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Preface

Kataivoig, as coined by Berzelius in an 1835 report to the Swedish Academy of
Sciences, concerns the capacity of a substance to start a reaction without taking part
in it and not being consumed.' After many studies and interpretations, Ostwald in
1894 stated that the exclusive role of the catalyst is to accelerate the reaction rate,
and in 1901, one year before patenting the process for the production of nitric oxide
by catalytic oxidation of ammonia, he gave this definition: “A catalyst is a sub-
stance that alters a chemical reaction rate without being part of the final products.”
In the “Institut de Chimie” created in 1906 in Toulouse by Paul Sabatier, we can
mention the analysis of Senderens and Sabatier that nickel, and more generally a
catalyst, gives the origin of a true chemical reaction.” Their discovery from 1902 of
the methanation process from CO, and H,, known as the Sabatier process, is still
used in space stations to recycle CO, and mainly to produce water.”

CO;, +4 H, — CHy4 + H,O/finely divided nickel, 300°C

Today we know that a catalyst decreases the activation energy not only of the
reaction but also of each step. Thus it is possible by adjusting the catalyst compo-
sition to follow preferentially a chemical pathway in order to combine a high
activity (measured by the turnover frequency), a complete chemoselectivity to
obtain only one product, a great regioselectivity to have a privileged access to an
isomer, and in many cases an important enantioselectivity to favor one enantiomer
or diastereoisomer. Moreover, it is important to have a long-lived catalyst, which is

'S. Califano, Pathways to Modern Chemical Physics, 2012, Springer.

2P. Sabatier, J.-B. Senderens, Comptes Rendus Hebdomadaires de 1’Académie des Sciences,
1897, 124, 616-618 and 1358-1361.

3p. Sabatier, J.-B. Senderens, Comptes Rendus Hebdomadaires de 1’Académie des Sciences,
1902, /34, 514-516.
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measured by the turnover number (TON), especially for industrial applications (up
to 10°~107!). Around 80% of the chemical products elaborated in the chemical
industry are produced with at least one step involving a catalyst. For the more recent
processes, 90% of the products are in contact with a catalyst during their elabora-
tion. Indeed numerous compounds or intermediates for the efficient synthesis of
pharmaceuticals, natural products, agrochemicals, fine chemicals, plastics, syn-
thetic fibers, dyes, perfumes, etc.,* require the presence of a catalyst. In addition,
the same statement prevails for the crude oil processing in petrochemistry and the
purification of exhaust gas from automobiles or off-gas from many industrial
plants.’

Among the three main catalytic domains, which include heterogeneous and
homogeneous systems and biocatalysts, homogeneous transition metal complexes
account for around 15%. Many organometallic complexes have been synthesized
during the last years, and the various steps of a catalytic cycle are in many cases
well understood. It is now possible to adjust the electronic effects of the ligands, as
well as their steric hindrance, and to coordinate them to a metal center, most of the
time a transition metal, in order to obtain good catalytic performances. Various in
situ infrared and NMR studies, performed at the temperature and pressure of
catalytic conditions, have allowed to identify all the steps and among them to
discriminate the rate-determining step. In this coordination catalysis domain, the
coordination sphere of the metal needs to be flexible enough in order to coordinate
the substrates, to activate them, to induce the reaction between the appropriate
activated fragments, and in time to eliminate the expected product and recover the
active species. Mostly, this catalysis involves mononuclear complexes containing
sophisticated ligands, adjusted with reacting fragments such as carbon monoxide,
and hydride, alkyl, and acyl groups, to achieve the electron density at the right time
(step) and at the right position.

In addition, dinuclear complexes have recently been shown to be an elegant way
to manage these variations of electron flexibility along all the catalytic cycle, one
metal center being able to produce the classical and expected activation of one
reactant whereas the other center being able to provide the required flexibility. In
some cases, the second metal complex is able to unblock a step in which the
activation energy is too high, most of the time inducing the decoordination of a
ligand.

Thus, this issue is especially dedicated to dinuclear (homo- as well as hetero-
dinuclear complexes) entities which are clearly more active than the mononuclear
counterparts and for which the dinuclear framework is maintained along all the
catalytic cycle.

*F. Hartwig, Organotransition Metal Chemistry — From Bonding to Catalysis, 2010, University
Science Books.

SH.AJ. Arpe, Industrial Organic Chemistry, 5™ Edition, 2010, Wiley-VCH.
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The first contribution from Georges G. Stanley and his group, entitled “Bime-
tallic Homogeneous Hydroformylation,” shows that binuclear rhodium complexes
bearing the tetraphosphine rac-et,ph-P4 ligand are active hydroformylation cata-
lysts when they are dicationic. Whereas in acetone their activity is somewhat short
due to the fragmentation in monometallic less active species, in acetone/water
mixtures these complexes are monocationic, making them far more resistant to
fragmentation. Infrared, NMR studies, and DFT calculations are consistent with the
prominent role of 15r to coordinate the alkene, on the left d® Rh(I) metal center by
substitution of a CO ligand, after the reductive elimination of the aldehyde from the
right d® Rh(III) leading to 14r with a Rh—H bond.

g, 2 ¢
I | co
|

- — oc/lqil\

14r 15r

The second contribution from Luis A. Oro and co-workers “Binuclear Iridium
Complexes in Catalysis” deals with the demonstration that the trans-influence of
the ligands operates through the bridging ligands or intermetallic bonds and gov-
erns the reactivity of the diiridium framework.

NN
nl \I _NCCH,
Ir.

|f-._ -
PP HT | e,
H

H
¥

NCCH, |
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Thus, in the dinuclear d°-d®
iridium (III) complex, bridged
by two pyrazolyl ligands, the
intermetallic trans-influence
of the terminal hydride ligand

C )N 3 on the bridging hydride is crucial
H‘_'lr N for decoordination of acetonitrile
Epn\ tnPr],P’:’---'H/i’.""ptvr], s and activation of diphenylacetylene.
i J}/ & " \ The transmission of the trans-effect
A / oy along the binuclear backbone
NN P & _)_l [ results in the selectivity of the
“";|£___.\/|{’_:&\-'--F'h Y /Q’_ph hydrogenation into cis-stilbene.
L [.Pnf’!’""H' il “p(Pr On the contrary, when the reaction
.‘\ & /HéH} 5 operates on a mononuclear center,
PN P s the rates are lower and
A~ T the resulting product is 1,2-

I e
(PP”s THT | pipry,
H H

diphenylethane
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The third chapter, entitled “Reactivity and Catalysis at Sites Trans to the [Ru—
Ru] Bond” is from Jitendra K. Bera and two co-workers. After analyzing the effects
of the various axial donors on the paddlewheel [Ruz(CO)4]2+ core of o’n*§28* % n*4
electronic configuration, the authors exploit the axial reactivity for stoichiometric
C-H bond activation and C—C bond formation.

ad The effect of a hydroxyl unit at the
(]:'TO\NO axial position of a [Ru—Ru] core,
Py oc/F\{z}; (° h placed through the agency of a
HQ)/ e @ KR‘CHQOH naphthyridyl-functionalized NHC,

is examined for catalytic

NF ANF .
| P9 acceptorless dehydrogenation to
/N7 NN .
(\J\lo/L‘ o " S oo Sor aldehyde and subsequent coupling
—RO-H Y Ru—Rii. ©\ . . .
b odlocl " ReHO R odled) QM with amine to form exclusively
co co R,CH,NH, COCO cHxR, ..
l” imine products
ReSNTR
s 2

Here the R{CH,OH alcohol adds to the Ru—O bond allowing the formation of
Ru-alkoxide, which undergoes p-hydride elimination to produce the R;CHO alde-
hyde. The inability of the aldehyde to bind at the metal center, owing to the strong
effect of the frans-NHC ligand, is credited for selective imine formation.

The fourth review by Barbara A. Messerle and co-workers is dedicated to the
“Alkyne Activation Using Bimetallic Catalysts.” Two metal centers can induce
activation of the triple bond in a variety of different coordination modes as shown
below:

m ROR R)(R' S
M M M>=<M Y M M/\\A M/é/\m

Various situations are analyzed where the two metal centers play a role in one of
the coordination modes A—E. There are many cases in which bimetallic catalysis
can occur with the two metals acting cooperatively, for instance, in the dimerization
of alkynes at two ruthenium metal centers, where a ruthenium-vinylidene species is
formed, which is able to subsequently activate the second alkyne reactant through a
C—H cleavage on the second ruthenium center. The coupling of these two moieties
occurs on this dinuclear platform to provide the enyne product molecule. Examples
are also presented where bimetallic catalysts cooperatively activate substituted
alkynes in the catalyzed formation of heterocycles.
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In a fifth contribution, Pierre Le Gendre et al. review the catalytic performances
of early-late bimetallic complexes. After an introduction dealing with bifunctional
and cooperative dual catalysis in which the cooperative effects arise from two
catalytic functions present in the same or two different molecules, this paper
focuses on an inventory of early-late heterobimetallic complexes in catalysis. It
includes those where the two metal centers belong to the same complex, with
bridging ligands as in the following example in which the chiral information is
provided by the titanium metal center:

[ o e NHCOMe
Ph,P_® 2
NHCOMe 4

Ph + H (NBD) x "CO,Me
%COZMe ? >

3 bar 100% conversion
(3 bar) CH,Cl, rt., 3h 020, e
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The two metals can operate successively in a concerted manner but with two
different roles in catalysis. The following example shows clearly that the cobalt
complex produces a-alkenes from ethylene which are incorporated into the poly-
ethylene chain (from®):

MMAO/MWCNTs /\(\/V
& 3

500 to 10000 g.mmol™h™!
+.Cl My/M; =3
Me,Si /T‘ ~Cl Total branch : 3 to 35 per 1000 C
//\ Ti : 62 to 73% Et branch, 27 to 38% Bu branch

In the sixth chapter, Marc Garland analyzes in detail the cooperativity or
synergism in metal-mediated homogeneous catalysis and focuses on the actual
reaction mechanism, arising from the application of 1 or 2 metallic elements in
the catalytic system. This system exhibits either an unusual rate dependence or an
unusual selectivity pattern that has its origin(s) in the structure of the reaction
mechanism and not in some secondary effect due to physicochemical issues such as
transport. This chapter is dedicated to the catalytic binuclear elimination reaction
(CBER) in which both mononuclear and dinuclear organometallic intermediates act
in a synchronized and bicyclic reaction topology, each set of mononuclear inter-
mediates carrying an organic ligand which will eventually be part of the organic
product. In situ Fourier transformed infrared (FTIR) and kinetics are necessary to
access the real mechanism.

S A. Toti, G. Gambastiani, C. Bianchini, A. Meli, S. Bredeau, P. Dubois, D. Bonduel, M. Claes,
Chem. Mater. 2008, 20, 3092-3098.
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For instance in the double catalytic cycle shown below, and for which the
reaction rate depends both on the mono- and dinuclear systems (r = {k; + kp[Re
(H)(CO)5] } [Rh(COR)(CO)4]), the rhenium hydride [Re(H)(CO)s] is ca 1,000 times
more effective than molecular hydrogen toward attack on the acyl rhodium species
[Rh(COR)(CO)4].

To demonstrate that a cooperative bimetallic catalysis is operating, such fine
kinetics and in situ analyses are essential to discriminate a bimetallic mechanism
from a monometallic one where the second metallic species is poorly efficient or
just a spectator.

In the seventh and last chapter, Anne Katherine Jones and her co-workers start
from the description of [FeFe]- and [NiFe]-hydrogenases which are very efficient
biological enzymes for hydrogen oxidation and production. These proteins operate
at high rates (ke ~ 10* s™') and are highly reversible. The authors describe also
carbon monoxide dehydrogenases with [MoCu] and [NiFe] active sites to transform
CO into CO, or the reverse and formate dehydrogenases which catalyze the two-
electron reduction of CO, to formate with a mononuclear Mo or W active site. The
authors survey recent efforts that have been done to produce biologically inspired
catalysts for proton and CO, reduction. If monometallic complexes of the first
row of transition metals are active in the catalytic proton reduction, examples are
given of diiron complexes to perform the photocatalytic production of hydrogen
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(see below left) or dipalladium complexes to activate CO, and produce CO (below
right).

; N3
oc. S&S. co L S 23 "5
\F!\\\F/ Y, P\d prp(\j F fp\d :
Ph,p—Fe----- e—COo r P, P o Ps: R s
AT /N4 | VAN
' PPh, co

These seven contributions do not cover all the bimetallic catalytic systems which
show efficiency in organic synthesis, especially in biocatalysis, but they represent
the key points to transpose the high activity of biological enzymes and approach
synthetic tools from homogeneous catalysis using transition metals and if possible
non-noble metals. Industrial catalytic conversions have been recently reviewed in a
modern perspective.” Similarly, cooperative catalysis involving Lewis-Brgnsted
base or Lewis base or ligand associations and cooperation of carbophilic metal
centers or of artificial oligopeptides have been described in a recent book.®

Presumably, coordination catalysis and biocatalysis will be more interconnected
in the very near future, and we can imagine for the multistep synthesis of an
elaborated product the successive intervention of both these strategies. This volume
would be helpful to academic and industrial researchers who are involved in the
fields of coordination chemistry, homogeneous catalysis, and organic synthesis, in
order to develop efficient tools to have the access to fine chemicals from abundant
and low-cost substrates.

Finally, as volume editor, I would like to thank all the contributors for their
participation in this project and for their enthusiastic efforts to present a synthetic
view of the domain. I can anticipate that their contributions will stimulate further
studies in the field. I would like also to offer my warm thanks to the Springer team
for their continuous support and their efficiency.

7M. Beller, A. Renken, R.A. van Santen, Catalysis, from Principles to Applications, 2012, Wiley-
VCH.

8 R. Peters, Cooperative Catalysis, Designing Efficient catalysts for Synthesis, 2015, Wiley-VCH.



Contents

Bimetallic Homogeneous Hydroformylation. . .. .................

Ranelka G. Fernando, Ciera D. Gasery, Marshall D. Moulis,
and George G. Stanley

Binuclear Iridium Complexes in Catalysis. .. ...................

Manuel Iglesias, Eduardo Sola, and Luis A. Oro

Reactivity and Catalysis at Sites Trans to the [Ru—Ru] Bond . . . . . . ..

Indranil Dutta, Gargi Sengupta, and Jitendra K. Bera

Alkyne Activation Using Bimetallic Catalysts. . .. ...............

Michael J. Page, D. Barney Walker, and Barbara A. Messerle

“Early-Late” Heterobimetallic Catalysis and Beyond . . . . ... ......

Ewen Bodio, Michel Picquet, and Pierre Le Gendre

The Catalytic Binuclear Elimination Reaction: Importance

of Non-linear Kinetic Effects and Increased Synthetic Efficiency . . . . .

Marc Garland

Biomimetic Complexes for Production of Dihydrogen and Reduction

Xiii



Top Organomet Chem (2016) 59: 1-30

DOI: 10.1007/3418_2015_147

© Springer International Publishing Switzerland 2016
Published online: 18 February 2016

Bimetallic Homogeneous Hydroformylation

Ranelka G. Fernando, Ciera D. Gasery, Marshall D. Moulis,
and George G. Stanley

Abstract A dirhodium hydrido-carbonyl catalyst system based on a binuclating
tetraphosphine ligand is discussed. Spectroscopic and DFT computational studies
support the formulation of the key catalyst complex in acetone solvent as [Rhy(p-
H)Z(CO)z(rac—P4)]2+, which is highly active and regioselective for producing linear
aldehydes under mild conditions. This dicationic catalyst suffers from facile frag-
mentation reactions in acetone that lead to inactive monometallic and bimetallic
complexes. The addition of water to the acetone solvent leads to deprotonation from
the dicationic catalyst to form monocationic dirhodium catalyst species that are far
less susceptible to deactivation. Spectroscopic and DFT computational studies
indicate that the key monocationic catalyst is [Rh,(p-H)(CO)s(rac-P4)]*. Although
the monocationic bimetallic catalyst is less active on a per molecule basis relative to
the dicationic catalyst, there is a higher concentration present producing better
overall catalyst rates and selectivity.

Keywords Bimetallic cooperativity ¢ DFT calculations <« Hydrides
Hydroformylation (oxo) * Phosphines « Rhodium ¢ Spectroscopic studies
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2 R.G. Fernando et al.

1 Introduction: Hydroformylation and Polymetallic
Cooperativity

Hydroformylation is the process for reacting alkenes, typically 1-alkenes, with H,
and CO to produce aldehydes (Scheme 1). Hydroformylation, also known as “oxo,”
is one of the largest homogeneous catalytic processes carried out in industry with
over 10 million metric tons of aldehydes produced each year (cf. [1-5]). The linear
aldehyde product is usually the more valuable, especially for commodity chemicals,
so the linear to branched (1:b) regioselectivity is important and ranges from 2:1 to
20:1 in commercial processes.

Although all current industrial hydroformylation catalysts are based on mono-
metallic hydride-carbonyl complexes, usually with phosphine ligands, there has
been considerable interest in exploring the utility of polymetallic complexes in
homogeneous catalysis ever since Muetterties proposed the cluster-surface analogy
in 1975 [6-9]. Of the many areas of homogeneous catalysis, hydroformylation has
had the largest number of reports concerning the use of polymetallic complexes as
catalysts.

In 1961 Heck proposed what is now generally considered to be the correct
monometallic mechanism for [HCo(CO)4]-catalyzed hydroformylation [10]. He
also proposed, but did not favor, a bimetallic pathway involving an intermolecular
hydride transfer between [HCo(CO),] and [Co(acyl)(CO),4] to eliminate aldehyde
product (Scheme 2). Most proposals concerning polymetallic cooperativity in
hydroformylation have, therefore, centered on the use of inter- or intramolecular
hydride transfers to accelerate the elimination of aldehyde product. Bergman,
Halpern, Norton, and Marko have all performed elegant stoichiometric mechanistic
studies demonstrating that intermolecular hydride transfers can indeed take place
between metal-hydride and metal-acyl species to eliminate aldehyde products [11—
14]. The monometallic [HCo(CO),4] pathway involving reaction of the acyl inter-
mediate with H,, however, has been repeatedly shown to be the dominant catalytic
mechanism for 1-alkenes and cyclohexane [15, 16].

Pittman and coworkers, for example, reported in 1977 that 1-pentene could be
hydroformylated by the intact cobalt clusters 1 and 2 [17]. These clusters gave
linear to branched aldehyde ratios of between 1 and 5:1 (~2.5 being typical) at

Aldehydes
(o] H (o]
Rh or Co R
R rCorH, HJ\/\/ * * R
|
side reactions ’ linear (normal) branched (iso)
dl
- T =-x
/\/ R /\/R
alkene isomerization alkene hydrogenation

Scheme 1 Hydroformylation reaction
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Scheme 2 HCo(CO), catalyzed hydroformylation cycle

temperatures of 90—-150°C and pressures of 400—1,100 psig. The highest linear
aldehyde regioselectivities were found, as with monometallic cobalt catalysts, at
lower temperatures and higher pressures. One important piece of evidence that
fragmentation to [HCo(CO),] was not occurring was obtained from the influence of
phosphine ligands on the chemoselectivity of the catalysis. The addition of 2—4
equivalents of PPh; improved the stability of the cluster (similar to the mono-
metallic catalysts), but did not increase hydrogenation activity to produce alcohol
products, quite unlike monometallic [HCo(CO)3(PR3)] catalysts [18]. High-
pressure IR studies of phosphine-substituted analogs of 2 show that there was no
observable cluster fragmentation under catalytic conditions (150°C, 600 psi), even
over a 2-day period [19].

R
R |
I 0] it O
o AN o NANES
VA VY
~Lo o
OCC/ 8 \CCO C/ \\/\
o [o}
R
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Sanger and coworkers also reported in 1977 the unusual effect of certain
diphosphine ligands, Ph,P(CH,),PPh,, on the activity of [HRh(CO)(PPhs),]
hydroformylation catalysts [20]. The addition of 0.25 equivalents of Ph,P
(CH,),PPh, (n=2-4) per equivalent of [HRh(CO)(PPh3),], for example, caused
an increase in the catalytic activity by 90-150%. Addition of more than 0.3
equivalents, however, caused a decrease in the activity relative to the starting
[HRh(CO)(PPhj3),] catalyst. Di- and polyphosphine-bridged rhodium species such
as 3 and 4 were spectroscopically identified at about the same time.

| PP
| |
— Rh— PP —Rh— Rh/ Rh/
| T T
P\_P
3 4

This led to the proposal that tethering the two rhodium centers together via
longer chain-length diphosphine ligands, which had less of a preference for chelat-
ing a single metal atom, was producing some sort of bimetallic cooperativity
between the two metal centers. An inframolecular hydride transfer, analogous to
the intermolecular hydride transfer proposed by Heck (Scheme 2), enhanced by the
proximity of the two metal centers, seemed a very likely possibility.

Fragmentation has been a major and continuing problem in polymetallic catalyst
systems. Longoni and coworkers reported in 1984 that the [CosRh,(CO);,] mixed-
metal cluster was more active for hydroformylation than either the parent
[Co4(CO);5] or [Rhy(CO)4,] cluster species [21]. The higher activity was proposed
to be caused by heterobimetallic cooperativity between the Co and Rh centers in the
homogeneous cluster. Garland, however, showed that the higher activity of the
[CosRh,(CO),,] mixed-metal cluster was simply due to the more facile fragmen-
tation of this cluster into reactive [HRh(CO),] monometallic catalyst species
[22]. Fragmentation reactions to produce highly active monometallic species also
turned out to be occurring in Kalck’s thiolate-bridged rhodium complex [Rh,(-
p-SR),(CO),(PR3),] bimetallic hydroformylation catalyst [23, 24].

2 Dirhodium Tetraphosphine Hydroformylation Catalysts

Our work into bimetallic cooperativity in homogeneous catalysis has concentrated
on the binucleating tetraphosphine ligands meso- and racemic-et,ph-P4, shown in
Scheme 3 [25, 26]. These ligands are designed to chelate two metal centers via a
single, conformationally flexible, methylene bridge.

We have characterized both “open-mode” bimetallic complexes where the metal
centers are separated by 5-7 A [26] and “closed-mode” systems where the metals
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Scheme 3 Tetraphosphine . . Et,P2 K
diastereomers studied Et0t P e Et, P P Et,
\ Phw "~ \/Ph , \\“\]- ~_- \M"Ph
PR
meso-et,ph-P4 rac-et,ph-P4

Table 1 Hydroformylation results on 1-hexene (90 psig, 1:1 H,/CO, 90°C, acetone solvent, | mM
catalyst, 1 M 1-hexene)

Alkene

Initial Aldehyde 1:b | Alkene hydrogenation
Catalyst precursor TO/min* ratio® isomerization (%) | (%)
[Rh,(nbd),(rac-et,ph- 20 28:1 2.5 34
P4)[(BF4),
Rh(CO),(acac) + 9 17:1 1 0.5
0.82 M PPh;y
[Rhy(nbd),(meso-et,ph- | 0.9 14:1 24 10
P4)(BE4),

“Turnovers per min (# moles product/# moles catalyst); initial rate is the initial linear part of the
uptake curve representing the highest catalytic rate
"Linear to branched aldehyde product ratio based on GC and NMR analysis

are bonded to one another or in close contact (M-M < 3 A) [27]. Rac-et,ph-P4 reacts
in very high yield with 2 equivalents of [Rh(nbd),]BF, (nbd = norbornadiene) to
produce [Rhy(nbd),(rac-et,ph-P4)](BF,),, Sr, which is a precursor for an active and
highly regioselective bimetallic hydroformylation catalyst [28].

Et2 Etz _| 2+

—( Rh Rh “|

Ph P 5r

We have used 1-hexene as our standard alkene, but the results presented are
typical for 1-alkenes. In comparing Sr to the commercial Rh/PPh; catalyst
(Table 1), we find that Sr is faster and has a higher linear to branched aldehyde
regioselectivity. The rate and selectivity of Rh/PPh; hydroformylation catalysts are
quite dependent on the concentration of PPh;. Industry typically runs with a
minimum PPh; concentration of 0.4 M (1 mM rhodium catalyst), which represents
a 400:1 PPh;/Rh ratio. The higher the PPh; concentration, the slower the catalysis,
but the higher the L:B aldehyde ratio. The 0.82 M PPh; concentration used in our
study is about midway for PPh; concentrations used in industry.

The meso catalyst precursor, on the other hand, generates a considerably poorer
hydroformylation catalyst. The racemic catalyst is 22 times faster than the meso
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catalyst and gives considerably higher overall product selectivities (Table 1),
particularly with respect to the undesirable alkene isomerization and hydrogenation
side reactions.

In contrast with virtually all other aryl phosphine or phosphite coordinated
rhodium hydroformylation catalysts, S5r does not require any excess phosphine
ligand in order to maintain its selectivity or stability. In fact, adding excess rac-
P4 ligand deactivates the bimetallic catalyst. The need for excess phosphine in
monometallic rhodium catalysts arises from the relatively weak Rh-PPh;
(or phosphite) bonding. In order to maintain the coordination of two phosphine
ligands, which are required for good regioselectivity, a large excess of PPhj is
required to force the dissociation equilibrium to favor [HRh(CO)(PPhs),] [29-
31]. In Sr, the chelating and electron-donating et,ph-P4 phosphine ligand coordi-
nates strongly enough to the rhodium centers so that excess phosphine is not
needed. But as we have subsequently found out, the chelate effect is not strong
enough to maintain stability of the bimetallic complex, which will be discussed
further below.

The following observations support the proposed bimetallic cooperativity.
Model monometallic [Rh(nbd)(P,)](BF,) (P, = Et,PCH,CH,PEt,,
Et,PCH,CH,PMePh, Et,PCH,CH,PPh,, or Ph,PCH,CH,PPh,) catalyst precursors
generate terrible hydroformylation catalysts for 1-hexene from both a rate and
regioselectivity viewpoint (1-2 turnovers/h, 3:1 linear to branched aldehyde
regioselectivity, 50-70% alkene isomerization and hydrogenation side reactions).
Tethering together two extremely poor monometallic hydroformylation catalysts
with our rac-et,ph-P4 ligand to form a highly active and selective hydroformylation
catalyst is strong evidence for the presence of effective bimetallic cooperativity in
this system.

Further persuasive evidence for bimetallic cooperativity came from bimetallic
model systems where the central methylene group in the et,ph-P4 ligand has been
replaced by p-xylylene (6) or propyl groups (7), thus limiting the ability of the two
rhodium centers to interact with one another.

e, Van 7 N e S et
;Rh /\ /Rh , /Y B Ph Ph /Y\—,
< b PhJJ
£ \_/ <« <«

These “spaced” bimetallic precursors, 6 and 7, are also extremely poor hydro-
formylation catalysts (1/2—-6 turnovers/h, 3:1 linear to branched aldehyde
regioselectivity, 50-70% alkene isomerization and hydrogenation side reactions).
Complex 7, however, is about three times faster than the monometallic analogs,
consistent with Sanger’s proposal (vide supra) of some bimetallic cooperativity
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occurring in his Ph,P(CH,),PPh,/Rh hydroformylation catalysts [20]. Just as in
Sanger’s systems, 7 has very low regio- and chemoselectivity.

The most internally self-consistent check, however, is that the racemic bimetal-
lic catalyst is 22 times faster for the hydroformylation of 1-hexene than the
mesocatalyst and gives higher product regioselectivity and far fewer side reactions.
The higher rate of the racemic system was proposed to arise from its ability to form
a double-bridged hydrido-carbonyl intermediate, which favors the intramolecular
hydride transfer step that leads to aldehyde elimination. The mesocatalyst can do an
intramolecular hydride transfer, but cannot make the lower energy double-bridged
edge-sharing bioctahedral structure.

3 Dicationic Dirhodium Catalyst in Acetone Solution

The in situ FT-IR and NMR studies on the catalyst system have been extremely
important in identifying the nature of the catalytic species [32]. As indicated from
the IR spectra (using a Spectratech Circle Reaction Cell) in Fig. 1, the very poor
hydroformylation catalyst generated from neutral [Rhy(n’-allyl),(rac-et,ph-P4)],
8r, has carbonyl stretching frequencies that are 100 cm ™' lower in energy relative
to those for the highly active and regioselective catalyst generated from dicationic
Sr (D,/CO labeling studies confirm that all the bands in the IR spectra shown are
due to carbonyls).

1929

2418 P

35TO/r | | 1970 Etz,l =

1895 \
{-Rh _Rh. (
1794 v P
THF Ph Ph
—l—-—-l'--—-'—-."-.-'
8r
2038

25:1L:B
1200 TO/hr -~
Etz =

acetone

| . I ! | d 1
2100 2000 1900 1800
Wavenumbers (cm™)

Fig. 1 In situ FT-IR spectra of the hydroformylation catalysts generated from the indicated
precursor species. Conditions: 1 mM Rh, catalyst, 1 M 1-hexene, 90°C, 90 psig, 1:1 H,/CO.
Hydroformylation activities and L:B aldehyde regioseletivities for 1-hexene are shown
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Figure 1 quite clearly demonstrates that the bimetallic complexes generated
from the dicationic precursor Sr have considerably lower electron densities on
the rhodium atoms, as indicated by the ~100 cm ™" higher vco stretching frequen-
cies, relative to the electron-rich neutral bimetallic hydrido-carbonyl species
formed from the reaction of 8r with H,/CO.

The nature of the active catalyst species was studied by in situ FT-IR using the
dicationic precursors 5r and [Rh,(CO)4(rac-et,ph-P4)](BF,),, 9r, which generate
the same catalytically active species and give identical spectroscopic results
[32]. The FT-IR spectra of 9r under 1 bar CO (22°C) are shown in Fig. 2a. The
Vco IR bands observed for 9r (2,058 and 2,006 cmfl) compare well to other known
[Rh(CO),(P>)]" (P, = chelating phosphine) complexes. The 3p NMR spectrum of
9r is completely consistent with the proposed chelated symmetrical structure.

The reaction of 9r with up to 90 psig of CO produces the bimetallic
pentacarbonyl [ha(CO)S(razc-et,ph-P4)]2+ (10r, Fig. 2b), which has been crystallo-
graphically characterized (Fig. 3). The structure shows the expected open-mode
conformation with a 4-coordinate 16e- square-planar Rh center, the other Rh being
5-coordinate, 18e-, and approximately trigonal bipyramidal. The addition of one
carbonyl ligand causes a higher than expected shift to higher energies (by 37 cm ™)
for the carbonyl bands. *'P NMR studies support a very facile CO-pressure-
dependent equilibrium and an averaged symmetrical open-mode structure.

2035

2075

90°C, 90 psig | €) J\/
1:1 Hy/CO |— 2094 5043 TN———

acetone

[rac-Rhy(CO)s(et,ph-P4)]2*

60°C, 60 psig CO
acetone

[rac-Rhy(CO)4(et,ph-P4)]%*
22°C, 1 psig CO

T I I I T I ]
2150 2100 2050 2000 1950 1900 1850 1800 1750
Wavenumber cm-!

Fig. 2 In situ FT-IR spectra: (a) [Rhz(CO)4(rac-et,ph-P4)]2*, 9r (22°C, 14 psi CO); (b)
[ha(CO)S(rac—et,ph—P4)]2+, 10r, formed when 9r is placed under 90 psig of CO at 60°C; (c)
spectrum formed when 9r is placed under 90 psig of H,/CO at 60°C
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Fig. 3 ORTEP plot (50% ellipsoids) of [ha(CO)S(rac—et,ph—P4)]2+, 10r. Hydrogens, two BF,
counter anions, and disordered CH,Cl, solvent omitted for clarity

Surprisingly, the pentacarbonyl 10r does not seem to react with more CO to form
the hexacarbonyl complex, [ha(CO)6(rac-et,ph-P4)]2+, at pressures less than
90 psig.

Density functional theory (DFT) calculations on the pentacarbonyl complex 10r
demonstrate that a sixth CO ligand barely coordinates with a long Rh-CO distance
of 231 A (other Rh-CO distances average 1.98 A), consistent with the FT-IR data.
Placing 9r/10r under H,/CO (90 psig, 20-90°C) generates a new equilibrium
mixture that contains 10r and new hydride species as indicated by 'H, *'P NMR,
and FT-IR spectroscopy. Most notable in the FT-IR (Fig. 3c) is the presence of
bridging CO bands at 1,834 and 1,819 cm™'. The hydroformylation activity of the
catalyst appears to track with the relative intensity of the bridging CO bands in a
variety of solvents unless water is present. The bridging CO bands in CH,Cl,
solvent, for example, are considerably weaker and the hydroformylation activity
is only about 25% of that observed in acetone.

The in situ >'P{"H} NMR of 5r (or 9r/10r) under H,/CO at 22°C and 280 psig
clearly demonstrate that it is initially composed of complex 10r along with two
broad resonances at 66 and 74 ppm. Over the course of 24 h at room temperature, a
number of additional resonances grow in as shown in Fig. 4. The same *'P NMR
spectrum can be generated in an hour when the catalyst solution in acetone is heated
at 60°C.

The 'H NMR (Fig. 5) indicates the presence of three major hydride species, two
of which result from fragmentation of the [ha(rac—et,ph—P4)]2+ carbonyl and
carbonyl-hydride complexes. The temperature-independent hydride resonances at
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Fig. 4 31P{IH} NMR of 5r under 280 psig 1:1 H,/CO in dg-acetone after 24 h at room
temperature. Proposed assignments are shown

—5.6 and —15.1 ppm are due to the two fragmentation species. Although we have
not isolated the Rh(III) monometallic dihydride complex, [Rth(K4—rac—et,ph—
P4)]*, 12r, we have prepared and fully characterized the dichloride analog,
[RhCly(k*-rac-et,ph-P4)]* which has a very similar >'P NMR [33]. [RhHy(x*-rac-
et,ph-P4)]*, 12r, is the only hydride species that remains after depressurization and
flushing with N,. It is a very stable and unreactive 18e- complex. Attempts to
prepare 12r from the dichloride analog have failed as the dichloride is also
extremely stable and unreactive. The lack of H, reductive elimination activity
from 12r arises from the expanded H-Rh-H angle, which is trans to the highly
compressed four-membered chelate ring and extremely stable octahedral Rh(III)
structure.

Fragmentation of [Rhy(rac-et,ph-P4)]** also produces, in the relatively high
concentrations of the NMR tube experiment, the double-ligand coordinated com-
plex, [haHz(rac-et,ph-P4)2]2*, 13rr. We mistakenly assigned the hydride reso-
nances for this complex at —5.5 ppm to the catalyst species due to the initial *'P
decoupling experiments that indicated that the 164 Hz coupling was not due to any
of the phosphines [32], which left us with an unusual Rh-H coupling assignment.
Subsequent >'P decoupling studies did eventually show that the 164 Hz hydride
coupling was indeed due to the *'P resonance at —9 ppm. COSY NMR experiments
demonstrate that the hydrides are coupled to the phosphorus resonances at —9,
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Fig. 5 Variable temperature 'H showing the hydride region of 5r under 280 psig H,/CO in
dg-acetone along with proposed assignments. Expansions of two of the resonances are shown

60, and 75 ppm, but not the resonance at 21 ppm, which we assign to the cis-
coordinated chemically equivalent phosphines.

We propose the unusual mixed-valence, semi-hydride-bridged Rh(I)/Rh(III)
structure for 13rr due to the considerable difference in *'P chemical shifts between
the two halves of the complex. The *'P resonances centered at 60 and 75 ppm have
large trans P-P couplings of 280 Hz, consistent with frans nonchemically equi-
valent phosphines in a square-planar-like cationic Rh(I) environment. The Rh(III)
resonances at 21 and —9 ppm are oriented cis to one another with smaller coupling
constants. >'P COSY experiments demonstrate that the 75 ppm resonance is
strongly coupled to the 60 ppm resonance, consistent with the frans coupling
pathway. The 60 ppm resonance is also coupled to the 21 ppm resonance. Finally,
the 21 and —9 ppm resonances are coupled. This coupling pattern is consistent with
the proposed structure for 13rr.

The broad *'P resonances at 66 and 74 ppm correspond to the broadened hydride
resonances at —6.2 and —8.5 ppm at 20°C. These are assigned to the hydride-
containing bimetallic hydroformylation catalyst species. At —55°C these two
hydride resonances start to resolve, with the resonance at —8.8 ppm forming what
appears to be a pseudo-nonet, while the resonance at —6.3 ppm is only partially
resolved. We assign this to the dirhodium species with one terminal and one brid-
ging hydride, [ha(H)(p—H)(p—CO)(CO)x(rac—et,ph—P4)]2+, 11r, where x=1-3.
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The terminal carbonyls that are oriented approximately opposite the Rh—Rh bond
are considered to be exceptionally labile due to the dicationic charge that contracts
the Rh d-orbitals and reduces n-backbonding.

As the temperature is increased from —55°C to 60°C, these two resonances
broaden and coalesce to form a new single hydride resonance at —7.5 ppm. This
can be assigned to one of two symmetrical bimetallic dihydride isomers of 11r, either
the bridged species, [ha(p—H)z(CO)X(rac—et,ph—P4)]2+, 11r*, where x =2-4, or the
terminal dihydride with bridging carbonyls, [haHz(p—CO)z(CO)x(mc—et,ph—P4)]2*,
11r** where x = 1-2. DFT calculations (B3LYP, 3-21G on Rh, 6-311G** on all
other atoms, methyl groups on phosphines) on these three dihydride isomers order
them with relative energies shown in Fig. 6 (all optimized with four carbonyl ligands).

11r and 11r* have essentially the same energies within the error of the DFT
calculation, which is about 2 kcal. The terminal dihydride, 11r**, is a fair bit higher
in energy using either total relative energy or AG energy values. Experimentally,
the low-temperature 'H NMR clearly indicates that the unsymmetrical dihydride,
11r, is the lowest energy species and a reference point for our assignments. The
question is which symmetrical dihydride is formed at higher temperatures and is
acting as the primary hydroformylation catalyst. Because of the vast amount of
work on monometallic hydride complexes, there is a strong bias toward favoring a
terminal hydride for the key alkene-hydride migratory insertion step. We, therefore,
proposed for many years the terminal dihydride complex 11r** as a key catalyst
intermediate [32], but based on the DFT studies and a re-examination of the
experimental data, we now favor 11r* as the primary hydride catalyst for
hydroformylation.

The mechanistic steps parallel that of monometallic hydroformylation cycles.
Oxidative addition of H, to the 16e- four-coordinate Rh side of 10r generates the
transient intermediate species A. We do not have any spectroscopic data directly
supporting any of the complexes labeled with letters in Fig. 7. DFT calculations on
all the species in Fig. 7, along with all likely isomers, support the indicated
structures. The optimized structures from the DFT calculations generally have
somewhat unsymmetrical bridging ligands (hydrides or carbonyls) and more
distorted structures than those drawn here for clarity. Complex A rapidly closes
up to form the hydride and carbonyl-bridged complex 11r, which is the

] o o]
c T2+ e 2 2 | |2+
d ol _eo § | co | oc | co
NS |~ dor T P e T A
o | %l o] 7 o | %
NN P L W O P S
1Mr 1" 1M
E = 0.0 kcals E = 0.6 kcals E =12.3 kcals
AG = 2.0 kcals AG = 0.0 kcals AG = 14.7 kcals

Fig. 6 DFT relative energies for the three closed-mode dihydride isomers
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Fig. 7 Proposed bimetallic hydroformylation cycle based on DFT calculations using 11r* as the
catalytically active hydride species

experimentally observed low-energy structure at —55°C in our NMR studies.
Hydroformylation occurs at higher temperatures that favor a symmetrical hydride
structure, shown in Fig. 7 as the bridging dihydride 11r*. The terminal CO ligands
are very labile, allowing coordination of the alkene substrate to form B, which does
a migratory insertion to form the alkyl C, followed by CO coordination and another
migratory insertion to form the acyl complex D. The acyl complex D has a bridging
hydride present in a cisoidal position and is set up for a facile reductive elimination
to produce aldehyde and the Rh(I)-bridged carbonyl complex 9r-closed. The final
steps have 9r-closed reacting with CO to open up and reform 10r or reacting
directly with H, to form a dihydride species, most likely 11r.

Although still preliminary, the most recent (and still ongoing) DFT computa-
tional results point to the dihydride-bridged bimetallic complex 11r* as the most
likely catalyst for hydroformylation. The DFT computed mechanism based on 11r*
is shown in Fig. 8.

Not only are the various complexes in the catalytic cycle based on 11r*, once
alkene coordinates, lower in energy compared to cycles based on 11r**, but the
calculated activation barriers for most of the reaction steps are also lower in energy.
DFT calculates the activation energy for B going to C based on the terminal
dihydride 11r** as 23.1 kcal. The same alkene-hydride migratory insertion step
for the double-bridged dihydride complex 11r* shown in Fig. 7 is only 8 kcal.
Based on the DFT calculations and the spectroscopic data, especially the FT-IR, we
propose that the rate determining step is either the CO migratory insertion to make
the acyl intermediate or the reductive elimination of aldehyde. Both have essen-
tially the activation barriers based on the DFT calculations.
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Fig. 8 Relative energies and activation barriers for key catalytic steps based on DFT calculations
using 11r* as the catalytically active hydride species

The presence of two bridging carbonyl peaks in the IR spectra at higher
temperatures and the apparent activity dependence on these bridging bands, how-
ever, would seem to argue for the terminal dihydride species 11r** as the main
catalyst. But we are quite sure that there is facile phosphine arm dissociation
occurring for species 11r, 11r*, and 11r** if it exists, based on the broad reso-
nances in the *'P and "H NMR at room temperature and above. The equilibrium
between 11r and 11r with an external phosphine dissociated should show up in the
IR as two separate species. DFT calculations show 11r has one long Rh—Permal
distance of 2.51 A indicating weaker Rh—P bonding. Calculations for the phosphine
arm-on and arm-off complexes of 11r show that the bridging CO bands have
different stretching frequencies and should lead to the two bridging IR bands
observed experimentally.

The dicationic charge and unusual Rh(+2) oxidation state offers an ideal expla-
nation for the remarkable hydroformylation activity and regioselectivity of 11r/
11r*. There are, for example, no other examples of active and highly regioselective
hydroformylation catalysts that have mainly alkylated, strongly donating phosphine
ligands (like et,ph-P4). The reason for this is well understood. The presence of two
electron-donating alkylated phosphine ligands increases the electron density on the
rhodium atom leading to increased n-back-donation and stronger Rh—CO bonding.
This stronger Rh—CO bonding stabilizes the unreactive 18 e~ five-coordinate
complexes [RhH(CO),(P,)] or [Rh(acyl)(CO),(P,)] (P, =two monodentate or one
chelating bisphosphine). Facile CO (or phosphine) dissociation is needed to
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generate the catalytically active four-coordinate 16 e~ complexes, which are
needed to coordinate alkene or H, to start and/or finish the hydroformylation
catalytic cycle. The fact that our bimetallic catalyst is dicationic and has the
rhodium centers in the +2 oxidation state compensates for the strongly donating,
mainly alkylated et,ph-P4 ligand.

The +2 oxidation state and d’ electronic configuration enables Rh—Rh covalent
bonding, which is supported by the DFT calculations (Rh—Rh =2.886 A for 11r,
2.969 A for 11r*, and 2.892 A for 11r*#*), The Rh—Rh bond, in turn, keeps the Rh
centers in close proximity supporting the bridging ligands that are important for the
cooperativity and intramolecular transfers between metal centers. The combination
of the Rh—Rh bonding and bridging ligands creates a well-defined binding site that
produces the high aldehyde regioselectivity. Key aspects of this are discussed in the
binding site section.

The weakness of our dicationic bimetallic catalyst is the fact that it readily
fragments in acetone or other polar organic solvents into inactive monometallic
(12r) and double-P4 coordinated bimetallic (13rr) complexes. The proposed frag-
mentation pathway is shown in Fig. 9 and starts with the dissociation of one of the
external phosphine chelate arms.

The broadness of the phosphine resonances assigned to the catalyst in Fig. 4 is
due to the exchange between the different dihydride isomers 11r and 11r¥,
discussed earlier, and the phosphine arm-on/arm-off equilibrium. Once one of the
external phosphines dissociates, CO can coordinate to form E. The replacement of a
o-donating alkylated phosphine with a w-backbonding CO reduces the electron
density on that Rh center. This will promote reductive elimination of the two
hydrides to produce the Rh(I) bimetallic complex F. The CO saturation of the
one Rh center leads to loss of [Rh(CO),]", which probably goes on to form
unreactive  cluster complexes and monometallic species G. Under
low-concentration autoclave conditions (catalyst concentration equal to 1 mM),
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Fig.9 Proposed fragmentation pathway using 11r* as the starting species. 16e- species are shown
for 11r*, E, F, and G. Additional CO ligands could coordinate to these complexes
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the primary product is the inert 18e- monometallic product 12r. In our higher-
concentration NMR tube studies (Figs. 4 and 5), G can also dimerize to form 13rr.

There are two electronic factors that favor phosphine dissociation. The first is
that while there are many examples of metal-metal-bonded dinuclear Rh(+2)
compounds ([34] and references therein), edge-sharing bioctahedral structures are
quite rare. The two most closely related dinuclear Rh(+2) oxidation state complexes
are Cotton’s [Rh,(u-CO)(p-Cl)Cly(dppm),(MeOH)]", which has been structurally
characterized and needs one additional terminal ligand to reach full edge-sharing
bioctahedral coordination geometry[35-37], and Bianchini’s [RhoH,(-
p-H),(tripod),] (tripod = MeC(CH,PPh,);) that has been proposed to have a full
edge-sharing bioctahedral structure, but for which there is scant spectroscopic or
structural data [38]. There are also several examples of Rh(+2) complexes with one
or three bridging hydrides [39-41]. [Rhy(p-H)3(H)(PR3)4] (R=0-iPr and iPr)
complexes have been characterized, but both have been assigned as mixed valent
Rh(+1)/Rh(+3) compounds [42, 43]. It is important to note that none of these other
Rh(+2), or mixed valent, hydride complexes have been demonstrated to be efficient
hydroformylation catalysts.

The vast majority of Rh(+2) dimers have a Dyy-like “lantern” coordination
geometry. These systems have weakly coordinated axial ligands oriented frans to
the Rh—Rh bond. Transforming the Dyy-like structure with weakly coordinated
axial ligands into the edge-sharing bioctahedral structure, as shown in Fig. 10,
spreads out the axial ligand lability to the four coordination sites that are opposite
the M-M bond. The metal-ligand bond weakening effect for these locations pro-
motes carbonyl lability, which is good, but also weakens the Rh—P bonding, which
leads to fragmentation and deactivation of the bimetallic catalyst. The presence of
bridging hydrides with a strong trans-c-donor labilizing effect further enhances the
possibility for phosphine chelate arm dissociation.

The other Rh—P bond weakening effect is the electrostatic repulsion between the
phosphorus and rhodium atoms. The phosphorus atoms have a considerable amount
of partial positive charge for the complexes in the catalytic cycle ranging from +0.4
to +0.6 based on the DFT calculations. Although the rhodium centers with hydride
ligands usually have small partial negative charges (—0.1 to —0.3), the alkyl, acyl,
and carbonyl-only dicationic complexes have partial positive charges (+0.1 to +0.3)
consistent with their cationic natures and o-donor ligands weaker than hydride.

L
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Dy4p, Lantern Structure Edge-sharing bioctahedron

Fig. 10 The electronic lability of the trans ligands in the Dyy-like dimer is transferred and spread
out over all four coordination sites for the edge-sharing bioctahedral structure
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When the rhodium and phosphorus atoms have partial positive charges, the electro-
static repulsion will work to weaken the Rh—P bonding. While this is probably not a
large effect, it does contribute to the Rh—P dissociation problem.

4 Hydroformylation in Water/Acetone: Formation
of a Monocationic Dirhodium Catalyst

The addition of 30% water by volume to the acetone solvent causes a dramatic
improvement in hydroformylation as shown in Table 2 [44]. The most dramatic
improvement, however, is in the stability of the catalyst. A common test for the
stability of monometallic Rh-phosphine hydroformylation catalysts is to let them
sit under H,/CO at operating conditions without alkene. Most monometallic
Rh-phosphine catalysts will deactivate within 24 h, usually quite a bit more quickly
depending on the phosphine and amount of excess present. Our bimetallic catalyst
in pure acetone deactivates completely via the fragmentation reactions described
earlier after 80 min at the conditions shown in Table 2. In marked contrast, using
30% water/acetone as the solvent, the bimetallic catalyst only loses 10% of its
hydroformylation activity after 120 min.

Although we initially proposed that the water was inhibiting the phosphine
ligand dissociation and bimetallic fragmentation from generating inactive 12r and
13rr [44], the actual situation is quite different. The dicationic dihydride catalyst
11r/11r* can easily deprotonate to form a new monocationic monohydride
dirhodium catalyst. This is supported by in situ FT-IR, NMR, the acidity of the
catalyst solution, and DFT computational studies. A 1 mM catalyst solution in 30%
water/acetone after exposure to Hy/CO has a pH of 3.1, while a 10 mM solution has
a pH of 2.2 — consistent with a strong monoprotic acidic species.

The in situ FT-IR of the bimetallic catalyst in acetone and water/acetone are
shown in Fig. 11 along with the tetra- and pentacarbonyl complexes, 9r and 10r.
There are several significant differences between the carbonyl bands in acetone and
water/acetone solvent. The first is the very small amount of the 2,094 cm™' band

Table 2 Hydroformylation of 1-hexene by [Rh,(nbd),(rac-et,ph-P4)](BF,), using the solvent
system indicated (90 psig, 1:1 H,/CO, 90°C, 1 mM catalyst, 1 M 1-hexene)

Initial Aldehyde 1:b Alkene Alkene
Solvent TO/min* ratio® isomerization (%) hydrogenation (%)
Acetone 20 28:1 2.5 34
30% water/ 30 33:1 1 >1
acetone

“Turnovers per min (# moles product/# moles catalyst); initial rate is the initial linear part of the
uptake curve representing the highest catalytic rate
"Linear to branched aldehyde product ratio based on GC and NMR analysis
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Fig. 11 FT-IR spectra of [Rh2(nbd)z(rac-et,ph-P4)]2+ under catalytic conditions (fop two spec-
tra). Reference carbonyl complexes shown on bottom two spectra

present in water/acetone, which corresponds to the open-mode dicationic
pentacarbonyl complex 10r. The second is the general shifting of the terminal
carbonyl bands to lower wave numbers, consistent with a monocationic charge and
more nt-backbonding to the carbonyl ligands. The two bridging CO bands in water/
acetone likely represent the presence of dicationic 11r in equilibrium with the
phosphine arm dissociated complex.

DFT calculations have proven to be of great importance in understanding the
monocationic bimetallic catalyst system. Our initial structural proposals involved
double-bridged complexes similar to the dicationic system. DFT optimizations on
these starting hydride-carbonyl structures, however, consistently produced bi-
metallic complexes with only a single CO or hydride bridge, [Rh,(H)(p-CO)
(CO)s(rac-et,ph-P4)]*, 14r, and [Rh,(u-H)(CO)4(rac-et,ph-P4)]*, 15r. Although
DFT calculates 14r as the lower energy structure, 15r is only 1.8 kcal higher in
energy.
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Experimentally, 14r and 15r have similar energies as indicated by broadened
peaks indicating dynamic exchange in the in situ 'H and *'P NMR spectra (90 psig,
30% water/dg-acetone) shown in Fig. 12. The '"H NMR of the hydride region at
60°C only shows a single broadened resonance at —10.7 ppm, consistent with a
dynamic exchange between these 14r and 15r. Although we propose that dicationic
11r and 11r* are also present, the hydride resonances for these around —7.8 ppm
are not observed, most likely because their concentrations are too low or the
resonance is broadened out due to exchange via deprotonation.

Note that there is only a small amount of bimetallic catalyst fragmentation
occurring to form the monometallic complex [Rth(K4—rac—et,ph—P4)]+, 12r, and
no observable double-P4 ligand complex 13rr. The *'P NMR at 25°C also shows a
symmetrical pattern consistent with a dynamic exchange between 14r and 15r.

| 'H NMR
[
I b | R (-E'E‘xj"‘
P, II'_CO | \[ | c@ pn'-\.l ] H
ot Rll'?RI"“-P .| | =—= OC"’(RII!‘H_/ I""-'-’ 5?\ '——"-th~.. H
/'”\/*'i) I|| '. pLGP & PH k/F’Etz
14r | 15r 12r

ppm

31P{'H} NMR

T T T T T T T T T T

80 60 40 20 0 -10

Fig. 12 'H and *'P NMR spectra of [ha(nbd)z(mc—et,ph—P4)]2+ in 30% water/dg-acetone pro-
ducing an exchanging mixture of the monocationic dirhodium species 14r and 15r
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Comparing this spectrum with that of the fragmentation-prone dicationic system in
acetone (Fig. 4) reveals the dramatically improved stability of the monocationic
bimetallic catalyst toward deactivation.

DFT calculations indicate that 15r is the preferred monocationic catalyst for
hydroformylation since it has lower activation barriers and energies relative to
starting with 14r as the catalyst. Additionally, the IR spectrum of the catalyst
solution in water/acetone only shows low-intensity bridging CO bands that we
assign to dicationic 11r/11r* and 11r/11r* with one phosphine dissociated. So
there is clearly some reprotonation of the monocationic catalysts to regenerate the
dicationic catalyst system, as one might expect. The differences in hydro-
formylation activity and selectivity between the water/acetone and acetone solvent
systems indicate that the monocationic bimetallic system is the primary catalyst in
water/acetone. The bridging CO for 14r is likely to occur at 1,790 cmfl, based on
in situ FT-IR studies in THF, but is difficult to observe in water/acetone due to its
low intensity and acetone solvent carbonyl band subtraction artifacts.

The proposed bimetallic hydroformylation mechanism for 15r is shown in
Fig. 13 and is based on our DFT calculations. In many ways the mechanistic
steps parallel those for the dicationic catalyst, and bimetallic cooperativity once

Fig. 13 Proposed monocationic bimetallic hydroformylation cycle based on 15r and DFT
calculations. Rh atoms shaded yellow have a localized cationic charge helping to labilize the
carbonyls on that center
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again plays an important role. One significant difference is that most of this cycle
operates using Rh(+1) oxidation state bimetallic complexes versus the Rh(+2)
oxidation state complexes for the dicationic cycle. DFT indicates an Rh—Rh co-
valent bond for 15r and most of the species shown in Fig. 12, consistent with the
common electron-counting method where a bridging hydride or CO is considered a
le- donor to each metal center, leading to odd electron counts on the Rh(+1) d®
atoms and the formation of a covalent bond between the metal centers. This is
important in stabilizing the bimetallic closed-mode structure.

Another key point is that for most of the complexes shown in Fig. 13, one of the
rhodium centers is formally cationic, which helps labilize the CO ligands to keep
the bimetallic catalyst from becoming saturated. Since 15r is monocationic and
more electron-rich, we believe that on a per molecule basis it is less active
compared to the dicationic catalyst 11r/11r*. But it is far more resistant to
fragmentation reactions, which increases the concentration of the active catalyst
in solution producing higher overall activity.

The DFT calculated energetics for the main hydroformylation reaction steps
based on 15r starting with the 15r-alkene complex are shown in Fig. 14. The two
largest activation barriers are for the initial alkene-hydride migratory insertion step
(16.8 kcal/mol) and for the final reductive elimination of the acyl and hydride
(21.6 kcal/mol). The computational prediction, therefore, is that the final aldehyde
reductive elimination is the rate determining step for the monocationic catalyst 15r.
The largest activation barrier for the dicationic dirhodium catalyst (Fig. 8) is only
13 kcal/mol, indicating that the monocationic dirhodium catalyst should be less
active on a per molecule basis, which is completely consistent with the impact of
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Fig. 14 Main part of proposed bimetallic monocationic hydroformylation cycle energetics based
on DFT calculations using 15r-alkene starting species. One of the phosphine chelates is not shown
(or only partially) in several of the structures for clarity
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stronger Rh-CO n-backbonding for more electron-rich hydroformylation catalysts.
The higher overall activity of the monocationic dirhodium catalyst species in water/
acetone solvent is due to the higher concentration of active catalyst present due to
considerably reduced catalyst fragmentation and deactivation that occurs for the
dicationic catalyst 11r/11r*.

