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Chapter 1. Introduction

The workhorses of virtually al chemical transformations are catalysts. More than
90% of the final products of industrial chemical reactions are made by catalytic
processes. Such products include life-saving pharmaceuticals, transportation fuel,
polymers and plastics, agricultural fertilizers and fine chemicals. Catalysts also
play an important role in making industrial reactions environmentally benign,
preventing pollution by avoiding the formation of unnecessary waste and
decreasing the use of hazardous solvents and chemicals. Without catalysts, many
important chemical reactions would not be economical, and many would not even
be possible.

The Swedish chemist Jons Jacob Berzelius employed the term “catalyst” for the
first time in 1836; he derived the term from the Greek word kata (down) and lyein
(loosen). In 1938, Ostwald defined a catalyst as a substance that increases the rate
of a chemical reaction by providing an alternative, more rapid reaction path
without itself being substantially consumed during the reaction. The catalyst works
by offering a different reaction pathway with lower activation energy than that of
the uncatalyzed reaction. A catalytic reaction consists of series of transformations
where the catalyst enters in one step and is regenerated in another step.*

In general, catalysts can be categorized as being either homogeneous or
heterogeneous. Subsequently, the term “heterogenized catalyst” has also been
introduced. The catalyst can either operate in the same phase as that where the
reaction takes place (homogeneous catalysts) or in a different phase
(heterogeneous and heterogenized catalysts).? The major advantages/disadvantages
of homogeneous vs. heterogeneous catalysts are summarized in Table 1. 1. In
general, homogeneous catalysts are intrinsically more active and selective in
comparison to heterogeneous catalysts.



Table 1.1. Advantages and disadvantages of homogeneous vs. heterogeneous

catalysts.
Property Homogeneous catalysts Heter ogeneous catalysts
Reaction conditions Mild reaction conditions Harsh reaction condition
Catalyst recovery Difficult and expensive Easy and cheap
Catalyst separation Difficult Easy
Selectivity High Low
Active site Single active site Multiple active site
Thermal Stability Poor Good
Catalyst modification Relatively easy Relatively difficult
Characterization Easy Difficult
Reaction mechanism Easier to find out Difficult to find out

1.1 Transition metal clusters

A metal cluster is a compound that contains two or more metal atoms that are held
together by direct and substantial metal-metal bonding.® By considering the
presence and nature of the ligands they contain, transition metal clusters may be
classified into three different classes as follows:

Naked clusters: Also known as non-ligand-containing Zintl clusters (Zintl
anions). Examples of naked clusters are Ags, Pbs> and Sns”.

High-valence clusters: In this type of cluster, meta atoms forming the
metal network have positive intermediate oxidation states, commonly +2
and +3. The ligands associated with this class of clusters are normally
good m-donors such as halides, especially chlorides and bromides.
Examples of this class ae [MogClg*,* [NbsCly]°® and
[ResTes(TeBr,)g] Bra.°

Low-valence clusters. The metal atoms in this class usually have an
oxidation state that is zero or negative and are always coordinated to -
acceptor ligands. Carbon monoxide is the most representative of these
ligands but there are numerous examples of clusters containing other =-
acceptor ligands such as phosphines, olefins, cyclopentadienes, etc. The
potential application of this kind of clusters to homogeneous catalysis has
been studied extensively. As mentioned previously, metal carbonyl
clusters are the most common and important of this type of organometallic
complex. There are three common coordination modes for the carbon
monoxide ligand in metal clusters, these coordination modes are
illustrated in Figure 1. 1.
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Figure 1.1. Different bonding modes of a CO ligand in metal clusters; (a) terminal,
(b) edge-bridging, (c) face-bridging.

(©)

In the terminal coordination mode, the CO ligand is bonded to one metal vertex
only and the M-C-O bond may be linear or bent. Examples of carbonyl clusters
containing only terminally coordinated CO ligands include [Rus(CO)]’ and
[Os5(CO)1,].2 In the edge-bridging coordination mode (u-CO), the CO ligand is
bonded to two neighbouring atoms, which often indicates the presence of a metal-
metal bond. Examples of clusters containing edge-bridging carbonyl ligands are
[Fex(CO)q], [Fes(CO)1s], [Cox(CO)g] and [Cos(CO)12].> *° Finally, for the face-
bridging coordination mode (us-CO), the CO ligand is bonded to three metal
atoms in a capping mode. An example of a cluster containing face-bridging
carbony! ligands is [Rhe(CO)16). ™

1.2 Ligand substitution reactions on transition metal
carbonyl clusters

Over the last 50 years, much progress has been made in the study of
organometallic reaction mechanisms. Investigations show that organometallic
clusters undergo different reactions. In general, three classes of reaction pathways
may be distinguished in ligand substitution reactions on metal complexes, and they
are also applicable to the chemistry of transition metal carbonyl clusters:

I. Associative mechanism (A). In this type of mechanism, the cluster framework
displays an intermediate with a coordination number greater than that of the
original cluster due to the association of reactants.

1. Dissociative mechanism (D). Here, the reaction proceeds via the dissociation
of aligand to form an intermediate in which the coordination number of the
carbonyl metal cluster is lower than that of the original compound.

I11.  Interchange mechanism (I). When the ligand substation reaction does not fit
neatly into either type (no discernable intermediate), the pathways of these
mechanisms are called interchange pathways. The interchange mechanism



can be classified into associative interchange (15), where the rate-determining
step involves the association of a ligand, and dissociative interchange (lg,
rate-determining step involving the dissociation of aligand).

1.3 Structural characteristic of transition metal clusters

Many different analytical and spectroscopic technigues can be used for elucidating
cluster structures. Among these techniques, the most common and widely used are
listed in Table 1.2.

Table 1.2. Different techniques used for cluster characterization.

Technique Used for

Infrared (IR) Can be used for determining the coordination mode of the ligands

attached to the cluster.

Nuclear magnetic resonance  Used to get structural information and dynamic processes in clusters.
(NMR) spectroscopy

Mass spectrometry (MS)

Single crystal X-ray
diffraction (XRD)

Can provide strong evidence for the empirical formula of a proposed
carbonyl cluster.

Gives information about the transition metal cluster structure,
stereochemistry and structural parameters. Although it is a very
important technique, it does not always provide unambiguous answers
because of disorder problems or poor crystal quality. The identification
of hydrides in transition metal clusters is, in general, a tricky task that
involves indirect approaches for locating the hydrogen atom position.
Unusual distances and angles can revea the positions of metal-bound

hydrogen.

1.4 Cluster-based catalystsimmobilized on solid supports

One of the major directions in homogeneous catalysis is to find new pathways for
the immobilization of homogeneous catalysts with good catalytic properties on
solid supports or liquid supports (biphasic catalysis) so that their separation from
the final productsis as facile as in heterogeneous catalysis while the high catalytic
activity in terms of conversion and enantioselectivies that is found in
homogeneous catalysis is maintained. Different strategies and protocols have been
developed for tethering molecular catalysts to solid supports. Immobilization of
clusters on solid support is a well-developed field, with silica and alumina
supports being the most common. The resulting catalytic activities of these cluster-



containing materials have been extensively studied and reviewed.”> Many of the
supported metal carbonyl clusters are anions, often dispersed as ion pairs on metal
oxide surfaces. Examples of metal carbonyl clusters supported on/in MgO are
[1r6(CO)1s)*,"* [HFes(CO)w] " [HaOs4(CO)12]",” and [RusC(CO)e]*.*® Neutral
metal carbonyl clusters such as [Ir4(CO)1,] and [Rhg(CO)46] can also be dispersed
on selr7ni-metal oxides that are neither strongly basic nor strongly acidic, e.g.
SiO,.

1.4.1 Characterization of heter ogeneous catalysts
Various techniques can be used to characterize solid materials and investigate their

surface reactivities. Among these techniques, the most common and widely used
arelisted in Table 1.3.

Table 1.3. Different techniques used for characterization of heterogeneous

catalysts.

Technique

Infrared (IR)

Scanning electron
microscopy (SEM)

High resolution
transmission electron
microscopy (HRTEM)

Brunauer-Emmett-
Teller (BET) method

Thermogravimetry
analysis (TGA)

Solid state nuclear
magnetic resonance

Used for

Confirming the successful immobilization of the cluster by showing
carbony! frequenciesin the region 2100-1500 omt.

Used when the diameter of the metal nanoparticles are around 1 nm or
below. SEM uses a focused beam of high-energy electrons (30-50 kV) to
generate a variety of signals at the surface of solid sample.

Allows a precise image of the solid particles to be formed, showing also the
packing of atoms in the interior. Used to recognize the presence of metal
nanoparticles with a diameter larger than 1 nm on the solid surface of the
catalyst by providing most of necessary fundamental information on
morphology and microstructure of the material.

Used to calculate the surface area.

Used to determine thermal stability of the catalyst.

Allows the characterization of the chemical and structural environment of
atoms in the catalysts (or in species adsorbed).



1.5 Resolving heterogeneity problems in homogeneous
transition metal carbonyl cluster catalysis

The use of metal carbonyl clusters as catalysts/catalyst precursors in asymmetric
transformations is well studied and investigated.’** Determination of the identity
of the true catalyst and distinguishing true molecular (homogeneous) catalysis
from that effected by soluble metal particles is very important for development of
the synthesis of highly selective, stable and active catalysts. This problem becomes
more difficult if a soluble colloidal/nanocluster catalyst with a small diameter (~1
nm) is formed. This task has caused considerable discussion (and consternation) in
the literature.® % A list of different strategies that can be used to resolve the title
problem are summarized in Table 1.4.

Table 1.4. Tests that can be useful in helping to distinguishing homogeneous from
heterogeneous (colloidal) catalysts.

Test

Hg(0) poisoning test Hg(0) is well known to poison metal-particles by amalgamating the
metal. Addition of Hg(0) in an excess amount to the catalytic reaction
mixture and analysis of the final products gives conclusion about the
nature of the active catalyst. Suppression of catalysis by Hg(0) is
evidence for a heterogeneous catalyst.

Hot filtration test The catalytic reaction mixture isfiltered through a glass frit. The filter
with any adhering metal particles is washed and returned to the
(rinsed) reaction vessel after adding a new solvent mixture and
substrate under the same catalytic condition, and the catalytic activity
of the resulting mixture is checked. Any observed catalytic activity is
attributed to heterogeneous catalysis.

Dynamic light scattering Can detect nanoparticles and establish a mean radius for the
ensemble.

Transmission electron Can detect the presence of nanoparticles deposited from catalytic

mi croscopy (TEM) reaction mixtures.



1.6 Applications of transition metal clusters in organic
transfor mations

Transition metal carbonyl compounds are of immense interest because of their
structural diversity and potential application in the field of catalysis. The clusters
[Ruz(CO)1g], [Os3(CO)12] and [Ir4(CO)12] have been shown to catalyze the water
gas shift reaction;** [Rhe(CO)1¢] catalyzes the conversion of carbon monoxide into
hydrocarbons;®® [Co,(CO)g] is a precatalyst for the hydroformylation reaction;®
[OssIr(CO)15]” is a catalyst precursor for the carbonylation of methanol;?
[Rus(CO);] for the carbonylation of anmonia;®® and the Fischer-Tropsch process
for the generation of hydrocarbons from coal is aso catalyzed by iron clusters.”®
Metal clusters have also been shown to be important as catalyst precursors for the
preparation of different heterogeneous catalysts that are useful in asymmetric
synthesis.

1.7 Enantioselective synthesis

The ever-increasing demand for chiral chemicals that can be used in industry and
academia, make the development of efficient methods to provide such
enantiomerically products of great importance. Asymmetric synthesis is the most
appealing strategy in terms of economy and environmental aspects. Thousands of
chiral ligands and their corresponding transition metal complexes have been
synthesized and evaluated in homogeneous as well as heterogeneous catalysis. The
ligands coordinated to the metal, if carefully chosen, can tune the reactivity of the
metal. Among the various ligands synthesized, phosphine ligands are the most
genera ligands employed for this purpose.

Asymmetric hydrogenation of prochiral unsaturated compounds such as akenes,
ketones and a-unsaturated carboxylic acids has been intensively studied and is
considered to be a very important methodology for the synthesis of chiral
compounds. Homogeneous asymmetric hydrogenation is well recognized as one of
the most significant development in organotransition metal chemistry. Low valent
Ru, Rh, or Ir complexes derivatised with chiral phosphine ligands belongs to the
most effective hydrogenation catalyst precursors.®® Calvin used homogeneous
hydrogenation for the first time in 1938 when he reports that copper-based
catalysts can hydrogenate 1,4-benzoquinone.® The discovery of Wilkinson's
catalyst [RhCI(PPhs);] in 1965 was a very important breakthrough in
homogeneous catalysis.** In 1968, Horner® and K nowles® independently reported
the synthesis of chira non-racemic rhodium catalysts bearing P-chiral
monodentate ligands that can be used in hydrogenation reactions with low product
enantioselectivity (less than 30%). Knowles* synthesized DIPAMP (R,R)-(-)-1,2-



bi 5[ o-methoxy-phenyl)(phenyl)phosphine]ethane; a second generation P-chiral
ligand. Noyori®*® developed the next outstanding ligand BINAP [2,2'-
bi s(di phenylphosphino)-1-1'-binaphtyl] in the 1980s. Interestingly, Ru catalysts
containg BINAP are the most active and selective rather than Rh (eqg.
[RU(BINAP)(OAC),]). The BINAP ligand can aso be used in various catalysis
reactions, so it belongs to the group of “privileged ligands’. Burk™® has developed
ligands that contain alkylphosphines, such as the DuPhos ligand family, where
catalysts based on Rh precursors bearing DuPhos shows excellent results in the
asymmetric hydrogenation of olefins. In 1994, Tongi and coworkers developed the
Josiphos family of ligands, which was another milestone in the development of
bidentate ligands that feature planar chirality in addition to an atom-centered chiral
centre.¥” During the last few years, hundreds of chiral phosphine ligands have been
synthesized and evaluated in asymmetric catalysis reactions. Among all of these
ligands, ferrocence-based ligands have been shown to provide more successful
results in catalytic hydrogenation reactions. Some of the widely used chiral
phosphine ligands used in homogeneous asymmetric hydrogenation synthesis are
shown in Figure 1.2.

MeO
AN Me0—® Ph,
O g
PPh, . [
PPh, @ -
Ph
OMe MeO

(R-BINAP (RR-DIMAP (S9-DIPMAP
F3C©CF3 O\ @
cFs MQ
Fe
CHs ; CH HaC— N @

CHa
(R-(S-W001 (R-(9-J002 (R-(R-T0O1

Figure 1.2. Selected efficient phosphine ligands for homogeneous asymmetric
hydrogenation synthesis. (W signifies a Walphos ligand,® J a Josiphos ligand™
and T a Taniaphos ligand™)



1.8 Aimsand outline of thisthesis

Thisthesis describes the synthesis, characterization and catalytic activity studies of
new ruthenium, rhenium and osmium clusters. There were three general aims of
this work:

. To demonstrate catalysis by intact metal clusters in homogeneous
hydrogenation reactions.

. To develop more effective cluster-based catalysts for asymmetric
hydrogenation reactions.

[1. To develop new heterogeneous catalysts for asymmetric
hydrogenation reactions via heterogenization of homogeneous cluster-
based catalysts.

The purpose of this summary is to provide an introduction to the scientific field,
and to put the scientific publications and manuscripts (appended at the end of this
thesis) into a boarder context. The summary of the work reported in the enclosed
papers and manuscriptsis as follows.

Papers | and Il report the synthesis and characterization of chiral phosphine
derivatives of the sulfido-capped ruthenium carbonyl cluster [(u-Hz)Rus(ps-
S)(CO)g], evaluating their performance as catalysts in asymmetric hydrogenation
reaction and demonstrate the nature of the active catalyst.

Papers 111-V study the use of different chiral phosphine derivatives of various
transition metal clusters (Re, Ru and Os) as catalysts/catalyst precursors in
asymmetric hydrogenation reactions. Synthesis and characterization of chiral
phosphine derivatives of the metal clusters are reported.

Paper VI investigates the heterogenization of a homogeneous cluster-based
catalyst in mesoporous silica.



Chapter 2. Evidence for intact cluster
catalysis (papers!| and I 1)

2.1 Background

There has been much debate about the nature of the active catalyst in reactions
involving clusters as catalysts. The importance of knowing the identity of the
active catalyst® is that such knowledge forms a basis for the development of more
efficient and effective catalysts. Generally speaking, four types of behaviour may
occur: (i) the cluster framework remains intact throughout a complete catalytic
cycle, (ii) the cluster framework may fragment to mononuclear species, (iii) the
cluster framework may agglomerate to form catalytically active nanoparticles, or
finaly (iv) the cluster framework may be destroyed and rebuilt during the catalytic
cycle. Many examples that involve al four possibilities exist and have been
published, and in the same reaction more than one catayst can operate
simultaneously.? “° To investigate whether the cluster catalyst fragments to give
mononuclear (active) species, or aggregates to form a heterogeneous catalyst, or
remains as an active cluster catalyst, several tests are used to establish whether a
reaction is catalyzed by homogeneous or heterogeneous catalytic species.
Influential reviews of the field are available from Lewis,* Crabtree,® Aiken and
Finke.*> 2 % Finke?™ % has suggested a ‘toolkit' which can provide information
about the type of catalysis by running different kinetic measurements, catalyst
poisoning and spectroscopic experiments.

After the confirmation of “true” molecular homogeneous catalysis, the next step is
to determine the nature of the active catalyst. For clusters, this means to determine
whether catalysis is by the intact cluster or by mononuclear species formed by
fragmentation of the cluster. Although it is not an easy task, a number of
convincing examples of homogeneous cluster catalysis have been reported based
on indirect evidence. The heteronuclear catalyst [H4Pt:Rus(CO),1] catalyzes
akyne transformation without any fragmentation.** Nombel* has reported that the
face-capped trinuclear cluster [HRu(CO)s(us-n’-NMePy)] is the intact cluster in
the hydroformylation of diphenylacetylene to a-phenylcinnamaldehyde.
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Siiss-Fink and coworkers™ used an isotope labeling method to suggest that
hydroformylation of ethylene catalyzed by the cluster anion [RusH(CO)u]
proceeds via the intermediacy of intact Rus clusters. Nordlander and coworkers™®
have provided indirect evidence for clusters based on [(u-H)4Rus(CO)q2]
derivatised with chiral bis-phosphine ligands being the intact catalysts in the
hydrogenation of tiglic acid. While catalysis by fragmentation products cannot be
excluded in the latter case, the parent starting clusters were recovered unaltered
after the catalytic reaction and re-evaluation/recycling of the recovered catalyst in
the same catalytic reaction shows identical conversion. Finally, direct evidence for
cluster-based catalysts has been provided using parahydrogen (p-Hz) NMR
methods;*® Dyson, Duckett and coworkers’” * have been able to demonstrate that
the clusters [HRus(u-H)(CO)o(L)2] (where L = PMexPh or PPhg) are active catalyst
intermediates for the hydrogenation of diphenylacetylene.

Norton® has identified a criterion for incontrovertible evidence for cluster-based
catalysts, viz the observation of asymmetric induction in a catalytic reaction
effected only by chirality in the cluster framework, rather than from a chiral
ligand. Based on this concept, Vahrenkamp and coworkers® have used chiral
tetrahedrane clusters for the silylation of acetophenone, but cluster racemization
was observed.

2.2 Synthesis of [(u-H2)Ruz(ns-S)(CO),] derivatives

The parent cluster [(u-H)2(us-S)Ruz(CO)g] 1 was synthesized by heating
[Rus(CO)y] in octane at 125 °C while H,S was bubbled in the solution.®® This
parent cluster 1 was derivatised with chiral diphosphine ligands from the Walphos
and Josiphos families (papers | and I1) (cf. Fig. 2.1). The afore-mentioned ligands
are well known in catalytic hydrogenation reactions since they give high
enantioselectivities with mononuclear Rh and Ru complexes as well as Ru
clusters.® %%

The synthesized clusters of the general formula [(u-H)2(us-S)Rus(CO)7(u-L)] (L=
bulky chiral ferrocene-based diphosphine ligands of the Walphos (1a-1h) and
Josiphos (2a-2e€) families) were prepared by using MeNO as an oxidative
decarbonylation reagent.>® All clusters were characterized and identified using *H,
P NMR, IR spectroscopy, mass spectrometry and wherever possible X-ray
crystallography. The *P NMR data confirmed differences in the coordination
environments of the diphosphine ligands within each diastereomeric pair. For
example, the *P NMR spectra for the diastereomeric pair [(u-H)a(us-
S)Ru3(CO)(u-1a)] 3 and 4 show different signals: in 3, the P* signal appears as a
triplet, indicating coupling to both hydrides, while the signal for P*is adoublet. In
contrast, the signal for P* in 4 appears as a doublet while that of P? is a doublet of
doublets (cf. Fig. 2.2 (a) and (b) for clusters 3 and 4 respectively).
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)

Walphos ligands

1a; R" = Ph, R? = 3,5-(CF3),C¢H3

§,S-1b; R' = Ph, R? = 3,5-(CF3),CgH3

1c;R'=Ph, RZ2=Cy

1d; R" = 3,5-(CHg),-4-(CH30)CgH,, R? = 3,5-(CF3),CqHs
1e; R' = Ph, R? = 3,5-(CH3),CqH;

1f; R" = Cy, R? = 3,5-(CF3),CgH3

1g; R = 3,5-(CH3),CeH3, R? = 3,5-(CH;),CqH;

1h; R"=Ph,R?=Ph

" /@/PZ—R2

N
P Fe
R‘/

Josiphos ligands

2a; R" = 3,5-(CF;),CgH3, R? = Cy

2b; R'=Ph, R2=Cy

2¢;R"=Cy,R?2=Cy

2d; R" = Ph, R? = 3,5-(CH3),CgH3

2e; R' = 3,5-(CF3),CgH3, R? = 3,5-(CF3),CgH3

Figure 2.1. Structure of Walphos (1a-1h) and Josiphos (2a-2¢€) ligands used in
thisinvestigation. (cf. Papers| and Il for more details).

Further investigation on the reversal of the bridging mode of the diphosphine
ligands observed for the sulfide-capped clusters 3 and 4 have been done by
synthesizing and characterizing the analogous diastereomeric pair based on S,S-1b,
viz, 5 (connectivity corresponding to 3) and 6 (connectivity corresponding to 4).
The identities of the diastereomeric pairs 3 and 4, 5 and 6 were further confirmed
by the determination of their crystal structures (cf. Fig. 2.3). (cf. Papers| and Il for

full details).
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Figure 2.2. 3P NMR data for clusters; a) [(u-H)2(us-S)Rus(CO)-(u-1a)] 3 and b)
4 and c) [(u-H)2(us-S)Rus(CO)7(u-SS-1b)] 5 and d) 6.
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C) d)

Figure 2.3. The different coordination modes observed for the diastereomeric
pairs [(u-H)z(us-S)Rus(CO)7(u-1a)] 3 and b) 4 and c) [(u-H)(us-S)Rus(CO)7(u-
S,S-1b)] 5and d) 6.
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2.3 Catalytic activity studies and evidence for metal cluster
catalysis

All the synthesized clusters were tested as catalysts in asymmetric hydrogenation
of tiglic acid as shown in scheme 2.1.

COOH Catalyst X COOH

— .
H,

Scheme 2.1. General scheme for the catalytic hydrogenation of tiglic acid used in
this study.

The catalytic activity results for clusters 3 — 6 are summarized in Table 2.1. The
conversion of tiglic acid was assessed by 'H NMR spectroscopy and the
enantioselectivity was investigated according to a published procedure.®” All
clusters yielded moderate to high conversions; and low conversion rates could be
observed for the cluster [(u-H):Rus(us-S)(CO)7(u-1,2-1f)] 9. Only relatively
moderate enantiomeric excesses could be observed (9-56 %) and, in case of [(u-
H)2RUs(us-S)(CO)7(p-1,2-1f)] 9 and [(n-H)2Rus(us-S)(CO)7(p-1,2-1g)] 10, no
enantioselectivity could be detected. We have observed significantly higher
enantioselectivities in other cluster-based systems,52 but it should be borne in mind
that ee's exceeding 40% were unprecedented™® in cluster-based asymmetric
hydrogenation before we started our studies.

Table 2.1. Summary of catalytic asymmetric hydrogenation activity of clusters 3-
6.

Ligand Catalyst Conversion % ee % Configuration
la 3 49 23 R
la 4 79 56 S
SS1b 5 55 24 S
SS1b 6 64 52 R

Reversal in enantioselectivity for the diastereomeric pairs has been observed,
supporting direct evidence for metal cluster catalysis, or closely related
triruthenium species. Formation of Noyori-type catalysts of the general formula
[Ru(1a)(O.CR),] is possible, but cannot explain the reversal in enantioselectivity.
On the other hand, cluster decomposition during the catalytic cycle followed by
intact cluster regeneration at the end of the catalytic cycle is also possible but
formation of both diastereomers will always happen.
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All catalysts were recovered and spectroscopic measurements (IR, *H/*'P NMR)
and mass spectrometry showed no signs of changes in the clusters after catalytic
runs. Catalyst recyclability was tested by recovery of catalyst 3 after catalysis and
reuse of the catalyst in exactly the same experiment. Identical conversion rates and
enantiomeric excesses were obtained for the two catalytic runs. Another piece of
evidence about the nature of the active catalyst was provided by a mercury
poisoning test.? 2 As discussed in Chapter 1, Hg(0) is able to poison metal
particle/colloidal catalysts by amalgamating the metal. The suppression of
catalysis by Hg(0) isindirect evidence for cluster decomposition to form colloidal
particles. The test was carried out on cluster 3 under typical catalytic
hydrogenation reaction conditions. Slightly better results were obtained than in the
reactions without Hg(0) added. Both the conversion and enantioselectivity were
increased by 2-3%. The obtained result suggests that the cluster does undergo
fragmentation and the formation of colloidal particles occurs during the catalytic
reaction, however, the effect of the colloidal particles formed seems very limited
for the hydrogenation reaction.

The obtained results indicate that both stereochemistry and bridging modes of the
coordinated chiral ligand in these catalytic systems, strongly affects the outcome
of hydrogenation in terms of conversion and enantioselectivity and strongly
support that the catalytic hydrogenation of tiglic acid is proceeds via intact Rus;
clusters. For the first time, an experiment based on Norton's criterion has been
used to demonstrate that intact clusters are most likely the active catalysts. In
parallel with the parahydrogen experiments mentioned above, these results
constitute the best evidence until now for intact clusters acting as catalysts.

2.4 Computational studies for the hydrogenation of tiglic
acid employing cluster 4

A possible catalytic cycle for the hydrogenation of tiglic acid by cluster 4 is
depicted in Scheme 2.2. First, dissociation of a carbonyl ligand to form a
coordinatively unsaturated species B occurs. This is followed by substrate
coordination to afford the alkene-substituted cluster E, which reacts with H, to
furnish the transient trihydride cluster F. Reductive elimination to give the
hydrogenated product regenerates cluster B. The free energy profile for the
hydrogenation of tiglic acid catalyzed by cluster 4 is shown in Figure 2.4.
Substrate insertion into the proximal bridging hydride occurs via transition
structure TSDE, whose energy is 29.6 kca mol™. On the other hand, the
aternative alkene insertion route lies 6.6 kcal mol™ above TSDE, where the
hydride transfer to the ester-substituted alkene carbon and create (S) stereogenic
center and the formation of the final product with a net release of 13.2 kcal mol™.
(cf. Supplementary Material for paper | for more details). The obtained computed
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results are in agreement with the proposed catalytic hydrogenation cycle of ethane
by [HsRU«(CO)1z].*

2
R U H Me
tiglic acid (C) P/ \ alkene insertion
2
D

\

2
Cluster 4 (A)
s, *Ha
P Ru \ £ cog
\ /<

COZH Me //\H\

[ Ru/H

(S)-2-methylbutyric acid

Scheme 2.2. Proposed catalytic cycle for the hydrogenation of tiglic acid by

cluster 4.
TSFBG
(36.6, 37.5)

TSDE
(29.6, 32.3)

[

E (28.1, 29.6)
(25.9, 27.0)

D
(8.1,8.7)

B+ C+H,

B+G
(-13.2)

Figure 2.4. Free energy profile for the catalytic hydrogenation of tiglic acid
catalyzed by cluster 4. Black and red profiles are for the si- and re-face alkene
coordination routes, respectively.
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2.5 Concluding remarks

The synthesized diastereomers of the cluster [(u-H)2Rus(us-S)(CO)+(u-1,2-P-P*)]
(P-P*= chiral diphosphine ligands from the Walphos and Josiphos families) have
been fully characterized and evaluated as active catalysts in the asymmetric
hydrogenation of tiglic acid. The observed reversal in the enantioselectivity is not
only reversed with reversal in ligand chirality, but also with reversal in cluster
chirality. The obtained results for the catalytic activity, in terms of both conversion
and enantiosel ectivity, strongly support the involvements of intact Rusclusters as
the active hydrogenation species.
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Chapter 3. Cluster-based catalysts for

asymmetric  hydrogenation of «-
unsaturated carboxylic acid (papersii1-V)

3.1 Background

Homogeneous asymmetric hydrogenation of prochiral unsaturated compounds,
such as alkenes, ketones, and imines, is one of the most extensively investigated
reactions, and is an efficient and straightforward method for the preparation of
optically active compounds. The catalytic reaction involves the addition of
dihydrogen to the substrate, using a small amount of a chiral transition metal
complex/cluster as a catalyst. Asymmetric hydrogenation is frequently used in
both academia and industry for the synthesis of chiral amino acids, alcohols and
different enantiopure products.

In 1968, Knowles® and Horner® reported independently the first example of a
catalytic homogeneous asymmetric hydrogenation reaction by replacing the
triphenylphosphine of the well-known Wilkinson's catalyst [RhCI(PPhg)s] with
optically active methylphenyl(n-propyl)phosphine and investigating its catalytic
activity in the hydrogenation of prochiral alkenes. Although the enantiomeric
excesses found were low, catalytic asymmetric hydrogenation was unequivocally
shown experimentally to have occurred in the homogeneous system (cf. Scheme
3.1).

P
/G H\\\\‘\ \\Me H R
Rh/ n-
Ph 3H7 Ph ><
>: = Me
H, Ph
R

R = Et, 8% ee
R = COOH, 15% ee

Scheme 3.1. The first example of homogeneous asymmetric hydrogenation.

Afterwards, other researchers (Horner,* Kagan,®® Morrison® and Bosnich)
achieved similar results and contributed by their investigations to opening the
doors to a new important field for both academic and industrial research.
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Rhodium-based catalysts for the asymmetric hydrogenation are well studied for
the enantioselective reduction of a- and p-dehydroamino acid derivatives and
enamides, giving enantiomerically pure products. The development of chiral
ruthenium-based catalysts expanded the field of asymmetric hydrogenation
significantly. In 1988, Noyori et al. made the first breakthrough in thisareausing a
[Ru(I)(BINAP)] dicarboxylate complex.®® The complex gave high
enantioselectivity in the hydrogenation of carbon-carbon double bonds of different
substrates, the asymmetric hydrogenation of which had been difficult to achieve
with the rhodium catalysts that had been reported until then.

3.2 Transition metal carbonyl clusters as catalysts for
asymmetric hydrogenation

Catalysis by molecular clusters remains a very fascinating area of research. Many
transition metal (carbonyl) clusters have been investigated as catalysts in the
asymmetric hydrogenation reaction. The cluster [Rhs(CO)10{ (-)DIOP}] was found
to be an effective hydrogenation catalyst for prochiral olefins.*® Matteoli and
coworkers®®? have demonstrated that catalysts of the type [(u-H)sRus(CO)o(L)]
(where L= BINAP, MOBIPH) and [(u-H)4Rus(CO)g{ (-)DIOP} ;] are effective for
the hydrogenation of tiglic acid under harsh conditions. They have also shown that
isomerization of prochiral 3-methyl-5-phenylpent-2-ene is possible in the presence
of [(u-H)aRus(CO)g{ (-)DIOP} 5].*

Nordlander and co-workers have shown that [H;Ru4(CO);0(WO001)] (where
WO001= a chiral diphosphine ligand of the Walphos family) is a superior catalyst
for the asymmetric hydrogenation of prochiral a-unsaturated carboxylic acids with
excellent conversion rates (99-100%), high product selectivity (99-100%) and
good enantiosel ectivity - up to 92% ee.® > They have also shown that the chiral
clusters [HsRu4(CO)1o(L)] (where L= NMDPP, DUPHOS, DIPAMP and DIOP)
are able to catalyze the asymmetric hydrogenation of tiglic acid albeit with
relatively low selectivity (ee’s varying from O to 23%).%

In order to find potentially more reactive transition metal clusters, we have studied
different transition metal (Re, Os and Ru) carbony! clusters that are bridged and/or
chelated by different chiral mono- and diphosphine/phosphirane ligands. Figure
3.1 shows the different chiral ligands used in this study.
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11a; R" = 3,5-(CH3),CgH3, R? = 3,5-(CF3),CeHs 12a; R' = 3,5-(CF3),CgH3, R? = 3,5-(CH3),-4-(OCH3)CgH,
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13a: R=H, 14a: R=H 15
13b: R= OMe 14b: R= OMe

Figure 3.1. Different chiral phosphine and phosphirane ligands used in this
investigation. Ligands 11a-12b are discussed in paper |11, 13a and 13b in paper 1V,
and 15in paper V.

3.2.1 Synthesis of rhenium-based catalysts (paper 111)

Rhenium carbonyl complexes were synthesized by either (i) thermal substitution
on the parent cluster [Res(u-H)3(CO)10(NCMe)] 16 in octane in the presence of the
diphosphine (11a-12b), or (ii) in situ generation of 16 from the reaction of
[Rex(CO)s(NCMe),] 17 in toluene with hydrogen, followed by the addition of the
chiral diphosphine ligand (11a-12b). A schematic depiction of the structures of the
different complexes prepared in this study, describing the different phosphine
coordination modes detected, is shown in Figure 3.2.
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Figure 3.2. Schematic structures of the coordination modes of the diphosphine
ligands (11a-12b) in the new rhenium complexes that have been prepared (16-25).

3.2.2 Synthesis of osmium-based catalysts (paper 1V)

Osmium clusters containing the chiral primary monophosphine ligands 13a and 13
were synthesized by reaction between [Os(CO)1:(NCMe)] 26 and 13a or 13b in
dichloromethane at room temperature. The formation of one product was observed
in each case after ca. 2h (Scheme 3.2). After purification, yellow solids were
isolated in good yield, and the products were characterized as the clusters 27/28,
with the primary phosphine bound to one of the osmium centres. The phosphide-
bridged complexes 29/30 were generated either from sequential deprotonation-
protonation reactions or by thermolysis in toluene. Reacting the edge-bridged
phosphido clusters 29/30 with 1 eq. of trimethylamine N-oxide at room
temperature gave the phosphinidene derivatives 31/32 (Scheme 3.2) (cf. Paper IV
for detailed synthetic procedures).
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Scheme 3.2. Synthesis of the osmium clusters 27-32.

3.2.3 Synthesis of ruthenium-based catalysts (papers |V and
V)

Our next objective was to investigate the effect of changing the group eight metal
to ruthenium. Reaction of tri- and tetraruthenium cores with the chiral primary
phosphines 13a/13b and phosphiranes 14a/14b and 15 gave the phosphine-,
phosphido- and phosphinidene-capped clusters 33-49 (cf. Papers IV and V for
detailed synthetic procedures). Figure 3.3 shows schematic structures for the new
ruthenium carbonyl clusters.
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Figure 3.3. Schematic structures of new ruthenium clusters that have been
prepared in this study.

3.2.4 Characterization

All clusters were identified via IR, 'H and *P NMR spectroscopy, mass
spectrometry and, wherever possible, X-ray crystallography (cf. Papers |11, IV and
V for detailed discussion). Selected XRD structures are shown in Figure 3.4.
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Figure 3.4. Selected XRD structures for clusters [(u-H).Re;(CO)e(12b)] 24, [(u-
H)2Ru(CO)7(13b)] 38 and [(p-H)aRua(CO)10(15)] 49.

3.3 Catalytic asymmetric hydrogenation study

All clusters were tested as catalysts for asymmetric hydrogenation of tiglic acid.
The reaction were carried out under relatively mild conditions that have been
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demonstrated to be efficient for hydrogenation of a-unsaturated carboxylic acids
using cluster of the general formula [(u-H4)Rus(CO)1o(P-P*)] (where P-P*= chiral
phosphine ligands).*® ® The results of the catalytic experiments and determined
enantiomeric excesses are shown in Table 3.1.

Table 3.1. Summary of catalytic asymmetric hydrogenation activity for selected
cluster catalysts/catalysts precursor.

Entry Catalyst Conversion % ee % Configuration
1 16/24h 33 8 R
2 16/48h 38 8 R
3 16/72h 52 8 R
4 17 33 - -
5 24 88 57 R
6 25 15 13 R
7 29 0 - -
8 30 0 - -
9 31 9 - -
10 31/72h 92 - -
11 32 70 - -
12 32/72h 0 - -
13 33 7 - -
14 34 18 1
15 37 78 - -
16 38 38 - -
17 41 77 7 R
18 41/48h 94 7 R
19 41/72h 99 7 R

20 42 99 19 R
21 43 51 - -
22 44 48 - -
23 45 52 - -
24 46 49 - -
25 46/48h 78 - -
26 47 55 - -
27 48 51 - -
28 48/48h 80 - -
29 49 51 - -

All clusters containing bridging diphosphines from the Josiphos (11a-11b) and
Walphos (12a-12b) families show moderate catalytic activity in terms of
conversion and enantiosel ectivity in the hydrogenation of tiglic acid.
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Clusters 16, 17, 24 and 25 give (R)-2-methylbutyric acid with an enantiomeric
excess of 8-57%. While catalysts based on Josiphos ligands (16 and 17) gave no,
or very low, enantioselectivity, the clusters derivatised with Walphos ligands (24
and 25) resulted in good enantioselectivities. This is in agreement with
observations for the same catalytic reaction using [Rus(u-H)4(CO)1o(P-P*)]
clusters,'® where Walphos derivatives consistently gave better enantioselectivities
relative to Josiphos derivatives (cf. paper 111 for full details).

The cluster derivatives of the chiral ligands 13a/13b, 14a/14b and 15 performed
poorly in the catalytic hydrogenation of tiglic acid, with conversion rates ranging
from 7 to 99% and a maximum enantiomeric excess (ee) of 19%. In general, the
trinuclear osmium clusters 31 and 32 show low reactivity in the catalytic
hydrogenation of tiglic acid in comparison with analogous ruthenium clusters.
This may be due to the fact that osmium cluster have higher thermal and oxidative
stability than their ruthenium analogous, due to the stronger metal-metal bonding
in osmium clusters.®’

The chiral phosphine clusters 41 and 42 were more active in the hydrogenation of
tiglic acid than the chiral phosphirane clusters 43-49. The different substitution in
the 2'-position of ligands 13a/b (H and OMe) leads to a significant difference in
the catalytic activity behaviour, so that cluster 32 shows high conversion rate
(70%) in comparison with 31 (only 9%) under the same catalytic conditions.
Extending the reaction time for both catalysts improves the conversion rate, as
expected. The phosphinidene clusters 31 and 32 did not show enantioselectivity,
while the tetraruthenium hydride clusters 41 and 42 based on ligands 13a/b gave
low enantioselectivity (enantiomeric excesses varying from 7 to 19%, cf. Table
3.1, entries 17 and 20). The analogous clusters 43 and 44 based on ligands 14a/b
showed low conversion rates and no enantioselectivities were observed (cf. Table
3.1, entries 21 and 22). The chelated tetraruthenium hydride cluster 49 shows
moderate conversion rate with no enantiomeric excesses (cf. Table 3.1, entry 21)
(cf. papers |V and V for full details).

