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Enhancing the catalytic properties of well-defined
electrophilic platinum complexes

Pablo Rios, 2 Amor Rodriguez (2 * and Salvador Conejero (2 *

Platinum complexes have been often considered as the least reactive of the group 10 triad metals. Slow
kinetics are behind this lack of reactivity but, still, some industrially relevant catalytic process are
dominated by platinum compounds and sometimes different selectivities can be found in comparison to
Ni or Pd. Nevertheless, during the last years, it has been reported that the catalytic behaviour of well-
defined platinum derivatives can be improved through a judicious choice of their electronic and steric
properties, leading to highly electrophilic or low-electron count platinum systems. In this feature article,

we highlight some catalytic processes in which well-defined electrophilic platinum complexes or

rsc.li/chemcomm

Introduction

Reports on homogeneous catalysis mediated by group 10 metals
are widespread in the literature. Indeed, this triad is able to
carry out a great number of chemical transformations, yet the
catalytic properties of these elements dramatically vary from
each other. In fact, there exists the notion that Pt is much less
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coordinatively unsaturated systems play an important role in their catalytic activity.

reactive than its lighter counterparts, and this is supported by
different physicochemical data such as stronger Pt-ligand bond
dissociation energies' or higher kinetic barriers for oxidative
addition and reductive elimination phenomena,” apart from its
low tendency to undergo one electron redox events.® For these
reasons, Pt is often employed as a mechanistic model so as to
understand the successive elementary steps of a catalytic cycle
by analysing the outcome of its corresponding stoichiometric
reactions, for example.* However, the role of Pt in catalysis is of
paramount importance, given that it is the metal of choice in
industrially relevant processes such as olefin hydrosilation® and
because of its ability to activate inert bonds such as those in
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Scheme 1

methane (Shilov’s® and Periana’s’ systems are representative
cases of this type of transformation).

Pt-Catalysed olefin hydrosilation usually takes place via
either Chalk-Harrod or modified Chalk-Harrod mechanisms,
which include oxidative addition and reductive elimination steps, as
it also happens in CH bond functionalisation reactions (Scheme 1).
Nonetheless, the Lewis acidity of Pt(u) and its soft character open
the door to different types of reactivity involving electrophilic
activation of olefins or alkynes for example (Scheme 1), in
comparison to other group 10 metals. As a matter of fact, cationic
or low-electron count Pt derivatives are especially relevant in this
type of reactions since coordination of the olefin to the metal
fragment renders the multiple bond electrophilic, making it
susceptible to nucleophilic attack. This is partially due to the
decreased (although not negligible) degree of backbonding from
the Pt center to the m* orbital of the olefin.® Indeed, the increase
in the positive charge on the metal complex seems to be a key
factor in alkene activation. This has been shown experimentally®
and theoretically."® For instance, cationic monoolefinic com-
plexes of Pt tend to give addition reactions with oxoanions such
as hydroxide, alkoxide or carboxylate groups,"' whereas neutral Pt
derivatives tend to undergo substitution reactions."> However, DFT
studies have revealed that olefin fragments bound to cationic
metal complexes in n” coordination modes still remain inactive
towards attack by nucleophiles; instead, a slippage movement of
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the alkene to m' coordination is required for the electrophilic
activation to occur.'® This phenomenon would be a plausible
explanation to the usual Markovnikov regioselectivity observed in
monosubstituted aliphatic and aromatic olefins (see below), and it
also highlights the importance of the coordination mode of certain
ligands and how their resulting geometry affects their reactivity.
Therefore, platinum complexes can be regarded as versatile
catalysts which can lead to catalytic processes involving oxida-
tive addition/reductive elimination events or as Lewis acids
involving electrophilic activation reactions with no changes in
its oxidation state. It is the aim of this feature article to show
how it is possible to modulate the catalytic performance of well-
defined platinum systems to enhance its chemical reactivity
leading to more efficient processes using either mono- or
di-cationic, or low-coordinate platinum complexes, or systems
that can behave in a similar way. Thus, either ligand design or
structure design of the metal complexes is a key feature in the
reactivity they exhibit. This is not an exhaustive review-type
article but an account through some selected and important
reaction processes involving this type of platinum complexes.®

Hydroarylation of C—C multiple bonds

Platinum complexes have played a major role in the study of
C-H bond activation and functionalisation reactions of hydro-
carbons. The discovery first by Garnett and Hodges,"* followed
by Shilov and co-workers® that platinum salts can cleave
carbon-hydrogen bonds of hydrocarbons provided the basis
to new opportunities in which the design of new architectures
based on platinum complexes led to key discoveries and under-
standing of the critical steps involved in the activation of C-H
bonds of hydrocarbons. The readers can find excellent reviews
in the literature covering most of the important findings in the
field, some of which are quite recent.’® It is not the scope of this
feature article to duplicate such information but to focus on
well-defined platinum complexes which are electrophilic or
low-coordinate, or that can lead to transient species of this
nature. In this sense, one particular process that has benefited
for these type of species is the formal addition of a C-H bond of
an aromatic compound into a multiple bond, a process known
as hydroarylation. Early studies by Fujiwara et al.'® showed that
platinum salts in combination with silver salts are amenable
systems for the hydroarylation of alkynes through electrophilic
metalation of C-H bonds of aromatic compounds. Thereafter,
some efforts were geared at developing platinum systems that
could provide access to low-coordinate, 14-electron Pt(u) species
since they have been proposed as key intermediates in the
activation of C-H bonds of hydrocarbons,'>'” an important
fundamental elementary step in hydroarylation reactions. Indirect
evidence for the participation of these species in these processes
has been provided in several examples,"> but our group reported
the first evidence in which an isolable Pt(u) 14-electron com-
pound can intermolecularly activate C-H bonds of aromatic
compounds."® From a catalytic perspective in the arena of hydro-
arylation reactions, one of the first examples was developed by

This journal is © The Royal Society of Chemistry 2020
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Scheme 2 Hydroarylation of norbornene catalysed by complex 1.
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Tilley, Bell and co-workers." Complex 1 in Scheme 2, together with
a silver salt to generate a vacant site, proved to be active in the
hydroarylation of norbornene with benzene, although with com-
parable activity than other platinum complexes such as Zeise’s
dimer activated by silver salts (ca. 90% yield in 2 h). In search for
new catalysts, Gunnoe et al. found that the cationic bipyridine Pt(u)
complex 2 having labile ligands such as THF, CsFsN or MeCN that
can de-coordinate from the metal, hydroarylates benzene and
other benzene-substituted organic compounds.?® The reaction of
benzene and ethylene catalysed by complex 2 leads to ethyl-
benzene accompanied by 20-25% of diethylbenzenes (Scheme 3).
The ratio of the ortho-, meta- and para-diethylbenzene (1:15.3:13.6,
respectively) formed in the reaction is in accordance with a catalytic
system working via a platinum-mediated C-H bond activation
process instead of the typical Friedel-Crafts reaction pathway
usually observed in hydroarylation reactions. The same conclusion
can be drawn from the fact that the reaction of propylene with
benzene produces certain amounts of the linear n-propylbenzene
derivative, and has been supported by kinetic experiments and DFT
calculations.”*® Optimization of the reaction conditions lead to
a system operating at 120 °C (0.025 mol% of 2) yielding 89% of
alkyl-arene products.>** The fact that the catalyst is not working
under Friedel-Crafts conditions but by insertion of olefins into
Pt-aryl bonds is very attractive, since selectivities can be completely
different and could be controlled through modifications of the
ligands around the metal centre.