Although the computed bimetallic mechanisms for the monocationic and
dicationic catalysts follow an analogous series of fundamental reaction steps and
rely heavily on bimetallic cooperativity throughout each cycle, there are some
substantial differences in the energetics of the reactions steps. For example, the
activation barrier for the initial alkene-hydride migratory insertion step for the
dicationic catalyst 11r* is about half (8 vs. 17 kcal) that for the monocationic
catalyst 15r. The dicationic alkyl intermediate C is quite a bit more stable than the
corresponding species for the monocationic system. The other dramatic difference
between the two systems is that the CO migratory insertion step for the
monocationic catalyst has a very small barrier of 5 kcal vs. a 13 kcal barrier for
the dicationic catalyst.

The other significant difference between the two bimetallic catalysts is that the
monocationic monohydride dirhodium catalyst needs to oxidatively add H, in order
to gain the hydride(s) to allow the reductive elimination of aldehyde. The dicationic
dihydride system has the second hydride already present and “ready to go” for the
acyl reductive elimination step. H, then oxidatively adds to the dicationic catalyst
to regenerate the dihydride 11r/11r*. But since the monocationic catalyst system
has a low activation barrier for H, oxidative addition (8.7 kcal), this is not a
bottleneck in the catalysis cycle.

The need to oxidatively add H, to enable the reductive elimination of aldehyde
makes the monocationic dirhodium catalyst 15r somewhat similar to monometallic
hydroformylation catalysts that have the same requirement. The presence of a
formal cationic charge, however, helps compensate for the strongly donating,
mainly alkylated phosphine ligands present that would normally dramatically
reduce the activity of a monometallic hydroformylation catalyst via too strong
coordination of the CO ligands and saturation of the metal center. Most of the
proposed and computed intermediates in the cycle based on 15r have a localized
cationic charge residing on a single Rh center, weakening the Rh—CO bonding and
enabling coordination and oxidative addition of H,.

We believe that the presence of free H' in the acetone/water solvent system
plays a role in the monocationic system. The rate determining step, once again, is
the reductive elimination of aldehyde with a calculated barrier of 21.6 kcal
(Fig. 14). Protonation of the monocationic dirhodium acyl is an alternate and likely
pathway for eliminating aldehyde and forming the dicationic dirhodium catalyst
11r. Due to the very low activation barrier for the monocationic alkyl-CO migra-
tory insertion step, protonation of Rh-alkyl species to produce alkane is far less
likely and consistent with the much lower alkane side reactions for 15r.

Addition of 2 equivalents of NEt; to either the dicationic catalyst in acetone or
the monocationic catalyst in water/acetone dramatically slows the hydro-
formylation. In acetone the initial TOF is reduced by ~34%, while in water/acetone
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itis decreased by 80%. Part of the effect of base, especially with the dramatic effect
on the monocationic system, is to deprotonate 14r/15r to make neutral Rh, com-
plexes that are extremely poor hydroformylation catalysts [45]. But we also believe
that the H concentration plays a role in the monocationic system for protonating
the acyl to aldehyde. Addition of 5 equivalents of HBF, to the bimetallic catalyst
system in water/acetone, however, also slows the hydroformylation and increases
alkene isomerization. We believe that this generates more dicationic catalyst and
enhances the catalyst fragmentation and deactivation.

Although the monocationic dirhodium catalyst 14r/15r is far more resistant to
fragmentation and deactivation relative to the dicationic species 11r/11r*, the in
situ NMR spectroscopy still shows some fragmentation of 14r/15r to the inactive
monometallic complex, [Rth(K4—et,ph—P4)]+, 12r (Fig. 9). This may be via a
reprotonation of 14r/15r to the dicationic system or via a much slower fragmenta-
tion directly from 14r/15r also due to phosphine chelate arm dissociation intrinsic
to the monocationic complexes. A variant of the catalyst fragmentation equilibria
shown in Fig. 9 likely affects 14r/15r, most likely via phosphine arm dissociation.
Hydroformylation studies using variable H,/CO ratios with water/acetone solvent
support this and are shown in Table 3 [46].

The fragmentation equilibrium shown in Fig. 9 is highly dependent on the partial
pressure of CO and H,. More CO promotes fragmentation of the dirhodium
complex. Higher H, pressures or ratios favor the active hydride-containing com-
plexes. Reducing both the H, and CO partial pressures in Table 3 (experiment 2)
leads to the expected reduction in turnover frequency, but note the increase in
aldehyde linear to branched regioselectivity (33:1 to 55:1). The lower CO-pressure
favors coordination of the phosphine chelate, which maximizes the steric directing
effects and higher 1:b aldehyde selectivity. Raising the H, partial pressure while

Table 3 Hydroformylation using [Rh2(nbd)z(rac—et,ph—P4)]2+ and variable ratio H,/CO studies in
30% water/acetone (partial pressures of H, and CO in psig)

H,/CO pH> pCO TOF TON I:b % Linear Isomerization
1:1 45.0 45.0 30(2) 1,000 33:1 97.1 1%

1:1 22.5 22.5 20(1) 1,000 55:1 98.2 1%

2:1 45.0 22.5 27(2) 1,000 64:1 98.5 1%

3:1 67.5 22.5 30(2) 1,000 75:1 98.7 1%

4:1 88.0 22.5 46(1) 1,000 152:1 99.3 7.7%"

1:4 22.5 82.5 - 0 - -

1:3 22.5 67.5 - 0 - -

Conditions: 90°C, 1 M 1-hexene (1,000 equivalents), | mM Rh catalyst, solvent =30% H,O in
acetone for all tested systems, constant pressure conditions, 1,000 rpm stirring; pressures listed as
psig, TOF =initial turnover frequency with standard deviation based on four consistent runs,
TON = total turnover number (alkene reactant converted to products), 1:b = aldehyde linear to
branched regioselectivity, [som = alkene isomerization, there is less than 1% alkene hydrogena-
tion for all runs

“ca. 5% n-heptanol produced
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keeping the CO partial pressure at 22.5 psig causes dramatic increases in turnover
frequency and aldehyde 1:b regioselectivity.

One factor to note is that a constant pressure was maintained in the autoclaves
with the H,/CO ratio indicated. But the hydroformylation reaction only consumed
1:1 H,/CO. Thus, as the reaction proceeded, the H,/CO ratio for experiments with
higher H, partial pressures also increased. This is most clearly indicated by the 4:1
H,/CO experiment where considerable CO depletion occurred leading to enhanced
alkene isomerization and some hydrogenation of the aldehyde to alcohol. The
remarkably strong inhibitory effect of CO is clearly shown by the last two experi-
ments in Table 3 where 1:4 and 1:3 H,/CO experiments did no hydroformylation.

The effect of increased H,/CO ratios on monometallic hydroformylation cata-
lysts is similar regarding increases in initial turnover frequency and aldehyde 1:b
regioselectivity. Monometallic Rh catalysts based on Naphos, Bisbi, and Xantphos
chelating ligands were also tested, and those results are shown in Table 4 [46]. The
general trends for the Naphos and Bisbi ligand-based monometallic hydro-
formylation catalyst are quite similar to what we see for our bimetallic system:
lowering the overall pressure with a 1:1 H,/CO ratio results in lower initial TOF,
an increase in aldehyde I:b regioselectivity, and a small increase in alkene

Table 4 H,/CO ratio hydroformylation runs using Rh(CO),(acac) and phosphine ligand shown

O Ph, OO Ph, O O
Ph, Ph, ©
Ph, Ph,

Bisbi Naphos Xanthphos
Rh catalyst H,/CO pH> pCO | TOF TON I:b % Linear | Isom
Naphos 1:1 45.0 |45.0 35(1) 1,000 120:1 99.2 2.2%
Naphos 1:1 22.5 22.5 27(2) 950 160:1 99.4 3%
Naphos 3:1 67.5 22.5 48(7) 700 360:1 99.7 4%
Naphos 4:1 88.0 22.5 87(7) 810 360:1 99.7 3%
Bisbi 1:1 45.0 |45.0 37(1) 1,000 80:1 98.8 2%
Bisbi 1:1 22.5 22.5 24(1) 975 90:1 98.9 3%
Bisbi 3:1 67.5 22.5 61(7) 550 150:1 99.3 2%
Bisbi 4:1 88.0 [225 26(3) 530 162:1 99.4 3%
Xantphos 1:1 45.0 450 28(1) 1,000 60:1 98.4 <1%
Xantphos 1:1 22.5 22.5 26(4) 900 55:1 98.2 1.5%
Xantphos 3:1 67.5 22.5 21(2) 750 49:1 98.0 2%
Xantphos 4:1 88.0 |225 20(2) 845 40:1 97.6 5%

Conditions: 90°C, 1 M 1-hexene (1,000 equivalents), 1 mM Rh catalyst, 5 equivalent of phosphine
ligand, solvent=30% H,O in acetone for all tested systems, constant pressure conditions,
1,000 rpm stirring; pressures listed as psig, TOF =initial turnover frequency with standard
deviation based on four consistent runs, TON = total turnover number (alkene reactant converted
to products), 1:b =aldehyde linear to branched regioselectivity, Isom = alkene isomerization —
there is less than 1% alkene hydrogenation for all runs
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isomerization. Increasing the H,/CO ratio while maintaining a low CO partial
pressure increases the initial TOF substantially along with the aldehyde 1:b ratio.

But all the monometallic catalysts deactivate before they can complete the 1,000
turnovers (100% conversion of alkene). This is tied into Rh-induced phosphine
orthometalations and P-Ph or P-benzyl bond cleavage reactions that lead to
monometallic catalyst deactivation [4]. Bisbi is especially susceptible to deacti-
vation under these conditions, barely making it past 50% conversion of the alkene.
The mainly alkylated et,ph-P4 ligand does not seem to suffer from Rh-induced
phosphine fragmentations under these conditions, but does tend to lose a rhodium
center and “fragment” losing the bimetallic cooperativity.

The Xantphos-based monometallic hydroformylation catalyst also deactivates
before converting all the alkene to aldehyde under reduced CO pressures but
behaves differently in that both the initial TOF and aldehyde 1:b regioselectivity
decreases with higher H,/CO ratios while keeping the CO partial pressure low. We
believe the reason for this is that the Xantphos ligand can coordinate to the Rh
center via the central oxygen atom, but this is a weaker interaction than the Rh—P
bonds. At low CO partial pressures, the Xantphos favors the k*-mode using the
phosphines and central oxygen atom leading to less reactive and selective catalysts.
Higher CO pressures favor dissociation of the Xantphos oxygen leading to a more
active catalyst with a folded Xantphos configuration that is more sterically directing
relative to the flatter Xantphos structure when the oxygen atom is coordinated to the
rhodium [47, 48].

S Catalyst Binding Site Considerations

The high product aldehyde regioselectivity observed for our bimetallic catalyst,
either dicationic or monocationic, is a result of the relatively rigid dinuclear
structure of 11r/11r*/15r and the proper arrangement of steric effects on the et,
ph-P4 ligand/catalyst. When an alkene coordinates to a typical monometallic
square-planar hydroformylation catalyst, the other ligands will bend away to form
a trigonal bipyramid or square pyramid, which is the least congested coordination
geometry (Fig. 15). This geometric reorganization results from electronic orbital
rehybridization on the metal center and causes the steric directing groups on the
phosphine ligands to swing away from the incoming alkene substrate. This, in turn,
reduces the steric effectiveness of the phosphine for orienting the alkene to insert
properly into the Rh—H bond to give the desired linear alkyl intermediate species.

The bimetallic catalysts, however, cannot distort this way on alkene coordi-
nation because the Rh—Rh bond and bridging ligand(s) prevents any significant
movement of the ligand environment away from the alkene. Minimizing the
geometric reorganization about the rhodium maximizes the steric effect of the et,
ph-P4 ligand, directing the alkene insertion into the M—H bond to form a linear
alkyl group, which goes on to form the linear aldehyde product.
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We believe that the Rh—Rh bond and bridging ligand(s) plays a critical role in
defining and enhancing the steric factors present in our alkene binding site. There
are no regioselective monometallic hydroformylation catalysts with phosphine
ligands that have the small R-groups present in et,ph-P4 (an ethyl and phenyl).
Except for a minor increase at 1-hexene, dicationic 11r/11r* has essentially
constant linear to branched regioselectivity across a fairly broad series of alkenes
in acetone solvent: propylene (20:1), 1-butene (20:1), 1-pentene (23:1), 1-hexene
(28:1), 1-heptene (21:1), and 1-octene (21:1). We haven’t studied this entire series
with monocationic 15r yet, but believe it will exhibit higher regioselectivities with
minimal variations between alkenes as it has a similarly well-defined binding site.
This behavior is quite unusual compared to monometallic hydroformylation cata-
lysts that show a considerably larger regioselectivity range that increases with
longer chain alkene substrates.

6 Future Studies

The facile fragmentation and deactivation of the dicationic dirhodium catalyst in
acetone was disappointing as we specifically designed the et,ph-P4 ligand to be a
strong chelator and to minimize bimetallic fragmentation — a problem that has
plagued multimetallic homogeneous catalysts. Although the monocationic bime-
tallic hydroformylation catalyst has considerably improved stability relative to the
dicationic dirhodium system, a better binucleating ligand to generate even more
robust but active catalysts was needed. The next-generation binucleating
tetraphosphine has been designed with 1,2-phenylene-linked chelates, one of the
strongest chelators known in transition metal chemistry. The rac- and meso-et,ph-
P4-Ph ligands are shown below.
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Scheme 4 Facile fragmentation of NiyCly(et,ph-P4), 16m, in the presence of water at room
temperature

The ligand synthesis, characterization, and dinickel tetrachloride complexes
based on this new P4 ligand have been reported [49]. Our unpublished work on
comparisons between the new P4-Ph chelated bimetallic complexes and similar
systems based on the “old” P4 ligand clearly demonstrate that the P4-Ph ligand is a
much stronger chelator and dramatically minimizes fragmentation reactions of
bimetallic complexes based on it. For example, rac- and meso-[Ni,Cly(et,ph-P4)]
complexes, 16, fragment readily at room temperature when water is added to
acetonitrile, acetone, or DMSO. The proposed fragmentation equilibrium for the
meso-[Ni,Cly(et,ph-P4)] complex, 16m, is shown in Scheme 4.

After 2448 h at room temperature with 15% water present, 16m completely
converts to the double-P4 coordinated dinickel complex 17m, which has been
crystallographically characterized and is isostructural with [Pty(p-Cl)(meso-ph,ph-
P4)]** prepared by Anderson and coworkers [50]. Heating 17m in the absence of
water and two equivalents of NiCl, plus some extra chloride will reform 16m. The
ease of fragmentation for this dinickel system appears to be clearly tied into a
facile chelate arm dissociation, as proposed for the dicationic dirhodium hydro-
formylation catalyst 11r/11r* (or even 11r*%*).

Ongoing reaction studies on the new more strongly chelated P4-Ph bimetallic
nickel complexes, rac- and meso-[Ni,Cly(et,ph-P4-Ph)], with water show that the
bridged hydroxide complex, [Ni(u-OH)(Cl),(meso-et,ph-P4-Ph)]*, forms but with-
out any subsequent fragmentation even at elevated temperatures (60°C).
[Niy(u-OH)(Cl),(meso-et,ph-P4-Ph)]* has been crystallographically characterized.
Furthermore, the bridged hydroxide is the primary molecular ion when either rac-
or meso-[Ni,Cly(et,ph-P4-Ph)] is analyzed by LC-MS using a methanol/water/
formic acid mobile phase. The considerably higher stability of the bridged
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hydroxide dinickel complexes with the new P4-Ph ligand supports the much
stronger chelating ability and that it appears to favor closed-mode bimetallic
complexes.

We are about to start hydroformylation studies using the dirhodium
bis-norbornadiene catalyst precursor based on the new rac-et,ph-P4-Ph ligand.
This new more strongly chelated catalyst should be dramatically more resistant to
deactivating fragmentation reactions for the highly active dicationic catalyst. These
studies will be reported in due course.
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Binuclear Iridium Complexes in Catalysis

Manuel Iglesias, Eduardo Sola, and Luis A. Oro

Abstract In this chapter, recent progresses in the use of binuclear iridium com-
plexes as catalysts for the preparation of value-added organic molecules and the
catalytic cycles involved in these reactions are presented. The reactivity of these
complexes toward a variety of substrates and the intermetallic cooperation mech-
anisms that differentiate binuclear entities from their mononuclear counterparts are
reviewed and analyzed in detail. Oxidative addition and reductive elimination
reactions usually occur at one of the iridium centers followed by ligand migration
to the vicinal iridium atom or to bridging positions, although cooperative activation
of various substrates has been proposed in the literature. The close proximity of two
metal centers in binuclear complexes, and their ability to cooperate, brings about
new reactivity patterns that very often differ from those expected for related
monometallic systems. Especially noteworthy is the transmission of ligands trans
effects (or influences) via bridging ligands or intermetallic bonds, together with the
facile migration of hydrides between metals and the interaction between iridium
centers in Ir,"" dimers, which seem to govern the chemistry of diiridium complexes.
In this regard, it is worth noting that single-site activation does not exclude a
cooperative bimetallic cycle. Most of the reported catalytic cycles based on bime-
tallic iridium complexes follow inner sphere mechanisms, but the presence of outer
sphere pathways cannot be excluded as exemplified by recent reports on ionic or
dimetal-ligand bifunctional mechanisms; therefore, bimetallic iridium catalysis
may show one or more cooperation mechanism.
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1 Introduction

Metal cooperation is a widely used concept in enzyme catalysis, often invoked in
order to rationalize activities and selectivity patterns inaccessible by action of a
single metal center [1-13]. An illustrative example is the enzyme tyrosinase, which
catalyzes the hydroxylation of tyrosine to DOPA (3,4-dihydroxyphenylalanine) and
its subsequent oxidation to the corresponding quinone. Tyrosinase makes use of an
active site based on a bimetallic copper complex that activates molecular oxygen.
The deoxy form consists of a [Cu(I) Cu(I)] core, while the oxygenated site presents
a p-nn>-peroxide (0,%7) bridge: [Cu(I)O,Cu(I)]. According to the generally
accepted catalytic cycle (Scheme 1), the binuclear nature of the catalyst is required,
not only for the activation of molecular oxygen but also for the transfer of the
oxygen atom in the hydroxylation of tyrosinase, as well as for the two-electron
oxidation of DOPA [14-21].

Despite the vast number of outstanding examples of enzymatic catalysis that rely
on the collaboration of two or more vicinal metal centers hitherto disclosed, the
design and development of efficient binuclear organometallic complexes able to
enhance the performance of mononuclear catalyst by means of an intermetallic
cooperative process remains widely unexplored [22-24]. In fact, the formation of
bi- or polynuclear complexes has been often described as a catalyst deactivation
pathway [25-30]. However, the availability of more electron density at the active
site, extra coordination positions, and the possibility to develop more preorganized
systems that allow for (enantio)selective reactions shows great promise for an
improved catalytic performance [9].

Binuclear rhodium complexes in particular have met with great success as
catalysts for various transformations, especially remarkable are the Rh
(IT) examples reported by Doyle et al. [31] (and references therein) and Stanley’s
system for hydroformylation [32-38]. The latter showed an excellent
regioselectivity for the hydroformylation of 1-hexene with remarkable turnover
numbers (ca. 12,000 cycles) and frequencies (73 min~ ). The enhanced activity and
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Scheme 1 Catalytic cycle for the hydroxylation of tyrosine and the oxidation of DOPA.
N = histidine residues (axial ligands at the coppers were omitted for clarity); R = alanine

selectivity compared to its mononuclear analogue has been attributed to (i) the
intramolecular hydride transfer, which facilitates the reductive elimination of the
aldehyde, thus improving the reactivity, and (ii) the rigid structure of the bimetallic
core, which directs the selectivity of the process (Scheme 2).

2 Elementary Steps in Binuclear Catalysis

Elementary steps in binuclear catalysis can differ significantly from those described
for mononuclear complexes due to the proximity of a second metal center. A brief
description of binuclear oxidative addition, reductive elimination, ligand migration,
and migratory insertion will be made in order to facilitate the understanding of the
mechanisms discussed in this chapter.
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Scheme 2 Hydroformylation of 1-hexene catalyzed by Stanley’s system

2.1 Oxidative Addition/Reductive Elimination

Several mechanisms can be envisaged for the oxidative addition or reductive
elimination in binuclear systems, which may depend on the nature of the substrate
and the metallic core. Intuitively, the mechanism for the oxidative addition of
molecular hydrogen and its microscopic reverse reaction may be proposed to
occur by a concerted symmetric mechanism (least-motion pathway; Scheme 3a).
However, theoretical calculations have revealed that this pathway is spin forbidden
and leads to prohibitive activation energies [39]. The most generally accepted
mechanism (non-least-motion pathway; Scheme 3b) entails (i) initial coordination
of molecular hydrogen to one of the metal centers, followed by (ii) oxidative
addition of H, to give M,(p-H)(H), and, finally, (iii) migration of the bridging
hydride over the other metal center.

Step (ii) could take place by two different routes (Scheme 4): the oxidative
addition may happen over one of the metal centers, as it would be expected to occur
for a mononuclear complex, or in a cooperative fashion, i.e., aided by the second
metal. The resulting mixed-valent complex features a dative metal-metal bond,
where the metal in a lower formal oxidation state donates electron density to the
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second (in a higher formal oxidation state). This type of species has been postulated
as intermediates in binuclear catalytic cycles and, what is more, characterized and
isolated [40—48]. Although no conclusive data permits to establish whether the
oxidative addition takes place thanks to metal-metal cooperation or via a single-site
process, the fact that challenging oxidative additions for mononuclear species occur
under relatively mild conditions for binuclear complexes suggests that the latter
may occur at least in these cases [49-53].

2.2 Migratory Insertion, f-Hydrogen Elimination,
and Ligand Migration

Little has been reported on the B-hydrogen elimination [54] or migratory insertion
[41, 55-58] at binuclear systems, and, therefore, no irrefutable reactivity trends or
mechanisms can be established from the available data. Noteworthy, several exam-
ples show that the reaction rates for f-hydrogen elimination in binuclear complexes
are higher than those obtained for mononuclear analogues. For instance,
B-hydrogen elimination at (dppe)EtPt—-MoCp(CO);, (dppe)EtPt—WCp(CO)3, and
(dppe)EtPt—CoCp(CO), takes place significantly faster than that at PtEtCl
(dppe) [54].

Migratory insertion reactions seem to occur at a single site, similar to what
would be expected for a mononuclear complex, although the facile migration of
ligands (including hydrides, alkyl groups, or carbonyl ligands) from one metal to
the other in binuclear complexes contributes to achieve the right ligand disposition
for the insertion to happen. Consequently, the migrating ligand and the vacant
coordination site do not need to reside in the same metal center [41, 57]. Similarly,
the vacancy generated by the migratory insertion may end at the other side of the
bimetallic complex, thus enabling subsequent reactions not possible for mononu-
clear entities [59].

The extended coordination possibilities offered by the bridging positions may
also turn into reactivity advantages, as proposed for one of the rare examples of



36 M. Iglesias et al.

imine insertion into metal-hydride bonds [60]. The same concept was applied to
alkyne insertions leading to bridging alkenyls, in this case aiming to explain
unusual stereoselectivities in stoichiometric [61] or catalytic [62] reactions.

3 Trans Effect in Bimetallic Complexes

The trans effect/influence in binuclear complexes brings about two main phenom-
ena that are not observed in mononuclear complexes: (i) the position of the bridging
ligands is determined by the frans influences of ligands in both metals, and (ii) the
trans effect/influence of a terminal ligand in one of the metal centers can be
transmitted to the adjacent metal center via a bridging hydride or an
intermetallic bond.

3.1 Position of Bridging Ligands

Hydrides are one of the most commonly found bridging ligands in iridium
homobimetallic complexes. The symmetry or asymmetry of the hydride bridge is
usually determined by the nature of the frans-ligands in both metal centers. For
example, the complexes depicted in Fig. 1 feature asymmetric hydride bridges in
solution and in the solid state. Although the position of the bridging hydrides
obtained from X-ray diffraction must be examined with care due to the limited
accuracy of the technique for these situations, this assumption has been also
supported by NMR studies in solution [63, 64].

The asymmetry of the bridge has been attributed to the different trans influence
of the ligands in trans positions to the bridging hydrides. For example, the p-H
ligand in complex [Irz((CH3)2CO)(CO)2(H)(p-H)(p-1,8-(NH)2naphtha)(PiPr3)2)]
[CF;SO3], presents two trans-ligands that possess very different zrans influences,
namely, an acetone and a hydride ligand. For that reason, the p-hydride is closer to
the metal that contains the frans-ligand with the weakest frans effect, in this case
acetone.

3.2 Intermetallic Trans Effect/Influence

The intermetallic trans influence in L-Au—Au-L’ complexes has been postulated in
order to explain the Au-L’ bond length, which changes depending on the trans
influence of L, while the Au—Au distance remains unaltered [65, 66]. Focusing on
the chemistry of homobimetallic iridium complexes, several illustrative cases of
intermetallic trans effect can be found. For example, complexes [Ir,(CH3;CN)
(H)3(-H)(1-P2)2(PPr3),] and [Ir,(CHsCN)(CD(H)(p-H)(P'Pr3)s(u-P2)s] (Fig. 2)
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Fig. 1 Depiction of complexes [Irz((CH3)2CO)(CO)2(H)(p-H)(p-1,8-(NH)znaphtha)(PiPr3)2]
[CF3S0:], [63] (left) and [Iry{xC-CeHy-2-[xC-(Z)-C=CHPh]}{(Z)-C(Ph)=CHPh}(CH3CN)
(n-H)(u-Pz),(P'Pr3),] [64] (right)

show very different reactivity toward the substitution on the acetonitrile ligand. The
former readily losses the CH3CN ligand giving rise to a rich substitution chemistry,
whereas the latter is inert toward good ligands such as pyrazole, CO, or ethylene. A
plausible explanation for this drastically different behavior rests in the transmission
of the trans effect from one metal to the other through the hydride bridge. This
postulation would be in agreement with the strong c-orbital mixing along the H,—
Ir-H,—Ir-NCCHj; axis suggested by theoretical calculations. Moreover, X-ray and
"H-NMR data of both complexes show clarifying structural information that reveals
the different nature of the hydride bridge in the H- and Cl-derivatives. The strong
trans influence of H, brings about an enlargement of the Ir—H, distance, which
pushes H,, closer to the second metal center, whereas the chloride derivative
features a symmetric hydride bridge equidistant from both metal centers. Conse-
quently, the proximity of Hy to the second iridium center translates into an
enhanced frans effect, i.e., lability of the acetonitrile ligand compared to its chloride
analogue [59, 67].

The trans effect can also be transmitted via an intermetallic bond as shown in
Scheme 5, where a strong trans-labilizing methyl group leads to reversible coordi-
nation of carbon monoxide. The parent isomer, on the other hand, which presents a
PiPr3 in trans to the vacant coordination site, affords the stable CO adduct [68].

4 Homobimetallic Iridium Complexes: Reactivity
and Catalysis

This section will focus on the reactivity and catalytic applications of
homobimetallic iridium complexes containing the two metal centers in close
proximity, purposely excluding examples of heterobimetallic systems that contain
an iridium center, since their rich chemistry makes it impossible to deliver a
comprehensive description within the scope of this chapter. However, for the
interested reader, catalytic cooperativity in heterobimetallic complexes has been
recently reviewed [69].
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Scheme 5 Intermetallic frans effect transmitted via a metal-metal bond

4.1 Bond Activation by Homobimetallic Iridium Complexes

The stoichiometric chemistry of binuclear iridium complexes with reagents such as
molecular hydrogen, halocarbons, alkynes, and alkenes has provided a wealth of
interesting examples that have shed light on the reactivity trends and potential for
substrate activation of this type of species, which often diverge from those of their
mononuclear analogues [68]. As a typical example, there are precedents of Ir
(D) dimers inactive toward the oxidative addition of molecular hydrogen that need
to be oxidized in order to become active [63, 70]. This sharply contrasts with the
behavior expected for mononuclear iridium complexes, where the ability to
undergo oxidative addition increases when the metal centers are in low oxidation
states.

Theoretical calculations on the concerted binuclear addition of H, to Ir d%-d®
complexes propose that the formation of a diradical that needs to reorganize
previous to metal-metal bond formation is required, which leads to high energy
barriers [71]. Besides, concerted symmetric mechanism are spin forbidden (vide
supra) [39]. These studies, together with experimental evidences, suggest that in the
rare cases where H, oxidative addition takes place at Ir,"" systems, this is initiated
at one of the metal centers [72, 73]. Detailed NMR studies on the A-frame system
[Ir(CO),(dppm),(p-S)] (dppm = Ph,PCH,CH,PPh,) support a single-site oxida-
tive addition followed by a hydride migration to the other Ir center. The oxidative
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Scheme 6 Mechanism proposed for the oxidative addition of H; to [Ir,(CO),(dppm),(p-S)]Cl

addition may take place according to two different geometries, exo or endo,
depending on where the attack of the dihydrogen molecule occurs relative to the
cavity generated by the ligand system. The migration has been proposed to happen
via the bridging sulfide ligand to give the thermodynamic symmetric product (exo
addition) or directly to afford the kinetic product (endo addition) (Scheme 6).

Similar bis(dppm)bridged Ir(I) complexes, such as [Ir,(p-CI)(CO),(dppm),|BF,
and [Ir,(CO),(dppm),(X),] (X = Cl or I), have also proved to be able to undergo H,
activation according to analogous mechanisms [40, 74, 75]. Noteworthy, the latter
generates a vacant orbital usable for hydrogen coordination [76].

Besides the above A-frame systems, the activation of hydrogen has been reported
for a handful of iridium dimers with open-book structures. For the bis(thiolate)
complex [Ir(CO)(PR3)(u-S'Bu)], [77, 78], the oxidative addition is proposed to
occur at one of the iridium centers, which subsequently transfers one of the hydrides
to the second iridium to give the Ir(Il)-Ir(Il) complex [[Ir(CO)(H),(PR3)(p-S'Bu)]
(Scheme 7). The same process is initiated in the symmetric phosphido-bridged
complex [{Ir(PH'Bu,)(CO)},(p-H)(u-P'Buy)] to form the nonsymmetric product
[{Ir(CO)(H)(PH'Bu,) } (u-H)»(u-P'Bu,) { I(CO)(PH'Bu,) }], but the transferred
hydride does not go beyond the bridging position, thus allowing the oxidative
addition to be reversed [79]. Another noteworthy d*~d® diiridium(I) system capable
of dihydrogen activation is that reported by Stobart and co-workers, where the
splitting of the H, molecule by complex [Ir,(CO),(PPh3),(p-Pz),] was described to
be sluggish at room temperature but proceeds rapidly at temperatures above
70°C [80].

The scarcity of Ir(I) dinuclear complexes able to activate H, has been attributed
to the rigidity of such complexes, which prevents the distortion of the square-planar
geometry and, consequently, the appearance of the empty metal orbital required for
the coordination of the dihydrogen molecule [81-83]. In the particular case of open-
book structures, theoretical calculations support a weak metal-metal interaction



40 M. Iglesias et al.

I
':f‘co

PR3
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that stabilizes the bent geometry [84], further hampering H, coordination. Against
this, however, the ability of bridging ligands to dissociate and adopt terminal
positions may generate the necessary vacant sites, thus accounting for dihydrogen
activation at certain complexes [40, 74—76]. Besides, the functional contributions of
ligands such as thiolates might account for the success of some of the previously
described systems. Actually, the thiolates present in the cysteine-rich active site of
hydrogenases have been proposed to assist the heterolytic activation of dihydrogen
[85-89]. Also, similar bifunctional heterolytic activations of dihydrogen have been
recognized for mononuclear Ir-thiolate complexes [90, 91] and, remarkably, also
for a binuclear (dg—dg) Rh system (Fig. 3) [92].

Ir,™! systems may also become active toward H, addition via disproportionation.
The reaction sequence depicted in Scheme 8 illustrates how the transformation of
an Ir,™ symmetric structure (d®-a® system) into its related mixed-valence Ir, %1
complex (d’—d” system) results in the generation of an empty orbital at the Ir(Il) (d’
metal center) that permits H, coordination and subsequent oxidative addition
[44, 46].

In spite of their relative inertness for H, activation, the Ir(I) dinuclear complexes
are still electron-rich entities and, therefore, capable of undergoing oxidative
additions via an Sy2 mechanism. This is the case of complex [Ir,(CO),(-
p-1,8-(NH),naphtha)(PiPr3),], which does not react with molecular hydrogen but
readily undergoes the binuclear oxidative addition of (pseudo)halocarbons and
strong acids to form products that display a metal-metal bond (Scheme 9) [70].

An analogous reaction between methyl iodide and complex [Ir(CN'Bu),(u-Pz)],
(Pz = pyrazolate) consumes two equivalents of the reagent to give the Ir,'™™
complex [{Ir(CN'Bu),(Me)(p-Pz) }»(u-DII (Scheme 10) [93].

The latter Ir,"' complex is also capable of undergoing binuclear oxidative
addition of chloroalkanes such as MeCOCH,Cl and MeCO,CH,Cl to form the
I, complexes [Ir (CH;COCH,)(CI)(CN'Bu),(p-Pz)], and [Ir(CH;CO,CH,)(Cl)
(CN'Bu),(p-Pz)],, which are in equilibrium with their related Ir,"™ isomers
(Scheme 11) [94].

In contrast with haloalkanes, diiodine has been proposed to react with [Ir
(CN'Bu)»(p-Pz)], by a two-electron transfer process that affords cation [Ir(u-Pz)
(CN'Bu)2]22+ and two iodide ions, which are subsequently incorporated into the
coordination sphere of the iridium centers to give the Ir,'™" complex [Ir
(CN'Bu),(I)»(u-Pz)], (Scheme 12) [95]. Analogous oxidation processes have been
described for other similar Ir(I) dd-a8 systems (e.g., see [80, 96—-100])
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Fig. 3 Heterolytic
activation of H, by a
binuclear Rh,"" system as
proposed by Mealli et al.
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Scheme 8 Example of dihydrogen activation over a mixed-valence I, complex formed by
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Scheme 9 Reactivity of [Ir,(CO),(p-1,8-(NH),naphtha)(PiPr3),] against (pseudo)halocarbons
and strong acids

In what can be considered a genuine characteristic of these binuclear systems,
the Ir,"' complexes often become active toward the oxidative addition of H-H or
C—H bonds after oxidation to Ir,"™" (d"=d” system) or Ir,"™ (d®-d?® system) systems.
As described above, Ir,™! complexes can be oxidized by (i) Sy2 oxidative addition
of strong acids or (pseudo)halocarbons or (ii) two-electron transfer process with
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Scheme 12 Reactivity of [Ir(CN'Bu),(p-Pz)], with diiodine

oxidants such as I, or [FeCp,]O3SCFs;. Either of such oxidations leads to a disrup-
tion of the rigid d®~d® system that enables the modification of the orbital architec-
ture and permits substrate coordination [68]. Besides, in Irzl’HI compounds, the
Lewis acidity of the Ir(I) center is enhanced due to the weak intermetallic bond,
which, to some extent, equilibrates the electron density between both metal centers.
This favors the coordination of o-donors and even anionic nucleophiles such as
iodide. Consequently, the coordination and subsequent oxidative addition of
dihydrogen is possible in the new oxidized species, while the parent Ir,"' compound
was inert toward H, (Scheme 13) [84].

Along with the example of Scheme 13, other Ir,"™ and Ir,"" compounds show
analogous reactivity patterns toward H, (Scheme 14). Remarkably, the formation of
a hydride bridge that replaces the metal-metal bond is observed in all cases, which
may be due to the existence of a common mechanism for the activation of
dihydrogen by these complexes (Schemes 13 and 14). A concerted pathway that
entails coordination of the dihydrogen molecule in cis position to the intermetallic
bond as first step has been postulated. Subsequently, single-site oxidative addition
assisted by a shift of the electron density at the metal-metal bond would result in the
formation of a hydride-bridged bimetallic complex.

A similar reactivity trend has been reported for the oxidative addition of C-H
bonds by binuclear iridium complexes. In fact, the Ir,"™ compound [Ir,(CO),(H)
(u-1,8-(NH),naphtha)(P'Pr3),]* also undergoes the C—H bond oxidative addition of
phenylacetylene to give a p-kC,n>-alkynyl-bridged complex, which, in this case,

ILIT
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Scheme 13 Oxidative addition of H, over Ir,"™ cation [Ir,(CH3)(CO),(P'Pr3),(11-Pz),]*
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Scheme 15 Reactivity of [Irz(CO)z(H)(p—l,8—(NH)znalphtha)(P'-Pr3)2]Jr with phenylacetylene

slowly isomerizes to the hydride-bridged complex (Scheme 15). However, as it was
described for dihydrogen reactivity (vide supra), the parent Ir,"" complex is inert
toward the oxidative addition of alkynes.

The parent Ir,"™" complexes showed a similar reactivity toward phenylacetylene,
but, in this case, the bridged complex was not observed; instead, the unsaturated
dicationic Ir,™™ complex [Ir,(C=CPh)(CO),(H)(p-1,8-(NH),naphtha)(P'Pr3),]
[CF5;S0s3], was isolated when the reaction was carried out in dichloromethane.
Noteworthy, when this compound was refluxed for long reaction times, a new
complex featuring a bridging vinylidene ligand was formed (Scheme 16).

When acetone was used as solvent, a significant change in reactivity occurs, as a
deprotonated Ir,"™" compound [Ir,(C=CPh)(CO),(i-1,8-(NH),naphtha)(P'Pr3)]
CF;S0; is obtained. This compound is able to react with a new molecule of alkyne
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to give In,™"  complex [Ir,(C=CPh),(CO),(p-1,8-(NH),naphtha)(P'Prs),]
(Scheme 17) [101].

Further support for the prerequisite of Ir,"' oxidation is well exemplified by the
C-H activation of 2-butene in complex [Ir(2-butene),(p-1,8-(NH),naphtha)
(P'Pr3),] to give the corresponding hydride-allyl Ir,"™™ product, which occurs via
an IrzILII species formed upon oxidation of the precursor with [FeCp,][CF3SOs3]
(Scheme 18) [102].

The activation of C—H bonds has also been reported for various other systems
containing oxidized Ir,"™ or Ir,"™" cores. Selected examples are depicted in
Schemes 19, 20, and 21. The binuclear iridium complexes reported by Yamaguchi
et al. are capable of C—H activation for a variety of aromatic compounds [42, 103,
104]. The cooperation of a second metal center for the cleavage of the C—H bond is
proposed (Scheme 19).

The binuclear complexes derived from the dimerization of Cp*(n*-allyl)hydride
iridium fragments (Cp* = n°-pentamethylcyclopentadienyl) reported by Bergman
provide noteworthy examples of CSp3—H bond activation (Scheme 20) [105].

The group of Jones has described the desulfurization of thiophene and
benzothiophene using [Ir,(Cp*),(H),(p-H)] with excess TBE (#-butylethylene) or
[Ir(CD)(Cp*)(H)], in the presence of H, [53, 106]. The reactions eventually afford
diiridium complexes with sulfide and n*:n*-butadiene bridges and seem to proceed
via two consecutive carbon—sulfur bond cleavages that require more than one metal
center and the ability to form bridging thiolate intermediates (Scheme 21) [107].
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Scheme 22 Thermal and UV irradiation-driven C-H activation of ethylene by the
3-(piperidinemethyl)pyrazolate Ir,"" system

Several C—H-activating systems seem to constitute an exception for the
pre-oxidation requisite, since they can work in the Ir,"' form. The
3-(piperidinemethyl)pyrazolate Ir,"' system depicted in Scheme 22 has been
found to activate the C—H bond of an ethylene ligand after UV irradiation or
thermal induction [108]. Although the mechanisms that govern these reactions
are still unclear, according to the structure of the final products, the thermal C—H
bond activation seems to happen at an iridium center not protected by piperidi-
nemethyl substituents. This suggests that the C—H activation requires a previous
reorganization of the pyrazolate bridges within the dimer, from head-to-tail to head-
to-head. Such a process resembles other pre-activations discussed in the previous
lines, such as oxidation with strong acids or disproportionation, in the sense that it
breaks the symmetry of the Ir,"' dimer and may help to generate available orbitals,
full or empty, in each of the individual metal centers.

Another thoroughly studied example of a Ir,"! system able to promote C—H bond
activations is also nonsymmetric. The cationic A-frame complex [Ir,(CHj3)
(CO),(dppm),][CF3S05] accomplishes a double geminal C—H activation of buta-
diene to form the hydride—vinylvinylidene-bridged complex [Ir,(CH3)(p-C=C(H)C
(H)=CH,)(CO),(dppm),(H)(p-H)][CF3SOs] (Scheme 23) [109, 110]. The pro-
posed mechanism involves the activation of one of the geminal bonds to form an
alkynyl complex with a bridging hydride, followed by a p-H inversion [109], to end
with the second C-H activation.

This nonsymmetric cationic precursor also carries out the rare case of
regioselective C—F activation of fluoroolefins reported by Cowie
et al. [50, 51]. This is a prominent example of cooperative activation, as the
reactivity of the substrate is significantly boosted when bridging two metal centers.
The p-n':n*-C,F;-coordinated olefin readily undergoes a second C—F activation to
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Scheme 24 Examples of activation of the C—F bond of fluoroolefins (bridge vs. terminal) by
homobinuclear iridium complexes

afford complex [Ir,(p-C=CF,)(CF3503)(CH3)(CO),(dppm),][CF5S0s],; however,
a nl—C2F3 coordination mode precludes further fluoride abstraction (Scheme 24).

4.2 Catalysis by Homobimetallic Iridium Complexes

As mentioned above, complex [Irz(CH3CN)(H)3(p-H)(PiPr3)2(p—PZ)2] features a
labile acetonitrile ligand as a consequence of the intermetallic trans effect exerted
by the hydride, occupying the axial coordination position (H, in Fig. 2, right). The
transmission of the trans effect along the binuclear backbone plays a crucial role in
the catalytic hydrogenation of ethylene [59] and diphenylacetylene [64]. The ace-
tonitrile ligand can be easily displaced by ethylene or diphenylacetylene, which
then undergoes similar catalytic cycles (Scheme 25). After the migratory insertion
of the substrate into the hydride bond, diphenylacetylene in Scheme 25, a new
vacant is generated at the adjacent iridium center, probably due to fast migration of
the hydride ligands along the bimetallic frame. Coordination of dihydrogen leads to
formation of a nonclassical hydride complex followed by reductive elimination of
cis-stilbene and subsequent hydride reorganization.

Noteworthy, dissociation of the coordinated stilbene to regenerate the active
species and restart the catalytic cycle is favored again by the intermetallic trans
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effect exerted by the hydride ligand. When one of the positions trans to the bridging
hydride is blocked, namely, by orthometallation of a vinyl ligand, the reaction
operates by a mononuclear catalytic cycle [64]. This results in a new product
selectivity since 1,2-diphenylethane is obtained instead of stilbene (vide supra). The
formation of 1,2-diphenylethane has been rationalized as a consequence of the
thwarted dissociation of stilbene, which does not experience the trans labilization
effect of the hydride ligand across the bimetallic core described above for its precursor
(Scheme 26). This hindered release of the alkene in the mononuclear mechanism also
explains the higher reaction rates obtained for the analogous binuclear mechanism.

The activity of complex [Irz(CH3CN)(H)3(p—H)(PiPr3)2(p—Pz)2] as a catalyst for
the hydrogenation of diphenylacetylene and ethylene contrasts with its inactivity
when employed in the hydrogenation of N-benzylideneaniline. However, when
transformed into its protonated derivative, for example, [Ir,(CH;CN)(H),(H,)
(p-H)(P[Pr3)2(p-PZ)2]BF4 by reaction with HBF,, the new complex becomes a
very active catalyst for C=N hydrogenation [111]. The catalytic cycle involves
fast elementary steps of hydride and proton transfer according to an ionic outer
sphere mechanism that takes place at one of the iridium centers of the binuclear
complex (Scheme 27).
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Although the mechanism takes place exclusively at one of the metal sites, the
ligand at the spectator iridium center occupying the position frans to the bridging
hydride (L) effectively influences the catalytic activity of the binuclear system.
Therefore, the intermetallic communication and, consequently, the binuclear nature
of the complex play a crucial role on the performance of the catalyst even when the
second metal is not directly involved in the catalytic cycle (Fig. 4).

The reaction of the Ir,"™™ complex [Ir,(CH;CN)(H)5(p-H)(p-1,8-(NH),naphtha)
(P'Pr3),] with an excess of internal alkyne affords its reduced Ir," analogues
[Irz(p-1,8-(NH)2naphtha)(n2-cis-oleﬁn)2(PiPr3)2] upon hydrogenation of the C=C
bonds. This reaction occurs via nonsymmetric alkenyl complexes, which subse-
quently undergo two C—H reductive eliminations to afford the corresponding bis-Z-
alkene diiridium(I) complexes. The reaction of silyl-substituted internal alkynes
with [Irz(CH3CN)(H)3(p-H)(p-1,8—(NH)2naphtha)(PiPr3)2] leads selectively to the
formation of bis(vinylidene) derivatives, for example, reaction with trimethylsilyl-
1-propyne affords complex [Irz{nz—CH2:C(Me)SiMe3}2{ 1-1,8-(NH),CoHg }
(P'Pr3),] as the final product. Despite the similar migrating ability of H and SiRs,
the analogous reaction with terminal alkynes gives rise to the formation of various
iridium-containing species and organic compounds resulting from alkyne dimeriza-
tion and trimerization (Scheme 28).

Remarkably, the diiridium(I) complexes show excellent regio- and stereoselec-
tivities for alkyne dimerization and trimerization reactions, giving a single
hexadienyne trimer and exclusive formation of head-to-head Z-butenyne
(Scheme 29) [112].

The catalytic C—C coupling of alkynes has been widely reported for rhodium and
ruthenium complexes (e.g., see [113—-120]); however, examples of iridium catalysts
are less frequent [121-123]. The low activity observed for Ir complexes could be
attributed to the greater tendency of rhodium and ruthenium to form vinylidene
complexes [124—-127], since it is generally accepted that the formation of Z-enynes
occurs via vinylidene intermediates [117—-120]. In this regard, the intermetallic
cooperation makes it possible to form the Ir-vinylidene intermediates required for
the formation of Z-enynes and, ultimately, C—C coupling reactions.

Diiridium(IT) complexes have often been proposed as inactive species formed by
the deactivation of Ir(I) catalysts [25-30]. This contrasts with the extensive use of
Rh,"™" complexes in catalysis, the work by Doyle et al. being an outstanding
contribution to the field ([31] and references therein). An example of a catalyst
based on an iridium(II) species is binuclear complex [Ir(CsMes)(p-H)], reported by
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Wakatsuki and co-workers [128]. This complex is able to reversibly deprotonate
acidic organic compounds, which makes possible a novel catalytic reaction for the
cleavage of the C—C bond in aromatic 1,2-diols (Scheme 30). Besides, this complex
is able to reversibly deprotonate acidic methylenic protons and act as a catalyst for
Michael addition reactions under neutral conditions.

A new example of a binuclear Ir(I) catalyst is complex [{Ir(p—KCNHC,n6Dipp—
IDipp)(H) },][BF4],, which efficiently promotes the hydroalkynylation of imines
[129]. The Ir,""" compound is remarkably stable in the presence of air or moisture,
even at high temperatures in the presence of imines. Addition of one equivalent of
alkyne to [{Ir(p-KCNHC,nGDipp-IDipp)(H)}2][BF4]2 results in the formation of a
non-identified hydride complex in low yields. However, when excess alkyne is
added, the C—C coupling reaction takes place to give a mixture of organic com-
pounds (dimerization, trimerization, and cyclotrimerization) and the initial
binuclear complex. The proposed reaction mechanism, substantiated by theoretical
calculations at the DFT level, entails (i) single-site oxidative addition of the
alkyne’s C-H bond to give the alkynyl-trihydride complex, in agreement with
the reactivity described above for terminal alkynes (vide supra); (ii) deprotonation
of the binuclear complex by the imine to give the protonated imine and the
corresponding dihydride Ir,"™ compound with the end-on coordinated alkynyl
ligand; (iii) coordination of the protonated imine by the C=N bond and subsequent
migratory insertion into the Ir-C(alkynyl) bond; and to end with, (iv) the release of
the propargyl amine with the concomitant formation of the Ir,"™" active species,
which restarts the catalytic cycle (Scheme 31).

Noteworthy, the arene ligands undergo multiple hapticity changes during the
course of the proposed catalytic cycle, which regulates the activity and stability of
the catalyst by providing the vacant coordination sites required for substrate
coordination while, at the same time, maintains the integrity of the bimetallic entity.

As already mentioned in Sect. 4.1, the use of binuclear Irzl’I complexes for
hydrogenation reactions is not favored. In particular, Ir,"' complexes, containing
binucleating N-donor ligands presenting open-book structures, are usually inactive
toward molecular hydrogen activation. However, a binuclear Ir,"' complex
containing bridging amido ligands of formula [{Ir(cod)(p-NH,)},] is an active
homogeneous catalyst for the transfer hydrogenation of acetophenone to
1-phenylethanol, using ‘PrOH as hydrogen donor. The unusual activity of this Ir,"
! system has been attributed to the cooperation between the two Ir centers and the
non-innocent amido ligand [130]. The proposed reaction mechanism, substantiated
by experimental observations and theoretical calculations at the DFT level, is
shown in Scheme 32.

The process is initiated by an unusual metalacycle opening to yield [(cod)Ir
(p-NHy)Ir(NH,)(cod)] species that promotes the concerted dehydrogenation of
isopropanol and simultaneous transference of two hydrogen atoms to form a
diiridium hydride intermediate [(cod)(H)Ir(p-NH,)Ir(NH;3)(cod)] containing a
bridging amido ligand. This is followed by the concerted hydrogenation of
acetophenone, by simultaneous transference of two hydrogen atoms to the C=0
bond, to yield 1-phenylethanol. The concerted dehydrogenation of isopropanol, and



Binuclear Iridium Complexes in Catalysis

R3
2
R’A\QN'R + H———R3 Cat \ ,Rz
NH
R1
Ph H 2 -C=C-
y A e H-C=C-Ph
ph 4/ (If—[Ir]
H /
H H
2+
/ il
phN il .[M—C=C-Ph
i W H
T A
H 2+ N=C
H Ph H / N
n I \¥i \G):C H Ph Ph
00— N, b
Ph Ph
N ;
/ +
[Ir]'—f[lr]&CEC—Ph—l
Ph ¥
H\@_ /H

Hopr
Y Ph . _Ph _|+
(i——[If—C=C-Ph
/

— 24
M ff” T‘H /
(Ir]——(ir — / r
i H
H @NJ\N @
| -

s H
H 2
H""N\J' \ /N“x\ I
SN I I
/Ir LSS H /
7 H H3N
OH

0
)J\Ph

53

Scheme 32 Proposed catalytic cycle for the transfer hydrogenation of acetophenone by I,

complex [Ir(cod)(p-NH,)],



54 M. Iglesias et al.

Fig. 5 Eight-membered- (a) (b)

Me
ring transition state for (a) H O‘\C/-‘. ¥ H",O\C/Me ¥
concerted dehydrogenation H Me , i Ph
of isopropanol and (b) HaN H HzN H
concerted hydrogenation of Ir Ir Ir ir
acetophenone bk s
Ha Hz

hydrogenation of acetophenone, takes place through an eight-membered-ring peri-
cyclic mechanism, which presents similarities to the metal-ligand bifunctional
mechanism proposed by Noyori [131, 132], in such a way that both hydrogen
atoms are transferred simultaneously to the Ir and NH, ligand. However, owing
to the starting bimetallic ring structure and the steric hindrance enforced by the
cyclooctadiene ligands, cooperative participation of the NH,—Ir-NH,—Ir moiety is
required. Figure 5 shows the proposed transition states for the concerted process.

Finally, a noteworthy reaction due to its present significance and future potential
is the oxidation of water by organometallic catalysts. The benefits of bimetallic
cooperation in water oxidation catalysts (WOCs) based on molecular systems, in
particular for ruthenium complexes, are well established, although comprehensive
mechanistic studies are exceptionally challenging owing to the multi-electron and
multi-proton transfer steps involved in this reaction [133—135]. An interesting
example of metal cooperation in iridium WOCs has been recently reported by
Albrecht et al. In this case, the close proximity of two triazolylidene—iridium
complexes linked by an aliphatic chain has proved to enhance the catalytic activity
of WOC:s at low catalyst concentrations compared to their monometallic analogues,
which seems to support the fact that a binuclear mechanism operates under dilute
conditions [136].

5 Concluding Remarks

The cooperation between metals in binuclear complexes indubitably brings about
distinctive reactivity patterns, although the origin and mechanism of such cooper-
ation still remains vaguely defined or unknown in many instances. Significantly, the
study of iridium bimetallic complexes has contributed to identify and understand
phenomena that can give rise to intermetallic cooperation beyond those exploiting
the extended possibilities of bridging sites for bond activations and insertions. Thus,
the transmission of ligands trans effects (or influences) via bridging ligands or
intermetallic bonds, together with the facile migration of hydrides between metals,
allow a joint and synchronized use of vacant sites in both metal centers with a single
catalytic purpose. Yet, the interaction between iridium centers seems to hamper the
reactivity of many Ir,"' dimers toward H-H and C—H bond activation, in contrast
with a hallmark of their mononuclear counterparts. A wealth of evidence, however,
suggests that the mere breaking of the symmetry of the dimer is enough to generate
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bond-activating species. Such active complexes have proved able to exploit both
intermetallic and metal-ligand bifunctional contributions to achieve catalysis.
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Reactivity and Catalysis at Sites Trans to the
[Ru-Ru] Bond

Indranil Dutta, Gargi Sengupta, and Jitendra K. Bera

Abstract The reactivity and catalysis at axial sites of [Ru—Ru] bonded compounds
are described. Effect of axial donor at axial site of a [Ru—Ru] single bond, having
electronic configuration 6°n*8°8*°n**, is examined. It is shown that the stronger
donor leads to longer metal-metal distances. The C—H bond activation and C—C
bond formation are studied at axial site of a [Ruz(CO)4]2+ core. Metal-metal and
metal-ligand cooperation is exploited for catalytic alcohol dehydrogenation to
aldehyde and subsequent coupling with amine to access imine selectively. Catalytic
carbene transfer reactions are discussed for a wide range of diruthenium(I,I)
compounds. Catalytic utility of metal-metal multiply bonded diruthenium(ILIIT)
compounds for C—H amination reaction is also discussed.

Keywords Acceptorless alcohol dehydrogenation ¢ Allylic C-H activation * Axial
reactivity  Carbenoid C-H insertion « C-H activation ¢ Cycloprpanation ¢
Diruthenium compounds ¢ Metal nitride » Metal-ligand cooperation « Metal—
metal bond
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AL Axial ligand

BAr" Tetrakis 3,5-bis(tri-fluoromethyl)phenyl borate

BL Bridging ligand

chp 6-Chloro-2-oxy-pyridinate

DABCO 1,4-Diazabicyclo[2.2.2]octane

DBU 1,8-Diazabicyclo[5.4.0]Jundec-7-ene

DCE 1,2-Dichloroethane

DCM Dichloromethane

DFT Density functional theory

DMSO Dimethyl sulfoxide

dpa Di(2-pyridyl) amine

dPhf N,N'-diphenylformamidinate

dppy 2-(diphenylphosphino)pyridine

DSC Differential scanning calorimetry

EDA Ethyl diazoacetate

esp a,o,0 ,of -Tetramethyl-1,3-benzenedipropionate

Et Ethyl

EXAFS  Extended X-ray absorption fine structure

HOMO  Highest occupied molecular orbital

hp Hydroxy pyridinate

Pr Isopropyl

LUMO  Lowest unoccupied molecular orbital

MDA Methyl diazoacetate

Me Methyl

"Bu n-Butyl

NHC N-heterocyclic carbene

Np Naphthyridine

NPA Natural population analysis

OAc Acetate

Ph Phenyl

py Pyridine

pz Pyrazole

‘Bu Tertiary butyl

TFA Trifluoroacetate

THF Tetrahydrofuran
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1 Introduction

Studies on metal-metal bonded compounds have largely been focused on their
structures, bonding, and electronic spectra [1-5]. This class of compounds is
increasingly being applied in different fields of research [6-9]. Metal-metal bonded
bimetallic complexes are of particular interest due to their applications in catalysis.
The bimetal platform provides scope for cooperative action between two metal ions
[10-14] and offers prospect for multi-electron redox chemistry [15-19]. Reactivity
studies on bimetallic systems provide valuable mechanistic information on chem-
ical reactions catalyzed by metal cluster [20—22], metal nanoparticle [23-27], and
reactions occurring on metal surfaces [28-30]. Majority of the reactions on bime-
tallic complexes occur at equatorial sites [31-34]. Metal-metal singly bonded
compounds provide suitable molecular platform for axial site chemistry. The
metal-metal single bond allows close approach of the substrate to axial site whereas
strong trans effect of the metal-metal multiple bonds does not permit strong axial
binding.

