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Asymmetric hydrogenation of an a-unsaturated carboxylic
acid catalyzed by intact chiral transition metal carbonyl
clusters - diastereomeric control of enantioselectivity

Diastereomeric ruthenium carbonyl clusters, where chirality
resides in the cluster framework as well as a chiral ligand,
have been used to catalyse asymmetric hydrogenation

of a prochiral a-unsaturated carboxylic acid. Reversal in
enantioselectivity of the reaction when the chirality of the
cluster framework is changed implicates catalysis by

intact clusters.
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Twenty clusters of the general formula [(u-H),Rus(us-S)(CO),(u-P—P*)] (P—P* = chiral diphosphine of the
ferrocene-based Walphos or Josiphos families) have been synthesised and characterised. The clusters

Received 17th December 2019, have been tested as catalysts for asymmetric hydrogenation of tiglic acid [trans-2-methyl-2-butenoic
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acid]. The observed enantioselectivities and conversion rates strongly support catalysis by intact Rus clus-
ters. A catalytic mechanism involving an active Rus catalyst generated by CO loss from [(u-H),Ruz(ps-S)
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Introduction

Chalcogenide-bridged derivatives of transition metal carbonyl
clusters have been widely studied.”” Examples of such
compounds include the triruthenium hydrido clusters
[(n-H),Ru3(ps-E)(CO)gne(dppm),] (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 cata-
lysts in homogeneous systems,”' and there has been con-
siderable 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
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(CO)/(u-P—P*)] has been investigated by DFT calculations.

reported.’®> For example, [H,Pt;Rug(CO),;] catalyses alkyne
hydrosilylation and hydrogenation without appearing to
undergo fragmentation.”®'* The face-capped trinuclear cluster
[HRu;(CO)s(u3-n*-NMePy)] appears to be the active catalyst in
the hydroformylation of diphenylacetylene to a-phenyl-cinna-
maldehyde although conversion of [HRu;(CO)o(p;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,Ru;3(CO)qo(L),] (L = PMe,Ph or PPh;) function as homo-
geneous catalysts for the hydrogenation of alkynes (diphenyla-
cetylene).'® The active catalysts that were identified are derived
from the dihydride species [HRu(p-H)(CO)s(L),].***°

In previous studies, we have investigated asymmetric hydro-
genation of a-unsaturated carboxylic acids using catalytic
systems based on [(p-H),;Ruy(CO)y,] clusters derivatised with
chiral diphosphines. We have shown that such diphosphine
ligands may effect strong chiral induction,>"** and that good
conversions and enantioselectivities 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, pro-
vides 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

This journal is © The Royal Society of Chemistry 2020
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virtue of the cluster framework only (ie. 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 corol-
lary to Norton’s criterion, ie. proof of diastereomeric
control of enantioselectivity when diastereomeric pairs of
[(n-H),Ru;(p-S)(CO),(n-P-P*)] clusters are used as (asymmetric)
hydrogenation catalysts and the chirality of the diphosphine
ligand is maintained intact while that of the cluster framework
changes. Part of these results have been published in an
earlier communication.*

Results and discussion

The syntheses of derivatives of [(p-H),Rus(p3-S)(CO)s] contain-
ing chiral diphosphine ligands were based on oxidative decar-
bonylation of the starting cluster (using Me;NO) in dichloro-
methane 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, wher-
ever 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 [(p-H),Rus(ps-S)
(CO)5(p-1,2-P-P*)], where the diphosphine P-P* is one of the
chiral Walphos ligands 1a-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 coordi-
nation of the enantiomerically pure diphosphine ligand thus
yields a mixture of diastereomers due to different connectiv-
ities of the heterobidentate ligand (¢f Scheme 1). The diaster-
eomers were separated and isolated using thin layer chromato-
graphy, and they were identified on the basis of comparison of
their IR and 'H/*'P NMR spectral data with those of
[(u-H),Ru;(p5-S)(CO),(dppm)].” Clusters 3-17 were completely
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characterized by spectroscopic methods (¢f 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 crystallo-
graphy. 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 5§ —18.13 (Jy_p = 12.4, Jy p =
11.2, Jy u = 2.9 Hz) and an (apparent) doublet of triplets at &
—18.40 (J-p = 9.8, Jr-u = 2.9 Hz), while for the corresponding
diastereomer 4, the "H NMR in the hydride region shows two
signals at § —17.82 (ddd, Jy_p = 12.2, Ju_p = 8.8, Ju_u = 3.5 Hz)
and § —18.63 (ddd, Jiyp = 7.5, Jis_p = 3.6, Ji_n1 = 3.5 Hz).