Decomposition of catalyst 49 during the catalysis experiment to give
heterogeneous black solid particles was observed. This decomposition is
accompanied by the formation of considerable amounts of cyclohexenes and
cyclohexane due to hydrogenation of the solvent.®® On the other hand, the
phosphinidene clusters 31 and 32 showed high stability under the same catalytic
conditions and could be recovered unchanged. After a complete catalytic reaction
using cluster 42 (Table 3.1, entry 20), one cluster species was recovered viz,
cluster 34. The difference in the catalytic activity for both clusters (Table 3.1,
entries 14 and 20) indicates that cluster 42 stays as an active catalytic species, and
possible cluster fragmentation to form 34 occurs at the end of the catalytic cycle.
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3.4 Concluding remarks

The catalytic activity of the synthesized rhenium, osmium and ruthenium clusters
derivatised with chiral mono/diphosphine and phosphiranes ligands show, in
general, good conversion rates but the enantiosel ectivities are relatively low, abeit
good when compared to most other cluster-based catalytic systems for asymmetric
reactions.®®*® The rhenium clusters containing diphosphines of the Walphos
family gave better enantioselectivities than the related Josiphos-containing
clusters, in keeping with observations made for other cluster-based systems;* this
highlights the importance of the specific chiral diphosphine ligand for the catalytic
performance. The osmium clusters show poor conversion rates and no
enantioselectivities. The tetraruthenium hydride cluster shows high conversion
rates but low enantioselectivity. Clearly, the choice of (transition) metal,
nuclearity, chiral ligand and ancillary ligands all have an effect on the catalytic
properties of metal clusters, and optimum catalytic performance may only be
obtained after careful optimization of these parameters as well as catalytic reaction
conditions.
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Chapter 4. Cluster-based single-site
heterogeneous catalysts for asymmetric
hydrogenation reactions (paper Vl)

4.1 Background

Homogeneous asymmetric synthesis is probably one of the most important
developments in chemistry that has taken place during the last decades.®
Thousands of different chiral ligands and their corresponding transition metal
complexes have been synthesized, characterized and evaluated as catalysts in
different asymmetric transformations. However, despite the large amount of work
devoted to this area of research, until now only a few examples of homogeneous
asymmetric catalysis have been developed in the chemical industry. The limited
industrial applications are due to the problems of separation and recycling of the
relatively expensive chiral catalysts from the reaction mixtures at the end of the
catalytic processes. On the other hand, heterogeneous catalysts are, as a rule, not
capable of providing good results in asymmetric synthesis. In 1996, during his
research on the feasibility of effecting enantiosel ective hydrogenation of prochiral
reactants, Bruner stated that “the limited success of heterogeneous catalysts in
enantiosel ective reactions is due to the fact that on the surface of a heterogeneous
catalyst there are many different catalytically active centers. Each of these centers
has its own selectivity and the total selecivity is usually low” .”°

Thus, anovel class of catalystsis needed to fill the gap between homogeneous and
heterogeneous catalysis, which may combine the advantages of both of them. For
this reason, many scientists have focused on the preparation of single site
heterogeneous catalysts. For this purpose, different protocols for immobilizing
homogeneous chiral catalysts in/on heterogeneous solids have been pursued. JM.
Thomas and coworkers have realized that open-structure solids can, with relatively
few modification steps, be used to design new heterogeneous catalysts that can
simulate the behaviour of homogeneous and enzymatic catalysts.” These
investigators have carried out a considerable number of investigations on Single
Site Heterogeneous Catalysts, SSHC, and Thomas has defined SSHC as spatially
isolated homogeneous catalysts on an inorganic solid surface.”
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In general, four distinct methods are available for the heterogenization of
homogeneous chiral catalysts on a solid support: (i) by formation of a covalent
bond with the chiral catalyst; (ii) by adsorption or ion-pair formation; (iii) by
entrapment (i.e. building up support cages such as zeolites or a polymer network
around a preformed catalytic metal complex); and (iv) by encapsulation (i.e.
opposite to entrapment, building up the complex inside of a preformed support).
Generally, covalent bonds between the chiral catalyst and the solid support is the
most often employed method of heterogenization of an enantioselective
homogeneous catalyst, as the resultant catalyst will be very stable to leaching.
However, the chiral catalyst and/or support must be functionalized in such a way
that it is able to effect immobilization. After immobilization, the support materials
need to be chemically and thermally stable during the catalytic reaction cycle.
Moreover, the active sites in the support structure should be well dispersed and
easily accessible. Basicaly, this requires the support to have a reasonably high
surface area (>100 m°g™) and suitable pore size (>20 A) in order to allow easy
diffusion of the reactant to the active sites.” Generally, inorganic supports such as
silica, zeolite, alumina, clay, ZnO, etc. meet these requirements. There are two
distinct classes of chiral catalysts heterogenized on inorganic supports, (i) chirally
modified supported metal catalysts, and (ii) immobilized homogeneous chiral
catalysts. The former class of heterogeneous chiral catalyst is the most important

type.

Greater light has been shed on the immobilization of metal clusters on inorganic
solid supports, especialy silica, in such a way that the catalyst selectivity is
enhanced. Silica was chosen as a support material in view of its numerous
practical advantages, (i) it does not swell on exposure to solvent or reactant, (ii) it
is highly stable under high temperature and pressure, (iii) it is highly stable during
the repated recycling of the catalyst and the final separation of the products, and
(iv) it is easy to prepare (compared with, for example, encapsulation or entrapment
within zeolites). The silica material MCM-41 is one of the members of this
extensive family of mesoporous sieves and is probably the most commonly used
silica material for immaobilization of homogenous catalysts. It is often proposed as
a model mesoporous adsorbent. The MCM-41 mesopore consists of an array of
uniform hexagonal channels of tuneable size, with diameters ranging from 2 to 10
nm. The larger pore materials typically have surface areas above 700 m’g™. The
homogeneity of the pores, the good thermal stability of the material and its high
surface area are reasons that make it an attractive molecular sieve for different
catalytic applications.”

Thomas, Johnson and coworkers have anchored bimetallic nanoparticles (RusPds,
RusSn, RujoPt;, RusPt, Ru,Cu,, and RupAgs) within MCM-41 and investigated
their catalytic activities in selective hydrogenation of different substrates at low
temperatures (333-373 K). The catalysts show high efficiency, especially in the
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selective hydrogenation of polyenes (such as 1,5,9-cyclododecatriene and 2,5-
norbornadiene).”® Johnson and coworkers have used a non-covalent
immobilization approach for tethering four constrained chiral Rh catalysts and
investigating their ability to act as a catalysts in the asymmetric hydrogenation of
methyl benzoylformate to the corresponding methyl mandelate.”” They also
showed that immobilization of a chiral catalyst is possible, via anchoring of the
diphosphine ligand dppf {1,1-bis(diphenylphosphino)ferrocene} to the inner wall
of MCM-41 and coordination of this ligand to Pd". The catalyst was shown to
exhibit superior performance in the allylic amination of cinnamyl acetate, the
performance being far good to that of its homogeneous counterpart.”® Similarly,
Bianchini and coworkers have anchored optically active Rh(l)-chiral diphosphine
complexes in porous silica via hydrogen bonding and have evaluated their
catalytic activities in the asymmetric hydrogenation of olefins.”

Different transition metal carbonyl clusters (e.g. [RusC(CO)sCu,Cl]?,
[RusPtC(CO)1,)* and [Ruy,Co(CO)3:CusCl,]*) have been deposited onto MCM-41
without any change in the characteristic carbonyl stretching frequencies, implying
that they remain intact.® The anionic tetraruthenium carbonyl cluster [Rua(u-
H)3(CO)]” has been ion-paired with (3-chloropropyl)-trimethoxysilyl-
cinchonidium chemically bonded to MCM-41 and the resultant material has shown
good conversion (<75%) and observable enantioselectivities (<30%) in the
asymmetric hydrogenation of methyl pyruvate.®

4.2 Synthesis of single-site chiral transition metal cluster
immobilized on functionalized MCM-41

In previous studies, it has been shown that homogeneous catalytic systems based
on [(u-H)4Rus(CO)1o(n-1,2-W001)] 50 are very effective for asymmetric
hydrogenation reactions of a—unsaturated carboxylic acids.** > Considering the
methods of heterogenization of molecular transition metal catalysts discussed
aove, we decided to tether the pre-formed, well-characterized chiral cluster 50
within functionalised MCM-41. The approach to the preparation of the catalytic
system is shown in Scheme 4.1. The mesoporous framework was first treated with
(3-aminopropytriethoxysilane to form the functionalized silica material 51.
Treatment of the activated MCM-41 51 with an excess of the chiral cluster [(u-
H)4Ru4(CO)10(n-1,2-W001] 50 gave the chiral single site solid catalyst 52 (cf.
paper VI for full details).
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1. Cluster Preparation
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~p2” R
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2. Cluster immobilization strategy
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52
Scheme 4.1. Synthesis and immobilization of the chiral [(u-H)4Rus(CO)1o(u-1,2-
WO001] 50 onto functionalized silica 51 yielding the solid catalyst 52.

The solid catalyst 52 was fully characterised by a range of techniques, including
ICP-MS, FT-IR, low angle X-ray powder diffraction, **P and 'H CP-MAS solid
state NMR, TEM, SEM and BET (cf. paper VI for full details).

4.3 Catalytic asymmetric hydrogenation of a-unsaturated
carboxylic acid substrates

The chiral transition metal carbonyl cluster [(u-H)sRus(CO)40(un-1,2-W001] 50 and
the new solid catalyst 52 were evaulated in the asymmetric hydrogenation of
benchmark o-unsaturated carboxylic acid substrates, as their hydrogenated
products are very important in the pharmaceutical industry.®" Tiglic acid, a-
methylcinnamic acid and trans-2-methyl-pentenoic acid were choosen in this
investigation since they have been used in earlier assessments'® and well-
established protocols for the evaluation of enantiomeric excess exist.”’
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Preliminary results of the studies are listed in Table 4.1. In the hydrogenation of
tiglic acid, the homogeneous catalyst [(u-H)4Rus(CO)10(u-1,2-W001] 50 shows
excellent catalytic conversion (=100%) with high enantiomeric excess,
approaching 82%. Under the same catalytic conditions, similar catalytic behaviour
for the solid catalyst 52 could be observed, i.e. excellent conversion rate with high
enantiomeric excess and mass balance. The catalytic efficiency of [(u-
H)4Ru4(CO)10(p1-1,2-WO001] 50 and the solid catalyst 51 was further investigated
for the hydrogenation of a-methylcinnamic acid and trans-2-methyl-pentenoic
acid. The collective results indicate that both catalysts 50 and 52 are able to
hydrogenate o-unsaturated carboxylic acid substrates with full conversion (=
100%) coupled with high enantioselectivity (up to 75% ee in the case of a-
methylcinnamic acid and 68% ee for trans-2-methyl-pentenoic acid).

Table 4.1. Asymmetric hydrogenation of tiglic acid, a-methylcinnamic acid and
trans-2-methyl-pentenoic acid catalyzed by [(u-H)4Rus(CO)10(un-1,2-W001] 50 (in
homogeneous phase) and solid catalyst 52 (in heterogeneous phase).

Substrate Catalyst Massbalance % Conversion % ee % Configuration
/\r°°°H 50 >70 100 82 S
52 >90 100 80 S
e il 50 >70 100 75 S
/\r 52 >90 100 74 S
WCWH 50 >70 100 68 S
52 >90 100 66 S
/\(COOH 52+Hg >90 99 78 S

4.4 Recycling experiments and natur e of the active catalyst

The mgjor advantage of using a heterogenized catalyst is the ease with which the
solid catalyst may be recovered as a stable species from the reaction mixture and
reused. To investigate catalyst recycling, the solid catalyst 52 was recovered after
the catalytic hydrogenation of tiglic acid and reused for three runs under the same
catalytic hydrogenation conditions, with fresh tiglic acid as a substrate. |dentical
catalytic performance was observed in all cases.

Furthermore, the nature of the catalyst was confirmed by a hot filtration test?? and
a mercury poisoning test. The obtained results demonstrated that the conversion
and enantiosel ectivity are due to the solid catalyst, i.e. 52. It isimportant, however,
to draw attention to the fact that mercury is not able to form a stable amalgam with
all metals®
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4.5 Concluding remarks

It has been demonstrated that anchoring of a chiral ruthenium cluster onto
functionalized MCM-41 is a valid stratgy for the preparation of a viable
heterogenized catalyst. The resultant single-site heterogeneous catalyst was
observed to be highly active, selective, and recyclable for use in the asymmetric
hydrogenation of a-unsaturated carboxylic acid substrates. The generality of this
catalyst immobilization method should open a new window for the design of many
highly active and enantioselective cluster-based single-site heterogeneous
catalysts.



Chapter 5. Concluding remarks and
future perspectives

In summary, this thesis presents the synthesis and characterization of new
transition metal carbonyl cluster systems intended for, (i) providing direct
evidence for intact cluster catalysis (papers | and I1), (ii) investigation into their
viability to act as catalysts/catalysts precursors in asymmetric reactions (papers
[11- V) and (iii) preparation of highly active and enantioselective cluster-based
single-site heterogeneous asymmetric catalysts (paper V1).

(i) Diastereomeric clusters of the general formula [(u-H)2Rus(ps-S)(CO)#(u-
1,2-L)] (L= chiral diphosphine ligand), containing chiral cluster frameworks, have
been prepared and characterized. The reactivities of these cluster diastereomers
towards the catalytic hydrogenation of tiglic acid under relatively mild conditions
reveal different catalytic behaviour in terms of conversion and enantioselectivity.
The reversal in enantioselectivity of the hydrogenation reaction when the chirality
of the cluster framework is changed, while the chirality of the ligand remains
intact, strongly implicates the involvement of intact Rus clusters as the active
hydrogenation catalysts. The conversion rates are relatively good but the
enantioselectivites are low, albeit good when compared to most other cluster-based
catalytic systems for asymmetric reactions. Computational modeling for the
proposed catalytic cycle have been performed and they have provided information
on a possible mechanism for hydrogenation of tiglic acid by [(u-H)Rus(ps-
S)(CO)#(u-1,2-L)] clusters (papers| and I1).

(ii) Transition metal carbonyl clusters based on rhenium (paper 111), ruthenium
and osmium (papers |V and V) have been tested as catalysts/catalyst precursors for
asymmetric hydrogenation of the prochiral substrate tiglic acid. The reactivity of
rhenium clusters derivatised with diphosphine ligands of the Walphos and
Josiphos families (ferrocene-based chiral ligands) have been studied. The rhenium
clusters showed good conversion rates but the enantioselectivities are relatively
low. The rhenium clusters containing diphosphines of the Walphos family gave
better enantioselectivities than the related Josiphos-containing clusters, in keeping
with observations made for other cluster-based systems.

The ability of tri- and tetraruthenium and triosmium cores derivatised with chiral
primary phosphines and phosphiranes to catalyse the asymmetric hydrogenation of
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tiglic acid was then examined. Relatively high to excellent catalytic conversions
were observed, while low (or no) enantioselectivity was generated by the majority
of the clusters. The cluster [(u-H)4Rus(CO)wi(ArPH,)] {where ArP = (R)-(2-
methoxy-[1,1'-binaphthalen]-2-ylphosphine)} was capable of achieving a
conversion of 99% and an enantioselectivity of 19%, which is, to the best of our
knowledge, the first example of an asymmetric hydrogenation induced by a chiral
primary phosphine. The results obtained in this part of the thesis highlight the
importance of the specific chiral ligands for the catalytic performance/chira
induction.

(iii) The chira catalyst [HsRuy(CO)1o(u-1,2-W001)] (WO001= the Walphos
ligand (R)-1-{(Rp)-2-[2-(diphenylphosphino)phenyl]ferrocenyl} ethylbis-[3,5-bis-
(trifluoromethyl)phenyl] phosphine) has been immobilized on functionalized
MCM-41. The reactivity of the solid catalyst in the hydrogenation of a-
unsaturated carboxylic acids has been investigated. Excellent conversion rates (>
99%) high enantiomeric excesses (= 80%), and excellent recyclablity was
obtained.

5.1 Future per spective of the present work

The work presented in Chapters 2 and 3 has introduced direct evidence for intact
cluster catalysis in trying to answer the well-known question regarding cluster-
based catalysts — is the catalysis due to the intact cluster, or due to catalysts
generated by fragmentation of the cluster to form mononuclear species or,
aternatively, colloidal metal aggregates? Furthermore, the different abilities of the
synthesized clusters to act as catalysts for asymmetric hydrogenation reactions
serve to emphasize the influence of the nature of the phosphine ligand on catalytic
performance.

Development of efficient high-performance recyclable heterogeneous catalysts for
asymmetric reactions that may be utilized in an industrial setting remains a
challenging task. The studies summarized in Chapter 4 suggest a new strategy to
accelerate the arrival of reliable, robust heterogeneous asymmetric catalysts. The
excellent catalytic activity of ruthenium cluster-functionalized MCM-41 in the
asymmetric hydrogenation of a-unsaturated carboxylic acids suggests that such
single site heterogeneous catalysts can be employed for hydrogenation of many
other substrates of interest. So far as the use of this approach to constrained chiral
catalysis is concerned, we demonstrate that highly enantioselective hydrogenation
of a-unsaturated carboxylic acids that yields products of considerable commercial
significance, has been achieved. This opens the field to further studies on the
immobilization of chiral clusters to generate mesoporous materials that warrant
thorough investigation as catalysts for asymmetric reactions.

36



Popularvetenskaplig Sammanfattning

Kemisk industri, inklusive petrokemisk industri, & en av de stérsta av ala
vérldens industrier. Mer dn 60% av de produkter som framstélls och 90% av de
processer som anvands inom kemisk industri ar baserade pa katalys. Det &r tydligt
att katalytiska processer utgor en mycket viktig del av ett antal av de stérsta
industrierna och att stura ekonomiska vinningar darfér kan goéras genom
forbattring av sddana processer. Allmanhetens 6kade uppmarksamhet pa negativa
miljoeffekter av kemikalier och industriella utslépp utgdr dessutom en drivkraft
for utveckling av miljoekonomiska och &tervinningsbara katalysatorer.

For narvarande kan man se manga spannande utmaningar for utveckling av nya
katalysatorer och for att forbéttra befintliga katalysatorer. S&, vad ar katalysatorer,
dessa fantastiska substanser som méjliggor utveckling av béttre kemiska produkter
och pasdvis har en stark effekt pa halsa, ekonomi och livskvalitet? En katalysator
ar en substans som underldttar kemiska reaktioner genom att méjliggora en
annorlunda, mindre energikravande reaktionsvdg an den for den icke-katalyserade
reaktionen, utan att sjav forbrukas under reaktionen.

Denna avhandling behandlar syntes av ett antal flerkarniga metallkomplex med
metall-metallbindningar, s k metallkluster, innehallande rhenium, osmium eller
rutenium, samt utvardering av deras formaga att anvandas som katalysatorer for
hydreringsreaktioner (reduktion av ett kolvdte med hjdlp av véte), i synnerhet
reaktioner som ger optiskt aktiva molekyler. De erhdlIna produkterna kan fungeras
som viktiga byggstenar for andra kemiska produkter, t ex inom
lakemedelsindustrin. De erhallna resultaten i denna avhandling kan bidraga till
utveckling och design av nya aktiva, miljoekonomiska och &tervinningsbara
katalysatorer for anvandning i industriell produktion av kemikalier.
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Enantioselective hydrogenation of tiglic acid effected by diastereomers
of the general formula [(x-H),Rus(ps-S)(CO);(p-P-P*)] (P—P* = chiral
Walphos diphosphine ligand) strongly supports catalysis by intact
Rus clusters. A catalytic mechanism involving Rus clusters has been
established by DFT calculations.

A number of homogeneous catalytic systems that are based on
dimetallic complexes and/or clusters have been developed.
In several of these systems, the polynuclear complexes have
been implicated as the active catalysts, or direct precursors
to polynuclear catalysts." It is however difficult to clearly
identify clusters as homogeneous catalysts.> Duckett, Dyson
and coworkers® have demonstrated that the clusters
[H,Ru3(CO);0(L),] (L = phosphine) function as homogeneous
catalysts for the hydrogenation of alkynes (diphenylacetylene),
although a competing catalytic pathway involving fragmenta-
tion to form the mononuclear species [Ru(H),(CO),(L)(alkyne)]
as active catalysts is also observed. Norton! has defined an
irrefutable criterion that identifies a cluster species as an active
catalyst, viz. the observation of asymmetric induction in a
reaction that is catalysed by a cluster that is chiral by virtue of
the cluster framework only (i.e. excluding chiral ligands). This
concept has been probed in the silylation of acetophenone using
chiral tetrahedrane clusters, but cluster racemization was found
to occur faster than productive catalysis.” The generation of a
chiral cluster framework through the coordination of a suitable
chiral ligand allows the above criterion to be modified such that if
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asymmetric induction in a catalytic system is observed, and if the
enantioselectivity of the catalytic reaction is reversed by using
another diastereomer of the cluster, where the chirality of the
ligand remains the same but the chirality of the cluster framework
has been changed, then this would constitute prima facie evidence
for cluster-promoted asymmetric induction. Here we wish to present
such a catalytic system that is based on two diastereomeric cluster
complexes, where an unprecedented reversal of the enantioselectivity
of a catalytic asymmetric reaction occurs upon reversal of the
chirality of the cluster framework.

In previous studies, we have obtained excellent conversion and
good enantioselectivity in asymmetric hydrogenation of o-unsatu-
rated carboxylic acids, effected by catalytic systems based on
[(-H),Ru,(CO)y0(L)] clusters (L = bulky chiral ferrocene-based diphos-
phine).® In continuation of this research, we have focused our
attention on triruthenium hydrido clusters containing triply bridging
chalcogenide ligands that may function as “clamps” to maintain an
intact cluster framework. The trinuclear clusters [(u-H),Rus(us-E)l-
(CO)y_a{dppm),] (E = O, x = 2; E = S, x = 1,2) have been shown to
be efficient precursors for catalytic olefin hydrogenation reactions.”®
Reaction of [(p-H),Rus(p5-S)(CO)s] with the Walphos diphosphine
R,R-1 in the presence of Me;NO results in the formation of clusters
2 and 3 with the common empirical formula [(p-H),Ru(113-S)(CO)~
(u-1)] (Scheme 1). The bridging of adjacent metals by the hetero-
bidentate ligand leads to an intrinsically chiral metallic framework
unless there is complete planarity,’ and the coordination of the
enantiomerically pure diphosphine ligand 1 thus yields a mixture of
diastereomers 2 and 3 due to different connectivities of the hetero-
bidentate ligand (¢f Scheme 1). Clusters 2 and 3 could be isolated
and were characterized by comparing their IR and 'H/*'P NMR
spectral data with those of [(-H),Rus(1i3-S)(CO),(dppm)]” (¢f ESIY).
The *'P NMR data confirmed the difference in the bridging mode of
the diphosphine ligand in 2 and 3. For 2, the P" signal (¢f Scheme 1)
appears as a triplet, indicating coupling to both hydrides, while the
signal for P* is a doublet. In contrast, the signal for P* in 3 appears as
a doublet while that of P* is a doublet of doublets. The identities of
the two diastereomers were further confirmed by the determination
of their crystal structures (Fig. 1 and 2).
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Scheme 1 The synthesis of clusters 2 and 3.

Fig. 1 Molecular structure of [(u-H);Rus(us-S)(CO),(n-1)] 2 with thermal
ellipsoids drawn at the 50% probability level. C-H hydrogen atoms have
been omitted for clarity. Selected bond distances [A] and angles [*]: Rul-Ru
2 2.8951(7), Rul-Ru3 2.9023(6), Ru2—-Ru3 2.7536(6), Rul-P1 2.359(2),
Ru2-P2 2.333(1), Rul-S1 2.368(2), Ru2-S1 2.375(2), Ru3-S1 2.346(2),
Rul-H1 1.75(5), Rul-H2 1.69(5), Ru2-H2 1.76(4), Ru3-H1 1.76(5).

Fig. 2 Molecular structure of [(u-H),Rus(puz-SHCO);(u-1) 3 with thermal
ellipsoids drawn at the 50% probability level. C-H hydrogen atoms have
been omitted for clarity. Selected bond distances [A] and angles []: Rul-Ru2
2.915(2), Rul-Ru3 2.894(2), Ru2-Ru3 2.746(2), Rul-P2 2.335(4), Ru2-PL
2.348(5), Rul-S1 2.361(5), Ru2-S1 2.358(5), Ru3-S1 2.351(5). Rul-H1 153,
Rul-H2 157, Ru2—-H2 1.90, Ru3-H1 1.67 (riding on Ru atoms).

The catalytic activities of 2 and 3 were examined in asymmetric
hydrogenation of tiglic acid.**® Spectroscopic measurements (IR,
"H/*'P NMR, ¢f ESIf) and mass spectrometry showed no signs of
changes in the clusters after catalytic runs. The catalysis results are
summarized in Table 1. The enantioselectivities are low in com-
parison to mononuclear catalysts, but relatively high by the
standards of cluster-based systems. This reflects an inherent
weakness in the chiral induction effected by clusters - the sub-
strate is likely to bind at a metal site with minimum steric
hindrance (vide infra) and the chiral induction effected by bulky
chiral ligands is thus diminished. However, we have observed
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Table 1 Summary of catalytic asymmetric hydrogenation reactions

Ligand Catalyst Conversion” (%) ee (%) Configuration”
R,R1 2 49 23 R
R,R-1 3 79 56 s
5,51 4 55 24 s
S,5-1 5 64 52 R

“The amount of substrate consumed in the catalytic experiments,
assessed by "H NMR spectroscopy. ” Favoured enantiomer.

significantly higher enantioselectivities in other cluster-based
systems.®” The reversal in enantioselectivity in experiments where
2 and 3 were used as catalysts indicates that it is indeed the
clusters that are the active catalysts, or closely related triruthenium
species.'" Further, a mechanism involving cluster decomposition
during catalysis and regeneration of intact cluster at the end of
the catalytic cycle would be accompanied by formation of both
diastereomers,'* even if only one form of the cluster was used
initially. However, no trace of the other diastereomer was observed
at the end of catalytic cycles employing 2 or 3.

In previous studies, we have shown that strong chiral induction
by chiral phosphines can be achieved in cluster-based hydrogena-
tions® and, as a consequence, that reversal of enantioselectivity
can be effected by reversal of phosphine chirality."* In order to
further investigate the reversal in enantioselectivity observed for
the sulfide-capped clusters 2 and 3, the analogous diastereomeric
pair based on S,5-1, viz. 4 (with diphosphine connectivity corres-
ponding to 2) and 5 (connectivity corresponding to 3) were
prepared, and characterized by comparing spectroscopic data with
those of 2 and 3 (¢f ESIt). Again, a reversal of enantioselectivity
with reversal in diphosphine connectivity was observed when 4
and 5 were used as hydrogenation catalysts (Table 1). Furthermore,
the chiral induction by the diphosphine ligand is confirmed, as
the enantioselectivity is reversed with reversal in diphosphine
chirality (2 vs. 4, and 3 vs. 5).

From Table 1, it is evident that in these catalytic systems the
stereochemistry, as well as the bridging mode of the coordi-
nated chiral ligand, strongly affects the outcome of hydrogena-
tion in terms of both conversion and enantioselectivity. Use of
cluster 3 yields an impressive 56% ee for (S)-2-methylbutyric
acid. The mechanism responsible for the observed catalysis and
details concerning the enantioselectivity were computationally
investigated by electronic structure calculations.'*'* Scheme 2
shows the computed catalytic cycle for the hydrogenation of
tiglic acid to (S)-2-methylbutyric acid employing cluster 3
(species A), where catalysis is initiated by the site-selective loss
of CO from the Ru(CO); center, as shown in Fig. 3."

This journal is © The Royal Society of Chemistry 2014
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Scheme 2 Catalytic cycle for the hydrogenation of tiglic acid to (S)-2-
methylbutyric acid by cluster 3.
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Fig. 3 Site-selective loss of CO from the Ru(CO)s center in cluster 3 (see text).

Cluster B serves as the entry point into the catalytic cycle, and
the free energy profile associated with this reaction is depicted in
Fig. 4. Si-face coordination of tiglic acid to B affords the alkene-
substituted cluster D. Regiospecific insertion of the alkene into
the proximal bridging hydride occurs via transition structure
TSDE, whose energy is 29.6 kcal mol ™" uphill relative to B and C.
The alternative alkene insertion route, which involves hydride
transfer to the ester-substituted alkene carbon and the creation
of the () stereogenic center, lies 6.6 kcal mol ™" above TSDE. The
resulting agostic alkyl cluster E reacts with H, to furnish the
transient trihydride cluster F. Reductive elimination in F gives
(S)-2-methylbutyric acid (G) and regenerates cluster B, complet-
ing the catalytic cycle with a net release of 13.2 kcal mol .
Coordination of the re face of the prochiral substrate proceeds
through a series of identical steps, all of which lie higher in

Beg

A
Fig. 4 Free energy profiles for the hydrogenation of tiglic acid catalysed
by cluster 3. Black and red profiles are for the si- and re-face alkene
coordination routes, respectively.

This journal is © The Royal Society of Chemistry 2014
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energy than the si-face route. The energetics computed for the
reaction profiles depicted in Fig. 4 are in concert with the
observed preference for the (S) enantiomer when cluster 3 is
employed as the catalyst precursor. The mechanistic steps
computed involve a fixed stereochemistry at the cluster, whose
chirality directly influences the asymmetric induction observed
in the hydrogenation product. The observed reversal in enantio-
selectivity with the different cluster diastereomers containing
either R,R-1 or S,S-1 strongly support the involvement of intact
Ru; clusters as the active hydrogenation catalysts.

In conclusion, we have prepared four diastereomers of the
cluster [(p-H),Rus(p5-S)(CO),(p-1)], containing chiral cluster
frameworks and chiral diphosphine ligands. All diastereomers
display different catalytic behaviour in the enantioselective
hydrogenation of tiglic acid. The enantioselectivity is not only
reversed with reversal in ligand chirality, but also with reversal in
cluster chirality. The latter observed reversal in enantioselectivity
with the different cluster diastereomers containing either R,R-1
or S,5-1 strongly supports the involvement of intact Ru; clusters
as the active hydrogenation catalysts. While the (transient)
formation of mononuclear chiral catalysts may be envisaged,'*
such reactivity can neither explain the observed enantioselectivi-
ties for the diastereomeric pairs 2 and 3, and 4 and 5, nor the
isolation of pure cluster diastereomers after catalysis. Applica-
tion of Occam’s razor implicates cluster catalysis.

AFA thanks the EU Erasmus Mundus program for a pre-
doctoral fellowship. AKS thanks the Carl Trygger Foundation
for a postdoctoral fellowship. MGR thanks the Robert A. Welch
Foundation (grant B-1093) for financial support; NSF support of
the computational facilities at the University of North Texas
through grant CHE-0741936 is acknowledged. We thank Dr
David Hrovat and Prof. Xinzheng Yang for many helpful
ONIOM-based discussions.
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Twenty clusters of the general formula [(u-H),Rus(ps-S)(CO)7(p-P-P*)] (P-P* = chiral diphosphine
of the ferrocene-based Walphos or Josiphos families) have been synthesised and characterised.
The clusters have been tested as catalysts for asymmetric hydrogenation of tiglic acid [trans-2-
methyl-2-butenoic acid]. The observed enantioselectivities and conversion rates strongly support
catalysis by intact Rus clusters. A catalytic mechanism involving an active Rus catalyst generated
by CO loss from [(U-H).Rus(u3-S)(CO);(u-P-P*)] has been investigated by DFT calculations.

Introduction

Chalcogenide-bridged derivatives of transition metal carbonyl
clusters have been widely studied.'” Examples of such
compounds include the triruthenium hydrido clusters [(u-
H)2Ru3(ps-E)(CO)e.ox(dppm)y] (E = O, x=2; E = S, x=1,2), which
have been shown to be efficient catalyst precursors for olefin
hydrogenation reactions.”® In these clusters, the triply bridging
chalcogenide ligands may function as “clamps” that maintain an
intact cluster framework throughout reactions. It is, however,
difficult to clearly identify clusters as active catalysts in
homogeneous systems,®*! and there has been considerable
debate about whether clusters fragment to form either
mononuclear or colloidal species, aggregate to form
nanoparticles, or remain as intact clusters during the catalytic
cycle. A number of convincing examples of homogeneous cluster
catalysis based on indirect evidence have been reported. For
example, [H4Pt;Rus(CO).:1] catalyses alkyne hydrosilylation and
hydrogenation without appearing to undergo fragmentation.'***
The face-capped trinuclear cluster [HRus(CO)o(3-n>-NMePy]
appears to be the active catalyst in the hydroformylation of
diphenylacetylene to a-phenyl- cinnamaldehyde although
conversion of [HRus(CO)e(Ms-n>-NMePy] to the catalytically
inactive dinuclear species [Ru»(CO)s(n>-NMePyCO] occurs after
several cycles.” Parahydrogen (p-H;) NMR methods have been
used to identify active catalysts in hydrogenation reactions.'>'® By
using such techniques, Blazina and co-workers have
demonstrated that the clusters [H,Ru3(CO)10(L)2] (L = PMe,Ph or
PPh;) function as homogeneous catalysts for the hydrogenation of

This journal is © The Royal Society of Chemistry 2013

alkynes (diphenylacetylene).”” The active catalysts that were
identified are derived from the dihydride species [HRus(u-
H)(CO)s(L)z]."**

In previous studies, we have investigated asymmetric
hydrogenation of a-unsaturated carboxylic acids using catalytic
systems based on [(u-H)sRus(CO)12] clusters derivatised with
chiral diphosphines. We have shown that such diphosphine
ligands may effect strong chiral induction,®** and that good
conversions and enantioselectivites may be achieved. While
catalysis by fragmentation products cannot be excluded, the
recovery of unaltered starting clusters after catalytic reactions,
recycling of catalysts/catalyst precursors with identical catalytic
results, and mercury poisoning tests all implicate the presence of
an active cluster catalyst.”*

Norton? has identified a criterion which, if fulfilled, provides
incontrovertible evidence for a cluster species acting as an active
catalyst, viz. the observation of asymmetric induction in a reaction
that is catalysed by a cluster that is chiral by virtue of the cluster
framework only (i.e. excluding chiral ligands). Based on this
concept, the silylation of acetophenone using chiral tetrahedrane
clusters has been established, but cluster racemization was found
to occur faster than productive catalysis.”®> Here we wish to
present the fulfilment of a corollary to Norton’s criterion, i.e. proof
of  diastereomeric  control of enantioselectivity = when
diastereomeric pairs of [(u-H).Rus(u-S)(CO)-(u-P-P*)] clusters are
used as (asymmetric) hydrogenation catalysts and the chirality of
the diphosphine ligand is maintained intact while that of the
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cluster framework changes. Part of these results have been
published in an earlier communication.*

Results and Discussion

The syntheses of derivatives of [(u-H).Rus(us-S)(CO)e] containing
chiral diphosphine ligands were based on oxidative
decarbonylation of the starting cluster (using MesNO) in
dichloromethane solution at ambient temperature, in the presence
of the relevant diphosphine. The clusters were identified via IR, *H
and *'P NMR spectroscopies, mass spectrometry and, wherever
possible, X-ray crystallography.

Synthesis and characterization of sulfide-capped
triruthenium hydrido clusters containing Walphos ligands

Using the synthetic methodology described above, clusters 3-17
with the common empirical formula [(u-H):Rus(ps-S)(CO)7(u-1,2-
P-P*)], where the diphosphine P-P* is one of the chiral Walphos
ligands la—1h (Scheme 1), were prepared. Coordination of the
heterobidentate ligand to adjacent metals in a bridging mode
leads to an intrinsically chiral metallic framework unless there is
complete planarity, and the coordination of the enantiomerically
pure diphosphine ligand thus yields a mixture of diastereomers
due to different connectivities of the heterobidentate ligand (cf.
Scheme 1).

Rl R

N R2
pt | =
o pe—R? OORU
' Me3NO / MeOH H
[(u-H)2Ru5(u3-S)(CO)e] + Fe - : B (OC),Ru
@EH3 DCM, 25°C, 3h 2

1la; R = Ph, R2 = 3,5-(CF3),CeHs

S,S-1b; R! = Ph, R? = 3,5-(CF3),CeH3

1c; Rl =Ph, R2=Cy

1d; R! = 3,5-(CH3),-4-(CH30)CeH2, R? = 3,5-(CF3),CeH3
1le; R = Ph, R? = 3,5-(CH3),CeH3

1f; R! = Cy, R? = 3,5-(CF3),CeH3

1g; R! = 3,5-(CH3)2CeHs3, R? = 3,5-(CHz),CeH3

1h; Rl =Ph,R2=Ph

Scheme 1. Synthesis of clusters 3-17 containing Walphos ligands.

The diastereomers were separated and isolated using thin layer
chromatography, and they were identified on the basis of
comparison of their IR and *H/*'P NMR spectral data with those of
[(u-H)2Rus(us-S)(CO)7(dppm)].” Clusters 3-17 were completely
characterized by spectroscopic methods (cf. Experimental
section). The empirical formulae of all clusters were confirmed by
mass spectrometry and in the cases of clusters 3-6 and 8, their
solid-state structures were determined by X-ray crystallography.
The H and **P NMR data confirmed the difference in the bridging
mode of the diphosphine ligands in 3-17. For 3, the 'H NMR in the
hydride region shows two signals, a doublet of doublet of doublets
at & — 18.13 (Jup = 12.4, Jyp = 11.2, Jyw = 2.9 Hz) and an
(apparent) doublet of triplets at & — 18.40 (Ju-p = 9.8, Jun = 2.9
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Hz), while for the corresponding diastereomer 4, the 'H NMR in
the hydride region shows two signals at 6 -17.82 (ddd, Ju.rp = 12.2,
Jup = 8.8, Jun = 3.5 Hz) and 6 -18.63 (ddd, Ju.p = 7.5, Jupr = 3.6,
Jun = 3.5 Hz). In the *P NMR spectrum of 3, the signal for
phosphorus P* (cf. Scheme 1) appears as a triplet, indicating
coupling to both hydrides, while the signal for P? is a doublet. In
contrast, the signal for P* in 4 appears as a doublet while that of
P? is a doublet of doublets. The identities of the two diastereomers
were further confirmed by the determination of their crystal
structures (Figs 2 and 3). The analogous diastereomeric pair
based on S,S-1b, viz. 5 (with diphosphine connectivity
corresponding to 1) and 6 (connectivity corresponding to 4) were
prepared, and characterized by comparing their spectroscopic
data with those of 3 and 4. The *H NMR spectrum of 5 in the
hydride region shows two signals at d -18.12 (ddd, Ju.p = 12.6, Ju-
p=11.1, Jyy = 3.0 Hz) and at & -18.40 (d't", Ju-p = 9.9, Iy = 3.0
Hz), while for 6 the corresponding signals are found at & -17.84
(ddd, Jnp = 12.4, Jup = 9.1, Juw = 3.0 Hz) and & -18.65 (ddd, Jur
= 7.1, Jup = 3.2, Jun = 3.0 Hz). Similarly, in the P NMR
spectrum of 5, the P* signal (cf. Scheme 1) appears as a doublet
of doublets, while the signal for P? is a triplet, indicating coupling
to both hydrides. In contrast, the signal for P* in the corresponding
diastereomer 6 appears as a doublet of doublets while that of P?
is a doublet. Again, the identities of the two diastereomers were
further confirmed by the determination of their crystal structures
(Figs 2 and 3).

