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Homogeneous Platinum Catalysis

The electrophilic activation of alkenes by transition-metal catalysts is a
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fundamental step in a rapidly growing number of catalytic processes.

Although palladium is the best known metal for this purpose, the
special properties of its third-row cousin platinum (strong metal—
ligand bonds and slow substitution kinetics) have enabled the devel-

opment of transformations that are initiated by addition to the C=C

bonds by protic carbon, nitrogen, oxygen, and phosphorus nucleo-
philes, as well as alkene or arene nucleophiles. Additionally, reactivity
profiles, which are often unique to platinum, provide wholly new

reaction products. This Review concerns platinum-catalyzed electro-

philic alkene activation reactions, with a special emphasis on the
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mechanistic properties of known systems, on the differences between
platinum and palladium catalysts, and on the prospects for the devel-

opment of new systems.

1. Introduction

The electrophilic activation of an alkene on coordination
to an electron-deficient metal ion is fundamental to organo-
metallic chemistry, both conceptually and in synthetic appli-
cations. The Wacker process for the conversion of ethylene
into acetaldehyde, a classic example of an efficient catalytic
oxidation, begins with the coordination of ethylene to Pd",
which activates the ethylene moiety toward nucleophilic
attack by water. The development™? of the Wacker process
was a major driving force behind a huge amount of research
performed in the 1960s and 1970s that was aimed at under-
standing the mechanistic details of nucleophilic attack on
metal-coordinated olefins, especially in the platinum group.
The key step is the reaction of a metal-olefin complex with a
nucleophile to give a 3-substituted metal-alkyl species. This
transformation can in principle proceed through an inner-
sphere or an outer-sphere mechanism, with opposite stereo-
chemical outcomes, and with different implications for
catalyst design. Mechanistic studies, both experimental and
theoretical, have demonstrated that either pathway in fact can
be operative, often under only subtly different conditions.

The integration of this reaction into a productive catalytic
cycle requires the eventual cleavage of the newly generated
M-C bond, and is often preceded by intermediate rearrange-
ments or additions. In the last decade many diverse applica-
tions of this alkene activation have been discovered, which
most commonly employ palladium(II) and platinum(II)
catalysts. Both metals are quite efficient in the promotion of
nucleophilic addition to a complexed olefin, but their distinct
properties often lead to complementary modes of M—C bond
cleavage. Specifically, as palladium complexes are reactive
toward ligand substitution, M—C bond cleavage pathways that
require substitution for the release of product, such as [3-
hydride elimination, are common (for example, the Wacker
process). In contrast, platinum complexes are relatively inert
toward ligand substitution. This facilitates the development of
catalytic processes that involve alternative pathways for M—C
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bond cleavage, such as protonolysis,
cation rearrangements, and cyclopro-
panation, and reduces the problems
caused by competing olefin-isomeriza-
tion reactions.

This review covers platinum-catalyzed reactions that
involve the electrophilic activation of a C=C bond toward
attack by a nucleophile, including protic oxygen, nitrogen,
and carbon nucleophiles, arenes, and C=C bonds. When
deemed appropriate, the related palladium-catalyzed pro-
cesses are discussed. Stoichiometric examples of platinum-
mediated olefin activation have been recently reviewed,” and
only selected examples are discussed here. Related chemistry
based on the platinum-catalyzed activation of alkynes, such as
enyne cycloisomerization, is not covered. Addition reac-
tions that are commonly believed to proceed by a 1,2-
migratory insertion of the olefin into a platinum-element
bond, such as hydrogenation and hydrosilylation,” are also
not covered.

2. Mechanistic Aspects and Theoretical Studies

The majority of catalytic reactions that involve the Pt-
mediated activation of alkenes produce the net addition of an
element-hydrogen bond (C—H, N—H, or O—H) across a C=C
bond. With a few exceptions (see below), two potential
mechanisms are most commonly considered. Scheme 1
depicts the generally preferred mechanism for Pt-catalyzed
additions to alkenes.®! Coordination of a C=C bond to an
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Scheme 1. Catalytic addition of NuH to an alkene by outer-sphere
nucleophilic attack and protonolysis of the M—C bond.

electrophilic Pt center activates the alkene toward outer
sphere attack by a protic nucleophile NuH. The newly formed
Pt—C bond is then cleaved by protonolysis (see below) to
regenerate the catalyst.

Scheme 2 shows an alternate inner-sphere mechanism, in
which the nucleophile first coordinates to Pt by deprotonation
of NuH and ligand exchange. The key step is 1,2-migratory
insertion of a bound olefin into the Pt—Nu bond. Again, the
newly formed Pt—C bond is cleaved by protonolysis.

Pt—Nu

1,2-migratory

Nu-H insertion

Nu
Pt* Pt—/_

P

/—Nu H*
protonolysis

Scheme 2. Catalytic addition of NuH to an alkene by metalation,
insertion, and protonolysis.

A variation on the inner-sphere mechanism, involving a
Pt"-Pt° redox couple, is also possible (Scheme 3). Here, initial
oxidative addition of NuH to Pt° is followed by olefin
insertion into the Pt—Nu bond. The resulting Pt—C bond is
cleaved by a C—H reductive elimination rather than by
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Scheme 3. Catalytic addition of NuH to an alkene by oxidative addi-
tion, insertion, and reductive elimination.

oxidative
addition

Nu-H

protonolysis. While this mechanism is generally preferred for
more electron-rich metals such as rhodium and iridium, and is
almost exclusively invoked for transition-metal-catalyzed
olefin hydrogenation and hydrosilylation (not discussed
here), several lines of evidence, discussed below, suggest
that platinum-catalyzed additions of protic C—H, N—H, or
O—H nucleophiles more likely proceed by the outer-sphere
electrophilic activation mechanism shown in Scheme 1.

Importantly, these mechanisms are often distinguishable
by stereochemical studies: the outer-sphere mechanism of
Scheme 1 gives anti addition across the C=C bond, while the
inner-sphere coordination/insertion mechanisms in Scheme 2
and 3 give syn addition (Scheme 4). Throughout this review,
the proposed reaction mechanisms will be referred to as outer
sphere, representing Scheme 1, or inner sphere, representing
Scheme 2.

R' R? 1 R2

Pt+_)\/—\ Nu™ Pt>R)§
>~ I o Nu
Ré R R* R?

anti nucleophilic attack

Nlll R! ‘\RZ Nu R? R
Pt_j‘ P AR Pt%
| . R Nu
R4 R R R R4 R?

syn coordination-insertion

Scheme 4. Comparison of the stereochemical pathways for an outer-
sphere nucleophilic attack (top) and an inner-sphere coordination/
insertion (bottom).
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This section describes studies aimed at understanding the
mechanisms of platinum-catalyzed alkene-activation reac-
tions. Attention is focused first on theoretical and exper-
imental studies relating to the Pt—C bond-forming step,
nucleophilic attack on a m-coordinated Pt-olefin complex.
Next, studies concerning the Pt—C bond-cleaving step, which
usually proceeds by protonolysis, is discussed.

2.1. Nucleophilic Attack on Metal-Coordinated Alkenes:
Experiments

In 1908, Hofmann and von Narbutt”) reported the
reaction of K,PtCl,, dicyclopentadiene, and methanol to
give adducts with loss of HCIL. Although the structures could
not be conclusively identified at the time, it was suggested that
a C—OMe bond, rather than a Pt—OMe bond, had been
formed. Through reactivity studies, Chatt et al.'” demon-
strated almost 50 years later that the products were chloride-
bridged dimers, and analysis by derivatization supported the
original proposal that the methoxy group was associated not
with Pt as a methoxide ligand, but with the organic
dicyclopentadiene fragment. The research group of
Stille!1Z determined by NMR the structure of the mono-
meric pyridine adduct, which results from the exo attack of
methanol at the more strained double bond to give the f3-
methoxy Pt-alkyl shown [Eq. (1)]. This structure was later

MeO MeO
ridine
172 pyrers >> )
Cl-Pt— Cl=Rt—
i N
: J

4 MeOH
CI—Frt— -HCI
Cl

x

confirmed by X-ray analysis."* Platinum(IT) and palladiu-
m(II) complexes of chelating dienes were shown to react
similarly with various nucleophiles, including acetate,"
B-diketones, ™™ amines,'*!*! and phosphines.!"”!