Comparison of these cationic catalysts with related neutral
systems (see below) suggest that the production of diethyl-
benzenes might be inhibited by decreasing the electrophilic
character at the platinum centre, since mechanistic studies
point out that dissociation from the coordination sphere of the
ethylbenzene formed initially (that can undergo a CH bond
activation leading to the diethylbenzenes) is substantially more
difficult in cationic systems. To understand the effect of the
electronic properties of the platinum atom in the selectivity and
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Scheme 3 Hydroarylation of ethylene catalysed by complex 2 (turnovers
are given in parenthesis for each compound after 16 h of reaction).
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Scheme 4 Hydroarylation of ethylene catalysed by complexes 2. Table
shows product distribution (turnovers) after 4 h of reaction.

rate of the reactions, bipyridines with substituents at the
4,4'-positions with different electronic properties have been
evaluated (Scheme 4).>' Nevertheless, it has been observed that
the influence of the ligand has a more important impact on the
competitive formation of styrene rather than on the distribution
of ethylbenzene and diethylbenzenes. In general, less-donating
groups tend to increase the amounts of styrene formed during
the catalytic reaction, working at higher rates than Pt complexes
bearing more electron-rich bipyridines (in the series were X = H,
‘Bu and OMe). However, the systems with electron-withdrawing
groups (Br, CO,Et, NO,) are more prone to decomposition, some-
thing that has been linked to more rapid B-hydride elimination
processes with electron-poor bipyridines leading to more unstable
platinum-hydride intermediates (as shown in Scheme 5).

On the other hand, the hydroarylation of benzene with propene
by complexes 2 lead to mixtures of the branched (cumene) or
linear (n-propylbenzene) products (3 :1 ratio respectively). Bipy
ligands with electron-poor substituents at the 4,4’ position
originate mixtures in which the cumene/n-propylbenzene is
higher (branched to linear product ratios ranging from 3.8 to
4.6).>> The stability of the platinum catalyst is an important
issue in order to develop more efficient catalytic systems.
A further step to improve the longevity of the catalyst was
made by changing the bipy-type ligands by dipyridyls, such as
2,2-dipyridylmethane (dpm) (Scheme 6).>> Bipy and dpm have
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Scheme 5 Proposed catalytic cycle for hydroarylation process and com-
petitive B-hydride elimination reaction leading to styrene.
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Scheme 6 Hydroarylation of ethylene catalysed by complexes 3.

rather close electronic properties, but different steric properties.
It has been shown that complexes of type 3 bearing a dpm
ligand (E = CH,, R = H in Scheme 6) are about 5.6 times more
active than “Bubipy systems of type 2 under the same reaction
conditions (Scheme 3). In addition, whereas type 2 complexes
deactivate after a period of 24 h, complexes 3 remain active for
more than 4 days (leading to turnover numbers up to 469).
According to mechanistic studies and DFT calculations, entropic
factors arising from an increase on the ring size from 5 to
6-membered rings (going from ‘Bubipy ligand to dpm) are
responsible for these beneficial effects. However, the efficacy
of the dpm-based platinum complex is lower (TO 11.8 in 4 h)
than that of the “Bubipy (TO 33.5 in 4 h) in the hydroarylation of
propene and benzene, presumably due to steric effects.”> With
respect to the selectivity of the processes, although styrene is a
minor component, diethylbenzenes account for about 20% of
the final products. Attempts to modify the dipyridyl ligand by
means of different E or R groups (E = CH,CH,, C—0, NH, O;
R = Me) did not lead to improvement of the catalyst activity, due in
part to catalyst deactivation, although some benefits in selectivity
were observed when Me groups are at the 6,6’ position of the
pyridyl units (R = Me).>*

Having in mind that platinum complexes bearing bipyridine
ligands with electron-withdrawing groups at the 4,4’ position
increase the amount of styrene in the reaction of benzene with
ethylene catalysed by complexes 2, the next step was to evaluate
the effect of incorporating in the structure of the catalyst more
electron rich ligands such as phosphines or N-heterocyclic
carbenes such as those in Fig. 1.2> Contrary to initial expectations,
the reaction with the platinum complexes bearing di-phosphines
gave rise to styrene as a major product with very low efficiency
(less than 2 turnovers after 4 h at 100 °C), whereas systems
incorporating mixed phosphine-pyridine units or bis-NHCs
(4-6 in Fig. 1) were completely ineffective.

Besides the use of cationic platinum complexes for the
hydroarylation of alkenes, the groups of Goldberg and Tilley,
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Fig. 1 Phosphine and NHC-based Pt complexes.
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Scheme 7 Hydroarylation of norbornene catalysed by complexes 7 and 8.

independently, have explored platinum derivatives with mono-
anionic ligands as a source of transient (and competent),
neutral 14-electron platinum(u) intermediates. In 2006 Tilley
et al. hypothesised that complexes 7 (Scheme 7) could provide
an entry to 14-electron Pt(u) species through a change in the
coordination mode of the allyl ligand from n* to n’. Alternatively,
analogous low-coordinated derivatives could be targeted by methyl
abstraction or protonation of complexes of type 8.%° It turned out
that these kind of platinum complexes are active in hydroarylation
of benzene, although with important limitations since, besides
relatively moderate conversions (38%), the process works only with
norbornene. A few years later, Tilley and co-workers synthesised a
series of platinum complexes with 2,2-pyridyl-indolate ligands
(9 in Scheme 8) with different electronic and steric properties
and evaluated them as catalysts in the hydroarylation of alkenes.””
As expected from previous results from Goldberg’s group using
related platinum catalysts (see below), the reaction proceeds
with the nearly exclusive formation of ethylbenzene (turnovers
ranging from 7.4 to 25.2), with only traces of over-alkylated
products such as diethylbenzenes being detected (less than
1 turnover in all cases) (Scheme 8). However, it was not easy to
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Scheme 8 Hydroarylation of olefins catalysed by complexes 9 and 10.
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rationalise the effect of the substituents on the ligand on the
activity of the catalysts. One important remark from these
systems is that their efficiency is controlled by catalyst decom-
position through, mainly, B-hydride elimination processes
(Scheme 5) leading to unstable platinum-hydride species that
can undergo elimination of the ligand from the coordination
sphere giving rise to platinum black (generally after 24 h). Thus, once
again, as in some of the systems reported by Gunnoe, an important
issue to take into account in the catalytic hydroarylation of alkenes is
formation of unstable platinum-hydride complexes.

A few years before, Goldberg et al. observed that during the
thermolysis of the 16-electron Pt(iv) complex [PtMes(dmpp)]
(dmpp = 3,5-dimethyl-2-(2-pyridyl)pyrrolide) in Ce¢De¢ in the
presence of ethylene certain amounts of ethylbenzene were
detected consistent with catalytic activity in hydroarylation of
ethylene.?® Since it was known that thermolysis of related Pt(iv)
complexes undergo reductive elimination processes of ethane
to generate transient Pt(u) 14-electron species of the type
[PtMeL,], complexes of the type 10 (Scheme 8) were targeted
as potential catalysts for the hydroarylation of propene and
other substituted olefins.> It was found that all of them yield
mixtures of both Markovnikov and anti-Markovnikov additions
with little formation of styrene products derived from p-hydride
elimination processes, with the exception of the pyridine
methyl-substituted system (R’ = Me; R = Me in complexes 10)
for which this process is prevalent. The catalyst with substituents
at the pyrrolide (R = Me in complexes 10) gave higher amounts of
the branched products (Markonikov/anti-Markovnikov ratios up
to 85:15 with TONs up to 17.9). However, the complexes without
Me groups at the pyrrolide fragment (R = H and R’ = H in
complexes 10) are less efficient (TONs up to 10.7), but a
significant increase of the linear products is observed (leading
to nearly 1:1 ratios of the products). The decrease in activity for
this latter system has been justified by the less basic nature of
the unsubstituted pyrrolide ligand, which translates into a lower
propensity of the platinum centre to activate C-H bonds
through an oxidative addition mechanism. Higher selectivities
toward anti-Markovnikov products were observed when bulkier
alkenes such as neohexene were used (up to 94: 6 selectivities).