In the *'P NMR spectrum of 3, the signal for phosphorus P*
(¢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 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 (Fig. 2 and 3). The analogous diastereomeric pair
based on §,5-1b, viz. 5 (with diphosphine connectivity corres-
ponding to 3) and 6 (connectivity corresponding to 4) were pre-
pared, 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 § —18.12 (ddd, J-p = 12.6,
Jup = 11.1, Ji_yy = 3.0 Hz) and at § —18.40 (d't', Jyy_p = 9.9, Ji-n
= 3.0 Hz), while for 6 the corresponding signals are found at §
-17.84 (ddd, Ji_p = 12.4, Jy_p = 9.1, Ji_u = 3.0 Hz) and 6 —18.65
(ddd, Jyzp = 7.1, Jg_p = 3.2, Ju_u = 3.0 Hz). Similarly, in the *'P
NMR spectrum of 5, the P' signal (¢f Scheme 1) appears as a
doublet of doublets, while the signal for P” is a triplet, indicat-
ing 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 determi-
nation of their crystal structures (Fig. 2 and 3).

The "H NMR of [(u-H),Ru;(jt5-S)(CO),(p-1,2-1g)] 16 in the
hydride region shows a multiplet signal at § —18.23, which
indicates fluxionality of the hydrides at ambient temperature.
Variable-temperature "H NMR spectra in the hydride region

N4 R2
P, | 0C);R ORI\
N P2—R? (0 NG (c0) —Ru(CO)
i Me3NO / MeOH H\ // 2 H\ P 2
[(u-H),Ru3(u3-S)(CO)g] + Fe H - (0C),RuZ (OC) RuZ| p1
@CHB DCM, 25 °C, 3h 2 / P/
1a; R' = Ph, R? = 3,5-(CF3),CgH3 3 4
S,81b; R" = Ph, R? = 3,5-(CF3),CgH, 5 6
1c; R' = Ph, R =Cy 7 8
1d; R = 3,5-(CH 3),-4-(CH30)CgH,, R? = 3,5-(CF3),CgH; 9 10
1e; R' = Ph, R? = 3,5-(CH,),CgH3 11 12
1f; R' = Cy, R? = 3,5-(CF3),CgH; 13 14
1g; R' = 3,5-(CH3),CgH3, R? = 3,5-(CH3),CgH5 15 16
1h; R' = Ph, R? = Ph 17

Scheme 1 Synthesis of clusters 3—17 containing Walphos ligands 1a—1h.
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for 16 show that the fluxionality may be frozen out at approxi- Crystal and molecular structures of clusters 3-6, 8 and 17

mately 253 K to give two signals, an apparent triplet of doub- Molecular structures of [(j-H),Rus(jis-S)(CO),(p-1,2-1a)] 3

lets at 6 —18.12 (d't' = ddd, Jup = 10.9, Ju-u = 3.0 Hz) and a ;4 425 ;9 [(-H),Rus(j1s-S)(CO),(p-1,2-1b)] 5 and 6. The

doublet of ‘triplets’ (ddd) at § —18.19 (Ji;_p = 9.4 Hz) (Fig. 1). molecular structures of 3-6 are shown in Fig. 2 and selected

bond distances and angles are listed in the caption. Details

regarding data collection and reduction, and structure refine-

2098 K _}% ment are found in the Experimental section, and relevant crys-
tallographic data are collated in Table S1, ESL.}

253 K M}\,\‘/\L—hﬁ As may be expected, the different diastereomers crystallize

in non-centrosymmetric space groups (3, 4 and 6: P2,2,2,). For
complex 5, the polar space group Cc was identified. It was
W found that this structure contained two different isomers of
[(n-H),Rus(p3-S)(CO),(p-1,2-1b)] with opposite chiralities of the
213K diphosphine ligand 1b (¢f. Scheme 1), i.e. both S,S-1b and R,R-

1b were identified in the structure even though enantiopure
S,S-1b had been used in the synthesis of cluster 5. Our expla-
Fig.1 Variable-temperature 'H NMR spectra (hydride region) of [(u- Dation for this surprising result is that a small amount of R,R-