Although platinum complexes of chelating dienes have
been shown rather conclusively to undergo addition of
nucleophiles by outer-sphere attack rather than inner-sphere
coordination and insertion, the extension of this conclusion to
systems with monoalkene ligands is tenuous. As chelated
diene complexes are conformationally restricted, the olefin
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moieties are prevented from achieving the coplanar relation-
ship necessary for insertion into a cis Pt=X bond."®! Numer-
ous examples of the addition of nucleophiles to Pt-complexed
monodentate olefins have been demonstrated, but the
stereochemistry of addition has not often been explored.
Orchin and co-workers showed that pyridine adds reversibly
to a neutral Pt-ethylene complex to give a zwitterionic o-alkyl
moiety [Eq. (2)]."") The reaction was proven to be stereospe-

D D D D (;JI —
2 ¢ = { +_fFI*FN\ /
D~ N+ [-Rt-N p=—=p— "\ & < > @)
cl =
D D D D

cific by using cis-1,2-dideuterioethylene; no cis/trans isomer-
ization accompanied the reversible addition.”” A key obser-
vation from an elegant demonstration by Panunzi et al.?!! was
that diethylamine adds to a diastereomerically resolved
platinum complex of the prochiral olefin 1-butene to give,
after protonolysis, only (S)-N,N'-diethyl-sec-butylamine, the
product of Markovnikov addition with anti stereochemistry
[Eq. (3)].

Et,NH
H, Ph H H, Ph H
H Et 2 (Et 2 Et
TNy HEt?N*\_ NAMe o Hegn cl
| ——pPt=ci v . Pt—Cl H — Me @)
- Cl cl
H H

Stereochemical evidence for Markovnikov addition is also
provided by the Pt-mediated tricyclization of a 1,5,9-trienyl-
phenol to give a tetracyclic Pt-alkyl species with trans ring
fusions.”? In the proposed mechanism, attack of a trisubsti-
tuted olefin on a Pt-coordinated terminal olefin initiates a
cation/olefin cascade that terminates with quenching by the
phenol oxygen atom [Eq. (4)]. It is uncertain whether the
reaction is fully concerted, or if discrete carbocationic

,H"'
— AN OoH — o; “)
pe’ I & '

H yH

intermediates are formed, but the trans ring fusions in the
product rule out an insertion cascade mechanism that begins
with either syn or anti oxypalladation of a trisubstituted
olefin.

In a catalytic system, Widenhoefer and co-workers® have
demonstrated that the intramolecular addition of indoles to
alkenes (see Section 3.7) proceeds by nucleophilic attack of
the indole on a Pt-coordinated alkene, rather than indole
C—H bond activation followed by olefin insertion (outer-
sphere mechanism). The cyclization of a deuterium-labeled
substrate gave the expected stereoisomer for anti carboplati-
nation followed by Pt—C bond protonolysis with retention of
stereochemistry (Scheme 5). Notably, the related palladium-
catalyzed oxidative cyclizations described by Ferreira and
Stoltz proceed by C—H bond activation and insertion.¥
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Scheme 5. Outer-sphere nucleophilic attack of indole on a Pt-
coordinated olefin (deuterium labeled) in a catalytic intramolecular
hydroarylation process.

In a stoichiometric reaction designed to model the
palladium-catalyzed hydration of maleate esters, dimethyl
maleate was shown to react with cis-[Pt(OH)(Me)(PPhs;),] to
give the erythro-f-hydroxyalkyl platinum complex, whose
structure was verified by X-ray analysis [Eq. (5)].%>*! The

(Me)(PPh3),Pt—CH

MeOZCI——!_ ,-HCOZMe (5)

+

MeO,C  CO,Me Y7
\—/ -
(Me)(PPhs),Pt OH

product configuration is consistent with syn migratory
insertion of the alkene into the Pt—OH bond. As less-
electrophilic olefins did not react in this manner, the
mechanistic implications for other platinum-catalyzed addi-
tions to alkenes are uncertain.

Relevant studies that concerned nucleophilic additions to
ethylene were directed at understanding the mechanism of
the Wacker process,"? in which a PdCl,/CuCl, catalytic
system promotes the conversion of ethylene into acetalde-
hyde, in which water is used as a nucleophile and dioxygen as
a terminal oxidant. Initially, kinetic studies?” seemed to
indicate that the reaction proceeded by the 1,2-migratory
insertion of a coordinated olefin into a Pd—OH bond to give a
B-hydroxyalkyl, which after $-elimination and rearrangement
would give the product. Evidence against this hypothesis was
provide by stereochemical studies of model stoichiometric
reactions that involved hydroxypalladation by Béckvall
et al.,?**! and Stille and Divakaruni.?*3! The studies in fact
suggested that an outer-sphere attack of water on a Pd-
coordinated olefin was the key step. However, the debate has
not been fully settled as kinetic and stereochemical evidence
indicates that a different mechanism may operate in the
model systems (high chloride concentration) compared to the
actual Wacker process (low chloride concentration).[>=

Palladium-catalyzed intramolecular additions to unacti-
vated alkenes have recently been explored in many contexts.
In some cases, stereochemical evidence has been provided for
syn addition® %! and in others, for anti addition.["¥%
Although a detailed discussion of these observations is
outside the scope of this review, it is important to note that
for palladium-catalyzed additions of carbon, nitrogen, and
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oxygen nucleophiles to C=C bonds, both syn and anti addition
mechanisms appear possible, and the catalytic conditions
determine which pathway is preferred. For platinum catalysis
one might expect outer-sphere attack to be kinetically favored
over the coordination/insertion pathway because of the much
slower rates of ligand substitution for platinum relative to
palladium.  Although the stereochemical evidence for
platinum-catalyzed reactions to unactivated alkenes has thus
far favored anti addition by outer-sphere nucleophilic attack
on a coordinated olefin, it is not unreasonable to expect that
syn addition by coordination/insertion can also occur.

2.2. Nucleophilic Attack on Metal-Coordinated Alkenes: Theory

Nucleophilic attack on a m-complexed olefin must involve
a lowest unoccupied molecular orbital (LUMO) localized at
the alkene (which resembles the 7t* orbital of the free olefin).
However, Eisenstein and Hoffmann™*! pointed out that
metals capable of m backbonding such as Pt" should actually
raise the energy of this LUMO, as the vacant m* orbital
interacts with a filled d orbital of the metal of appropriate
symmetry. With the help of extended Hiickel calculations, it
was predicted that the metal-bound olefin must in fact slip
into ' coordination as in Scheme 6 to give a structure that

M M M
Scheme 6. The transition of a metal-coordinated alkene from n* to 1’

coordination (“slippage”) facilitates the nucleophilic attack on the
distal carbon.

may be drawn as a [-carbocationic platinum alkyl species
(slippage signifies the transition from n* to n' coordination).
The LUMO is now localized at the 3 carbon atom, and an
increased overlap with the highest occupied molecular orbital
(HOMO) of the nucleophile is predicted. Subsequent INDO
(intermediate neglect of differential overlap) studies by Baird
and co-workers™” predicted that a s* orbital of an olefin
should in fact be stabilized on complexation to a cationic iron
fragment, even in the absence of slipping. However, slipping
of the olefin caused a further decrease in the orbital energy.

