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R1 Q&

RQH R>—\<B*O

0-B R2

Wo 20
19

o
R B R;:
2:/- 0o HBpin o
R
21 Pt(dba)g

/2tBU3P
/toluene/50 °C

R'=BuMe,SiO, R?=H, 86% (E/Z=9/91)

HBpin
Pt(dba),/2'BugP
toluene/50 °C

R'=Bu, R?=H, 79%
R'=cyclo-C¢H14, R?=H, 91%

R!  CHs
HBpin R2 B-0O
Pt(dba), 5
2TTMPP
ftoluene/50 °C 22

R, R?=-(CHy)s-, 76%

Scheme 1-7 Hydroboration of Terminal Allenes

bulky and basic tris(2,4,6-trimethoxy-phenyl)phosphine (ITTMPP) exhibits a charac-
teristic effect which dramatically changes the regioselectivity to the Markovnikov ad-
dition (22) for the representative terminal allenes.

The hydroboration of enynes yields either of 1,4-addition and 1,2-addition prod-
ucts, the ratio of which dramatically changes with the phosphine ligand as well as
the molar ratio of the ligand to the palladium (Scheme 1-8) [46-51]. (E)-1,3-Dienyl-
boronate (24) is selectively obtained in the presence of a chelating bisphosphine
such as dppf and dppe. On the other hand, a combination of Pd,(dba); with
Ph,PC¢Fs (1-2 equiv. per palladium) yields allenylboronate (23) as the major prod-
uct. Thus, a double coordination of two C—C unsaturated bonds of enyne to a coor-
dinate unsaturated catalyst affords 1,4-addition product. On the other hand, a mono-
coordination of an acetylenic triple bond to a rhodium(I)/bisphosphine complex
leads to 24. Thus, asymmetric hydroboration of 1-buten-3-yne giving (R)-allenyl-
boronate with 61% ee is carried out by using a chiral monophosphine (S)-(-)-MeO-
MOP (MeO-MOP=2-diphenylphosphino-2’-methoxy-1,1’-binaphthyl) [52].

>— HBcat
= B-O + B-O
23 24
Pd(PPhg), [46, 50] 45% 30% (E/Z=15/85)
Pdj(dba)g/2Ph,PCgFs [50] 61% 12% (Z>99%)
Pda(dba)a/dppf [50] 0% 89% (E>99%)
NiCla(dppe) [51] 0% >95% (E>99%)

Scheme 1-8 Hydroboration of Enynes
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Tab.1-5 Dehydrogenative Coupling giving 1-Alkenylboronates

R
RCH=CHj HBX =+ RCHCH,
catalyst BX»
Alkene Borane Catalyst (solvent) Yield/% Ref.
4-MeOPhCH=CH, 4 [RhCl(alkene),], (toluene) 98 [15]
4-CIPhCH=CH, 4 [RhCl(alkene),], (toluene) 99 [15]
PhCH=CH, 2 (HBpin)  [RhCl(cod)], (toluene) 81 [53]
4-MeO,CPhCH=CH, 2 (HBpin)  [RhCl(cod)], (toluene) 80 [53]
Ph(Me)C=CH, 1(HBcat)  RhCI(PPhs);/10PPh; (THF) 709 [54]
CH,=CH, 5 Cp*,Ti(n*-CH,CH,) 58 [55, 56]

a) CH;CH(Ph)CH,Bcat (10%) and Ph(Me)CHCH (Bcat), (18%) was
accompanied.

The dehydrogenative coupling of borane is a very attractive method since the re-
action directly yields (E)-1-alkenylboronates from alkenes (Table 1-5). However, the
reaction can be limitedly applied to the synthesis of styrylboron derivatives [15,
53-56]. The reported procedures recommend a combination of vinylarene, a steri-
cally hindered borane such as oxazaborolidine 4 or pinacolborane 2, and a phos-
phine-free rhodium(I) catalyst for achieving selective coupling. The reaction re-
quires more than two equivalents of vinylarene because H,, generated by B-hydride
elimination, hydrogenates a molar amount of vinylarene, as is discussed in the
mechanistic section. Cp*,Ti exceptionally catalyzes the borylation of ethylene, but
the scope of the reaction for other inactivated alkenes has not yet been explored [55].

1.2.2
Catalytic Cycles

Catalyzed hydroboration often results in a complex mixture of products derived not
only from catalyzed hydroboration but also uncatalyzed hydroboration and hydro-
genation of alkenes, because the reaction of RhCl(PPh3)3 with catecholborane (HB-
cat) yields various borane and rhodium species (Scheme 1-9) [19]. The oxidative ad-
dition of HBcat to RhCl(PPh3)3 affords a coordinate unsaturated borylrhodium
complex (25) [57], which is believed to be an active species of the catalyzed hydrobo-
ration. However, further oxidative addition of the borane to 25 generates H2 and a
diborylrhodium complex (26) [58]. The diboryl complex 26 will then undergo dibo-
ration or reductive monoborylation of alkenes (see Section 1.3.2), and dihydrogen
thus generated will hydrogenate a part of the alkenes. Thus, the reaction is often
accompanied by small amounts of RCH(Bcat)CH2(Bcat), RC(Bcat)=CH2,
RCH=CH|(Bcat), and RCH2CH3, along with the desired hydroboration product. On
the other hand, the degradation of catecholborane makes the reaction more complex
when the catalyzed reaction is very slow. The phosphine eliminated from the cata-
lyst reacts with catecholborane to yield H3B-L and B,cat; (cat=0,CsH,) (29) [59]. Al-
though the borane/phosphine complex thus generated fortunately does not hydrob-
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H@eL + O-B-0 0-B-O
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8 hydroboration
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8 HBcat I‘_
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RhHgC|'L3
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hydroboration see Section 1.3.2
Hydrogenation
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Scheme 1-9  Reaction of RhCl(PPh;); with Cartecholborane (HBcat)

orate alkenes, 29 may contribute to the production of other rhodium species such as
30 [24], which has high catalyst activity comparable to that of 25. The reaction often
suffers from the competitive uncatalyzed hydroboration with BH;, and the forma-
tion of such products does not reflect the true selectivity of the catalyzed reactions
[19, 60, 61]. The degradation of catecholborane to BH; and B,cat; 29 is, in general,
very slow at room temperature; however, the reaction of BH; will compete with the
catalyzed hydroboration when the reaction is very slow because of decomposition of
the catalyst or low catalyst loading or activity. Although there are many probable
processes leading to side reactions, catecholborane undergoes clean hydroboration
when the catalyst is selected appropriately.

One most important observation for the mechanistic discussion is the oxidative
addition/insertion/reductive elimination processes of the iridium complex (31)
(Scheme 1-10) [62]. The oxidative addition of catecholborane yields an octahedral
iridium-boryl complex (32) which allows the anti-Markovnikov insertion of alkyne
into the H-Ir bond giving a 1-alkenyliridium(III) intermediate (34). The electron-
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Bcat R'C=CR? Bcat PMe
HBcat | _.-PMeg 33 ‘ F::Z
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Scheme 1-10  Oxidative Addition/Insertion/Reductive Elimination Process

withdrawing groups as in 33a strongly stabilize 34 while 34b—d are led to reductive
elimination to give hydroboration products. However, these intermediates are well
characterized in solution via "H NMR spectroscopy. The observed regio- and stere-
oselectivities are in good agreement with the catalyzed hydroboration of alkynes
with a rhodium, palladium, or nickel complex. It is also reasonable to assume the
same catalytic cycle for the hydroboration of alkenes by Group 9 or 10 metal cata-
lysts.

A catalytic cycle proposed for the metal-phosphine complexes involves the oxida-
tive addition of borane to a low-valent metal yielding a boryl complex (35), the coor-
dination of alkene to the vacant orbital of the metal or by displacing a phosphine lig-
and (35 — 36) leads to the insertion of the double bond into the M-H bond (36 —
37) and finally the reductive elimination to afford a hydroboration product (Scheme
1-11) [1]. A variety of transition metal-boryl complexes have been synthesized via ox-
idative addition of the B-H bond to low-valent metals to investigate their role in cat-

R__H
\[ -~ MeLn he
\

M= Rh(l), Ir(l),
Pt(0), Pd(0), Ni(0)

H
| /
M—B
| \
Ln
35
\B
- H
R& R
M—H = ﬂ—l\‘/I*B
Ly Ln
=
38 36 R

Scheme 1-11  Catalytic Cycle for Metal-Phosphine Complexes
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alyzed hydroboration as well as other catalyzed reactions of boron compounds [2].
The reaction of catecholborane (HBcat) with RhCl(PPhs); yields a complex mixture
including RhHCI(PPh;),(Bcat) (25), but the related rhodium dimer [Rh(PPh,),(u-
Cl)], affords a pure 25 [57], as is shown in Scheme 1-9. IrCl(CO)(PPh,), and cate-
cholborane similarly yield trans-IrHCl(CO)(PPhs),(Bcat) [28], which also has high
catalyst activity for hydroboration. Perhaps the most important step for determining
the regio- and stereoselectivity is the insertion of alkene into the M—H bond, but rel-
evant information is very scarce because the next reductive elimination is too fast to
observe the intermediate (37). However, the high terminal regioselectivity common-
ly observed in terminal alkenes suggests the first migration of H to the -carbon (36
— 37), similarly to that of alkyne to the H-Ir bond [62]. An ab initio investigation of
the rhodium(I)-catalyzed hydroboration of C,H, with BH; supports the above cycle,
suggesting the existence of several 14-electron complexes as the reaction intermedi-
ates and the first migration of H from 36, rather than BH,, to the double bond [63,
64].

A catalytic cycle proceeding through an insertion of alkene into Rh-B bond (36 —
38) is also a possible process proposed by another ab initio molecular orbital calcula-
tion [65]. The mechanism does not fit the experimental results observed in the ma-
jor products; however, a competitive formation of vinylboronates via an insertion-f3-
hydride elimination sequence suggests the existence of the Rh—B bond insertion
process. The reductive coupling of borane is not a major reaction in the rhodium-
phosphine complexes and predominates in the phosphine-free rhodium complexes,
as illustrated in Table 1-5. A cycle proposed for the phosphine-free catalysts is quite

Ar =

B<
\ / >B H
\ ArCH,CHj3

A
C N r ArCH=CH,

Ar__= =
A 4 ArcH=CH, "X
Rh HB< Rh—B<
/
Ar—< Ar/\

43 39 AN B
A Cycle for A Cycle for >B F{h\
Reductive Coupling Hydroboration \—< H
45 Ar
Ar\/\ Ar\/\

>B Rh
. /\/ ArCH=CH N (
r
/ Ar HB<
M 40

\_\

Scheme 1-12  Catalytic Cycle for Phosphine-Free Rh(l) Complexes
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Scheme 1-13  Catalytic Cycle for Cp,Ti

different from that of the phosphine-based catalysts (Scheme 1-12) [15]. The ab-
sence of phosphine allows smooth coordination of alkenes to the rhodium(I) center,
and the species participating in the insertion step is Rh(I)-H (42) or Rh(I)-B (39)
complex rather than rhodium(III) complex as in 36. The regiochemical preference
yielding a stable benzylrhodium species in the insertion of vinylarenes (40, 43, 45) is
the same as that of thodium/phosphine catalysts; however, the first migration of the
boryl group (39 — 40) reverses the regioselectivity between the phosphine-free cata-
lysts and the rhodium/phosphine catalysts (see entries 1-3 in Table 1-1). A common
intermediate (40) undergoes two competing reactions; the -hydride elimination (40
— 41) leads to the reductive coupling and the next hydrogenation process of alkene,
while the oxidative addition of a further molecule of borane leads to the hydrobora-
tion of vinylarenes (40 — 45). The B-hydride elimination will predominate in rela-
tively bulky boranes such as pinacolborane and oxazaborolidine (4), but catecholbo-
rane yields a mixture of two products because of its high reactivity for oxidative ad-
dition.

The cyclopentadienyl (Cp) complexes of Ti, Nb, Ta, Sm, and La catalyze the hy-
droboration by quite different mechanisms from that of Group 9 and 10 metals. The
titanocene-catalyzed reaction involves initial dissociation of a coordinated borane
(46) to generate a monoborane intermediate (47) (Scheme 1-13) [30]. The coordina-
tion of alkene leads to the alkene-borane complex stabilized by a B-H interaction
(48, 49). The coordination of a further molecule of borane then yields a hydrobora-
tion product with regeneration of 47. A kinetic study revealed that the borane be-
haves as not only a reagent but also a ligand on the resting state of the catalyst (46)
[56, 66]. The steric interaction between R and a catecholate group in 48, which is
larger than that of R with the Cp ligands, induces the formation of a terminal boron
product. The electron-withdrawing aryl group also stabilizes the transition state 48,
but the donation group destabilizes it to result in reduced regioselectivity for
aliphatic 1-alkenes.

The proposed mechanism for the metallocene complexes of Group 5 metals and
lanthanides involves the coordination of alkene to the metal hydride (51), followed
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Scheme 1-14  Catalytic Cycle for Lantanide and Group 5 Metals

by insertion via migration of H to the B-carbon (53) (Scheme 1-14) [67]. The product
will be then provided via the direct 6-bond metathesis between HBcat and 53 or an
oxidative addition/reductive elimination sequence (53 — 54 — 51). These processes
are studied in detail for the Group 5 metals such as Nb and Ta [67-69]; however, an
ab initio calculation [70] for the hydroboration of C,H, with HB(OH), supports an
analogous cycle for the Cp,Sm catalyst. Due to the high oxophilicity of the samari-
um atom, the last 6-bond metathesis (53 — 51) yields an acid/base complex be-
tween EtB(OH), and Cp,SmH. The rate-determining step is the dissociation of
Cp,Sm-H coordinated to an oxygen in EtB(OH),. The coordination of alkene to 51
avoiding a steric interaction between the Cp ligand and R (52) leads to a terminal ad-
dition product. Thus, Cp*,Sm(THF) exhibits indeed high terminal selectivity for
both aromatic and aliphatic 1-alkenes.

1.2.3
Synthetic Applications

The unique chemo-, regio-, enantio-, and diastereoselectivities observed in catalyzed
hydroboration have realized various synthetic applications. The rate of hydrobora-
tion with RhCl(PPh;); highly depends on the substituents of alkenes (Scheme 1-15).
For terminal alkenes, the reaction completes within minutes at room temperature,
which is adequately faster than that of disubstituted alkene or reduction of ketone
carbonyl group. More highly substituted alkenes are less reactive, and the reaction
often requires a higher catalyst loading and an excess of a borane reagent to ensure
that the reaction proceeds to completion at a convenient rate. Tetrasubsubstituted
alkenes are, in general, highly inert to the catalyzed hydroboration. The order of re-
activity (terminal > terminal disubstituted > internal disubstituted > trisubstituted
alkenes) [35] allows selective hydroboration at the terminal double bond in prefer-
ence to other double bonds (55 [35], 56 [71], 57 [72]) or ketone carbonyl groups (58
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Scheme 1-15  Hydroboration at the Terminal Double Bond

[4], 59 [73]). The chemoselectivity of catecholborane can be in the order of RCH=0,
R,S=0 > CH,=CH- > R,C=0, oxirane > RCO,R > C=N [12].

The hydroboration of exo-cyclic alkenes affords stereochemically complemental
products between the catalyzed and uncatalyzed reaction (Scheme 1-16). The hy-

uncatalyzed

OH
catalyzed H OH
i -/ 1. hydroboration H %/
. _— - : 1 + .
OSiMeBu 2. HyO/OH" OSiMe'Bu OSiMeBu
H H H
60 HBcat/RhCI(PPh3); 87% 93: 7
9-BBN 81% 39:61
PhoHCO PhoHCO
OH
o 1. HBcat o /
RhCI(PPhg)s o
— (+)-Luffariolide E
2. NaOH-H202
OEt OFt
61 65%
1. HBcat
O_ .0Bn RhCI(PPhs)g HO/\‘ O_ .0Bn
— Bleomycin Ay
HO™" OAc 2. NaOH-H0» HO™~ OAc
OBn OBn
62 L-gulcose, 82% (ds, >50 : 1)
1. HBcat
CO.Me [RhCl(cod)l, HO CO,Me
/PPh3
NHCHO NHCHO (-)-Altemicidin
B 2. NaOH—H202 .
[" NBn, [ NBn;
OBn 63 OBn 92% (one isomer)

Scheme 1-16  Regio- and Stereoselectivity of Cyclic Alkenes
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droboration-oxidation of 60 [35] with 9-BBN yields two alcohols with the trans-iso-
mer predominating in a ratio of 39/61. The reaction contrasts highly with the cat-
alyzed hydroboration yielding the cis-alcohol with 93% selectivity by the addition
from the face opposite to the allylic substituent. Thus, the catalyzed reaction is more
sensitive to the steric effect than the electronic effect, whereas 9-BBN prefers to at-
tack from the more electron-rich face of the double bond (stereoelectronic effect)
[74, 75]. High cis-stereoselectivity observed in exo-cyclic alkenes succeeds in various
natural product syntheses. An intermediate for the synthesis of (+)-luffariolide is ob-
tained by the RhCl(PPhys);-catalyzed hydroboration of exo-methylene cyclopentane
(61) [76] with catecholborane. The rhodium(I)-catalyzed hydroboration-oxidation of
the exo-methylene dihydropyran (62) [77] furnishes l-gulose with diastereoselectivity
of >50:1, which is a key intermediate required for the synthesis of bleomycin A2. A
small allylic alcohol protecting group such as CH,Ph or the free alcohol itself is
found to favor the attack from the B-face. The rhodium-catalyzed hydroboration of
the norbornene (63) [78] takes place with striking regioselectivity to give 6-exo-nor-
borneol, which is led to the naturally occurring sulfonamide altemicidin. The re-
mote substituent effect is not well understood, but the selectivity is highly depend-

OX OH OH OH OH
1. hydroboration
C4H9)\/ C4H9/l\;/‘ +  C4Hg
CH3 2. NaOH-H202 CH3 CH3
64 X= HBcat/RhCI(PPha)s 9-BBN
COCH; 27:73 88:12
COCF, 12:88 93: 7
SiMe,Bu 4:96 90:10
MLx MLy H-B<
EDG ' M / EWG ;
NG s NG
H— CH, H— CH, H— CH,
EWG L EDG
65 66 67

electronic effect steric effect
for catalyzed

hydroboration

elecronic effect
for uncatalyzed
hydroboration

C4Hg

Scheme 1-17  Preferred Reactive Conformations for Allylic Alcohols
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ent on the endo substituents, which will result in increased polarization of the
neighboring double bond [79].

The diastereoselective hydroboration of acyclic alkenes is one of the most suc-
cessful results achieved by catalyzed hydroboration (Scheme 1-17) [35, 80, 81]. The
rhodium-catalyzed hydroboration-oxidation of allylic alcohol 64 [81] yields the syn-
diol, whereas the uncatalyzed reaction of 9-BBN preferentially produces the anti-
diol. The origin of diastereofacial selectivity arises from differences in the mecha-
nism of n-complexation between the transition metals (65) and the main metals
(67), together with the steric effect of the substituents (66) [81]. The n-complexation
of transition metals can be stabilized by the increased back-donation from a filled d-
orbital of the metal to a m*-orbital of alkene, which is enhanced when the best -ac-
ceptor adopts the anti position (65) and the smallest group (S) is in the inside crowd-
ed position (66). Thus, the diastereoselection is optimal if OX is a good c-acceptor
and is large relative to the other substituents on the asymmetric center. Thus, the
CF;COO group increases the selectivity more than CH;COO since the former is a
better electron-withdrawing group (EGW) and the selectivity is significantly in-
creased in a bulky protecting group such as SiMe,’Bu. On the other hand, the uncat-
alyzed hydroboration predominantly leads to the anti-diols when the electron-donat-
ing group (EDG) occupies the anti position (67) because this electronic effect en-
hances the interaction of the empty p orbital of boron and the filled p-orbital of
alkene [82].

Y . Y X,

070 OMeO ©

(O]
Me Me Me Me Me

; Me Me Me Me
Bn
68 HBcat/RhCI(PPh3); 62% 94: 6
(Sia)-BH 84% 8:92
Bn\N/Ts Bn\N/Ts Bn\N/Ts H\N’BOC

1. hydroboration : : )

N AN o+ —— COOH
R/\M/ 2. oxidation R : OH R/\|/\OH R/\r
e

Me Me Me

69 70 7
R= HBcat/[Rh)? uncatalyzed

70: 71 70:71
PhCH, 95: 5 93: 7 (9-BBN)

6:94 (BHg)

Me,CHCH, 86: 14 5:95 (BHj)
'BuO,CCH, 2:98 (BHy)

3[Rh]= [Rh(cod)Cl],/4PPhg

Scheme 1-18  Diastereoselectivity of Acyclic Alkenes
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Scheme 1-19  Catalyzed Hydroboration and Thioboration

The accessibility of both diasteroisomers from a single alkene is greatly advanta-
geous for organic syntheses, which is demonstrated in various syntheses of natural
products (Scheme 1-18). The catalyzed hydroboration-oxidation of 68 [83] yields a di-
astereomeric alcohol with 94% selectivity, which is used as an intermediate for the
synthesis of the polyether antibiotic, lonomycin A. Another isomer required for the
stereochemical assignments is easily obtained by changing the hydroboration
method to the uncatalyzed reaction of disiamylborane (Sia,BH). The effect of the
TsNH group is strongly enhanced by N-benzylation to give the TsNBn group, since
the bulkiness of the allylic substituent serves to increase the syn-diastereoselectivity
(70) [84], as is discussed in Scheme 1-17. Although 9-BBN unexpectedly results in
the same diastereoselection to that of the catalyzed reaction, the borane-tetrahydro-
furane complex selectively yields anti-amino alcohols (71) [85], which are a versatile
intermediate for the synthesis of optically active f-amino acids via the RuCl;-cat-
alyzed oxidation of alcohols with NaIO,.

Hydroboration of alkenes or alkynes followed by cross-coupling with organic elec-
trophiles provides a straightforward method for the carbon-carbon bond formation
(Scheme 1-19). The hydroboration of thioalkynes with catecholborane in the pres-
ence of a nickel or palladium catalyst yields B-(alkylthio)-1-alkenylboronates (72a)
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[39], and the uncatalyzed reaction of (dicyclohexyl)borane (Chx,BH) provides o-
(alkylthio) derivatives (72b) [41]. Since the vinylic sulfide is synthetically equivalent
to a carbonyl compound, the palladium-catalyzed cross-coupling of 72a with aro-
matic halide having an ortho-acetylamino or a protected hydroxy group provides
valuable precursors for heterocyclic compounds [86]. For example, a three-step pro-
cedure in the same flask affords indole derivatives. An alternative method for the
synthesis of B-(alkylthio)-1-alkenylboranes is thioboration of terminal alkyne with 9-
RS-9-BBN (9-BBN=9-borabicyclo[3.3.1]nonane) [87]. A selective cis-addition catalyzed
by a palladium(0) complex affords 9-[(Z)-2-RS-1-alkenyl]-9-BBN (73), which exhibits
exceptionally high reactivity on protonolysis with methanol [87], cross-coupling re-
action with organic halides [87], and nucleophilic addition to carbonyl compounds
[88]. The ready availability of these boron reagents by catalytic hydroboration and
thioboration may offer a flexible and reliable route to such stereodefined alkenyl sul-
fides in combination with numerous reactions reported in organoboron compounds.

The conjugate reduction of o,B-unsaturated ketones with catecholborane pro-
ceeds without the assistance of any catalyst, but the addition to the corresponding
imides, esters, and amides [27] can be accelerated in the presence of RhCl(PPhs),
(Scheme 1-20). A stereoselective reduction of N-acylimidate 74 [89] to the desired N-
acyl aminal for the synthesis of a vesicant isolated from the beetle (Pederin) is car-
ried out by using the catalyzed addition of catecholborane. A catalytic cycle analo-
gous to the catalyzed hydroboration of alkenes is proposed to account for the stereo-
chemistry of the reduction. On the other hand, the reduction of B-ionone generates
a single (Z)-enolate without a catalyst, which undergoes the aldol reaction with ac-
etaldehyde giving a syn-product with good selectivity [27]. The (Z)-boron enolate will
also be anticipated in the rhodium-catalyzed conjugate reduction.

Hydroboration of alkenes with chiral hydroboration reagents such as di-
isopinocamphenylborane succeeds in various syntheses of chiral organoboron com-

OMe
M o%?\ OMeo HBoat M o%
e <~ - e
N Y ome RhCI(PPhg)s
o OMe toluene
; -70 °C/15 h
74  TBDMSO TBDMSO
70% (ds, 10: 1)
g O H
OMe OMe
OMe O o
Pederin
o
0 O 4 HBcatRhCI(PPhg)s 0 I
N THF, 20 °C N0
| N —————— \
Y/ 2.H0 Me ;
Me Bn Bn 70%

Scheme 1-20 Conjugate Reduction
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Scheme 1-21  Chiral Ligands

pounds [90]. However, an asymmetric catalyst is one of the most exciting features of
catalyzed hydroboration since chiral phosphine ligands are the chiral auxiliaries
most extensively studied for transition metal-catalyzed asymmetric reactions of
alkenes (Scheme 1-21) [1b, e]. These ligands were originally designed for asymmet-
ric hydrogenation and hydroformylation, but they also work well in catalyzed hy-
droboration because both reactions involve a quite analogous molecular recognition
mechanism for alkenes.

Asymmetric hydroboration has been extensively studied, but the representative
results are briefly discussed here because the reaction has been recently reviewed in
detail [le] (Table 1-6). Various chiral ligands including bisphosphines and
aminophosphines succeed in achieving high enantioselectivities exceeding 90% ee
for styrene [23, 25, 91-94]. The enantioselectivity is strongly dependent on the reac-
tion temperature, higher selectivity being observed at lower temperature. Thus, the
cationic rhodium complexes are recognized to be an efficient catalyst achieving high
activity for styrene derivatives at —78°C and high regioselectivity giving benzyl alco-
hol derivatives [91, 95]. Chiral aminophosphines such as (S)-(-)-QUINAP [1-(2-
diphenylphosphino-1-naphthyl)isoquinoline] and 76 exceptionally afford excellent
enantioselectivity for various vinylarenes even at room temperature. On the other
hand, these catalysts are less effective for aliphatic alkenes [95-97].

The carbon-carbon bond-forming reactions extensively studied in organoboron
chemistry now allow further transformation of the chiral carbon thus constructed
on the boron atom (Scheme 1-22) [98, 99]. The one-carbon homologation of chiral
alkylboronates has been recently demonstrated to occur with complete retention of
configuration. The alkylation of chiral borates with halomethyllithiums yields alco-
hols, aldehydes, and carboxylic acids with one-carbon homologation. The hydrobo-
ration is carried out by catecholborane because of its high reactivity even at -78°C,
but its conversion into the pinacol ester is more convenient for the next isolation
and homologation. The reaction involves the first formation of an ate-complex,
[CICH,BR*(OR),]Li, followed by intramolecular Sy2 substitution of Cl with R*.
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Tab.1-6 Asymmetric Hydroboration

Alkene Catalyst/temp Yield /% % EE Ref.
@CH:CHZ [Rh(cod),|BF,/(R)-BINAP/-78°C 91  96(R)  [25]
1/2[RhCl(cod),]/(S)-BINAP/-78°C 63 92(S)  [23]
[Rh(cod)/(S)-QUINAP]OT{/rt 71 91(S)  [91]
[Rh(nbd),]BF./(R)(S)-78/-78°C 65  92(R)  [92]
[Rh(cod),]BF,/77/0°C 86  82(R)  [93]
[Rh(cod),|BF./(S)(R)-79/20°C 76 94R)  [94]
- [Rh(cod)/(S)-QUINAPJOTH/rt 64 95(S)  [91]
@CH‘CHCH‘"‘ [Rh(cod)/(R)-76]OTf/rt 60 91(R)  [91]
[Rh(cod)/(S)-QUINAP]OTI/xt 58 91(S)  [91]
‘ 1/2[Rh(cod),]/(R,R)-DIOP/-30°C - 74(S)  [95]
[Rh(cod)/(R)-76]OTf/rt 69 84(R)  [91]
1/2[RhCl(cod),]/(S,,S,)-80/-25°C - 84(R)  [95]
1/2[RhCl(cod),]/(R)-BINAP/-25°C - 65(R)  [96]
1/2[Rh(cod),]/(R,R)-DIOP/-25°C - 60(R)  [96,97]
Bu
>: 1/2[RhCl(cod),]/(R,R)-DIOP/-5°C - 69 (R) [96]
Me
13

Metal-Catalyzed Diboration, Silylboration, and Stannylboration

1.3.1
B-B, B-Si, B-Ge, and B-Sn Reagents

Various B-B, B-Si, and B-Sn compounds are now available for the metal-catalyzed
borylation of alkenes and alkynes (Scheme 1-23). A direct synthesis of tetra(alkoxy)di-
borons by the Wurtz coupling of (RO),BCl is unsuccessful, but tetra(amido)diborons
are available in large quantity by the corresponding reaction of (Me,N),BX (X=Cl, Br)
with sodium or potassium [100-102]. Thus, tetra(alkoxo)diborons (81 [101], 82 [101,
102], 83 [103, 104], 84 [104] 85 [105] and 86 [106]) are synthesized by the reaction of
(Me;N),BB(NMe,), with an appropriate alcohol or diol in the presence of 4 equiv. of
HCI. Two (alkoxo)diborons, 82 and 83, are now commercially available because reac-
tions of these reagents have been extensively studied because of their high reactivity
for transition metals and high stability in air. On the other hand, the reaction of
(R;N),BX with a silyl- or stannyllithium provides B-Si (87) [107] or B—Sn (90) [108]
reagents. The reaction of 87 with pinacol [109] or, more conveniently, the reaction of
PhMe,SiLi or PhMe,GeLi with i-PrOBpin yields 88 or 89 [110].
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Scheme 1-22  HOmologation of Chiral Boronic Esters

1.3.2
Addition to Alkynes and Alkenes

The diboration of alkynes is efficiently catalyzed by a platinum(0) complex such as
Pt(PPhs),, Pt(C,H,)(PPhs), or Pt(CO),(PPh;), (3 mol%) yielding cis-1,2-dibory-
lalkenes in high yields [111-113] (Scheme 1-24), though platinum(II), palladium,
and rhodium(I) complexes are ineffective. Platinum(0) complexes analogously cat-
alyze the addition of other (alkoxo)diborons, 81, 83 and 84, but the reaction of
(Me,N),BB(NM,), is very slow even at 120°C because of its slow oxidative addition
to the platinum(0) complex. There are no large differences in the yields and the re-
action rates between internal and terminal alkynes and the reaction is available with
various functional groups. The carbon-carbon double bond, chloro, epoxy, ester,
cyano, and ketone carbonyl groups remain intact during the addition to the C-C
triple bonds [111]. The first synthesis of tetraborylethylene (catB),C=C(Bcat), is

MeQ, OMe
B-B, B B B B
MeO OMe

81 82 (pinBBpin) 83 (catBBcat)
Ph Ph
o o o 0 Pivo o
>< B-B }< B-B t B-B 1
0] 0] (0} 0 Ph O o) Ph
Ph Ph
84 85 86
Me Me
/N /O /o /N
PhMe,Si—B ] PhMe,Si—B_ PhMe,Ge—B, Me3Sn—B, j
N o) o) /N
Me Me
87 88 89 90

Scheme 1-23  Borylation Reagents
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P R H
XfB/ v R— t(0) or Pd(0) catalyst >:< B
\ x  BC
91
Entry  X-B< R Catalyst Yield/%  Ref.
1 (MeO),BB(OMe), n-CgHis Pt(PPh,),/80°C 89 [111, 112]
2 catBBcat (83) n-CgHis Pt(PPh;),/80°C >95 [112, 113]
3 pinBBpin (82) n-CeHys Pt(PPh,),/80°C 92 [111,112]
4 Ph Pt(PPh;),/80°C 79 [111,112]
5 N=C(CH,);  Pt(PPhs),/80°C 79 [112]
6 MeO,C(CH,);  Pt(PPh;),/80°C 89 [112]
7 (Me,N),BB(NMe;),  n-C¢H; Pt(PPhj),/120°C 7 [112]
8 R;SiB(NR,), (87) n-CeHys Pd,(dba)s/,etpo/80°CY 92 [109,114]
9 R,SiBpin (88) n-CeHys Pd(OAc),/15RNC/110°C” 92 [109,115]
10 Me;SnB(NR;); (90)  n-CeH,s Pd(PPhs),/rt 83 [116]
11 Ph Pd(PPhs),/rt 73 [116]

a) etpo=P(OCH,);CCH,CH.
b) RNC="BuCH,CMe,NC

Scheme 1-24  Addition to Alkynes

achieved by addition of catBBcat (83) to catBC=CBcat with Pt(PPhs), in refluxing
toluene [113]. Both amido and pinacol derivatives of B-Si and B-Sn compounds
similarly add to terminal and internal alkynes in the presence of a palladium catalyst
[114-116]. The addition of B—Sn reagent (90) takes place even at room temperature,
whereas the reaction of B—Si reagents (87, 88) only proceeds at over 100°C, presum-
ably because of the slow oxidative addition of the B-Si bond to the palladium(0).
Both reactions stereo- and regioselectively provide cis-products via addition of sili-

cone or stannane to the internal carbon and boron to the terminal carbon.

(Ro)zB'X X=B(OR)2, SiRa, SnR3

\ L. _X L L. _X
M(0)eL, —

R R2 M=Pd, Pt 92a 92b
(RO),B X R'———R?
1 2
R R L. X
_____ M
> < R2\“ TB(OR)2
(RO):B /fo D
L R!
94 93

R'=H, R2=alkyl for terminal alkynes
R'=alkyl, R?=H for terminal alkenes

Scheme 1-25  Catalytic Cycle for Addition to Alkenes and Alkynes

Msor, ——  M-BoR),
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The addition proceeds through (a) oxidative addition of the B—X bond to a low-va-
lent metal (M=Pd, Pt) giving a cis-B-M-X complex (92), (b) migratory insertion of
alkene or alkyne into the B-M bond (93 — 94), and finally (c) reductive elimination
to give an addition product (Scheme 1-25) [111, 112, 117]. Monitoring of the reaction
mixture of diboron 82 and Pt(PPh;), by multinuclear NMR spectroscopy reveals the
formation of a new Pt(II) species which shows reasonable thermal stability to allow
isolation and is characteristic of phosphines cis-coordinated to a platinum(II) center.
A single crystal of (PPhs),Pt(Bpin), consists of a distorted square-planar coordina-
tion geometry for the Pt atom containing two cis boryl and phosphine ligands where
the significant bond angles are P(1)-Pt-P(2) (102.65°) and B(1)-Pt-B(2) (75.3°)
[111]. Treatment of this complex with 1-alkyne yields 1,2-bis(boryl)alkene as the sole
product, which is consistent with the proposed catalytic cycle. The catalyst activity
significantly decreases in the presence of added PPh; suggesting that phosphine
dissociation (92a — 92b) is a critical step in the catalytic cycle [117]. A theoretical
study of the diboration of alkenes and alkynes also supports the oxidative addition-
insertion process [118-120].

Although the mechanism of silylboration or stannylboration is relatively unex-
plored, the reactions can be rationalized by the same catalytic cycle shown in Scheme
1-25. The addition of a B-Sn compound to palladium(0) yields indeed an analogous
(n*-Me,PCH,CH,PMe,)Pd(SnMe;)[B(NR,),] which exhibits high catalyst activity for
stannylboration [116]. The high reactivity of B-X compounds for the oxidative addi-
tion has been recently demonstrated by theoretical calculation [121, 122]; thus, the re-
action of (HO),B-XH; (X= Si, Ge, Sn) to M(PH;), (M= Pd, Pt) occurs with a very small
barrier or no barrier for X=Si, Ge, Sn. The bond energy decreases in the order of B-Si
> B-Ge > B-Sn, M-B > M-Si > M-Ge > M-Sn, and Pt-B > Pd-B. The high M-B bond
energy over that of other elements is due to the n-back-donating interaction between
the M d, and B(OH), p, orbitals. However, another factor rather than the bond ener-
gies is significant in the next insertion step since all experimental results suggest the
first migration of the boryl group to a coordinated alkene or alkyne (93 — 94).

The reaction of silylboranes 88 or germylborane 89 with a large excess of terminal
or internal alkynes in the presence of a free-phosphine Ni-catalyst in situ generated

PhMe28|pr|n
pR— 1 7 SiMePh Y7 SiMesPh S'Mezph

o N| (acac), Xy Bpin X Bpin Bpin

/DIBAH

toluene/80 °C

59% 20% 3%

Scheme
1-25 1 R=C4Hg (6 equivs)

PhMesSi \\ PhMe,Si” Ny~ R

—_— Ni

me\/‘\ pinB\/‘\

95 96

Scheme 1-26  Silaborative Dimerization of Alkynes
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from Ni(acac), and i-Bu,AlH affords dimerization products in moderate to high
yields (Scheme 1-26) [123]. The dimerization giving a Z,Z-isomer as a major product
with head-to-head coupling of terminal alkyne is best explained by the stepwise dou-
ble insertion into the B-Ni and then the Si-Ni bond yielding a divinyl nickel inter-
mediate (96). The low regioselectivity in the later insertion into the Si-Ni bond re-
sults in a mixture of isomers. The use of a phosphine-free catalyst is critical for se-
lective dimerization since the coordinate unsaturated metal allows the multiple co-
ordination of alkyne.

The palladium-catalyzed stannylboration (90) [124] or silylboration (87) [109, 114]
succeeds in the intramolecular carbocyclization of diynes and enynes (Scheme 1-
27). Itis interesting that a very strained four-membered cyclization of hexa-1,5-diyne
proceeds without any difficulties, similarly to five- or six-membered cyclization. The
boryl group is selectively introduced into the more reactive C=CH rather than C=C
for enynes and into the terminal C=CH rather than the internal C=CR for diynes,
again suggesting a mechanism proceeding through the first insertion into the Pd-B
bond in preference to the Pd—Sn or Pd-Si bond.

X
P Me
EtOgC><:/\ XB(NR), (87 or 90) EtO,C U
EIO,C EIO,C X BNJ
X=Me3Sn/PdCl,(PPhs),/25 °C, 82% Me
X=PhMe,Si/Pd,(dba)s-4etpo/110 °C, 84%
R
) N\ FsnMe
=—(CHp)y—=—="R (CHz)n \ B(NRS)
PdClx(PPhg), 22
benzene/25 °C
R=H n=2, 97%
R=H n=3, 92%
R=H n=4, 84%
R=Et n=3, 86%

Scheme 1-27  Carbocyclization of Diynes and Enynes

The transformation of 1,2-bis(boryl)-1-alkenes via a cross-coupling reaction pro-
vides a method for regio- and stereoselective synthesis of 1-alkenylboranes because
they have potential reactivity difference between two C-B bonds [125] (Scheme 1-
28). Although the reaction is often accompanied with a double-coupling product at
both C-B bonds (5-10%), high terminal-selectivity of over 99% can be readily
achieved in the coupling with aryl, 1-alkenyl, benzyl, and cinnamyl halides. Under
basic conditions, the palladium-catalyzed cross-coupling at the C-B bond is ade-
quately faster than at the C-Si and C-Sn bond. Thus, a silylboration-cross coupling
[115] or silylboration/conjugate addition [109, 126] sequence provides a stereoselec-
tive method for the synthesis of alkenylsilanes, presumably also alkenylstannanes.
These twostep procedures are synthetically equivalent to carbo-heterofunctionaliza-
tion of alkynes.
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pinB-Bpin (82)  ""CaHe RX n-CaHo
1-hexyne ——————————~ — —_— )=\
see Scheme 1-24 pinB Bpin pinB R
92%
R= PhBr PdCl,(dppf)/KoCO3/DMF/80 °C 79%
PhCH,CI PdCly(dppf)/KosCOz/DMF/80 °C  82%
PhCH=CHCH,Cl PdCla(dppf)/KoCOy/dioxane/80 °C  67%
PhCH=CHBr PdCly(dppf)/aq. KOH/DME/70 °C  72%
n-CgHi3
88 n-CgHq3 CH,=CHCOCH3 —
1-octyne — ————— PhMe,Si
see  PhMeSi  Bpin Hn(acac)(COk 0
Scheme pp M
o4 MeOH-H,0/50 °C 83%

Scheme 1-28 Diboration or Silylboration-Coupling Sequence

The utility of the stepwise, double-coupling procedure is demonstrated in the par-
allel synthesis of Tamoxifen derivatives on solid support [127] (Scheme 1-29). 1-
Alkenylboronates thus obtained by a diboration-cross coupling sequence are further
coupled with p-silyliodobenzene supported on polymer resin. Using this strategy,
each position about the ethylene core is modified by the appropriate choice of
alkyne, aryl halide, and cleavage conditions for the synthesis of a library of Tamox-
ifen derivatives.

The phosphine-based platinum(0) catalysts do not catalyze the diboration of
alkenes because of the high coordination ability of phosphine over the alkene dou-
ble bond, but platinum(0) complexes without a phosphine ligand such as Pt(dba),
[128] and Pt(cod), [129] are an excellent catalyst allowing the alkene insertion into
the B-Pt bond under mild conditions (Scheme 1-30). The diboration of aliphatic and
aromatic terminal alkenes takes place smoothly at 50°C or even at room tempera-
ture. The reaction is significantly slow for disubstituted alkenes and cyclic alkenes,
but cyclic alkenes having an internal strain afford cis-diboration products in high

Et.  Ph
82 Et.  Ph '@OR —

Et—=——Ph — pinB
Scheme ning"  Bpin  PdCly(dppf)/aq. KOH
1-24 /3,5-dimethoxyphenol
DME/r.t/18 h OR

N/
Si
N/
Si OR Et Ph
= L 00

PdCly(dppf)/aq. KOH — 57%
DME /r.t./18h Et'  Ph OR

Tamoxifen (R=CHoCHoNMey)
Scheme 1-29  Solid-Phase Synthesis of Tamoxifen
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RORR 82 or 83 R\ R?
- catalyst/rt/50 °C >B B<
(RO),BB(OR), Alkene Catalyst Yield/%  Ref.
pinB-Bpin 1-decene Pt(dba),/50°C 82  [128]
(82) styrene Pt(dba),/50°C 86  [128]
cyclopentene Pt(dba),/50°C 85  [128]
cyclohexene Pt(dba),/50°C 0 [128]
norbornene Pt(dba),/50°C 85  [128]
catB-Bcat 1-hexene Pt(cod),rt 95  [129]
(83) norbornene Pt(cod),rt 93 [129]
4-MeOPhCH=CH,  AuCl(PEt;)-2dcpe/rt high  [130]
styrene [(acac)Rh(dppm)]B;cat,/rt 87  [131]
PhCH=CHPh [(acac)Rh(dppm)|B,cat;/rt 9299  [131]

dcpe=ethane-1,2-diylbis(dicyclohexylphosphane)

B,cat;=See, 29 in scheme 1-9

Scheme 1-30 Diboration of Alkenes

yields. A phosphine-gold(I) complex [130] and a zwitterionic rhodium(I) complex

[131] analogously catalyze the diboration of styrene derivatives.

Silyl(pinacol)borane (88) also adds to terminal alkenes in the presence of a coordi-
nate unsaturated platinum complex (Scheme 1-31) [132]. The reaction selectively
provides 1,2-adducts (97) for vinylarenes, but aliphatic alkenes are accompanied by
some 1,1-adducts (98). The formation of two products can be rationalized by the
mechanism proceeding through the insertion of alkene into the B-Pt bond giving 99
or 100. The reductive elimination of 97 occurs very smoothly, but a fast B-hydride
elimination from the secondary alkyl-platinum species (100) leads to isomerization

to the terminal carbon.

R PhMe,Si-Bpin (88) R R
\— - . > .
Pt(CoH4)(PPhg), pinB SiMeyPh
dioxane, reflux 97
scheme
7-25 R=CgH13, 53% (97/98=87/13)
R=Ph, 51% (97/98=>99/1)
R=H (60 atm), 74% (97/98=>99/1)
R
— Pt
. pinB  SiMe,Ph
R SiMezPh 29
I
i R
Bpin \’ABpin R\//\Bpin R
- Pt g, — Pt—H T
SiMe,Ph [
100 SiMeyPh

Scheme 1-31  Silylboration of Alkenes

Bpin

SiMe,Ph

98

Bpin

Pt
SiMe,Ph
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Bpin
0) pinBBpin (82) O/ ) O .
R®  Pt(dba)y/toluene/r.t. R p RA H0 R R
1 r2 or Pt(CoHy4)(PPh3)o ; 2
R R toluene/80 °C pinB R2 101 pinB R
R! R? R yield/%  Ref.
Ph H CH3 high [133]
H CHs; CHs 64 [134]
CH3 H CHgs 72 [134]
Ph H Ph high [133]
2-cyclopentenone 88 [134]
2-cyclohexenone 61 [134]

Scheme 1-32  Diboration of o,3-Unsaturated Ketones

The diboration of enones with 82 or 83 yields 1,4-addition products (101) in the
presence of a platinum(0) catalyst such as Pt(C,H,)(PPhs), [133] at 80°C or Pt(dba),
[134] at room temperature (Scheme 1-32). The reaction catalyzed by Pt(C,H,)(PPhs),
affords a single isomer which is assumed to be the Z-enolate [133]. The hydrolysis of
101 with water gives B-borylketones in high yields, the conversion of which is syn-
thetically equivalent to the conjugate 1,4-addition of a boryl anion to enones. The di-
boration of o,B-unsaturated esters and nitriles affords similar products.

Methylenecyclopropane and its derivatives are of interest as the substrate for the
transition metal-catalyzed addition reactions because of their high and unique reac-
tivities originating from the highly strained structure. The platinum-catalyzed reac-
tion of diboron (82) proceeds through the proximal bond cleavage of the cyclo-
propane ring (Scheme 1-33) [135]. The catalytic cycle involving the insertion of
methylenecyclopropane into the B-Pt bond of 92, followed by the rearrangement to
a homoallylplatinum(II) species gives a ring-opening product. The selective forma-
tion of the cis-isomers for bicyclic methylenecyclopropane suggests a four-centered
cyclic transition state for the ring-opening rearrangement. The results also provide
information on the insertion mechanism of 92, i.e., the addition of the Pt-B bond to
terminal alkene gives a primary alkyl-platinum intermediate, the selectivity being
similar to that for the silylboration of alkenes [132].

1. PhBr
] ) PdCly(dppf
pinB-Bpin (82) aq. KZC()I-IIJp )
ﬂ Bpin  doxane/80 °C Ph
[ j 60% Bpin 2. H,0,/NaOH OH

Scheme 1-25 \

Bpin
P Pt—Bpin

L Y Bpin

R —

) Pt
Bpin

Scheme 1-33  Diboration of Methylenecyclopropanes
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133
Addition to 1,2-Dienes (Allenes) and 1,3-Dienes

The addition to 1,3-dienes affords a new class of allylboron compounds (Scheme 1-
34). The Pt(PPhs),-catalyzed diboration stereoselectively yields cis-1,4-addition prod-
ucts (102) [106, 136] for the representative aliphatic and alicyclic dienes. The mech-
anism involves an S-cis coordination of a diene to (PPhs),Pt(Bpin), (92) by displacing
two phosphines, insertion of the less-substituted double bond into the B—-Pt bond
giving anti-r-allyl(boryl)platinum(II), and finally reductive elimination of 102. Inter-
estingly, a phosphine-free platinum(0) catalyst Pt(dba), (dba=dibenzalacetone) al-
lows dimerization of the diene before the addition of diboron. Isoprene provides a
1,8-addition product (103) [136] having (E,E) configuration and a symmetrical struc-
ture derived from the head-to-head coupling. Such dimerization via the stepwise
insertion of two isoprenes into B-Rh bonds is efficiently catalyzed by a phosphine-
free platinum complex since the generation of a coordinate unsaturated m-allylplat-
inum(II) species allows further coordination of the diene and its insertion into the
Pt-B bond yielding a di-n-allylplatinum(II) species. Addition of silylborane (88) [137]
and stannylborane (90) [138] to 1,3-dienes with a nickel(0) or palladium(0) complex
affords analogous 1,4-addition products in high yields. The silylboration is unfortu-

pinBBpin (82) Me

Pt(PPhg)s _ Bthin

pin
toluene/80 °C/16 h

102 (93%)

pinBBpin (82) Me

Pt(dba), pinB/\W Bpin

tol /r.t./16 h
oluene/r 103 (94%) Me

Me, PhMe,SiBpin (88) Me Me

)_\ Ni(acac)o/DIBAH h h
/ N\ ———————— PhMe,Si Bpin + pinB SiMe,Ph

toluene/80 °C

104a (66%) 104b (26%)
MezSnB(NRy), (90)
Pd,(dba)y/4etpo Me Me Me
THF/80 °C h N pinacol h
——— Me3Sn B, ] —  MesSn Bpin
83% N benzene
105 Me 60 °C/1 h
etpo=P(OCH>)3CEt PhCHO
PhCHO
BF3-OEt,
OH Me OH
Ph X Ph™ > ~
Me’
B< SnMe3
74% (syn/anti=1/1) 87% (syn/anti=99/1)

Scheme 1-34  Diboration, Silaboration and Stannylboration of 1,3-Dienes
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Ph PHC2H4)(PPhs), PhMe,SiO  Ph
octane, reflux
Va \/\ + PhMe,Si-Bpin + RCHO R X
88 R=Ph, 79% (syn/anti=99/1) Bpin
Sch 1.05 R=C¢H13, 71% (syn/anti=93/7)
cheme 1-
piant/SiMezPh SiMezPh t/SiMezPh
/\ . Pt RCHO SO  Ph
N\ / pinB T
< — R/'\l\/]\
Ph Ph
106 Bpin

Scheme 1-35  Allylation of Aldehydes

nately not sufficiently regioselective and suffers from stereochemical isomerization,
but the stannylboration yields a single product by selective migration of the boryl
group to the less-substituted double bond. The acid-catalyzed allylstannation of
aldehydes results in a mixture of diastereoisomers, but uncatalyzed allylboration is
highly selective to yield syn-adducts [138].

Although the platinum(0)-catalyzed silylboration of 1,3-diene suffers from the for-
mation of regioisomers or stereoisomers, analogous reaction in the presence of
aldehydes diastereoselectively yields allylation products (Scheme 1-35) [139]. Allylsi-
lanes do not undergo allylmethalation of carbonyl compounds without assistance of
a base or acid (CsF, Bu,HF, or BF;), but it is interesting that the allylation smoothly
occurs at the C-Si bond and the C-B bond remains intact during the reaction. A
probable species active for allylmethalation is allylplatinum(II) complex 106 gener-
ated by the migratory insertion of the boryl group to the less-substituted double
bond. The electron-withdrawing silyl ligand may increase the Lewis acidity of plat-
inum(II), thus allowing coordination and the next insertion of the carbonyl group.
The proposed mechanism, involving a nucleophilic w-allyl transition metal species,
is also reported in the nickel-catalyzed hydrosilylation of a diene having a carbonyl
group [140].

The diboration and silylboration of 1,2-dienes (allenes) affords another series of
allylboron compounds (Scheme 1-36) [141-143]. The addition of diboron 82 has a
strong tendency to occur at the internal double bond, but steric hindrance in both
the allenes and the phosphine ligands forces the addition towards the terminal dou-
ble bond. Thus, the reaction of monosubstituted allenes with a less bulky PPh; pref-
erentially produces the internal adducts 107a, and the bulky and electron-donating
P(Cy); (Cy=cyclohexyl) affords the terminal adducts 107b for 1,1-disubstituted al-
lenes [141]. The reaction selectively yields (E)-107b for 1,2-heptadiene (R'=C,H,,
R’<H) by way of addition from the less-hindered side of the terminal double bond.
The palladium-catalyzed silylboration [142, 143] of allenes exhibits a much stronger
tendency to occur at the internal double bond. However, it is interesting that addi-
tion to 1,1-dimethylallene reveals completely opposite selectivity between the palla-
dium(0) and platinum(0) catalysts. The mechanism has not yet been elucidated, but
one probable speculation, based on observation that the boryl group always adds to
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R1
R R 2
X-Bpin 4 e 20 R RN
R2 Pt or Pd catalyst X Bpin pinB X
Scheme 1-25 107a 107b
RA_..R' R2
JL W R J
PinE“""'_'—l'l pinB{(LPt\x
Pt L
X 108
X= R ' Catalyst Yield/% (107a/107b) Ref.
pinB n-C,H, H Pt(PPh;),/80°C 97 (94/6) [141]
Ph H Pt(PPh;),/80°C 94 (71/29) [141]
Me Me  Pt(dba),-CysP/50°C 99 (2/98) [141]
MeO H Pt(dba),-Cy;P/50°C 85 (0/100) [141]
PhMe,Si  Me H Pd,(dba);-4etpo/80°C 98 (100/0) [142]
Ph H Pd(acac),-2,6-xylyINC/120°C 95 (86/14) [143]
Me Me  Pd,(dba)s-4Ph;P/80°C 90 (100/0) [142]
Me Me  Pt(C,H,)(PPhs),/80°C 94 (0/100) [142]
MeO H Pd,(dba);-4etpo/80°C 93 (100/0) [142]

Scheme 1-36  Diboration and Silylboration of Allenes

the central carbon, is the insertion of allene into the M—B (M=Pt, Pd) bond giving a
n-allylmetal intermediate (108) which undergoes reductive elimination at the inter-
nal or terminal carbon depending on the effect of substituents, ligands, or metals.

1.4
Metal-Catalyzed Cross-Coupling Reaction

The best method for the synthesis of organoboron compounds from organic halides
is based on the reaction of trialkyl borates with Grignard or lithium reagents. How-
ever, the cross-coupling reaction of diboron or pinacolborane solves the difficulties
associated with the use of Mg/Li compounds. The transition metal-catalyzed cross-
coupling reaction of disilanes [144] and distannanes [145] is an elegant method for
the synthesis of organosilicone and organotin compounds directly from organic
electrophiles, but the lack of suitable boron nucleophiles has limited this protocol
for boron compounds. However, (pinacolato)diboron 82 acts as the boron-nucle-
ophile in the presence of a base for the palladium-catalyzed cross-coupling reaction
of organic electrophiles [146, 147]. More recently, pinacolborane (Me,C,0,)BH has
also been found to couple with aryl and vinyl electrophiles in the presence of a pal-
ladium catalyst and triethylamine [148]. Both reactions now provide a simple and di-
rect method for the borylation of organic halides and triflates.
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1.4.1
Coupling with Aryl and Vinyl Halides and Triflates

The cross-coupling reaction of diborons with aryl halides and triflates proceeds in
the presence of a base and a palladium catalyst (Scheme 1-37) [146, 147]. The use of
PdCl,(dppf) and KOAc in DMSO or DMF is found to provide the best conditions for
aryl iodides and bromides because a stronger base, such as K;PO, and K,CO;,
prompts the further coupling of arylboronates with haloarenes, resulting in contam-
ination of a substantial amount of biaryls (36-60% yields) [146]. The coupling with
aryl chlorides is very slow because of their slow oxidative addition to palladium(0).
Bulky and electron-donating trialkylphosphines such as P(t-Bu); and PCy; (Cy=cyclo-
hexyl) are better ligands than triarylphosphines for such substrates. A combination
of Pd(dba), (3 mol%)/PCys; (7.2 mol%)/KOAc(1.5 equiv.)/pinBBpin (82) (1.1 equiv.) in
dioxane at 80°C affords good yields of arylboronates, e.g., 88% for 4-chloronitroben-
zene, 87% for methyl 4-chlorobenzoate, and 76% for 4-chlorotouene [149]. The cou-
pling of triflates is best carried out in dioxane in the presence of an additional dppf
ligand [147]. Arylboronic acid synthesis using Grignard or lithium reagents needs
the protection of functional groups sensitive to these reagents, but the coupling reac-
tion is available with various functional groups, e.g., CO,Me, COMe, NO, and CN.

— pinB-Bpin (82) — 0
) et
Y Y

ArX (Ar=) ArX (X=) yield/%
For halides: PdCl,(dppf)/AcOK p-NCCgHg Br 76
/DMSO/B0 *C CH3COCgH oBTf ;g

: . } p-CH3 64 r

For trlfla.tes. PdCl,(dppf)-dppf oTi 9
/AcOK/dioxane/80 °C p-MeOCgH, | 82
OTf 93
p—BrCGH4 | 86
2,4,6—Me3CGH2 | 71
3-bromoquinoline 84

Scheme 1-37  Borylation of Aryl Halides and Triflates

Pinacolborane is a unique boron nucleophile for analogous coupling with aryl io-
dides, bromides, or triflates (Scheme 1-38) [148]. It is interesting that ester, ketone,
and nitro groups remain intact during the coupling reaction of pinacolborane at
80°C, though the reaction competes with the hydrogenation of aryl halides
(10~20%). The reaction is accelerated in the presence of an electron-donating group,
while a withdrawing group slows down the rate of coupling, the electronic effect of
which is the reverse of the cross-coupling reactions of diborons and other
organoboronic acids.

The reaction proceeds through the formation of an (acetoxo)palladium(II) species
(110) prior to transmetalation with diboron (Scheme 1-39). The presence of a base
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0O
H-B, (pinBH) o
— (o) — —
: ol
\ ’ / PdCly(dppf)/EtsN (3 equivs) @ Ne) \ ‘ /
Y Y

Y doxane/80 °C

ArX (Ar=) ArX (X=) yield/% yield/%

p-MeOCeH4 | 77 16
Br 77 11
oTf 81 12

p-CICOCgH4 | 83 nd
Br 43 20
oTf 77 21

p-N02C5H4 | 84 nd

p—MegNCGH4 | 79 nd

2-iodothiophene 80 nd

Scheme 1-38  Borylation of Aryl Halides and Triflates

such as KOACc is critical for the coupling reaction of diborons, suggesting a trans-
metalation mechanism occurring from Ar-Pd-OAc generated by displacement of X
(109) with an acetate anion. There is no reaction between diboron (82) and trans-
PhPd(Br)(PPh;), (109), but the palladium acetate complex (110) [150] indeed reacts
with diboron at room temperature yielding arylboronate [146]. The high reactivity of
the oxo-palladium complexes for the transmetalation with organoboron compounds
can be attributed to both the high reactivity of the Pd-O bond, which consists of a
soft acid and a hard base combination, and the high oxophilicity of the boron center.
On the other hand, the presence of Et;N plays an important role in not only pre-
venting the production of Ar-H but also facilitating the B-C bond formation in the

Pd(0)
R—B< R—X
HBpin + EtzN
O+ ¢ 8-
Et3NHX [EtsNH T BXg]
R-Pd—B«< R-Pd—X
111 109 X=halogen, OTf
R-Pd—OAc |
110
>B-B< KOAc

Scheme 1-39  Catalytic Cycle for Cross-Coupling
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coupling reaction of pinacolborane. The transmetalation involves the displacement
of Pd-X with a weakly nucleophilic boryl anion species generated by the reaction of
Et;N and HBpin [148D] or 6-bond metathesis between H-Pd-Bpin and ArX leading
to Ar-Pd-Bpin (111).

Both Pd(PPh;), and PdCl,(dppf) catalyze the cross-coupling reaction well, but
Pd(PPhs;), often suffers from the formation of phenylboronate (PhBpin) derived
from the coupling with phosphine-bound aryls [146]. The contamination by such an
unexpected by-product is observed in the reaction of electron-rich haloarenes such
as (4-methoxy)- and (4-dimethylamino)bromobenzene, though they are in negligibly
small amount for electron-deficient haloarenes. The aryl exchange [ArPd(X)(PPhs),
— PhPd(X)(PPh;)(PPh,Ar)] occurs before transmetalation [151]; thus, the slow
transmetalation due to steric and electronic reasons will result in enhancing the
coupling of phosphine-bound aryls.

(4-Boronophenyl)alanine (BPA) is a practical boron compound which is clinically
used for the treatment of not only malignant melanoma but also of brain tumors, in
neutron capture therapy (Scheme 1-40) [105, 152, 153]. Although (pinacolato)di-
boron (82) is an excellent reagent to afford the corresponding boronate in 88% yield,
it strongly resists the hydrolysis to arylboronic acids. Alternatively, the 1,3-diphenyl-
propanediol ester (85) is more convenient to deprotect the diol moiety by catalytic
hydrogenolysis [105].

0
CBzHN— o

KOAc NHCbz CH2C|2/-78 °C
PdCl,(dppf)
DMF/80 °C 88%
oTf B(OH),
(RO).BB(OR), 85
PdCl,(dppf)-dppf Pd(OH)z/C
_NHCbz AcOK/DMF/100 °C/3 h ' NHCbz NH,
CO.Bn CO,Bn COsH
112 65% L-BPA

Scheme 1-40  Synthesis of L-BPA

The direct preparation of arylboronic esters from aryl halides or triflates now al-
lows a one-pot, two-step procedure for the synthesis of unsymmetrical biaryls
(Scheme 1-41) [147]. The synthesis of biaryls is readily carried out in the same flask
when the first coupling of the triflate with diboron 82 is followed by the next reac-
tion with another triflate. The synthesis of naturally occurring biflavanoids and the
coupling of N-(phenylfluorenyl)amino carbonyl compounds to polymeric supports
are reported [154].
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O pinB-Bpin (82) O
}—@on
Me PdCly(dppf)-dppf Me

AcOK/dioxane/80 °C

TfO@CN o
)
PdCl(dppf) (3 mol%) Me

K3POy4 (3 eq.)/dioxane/80 °C

@
=3
=

Scheme 1-41  One-Pot Synthesis of Biaryls

The protocol offers a direct and efficient method for the synthesis of the boronic
ester in the solid phase, which hitherto met with little success using classical
methodology (Scheme 1-42). A solid-phase boronate (113 [155], 114 [156]) is quanti-
tatively obtained by treating a polymer-bound iodoarene with the diboron (82). The
subsequent coupling with haloarenes furnishes various biaryls. The robot synthesis
or the parallel synthesis on the surface of resin is the topic of further accounts of the
research.

0 0
@I pinB-Bpin (82) @Bpin
NH S NH
@ PACl,(dppf)/AcOK @
DMF/80 °C/20 h

B CF
' 3 CF4COH
Pd(PPhg)s/aq KsPO, 87%

DMF/80 °C/20 h
X Br
o
O\@\ pinB-Bpin (82) 0\©\ Br
| Pd(0)/AcOK Bpin Pd(0)/KOH

DMSO0/80 °C DME/80 °C

o h

o O
\% HO O S ]
S \ / O
Br

Scheme 1-42  Solid-Phase Synthesis

113

114

The synthesis of 1-alkenylboronic acids from 1-alkenylmagnesiums or -lithiums
suffers from difficulty in retaining the stereochemistry of 1-alkenyl halides, but the
palladium-catalyzed coupling reaction of diboron 82 with 1-alkenyl halides or tri-
flates directly provides 1-alkenylboronic esters (Scheme 1-43) [157, 158]. Although
the reaction conditions applied to the aryl coupling resulted in the formation of an
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R R? pinB-Bpin (82) R R
R3 X PdC|2(PPh3)2/2PPh3 R3 Bpin
PhOK (1.5 egs)/toluene/50 °C
X=Br, OTf
R’ R? R X yield/%
H n-CgHiy H Br 92
H Ph H Br 88
H NC(CHy); H Br 85
H H n'CaH17 Br 74
- (CH2)4 - H Br 99
- (CHp)s - H OTf 88

Scheme 1-43  Borylation of Vinyl Halides and Triflates

inseparable mixture of several products including the Heck coupling, the homocou-
pling of haloalkenes along with the desired coupling, the selective synthesis of 1-
alkenylboronates is achieved in the presence of a palladium-triphenylphosphine
complex and solid PhOK in toluene [157]. The reaction affords cyclic and acyclic
vinylboronic esters possessing various functional groups, which are not available by
conventional hydroboration of alkynes or by a transmetalation method.

1.4.2
Coupling to Allyl Halides and Acetates

Allylboron compounds are valuable reagents in organic synthesis, addition of which
to the carbon-oxygen or the carbon-nitrogen double bond diastereoselectively pro-
vides homoallylic alcohols or amines via a chair-like, six-membered cyclic transition
state. Allylboron compounds have been synthesized by the transmetalation of allyl-
lithiums or allylmagnesiums to the boron, but the palladium-catalyzed cross-cou-
pling reaction of diboron 82 with allyl acetates or chlorides regio- and stereoselective-
ly yields allylboronic esters (Scheme 1-44) [159, 160]. The reaction with allyl acetates
[159] occurs without the assistance of a base because their oxidative addition directly
yields an (acetoxo)palladium(II) species corresponding to 110, but the presence of
AcOK is critical in the coupling with allyl chlorides for producing m-allypalladium ac-
etate intermediate [160]. The coupling at the less hindered terminal carbon and the
formation of thermally stable (E)-allylboronates via the isomerization of anti-n-allyl-
palladium to the more stable syn-complex are observed for various allyl electrophiles.
Thus, the (E)- and (Z)-cinnamyl acetate, chloride, and its secondary alcohol derivative
all afford an (E)-cinnamylboronate. The borylation of prenyl acetate and chloride re-
sults in low yields, but the corresponding tertiary derivative can be used for the same
purpose because the boron atom exclusively bonds to its primary carbon.
Intramolecular addition of allylmetal reagents to carbonyl substrates is a powerful
tool for the synthesis of cyclic homoallyl alcohols with high regio- and stereoselec-
tivity, but the corresponding reaction of allylboranes has not been well developed
mainly because of the lack of a general method for the synthesis of allylboronates
having a carbonyl group. The palladium(0)-catalyzed cross-coupling reaction of di-
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R2 R2
R1\/\/X pinB-Bpin (82) R1ﬁ/l\/ Bpin
R3 For halides: Pd(dba),-2AsPhs R3
AcOK/toluene/50 °C
15 For acetates: Pd(dba),/DMSO/50 °C
R! R2 R3 X time/h  Yield/%
Ph H H Cl 10 70
Ph H H OAc 26 73
H Ph H Cl 5 71
H Ph H OAc 16 89
Me H Me Cl 5 78
Me H Me OAc 60 24
3-chlorocyclohexene 5 70
3-acetoxycyclohexene 60 4
X pinB-Bpin (82) 1 )
d R W Bpin
R R same conditions R2
116
R! R2 X time/h  yield/%
Ph H Cl 10 64
Ph H OAc 16 83
Me Me OAc 16 83

Scheme 1-44  Borylation of Allylic Halides and Acetates

boron 82 provides an efficient and convenient access to variously functionalized
allyboranes under neutral conditions (Scheme 1-45) [161]. A variety of 5-5, 6-5, and
7-5 cis-fused exomethylene cyclopentanols are synthesized from B-ketoesters (117)
via a cross-coupling/intramolecular allylboration sequence. A diastereoselective cy-
clization observed in 119 may suggest the intramolecular allylboration via a chair-
like, six-membered transition state.