Dirhodium(IL,II) tetraacetate and related complexes are most prominent among
bimetallic complexes for their extensive applications as catalysts for a range of
organic reactions. Several reviews [35-38] and book chapters [39—42] have
appeared recently covering dirhodium(ILII) compounds. Other bimetallic com-
pounds featuring metal-metal single bond include complexes containing [Ir"-Ir"]
[43-46] and [Pd'-Pd'] [47-52] bonds. Lack of synthetic procedures for their large
scale synthesis, however, has impeded their wider applications.

The isoelectronic [Ru'—Ru'] complexes are relatively more accessible, and such
complexes are proving to be useful for a range of chemical reactions. This article
collects the chemistry at sites trans to the [Ru—-Ru] single bond. The C-H acti-
vation, C—C bond formation, acceptorless alcohol dehydrogenation, cyclo-
propanation, carbenoid C-H insertion, and C—H amination reactions are covered.
Reactivity studies at axial sites on [Ru—Ru] multiply bonded systems are also
included because of their direct relevance in catalytic chemistry. The purpose of
this article is to highlight the recent progress on the axial-site chemistry on [Ru'—
Ru'] platforms with intent to infuse interests for further development.

2 Diruthenium(I,I) Complexes Bearing Paddlewheel
[Ru,(CO)4]** Core

Compounds of general formula [Ru,(0O,CR),(CO)4], and
[Ru(O,CR),(CO)4(AL),] (Scheme 1) are the commonly used diruthenium(I,I)
precursors containing metal-metal single bond [53]. Two acetates bridge between
two metals, and four carbonyls bind at equatorial positions to complete the
paddlewheel geometry for [Ru,(O,CR),(CO)4]. Two ligands additionally occupy
axial sites for [Ruy(O,CR),(CO)4(AL),]. Polymeric structure is observed for
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Scheme 3 Diruthenium(I,I) compounds 1-9

[Ruy(O,CR),(CO)4],, where sites trans to [Ru—Ru] bond are occupied by acetate
oxygen from neighboring molecule. These compounds are readily synthesized by
refluxing Ru3(CO);, in corresponding carboxylic acids (Scheme 2) [54]. The most
common complex in this category is the acetate analogue [Ru,(O,CCH3),(CO)4],
(1). A large number of complexes of general formula [Ru,(O,CR),(CO)4L,] (where
R =Me, Ph, Et, ‘Bu, CF3, C¢H4F, and C3H; and L =PhCO,H, PPh;, NCMe, P'Prs,
dpa, CO, P"Bus, P'Bus, P'Bu,H, dppy, py, 3-Me-py, HPz, and H,0) have been
synthesized and structurally characterized [55—-66]. Similar compounds with carbo-
xylates having bulkier R group, like calix[4]arene-11,23-dicarboxylate, are synthe-
sized by Maas et al. [67]

The trifluoroacetate analogue of [Ru,(O,CR),(CO)4], was synthesized by
Petrukhina et al. [68]. These were obtained by gas phase sublimation of the crude
product from the reaction of Ru3(CO);, and trifluoroacetic acid in a DCM/benzene
mixture. The solid state study of [Ru,(O,CCF3),(CO)s], (2) (Scheme 3) reveals a
“dimer of dimer” structure. Petrukhina and Davies also reported a variety of mixed
carbonyl/fluorinated benzoates of diruthenium(I,I) obtained via melt reactions of
Ru3(CO),, with appropriate carboxylic acids (3-9) [69]. Compounds 3—6 show a
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Scheme 4 Diruthenium complexes having NAN, NAO bridging ligands

[Ru(CO)sCly, + 2NaOH + 4TIPFg + BCH3CN — [Rup(CO)4(CH3CN)g](PFg), + CO + CO, + H,0 + 2NaPFg + 4TICI

Scheme 5 Synthesis of [Ruy(CO),(CH3CN)g][PF¢] [89]

“dimer of dimer” structure analogous to 2, where two diruthenium units are
connected by Ru- - -O inter-dimer axial contacts. Complex 7 also has a “dimer of
dimer” structure, but here two diruthenium units are connected by Ru- - -Ru inter-
action. Complexes 8 and 9 exhibit polymeric structures similar to 1.

The bridging acetates are substituted by different NAN or N2O bridging ligands.
The [Ru,(CO)4(BL)>(AL),], where BL is 2-pyridonate [70] (Scheme 4a) or
saccharinate [71] (Scheme 4b), can be readily synthesized from Ru;(CO);, by
refluxing with 2-hydroxy pyridine and saccharin, respectively [72, 73]. Similar to
the carboxylato analogues, these compounds exist as polymers which dissociate in a
variety of coordinating solvents or in the presence of Lewis base to provide discrete
units of general formula [Ru,(CO)4(BL)>(AL),]. The triazenido diruthenium(L,I)
complexes are synthesized by refluxing a solution of triazene in acetonitrile with
Ru3(CO),, under an atmosphere of carbon monoxide [74]. The precipitate was
recrystallized from DCM/ethanol mixture to afford [Ru,(CO)g(ArNNNAr),]
(Scheme 4c).

The unbridged and partially solvated diruthenium(I,l) complex
[Ru,(CO)4(CH3CN)g](PFg), was initially synthesized by Klemperer et al. from
[Ru(CO)3ClL,], (Scheme 5) [75]. Bera et al. made marginal modifications in the
procedure and established a pathway for the transformation of [{ Ru(CO);Cl,},] —
[RuIZ(CO)4]2+ [76]. The base-promoted reduction involves nucleophilic activation
of carbonyls, leading to the p-hydroxido, p»:k*-hydroxycarbonyl-bridged
diruthenium(ILII) complex. The hydroxycarbonyl complex undergoes decarboxyl-
ation on heating to give a dihydrido—diruthenium(ILII) intermediate which readily
converts to diruthenium(I,I) complex via a binuclear reductive elimination pathway
(Scheme 6). Several of these intermediates have been arrested by employing
different functionalized naphthyridine ligands [77]. An improved synthesis of
[Ru,(CO)4(CH3CN)g](BF,), involves heating at reflux of [Ru(CO);Cl,], for 4 h
in acetonitrile with 4 equiv. of TIBF,4 and 2 equiv. of base. The desired product was
obtained in high yield (80-85%) with excellent purity where by-products were
hydrogen and carbon dioxide (Scheme 7).
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3 Effect of Axial Donor on the [Ru-Ru] Bond

Substrate coordination to axial site is necessary for its activation. It is therefore
important to understand the nature of the interaction between [M—M] bond orbitals
and ligand orbital. The metal-metal distance is modulated by the bridging and axial
ligands as well [2, 6, 7]. Longer metal-metal distances are observed for unsupported
complexes whereas bridging ligands tend to bring the metal ions closer. Quadruple
bonds between metal ions are more sensitive to axial ligands than metal-metal bonds
of lower bond order. Effects of axial coordination on Cr—Cr [78, 79] and Mo-Mo
[80-82] quadruple bonds are well studied. Although the effect is less pronounced,
lengthening of Rh—Rh distance by axial coordination is reported in metal-metal
singly bonded [Rh—Rh] complexes [83-87]. As a general principle, short metal—
metal distance (higher bond order) leads to long metal-ligand distance and vice versa
[6, 88]. As a consequence, long metal-ligand (axial) distance is observed for qua-
druple-bonded [Mo—Mo]** complexes compared to singly bonded [Rh—Rh]** ana-
logue for the same ligand. The extent of interaction between the axial ligand with the
metal-metal bonded orbital is less than for cases where metal-metal bond is absent.
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Scheme 8 Ligands based on 1,8-naphthyridine and general synthetic scheme for diruthenium(II)
complexes with general formula [Ru,(CO)4(BL),](X),,

Fig. 1 Molecular structures of 10 and 14

1,8-Naphthyridine unit bridges between a wide variety of metal ions [§9-95].
Ligands with methyl (LY), furyl (L?), thiazolyl (L*), pyridyl (L*), and pyrrole
(HLS) attachments on the naphthyridine ring, as shown in Scheme 8, allowed a
systematic study to understand the effect of axial donors on the [Ru-Ru] single
bond [96]. These ligands were synthesized via Friedlander condensation between
2-aminonicotinaldehyde and corresponding acyl derivatives in methanol [97-100].
Reaction of these ligands with [Ru,(CO)4(CH;CN)l(X), (X =BF,4, ClO4, CF3S03)
afforded a series of complexes of general formula [Ru,(CO)4(BL),](X), (10-14,
Scheme 8). A paddlewheel structure is maintained for all complexes where axial
ligands are systematically varied with increasing donor strength. In case of L', axial
sites are occupied by weakly coordinated triflates. As representative examples,
X-ray structures of complexes 10 and 14 containing axial triflate (OTf) and pyrrolyl
units are shown in Fig. 1. The [Ru—Ru] single-bond distances increase gradually,
although at a smaller extent, when the axial donors are varied in the series — triflates,
furyls, thiazolyls, pyridyls, and pyrrolyls (Scheme 9). The shortest and longest
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distances were observed for the axially coordinated triflates (2.607(9) A) and
pyrrolyls (2.697(2) A), respectively. A similar trend was also observed for quad-
ruple-bonded dimolybdenum(IL,IT) complexes [101]. The metal-metal distance is
2.081(1) A in trans-[{Moy(Np-Me,)>(OAc),(BF4)}(BF,)] (15, Np-Me, = 2,7
dimethyl 1,8 naphthyridine) where axial ligand is tetrafluoroborate anion
whereas longer Mo-Mo distance of 2.124(1) A is observed for cis-
[Mo(L*),(0AC),][BF4l, (16).

The response of the [Ru—Ru] bond to axial donors is rationalized by examining
the interaction of ligand orbitals with the metal-metal bond orbitals. The electronic
configuration for a paddlewheel [Ru2(C0)4]2+ core is 6°7*8°5**x** which corres-
ponds to a formal [Ru—Ru] single bond. Ligand coordination raises the energy of
both ¢ and # orbitals of metals but the § orbitals remain mostly unaffected. The most
dramatic effect is observed for ¢ orbital (Scheme 10). The lone pair of the axial donor
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destabilizes the [Ru—Ru] o orbital. The extent of destabilization depends on the
strength of the donor ligand. DFT calculations show that the [Ru—Ru] ¢ orbital for
furyl complex is destabilized because of the interaction of furyl appendages with O
lone pairs, and it lies below the pair of 7* orbitals. The extent of destabilization for
axial pyridyl donors is significantly higher, making the [Ru-Ru] o orbital the
HOMO. The same is true for thiazole and pyrrole axial donors. For triflate, the o
orbital is low-lying and LUMO is primarily [Ru—Ru] ¢*. For other complexes, the
LUMO is ligand-based z* orbital. Thus, the lengthening of [Ru—Ru] bond distances
as a function of axial donor follows the trend: pyrrolyl > pyridyl ~ thiazolyl >
furyl > triflate which agrees well with the calculated destabilization of the [Ru—
Ru] o orbitals.

Axial interaction of an aryl unit with the [Ru—Ru] bond tends to increase the
metal-metal distances. Petrukhina et al. isolated two complexes by codeposition of
2 and 8 with [2.2]paracyclophane to yield (17) and (18), respectively (Scheme 11)
[68]. A sandwich structure with the aromatic moiety entrapped between two
dimetal units is observed. The [Ru—Ru] distance increases from 2.627(9) A in
8 t0 2.656(3) A in 18 on axial coordination of the arene moiety. Similarly, a change
of [Ru-Ru] distance from 2.673(1) A in 2 to 2.678(3) A in 17 was also observed.
The inter-centroid distances between the two rings in [2.2]paracyclophane group
are shorter (2.974(4) A in 17 and 2.982(5) A in 18) compared to the free [2.2]
paracyclophane ligand (3.09 A). This supports the hypothesis that coordination of
aryl group to the electrophilic ruthenium centers allows the aromatic decks to move
closer which also increases the [Ru—Ru] bond distances.

Similar to diruthenium(I,I) complexes, axial ligands influence the overall struc-
ture and ground-state electronic configuration of diruthenium(II,I) complexes as
well [102]. Reduction of Ru,(chp)4Cl (19) with Zn or FeCl, in coordinating
solvents afforded a series of complexes of general formula [Ru,(chp)4X], where
X =THF (20), DMSO (21), py (22), CH3CN (23), and PPh; (24) (Scheme 12).
Reduction with Zn in noncoordinating solvents such as toluene or DCM afforded
dimeric [Ru,(chp)4], (25) and [Ru,(chp)4](ZnCl,) (26). Attempts to incorporate CO
at axial site led to the cleavage of the [Ru—Ru] bond similar to diruthenium(ILII)
carboxylate analogues [103]. Detailed structural, magnetic, and computational
studies revealed that although the basic structures are the same, these complexes
are very different with respect to their ground-state electronic configurations.
Accordingly, these complexes can be divided into three categories (Scheme 13).
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Scheme 13 Comparative features of the three categories of [Ru,(chp)4X] compounds

Category 1 complexes (20, 21, 22, 23, 25, and 26) have 3A ground state with filled
5" orbital, and each 7z orbital is filled with one unpaired electron. Category 3
complexes (hypothetical adducts Ru,(chp),: X (where X=N,, CO, DMSO (S-
bound)) have °E ground state with one unpaired electron in the 8" orbital and
three electrons distributed over two x orbitals. Category 2 complexes (24 and hypo-
thetical [Ru,(chp),] - CH,Cl,) show spectroscopic and structural signature indi-
cative of significant 8 /z" orbital mixing. The magnetic data for 24 reveals a A
ground state. It has spin configuration similar to category 1 complexes (PA), but
alteration in orbital ordering leads to intermediate properties. The structures of
these complexes vary with the identity of the axial ligand. Category 1 complexes
adapt a more perfect C, symmetry. Category 2 complexes display pseudo
Jahn—Teller distortion where axial ligand bends away from [Ru—Ru] axis lowering
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the symmetry to C;. For category 3 complexes, the bridging oxypyridinate ligands
bind tighter through the N-ends whereas the O-bonded Ru moves toward the axial
ligand. The [Ru—Ru] distance increases going from category 1 to category 3. In
conclusion, the 7 acidic character of axial ligand alters heavily the 5'/z" ordering
and therefore the ground-state electronic configuration. Nevertheless, the extent of
axial ligand binding is governed by o-donor character of the ligand.

4 C-H Bond Activation at Axial Site of a [Ru'-Ru'] Bond

C-H bond activation on a metal center is of fundamental interest [104—113].
Several metal catalysts have been developed over the years for C-H functional-
ization reactions. An extensive range of studies have been undertaken to understand
the nature of the metal- - -C—H interaction. Nearly all studies involve complexes
with single metal [114-117]. On the contrary, there are few reports available on
C-H activation on a bimetallic complex or metal cluster [118-120].
Orthometalation of aryl phosphines, bis(2-pyridyl)amine, and 2-((a-R-
benzylidene)amino)pyridines [R=CHj, 4-(CH30)C¢Hy4] has been achieved on a
[Rh"™-Rh™ platform [121-125]. C-H bond activation is also reported on Ru;(CO);,
[126-130]. The Os analogue activated C—H bond of (Ph,P)CgoH [131]. Studies on
C-H activation at axial site of a metal-metal bond paved the way for designing
catalytic systems based on bimetallic complexes [132].

Suitably designed naphthyridine-based ligands allowed the introduction of aryl
C-H bond at axial site of the [Ruz(CO)4]2+ unit [96]. The ligand systems that were
studied are collected in Scheme 14. In noncoordinating solvent DCM, reaction of
ligand HL°-HL'? with [Ruz(CO)4]2+ core led to a series of complexes, each
containing two ligands. One ligand is orthometalated while the ortho C—H bond
of the second ligand interacts with the metal (Scheme 15a). The isolated complexes
are [Ru(HL®)(L*)(CO)1[BF,] (27), [Rua(HL')(L')(CO)4][BF4] (28), [Ruy(HL®)
(L¥)(CO)4][BF4] (29), [Rup(HL)(L’)(CO)4][BF4] (30), [Ruo(HL')(L'®)(CO),]

Scheme 14 Ligands used
for axial C-H activation on
diruthenium(ILI) complexes

R=H HL®  R=2-F  HL7

R=3-OMe HL® R=4-OMe HL®

R=CH; HL'
R=H HL'3



70 I. Dutta et al.

Scheme 15 Schematic representation of diruthenium(I) orthometalated (a) and nonmetalated (b)
complexes
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Scheme 16 Synthesis of S-coordinated complex 36

[BE4] (31), [Rux(HL')(L'")(CO)4][BF,] (32), and [Ruy(HL'*)(L'*)(CO),][BE.]
(33) [133]. An interesting chemistry was observed for HL'2 Although room-
temperature reaction provided the orthometalated compound 33, reaction at low
temperature (4°C) yielded a nonmetalated compound [Ruz(Hle)z(CO)4][BF4]2
(34). Here, ortho hydrogens of the pyrrolyl group in both ligands were involved
in axial interactions with the metal (Scheme 15b). Raising the temperature to room
temperature allowed the conversion of 34 to 33. A nonmetalated complex
[Ruz(HL13)2(CO)4] [BF,], (35) was isolated at room temperature which could not
be metalated by increasing the temperature.

Interestingly, C—H activation does not occur when the reaction is carried out in
coordinating solvent like acetonitrile. An identical reaction with HL'! in aceto-
nitrile afforded sulfur-coordinated complex [Rug(HL“)z(CO)4](BF4)2 36)
(Scheme 16). Moreover the isoelectronic [Rh—Rh]4+ system does not cleave C—H
bond under identical conditions. Reaction of Rh,(OAc), (37) with HLS in refluxing
DCE, followed by crystallization in DCM, resulted in the formation of
[Rhy(OAc);(HLO)CI] (38) [133].

Most of the complexes (27-33) are in the orthometalated/nonmetalated (om/nm)
category. Complexes 34 and 35 are nonmetalated (nm/nm). As representative
examples, X-ray structures of 28, 33, and 34 are collected in Fig. 2. Double-
orthometalated complexes could not be obtained even under harsh conditions. In
all these structures, a [Ruy(CO)4]** unit is spanned by two naphthyridine ligands.
For om/nm complexes, e.g., 28, one of the ligands (HL7) is orthometalated whereas
the second ligand bridges the diruthenium unit. The ortho hydrogen H44 is posi-
tioned in the vicinity of Rul. The orthometalated aryl ring is near planar with Np
ring (torsional angle ~5°), whereas the nonmetalated ring is characterized by a large
torsional angle (~50°) (Fig. 2). For nm/nm complex 34, both ortho hydrogen atoms
of the two HL'? ligands are located at sites frans to the Ru—Ru bond. The torsional
angles confirm that neither of the ligands are orthometalated.
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Rul-Ru2 = 2.688(1) A Rul-Ru2 = 2.695(1) A

Rul-H44 = 2.540(1) A Rul-H40 = 2.503(1)A

Ru2-C24 = 2.068(4) A Ru2-C20 = 2.054(6)A

Angle (N2-C18-C19-C24) = 5.2(5)° Angle (N2-C18-C19-C20) = 2.8(9)
Angle (N4-C38-C39-C44) = 54.0(5)° Angle (N4—C38-C39-C40) = 49.2(1)

Rul-Ru2 = 2.655(1) A
Rul-H40 = 2.301(1)A
Ru2-H20 = 2.314(1)A
Angle (N2-C18-C19-C20) = 45.6(9)
Angle (N5—C38-C39-C40) = 46.2(7)

Fig. 2 Molecular structures of 28, 33, and 34 with selected bond parameters

"H NMR spectrum of the complex provides valuable information on the struc-
ture. This is illustrated by taking complex 28 as an example. Figure 3 depicts the
"H NMR spectra with the assignment. The i proton appears broad, and it shows a
downfield shift (A5=0.57 ppm, for 28) relative to the free ligand. This indicates
preagostic interaction of proton i with Ru. The a’ proton undergoes a large upfield
shift relative to the free ligand (A§=1.91 ppm). The a’ proton is located over the
phenyl ring of the second ligand. A large upfield shift is attributed to the dia-
magnetic shielding of the aromatic ring from the second ligand. Similar obser-
vations were made for M—M bonded dirhodium(IL,II) and dimolybdenum(II,II)
complexes [101].
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Fig. 3 '"H NMR spectrum of 28

Arenium Intermediate

Scheme 17 Proposed electrophilic pathway for the C-H cleavage at axial site

Stable intermediate Short-lived Intermediate

Scheme 18 Heteroatom stabilization in an arenium intermediate for pyrrolyl C-H and the
absence of it for a phenyl fragment

It should be noted that the metal-metal bond is intact in the products. The
carbonyl ligands around the metal centers do not support the oxidative addition/
reductive elimination pathway [111]. Thus, an electrophilic mechanism for C-H
cleavage at axial site of the [Ru—Ru] single bond is proposed [134]. The
[Ru,(CO)4]** core offers an acceptor [Ru—Ru] o* orbital. The z electron density
of the axial group is pushed into [Ru—Ru] ¢* orbital. This results in an arenium
intermediate. Subsequent release of a proton gives the orthometalated complex
(Scheme 17). The relative stability of the arenium intermediate is governed by the
nature of the axial group. The intermediate is heteroatom stabilized by the nitrogen
lone pair of the heteroarene whereas such stabilization is not possible for the phenyl
group. On the contrary, the F substituent renders the arenium species short-lived
(Scheme 18). This explains why only orthometalated complexes are obtained for
aryl C—H, whereas heteroatom stabilization allows the isolation of nonmetalated
complex for pyrrolyl C—H. Now the question arises why double cyclometalation
was not observed even under harsher conditions. NPA study of the cyclometalated
complexes reveals that the dimetal core is sufficiently electron rich making the
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Scheme 19 Oxidative addition of the imidazolium C-H bond to Ru-Ru single bond affording
Ru"-NHC compounds
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Scheme 20 Proposed mechanism explaining the difference of behavior between pyrrolyl C—-H
and imidazolium C-H

second cyclometalation difficult. The [Ru-Ru] o* orbital is no longer a good
acceptor orbital to interact with the second C—H bond [86].

Although the aryl and pyrrolyl C-H bonds undergo electrophilic activation at
room temperature, the imidazolium C—H bonds are oxidatively added to [Ru—Rul]
single bond providing the corresponding mononuclear Ru(II)-NHC compounds
where metal oxidation state is increased by one unit (Scheme 19) (compounds 39
and 40) [135, 136]. A working mechanism is proposed to explain the difference of
behavior between pyrrolyl C—H and imidazolium C-H (Scheme 20) (J.K. Bera et
al., unpublished work). The lone pair on pyrrole nitrogen promotes electron dona-
tion of ortho C(p,) orbital to [Ru—Ru] o* orbital. This interaction polarizes the C—H
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o orbital. Hence, the acidity of the hydrogen atom is increased favoring electro-
philic C—H cleavage. The lone pair on imidazole nitrogen is involved in resonance
with the Np z cloud. The ortho C(p,) orbital is thus not sufficiently electron rich to
interact strongly with [Ru—Ru] ¢* orbital. But, the C—H ¢ bond interacts with [Ru—
Ru] o* orbital and back donation occurs from filled [Ru—Ru] z* to C-H o* orbital.
The result is the C—H oxidative addition to Ru—Ru resulting in its oxidative
cleavage.

5 C-C Bond Formation at Axial Site of a [Ru’-Ru'] Bond

The formation of C—C coupled products without the aid of base is highly important
[137, 138]. The C—C bond formation reactions were observed at room temperature
between an axially coordinated ketone and ortho methyl group on the naphthyridine
ligand that bridges between the metal centers [139]. Several naphthyridine-derived
alcohols (compounds 41-43) were synthesized on the [Ruz(CO)4]2+ core
(Scheme 21). Clearly, the coordination of naphthyridine unit promotes nucleophilic
attack of ortho methyl group to axially coordinated ketone. Subsequent proton
migration affords the C—C coupled alcohol (Scheme 22). Coordination of ketone at
axial site is crucial for this reaction. Use of coordinating solvents does not allow the
reaction to occur. Diruthenium precursor with triflate anion also makes the reaction

= | S
N =z
o : n |
R
Rlu—R’lu * O=<R - Ru—~Ru---OH 8
/
oc” |oc” | s oc” | oc”|
CO CO CoO cCo
R, =H R, =R3=CHg 4
R, =CHj R, =R5=CHj 42
R, =H R, =CHy’ Ry=C,Hs 43

Scheme 21 C-C bond-forming reaction through an aldol-type addition on a [Run(CO)4]** core

- /Ru—/Ru---OH
R oc” | oc”| oc” | oc”|
CcO

CO cCo co

C-C bond formation

Scheme 22 Proposed mechanism for the formation of C—C coupled alcohol products



Reactivity and Catalysis at Sites Trans to the [Ru—Ru] Bond 75

XX
| =
F N> N F
F C)\\Filu—\l?lu/o\sg<
/AN Neo| Neo d o
ocC CcO
44

R4 =benzyl, X =NO, (45)
R4 = isopropyl, X = NO, (46), CN(47), CF3(48)

Scheme 24 Syntheses of diruthenium—NHC complexes bearing a protonic arm at the axial site

ineffective, presumably because triflates block the axial sites as it competes with
ketone for axial coordination. Structure of [Ru,(CO)4(2-MeNp)(OTf),] (44) con-
firms the axial coordination of triflate (Scheme 23) [139].

Interestingly, ketones could not be activated when NHC-functionalized
naphthyridines are used. However, electron-deficient aromatic benzaldehydes
containing electron withdrawing groups (-NO,, —CN, —CF;) at para positions
underwent C—C coupling reaction between naphthyridine ortho methyl substituent
and carbonyl compounds with ligand 1-benzyl-3-(5,7-dimethyl-1,8-naphthyrid-2-yl)
imidazole (BIN) and 1-isopropyl-3-(5,7-dimethyl-1,8-naphthyrid-2-yl)imidazole
(PIN) (Scheme 40) to give compounds 4548 (Scheme 24). The strength of axial
coordination is important which is governed by the second axial ligand. The NHC
ligand exerts a strong trans influence on the [Ru'-Ru'] core unit which does not allow a
strong axial binding of the ketone. Consequently, the carbonyl carbon is not electro-
philic enough for the methyl carbon to attack. The naphthyridine-bound alcohols are
important target compounds for pharmacological applications and are useful ligands
as well [140-142]. It should be noted here that pyridine analogues were synthesized
from 2-Me-pyridine with "BuLi (1 eq) and acetone [143]. This work illustrates that the
axial site could be useful for organic transformation reactions.
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6 Alcohol Dehydrogenation at Axial Site of a [Ru'-Ru’]
Bond

Synergic cooperation between two metal ions has been widely recognized to
execute a chemical reaction with enhanced rate and selectivity [144—151]. A new
class of catalysts is emerging where active participation of ligand in the substrate
activation and product elimination steps is observed [152—-161]. An eminent exam-
ple is Noyori’s catalyst [162—167] that utilizes metal-amine/metal-amide inter-
conversion to activate dihydrogen and deliver hydrogens of antagonistic properties
(hydride and proton) to the carbonyl moiety (Scheme 25a). Milstein introduced the
aromatization/dearomatization motif on Ru—PNP and Ru-PNN systems for a wide
array of reactions (Scheme 25b) [168—173]. Griitzmacher developed Rh—amide
system for dehydrogenative coupling of primary alcohols with water, methanol,
and amine (Scheme 25c¢) [174]. Shvo [175—-177] and Gelman’s [178-183] systems
employ —OH unit for alcohol dehydrogenation reactions (Scheme 25d, e).

All these bifunctional catalysts mentioned above involve a single metal ion.
There has been a continuing effort to design bifunctional catalysts on new molecular
platforms [51, 76, 96, 101, 134, 135, 184—190]. Developing a bifunctional catalyst
on a dinuclear platform has the potential to exhibit both metal-metal and metal—
ligand cooperation. The design principle involves the introduction of a protonic arm
(—OH) at the axial site of the metal-metal bond through the aid of a ligand [191]. A
hydroxy unit at the ortho position of the NHC—-naphthyridine allows metal-ligand
interplay at axial site of a diruthenium unit (Scheme 26). Compounds 4548
described earlier meet these criteria as they have an OH appendage at one axial
site and NHC binds to ruthenium on the other axial site. The accessible protonic arm
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allowed acceptorless dehydrogenation of alcohol to aldehyde. In particular, the
catalytic utility of 45 was evaluated. Catalyst 45 (1 mol%) afforded 98% conversion
of benzyl alcohol to benzaldehyde under reflux in toluene for 24 h. Addition of
1.2 mmol benzylamine in presence of 4 A molecular sieves provided N-benzylidene
benzylamine selectively (Scheme 27). The reaction was effective with a range of
bases (DBU, DABCO, KOH, KO'Bu, NaH). However, for optimization purpose,
DABCO was used. A set of 25 reactions was studied with different combinations of
alcohol and amine. The yields varied in the range of 71-96%.

In order to understand the catalytic efficacy of 45, related but different complexes
were also examined. Catalyst 49 (Scheme 28) which does not bear a hydroxy unit
afforded benzyl alcohol dehydrogenation product benzaldehyde in lower yield
(55%). Similarly, imine conversion was also significantly lower. A lower conversion
(68%) was observed for catalyst 45 which has two naphthyridine-based ligands. It is
clear that a hydroxy appendage is crucial for the catalyst activity. A bifunctional
mechanism is proposed to explain the acceptorless conversion of alcohol to aldehyde.
In the presence of base, the active catalyst is the deprotonated form of 45. The
bifunctional addition of alcohol to the [Ru—Ru]-hydroxide forms axial [Ru—Ru]-
alkoxide, and the hydroxy arm is opened up (Scheme 29). B-hydride elimination of the
alkoxide affords aldehyde, and the [Ru—Ru]-H intermediate is generated (identified in
'"H NMR spectrum by a characteristic signal at §= —7.37 ppm). Liberation of
hydrogen leads to the generation of active catalyst, and the extruded aldehyde reacts
with amine to give imine as the final product. Kinetic Hammett studies support
a P-hydride elimination step for the conversion of alcohol to aldehyde. This bifunc-
tional mechanism is strikingly different from the conventional mechanism which
involves oxidative addition of alcohol to a low-valent metal [192]. However, such a
pathway would necessarily be accompanied by significant hydrogen scrambling in the
product. For example, Madsen et al. observed 42% hydrogen incorporation for the
catalyst [RuClz(IiPr)(p-cymene)] which lacks functional attributes of metal-ligand
cooperativity [193]. However, reaction of a,a-[D,]-benzyl alcohol and benzylamine
generated deuterated N-benzylidene benzylamine as major product (93:7 D/H
observed by GC-MS analysis) (Scheme 30), clearly indicating a bifunctional
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Scheme 30 Deuterium scrambling using a,a-[D,]-benzyl alcohol for imine formation reaction

mechanism. Although it appears from the mechanism that the reaction occurs at axial
site of the [Ru—Ru] single bond, it is shown that the bridging acetate is essential for the
increased efficiency. The B-elimination requires an accessible site at the metal. The
bridging acetate changes its coordination from u” to 7' mode providing a vacant site
for pB-elimination to occur.

The most important aspect is the selective formation of imine in this reaction. In
absence of metal catalyst, the reaction of aldehyde and amine invariably gives
imine [194]. However, in presence of a metal catalyst, the amine attacks the metal-
bound aldehyde generating hemiaminal, which undergoes dehydrogenation to give
amide or it simply dehydrates to give imine. Since hydrogen is produced in this
reaction (alcohol dehydrogenation), the amine or N-alkylated product is also
expected. It is thus clear that the outcome of the final product is dictated by the
propensity of the metal to bind the intermediate product aldehyde. Coordination of
aldehyde to the metal is essential for the amide formation [136, 195]. The ligand
architecture in catalyst 45 does not allow the axial binding of the aldehyde. Even if
it is allowed, the strong trans effect of NHC group at one of the axial sites does not
permit strong alcohol binding. The consequence is the metal-free reaction of
aldehyde and amine to give imine. Thus, this catalyst displays both metal-ligand
and metal-metal cooperation for the selective imine synthesis by dehydrogenative
coupling of alcohol with amine.



Reactivity and Catalysis at Sites Trans to the [Ru—Ru] Bond 79
7 Cyclopropanation

The diruthenium(ILII) complexes [Ru,(O,CR)4] (R = CH; (50), CF; (51)) have also
been studied for catalytic activity toward cyclopropanation as they are immediate
structural analogues of Rh,(OAc), (37) (Scheme 31) which is the most effective
catalyst in this field [36, 196]. Complex 51 catalyzes cyclopropanation of
cyclooctene with EDA quantitatively based on EDA conversion giving endo/exo
ratio 1.65, while 50 is less efficient [197, 198]. Reaction of a mixture of styrene and
norbornene with EDA using catalyst 50 at 60°C gave cross-metathesis (major) and
cyclopropanated (minor) products. The metathetical activity of the catalyst is
governed by the kinetic lability of the acetate bridge [199].

Maas et al. have studied the cyclopropanation reaction using diruthenium(LI)
complexes bearing paddlewheel [Ru,(CO)4]** core, specifically catalysts 1 and 52
(Scheme 31). Before proceeding, the solubility of these compounds should be
commented upon. Compound 1 is a coordination polymer and not soluble in
noncoordinating solvents, but it dissolves in the reaction mixture during the course
of reaction. For axial reactivity, the axial acetonitrile in complex 52 must be
removed. Compound 1 catalyzes cyclopropanation of different alkenes with
MDA at room temperature in good to high yields (Scheme 32) [200, 201]. The
activity is similar to 37 for mono or 1,1-disubstitued alkenes but to some extent
lesser for 1,2-disubstitued, trisubstituted, and tetrasubstitued alkenes [202-204].
Steric hindrance at the olefin lowers the yield. The diastereoselectivity for sterically
less demanding olefin (1-hexene, cyclohexene, styrene) is similar to those with 37;
however, syn selectivity is observed for trisubstituted alkenes [201, 205]. The
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Scheme 31 Schematic representation of complexes 37 and 50-52
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Scheme 32 Cyclopropanation of alkenes with NJCHCO,Me (MDA) catalyzed by 1



80 I. Dutta et al.

Scheme 33 Sawhorse
configuration of the dimeric

dicarbonylruthenium IOR
carboxylate complexes Ru Ru
oc’ l \ co
ocC
+
ot R1 b+
\8 ,
—Ru
-Rul,, RuLn
syn anti

sawhorse configuration of the dimeric diruthenium carboxylate/carbonyl com-
plexes is responsible for the diastereoselectivity as it controls the approach of the
alkene as well as the configuration at the Ru=C (carbene) bond (Scheme 33).
Compound 1 was also used for alkene cyclopropanation with N,CHSiMe; and
N,CHPh [206]. Again, the yields and selectivity are well comparable with 37 [200,
201, 206]. Catalyst 52 exhibited similar activity to 1 at slightly high temperature.
The scope of this reaction was extended to catalysts having different bridging
carboxylates. Fluorinated analogues (2-9) of carboxylato/carbonyl compounds
were also studied for cyclopropanation reaction. The presence of weakly donating
carboxylates is likely to increase the electrophilicity of the metal center [207, 208].
But all these compounds (catalyst loading 1 mol%) showed low activity at room
temperature for the cyclopropanation reactions between methyl phenyldiazoacetate
and styrene [69]. Increasing the temperature to 40°C in DCM gave moderate to good
yields (42-69% Scheme 34). The catalytic activity is associated with solubility of
the complex and the ease of access to the axial site. The diruthenium catalysts show
lower diastereoselectivity compared to dirhodium(ILII) analogues [209]. This is
attributed to higher electrophilicity of Ru catalyst which reduces the discriminating
abilities of the carbenoid intermediates. Among all the carboxylato/carbonyl ruthe-
nium catalysts studied, compound 1 is the most effective when cyclopropane yields
are considered following the trend: acetate > butyrate ~ trifluoroacetates > formate.
The nature of ligand substituent on effectiveness and diastereoselectivity of this
reaction was also explored [70]. A number of catalysts of type [Ru,(CO)4(BL),],
where BL are bridging 2-pyridonate ligands (Scheme 35) were synthesized (53—
61). The 6-halopyridin-2-olato complexes exist in head-to-head (HH) as well as
head-to-tail (HT) arrangement. These were employed for the cyclopropanation
reaction of MDA with a variety of olefins (Scheme 36) [70]. It was found that 6-
bromopyridonate complexes are better than their chloro counterpart, and in some
cases, even superior to acetate/carbonyl complexes [200]. X-ray crystal structures
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Scheme 34 Metal-catalyzed cyclopropanation of styrene
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Scheme 37 Diruthenium complexes having bridging saccharinate ligand

of the HH complexes 54-59 [72, 73] revealed that one of the axial sites is
inaccessible due to steric crowding of the halides. Hence, the EDA can only
approach from the other axial site by replacing the axial ligand. Therefore, the
steric crowding does not necessarily lead to diastereoselectivity. A correlation
between diastereoselectivity and different bridging ligands could not be obtained
due to the fast rearrangement of HT and HH complexes under the reaction condi-
tions [70, 124, 210].

A new set of diruthenium(I,I) complexes containing saccharinate moiety with
general formula [Ru,(sac),(CO)4(AL),], where AL represents axial ligands, were
designed [71] (62—66) (Scheme 37). Complexes 62 and 63 were employed to
catalyze transfer of carbene from MDA to olefins (Scheme 38). Initial expectation
was that the presence of SO, group in the ligand skeleton would increase catalytic
activity by increasing the electrophilicity of the catalysts, which in turn would
facilitate the faster decomposition of diazoacetate [211]. For the reaction of MDA
with alkenes, both 62 and 63 gave moderate yields (45-65%) which are lower
compared to catalyst 1 (60-95%). The sluggishness of the reactions is due to
catalyst deactivation as the diazoester competes strongly with the olefin. Similar
to complex 1, the saccharinato—ruthenium complexes (62, 63) are not quite efficient
for carbene transfer to arenes. With catalyst 63, MDA in neat benzene did not give
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Scheme 38 Carbene transfer from MDA to olefins catalyzed by 62 and 63

CO,Me CH,CO,Me
OMe  N,CHCO,Me H
Cat 63 = | + >:VWCOZMe
N, ¥ 7\ MeO,C
MeO (E/2)
MeO

Scheme 39 Carbene transfer from MDA to anisole catalyzed by 63

Ry
R3
XN
| PN R4, Rz =Me, R3=H, Ry =i-pr (PIN)

R{ N N Nx R, R, =Me, Rz = H, R4 = benzyl (BIN)
-LN Ry, Ry =H, Rz = Ph, R, = benzyl (3Ph-BIN)

\

Ry

Scheme 40 Naphthyridine-functionalized NHC ligands PIN, BIN, and 3Ph-BIN

any carbene addition products. The use of electron-rich anisole, however, gave
cycloheptatrienecarboxylate and the isomeric (methoxyphenyl)acetate in low
yields (16%) (Scheme 39). Catalytic activities of 64—66 were not explored.

Introduction of NHC ligands at sites trans to the M—M bond tunes the reactivity
of dirhodium(ILII) complexes [212-214]. There are several reports where
N-heterocyclic carbene (NHC) ligands have been incorporated on bimetallic sys-
tems [215-219]. Bera et al. synthesized diruthenium(LI) complexes bearing naph-
thyridine-functionalized NHC ligands PIN and 3Ph-BIN (Scheme 40) [220]. Room-
temperature treatment of the ligand precursor PIN.HBr and 3Ph-BIN.HBr with 1 in
acetonitrile provided Ru,(CO)4(k’C,,N;-PIN),Br (67) and Ruz(CO)4(OAC)(p2-
K2C2,N1-3Ph-BIN)Br (68), respectively (Fig. 4). The PIN ligand provides
unbridged chelate complex possibly to avoid steric crowding between ortho sub-
stituents in the ligand framework. In accordance with this model, 3Ph-BIN afforded
a bridged chelate complex.

DFT calculations were performed to understand the effect of NHC anchored to
the diruthenium unit. The NPA charge on Ru (—0.12) in the model complex 67 is
higher than in 68 (0.00, —0.04). Clearly, the second NHC ligand increases the
electron density on the diruthenium core. Initial studies indicated that the presence
of bromide in the axial sites suppressed the catalytic aptitude of both complexes.
This was resolved by replacing bromides with BAr". The catalytic utility of the
resulting complexes (67—BArF ) and (68—BArF) was assessed for carbene-transfer
reactions including cyclopropanation, aldehyde olefination, and X-H (X=0, N)
insertion reactions (Scheme 41).
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Fig. 4 Molecular structures of 67 and 68
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Scheme 41 Carbene-transfer reaction by the diruthenium(I,I) catalyst

Aldehyde olefination reaction was carried out using 1.5 mmol of EDA, 1.2 mmol
of PPh;, and 1 mol% of catalyst in toluene to give excellent to moderate yield.
Although the catalyst 68-BAr" exhibits lesser reactivity compared to 67-BAr",
selectivity is not compromised. The reaction does not occur without PPh;. The
diruthenium catalysts also catalyze cyclopropanation reactions. Cis or trans cyclo-
propanes are obtained using 1.5 mmol of EDA as added in a DCM solution of
catalyst (0.5 mol%) and olefins (10 mmol) in room temperature. The dimerization
of EDA was minimized by its slow addition to an excess of olefin solution. The
trans to cis ratio in all these cases is found to be 75:25. Similar to aldehyde
olefination reaction, 67-BAr" was found to be superior. Insertion of EDA into
N-H and O-H bonds were also studied with amines and alcohols to obtain amino
acid derivatives and ethers, respectively. Catalyst 67-BAr" affords higher yields
than 68-BAr". The reaction of EDA with the diruthenium catalyst is accompanied
by the extrusion of N,, which generates a diruthenium(L]) species, [RuI—RuI=CH
(COOEY)] (Scheme 41). This species is a common intermediate in all the reactions
mentioned above. During aldehyde olefination reaction, the incipient carbene is
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transferred to the phosphine to give the phosphorane Ph;P=CHCOOEt. The olefin is
then formed from the reaction of aldehyde and the ylide, accompanied by phos-
phine oxide. The metal-carbene intermediate may also be attacked by substrates
like alkene, amine, or alcohol directly to generate respective products of cyclo-
propanation, N-C, or O—C bond formation reactions.

Catalyst 67-BAr" affords cyclopropanated products with lower catalyst loading
and in shorter reaction time compared to 1. It is important to note that catalyst 67-
BAr" has two potential catalytic sites whereas 68-BAr" offers only one axial site.
However, it is unlikely that catalyst 67-BAr" utilizes both axial sites during
reaction. The formation of the [Ru—Ru]=CHCO,Et adduct reduces the electro-
philicity of the second Ru. This in turn diminishes the possibility of the formation
of the bis-carbene adduct. DFT calculations on the model species [67 - CHCO,Me]
and [68 - CHCO,Me] show that although NPA charges on Ru bonded to CHCO,Me
are similar, carbenoid carbons show very different charges (—0.12 and —0.25).
Poor electrophilic nature of the carbenoid carbene in 68 - CHCO,Me causes the
reduced activity of catalyst 68-BAr". Further, this assertion is supported by the
higher negative charge on the second Ru (—0.16) in 67 - CHCO,Me. It is thus
concluded that the additional reaction site on 67-BAr" does not influence its greater
reactivity, rather higher electrophilicity of the carbenoid carbon has a more pro-
nounced effect.

8 Carbenoid C-H Insertion

Metal-catalyzed decomposition of a-diazocarbonyls followed by intramolecular
carbenoid C-H insertion is an effective means to access important heterocyclic
compounds [36, 221-223]. A variety of B- and y-lactams have been synthesized
from a-diazoacetamides. Several dirhodium catalysts are used for this transform-
ation [224-228]. Diruthenium catalysts with acetate (1), pyridonate (60), sacchari-
nate (63), and triazenide (69) bridges were employed as potential catalysts for this
reaction. A new class of compounds containing calix [4]arenedicarboxylate moiety
(70-72) were also used (Scheme 42) [67]. The catalytic activity of all these
diruthenium(I,I) complexes are compared with dirhodium(IL,II) complexes 37 and
73 (Scheme 43).

Carbenoid C-H insertion is dependent on the nature of C-H bond, and the
reactivity follows the sequence: methine > methylene >> methyl [229]. y-lactam
being a five-membered ring is the favored product. f-lactams which are generated
by activation of the C—H bond adjacent to the nitrogen atom are also observed
[230]. For substrates having aromatic substituents, carbenoid attack at the aromatic
ring is preferred over y-lactam formation [231, 232]. The results of diruthenium(I,I)
catalyzed carbenoid C-H insertion of N,N-diethyldiazoacetamide (74),
N,N-dibutyldiazoacetamide (75), and N,N-diisopropyldiazoacetamide (76) are
shown in Scheme 44. Using diruthenium(1I) catalysts, 74 and 75 gave only -
lactam whereas p-lactams are also formed when 76 is used. In fact, -lactam was the
major product for substrate 76. The dirhodium catalysts 37 and 73 gave higher
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yields and higher turnover frequencies compared to all diruthenium catalysts
studied. The diruthenium catalysts follow an order of decreasing reactivity with
respect to f-lactam formation: 63 > 1 > 69 ~ 60 > 70, 71, 72. Complex 63 having an
electron-withdrawing sulfonamide ligand is most electrophilic among them, and
thus, this sequence is electronically well justified. In terms of yield, 63 is compar-
able to 37 [233] while 70-72 are least reactive.

Substrates with aryl substitutions were also studied (Scheme 44). N,N-dibenzyl-
diazoacetamide (77) gave y-lactam as major product with different catalysts. Here,
the y-lactam has a fused-ring structure formed by intramolecular cyclopropanation
of the phenyl ring followed by norcaradiene-to-cycloheptatriene ring expansion.
N-benzyl-N-isopropyldiazoacetamide (78) gave four different products by intra-
molecular carbenoid pathways: carbenoid insertion into an isopropyl CH; bond
(y-lactam 79), the isopropyl CH bond (p-lactam 80), benzylic CH bond (f-lactam 81),
and carbenoid reaction at the phenyl ring yielding y-lactam 82. Using rhodium
catalysts 37 and 73, reaction at the N-isopropyl site is favored (79, 80) whereas all
diruthenium catalysts favored reactions at the N-benzyl substituent (81, 82). How-
ever, irrespective of the catalyst used, y-lactams are preferred over p-lactam. This
sharp contrast between 76 and 78 is explained on the basis of the nitrogen sub-
stituents. In case of 76, the methine C—H bond is properly aligned to interact with
the metal center, whereas in 78 the methyl C—H bond is in the right position to
interact.

The substrate scope was extended to N,N-disubstituted 2-diazo-acetoacetamides
and malonic ester amides. Here, the chosen acetoacetamides contain a second-
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Scheme 44 Catalytic carbenoid C-H insertion of various diazoacetamides

electron-withdrawing substituent at the diazo group making this even less nucleo-
philic than a-diazoacetamides. Although diruthenium(I,I) catalysts are less reactive
compared to dirhodium catalysts, they were still able to generate reactive carbene
intermediate during the course of the reaction and catalyze the C-H insertion.
Different diazoacetoacetamides (83-86) are used, and the results are depicted in
Scheme 45. The diruthenium catalysts (1, 71, 60, 63) show relatively lower yields
compared to the two rhodium catalysts (37, 73). But they exhibited similar
regioselectivity (formation of p- vs y-lactam) [225, 230-232], except in the case
of diethylamide 83. Here, the dirhodium catalysts show more y-selectivity. For
substrates 85 and 86, only p-lactams are formed. The p-lactams in all these cases
show complete trans selectivity similar to 37. Contrary to this when the methoxy-
carbonyl-substituted diazocarboxamides 87 (Scheme 46) was employed, a mixture
of cis and trans products are formed, where cis/trans ratio depends strongly on
nature of catalyst and catalyst concentration.

9 Vinylogous Reactivity

Compounds 2-9 were also tested for vinylogous reactivity [69]. Use of vinyldiazo-
acetates in presence of methanol can give rise to two different types of products
arising from nucleophilic attack of methanol at the carbenoid carbon or at the
terminal vinyl carbon (Scheme 47). Dirhodium catalysts gave products that result
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87

from nucleophilic attack at the carbenoid carbon. Diruthenium catalysts 2, 3, and 7
exhibit a shift toward vinylogous reactivity affording more than 80% products. It
should be noted here that the yields are lower than the Rh counterparts, but viny-
logous reactivity is more pronounced. The diruthenium catalysts gave a 4:1 ratio of
product favoring vinylogous reactivity, whereas Rh-catalyzed reaction under the
same conditions gave exclusively carbenoid reaction products.

The preferential vinylogous reactivity of diruthenium complexes were also
observed for C—C bond-forming reactions. Reaction of methyl vinyldiazoacetate
with cyclopentadiene may give rise to product 90 (terminal vinyl reactivity) or 91
(carbenoid reactivity) (Scheme 48). Compound 37 gave major carbenoid products.
But diruthenium catalysts gave predominantly bicyclic product although the yields
are lower than dirhodium systems. Notably using trifluoroacetate complex
Rh,(TFA)4 (92), the selectivity toward vinylogous product was improved [234].

10 Multiply Bonded Diruthenium Systems

Ru,(ILII) complexes are known to catalyze hydrogenation of alkenes and alkynes
[235], cross-metathesis of alkenes [198], and intermolecular insertion of diazo
compounds into O-H bond [236]. Ru,(IL,III) complexes catalyze the oxidative
transformation of secondary amines to imines [237], aerobic oxidations of alcohols
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Scheme 48 Vinylogous reactivity in reaction with cyclopentadiene

[238], and carbene insertion into N—H bond of amines [239]. Ru,(OAc),4Cl (93) and
Ru,(esp),Cl (94) (Scheme 49) were shown to promote oxidation of organic sulfides
by TBHP at ambient condition either in acetonitrile or in neat (solvent-free)
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condition [240-243] (Scheme 50). Ru,(OAc),Cl was more selective than
Ru,(esp),Cl for the sulfoxide formation. Two possible mechanisms have been
suggested. The oxo—sulfur pathway involves the transient formation of [Ru—Ru]”*=0
species which transfers oxygen to organic sulfide. The other mechanism involves a
concerted pathway involving all three components (diruthenium catalyst, ‘BuOO,
organic sulfide) (Scheme 51). For electrophilic Ru,(OAc)4Cl, the first pathway is
likely to be functional whereas the concerted pathway is most suited for bulkier
Ruy(esp),Cl.  Electron-rich  diruthenium(ILIII)  tetramidate = compounds
[Ru,(NHCOC(CH3),)4C1] (95) and [Ruy(NHCO(CH,CHj3))4Cl] (96) were also
tested for sulfide oxygenation [244]. Initial rate for amidate complexes was found
to be comparable with carboxylate analogues. The major product was invariably
sulfoxide and solvent-free reactions afforded better conversions.

Although oxo transfer by M—M multiply bonded diruthenium complexes have
been reported, the intermediate [M—M]=0O has not been characterized. It is pro-
posed that the interplay between metal-metal and metal-oxo multiple bonds would
give rise to chemical reactivity that is different from monometal oxo species. In this
context, isolation and characterization of [W,0]®* complex wrapped with four dpa
ligands (Scheme 52) was highly significant [245]. Reaction of W,(dpa), (97) with

Scheme 49 Schematic CHs
representation of complexes
93 and 94 07 g LM

| ©7T0
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CO,H
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excess iodine in the presence of adventitious water gave [W,0O(dpa)4](I3), (98). Ina
separate method, oxidation of W,(dpa), with FcOTf gave [W,(dpa),](OTf), (99)
which on further reaction with m-chloroperbenzoic acid followed by treatment with
BPh, allowed the isolation of [W,(O)(dpa)4][BPh4][OTf] (100). X-ray structure
indicated a short W-O distance (1.696(2)A). Interestingly, reaction of
[Wz(dpa)40]2+ (101) with excess P'Bus gave back 99. Reaction of high-valent
mononuclear metal-oxo complex with phosphine proceeds via a two-electron
reduction with associated oxygen atom transfer. However, the [Wz(dpa)40]2+
undergoes a four-electron reduction accompanied by oxygen atom transfer to
yield quadruple-bonded [W,(dpa),]. A detailed mechanistic investigation suggests
radical chemistry which could be useful for alkane oxidation chemistry. Clearly, the
second metal introduces new chemistry (four-electron reduction) which is not
possible for mononuclear metal-oxo complexes.

Metal-metal bonded complexes catalyze the transfer of oxo or nitrene to an
organic substrate, but unfortunately, only two [M-M]=E (E =0, N) intermediates
containing metal-metal and metal-ligand multiple bonds have been isolated and
characterized. In addition to [W—W]=0 complex [245], Berry’s group trapped a
diruthenium—nitride product in frozen matrix and characterized it. Photolytic or
thermal treatment of the diruthenium(ILIl)-azide [246] (102) at low temperature
gives [Ru,(dPhf)4,N] (103) (Scheme 53) [247]. The EXAFS measurements reveal a
Ru—N bond distance 1.76 A. The Ru-N stretching frequency is 850 cm™'. These
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values are in between the corresponding values observed for mononuclear Ru¥'=N
complexes [248-252] (Ru-N~1.60 A, VRu=N ~ 1,000-1,100 cmfl) and triply
bridging nitrogen bound on the metal surface (Ru-N~1.93 A, vRu-N~480-
580 cmfl) [253-255]. This indicates that the nature of bond between Ru and N
in [Ru,(dPhf)4N] is intermediate and resembles more of a double-bond character.

It is worth elaborating the bonding of the [Ru—Ru]=N system [256]. The [Ru2]7+
core provides nine valence electrons, and nitride unit gives six electrons (three lone
pairs, one ¢ and two ). The formal electron configuration is 6’7" 5°6(nb)*x(nb)*5*!
which corresponds to s=1/2 ground spin state. The [Ru—Ru] bond order is 3.5
comprising of one o, two z, and half § bond. The Ru—N bond order is 3.0. However,
because of electron delocalization (3c/4e bond in ¢ and 7 framework), the [Ru—Ru]
and Ru-N distances are quite long. In fact, [Ru—Ru]-N three-center four-electron
bond not only increases the Ru-N distance; the electrophilicity of the nitrogen is
also enhanced. A 3c/4e o bond necessarily makes the Ru—N multiple bond weak.
Further, the electron delocalization renders the LUMOs with large N p-orbital
character highly susceptible to nucleophilic attack.

As a consequence, the nitride bound to dimetal is more reactive than a nitride
bound to a single metal. Indeed, when Ru,[d(3,5Cl,)Phf]N; (104) is heated under
vacuum in the solid state, N, is lost but the corresponding nitride complex could not
be identified. Instead, the isolated product reveals insertion of N into one of the aryl
C-H bond of the bridging tetramidate ligand [257, 258] (Scheme 54). This reaction
also proceeds photolytically. Differential scanning calorimetry (DSC) measure-
ment reveals two distinct steps, suggesting the involvement of [Ru—Ru]=N species
in the reaction. What is most intriguing is the nitrogen transfer mechanism. Several
mononuclear nitride complexes are reported to insert N atom into alkyl C—H bond
via radical-type reactions [259-263]. Detailed experimental and computational
results suggest an electrophilic aromatic substitution mechanism where nitrogen
atom is the electrophilic center [264] (Scheme 55). Clearly, the second metal
enhances the reactivity of the axial nitride.