'H NMR of

The [(M-H)2Rus(ua-

S S S)(CO)+(u-1,2-1g)] 16 in the hydride

A (OC)sRUZ_I N\ ) . .
;{Rt\J(CO)z ,[‘\ ;,Rt\J(CO)z region shows a multiplet signal at d -
<Hypz + (OC)zRU(H A 18.23, which indicates fluxionality of
P P2 the hydrides at ambient temperature.
Variable-temperature 'H NMR
3 4 spectra in the hydride region for 16
5 6 show that the fluxionality may be
7 8 frozen out at approximately 253 K to
9 10 give two signals, an apparent triplet
1 12 of doublets at & — 18.12 (d't’ = ddd,
13 14 Jue = 10.9, Jyn = 3.0 Hz) and a
15 1 doublet of ‘triplets’ (ddd) at & -18.19

- (Inp = 9.4 Hz).
298K inmk

M&w

Y W
LY

-18.00

213K

-18.20
f1 (ppm)

-17.90 -18.10 -18.30 -18.40

Figure 1. Variable-temperature *H NMR spectra (hydride region)
of [(u-H)2Rus(us-S)(CO)7(u-1,2-1g)] 16 recorded over the
temperature range 298 — 213 K (top to bottom).
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Crystal and molecular structures of clusters 3-6, 8 and 17

Molecular structures of [(u-H).Rus(Ms-S)(CO)7(p-1,2-1a)] 3 and
4%* and [(u-H)2Rus(ps-S)(CO)7(u-1,2-1b)] 5 and 6

The molecular structures of 3-6 are shown in Figure 2 and
selected bond distances and angles are listed in the caption.
Details regarding data collection and reduction, and structure
refinement are found in the Experimental Section, and relevant
crystallographic data are collated in Table 2.

Figure 2. Molecular structures of four diastereomers (two diastereomeric pairs) representing different

As may be expected, the different diastereomers crystallize in
non-centrosymmetric space groups (3, 4 and 6: P2;2,2;; 5: Cc).
The structures of the two diastereomers based on ligand 1a (3
and 4) are discussed in detail below. The molecules consist of
triangular ruthenium frameworks involving Ru-Ru bond lengths
that are divided into two distinctive classes, the two hydride-
bridged Ru-Ru bonds are “long” [3: Ru(l)-Ru(2) 2.8951(7),
Ru(1)-Ru(3) 2.9023(6) A]; 4: [Ru(1)-Ru(2) 2.915(2), Ru(1)-Ru(3)
2.894(2) A] and the non-bridged Ru-Ru bond is “short” [3: Ru(2)-
Ru(3) 2.7536(6); 4: Ru(2)-Ru(3) 2.746(2)
A]. The triply bridging sulfur atom caps the
ruthenium triangle quite symmetrically
[Ru-S 2.375(2)-2.346(2) A for 3, and
2.361(5)-2.351(5) A for 4]. The hydride
ligands were located using XHYDEX. All
the carbonyl ligands are coordinated in a
terminal monodentate coordination mode.
The diphosphine ligands were found to
exclusively coordinate in a bridging
fashion, giving rise to nine-membered
“dimetallacycles”. As  previously
observed for related tetraruthenium
tetrahydrido clusters,® the Walphos
ligand coordinates in an axial-equatorial
mode. In the case of 3, P1 is coordinated
in an axial position to Rul, the metal that
is coordinated to both of the hydrides,
while P2 is coordinated in an equatorial
position to Ru2, which is coordinated by
one hydride. For the diastereomer 4, P1 is
coordinated in an equatorial position to
Ru2, which is coordinated to H1, while P2
is coordinated in an axial position to Rul,
which is coordinated to H1 and H2.

In the molecular structures of the
analogous diastereomers based on 1b, 5
and 6, the same difference in the
coordination mode of the diphosphine
ligand S,S-1b is observed - P1 is
coordinated in an axial position to Ru2
which is coordinated to both hydrides, in
d case of 5, and for 6, Pl is
coordinated in an equatorial

combinations of cluster framework and ligand chiralities, using pure enantiomeric forms R,R-1a or
S,S-1b ligands; a) [(u-H)2Rus(us-S)(CO);(u-1,2-1a)] 3, selected bond distances [A] and angles [°]:
Rul-Ru2 2.8951(7), Rul-Ru3 2.9023(6), Ru2-Ru3 2.7536(6), Rul-P1 2.359(2), Ru2-P2 2.333(1),
Rul-S1 2.368(2), Ru2-S1 2.375(2), Ru3-S1 2.346(2), Rul-H1 1.75(5), Rul-H2 1.69(5), Ru2-H2
1.76(4), Ru3-H1 1.76(5); b) [(u-H)2Rus(us-S)(CO);(u-1,2-1a)] 4, selected bond distances [A] and
angles [°]: Rul-Ru2 2.915(2), Rul-Ru3 2.894(2), Ru2-Ru3 2.746(2), Rul-P2 2.335(4), Ru2-P1
2.348(5), Rul1-S1 2.361(5), Ru2-S1 2.358(5), Ru3-S1 2.351(5). Rul-H1 1.53, Rul-H2 1.57, Ru2-H2
1.90, Ru3-H1 1.67 (riding on Ru atoms); c) [(u-H):Rus(us-S)(CO)7(u-1,2-1b)] 5, selected bond
distances [A] and angles [°]: Rul-Ru2 2.90542(17), Rul-Ru3 2.75164(19), Ru2-Ru3 2.8817(2), Rul-
P1 2.3331(5), Ru2-P2 2.3503(5), Rul-S1 2.3810(4), Ru2-S1 2.3726(4), Ru3-S1 2.3556(4), Rul-H1
1.70(4), Ru2-H1 1.74(4), Ru2-H2 1.82(3), Ru3-H2 1.68(3), and d) [(1-H)2Rus(ps-S)(CO)7(u-1,2-1b)] 6,
selected bond distances [A] and angles [?]: Rul-Ru2 2.9210 (12), Rul-Ru3 2.893(3), Ru2-Ru3
2.7657(12), Rul-P2 2.341(2), Ru2-P1 2.361(2), Rul-S1 2.359(2), Ru2-S1 2.357(2), Ru3-S1 2.355(3),
Rul-H1 1.72(5), Rul-H2 1.678(17), Ru2-H2 1.57(5), Ru3-H1 1.57(4). Thermal ellipsoids are drawn at
the 50% probability level and C-H hydrogen atoms have been omitted for the sake of clarity.

This journal is © The Royal Society of Chemistry 2012

position to Ru2 which is bridged
only with one hydride H1.

Molecular structures of [(p-
H)2Rus(ps-S)(CO)-(p-1,2-1c)] 8
and  [(u-H)2Rus(ps-S)(CO)7(u-
1,2-1h)] 17

It was possible to grow crystals
suitable for X-ray diffraction also
for clusters 8 and 17, and the
identities of these diastereomers
were confirmed by single-crystal
diffraction studies. The structure
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of [(u-H)2Rus(ps-S)(CO)7(u-1,2-1c)] 8 is shown in Figure 3 and
that of [(u-H)2Rus(ps-S)(CO)7(u-1,2-1h)] 17 is shown in Figure 4;
selected bond lengths and angles are listed in the captions. As
expected, the structures of 8 and 17 are directly related to 4, with
identical connectivities for the three clusters.

41

Figure 3. Molecular structure of [(u-H),Rus(ps-S)(CO),(p-1,2-1c)] 8 with thermal
ellipsoids drawn at the 50% probability level. C-H hydrogen atoms have been
omitted for clarity. Selected bond distances [A] and angles []: Rul-Ru2
2.9276(6), Rul-Ru3 2.7511(6), Ru2-Ru3 2.9123(6), Rul-P1 2.3376(13), Ru2-P2
2.3833(13), Ru1-S1 2.3649(14), Ru2-S1 2.3653(13), Ru3-S1 2.3635(13), Rul-
H1 1.90(4), Ru2-H2 1.76(7), Ru2-H1 1.78(4), Ru3-H2 1.94(7).

Again, two different distinctive classes of Ru-Ru bond lengths can
be observed, the two hydrido-bridged Ru-Ru bonds are “long”
[Ru(1)-Ru(2) 2.9276(6), and Ru(2)-Ru(3) 2.9123(6)] and the
“shortest” Ru(1)-Ru(3) 2.7511(6)]. A longer P-P bond distance is
observed for 8 (5.61 A) with a torsion
angle of 87.70, in comparison to 5.48 A

R1
and torsion angle of 83.98 for 4. As

p2—R
S,

Figure 4. Molecular structure of [(u-H),Rus(pa-S)(CO);(p-1,2-1h)] 17 with
thermal ellipsoids drawn at the 50% probability level. C-H hydrogen atoms have
been omitted for clarity. Selected bond distances [A] and angles [°]: Rul-Ru2
2.9173(6), Rul-Ru3 2.7360(7), Ru2-Ru3 2.8922(7), Rul-P1 2.3542(16), Ru2-P2
2.3562(17), Ru1-S1 2.3601(19), Ru2-S1 2.3636(18), Ru3-S1 2.3581(19), Rul-
H11.7942, Ru2-H2 1.7347, Ru2-H1 1.7328, Ru3-H2 1.7658 (riding on Ru atoms).

Synthesis and characterization of
triruthenium hydrido clusters containing
ligands 2a-2e

sulfide-capped
the Josiphos

The coordination of the Josiphos ligands 2a-2e to the parent
cluster [(u-H)2Rus(ps-S)(CO)s] was performed by oxidative
decarbonylation as discussed above (cf. Scheme 2). The bridging
coordination mode and the different connectivities of the
heterobidentate ligands in the diastereomers 18-22 have been
identified by spectroscopic methods and, in the case of 20, by X-

ray crystallography.
RZ
H7>Ru(c0)2

2 (OC);Ru
Me;NO / MeOH R“‘C°)2
—

expected the angles in 8 are a bit [(PH2RUs(k-SNCOM] + e Fe z, DCM. 25°C, 3h (Oc)zRu Pz * (ocpRuZH

different than 4, where P1-Rul-Ru2 = :

108.84, P2-Ru2-Rul = 118.59 and P2-

Ru2-P3 = 120.54 in 8, and for 4 it is 2a; R" = 3,5-(CF3),CeH, R? = Cy 18 19

103.95, 120.85 and 123.95, 2b; R'=Ph, R2= Cy 20

respectively. 2¢;R" = Cy, R? = Cy 21
2d; R" = Ph, R? = 3,5-(CH;),C¢H3 22

In case of 17, the shortest Ru-Ru

distance is the Rul-Ru3 edge (2.7360(7) A), which is not bridged
by any hydride, while the two Ru-Ru edges that bridged with two
hydrides have slightly symmetric longer distances (2.9173(6) A for
Rul-Ru2 and 2.8922(7) A for Ru2-Ru3). The two phosphorus
atoms of the coordinated ligand are separated by 5.51 A with a
torsion angle of 87.40. The Ru-P bonds are symmetric in lengths
(2.3542(16) A for Ru1-P1 and 2.3562(17) A for Ru2-P2), and the
angles are P1-Rul-Ru2 = 105.38, P2-Ru2-Rul = 116.95 and P2-
Ru2-P3 =121.36.
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Scheme 2. Synthesis of clusters 18-22 by using Josiphos family ligands.

The *H and **P NMR data confirmed the difference in the bridging
mode of the diphosphine ligand 2a in clusters 18 and 19. For 18,
the *H NMR in the hydride region shows two signals, a doublet of
‘triplets’ at & — 18.29 (dt, Ju.p = 36.5, Ju.n = 2.5 Hz) and a doublet
of doublet of doublets at & — 19.46 (ddd, Ju.p = 13.3, Jup = 7.1, Ju-
n = 2.5 Hz), while the hydride signals for 19 consist of a doublet of
doublet of doublets at & — 17.84 (Ju.p = 12.7, Ju-p = 9.0, Ju-n = 3.6
Hz) and a doublet of doublet of doublets at & — 18.65 (Ju.p = 7.5,
Jnp = 3.6 Hz). In the *P NMR spectrum of 18, the P1 signal (cf.
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Scheme 2) appears as a doublet of doublets, indicating coupling
to both hydrides, while the signal for P2 is a doublet. In contrast,
the signal for P1 in 19 appears as a doublet while that for P2 is a
doublet of doublets. The ES+ mass spectrometric data match with
the assigned molecular formula [(u-H).Rus(ps-S)(CO)7(u-1,2-P-P)]
(m/z = 1401 [M+H]") for both 18 and 19. The empirical formulae of
clusters 20 — 22 were confirmed by mass spectrometry, and their
structures in solution and the solid state were identified by IR and
NMR spectroscopy (cf. Experimental section and ESIT).

Due to the high degree of hydride fluxionality exhibited by [(u-
H);Ru3(us-S)(CO)7(u-1,2-2d)] 22 at ambient temperature, only one
sharp multiplet resonance could be detected for the hydride in the
*H NMR. Variable-temperature (VT) *H NMR of cluster 22 shows

that the fluxionality may be frozen out at 253 K, to reveal the two
hydride signals that were expected for the cluster (Figure 5).

298K

263K

253K

233K

T T
-17.6 -17.8 - 8.2 -18.4

18.0 -1
f1 (ppm)

Figure 5. Variable-temperature 'H NMR spectra in the hydride
region of cluster [(u-H):Rus(us-S)(CO)7(u-1,2-2d)] 22 recorded
over the temperature range 298 — 233 K (top to bottom).

Crystal and molecular structure of [(u-H),Rus(ps-S)(CO)7(u-1,2-
2b)] 20

The crystal structure of [(u-H).Rus(us-S)(CO)7(p-1,2-2b)] 20 was
determined by X-ray diffraction analysis. A view of the molecular
structure of 20 is shown in Figure 6 and selected bond distances
and angles are listed in the caption. Relevant crystallographic
data are listed in Table 2.

The cluster is very similar to 3 - 6, 8 and 17 (vide supra), with one
exception: the ligand 2b bridges Rul and Ru2 atoms, but the two
phosphine moieties bind in the more common cis-eq,eq
coordination mode that is expected for diphosphines with a
relatively short backbone, rather than the slightly distorted cis-
eqg,ax coordination mode that is observed for the above-
mentioned Walphos derivatives. The latter coordination mode is
presumably enforced by the relatively long backbone of the
Walphos ligands. We have previously observed exactly the same
types of coordination modes for Josiphos and Walphos ligands

This journal is © The Royal Society of Chemistry 2012

coordinated to tetraruthenium tetrahydride clusters.”* The two
metal-metal bonds in 20 that are bridged by hydrides are slightly
elongated in comparison to the non-bridged Rul-Ru3 edge (cf
caption, Fig 6). Whereas the average P-P distance in the Walphos
complexes 3 — 6, 8 and 17 is 5.50 A, it is 4.43 A in 20 and
significant differences are seen for the Ru-P bonds lengths
(2.3295(8) A for Ru1-P1 and 2.3887(7) A for Ru2-P2).

Figure 6. Molecular structure of [(u-H).Rus(us-S)(CO);(u-1,2-2b)] 20 with
thermal ellipsoids drawn at the 50% probability level. C-H hydrogen atoms have
been omitted for clarity. Selected bond distances [A] and angles [*]: Rul-Ru2
2.9272(3), Rul-Ru3 2.7314(3), Ru2-Ru3 2.8947(3), Rul-P1 2.3295(8), Ru2-P2
2.3887(7), Rul-S1 2.3701(8), Ru2-S1 2.3871(8), Ru3-S1 2.3667(7), Rul-H1
1.82 (4), Ru2-H2 1.79(4), Ru2-H1 1.76(4), Ru3-H2 1.86(4).

Catalytic activities

In previous studies, we have shown that the chiral diphosphine
ligands play an important role in asymmetric hydrogenation?*?*?*
and that the chiral configurations of the hydrogenated products
are dependent on the chiral ligand used.?® The ability of the new
clusters 3 - 22 to function as catalysts for asymmetric
hydrogenation was investigated. Tiglic acid [trans-2-methyl-2-
butenoic acid] was chosen as a substrate because (i) it has been
used as a benchmark substrate in earlier assessments of
asymmetric hydrogenation effected by transition metal carbonyl
clusters, facilitating comparison with other work,?*?>?"% (i) there
is a well-established and reliable protocol for the evaluation of
enantiomeric excess, and (iii) asymmetric hydrogenation of a-
unsaturated carboxylic acids and their substituted derivatives,
which are essential pharmaceuticals or chiral building blocks for
the synthesis of biologically active compounds, is of considerable
importance.®**? Instead of the high hydrogen pressure that has
been commonly used in previous cluster-based catalysis
investigations (130 bar),*® a hydrogen pressure of 50 bar was
used. Lower hydrogen pressure was expected to enhance the
chiral induction, as demonstrated by us in a previous
investigation.?®

The catalysis results for clusters 3-22 are summarized in Table 1.

The clusters show moderate catalytic activity in terms of
conversion. Furthermore, the enantioselectivities are moderate in
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comparison to mononuclear catalysts, but relatively high by the
standards of cluster-based systems. The enantioselectivites
reflect an inherent weakness in the chiral induction effected by
clusters — the substrate is likely to bind at a metal site with
minimum steric hindrance (vide infra) and the chiral induction
effected by bulky chiral ligands is therefore diminished. However,
we have observed significantly higher enantioselectivities in other
cluster-based systems,?®?**" and it should be borne in mind that
ee’s exceeding 40% were unprecedented®®****** in cluster-based
asymmetric hydrogenation before we began our studies.
Unfortunately, the separation of the hydrogenated products from
the organic phase after using clusters 13 and 16 as a catalysts
(Table 1, entry 11, 14 and 20, respectively) turned out to be
unsuccessful in our hands, so we could not determine the
enantiomeric excess for these reactons, albeit with full conversion
in case of 16.

Table 1. Asymmetric catalytic hydrogenation of tiglic acid in the
presence of clusters 3-22 as catalysts.

H COOH Catalyst H * Foon
— —H> H %_e H
H3C CH, : HsC CHs
Entry Ligand Catalyst Conv. [%]° ee[%] Config.”

1 la 3 49 23 R

2 la 4 79 56 S

3 SS1b 5 55 24 S

4 SS1b 6 64 52 R

5 1c 7 83 33 R

6 1c 8 80 21 S

7 1d 9 94 9 R

8 1d 10 7 7 S

9 le 11 66 17 S
10 le 12 7 8 R
11 1f 13 14 ND ND
12 1f 14 23 48 S
13 1g 15 47 21 S
14 1g 16 100 ND ND
15 1h 17 43 13 R
16 2a 18 88 31 R
17 2a 19 66 13 S
18 2b 20 41 17 S
19 2c 21 68 37 S
20 2d 22 38 25 S
21 la 3+Hg 51 26 R

“The amount of substrate consumed in the catalytic experiment, assed by
*H NMR spectroscopy, p(H) = 50 bar, T = 100 °C, solvent = EtOH-toluene
1:1 (5 mL), n(substrate)/n(catalyst) = 100. "Favoured enantiomer. ND: not
detected.

From Table 1, it is clear that in these catalytic systems the
stereochemistry and the bridging mode of the coordinated chiral

diphosphine ligands strongly affect the outcome of the
hydrogenation reactions, both in terms of conversion and
enantioselectivity. In earlier work, we have been able to

demonstrate that reversal of enantioselectivity can be effected by
reversal of phosphine chirality in cluster-based systems.? It may
be noted that the diastereomeric pairs 3/4, 5/6, 7/8, 9/10, 11/12,
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and 18/19, within which the chirality of the diphosphine remains
the same, but the chirality of the cluster framework changes, all
show a reversal in enantioselectivity when the chirality of the
cluster framework changes. Furthermore, the pairs 3/5 and 4/6
are diastereomers where the chirality of the cluster framework
remains intact while that of the ligand changes (cf. Fig 2), and for
these pairs the enantioselectivity is reversed with reversal in
chirality of the ligands. It may thus be concluded that both the
cluster framework and the ligand chiralities influence the
enantioselectivity for a given cluster. These observations provide
compelling evidence for the clusters, or immediate derivatives of
the clusters with maintained cluster framework chiralities,*® being
the active catalysts. A mechanism involving cluster decomposition
during catalysis and regeneration of the intact cluster at the end of
the catalytic cycle would be accompanied by formation of both
diastereomers,* even if only one form of the cluster was initially
used. However, no trace of such racemization was observed at
the end of catalytic cycles employing all clusters. All catalysts
were recovered in good yields (=70%) after a complete catalytic
experiment, with one exception: only trace amounts (at best) of
catalyst 20 could be recovered. For the other catalysts, the
recovery may be considered to be quantitative, when the small
amount of catalyst used is taken into account. Furthermore,
recyclability was proven for cluster 3 - after completion of the
reaction (Table 1, entry 1), the cluster was recovered, purified by
TLC and reused under identical experimental conditions. Identical
conversion rates and enantiomeric excesses for the two catalytic
runs were obtained.

Nature of the active catalyst
Hydrogenation in the absence of a catalyst/catalyst precursor

To avoid possibilities of having metallic residues/contaminations
that could be responsible for the above-mentioned observations, a
blank control catalytic experiment was carried out using standard
reaction conditions, where the tiglic acid was dissolved in
ethanol/toluene (1:1 v/v) in the absence of any potential catalyst
and heated at 100 °C under 50 bar of H,. No hydrogenated
products were detected, which strongly support that the
temperature and the hydrogen pressure used in our catalytic
experiments are not forcing enough for the hydrogenation of tiglic
acid and that no metallic residues or similar contaminations that
may cause (catalyze) hydrogenation are present.

Mercury poisoning

It is well known that forcing conditions, such as high temperature
and high pressure of hydrogen gas, increase the possibility of
formation of colloidal metal particles that may function as
catalysts.***® The ability of Hg(0) to poison metal colloids or
heterogeneous catalysts has been used for more than 80 years.*
Therefore, a mercury poisoning test** was performed in order to
investigate the potential formation of (catalytically active) metal
colloids in our hydrogenation experiments. Hydrogenation of tiglic
acid using 3 was carried out under the typical reaction conditions
described above. The reaction was allowed to proceed to ~50%
completion, followed by release of H, pressure and the addition of
a 2000-fold excess of Hg(0) to the reaction mixture. The solution
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was stirred for 30 min to enable Hg(0) to react with any colloidal
particles present. As we have previously observed for analogous
reactions utilizing tetraruthenium clusters as catalysts/catalyst
precursors,?® slightly better results were obtained than in the
reactions without Hg(0) added. Both the conversion and the
enantioselectivity were increased by 2-3 percentage units (Table
1, entries 1 vs 21). The obtained results suggest that the cluster
does undergo fragmentation and the formation of colloidal
particles occurs during the catalytic reaction; however, the effect
of the colloidal particles formed seems very limited for the
hydrogenation reaction.

Proposed catalytic cycle

In an earlier study,” we proposed two plausible mechanisms for
the activation of tiglic acid by intact Rus clusters having the
composition [HsRu4(CO)10(L)] (where L = chiral diphosphine
ligand) - either dissociation of a carbonyl ligand to yield a vacant
coordination site or metal-metal bond scission resulting in an open
butterfly structure. To help elucidate the catalytic cycle(s)
associated with the present Rus clusters, we have modelled the
course of the hydrogenation reaction using density functional
theory calculations. Cluster 4, which gives good conversion and
enantioselectivity by the standards of these catalysts, was chosen
as the model catalyst for comprehensive DFT evaluation. The
computed catalytic cycle is depicted in Scheme 3, and the free
energy surface for the hydrogenation reaction is shown in Figure
7. The cycle is initiated by a site-selective dissociation of an
equatorial CO at the Ru(CO); moiety; of the two equatorial CO
groups here, the one that is proximally located to the bridging
hydride is preferentially labilized. The formation of the
coordinatively unsaturated species B, which proceeds without
cluster fragmentation, serves as the bifurcation point leading to
the 2-methylbutyric acid product.

Si-face coordination of tiglic acid to B affords the alkene-
substituted cluster D. Regiospecific insertion of the alkene into the
proximal bridging hydride occurs via transition structure TSDE,
which lies 29.6 kcal/mol above B and C. The alternative alkene
insertion route that involves the most substituted alkene carbon
atom and that would directly yield the (S) stereogenic center, lies
6.6 kcal/mol above TSDE (not shown). The resulting agostic alkyl
cluster E reacts with H, to furnish the transient trihydride cluster F.
Reductive elimination in F gives (S)-2-methylbutyric acid (G) and
regenerates cluster B, completing the catalytic cycle with a net
release of 13.2 kcal/mol. The geometry-optimized structures for
these species are shown in Figure 8.

Re-face alkene coordination at B gives the diastereomeric alkene
cluster D_alt, from which the hydrogenation reaction proceeds
through a series of identical steps, all of which lie higher in energy
than the si-face route. The energetics computed for the reaction
profile from D_alt depicted in Fig. 7 (red energy surface) are in
concert with the observed preference for the (S) enantiomer when
cluster 4 is employed as the catalyst precursor. The mechanistic
steps computed involve a fixed stereochemistry at the cluster,
whose chirality directly influences the asymmetric induction
observed in the hydrogenation product.
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The computed scheme is in agreement with the proposed
catalytic cycle for the hydrogenation of ethane by [HisRu4(CO):2].
On the basis of kinetic data, a mechanism, where suppression of
catalysis by the addition of CO and the evolution of CO on
exposure of a heptane solution of [HsRu4(CO)1,] to hydrogen, has
been suggested to involve an initial dissociation of CO ligand and
formation of [HsRus(CO)ii(alkene)], followed by an alkene
insertion reaction to furnish the Ru, cluster [HsRu4(CO)11(alkyl)] as
an intermediate.*?

alkene insertion

(5)-2-methylbutyric acid
©

Scheme 3. Computed catalytic hydrogenation cycle of tiglic acid
by cluster 4 to give (S)-2-methylbutyric acid.

TSFBG
(36.6,37.5)

TSDE
(29.6,32.3)

F
E (28.1, 29.6)
(25.9,27.0)

D
(81,8.7)

B+C+H,

B+G
(13.2)

Figure 7. Free energy profiles for the hydrogenation of tiglic acid
catalysed by cluster 4 (A) starting from the unsaturated cluster B.
Black and red profiles are for the si- and re-face alkene
coordination routes, respectively.
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Figure 8. Geometry-optimized structures associated with the hydrogenation of tiglic acid to 2-methylbutyric acid catalyzed by cluster
precursor 4. The optimized structures of CO, H,, tiglic acid (C), and 2-methylbutyric acid (G) are not shown.

Conclusions

In summary, twenty clusters of the general formula [(4-H).Rus(ys-
S)(CO)7(u-1,2-L)] (L= chiral diphosphine ligand), containing chiral
clusters frameworks, have been prepared. All cluster
diastereomers show different catalytic activities in terms of
conversion and enantioselectivity in the asymmetric
hydrogenation of tiglic acid under relatively mild conditions. The
reversal in enantioselectivity of the hydrogenation reaction when
the chirality of the cluster framework is changed, while the chirality
of the ligand remains intact, strongly implicates the involvement of
intact Rus clusters as the active hydrogenation catalysts. The
conversion rates are relatively good but the enantioselectivites are
low, albeit good when compared to most other cluster-based
catalytic systems for asymmetric reactions.?*%°3%3

Experimental Section
General procedures
All reactions and other manipulations were carried out under a

nitrogen atmosphere using standard Schlenk techniques. All
solvents were dried and distilled under a nitrogen atmosphere
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prior to use. Infra-red spectra were recorded as solutions in 0.5
mm NaCl cells on a Nicolet Avatar 360 FT-IR-spectrometer. *H
and *'P NMR spectra were recorded on a Varian Unity 500 MHz
NMR spectrometer; **P NMR shifts were referenced to external
HsPO, (85%). The parent cluster [(u-H),Rus(us-S)(CO)s] was
prepared according to a literature procedure and its purity was
assessed using thin-layer chromatography (TLC) and IR
spectroscopy.*® The chiral phosphines, 2-methylbutyric acid, S-
methyl mandelate and tiglic acid (trans-2-methyl-2-butenoic acid)
were purchased from Sigma Aldrich. Separations were carried out
by preparative thin-layer chromatography on glass plates (20 x 20
cm?) coated with silica gel (Merck, 0.5 mm thick). Catalysis
experiments were carried out using a 45-mL Parr autoclave with a
PTFE reaction vessel.

General method for the synthesis of sulfide-capped
triruthenium hydrido clusters containing chiral Walphos (la—
1h) and Josiphos (2a-2e) ligands

In all preparations, a solution of MesNO (13 mg, 173 umol) in
methanol (5 mL) was added dropwise to a stirred solution of [(u-
H):Rus(us-S)(CO)s] (42 mg, 71 umol) and the proper
stoichiometric ratio of the ligand (vide infra) in dichloromethane
(20 mL) under nitrogen atmosphere over a period of 20 minutes.
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The reaction mixture was stirred for 3 h and filtered through silica.
The solvent was removed in vacuo and the resultant residue was
subjected to thin layer chromatography using glass plates coated
with silica gel Fzs4, using a dichloromethane/hexane mixture (3:7
vlv) as eluent (for 11 and 12, dichloromethane/hexane (3:2) was
used as eluent). Clusters 3 and 4 were obtained as two closely
spaced yellow bands. Clusters 5-6, 7-8,9 - 10, 11 - 12, 13 - 14,
15-16, 17 — 18, 19, 20 — 21, 22 and finally 23, were prepared via
identical procedures using 1a, S,S-1b, 1c, 1d, 1le, 1f, 1g, 1h, 2a,
2b, 2c, 2d, 2e, respectively. Crystallization of 3 — 6, 8, 17 and 20
from CH.Cl,-hexane solutions at 4 °C gave red crystals suitable
for X-ray diffraction analysis.

[(1-H)2Rus(ps-S)(CO)r(p-1,2-1a)], 3 and 4

A total of 66 mg (71 umol) of 1a was reacted with [(u-H).Rus(us-
S)(CO)q] to give two diastereomers with the general formula [(u-
H)zRus(us-S)(CO)7(u-1,2-1a)].

[(u-H)2Rus(us-S)(CO)7(u-1,2-1a)] 3, Yield 32 mg (31 %); (Rs = 0.6);
IR (v(CO)lcm™, Cyclohexane) 2066(s), 2046(vs), 2010(vs),
1994(s), 1979(m), 1951(m); *H NMR (500 MHz, CDCls, hydride
resonance) d -18.13 (ddd, J = 12.4, 11.2, 2.9 Hz, 1H), -18.40 (dt,
J =9.8, 2.9 Hz, 1H); *'P NMR (202 MHz, CDCls) & 49.75 (d, J =
10.6 Hz), 37.74 (t, J = 9.1 Hz), ES* MS (m/z): 1464 [M]".

[(u-H)2Rus(us-S)(CO)7(u-1,2-1a)] 4, Yield 39 mg (38%); (R = 0.4);
IR (v(CO)lcm™, Cyclohexane) 2066(s), 2048(vs), 2008(vs),
1995(s), 1982(w), 1951(m); *H NMR (500 MHz, CDCls, hydride
resonance) & -17.82 (ddd, J = 12.2, 8.8, 3.5 Hz, 1H), -18.63 (ddd,
J =7.5, 3.5 Hz, 1H); **P NMR (202 MHz, CDCl;) & 48.52 (dd, J =
11.1, 6.6 Hz), 34.41 (d, J = 8.2 Hz). ES® MS (m/z): 1464 [M]".

[(u-H)2Rus(ps-S)(CO)+(u-1,2-1b)], 5 and 6

A total of 66 mg (71 umol) of S,S-1b was reacted with [(u-
H)2Rus(us-S)(CO)e] to give two diastereomers with the general
formula [(u-H)2Rus(us-S)(CO)7(u-1,2-1b)].

[(u-H)2Rus(us-S)(CO)-(u-1,2-1b)] 5, Yield 29 mg (28 %); (Rs =
0.6); IR (v(CO)/lcm™, Cyclohexane) 2066(s), 2048(vs), 2008(vs),
1995(s), 1979(m), 1951(m); 'H NMR (500 MHz, CDCl;, hydride
resonance) & -18.12 (ddd, J = 12.6, 11.1, 3.0 Hz, 1H), -18.40 (dt,
J=9.6, 3.1, 3.0 Hz, 1H); *'P NMR (202 MHz, CDCls) 5 48.68 (dd,
J=11.8, 2.0 Hz), 36.60 (t, J = 9.8 Hz). ES" MS (m/z): 1464 [M]*.

[(p-H)2Rus(us-S)(CO)7(u-1,2-1b)] 6, Yield 40 mg (38%); (R = 0.5);
IR (v(CO)lcm™, Cyclohexane) 2066(s), 2046(vs), 2010(vs),
1994(s), 1979(m), 1951(m); *H NMR (500 MHz, CDCls, hydride
resonance) & -17.84 (ddd, J = 12.4, 9.1, 3.0 Hz, 1H), -18.65 (ddd,
J=7.1, 3.2, 3.0 Hz, 1H); **P NMR (202 MHz, CDCls) & 48.59 (dd,
J=11.3,5.9 Hz), 35.55 (d, J = 8.4 Hz). ES" MS (m/z): 1464 [M]".

[(-H)2Rus(ps-S)(CO)7(u-1,2-1c)], 7 and 8

This journal is © The Royal Society of Chemistry 2012

A total of 48 mg (71 umol) of 1c was reacted with [(u-H),Rus(us-
S)(CO)q] to give two diastereomers with the general formula [(u-
H)2Rus(us-S)(CO)7(p-1,2-1c)].

[(H-H)2Rus(us-S)(CO)-(u-1,2-1c)] 7, Yield 27 mg (32 %); (R =
0.5); IR (v(CO)/lcm™, Cyclohexane) 2057(s), 2038(vs), 1995(vs),
1984(s), 1965(m), 1932(m); *H NMR (500 MHz, CDCls, hydride
resonance) d -18.51 (ddd, J = 11.0, 9.7, 3.0 Hz, 1H), -18.64 (dt, J
=11.8, 3.0 Hz, 1H); **P NMR (202 MHz, CDCls) & 56.47 (dd, J =
9.6, 5.0 Hz), 37.16 (t, J = 9.7 Hz). ES* MS (m/2): 1228 [M+Na]".

[(u-H)2Rus(us-S)(CO)7(U-1,2-1c)] 8, Yield 33 mg (39 %); (R =
0.4); IR (v(CO)lcm™, Cyclohexane) 2057(s), 2034(vs), 1998(vs),
1985(s), 1969(m), 1942(m); *H NMR (500 MHz, CDCls, hydride
resonance) & -18.08 (ddd, J = 10.3, 9.0, 3.0 Hz, 1H), -19.02 (‘m’,
ddd, J= not resolved 1H, cf. ESIt); **P NMR (202 MHz, CDCl;) &
59.08 (dd, J = 9.6, 6.2 Hz), 35.24 (dd, J = 8.6, 2.7 Hz); ES™ MS
(m/z): 1228 [M+Na]".

[(u-H)zRus(ps-S)(CO)-(u-1,2-1d)], 9 and 10

A total of 74 mg (71 umol) of 1d was reacted with [(u-H).Ruz(us-
S)(CO)q] to give two diastereomers with the general formula [(u-
H)2Rus(ps-S)(CO)s(p-1,2-1d)].

[(u-H)2Rus(us-S)( (CO)7(p-1,2-1d)] 9, Yield 26 mg (23 %); (Rr =
0.5); IR (v(CO)/lcm™, Cyclohexane) 2063(s), 2044(vs), 2008(vs),
1993(s), 1976(m), 1951(m); *H NMR (500 MHz, CDCls, hydride
resonance) & -18.09 (dt, J = 9.6, 2.8 Hz, 1H), -18.39 (ddd, J =
12.8, 10.2, 2.9 1H); **P NMR (202 MHz, CDCl;) 5 48.89 (d, J =
11.8 Hz), 35.65 (t, J = 9.6 Hz). ES* MS (m/z): 1580 [M]".

[(u-H)2Ru3(us-S)(CO)7(u-1,2-1d)] 10, Yield 37 mg (33 %); (Ri =
0.4); IR (v(CO)lcm™, Cyclohexane) 2064(s), 2047(vs), 2006(vs),
1992(s), 1980(m), 1949(m); *H NMR (500 MHz, CDCls, hydride
resonance) 5 -17.82 (ddd, J = 12.2, 8.8, 3.4 Hz, 1H), -18.63 (ddd,
J=7.3,5., 3.4 Hz 1H); **P NMR (202 MHz, CDCls) 5 48.49 (dd, J
= 11.3, 6.5 Hz), 34.37 (d, J = 8.4 Hz). ES" MS (m/z): 1603
[M+Na]".

[(p-H)2Rus(ps-S)(CO)7(p-1,2-1e)], 11 and 12

A total of 51 mg (71 umol) of 1le was reacted with [(u-H).Rus(us-
S)(CO)q] to give two diastereomers with the general formula [(u-
H)2Rus(us-S)(CO)7(u-1,2-1e)].

[(u-H)2Rus(us-S)( (CO)-(u-1,2-1e)] 11, Yield 29 mg (33 %); (R =
0.6); IR (v(CO)/lcm™, Cyclohexane) 2059(s), 2042(vs), 2000(vs),
1985(m), 1970(w), 1939(w); *H NMR (500 MHz, CDCls, hydride
resonance)  -17.61 (id, J = 9.8, 3.0 Hz, 1H), -18.17 (‘m’, ddd, J=
not resolved 1H, cf. ESIt); **P NMR (202 MHz, CDCls) & 43.88
(dd, J = 9.5, 6.2 Hz), 35.63 (dd, J = 8.9, 2.4 Hz). ES* MS (m/z):
1248 [M]".

[(M-H)2Rus(us-S)(CO)7(u-1,2-1e)] 12, Yield 38 mg (43 %); (Rf =
0.5); IR (v(CO)/lcm™, Cyclohexane) 2059(s), 2042(vs), 2000(vs),
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1985(m), 1970(w), 1939(w); *H NMR (500 MHz, CDCls, hydride
resonance) d -17.61 (ddd, J = 10.0, 3.0 Hz, 1H), -18.16 (‘m’, ddd,
J= not resolved 1H, cf. ESIT); *P NMR (202 MHz, CDCl; 49.09
(dd, J = 10.2, 1.7 Hz), 36.60 (t, J = 9.5 Hz). ES" MS (m/z): 1248
M]".

[(#-H)2Rus(ps-S)(CO)7(u-1,2-1f)], 13 and 14

A total of 70 mg (71 umol) of 1f was reacted with [(u-H):Rus(us-
S)(CO)q] to give two diastereomers with the general formula [(p-
H)zRus(us-S)(CO)7(u-1,2-1f)].

[(u-H)2Rus(us-S)(CO)-(u-1,2-1f)] 13, Yield 33 mg (31 %); (R =
0.6); IR (v(CO)lcm™, Cyclohexane) 2064(vs), 2047(m), 2038(s),
2003(vs), 1992(s), 1983(m), 1976(w), 1945(m), 1938(w); ‘H NMR
(500 MHz, CDCl;, hydride resonance) d -18.14 (ddd, J = 13.8,
4.5, 2.5 Hz, 1H), -18.31 (‘m’, ddd, J= not resolved 1H, cf. ESIt);
3P NMR (202 MHz, CDCls) & 52.62 (m), 49.49 (dd, J = 11.1, 1.3
Hz). ES™ MS (m/z): 1502 [M+Na]".

[(u-H)2Rus(1s-S)(CO)7(p-1,2-1f)] 14, Yield 45 mg (43 %); (Rf =
0.6); IR (v(CO)/lcm™, Cyclohexane) 2064(vs), 2047(s), 2037(m),
2003(vs), 1992(m), 1977(w), 1946(w), 1939(w); ‘H NMR (500
MHz, CDCl3, hydride resonance) & -18.17 (ddd, J = 11.9, 7.0, 3.6
Hz, 1H), -18.83 (ddd, J = 4.8, 3.6 Hz, 1H); **P NMR (202 MHz,
CDCly) 5 48.49 (dd, J = 11.3, 6.5 Hz), 34.37 (d, J = 8.4 Hz). ES"
MS (m/z): 1479 [M]".

[(u-H)2Ru3(ps-S)(CO)7(u-1,2-1g)], 15 and 16

A total of 55 mg (71 umol) of 1g was reacted with [(u-H)>Rus(us-
S)(CO)q] to give two diastereomers with the general formula [(u-
H)2Rus(us-S)(CO)(p-1,2-19)].