The coupling with benzyl halides is carried out under conditions similar to those
used for allyl chlorides [162]. The selective coupling is achieved by an electron-rich

0 0 CO,Et
COEL  hinB-Bpin (3b) COEL  00°c S
Pd(dba)/2 AsPhs
OActoluene/50 °C Bpin
17
e} OH
COMe Me---
e 79 M
Me  Noac o COMe
119

82% CO2Et

Scheme 1-45  Intramolecular Allylboration
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ligand such as palladium(0)-tris (p-methoxyphenyl)phosphine complex. On the other
hand, the slow reaction with Pd(PPh;), resulted in a mixture of benzylboronate and
benzyl acetate.

1.5
Conclusions

The metal-catalyzed addition and coupling reaction of organoboron reagents includ-
ing H-B, B-B, Si-B, and Sn—B compounds provide expeditious access to numerous
polyfunctionalized organoboron compounds. The applications of organoboron
compounds range from asymmetric synthesis and the preparation of biologically ac-
tive molecules and new materials to combinatorial chemistry. It is hoped that fur-
ther innovative synthetic chemistry in diverse areas, stimulated by the metal-cat-
alyzed methodology, will appear in the future.

Abbreviations

cod 1,5-cyclooctadiene etpo  P(OCH2)3CCH2CH3

coe cyclooctene TTMPP tris(2,4,6-trimethoxyphenyl)phosphine,
nbd norbornadiene dppf  1,1-bis(diphenylphosphino)ferrocene
dba dibenzalacetone dppm Ph,PCH,PPh,

Cy cyclohexyl dppe  Ph,P(CH,),PPh,

Py pyridine dppp  Ph,P(CH,);PPh,

Cp n’-CsHs dppb  Ph,P(CH,),PPh,

Cp* T]S'MCSCS
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2
Metal-Catalyzed Hydroalumination Reactions

Marc Dahlmann, Mark Lautens

2.1
Introduction

The addition of aluminum hydrides to non-polar carbon-carbon multiple bonds is a
valuable route to organoaluminum compounds (hydroalumination) [1-3]. During the
course of the reaction a new Al-C and C-H bond is formed at the expense of an Al-H
and a C-C n-bond, making this process favorable from a thermodynamic point of
view. In fact, many hydroalumination reactions occur at elevated temperature without
the necessity of a catalyst. However, the use of specific catalyst systems leads to a pro-
nounced enhancement of the reaction rate and allows the catalyzed hydroalumination
reaction to proceed under much milder conditions than those necessary for the un-
catalyzed processes [4, 5]. In some cases, hydroalumination only occurs in the pres-
ence of a catalyst. In addition, hydroaluminations of unsymmetrically substituted
alkenes and alkynes can exhibit an altered regioselectivity if a transition metal catalyst
is present. Tuning of the steric and electronic properties of the transition metal cata-
lyst by choosing appropriate ligands can also have a direct influence on the regio- and
stereochemistry of hydroalumination. The use of optically active ligands opens the
way for a direct control of the configuration of newly formed stereogenic centers.

In contrast to the related organoboranes, which are mostly used in the addition to
non-polar carbon-carbon multiple bonds, aluminum hydrides have found their
widest use in organic synthesis in the addition reaction to polar carbon-carbon and
carbon-heteroatom multiple bonds including carbonyl, nitrile and imino groups as
well as their o,B-unsaturated analogs. Although these reduction reactions are also
sometimes referred as hydroalumination reactions in the literature, they are outside
the scope of this review.

2.2
Organoaluminum Compounds as Intermediates in Organic Synthesis

Because of the polarity of the carbon-aluminum bond, organoaluminum com-
pounds are valuable intermediates in organic synthesis, which exhibit higher reac-
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tivity than the organometallic products of more common hydrometallation reac-
tions, especially organoboron, tin and silicon compounds. The Al-C bond can be
cleaved by a number of electrophilic reagents [1, 6]. For example, protonolysis leads
to the hydrocarbons [7a], deuterolysis to the respective deuterated analogs. Halo-
genation with Br, or 12 yields halogenated compounds [7b], oxidation with O, gives
alcohols [7¢], and reaction with SO, and SO; leads to sulfenic and sulfonic acids, re-
spectively [7d]. Carbon-carbon bond formation can be achieved by carbonation [7e]
or alkylation with reactive alkyl halides [7f], epoxides [7g] and carbonyl compounds
[7h]. The reactivity profile of the organoaluminum compounds can further be al-
tered by transmetallation reactions to various main group and transition metals [7i].
In general, Al-C bonds on sp” centers are much more reactive in these reactions
than those on sp® carbons.

23
Survey of Catalyst Systems and Catalysis Mechanism

2.3.1
General Considerations

Three general classes of aluminum hydride sources have found application for the
hydroalumination of unsaturated carbon-carbon bonds: (1) complex aluminates,
MAIR,,H,, (2) neutral hydridoalanes, R;,AlH,, and (3) neutral alanes, which do not
contain an Al-H bond but instead bear an alkyl group with one or more B-hydro-
gens. The most commonly used representatives of each class are LiAlH,, 'Bu,AlH
and 'Bu;Al, which are all commercially available. Transition metal catalyst systems
exist for each aluminum hydride source, making the choice of a specific aluminum
reagent/catalyst system largely dependent on the compatibility of the functional
groups present in the substrate with the aluminum compound. Special applications
have been developed for some reagent systems.

In order to get reliable information about the yield of organoaluminum com-
pounds formed in a transition metal-catalyzed hydroalumination reaction it is es-
sential to derivatize the organometallic products by quenching the reaction mixture
with electrophiles like D,0, O, or halogens. It is often observed that hydrogenation

|-X+||
H M ~—— H [A] > H X
J (X = D, OH, halogen)
S SolvH H/—\H
H

Scheme 2-1
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of the carbon-carbon m-bond is a significant side reaction. The hydrogenated by-
products are formed by homolysis of the aluminum-carbon or transition
metal(TM)-carbon bond and subsequent abstraction of a hydrogen radical from a
solvent molecule (Scheme 2-1) [8, 9]. Stabilization of the transition metal by a suit-
able ligand leads to a more stable metal-carbon bond and thus to higher yields of
organoaluminum compounds [8]. Since organoalanes are stable towards homolysis
of the Al-C bond at the low temperatures usually required, cleavage of this bond is
likely to be catalyzed by the transition metal complex.

232
Uranium Catalysts

The reduction of terminal and internal cis-alkenes with LiAlH, in the presence of
catalytic amounts of UCl; or UCI4 has been reported by Folcher [10, 11]. Linear 1-
alkenes are reduced to the respective alkanes in quantitative yields by reacting with
LiAIH, and 1 mol% of UCl, and subsequent hydrolysis. Workup of the reaction mix-
tures with D,0, I, or formaldehyde indicated the formation of aluminum alkyls as
the primary products. The catalytically active species in these reactions was spectro-
scopically identified as a U(III) compound, which is generated in situ by reduction
of UCl, by LiAlH,. Further investigations imply that a uranium aluminohydride
such as U(AlH,); is formed. Although detailed mechanistic studies were not per-
formed it is believed that coordination of the alkene to the uranium center in the
bimetallic active species facilitates the insertion into the aluminum hydride bond.

233
Titanium and Zirconium Catalysts

Early attempts by Asinger to enlarge the scope of hydroalumination by the use of
transition metal catalysts included the conversion of mixtures of isomeric linear
alkenes into linear alcohols by hydroalumination with ‘Bu,Al or ‘Bu,AlH at temper-
atures as high as 110°C and subsequent oxidation of the formed organoaluminum
compounds [12]. Simple transition metal salts were used as catalysts, including tita-
nium(IV) and zirconium(IV) chlorides and oxochlorides. The role of the transition
metal in these reactions is likely limited to the isomerization of internal alkenes to
terminal ones since no catalyst is required for the hydroalumination of a terminal
alkene under these reaction conditions.

In 1976, Sato reported the hydroalumination of terminal alkenes with LiAlH, in
the presence of ZrCl, [13]. For example, 1-hexene was quantitatively converted into
n-hexane at room temperature after hydrolytic workup, whereas no reaction oc-
curred in the absence of a catalyst. Halogenation of the reaction mixtures indicated
that these reactions in fact proceed through organoaluminum intermediates. Later,
TiCl, was found to be an even more active catalyst [14, 15].

The hydroalumination of terminal alkenes by LiAlH, catalyzed by titanocene and
zirconocene dichloride, Cp,TiCl, and Cp,ZrCl,, respectively, has been reported by
Isagawa [16] and Sato [14]. Again, the titanium compound proved to be more active
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A, 2000 psi

Al + Hy, + 2R,NH
benzene

HAI(NR,), + 3/2 H,

Scheme 2-2

than its zirconium counterpart. A trimetallic complex Cp,Ti(AlH;), was suggested
to be the catalytically active species [17].

Group 4 metallocene dichlorides also catalyze the hydroalumination of olefins
with neutral alanes as aluminum hydride sources. Ashby studied the reactivity of
various alanes of the general formula R,AlH towards the hydroalumination of
alkenes using Cp,TiCl, as a catalyst [18, 19]. While dialkoxyalanes (R = O'Bu, O'Pr,
OMe) exhibited poor reactivity in the hydroalumination of 1-octene, dichloroalane
(R = Cl) proved to be much more reactive. The highest yields were obtained using
diamidoalanes, with reactivities increasing in the order R = NEt, = NiPr, <
N(SiMe;),. The latter alanes can be manufactured by reaction of the corresponding
amines with hydrogen and aluminum (Scheme 2-2) [20].

In the course of studies on the zirconocene dichloride-catalyzed carboalumination
of alkenes and alkynes, Negishi and coworkers noticed that the desired reaction was
accompanied by significant amounts of hydroalumination if a trialkylalane R;Al was
used in which the R groups contain sp’ bound B-hydrogen atoms [21]. The latter reac-
tion occured exclusively when iBu3Al was used as the aluminum source. Thus, reac-
tion of 1-octene with 2 equiv. of ‘BusAl and 10 mol% of Cp,ZrCl, in 1,2-dichloroethane
for 6 h at 0°C gave, after protonolysis of the reaction mixture, octane in quantitative
yield. The authors note that no reaction occurs under identical conditions if Cp,ZrCl,
is omitted. The use of ‘Bu,AlH as the reducing agent also did not yield any detectable
amount of the alkane. It was therefore concluded that ‘Bu,AlH is not an intermediate
in the catalytic hydroalumination reaction. 'H NMR spectroscopic analysis of the re-
action mixture, however, showed the intermediacy of Cp,Zr(Cl)n-octyl. A mechanistic
proposal was derived in which Cp,ZrCl, is alkylated by ‘Bus;Al, followed by B—hydro-
gen elimination to form the zirconocene hydridochloride Cp,Zr(H)Cl (Scheme 2-3),
which in turn is known to be able to hydrozirconate alkenes and alkynes [22]. Subse-
quent transmetallation releases the organoalane and regenerates Cp,ZrCl,.

TiCl, and ZrCl, were found to be less effective catalysts than Cp,ZrCl,, and
Cp,TiCl, shows no catalytic activity under similar conditions [23]. However, the hy-

R
-~/ < Cp,ZrCl, 'BugAl
Bu,'Al H >(
R ‘Bu,AICI
H CpoZr
Cl

CpoZr
Cl

R_,///)\\\\\\\_ /H ::K<
=/ CpoZr,

Cl
Scheme 2-3
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droalumination of terminal alkenes with Et;Al was reported to be efficiently cat-
alyzed by Cp,TiCl, at 30-35°C when the reaction is carried out in a hydrocarbon
medium like hexane, cyclohexane, benzene or toluene [24].

234
Nickel Catalysts

In 1954, Ziegler and coworkers observed that the course of the reaction of ethene
with trialkylalanes was drastically altered by the presence of traces of nickel salts
[25]. Instead of low molecular weight polyethylene, the only product was 1-butene.
Obviously, the transition metal strongly supports the displacement reaction of the
alkyl group bonded to the aluminum by ethylene, a reaction which can be formally
described as transfer of a hydridoalane.

In 1968, Eisch and Foxton showed that nickel(II) salts enhance the rate of ‘Bu,AIH
addition to internal alkynes by a factor of ca. 1000 compared to the process in the ab-
sence of a catalyst [26]. Similar catalytic activity of nickel compounds was found for
the addition of aluminum hydrides to alkenes.

The mechanism of catalysis by nickel compounds has been a matter of debate for
many years and is to date still not clearly understood. While Ziegler originally as-
cribed the catalytic activity to colloidal dispersed elemental nickel [27], studies by
Giacomelli and Pino led to the conclusion that the active species is a nickel(II) com-
plex which serves to activate the alkene for the AlI-H addition [28]. Eisch and Foxton
suggested that nickel hydride species like R-Ni—-H or R,Al-Ni-H play a key role in
the catalytic reaction [26]. Based on extensive investigations into the chemistry of
well-defined nickel(0) complexes, Wilke and coworkers suggested that the catalyti-
cally active species contains nickel in an oxidation state of 0 [29, 30]. Furthermore,
they could show that nickel(II) salts are rapidly reduced to elemental nickel or nick-
el(0) complexes by aluminum alkyls, thereby disproving the mechanistic proposal
by Pino. Wilke precluded the participation of nickel(II) species, claiming that com-
pounds like H-Ni—X will rapidly undergo reductive elimination to form nickel(0).
Studies on the reactions of tris(alkene)nickel(0) complexes with aluminum alkyls
led to the following observations:

(i) Tris(ethylene)nickel seems to form an adduct with Et;Al which leads to a signif-
icant stabilization of the nickel complex. Moreover, if perdeuterated ethylene is
used as a ligand for nickel, its exchange with the aluminum alkyl groups can be
observed by the formation of deuterated Et;Al.

(i) While norbornene does not undergo any reaction with "Bus;Al, a catalytic
amount of tris(norbornene)nickel leads to a rapid hydroalumination of the C=C
bond. The aluminum is added to the exo-face of the norbornene, which is also
occupied by the nickel in tris(norbornene)nickel as confirmed by X-ray crystal-
lography.

Based on these observations the authors propose the following mechanism for
the nickel-catalyzed hydroalumination (Scheme 2-4): During the catalysis process
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BubAl
v\ i
) Ni© BAN: Bu\Al H
Z R+ BusAl —NiH o+ )\
\> ‘—\/f,/ R =
R
Scheme 2-4

nickel rests in an oxidation state of 0. If nickel(II) salts are used for the reaction they
are reduced to nickel(0) by the trialkylaluminum compound.

Nickel(0) reacts with the olefin to form a nickel(0)-olefin complex, which can also
coordinate the alkyl aluminum compound via a multicenter bond between the nickel,
the aluminum and the o carbon atom of the trialkylaluminum. In a concerted reac-
tion the aluminum and the hydride are transferred to the olefin. In this mechanistic
hypothesis the nickel thus mostly serves as a template to bring the olefin and the alu-
minum compound into close proximity. No free Al-H or Ni-H species is ever formed
in the course of the reaction. The adduct of an amine-stabilized dimethylaluminum
hydride and (cyclododecatriene)nickel, whose structure was determined by X-ray crys-
tallography, was considered to serve as a model for this type of mechanism since it
shows the hydride bridging the aluminum and alkene-coordinated nickel center [31].

Eisch proposed a modified version of this mechanistic interpretation [32]. In a se-
ries of experiments it was found that the regiochemistry of Al-H addition to un-
symmetrical alkenes and alkynes differs significantly according to whether the hy-
droalumination is carried out in the absence or in the presence of a nickel catalyst
(Scheme 2-5). Thus, the reaction of 1,1-dimethylindene (1a) with ‘Bu,AlH gave ex-
clusively 2, the product of an aluminum addition in the position distal to the methyl
substituents, as confirmed by deuterolysis of the intermediate organoaluminum in-
termediate. In contrast, in the presence of Ni(acac), as a catalyst precursor, hydroa-
lumination of 1,1-dimethylindene-2-d, (1b) yielded a product mixture consisting of
65% of trans-1,1-dimethylindane-2,3-d, (3), 26% of 1,1-dimethylindane-2,2-d, (4)
and 9% 1,1-dimethylindane-2-d, (5).

1. ‘Bu,AlH -
T BuAR
/2.020
. <
1b(R=D) 1. 'Bu,AlH, /

cat. Ni(acac), ) 4
3
2.D,0 (65 %) (26 %)
Jges
5
(9%)

Scheme 2-5
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These results confirm that the nickel-catalyzed hydroalumination occurs via a syn
addition of Al-H to the carbon-carbon double bond in analogy to the thermal process
[1]. However, in the presence of nickel both 3 and 4 are produced. Similar results were
obtained in the hydroalumination of 1-phenylpropyne. These observations led the au-
thors to the conclusion that the active hydrometallating agent in the nickel-catalyzed
reactions must possess polar and steric requirements very different from those exhib-
ited by di- or trialkyl alanes. Based on the analogy between nickel-catalyzed hydroalu-
mination and hydrogen transfer of dihydroaromatic compounds, a mechanism was
suggested in which an aluminum nickel hydride complex 6 is the key intermediate.
Hydride 6 can either be generated by the oxidative addition of a dialkyl aluminum hy-
dride at the nickel(0) catalyst (path a in Scheme 2-6) or by oxidative addition of a tri-
alkyl aluminum reagent with subsequent -hydride elimination (path b). Coordina-
tion of the alkene and subsequent insertion into the Ni-H bond leads to the alkyl
nickel complex 7, which can undergo reductive elimination to release the organoalu-
minum compound 8 and regenerate the nickel(0) catalyst species.

The formation of R,Al-Ni-H as the active hydrometallating agent may account
for the lower degree of regioselectivity in the catalyzed hydroalumination compared
to the thermal process. The lower polarity of the Ni-H bond compared to the Al-H
bond as well as the lower steric congestion of the aluminum-nickel fragment com-
pared to the bulky dialkylaluminum moiety may explain the regiochemical out-
come. Increasing the steric bulk of the nickel center by coordination of PPh; results
in a drastic increase of the regioselectivity [33].

More recent studies by Eisch and Wilke support this mechanistic proposal [34]. The
interaction of nickel(0) complexes with ‘Bu;Al and ‘Bu,AlH was studied by NMR spec-
troscopy as was the reactivity of the resulting complexes. The most direct evidence for
an oxidative insertion of Ni(0) into an Al-H bond was provided by the "H NMR spec-
trum of the product of the reaction of ‘Bu,AIH with Ni(PEts),, which exhibits a signal
at—12.33 ppm, i.e. in a region typical for Ni-H signals. Less unequivocal 'H and 13C
NMR spectroscopic evidence was found for the insertion of Ni(0) into the Al-C bond
of ‘BusAl, resulting in only small shifts of the resonances of the ‘Bu groups.

53
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235
Other Transition Metal Catalysts

Extensive studies of the application of first row transition metal chlorides as cata-
lysts for the hydroalumination of carbon-carbon multiple bonds using different alu-
minum hydride sources were carried out by Ashby and coworkers [35-37]. Reduc-
tion of terminal alkenes with LiAlH, was found to be efficiently catalyzed by CoCl,
and NiCl, to yield the respective alkanes in high yields upon aqueous workup [35,
36]. However, deuterolytic workup led to only <50% deuterium incorporation, indi-
cating that the organoaluminum intermediates undergo C-Al to C-H reactions.
Similar results were obtained using alkynes as substrates. Reduction of 1-octene
and cis-2-hexene by (Pr,N),AlH is also efficiently catalyzed by CoCl, and NiCl,,
Ni(acac), as well as various nickel phosphine complexes, but again poor deuterium
incorporation (<10%) was observed upon D,0 workup [37].

Hydrogen transfer hydroalumination of terminal alkenes using ‘Bu;Al was
achieved using various late transition metal catalysts containing cobalt, rhodium,
nickel, palladium, and platinum, as recently published by Negishi and coworkers
[38]. Among the different complexes tested, (PPh;),PdCl, proved to be the most effi-
cient catalyst (see Table 2-1). Significantly lower yields of the hydroalumination
product were obtained using ‘BusAl in the presence of preformed Pd(0) complexes
such as (PPh;),Pd as catalysts or using the (PPh;),PdCl, catalyst system and alu-
minum hydride sources such as ‘Bu,AlH or LiAlH,, which are capable of reducing
Pd(II) complexes to Pd(0) complexes. These findings indicate that the active species
contains Pd(II) rather than Pd(0). The presence of chlorine ligands seems to be cru-
cial for the catalytic activity, as shown by the failure of Pd(OAc), to act as a catalyst.
The authors speculate that bimetallic activation involving Al-Cl-Pd bonds plays an
important role in the catalytic cycle.

(n*-Cyclooctenyl) (cyclooctadiene)cobalt was also reported to catalyze the hydroalu-
mination of terminal alkenes by ‘BusAl [30]. It should be noted that organoboranes
catalyze the addition of CLLAIH to alkenes [39-41] and allenes [42, 43].

Catalyst Yield 1-iododecane

(PPh;),PdCl, 90%

Li,PdCl, 78-86%

K,PtCl, 86%

(PPh,),NiCl, 65%

(PPh;);CoCl 76%

(PPh;);RhCl 79%

(PPh;),Pd 25%

Pd(OAc), no reaction

a) Conditions: 1.1 equivalents of Tab. 2-1 Hydroalumination-iodinolysis of 1-decene
'BusAl 2.5-5 mol-% catalyst, with ‘Bus;Al in the presence of late transition metal

CH,Cl,, 25°C compexes”
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24
Hydroalumination of Functional Groups

2.4.1
Alkenes

The reactivity of carbon-carbon double bonds towards hydroalumination catalyzed
by transition metal compounds largely depends on steric factors. In general, termi-
nal monosubstituted bonds tend to be the most reactive and thus can be hydroalu-
minated under very mild conditions (0°C to room temperature). Substituents in the
2-position of a terminal alkene significantly diminish the rate of hydroalumination.
Internal disubstituted double bonds also require higher reaction temperatures and
prolonged reaction times. Cis-alkenes react faster than their trans-substituted coun-
terparts. If the 1,2-disubstituted alkene is part of a strained ring system, as in nor-
bornene or norbornadiene, milder conditions can be applied. Trisubstituted double
bonds usually give the respective organoaluminum intermediates only in moderate
to poor yields; tetrasubstituted alkenes are essentially unreactive.

Using these differences in reactivity it is often possible to selectively hydroalumi-
nate one of several double bonds present in a substrate. Some representative exam-
ples are given in Scheme 2-7 [14, 44, 45]. A high degree of selectivity in the final ex-
ample is obtained by attaching a bulky ‘Bu,Al group to the alcohol functionality and
thereby deactivating the terminal allylic C=C bond.

1. LiAlH4 (0.3 equiv.),
TiCly (1 mol-%),

m THF, r.t,, 12 h ©/\
2. H,0
97 %
1. LiAlH, (0.33 equiv.),
‘ o Yo TiCly (5 mol-%), \ o Yo
_J THF, rt. /
2.1
X 2 !
60 %
1. LiAIH,4 (0.3 equiv.),
TiCl, (1 mol-%),
/w THF. r.t, 12 h /LM
-
Z 2. NBS Br
71%
OH
Wv/ 86 %
‘ 1. LiAlH, (0.33 equiv.),
OAIBu, TiCls (5 mol-%), * OH
W THF. rt, 12 h PR
2. H,0
* OH

Scheme 2-7



56 | 2 Metal-Catalyzed Hydroalumination Reactions

1. LiAIH4 (0.25 equiv.) Br
TiCl, (2 mol-%) W
2. Br Z
_ 48 %
NN\
Z 1. LiAlH4 (0.5 equiv.) Br
TiCl, (4 mol-%) w
2. Br,
Br
80 %
Scheme 2-8

LiAlH, is one of the most commonly used hydroalumination reagents for the re-
action of terminal alkenes in the presence of TiCl,, ZrCl,, Cp,TiCl, or Cp,ZrCl, as
catalysts (Scheme 2-8) [13-16]. The reactions proceed smoothly at room tempera-
ture in etheral solvents. Titanium catalysts exhibit slightly higher activities than
their zirconium counterparts. However, the latter were found to be better suited for
allylic ethers as substrates [46]. Terminal alkenes with substituents in the 2-position
react somewhat more slowly, internal alkenes require long reaction times to form,
under isomerization, n-alkylaluminum intermediates [15]. o,w-Dienes were report-
ed to be selectively mono- or dihydroaluminated by reacting with '/4 and '/2 molar
equiv. of LiAlH,, respectively. The first transformation is of particular interest since
cyclization occurs with other reagent systems [47].

The use of LiAlH, has several advantages over other hydroalumination reagents
such as dialkylalanes or trialkylalanes. Because one mol of LiAlH, can react with up
to four equivalents of the alkene, the yield of products per mol of aluminum is usu-
ally high. In addition, the alkylalanate complexes formed contain no other organic
ligand which might complicate further transformations and workup procedures, as
is observed in some cases where the above-mentioned aluminum sources are used
[1]. A number of transformations for the intermediate lithium alkylalanates have
been developed, allowing simple, selective one-pot functionalizations at terminal
C=C bonds (Scheme 2-9) [48-54].

X\/\
R
ACO\/\R
CuX Pb(OAc),
(X=Cl, Br)
/\/X
WR

cat. CuCl
LiAH /
A R e LH,A (X=Cl,Br,1)
cat. TiCly A

H,C=C=CHBr R
Q 2 at. cucl W
\/KR, o

"
RCX Cu(OA
Cu(OAc), cat. CuCl H(OASk:

(0]
M Q R\/\/\R
R R'
NN

Scheme 2-9
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Lithium tetraalkylalanates obtained by TiCl,-catalyzed hydroalumination of termi-
nal olefins with LiAlH, were stereospecifically added to the keto group of phenylgly-
oxylic acid (-)-menthyl ester yielding o-substituted mandelic acid esters in diasteri-
omeric excesses of 70% [55]. Cp,TiCl,-catalyzed hydroalumination of terminal C=C
bonds with LiAlH, and subsequent reaction of the lithium tetraalkylalanates with
optically active 1-benzyloxy-2,2,2-trifluoroethyl tosylate results in the nucleophilic
displacement of the tosylate with inversion of configuration and 80-100% chirality
transfer [56].

Other complex aluminum hydrides such as NaAlH,, LiAlMe;H, NaAlMe;H,
NaAl(OCH,CH,0CH;),H, (vitride), LiAlH,(NR,), and NaAlH,(NR,), were also ap-
plied in a similar way as hydroaluminating reagents [57].

Bis(diamino)alanes (R,N),AlH were used for the hydroalumination of terminal
and internal alkenes [18, 19]. TiCl, and Cp,TiCl, are suitable catalysts for these reac-
tions, whereas Cp,ZrCl, exhibits low catalytic activity. The hydroaluminations are
carried out in benzene or THF solution at elevated temperatures (60°C). Internal lin-
ear cis- and trans-alkenes are converted into n-alkylalanes via an isomerization
process. Cycloalkenes give only moderate yields; tri- and tetrasubstituted double
bonds are inert. Hydroalumination of conjugated dienes like butadiene and 1,3-hexa-
diene proceeds with only poor selectivity. The structure of the hydroalumination
product of 1,5-hexadiene depends on the solvent used. While in benzene cyclization
is observed, the reaction carried out in THF yields linear products (Scheme 2-10).

The addition of dialkylaluminum hydrides R,AlH and trialkylalanes R;Al, in
which the group R bears a hydrogen in the B-position to the aluminum, to alkenes
can be catalyzed by zirconium compounds such as ZrCl,, chlorozirconium alkox-
ides and Cp,ZrCl,. ‘Bu,AlH reacts with terminal monosubstituted double bonds and
norbornene at 20°C in the presence of ZrCl, [58]. Terminal alkenes with sub-
stituents in the 2-position require higher reaction temperatures (60°C). For cy-
cloalkenes, chlorozirconium alkoxides, which can be generated by reaction of ZrCl,
with an alcohol, tend to be the best catalysts [59]. The reaction rate depends on the
ring size and decreases in the order: Cs > C4 > C; > Cy, > Cs. "‘Bu,AlH adds to nor-
bornene at temperatures as low as 0°C, while trisubstituted double bonds like that
in 1-methylcyclohexene do not react.

‘Bu,Al is capable of hydroaluminating terminal alkenes, internal alkenes and cy-
cloalkenes at 0°C in the presence of 10 mol% of Cp,ZrCl, in 1,2-dichloroethane [21].
Quenching the reaction mixture with D,0, I, or O, revealed that formation of
organoaluminum intermediates had occured in high yield. The reaction of cy-
cloalkenes and internal alkenes requires prolonged reaction times, but no informa-

THF
NN+ M
P 1. cat. ‘szﬁTiCIz 80 % 10 %
2 (PNRAH + NN rt,
(PraN), = 2. 1,0
benzene Q/

Scheme 2-10
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EtsAl Et;Al
AIEt, 3 3 { ;
R il RN [z Al

|
Et

Scheme 2-11

tion concerning the isomerization to yield n-alkylaluminum intermediates has been
published in the latter case. Under the mild reaction conditions, functional groups
such as SPh, OH and Br are tolerated. For example, allyl phenyl sulfide was con-
verted to a 97:3 mixture of 3- and 2-deutero-n-propyl phenyl sulfide in 77% com-
bined yield via hydroalumination-deuterolysis, the amount of benzenethiol formed
via cleavage of the C-S bond being only 12%. In contrast, application of the
LiAIH,/TiCl, reagent system led to extensive C-S cleavage (53%) and a low yield
(17%) of the desired sulfide.

Hydroalumination of terminal alkenes using Et;Al as the hydride source must be
carried out with titanium catalysts [24], since zirconium compounds lead to the for-
mation of alumacyclopentanes [60, 61] (Scheme 2-11) and carbometallated products
[62]. Suitable substrates for hydroalumination include styrene, allylnaphthalene and
vinylsilanes. Only one of the ethyl groups in Et;Al takes part in these reactions, allow-
ing the synthesis of diethylalkylalanes, which are difficult to obtain by other methods.

The hydroalumination of alkenes with ‘Bu,AICl catalyzed by Cp,ZrCl, produces
higher dialkylaluminum chlorides, which cannot be prepared by non-catalytic hy-
droalumination (Scheme 2-12) [63—65]. Terminal alkenes, internal linear alkenes
and cycloalkenes can serve as substrates at reaction temperatures increasing in this
order. 1,5-Dienes react to give cyclized products.

The hydroalumination of terminal alkenes and dienes using ‘Bu;Al as aluminum
source can also be catalyzed by late transition metal complexes such as (PPh;),PdCl,
[38]. The reactions are carried out at room temperature, the use of dichloromethane
as a solvent is crucial because it probably regenerates the catalytically active Pd(II)
species by reoxidizing Pd(0) complexes formed in side reactions. Internal C=C
bonds are not hydroaluminated under these conditions. Functional groups such as
Cl, Br, and PhS in a position remote to the terminal C=C bond are tolerated, howev-
er, certain substrates such as 4-bromo-1-butene, 11-iodo-1-undecene, allyl phenyl
ether, allyl benzyl ether, and (3E)-1,3-decadiene did not provide the desired hydroa-

. 1.0
R 'Bu,AICI, R ABAICI 2 K0 R —OAc
cat. Cp,ZrCl, 3. Ac,O
—_— —_—
M 40°C, 2h

R R R
R =H, Me 95-98 %

'Bu,AICI, SAICI
(:@ cat. CpZZrCIz
= 40 C, 2h

94 %
Scheme 2-12
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1.1BuzAl (1.1 equiv)

OH
__ (PPhgPdCl, (25mol%) /= OH
T CH,CI,, 25°%C (HzC)n (CHy) / —
(H0)n TR 0+
\—— 2.0, NaOH —/ OH =\ (HzC)n
e OH on "
A B c D
Entry n of diene  Unreacted Product yield /%

diene/% A B C D

1 3 0 32 12 10 22

2 4 0 20 23 14 21

3 5 0 12 24 14 25 .

4 6 0 1n 24 16 27 Tab. 2-2 . Hydro:alu[mmahon
5 10 0 0 2% 19 54 of o, w-dienes with 'BusAl cat-

alyzed by (PPh;),PdCl,

lumination product. While one equivalent of ‘Bu;Al per terminal C=C bond is con-
sumed in the case of mono-olefins, both C=C bonds in o, 0-dienes can undergo hy-
droalumination under the same reaction conditions. While 1,5-hexadiene under-
goes a hydrometallation-cyclic carbometallation process to form a cyclopentyl-
carbinylalane, longer a,w-dienes yield a mixture of mono- and dihydroaluminated
product A and C, respectively, along with double bond-migrated internal alkene B
and saturated alcohol D (Table 2-2). The product ratio highly depends on the chain
length of the a,m-diene. No cyclic carbometallation is observed in these cases.

Nickel catalysts promote the hydroalumination of alkenes using trialkylalanes
R;Al and dialkylalanes such as ‘Bu,AlH as the aluminum hydride sources [9, 29, 30,
33]. However, exhaustive studies of the range of substrates capable of hydroalumi-
nation with these reagents has not been carried out. Linear terminal alkenes like 1-
octene react quantitatively with ‘BusAl at 0°C within 1-2 h in the presence of catalyt-
ic amounts of Ni(COD), [30]. Internal double bonds are inert under these condi-
tions, whereas with 1,5-hexadiene cyclization occurs.

1,1-Dimethylindene derivatives were hydroaluminated with ‘Bu,AlH using
Ni(acac), as the nickel(0) precursor (Scheme 2-13) [9]. Hydroalumination of the
trisubstituted double bond in 9 was also achieved, although more forcing conditions

1. 'Bu,AlH,
Ni(acac), (5 mol-%),
90°C, 96 h

2.D,0

v

Ph _
9 1. 'Bu,AlH,
65°C, 144 h

2.H,0

30 %

> no reaction

Scheme 2-13
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O’ 1. Bu,AlH
S + D
2.D,0
D
1a 13a 13b

10 mol-% Ni(acac), 4 : 1

10 mol-% Ni(acac),
10 mol-% PPh3

Scheme 2-14

99 : 1

were required. However, deuterolytic quenching of the reaction mixture revealed the
presence of 12 as a major by-product, suggesting that the C-Al bond underwent a hy-
drogen atom abstraction. In the absence of a nickel catalyst no reaction occurred.

An advantage of nickel catalysts over other metal systems is that the properties of
the active species can easily be tuned by the addition of suitable ligands. For exam-
ple, the presence of PPh; was shown to have a direct influence on the regiochem-
istry of hydroalumination of 1,1-dimethylindene 1a [33]. While the reaction of
BwAIH with 1a gave a 4:1 mixture of regioisomeric products 13a/13b after
deuterolytic workup, the same reaction carried out in the presence of PPh; yielded
13a and 13b in a ratio of >99:1 (Scheme 2-14).

Nickel-catalyzed hydroalumination has found some specific applications in or-
ganic synthesis (see below).

2.4.1.1 Applications in Organic Synthesis

Reductive ring-opening reactions A very useful application of a transition metal-cat-
alyzed hydroalumination process was developed by Lautens and coworkers for the
synthesis of cyclohexenols and cycloheptenols bearing multiple stereogenic centers.
Rigid oxabicyclo[3.2.1] and -[2.2.1] templates, which can be synthesized and modi-
fied by a number of highly stereoselective reactions [66], undergo a formal Sy2’ dis-
placement of the bridging oxygen atom by a hydride equivalent (Scheme 2-15). Di-
isobutylaluminum hydride was found to be the best hydrometallating agent for this
transformation [67, 68]. Thus, treatment of 14 with ‘Bu,AlH in refluxing hexanes af-
forded the ring-opened product 16 in 50% yield.

The reaction may proceed via the hydroalumination of the olefin moiety to give 15,
which can undergo B-alkoxy elimination to yield, upon workup, the alcohol 16. How-

o \Q _OBn {_OBn
OBn RLAl OBn
OH OH
14 15 16 17

7.0 equiv. iBuzAIH, hexanes, reflux, 6.5 h: 50 % 27 %
1.1 equiv. iBuzAIH, 10 mol-% Ni(COD),,
toluene, r.t., 30 min., then 'Bu,AICI, reflux, 2 h: 76 % <5%

Scheme 2-15
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Tab.2-3 Reductive ring opening of unsymmetric oxabicyclic substrates®

Entry Substrate Products Yields (ratio a : b)
X
Y, v, = X
Oﬁ X ~OR HO = WOR
Y S
/ XOR "X Q"ux
OH
1 18, X=Y=Me, R=H" 19a 19b 75% (1:1.3)
2 189 19a 19b 85% (9.5:1)
3 18 19a 19b 75% (98:2)
4 18 19a 19b 82% (300:1)
5 20, X=Y=R=Me 21a 21b 80% (380:1)
6 22, X=Y=Me, R=TBDMS 23a 23b 76% (>49:1)
7 24, X=R=H, Y=Me 25a 25b 72% (167:1)
8 26, X=Me, Y=Ph, R=H 27a 27b 93% (>49:1)
9 28, X=Me, Y=TMS, R=H 29a 29b no reaction
10 30, X=Me, Y='"Bu, R=H 31a 31b no reaction
OH
Q OMe
é&\ OMe OMe
OMe OMe s
OMe < OH
11 32 33a 33D 78% (39:1)

a) Reaction conditions unless otherwise stated: 10 mol-% Ni(COD),,
20 mol-% dppd, 1.2 — 3.0 equiv. od 'Bu,AlH

b) ‘Bu,AlH

¢) 'Bw,AlH + Ni(COD),

d) 'Bu2AlH + Ni(COD), + PPh; (4.0 equiv.)

ever, overreduction of 16 leading to 17 was observed to a significant extent. This side
reaction could be suppressed by the use of Ni(COD), as a catalyst [69]. The hydroa-
lumination of 14 can be performed under much milder conditions and the subse-
quent alkoxy elimination step is facilitated by the addition of a Lewis acid (Scheme
2-15). Cycloheptenol 16 is obtained in 76% yield, along with traces of 17 (<5%).

The addition of phosphine ligands has a large influence on the regiochemistry in
the ring-opening reaction of unsymmetrical oxabicyclic substrates bearing sub-
stituents at the bridgehead positions. While the uncatalyzed reaction of oxabicyclic
alcohol 18 with ‘Bu,AlH yielded a product mixture with a slight preference for the
tertiary alcohol 19b, in the presence of Ni(COD), the primary alcohol 19a was the
main product of the reaction (see Table 2-3). The regioselectivity favouring 19a was
further increased by the addition of PPh; as a ligand for the catalytically active Ni
species. The highest regioselectivity (19a/19b 250:1) and yield (82%) was achieved
using bis(diphenylphosphino)butane (dppb). To date, dppb is the most effective lig-
and in regioselective ring opening of unsymmetrical oxabicyclic compounds.

The presence of a free hydroxyl group is not a requirement for high selectivity, as
demonstrated by the reductive ring opening reaction of the methyl and TBDMS
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(TBDMS = tert-butyldimethylsilyl) ether 20 and 22, respectively. The reactivity of the
oxabicyclic substrates is determined by the size of the bridgehead substituent:
While the phenyl-substituted compound 26 undergoes a highly regioselective cat-
alytic ring-opening reaction, the trimethylsilyl and tert-butyl-substituted oxabicycles
28 and 30, repectively, did not react under the chosen reaction conditions. Oxabi-
cyclic [2.2.1] substrates also undergo reductive ring opening to yield trisubstituted
cyclohexenols in high yields and stereoselectivities.

Nickel-catalyzed allyl ether cleavage A convenient method for the cleavage of allyl
ethers was developed by Ogasawara [70]. Treatment of various allyl ethers with
BwAIH or NaBH, in the presence of 1 mol% NiCl,(dppp) [dppp =
bis(diphenylphosphino)propane] in an aprotic solvent led to the clean deallylation
and formation of the corresponding alcohols in high yields after aqueous workup.
No deallylation occurred in the absence of the nickel catalyst. The reaction can be
applied to aromatic, benzylic, primary, secondary, and tertiary alcohols. Ester and
non-allylic ether functionalities are stable (see Table 2-4). The reaction proceeds pre-
sumably through a nickel-catalyzed hydroalumination of the allylic C=C bond yield-
ing 36, followed by B-alkoxy elimination and release of propene. The oxygen is prob-
ably responsible for directing the regioselectivity of the addition. This method might
be a valuable extension of the methods for the selective removal of the allyl protec-
tive group for alcohols in organic synthesis (Scheme 2-16) [71].

1.5 equiv. 'Bu,AlH
1 mol-% [NiCly(dppp)]

RO~ - » ROH + A\
aprotic solvent
34 0°Ctort. 35
/"ANBu3
R%&VH 36
Scheme 2-16
Entry  Substrate R Product Yield /%
1 34a 4-MeOC¢H, 35a 90
2 34b PhCH,CH, 35b 85
3 34c (L)-menthyl 35c 97
4 34d l-adamantyl 35d 80
5 34e ‘BuMe,SiOCH,),0 35e 92
6 34f 4-MeOCH,O(CH,),0  35f 95
7 34g BnO(CH,),0 35g 95
8 34h MOMO(CH,),0 35h 90
9 34i THPO(CH,),O 351 89 )
10 34i AcO(CH,),0 35i 73 Tab. |2'4 ; Nl'Cke'
11 34k PivO(CH,),0 35k g5 cata Yfze” 'I:,ea"'
12 34] BnO(CH,),0 351 go 2georalylic

ethers
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2.4.1.2 Enantioselective Hydroalumination of Alkenes
In addition to the enhanced rate of hydroalumination reactions in the presence of
metal catalysts, tuning of the metal catalyst by the choice of appropriate ligands of-
fers the possibility to influence the regio- and stereochemical outcome of the overall
reaction. In particular, the use of chiral ligands has the potential to control the ab-
solute stereochemistry of newly formed stereogenic centers. While asymmetric ver-
sions of other hydrometallation reactions, in particular hydroboration and hydrosi-
lylation, are already well established in organic synthesis, the scope and synthetic
utility of enantioselective hydroalumination reactions are only just emerging [72].
Early attempts by Pino and Giacomelli to resolve racemic 3,7-dimethyl-1-octene
(37) by treatment with 0.3 equiv. of triisobutylaluminum in the presence of bis[(S)-
sec-butylsalicylideneimine]nickel {Ni[(S)-sec-busal],} and subsequent hydrolysis gave
(S)-2,6-dimethyloctane (38) with an enantiomerical excess of 1.2% along with the
unreacted starting material (S)-37 with 1.8% ee, as judged by optical rotation
(Schemes 2-17 and 2-18) [28].

0.2 mol-% Ni((S)-sec-busal),
0.3 equiv. ‘BusAl

X + 7N
0°C, neat B

(R/S)37 (S)38 (S)37
1.2% ee 1.8 % ee

Scheme 2-17

NN Er

\
o)
O_I}h o_N|
/N ~ Na
Ni(mesal), Nl((S) sec-busal),

Scheme 2-18

In spite of the modest asymmetric induction it was concluded that at least one of
the chiral ligands is coordinated to the nickel in the catalytically active species. An al-
ternative interpretation was given by Wilke and coworkers [29]. They could show
that (methylsalicylidene)dimethylaluminum forms a stable adduct with nickel(0)
complexes. It was concluded that the asymmetric induction in Pino's experiment
might be attributed to a complex in which the chiral ligand is complexed to the
Lewis acidic aluminum.

This interpretation was supported by further investigations by Giacomelli and
coworkers [73]. Racemic 4-phenyl-1-hexene was kinetically resolved by isomeriza-
tion of the double bond using a catalyst system consisting of Al'Bus, (R)-N,N-di-
methyl-1-phenylethylamine and Ni(mesal),. Very poor enantioselectivities (ee <
0.3%) were observed for both the isomerization product and the unreacted alkene.
The authors note that it is essential to first react the alane with the chiral amine. No
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1. 0.3 equiv. 'BusAl
0.3 equiv. (--DMMA
0.6 mol-% Ni(mesal),

0°C, neat, 24 h
X OH
2. 0y, H,0

39 40
27 % ee

Scheme 2-19

induction was observed if Ni(mesal), was treated with the amine prior to the addi-
tion of ‘BusAl In addition, (DIOP)NiCl, failed to give any asymmetric induction.

The asymmetric nickel-catalyzed hydroalumination of prochiral terminal alkenes
using adducts of ‘BusAl and chiral amines was reported in 1981 [74]. Among the dif-
ferent amines investigated, (-)-N,N-dimethylmenthylamine (DMMA) gave the best
enantioselectivities. For example, reaction of 2,3,3-trimethyl-1-butene (39) at room
temperature with 0.33 equiv. of the DMMA/iBu3Al adduct in the presence of 0.6
mol% of Ni(mesal), gave, after oxidation of the intermediate organoaluminum com-
pounds, 2,3,3-trimethyl-1-butanol 40 in 76% yield and 27% ee (Scheme 2-19).

An enantioselective version of the aluminum hydride-induced reductive ring
opening reaction (see Scheme 2-15) was developed by Lautens and Rovis. Oxabi-
cyclic [2.2.1] substrates are readily desymmetrized using an Ni(COD),/BINAP cata-
lyst system to give cyclohexenols in high yields and enantiomeric excess [75]. The re-
actions were initially carried out at room temperature using 14 mol% Ni(COD), and
21 mol% BINAP. Slow addition of the ‘Bu,AlH was found to be essential for obtain-
ing high ees. Thus, cyclohexenol 42 was obtained from oxabicyclic diether 41 in 95%
yield and 97% ee when the alane was added over a period of 1 h. In contrast, fast ad-
dition (< 10 s) led to a dramatic decrease of the enantioselectivity (56% ee). While an
exhaustive survey of ligands has not been carried out, BINAP remains the best lig-
and found to date for this reaction. As little as 2 mol% of the catalyst can be used,
but it is important to maintain a 1:1.5 ratio of the metal:ligand in order to achieve ees
>95%. As the amount of catalyst is decreased it usually helps to slow the rate of ad-
dition of 'Bu,AlH (Scheme 2-20).

A Dbroad range of functional groups are tolerated under the reaction conditions in-
cluding cyclopropyl carbinyl ethers, benzyl, and silyl ethers (see Table 2-5) [76]. How-
ever, substituents at the bridgehead position of the bicyclic substrate led to a decrease
in the enantioselectivity (compare entry 2). The structurally related oxabenzonor-
bornenes, which contain a strained [2.2.1] oxabicyclic ring system fused to an aro-
matic ring, can also undergo enantioselective reductive ring opening [77]. Because of
the lability of the resulting dihydronaphthols toward oxidation and elimination lead-

0 2 mol-% Ni(COD), OMe
-9, - |
p 3 mol% (RYBINAP oMo
OMe 1.1 equiv. 'Bu,AlH (18 h)
OMe toluene, r.t. OH

41 42
99 %, 96 % ee

Scheme 2-20
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Tab. 2-5 Enantioselective reductive ring opening of oxabicyclic subrates

Entry Substrate Product Yield /% EE
O R
Z Y
R xY
X
1 43 R=H, X=H, Y=CH,0Bn 44 96 67
2 45 R=Me, X=H, Y=CH,0Me 46 81 84
3 47 R=H, X=CH,0OMe, Y=—CH,— 48 88 91
4 49 R=H, X=CH,0OMe, Y=H 50 50 86
5 51 R=H, X=—OCMe,0, Y=H 52 50 78
(o] R1 R1 RZ
R3
L,
HO R' R?
6 53 R'=H, R’=H, R°=H 54 88 98
7 55 R'=Me, R’=H, R’=H 56 66 73
8 57 R'=H, R’=Me, R’=H 58 73 88
9 59 R'=H, R’=H, R*’~OCH,0 60 58 94
10 61 R'=H, R’=H, R’=F 62 84 96
0 X Y
Ry R, £ R
R
X OH
11 63 R=Me, X=OMe, Y=H 64 83-95 97
12 65 R=Me, X=OTIPS, Y=H 66 87  >95
13 67 R=H, X=OH, Y=H 68 99 995
14 69 R=H, X=OMe, Y=H 70 67 95
15 71 R=H, X=H, Y=OBn 72 88 95

ing to naphthols and naphthalenes, respectively, milder reaction conditions have to
be applied. THF, which decreases the Lewis acidity of the 'Bu,AlH, was a far better
solvent, allowing the synthesis of dihydronaphthols in high yields and enantioselec-
tivities up to 98% (entries 6-10). Again, substitution at the bridgehead position was
found to significantly decrease the enantioselectivity (entry 7). In contrast, electronic
effects seem to have only marginal effects (entries 9 and 10). In these substrates as
little as 2 mol% of Ni(COD), has been used and the ee of 54 was still >90%.

Oxabicyclo [3.2.1]octenes give a poor yield of the ring-opened product in low ee if
reacted at room temperature with ‘Bu,AlH in the presence of the Ni(COD),/BINAP
catalyst in either toluene or THF solution (Scheme 2-21). However, if the reaction is
carried out at 60°C, high yields and enantioselectivities are obtained [78]. Various
substitution patterns and protective groups are tolerated (entries 11-15).

Although some preliminary studies have been carried out [79], uncertainties still
exist about the mechanism of this transformation. The hydroalumination step was
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1.'Bu,AlH,
cat. Ni(COD),, BINAP
O—r O~
y 2.Bry
OMe OMe
Br
73 74

Scheme 2-21

examined for benzonorbornene and compound 73. In both cases the intermediate
alane was trapped using Br, and the products were shown to be racemic. The hy-
droalumination of the C=C bond thus occurs with little or no enantioselectivity. It is
therefore the subsequent ring opening step via 3-elimination of the oxygen bridge
which proceeds with a high degree of enantioselectivity. The BINAP ligand was
clearly shown to be bound to nickel by *'P NMR spectroscopy which implies that
this reaction step is assisted by the transition metal. To obtain high selectivities it
appears to be essential to establish conditions where the non-selective hydrometal-
lation step is reversible.

The asymmetric reductive ring opening of oxabenzonorbornene 53 was applied as
a key step in the total synthesis of serotonin re-uptake inhibitor sertraline [77, 80].

242
Alkynes

Alkynes are much more reactive toward hydroalumination than alkenes. Hence,
they readily react with both dialkylaluminum hydrides and LiAlH, under mild con-
ditions in the absence of a catalyst [1]. However, it is not always possible to avoid
side reactions and subsequent transformation of the vinylalanes formed in this
transformation [81, 82]. In addition, cis-trans-isomerization of the metallated C=C
bond can take place, thereby reducing the stereoselectivity of the overall reaction
[83].

In general, transition metal-catalyzed hydroaluminations of alkynes occur in a syn
fashion, i.e., both aluminum and hydride are added to the same face of the m-bond.
Isomerization of the initially formed vinylalane is usually not observed under the
mild reaction conditions used for these transformations.

The regiochemistry of Al-H addition to unsymmetrically substituted alkynes can
be significantly altered by the presence of a catalyst. This was first shown by Eisch
and Foxton in the nickel-catalyzed hydroalumination of several disubstituted
acetylenes [26, 32]. For example, the product of the uncatalyzed reaction of 1-phenyl-
propyne (75) with ‘Bu,AIH was exclusively cis-B-methylstyrene (76). Quenching the
intermediate organoaluminum compounds with D,0 revealed a regioselectivity of
82:18. In the nickel-catalyzed reaction, cis-B-methylstyrene was also the major prod-
uct (66%), but it was accompanied by 22% of n-propylbenzene (78) and 6% of (E,E)-
2,3-dimethyl-1,4-diphenyl-1,3-butadiene (77). The selectivity of Al-H addition was
again studied by deuterolytic workup; a ratio of 76a:76b = 56:44 was found in this
case. Hydroalumination of other unsymmetrical alkynes also showed a decrease in
the regioselectivity in the presence of a nickel catalyst (Scheme 2-22).
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1. ‘BupAIH >:\ + /:<
———————» Ph Me Ph Me
2.D,0
76a 76b
82 : 18
Ph——=——Me
D D
75 >:\ + /:<
1. Bu,AH, PH  Me PH Me
cat. Ni(acac), 76a 76b
—_— .
2.D,0 56 : 44
Me Me
+ K + PhCHD-CHDMe
ph—" N\—pp
77 78
Scheme 2-22

A Cp,ZrCl,-catalyzed addition of ‘Bu,AlH to terminal alkynes has been applied in
the synthesis of (E)-vinyl phosphonates [84]. 1-Hexyne and 1-octyne were hydroalu-
minated at 0°C and the resulting vinylalanes transformed into the respective alumi-
nate complexes by treatment with methyllithium. Subsequent addition of oxaza-
phospholidinone 79, derived from (-)-ephedrine, lead to the homochiral vinyl phos-
phonates in yields of ca. 75% (Scheme 2-23).

1. 'Bu,AlH, Cp,2ZrCl, (5 mol-%)

2. MeLi O .o
=S - 5
. Ph o} 0 Me N = R
’P\/CI Me
R=n-Bu, nHex Me” N 75-78 %

Me 79
Scheme 2-23

Bis(diisopropylamino)alane is also able to add to alkynes in the presence of
Cp,TiCl, [85, 86]. The reactions are carried out at 0°C to room temperature in ben-
zene in the presence of 5 mol% of the titanium catalyst. Both terminal and internal
alkynes react essentially quantitatively. Upon hydrolysis, the corresponding Z-
alkenes are obtained in good yields, accompanied with small amounts (<4%) of the
E-isomer. The reaction of terminal alkynes is hampered by the formation of a signif-
icant amount of the overreduced alkane (ca. 45-50%). Workup of the reaction mix-
tures with D,O gave a high degree of deuterium incorporation in the resulting
alkenes, indicating that the formation of vinyl aluminum compounds occurs in high
yield. Differences in the regioselectivity of Al-H addition were found compared to
the uncatalyzed hydroalumination. For example, the catalyzed reaction of the
aminoalane with 1-phenylpropyne (80) occurs with a 90:10 selectivity towards the
vinylmetal intermediate, which bears the aluminum at the carbon distal to the
phenyl group (Scheme 2-24). The non-catalyzed hydroalumination leads to the for-
mation of the other regioisomer as the major product (81a : 81b = 80 : 20) [87]. A sim-
ilar reversal in the regioselectivity is observed in the case of 1-trimethylsilyloctyne 82.
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1. (ProN),AIH
R cat. Cp,TiCl, D>:\ . /:<D
2.D,0 R R? KR
80 (R'=Ph;R?=Me) 81a 81b
10 : 90
82 (R'=n-CgHi3; R?=SiMe;) 83a 83b
10 : 90

Scheme 2-24

"Bu,AICI has been used as a hydrometallating reagent for internal alkynes in the
presence of Cp,TiCl, as a catalyst [88]. While diphenylacetylene gave, after hydroly-
sis, cis-1,2-diphenylethene in 92% yield, the hydroalumination of 4-octene and 5-
decene was accompanied by significant diene formation. Hydroalumination of un-
symmetrically substituted alkynes was highly regioselective in the case of 1-phenyl-
butyne (84) as judged by subsequent coupling of the vinylalkylchloroalanes with al-
Iyl chloride (Scheme 2-25).

5 mol-% Cp,TiCl,
—_—

Ph—==—Et + Bu,AlCI
r.t., neat
84

Bu‘—/\\l c_~_c

/SN ————
Ph Et  Pd(PPhy),

85a/b 6a

9 : 1
Scheme 2-25

The hydroalumination of internal alkynes by complex aluminum hydrides such
as LiAlH, NaAlH, LiAlMe;H, NaAlMe;H, NaAl(OCH,CH,0CH;),H, (vitride),
LiAlH,(NR,), and NaAlH,(NR,), catalyzed by Cp,TiCl, proceeds smoothly at room
temperature in THF solution [57, 89]. Bis(alkyl)substituted acetylenes are reduced to
give, after aqueous workup, cis-alkenes in almost quantitative yields. Quenching
with D,0 leads to >98% deuterium incorporation, which shows again the almost
quantitative formation of vinylaluminum intermediates. The regioselectivity of
Al-H addition to unsymmetrically substituted alkynes is low. Terminal alkynes such
as 1-octyne and phenylethyne as well as 1-phenylpropyne give only poor to moderate
yields of the respective cis-alkenes. In the case of diphenylacetylene the formation of
a significant amount of the trans-alkene can be observed [89].

It should be noted that the selective reduction of phenylacetylene and dipheny-
lacetylene to either the cis-alkene or the alkane was achieved using LiAlH, in the
presence of FeCl, or NiCl, as a catalyst [90, 91]. However, deuterolytic workup of the
reaction mixtures gave deuterium incorporations <26%, indicating that these
reagent systems are not well suited for the synthesis of vinyl- or alkylaluminum
compounds from alkynes.
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2.5
Conclusions

Catalytic hydroalumination of alkenes and alkynes has the potential to be a powerful
tool for the functionalization of carbon-carbon multiple bonds in organic synthesis.
Among the different catalyst systems developed to date, titanium, zirconium and
nickel catalysts have found the widest application. However, most studies were car-
ried out on relatively simple organic substrates. This might be attributed to the low
compatibility of the aluminum reagents with numerous functional groups. A prom-
ising approach to solve this problem might be the in situ generation of the reactive
metal hydride species from trialkylalanes, but further investigations are clearly nec-
essary to establish the catalytic hydroalumination as a widely applicable synthetic
transformation.

To date, synthetically useful enantioselective hydroalumination is limited to the
asymmetric reductive ring-opening reaction of bicyclic ethers. In spite of the fact
that further studies are necessary to get a detailed understanding of the reaction
mechanism, this reaction provides a new route to various cycloalkenol derivatives,
which are useful intermediates in the preparation of biologically active compounds.
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3
Asymmetric Hydrosilylation

Jun Tang and Tamio Hayashi

3.1
Introduction

Hydrosilylation is the reaction where hydrosilanes add to unsaturated substrates
[1, 2]. From the viewpoint of asymmetric heterofunctionalization, it generally refers
to the addition of silicon-hydrogen bond across carbon-carbon multiple bond under
catalysis with transition metal complexes forming both valid hydrogen-carbon and
silicon-carbon bonds. On this subject, there have been several pertinent reviews
which have made a comprehensive survey [3, 4, 5]. Like other asymmetric method-
ologies, asymmetric hydrosilylation can be realized by incorporation of a chiral lig-
and with the metal catalyst. The optically active hydrosilylation products are very
powerful intermediates in organic synthesis via some efficient transformations [6,
7] Especially, based on the diastereoselective reactions of chiral allyl- and allenylsi-
lanes with C=0 and C=N bonds [8, 9], more than one chiral centers can be con-
structed in sophisticated molecules. The challenge of asymmetric hydrosilylation, in
many cases, concerns the design of efficient catalytic systems for the achievement of
not only the enantioselectivity but also the regioselectivity. Much effort has been
dedicated to this purpose, and some efficient approaches have been established in-
cluding the Palladium/MOP system for hydrosilylation of olefins and the Rh/BI-
NAP system for intramolecular hydrosilylation. Asymmetric hydrosilylation has
been extended to cyclization/hydrosilylation of 1,6-dienes giving a five-membered
cyclic silylated product and the reaction of butadiynes giving optically active allenyl-
silanes, which demonstrates the utility of asymmetric hydrosilylation for the syn-
thesis of key building blocks not available using other methodologies. This review is
an attempt to present all of these fruitful successes and new tendencies in asym-
metric hydrosilylation for heterofunctionalization.
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3.2
Mechanism of Transition Metal-Catalyzed Hydrosilylation

The early research of catalytic hydrosilylation was concentrated on platinum-cat-
alyzed reaction with a wide variety of hydrosilanes and alkenes [1, 10]. A transition
metal complex, MLn (L = ligand), especially an electron-rich complex of a late tran-
sition metal such as Co(I), Rh(I), Ni(0), Pd(0), or Pt(0) as a precatalyst, activates both
hydrosilanes, HSiR;, and a variety of substrates, typically alkenes. A catalytic cycle is
considered to involve successive two steps as depicted in Scheme 3-1. The hydrosi-
lylation of alkenes catalyzed by H,PtClse6H,0/i-PrOH (called the Speier catalyst)
generally proceeds by the Chalk-Harrod mechanism (Scheme 3-1, cycle A) [11, 12].
Reversible oxidative addition of a hydrosilane to the metal-alkene complex gives a
hydrido-silyl complex I. The complex I undergoes rapid reversible migratory inser-
tion of the alkene into the M—-H bond (hydrometallation) to give the alkyl-silyl
species II. Irreversible reductive elimination of the alkyl and silyl ligands from II
forms the hydrosilylation product. The plausibility of each step has been well estab-
lished by many model reactions [13].

Although the Chalk-Harrod mechanism (an H-D exchange between deuterosi-
lanes and alkenes as well as the observed regioselectivity always associated with the
catalytic hydrosilylation) can account for an alkene isomerization, an alternative
mechanism has been proposed which involves preferentially an alkene insertion
into the M—Si bond (silylmetallation) in order to account for the formation of a vinyl-
silane observed in the hydrosilylation of ethylene with triethylsilane catalyzed by
Fe(CO)s. The reaction with a high molar ratio of alkene to silane gives triethylvinyl-
silane almost quantitatively. In this case, silylmetallation was suggested to give B-
silylalkyl-hydrido intermediate III, followed by reductive elimination to complete
the hydrosilylation [14, 15, 16] or subsequent B-hydride elimination from the inser-
tion product III to generate the vinysilane (Scheme 3-1, cycle B). Recently it has be-
come evident that the silylmetallation is a fairly common process with a number of

L M (catalyst) H
RX + HSIR3 ———> R/‘\/SiR'3

silylmetallation hydrometallation
sl : B si—M—H A H
M—H I si—M
R
si” >

Scheme 3-1
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other catalyst systems of rhodium, cobalt, and palladium catalyst. Some of them will
be discussed in the following parts. It is worth mentioning that hydrosilylation ex-
hibits a wide spectrum of reactivities in the oxidative addition step depending on the
substituents on the silicon atom and the nature of the metal catalyst. Thus, Pt com-
plexes tolerate any hydrosilanes, such as HSiCl,Me; , (n = 1-3), HSi(OR);, or H,,
SiR4 ., (n = 1-3; R = alkyl or Ph) in the hydrosilylation, while, Pd complexes are ap-
plicable mostly to HSiCl,R; , (n = 2, 3) and Rh complexes to preferably HSiR; [2].

33
Asymmetric Hydrosilylation of Olefins

3.3.1
Hydrosilylation of 1,1-Disubstituted and Monosubstituted Olefins

Catalytic asymmetric hydrosilylation has been developed alongside the development
of chiral phosphine ligands. At the initial stage, phosphine ligands where the chiral
center is on the phosphorus atom were used. In the first report, a platinum complex
coordinated with (R)-benzylmethylphenylphosphine (1), cis-PtCl,(C,H4)(1), was
used for the reaction of 2-phenylpropene (3) with methyldichlorosilane at 40°C to
give (R)-1-(methyldichlorosilyl)-3-phenylpropane (4) of 5% ee [17, 18] (Scheme 3-2).
With a platinum catalyst of (R)-methylphenylpropylphosphine (2) the enantioselec-
tivity was lower (1% ee). Use of trans-NiCl,(1), catalyst bearing the phosphorus chi-
ral ligand 1 for the hydrosilylation of 3 improved the enantioselectivity up to 18% ee
[19, 20]. Cationic rhodium complexes coordinated with (R)-benzylmethylphenyl-
phosphine (1) or (-)-DIOP (5) as a ligand catalyzed the hydrosilylation of 2-phenyl-

Me PYL* or Ni/L*
(0.04-0.1 mol %)

F’h/& + HSiMeCl, Ph

3 4

Me
SiMeCl,

CHPh Prn cis-PtClo(CaH,a)(1): 5% ee (R)
/

. 2 F, [PICly(2)]o: 1% ee (R)
YMe Yoo trans-NiCly(1);: 18% ee (R)
Scheme 3-2
Me
_ Rh*/L*(0.05 mol %) Me
Ph + HSIMeg —MMMM SiMeg
120°C Ph
3 6
CHzPh >< PPhy L* = (R)-1: 7% ee (R)
¥Me PPh, L* = (-)-DIOP (5): 10% ee (S)
1 (-)-(R,R)-DIOP (5)

Scheme 3-3

75
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SiHzPh
9 (70% de), 0.5 mol %
+  PhSiHs
23°C

7 8
(R), 68% ee

(Measi)gHCS;;jsii — ('j\;

R 9
H\/\SiHZR Ln—-H |
H-SiH,R I_n/ \

Scheme 3-4

propene (3) with trimethylsilane to give 1-(trimethylsilyl)-3-phenylpropane (6) of 7%
and 10% ee, respectively (Scheme 3-3) [20].

Organolanthanide and Group 3 metallocene complexes, which were originally de-
veloped as olefin polymerization catalysts, show distinctive characteristics for olefin
hydrosilylation [21, 22]. Organolanthanide-catalyzed hydrosilylation of a-substituted
styrenes gave the reverse regioselectivity because of an interaction of the elec-
trophilic lanthanide center with the arene 1 system (Scheme 3-4). It was demon-
strated that a chiral organosamarium precatalyst coordinated with a menthylcy-
clopentadienyl ligand 9 (70% enantiopure) effects the hydrosilylation of 2-phenyl-1-
butene (7) with high enantioselectivity [22]. The mechanism of the lanthanide-cat-
alyzed hydrosilylation is different from that discussed above. Based on kinetic and
mechanistic studies, a catalytic cycle involving an olefin insertion into metal-hy-
dride bond followed by metathesis between metal-carbon and hydrogen-silicon
bonds is proposed, which is consistent with most experimental results [22].