H),Rus(pz-S)(CO),(u-1,2-1g)] 16 recorded over the temperature range 1b was present in the ligand batch used, and the resultant
298-213 K (top to bottom). isomer of 5 co-crystallized with the (majority) product

T T T T T T T T T T T T
-17.90 -17.95 -18.00 -1805 -18.10 -18.15 -1820 -18.25 -18.30 -1835 -18.40 -1845
11 (opem)

Fig. 2 Molecular structures of four diastereomers (two diastereomeric pairs) representing different combinations of cluster framework and ligand
chiralities, using pure enantiomeric forms R,R-1a or S,5-1b ligands; (a) [(u-H),Rus(us-S)/(CO),(u-1,2-1a)] 3, CCDC 993899, selected bond distances [A]
and angles [°]: Rul-Ru2 2.8952(9), Rul-Ru3 2.9022(9), Ru2—Ru3 2.7537(8), Rul-P1 2.359(2), Ru2—-P2 2.3332(19), Rul-S1 2.368(2), Ru2-S1 2.375(2),
Ru3-S1 2.346(2), Rul-H1 1.77(7), Rul-H2 1.70(6), Ru2—-H2 1.75(6), Ru3-H1 1.77(7); (b) [(u-H),Ruz(p3-S)(CO);(u-1,2-1a)] 4, CCDC 993900, selected
bond distances [A] and angles [*]: Rul-Ru2 2.915(2), Rul-Ru3 2.746(2), Ru2—Ru3 2.894(2), Rul-P2 2.335(5), Ru2-P1 2.349(5), Ru1-S1 2.361(5), Ru2-S1
2.358(4), Ru3-S1 2.351(5). Rul-H1 1.569, Rul-H2 1.57, Ru2-H2 1.528, Ru3-H1 1.674 (riding on Ru atoms); (c) [(u-H)Ruz(pu3-S)(CO),(u-1,2-1b)] 5,
CCDC 1043616,1 selected bond distances [A] and angles [°]: Rul-Ru2 2.9054(2), Rul-Ru3 2.7518(2), Ru2—-Ru3 2.8818(2), Rul-P1 2.3331(6), Ru2—P2
2.3502(6), Rul-S1 2.3811(5), Ru2-S1 2.3728(5), Ru3-S1 2.35568(5), Rul-H1 1.71(4), Ru2-H1 1.74(4), Ru2-H2 1.84(4), Ru3-H2 1.69(4), and (d)
[(u-H)2Rus(us-S)(CO),(u-1,2-1b)] 6, CCDC 1043617, 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.

4246 | Dalton Trans., 2020, 49, 4244-4256 This journal is © The Royal Society of Chemistry 2020
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[(u-H),Ru;(ps-S)(CO),(p-1,2-S,5-1b)].  Compound 5  was
resynthesized several times and several crystallization attempts
were made. A second crystal structure of what appears to be
diastereomerically pure [(pu-H),Ruj(ps-S)(CO);(p-1,2-S,5-1b)] 5
was obtained (CCDC 1982115). For this structure, the non-
centrosymmetric space group P2; was identified, but the
quality of the diffraction data was unfortunately so poor that
this assignment could not be made with absolute certainty.
For this reason, the discussion below relates to the data for
[(u-H),Rus(ps-S)(CO)5(p-1,2-S,5-1b)] taken from the crystal
structure in the polar space group 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(1)-Ru(2)
2.8952(9), Ru(1)-Ru(3) 2.9022(9) AJ; 4: [Ru(1)-Ru(2) 2.915(2),
Ru(1)-Ru(3) 2.746(2) A] and the non-bridged Ru-Ru bond is
“short” [3: Ru(2)-Ru(3) 2.7537(8); 4: Ru(2)-Ru(3) 2.894(2) A].
The triply bridging sulfur atom caps the ruthenium triangle
quite symmetrically [Ru-S 2.375(2)-2.368(2) A for 3, and 2.361
(5)-2.358(5) A for 4]. All the carbonyl ligands are coordinated
in a terminal monodentate coordination mode. The dipho-
sphine ligands were found to exclusively coordinate in a brid-
ging fashion, giving rise to nine-membered “dimetallacycles”.
As previously observed for related tetraruthenium tetrahydrido
clusters,”” the Walphos ligand coordinates in an axial-equator-
ial mode. In the case of 3, P1 is coordinated in an axial posi-
tion 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 diastereo-
mer 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,5-1b is observed - P1 is co-
ordinated in an axial position to Ru2 which is coordinated to
both hydrides, in case of 5, and for 6, P1 is coordinated in an
equatorial position to Ru2 which is bridged only with one
hydride H1.