[(4-H)2Rus(ua-S)(CO)7(k-1,2-1g)] 15, Yield 36 mg (39 %); (Rr =
0.6); IR (v(CO)/cm™, Cyclohexane) 2059(s), 2042(vs), 1999(vs),
1983(s), 1970(m), 1938(m); 'H NMR (500 MHz, CDCls, hydride
resonance) & -17.69 (td, J = 9.7, 3.0 Hz, 1H), -18.25 (dt, J = 6.4,
3.0 Hz, 1H); **P NMR (202 MHz, CDCls) 5 44.05 (dd, J = 9.5, 6.4
Hz), 36.51 (dd, J = 8.8, 2.6 Hz). ES* MS (m/z): 1327 [M+Na]".

[(u-H)2Rus(us-S)(CO)7(k-1,2-1g)] 16, Yield 48 mg (52 %); (Rs =
0.5); IR (v(CO)lcm™, Cyclohexane) 2057(s), 2039(s), 2003(s),
2003(vs), 1984(s), 1967(m), 1940(w); *H NMR (500 MHz, CDCls,
hydride resonance) & -18.16 (m, 2H); (500 MHz, Acetone-ds,
253K) & -18.12 (dt, J = 11.0, 3.0 Hz, 1H), -18.19 (‘m’, ddd, J= not
resolved 1H, cf. ESIt); *'P NMR (202 MHz, CDCls) 5 49.32 (dd, J
=7.1,5.1 Hz), 38.10 (t, J = 9.6 Hz). ES" MS (m/z): 1305 [M+H]".

[(u-H):Ru3(p3-S)(CO)+(u-1,2-1h)], 17

A total of 47 mg (71 umol) of 1h was reacted with [(u-H):Rus(us-
S)(CO)gq] to give [(u-H)2Rus(us-S)(CO)7(p-1,2-1h)] 17.

[(u-H)2Rus(us-S)(CO)7(u-1,2-1h)] 17, Yield 36 mg (42 %); (R =
0.5); IR (v(CO)/cm™, Cyclohexane) 2060(s), 2043(vs), 2001(vs),
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1986(s), 1972(m), 1941(m); *H NMR (500 MHz, CDCls, hydride
resonance) & -17.75 (ddd, J = 10.1, 9.1, 3 Hz, 1H), -18.47 (dt, J =
6.1, 3.0 Hz, 1H); **P NMR (202 MHz, CDCls) 5 44.95 (dd, J = 9.9,
5.7 Hz), 35.39 (dd, J = 9.1, 1.8 Hz). ES* MS (m/z): 1191 [M]".

[(#-H)2Ru3(p3-S)(CO)-(u-1,2-2a)], 18 and 19

A total of 62 mg (71 umol) of 2e was reacted with [(u-H),Rus(us-
S)(CO)q] to give two diastereomers with the general formula [(u-
H)2Rus(us-S)(CO)7(p-1,2-2a)].

[(u-H)2Rus(us-S)(CO)7(u-1,2-2a)] 18, Yield 14 mg (14 %); (Rf =
0.6): IR (v(CO)/lcm™, Cyclohexane) 2066(vs), 2036(s), 2005(vs),
1996(s), 1987(m), 1951(m); *H NMR (500 MHz, CDCls, hydride
resonance) d -18.29 (dt, J = 36.5, 2.5 Hz, 1H), -19.46 (ddd, J =
13.3, 7.1, 2.5 Hz, 1H); P NMR (202 MHz, CDCls) & 56.94 (dd, J
=34.7,5.9 Hz), 25.71 (d, J = 11.8 Hz). ES" MS (m/z): 1400 [M]".

[(M-H)2Rus(us-S)(CO)-(u-1,2-2a)] 19, Yield 25 mg (25%); (Ri =
0.5): IR (v(CO)/cm™, Cyclohexane) 2064(vs), 2039(ms, 2032(w),
2007(vs), 1993(m), 1980(m), 1967(w), 1951(w); ‘H NMR (500
MHz, CDCls, hydride resonance) & -17.84 (ddd, J = 12.7, 9.0, 3.6
Hz, 1H), -18.65 (ddd, J = 7.5, 3.6 Hz, 1H); **P NMR (202 MHz,
CDCly) & 48.59 (dd, J = 10.4, 4.7 Hz), 35.54 (d, J = 8.4 Hz). ES*
MS (m/z): 1400 [M]".

[(u-H)2Rus(ks-S)(CO)+(u-1,2-2b)], 20

A total of 41 mg (71 umol) of 2b was reacted with [(u-H)2Rus(us-
S)(CO)q] to give [(u-H)2Rus(us-S)(CO)7(u-1,2-2b)] 20.

[(u-H)2Rus(us-S)( (CO)(u-1,2-2b)] 20, Yield 33 mg (44 %); (Rf=
0.6): IR (v(CO)/lcm™, Cyclohexane) 2059(vs), 2031(s), 2016(vs),
1998(vs), 1970(w), 1941(m); *H NMR (500 MHz, CDCls, hydride
resonance) d -18.31 (dd, J = 32.6, 2.0 Hz, 1H), -19.13 (‘t’, ddd, J=
not resolved 1H, cf. ESIt); **P NMR (202 MHz, CDCl;) § 57.29
(m), 25.41 (m). ES* MS (m/z): 1174 [M]".

[(u-H)2Rus(ps-S)(CO)+(p-1,2-2¢)], 21

A total of 39 mg (71 umol) of 2c was reacted with [(u-H)>Rus(us-
S)(CO)q] to give [(H-H)2Rus(us-S)(CO)7(u-1,2-2¢)] 21.

[(u-H)2Rus(us-S)( (CO)7(u-1,2-2¢)] 21, Yield 44 mg (59 %); (R¢=
0.6): IR (v(CO)/cm™, Cyclohexane) 2057(vs), 2033(s), 1994(vs),
1980(m), 1969(w), 1926(w); ‘H NMR (500 MHz, CDCls, hydride
resonance) & -18.77 (br, 1H), -19.09 (m, 1H); **P NMR (202 MHz,
CDCly) & 65.05 (m), 35.49 (m). ES* MS (m/z): 1163 [M+Na]".

[(-H)2Rus(ps-S)(CO) (u-1,2-2d)], 22

A total of 41 mg (71 umol) of 2d was reacted with [(u-H),Rus(us-
S)(CO)g] to give [(u-H)2Rus(us-S)(CO)7(u-1,2-2d)] 22.

[(u-H)2Ru3(us-S)( (CO)-(p-1,2-2d)] 22, Yield , 36 mg (48 %); (R¢=
0.6): IR (v(CO)/lcm™, Cyclohexane) 2059(vs), 2038(s), 2001(vs),
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1988(m), 1970(w), 1943(w); *H NMR (500 MHz, CDCls, hydride
resonance) & -18.04 (m, 1H); (500 MHz, Acetone-ds, 253K) & -
17.93 (ddd, J = 11.8, 2.0 Hz, 1H), -18.10 (ddd, J= 23.4, 10.4, 2.0
Hz); P NMR (202 MHz, CDCls) 5 41.66 (m), 20.65 (m). ES* MS
(m/z): 1172 [M]".

Homogeneous Catalytic Experiments

In the catalysis experiments, the catalyst and substrate were
loaded into the autoclave under N, and the degassed solvent
mixture was added (2.5 mL of EtOH/2.5 mL of toluene). The
reaction vessel was closed and purged three times with hydrogen
before final pressurizing to 50 bar. The reaction mixture was
continuously stirred with a magnetic stirrer (ca. 750 rpm) and
heated at 100 °C for 24 h. After a cooling period of approximately
45 min, the reaction vessel was depressurized and opened. The
homogeneous reaction mixture was transferred to a 50-mL flask
and concentrated under vacuum. The conversions for the
catalysis runs were calculated on the basis of NMR analyses.

Precautions were taken to avoid the possibility of catalytic activity
due to contamination of the reaction vessel or the magnetic stir
bars: the reaction vessel and the magnetic stir bars were washed
with acetone and rinsed with dichloromethane, followed by a
careful visual examination. Whenever the magnetic stir bars
appeared to be contaminated, they were discarded.

To separate the carboxylic acid from the cluster, the reaction
residue was dissolved in 10 mL of diethyl ether and the carboxylic
acid was extracted with aqueous sodium hydroxide solution (1M,
3 x 10 mL) and washed with diethyl ether (3 x 5 mL), leaving the
cluster in the organic solvent. The carboxylate was protonated
with sulfuric acid and extracted with diethyl ether (3 x 10 mL),
washed with water (2 x 5 mL) and dried over magnesium sulfate.
Filtration, followed by evaporation of the ether under vacuum,
yielded the carboxylic acid quantitatively. The original ether
phase, from which the carboxylic acid was extracted, was
concentrated under vacuum to recover the remaining cluster. In
certain cases, where ester formation was obtained during the
catalytic experiment, the recovered catalyst was dissolved in a
minimum quantity of dichloromethane and the products were
separated by preparative TLC, eluting with
dichloromethane/petroleum ether (1:2). Usually 60-70% of the
cluster was recovered after a catalytic experiment and it was
analyzed by IR and NMR spectroscopies. The enantiomeric
excess of the product was detected by derivatizing 2-
methylbutyric acid with S-methyl mandelate and analyzing the
diastereomeric product mixture by NMR, as fully described by
Tyrrell et al.** It was found that flash chromatography of the final
products was not necessary.

Catalyst poisoning test using mercury
The experimental setup followed the procedure described above

for catalytic experiments, except that after 4 h the reaction was
stopped and the reaction vessel was disconnected and

This journal is © The Royal Society of Chemistry 2012

approximately 2 grams of metallic mercury was added to the
reaction mixture before the autoclave was sealed and pressurized
and a second hydrogenation reaction was started. After a
complete catalytic run, the products were separated and analyzed
as described above.

VT *H NMR studies

All NMR solvents (Aldrich) were used as received. Approximately
0.5 mL of a saturated acetone-ds solution of [(u-H).Rus(us-
S)(CO)7(p-1,2-1h)] 16 and [(u-H):Rus(us-S)(CO)s(u-1,2-2d)] 22
were added to a NMR tube, which was subsequently sealed
under N, atmosphere. The sample tube was placed into the probe
using a ceramic spinner. Dry air (for measurements above RT) or
liquid nitrogen was used as the VT control gas. The sample was
allowed to equilibrate at each desired temperature for 5 — 10
minutes before the start of shimming and data acquisition. The
temperature ranges were 25 to -40 °C for 16 and 25 to -70 °C for
22. For each sample 32 scans were acquired to reach sufficient
signal intensity. The residual proton signal of acetone (2.04 ppm
rel. to TMS) was used as a chemical shift reference.

X-ray structure determinations

The crystals were immersed in cryo-oil, mounted in a Nylon loop,
and measured at a temperature of 100 K for 5, 170 K for 3, 4, 8,
17 and 20, and finally 293 K for 6. The X-ray diffraction data were
collected on a Nonius Kappa CCD or on a Bruker AXS Kappa
Apexll Duo diffractometer using Mo Ko radiation (A = 0.71073 A).
The Denzo-Scalepack® or APEX2* program packages were
used for cell refinements and data reductions. The structures
were solved by direct methods using the SHELXS-97 program®’
with the WinGX graphical user interface.*® All hydrogens were
placed in idealized positions. Positions of hydrides were
calculated using the XHYDEX program.”  Selected
crystallographic details are summarized in Table 2.

Computational modelling and DFT calculations

The DFT calculations were carried out with the Gaussian 09
package of programs.®® The different species in Scheme 3 were
examined computationally using Morokuma'a ONIOM method,*
using a two-layered ONIOM (B3LYP/genecp:PM6) approach.
Here the Walphos ligand, except for the phosphorus and iron
atoms, was confined to the lower layer. The Ru and Fe atoms
were described with the Stuttgart-Dresden effective core potential
(ecp) and a SDD basis set, and all of the other high level atoms
were described by a 6-31G(d") basis set.

All reported geometries were fully optimized, and the analytical
Hessian was evaluated at each stationary point to determine
whether the geometry was an energy minimum (no negative
eigenvalues) or a transition structure (one negative eigenvalue).
Unscaled vibrational frequencies were used to make zero-point
and thermal corrections to the electronic energies. The resulting
free energies are reported in kcal/mol relative to the specified
standard. Standard state corrections were applied to all species to
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convert concentrations from 1 atm to 1M according to the treatise
of Cramer.” Internal reaction coordinate (IRC) calculations were
performed in order to establish the reactant and product species
associated with each transition-state structure. The geometry-
optimized structures have been drawn with the JIMP2 molecular
visualization and manipulation program.®?
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Table 2. Crystallographic data for clusters [(u-H)2Rus(ps-S)(CO)-(n-P-P*)] 3-6, 8, 17 and 20,

RSCPublishing

where (P-P*= 1a, 1a, 1b, 1b, 1c, 1h and 2b, respectively).

3 4 5 6 3 17 20
formula CsoHaF1,FEOPRUS  CogHaF1oFeOPRU;S  CosHasF1oFEOP,RUsS  CogHaFO/PoRU;S  CuoHisoFeO-P.RUsS CyoHagFeO,P,RU;S CyaHusFeO,P,RU;S
M, 1463.86 1463.86 1463.86 1463.86 1203.95 1191.85 1127.86
TIK] 170 (2) 170(2) 100(2) 293(2) 170(2) 170(2) 170(2)
rIA] 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073
Crystal system Orthorhombic Orthorhombic Monoclinic Orthorhombic Orthorhombic Orthorhombic Orthorhombic
Space group P2,2,2, P2,2,2; Cc P2,2,2, P2:2,2, P2,2:2; P2,2,2
a[A] 10.9799(5) 11.9655(4) 14.9044(2) 17.9576(9) 10.4751(2) 12.11044(17) 15.06019(16)
b[A] 14.7027(5) 20.1151(5) 24.9178(4) 59.4487(11) 17.5460(4) 20.7626(4) 18.1823(2)
c[A] 35.1126(9) 49.045(3) 14.7954(2) 10.978(5) 30.9412(8) 21.0868(4) 15.73196(19)
al® 90 90 90 90 90 90 90
Bl 90 90 99.8870(10) 90 90 90 90
yl° 920 90 20 90 20 20 90
V [A? 5668.4(3) 11804.5(8) 5413.18(13) 11720(6) 5686.9(2) 11804.5(8) 4307.87(8)
z 4 8 4 4 4 4 4
Peaic [g cm?] 1.715 1.647 1.796 1.658 1.406 1.493 1.739
w[mm™] 1.216 1.168 1.274 118 1.166 1.251 1.533
F(000) 2880 5760 2880 5760 2416 2368 2256
Crystal size[mm] 0.13x0.08 x 0.03 0.173x 0.081 x 0.036 0.41x0.26x 0.14 0.38 x 0.15x 0.15 0.196 x 0.103 x 0.277 x 0.066 x 0.228 x 0.124 x

0.043 0.048 0.086
0 limits/® 3.21t027.50 4.298 t0 27.499 1.61t0 36.40 3.0-27.8 2.053 to 27.500 1.939 to 30.589 1.87210 34.743
hrange -14t012 -15t0 11 -24t0 16 -23t023 -13to5 -14t0 16 -23t0 24
krange -16t0 19 -10to 26 -39to 41 -77t0 78 -22t0 14 -26t029 -29t0 25
| range -4510 45 -54t0 63 -24t024 -14t0 14 -19t0 39 -30to 25 -25t024
No. reflns. 31467 42539 50958 249874 16529 25385 115230
Unique refins. 12988 26879 20611 26584 12194 14239 17855
GOOF (F?) 1.007 1.073 1.030 1.94 1.007 1.008 1.077
Rine 0.0541 0.0800 0.0227 0.050 0.0222 0.0555 0.0583
R1%(I = 20) 0.0518 0.1029 0.0225 0.068 0.0322 0.0466 0.0300
WR2" (I = 20) 0.0753 0.1685 0.0529 0.192 0.0628 0.0867 0.0608
Largest diff. peak 0.779 and -0.521 1.447 and -1.211 1.154 and -0.791 1.28 and -1.06 0.401 and -0.299 1.086 and -0.785 0.552 and -0.835
and hole [e A
Flack parameter -0.02(2) 0.04(5) 0.000(8) 0.05(3) -0.023(14) -0.025(19) -0.018(8)
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Abstract Ten rhenium carbonyl complexes—[Re(H)(CO);(1a)], [Res(pn-H)3(CO);q
(1a)], [Rex(CO)y(2a)], [Rex(CO)s(2a)], [Rex(CO)o(2b)], [{Rex(CO)o}a(2b)], [Re,
(CO)s(2b)], [Rex(CO)s(1b)], [Rex(p-H)2(CO)6(2b)] and [Res(p-H)3(CO);1(2b)}—con-
taining different bidentate chiral phosphine ligands of the Josiphos (1a, 1b) and Walphos
(2a, 2b) families have been synthesized and fully characterized (1a: (R)-1-{(Sp)-2-
[Bis[3,5-bis(trifluoromethyl)phenyl]phosphino]ferrocenyl }ethyldi(3,5-xylyl)phosphine,
1b: (R)-1-{(Sp)-2-[Di(2-furyl)phosphino]ferrocenyl }ethyldi-tert-butylphosphine, 2a:
(R)-1-{(Rp)-2-[2-[Bis(4-methoxy-3,5-dimethylphenyl)phosphino]phenyl]ferrocenyl}
ethylbis[3,5-bis(trifluoromethyl)phenyl]phosphine and 2b: (R)-1-{(Rp)-2-[2-
(Diphenylphosphino)phenyl]ferrocenyl }ethyldicyclohexylphosphine). The phos-
phine-substituted clusters were tested for hydrogenation of tiglic acid [trans-2-
methyl-2-butenoic acid]. The catalytic reactions gave reasonable conversion rates
(15-88 %) under relatively mild conditions but relatively moderate enantiomeric
excesses (8-57 %) were observed. The crystal structures of [ReH(CO);(1a)], [Re,
(CO)9(2a)], [{Rex(CO)g}2(2b)] and [Re,(1-H),(CO)4(2b)] are presented.
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Introduction

Many transition metal carbonyl clusters with chiral phosphine ligands function as
efficient precursors for the (asymmetric) hydrogenation of unsaturated organic
substrates under homogeneous conditions [1-6]. The clusters are often thermally
stable, and the presence of more than one metal in the catalyst offers, in principle,
regioselectivity in reactions due to differentiated metal binding of a substrate
molecule [7]. Most investigations of asymmetric catalytic reactions are based on
complexes with chiral bidentate phosphine ligands, since such ligands often offer
better control of the coordination number and stereochemistry of the resulting metal
complex than corresponding monodentate phosphine ligands [8, 9]. Even though a
large number of chiral diphosphines has been synthesized and investigated in
homogeneous asymmetric catalysis, only a few of them have been found suitable for
industrial processes, e.g. diphosphines based on the BINAP and Josiphos
frameworks (Fig. 1) [10].

Examples of homogeneous catalysts containing rhenium are rare, and most of
them are mononuclear complexes [11, 12]. Relatively little attention was paid to
rhenium carbonyl complexes until their attractive catalytic properties in hydro-
genation were revealed by a systematic study by Broadbent and coworkers [13].
Rhenium carbonyl clusters have been shown to be effective catalyst precursors for
hydrogenation [14], as well as hydrogen-related reactions, such as hydrosilylation
[15], dehydrogenative silylations [16], and dehydrogenative aminoborane cou-
pling reactions [17]. The first successful synthesis of thiacrowns from a thietane
was achieved via the reaction of the trithenium complex [Re3(CO);q
(u-SCH,CH,CH,)(p-H);] with thietane to give [Re;(CO)o(pn-SCH,CH,CH,-
12S3)(u-H)s]; the latter complex was characterized crystallographically to show
that it contains a 12S3 thiacrown linked to the cluster via a SCH,CH,CH, chain
[18-20].

We have previously found that hydride-containing ruthenium carbonyl clusters
containing chiral diphosphine ligands are effective catalysts/catalyst precursors for
asymmetric hydrogenation of o-unsaturated carboxylic acids, giving excellent
conversion rates and, in some cases, high enantiomeric excesses [1, 2, 5, 21]. In
some instances, we have also been able to unambiguously demonstrate that the
active catalysts are clusters [22]. We were therefore interested in exploring the
catalytic properties of chiral derivatives of other hydride-containing metal carbonyl
clusters in asymmetric hydrogenation reactions. In the present study, we describe
the synthesis and characterization of new rhenium carbonyl complexes containing
chiral diphosphines of the Josiphos (1a—1b) and Walphos (2a—2b) families (Fig. 1),
and their performance as catalysts/catalyst precursors for asymmetric hydrogenation
of tiglic acid under relatively mild reaction conditions.

@ Springer
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Fig. 1 Structure of phosphine ligands used in this study

Results and Discussion

The synthesis of the chiral diphosphine derivatives of rhenium carbonyl complexes
were based on previously published methods [2, 5], i.e. either (i) thermal
substitution in octane in the presence of the diphosphine and [Re;(u-H)3(CO)qq
(NCMe)] (cf. Scheme 1), or (ii) thermal substitution in toluene in the presence of
[Re;(CO)g(NCMe),] while hydrogen was bubbled through the solution until
complete conversion to [Rez;(u-H)3(CO),o(NCMe)] had occurred (as monitored by
IR spectroscopy), followed by the addition of the chiral diphosphine ligand
(¢f. Scheme 2). The complexes were identified via IR, '"H and 3P NMR
spectroscopies, mass spectrometry and, in the cases of [ReH(CO);(1a)] 3,
[Rex(CO)9(2a)] S5, [{Rex(CO)o}a(2b)] 8 and [Rex(i-H)2(CO)s(2b)] 11, X-ray
crystallography.

Synthesis of Complexes 3-9

Refluxing of a stoichiometric amount of the chiral diphosphine ligands 1a, 2a or 2b
(cf. Fig. 1) with [Re;(u-H)3(CO)((NCMe)] in octane leads to the formation of the
complexes 3-5 and 7, 8, respectively, (cf. Scheme 1). The conversions of the mono-
substituted diphosphine clusters § and 7 to the diphosphine-bridged clusters 6 and 9,
respectively, were carried out by using Me;NO-2H,0 as an oxidative decarbony-
lation reagent.

Refluxing of a stoichiometric amount of the Josiphos ligand la (74 mg,
0.074 mmol) (c¢f. Fig. 1) with the cluster [Re;(u-H)3(CO);o(NCMe)] (34 mg,
0.037 mmol) in octane leads to the formation of two orange products, 3 and 4 (cf.
Experimental section). The mononuclear nature of product 3 was revealed by its
positive mode ESI mass spectrum, which displayed a peak at m/z = 1181, in
accordance with the molecular formula [ReH(CO);(1a)]. Comparison of the v(CO)
IR stretching frequency pattern of 3 to [HRe(CO);(dppe)] (dppe = 1,2-bis(diphen-
ylphosphino)ethane) [23], indicates that 3 contains the ligand 1a coordinated to the
rhenium metal in a chelating coordination mode. The '"H NMR spectrum of 3
reveals, in addition to signals for the diphosphine ligand, one triplet hydride signal
at 8 = —4.48 ppm. The *'P{'H} NMR spectrum also shows two doublet signals at
& = 24.12 and 10.44. Furthermore, complex 3 was characterized by single-crystal
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Scheme 1 Schematic depiction of products formed as a result of reaction of [Re;(u-H)3(CO);o(NCMe)]
with diphosphine
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Scheme 2 Schematic depiction of products formed as a result of reaction of [Re,(CO)s(NCMe),] with
diphosphine

X-ray diffraction analysis (vide infra). The structure of cluster 4 was confirmed by
IR, 'H and *'P{'H} NMR spectroscopies, as well as mass spectrometry. The v(CO)
IR stretching frequency pattern of 4 is similar to that of the known complex [Re;(p-H)s
(CO) o(dppm)] (dppm = bis(diphenylphosphino)methane) [24]. Its '"H NMR
spectrum shows, in addition to signals for the diphosphine ligand, three hydride
signals at 8 = —14.56, —15.52 and —17.20 ppm. The *'P{'H}-NMR spectrum
also shows two multiplets at & = 19.26 and 3.89 ppm. The ESI mass spectro-
metric data matches with the assigned molecular formula [Re;(pt-H);(CO);o(1a)]
at m/z = 1775 (M™).

Under the same conditions, i.e. refluxing of [Re;(pu-H)3(CO),;(NCMe)] (80 mg,
0.088 mmol) and 2a (92 mg, 0.088 mmol) in octane for 4 h gave one orange
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product, 5. Comparison of the v(CO) IR stretching frequency pattern of 5 to the
known complex [Re,(CO)o(dppp)] [dppp = 1,3-bis(diphenylphosphino)propane]
[25], indicates that 5 contains the 2a ligand coordinated in a “dangling” mode, i.e.
the diphosphine is coordinated through only one phosphine moiety, and the mass
spectrum of 5 reveals a peak at m/z = 1671, consistent with the molecular formula
[Rey(CO)o(2a)]. The '"H NMR spectrum of 5 reveals the expected signals for the
diphosphine ligand. The possibility of coordination isomers thus exists, but the
3'P{'H} NMR spectrum of 4 was found to contain only two doublets at & = 34.94
and —15.75 ppm. The lower-field signal could be assigned to the (coordinated)
{[3,5-bis(trifluoromethyl) phenyl]phosphine]} moiety [cf. Fig. 3, d (*'P) for free 2a
(CDCl3, ppm): for {P-[3,5-(CF3),C¢H3l,} = 1.76; for {P-[3,5-(CH3),-4-(OCH3)
CeHslo} = —17.47]. The structure of cluster 5 was confirmed by single crystal
X-ray diffraction (vide infra).

Reaction of [Re,(CO)o(2a)] 5 with MesNO-2H,O produces the diphosphine-
bridged complex [Re,(CO)g(2a)] 6 in 47 % yield. In principle, the oxidative
decarbonylation of the [Res(CO)o(k'-P-P)] clusters can yield either the chelate
[(CO)sRe-Re(CO);(1,1-P-P)] or the bridged [Re,(CO)g(p-P-P)] clusters. The IR
spectra of the two types of possible products can provide strong evidence for the
specific diphosphine coordination mode. The IR spectrum of 6 in the carbonyl
stretching region confirms the absence of an [Re,(CO)s] unit and is similar to the
diphosphine-bridged cluster [Re,(CO)g(n-dppp)] [25]. The mass spectrum of 6
reveals a peak at m/z = 1644, which is consistent with the molecular formula
[Re,(CO)g(2a)]. The '"H NMR spectrum of S reveals the signals for the diphosphine
ligand, while the *'P{"H} NMR spectrum shows two multiplets at shifts that are
consistent with coordination of both phosphine moieties (vide supra and Experi-
mental section). Complex 6 is most likely formed via Me;NO-assisted decarbony-
lation of [Re,(CO)o(2a)] 5, followed by coordination of the free phosphine moiety
of 2a to rhenium.

Reaction of [Re;(1-H)3(CO);;(NCMe)] in refluxing octane with 2b for 15 h led
to the formation of two orange products in good yield, compounds 7 (70 %) and 8
(16 %). Comparison of the v(CO) IR stretching frequency pattern of 7 to those of
the known complex [Re;(CO)o(dpph)] (dpph = 1,6-bis(diphenylphosphino)hexane)
[25] and complex S (vide supra), indicates that 7 contains the 2b ligand in a
“dangling” coordination mode. The *'P {'H}-NMR spectrum shows two singlet
signals at 6 = 43.38 and —14.41 ppm, of which the lower-field signal could be
assigned to the coordinated {P-(Cy),} moiety of the diphosphine ligand [cf. 6 *'P
for 2b (CDCl;, ppm) for {P-(Cy),} = 13.6; for {P-(Ph),} = —14.15] [26]. Again,
no evidence for coordination isomers could be detected. The mass spectrum of 7
corroborated the molecular formula [Re,(CO)o(2b)]. The characterization of cluster
8 was made on the basis of spectroscopic data and single crystal X-ray diffraction
analysis (vide infra). The >'P{'"H} NMR spectrum shows two singlet signals at
O = 43.83 and —14.43 ppm. The v(CO) IR stretching frequency pattern of 8 is
similar to those reported previously for the known dimer [{Re,(CO)q},(dppm)] [25]
and also to [Re,(CO)y(2a)] 5 and [Re,(CO)o(2b)] 7 (vide supra), all of which
contain Re,(CO)o(phosphine) units with the phosphine coordinated in an axial
position w r t the metal-metal bond (i.e. trans to the metal-metal bond). The mass
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spectrum of 8 reveals a peak envelope at m/z = 1920, corresponding to the
molecular formula [{Re,>(CO)q}-(2b)] 8. As observed for the conversion of cluster 5
to cluster 6, reaction of [Re,(CO)y(2b)] 7 with MesNO produces the diphosphine-
bridged complex [Re»(CO)s(2b)] 9 in 38 % vyield, and the IR, *'P{'H} NMR and
mass spectra are in full agreement with the proposed formula and structure for 9
(cf. Experimental section).

Structural Description of Clusters 3, 5 and 8

The solid state structures of complexes 3, 5 and 8 were determined by single crystal
X-ray diffraction. For all three complexes, crystals were obtained by slow diffusion
of hexane into saturated dichloromethane solutions of the respective cluster at 4 °C.
The molecular structures of 3, 5 and 8 are depicted in Figs. 2, 3 and 4, respectively,
and selected bond distances and angles are listed in the captions.

Complex 3 contains a central rhenium atom coordinated by three carbonyl
ligands, a hydride and the two phosphine moieties of the ligand 1a in slightly
distorted octahedral coordination geometry. The complex constitutes a fac isomer,
and no evidence of a mer isomer could be detected. The C(3)-Re-P(2) and C(2)—
Re-P(1) angles are distorted from the ideal of 180° to 177.7(4)° and 172.5(4)°,
respectively, and the P(1)-Re-P(2), C(2)-Re-P(2) and C(3)-Re-P(1) angles are
[87.98(8)°1, [91.5(3)°] and [90.2(3)°], respectively, due to the relatively narrow bite
of the diphosphine ligand in the equatorial position. The Re-P(1) and Re-P(2)
distances are very similar—2.449(3) and 2.411(2) A, respectively; they fall within
the expected range of Re-P interactions that are usually found in mononuclear

Fig. 2 Molecular structure of [ReH(CO);(1a)] 3 with thermal ellipsoids drawn at the 30 % probability
level. C—H hydrogen atoms have been omitted for clarity. Selected bond distances (A) and angles (°): Re—
P(1) 2.449(3), Re-P(2) 2.411(2), P(1)-Re-P(2) 87.98(8), C(1)-Re-P(1) 87.98(8), C(2)-Re-P(1) 172.5(4),
C(3)-Re-P(1) 90.2(3), C(1)-Re-P(2) 90.4(4), C(2)-Re-P(2) 91.5(3), C(3)-Re-P(2) 177.7(4)
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Fig. 3 Molecular structure of [Re,(CO)o(2a)] 5 with thermal ellipsoids drawn at the 50 % probability
level. C-H hydrogen atoms have been omitted for clarity. The disordered F atoms in CF; groups have
been omitted for clarity. Selected bond distances (A) and angles (°): Re(1)-Re(2) 3.02637(15), Re(2)—
P(1) 2.3737(6), P(1)-Re(2)-Re(1) 175.11(18), C(1)-Re(1)-Re(2) 86.27(10), C(2)-Re(1)-Re(2) 172.5(4),
C(3)-Re(1)-Re(2) 85.02(11), C(6)-Re(2)-P(1) 95.75(10)

rhenium compounds and are comparable to the Re-P distances observed in, for
example, fac-[(CO);(OCN)Re(PPh,NHPPh,)] [27], where Re—P(1) and Re—P(2) are
2.438(3) and 2.447(2) A, respectively.

The crystal structure of 5 was determined in order to confirm the coordination
mode of the diphosphine ligand. The structure of § is illustrated in Fig. 3 and
selected bond distances and angles are listed in the captions. The two Re octahedra
in § are approximately staggered, and the presence of the bulky phosphine ligand in
the axial position probably precludes an ideal staggered form. Comparison of cluster
5 with the structures of [Re;(CO)q(dppene)] [28] and [Re,(CO)o(PPh,H)] [29], in
which the phosphines are equatorially coordinated, reveals structural differences.
The Re-P bond length of cluster 5§ 2.3737(6) A is shorter than that in
[Re»(CO)o(PPh,H)] and [Re,(CO)o(dppene)] (2.443(3) A and 2.4887(9) A,
respectively), and the rhenium—rhenium bond length (3.0264(2) A) is considerably
shorter than those found in the two clusters, ([Re,(CO)o(PPh,H)]: 3.0526(7);
[Re>(CO)o(dppene)]: 3.1077(2) A, respectively; however, it is similar to the Re—Re
bond lengths reported for related complexes, e.g. [Re>(CO),o] (Re—Re 3.02 A) [30],
and also to [{Rex(CO)9},(2b)] 8 (Re(1)-Re(2) 3.0347(4) A and Re(3)-Re(4)
3.0310(4) A) (vide infra).

The molecular structure of 8 is illustrated in Fig. 4 and selected bond distances
and angles are listed in the figure caption. Cluster 8 contains two dinuclear rhenium
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Fig. 4 Molecular structure of [{Re>(CO)o},(2b)] 8 with thermal ellipsoids drawn at the 50 % probability
level. C-H hydrogen atoms have been omitted for clarity. Selected bond distances (A) and angles (°):
Re(1)-Re(2) 3.0347(4), Re(2)-P(1) 2.4122(16), Re(3)-P(2) 2.3911(17), Re(3)-Re(4) 3.010(4), P(1)-
Re(2)-Re(1) 175.12(4), P(2)-Re(3)-Re(4) 172.43(4)

units (Re(1)-Re(2) and Re(3)-Re(4)) that are bridged by the 2b diphosphine ligand,
which coordinates to Re(2) and Re(3). The Re-Re bond distances in cluster 8,
[Re(1)-Re(2) 3.0347(4) A and Re(3)-Re(4) 3.0310(4) A], are similar to the Re-Re
bond lengths reported for [Re,(CO)o(PPh,H)] [3.0526(7) 10%] [29], [{Rex(CO)g}>
(dppf)] (dppf = 1,1’-bis(diphenylphosphino)ferrocene) [31] and also [Re,(CO)q
(2a)] 5 (vide supra). The two phosphorus atoms in ligand 2a are coordinated to
Re(2) and Re(3) with bond distances of 2.4122(16) and 2.3911(17) A respectively.
The Re(1)-Re(2)-P(1) and Re(4)-Re(3)-P(2) angles are distorted to [175.12(4)°]
and [172.43(4)°], respectively, which is similar to the corresponding angle in
[Rex(CO)9(2a)] 5 [175.11(18)°].

Synthesis of Clusters 10-12

The clusters [Re,(CO)g(1b)] 10, [Re,(1-H)-(CO)g(2b)] 11 and [Re;(p-H);(CO);,(2b)]
12 were prepared by heating [Re,(CO)s(NCMe),] at 80 °C in toluene for 5 h while
hydrogen was bubbled through the solution until complete conversion to [Res
(1-H);3(CO)1o(NCMe)] [32] had occurred (as monitored by IR spectroscopy), followed
by the addition of a stoichiometric amount of the chiral diphosphine ligands 1b or 2b
(cf. Fig. 1). The bubbling of hydrogen was continued until the end of the reaction to
produce clusters 10-12, respectively, (¢f. Scheme 2).

The mass spectrum of 10 reveals a peak envelope at m/z = 1118, corresponding
to the molecular formula [Re,(CO)g(1b)]. The v(CO) IR stretching frequency
pattern of 10 is similar to that of the known complex [Re,(CO)g(dadpp)]
(dadpp = 1-(di-o-anisylphosphino)-3-(diphenylphosphino) propane] [28], in which
the diphosphine ligand bridges the two metal centers, and also to [Re,(CO)g(2a)] 6
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and [Re,(CO)g(2b)] 9 (vide supra). The '"H NMR spectrum of 10 reveals the signals
for the diphosphine ligand. The *'P{'H} NMR spectrum shows two signals at
0 = 55.41 and —30.61 ppm.

Under reaction conditions similar to those that gave 10 (c¢f. Scheme 2), i.e. initial
in situ formation of [Re;(1-H);(CO);o(NCMe)] followed by the addition of a
stoichiometric amount of 2b (49 mg, 0.073 mmol), the formation of two orange
products, 11 and 12, occurred. The '"H NMR spectrum of 11 contains two hydride
signals at 6 = —6.78 and —9.28 ppm, in addition to signals for the diphosphine
ligand, and the *'P{'H} NMR spectrum shows two broad signals at & = 43.19 and
28.08 ppm. Comparison of the v(CO) IR stretching frequency pattern of 11 to that
of [Re,(1-H),(CO)e(dppm)] [24] suggests that 11 is isostructural with the dppm
derivative, with the diphosphine bridging the two rhenium atoms. The mass
spectrum of 11 reveals a peak at m/z = 1213, corresponding to the molecular
formula [Re,(p-H),(CO)g(2b)]. It was possible to grow crystals of 11 suitable for
single-crystal X-ray diffraction analysis, and its crystal structure was determined in
order to confirm the proposed molecular structure of the cluster (vide infra).

Comparison of the v(CO) IR stretching frequency pattern of 12 to [Res(u-H);
(CO)11(PPh3)] [33] suggests an identical formulation for 12, with the ligand 2b
coordinated in a dangling mode, and the positive mode ESI mass spectrum of the
cluster M = 1541) is in agreement with such a molecular formula. The '"H NMR
spectrum of 12 confirms the presence of three hydrides, with one multiplet at & =
—16.33 ppm and two doublets at § = —17.21 and —17.60 ppm. The *'P{'H} NMR
spectrum also shows two signals at & = 39.16 and —14.58 ppm. The lower field
signal could be assigned to the {P-(Cy),} moiety, which is coordinated to the
[Res(1-H)3(CO);4] framework, and the higher field signal can be assigned to the
uncoordinated phosphorus atom [¢f. Synthesis of 7 for the *'P resonances of free
2b]; again, no coordination isomer could be detected. Attempts were made to
coordinate the free phosphine moiety in 12 by either (i) dissolving 12 in THF
followed by the addition of Me3;NO-2H,0 in THF under nitrogen and subsequent
reflux of the solution for 8 h or (ii) heating of 12 at 90 °C in toluene for 8 h;
however, analysis by spot TLC indicated that in both cases, decomposition of 12
was the only result.

Structural Description of [Re,(1-H),(CO)g(2b)] 11

The bridging coordination mode and chiral configuration of the diphosphine in 11
have been confirmed by X-ray crystallography; its molecular structure is shown in
Fig. 5 and selected bond distances and angles are listed in the captions. The
distribution of the carbonyl ligands indicates that the two hydrides bridge the Re—Re
edge and lie on opposite sides of the Re,P, plane. The rhenium-rhenium bond
length of 2.9009(3) Ais considerably shorter than those found in systems containing
single Re—Re bonds, e.g. [Re;(CO);o] (Re—Re 3.02 ;\) [30], and also for those with
bridging hydrides as in [Re;H3(CO);,]™ [Re(p-H)Re 3.177 A] [34]; however, it is
similar to the Re—Re bond lengths reported for related complexes, e.g. [Re,H,
(CO)g] (Re—Re 2.896 A) [35] and [Re,H,(CO)g(dppm)] (Re—Re 2.893 A) [24]. The
two Re—P distances, Re(1)-P(1) and Re(2)-P(2), are very similar (2.4983(14) and
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Fig. 5 Molecular structure of [Re,(p-H),(CO)g(2b)] 11 with thermal ellipsoids drawn at theo 50 %
probability level. C-H hydrogen atoms have been omitted for clarity. Selected bond distances (A) and
angles (°): Re(1)-Re(2) 2.9009(3), Re(1)-P(1) 2.4983(14), Re(2)-P(2) 2.4135(15), P(1)-Re(1)-Re(2)
96.22(4), P(2)-Re(2)-Re(1) 124.69(3)

2.4135(15) A, respectively), and also similar to the corresponding Re—P distances
reported cfor [Re,Ha(CO)g(dppm)] (Re(1)-P(1) and Re(2)-P(2), 2.449(4) and
2.457(4) A, respectively) [24].