In general, hydrosilylation has been studied most extensively with platinum com-
plexes. However, palladium-catalyzed hydrosilylation has been neglected because it
is difficult to avoid reduction of palladium complex to inactive metal in this process.
Recently a palladium complex coordinated with an axially chiral monodentate phos-
phine ligand, MeO-MOP (10a) or its analogs [23], has been demonstrated to exhibit
extremely high activity for the asymmetric hydrosilylation of alkyl-substituted termi-
nal olefins along with an unprecedented regioselectivity (Scheme 3-5) [24, 25]. Sim-
ple terminal olefins 11 were transformed efficiently into the corresponding optically
active 2-alkanols 14 with enantio-selectivities ranging between 94% and 97% ee by
the catalytic hydrosilylation-oxidation procedure. For example, the reaction of 1-
octene (11b) with trichlorosilane in the presence of 0.1 mol% of palladium catalyst
generated from [PdCl(n-C;Hs)], and (S)-MeO-MOP (10a) at 40°C for 24 h gave 2-
octylsilane (12b) and 1-octylsilane (13b) in a ratio of 93 to 7. The branch isomer was
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(< 0.1 mol %)
Pd/(S)-MeO-MOP (10a)  SiCls )
Z R4 HSiCl3 . CI3S|\/\R

40 °C = R
11a-e
>90% yield 12 13
1) EtOH/Et;N
12113 % ee of 14 2) H,0, OO
a: R =n-CyHg: 89111 94 (R) KF/KHCOs OMe
b:R= n-CsH13: 93/7 95 (R) OH

PhyP.
c:R=nCiHpi: 94/6  95(R) Pe 2
d: R=CH,CH.,Ph: 81/19 97 (S) * R
e: R =cyclo-CgH11: 66/43 96 (R)
14 (5)-MeO-MOP (10a)

Scheme 3-5

oxidized into (R)-2-octanol (14a) of 95% ee. It is noteworthy that the reaction of sim-
ple terminal alkenes with MeO-MOP ligand proceeds with high branch-selectivity.
The predominant formation of 2-silylalkanes from purely aliphatic 1-alkenes in hy-
drosilylation has never been observed with any transition-metal catalysts. Asymmet-
ric hydrosilylation of 4-pentenyl benzoate and 1,5-heptadiene gave the correspon-
ding 2-alkanols of 90% ee and 87% ee, respectively. The ester carbonyl and the inter-
nal double bond remained intact [25]. The high selectivity was also observed with
MOP ligands 10b, 10c, and 10d, which have other substituents than methoxy at the
2’ position [25] (Scheme 3-6). Thus, the hydrosilylation of 1-octene (11b) with MOP
ligands substituted with benzyloxy or isopropoxy gave over 91% enantioselectivity
and over 80% branch selectivity, suggesting that the steric bulkiness of the 2’-sub-
stituents has little influence on this asymmetric hydrosilylation. The presence of an
alkoxy group at the 2’ position is not essential for the high selectivity because re-
placement of the alkoxy group by an alkyl group did not affect the selectivity.

3.3.2
Hydrosilylation of Styrene and its Derivatives

Palladium-catalyzed hydrosilylation of styrene derivatives usually proceeds with
high regioselectivity to produce benzylic silanes, 1-aryl-1-silylethanes, because of the

(0.1 mol %)

) Pd/X-MOP (10) sicl
nCetiy™ X + HSICly n-CeHig” >""°  13b
40 °C
11b +  siCl

nCeHiz” > (R)-12b

OO X-MOP yield% 12b:13b %ee
X

PhoP. (5)-MeO-MOP (10a) 83 93:7 95 (R)
2 (S)-PhCH,0-MOP (10b) 85 80:20 95 (R)
OO (S)--PrO-MOP (10c) 88 90:10 91 (R)
(R)-Et-MOP (10d) 80 90: 10 93 (R)

X-MOP (10)
Scheme 3-6
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(0.2 mol %) .
Py Pd/L* (15) SiCls
X HSiCl
Ph * : it Ph” " Me
16 17
L* = 15a: 34% ee (S)
L* = 15b: 22% ee (R)
v “PPh, - “PPh,
/\ /\
15a 15b

Scheme 3-7

contribution of m-benzylic palladium intermediates [1, 5]. It is known that bisphos-
phine-palladium complexes are catalytically much less active than monophosphine-
palladium complexes, and hence asymmetric synthesis has been attempted by the
use of chiral monodentate phosphine ligands. In the first report, menthyldiphenyl-
phosphine (15a) and neomenthyldiphenylphosphine (15b) were used for the palladi-
um-catalyzed reaction of styrene (16) with trichlorosilane. They gave 1-(trichlorosi-
lyl)-1-phenylethane (17) of 34% and 22% ee, respectively (Scheme 3-7) [26, 27]. Use of
ferrocenylmonophosphine (R)-(S)-PPFA (18a) for the same reaction improved the
enantioselectivity [28, 29, 30]. Here the hydrosilylation product was oxidized into (S)-
1-phenylethanol (19) of 52% ee (Scheme 3-8). Among the ferrocenylphosphine lig-
ands, a ligand 18b, which has a phenyl substituent at the 2 position, gave the best re-
sult (73% vyield, 70% ee) in the hydrosilylation of styrene [31]. The ferrocenyl-
monophosphine (18c) supported on Merrifield polystyrene has also been used for
the hydrosilylation of styrene, though the enantioselectivity was lower (15% ee) [32].
Several chiral (B-N-sulfonylaminoalkyl)phosphines (20) were prepared from (S)-vali-
nol and used for the asymmetric hydrosilylation of styrene and cyclopentadiene [33].
For styrene, phosphine 20a, which contains a methylsulfonyl group, was most effec-

(0.01 or 0.1 mol %)

Pd/L* SiCls [O] OH
P + HSiCly ————— 1~ —————— 1
rt or 70°C Ph™ "Me Ph™ "Me
16 17 (S)-19
OH 18a (0.01 mol %): 52% ee (at 70 °C)
HMe ® H Me 18b (0.5 mol %): 70% ee (at rt)
NMe, - 18c (0.01 mol %): 15% ee (at 70 °C)
e\ “PPh,—~Pd—Cl oo Me2  20a (0.1 mol %): 65% ee (at 1)
“cl 2 20b (0.1 mol %): 52% ee (at rt)

(
(

20c (0.1 mol %): 59% ee (at rt)

PACLL(R)-(S)-PPFA (18a)] 20d (0.1 mol %): 51% ee (at rt)

20a: R = Me, Ar=Ph

b
()

Fe), “PPhy : 20b: R = Me, Ar = CgH,OMe-p
S YVPNZ 20c: R = Me, Ar = CgHsCl-p
(S)-MOPF (18b) 20d: R = Ph, Ar = Ph

Scheme 3-8
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P HSICly $CL 1,0, OH

Ph™™S [pdCI(n-CaHs)lz (0.1 mol % Pd) Ph” > kficos kF Ph™ >
L* (0.2 mol %) THF/MeOH

16 0°C 17 (R)-19

-

* % ee of 19

X OO H OO (R)-MeO-MOP (10a) 14% ee

(S)-Et-MOP (10d)  18% ee

PAr, Ph PPh,
(R)-CN-MOP (10e) 26% ee
(S)-H-MOP (10f) 94% ee
(S)-21 (S)-21 91% ee

X = OMe, Ar = phenyl: (R)-MeO-MOP (10a)
X = Et, Ar = phenyl: (S)-Et-MOP (10d)

X =CN, Ar = phenyl: (R)-CN-MOP (10e)

X =H, Ar = phenyl: (S)-H-MOP (10f)

Scheme 3-9

tive, giving (S)-1-phenylethanol (19) of 65% ee. Other amidophosphines 20b-c are also
fairly effective for this asymmetric hydrosilylation (Scheme 3-8).

Axially chiral monophosphine ligand, MeO-MOP (10a), was not as effective for
styrene derivatives as for simple terminal olefins [34]. The palladium-catalyzed hy-
drosilylation of styrene (16) with trichlorosilane in the presence of (R)-MeO-MOP
(10a) ligand under standard conditions (without solvent) followed by oxidation gave
(R)-1-phenylethanol (19) of only 14% ee (Scheme 3-9). The use of benzene as solvent
for the hydrosilylation improved the enantioselectivity to 71%. For substituted
styrenes such as o-chlorostyrene or B-methylstyrene, the enantioselectivity was
around 80% with MeO-MOP ligand. The substituents at the 2’ position in MOP lig-
ands strongly affected the enantioselectivity [35]. Ligand H-MOP (10f), which has the
same 1,1’-binaphthyl skeleton as MeO-MOP but lacks the methoxy group, is partic-
ularly effective for the palladium-catalyzed hydrosilylation of styrene, giving (R)-19
0f 94% ee. On the other hand, the enantiomeric purities of alcohol 19 obtained with
Et-MOP (10d) and CN-MOP (10e) were much lower, 18% ee (R) and 26% ee (R), re-
spectively. The monophosphine (S)-21, which was prepared through the catalytic

o HSiCl, SiCls H,0, OH
N H H
AN [PACI(n-CaHs)l (0.1 mol % Pd)  Ar A KHCO3, KF Ar ?
(8)-H-MOP (10f) (0.2 mol %) THF/MeOH
22 0°C (R)-23
Arand R in 22 % ee of 23
OO Ar=4-CFCeHs, R=H  96% ee
H Ar=4-CICeH4, R = H 94% ee
PPh, Ar=4-MeCeHs, R=H  89%ee
CO Ar=4-MeOCgHy, R=H 61%ee
Ar=Ph, R=Me 89% ee (at 20 °C)
(S)-H-MOP (10f) Ar=Ph, R =Bu-n 92% ee (at 20 °C)

Scheme 3-10
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asymmetric cross-coupling [36], was as effective as (S)-H-MOP (10f) for the hydrosi-
lylation of styrene giving (R)-19 of 91% ee. These results suggest that the small size
of the hydrogen at the 2 position in H-MOP (10f) is important for high enantiose-
lectivity. Asymmetric hydrosilylation of styrenes 22 substituted on the phenyl ring
or B-position catalyzed by palladium/H-MOP (10f) also proceeded with high enan-
tioselectivity giving the corresponding optically active benzylic alcohols 23 of high
enantiomeric purity (Scheme 3-10) [35].

In all of these cases, palladium-catalyzed hydrosilylation proceeds via hydropalla-
dation followed by reductive elimination of alkyl- and silyl group from the palladi-
um. In the reaction of o-allylstyrene (24) with trichlorosilane, which gives hydrosily-
lation products on the styrene double bond 25 and cyclized product 26, the hy-
dropalladation process is supported by the absence of side products which would re-
sult from the intermediate of the silylpalladation process (Scheme 3-11) [37].

| SiCls SiCly
[PACI(n-C3Hs)]» (0.3 mol % Pd) AN Z

24  PPhs (0.33 mol %), 50°C,2h 25a 25
CH3
SiCl,
hydro- . /
: 90% overall yield + @E&
palladation 26/25a/25b =13/50/37
26
Scheme 3-11

333
Hydrosilylation of Cyclic Olefins

Asymmetric synthesis through a selective monofunctionalization of enantiotopic
positions is one of the most attractive strategies for one-step construction of multi-
ple chiral carbon centers [38, 39]. Asymmetric hydrosilylation of norbornene (27)
was first attempted by the use of palladium catalyst coordinated with ferrocenyl-
monophosphine, (R)-(S)-PPFA (18a) [30]. The hydrosilylation of 27 with trichlorosi-
lane gave (1R,2R,4S)-exo-2-(trichlorosilyl)norbornane (28) of about 50% ee (Scheme
3-12). Treatment of 28 with potassium fluoride followed by oxidation of the resulting
pentafluorosilicate with MCPBA or NBS gave exo-2-norbornanol (29) or endo-2-
bromonorbornane (30), respectively. A fine tuning of chiral ferrocenylphosphine
ligand by introduction of 3,5-bis(trifluoromethyl)phenyl group and a pyrazole 18d
gave the corresponding product of up to 99% ee [40]. The palladium-MeO-MOP
(10a) complex shows high enantioselectivity and catalytic activity in most cases [41].
The hydrosilylation of norbornene (27) with trichlorosilane took place at 0°C in the
presence of 0.01 mol% of the MOP/palladium catalyst to give a quantitative yield of
exo-2-(trichlorosilyl)norbornane (28) as a single product (Scheme 3-13). Direct oxi-
dation of 28 with hydrogen peroxide in the presence of a large excess of potassium
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(0.01 mol %)
PdCI,[(R)-(S)-PPFA (18a)] KF

+ HSICl; )

70 °C, 53% vyield SiCl3

27 H
(1R2R,45)-28
Ko MCPBA
SiFs or NBS OH O H
H H Br
29 30
50% ee
PdCI>(COD)/L* (0.1 mol %)
+ HSICl3 (1R2R45)-28
benzene, 0 °C
27 99% ee
H Me CF3
= >
L*= = Ar =
Fel “PAr, N
o
CF3
18d

Scheme 3-12

fluoride and potassium bicarbonate gave (1S,2S5,4R)-exo-2-norbornanol (29) of 93%
ee in high yield. The hydrosilylation carried out at —20°C raised the enantiomeric ex-
cess to 96% ee. Bicyclo[2.2.2]octene, a diester of norbornenedicarboxylic acid, and
2,5-dihydrofuran derivatives were also successfully subjected to the asymmetric hy-
drosilylation-oxidation under similar reaction conditions to give the corresponding
optically active alcohols, the enantioselectivity being in excess of 92% [42].

It is remarkable that the monofunctionalization of norbornadiene (31), giving exo-
5-trichlorosilyl-2-norbornene (32a), is effected by the palladium-MOP catalyst with
high chemo- and enantioselectivity [41] (Scheme 3-14). Thus, the reaction of 31 with

 KF,KHCO3
HSICls SiCly  HyO, OH
Pd/(R)-MeO-MOP (10a) H H

90%
27 (0.01 mol %) 28 °
100% yield (1525,4R)-29

93% ee (at 0 °C)
96% ee (at —20 °C)

0
OoH
OH ;CE%erH Meoo?lzjfterH oi:j’
A 1 MeOOC i
COOMe
COOMe

94% ee 92% ee 95% ee 95% ee

MeO (R)-MeO-MOP (10a)
! l PPhy

Scheme 3-13
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X HSiCl3 HSiCl3
X (2.5 equiv) 7 (1.0 equiv) 7 X

Pd/(R)-MeO-MOP (10a) Pd/(R)-MeO-MOP (10a)
(0.1 mol %) (0.1 mol %)
33a: X = SiCl3 31 32a: X = SiCly
33b: X =0OH 32b: X = OH
>99% ee 95% ee
Clssij /E SiCl3
34

Scheme 3-14

1.0 equiv. of trichlorosilane and the palladium/MeO-MOP catalyst followed by hy-
drogen peroxide oxidation gave (1R,4R,5S)-exo-5-hydroxy-2-norbornene (32b) with
95% ee. Reacting 31 with 2.5 equiv. of trichlorosilane induced enantioselective hy-
drosilylation in both double bonds, thus giving a 78% yield of chiral disilylnorboz-
nane 33a and the meso isomer 34 in a ratio of 18 : 1. The oxidation of 33a gave the
diol (1R,25,4R,55)-33b with more than 99% ee, the high enantiomeric purity being
due to the expected double stereoselection.

Very recently, the yttrium hydride {[2,2'-bis(tert-butyldimethylsilylamido)-6,6"-di-
methylbiphenyl]YH(THF)}, (36), conveniently generated in situ from [2,2"-bis(tert-
butyldimethylsilylamido)-6,6’-dimethylbiphenyl]YMe(THF), (35) demonstrated its
high catalytic activity in olefin hydrosilylation. This system represents the first use
of a d’ metal complex with non-Cp ligands for the catalytic hydrosilylation of olefins.
Hydrosilylation of norbornene with PhSiH; gave the corresponding product (37) of
90% ee (Scheme 3-15) [43].

SIRSOC4H PhSiH3; ”M’\ISIR‘Q('3(3‘,|-|8 F‘BS|\N

\YiMe \ \Y/H\ T

INC N / \H/ N

. OC4Hg { CaHO ;\l““
SiRs PhSiH,CH, SiRs RgSi
35 36
SIR3 = SiMe,Bu-t
Eb PhSiH5 ;b/Sinph
35 (3 mol %) H
27 t, 48 h, 100% yield 87 90%ee

Scheme 3-15
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3.4
Asymmetric Hydrosilylation of Dienes

3.4.1
Hydrosilylation of 1,3-Dienes

Palladium-catalyzed hydrosilylation of 1,3-dienes is one of the important synthetic
methods for allylic silanes, and considerable attention has been paid to their asym-
metric synthesis by this catalytic method [44]. The optically active allylic silanes have
been used as chiral allylating reagents in the S reactions with electrophiles, typically
aldehydes [45, 46]. In the presence of Pd catalysts, the reaction with hydrosilanes con-
taining electron-withdrawing heteroatoms or substituents on the silicon usually pro-
ceeds in a 1,4-fashion giving allylic silanes [47, 48]. Asymmetric hydrosilylation of cy-
clopentadiene (38), forming optically active 3-silylcyclopentene (39), has been most
extensively studied (Scheme 3-16). In the first report, hydrosilylation of cyclopentadi-
ene (38) with methyldichlorosilane in the presence of 0.01 mol% of palladium—(R)-
(S)-PPFA (18a) as a catalyst gave allylsilane (S)-39a of 24% ee [49]. The use of ferro-
cenylphosphines 18d, e containing perfluoroalkyl groups on the side chain for the
reaction of 38 with trichlorosilane increased the enantioselectivity (up to 60% ee
see Table 3-1) [50]. Some of (B-N-sulfonylaminoalkyl)phosphines (20) [33] and
phosphetane ligand 40 are also useful for the asymmetric hydrosilylation of 38, which
gave 39b of 71% ee [51, 52]. The highest enantioselectivity so far reported for cy-
clopentadiene is 80% ee, which was obtained with MOP-phen ligand 41 [53].

For the asymmetric hydrosilylation of 1,3-cyclohexadiene (42) (Scheme 3-17), the
enantioselectivity is higher in the reaction with phenyldifluorosilane than that with
trichlorosilane or methyldichlorosilane. The reaction of 42 with phenyldifluorosi-
lane in the presence of a palladium catalyst coordinated with ferrocenylphosphine

(catalyst)
@ + HSRC, — P9 E>*—SiRC|2
38 39a: R = Me
39b: R =Cl
HMe HMe
@'LNMe2 RMeN~—"
(FeL, "PPhy—Pd- CI PhoP” (Fe)
o <

PdCly[(R)-(S)-PPFA (18a)] S)-(R)-18d: R = CHoC3F7-n

(
(S)-(R)-1 8e:R = CH208F17-H

Ph
NHSO,Me
- PAI’Z
W/\/ menthyl P,
20a: Ar = Ph
20b: Ar = CgH,OMe-p 40 (R)-MOP-phen (41)

Scheme 3-16
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Tab.3-1 Asymmetric Hydrosilylation of Cyclopentadiene (38)

Ligand L* Catalyst ~ HSiX; Temp  Time  Yield % EE Ref.
(mol %) () () (%)  0f39
(R)-(S)-PPFA (18a) 0.01 HSiMeCl, 30 20 87 25(S)  [49]
(S)-(R)-18d 0.02 HSiCl, 25 90 73 S7(R)  [50]
(S)-(R)-18d 0.02 HSicl, 0 20 7 60(R)  [50]
(S)-(R)-18e 0.02 HSiCl, 25 90 41 S5(R)  [50]
(S)-20a 0.1 HSicl, 0 - 82 61(S)  [33]
(S)-20a 0.1 HSiCl, -20 - 35 71(S)  [33]
(S)-20b 0.1 HSicl, 0 - 74 62(S)  [33]
40 0.03 HSiCl, 70 30 26 44 (S) [51, 52]
40 0.03 HSiCl, 25-30 2 70 54(S)  [51,52]
(R-MOP-phen (41) 0.1 HSicl, 20 120 99 80(R)  [53]
(R)-MOP-phen (41) 0.1 HSiCl, 40 45 85  72(R)  [53]
(R)-MeO-MOP (102) 0.1 HSiCl, 20 14 100 39(R)  [53]

18f gave allylsilane (S)-43c of 77% ee (Table 3-1) [54, 55]. In the asymmetric hydrosi-
lylation of 1,3-cyclohexadiene, axially chiral ligands only exhibited the same level of
asymmetric induction under optimized conditions as ferrocenyl ligands. The use of
phenyldifluorosilane in place of trichlorosilane did not improve the enantioselectiv-
ity, but the reaction with deuterium-labeled silane (DSiF,Ph) gave significant insight
into the mechanism of palladium-catalyzed hydrosilylation of 1,3-dienes. The reac-
tion of 1,3-cyclohexadiene with DSiF,Ph gave cis-3-(phenyldifluorosilyl)-6-deuterio-
cyclohexene as a single isomer without any diastereo- or regioisomers, demonstrat-
ing that 1,4-cis-addition is an exclusive pathway. The m-allylpalladium intermediate,
which is formed by the addition of PdD(Si)L* species to the diene, has the silyl
group located at the trans position to the m-allyl carbon next to the deuterated car-
bon, rapidly undergoes reductive elimination to form compound (44) before trans-
cis isomerization of intermediate can occur.

(catalyst)
Pd/L* .
@ + HSiR3 @Siﬂs
42 43a: SiR3 = SiMeCl,
43b: SiR3 = SiCl3
H Me 43c: SiR3 = SiF,Ph

@LY (R)-(S)-PPFA (18a): Y = NMe,

o, PPh,  (R)-(S)-PPFOAC (18f): Y = OAc
< (R)-(S)-PPFOMe (18g): Y = OMe

FoPhSi,  |*
e

Pd/(R)-MOP-phen(41) Pd

0.1 mol % /l\
@ Q—D — F,PhSi D
DSiPhF,
42
20 °C 44

Scheme 3-17
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Tab.3-2 Asymmetric Hydrosilylation of 1,3-Cyclohexadiene (42)

Ligand L* Catalyst ~ HSiX; Temp  Time Yield % EE Ref.
(mol %) () (%)  0f43
(R)-(S)-PPFA (18a) 0.01 HSiMeCl, 30 20 95  2(S) [49]
(R)-MOP-phen (41) 0.1 HSsicl, 20 150 99 51(R)  [53]
(R)-(S)-PPFOAc (18f) 1 HSiPhF, rt 20 58 77(S) [54, 55]
(R)}-(S)-PPFOMe (18g) 1 HSiPhF, rt 20 50 54 (S) 54, 55]

Linear 1,3-dienes have also been subjected to palladium-catalyzed asymmetric hy-
drosilylation. Reaction of 1-phenyl-1,3-butadiene (45) with HSiCl; catalyzed by pal-
ladium—(R)-(S)-PPFA (18a) gave a mixture of regioisomeric allysilanes 46a and 47a
in a ratio of 94 : 6, the major isomer 46a and the minor isomer 47a being 66% ee (S)
and 30% ee (R), respectively (Scheme 3-18) [56]. m-Allylpalladium intermediate 48
was proposed for this hydrosilylation. The use of phenyldifluorosilane in place of
trichlorosilane slightly improved the enantioselectivity [54, 57]. Hydrosilylation of
alkyl-substituted 1,3-dienes 49 and 50 in the presence of a ferrocenylmonophos-
phine-palladium catalyst also proceeded with high regioselectivity to give the corre-

Ph
(\/ + HSiR,

45

LS
St

(R)-HO-MOP (10g)

Scheme 3-18

% +
49
aN
50

Scheme 3-19

Pd/L*

HSiCls

HSICls

46a: SiR; = SiCls
46b: SiR; = SiFPh,

L* HSiR3
(R)-(S)-PPFA (18a) HSICl3
(R)-(S)-PPFA (18a) HSiF,Ph
(R)-HO-MOP (10g)  HSiFPh,
Ar
0
Me Pd_
L** SiCls
48

%
Cl3Si

52% ee

(0.02 mol %)
(S)-(R)-18d

50 °C

(0.5 mol %)
(S)-(R)-18d

50 °C
SiClg

43% ee

Me

% ee of 46

Ph
S o H
(\[_&Ra R3Sims X Ph
- e h " W

47a: SiRs = SiCly

66 (S) (at 80 °C)
69 (S) (at rt)
66 (S) (at 20 °C)
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sponding 1,4-addition products with moderate enantioselectivity (Scheme 3-19)
[50, 58].

Asymmetric hydrosilylation can be extended to 1,3-diynes for the synthesis of op-
tically active allenes, which are of great importance in organic synthesis, and few
synthetic methods are known for their asymmetric synthesis with chiral catalysts.
Catalytic asymmetric hydrosilylation of butadiynes provides a possible way to opti-
cally allenes, though the selectivity and scope of this reaction are relatively low. A
chiral rhodium complex coordinated with (25,4 S)-PPM turned out to be the best cat-
alyst for the asymmetric hydrosilylation of butadiyne to give an allene of 22% ee
(Scheme 3-20) [59].

[Rh(COD)CI], + L*

Bu—C=C-C=C—'Bu + MeyPhSiH
toluene, 70 °C

Ph,P,

__ SiPhMe, Bu SiPhMe,
. ' N =

= PPh Bu : t

N 2 \\ Me,PhSi Bu

H Bu

(2S, 4S)-PPM 66% 27%, 22% ee

Scheme 3-20

3.4.2
Cyclization/Hydrosilylation of 1,6-Dienes

Hydrosilylation of dienes accompanied by cyclization is emerging as a potential
route to the synthesis of functionalized carbocycles. However, the utility of cycliza-
tion/hydrosilylation has been limited because of the absence of an asymmetric pro-
tocol. One example of asymmetric cyclization/hydrosilylation has been reported
very recently using a chiral pyridine-oxazoline ligand instead of 1,10-phenanthroline
of the cationic palladium complex (53) [60]. As shown in Scheme 3-21, the pyridine-
oxazoline ligand is more effective than the bisoxazoline ligand in this asymmetric
cyclization/hydrosilylation of a 1,6-diene.

A plausible mechanism proposed for this reaction involves migratory insertion of
an olefin into the Pd-Si bond of a palladium-silyl intermediate I followed by migra-
tory insertion of the pendant olefin into the resulting Pd—C bond of II forming pal-
ladium-alkyl intermediate III. Reaction of III with hydrosilane releases the carbocy-
cle to regenerate the palladium-silyl complex I (Scheme 3-21) [61].

3.5
Asymmetric Intramolecular Hydrosilylation

Intramolecular asymmetric hydrosilylation-oxidation of (alkenyloxy)hydrosilanes
provides an efficient method for the preparation of optically active polyols from al-
lylic alcohols. Cyclization of silyl ethers 54 of a meso-type allylic alcohol in the pres-
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<N \ /CH3
Pd CF
7N 3
E,,/'<:/i N cl E,,/'<j/\SiEt3
Ar' =
AV NaBAr' E '

) ‘CH3
—30 °C~—40 °C, HSiEt;

51 57%-~82% yield 52 CFs
VRS
N N R de of 52 (%) % ee of 52
o o0
[ — l Bn >95 72
RN N7 R
— o) i-Pr >95 87
WSl
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53 /Oi\ ’/<T/CS|R3
E .

HSIRs Pd(L)*
Scheme 3-21

ence of thodium-DIOP (5) as a catalyst proceeded with high diastereoselectivity and
high enantioposition-selectivity. Oxidation of the carbon-silicon bond in the result-
ing sila-oxa-cyclopentane derivatives 55 gave syn-2,4-dimethyl-4-pentene-1,3-diol
(56) of high enantiomeric excess (Scheme 3-22) [62]. The enantioselectivity was de-
pendent on the alkyl groups on the silicon, sterically hindered 3,5-dimethylphenyl
group giving the highest selectivity (93% ee).

Asymmetric cyclization was also successful in the rhodium-catalyzed hydrosilyla-
tion of silyl ethers 57 derived from allyl alcohols. High enantioselectivity (up to 97%

(2 mol %)
M Rh/(R,R)-DIOP (5) )\‘/H )\‘/H

30°C — i
~SiRgH O—SiR, OH OH
54 55 56
H R /anti % ee
O syn/anti o
>< ﬁpph? Me 95/5 80
o) PPhy Ph 99/1 83
H 3,5-Me,CeHy ~ >99/1 93
(R,R)-DIOP (5)

Scheme 3-22
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Ar_~ (0NN
N \S‘I (2 mol %) . A
57a H Rh/(S)-BINAP r
25°C R2Si—0 OH OH
Ar _~ (0N
NN S 58 59
57b H
OO 58a: Ar = Ph: 97% ee
PPh, 58b: Ar = Ph: 96% ee
OO PPh, 58c: Ar = 3,4-(MeO),CgH3: 97% ee
(S)-BINAP
Scheme 3-23

ee) was observed in the reaction of silyl ethers containing a bulky group on the sili-
con atom in the presence of a rhodium-BINAP catalyst (Scheme 3-23) [63]. The cy-
clization products 58 were readily converted into 1,3-diols 59 by the oxidation. Dur-
ing studies on this asymmetric hydrosilylation, the silyl-thodation pathway in the
catalytic cycle was demonstrated by a deuterium scrambling method [64].

Axially chiral spirosilane 61 was efficiently prepared by double intramolecular hy-
drosilylation of bis(alkenyl)dihydrosilane 60. By use of SILOP ligand, a C, symmet-
ric spirosilane which is almost enantiomerically pure was obtained with high di-
astereoselectivity (Scheme 3-24) [65]. SILOP ligand is much more stereoselective for
this asymmetric hydrosilylation than DIOP (5) though they have similar structure.

. W8 WS
(0.5 mol %) )
n, N/ mwrA-siLop ) .
S"«,H Si + Si
7 ] —200r0°C m m etc.
S S S
60 61
o H
R3SiO- PPh, R3Si % de % ee
R.Si0 PPh, MesSi 95 99
. iPrgSi 98 99
(RR)SILOP tBuMe,Si 96 98

Scheme 3-24
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4
Catalytic Hydroamination of Unsaturated Carbon-Carbon Bonds

J-J- Brunet and D. Neibecker

4.1
Introduction

Ammonia, whose name seems to come from that of the Egyptian god Amon, was
obtained for the first time in 1612 by Kunchel by heating ammonium chloride from
animal excrements with calcium hydroxide [1]. This gas, described as stifling, has
been studied by Scheele and Priestley, and its formula (NH;) was established by
Berthollet in 1875 [1, 2].

It was only around 1850 that the first amines were discovered by Wurtz [2],
who considered them as alkylated (or arylated) derivatives of NH;. Nowadays, it is
well known that the amine function is widespread among biologically important
compounds, but mostly it is present in polyfunctional molecules such as amino
acids, alkaloids, etc. Simple amines are very rare in nature, with the exception of tri-
ethylamine and the trimethylammonium ion which come from the putrefaction of
proteins.

Amines are important industrial chemicals which are involved in everyday life [3,
4]. Apart from the usual classification into primary, secondary, and tertiary amines,
the distinction is often made between ‘light’ amines (less than six-carbon sub-
stituents) and ‘fatty’ amines. Light amines are intermediates for the synthesis of
drugs, herbicides, cosmetics, etc. [3]. They also find use as vulcanization accelera-
tors and extraction agents. Fatty amines are involved in the synthesis of corrosion
inhibitors and cationic surfactants, which are used in ore flotation processes and are
good fabric softeners and antistatic agents [4-6].

Since the discovery of NH;, chemists have developed synthetic methods for the
preparation of amines, and many methods are now available [7]. However, most of
these reactions are unsuitable for industrial purposes, mainly because they involve
too expensive starting materials or reagents. Ammonia thus appeared as the best
reagent for the introduction of the amine function into an organic molecule. From
this point of view, an important landmark was the design, by Haber and Bosch in
the early 20th century, of a process for the synthesis of NH; directly from nitrogen
and hydrogen in the presence of catalysts [2].
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Ammonia has always been the starting material for the synthesis of aliphatic
amines. Thus, processes have been developed for the condensation of NH; with
alkyl halides (Hoffman reaction) or with alcohols in the presence of various cata-
lysts. The latter reaction, first discovered by Sabatier in 1909 [8, 9] is nowadays the
main method of industrial production of light amines (e.g. methylamines: 600 000
t/y1) [5].

With the exception of methanol and ethanol, most alcohols are produced from
olefins, either through hydration [10] or via a hydroformylation-hydrogenation se-
quence (Scheme 4-1) [11].

It is thus obvious that the direct transformation of a simple alkene into an amine
would be a more economic process, since it would suppress at least one step with-
out formation of co-products (atom efficiency) [Scheme 4-1, paths (c) and (d)].

H 'R2N-
CO'M: | R{(CH,),0H RENH_ R (CH,),NR'R? + H,0
(a) [cat] - [cat] ’
OH NR'R®

+ | 152
(b) H0/H R-CH-CH, % R-CH-CH; + H,0
cal

R-CH=CH, L
o CHNR'R
CO/H,/R R°NH
(M» R-CH-CH; +/or R(CH,);NR'R?
[cat] 3 273
@ ll\IRle
Ip2
RRINH,_ R-CH-CH; +/orR-(CH,),NR'R?

(cat]

Scheme 4-1 From alkenes to amines

Hydroaminomethylation of alkenes [path (c)] will not be considered [12]. This re-
view deals exclusively with the hydroamination reaction [path (d)], i.e. the direct ad-
dition of the N-H bond of NH; or amines across unsaturated carbon-carbon bonds.
It is devoted to the state of the art for the catalytic hydroamination of alkenes and
styrenes but also of alkynes, 1,3-dienes and allenes, with no mention of activated
substrates (such as Michael acceptors) for which the hydroamination occurs with-
out catalysts. Similarly, the reaction of the N-H bond of amine derivatives such as
carboxamides, tosylamides, ureas, etc. will not be considered.

NH; and amines are moderate bases (pK, = 5-6) and weak acids (pK, = 30-35).
The N-H bond enthalpy is 107 kcal/mol for NH;, 88-100 kcal/mol for primary
amines and 87-91 kcal/mol for secondary amines [13].

From a thermodynamic point of view, the addition of NH; and amines to olefins
is feasible. For example, the free enthalpy for the addition of NH; to ethylene is AG®
=~ —4 kcal/mol [14]. Calculations showed that the enthalpies for the hydroamination
of higher alkenes are in the range -7 to —16 kcal/mol and that the exothermicities of
both hydration and hydroamination of alkenes are closely similar [15]. Such N-H
additions, however, are characterized by a high activation barrier which prevents the
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reaction from occurring under normal conditions. Furthermore, the reaction en-
tropy is highly negative, so that increasing the temperature tends to shift the equi-
librium to the starting materials [16, 17]. Therefore, catalysts must be used to de-
crease the activation barrier.

Both heterogeneous and homogeneous catalysts have been found which allow the
hydroamination reaction to occur. For heterogeneously catalyzed reactions, it is very
difficult to determine which type of activation is involved. In contrast, for homoge-
neously catalyzed hydroaminations, it is often possible to determine which of the re-
actants has been activated (the unsaturated hydrocarbon or the amine) and to pro-
pose reaction mechanisms (catalytic cycles).

Since the review by Lattes et al. on the ‘amination of alkenes’ in 1983 [18] and our
first review on the ‘catalytic amination of monoolefins’ in 1989 [19], several review
articles have appeared in the literature [13, 14, 17, 20-23]. The present review corre-
sponds to an analysis of literature data up to the end of 1999.

4.2
Hydroamination of Alkenes

4.2.1
Heterogeneous Catalysis

4.2.1.1 Catalysis by Transition Metals

The first example of a heterogeneously catalyzed hydroamination of an alkene ap-
peared in a 1929 patent in which it is claimed that NH; reacts with ethylene (450°C,
20 bar) over a reduced ammonium molybdate to give EtNH, [24]. An intriguing re-
action was also reported by Bersworth, who reacted oleic acid with NH3 in the pres-
ence of catalysts like palladium or platinum black or copper chromite to give the hy-
droamination product in quantitative yields [25]. However, this result could not be
reproduced [26].

Teter et al. filed a series of patents aimed at the ‘production of organic compounds
containing nitrogen’ or the ‘production of nitriles and amines from ammonia and
olefins’ by passing mixtures of olefin and NH3 over transition metals, mainly cobalt
deposited on various supports at 250-370°C and 100-200 bar [27-43]. With cobalt
on asbestos, a mixture of amine, nitrile, olefin hydrogenation product, polymers,
and cracking products is obtained (Eq. 4.1) [31].

NH,
n-CoHy, g

+

P
-C,oH CN
27%Cofasbestos ' -10H21
”'C10H21/§ + NH ﬂ, + (4.1)

? 140 bar, 260-290°C NH
[”'CIOHZI/\E’ 15%
conversion = 50-60% 2

n-C10H21/\ 49% + polymers 20%

20%
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At higher temperatures, propene and NH; react over basic catalysts to afford a
mixture of nitriles (Eq. 4.2) [42].

25%Co/MgO

10-25% celite 337
X + NH; Ti;g(:» MeCN + E(CN + n-PrCN + i-PrCN + ... (4.2)
ar,

up to 36% yield 25% 44% 5% 18% 8%

It was thought that propionitrile came from dehydrogenation of the anti-
Markovnikov hydroamination product, n-PrNH,. Propionitrile can break down to
ethylene and HCN, the former reacting with NH; to generate acetonitrile via ethyl-
amine, the latter adding to propene to form the butyronitriles [26, 37].

PhNH, reacts with ethylene in the presence of alkali metals, e.g., sodium deposit-
ed on alumina, to afford the hydroamination product in good yield but with a low
turnover frequency (TOF = mol of product synthesized per mol of catalyst in 1 h)
(Eq. 4.3) [44].

10% Na/Al,O .
— 4+ PhNH, ———— 22> PhNH/\ + higher alkylates (4.3)
80 bar, 260°C
conversion = 74% 949 6%
TOF = 1h!

Other catalysts are 20% Na/C, 5% Li/Al,O; or 10% Na/8% Mo00;-AL,0; or 10%
NaH/AlO; [44]. Similarly, gaseous mixtures of olefins and NH; have been claimed
to give hydroaminated products over a ternary K/graphite/Al,O; catalyst [45].

Last, McClain disclosed the gas phase hydroamination of ethylene and propene
with NH; over palladium on alumina (Eq. 4.4) [46].

2% Pd/AL,O NH
R& + NH; 17Db—1220°3C> R/\/ 2 + >—NH2 (4'4)
-7 bar, &
% ?

4.2.1.2 Acid Catalysis

The first example of acid catalysis appeared in a 1934 patent in which it is claimed
that ‘surface catalysts, particularly hydrosilicates of large surface area’, known at that
time under the trade name Tonsil, Franconit, Granisol, etc. lead to ‘a smooth addi-
tion of the olefine to the molecule of the primary aromatic amine’. Aniline and cy-
clohexene were reacted over Tonsil at 230-240°C to give, inter alia, the hydroamina-
tion product, N-cyclohexylaniline [47].

The hydroamination of alkenes has been performed in the presence of heteroge-
neous acidic catalysts such as zeolites, amorphous aluminosilicates, phosphates,
mesoporous oxides, pillared interlayered clays (PILCs), amorphous oxides, acid-
treated sheet silicates or NafioN-H resins. They can be used either under batch con-
ditions or in continuous operation at high temperature (above 200°C) under high
pressure (above 100 bar).
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The advent of zeolites gave a new impetus to the research on the hydroamination
of alkenes. Zeolites, i.e. either naturally occurring crystalline aluminosilicates or
synthetic zeolites, are suitable catalysts since they are usually heat-stable, have a
large number of catalytically active centers in combination with a large surface area,
and can be extremely shape selective, thus permitting highly selective syntheses in
the field of intermediates and fine chemicals [48, 49]. The zeolites used differ in type
and in the aftertreatments, which modify nearly at will the acid strength and the
number of acid centers (Brensted and Lewis acid centers), the importance of which
was recognized early [50]. Conversion of olefins to the corresponding amines is lim-
ited by thermodynamic equilibria. Amination is favored by low temperatures, high
pressures and a high amine/olefin ratio. However, high reaction temperatures are
required to activate simple olefins [51]. The type of zeolite used depends on the
olefin to be aminated. Usually an excess of NH; or amine (e.g., NH;/olefin > 1.3) is
used to avoid formation of olefin oligomers or polymers and of coke, leading to cat-
alyst deactivation. In all cases, as a result of acid catalysis, the Markovnikov hy-
droamination products are obtained.

Large-pore zeolites such as Y zeolites are efficient for the hydroamination of sev-
eral olefins. For example, propene reacts with NH; over SK-500 (a pelleted lan-
thanum-exchanged zeolite) or La-Y or H-Y zeolites with 6-15% conversion to give
i-PrNH, with high selectivity (95-100%) (Eq. 4.5) [50].

La-Y
A + NHy; —— NH, (4_5)
340-370°C, 50 bar
conversion = 10-15% 100%

Small to medium pore size zeolites, such as H-clinoptilolite, H-offretite or H-eri-
onite, are efficient for the hydroamination of ethylene [51-54]. Ethylene and NH3
react at 360°C and 50 bar over H-clinoptilolite to give EtNH, only (11.4% conver-
sion). There is a clear shape selectivity since propene and 1-butene as well as higher
amines give rise to extremely low conversions [52]. In contrast to H-clinoptilolite or
H-erionite, H-offretite is effective for proprene hydroamination with NH; (7.2%
conversion, 90% i-PrNH, + 8% i-Pr,NH) [55]. Small pore size H-erionite is the best
catalyst in terms of lifetime, conversion and selectivity for the synthesis of ethyl-
amine [56]. The efficiency of H-clinoptilolite can be improved by acid or base plus
acid treatment of natural clinoptilolite (18% conversion, EtNH,/Et,NH>20) [57].

With perhaps the exception of H-erionite, the above-mentioned alumina-contain-
ing zeolites suffer from the disadvantage of rapid deactivation. Zeolites of the pen-
tasil type, namely aluminosilicates of high silica content (SiO,/Al,0;>90), iron sili-
cates (SiO,/Fe,0;>10) [58], borosilicates, and borogermanates of high silica content
[59] are characterized by longer lifetimes, similar conversion, and as high selectivity
(>95%) as the aluminosilicates of the Y type. The best results were obtained in the
synthesis of +-BuNH, with a borosilicate (94%Si0,/3%B,0;) molded with high-sur-
face-area, high-silica-content aluminosilicates (Eq. 4.6) [59].
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borosilicate |
+ NH
> 3 7300°C, 300 bar | NH, (4.6)

conversion = 17.3% 97.3%

Many studies have been devoted to the hydroamination of isobutene with NH;
since BASF started the production of +-BuNH, in Antwerp in 1986 (6000 t/yr) [60,
61]. These studies were aimed mainly at improving conversion, selectivity, catalyst
lifetime and space time yields, using less expensive catalysts than zeolites, decreas-
ing the NH;/isobutene ratio to nearly 1/1, and recycling of the NH;/isobutene mix-
tures.

Particularly effective catalysts are H-Y or rare earth-exchanged Y zeolites [51, 62],
boro- or ferrosilicates of the pentasil type impregnated with 2% of chromium [63],
dealuminated Y zeolites [64], the H form of gallium silicates of the pentasil type [65],
H-ZSM-5 of high silica content (H-MFI-81>H-MFI-51>H-MFI41>H-MFI-25)
[66—69], oxide mixtures consisting of a combination made up of at least two kinds of
oxides (except a combination of silica and alumina) [70], crystalline silicoalu-
minophosphates or metal-containing crystalline aluminophosphates [71], acid-mod-
ified smectite clays such as Montmorillonite clays treated with mineral acids or
modified with Lewis acids, fluorophosphoric acid or heteropolyacids (tungsto- and
molybdophosphoric acids, tungsto- and molybdosilicic acids) on an inert support
(titania) [72], H-Y and H-ZSM-5 zeolites, if necessary dealuminated [73], highly
acidic high-silica-containing (SiO,/ALO; > 60) high-surface-area (> 300 m?/g) H-B
zeolites (CP-704-3 or C-861-) if necessary modified by impregnation with transi-
tion metals or F- [74], dealuminated H-Y zeolites (LZY-82) [75], mesoporous or mi-
croporous X-ray amorphous, high-silica-containing high-surface-area (>500 m?/g)
catalysts of the composition aMO,.bQ,0;.cP,0s, where M stands for Si, Ti, Ge and Q
for Al, B, Cr, Fe, Ga, the most active being aluminosilicates (SiO,/Al,05>30) or
borosilicates (SiO,/B,05>50) [76], H-B zeolites [77, 78], acid-washed pillared clays
with TiO,, ZrO,, or AlL,O; pillars [79], boron B zeolites [80], the H-form of zeolite
SSZ-337 [81], hexagonal faujasites (H-EMT), or their mixed crystals with cubic fauj-
asites (EMT-FAU) [82], mesoporous oxides called Si-MPO, Si-B-MPO, Si-Al-MPO,
Cs/Si-MPO, or MCM-41 [83], high-surface-area high-silica-containing oxides of
Group 4 or 6 or a mixture thereof on a carrier, especially WO;/SiO, or WO;+Zr0,/
SiO, [84], crystalline oxides based on aluminum phosphates and having faujasite
structures such as H-SAPO-37 [85], zeolites with NES structure (two-dimensional
channel system) like H-NU-87 [86], H-MCM-49 and H-MCM-56 [87], zeolites having
a multidimensional channel system like H-NU-85 [88], boron-MCM-22 zeolites (H-
ERB-1) [89], zeolites of the type SSZ-26 (aluminosilicate) or SSZ-33 or CIT-1
(borosilicate) [90] and zeolites having the specific structure PSH-3, MCM-22 or
$S7-25 [91].

H-Nafion resins [92] or ammonium halides in the presence of a catalyst promoter
on an inert support (e.g. NH,I+CrCl; on silica or NH,I/C) appear less promising cat-
alysts [93].
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4.2.2
Homogeneous Catalysis

4.2.2.1 Activation of the Alkene
The first record of amine addition to an alkene in homogeneous medium is Hickin-
bottonm’s publication in 1932. PhNH, or p-toluidine were reacted with cyclohexene
in the presence of the hydrochloride of the amine to give inter alia the N-cyclohexy-
larylamines [94]. Low yields but high selectivities to the anti-Markovnikov monohy-
droamination products were obtained in the presence of light (A = 160-220 nm) or
in the presence of light (A > 220 nm) and a photocatalyst such as NH,CI, NH,],
NH,I + NBu,I, Mo¢Cl,, or Fe(CO)s+P(OEt); [95, 96].

Ammonium salts have also been used as catalysts in the synthesis of t-BuNH,
from NH; and isobutene in water (Eq. 4.7). The co-produced t-BuOH can be recy-
cled [97].

4 NH, NHFE(S00: 5%) | NH, + OH (4.7)
® H,0,250°C |

5 equiv.
~100 bar

conversion =40% 50%, TOF=125h"  50%

Hegedus et al. have thoroughly studied the homogeneous hydroamination of
olefins in the presence of transition metal complexes. However, most of these reac-
tions are either promoted or assisted, i.e. are stoichiometric reactions of an amine
with a coordinated alkene [98-101] or, if catalytic, give rise to the oxidative hydroam-
ination products, as for example in the cyclization of o-allylanilines to 2-alkylindoles
[102, 103], i.e. are relevant to Wacker-type chemistry [104].

The first transition metal-catalyzed hydroamination of an olefin was reported in
1971 by Coulson who used rhodium(I), rhodium(III) or iridium(III) catalysts (Eq.
4.8) 105, 106].

RhCl15.3H,0 (1%
= + (g ELOAH S\ (4.8)
) THF, 180°C \

1.5 equiv.

65%, TOF=22h"

This reaction is restricted to ethylene and to secondary amines of high basicity (nucle-
ophilicity) and low steric bulk (Me,NH, pyrrolidine, piperidine). No high molecular
weight products are formed. However, the same catalysts [107, 108] as well as PdCl, [108]
also exhibit some activity for the hydroamination of ethylene with PhNH, (Eq. 4.9).

HNTN

RhCl;.3H .25%)
oz BT O

100 bar

TOF=05h" 7.5% 2.5%

97
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The reaction can be made selective for the synthesis of N-ethylaniline (150°C, 10
bar) but at the expense of catalytic activity [107, 108].

Study of the mechanism of the rhodium-catalyzed hydroamination of ethylene
with secondary amines indicated that the piperidine complex trans-
RhCl(C,H,)(piperidine), can serve as a catalyst precursor [109, 110].

It was elegantly shown later that the hydroamination of ethylene with piperidine
or Et,NH can be greatly improved using cationic rhodium complexes at room tem-
perature and atmospheric pressure to afford a high yield of hydroaminated products
(Eq. 4.10) [111]. However, possible deactivation of the catalyst can be questioned [17].

[Rh(Me,CO)(C,H,)(PPh3),]PF (1%) /
= + R,NH e R,N (4.10)
THF, r.t.
1 bar
R,NH = Et,NH, piperidine >99%, TOF=50h "

Mechanistic studies, i.e. model studies of the elementary steps of the catalytic cy-
cle, are currently under way [112].

Ruthenium and iron compounds have been claimed to catalyze the hydroamina-
tion of olefins with NH;, primary and secondary amines (120-190°C, 10-20 bar)
[113, 114]. Ethylene is the most reactive olefin either with ruthenium (Eq. 4.11) or
with iron catalysts (Eq. 4.12).

Ru(NH;),(OH)CL.2H,0 (1.1% / /
— + Me,NH ELLOWCILOATIR) e N+ MeN (4.11)
dioxane, 150-190°C \
20 bar
conversion = 21%, TOF =3 h! 6% 94%
Fe(CO)s (4%)/P(OPh), (4% /
— 4 BNy CORGDROMLER, o N+ BNH, (4.12)
150-170°C
30 bar
conversion =48%, TOF=2h"" 899 1%

As shown in Egs. (4.11) and (4.12), some dealkylation of the starting amine and
redistribution of alkyl groups occur. Hydroamination of ethylene with PhNH, af-
fords a low-yield mixture of N-ethylaniline, N,N-diethylaniline, 2-methylquinoline,
2-(1-butenyl)aniline, and N-ethyltoluidine [113, 114].

4.2.2.2 Activation of the Amine

4.2.2.2.1 Activation by Bases

The first examples were reported in a patent by Gresham et al. in 1950 [115]. NH; re-
acts with propene in the presence of catalytic amounts of sodium in benzene at
950-1070 bar and 267-278°C to give mainly i-PrNH, (Eq. 4.13). Under similar con-
ditions (650-700 bar, 265°C), isobutene yields t-BuNH,.
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Na (10%), b
X+ NH, o 0Ebemene, N NH, + >—NH— (4.13)
650-700 bar, 270°C
TOF=0.7h"' 23% 4.5%

Further examples were reported by Whitman et al. for the hydroamination of eth-
ylene [116, 117]. The critical factors for these reactions are the pressure, which must
be higher than 500 bar (max yields at 800-1200 bar), and the temperature, which
must be higher than 150°C (best yields at 170-300°C). NH; reacts with o-olefins ac-
cording to Markovnikov’s rule. Ethylene is the more reactive o-olefin. It can be hy-
droaminated with NH; using sodium, but also lithium, potassium, sodium hydride,
and lithium hydride. Examples of ethylene hydroamination with primary amines
under high pressure were also reported. In most cases, large quantities of high-boil-
ing materials containing nitrogen were also formed.

A significant improvement was obtained by using alkali or alkaline-earth metal
amides as catalysts [118]. These include inorganic amides MNH, or M’(NH,), (M =
Na, K, Li, Rb, Cs, M( = Mg, Ca, Sr, Ba), but preferably organic amides NHR or
MNR,. The latter may be prepared by a variety of reactions, including the reaction of
the metal with the amine at elevated temperatures [118, 119]. An elegant method
consists in the reaction of the metal with the amine in the presence of 1,3-butadi-
ene, whereby the metal amide is produced and the diene is hydrogenated to butane.
In most cases, the catalyst used is the sodium amide derived from the amine to be
alkylated. It must be prepared before the alkylation step.

Using the above preformed catalysts, ethylene can be hydroaminated by primary
and secondary amines under much lower pressures (3-55 atm) than those required
for the reactions catalyzed by alkali metals (800-1200 atm). The example of N-ethyl-
ation of piperidine has been described in full details in Organic Syntheses (Eq. 4.14)
(120].

+ < :NH CSHIONN?(;;‘Z;), pyridine : :N (4.14)

28 bar

77-83%, TOF=83h""'

However, the use of higher olefins does not appear promising [119].

Lehmkuhl et al. demonstrated the beneficial effect of TMEDA (N,N,N’,N’-tetram-
ethylethylenediamine) on the addition of n-BuNH, to ethylene catalyzed by n-BuNHLi
(from n-BuNH, and EtLi) [121]. This is also true for secondary amines. The efficiency
of this system is exemplified by the hydroamination of ethylene with Et,NH (Eq. 4.15).

Et,NLi (6%) / TMEDA
=—— + Et,NH % Et;N (4.15)

70 bar 82.5%, TOF = 1h™'

Using higher concentrations of the above Et,NLi-TMEDA system allows opera-
tion under even milder conditions (6-10 bar, 70-90°C) [122]. However, the impor-
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tance of TMEDA has been questioned [123, 124]. Within the range of conditions
studied, an empirical rate law for the formation of Et;N has been formulated as v =
K[Et,NH]’[C,H,]'[Et,NLi]° [122]. The suggested catalytic cycle is represented in
Scheme 4-2. The rate-determining step is considered to be the reversible formation
of the (TMEDA), Li"[C,H,NEt,] species.

(TMEDA), Li"[Et,N]

Et;N
C,H,

Et,NH
(TMEDA), Li*[C,H,NEt,]

Scheme 4-2  General scheme for the base-catalyzed hydroamination of ethylene with Et,NH

In a related study, Lehmkubhl et al. found that TMEDA may be a source of lithium
dimethylamide by reaction with alkyllithiums at high temperatures [121]. Thus,
heating TMEDA in the presence of EtLi under propene pressure at 150-200°C pro-
duces a mixture of dimethylisopropylamine and dimethylvinylamine (Eq. 4.16).

EtLi
= D>—NMe;+ 2 NNMe,  (4.16)

+ MezN NMez TMEDA, 150°

70% / 20% /
consumed TMEDA consumed TMEDA

The reaction of Et,NH with ethylene can also be catalyzed by NEt, [122].

CsNH, and RbNH, are active catalysts for the hydroamination of ethylene with
NH; (100°C, 120 bar, TOF = 1-3 h’l) [122, 125]. Under the same conditions, NaNH,
and KNH, are not catalysts. The higher activity of cesium and rubidium amides has
been explained by their higher solubility in liquid NH;. However, a KNH,-2NaNH,
eutectic mixture (m.p. 92°C) exhibits a reasonable activity.

4.2.2.2.2 Activation by Early Transition Metals

Attempts to hydroaminate ethylene, allylbenzene, and norbornene with ArNH, in
the presence of zirconium bisamides Cp,Zr(NHAr), (Ar = 2,6-Me,CsH3, 0-MeC4H.,)
at temperatures up to 160°C have been unsuccessful [126].

4.2.2.2.3 Activation by Lanthanides

Although efficient for the intramolecular hydroamination/cyclization (abbreviated IH
below) of aminoalkenes (see below), organolanthanides exhibit a much lower catalyt-
ic activity for the intermolecular hydroamination of alkenes, as exemplified by the re-
action of n-PrNH, with 1-pentene catalyzed by a neodymium complex (Eq. 4.17) [127].

PN Me,Si(C5Hs),NdCH(TMS), (20%) \/Y
X~ 4 n-PINH, ————= (4.17)
CgDg, 60°C NQ
excess H n-Pr
90%, TOF=0.4h"'
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Nevertheless, hydroamination of ethylene, propene, 1-butene, and the like with
NH;, primary and secondary amines using Cp*,Sm(thf), (0.5-1%) has been claimed
in a patent [128].

The efficiency of organolanthanides (e.g. Cp*,LaH),, Cp* = CsMes) as catalyst pre-
cursors for the IH of aminoolefins was reported by Marks et al. in 1989 [129]. One of
the noteworthy features of these reactions includes complete conversion of the sub-
strate to afford heterocycles with > 99% regioselectivity via 5- or 6-Exo-Trig process-
es according to Baldwin's nomenclature (Eq. 4.18) [130]. All reactions catalyzed by
organolanthanides must be conducted under rigorous exclusion of air and moisture
(glove boxes) since these complexes are extremely oxophilic [129].

H

N
HyNS o ™S Cp*,LaCH(TMS), (3%) g (4.18)
In

toluene, 60°C

n=1,TOF=140h"
n=2TOF=5h"

The efficiency of the more readily accessible Cp*,Sm and Cp*,Sm(thf), complex-
es was also recognized [128, 129]. Further studies indicate that active catalyst pre-
cursors include organolanthanide complexes of the general formula Cp*,Ln-R (Ln
= La, Nd, Sm, Yh, Lu) with R = H, n;- C;H;, CH(TMS),, N(TMS), [131]. Generation
of the catalytically active species is believed to occur via protonolysis of the Ln—-R
bond by the amine (Eq. 4.19).

Cp*Ln-R + H,N-(CH,),-CH=CH, — Cp*,Ln-NH-(CH,),-CH=CH, + RH  (4.19)

In the case of the Cp*,Sm precursor, similar amidosamarium(III) complexes are
believed to be generated via initial allylic C-H attack [128, 129].

Organolanthanides are catalyst precursors for the formation of five-, six-, and
even seven-membered heterocycles. These IHs are also effective with secondary and
aromatic amines (e.g. Eq. 4.20).

7
Cp*,LaCH(TMS), (3%) (4 20)
toluene, 80°C ’
NH N

2 H

TOF=12h"

TOF varies from 0.3 h™ (seven-membered ring) to 140 h™" (five-membered ring).
As in the case of the cyclization of H,NCH,C(Me),CH,CH=CH,, the TOF decreases
with decreasing ionic radius of the lanthanide. Thorough kinetic studies (v = k[cata-
lyst]'[substrate]’) and deuterium labeling experiments have been performed. These
reactions (AH* = 12.7 kcal/mol and AS* = -27 eu) are zero order in the
substrate, suggesting that the turnover-limiting step is the intramolecular olefin
insertion into the Ln—-N bond [131]. A four-centered transition state has been sug-
gested, by analogy with the chemistry developed for azametallacyclobutenes in the
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Cp*,Ln-R
H2N>
CH,=CH RH
H
%
H Cp*,Ln—N
: )
O CH,=CH
H,N H

) N
CH,=CH Cp*an/\Q)

Scheme 4-3  Catalytic cycle for the organolanthanide-catalyzed IH of aminoalkenes

zirconium series (see below). The proposed catalytic cycle is represented in Scheme
4-3.

The most active catalyst precursors are the monocyclopentadienyl complexes
[Me,Si(CsMey)(t-BuN)]LnN(TMS), [132]. Comparative reactivities for the IH of
H,NCH,C(Me),CH,CH=CH, to give 2,4,4-trimethylpyrrolidine are given in Table 4-1.

Tab. 4-1 Compared reaction rates for the IH of H,NCH,C(Me),CH,CH=CH,

Catalyst precursor Reaction temp. (°C) TOF (h”')  Ref.

[Me,Si(CsMey) (t-BuN)]SmN(TMS), 25 181 [132]
[Me,Si(CsMe,)(t-BuN)]NAN(TMS), 25 200  [132]
[Me,Si(CsMe,)(t-BuN)]YbN(TMS), 25 10 [132]
Me,Si(CsMe,),LuCH (TMS), 25 90  [132]
(CsMes),LaCH(TMS), 25 95  [132]
(CsMes),SmCH(TMS), 60 48 [132]
(CsMes),LuCH(TMS), 80 <1 [132]
(EBI)YDN(TMS), 25 07  [133]

IH of hindered aminoalkenes has been developed as a route to heterocycles con-
taining quaternary centers o to the nitrogen atom (Eq. 4.21) [134]. For these reac-
tions, the easy-to-prepare catalyst precursors [(Me;SiCp),LnMe], prove very efficient.

R R e

E Me
HZN\M [(Me:SiCp),LnMel, (4%) X—7<Me (4.21)
R

CDg, 25-120°C

Ln =Nd, Sm R
R =H, Me, Ph, -(CH ,)s- 70-98%, TOF = 2-25h™!



4.2 Hydroamination of Alkenes

The TH of exocyclic alkenes allows the construction of bicyclic amines bearing
one methyl group at the ring junction. Although long reaction times (2-7 days) are
necessary (Eq. 4.22), amines are obtained in good yield. In contrast, endocyclic
aminoalkenes are resistant to cyclization [134].

Me H
[(Me;SiCp),NdMe}, (5%) N
e;Si e %
Sl g (4.22)
/)n/\ NH, C¢Dg,120-140°C g

n=12 80-90%, TOF = 0.1-0.4h '

The above catalyst precursors have been used with success for the IH of several oth-
er hindered aminoalkenes, including 5-methylenecyclooctylamine (Eq. 4.23) [134].

Me
Me;SiCp),NdM 10%
C4Dy, 120°C
H,N

94%, TOF = 107 h ™'

Chiral organolanthanides Me,Si(CsMe,)(CsH;R*)LnE(SiMe;), (E = N or CH), R* = (-)-
menthyl or (+)-neomenthyl (Fig. 4-1) efficiently catalyze the enantioselective IH of
aminoalkenes to chiral pyrrolidines and piperidines with ee of up to 74% (Eq. 4.24) [135, 136)].

y ’ﬁ’
. NN
Si LnE(SiMe), (Me;Si),ELn , Si\ (R)

R* R*

Figure 41 Chiral organolanthanides.

(S)

\ 7/

pentane
conversion > 95% R
R=H,n=1,0°C, ee=72% (+) R
R =Me, n =1, -30°C, ee = 74% (+)
R =Me, n=2,25°C, ee=15% (-)

R R H
/ . N * rMe
H,N AN MeaSHCSHL)(CoHy(S)-menthy) SmN(TMS ), (1%) X_zr (4.24)
n

With (Me,Si)(CsMe,)(CsH;R*)LnE(TMS), as catalyst precursors, TOF are, under
identical conditions, ca. 10 times those of the Cp*,Ln-R catalysts presented above.
In the case of 2-amino-5-hexene, trans-2,5-dimethylpyrrolidine is obtained with >
95% diastereoselectivity [136].
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An interesting extension of the above reactions in the achiral series is the facile,
regioselective, one-pot bicyclization of aminodialkenes leading to a variety of poly-
cyclic heteroatom-containing skeletons (Eq. 4.25) [137].

@/\4 Cp*,SmCH(TMS), (%) (m (4.25)
N C¢Dg 21°C N
H

88-93% n=1, cis/trans =45/55, TOF=55h"
n=2, cis/trans =85/15, TOF=5h i

The above catalyst and Me,Si(CsMe,),NdCH(SiMe;), are also efficient for the in-
tramolecular hydroamination/bicyclization of aminoalkenynes, as exemplified in
Eq. (4.26) [137, 138].

= R MeaSi(CsMey),NdCH(TMS), (5%) CO_\ 426
N/ CyDg, 21°C N\ (4-26)
H

R=Me 92 %, TOF=10h"'
R = SiMe; 80 %, TOF = 16 h !

Ansa-metallocenes with a  bridged tethered donor functionality,
R(Me)Si(CsMe,),Ln CH(SiMe3)2 (Ln =Y, Sm, R = (CH,)nOMe), have been synthe-
sized [139]. Use of these new catalyst precursors results in a significantly enhanced
activity (2- to 5-fold) while the diastereoselectivity (e.g., for the IH of 2-amino-5-hex-
ene) is essentially unchanged.

4.2.2.2.4 Activation by Late Transition Metals

Although the oxidative addition of the N-H bond of NH; and amines to transition
metal complexes had been known for some time [140], it was only in the late 1980s
that Milstein et al. succeeded in designing a homogeneously catalyzed hydroamina-
tion reaction involving such an activation process (Eq. 4.27) [141].

NHPh
PEt;),Ir(C CI (10%
+ PhNH2 (PEt3),Ir(GHy ), Cl ( ) H (4.27)
ZnCl, (2%), THF, reflux

exeess TOF=0.08 h™'

The reaction mechanism clearly involves the oxidative addition of aniline to an
unsaturated Ir(I) complex (Scheme 4-4). Interestingly, the azametallacyclobutane in-
termediate could be characterized by single-crystal X-ray diffraction [141]. This re-
sult confirms that insertion of an olefin into the M—H bond is less favorable than in-
sertion into the M—N bond [142].



4.2 Hydroamination of Alkenes

(PEty),Ir(C,H,),Cl
K
(PEt;)ZIr(C2H4)C1
NHPh CoHy
r PEt3)ZIrC1 YNH2
[(PEt3),Ir(H)(PhNHC 7H]())] Cr (PEt),Ir(NHPh)(H)CI
ZHCK J ﬁ
Et3P \l /
Et3P c1

Scheme 4-4 Hydroamination of norbornene via N-H activation of PhNH,

Although a maximum of 6 turnovers in 3 days (TOF = 0.08 h™') were reached be-
fore loss of activity, this is the first successful demonstration of hydroamination of
an alkene via a transition metal-catalyzed N-H activation process.