Molecular structures of [(p-H),Ru;(p;-S)(CO),(p-1,2-1c)] 8
and [(p-H),Ru;(p3-S)(CO),(p-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 of [(p-
H),Ru;(p3-S)(CO),(p-1,2-1¢)] 8 is shown in Fig. 3 and that of
[(n-H),Ru(p3-S)(CO)7(p-1,2-1h)] 17 is shown in Fig. 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.

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 distance is observed for 8 (5.61 A) with a torsion angle of

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Molecular structure of [(u-H),Ruz(u3-S)(CO),(u-1,2-1c)] 8 (CCDC
10436187) with thermal ellipsoids drawn at the 50% probability level.
C-H hydrogen atoms have been omitted for clarity. Selected bond dis-
tances [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), Rul-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).

structure of

Fig. 4 Molecular [(u-H)2Ruz(p3-S)CO)4(u-1,2-1h)] 17
(CCDC 10436197) with thermal ellipsoids drawn at the 50% probability
level. C—H hydrogen atoms have been omitted for clarity. Selected bond
distances [A] and angles [°l: Rul-Ru2 2.9173(8), Rul-Ru3 2.7359(8),
Ru2-Ru3 2.8921(8), Rul-P1 2.339(19), Ru2-P2 2.3558(19), Rul-S1 2.359
(2), Ru2-S1 2.365(2), Ru3-S1 2.358(2), Rul-H1 1.7945, Ru2-H2 1.7324,
Ru2-H1 1.7347, Ru3—-H2 1.7658 (riding on Ru atoms).
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87.70, in comparison to 5.48 A and torsion angle of 83.98 for
4. As expected, the angles in 8 are a bit different than 4, where
P1-Rul-Ru2 = 106.85, P2-Ru2-Rul = 118.59 and P2-Ru2-Ru3
= 120.54 in 8, and for 4 it is 103.05, 120.06 and 123.84,
respectively.

In case of 17, the shortest Ru-Ru distance is the Rul-Ru3
edge (2.7359(8) 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(8) A for Rul-Ru2
and 2.8921(8) A for Ru2-Ru3). The two phosphorus atoms of
the coordinated ligand are separated by 5.512 A with a torsion
angle of 87.36(8). The Ru-P bonds are symmetric in lengths
(2.3539(19) A for Ru1-P1 and 2.3558(19) A for Ru2-P2), and
the angles are P1-Rul-Ru2 = 105.41(5), P2-Ru2-Rul = 116.98
(5) and P2-Ru2-Ru3 = 121.39(5).

Synthesis and characterization of sulfide-capped triruthenium
hydrido clusters containing the Josiphos ligands 2a-2e

The coordination of the Josiphos ligands 2a-2e to the parent
cluster [(p-H),Rus(ps-S)(CO)o] was performed by oxidative dec-
arbonylation as discussed above (¢f. Scheme 2). The bridging
coordination mode and the different connectivities of the het-
erobidentate ligands in the diastereomers 18-22 have been
identified by spectroscopic methods and, in the case of 20, by
X-ray crystallography.

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 6 —18.29 (dt, Jy_p = 36.5, Jypr =
2.5 Hz) and a doublet of doublet of doublets at § —19.46 (ddd,
Jep =133, Jyp = 7.1, Jy-ir = 2.5 Hz), while the hydride signals
for 19 consist of a doublet of doublet of doublets at § —17.84
(Jer-p = 12.7, Jg-p = 9.0, Jy—ir = 3.6 Hz) and a doublet of doublet
of doublets at § —18.65 (Ju_p = 7.5, Ju_p = 3.6 Hz). In the *'P
NMR spectrum of 18, the P1 signal (¢f. 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 [(p-H),Rus(ps-S)(CO),(p-1,2-P-P)]
(m/z = 1401 [M + H]") for both 18 and 19. The empirical for-
mulae of clusters 20-22 were confirmed by mass spectrometry,
and their structures in solution and the solid state were identi-