In Pt-catalyzed additions to unsymmetrical alkenes, the
nucleophile generally adds to the more highly substituted
carbon atom (Markovnikov regioselectivity, see Section 3).
This probably is a reflection of several factors, which include
the preferred generation of a less sterically hindered metal—
alkyl species, and the favored buildup of positive charge at the
more highly substituted carbon atom (Scheme 6). Although
regioselectivity is ultimately determined from the relative
transition state energies, a distinct asymmetry of coordination
is also present in the ground state. In the optimized geometry
for propene coordinated to a dicationic platinum-pincer
complex,™” the terminal CH, group is found to be 0.15 A
closer to the metal center than the internal CHMe group
(Figure 1).
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2 Recently, Senn et al.*! reported a
; hzlﬁq, Me DFT study of the full catalytic cycle
HP-I?tr::'_'f of the hydroamination of ethylene
lIDDh 287 with ammonia, catalyzed by Group 9

2

and 10 metal complexes. For cationic
Group 10 complexes, the mechanism
is predicted to involve the outer-
sphere nucleophilic attack of ammo-
nia on the complexed -ethylene.
Dynamic reaction-path calculations
indicate that the olefin slips from 1’
to n' coordination, concomitant with
the approach of ammonia to the olefin. An analogous
reaction path could not be found for neutral Group 9
complexes. A similar deformation was predicted by Sakaki
etal. for attack of ammonia on a Pd—ethylene complex™
using ab initio methods. Here, the use of cationic complexes
allowed nucleophilic addition at coordinated ethylene, while
the reaction was unfavorable for neutral and anionic com-
plexes. Based on inductive principles, it is generally expected
that an increase in the positive charge on a metal complex will
increase the reactivity of coordinated olefins toward nucle-
ophilic attack. This effect has been extensively documented
and is the subject of a recent review.

The platinum-mediated bicyclization of 1,6-dienylphenols
[see Section 3.8, Eq. (37)] was recently characterized by DFT
calculations.®”! The proposed mechanism® for this class of
reaction, in which outer-sphere attack of a trisubstituted
olefin on a Pt-coordinated terminal olefin is followed by
quenching of the carbocation by a protic nucleophile, is
supported by reaction-path calculations. A question that has
not yet been addressed by experimental studies is whether
this reaction proceeds in a stepwise or concerted fashion, that
is, whether discrete carbocationic intermediates are involved
(Scheme 7). A stepwise pathway, which involves the gener-
ation of the donor-stabilized cation shown, was located with a
free-energy barrier at room temperature of only 2.2 kcal
mol ™! starting from the Pt-alkene complex shown in

Figure 1. Asymmetric
coordination of pro-
pene to a dicationic
platinum center (from
DFT calculations).

2

NMe/v \*Hi\lMe3
concerted path (barrierless)

3 o
- H N
Hzm ™ P -
Ppe e P
N R~ PH,
“ P H
HP‘ 2 __/
\ NMe,
1B _ “Hnme;
Y%& RGN

H,

N
[ /PF‘PH
H R 2

Ho N
PC 2
[/PF:PH
HR_/

stepwise path (AG*= 2.2 kcal mol")

Scheme 7. Concerted and stepwise paths for the Pt-mediated bicycliza-
tion of a 1,6-dienylphenol.

Angew. Chem. Int. Ed. 2007, 46, 4042 — 4059

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte

Scheme 7. However, relaxed scanning along the reaction
coordinate with a nearby amine base revealed a direct
barrierless pathway for the transformation, which indicates
that the transformation probably is concerted in the presence
of base. In either pathway, addition occurs with anti stereo-
chemistry to both the Pt-coordinated terminal alkene and the
nucleophilic internal alkene.

In the design of catalysts that operate by the activation of
alkenes toward nucleophilic attack, it is important to consider
that enhancement of the electrophilicity of the metal complex
will favor this step. However, many potential catalytic
processes require that the newly formed metal-alkyl complex
will react with an electrophile (for example, H" in proton-
olysis) to cleave the M—C bond and regenerate the catalyst.
The reactivity in this step will decrease with an increase in the
electrophilicity of the catalyst, so a balance must be achieved.

2.3. Protonolysis and Other Catalytically Relevant Pt—C Bond-
Cleaving Reactions

Platinum-carbon bond protonolysis and its reverse, C—H
activation by a platinum complex, have been well studied in
the context of alkane oxidation catalysis, for example, the
Shilov system. Mechanistic studies have indicated that the
forward reaction may proceed by two processes: 1) initial
protonation of a Pt"alkyl to give a Pt"V-alkyl hydride species
followed by C—H reductive coupling, or 2) direct protonation
at the Pt—C bond to release alkane directly without oxidiza-
tion of the platinum center (Scheme 8). As Pt—C bond
protonolysis has recently been extensively reviewed,™ only a
limited discussion is presented here.

b [ H T
PI-R ——| lv_g|— RH+PY

initial protonation at platinum

t
—> R-H+Pt'

H

R

AN
Pt'--R

+

PU-R

direct protonolysis

Scheme 8. Oxidative and non-oxidative modes for the protonolysis of
the Pt—C bond.

The majority of the platinum-catalyzed alkene activation
reactions discussed below almost certainly proceed by the
initial generation of a Pt-alkyl complex followed by M—C
bond protonolysis (for example, Scheme 1), and result in the
net addition of NuH across the C=C bond. As is the case for
many catalytic cycles, conditions that favor one step can
disfavor the other. Although more electrophilic platinum—
olefin complexes will favor the addition of a nucleophile to
the olefin to give a B-substituted metal-alkyl complex (see
above), protonolysis of the resulting M—C bond will be
decreasingly favorable. The necessary balance has been
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achieved in many cases (see below), but some electron-
deficient metal-alkyl complexes are resistant to protonolysis,
which may prevent the completion of a potentially useful
catalytic cycle [see Eq. (37), Section 3.8].

One promising way to enhance the favorability of an
associative process without significantly altering the electron
density at the metal is to employ a ligand that geometrically
favors the formation of the unstable intermediate. In studies
of the protonolysis of cationic platinum-methyl complexes, it
was observed that the pincer ligand triphos uniquely pro-
motes Pt—C bond protonolysis to give methane, using a
moderately strong diphenylammonium acid [pK,=0.8;
Eq. (6)].PY Combinations of mono- and bidentate ligands

NCCgF
S O
PhP—Pt—Me + HNPh,"——— PhP—PE*—NCC4F5 + HNPh, - (6)
CD,Cl, RT
PPh, 2Cly, PPh,

failed to promote protonolysis unless the much stronger triflic
acid was used. The current hypothesis is that triphos imparts a
torsional strain on the starting square-planar Pt" complex that
is relieved on protonation to give a five-coordinate Pt"
complex, which then reductively eliminates methane
[Eq. (7)]. As nonpincer ligands lack this torsional strain,
protonation at the metal is less favorable.

+ 2+
P 1g00 CHs

| PPh H* | "wH
Pelppy — | Ph,PPtY @

pr—CHs -H* 1207 e
Ph, PLPh

A large difference between the platinum- and palladium-
catalyzed activation of olefins is the increased tendency of
palladium to promote [3-hydride elimination in intermediate
metal-alkyl complexes, as will be demonstrated in the
following sections. The result is that many palladium-cata-
lyzed transformations give oxidized products, while the
analogous platinum-catalyzed reactions are more prone to
turnover by nonoxidative means, such as M—C bond proto-
nolysis. This contrast is well illustrated in the intramolecular
addition of B-diketone nucleophiles to unactivated olefins
(see Section 3.6 for more details). A PtCl/EuCl;/HCI system
catalyzes the 6-exo-cyclization of 4-pentenyl P-dicarbonyl
compounds by an outer-sphere mechanism; the use of DCl
gives the product shown in Equation (8) that results from the

5 mol%
0 {PICL(HC=CH] e O @

o]
Me e
10 mol% EuCl
MeJit)\kCM% ° 8 Me«bﬁkcm% (8)
X bel CH,D
65% (60% D)

direct protonolysis of the initially formed Pt—C bond.” In
contrast, a cyclization of 3-butenyl B-dicarbonyl compounds
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catalyzed by PdCl, gives the product shown in Equa-
tion (9).5% This result, along with other deuterium-labeling

(0] o

Ac 1) 10 mol% [PACI(CH;CN),]  p Ac
DD ©

2) Sio,
45%

experiments, indicates that the initially formed Pd-alkyl
species undergoes several reversible $-hydride eliminations
and reinsertions to give a Pd-enolate complex, which finally
releases the product by protonolysis. Although both catalytic
transformations eventually give a product by protonolysis, [3-
elimination and reinsertion are clearly much faster than the
protonolysis of the Pd—alkyl species in the Pd system.