An interesting breakthrough was reported later by Togni et al., who tested binu-
clear chloro-bridged iridium complexes [IrCl(diphosphine), containing chiral
chelating diphosphines such as Josiphos-type ligands, BINAP, and Biphemp [143,
144]. They pointed out a remarkable ‘naked’ fluoride ion effect on both the activity
and the enantioselectivity of the asymmetric hydroamination of norbornene with
PhNH, (Eq. 4.28). The fluoride ion is introduced as 1,1,1,3,3,3-hexakis(dimethy-
lamino)diphosphazenium fluoride. Enantiomeric excesses up to 95% and TOFs up
to 3.4 h™' could be reached.

NHPh
[IrC1(PP*)], (1-2%)
+ PhNH _—
2 s + NHPh
(4.28)
29) (2R)
PP* = (R,S)-Josiphos
F/Ir=1 yield:81%,TOF=3.4h'] 31% 69%
PP* = (5)-BINAP
F /Ir=4 yield: 22%, TOF =0.15 h' 2.5% 97.5%

The analogous rhodium complexes exhibit very low activity, even in the presence
of fluoride ions [143]. In contrast, (PR;);RhCl (R = Ph, Et) and the corresponding
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chloro-bridged dinuclear Rh(I) complexes exhibit catalytic activity when used in the
presence of PhNHLi (5 equiv./Rh) [145, 146]. Under these conditions, an anionic
bis(anilido)Rh(I) complex, [(PR;),Rh(NHPh),| Li" is generated, which seems to be the
resting state of the active catalyst [147, 148]. This catalytic system has been used for
the condensation of PhNH, with norbornene to give a mixture of the hydroamina-
tion product and an unexpected hydroarylation product in a 30/70 ratio (Eq. 4.29).

[(Et;P),RhCI] (1%) NHPh
PhNHLI (10%
+ PhNH, — i AY%) | + (4.29)
PhNH,, 70°C NH,
TOF=0.07h" 30% 70%

Although the reaction rate is low, it is interesting to note that no loss of activity
has been observed during 20 days reaction at 70°C [146].

43
Hydroamination of Styrenes

431
Heterogeneous Catalysis

Gaseous mixtures of styrene and NH; have been claimed to give hydroaminated
products over a ternary K/graphite/Al,O; catalyst [45].

4.3.2
Homogeneous Catalysis

4.3.2.1 Activation of the Styrenes
To the best of our knowledge, no example has been reported.

4.3.2.2 Activation of the Amine

4.3.2.2.1 Activation by Bases

The first example of hydroamination of styrene in the presence of an alkali metal ap-
peared in a patent in 1948, albeit with a low catalytic activity (Eq. 4.30) [149]. The
anti-Markovnikov addition product was obtained.

a (20% N(n-B
Ph” X + n-Bu,NH %& o > N-Bu) (4.30)

21%, TOF=0.02h "'

Similarly, NH;, primary and secondary amines [150, 151], PhNH, [151], and
aziridines [150, 152, 153] add to styrene in the presence of sodium (e.g., Eq. 4.31).



4.3 Hydroamination of Styrenes

Typical conditions are 150-180°C using 1-2% sodium metal [151], but in some cases
(e.g., the butylamines, aziridine), lower temperatures appear to be convenient [154].
The TOF ranges from 1to 10 h™".

Na (1-3% NHPh
Ph” X 4 PhNH, 5% pp SN (4.31)
2 reflux
70%, TOF=9h"'

Lithium alkylamides (in situ generated from the amine and either n-Buli or sec-
Buli) generally give higher yields under milder conditions. Thus, n-BuLi (5%) cat-
alyzes the addition of primary and secondary amines to styrene to afford (-phenethy-
lamines in moderate to good yields (e.g., Eq. 4.32) [155]. NH; and PhNH,, however,
do not add to styrene under these conditions. o-Methylstyrene and 1,1-diphenyleth-
ylene can also be hydroaminated.

PN n-BuLi (5%)
Ph” X + NH ——% N 4.32
< : THE,50°C Ph” i > (+:32)

88%, TOF=4h"'

Kinetic studies of the addition of Et,NH to styrene catalyzed by Et,NLi indicated
the rate law v = k[styrene][Et,NLi]", the reaction order x depending on the initial
[Et,NH]o/[Et,NLi], ratio. For a ratio of 3, x = 1.3 and for a ratio of 10, x = 1 [156].

The n-Buli-catalyzed hydroamination of styrene has been extended to 4-aryl-
piperazines [157, 158]. For example, N-(4-fluorophenyl)piperazine reacts with
styrene to afford the hydroamination product in 99% yield (Eq. 4.33).

-BuLi (2.5% / \
Ph” XN +p_FC6H4_N/ \NH%L ~X N—p-FCH, (4.33)
\ / THF, 90°C Ph \ /

99%, TOF=40h""'

As previously mentioned [155], PhNH, does not react with styrene under the
above conditions. However, Beller et al. discovered that the hydroamination of
styrene could be achieved in excellent yield by using either a n-BuLi-K,CO; mixture
or, better, t-BuOK as catalysts [159]. Using t-BuOK (10%) in THF at 120°C (pressure
tube), styrene is hydroaminated with aniline (5 equiv.) to give the anti-Markovnikov
product in 96% yield (Eq. 4.34), R' = R = R’ = R*= H, TOF = 0.5 h™']. The scope of
this new base-catalyzed hydroamination has been demonstrated by the condensa-
tion of substituted anilines with different vinylaromatics (Eq. 4.34), giving easy ac-
cess to interesting pharmaceuticals or intermediates [159].

R R’
4 H
R NH, N
N t-BuOK 4.34
+ —_— 4 (4.34)
R2 THF, 120°C R2 R
1 1
R R
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Although the above system does not work for the IH of, e.g., 2-isopropenylaniline,
a somewhat unexpected extension has been pointed out [159]. Reaction of anilines
with 2-chlorostyrene in the presence of +-BuOK (1.5 equiv.) affords N-arylindolines
in a one-pot reaction (53-58% yield) (Eq. 4.35) [159].

CH=CH,
+ ArNH, —22OK (4.35)
al toluene, 135°C N

Ar = CgHs, 4F-C gH,, 2MeO-C¢H, Ar

The reaction mechanism is believed to involve a domino hydroamination-in-
tramolecular arynic condensation. Indeed, the same results are obtained from ei-
ther 2- and 3-chlorostyrenes [159].

Cesium hydroxide, CsOH.H,0 (20%) also catalyzes the addition of PhNH, and
PhNHMe to styrene (NMP, 120°C), although in moderate yields (42-69%, TOF =
0.2-0.3 h™') [160).

4.3.2.2.2 Activation by Early Transition Metal
To the best of our knowledge, no example has been reported.

4.3.2.2.3 Activation by Lanthanides
The only reported example of such hydroaminations concerns the IH of o-
(aminoalkyl)styrenes (5- Exo-Trig process) (Eq. 4.36) [134].

R,
R Ph
HzNM [(Me,51Cp), RdVIch %) Z_><Ph (4.36)
CyDy, 120°C X Me
H

R=H, 90%, TOF=0.12h "'
R = Me, 100%, TOF = 0.4h ~'

4.3.2.2.4 Activation by Late Transition Metals

The anionic rhodium complexes [(PR;),Rh(NHPh),[Li* (see above) have been
shown to catalyze (TON = 21) the condensation of aniline with styrene to give the
expected amine and the corresponding imine (oxidative amination) (Eq. 4.37, TOF ~
0.07 h™) [161].

[(PEt;),RRCI], (1%) NHPh NPh
PhNHLi (10% )\
Ph” X + PhNH, —HLIU0%) by +  Ph (4.37)
PhNH, , 70°C
30% 65%

Both products result from a Markovnikov-type addition. The same regioselectivity
was obtained using 1-hexene as olefin [161].

More recently, Beller et al. reported the first example of an oxidative amination of
styrenes by secondary amines to give enamines corresponding to an anti-
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Markovnikov addition [162]. The catalyst precursor is a cationic complex,
[Rh(cod),]'BE,, used in the presence of 2 equiv. of PPh;. An equivalent amount of
the hydrogenated vinylarene is formed (Eq. 4.38) [163-165].

[Rh(cod),|BF, (2.5%)

) NR

A 4 R,NH PP 0B | p R L AT (4.38)
THEF, reflux

4 equiv. 45-55%, TOF ~ 1 h’!

With some secondary amines, especially morpholine, the reaction leads to a mix-
ture of the oxidative amination product and of the hydroamination product, both
corresponding to an anti-Markovnikov addition (Eq. 4.39) [166].

-
N 74%
XN\ P
[Rh(cod),|BE; 2.5%) | +
PO /N PPh; (5%) ) A~N O 14%
Ph + Q NH THF, reflux Ph \—/ (439)
4 equiv. +
L PN 84%

Although N-(2-phenylethyl)morpholine is formed in only 14% yield (TOF = 0.3 h™),
this is the first example of a transition metal-catalyzed anti-Markovnikov hydroamina-
tion of a non-activated olefin. Concerning the reaction mechanism, labeling experi-
ments led the authors to favor activation of the N-H bond over olefin activation [166].

Although the hydroamination of Michael systems is beyond the scope of this re-
view, it is interesting to note the high yield (98%, TOF = 2 h™") obtained using the
above cationic rhodium complexes for the hydroamination of 2-vinylpyridine with
morpholine. Indeed, without catalyst, the hydroamination yield is only 5% [167].

4.4
Hydroamination of 1,3-Dienes

4.41
Heterogeneous Catalysis

Examples of heterogeneously catalyzed hydroamination of 1,3-dienes are scarce.
Primary amines (CyNH,, n-BuNH,) or secondary amines (Et,NH, morpholine,
piperidine) react with 1,3-butadiene or isoprene in the presence of catalytic systems
comprising graphite and alkali metals (KCs, KC,,, graphite Na, LiC;,) to produce 1,4-
hydroamination products (Eq. 4.40) [168].
NG+ ENH S0 NN
e (4.40)
97%, TOF=25h""
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A gaseous mixture of butadiene and NH; (5/95) has been claimed to react over
K/AlL,O;/graphite at 40°C to give a butenylamine as the major product [45].

Addition of primary and secondary amines to 1,3-butadiene and isoprene at 0 to
180°C over solid bases such as MgO, CaO, SrO, La,0;, ThO2, and ZrO, has also
been studied. CaO exhibits the highest activity, while ZrO, is inactive. Me,NH is the
most reactive amine, giving primarily the 1,4-addition product which undergoes iso-
merization to the enamine N,N-dimethyl-1-butenylamine. It has been proposed that
addition of amines to 1,3-dienes on basic catalysts proceeds via aminoallyl carban-
ion intermediates which result from addition of amide ions to the dienes [169, 170].

442
Homogeneous Catalysis

4.42.1 Activation of the Diene
The hydroamination of 1,3-dienes has been attempted with catalyst precursors of
nearly all transition metals. The most active are those based on Group 9 and 10 tran-
sition metals.

1,3-Butadiene and isoprene give rise to mixtures of what are usually called telom-
ers, namely 1:1 telomers between the amine and the 1,3-diene (true hydroamination
products), 1:2 telomers and even higher homologs together with oligomers of the di-
ene as exemplified in Eq. (4.41).

NF + HNR, H-[C,H{]-NR, + H-[C H],-NR, + H-[C 4 Hgl;-NR, + ... (4.41)

The ratio of formation of 1:1 vs. 1:2 telomers does not appear to be solely a func-
tion of the metal but is also determined by the nature of the added ligands and of the
co-catalysts (additives). Higher dienes like 1,3-pentadiene, 2,3-dimethylbutadiene,
etc. afford 1:1 telomers only.

In fact, catalytic systems which effect solely the hydroamination of 1,3-butadiene and
isoprene are rare and usually specific to the diene and to the amine. Thus morpholine
adds to 1,3-butadiene in the presence of RhClL.3H,0 to give a mixture of 1,2-
(Markovnikov) and 1,4-hydroamination products in good overall yield (Eq. 4.42) [171, 172].

NH ———

EtOH, 75°C

N . O/ \ RhCl3.3H,0 (0.8%) O/ \NJ\/ + O/ \N/\y\ (442)
_/ \__/ \__/

3 equiv.
60%, TOF=5h"" 25%, TOF=2h"'
Although less active, the cobalt system CoCl,/PPh;/NaBH, affords a 90/10 mix-
ture of 1,2- and 1,4-addition products in 98% yield at room temperature [172]. Palla-
dium catalysts are more efficient (Eq. 4.43) [173].

Pd(dppe), (0.25%) J\/
NS+ O/ \NH PhOH (2.5%) O/ \N/\y\ + O/ \N = (4.43)
./ 140-150°C ./ \_/

1.5 equiv. ,
65%, TOF=260h"" 5%, TOF=20h"
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A mixture of PdBr,/PhONa/PhOH can also be used to generate the required
Pd(0) catalyst. The presence of phenol greatly improves catalyst activity and selectiv-
ity, favoring the formation of the 1,4-addition product. The reaction could be ex-
tended to isoprene, 1,3-pentadiene and 2,4-hexadiene to afford mixtures of 1,2- and
1,4-addition products, albeit in lower yields. In all these reactions, some high-boil-
ing products are also formed [173]. Similar results have been obtained in the hy-
droamination of isoprene with Et,NH catalyzed by Pd(acac),/dppe/BF;.OEt, [174].

Reduced nickel salts in the presence of a large amount of phosphine catalyze the
hydroamination of 1,3-butadiene with Et,NH (Eq. 4.44) [175, 176].

[CH;(CH,);0CO,1,Ni (0.44%)

NaBH, (5.4% 7
N + E,NH B 02%) ELNT SN 4 BONICHGLH  (444)
PhP(Oi-Pr), (3.5%)
o0°c 45%, TOF=25h"" 0.8%

Similarly, a mixture of Ni(cod),/P(n-Bu);/CF;CO,H catalyzes the reaction of 1,3-
butadiene with morpholine to give a mixture of 1,2- and 1,4-addition products (90%,
TOF =13 h™) [177).

It was also shown that a cationic allylnickel complex [(n;-crotyl)Ni{P(OEt);},]PF
catalyzes this reaction without added acid and that cis- and trans-1,3-pentadienes re-
act with morpholine to give a mixture of 1,2- and 1,4-addition products [178].

NiCl,/PhP(0Oi-Pr), or Ni(acac),/NaBH,/PhP(Oi-Pr), combinations catalyze the re-
action of 1,3-butadiene with morpholine or n-BuNH, at 100°C in an autoclave to a
mixture of 1,2- and 1,4-addition products. However, by passing 1,3-butadiene gas
into a solution of NiBr,/PhP(Oi-Pr), in morpholine, 1-(N-morpholino)-2-butene
could be obtained highly selectively (Eq. 4.45) [179]. In the early stages of the reac-
tion, a mixture of 3-(N-morpholino)-1-butene and 1-(N-morpholino)-2-butene is
formed, which fully isomerizes into 1-(N-morpholino)-2-butene [179].

NiBr, (2%)
/ N\ p / N\ —
N+ 4 NH RO 2% NN (4.45)

r.t.

98%, TOF =74 h™!

Dzhemilev and Tolstikov et al. have studied the influence of phosphines and addi-
tives in the hydroamination of 1,3-butadiene with morpholine catalyzed by the
Ni(acac),/phosphine/AlEt;/ additive (1/3/3/10) system [180]. With CF;CO,H as ad-
ditive, the reaction is highly selective (>93%) for the formation of 1-(N-morpholino)-
2-butene (>80% yield) by using P(n-Bu); or P(OEt); as phosphine. With the same
system and PCl; as phosphine, a mixture of 3-(N-morpholino)-1-butene (70%) and
1-(N-morpholino)-2-butene (30%) is formed (TOF = 21 h™).

Several additives were tested in the case of the Ni(acac),/P(n-Bu);/AlEt;/additive
(1/3/3/10) system. BF;.OEt, or TiCl, or morpholinium chloride induces the fully se-
lective formation of 3-(N-morpholino)-1-butene without formation of 1:2 telomers
or oligomers (Eq. 4.46) [180].
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Ni(acac),(1%) J\/

/ \ b / N\ 7

NF +d  Na 4G 4\ (4.46)
\ / P(n-Bu); (3%) \ /

[OC4HoNH]'CI (10%)
80°C 75%, TOF=25h""

The same catalytic system has been tested for the hydroamination of 1,3-butadi-
ene with cyclic amines from the three-membered ring aziridine to the seven-mem-
bered ring perhydroazepine. Although arizidine does not lead to a hydroamination
reaction, all other cyclic amines give rise to a mixture of 1:1 telomers in fair to excel-
lent yields (e.g., Eq. 4.47) [181].

Ni(acac)(1%) J\/
N+ GNH AL O, G G (4.47)
P(n-Bu); (3%)
CF; CO,H (10%) 60% 40%
100°C \

90%, TOF = 18 h™!

The palladium salt/dppe combination catalyzes the hydroamination of 1,3-butadi-
ene with NH; to give a mixture of 1:1, bis-(1:1) and tris-(1:1) hydroamination prod-
ucts (Eq. 4.48) [182].

= NH, | N 49% 62138)
PA(OAC),(1.4%) -
dppe (1.8%)
INF + NH;W /\rN\/\J" + (WZNH 27% (50/50)

6 equiv. (4.48)

conversion = 90%

TOF =64 h"! (W3N 8% + oligomers (16%)

Attempts to prepare optically active amines by replacing dppe with optically active
diphosphines such as DIOP or DIPAMP in the Pd/dppe system [183] or by replac-
ing PhP(Oi-Pr), with dimenthyl phenylphosphinite in the Ni/PhP(Oi-Pr), system
[184] have met with little success.

Platinum complexes Pt(PPhs), and PtCl,(PPhs),, either alone or in combination
with CF;CO,H, catalyze the selective monohydroamination of 1,3-butadiene with
BnNH, or PhNH, (Eq. 4.49) in moderate yields [185]. Pd(OAc),/CF;CO,H is also an
efficient but less active catalytic system for this reaction [185].

Pt(PPh;), (0.5%) J\/
NF + PhNH, % PRNH NN 4 e N (4.49)
2 equiv. 34%, TOF=3.7h"" 9%, TOF=1h"'
In the presence of triethylammonium iodide, Pd(OAc),/PPh; catalyzes the selec-
tive 1,4- hydroamination of 1,3-butadiene with Et,NH to afford the same product as

in Eq. (4.44) (45%, TOF = 4 h™)) [186).
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Isoprene or 2,3-dimethyl-1,3-butadiene or 1,3-cyclohexadiene (with Et,NH), 2,3-
dimethyl-1,3-butadiene (with n-BuNH, or piperidine) and 1,3-hexadiene or 2,4-hexa-
diene (with PhNH,) similarly give 1:1 telomers in fair to good yields [186].

More substituted 1,3-dienes or trienes containing a 1,3-diene unit react with
amines to give 1,2-addition products in the presence of nickel (Eq. 4.50) or palladi-
um (Eq. 4.51) catalysts [187, 188|.

Ni(acac), (1%)
/N P(i-Bu); 3%) 4\ W
NN+ Q NH —————— Q N (4.50)
\ / AIEt; (3%) N
CF; CO,H (10%)
100°C

= Pd(acac),(1%)
{ \ P(n-Bu); (3%) / \
A M e AN (4.51)
__/ AlEt; (3%)

CF; CO,H (10%)
100°C 56%, TOF=7h"'

86%, TOF=11h""

The formation of telomers rests on n’-allylic intermediates, and the ratio of for-
mation of 1:1 vs. 1:2 telomers stems from the reaction of the amine on a C,-allylic
complex vs. a Cg-allylic complex, an excess of phosphine and the presence of an
acidic (Brensted or Lewis) co-catalyst favoring the n’*-crotyl complex (Scheme 4-5)
[178, 180, 189-196].

/IA/ +
[HML,]" + N —— M
L L

/l\
ML, +2 N ——— M—L
N

Scheme 4-5 Intermediates in the hydroamination vs. telomerization of 1,3-dienes

4.4.2.2 Activation of the Amine

4.4.2.2.1 Activation by Bases

The first examples of hydroamination of 1,3-dienes catalyzed by alkali metals ap-
peared as early as in 1928 for the production of ‘pest destroying agents’ [197]. For ex-
ample, reacting NH3 with 1,3-butadiene in the presence of sodium for more than 10
days yields 45% tri(butenyl)amine and 55% of ‘high boiling bases rich in carbon’
(Eq. 4.52).

Na (50%), - 80°C, 10 days
- 15°C, 5 days
conv./NH; = 85% 45% 55%

INF + NH, N(C4H;); + high boiling products  (4.52)
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Several other examples (50-60% yields) were provided, including hydroamination
with primary amines, piperidine, anilines and hexamethylenediamine [197-199].
The special case of aziridine was reported to afford a mixture of isomers ‘in a good
yield [200].

Similar reactions are performed more efficiently by preparing separately the de-
sired amide, which is then used in catalytic amounts (Eq. 4.53) [201, 202].

-BuNNa (16%
NF + n-Bu,NH %)» n-Bu,NC,H, (4.53)

60%, TOF=15h"

In all the above reactions, secondary amines give good yields of butenyl com-
pounds, whereas with primary amines products of high molecular weight, i.e. con-
taining more than 2 butadiene units per mol of amine, are also formed. The latter
have been shown to be aldimine derivatives containing three C, units [203].

Further studies showed that the alkylamide catalysts can also be generated in situ
from the amine and n-BulLi or sec-BuLi [155]. The resulting product mixture (> 99%
1,4-adduct) depends on the nature of the amine and the nature of the solvent
(Scheme 4-6).

CsH,oNLi (5%), C¢H, < > _/T’J
N

50°C
83%, TOF=0.7h™"  cis / trans =36/ 63
AN R NH
"\ CsH,(NLi (5%), THF _/:,.r
50°C N

58%, TOF=04h"  cis/ trans=1/99
Scheme 4-6 Influence of the solvent on the condensation of CSH1ONH with 1,3-butadiene

In fact, the stereochemistry of the hydroamination seems to depend strongly on
the experimental conditions. For example, for the condensation of Et,NH with 1,3-
butadiene, either cis-1-diethylamino-2-butene (n-Buli, CsH,-Et,0) [204, 205], or
trans-1-diethylamino-2-butene (sec-BuLi, THF) [155] can be obtained in ca. 98% yield
stereoselectivity. In some cases, telomerization products are also formed [205].

Studies of the reaction of Et,NLi with 1,3-butadiene gave evidence that the reac-
tion occurs only in the presence of free Et,NH (i.e. Et,NLi alone does not add to 1,3-
butadiene), the best initial ratio being Et,NH/Et,NLi = 3 [204, 206]. From kinetic and
spectroscopic (IR) studies, it was concluded that an Et,NLi-Et,NH (1/2) complex
plays an important role in the reaction.

Sodium alkylamides can also be generated in situ by reacting the amine with sodi-
um naphthalene in THF [207, 208]. This procedure has been used for the condensa-
tion of secondary amines with different 1,3-dienes to give high yields of monoalky-
lated products without formation of 1:2 telomers. In the case of primary amines,
mixtures of mono- and dialkylated products are obtained together with unidentified
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products. The case of isoprene is representative (Eq. 4.54). The regioselectivity de-
pends upon the isoprene/amine ratio [208].

)\/ Na (4%)
_ naphthalene (2%) )\/\ \)\/ 4.54
yZ + EupNH —————= NEt, * S ~NEL (4.54)

. THF/Et,NH
1.2 equiv.

91% 79% 19%

The above system has been used for the reaction of Et,NH with myrcene
to give a mixture of hydroamination products (53% yield) containing 80% of
N,N-diethylgeranylamine [208], a key intermediate for the synthesis of industrially
important monoterpenes [208, 209-211], including (-)-menthol (Tagasako process)
[212].

The synthesis of N,N-diethylgeranylamine with a still higher selectivity (92-95%)
has been fully described in Organic Syntheses by using lithium cut or n-Buli (Eq.
4.55) 213, 214].

-BuLi (25%
X = + Et,NH w MNEQ (4.55)

hexane, 50°C
77-83%; TOF=0.8h™!
(95% isomeric purity)

The isomeric N,N-diethylnerylamine could be obtained in 99% isomeric purity
(77-86% yield) by telomerization of isoprene with diethylamine in the presence of
n-Buli [215].

4.5
Hydroamination of Alkynes

451
Heterogeneous Catalysis

Since 1877 and until the mid of the 20th century, numerous patents and a few pub-
lished articles have dealt with the condensation of acetylene with NH; with the aim
of manufacturing ‘valuable nitrogenous products’ [216]. With the exception of the
first attempts [216, 217], the reaction has been carried out with catalysts at tempera-
tures from 200 to 600°C. Usually di- and triethylamine, acetonitrile, pyridine, picol-
ines, higher nitrogen heterocyles and higher hydrocarbons, sometimes hydrogen,
coke, soot, and tars are formed in varying amounts.

The condensation of NH; with acetylene can give rise to vinylamine, which is
probably an intermediate (together with ethylideneimine) in the formation of ace-
tonitrile and other condensation products (Scheme 4-7).

Acetonitrile can be obtained in 50-90% yield on passing mixtures of NH; and
acetylene at 300-500°C over mixtures of oxides or nitrates of thorium and zinc on
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HC=CH + NH, CH,=CHNH, CH;CH=NH CH4CN + H,

Scheme 4-7 Possible intermediates in the reaction of acetylene and NH; leading to acetonitrile

silica [218-220], zinc and chromium oxides on alumina [221], zinc oxide on kaolin
[222, 223], and ZnCl2-based molten salts [224].

Nearly quantitative yields of acetonitrile can be obtained by passing mixtures of
NH3 and acetylene over zircon at 400-500°C [225], over Cr,0; on y-alumina at 360°C
[226] or by passing mixtures of NH;, acetylene and hydrogen at 400-420°C over a
mixture of zinc and thorium oxides on silica [227] or at 300-450°C over zinc oxide or
zinc sulfate or zinc chloride on silica [228, 229]. In such reactions, the role of traces
of water has often been questioned. However, acetonitrile could be obtained under
rigorously anhydrous conditions, thus demonstrating the direct amination of acety-
lene with NH;. It was also reported that ethylideneimine can be obtained in up to
26% yield [225]. However, in the light of more recent work [230, 231] the product
was most probably 2,4,6-trimethyl-1,3,5-hexahydrotriazine.

Propionitrile can be obtained as the major product (70%) on passing mixtures of
propyne and NH; over ZnCl,/silica gel at 360-380°C [229].

Nicodemus obtained mixtures of ethylamines on passing mixtures of NH3 and
acetylene at 280-290°C over zinc chloride on pumice [232, 233] or at 350°C over a
mixture of zinc nitrate, tin chloride, silica and charcoal on diatomaceous earth (Eq.
4.56) [234].

Zn(NO3),-SnCl,-Si0,-C .
HC=CH + NH; ——— > EtNH, + Et;NH + Et3;N + CH;CN + pyridinic bases
T 3

on diatomaceous earth
350°C 10% 14% 39% (456)

Mixtures of Et,NH and Et;N and pyridinic bases can be obtained from the reac-
tion of acetylene and EtNH, under similar conditions [235]. Ethylideneimine was
proposed as an intermediate in the formation of ethylamines and acetonitrile.

It was later shown that aziridine reacts over mixtures of zinc and chromium ox-
ides on alumina at 400°C to give the same products as those obtained from mixtures
of NH; and acetylene [221]. Aziridine, which would form by addition of NH; to
acetylene followed by IH (Scheme 4-8), was thus postulated to be an intermediate in
the formation of acetonitrile (by dehydrogenation), monoethylamine (by hydrogena-
tion) and all other heterocyclic bases (by ammonolysis and subsequent reactions)
[221).

HC=CH + NH, CH,=CH-NH, H,

H,C C

2\/
N
H

Scheme 4-8  Further intermediates in the reaction of acetylene and NH;

The reaction of amines with acetylene or higher alkynes has seldom been de-
scribed. n-BuNH, reacts with acetylene at 160°C in the presence of CdSO, or CuCl
or ZnCl, to give n-butylpyrroline (Eq. 4.57) [236].
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CdSO, or Cu,Cl f § /_§
HC=CH + n-BuNH, & — / and/or (4.57)
or ZnCl,, (0.5-1%)

N
160°C |

)
n-Bu % ? n-Bu

Last, N-vinylpyrrole can be obtained in ‘good yield’ from the reaction of pyrrole
and acetylene over soda lime at 265°C [237].

Only one publication describes the use of a zeolite as catalyst in the hydroamina-
tion of alkynes. MeNH, reacts with 1-propyne over a Zn(II) ion-exchanged Y zeolite
(ZnY) at room temperature and atmospheric pressure to give a mixture of N-iso-
propylidenemethylamine and N-n-propylidenemethylamine (Eq. 4.58) [238].

NMe NMe
ZnY
CH,C=CH + MeNH, ———

+ (4.58)
r.  CHy” “CH; = H”~ “CH,CH,

~23% yield; TOF = 14 h' >90% ~6%

Only ZnY and cadmium(II) ion-exchanged Y zeolite (CdY) are active catalysts.
Two enamines resulting from Markovnikov and anti-Markovnikov additions are the
initial products of the reaction. Extension was made to the hydroamination of 1-
propyne (with EtNH,, i-PrNH,, or PhNH,) of 2-butyne (with MeNH, or i-PrNH,)
and of 1-hexyne (with MeNH,), but with lower activity and selectivity. The hydroam-
ination fails in the case of 1-propyne with Me,NH, t-BuNH,, or NH; and of acetylene
with MeNH, [238].

452
Homogeneous Catalysis

4.5.2.1 Activation of the Alkyne

It was probably Kozlov et al., studying the condensation of acetylene with aniline,
who observed the first homogeneously catalyzed hydroamination of an alkyne [239].
They give experimental evidence that N-phenylethylideneamine is an intermediate,
which evolves to an aldol-type condensation product (Scheme 4-9), known as an Ek-
stein-Eibner base [240-242].

HC=CH + PhNH, —£C2C5%) PhNH-CH-CH,-CH=NPh  —= products
L CH; J
|:CH2:CHNHPh - CH3CH:NPh:|
Scheme 4-9 Hydroamination products as intermediates in the reaction of acetylene and PhNH,

Et,NH reacts with acetylene in the presence of copper(I) chloride or acetylide to
give 3-diethylamino-1-butyne (Scheme 4-10) [243-247).
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H;

HC=CH + Et,NH ——2C03% |:Et2N-CH:CH£| HC=CR g N-CH-C=CH

20 bar decaline, 100-110°C
70%

Scheme 4-10 Hydroamination product as intermediate in the reaction of acetylene and Et,NH

Similar reactions with primary and secondary amines result in the formation of 3-
alkylamino- or 3-dialkylamino-1-butyne in 30-80% yield (TON = 3-9) [243-247]. In
one example, the TOF could be estimated as 0.2 h™ [246]. Enamines were proposed
as reaction intermediates. It was later shown that enamines effectively react with
terminal alkynes, including acetylene, to afford the expected aminoalkynes without
catalyst or, more rapidly, sometimes exothermically, in the presence of Cu,Cl, [248].
Aromatic amines do not react under the same conditions. However, in the presence
of organic acids, e.g. acetic acid, 3-arylamino-1-butynes can be isolated in moderate
yields (Eq. 4.59) [246, 247, 249).

CH,
JHC=CH + Ph(RINH ——2C26%) _ b R\N—CH-C=CH (4.59)

AcOH, 0.6 equiv.
25 bar R =H, Me, Et EtOH, 25-60°C 18-35%

The reaction of amines and acetylene takes a different course in the presence of
Zn(OAc),/Cd(OAc),. Thus, for example, EtNH, gives N-ethylethylideneamine in
moderate yield (Eq. 4.60) [250], not ethylvinylamine as Reppe et al. had reported ear-
lier [251].

Cd(OAc),(0.25%) H
Zn(OAc), (0.3%) |
HC=CH + EtNH, W Et-N=C—CHj; (4.60)

53 bar 1

26%, TOF=~2h"

However, like N-phenylethylideneamine [239], N-alkylethylideneamines are not
stable and undergo either aldol-type condensations to give Eckstein-Eibner bases
[240-242] or condensation-elimination to give alkenylideneamines [252-254] as
shown (Eq. 4.61) [250] or even higher vinylogs [250].

Cd(0AC),(0.5%) H
Zn(0Ac)»(0.7%)

HC=CH + CyNH, oc

17 bar

CyN=C—CH; + CyN=CH-CH=CH-CH; (4.61)

45%, TOF=~1h""

11%
Imidazole reacts with acetylene in the presence of RuCl; to afford N-vinylimida-
zole in fair yield (Eq. 4.62) [255].

N N
O O
HC=CH + >N Rucl, 03%), (4.62)

N 64%; TOF=9h"!
20 bar | neat, 150°C

N
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With terminal alkynes, the direction of the reaction depends on the nature of the
substituent, the type of amine and the catalyst. Thus, dialkylamines can react with
propyne to give 4-dialkylamino-4-methyl-2-pentynes traced from the fully regioselec-
tive formation of 2-dialkylaminopropene, i.e. the Markovnikov hydroamination
product (Scheme 4-11) [256].

Cd(0AC),(0.5-0.9%) CH,
-1%) |CH;—C=CH,| CH;C=CH —CH-C=(".
CH,C=CH + R,NH —22020:061%), 15571 2| SCEAL RN—CH C=C-CH,
: 120-140°C NR
2 CH;
R=CHs,71%, TOF=7h"
R =C,Hs, 80%, TOF=4.5h "

Scheme 4-11  Hydroamination product as intermediates in the reaction of propyne and R,NH

In contrast, the reaction of morpholine with phenylacetylene is less regioselective.
‘Two products are formed, arising from two vinylamine intermediates (Scheme 4-12)
[257].

r . CH,Ph

Ph-CH=CH—N 0 PhC=C—CH—N O
7/ | —/
PhC=CH HN/ N CuaCl 10%) | PhC=CH 12.5%
S EN /7 esosc Ph H
/N _ /N
CH,=C—N © PhIC=C—CH,—~C—N O
/ | \_/
i ] s55% I

Scheme 4-12 Hydroamination products as intermediates in the reaction of phenylacetylene and
morpholine

PhNH, reacts with alkynes in the presence of HgO-BF; to give N-phenylalkylide-
neamines arising from the isomerization of the initially formed vinylamines (Eq.
4.63) [258].

HgO (4-12%) NPh
BF;.OEt, (3-9%)
—_—

n-CsH,;C=CR + PhNH, o
- n-CsH,,  “CH,R

(4.63)

R=H, 26-34%, TOF=2-8.5h !
R=Et, 19%, TOF=1.5-45h '

PhNHEt and 1-heptyne afford a N-vinylamine as a stable Markovnikov hydroami-
nation product (Eq. 4.64) [258].

HgO (4-12%) Ph\N/Et
BF;.0Et, (3-9%
n-CsH,,C=C-H + PhNHEt %)» (4.64)
50-60°C n-CsH, |

Barluenga et al. have extensively studied the hydroamination of alkynes catalyzed
by mercury compounds, especially mercury(Il) chloride. Terminal alkynes and
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PhNH, react in the presence of HgCl, (5%) to produce the same anils as those ob-
tained with the HgO/BF;.OEt, system (Eq. 4.63), but at room temperature and with
a higher TOF (12 h™) [259]. Phenylacetylene and secondary aromatic amines afford
enamines like those of Eq. (4.64), but aliphatic terminal alkynes and secondary aro-
matic amines give rise to a mixture of enamines (Eq. 4.65) [259].

Ph\ /Et Ph\ /Et
HgCl, (5%) N
RCH,C=C-H + PhNHEt — 22— A + /\ (4.65)
5 equiv. Me CHvR CH,R
R =n-CsHy, >95 <5
\ J

'

84%, TOF=17h"!

Under the same conditions, the hydroamination of acetylene with primary or sec-
ondary aromatic amines brings about the formation of dimerization-cyclization
products since the generated imines or enamines, respectively, are not stable.

The hydroamination of alkynes with primary and secondary aliphatic amines ne-
cessitates the use of higher amounts of catalyst (17%) and higher temperatures, and
TOFs are low (<1 h™) [260]. With aliphatic and aromatic terminal alkynes and a 5-
fold excess of primary aliphatic amines, the products are the corresponding imines
(40-78% vyield, TOF up to 0.3 h™). In contrast to the Cu,Cl,-catalyzed reaction of
phenylacetylene and secondary aliphatic amines (Scheme 4-12), the HgCl,-catalyzed
reaction is fully regioselective for the Markovnikov hydroamination products which
do not evolve under the reaction conditions (Eq. 4.66) [260].

(0]
/ v HgCl, (17% [ j
PhC=C-H + HN e} gCl, (17%) N 50%

dioxane, 100°C TOF=02h"
_/
5 equiv. Ph

As in the case of secondary aromatic amines, aliphatic terminal alkynes and sec-

(4.66)

ondary aliphatic amines give rise to mixtures of enamines like those of Eq. (4.65)
260).

Mechanistic studies indicated the possibility of alkynylmercury chlorides as inter-
mediates. They would react with amines to give 2-aminovinylmercury chlorides
which could be protonated to give enamines (or imines in the case of primary
amines) (Scheme 4-13) [260].

The hydroamination of phenylacetylene with primary or secondary aromatic
amines is also catalyzed by T1(OAc); to give imines or enamines, respectively, in low
to good yields (10-89%) with TOF up to 6 h™ [261].

Substituted 3-alken-1-ynes can be hydroaminated with primary or secondary
aliphatic or aromatic amines at the alkynyl sites or at the alkynyl and at the alkenyl
sites in the presence of Hg(Il) salts. However, the reaction is essentially stoichio-
metric in nature, even if the mercury compound can be recycled without apparent
loss of activity [262-264].
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2p3
R'C=CH + HgCl, =—= [R'C=C-HgCl] Z2"E,
HCl

“He(I)| +H*

RZ\N,R3

N < R=H
R1/U\ Rl/J\

Scheme 4-13  Mechanism of the HgCl,-catalyzed hydroamination of terminal alkynes

Hexafluoro-2-butyne, vinylacetylene, and 1,3-butadiyne can be hydroaminated
without catalyst [265-267]. However, the reaction of 1,3-butadiyne with Et,NH is ac-
celerated and gives a better yield in the presence of silver or silver diacetylide (29%
vs. 19% without catalyst) (Eq. 4.67) [268].

Ag (0.3%
HC=C-C=CH + E,NH —= "%\, HC=C-CH=CH-NEt, (4.67)
CgHg, 45°C

29%, TOF ~50 h™!

1,3-butadiyne, mono- and disubstituted 1,3-butadiynes react with NH; and primary
alkyl- and arylamines in the presence of Cu,Cl,, affording a wide variety of 1,2-, 2,5-
and 1,2,5-substituted pyrroles in good yields (e.g., Eq. 4.68) [269-271]. This reaction
has been applied to the synthesis of polypyrroles and of the porphyrin ring [272, 273].

]\ 1
2Cly (2.5% /O\ R=Ph,93%, TOF=19h " (4.68
PhC=C-C=CPh + RNH, S2C2C5%) o A A\py (4.68)

170°C ) R = n-Bu, 64%, TOF = 13h "'
R

IH of alkynylamines has been performed with a variety of catalytic systems based
on palladium [274-281], cobalt, thodium, iridium, ruthenium, platinum, copper, sil-
ver, zinc, cadmium, mercury [279-281], nickel [279-282], gold [279-281, 283], and
molybdenum [284] derivatives.

In the case of 3-alkynylamines, IH proceeds exclusively in a 5-Endo-Dig process to
give substituted 1-pyrrolines. The best catalysts are palladium complexes (Eq. 4.69);
the reaction fails for terminal alkyne owing to the formation of a stable palladium
acetylide [278].

PdCl,(MeCN), (2.5%
R'-CEC-CH,—CH-R? o MeChh @) /O\ (4.69)
I MeCN/H,O, reflux R R?

NH, N

4 examples, 63-70%
TOF=52-58h"
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Ni(CO),(PPhs;), (under CO pressure) is also an efficient catalyst, but [Rh(CO),Cl],
is not [282].

For 4-alkynylamines, IH in the presence of PdCl,(MeCN), proceeds by two com-
petitive processes; a major 5-Exo-Dig cyclization and a minor 6-Endo-Dig one (Eq.

4.70) [278].
_ PdCl,(MeCN), (5%
R'=C=C—(CHy),~(H-R® SO ’/O\RZ + Q
NH2 MeCN, reflux R1 N Rl N R2
\ N ) (4.70)
R' = n-C;H;s, R = H; R = n-C¢Hys, R? = Me 80% 20%

TOF=25h"

With [Pd(MeCN),](BF.), [281] or Ni(CO),(PPhs), under CO pressure [282], only sub-
stituted pyrrolines are formed (Pd: 48-70%, TOF = 6-8 h™%; Ni: 40%, TOF = 0.5 h'l).

IH of 5-alkynylamines proceeds in a 6-Exo-Dig manner exclusively, whatever the
catalyst [278-281, 283]. In the case of 6-amino-1-hexyne, the best catalysts by far
are[Cu(MeCN),JPF,, Zn(0;SCE;),, CA(NO,),.4H,0, or Hg(NO;),.H,0 (Eq. 4.71) [280].

Cu(MeCN),|PF¢ (1%
H—C=C—(CH,),~NH, e O, @ 930, ToR =5 (4.71)
MeCN, 82°C Me N

For substituted 5-alkynylamines, gold derivatives are the most efficient catalysts
(Eq. 4.72) [283)].

R'-CEC—(CH,);~CH-R? sl 2LOCH) /(j\ 472
e P
(CHy)s I MeCN, r.t. or reflux PN 5 (4.72)

NH, R N~ 'R

R'=n-CsH,;,R*=Me;R' =n-C¢H;;,R*=H 100%, TOF=1.8h"'

These IHs have been applied to the synthesis of several pyrrolines and 2,3,4,5-
tetrahydropyridines known as venom constituents from ant species [278].

IH of 2-alkynylanilines has been also studied in the presence of molybdenum
[284], palladium [276, 277, 281], and gold catalysts [276]. It provides indoles in low to
good yields as a result of 5-Endo-Dig cyclizations (Eq. 4.73) [277].

R
F
PdCl, (5%)
2 O% N—r (4.73)
MeCN or DMF, 70-120°C
NH, N
H
R = vinyl, aryl or hetaryl groups 16 examples

15-82%, TOF = 0.2-6 h™'
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The mechanism of these IHs has been studied in the case of 6-amino-1-hexyne.
The oxidation state of the metal is of the utmost importance since no conversion is
observed with complexes in a different oxidation state. Catalytically active species
are electron-rich d® or d' complexes. A general catalytic cycle has been proposed on
the basis of deuterium-labeling experiments (Scheme 4-14) [280]. It is believed to oc-
cur for all the catalysts used.

/(j o N\ lﬂ NH,
>
N H
):j N = LMl NH,
N L,M—NH,

| H
H

LM
‘\p SN J
| /h L“Wf(%g
LM

Scheme 4-14  Catalytic cycle for the IH of aminoalkynes via activation of the alkyne

4.5.2.2 Activation of the Amine

4.5.2.2.1 Activation by Bases
The first example of base-catalyzed hydroamination of alkynes is due to Reppe et al.
in 1935 (Eq. 4.74) [285].

KOH (18%) 4
H-C=CH + decaline, 160-170°C ‘ (4.74)
N N
H k
N

Similarly, pyrrole, indole, and tetrahydrocarbazole [285] as well as diarylamines
give the corresponding N-vinyl compounds [286]. Several improvements of yields
and reaction rates were observed by conducting the reactions in the presence of ad-
ditives [287, 288]. The vinylation of imidazole and benzimidazole was reported to be
catalyzed by KOH in the presence of zinc or cadmium salts [289]. The above reac-
tions were reviewed in 1965 [290).

Highly basic systems such as KOH/DMSO (superbasic Trofimov conditions [291])
have been used for the N-vinylation of 3-vinylpyrrole (Eq. 4.75) [292].
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H-C=C-H + d\ KOH (30%) A_f\ 55%; TOF=1h"! (4.75)
DMSO, 120°C

10 bar
\

CsOH.H,0 has also been shown to be a catalyst for the hydroamination of pheny-
lacetylene with anilines (Eq. 4.76) and heterocyclic secondary amines [160].

CsOH, H,0 (20%) Fo NRPh
Ph-C=C-H + PANHR —— s = (4.76)
NMP, 90-120°C H
TOF=-03n"  R=Ph 82%, Z/E=75/25

R =Me, 46%, Z/E = 50/50

4.5.2.2.2 Activation by Early Transition Metals

In 1992, Bergman et al. reported that zirconium bisamides Cp,Zr(NHR), catalyze
the intermolecular hydroamination of alkynes with sterically hindered primary
amines to give enamines or their tautomeric imines (e.g., Eq. 4.77) [126].

NHAr

Zr(NHAr), (3%
Ph-C=C-Ph + ANH, —ZHARGR), - —( 60% (4.77)
CeHp, 120°C pp Ph

Ar = 2,6-dimethylphenyl

The reaction rate is low (TOF = 0.04-0.2 h™"), but, interestingly, the catalyst seems
indefinitely stable under the reaction conditions. Kinetic data (v =

Cp,Zr(NHAr),
H NHAr \
Ph-C=C-Ph
Ph Ph Cp,Zr=NAr
+ ArNH,
A Ph
I Ar
SN—\_- Ph \
/ coz
Cp,Zr H P4t / Ph
NHAr
Ph
ArNH,

Scheme 4-15  Catalytic cycle for the zirconium (bisamide)-catalyzed hydroamination of alkynes
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k[cat.)'[alkyne] [ArNH,] ) are consistent with a reversible rate-determining o-elimi-
nation of amine to generate a transient imido complex Cp,Zr=NAr. A [2+2] cycload-
dition of the latter with the alkyne then generates an azametallacyclobutene [293],
which is cleaved at the Zr—C bond by protonolysis by the amine. Regeneration of the
imido complex then occurs by o-elimination of the enamine (Scheme 4-15).

The stoichiometric hydroamination of unsymmetrically disubstituted alkynes is
highly regioselective, generating the azametallacycle with the larger alkyne sub-
stituent o to the metal center [294, 295]. In others words, the enamine or imine
formed results from an anti-Markovnikov addition. Unfortunately, this reaction
could not be applied to less sterically hindered amines.

More recently, Doye et al. used Cp,TiMe, as catalyst precursor [296]. In the pres-
ence of a primary amine RNH,, Cp,TiMe, loses methane to generate the titanium
bisamide or titanium imido complexes [Cp,Ti(NHR), or Cp,Ti=NR], which are ac-
tive for the hydroamination of alkynes (R = aryl, t-Bu, Cy). Although the potentially
hydrolyzable imines formed could be isolated, more representative yields are given
by hydrolysis to the corresponding ketones or reduction to the amine (e.g., Scheme
4-16, TOF = 0.5 h™) [296].

O
Sio,
—_—
NPh| CH:Cl,  Pph Ph
_ Cp,TiMe, (3%) /< 92%
= e - _—
Ph-C=C-Ph + PhNH, toluene, 100°C NHPH
Ph
LiAlH,
—_—
THF Ph Ph

62%
Scheme 4-16 Hydroamination of diphenylacetylene with PhNH,

For unsymmetrically disubstituted alkynes, the regioselectivity is 100% anti-
Markovnikov, phenylpropyne being the most reactive alkyne (Eq. 4.78) [296].

(0]
Cp,TiMe, (1%)  SiO,

Ph-C=C-Me + PhNH,
toluene, 100°C  CH,Cl, Ph Me

(4.78)

99%, TOF =2.5h ™!

The proposed catalytic cycle is based on that reported by Bergman et al. with zir-
conium-imido complexes (see above, Scheme 4-15).

IH of aminoalkynes can be performed under mild conditions using CpTiCl; or
CpTi(Me),Cl as catalyst precursors to give dihydropyrrole and tetrahydropyridine
derivatives (regioselective Exo-Dig processes) in high yield with TOF near 10 h™
(e.g., Eq. 4.79) [297].

H,N N

_ CpTiCl; (20%) / i-Pr,NEt
R—_\_) GO PP R/\@ (4.79)
THE, 25°C

R =Ph, n-Bu 94%, TOF- 9h !
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The reaction mechanism is believed to involve in situ generation of an imi-
dochlorotitanium complex (CpTi(Cl)=NR), which then undergoes a [2+2] cycloaddi-
tion.

This catalytic process has been used for the key step of a convergent synthesis of
(x)-monomorine [298] and for a stereoselective total synthesis of (+)-preussin [299].

(Aminotroponiminato)yttrium amides also catalyze the regioselective IH of pri-
mary aminoalkynes of Eq. (4.79), but the catalytic activity is lower (TOF < 1 h™)
300].

4.5.2.2.3 Activation by Lanthanides and Actinides
Organolanthanides are effective catalyst precursors for the regioselective hydroami-
nation of internal alkynes with primary amines (Eq. 4.80) [127].

R
Me,Si(C sMe,),NdCH(TMS), (0.5%) /\ﬂ/ (4.80)

CH;-C=C-R + n-PrNH, N
CgDg, 60°C N,pr

R =Me, Ph

85-91%, TOF = 1-2h™'

In the case of silyl-substituted alkynes (R = Me;Si), the initially formed imine un-
dergoes a subsequent 1,3-sigmatropic silyl shift yielding the corresponding enam-

ine (Eq. 4.81).
4 Z
CH,-C=C-SiMe; + n-BuNH, &51(CsMey),NICHIMS), (1.2%) \N( (4.81)
CoHe, 60°C Me;Si” N 1Bu
62%

Hydroamination of terminal alkynes with primary amines has been performed
using organoactinides as catalysts [301, 302]. The organouranium complex
Cp*,UMe’ catalyzes the regioselective formation of imines in fair to high yields (Eq.
4.82).

R
Cp*,UMe, (0.25% N
THF or C¢Hy, 80°C

1
R' = n-Bu, -Bu, Ph H CH,R
R* = Me, Et

(4.82)

50-95%, TOF = 8-16h""

The Cp*,ThMe, analog catalyzes the hydroamination of acetylene with EtNH,
(Eq. 4.83) [301].

Et\N
Cp*,ThMe, (%?
HC=CH + E{NH, pn-ler?(H') Py (4.83)
6He H CH,

80%, TOF =?
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However, with 1-hexyne or phenylacetylene, the thorium catalyst induces a dra-
matic inversion in regioselectivity giving imines with various amounts of dimerized
alkyne (e.g., Eq. 4.84) [301].

NEt
RC=CH + EINH, % )J\ .. (4.84)
ot R7 CH4

R = n-Bu, 15%, TOF = ?
R =Ph, 33%, TOF =?

Coupled intermolecular hydroaminations and intramolecular cyclizations give
pyrroles resulting from isomerization of the initially formed exomethylene dihy-
dropyrrole derivatives (Eq. 4.85) [137].

N
Cp*,SmCH(TMS), (1-10% R
2R e (485
H 6Ds> = N_R
R = CH;CH,, CH,=CH 92-95%, TOF = 208-236h™"

Organolanthanides are efficient catalyst precursors for the regioselective (>95%)
IH of primary aminoalkynes, forming five-, six-, and seven-membered cyclic imines
via Exo-Dig processes (Eq. 4.86) [303, 304].

Cp*,SmCH(TMS), (2% 7
R—— p*>SmCH( )2 (2%) R/\<_<] (486)
CeHs n
n

R=Ph,n=1273 92% (R =Me;Si,n=1)
R=Me;Si,Me,H,n=1

These reactions (Eq. 4.86) are 10-100 times more rapid than the corresponding
IH of primary aminoalkenes with the same catalyst. TOFs up to 7600 h™ have been
observed (Cp*,SmCH(TMS),, R = Me;Si, n = 1) [303].

The initial reaction has been extended to the IH of secondary aminoalkynes to
give cyclic enamines with an exocyclic C=C bond [304].

As in the case of aminodialkenes (see above), hydroamination/bicyclizations of
aminoalkenynes allow the regiospecific synthesis of pyrrolizidine skeletons (Eq.
4.87) [138, 303].

R
R
Z Cp*,SmCH(TMS), (2%) —
CH, 21°C (4.87)
N ot N
H
R =Ph, Me 68-75%, TOF = 17-777h""

4.5.2.2.4 Activation by Late Transition Metals.

The intermolecular hydroamination of alkynes catalyzed by late transition metals
was reported for the first time in 1999. Ruthenium carbonyl catalyzes the
Markovnikov hydroamination of terminal alkynes with PhNHMe to give enamines
(Eq. 4.88) [305].
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Ru3(CO), (5%)
R-C=C-H + PhNHMe ——— (488)
75°C R” “N(Me)Ph

R =Ph, p-MeCgH,, p-FC4H,,
cyclohexen-1yl- 76-88%, TOF-1h "'

Since activation of the N-H bond of PhNH, by Ru;(CO),, has been reported to
take place under similar conditions [306], it has been proposed that the reaction
mechanism involves (i) generation of an anilido ruthenium hydride, (ii) coordina-
tion of the alkyne, (iii) intramolecular nucleophilic attack of the nitrogen lone pair
on the coordinated triple bond, and (iv) reductive elimination of the enamine with
regeneration of the active Ru(0) center [305].

The above ruthenium carbonyl gives low yield (<5%) for the hydroamination of
phenylacetylene with PhNH, [307]. An important breakthrough was obtained by us-
ing the same catalyst in the presence of additives, especially strong acids (HPF,,
HBFE,) or their ammonium salts, to give the aromatic ketimines (Eq. 4.89) [307].

NAr

Ru;(CO 0.1%), NH4PF¢ (0.3%
RC=C-H + ANH, —ChOI% ML Q%) )]\ (4.89)
MeOH, 100°C R

R =Ph, n-C¢H,;
63-95%; TOF = 80-320 h™!

The reason for the remarkable enhancement effect of additives remains to be clar-
ified. However, it is clear that both protons and the associated anions play a role
[307).

A very interesting feature of the above system is that the reactions can be con-
ducted under air, without solvent. Preparative scale (40 g) hydroamination of pheny-
lacetylene with PhNH, yielded the acetophenone N-phenylimine in 92% isolated
yield in 3 h (TOF = 100 h™).

4.6
Hydroamination of Allenes

4.6.1
Heterogeneous Catalysis

To the best of our knowledge, no example has been reported.

4.6.2
Homogeneous Catalysis

4.6.2.1 Activation of the Allene

The hydroamination of allene with morpholine or allylamines has been attempted
with palladium-based catalysts. Usually, a mixture of 1:1 telomers (hydroamination
products) and 1:2 telomers is obtained, the latter being the major [308, 309] or only
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products [310]. However, by using palladium complexes/Brensted acid combina-
tions, it is possible to direct the reaction so that the hydroamination product be-
comes the major or sole product. Thus, allenes react with secondary amines to give
a mixture of allylic amines (hydroamination product) and 1:2 telomers in the pres-
ence of a Pd(dba),/PPh;/Et;NHI catalytic system (dba = dibenzylideneacetone) (Eq.
4.90) [311].

R
R\:‘: In2 Tliifi)fé;i) R NRIRE
+ R'R°NH TN 0 NN + NR'R?
R = n-C;Hys, Ph e R (4.90)
53-89% 0-19%

R'R®NH = Et,NH, pyrrolidine, piperidine .
TOF=0.5-0.8h~

These reactions have been improved (yields, reaction rates, and selectivity) to give
only allylic amines by using 1,1"-bis(diphenylphosphino)ferrocene and acetic acid

instead of PPh; and Et;NHI, respectively (Eq. 4.91) [312].

Pd,(dba);.CHCl 5 (5%)

R 152
dppf (10% R __~_-NR'R
\I + RIRZNH % 72 (4.91)
AcOH (20%)
R = Ph, p-MeCgH,, p-CF;0C¢H, THF. 80°C 62-99%
R'=R? =Bn, Ph; R =Ph, R * = 2-naphtyl TOF=15-25h"

An analogous catalytic system has been applied to the IH of y- and d-allenic
amines which cyclize smoothly in the 5-Exo-Trig or 6-Exo-Trig mode, giving
vinylpyrrolidines and vinylpiperidines, respectively (Eq. 4.92) [313].

(T [’-C3Hs)PACl, (5%) m
dppf (10%) _—
— depfM0%) 4.92
Ph™ “NH, AcOH (15%) Ph™ Ny (+92)
THE, reflux Il-l

n=1,41%, TOF=2.7h ", cis/trans = 62/38 or 50/50?
n=2,52%, TOF=25h", cis/trans = >95/<5

IH of allenic amines also occurs in the presence of silver salts. IH of a-allenic
amines proceeds in good yields in the presence of AgBF, and provides a useful
method for 3-pyrrolines synthesis via Endo-Trig processes (Eq. 4.93) [314].

RCH=C=CHCH,NHPh ~ —22reC%) O\ N (4.93)
CHCl,, rit. N
|
Ph

R=H,90%, TOF=3.6h "
R = n-C3H;, 85%, TOF=3.4h "
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Although less efficient (TOF = 0.04 h™"), similar IH of of y- and 8-allenic amines in
the presence of AgNO; give 2-alkenylpyrrolidines and 2-alkenylpiperidines, respec-
tively (5 [or 6]-Exo-Trig processes) [315]. These reactions have been applied to the
synthesis of (+)-pinidine [316] and -(-)(R) coniine [317].

The [(M*-C;H;)PdCl],/dppf/AcOH catalytic system has been used for the bis(hy-
droamination) of 3-alken-1-ynes to alkenic 1,4-diamines (Eq. 4.94), a reaction which
seems to be mechanistically related to the hydroamination of allenes since an o-al-
lenic amine CH,=C=CH(R')CH,NR, is believed to be an intermediate [318].

R! [(n*-C3Hs)PACIL, (5%) R!

:—< + HNR, — 221000 R N/\)\/NRZ (4.94)
2

AcOH (1 equiv.)

4 equiv. THEF, 80°C

R =Bn, allyl

R = Me, n-hexyl, SiM 30-70%, TOF =0.3-0.8h '
= Me, n-hexyl, SiMej

A Pd(0)/benzoic acid system has been found to catalyze the hydroamination of
certain arylalkynes with secondary amines, a reaction which is also mechanistically
related to the hydroamination of allenes, affording high yields of allylic amines (Eq.
4.95) [319).

Pd(PPhs), (5%) P
_C=C- _— AN 4.95
Ph-C=C-CH; + Bn,NH — == Fo> Ph NBn, (4.95)

dioxane, 100°C 1
98%, TOF = 1.5 h

Morpholine also gives the allylic amine in high yield. The reaction is thought to
involve a known hydridopalladium-catalyzed isomerization of alkynes to allenes fol-
lowed by reaction of the latter with the hydridopalladium complex to give 1-phenyl-
substituted n*-allylpalladium complexes. These complexes react with amines afford-
ing the allylic amines. Primary amines give the diallylic amines. An intramolecular
version has been developed for the synthesis of 2-(2-phenyl)-pyrrolidines and -
piperidines [319].

4.6.2.2 Activation of the Amine

4.6.2.2.1 Activation by Bases
To the best of our knowledge, no example has been reported.

4.6.2.2.2 Activation by Early Transition Metals

Although zirconium bisamides Cp,Zr(NHATr), do not catalyze the hydroamination
of alkenes (see above), they are catalyst precursors for the hydroamination of the
more reactive double bond of allenes to give the anti-Markovnikov addition product
(Eq. 4.96) [126].

q Me Ar
Cp,Zr(NHAr), (3%
CH,=C=CH, + ArNH, % “o=N (4.96)
7
Me

Ar = 2,6-dimethylphenyl 83%, TOF = 0.15h"!



4.7 Summary and Conclusions

4.6.2.2.3 Activation by Organolanthanides and Actinides
IH of aminoallenes appeared only recently [320, 321]. For monosubstituted al-
lenes, the reaction generally gives a mixture of two regioisomers (Eq. 4.97).

j Cp*,SmCH(TMS), (1-5%) . /O\/ (4.97)
) CeHg rt. R ~ R =

R™  "NH, TOF=2-12h’! N E
R=H 91% 90% 10%
R=Me 95% 87% 13%

In contrast, the reaction of 1,3-disustituted aminoallenes proceeds exclusively
through an exocyclic pathway (Eq. 4.98).

n
(n Cp*, YCH(TMS), (% ?) w n=1 ZE =86/14
—_— >
/ CeHg, 23°C 2 n=2 ZE =955 (4.98)

N
NH, H
93-95%, TOF =0.15-31 h™!

The ring-size dependence of the cyclization rate (TOF) is 5 > 6, as already ob-
served for IH of aminoalkenes and aminoalkynes.

Interestingly, in the case of enantiomerically pure internal allenes, a diastereose-
lective IH is observed (e.g., Scheme 4-17), as shown by the catalytic hydrogenation of
the Z/E mixture to give the trans-2,5-disubstituted pyrrolidine as a single compound.

r\l/ Cp*,SmCH(TMS), (% ) Z S H, /PO, Z S
Pr\/ N CeHg, 23°C PN o CH N ~
6116, H 212 H
99%

H 95%, TOF =630 h™'

Scheme 4-17 Diastereoselective IH of internal aminoallenes

These stereoselective IHs of internal aminoallenes have been used for the key
step of the enantioselective total synthesis of (+)-pyrrolidine 197B and (+)-xenove-
nine [322].

With regard to TOF, the IH of aminoallenes is significantly more rapid than that
of the corresponding aminoalkenes, but slower (ca. 5-20 times) than that of the cor-
responding aminoalkynes.

4.7
Summary and Conclusions

The design of a general and efficient process for the hydroamination of alkenes
would be a very important (economic) breakthrough for the production of amines. A
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lot of work, both from academical and industrial research groups, has been devoted
to this reaction, but, with the exception of the BASF tert-butylamine process, this
goal has not yet been reached, even if the knowledge of the transition metal-cat-
alyzed hydroamination has been greatly improved. The main problem still remains
catalyst efficiency, a prerequisite for industrial applications (TOF > 500 h™) [23].

Interestingly, significant progress has been made for the hydroamination of more
reactive substrates such as styrenes, alkynes, dienes, and allenes. Specifically, high-
ly selective catalysts have been discovered for the synthesis of fine chemicals (phar-
maceuticals, natural products, chemical intermediates). In this area however, the
problem of catalyst stability can also be questioned in several cases.

In 1993, ten challenges faced the catalysis research community. One of these was
the ‘anti-Markovnikov addition of water or ammonia to olefins to directly synthesize
primary alcohols or amines’ [323]. Despite some progress, the direct addition of
N-H bonds across unsaturated C-C bonds, an apparently simple reaction, still re-
mains a challenging fundamental and economic task for the coming century.
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5
Hydrophosphination and Related Reactions

Denyce K. Wicht and David S. Glueck

5.1
Introduction

Because organophosphorus compounds are important in the chemical industry and
in biology, many methods have been developed for their synthesis [1]. This chapter
reviews the formation of phosphorus-carbon (P-C) bonds by the metal-catalyzed ad-
dition of phosphorus-hydrogen (P-H) bonds to unsaturated substrates, such as
alkenes, alkynes, aldehydes, and imines. Section 5.2 covers reactions of P(III) sub-
strates (hydrophosphination), and Section 5.3 describes P(V) chemistry (hydrophos-
phorylation, hydrophosphinylation, hydrophosphonylation). Scheme 5-1 shows
some examples of these catalytic reactions.

X PHR,  RyP X

=/ 2 T\

R (RO)2P(OH — (RO}(O)R R

(RO),P(O)H i"'

Ar” P(O)(OR),
Scheme 5-1 Addition of P-H bonds to unsaturated substrates

ArCHO

The reaction of P-H bonds with unsaturated substrates often proceeds without a
metal catalyst [2]. In addition, acid or base-catalyzed [3] as well as radical reactions
[4] have been reported and extensively reviewed. Metal-catalyzed transformations
like the ones described here, however, often offer improvements in rate, selectivity,
and stereocontrol, as detailed below.

5.2
Metal-Catalyzed P(lll)-H Additions: Hydrophosphination

Phosphine itself as well as primary and secondary phosphines undergo metal-cat-
alyzed additions to olefins and formaldehyde. More than 40 years ago, some Ger-
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man patents described the addition of PH; to formaldehyde and acrylonitrile
(Scheme 5-2) [5].

Although a wide variety of metals were claimed as active catalysts for formalde-
hyde hydrophosphination, platinum salts were preferred. Similarly, Group 10 metal
salts were used to catalyze acrylonitrile hydrophosphination. Russian workers
showed that Ni(II) or Co(II) salts in the presence of ammonia or amines would also
catalyze the addition of phosphine to formaldehyde [6]. More recently, academic and
industrial interest in these reactions was sparked by a series of papers by Pringle,
who investigated late metal phosphine complexes as hydrophosphination catalysts.
These and related studies are arranged below by substrate.

catalyst
PH3 + 3 H,C=0 —— > P(CH,OH); (1)
PHs + 3 H,C=CH(CN) — 2 ocH,cHCN)s  (2)

(1) catalyst = Ni(ll) or Co(ll) + amine, or Pt(ll) or Pt(IV) salts

(2) catalyst = NiCl, or PtCl,

Scheme 5-2 Metal-catalyzed hydrophosphination of formaldehyde and acrylonitrile

5.2.1
Metal-Catalyzed P(Ill)-H Additions to Formaldehyde

Pringle found that zerovalent metal complexes were active catalysts (Scheme 5-3)
for the addition of PH; to formaldehyde (see also Scheme 5-2, Eq. 1).

PR,
/
[M]\
PR,(CH,0H) CH,OH
CH,0
—-nL PR,
n=1or2 PHR, /
ML4 ] —_— [M]\
H
CH,0
PR,(CH,0H) PR
[M]
AN
H

o
[M] = ML, or MLs, M = Ni, Pd, Pt; L = P(CH,OH)3
R =H, CH,OH, or CH,OCH,0OH

Scheme 5-3  Proposed mechanism for metal-catalyzed hydrophosphination of formaldehyde

The precatalysts, Pt(IV) or Pt(II) salts, were found to be reduced in a series of steps
by excess P(CH,0H); to give Pt{P(CH,OH);],, which in aqueous solution exists in
equilibrium with the five-coordinate cationic hydride [PtL,H][OH] [L = P(CH,OH);].
Since reaction mixtures are basic [rationalized by the formation of hemiacetals from
P(CH,0OH); and formaldehyde], the major Pt species present during catalysis is ze-
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rovalent PtL,. Independently prepared PtL, and analogous PdL, and NiL, complexes
catalyze the addition of PH; to formaldehyde. The platinum and palladium complex-
es were the most efficient catalysts, while the reaction catalyzed by the nickel com-
plex was ten times slower. As an example of the catalytic activity in such systems, 0.1
mol% of K,PtCl, catalyst was reported to give a quantitative yield of P(CH,OH); from
PH; and aqueous formaldehyde at room temperature in about 2.5 h [7].