11 C-H Amination at Axial Site of a [Ru-Ru]** Platform

Higher oxidation potential of diruthenium(ILIII) system allows the introduction of
strong donor ligands such as amidinate on the diruthenium core [265]. But such
complexes have found limited application in catalysis. Du Bois’ group has
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demonstrated the utility of diruthenium(ILIII) catalysts for intra- and
intermolecular C—H amination reactions which rivals the performance of dirhodium
congeners [265, 266]. The [Ruj(esp),SbFg] (105) efficiently catalyzes
intermolecular amination of C—H bonds under oxidative conditions (Scheme 56).
Oxidative cyclization of 3-phenylpropyl sulfamate and isoamyl sulfamate proceeds
smoothly in refluxing CH,Cl, with soluble oxidant PhI(O,C'Bu), and 5 A molec-
ular sieves. Ruy(OAc)4Cl in combination with PhI(OAc), afforded very low
conversions.

The tetra-2-oxypyridinate ruthenium dimer Ru,(hp)4Cl (106) (Scheme 57) pro-
motes the sulfamate cyclization where the dirhodium analogue Rh,(hp), fails
possibly due to oxidative degradation under the reaction conditions. The hp system
shows a clear selectivity for allylic C—H insertion over the corresponding aziridine
formation. For frans-4-hexenyl sulfamate, the oxathiazinane heterocycle was iso-
lated in 68% yield with 107/108 8:1 ratio where 107 is the allylic C-H activated
product and 108 is the aziridine product (Scheme 58). [Ru,(hp),Cl] catalyzed the
C-H amination for a collection of substrates, giving the oxathiazinane heterocycle
as the major (or exclusive) product in moderate to good yields. The activity and
selectivity are superior to [Ruj(esp)>(SbFg)] and Rhy(S-nap), [267]. The
Ru,(hp)4Cl is the only catalytic system based on diruthenium(IL,IIT) core which
performs allylic C—H bond activation better than other bimetallic systems studied
including Rh, complexes. An array of computational and experimental studies
revealed a two-step mechanism that involves homolytic C—H bond cleavage
followed by fast radical recombination [268, 269]. Hammett and kinetic studies
indicate a different pathway for dirhodium- and diruthenium-catalyzed oxidation
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[270]. In fact, the stepwise nature of [Ru,(hp),Cl] catalyzed reaction accounts for
preferential allylic C—H bond functionalization over alkene aziridination which is
the favored product when dirhodium catalysts are used. The presence of a discrete
diradical intermediate further assists the selectivity for allylic C—H amination using
a diruthenium catalyst.

12 Concluding Remarks

Rh,(OAc), and its derivatives are well recognized as catalysts for a wide array of
organic transformations. The catalytic reactions usually occur at axial site. The
isoelectronic [Ru'-Ru'] are relatively less explored. Recent studies have revealed
that a multitude of reactions could be executed at sites trans to the [Ru—Ru] single
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bond. The paddlewheel [Ruz(CO)4]2+ core is an ideal platform for axial reactivity.
A variety of bridging ligands are incorporated at equatorial sites on the
[Ru,(CO)4]** core to tune the reactivity and selectivity keeping the axial sites
available for reactions. Bera et al. have studied stoichiometric reactions such as
C—H activation and C—C bond formation at sites trans to the [Ru—Ru] single bond.
Mass et al. have explored catalytic cyclopropanation and C-H insertion via
carbene-transfer reactions. Introduction of NHC unit in the ligand skeleton
increases the catalytic efficiency. Gois et al. have demonstrated that multiply
bonded diruthenium compounds are excellent catalysts for catalytic C-H
amination. Berry et al. reported electron delocalization on [Ru—Ru]=N system
that makes the N atom highly electrophilic. Metal-metal bonded [Ru-Ru] com-
plexes are beginning to show promise as organometallic catalysts. Further work is
needed to realize the full potential of these complexes.
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Alkyne Activation Using Bimetallic Catalysts

Michael J. Page, D. Barney Walker, and Barbara A. Messerle

Abstract Bimetallic catalysts are capable of activating alkynes to undergo a
diverse array of reactions. The unique electronic structure of alkynes enables
them to coordinate to two metals in a variety of different arrangements. A number
of well-characterised bimetallic complexes have been discovered that utilise the
versatile coordination modes of alkynes to enhance the rate of a bimetallic
catalysed process. Yet, for many other bimetallic catalyst systems, which have
achieved incredible improvements to a reactions rate and selectivity, the mecha-
nism of alkyne activation remains unknown. This chapter summarises the many
different approaches that bimetallic catalysts may be utilised to achieve cooperative
activation of the alkyne triple bond.
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Contents

1T INtrodUuCtion .. ...uete ettt e 104
Cyclotrimerisation, Dimerisation and Nucleophilic Substitution ......................... 107
2.1 Cyclotrimerisation of AIKYNeSs .......cooiiiiiiiiiiiiiiii e, 107
2.2 Dimerisation of ALKYNES .......ooiiititiitit i 109
2.3 Nucleophilic Substitution of Propargylic Alcohols ................coooiiiiiiiii.... 112

3 Cycloaddition with Azides, Alkynes, Alkenes and Allenes .........................oo.. 113
3.1 Azide—-Alkyne Cycloaddition ...............uuuuuuuuuiiiiiii e 113
3.2 Cycloaddition of Alkynes with Alkynes, Alkenes and Allenes ..................... 115

M.J. Page and D.B. Walker
School of Chemistry, The University of New South Wales, Sydney 2052, Australia

B.A. Messerle (P<)
School of Chemistry, The University of New South Wales, Sydney 2052, Australia

Department of Chemistry and Biomolecular Sciences, Macquarie University, North Ryde
2109, Australia
e-mail: barbara.messerle@mq.edu.au


mailto:barbara.messerle@mq.edu.au

104 M.J. Page et al.

4 The Pauson—Khand Reaction and Silylformylation ...............c..ooiiiiiiiiiii e, 116
4.1 The Pauson—Khand Reaction ..............ooiiiuiiiuiiiiiiiiiiiiii et 116
4.2 Silylformylation of AIKYNEs .........coiiimiiii e 117

5 Hydroelementation with Silanes, Alcohols, Carboxylic Acids and Amines.............. 118
5.1 Hydrosilylation of AIKYNes .........coouiiiiiiiiiiiiii et 118
5.2 Hydroalkoxylation of AIKYNes .........ccoiiiiiiiiiiiiiiiiii it 120
5.3 Hydrocarboxylation of AIKYNeSs .........ccoeiiiiiiiiiiiii it 124
5.4 Hydroamination of Alkynes, Allenes and Alkenes ................ccoevviiiunnnnn.. 126
5.5 Chiral Bimetallic Catalysts for Hydroamination ....................ooooiiiiin.. 129

6 CONCIUSIONS . ...ttt ettt ettt eeeeeeeeaaaans 133

RETEIENCES . ..ottt e 134

1 Introduction

The use of bimetallic complexes as catalysts for organic transformations is of
significant interest because they can dramatically enhance the rate and selectivity
of a reaction compared to a monometallic catalysed process. Much early work on
bimetallic catalyst design was inspired by the impressive catalytic efficiency of
dinuclear metalloenzymes which contain bimetallic active sites [1]. More recently
artificial bimetallic catalysts have been developed that offer substantial advantages
compared to monometallic catalysts of similar structure [2-7]. This increase in
catalyst performance is often attributed to a synergistic or ‘cooperative’ interaction
between the two metals in activating the substrate of interest. Quite often the origin of
this cooperativity is poorly understood on a molecular level. How the two metals of a
bimetallic catalyst interact with each other and/or the reaction substrate during the
catalytic cycle is difficult to determine from direct methods. In general, the second
metal in a bimetallic catalyst may participate in a reaction via three possible means:

(a) An electronic influence, where the catalytic cycle proceeds solely via interac-
tion of the substrate with one of the metal centres, yet the second metal
provides a beneficial electronic influence on the first metal either through
direct metal-metal bonding or through a shared ligand group.

(b) A steric influence, where the second metal acts to direct the substrate into an
advantageous alignment with the first metal centre, without playing a direct
role in the bond forming/breaking processes. This is particularly notable in
bimetallic catalysts where an enhancement of the reaction selectivity is
observed compared to a monometallic catalysed process.

(c) A concerted activation process, where both metal centres interact with the
substrate(s) to provide a lower activation barrier towards reaction than could
be obtained with a single metal centre. This may involve activation of each
substrate in a reacting pair of molecules or the combined activation of a single
substrate.

Note that these three modes of action are not mutually exclusive, and all
processes may take part in the catalytic cycle.
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Alkynes are highly versatile building blocks for the synthesis of a wide range of
organic molecules. The unsaturated alkyne triple bond can undergo a variety of
metal-catalysed reactions, including the inter- or intramolecular addition of carbon
or heteroatom nucleophiles; cycloaddition with other m-acidic functional groups
such as carbon monoxide, alkenes, other alkynes and nitriles; or the coupling of
nucleophilic acetylides with other electrophiles [8—11]. This reactivity is associated
with a diverse coordination chemistry of organometallic alkyne species. The alkyne
moiety contains two orthogonal z-orbitals that can be involved in its metal coordi-
nation chemistry, and in addition the basic acetylide unit contains a stable
o-bonding orbital. The presence of two orthogonal ©* antibonding orbitals also
allows for back-bonding interactions with n-acidic metal centres, further increasing
the complexity of alkyne—metal interactions (Fig. 1).

As a result of the multiple orbitals available for metal-ligand bonding, alkynes
readily coordinate with multiple metal centres [12]. Where two metals coordinate to
a single alkyne (or acetylide) moiety, a number of different arrangements have been
characterised (Fig. 2). An acetylide moiety may coordinate in an end-on fashion via
two metal—carbon o-bonds (structure A) with the C=C axis perpendicular to the
metal-metal axis (p—n':n"). The alkyne can also coordinate parallel to the metal—
metal axis (structure B), with each alkyne carbon forming a c-bond to a different
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metal centre (u*—n'm"). A 1,2-sigmatropic shift of an alkyne substituent (R in
structure B) can also yield end-on coordinated vinylidene species (structure C,
p?—n?). For metal acetylide moieties the proximity of a second metal can often
yield (p*—n'm?) hybrid structures D, where the second metal coordinates in a
n-fashion to the o-bonded metal acetylide. Finally an alkyne may coordinate to
two metal centres via its two orthogonal wt-bonds, resulting in a tetrahedral C,M,
structure (E), where the C = C axis lies across the metal-metal axis (p—n>m2).
This review is not intended to be fully comprehensive but instead should serve to
highlight current understanding of bimetallic cooperative catalysis as it applies to
the activation of the alkyne triple bond. We have divided the review into four
sections, separated by reaction type, which emphasise different aspects of the
bimetallic alkyne activation mechanism. These four sections are as follows:

1. Cyclotrimerisation, Dimerisation and Nucleophilic Substitution. These three
reactions are promoted by a class of catalysts where the bimetallic mechanism
is generally very well understood. In this section the diversity of alkyne activa-
tion processes is highlighted through the characterisation of intermediate struc-
tures or their analogues.

2. Cycloaddition with Azides, Alkynes, Alkenes and Allenes. The copper-catalysed
azide—alkyne cycloaddition reaction is typically catalysed by simple, monome-
tallic Cu(l) salts. However, the mechanism of catalysis was recently determined
to involve a bimetallic process. Similar bimetallic mechanisms have also been
discovered in the cycloaddition of alkynes with alkenes, allenes and other
alkynes using Au catalysts. This reaction is discussed for its broad application
to many areas of chemistry and for the potential of bimetallic catalyst design to
enhance the reaction.

3. The Pauson—Khand Reaction and Silylformylation. Perhaps one of the earliest
and most widely studied bimetallic alkyne activation processes is the Pauson—
Khand Reaction (PKR), which involves the [2+2+ 1] cycloaddition of an
alkyne, alkene and CO to yield a cyclopentenone product. The key intermediate
in both the PKR and the related silylformylation reaction is a (p—n*n?)-bonded
intermediate of structure E (Fig. 2). Extensive DFT modelling of the catalytic
cycles has provided an excellent insight into the electronic changes that occur
within the bimetallic unit during the reaction.

4. Hydroelementation with Silanes, Alcohols, Carboxylic Acids and Amines. This
final class of reaction, involving the addition of Si—H, O—H or N-H bonds across
an unsaturated C—C bond, has only recently been explored using bimetallic
catalysts. The catalysts used also represent a distinct type of bimetallic design;
where two discreet complex fragments are linked by a shared ligand scaffold, but
typically do not contain any prearranged metal-metal bonding or bridging atom
interactions. Such catalysts can easily be compared to monometallic catalysts of
similar structure, thereby allowing a quantitative evaluation of the bimetallic
cooperativity.
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2 Cyclotrimerisation, Dimerisation and Nucleophilic
Substitution

2.1 Cyclotrimerisation of Alkynes

The cyclotrimerisation of alkynes is a useful and atom economical route that
enables the formation of substituted benzene derivatives from easily accessible
starting materials. The reaction can be catalysed by a wide variety of metals, and,
mechanistically, the monometallic catalysed process is very well understood [13—
15]. In the first step of the catalytic cycle, a metal complex coordinated by two
alkynes (Scheme 1, A) undergoes oxidative C—C coupling to yield a metallacyclo-
pentadiene intermediate (B). Insertion of a third alkyne yields a transient metallacy-
cloheptatriene intermediate (C) which undergoes reductive elimination to yield the
substituted benzene product. One of the key challenges of this reaction is to control
the regioselectivity of the process across a diverse range of alkyne substituents.

The bimetallic Nb and Ta complexes 1 and 2, which contain a M—M double
bond, were shown to catalyse the cyclotrimerisation of a variety of alkynes with
exceptional regioselectivity to yield exclusively 1,3,5-substituted benzene products
(Scheme 2) [15, 16]. In comparison the cyclotrimerisation reaction performed using
the analogous monometallic catalysts [M(DME)Cl;] (M =Nb or Ta, DME = 1,2-
dimethoxyethane) gave a mixture of 1,3,5- and 1,2,4-substituted benzene products.
Exactly how the bimetallic catalyst structure in 1 and 2 influences the
regioselectivity of the reaction remains unclear; however, isolation of the
Nb(V) intermediate 3 was achieved upon reaction of 1 with a stoichiometric amount
of 2-hexyne. Addition of excess 2-hexyne to 3 then afforded the expected 1,3,5-
substituted product. These results suggested a mechanism whereby each Nb centre
functions separately to couple the alkyne substrates, while the neighbouring metal
centre provides an electronic and/or steric influence on the catalytic cycle.

The cyclotrimerisation of electron-rich alkynes is also efficiently catalysed by the
bimetallic indenyl complex 4, which contains Cr(0) and Rh(I) coordinated in a
‘transoid’ fashion across the indenyl ring (Scheme 3) [17]. Using catalyst 4, quan-
titative conversion of methyl propiolate to a mixture of the 1,3,5- and 1,2,4-
substituted benzene products is achieved. Of particular note is the fact that 4 can
be recovered at the end of the reaction, suggesting that the bimetallic structure
remains intact during catalysis. In contrast, the monometallic Rh(I) catalyst

Two possible isomers: R
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Scheme 1 General metal catalysed cyclotrimerisation reaction of alkynes
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5 achieves a maximum conversion of only 20%. To account for this difference in
reactivity, it was proposed that the Cr centre electronically impacts the coordination
of the indenyl ligand to Rh facilitating an n5 to n3 ring slip which exposes the metal
towards reaction. This was supported by comparing the kinetics of rotation about the
Rh—indenyl bond for both mono- and bimetallic complexes where a larger 1’
component increased the rate of rotation for the bimetallic complex 4 compared to S.

The bimetallic complex 6 containing half-sandwich RhCp* fragments (where
Cp* = 1,2,3,4,5-pentamethylcyclopentadienyl) bridged by a borohydride scaffold
also showed moderate catalytic activity for the cyclotrimerisation of several
alkynes (Scheme 4) [18, 19]. 6 was recovered from the reaction mixture unchanged,
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indicating retention of the bimetallic scaffold. Intriguingly, the authors propose a
reaction mechanism whereby the two Rh centres coordinate to each end of the
emerging alkyne trimer. It was reasoned that retention of all Rh—B and Rh—H-B
interactions was necessary to prevent fragmentation of the rhodaborane cluster,
thereby leaving only a single coordination site on each metal vacant. Unfortunately,
characterisation of these intermediate species remained elusive.

2.2 Dimerisation of Alkynes

The non-oxidative dimerisation of two terminal alkynes is a practical method for
the preparation of enynes. Enynes are present in many natural products and are
themselves versatile building blocks in organic synthesis [20, 21]. Bimetallic ruthe-
nium complexes have proven to be particularly useful catalysts for the dimerisation
of alkynes due to the high levels of regio- and stereoselectivity they can achieve in
product formation. The bimetallic reaction mechanism has been studied in great
detail, providing an excellent insight into how the two metals interact during the
catalytic cycle.

One of the most well-studied bimetallic catalysts used for the C—C coupling of
alkynes are the thiolato-bridged diruthenium complexes 7 (Scheme 5) [22]. In the
presence of NH4BF, these complexes catalyse the head-to-head dimerisation of a
number of terminal alkynes to selectively yield Z-enynes [23]. In contrast, related
monometallic Ru catalysts typically yield a mixture of E- and Z-isomers, with the
E-isomer more commonly favoured [24-26]. Previous work has shown that
diruthenium complexes such as 7 are exceptionally robust due to the strong
bridging ability of the thiolate ligands, which results in retention of the dinuclear
core during reaction [27]. The proposed mechanism for the dimerisation reaction
involves a concerted activation process where both Ru centres activate one alkyne
each via the catalytic cycle shown in Scheme 5. Initial coordination of the first
alkyne yields the vinylidene intermediate 8. The second alkyne then coordinates to
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the other Ru centre as an acetylide via elimination of HCI. Migration of the
acetylide to the n’-vinylidene carbon yields the butenynyl intermediate 9-Z,
where both metals are involved in coordination of the butenynyl unit. The high
stereoselectivity of the catalyst for the Z-isomer is considered to result from
coordination of the alkyne to the second Ru centre in intermediate 9. This affects
an alignment of the vinylidene substituent (=CR'H) with the Cp* ligand and
disfavours formation of intermediate 9-E due to steric congestion between the
alkyl substituent (R") and Cp*. Re-addition of HCI affords the coordinated enyne
product which is easily displaced by a new equivalent of alkyne, thus restarting the
catalytic cycle. Evidence supporting such a mechanism was provided by isolation
of the vinylidene complex 8 [28] (R="Pr, R’ = COOMe) and the butenynyl complex
9 [28] (R:’Pr, R’ =ferrocenyl) from the reaction of 7 with methyl propiolate or
ferrocenylacetylene, respectively. Complex 9 itself was shown to be an effective
catalyst for the dimerisation reaction, proving its participation within the catalytic
cycle. Analogous diruthenium complexes containing end-on coordinated acetylide
ligands (i.e. Ru—C = CR) have also been isolated previously [29].

The heterobimetallic Ru—Co complex 10, which is similar in structure to 7,
catalyses the head-to-head dimerisation of methyl propiolate upon abstraction of a
Ru-CO ligand with Me;NO (Scheme 6) [30]. Evidence for a bimetallic transition
state was provided by isolation of the butadiene ruthenacycle 11 from the reaction
of 10, Me;NO and p-tolylacetylene, although a head-to-tail coupling of p-
tolylacetylene was observed in this case. The role the Co(CO),, fragment plays in
this catalysis is unclear; although the Co should have a strong electronic influence
on the Ru centre, the structure of 11 suggests a cooperative interaction between the
substrate and both Ru and Co which may also assist the reaction.

The dimerisation of phenylacetylene to yield exclusively the head-to-tail cou-
pling product has been achieved using the diruthenium complex 12 as catalyst
(Scheme 7a) [31]. This was the first complex to display such selectivity and remains
the only ruthenium complex to do so. Complex 12 contains two bridging
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an analogous Ru(CO) complex (17 and 18)

bis(diphenylphosphino)methane (dppm) ligands and a bridging methylene moiety,
the latter of which was found to be crucial to obtain the desired reactivity. The
unusual head-to-tail coupling geometry cannot be achieved via a mechanism
involving vinylidene intermediates as was described previously for complex 7.
Rather, the researchers propose an alternative mechanism whereby the alkyne
oxidatively adds to one Ru centre to give the acetylide-hydride complex 13.
Insertion of the second alkyne into the Ru-—hydride bond affords the alkenyl
intermediate 14, which reductively eliminates the 1,4-diphenylbutenyne product
and regenerates the catalyst. Note the acetylide in complexes 13 and 14 is
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coordinated by both Ru centres in a p>—1":n*-bonding mode which may stabilise
these intermediate structures. Interestingly, upon prolonged reaction of 12 with
excess phenylacetylene, the methylene unit is eventually lost through insertion into
the alkyne C—H bond to yield 1-phenylpropyne (PhC=CMe) and complex 185.
Complex 15, which contains a phenylacetylene unit bridging the two Ru centres, is
entirely inactive for the dimerisation reaction. Fortunately the researchers were able
to characterise a number of related compounds that resemble the intermediate
structures 13 and 14 [32, 33]. Complex 16, which contains a p—CO ligand in
place of the bridging methylene group found in 12, was found to react with
phenylacetylene or 1-hexyne to yield the acetylide—hydride and acetylide—alkenyl
complexes 17 and 18, respectively (Scheme 7b). Compound 16 however was not
found to be an effective catalyst for the dimerisation of alkynes, highlighting the
crucial role the bridging methylene unit plays in activating catalyst 12.

2.3 Nucleophilic Substitution of Propargylic Alcohols

The OH group of propargylic alcohols (HC = CCHROH) is readily displaced by a
range of nucleophiles, and this enables the facile attachment of an alkyne group to
an organic molecule (Scheme 8a) [34]. The alkyne moiety is a versatile entity for
further chemical transformations and is itself an important subunit in many fine
chemicals and natural products. The bimetallic ruthenium complex 7, which is an
effective catalyst for the dimerisation of alkynes (Scheme 5), also catalyses the
nucleophilic substitution of propargylic alcohols using a range of nucleophiles such
as alcohols, amines, thiols, ketones and alkenes, among others (Scheme 8a) [35—
39]. Unlike the alkyne dimerisation mechanism described above, the propargylic
substitution reaction requires only one Ru centre to activate the alkyne, yielding the
allenylidene intermediate 19 (Scheme 8b). Complex 19 (where R =Me, CHR' =C
(tolyl),) was in fact isolated from the reaction of 7 with NH,BF, and HC=CC
(toly);0H and was then shown to liberate the propargylic substitution product
HC =CC(Tol),OEt upon treatment with EtOH. Despite only one Ru centre
interacting with the substrate in the proposed mechanism, conventional mononu-
clear ruthenium complexes were not effective catalysts for the propargylic substi-
tution reaction indicating that the diruthenium core was essential for catalysis.
Computational investigations show that the n-back-donating ability of the reactive
Ru centre is reduced by its bonding to the second Ru centre [40]. This destabilises
the vinylidene and allenylidene intermediates and lowers the energy barrier
between them. It also labilises the n?-coordinated alkyne product facilitating its
displacement by a second equivalent of substrate in the final turnover step.
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3 Cycloaddition with Azides, Alkynes, Alkenes and Allenes

3.1 Azide-Alkyne Cycloaddition

The copper-catalysed azide—alkyne cycloaddition reaction is a reliable and robust
synthetic method for covalently linking a diverse range of molecular building
blocks [41, 42], bioconjugation [43] and organic synthesis [44—48]. The reaction
proceeds in a highly selective single step, under mild reaction conditions, and is
successful in the presence of a wide range of other functional groups. It has only
recently been established that this reaction proceeds through the mechanism shown
in Scheme 9, whereby 1?-coordination of a second Cu centre to the Cu—acetylide
complex forms intermediate 20 [49]. Nucleophilic attack at N-3 of the azide by the
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C,-carbon of the acetylide forms the first covalent C—N bond, producing the
geminal dicopper intermediate 21. Formation of the second C-N bond eliminates
one Cu centre to generate the Cu-triazolide which is protonated to regenerate the
catalyst.

Currently, few examples have been reported of well-defined binuclear Cu
complexes that catalyse the click reaction. It has been shown that the use of
polytriazolyl ligands can greatly accelerate the rate of Cu-catalysed click reactions
compared to reactions catalysed by simple Cu salts [50]. The compound tris
(benzyltriazolylmethyl)amine (TBTA) was found to be the most effective ligand
for accelerating the Cu-catalysed click reaction. Initially it was assumed that this
ligand simply stabilised the catalytically active Cu(I) centre against oxidation;
however, attempts to characterise a Cu(I) compound containing TBTA led to the
isolation of the bimetallic complex 22 (Scheme 10) [51]. Complex 22, which
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contains two triazolyl moieties bridging the two Cu centres, was then shown to be a
highly efficient catalyst for the click reaction. Another example of bimetallic
catalyst design leading to cooperative rate enhancement in the Cu-catalysed click
reaction was reported by Straub and coworkers [52]. The bis-triazolylidene
dicopper(I) complex 23 was synthesised, and its catalytic activity for the coupling
of benzyl azide with phenylacetylide was compared to the monometallic N-hetero-
cyclic carbene complex [Cu(ICy)]PF¢ (ICy = 1,3-bis(cyclohexyl)imidazol-2-
ylidene). The cycloaddition of benzyl azide and phenylacetylene catalysed by the
bimetallic catalyst 23 was complete within 1.7 h, whereas the monometallic catalyst
[Cu(ICy)]PFg required approximately 4.5 h to reach 60% conversion. It should be
noted that this difference in reactivity between 23 and [Cu(ICy)]PF is likely to also
be affected by the dissimilar carbene ligand properties and the presence of an
acetate coligand in 23.

3.2 Cycloaddition of Alkynes with Alkynes, Alkenes
and Allenes

The use of homogeneous gold catalysts in synthetic organic chemistry has grown
rapidly in recent decades and has proven to be a versatile tool in the total synthesis
of natural products among other applications [53, 54]. In the gold-catalysed cyclo-
addition of alkynes, the participation of bimetallic gold complexes that contain
pz—nlznz—acetylide or gem-diaurated moieties has been increasingly observed
[55]. For example, Corma et al. have observed that p?—n':n*-acetylide catalysts
such as 24 are superior to their monometallic analogues for the intermolecular [2
+2] alkyne—alkene cycloaddition reaction (Scheme 11la) [56]. Hashmi and
coworkers have identified the gem-diaurated complex 25 as an effective catalyst
precursor for the cycloaddition of dialkynes (Scheme 11b) [57]. Toste and
coworkers have reported the cycloisomerisation of allenynes using the gold catalyst
26 and determined the involvement of bimetallic p>—n':n*-acetylide and gem-
digold intermediates (Scheme 11c) [58]. In each of these examples however, the
dinuclear catalyst structure is not retained throughout the reaction due to the
absence of spectator bridging ligands that can immobilise the two Au centres in
close proximity. Although a number of related cycloaddition reactions using chiral
bimetallic Au catalysts have been reported [59], the two gold centres are not
considered to act through a bimetallic interaction with the substrate as described
here. The chemistry of such catalysts is discussed in detail below for the hydrofunc-
tionalisation reactions.
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Scheme 11 (a) A p>-n'":n*-acetylide bimetallic Au catalyst (24) used in the azide-alkyne cyclo-
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4 The Pauson—Khand Reaction and Silylformylation

4.1 The Pauson-Khand Reaction

The Pauson—Khand reaction is the coupling of an alkyne, alkene and CO to yield a
cyclopentenone in an overall [2 +2 + 1] cycloaddition reaction (Scheme 12) and has
proven to be a valuable tool in the total synthesis of various natural products
[60, 61]. The reaction was first catalysed by the bimetallic dicobalt complex
[Co,(CO)g] [62—-64], although a number of variations with monometallic cobalt
complexes and with different metals have also been reported [61]. The currently
accepted mechanism of the [Co,(CO)g]-catalysed Pauson—Khand reaction involves
initial coordination of the alkyne perpendicular to the Co—Co axis through two
orthogonal n-bonding interactions to give complex 27. This is followed by coordi-
nation of the alkene and then insertion of the alkene into a Co—C bond. Migratory
insertion of a CO ligand and reductive elimination of the product liberates the
[Co,(CO)e] fragment, which is trapped by a second equivalent of alkyne to renew
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Scheme 12 The currently accepted mechanism for the bimetallic [Co,(CO)g] catalysed Pauson—
Khand reaction

the catalytic cycle. Unfortunately the only intermediates that have been
characterised from this catalytic cycle are p*—n*m? alkyne complexes such as 27;
however, DFT calculations have been used to support the proposed mechanism
[65]. Importantly, these calculations determined that while the C—C bond forming
events occur at only one of the two Co centres, the oxidative burden is shared by
both metal centres; thus the second Co atom serves as an electron reservoir for the
first Co atom. The second Co centre also acts as an anchor to the substrate and
remains firmly coordinated to the alkyne throughout the reaction. In reality the
above catalytic mechanism only becomes efficient in the presence of certain ligands
such as phosphites, phosphines or dimethoxyethane which inhibit the formation of
inactive cobalt species and may coordinate to the Co centres in place of one or more
CO ligands [60]. Related bimetallic species that facilitate the stoichiometric
Pauson—-Khand reaction include the homobimetallic cyclopentadienyl
(Cp) complexes [MCp(CO)z]z(pzfnz:nz-alkyne) (where M =W or Mo) [66] and
the heterobimetallic complex [Mon(CO)z-Co(CO)3](pz—nz:nz-alkyne) [67].

4.2 Silylformylation of Alkynes

The silylformylation of alkynes involves the coupling of an alkyne with a silane and
carbon monoxide to yield B-silylvinyl aldehydes, which are versatile building
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Scheme 13 Proposed reaction mechanism for the silylformylation of alkynes using a heterobi-
metallic Rh(0)-Co(0) complex (28)

blocks in organic synthesis [68]. One of the more effective catalysts for the
silylformylation of alkynes is the bimetallic Rh—-Co complex 28 (Scheme 13)
[69-71]. Complex 28 is directly analogous in structure to the dicobalt Pauson—
Khand catalyst 27 (Scheme 12), with the bridging alkyne coordinated perpendicular
to the Rh—Co axis via two orthogonal n-bonding interactions (u*—n%:n?). Complex
28 was reported to catalyse the silylformylation of 1-hexyne with HSiMe,Ph and
CO under ambient temperature and pressure to yield exclusively the Z-isomer of the
product. The Rh centre in this case was determined to be the critically important
metal for this reaction, with DFT calculations showing that the key C-Si and C-C
bond forming reactions both occur at the Rh metal centre [72]. The Co atom plays
an important role in binding the alkyne and acting as an electron reservoir to
stabilise the Rh-hydride that is formed upon oxidative addition of silane to Rh(0).
Experimentally the Co centre has also proven to be crucial in controlling the
selectivity of the reaction. For example, analogous monometallic Rh species that
catalyse the silylformylation reaction suffer from the formation of hydrosilylated
byproducts [73, 74]. Dirthodium(II) complexes have also been employed as efficient
silylformylation catalysts; however, it appears likely a bimetallic transition state is
not involved in these systems as it has been shown the catalyst is reduced in situ to
form monometallic Rh(I) species [75, 76].

5 Hydroelementation with Silanes, Alcohols, Carboxylic
Acids and Amines

5.1 Hydrosilylation of Alkynes

The hydrosilylation of alkynes provides facile access to a diverse range of vinyl
silane products which are versatile building blocks in organic synthesis [68]. The
electrophilic substitution of vinylsilanes is one of the most useful methods for the
stereoselective synthesis of substituted alkenes [77, 78]. The effectiveness of



Alkyne Activation Using Bimetallic Catalysts 119

'/\\l—"Bu . '/\l— "Bu

e S )
C@“{@ 2 WD“{@ B (T

29 30

A U ey I j

HSiMe,Ph SiMezPh PhMe2Si

R——= F/=/ R/—\S R>:
R= Ph or "Bu 'Mezph

BE “

"
nBu/

Scheme 14 Rh(I) bimetallic catalysts used for the hydrosilylation of alkynes

monometallic Rh(I) complexes as catalysts for the hydrosilylation of alkynes has
been known for several decades [79]; however, only recently have bimetallic
Rh(I) catalysts been applied to this reaction [80]. The mono- and bimetallic
Rh() complexes 29, 30 and 31 were used to catalyse the hydrosilylation of
phenylacetylene and 1-hexyne using dimethylphenylsilane (Scheme 14). For all
catalysts the #-Z-isomer was formed in preference to either the f-E- or a-isomers.
The most active catalyst of this series was the bimetallic complex 31, which
achieved quantitative conversion of the substrate within 6 h, while longer reaction
times were required to obtain similar conversion with the bimetallic catalyst 30
(24 h) and the monometallic catalyst 29 (72 h). The related bimetallic catalysts 32
[81] and 33 [82] have also been used to catalyse the hydrosilylation reaction
(Scheme 14). Under analogous reaction conditions, complex 33 was found to
have a similar catalytic activity and selectivity to complex 31 for the
hydrosilylation of phenylacetylene with dimethylphenylsilane. Unfortunately com-
parison of the bimetallic catalysts 31, 32 and 33 with a suitable monometallic
analogue was not attempted [83]; therefore, an evaluation of the bimetallic syner-
gism in this reaction cannot easily be made.'

'Related monometallic catalysts of the type [Rh(NHC)(COD)CI] have been used for the
hydrosilylation of alkynes; however, the sensitivity of the reaction to conditions of temperature
and solvent, and the identity of the silane, halide ligand and NHC substituents, precludes a
meaningful comparison of catalyst activity.
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5.2 Hydroalkoxylation of Alkynes

The mono- and dihydroalkoxylation of alkynes provides access to enol ether and
acetal functional groups, respectively. This reaction is particularly versatile when
applied in an intramolecular fashion to yield oxygen containing heterocycles such
as furans, pyrans and spiroketals which are essential components of many biolog-
ically active compounds. Monometallic Au(I) catalysts are known to be excellent
catalysts for the hydroalkoxylation of alkynes [84, 85]. Due to the strong aurophilic
interaction that is possible between two gold atoms, bimetallic intermediates have
always been suspected to participate in the gold-catalysed hydroalkoxylation reac-
tion (Scheme 15a). In contrast to the general theme of this chapter, it was proposed
that the formation of such bimetallic intermediates inhibits the catalytic reaction
due to their resistance to protodeauration, a necessary step to eliminate the product
and complete the catalytic cycle. Recently, it was discovered that geminal-digold
species such as A (Scheme 15b) could be isolated from a stoichiometric reaction of
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Scheme 15 (a) Au(l) catalysed intermolecular hydroalkoxylation reaction, (b) attempted isola-
tion of geminal-digold complexes from Au(I) bimetallic complexes during the hydroalkoxylation
of alkynols, and (¢) enantioselective synthesis of O-heterocycles using the chiral bimetallic Au(I)
complex (36)
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3-heptyn-1-ol with a monometallic Au complex in the presence of a proton sponge
[86]. The researchers also investigated several bimetallic complexes for this reac-
tion with the expectation that the formation of gem-diaurated species may be
favoured. Surprisingly a range of coordination modes were characterised depending
on the nature of the bridging ligand scaffold. For example, while the ferrocenyl
digold complex 34 was shown to yield the expected gem-digold intermediate A, an
analogous structure could not be characterised with the binaphthyl bridged digold
complex 35. The NMR spectra of the reaction containing 35 suggested multiple
oligomeric diaurated species of irregular structure might be present. Presumably the
helical twist of the binaphthyl unit precludes a simple bimetallic interaction with
the substrate in this case. While it has yet to be reported how the different
monometallic and bimetallic structures in Scheme 15b affect their efficiency as
catalysts for the hydroalkoxylation of alkynes, chiral biaryl catalysts analogous to
35 have been used for the enantioselective hydroalkoxylation of allene substrates
[87]. For example, the bimetallic Au catalyst 36 was shown to catalyse the
intramolecular hydroalkoxylation of allene alcohols with exceptional enantios-
electivity (>93% ee) (Scheme 15c¢).

Moving from Au to other metal centres for promoting C—O bond formation,
Messerle and coworkers demonstrated that monometallic Rh(I) and Ir(I) complexes
containing bidentate N-donor ligands such as bis(1-pyrazolyl)methane (bpm) are
excellent catalysts for the intramolecular dihydroalkoxylation of alkynediols to
yield spiroketals, in a one-pot tandem reaction [88]. Recently it was demonstrated
that the efficiency of these catalysts could be enhanced by linking two bpm complex
fragments by a bridging organic scaffolds to yield a series of bimetallic catalysts
(Scheme 16) [89, 90]. An initial investigation showed that the bimetallic complexes
38, 39 and 40 were all superior catalysts compared to the monometallic analogue 37
for the dihydroalkoxylation of a variety of alkynediol substrates. The reaction rates
achieved by catalysts 38—40 were also found to increase as the apparent separation
between the metal fragments decreased, such that the efficiency of the catalysts
could be ordered 38 < 39 < 40. It was also found that increasing the flexibility of
the scaffold, such as in the complexes 41, 42 and 43 (linked by hexyl, heptyl and
ferrocenyl groups, respectively), considerably diminished the bimetallic synergism
for these catalysts. The bimetallic complexes 44 and 45 containing a xanthene and
dibenzofuran scaffold, respectively, did not achieve catalytic rates as high as the
structurally very similar anthracene containing complex 40. Despite a superficial
similarity in structure of the complexes 40, 44 and 45, DFT modelling of their
structures revealed that the intermetallic distance in their lowest energy conforma-
tion differed significantly, which may contribute to their dissimilar reactivity. The
weakly basic oxygen heterocycle present in the scaffold of 44 and 45 may also
interact with the substrate to alter the reactivity of these catalysts.

To better understand the structure—activity relationship with the bimetallic
catalysts 38—40, 44 and 45, computational modelling of their structural confirma-
tions was performed [90]. A high degree of conformational flexibility existed
within the structures due to free rotation of the bpm—arene bond and flipping of
the bpm—Rh metallocycle between two possible boat conformations (Fig. 3).
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Scheme 16 Rh(I) mono- and bimetallic catalysts containing the bis(1-pyrazolyl)methane ligand
used for the intramolecular dihydroalkoxylation reaction

The difference in energy between multiple different conformations was found to be
quite small, and as a result the distance between the metal fragments was poorly
defined. This result tended to undermine attempts to correlate the activity of the
catalysts with their metal —metal separation, and no such correlation could be made
(Fig. 3).

In an effort to constrain the flexibility in this type of bimetallic catalyst, complex
46 was synthesised which contains imidazolyl-imine ligands attached directly to the
1,2-phenylene scaffold via the imine nitrogen (Scheme 17) [91]. This arrangement
significantly reduces the degree of conformational freedom for complex 46, which
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Scheme 17 Rh(I) mono- and bimetallic catalysts containing the imidazolyl-imine ligand (46—49)
used for the intramolecular dihydroalkoxylation reaction

now contains a geometrically flat metallocycle formed by the imidazolyl-imine
chelate, and allows for a shorter intermetallic distance through alignment of the
complex planes. Complex 46 achieved the highest rate enhancements yet observed
for any bimetallic catalysed reaction, over 6,800 times higher turnover frequency
than that of the analogous monometallic catalyst 49. Increasing the Rh---Rh
distance (complex 47) or increasing the flexibility of the C, bridge (complex 48)
drastically reduced the effectiveness of the bimetallic catalysts, consistent with
previous observations.
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5.3 Hydrocarboxylation of Alkynes

The hydrocarboxylation of alkynes involves the addition of a carboxylic acid group
across the C=C triple bond to yield an enol ester group. While it is superficially
similar to the hydroalkoxylation reaction, in that both reactions involve the addition
of an O-H bond to the alkyne, the catalysed reaction mechanisms of hydrocar-
boxylation and hydroalkoxylation can differ substantially [92-94]. The intramo-
lecular hydrocarboxylation also provides access to oxygen heterocycles such as
lactones, which are commonly found in flavour and fragrance molecules [95]. To
expand on the chemistry of the highly effective bimetallic dihydroalkoxylation
catalyst 46, its potential to catalyse the hydrocarboxylation reaction was investi-
gated [91]. Catalyst 46 was a highly effective catalyst for the hydrocarboxylation of
4-pentynoic acid affording complete conversion to the cyclic lactone within 3 h at
60°C (Scheme 18). In comparison, the monometallic catalyst 49 was entirely
inactive under these conditions. The efficiency of the structurally similar
indolylimine complexes 50 and 51 as a catalyst for the hydrocarboxylation of
4-pentynoic acid had been investigated previously [96]. The bimetallic complex
50 was also found to be a highly effective catalyst for this reaction; however, no
enhancement of reaction rate was obtained relative to its monometallic analogue
51, with both catalysts achieving complete conversion within 3.5 h. This result is in
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Scheme 18 Rh(I) mono- and bimetallic catalysts (46, 49, 50, 51) used for the intramolecular
hydrocarboxylation reaction to generate lactones
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stark contrast to the excellent bimetallic rate enhancements obtained with 46 and
highlights how small changes in catalyst structure can greatly impact the degree of
bimetallic synergism that is obtained.

The intermolecular hydrocarboxylation of phenylacetylene with a range of
aliphatic carboxylic acids has been catalysed by the bimetallic Ru complex 52
(Scheme 19) [97]. The bimetallic structure was shown to have a significant impact
on the stereoselectivity of the reaction with the anti-Markovnikov E-isomer
obtained in good preference to the Z-isomer. In comparison, the related monome-
tallic catalyst 53 showed a poor stereoselectivity for the hydrocarboxylation of
phenylacetylene with the Z-isomer product slightly predominant with regard to the
E-isomer product following catalysis. Similar reaction rates were observed with
both catalysts. Analysis of the catalysis reaction by ESI-MS and '*C NMR spec-
troscopy showed that both Ru centres activate a separate molecule of
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phenylacetylene simultaneously to yield a bis-phenylethenylidene complex
(structure A, Scheme 19). The authors therefore proposed that the selectivity of
the bimetallic catalysed reaction is determined by the small size of the cavity
between the two Ru complex fragments (Ru---Ru=9.2 A). This constrains the
phenylethenylidene units to orient in such a manner that the phenyl groups point out
of the cavity directing attack by the carboxylic acid towards the trans face of the
alkylidene to yield the E-isomer of the product (structure B). Notably, the stereose-
lectivity of 52 was lost if phenylacetylene was substituted for 1-octyne, which has
considerably less steric bulk, or if the steric bulk of the carboxylic acid was
increased (R =Ph).

5.4 Hpydroamination of Alkynes, Allenes and Alkenes

The hydroamination of alkynes is a highly atom-efficient approach to the synthesis
of enamines and imines, as well as to the synthesis of N-heterocyclic compounds
such as indoles and pyrroles, which are widely occurring functional groups in
biologically active molecules. Also included in this section is the hydroamination
of allenes and alkenes, as the reaction of these substrates with chiral bimetallic
catalysts has been shown to yield the chiral amine products with high
enantioselectivity.

A number of reports have demonstrated the utility of monometallic Ir(III)
catalysts for the hydroamination of 2-alkynylanilines to yield indole products
[98, 99]. In an effort to enhance the efficiency of such catalysts, the bimetallic
Ir(IlT) complex 54 was prepared and investigated as a catalyst for the
hydroamination of 2-alkynylanilines (Scheme 20) [100]. During the catalytic
cycle it was anticipated that the bridging chlorides of 54 would dissociate to free
a vacant coordination site on each metal, through which the alkyne substrate could
coordinate. It was hoped that the compact naphthalene scaffold would enforce a
close alignment of the two metal fragments and thereby lead to a cooperative
enhancement of the reaction rate. While complex 54 was found to be an effective
catalyst for this reaction, comparison with an analogous monometallic catalyst
(generated in situ by reaction of complex 55 with one equiv. of AgPFg) revealed
that no cooperative enhancement of the reaction rate was obtained by the bimetallic
system. It is possible that the conformational freedom available to the two Ir
fragments upon cleavage of the Ir—p—Cl bonds prevents a favourable alignment of
the metals during catalysis.

Using the bimetallic ruthenium complex 56 as catalyst for the intermolecular
hydroamination of phenylacetylene demonstrated that the relative positions of the
two Ru fragments must be restricted to achieve effective promotion of the reaction
(Scheme 21) [101]. Complex 56 promotes the hydroamination reaction in three
steps. Initial protonation of the bridging phenylacetylene unit was shown to yield
the isolable vinyl complex 57, where the vinyl ligand is stabilised by a bimetallic
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p?—n":n*interaction. Attack of the vinyl group by the amine was proposed to
generate the enaminium intermediate 58, which eliminates the imine product and
coordinates phenylacetylene to complete the catalytic cycle. Unfortunately, only a
limited number of cycles could be promoted using 56 due to its rapid isomerisation
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to the catalytically inactive vinylidene complex 59. Crucially the reaction was not
catalysed by the bimetallic complex 60, which is structurally very similar to 57 but
contains the cyclopentadienyl ligands oriented in a frans arrangement across the
Ru—Ru axis [102]. This highlights the importance of the bridging bis(dimethylsilyl)
cyclopentadiene ligand in enforcing a catalytically active structure for complex 56.

The cyclopentadienyl dilanthanum catalysts 61 and 62 that contain a more open
bimetallic framework than 56 have also been prepared by Marks and coworkers
(Scheme 22) [103]. These complexes were used to catalyse the inter- and intramo-
lecular hydroamination of alkynes, alkenes and allenes. For the most part, no
cooperative trends were observed with these catalysts compared to monometallic
lanthanum complexes 63 and La[N(SiHMe,),]3, and the steric bulk of the adjacent
La containing fragment appeared to dominate what reaction rates were obtained
with 61 and 62. A notable exception to this rule was the hydroamination of amino
dienes where a large difference in the E:Z selectivity was observed for the bime-
tallic catalysts 61 and 62 vs the monometallic catalyst 63. A higher preference for
forming the Z-isomer products was observed for the bimetallic complexes, with
meta-bridged complex 62 exhibiting stronger Z-isomer preferences than para-
bridged complex 61. It was suggested that this new selectivity may result from an
orientation of the diene by its coordination to the adjacent La centre.

For many bimetallic catalysed systems, the degree of cooperative rate enhance-
ment is highly dependent on a correct alignment of the two complex fragments. A
short metal-metal separation is especially important in bimetallic complexes where
metal-metal bonding interactions play an essential part in the catalytic cycle. It is
particularly important to consider metal-metal bonding interactions in
Au-catalysed reactions where the strong aurophilic interaction can often lead to
the formation of dinuclear gold species [104]. To investigate the impact of inter-
metallic distance on the reactivity of bimetallic Au catalysts, Roesky and coworkers
synthesised the paracyclophane complexes 64 and 65 (Scheme 23) [105]. In com-
plex 65 the two gold atoms are forced into close proximity resulting in a short Au—
Au distance consistent with an intramolecular aurophilic interaction. In contrast the
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large separation between Au atoms in 64 excludes any Au—Au contact. Both
complexes were found to efficiently catalyse the infermolecular hydroamination
of phenylacetylene and the intramolecular hydroamination of 1-phenyl-1-pentyn-5-
amine. While complex 65 was found to be a slightly more efficient catalyst than
complex 64, the similar photophysical properties of both complexes suggested this
difference in reactivity was mostly due to steric effects.

5.5 Chiral Bimetallic Catalysts for Hydroamination

While effective bimetallic catalyst design has the potential to lead to an enhance-
ment of the reaction rate, the use of chiral bimetallic catalysts has also been
explored to enhance the enantioselectivity of a reaction. Such bimetallic chiral
induction is excellently demonstrated by the use of digold catalysts for the
hydroamination of prochiral substrates such as allenes and alkenes [59]. The
bimetallic Au catalyst 66, for example, was shown to be an effective catalyst for
the hydroamination of amino-allenes in the presence of a silver salt activator
(Scheme 24) [106]. The highest enantioselective induction for this reaction was
achieved with a 1:1 ratio of AgBF, to 66 (51% ee) suggesting that the monocationic
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species 67 was the active catalyst generated in situ. This would indicate that the
catalytic cycle proceeds at only one metal centre and that the second metal provides
a steric influence to control the selectivity of the reaction. To further improve the
catalyst, two equiv. of a silver salt activator containing the weakly coordinating p-
nitrobenzoate anion were investigated. It was hypothesised that under these condi-
tions the catalytically active monocationic species 69 would exist in equilibrium
with the inactive coordinatively saturated form 68 and that the larger p-
nitrobenzoate ligand would provide a more sterically demanding chiral environ-
ment for the catalyst. Indeed enantioselectivites of up to 98% ee were obtained for
this reaction using 3 mol% of 66 and 6 mol% Ag( p-nitrobenzoate), although longer
reaction times were observed due to a lower effective concentration of the catalyt-
ically active monocationic species. Note that the chirality of the binaphthyl ligand
in complex 66 is locked in place due to restricted rotation of the aryl-aryl bond and
that the helical twist of the binaphthyl scaffold prevents formation of an aurophilic
interaction between the two Au centres [107].

An alternative approach to chiral complex design has been explored that utilises
biphenyl ligands that are sufficiently flexible to allow intramolecular Au—Au
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bonding within their bimetallic complexes. Biphenyl ligands are not inherently
chiral due to free rotation of the aryl-aryl bond; however, upon coordination to
AuCl the aurophilic interaction locks the chirality of the ligand in place (70-R and S,
Scheme 25). Enantiopure digold complexes have been isolated from the resulting
racemic mixture via kinetic resolution with a chiral anion [108]. The digold
complex 70-(S) (R=Ph) was found to be an effective catalyst for the
enantioselective hydroamination of amino-allenes, achieving formation of the
amine product in 85% ee.

In the hydroamination of N-alkenyl ureas, it was shown that the Au—Au bond
present in biphenyl complexes such as 70 greatly increased the enantioselectivity of
the catalyst relative to binaphthyl complexes such as 66, which do not contain a
Au-Au interaction (Scheme 26a) [109]. For example, an enantiomeric excess of
42% was achieved using catalyst 70-(S) (R =3,5-Me,CcH3), compared to an
enantiomeric excess of 17% obtained with catalyst 66-(S). The intramolecular
Au—Au bond may enhance the selectivity of 68 by pulling the aryl groups on the
phosphine ligands closer to the reaction centre, thereby facilitating discrimination
of the diastereotopic intermediates [110]. The bimetallic design of complexes 66
and 70 was also found to dramatically increase the reactivity of these catalysts for
the hydroamination of alkenyl ureas compared to the monometallic catalyst 71
[111]. This would indicate a synergistic activation of the substrate by both metals in
addition to the stereogenic directing influence. Note the optimal reaction conditions
for the hydroamination of N-alkenyl ureas using 70 required the use of two molar
equivalents of silver triflate to activate the catalyst, which would result in a
dicationic catalyst species being generated in situ. It was therefore proposed that
both Au centres of 68 actively participate in the catalytic cycle, possibly through
coordination of one gold centre to the alkene and coordination of the second gold
centre to the urea carbonyl (Scheme 26b). Not only would this accelerate the
reaction by bringing the two reacting moieties into close proximity, but the
Brgnsted acidity of the urea would be increased by its coordination to the
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Scheme 26 (a) Enhanced stereoselectivity for the hydroamination reaction using the chiral
bimetallic Au(I) complex (70-(S)) containing an Au—Au interaction compared to the non-
interacting bi- and monometallic Au complexes (66 and 71), and (b) proposed bimetallic Au(I)
activation of the substrate through favorable alignment

electrophilic Au atom, which would facilitate the final protodeauration step of the
catalytic cycle [109].

Attempts to utilise a chiral ligand scaffold to enhance the enantioselectivity of
bimetallic Zn complexes have also been explored [112]. The efficiency of the
bimetallic complex 72, which contains a (S,5)-1,2-diphenylethane scaffold bridging
the two alkyl zinc centres, as a catalyst for the intramolecular hydroamination of
aminoalkenes was investigated (Scheme 27). Unfortunately, very poor enantios-
electivity (<10% ee) was obtained for this reaction. Unrestricted rotation about the
C—C bond of the ethane scaffold could lead to a large separation between the two Zn
atoms, decreasing the potential for both metals to interact with the substrate. The
vigorous reaction conditions (120°C) would also decrease discrimination between
similar diastereomeric intermediates.

In an effort to increase the potential for enantioinduction in the hydroamination
of amino alkenes, bimetallic complexes of Zn (73) and Mg (74) have been prepared
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Scheme 27 Intramolecular hydroamination reaction of alkenes using chiral bimetallic Zn and Mg
complexes

that contain three chiral centres (Scheme 27) [113]. In addition to the chiral
naphthalene scaffold, each metal centre in 73 and 74 is also coordinated by a chiral
proline ligand group. The alkyl zinc complex 73 was able to achieve an enantios-
electivity of 29% ee for the hydroamination reaction, although prolonged reaction
times (71 h) and high temperature (100°C) were required to obtain complete
conversion. The analogous Mg catalyst 74 was found to be significantly more
active achieving 100% conv. within 10 min at 22°C; however, poorer enantioselec-
tivities were obtained (14% ee, R’ =Ph). The low chiral induction observed for
catalyst 72 was explained by a facile ligand exchange reaction (Schlenk equilibria)
and/or protolytic cleavage of the Mg—N bond upon addition of the substrate.

6 Conclusions

The breadth of bimetallic catalyst designs covered above highlights the many
different approaches to taking advantage of two metal centres to achieve cooper-
ative alkyne activation. Mechanistic pathways where both metals coordinate and
activate the alkyne substrate have been characterised. Nearly all of the bimetallic
alkyne coordination modes described in Fig. 1 have been utilised for such concerted
activation processes, often with multiple bimetallic coordination modes participat-
ing in the catalytic cycle, as well as in the catalyst deactivation steps. Frequently
these bimetallic alkyne assemblies involve metal-metal bonding interactions that
can strongly influence the electronic properties of the metals and may also assist in
the formal transfer of electrons between metals during catalysis.

In using bimetallic catalysts for promoting reactions of alkynes, where only one
metal centre is involved in coordination of the alkyne, the role of the second metal
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in accelerating the reaction is not always clear. The potential for the second metal to
coordinate other functional groups within the substrate and thereby provide a
favourable structural or electronic influence on the reaction has been postulated.
Equally important is the steric environment created by the bimetallic structure,
especially where an enhancement of the reaction selectivity is observed.

No matter what function the bimetallic catalyst fulfils, two key trends of catalyst
design emerge from the above examples: (1) a relatively constrained catalyst
structure is often essential to ensure a beneficial interaction of both metals; this
most likely helps overcome the entropic penalty associated with creating an ordered
bimetallic transition state during the catalytic cycle; (2) for catalysts that do not
contain any prearranged metal-metal bonding or bridging atom interactions, a
relatively short intermetallic distance also appears necessary. Clearly, for many
of the catalysts described here, much work remains to understand exactly how the
bimetallic structure enhances the catalysts performance.
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“Early-Late” Heterobimetallic Catalysis
and Beyond

Ewen Bodio, Michel Picquet, and Pierre Le Gendre

Abstract By combining an ever-increasing number of catalysts or catalytic func-
tions, cooperative catalysis is a research area that grows fast. In the field, “early—late”
heterobimetallic complexes are rather old objects but they still continue to fascinate
chemists because of their latent reactivity. After a brief and concise overview of
cooperative catalysis, this review focuses on “early—late” heterobimetallic complexes
that were used in catalysis over the last decades. Examples of dual catalysis using
early and late metal partners are also described. This chapter ends with an opening
towards therapeutic applications of “early—late” heterobimetallic complexes.