In addition to protonolysis, the Pt—C bond in principle can
be cleaved in a myriad of ways to provide access to variously
functionalized products. Catalytic turnover by p-hydride
elimination is feasible, as long as the “Pt—H” generated can
be efficiently oxidized (see Section 3.3). Palladium-catalyzed
reactions are much more advanced in this respect, partly as a
result of the highly developed technology for the reoxidiza-
tion of Pd’ to Pd" using molecular oxygen,*” in addition to
benzoquinone and CuCl,. Other modes of turnover, generally
observed when no protic nucleophile is present in the system,
involve the intermediate generation of carbocations, which
are quenched by hydride or alkyl shifts [for example, Eq. (10)]
to release product and regenerate the catalyst (see Sec-
tion 3.8).

+ Pt*—
Pf% H J}( (10)
H

H H

3. Catalysis

The stoichiometric addition of nucleophiles to metal-
complexed olefins was extensively explored in the 1960s and
1970s, and efficient catalytic processes involving olefin
activation by transition metals have been known since the
1950s. Despite this, the majority of progress in platinum-
catalyzed alkene activation has occurred in the last ten years
and includes the development of mild conditions (usually
operating below 100 °C) for the addition of heteroatom (N, O,
P) and carbon nucleophiles to activated and unactivated
olefins. In some cases, platinum complexes promote reactivity
that is complementary to analogous palladium-catalyzed
reactions.

3.1. Nitrogen Nucleophiles: Platinum-Catalyzed
Hydroamination of Alkenes
Catalytic hydroamination, the addition of an N—H bond
across a multiple bond, is one of the most widely pursued

transformations in organometallic chemistry.”®*! Efficient
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and mechanistically diverse catalysts for the hydroamination
of alkenes and alkynes include Brgnsted acids,®®! basic
alkali-metal salts,*” early transition metals,*”! lanthanides,’*!
and late transition metals.*>®! Although alkene hydroamina-
tion catalyzed by platinum was first demonstrated over
30 years ago, much of the development in this field has
occurred in the last few years.

In 1975, Venanzi, Zambonelli, and co-workers reported
the intramolecular hydroamination of 4-pentenylamine medi-
ated by K,PtCl, [Eq. (11)].1”! Subsequent studies!®®! showed

100 mol% K,PtCl,
0.01m HCI H

N
0.09v NaCl MeU

67%

o~ NH;

(1)
H,0, 60 °C, 4 d

that six-membered rings could also be formed. Although
turnover could be achieved in a batch-type sequence, the slow
reaction rate rendered catalysis impractical. The reaction was
proposed to proceed through an outer-sphere mechanism,
involving nucleophilic attack of amine on the coordinated
alkene, as had been previously demonstrated in several
stoichiometric studies.""1>?%! Protonolysis of the resulting
Pt—C bond would give the cyclic amine product and
regenerate the catalyst (Scheme 9).

Z NH
NH, NH,*
proton 2
‘ transfer ~
Pt

Scheme 9. Proposed outer-sphere mechanism for the catalytic intra-
molecular hydroamination.

NH,

J
-

nucleophilic
attack

Recently, significantly more active systems for the plat-
inum-catalyzed hydroamination have been developed, which
allows the functionalization of activated and unactivated
olefins. For example, aminopropyl vinyl ether can be regio-
selectively cyclized to give the hemiaminal ether [Eq. (12);

H
cat. [Pt] N__Me
O NHy —— R/Y (12)
toluene, RT o

[P1] = [PtMe,(cod)], TON = 300
[Pt] = [PtCl(coe),],, TON = 250
[P1] = [Ptl,(cod)], TON = 100

cod = cycloocta-1,5-diene, coe = cyclooctene, TON = turnover
number]." Although up to 300 turnovers can be achieved
with [PtMe,(cod)], palladium catalysts were approximately
5 times more active. The hydroamination of acrylonitrile with
para-toluidine is catalyzed with moderate efficiency (up to
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TON =45) by PCP-pincer complexes of platinum [Eq. (13);
Cy = cyclohexyl, Tf = trifluoromethanesulfonyl]."Y An inner-

NGy PCy,
+ Pt-OTf  Me
MeONHZ PCy, \©\N/\/CN (13)

1 mol% H

CeDg, 40 °C, 48 h 45%

sphere mechanism was favored that involves the migratory
insertion of the C—C bond into a platinum—amido bond rather
than nucleophilic attack of the amine at a Pt-coordinated
olefin, based on a direct observation of the stoichiometric
reaction of [(PCP)PtNH(p-tol)] with acrylonitrile to give the
B-amino Pt-alkyl species; similar studies into the stereo-
chemistry of addition to crotononitrile would be informative
in this case.

Vinylarenes, for which the palladium-catalyzed hydro-
amination has recently been extensively explored,'®>”*" have
also been shown to undergo intermolecular platinum-cata-
lyzed hydroamination with carboxamides, albeit at high
temperatures [Eq. (14)].' Carbamate and sulfonamide

o)
NH,
5 mol% [{PtCl,(H,C=CH,)},] O Me
+

10 mol% P(4-CqH,CF3)s N
N (14)
% mesitylene, 140 °C, 24 h
/\© 75%

4 equiv

nucleophiles were also successful. An excess of styrene was
required to drive the reaction to completion, as AG was
estimated to be only —1.5kcalmol™' at the temperature
employed.

Several systems for the platinum-catalyzed hydroamina-
tion of terminal aliphatic olefins or ethylene have recently
been developed. Bender and Widenhoefer have demon-
strated that [{PtCl,(H,C=CH,)},]/PPh; catalyzes the intra-
molecular reaction to give five- or six-membered heterocycles
[Eq. (15); Bn=benzyl].™ Substitution with gem-dialkyl or

NBn
Me
(15)

82%

NHBn

T

gem-diaryl groups aided the cyclization, but was not required.
Monitoring of a stoichiometric reaction by NMR spectrosco-
py allowed the observation of the direct conversion of a
platinum—amine complex to the $-amino alkyl, a net insertion
of C—C into the Pt—N bond [Eq. (16)]. The authors prefer an
outer-sphere mechanism that involves the displacement of the
amine group by the olefin moiety followed by an intra-

2.5 mol% [{PtCl,(H,C=CH,)},]
5 mol% PPh,

dioxane, 120°C, 2 h
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Bn. ' ¢l Bn, H cl
N N* iz
Pt cDCl, Pt
Ph ¢l PPhs c’ PPhs  (1g)
Ph 20t0 40°C, 1.5h Ph
N Ph

95% (NMR)

molecular nucleophilic attack, rather than the direct insertion
as proposed abovel’! [Eq. (13)]. Wang and Widenhoefer have
demonstrated that the same platinum/phosphine system
catalyzes the intermolecular hydroamination of ethylene
and propylene with amide or carbamate nucleophiles
[Eq. (17)].¢!

0 2.5 mol% [{PtCly(H,C=CH,)},] 9
5 mol% PPh,
NH,
50 psi H,C=CH,
dioxane, 120 °C, 24 h

Tilley and co-workers have recently reported a method for
the intermolecular platinum-catalyzed hydroamination that
proceeds at 90°C, and is effective for a range of unactivated
olefins, which includes propene, cis-2-butene, cyclopentene,
and cyclohexene [Eq. (18); Ts=4-toluenesulfonyl].”” Sul-

5 mol% [PtCl,(H,C=CH,)],
10 mol% AgBF,

\—/

1 atm

TsNH, +

TsHN (18)

0-CgH,Cl, 80°C, 3 h >95%

fonamides, carboxamides, and weakly basic anilines (conju-
gate acid pK, < 1) may be used. Only one equivalent of olefin
(or 1 atm for gaseous olefins) is required for full conversion.
The precursor [(cod)Pt(OTf),] was a somewhat less active
catalyst, but allowed mechanistic studies to be performed on
the hydroamination of norbornene with 4-butylbenzenesul-
fonamide. The catalyst resting state is [(cod)Pt(norbor-
nene),]*", and kinetics studies indicated that the reaction is
first order in platinum complex and sulfonamide, but zero
order in olefin. Based on these observations, an outer sphere
mechanism was proposed, involving rate-determining nucle-
ophilic attack of sulfonamide on the platinum-coordinated
olefin, followed by fast protonolysis of the resultant Pt—C
bond, then binding of a new molecule of olefin to complete
the catalytic cycle. A mechanism that involves a fast
reversible nucleophilic attack followed by a rate-determining
proton transfer is also consistent with the kinetic data.