Pringle proposed a general mechanism for the reaction catalyzed by zerovalent Pt,
Pd, or Ni (Scheme 5-3). First, P-H oxidative addition of PH; or hydroxymethyl-sub-
stituted derivatives gives a phosphido hydride complex. P-C bond formation was
then suggested to occur in two possible pathways. In one, formaldehyde insertion
into the M—H bond gives a hydroxymethyl complex, which undergoes P-C reductive
elimination to give the product. Alternatively, nucleophilic attack of the phosphido
group on formaldehyde gives a zwitterionic species, followed by proton transfer to
form the O-H bond [7].

5.2.2
Metal-Catalyzed P(lll)-H Additions to Acrylonitrile

Pringle showed that PtL; [L = P(CH,CH,CN);] catalyzes the addition of PH; to acry-
lonitrile to afford the tertiary phosphine P(CH,CH,CN);, along with the secondary
and primary phosphines PH(CH,CH,CN), and PH,(CH,CH,CN) (Scheme 5-4, Eq.
1). A simpler process, the addition of PH(CH,CH,CN), to acrylonitrile to give L, was
found to be catalyzed by several late transition metal complexes ML; (M = Ni, Pd, Pt)
or M(Cl)L; (M = Rh, Ir; Scheme 5-4, Eq. 2).
catalyst
PH3 + 3 HyC=CH(CN) ———2" = P(CH,CH,CN); (1)
catalyst = PtLj (L = P(CH,CHoCN)3)

catalyst
PH(CH,CH,CN);, + Ho,C=CH(CN) ———— P(CH;CH2CN)3 (2)

catalyst = ML3 (L = P(CH2CH2CN)3, M = Ni, Pd, Pt)
catalyst = ML3CI (M = Rh, Ir)

CN
RoP
1, R=CH,CH,CN
CN n

Scheme 5-4  Platinum-catalyzed hydrophosphination of acrylonitrile
using PH3 (Eq. 1) and PH (CH2CH2CN)2 (Eq. 2). The proposed
structure of a telomeric by-product of this reaction (1) is also shown

This reaction was most efficiently catalyzed by platinum: 4 mol% of PtL; gave com-
plete conversion of PH(CH,CH,CN), to L after 6 h. The rate depended on solvent, in-
creasing in the order acetonitrile < acetone ~ dimethylsulfoxide (DMSO). The solvent
also affected the selectivity; in acetonitrile, less than 5% of a minor phosphine prod-
uct, proposed to be the telomer 1 (Scheme 5-4), was produced. More of this by-prod-
uct was formed in acetone (20%), while in DMSO it was the major product (60%) [8].
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Kinetic studies of Pt catalysis of the reaction in Scheme 5-4, Eq. (2) showed that
the rate was a complicated function of the concentration of the product
P(CH,CH,CN); (L). At low initial concentrations of this phosphine, increasing [L]
reduced the rate, while at high initial concentrations, greater [L] increased the rate.

These observations were rationalized by invoking two parallel, [L]-dependent
mechanisms for the catalysis, one via monomeric platinum species (Scheme 5-5)

Pt Pt Pt—
AN / / |
R:P” H RsP”  PRs RsP

PHR,
PRS —PR3
Rz
PR CN
" \ = RA /\\\\—CN
Pt Pt - Pt—
RP/\/\ =\ R.p” \H RHP
3 Ry on 2

2,R= CH2CH20N

Scheme 5-5 Proposed mononuclear mechanism of Pt-catalyzed
acrylonitrile hydrophosphination at high [P(CH,CH,CN);]

CN R\
R H \ - \ /\_
~of & R = CH,CH,CN A / \
N
/ N7 Ver NC 4
= & . ]
NC RoP_
Pt—PR;
/
2PRs RaP 2 PRs
CN
Ro R2
RaP 7/ H R P CN
Pt P/t< N b\
\ N
H )\/PRZPRg, o\ = er,
NC 2
4 3
2PR;
R2 CN N\
3
\ /\ / 2 —/ N/ \ /\—CN —PR; RZP\Pt AN en
/ \ / \ 2 PR \ \ - N
R3P -2 PRy NCﬂ/ / R~ H
R2 2 R2 s

Scheme 5-6  Proposed dinuclear mechanism of ates 3 and 4), but ‘one-at-a-time’ intermediates
Pt-catalyzed acrylonitrile hydrophosphination at §and 6 were also proposed. Several mononu-
low [P(CH,CH,CN);]. The main pathway illus-  clear intermediates (see Scheme 5-5) have been
trates pairwise P-C bond formation (intermedi- removed for clarity
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and the other involving the phosphido-bridged platinum dinuclear complex 2, which
was prepared independently and shown to be a catalyst precursor (Scheme 5-6).

The mononuclear mechanism is similar to the one proposed for platinum-cat-
alyzed hydrophosphination of formaldehyde (Scheme 5-3), but also includes a sec-
ond P-C bond-forming pathway: nucleophilic (Michael) attack of the phosphido lig-
and on coordinated acrylonitrile. The binuclear mechanism is similar, but P-C bond
formation is proposed to occur by cooperative action of two Pt centers, with com-
plexes 4 — 6 as possible intermediates [8].

To avoid the complications posed by formation of dinuclear complexes, Glueck
and coworkers studied the hydrophosphination of acrylonitrile using the Pt(0) cata-
lysts Pt(diphos)(CH,CHCN) (diphos = dppe or dcpe, Scheme 5-7).

Pt catalyst
PH(Ph)(R) + CH,=CH(CN) ——— > P(Ph)(R)(CH,CH,CN)

R = Ph, Mes, Cy, i-Bu, Me

PHAr + CHy=CH(CN) —-C2talYSL_ P(Ph)(CH,CH,CN), (Ar = Ph)
PH(Mes*)(CH,CH,CN) (Ar = Mes*)

Mes = 2,4,6-Me3CgHy; Mes* = 2,4,6-(t-Bu)3CgHy, Cy = cyclo-CgHq4

Ry

P\ CN
Pt catalyst: R = Ph (dppe); R = Cy (dcpe) [ /Pt—|(

P

R2

Scheme 5-7  Pt(diphos)-catalyzed hydrophosphination of acry-
lonitrile with primary and secondary phosphines

In most cases, the dppe complex decomposed rapidly, but the more robust dcpe
derivative was observed to be the catalyst resting state by NMR. Smaller phosphines
reacted more quickly but less selectively in these systems, and selectivity for the hy-
drophosphination products ranged from 29 to >95%. It is likely that the phosphine by-
products included telomers such as 1 (Scheme 5-4), but they were not characterized. [9]

[Pt] = Pt(dppe) or Pt(dcpe) __CN 7
g CH2CHZCN
PH(Mes*)(CH,CH,CN) T PHMes*
=
CN
NC PH;Mes* H
ﬂ—[Pt] [Pt]<PHM .
NC es
=\
CN
PH(Mes*)(CH,CH,CN) [Pt]/H
Y\PHMes*
=\
CN CN
Scheme 5-8 Proposed mechanism for acrylonitrile with the bulky primary phosphine

Pt(diphos)-catalyzed hydrophosphination of PH2Mes* (Mes* = 2,4,6-(t-Bu);C¢H,)
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A detailed study of the addition of the very bulky primary phosphine Mes*PH2
{Mes* = [2,4,6-(t-Bu);CsH,]} to acrylonitrile concluded that P-C bond formation oc-
curs not by P—C reductive elimination, but by insertion of acrylonitrile into a Pt-P
bond (Scheme 5-8).

The P-H oxidative addition, acrylonitrile insertion, and C-H reductive elimina-
tion steps were observed directly with the dcpe catalyst, and the potential intermedi-
ates Pt(diphos)(PHMes*)(CH,CH,CN) (7, diphos = dppe, dcpe) were shown not to
undergo P-C reductive elimination. The generality of this proposed mechanism for
less bulky phosphine substrates, or for Pt catalysts supported by monodentate lig-
ands, remains to be investigated [9].

Hydrophosphination catalyzed by a palladium(II) precursor has been reported.

The P-H bonds of a protected bis(phenylphosphino)pyrrolidine added to acry-
lonitrile in the presence of catalytic amounts of PdCl, and K,CO; (Scheme 5-9).
Without palladium, using KOH or K,CO; as base gave only 30-40% yield. Similar
catalytic chemistry was reported briefly for methyl acrylate [10].

HPhP//,,,'” CN RPhP/,,/I'
| / cat. PdCl
NBoc + 2 —— —»2 NBoc
cat. KzCOg
HPhP R = CH,CH,CN RPhP
Boc = CO,t-Bu

Scheme 5-9  Palladium-catalyzed hydrophosphination of acry-
lonitrile with a disecondary phosphine

5.23
Metal-Catalyzed P(lll)-H Additions to Acrylate Esters

AIBN-promoted addition of PHj; to ethyl acrylate (70 °C, 25 atm of PH3) was report-
ed to give a mixture of hydrophosphination products, including primary, secondary,
and tertiary phosphines in ca. 1:1:1 ratio (Scheme 5-10, Eq. 1) [4c].

PH,(CH,CH,CO,Et)
PH(CH,CH,CO,Et),
ABN | P(CH2CHaCOoEY; 9

PH; + T < P(CH,CH,CO,Et), ca. 22111 (1)

CO,Et

CH,CH(CO,Et) g
CH,CH,CO,Et

COLEt

bt cat. P(CH,CH,CO,Et); 9
—_—

P(CHCHCOEL, ¢ 10:1 (9:8) (2
Pt cat. = Pt(norbornene); CH,CH(CO2Et) 8

PH; + 3 ——

CH,CH,COEt

Scheme 5-10 Radical-initiated (Eq. 1) and platinum-catalyzed
(Eq. 2) addition of PH; to ethyl acrylate
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Notably, half of the tertiary product was the telomer 8, which incorporates an ad-
ditional equivalent of olefin. In contrast, the Pt(0) precatalyst Pt(norbornene); (0.2
mol%) gave a 10:1 mixture of tertiary phosphine 9 and telomer 8 over 11 h at 55°C in
toluene (Scheme 5-10, Eq. 2). The selectivity was higher (>95%) when only the final
step [addition of PH(CH,CH,CO,Et), to ethyl acrylate] was monitored by NMR. In
contrast, Pt[P(CH,CH,CF;);],(norbornene) did not catalyze addition of PH; to
CH,=CHCF;; thus, the olefin must be a Michael acceptor. [11]

The ethyl acrylate reaction mixtures contained several Pt(0) compounds (Scheme 5-11).

PR; (2-3equiv) RsR(
Pt(norborneng); ——————————— ﬁt—/ + Pt(PR3)3 (1)

RsP
R = CH,CH,CO,Et

RaR CO,Et RsP_ CO4Et
/Pt_PR3 + —_— /Pt_ﬁ 10 (2)
RsP RsP

Scheme 5-11  Platinum complexes observed in hydrophosphina-
tion of ethyl acrylate using the precatalyst Pt(norbornene),

The acrylate complex 10 was suggested to be the major solution species during
catalysis, since the equilibrium in Scheme 5-11, Eq. (2) lies to the right (K., > 100).
Phosphine exchange at Pt was observed by NMR, but no evidence for four-coordi-
nate PtL, was obtained. These observations help to explain why the excess of phos-
phine present (both products and starting materials) does not poison the catalyst.
Pringle proposed a mechanism similar to that for formaldehyde and acrylonitrile
hydrophosphination, involving P-H oxidative addition, insertion of olefin into the
M-H bond, and P-C reductive elimination (as in Schemes 5-3 and 5-5) [11, 12].

PH, COLEL PR,
©: +4 =/ cat. Pt(norbornene);
PH, PR,

R = CH,CH,COEt

Even bidentate diphosphines do not act as catalyst poisons. For example, Pt(0)
catalyzed smooth addition of ethyl acrylate to 1,2-diphosphinobenzene (Scheme 5-
12, Eq. 1); no reaction took place in the absence of Pt(0), and radical initiators gave a
mixture of products.

A *'P NMR study of stoichiometric reactions using the di-primary phosphine
H,PCH,CH,CH,PH, provided more information on the reaction mechanism
(Scheme 5-12, Eq. 2). Norbornene was displaced from Pt(diphosphine)(norbornene)
by ethyl acrylate. Reaction with the diphosphinopropane was very fast; this gave the
hydrophosphination product, which, remarkably, did not bind Pt to give Pt(diphos-
phine),; instead, Pt(diphosphine)(norbornene) was observed [12].
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CO,Et Ab

L

e S
AN N\
< pt—r < N
F,/ F,/ CO,Et
R2 R2
‘\ PH, CO,Et Ab
< 3 =/ , /

CPRZ PH3
PRz
Scheme 5-12  Platinum-catalyzed hydrophos-  tions relevant to the proposed catalytic cycle

phination of ethyl acrylate as a route to biden-  (Eqg. 2)
tate diphosphines (Eq. 1). Stoichiometric reac-

5.2.4
Platinum-Catalyzed Asymmetric Hydrophosphination

Recently, the chiral Pt(0) precatalyst Pt[(R, R)-Me-Duphos](trans-stilbene) (11) has
been used to prepare enantiomerically enriched chiral phosphines via hydrophos-
phination of acrylonitrile, t-butyl acrylate and related substrates. This chemistry is
summarized in Scheme 5-13.

(R)(Ph)R X

/M

Pt cat. = Pt(Me-Duphos)(trans-stilbene) (11)
X =CN; R =ls, Mes, 0-An, Cy, i-Bu, Me

X = COut-Bu; R = Mes, i-Bu, Me

Is = 2,4,6-(i-Pr)3CgH2, Mes = 2,4,6-Me3CgHy,
0-An = 0-MeOCgHy, Cy = cyclo-CgH 14

X
PH(Ph)R) + —/ _Fteat

CN

PHR; + :<

Et Et.  ON
PHR, + T\ CN _cat. 11 >—""R=PhEt (3
RoP

4 ReP CN

R R=Ph Et (2

cat. 1

Scheme 5-13  Platinum(Me-Duphos)-catalyzed asymmetric hydrophosphination

As shown in Scheme 5-13, Eq. (1), addition of racemic secondary phosphines to
acrylonitrile gave tertiary phosphines with control of phosphorus stereochemistry.



5.2 Metal-Catalyzed P(111)-H Additions: Hydrophosphination | 151

Similar catalytic reactions allowed stereocontrol at either of the olefin carbons
(Scheme 5-13, Egs. 2 and 3). As in related catalysis with achiral diphosphine ligands
(Scheme 5-7), these reactions proceeded more quickly for smaller phosphine sub-
strates. These processes are not yet synthetically useful, since the enantiomeric ex-
cesses (ee’s) were low (0—27%) and selectivity for the illustrated phosphine products
ranged from 60 to 100%. However, this work demonstrated that asymmetric hy-
drophosphination can produce non-racemic chiral phosphines [13].

Consistent with the mechanism proposed earlier (Section 5.2.2, Scheme 5-8), in
stoichiometric experiments, the intermediates phosphido hydride 12 and diastere-
omeric mixture of alkyl hydrides 13 could be isolated and observed by NMR at
-20°C, respectively (Scheme 5-14).

P\ Ph PH(Ph)(Is) P\ /H

/Pti‘ ~trans-stilbene /P t\ 12

P ph P P(Ph)(s)
11 Q<

‘ CH,CHCN

Y\P(Ph)(ls)

Scheme 5-14  Stoichiometric reactions of Pt(Me-Duphos) complexes
relevant to the proposed catalytic cycle for asymmetric hydrophosphination

The reaction rate appears to be limited by the P-H oxidative addition because of
tight binding of the olefin in the complexes Pt(Me-Duphos)(olefin). Increasing the
reaction temperature to speed up this step, however, reduced the enantiomeric ex-
cess [13].

5.2.5
Organolanthanide-Catalyzed Hydrophosphination/Cyclization

Marks and Douglass recently reported organolanthanide-catalyzed hydrophosphina-
tion/cyclization of phosphino-alkenes and -alkynes (Scheme 5-15).

Unlike the late metal chemistry reviewed above, these reactions did not require
Michael acceptor substrates, but the reactions were rather slow (turnover frequen-
cies range from 2 to 13 h™ at 22°C). For phosphino-alkenes (Scheme 5-15, Egs. 1-3),
a competing uncatalyzed reaction gave six-membered phosphorinane rings
(Scheme 5-15, Eq. 6); this could be minimized by avoiding light and increased tem-
perature. For phosphino-alkynes (Scheme 5-15, Eqs. 4 and 5), the products were un-
stable and could not be isolated [14].
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substrate product

R
P
rRHp” NS \Q R=H,Ph (1)

L R
PhHP Z w

of organolanthanide-cat-
alyzed hydrophosphina-
tion/cyclization. Eq. (6):

Ph
P
7
PhHP/><\/ @) Scheme 5-15  Examples
H

/\/%R P / R (4)  Phosphinoalkenes can un-
HaP dergo organolanthanide-
R = Ph, SiMez" catalyzed hydrophosphi-
(* = unstable, not observed)  n,tion /cyclization to give
. E phospholanes or an un-
AN R Z ~Ph 5  catalyzed reaction to give
phosphorinanes
R R
light cat.
NN
~— RHP s —
phosphorinane phospholane

Cp*,La[CH(SiMe;),] was used as a precatalyst for most of the reactions; a pro-
posed mechanism is shown in Scheme 5-16.

Cp*;,LnCH(SiMe3),

HoP N

CH,(SiMes),

Scheme 5-16  Proposed mechanism of organolanthanide-cat-
alyzed hydrophosphination/cyclization

o-Bond metathesis of the Ln-alkyl with the phosphine gives a Ln-phosphido com-
plex. (This initiation step was observed to be faster when the hydride derivative
[Cp*,LnH], was used.) Since the reactions were zero-order in substrate, the next
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step, insertion of the tethered alkene/alkyne into the Ln—P bond, was proposed to be
rate-determining. Finally, phosphinolysis of the resulting Ln—C bond gives the prod-
uct and regenerates the catalyst.

For the phosphino-alkyne H,P(CH,);C=CPh, other organolanthanides Cp*,Ln
[CH(SiMe;),] were tested as catalysts; turnover frequencies decreased with the met-
al ion radius (rate order: La > Sm > Y). For this substrate, the constrained-geometry
precatalyst Me,Si(Me,Cs)(tBuN)Sm[N(SiMe;),] gave faster rates than the metal-
locene derivative. The catalytic reactions were faster for primary phosphinoalkenes
than for secondary ones, presumably because of steric effects, and alkynes reacted
more quickly than alkenes. Mixtures of diastereomeric phosphine products were
formed in these reactions, but stereocontrol may be possible using chiral organolan-
thanide catalysts [14].

5.2.6
Summary

Metal-catalyzed hydrophosphination has been explored with only a few metals and
with a limited array of substrates. Although these reactions usually proceed more
quickly and with improved selectivity than their uncatalyzed counterparts, their po-
tential for organic synthesis has not yet been exploited fully because of some draw-
backs to the known reactions. The selectivity of Pt-catalyzed reactions is not suffi-
ciently high in many cases, and only activated substrates can be used. Lanthanide-
catalyzed reactions have been reported only for intramolecular cases and also suffer
from the formation of by-products. Recent studies of the mechanisms of these reac-
tions may lead to improved selectivity and rate profiles. Further work on asymmet-
ric hydrophosphination can be expected, since it is unlikely that good stereocontrol
can be obtained in radical or acid/base-catalyzed processes.

53
Metal-Catalyzed P(V)-H Additions: Hydrophosphonylation

As in the P(III) chemistry above, both late metal (Pd) and lanthanide catalysts
have been used for P(V)-H additions to alkynes, alkenes, aldehydes, and imines.
In addition, titanium, aluminum, and zinc catalysts have been employed. Typical
P(V) substrates include dialkyl phosphites P(OR),(O)H and phosphine oxides
PR,(O)H.

5.3.1
Palladium-Catalyzed Hydrophosphorylation of Alkynes

Han and Tanaka reported that Pd(0) complexes catalyze the addition of dialkyl phos-
phites to terminal alkynes to give alkenylphosphonates (Scheme 5-17, hydrophos-
phorylation) [15].
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t. cis-PdMe,(PPh,M R R
(MeO)P(OyH S2 cisPaMe(PPhaMe), + —
R' —] P(0)(OMe), (OMe),(O)P
Markovnikov anti-Markovnikov

(major except for R'=SiMe3) (minor except for R'=SiMe3)

R' =n-CgH43, Ph, p-Tol, NC(CHy)3, HC=C(CHy)s, 3-HC=C-CgHj4, 1-cyclohexenyl, SiMe3
Scheme 5-17  Palladium-catalyzed hydrophosphorylation of alkynes

Palladium(0) or readily reduced palladium(II) complexes were the most efficient
catalysts, giving higher yields than analogous Pt catalysts. The Markovnikov product
was formed with high regioselectivity. In dialkynes, both C=C bonds could be hy-
drophosphorylated, while the C=C double bond in a cyclohexenyl alkyne substituent
did not react. With trimethylsilylacetylene, unusual anti-Markovnikov selectivity was
observed.

Scheme 5-18 (Eq. 1) shows a proposed mechanism.

After formation of Pd(0) from the Pd(II) precursor, oxidative addition of the P-H
bond could give a hydride complex. Insertion of the alkyne into either the Pd-P or
Pd-H bond, followed by reductive elimination, gives the product. Consistent with
this proposal, treatment of Pt(PEt;); with PH(O)(OEt), gave the P-H oxidative addi-
tion product 14, which reacted with phenylacetylene to give primarily (>99:1) the
Markovnikov alkenylphosphonate (Scheme 5-18, Eq. 2).

L H
AN . R
PdL,Me, — "PdL," _MHPOXOR) /pd< R 0
L = PPhyMe (RO)2(O)P L P(O)(OR),
Et3R H
Pt(PEts) AN — Bh
(EOLPOH ——= L = o
) P(O)(OEY),

3 /
(EtO),(O)P 14 PEt;

Scheme 5-18  Stoichiometric reactions relevant to the proposed mechanism for palladium-cat-
alyzed hydrophosphonylation of alkynes

Recently, Lin and coworkers have extended this chemistry to Pd-catalyzed bis-hy-
drophosphorylation of alkynes (Scheme 5-19) [16].

t. Pd(PPh (RO)2(O)R:
Jo— ca (PPh3)4 2
2 PH(O)(OR), >

Ar R = Et, i-Pr

P(O)(OR)2

N Scheme 5-19  Palladium-
Ar = @ NC\>~ OQN—Q Nc—Q— [ \>_ catalyzed bis-hydrophos-
=N — S phorylation of alkynes

Addition of dialkyl phosphites HP(O)(OR), to terminal alkynes led to the forma-
tion of bis-phosphonates in 47-90% yield. These products result from addition of
two P—H bonds across the C=C triple bond. Interestingly, although diethyl phos-
phite gave good results, the isopropyl derivative gave lower yields, and only mono-
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hydrophosphorylation, yielding alkenylphosphonates, was observed for dimethyl
phosphite. Electron-withdrawing aryl alkyne substituents (Scheme 5-19) were also
required for the bis-hydrophosphorylation.

A mechanism similar to that of Tanaka (see Scheme 5-18) was proposed to explain
these results (Scheme 5-20).

HP(O)(OR), Ar—=—=——P(0)(OR),
lPd(PPh3)4 T 20
PRR M p=— PR H PhR_ H
—_— Pd + Pd
/Pd\ H J/ Ar
PhsP”  P(O)(OR), PhaP™ ] PP ]
7 (ROROP” Ar  (RO(OP H
15 16
lHP(O)(OR)z lHP(O)(OR)z
P(O)(OR),
PhgP. Ar H H A
N - > = 19
P AT 47 (RO),O)P H (RO)(O)P H
PhsP P(O)OR), 18 does not react with Pd
(RO)2(O)R P(O)(OR)2
>—/ Scheme 5-20  Proposed mechanism for palladium-catalyzed
Ar bis-hydrophosphorylation of alkynes

P-H oxidative addition followed by alkyne insertion into a Pd-P bond gives the re-
gio-isomeric alkenyl hydrides 15 and 16. Protonolysis with dialkyl phosphite regen-
erates hydride 17 and gives alkenylphosphonate products 18 and 19. Insertion of
alkene 18 into the Pd—H bond of 17 followed by reductive elimination gives the bis-
products, but alkene 19 does not react, presumably for steric reasons. B-Hydride
elimination from 16 was invoked to explain formation of trace product 20.

5.3.2
Palladium-Catalyzed Hydrophosphinylation of Alkynes

In closely related chemistry, Tanaka showed that Pd(PPh;), catalyzes addition of
diphenylphosphine oxide to alkynes to give alkenyldiphenylphosphine oxides (hy-
drophosphinylation, Scheme 5-21).

The anti-Markovnikov product was formed with >95% regioselectivity at 35°C.
The examples in Scheme 5-21, Eq. (1) show that cyano and hydroxyl functional
groups are tolerated by the catalyst, and diphenylphosphine oxide can be added to
both C=C bonds in a di-alkyne. The reaction also worked for internal alkynes
(Scheme 5-21, Eq. 2). Unusual Markovnikov selectivity was observed, however, for 1-
ethynyl-cyclohexene (Scheme 5-21, Eq. 3) [17].

Stoichiometric reactions provided information on the mechanism of catalysis.
Two equivalents of PH(O)Ph, reacted with M(PEt;); (M = Pd, Pt) to give cis-
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R R
cat. Pd(PPh3)4 /=/ + == 1)
PhyP(O)H R—> Phy(O)P P(O)Ph;
anti-Markovnikov Markovnikov
(major) (minor)

R= n-CSH13, H, Ph, p-TO', NC(CH2)3, HOCHZCHZ, HCEC(CH2)5

t. Pd(PPhs); R R
PO PPl B\ R=n-Pr,Ph (2)
R—=—R P(O)Ph,

Z cat. Pd(PPhs),
Pho,P(O)H + _ (3)
P(O)Ph,

Scheme 5-21  Palladium-catalyzed hydrophosphinylation of alkynes

M(H)[P(O)Ph,][PPh,(OH)](PEt;), in which the O—H proton was involved in hydro-
gen bonding to both oxygen atoms (Scheme 5-22).

Ph,
O0—FP PEts
MPEt); N M=pd Pt
2PhyP(OH —————H. M '
-2 PEts RN
o—pP H
Ph,
1-octyne
R M = Pd
— R R
Ph,(O)P heat /=/ + =<
+ R ~—— PhyO)P[Pd] [PAIP(O)Ph,
= [Pd] = PA[P(OH)Ph,](PEts)
P(O)PhZ R = n-CsH13

Scheme 5-22  Stoichiometric reactions relevant to the proposed
mechanism for palladium-catalyzed hydrophosphinylation of
alkynes

NMR monitoring of the reaction of the palladium complex with 1-octyne suggest-
ed that the alkyne inserts into the Pd—H bond. Further heating produced a mixture
of the two regioisomeric alkenylphosphine oxides, the anti-Markovnikov adduct be-
ing the favored product (54:46, 65% yield).

The regioselectivity of these reactions was reversed (the Markovnikov product was
now favored) simply by the addition of a catalytic amount of phosphinic acid
(Scheme 5-23, Eq. (1); compare Scheme 5-21) [18].

Trimethylsilylacetylene is an exception, giving the anti-Markovnikov product. In-
ternal alkynes also underwent the reaction, as observed without phosphinic acid
(Scheme 5-23, Eq. 2).

A proposed mechanism which explains the role of phosphinic acid is shown in
Scheme 5-24.
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cat. Pd(PPh,Me),Me, R R
cat. Ph,P(O)(OH — = M
PhaP(O)H R 2POXO Phy(O)P P(O)Ph,
anti-Markovnikov Markovnikov
(minor) (major)

R= n-CSH13, H, Ph, p-NMezCaH4, NC(CH2)3, HOCHzCHz,
HC=C(CH,)s, 1-cyclohexenyl, Me3Si

cat. Pd(PPhy,Me),Me, R R

cat. Ph,P(O0)(OH) —_— R=n-Pr,Ph (2)
R—=———-m=R P(O)Ph;

Scheme 5-23 The effect of added phosphinic acid on palladium-

catalyzed hydrophosphinylation of alkynes

Ph,P(O)H

Protonolysis of the Pd—Me bonds by phosphinic acid and diphenylphosphine ox-
ide gives complex 21, which undergoes insertion of the alkyne into the Pd-P bond
to give 22. Protonolysis of the resulting Pd—C bond with PPh,(O)H regenerates 21
and forms the product. Consistent with this mechanism, treatment of Pd(dmpe)
(Me), (dmpe = Me,PCH,CH,PMe,) with phosphinic acid generated methane and
Pd(dmpe)(Me)[OP(O)Ph,] (23, Scheme 5-24, Eq. 2). This complex reacted with
diphenylphosphine oxide to give Pd(dmpe)[OP(O)Ph,][P(O)Ph,] (24). While inser-
tion of the alkyne into the Pd-P(O)Ph, bond was not observed directly, 24 catalyzed
the addition of diphenylphosphine oxide to 1-octyne in the absence of additional
phosphinic acid; the observed ratio of products corresponded to those observed in
the original catalytic reaction [18].

Ph,P(O)(OH)
PdLoMe; ——————— PdL,[OP(O)Ph,][P(O)Ph,]

Ph,P(O)H R
21 == M
R——= P(O)Phy
ra OP(O)Ph; PhoP(O)H
P(O)Phy
22E<
R
[Pd]/Me PhoP(0)(OH) pl OPOPh2 b oo . _OP(O)Ph, o
\ —_— —_—
Me —CHa 2 \Me —CHq 24\P(O)Ph2

[Pd] = Pd(dmpe)

Scheme 5-24 Eq. (1): Proposed mechanism for Eq. (2): Stoichiometric reactions relevant to the
phosphinic acid-modified palladium-catalyzed =~ proposed mechanism
hydrophosphinylation of alkynes.

5.3.3
Asymmetric Hydrophosphonylation of Aldehydes and Imines

Enantioselective addition of P-H bonds in dialkyl phosphites to aldehydes and
imines has been studied in detail. These reactions typically use early metal or lan-
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thanide catalysts, whose activity is rationalized by their bifunctional character. The
hard, oxophilic metal center metal binds the aldehyde or imine substrate, orienting
it for nucleophilic attack which is enantioselective because of the chiral catalyst en-
vironment. The phosphite is activated for nucleophilic attack both by oxygen coordi-
nation to the metal and by deprotonation of the P-H group. Extensive development
of these reactions has led to catalysts which deliver high yields and ees, and an in-
dustrial process practiced by Hokko for production of o-aminophosphonates [19].

5.3.3.1 Aldehydes: Initial Studies

Metal-catalyzed asymmetric addition of dialkyl phosphites to aldehydes (Pudovik re-
action) has been extensively developed since the initial reports in 1993 by Shibuya.
Scheme 5-25 illustrates the use of TiCl, to promote diastereoselective addition of di-
ethyl phosphite to an o-amino aldehyde.

o E‘(CHzph)z (EtO),P(O)H o ';l(CHZE’r(]z)Z)(OEt)
~ —_— ~
CHO 3TiCl, \/Y 2

OH

Scheme 5-25 Titanium-promoted hydrophosphonylation of an a-amino aldehyde

When 3 equiv. of TiCl, was used, a 93:7 ratio of diastereomers was formed, but
with 1.2 equiv. of TiCl,, no selectivity was observed and the yield was reduced [20].

The use of chiral titanium complexes as catalysts is also possible. As shown in
Scheme 5-26, the Sharpless titanium catalyst gave ees up to 53% for the addition of
diethyl phosphite to benzaldehyde.

catalyst oH
(EtO),P(O)H + ArCHO ———» A
Ar” “P(O)(OEt),
Ar = Ph, p-CICgH4
FPrOL -0 o_ o-pr
STO--Pr)z - = < il Scheme 5-26 Titanium alkoxide-catalyzed
i-PrO,C 0] O O-i-Pr asymmetric hydrophosphonylation of
catalyst arylaldehydes

The proposed mechanism (Scheme 5-27) suggests that the phosphite tautomer-
izes to 25 to allow Ti—O bond formation.

(EtO),P(O)H

~

C\Ti O-Pr - (EO),P(OH) C\Ti 0P
/N ; 7N\
O-i-Pr i-PrOH OP(OEt),

OH A)/\AFCHO

* O-i-Pr Scheme 5-27  Proposed mechanism
(E0R(0)F Ar \Ti/ for titanium alkoxide-catalyzed

i-PrOH / \O_<Ar asymmetric hydrophosphonylation
P(O)(OE), of arylaldehydes
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Subsequent nucleophilic attack on the aldehyde then forms the P-C bond.
Protonolysis with i-PrOH gives the product and regenerates the bis(isopropoxide)
form of the catalyst; alternatively, reaction with 25 would reform the next intermedi-
ate [21].

Closely related transformations were also catalyzed by the in situ prepared lan-
thanum-lithium-BINOL (LLB) catalyst developed by Shibasaki (Scheme 5-28).

catalyst oH
Ar” P(O)(OEt),

catalyst = LaCl3-7H >O/Li,BINOL (LLB)
Ar = p-X-CgH4 (X = MeO, Me, H, CI)

Li\oﬂ OO
24 “\\O\ q BINOL =
/ O dianion

LLB complex
Scheme 5-28 Asymmetric hydrophosphonylation of arylaldehy-
des catalyzed by a heterobimetallic La/Li/BINOL catalyst (LLB)

(EtO),P(O)H + ArCHO

The enantioselectivity depended on the benzaldehyde para-substituents, with the
highest ee (82%) observed for para-anisaldehyde. The relatively large negative Ham-
mett p value (-1.30) correlating the ¢ parameter and the ee suggested that aldehyde
coordination was important in the enantiodetermining step [22]. Spilling independ-
ently applied the LLB catalyst to the addition of dimethyl phosphite to benzaldehyde
and cinnamaldehyde (Scheme 5-29). For the latter, ees in the range 6—-33% were ob-
served; addition of dibenzyl phosphite to cinnamaldehyde gave 32% ee [23].

()\A (RO),P(O)H
A NcHo  catalyst Z P(O)(OR)2

catalyst = LLB OH
R = Me, CH,Ph

Scheme 5-29  LLB-catalyzed asymmetric hydrophosphonylation
of cinnamaldehyde; LLB = La/Li/BINOL

Since these early reports, several groups have continued to improve these catalyt-
ic reactions. The most successful catalysts to date are rare earth/alkali metal/BINOL
complexes like LLB, while titanium, aluminum, and zinc catalysts have also been
described.

5.3.3.2 Titanium Catalysts

In 1997, Shibuya showed that in reactions involving the Sharpless catalyst (see
Scheme 5-26 above), ee depended strongly on the solvent. The highest ee (53%) was
obtained in ether, while no ee was observed in methylene chloride (Scheme 5-30) [24].
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catalyst
(EtO),P(O)H + ArCHO _y»
Ar” P(O)(OEt),

i-Pr02C Ne) . .
N . . Ar = Ph, p-C'CGH4, p-MeOCsH4 Scheme 5-30 Titanium
T(O-i-Pr); alkoxide-catalyzed asymmet-
i-Pro,C 0] ric hydrophosphonylation of
catalyst arylaldehydes

Spilling recently introduced various chiral diol ligands for Ti-catalyzed addition of
dimethyl phosphite to cinnamaldehyde (Scheme 5-31).

(j\A (MeO),P(O)H
A cHo  catalyst . P(0)(OMe),

catalyst = Ti(O-i-Pr), + diol OH Scheme 5-31 Titanium
alkoxide-catalyzed asymmetric
hydrophos-phonylation of

R __OH X
. i cinnamaldehyde
diol: HOY
l OH

R OH
R = R' = CO,-i-Pr, CO,CH,Ph X = ArCO, (Ar = Ph, p-MeOCgH,
R = CO,CH,Ph, R' = Ph 1-Naphth, 2-Naphth)
R=R'=Ph X = OSiMe,t-Bu, OCPh;
HO? Y OH
OH

The best ee’s (67-70%) were obtained with cyclohexanediol, and this catalyst sys-
tem was also studied with other aldehyde substrates (Scheme 5-32).

catalyst oH

(MeO),P(O)H + RCHO ———— P(0)(OMe)s

catalyst = Ti(O-i-Pr)4 + S,S-cyclohexanediol
R = p-XCgH4 (X = H, NO,, CF3, F, Cl, Me, MeO, MeyN), PhCH=CH,
Me(CH,)4CH=CH, MeCH=CH, Me(CH,)4C=C, cyclohexyl

Scheme 5-32  Titanium alkoxide-catalyzed asymmetric
hydrophosphonylation of aldehydes

With para-substituted aromatic aldehydes, electronic factors had little effect on
the ee (52-64%), and similar ee’s were obtained for the other substrates [25].

5.3.3.3 Heterobimetallic Binaphthoxide Catalysts

An improved preparation of Shibasaki's LLB catalyst allowed higher asymmetric in-
duction in the chemistry shown in Scheme 5-28. The new recipe involved mixing
LaCl;»7H,0 (1 equiv.), BINOL-dilithium salt (2.7 equiv.) and NaOt-Bu (0.3 equiv.) in
THEF at 50°C. This catalyst allowed asymmetric hydrophosphonylation of aldehydes
in high yields and up to 95% ee (Scheme 5-33, Eq. 1), and gave better results for
aliphatic aldehydes than a related aluminum catalyst (ALB, see Scheme 5-37 below).
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OH
LLB cat.
(MeO),P(O)H + RCHO ——=» L %

R” "P(0)(OMe),

R = p-XCgHa (X = H, NO,, CI, Me, MeO, Me,N),
(E)-PhCH=CH, (E)-PhCH=C(Me), Me(CHy),CH=CH, Me(CH,),

Q—Li Li—Q—Li——--P(O)(OMe)Z

Li—
N NS Meo)POH N\ S

e L e
AN RCHO AN N .,
Y Yol

R

Scheme 5-33  LLB-catalyzed asymmetric hydrophosphonylation
of aldehydes and a proposed mechanism; LLB = La/Li/BINOL

In the proposed mechanism (Scheme 5-33), both the phosphite and the aldehyde
are coordinated to the catalyst before nucleophilic attack forms the P-C bond. Slow
addition of the aldehyde was found to improve ees; it was suggested that this mini-
mizes unselective attack of the activated phosphite on free aldehyde instead of the
desired selective attack on complexed aldehyde [26]. In related chemistry with para-
anisaldehyde, Shibuya found that ees also depended on the rare earth (La, Eu, Sm)
in the heterobimetallic catalyst [24].

Heteroaromatic aldehydes undergo similar enantioselective hydrophosphonyla-
tion reactions (Scheme 5-34).

OH

LLB cat.
(EtO),P(O)H + ArCHO ——— A
Ar” P(O)(OEt),

/ﬂ\ R=HorMe, X=0orS
R™ "X
Ar =

Fy X=0orS

X

Scheme 5-34  LLB-catalyzed asymmetric hydrophosphonylation
of heteroaromatic aldehydes; LLB = La/Li/BINOL

Ees in these reactions increased with the electrophilic super-delocalizability [S,®] at the
carbonyl oxygen, a measure of susceptibility to nucleophilic attack, consistent with the
idea that Lewis acid coordination of the aldehyde is important for enantiocontrol [24].

Qian et al. explored LLB-catalyzed reactions using new BINOL ligands (Scheme
5-35).

Sterically bulky 3,3” substituents reduced the enantioselectivity, while coordina-
tion between La and O atoms of ortho-substituents improved ees. 6,6"-diphenyl-BI-
NOL gave the best results (69% ee for para-tolualdehyde); it was proposed that the
phenyl substituents affected the Lewis acidity of the catalyst via electronic effects.
With this catalyst, ee and yield depended strongly on solvent, THF being the most
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OH
catalyst
(EtO),P(O)H + ArCHO —y>
Ar” P(O)(OEt),

R R'
QO Ar = Ph, p-Tol
OH  catalyst = LaCl; + NaOt-Bu + 10 H,O + BINOL

OH R =H, R = H or MeOCH,CH, or Me3Si
R = Ph, R’ = H or MeOCH,CH,
R R'
BINOL ligands

Scheme 5-35  LLB-catalyzed asymmetric hydrophosphonylation
of arylaldehydes using special BINOL ligands; LLB = La/Li/BINOL

useful. After optimization, this catalyst was used for reactions of several aldehydes
(Scheme 5-36). No ee was observed for the aliphatic aldehyde, with ees in the range
35-74% for the other examples [27].

catalyst OH
(EtO),P(O)H + RCHO
R P(O)(OEt),
catalyst = LaCly/NaOt-Bu/H,O/diphenylBINOL Scheme 5-36  La/Li/(diphenylBINOL)-
R = p-XCgHa4 (X = H, MeO, Me, Cl), catalyzed asymmetric hydrophosphony-
PhCH=CH, 1-naphthyl, PhCH,CH, lation of aldehydes

Shibasaki showed that an aluminum-lithium-BINOL complex (ALB) also cat-
alyzes the asymmetric addition of dialkyl phosphites to aldehydes, with ees ranging
from 55 to 90% for aryl or unsaturated aldehydes (Scheme 5-37).

OH
catalyst
(R'O),P(O)H + RCHO ———
O)(OR),
SOUING ¢ I
\ /

\
AI/
oo e

catalyst = ALB
R =EtR=Ph
R' = Me; R = p-XCgHa (X = H, CI, Me, MeO,NO,),
(E)-PhCH=CH, (E)-PhC(Me)=CH, Me,C=CH,
(E)-MeCH,CH,CH=CH, pentyl, cyclohexyl
Scheme 5-37  Al/Li/BINOL (ALB)-catalyzed asymmetric
hydrophosphonylation of aldehydes

In contrast, much lower ees were obtained for hexanal and cyclohexanecarbox-
aldehyde.

In the proposed mechanism (Scheme 5-38), the lithium naphthoxide acts as a
Bronsted base to deprotonate the phosphite, and the aluminum is a Lewis acid
[28].



5.3 Metal-Catalyzed P(V)—H Additions: Hydrophosphinylation

R H o, ° ‘'
o U@»A
N 0’40 R” “P(O)(OR),

M Li—P(O)(ORY),
H

L < O> R
HP(O)OR), 0" o —rano
Li—P(O)(ORY),

Scheme 5-38 Proposed mechanism for ALB-catalyzed asymmet-
ric hydrophosphonylation of aldehydes; ALB = Al/Li/BINOL

More recently, Shibuya used the ALB catalyst for addition of methyl phosphinate
to aldehydes (Scheme 5-39).

catalyst OH

(MeO)P(O)H, + RCHO ————
R” "P(O)(OMe)H
catalyst = LLB, LPB, ALB
R = Ph, p-Tol, i-Pr
Scheme 5-39 Asymmetric addition of methyl phosphinate to
aldehydes using heterobimetallic BINOL catalysts; LLB =
La/Li/BINOL, LPB = La/K/BINOL, ALB = Al/Li/BINOL

With benzaldehyde, no product was obtained with LLB, and LPB gave no ee, but
ALB catalysis gave the product in 85% ee and 62% yield. When excess aldehyde was
used, bis-hydrophosphinylation was possible (Scheme 5-40).

AcO OAc AcO OAc
(e} (e}

(MeO)P(O)H; + 2RCHO . cat ALB )\u i
e + —_—
2 2. Ac,0, pyridine R I/\ R™ P
DMAP OMe OMe
R = p-XCgH4 (X = H, Me, Cl), (E)-PhCH=CH 26 27

Scheme 5-40 ALB-catalyzed double asymmetric addition of
methyl phosphinate to aldehydes; ALB = Al/Li/BINOL

The ratio of products 26 and 27 depended on the aldehyde, and 26 was formed in
61-82% ee [29].

OH
catalyst
(EtO),P(O)H + ArCHO _y»
P(O)(OEt),

catalyst = LLB or ALB
CHO
ArCHO =
Scheme 5-41 Diastereoselective LLB- or ALB-catalyzed
hydrophosphonylation of a chiral aldehyde; LLB =
PhH,CO(O)CHN™ “CO2Me La/Li/BINOL, ALB = Al/Li/BINOL

163



164

5 Hydrophosphination and Related Reactions

The functionalized benzaldehyde derivative in Scheme 5-41 underwent diastere-
oselective addition of diethyl phosphite catalyzed either by LLB (75:25 ratio of di-
astereomers) or ALB (80:20 ratio) [30].

5.3.3.4 Zinc and Aluminum Catalysts
Kee reported using zinc catalysts for the addition of dimethyl phosphite to ben-
zaldehyde (Scheme 5-42).

catalyst
(MeO),P(O)H + PhCHO ——> A

(a) catalyst = Zn(OTf), +

(b) catalyst = ZnEt;, or ZnEt; + chiral amino alcohol

aj %E/Nmz

oM HOHzc,
N/ Ph»()\Me

Scheme 5-42  Zinc-catalyzed asymmetric hydrophosphonylation
of benzaldehyde

A combination of the Lewis acid zinc triflate and the bases NEt; or pyridine acted
as an achiral catalyst for this reaction. Instead, using a chiral base which incorpo-
rates a bipy ligand to bind zinc gave 26% ee of the product (Scheme 5-42a). Alterna-
tively, diethylzinc was an active precatalyst, but attempts to use chiral amino alco-
hols as ligands in this system gave low ees (Scheme 5-42b) [31].

Chiral aluminum SALEN complexes have been used by Kee for asymmetric addi-
tion of dimethyl phosphite to benzaldehyde derivatives (Scheme 5-43).

The Al-Me complexes 28a-b were catalyst precursors for the reaction, which
was not affected by air or water and did not require dry or degassed reagents. This
system gave high yields but ees ranged only from 10 to 54% with 28a. In contrast,
the t-Bu-substituted SALEN complex 28b gave racemic products at a slower rate [32].

A Hammett plot for para-substituted benzaldehydes showed that electron-rich
aldehydes gave higher ees (r = —0.4). As in Shibuya’s related results (Section 5.3.3.1
above), this indicates that aldehyde coordination is important in enantiodifferentia-
tion, but the lower r value (compared to Shibuya’s r = —1.30) suggests a weaker elec-
tronic influence, probably due to the relative Lewis acidities of Al and La. For ortho-
substituted aldehydes, lower ees were observed, presumably due to steric effects. Al-
though Al-Cl and Al-triflate complexes 29-30a-b did not catalyze the reaction, they



5.3 Metal-Catalyzed P(V)—H Additions: Hydrophosphinylation

OH

catalyst
(MeO),P(O)H + ArCHO —y> A
Ar” P(O)(OMe),

Ar = p-XCgH4 (X = H, Br, Me, MeO, NO,, CI)
Ar = O-XC6H4 (X = Cl, Me, MeO)

catalyst:

{?0 o
R =H (a) or t-Bu (b)
X =Me (28), Cl (29), O3SCF3 (30), OSiMeyt-Bu (31)

Scheme 5-43  Aluminum (SALEN)-catalyzed asymmetric
hydrophosphonylation of arylaldehydes

were excellent co-catalysts with 28a. For example, with equal catalyst loadings, a
mixture of 28a and 29a gave faster rates than 28a alone, with similar enantioselec-
tivity. Siloxide complex 31 was not reported to act as a catalyst.

A proposed mechanism (Scheme 5-44) begins with deprotonation of dimethyl
phosphite to give an Al-phosphito complex (32) which can react with the aldehyde
via either a chelate or open transition state, the latter possibly involving cooperative
action of two aluminum centers, consistent with the observation of co-catalysis. Fol-
lowing P-C bond formation, several possible rearrangements could regenerate the
active catalyst and form the product.

O
ave MEPOM 11/ Noome), (a7 = ASALEN)
—CHg4 32
5+ P(OMe) (MeO),P(O)H
0—P(OM O="{OMe)
RCHO [AI] ( e)2_> Alf/ % 32
/» 5~ /\R \ R iH
[AI] “P(OMe), > R P(0)(OMe),
32 5+
N OO
reHo A RN a1’ J\_
0--[Al] R™ ™So—an

Scheme 5-44 Proposed mechanism for aluminum (SALEN)-
catalyzed asymmetric hydrophosphonylation of arylaldehydes

5.3.3.5 Imines
Shibasaki reported the first catalytic asymmetric hydrophosphonylation of imines in
1995 (Scheme 5-45) using heterobimetallic LLB-type catalysts.

Reaction rates, yields, and ees depended on the imine, the catalyst, the solvent and
the temperature; ees from 49 to 96% were obtained. Scheme 5-46 shows the mecha-
nism proposed for these reactions.
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R catalyst R
—_—

(MeO),P(O)H + =N

!

R' (MeO),(O)P R

R'= CHPh, R = Me, Et, i-Pr, CsHy1, (E)-PhCH=CH, cyclohexyl
R' = CPhs, R = Et

R'= (p-MeOC6H4)2CH, R =i-Pr

R' = p-MeOCgHj, R = cyclohexyl

Catalyst = LSB, LPB, LLB, GdPB, PrPB, LPB

K

O/,,,LJ],M\\\ ~k ﬂ = BINOL dianion
v |\ -

o)

L

LPB complex

Scheme 5-45 Asymmetric hydrophosphonyla-  nomenclature: first letter = rare earth (L = La);
tion of imines catalyzed by heterobimetallic rare second letter = alkali (L = lithium, S = sodium,
earth/alkali metal/BINOL complexes. Catalyst P = potassium)

First, deprotonation of dimethyl phosphite accompanied by coordination of oxy-
gen to the oxophilic lanthanide gives 33. Nucleophilic attack of P on the imine car-
bon along with N-coordination gives 34; proton transfer followed by product de-
complexation regenerates the catalyst [33].

HNR' O
HP(O)(OMe), m i
K—O ©O—K )—P(OMe)z
>/ N ||....ba"‘\‘ ¢ 4\<R
4 \o
K—Q—K \K/ K— //K
\ u---ba’i‘ 4 33 "'""ba'"‘:\‘s
Co/ l o 7 \ok
//OH HNR' I(I)
(MeO)R )—P(Ol\/le)2
R
K K\ﬂ/ «
R \ S/ J
oy

Scheme 5-46 Proposed mechanism for LPB-catalyzed asymmet-
ric hydrophosphonylation of imines

The same group extended this work to a cyclic imine (Scheme 5-47); better results
were obtained with heterobimetallic lanthanide catalysts than with chiral titanium
alkoxides.
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N (MeO)4(O)F,
Me Me catalyst NH
(MeO),P(O)H + e Me Me
Me” ST Me
Me® ST Me

catalyst = Ti(O-i-Pr),(diolate) or LnPB; Ln = La, Pr, Sm, Gd, Dy, Yb
diol = DIPT (diisopropyl tartrate), TADDOL, BINOL

Ph
i-PrO,C

- XT

i-PrO,C

DIPT TADDOL

Scheme 5-47 Asymmetric hydrophosphonylation of a cyclic
imine catalyzed by heterobimetallic rare earth/alkali metal/BI-
NOL complexes or by chiral titanium alkoxide complexes

With a YbPB catalyst at room temperature, 86% yield and 98% ee were obtained.
After extensive optimization of the catalyst, solvent, temperature, pressure, and cat-
alytic loading, 98% yield and 98% ee was achieved using YbPB (5 mol%) at 50°C for
48 h in 1:7 THF:toluene. The active catalyst was isolated; its structure is similar to
that shown in Scheme 5-46, and a similar mechanism was proposed. Additional
spectroscopic studies suggested that complexation of the phosphite to the lan-
thanide center was a plausible first step, and that the P-C bond is formed by nucle-
ophilic attack of phosphorus on an N-complexed imine [34].

Similar chemistry with diphenylphosphine oxide also resulted in high yields
(50-98%) and ees (75-93%) (Scheme 5-48). For this chemistry, the PrPB catalyst was
the optimum choice [35].

P(O)Phy

HN
catalyst

Ph,P(O)H R><‘>< —y>R><

R” X

catalyst = PrPB
X=8; R=Me, R'=H, (CHy)s, Et, Me; R = (CHy)s, R' = Me, Et
X=CHy; R=Me,R' =H

Scheme 5-48 PrPB-catalyzed asymmetric hydrophosphinylation
of cyclic imines

534
Summary

In comparison to related P(III) chemistry, metal-catalyzed additions of P-H bonds
in P(V) compounds to unsaturated substrates have been studied in more detail, and
several synthetically useful processes have been developed. In particular, the use of
heterobimetallic BINOL-based catalysts allows asymmetric hydrophosphonylation
of aldehydes and imines in high yield and enantiomeric excess.
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5.4
Outlook

Metal-catalyzed additions of P(III)-H and P(V)-H bonds to unsaturated substrates
have been studied much less than related additions of, for example, B-H or Si-H
bonds [36]. Already, some synthetically useful processes have been developed, and
further work is likely to produce additional useful transformations as well as more
fundamental information on the mechanisms of these reactions.
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6
O-H Activation and Addition to Unsaturated Systems

Kazuhide Tani and Yasutaka Kataoka

6.1
Introduction

Hydrido(hydroxo) and hydrido(alkoxo) complexes of late transition metals produced
by activation of the O—H bond is postulated to be involved as an important step of
various transition metal-mediated catalytic transformations such as water gas shift
reactions, Wacker-type reactions, hydration and alcoholysis, transfer hydrogenation
of unsaturated compounds, etc. [1]. However, isolation of such complexes is rare.
Studies on the O-H bond activation by transition metal complexes are also much
less developed compared to those on C-H bond activation by transition metal com-
plexes [2], and review articles dealing with the activation of the O—H bond by transi-
tion metals are rare [1]. The chemistry of alkoxo complexes of late transition metals
does not appear to have received much attention [3]. A widely accepted explanation
for the scarcity of alkoxides or hydroxides of late transition metals was that such
metal-oxygen bonds are characteristically weak because of a mismatch of these hard
basic ligands with soft late transition metals, and they have propensity to easily de-
compose presumably by B-hydride elimination to metal hydrides [4]. The bond en-
ergy of an Ir-OMe bond estimated recently, however, was revealed to be higher than
that of an Ir-Me bond (see below). Thus, the intrinsic bond strength between oxy-
gen and late transition metals is not as weak as was previously thought. There is no
inherent instability attached to transition metal alkoxides. Thus, considerable atten-
tion has recently been focused on the activation of O—H bonds by transition metals
and the reactivity of M—OR (R = H, alkyl, aryl, acyl group) bonds, and examples of
the isolation of hydrido(hydroxo), hydrido(alkoxo), etc., complexes are increasing. In
this review article we survey the chemistry of mainly late transition metal complex-
es resulting from oxidative addition of O—H bonds to transition metals as well as
stoichiometric and catalytic reactions involving activation of the O—H bond by late
transition metal complexes as an important reaction step.
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6.2
Transition Metal Complexes Resulting from the Activation of O-H Bonds and Reaction
with Related Complexes

Oxidative addition of the O—H bond to transition metal complexes gives hydrido(hy-
droxo), hydrido(alkoxo) or hydrido(carboxylato) complexes (Eq. 6.1), but well-charac-
terized complexes obtained as primary products from the reaction of the compound,
XO-H (XO-H = water, alcohol, and carboxylic acid) with late transition metals are
quite rare [1]. Furthermore, the crystal structures of very few complexes of this type
have been reported. In this section we will survey late transition metal complexes re-
sulting from activation of water, alcohol, and carboxylic acid.

_OX
~

XO-H + L,M LM

H (6.1)

X=H, R, C(O)R

6.2.1
Preparation of Hydrido(hydroxo), Hydrido(alkoxo), and Hydrido(carboxylato) Complex-
es by Metathesis

Before discussing the preparation of late transition metal complexes resulting from
the activation of O—H bonds by late transition metal complexes, we will describe
metathesis methods for the preparation of hydrido(hydroxo), hydrido(alkoxo), and
hydrido(carboxylato) complexes. Though many methods of preparation of transition
metal hydroxides, alkoxides, etc. by a metathesis reaction have been reported [1],
only a limited number of examples of the preparation of hydrido(hydroxo), hydri-
do(alkoxo) complexes etc. by metathesis are available.

In 1977, the mononuclear hydrido(hydroxo) complexes, [RuH(OH)(PPh;),(S)] (S
=THF, H,0) (1) were prepared by the metathesis of [RuHCI(PPh;);] with NaOH or
KOH [5]. Depending on the reaction conditions, the reaction leads to hydroxo-
bridged dimers, [{RuH(PPhs),(S)},(1-OH),] (S = Me,CO, H,0, or 'BuOH) and a
tetranuclear complex of stoichiometry [Ru,H,(OH),(PPh,),(CO),(PPh;)s(Me,CO),]
(Eq. 6.2). Another five-coordinate hydrido(hydroxo) complex [OsH(OH)(CO)
(P'P13),] (2) was recently prepared by metathesis reaction of [OsH(CI)(CO)(P'Prs),]
with KOH (Eq. 6.3) [6].

The hydrido(ethoxo) complex carrying an electron-donating n*-CsMes (= Cp*) lig-
and, [Cp*IrH(OEt)(PPhs)] (4), was prepared by a metathesis reaction between [Cp*Ir
CL(PR;)] (3) and NaOEt followed by 3-H elimination from the intermediate diethox-
ide complex (Eq. 6.4) [7]. Several other iridium alkoxide analogs [Cp*IrH(OR)

RuH(OH)(PPhg)2(S) (1)
or
{RUH(PPhg)5(S)}2(u-OH)2 (6.2)
or
tetranuclear species

RuH(CI)(PPhg); + NaOH or KOH
solvent

S = solvent
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(PPhs)] (5) (R = C,Ds, "Pr, 'Pr, Ph) were prepared by treatment of the ethoxide 4 with
an excess of the corresponding alcohol (Eq. 6.5). The hydroxo(isopropoxo) complex
5c was characterized by X-ray diffraction [8].

. —KCl _
OsH(C))(CO)(PPry),  + KOH OSH(OH)(CO)(PPra), (6.3)
2
cl ~2NaCl OEt | -MeCHO H
Cp*li'<C| +2 NaOEt Cp*llr<OEt Cp*llr< ort (64
PPhg PPhg PPhg
3 4
H H
cpir + — i EtOH 6.5
| Ot ROH ISR © (65)
PPhs a:R=CyDs PPhs
b:R="Pr s
4 c:R=IPr
d:R=Ph

Several hydrido(phenoxo) complexes of nickel, trans-[NiH(OPh)L,] (6) (a: L = P'Pr3;
b: L = PCys; c: L = PBn;), have been prepared by the metathesis reaction of NaOPh
with trans-[NiHCIL,] (Eq. 6.6). The complex 6¢ was obtained as the phenol-solvated
complex whose structure was determined by X-ray analysis [9]. An analogous plat-
inum complex trans-[PtH(OPh)(PEt;),] (7) was prepared by the reaction of trans-
[PtH(NO;)(PEt;),] with NaOPh (Eq. 6.7). The complex 7 is air-stable but thermally
sensitive and decomposes at room temperature. The structure was elucidated by X-
ray analysis [10].

—NaCl
trans-NiH(CI)Lp + NaOPh  ———  trans-NiH(OPh)L, (6.6)

6

a:L=PPry;b:L=PCysc:L=PBns

- NaN03
trans-PtH(NOgz)(PEt3), + NaOPh  ———  trans-PtH(OPh)(PEts), (6.7)

7

Seven-coordinate  hydrido(carboxylato)osmium  complexes,  [OsH,(Cl)(x*
0,CMe)(P'Prs),] (9) and [OsH,(k*-0,CMe)(k'-OC(O)Me)(P'Prs),] (10) were prepared
by metatheses of OsH,Cl,(P'Pr;), (8) with K[O,CMe] and Ag[O,CMe] respectively
(Scheme 6-1) [11-13]. The reaction with even excess K[O,CMe] gave only mono(ac-
etato) complex 9. The formation of bis(acetato) complex 10 needs the addition of 2
equiv. of Ag[O,CMe] to a dichloromethane solution of 8. The complex 10 was char-
acterized by an X-ray analysis. Cationic hydrido(acetato) complexes 11 and 12 were
obtained by treating the complex 10 with HBF,.
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Me | Me
\ ‘ / |Pr3P j )\ \g | /PlPr3
i 1/2 7
H " PPrg Y 0
K[O>CMe] iPrsP H PraP P'Pra
9 1
cl Cl -Kal
\ /
Os, 1/2 HBF4H,0
H / “PiPrg
2 Ag[O,CMe] - MeCOzH
IF'I'gP

-2 AgCl Me o Me
T oA

H 0
oL P HBF4H,0 O/
.Os, _ WOs, BF,~
H / \P'Pr3 - MeCO,H H"/ \P'Pr3
'Pr3P iPrsP H
12

Scheme 6-1 Preparation of Hydrido(acetato) complexes by metathesis reactions

6.2.2
Complexes Resulting from Activation of Water: Hydrido(hydroxo) Complexes

Early in the 1970s, Muetterties reported very briefly that a trialkylphosphine com-
plex of platinum, [Pt(PEt;);] (26a) reacted with water reversibly to form an unstable
species, [PtH(PEt;);]OH (27), which was not isolated (Scheme 6-2) [14]. The first hy-
droxoplatinum complex prepared by O—H bond activation was reported by Bennet
in 1973. The platinum alkyne complex 13 reacted with water in toluene under reflux
to afford hydroxoplatinum(II) complex 14a in good yield, which is probably formed
via a hydrido(hydroxo) complex (Eq. 6.8) [15, 16]. Similar examples of activation of
water with the electron-rich benzyne complex 15 [17] or the cyclometalated complex
[0OsH(n*-CH,PMe,)(PMe;);] (17a) [18] to form a hydroxo(phenyl) complex (16) or a
neutral hydrido(hydroxo) complex, cis-[OsH(OH)(PMe;),] (18a), were reported (Egs.
6.9 and 6.10). In the latter case, the hydrido(hydroxo) complex was obtained, but its
hydrido ligand did not come from water but was already present as a hydrido ligand
in the starting complex 17a. The ruthenium analog, cis-[RuH(OH)(PMe;).] (18b),
was also prepared by a similar method from the ruthenium complex [RuH(n*
CH,PMe,) (PMes);] (17b) but in low yield [19]. The methyl analog of the cyclometa-
lated complex, [RuMe(n*-CH,PMe,)(PMe;);] (19), reacted with a slight excess of wa-
ter at room temperature to give the methyl(hydroxo) complex 20 in a better yield

(Eq. 6.11) [19].
Ph, th
F’\
[ E’t—|© Pt (6.8)
Pﬁg th
13 14

oo
T D
z T
(0]
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H,0 F ]
(PMea)4RL<© (PMeq)sR_ (6.9)

15 16
MeP. MesP
MegPr,. | CHy H,O MegPir,, | .wOH
/'M\ /M\ (6.10)
MesP” | Sy MesP” | Sy
PMeg PMes
17 a:M=0s 18
b:M=Ru
Me,P MegP
MegPu.,. | .NCHp Ho0 MegP.. | ..OH
S S (6.11)
Me3P MesgP Me
FMesp O MesP
19 20

A pyrolylnickel complex 21 also could activate water to afford a bridging hydroxo
complex 22 accompanying cleavage of the Ni-carbon bond (Eq. 6.12) [20]. The hydri-
do(hydroxo) species was not observed in the reaction mixture.

Me Me (6.12)
Me@Me @
PMe - O. PMe:
Ni/ ; + H,0 1/2 Ni \Ni/ ’
Me 2 SN
X Ea P S
H

Me Me

21 22

Herberhold reported activation of water with Re,(CO),,. The reaction proceeded at
200°C to give a tetranuclear complex [Re(CO);(u*-OH)], (23) in quantitative yield,
and evolution of dihydrogen and CO was observed (Eq. 6.13) [21]. Complex 23 has a
pseudo-cubane structure without metal-metal bonds in which the Re(CO); groups
are linked by triply-bridging OH ligands. Also in this case, no presumed intermedi-
ate hydrido(hydroxo) species was detected.

200 °C
2 Rey(CO)qg + 4 H,0

[Re(CO)3(ugOH)ls + 8CO  + 2H, (6.13)

23

In 1979, the first isolation of the hydrido(hydroxo) complex by oxidative addition
of water to an electron-rich platinum(0) complex was accomplished by Yoshida and
Otsuka [22]. Highly coordinatively unsaturated bis(triisopropylphosphine)platinum
(24b) can activate water very easily at room temperature to give the hydrido(hydroxo)
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complex, trans-[PtH(OH)(P'Prs),] (25), as an extremely air-sensitive and thermally
unstable colorless compound (Scheme 6-2). Addition of water to the tris(phos-
phine)platinum complexes PtL; (26) (a: L = PEty; b: L = P'Pr;), however, generates
strong hydroxy bases, [PtH(PEt;);]OH (27) or trans-[PtH(P'Pr;),(S)|OH (S = solvent)
(28), depending on the phosphine ligand used, instead of neutral hydrido(hydroxo)
complexes. The complexes 27 and 28 were detected in the reaction mixture of the
PtL;-catalyzed water gas shift reaction and could be isolated as BF,” or BPh, salts
22, 23).