Homogeneous Catalytic Studies

Bearing in mind the excellent catalytic results obtained in asymmetric hydrogena-
tion of tiglic acid by chiral hydride-containing ruthenium clusters [1, 21, 36], we
were primarily interested in studying the catalytic properties of the hydride-
containing rhenium complexes prepared in this investigation, and the abilities of
complexes 3, 4, 11 and 12 to act as catalysts were therefore investigated. Tiglic acid
was chosen as a substrate since (i) it has been used as a benchmark substrate in
earlier assessments of asymmetric hydrogenation effected by transition metal
carbonyl clusters, facilitating comparison with other work [1, 2, 21, 36-38] (ii) there
is a well-established and reliable protocol for the evaluation of enantiomeric excess,
and (iii) the importance of hydrogenation of a-unsaturated carboxylic acids and
their substituted derivatives, which are essential pharmaceuticals or chiral building
blocks for the synthesis of biologically active compounds [39, 40].

We have previously shown that lower H, pressure is expected to enhance the
chiral induction in hydrogenation of tiglic acid [5, 21] and the catalysis experiments
were carried out at the relatively low H, pressure of 50 bar instead of the high
pressure (150 bar) used in comparable catalysis tests [41]. In order to obtain
reasonable conversions, a temperature of 100 °C and relatively long reaction times
[24, 48 or 72 h] were required (the conversion rates were found to decrease
appreciably below ca. 80 °C). The results for the catalysis tests for 3, 4, 11 and 12
are presented in Table 1. The conversion of tiglic acid was assessed by 'H NMR
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Table 1 Asymmetric catalytic hydrogenation of tiglic acid in the presence of complexes [ReH(CO);(1a)]
3, [Res(p-H)3(CO)10(1a)] 4 and [Rex(1-H)o(CO)g(2b)] 11, [Res(p-H)3(CO);1(2b)] 12 as catalysts

H COCH H COCH
\ / Catalyst *®
/ \ H > H H
HyC CH,4 : HyC CHy
Entry Catalyst (mg) Conv. (%)* ee (%) Configuration”
1 3/10 33 8 R
2¢ 3/10 38 8 R
3¢ 3/10 52 8 R
4 4/10 33 - _
11/10 88 57 R
6 12/5 15 13 R

Reaction conditions: S/C ratio 1:100, 100 °C, 50 bar of H,, 24 h

2 The amount of substrate consumed in the catalytic experiment, assed by 'H NMR spectroscopy,
p(Hy) = 50 bar, T = 100 °C, solvent = EtOH-toluene 1:1 (5 mL), n(substrate)/n(catalyst) = 100

® Favoured enantiomer
¢ Reaction time = 48 h

4 Reaction time = 72 h

spectroscopy and the enantioselectivity was investigated according to a published
procedure [42]. All compounds yielded low to moderate conversions, even with
extended reaction times (72 h); reasonably good conversion rates could be observed
for cluster 11. Only relatively moderate enantiomeric excesses could be observed
and in case of 4, no enantioselectivity could be detected. We have observed
significantly higher enantioselectivities in other cluster-based systems [21], but it
should be borne in mind that ee’s exceeding 40 % were unprecedented [37, 38, 41,
43, 44] in cluster-based asymmetric hydrogenation before we began our studies.
Both the catalytic activity and the chiral induction appear to be dependent on the
chemical nature of the phosphine ligand used, although the exact reaction mechanism for
the asymmetric catalytic hydrogenation is still uncertain [5, 21]. Clusters 3, 11 and 12
give (R)-2-methylbutyric acid with an enantiomeric excess of 857 %. All catalysts
show different catalytic activity (Mcacalys!substrate = 1:100); the catalysts based on
Josiphos ligands (3 and 4) gave no, or very low, enantioselectivity while the clusters
derivatised with Walphos ligands (11 and 12) gave relatively good enantioselectivities.
This is in agreement with observations for the same catalytic reaction using [Ru4(¢-H),4
(CO)1o(P—P*)] clusters, where Walphos derivatives consistently gave better enantiose-
lectivities relative to Josiphos derivatives [21]. For these ruthenium clusters, the better
performance of the Walphos derivatives may be connected with the greater steric bulk of
these ligands compared to the Josiphos family, and the (potentially) wider “bite” of the
Walphos ligands, which results in a different bridging coordination mode (eq-ax) for
these ligands as compared to the Josiphos ligands (eq-eq); presumably these properties
result in both better chiral induction by the ligand and different initial orientation of the
coordinated substrate to the ruthenium cluster [12]. After catalysis runs, clusters 3,4, 11
and 12 could be recovered unaltered and, despite the 50-70 % recovery of catalysts, no
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evidence of fragmentation products were obtained. Considering the small quantities of
catalysts/catalyst precursors used in each experiment (5-10 mg), the recovery may be
considered to be quantitative. Catalyst recycling was investigated by recovering cluster
11 from the hydrogenation of tiglic acid and reusing it in the exact same experiment
(corresponding to entry 5, Table 1). Identical catalytic activity was observed for the two
catalytic runs in terms of conversion and enantioselectivities.

Conclusions

In summary, we have synthesized and characterized ten new di-, tri- and tetranuclear
rhenium complexes containing the chiral Josiphos and Walphos ligands 1a, 1b, 2a and
2b. The hydride-containing complexes [Re(H)(CO);(1a)] 3, [Re;(p-H);(CO)o(1a)] 4,
[Rex(1-H)2(CO)6(2b)] 11 and [Res(p-H)3(CO)11(2b)] 12 have been investigated as
catalysts/catalyst precursors for asymmetric hydrogenation of the o-unsaturated
carboxylic acid tiglic acid. Catalysis has been achieved under considerably milder
reaction conditions than those employed in related systems. The conversion rates are
good but the enantioselectivities are relatively low, albeit good when compared to most
other cluster-based catalytic systems for asymmetric reactions [37, 38, 41, 43, 44]. The
clusters containing diphosphines of the Walphos family gave better enantioselectivities
than the related Josiphos-containing clusters, in keeping with observations made for
other cluster-based systems [21]; this highlights the importance of the specific chiral
diphosphine ligand for the catalytic performance. While it has not been possible to
unambiguously determine the nature of the active catalyst(s) in these cluster-based
systems, the clusters offer some distinct advantages as catalysts/precatalysts—they are
very stable and not air sensitive, separation from products is relatively easy and they
permit low catalyst:substrate ratios.

Although the number of potential catalysts that have been studied in this initial
investigation is too low to draw distinct conclusions, it may be noted that the
dinuclear complex [Re,(p-H)>(CO)g(2b)] 11 exhibited by far the best catalytic
properties in the present investigation, both in terms of conversion of substrate and
enantioselecivity, and that the enantioselectivity in the hydrogenation reaction is
better than for any other published cluster-based catalyst with the exception of the
afore-mentioned H4Ru, catalysts. Further investigation of Re,H, complexes with
bulky chiral mono- and diphosphine ligands as potential catalysts for asymmetric
hydrogenation reactions is therefore warranted.

Experimental
General Procedures

Solvents used in the synthesis and catalysis tests were dried by distillation over
appropriate drying agents and deoxygenated by bubbling with nitrogen gas. All
reactions were carried out under nitrogen using standard Schlenk techniques and
were routinely monitored by IR spectroscopy. The starting material [Re,(CO);¢]
was purchased from Strem Chemicals Inc. and used without further purification, and
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[Re>(CO)g(NCMe),] and [Resz(p-H)3(CO);1(NCMe)] were prepared by literature
methods [32]. The chiral phosphines, 2-methylbutyric acid, S-methyl mandelate and
tiglic acid were purchased from Sigma Aldrich. Separations were carried out by
preparative thin-layer chromatography on glass plates (20 x 20 cm?) coated with
silica gel (Merck, 0.5 mm thick). Catalysis experiments were carried out using a
45 mL Parr autoclave with a PTFE reaction vessel. Infra-red spectra were recorded
as solutions in 0.5 mm NaCl cells on a Nicolet Avatar 360 FT-IR-spectrometer. 'H
and *'P{'H} NMR spectra were recorded on a Varian Unity 500 MHz NMR
spectrometer; 3P NMR shifts were referenced to external H;PO,. Calculations of
the percentage yields for the final products are based on the number of moles of Re
atoms.

Syntheses
Preparation of [ReH(CO)s(1a)] 3 and [Re;(u-H)3(CO)o(1la)] 4

A mixture of [Re3(1-H);(CO);;(NCMe)] (34 mg, 0.037 mmol) and the ligand [(R)-
1-{(Sp)-2-[Bis[3,5-bis(trifluoromethyl)phenyl]phosphino]ferrocenyl }ethyldi(3,5-
xylyl) phosphine], 1a, (74 mg, 0.074 mmol) were refluxed in octane (20 mL) for
40 min under N, in a 100 mL flask. During this time the solution gradually
darkened from pale yellow to orange. The solvent was removed under vacuum and
the resultant residue was dissolved in a minimum quantity of dichloromethane and
separated using TLC. Elution with a dichloromethane—petroleum ether mixture (1:1
v/v) gave two orange bands, as well as minor orange and yellow fractions that were
obtained in very low yield and were not characterized. The main two products were
collected and extracted from silica using dichloromethane, dried under N, and
identified as (in order of decreasing Ry): orange solid [ReH(CO);(1a)] 3 and [Res(p-H)s
(CO)p(1a)] 4. Single crystals of 3 were grown by slow evaporation from a
dichloromethane—hexane solution of the complex cooled to —4 °C.

3: Yield 18 mg (41 %); vco (cyclohexane)/cm_lz 2004 (m), 1931 (vs); 1925 (s);
"H NMR (500 MHz, CDCl3) 8 NMR (500 MHz,) & 8.64 (d, J = 10.6 Hz, 2H, PPh),
7.66 (m, 4H, PPh), 7.62 (m, 2H, PPh), 7.54 (m, 4H, PPh), 4.63 (m, 1H, Cp), 4.43 (s,
5H, Cp’), 4.34 (t, J = 2.5 Hz, 3H, Ph-CH3), 4.04 (t, J = 8.2 Hz, 3H, Ph-CH3), 3.85
(m, 1H, CH3CH), 3.78 (s, 1H, Cp-H), 3.54 (s, 1H, Cp-H), 2.26 (d, J/ = 15.2 Hz, 3H,
Ph-CH3;), 2.08 (d, J = 28.3 Hz, 3H, Ph-CH3), 1.21 (m, 3H, CH;CH), —4.48 (t,
J =268 Hz, 1H); *'P{'H} NMR (202 MHz, CDCI3) 24.12 (d, J = 27.2 Hz),
10.44 (d, J = 27.4 Hz); m/z (ESI) 1181 (M™).

4: Yield 8 mg (12 %); VCO(Cyclohexane)/cmfl: 2106 (m), 2083 (s), 1991 (m),
1960 (m), 1858 (sh); '"H NMR (500 MHz, CDCl3) § "H NMR (500 MHz, CDCl;) &
8.10 (m, 2H, PPh), 7.59 (m, 4H, PPh), 6.87 (m, 6H, PPh), 4.98 (br s, 5H, Cp), 4.56
(br's, 5H, Cp’), 4.08 (m, 1H, Cp), 3.68 (d, J = 1.3 Hz, 1H), 2.61 (d, J = 1.3 Hz, 3H,
Ph-CH3), 2.16 (d, J = 1.4 Hz, 3H, Ph-CH3), 1.63 (m, 3H), 1.27 (d, J = 20.8 Hz,
3H, CH;CH), —14.55 (d, J = 18.4 Hz, 1H), —15.52 (d, J = 16.5 Hz, 1H), —17.20
(s, 1H); *'"P{'"H} NMR (202 MHz, CDCl;) 19.26 (m), 3.89 (m); m/z (ESI) 1775
(M"+Na).
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Preparation of [Rex(CO)o(2a)] 5

In a two-necked round flask, [Re;(u-H);(CO);;(NCMe)] (80 mg, 0.088 mmol)
and the ligand [(R)-1-{(Rp)-2-[2-[bis(4-methoxy-3,5-dimethylphenyl)phosphine]
phenyl]ferrocenyl}ethylbis-bis[3,5-bis(trifluoromethyl)phenyl]phosphine], 2a,
(92 mg, 0.088 mmol) were refluxed in octane (20 mL) with stirring for 4 h, while
hydrogen was bubbled through the solution. During this time the solution gradually
darkened from pale yellow to orange. The solvent was removed under vacuum and
the residue dissolved in a minimum quantity of dichloromethane. The product was
then separated by TLC on silica using a dichloromethane—hexane mixture (1:3 v/v)
as eluent to give one orange band as well as minor orange and colorless fractions
that were obtained in very low yield and were not characterized. The product was
collected and extracted from silica with dichloromethane, dried under N, and
identified as solid orange [Re,(CO)q(2a)] 5. Orange crystals of 5 were obtained by
slow evaporation of a dichloromethane—hexane solution.

5: Yield 31 mg (54 %); Vco(cyclohexane)/cm”: 2103 (m), 2030 (m), 1997 (s),
1967 (m), 1937 (w); "H NMR (500 MHz, CDCls) & 8.28 (m, 1H), 8.05 (m, 1H), 7.88
(m, 5H), 7.69 (m, 1H), 7.59 (m, 3H), 7.47 (d, J = 12.1 Hz, 1H), 7.29 (m, 2H), 7.07
(m, 4H), 6.89 (m, 5H), 3.69 (d, J = 26.8 Hz, 2H), 4.19 (m, 5H, Cp’), 4.17
(d,J = 2.4 Hz, 1H), 4.05 (d, J = 2.5 Hz, 1H, Cp-H), 3.95 (m, 1H, Cp-H), 3.81 (ddd,
Jy=69.1,J, =193, J; = 11.3 Hz, 1H, CH;CH), 3.58 (s, 3H, OCH3), 3.49 (s, 3H,
OCHj;), 3.21 (brs, 1H, CP-H), 1.41 (m, 3H, CH;CH); *'P{'H} NMR 202 MHz, CDCl;)
34.94 (d,] = 41.3 Hz), —15.75 (d, J = 47.3 Hz, free-P); m/z (ESI) 1671 (M™").

Reaction of [Re>(CO)o(2a)] 5 with Me;NO-2H,O

[Re>(CO)o(2a)] 5 (13 mg, 0.007 mmol) was dissolved in 5 mL of freshly distilled
and degassed THF. Dropwise addition of Me;NO-2H,O (1.0 mg, 0.007 mmol)
dissolved in 3 mL of THF under nitrogen was carried out. The resultant solution
was degassed again and stirred under nitrogen at ambient temperature for 8 h. The
solution was then evaporated to dryness and the orange residue was redissolved in a
minimum quantity of CH,Cl, and chromatographed on silica TLC plates using a
dichloromethane—petroleum ether mixture (1:3 v/v) as eluent, to give one orange
band as well as minor orange and colorless fractions that were obtained in very low
yield and were not characterized. The product was collected and extracted from
silica with dichloromethane, dried under N, and identified as solid orange
[Rex(CO)s(2a)] 6.

6: Yield 6 mg (47 %); vco(cyclohexane)/cm_lz 2069 (w), 2018 (w), 1983 (m),
1967 (s), 1938 (w), 1900 (m); "H NMR (500 MHz, CDCl5) § 8.24 (m, 1H), 7.99 (m,
1H), 7.83 (m, 5H), 7.64 (dd, J, = 24.0, J, = 6.6 Hz, 1H), 7.53 (m, 3H), 7.44 (d,
J = 11.3 Hz, 1H), 7.22 (m, 2H), 7.01 (m, 4H), 6.78 (m, 5H), 3.63 (d, J = 25.9 Hz,
2H), 4.15 (m, 5H, Cp’), 4.12 (d, J = 2.1 Hz, 1H), 3.93 (d, J = 2.1 Hz, 1H, Cp-H),
3.87 (m, 1H, Cp-H), 3.72 (ddd, J, = 68.8, J, = 18.3, J3 = 10.4 Hz, 1H, CH;CH),
3.53 (s, 3H, OCH3), 3.44 (s, 3H, OCHj3), 3.16 (br s, 1H, CP-H), 1.36 (m, 3H,
CH;CH); *'P{'H} NMR 202 MHz, CDCl;) 19.24 (m), 4.83 (m); m/z (ESI) 1643
(M),

@ Springer



Synthesis, Characterization and Catalytic Activity Studies

Preparation of [Rex(CO)o(2b)] 7 and [{Rex(CO)o}»(2b)] 8

The complex [Re;(n-H);(CO)(NCMe)] (40 mg, 0.044 mmol) and the ligand [(R)-
1-{(Rp)-2-[2-(Diphenylphosphino)phenyl]ferrocenyl }ethyldicyclohexylphosphine],
2b, (29 mg, 0.043 mmol) were refluxed in octane (20 mL) and stirred for 15 h.
During this time the solution gradually darkened from pale yellow to orange. The
solvent was removed under vacuum and the residue dissolved in a minimum
quantity of dichloromethane. The product was then separated by TLC on silica
using a dichloromethane—hexane mixture (1:2 v/v) as eluent to give two orange
bands as well as minor orange and colorless fractions that were obtained in very low
yield and were not characterized. The products were collected and extracted from
silica with dichloromethane, dried under N, and identified as (in order of decreasing
Ry): solid orange [Re,(CO)y(2b)] 7 and [{Re,(CO)9}-(2b)] 8. Orange crystals of
[{Re>(CO)9}2(2b)] 8 were obtained by slow evaporation of a dichloromethane—
hexane solution.

7: Yield 16 mg (70 %); vCO(cyclohexane)/cm”: 2104 (m), 2022 (w), 1997 (s),
1964 (m), 1927 (m); 'H NMR(500 MHz, CDCl;y): & = 8.18 (dd, J, = 7.7,
J>, = 4.2 Hz, 1H, Ph-H), 8.10 (m, 6H), 7.52 (m, 5H, P-Ph), 7.38 (d, J; = 6.0 Hz,
1H, Ph-H), 7.13 (q, 3H, J; = 10.2, J, = J3; = 89 Hz, 1H, Ph-H), 6.98 (dd,
J1 =17.,J, = 3.7 Hz, 1H, Ph-H), 4.13 (m, 1H, CP-H), 3.96 (s, 5H, Cp’), 3.85 (br s,
1H, Cp-H), 3.41 (m, 1H, CH3CH), 1.90 (dd, J; = 17.8, J, = 7.4 Hz, 3H, CH;3CH),
1.36 (m, 22H) ppm; >'P{"H} NMR (202 MHz, CDCls) 43.38 (s), —14.41 (s, free P);
m/z (ESI) 1295 (M™).

8: Yield 13 mg (16 %); vco(dichloromethane)/cm_1: 2104 (s), 2032 (w), 1995
(vs), 1960 (m), 1928 (w); '"H NMR (500 MHz, CDCl;): & = 8.01 (ddd, J;, = 7.8,
J, = 4.5, J3 = 1.1 Hz, 1H, Ph-H), 7.55 (m, 6H), 7.38 (m, 5H, P-Ph), 7.22 (m, 1H,
Ph-H), 6.79 (ddd, J, = 7.3, J, = 4.7, J3 = 1.4 Hz, 1H, Ph-H), 4.18 (s, 1H, Cp-H),
4.18 (t, J; = J, = 2.3 Hz, 1H, CP-H), 3.95 (s, 5H, Cp’), 3.88 (br s, 1H, Cp-H), 3.19
q J1=74, 1,=175, J3=69Hz, 1H, CH;CH), 193 (dd, J; = 10.1,
J» = 7.7 Hz, 3H, CH;CH), 1.32 (m, 22H); *'P{'H} NMR (202 MHz, CDCl;)
43.83 (s), —14.43 (s); m/z (ESI) 1920 (MT+H).

Reaction of [Rex(CO)o(2b)] 7 with Me3;NO-2H,0

[Re>(CO)o(2b)] 7 (16 mg, 0.0123 mmol) was dissolved in 5 mL of freshly distilled
and degassed THF. Dropwise addition of Me3;NO-2H,0 (1.3 mg, 0.0123 mmol)
dissolved in 3 mL of THF under nitrogen was carried out. The resultant solution
was degassed again and stirred under nitrogen at ambient temperature for 8 h. The
solution was then evaporated to dryness and the orange residue was redissolved in a
minimum quantity of CH,Cl, and chromatographed on silica TLC plates using a
dichloromethane—petroleum ether mixture (1:3 v/v) as eluent, to give one orange
band as well as minor orange and colorless fractions that were obtained in very low
yield and were not characterized. The product was collected and extracted from
silica with dichloromethane, dried under N, and identified as solid orange
[Rex(CO)3(2b)] 9.
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9: Yield 5 mg (38 %); Vco(cyclohexane)/cm”: 2073 (w), 2022 (m), 1981 (w),
1964 (s), 1946 (w), 1920 (m); '"H NMR (500 MHz, CDCl;) & 8.18 (dd, J, = 6.2,
J» = 4.0 Hz, 1H, Ph-H), 8.09 (m, 6H), 7.47 (m, 5H, P-Ph), 7.28 (d, J, = 3.4 Hz,
IH, Ph-H), 7.13 (dd, J, = 16.8, J, = 8.8 Hz, 1H, Ph-H), 4.22 (s, 1H, Cp-H), 4.13
(dd, J, = 25.6, J, = 11.4 Hz, 1H, CP-H), 3.95 (s, 5H, Cp'), 3.85 (br s, 1H, Cp-H),
3.43 (m, 1H, CH;CH), 1.90 (dd, J;, = 17.8, J, = 7.3 Hz, 3H, CH;CH), 1.36 (m,
22H); *'P{'H} NMR 202 MHz, CDCl;5) 59.01 (s), 31.01 (s); m/z (ESI) 1268
MT+H).

Preparation of [Rey(CO)g(1b)] 10

A solution of [Re>(CO)g(NCMe),] (50 mg, 0.073 mmol) in toluene (40 mL) was
warmed to 80 °C in an oil bath while hydrogen was bubbled through the solution
until complete conversion to [Re;(i-H)3(CO);{(NCMe)] had occurred (as moni-
tored by IR spectroscopy). Addition of the ligand [(S)-1-{(Rp)-2-[Di(2-furyl)phos-
phino]ferrocenyl }ethyldi-tert-butylphosphine], 1b, (38 mg, 0.073 mmol) to the
reaction mixture led to a darkening of the initial pale yellow solution and a change
of the color to deep orange. After 2 h the solvent was evaporated under vacuum and
the resultant residue was subjected to TLC, using a dichloromethane-petroleum
ether mixture (1:2 v/v) as eluent, to give one orange band as well as minor colorless
fractions that were obtained in very low yield and were not characterized. The main
product obtained was collected and extracted from silica with dichloromethane,
dried under N, and identified as orange solid [Re,(CO)g(1b)] 10.

10: Yield 28 mg (57 %); vco(cyclohexane)/cmfl: 2065 (w), 2032 (vs), 1990 (w),
1952 (s), 1908 (m); '"H NMR (500 MHz, CDCl;) & 7.90 (d, J = 3.2 Hz, 2H,
C,4H50), 7.57 (m, 2H, C4H;0), 6.53 (m, 2H, C4H;0), 6.30 (m, 1H, CHCH3), 5.01 (s,
1H, Cp), 4.48 (s, 1H, Cp), 3.79 (s, 1H, Cp), 3.57 (s, 5H, Cp’), 1.90 (m, 3H, CHCH3),
1.60 (d, J = 11.1 Hz, 9H, C(CH3)3), 0.94 (d, J = 12.3 Hz, 9H, C(CH3);). *'P{'H}
NMR (202 MHz, CDCly) 55.41 (d, J = 26.3 Hz), —30.61 (d, J = 26.1 Hz); m/z
(ESI) 1118 (M™).

Preparation of [Rey(u-H)»(CO)g(2b)] 11 and [Res3(u-H)3(CO);;(2b)] 12

A solution of [Re,(CO)g(NCMe),] (50 mg, 0.073 mmol) in toluene (40 mL) was
warmed to 80 °C in an oil bath while hydrogen was bubbled through the solution
until complete conversion to [Res(p-H);(CO);{(NCMe)] had occurred (as moni-
tored by IR spectroscopy), followed by the addition of 2b (49 mg, 0.073 mmol) to
the reaction mixture. The initial pale yellow solution darkened upon addition of the
diphosphine, and the color changed to deep orange. After 7 h, the solvent was
evaporated under vacuum. The resultant residue was subjected to TLC, using a
dichloromethane—petroleum ether mixture (1:2 v/v) as eluent, to give two orange
bands as well as minor orange and colorless fractions that were obtained in very low
yield and were not characterized. The main two products obtained were collected
and extracted from silica by using dichloromethane, dried under N, and identified as
(in order of decreasing R¢): [Re,(11-H)(CO)g(2b)] 11 as an orange solid and [Rez(u-H);
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(CO)11(2b)] 12. Orange crystals of [Re,(1-H)(CO)g(2b)] 11 were obtained by slow
evaporation of dichloromethane—hexane solution.

11: Yield 19 mg (20 %); vco(cyclohexane)/cmfl: 2036 (m), 2023 (w), 2011 (m),
1940 (vs), 1918 (s), 1911 (s); 'H NMR (500 MHz, CDCl;): & = 8.03 (ddd,
Jy=15,J, =4.5,J3 = 1.0 Hz, 1H, Ph-H), 7.42 (m, 6H), 7.32 (m, 5H, P-Ph), 7.12
(m, 1H, Ph-H), 6.74 (ddd, J, = 7.2, J, = 4.5, J3 = 1.2 Hz, 1H, Ph-H), 4.19 (s, 1H,
Cp-H), 4.15 (t, J; = J, = 2.3 Hz, 1H, CP-H), 3.93 (s, 5H, Cp’), 3.84 (br s, 1H, Cp-
H), 3.17 (q, J1 = 7.2, J, = 7.2, J3 = 6.8 Hz, 1H, CH;CH), 1.90 (dd, J; = 10.2,
J> = 7.5 Hz, 3H, CH;CH), 1.31 (m, 22H), —6.78 (t, J; = J, = 10.3, 10.3 Hz, 1H),
—9.28 (t, J, = J, = 8.5 Hz, 1H) ppm; *'P{'H} NMR (202 MHz, CDCl5): 43.19
(s), 28.08 (s); m/z (ESI) 1213 (M™).

12: Yield 6 mg (5 %); vco(cyclohexane)/cm_lz 2110 (w), 2087 (m), 2034 (w),
2018 (vs), 2005 (w), 1955 (s), 1967 (s), 1951 (w), 1936 (w), 1924 (w); 'H NMR
(500 MHz, CDCls): 6 = 8.24 (d, J = 26.0 Hz, 1H, Ph-H), 7.57 (dd, J, = 53.6,
J>, = 26.7 Hz, 6H), 7.39 (d, J = 28.8 Hz, 5H, P-Ph), 7.13 (m, 1H, Ph-H), 5.31 (m,
1H, Ph-H),4.50 (d, J = 26.9 Hz, 1H, Cp-H), 4.12 (t, J; = J, = 2.4 Hz, 1H, CP-H),
3.86 (d, J = 29.1 Hz, 5H, Cp’), 3.55 (m, 2H), 1.30 (dd, J, = 84.0, J, = 28.1 Hz,
3H, CH;CH), 1.28 (m, 22H), —16.31 (m, 1H), —17.21 (d, J = 29.8 Hz, 1H),
—17.60 (d, J = 29.2 Hz, 1H) ppm; *'P{'H} NMR (202 MHz, CDCl5) 39.16 (m),
31.30 (d, J = 43.1 Hz); m/z (ESI) 1541 (M*+H).

Attempted Reaction of [Re;(u-H)3(CO);1(2b)] 12 with Me;NO-2H,0 or Heat
(Thermal Substitution)

[Res(pn-H)3(CO);1(2b)] 12 (15 mg, 0.01 mmol) was dissolved in 5 mL of freshly
distilled and degassed THF. Addition of Me;NO-2H,O (1.1 mg, 0.012 mmol)
dissolved in 3 mL of THF under nitrogen was carried out. The resultant solution
was degassed again and stirred under nitrogen at ambient temperature for 8 h.
Analysis of the reaction by spot TLC (dichloromethane:hexane, 1:3) showed that no
reaction had occurred. In another experiment, a total of 15 mg (0.01 mmol) [Res(p-H)s
(CO)11(2b)] 12 was dissolved in 8 mL of toluene, and the solution was heated at 90 °C
for 8 h under nitrogen. The resultant solution was dried under vacuum, extracted with a
small amount of dichloromethane. Analysis of the final product by spot TLC
(dichloromethane:hexane, 1:3) showed that decomposition had occurred.

X-Ray Structure Determinations

The diffraction data were collected at 296 K for complex 3 and at 100 K for
complexes 5, 8 and 11, using a Nonius Kappa CCD or a Bruker AXS ApexII
diffractometer with Mo Ko radiation (A = 0.71073 A). The Denzo-Scalepack [45]
or APEX2 [46] program packages were used for cell refinements and data
reductions. The structure solutions were carried out using the SHELXS-97 [47],
program with the WinGX [48] graphical user interface. All hydrogens were placed
in idealized positions. Positions of hydrides were calculated using the XHYDEX
program [49]. The crystallographic details for the reported structures are summa-
rized in Table 2.
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Homogeneous Catalysis Experiments

In the catalysis experiments, the catalyst (5—10 mg) and substrate (100 molar excess)
were loaded into the autoclave under N, and the degassed solvent mixture was added
(2.5 mL of EtOH/2.5 mL of toluene). The reaction vessel was closed and purged three
times with hydrogen before final pressurizing to 50 bar. The reaction mixture was
continuously stirred with a magnetic stirrer (ca. 750 rpm) and heated at 100 °C for
different lengths of time (24, 48 and 72 h). After a cooling period of approximately
45 min, the reaction vessel was depressurized and opened. The homogeneous reaction
mixture was transferred to a 50 mL flask and concentrated under vacuum. The
conversions for the catalysis runs were calculated on the basis of NMR analysis. To
separate the carboxylic acid from the cluster, the reaction residue was dissolvedin 10 mL
of diethyl ether and the carboxylic acid was extracted with aqueous sodium solution
(1 M, 3 x 10 mL) and washed with diethyl ether (3 x 5 mL), leaving the cluster in the
organic solvent. The carboxylate was protonated with sulfuric acid and extracted with
diethyl ether (3 x 10 mL), washed with water (2 x 5 mL) and dried over magnesium
sulfate. Evaporation of the ether under vacuum gave the carboxylic acid quantitatively.
The ether phase, from which the carboxylic acid was extracted, was concentrated under
vacuum to recover the remaining cluster. In certain cases, where ester formation was
obtained during the catalytic experiment, the recovered catalyst was dissolved in a
minimum quantity of dichloromethane and the products were separated by preparative
TLC, eluting with a dichloromethane/petroleum ether mixture (1:2). Usually 50-70 % of
the cluster was recovered after a catalytic experiment and it was analyzed by IR and
NMR spectroscopies. The enantiomeric excess of the product was detected by
derivatizing 2-methylbutyric acid with S-methyl mandelate and analyzing the diaste-
reomeric product mixture by NMR, as fully described by Tyrrell et al. [42]. It was found
that flash chromatography of the final products was not necessary. The results of the
catalytic experiments and determined enantiomeric excesses are shown in Table 1.

Supporting Information

Additional supporting information may be found in the online version of this article
at the publisher’s website.

CCDC 1030320-1030323 contain the supplementary crystallographic data for 3,
5, 8 and 11, respectively. These data can be obtained free of charge from the
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Chiral arylphosphido- and phosphinidene-
capped tri- and tetraruthenium/osmium hydride
clusters
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The chiral primary phosphines (S)-[1,1'-binaphthalen]-2-ylphosphine (S)-1a and (R)-(2'-methoxy-
[1,1'-binaphthalen]-2-ylphosphine) (R)-1b have been reacted with (derivatives of) [M3(CO)i,]
(M=Ru, Os) and [(p-H)4Ru4(CO);.] to afford the phosphinidene-capped, phosphido-bridged and
phosphine-substituted clusters [(u-H)2Ruz(ps-PAr)(CO)s] (S)-2a/(R)-2b, [(u-H)Rus(y2-
PHAr)(CO)s(dppm)] (S)-3a/(R)-3b, [(u-H)2Rus(us-PAr)(CO)-(dppm)] (S)-4a/(R)-4b,
[Rus(CO)e(dppm)(PHAN]  (S)-5a/(R)-5b,  [Os3(CO)1(ArPH;)]  (S)-6a/(R)-6b,  [(u-H)Oss(M2-
PHAr)(CO)1o] (S)-7al/(R)-7b, [(H-H2)20s3(Hs-PAr)(CO)s] (S)-8a/(R)-8b and [(-H)sRus(CO)1i(1a/b)]
(S)-9a/(R)-9b. The ability of these clusters to catalyse the (asymmetric) hydrogenation of tiglic
acid was studied. While substrate conversion was found to be relatively good for most clusters,

the enantioselectivities were poor, with (R)-9b giving the best result (conversion:

enantioselectivity: 19%).

Introduction

Homogeneous catalytic research has long sought to master the
twin objectives of both high selectivity and reactivity.! One
promising approach is to combine the high turnover frequencies
of heterogeneous systems with the stereospecificity engendered
by molecular design — in the most challenging of cases this
would also afford high enantioselectivity in asymmetric
catalysis. In this regard, several investigations into the catalytic
properties of metal carbonyl clusters containing chira
phosphine ligands have been studied, under various
conditions.? 3 For instance, clusters of the general formulae
[HaRu4(CO)10{ p-1,2-(P-P)}] and [H4RU4(CO)1o{ 1,1-(P-P)}] (P-
P = chiral diphosphine of the Walphos ligand family) have been
used successfully in the asymmetric hydrogenation reaction of
unsaturated prochiral carboxylic acids under mild conditions.*

Aside from tertiary phosphines, phosphido (RHP-M or R,P-M)
and phosphinidene (RP=M) ligands are capable of bridging two
or more metal atoms, and achiral phosphide-/phosphinidene-
containing clusters have been proven to function as effective
hydrogenation catalysts — for example heating the compound
[HRu3(CO)g(u-H)(K-PPhy)] in the presence of akyne
substrates yields alkenes.> A well-known route to phosphide
and phosphinidene complexes is the thermal reaction of
primary phosphines with [M3(CO),] (M = Fe, Ru, 0s),™ but
to the best of our knowledge, the corresponding work with
chiral primary phosphines and their ability to induce

This journal is © The Royal Society of Chemistry 2013
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enantioselectivity in asymmetric hydrogenations has not been
investigated. Here we describe the reactivity of such ligands
with tri- and tetraruthenium and osmium cores, that leads to the
formation of phosphido and phosphinidene capped clusters,
which were then tested for their ability to act as catalysts in the
asymmetric hydrogenation of tiglic acid.

Results and Discussion

Synthesis and characterisation of triruthenium hydride clusters

The cluster [Ruz(CO);;] and one equivalent of primary
phosphine, (9-1a or (R)-1b, were refluxed in toluene under
nitrogen. After 30 minutes [(n-H),Rus(ns-PAr)(CO)q (9)-
2a/(R)-b was obtained as the major product after
chromatographic work-up (Scheme 1). The same product was
obtained following the addition of diphenylketyl radical to a
solution of [Ruz(CO);;] and one equivalent of (9-1a/(R)-b in
dichloromethane (Scheme 1). The resultant clusters have been
characterized by IR, *H and 3P NMR spectroscopy, and the
molecular structure of (S)-2a has been determined by single
crystal X-ray diffraction (Figure 1).
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Scheme 1 Synthesis of the clusters [(u-H),Rus(ps-PAr)(CO)s] (S)-2a and (R)-2b.

In the solid state, [(u-H)2Rus(us-P(1,1'-binaphthyl))(CO)4] (S)-
2a consists of a trigonal pyramid formed from three ruthenium
atoms capped by an arylphosphinidene moiety. There are four
crystallographically independent but structurally similar
molecules in the asymmetric unit. The structure of one of these
molecules is shown in Fig. 1 and selected bond distances and
angles are listed in the caption. Each metal has three terminal
carbonyls, and the two metal-metal bonds that are bridged by
hydrides are slightly elongated in comparison to the non-
bridged Ru-Ru edge (Fig. 1). The Ru-P bond lengths in (9-2a
are similar to those observed for the phosphinidene cluster
[HoRu3(CO)g(z-PPh)],” and are similarly asymmetric: P(1)-
Ru(1) = 2.3432(15), P(1)-Ru(2) = 2.2974(15) and P(1)-Ru(3) =
2.2977(15) A.

Fig. 1 Molecular structure of [(p-H),Rus(ps-P(1,1’-binaphthyl))(CO)s] (S)-2a with
thermal ellipsoids drawn at 50% probability level. Aryl hydrogen atoms omitted
for clarity. Selected bond lengths (A) and angles (2): Ru(1)-Ru(2) = 2.9290(7),

Ru(1)-Ru(3) = 2.9368(7), Ru(2)-Ru(3) = 2.8276(7), P(1)-Ru(1) = 2.3432(15), P(1)-
Ru(2) = 2.2974(15), P(1)-Ru(3) = 2.2977(15), C(10)-P(1) = 1.826(6); Ru(2)-Ru(1)~
Ru(3) = 57.640(17), Ru(1)-Ru(2)-Ru(3) = 61.319(18), Ru(1)-Ru(3)-Ru(2) =

61.041(16), Ru(1)-P(1)-Ru(2) = 78.26(5), Ru(1)-P(1)-Ru(3) = 78.51(5), Ru(2)-
P(1)-Ru(3) = 75.96(5), Ru(1)-P(1)—-C(10) = 121.83(17).

2 | J. Name., 2012, 00, 1-3

The 'H NMR spectra of (S-2a and (R)-2b both exhibit a
doublet of doublets at 5 —19.32 (2Jy.p = 14.8 Hz) and a doublet
a -1930 (3Jup = 147 Hz) ppm, respectively, which
corresponds to the two bridging hydrides and indicates they are
equivalent on the NMR timescale. Having demonstrated that
both primary phosphines react with [Ruz(CO);,] to generate
chiral phosphinidene-capped clusters, we wished to investigate
whether a related structure could also be synthesised from a
cluster containing a pre-bound diphosphine ligand. Thus, a
solution of [Ruz(CO)10(dppm)] and one equivalent of (S)-1a or
(R)-1b in toluene was heated for five hours to obtain the
phosphido-capped, singly hydride-bridged clusters [(p-
H)Ruz(uo-PHAN)(CO)g(dppm)]  (9-3a/(R)-3b, and  the
phosphinidene-capped doubly hydride-bridged clusters [(u-
H)2Rus(ns-PAr)(CO)-(dppm)] (S)-4a/(R)-4b (Scheme 2).

It was observed that (9)-3a/(R)-3b was initially formed,
whereas further heating at elevated temperature gave (S)-
4al(R)-4b, suggesting that the former are slowly converted into
the latter compounds. The clusters (9)-3a/(R)-3b and (S)-
4a/(R)-4b have been characterized by IR and NMR
spectroscopy as well as mass spectrometry, and the solid state
structures of (R)-3b, (9)-4a and (R)-4b have been confirmed by
single crystal X-ray diffraction.

Whilst the *H NMR spectrum of (- 3a shows a doublet of
doublet for the hydride at § —11.61 ppm (3Ju.p = 37.3 Hz); and a
peak for the phosphorus-bound proton at 6.88 ppm (}Ju.p = 8.6
Hz), that of (R)-3b gives an doublet of doublet for the bridging
hydride at 5 —11.59 ppm (2Jy.p = 32.7 Hz); the peak for the
phosphorus-bound proton appears at 6.84 ppm (*Jp.y - 8.5 Hz).
The 3P NMR spectra of both (9-3a and (R)-3b indicate three
inequivalent, phosphorus-phosphorus coupled environments;
the chemical shifts of the phosphorus atoms for the two
structures: (S)-3a 177.54, 22.22, -114.18 ppm; (R)-3b 187.6,
21.39, —111.28 ppm.