Keywords Bifunctional catalysis * Bimetallic complexes ¢« Cooperative catalysis ¢
Dual catalysis ¢ “Early—late” heterobimetallic complexes
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1 Introduction

Nowadays, homogeneous catalysis has become an indispensable tool for chemists by
the variety and selectivity of the reactions it allows [1]. However, the economic
development of our society in the context of sustainability pushes the chemists to find
novel catalysts more and more efficient able to create high value-added products from
abundant and environmentally benign substrates and reagents (or even from wastes)
at the minimum energy cost. A source of inspiration for chemists can be found in
enzymes which often surpass the most recent man-made catalysts both in activity and
selectivity using sustainable substrates and sources of energy [2]. While homoge-
neous catalysis predominantly involves only one catalytic center which is responsible
for the whole transformation of the substrate(s) into the product(s), catalytic sites in
enzymes are more sophisticated and are most of the time constituted by two or more
catalytic centers or functions which participate together in the reaction [3]. In con-
sequence, it is rather clear that by taking example from nature or by following the
intuition that there is strength in numbers, one can hypothesize that the combination
of catalysts or of catalytic functions within the same entity constitutes a promising
strategy for improving or discovering chemical reactions.

Before focusing on the main topic of this chapter that concerns “early—late heterobi-
metallic complexes in catalysis,” we will present, in a first part, representative exam-
ples of cooperative catalysis besides “early—late” heterobimetallic catalysts, which
provide some information about which type of catalysts or catalytic functions have
been combined to date and illustrate the different cooperative effects that have been
observed. The second part is concerned with “early—late’ heterobimetallic catalysis and
encompasses the period from about 1988 to June 2015. It follows two reviews by Kalck
[4] and Thomas [5] which cover the periods 1988—1997 and 20002011, respectively,
and classified the data according to the catalytic reaction involved. We have chosen
to look at this topic from another perspective and categorized the data by group of the
late transition metal which often governs the catalytic reaction, by element and finally
by the catalytic reaction involved. The reader will thus notice that some bimetallic
combinations are much less represented or nonexistent which raises the crucial ques-
tion of catalyst compatibility. Since the terms “early” and “late” are not strictly defined
in the literature, we will first focus on combinations from groups 4 and 5 for early
transition metals and groups 8, 9, and 10 for late transition metals. Consequently, the
second part of this chapter begins with catalytic reactions promoted by (group 8/groups
4-5) bimetallic complexes followed by (group 9/groups 4-5) and (group 10/groups
4-5) combinations. The third part of this chapter is devoted to dual catalysis from
early and late metal complexes and may constitute a source of inspiration for further
design of new early—late heterobimetallic catalysts. The last part of this chapter is
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dedicated to an overview of another promising use of “early—late heterometallic
complexes”: medicine and more precisely design of new anticancer agents.

2 Cooperative Catalysis Besides “Early-Late”
Heterobimetallic Catalysis

Since the last decades, chemists have described a huge variety of multi-catalytic
systems and cooperative effects [6]. First of all, it has been shown that cooperative
effects can appear by combining two catalytic functions within the same molecule
(bifunctional catalysis) [7] or in two separate molecules (cooperative dual catalysis)
[8, 9]. Both can participate to the same catalytic cycle by activating together the same
substrate (double-activation catalysis) or its own substrate. The two catalytic centers
can also activate simultaneously different substrates in two directly coupled catalytic
reactions for giving a product (synergistic catalysis) [10]. Tandem reactions have
been also described [11, 12]. In that case, the two catalytic centers operate consec-
utively in two independent catalytic cycles, the second catalytic cycle using the
product of the first one as an intermediate and converts it as final product. The second
catalytic function may also not interact with the substrates but contributes to the
stability of the active metal center and acts as redox partner (restorative catalysis) [8].

2.1 Bifunctional Organocatalysis, Frustrated Lewis Pairs
(FLP), and Organo-Metal Cooperative Catalysis

If we first consider purely organic systems, one can mention the asymmetric
reduction of ketones with borane promoted by a chiral oxazaborolidine 1 developed
by Corey, Bakshi, and Shibata (CBS reduction, Scheme 1) [13, 14]. In this system,
the nitrogen atom of the oxazaborolidine serves as Lewis base and coordinates BH3
thus improving its nucleophilicity, while the endocyclic boron atom acts as the
Lewis acid and activates the ketone toward the reduction. This seminal work
constitutes an early example of metal-free catalysis and shows that cooperative
effects can emerge from ambiphilic Lewis acid/base catalytic system.

However, mutual affinity between Lewis acid and Lewis base may give rise to
self-quenching which precludes further reactivity and makes the development of

!
o HO H ; Ph H
cat. 1 (0.1 eq.) ' H'y Ph Ph
' RN (o) ®
i o OB
BH,.THF (0.6 eq.), ; Neg’ R 7 ,,H‘\eéH
THF, 2°C, 2 min ! \ L\/ N
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96.5% ee : Rs
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Scheme 1 Corey—Bakshi—Shibata catalyst



142 E. Bodio et al.

F F F F

H
H, 25°C | ®
(CeFs)2B P(Me3CeHz),  ——  (CeFs)2B P(Me3CgHy),
Pa— ) |
140°C H
FoF FoF
2 3

Scheme 2 Reversible activation of H, by a nonmetal system
CFy

/@\ I
FiC NJ\N o 0
H H

NMe,

o o N0, 4 (10 mol%)
)l\/”\ * ©/\/ toluene, r.t.,1h NO,

80% yield
89% ee

Scheme 3 Addition of acetylacetone to trans-p-nitrostyrene by Takemoto’s catalyst

? o / \
¥ N
P X-"ocome * Pd(PPhs) (5 mol%) X N Pd catalysis
Psyorrolidliol/we . pd
mol
( b) ~pn

DMSO, rt.

90% yield
enamine catalysis

Scheme 4 Catalytic intermolecular a-allylic alkylation of cyclohexanone

analogous catalytic systems challenging. In 2006, a step was taken with the synthesis
of a phosphane borane 2 able to realize the ambiphilic activation of H, when Stephan
has introduced for the first time the notion of Frustrated Lewis Pairs (FLPs)
(Scheme 2) [15]. In such systems, steric constraints preclude the formation of a stable
unhindered adduct via the formation of a formal dative bond giving rise to latent
reactivity. In the last years, such FLPs have been extensively studied and have been
shown to be able to activate reversibly small molecules (H,, CO,, alkenes, alkynes,
etc.), to promote metal-free hydrogenation and to reduce carbon dioxide [16].

The roles of the catalytic functions are not necessarily opposite or limited to
Lewis acid/base pairs. For example, amine thiourea derivatives like Takemoto’s
catalyst 4 merge the hydrogen bond donor capability of the thiourea moiety with
Bronsted base functionality of the amine function and revealed itself particularly
efficient organocatalysts for Michael reactions of various 1,3-dicarbonyl com-
pounds with nitroolefins (Scheme 3) [17-19].

Given recent developments in organocatalysis and the versatility of metal-based
catalysis, it is not surprising that chemists have been tempted to combine the two.
One can cite the first combination of aminocatalysis and palladium-catalyzed
allylic substitution described by Cordova’s group which promotes the direct cata-
Iytic intermolecular a-allylic alkylation of aldehydes and cyclic ketones (Scheme 4)
[20]. Since this pioneering work, almost all types of organocatalysts have been
combined with transition metal-based catalyst, and novel or more efficient trans-
formations were discovered [21, 22]. This research area is rapidly expanding and
further highlights the potential of catalysts combination.
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2.2 Metal-Ligand Bifunctional Catalysis

Focusing on transition metal catalysis and on results which have paved the ways of
the above recent developments, key milestones in this area date when Ito [23] and
later Shibasaki [24] and Noyori [25] have introduced the concept of metal-ligand
bifunctional catalysis and shown that the ligand may interact directly with the
substrates in a cooperative manner with the metal. Ruthenium catalyst 5 bearing
N-sulfonylated 1,2-diamido moiety as chiral ligand developed by Noyori and Ikariya
is a representative example of a multicenter catalysts (Scheme 5). In these systems,
the diamido ligand cooperates with the metal for the asymmetric transfer hydroge-
nation of ketones. First, as a Bronsted base, it deprotonates the secondary alcohol
which is used as hydrogen source to produce hydrido(amine) complex, and then, as
hydrogen bond donor, it coordinates and activates a molecule of ketone [26].
Shibasaki et al. have described heterobi- and polymetallic catalytic systems
combining a Lewis acid and Bronsted bases constituted by one cation (AI’*, La’*,
etc.), one or three cations (Li*, Na*, etc.), and two or three bridging binaphtolates.
The panel of asymmetric reactions catalyzed by such systems is impressive and
leads to adducts in very good yields and very high optical purities (for reviews, see
[27-29]). For example, in the asymmetric conjugate addition of malonates to cyclic
enones promoted by the heterobimetallic Al/Li complex 6, the Bronsted base
generates in situ the nucleophile, while the Lewis acid activates the electrophile,
thus facilitating the effective coupling of the substrates in a stereoselective manner
(Scheme 6) [30]. Shibasaki’s group also described particularly efficient chiral
titanium catalyst 7 bearing a phosphane oxide function for the asymmetric

o) H ! R
cat. 5 (0.5 mol%) 00 ‘TS @ "
in situ generated ! Ph,// N R
isopropanol, r.t., : -5
L PN MG
! H Ph | H-
|

15h, KOH

95% yield
&
o7% ee 5 5Ts

Scheme 5 Noyori’s catalyst for asymmetric hydrogen transfer reaction of ketones
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Scheme 6 Shibasaki’s heterobimetallic catalyst in asymmetric Michael additions
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Scheme 7 Shibasaki’s catalyst in enantioselective cyanosilylation of ketones

silylcyanation of aldehydes and ketones (Scheme 7) [31, 32]. In these reactions, the
carbonyl substrate is activated via coordination to titanium, while the silylcyanation
reagent is activated through coordination of the phosphane oxide to the silicon atom
allowing the formation of cyanohydrin derivatives in stereocontrolled manner. This
catalyst constitutes also another example of Lewis acid—Lewis base two-center
catalyst. Other catalysts in which metal and ligand cooperate have been described
and demonstrate the potential of this approach for a variety of reactions as illustrated
by the works of Shvo [33], Milstein [34], Griitzmacher [35-37], Ikariya [38], and
Bourissou [39].

2.3 Homobimetallic Catalysis

The combination of two or more metal centers within the same or in different
molecules constitutes also a powerful strategy for developing new or improved
synthetic methods [40]. If we first consider homodinuclear complexes, a great
variety of bimetallic complexes mimicking metalloenzyme dinuclear active sites
has been described. One such example is the bimetallic zinc complex 8 reported by
Williams et al. which promotes phosphodiester transesterification of the activated
substrate HPNPP (used as a model for RNA cleavage) with very high activity and
reveals also very effective for catalyzing the cleavage of uridyl(3’-5")uridine (UpU)
(Scheme 8) [41]. The authors consider that this efficiency comes from the cooper-
ation of double Lewis acid activation through two Zn(II) ions and the hydrogen-
bonding environment provided by the ligand.

Besides biomimetic complexes, Jacobsen described particularly efficient bis
(chromium-—salen) catalyst 9 for the asymmetric ring-opening reaction of epoxides
with azide (Scheme 9) [42]. The efficiency of this class of catalysts is attributed to a
cooperative mechanism, both substrates being activated toward each other by their
respective chromium atom. Of note, a less pronounced cooperative effect was
initially demonstrated in an intermolecular manner using monomeric Cr(Njz)—
salen catalyst [43]. Jacobsen also showed that an analogous cooperative mechanism
takes place using polymer-supported chiral Co(salen) complexes for the hydrolytic
kinetic resolution of terminal epoxides [44, 45].
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Trost has described very efficient and versatile bimetallic zinc catalyst 10
generated in situ from diethyl zinc and a chiral ligand derived from proline and
p-cresol (Scheme 10) [46]. For example, this complex can promote catalytic aldol
reactions with high enantiomeric excess. The role of two proximal zinc species is
for one of them to form the enolate and for the second one to function as a Lewis
acid to activate the aldehyde.

One area in which bimetallic catalysis has made greater progress is certainly
polymerization catalysis [47, 48]. An illustrative example is the bimetallic titanium
complex 11 reported by Marks which exhibits significantly higher activity (=50
times) in homopolymerization of styrene than its monometallic analogous
(Scheme 11) [49]. The role of the second titanium center is thought to coordinate
the arene ring of the last inserted styrene thus preventing the deactivation of the
active center. The presence of second titanium center not only affects the activity of
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the catalyst but also the regiochemistry of the polymerization for which
1,2-insertion competes with 2,1-insertion to a significant degree.

Introducing a second metal also opens the way to bimetallic redox synergy,
which has been observed in paddlewheel binuclear rhodium(II) catalysts. These
chiral binuclear complexes are able to promote a variety of catalytic reactions like
cyclopropanation [50], cyclopropenation [51], and C—H insertion [52—54] reactions
achieving very high enantioselectivities (Scheme 12) (for reviews, see [55-57]). In
addition to contributing to the paddle wheel structure of the complex, the role of the
second rhodium is to stabilize its rhodium(II) neighbor that accounts for the high
catalytic activity.

A parallel can be found in the work of Stanley et al. who described very efficient
and selective dinuclear rhodium(I) complex 13 for the hydroformylation of
a-olefins (Scheme 13) [58—60]. This bimetallic catalyst in its racemic form is
much faster and more selective toward linear products than its monometallic
analogues. The enhanced activity is attributed to the formation under catalytic
conditions of highly active Rh(II) dimer species 14 with a covalent Rh—Rh bond.

In palladium series, Ritter has described the formation of dinuclear Pd(III)
intermediates 15 [61] in Pd-catalyzed aromatic C—H acetoxylation reaction of
phenylpyridine previously reported by Sanford [62]. Ritter demonstrated, thanks
to a thorough experimental and theoretical investigation, that bimetallic redox
synergy between the two metals is responsible for the facility of the reductive
elimination step involved in this kind of catalytic reaction (Scheme 14) [63].
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Scheme 14 Catalytic acetoxylation via a discrete bimetallic Pd(III) intermediate

2.4 Dual Catalysis from “Neighbor” Metals

Combination of two different metals has a great potential in this field considering that
the two metals can produce different and complementary tasks simultaneously or
consecutively. If we start with combination from “neighbor” metals, the main progress
in this field has been made in using two separate metal-based catalysts. An early
example is the Sonogashira reaction which consists in coupling aryl halides with
terminal alkynes in the presence of catalytic amount of Pd and Cu (Scheme 15, Eq. 1)
[64, 65]. In this cooperative dual catalytic reaction, the palladium catalyzes activation
of the aryl halide, while copper activates the alkyne to form an acetylide and transfer it
to palladium via transmetalation process. Other very elegant examples demonstrate
the potential of this research area, among which one can cite the enantioselective
allylic alkylation of a-cyanoesters promoted by the Rh/Pd system described by Ito
(Scheme 15, Eq. 2) [66]. When in this reaction rhodium was omitted, high yields were
obtained but no enantiomeric excess was found, and in the absence of palladium, no
conversion was observed. A transition state (16-TS), which involves the nucleophilic
attack of the rhodium enolate to the m-allylpalladium complex, has been proposed.
Goossen has described a Pd/Cu catalyzed decarboxylative biaryl synthesis from
aromatic carboxylates and aryl halides or pseudohalides (Scheme 15, Eq. 3)
[67]. In this reaction, palladium complex activates aryl triflate, while decarboxylation
from the carboxylate is mediated by the copper system, giving rise to aryl palladium
and aryl copper species. In a transmetalation step, a diaryl-Pd species is formed that
liberates the biaryl product via reductive elimination. Synergetic effects have been
observed by Hidai using bimetallic Co/Ru system for the hydroformylation of olefins
(Scheme 15, Eq. 4) [68]. The rate of the hydroformylation of cyclohexene using a Ru:
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Co molar ratio of 1:1 in THF was six times faster than with [Co,(CO)g] alone.
Conversely, [Ru3(CO);,] gives rise to cyclohexanecarbaldehyde in only 3% yield in
similar conditions. The role of the ruthenium has not been clearly elucidated, but it
would be involved in the aldehyde forming step by reacting as a hydride delivering
agent on the acyl cobalt intermediate. Combinations of metal-based catalysts have
been also used for promoting tandem reactions. One such example is the one-pot
preparation of bicyclopentenones reported by Jeong from propargyl malonate and
allylic acetate via a sequence of Tsuji—Trost allylation and Pauson—Khand reaction
promoted by a combination of Pd and Rh catalysts (Scheme 15, Eq. 5) [69]. As in the
case of cooperative dual catalysis, such tandem reaction requires testing a wide range
of combinations to ensure that both catalytic systems are compatible toward each other
and toward the different substrates, intermediates, products, and reagents.
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Scheme 16 Metallaphotoredox decarboxylative arylation of a-oxo acids

The role of the second metal may be not to interact directly with the substrates
but rather to stabilize or restore the oxidation state of the active metal species.
That’s the case in the well-known Wacker process, in which PdCl, promotes
catalytic oxidation of ethylene and cupric chloride with oxygen is used for
reoxidizing the produced Pd(0) species and maintaining the catalytic cycle of the
oxidation [70, 71]. The number of catalyst combinations and of way of cooperating
is rapidly growing. Recently, MacMillan has merged iridium-photoredox catalysis
with nickel catalysts for the direct decarboxylative cross-coupling of keto acids
with aryl halides (Scheme 16) [72]. In the presumed mechanism, Ir photocatalyst 18
both generates acyl radical intermediate from keto acids and restores Ni in zero
oxidation state, while Ni catalyst 17 is responsible for aryl halide activation and of
the coupling of the acyl and aryl fragments.

2.5 Heterobimetallic Catalysis from “Neighbor” Metals

Surprisingly, only few heterobimetallic complexes combining “neighbor” metals
have been described in catalysis [40]. Using an ethylene bis(amido-indenyl) ligand
similar to that used in homobimetallic series (see Scheme 11), Marks has described
the synthesis of Ti—Zr heterobimetallic complex competent to produce branched
polyethylenes in ethylene homopolymerization processes with high selectivity and
efficiency [73]. Here, the zirconium center produces octene which is incorporated
in the polyethylene chain formed on the titanium center nearby. Late—late heterobi-
metallic complexes have been synthesized and tested for tandem catalysis by the
Peris’ group [74, 75]. For example, they described their synthesis of an Ir-Pd
heterobimetallic complex 19 using a 1,2,4-triazolyl-3,5-dyilidene bridging ligand
and showed that this complex can promote several tandem catalytic reactions such
as dehalogenation/transfer hydrogenation, Suzuki—-Miyaura coupling/transfer
hydrogenation, or  Suzuki—Miyaura/a-alkylation of haloacetophenones
(Scheme 17). Noteworthy, it has been shown that this complex leads to a better
reactivity than the equivalent mixtures of the homobimetallic complexes.
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Scheme 17 Tandem catalytic Suzuki—Miyaura coupling/transfer hydrogenation reactions

3 “Early-Late” Heterobimetallic Catalysis

The combination of hard oxophilic early transition metals and soft nucleophilic late
transition metals with opposite functionalities, provided they do not inhibit one
another, is a priori ideal for promoting cooperative effect. A proof of concept can be
found in the stoichiometric reactivity of “early—late” heterobimetallic complexes
featuring a metal-metal bond [76]. It has been shown that such complexes are good
candidates to realize the heterolytic cleavage of a bond in polar and apolar sub-
strates. An illustrative example by Bergman et al. is the reaction of the Zr-Ir
complex 20 with carbon dioxide which leads to the rupture of the metal-metal
bond (Scheme 18) [77]. The CO, insertion occurs in the expected fashion with the
CO, bridging the two metals, the carbon atom coordinated to iridium, and the
oxygen atom on the zirconium center.

Since the early 1970s, the enthusiasm for this field has never subsided, and a
great variety of early—late heterobimetallic complexes has been described over the
years allowing a continuous growth in the understanding of the reactivity of these
species and of the possible interactions between the two metals [4, 5, 78, 79].
A large panel of “early—late” bimetallic combinations has been tested in catalysis,
and several reactions have been thus improved.

3.1 Group 8/Group 4-5 Heterobimetallic Complexes
3.1.1 Fe/Ti and Fe/Zr

M. L. H. Green has shown that the ansa-zirconocene complex 22 with an indenyl
moiety connected to a cyclopentadienyl unit by a CMe, bridge is a suitable
compound for synthesizing a variety of homo- and heterobimetallic complexes
(Scheme 19) [80]. Some of these complexes have been used as cocatalysts for
ethylene and propylene polymerization. The early—late hetero-trinuclear Fe/Zr
complex 23 revealed among the best catalysts giving activities close to
[Cp2ZrCl,]. The role that could play Fe on the activity of Zr was not discussed by
the authors.
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Scheme 20 Ethylene polymerization with heterobimetallic Fe/Zr complexes

Ferrocene has been extensively used as ligand backbone in coordination chem-
istry. The use of such ligands with early metals constitutes a straightforward route
toward early—late heterobimetallic complexes. Moreover, the presence of the
electron-rich ferrocenyl moiety can stabilize the neighbor early metal and is
particularly relevant in case of cationic species like in Ziegler—Natta olefin poly-
merization. Arnold has developed this approach and described the synthesis of
Fe/Ti 24 and Fe/Zr 27 heterobimetallic complexes using 1,1’-diaminoferrocene
ligand (Scheme 20) [81, 82]. The addition of methyl abstractor B(C¢Fs); or
[Ph;C][B(CgFs)4] to complex 24 gives the expected cationic species 25 and 26.
The X-ray crystal structure determined for cation 25 shows that the titanium center
interacts with both the borate methyl group and iron (distance Fe—Ti = 3.07 A). The
bimetallic cations 25 and 26 were tested for the polymerization of 1-hexene. Both
gave short-chain oligomers (5—6 monomer units) with moderate activity (102 g
oligomer mmol ' h™"). Benzyl abstraction of zirconium complex 27 with B(C¢Fs);3
led to ion pairs 28 with an 7°-coordinate benzyl borate anion. The inter distance of
3.2 A between Fe and Zr observed in the solid structure of 28 precludes any Fe—Zr
interaction in this case. The cationic species 28 was found to be moderately active
for the polymerization of ethylene.
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A series of group 8/group 4 heterobimetallic complexes (Fe/Zr, Ru/Zr, and
Ru/Hf) featuring M—M’ bond have been shown to be efficient catalysts for the
dehydrogenation of amine boranes (Scheme 21) [83]. The Fe/Zr complex 32 was
synthesized from the zirconocenyl diphosphane 29 and [Cp*FeCl(tmeda)]. Reduc-
tion of 30 by KCg led to the monochloride complex 31 with Fe—Zr bond. The
remaining chloride ligand has been exchanged at the last step by addition of MeL.i.
Catalytic dehydrogenation experiments have been conducted with Me,NHBH3; as
substrate. Despite complex 32 was not the best of the series, it still gave H; gas and
cyclic (dimethylamino)borane dimer (Me,NBH,), with 75% conversion after 3 h.
Study on the reaction pathways of this catalytic dehydrogenation reaction has been
carried on the most active combination (Ru/Zr) and led the authors to propose a
mechanism in which the two metal centers participate in the catalysis. This mech-
anism will be discussed in the next chapter devoted to Ru/group 4 complexes.

Besides ferrocene being a wonderful backbone for constructing ligands, its
redox properties can be used for controlling the reactivity of the early metal center.
Gibson and Long have explored this concept and described a redox-switchable
catalyst for the ring-opening polymerization of lactides (Scheme 22) [84]. The
heterobimetallic complex 33 has been synthesized by reacting a ferrocenyl-
substituted salen ligand with [Ti(OPr),]. The reaction of 33 with two equivalents
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'
'
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'
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Scheme 21 Catalytic dehydrogenation of amine boranes by a heterobimetallic Fe/Zr complex
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of [AgOTH{] affords the dicationic species 34, which can be reversibly reduced upon
the addition of [Cp*,Fe]. The ROP of rac-lactide (LA) was investigated with both
complexes and showed that complex with the non-oxidized ligand affords a more
rapid polymerization (k,pp[33]/kapp[34] = 30). The reversible nature of the redox
switch was further proved by stopping the ROP of LA by adding [AgOTf] and
restoring the activity by addition of [Cp*,Fe].

In 2014, Diaconescu has pushed the concept further and developed redox-
switchable catalyst 35 able to promote one-pot copolymerization of L-lactide and
e-caprolactone to give block copolymers (Scheme 23) [85]. This complex has been
synthesized by treatment of the corresponding ferrocene-based pro-ligands
nicknamed Hj(thiolfan*) with [Ti(OiPr)4]. Reactivity of 35 and of the oxidized
complex 36 toward L-lactide and e-caprolactone has been studied. Opposite trends
were observed for the two complexes. The reduced form is more efficient toward
lactide, while the oxidized form is more efficient toward e-caprolactone. One-pot
copolymerization of L-lactide and e-caprolactone by in situ switching of the redox
state of [(thiolfan*)Ti(OiPr)z] led to the target copolymer poly[block(LA-minor-
CL)-block(CL-minor-LA)].

3.1.2 Ru/Ti, Ru/Zr, Ru/Hf, and Ru/Ta

Our group has described the synthesis of a series of Ti/Ru heterobimetallic com-
plexes 37 which feature a titanocene and a ( p-cymene) RuCl, fragment (Scheme 24)
[86]. These complexes are synthesized by reaction of the corresponding titanocene
phosphanes with the binuclear complex [( p-cymene)RuCl,],. Structural diversity
has been introduced by replacing the chloroligands at the titanium atom of the
organometallic phosphane by benzoate or fluoroligands [87]. The catalytic perfor-
mances of these complexes have been assessed in ring-closing metathesis (RCM) of
N,N-diallyltosylamide (Scheme 24) [88].

While the monometallic complex [(p-cymene)RuCl,(PCy;)] is an efficient
metathesis catalyst upon photochemical irradiation [89], the bimetallic complex
37d in similar conditions shows only poor activity in RCM of N,N-
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Scheme 24 RCM of N,N-diallyltosylamide by Ti/Ru heterobimetallic catalysts

diallyltosylamide. Other bimetallic complexes (37a—37¢) show no catalytic activ-
ity. It is generally accepted that the photochemical irradiation of (arene)ruthenium
complexes induces the decomplexation of the arene ligand, thus generating a highly
reactive coordinatively unsaturated species. In the case of the bimetallic complexes
37, we hypothesized that once the arene ligand is released, both chloride ligands on
the titanium atom come to chelate the ruthenium atom and thus inhibit its catalytic
properties. A second set of experiments has been carried out using cationic Ti—-Ru—
allenylidene pre-catalyst 38. These complexes have been generated in situ by
successive addition of silver triflate and diphenylpropynol on 37. The complexes
38d and 38e gave high conversions comparable to [(p-cymene)RuCl(PCys)
(C=C=CPh,)][OT(], while 38a—38c gave RCM products only as traces [90]. The
lower activity of 38a-38c can be attributed to the fact that bulky and basic
phosphane is required for the reaction to turnover. It is worth mentioning that the
nature of the spacer has a deep impact on the easiness of access to the allenylidene
complex: the shorter the alkyl arm is, the slower the dark-violet color of the
cumulene complex appears. In the worst case which corresponds to complex 38a,
no change in the coloration of the reaction mixture has been observed. This result
can be explained if we consider that the reaction of 38a with AgBPh, led to the
formation of stable cationic p-chloro-species whose structure has been determined
by X-ray diffraction study [91]. Finally, the nature of the equatorial ligands on
titanium atoms was also found to have a deep impact on the activity of the
ruthenium complex as attested by the low conversion in dihydropyrrole when
using 38f as catalyst.

Our group has also tested the bimetallic complexes 37a, 37¢, and 37d for the
synthesis of enol esters (Scheme 25) [92]. The addition of formic acid to 1-hexyne
has been carried out in toluene at 90°C in the presence of 1 mol% of bimetallic
complexes 37. Reactions have been also done with complexes [(p-cymene)
RuCl,(PPh3)] and [( p-cymene)RuCl,(PCy;)] in similar conditions for comparative
purpose. Several remarks can be drawn from this study: the bimetallic compounds
37 were found to be less active than the monometallic counterparts; the bimetallic
complex 37a gave higher conversion and selectivity than 37¢ and 37d, which shows
the dramatic influence of the spacer between the Ti and the Ru atoms on the
catalytic reaction; formate tetrametallic complexes 39 are formed during the
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Scheme 25 Enol ester synthesis catalyzed by Ti/Ru heteropolymetallic complexes

reaction and gave once isolated slightly better results for the addition of formic acid
to hexyne than their bimetallic counterparts; the ability of the cyclopentadienyl
phosphane bridging ligand to maintain tethered the early and late metals in catalytic
conditions was thus demonstrated.

The addition of ethyl diazoacetate to styrene catalyzed by heterobimetallic
complexes 37 has been also studied (Scheme 26) [93]. Heterobimetallic complex
37 promotes cyclopropanation reaction with comparable activity to those observed
with their monometallic counterparts. However, these systems were found more
selective toward cyclopropanation reaction inhibiting the competitive metathesis
reaction of styrene observed with the monometallic complexes [(p-cymene)
RuCl,(PR3)]. This selectivity can be attributed to the early metal fragment which
prevents metathesis reaction as already observed in RCM reaction. Similar trend
was observed with analogous Ta/Ru heterobimetallic complexes [94].

The catalytic activity of complexes 37 in atom transfer radical polymerization
(ATRP) of methyl methacrylate (MMA) was also investigated (Scheme 27)
[95]. The polymer yields strongly depend on the titanocene fragment. Indeed, the
difluoro-based complex 37e gave 97% conversion, while complexes 37d and 37f
gave about 65% conversion. The molecular weight distributions of the polymers
were quite narrow in all three cases (Mw/M,, = 1.2—1.3), and the living nature of the
polymerization was confirmed for complexes 37d and 37e.

As mentioned in Sect. 3.1.1, Nishibayashi described a series of group 8/group
4 complexes efficient as catalysts for the catalytic dehydrogenation of amine
boranes [83]. Ru/Zr and Ru/Hf complexes (40, 41) were synthesized in three
steps from zirconocenyl or hafnocenyl diphosphane and [Cp*Ru(u3-Cl)]4 according
to a similar procedure as described for Fe/Zr complex 32. Both complexes were
found to promote the dehydrogenation of HNMe,BH3;, the best one being Ru/Zr
complex 40 (Scheme 28). Considering that the monomeric species [1’-
(CsMe4H),ZrH;] and [Cp*RuH(depe)] (depe = Et,PCH,CH,PEt,) are much less
active than 40, the authors concluded that both of the metal centers participate in the
catalysis. They propose a mechanism in which a heterobimetallic hydride species
42 is formed by reaction of 40 with HNMe,BHj;. This species would undergo
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successively oxidative addition of the amine borane, reductive elimination of H,,
and activation of the borane—H bond to regenerate 42.

Nishibayashi has described the etherification of propargylic alcohols using
trichloridoheterobimetallic complexes 43 as catalysts (Scheme 29) [96]. The reac-
tions were carried from 1,1-diphenylpropynol and ethanol in the presence of 10 mol%
of bimetallic complexes 43 and 10 mol% of N. aB(ArF)4 at 60°C for 72 h. All three
complexes catalyzed the reaction to give propargylic ether in moderate yields, the
best combination being Ru/Hf complex 43¢. Although these results are modest, it is
much better than with the mononuclear complexes [:15 -(CsH4PEt,),ZrCl,],
[Cp*RuCl(depe)], or [Cp*RuCl(depf)] (depf=1,1’-bis(diethylphosphino)ferrocene)
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Scheme 29 Etherification of propargylic alcohols catalyzed by heterobimetallic complexes and
proposed mechanism

which strongly suggests that the presence of both early and late transition metals is
indispensable for the reaction to occur. The stoichiometric reaction of complexes
43b and 43c with NaB(Ar"), and propargylic alcohol gave the heterobimetallic
allenylidene complexes 45. These reactions proceed via the formation of chlorido-
bridged complexes 44. The structures of both Ru/Zr complexes 44b and 45b have
been confirmed by X-ray diffraction study. In the mechanism of the catalytic
etherification of propargylic alcohols proposed by the authors, the reaction takes
place at the ruthenium center and involves 44 and 45 as key intermediates. The
formation of the chlorido-bridged complex 44 during the catalytic reaction would
promote the final dissociation of the propargylic ether.

3.2 Group 9/Group 4-5 Heterobimetallic Complexes
3.2.1 Co/Ti, Co/Zr, and Co/Hf

As mentioned in Sect. 3.1.1, Green has described a variety of homo- and heterobi-
metallic complexes containing a methylene-bridged (cyclopentadienyl)(indenyl)
ligand [80]. The Co/Zr heterobimetallic complex 46 has been examined as catalyst
precursor for ethylene polymerization with MAO as cocatalyst and shows activities
similar to the Fe/Zr complex 22 or [Cp,ZrCl,]-MAO (Scheme 30).

In a pioneering paper [97], Osakada has reported ethylene polymerization trials
with a series of early—late heterobimetallic complexes, including a Co/Zr combi-
nation, and showed that some of these complexes enable the enchainment of the
a-olefin or of the oligomer formed at the late metal center to the polymer grown at
the Zr center. The synthesis of the Co/Zr heterobimetallic complex 49 is elegant and
involves as key step the Ru-catalyzed cross metathesis of an ansa-zirconocene
complex 47 with an allyl substituent and a Co complex 48 having a pendant acrylate
(Scheme 31). In the solid state, both Zr and Co atoms were found far away from
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Scheme 31 Ethylene polymerization promoted by Co/Zr heterobimetallic complex

each other at a distance of 9.1 A. Polymerization initiated by 49 in the presence of
MMADO for 15 min at 0°C affords polyethylene with ethyl branches (5.6 branches
per 1,000 carbons). Considering that the polymerization initiated by the
zirconocene complex 47 leads to linear polyethylene and that the monometallic
Co complex 48 produces 1- and 2-butenes, Osakada concludes that the reaction
initiated by 49 involves the dimerization of ethylene at the Co center and the
copolymerization of ethylene and 1-butene at the Zr center. Of note, a mixture of
both monometallic complexes 47 and 48 also provided a polymer with ethyl
branches but was less efficient (4.6 branches per 1,000 carbons). If we consider
that copolymerization of ethylene and 1-butene (1/1 (v/v)) produces a polymer
having much higher incorporation of ethyl branches (131 branches per 1,000
carbons), the kinetic of the dimerization of ethylene at Co center seems rather too
slow for producing enough butene for an efficient enchainment to occur.

Despite early/Co heterobimetallic complexes featuring highly polar M—M'’ bond
being known since several decades [78], there was no example of catalytic appli-
cation of these complexes until the group of Thomas revisited this chemistry. Her
group synthesized a series of heterobimetallic Co/Zr complexes 51 by adding the
metalloligands 50 initially designed by Nagashima [98], to Col, (Scheme 32)
[99, 100]. The observed concomitant reduction of Co(Il) to Co(I) was attributed
to the presence of iodide anion as reducing agent assisted in its task by the Lewis
acidic zirconium center at proximity to the Co ion. The heterobimetallic complexes
51 have been fully characterized, and the X-ray crystal structures showed Zr—Co
interatomic distances ranging from 2.628 to 2.731 A consistent with the Co—Zr
interaction. Upon chemical reduction of 51b with Na/Hg, two-electron-reduced
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species featuring M—M’ multiple bond have been generated. Depending on the
reaction conditions (Ar or N,, THF or C¢Hg) and on the substituents on the N-atoms
of the phosphinoamide-bridged ligand, the reduced species can be capped on both
sides with either weakly bonded sodium halide (or THF) on Zr and N, on Co
(complex 52). Heterobimetallic complexes with an open coordination site either on
Zr or on Co (complex 53) have been also obtained. Theoretical investigation of
M-M' interaction in these systems using DFT has shown that interaction between
Co and Zr occurs through a ¢ overlap in the dihalide complexes and occurs through
o and & overlaps in the reduced species.

The heterobimetallic complexes 51 have been used as catalyst precursors in
Kumada cross-coupling reactions with various aryl and alkyl iodides, bromides, and
chlorides [101]. Surprisingly, these catalytic systems revealed almost as efficient with
chloride substrates as with iodide or bromide substrates. Conversely, the monometal-
lic complexes [ICo(PPh,N H'Pr);] and [ICo(PPhs);] were found ineffective with
chloride substrates. This result highlights the beneficial effect of the Zr fragment on
the catalytic activity of the cobalt center. The mechanism proposed by Thomas
involves first the in situ reduction of complex 51 to 53 by reaction with 2 equiv. of
RMgX. The addition of alkyl halide across the multiple M—M’ bonds in 53 would
proceed via one-electron transfer to the alkyl halide and rapid recombination of the
alkyl radical to the Zr/Co species (the formation of alkyl radicals in catalytic condi-
tions has been confirmed by adding the radical-trapping agent TEMPO to the reaction
mixture). The resulting complex would undergo successively transmetalation reaction
with RMgX followed by reductive elimination. It is at this stage that Zr presumably
plays a key role by withdrawing the electron density on the cobalt center, thus
facilitating the final reductive elimination step of the catalytic cycle.

The group of Thomas has also shown that apparent minor modification on the
phosphinoamide-bridged ligand, that is, replacing N-mesityl by N-m-xylyl substit-
uent, leads to diminished yields in cross-coupling products and favors the formation
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of homocoupling by-products [102]. Analogous Co/Hf complexes to 51 have been
synthesized and tested in Kumada cross-coupling reaction [103]. Their activity is
diminished compared to Zr analogues. This more sluggish reactivity may be
explained considering the weakest ability of Hf vs Zr to withdraw electron density
on Co (Co-Hf bond in analogous complex to 52 is elongated by 0.04 A from the
Co—Zr distance).

The tris(phosphinoamide)-linked heterobimetallic complex 54 was shown to be
an efficient catalyst for the hydrosilylation of a variety of aromatic and aliphatic
ketones (Scheme 33) [104]. For example, the hydrosilylation of benzophenone with
PhSiHj; in the presence of 5 mol% of 54 led after the protic quench to the alcohol
with 98% yield. Control reactions with [(‘Pr,PNMes);ZrCl] gave no product, and
[ICo(PPh,NH'Pr)] afforded the product but in 30% yield. These control reactions
show that both Zr and Co are involved in the hydrosilylation reaction. Mechanism
of this reaction has been investigated by comparing the stoichiometric reaction of
54 with either only PhSiH; or only benzophenone. Surprisingly no reaction
occurred between complex 54 and PhSiH; which excludes “Chalk—Harrod” mech-
anism whereby oxidation of silane is the first step. However, 54 in the absence of
silane promoted the radical reductive coupling of benzophenone. Based on these
observations, Thomas proposed a mechanism where the hydrosilylation reaction
takes place at the Zr center. It involves one-electron transfer from Co/Zr complex to
the coordinated ketone and subsequent hydrogen transfer from the silane to the
Zr-bound ketyl radical. The role of the Co fragment would be to stabilize Zr(III)
intermediate via M—M bonding thus facilitating radical reactivity at Zr.
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Scheme 33 Hydrosilylation of ketones catalyzed by Co/Zr heterobimetallic complex and pro-
posed mechanism
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3.2.2 Rh/Ti, Rh/Zr, and Rh/Hf

The hydroformylation of alkenes involves the activation of the small molecules H,
and CO and is therefore a relevant reaction for evaluating the performances of
early—late heterobimetallic complexes and highlighting synergetic effects. It is
therefore understandable that this reaction has been one of the first and most studied
reactions in the field. Kalck, Gervais, and Choukroun have greatly contributed to
this topic and have reported the first study on hydroformylation of 1-hexene using
the Rh/Zr bimetallic complex 56 (Scheme 34) [105]. The latter was obtained by
addition of the zirconocene diphosphane [Cp,Zr(CH,PPh;),] (55) to the u-thiolato
dirhodium complex [Rh,(p-SBu),>(CO)4]. The structure of 56 has been fully char-
acterized by NMR, IR, and X-ray diffraction studies [106]. In the solid state, the
zirconium diphosphane bridges the two rhodium atoms in a cis arrangement and
one of the sulfur atoms interacts with the zirconium atom. This interaction was also
observed by NMR in solution. Hydroformylation of 1-hexene under 5 bar of a 1/1
CO/H, mixture in the presence of 0.25 mol% of 56 led after 110 min at 80°C to
aldehydes with 90% conversion and a n/iso ratio (n:i) equal to 1.9:1. Control
reactions done with simple diphosphane ligands like dppb and dppp shown that
dppb gave less active rhodium catalyst than Rh/Zr bimetallic complex 56, whereas
dppp gave comparable results [105, 107]. ‘Bu-substituted cyclopentadienyl homo-
logue of the metalloligand 55 has been also tested in association with the dinuclear
complex [Rh,(u-SBu),(CO),] for hydroformylation of 1-hexene [108]. Although
no zirconium-sulfur interaction was observed in the resulting heterobimetallic
complex 57, the catalytic activities of 57and 56 were found quite similar.

The catalytic performances in hydroformylation of the metalloligand 55 were
further studied along with a series of mononuclear Rh(I) complexes (Scheme 35).
The rate of the hydroformylation of hexene and the selectivity toward the linear
aldehyde were raised by addition of [Cp,Zr(CH,PPh,);] to [RhH(PPhs),]
[109]. The isolated complex 58, which was found less active than its “in situ
generated form,” features a trams arrangement of the chelating diphosphane
together with a pentacoordination around zirconium due to a strong interaction
between the zirconium metal center and the Rh—H bond [110]. The combination of
55 and [RhH(CO)(PPhs);] and the isolated complex [Cp,Zr(CH,PPh,),RhH(CO)

Bu
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Scheme 34 Hydroformylation of 1-hexene catalyzed by Rh/Zr heterobimetallic complexes
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Scheme 36 Hydroformylation of 1-hexene catalyzed by Rh/Zr heterobimetallic complexes

(PPh3)] 59 were found to be catalytically active for hydroformylation of hexene and
more effective than [RhH(CO)(PPhs);] alone or in association with dppb while
keeping selectivity toward linear aldehyde around 2.6 [111]. Selectivity was further
improved by using the phosphite complex [RhH{P(OPh);},] as late metal partner
with 55 despite the fact that the metalloligand was coordinated in a monodentate
fashion in this case [112]. The reaction of the metalloligand 55 as well as with its
titanium-based analogue with [Rh(cod)(PPh3),][BPh,] afforded the bimetallic com-
plexes [CpoM(CH,PPh,),Rh(cod)][BPh4] [113]. In both cases, no improvement in
the catalytic performances during hydroformylation of hexene was observed, when
compared with the monometallic precursor [Rh(cod)(PPh;),][BPh,]. Catalytic
activity of [Rh(acac)(CO),] and ligand 55 in hexene hydroformylation has been
also studied, but no beneficial effect of the zirconium phosphane ligand on the
selectivity or on the conversion has been observed with respect to [Rh(acac)(CO),]/
PPh; combination [114].

In 1999, Stephan reported the Zr/Rh bimetallic complex 60 built from a less
flexible metalloligand [Cp,Zr(PPh,),] (Scheme 36) [115]. An X-ray crystallo-
graphic study of 60 showed a “butterfly”-shaped ZrP,Rh core consistent with Rh—
Zr interaction (dgp.z = 2.980 A). Quantum chemical calculations have been carried
out on [Cp,Zr(PH,),RhH(CO)(PH3)] and confirmed the presence of a Zr—Rh
interaction in such structures [116]. The results of the Bader’s quantum theory of
atoms in molecules (QTAIM) suggest a rather strong polar covalent interaction
between the two metal centers. Hydroformylation of 1-hexene has been tested with
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Scheme 37 Hydroformylation of 1-hexene and 1-octene catalyzed by Rh/Zr and Rh/Ti heterobi-
metallic complexes

60. The rate of catalysis was slower for the bimetallic complex than for [RhH(CO)
(PPhj3);], but the selectivity for the terminal aldehyde was much greater (n:i = 16:1
vs 2:1 Rh). Few years later, Choukroun and Royo have shown that the introduction
of SiMe; groups to the cyclopentadienyl rings of the zirconocene diphosphane
increased the hydroformylation rate (99% conversion within 55 h) but is less
favorable in terms of selectivity (n:i =10) [117]. This result highlights the deep
influence of the early metal fragment on the catalytic performances of the late
transition metal.

Ciriano and Oro have described a series of Rh/Ti and Rh/Zr heterobimetallic
complexes using bridging sulfide ligands and used them as hydroformylation
precatalysts (Scheme 37). The heterotetranuclear complex [CpTi(ps-S);{Rh
(cod)}3] (61), in the presence of PPh;, was found to be active catalyst for the
hydroformylation of 1-hexene under mild conditions giving linear aldehyde with
moderate selectivity [118]. High-pressure NMR spectroscopy experiments have
shown that the clusters 62 and 63 are formed under catalytic hydroformylation
conditions. In addition NMR analysis of the solution obtained at the end of the
hydroformylation reaction indicated that the tetranuclear heterometallic framework
is maintained in catalytic conditions. Few years later, the same group has described
hydroformylation of 1-octene using the trinuclear ZrRh, heterobimetallic complex
(64) [119]. The combination of 64 and P(OMe); gave linear aldehydes with 80%
conversion and a selectivity toward linear aldehyde of 4.5 under mild conditions.
However, investigation of the solution obtained after the reaction has shown that
heteronuclear framework is not maintained in catalytic conditions and that the
active species are probably monomeric.

In 2000, Erker’s group showed that the zirconocenyl diphosphane
[(CpPPh,),ZrMe,] reacts with [HRh(CO)(PPh3);] with loss of two PPh; ligands
and liberation of methane to form the Zr/Rh heterobimetallic complex 65
(Scheme 38) [120]. In the solid state, complex 65 features a very short bonding
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Scheme 39 Hydroformylation of vinyl acetate catalyzed by Rh/Ti heterobimetallic complex

interaction between a pseudo-trigonal bipyramidally coordinated Rh center and a
pseudo-tetrahedral Zr center (d(Zr—Rh) =2.865(1) A) [121]. This complex is very
active for the hydroformylation of 1-hexene giving linear aldehyde with high initial
TOF and n:i ratio of 3. Comparison of this result with some other Rh/chelate
phosphane systems suggests that the Zr center alters the electronic features of the
Rh center by means of the Zr—Rh bond and is responsible for the improved activity.

The first example of application of a chiral early—late heterobimetallic complex in
asymmetric catalysis was reported by Borner in 1999 and deals with hydrofor-
mylation of activated olefins (Scheme 39) [122]. The chiral bimetallic complex 66
was generated in situ by reacting the (R,R)—Diph-salenophos—Ti(OiPr)z ligand (67)
with [Rh(acac)(CO),]. This complex gives rise to a diminished conversion in alde-
hyde (21% vs 99%) as well as a lower selectivity (i:n = 77/23 vs 99/1) with respect to
the monometallic salenophos—Rh complex generated in situ from the free-metal
ligand 68 and [Rh(acac)(CO),] but affords the branched aldehyde with 30% ee.

In related research, Kalck and Gautheron have been interested in carbonylation
of ethylene in the presence of the early-late heterobimetallic complex 69
(Scheme 40) [123]. The latter was synthesized by addition of [Cp*,Zr(SH),] to
[RhCl1,(CO),]. The structure of 69 in the solid state has been determined by X-ray
diffraction study. It shows a usual tetrahedral and planar geometry around the Rh
and Zr atoms, respectively, a planar ZrS,Rh core, and a rather long Rh—Zr distance
of 3.161(3) A. Complex 69 promoted the direct carbonylation of ethylene with low
efficiency (TON=2) in the presence of PPh; and triethyl orthoformate. The
analogous reaction in the absence of triethyl orthoformate gave acrolein in
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Scheme 41 Polymerization of 1-hexene catalyzed by Rh/Zr heterobimetallic complex

stoichiometric amount. Of note, the rhodium precursor [Rh,(p-S-"Bu),(CO),4] was
found totally inactive in these conditions, while [Cp*,Zr(SH),] gave a small
amount of acrolein but rapidly decomposed. These results strongly suggest that
both metals are required for the reaction to occur.

Group 9/group 4 heterobimetallic complexes have been also used for polymeriza-
tion of olefins. For such a purpose, Suzuki and coworkers have designed a series of
ansa-zirconocene/rhodium heterobimetallic complexes 72 which allow potential
bimetallic effects to be examined with exclusion of any steric factors (Scheme 41)
[124]. These complexes have been synthesized by olefin exchange from the
divinylsilylene ansa-zirconocene complex 70 and bis(ethylene)rhodium complexes
71. The X-ray diffraction study of complex 72b reveals that the coordination of the Rh
in the back side of the metallocene does not affect the structure of the zirconocene
moiety. However, the electronic features of the Zr center are affected by the presence
of Rh as attested by the more negative potentials of reduction of Zr(IV) in the
bimetallic complexes 72 with respect to those of the corresponding monometallic
ones. The catalytic activities of 72 for hexene polymerization were assessed and found
to be higher than that of the parent zirconocene complex 70 giving isotactic polymers
of high molecular weights. This trend was also observed for propylene. Conversely,
similar polymerization rates were obtained for ethylene when using mono- or bime-
tallic complexes. A possible explanation of the “bimetallic effect depending on the
monomer substrate” advanced by Suzuki is that the electron-donating ability of the
rhodium unit facilitates the insertion step which is the rate-determining step for
1-hexene and propylene but has a smaller effect for ethylene polymerization for
which olefin coordination is the rate-limiting step [125]. Of note, comparison of the
Mulliken population on the Zr center based on ab initio MO calculation of the cationic
Zr*—H species derived from 72b and 70 showed that the Zr center of the Zr*-Rh
complex had a smaller positive charge than the corresponding mononuclear complex
(A =-0.0179). These results demonstrate how the judicious design of the bridging
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ligand can allow the subtle electronic effects of the late transition metal on the Zr
catalytic activity to be highlighted.

In 2005, inspired by the pioneering works of Wolczanski [126], Morgan and
Kundu reported the synthesis of the Rh/Ti heterobimetallic complex 73 in two steps
via the addition of [Ti(OPr)4] to three equivalents of HOCMe,CH,PPh, and the
subsequent addition of [Rh(cod)Cl], (Scheme 42) [127]. Complex 73 was found to
decompose in the solid state but was stable in solution for 36 h which allowed its
rough characterization. This complex performed the intramolecular hydroacylation
of 3-phenyl-4-pentenal at room temperature to give exclusively cyclopentanone in
98% yield. In similar conditions, none of [Rh(cod)Cl],, the ligand, or [Ti(O'Pr)4]
can individually or in pairwise combination catalyze the reaction. Conversely, it
was previously shown that [Rh(S-BINAP)]™ at 1 mol% catalyst loading gave
cyclopentanone in 51% yield after only 45 min but accompanied with two other
side products [128]. Similarly trend was observed for the intramolecular
hydroacylation of styrene-2-carboxaldehyde. A mechanism involving the activa-
tion of the aldehydic C—H bond by the Rh center assisted by the Lewis acidic
titanium center was considered by the authors, but it was rejected taken into account
that the catalytic system [RhCI(PPh;);]/[Ti(O'Pr),] was inefficient in
hydroacylation. Computational studies have been undertaken to get insights into
this cooperative bimetallic effect and suggested that titanium activates the rhodium
center toward the final reductive elimination step of the catalytic cycle by space
charge—charge repulsion rather than by direct orbital interaction, both metallic
centers lying rather far from each other (dri.gn = 3.1 A).

In our own laboratory, we have reported the synthesis of a new Rh/Ti heterobi-
metallic complex 75 by reacting the 1,2-titanocenyl diphosphane ligand 74,
nicknamed TiPHOS, with [Rh(cod),](OTf) (Scheme 43) [129, 130]. The structure
of 75 was determined by X-ray diffraction study and dynamic NMR studies. A weak
bonding interaction between one of the two chloride atoms of the TiPHOS ligand and
the Rh center has been observed both in solution and in the solid state. The catalytic
activity of complex 75 has been tested for the hydrosilylation of aromatic and aliphatic
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Scheme 44 Hydrogenation of CO catalyzed by Rh/Ti heterobimetallic complex

ketones with Ph,SiH, as stoichiometric reducing agent. Control reactions have been
performed with the monometallic [(o-dppbe)Rh(cod)](OTf) complex (o-
dppbe=ortho-diphenylphosphinobenzene). With acetophenone, the more active cat-
alyst was found to be the bimetallic complex 75. This supremacy was further con-
firmed with two other substrates (propiophenone and tetralone). The reason of the
“bimetallic effect” was not established, but we hypothesized that the oxophilic
titanium ion assists the Rh center in the activation of the carbonyl substrate.

Otero and Terreros have described interesting heterobimetallic complexes 78 and 79
with the aim of mimicking rhodium catalyst supported on titania and have studied their
activity in CO hydrogenation (Fischer—Tropsch synthesis) (Scheme 44) [131, 132]. The
heterobimetallic complexes 78 and 79 have been synthesized by reacting either the
titanium salicylate [Cp*Ti(Sal)(SalH)] (SalH,=salicylic acid) 76 or [TiCp*(O,Bn)
(OBnOH)]J(HOBnOH=2-hydroxybenzyl alcohol) 77 with [Rh(p-OH)(cod)],. For
comparative purposes, Rh-based catalysts prepared by impregnation on y-Al,O3 or
Si0O, support have been tested in parallel. The heterobimetallic complex 78 displayed
the highest CO conversion (56%) and selectivity for the desired oxygenated compounds
(56% oxygenated products/ethanol 24.6%, ethyl acetate 18.4%) than the silica- or
alumina-supported rhodium catalyst (7.3% CO conversion, 49.1% oxygenated prod-
ucts, ethanol 20.8%, ethyl acetate 13.5%). Although the comparison is clearly in favor
of the bimetallic complex 78, no explanation of the role that could play the titanium
center in these Fischer—Tropsch reactions was provided by the authors.

In 2011, van Leeuwen has described the synthesis of a library of over 100 chiral
Ti-based metalloligands by self-assembling and has screened the catalytic perfor-
mances of these ligands in association with [Rh(nbd),](BF,) for the catalytic asym-
metric hydrogenation of (Z)-methyl-2-acetamido-3-phenylacrylate (Scheme 45)
[133]. The library of diphosphanes was obtained by reacting subsequently 10 different
chiral diols and 8 ditopic Schiff bases with [Ti(OiPr)4]. The resulting diphosphanes
were next added to [Rh(nbd),](OTf). The best system was identified as complex 80,
which gave hydrogenated product with 100% conversion after 3 h and 92% ee. This
study, which did not target M—M’ cooperative effects, clearly showed that the use of Ti
as assembling metal is a powerful strategy for designing libraries of chiral ligands and
for asymmetric synthesis.
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complexes

To date, there are very few examples of early—late heterobimetallic catalysts
with a group 5 element. This might be explained considering the weaker Lewis acid
character of group 5 vs group 4 metal complexes which limits the possibility of dual
activation of polar substrates. First examples appeared in the early 1990s in the
group of Bergman who described the synthesis of a series of bis-bridging methylene
Ir/Ta complexes (see Sect. 3.2.3) and Rh/Ta complexes and reported their catalytic
performances for alkene hydrogenation, isomerization, and hydrosilylation
[134]. The Rh/Ta complexes 81 and 82 were synthesized by reaction of [Cp,Ta
(CH,)(CH3)] with LiN(TMS), and addition of the resulting deprotonated complex
to [Rh(CO),Cl], or [RhCI(CO)(PPh3),] [135]. The Rh/Ta complexes 81 and 82
were tested for the catalytic hydrogenation in a variety of alkenes in parallel with a
phosphorus-ylide analogue 83 for comparative purposes (Scheme 46). Both com-
plexes catalyzed hydrogenation of ethylene under atmospheric pressure with a TOF
of 24 h™! for complex 81 (at 45°C) and 60 h™! for complex 82 (at 25°C). With
1-butene as substrate, butane (noted B) and cis- and trans-2-butene (noted C and T)
were formed at much slower rates (complex 81, TOF =0.5 h ! complex 82,
TOF = 6.6 h™"). These performances are much better than the ones with the parent
Ir/Ta complexes (vide infra) but comparable to those reported with the phosphorus-
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ylide rhodium complexes 83. Therefore, the role of the early metal in these
complexes seems rather limited. However, a particularity of both Ir/Ta and Zr/Ta
complexes versus the parent monometallic phosphorus-ylide derivatives is that they
can incorporate D, into the bridging methylene positions. This reaction plays a
crucial role in Ir/Ta series for the catalytic hydrogenation takes place by opening
coordination sites on the Ir center but seems in Rh series less energetically favor-
able than PPh; or CO dissociation (vide infra).