The use of ionic solvents for chemical reactions has grown
significantly in recent years.®” In addition to their low
volatility, which offers a potential environmental benefit,
ionic liquids are extremely polar and usually aprotic, often
resulting in unique reaction efficiencies or selectivities.
Brunet and co-workers have developed a system for the
addition of anilines to alkenes catalyzed by PtBr, that
functions particularly well in the ionic solvent nBu,PBr."
An increase in catalytic efficiency for this solvent was also
observed for Rh-catalyzed hydroamination. The platinum
system was effective for the high-temperature hydroamina-
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tion of norbornene® ethylene,® and 1-hexene.*” The
selective Markovnikov hydroamination of 1-hexene
[Eq. (19)] is significant, as rapid Pt-catalyzed olefin isomer-

o™ H
0.3 mol% PtBr, N
0.5 mol% (PhNH,),S0, Y
. Me (19)
[
o MBUPBLIS0C, 980 20 o5 5 branchedflinear
2 equiv

ization is common, and was observed by Tilley and co-
workers."”!" Although the precise reason for the benefit of
nBu,PBr as solvent is unknown, the high concentration of
bromide ions in the reaction medium seems important as
reactions in nBu,PCl were much less effective. It was
proposed that coordinated bromide ion increases the basicity
of the platinum center, thus facilitating protonolysis of the
M-C bond after addition of the amine to the Pt-complexed
olefin. Alternatively, they suggest that poisoning of the
catalyst by the amine may be reduced by coordination of
the bromide ion.

3.2. Oxygen Nucleophiles: Platinum-Catalyzed
Hydroalkoxylation of Alkenes

In the sole example of platinum-catalyzed hydroalkox-
ylation, Widenhoefer and co-workers have shown that
[{PtCL,(H,C-CH,)},]/2P(4-C;H,CF;); is an effective catalyst
for the cyclization of a range of y- and d-hydroxyolefins under
mild conditions [Eq. (20)].1%] The system is generally selective

OH 1 mol% [{PtCl,(H,C=CH,)},] O _Me
2 mol% P(4-CgH,CF3),
Ph . Ph (20)
Ph CI,CHCHCI, 70°C, 24 h Ph
78%

for oxygen addition to the more highly substituted carbon
atom, and five- or six-membered rings may be formed. The
selectivity for hydroalkoxylation (oxyplatination followed by
Pt—C protonolysis) in the platinum system contrasts markedly
with palladium-based systems, which tend to give oxidized
products through a Wacker-type oxypalladation/B-hydride
elimination mechanism. %5

3.3. Oxygen Nucleophiles: Platinum-Catalyzed Wacker Oxidation
of Alkenes

Although the Wacker oxidation of alkenes to ketones and
aldehydes is dominated by palladium catalysis,*” platinum
catalysts are also competent, albeit with significantly reduced
efficiency. Matsumoto and co-workers®®™®! reported that
tetranuclear platinum blue complexes and dinuclear Pt™
complexes catalyze the oxidation of terminal olefins to
ketones, with O, as the only oxidant [Eq. (21)]. Approx-
imately 10 to 20 turnovers were generally observed. Cyclic
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0.25 mol%
[Pt4(NH3)5(C4HgNO)4(NO3)e],
1.5 mol% C;,H,5SO;Na

NN NF /\/\/\[( @n
1atm O, 0
CICH,CH,CI/0.05M ag H,SO, TON =15.8
50 °C, 5 days

olefins were oxidized mainly to epoxides. The oxygen atom
that is incorporated into the products comes exclusively from
water and no deuterium is incorporated when D,O is used.
These observations led to the conclusion that the mechanism
of the olefin oxidation is similar to that established for the Pd-
catalyzed Wacker oxidations, and consists of the attack of
H,O on a Pt-coordinated alkene, followed by loss of ketone to
give a platinum hydride, which is then oxidized by O, to
regenerate the catalyst.

Helfer and Atwood™ recently reported that water-
soluble platinum-phosphine complexes catalyze the aqueous
oxidation of ethylene to acetaldehyde under an atmosphere
without oxygen [Eq. (22)]. The required oxidative equivalent

+ CoHg

cis-[PH(Cl){P(p-SO3NaCgH,)s}-] 2, 22
31atm  4.0,95°C,18h
TON =90

is provided by ethylene, which acts as a hydrogen acceptor to
produce ethane. Mechanistic experiments including the use of
C,D, or D,O indicate that the mechanism of acetaldehyde
production is analogous to the Pd-catalyzed Wacker oxida-
tion. At room temperature a stoichiometric reaction was
observed that produced one equivalent of acetaldehyde and
one equivalent of a platinum-ethyl complex, which was
formed by insertion of ethylene into the Pt—H bond.
Protonolysis of this intermediate would complete the catalytic
cycle.

3.4. Oxygen Nucleophiles: Platinum-Catalyzed Epoxidation of
Alkenes

The research group of Strukul has shown that cationic
Pt(OH), complexes catalyze the highly selective epoxidation
of terminal olefins when H,0O, is used as the oxidant [Eq. (23);

2 mol%
[(dppe)Pt(CeFs)(OH)IOTT],

1 equiv H,O, M

CI,CH,CH,Cl, RT, 5 h 89%

M

(23)

dppe = ethane-1,2-diylbis(diphenylphosphane)].”"* Kinetic
analysis indicates that the reaction rate is second order in
platinum complex, which was proposed to originate from dual
activation of the olefin and the nucleophile (HOO™), by
different platinum atoms.”” The mechanism shown in
Scheme 10 was proposed and incorporates evidence from
the observation of catalytic intermediates. The key step
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H*

. Pt—OOH '\\x HOOH
R Pt* W +
_ Pt

R

PN oo
H. ..o J
0]
P{fR

Scheme 10. Proposed mechanism for Pt-catalyzed epoxidation of
terminal olefins.

involves the bimolecular reaction of a Pt—OOH species
(generated by the reaction of H,O, with Pt") with a cationic
Pt-olefin species to give a [-peroxyalkyl-Pt species, which
forms a five-coordinate platinacycle by coordination with
the oxygen atom, and finally collapses to give the epoxide
and Pt—OH. Ligand substitution regenerates the starting Pt—
olefin complex.

Recently, an enantioselective version of this transforma-
tion was reported.” A series of terminal olefins gave
enantiomeric excess values that ranged from 58 % to 98 %
for the epoxidation when (S,S)-chiraphos was employed as
the ligand [Eq. (24)]. This method is promising, as the catalyst

2 mol%
[(*P2)Pt(CgF 5)(OHL)I[OTT],
> 1 equiv H,0, 0
0, ) (24)
CH,Cl, =10 °C, 24 h 0

64%, 87% ee
Me., _pph,

*P, = (S,S)-Chiraphos = ):
Me” PPh;

is completely selective for the epoxidation of terminal olefins;
1,2- or 1,1-disubstituted alkenes are left untouched under the
conditions reported [Eq. (25)]. These results highlight the
potential of platinum(II) catalysts for the selective activation
of less-hindered alkenes, as catalysts for electrophilic epox-
idation typically favor more highly substituted electron-rich
olefins.”*!

M
CH,Cl, 10 °C, 24 h

= (S,S)-Chiraphos

2 mMol% [(*P,)Pt(CsF5)(OHL)I[OTH]
1 equiv H,0,

2PN

66%, 98% ee

(25)

3.5. Phosphorus Nucleophiles: Platinum-Catalyzed
Hydrophosphination of Activated Alkenes

The research group of Glueck has described platinum(0)
complexes that catalyze the addition of primary and secon-
dary phosphines to activated olefins such as acrylonitrile and
tert-butylacrylate [Eq. (26)].””-*® Phosphines were shown to
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Z>CN 10 mol% [PYdppe)(CH,CHCN)]
. 2 F’th’\/\CN

HPPh, THF,50°C,1h 95%

(26)

oxidatively add to the Pt° precatalysts to give Pt" phosphido
hydrides, which released the hydrophosphinated organic
product and the starting Pt® complex on treatment with
acrylonitrile. Model Pt" phosphido complexes, which lacked a
hydride ligand, were shown to give the products of formal
insertion of acrylonitrile into the Pt—P bond [Eq. (27)].