The hydroarylation of alkynes is also a challenging reaction,
in which the control of the selectivity is an important issue as it
is the finding of efficient catalytic systems.*® Some examples on
the catalytic activity of platinum salts in this relevant process
have been reported,'® but it has been shown that some well-
defined platinum complexes are indeed very active. Hahn et al.
reported that dicationic Pt(u) complexes activate alkynes once
bound to the metal centre, to the point that they can undergo
nucleophilic addition of electron-rich arenes under very mild
reaction conditions through a Friedel-Crafts type process (as in
Scheme 1).*" Under acidic conditions it is possible to cleave the
generated [Pt]-C bond releasing the hydroarylated product and
regenerating the catalyst (Scheme 9). This last step is rate-
limiting since it is known that protonolysis of dicationic [Pt]-C
bonds is a rather difficult process.’”

Biffis et al. explored the use of platinum bis-NHC complexes
12 (Fig. 2) in hydroarylation of activated alkynes and in the

This journal is © The Royal Society of Chemistry 2020
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Scheme 9 Hydroarylation of acetylene catalysed by complex 11.
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Fig. 2 Platinum bis-NHC complexes.

related insertion of alkynes into CH bonds of heterocyclic
compounds. The use of NHC ligands would benefit from the
excellent stability of their complexes, even under acidic reaction
conditions. These complexes were, however, less efficient than
their palladium counterparts (using catalyst loadings of 1%)
both in terms of activity (conversions of 40-58%, vs. 99% for Pd
derivatives) and selectivity (selectivities for Z isomers up to 68 vs.
79 for Pd catalysts).*®

Alternative ways to increase the electrophilic character of the
metal and therefore to improve catalytic efficiency has been
focused on ligand modifications. In this regard, Gabbai and
co-workers developed antimony-substituted bipyridine ligands
and studied the effect of the oxidation state on the Sb in their
reactivity (Scheme 10),>* most particularly if long-range effects,
without the Sb atom directly interacting with the metal centre,*’
would have an impact in the electronic properties of platinum.
Cyclic voltammetry, together with UV-vis and DFT studies
indicated a decrease on electron density in system 14 lowering
its LUMO. In fact, whereas complex 13 shows similar catalytic
behaviour than the unsubstituted bipy complex [PtCl,(bipy)]
in the hydroarylation of an activated alkyne with mesitylene
(leading to yields of 55-65% and selectivities of 1: 1 of mono- and

Et0,C—— Z~ “CO,Et
(5 mol%)
.
TFA
60 °C / 4h
EtO,C
Ph Ph
/ \ _Cl
ph—Sb Ph—Sb
/
- c =
N N
[Pt] = N_ Cl N_ CI
N\ / AN
Pt Pt
7 N\ 7/
=N ¢l =N ¢l
\ \
13 14

Scheme 10 Hydroarylation of electron-poor alkynes catalysed by complexes
13 and 14.
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Intramolecular hydroarylation of alkynes catalysed by complexes

di-substituted alkene) (Scheme 10), an enhanced catalytic activity
is observed when complex 14 was used under identical reaction
conditions (yields of 83% with selectivities of 2.9:1 of mono and
di-substituted alkene, respectively).

The intramolecular version of alkyne hydroarylation has
been studied by Alcarazo and co-workers for the synthesis of
polycyclic homo- and hetero-arenes. To increment the Lewis
acidity of the platinum centre the group of Alcarazo devised the
use of cationic phosphines, that according to computational
studies behave as poor c-electron donors and good m-acceptors.*®
As expected, their complexes have a LUMO lower in energy than
that in their corresponding species bearing neutral phosphine
ligands such as PPh;. Complex 15 (activated with a silver salt),
bearing a tricationic phosphine ligand, boosts the catalytic hydro-
arylation of ortho-biaryls substituted alkynes with full conversion
in less than 20 min (Scheme 11) in comparison to other typical
n-acceptor phosphines such as PF; (600 min with <50% con-
version) leading selectively to the corresponding 6-endo-dig
polycyclic derivatives. A further improvement of the catalytic
efficiency came with the use of complex 16, in which the phos-
phine ligand is now monocationic. This catalytic system is even
faster than that based on complex 15, completing the reaction in
ca. 2 min under identical reaction conditions, in spite of having a
net neutral charge. This apparent discrepancy, in which a less
electrophilic system gives better results, seems to have two possible
origins: on one side the R substituents on the phosphine in
complex 16 are 1,3-bis(trifluoromethyl)phenyl groups, that are
effective electron-withdrawing groups, and on the other hand
solubility issues might be also important, since dicationic pre-
catalyst 15 has a rather low solubility in organic solvents.

Olefin dimerisation

In some occasions, the binding of the olefin to a platinum centre
induces a significant activation of the double bond conferring a
carbocation-like reactivity of the carbon atoms (Scheme 1). Earlier
reports by Vitagliano et al. showed that dicationic Pt(u) precursors
have an important impact on the activation of the olefin by several
orders of magnitude in comparison with monocationic or neutral
complexes.”” Thus, the olefin is susceptible for nucleophilic
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Scheme 12 Olefin dimerization and cyclopropanation catalysed by
complexes 17-19.

addition of electron rich olefins leading to a co-dimerization
process of ethylene/olefins as shown in Scheme 12 (95% con-
version of the starting material). Importantly, a modification of
the ligand in the coordination sphere at platinum can alter the
outcome of the reaction promoting a cyclopropanation reaction.
Both the hydrovinylation and the cyclopropanation seem to occur
through a common carbocation intermediate (Scheme 12). The
selectivity of the process is linked to the ¢rans influence of the
central fragment of the pincer ligand, with systems bearing low
trans influence moieties, such as pyridine (18), directing the
reaction towards a hydrovinylation (95:0 ratio hydrovinylated :
cyclopropanated products) and the high trans influence ligands,
such as phosphines (17), to cyclopropanation (0: 100 ratio hydro-
vinylated : cyclopropanated products with 11% conversion).
A similar behaviour was observed with catalyst 19, for which an
excellent selectivity (>99%, 68% conversion) towards hydroviny-
lation is observed, although under harsher reaction conditions
(Scheme 12).%

It’s worth noting that ethylene itself is not involved in a
dimerisation process. The catalytic system only works in the
presence of a more nucleophilic alkene. However, Brookhart,
Templeton and co-workers observed that the monocationic
platinum catalyst 20 (Scheme 13) is involved in the dimerisation
of ethylene into butenes.*® Moreover, the mechanism of the

solvent/ A

—>[Pt] /\/ + é/
\

Xyl [BArF]
/
O =N+ H
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\N/ y
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20 Y

Scheme 13 Olefin dimerization and cyclopropanation catalysed by
complexes 20-22.
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reaction involves classical hydride/ethylene and alkyl/ethylene
insertion reactions rather than nucleophilic addition into a
coordinated olefin as observed by Vitagliano, something likely
due to the monocationic nature of complex 20. In search for
transient Pt(n) 14-electron species with enhanced electrophili-
city Roddick et al. reported the synthesis of platinum complexes
bearing fluorinated bis-phosphine ligands (21 and 22) expecting
an increased reactivity by means of the good n-acceptor proper-
ties of these phosphines. In fact, complex 22 is some orders of
magnitude better than complex 20 (achieving TOF numbers up
to 150 h™" at 22 °C vs. 0.1 h™* by 20 at 100 °C). On the contrary,
the pincer-based platinum complex 21 showed an intermediate
activity (TOF 7 h™" at 20 °C).*

Cycloisomerisation of dienes and
enynes

Cycloisomerisation reactions of multiple bonds catalysed by
platinum systems are, arguably, one of the most important
processes in which this metal is involved. The cycloisomerisa-
tion allows for the synthesis of complex molecules with a large
structural diversity under complete atom economy and mild
reaction conditions.*’ Platinum compounds have shown a
marked propensity to activate multiple bonds facilitating
further reactivity patterns that depends strongly on the nature
of the reaction conditions, substrate used, ligands surrounding
the metal centre, etc. The n-acidity of platinum triggers the
reaction by transferring the electrophilicity of the metal to the
multiple bond. Seminal works by Murai,** followed by intense
research developed by Fiirstner on the use of platinum salts*®
initiated a vibrant research in the field that was complemented
by the development of gold catalysis.*'®® Although Iinitial
reports were based on the use of platinum salts, it was soon
recognised that the electronic properties of the platinum centre
can be modified through a judicious choice of ligands to
increment its chemical reactivity and direct the catalytic pro-
cesses to more selective ones.