Much later, Nikonov has become interested in catalytic hydrosilylation of
acetophenone and benzaldehyde with Rh/Nb heterobimetallic complexes 85 and 87
(Scheme 47) [136]. The latter were synthesized by addition of the phosphido/
imidoniobiocene ligand 84 either to [Rh(u-Cl)(C;Hy),]» or to [Rh(p-Cl)(cod)],. Sur-
prisingly Cp/Cl exchange occurred with the chlorobis(ethylene)rhodium dimer but not
with the analogous cyclooctadiene derivative. The structure of both complexes has
been confirmed by X-ray diffraction studies and showed Rh—Nb distances of 4.266 A
and 2.6744(2) A for 85 and 87, respectively. The bimetallic complex 85 was found to
catalyze hydrosilylation of acetophenone with PhSiH; and performed better than the
parent Rh complex [Rh(p-Cl)(cod)], in the absence of any added phosphide. This trend
was opposite when a secondary silane (PhMeSiH,) was used. Complex 85 catalyzed
also hydrosilylation of benzaldehyde with PhSiH;. A cationic complex formulated as
86 was generated in situ by addition of AgBF, to 85. Both complexes 86 and 87
showed lower activity than 85. Of note, stoichiometric reactions of 85 with PhSiH; or
benzaldehyde in a 1:1 ratio led to the decomposition of the bimetallic complex.

3.2.3 Ir/Zr and Ir/Ta

Suzuki’s group has described bimetallic Ir/Zr hydrido complexes capable of pro-
moting stoichiometric and catalytic C—H activation (Scheme 48) [137]. These
complexes were synthesized by reaction of ansa-zirconium dichloride with Li
[Cp*IrH3] and subsequent treatment with equimolar amount of RLi. The use of
PhLi led to complex 88. The latter undergoes ligand exchange with C¢Dg and a
variety of aromatic, aliphatic, and organometallic compounds at 70-100°C. It
catalyzes also the isotopic exchange between arenes and CgDg as solvent at 120°C.
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Scheme 49 Mechanism proposed by Suzuki for the ligand exchange and isotopic exchange

The catalytic isotopic exchange gives rise to regioselectivities fairly consistent
with those observed in stoichiometric ligand exchange reactions and proceeds
probably through common intermediates. One mechanistic scenario proposed by
Suzuki involves as key steps the in situ generation of the Lewis acid intermediate 89
followed by the addition of the C-H(D) bond across the M—M’ bond (Scheme 49).
The existence of the intermediate 89 was demonstrated by isolation of the Et;P=0
adduct 90. NBO analysis conducted on this complex revealed that the Zr-Ir
interaction involves one single covalent bond and a secondary ionic interaction.
Although the catalytic C-H activation was limited to isotopic exchange in this
study, these results clearly show that early—late heterobimetallic complexes with
unsupported multiple M—M’ bond can activate C—H bond without extensive com-
plex decomposition.

A benchmark publication in the field of early—late heterobimetallic catalysis is
certainly the study reported by Bergman in 1990 about catalytic hydrogenation,
isomerization, and hydrosilylation of alkenes by [Cp,Ta(p-CH,),Ir(CO),](91)
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(Scheme 50) [134]. This publication has been completed by other studies few years
later including mechanistic studies and complementary results with [Cp,Ta
(p-CH,),Ir(CO)(PPh3)] (92), [Cp,Ta(p-CH,),IrH(Cp*)](93), and analogous rho-
dium complexes (vide supra) [135, 138, 139]. The heterobimetallic complex 91
has been obtained by treating [Cp,Ta(CH,)(CH;)] with [(n5 -indeny)Ir(CO),],
which results in the loss of one equivalent of indene and the formation of two
methylene bridges. The X-ray crystal structure of the related complex [Cp(n’-
CyoH;)Ta(pu-CH,),Ir(CO),] has been determined and shows a Ta—Ir bond length of
2.858(1) A consistent with the presence of a metal-metal bond. Complex 92 was
obtained by addition PPh; to 91. Ethylene and mono- and disubstituted alkenes
have been used as substrates for evaluating the catalytic performances of the
bimetallic complexes 91 and 92 in hydrogenation. For comparative purposes, an
analogous monometallic phosphorus-ylide iridium complex 94 has been synthe-
sized and tested in parallel. The reactions were run at 45-66°C in benzene under
atmospheric pressure of H, with 5% of catalyst. Complexes 91 and 92 were found
to catalyze the hydrogenation of ethylene in ethane with low TOF of 1 and 2 h™ ",
respectively. However, these complexes were found to be robust allowing 40 TON
(in the case of 91) for several runs to be proceeded. Despite these modest perfor-
mances, the hydrogenation operates much faster than with the parent phosphorus-
ylide iridium complexes 94. For complex 91, hydrogenation of 1-butene proceeds
slower than hydrogenation of ethylene in similar conditions and is accompanied by
a partial isomerization in a mixture of cis- and frans-2-butene. Reaction of complex
91 with D, gave rise to incorporation of D, into the bridging methylene units at a
much faster rate than hydrogenation. Conversely, the monometallic Ir complexes
94 cannot incorporate D, into the p-CH, groups. Bergman proposed therefore that
the early metal plays a key role in both mechanisms of isotopic exchange and
catalytic hydrogenation by inducing the methylene bridge reductive elimination
and the reverse oxidative addition of the Ta—CH3(D) group across the iridium metal
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Scheme 51 Proposed mechanisms for the isotopic exchange and catalytic hydrogenation of
ethylene with complexes 91 and 92

center (Scheme 51). In the case of the catalytic hydrogenation of olefins, the
reductive elimination of the methylene bridge assisted by the early metal would
offer more favored route toward unsaturated coordinated Ir center than PPh; or CO
dissociation.

Complex 91 was also found to catalyze hydrosilylation of ethylene with a variety
of silanes (Me;SiH, Et;SiH, Ph;SiH). Kinetic studies have been undertaken on this
reaction and have shown that the rate of this reaction depends upon the concentra-
tion of complex and ethylene but is independent of the concentration of silane. In
the absence of alkene, the reaction of complex 91 with Et;SiD results in the
incorporation of deuterium into the methylene bridges as what has been observed
with D,. However, the addition of an overpressure of CO to a hydrosilylation
reaction inhibits considerably the rate of the reaction. Therefore, Bergman proposed
that the necessary creation of open coordination site on Ir center operates by simple
CO ligand dissociation and not by Ta-induced methylene bridge elimination as in
the hydrogenation reaction. Hydrogenation experiments have been also conducted
with [Cp,Ta(p-CH,),IrH(Cp*)]1(93). This complex promotes hydrogenation of
ethylene in ethane at room temperature with TOF equal to 1 h™'. Under D,
complex 93 promotes also the reduction of ethylene in deuterated ethane but
without incorporation of D in the u-CH, bridge. This can be correlated to the fact
that the opening of the methylene bridge in complex 93 occurred under H,
atmosphere, as it has been observed with complex 91 but at a much higher
temperature (105°C). In addition, it was shown that the hydrogenation of ethylene
in the presence of 93 was inhibited by adding PMe;, whereas PMe; does not react
with 93. All these data led Bergman to propose that complex 93 is not itself the real
catalyst but in situ produces a very active species (i.e., monometallic rthodium
complex) whose activity is blocked by PMes.
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3.3 Group 10/Group 4-5 Heterobimetallic Complexes

Despite group 10 metal complexes being extensively used in catalysis, examples of
early—late bimetallic catalysis with group 10 metals are rare. Hey-Hawkins and Eisen
have assessed the catalytic performances of the heterobimetallic Ni/Zr complex 95
associated with MAO in polymerization of ethylene and propylene (Scheme 52)
[140, 141]. The bimetallic complex was synthesized via the reaction of the
zirconocene diphosphido ligand [Cp,Zr(PSiMes),] with [Ni(CO),4]. The X-ray crystal
structure of 95 shows a Zr-Ni distance of 3.038(1) A larger than the sum of the
covalent radii precluding Zr—Ni bond. Complex 95, in the presence of a large excess of
MAO, was found to be active for the polymerization of ethylene and propylene.
However, higher catalytic activity was obtained with an analogous Zr—Mo bimetallic
complex. The authors suggest that a strong donor interaction takes place between Ni
and the Zr center which slow down the polymerization catalytic activity.

Osakada has tested in parallel to Co/Zr complexes 49 described in Sect. 3.2.1, an
analogous system with Pd and Ni as late metal partners [97]. Palladium was found
to have no effect on the catalytic activity of zirconium, while the Ni/Zr complex
97b enables concomitant oligomerization at the nickel center and enchainment of
the resultant branched oligomers to the polymer grown at the Zr center giving rise
to polyethylene with methyl, ethyl, and long alkyl branches. A control reaction
performed with a mixture of the mononuclear complexes 47 and 96b gave also
polymers but with almost no alkyl branches (Scheme 53).
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The Pd/Zr complex 98 reported by Erker was assessed as catalyst for Kumada
cross-coupling reaction [120]. This complex was synthesized by addition of the
metalloligand [(CpPPh,),ZrCl,] to [PdCl,(PhCN),] (Scheme 54). Complex 98 was
found to be a better catalyst in cross-coupling reaction of sec-butylmagnesium bromide
with bromobenzene or p-bromoanisole with respect to activity and regioselectivity
than conventional catalysts that are [PdCl,(PPhs),] or [PdCl,(dppp).]. However, com-
parison with [PdCl,(dppf)] (dppf=1,1’-diphenylphosphinoferrocene) shows that the
latter gives coupling products with analogous selectivity but is much more active (35%
yield after 0.5 h). This last result suggests that the catalytic behaviors of 98 are rather
due to the metallocene skeleton of the diphosphane ligand than the early metal center
itself and to a potent “bimetallic effect.”

In 2008, Mizuta has shown that the binuclear complexes 99 with added PMePh,
can promote the double hydrophosphinylation of 1-octyne under milder reaction
conditions than [Pd(PPhs),] which required enforcing conditions (refluxing toluene,
24 h) for getting similar results (Scheme 55) [142] (for hydrophosphinylation with
Pd(PPh3)4, see [143, 144]). They have shown that the reaction of the bimetallic
complexes 99 with PPh,(O)H and PMePh, led to trinuclear complexes 100 with
liberation of the cyclopentadienyl ligand. A mixture of mononuclear [Cp,MCl,]
and [PdMe,(tmeda)] complexes with PMePh, gave rise also to the formation of the
trinuclear complexes 100 and gave comparable results in catalytic hydrophosphi-
nylation of 1-octyne to those obtained with the bimetallic complexes 99 and
PMePh,. The authors propose therefore a mechanism in which the trinuclear
complexes 100 are the active catalysts and where the coordination of the phosphane
oxide function of the monohydrophosphinylated product interacts with the early
metal, thus facilitating the second hydrophosphinylation at the Pd center.
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4 Dual Catalysis from Early and Late Metal Complexes

As we already mentioned earlier in this chapter, there have been a huge variety of
multi-catalytic systems and cooperative effects that have been described. Among
them, examples of the simultaneous use of separated early and late transition metal
catalysts however remain somewhat scarce. Nonetheless one could use these
examples as an inspiration to design early—late heterobimetallic complexes with
the hope to encompass performances of separated systems.

Olefin polymerization is an obvious field to apply dual catalysis from early and
late metal complexes owing to the well-recognized olefin polymerization properties
of group 4/5 metal complexes (Ziegler-type catalysts) and oligomerization or
polymerization ability of some late transition metals. As an example, Bianchini
et al. reported the use of Zr/Co or Ti/Co tandem polymerization systems for the
homogeneous surface coating of multiwalled carbon nanotubes with linear
low-density polyethylene (LLDPE) [145]. In these systems, the role devoted to
the cobalt catalyst is to produce a-olefins from ethylene (mainly 1-butene and
1-hexene) which are subsequently incorporated in the polyethylene chain during
the zirconium- or titanium-catalyzed ethylene polymerization process (Scheme 56).
Thus, using the same 6-thienyl-2-(imino)pyridine cobalt complex 101, LLDPE-
coating containing only ethyl branching was obtained with [Cp,ZrCl,] 102, while a
non-negligible amount of butyl branching was observed with the hemititanocene
complex 103. It is noteworthy that the total branch content, as well as the Et/Bu
branching ratio for the Ti/Co system, was found to be dependent on the early—late
complex ratio, a parameter that of course would not be tunable if using a predefined
heterobimetallic complex. It should be also mentioned that incorporating Zr and Co
in the same heterobimetallic catalyst for ethylene polymerization to LLDPE was
already exploited by Osakada as mentioned above (see complex 49 Scheme 31).

Less refined metallic species can be employed to perform dual polymerization
processes. In 2007, Kong and Pan described the use of a simple [Cp,TiCl]/CuBr,
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Scheme 56 Tandem multiwalled carbon nanotubes (MWCNTS) coating through in situ copoly-
merization catalysis of ethylene with Zr/Co or Ti/Co systems
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mixture in the presence of bipyridine to perform the controlled radical polymeri-
zation of glycidyl methacrylate (GMA) and styrene and to form hyperbranched
polymers (Scheme 57) [146]. The Ti(IIl) species was simply obtained by in situ
reduction of [Cp,TiCl,] with zinc. It should be pointed out that in this case the Ti
(IIT) and Cu(II) complexes do not act as catalysts but serve as radical initiator and
living radical polymerization mediator, respectively.

Frontier with the subject of this paragraph, the use of early and late metal
complexes combinations for reactor blending during ethylene polymerization can
also be mentioned. In such a process, known since the 1980s, the early and late
catalysts polymerize ethylene independently to afford an intimate mixture of
polyethylene (PE) chains of different structure. Although in this case there is no
cooperative effect of the two metals from a molecular or mechanistic point of view,
the beneficial simultaneous use of the two catalysts, such as a dichlorozirconocene
and a diimine nickel complex (Scheme 58) ([147] and references therein), is found
in the bulk physicochemical properties of the obtained PE.

If one thinks about a cooperative effect between early and late transition metals,
an obvious idea is to take advantage of their electrophilic and nucleophilic proper-
ties. This concept was used by Sisak and Halmos for the ring opening of oxiranes
using combinations of group 4 metal derivatives and cobalt carbonyl [148]. Using
different well-chosen titanium, zirconium, hafnium, and cobalt precursors, they
showed that it is possible to generate in situ a bimetallic complex with a M—Co bond
(M=Ti, Zr, Hf). However, this bond splits when the complex reacts with oxiranes,
the electropositive early metal reacts with the Lewis basic oxygen of the substrate,
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Catalytic version

o [YsMCo(CO)4] = [(PrO)sTICo(CO)]
R{l 2 mol %
[Y3MCI] + Na[Co(CO)4] co 0 Co(CO)s R=Me °
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M =Zr, Y3 = CI(Cp),
M = Hf, Y3 = (acac);

Scheme 59 Oxirane ring opening with early—late combinations
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Scheme 60 Catalytic oxirane and aziridine carbonylative ring expansion

and the cobalt moiety performs a nucleophilic attack on a carbon center
(Scheme 59). A CO molecule, originating from partial decomposition of starting
materials, is then subsequently inserted in the Co—C bond. A catalytic version was
attempted using [TiCI(iPrO);] and Na[Co(CO),4] (2 mol%) as precatalysts. Acetone,
resulting from carbonyl disinsertion from the acylcobalt intermediate and subse-
quent f-hydride elimination, was obtained in 39% yield.

With the same concept, but using the more reactive Ti(Ill) cationic radical
[Cp,TiCI(THF),]*or a cationic salphen aluminum complex in combination with
the cobalt anion [Co(CO)4]~, Coates et al. succeeded to make the epoxide or
aziridine carbonylative ring expansion reaction catalytic (Scheme 60) [149]. For
both substrates, it is proposed a nucleophilic attack of the cobalt anion at the least-
substituted carbon atom of the three-membered ring, the latter being activated by
the Lewis acidic part of the catalyst. Of note, catalysts 106 and 107 used in this
reaction are described as ion pairs rather than M—Co bond containing complexes.

In a series of papers, Bercaw et al. recently described a very elegant tantalum/
iridium tandem alkane/alkene coupling ([150] and references therein). Especially
exemplified with 1-hexene and heptane, this process involves the dimerization of
two different alkenes (here 1-hexene and 1-heptene) catalyzed by the
hemitantallocene 108, while an iridium pincer complex 109 dehydrogenates the
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Scheme 61 Tandem catalyzed alkane/alkene coupling
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Scheme 62 Synthesis of a-allylated a,B-unsaturated ketones promoted by Pd/V catalytic
combination

alkane (heptane) to produce more of one of the alkene (1-heptene) to be dimerized
(Scheme 61). Although a large amount of C;, compound was obtained through the
tantalum-catalyzed dimerization of 1-hexene, the presence of detectable amounts of
C;3 and Cy4 dimerization products indicates the formation of 1-heptene via the
iridium-catalyzed dehydrogenation of heptane prior to alkene dimerization. More-
over, substantial amounts of hexane (45%) were also observed, thus indicating
transfer hydrogenation from heptane to sacrificial 1-hexene. Thorough kinetic
studies were conducted to optimize the tandem system. However, they revealed
very different kinetics for the two catalysts, leading to the conclusion that “ideal”
reaction conditions could only be a compromise.

Synergistic catalysis constitutes a powerful strategy for discovering new reac-
tions. However, the implementation of such processes is highly challenging.
Indeed, it involves the coupling of two reactive intermediates which belong to
their own catalytic process and are therefore present in low concentrations with
respect to other substrates and reagents. In 2011, Trost has developed this approach
and described the synthesis of a great variety of a-allylated a,p-unsaturated ketones,
esters, and amides from propargylic alcohols and allyl carbonates using a catalyst
combination of [O=V(OSiPh3);] and a [Pd(dppm)] complex (Scheme 62)
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[151]. The products have been obtained in moderate to excellent isolated yields
with good chemo- and stereoselectivities. These results are all the more remarkable
given that in optimized conditions the percentages of undesired Meyer—Schuster or
O-allylation products are very low, while they are majority products when V or Pd
catalyst are taken alone. The mechanism proposed by Trost for this reaction
involves as key step the coupling of a vanadium allenoate and a zw-allylpalladium
intermediate, the rate of this bimolecular coupling being much faster than the
competitive protonation or O-alkylation of the intermediates.

5 Early-Late Heterobimetallic Complexes as New
Anticancer Agents

In this chapter, the interests of gathering an early metal with a late one were clearly
put forward concerning the field of catalysis. Catalysis is not the only field using
metals. Indeed, they are widely used in medicine as for treating stomach ulcers
(bismuth) [152], diabetes (vanadium) [153], rheumatoid arthritis (gold) [154],
cancer (platinum and others) [155], etc. As a consequence, early—late heterobi-
metallic complexes seem to be interesting objects to be investigated for their
biological properties. Surprisingly, as far as we are aware, only two research groups
published significant results on this subject [91, 156, 157, 158, 159]. The reasons
may be the reputed instability of the early metal complexes in aqueous media.
Indeed, for biological applications the compound should be stable enough in
physiological media to reach its target.

Today, the only early metal integrated in heterobimetallic complexes for antican-
cer purposes is titanium. That might be explained considering that titanocene
dichloride was the first organometallic complex which entered clinical trials in 1993
[160]. Its activity in vitro and in vivo in experimental models was really promising
[161, 162] even in tumors difficult to treat [163]. Unfortunately, due to its lack of
efficacy in patients, [Cp,TiCl,] did not fulfill the criteria required in phase II clinical
trials. To tackle this problem, some researchers as Tacke [164] or Tshuva [165]
designed specific titanium complexes which gave very promising results. Our group
and Maria Contel’s one chose another strategy: adding at least one late metal.
Obviously, the choice of the second metal was made in the most promising metals
in oncology: platinum, ruthenium, and gold [166]. Indeed, nowadays cisplatin and
platinum derivatives are used in clinics in more than 50% of anticancer chemother-
apeutic cocktails [167]. Several ruthenium complexes entered clinical trials such as
NAMI-A, KP1019, or NKP1339. Concerning gold derivatives, two drugs used previ-
ously for rheumatoid arthritis — auranofin and sodium aurothiomalate — are now
investigated in clinical trials for the treatment of cancer. Titanium and platinum are
thought to enter nucleus of the cell and target DNA or chromatin, while most of
ruthenium and gold complexes seem to accumulate in the cytoplasm and target
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enzymes, proteins, RNA, etc. Consequently, combining two metals with different
targets should prevent resistance phenomena and may induce synergistic effects.

We published the first potential anticancer early—late complexes in 2010 (Fig. 1)
[91]. The chosen combination was Ti—Ru. The ruthenium was bound to a titanocene
dichloride via a phosphane introduced on a modified Cp. All the heterobimetallic
complexes 37 were found to be considerably more active than the parent mononu-
clear titanocene dichloride and [(arene)RuCl,PR3] complexes or than the mixture
of both of them. Moreover, the results suggested no cross-resistance with cisplatin.
Cathepsin B inhibition was hypothesized as a possible mechanism of action.

These promising results drove us to study other combinations such as Au/Ti. The
reaction of titanocenyl phosphanes with gold(I) ion complex led to the formation of
neutral binuclear Au/Ti complexes 110 and cationic trinuclear complexes 111
(Fig. 2) [156]. In parallel, Contel’s group developed Au/Ti (112), Pd/Ti (113),
and Pt/Ti (114) complexes using similar synthetic strategy (Fig. 2) [157]. The
conclusions of both studies are similar, and linking both metal ions clearly
improves the cytotoxicity more than the simple cumulative effect. It was also
shown that the heterobimetallic complexes can interact with DNA without claiming
that it is their ultimate biomolecular target.

Contel’s group then chose to focus on the stabilization of the bimetallic complex
toward hydrolysis by using carboxylates bearing either phosphine [158] or thiolate
[159] to bind the second metal (Fig. 3). The resulting complexes were found to be
significantly more stable and more cytotoxic against human renal cancer cell lines than
cisplatin and titanocene Y, which are benchmarks of the field. Undoubtedly, it means
that the two metal centers induced synergistic effects. Biological experiments suggest
that their mechanism of action put at stake pathways that involve the inhibition of
thioredoxin reductase and decreased expression of protein kinases that drive cell
migration. Moreover, in vivo trials with mice revealed a tumor reduction of about 67%.
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Overall, these different studies strongly support the efficacy of early—late com-
plexes. Thus, when designing a new heterobimetallic complex, researchers should
think to test its biological properties.

6 Conclusion

Since several decades, chemists are fascinated by “early—late” heterobimetallic
complexes for their latent reactivity which makes them particularly promising
candidates for catalysis. After an introductive part which aims at putting this
topic in the broader context of cooperative catalysis, we identified several “early—
late” combinations that have been used as catalyst. It appears that (group 9/groups
4-5) combinations have been far more studied than (group 8/group 4-5) or (group
10/group 4-5) combinations. This disparity is probably due to one of the main
issues of bimetallic or dual catalysis that is the compatibility of the metal partners.
Both electron-rich and electron-poor metals should indeed “tolerate” each other
within the complex in its initial form but also throughout the catalytic process while
their respective oxidation state and ligands are subject to change many times.
Nevertheless, overall a wide range of catalytic reactions and “early—late” bimetallic
complexes have yet been studied, and it appears in certain cases that bimetallic
complexes surpass the performances of their monometallic counterparts or even are
able to promote reactions which are not possible or difficult in monometallic series.
Rather surprisingly and despite intensive research efforts, the development of a
catalytic process which involves the double activation of an apolar substrate like
dihydrogen and/or polar substrates like carbon monoxide or dioxide for which
“early—late” heterobimetallic complexes have been originally designed remains
challenging. The ways of cooperating for the two metals, when understood, were
instead shown diverse, often complex, and difficult to foresee. If one takes a step
back and looks at this topic objectively, it is clear that “early—late” bimetallic
catalysis has lagged a little behind the global advance in cooperative catalysis.
However, the recent progress registered in related multi-catalytic systems such as
FLP catalysts clearly encourages chemists to persist in developing such “unnatural”
combinations for developing new and challenging catalytic transformations. One
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way for a more rational and efficient design of such species may consist in testing
first a series of mononuclear early and late complexes in dual catalysis and then
synthesizing the heterobimetallic complex with the hope that by bringing both
metals closer, a better reactivity would be observed for kinetic reasons. Finally,
cooperative effects or synergetic effects are not limited to catalysis, and the use of
early—late bimetallic complexes for other purposes such as therapy constitutes also
wonderful opportunity to widen the scope of this research.
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The Catalytic Binuclear Elimination
Reaction: Importance of Non-linear Kinetic
Effects and Increased Synthetic Efficiency

Marc Garland

Abstract In the context of metal-mediated organic synthesis, cooperativity and
synergism are rather broad terms which are often used to denote systems where
unusual rate or selectivity effects are observed. These effects can be exhibited by
monometallic, heterobimetallic and even multimetallic systems. The present contri-
bution looks exclusively at one of the simplest cases, namely, systems possessing
simultaneously both mononuclear and dinuclear complexes (hence both monometallic
and heterobimetallic are included, but multimetallic systems are excluded). In Sect. 1,
a brief introduction to the general area and a working definition for catalytic binuclear
elimination reaction (CBER) is provided. In Sect. 2, we step back and classify the
broad range of systems under consideration in order to enumerate the host of reaction
networks considered, the potential for non-linear kinetic effects and how this relates to
concepts of synthetic efficiency. In Sect. 3, we return to specific examples of CBER,
how they fit into the overall context of the systems classification and how they can be
identified in an unambiguous manner using in situ spectroscopic techniques. Indeed,
tests can be constructed which permit the experimentalist to check crucial features and
characteristics consistent with CBER. The present contribution focuses on the subarea
in which CBER systems exist and hence CBER’s scope for organic syntheses.

Keywords Catalytic binuclear elimination reaction (CBER), Hydroformylation,
In-situ spectroscopy, Rhodium
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1 Introduction

1.1 Catalytic Syntheses, Cooperativity and Synergism

In the catalytic sciences, and specifically in the context of organic synthesis, it is
common to represent the catalytic transformation of reactants, namely, reagents
(substrate(s)) to product(s) as shown in Fig. 1a. This simplified representation puts
emphasis on the net transformation of reactants, which is indeed the proper emphasis
for the vast majority of synthetic situations. In Fig. 1a, the details of the catalysis are
embedded in the term [cat], and the details are in no manner explicit. Therefore, in
fine heterogeneous catalysis [cat] is simply understood to be a heterogeneous catalyst,
perhaps a supported metal added to the system [1], in enzymatic catalysis [cat] is
usually understood to be a protein or metalloprotein added to the system [2], in
organocatalysis [cat] is often understood to be an organic amine or phosphine added
to the system [3], in acid/base catalysis [cat] may refer to H" or OH™ in the system or
Lewis acids/bases [4], and in metal-mediated homogeneous catalysis, [cat] often
refers to an inorganic or organometallic precursor added to the system [5].

On occasion, there is a secondary interpretation or meaning used for [cat] and
that is the actual catalytic mechanism by which the reaction is effected or acceler-
ated. It is this secondary meaning that will form the basis for the present exposition.
In order to keep the reaction diagrams as simple and clear as possible in the present
contribution, green boxes will always represent reagents (substrate(s)) and red
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Fig. 1 (a) Perhaps the (a)

generically most common

notation to denote a [Cat]

catalysed reaction of A; B,c _— D,E
substrates A, B and C to ) Solvent

products D and E i TP

throughout the catalytic
sciences. (b) The most

common notation for (b)
denoting a metal-mediated
homogeneous catalytic [M]
reaction. (¢) The stylized A ’ B ,C D,E
notation adopted in the 3
Lo i)  Solvent
present work to highlight i) TP
that the cooperative or i) Ligands
synergistic catalysis arises iv) Additives

from an important structural
feature in the underlying
reaction mechanism (c)

ABC —7—— D,E
i) Solvent
i) TP
ili) Ligands
iv) Additives

boxes will always represent product(s) even if there is no chemical formula or
structure explicitly entered.

In metal-mediated homogeneous catalysis, the term [cat] is often focused on the
metallic element involved. Thus, for example, in palladium-mediated C—C cross-
coupling reactions [6], one typically simply sees the representation [Pd]. In generic
terms, and particularly for the case of metal-mediated homogeneous organic syn-
thesis, this representation becomes [M] as shown in Fig. 1b where M stands for the
metallic element. In Fig. 1a, b, for metal-mediated homogeneous organic synthesis,
the primary meaning of the argument within the brackets, namely, “M”, becomes
somewhat blurred (at least more so than in other catalytic chemistries). It could
mean the precursor containing the mentioned metallic element; however, since in
some respects the molecular understanding of catalysis is frequently more well
defined in the case of homogeneous catalysis, [M] frequently signifies that empha-
sis is not on the precursor used but rather on the set of intermediates and hence
mechanism that is operating. Indeed, it is widely appreciated by most practitioners
that more than one precursor containing metallic element M is often effective in
facilitating a specified reaction with similar rate and selectivity. As a consequence,
for many chemists, the precursor that they use is often not of paramount impor-
tance, just as long as it contains metallic element M and consequently gives rise to
the same mechanism.

Some homometallic and heterobimetallic metal-mediated homogeneous cata-
Iytic syntheses exhibit markedly unusual rate and/or selectivity patterns due to the
underlying mechanism. Such systems will be distinguished by the stylized notation
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[M] as shown in Fig. 1c. Since the present book is dedicated to cooperativity or
synergism [7] in metal-mediated homogeneous catalysis, the term [M] in this
chapter will possess four interrelated characteristics, and [M] will:

(1) Denote a reaction mechanism.

(2) This reaction mechanism will arise from the application of one or two metallic
elements in the catalytic system.

(3) The system will exhibit either an unusual rate dependence and/or an unusual
selectivity pattern that has its origin(s) in the structure of the reaction mecha-
nism and not in some secondary effect due to physico-chemical issues such as
transport [8].

(4) Finally, all overall reactants for the organic reaction and all organometallic
intermediates for this organic reaction are solvated during all individual reac-
tion steps present in the catalytic reaction mechanism.

The motivation for stating point (4) arises from the fact that many so-called
homogeneous catalytic reactions are actually present in multiphase slurries and
these slurries arise, for example, and, in some cases, due to the addition of various
insoluble additives or auxiliaries or the formation of precipitates. For the present
chapter, point (4) explicitly excludes surface-mediated reaction steps in the homo-
geneous catalytic reaction mechanism.

The expression unusual has been deliberately been left open ended or ill defined
since the effect will almost certainly differ between systems having different
phenomenological bases for cooperativity or synergism. Nevertheless, a rather
useful working definition might be a rate or selectivity dependence which cannot
be explained as a strictly additive effect of the metal(s) used. Having said that, the
homometallic and heterobimetallic catalytic binuclear elimination reactions
(CBERSs) which are the focus of this chapter have very well-defined rate depen-
dences which can be traced back to the topology of the reaction mechanisms.

1.2 Stoichiometric Binuclear Elimination

Heck and Breslow [9] observed that the addition of HCo(CO), to a solution of
CH;COCo(CO),4 resulted in the formation of the corresponding aldehyde CH;CHO
and the homometallic dinuclear carbonyl Co,(CO)g. They postulated that such a
reaction might be operating under alkene cobalt-mediated hydroformylation reac-
tion conditions and thus contribute to aldehyde product formation. This observed
stoichiometric reaction is apparently the first documented case of a well-defined
reaction between two organometallic complexes RML,, and R’'M’'L,,,, leading to the
formation of an organic product and a dinuclear complex. This class of stoichio-
metric reactions became known as binuclear eliminations [10]. The generic repre-
sentation for a stoichiometric homometallic binuclear elimination is shown in
(Eq. 1) where M=M' and where the Greek letter a will be used to denote the
bimolecular reaction between mononuclear organometallics throughout the remain-
der of this chapter. Clearly Eq. 1 is not in general elementary, and it is not
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immediately apparent at which step the bimolecular reaction really takes place. The
genuine elementary o step might be the reaction of HCo(CO), with coordinately
unsaturated CH;COCo(CO)s:

’

a{RML, + RML,, - RR' + MML,,,, M=M (1)
Stoichiometric heterobimetallic binuclear eliminations are also known. Kovak
et al. [11, 12] extensively studied a class of reactions closely related to the Heck
and Breslow chemistry. Specifically, they studied the addition of HMn(CO)s with
EtOC(O)CH,Co(CO),4 and EtOC(O)Co(CO), yielding the corresponding products
and heterobimetallic carbonyls. The generic representation for a stoichiometric
heterobimetallic binuclear elimination is shown in Eq. 2 where M#M’, and
again the Greek letter a will be used to denote the bimolecular reaction between
mononuclear organometallics. Equation 2 is not in general elementary. The genuine
elementary o step might be the reaction of HMn(CO)s with coordinately unsatu-
rated EtOC(O)CH,Co(CO); and EtOC(O)Co(CO);:

a{RML, + RML,, = RR + MML,.,,, M#M 2
+

Circa 35 rather well-defined stoichiometric homometallic and heterobimetallic
binuclear elimination reactions have been identified to date. The synthetic products
range from molecular hydrogen to hydrocarbons and even more functionalized
organics.

1.3 The Catalytic Binuclear Elimination Reaction (CBER)

Considerable effort, often involving in situ spectroscopies, has been invested into
identifying the catalytic analogues of stoichiometric binuclear elimination. Collec-
tively, these synthetic and in situ studies, which will be discussed in greater detail in
Sects. 2 and 3, have confirmed the existence of CBER. This catalytic reaction
mechanism necessitates the simultaneous existence of two very special steps. The
first step to mention is an o step between mononuclear organometallics leading to
product formation and a dinuclear organometallic. The second crucial step will be
denoted f, and this involves the fragmentation of the dinuclear organometallic back
to mononuclear species.

The catalytic binuclear elimination reaction is now accepted as a recognized and
defined term in the field of homogeneous catalysis [13]. The CBER reaction
mechanism may be defined to be a synthetic system possessing simultaneously
both mononuclear and dinuclear organometallic intermediates, acting in a syn-
chronized and bicyclic reaction topology, where each set of mononuclear interme-
diates carry an organic moiety which will eventually be part of the organic product.
Both the monometallic and heterobimetallic cases can be visualized using similar
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Fig. 2 The general structure of a single-product mechanism for a heterobimetallic catalytic
binuclear elimination where {M} represents the set of mononuclear intermediates possessing
metal M, {M'} represents the set of mononuclear intermediates possessing metal M’ and {M-M’}
presents the set of heterobimetallic intermediates. The all-important steps o and § which transform
mononuclear species to dinuclear species and dinuclear species to mononuclear species are
highlighted for emphasis. The symbol =~ allows each sequence to possess an arbitrary non-zero
number of intermediates

representations as shown in Fig. 2. In this figure, (a) all nodes represent soluble
organometallic intermediates; (b) all edges represent reactions; (c) there are two
sequences of mononuclear intermediates highlighted in orange and light blue, and
each sequence carries out a set of elementary transformations involving one or more
substrates; (d) the sequence of dinuclear species is highlighted in grey—green;
(e) the all important o and  steps are prominently displayed with bold edges;
(f) reservoirs are present as black squares; and (g) the direction for the net flux of
transformation is indicated by black arrows.

The nodes and hence intermediates represented in a CBER mechanism may or
may not be unique. For example, in the heterobimetallic case shown in Fig. 2, the
intermediates belonging to metal M in the orange sequence must all be distinct from
the intermediates longing to metal M’ in the blue sequence. In the case of mono-
metallic CBER, the mononuclear intermediates may not be distinct. If one demands
that an intermediate appear exactly only one time in a graph, too many visually
different types of representations can arise due to the variety of branching points.
This causes considerable difficulties in visualizing the omnipresent bicyclic struc-
ture of CBER and in keeping track of the distinction between CBER and other
topologies.

The bicyclic structure in Fig. 2 is extremely special and helps with one additional
and very important concept, namely, rationalizing the rate of substrate consumption
and product formation at steady state. Inspection indicates that the net » in moles of
each sequence of transformations at steady state is identical (Fig. 2). Thus, in the
heterobimetallic case, the net rate r; of reaction along the orange {M} sequence
exactly equals the net rate r3 along the blue {M’'} sequence, and both of these net
rates of reaction exactly equal the net rate r» along the grey—green dinuclear { M-M'}
sequence. This situation exists regardless of any changes in the amounts of M or M’
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in the system. The reaction network simply relaxes to a new steady state since the o
and 3 steps control the ratios M:M-M’":M’. The same arguments exist for the various
monometallic cases where M =M/, and this is treated in Sect. 2 in more detail.

The structure shown in Fig. 2 hints at the potential for spectacular rate increases
with metal loading when the « step is rate determining. Since the general structure
of a single-product mechanism allows only one route to product(s), issues
concerning selectivity cannot be addressed by this structure alone (Fig. 2). Selec-
tivity issues will be reserved for Sects. 2 and 3.

1.4 In Situ Spectroscopic Investigations, Specialized
Experimental Set-Ups, Chemometrics

Understanding of the speciation under catalytic reaction conditions and hence
confirmation of the catalytic binuclear elimination demonstrated in this chapter
required detailed in situ (operando) techniques. These areas are simply not under
the purview and scope of this chapter. Therefore it will be just briefly mentioned
that two excellent textbooks on this subject, one focusing on the special case of
homogeneous mechanisms [14] and the other general catalysis [15], exist and
should be consulted. Moreover, there are reviews available which specifically
focus on in situ FTIR in homogeneous catalysis [16], signal processing and
chemometrics in homogeneous catalysis [17] and the concurrent use of combined
in situ spectroscopy, chemometrics and DFT for confirming the identity of inter-
mediates [18]. Information contained in the latter two reviews as well as on
specialized hermetically sealed recirculating experimental instrumentation to con-
duct experiments with various types of reaction perturbations [19] will be of special
importance to understanding the methods used in this chapter.

1.5 Brief Comment: Graph Theory and Flows in Networks

The literature related to graph theoretic representations of chemical reactions is vast
[20], and there are numerous classes of representations which have been used. By
far, the most frequent convention is to represent a reaction sequence with nodes
representing species and arrows or edges of the graph representing a single ele-
mentary reaction step (note: sometimes authors use an arrow for a nonelementary
reaction, or a set of nested arrows to do the same). Bipartite and multipartite graphs
are another very useful class of representations; however, the cyclic connectivity of
intermediates is much more difficult to visualize. Considering the importance of
visualizing the cyclical nature of catalysis, the classic convention will be adopted
throughout.
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Fig. 3 The non-linear reaction mechanism [M]cggr in a pseudo-network representation, empha-
sizing that the inputs can be independently varied or perturbed in order to induce transients in the
individual reaction rates and the concentration of intermediates. Such issues assist in verifying the
underlying structure and characteristic of the system

Graph theoretic representations form the basis for evaluating individual fluxes,
but moreover generating relationships for the overall flow through the graph or
network [21]. Indeed, the most important global theorem for electrical flows
through arbitrarily complex electrical networks is the Tellegen theorem [22]. The
Tellegen theorem not only encompasses all known steady-state electrical engineer-
ing laws (Kirchhoff voltage law and Kirchhoff current law) but also captures the
transient behaviour of all parts of the network. Recently, it has been shown that
stoichiometric chemical reaction networks and even catalytic reactions can be
appropriately represented in equivalent graph theoretic terms such that the Tellegen
theorem can be applied [23]. One of the major applications of this new and exciting
development is to verify that individual steps are self-consistent with the overall
flux generated by the overall organic transformation (in other words, verify that the
hypothesized catalytic reaction mechanism is indeed realistic). In the future, com-
plex non-linear, cooperative/synergistic metal-mediated homogeneous systems will
require sophisticated tools in order to verify individual steps and to verify consis-
tency with the overall proposed reaction mechanisms (here, in situ spectroscopic
information will be invaluable). This will probably lead to a better understanding of
what cooperativity and synergism really mean. Work is currently going on in our
laboratory to characterize the response of generic CBER networks, in terms of
individual and overall fluxes, and to establish further characteristics of such systems
(Fig. 3).
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2 Connectivity of Catalytic Reaction Networks

This section will review the connectivity of some catalytic reaction networks
starting from isolated one-product unicyclic mechanisms, connected unicyclic
mechanisms showing selectivities (regio-, chemo- and stereoselectivities) and
systems possessing more than one uncoupled unicyclic mechanisms. All of these
systems exhibit various forms of linear rate increases versus metal loading.
Subsequently, mechanisms exhibiting quadratic, linear—quadratic, bilinear and
linear—bilinear rate dependences will be explored. CBER systems can exhibit any
one of these four complex rate dependences.

2.1 Variations on Unicyclic Mechanisms

Maintaining the notation and convention introduced in Sect. 1, two simple single-
product unicyclic catalytic reaction mechanisms possessing reservoirs are shown in
Fig. 4a, b. A unicyclic catalytic reaction mechanism will be one where each and
every intermediate possesses the same nuclearity [24]. Thus Fig. 4a represents a
unicyclic reaction mechanism possessing just mononuclear intermediates, and
Fig. 4b represents a unicyclic reaction mechanism possessing just dinuclear inter-
mediates. Although the reaction in Fig. 4a, b is unicyclic, e.g. there is at least one
continuous path or sequence of steps leading from organic reactant to product, this
does not negate the possibility of closed loops adjacent to the main cyclic. Such
closed loops adjacent to a cycle certainly exist. A good example is the CO insertion
into an  alkyl-metal bond in either a  two-step  sequence,
i.e. RML,—RMCOL,_; —RCOML,_; — RCOML,, or in a concerted manner
RML,,+ CO — RCOML,,.

{™m- M}or{IVIM}
-
- ) ( _ B3¢

Mgy = - or -
i N\

“-‘\ a"_‘\

(a) i (b)

ry ry

Fig. 4 Two unicyclic catalytic reaction mechanisms, one based on mononuclear intermediates
{M} and one based on binuclear intermediates either {M-M} or {M-M’}. Again, black squares
indicate reservoirs and the closed loop triangle suggests that many catalytic cycles have complex
branches along the main synthetic sequence. The directed graph has a net rate of ; moles per time
through the mechanism
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King and Altman [25] were apparently the first to provide an analytic rate
expression for a unicyclic catalytic mechanism. They performed this analysis in
the context of homogeneous enzymatic catalysis, but the main result carries over
directly to the case of metal-mediated homogeneous catalysis. Accordingly, for a
mechanism possessing intermediates of one and the same nuclearity, the analytic
rate expression in terms of the total steady-state concentrations of intermediates
X[[;] is given by Eq. 3 where the turnover frequency term TOF contains terms in just
rate constants k and steady-state concentrations of reactants (but no intermediates).
The approach introduced by King and Altman has been verified and extended by
others [26], particularly for developing rate expressions in terms of any individual
intermediate /;. As a consequence, it can be shown that the rate of product formation
is a linear function of each intermediate concentration (Eq. 4). The importance of
the analytical results is straightforward (Fig. 4a, b); regardless of the nuclearity of
the intermediates, the rate is a linear function of the intermediate concentrations
(at least this is the case observed with multimetallic metalloproteins). A unicyclic
catalytic reaction mechanism possessing dinuclear intermediates does not exhibit a
non-linear rate expression.

ri =TOFY _[I] (3)
ri = k(] (4)

More complex branching occurs in mechanisms where selectivities arise. Therefore,
consider as an example the overall transformation of a symmetric alkene
cyclopentene in the presence of CO and H, to both cyclopentane carboxaldehyde
and cyclopentane, facilitated by the addition of a Group 9 (or CAS systems VIIIB)
metal hydride complex HML,, capable of performing both hydroformylation [27, 28]
and hydrogenation [29]. Upon addition of the metal hydride to the system, one would
expect the steps HML,, — HML,,_; — H(xt-cyclopentene)ML,, ; — CsHoML,,
where the bold intermediates should be common to both unicyclic catalytic sequence
of steps. At this point there is a branching in the network of intermediates, and one of
either two paths is followed:

1. Molecular hydrogen activation occurs at the metal centre, eventually resulting in
cyclopentane and HML,, ;.

2. CO association and then CO insertion occur, followed by molecular hydrogen
activation at the metal centre, eventually resulting in cyclopentane
carboxaldehyde and HML,, ;.

A possible graph representation for this interconnected unicyclic catalytic
mechanism, possessing only mononuclear intermediates, which exhibits
chemoselectivity resulting in two distinct products, is shown in Fig. 5. Again, the
mechanism is colour-coded, representing the three distinct linear sequences of
mononuclear intermediates. The light blue is strictly associated with those inter-
mediates which produce aldehyde, the dark blue is associated strictly with those
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Fig. 5 A chemoselective (CS) unicyclic (UNI) mechanism which exhibits both hydrogenation
and hydroformylation activities. A symmetric alkene, cyclopentene, is chosen as the substrate in

order to reduce branching points and the number of cycles that can potentially arise. Different
shades of blue are used to help to distinguish different sets of mononuclear intermediates

intermediates which produce alkane, and the medium blue represents intermediates
common to both closed sequences.

If r, represents the rate of net reaction through the light blue path leading to
aldehyde formation and if 5 represents the rate of net reaction through the dark blue
path leading to alkane formation, then the rate r, of net reaction through the
medium blue pathway must be r, =r; +r3. Stated in a language similar to King
and Altman, there is a unique constant associated with each synthetic pathway,
which relates the rate of each product formation for that pathway with the sum total
concentration of all intermediates in the network (Egs. 5 and 6). Moreover, the sum
total productivity of the network (or more accurately said — the consumption of
substrate) is also linear in the sum total concentration of all intermediates (Eq. 7).

r = TOF]Z [],] (5)
r3 = TOFaZ [1i] (6)
ry = (TOF; + TOF3)> " [1j] (7)

The above analysis and the above conclusions concerning rate linearity exist even if
simultaneous and  concurrent  regioselectivity,  stereoselectivity/stereo-
differentiation [30] and chemoselectivity all occur together. Therefore, very briefly
consider the overall transformation of styrene+CO+H, into n-aldehyde, (+)
branched aldehyde, (—) branched aldehyde and ethylbenzene in a single system.
Assume as before that a precursor HML,, is added to the system and that this
precursor can effect both hydroformylation and hydrogenation. Then the species
HML,,_, is the only intermediate common to all reaction pathways. In fact, it can be
shown that there are eight synthetic pathways (taking into account enantiofaces)
involving five interconnected unicyclic sequences resulting in four distinct prod-
ucts. Moreover, there are five overall rate expressions, one for each of the four
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Fig. 6 (a) A homogeneous catalytic system containing exactly two independent unicyclic mech-
anisms for hydroformylation of a symmetric alkene. X, Y, Z are organometallic present which do
not participate in a catalytic mechanism and do not interact with any intermediates. They are just
spectator species. (b) The system after addition of a chelated dinuclear rhodium complex which
also performs hydroformylation

distinct products plus one rate expression for consumption of styrene. The take-
home message is that all five rate expressions are linear in the concentrations of
intermediates. No intrinsic rate non-linearities exist in spite of the network com-
plexity. The systematic evaluation of the number of independent synthetic routes in
an arbitrary network was clearly developed in a mathematical framework by
Horiuti [31].

In the context of unicyclic networks, one further case must be considered for
completeness and this is the case of disjoint unicyclic mechanisms. In this case,
assume that there are two precursors which independently and selectively effect
alkene hydroformylation and that the mechanisms do not share any common
intermediates whatsoever. Perhaps the first precursor is a bidentate phosphine-
substituted mononuclear cobalt complex, and the second precursor is a mononu-
clear rhodium complex. This situation can be represented in shorthand notation as
shown in Fig. 6a.

The consequence (Fig. 6a) is that the rate(s) can be expressed as a multilinear
summation in the sum total of intermediates in each disjoint unicyclic mechanism
(Eq. 8). Next assume one more precursor, for example, a chelated dinuclear
rhodium complex [32], is added to the system. This dinuclear rhodium complex
has been shown to facilitate hydroformylation via a unicyclic mechanism having
exclusively dinuclear intermediates. This new system is illustrated in Fig. 6b where
again it is assumed that the individual mechanisms do not have common interme-
diates and the intermediates in different mechanisms do not interact. In terms of
canonical variables in the system, the rate(s) is still multilinear as shown in Eq. 9:

riow = TOFcoy _ [i], + TOFrn Y _ [1i],, (8)
rioe = TOFco ) _ [li],, +TOFrnY _ [l + TOFrn, » 1], (9)
From an exploratory viewpoint and without detailed in situ information on the

systems mentioned above, the experimentalist might be falsely led to believe that
there is an intrinsic non-linear effect and non-linear cooperativity or synergism is
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occurring in the system. Indeed, without in situ spectroscopic information and
without proper mass balances, the experimentalist has just the nominal additions
of metal complexes on which to base conclusions and the nominal loading are not
the canonical variables for the system. The remainder of this chapter occasionally
emphasizes this very important observation concerning the ease by which mislead-
ing conclusions can be obtained when supporting in situ spectroscopic information
is not available.

2.2 Monometallic and Heterobimetallic CBER: The Core
Mechanisms

2.2.1 Monometallic Case

The monometallic CBER mechanism [M]cggr occurs when M =M’ and hence
only one metal is present. Figure 7 shows this case. There are two sequences of
mononuclear intermediates from the set {M} and these are distinguished by the use
of different shades of blue. One reason for representing these sequences in the same
colour arises from the possibility that some of the organometallic intermediates in
each sequence are not uniquely present in just one sequence. The sequence
consisting of homometallic dinuclear complexes is colour-coded in grey—green.
As before, there are two very special reactions a and P, and these transform
mononuclear species into homometallic dinuclear complexes and homometallic
dinuclear complexes into mononuclear species.

The rates in each sequence follow the rules set out in Sect. 1, namely, 7 in moles/
time of each sequence of transformations is identical. Thus, in the homometallic
case, the net rate ;| of reaction along the light blue {M} sequence exactly equals the
net rate r3 along the medium blue {M} sequence, and both of these net rates of

{m} {M-M} {M}

Fig. 7 The monometallic CBER mechanism [M = {M}, {M — M}|cggr. The all-important steps
o and P which transform mononuclear species to dinuclear species and dinuclear species to
mononuclear species are highlighted for emphasis. The symbol ~ allows each sequence to possess
an arbitrary non-zero number of intermediates
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reaction exactly equal the net rate r, along the grey—green dinuclear {M-M}
sequence.

The monometallic CBER mechanism [# = {M}, {M — M}]cggr in Fig. 7 has
two limiting kinetic scenarios, and these can arise for a number of reasons.

Limit of Linear Rates

a. Can occur if a rate limiting step exists in the light blue sequence {M}

b. Can occur if a rate limiting step exists in the medium blue sequence {M}

c. Can occur if a rate limiting step exists in the grey—green sequence {M-M} and
the equilibria favour the formation of dinuclear species

Limit of Quadratic Rates

d. Can occur if step o is rate limiting step

e. Can occur if step P is rate limiting step and the equilibria do not favour the
formation of dinuclear species

f. Can occur if a rate limiting step exists in the grey—green sequence {M-M} and
the equilibria do not favour the formation of dinuclear species

Much of the conditional phasing used above arises from the complication
associated with whether the equilibria favour the mononuclear or dinuclear species.
From an encounter probability viewpoint alone, at typical loadings of 1-100 ppm
metal, the bimolecular a step may frequently become rate determining.

Jacobsen’s group has shown two interesting systems which have strictly qua-
dratic rate kinetics. In the one case, a chromium—salen complex is used to catalyse
the asymmetric ring opening of epoxides by trimethylsilyl (TMS) azide [33], and in
the other case, a (pybox)YbClscomplex is used to catalyse the ring opening of
epoxides with TMSCN [34]. In both cases the authors propose mechanisms in
which there is bimolecular reaction between mononuclear complexes and where
each mononuclear species brings with it a moiety which is eventually incorporated
in the final organic product. In the first mechanism, a dinuclear complex is explic-
itly proposed as is a step for fragmentation. In situ spectroscopic data is not
reported. However formally, there does not seem to be a and f steps per
se. Therefore, although there are quite a few similarities between these two systems
and the bicyclic structure in Fig. 7, the final reaction network may or may not be
somewhat different to a monometallic CBER definition.

A special case of the monometallic CBER mechanism [M]cggr arises when the
light blue sequence {M} and the medium blue sequence {M]} are forced to be
disjoint. This could occur if the two pools of intermediates are not permitted to
interchange. Therefore, as one example, assume that all ligands in the light blue
sequence {M} are labile and can dissociate, and assume further that at least one
ligand in the medium blue sequence cannot dissociate. If, for example, a carbene
or tridentate ligand is attached to {M"}, then the moles {M}+{M-M"} and
(M*} + {(M=M"} can be varied independently, and a different experimental
situation arises. There are a few reasons to suspect that a quadratic limiting case
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for [ = {M}, {M*}, {M — M# }]cpx might be more likely or made to be more
likely to occur.

2.2.2 Heterobimetallic Case

The heterobimetallic CBER mechanism [M]cggr occurs when [M] # [M'] as pre-
viously shown in Fig. 2. The heterobimetallic CBER mechanism in Fig. 2 has two
limiting kinetic scenarios, and these arise for a number of reasons.

Limit of Linear Rates

a. Can occur if a rate limiting step exists in the light blue sequence {M}

b. Can occur if a rate limiting step exists in the medium blue sequence {M'}

c¢. Can occur if a rate limiting step exists in the grey—green sequence {M-M’} and
the equilibria favour the formation of dinuclear species

Limit of Quadratic Rates

d. Can occur if step o is rate limiting step

e. Can occur if step P is rate limiting step and the equilibria do not favour the
formation of dinuclear species

f. Can occur if a rate limiting step exists in the grey—green sequence {M-M’} and
the equilibria do not favour the formation of dinuclear species

As mentioned above, much of the conditional phasing arises from the compli-
cation associated with whether the equilibria favour the mononuclear or dinuclear
species. From an encounter probability viewpoint alone, at typical loadings of 1—
100 ppm metal, the bimolecular a step may frequently become rate determining.

2.3 Monometallic and Heterobimetallic CBER: The
Extended Mechanisms

There is a possibility, even a non-negligible probability, that a core CBER mech-
anism does not exist in isolation.

2.3.1 Homometallic Case

A non-disjoint mechanism, which at least in principle allows simultaneous linear—
quadratic kinetics, is shown in Fig. 8. This arises exclusively in the monometallic
case that M =M’ when the core CBER structure is shared with a unicyclic mech-
anism. In this case, there are two pathways for product formation, and this arises
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{M} {M-M} {m} {™M}

Fig. 8 A monometallic non-disjoint mechanism arising when a core CBER structure is shared
with a unicyclic mechanism. Three shades of blue are used to represent the mononuclear sequences

from three interconnected cycles. There is one set of all important steps o and f3, and
there are four sequences of intermediates. Three of these sequences are mononu-
clear and one is dinuclear.