It was possible to gain further insight into the molecular nature
of (R)-3b from its solid state structure. The X-ray
crystallographic analysis shows that the monohydride-bridged
complex consists of a central triangle of ruthenium atoms, with
Ru(2) and Ru(3) binding three terminal carbonyls each while
Ru(1) binds only two (Fig. 2). The dppm ligand bridges Ru(1)
and Ru(2), while the Ru(1)-Ru(3) bond is bridged by both the
hydride and the phosphide ligands. The Ru(1)-Ru(3) bond
distance (2.9340(7)A) is slightly elongated compared to the
Ru(1)-Ru(2) and Ru(2)-Ru(3) bond distances (2.8450(8) and
2.8302(7) A, respectively). H(2) is attached to P(1), and is
oriented over the Rus triangle - the binaphthyl unit points away,
minimizing steric interactions with the dppm ligand. In
principle, structural isomers are possible. These would
constitute endo- and exo isomers,’? with the exo derivative
being that observed in 3b, i.e. where the R moiety of a bridging
u-PRH unit points away from the cluster core.

This journal is © The Royal Society of Chemistry 2012



Fig. 2 [(u-H)Rus{ u,-PH(2'-methoxy-1,1'-binaphthyl)}(CO)s(dppm)] (R)-3b
molecular structure with thermal ellipsoids drawn at 30% probability. Aryl
hydrogens omitted for clarity. Selected bond lengths (A) and angles (2): Ru(1)-
Ru(2) = 2.8450(8), Ru(1)-Ru(3) = 2.9340(7), Ru(2)-Ru(3) = 2.8302(7), Ru(1)-P(1) =
2.367(2), Ru(1)-P(2) = 2.322(2), Ru(2)-P(3) = 2.3265(16), Ru(3)-P(1) = 2.344(2),
C(1)-P(1) = 1.814(8); Ru(1)-Ru(2)-Ru(3) = 62.261(18), Ru(1)-Ru(3)-Ru(2) =
59.118(18), Ru(2)-Ru(1)-Ru(3) = 58.621(16), Ru(1)-P(1)-Ru(3) = 77.03(7), Ru(1)-
P(1)-C(1) = 119.5(3), Ru(3)-P(1)-C(1) = 115.2(3); P(2)-C(34)-P(3) = 113.0(4).

The crystal structure of the phosphinidene dihydride complex
(9-4a shows that P(1) is bound to al three metals (Fig. 3).
Ru(1) is also bound to three terminal carbonyls, whilst Ru(2)
and Ru(3) are bound to two such ligands; P(3) and P(2) of the
dppm ligand bind to Ru(2) and Ru(3), respectively. There are
two bridging hydride ligands whose occupancy is spread over
the three Ru-Ru edges.

Fig. 3 [(p-H):Rus(ps-P(1,1’-binaphthyl))(CO);(dppm)] (S)-4a molecular structure
with thermal ellipsoids drawn at 30% probability. Aryl hydrogens omitted for
clarity. Selected bond lengths (A) and angles (2): Ru(1)-Ru(2) = 2.8554(4), Ru(1)-
Ru(3) = 2.9055(4), Ru(2)-Ru(3) = 2.9112(4), Ru(1)-P(1) = 2.2949(9), Ru(2)-P(1) =
2.3114(9), Ru(3)-P(1) = 2.3275(9), Ru(2)-P(3) = 2.3025(8), Ru(3)-P(2) =
2.3298(9); Ru(2)-Ru(1)-Ru(3) = 60.701(9), Ru(1)-Ru(2)-Ru(3) = 60.501(10), Ru(1)-
Ru(3)-Ru(2) = 58.798(9), Ru(1)-P(1)-Ru(2) = 76.61(3), Ru(1)-P(1)-Ru(3) =
77.89(3), Ru(2)-P(1)-Ru(3) = 77.74(3), P(2)-C(33)-P(3) = 115.16(17).

This journal is © The Royal Society of Chemistry 2012

The analogous complex (R)-4b is depicted in Fig. 4; in this case
the two hydrogens could be unambiguously located using
XHYDEX, where the two hydride ligands bridged Ru-Ru
bonds are “long”; Ru(1)-Ru(3) = 2.9055(4) and Ru(2)-Ru(3) =
2.9112(4).

S <

Fig. 4 [(u-H),Rus(ps-P(1,1’-binaphthyl))(CO),(dppm)] (R)-4b molecular structure
with thermal ellipsoids drawn at 30% probability. Aryl hydrogens omitted for
clarity. Selected bond lengths (A) and angles (2): Ru(1)-Ru(2) = 2.9190(3), Ru(1)-
Ru(3) = 2.8078(3), Ru(2)-Ru(3) = 2.9725(3), Ru(1)-P(3) = 2.3084(8), Ru(2)-P(3) =
2.3519(8), Ru(3)-P(3) = 2.3059(8), Ru(1)-P(1) = 2.3009(8), Ru(2)-P(2) =
2.3399(8); Ru(2)-Ru(1)-Ru(3) = 62.501(9), Ru(1)-Ru(2)-Ru(3) = 56.917(8), Ru(1)-
Ru(3)-Ru(2) = 60.582(8), Ru(1)-P(3)-Ru(2) = 77.56(3), Ru(1)-P(3)-Ru(3) = 74.96(3),
Ru(2)-P(3)-Ru(3) = 79.30(3), P(1)-C(20)-P(2) = 117.38(17).

NMR spectral analysis of (S)-4a/(R)-4b shows two analogous
solution species; the *H NMR spectrum of both showing a
doublet of triplets for the bridging hydrides, which couple more
strongly to the phosphide nucleus and more weakly to the two
phosphorus donors of the dppm ligand ((9)-4a: 2J4.p = 13.7 Hz,
2J.p = 5.6 Hz; (R)-4b: 2J,.p = 12.8 Hz, 2J4p = 5.6 HZ) and a
broad singlet at -18.57 and -18.46 ppm, respectively, indicating
the presence of second fluxional isomer. Variable temperature
'H NMR for both (S)-4a and (R)-4b shows that the fluxionality
may be almost completely frozen out at 233 K to reveal the
hydride signals of the isomers (Fig. 5). The low temperature
spectra (cf. Fig. 5) show that in the case of (S)-4a, a resolved
pair of hydride signals at -18.47 and -18.74 ppm belong to one
isomer, while a second pair of hydride signal at -18.17 and -
18.26 ppm are only partialy resolved. The related low
temperature spectrum of (R)-4b shows a similar behavior, but
the low field pair of hydride signals are in this case better
resolved. The observed behavior may be rationalized by the
presence of two structural isomers for each cluster, where the
structural difference lies in the location of the hydrides, as
indirectly shown in the crystal structure of (9-4a (Fig. 3).
Location of the two hydrides on the two non-dppm-bridged Ru-
Ru edges provides one isomer. At room temperature, with rapid
rotation around the phosphinidene-P-binaphthyl bond, the two
hydrides are effectively chemically and magnetically
equivalent, giving one multiplet (ddd) for both (S)-4a and (R)-
4b due to coupling to the three phosphorus atoms. The other
isomer is that detected in the crystal structure of (R)-4b, with
two chemically and magnetically inequivalent hydrides. It may

J. Name., 2012, 00, 1-3 | 3



be noted that it is the former isomer that appears to be favoured
in solution for 4b, while the latter is the one that is detected in
the crystal structure. The 3P NMR room temperature and low
temperature spectra (233 K) for (9-4a and (R)-4b are in
agreement with the corresponding *H NMR spectra and the
proposed isomers. At room temperature, one relatively broad
signal is shown for the phosphinidene phosphorus atom with a
shift at ~ 260 ppm for both clusters, and relatively complex
partially resolved signals with an underlying broad signal are
found for the dppm phosphorus resonances at ~ 26 ppm for
both clusters. At low temperature, (S)-4a reveals two relatively
broad phosphinidene resonances with shifts of 265 and 260
ppm (the former predominating) and two sets of dppm signals,
one relatively sharp and the second consisting of two broad
unresolved signals. For (R)-4b, the low temperature spectrum is
similar, but the relative weights of the two phopshinidene
signals are reversed, consistent with different isomers being
favoured at low temperature for the two clusters. The resolved
set of signals for the dppm ligand is complicated, probably
because of different possible orientations of the methylene
backbone in the frozen out, static structure(s) of the cluster.

a)
298K M km

233K

T T T T T T T T T T T T T
-17.8 -17.9 -18.0 -18.1 -18.2 -18.3 -18.4 -18.5 -18.6 -18.7 -18.8 -18.9 -19.0
1 (ppm)

b)

298K

233K

M

T T T
-17.5 -18.0 -19.0

a (ppmils.s
Fig. 5. Variable-temperature 1H NMR spectra in the hydride region of clusters a)
[(1-H),Rus(ps-P(1,1’-binaphthyl))(CO);(dppm)] (S)-4a and b) [(u-H),Rus(ps-P(1,1’-
binaphthyl))(CO),(dppm)] (R)-4b recorded in the temperature range 298-233 K
(top to bottom).

Considering that the bridging phosphido moieties of (S)-3a/(R)-

3b could be converted into the corresponding phosphinidene
units in (§)-4a/(R)-4b, we were curious to know whether an

4 | J. Name., 2012, 00, 1-3

initial primary phosphine-bound species could also be isolated.
It was found that reaction of [Rus(CO)io(dppm)] with
trimethylamine N-oxide in the presence of (9)-1a or (R)-1b did
indeed yield the primary phosphine-substituted clusters
[Ru3(CO)o(dppm)(PH,AI)] (9-5a/(R)-5b, was indeed
produced. Again, the anticipated 2:1 ratio of phosphorus peaks
was evident for both compounds in their 3P NMR spectra (S)-
5a: 15.18 ppm (dppm), —78.25 ppm (RPH,); (R)-5b: 14.43 ppm
(dppm), —78.76 ppm (RPH,). For both clusters, their *H NMR
spectra show two broadened diagnostic doublets of doublets at
5.36 (*Ju.p = 358.0 Hz) ppm and 4.94 (*Jy.p = 367.7 Hz) ppm
for (9-5a and at 5.23 (*Jy.p = 360.4 HZ) ppm and 5.12 ({up =
366.4 Hz) ppm for (R)-5b, for the diastereotopic hydrogens,
which remain bound to the phosphorus donor atom. When a
toluene solution of (S)-5a/(R)-5b was heated, (9)-3a/(R)-3b and
(9-4a/(R)-4b were produced (Scheme 2), and thus we have
now successfully characterised the initial bound primary
phosphine, the intermediate phosphido-bridged mono-hydride
cluster and the final phosphonidene-caped dihydride-bridged
product.

Synthesis and characterisation of triosmium hydride clusters

Our next objective was to investigate the effect of changing the
group eight metal to osmium. When a dichloromethane solution
of the cluster [Os3(CO)11(CH3CN)] was reacted with (S)-1a or
(R-1b (1 eg.) at room temperature, the formation of one
product was observed in each case after ca. 10 h (Scheme 3).
After purification, yellow solids were isolated in good yield,
and the products were characterized as the clusters 6a/6b, with
the primary phosphine bound to one of the osmium centres — no
hydride transfer had occurred at this stage and the *H and *'P
NMR spectra were similar to those observed for the related
clusters [Osz(CO)11(RPH,)] (R = CgHs, p-CH3OCgH,). 2

The diastereotopic phosphorus-bound protons in both clusters
appear as two doublets of doublets ((9-6a: § 6.01 *Jp.y = 383.6
Hz, § 5.41 YJp = 393.6 Hz, 2.y = 3.3 Hz; (R)-6b: § 5.90 1Jp.y
= 386.2 Hz, § 8.80 1Jp; = 391.0 Hz, 2344 = 3.6 Hz). Asin the
case for ruthenium, the possibility of generating phosphide- and
phosphinidene-bridged clusters from 6a/b was investigated.
The phosphide-bridged complexes (9-7a and (R)-7b were
generated either by sequential deprotonation-protonation
reactions (proceeding via the intermediate formation of
[(Oss(12-RPH)(CO)10]~ clusters'® * or by thermolysis in
toluene (Scheme 3). The products were characterized as the
edge-bridged phosphido clusters on the basis of their IR, *H and
3P NMR and mass spectra, which were similar to those
observed for the clusters [(u-H)Oss(p2-RPH)(CO)10] (R = CeHs,
p-CH30CgH,4).*® The 3'P NMR spectra of our new clusters each
showed a downfield resonance ((S)-7a: 8 = —51.3 ppm; (R)-7b:
& = —52.2 ppm) compared to (S)-6a and (R)-6b. The *H NMR
spectra for these clusters are as expected, indicating that there is
only one isomer in solution (either the endo or exo derivative;
vide supra). The phosphorus-bound hydrogen resonance in the
H NMR spectra appears as a doublet of doublets with 2J,.p=
438.4 Hz and 334y = 4.2 Hz for (§-7a and YJy.p = 437.7 Hz
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and 33,4 = 4.2 Hz for (R)-7b. The bridging hydride resonance
appears as a doublet of doublets ((S)-7a; & = —19.31 ppm, ZJp.yy
=18.4 Hz, 3Jy.= 4.0 Hz; (R)-7b: & = —19.32 ppm, 2Jp.4 = 18.2
Hz, 3Ji.y = 4.2 HZ). The corresponding thermolysis reaction (in
refluxing dibutylether) of the primary phosphine-bound
osmium clusters 6a/6b did not give any phosphinidene
derivatives, however these could be obtained by reacting the
edge-bridged phosphido clusters (S)-7a and (R)-7b with 1 eq. of
trimethylamine N-oxide at room temperature (Scheme 3). The
products were characterized as the phosphinidene-capped
bridging dihydride clusters (§-8a and (R)-8b on the basis of
their IR and NMR spectra, which were similar to those
observed for [(uz-H),Oss(us-PPh)(CO)gl.2® The 3P NMR
spectra of these phosphinidene-capped clusters show significant
downfield shifts ((9-8a: § = 110.1 ppm; (R)-8b: & = 111.5
ppm) compared with the terminally bonded phosphine clusters
(9-6a and (R)-6b, and the edge-bridged phosphido derivatives
(9-7a and (R)-7b (but not to the extent of the related ruthenium
phosphinidenes (9-2a and (R)-2b). The 'H NMR spectra for
the bridging hydrides of 8a/b appear as a two doublets ((S)-8a:
5 = —18.29 ppm, 2Jp= 4.2, —19.33 ppm, 2 p= 4.2; (R)-8b: &
=-18.29 ppm, 2Jy.p= 10.6 Hz, —18.240 ppm, 2J1., = 10.6 H2).

Synthesis of tetraruthenium hydride clusters

The reactions of the primary 1la/lb with [H4Ru4(CO)15] were
made using published methods,” i.e. either thermal substitution
under elevated hydrogen pressure (30 bar), or via oxidative
decarbonylation using trimethylamine N-oxide at room
temperature. As for the aforementioned triruthenium clusters -
the latter method was found to be superior with respect to both
yield and selectivity of the product formation, giving [(u-
H)4RU4(CO)11(1a)] (9-9a, and [(u-H)4Rus(CO)11(1b)] (S)-9b,
as red-orange solids. Their IR spectra were similar to [(n-
HLRu(CO)u(L)] (L = PMePh)™ and  [(u-
H),4Ru4(CO)13(NMDPP)] (NMDPP = (9-(+)-
neomenthy!diphenylphosphine].*® The *H NMR spectra of (-
9al/(R)-9b exhibits doublets at 5 —17.71 (2Ju.p = 6.0 Hz) and
—17.67 (*Ju.p = 4.6 Hz) ppm, respectively, while the *'P NMR
spectra for (S)-9a/(R)-9b show shifts at § —79.5 ppm and —80.8
ppm, respectively. It was found that the tetranuclear parent
cluster [(p-H)4Rus(CO);,] could also be used as an aternative
starting material for the preparation of [(u-H)Rus(ps-
PAr)(CO)q], (9-2a/(R)-2b under high pressure. An equimolar
amount of the primary phosphines (S)-1a/(R)-1b were reacted
in an autoclave with the parent cluster [H4Ru4(CO)12] in 5 mL
of benzene, under 30 bar of hydrogen to give the phosphinidene
clusters (9)-2a/(R)-2b. The products were purified as described
earlier, and a sample of (R)-2b suitable for X-ray
crystallographic analysis was obtained by recrystallization from
dichloromethane/hexane. The structure of (R)-2b is shown in
Fig. 6 and selected bond distances and angles are listed in the
caption.

This journal is © The Royal Society of Chemistry 2012

Fig. 6 Molecular structure of [(1-H),Rus(ps-P(2'-methoxy-1,1’-binaphthyl))(CO)s],
2b with thermal ellipsoids are drawn at 50% probability level. All aryl hydrogen
atoms have been omitted for clarity. Selected bond lengths (A) and angles (2):
Ru(1)-Ru(2) = 2.9074(5), Ru(1)-Ru(3) = 2.8195(5), Ru(2)-Ru(3) = 2.9415(5), Ru(1)-
P(1) = 2.2923(12), Ru(2)-P(1) = 2.3425(12), Ru(3)-P(1) = 2.2807(13), P(1)-C(10) =
1.807(5); Ru(2)-Ru(1)-Ru(3) = 61.790(13), Ru(1)-Ru(2)-Ru(3) = 57.636(13),
Ru(1)-Ru(3)-Ru(2) = 60.574(13), Ru(1)-P(1)-Ru(2) = 77.69(4), Ru(1)-P(1)-Ru(3) =
76.13(4), Ru(2)-P(1)-Ru(3) = 79.01(4), Ru(1)-P(1)-C(10) = 129.20(15).

As for (9-2a, the three metal atoms are capped by the
phosphorus atom to give a distorted tetrahedral core. The
Ru(1)-Ru(2) and Ru(1)-Ru(3) bond lengths of 2.9074 (5) and
2.8195 (5) A respectively are significantly shorter than the
Ru(2)-Ru(3) distance of 2.9415 (5) A. The hydridic H atoms
were not located directly, but in view of the relatively long
Ru(1)-Ru(2) and *Ru(2)-Ru(3) bond lengths* and the bent
equatorial carbonyls, we assign the hydrides as bridging these
edges. The three Ru atoms are each coordinated by three
terminal carbony! groups, and the Ru-P bond lengths in (R)-2b
are also similar to those observed for the phosphinidene cluster
[(u-H2)Rus(PPh)(CO)e]” but are again notably asymmetric,” as
for (9-2a: Ru(1)-P(1) = 2.2923(12), Ru(2)-P(1) = 2.3425(12)
and Ru(3)-P(1) = 2.2807(13) A.
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Having demonstrated hydrogen transfer from the chiral primary
phosphine to the metal clusters, we wished to investigate
whether our compounds could be used to effect asymmetric
hydrogenation of prochiral substrates. In contrast to the high
pressures of hydrogen (130 bar) and temperature (100 — 120
°C) which are commonly used in the catalytic reduction of a-
unsaturated carboxylic acids,'® we have shown previously,> *
that arelatively low temperature (100 °C) and pressure (50 bar)
enhances the chiral induction of tiglic acid with high
conversion (Scheme 4). In these earlier investigations it was
found that at higher temperatures, severe decomposition of the
clusters was observed, together with the formation of a
considerable amount of organic side-products (cyclohexene and
cyclohexene). By contrast, when lower temperatures were used,
al reactions remained homogeneous and the aforementioned
hydrogenation products of toluene were not detected, although
in order to obtain reasonable conversions, a temperature of 100
°C and longer reaction times of 24-72 h were required.

t , COOH

Scheme 4 Catalytic hydrogenation of tiglic acid by Rus, Rus and Oss; clusters.

COOH  [Rug], [Ruy], [Osg]

T =100 °C/50 bar H,

Table 1. A summary of the catalytic asymmetric hydrogenation experiments
using clusters 2a/b, 4a/b, 7a/7b, 8a/8b and 9a/9b as catalysts.?

Entry Catalyst/mg Conversion (%) ee (%)
1 (S-2a/10 7 -
(R)-2b/10 18 1(R)
3 (9-4a/5 78 -
4 (R)-4b/5 84 -
5 (9-7a/5 0 -
6 (R)-7b/5 0 -
7 (9-8a/5 9 -
8 (9-8a/5° 92 -
9 (R)-8b/5 70 -
10 (R)-80/5° 90 -
11 (9-9a/10 77 7R
12 (9-9a/10° 94 7(R)
12 (9-9a/10° 99 7(R
13 (R)-9b/10 99 19(R

#Conditions: P(H.) = 50 bar; T = 100 C; time = 24h; solvent = EtOH-toluene
1:1 (5 mL); conversion based on *H NMR spectroscopy. "time = 72h; “time =
48h.

An examination of Table 1 shows that both the ruthenium and
osmium clusters are capable of effecting the hydrogenation.
Relatively high to excellent catalytic conversions were
observed for the clusters (9)-4a/(R)-4b, (R)-8b and (S§)-9a/(R)-
9b, after 24h; cluster (S-8a gave 92% conversion after 72h.
The 2'-methoxy derivatives (the ‘b’ series of clusters described

This journal is © The Royal Society of Chemistry 2013
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here) generally effect faster reductions than their 2'-hydrogen
counterparts (Table 1). Whilst low (or no) enantioselectivity
was generated by the majority of the clusters, (R)-9b did afford
an ee of 19%, which is, to the best of our knowledge, the first
example of an asymmetric hydrogenation induced by a chiral
primary phosphine. After the catalysis was complete, we
analyzed the mixtures by IR and NMR spectroscopy, in order to
establish the fate of the catalyst (catalyst precursor). For (S)-9a
and (R)-9b, we detected (S)-2a and (R)-2b, respectively, at the
end of the catalytic cycles, indicating their conversion to the
arylphosphinidene-capped species. These observations do
suggest that both clusters (§-9a and (R)-9b undergo
fragmentation however, during the course of the reaction. The
different catalytic behaviour in terms of both conversion and
enantioselectivity between (9)-9a/(R)-9b and (9)-2a/(R)-2b (see
Table 1, entry 1 versus entry 11 and entry 2 versus entry 13)
indicates that (§-2a and (R)-2b are unlikely to be the active
species. In order to assess whether our results are reproducible,
fresh samples of (§-2a, (R)-2b, (9-9a and (R)-9b were used
for catalytic hydrogenation under the same conditions in repeat
experiments - identical conversion rates and enantiosel ectivities
were obtained for the four catalytic runs (corresponding to
entries 1, 2, 11 and 13, Table 1). Our future endeavors will
focus on mechanistic studies of the cluster-catalysed
asymmetric hydrogenation, in order to probe the possibility of
raising the enantioselectivity by ligand design.

Conclusions

We have demonstrated that the chiral primary phosphines (S)-
1a/(R)-1b react with tri- and tetraruthenium and triosmium
cores to give the characterissble and enantiopure
phosphinidene-capped, phosphido and phosphine clusters [(u-
H)2Rus(p3-PAr)(CO)q] 2a/2b, [(u-H)Ruz(pz-
PHAr)(CO)s(dppm)] 3a/3b, [(u-H)2Rus(ns-PAr)(CO)-(dppm)]
4a/4b, [Rug(CO)s(dppm)(PH2AT)] 5a/5b, [Os3(CO)1i(ArPH,)]
6a/6b, [(u-H)Oss(n2-PHAM)(CO)1] 7a/7b, [(1-H2)20s5(ns-
PAT)(CO)q] 8a/8b and [(n-H)4Rus(CO)11(ArPH,)] 9a/9b. The
ability of these clusters to catalyse the asymmetric
hydrogenation of tiglic acid was then examined, where (R)-9b
capable of achieving a conversion of 99% and an
enantioselectivity of 19%.

Experimental

General remarks

All synthetic procedures were performed under dry nitrogen by
using standard Schlenk and vacuum-line techniques. The parent
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osmium cluster [Os3(CO)11(CH3CN)] and ruthenium  cluster
[Rus(CO)1o(dppm)] were synthesized according to literature
methods. ™" ® Solvents were dried by distillation over appropriate
drying agents and stored over molecular sieves under nitrogen. Thin
layer chromatography was used to separate the products by using
commercial 20x20 cm plates coated with Merck Kieselgel 60, 0.25
mm thickness. All chemicals were purchased from Sigma Aldrich
and used as received. NMR spectra were recorded on a Varian Inova
500 MHz spectrometer at 25°C. All H NMR spectra were
referenced to solvent signals (CDCl; = 7.25 ppm) while the 3'P
NMR spectra were referenced to external 85% H3PO, (0 ppm). IR
spectra were recorded on a Nicolet Avatar 360 FT-IR instrument
using sealed (0.1 mm) NaCl cells. Mass spectrometric data were
obtained by using electrospray ionization (ESI) and high resolution
mass spectra (Waters Micromass Q-TOF micro mass spectrometer).
Catalytic reactions were carried out using a Berghof BR-25 high
pressure laboratory reactor. Abbreviations used are s (singlet), d
(doublet), t (triplet), m (multiplet), dd (doublet of doublets), td
(triplet of doublets), ddd (doublet of doublet of doublets), br (broad)
for 'H NMR and s (strong), m (medium) and w (weak) for IR.

Synthetic Procedures
Synthesis of triruthenium clusters
Preparation of [(u-H),Ruz(us-PAr)(CO).] 2, via thermal reaction

A solution of [Ru3(CO);2] (100 mg, 0.156 mmol) and one equivalent
of 1 ((§-1a: 45 mg, 0.157 mmol; (R)-1b: 50 mg, 0.158 mmol) in
toluene (20 mL) was heated to reflux in a 2-neck round-bottomed
flask fitted with areflux condenser, under an inert atmosphere. After
30 min, the reaction was stopped, the solvent removed in vacuo and
the residue subjected to thin layer chromatography using a
dichloromethane-hexane (3:7) mixture as eluent. The first yellow
band was identified as the known compound [Rus(u-H)4(CO)12],
followed by ayellow band for 2 as the major product. (S)-2a: 40 mg
(30%); IR [v(CO), cyclohexane, cm]; 2101(w), 2079(m), 2057(s),
2047(vs), 2023(w), 2014(s), 1998(w), 1985(w); *H NMR (500 MHz,
CDCl3, 25°C): § 8.11 (dd, J = 12.6, 8.7 Hz, 1H), 7.88 (m, 4H), 7.51
(m, 1H), 7.43 (ddd, J = 8.1, 7.4, 4.1 Hz, 2H), 7.37 (ddd, J = 8.2, 4.7,
3.3 Hz, 1H), 7.17 (m, 2H), 6.9 (d, J= 8.6 Hz, 1H), -19.32 (dd, J =
14.8, 1.0 Hz, 2H); *'P NMR (202 MHz, CDCl;, 25 °C): 5 261.46
(br); HRMS (ESI) m/z = 838 (M+Na)*.(R)-2b: 39 mg (29%); IR
[V(CO), cyclohexane, cm™Y]; 2101(w), 2079(s), 2048(vs), 2042(m),
2027(w), 2015(s), 2003(w), 1984(w); 'H NMR (CDCls, 25 °C): &
8.07 (dd, J = 12.4, 8.8 Hz, 1H), 7.96 (d, J = 8.9 Hz, 1H), 7.86 (dd, J
=17.3, 8.3 Hz, 2H), 7.77 (d, J = 8.1 Hz, 1H), 7.44 (t, J = 7.4 Hz,
1H), 7.34 (d, J = 9.0 Hz, 1H), 7.16 (d, J = 7.1 Hz, 1H), 7.08 (dd ‘t’, J
= 7.6 Hz, 1H), 6.92 (dd, J = 22.4, 8.4 Hz, 2H), 3.64 (s, 3H), -19.30
(d, 3= 14.7 Hz, 2H); *'P NMR (202 MHz, CDCl3, 25 °C): § 263.2 (t,
J=13.6 Hz); HRMS (ESI) m/z = 868 (M+Na)". Red crystals of (S)-
2a were obtained by slow evaporation of a dichloromethane-hexane
solution.

[(n-H),Ruz(ns-PAr)(CO)q] 2, viadiphenylketyl radical (Ph,C,0™)

8 | J. Name., 2012, 00, 1-3

To a solution of [Ruy(CO)s] (50 mg, 0.078 mmol) and one
equivalent of 1 ((9-1la: 23 mg, 0.08 mmol; (R)-1b: 25 mg, 0.08
mmol) in dichloromethane (20 mL), was added dropwise 1.2
equivalents of diphenylketyl radical, Ph,C,O™, under an inert
atmosphere. After 30 min, the reaction was stopped, the solvent
removed in vacuo and the residue subjected to thin layer
chromatography using a dichloromethane-hexane (3:7) mixture as
eluent. The first yellow band was identified as 2 ((S-2a: 24.5 mg,
37%; (R)-2b: 23.8 mg, 35%).

Preparation of [(u-H),Rus(us-PAr)(CO)g] 2, via thermal ligand
substitution at high pressure

A mixture of [(u-H)4Ruy(CO)12] (30 mg, 0.04 mmol) and one
equivalent of 1 (S)-1a: 13 mg, 0.045 mmol; (R)-1b: 14 mg, 0.045
mmol) were dissolved in 5 mL of benzene and the solution was
injected inside a small autoclave (45 mL). The autoclave was sealed
and purged three times with 10 bar of H, before being pressurized
with total of 30 bar H,. After 4 h at 125 °C the autoclave was cooled
to room temperature. The gases were carfully released and the
autoclave was opened. The isolation/purification and identification
of the products were identical to that described above. Yields: 2 ((S)-
2a: 12 mg, 35%; (R)-2b: 15 mg, 42%).

[(n-H)Rus(uz-PHAr)(CO)g(dppm)] 3
PAr)(CO)(dppm)] 4

and  [(n-H)Rus(ps-

A solution of [Ruz(CO)(dppm)] (100 mg, 0.103 mmol) and one
equivalent of the phosphine 1 ((9-1a: 30 mg, 0.105 mmol; (R)-1b:
33 mg, 0.104 mmol) in toluene (20 mL) was heated to reflux in a 2-
neck round-bottomed flask fitted with a reflux condenser, under an
inert atmosphere. After 5 h, the reaction was stopped, the solvent
was removed in vacuo and the residue subjected to thin layer
chromatography using a dichloromethane-hexane (3:7) mixture as
eluent to give the two major products, 3 and 4. (9-3a: 14 mg (11%);
IR [v(CO), cyclohexane, cm™]; 2081(w), 2061(m), 2011(w), 1996
(vs), 1982 (vs), 1957 (W), 1945 (m); *H NMR (500 MHz, CDCl3, 25
°C): § 8.52 (d, J = 9.6 Hz, 1H), 7.94 (m, 6H), 7.59 (m, 2H), 7.38 (m,
10H), 7.15 (m, 3H), 6.88 (d, “Jpy = 8.6 Hz, 1H), 3.43 (m, 2H), -
11.61 (dd, J = 37.3, 11.3 Hz, 1H); 3P NMR (202 MHz, CDCl3, 25
°C): § 177.54 (br, 5), 22.22 (dd, J = 229.9, 117.5 HZ), —114.18 (m);
HRMS (ESI) miz = 1222 (M+Na)*. (R)-3b: 33 mg (27%); IR [v(CO),
cyclohexane, cm™]; 2081(m), 2057(w), 2022(w), 2011 (vs),
2001(vs), 1982(w), 1959(m), 1940(w); *H NMR (CDCls, 25 °C): &
8.56 (d, J = 9.2 Hz, 1H), 8.04 (d, J = 9.0 Hz, 1H), 7.87 (m, 7H), 7.39
(m, 12H), 7.13 (m, 2H), 6.92 (dd ‘t', J = 10.0 Hz, 1H), 6.84 (d, “Jp.y
= 85 Hz, 1H), 3.66 (d, J = 7.7 Hz, 3H), 3.44 (m, 2H), -11.59 (dd,
ey = 32.7, Jyn= 10.8 Hz, 1H); °'P NMR (202 MHz, CDCl;, 25
°C): § 187.6 (br, s), 21.39 (td, J = 116.9, 115.6, 86.0 Hz), -111.28
(m); HRMS (ESI) m/z = 1231 (M+H)". (S)-4a: 18 mg (14%); IR
[V(CO), cyclohexane, cm™]; 2084(w), 2059(m), 2032(m), 2022(w),
1999(vs), 1991(s), 1950(w), 1935(w); 'H NMR (500 MHz, CDCls,
25°C): § 8.37 (dd, J = 12.1, 8.7 Hz, 1H), 7.83 (ddd, J = 26.7, 17.4,
8.4 Hz, 53H), 7.70 (dd, J = 15.7, 7.6 Hz, 44H), 7.55 (m, 61H), 7.41
(m, 18H), 7.35 (ddd, J = 12.3, 7.1, 3.9 Hz, 19H), 7.28 (d, J = 7.7 Hz,
19H), 7.05 (m, 222H), 6.74 (m, 71H), 6.58 (d, J = 6.7 Hz, 12H), -
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18.20 (dt, J = 13.7, 5.6 Hz, 2H), -18.57 (br); VT-H NMR (500
MHz, CDCl3, 233K, hydride resonance) § -18.17 (d, J = 14.2 Hz,
1H), -18.26 (d, J = 11.4 Hz, 1H), -18.47 (g, J = 13.2 Hz, 1H), -18.74
(dd, J = 36.0, 16.8 Hz, 1H). *'P NMR (202 MHz, CDCl3, 25 °C): &
263.67 (br, 5), 26.22 (m); VT-'P NMR (202 MHz, CDCl3, 233K) &
265.02 (m), 259.89 (m), 26.3 (br), 26.10 (m), 22.98 (br). HRMS
(ESl) miz = 1174 (M+2H)". (R)-4b: 32 mg (26%); IR [v(CO),
cyclohexane, cm 7]; 2084(m), 2057(s), 2031(m), 2022(w), 2012(w),
1998(vs), 1989 (vs), 1951(w), 1935(w); *H NMR (CDCls, 25 °C): §
8.31 (dd, J = 12.1, 8.7 Hz, 1H), 7.92 (d, J = 9.1 Hz, 1H), 7.79 (m,
9H), 7.50 (dd, J = 24.3, 13.6 Hz, 6H), 7.35 (m, 9H), 7.25 (dd, J =
16.3, 7.3 Hz, 4H), 7.00 (m, 44H), 3.68 (s, 4H), 3.35 (s, 3H), -18.19
(dt, J = 12.8, 5.6 Hz, 2H), -18.46 (br); VT- *H NMR (500 MHz,
CDClj3, hydride resonance) 8 -18.14 (g, J = 13.1 Hz, 2H), -18.25 (t, J
= 13.3 Hz, 1H), -18.73 (dd, J = 35.3, 17.1 Hz, 1H). *}P NMR (202
MHz, CDCl3) & 256.81 (m), 27.11 (m); VT-!P NMR (202 MHz,
CDClj, 233K) § 297.66 (t, J = 139.3 Hz), 256.62 (m), 26.34 (m),
2440 (d, J = 56.9 Hz), 22.21 (br); HRMS (ESI) m/z = 1225
(M+Na)*. Red crystals of (R)-3b, (§-4a and (R)-4b were obtained
by slow evaporation of a dichloromethane-hexane solution.

Preparation of [Ruz(CO)g(dppm)(PHAr)] 5

A solution of TMNO (9 mg, 012 mmol) in 5mL
dichloromethane/methanol (1:1) was added dropwise, to a stirred
solution of [Ruz(CO)ie(dppm)] (100 mg, 0.103 mmol) and one
equivalent of the phosphine 1 ((S)-1a: 30 mg, 0.105 mmol, (R)-1b:
33 mg, 0.104 mmol) in dichloromethane (20 mL) under an inert
atmosphere. The reaction mixture was stirred at room temperature
for 6 h, filtered through silica, and the solvent removed in vacuo to
give a red solid. (9-5a: 98 mg (77%); IR [v(CO), cyclohexane,
cm Y; 2056(w), 1996(vs), 1981(vs), 1944(w); *H NMR (500MHz,
CDCI3, 25°C): $ 8.01 (d, J= 8.3 Hz, 1H), 7.75 (dd, J= 12.6, 8.6 Hz,
1H), 7.67 (dd, J = 8.3, 6.9 Hz, 1H), 7.50 (m, 2H), 7.32 (m, 24H),
7.16 (dd ‘t', J= 8.2 Hz, 3H). 5.36 (dd, 2Jpy = 358.0 Hz, 2Jyny= 4.4
Hz, 1H), 4.94 (dd, “Jp.y = 367.7, 2Jyy = 4.3 Hz, 1H), 4.09 (t, J =
10.2 Hz, 2H); 3P NMR (202 MHz, CDCls, 25 °C): § 15.18 (m), -
78.25 (d, J = 23.6 Hz); HRMS (ESI) Mz = 1227 (M+H)". (R)-5b: 97
mg (75%); IR [v(CO), cyclohexane, cm]; 2061(w), 1996(vs),
1982(vs), 1945(w); *H NMR (CDCls, 25 °C):  7.95 (m, 2H), 7.84
(m, 1H), 7.83 (m, 2H), 7.40 (m, 2H), 7.25 (m, 22H), 7.15 (m, 2H),
7.06 (d, J = 85 Hz, 2H), 6.85 (d, J = 85 Hz, 1H), 5.23 (dd,"Jpy =
360.4 Hz, 23y = 4.3 Hz, 1H), 5.12 (dd, “Jp.y = 366.4 Hz, 23y = 4.0
Hz, 1H), 4.08 (t, J = 10.2 Hz, 1H), 3.71 (s, 3H). *P NMR (202
MHz, CDCls, 25 °C): § 14.43 (m), —78.76 (d, J = 25.2 Hz); HRMS
(ESI) m/z= 1258 (M+H)".

Thermolysis of [Ruz(PHAr)(dppm)(CO)¢] 5

A solution of 5 (50 mg, 0.04 mmol) in toluene (10 mL) was heated
to reflux for 5 h under an inert atmosphere, then allowed to cool and
the solvent removed in vacuo. Thin layer chromatography using
silica-gel coated glass plates and a mixture of dichloromethane-
petroleum ether (1:2) as eluent gave 3 ((9-3a: 11 mg, 22%; (R)-3b:
12 mg, 23.5%) and 4 ((9)-4a: 24 mg, 46%; (R)-4b: 24 mg, 46%).

This journal is © The Royal Society of Chemistry 2012

Synthesis of triosmium clusters
Preparation of [Os3(CO)11(PH,AT)] 6

A solution of [Os3(CO);1(CH3CN)] in dichloromethane (70 mg,
0.075 mmol) was stirred for 1 h, then one equivalent of 1 ((9-1a: 20
mg, 0.07 mmol; (R)-1b: 22 mg, 0.07 mmol) also in dichloromethane
was then added dropwise. After 10 h, the stirring was stopped, the
solvent removed in vacuo and the residue subjected to thin layer
chromatography using dichloromethane-petroleum  ether  (1:4)
mixture as eluent, to give 6 as the one major product. (S-6a: 54 mg
(61%); IR [v(CO), cyclohexane, cm Y]; 2110(m), 2056(vs), 2036(s),
2020(vs), 2002(m), 1990(s), 1978(m); *H NMR (500 MHz, CDCl3,
25 °C): § 8.04 (dd, J = 8.5, 1.9 Hz, 1H), 7.98 (d, J = 8.3 Hz, 1H),
7.92 (d, J=8.2 Hz, 1H), 7.89 (d, J = 8.2 Hz, 1H), 7.62 (m, 2H), 7.46
(m, 3H), 7.25 (apt, 2H), 7.12 (m, 2H), 6.01 (dd, “Jp.y = 383.6 Hz,
234 = 3.3 Hz, 1H), 5.41 (dd, Ypy = 393.6 Hz, 2y = 3.3 Hz,
1H).3P{*H} NMR (202 MHz, CDCl3, 25 °C): 5 —121.8 (s); HRMS
(ESI) miz = 1166.9 (M+H)*. (R)-6b: 64 mg (70%); IR [v(CO),
cyclohexane, cm™]; 2108(m), 2055(s), 2036(s), 2019(vs), 2001(m),
1990(s), 1977(m); 'H NMR (500 MHz, CDCl3, 25 °C): & 8.05 (dd, J
=8.5, 2.0 Hz, 1H), 8.02 (d, J = 9.1 Hz, 1H), 7.90 (d, J = 8.2 Hz, 1H),
7.85 (d, J= 8.2 Hz, 1H), 7.71 (d, J = 8.5 Hz, 1H), 7.47 (m, 1H), 7.41
(d, 3= 9.1 Hz, 1H), 7.31 (m, 1H), 7.25 (m, 1H), 7.21 (dd, J = 8.5,
1.2 Hz, 1H), 7.10 (d, J = 8.6 Hz, 1H), 6.85 (d, J = 8.5 Hz, 1H), 5.90
(dd,*Jp. = 386.2 Hz, 2Jy.y = 3.6 Hz, 1H), 5.80 (dd, *Jp. = 391.0 Hz,
2J4n = 3.6 Hz, 1H), 3.72 (s, 3H). **P{*H} NMR (202 MHz, CDCl,
25°C): § —122.92 (s); HRMS (ESI) m/z = 1195.9 (M)*.