Cyclisations of dienes

Pioneering work by Gagné, inspired by the work of Vitagliano
on the dimerization of olefins,>”? involved the use of well-
defined dicationic platinum complexes stabilised by tridentate
phosphine based ligands (bis(diphenylphosphinoethyl)phenyl-
phosphine, triphos) (Scheme 14).** This ligand architecture
was selected, on the one hand, to stabilise the dicationic
platinum centre and on the other hand, to prevent (or reduce)
possible B-hydride elimination processes. To their surprise,
complex 23 catalysed the isomerisation of the diene shown in
Scheme 14 into a bicyclic structure containing a cyclopropane
unit with diastereomeric ratios of 95:5. The reaction takes
place at faster reaction rates when the counteranion is SbF
whereas the more coordinating BF, leads to a catalyst operating
at slower rates, suggesting the necessity of generating a vacant
site at the platinum centre. Interestingly, changing the nature of
the pincer ligand, incorporating pyridine unit in the structure,
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Scheme 14 Isomerisation of dienes catalysed by complexes 23 and 18.

results in catalyst 18 with a completely different outcome of the
reaction (Scheme 14), in line with the results observed by
Vitagliano in the previous section.®”* The chiral version of
this catalytic reaction is challenging as a consequence of the
difficulties in synthesising chiral tridentate phosphine ligands.
To circumvent this problem, the same group explored other type
of platinum complexes based on mixtures of diphosphine/
monophosphine ligands (Scheme 15).*° In spite of the possibility
of having side reactions arising from f-hydride elimination
processes from some intermediates (due to easiness of ligand
dissociation of the monophosphine ligand in comparison to
tridentate ligands), no such a process is observed. In fact, this
had led to a catalyst that is 20 times faster than the tridentate
analogue in the same reaction, operating at lower temperatures
(rt instead of 40 °C).*® One of the reasons for having a more
reactive system seems to be due to the use of a bis(diphenyl)-
phosphinomethane (dppm) ligand, in which the smaller bite
angle opens more room facilitating the rate-limiting step of the
process. Diphosphine ligands with bigger bite angles led to
inferior catalytic activities. Varying the dppm ligand by chiral
diphosphine versions (Scheme 15) resulted in the catalytic
conversion of the dienes into bicyclopropane products with
enantioselectivities up to 96%. Somehow surprisingly, it has
been observed that the synthesis of bicyclopropanes can be
carried out with platinum complexes bearing formally one
diphosphine ligand ([(R-BINAP)Pt|[BF,],) raising the question

2
R' R Pt] R?
(5mol%) R!
—
| MeNO,, rt
o
PPh,  [BF,] (
‘+2 o
[Pt] = thP—P‘t—OzNCH3 PXyl, PPh,
PMe;, PXyl, o) PPh,
o}
(R)-xyl-BINAP (R)-SEGPHOS

Scheme 15 Cycloisomerisation of dienes catalysed by complex 24 and
chiral phosphines leading to best enantiomeric excess.
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Scheme 16 Polycyclic synthesis catalysed by complex 25.

about the role of the third phosphine ligand in precluding B-
hydride elimination competing processes.

In other occasions, the B-hydride elimination pathway is
desirable for the construction of polycyclic structures through
polyene cascade reactions catalysed by electrophilic platinum
complexes. To this end, Gagné and co-workers devised the
possibility of using the dicationic platinum system [Pt(dppe)][BF,]
(dppe = 1,2-bis(diphenylphosphino)ethane) in combination with a
hydride abstractor [Ph;C][BF,] to initiate a cascade reaction leading
to polycyclic structures in yields between 45 to 90% (Scheme 16).*

A key point in the catalytic process, besides using a very
electrophilic platinum dication, is the use of a hydride abstrac-
tor (in the form of Ph;C*, generated in situ from Ph;COMe)*® to
regenerate the active catalytic species from the monocationic
platinum-hydride intermediate, [Pt(H)(dppe)][BF,], generated
after B-hydride elimination from the carbocyclic alkyl inter-
mediate formed in the cyclisation event (Scheme 17). It is worth
mentioning that the monocationic platinum hydride species
[Pt(H)(dppe)][BF.] is not able to catalyse the reaction itself,
demonstrating the need of a more electrophilic dicationic species
with two formally vacant sites to promote the whole catalytic cycle.

Intermediate A in Scheme 17 has been observed by NMR
spectroscopy during the catalytic cycle in both the symmetric
and the enantioselective version of the process.*> As mentioned
above, the catalytic system comprises a platinum derivative with a
diphosphine ligand in order to favour the B-hydride elimination
process. If, on the contrary, a tridentate ligand such as triphos
is used, the catalytic reaction is blocked since the carbocyclic
alkyl platinum species A (Scheme 17) is not able to undergo the
B-hydride elimination reaction. Nonetheless, Gagné et al. demon-
strated that it is possible to cleave the Pt-C bond by means of
oxidations processes, using oxidants (O, combined with Cu(xu)
salts) that are compatible with the regenerated Pt catalyst

OH

X
2 / PhsCOM

PhsCH [Pt] sCOMe

Ph,C*

Ph3C* + MeOH
[Pt]—H H
Pt
o [ ]

Scheme 17 Proposed mechanism for the cyclisation of dien-ols.
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Scheme 18 Tandem cyclisation/C-O bond formation mediated by
complex 26.

(Scheme 18), although high catalytic loadings are required to
achieve moderate to good yields (46-64%) of the mixture
products (alcohol:ketone).>

Other oxidants, such as XeF,, seem to be compatible with
the catalytic process to create C-F bonds.”" Although initial
reports were carried out under stoichiometric conditions using
the platinum dication [Pt(triphos)][BF,], as a platform,”” the
reaction can be carried out under catalytic conditions with
diphosphine-stabilised platinum dications yielding fluorinated
polycycles (Scheme 19) in good yields (49-80%).°® Remarkably,
the generated Pt-alkyl intermediates (of type A in Scheme 17)
are intercepted before suffering a B-hydride elimination process,
undergoing a faster oxidation by XeF, but, still, by-products arising
from this competitive reaction pathway are formed as minor
components (between 0% and 24%). It has been reasoned that
the C-F coupling event takes place very fast as a result of steric
crowding between the supporting ligands around the metal
centre and the “F” and ‘““alkyl” fragments in the putative Pt(iv)
intermediates.”'® Notably, the fluorinated reagent reacts only
with the Pt-alkyl intermediates and not with the dicationic platinum
catalyst, making possible the regeneration of the catalyst.