In a non-disjoint homometallic [M]cpgriunt mechanism, the relationships
between steady-state rates are (1) r;=r, (2) r3= o414 If 13 < 1y, the unicyclic
mechanism dominates and the rate of product formation becomes linear in {M}. If
r3>> 14, the CBER mechanism dominates and the rate of product formation can be
either linear in {M} or quadratic in {M} as limiting cases. A special expression for
the total rate of product formation from a non-disjoint [ M]cggr+unt mechanism
would allow a fit to both terms, and it would take a form similar to Eq. 10. The term
k, accommodates the linear part either in terms of a formal summation over
mononuclear intermediates or as a summation of spectroscopically observable
mononuclear during the catalysis. The term k, accommodates the quadratic part
where focus at the moment will be placed on the bimolecular reaction between
mononuclear complexes, namely, the a step.

oo = k1Y [Ii € ML,] + ky([ML,][ML,)), (10)

In the decades following the identification of the stoichiometric cobalt binuclear
elimination reaction by Heck and Breslow, a number of researchers set out to verify
the catalytic analogue. In particular, Whyman [35, 36], Alemdaroglu et al. [37] and
Mirbach [38] conducted in situ spectroscopic analyses using high-pressure infrared
spectroscopy. All groups observed the simultaneous presence of the mononuclear
species HCo(CO), and RCOCo(CO), with simple alkenes (i.e. R =octyl,
cyclohexyl) and the dinuclear complex Co,(CO)g under catalytic alkene hydrofor-
mylation conditions. The general conclusion from Whyman and Mirbach was that

! The rate r has taken a product-centric perspective throughout. However, there are many levels of
interpretation, and they serve different purposes. Taking a metal-centric perspective, the rate
relationships take the form (1) ™r; =1/2 Mr, and (2) Mr; = (1/2)Mr, + M.
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the experimentally found value of the quadratic k2[C0]2term was small but not
entirely negligible, i.e. on the order of 10% (first term greater than second term in
Eq. 11). The studies of Alemdaraglu et al. suggested that the contribution of the
quadratic k,[Co]? term was considerably greater. Hence, the in situ experimental
studies support the contention that a Heck and Breslow binuclear mechanism
indeed existed under genuine hydroformylation conditions, although most
researchers contend that this mechanism is the minor pathway.

riot = k1 [RCOCo(CO),] 4+ k([HCo(CO),] [RCOCo(CO),]),  (11)

A short historical chronology of crucial events in unmodified cobalt carbonyl
chemistry as well as cobalt-catalysed hydroformylation should be taken into
account in order to better understand the context for the above observations. The
first two cobalt clusters to be isolated and identified were Co,(CO)g and Co4(CO);,
[39, 40]. Bor and Noack [41] and Bor et al. [42] using FTIR then confirmed that in
solution two isomers of Co,(CO)g were observable, the all-terminal and the more
favoured di-bridging. HCo(CO)4 was discovered by Hieber et al. [43]. The first
hydroformylation or oxo products were identified by Roelen [44] at Ruhrchemie
when a cobalt containing heterogeneous catalyst was used. Pino et al. [45] carried
out the first stoichiometric hydroformylation of alkenes using Co,(CO)g and this
was followed by the stoichiometric hydroformylation of alkenes using HCo(CO),
[46]. The unmodified catalysis and kinetics were extensively studied by the Natta
group [47] including the negative order in [CO]~'. After their paper of 1960 dealing
with binuclear elimination, Heck and Breslow [9] published a second paper dealing
more with a unicyclic mechanism for cobalt-catalysed hydroformylation. This latter
mechanism is that which is usually, but not always, referred to as the Heck—Breslow
mechanism [48]. Thus circa 40-50 years were spanned between the identification of
aldehydes in cobalt-catalysed hydroformylation and then in situ spectroscopic and
modelling evidence that two mechanisms are present and operating together and
that catalytic binuclear elimination is one of the mechanistic reasons.

A similar in situ spectroscopic strategy was undertaken to determine if a Heck
and Breslow binuclear elimination mechanism might be present in the unmodified
rhodium-catalysed hydroformylation of alkenes. In one study alone, over 15 sub-
strates were investigated where the acyl species RCORh(CO), was always
observed, but under the conditions used, only the linear term was statistically
supported [49]. However, hydroformylation of two substrates, namely, cyclohexene
and cyclooctene, exhibited outlier behaviour. With these two substrates, full con-
version of the catalyst precursor Rhy(CO);, was never observed. Further detailed
study of cyclohexene could not verify a statistically supported quadratic contribu-
tion [50, 51]. The in situ study of cyclooctene at much lower CO partial pressure
was more fruitful, as RCORh(CO),, HRh(CO), and Rh,(CO)g were all observed
simultaneously [52]. At the mean reaction conditions used in this study, 40% of
product formation arose from the quadratic term k,[Rh]?. Therefore, it appears that
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a CBER mechanism is operating in the unmodified rhodium case, at least when
some special substrates are used at appropriate reaction conditions.

riot = ki [RCORN(CO),] + k> ([HRh(CO), ] [RCORK(CO),]), (12)

A short historical chronology of unmodified rhodium carbonyl chemistry as well as
rhodium-catalysed hydroformylation should be taken into account in order to better
understand the context for the above developments. The first two rhodium clusters
to be isolated and positively identified were Rh,(CO);, [53] and Rhg(CO),6 [54].
The solid state structure of Rhy(CO);, exhibited C3, symmetry with three bridges.
In solution, fluxionality of all COs was observed, and this leads to numerous
experimental and theoretical studies. The long sought all-terminal variety of
Rh4(CO),, was not identified until after the advent of the latest generation of signal
processing techniques [55]. The dinuclear Rh,(CO)g is also non-isolatable and was
first observed under hundreds of bar CO partial pressure [56]. This assignment was
then confirmed by Hanlan and Ozin [57]. Experimental in situ FTIR evidence for
the existence of HRh(CO),, with bands at 2,070, 2,039 and 2,008 cm ™ 'under circa
1,600 bar of syngas, was initially reported [58], but this result remained inconclu-
sive due to the extreme overlap of peaks. After the advent of the latest generation of
signal processing techniques, HRh(CO), was identified at 2,124, 2,072 and
2,042 cm~! and its deuterated analogue DRh(CO), was identified at 2,124, 2,072
and 2,042 cm ™ 'under circa 50 bar of syngas [59]. An alkylrhodium tetracarbonyl
RRh(CO), (R =C,Hs) was tentatively reported using high-pressure in situ FTIR
[60], but it is now known that the reported bands are due to the acylrhodium
tetracarbonyl RCORh(CO)4(R =C,Hs) [61-63]. The acylrhodium tetracarbonyl
RCORK(CO), was first reported by Garland and Bor [64] and since then a few
dozen different R groups have been used and the spectra reported. The Nottingham
in situ spectroscopy group has confirmed the aforementioned results concerning
existence of RCORh(CO), using matrix techniques [65].

The first indications of rhodium as an outstanding hydroformylation metal are
attributed to the unmodified patents filed by Shell and Esso in the early 1950s. The
group which perhaps contributed most to kinetic and mechanistic investigations in
the early years was at Vesprem [66] and they confirmed a [CO]_I[HZ] dependency
for the catalysis. However, many groups, but particularly Wender and Pino, con-
tributed greatly to the scope of the synthetic potential [67, 68]. An elegant isotopic
labelling experiment by [69] put an end to the speculation concerning cluster
catalysis with Rhy(CO)1, as precursor and firmly shifted emphasis to mononuclear
catalysis mechanisms. After the discovery of acyl rhodium carbonyl RCORh(CO),,
detailed in situ spectroscopy and chemometrics were combined to better understand
the catalysis. Unicyclic mechanisms, at least for 3,3-dimethybut-ene [70],
cyclohexene [71] and styrene [50, 51] were firmly established where the
[CO]'[H,] rate dependency exists. Thus again, circa 50 years were spanned
between the first identification of the rhodium carbonyls as catalyst precursors in



The Catalytic Binuclear Elimination Reaction: Importance of Non-linear. . . 205

hydroformylation and finally until experimental evidence for catalytic binuclear
elimination was obtained.

In both the unmodified cobalt and rhodium carbonyl cases, the p step will be fast.
Indeed, Ungvary [72] extensively studied molecular hydrogen activation on
Co,(CO)g to give HCo(CO),. The stoichiometric sequence involves the formation
of the hepta-carbonyl, followed by oxidative addition of hydrogen on the dinuclear
centre resulting in the mononuclear species. In the case of mixtures of rhodium
carbonyls in the presence of molecular hydrogen, it is clear that system Rh4(CO),,
Rh,(CO)g and HRh(CO), redistribute to a new equilibrium on a very fast timescale
when the hydrogen partial pressure is changed, even under considerable CO [59].

Returning to the monometallic non-disjoint mechanism in Fig. 8 and starting
with the a step, the following step takes place: the bimolecular reaction between
mononuclear species (HCo(CO)4+RCOCo(CO); or HRh(CO),4 + RCORh(CO)3) to
give aldehyde and the coordinately unsaturated species Co,(CO); and Rh,(CO),
(which are in equilibrium exchange with their respective coordinately saturated
carbonyls M,(CO)g). Then in the sequence involving r,, hydrogen activation on the
dinuclear species occurs and the mononuclear species HCo(CO);/HCo(CO), and
HRh(CO)3/HRh(CO), are generated at the P step. The sequence involving r;
possesses only the coordinately saturated hydrides HM(CO);/HM(CO)4. The
sequence involving r3 possesses HM(CO);/HM(CO),, the coordinated alkene H
(m-alkene)M(CO);, the alkyls RM(CO)3;/RM(CO),4 and finally the acyls RCOM
(CO)3/RCOM(CO),. At the branch point, either the acyl proceeds to the a step,
or molecular hydrogen activation directly occurs along the r4 sequence yielding
aldehyde and HM(CO);/HM(CO),. All sequences are at this point connected. It is
worth emphasizing again that in the CBER mechanism, each mononuclear
sequence picks up or carries with it a moiety which will eventually become part
of the organic product.

2.3.2 Heterobimetallic Case

A non-disjoint mechanism, which at least in principle allows simultaneous linear—
bilinear kinetics, is shown in Fig. 9. This arises exclusively in the bimetallic case
{M} # {M’} when the core CBER structure is shared with a unicyclic mechanism.
In this case, there are two pathways for product formation, and this arises from three
interconnected cycles. There is one set of all important steps o and 3, and there are
four sequences of intermediates. Three of these sequences are mononuclear and one
is dinuclear.

In a non-disjoint heterobimetallic [M = {M}, {M' oAM - M Heper+unt mech-
anism, the relationships between rates are (1) r; =r, 2) r3=r+ 1'4.2 If r3 K 1y, the
unicyclic mechanism dominates and the rate of product formation becomes linear in

2Taking a metal-centric perspective, the rate relationships take the form (1) Mr =™, and
(2) Ml‘3:MI"2+MI‘4.
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{m} {M-M'} {™m} ™M}

Fig. 9 A heterobimetallic non-disjoint mechanism arising when a core CBER structure is shared
with a unicyclic mechanism. The orange shaded region involves mononuclear species of M, and
the two shades of blue are used to represent the mononuclear sequences involving M’

{M'}. If r3 > ry4, the CBER mechanism dominates and the rate of product formation
can be either linear in {M} or {M’} or bilinear in the product of {M} and {M’}as
limiting cases. A general expression for the total rate of product formation from a
non-disjoint heterobimetallic [ M = {M}, {MI}, {M — M/}]CBERHJNI mechanism
would allow a fit to three terms, and it would take a form similar to Eq. 13. The term
ky accommodates the linear part either in terms of a formal summation over
mononuclear intermediates {M'} or as spectroscopically observable mononuclear
during the catalysis. The term k, accommodates the bilinear part where focus at the
moment will be placed on the bimolecular reaction between mononuclear com-
plexes, namely, the o step.

roe =k [l € ML,] + ko ([ML,] [ML,]), (13)

One of the earliest indications that the heterobimetallic [M]cpgriunt catalytic
mechanism may exist came from the work on the addition of lanthanide complexes
to unmodified cobalt-catalysed alkene hydroformylation [73]. Upon addition of the
lanthanide complexes, a dramatic rate increase was observed. Lanthanides are
known to readily generate highly reactive hydrides, and this would support the
supposition that lanthanide hydrides are attacking the acyl cobalt complex RCOCo
(CO)3/RCOC0o(CO)y. In situ spectroscopic analysis was not available/reported.

In a series of studies, HMn(CO)5 [61-63, 74], HRe(CO)s [75-78], HMoCp(CO);
[77, 78] and HWCp(CO); [79] the complexes were added individually to
unmodified rhodium-catalysed alkene hydroformylations. In situ FTIR spectros-
copy was performed on all systems, and detailed modelling was performed on the
more well-behaved systems containing HMn(CO)s and HRe(CO)s. Additional
isotopic approaches were used to verify that a CBER mechanism was involved
(see Sect. 3 for details). A number of different substrates were used. Both the HMn
(CO)s and HRe(CO)5 containing systems provided unambiguous support for a
two-term expression (Eq. 14) where the bilinear term contributed up to circa 90%
of the product formation (note: M = Mn, Re).
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riot = k1 [RCORN(CO),] + k> ([HM(CO)5] [RCORN(CO),]), (14)

Relating these results (Fig. 9) and starting with the « step, it is inferred that there is
bimolecular reaction between mononuclear species (HM(CO); + RCORh(CO);) to
give aldehyde and the coordinately unsaturated species MRh(CO)g (which are in
equilibrium exchange with their respective coordinately saturated and observed
carbonyls MRh(CO)y). Then in the sequence involving r,, hydrogen activation on
the dinuclear species occurs and the mononuclear species HM(CO)s and HRh(CO)5
are generated at the f step. The sequence involving r; possesses only the coordi-
nately saturated hydrides HM(CO)s. The sequence involving r; possesses HRh
(CO)3/HRh(CO)y4, the coordinated alkene H(zm-alkene)Rh(CO)s, the alkyls RRh
(CO)3/RRh(CO), and finally the acyls RCORh(CO)3/RCORK(CO),. At the branch
point, either the acyl proceeds to the a step, or molecular hydrogen activation
directly occurs along the r; sequence yielding aldehyde and HRh(CO);/HRh
(CO),4. All sequences are at this point connected.

2.4 Disjoint CBER + Unicyclic Mechanisms

The mechanisms discussed in Sects. 2.3.1 and 2.3.2 arose spontaneously upon the
addition of just one or at most two organometallic precursors without modifiers
(phosphine-free, carbene-free etc.). Briefly, it is important to mention that disjoint
CBER + unicyclic mechanisms might arise given the correct circumstances; however,
it appears that many of these systems will not arise spontaneously with a minimum of
reagents but rather would probably require deliberate intervention and planning by the
experimentalist in order to achieve. The main message is that with planning, it is
probable that disjoint CBER + unicyclic mechanisms could be constructed which
would possess linear, bilinear and/or quadratic terms, more or less simultaneously
similar to Egs. 10 and 13. For example, in Fig. 10 the non-linear mechanism may be
the known and unmodified [ M = {Re}, {Rh}, {Re — Rh} ]cpgr+unt for hydrofor-
mylation and the linear mechanism might be a tridentate modified [M = {Rh} Jynt
also for hydroformylation. Hence caution will be needed when deciding what types of
mechanism are operating when exotic recipes using simultaneously different metals
and different modifying ligands are implemented.
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Fig. 10 A hypothetical catalytic system for hydroformylation, which simultaneously possesses both
an unmodified [ € {Re}, {Rh}, {Re — Rh}]cggr+unt and a tridentate modified [M € {Rh} Jynt.
The kinetics of such systems using simultaneously multiple metals and multiple modes of modifica-
tion will require considerable care when interpreted, due to the very real potential for multiple linear,
bilinear and quadratic terms

2.5 Increased Synthetic Efficiency

In the day-to-day practice of performing reactions, experimentalists make repeated
use of some basic definitions and guidelines. In terms of definitions, conversion of
substrate, selectivity to a specific product and yield of the target molecule are the
most common and essential for quantifying the syntheses. In terms of guidelines,
simple reaction design considerations are used to decide (a) what order to add
reagents and (b) how to add organic reagents, i.e. dropwise, or all at one time. On a
more advanced level and focused on catalytic syntheses, two definitions are fre-
quently used:

1. The definition of turnover number TON (moles product/mole metal)
2. The definition of atom economy [80]

The existence of non-linear catalytic mechanisms provides the opportunity to
expand on the concepts associated with synthetic efficiency. The well-defined cases
of quadratic, bilinear, linear—quadratic and linear—bilinear kinetics rates with
respect to intermediates, illustrated in Sects. 2.3.1 and 2.3.2, suggest that new
possibilities for extending the scope of increased synthetic efficiency exist.

Assume that there are five different mechanisms for the same overall syntheses
and that these mechanisms are unicyclic, quadratic, bilinear, linear—quadratic and
linear-bilinear. Furthermore, assume that at a concentration of 1 mmol/L metal
loading, each system has the same rate, namely, 1 mmol/min. Holding the amount
of metal at a constant 1 mmol, these five systems are expected to show rates similar
to that in Fig. 11a as a function of volume. In other words, simply by changing the
volume, the metals in the non-linear systems are being utilized in a far more
efficient manner. In the real world, there will be limits due to transport control
and formation of higher nuclear species as the volume decreases, and there will be
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Fig. 11 A comparison of rates from linear and non-linear mechanisms. (a) A generalized case in
the absence of deactivation. (b) A generalized case in the presence of deactivation

more and more metal consumed by impurities as the volume increases, and many
real-world scenarios would look more like that presented in Fig. 11b.

Next, compare just a bilinear and quadratic mechanism, where M is a cheaper
base metal and M’ is a precious metal. In the case of the bilinear system, the amount
of precious metal M’ will be held constant and the amount of base metal M will be
increased ten times. In the case of the quadratic system, the amount of precious
metal will be increased ten times. The corresponding rates are shown in Fig. 12. In
the bilinear system, without the use of more precious metal, substantial increases in
rate can be achieved. At some point, the addition of the base metal M to the systems
[M = {M}, {M'}, {M- M/}]CBER will result in the 73 sequence becoming rate
limiting; however, until that point is reached, a bilinear advantage would control
product formation. In an age when the supply of precious metals is not expanding
and in many instances is dwindling and given the ever-increasing demand for fine
and speciality chemicals, bilinear kinetics [ M = {M}, {M/}, {M-— M/}]CBER or
[ M ={M}, {MI}, {M — MI} leBersunt offer possibilities to use the available
precious metal in a more economic or prudent manner. To truly extract the potential
of non-linear mechanisms, there should be reconsideration of continuous rather
than batch modes of synthesis as well.

In summary for this section, it would appear that at least a third advanced
concept for homogeneous catalytic synthetic efficiency can be stated:

3. Prudent use of mechanisms [M] which exhibit intrinsic non-linear kinetics so
that the yield of product with respect to precious metal can be maximized
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2.6 Regio-, Chemo- and Stereoselectivities

Presently, there is very little known concerning selectivity patterns in [M]cggr and
[M]cper+unt. There were attempts in our laboratory to detect regioselective
changes in unmodified [ M = {Mn},{Rh},{Mn —Rh} Icpgr+uni and
[M = {Re}, {Rh}, {Re — Rh}]cpgr+uni, but these studies were inconclusive. Addi-
tionally, bidentate  phosphines were used in conjunction  with
[ M = {Re}, {Rh},{Re — Rh} Jcger+unt as a prelude to stereoselective studies,
but at the typical room temperatures used for previous unmodified [ M = {Re},
{Rh}, {Re — Rh}]lcper+uni the systems did not appear to turnover. It would appear
that more work in this area is needed in order to better understand the potential for
[M]cer and [ M]cpger+unt to control selectivity. A cursory inspection suggests that
severe steric constraints in the o step may direct preferential regioselectivity
towards terminal products. Furthermore, the idea that not just one but two metals
could be simultaneously modified using chiral ligands suggests that if an a step
exists in such systems, then given the chirality on {M} and the chirality on {M’},
perhaps the energetics are such that very high stereoselectivities might arise in
some types of reactions (think of the diastereomeric pocket in enzymes as perhaps a
similar example). Therefore, this area looks potentially fruitful for dramatic selec-
tivity increases due to the above-mentioned reasons. Due to considerable branching
of the main reaction pathways, such systems are expected to be difficult to represent
and visualize diagrammatically.
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2.7 Feinberg, Horiuti and Wegscheider Criterion
2.7.1 The Feinberg Deficiency Theorems and Stability

In the physical sciences, many natural and man-made systems exhibit instabilities,
in particular, dampened, indefinitely periodic and undampened oscillations. Such
oscillations are found in mechanical systems, electrical systems, biological systems
and indeed chemical systems. Perhaps the most well-known chemical oscillations
are those associated with the liquid phase redox systems, the Belousov—
Zhabotinsky system which is cerium catalysed and the Briggs—Rauscher system
which is manganese catalysed and their related chemistries [81], which, in addition
to showing temporal oscillations, may show spatio-temporal oscillations as well in
both 3D and 2D environments. Most of the conceptual foundations for this area can
be traced back to the mathematician and computer scientist Alan Turing and his
seminal paper in which he proposed the existence of all these classes of chemical
oscillations [82].

Given the non-linear structure of the CBER mechanisms [M]cggr and
[M]ceer+unt and given the pronounced rate enhancements that can take place,
their stability should be questioned. Said another way, is it possible that such
mechanisms contribute to product formation from repeated fast and slow rate
intervals, or is it possible that such mechanisms contribute to product formation
for a brief time but then decay?

Over a three-decade period, Feinberg [83] developed the criteria for answering
chemical network stability questions, given any reaction with any given number of
reactants. The basis for the so-called deficiency theorems is rooted in topology
(structure), but in short summary, one takes each reaction with each set of inputs
and outputs and defines new quantities called complexes. After summing over all
individual reactions, all reactants and all complexes, one obtains the criterion.

Our group has applied the Feinberg deficiency criteria for quadratic, bilinear,
linear—quadratic and linear—bilinear CBER systems for both realized and hypoth-
esized hydroformylations and hydrogenations with varying degrees of complexity/
selectivity. As far as we can tell, there is no fundamental reason that CBER systems
should be unstable. The important converse conclusion is that CBER systems are
synthetically useful in the generalized case since they are kinetically stable.

2.7.2 Enumeration of Synthetic Pathways: The Horiuti Criteria

For symmetric substrates in hydroformylation, the non-linear structure of the CBER
mechanisms [M]cggr and [M]cger+unt are visually, diagrammatically and con-
ceptually rather straightforward to follow. When considerations of selectivity are
included, be these considerations regio-, chemo- and stereoselective or a combina-
tion thereof, issues rapidly become very complex. A question that one may ask is
this: given a CBER mechanism with simultaneous regio-, chemo- and stereo-
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aspects, resulting in PR products, how many pathways PW are there for these
product syntheses? One could try to draw out the entire network and then trace
out all independent pathways, but errors are likely to occur for very complex
networks.

Horiuti was faced with a similar problem, but arguably, on a more difficult scale.
He was trying to figure out the number of independent pathways in heterogeneous
systems [31]. The Horiuti criteria are also based on topological arguments, and
therefore, the conclusions obtained can be taken with a great deal of confidence.
The Horiuti criteria are straightforward to implement after writing all the assumed
individual steps in any order. They do not have to be structured. After entering all
the needed information on steps and reactants, an integer number is obtained. This
is the number of independent pathways. The Horiuti criteria seems to be the most
rational approach to take with non-linear and selective reaction mechanisms in
order to understand how many independent pathways PW to the multiple products
PR occur. The most important consequence of PW > PR in complex systems is that,
in the construction of any truly accurate kinetic model, expressions to account for
PW independent pathways and not just the PR products need to be developed.

The unicyclic graphs possessing {M} and {M-M}/{M-M’} containing loops in
Fig. 4 have PR =1 product and PW =2 independent paths. The chemoselective
graph [M] in Fig. 5 has PR =2 products and PW = 2 independent paths. The CBER
mechanisms [M]cggr in Figs. 2 and 7 have PR =1 product and PW =1 indepen-
dent paths, and the CBER mechanisms [ M]cggr4unt in Figs. 8 and 9 have PR =1
product and PW =2 independent paths.

2.7.3 Detailed Balance, Cycles and Constraints

Wegscheider is generally credited with developing the first detailed balancing for
complex chemical systems and more specifically catalytic systems [84]. In distilled
form, all the steps in a mechanism are constrained, in a non-trial manner, to the
overall organic reaction involved and particularly the A,G of the organic reaction.
Hence for a simple unicyclic network, the product of all the forward rate constants
are related to the product of all reverse rate constants for all times. This holds from
reaction start up to end of the reaction when the entire system is equilibrated. The
arguments in the rate constant exponentials sum up to +/—(A.G/RT). If the forward
product and reverse product are equal, then all rate constants cannot be indepen-
dent. Since the metal-mediated homogeneous mechanisms mentioned in this chap-
ter are fairly complex and since there are a number of simultaneous material and
kinetic constraints operating, it is worthwhile to briefly review two cases, one from
[M] and one from [9M].

In Sect. 2.1 a chemoselective unicyclic mechanism was presented for a simul-
taneous hydroformylation and hydrogenation of cyclopentene. This mechanism, by
definition, possesses intermediates of only mononuclear intermediates. The updated
figure which provides emphasis to constraints is shown in Fig. 13 where additional
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Fig. 13 A representation of AG cyclel
. . . r
a chemoselective unicyclic
mechanism for aldehyde
and alkane formation, as
clarification for the multiple
constraints enumerated in
Sect. 2.7.3

A Gr:yclez
-

notation for Gibbs energy of reaction and sets of rate constants {k;} on the cycle
associated with each group are provided.

If in situ spectroscopy is available for (i) identifying intermediates,
(ii) establishing mass balances and (iii) developing rate expressions, then in an
ideal world, an attempt to address at least the following constraints should be
performed:

1. Total and partial mass balances on metal in moles N:

a. Total mass balance : N®¥* = NM| 4 pyspectator 1 pyinsoluble
b. conversion = N(¢)P"™ /N (0)Pre=r
selectivity = N(¢) M) /(N (;)Pm“rsor _ N(O)precursor)
yield = N(¢) M] JN(0)Precurser
c. partial mass balances : NM = N"1 4 N> 4 N5
d. Let s denote the instantaneous selectivity for hydroformylation, then
Noele b — N+ gN™_ moles of metal doing work in cycle 1, and
N2 — (1 — )N + N, moles of metal doing work in cycle 2.

2. Concerning total rates and partial rates, let (i) the rate of aldehyde production be
74 and the rate of alkane production be 7*¥, (ii) the free energy of aldehyde
formation be ArGald and the free energy of alkane formation be A,Galk and (iii)
the corrected and exact turnover frequency of aldehyde formation be TOF*'“ and

the corrected and exact turnover frequency of alkene formation be TOF**,

a. _rcyclopemene — rald + ralk

_rcyclopemene =ry=7r + r

b. ArGald — ArGCyclel
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Fig. 14 A representation of the PW =2 pathway, single-product heterobimetallic [ M € {M},
{M' }, {M -M }]CBER+UNI mechanism, as clarification for the multiple constraints enumerated in
Sect. 2.6.3

ArGalk — AchycleZ
So the free energies of the two cycles (and by inference rate constants) are
related since the {k,} sequence is common.
c. corrected TOFd = pald /yeyelel — . /pyeyelel
corrected TOFYk = jalk /NCy01e2 =r3/ Neycle2

In Sect. 232 a single-product heterobimetallic — [M = {M}.{M},
{M _M/}]CBER+UNI mechanism was presented for a hydroformylation where
PW =2 simultaneous pathways exist. The updated figure which provides emphasis
to constraints is shown in Fig. 14 where additional notation for Gibbs energy of
reaction and sets of rate constants {k;} on the cycle associated with each group are
provided.

If in situ spectroscopy is available for (i) identifying intermediates,
(ii) establishing mass balances and (iii) developing rate expressions, then in an
ideal world, an attempt to address at least the following constraints should be
performed:

1. Total and partial mass balances on metal M and M’ in moles N:

a. Total mass balances:
NM-sys — N{M} + N{M—M’} + N M-spectator + N M-insoluble
NM'—sys — N{M'} + N{MfM’} + NM’—spectator + NM'—insoluble
NT — NM-sys + NM’—sys
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b. conversion™¥s = N (¢)MPrecurer /() Mprecursor
selectivityM'sys = (N( ){M} + N( ){M*M/})/(N(I)M'PTCCUFSOF _ N(O)M-precursor>
yieldM-S}N ( {M} + N ){M -M }) /N( )M-precursor
COnversionM . N( )M’ precursor/N(O)M -precursor
SeleCtivityM,'SYS = <N(1‘){M/} + N(t){M*M/}> / (N(t)M’*Precursor _ N(O)M’—precursor>
yieldM"SyS = (N([){M’} + N(t){MfM’}) /N(O)M’—precursor
c. Partial mass balances:
NM = N{M} + N{M_M/} = N + N2
NM — NIM} L NIMEM N N N
d. Let @' denote the instantaneous fraction of hydroformylation product arising
from cycle 1 =CBER, and let @? denote the instantaneous fraction of
hydroformylation product arising from cycle 2 = UNI; then

NCBER — N 2N 4+ @!N"™, moles of metal doing work in cycle 1, and
NUNU — @’N™> + N™ | moles of metal doing work in cycle 2

2. Concerning total rates and partial rates, let (i) the rate of aldehyde production
from the CBER mechanism be 7*'“! and the rate of aldehyde production from the
unicyclic mechanism be "%, (ii) the free energy of aldehyde formation be

A.G™ and (iii) the corrected and exact turnover frequency of aldehyde forma-

tion be TOF*!" from the CBER mechanisms and the corrected and exact

turnover frequency of aldehyde formation be TOF*%* from the unicyclic

mechanism.

a. _rcyclopemene — raldl + ra1d2

b. A,GM — A,GCBER
ArGald _ AchycleZ
So the free energies of the left-hand and the right-hand side in Fig. 14 (and
by inference rate constants) are related by the interesting result:
AGCBER _ A Glls} — A Govele2 _ A Glks}
c. corrected TOFU-CBER — jaldl NCBER _ . /NCBER _ . /NCBER
corrected TOFI4-UNI — jald2 /yUNI _ . /\7UNI

The corresponding results for the remaining three mechanisms in this chapter,
namely, the monometallic and heterobimetallic CBER mechanisms [M]cggr and
the monometallic CBER mechanism [#M = {M}, {M — M} ]cpgr+unt, are readily
obtained from the methods derived above. Each provides a new set of relationships,
previously unreported for catalytic systems.
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2.8 Other Systems, Other Non-linear Mechanisms
2.8.1 Importance of Pre-catalytic Stoichiometric Transformations

There is a class of stoichiometric reactions which exacerbate the interpretation of
catalytic rates and which must be mentioned. This class of stoichiometric reactions
confound not only the novice in catalytic sciences but occasionally seasoned
practitioners as well, since extremely dramatic effects on catalytic reaction rates
can arise — and of course, these may then be misinterpreted as suggesting some sort
of cooperativity or synergism in the catalytic mechanism.

This class of stoichiometric reactions are those associated with the conversion of
the catalyst precursor to intermediates. The half-lives for conversion can easily vary
over many orders of magnitude — seconds to days (especially when inorganic salts
or micronized metal is used). Moreover, depending on the ligands present, their
concentrations, the auxiliaries used and the sequence of additions, the selectivity to
spectator species rather than intermediates may be favoured and the ultimate yield
of intermediates is severely affected. This idea is presented in Fig. 15.

Two examples supported by detailed in situ spectroscopic studies will highlight
the above problem.

System [ A variety of monometallic rhodium complexes and heterobimetallic
cobalt—rhodium carbonyl complexes were used as catalyst precursors for the room

Fig. 15 An illustration of a

the effect of pre-catalytic ML, MM’L_,
transformations on the

ultimate performance of a A

system. (a) A system where ry
most of the metal M in the

catalytic precursor is A
transformed to
intermediates in a unicyclic C
mechanism [M]yn;. (b) A

system where little of the

metal M in the catalytic

precursor is transformed to

intermediates in a unicyclic b
mechanism [M]yni. ,
Accordingly, holding Sl

everything else equal, the vy

maximum observable rates
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temperature unmodified catalytic hydroformylation of 3,3-dimethybut-1-ene
[85]. The dinuclear heterobimetallic cobalt—rhodium carbonyl complex CoRh(CO),
disappeared completely from solution in circa 5 min. The yield of rhodium interme-
diates, specifically the observable RCORh(CO),, was basically 100%. The system
exhibited a very high rate of reaction after the 5 min induction period. The observable
RCOCo(CO),4 was found to contribute no statistically significant amount of product
formation at the conditions used. The other monometallic rhodium complexes
exhibited half-lives to RCORh(CO), on the order of 1 h to circa 8 h. Moreover, the
selectivity to RCORh(CO), was in some cases significantly less than unity (particu-
larly when using RhCl3), and hence the yield of RCORh(CO), was seriously dimin-
ished. As expected, these latter systems exhibited considerably lower rates than the
system generated from CoRh(CO),. To make sure that no inadvertent error was made
with the mass balances, the turnover frequencies TOF based on instantaneous RCORh
(CO)4 in each system were evaluated and were found to be the same.

System 2 The polynuclear precursor Ru3(CO);, can be used to carbonylate piper-
idine under CO with 100% selectivity. The system is particularly sensitive to the
sequence of additions and holding times of the reagents, or in other words, the start
up [86]. Thus, if Ru3z(CO),, is added to piperidine under 1 bar CO, a very gradual
disappearance of Ru3(CO), occurs, almost no detectable new mononuclear species
can be observed, and the rate of product formation is negligible. If, however,
Ru3(CO);, is added to piperidine under 50 bar CO, a very rapid disappearance of
Ru3(CO)y, occurs, with nearly quantitative formation of Ru(CO)s. Under these
conditions the rate of product is negligible. However, then by lowering the system
pressure to say 5 bar, a very active system is created where the concentration of
mononuclear intermediates appears entirely stable in time. Thus System 2 illustrates
the stunning difference between circa 0% and 100% yield of intermediates using
exactly the same set of reagents.

2.8.2 Other Non-linear Systems and Another Possible Non-linear
Mechanism

As mentioned in Sect. 1, the field of cooperative or synergistic behaviour is very
broad and this chapter is certainly not the appropriate place to survey the area.
Having said that, mention was made of Jacobsen’s quadratic systems in Sect. 2.2.1
although there are some dissimilarities with monometallic CBER. Other groups of
reactions which have attracted this author’s attention are the Pt—Sn hydrofor-
mylation systems and the Ir—Ru Cativa process for acetic acid [87]. A common
theme in the Pt—Sn and Ir—Ru systems appears to be the need of the second metal
(Sn or Ru) in order to abstract a halogen from the first metal, thereby freeing a
coordination site. Catalytic bimetallic systems where a second metal is needed to
abstract a halogen should, at some level, exhibit a bilinear term to reflect the
abstraction.
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Therefore, this author started to consider the possibility of a non-linear mechanism
where there are two sets of mononuclear intermediates and no dinuclear intermedi-
ates. Instead of a set of dinuclear intermediates, there is just one transition state. If

such systems were to exist, namely, a homometallic [ = {M},{M —M}'] or

heterobimetallic [M = {M}, {M/}, {M-— M/}f] mechanism, then they might have
structures that have some similarity to that presented in Fig. 16.

The essence of the above argument can be easily concluded. The limiting rate
expressions for the non-linear mechanisms in Fig. 16 will be linear in M, linear in
M/, quadratic in M and bilinear in MM’ and resemble in large part the generalized
forms present for the non-linear CBER mechanisms in Sects. 2.2 and 2.3. Therefore
there might be quite a variety of non-linear mechanisms which can give rise to
linear in M, linear in M’, quadratic in M and bilinear in MM’ rate Kinetics.
Considerable attention will need to be given in the future a classification so that
the field of cooperativity and synergism can develop in a structured manner.
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3 The Catalytic Binuclear Elimination Reaction

3.1 Chemistry, Structure

This section will concentrate on the single-product heterobimetallic hydrofor-
mylation [M = {Re}, {Rh}, {Re — Rh}]cpgr+unt mechanism, although the analo-
gous Mn—-Rh, Mo—-Rh and W-Rh systems will be selectively used to emphasize
various issues.

The single-product heterobimetallic hydroformylation [ % = {Re}, {Rh},
{Re — Rh}]cggr+unt mechanism is typically initiated by the combined application
of HRe(CO)s and Rhy(CO);, as catalyst precursors to a n-hexane solution
containing an alkene, hydrogen and CO at ambient temperature [75-78]. The
structure of the system is shown in Fig. 17 where the original form of representation
is retained. As mononuclear observable intermediates in the system, both coordi-
nately saturated HRe(CO)s and RCORh(CO), have been quantified, and as
dinuclear observable intermediate in the system, coordinately saturated RhRe
(CO)y has been quantified, by in situ FTIR spectroscopy.

Unfolding the mechanism and re-representing it in the newer format introduced
in this chapter, [ = {Re}, {Rh}, {Re — Rh}]cper+unt takes the form of that in
Fig. 18. At this point it is possible to readily identify the aforementioned

H co
oc—Rh'ii
| ~co

e H
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oc, A CO .
H™ | > H Rh
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RhRe CO), .
+H, HRe(CO);
R_ O hRe(CO)
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Fig. 17 The original representation of the Rh—Re CBER catalysis (reprinted with permission from
Li et al. [75]. Copyright (2007) American Chemical Society)
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{Re} {Re-Rh’}  {Rh’} {Rh’}

[M]casmum =

Fig. 18 The Rh-Re CBER mechanism for hydroformylation [ = {Re}, {Rh}, {Re — Rh} Jcgrr
+un1 presented in the format introduced in this chapter with additional annotation for the coordinately
saturated and observable intermediates (i) HRe(CO)s, (if) RCORh(CO),, (iif) RhRe(CO)y and (iv) HRh
(CO),4 (a thatched representation is used for the hydride as it was only clearly identified in a homometallic
CBER). For visual clarity, the additional reagents which enter and exit from line segments connecting
reservoirs have been omitted

observables and more easily assign them to their roles. The « step is the bimolecular
reaction of HRe(CO)s5 and RCORh(CO), to yield the aldehyde and an unsaturated
Rh-Re carbonyl. The f step involves hydrogen activation on the saturated Rh—Re
carbonyl RhRe(CO)y after CO dissociation to give HRe(CO)5 and the coordinately
unsaturated HRh(CO);. HRe(CO)s is present in the | sequence, both as reagent for
the a step and as product of the 3 step. The observable dinuclear species is present in
the r, sequence. HRh(CO); and RCORh(CO), are present in the r3 sequence. The
coordinately unsaturated HRh(CO); is in equilibrium exchange with HRh(CO),.
The intermediates RCORh(CO), and RCORh(CO); may proceed to the step a or
may enter the r, sequence. If it proceeds through the r, sequence, then the unicyclic
mechanism is completed and aldehyde and HRh(CO); are produced in a second
pathway.

3.2 In Situ FTIR Spectra and Kinetics

In situ FTIR spectroscopy was used to study all the [M]cggr+unt Systems men-
tioned in this Sect. 3. Advanced signal processing was used in all of these studies.
The foundations for the mathematics used as well as details on the chemometric
procedures used have been summarized elsewhere (see Sect. 1.4). Here it is
sufficient just to mention the main algorithm by name, band-target entropy mini-
mization (BTEM), which untangles large sets of raw experimental spectra into the
individual pure component spectra, using no a priori information. Thus, in the case
of [M = {Re}, {Rh}, {Re — Rh}]cpgr+unt, the pure component spectra obtained
included the alkene and aldehyde as well as the organometallics shown in Fig. 19.
Hundreds of raw spectra were used as input to achieve the results in Fig. 19.
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Fig. 19 The pure
component spectra obtained
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hydroformylation of A
cyclopentene (reprinted
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et al. [75]. Copyright (2007) b
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Approximately 99% of the spectroscopic signals in the raw spectra can be
accounted for by the six pure component spectra in Fig. 19 (the dissolved CO and
the solvent n-hexane are excluded).

The pure component spectra were then fit back onto the original raw
multicomponent reaction spectra in order to get the signal contribution of each
pure component spectra, and calibration was achieved using the known quantities
of Rh and Re moles used in each experiment. The results are sets of smooth
concentration profiles in time. A typical profile for a 300 min hydroformylation
experiment is shown in Fig. 20. As this figure shows, there is a fast nearly step
change in the concentration of HRe(CO)s after addition, with the immediate
formation of significant amounts of RhRe(CO)o. The concentration of the observ-
able precursor Rhy(CO),, approaches zero at circa 150 min, and at the same time
the concentration of RCORh(CO), has been attained at maximum. The induction
period (initial curvature) in the profile of aldehyde is minimal. Care was taken to
ensure that experiments reported are free from transport control in either H, or CO.

It was possible to model the rate of aldehyde formation with exactly two terms,
one term being linear in the concentration of RCORh(CO), and the second being
bilinear in RCORh(CO), and HRe(CO)5 (Eq. 15a). The expanded rate constant k;
for the linear term is entirely consistent with the kinetics of the simple rhodium
unicyclic hydroformylation of alkenes as studied using in situ spectroscopic data
[75]. The expanded bilinear rate constant &, clearly shows that molecular hydrogen
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is not involved. The unusual exponent for CO of circa —1.5 is highly reproducible
and has been consistently observed for Rh—Mn and Rh—Re systems.

r = (ki + k2[HRe(CO);]) [RCORK(CO),] (15a)
ki =k [(CO)] ™' [Hy] (15b)
ka = ky[(CO) ™ (15¢)

In the case of the Rh—Mn systems modelled, circa 10—40% of the product formation
arose from a bilinear term; in the case of Rh—Re systems, up to circa 90% of the
product formation arose from the bilinear term. This situation existed in spite of the
fact that on a mole-to-mole ratio, the ratio of Mn:Rh and Re:Rh was <1, and blank
experiments run with just HMn(CO)s or HRe(CO)5 confirm that neither metal alone
shows any measurable activity at the conditions used. At the partial pressures of
hydrogen used, the mole fraction of dissolved H, was on the order of 0.01. The
typical mole fraction of Re used was 1072, Therefore, on a mole-to-mole basis, HRe
(CO)s is circa 1,000 times more effective than molecular hydrogen towards attack
on RCORh(CO)y,.

3.3 Isotopic Labelling

In order to make sure under catalytic hydroformylation conditions that the H in HRe
(CO)s was incorporated into the product aldehyde, deuteroformylations were
conducted with D, and then HRe(CO); was injected into the system. These exper-
iments showed that the H label in HRe(CO)5; was exclusively incorporated in the
formyl group of the organic product [75].
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The ease with which bimolecular reactions between mononuclear species were
occurring in the mechanisms [M = {M}, {M' boAM - M Heper+uni leads to some
concern about potential for partial product formation reversibility. Therefore, a
triply labelled cyclopentane carboxaldehyde was prepared (CsHgD)'*CDO. This
triply labelled product was then injected under hydroformylation conditions where
H, and natural abundance CO were used. There was no indication whatsoever over
the circa 4 h reaction that any (C5H3D)13CDO was incorporated into the mechanism
[M = {M}, {MI }, {M -M }]CBER+UNI and then converted back to product either
as (CsHgD)'?CDO or (CsHgD)'>CHO or (CsHgD)'*CHO by a partially reversible
network.

3.4 From Stoichiometric to Catalytic Binuclear Reaction

The work on stoichiometric binuclear elimination by Heck and Breslow in the
homometallic case and the extensive work by Unvary and Kovak in the heterobi-
metallic case were the primary drivers for encouraging the search by Penninger,
Mirbach and others for the catalytic cases.

Now with the identification of clear-cut [ M = {M}, {M — M} Icggr+unt and
(M = {M}, {M/ }, {M -M }]CBER+UNI hydroformylation systems, the issues come
full circle. So the question arises: can one start with a stoichiometric binuclear
elimination reaction and let it run until it has exhausted its potential and then restart
it by application of hydrogen and at the end obtain a fully functioning
[ M= {M},{M —M} ]cger+suni and [ M = {M}, {M,}, {M— M,} JeBER+UNT
system?

The question can be answered in the affirmative. Thus, HWCp(CO); and
Rh4(CO),, were introduced as precursors to a solution containing n-hexane as
solvent and cyclopentene and CO. Various perturbations were made by introducing
additional aliquots of HWCp(CO); and cyclopentene during the first 160 min. At
each perturbation, there was a very fast redistribution of organometallics with
additional formation of aldehyde. The concentration of the dinuclear species
RhW(CO),Cp increased at each perturbation. At circa 160 min, H, was introduced.
A marked transition to catalytic behaviour occurred with an increase in the con-
centration of HWCp(CO); and decrease in the concentrations of Rhy(CO),, and
RhW(CO),Cp. The results are shown in Fig. 21.
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3.5 Miscellaneous Mechanistic Issues

3.5.1 More on the p Step

Molecular hydrogen activation, into homolytically (or heterolytically) split hydro-
gen, is usually considered a very difficult step to achieve. Indeed, a significant
portion of the mechanistic work on organometallics and homogeneous catalysis by
James [88] and others clearly shows the usually high activation barriers and general
difficulty encountered when other strongly binding ligands like CO are present to
fill coordination sites. Although mononuclear organometallics were used in the vast
majority of studies, it had been widely surmised that dinuclear centres and partic-
ularly heterobimetallic dinuclear centres might yield lower activation energies and
potential new opportunities.

One of the earliest well-defined examples of very facile hydrogen activation on a
dinuclear complex occurs with CoRh(CO);, a formally coordinately unsaturated
semi-bridged species first tentatively reported by Spindler et al. [89] and then
confirmed by Horvath et al. [90]. Although crystallisable under CO at cryogenic
temperatures, it was never isolated. This species remains coordinately unsaturated
even under tens of bars of CO pressure. The equilibrium is shifted to the coordi-
nately saturated and all-terminal CoRh(CO)g in the range of 100 bar [70]. In situ
hydrogen activation studies showed that molecular hydrogen was split on CoRh
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(CO); in the presence of substantial concentrations of CO to yield HCo(CO), and
Rh4(CO), [91]. Importantly, the hydrogen activation kinetics are zero order in CO
— no dissociation step is needed prior to H, oxidative addition [92]. The typically
observed half-life of the reaction in the range of 250-293 K is 1-2 min which
corresponds to the mixing time of the reagents used.

The above reaction suggested that it would be instructive to mix HRe(CO)5 and
Rh4(CO),, in n-hexane solvent both in the presence and absence of dissolved
CO. In both cases, reaction occurred on the timescale of mixing, and the product
was all-terminal RhRe(CO), [61-63]. By varying the hydrogen partial pressure, it
was possible to show that the reaction is reversible and very rapid, again on the
mixing timescale, pushing the organometallics back towards HRe(CO); and
Rh4(CO),. As of the present writing, direct hydrogen activation experiments on
pure RhRe(CO)y in n-hexane have not been performed, since no attempts to isolate
RhRe(CO)q have ever been made.

3.5.2 Hydride Pools and Minimal Cluster Concentrations

From an in situ spectroscopic and chemometric view point, the lack of measurable
quantities of Rhy(CO)g and Rhe(CO);¢ in heterobimetallic CBERs is one of the
most obvious differences with homometallic rhodium hydroformylations. This is
clearly related to the very aggressive nature of the hydrides HMn(CO)s, HRe(CO)s,
HWCp(CO); and HMoCp(CO); towards higher nuclearity rhodium carbonyls. It
also suggests that in the heterobimetallic systems, there is slightly better utilization
of rhodium due to the deduced concentrations of these di- and multinuclear
reservoirs.

3.5.3 Hydrogen Bonding and Deactivation

There are many other details to explain in the CBER systems [#M = {M},
{M = M} cppraona and [ M = {M},{M'},{M —M'} lcgersuns, but we will
end with just one of these. In the [ = {Mo}, {Rh}, {Mo — Rh}]cggrsunt and
[M = {W}, {Rh},{W — Rh}]cggrs+unt Systems, additional dinuclear organome-
tallics without M-M’ bonds were observed. These new complexes RCORh
(CO)4~HWCp(CO); and RCORhK(CO),—HMoCp(CO); existed due to hydrogen
bonding between the Cp moieties and the carbonyls on rhodium. This example
is noted just as a further justification for in situ studies and signal processing.
The chemistry of catalytic systems is usually so very complex and there are
often new exciting results if one is able to investigate in an in situ manner.
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Fig. 22 Two interlocking CBER systems in the [ # € {Re}, {Rh}, {Re — Rh} Icggr+uni for
hydroformylation (reprinted with permission from Kldahn and Garland [93]. Copyright (2015)
American Chemical Society)

3.6 Possible Future Applications

The most obvious chemistries to try next are chemistries closely related to
hydroformylation, for example, the hydroaminations, hydrosilations,
hydrocyanations, etc., using the metals noted throughout this chapter. The exten-
sion of CBER mechanisms to regio-, chemo- and stereoselective hydroformylation
systems as well as the aforementioned chemistries should produce an incredibly
rich variety of new results and go a long way towards classifying the scope of
non-linear CBER mechanisms.

In terms of connectivity of intermediates in CBER systems, new possibilities
may also arise. Indeed, very recently [93], it was found that the HRe(CO)5 actually
attacks two different rhodium intermediates in the [M = {Re},{Rh},
{Re — Rh}|cggr+uny for hydroformylation. Specifically, using computational
chemistry techniques, it was found that HRe(CO)s actually attacks both RCORh
(CO)4 and RRh(CO);. This situation thus explains the unusual rate dependence on
CO, namely, [CO]~"~. From a connectivity viewpoint, the important issue is that
there are two interlocking CBER systems operating simultaneously Fig. 22.
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4 Conclusions

Monometallic and heterobimetallic CBER mechanisms are a specific class of
synthetic systems which permit linear, quadratic and bilinear reaction rate terms.
It is possible to classify the basic structures. CBER mechanisms possess mononu-
clear sequences and a dinuclear sequence of intermediates. In addition there are
steps to transform mononuclear intermediates into dinuclear intermediates and
dinuclear intermediates back into mononuclear intermediates. One of the main
synthetic advantages of a CBER mechanism is associated with the potential for
tremendous rate increases due to the binuclear elimination step. This in turn can
lead to much more efficient synthetic use of a precious metal, either by taking
advantage of bilinear kinetics or quadratic kinetics.

A considerable emphasis of this chapter was to highlight the need for in situ
spectroscopic measurements in order to confirm the observable speciation present
and hence reaction network. Another strong emphasis was given to the fact that the
non-linear CBER mechanism provides a fertile area to apply quite advanced and
seldom used mathematical tools to catalysis. Thus the Feinberg criteria indicate that
these systems are stable and not oscillatory, the Horiuti criteria will help to decide
how many terms needed to be included in any comprehensive model by enumer-
ating all independent pathways to products, and the Wegschieder criteria help to
clarify that the cycles in the CBER are not, by any means, independent. As catalysis
moves from simple unicyclic mechanisms to more complex and potentially
non-linear mechanisms, additional tools will be needed to meet the challenges of
better understanding these systems and to make better use of these systems
synthetically.
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Biomimetic Complexes for Production
of Dihydrogen and Reduction of CO,

Lu Gan, David Jennings, Joseph Laureanti, and Anne Katherine Jones

Abstract The active sites of several bioenergetically important metalloenzymes
that perform multielectron redox reactions feature heterobimetallic complexes.
Herein, we review recent understanding of the structure and mechanisms of
hydrogenases, formate dehydrogenases, and carbon monoxide dehydrogenases.
Then we evaluate progress toward creating functional, small-molecule complexes
that reproduce the activities of these active sites. Particular emphasis is placed on
comparing catalytic properties including turnover number, turnover frequency,
required overpotential, and catalyst stability. Opportunities and challenges for
future work are also considered.

Keywords Bio-inspired metallocomplexes ¢ Biomimicry ¢ Carbon monoxide
dehydrogenase  Catalysis * Energy ¢« Formate dehydrogenase « Hydrogenase
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DFT density functional theory
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TD-DFT time-dependent density functional theory
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VB valence band
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Introduction

Enzymes have long been known to be efficient catalysts [1-3]. In particular, they

are
ing

admired for selectivity, fast rates, and low activation energies. When consider-
applications that require sustainability and scalability, enzymes also have the

advantage of being constructed exclusively from earth-abundant, bioavailable
materials. Thus metalloenzymes typically employ only earth-abundant metals
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such as first row transition metals, although industrial catalysts for the same
reaction often require precious metal catalysts based on Pt, Pd, or Ru. Moreover,
using modern molecular biological techniques, enzymes can often be cheaply
produced with microbial overexpression systems. However, enzymes function
ordinarily only over the limited range of conditions in which the protein remains
correctly folded. Thus, they are not ideal for use directly in all applications. Instead,
in many cases, enzymes serve as inspiration to uncover underlying principles of fast
catalysis that can be implemented in simple, synthetic molecules.

Biological inspiration has proven particularly important in energy research.
Human-driven production of greenhouse gases and their resulting impact on global
processes including climate has increased awareness of the need to develop cata-
lysts for carbon-neutral production of fuels [4]. Hydrogen and carbonaceous fuels
derived from carbon dioxide reduction are the most desirable targets, and many
metalloenzymes catalyzing production of these fuels are well known. In fact, the
only catalytic process for carbonaceous fuel production that has been successful on
the global scale is biological, i.e., photosynthesis. Remarkably, many fuel produc-
tion enzymes feature unique heterobimetallic active sites for substrate activation.
These unusual inorganic structures serve both as templates and as aspirational goals
for development of robust catalysts.

In this chapter, we survey recent efforts to produce biologically inspired cata-
lysts for proton and CO, reduction. First, we introduce the biological catalysts that
underpin this research: hydrogenases, carbon monoxide dehydrogenases, and for-
mate dehydrogenases. Then, we describe some of the most catalytically successful
synthetic molecules that have been inspired by these biological catalysts, paying
particular attention to catalytic properties and mechanism.

2 Biological Catalysts

2.1 Hydrogenases

Hydrogen and protons have been utilized for bioenergetic processes in organisms
for billions of years. Hydrogenases are the enzymes responsible for hydrogen
oxidation and production. These proteins turnover at high rates (kcu~ 10* s_l)
and are highly reversible, i.e., operate with minimal electrochemical overpotential
[5]. There are three types of hydrogenase, distinguished by the metal content of
their active sites: [Fe]-, [FeFe]-, and [NiFe]-hydrogenase. Figure 1 shows the active
sites of these enzymes. Unlike the other hydrogenases, the [Fe]-hydrogenase
contains a monometallic, as opposed to bimetallic, active site and no accessory
[FeS] clusters. Furthermore, it only performs the hydrogenase reaction in the
presence of an additional organic cofactor [6]. Thus, this type of hydrogenase
will not be discussed further here. The bimetallic hydrogenases, [FeFe] and
[NiFe], have been more extensively characterized. They catalyze the reaction
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Fig. 1 Active sites of the (a) [FeFe]-hydrogenase, (b) [NiFe]-hydrogenase, and (c)
[Fe]-hydrogenase. X represents an exogenous ligand such as H-, OH™, or OOH . GP is
guanylpyridinol

shown in Eq. (1). In the following sections, these two bimetallic types of hydrog-
enases will be introduced with particular attention paid to structural and mechanis-
tic features relevant to the design of functional models.

2H' +2e~ = H, (1)
2.1.1 [FeFe]-Hydrogenases

The active site of [FeFe]-hydrogenases is called the H-cluster (Fig. 1a). It is a unique
six-iron metallocenter consisting of a standard [4Fe4S] cubane bridged via a single
cysteine residue to a diiron subsite. Functionally, the cubane serves as an electron
reservoir that provides (or removes) reducing equivalents from the diiron center,
itself the primary site of catalysis. The diiron center contains ligands that, although
common in organometallic chemistry, are unprecedented in biology outside of
hydrogenases: CO and CN™~. As we will describe below, these ligands are also
found in the [NiFe]-hydrogenases, which are functionally, but not evolutionarily,
related enzymes. Thus, it appears that these ligands are essential for biological
hydrogen activation. Both irons of the active site cycle through the Fe(II)/Fe
(I) couple under physiological conditions. This is aided by the m-acceptor ligands
which stabilize the low valent oxidation states [7]. These ligands may also be
important in stabilizing a metallocenter basic enough for reaction with protons at
near neutral pH. The irons are also bridged by an organic, nonproteinaceous
azapropanedithiolate ligand [8]. The nitrogen at the bulkhead position of this ligand
has been shown to be essential for catalytic activity [9] and, by analogy to organo-
metallic model complexes [10, 11], is believed to serve as a proton transfer relay site.
In addition to the first coordination sphere of the H-cluster, the protein is believed to
provide a number of outer coordination sphere contacts that are essential for both
active site structure and reactivity. For example, the w-acceptor ligands form hydro-
gen bonds to amino acids in the active site pocket [12]. These outer coordination
sphere interactions limit the conformational flexibility of the metallocenter, espe-
cially the distal Fe (defined as the Fe atom farthest from the attached [4Fe4S] cluster).
The result is a conformation that has come to be known as the “rotated” structure, and
this unusual conformation is thought to be key in promoting high catalytic activity
[13]. This conformation creates a vacant, terminal coordination site on the distal Fe
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Fig. 2 Proposed mechanisms for [FeFe]-hydrogenase that (a) include H,.q and (b) exclude Heq.
The rectangle on the far left of each structure and associated charge represents the [4Fe4S] cluster
of the H-cluster

where substrate or other exogenous species can bind. In contrast, small model
complexes usually adopt an “eclipsed” conformation that promotes binding of
ligands in a bridging mode and results in lower catalytic activity.