Preparation of [(u-H)Oss(mo-PHAT)(CO)y] 7, via DBU base

A solution of [Os3(CO)11(PH,AT)] 6, in THF ((§-6a: 70 mg, 0.06
mmol, (R)-6b: 70 mg, 0.058 mmol) was stirred for 1 h. An excess of
DBU (1,8-diazabicyclo[5.4.0)undec-7-ene) ((S)-6a: 0.07 ml, 0.46
mmol; (R)-6b: 0.06 ml, 0.406 mmol) was added to the stirred
solution; the colour of which changed rapidly from yellow to an
intense red, followed by a slower decolourisation back to yellow.
This solution was then protonated by adding TFA (trifluoroacetic
acid) until the solution was acidic. After 6 h, the reaction was
stopped, the solvent removed in vacuo and the residue purified by
thin layer chromatography using dichloromethane-petroleum ether
(1:4) mixture as eluent, to give 7 as the mgjor product. (9-7a: 58 mg
(84%); IR [v(CO), cyclohexane, cm™]; 2102(m), 2060(vs), 2052(s),
2021(vs), 2010(s), 1992(s), 1981(m); *H NMR (500 MHz, CDCl3,
25°C): 3 7.93 (m, 3H), 7.83 (d, J = 8.1 Hz, 1H), 7.60 (m, 1H), 7.45
(m, 3H), 7.30 (m, 1H), 7.25 (dd, J = 5.9, 1.0 Hz, 2H), 7.14 (dd, J =
12.9, 6.4 Hz, 1H), 6.99 (dd, J = 13.5, 8.6 Hz, 1H), 6.71 (dd, *Jp}y =
4384, 2y = 4.2 Hz, 1H), -19.31 (dd,"Jpy = 18.4,23, = 4.0 Hz,
1H); 3P NMR (202 MHz, CDCl3, 25 °C): § -52.2 (dd, J = 17.7, 8.6
Hz); HRMS (ESI) m/z = 1142.7 (M+2H)". (R)-7b: 56 mg (83%); IR
[v(CO), cyclohexane, cm ]; 2102(m), 2060(vs), 2052(s), 2020(vs),
2008(s), 1992(s), 1980(m); *H NMR (500 MHz, CDCl3, 25 °C): 7.98
(d, 3 = 9.1 Hz, 1H), 7.94 (dd, J = 8.6, 1.9 Hz, 1H), 7.82 (m, 2H),
7.44 (m, 1H), 7.40 (m, 1H), 7.27 (dd, J = 10.9, 4.0 Hz, 1H), 7.22 (m,
3H), 7.02 (dd, J = 13.4, 8.6 Hz, 1H), 6.91 (dd, *Jp.y = 437.7, Xpyn =
4.2 Hz, 1H), 6.83 (d, J = 8.4 Hz, 1H), 3.77 (s, 3H), -19.32 (dd, “Jpy
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=182, 2Jy = 4.2 Hz, 1H); 3P NMR (202 MHz, CDCl3, 25 °C): &
—51.3(dd, J = 21.3, 18.0 Hz); HRMS (ESI) m/z = 1166.8 (M-H)".

[(n-H)Os3(CO)10(no-PHAT)] 7, via thermal reaction

A solution of 6 (30 mg, 0.026 mmol) in toluene (15 mL) was heated
to reflux for 6 h under an inert atmosphere, then allowed to cool and
the solvent removed in vacuo. Thin layer chromatography using
silica-gel coated glass plates and a dichloromethane-petroleum ether
(1:4) mixture as eluent gave 7 as the one major product ((S)-7a: 10
mg (33%), (R)-7b: 12 mg (39%)).

Preparation of [(u-H),0s3(us-PAr)(CO)g 8

A solution of [(u-H)Oss(u-PHAI)(CO)1q] 7, in hexane ((9-7a: 41
mg, 0.044 mmol; (R)-7b: 25.7 mg, 0.022 mmol) was stirred for 1h.
One equivalent of TMNO ((9)-7a; 2.7 mg, 0.044 mmoal, (R)-7b; 1.7
mg, 0.022 mmol) in dichloromethane was added dropwise to the
stirred solution. After 21 h, the reaction was stopped, the solvents
removed in vacuo and the residue purified by thin layer
chromatography using a dichloromethane-petroleum ether (1:4)
mixture as eluent, to give 8 as the mgjor product. (S)-8a: 13 mg
(26%); IR [v(CO), cyclohexane, cm*]; 2075(m), 2038(s), 2025(s),
1996(s), 1985(m), 1972(m), 1964(m), 1955w; *H NMR (500 MHz,
CDCl3, 25°C): 3 8.04 (dd, J = 13.8, 8.7 Hz, 1H), 7.92 (d, J = 7.9 Hz,
1H), 7.84 (dd, J = 22.2, 8.1 Hz, 3H), 7.52 (m, 1H), 7.39 (m, 3H),
7.14 (m, 3H), 6.83 (d, J = 8.8 Hz, 1H), -19.29 (d, J = 4.2 Hz, 1H), -
19.33 (d, J = 4.2 Hz, 1H); *'P NMR (202 MHz, CDCl3, 25 °C): &
110.1 (t, t, J = 9.7 Hz); HRMS (ESI) m/z = 1144.1 (M+Na)*. (R)-8b:
7.2 mg (28%); IR [v(CO), cyclohexane, cm™]; 2074(m), 2038(s),
2024(s), 1994(s), 1984(m), 1973(m), 1964(m), 1955(w); *H NMR
(500 MHz, CDCl3, 25 °C):  8.00 (dd, J = 13.9, 8.6 Hz, 1H), 7.95 (d,
J = 9.2 Hz, 1H), 7.79 (m, 3H), 7.36 (M, 2H), 7.10 (m, 2H), 6.91 (d, J
= 8.3 Hz, 1H), 6.83 (d, J = 8.6 Hz, 1H), 3.65 (s, 3H), -18.29 (d, J =
10.6 Hz, 1H), -18.40 (d, J = 10.6 Hz, 1H); 3P NMR (202 MHz,
CDCl3, 25 °C): § 111.5 (t, J = 10.2 Hz); HRMS (ESI) m/z = 1169.9
(M+Na)".

Synthesis of tetraruthenium clusters
[(n-H)sRu4(CO)11(PH,AT)] 9, via oxidative decar bonylation

A mixture of [(u-H)4Rus(CO)12] (50 mg, 0.067 mmol) and one
equivalent of the phosphine 1 ((9-1a: 18 mg, 0.162; (R)-1b: 21 mg,
0.061mmol) were dissolved in 20 mL of dichloromethane and the
solution was stirred for 20 min. Under vigorous stirring, a small
excess of MesNO (6 mg, 0.08 mmol) dissolved in dichloromethane
(5 mL) was added dropwise to the yellowish cluster/ligand solution
over 30 min, which instantly started to develop a red colouration.
After 6 h the solvent was removed under reduced pressure. The red
solid residue was redissolved in a small quantity of dichloromethane
and purified by using preparative TLC (dichloromethane-petroleum
ether 1:3). Except for traces of starting materials, and one stationary
brown band (decomposed material), one band was isolated from the
TLC plates, extracted with CH,Cl, and dried under vacuum to afford
the red solid 9 as the major product. (9-9a (12 mg, 30%); IR
[V(CO), cyclohexane, cm™]; 2094(m), 2088(w), 2067(vs), 2057(vs),
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2029(vs), 2009(vs), 1992(m), 1971(w); *H NMR (500 MHz, CDCls,
25°C): § 8.02 (dd, J = 14.0, 8.4 Hz, 2H), 7.92 (dd, J = 19.2, 8.3 Hz,
2H), 7.64 (m, 2H), 7.48 (M, 2H), 7.42 (d, J = 6.9 Hz, 1H), 7.28 (dd
‘t', J=7.7 Hz, 2H), 7.14 (dd, J = 19.6, 8.6 Hz, 2H), 5.47 (dd, “Jp.y =
359.7, 20y = 3.3 Hz, 1H), 5.16 (dd, “Jpy = 367.9, 20y = 4.0 Hz,
1H), -17.71 (d, J = 6.0 Hz, 4H); *'P NMR (202 MHz, CDCls): =
~79.5 (m); HRMS (ESI) m/z = 1001 (M)". (R)-9b (32 mg, 46%); IR
[v(CO), cyclohexane, cm 7]; 2094(m), 2088(w), 2065(vs), 2057(vs),
2030(vs), 2007(vs), 1990(m), 1971(w); H NMR (500 MHz,
CDCl3): 8 8.10 (d, J = 9.2 Hz, 1H), 7.95 (dd, J = 19.3, 8.2 Hz, 1H),
7.76 (dd, J = 13.1, 8.5 Hz, 1H), 7.56 (t, J = 7.3 Hz, 1H), 7.50 (d, J =
9.1 Hz, 1H), 7.39 (t, J = 7.4 Hz, 1H), 7.18 (d, J = 8.3 Hz, 1H), 6.95
(d, J=8.5 Hz, 1H), 5.80 (d, J = 3.3 Hz, 1H), 5.36 (dd, “Jp.s = 364.1,
234 =3.3 Hz, 1H), 5.28 (dd, *Jp}y = 370.1 Hz, 23y =2.8 Hz, 1H),
3.71 (s, OCHj), -17.67 (d, J = 4.6 Hz, 4H); *P NMR (202 MHz,
CDCl3): 8 =—80.8 (m); HRMS (ESI) m/z = 1031 (M)*.

Homogeneous catalytic experiments

In the catalytic experiments, the catalyst and substrate were |oaded
into the autoclave under N, and the degassed solvent mixture was
added (2.5 mL each of EtOH/toluene). The reaction vessel was
closed and purged three times with hydrogen, before final
pressurization to 50 bar. The reaction mixture was continuously
stirred with a magnetic stirrer (ca. 750 rpm) and heated at 100°C for
24 or 72 h. After a cooling period of approximately 45 min, the
reaction vessel was depressurized and opened. The homogeneous
reaction mixture was transferred to a 50 mL flask and concentrated
in vacuo. To separate the carboxylic acid from the cluster, the
reaction residue was dissolved in 10 mL of diethyl ether and the
carboxylic acid was extracted with agueous sodium hydroxide
solution (1M, 3 x 10 mL) and washed with diethyl ether (3 x 5 mL),
leaving the cluster in the organic solvent. The carboxylate was
protonated with sulfuric acid and extracted with diethyl ether (3 x 10
mL), washed with water (2 x 5 mL), and dried over magnesium
sulphate - evaporation of the ether in vacuo yielded the carboxylic
acid quantitatively. The origina ether phase, from which the
carboxylic acid was extracted, was concentrated in vacuo to retrieve
the remaining cluster. The residue was dissolved in a minimum
quantity of dichloromethane and the products separated using
preparative TLC, eluting with dichloromethane/petroleum ether
(1:2). Usually 60-70% of the cluster was recovered after a catalytic
experiment and anayzed by IR and NMR spectroscopy. The
enantiomeric excess of the product was detected by derivatizing 2-
methylbutyric acid with (S)-methyl mandelate and analyzing the
diastereomeric product mixture by NMR, as fully described by
Tyrrell et al.X® It was found that flash chromatography of the final
products was not necessary.

X-ray structure determinations

Crystals of (§)-2a, (R)-2b and (R)-4b were immersed in cryo-oil,
mounted in a Nylon loop, and measured at a temperature of 293 for
(9-2a and 170 K for (R)-2b and (R)-4b. The X-ray diffraction data
were collected on a Nonius Kappa CCD or on a Bruker AXS Kappa
ApexI| Duo diffractometer using Mo Ka. radiation (A = 0.71073 A).
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The Denzo-Scalepack®® or APEX2? program packages were used for
cell refinements and data reductions. The structures were solved by
direct methods using the SHELXS-97 program? with the WInGX
graphical user interface® Crystals of (R)-3b and (9-4a were
measured at temperature of 150 K and the X-ray diffraction data
were collected on Oxford Diffraction Xcalibur (Atlas, Gemini Ultra
CCD). All hydrogens were placed in idealized positions. Positions of
hydrides were calculated using the XHYDEX program.?* Selected
crystallographic parameters are summarized in Table 2.

Table 2. Selected crystallographic parameters for clusters (S)-2a, (R)-2b, (R)-3b, (S)-4a and (R)-4b.

2a 2b 3b 4a 4b
formula CaoH1400PRU; CaoH17010PRU3 CsHaiCl,0sPsRU CsaH37Cl30.PsRu; CisHsO5P3RU;
M, 841.58 871.61 1324.91 1288.30 1199.96
TIK 293(2) 170 (2) 150(2) 150(2) 170(2)
L A] 0.71073 0.71073 1.54178 0.71073 0.71073
Crystal system Monoclinic Orthorhombic C2 Orthorhombic Monoclinic
Space group P2, P2,2,2;, P2,/c P2,2:2, P2,
aA 8.2735(15) 8.4144(10) 24.1296(16) 115653(3) 11.61210(8)
bI/A 42.904(8) 16.9342(2) 12.2606(5) 19.4643(5) 16.26694(10)
/A 17.206(3) 21.3835(3) 21.8489(14) 22.7362(5) 13.18776(9)
al® 920 90 90 920 90
pr° 93.506(2) 90 120.444(9) 90 98.0858(6)
yl° 90 90 90 90 90
VIA® 6096.2(19) 3047.8(7) 5572.6(6) 5118.2(2) 2466.31(3)
z 8 4 4 4 2
Peadg cm’ 1.832 1.900 1579 1.672 1.616
u/mm™ 1570 1.576 8.643 1176 1.058
F(000) 3264 1696 2336 2556 1196
0 limits/® 1.28t0 25.0 3.081 to 30.503 2.3t062.3 2.881028.71 2.169to 40.247
hrange -9t 9 -12toll -27t0 13 -15t0 13 -21to 21
k range -51to 50 -24t08 -13to 12 -25t021 -29t0 29
| range -20t0 20 -30to 15 -19to 24 -30to 23 -23t0 23
No. reflns. 52563 9202 8850 29572 122276
Unique refins. 19469 8287 5921 10147 31038
GOOF (Fz) 1.052 1.038 1.039 1.031 1.082
Rint 0.0305 0.0346 0.0252 0.0324 0.0710
R1*(l = 20) 0.0335 0.0629 0.0415 0.0297 0.0423
WR2° (1= 20) 0.0623 0.0465 0.1072 0.0585 0.0866
Largest diff. peak 0.397 and -0.411 0.600 and -0.617 0.96 and -0.95 0.687 and -0.654 0.870 and -1.468
and hole [e A
Flack parameter 0.018(18) 0.02(2) 0.012(12) -0.03(2) -0.028(11)

“RI=Z||F| - |Fl I/Z1Fol. * WR2 = [SIw(F,’ - F7)')/ SIw(F.) 1.
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Synthesis and characterization of chiral phosphirane derivatives
of [(n-H)4Ru4(CO)12] and their application in hydrogenation of an
a-unsaturated carboxylic acid
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ABSTRACT: Eight tetraruthenium clusters containing
the chira binaphthyl-derived mono-phosphiranes [(9)-1-
([1,1'-binaphthalen]-2-yl)phosphirane] (9)-1a, [(R)-1-
(2'-methoxy-1,1"-binaphthyl-2-yl)phosphirane]  (R)-1b,
and the diphosphirane [2,2'-di(phosphiran-1-yl)-1,1'-
binaphthalene] (S)-1c have been synthesized and
characterized. The clusters are [(u-H)4Rus(CO)11((S)-

1a)] 2a, [(p-H)4Rui(CO)u((R)-1b)] 2b, 11-[(u-
H)aRU(CO)10((9)-1c)]  2¢, [(u-H)4Ru4(CO)1((9-1a-
Hz)]l 3a, [(u-H)Ru(CO)u((R)-1a-Hy)] 4a,  [(u-

H)4RU4(CO)11((S)-1b-Hz)]  3b, [(u-H)4Rus(CO)11((R)-
1b-H,)] 4b and the phosphinidene-capped triruthenium
cluster [(p-H).Rus(CO)o(PEt)] 5 The phosphirane-
substituted clusters were found to be able to catalyze the
hydrogenation of trans-2-methyl-2-butenoic acid, but no
enantioselectivity could be detected. The molecular
structures of 2c, 3b and 5 have been determined and are
presented.

Introduction

For more than three decades numerous of researchers in
both academia and industry have investigated
homogeneous asymmetric hydrogenation extensively, due
to it is importance for the production of enantiopure,
bioactive ingredients on industrial scale [1]. Ruthenium,
rhodium and iridium complexes containing chira
diphosphine ligands have shown superior catalytic activity
in the asymmetric hydrogenation of olefins, ketones or
imines [2, 3]. Greater light has been shed on the using of
transition metal carbonyl clusters as catalysts for various
chemical reactions of industria relevance [4-6]. However,
relatively few studies have been investigated the potential
of clusters to act as cataysts for asymmetric
transformations. Indeed, cluster-based catalysts/catalysts
precursors have shown interesting catalytic activity for
several different chemical reactions, but have not yet
proven to be commercialy viable. Hydride-containing

trinuclear and tetranuclear ruthenium carbony! cluster have
been used as effective catalysts/catalyst precursors for
several asymmetric reactions including isomerization [7],
hydroformylation [8], hydrosilylation [9], reductive
coupling [10], homogeneous hydrogenation [11-14] of
various carboxylic acids as well as the water-gas shift
reaction [15]. Salvini et al. have reported the application of
such clusters to the asymmetric hydrogenation of tiglic acid
(trans-2-methyl-2-butenoic acid) [16]. The hydrogenation
was performed under relatively harsh conditions and was
found to result in the formation of S and R-forms of 2-
methylbutyric acid with enantiomeric excesses (ee) that
varied between 6 and 39%. The enantiomeric excesses and
the catalyst activity were found to be dependent on the
chiral phosphines coordinated to the parent cluster. Using
relatively bulky chiral diphosphines with ferrocene-based
backbones (the Walphos and Josiphos ligand families) and
milder hydrogenation conditions, we have been able to
show that similar tetraruthenium tetrahydride clusters are
effective catalysts/catalyst precursors for asymmetric
hydrogenation of a-unsaturated carboxylic acids with
enantioselectivities exceeding 90 % in certain cases [17-
20].

The use of monodentate binaphthyl based ligands with
phosphonite [21], phosphite [22] and phosphoramidite [23]
functionalities in asymmetric hydrogenation reactions have
received much attention. Phosphiranes are heterocycles
consisting of a phosphorus-containing three-membered ring
that is highly strained. Incorporation of a phosphorus atom
in that three-membered ring is connected with a change in
hybridization, which results in poorer o-donor ability, but
significant st-acceptor character for the phosphirane moiety,
relative to an analogous phosphine [24]. Up to now, only a
few examples where chiral phosphiranes have been
synthesized and used in asymmetric synthesis are known.
Rhodium precatalysts bearing phosphiranes have been used
in asymmetric reactions with different substrates (e.g.
a~dehydroamination of acids and itaconates), achieving
stereoselectivities up to 76% ee [25]. Higham and
coworkers have shown that highly stable enantiopure chiral



phosphiranes can be used as effective ligands in catalytic
asymmetric hydrosilylation of styrene with excellent
conversion (~100%) and an enantiomeric excess of 80%, as
well as in asymmetric alylic alkylation of (rac)-(E)-1,3-
diphenylallyl acetate, giving high conversion (up to 91%)
albeit with relatively moderate ee (~17%) [26, 27].

Considering the success of our earlier studies, and the
demonstrated effectiveness  of binaphthyl-based
phosphorus-donor  ligands, we have investigated the
coordination of chiral phosphiranes to H4Ru, carbonyl
clusters and the potential of the resultant chiral ruthenium
clusters to catalyze asymmetric reactions. Herein we report
the synthesis and characterization of new tetranuclear
ruthenium clusters containing the chiral mono- and/ or
didentate phosphiranes ligands [(S)-1-([1,1"-Binaphthalen]-
2-yl)phosphirane] (9-1a, [(R)-1-(2'-Methoxy-1,1"-
binaphthyl-2-yl)phosphirane]  (R)-1b, and [2,2-
di(phosphiran-1-yl)-1,1'-binaphthalene] (S-1c (Fig. 1), and
astudy of their performance as catalysts/catalyst precursors
for the hydrogenation of tiglic acid.
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(S)-1a: R=H (S)-1c
(R)-1b: R= OMe

Fig. 1. Structure of phosphiranes ligands used in this
investigation.

Results and discussion

Synthesis and characterisation of ruthenium clusters

The synthesis of the chiral MOP-type ([1,1'-binaphthalen]-
2-yldiphenylphosphine) derivatives of [HsRus(CO);2] were
based on previously published methods [17, 19, 20]; i.e. via
thermal substitution in benzene under elevated pressures of
hydrogen gas (30-50 bar) or decarbonylation in the
presence of the phosphirane ligand in dichloromethane
solution at ambient temperature, using MesNO as an
oxidative decarbonylation reagent (cf. Experimental
Section). The latter method was found to be superior with
respect to both yield and selectivity of product formation,
while the thermal, high-pressure route gave rise to
phosphirane degradation (vide infra). The clusters were
identified by IR, *H and *P NMR spectroscopy, mass
spectrometry  and, wherever possible, X-ray
crystallography. A summary of the new clusters and the
different phosphirane coordination modes found in this
study isshown in Table 1.

Table 1. A summary of cluster framework geometries and
phosphirane coordination modes detected in this study.
Carbonyl and hydride ligands have been omitted for clarity.

Ru\ Ru
RuZ —Ru~P& RuZ —\Ru—P&
R )
P
Ru Ru <

[H4Ru4(CO)11((S)-1a)] 2a
[H4Ru4(CO)11((R)-1b)] 2b

1,1-[H4Ru4(CO)10((S)-1c)] 2¢

Ru P
Ruzl—\Ruz/\ RuZ lRu
\Ru/ ® \Ru/

[H4Ru4(CO)11((R)-1a-Hp)] 3a
[H4Ru4(CO)1((S)-1a-Hp)] 4a
[H4Ru4(CO)11((S)-1b-Hy)] 3b
[H4Ru4(CO)11((R)-1b-H),] 4b

[HoRu3(CO)o(PEL)] 5

Synthesis and characterization of clusters 2a-2c

Treatment of an equimolar mixture of [H4Rus(CO)y,] and
(9-1a or (R)-1b or (§-1c in dichloromethane at room
temperature with 1.2-15 eq. of the oxidative
decarbonylation reagent MesNO led to formation of the
monosubstituted clusters [(u-H)sRus(CO)11((9-1a)] 2a,
[(1-H)4Rus(CO)11((R)-1b)] 2b and the disubstituted 1,1-
[(1-H)4Ru4(CO)10((S)-1c)] 2c, respectively. Purification by
thin-layer chromatography permitted isolation of the
clusters as orange-red solids. Their structures were
identified on the basis of spectroscopic data The
characterization of clusters 2a and 2b were based on their
IR spectra, which were similar to those previosly reported
for the clusters [(u-H)4Ruy(CO)11(L)] (L= PMePh) [28]
and  [(u-H):Ru,(CO);(NMDPP)] (NMDPP = (9-(+)-
neomenthyldiphenylphosphine] [18]. The '"H NMR spectra
of 2a and 2b reveal, in addition to signals for the chira
phosphirane ligands (cf. Experimental section), apparent
doublet at § = -17.64 and an apparent singlet at -17.84 ppm,
respectively, which are indicative of complete fluxionality
of the hydride ligands (vide infra). The 3P NMR spectra of
2a and 2b show a broad multiplet (*Jp.y= not resolved) at &
=-154.22 ppm and an apparent singlet at § = -155.86 (J not
resolved), respectively, which may be compared with the
relatively high field shifts shown by the free ligands [*P
NMR: (9-1a & = -235.4 ppm, (R)-1b & = -235.0 ppm]
[26]. The mass spectra of 2a and 2b reveal peak envelopes
at m/z = 1052 [M+Na]* and 1081 [M+Na]", corresponding
to the molecular formulae [(u-H)4Ruy(CO)11((S)-1a)] (2a)
and [(p-H)aRus(CO)11((R)-1b)] (2b), respectively.

Cluster 2c exhibits eight absorptions in the CO region of
the IR spectrum in cyclohexane. Comparison of the vc.o IR
stretching frequency pattern of 2c to the known complex

2



1,1-[(1-H)sRu(CO)10(DUPHOS)] [DUPHOS = (2R5R)-
2,5-dimethyl-1-(2-((2R,5R)-2,5-dimethyl phosphol an-1-yI)-
phenyl)phospholane] [18], indicates that in 2c the ligand
(9)-1c chelates one ruthenium apex. The *H and 3P NMR
spectra of 2c shows one broad ‘singlet’ at §=-17.20 ppmin
the hydride region of the 'H NMR spectrum (due to
hydride fluxionality) while the P NMR spectrum displays
two equal intensity doublets at § = -136.61 ppm and & = -
139.18 ppm, consistent with magnetically inequivalent
phosphorus nuclei. The mass spectrum of 2c reveals a peak
at m/z = 1082 [M+Na]*, consistent with the molecular
formula [(1-H)4Rua(CO)10((9-10)].

It was possible to grow crystals of 2c suitable for X-ray
diffraction, and the crystal structure of the cluster was
determined in order to confirm the chelating mode of the
diphosphirane ligand. The molecular structure of 2c is
shown in Figure 2. The cluster contains a distorted
tetrahedral core of Ru atoms where the ‘basal’ atoms
preserve the tricarbonyl units of the parent cluster
[H4Ruy(CO)12] [29] while the ‘apical’ atom, Rul, is
coordinated by the diphosphirane which binds in a
chelating mode. The Ru-Ru bond lengths provide good
indications of the locations of the hydrides and they may be
divided into two distinctive classes, the four ‘long’
(hydride-bridged) distances [Rul-Ru2 2.9795(4), Rul-Ru3
3.0055(4), Rul-Ru4 2.9518(4), Ru3-Ru4 2.9229(4) A] and
two ‘short’ distances [Ru2-Ru3 2.7919(4), Ru2-Ru4
2.7945(4) A]. The arrangement of the four bridging
hydrides yields an H;Ru, cluster core with Cs symmetry,
rather than D,y as observed for the bis-phosphine-
derivatised clusters [H4Ru4(CO)10(PPhs)] [29]. The Cs
symmetry found in the H4sRu, core seems to be a common
feature shared by [H4Ru4(CO)10(diphosphine)] clusters and
has been reported for both chelating [17] and bridging [17,
18, 20] coordination modes of the diphosphine ligands. The
Ru-P distances in cluster 2c are identical within
experimental error [Rul-P1 2.3017(3), Rul-P2 2.3019 (3)
A]. All CO ligands are bound in a terminal monodentate
coordination mode and are staggered with respect to the
Ru-Ru vectors. It may be noted that due to the chirality of
the binaphthyl backbone, the two phosphorus atoms of the
ligand are structurally inequivalent, regardiess of hydride
fluxionality.

As aready mentioned, 2a, 2b and 2c were found to exhibit
high degrees of hydride fluxiondity at ambient
temperature, unlike related (chiral) phosphine derivatives
of HsRu,4 [19, 20]. Attempts to freeze out the fluxionality in
2a and 2c by low temperature *H NMR spectroscopy were
unsuccessful; the fluxionality remained even at 213 K (cf.
ESIT).

Fig. 2. Molecular structure of 1,1-[(u-H)4Rus(CO)10((9-
1c)] 2c with therma ellipsoids drawn at the 50%
probability level. All hydrogen atoms except the hydrides
have been omitted for the sake of clarity. Selected bond
lengths (A): Rul-Ru2 2.9795(4), Rul-Ru3 3.0055(4), Rul-
Ru4 2.9518(4), Ru2-Ru3 2.7919(4), Ru3-Ru4 2.9229(4),
Ru2-Ru4 2.7945(4), Rul-P1 2.3017(3), Rul-P2 2.3019(3).

Synthesis and characterization of clusters 3a-5

Reaction of [(n-H)4Rus(CO)12] with equimolar amounts of
the monophosphiranes (S-1a or (R)-1b under elevated
temperatures and H, pressure (30-50 bar, cf. Experimental
Section) led to degradation of the phosphirane ligands.
Under these reaction conditions, cleavage of a P-C bond in
the strained three-membered phosphirane rings occurred
and hydrogenation gave resultant chiral PH(Et)(binaphthyl)
secondary phosphine moieties, thus introducing a second
stereogenic center in each ligand. As a result, the
diastereomeric pairs [(u-H)sRus(CO)11((R)-1a-Hy)] 3a and
[(1-H)aRus(CO)u((9-1a-Hz)] 4a, [(n-H)aRuy(CO)u((S)-
1b-Hz)] 3b and [(1u-H)4Rus(CO)u((R)-1b-Hz)] 4b were
formed, with different chiralities at the phosphorus atom of
each ligand.
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Scheme 1. Synthesis of clusters 2a-4b.

In the above-mentioned reactions, it is unclear whether the
ligand transformation occurs before or after coordination to
the tetraruthenium clusters, but it was subsequently found
that the same diastereomeric pairs could be formed via
direct thermolysis of [(n-H)4Rus(CO)11((9-1a)] 2a or [(p-
H)4Rus(CO)11((R)-1b)] 2b under high H, pressure (cf.
Scheme 1 and Experimental Section). When ligand 1a was
heated under identical reaction conditions in the absence of
[(n-H)4Ru4(CO)12], no hydrogenation or degradation of the
ligand was observed, strongly indicating that the
hydrogenation of the ligand is mediated by the cluster.

The clusters were isolated as red-orange solids by
preparative thin-layer chromatography. Their spectroscopic
data were found to be consistent with the proposed
structures discussed above and depicted in Scheme 1. The
v(C-0) IR patterns of 3a/4a and 3b/4b are similar to those
reported for mono-substituted [(1-H)4Ru4(CO)1a(L)]
clusters (e,g, L= PMePh) [28] or NMDPP ((9-(+)-
neomenthy!diphenylphosphine) [18]). The *H NMR spectra
of 3a/4a and 3b/4b reveals, in addition to signals for the
chiral secondary phosphine ligand, ‘singlets’ at & = -17.64,
-17.81 ppm for 3a and 4a, respectively and at § = -17.72
and -17.87 for 3b and 4b, due to complete fluxionality of
the hydrides in each clusters at ambient temperature. As
observed for 2a and 2c (vide supra), variable-temperature
"M NMR of clusters 3a/4a did not freeze out the
fluxionality even at 213 K (cf. ESIT).Furthermore, the *H
NMR spectra confirm the opening of the three-membered
phosphorus-containing rings in the phosphirane ligands,
which are highly strained as a result of the small sum bond
angles at the phosphorus atom (Z(P) <260°) [30]. Thus, in
all four clusters, 'H resonances due to new ethyl groups
appear as well as signals due to the new hydrogen

coordinated to the phosphorus atom of the ligand that
appear at d = 5.23 (3a), 5.28 (4a), 5.16 (3b) and 5.22(4b)
ppm, with J,.p = 381, 379, 380 and 378 Hz, respectively.
The *P NMR spectra for clusters 3a/4a and 3b/4b also
show low field shifts at 6 = -11.88, -13.11, -11.82 and -
13.18 ppm, respectively (partial *H decoupling, cf. ESIT).
The mass spectra reveal peak envelopes at m/z = 1035
[M+H]* for 3a/4a, and 1083 [M+Na* for 3b/4b, in
agreement with the proposed molecular formulae.

The nature of the transformed phosphirane ligand could be
unambiguously confirmed by the determination of the
crystal structure of [(u-H)sRus(CO)11((R)-1b-Hy)] 3b. The
molecular structure of 3b is shown in Fig. 3, and relevant
bond distances are summarized in the figure caption.
Crystallographic data are collated in Table 3. In the solid
state, the symmetry of the Ruy(u-H); core of the
monosubstituted phosphine derivative 3b is D.d, as
previously found in the crystal structures of other
[H4Ru4(CO)11(PR3)] species (R = OMe [28], Ph [31],
SC,Hs [32], CeFs [28], OEt [28]) and the dimeric
[{ H4RU4(CO)1]}Q(H-Phg'P'Q:C'Q:C'Pth)] [33] with the
exception of [H4Ru4(CO)1;(NMDPP)] (NMDPP = (S)-(+)-
neomenthyldiphenylphosphine]  [18], in which the
symmetry of the Ruy(u-H)4 core is Cs instead of D.d. The
trans P1-Ru4-Ru2 angle (cf. Fig. 3) is close to linear
(170.124(18) A) and comparable to the value found in
[H4Ru4(CO)11P(CeFs)3] (172.25(3) A).

Considering that the four new clusters contain secondary
phosphines, it was envisaged that the formation of
phosphido clusters via CO dissociation and oxidative
addition of a P-H bond at a ruthenium center might be
possible. Therefore, attempts were made to further
coordinate the phosphine moiety in 3a/4a and 3b/4b by
either (i) dissolving the cluster species in THF followed by
the addition of MeNO in THF under nitrogen and
subsequently refluxing the solution for 12 hours or (ii)
refluxing of 3a/4a and 3b/4b in toluene for 5 h; however,
analysis by spot TLC indicated that in both cases no
reaction had occurred.

Fig. 3. Molecular structure of\[(u—H)4Ru4(CO)11((S)—1b—
Hz)] 3b with thermal ellipsoids drawn at 50% probability
level. Hydrogen atoms have been omitted for clarity.
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Selected bond lengths (A): Rul-Ru2 2.9627(3), Rul-Ru3
2.7891(3), Rul-Ru4 2.9615(3), Ru2-Ru3 2.9584(3), Ru3-
Ru4 2.3274(6), Ru2-Ru4 2.7863(3), Ru4-P1 2.3274(6).

It was, however, found that thermolysis of [(u-
H)4Ru4(CO)11((9-1a-H,)] 3a in benzene under 50 bar of H,
for 24 h and a temperature of 100 °C led to the formation of
asmall amount of phosphinidene clusters. One product was
identified as [(u-H).Ruz(CO)o((9-1a)] on the basis of its
1H and 31P NMR spectra [34]. The second product was
identified as  [(u-H),Ru3(CO)o(PC;Hs)] 5. These
phosphinidene clusters are presumably formed via
opening/hydrogenation of the phosphirane moiety, as
discussed above, coupled with (subsequent) elimination of
either the ethyl (ethane) moiety or the binaphthyl moiety.
The characterization of cluster 5 was primarily based on a
single crystal X-ray diffraction analysis (vide infra). The
v(C-0) pattern in the IR spectrum of 5 is similar to that of
[(n-H)2Rus(CO)o(PPh)] [35]. The *H NMR spectrum of 5
reveals a hydride signal as adoublet at 6 = -17.69 ppm, and
signals for the new ethyl group appears 0.86 ppm as a
multiplet (CH3) and a singlet at 1.19 ppm (CH,). *P NMR
spectrum for cluster 5 also shows a singlet at 147.39 ppm.
The mass spectrum of 5 reveals a peak envelope at m/z: 617
[M]*, which is consistent with the proposed molecular
formula [(u-H),Rus(CO)o(PEL)] 5.

The molecular structure of 5, as determined by X-ray
crystallography, is shown in Fig. 4 and some selected
geometric data are listed in the caption. Relevant
crystallographic data are summarized in Table 3. The three
metal atoms are capped by the phosphorus atom to give a
distorted tetrahedral core. The influence exerted on the
Rul-Ru2 and Rul-Ru3 bonds by the edge-bridging
hydrides is noticeable — these bonds are considerably
elongated (2.9392(2) and 2.9413(3) A, respectively)
relative to the Ru2-Ru3 bond (2.8225(2) A). The Ru-P
bond distances in 5 are similar to those observed for the
phosphinidene cluster [H,Rus(CO)q(PPh)] [36], but are
notably asymmetric, Rul-P1 = 2.3253(6), Ru2-P1 =
2.2840(6) and Ru3-P1 = 2.2907(8) A.

O7 4@ 05

Fig. 4. Molecular structure of [(u-H).Ruz(CO)o(PEt)] 5
with thermal ellipsoids drawn at 50% probability level. All

hydrogen atoms except the hydrides have been omitted for
clarity. Selected bond lengths (A): Rul-Ru2 2.9392(2),
Rul-Ru3 2.9413(3), Ru2-Ru3 2.8225(2), Rul-P1
2.3253(6), Ru2-P1 2.2840(6), Ru3-P1 2.2907(6), Rul-H1
1.77(3), Rul-H2 1.72(3), Ru2-H1 1.78(3), Ru3-H2 1.84(3).

Hydrogenation of tiglic acid

We have shown repeatedly that comparatively low
temperature (100 °C) and pressure (50 bars of H,) enhances
the chiral induction and maximizes the conversion in the
asymmetric hydrogenation of tiglic acid with good
enantioselectivity [19, 20]. At high temperature (130-150
°C), severe decomposition of the clusters was observed and
it is suspected that the solid particles that were produced
were responsible for the catalytic action, which led to the
formation of considerable amount of cyclohexene and
cyclohexane in addition to the expected 2-methyl butyric
acid [18]. When lower temperature was used, al reaction
mixtures remained homogeneous and the above-mentioned
hydrogenation products of toluene were not detected. In
order to obtain reasonable conversions, a temperature of
100 °C and longer reaction times of 48 h were required.
The results of the catalysis tests for clusters 2c-5 are
presented in Table 2. Clusters 2a and 2b were not tested
because of the fact that these will yield 3a/4a and 3b/4b
under the catalytic reaction conditions (vide supra, Sheme
1).

Table2. Asymmetric catalytic hydrogenation of tiglic acid
in the presence of clusters 2¢-5 as catalysts.

COOH Gt _ COOH
N H,
Entry Catalyst Conv®% ee% Config?
1 2c 51 - -
2 3a 52 - -
3 3b 55 - -
4 4a 49 - -
5° 4a 78 - -
6 4b 51 - -
7° 4b 78 - -
8 5 15 - -

#The amount of substrate consumed in the catalytic experiment,
assessed by 'H NMR spectroscopy, p(Hz) = 50 bar, T = 100 °C,
solvent = EtOH-toluene 1:1 (5 mL), n(substrate)/n(catalyst) = 100.
®Favoured enantiomer. “Reaction time = 48 h.

All clusters gave moderate to low conversion rates, even
when extended reaction times (48 h) were used. Reasonable
catalytic conversion rates (relative to the corresponding
catalytic reaction using [H4Rus(CO);;] under the same
reaction conditions [37]) could be observed for clusters 4a
and 4b when the longer reaction time was used (entries 5
and 7, Table 2). After catalysis runs, clusters 3a/b and 4a/b
were recovered unaltered in ca. 50-60% yields after work-
up, with no evidence of other metal-based products. For
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both 2c and 5, only unknown decomposed products were
obtained at the end of the catalytic cycle.