In some of these oxidations processes, the authors invoked
the participation of Pt(m)-alkyl intermediates to explain the 1:1
ketone/alcohol ratio. Such species are likely formed through a
one-electron oxidation of the cationic Pt(u)-alkyl by the Cu(u)
salts. Paramagnetic Pt(m)-alkyl compounds have been suggested

g
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_ >
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< | \ 2 NC(CeFs)

Pt «
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o
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Scheme 19 Tandem cyclisation/C—F bond forming process catalysed by 27.
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Scheme 20 Synthesis of a mononuclear, paramagnetic Pt(i) complex.

T

(and sometimes EPR detected) as key intermediates in platinum-
mediated oxidation reactions of alkyls, but they are usually too
reactive to be observed. Nevertheless, in 2012 our group isolated
the first cationic Pt(ui)-alkyl derivative by means of an oxidation
reaction of a cyclometallated, low-electron count, Pt(n) cationic
species stabilised by bulky N-heterocyclic carbene ligands
(Scheme 20).>> Although unstable at temperatures above —20 °C,
the X-ray structure revealed a very unusual seesaw structure.
This compound is involved in the stoichiometric formation of
C-Br bonds.

Coming back to cycloisomerization of dienes bearing alcohol
units, we have already mentioned that the key point in directing
the type of products formed depends strongly on the ability of
the Pt-alkyl system to undergo a B-hydride elimination process.
In the previously mentioned catalytic processes, the proton
generated from the OH functionality is removed from the media
to avoid side reactions. However, this proton could, in principle,
protonate the Pt-alkyl intermediate (intermediate A in Scheme 17),
provided that the B-hydride elimination process is sufficiently
slow. Nevertheless, protonation of cationic Pt-alkyl compounds
is usually challenging, but tuning the electronic properties of
the ligands around the metal centre could bypass this obstacle.
At the same time, the ligand of choice should, ideally, confer
electrophilic characteristics to the metal centre to initiate the
cyclisation reaction. To this end, two types of pincer ligands have
been devised (Scheme 21). One of them is based on nitrogen-based
pincer ligands, among which 2,6-bis[(4R)-isopropyl-2-oxazolin-2-yl]-
pyridine (PyBOX), which additionally could allow for enantio-
differentiation of the new- generated stereogenic centres, is
the most effective one, even in the absence of added bases.’

OH [Pt] (10 mol%)
AgBF,
—_—
NN MeN02 "
H
[BF,] S [BF]
N N/ N
[Pt] = or (/\ /\>
\Pt/ /NJ\F‘&L’LN\
/Pr | /Pr Mes ‘ Mes
28 29

Scheme 21 Cycloisomerisation of dien-ols mediated by complexes 28
and 29.
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Scheme 22 Cycloisomerisation of polyenes catalysed by complex 29.

Nevertheless, although high conversions (49 to 93%) are obtained
with diastereoselectivities above 20:1, low enantiomeric excesses
(up to 38%) are generated. The mismatch between a hard ligand
(N-based) and a soft metal (Pt(w)), might be behind the excellent
activities.

The fact that no alkene derived from a -hydride elimination
process is observed indicates that the protodemetallation is very
fast. If, on the other hand, a more electron donating anionic
N-based ligand is used as a supporting ligand, as that in Fig. 3,
no cycloisomerisation is observed revealing that the electrophilic
character of this monocationic platinum system (generated in situ
from the corresponding iodine derivative) is not enough to trigger
the cyclisation process.

The second type of pincer ligand was based on the excellent
sigma-donor electron properties of N-heterocyclic carbene ligands
(NHCs). The authors conceived that the NHC ligands should be in
the lateral positions of the pincer ligand, whereas a less electron
donor pyridine fragment should be located at the central position
in order to be in a trans position of the incoming alkene substrate.
This ligand design proved to be efficient in the cycloisomerisation
of dien-ols (complex 29, Scheme 21), working under very mild
conditions (rt) generating the final products in yields up to 88%.>*

The catalytic activity of the bis-NHC pincer complex is not
limited to dien-ols but it is also efficient for the diastereoselective
cascade cyclization reactions of other polyenes lacking acidic
OH functional groups that are usually more difficult to cyclise
(Scheme 22).%° This system allows the synthesis of polycycles of
up to four fused cycles as exemplified in Scheme 22. It is worth
noting once again the lack of products arising from p-hydride
elimination events. If, however, a bidentate diphosphine ligand
is used instead of the pincer bis-NHC above mentioned the
cascade cyclization reaction leads, eventually, to the alkene
products (Scheme 23).%¢

Cyclisations of enynes

Besides the cyclisation reactions involving dienes, enynes are also
prone to undergo cyclisation processes mediated by electrophilic
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Scheme 23 Cycloisomerisation of polyenes catalysed by complex 31.
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Scheme 24 Cyclisation of en-ynes mediated by complex 32.

compounds. Earlier reports by Inoue, Oi and co-workers (based
on previous works by Murai using platinum salts)**> showed that
dicationic platinum complexes bearing specific phosphine
ligands catalyse efficiently the cycloisomerisation of 1,6-dienes
into 1-vinylcyclopentenes under mild conditions.” It was found
that chelating phosphines such as bis(diphenyl)phosphino-
ethane (dppe) are effective ligands (with yields of the cycles up
to 100%), whereas monodentate such as PPh; are ineffective
(Scheme 24). Additionally, coordinating solvents such as THF or
acetonitrile inhibit the reaction, suggesting the need of vacant
sites available at the platinum centre for the reaction to proceed.

A few years later, Fensterbank, Gimbert and co-workers
carried out a detailed mechanistic study that shed light to some
important points regarding the nature of the catalyst.”® When
comparing the lower activity of PtCl, with respect to complex
[Pt(dppp)(NCPh),][BF,], it was actually found that coordination
of water, present in the reaction media, to the platinum centre led
to an active catalytic species [Pt(dppp)(H,O)][BF,], which played an
important role in facilitating the cycloisomerisation process. A key
feature is that during the first step of the reaction coordination of
the alkyne to the metal centre is not symmetrical, but unsym-
metrical leading to a “slipped”” n*-alkyne complex (eqn (1)),">>°

T — =
[Pt] [Pt] (1)
n2-alkyne (slipped) n'-alkyne

something not observed when PtCl, is used as a catalyst. It
seems that this mode of coordination of the alkyne enhances
its reactivity towards nucleophiles decreasing the energetic
barriers considerably. In addition, the water molecule hinders
coordination of the C=C double bond favouring nucleophilic
attack to the coordinated alkyne.

Marinetti et al. have explored the asymmetrical version of the
cycloisomerisation of 1,6-enynes. To this end, they combined
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Scheme 25 Cyclisation of en-ynes mediated by complexes 33-35.