Pt(PPrs), + H,0O

24b 25

[PtH(PEt3)3]OH

S 27
PtL, + HO ) +
s z Py H PiPrs
26 e N _
— | P |oH
- Py 'PF3P py
a:L=PEt;
b:L=PPrs 28

Scheme 6-2  Preparation of hydrido (hydroxo) and hydrido
(hydroxide) complexes by oxidative addition of water

The ruthenium hydrido(hydroxo) complex, cis-[RuH(OH)(PMe;),] (18b), was pre-
pared in good yield by oxidative addition of water to an ethylene complex 29 (Eq.
6.14) [19]. The reaction of the ethylene complex carrying chelate diphosphine lig-
ands, [Ru(C,H,)(dmpe),] (30) [dmpe = 1,2-bis(dimethylphosphino)ethane], with wa-
ter at 90°C, however, yielded a binuclear hydrido(hydroxo) water complex trans-
[RuH(OH)(dmpe),+H,0], (31) in which two hydrido(hydroxo)ruthenium fragments
are linked together by two water molecules via bridging hydrogen bonds (Eq. 6.15).
The structure of 31 was determined by an X-ray analysis. Elimination of the hydro-
gen-bound water by molecular sieves yielded the monomeric hydrido(hydroxo)
complex 32.

CH, H,0
(PMeg)iFu [ :

cis-RuH(OH)(PMeg3)4 (6.14)
Hp — CuHy
29 18b

Oxidative addition of water to [RhH(P'Prs)s] (33) and [Rh,H,(u-N,)(PCys)4] (Cy = c-
C¢Hy1) (34) took place at room temperature in pyridine to give [RhH,(py),(P'Pr;),)]
OH (35) and [RhH,(py).(PCys3),JOH (36) respectively, which were both characterized
by "H NMR [24]. Although the complexes are stable in aqueous pyridine, a facile re-
ductive elimination of water occurs in a dry solvent to regenerate the starting com-
plexes indicating reversibility of the H,O addition. The formation of the hydrido(hy-
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r\PMeg MegP/\\ | MegP/\\

MePr.. wCHp xs H,O H,,,“_l .,m“‘PMGZ/ """ o | . wPMe;
/"Rlu\l 12 /Fiu\ o /H /Ru'
MeoP —CaH, Me,P 0., ~
ef” LyesCHe zk/PMeZI e Me2P ILMezH
30 31
. Me, H Me2
3A Sieves P,, j
Ru 6.15
- H0 P/ < (6.15)

Mez  OH Me2

32

droxide) complexes was confirmed by isolation of the BPh,” salt as colorless crystals
(Scheme 6-3).

) 2 py
RhH(PPrz); + H,0 [RhHa(py)2(P'Prs),]OH + PiPrg
33 35
4 py
RhoHo(u-N2)(PCys)s  + 2 H0 N
— N2
34
NaBPh,

2 [RhH2(py)2(PCy3)2]OH

2 [RhHz(py)2(PCy3)2]BPhy

36
Scheme 6-3  Oxidative addition of water to rhodium phosphine complexes

Milstein reported the facile oxidative addition of water to a cationic iridium per-
alkylphosphine complex, [Ir(PMe;),]PF; (37), to give the hydrido(hydroxo) complex,
cis-[IrtH(OH)(PMe;),|PF; (38), as air-stable and thermally stable colorless crystals,
which does not undergo reductive elimination of water even at 100°C (Scheme 6-4)
[25]. The structure of the hydrido(hydroxo) complex 38 was confirmed by an X-ray
analysis as well as by a neutron diffraction study [26]. In contrast to 38, the strongly
basic trans-hydrido(hydroxide)platinum complexes 27, 28 and hydridorhodium
complexes 35, 36 containing outer-sphere hydroxide eliminate water readily and are
stable only in the presence of a large excess of water (see above, cf. Schemes 6-2 and
6-3). The complex 38 is a relatively weak base. However, 38 undergoes exchange re-
actions involving the OH group. Reaction of 38 with D,0 yields exclusively the hy-
drido(deuteroxo) complex 38b, not the deutero(deuteroxo) complex, indicating that
a reductive elimination-oxidative addition sequence is not involved. Reaction of 38
with MeOH gave the hydrido(methoxo) complex 54. Similar but neutral iridium
phosphine complexes, [IrCI(PR;);] (39) (a: R = Me; b: R = Et), reacted also easily with
water at low temperature (—30°C) to give mer-cis-[HIr(OH)Cl(PR;);] (40) (a: R = Me;



178

6 O-H Activation and Addition to Unsaturated Systems

b: R = Et) (Scheme 6-5). The trimethylphosphine complex 40a was also prepared
from the reaction of the cyclooctene complex 41, which is completely dissociated
into 39a and cyclooctene in C¢Ds, with water. [27] Different from the cationic com-
plex 38, these hydrido(hydroxo) complexes 40 undergo reductive elimination of wa-
ter at room temperature generating the starting complex 39.

No Reaction
T 100 °C
H + +
H2O MexP:: | \\OH_l D20 'l-| —I
3P, MegPi.,,, | .wOD
[Ir(PMeg3)4]PFs /I" PFe —— /'Ir\ PFs~
37 MesP™  ppe, PMes HO  MegP ,LMes PMeg
MeOH 38
38b
i MeOH
H + H 71"
MesPu,,,,,|| ,,,,, wH MegPu,,, | ..OMe C(NO2)4 a7 MeOH
r. PFs  + S PF, + Me
71N ¢ 7 6
MesP™  ppe, PMes MesP™  ppg, PMes
55 54
~—— No Reaction
70°C

Schemes 6-4 Oxidative addition of water and methanol to
cationic iridium phosphine complex 37

-30°C H
H20 RgPr... I| .wOH
(PRg)sIrCl A, [IrCI(CgH14)(PMeg)s]
- o rp”” Ly e,
39 CoDs 40 4

a:R=Me;b:R=Et
Schemes 6-5 Oxidative addition of water to neutral iridium
phosphine complexes

Very recently we [28] and Togni's group [29] have found independently that similar
dinuclear iridium diphosphine complexes, [[rCl(diphosphine)], (42a: diphosphine =
BPBP; 42b: diphosphine = BINAP; 44: diphosphine = Josiphos) carrying an
aryldiphosphine, which is not very electron-donating, can activate water easily to
give the stable corresponding hydrido(u-hydroxo) complexes (Scheme 6-6). Reaction
of the extremely air-sensitive iridium-peraryldiphosphine complexes 42a and 42b
with excess water in THF at ambient temperature gave cationic hydrido(hydroxo)
complexes 43a and 43b respectively, as air-stable pale yellow powders in almost
quantitative yields. The hydrido(hydroxo) complexes 43 are cationic, having a triply
bridged Ir,(u,-OH)(u,-Cl) core and are characterized by comparison of the spectral
data with those of the hydrido(methoxo) complex 69b (Fig. 6-1), whose structure was
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confirmed by X-ray analysis. The hydrido(hydroxo) complexes 43 show catalytic ac-
tivity in the hydration of nitriles (see below). Another iridium diphosphine complex
44, which exists as two geometrical isomers, reacted with a slight excess of water in
toluene at room temperature to give a mixture of two geometrical isomers of neutral
hydrido(hydroxo) complexes, syn-trans-45 and anti-cis-45, in good yield. The anti-cis
isomer isomerizes in THF to the syn-trans one and the structure of the latter isomer,
syn-trans-45 was confirmed by X-ray analysis. Different from the above-mentioned
hydrido(hydroxo) complexes 43, syn-trans-45 is a neutral complex and has a distort-
ed octahedral structure at the Ir(III) centers, each of which carries two bridging hy-
droxo ligands, one terminal hydrido, and one chloro donor. The complex shows C2
symmetry, with the 2-fold axis running through the center of the Ir,0, plane. Inter-
atomic distances are normal and the Ir-Ir distance of 3.209(2) A does not imply a
metal-metal interaction. The complex 45 appears to be the first compound of this
type having only the OH-fragments acting as bridges. When the complex 45 in
THF-dg was heated at 100°C in a sealed NMR tube for several hours, re-appearance
of 44 was observed in the *'P NMR spectrum, but the elimination was not a clean re-
action.

H
o) +
H H H
<P\Ir<CI>Ir<P> 2 H,0 / THF (P\Irzokll/ij >—| o
7 e P . P N p
42 43

Cl H Cl
1 2, 1 2
(P\"/CI\"/P) <P\]r/0\“l'/P>
2 g Np pZ/I\O/ >pi

H A H

trans-44 H20 / toluene syn-trans-45

. . THF

“hH.0 H H
P! cl P’ z P’ o[ P
( Pl Pl ) 100°C ( N i )
Pg/ Cl P2 P2/|\O | P2

Cl H H

cis-44 anti-cis-45

P2Ph,

P 0 PPh, OO PPhy P! @J “Me
(P ) Oniik OO ( - B PP

a: BPBP b : BINAP (R)-(S)-Josiphos

P2

Schemes 6-6  Oxidative addition of water to Ir(l) diphosphine
complexes 42 and 44
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Platinum(II) complexes bearing nitrogen donor ligands, [PtMe,(N-N)] (46) (N-N
= 2,2"-bipyridyl or 1,10-phenanthroline) can also activate water (Eq. 6.16) [30, 31].
Complex 46 reacted with an excess of water in acetone at room temperature to give
the platinum(IV) hydroxo complex, [PtMe,(OH)(N-N)(OH,)]"OH" (47a) in good
yield. Elemental analysis, IR, NMR, and conductivity characterized the complexes.
Oxidative addition of water to platinum(II) complex 46 is remarkably different from
that to platinum(0) complexes such as 24 or 26 (see Scheme 6-2). The possibility that
an oxidative addition occurred first to produce [PtMe,(OH)(H)(N-N)], followed by
rapid reaction of the Pt—H group with water, was suggested.

OR +
N\Pt/ e Fon N\Fl’t/ e OH~ (6.16)
e e :
N \Me r.t. N | \Me
OH,
46 a:R=H 47
b:R=Me
c:R=Et
d:R=Pr
/7 N\

N N = 22-bipyridyl or 1,10-phenanthroline

6.2.3
Complexes Resulting from Activation of Alcohols: Hydrido(alkoxo) Complexes

Hydrido(alkoxo) complexes of late transition metals are postulated as intermediates
in the transition metal-catalyzed hydrogenation of ketones (Eq. 6.17), the hydro-
genation of CO to MeOH, hydrogen transfer reactions and alcohol homologation.
However, the successful isolation of such complexes from the catalytic systems was
very rare [32-37].

AN
:CH—O/

- LM
_c=0

~
y MLn] ——=  CCHOH + LM (6.17)
2

The hydrido(alkoxo)ruthenium complex [RuH{OCH(CF;)Ph}(PPh;);] (48) has
been prepared by insertion of a fluoroketone, PhCOCF;, into one of the Ru-H
bonds in the dihydridoruthenium complex [RuH,(PPh;),] (Eq. 6.18) [38]. Hy-
drogenolysis of complex 48 with H,, ethanol, or isopropanol at room temperature
liberates the fluoro alcohol, PhCH(OH)CF;, in good yields, producing ruthenium
hydride complexes. Complex 48 serves also as an active catalyst precursor for the hy-
drogenation of trifluoroacetophenone at 60-80°C. We have also reported the isola-
tion of a hydrido(alkoxo)iridium complex (50) as a model complex of an intermedi-
ate complex for the very efficient catalytic hydrogenation of ketone substrates with
rhodium(I)-peralkyldiphosphine complexes. Complex 50 was isolated in good yield
as air-stable yellow crystals from the reaction of [Ir(cod){'Pr,P(CH,);P'Pr,} |ClO, (49)
and PhC(O)C(O)NHCH,Ph under an atmospheric pressure of dihydrogen (Eq.
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6.19) [33]. Although the crystallographic structure of complex 50 was not available,
the complex was well characterized by elemental analysis as well as spectroscopic
studies. The rhodium analog of 49 showed high catalytic activity for the hydrogena-
tion of various kinds of ketone substrates under 1 atm of dihydrogen at ambient
temperature, but the rhodium hydrido(alkoxo) complex analogous to 50 could not
be detected in the reaction mixture. In contrast, complexes 49 and 50 did not show
catalytic activity under similar conditions.

(0}

RuHz(PPhs)s + )l\ ————  RUH{OCH(CF3)Ph}(PPhs)3
Ph”™ “CF;  60°C
48 (6.18)
H,, EtOH, or 'PrOH OH RuH.(PPh)
+ u
rt. Ph” CF4 mir s/
) ) Q Ho (1atm)
[Ir(cod){ProP(CHo)sPIPro}ICIO,  + Ph)l\ﬂ/NHCHgPh
r.t.
9 0 - COD
+
'Pr2H
P!
\\>'r_0 cio, (6.19)
Py Ph
Pr, O
NHCH,Ph
50

The first preparation of alkoxo complexes by oxidative addition of an alcohol was
reported for the preparation of methoxoplatinum(II) complexes, e.g., 14b, which
was prepared by the oxidative addition of MeOH to the platinum(0) cycloalkyne
complex 13 (Eq. 6.8) [15, 16]. Yoshida and Otsuka [39] reported that reaction of two
coordinate platinum complexes, [PtL,] (24) (a: L = P'Pr;, b: L = PCys, c: L = PPh'Bu,)
with MeOH at room temperature gave stable trans-[PtH,L,] (51), formed by B-H
elimination from the corresponding oxidative addition products, hydrido(methoxo)
complexes (Eq. 6.20). The tris(phosphine) complex, [Pt('PPr;);] (26b) also gave the
dihydrido complex 51a by reaction with MeOH. The corresponding palladium(0)
complexes trans-[PdL,] (L = P'Bu;, PPh‘Bu,, PCy;), however, were inert toward
methanol.

MeOH )
PiL, trans-PtHa(L)s a:L=PPr
~ [CHzOlx b:L=PCys (6.20)
Pt ¢ :L=PPh'Bu,
24 51

The dimethylplatinum(II) complexes having chelate nitrogen ligands,
[PtMe,(N-N)] (N-N = 2,2"-bipyridyl or 1,10-phenanthroline) (46) reacted with alco-
hols (ROH, R = Me, Et, 'Pr) to give hygroscopic and basic platinum(IV) complexes,
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[PtMe,(OR)(N-N)(OH,)]"OH" (47) (Eq. 6.16) [30, 31]. These complexes, likely result-
ing from an oxidative ROH addition, were characterized by elemental analysis, IR
and NMR spectroscopy, conductivity measurements and conversion to derivatives
containing weakly coordinating bulky anions. These reactions are of interest be-
cause they represent the first examples of oxidation of platinum(II) complexes with
alcohols and provide the first stable alkoxoplatinum(IV) complexes. The
alkoxo—platinum(IV) bond is inert against solvolysis by alcohols, water and even di-
lute perchloric acid.

The formation of other stable hydrido(alkoxo) complexes of platinum(IV) formu-
lated as [PtH(OR)(Cl)(SnCl;)(PPhs),] (R = Et, "Pr, and Bu) (52) from the reaction of
Pt(PPh;), with the corresponding alcohol in the presence of SnCl,»2H,0 or
SnCly«5H,0 was reported (Scheme 6-7) [40]. The formulation of the hydrido(alkoxo)
complexes was proposed based on elemental analyses as well as spectroscopic re-
sults, but the exact structures were not established. Formation of slightly different
hydrido(alkoxo) complexes depending on using either SnCl,»2H,0 or SnCl,«5H,0
was claimed. Similar reactions using isopropyl alcohol provided a different type of
reaction products (53). Note that MeOH could not be activated by these systems.

ROH
PtH(OR)(CI)(SnClz)(PPh R = Et, "Pr, Bi
SnCly2H;0 (OR)(CI)(SnCl3)(PPhg), r, Bu
Pt(PPh3), + or 52
SnCly-5H,0 iPrOH

[PH(O'Pr)(CI)(SnClg)2(PPhg)2l
53
Scheme 6-7 Reaction of Pt(PPh;), with alcohols in the presence of tin chlorides

The cationic iridium complex bearing electron-donating trimethylphosphine lig-
ands, [Ir(PMe;),]PF; (37) reacted with MeOH to give the hydrido(methoxo) complex,
cis-[IrtH(OMe)(PMe;),|PF; (54), as a mixture with cis-[IrH,(PMe;),|PF; (55) (Scheme
6-4) [25]. Complex 54 was also obtained quantitatively by dissolution of the hydri-
do(hydroxo) complex, cis-[IrH(OH)(PMe;),]PF; (38), in MeOH and subsequent re-
moval of the solvent in vacuo. The structure of 54 was confirmed crystallographical-
ly. The hydrido(methoxo) complex 54 is air-stable and thermally stable and does not
change upon heating at 70°C. However, it does undergo reductive elimination of
MeOH upon oxidation with C(NO,),.

Neutral hydrido(methoxo) complexes of iridium, mer-cis-[IrH(OMe)Cl(PEt;);] (56)
and [IrH(OMe)Cl(PMe;);] (58) were obtained by oxidative addition of MeOH to
[IrCl(PEt;);] (39b) and [IrCl(PMe;);] (39a) at —30°C, respectively (Scheme 6-8) [27]. In
contrast to the cationic hydrido(methoxo) complex 54, the neutral complexes 56 and
58 undergo MeOH reductive elimination in benzene at room temperature, generat-
ing the starting complexes 39b and 39a. This result contradicts the expectations that
reductive elimination is facilitated by lower electron density or by higher steric hin-
drance (the cationic complexes are less electron-rich than the neutral complexes and
the PMe; ligand is bulkier than the chloro ligand). For the hydrido(methoxo) com-
plex, O—H reductive elimination is preferred over -H elimination. Irreversible 3-H
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elimination of the equilibrium mixture of [IrCl(PEt;);] (39b) and mer-cis-
[IrH(OMe)Cl(PEt;);] (56) in benzene to give the dihydride, mer-cis-[I[rH,Cl(PEt;);]
(57), occurred slowly at room temperature. From a kinetic study, the strength of the
bond between the methoxo group and iridium was estimated, D(Ir-OMe) = 61-68
kecal mol™, which is higher than those between late transition metals and the methyl
group, e.g., D(Ir—-Me) = 46 kcal mol™, D(Pt-Me) = 38 kcal mol™ [41]. Relative M—X
bond strengths (X~ = H”, Me,, MeO, etc.) were experimentally determined for
[Cp*RuX(PMes),] and for [PtMe(X){Ph,P(CH,),PPh,}], and the general order of
L,M-0 > L,M—C(sp’) was reported [42]. From a best fit to an ETC model, the values
of the 1, M—OMe bond strength were found to be 33.9 kcal mol™ (for M = Ru) and
24.7 kcal mol™ (for M = Pt) [43].

ICI(PEts); + MeOH . EGPu o OMe slow EtgPu..,. | wH
r 3)3 e - = r,
CeDs Et3P/(|:|\PEt3 —[CH20l Et3P/(|:|\PEt3
r.t. r.t.
39b 56 57
D CD30D MeOH H
MegPr..,. II .wOCDz _-30C CI(PMeg -30C_  MegPu.,, | .OMe
r J— 1 e3)3 ;
Me3P/c|;|\PMes ~CDs0D ~ MeOH MeaP/(l;|\PMes
r.t. r.t.
58a 39a 58
_ [CrthoV vieon || cosop
H H H
R'3Pu.,,.._||r_,,\mOR MegPr..,. Ilr wH MegP.... -||r""“OCD3
R'aP/|C|\PR'3 MeaP/('ﬂ\PMea Meap/cl;|\PMe3
60  R=Et Pr 59 58b
R' = Me, Et

Schemes 6-8 Oxidative addition of alcohols to neutral iridium phosphine complexes

The detailed decomposition (B-H elimination) mechanism of the hydrido(alkoxo)
complexes, mer-cis-{Ir(H)(OR)CI(PR"3);] (R = Me, Et, 'Pr; R” = Me, Et; H trans to Cl)
(56, 58, 60), forming the dihydrides mer-cis-[Ir(H),Cl(PR;)3] (57, 59) along with the
corresponding aldehyde or ketone was examined (Scheme 6-8). The hydrido(ethoxo)
as well as the hydrido(isopropoxo) complexes 60 could also be prepared by oxidative
addition of ethanol and isopropanol to the phosphine complexes 39 [44]. In the ini-
tial stage of the B-H elimination, a pre-equilibrium is assumed in which an unsatu-
rated pentacoordinated product is generated by an alcohol-assisted dissociation of
the chloride. From this intermediate the transition state is reached, and the rate-de-
termining step is an irreversible scission of the B-C—H bond. This process has a low
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activation energy (AH*, =24.1 + 1.8 kcal mol™; AS*y, = 0.6 + 5.9 e.u.). The reaction
rate is of first order in the iridium complex and of 1.33 order in the alcohol, which
serves as a catalyst. The rate depends on the nature of the phosphine (PEt; > PMe;),
on the alkyl substituent of the alkoxide (Me > Et >> ‘Pr), and on the solvent (benzene
> N-methylpyrrolidone), but is not affected by excess phosphine.

Bergman reported dramatic solvent effects of liquid xenon on the reactivity of
[Cp*Ir(H),(PMes)] (61) for C-H vs O—H activation (Scheme 6-9) [45]. Irradiation of
61 in liquid xenon containing MeOH or EtOH gave the oxidative addition products
of O-H bonds, [Cp*IrH(OMe)(PMe;)] (62a) or [Cp*IrH(OEt)(PMe;)] (62b) respec-
tively, whereas the reactions in the alcohol solvents produced [Cp*Ir(CO)(PMe;)]
(63) or [Cp*IrH(CH=CH,)(PMe;)] (64) resulting from initial oxidative addition of
the iridium center into a C-H bond in the alcohol. Irradiation of the dihydride 61 in
xenon with ‘PrOH or ‘BuOH as a substrate, however, gave the C-H insertion prod-
uct, [Cp*IrH(CH,CH(Me)OH)(PMe;)] (65) or [Cp*IrH (CH,(Me),OH)(PMe;)] (66)
respectively. The abrupt change in reactivity between EtOH and ‘PrOH is remark-
able.

Me Me Me
H ROH / hy _OR
Cp*lr< Cp*lr\H Cp*||r\H OH Cp*lr\H OH
PMeg in liquid Xenon PMeg PMeg PMeg
a:R=Me;b:R=Et R=Pr R="'Bu
61 62 65 66
co o
Cp*|r< Cp |F\H
PMeg |
PM€3
63 64
in MeOH in EtOH

Scheme 6-9  Reaction of Cp*IrH,(PMe;) with alcohols

Merola examined the reactions of [Ir(cod)(PMe;);]Cl (67) with several alcohols
(Scheme 6-10) [46]. Primary and secondary alcohols gave only a complex mixture
containing hydrido- and hydrido(carbonyl)iridium(III) compounds. The tertiary al-
cohol ‘BuOH, which has no B-hydrogen, reacted with 67 at 70-80°C to form isobuty-
lene and mer-[IrH(OH)(Cl)(PMe;);] (40a), which could also be prepared by the reac-
tion between 67 and water. Phenols reacted with [Ir(cod)(PMe;);]Cl (67) to give
cleanly O-H addition products, mer-[IrH(OAr)(Cl)(PMes);] (68). One such com-
pound (Ar = 3,5-dimethylphenyl) was crystallographically characterized.

Very air-sensitive iridium diphosphine complexes carrying a peraryldiphosphine
ligand, [IrCl(diphosphine)], (42a, 42b)(a: diphosphine = BPBP; b: diphosphine = BI-
NAP [47, 48]) can also activate MeOH in addition to H,O at room temperature very
easily. Reaction of 42 with excess MeOH in toluene at room temperature gave air-
stable and thermally stable colorless hydrido(methoxo) complexes, [{IrH(diphos-
phine)},(1-OMe),(u-Cl)]Cl (69) quantitatively (Eq. 6.21) [49]. The structure of 69b,
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primary or secondary alcy

complex mixtures

[Ir(cod)(PMeg)3]CI I
MeSP/cln PM63
67
‘ ArOH \20 Hgo / - H2C=CM62
H H
MegPu... Ir_‘.‘“\OAr MegPu.,.. l .mOH
' .
MeaP/a\ PMeg Me3P/(|:I\P|\/|e3
68 Ar = phenyl 40a
p-cresyl

3,5-dimethylphenyl

Schemes 6-10  Oxidative addition of alcohol, phenol, and water
to cationic iridium phosphine complex 67

which is a cationic binuclear triply bridged complex (one chloride bridge and two
methoxo bridges) was confirmed by X-ray analysis (Fig. 6-1). Complex 69b contains
a solvated MeOH. The presence of strong hydrogen bonding between the solvated
MeOH and the chloride counter anion was suggested by 'H NMR and verified by X-
ray analysis [MeO---Cl = 2.62(2)A]. Exchange between the methoxo and hydrido lig-
ands and the solvated MeOH was not detected below 40°C. Thermolysis of complex
69 in toluene/MeOH (1:1 v/v) at 80°C in a sealed tube gave mainly the B-H elimina-

Fig 6-1 Crystal structure of the cationic part of
[{IrH((R)-binap)},(11-OMe), (l1-Cl) |Cl-MeOH (69b)
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tion product, [{IrH(diphosphine)},(u-H),(1-Cl)]Cl (70) (Eq. 6.21) [50]. In contrast to
the above-mentioned complexes, capable of activating O-H bonds, complexes 42
carry a peraryldiphosphine, which does not have a strong electron-donating proper-
ty, as an auxiliary ligand. Nevertheless, complexes 42 can easily activate an O-H
bond. Reaction of 42 with EtOH and ‘PrOH did not give the corresponding hydri-
do(alkoxo) complexes, but gave a complex mixture comprising several hydrides, in-
cluding complexes 70, and carbonyl complexes. The hydrido(methoxo) complexes
69 can serve as active catalysts for transfer hydrogenation of alkyne using MeOH as
a hydrogen donor (see Scheme 6-30).

rt.

[Ir(u-Cl)(diphosphine)l. ~ + MeOH

toluene
42
80°C
[{IrH(diphosphine)la(u-OMe)a(u-Cl)ICI [{IrH(diphosphine)}a(u-H)a(u-CNIC!
MeOH / toluene
69 am 70
a : diphosphine = BPBP (6.21)

b : diphosphine = BINAP

The formation of the first osmium hydrido(alkoxo) complex, a yellow air-stable
and thermally stable hydrido(methoxo)osmium(II) complex, trans-[OsH(OMe)(Cl)
(NO) (P'Prs);] (72), by the oxidative addition of MeOH to a 16-electron complex,
trans-{OsCI(NO)(P'Prs),] (71) was briefly reported (Eq. 6.22) [51].

N /S H, | _“\\\CI
P +  MeOH "Os (6.22)
i 7 | \
PP "NO MeO” i, “NO
71 72

Several hydrido(phenoxo) complexes of late transition metals have been prepared
by the oxidative addition of phenol which has no -hydrogen. The oxidative addition
of phenol or pentafluorophenol to the highly coordinatively unsaturated platinum
[52] or palladium [53] bis(phosphine)complexes, [M(PCys),] (24b: M = Pt; 73: M =
Pd) gave the corresponding hydrido(phenoxo) complexes, trans-[MH(OAr)(PCys;),]
(74) (a: M = Pt, Ar = Ph or C¢Fs; b: M = Pd, Ar = Ph) (Scheme 6-11). The structure of
the palladium complex, trans-[PdH(PhO)(PCy;),]+PhOH, which contains a solvated
phenol molecule bonded via a hydrogen bridge to the oxygen center of the metal-co-
ordinated phenoxy group, was confirmed by X-ray crystallography. Similar hydri-
do(phenoxo) complexes of nickel and platinum, trans-MH(OPh)(PBns),] (6c: M =
Ni, 76: M = Pt) were also prepared by oxidative addition of phenol to platinum(0)
and nickel(0) ethylene complexes, [M(C,H,)(PBns),] (75) (a: M = Ni, b: M = Pt) [9].
The reaction of [Pd(C,H,)(PBns),] with phenol, however, yielded only [Pd(PBns)s].
The reaction of cis-[Pt(C,H,)(dmpe)] (77) with phenol gave [PtEt(OPh)(dmpe)] (78)
and not the corresponding cis-hydrido(phenoxo) complex. Addition of phenol to
[PdMe,(dmpe)] (79) yielded [PdMe(OPh)(dmpe)] (80). Some of these phenoxo com-
plexes were characterized crystallographically also.
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ArO_ PCys
M(PCys)s +  ArOH M
Cy3P H
24b: M = Pt 74
73:M=Pd a;M:Pt,Ar:PhOrCGFs
b:M=Pd, Ar=Ph
BnsR  CH, PhO_  PBns
M| +  PhOH —— M
BnsP CHp BnsP” "H
6¢c: M= Ni
75 76 : M =Pt
a:M=Ni
b:M =Pt
Me, Mez g
R~ CH = CoH R
[ Pl +  PhOH . [ et
P CH, P “OPh
Meg M62
77 78
Mez Me2
R _Me ~CHa R
[ Pa’ + PhOH ———~ Pd
P Me P” “oph
Me, Me,
79 80

Schemes 6-11  Preparation of hydrido(phenoxo) complexes by
oxidative addition of phenols

The reaction of phenols and fluorinated alcohols with dialkyl bis(phosphine) com-
plexes of nickel and palladium has been examined in detail [5]. trans-[PdR,L;] (R =
Me, Et; L = PMe;, PEt;) (81) and trans-[NiMe,(PMe;),] (82) reacted with 2 equiv. of
fluorinated alcohols and para-substituted phenols R°OH [R” = CH(CF;)Ph, Ph, p-
CH;C¢H,, etc.] to give complexes trans-[PAR(OR’)(HOR')L,] (83) and trans-
[NiMe(OR')(HOR’) (PMe;),] (84) respectively, in which the presence of strong O-
H--O hydrogen bonding between the alkoxide (or aryloxide) ligand and the alcohol
both in the solid state and in solution was confirmed (Scheme 6-12).

6.2.4
Complexes Resulting from Activation of Carboxylic Acids: Hydrido(carboxylato)
Complexes

Examples of the isolation of hydrido(carboxylato) complexes by oxidative addition of
carboxylic acid are very rare. Wilkinson [55] examined oxidative addition of fluoro
carboxylic acids to Vaska’'s complex, trans-[IrCl(CO)(PPhs),]. They isolated colorless
hydrido(carboxylato) complexes of stoichiometry, [IrCl(H)(OCOREF)(CO)(PPhs),]
(RF = CF;, C,Fs), but did not completely succeed in characterizing the products of
the oxidative addition. The complex is claimed to be a mixture of four closely similar
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O—R
L Lo
| -RH [
R—Pld—R +  2HOR R—PId—O\
L L R
81 R = Me, Et 83
L = PMeg, PEt3
R' = CH(CF3)Ph, Ph,
CgHy-p-Me, CgHy-p-OMe, etc
O—R
MegP MesP  f
~CH, [
Me—lili—Me +  2HOR Me—l\lli—O\
MegP MesP R
82 84

R' = CH(CF3)Ph, Ph

Schemes 6-12  Reactions of dialkyl complexes of Pd and Ni with alcohols

species by NMR. From the isolated colorless complex, carboxylic acid easily dissoci-
ates in solution or even in the solid state upon heating. Wilke et al. reported the
preparation of hydrido(acetato)nickel complex 86a by the oxidative addition of acetic
acid to the nickel dinitrogen complex 85 (Eq. 6.23) [56]. The preparation of a series
of analogous hydrido(carboxylato) complexes of nickel 86 by the same procedure
was subsequently also reported by another group, and the properties of the hydri-
do(carboxylato)nickel complexes were examined (Eq. 6.23) [57]. Kubota et al. [58] re-
ported the preparation of hydrido(carboxylato)iridium complexes, [IrH(Cl)(RCOO)
(PPhs),] (88) (R = H, Me, Et, "Pr, Ph, CF;), by oxidative addition of several carboxylic
acids to the iridium dinitrogen complex 87 (Eq. 6.24). In these complexes the car-

_N2

[Ni(PCy3)2]oN2  +2 RCOH 2 NiH(O2CR)(PCys3)2

toluene / ether

85 86
a:R=Me;b:R=H;c:R=Ph;d:R=CF;
TPhS
PhsP_ N2 =Nz Clu, I WO
' +  RCO.H —_— Sk >3CR
cl”” PPhg 2 | Yo~
PPhg
87
R = Me, Et, "Pr, Ph, CF3 88
H Prs —cQ H PiPr
Pt(PIPrg) HEOH \/Pt< /1 el ’
3)3 i s
iPrgP 0 Yo O, iPrgP \H
26b 89

(6.23)

(6.24)
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boxylato ligands coordinate as bidentate ligands. Yoshida and Otsuka observed rap-
id catalytic decomposition of formic acid into CO, and H, with [Pt(P'Prs)5] (26b) [23].
They claimed that the decomposition proceeded through oxidative addition of
HCO,H to give trans-[PtH(O,CH)(P'Pr;),] (89), which is followed by B-H elimination
affording trans-[PtH,(P'Pr3),] (51a) and CO, (Eq. 6.25). Although the hydrido(car-
boxylato) complex 89 could not be isolated from the reaction mixture, the complex
89 was separately prepared by CO, insertion into the Pt~-H bond of trans-
[PtH,(P'Pr;),] (51a) and used as a catalyst for the decomposition of formic acid.

Merola reported the preparation of hydrido(carboxylato)iridium(III) complexes,
mer-[IrCl(OC(O)R)(H)(PMe;);] (90) (R = Ph, Me), by oxidative addition of acetic acid
or benzoic acid to [Ir(cod)(PMe;);]Cl (67) [46]. The structure of 90 (R = Ph) in which
the carboxylato ligand coordinates as an n'-ligand, was confirmed by X-ray analysis.
The reaction of 67 with salicylic acid yielded the product 91, which resulted from ac-
tivation of the O—H bond of the carboxylato but not of the hydroxo group (Scheme
6-13).

o
S o
R OH e3P, '|I"""‘\
MesP/ (|:|\

v

[Ir(cod)(PMeg)s]ClI R =Me, Ph

PMej3

67 \ i
HO,
HO Q
O H
MegPi,, . I o]

HO Ir
Mesp” (|:|\

PM93

91

Schemes 6-13  Reaction of the cationic iridium complex 67 with carboxylic acids

The iridium phosphine complex [IrCl(PEt;);] 39b can also activate O—H bonds of
carboxylic acids. The stoichiometric reaction with o,w-alkynoic acids RC=C(CH,),
CO,H (R = Me, Ph) gave cis-hydrido(carboxylato)iridium(III) complexes 92
(Eq. 6.26), and the molecular structure of 92a was determined crystallographically
[59].

PEty R
R CI”:,,l o) &
ICI(PEts); + HO 7 I
390 EP” | YH g
(0] PEta
(6.26)
92

a:R=Me;b:R=Ph

The dinuclear iridium(I) diphosphine complexes 42 can also activate carboxylic
acids easily. For example, the reaction of [IrCl(binap)], (42b) with an excess of acetic
acid or benzoic acid in toluene at room temperature gave the corresponding (hydri-
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do)carboxylato complexes [{IrH (binap)},(u-OC(O)R),(u-Cl)]Cl (93) (a: R=Me; b: R =
Ph) [50]. Complexes 93 were characterized by elemental analyses, IR and NMR spec-
troscopy, and conductivity measurements. For these compounds, triply bridging
structures similar to that of the hydrido(methoxo) complex 69b were proposed (Eq.
6.27).

[IrCl(binap)l, + RCO.H [{IrtH(binap)}2(u-OC(O)R)(u-Cl)ICI (6.27)

42b a:R=Me;b:R=Ph 93

6.2.5
Reaction of Hydrido(hydroxo), Hydrido(alkoxo) and Hydrido(carboxylato) Complexes

Reactions of the hydrido(hydroxo) complex 2 with several substrates were examined
(Scheme 6-14) [6]. The reactions are fairly complicated and several different types of
reactions are observed depending on the substrate. Methyl acrylate and small Lewis
bases such as CO, P(OMe)s;, 'BuNC coordinate to the five-coordinated complex 2 af-
fording the corresponding six-coordinate complexes. In reactions with the unsatu-
rated bonds in dimethylacetylenedicarboxylate, carbon dioxide, phenylisocyanate in-
dications for the addition across the O-H bond but not across the Os—OH bond
were obtained. In reactions with olefins such as methyl vinyl ketone or allyl
alcohol, elimination of a water molecule was observed to afford a hydrido metalla-
cyclic compound or a hydrido(ethyl) complex. No OH insertion product was obtained.

T H
OCu,. wOH oG, | i PiPr
‘Os ”“"O ...... uP! PI'3 3
i "IN ) —8 Hu.,. | e
PraP pipry L ProP” _|_~om ’Ols\o‘: ==NHPh
L=CO, P(OMe)s, 'BUNC OMe OC" pipr,
O
OMe
=z
L /\fol/ PhNCO
H PiPrs PiPra
OCi.. |.---\-'\F"Pr3 CO;, H”"-ol ..... w0 co oC.., oI wH O
i \ - |s\ > OH \d |S\ AN
PrsP” OH 0oC Pipr, O oc PPry oH
2
Me
MeO,C CO,Me
— HO /\/OH 2 2
—HO P'P P'Pfs CO,Me
3 H ’u. o
PIPr3 H.. ---'I\C H ) © N
OCu, | . "'OS" Dy - |\ =,
L il ; oc 0
/Os oc |i\o = P'Prs Me
oC IIDiPrS CH,CHg P'Pr3 Me

Schemes 6-14  Reactions of osmium hydrido (hydroxo) complex
2 with several substrates
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The reactivity of hydrido(ethoxo) complex 4 was examined (Scheme 6-15) [8].
Metatheses similar to those postulated for alcohol exchange (Eq. 6.5) occurred be-
tween HCI, LiCl, phenyl acetate or primary amines and yielded complexes 94. The
reaction of 4 with cyclic anhydrides proceeded similarly to give iridium-assisted ring

opening products 95. Heterocumulenes afforded the insertion products 96 into the
Ir-O bond.

Cp® XC(Y)OEt Co oo B
p\"/ v - \Ir/ 4>A-B \Ir/ + EtOA
S t
PP’ Xx=c=z |PhsP 7N PhaP”
96 94
f,:.i((fif a:A=HorLi,B=Cl
c;X=NP = Jj Q b:A=MeCO, B =0Ph
d:X:Np-o,Y= c:A=H,B=NHR (R=Ph, CHyPh)
e:X=NMep, Y =
o e} o) o
Cp*\ / M\OEI Cp *\ / MOEt
Ir Ir
PP’ i PhgP 7Ny
95b 95a

Schemes 6-15  Reactivity of hydrido (ethoxo)iridium complex 4

The Pt-OMe bond of complex 14b is reactive, giving either the corresponding hy-

droxo derivative 14a upon reaction with water or the methoxycarbonyl derivative 97
with CO (Eq. 6.28) [16].

bt
RN
Ho0O PEZ OH
Phy
R 14a
[ Pt (6.28)
RN

The reactivities of hydrido(phenoxo) complexes of trans-[MH(OPh)L,] (6: M = Ni;
7: M = Pt) (L = phosphine) were examined (Eqgs. 6.29, 6.30; Scheme 6-16), and a high
nucleophilicity for the metal-bound phenoxide was suggested [9, 10]. Reaction with
methyl iodide produced anisole and trans-[MH(I)L,] for both Ni and Pt complexes.
Phenyl isocyanate also provided the insertion products into the metal-phenoxo
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bond, trans-MH{N(Ph)C(O)OPh}L,], but the nickel complexes have a higher reac-
tivity. The reaction of nickel complexes 6 with olefins results in reductive
elimination of phenol in contrast to the insertion chemistry for the platinum
analog 7.
. CeDs
trans-NiH(OPh)(L),  + Mel 0 trans-NiH(I)(L), + MeOPh (6.29)
6 t.
L = P'Prs, PCys, PBn3

CsDg

trans-NiH(OPh)(L), + PhNCO
6 r.t.

L= PiPrs, PCys, PBn3

trans-NiH(PhNC(O)OPh)(L), (6.30)

trans-Pt(CO),(PEts), H\ / PEtaO
Pt I
trans-PtH(1)(PEts)
+ 3)2 E‘ap/ \N/C\Oph
PhOMe ~Mel T 0
/PT1NCO
trans-PtH(OPh)(PEtg),
t Pt(CH,=CHCN)(PEtz) ’ \sz : PE
rans- = t
2 o2 AFCHCN l Nef, i
+ Ha
e’ o7 opn

PhOCH,CH,CN
trans-PtH,(PEt3)s

Schemes 6-16  Reactivity of trans-PtH (OPh) (PEt;), 7

The reactivities of several hydrido(carboxylato) complexes of iridium have been
studied [58]. Complexes 88 reacted with carbon monoxide to afford carbonyl com-
plexes, [IrCl(H)(OCOR)(CO)(PPhs),] (98), in which the carboxylato ligands changed
to monodentate ligands and exist as a mixture of isomers (Eq. 6.31).

PPhg PPhs
Clu, | O Cls, | CO
/Ir\ _ZCR + co /ir\ (6.31)
H” | Yo H O_R
PPh, PPhs Y~
(0]
88 R = Me, Et, "Pr, Ph, CF3 98

The reactions of a neutral 10 as well as a cationic dihydrido(acetato)osmium com-
plex 12 with acetylenic compounds were examined (Scheme 6-17) [11-13]. A vinyli-
dene 99, an osmacyclopropene 100, or a carbyne complex 101 were obtained, de-
pending on the starting hydrido(acetato) complexes or the kind of acetylene used. In
any case, the reaction proceeded by insertion of a C=C triple bond into one of the
two Os—H bonds, but the acetato ligands do not take part in the reaction and act as
stabilizing ligands.
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Schemes 6-17  Reaction of hydrido(carboxylato)osmium(1V)
complexes with alkynes

6.3
Catalytic Reactions Involving Activation of O-H Bonds

In this section we deal with reactions in which in one step, formally an O-H bond
activation, is involved. Although the precise reaction mechanisms have not been
elucidated, some of these reactions are considered to proceed by nucleophilic attack
of water, an alcohol, etc. to a substrate activated by a transition metal. We choose to
emphasize examples coming from our own research activities in this field.

6.3.1
Water Gas Shift Reactions

Yoshida and Otsuka found that platinum(0) complexes [PtL;] (26) (a: L = PEt;; b: L=
P'Pr;) and rhodium hydrido complexes such as [RhHL;] (L = P'Pr; 33, PEt),
[Rh,H,(1-N,)(PCys)] (34), trans[RhH(N,)(PPh'Buy),], and [RhH(P'Bus),], all of
which carry electron-donating alkylphosphine ligands, can catalyze the water gas
shift reaction under fairly mild conditions (100-150°C; CO 20 kg/cm™) (Eq. 6.32)
[23, 60]. Among these complexes, [RhH (P'Pr;);] (33) was the most active catalyst pre-
cursor. Several complexes were isolated from or detected in the reaction mixture
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(see above) and, based on these, reaction mechanisms were proposed in which ox-
idative addition of water plays an important role. Taqui Khan et al. reported that
K[Ru' (Hedta)(CO)] can catalyze the water gas shift reaction under mild conditions
at 20-80°C and 1-35 atm of CO [61]. Based on kinetic studies, they proposed a
mechanism involving the oxidative addition of H,O to the carbonyl complex to form
hydrido(hydroxo) species, cis- and trans-[Ru" (Hedta)(CO)H(OH)] as the rate deter-
mining step. The formation of a Ru'"" hydrido(hydroxo) complex was suggested by
'"H NMR and UV spectroscopy. The maximum turnover number of 350 mol of
CO,/H, per mol of catalyst per hour was achieved when the reaction was carried out
at 50°C and 15 atm of CO.

Catalyst (6.32)
COz + Hz

CcO + Hzo

Catalyst : PtL3(26) (a: L = PEts; b: L =PPrs)
RhH(L)s (L = P'Pr3 (33), PEtg), RhaHy(u-N2)(PCya)s (34),
trans-RhH(N,)(PPh'Buy),, RhH(P'Bus),
K[Ru(Hedta)(CO)]

6.3.2
Wacker-type Reactions

Wacker olefin oxidation, which is depicted in its simplest form in Eq. (6.33), con-
tains palladium(II)-catalyzed hydration of olefin in its important step (Eq. 6.34) and
is discussed extensively [62]. In this review article we introduce two asymmetric
Wacker type reactions.

PdCl,

HeC=CH,  + 120, —%%2,_  ycho (6.33)

Pd@I(H,C=CHp) + H,0 Pd@(CHaCH0H) + H* (6.34)

Hosokawa and Murahashi reported the intramolecular cyclization of o-allylphenols
catalyzed by a chiral n-allylpalladium complex in the presence of cupric acetate under
an oxygen atmosphere, although the optical yields were rather low (Eq. 6.35) [63, 64].

% OAc
—PdZ
&) %
= 2
OH Cu(OAc); —0, O H

~29% ee

In 1997, Uozumi and Hayashi found high enantioselective Wacker-type cycliza-
tion of o-allylphenols or o-homoallylphenols by using Pd(II) catalysts coordinated
with chiral bis(oxazoline) ligands based on the 1,1’-binaphthyl backbone (Eq. 6.36)
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[65]. Both chemical yield and enantioselectivity are strongly affected by the anionic
part of the catalyst, and the trifluoroacetate anion is considered to play a key role in
the catalysis. Excess benzoquinone is required for high yield of the product, and use
of methanol as solvent is essential for the successful cyclization.

Me
S Me PA(OCOCF3), / (S,5)-R-boxax n.Me
Me : Me (6.36)
OH benzoquinone o

MeOH

n=1,2
90 — 97% ee

e
\ LH
(5,5)-R-boxax : Ru.__N N

H,--I: \ ‘R R =Pr, CH,Ph
a0e

6.3.3
Hydration, Alcoholation and the Related Reactions of Unsaturated Compounds

Catalytic hydration and alcoholation of unsaturated compounds such as alkenes or
alkynes would be a high value-adding step in the synthesis of compounds of com-
plicated structure as well as in the large-scale production of industrially useful sim-
ple compounds. The activation of the O—H bond of water, alcohol, or carboxylic acid
by transition metals is relevant to a variety of such catalytic processes.

6.3.3.1 Hydration and Methanolysis of Nitrile

Several methods of hydration of nitriles with strong acid or base to produce the cor-
responding carboxamides have been proposed (Eq. 6.37), but generally the reactions
are slow and the selectivity of carboxamide is not good enough [66]. Therefore, hy-
dration of nitriles using transition metal complexes under neutral conditions has
been intensively studied. Several hydroxo transition metal complexes and their pre-
cursors have been proposed as homogeneous catalyst systems showing high
turnovers. Representative examples of effective catalysts are [Pt(C¢Hs)(Ly)] (L, =
2PPhys, diphos (13); CsHg = cyclohexyne) [67], trans-[M(OH)(CO)(PPhs),] (M = Rh, Ir)
[67], [PACI(OH) (bipy)(H,0)] [68-70], [PtLy] (24) (b: L = PCy;; c: L = PPh'Buy) [22],
[PtL;] (26) (a: L = PEty; b: L= P'Pry) [22], [PtR(OH)L,] (R = Ph, L= P'Bu,Me, P'BuMe,,
PEt;, PMe,Ph, PMePh,; R = Me, L = P'Bu,Me, P'Pr;) [71], trans-[PtH(C)(PR;),] (R =
Me, Et)/1 equiv. NaOH [72], etc.

Catalyst
RCN + H,O — > RCONH, (6.37)

Among these catalysts, systems obtained by the reaction between trans-
[PtH(CI)(PR;),] (R = Me and Et) and 1 equiv. of NaOH are the most active [72]. For
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example, acetonitrile was hydrated at 80°C to acetamide with a turnover frequency
[TOF = mol substrate/mol catalyst - h] of 178 for the R = Me derivative. These cata-
lysts also exhibit appreciable reactivity even at 25°C and remain active for days giv-
ing turnover numbers (TON) of about 6000. The catalytic intermediates, such as
trans-[PtH(OH)(PEL;),], [PtH(H,0)(PEt),]", [PtH(NCMe)(PEt),]", and [PtH(NHC
(O)Me)(PEts),] have been intercepted and spectroscopically characterized, and a re-
action mechanism in which proton transfer from solvating water to coordinated N-
carboxamide is the rate-determining step is proposed (Scheme 6-18). A mechanistic
study for the hydration of acrylonitrile was also performed.

o]
H_ PRs
Me)l\NHg ot
SN
RsP”  OH Yo
NCMe OH, +
| H20 H_ ! PR H_ PR
N —— N o | o
o] N 0 7N
R3P/ ﬁN—-’( MeCN R3P/ HN—¢ RsP”  OH,
Me Me
— MeCN MeCN
+
H_  PRs
NS
Pt OH—
e
RsP \NCMe
+
H20

Schemes 6-18 A plausible mechanism of hydration of acetonitrile catalyzed by unhindered
hydridobis (phosphine)platinum(ll) complexes

Some Pt complexes bearing electron-donating phosphines can also catalyze the
hydration of the C=C double bond of acrylonitrile or crotonitrile and yielded B-hy-
droxypropionitrile or B-hydroxybutyronitrile respectively besides the corresponding
amide (Eq. 6.38) [22, 75]. Among the platinum phosphine complexes examined,
[Pt(PEts);] (26a), carrying less bulky ligands, was the most effective for the hydration
of the olefinic bond. The present catalyst system was ineffective for hydration of oth-
er olefins, however.

(o}

PtL, (24) or PtL3 (26) (cat) OH
o CN .
R/\/ + H,0 R)\/CN R/\)J\NH

R = H, Me; L = PEty, PPPr3, PCys, PPh'Bu, (6.38)

2

Several cationic palladium(II) aqua complexes, [Pd(H,0).]", cis-[PdL(H,0),]" (L =
en, methionine methyl ester, 1,5-dithiacycloocta-3-ol), and [Pd(dien)(H,0)]", serve as
the active catalyst for the selective hydration of various nitriles to the corresponding
carboxamides, e.g., CHCL,CN was hydrated to CHCI,C(O)NH, in the presence of
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[PA(H,0),]" at 40°C [73]. A kinetic study indicated that internal attack on the Pd-co-
ordinated nitrile ligand by the aqua (not hydroxide) ligand and external attack on the
nitrile ligand by solvent water occur at a similar rate.

Murahashi et al. also reported on the catalytic hydration of nitriles promoted by
[RuH,(PPhs),] [74]. Upon treatment with only 1-2 equiv. of water under neutral con-
ditions at 120°C, hydration of various aliphatic and aromatic nitriles proceeds
smoothly to give the corresponding amides in good yield. It is unique that the hy-
dration proceeds with one equivalent of water, and thus other functional groups are
tolerated in the hydrolysis. The authors proposed a reaction mechanism in which
nucleophilic attack of water on the nitrile coordinated to the ruthenium center is the
key step (Scheme 6-19). The hydration can be extended to the catalytic transforma-
tion of y-cyano ketones to ene-lactams (Eq. 6.39). Cyanoketones bearing ester groups
were converted into the corresponding ene-lactams without hydrolysis of the ester
groups (Eq. 6.40), and thus the present catalytic hydration of nitriles was applied to
the synthesis of several natural products.

RUHZ(PPh3)4 (o]
RCN + H,0O R” “NH,
o RCN
PN
R “NH, >/ L.Ru *
o)
HoN—4
LnRu/ R LnRu=—NCR
\ k -
H OH
/N=<
L,Ru R

Schemes 6-19  Catalytic cycle of hydration of nitriles catalyzed by RuH,(PPh;),

(o} O

RuHa(PPha), (cat) HN
R1)HA/CN —»2H 034 R~ (6.39)
2

R2

O co,Et
RuH,(PPh cat
H-O, DME N o

120 °C H
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We also found that iridium hydrido(hydroxo) complexes like [{IrH(diphos-
phine)},(u-OH),(u-Cl)]Cl (43) and the precursor diphosphine complexes 42 can also
catalyze the hydration of nitriles. In the presence of catalytic amounts of these com-
plexes, heating acetonitrile and benzonitrile with excess water at 120°C gave the cor-
responding amides [47, 50].

Very recently Chin et al. reported Ir complex-catalyzed hydration as well as the
first example of methanolysis of nitriles [75]. Hydration of RCN (R = Me,
MeCH=CH, Ph) is catalyzed by [Cp*Ir(n’-CH,CHCHPh)(NCR)]OTf (R = Me,
MeCH=CH, Ph) in the presence of Na,CO; (Eq. 6.41). The methanolysis of ben-
zonitrile also proceeded to give the imino ether in the presence of [Cp*Ir(n’
CH,CHCHPh)(NCPh)]OTf and Na,CO; (Eq. 6.42). The methanolysis of benzoni-
trile proceeded much more rapidly than the hydration. Based on the isolated or de-
tected intermediate complexes, plausible reaction mechanisms are suggested.

_l +
Ph (cat)

pren” 4 0
RCN +  HO N (6-41)
N32003, 70 |C 2

R = Me, —HC=CHMe, Ph

] +
Ir\ Ph (cat)

PhCN

PhCN + MeOH Ph/gNH
Na2003, 70 iC

(6.42)

6.3.3.2 Addition of O-H Bonds across Alkenes and Related Reactions

From the beginning of the 1970s until the mid 1980s, several examples of the
telomerization of dienes with water [76, 77] or methanol [78, 79] to isomeric mix-
tures of dienols or dienol ethers catalyzed by palladium-phosphine complexes in the
presence of carbon dioxide have been reported. Neither the yield nor the selectivity
were very high. However, when allene was employed as a ‘diene’, 3-methyl-2-meth-
ylene-3-buten-1-ol was obtained with fairly good selectivity (up to 98%) (Eq. 6.43)
[78].

CO»
Pd (dba)g— PPh3
2 e + H,O
2 o OH (6.43)

The Co,(CO)s/pyridine system can catalyze carbomethoxylation of butadiene to
methyl 3-pentenoate (Eq. 6.44) [80]. The reaction mechanism of the cobalt-catalyzed
carbalkoxylation of olefins was investigated and the formation of a methoxycar-
bonylcobalt species, ‘MeOC(O)Co’ from a cobalt carbonyl complex with methanol as
an intermediate is claimed [81, 82].
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(0]

Efficient anti-Markonikov addition of water to terminal olefins producing primary
alcohols would be one of the most desirable catalytic processes (Eq. 6.45). As one ex-
ample of such a reaction, Jensen and Trogler reported the anti-Markonikov hydra-
tion of terminal olefins catalyzed by a platinum(II) trimethylphosphine complex
producing primary alcohols [83]. The report, however, was claimed to be of doubtful
reproducibility [84].

N+ O -~ OH (6.45)

6.3.3.3 Addition of O—H Bonds across Alkynes

Hydration of unactivated alkynes is an important method for functionalizing this
plentiful hydrocarbon source. Therefore, a variety of metal ions have been proposed
as catalysts for this reaction, and almost all of the reported additions of water to ter-
minal alkynes follow the Markonikov rule. The hydration of 1-alkynes with Hg(II)
salts in sulfuric acid [85], RuCl;/aq.HCI [86, 87], K[Ru'"'(edta-H)Cl]-2H,O [88],
RhCl;+3H,0/aq. HCI [89], RhCl;/NR," [90], Zeise-type Pt(II) complexes [91-93], and
NaAuCl, [94] produced exclusively methyl ketones (Eq. 6.46).

o)

cat.
R—— + H>O RJLMe (646)

R =H, alkyl, Ph

cat. : RuCls / HCI, RhClg / HCI, [P{(CoH4)Clolo
K[Ru(lll)(edta-H)Cl]o-H,0
[MeN(CgH17)3]*[RhCla(H20)2]"

Several mechanistic studies have been performed, and similar mechanisms in-
volving formation of an acetylenic n-complex coordinated by H,O as an intermedi-
ate have been proposed (Scheme 6-20) [86, 88-90].

OH

H .
4. Lo M LM OH
Lnl\l/l H —_— R——R E—— R>=<
R———R R
+ H*

LM+ R/\[(R

Schemes 6-20 Mechanism for transition metal-catalyzed hydration of acetylene
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In 1998, Wakatsuki et al. reported the first anti-Markonikov hydration of 1-
alkynes to aldehydes by an Ru(II)/phosphine catalyst. Heating 1-alkynes in the pres-
ence of a catalytic amount of [RuCl,(C¢H) (phosphine)] {phosphine = PPh,(CFs) or
P(3-C¢H,SO3Na);} in 2-propanol at 60-100°C leads to predominantly anti-
Markovnikov addition of water and yields aldehydes with only a small amount of
methyl ketones (Eq. 6.47) [95]. They proposed the attack of water on an intermediate
ruthenium vinylidene complex. The C-C bond cleavage or decarbonylation is ex-
pected to occur as a side reaction together with the main reaction leading to alde-
hyde formation. Indeed, olefins with one carbon atom less were always detected in

the reaction mixtures (Scheme 6-21).

10 mol% [RUC|2(CGH6){PPh2(CsF5)}]

30 mol% PPha(CeFs)
H»0 - 2-propanol

W

75% 4.5%
not detected
/\/\/\/\OH
B Ru ] 0
S
R—= R—= R)J\Me
oo M
Ru H Ho0 H O-H
_ H
>=-_Ru >l_\<
R R Ru
L _ O-H Activation \
(0] B 0 7]
R
\)J\H Reductive Elimination R\)J\RU.H
or
Protonolysis or
(0]
N H>O R
R X R I?u \)J\Ru—
B-H Elimination co + H*
Schemes 6-21 Proposed reaction path for Ru-catalyzed hydra-

tion of terminal alkynes

Several Pt(II) complexes are also effective for the hydration of internal alkynes
(Eq. 6.48). Internal alkynes were converted to the corresponding internal ketones in
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good yields by refluxing in THF with a slight excess of water in the presence of a cat-
alytic amount of Zeise’s dimer, [PtCl,(C,H,)], [91-93]. Electron-donating sub-
stituents in the alkyne give better results in this reaction than electron-withdrawing
substituents. Unsymmetrically substituted alkynes are hydrated to yield both ke-
tones. The formation of the regioisomer in which the carbonyl moiety is in the o-po-
sition to the bulkier substituent is slightly perferred. A mechanism involving nucle-
ophilic attack of water on the Pt(II)-coordinated alkyne is postulated. When sub-
stituents have heteroatoms such as oxygen or sulfur, a chelation control process
seems to govern the regiochemistry, and in some cases fairly high regioselectivity
was achieved. The best results are obtained with substrates having the heteroatom
in the B- or y-position to the alkyne functionality (Eq. 6.49). An alkyne having elec-
tron-withdrawing substituents, e.g., dimethyl acetylenedicarboxylate, however, was
not a good substrate. This reaction is specific for water, and not effective for the ad-
dition of alcohol, e.g., MeOH.

[P{Cla(CaHa)] 0 R R
LS G N (6.48)

THF O

R, R'=alkyl, Ph

O
PtCly(CoH
/\/\ + H.0 4[ 2(Ce 4)']2 /\[I/\/\OMB + /\/J\/\OMG
OMe O

HoO/THF
94% 6% (6.49)

Gold(III) complexes can catalyze hydration of unactivated alkynes. Treatment of
1-alkynes with 2 mol% of NaAuCl, in refluxing aqueous methanol afforded the cor-
responding methyl ketones. Internal acetylenes were also hydrated to mixtures of
ketones (Eq. 6.50) [94]. Although no regioselective hydration of simple internal
alkynes was observed, a highly regioselective hydration was achieved with methyl
propargyl ethers 102, probably because of the interaction of the ether oxygen center
with the Au(III) center (Eq. 6.51); internal methyl propargyl ethers of tertiary alco-
hols 102 (R', R* = alkyl, R® = alkyl or Ph) afforded o.,B-unsaturated ketones 103 by re-
gioselective hydration followed by elimination of methanol. A propargyl methyl
ether of a primary alcohol 102 (R', R* = H; R* = alkyl) afforded o-methoxy ketone 104
in excellent yields. In contrast, a methyl ether of an a-ethynyl alcohol 102 (R' = alkyl;
R’ R’ = H) afforded a-methoxyketone 105 [96]. The direct formation of dimethyl ac-
etals from alkynes by addition of 2 equiv. of methanol catalyzed by NaAuCl, in an-
hydrous methanol is also achieved (Eq. 6.52) [96] while the above-mentioned plat-
inum(II) catalysts were only effective for hydration [91]. The gold catalyst, however,
showed the same disadvantage as the mercury catalysts. It was quickly reduced to
inactive metallic gold; so more than 50 mol of product could not be synthesized per
mol of the gold complex [97].

2 mol% NaAuCl, e R= CeH1a:, R=H :091%
R=—FR J R=PhR=H:91%  (6.50)
H20 - MeOH R R= R’ = CgHya : 94%
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QMe 5 mol% NaAuCl Qe D R0
mol% NaAuCly —MeOH
=Y N R1/i\/u\R3 - 2)\/”\':{3 (651)
R2 \ ) R2 R
R3 H20 - MeOH
102 103

R', R? = alkyl, R® = alkyl or Ph

5 mol% NaAuCl, OMe O
Rl R3® R',R2=H,Re=alkyl
H,0 - MeOH R2
104
5 mol% NaAuCl, OMe
R1/Kn/\ R' = alkyl, R%, R®=H
H,0 - MeOH o
105
NaAuCl, MeO OMe R R
R————R R + /7< (6.52)
MeOH R MeO OMe
A B
Product Product
OH
R =CgH3, R =H A (91%) R= O\<CH2)6_’RI=H A (91%)
R=CioHzy, R'=H A (94%) R=R'=CgHi3 A =B (94%)
R=Ph R =H A (91%) R = CgHqa, R' = Me A/B=40/60 (91%)

The RuCl;/aq. HCl system is effective for hydration of phenylpropiolic acid to give
acetophenone and carbon dioxide via the -keto acid (Eq. 6.53) [86].

_ Ru(lll)/ag HCI o o}
Ph—=—-COH + H,0 ————» CO.H — + COp
Ph)J\/ 2 Ph)J\Me

(6.53)

Regioselective intermolecular hydration of alkynones by Pd(II) species under
neutral conditions was reported [98]. Depending on the structure of the alkynones,
1,4- or 1,5-diketones were produced selectively (Scheme 6-22). Reaction of 3-alkynyl
methyl ketone or 2(2-alkynyl)cyclohexanone with excess water at room temperature
in the presence of a catalytic amount of [PdCl,(MeCN),] in acetonitrile under ultra-
sonic wave irradiation afforded the corresponding 1,4-diketone. In similar reactions
with 2-(2-alkynyl)cyclopentanone, 2-(3-alkynyl)cyclohexanone, or 4-alkynyl methyl
ketone, the 1,5-diketones were obtained. Simple alkynes such as 1-octyne and 5-de-
cyne were not hydrated under comparable conditions. It is proposed that the spatial
distance between the carbonyl oxygen and any of the acetylenic carbons determines
the regioselectivity, i.e. oxypalladation followed through A gives a 1,4-diketone and
reactions through B provide a 1,5-diketone.
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Schemes 6-22  Pd-catalyzed regioselective hydration of alkynones
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The stereoselective catalyzed addition of water or methanol to dimethyl
acetylenedicarboxylate (DMAD) was reported to yield oxalacetic acid dimethylester
or dimethyl methoxyfumarate. The catalyst precursor cis-[Pd(PMe,Ph),(solvent),]
[BF,], was prepared from cis-[PdCl,(PMe,Ph),] and AgBF, (Eq. 6.54). The analogous
platinum complex was not effective, however [99].

cis-PdCly(PMe,Ph), / AgBF4 K COM
MeO,C—==—CO,Me + ROH )ﬁ/ 2\e
2 2 acetone MeQ,C
reflux OR
R =H, Me

(6.54)

We also reported that the MCl,(ligand)-AgPF, system [M = Pd, Pt; ligand = 2PPh;,
Ph,P(CH,),PPh, (n=2,5)] gives efficient catalysts for the addition of methanol to
DMAD under very mild conditions, i.e. at room temperature [100]. In our case, the
platinum catalysts were more active than the palladium analogs and even active
for the addition of methanol to non-activated acetylenes such as 6-dodecyne or
diphenylacetylene [101]. The catalytic activity is influenced by the phosphine ligand
and by the anion as well as by the ratio of the dichloroplatinum complex to the silver
salt (Eq. 6.55). Stoichiometric reactions of DMAD and MeOH with cis-[PtCl,(PPhs),)]
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and 1 equiv. of AgPF gave trans-[PtCl(PPhs),{n'-(E)-MeO,CC=C (OMe)CO,Me} 106
in good yield (Eq. 6.56) [101]. This complex corresponds to an intermediate in the
catalytic cycle. Similar cationic methoxyvinyl palladium complexes 107 carrying a
tridentate phosphine ligand were also prepared, and the structure of 107a was
characterized crystallographically [102]. We have further found that the stereoselec-
tive trans addition of an alcohol to DMAD is effectively catalyzed by a silver(I) salt
(Eq. 6.57) [103]. Besides methanol, ethanol, iso-propanol and benzyl alcohol can
also be added to give the corresponding alcoholation products in good yield. Reac-
tion of a terminal alkyne, like methyl propyonate, with MeOH in the presence
of AgOTf gave the trans addition product, methyl Z-3-methoxyacrylate, in good
yield. An internal alkyne which has one ester group, e.g. ethyl 2-tridecynoate, also
reacted with methanol to give a mixture composed of vinyl ethers, an acetal and a
ketone, which were all obtained by regioselective addition of methanol (Eq. 6.58).
The MeO group was introduced exclusively in the B-position to the ester group. The
addition of methanol to non-activated alkynes, however, was not catalyzed by silver
salts.