_PHR, CN
Pt + >N — Pt)\/ PR, @7)
N
Me Me
R = mesityl

Originally, a mechanism analogous to Scheme 3 was pro-
posed, in which the initial P=H oxidative addition to Pt° is
followed by a regioselective alkene insertion into the Pt—P
bond, and subsequent C—H reductive elimination releases the
product to complete the catalytic cycle.

Along with the 1:1 hydrophosphination product, and
strongly depending on the solvent polarity, varying amounts
of oligomers, incorporating multiple alkene groups, are
formed. According to the above mechanism, oligomers
would be formed by the insertion of additional alkene
molecules prior to the reductive CH elimination. Recently,
the addition of tert-butylalcohol or water was found to
suppress the formation of oligomers.” This observation led
to the proposal of an alternative Michael-type mechanism, in
which the nucleophilic platinum—phosphido species adds to
the alkene to give a zwitterionic intermediate that may
release product by proton transfer from the platinum to the f3-
carbon atom (Scheme 11). In this mechanism, the alcohol
would function as an acid catalyst for the proton transfer/
reductive elimination step. Recent studies, which include the
trapping of the putative zwitterionic intermediate with
benzaldehyde, have provided further support for this mech-
anism."®! In this transformation, platinum does not function
to activate the alkene, as in the majority of the reactions
discussed in this review, but to activate the nucleophile by
oxidative addition. This is consistent with the use of an
electron-rich Pt° precatalyst.

R, ) R
/Pr\ conjugate 2 - proton Pt°
Pt\ + Z>cN Addition Pt*\/ CN transfer +
H
RZP\/\CN

Scheme 11. Michael-type mechanism for the formation of the P—C
bond.

3.6. Carbon Nucleophiles: Platinum-Catalyzed Hydroalkylation
of Alkenes

The research group of Widenhoefer has developed and
extensively studied the palladium-catalyzed intramolecular
addition of stabilized carbon nucleophiles, which include (-
diketones, B-ketoesters, and simple dialkyl ketones, to unac-
tivated alkenes.”*'1% While [PdCl,(MeCN),] was highly
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effective for 6-endo cyclization, attempts at 6-exo cyclization
gave oxidized olefinic products,'” presumably because f-
elimination followed by product displacement is more rapid
than the protonolysis of the Pd—C bond (see Section 2.3).
When palladium was replaced with platinum, the develop-
ment of an effective method for the hydroalkylation/cycliza-
tion of 4-pentenyl 3-dicarbonyl substrates was allowed, aided
by the addition of HCI and EuCl; (Scheme 12).> It was

5 mol% [PdCI,(CHCN),] Me & 0

2.5 equiv CuCl, Vo q ﬁ S Ve
Me

96%

‘ CICH,CH,CI, 25 °C, 3 h

1 mol% [{PtCl,(H,C=CH,)},]
‘ 2 mol% EuCly

dioxane, HCI, 90 °C, 22 h
85%
Scheme 12. Catalytic cyclization of a 4-pentenyl 3-dicarbonyl com-
pound: Pd promotes the oxidation step (top) while Pt promotes the
hydroalkyation reaction (bottom).

proposed that HCI aids the protonolysis of the Pt—C bond,
and EuCl; stabilizes the enol tautomer of the substrate, thus
facilitating nucleophilic attack on the Pt-coordinated olefin.
The beneficial effect of the use of a lanthanide-based Lewis
acid was noted previously by Yang et al. in related palladium
catalysis.!'”” Stereochemical labeling studies on the palladium
systems have indicated that carbopalladation occurs exclu-
sively by an mechanism, which involves the anti outer-sphere
attack of the nucleophile on a coordinated alkene (see
Scheme 4).

A similar complementarity between Pd and Pt catalysis
was observed for the intermolecular addition of -diketones
and B-ketoesters to ethylene and propylene.'"" Again, Pd
systems tended to give oxidized products by f-elimination,
and these products could be obtained exclusively in the
presence of CuCl,. Conversely, a Pt/HCI system gave hydro-
alkylation products exclusively (Scheme 13). Although M—C
bond protonolysis can clearly predominate over -elimination

10 mol% [PACI(CH;CN),] 6 0

3 equiv CuCl
equiv LUbL Me™ Nt

‘ 200 psi ethylene
dioxane, 90 °C, 24 h Me

o o 77%, EIZ=1:1.4

Me)J\/U\nC5HH

2.5 Mol% [{PtCly(H,C=CH,)},] o 9
| 20 mol% HCI Me)J\ij\nC H
50111
50 psi ethylene
dioxane, 90°C, 5 h 68%

Scheme 13. Addition of a 3-diketone to ethylene: Pd promotes the
oxidation step (top) while Pt promotes the hydroalkyation reaction
(bottom).
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in some palladium-catalyzed systems, it appears that plati-
num-alkyl intermediates are particularly reluctant to undergo
B-elimination, thus allowing the development of a broader
range of catalytic systems that terminate with M—C bond
protonolysis.

3.7. Carbon Nucleophiles: Platinum-Catalyzed Hydroarylation of
Alkenes

The metal-catalyzed hydroarylation of olefins is poten-
tially an extremely useful method to construct substituted
aromatics.'""” 1! Recently, Tilley and co-workers have dem-
onstrated that highly electrophilic platinum complexes cata-
lyze the hydroarylation of a range of unactivated olefins (2-
butene, propylene, cyclopentene, cyclohexene) with simple
arenes (benzene, toluene) [Eq. (28)].M"" Both the Markovni-

O e

87%, o/mip = 31:6:63

kov selectivity for addition to propylene and the ortho/para
selectivity observed for hydroarylation with toluene point to a
Friedel-Crafts type of mechanism, which involves electro-
philic activation of the olefin on coordination to platinum,
and outer-sphere nucleophilic attack by the arene.

Widenhoefer and co-workers have reported a method for
the platinum-catalyzed hydroarylation/cyclization of alkenyl-
indoles to give tetrahydrocarbazoles [Eq. (29)]. Products of

5 mol% [{PtCl,(H,C=CH,)},]
10 mol% AgBF,

(28)
2:1 0-Cl,CsH/toluene
80°C, 2 h

Me
Me N
N 2 mol% [{PtCl,(H,C=CH,)},]
Y 5 mol% HCI

(29)
dioxane, 60 °C, 18-24 h

7 Me’

92%

6-exo or 6-endo cyclization may be obtained, and labeling
studies with deuterium indicated that carboplatination of the
double bond occurs with anti selectivity, consistent with an
outer-sphere mechanism of indole attack on a Pt-coordinated
olefin followed by Pt—C bond protonolysis (see Scheme 5,
Section 2.1). Recently, an asymmetric version of this reaction
was reported; enantiomeric excess values of up to 90 % were
obtained."!! The intermolecular addition of indoles to
ethylene, propylene, 1-butene, and vinylarenes has also
recently been reported [Eq. (30)]."¥ Although a palladium-
catalyzed analogue of this reaction has not been demon-
strated, palladium-catalyzed oxidative cyclizations of alkeny-

Me

N
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50 psi ethylene N
JMe (30

99% Me

dioxane, 90 °C, 6 h
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lindoles terminated either by P-elimination® ! or by
methoxycarbonylation!'¥l have been reported. Interestingly,
stereochemical studies into a palladium system support a
mechanism that consists of an indole C—H bond activation,
syn insertion of the olefin, and p-hydride elimination,”! in
contrast to the mechanism of olefin activation in the platinum
system.