NHCs and phosphines in the coordination sphere of the platinum
atom to stabilise dicationic complexes (Scheme 25).° The catalytic
reaction leads in this case to 6-endo-dig products (azabicyclo[4.1.0]-
heptene derivatives) with relatively low enantiomeric excess (up to
56%), although the catalytic activity was slightly lower than that
previously reported using simple PtCl, salts (operating tem-
perature of 80 °C instead of 90 °C).*" The role of the NHC was
also investigated and found to be essential since pre-catalyst
[PtL,(chiraphos)] (chiraphos = 2,3-bis(diphenylphosphino)butane),
in combination with AgBF, to generate the vacant site, yielded only
trace amounts of the azabicyclo[4.1.0]heptane compounds under
identical reaction conditions.*”

A further improvement of the catalytic system was made by
means of a cyclometallated NHC ligand together with mono-
dentate chiral phosphines (35 in Schemes 25), for which ee of
88-97% were achieved at 60 °C.%* It’s noteworthy that at variance
to all previously mentioned dicationic platinum systems, the
catalytically competent cyclometallated version reported by
Marinetti is mono-cationic (generated by reaction of 35 with a
silver salt) yet still rather active, in contrast to the observations
reported by Gagné on the use of the mono-cationic catalyst
shown in Fig. 3. Although the electrophilic activation of alkynes
by mono-cationic platinum-based systems is less common than
with dicationic systems, some other research groups have made
use of them for catalysing reactions involving alkynes and alkenes.
For example, Iwasawa et al. reported a [3+2]-cycloaddition of acyclic
v,0-ynones and vinyl ethers making use of diphosphine complexes
of the type [PtCl,(PRs),] (in combination with AgSbF, to generate
the cationic platinum active species).** In a similar way, related
enyne substrates can undergo cycloisomerisation processes
leading to [4.1.0] bicycles mediated by monocationic Pt species.
Echavarren reported that the cyclometallated platinum(u) complex
in Scheme 26 works under milder reaction conditions (rt) than the
platinum salt PtCl, (requiring 50-80 °C).*> Significantly, the
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Fig. 4 Route to ring expansion from intermediate B.

authors conceived that the more electrophilic nature of the
platinum catalyst might facilitate a ring expansion process from
the putative carbene intermediate B in Fig. 4 leading formally to a
7-endo-dig (seven membered) cycle, a process that does not take
place using PtCl,.°® Although they succeeded (in some specific
cases) in reaching this goal, low yields (~17%) of the desired
products were obtained. Nevertheless, this is a good example of
how it is possible to modify a platinum system making it more
electrophilic for undergoing unusual reactivities.

There are in the literature other ligands with different archi-
tectures that have been explored as potential catalysts. In this
sense the steric and electronic properties of phosphole-based
ligands can be fine-tuned to control the reactivity of the com-
plexes they form.®” Gouygou and co-workers have prepared a
series of Pt complexes bearing phospholes in their coordination
sphere and studied their catalytic performance in the cyclisation
of enynes (Scheme 27).°® Although some of them were able to
catalyse the process, even at rt, diverse mixtures of 6-endo-dig
and 5-exo-dig products have been observed that, on the other

/7R [Pt] (5 mol%) R
2 AgBF4 TsN X R?

S
W solvent/rt R3

R'R
Pt] =
[Pt] = / CI
r—{/ _ R=R'=Me (TMP) (DBP)
R R=H, R' = Me (DMP)
R a7 R =Ph, R = H (TPP)

Scheme 27 Cyclisation of en-ynes mediated by complexes 37.
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hand, can be directed to one or another through modifications
of the reaction conditions (solvent, time and temperature). The
more basic phosphole ligand TMP is the most active among the
series studied with conversions of 96% (1 h), whereas bulkier
phosphole ligands were considerably less efficient (37% conversion
after 3 h). This effect has been attributed to a very favourable ¢rans
disposition of the phosphole ligands in the catalytically active
species.

In recent years, some research activity has been headed to
the use of non-innocent ligands that, under certain conditions,
can alter the electronic properties of the metal centre. One
original system that has been developed by Gabbai et al. makes
use of the properties that Z-type ligands impart to the metal
centre. This type of ligands act as c-accepting systems modifying
the electronic properties of a complex by depleting electron
density from the metal.®® As such, the metal centre becomes
more electrophilic and can undergo reactivity characteristic
of, for example, cationic systems. With this idea in mind a
bis(phosphine) ligand system incorporating an antimony Lewis
acid in its structure was developed (38, Schemes 28).”° The
design allows for a direct interaction of the platinum atom with
the antimony fragment that, on the other hand, can be modulated
by means of the different coordination modes available at the
antimony atom. It turned out that in spite of having a Z-type
interaction between the Pt and Sb atoms in complex 38, the
platinum centre is still too electron rich to promote cyclo-
isomerisation reactions of 1,6-enynes. However, the authors
considered the possibility of increasing the Lewis acid properties
of the Sb atom by removing one F atom (complex 39). In doing so,
the system became more electrophilic through a stronger
Pt — Sb interaction. NBO analysis of this interaction indicated
that it is covalent in nature and cannot be described as a donor-
acceptor interaction between the two atoms, which translates in
an increased c-acceptor properties of the Sb atom. This new
system catalysed the cycloisomerisation of 1,6-enynes efficiently
(100% conversion within 4 h), thus providing a new way to
activate the metal centre for this kind of transformations.

Y [Pt]
MeO,C SN
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—_—
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Q /@ BT

Ph,P— Pt—PPhZ
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Scheme 28 Cyclisation of en-ynes mediated by complexes 38—-40.
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Alternatively, Gabbai et al. also reported what they termed a
“self-activated catalyst” based on complex 40 in Scheme 29.”"
In this particular complex, the authors speculated that the
Lewis acidic Sb atom is able to abstract the chlorine atom from
the Pt-Cl unit in the presence of the 1,6-enyne substrate,
leading to a highly active catalyst 41 (Scheme 29). This assumption
was built on the reactivity of complex 40 with other nucleophiles
such as CyNC (Scheme 29). In this latter structure, NBO analysis
supports that the Sb atom is acting as a m-acceptor ligand retriev-
ing electron density from d orbitals of platinum. This electronic
situation is, to some extent, reminiscent to that induced by the
cationic phosphine ligands.”” In fact, Alcarazo et al. have reported
that cationic phosphine ligands bind to platinum centres in a way
in which the o-donation from the ligand to the metal is smaller
than back-donation from the metal to the cationic phosphine
ligand leading to depletion of electron density from the metal. This
unusual bonding situation is also found in analogous arsine-based
ligands. The introduction of a positive charge on the As atom
reduces its HOMO diminishing its c-donor ability in comparison
to neutral arsines such as AsPh,.”> However, the nature of the
cationic substituent on the As atom has little influence of their
o-donor properties but a rather high impact on the m-acceptor
ones, providing a way for fine-tuning the electronic properties of
the platinum centre. Therefore, the platinum atom in some of
these complexes (specifically the one bearing a cyclopropenium
substituent) is carbophilic enough to be active in cycloisomerisation
of enynes with full conversion of the starting material in 20 min
(Scheme 30). Nevertheless, the arsine bearing the more m-acceptor
pyridinium fragment proved to be inefficient in the process that,
according to the authors, seems to be due to an excessive m-acidic
properties of the platinum system that lead to side reactions in
addition to catalyst degradation. In any case, this report constitutes a
nice example in which the tuning of the ligand properties leads to a
platinum catalyst that surpasses any other system previously
reported for this particular transformation.

[Pt] (2 mol%)
AgSbFg |
N

Ts—N DCE /80°C |

— Ts
L lo
Ph_I _Ph Me,N NMe, _N
As N
Pg= 1 % ;
CI—Fl’t—CI =
Cl 42

Scheme 30 Cyclisation of en-ynes mediated by complexes 42.
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Hydroamination of C-C multiple
bonds

Hydroamination is an industrially valuable process that consists
of the addition of a nucleophilic N-H functionality across a C-C
multiple bond, giving rise to the corresponding C-N and C-H
fragments.”* Whereas this reaction has been widely studied
with several catalytic systems,”>””” there exist drawbacks arising
from their sensitivity to oxygen and moisture and limited
functional group compatibility. In light of this situation, late
transition metal-based complexes have appeared as an efficient
alternative in homogeneous catalysis.”® Among them, Platinum is
one of the metals of choice for this transformation,”® for which
anionic,® neutral®! and cationic species have been reported. Given
the scope of this feature article, only the latter class will be
described in more detail.