Recently Teles found that cationic gold(I) complexes of the general type [L-Au’]
(where L is a phosphine, a phosphite or an arsine) were excellent catalysts for the ad-

PtCly(ligand)

AgOTf or AgPFg

R , R
R=R \l(l)/\R + R/\lof (6.55)

CH20|2 / MeOH

a b
ligand : 2 PPhs, PhyP(CHy),PPh; (n = 2, 5)

R =n-CqoHyy, R':Cy:89 % (a/b=75/25)
R'=Ph:91% (a/b=233/67)
R'=H:90 % (a only)

cl PPh,
i AgPFg NS
Cis-PICIp(PPhs),  + MeCO,——CO,Me —————> Pt _co.Me
MeOH / CHxCly PhsP I
MeO,C OMe
106
(6.56)
( COgMe
¢ X =a: (0
I PPh;
Me020
107 b: PthCgH4OCgH4PPh2
1 mol% AgOTf MeO2C
MeCO;—==—CO,Me + ROH H)X/OR (6.57)

COzMe

R = Me, Et, 'Pr, CH,Ph
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1 mol% AgOTf

H21C10%002Me + MeOH T’ (658)
H21G1o H21C1o Ho1C
21C10
veo” " * < COMe 4 N cogme
MeO OMe (e}
COzMe

dition of alcohols to alkynes under mild conditions [97]. The addition of alcohols to
both non-activated terminal and internal alkynes proceeded smoothly to give the
corresponding acetals and/or enol ethers depending on the substrate. In addition to
methanol, other alcohols like ethanol, isopropanol and allyl alcohol added also
smoothly to terminal alkynes (Scheme 6-23). Propargyl alcohols can also be used as
substrates. These catalysts achieved total turnover numbers of up to 10° mol of
product per mol of catalyst, with turnover frequencies of up to 5400 h™'. They are
neither water nor air sensitive, and the reaction can be conducted without solvent.
The nature of the ligand L in the cationic gold complex had a considerable influence
upon catalytic activity (AsPh; < PEt; < PPh; < P(4-F-C¢H,); < P(OMe); < P(OPh);).
Anions present in the solution are also a very important factor with respect to cat-
alytic activity. Based on the experimental results and ab initio calculations, Teles pro-
posed the mechanism shown in Scheme 6-24 for the catalytic addition of alcohols to
alkynes. Ab initio calculations predict that mono- and disubstituted alkynes are bet-
ter ligands than MeOH and favor the formation of a m-coordinated alkyne-Au com-
plex A, which is then attacked by MeOH in an associative manner to give the inter-
mediate B.

Me
MeOH MeQ OMe
/4
Me / AuL* (cat.) Me% Me

Me
Me

/ won_ OOy ) e
Ve AuL* (cat.) Me Me Me” " Me

Ph

MeO

/ MeOH T

PH AuL* (cat.) Ph
OR

— Rl RO><OR /K
R——= +
AuL* (cat.) R' CHj3 R'
R = Me, Et, 'Pr, allyl,
R'=H, Me, Ph

Schemes 6-23  Au-catalyzed alcoholation of alkynes
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n
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L-Au—:!
MeO B
Me
Me
Me—= | [,
A /O
L-Au* L-Aut—| H
1 h jMe
L-Au
o=
Me
OMe . ..7-OMe
A" L =PMe
Me L-Au 3

Schemes 6-24 Proposed mechanism for the addition of MeOH
to Propyne by Au(PMe;)"

The intramolecular addition of the O-H bond to alkynes catalyzed by palladium
complexes has been developed by K. Utimoto et al. (Eq. 6.59) [104]. An alkynyl alco-
hol can be converted to a cyclic alkenyl ether in the presence of a catalytic amount of
[PACL,(PhCN), or [PdCl,(MeCN),] in ether or THF at room temperature. When the
reaction was carried out in MeCN-H,O under reflux in the presence of a catalytic
amount of PdCl,, hydration of the acetylenic alcohol occurred and the ketoalcohol
was obtained in good yield instead.

OH
= /
S -
H13C6/\/ HisC¢ O H13CG)J\/\/
(6.59)
PdCIo(PhCN); (0.01 eq)
60 % 30 %
Et,0, 1, 5 h
PdCl, (0.01 eq) 05 9%

MeCN-H,0, reflux, 30 min

6.3.3.4 Addition of O-H Bonds to Methylenecyclopropane

Recently, Y. Yamamoto reported a palladium-catalyzed hydroalkoxylation of methyl-
ene cyclopropanes (Scheme 6-25) [105]. Curiously, the catalysis proceeds under very
specific conditions, i.e. only a 1 : 2 mixture of [Pd(PPhs),] and P(o-tolyl); leads to an
active system. Other combinations using Pd(0 or II) precursors with P(o-tolyl); or
1,3-bis(diphenylphosphino)propane, the use of [Pd(PPh;),] without P(o-tolyl); or
with other phosphine ligands were all inefficient for the hydroalkoxylation. The au-
thors assumed a mechanism in which oxidative addition of the alcohol to a Pd(0)
center yields a hydrido(alkoxo) complex which is subsequently involved in hydropal-
ladation of methylenecyclopropane.
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[Pd(PPhs)4] (5 mol%)

- P(o-tolyl)z (10 mol%) RO\J]VR

+  ROH
R THF 100°C
RO-L,Pd-H %
H
L,Pd(0) [ R
Ln/Pd
RO- LnPd—)
RO R

Schemes 6-25 Pd-catalyzed hydroalkoxylation of methylenecy-
clopropanes and the proposed mechanism

6.3.4
Addition of Carboxylic Acids to Unsaturated Compounds

Utimoto and Nozaki reported on the palladium(II)-catalyzed regio- and stereoselec-
tive cyclization of alkynoic acid [106]. Refluxing alkynoic acid in the presence of a
catalytic amount of a palladium(II) complex, e.g. [PACl,(PhCN),], in THF or acetoni-
trile produced the corresponding cyclization product selectively. While the cycliza-
tion of 3-alkynoic acids proceeds in 5-Endo-Dig manner affording 3-alken-4-olides
(Eq. 6.60), 4- and 5-alkynoic acids cyclized in 5- and 6- Exo-Dig manner to afford y-
alkylidene butyrolactones and &-alkylidene valerolactones respectively, in excellent
to good yields (Eq. 6.61). In case of the cyclization of 2-substituted 4-alkynoic acid,
the reaction proceeded stereoselectively to afford the Z-isomer preferentially. The
authors proposed the reaction to take place via the organopalladium intermediate
108 and succeeded in trapping it with an electrophile to afford a y-butyrolactone
bearing a stereodefined alkylidene group in y-position [107]. Chan et al. also report-
ed Rh-catalyzed intramolecular cyclizations of alkynoic acids to alkylidene lactones
[108]. Several alkynoic acids can be effectively cyclized to the corresponding exo-
cyclic enol lactones with [RhCl(Cy,PC,H,PCy,)], in methylene chloride at room tem-
perature. Exclusive formation of the Z-olefinic isomers was observed, i.e., trans ad-
dition of the carboxylate O-H across the triple bond (Eq. 6.62). There is also a strong
preference for the formation of five- vs six-membered rings in the substituted pen-
tynoic acid systems. A proposed mechanism involves initial OH activation by the
metal center followed by nucleophilic attack of the carboxylate anion on the metal-
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coordinated alkyne of the intermediate (Scheme 6-26). For the model complexes of
the catalytic intermediates A and B, analogous iridium complexes 92 and 109 were
prepared by stoichiometric reactions between [IrCl(PR;);] and an o,o-alkynoic acid

[59].
CO2H  PdCIy(PhCN),
R%/ R/@O (660)
EtsN
R = alkyl. Ph
R R R |
N _ P [Pagy fm . f[’io (6.61)
n “COuH EtN = g 0 R/ 0
n=2,3 R
108

R =H, alkyl, Ph; R' = H, Ph

R S Rh(l) / Cy,PCoH4PCy2» //[71
N
\Mﬁ\COZH CHoCl, =00 (6.62)

R

r.t.

R=H,n=1;R=CHs,n=1,R=Ph,n=1;R=H,n=2

R [RhCI(CysPCH,CH,PCys,)] A H
HOM 2 2UH2 2)l2 |
n CHxCly r.t. Q
0 )n
o)
R
HO Z
O n
o]
R Hh(III) R
] /o =
o) (B) LaRn(< 1 " A
)n H
\ Ln Rh (In—H /
R_.|_

‘O
[0}
Schemes 6-26 A proposed reaction pathway for Rh(l)-catalyzed cyclization of o,w-alkynoic acids

to alkylidene lactones



6.3 Catalytic Reactions Involving Activation of O—H Bonds

MegP- |T _-PMe;
MegP | —

G g o0
109

In 1998, the first example of the palladium-catalyzed hydrocarboxylation of al-
lenes was reported (Eq. 6.63) [109]. Various kinds of carboxylic acids reacted
smoothly with monoarylallenes in the presence of a catalytic amount of the
Pd,(dba);»CHCl;/dppf complex, affording the corresponding (E)-allyl esters regio-
and stereoselectively in high yield. Initial formation of hydrido(carboxylato) Pd(II)
species by oxidative addition of carboxylic acid to Pd(0) and the subsequent hy-
dropalladation of an allene affording m-allylpalladium carboxylate are postulated as
the reaction mechanism (Scheme 6-27).

Pdydbag CHsCl
R! dppf

Y—e— * RCOH — R1Y\/O\|6/R (6.63)

Re THF R
80°C
Pdodbag CH3C|
R! dppf 1
R O__R
Y=e= + RCOH =
R 2 THF 80°C \Rj\/ \'(])/

R! O. R
= \ﬂ/ —
ﬁﬂj\/ o} V LyPd(0)
,
2>//\\

R
|
R Ly _OCR
g LaPd
] H
\{
>=o=
RZ

Schemes 6-27 Pd(0)-catalyzed hydrocarboxylation of allene

6.3.5
H-D Exchange Reaction

Hydrido(hydroxo) complexes derived from the oxidative addition of H,O to
[Pt(PRs)s] (26) are stronger bases than aqueous alkali in organic media. Platinum(0)
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peralkylphosphine complexes such as [PtLs] (26) (a: L = PEt;, b: L = P'Pr;), and
[Pt(PCy;),] (24b) can catalyze H-D exchange of activated C-H bonds such as o-hy-
drogen atoms of ketones, aldehydes, sulfones, sulfoxides, and nitroalkanes with
D,0 [22]. For example, 86% of the methyl hydrogens of acetophenone were ex-
changed for deuterium by heating with a large excess of D,0 in the presence of a
catalytic amount of [Pt(PPr3);] (26b) at 80°C for 20 h in THF. [Pt(PEts);] (26a) is a
more active catalyst than aqueous NaOH. A mechanism for this H-D exchange re-
action is proposed in Scheme 6-28.

0 26a (cat.) o
Ph™ “CHs D,0 Ph” ~CDg
Pi(PEt); + D,0 =—= [PtD(PEt3)3]OD (1)
26a
[PID(PEt3)3]OD + PhCOCHz === PID(CH,COPh)(PEts); + DHO )
PID(CH,COPh)(PEts); + D,0 === [PID(PEt3)3]OD + PhCOCH,D (3)

PtD(CH,COPh)(PEts)s P(PEts)s  + PhCOCH,D @)

Schemes 6-28 Mechanism for Pt(PEt;);-catalyzed H-D exchange of acetophone with D,O

The [PtL;]/D,0 system, however, was incapable of exchanging aromatic hydro-
gens. Rh(I) hydrides, [RhH(P'Pr3);] (33) and [Rh,H,(u-N,)(PCys)4] (34), on the con-
trary, are active catalysts for H-D exchange between a wide range of aromatic hy-
drogens and D,0O [24]. Heating a mixture of pyridine and D,O in the presence of a
catalytic amount of 33 at 80°C for 20 h gave deuterated pyridine without positional
preference, deuteration at 2,6-, 3,5- and 4-positions being 62, 59, and 58% respec-
tively (Eq. 6.64). A wide range of aromatic compounds, e.g., PhMe;, PhOMe, PhF,
naphthalene, etc. were deuterated with D,0 by the Rh(I) hydrides. Deuterium in-
corporation into the Me group was also observed for PhMe and PhOMe. It is pro-
posed that the H-D exchange of aromatic hydrogens with D,O catalyzed by 33 pro-
ceeds via initial formation of [RhD(P'Pr;);] through addition of D,O to 33 followed
by reductive elimination of DHO from the adduct [RhH(D)(py),(P'Prs),]OD. H-D
exchange of H, with D,0 can also be catalyzed by 33 and 34 (Eq. 6.65).

N RhH(PiPra)s (33) N ortho ; 62%-d
)y —=- 4+ meta : 59%-d (6.64)
D,O

A para : 58%-d
80°C 20h

RhH(PPr3); + D,O
33

RhD(PPrg)s  + DHO (6.65)
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6.3.6
Miscellaneous

6.3.6.1 Reductive Dimerization of Alkynes

The cationic Rh(I) complex [Rh(MeOH),(binap)]ClO, catalyzes selectively the reduc-
tive dimerization of dialkyl acetylenedicarboxylates to give 1,2,3,4-tetrakis(alkoxycar-
bonyl)-1,3-butadienes in MeOH (Eq. 6.66) [110]. The source of the hydrogen was
found by a deuterium-labeling experiment to be not only the hydroxy hydrogen but
also the methyl hydrogen of MeOH. Based on the experimental results, a plausible
reaction pathway for this reductive dimerization was proposed (Scheme 6-29). Con-
sistently, in the reaction mixture, formaldehyde was detected by the chromotropic
acid test. In the first step, coordinated MeOH in [Rh(MeOH),(binap)]ClO; is activat-
ed by the rhodium to afford a cationic hydrido(methoxo) complex (not isolated). The
O-H bond activation is a key step in the production of the active species for this
dimerization.

R R R
Rh(binap)(MeOH),]CIO,
R_— R [Rh(binap)( )2]CI04 . /\)\VR . %
MeOH R R R
R= COzMe (666)
HO ]
<p,,l, llll wOMe
“Rh
P” owme
H
<p,,“ llll \\H_I * R
“Rh
o ove f
MeOH R
Ho R | ¥
| H R _l *
R b | \|E
o, R |
R/WR - P/Rh R <P,, Rh_,,m\ R
: X =" oo
H R
Ho R | )
R - CH,0
R
|| < /Rh\
P H
R
R =CO.R'

Schemes 6-29 A plausible reaction pathway for Rh(l)-catalyzed
reductive dimerization of DMAD
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6.3.6.2 Transfer Hydrogenation of Unsaturated Compounds

Recently we have shown that methanol can be utilized as an efficient hydrogen
source for the hydrogenation of alkynes as well as alkenes; hydrido(methoxo)iridi-
um(III) complexes, [{IrH(diphosphine)},(u-OMe),(u-Cl)|Cl (69) [a: diphosphine =
BPBP or b: diphosphine = BINAP] can catalyze efficiently the transfer hydrogena-
tion of alkynes with methanol to give trans-alkenes selectively. Small amounts of
alkanes are also produced (Eq. 6.67) [49]. The hydrogenation of several inner alkynes
proceeded effectively at 80°C in a 1:1 mixture of toluene and methanol in the pres-
ence of a catalytic amount of the hydrido(methoxo) complex 69. The initial reduc-
tion product was the cis olefin, but this isomerized easily to the trans olefin under
the reaction conditions (Scheme 6-30). As the hydrogen source, methanol was far
more efficient than ethanol or even isopropanol. This provides a rare example of cat-
alytic reduction using methanol as a hydrogen donor.

[{IrH(diphosphine)}>(1-OMe)o(u-Cl)ICI (69)

R—=——R R+ AR
MeOH
(6.67)
R = CO,Me
Me 1+
! oMe cr
172 \Ir<O§Ir<
AN
Cl
& )
69 1/2 HCOMe
“CH O" "CHQO"
H
( P\, _-co MeOH ( |/OMe
A /

21 2
\

-co
(P e H /;
H H (P |-

P;'{\H
Cl
R———R
isomersn. H R
H
P
( /\Ilr/D R P | N\
P I ~ P/Ir\H R
o | bR
H R : vacant site

Schemes 6-30 A plausible reaction pathway for Ir(l)-catalyzed
reduction of alkynes with MeOH

6.3.6.3 Transition Metal-Catalyzed Silanone Generation
The platinum complex [{Pt(dmpe)},(u-H),](OTf), can catalyze the generation of
silanones from secondary silanols under very mild conditions (at room tempera-
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ture) in acetone (Eq. 6.68) [111]. The silanol ‘Pr,SiHOH was converted to the cyclic
trimer of diisopropylsilanone ('Pr,SiO); in 75% yield. A B-hydrogen elimination
from Pt-Si—~O-H of [Pt(dmpe){Si('Pr),OH}(OTf)] which was obtained by initial Si-H
oxidative addition was postulated (Scheme 6-31).

Me,
P\ /Me
P
N OTf
. 2 e
PraSi(H)OH Pr,Si=0" (6.68)
Me; _ Me, Me, iPr2,
R Me  Pr,Si(H)OH R__H, P S—Q
[,Pt\ 1/2 [ PP j(OTf)z + 13 Q  Si'Pr
P OTf =] H p . Si—O0
Meo Me, Me; Pra
_Me _
LaPt{ +  PrySi(H)OH
OTf
F‘ CH,
Si'Pr,(OH)
H s
2 LaPt
oTf
iPrySi(H)OH
H H H g
7N — L ! _SiPr,
LPt{_ PtLa|(OT,  =— LaPt_ LnPt<|
H oTf e}
oTf
iPr,Si=0 H
I SiPr,
L] ? e
OTf [ =Ln
P
Me»

Schemes 6-31  Pt(ll)-catalyzed generation of silanones and the proposed mechanism
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7
Sulfur (and Related Elements)—X Activation

Hitoshi Kuniyasu

7.1
Introduction

Although the transition metal-catalyzed heterofunctionalization of unsaturated or-
ganic compounds with heteroatom compounds represented by hydrosilylation of
alkene and alkyne has been investigated for more than three decades [1-3], the study
of the activation of S—X and Se-X bonds by transition metals is a relatively new re-
search area. One reason for such tardiness seems to stem from the widespread mis-
conception that ‘sulfur compounds poison the catalyst’ [4]. It is time to consider the
meaning of these words more carefully. Indeed, studies dealing with the synthesis
of ‘stable’ transition metal compounds with thiolate (chalcogenate) as ligands are
ubiquitous, and made us feel that a catalytic transformation involving repeated M—S
bond formation and cleavage was not likely to be promising in terms of reactivity of
the metal complexes. Suppose some sulfur compound was added into some transi-
tion metal-catalyzed reaction system, like hydrogenation, Heck reaction or similar;
the sulfur compound could potentially poison the catalyst by sticking to the coordi-
nation site required for the desired catalytic reaction. However, this concept does
not mean that catalytic transformations of organic sulfur compounds are them-
selves not catalyzed by transition metal complexes. Even if an M-S bond cleavage is
a thermodynamically unfavorable process and not confirmed by stoichiometric re-
action, the ‘stable’ M-S bond could be regenerated in the next catalytic cycle. We
need to bear in mind that the minimum requirements to make a reaction system
catalytic are: (1) equilibrium in each elementary process in a whole catalytic cycle,
and (2) total thermodynamic advantage of the reaction system in question. More-
ovet, according to a recent DFT calculation, the actual strength of an M-S bond is
not strong compared with that of an M-H or an M-C bond. (For instance, 48.4
kcal/mol for a Pd-SCH3 bond at best [5].)

The progress on S—C bond activation, which covers the reduction of a C-S bond to
a C-H bond, cross coupling reaction of sulfides with main group organometallic
nucleophiles, ring opening reactions of thietanes and thiiranes, and desulfurization
of thiols, sulfides, and thiophenes has already been reviewed elsewhere [6-10], and
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these topics are beyond the subject of this book. Here we focus on catalytic S(and re-
lated elements)—X bond activation using unsaturated organic compounds with em-
phasis on their reaction mechanisms. Finally, some stoichiometric reactions related
to the mechanisms of these catalytic reactions will be introduced [11].

7.2
Catalytic S—H Activation

Pioneering work involving the combination of an organosulfide, a C-C unsaturated
organic compound and a transition metal catalyst was reported by Reppe in 1953, in
which Ni(CO),-catalyzed ‘hydrothiocarboxylation’ of alkyne or ethylene by thiol and
CO was briefly described to give the corresponding thioesters 1 or 2 (an application
of one of the so-called Reppe reactions) (Eqs. 7.1 and 7.2) [12, 13].

Ni(CO)4 i
RSH + R—= + CO ——» RS (7.1)
R=H, Ph 0
1
Ni(CO)4
RSH + = + CO — /ﬁ( (7.2)

2

Although these reactions indicated the great potential of transition metal-cat-
alyzed reactions of organosulfides with C-C unsaturated organic compounds, little
attention has been paid to such a combination of reactions for many years since
then. In 1960, Holmquist and Carnaham reported the Co-catalyzed reaction of thiol
with CO (1000 atm) at 250-300°C to afford thioester 3 in up to 46% yield with ca.
1-5 wt% of catalyst (Eq. 7.3) [14].

Cos(CO)g (1~5 Wt%) o
RSH + CO 7.3
CeHe or toluene R/KSR )
100-1000 atm up to 46%
3

Co,(CO)g (1~5 wt%)

SH
PSR % 7.4
SH 1000 atm benzene, 250 °C

When the reaction was carried out using 1,3-butanedithiol, thiolactone 4 or 5 was
produced (Eq. 7.4). (The product was not specified in the paper.) In 1973, the hy-
drothiocarboxylation catalyzed by palladium catalyst was reported in a US Patent
(Eq. 7.5) [15].
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Pd(PPh3)>Cls
R SnCl, R .z SR R'_.2>
solvent o) 07 > SR
= R =C:H .
e st 2000pSiyo5ec 6h  upto61%  minor
50 mmol 6 ;
4 mmol
R Pd(OAc),/i-PrsP R SBuLt R 7.6)
L e G
i o 0~ ~SBu-t
220 mmol R =CsHg 750 psi ATl;Z((2001mL:_ )
C 1m N !
300 mmol up to 79% 7%
100 °C, 21 h 8 .

Unlike the case of the Ni-catalyzed reaction, which afforded the branched
thioester (Eq. 7.1), the PdCl,(PPh;);/SnCl,-catalyzed reaction with 1-alkyne and 1-
alkene predominantly provided terminal thioester 6 in up to 61% yield in preference
to 7. In 1983, a similar hydrothiocarboxylation of an alkene was also documented by
using a Pd(OAc),/P(-Pr); catalyst system with t-BuSH to form 8 in up
to 79% yield (Eq. 7.6) [16]. It was mentioned in the patent that the Pt-complex
also possessed catalytic activity for the transformation, although the yield of
product was unsatisfactory. In 1984, the hydrothiocarboxylation of a 1,3-diene
catalyzed by Co,(CO)s in pyridine was also reported in a patent [17]. In 1986, Alper
et al. reported that a similar transformation to the one shown in Eq. (7.3) can be
realized under much milder reaction conditions in the presence of a 1,3-diene [18],
and the carboxylic ester 10 was produced using an aqueous alcohol as solvent
(Eq. 7.7) [19].

5 mol%
COZ(CO)B (0] 7 7
RSH + ROH+ CO —————= [l + H;S (7.7)
R = Ar, ArCH, H20 R™ "OR
850psi 190 °C, 24 h 10
i CO, R'OH TT
Co(R)(CO)4 ‘
Ho0
.
SH- -OH

They proposed a reaction mechanism including: (1) reaction of RSH with
Co(CO); to provide CoR(CO), and SH;, (2) insertion of CO into the Co-R bond, and
(3) alcoholysis of the resultant Co[C(O)R](CO), to afford 10.

Pd(acac),/PPhy/EtzAl

x
BuSH + >N\ — “Bus N g T (7.8)
3 equiv THF, 80 °C 1 12

95%
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To my knowledge, the first clear example of a transition metal-catalyzed addition
of a thiol to a carbon-carbon unsaturated compound, ‘hydrothiolation’, was reported
by Dzhemilev et al. in 1981 (Eq. 7.8) [20].

cat. R R'(H)
AISH + R—=RH—— — (7.9)

cat; Pd(OAc),, Pd(PPhg)s, Pt(PPhs)s, and NiCla(PPhs),

R = n-CgHys, R' = H; R=TMS, R' = H; R = R' = Pr; R= n-CsHy, R' = CO2H etc.

The addition of BuSH to 1,3-butadiene was catalyzed by Pd(acac),/PPh;/Et;Al in
THF at 80°C to provide a mixture of 11 and 12 (7:3) in 95% combined yield. In 1992,
it was reported that a number of commercially available metal complexes such as
Pd(OAc),, Pd(PPhs),, Pt(PPh;),, and NiCl,(PPh;), had the catalytic activity for the hy-
drothiolation of alkynes (Eq. 7.9) [21]. The Pd(OAc),-catalyzed reaction carried out in
THEF exhibited the best results to provide the Markovnikov adducts 13 when termi-
nal alkynes were employed. The results of the hydrothiolation of internal alkynes
and the deuteriothiolation of 1-octyne demonstrated that the hydrothiolation took
place in a cis-fashion. The proposed reaction mechanism (Scheme 7-1) includes: (1)
ligand exchange between Pd(OAc), and ArSH to afford Pd(SAr), with AcOH, (2) co-
ordination of alkyne to the Pd center, (3) regioselective cis-insertion of the alkyne
into the Pd—S bond with Pd bound to the carbon carrying R” (R” = H or CO,H), and
(4) protolysis of the vinyl palladium complex by ArSH and/or AcOH with the stere-
ochemistry of vinyl moiety retained.

Pd(OAC),
ArSH
@ | - AcoH
Pd(SAr),
ArSH () R—=—R
-13
(d)
R = alkyl R R (© R—=——FR
R'=H, COH = :
ArS Pd(SAr) Pd(SAr),

Scheme 7-1 A proposed reaction path of Pd(OAc),-catalyzed
hydrothiolation of alkyne

Although the path (a), which is the initiation stage of the catalytic reaction, was ac-
tually confirmed by a stoichiometric reaction, no direct evidence has been provided
about paths (b)—(d). When the reaction was carried out by using PdCl,(PhCN), as a
catalyst precursor, the Markovnikov adducts formed in situ isomerized into internal
vinyl sulfide 14 (Eq. 7.10) [22].
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5 mol%
R PdCIo(PhCN),
ArSH + = - Rm)\ (7.10)
benzene, 80 °C SAr
20h up to 77%
14
PhSH + PdCly(PhCN)y ———— > [PdCI(SPh)(PhSH)], (7.11)
15

The authors proposed the complex [PACI(SPh)(PhSH)], 15 as an active catalyst,
with thiol acting as a ligand of Pd(II) (Eq. 7.11). On the other hand, the reaction us-
ing RhCl(PPhs); as a catalyst precursor furnished the anti-Markovnikov cis-adducts
16 when a terminal acetylene was employed as a substrate (Eq. 7.12).

RhCI(PPhs);s R

ASH + R= ————» )— (7.12)
H SAr

16

The proposed reaction mechanism (Scheme 7-2) comprises: (1) oxidative addition
of ArSH to RhCl(PPhs); to give Rh(H)(Cl)(SPh)(PPhs),, (2) coordination of alkyne to
the Rh complex, (3) cis-insertion of alkyne into the Rh—H bond with Rh positioned
at terminal carbon and H at internal carbon, (4) reductive elimination of 16 from the
Rh(III) complex to regenerate the Rh(I) complex.

RhCI(PPha)s

i

H h(Cl)(SAr)(PPhs), Rh(H)(CI)(SAr)(PPhs)

w ®)
R—=

Rh(H)(CI)(SAr)(PPha)n
Scheme 7-2 A proposed reaction path of RhCl(PPh;);-catalyzed hydrothiolation of alkyne

Although the path (a) has been verified by a stoichiometric reaction [23], the de-
tails of exact reaction mechanism remain unsettled. Triggered by this publication
[and the Pd-catalyzed doublethiolation of alkynes described in Eq. (7.7) in Section
7-3], a number of transition metal-catalyzed additions of S—X or Se-X bonds to C-C
unsaturated organic compounds started to be published. In 1994, Bickvall et al. ap-
plied the Pd(OAc),-catalyzed hydrothiolation to conjugated enynes and obtained 17,
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precursor of 2-(phenylsulfinyl) and 2-(phenylsulfonyl) 1,3-diene, 18 and 19, both of
which are useful synthetic building blocks for organic reactions (Eq. 7.13) [24].

SOPh
RN
Pd(OAC): SPh oxone R
. 1
PRSH + g7 ——= oS 18 (7:13)
SOoPh
17 o
R
19

In 1995, Koelle et al. reported the hydrothiolation of activated alkynes catalyzed by
[Cp*Ru(SR)], to provide 20 as a mixture of stereoisomers (Eq. 7.14) [25].

0  [CP'RUSRIL g

OMe
RSH + R—=— T (7.14)

OMe RS O
R = +Bu, i-Pr, Et, CgHs ect. ~78%
R'=H, CO,Me 20
MeOC( O)\W&SBU t (715)
[Cp*Ru(SBu-t)l, + MeOC(O)—— —> Ru Ry
cp’ N~ Cpr
Bu t
21

The authors confirmed the formation of vinyl Ru-complex 21 by the reaction of
[Cp*Ru(SBu-t)], with methyl propiolate (Eq. 7.15). To my knowledge, this is the first
observation of the insertion of an alkyne into the M-S bond within a catalytically ac-
tive metal complex. In 2000, Gabriele et al. reported the Pd-catalyzed cycloisomer-
ization of (Z)-2-en-4-yne-1-thiol affording a thiophene derivative 22 (Eq. 7.16) [26].

rR2 R
Pdlg/KI
/N (7.16)
SH \\ oma 100°c RS R
~94%
22

The authors proposed the conventional nucleophilic attack by an SH group to the
triple bond of the alkyne coordinating to Pd(II) [path (a) in Scheme 7-3].

R2 RS _HI R2 RB HI
=\ .Pdl, — > = — 22
i s \ D@ AP P
R R*

Scheme 7-3 A proposed reaction path of Pd-catalyzed cycloiso-
merization of (Z)-2-en-4-yne-1-thiol
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However, a mechanism including intramolecular cis-thiopalladation is also possi-
ble (path (b) in Scheme 7-4).

22
{;& IS\/ PdI2

Scheme 7-4  An alternative reaction path of Pd-catalyzed cycloi-
somerization of (Z)-2-en-4-yne-1-thiol

In 1995, Ogawa et al. reported the Rh-catalyzed ‘thioformylation’ of alkyne, that is,
addition of RS and formyl groups onto adjacent carbons to provide 23 (Eq. 7.17) [27].

RhH(CO)(PPhg), R

H
RSH + R—= + CO ——= Y | (7.17)
1.5 equiv CH4CN, 120°c RS O
5h ~82%
R = Ph, p-F, p-Me, Cy2Hazs
R' = n-CgH1a, (CH)sOH, Ph etc. 23

This reaction exemplified that the regiochemistry of RS and H introduced by car-
bonylative addition differed from that of those by simple hydrothiolation. In the Rh-
catalyzed hydrothiolation, the ArS group added to the terminal carbon and H to the
internal carbon (Eq. 7.12). On the other hand, in the Rh-catalyzed thioformylation,
RS was placed at internal carbon and formyl at the terminal carbon in spite of using
the same catalyst precursor, [RhCl(PPhs);], which was also active for the thioformy-
lation shown in Eq. (7.17). In 1997, the Pt-catalyzed hydrothiocarboxylation using
RSH, alkyne and CO was reported to furnish 24 (Eq. 7.18), which showed the same
regiochemistry as the Ni-catalyzed reaction shown in Eq. (7.1) [28].

3 mol%
Pt(PPhg), R
RSH + R—= + CO ———— RS% (7.18)
5 equiv 30 atm CHLCN le}
120°C, 1~7 h

R = Ph, p-MeO, p-F, CgH47, Cy
R'= n-CeH13, (CH2)3CN, Ph, CHgPh etc.

Two possible reaction mechanisms, (A) and (B), are shown in Schemes 7-5 and 7-
6. The former includes: (a) the oxidative addition of RSH to Pt(PPhs), to give
Pt(H)(SR)(PPhs),, (b) insertion of CO into the Pt—S bond, (c) insertion of the alkyne
into the Pt-C(O)SR bond with Pt bound to the terminal carbon and RSC(O) to the
internal carbon, and (c) reductive elimination of the product 24 under regeneration
of Pt(PPhs), or (d') protolysis by RSH to furnish 24 and Pt(H)(SR)(PPhs),.

The step (a) was observed in a stoichiometric reaction [29]; however, nothing is
known about the other routes (b)—(d). An alternative mechanism (B) includes: (a)
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Pt(PPhg),

(a) | RSH

(A) RSH
-24 co
/d')( (b)
R

RSWA\' © RS.__Pt(H)(PPhy),
‘ hid

O  P{H)(PPhg)y R_— 0

Scheme 7-5 A possible path of Pt(PPh;),-catalyzed hydrothio-
carboxylation of alkyne

oxidative addition of RSH to Pt(PPhs), to give Pt(H)(SR)(PPhs),; (b) insertion of the
alkyne into the Pt—H bond with Pt bound to the internal carbon and H to the termi-
nal carbon, (c) insertion of CO into the vinyl-C-Pt bond, and (d) reductive elimina-
tion of the product 24 under regeneration of Pt(PPhs),.

Pt(PPh3),

.24 RSH
(d) (a)

(®B) (PhaP)g(RS)Pt% PY(H)(SR)(PPhs)s

N e

(PhsP)(RS)P t: H

Scheme 7-6  Another possible reaction path of Pt(PPh;),-cat-
alyzed hydrothiocarboxylation of alkyne

When the platinum-catalyzed hydrothiolation was performed for acetylenic alco-
hols, intramolecular cyclization took place to afford o-methylene lactone 25 in up to
67% yield (Eq. 7.19) [30].

Pt(PPhs)s o
PhSH (10 mol%)
Ho’on\—: +c0 —————> O (7.19)
50 atm CHeCN, 120°C
n=12 atm ah N
~67%
25
o)

ArS
HO
n
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Thiol is acting as a co-catalyst in this transformation. In 1997, Alper et al. report-
ed the reaction of thiols, propargyl alcohol, and CO catalyzed by Pd(PPhs), (Eq. 7.20)
31].

Pd(PPhg)s
R! cat. p-TsOH R' RS
—_— 3
RSH + RZ%HTR £ 00—~ Rz)\/KWSR (7.20)
R = Ar, n-CgHy7 400 psi, 100 °C 26 O
~ 85%
Pd(PPhg)s
1 3
cat. p-TsOH R R
N SR
toluene o
600 psi, 110°C RS~ ~O
27
~77%
Pd(PPhg)s R' o _o
- R
DME 2 )= .
400 psi, 100°Cc ~ ArS R
28
~ 88%

Depending on the reaction conditions, the major products were different: (1) for-
mation of 26 in the presence of catalytic amount of p-TsOH in THF, (2) formation of
27 under higher pressure of CO at higher temperature in toluene, (3) formation of
28 in DME. Although no comment was made about the reaction mechanism, the
formation of a propargyl or allenyl palladium complex may be involved in the cat-
alytic cycle. In 1999, Alper et al. also reported the hydrothiocarboxylation of conju-
gated enynes to form 29 in up to 76% yield. The same regio- and stereochemistry as
in the Pt-catalyzed reaction (Eq. 7.18) was realized using a palladium catalyst (Eq.
7.21) [32].

Pd(OAc), R
R’ dppp R2
2z
RSH + )—==1+ CO (7.21)
R2 ) F RS
400 psi 110 °C
3 ~ 5 equiv
29
R = Ph, PhCH,, CgH

2 e up to 76%

R'=R2=Me; R' =H, R = Ph etc.

It was described that the use of the combination of Pd(OAc),/dppp /THF resulted
in the highest yield. It is not clear whether such a combination of catalyst, ligand
and solvent is restricted to the hydrothiocarboxylation of conjugated enynes or also
may be applied to other alkynes. Furthermore, it remains to be explored whether, in
the Pt-catalyzed reaction performed in CH;CN [see Eq. (7.18)], conjugated enynes
can be used.

Pd(OAc), + nL + CO — Pd(0)L, + AcO + CO, (7.22)
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The oxidative addition of thiol to Pd(0), which can be generated in situ from
Pd(OAc), and excess phosphine (Eq. 7.22) [33], provides Pd(H)(SR)L, and was pro-
posed as the initial step to enter the catalytic cycle. After the oxidative addition (path
(a)), two routes, (A) in Scheme 7-7 and (B) in Scheme 7-8, can be envisioned.

The first one, (A), includes: (b) insertion of CO into the Pd—S bond; (c) insertion
of the C=C triple bond of the enyne into the Pd—-C(O)SR bond whereby Pd binds
to the terminal carbon and the RSC(O) group to the internal carbon, and (d)
C-H bond-forming reductive elimination or protolysis by the thiol to form 29
(Scheme 7-7).

PA(O)L,

-29 \
(d) (@)
RS
d(H)(SR)Lx

Pd(H)L, T e

%\ .

Scheme 7-7 A proposed reaction path
of Pd-catalyzed hydrothiocarboxylation
of enyne (R' = H, R* = Me)

d(H)Ln

The other mechanism (B) includes: (b) insertion of the C=C triple bond of the
enyne into the Pd—H bond with Pd bound to the internal carbon and H to the ter-
minal carbon to give 30, (c) insertion of CO into the Pd-C bond, and (d) reductive
elimination of 29 under regeneration of Pd(0)L, (Scheme 7-8).

/\

La(RS)Pd d(H)(SR)L,

Pd-catalyzed hydrothiocarboxylation of
enyne

\ )/>/.— Scheme 7-8  Another possible route of
(RS de/g

As Pd(OACc), reacts with RSH to provide Pd(SR),, which could react with phos-
phine to form Pd(SPh),L, (Eq. 7.23) [34]; another mechanism, not involving the for-
mation of Pd(0), can also be envisioned.

Pd(OAc), + RSH + nL —— Pd(SR),L,, + AcOH (7.23)
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The path shown in Scheme 7-9 includes: (a) insertion of CO into the Pd-S bond
of Pd(SR),L,, (b) insertion of the C=C triple bond of the enyne to afford 31, and (c)
protolysis of 31 by RSH to provide 29 with regeneration of Pd(SR),L,.

Pd(SR).L,

RSH co
2 /o @

Rs. A (b) st/

O  Pd(SR)L, . o
31 ) —

Scheme 7-9  The other possible route of Pd-catalyzed hydrothio-
carboxylation of enyne

Pd(SR)L,

In 1996, Ogawa et al. reported the hydrothiolation of an allene catalyzed by
Pd(OAc), to provide 32, whose formation can be explained as follows: (1) insertion
of the allene into the Pd-S bond of Pd(SPh), to give a m-allyl palladium thiolate 33,
and (2) protolysis by PhSH to form 32 and Pd(SPh), (Eq. 7.24) [35]. The authors
proposed the direct reaction of a ¢-allyl palladium with PhSH before the formation
of 33.

Pd(OAc); (3 mol%) SPh
PhSH + \—_ — —> R (7.24)
R = t-Bu, n-Bu, Cy, Ph etc. THF, 67°C,2h 32
~ 86%
SPh
PhSH
R
L . A ]
Pd-sph | ~PdSPh:
33

In 1998, Alper et al. reported the hydrothiocarboxylation of allenes using the same
catalyst precursor and PPh; to provide 34 (Eq. 7.25) [36]. Again, the regiochemistry

Pd(OAC); (3 mol%)

R! PPhg
RSH + — + CO0O ——— o SR (7.25)
R2 . o,
400 psi  THF, 100 °C, 48 h » o
R'=R2=Me; R'=OMe, R2=H; R' = Me, R2 = H etc.
e; OMe, ; COsMe, etc -94%
H
R‘% co
7 N
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differed according to whether RS and H were incorporated by the hydrothiolation or
the carbonylative reaction. A possible reaction path includes: (1) insertion of the al-
lene into the Pd—H bond to form the n-allyl palladium complex 35, (2) insertion of
CO into the Pd-C bond, and (3) reductive elimination of 34 with the re-formation of
Pd(0).

When the reaction of 1,1-dimethyl allene with o-BrC¢H,SH was carried out in the
presence of Pd(OAc),/dppf/i-Pr,HHN/CO in benzene, hydrothiolation of the allene
took place (Eq. 7.26) [37]. However, the regiochemistry of the adduct 36 was differ-
ent from that obtained by the Pd(OAc),-catalyzed hydrothiolation of mono-substi-
tuted allenes (cf. Eq. 7.24), showing that the regiochemistry of the hydrothiolation of
allenes can be controlled by the reaction conditions even when the same metal(Pd)
catalyst is used.

Pd(OAc); (3 mol%)

dppf SAr
ArSH + = — 7 (7.26)
Ar = 0-Br i-ProNH, CO (400 psi) 26
PhH, 100 °C 799,

On the other hand, when the reaction was performed with o-IC;H,SH, the cy-
clization product 37 was formed in up to 92% yield (Eq. 7.27).

Pd(OAC), (3 mol%)

(0]
| R! dppf
X
l + >: = + CO W’ = l | (727)
L R2 . I-ProN, benzene ~ 1
X SH 4 Y R
00Ps! 400 ¢ X S” e
37
R1 = R2 =H; R1 =H, R2 = Cy, etc. ~92%
X =H, Cl, Me

A possible reaction mechanism shown in Scheme 7-10 includes: (a) oxidative ad-
dition of the S—H bond to Pd(0), (b) insertion of the allene into the Pd—-H bond to
form the n-allyl palladium 38, (c) reductive elimination of allyl sulfide, (d) oxidative
addition of the I-aryl bond into the Pd(0), (e) insertion of CO into the Pd-C bond, (f)
insertion of the tethered C=C into the Pd-C(O) bond, and (g) B-elimination to form
37 followed by the formation of [baseH]I and Pd(0).

Kurosawa et al. have reported that the relative stability of the rt-allyl palladium thi-
olate 39 and the allyl sulfide/Pd(0) was highly ligand dependent. In the presence of
PPh; or P(OMe); the stability was in favor of reductive elimination (Eq. 7.28), while
in the presence of olefin or in the absence of any additional ligand the stability was
in favor of oxidative addition (Eq. 7.29) [38]. This can explain the reactivity of the n-
allyl palladium thiolate 33 and 38 proposed in Eq. (7.24) and path (c) of Scheme 7-
10. The complex 33 should react with PhSH, but C-S bond-forming reductive elim-
ination has to be suppressed in order to obtain the desired product 32. On the other
hand, the complex 38 requires the phosphine ligand to promote the C-S bond-form-
ing reductive elimination.
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|
- HI base ©i
Pd(0) SH

-37
Pd—I /
(9
o

1 % |
e ..

R2 R
S
R1
/ (f) (b) \ 2::
RSAO H R
2
R Pd—I R\)]/\

S

\(e) (C)/ 38
co

Pd(0)
R R 3
AN (d) \(\
FP(\Pd—l -~ R2 |

Scheme 7-10 A proposed reaction path of Pd-catalyzed
carboylative heteroannulation of o-iodothiophenol with allene

A+ PPhy ——  _ASPh oy py(PPhy), (7.28)
Pd—SPh excess CDCl3. r.t.
39
A~SPh + pgydba); ————— 39 7.29
~ T (7.29)

The addition of selenol to acetylene and allene, ‘hydroselenation’ is also catalyzed
by Pd- Pt-, Rh-, and Ni-complexes to give 40 and 41/42 (Egs. 7.30, 7.31) [39, 40].

cat. R
PhSeH + R= ——» )= (7.30)
benzene, 80 {C  PhSe
15~20 h 40
~72%

cat; Pd(OAC),, Pd(PPhs)s, PACIo(PhCN),, Pt(PPhs)s, RACI(PPhs)s, and NiCly(PPhs
R= n-CeH13, (CHg)gOH, Ph

R Pd(OAc), SePh SePh
PhSeH + \—moe — vi + © (7.31)
R R. .~

41 42
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These reactions could proceed either via: (1) insertion of the alkyne or the allene
into the M—Se bonds, and (2) C-H bond-forming reductive elimination (or protoly-
sis by selenol) or via: (1) insertion of the alkyne or the allene into the M—H bond,
and (2) C-Se bond-forming reductive elimination.

In 1998, the Pd-catalyzed formation of thioester 43 by the reaction of a thiol, an al-
Iyl alcohol, and CO in the presence of p-TsOH was reported (Eq. 7.32) [41].

Pd(OAc), PPhy

RZ R?
R1SH R3 R4 co p-TsOH R1SN (7.32)
+ + —_—
R4 .
2/\)<
R OH  4oppsi CMeCl o
100 °C, 48 h 43
~93%

The proposed mechanism (Scheme 7-11) includes: (a) oxidative addition of a pro-
tonated alcohol to Pd(0) to provide the n-allyl palladium complex 44, (b) nucleophilic
replacement of H,0 by PhSH, (c) insertion of CO into the Pd—C bond, and (d) re-

Pd(O)L,
N
.43 \/+\OH
H
(d) ()
L(R'S)Pd_~ PN
)
ﬁ(\ Pd +
© L7 OH,
a4
(c) (b)
co R'SH
o™
LY "SR!

Scheme 7-11 A proposed reaction path of Pd-catalyzed dehy-
droxythiocarboxylation of allylic alcohol (R* = R* = R* = H)

ductive elimination of the product 43. The paths (c) and (d) are likely to be similar to
the processes involved in the hydrothiocarboxylation of allene (Eq. 7.25). Kondo et
al. have reported the Ru-catalyzed formation of allyl sulfide 45 from alkyl carbonates
and RSH in acetonitrile at r.t. after 1 h (Eq. 7.33) [42].

Cp*RuCl(cod)

RSH + X o SR (7.33)
CH4CN s
rt,1h
~99%

X = OCO,Me, OCO,Et, OCOCF3, OAc, OH
R = Ph, n-CsH44, c-Hex, CoH4OH etc.

Allyl acetate and allyl alcohol can be employed as substrates, too. The reaction us-
ing 46 took place with retention of the stereochemistry (Eq. 7.34), indicating that the
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Cp*RuCl(cod)
nCsHiSH . + ~omomon & 0-34)
"llcone 3 2 "SCan-n

16 reflux, 10 h
RSP come 5 oaulv of PPNy $OMe (7:33)
q CDCl3, 0 °C, 5 min

- PhS

overall process proceeds under double inversion of the stereochemistry. (It is known
that the reductive elimination of the allyl sulfide from m-allyl palladium thiolate 47
proceeds under inversion of the configuration (Eq. 7.35) [38].

The Pd- and Ru-catalyzed carbonylation of allyl sulfide was reported to form 48 in
good yield (Eq. 7.36) [43].

Pd(OAc)./dppe

or RU3(CO)12 (0]
F{S/\/ + CO — > (7.36)
toluene, 140 °C RS A
68 atm 48
~ 88%
Pd(OAc),
tol-BINAP
ArOTf + BuSH —— ArSBu (7.27)
t+BuONa 49

toluene, 80 °C, 24 h 60 ~ 93%
Ar = Ph, 2-naphthyl, p-BuCgH,4, p-MeOCgH, etc.

The Pd-catalyzed coupling reaction of aryl triflate with BuSNa can be nicely
achieved by using tol-BINAP as ligand to furnish 49 (Eq. 7.37) [44]. No formation of
49 was observed in the presence of P(tol-p); or P(2-furyl);, again indicating that the
reactivity for the C-S bond-forming reductive elimination from Pd(SR)(Ar)L,
strongly depends on the species of L. The reaction using PhSH did not afford the
desired coupling product.

R_o
R_o
Y Et,Zn/L-DIPT Ars, NH
ArSH  + N (7.38)
19.6 mmol ® CHCly, 0 °C, 14 h
50
4.1 mmol up to 88% ee

So far, progress on the late transition metal-catalyzed reactions utilizing S-H
bond activation has been surveyed. Finally, the recent advancement of chiral Lewis
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acid-catalyzed reactions using thiol as nucleophile will be briefly described. Oguni et
al. reported the asymmetric ring-opening reaction of n-acylaziridine with
BuCsH,SH in the presence of Et,Zn/L-(+)-diisopropyl tartarate to give 50 in up to
88% ee in 98% yield (Eq. 7.38) [45].

The enantioselectivity was significantly influenced by the steric factor of the thiols
employed. When p-MeCyH,SH and PhSH were used, the optical yields decreased to
69% and 3%, respectively. Shibasaki et al. have reported that gallium-lithium-bi-
naphthoxide (GLB) 51 became a good catalyst for the enantioselective ring opening
reaction of epoxide for the production of 52 (Eq. 7.39) [46].

10 mo% of GLB/MS4A HO. SBu-t

0
J\ + tBuUSH ——— (7.39)
R R R R

52
GLB
OO CO T
2>Ga/\o
O v )
Li
51

By using 10 mol% of 51, MS,A, and t-BuSH, the desired product 52 was obtained
in up to 98% ee in 80% yield. A complementary role by two metals (Ga and Li) in ac-
tivating and positioning both of the substrates has been proposed. The MS4A (sodi-
um aluminosilicate) accelerated the reaction; however, the actual role of this addi-
tive was not clearly defined, although the possibilty that MS4A delivers Na" ions was
pointed out. Tomioka et al. reported the asymmetric Michael addition of an aromat-
ic thiol to a,B-unsaturated esters in the presence of 8 mol% of 53 to provide 54 in up
to 97% ee in 99% yield (Eq. 7.40) [47].

HS 8 mol% of cat*
R
~ 0o Me * ——— Ry come (7.40)
S

Ph,  Ph TMS: :

SN, O up to 97% ee
U

2TMSCeHsS” o

cat”
54

53
By using LaNas-tris(binaphthoxide) (LSB) 55, catalytic asymmetric Michael addi-

tion of thiols to cycloalkenones took place to provide the adduct 56 with high ees in
good yields (Eq. 7.41) [48].
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o] o)
10 mol% of LSB
(ti + RSH ﬁ (7.41)
. LSB . CRRSR
Na\f\ R
R =Ph, p—t—BuCeH4 N O,,, ?“\O\N 56
( JLal M gavee, 93%
e
Na” \/*
55

73
Catalytic S-S Activation

To my knowledge, the first transition metal-catalyzed reaction utilizing S—S bond ac-
tivation was reported by Holmquist el al. in 1960 [14]. The reaction of (PhS), with
CO (950 atm) in the presence of chromium oxide on Al,O; at 275°C furnished
thioester 57 in 31% yield (Eq. 7.42).

cat. Cr/Al,O3 o)
(PhS), + CO + COS 7.42
275°C Ph)k SPh ( )
950 atm 31%
57
cat. Coo(CO)g
(PhS), + CO —————— > 57 + COS (7.43)
58 a benzene, 185 °C
overnight 69%

In 1985, Alper et al. discovered that the same reaction took place under much
milder conditions using Co,(CO)s as a catalyst and benzene as a solvent (58 atm of
CO at 185°C overnight) to afford 57 in 69% yield (Eq. 7.43) [49]. The proposed mech-
anism (Scheme 7-12) includes: (a) oxidative addition of (PhS), to Co,(CO)s to pro-
vide Co(SPh)(CO),, (b) insertion of CO into the Co-S bond; (c) elimination of COS,
(d) insertion of CO into the Co-Ph bond, and (e) reaction of (PhS), with
Co[C(O)Ph](Co), to provide 57 under regeneration of Co(SPh)(CO),.

Cox(CO)s
@ | (PhS),
.57 Co(SPh)(Co)4
(PhS), CcO
©  ®
i X
Ph)kCo(Co)‘; PhS™ ~Co(Co)4
@  ©
CcO -COSs

Scheme 7-12 A proposed reaction path of Co-cat-
PhCo(Co)4 alyzed dethio-carbonylation of (PhS),
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This exemplified that the oxidative addition of S-S bond to a low-valent metal
complex is one prototype to initiate a reaction using a disulfide. In 1987, Uemura et
al. reported an analogous transformation using (PhSe), instead of (PhS), to afford
the phenyl selenobenzoate 58 in up to 78% yield under 100 atm of CO in benzene at
200°C (Eq. 7.44) [50].

cat. Cos(CO)g/PPh3 1)

(PhSe), + CO PS (7.44)
benzene, 200 °C Ph™ “SePh
5-100 atm 58
~78%
0
(PhSe), + — > 58 (7.45)

Ph™ "Co(Co)s 1HF, 20 °C
45%

They confirmed that benzoylcobalt tetracarbonyl actually reacted with (PhSe), to
furnish 58 in 45% yield at 20°C (Eq. 7.45). In 1986, Dzhemilev et al. reported the re-
action of (PhS), with 1,3-butadiene catalyzed by [Ni(acac),/(dppe)] in DMF at 150°C
to provide a mixture of 59, 60, and 61 in 80% combined yield (Eq. 7.46) [51].

Ni(acac),/dppe

(PhS), + N R phS/\/\ + phs/\/\/\/\ (746)
DMF, 150 °C 59 60
+ Phswnsph 80% combined yield
61
n=1~4

Although the selectivity of the reaction was unsatisfactory, this is, to my knowl-
edge, the first documentation describing the transition metal catalyzed ‘doublethio-
lationy of C-C unsaturated organic compounds.

Pd(PPhg)4 R
AY), + = ——M > >=—\ (7.47)
benzene, 80 °C, 12h ArY YAr
t 00
R= n-C5H13, Ph, Me3Si etc. up to 98%
62

In 1991, the first practical doublethiolation and doubleselenation, that is, the Pd-
catalyzed addition of diaryl disulfide and diaryl diselenide to terminal alkynes, were
reported to provide cis-adducts 62 in good yields (Eq. 7.47) [52]. The proposed reac-
tion mechanism (Scheme 7-13) comprises: (a) oxidative addition of (ArY), (Y =S,
Se) to Pd(PPhs),, (b) coordination of alkyne to the Pd-complex, (c) insertion of the
alkyne into the Pd-Y bond to provide vinyl palladium complex 63, in which the Pd
binds to the terminal carbon and the YAr group to the internal carbon, and (d) C-Y
bond-forming reductive elimination to give 62 under regeneration of Pd(PPh;),. Al-
though the path (a) is known to proceed at room temperature, there is no direct evi-
dence for the paths (b)—(d). It should be emphasized, however, that this paper clear-
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Pd(PPhg)n
62 \(ArY)g
R (d) (@)
AY  PdL, Pd(YAn):L,
ArY
63 ‘Y) (b)
R—=
R—
Pd(YAr)oL,

Scheme 7-13 A proposed reaction path of Pd-catalyzed dou-
blethiolation and doubleselenation of alkyne

ly indicated for the first time the generality of the insertion of alkynes into Pd-S and
Pd-Se bonds. Only terminal alkynes could be used in these transformations. When
the reaction was carried out in the presence of CO, ‘thio-thiocarboxylation’ and ‘se-
leno-selenocarboxylatior?, that is, introduction of ArY and ArYC(O) groups onto ad-
jacent carbons took place to afford 64 (Eq. 7.48).

Pd(PPhg), or
PACIy(PPh3),

R YAr
(AY), + R— + CO —— > Z (7.48)
1~60 atm benzene, 80°C,12h Ary O
up to 89%
R = alkyl; either Pd(PPhg)4 or PdCIy(PPhg), 64

R = Ph; must use PdClI,(PPhg)»
R = Me3Si; both failed

The carbon monoxide was regioselectively attached to the terminal carbon. The
nature of the alkynes dramatically influenced the efficiency of the carbonylation.
Aliphatic terminal alkynes like 1-octylene were successfully carbonylated by both
Pd(PPh;), and PdCl,(PPh;), as catalyst precursors. However, the reaction between
phenyl acetylene, (ArY),, and CO catalyzed by Pd(PPh;), provided only 62. The use
of PdCl,(PPh;), overcame this restriction and 64 was obtained in moderate yields (R
=Ph; Y =S, 29%; Y = Se, 86%). In marked contrast, when trimethylsilylacetylene
was employed as a substrate, only a simple double thiolation took place with
Pd(PPh;),, while no reaction was observed with PACL,(PPhj),.

Starting from 63, the carbonylation may proceed via coordination and insertion of
CO into the vinyl-C-Pd bond to provide an a,B-unsaturated acyl complex. This com-
plex reacts with (ArY),, and subsequently the C-Y bond is formed by reductive elim-
ination to give 64 (Scheme 7-14). Because the compound 64 could be directly con-
verted into the corresponding enal 65 by the Pd-catalyzed reduction with Bu;SnH,
this sequence is synthetically equivalent to the regio- and stereoselective thioformy-
lation and selenoformylation of alkynes (Eq. 7.49) [53, 54].
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X =SAror Cl

PA(YANXL,
(AFY), R——

-64 / \
RWPdX

AY O PA(YANXL,

-\ /

R

R——

CO

— - —
AY  PdX(CO)L, AY  PdXL,
63

Scheme 7-14 A possible reaction path of Pd-catalyzed thio-thio-
carboxylation and selenoselenocarboxlation of alkyne

Pd(PPhg)4 R H
64 + BugSnH ———— \y/\{( (7.49)
benzene, r.t. ArY (e}
20 min ~98%
65

Two possible reaction mechanisms, A and B, are envisioned as shown in Scheme
7-15 and Scheme 7-16, respectively.

Pd(PPhg),

- AN

RWPd(H)Ln BugSnH RWPd(YAr)Ln

Ary O - BusSnYAr ArY 66 0

Scheme 7-15 A possible reaction path of Pd-catalyzed reduction of 64 to 65

d(PPhg)n
- BusSnYAr
- 65 BusSnH
(B) (@)
R
/ Ar O Pd(SnBug)(H)L,
Ary oPd(SnBus)Ln 64

Scheme 7-16  An alternative path of Pd-catalyzed reduction of 64 to 65

The former, A, includes: (a) oxidative addition of 64 to Pd(PPh;), to form 66; (b)
ligand exchange between H of Bu;SnH and YAr of 66; (c) reductive elimination of
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65 with regeneration of Pd(PPhs),. An alternative mechanism B may be formulated:
(a) oxidative addition of Bu;SnH to Pd(PPhs),, (b) addition of the Pd-H bond to
—C(O)YAr of 64 to form 67, and (c) B-YAr elimination to produce 65 followed by re-
ductive elimination of Bu;SnYAr from the resultant Pd(II) complex. When alkynes
having an —OH group in propargyl or homopropargyl positions were treated under
thio-thiocarboxylation or seleno-selenocarboxylation conditions at 100°C for 50 h, a
one-pot lactonization occurred to furnish 68 in up to 70% yield (Eq. 7.50) [55].

HO Pd(PPhg)y O
(PhY), + ]\)ﬂ—: + CO ——— » (g/n:fo (7.50)
Y =S§, Se 60 atm benzene, 100 °C pyy
n=12 50h up to 70%
68

Gareau et al. reported the Pd-catalyzed doublethiolation of terminal alkyne using
(i-Pr;SiS), to provide cis-adduct 69, which was in situ converted into vic-
di(methylthio)alkene (70) by the treatment with TBAF and Mel (Eq. 7.51) [56]. Be-
cause the direct Pd-catalyzed addition of dialkyl disulfide to terminal acetylene hard-
ly proceeded, this method provided an effective way to synthesize the equivalent of a
dialkyldisulfide adduct.

Some noteworthy studies using other substrates than alkynes have been conduct-
ed in S-S and Se-Se bond activation chemistry.

TBAF
PAPPhs R we R
(FPr3SiS), + R—= ——» p —_— = (751)
(-Pr)3Si SSi(Pr-i)3 MeS SMe

Fukuzawa et al. reported that Pd-catalyzes the reaction of allylacetate, (PhSe), and
Sml, to form allylselenide 71 (Eq. 7.52) [57]. The complex 72, which can be generat-
ed by the contact of (PhSe), with Pd(0) in the actual reaction mixture, was hardly ac-
tive as a catalyst, indicating that the reaction proceeded via oxidative addition of allyl
acetate to Pd(0) rather than oxidative addition of (PhSe), to Pd(0).

PdCl/PPhg
(PhSe) + RFX>"Nppc + Smly ————————>= RTX"“geph (7.52)
THF, 25 °C, 10-15 h 1

Ph
PhgP. /Se\Pd/SePh
Phse” Ng§ PPhy
Ph
72

hardly active as a catalyst

The Pd-catalyzed reaction of (ArS), with isocyanide ArNC 73 (both Ar = p-tol) and
its mechanistic study was reported in 1997 (Eq. 7.53) [58]. When the reaction of
(ArS), with 4 equiv of 73 was performed in the presence of 2 mol% of Pd(PPh;), in
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benzene at 80°C for 12 h, 81% of the 1:2-adduct 75 was obtained with a concomitant
formation of the 1:1-adduct 74 and the 1:3-adduct 76. A similar reaction using
Pt(PPhys), as a catalyst precursor ended up with the formation of a complicated poly-
meric product.

Pd(PPha)s NAr NAr NAr
. 7.53
(ArS)z + ANC Ars” Dsar T ArS/QL)Q\SArJr ArS/QL)ESAr (7:53)
benzene
73 80 °C 74 75 76

major

A possible reaction path shown in Scheme 7-17 includes: (a) oxidative addition of
(ArS), to Pd(PPhs), to give Pd(SAr),(PPhs;), 77, (b) coordination of isocyanide 73 to
the palladium center to form Pd(SAr),(CNAr)(PPhs;), 78, (c) insertion of isocyanide
into the Pd-S bond to give the thioimidoyl palladium complex 79. Then either
reductive elimination (d) may occur to give 74 directly or, (e), the insertion of
further isocyanide(s) into the Pd-S or the Pd-C bonds provides either 80 or 81.
From these latter complexes, reductive elimination (f) of the 1:m-adduct regenerates

Pd(PPhs),.

Pd(PPh3),

- 1:m-adduct Q)z
NAr NAr
)i () @

ArS Pd” “SAr

m-1 |_n
Pd(SAn),(PPh

80 (SAr);(PPhg)n

74
As Pd(SAr

81  (m-1)73

(c) Pd(SAr),(CNAr)(PPhg),
-
ArS Pd(SArL, 78

79 L =PPhsor ANC
Scheme 7-17 A possible path of Pd-catalyzed reaction of (ArS), with 73

The stoichiometric reaction (Scheme 7-18) showed the actual formation of 78 via
77" and 77” at room temperature. Heating of 78 provided neither 79 nor 74. Howev-
et, in the presence of another equiv of (ArS),, 74 (73% after 15 h) and 77" were pro-
duced at 80°C.

The reaction of 74 with Pd(PPh;), afforded 78, but the intermediate 79 was not
confirmed (Eq. 7.54). These simple stoichiometric reactions clearly suggested the
relative energy of a reaction system composed of 2 equiv of (ArS),, 1 equiv of 73, and
1 equiv of Pd(PPhs), (Scheme 7-19).



7.3 Catalytic S-S Activation |239

PPhs A
\ PhsP. /\ SAr
(ArS), + M(PPhg)y ——— > ArS—M —SAr + /M\ /M\
ArS
M= Pd, Pt CeDe F‘>Ph3 S PPh;
M=Pd 7 77"
M = Pt 82
Ar
ArNC g (ArS),
. . NAr
1.0 equiv l 1.0 equiv
—> AIS—M —SAr ———— + 77
l ArS SAr
rt M = Pd; 80 °C red precipitate
: PPhg 74
M=Pd;, 78 85% 4h, 61%
Pt 83 93% 15h, 73%
1.0 equiv 80 °C, 3 days ’
gradually decomposed decomposed

Scheme 7-18 Mechanistic study for the Pd- and Pt-catalyzed reaction of (ArS), with 73

74 + M(PPhy); ———— 78(83) (7.54)
CgDg

The oxidative addition of (ArS), to Pd(0) and coordination of 73 to the resultant
Pd(II) both lower the total energy [state (C) from (A) via (B)]. Both the insertion of
isocyanide into Pd-S of 78 giving state (D) and the reductive elimination of 74
from 79 affording state (E) are reversible. The equilibrium of the insertion and
de-insertion of the isocyanide favors the formation of the product of the de-insertion
reaction. [State (C) is lower than state (D).] Although state (C) is more stable than
state (E), the short-lived Pd(0) can be trapped by (ArS), to give 77 [state (F) from
state (E)].

2 (ArS),
S| amc 73
(]
2| M(PPhy),
E (AI’S)Q
m (ArS)2 (ArS), 74
2 A 2 73 79 _ M(PPhy)
< VN 77 (ArS), g .
) . 78 S| N T4
"M=Pd  — : N
: (ArS), L
‘\ (ArS), 84 [/ M = Pd
V7 ! NA
\ 82 (ArS)2 /" (D) d )
Mopt U8 ArS PYSANL,
84
® ©

Reaction Course

Scheme 7-19  Predicted qualitative reaction coordinate diagrams (free PPh;s omitted)
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The treatment of (ArS), with Pt(PPh;), and subsequently with 73 produced
Pt(SAr),(ArNC)(PPhs) (83) via 82 similarly to the case of Pd (Scheme 7-18). Howev-
er, in contrast to the case of 78, 83 did not provide 74 even in the presence of anoth-
er equiv of (ArS), at 80°C for 3 days. The oxidative addition of 74 to Pt(PPhs), afford-
ed 83 similarly to the case of the corresponding Pd-complex (Eq. 7.54). Based on
these results, the reason for the different catalytic activity of Pd-complex and Pt-
complex was also explained using Scheme 7-19. It was suspected that the different
activities stem from the different relative energy gaps between the M(0) and M(II)
states. Since more energy is gained when Pt(0) is converted into Pt(II) than when
Pd(0) is oxidized formally to Pd(II) [from state (A) to state (B)], reductive elimina-
tion from the Pt(II) complex [from state (D) to state (E)] makes C-S bond forming
very difficult. This is why the Pt-catalyzed reaction provides polymeric products by
multiple isocyanide incorporation.

76 + 73 | (7.55)
4.7 equiv
Pd(PPhs)4 (3 mol%) 80C° 36 h
NAr NAr

74 + 75 + 76 +

+
ArS 4 SAr  ArS 5 SAr
1.6% 5% 21%

18%(4%) 8%(4%)
/QNL)A: NAr NAr NAr
ArS SAr Ars/wg\ SAr ArS/QL)\ Ar ArSMSAr
5%(3%) 6%(5%) 5%(5%) 8%(11%)
+ others yields in () based on73

The reaction of the 1,3-adduct 76 with an excess amount (4.7 equiv) of 73 pro-
duced a mixture of adducts (1:1 to 1:9), which were separated and isolated by PTLC
and HPLC (Eq. 7.55). A similar treatment of (PhSe), with 73 in the presence of the
Pd-complex [Pd(PPh;),] provided also the 1;2-adduct 86 and the 1;3-adduct 87 (Eq.
7.56) [59].