3.8. Carbon Nucleophiles: Platinum-Catalyzed Hydrovinylation
and Diene Cycloisomerization

In 1976, Panunzi and co-workers reported that the
dicationic complex [Pt(MeCN),](BF,), catalyzed the dimeri-
zation of several branched olefins, although few details were
given.'™ Vitagliano and co-workers recently reported that a
dicationic pincer complex of platinum catalyzed the selective
codimerization of ethylene with several internal olefins to
give products of hydrovinylation with cis-2-butene or
2-methyl-2-butene, or of carbovinylation with tetramethyl-
ethylene [Eq. (31)].01%

Me 0.3 mol% [(PNP)PH* Meo
=+ Me%R, A/kR, (31)
R CH,Cl,/MeNO, 10:1, RT Ve
- R=H, R =H;TON=5
PPh, |(BFa) R =H, R' = Me; 65%
— . R = Me, R' = Me; ~65%
\ /N—P|t—H = [(PNP)PL? ’
PPh,

By a simple change in ligand, cyclopropanes alternatively
may be formed by a platinum-catalyzed intermolecular olefin
dimerization [Eq. (32)].'"" In the proposed mechanisms for

2 mol% [(PPP)P{2*

Me Me (32)
Z  t Me~ Me
\)\Me MeNO, RT, 48 h Me
pPh, | (BFa): 60%
PhP-Pt—|| | = [(PPP)PL2*

{_PPh,

these transformations, both reactions are initiated by the
attack of an electron-rich tri- or tetrasubstituted olefin on a
Pt-coordinated ethylene molecule (Scheme 14). This gener-
ates a O-carbocationic platinum alkyl species, which rear-
ranges by a 1,2-hydride shift to give a y-carbocation. Here, the
paths diverge depending on the ligand on Pt. For the PNP
pincer ligand, a subsequent 1,2-hydride shift generates the
hydrovinylation product as a Pt-olefin complex (Route A),
which was observed by NMR. Displacement of product by
ethylene completes the catalytic cycle. When the PPP ligand
triphos is employed, the y-cationic Pt-alkyl intermediate is
trapped by the Pt—C bond to release the observed cyclo-
propane product (Route B). Experiments using deuterated
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D pMe D D Me
H
DX Me
2+
Pt Me
| D
D
/
D Me H \H\D
DD pMe Pt ) Me D
. +
Pt e DD Me
D Me l
DD Me
Route A W Route B
DD Me

Scheme 14. Mechanism of hydrovinylation and cyclopropanation in the
Pt-catalyzed alkene dimerization.

ethylene support both the proposed mechanistic schemes.
Notably, the mechanism for hydrovinylation contrasts sharply
with that for the related reactions catalyzed by more electron-
rich metal complexes."™*! It was proposed that the selectivity
may be related to the different trans influence of the central
donor atom on each ligand; the hydride shift to give an olefin
complex (Route A) may be preferred when the resulting Pt—
olefin complex is more stable, as would be the case for a
nitrogen donor atom with lower trans influence. Conversely, a
trans donor atom with higher trans influence (phosphorus)
might be expected to increase the basicity of the Pt—C bond,
which would favor the trapping of the y-cation by cyclo-
propanation (Route B).

Gagné and co-workers have recently reported the intra-
molecular activation of a terminal olefin toward attack by a
tethered trisubstituted olefin.""! In the presence of a dicat-
ionic platinum complex, 1,6-dienes were shown to undergo a
cycloisomerization reaction to give [4.1.0] bicyclic products
[Eq. (33)]. The proposed mechanism, supported by labeling
studies with deuterium, is shown in Scheme 15. Initial

10 mol% [(PPP)P{]**
| 1 mol% Ph,NMe

(33)

CH,Cl, RT, 16 h H OMe
83%, d.r. = 95:5
PPh, (SbFg)
|
PhP—Pt-O = [(PPP)Pt]*

{_pen)

coordination of the terminal alkene to the Pt center promotes
the nucleophilic attack of the trisubstituted alkene to give a 6-
carbocationic Pt-alkyl complex; a subsequent 1,2-hydride
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i, Me Pt Me
=) — N —
UQ Ar
Ar Ar
D D
Scheme 15. Proposed mechanism for diene cycloisomerization termi-
nated by cyclopropanation.

shift followed by trapping of the y-cation by the Pt—C bond
generates the cyclopropane product.

The formation of [3.1.0] bicyclic products was allowed on
adjusting the substitution at the olefin. Only products that
resulted from cation formation at the tertiary carbon atom
were observed, for example the conversion of 3-citronellene
into a-thujane in Equation (34).1%1 Experiments that

jo'e

65%, d.r. = 47:1
o-thujane

5 mol% [(PPP)P]**

MeNO, 40°C, 15 h

Xy (34)

employed benzyl alcohol as a cation-trapping nucleophile
supported the mechanistic proposal, as 0-benzyloxyalkyl—
platinum species were formed reversibly (Scheme 16). As
either initial 5-exo or 6-endo cyclization in principle can lead
to the [3.1.0] products, the precise mechanism of product
formation is as yet unclear. As was pointed out by Vitagliano
and co-workers,""®! the use of pincer ligands inhibits the f-
hydride elimination from Pt-alkyl intermediates that could
potentially lead to side products.

As modulation of pincer-type ligands poses a significant
synthetic challenge, efforts have recently been directed at the
possibility of combining easily available bidentate and

OBn
t+
observed
BnOH‘l
. N
- o= 1
s H
Pt /
T _— +
Pt* Pt*
‘ BnOH
,H"‘
H oBn
Pt*
observed

Scheme 16. Two possible pathways for cycloisomerization/cyclopropa-
nation of 1,6-dienes. The trapping experiments with benzyl alcohol

indicate that both 6-endo and 5-exo cyclizations occur reversibly, but it
is unclear whether one or both reaction pathways lead to the product.
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monodentate ligands to occupy three coordination sites on
the platinum center. These investigations have resulted in the
development of a highly enantioselective catalytic system that
is generated in situ and employs enantiopure (2,2'-bis(diphe-
nylphosphino)-1,1"-binaphthyl) (binap) and trimethylphos-
phine as ligands [Eq. (35)]."* Catalysts that employed only

s

55%, 92% ee

5 mol% [P,PPtl,]

12.5 mol% AgBF, )

MeNO RT, 1.5h

OO Arz [
P. ,PMe3
Pt

PT I
o

Ar = 3,5-xylyl

= [PzPPﬂz]

generated
in situ

[(binap)Ptl,] and AgBF, were also active catalysts for this
reaction; interestingly, the sense of enantioselectivity is
reversed when PMe; is removed from the system. Although
the blocking of three coordination sites on the Pt center is not
a requirement for the observed cycloisomerization chemistry,
catalysts that contained only a bidentate ligand were not as
selective or general as those generated by a combination of
bidentate and monodentate ligands. An achiral platinum
catalyst formed from (bis(diphenylphosphino)methane)
(dppm) and trimethylphosphine was found to be exception-
ally active for this transformation, and allows the cyclo-
isomerization of more difficult substrates that contain Lewis
basic functionality [Eq. (36)].*!]

(@]
10 mol% [P,PPH,] o
22 mol% AgBF,
. (36)
= MeNO, 40 °C, 45 h
64%
Ph, |
R PMes = [P,PPtly]
Pl generated
Ph, in situ

Additional supporting evidence for the intermediacy of
carbocations comes from the stoichiometric metal-mediated
cyclization of dienes with a tethered protic nucleophile
positioned appropriately to trap the cation [Eq. (37)].*
Dicationic Pt- or Pd-pincer complexes (not shown) promote
the bicyclization of dienylphenols to give cationic metal
alkyls. Catalytic turnover has not yet been observed, as the
tridentate ligand prevents (-hydride elimination and the
complexes are too weakly basic to release product by Pt—C
bond protonolysis. However, [PdCL,(PhCN),] promotes a
mechanistically analogous oxidative catalytic process, in
which the bicyclization step is followed by the B-hydride
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[(PPP)Pt%*

OH
ol Ph,NMe J
| o @37
P

CH,Cl, RT, 1 h
e

(BF4)2 Me

o)
= [(PPP)PH?* /O';;@
Pt* -

H

o
PhP-Ft-NCC4Fs
PPh,

elimination, and the palladium is reoxidized by benzoquinone
[Eq. (38)].2) The stereochemistry of the polycyclization

Me
Me 10 mol% [PdCI,(PhCN),]

| 4 equiv benzoquinone

MeCN, 80°C, 15 h H
80%

(38)

products provides evidence for an anti addition to the
alkene moieties, as opposed to a coordination and syn inser-
tion [see Eq. (4), Section 2.1]. Carbocationic intermediates
such as those shown above were postulated earlier in the Pd-
catalyzed Cope rearrangement of 1,5-dienes, developed by
Overman et al. [Eq. (39)]."%! The transfer of stereochemistry

Me 10 mol% Me Me

N
/@ [PACIL(PhCN),] jj
ph” 7 THF,RT,5h | pp ph X

Pd
was consistent with a chair conformation of the cyclic
carbocationic intermediate,'* and a study of substituent
effects supported the proposed intermediacy of a carbocat-
ion.l?!