Intermolecular hydroamination reactions

The field of intermolecular hydroamination catalysed by electron-
deficient Pt complexes started to develop in 2005.%* The same year,
Tilley et al. reported the catalytic olefin hydroamination by
arylsulfonamides and weakly basic anilines.®* Such reaction
was catalysed by the electrophilic complex (COD)Pt(OTf), or
Zeise’s dimer activated by AgBF, (10 mol% each). As a result,
yields greater than 95% were obtained, and short reaction times
and mild reaction conditions (down to 75 °C and 2 hours) were
employed. Mechanistic investigations suggest olefin coordination
to the electrophilic Pt centre followed by Markovnikov addition of
the N-H group, as depicted in Scheme 31. Whereas NMR and
Mass Spectrometry characterization of the intermediate [(COD)Pt-
(norbornene),][OTf], supports the former step (step (i) in
Scheme 31), kinetic studies point to step (ii) as the rate-
determining step in the cycle. Then, release of acid would yield
the corresponding B-aminoalkyl Pt complex (iii), which can release
the hydroamination product after further protonation (iv).
No catalysis was observed in the presence of the hindered base
2,6-di-tert-butylpyridine, which supports the involvement of
an acidic species during the catalytic cycle. As one can deduce
from the mechanism, basic amines (pK, of the conjugated
acid >4, according to the authors) can either coordinate to
the metal centre or they might not be acidic enough to undergo

R R

/L PiL, X W
—— PtL, X
HX iv i

R

NHR'

iii
HX X R
LnPt\/kJr
NH,R'

Scheme 31 Mechanistic proposal for the outer-sphere hydroamination
of alkenes.
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Scheme 32 Hydroamination of alkenes by complexes 43-45.

proton-transfer (step (iii)), which narrows the library of possible
amines available for this reaction.®® Therefore, ligand design is
crucial in order to solve this kind of problems by tuning the
steric and electronic properties of the catalysts.

Although this is the general mechanism for the olefin catalytic
hydroamination catalysed by electrophilic, cationic Pt complexes,
the Tilley group reported an alternative mechanism involving
proton transfer to the olefin substrate followed by amine attack
in the case of norbornene.** The strategy of using Pt chloride
complexes as pre-catalysts in combination with halide scavengers
was also used by Widenhoefer so as to carry out the catalytic
hydroamination of monosubstituted allenes by secondary alkyl-
amines. This led to the selective formation of the E-diastereomer
with yields between 73-99% when using dppf as supporting ligand
after screening through a selection of phosphines. Again, a
mechanism involving coordination of the allene followed by
outer-sphere attack of the amine was suggested by the authors.®®

In a similar way, Limbach and co-workers carried out the
hydroamination of unactivated olefins such as ethylene, propylene
or styrene with weak bases like carboxamides and sulphonamides
(Scheme 32).%° Very high selectivity towards Markovnikov products
(up to 10:1) was obtained by using NHC-stabilized bi- and
tri-dentate ligands (Scheme 32) in combination with AgBF,.
When using one of the tridentate complexes and morpholine
(pK. of conjugated acid >8)*” the cationic B-aminoalkyl Pt
complex 45 (Scheme 32) obtained after step iii (Scheme 31)
could be isolated and characterized by X-ray crystallography,
confirming once again this type of mechanism.®®

Intramolecular hydroamination reactions

Platinum complexes have also proven effective in the cyclisa-
tion of aminoalkenes, as described in Scheme 33. In fact,
Stradiotto et al. performed a screening of different catalysts
and concluded that complexes PtCl, and PtCl,(COD) are indeed
competent pre-catalysts for the cyclohydroamination of secondary
alkyl/arylamines tethered to o-alkenes. However, the zwitterionic
complex 46 gave comparable conversion values (ca. 90%) under the
same conditions (110 °C).*®

Similarly to Limbach and co-workers, the group of Xu and
Shi employed NHC-stabilized Pt complexes (47, Scheme 33) in
combination with silver salts to afford cationic catalysts able to

This journal is © The Royal Society of Chemistry 2020
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Scheme 33 Intramolecular hydroamination of alkenes catalysed by
complexes 46—-47.
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Scheme 34 Intramolecular hydroamination of alkenes catalysed by
complexes 48.

carry out the cyclisation of olefins containing secondary alkyl-
amines in excellent yields (> 90%; racemates were obtained in all
cases).®® This methodology tolerates a wide range of functional
groups such as bromo, cyano, nitro, ester or methoxy fragments.
Unlike the previous example,®® the authors claim that no reaction
takes place in the absence of a halide scavenger, and they
propose a mechanism similar to that observed for the inter-
molecular hydroamination reaction (i.e. coordination of the olefin
to the cationic complex followed by outer-sphere amine attack).*

Nonetheless, a different mechanism was proposed by Mayer
and Michael for the intramolecular hydrohydrazination when
using dicationic (bpy)Pt(r) complexes (obtained again by halide
abstraction) (Scheme 34).°° Instead, alkene insertion into a
Pt-N bond via intermediate C (Scheme 34) is proposed based
on the results obtained in stoichiometric reactions. In addition,
kinetic studies rule out a nucleophilic attack mechanism, given
that no rate dependence is observed upon addition of Brgnsted
acid or base (the protonolysis step is carried out by the own
hydrazide). As a result, the 5-exo cyclization product is selectively
obtained, without detection of the 6-endo derivative.

Functionalisation of E-H bonds (E = B, Si)

All the examples described in the previous sections deal with
activation of organic molecules in different ways (C-H bond
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activation, electrophilic activation of alkenes or alkynes). How-
ever, our group has focused its research on the activation of BH
and SiH bonds of boranes and silanes by electrophilic platinum
complexes and implementing this activation in catalytic processes.
To this aim, we have synthesised a series of 14-electron Pt(u)
complexes stabilised by N-heterocyclic carbene ligands. Although
this type of compounds are often postulated as transient species,
as in some of the examples previously described, the excellent
electron donor properties of NHCs, together with the easiness to
tune the steric environment around the metal centre have allowed
us to isolate and characterise a series of these compounds.'®**
Some of them exhibit a highly electrophilic character and can
activate B-H and Si-H bonds of boranes and silanes, respectively,
in a different way than other previously described systems.
In 2013, we reported that the 14-electron Pt(u) complex 49 is an
active catalyst in the dehydrocoupling of amine-boranes, most
particularly NMe,H-BH; (Scheme 35).°% Initial investigations
indicated that this platinum complex catalyses efficiently the
dehydrocoupling of NMe,H-BH; into dimethylamino-borane
NMe,BH, (that subsequently undergoes a dimerization process;
full conversion in less than 20 min). Intriguingly, the mechanism
by which this process takes place occurred through a distinct
reaction pathway never previously described by any other metal
catalyst. An in-depth mechanistic study supported that the
reaction involves, in a first step, coordination of the amine-
borane leading to a Shimoi-type (or n'-BH) complex (Scheme 35
bottom right). Although these species were observed by NMR at
low temperatures, X-ray diffraction studies on the homologue
complex bearing a pyridine borane CsHs;N-BH; (that cannot
undergo a dehydrocoupling reaction) confirmed the postulated
structure.”® This coordination mode enhanced the electrophilic
character of the boron atom so that it can undergo a nucleo-
philic addition of an external nucleophile leading to a net
transfer of a hydride from the borane to the metal centre. As a
result, a neutral platinum hydride complex and a boronium
cation are formed. The latter contains an acidic NH proton that
under specific reaction conditions can react with the Pt-hydride
releasing the dimethylamino-borane and dihydrogen. In this
last step, the catalyst is regenerated. Therefore, at variance to
other metal catalyst the B-H bond activation process is not
taking place through a common oxidative addition process. In
our case, no changes in the oxidation state are taking place at

Pt] (5 mol% Me,N—BH
PUEmO%) o N—BH, _(), MeN—BH,

NMe,H-BH !
270 THE H,B—NMe,
-H,
F
/:\ [BAr] /:\ [BAFF]
Ny~ N\tBu NvN\tBu
+ :NHMe
Py = At ia ><j/+ ( ’
Vi -
=t >B—NHMe,
tBu\N N/tBu * / \H
tB8u H
\_l tBu\N N
49 | )

Scheme 35 Dehydrocoupling of amine—boranes mediated by complex 49.
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Scheme 36 Dehydrocoupling of amine—boranes and amines mediated
by complex 49.

the Pt(u) centre, and therefore the platinum system is behaving
as a mere Lewis acid, as in most of the examples described in
the preceding sections.