Pd(PPhg)4 NAr NAr NAr
(ArSe); + 73 —= ArSe)J\ SeAr ArSe/w\)? SeAr ArSe 3'SeAr (7'56)
87
0% 19% 18%

In marked contrast to the reaction with (ArS),, the 1:1-adduct 85 was not formed
at all. The stoichiometric study also supported this fact, indicating that the forma-
tion of 85 from (ArSe), with 73 is a thermodynamically unfavorable process.

In 1999, Kondo and Mitudo et al. reported the Ru-catalyzed addition of (PhS),
to alkenes to give 88, the first transition metal-catalyzed addition of an S-S bond
to an alkene (Eq. 7.57) [60]. When the reaction of (RS), (R = Ph, Me, Bu) with
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2-norbornene was carried out in the presence of Cp*RuCl(cod), the cis-adduct
89 was formed, indicating the inclusion of cis-insertion of alkene into the Ru-S
bond and following C-S bond-forming reductive elimination (Eq. 7.58). The authors
proposed the complex [Cp*RuCl(u-SPh)], (90), formed by the oxidative addition
of (PhS), to Cp*RuCl(cod), as one possible candidate for the active catalyst
(Eq. 7.59).

R Cp*RuCl(cod) R
PhS —_ 7.57
FrSe + = s o~ SR (7.57)
10 equiv 80:’?6”6’ 88
55~75%

R =H, TMS, CO,Me, OH, Ph, n-CgH43

Cp*RuCl(cod) RS
won - () 7.5
toiuene, 100 °C RS

5equiv  gh 89
R = Ph, Me, Bu
84~95%
100% exo
(PhS), + Cp*RuCl(cod) ——— [Cp*RuCl(-SPh)l; (7.59)
90

7.4
Catalytic S—X Activation

The activation of S-X bonds, where X is different from H or S, has also attracted
much attention, because two different functional groups can be introduced by a sin-
gle procedure.

The first example was reported in 1989 by Ando et al. and showed the ‘germylthi-
olation’ and ‘germylselenatiort, that is, palladium-catalyzed addition of the strained
S—Ge bond of thiadigermirane and Se—Ge bond of selenadigermirane to acetylene
(C,;H,) to provide 91 (Eq. 7.60) [61].

Pd(PPhg)4 PAL

SN = s MesGdT) (7.60)
Mes,Geé—GeMes, 80 °C Mes,Ge
91
Y=S8, 54%
Y=Se —

The proposed mechanism (Scheme 7-20) includes: (a) oxidative addition of Y-Ge
(Y = S or Se) bonds to Pd(PPhys),, (b) insertion of acetylene into the Pd-Y bond to
give 92 or insertion of acetylene into the Pd-Ge bond to form 93, (c) formation of 91
by either a C-Ge or a C-Y bond-forming reductive elimination with regeneration of
Pd(PPhy),.
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Pd(PPhg),

M952G9—G9M952
(c) (a)

Y——GeMes;,

) |
Y Pd  orPd GeMesz<7
Mes,Ge—GeMes,  Y—GeMes, = Pd——GeMes;
92 93

Scheme 7-20 A proposed mechanism of Pd-catalyzed addition of Y-Ge (Y =S, Se) bonds to

acetylene
/ \ ArS-XR,
R R’

>:< or — 47 ArS—M—XR,
ArS M—XR, ArS—M XRn
R—R' 94

95 96
Scheme 7-21 A prototype of the mechanism of M(0)-catalyzed addition of S-X bonds to alkyne

This reaction typifies the two possibilities of reaction routes for M-catalyzed addi-
tion of an S—X (or Se-X) bond to alkyne: (a) oxidative addition of the S—X bond to
M(0) to form 94, (b) insertion of alkyne into either the M—S or M—X bond to provide
95 or 96; (c) C—X or C-S bond-forming reductive elimination to give 97 (Scheme
7-21). Comparable reaction sequences are also discussed when the Chalk-Harrod
mechanism is compared with the modified Chalk-Harrod mechanism in hydrosily-
lations [1,3]. The palladium-catalyzed ‘thioboratiort, that is, addition of an S-B bond
to an alkyne was reported by Miyaura and Suzuki et al. to furnish the cis-adducts 98
with the sulfur bound to the internal carbon and the boron center to the terminal
carbon (Eq. 7.61) [62].

Pd(PPhs)s (3mol%) R

ArSB@ +t R=————————  )—= 7.61
THF,50°C,24h ArS B oD

Ph @
\:

98

~ 86% after protonolysis
R= n'CsH17, (CH2)5CH=H2, (CHQ)gCN, Cy etc.

Two possible routes are envisioned for X = B in Scheme 7-21. The authors favored
a path involving the oxidative addition of the S-B bond to Pd(0), insertion of the
alkyne into the Pd-S bond followed by C-B bond-forming reductive elimination. On
the other hand, Morokuma et al. studied the mechanism of the addition of
HSB(OCH,), (99) to acetylene (C,H,) using Pd(PH;), (100) as a catalyst to produce
101 using hybrid density functional calculations (Eq. 7.62) [5].
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Pd(PH3)2
0 100 /\
HS—B, ] + = ——————>HS B-0 (7.62)
(6] O\)
99 101

They concluded that the oxidative addition of the S—B bond of 99 to 100 is less
likely. Their proposed mechanism shown in Scheme 7-22 includes: (a) coordination
of C,H, to 100 to form 102, (b) dissociation of one PH; to form 103, (c) formation of
Pd(SH)[CH=CH(B(OCH,),](PH;) 105, where the SH and the vinyl group are trans
through the o-metathesis-like transition state 104, (d) isomerization of 105 by SH
migration to form 106, (e) recoordination of the PHj to provide 107, and (f) C-S
bond-forming reductive elimination to give 101 with regeneration of 100. The rate-
determining step of the whole catalytic reaction corresponds to the formation of 105
via 104 as a transition state, in which the S-B bond attacks the Pd—C bond to pro-
duce simultaneously the Pd-S bond and the C-B bond. The Pd-S distance in 104 is
2.474 A, which is close to the Pd-S covalent bond length of 105 (2.468 A). The C,H,
ligand is strongly bent towards the PH; ligand, the C-B bond is formed (1.863 A,
longer than the normal C-B bond length, 1.527 A), and the S-B bond is broken
(2.113 A from 1.807 A of 99). Based on the Pd-B bond distance, some interaction
between the B and the Pd center in 104 was assumed. The energy of 104 was calcu-
lated to be 18.6 kcal/mol [20.1 kcal/mol for MeSB(OCH,),] above that of the reac-

o
P]d
PHs
100 _
y \:A
_ ()] @) :
O-B /PHS Pd
\ /Pd\ VAN
O HS" "PHa HP 0a" e
107
PHs | (f) (b) \-PHs
/=\_ PHs Pd
O-B  ’“pg |
0 HS PH;
103
106 ©
(e) / /O
HS—B ] 99
SH-migration (\0 # o
/—\ (d) _ LTI
0-B ,,Pd\/PHS o P P/(?
(o7 s = | HsTN
PH3 | TS of Metathesis
105 104

Scheme 7-22  Schematic proposed route obtained from the po-
tential-energy profile of Pd(PH;),-catalyzed addition of 99 to
CH,
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tants (99 plus C,H,). The authors proposed that the ability of the thiolate group, HS,
to take a bridging position between the B(OR), group and the Pd center significant-
ly stabilizes 104. On the other hand, the formation of 105 from the reactants was
exothermic (18.1 kcal/mol), indicating that the process may not be fast but the equi-
librium strongly favors 105. The barrier height of the C-S bond-forming reductive
elimination (107 to 100) was 12.5 kcal/mol, and the exothermicity of the total cat-
alytic reaction was calculated to be 35.3 kcal/mol. They also investigated the reason
why Pt(0) did not catalyze the thioboration of acetylene. It was found that the large
energy barrier (E, = 27.9 kcal/mol) for the reductive elimination from the Pt(II) thi-
olate vinylborane complex analogous to 107 is the major obstacle to making the re-
action catalytic. However, the estimation of the steric hindrance in 108, which is the
suspected intermediate if Morokuma’s result is applied to the reaction of Eq. (7.61),
is not clear and the real mechanism seems to be elusive.

R
ArS\ >—\B
Pd_ @
/ “PPhy
3P

108 A possible intermediate for Pd(PPh;),-catalyzed thioboration of 1-alkyne

Ph

Tanaka et al. reported on the related palladium-catalyzed ‘selenophosphorylation
and ‘thiophosphorylatior, i.e., additions of Y-P (Y = Se, S) bonds in 109 to an alkyne
provides 110 in up to 95% yield (Eq. 7.63) [63, 64]. The oxidative addition of the se-
lenophosphate to M(PEt;); (M = Pd, Pt) (Eq. 7.64) afforded 111, and the oxidative ad-
dition to Pd(PPh;), was mentioned in the paper. While no information about the in-
sertion process was provided, considering the regio- and sterochemistry of Pd-cat-
alyzed addition of Y-Y and Y-H bonds to alkynes (Egs. 7.9, 7.30 and 7.47), the in-
sertion of alkyne into Pd-Y (not Pd-P) is more likely.

Pd(PPhs)s
3 mo% R
PhYP(O)OPh), + R ————» )=\ (7.63)
109 Y =Se,THF, 67 C, 1520n Y P(OPh)

Y =S, toluene, 100 {C, 3-5 h 110

R= n-CeH13, H, CHQOMe, (CH2)3OMe, Ph, etc up to 95%

PEt,
PhSeP(O)(OPh); + M(PEts); ——————= PhSe—M-P(O)(OPh), (7.64)
CeDg, 25 °C, 0.5 h PEts
111
M = Pd, 93%
M = Pt, 95%

The palladium-catalyzed addition of Se-Si (‘silylselenatior’) and Se-Ge bonds to
phenyl acetylene was also reported to provide cis-adducts 112 in 25% and 35%
yields, respectively (Eq. 7.65) [65].



7.4 Catalytic S—X Activation

R
— + PhSeGMes PdPPhos N (7.65)
120 {C  PhSe GMej
112
24 h,G =Si, 25%
12 h,G =Ge,35%

The ‘silylthiolation’ was more successfully performed using Pt-catalysts, (PhS),,
and (Cl;Si), in toluene at 110°C to afford the products 113 after treatment with
EtOH in up to 95% yield (Eq. 7.66) [66].

Pt(PPhs),
1.5 mol% R

R—==+ (A'S) + (ClSi)y ——> ——> )=\ (7.66)
toluene EtOH, Et;N ArS Si(OEt)3

Ar = Ph, p-Cl, p-Me 110°C,6h 113

R = n-CgH13, PhCHy, (CH2)4CN etc. up to 95%

The formation of ArSSiCl; 114 from (ArS), and (Cl;Si), was also catalyzed by the
Pt-complex (Eq. 7.67). The equilibrium between Pt(SPh),(PEt;),/(Cl;Si), and
Pt(SPh)(SiCL)(PPh;),/PhSSiCl; is characterized by an equilibrium constant K= 0.03
(23°C) (Eq. 7.68). The authors proposed the insertion of alkyne into a Pt-S bond of
the S—Pt-Si complex rather than insertions into an S—-Pt-S complex or the Pt-Si
bond. This assumption is based on: (1) the strong trans influence of the silyl ligand,
(2) the enhanced bond strength of the Si—Pt bond when Cl serves as an substituent
on Si, and (3) the regioselectivity of the insertion reaction.

Pt(PPhs)
(ArS), + (ClgSi)n ArSSiClg (7.67)
60°C,2h 114
85%
PEts PEts
PhS-Pt—SPh + (ClsSi) <——= PhS-Pt—SiCls+ PhSSiCls (7.68)
PEt. PEt
8 K = 0.03 (23 °C) s

In 1999, it was reported that the palladium catalyzed ‘azathiolatior, that is, the ad-
dition of the S-N bond of sulfenamide 115 to carbon monoxide can be catalyzed by
palladium(0) complexes in pyridine to provide the thiocarbamate 116 in good yields
(Eq. 7.69) [67]. Contrary to the other S—X bond activations described so far, where X
has the same electronegativity as S (i.e. X = S) or lower (X = H, B, Si, Ge, and P), the
S—N bond has a strong S*~N* bond character and shows unique reactivity.

With regard to the reaction mechanism, a path involving: (a) oxidative addition of

Pd(PPhg)y o]
ASNR, + €O —— (7.69)
. o~ AIS” NR;
20 atm pyridine, 80 °C
115 1~20 h 116

up to 90%
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the S—N bond of 115 to Pd(0) to give 117, (b) insertion of CO into the Pd-N bond of
117 [68], and (c) reductive elimination under liberation of 116 can be envisioned
(Scheme 7-23). However, this path is unlikely, based on the following observations:
(1) The *'P NMR spectrum of the crude reaction mixture of the Pd(PPh;),-catalyzed
reaction of 115 with CO showed the formation of Pd(SAr),(PPhs), (118); (2) the com-
plex 118 was actually an active catalyst; (3) no formation of an imine, which may be
generated from a palladium amide, Pd-NR, (R = Et) by B-H elimination was ob-
served during the course of the reaction; (4) no reaction was observed in the stoi-
chiometric reaction of 115 with Pd(PPhy),.

Pd(0)

4

ArS— F‘d NR, T ArS—Pd—NR;
117

Scheme 7-23  An unlikely path of Pd-catalyzed azathiolation of CO

An alternative proposal for the propagation of this reaction is shown in Scheme
7-24, which includes: (a) insertion of CO into the Pd—S bond of 118 to provide 119,
and (b) reaction of 119 with 115 to give 116 with regeneration of 118 through a
o-metathesis-like transition state 120. According to this mechanism, the ArS group
in 118 and the R,N group of 115 are incorporated simultaneously.

Pd(SAr),(PPhg),

118
-116 co
() (a)
o)

ArS” /> Pd(PPhg)n(SAN) (b) dji
R;N : (PhgP)n(ArS)P SAr
R's  SAr 115

5 119

120
Scheme 7-24 A proposed propagation of Pd-catalyzed azathiolation of CO

Indeed, when [Pd(p-tolS),(PPh;)], 118" was used as the catalyst in the reaction of
PhSNEt, 115" with CO, 83% of p-tolS was incorporated into the product 116" at low
conversion of the reaction (Eq. 7.70). Although the formation of 119 was not con-
firmed, the reactivity of 119 with 115 was examined as follows. When an equiv of
PhSC(O)SPh 121 was added into the pyridine solution of Pd(PPhs), in the presence
of 5 equiv of PhSNMe, (115”) at —30°C over 10 min, the formation of 80% of
[Pd(SAr),(PPhs)], (118”) and 18% of 116” was observed (Eq. 7.71). This clearly indi-
cated that some short-lived Pd[C(O)SPh](SPh)(PPh;), (119’) was generated by the
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oxidative addition of 121 to Pd(PPhs), and subsequently intercepted by 115" before
de-insertion of CO took place. In the proposed o-metathesis-like transition state
(120), the S—-N bond simultaneously interacts with both the Pd and the electrophilic
carbon of the C(O)SAr group, providing the driving force of the reaction.

[Pd(Stol-p)o(PPhg)l. 118"

(5 mol% of Pd) (0]
PhSNEt, + CO ———> + (7.70)
115" 20 Kglem? 80 °C, pyridine, 3h PhS NEt, p-tolS e NEt,
PPh;3 (15 mol% %
3 ( ) 26% 8.3%
(83% based on p-tolS)
PhSNMe,
115"
O 5 equiv (0] (7 71)
+ Pd(PPhg), ————> [Pd(SPh)x(PPhg)lz + .
s gpp * PAPPR = [PdsPPPhgl + o M
121 pyridine 118" 116"
80% 18%
by 3'P NMR

7.5
Related Stoichiometric Reaction

As we have seen, reviewing catalytic S-X bond activations, some reactions complete
their catalytic cycles by C-S bond-forming reductive elimination from C-M-S com-
plexes. Hartwig et al. have reported on the mechanism of the C-S bond-forming re-
ductive elimination from Pd(L)(R)(SR’) 122 (Eq. 7.72) [69].

€]
Phy - th@ — Ph, g_, — Pd(0) + PhSAr (7.72)
P [N P ~=Ar
~Pd—SAr ~Pd—SAr ~Pd
PPh, PPhz Q/Pth
122 123

They demonstrated that electron-deficient R groups and electron-rich R' sub-
stituents at S accelerated the reductive elimination. They proposed 123 (L, = DPPE,
R =Ph, R’ = Ar) as a transition state, where R acts as an electrophile and thiolate as
a nucleophile. The Hammet plot for the reductive elimination showed that the reso-
nance effect of the substituent in R determines the inductive effect of the R group,
and the effect in SR’ showed an acceptable linear relationship with the standard
o-values. The relative rate for sulfide elimination as a function of the hybrid valence
configuration of the carbon center bonded to palladium followed the trend sp* > sp
>> sp’.
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It was reported that the oxidative addition of vinyl sulfide 124 to Pt(PPhs),(C,H,)
produced 125 in good yield at room temperature (Eq. 7.73) [70]. Both geminal
groups G (Ph, MeOCH,, Me;Si) and ArS in 124 were indispensable to achieve the
oxidative addition. This indicates that considerable anionic character is built up at
this carbon center in the course of the reaction, pointing toward transition states (or
intermediates) like 126 and 127. The interaction of the p-type orbital at the anionic
carbon center with the ¢* orbital of the C-S bond (negative hyperconjugation)
which is cleaved in 127 was also proposed.

G G
)=\ + PtPPh)(CoH) —————> )=\ SAr (7.73)
ArS SAr ArS Pt
124 PhsP” PPhg
i 125
PhsP. PPhg PhgP. 3* PPh,
N\ 5 Pt” ¥~ H fPhs
Pt i Pt—PPhg
R, — > . / - > N ¢ )
T\ Ay H A,
AB sT\r B SAr B SAr
126 127

T.S. or Intermediate

Throughout the entire S—X bond activation and the corresponding mechanistic
studies, a general feature of the reactivity of S—-M bonds was gradually revealed.

Let us consider the general trends of the reactivity of C-C, C-S, and C-Q (Q = Cl,
Br, I) bonds towards oxidative addition and reductive elimination (Scheme 7-25). In
many cases, either C-C bond-forming reductive elimination from a metal center (a)
or the oxidative addition of a C-Q bond to a low-valent metal center is a thermody-
namically favorable process (c). On the other hand, the thermodynamics of the C-S
bond oxidative addition and reductive elimination (b) lies in between these two cas-
es. In other words, one could more easily control the reaction course by the modu-
lation of metal, ligand, and reactant. Further progress for better understanding of
S-X bond activation will be achieved by thorough stoichiometric investigations and
computational studies.

(a) C-M-C — =<—~ cC-C + M

(b) C-M-S - C-S + M

(c) c-M-Q - c-Q + M
Q=Cl,Br, |

Scheme 7-25 General trend of reactivity of C-C, C-S, and C-Q Bonds toward M: (a) favored reduc-
tive elimination, (b) adjustable by metal, ligands and reactand, (c) favored oxidative addition
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8
Hydrozirconation

Alain Igau

8.1
Introduction

Over the last two decades zirconium derivatives have emerged as highly useful in-
termediates for organic chemistry. The great majority of the known organozirconi-
um derivatives are Zr(IV) [1-7] and Zr(II) [8-10] complexes which contain the zir-
conocene Cp,Zr moiety (Cp= n*-CsHs). Hydrozirconation provides a unique and
convenient route for preparing alkyl- and alkenyl-zirconocene derivatives of Zr(IV).
The early discovery by Wailes and Weigold of the hydrometalation reagent
[Cp,Zr(H)Cl], (1) [11] and subsequent investigations by Schwartz and coworkers [5]
demonstrated the usefulness and rather broad scope of hydrozirconation.
[Cp,Zr(H)Cl], (1), known as zirconocene hydrochloride or Schwartz’s reagent, rep-
resents probably the first significant usage of a molecular organometallic zirconium
compound in organic synthesis. In addition to the unique chemical behavior of
Zr(IV)-compounds, subsequent tranformations such as activation by ligand abstrac-
tion with silver salts [12-14] or transmetalation with nickel [15, 16], palladium [17,
18], aluminum [19, 20], zinc [21-23] and copper [7, 24, 25] have increased the reac-
tivity of these organozirconocene complexes, which react in the presence of these
salts with a large variety of electrophiles. Organozirconocene-Zr(IV) complexes now
participate in most of the processes involving the formation of carbon-carbon bonds
[12-26].

In deciding on the material to be covered in this chapter, limitations had to be set.
The first section will present the synthesis of various zirconocene hydrides. The fo-
cus of the subsequent sections is to present a general synopsis of the different as-
pects of the hydrozirconation reactions using 1 not only on carbon-carbon multiple
bonds but also on heteropolar multiple bonds. Those aspects of hydrozirconation
that were covered in previous reviews [1-5, 27] and in the excellent chapter by
Labinger in Comprehensive Organic Synthesis [28] are summarized or briefly men-
tioned here. For other aspects of organozirconium chemistry not covered by the
above-mentioned reviews, the reader is referred to a number of monographs and re-
views [29, 30)].
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Throughout this chapter we will use in the different Schemes the abbreviation
[Z1] = Cp,ZrCl-; thus [Zr]-H = [Cp,Zr(H)Cl], (1) and [Zr]-R = Cp,Zr(R)Cl. Most
of the compounds described in this chapter have metal centers with 16 electrons,
and it is important to emphasize that any coordinatively unsaturated zirconocene
(IV) complexes can potentially exist as dimeric, oligomeric, or polymeric aggrega-
tes.

8.2
Zirconium Hydrides

The most commonly employed hydrozirconating reagent is [Cp,Zr(H)Cl], (1) [11].
This is a white solid polymeric aggregate, sensitive to air and moisture and moder-
ately sensitive to light. It is conveniently prepared on a large scale (80 g) in 70-80%
yields and around 95% purity by reduction of Cp,ZrCl, with a filtered ether solution
of LiAlH, (Scheme 8-1) [31]. The only significant side-product of the reaction,
[Cp,Zr(H),],, is converted to 1 upon exposure to CH,Cl, during work-up.

e @
LiAIH, @\ OR W zop0 BT W E

%\H . Dt

CH.Cl, 1 E = electrophiles

[Cp2ZrH,]2
Scheme 8-1  Synthesis of the Schwartz's reagent, 1

Other hydride sources such as LiAl(O'Bu);H [32] and Red-Al [19] have been re-
ported for the synthesis of 1, but work-up did not provide a product free from the
presence of contaminants which lower the efficiency of the metal hydride and per-
turb the reproducibility of the results [33]. It is an aggregate whose molecularity has
not yet been established and is sparingly soluble in organic solvents. In standard ex-
perimental procedures, the unsaturated substrate is added to a suspension of a stoi-
chiometric amount of 1, and the mixture is stirred at ambient or slightly elevated
temperatures. Formation of the hydrozirconated product is ‘visually’ controlled by
complete dissolution of the white zirconocene reagent 1 (= 20 min to 3 h) to give a
yellow to orange solution. Generally, the zirconium complex is used directly for sub-
sequent transformation, but it is generally possible to isolate and completely charac-
terize it. The solvent is a crucial component in the hydrozirconation process, as it
may considerably affect the reaction rate. Non-polar solvents such as benzene and
toluene have been successfully used for hydrozirconation of unsaturated hydrocar-
bon derivatives. However, from the different classes of solvents used so far in hy-
drozirconation reactions, ethers appear to be highly efficient [2], and among them
THEF is the most convenient and inexpensive one. It should also be noted that even
though CH,Cl, is known to be a chlorine atom donor to hydrido zirconocene com-
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plexes [11, 31], dichloromethane was reported to be the unique solvent for some hy-
drozirconation reactions to go to completion [34, 35].

The insolubility of 1 has the major inconvenience that it prevents studying in de-
tail the mechanistic factors which would operate during this hydrometalation
process, as in general only the organic substrate and final zirconocene product are
observed by NMR spectroscopy.

The vacant orbital in 16e™-zirconocene(IV) complexes allows a m-interaction with
an incoming alkene or alkyne. However no metal—»alkene/alkyne backbonding is
possible with the d°-Zr-metal center. As a consequence, the metal-olefin interaction
is not stabilized, and formation of the thermodynamically favored o-bound
organozirconocene complex (>10 kcal/mol) is then observed [36]. The product is the
result of an overall cis addition of the zirconocene metal fragment and the hydrogen
across the carbon-carbon multiple bonds.

The dynamic olefin insertion process has been modeled using various quantum
mechanical methods. A concerted four-center mechanism involving a frontal copla-
nar attack of the C=C unit on the Zr-H bond of 1 is associated with a low activation
energy of 0-15 kcal mol” and has been proposed for the reaction of ethylene
(Scheme 8-2) [37].

t
Cl
s
= CpoZr-. cl
[CpoZr(H)CI] LCHi P \UCHp | CpZZr/ H
poZr(HICl),  ——— H L = or—chs
CH,

Scheme 8-2 Intermediate in the hydrozirconation of ethylene proposed by
Morokuma and coworkers based on ab initio MO calculations

To overcome the problem of the insolubility of 1, different strategies have been de-
veloped. Synthesis of alternative soluble hydride reagents, substitution of cyclopen-
tadienyl rings and/or changing the chloro-auxiliary ligand were widely investigated.

The substituted-cyclopentadiene derivatives analogs of [Cp,Zr(H)Cl], (1),
(MeCp),Zr(H)Cl (2) [38], Cp*CpZr(H)Cl (3) [39], and [(Me,Si)(CsHs),Zr(H)Cl] [40]
are more soluble in non-polar organic solvents, and consequently they are more re-
active. Thus, the direct competition between 1 and 2 for the hydrozirconation reac-
tion of 1-hexene affords predominantly (86%) the product derived from the methy-
lated derivative (Scheme 8-3) [41].

[Cp2Zr(H)Cl]p, 1 ST X NN ZrCpoCl
+ - + 14/86
(IMeCp),Zr(H)Cl],, 2 L Zr(MeCp)oCl

Scheme 8-3 Competition reaction between 1 and 2 in hydrozirkonation

Hydrido zirconocene complexes of the type [Cp*,ZrHX] (X = Cl [42], OR [43], NR,
[44], and PR, [45]) are rare and considerably more inconvenient and/or expensive to
prepare and isolate in pure form than [Cp,Zr(H)Cl],.
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[Cp,Zr(H)Me], [46, 47] and [Cp,Zr(H)CH,PPh,], [48] are insoluble. Recently,
Cp,Zr(H)OTT, soluble in THF up to a concentration of 0.1 M, was prepared by Luin-
stra and coworkers from the borohydride complex Cp,ZrBH,(OTf) and 1 equiv. of
NEt; in toluene (Scheme 8-4). The larger triflate anion gave a well-defined and very
reactive dimeric hydrozirconating reagent, which was successfully applied for the
hydrozirconation of alkenes, alkynes, and imines [49, 50].

[Cp2Zr(BHg)2] + [Cp2Zr(OTf2] ——  2[CpoZr(BH4)OTH]
NEtg
CpoZr(BH,)OTf] ————— = [CpaZr(OTf)(u-Hy)]
[Cp2Zr(BH4)OTH] NEtgeBH, 2 2)]2

Scheme 8-4 Synthesis of zirconocene hydride Cp,Zr(H)OTf al-
ternative to the Schwartz’s reagent,1

A large number of dihydride zirconocene complexes have been prepared, as for
example: [Cp,ZrH,), [51, 52|, [CpCp*ZrH,), [53], [Cp*,ZrH,] [54], [(M’-1,3-
CsH;'Buy)Cp*ZrH,), [(n’-CsHMe,)Cp*ZrH,)], [(n*-1,3-CsH,'Bu,),ZrH,], [(n*-1,3-CsH,
'Bu)Cp*ZrH,),, [(THI)Cp*ZrH,],, [(M*-1,3-CsHy'Pr,),ZrH,),, [(n’-CsHMe,),ZrH,],
[55], [(Me;Si),(n’-CsH3),ZrH,),  [56]  [Me,Si(m’-CsMey),ZrH,,  [57],  [(n’-
CsH,R),ZrH],(u-H), [58] (R = Me [59], SiMe; [60], ‘Pr, ‘Bu [60, 61], PhCH,), [(*-1,2,4-
CsH,Me;)Cp*ZrH,] [53], [rac-(EBTHI)ZrH,], [62], [Cp,Zr(SiPhMeH)],(u-H), [63],
and [Cp,Zr(SiPh,H)], (u-H), [64]. However most of them are poor hydrozirconating
reagents. Moreover, the organohydridozirconocene derivatives of the type [(Cp-sub-
stituted),Zr(R)H] obtained from dihydride complexes generally lead to secondary re-
actions mainly via reductive elimination [65, 66].

Various procedures for in situ generation of 1 from Cp,ZrCl, with Red-Al,
LiAIH(O'Bu) [67], LiH [68], and LiEt;BH [69] have been reported and used in organ-
ic synthesis. Under these experimental conditions the hydrometalating reagents
formed in situ must not be considered to be the same as 1, but they may be expected
to react as the soluble monomeric form and therefore improve the reactivity of this
metal hydride. Negishi et al. described an in situ hydrogen transfer hydrozirconation
with Cp,Zr('Bu)Cl [67]. It is a clean and high-yield process, but the reaction was ini-
tially found to be much slower than with preformed 1 [70, 71]. However the rate of
this hydrometalating reagent has been significantly accelerated by addition of cat-
alytic amounts of various Lewis acid metal compounds [72] (Scheme 8-5). Wipf and

T Tote——

ClCpyZr H ST \ CeHi3

CeH = H ‘
613 ,7:/ZGCgCI N H Z1Cp,Cl

i) [Cp2ZrHy], / halogen source
CeHia o CeHia halogen source  yield (%)

ii) Xz with X=Br, | X CH.Br, 90
TMSOTY 93

Scheme 8-5 Zirconocene hydrides prepared in situ alternative to the Schwartz's reagent,1
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coworkers reported that dimeric [Cp,ZrH,), in the presence of a halogen source pro-
vides an efficient and convenient in situ alternative to 1 (Scheme 8-5) [73].

Formation of 1 by direct hydrogenation of the dichloride has been disclosed in a
patent [74].

Spectroscopic and structural data for some of the hydrido zirconocene complexes
described above have been reported and discussed in references cited in this section
(see also [75, 76)).

Note that the synthesis and reactivity of anionic [77, 78] and cationic [79] hydrido
zirconocene(IV) complexes have been investigated but will not be addressed in this
chapter.

Although a large variety of zirconium hydrides have been prepared, only very few
reactions are described using these promising alternative complexes to 1.

83
Hydrozirconation across Carbon-Carbon Multiple Bonds

Selective monoalkylation of Cp,ZrCl, to form Cp,Zr(R)Cl in which R is alkyl or
alkenyl is best accomplished by hydrozirconation with [Cp,Zr(H)Cl], (1). Most syn-
thetic applications involve the use of terminal organozirconocene complexes. The
hydrozirconation reaction on carbon-carbon double or triple bonds with 1 is gener-
ally clean and gives high yields of essentially 100% cis addition products.

8.3.1
Hydrozirconation across Carbon-Carbon Double Bonds

8.3.1.1 Hydrozirconation of Alkenes

In their early studies, Schwartz and co-workers [5, 80] reported the zirconocene
hydrido chloride [Cp,Zr(H)Cl], (1) as a reagent capable of reacting under mild con-
ditions with a variey of non-functionalized alkenes to form isolable alkylzirconi-
um(IV) complexes Cp,Zr(R)Cl in which the zirconium is attached to the least-hin-
dered terminal primary carbon, irrespective of the original location of the double
bond in the olefin chain. As an example, at room temperature in benzene, 1-octene,
cis-4-octene and trans-4-octene all yield the n-octylzirconocene derivative (Scheme
8-6) [80].

n Cl N
SN N NN N N ZrCpo

Scheme 8-6 Hydrozirkonation with 1 of terminal and internal alkenes
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The major driving force for this hydrozirconation-isomerization process (which
can occur even at low temperature) is steric hindrance, favoring the ultimate forma-
tion of the less-hindered terminal alkylzirconium species [81-83]. The rate and effi-
ciency of isomerization is dependent on the substrate as well as the hydrozirconat-
ing reagent. As demonstrated by Annby and Karlsson, an increase in the size of the
zirconium complex facilitates the migration of the metal fragment (see Scheme
8-11) [41]. This behavior has made hydrozirconation a valuable synthetic tool for a
variety of transformations as it allows functionalization of unactivated methyl
groups [4, 28, 73]; hydroalumination and hydroboration require considerably higher
temperatures for isomerization than hydrozirconation. With cyclic alkenes such as
cyclohexene, secondary alkylzirconocene products were observed [5]. Tertiary
alkylzirconium compounds appear to be generally inaccessible, even as intermedi-
ates. As a consequence, isomerization does not proceed beyond a tertiary position,
but, with increased temperature, this limitation can be overcome. Isomerization of
the internal double bond is observed when the acyclic derivative is terminated at
both ends by a hindered position as shown in Scheme 8-7. Tetrasubstituted alkenes
are not hydrozirconated at all [5].

Cp>Zr(H)Cl],, 1
j [Cp2Zr(H)CI] ﬁ/\ZGCg

Cl

cl,
[Cp2Zr(H)Cl]p, 1 W ZrCpy

R
@ [CpoZr(H)Cl],, 1 O/Z'sz
[Cp2Zr(H)Cl]p, 1
M =

Scheme 8-7 Hydrozirkonation with 1 of substituted alkenes

General reactivity trends for alkenes were established for hydrozirconation by way
of qualitative studies: terminal alkene > internal alkene > exocyclic alkene > cyclic
alkene = trisubstituted alkene. The rate of hydrozirconation decreases with increas-
ing substitution on the alkene. This property was used for selective monohydrozir-
conation of conjugated and non-conjugated polyene derivatives (Scheme 8-8)
[84-86].

8.3.1.1.1 Isomerization Process

The regioselective hydrozirconation of internal unsymmetrical alkenes remains a
challenge, as it could considerably expand the use of zirconocene complexes. Little
is known about the mechanism of zirconium migration along an alkyl chain.



8.3 Hydrozirconation across Carbon-Carbon Multiple Bonds | 259

TBDPSOM TBDPSOW\/Y\/ [ZI’]
3 3
H

1. "BuNC TBDPSOWO
2. HOAc s

OBn OBn 1. TMS-CN OBn

1
M/\ — 7/\/\‘/\/ [Z1] M/\/CN
2.1,

Scheme 8-8 Hydrozirkonation with 1 of polyenes

It has long been established that alkene hydrometalation is basically a reversible
process and can lead to migration of the double bond. However, hydrozirconation is
not sufficiently reversible to liberate the organic group as an alkene by displace-
ment, suggesting that the regioisomerization process must be non-dissociative. For-
mation of free terminal alkenes from alkylzirconium complexes has been achieved
via hydride abstraction with trityl ion in one case [87]. Attempts to quench an inter-
nal alkyl adduct following a hydrozirconation/deuteration process resulted in the
isolation of only deuterated product with the starting alkene reagent. Very recently
Labinger, Bercaw and co-workers [88] made a strikingly important advance in the
comprehension of the factors which govern the alkyl isomerization process in
organozirconocene complexes. Using appropriate conditions the authors succeeded
in observing, by NMR spectroscopy, not only starting material and terminal zir-
conocene, but also internal alkyl complexes. The rate of isomerization of internal
alkyl complexes depends on the length of the alkyl group. Moreover, in the hy-
drozirconation reaction of cis-2-butene, the presence of trans-2-butene during the
isomerization of 4 to 5 was in favor of a free olefin pathway rather than one involv-
ing olefin-hydride intermediates that undergo intramolecular olefin rotation. Addi-
tion of 1-pentene to a mixture of 4 to 5 and identification of the corresponding
pentyl chloride complex 6 support a facile olefin exchange process (Scheme 8-9).

/= \ or AN o
+
CpoClZi © CpoClZ|
r
P2 w/\ —_— Cngr\ —_— P2 FW
H
n 5
CpaCIZr A~
6

Scheme 8-9 Alkyl isomerization process in alkylzirconocenes
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Then, contrary to what was reported previously, the olefin dissociates from the zir-
conium metal complex. This conclusion was further supported by other experimen-
tal observations. However, it cannot be completely excluded that competition be-
tween dissociative and direct rearrangement pathways could occur with the differ-
ent isomerization processes studied up to now. Note that with cationic zirconocene
complexes [Cp,Zr-alkyl]", DFT studies suggest that Zr-alkyl isomerizations occur by
the classical reaction route, i.e. B-H transfer, olefin rotation, and reinsertion into the
Zr-H bond; the olefin ligand appears to remain coordinated to the Zr metal center
[89)].

Note that multiple hydrozirconation reactions can be conducted on the same sub-
strate in a one-pot reaction (Scheme 8-10) [90-93].

4[Zr]—H, 1 4 GeCly

G G — » G
eW\/)4 - GW[Zr]) ) e(\/W\GeCI3)4

i) 6[Zr1—H, 1
—_—
i) I (excess)

Scheme 8-10  Multiple hydrozirkonation and subsequent transformations

8.3.1.1.2 Regiochemistry

Formation of the least-hindered alkylzirconium complex during the course of the
hydrozirconation-isomerization process of alkenes can be altered by the presence of
aromatic rings, additional conjugative double bonds, chelating heteroatoms [81, 94]
or groups that can be lost by elimination [95, 96].

Styrene hydrozirconation led to a ratio for terminal and benzylic zirconocene
products of around 85:15 [97]. Experimental evidence on alkyl-substituted styrene
suggested that both electronic [98, 99] and steric effects [41, 86] are important for the
formation of the benzylic and terminal zirconium isomers. Migration of the metal
fragment during the reaction of the zirconocene moiety might occur, perturbing the
terminal/benzyl regioisomer ratio of the isolated products (Scheme 8-11) [67, 83,
98-102].

Hydrozirconation of the sterically less hindered double bond in conjugated di-
enes is generally observed [103]. However, the presence, as the minor regioisomer,
of the allylic product has been reported [5, 86]. Depending on the reaction condi-
tions and the reagents used in the subsequent transformation, the allylic isomer did
not form (Scheme 8-12) [2].

The presence of functional groups containing oxygen-, nitrogen-, and phospho-
rus-chelating heteroatoms does frequently have regiochemical consequences in the
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(2]

@/\/\/\ [Zr]—H ©/\/\/\ D,O
+
1-3 @/\/\/\/ [Zr]
o L
D ratio
N Q/W\/ [zn—H A B
A B 1, [CpoZr(H)CI], 50 : 50

2, [(MeCp),Zr(H)Cll, 50 : 50
3,[CpCp*ZrH)ICll, 5 : 95

Scheme 8-11  Regioselectivity of the hydrozirconation of substituted styrene

[Zr-H,1 co, H30

B DBUN=C CN
J\ [Z1-H,1  )BuN=C: _/—\_CN +Jﬁ<

ii) I

6.5 : 1
Zr]—H, 1
W m;, W[Zr} + \)\K[Zr]

i) or ii)
reagents ratio ‘ )

A B
)CO,H0® 90 :10 \/kﬂ \)\r

ii) 'BUNC, AcOH 100 : 0

A

Scheme 8-12  Regioselectivity of the hydrozirconation of dienes

hydrozirconation reactions on alkenes. Hydrozirconation of internal alkenes con-
taining oxazoline and oxazine functionalities yielded after deuterolysis several posi-
tional isomers indicating the formation of O- or N-coordinated zirconocene species
as possible products of the hydrozirconation reaction [104-106]. A five-membered
Zr<N chelate ring was postulated in the synthesis of 3-hydroxystearate in the reac-
tion of [Cp,Zr(H)Cl], (1) with the corresponding internal alkene (Scheme 8-13) [107].

Definitive evidence on the role of heteroelements in the regiochemical control of
the hydrozirconation may be exemplified with the reaction of phospholene-1 (7)
with 1. The gem-phosphazirconocene compound 8 is selectively formed with P-coor-
dination on the metal fragment. The B-zirconated product 10 was prepared with 1
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Nf
[Zr]M/QO
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Scheme 8-13 Heteroatom chelating effect in hydrozirconation

and phospholene-2 (9). This compound isomerizes at 40°C to the o.-zirconated prod-
uct 8. Complexation of the lone pair of the phosphorus atom in phospholene-1 with
borane gives, upon addition of 1, the B-zirconated product 11 [108] (Scheme 8-13).
Interestingly, hydrozirconation of vinyl phosphine 12 and vinyl ethoxy derivatives
13 give the expected B-zirconated complexes 14 and 15 respectively ; an O- or P-
chelating effect did not occur to form the reverse regioisomer. However addition of
chlorodiphenylphosphine to 14 leads to the isomerized 1,1-diphosphine 16, which
demonstrated that subsequent transformation of alkylzirconocene may induce the
formation of isomers different from those observed for the corresponding starting
zirconium derivatives [109] (Scheme 8-14). The primary zirconocene 15 rearranges
by a rapid B-elimination to give alkoxide ROZrCp,Cl and ethylene (Scheme 8-14) [110].

RP(  [ZH 1 RoP. PhyPCl PhaP
Zr
12 14 (21 RP 16
RO [z1H 1 RO
N= [ZIOR + =
13 15 (2]

Scheme 8-14 Chemical behavior of B-heterosubstituted zirconocenes

Migration of the Cp,ZrCl metal fragment along an alkyl chain onto a heteroatom
was first reported by Annby and Karlsson [81, 95, 96, 111-113]. This rearrangement
was used synthetically in the hydrozirconation/transmetalation-promoted ring-
opening reactions of phosphorus-, nitrogen- or oxygen-containing unsaturated het-
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erocycles to give a variety of acyclic unsaturated phosphines, alcohols, ethers and es-
ters (Scheme 8-15) [114-117].

[2n

— [Zr]-H, 1 R,PCI
{ )} { S 2 Ph*P\/\/\
/P /P PR2
Ph Ph
— [2r]-H, 1 R,PCI
w3 I =B 7N
O n

2 [Zr]-H, 1 2 RoPCI
CH Zr CH o} 2 RoP (CHz)n O
(@o EN O gy Tho VTS

Scheme 8-15  Ring opening reaction via hydrozirconation/exchanges reactions (n =1,2)

PRz

Additional coordination upon hydrozirconation (see Scheme 8-13) but also dur-
ing the subsequent transformations (see Schemes 8-14 and 8-15) has to be taken
into account in the analysis of the regiochemistry of the hydrozirconation/trans-
metalation reaction sequences.

Note that hydrozirconation of 2-vinylfuran gives only the internal product [86]
(Scheme 8-16) which probably is the result of the combination of the effects de-
scribed in this section: (i) O-coordination, (ii) aromatic stabilization, (iii) reduced
steric effect of the flat furan ring, which favors the reverse expected regiochemistry
in the hydrozirconation reaction of alkenes with [Cp,Zr(H)CI], (1).

& [Z2r]-H, 1 / \ i)Bu-N=C: / \
NSS o ii) 2 o)

\[Zr] CN

Scheme 8-16 Regioselective formation of internal zirconocene upon heteroatom chelating effect

Hydrozirconation of various alkenylboranes [118-121] and alkenylzinc halides
[34] with 1 provides the corresponding 1,1-bimetalloalkanes, which can be selective-
ly converted to functionalized organic compounds [122-125]. Interestingly,
alkenylzinc halides (RCH=CHZnX) show remarkable chemoselectivity, and func-
tional groups such as chloride, cyanide, or ester functionality are tolerated [126].

8.3.1.2 Hydrozirconation of Allenes

Allylzirconium complexes are conveniently obtained by the regio- and stereoselec-
tive hydrozirconation of allene [127-133] and can be, for example, used subsequent-
ly for the MAO-catalyzed allylzirconation of alkynes to prepare enyne derivatives
[132]. Alternatively, the preparation of (E)-1,3-dienes from aldehydes and the appro-
priate allylstannane zirconocene derivative (R = SnBu;) is accomplished (Scheme
8-17) [131]. Note that addition of [Cp,Zr(H)Cl], (1) on the allenyl reagent with the
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functional phosphonic acid dimethyl ester group [R = P(O)(OMe),] gave, after hy-

drolysis, the corresponding propynyl compound (Scheme 8-17) [134].
R'—=—X/MAO I -

P R = alkyl

— R \/\/ R' = aromatic

.// [Zr]—H, 1 sec-, prim-alky!
Ryt T R~ H

R =8nBl
nBug MRI

o)
R'—<  / BF3*OEt,
H

o 7 iizi—H1
(MeO),P—/

4
(MeO),P—=—Me

ii) HoO

Scheme 8-17 Hydrozirconation on allene derivatives

83.2
Hydrozirconation of Alkynes

The hydrozirconation reaction of alkynes tolerates the presence of a large variety of
functional groups. As a consequence, this protocol has become very popular in or-
ganic synthesis [135-142].

8.3.2.1 Hydrozirconation of Terminal Alkynes

Hydrozirconation of terminal alkynes R—-C=CH (R= aryl, alkyl) with 1 affords termi-
nally (E)-Zr-substituted alkenes with high efficiency and excellent stereochemical
and regiochemical control (~98%). These alkenylzirconocene complexes are of par-
ticular interest for synthetic use [136, 143, 144]. Moreover, beside the electropositive
halogen sources [145] and heteroatom electrophiles [3] used in the pioneering stud-
ies to directly cleave the Zr—C bond, (E)-vinyl-Zr complexes were recently trans-
formed into a number of other trans-functionalized alkenes such as (E)-vinyl-sul-
fides[146], vinylic selenol esters [147], vinyl-sulfones [148], vinyl-iodonium [149],
vinyl-(RO),P(0) [150], and vinilic tellurides [143].

Terminal heterosubstituted alkynes X-C=CH such as RO-C=CH [16, 17,
151-153], RSe—C=CH (R= alkyl, aryl) [154—157], Me;Si—C=CH [158] and R,P-C=CH
[159] were regioselectively converted into the (E)-2-ethenylzirconium complexes via
hydrozirconation using 1. In marked contrast, with terminal "BuTe-C=CH [154]
and Bu;Sn—-C=CH [160], the reverse 1,1-X,Zr-dimetallo isomers are formed
(Scheme 8-18).

X H

>= X=R, Ar, OR, SeR, SiRg, PR,
[Zr]—H, 1 H 21

X
>:< X= "BuTe, SnBug

[2r] H

Scheme 8-18 Regio- and stereo-selectivity in hydrozirconation of terminal alkynes
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Terminal diynes could not be cleanly monohydrozirconated; it was necessary to
protect one of the two acetylenic forms with EtMgBr/TMSCI to get single addition
[85].

8.3.2.2 Hydrozirconation of Internal Alkynes

Hydrozirconation of unsymmetrical disubstituted alkynes Me—C=C-Alkyl produces
regioselectively a mixture of the two possible regio-isomers [161]. Excess of 1 fa-
vored the formation of the thermodynamically preferred alkenylzirconocene with
the metal fragment on the sterically less demanding substituent, with retention of
stereoisomeric purity (cis) and with a regioselectivity over 90% [102, 161, 162]. A bis-
zirconated intermediate has been suggested to account for the isomerization of the
vinylzirconium species formed from the addition of an excess of 1 to acetylene. Late-
ly it was also found that adequate experimental conditions led to the expected single
regioisomer (Scheme 8-19) [140, 141, 163-166].

(2] H [2r] H H [z

ZA—H + >:< . H7—TR —_ >:< + [Z]—H

R d R )
: R 2] R

OMe Me OMe H OMe [Zr]
P L
B B”V\T Z . gn M\F H
z 1 B H

Me Me Me Me Me
1 T time A regioselectivity B
(equiv) Solvent (°C)  (h)
25 CeHs t 33 72 : 28
2.0 CgHeg 50 4.0 100 : 0
2.5 THF rt 4.0 54 : 46
2.5 THF 50 1.0 100 : 0

Scheme 8-19 Regioselectivity in the hydrozirconation of internal alkynes

As for alkenes, the rate of hydrozirconation of alkynes decreases with increasing
substitution on the alkyne. An unsymmetrical diyne reacts with 1 preferentially at
the less-substituted triple bond [85].

The regiochemistry of the hydrozirconation of disubstituted stannyl- [24,
167-170] and silyl- [171] acetylenes and boron- [118, 172-175] and zinc- [34, 126]
alkynyl derivatives result in the formation of 1,1-dimetallo compounds. Hydrozir-
conation of alkynyliodonium salts affords alkenylchlorozirconocenes with the Zr-C
bond geminal to the iodonium moiety [176]. These zirconocene complexes allowed
the preparation of (E)-trisubstituted olefins (Scheme 8-20).

Hydrozirconation is useful for regiospecific and/or stereospecific deuterium la-
beling [177]. Formation of diastereomerically pure dideuterated 3,3-dimethyl-
butylzirconium(IV) complexes by successive hydrozirconation sequences showed
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R X

>—< X= SnRs, SiRq, SeR, BRy, ZnR
[Zr—H, 1 H [z

L R>:< X=IR

1zr H

Scheme 8-20 Regio- and stereo-selectivity of the hydrozirconation of disubstituted alkynes

that Zr—H addition on carbon-carbon multiple bonds proceeds stereospecifically cis
(Scheme 8-21) [5]. These compounds have been used to get some insight in the re-
action mechanism of carbon-X bond cleavage processes [178].

) D H D H
Zrl—H H Zr]1—D
i) [21] >g:< [2r @ L @ erythro
H D H D H D
vdj I
+:—H 1 PR
. H D H D
) [Z0-D >€:<H [21-H @ A @ threo
ii) DpSO4 D D H D H D
1zn I

Scheme 8-21 Diastereoselectivity of the hydrozirconation/exchange reactions

8.4
Hydrozirconation across Heteropolar Multiple Bonds

Reduction with [Cp,Zr(H)Cl], (1) of common C=X functional groups such as alde-
hydes, ketones, nitriles and related functionality is also possible.

Carbonyl compounds, such as aldehydes [103, 179], (thio)ketones [31, 94,
180-183], carboxylic acids, and esters [183, 184] with 1 are reduced to alcohols after
hydrolysis [5], except in sterically hindered cases (see Section 8.5) [185, 186]. Under
the same experimental conditions the regioselective reduction of the oxirane ring
with 1 gives also the corresponding alcohol [183, 187].

Hydrozirconation of nitriles RC=N with 1 led to the formation of aldimido
[RCH=NZrCp,Cl] derivatives [183, 188-191]. Erker and coworkers reported the first
Xray structure analysis of these complexes, which shows a nearly linear
Zr-N=CHPh unit indicating substantial Zr—N © character. Moreover, this complex
exhibits the stereochemical properties of a heteroallene system [189, 190]. Mono-
and di-hydrozirconation of nitriles R,C(C=N), with 1 [192, 193] have been also suc-
cessfully accomplished to give [R,C(C=C(N)(CH=NZrCp,Cl)] and [R,C(C=CH=NZ1-
Cp.Cl),], respectively in quantitative yield (Scheme 8-22). Extension of this protocol
to phosphinonitrile compounds R,P-C=N [194] and RP(C=C(N), allowed the prepa-
ration of new imines N-substituted with different heteroelements. Interestingly, hy-
drozirconation of malonitrile H,C(C=N), followed by exchange reaction with
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chlorophosphines allowed the synthesis of new B-diiminate systems [195] (Scheme
8-22).

[2Zr-H, 1 R,p +MCI RoP

R,P-C=N SC=N=[z1] SC=N~M
H H
M = PR’ BR', SnR's, ...
N
2y
C [2r-H, 1 ,CH=N-[2Z1] [Zr]-H,1 CH=N-[Z1]
X X, - X
c. C\\\ CH=N-[2Zr]
\\N N
R,PCI R,PCI
X= CMey, CBny, P-R
PR
R=NP -T2 :
iPry CH=N CH:N/PRZ
X X
c__.N ‘CH=N_
PR
N Ho (21 H ~ PRs
C 2 [ZrH,1 C=N’ 2 RyPCI C=N
CH; ————— Hc(_ H —— Hc(_
c /C—N\ C—N_
N H [z H PRz

Scheme 8-22 Hydrozirconation on nitrile derivatives

Another route for the formation of imines is the treatment of secondary carbox-
amides with an excess of 1 [196].

In marked contrast to the other hetero atom multiple bond functions cited in this
section the >C=N- imine bond was not found to undergo hydrometalation. Imines
with neighboring C-H bonds as in PhCH=NMe do react with 1 vig imine/enamine
tautomerism, but not by hydrozirconation [197].

The reaction of 1 with diphenyldiazomethane resulted in the hydrogenation of the
>C=N=N unit to form the hydrazonato ligand, which is found n*-N,N’ bonded to the
metal [198, 199].

hoN
-~ R\0—:0
\

CpoZr—N—H
Cl

Note that carbon monoxide inserts into the Zr—H bond of 1 (2 equiv.) to afford an
n’*formaldehydo-type complex [(Cp,ZrCl)],(u-CH,0) [200-202]. Iminoacyl zir-
conocene complexes are formed after addition of 1 to isonitriles [203]. Carbon diox-
ide [183, 202] is reduced to formaldehyde with 1 (2 equiv.). CO,-like molecules such
as isocyanates RNCO [204], isothiocyanates RNCS [205], and carbodiimides RNCNR
[204] are readily converted to the corresponding bidentate form-amido ligands.
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Various new phosphonium salts were prepared in a one-pot reaction of carbon

disulfide, phosphines, and 1 followed by an exchange reaction of the zirconated
metal fragment with 2 equiv. of electrophiles (Scheme 8-23) [206].
R

| _R
Vi
N
CpoZr—N—H
AN
cl
"
N
[Zr—H 1 PR
R—N=C=X (zn__ C—H
X
X=0, S, N-R'
® 0
R3P\ /S\ 2 C|_<R ® s—4
+ RP 4 z—H — OOz RgP-CH oi®
s s—
o]

CS,
1

Scheme 8-23 Hydrozirconation of heterocumulenes

Phosphaalkenes —P=C<, and phosphaimines —P=N- react with 1 to give second-
ary zirconated aminoalkyl or diamino phosphines, respectively, with P-coordination
to the metal fragment (Scheme 8-24) [207]. An unexpected methylene-transfer reac-
tion was observed upon reaction of 1 with Ph;P=CH, (Scheme 8-24) [208].

RoN._
P=N_
RN Rza—H 1 RN c/R RPN AP H 1 RN
“H H\/ H HoN/
1] 1
\ ROTY, CHsCN
[21] = Cp,ZrCl RN R
P—N
R= SiMeg e \@/
ZrCpa
®
PhsP + [Z—CH,

o z—n 1 off }
. |PhsP—CHo—zr]

_ 7
Pth—C\H

Scheme 8-24 Hydrozirconation of phosphorus-X double bond derivatives

~

R

Hydrozirconation of iminoboranes —-B=N-R leads to a four-membered ring with a

Zr-H-B hydride bridge [209].
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8.5
Chemoselectivity and Functional Group Compatibility

The chemoselectivity of Schwartz’s reagent (1) toward alkynes, alkenes, nitriles, and
carbonyl groups, and thus its general functional group compatibility, can be modu-
lated. However, it is important to keep in mind that the presence of functional
groups may have regiochemical consequences on the hydrozirconation reaction.

8.5.1
Relative Reactivity of C=C versus C=C

As predicted from the comparative rates for C=C over C=C hydrozirconation cited
earlier, a (poly)enyne is selectively hydrozirconated at the alkyne moiety, whatever
the position of the alkene function [138, 210] in the molecule. It can be exemplified
by the chemoselective hydrozirconation of 1,3-butenyne. One exception to this
chemoselectivity has been reported, which showed the terminal alkene to react with
1 but leaving the TMS-substituted alkyne function intact (Scheme 8-25).

[Zr—H, 1 PhSeX

\—: _— \/\/[Zf] JE—— \/\/SePh

i) [2—H, 1
W
i) Me

cat Nl(O)

Scheme 8-25 Hydrozirconation of enyne derivatives

The synthetic potential of alkenylzirconium complexes is partially due to the fact
that the hydrozirconation of alkynes can be carried out in the presence of some syn-
thetically useful functional groups such as halide [80, 153, 211, 212], acetals, amides,
imides, carbamates, sulfides [186], ester, cyano [95, 213] and chiral propargyl amino
functionalities [214].

8.5.2
Relative Reactivity of C=C and C=C versus C=N

Nitriles [153, 211] are tolerated by an equivalent of reagent in the presence of a par-
ticularly reactive site of unsaturation, such as a terminal alkyne or vinyl function,
whereas methacrylonitrile gives only C=N hydrozirconation (Scheme 8-26) [215].
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[Zr]—H, 1

:Q [Zr]—H, 1 i
N=12r]
\\N H

Scheme 8-26 Hydrozirconation of alkenes with nitrile function

;

853
Relative Reactivity of C=C and C=C versus carbonyl functions

Enones and enoates undergo 1,2-reduction [115, 191]. Lipshutz et al. reported the ef-
fective protection of carbonyl functions by the triisopropylsilyl acyl silane group
(TIPS), which allowed the selective conversion of alkenes or alkynes to the corre-
sponding zirconocene complexes [24]. The aldehyde could subsequently be regener-
ated by desilylation with TBAF [186].

Carboxylic acids can be protected as oxazolines [96, 105-107, 186, 191] or as ester
functions. Alkynic esters such as silyl esters [153, 211], tert-butyl esters [216], and
even benzyl esters [153, 211] have been successfully hydrozirconated when the reac-
tive site was a terminal alkyne or vinyl group (Scheme 8-27).

o) [Z—H, 1

o
o NP4
TPs” NN T qips” NS

// [Zr]—H, 1 ¥
TIPS\g/\/O TIPS\('J/\/(ES/
HO,C TIPSCl  TpsO.C [ZN—H.1
N~ —— > b — =, TIPSOC [zn
imidazole \/\/
i) Meyzn OH
TIPSOZC\/\/\/\S .
ACHO nEvs
ii) BugSn

Scheme 8-27 Hydrozirconation with protected carbonyl functions

The rate of hydrozirconation of a terminal olefin is much faster than the reduc-
tion of the oxirane ring. This chemoselectivity was used in the preparation of vari-
ous cycloalkylmethanols by hydrozirconation of alkenyloxiranes (Scheme 8-28) [217].

As described in the previous section for unsaturated functional groups,
Schwartz’s reagent (1) and most zirconocene(IV) hydrides readily deprotonate acidic
moieties [183, 218].
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Scheme 8-28 Hydrozirconation of alkenyloxiranes

Dienols with 2 equiv. of 1 gave the corresponding bimetallic alkoxide organozir-
conocene complexes; however, protolysis allowed recovery of the alcohol functional-
ity (Scheme 8-29) [107]. Alcohols can also be easily converted to ethers. Alkyl, aryl,
silyl [85, 112, 183, 210] and THP [17, 153, 211, 219] ethers are stable under hydrozir-
conation conditions; side products were observed only with the trimethylsilyl group
[220, 221].

2 [Z1H, 1 H®

/\M

OH 0[z1]

Ph

i) [ZrH, 1 o o
TBDMSO™ "\ T TBDMSOWN/\O
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2 9 Ph
P SN N

—
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Scheme 8-29 Hydrozirconation of alkenyl (protected)alcohols compounds

Little is known about the tolerance of 1 with unsaturated (poly)halogen com-
pounds. Hydrozirconation of chloroalkenes can lead to competitive cyclization, and
simple reduction of both C=C and C-Cl bonds [98, 222]. However addition of 1 to an
alkenyl- or propargyl bromide led to the expected product as the sole product of the
reaction in excellent yield (Scheme 8-30) [134, 223].

i) [Zr1H, 1 M o o
Br /\/\ BI’M/\/J\ /\
ii) CuBrSMey, BF3eOEt, 4 NO
0 (0] B S
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Z1H, 1 H
N B AN zg — BoAND

Scheme 8-30 Hydrozirconation of halogenated alkene derivations
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8.6
Bimetallic Transition Metal-Zirconocene Complexes from Zirconium Hydrides

The bis-zirconocene complex Cp,ClZrCH,CH,ZrCp,Cl has been isolated upon dou-
ble hydrozirconation of acetylene with 1 [102]. Recently, the preparation of a hetero-
geneous bis-zirconocene catalyst was succesfully achieved from zirconocene dichlo-
ride complexes containing alkenyl or alkynyl substituents [224].

Cp(PMe;),RuC=CH and the corresponding vinyl compound react with 1 to give
the expected hydrozirconated complexes [225, 226]. Hydrozirconation reactions
were also observed with the vinyl and acetylenic ferrocenyl complexes [227]. In
marked contrast, the iron complex Cp*(dppe)Fe-C=CH reacts anomalously with
Schwartz’s reagent to form acetylide C,-bridged heterodinuclear complexes
(Scheme 8-31) [228].

7? . ﬁ
H B

Fe Fe———-1I[Zr]
PhoP ™ PhoP )

K/Pth K/Pth
(21
@—: H @—/
(ZH 1
Fe

Fe

N

Scheme 8-31 Transition metalterminal alkynes with [Cp,Zr(H)Cl], 1

CO,-Bridged bimetallic zirconocene complexes have been formed from 1 and
metallocarboxylic acids [229]. Reaction of 1 with metal enolates Cp(CO);WCHR’
COX (X = OEt, Me, Ph) gives Cp(CO);WCH(R)CH(R)OZrCp,(Cl). The structure for
R’ = H and R = Me was solved by an X-ray analysis and the chemical reactivity of
these organometallic products have been studied [230].

Note that reaction of the vinyl chloride complex Tp'Rh(CNCH,'Bu)(CH=CH,)Cl
with [Cp,ZrH,], did not give the hydrozirconation reaction on the vinyl group but
led quantitatively to the formation of the vinyl hydride complex TpRh(CNCH,'Bu)
(CH=CH,)H [231].

8.7
Zirconocene Hydrides and Related Derivatives as Catalyst

Hydride complexes of Group IV metallocenes have been implicated as catalysts and
as important intermediates in olefin hydrogenation and polymerization reactions
[232,233).

Schwartz’s reagent (1) is an excellent catalyst for pinacolborane hydroboration of
alkynes (Scheme 8-32) [234, 235].
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Scheme 8-32  [Cp,Zr(H)Cl], 1-catalyzed hydroboration

The selective dimerization of aldehydes to esters [236] as well as the cross-con-
densation of cycloalkanones with aldehydes and primary alcohols [237] were found
to proceed very efficiently under mild conditions with 1 as catalyst (Scheme 8-33).

[Zr]-H, 1
o] o _(cah) O._Ph Ph_O
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0
+ CgH1gCH=CH-CgH17—(H

Scheme 8-33 [Cp,Zr(H)Cl], 1-catalyzed cross-condensation reactions

Some hydrometalation reactions have been shown to be catalyzed by zirconocene.
For instance, Cp,ZrCl,-catalyzed hydroaluminations of alkenes [238] and alkynes
[239] with ‘Bu;Al have been observed (Scheme 8-34). With alkyl-substituted internal
alkynes the process is complicated by double bond migration, and with terminal
alkynes double hydrometalation is observed. The reaction with "Pr;Al and Cp,ZrCl,
gives simultaneously hydrometalation and C-H activation. Cp,ZrCl,/"BuLi-cat-
alyzed hydrosilation of acyclic alkenes [64, 240] was also reported to involve hydro-
gen transfer via hydrozirconation.

An unexpected cis,cis to trans,trans isomerization of a disilanyl analog of 1,5-cy-
clooctadiene was observed with 1 as the catalyst [241].

8.8
Hydrozirconation: Conclusion and Perspectives

Since the initial reports of Schwartz’s reagent ([Cp,Zr(H)Cl],, 1) over 30 years ago
there has been explosive growth of zirconocene chemistry. Hydrozirconation is an
efficient method of hydrometalation because of (i) the mild nature of the conditions
involved, (ii) the excellent regio- and stereo-chemical control of hydrozirconation,
(iii) the one-pot nature of the procedure, and (iv) the price of Zr, which is one of the
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Scheme 8-34 Cp,Zr(H)Cl,-catalyzed hydroalumination with 'BusAl of alkenes and alkynes

least expensive transition metals (about $11 per mole for 98% pure ZrCl, — compa-
rable with the costs of Fe, Cu, Mn, and Ti).

In terms of scope and chemoselectivity, hydrozirconation takes its place between
hydroboration and hydroalumination. However, the synthetic applications of
organozirconocene complexes have been considerably expanded over these last few
decades, and it can be expected that they will become more and more attractive in
the future. Beside the direct substitution sequences, indirect reaction pathways in-
volving transmetalation or activation by ligand abstraction have been successfully
applied in a number of cross-coupling and C-C bond-forming reactions.

It is important to remember that the yield and reproducibility of hydrozircona-
tions and the subsequent transformations depend on the presence of ionic impuri-
ties in 1 which often hamper the desired transformations. For example, in situ
preparations of 1 with LiEt;BH and ‘BuMgCl were not appropriate for hydrozircona-
tion/copper-catalyzed conjugate addition sequences; otherwise preformed 1 is well
adapted for these protocols.

The facile isomerization of alkyl and vinyl zirconocenes complicates the stereo-
control in the transformations of internal acyclic alkenes and allenes, and so further
studies are certainly needed to circumvent this problem.

Enantioselective hydrozirconation using, for example, chiral ansa-metallocenes
[242] remain largely unexplored.

Developments in the area of polymer-supported zirconocene hydride reagents are
just now being investigated [243] and will be further explored.



Abbreviations

Bn benzyl

Cp cyclopentadienyl

Cp* cyclopentamethyldienyl

EBTHI ethylene-l,Z-bis(T]5 -
tetrahydroindenyl)

rt room temperature

TBAF  tetrabutylammonium
fluoride

TBDMS tert-butyldimethylsilyl

Abbreviations

TBDPS tert-butyldiphenylsilyl

Tt
THF
THI
THP
TIPS
T™MS
TP

trifluoromethylsulfonyl
tetrahydrofuran
n’-tetrahydroindenyl
tetrahydropyranyl

triisopropylsilyl

trimethylsilyl
hydridotris(3,5-dimethylpyrazolyl)-
borate
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