The redox chemistry of [FeFe]-hydrogenases is extensive. Although only three
oxidation states are strictly necessary for the two-electron reaction catalyzed by
hydrogenases, the presence of six metals creates the possibility of many stable
states, and the enzyme has been isolated with the H-cluster in five distinct redox or
spectroscopic states [14]. Two inactive states have been identified. The first, Ho, /™"
[Fe(IDFe(ID)], is formed by oxidative inactivation. The second, H,x—CO [Fe(I)Fe
(ID], forms when CO binds to the vacant site on the distal Fe. There are also two
known active states: H,, [Fe(I)Fe(II)] and H,.4 [Fe(I)Fe(I)]. A fifth state, Hg..q, [Fe
(DFe(I)] with the [4Fe4S] cubane also reduced, has been observed, but the catalytic
relevance of this state is still under debate [15, 16].

Figure 2 shows two different hypothetical catalytic cycles for [FeFe]-
hydrogenases; these two cycles differ primarily in whether the Hg.q state is
included as a catalytically relevant state [16, 17]. Despite this, there are a number
of commonalities shared by both schemes. First, for proton reduction, both cycles
start with a one-electron reduction of H, to form H,.4 followed by protonation. It is
unknown whether, during this step, the electron transfer or the proton transfer
occurs first, or if they happen simultaneously. Second, both involve formation of
a terminal hydride on the distal iron. Third, dihydrogen forms via combination of
this hydride with a proton associated with the bulkhead nitrogen atom. Finally, in
both cases, the H, then dissociates to regenerate the H,, state and complete the
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catalytic cycle. However, there are also differences between the two schemes,
primarily in the stable sites of protonation. Figure 2a, the cycle including Hgeq,
suggests that the organic ligand is protonated first. Then, following the second
reduction, the proton is ambiguously associated with the H-cluster until a second
protonation event. In contrast, Fig. 2b, depicting the cycle without Hg,.4, suggests
that the first proton coordinates directly to the distal Fe.

2.1.2 [NiFe]-Hydrogenases

[NiFe]- and [FeFe]-hydrogenases are not evolutionarily related, but the need to
perform the same catalysis has resulted in closely related active sites in an example
of convergent evolution. Most obviously, the Fe in the [NiFe]-hydrogenase active site
is also coordinated by CO and CN™ ligands (Fig. 1b). Second, both sites are bimetal-
lic. In addition, in both cases, the two metals are also bridged by thiolate ligands. In the
[NiFe] enzyme, these are provided by cysteine side chains. The distal iron of the
[FeFe]-hydrogenase can be thought of as substituted by the Ni of [NiFe]-
hydrogenases, but then the similarities start to break down. The primary coordination
sphere of the nickel is completed by two terminal cysteine thiolate ligands. Although
[NiFe]-hydrogenases do not feature a coordinated cubane cluster, it is worth noting
that all hydrogenases of this type include an [FeS] cluster, referred to as the proximal
cluster when other [FeS] clusters are present, near the [NiFe] active site. The [FeS]
clusters present in both [NiFe]- and [FeFe]-hydrogenases are essential for providing
an electrical linkage between the buried active site and the surface of the protein at
which the physiological partner can give or receive reducing equivalents. In some
[NiFe]-hydrogenases, the proximal cluster may also play a role in protecting the active
site from irreversible reactions with oxygen [18]. Finally, although extrinsic ligands
coordinate the H-cluster at a terminal position, spectroscopic evidence has shown that
many extrinsic ligands coordinate the [NiFe]-site in a bridging mode [19, 20].

Using primarily EPR signals associated with paramagnetic Ni states and the
FTIR signals associated with the vibrations of the diatomic ligands, a number of
different redox states of the [NiFe] active site have been identified [21]. Evidence
suggests that the Fe atom remains in a low spin Fe(II) state and all redox transitions
occur at the Ni ion which cycles between the Ni(Il) and Ni(III) states. Under high
potential (oxidizing) or aerobic conditions, two different inactive Ni(Ill) states,
both spectroscopically and kinetically distinguishable, are formed. The Ni-A state
is reactivated on long timescales, whereas Ni-B requires shorter timescales to
reactivate. Crystal structures have suggested that both states contain a bridging
ligand derived from oxygen, but the chemical difference between these two states
remains unclear [20, 22]. Three catalytically competent states have also been
identified: Ni-Si,, Ni-C, and Ni-R. As shown in Fig. 3, the two most reduced,
Ni—C and Ni-R, are thought to contain a bridging hydride ligand.

Figure 3 shows a proposed catalytic mechanism for [NiFe]-hydrogenases. For
hydrogen oxidation, the catalytic cycle starts at the Ni—SI, state, a Ni(Il) state with
no bridging ligand. Hydrogen binds the active site and is heterolytically cleaved to
produce the Ni-R state, a Ni(Il) species with a bridging hydride and likely a
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Fig. 3 The catalytic cycle
of [NiFe]-hydrogenases.
Reprinted with permission
from Lubitz

et al. [5]. Copyright 2014
American Chemical Society
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protonated terminal thiolate ligand. This state is then oxidized and deprotonated to
yield Ni—C, a Ni(II) state with a bridging hydride. It is worth noting that formally,
Ni(I) coordinated to a proton is electronically equivalent. A further oxidation and
deprotonation results in regeneration of the Ni—SI, state to close the cycle [5]. As
for [FeFe]-hydrogenases, the precise order of proton and electron transfer events is
not yet entirely clear, and some may be concerted.

Like the [FeFe]-hydrogenases, the protein component of [NiFe]-hydrogenases is
thought to play a number of crucial roles in tuning the reactivity of the
metallocenter active site for fast catalysis. First, exposure of protein crystals to
high pressure xenon has revealed gas channels that can concentrate substrate,
product, or inhibitors and influence diffusion to the active site [23]. Site-directed
mutations that narrow these channels have led to decreased reactivity of the enzyme
with oxygen, also known as “oxygen tolerance” [24]. Second, the proximal [FeS]
cluster is also thought to play a key role in imparting oxygen tolerance to some
[NiFe]-hydrogenases. Crystal structures of oxygen-tolerant [NiFe]-hydrogenases
from Escherichia coli and Ralstonia eutropha revealed an unprecedented [4Fe3S]
cluster at the proximal position (Fig. 4) [25]. Spectroscopic results have suggested
that this unusual cluster can undergo two different one-electron reactions, allowing
it to provide an additional reducing equivalent to the active site when compared to a
standard cubane [26]. Thus, enzymes with the [4Fe3S] cluster may be able to react
with oxygen to uniquely produce water, i.e., to avoid production of reactive oxygen
species. Third, the polypeptide provides a proton relay from the active site to the
outside of the enzyme. It has been shown that mutations of residues in this pathway
lead to reduced enzymatic activity presumably via disruption of proton
transport [27].
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2.2 Carbon Monoxide Dehydrogenases (CODHs)

Biological systems fix CO, through a variety of pathways employing an array of
enzymes. One of these enzymes is carbon monoxide dehydrogenase (CODH).
Physiologically, these proteins catalyze the oxidation of CO to CO,, and, in some
cases, they can perform the reverse reaction (Eq. 2) [28]. There are two types of
CODHs that are distinguished by the metal in the active site: MoCu and Ni. MoCu-
CODHs are found in aerobic bacteria, whereas the oxygen-sensitive Ni-CODHs are
found only in anaerobic bacteria [29]. Both enzymes have a bimetallic active site;
however, the structures differ significantly, as shown in Fig. 5. Ni-CODHs have
high k. values for CO oxidation of approximately 4 x 10* s~'. CO, reduction has
also been observed with this type of CODH, albeit with much lower turnover
frequency of 45 s~ ' [30]. In contrast, MoCu-CODHs turnover more slowly (circa
100 s~ 1), and no activity for CO, reduction has been detected [31]. The following
sections will discuss each type of CODH with a focus on structural and mechanistic
features key to the function of these enzymes.

CO + H,0 = CO, + 2¢~ 4 2H (2)
2.2.1 MoCu-CODH

The MoCu-CODH active site is shown in Fig. 5a. The bimetallic structure consists
of Mo and Cu ions connected by a bridging sulfide. The Cu ion is in a linear
coordination geometry with the sulfide and a cysteinyl thiolate as ligands. The five-
coordinate geometry about the molybdenum ion is distorted square pyramidal. In
addition to the bridging sulfide, the molybdenum ligand set consists of an oxo
group, a hydroxyl group, and bidentate coordinated pterin [32]. During catalysis,
the Cu remains in a Cu(I) state, and the Mo changes from Mo(VI) to Mo(IV).
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Fig. 6 Proposed mechanism of MoCu-CODH from (a) X-ray data [32] and (b) DFT calculations
[33]
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As shown in Fig. 6, two distinct mechanisms have been proposed for MoCu-
CODH. The first mechanism (Fig. 6a) is inspired by the crystal structure of the n-
butylisonitrile inhibited form of the enzyme [32]. This mechanism starts with CO
insertion into the Cu—S bond. The coordinated hydroxyl group then attacks the CO
forming CO, which dissociates, resulting in reduced Mo(IV) species. The cycle is
closed by oxidation of the Mo to Mo(VI) and addition of a hydroxyl ligand derived
from a water molecule. The second mechanism (Fig. 6b) is derived from DFT
calculations that suggest that the large geometry change associated with insertion of
CO into the Cu—S bond is unfavorable [33]. These calculations imply that it is more
likely that CO binds directly to Cu(I). The rest of the cycle then proceeds analo-
gously to the first mechanism: the hydroxyl attacks and CO, is released followed by
reoxidation of Mo(IV) to Mo(VI) and addition of a hydroxyl ligand. Both the X-ray
and DFT studies suggest an important role for the polypeptide in this enzyme. X-ray
data suggest that a nearby glutamate is essential for stabilization of the Mo
(VI) state. In addition, DFT results suggest that attack of CO by the hydroxyl ligand
is more favorable after deprotonation, likely facilitated by a nearby, conserved
glutamate residue [32].
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2.2.2 Ni-CODHs

Ni-CODHs contain a unique cluster in the active site, called the C-cluster (Fig. 5b).
The structure is a distorted [4Fe4S] cluster with a nickel replacing one of the
traditional irons and an iron pendent to the cluster; this atom is referred to as the
“dangling iron.” All of the metal atoms in the cubane are ligated by cysteine and
inorganic sulfide, as in an ordinary [4Fe4S] cluster. In addition to a cysteine and a
cluster sulfide, the dangling iron is ligated by a histidine and a hydroxyl ligand
[34]. Spectroscopic studies have identified four states of the C-cluster [35]. C, is an
inactive, oxidized state of the cluster. C,.4; and C,.4, are believed to be the active
states of the enzyme. These states are one and three electrons more reduced than
Cox, respectively. Cyy, is two electrons more reduced than C,,, i.e., a state between
Ciedar and Cieqp. Figure 7 shows a proposed mechanism that has several similarities
to those proposed for MoCu-CODH. The site of catalysis is thought to be between
the Ni and the dangling Fe. First, CO binds to Ni in the C,q4; state causing a
two-electron reduction. Second, the bound CO is attacked by the hydroxyl group
coordinating the Fe before both leave as CO,. Third, the starting state of the enzyme
is regenerated by oxidation of C..q4, to C,.q; and addition of a hydroxyl ligand.
Structural data suggests that nearby amino acid residues provide hydrogen bonds to
CO and CO, to stabilize the intermediate steps, again suggesting a crucial role for
the protein environment in promoting catalysis. Furthermore, no structural changes
of the C-cluster have been observed in different oxidation states. This suggests that
the cluster provides a rigid support which may minimize the reorganization energy
associated with the redox events of the catalytic cycle [34].
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Fig. 8 Structure of the FDH active site. M=Mo or W, X=O or S ligand. The bidentate sulfur
ligands represent molybdopterin guanine dinucleotide

2.3 Formate Dehydrogenase (FDH)

Another important enzyme in biological carbon dioxide fixation is formate dehy-
drogenase (FDH). This enzyme reversibly catalyzes the two-electron reduction of
CO, to formate. Like hydrogenases and CODHs, there are several classes of FDH;
the two main types are the NAD"-dependent FDHs and the NAD*-independent
FDHs [36]. In general, the former do not contain redox-active cofactors and will,
therefore, not be discussed further. The latter are oxygen-sensitive, [FeS] cluster-
containing enzymes with a molybdenum or tungsten active site. Both X-ray crys-
tallography and EXAFS have been essential in determining the active site structure
shown in Fig. 8 [37, 38]. The metal is coordinated in a triangular prism geometry by
two molybdopterin guanine dinucleotides bound via dithiolene moieties, an inor-
ganic S or O ligand, and, in some oxidation states, a selenocysteine [37]. Like the
MoCu-CODHs, the active states of the FDHs are Mo/W(VI) and Mo/W
(IV) species. An additional Mo/W(V) state has been observed with EPR, but it is
not believed to be part of the catalytic cycle [39]. Three conserved amino acid
residues near the active site are proposed to be very important in catalysis
[40]. First, a mobile selenocysteine ligand binds to the metal in the oxidized form
but dissociates and shifts 9 A in the reduced form [41]. This large conformational
change is known as the sulfur shift and has also been observed for other members of
the protein superfamily containing FDHs [42]. Replacement of this selenocysteine
with a standard cysteine via site-directed mutagenesis results in enzyme with much
lower catalytic ability, confirming the importance of this residue for catalysis
[43]. Second, an arginine residue has been shown to form a hydrogen bond with
the selenocysteine in the reduced state, suggesting that the arginine is also crucial in
facilitating movement of the peptide chain. Third, computational studies have
suggested that a histidine residue near the selenocysteine in the reduced form is
also essential for stabilizing the sulfur shift [44].

The mechanism of this enzyme is the subject of active debate, but one proposed
mechanism is shown in Fig. 9. Starting from the oxidized state of the enzyme with
the selenocysteine bound, the selenocysteine residue shifts to leave a vacant site to
which formate binds. The formate o proton is abstracted by the selenide, and CO,
leaves generating a reduced Mo/W(IV) state. After two-electron oxidation of the
metal to Mo/W(VI) and deprotonation of the Se atom, the selenocysteine shifts
back to bind the Mo/W and closes the catalytic cycle. In addition to the conserved
residues, DFT studies have suggested that the pyranopterin groups are also key to
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the function of the enzyme. These groups are proposed to play two roles. First, they
aid in the shuttling of electrons to and from the active site. Second, they share some
of the negative charge density that arises from formate binding, decreasing the
electrostatic penalty associated with ligand binding [44].

3 Hydrogen Production Catalysts

On a per active site basis, hydrogenases have turnover frequencies approaching or
matching that of platinum [46, 47]. However, despite these exceptional activities,
they present a number of challenges for successful utilization in industrial applica-
tions. For example, they are rapidly inactivated by molecular oxygen. With that in
mind and inspired by similarities between the hydrogenase active sites and well-
known organometallic iron and nickel complexes, considerable research has been
devoted to construction of synthetic models with structural or functional similarity
to the enzyme active sites. In this section, we focus on functional models, consid-
ering not only structurally closely related compounds but also mononuclear cata-
lysts that incorporate particular mechanistic features of hydrogenases to achieve
fast catalysis at a non-precious metal site. Finally, we consider incorporation of
some of these catalysts into functional photocatalytic systems, a first step toward
artificial photosynthetic production of fuels using water-derived electrons.

3.1 Bimetallic Hydrogen Production Electrocatalysts
Featuring Nickel

Although a number of close structural mimics of [NiFe]-hydrogenases have been
reported, very few of these models are catalytically active. Figure 10 shows a
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Fig. 10 Select [NiM] complexes that catalyze proton reduction to evolve hydrogen. (a) NiFe(pdt)
(dppe)(CO); for pdt=1,3-propanedithiol and dppe = 1,2-bis(diphenylphosphinoethane), (b) [Ni
(xbsms)RuCp*Cl]* for Hpxbsms = 1,2-bis(4-mercapto-3,3-dimethyl-2-thiabutyl)benzene, and (c)
Niy(MBT) for MBT =2-mercaptobenthiazole [48—50]

collection of multimetallic model complexes featuring nickel together with a
different metal that are active proton reduction electrocatalysts. The [NiFe] com-
plex NiFe(pdt)(dppe)(CO); (for pdt=1,3-propanedithiol and dppe=1,2-bis
(diphenylphosphino)ethane) electrocatalytically reduces protons in the presence
of TFA at rates of 50-75 s~' with overpotentials of approximately 400 mV
[48, 51, 52]. However, catalysis by the complex is likely mechanistically quite
distinct from the enzyme. Recent computational work in combination with the
experimental evaluation of Ni—Pd and Ni-Pt analogues suggests that protonation
occurs at the Fe site of the reduced, mixed valence Fe(0)—Ni(Il) complex, whereas
interaction with substrate in the enzyme takes place at the nickel [53]. This iron
protonation is thought to be induced by a large geometry change at the nickel site
from tetrahedral to square planar. It is worth noting that the enzyme active site is
relatively rigid because of the protein scaffold surrounding it, and this may be a
crucial factor in the high activity of the enzyme. This rigidity can be difficult to
reproduce in small-molecule mimics.

3.2 Bimetallic Hydrogen Production Electrocatalysts
Featuring Only Iron

Early work showed that complexes of the type Fe,(pu-SR),(CO)g, which are rela-
tively good structural mimics of [FeFe]-hydrogenases, are also electrocatalysts for
hydrogen evolution from acidic solutions [54]. For catalysis to occur in weak acids,
a conformational change from the symmetric eclipsed form to a state that has been
referred to as “rotated” or “inverted square pyramidal” is also necessary, creating a
bridging CO ligand and weakening the Fe—Fe bond (Fig. 11, panels a and b).
Darensbourg was the first to refer to this rotated structure as an entatic state and
hypothesized that the protein scaffold plays a crucial role in stabilizing the unusual
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coordination geometry within the enzyme [55]. Two design strategies have suc-
cessfully yielded related complexes with rotated structures: incorporation of steric
bulk into a terminal ligand, the bridge, or both [59—62] and replacement of CO with
the isoelectronic NO™ [63, 64]. Nonetheless, synthesis of a complex with a stable
rotated structure suitable for catalysis has proven challenging, and development of
supramolecular scaffolds that could stabilize the geometry remains an important
area of research [65-68].

One or more of the CO ligands in these complexes can be substituted by more
electron-donating ligands such as phosphines, bipyridine, or N-heterocyclic
carbenes (Fig. 11c). These electron-rich complexes tend also to be electrocatalysts,
but as a consequence of the higher electron density at the metals, they require
substantial overpotential for catalysis [56].

Rauchfuss and coworkers were the first to describe a bimetallic model of [FeFe]-
hydrogenases capable of both catalytic hydrogen oxidation and proton reduction
[58]. As shown in Fig. 11d, the complex, Fe,(adt®™)(CO)s(dppv)(PFc’F,) for
adt®=(SCH,),NBn, dppv=cis-1,2-bis(diphenylphosphino)ethylene, and
PFC*E‘2:Et2PCH2C5Me4FeCp*, features not only the classic diiron motif of other
models but also a redox-active ferrocenylphosphine ligand. There are two notable
features to this complex: the nitrogen atom in the bridging ligand and the ferrocene
appended to the diiron core. Removal of the nitrogen, i.e., by using pdt as a ligand,
results in a catalytically inactive complex. This may indicate that the bulkhead
nitrogen plays a role in transferring or positioning protons to the irons during
catalysis. Similarly, an analogous complex without the ferrocenyl ligand has a
similar reduction potential but is not as catalytically active, since an inactive
bridging hydrido complex forms. This suggests crucial functional roles both for
the azadithiolate and the [4Fe4S] cluster of the enzyme active site. Additional
evidence for the importance of the nitrogen in the bridging ligand in the enzyme
has been provided by incorporating synthetic diiron clusters into the empty active
site of partially matured enzyme. Compounds with an oxygen or carbon at the
bulkhead position had only very limited activity, whereas the complex with nitro-
gen resulted in native-like activity [69].
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3.3 Monometallic Proton Reduction Electrocatalysts
3.3.1 Mononuclear Iron Proton Reduction Catalysts

Several groups have sought to overcome the challenges of creating diiron com-
plexes with rotated structures by instead constructing monoiron catalysts with an
open coordination site already present in the structure. Interestingly, Sellman and
coworkers prepared the 18-electron complex [Fe(bdt)(PMe;),(CO),] and noted that
it had an unexpected tendency to lose a CO to form a l6-electron complex
[70]. Rauchfuss and coworkers used the work as inspiration to create (Et,N),[Fe
(bdt)(CN),(CO)], a relatively good spectroscopic model of [FeFe]-hydrogenases
[71]. Ott and coworkers combined the use of bdt with chelating phosphine ligands
to generate catalytically active complexes of the type [Fe(X-bdt)(PR,NP",)(CO)]
for PRNPh2:1,5-diaza—3,7—diph0spha0ctane, and R=Ph, Bn, Cyc, or tert-Bu and the
benzene dithiolate substituted with X as H, Cl,, or Me (Fig. 12a) [72-74]. These
complexes feature not only an open coordination site but also a pendent base meant
to facilitate proton transfer to the active site metal. These authors found that the use
of a chelating phosphine was critical for generating complexes with an open
coordination site. Using computational methods, they also suggested a role for
large geometric rearrangements in catalysis. Five-coordinate complexes can have
geometries on the spectrum from trigonal bipyramidal (Fig. 12b) to square pyra-
midal (Fig. 12¢). Roy and coworkers used the 1,1’-bis(diphenylphosphino)ferro-
cene (dppf) ligand to create the analogous [(Kz-dppf)Fe(CO)(Kz-bdt)] complex
(Fig. 12b) [57]. The dppf ligand is unique in that, due to the geometric constraints
and rigidity of the ferrocene, it has a larger bite angle than most chelating phos-
phines. In the solid state, the complex is trigonal bipyramidal, and the geometry
predicted to be less active toward proton reduction. However, the complex cata-
lyzed proton reduction from acetic acid with an overpotential of only 0.17 V. The
rate of 10 s~' is unfortunately very low and reminds us that catalysis at low
overpotentials is usually paid for by a low turnover frequency. Decoupling these
two properties is one of the greatest challenges facing chemists. It is worth noting
that this last complex does not have a pendent amine, and DFT calculations suggest
that both protonations occur at the iron site.
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3.3.2 Mononuclear Cobalt Proton Reduction Catalysts

Efforts to use cobalt complexes as homogeneous hydrogen production catalysts
started more than 30 years ago primarily with the work of Eisenberg and Sutin
[75, 76]. Although cobalt is not one of the metals employed in biological hydrogen
production, cobalt complexes with a wide variety of ligand sets have proven
exceptional in both electrocatalytic and photocatalytic systems. Herein, we describe
some of the most important types of compounds with an emphasis on recent,
biologically inspired work.

Multidentate phosphine and pyridyl ligands have garnered significant attention
for creating Co proton reduction catalysts. For example, the polypyridyl complex
[(PY5Me;)Co(MeCN)]J(CF5S03), for PYsMe,=2,6-bis(1,1-bis(2-pyridyl)ethyl)
pyridine has proven very active for proton reduction in aqueous solutions with a
turnover number approaching 55,000 moles of hydrogen per mole of catalyst and
stability for longer than 60 h (Fig. 13a) [77]. Related compounds have also been
shown to be active in three-component photocatalytic systems using a sacrificial
electron donor [78, 79].

Cobalt phosphine complexes of the type CpCo(diphosphine) have been known
since 1986 to be molecular electrocatalysts for hydrogen production [80]. Catalysis
by this family of compounds occurs through a [CpCo™(diphosphine)H]" interme-
diate that is only reduced at relatively large overpotentials. This limitation has led to

CgFs OH;
R=Br, COOH

Fig. 13 Structures of selected cobalt complexes that catalyze proton reduction to generate
hydrogen. (a) [(Py;Mez)Co(MeCN)](CF3SO3)2 in which PysMe, 1s 2,6-bis(1,1-bis(2-pyridyl)
ethyl)pyridine, (b) [Co(PR,NR',),(CH;CN)(BF4), in which PR,NR', represents 1,5-diaza-3,7-
diphosphacyclooctane, (c) [Co™(L2)(CH;CN)|(BF,), in which L2 is 1,5- -diphenyl-3,7-bis
((diphenylphosphino)(CH,),)-1,5-diaza-3,7-diphosphacyclooctane, (d) CoHPX-R in which
HPX-R is 5-(4-(5-R-2,7-di-tert-butyl-9,9-dimethyl-xanthene))-10,15,20-tris(pentafluorophenyl)-
porphyrin and R is a variable organic group, and (e) [Co(dmgBF,),(OH,),] for dmg representing
dimethyl-glyoxime



Biomimetic Complexes for Production of Dihydrogen and Reduction of CO, 249

variations of both the Cp, to make it more electron withdrawing and facilitate
catalysis [81], and the diphosphine. By analogy to the Ni family (see Sect. 3.3.3),
Bullock and coworkers have described a number of Co complexes with pendent
amines incorporated into the phosphine backbone to facilitate proton transfer [82—
84]. Initial complexes based on the PRNR, (1,5-diaza-3,7-diphosphacyclooctane)
ligand had modest turnover frequencies, circa 100 s~ ', at moderate overpotentials
of approximately 400 mV (Fig. 13b). However, these compounds are unstable in
acidic media. Thus complexes including tetradentate phosphines were created
(Fig. 13c). Although more stable compounds, the increased turnover frequency of
these catalysts comes at the price of high, more than 1 V, overpotential. This is
another reminder that decoupling turnover frequency and overpotential is
nontrivial.

Cobalt macrocyclic, or pseudo-macrocyclic, complexes have proven among the
most widespread cobalt-based proton reduction catalysts. For example, Fisher and
Eisenberg demonstrated in 1980 that some cobalt tetraazamacrocyclic complexes
are active in both CO, and H* reduction [75]. Similarly, porphyrins have been
extensively investigated. Nocera and coworkers showed that cobalt(II) hangman
porphyrins can catalyze proton reduction with less overpotential and weaker acids
than their standard porphyrin cousins (Fig. 13d) [85, 86]. Both features are thought
to be a result of the enhanced proton donation by the carboxylic acid of the
hangman substituent. Bren and coworkers showed that the biologically derived
cobalt-substituted microperoxidase-11 is stable with a turnover number of 25,000,
but the catalytic rate is relatively low at 6.7 s~ [87].

The pseudo-macrocyclic diimine and dioxime complexes of cobalt were also
already recognized in the mid-1980s as proton reduction catalysts [88], and the
groups of Artero, Fontecave, and Peters have extensively investigated the catalytic
properties of this family [89]. Using [Co(dmgBF;),(OH,),] (for dmg=dimethyl-
glyoxime) (Fig. 13e) as a starting point, they have described variants for hydrogen
evolution from both aqueous and organic solutions, either electrocatalytically or
photocatalytically [90-92]. These complexes are both fast and efficient with some
reported to have turnover frequencies in excess of 1,000 s~' and most with
overpotentials of approximately 200 mV. Like the phosphine-coordinated com-
plexes described above, enhanced stability has been achieved using tetradentate
ligands [93]. Importantly, systematic study of these compounds has shown that
although modifications of the equatorial ligand can be used to tune the reduction
potential, there is not a concomitant effect on overpotential for catalysis. The
problem is that reduction potential and nucleophilicity, i.e., ability to be protonated,
are tightly linked [91, 92, 94]. However, modifications of the axial ligand have been
used to tune the rate of catalysis without significant impact on overpotential
[90]. Finally, taking advantage of its ability to coordinate planar macrocyclic
complexes, apomyoglobin has been used as a scaffold to coordinate [Co
(dmgBF;),(0OH;),] and [Co(dmgH),(OH,),]. In this arrangement, the protein pro-
vides the axial ligand [95], and the reduction potential is 100 mV more negative
than the compound free in solution. Although catalytic activity was detected, it is
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less efficient than the free compounds. Unfortunately, stability of the system is also
clearly a problem with turnover numbers on the order of five reported.

Finally, we offer a word of caution. A number of different groups have shown
that heterogeneous proton reduction or water oxidation catalysts, formed in situ
from bio-inspired Ni and Co complexes in electrochemical experiments, can be
deposited on the electrode surface [96—100]. Thus it is essential that researchers
take every effort to ensure that the species they believe they are studying is indeed
the active catalyst.

3.3.3 Mononuclear Nickel Proton Reduction Catalysts

Many of the ligand sets that have been used to create cobalt complexes have also
been used to produce nickel-based hydrogen evolution catalysts. For example,
mononuclear nickel complexes employing bidentate phosphine, thiolate, and
amine ligands have been reported to be excellent proton reduction complexes.
The groups of Bullock, DuBois, and Helm have prepared a large family of nickel
complexes supported by phosphines that contain amines in the second coordination
sphere intended to facilitate proton transfer to and from the active site (Fig. 14).
Using the PR,NR, ligand 1,5-diaza-3,7-diphosphacyclooctane which is
functionalizable at both the phosphorous and nitrogen substituents, they have
created proton reduction, hydrogen oxidation, and bidirectional -catalysts
[101]. These compounds have proven appealing for several reasons. First, the
ligand is readily functionalizable, offering a handle to control the electronic prop-
erties of the complex [102, 103]. Second, systematic studies have been undertaken
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to map structure—function relationships [104, 105]. Third, extraordinarily high
turnover frequencies exceeding 10 s™' have been reported [106-108]. As a
substitute for the eight-membered diphosphine, the seven-membered ligand
P"",N""=1,3,6-triphenyl-1-aza-3,6-diphosphacycloheptane  has  also  been
employed as a means to prevent formation of an unproductive isomer in which a
proton is pinched between the two amines of a single ligand (Fig. 14b,c). The
compound [Ni(PthNPh)z] is reported to have a turnover frequency of more than
100,000 s~ ! under optimal conditions [106]. However, the change from an eight-
membered ligand to a seven-membered one also has an impact on coordination
geometry, enforcing a more planar geometry about the nickel (Fig. 14c). The
change in geometry is likely to be the cause of the increase in required overpotential
that accompanies the increase in rate for the P™,N"" complex. This is a reminder
that changing one aspect of a complex can, and often does, have unintended
consequences on other properties, and predictive design of molecular catalysts is
by no means a mature field.

Due to their exceptional turnover frequencies as homogeneous electrocatalysts,
several groups have reported efforts to immobilize mononuclear nickel catalysts on
electrodes to create heterogeneous systems. The Bullock group recently reported an
ester-functionalized variant of PRZNR/z which they could use as a handle to cova-
lently functionalize glassy carbon electrodes. Although the functionalized elec-
trodes have catalytic properties similar to related compounds in solution, electrode
immobilization results in markedly increased instability under acidic conditions
[109]. Promisingly, Artero and coworkers reported the non-covalent immobiliza-
tion of a pyrene-functionalized version of a member of this family on carbon
nanotubes resulting in electrodes with current densities of 20 mA cm ™2 for hydro-
gen evolution [110]. In related work, covalent attachment to the carbon nanotubes
resulted in exceptionally stable catalysts, and turnover number reported to be more
than 100,000, requiring only 10s of mV of overpotential, but the current density was
relatively low [111]. Thus, it remains a challenge to translate the knowledge from
homogeneous catalysis to create a related heterogeneous system that is fast, effi-
cient, and stable.

Shaw and coworkers have explored the ability to tune proton reduction catalysis
by modifications of the second coordination sphere starting from the nickel phos-
phine complexes of DuBois described above. They have demonstrated that modi-
fication of the outer coordination sphere of [Ni((P,N,R)-N-R’ Y complexes with
amino acids can significantly modify catalytic properties (Fig. 14d)
[112, 113]. Remarkably, several derivatives are capable of fully reversible H,
production and oxidation in aqueous solutions with pH values in the range of 0-6
[114]. By comparing the rates of complexes with various amino acids, they have
hypothesized that a carboxylic acid in the outer coordination sphere may enhance
catalysis, much like proton transfer residues in natural enzymes [115].

First coordination spheres including nitrogen and sulfur donors have also been
used to construct highly active nickel proton reduction catalysts. Employing a
polypyridyl ligand framework, Sun and coworkers have created the complex [Ni
(L)>(H,0),](BF,4), for L=2-(2-pyridyl)-1,8-naphthyridine, which, under optimal,
basic, photocatalytic conditions, has a remarkable turnover number of 3230
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(Fig. 14e) [116]. However, under acidic conditions, the ligand is protonated and the
complex rapidly decomposes. Taking a cue from the coordination of hydrogenases,
a P,S,-coordinated complex [Ni(bdt)(dppf)] that catalyzes hydrogen evolution at a
rate in excess of 10° s~! with only 265 mV of overpotential [117] and stability on
the timescale of hours was reported (Fig. 14f).

By analogy to results obtained from cobalt complexes, recent work has focused
on using macrocyclic ligands to create more stable nickel-based electrocatalysts.
For example, Lau, Robert, and coworkers have created a collection of complexes
employing related N4, N3S, and N3P ligands. Surprisingly, in many cases, the
active catalyst is a nickel nanoparticle, and the active catalyst sometimes depends
whether the experiment is photocatalytic or electrocatalytic. For example, the N;P
ligand 2,12-dimethyl-7-phenyl-3,11,17-triaza-7-phospha-bicyclo[11,3,1]heptadeca-
1(17),13,15-triene supported the most active complex [99]. This compound is
active as a homogeneous catalyst in electrocatalytic experiments but converts to
nickel nanoparticles under photocatalytic conditions. The reason for the change in
mechanism may be that solution conditions such as pH differ between the two
types of experiments. This will be crucial to take into account as researchers begin
to translate basic gains in molecular hydrogen production catalyst synthesis to
larger-scale applications.

3.4 Photocatalytic Production of Hydrogen

Photosynthesis directly converts solar energy to chemical energy. The process
essentially consists of photon capture to generate a charge-separated state and
coupling of this state to catalysts. A number of cyanobacteria and algae are
known to produce hydrogen photosynthetically, but the efficiency and yields are
relatively low [118—122]. This may be because competing metabolic pathways vie
for solar-derived reducing equivalents. Metabolic engineering efforts such as elim-
inating competing sinks have resulted in modest improvements [120], and Golbeck
and coworkers have demonstrated that directly tethering the electron-donating FeS
cluster of Photosystem I to the accepting cluster of an [FeFe]-hydrogenase in vitro
increases the rate of hydrogen evolution [123].

This understanding of natural photosynthesis and attempts to reengineer it have
served as inspiration for artificial photosynthetic systems [124]; see Fig. 15 for a
schematic view of the components and functional requirements for an artificial
photosynthetic system. Although artificial constructs capable of emulating certain
aspects of photosynthesis, such as light-driven generation of a long-lived charge-
separated state, have been described [124—127], developing complete systems for
efficient utilization of light energy to produce fuel remains a significant challenge.
More than a hundred molecular catalysts for electrocatalytic proton reduction have
been described; in contrast, relatively few molecular systems for photocatalytic
hydrogen production have been reported [128]. The challenge is that a functional
photocatalytic system requires more than just a good catalyst. In most cases, i.e.,
when the catalyst is not itself photochemically active, the catalyst must interact
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Fig. 15 Schematic overview of artificial photosynthesis employing water as electron source and
producing hydrogen as fuel product. The valence band (VB, for a semiconducting material) or the
highest occupied molecular orbital (HOMO, for a molecular photosensitizer) must have a reduc-
tion potential more positive than the water oxidation catalyst to promote efficient electron transfer.
Likewise, the hydrogen evolution catalyst must have a reduction potential more positive than the
conduction band (CB, for a semiconducting material) or the lowest unoccupied molecular orbital
(LUMO, for a molecular photosensitizer; since this molecular orbital is the most likely to be
occupied by an electron upon excitation) for electron transfer to be thermodynamically favorable.
Water, a coordinating ligand, can have a significant impact on catalysts with an open coordination
site. Thus the RHE scale has been included

with a photosensitizer. This means that the catalyst requires a mild reduction
potential, since extreme potentials cannot be generated by typical photosensitizers.
This requirement eliminates many standard hydrogenase-inspired models such as
phosphine-substituted variants of diironhexacarbonyl complexes and highlights the
importance of overpotential. In addition, low overpotential for the catalytic reaction
is also highly desirable so that catalysis can be driven by visible, as opposed to
ultraviolet, light. It is also worth noting that the electrons for the reduction are
usually provided by a sacrificial reductant and poor interactions between the
reductant and the photosensitizer can also limit catalytic performance. Finally,
many reported systems are limited not by the rates of the catalysts but rather by
catalyst and photosensitizer stability. Essentially, the entire system must be stable
in the harsh conditions of constant illumination and acidity. This is a challenge both
for the traditional ironcarbonyl catalysts, since the CO ligands tend to be
photolabile, and for commonly used Ru polypyridyl photosensitizers.

The first three-component hydrogen production systems, i.e., catalyst, photosen-
sitizer, and sacrificial electron donor, employing a diiron dithiolate-type catalyst
were reported by Song and coworkers [129, 130]. Drawing from the extensive
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electrocatalytic literature surrounding these complexes, they prepared the com-
plexes [{(p-SCH,),NCH,CgHs } {Fe(CO),L'}{Fe(CO),L*}] in which L' and L?
are CO or P(Pyr); because they have modest reduction potentials but are highly
basic. In concert with [Ru(bpy);]** as photosensitizer and ascorbic acid as electron
donor, hydrogen evolution with a turnover number of 4.3 (based on catalyst) or
86 (based on photosensitizer) over a period of 3 h was observed. Spectroscopic
investigation showed that the catalyst decomposed completely during the course of
the experiment. Ott and coworkers showed that a simple modification of the
bridging ligand to Cl,bdt=3,6-dichlorobenzene-1,2-dithiolate and an excess of
photosensitizer significantly improved catalysis, even using only the hexacarbonyl
derivative [131]. They achieved TON of 200 with TOF of 2.7 min"!. For this second
system, reductive quenching of the ruthenium excited state is rate limiting. Com-
parison of these systems reminds us that they are multicomponent systems involv-
ing a number of elementary reactions. Even when the components are similar,
different rate-limiting steps and decomposition pathways may be accessible, mak-
ing optimization of each system unique and challenging. For more information, Sun
and coworkers have carefully reviewed this early diiron-based photocatalysis [128].
Catalytically, the most impressive photocatalytic hydrogen evolution systems
with diiron carbonyl catalysts have employed nanoparticulate photosensitizers.
These semiconductor particles are more robust than the precious metal-based
molecular photosensitizers, often resulting in higher TONs. Pickett and coworkers
reported intercalating Fe,S,(CO)g into an indium phosphide nanocrystal array on an
electrode surface to generate a photoelectrode capable of hydrogen production with
circa 60% faradaic efficiency. The addition of light to the electrocatalytic system
provides enough energy to drive catalysis at potentials approximately 250 mV less
reducing than in the dark [132]. Wu and coworkers employed CdSe quantum dots
instead and achieved hydrogen production with a TON of 8781 and an initial TOF
of approximately 10 s~' in completely aqueous conditions [133]. Analogous sys-
tems have been constructed using other catalysts, and the results were recently
reviewed [134]. The most impressive TON is 22,200, with a TOF = 120 minfl, ina
system employing a large dendrimer encapsulating the diiron catalyst [135].
Although most of the photocatalytic systems reported fall clearly in the tradi-
tional category of artificial, meaning they employ synthetic chemical components, a
number of hybrid systems in which a synthetic component is combined with a
natural biological component have been reported recently. Our own group was the
first to develop synthetic means to immobilize Fe,(p-pdt)(CO)g-related compounds
in a peptide scaffold [68, 136]. This synthetic approach was used by Hayashi and
coworkers to embed the classic Fe,(p-pdt)(CO)e catalyst in protein scaffolds
including cytochrome ¢, the C-terminal segment of cytochrome csss, and the
[-barrel protein nitrobindin, creating aqueous photocatalytic systems in combina-
tion with a Ru-photosensitizer and ascorbate [66, 137, 138]. The systems have
TONSs in the range of 9—120 over the course of hours. In related work, Wu and
coworkers demonstrated that confinement of the catalyst in a chitosan network, a
naturally occurring polysaccharide, results in significant stabilization. They
employed a CdTe quantum dot as photosensitizer, and the system is stable for



Biomimetic Complexes for Production of Dihydrogen and Reduction of CO, 255

40 h with a turnover number of up to 52,000, a factor of 4,000 higher than the same
components simply free in solution [139]. Unfortunately, the TOF is very low with
an initial value of 1 s~'. For comparison, Armstrong and coworkers reported that
Desulfomicrobium  baculatum  [NiFeSe]-hydrogenase = immobilized on
Ru-sensitized TiO, particles using triethanolamine as sacrificial electron donor
has a TOF of 50 s™' [140]. However, the enzyme system undergoes O,-dependent
photodecomposition in air in less than 2 min. For other examples of photocatalytic
systems employing natural hydrogenases, King has recently reviewed constructs for
immobilization of hydrogenases at semiconductor particles [141]. Hybrid systems
are not limited to the diiron family of catalysts. Bren and coworkers demonstrated
that cobalt-microperoxidase 11 is an HER electrocatalyst with a TOF of 6.7 s ' at
an overpotential of 850 mV and TON of 25,000 [142]. Ghirlanda and coworkers
extended this result to photocatalysis using Co-protoporphyrin IX embedded in
myoglobin [143], but the TON was unfortunately only 520 and TOF <1 min~".
Thus, to date, the biohybrid iron system remains far superior catalytically.

Although most molecular hydrogen-producing catalysts are not inherently
photocatalysts, i.e., they require a photosensitizer, the asymmetric complex
[(p-pdt)(p-H)-Fe,(CO)4(dppv)]™ (for pdi=1,3-propanedithiolate and dppv=cis-
1,2-C,H,(PPh,),) has been reported to catalyze evolution of hydrogen gas under
sensitizer-free conditions (Fig. 16) [144]. This is a particularly exciting result
because the need for a precious metal-based photosensitizer is eliminated. Unfor-
tunately, only four turnovers were achieved in this system during continuous
irradiation. Two fundamentally different mechanisms have been proposed to
account for this catalysis. Rauchfuss and coworkers hypothesized that irradiation
generates an excited state which is a stronger base. Thus, it can be protonated by
strong acids, creating an unstable dication and releasing hydrogen. However,
TD-DFT work suggested that excitation was more likely to result in photolysis or
gross deformation of the core geometry leading to a more terminal Fe—H species
[145]. Based on this theoretical work and their own time-resolved infrared spec-
troscopic investigation, Hunt, Pickett, and coworkers suggested that a CO is
photolabile [146]. The CO-depleted photoproduct may be the active catalyst.
Alternatively, a short-lived photoexcited state may encounter by chance either
acid or the sacrificial reductant, octamethylferrocene, leading to catalysis. This
last option is exciting because it suggests a means to improve the catalysis by
tethering an acid or reductant to the catalyst.

('u

N
Ph.p —F
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Fig. 16 Structure of the asymmetric complex [(p-pdt)(p-H)-Fe,(CO)4(dppv)]* that has been
reported to catalyze photocatalytic evolution of hydrogen gas under sensitizer-free conditions
[144]
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4 Carbon Dioxide Reduction Catalysts

A number of products including CO, formate, methanol, and methane can be
formed by carbon dioxide reduction. Furthermore, since the potential for reduction
of protons to hydrogen is typically 100 mV more favorable, hydrogen evolution
usually competes with CO, reduction at transition metal sites. Thus, development
of selective, fast, and efficient carbon dioxide reduction catalysts has proven a
challenging research area. Enzymes carefully couple proton and electron movement
to generate multielectron-reduced states and catalysts specific for one product.
Control of proton movement has also proven an important theme in preparation
of synthetic catalysts. In this section, we start by considering some of the better
precious metal-based CO, reduction catalysts and then describe how these have
been modified to generate catalysts based on more abundant metals by incorporat-
ing bio-inspired features.

4.1 Structural Models of CODHs

Structural models of both aerobic (MoCu) and anaerobic Ni-CODHs have recently
been reviewed by Majumdar (see Fig. 5 for active site structures) [147]. The groups
of Holm, Tatsumi, and Young [148-150] have developed several new synthetic
approaches to create sulfide-bridged binuclear MoCu complexes as models for the
aerobic enzymes, and, as a result of this work, two significant challenges have come
to light. First, the formation of a Mo(p,-S),Cu rhomb is highly favored so that
forming singly bridged complexes is difficult. Second, Mo(VI) is unstable to
autoreduction, especially in the presence of anionic sulfur ligands. The latter
problem can be overcome by working with W complexes, but these seldom have
the same reactivity as the Mo analogues. With respect to the anaerobic CODHs,
attempts to mimic the spectroscopic properties of the NiFeS active site with
synthetic complexes were underway even before the determination of the active
site structure. There have been two major approaches: construction of [NiFe;S,]
clusters, spearheaded largely by the Holm group [151-155], and efforts to make
heterobimetallic [NiFe] complexes, research closely related to the modeling of
[NiFe]-hydrogenases (see Sect. 3). Unfortunately, none of the complexes produced
in these efforts are reported to either reduce CO, or oxidize CO.

4.2 Functional Models of CODH : Molecular Electrocatalysts
for Reduction of CO; to CO

Functional models of CODH, i.e., molecular catalysts for CO, reduction to CO,
have been constructed using the precious metals Re and Ru as well as the first row
transition metals Co, Fe, Mn, and Ni.
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4.2.1 Transition Metal Phosphine Complexes

The history of synthetic metal phosphine complexes as CO, reduction catalysts
begins more than three decades ago when Slater and Wagenknecht demonstrated
the stoichiometric electrochemical reduction of CO, to formate using a [Rh
(diphosphine),]" complex [156]. This Rh complex is not a catalyst, but it improves
the thermodynamics of reduction of CO, by approximately 700 mV. Shortly
thereafter, Darensbourg and coworkers showed that CO, could be inserted into
trans-[(H),Ni(PCy3),] to form trans-[(H)(HCO,)Ni(PCy3),] [157], an important
step in understanding possible intermediates of CO, reduction by transition metal
phosphine complexes. Simultaneously, DuBois and coworkers reported a series of
transition metal phosphine complexes based on Fe, Ni, and Pd with weakly bound
solvent molecules; some of these are electrocatalytically active for CO, reduction.
The [Pd(triphosphine)(CH3CN)](BF,), (triphosphine=RP(CH,CH,PR’,), where R
and R’ can be alkyl or aryl substituents) complexes are the best catalysts in this class
[158, 159]. They catalyze reduction of CO, to CO in acidic solution under 1.0 atm
of CO, with TONs up to 130 at an overpotential of only 0.3 V. The mechanism of
this class of catalysts has been studied in detail. As shown in Fig. 17, reduction of
Pd{I) to Pd(I) is followed by coordination and protonation of CO,. A second
reductive step then occurs before loss of the coordinated solvent and a second
protonation. The vacant coordination site generated is crucial in cleaving the CO
bond. In fact, in the presence of a strongly coordinating ligand such as dimethyl
sulfoxide or a monodentate phosphine ligand, catalysis is inhibited. Finally, the CO
bond is broken in the rate-determining step leaving coordinated water and
CO. Release of these products regenerates the catalyst. This release is facile since

H,O
/ LPA(S)I*

[LPd(H,0)F** [LPd(S)]"
CO\/ CO;
[LPd(CO)(H,0)** [LPd(S)(CO,)*

)\ // :
H+
[LPd(COOH)]" [LPd(S)(COOH)}**
5 1e

[LPd(S)(COOH)]"
L=ligand S=solvent

Fig. 17 Mechanism of [Pd(triphosphine)(CH3;CN)](BF,), for reduction of CO,
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Fig. 18 Homobimetallic analogue of [Pd(triphosphine)(CH3CN)]2+ featuring a bifunctional
active site to enhance CO, binding

the metal has low affinity for CO, but this is the rate-determining step for several
complexes involving other metals.

Building on the success of the [Pd(triphosphine)(CH3CN)]2+ catalyst and
inspired by the bimetallic active site of CODHs, homobimetallic analogues such
as shown in Fig. 18 were designed to create a bifunctional active site and enhance
CO, binding [160]. In fact, the bimetallic complex has a second-order catalytic rate
constant greater than 2.5 x 10* M™" s, much higher than its monometallic
analogues. However, rapid formation of a Pd-Pd bond inactivates the catalyst,
resulting in a relatively low TON. The enzyme is less likely to undergo this type of
inactivation since it contains only first row transition metals that have a weaker
tendency to form metal-metal bonds, highlighting an advantage of moving away
from precious metals.

4.2.2 Re(bpy-R)(CO3)X Family of CO, Reduction Catalyst

Bipyridyl metal carbonyls have proven to be effective catalysts for photo- and
electrocatalytic reduction of CO, to CO. Of these, the rhenium complexes have
been the most widely studied [161-163]. Lehn and coworkers [161] showed already
in the early 1980s that Re(bpy)(CO);Cl (bpy=2,2’-bipyridyl) electrocatalytically
reduces CO, to CO in DMF-H,O0 solution with a faradaic efficiency reaching 91%.
This result has inspired the synthesis of a number of related compounds, especially
with modified bipyridyl ligands. Of particular note are improvements in catalytic
properties afforded by complexes incorporating a bipyridyl ligand with a functional
group handle that allows for polymerization and formation of heterogeneous
catalytic films on electrode surfaces. For example, O’Toole et al. [164] modified
the bipyridyl ligand via incorporation of a vinyl group to generate vbpy=4-vinyl-
4'-methyl-2,2’-bipyridine. Immobilization of the Re complex generated from this
ligand in a polymer results in a 20-30 times enhancement of the TON compared to
the homogeneous analogue. TONs are reported to be as high as ca. 600 [165] on
certain surfaces, and the effects of electrode material, film thickness, and the
structure of bipyridyl ligands have been investigated [166, 167]. In another exam-
ple, polymerization via a pyrrole-substituted bipyridyl ligand generates poly-Re
(LX)(CO);ClI (L=pyrrole-substituted bpy, X =3.,4,5, numbers of pyrrole groups).
These films catalyze CO, reduction with less electrochemical overpotential but
have lower rates.
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4.2.3 Manganese as an Alternative to Rhenium

Manganese is approximately one million times more abundant than rhenium in the
earth’s crust [168], making it a much better candidate for catalyst design with future
large-scale applications. The complexes Mny(CO);y and Mn(CO)sI were first
reported in the 1950s [169], and fac-Mn(bpy-R)(CO);X, where X is a halogen,
complexes have been known since 1959 [170]. However, their catalytic properties
were not described until much later. In 1996, Hartl and coworkers concluded from an
IR spectroelectrochemical study that [Mn(bpy)(CO)3]17 does not react with CO,
[171]. Further, IR studies showed that air stable fac-Mn(bpy)(CO);Br quickly forms a
dimer under reducing conditions [172] and further reduction formed the [Mn(bpy)
(CO)3]1_ anion. The X-ray crystal structure of the two-electron-reduced [Mn(bpy)
(CO)3]17 was reported in 2007 by the same group [173]. The breakthrough did not
come until 2011 when Deronzier et al. [174] reported that a proton source is the
missing ingredient. Both fac-Mn(bpy-R)(CO);Br and [Mn(bpy-R)(CO);], (R=H,
Me) electrocatalytically reduce CO, to CO in acetonitrile with water as a proton
source. The catalysis occurs at the potential at which [Mn(bpy)(CO)3]17 is formed,
suggesting that the two-electron-reduced anion promotes the catalysis. Inspired by
Deronzier’s work, related Mn(bpy-R)(CO);X complexes with different substitution
of the bipyridyl ligand were also shown to electrocatalytically reduce CO, in solution
with a proton source. In particular, Kubiak et al. [175] observed similar behavior with
tert-butyl-substituted manganese complex. Upon reduction, dimerization occurs
followed by formation of the catalytically active anion. Remarkably, the activity of
the tert-butyl derivative approaches that of the rhenium analogs and exceeds them in
the presence of water. It is also important to note that the activity increases with
increasing strength of the Bronsted acid. Several groups have explored the idea of
replacing the bipyridyl ligand. Hartl and coworkers [176] reported a related manga-
nese catalyst with a diimine ligand, Mn(CO);(R-DAB)X (R-DAB=N,N'-Di-R-1,4-
diazabuta-1,3-diene). Although formation of dimer was not observed, as for the
bipyridyl complexes, the catalyst has been identified as the reduced anion, Mn
(CO)3(R-DAB)' . Catalysis is thought to follow an ECE mechanism, and an extra
100 mV of overpotential is required relative to the bipyridyl analogue.

4.2.4 Metal Complexes with Macrocyclic Ligands: Role of the Outer
Coordination Sphere

A number of different metallocomplexes supported by macrocyclic ligands have
been shown to reduce CO, to CO. A common theme seen in many of these
complexes is hydrogen bonding between ligand protons and bound CO, or transfer
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Fig. 19 Co(I) macrocyclic complex in which bound CO, forms an intramolecular hydrogen bond
with a ligand N-H proton

of a proton to bound substrate by a Bronsted base in the secondary coordination
sphere. One early example, as shown in Fig. 19, is Co(I) macrocyclic complexes in
which bound CO, forms an intramolecular hydrogen bond with a ligand N-H
proton [177-179].

4.2.5 Fe(0) Porphyrins

The most catalytically active example of a macrocyclic metal CO, reduction
catalyst reported to date is electrocatalytically generated Fe(0) porphyrin catalysts.
Initially, Savéant and coworkers showed that these complexes are good catalysts in
the presence of Bronsted or Lewis acids [180—182]. Modification of the porphyrin
macrocycle with peripheral phenol groups (see Fig. 20) resulted in a catalyst with a
faradaic yield for CO in excess of 90% and an improvement of the catalytic rate by
approximately two orders of magnitude with a modest overpotential of less than
0.5 V [183]. The authors estimate that the addition of these intramolecular phenol
groups is analogous to creating a local concentration of phenol equivalent to a
150 M solution, a concentration that could never be achieved in a bulk, bimolecular
experiment. The chemical role of the phenols is twofold [184]. First, the large local
proton concentration favors proton transfer to the bound CO, at the catalytic metal
center. Second, the phenols stabilize the Fe(0)-CO, adduct via hydrogen bonding.
In the next generation, two of the four phenol groups were replaced by
perfluorinated phenyl rings, to explore the hypothesis that these electron-
withdrawing substituents would ease the reduction of the complex to the Fe
(0) state, i.e., decrease the overpotential necessary for catalysis. This may seem
obvious, but it is actually a gamble since decreased electron density may also
decrease reactivity toward the CO, ligand. The gamble paid off [185]. The
so-called FCAT molecule converts CO, to CO with nearly quantitative faradaic
efficiency with a TOF in bulk electrolysis experiments of 240 s~' and an
overpotential of 0.39 V, i.e., a TOF 1.4 times that of the derivative with only phenol
substituents. Furthermore, the FCAT molecule is more stable under persistent
electrocatalytic conditions.
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Fig. 20 Fe(0) porphyrins
with and without
prepositioned phenol
functionalities to facilitate
CO, reduction to CO

5 Conclusions and Outlook

As described herein, metalloenzymes offer blueprints for production of sustainable
molecular catalysts for fuel production. Although substantial progress has been
made toward this goal, several important objectives remain. First, the stability of
catalysts, especially under operating conditions, must be dramatically improved.
Second, catalysts will need to be modified for use in specific electrocatalytic or
photocatalytic applications. This likely means immobilization at electrode surfaces
or tethering to photosensitizers. In both cases, synthetic methods for stable, long-
term covalent immobilization must be developed, and studies of catalyst behavior
at interfaces will need to be undertaken. Third, both the turnover numbers and
turnover frequencies of CO, reduction catalysts need to be improved. Fourth, the
specificity of CO, reduction catalysts must be improved. These last two objectives
will likely require development of new ligand sets, syntheses, and complexes. In
closing, we note that biological systems have solved analogues of all of these
challenges. Thus although our goal is not to recreate biology, we hope that research
in this area will continue to benefit from biological inspiration.
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