If, on the other hand, an external amine is deliberately added
in stoichiometric proportion with respect to the amine-borane,
a double dehydrocoupling process occurs leading to diamino-
boranes (Scheme 36). Complex 49 proved to be an excellent
catalyst in this reaction, with full conversion using as low as
0.5% of the catalyst leading to TOF numbers up to 3692 h™,
outperforming previously described catalytic systems.”

With these precedents in mind, we have also explored the
catalytic activity of complex 49 in the dehydrocoupling of
silanes and amines. In this particular reaction it’s challenging
to achieve good activities and good selectivities with the same
catalytic system when primary silanes are used. However,
platinum complex 49 showed an extraordinary activity and
selectivity, leading to TON and TOF numbers up to 98 000 and
330000 h™, respectively, that are two orders of magnitude higher
than any other catalytic system reported (yields above 86%)
(Scheme 37).°* In addition, the system is completely selective
towards the formation of mono-aminosilanes using catalyst
loadings at the ppm level (up to 10 ppm). However, by increasing
the catalyst loading (0.1%) it was possible to generate bis-
aminosilanes through a double dehydrocoupling reaction. Thus,
the selectivity of the process can be controlled by means of the
catalyst loading. Mechanistic studies suggest that the reaction
takes place in a very similar way to the dehydrocoupling of
dimethylamine-borane.®” In this case, the first step involves the
coordination of the silane to the metal centre to form a c-SiH
complex. This coordination enhances the electrophilicity at the
silicon atom®> making it susceptible for nucleophilic attack by
the amine. In other words, an electrophilic transfer from Pt to Si
is occurring. It proved difficult to ascertain the nature of the
interaction of the silane with the platinum centre, particularly
having in mind that there were no reports on the detection or

NR,H
NR, 49 (1 or 2 equiv) 49 NR,
I (0.1 mol%) . (ppm) L
R—Si—NRp, < -  »~ R—Si—H
| CH,Cl, / t 'T' CH,Cl, / 1t i
- 2H, R‘—Sli—H -H,
H
[BArF]
N\tBu
X NHR2

t‘—H\

\//SI—R'
/tBuH H
N” °N
\—/

Scheme 37 Dehydrocoupling of silanes and amines catalysed by complex 49.

tBu<

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0cc01438a

Open Access Article. Published on 28 April 2020. Downloaded on 5/10/2026 6:57:16 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

ChemComm
R o
0
co, + R—Si-H [Pt] (0.5 mol%) 8
4 CHCl /1t RRHSI” ~O—H
[BArF] /\ [BArF] /—\ [BArf]
NYN\tBu tBu/NYN\tBu Bu— NN~y
+ + . +
[PY = 2 H—i HEt,Si—Pt
-~ -~ ~ < ~tBu
tBu\N N tBu tBu NN tBu tBu NN
\—/ -/ \—/
49 (714 h) 50 (18.5 h™") 51 (18.5h™)

Scheme 38 Hydrosilylation of CO, mediated by complexes 49-51 (TOFs
given in brackets).

isolation of this highly reactive species. Although the interaction
of the silane with the Pt was observable by NMR at very low
temperatures, it was not possible to distinguish between two of
the possible coordination modes of the silane to transition
metals, either the pervasive n>-SiH or the extremely rare n'-SiH.*®
According to DFT calculations carried out on the interaction of
complex 49 with silanes, the most stable coordination mode is
the unusual n'-SiH.°” Only very recently, we have succeeded in
the isolation of closely related species of this type confirming
the predicted n'-SiH coordination.’® It is likely that this mode of
coordination of the silane to the cationic platinum centre
enhances even more the reactivity of the silicon atom, since
n-back donation from the metal to the o*-Si-H bond is expected
to be low.%® In fact, it is likely that this electrophilic character is
also relevant in the selective catalytic hydrosilylation of carbon
dioxide (Scheme 38) to the formic acid level by complex 49 and
the related complexes 50 and 51, a reaction taking place at rt
with catalyst loadings leading to TONs and TOFs up to 200
and 714 h™', respectively.”” Nevertheless, according to DFT
calculations all three complexes 49-51 lead to n'-SiH complexes,
but their catalytic performance is rather different, with complex
49 being the most active. Therefore, other parameters (electronic
and steric) may be also important in the electrophilic activation
of the silane.

Turculet et al. used complex 52 for the reduction of CO, to
CH, using hydrosilanes (Scheme 39). The combination of a
platinum centre with the borane-based Lewis acid B(C¢Fs); give
rise to a very efficient system, working with a catalyst loading as
low as 0.016 mol% (TONs up to 2156 after 16 h), able to activate
a molecule of CO, leading to a formaborate Pt complex (Scheme 39)

I [Pt] (0.016 mol%) o
CcO. + R-Si—H —— &+ CH + YN
2 | CoFe/65°C 4 R3Si SiR3
R
Q\PCVZ PCy,
‘ + ‘

[Pt = Me—Si—Rt—-HB(CeFs) | via Me—Si—P{—0_  B(CeFs):

|  Nc-o
PCy, PCy, |
H
52

Scheme 39 Hydrosilylation of CO, mediated by complex 52.
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that undergoes a reduction process mediated by both the Pt centre
and the borane Lewis acid.”

Conclusions

Well-defined electrophilic or low-electron count platinum complexes
are vety versatile catalysts for a variety of chemical transformations.
Rational modulation of its coordination environment and electronic
properties can lead to very efficient and selective catalytic reactions
that have mainly been explored in C-H bond functionalization
reactions, dimerisation of olefins, cycloisomerisation processes,
hydroamination and more recently in dehydrocoupling reactions
involving boranes and silanes and CO, reduction. One key feature of
these platinum systems is their ability to undergo processes through
either oxidative addition/reductive elimination or insertion processes
(commonly found in other late transition metals), but also through
their excellent behaviour as a Lewis acid. Interestingly, most of the
reactions described in this feature article are catalysed by platinum
complexes in a +2 oxidation state but still to develop are electrophilic
systems based on a +4 oxidation state. Moreover, although mono-
nuclear stable complexes in oxidation states +1'® and +3*>'°" in
platinum are still rare, they might find new applications in this field.
In this sense, the role of Z-type ligands might be relevant to uncover
new ways to increase the reactivity of platinum complexes, and in
stabilising unusual oxidation states.”* Moreovet, it is clear that other
catalytic process involving an electrophilic transfer from the
platinum centre to the incoming substrate are still to come beyond
those related to carbophilic activation, as we have observed in the
dehydrocoupling of silanes and amines. Further developments are
still needed to increase efficiency, particularly in reactions such
as hydroarylation (increasing turn over numbers and rates) and
in terms of catalytic loadings in reactions involving electrophilic
activations, although as we have reported the right set of ligands can
promote the electrophilic activation of silanes using as low catalytic
loadings as ppm. Finally, a rational design of the platinum environ-
ment can lead to unusual coordination modes of the substrates
enhancing their reactivity, as in the examples of systems favouring
transient or stable n* coordination of olefins or alkynes and silanes.
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