Szuromi and Sharp have recently demonstrated that
several alkenes undergo stoichiometric dimerization in the
presence of [(cod)Pt(OTf),] to give Pt-alkyl or Pt—m-allyl
complexes, with the elimination of triflic acid (Scheme 17).">°!
It was proposed that the reactions proceed by either vinylic
C—H bond activation followed by olefin insertion (not
shown), or by outer-sphere attack of one olefin on a
complexed olefin followed by elimination of HOTf from a

(39)

96%, 97:3 E/Z

2 D [(cod)Pt(OTf),]

Pt"/‘

1,2-hydride
shift

[+

H
Pt

-HOTf
e
Pt*

Scheme 17. Stoichiometric dimerization of cyclopentadiene and elimi-
nation of HOTf to give a Pt-m-allyl complex.
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carbocationic intermediate. The generation of Pt-alkyl or
Pt-m-allyl complexes by olefin dimerization and acid elimi-
nation may provide a useful model for the future develop-
ment of catalytic transformations based on the activation of
olefins.

3.9. Platinum-Catalyzed Ring-Expansion Reactions Initiated by
Olefin Activation

In a recent development, Fiirstner and Aissa have
reported that methylenecyclopropanes are converted selec-
tively into cyclobutenes in the presence of PtCl, under an CO
atmosphere [Eq. (40)]."2”) Both aryl and alkyl substitution at

BnO N BnO Q
v S

90%
the alkene is tolerated. Although CO is not incorporated into
the product, the catalytic efficiency was improved signifi-
cantly in its presence and probably is due to the highly
electron-withdrawing nature of the CO ligand, which pre-
sumably renders the platinum center more electrophilic. The
pathway shown in Scheme 18 was proposed: the coordination

D D D D
+
R)\/W — R)S\v — )Q — R)@ .
Pt Pt~ Pt Pt
+ _
RQ Pt RQ
Pt D D

Scheme 18. Proposed mechanism for the ring-expansion of methylene-
cyclopropanes.

1 mol% PtCl,
1 atm CO

toluene, 80 °C

of the olefin to platinum activates the substrate toward ring
expansion to give a four-membered ring with Pt-carbene
character, and a 1,2-hydride shift generates the product.
Labeling studies with deuterium supported the proposed
mechanism. Electron-rich substrates underwent a further
reaction to give dimerized products, which resulted from the
attack of the cyclobutene product to a second Pt-complexed
product, followed by intramolecular attack of the arene on
the generated carbocation, and termination by proton trans-
fer [Eq. (41)]. A recent report demonstrates that a Pd(OAc),/
CuBr, system also catalyzes transformations analogous to

Pt/
MeO -

+ —- — 1)

MeO O OMe
OMe
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those in Equation (40), although a different mechanism was
proposed.'?

4. Acid-Catalyzed Additions to Alkenes

One aspect of the platinum-catalyzed electrophilic acti-
vation of olefins that becomes apparent in comparison with
the related palladium systems is that platinum often functions
as a Lewis acid or simple electrophile, whereas palladium
more often promotes elementary steps more traditional to
classic organometallic chemistry, such as oxidative addition/
reductive elimination and 1,2-migratory insertion/p-elimina-
tion. As a result, special care should be taken to rule out the
occurrence of Brgnsted acid catalysis with appropriate
control reactions. This pitfall is of course not unique to
platinum, however, as the combination of any strong Lewis
acid with a mild protic acid (including trace water) can in
principle result in the generation of strong protic acid [for
example, Eq. (42)].

HO MO
MCI + AgOTf + —= AgCl + \© + HOTf  (42)

Several recent studies have highlighted the capability of
H* to catalyze transformations related to some of the addition
reactions described in this review, under quite mild condi-
tions. Schlummer and Hartwig showed that the intramolec-
ular hydroamination of styrenes and unactivated olefins,
including terminal olefins, can proceed in the presence of
20 mol % trifluoromethanesulfonic acid or sulfuric acid
[Eq. (43)]." Intermolecular variants have been shown to

20 mol% TfOH
o~ NHTs — (43)
toluene, 100°C, 2 h 1'\—'3

95%

proceed with only 1 mol % TfOH [Eq. (44)].'*) Hartwig and
co-workers suggested control experiments, suitable for inter-

NHTs

TsNH, 1 mol% TOH

* (44)
R

0y -
SN X toluene, 90 °C, 16-24 h

NHTs
2-octyl / 3-octyl = 2:1

or intramolecular reactions, to distinguish acid catalysis from
metal catalysis, that are based on the competitive hydro-
amination or hydroalkoxylation of different olefin moieties
with the same nucleophile.

The intermolecular addition of oxygen and nitrogen
nucleophiles to alkenes catalyzed by TfOH was recently
demonstrated by He and co-workers [Eq. (45)].1* Suitable
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/©/OH
2 mol% TfOH O
O,N + m \©\ (45)
toluene, RT, MeO NO,

/@/\/ overnight
MeO

nucleophiles include phenols, carboxylic acids, and tosyl-
amides, and a variety of substitution patterns on the olefin are
tolerated. It was noted that complete decomposition can
occur if reaction conditions are too harsh (for example, 85°C
instead of room temperature or higher acid loading).
Bergman and co-workers have demonstrated that nor-
bornene, styrenes, and cyclic 1,2-disubstituted olefins are
reactive toward hydroamination and hydroarylation in the
presence of a rather weak anilinium acid [Eq. (46)].1°"

NH, ¢ >—< )
@ 5 mol% PhNH;B(C4Fs)s-ELO

NH,

+ +

PhCl, 135 °C, 7 days
PhHNO

1:3, 45%

(46)

These results highlight the importance of verifying
whether catalytic transformations based on alkene activation
are in fact catalyzed by metals or by acid generated under the
reaction conditions employed.

5. Summary and Outlook

Platinum is exceptional among Lewis acids in its ability to
promote the catalytic outer-sphere addition of nucleophiles to
alkenes. As a result of the strong metal-ligand bonds and slow
ligand substitution reactions generally observed for platinum,
multiturnover cases are predominantly those where the
products of anti attack may be removed from the metal
center without extensive metal-ligand substitution chemistry.
Examples described in this review include catalytic turnover
by M—C bond protonolysis, cation rearrangements, and
cyclopropanation chemistry. When metal-ligand exchange is
needed, reactivities are often poor in comparison with
palladium catalysis. For example, platinum catalysts for the
Heck reaction are rather inefficient, despite a fast oxidative
addition step.™! Also, the slow ligand substitution following
B-hydride elimination probably inhibits the development of
highly efficient platinum-based catalysts for oxidative tran-
formations, including the Wacker reaction.

On the other hand, the slow rates of metal-based reactions
can be advantageous in some situations. For example,
problematic competitive alkene isomerizations can be more
easily suppressed. Palladium analogues of the platinum
catalysts discussed in Section 3.8 more efficiently catalyze
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olefin isomerization than cyclopropanation. Similarly, as rates
of B-hydride elimination are generally reduced, the develop-
ment of catalytic pathways with a variety of other turnover
mechanisms (for example, cyclopropanation) is potentially
more feasible. The result is that palladium and platinum
catalysts are often complementary in the transformations they
facilitate.

So in many ways, platinum(IT) functions more as a Lewis
acid than palladium(II), but it is a Lewis acid with special
properties. Clearly, the ability to vary the ancillary ligands
provides opportunities for electronic and steric control of
selectivity, including enantioselectivity. While many electro-
philes, including HY, AI'", and Sn", preferentially activate
more highly substituted alkenes as a result of the stability of
the resulting carbocations, transition metals tend to bind and
activate less substituted alkenes because of their reduced
steric bulk, thus offering an inherent selectivity that is
complementary to main-group Lewis acid catalysis. Finally,
the kinetic stability of the Pt—C bond to $-hydride elimination
opens a myriad of possibilities for its alternative functional-
ization that have only begun to be exploited.
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