However, no enantioselectivty could be observed for any of
the chira clusters tested as catalysts/catalyst precursors in
this study (i.e. al clusters except 5, which is not chiral).
Knowles et al. have proposed that in hydrogenation
reactions bidentate (phosphine) ligands are generally
superior to corresponding monophosphines because the use
of bidentate resultsin rigidity in the catalyst, which leads to
higher chiral induction [38]. In clusters 3a/4a and 3b/4b, a
stereogenic center (phosphorus) is directly coordinated to a
ruthenium atom in the cluster, but the effective steric bulk
of the ligand is relatively small because there is only one
relatively bulky substituent on the phosphorus (viz the
binaphthyl moiety). The rigidity of the ligand and the
cluster framework is low because of the monodentate
coordination of the ligand. In cluster 2c, the diphosphirane
is coordinated in a chelating mode, and this coordination
mode may be expected to lead to better chiral induction.
However, the stereogenic center is relatively remote (skew
chirality centered on the binaphthyl moiety) and the
expected chiral induction is therefore low, although
effective chira induction by 1,1-[H4Ru4(CO)o(P-P*)]
(where P-P*= chiral primary phosphine ligands of clusters
has been demonstrated previously [17].

The exact reaction mechanism(s) for the cluster-based
catalytic hydrogenation reactions i/are still unclear [17].
While the isolation of 3a/4a and 3b/4b from the catalytic
reactions are consistent with cluster-based catalysis (but
does not exclude fragmentation), the decomposition of 2c
and 5 suggests that the clusters fragment. Assuming the
presence of intact clusters, it should be borne in mind that
the presence of several metal centers is an inherent
weakness when it comes to chiral induction in clusters — it
is likely that a substrate will coordinate at a ruthenium
center that is remote from any (bulky) chira ligand
coordinated to the cluster, for both steric and electronic
reasons. The effective chiral induction by a chiral ligand is
thus expected to be lower when it is coordinated to a cluster
than in a corresponding mononuclear complex.

In previous studies [17, 20, 37], we have noted an
(empirical) correlation between hydride fluxionality in
[H4Ru4(CO)19(P-P*)] (P-P* = chira diphosphine ligand)
clusters and the chiral induction by the cluster in catalytic
asymmetric hydrogenation of oa-unsaturated carboxylic
acids — the “greater” the fluxionality, the lower the chiral
induction. Clusters with good chiral induction were found
to have avery rigid hydride orientation/location, and in one
case it was found that one specific hydride remains fixed
under the catalytic conditions [17] (temperature and
hydrogen pressure) used in the present study [20]. The
observed correlation holds true also for the H4Ru, clusters
investigated in the present study; they are the most
fluxional chiral tetraruthenium clusters that we have thus
far studied, and give no chiral induction.

Conclusions

In summary, we have synthesised and characterised a
number of new tetranuclear ruthenium clusters, derivatised
with chiral primary phosphiranes, diphosphiranes, and
secondary  phosphines derived from  phorsphirane
precursors, as well as one new phosphidene-capped
triruthenium cluster. Several of these clusters are capable of
acting as catalysts/catalyst precursors for hydrogenation of
tiglic acid, but no chira induction could be detected in
these catalytic reactions. Although it has not been possible
to unambiguously determine the nature of the active
catalyst in the cluster-based systems, indirect evidence
suggests that clusters 3a/4a and 3b/4b may be the active
catalysts, or direct precursors to an active cluster catalyst.

From the present results, and based on our previous
findings using various chiral phosphine derivatives of
[H4Ru4(CO);,] as asymmetric hydrogenation catalysts [19,
37, 39], it is evident that the nature of the chiral ligand is
key to the enantioselectivity that is obtained. Based on the
arguments above, it is expected that very bulky and
polydentate chiral ligands will give the best chiral
induction when/if the clusters act as catalysts.

Experimental

All reactions and other manipulations were carried out
under a nitrogen atmosphere using standard Schienk
techniques. All solvents were dried and distilled under a
nitrogen atmosphere prior to use. Infra-red spectra were
recorded as solutions in 0.5 mm NaCl cells on a Nicolet
Avatar 360 FT-IR-spectrometer. *H and *P{'H} NMR
spectra were recorded on a Varian Unity 500 MHz NMR
spectrometer; S'P{*H} NMR shifts were referenced to
external  HiPO, (85%). The parent cluster [(u-
H)4Ru,(CO)1] was prepared according to the literature
procedure [40] and its purity was assessed using thin-layer
chromatography (TLC) and IR spectroscopy. The chiral
primary phosphiranes ligands [(S)-1-([1,1'-Binaphthalen]-
2-yl) phosphirane] (§-1a, [(R)-1-(2-Methoxy-1,1'-
binaphthyl-2-yl)  phosphirane] (R)-1b, and [2,2-
di(phosphiran-1-yl)-1,1'-binaphthal ene] (9-1c were
prepared as reported [26, 41]. Tiglic acid, and Smethyl
mandelate were purchased from Sigma-Aldrich. Products
were separated with Merck thin-layer chromatography
(TLC) plates as supplied; 0.25 mm layer of Kiesel-gel 60
F254. Catalysis experiments were carried out using a 45
mL Parr autoclave with a PTFE reaction vessel.

Synthesis of [(u-H)4Ru4(CO)11((S)-1a)] 2a

A mixture of [(u-H)sRus(CO)1,] (25 mg, 0.033 mmol) and
(11 mg, 0.033 mmol) of (9§-la [= (9-1-(1,1-
binaphthalen]-2-yl)phosphirane] were dissolved in 20 mL
of dichloromethane and the solution was stirred for 20 min.
Under vigorous stirring, a small excess of MesNO (3 mg,
0.04 mmol) dissolved in dichloromethane (5 mL) was
added dropwise to the yellowish cluster/ligand solution for
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30 min, which instantly started to change colour towards
red. After 6 h the solvents were removed under reduced
pressure. The red solid residue was redissolved in a small
quantity of dichloromethane and purified by preparative
TLC (CH.Cl,-petroleum ether 1:3). Except for traces of
starting materials and one stationary brown band
(decomposed material), one band was isolated from the
TLC plates and extracted with CH,Cl, and dried under
vacuum to afford a red microcrystalline solid (R; = 0.7) that
was identified as [(u-H)4Rus(CO)11((9-1a)] 2a (13 mg, 38
%); '"H NMR (500 MHz, CDCl3): & 8.00 (d, J = 8.5 Hz,
1H), 7.93 (m, 2H), 7.85 (d, J = 8.3 Hz, 2H), 7.78 (m, 1H),
7.67 (m, 2H), 7.54 (d, J = 6.9 Hz, 1H), 7.46 (m, 2H), 7.06
(d, 3= 8.6 Hz, 1H), 6.95 (d, J = 8.1 Hz, 1H), 1.19 (m, 1H),
1.11 (m, 1H), 1.02 (m, 1H), 0.54 (m, 1H), -17.64 (‘d’, 4H).
3P NMR (202 MHz, CDCly): 6 = -154.22 ((‘m’br, 2Jp,=
not resolved); IR (cyclohexane): 2094 (m), 2088 (w), 2067
(vs), 2057 (vs), 2029 (vs), 2009 (vs), 1990(m), 1969 (w);
MS (FAB): m/z: 1052 [M+Na]*.

Synthesis of [(n-H)4Rus(CO)11((R)-1b)] 2b

A mixture of [(u-H)sRus(CO)12] (30 mg, 0.04 mmol) and
(14 mg, 0.04 mmol) of (R)-1b [= (R)-1-(2'-Methoxy-1,1"-
binaphthyl-2-yl) phosphirane] were dissolved in 20 mL of
dichloromethane and the solution was stirred for 20 min.
Under vigorous stirring, a small excess of MesNO (3.6 mg,
0.048 mmol) dissolved in dichloromethane (5 mL) was
added dropwise to the yellowish cluster/ligand solution for
30 min, which instantly started to change colour towards
red. After 6 h the solvents were removed under reduced
pressure. The red solid residue was redissolved in a small
quantity of dichloromethane and purified by using
preparative TLC (CH,Cl,-petroleum ether 1:3). Except for
traces of starting materials and one stationary brown band
(decomposed material), one band was isolated from the
TLC plates and extracted with CH,Cl, and dried under
vacuum to afford a microcrystalline red solid (R = 0.6),
was identified as [(n-H)4Rus(CO)11((R)-1b)] 2b (17 mg,
42%); *H NMR (500 MHz, CDCl3): & 8.02 (d, J = 9.2 Hz,
1H), 7.96 (d, J = 8.2 Hz, 1H), 7.86 (d, J = 8.0 Hz, 2H), 7.77
(m, 1H), 7.46 (m, 2H), 7.32 (m, 1H), 7.22 (m, 1H), 7.03 (d,
J=8.7Hz, 2H), 6.76 (d, J = 8.8 Hz, 1H), 3.71 (s, 3H), 1.66
(m, 1H), 1.07 (m, 1H), 0.92 (m, 1H), 0.72 (m, 1H), -17.84
(‘s, 4H). 3P NMR (202 MHz, CDCls): 6 = -155.86 (5); IR
(cyclohexane): 2092 (m), 2086 (m), 2065 (vs), 2053 (vs),
2030 (vs), 2007 (vs), 1989(m), 1969 (w); MS (FAB): m/z:
1081 [M+Na]".

Synthesis of 1,1-[(u-H)4Ru4(CO)10((S)-1¢)] 2¢

A total of 40 mg (0.053 mmol) of [(u-H)sRus(CO)yo] and
20 mg (0.053 mmol) of (§-1c [= 2,2-di(phosphiran-1-yl)-
1,1-binaphthalene] were dissolved in dichloromethane. A
small excess of MesNO [6 mg, 0.08 mmol]4 dissolved in 5
mL of dichloromethane contains few drops of acetonitrile
was added dropwise over a period of 30 min to the stirred
cluster/ligand solution. The initial yellow colored solution

turned into deep red during the addition of MesNO. The
reaction was monitored continuously by spot TLC
(dichloromethane-petroleum ether 1:3) and when no parent
cluster could be observed (2h), the solvent was removed
under vacuum and the resulting red solid was dissolved in a
small quantity of dichloromethane and separated using
preparative TLC (CH,Cl,-petroleum ether 1:3). Except for
traces of starting materials, one red band was isolated from
the TLC plates and extracted with CH,Cl, and dried under
vacuum. It was identified as 1,1-[(u-H)4Rus(CO)10((9-1c)]
2¢ (16 mg, 28 %);(R; = 0.4), *H NMR (500 MHz, CDCl3):
& 8.00 (m, 3H), 7.92 (m, 3H), 7.83 (m, 1H), 7.73 (m, 1H),
7.50 (m, 2H), 6.80 (dd, J = 23.2, 8.3 Hz, 2H), 1.79 (m, 1H),
1.67 (m, 1H), 1.43 (m, 1H), 1.34 (m, 1H), 0.55 (m, 2H),
0.42 (m, 2H), -17.20 (br, 4H); *P NMR (202 MHz,
CDCly): 8 =-135.61 (d, Jpp= 37 Hz), -139.18 (d, Jp.p= 37
Hz); IR (cyclohexane): 2076 (s), 2044 (vs), 2024 (vs), 2008
(s), 1993 (w), 1987 (w), 1977 (m), 1953 (br); MS (FAB):
m/z. 1082 [M+Na]*. Red crystals of 2c were obtained by
slow evaporation of dichloromethane-hexane at 4 °C.

Synthesis of [(u-H)4Rus(CO)u((S)-1a-Hy)] 3a and [(u-
H)4Ru4(CO)11((R)-1a-Hy)] 4a

Method A (Thermal ligand substitution at high pressure
for 2a)

In a small laboratory autoclave (45 mL), a total of 45 mg
(0.043 mmol) of [(u-H)sRuy(CO)11((9-1a)] 2a was
dissolved in 5 mL of EtOH/toluene (1:1). The autoclave
was sealed and purged three times with 10 bar of H, before
being pressurized with a total of 50 bar H,. After 24 h at
100 °C, the autoclave was cooled to room temperature. The
gases were carefully released and the autoclave was
opened. The dark brown solution was concentrated and the
obtained solid was dissolved in 2 mL of CH,Cl, and
subjected to preparative TLC (CH,Cl,/petroleum ether 1:3).
Except for traces of starting materials and one stationary
brown band (decomposed material), two bands were
isolated from the TLC plates and extracted with CH,Cl, and
dried under vacuum. Two new isomeric products were
observed; the first product (red, Ry = 0.8), was identified as
[(u-H)4Ru(CO)((9-1a-H,)] 3a (8 mg, 19 %); ‘H NMR
(500 MHz, CDCl3): *H NMR (500 MHz, cdcls) & 8.15 (d, J
=7.1Hz, 1H), 8.09 (d, J=9.1 Hz, 1H), 7.97 (d, J = 8.2 Hz,
1H), 7.93 (d, J = 8.3 Hz, 1H), 7.67 (dd, J = 11.2, 8.7 Hz,
1H), 7.54 (appt, 1H), 7.39 (d, J = 7.8 Hz, 1H), 7.32 (m,
2H), 7.26 (appt, 2H), 7.16 (d, J = 8.5 Hz, 1H), 6.96 (d, J =
8.4 Hz, 1H), 5.23 (dd, “Jpy = 381, 10.7 Hz, 1H), 1.26 (s,
2H), 0.86 (dt, J = 17.8, 7.5 Hz, 3H), -17.64 (s, 4H); 3P
NMR (202 MHz, CDCl3): 8 = -11.88 (s); IR (cyclohexane):
2092 (w), 2084 (m), 2064 (m), 2051 (vs), 2030 (vs), 2012
(9), 1984 (m), 1967 (w); MS (FAB): m/iz 1035 [M+H]".
The second (red) product (R = 0.7), was identified as [(u-
H)4Ru4(CO)11((R)-1a-H.)] 4a (7 mg, 17 %); *H NMR (500
MHz, CDCl3): § 8.15 (d, J = 7.0 Hz, 1H), 8.07 (d, J = 9.1
Hz, 1H), 7.97 (d, J = 8.3 Hz, 1H), 7.91 (d, J = 8.1 Hz, 1H),
7.72 (dd, J = 11.5, 8.6 Hz, 1H), 7.56 (appt, 1H), 7.45 (d, J
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= 9.1 Hz, 2H), 7.35 (m, 3H), 7.18 (d, J = 8.5 Hz, 1H), 6.90
(d, J=85Hz, 1H), 5.28 (dd, *Jp.y = 379, 9.7 Hz, 1H), 1.24
(s, 2H), 1.05 (dt, J = 18.2, 7.5 Hz, 3H), -17.81 (s, 4H); *P
NMR (202 MHz, CDCly): § = -13.11 (s); IR (cyclohexane):
2092 (W), 2086 (m), 2063 (vs), 2057 (vs), 2052(vs), 2030
(vs), 2007 (s), 1987(m), 1966 (w); MS (FAB): m/z. 1035
[M+H]".

Method B (Thermal
pressure)

ligand substitution at high

A mixture of [(u-H)sRus(CO)y2] (30 mg, 0.04 mmol) and
(13 mg, 0.04 mmoal) of (§-1la ligand [= (9)-1-([1,1-
Binaphthalen]-2-yl) phosphirane] were dissolved in 5 mL
of benzene and the solution was subjected inside a small
autoclave (45 mL). The autoclave was sealed and purged
three times with 10 bar of H; before being pressurized with
total of 30 bar H,. After 4 h at 125 °C, the autoclave was
cooled to room temperature. The gases were carefully
released and the autoclave was opened. The isolation/
purification and identification of the products were
identical to those described above. Yields: 3a (9 mg, 20 %)
and 4a (7 mg, 16 %).

Synthesis of [(u-H)4Ru4(CO)w((R)-1b-H2)] 3b and [(u-
H)4Ru4(CO)11((S)-1a-H,)] 4b

Method A (Thermal ligand substitution at high pressure
for 2b)

In a small laboratory autoclave (45 mL), a total of 50 mg
(0.047 mmol) of [(u-H)4Rusl(CO)11((R)-1b)] 2b was
dissolved in 5 mL of EtOH/toluene (1:1). The autoclave
was sealed and purged three times with 10 bar of H, before
being pressurized with a total of 50 bar H,. After 24 h at
100 °C, the autoclave was cooled to room temperature. The
gases were carefully released and the autoclave was
opened. The dark brown solution was concentrated and the
obtained solid was dissolved in 2 mL of CH,Cl, and
subjected to preparative TLC (CH,Cl,/ Petroleum ether
1:3). Except for traces of starting materials and one
stationary brown band (decomposed material), two bands
were isolated from the TLC plates and extracted with
CHCl, and dried under vacuum, two new isomer products
were observed. The first product (red, R = 0.5), was
identified as [(u-H)4Ru4(CO)11((R)-1b-H,)] 3b (14 mg, 28
%); '"H NMR (500 MHz, CDCl3): 8 8.07 (d, J = 8.8 Hz,
1H), 8.02 (d, J = 9.3 Hz, 1H), 7.90 (d, J = 8.1 Hz, 1H), 7.86
(d, J = 8.3 Hz, 1H), 7.59 (m, 1H), 7.49 (appt, 1H), 7.44 (d,
J = 9.1 Hz, 1H), 7.28 (m, 2H), 7.09 (d, J = 8.8 Hz, 2H),
6.89 (d, J = 8.0 Hz, 1H), 5.16 (dd, “Jpy = 380, 10.3 Hz,
1H), 3.67 (s, 3H), 1.18 (s, 2H), 0.79 (dt, J = 14.6, 7.3 Hz,
3H), -17.72 (s, 4H); *P NMR (202 MHz, CDCly): 6§ = -
11.82 (s); IR (cyclohexane): 2091 (w), 2086 (m), 2061 (vs),
2052 (vs), 2030 (vs), 2012 (sh), 2005 (s), 1988(m), 1967
(w); MS (FAB): m/z 1083 [M+Na]". The second (red)
product (R = 0.4), was identified as [(u-H)4Rus(CO)11((9-
1b-H,)] 4b (18 mg, 36 %); *H NMR (500 MHz, CDCl3): &

8.09 (d, J=8.3 Hz, 1H), 8.01 (d, J= 9.1 Hz, 1H), 7.92 (d, J
= 8.4 Hz, 1H), 7.86 (d, J = 8.1 Hz, 1H), 7.67 (m, 1H), 7.51
(m, 1H), 7.39 (d, J = 9.0 Hz, 2H), 7.30 (m, 2H), 7.13(d, J
= 8.6 Hz, 1H), 6.85 (d, J = 8.5 Hz, 1H), 5.22 (dd, *Jpyy =
378, 9.0 Hz, 1H), 3.72 (s, 3H), 1.2 (s, 2H), 1.00 (dt, J =
15.2, 7.4 Hz, 3H), -17.87 (s, 4H); P NMR (202 MHz,
CDCly): § = -13.18 (9); IR (cyclohexane): 2092 (w), 2086
(m), 2062 (vs), 2055 (vs), 2051(vs), 2031 (vs), 2024 (s),
2005 (s), 1988(m), 1966 (w); MS (FAB): mVz. 1083
[M+Na)*. Crystalization of 3b from CH,Cl,-hexane
solutions at 4 °C yielded red crystals suitable for X-ray
diffraction analysis.

Method B (Thermal ligand substitution at high
pressure)

A mixture of [(u-H)sRus(CO);2] (30 mg, 0.04 mmol) and
(24 mg, 0.04 mmol) of (R)-1b ligand [= (R)-1-(2'-methoxy-
1,1'-binaphthyl-2-yl) phosphirane] were dissolved in 6 mL
of benzene and the solution was transferred to a small
autoclave (45 mL). The autoclave was sealed and purged
three times with 10 bar of H; before being pressurize with
total of 30 bar H,. After 4 h at 125 °C, the autoclave was
cooled to room temperature. The gases were carefully
released and the autoclave was opened. The isolation/
purification and identification of the products were
identical to those described above. Yields: 3b (7 mg, 16 %)
and 4b (6 mg, 12 %).

Synthesis of [(u-H),Rus(CO)s(PEL)] 5

In a small laboratory autoclave (45 mL), a total of 25 mg
(0.024 mmol) of [(u-H)4Rus(CO)11((S-1a-Hy)] 3a was
dissolved in 5 mL of benzene. The autoclave was sealed
and purged three times with 10 bar of H, before being
pressurized with atotal of 50 bar H,. After 24 h at 100 °C,
the autoclave was cooled to room temperature. The gases
were carefully released and the autoclave was opened. The
dark brown solution was concentrated and the obtained
solid was dissolved in 2 mL of CH,Cl, and subjected to
preparative TLC (CH,Cl,.Petroleum ether 1:3). Except for
traces of starting materials and one stationary brown band
(decomposed material), one band was isolated from the
TLC plates, extracted with CH,Cl, and dried under vacuum
to afford ared product (R = 0.7) that was identified as [(u-
H),Rus(CO)o(PEL)] 5 (12 mg, 80 %). 'H NMR (500 MHz,
CDCly): 6 1.19 (s, 2H), 0.86 (m, 3H), -17.69 (d, J= 2.4 Hz,
2H); ¥P NMR (202 MHz, CDCl3): § = 147.39 (s); IR
(cyclohexane): 2101 (m), 2084 (m), 2073 (s), 2048 (vs),
2042 (sh), 2030 (vs), 2015 (s), 2002 (w), 1984 (m), 1968
(w); MS (FAB): m/z. 617 [M]". Red crystals of 5 were
obtained by slow evaporation of acetonitrile-hexane at 4
°C.

Homogeneous catalytic experiments

In the catalysis experiments, the catalyst and substrate were
loaded into the autoclave under N,, and the degassed
solvent mixture was added (2.5 mL of EtOH/2.5 mL of
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toluene). The reaction vessel was closed and purged three
times with hydrogen before final pressurizing to 50 bar.
The reaction mixture was continuously stirred with a
magnetic stirrer (ca. 750 rpm) and heated at 100°C for 24
h. After a cooling period of approximately 45 min, the
reaction vessel was depressurized and opened. The
homogeneous reaction mixture was transferred to a 50 mL
flask and concentrated under vacuum. The conversions for
the catalysis runs were calculated on the basis of NMR
analyses. To separate the carboxylic acid from the cluster,
the reaction residue was dissolved in 10 mL of diethyl ether
and the carboxylic acid was extracted with aqueous sodium
solution (1M, 3 x 10 mL) and washed with diethyl ether (3
x 5 mL), leaving the cluster in the organic solvent. The
carboxylate was protonated with sulfuric acid and extracted
with diethyl ether (3 x 10 mL), washed with water (2 x 5
mL) and dried over magnesium sulfate. Evaporation of the
ether under vacuum, vyielded the carboxylic acid
quantitatively. The ether phase, from which the carboxylic
acid was extracted, was concentrated under vacuum to
recover the remaining cluster. In certain cases, where ester
formation was obtained during the catalytic experiment, the
recovered catalyst was dissolved in a minimum quantity of
dichloromethane and the products were separated by using
preparative TLC, eluting with dichloromethane/petroleum
ether (1:2). The enantiomeric excess of the product was
detected by derivatizing 2-methylbutyric acid with S
methyl mandelate and analyzing the diastereomeric product
mixture by NMR, as fully described by Tyrrell et al [42].

Variable temperature 'H NMR spectr oscopy

All NMR solvents (Aldrich) were used as received.
Approximately 0.5 mL of a saturated CDClIj; solution of 2a,
2c, 3a and 4a were added to a NMR tube, which was
subsequently sealed under an N, atmosphere. The sample
tube was placed into the probe using a ceramic spinner. Dry
air (for measurements above room temperature) or liquid
nitrogen was used as the temperature control gas. The
sample was alowed to equilibrate at each desired
temperature for 5 — 10 minutes before the start of shimming
and data acquisition. The temperature ranges were 298 to
213 K for al samples. For each sample 128 scans were
acquired to reach sufficient signal intensity.

X-Ray data collection and structure solutions

The diffraction data were collected at 100 K for 3b and 170
K for 2c and 5, using a Nonius Kappa CCD or a Bruker
AXS Kappa Apexll Duo diffractometer with Mo Ko
radiation (1=0.71073 A). The Denzo-Scalepack [43] or
APEX2 [44] program packages were used for cell
refinements and data reductions. The structure solutions
were carried out using the SHEL XS-97 [45] program with
the WinGX [46] graphical user interface. All hydrogens
were placed in idealized positions. Positions of hydrides
were calculated using the XHYDEX program [47]. The

crystallographic details for the reported structures are
summarized in Table 3.

Table 3. Crystallographic data for clusters 1,1-[(u-
H)ARUA(CO)lo((S)-lC)] ZC, [(M-H)4RU4(CO)11((R)-1b-H2)]
3b and [(u-H),Ru3(CO)o(PEL)] 5.

2c 3b 5
formula C,H,,0,P,Ru,.CH,Cl, Ca4H2401,PRU, C,,H,0,PRu;
M, 1143.68 1059.78 617.35
TIK] 170(2) 100(2) 170(2)
r[A] 0.71073 0.71073 0.71073
Crystal system Triclinic Monoclinic Monoclinic
Space group PI Cc2 P2/c
a[A] 13.0672(2) 26.3595(6) 9.95389(16)
b[A] 13.4306(2) 8.2898(2) 26.4478(4)
c[A] 14.0336(2) 17.4298(4) 14.06515(18)
al® 86.5911(13) 90 90
pre 63.4062(18) 106.9760(10) 96.7104(13)
ye 64.0568(16) 90 20
V[AY 1951.71(7) 3642.72(15) 3677.41(9)
z 2 4 8
Qeac [gCM 1.946 1.932 2.230
w[mm?] 1791 1731 2,557
F(000) 1112 2060 2336
Crystal size [mm] 0.306 x 0.140 x 0.077 0.24 x 0.09 x 0.24x0.13x
0.05 0.11
0 limits/® 2.078 to 45.650 1.62t0 30.65 2.921028.25
hrange -2610 26 -37t037 -13t0 13
krange -27t027 -8to 11 -35t035
| range -281028 -22t024 -14t018
No. refins. 136726 20745 23874
Unique refins. 33181 8990 8952
Ry 1.024 1013 1112
R1* (I = 20) 0.0345 0.0189 0.0154
WR2® (I = 20) 0.0334 0.0200 0.0186
Largest diff. peak 0.0803 0.0373 0.0392
and hole [eA”]
Flack parameter 2513 and -2.150 0.562 and - 1.870and -
0.457 0.527

*R1 = 3|Fo| - [Fell/ZIFol. " WR2 = [S[W(F. — F2) S[Ww(Fo) ™
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The chiral cluster [H4Ru4(CO)o(pn-1,2-W001)] (W001= (R)-1
{(Rp)-2-[2-(Diphenylphosphino)phenyl]ferrocenyl}ethylbis-

10 [3,5-bis-(trifluoromethyl)phenyl]phosphine) has been
anchored to functionalized MCM-41. The resultant
mesopor ous solid functions as an enantioselective catalyst for
the asymmetric hydrogenation of tiglic acid with up to 80%
enantiomeric excess and excellent conversion (>99%).

15
Homogeneous catalytic systems present the advantages of high
selectivities, enantioselectivities and catalytic activities for a
variety of asymmetric transformation conducted under mild
conditions.® On the other hand, solid heterogeneous catalysts

2 present the advantages of facile separation, recovery and
recycling. The combination of these properties by
heterogenization of homogeneous single-site catalysts may lead
to highly active, yet sturdy and easily recoverable catalysts. One
simple protocol for such heterogenization involves

s immobilization of the active catalytic site on mesoporous
inorganic solids having a large surface area. Inorganic solids,
particularly those having a structured surface, are more robust
than organic polymers and have a considerably larger area;
therefore, high cataytic activities should in principle be

2 achievable for catalysts based on such solids. This methodology
has been successfully applied to non-asymmetric reactions while
heterogeneous asymmetric catalysis remains one of the most
challenging areasin catalysis research. Only afew examples have
been reported where enantioselective heterogeneous catalysts

= perform as well as their homogeneous analogues.* ® It has been
previously reported that highly active alylic amination®
hydrogenation,”® epoxidation'® and hydroxylation'* *? catalysts
may be designed in this manner.

40 Many heterogenization approaches have been explored, including
attaching chiral homogeneous catalysts to different inorganic
solids, e.g. polymers, membrane supports, dendrimers and porous
silica materials**® In “classical” immobilization, the chiral
ligands or the catalyticaly active sites are anchored directly onto

s the mesoporous inorganic solids. However, with such
methodology, it is not unusua to find that the resulting
immobilized catalysts display less activity and/or selectivity than

their homogeneous counterparts.

s Our methodology for heterogenization was to take a well-
performing homogeneous catalyst with well-studied catalytic
behaviour and, by performing suitable modifications, to tether

this catalyst within a mesopore. In previous studies, we have
shown that homogeneous catalytic systems based on

s [H4RU4(CO)10(u-1,2-L)] clusters (L= bulky chiral ferrocene-
based diphosphine) are excellent catalysts for asymmetric
hydrogenation reactions of o—unsaturated carboxylic acids.® 3
Herein we report that anchoring the chiral cluster
[H4Ru4(CO)10(u-1,2-W001)] 1 (Fig. 1) to functionalized MCM-

0 41 produces a solid catalyst that displays high enantioselectivity
for the hydrogenation of tiglic acid, with detected enantiomeric
excess (ee) values being identica to those obtained for the
unsupported cluster catalyst.'”

\ @ Q F3C©/CF3

:u__ a P2 pt CF,
/ \ / AN Fe i ©/
3
/\ : CFs

65 [HaRu4(CO)10(k-1,2-WO01)] 1 Wo0o1

Fig. 1 Structures of the chira cluster [HsRus(CO)io(p-1,2-
WO001)] 1 and the chiral diphosphine ligand W001.

7 Our approach to the preparation of the heterogeneous catalytic
system is shown in Scheme 1. Cluster 1 was prepared and fully
characterized according to a literature method."” As a support,
mesoporous MCM-41 was used. The mesoporous solid was
modified with (3-aminopropyl)triethoxysilane groups'® to which

7 anchoring is going to occur, yielding activated MCM-41 2.
Treatment of 2 with an excess of [H;Ru4(CO);0(p-1,2-WO001)] 1
yields the chiral catalytic catalyst 3.

OH OH
OH A~ Jo
(EtO);Si NH,
G L | B
H Toluene, 24h, reflux o H
OH OH
- 2
vem-4 [H4Ru,(CO)o(u-1,2-WOOD)] 1
\ p?
“I°. \ Pl g Toluene |
o si”™~""N—Rui—] Reflux 24h
o H / \
P

| \

@ Scheme 1. The synthetic routes used in the preparation of the
mesopore-supported catalyst 3.
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The success of the anchoring process was assessed by analytical
methods and spectroscopic analysis of the resultant solid. The
presence of cluster 1 in solid 3 was supported by IR spectroscopy.
The infrared spectra pesks due to the support dominate the
spectra. These include OH vibrations in the range 3700-3300 cm'™
and, as expected, the strong v(Si-O) stretch from 1000-1280 cm™.
The presence of the cluster species in supported species was
indicated by the appearance of carbonyl v(CO) stretches at 2059
and 1981 cm™ for 3.

Further characterization of 3 was achieved by methods
appropriate to molecular species. The presence of the tethered
cluster catalyst 1 was supported by comparison of the 3P MAS
NMR and *H MAS NMR spectra of 3 with that of the untethered
homogeneous catalyst 1. Three 3P resonances at & 36.6, 53.7 and
77.7 were observed, indicating different phosphorus
environments (ESIT). As controls, the *P MAS NMR spectra
were recorded for 1, a physical mixture of functionalised MCM-
41 2 and 1 (ratio 10:1), and a ground mixture of 2 and 1 (ratio
10:1). All control spectra show three identical *'P resonances at &
35.9, 44.6 and 49.4, indicating that 3 is not a simple mixture of 1
and 2 (cf. ESIT). In all cases, the three resonances integrate in the
ratio 0.5:0.5:1.0 (low field to high field), indicating that the P*
phosphorus of the diphosphine ligand is found in two different
environments (suggesting structural isomers). The low angle X-
ray powder diffreaction patterns of the catalyst 3 and
functionalized MCM-41 2 match well with the reported pattern of
MCM-41."°  Transmisson electron microscopy (TEM)
micrographs show retention of the MCM-41 structure and no
distinct Ru-clusters can be observed. In fact, well-dispersed Ru-
nanoclusters in the pores of MCM-41 should be smaller than
1nm, i.e. smaller than the fringe width of MCM-41, and should
thus not be observable unless an aggregation of metal occurred.
The Ru catalyst loading for 3 was determined by ICP-MS to be
0.67+0.02%. The BET surface area of MCM-41, functionalized
MCM-41 2 and the solid catalyst 3 are 766, 266 and 281 m g'l,
respectively (cf. ESIT).

In testing our catalysts we decided to choose hydrogenation of
benchmark a-unsaturated carboxylic acid substrates, as their
hydrogenated products are important chiral building blocks for
the synthesis of biologically active compounds.?. Tiglic acid, a-
methylcinnamic acid and trans-2-methyl-pentenoic acid has been
used in earlier assessments of asymmetric hydrogenation affected
by cluster-based catalysts systems? 2 and there is a well-
established protocol for the evaluation of enantiomeric excess of
these substrates.

Three potential catalysts were examined for the catalytic
hydrogenation of tiglic acid® the homogeneous catalyst
[H4RU4(CO)10(11-1,2-W001)] 1, the activated MCM-41 2, and the
cluster-functionalized mesoporous materiad 3. The results
achieved are summarized in Table 1. As may be expected, the
activated MCM-41 2 did not show any catalytic activity. The
homogeneous catalyst [H;Rus(CO)io(pn-1,2-1a)] 1 shows high
catalytic conversion (=100%) with enantiomeric excess
approaching 82%. Also in the case of 3, there is excellent
conversion with high enantioselectivity and mass balance
(substrate a, Table 1). Importantly, the ee values achieved are as
high as those reported in homogeneous catalytic hydrogenation of
tiglic acid for the same kind of transition metal catalyst.'”

In order to explore the generality of the catalytic activity in

& hydrogenation of (prochiral) a-unsaturated acids, and to include
catalysts [H4Rus(CO)10(p-1,2-1a)] 1 and solid catalyst 3 in a
comparative study of asymmetric hydrogenation, we examined
their catalytic capabilities for hydrogenation of o-methylcinnamic
acid (substrate b, Table 1) and trans-2-methyl-pentenoic acid

7w (substrate ¢, Table 1). Again, excellent conversion rates (=100%)
with high enantiomeric excess (up to 80% in case of a-
methylcinnamic acid and up to 68% for a.-methylcinnamic acid)
with high mass balance were found when the heterogenous
catalyst 3 was used. As in the case of tiglic acid, the conversion

nrates and enantioselectivities are maintained for a-
methylcinnamic acid and trans-2-methyl-pentenoic acid, when
the molecular catalyst 1 is heterogenized to form 3.

Table 1. A summary of the catalytic asymmetric hydrogenation
@ experiments.¥

COOH COOH
Catalyst * <
R' R2? 50 bar Hy/ 373 K R! R2

a;R'=R?=CH;3
b; R'=Ph, R?= CH;3
C; R"= CH,CHj, R?= CH,

Substrate Catalyst Mass balance Conv.”! (%) ee (%) Config.[d

(%)

a >90 - - -
a 1Y >70 100 82 s
a 3 >90 100 80 s
b 19 >70 100 75 s
b 3 >90 100 74

c 19 >70 100 68 s
c 3 >90 100 66

a  3+Hg(0) >90 99 78 s

[a] Reaction conditions: S/C ratio 100:1, 100 °C, 50 bar of H,, 24h. [b]

s The amount of substrate consumed in the catalytic experiments, assessed
by *H NMR spectroscopy. [c] Favoured enantiomer. [d] In homogeneous
phase.

The recyclability of 3, both in terms of conversion and selectivity,
was evaluated by carrying out three successive runs in the
hydrogenation of tiglic acid under the same catalytic
hydrogenation  reaction  conditions.  Identical  catalytic
performance was observed for all three runds.

8

&

In order to confirm the heterogeneous nature of the catalyst and
that there is no leaching of ruthenium complexes/clusters from 3
into solution, a series of tests were performed. First, a hot
filtration test was carried out.?* In this control experiment, the
catalyst 3 was filtered out when 28% conversion of the substrate
had been achieved. At this moment stirring was stopped and
small parts of the reaction mixture were removed, from which the
solid material was filtered off, and the resultant solutions were
stirred separately under the same catalytic hydrogenation reaction
conditions. It was found that in the origina reaction mixture,
catalysis in the presence of the anchored catalyst went further to
completion, whereas no reaction occurred in the mixtures where
the solid material had been removed. This experiment shows that
the conversion and enantioselectivity are due to the solid catalyst,
i.e. 3. Second, a mercury poisoning test was performed.?* After
4h of reaction time under norma catalytic conditions, the
conversion was determined. Then, a 2000-fold excess of metallic
mercury was added to the reaction mixture and the reaction was
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continued under the same catalytic conditions till completeness of
the catalytic run. The product analysis revealed that upon
addition of Hg(0), both the conversion and enantioselectivity
decreased by 1-2 percentage units relative to the mercury-free
catalytic runs (cf. Table 1, entries 3 vs 4). It is well known that
ruthenium clusters/nanoparticles are relatively difficult to poison
with Hg(0),> but our mercury test indicates that the catalytic
activity is not due to leached ruthenium forming catalytically
active nanoparticles.

In summary, we have shown that the anchoring of chiral
ruthenium clusters to the surface of MCM-41 via along linker is
avalid strategy to prepare highly enantioselective heterogeneous
catalysts that can be reused without any loss of catalytic
activity/enantioselectivity. While immobilization of transition
metal carbony! clusters on solid supports is well established, and
there are a number of examples of tethering of chira
mononuclear metal complexes to mesoporous solids,® ® % this is,
to our knowledge, the first example of linkage of a chiral metal
cluster to a mesoporous solid, and of enantioselective catalysis
effected by such a mesoporous material.
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Synthesis and characterization of new transition metal
carbonyl clusters has been undertaken, and evaluation
of the new clusters to act as catalysts/catal ysts precursor
in asymmetric reactions has been carried out. The cata- s
lytic hydrogenation of tiglic acid under relatively mild
conditions, using diastereomeric clusters of the general
formula [(u-H) ,Ru,(U3-S)(CO) (-1,2-L)] (L= chiral di-
phosphine of the ferrocene-based Wal phos and Josi phosjié
families) as catalysts, reveal different catalytic behaviour
in terms of conversion and enantiosel ectivity.
The observed reversal in enantioselectivity when the chirality of the cluster frame-
work is changed strongly supports catalysis by intact Ru3 clusters. A proposed cata-
lytic cycle generated by CO loss from the parent catalyst has been investigated.

The ability of carbonyl clusters based on rhenium, ruthenium and osmium derivatised
with chiral phosphines and phosphiranesto catalyse the asymmetric hydrogenation of
tiglic acid shows high to excellent conversion rates with low to moderate enantiose-
lectivity. A high conversion rate (up to 99%) and an enantiosel ectivity of 19% have
been achieved with the cluster [(u-H) ,Ru,(CO),,(ArPH,)] {where ArP = (R)-(2'-me-
thoxy-[ 1,1’ -binaphthal en]-2-ylphosphine)} acting as catalyst/catalyst precursor; this
is, to the best of our knowledge, the first example of an asymmetric hydrogenation
induced by achiral primary phosphine.

A chird solid catalyst derived from the immobilization of [H,Ru,(CO), (k-
1,2-W001)] (WO001 = chira diphosphine ligand of the Walphos family) onto func-
tionalized MCM-41 has been shown to exhibit excellent conversion rates (> 99%)
and as high enantiomeric excesses (= 80%) as that of its homogeneous counterpart.
The good catalytic properties are coupled with good recyclability of the mesoporous
catalyst.
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