RZ
|
R! 2 _R2
. P2—R
[(u-H),Ru3(u3-S)(CO)g] + Fe

R! @ CH,

2a; R' = 3,5-(CF3),C¢H3, R? = Cy

2b; R'=Ph, R2=Cy
2¢; R'=Cy, R2=Cy

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

Scheme 2 Synthesis of clusters 18—22 by using Josiphos family ligands.
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Fig. 5 Variable-temperature *H NMR spectra in the hydride region of
cluster [(p-H),Rus(pz-S)(CO),(u-1,2-2d)] 22 recorded over the tempera-
ture range 298-233 K (top to bottom).

fied by IR and NMR spectroscopy (¢f: Experimental section and
ESI}). Due to the high degree of hydride fluxionality exhibited
by [(n-H),Rus(ps-S)(CO),(p-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 (Fig. 5).

Crystal and molecular structure of [(p-H),Ru;(p5-S)(CO),(p-1,2-
2b)] 20

The crystal structure of [(u-H),Rus(p3-S)(CO);(p-1,2-2b)] 20 was
determined by X-ray diffraction analysis. A view of the mole-
cular structure of 20 is shown in Fig. 6 and selected bond dis-
tances and angles are listed in the caption. Relevant crystallo-
graphic data are listed in Table S1, ESL.f 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-eq,ax coordi-
nation mode that is observed for the above-mentioned

s s
(0C);RUZ_ I\ (0C);RUZ_ I\
.\ ~Ru(CO), '\ ~Ru(CO),
H\ // \ H) // \
£H P2 *(oc),RuéH P!
(OC),RuT j (OC),RUT j
p1 P2
18 19
20
21
22
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Fig. 6 Molecular [(u-H)2Ruz(p3-S)(CO),(u-1,2-2b)] 20
(CCDC 10436207) 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-H11.76(4), Ru3—-H2 1.86(4).

structure of

Walphos derivatives. The latter coordination mode is presum-
ably 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 co-
ordinated 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 (¢f 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).

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 cata-
lysts 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,*"**?#7! (ii) 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

This journal is © The Royal Society of Chemistry 2020
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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 moder-
ate in comparison to mononuclear catalysts, but relatively high
by the standards of cluster-based systems. The enantioselecti-
vites 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 dimin-
ished. However, we have observed significantly higher enantio-
selectivities in other cluster-based systems,*"***® and it
should be borne in mind that ee’s exceeding 40% were
unprecedented®”***3¢ in cluster-based asymmetric hydro-
genation before we began our studies. Unfortunately, the sep-
aration of the hydrogenated products from the organic phase
after using clusters 13 and 16 as catalysts (Table 1, entries 11,
14 and 20, respectively) turned out to be unsuccessful in our
hands, so we could not determine the enantiomeric excess for
these reactions, albeit with full conversion in case of 16. From
Table 1, it is clear that in these catalytic systems the stereo-

Table 1 Asymmetric catalytic hydrogenation of tiglic acid in the pres-
ence of clusters 3—22 as catalysts

H COOH H COOH
\_/ Catalyst *
/N H H ) E H
H,C CH, : HyC CH,

Entry Ligand Catalyst Conv.” [%] ee [%] Config.”
1 la 3 49 23 R

2 la 4 79 56 S

3 S,S-1b 5 55 24 S

4 S,5-1b 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 77 7 S

9 1le 11 66 17 S
10 1le 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 2¢ 21 68 37 S
20 2d 22 38 26 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 enantio-
mer. ND: not detected.
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chemistry and the bridging mode of the coordinated chiral
diphosphine ligands strongly affect the outcome of the hydro-
genation reactions, both in terms of conversion and enantio-
selectivity. 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, 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 cata-
lysis and regeneration of the intact cluster at the end of the
catalytic cycle would be accompanied by formation of both dia-
stereomers,’® 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 precur-
sor. To avoid possibilities of having metallic residues/contami-
nations 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) hydrogen-
ation were present.

Mercury poisoning

It is well known that forcing conditions, such as high tempera-
ture and high pressure of hydrogen gas, increase the possi-
bility of formation of colloidal metal particles that may func-
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tion as catalysts.*>*° The ability of Hg(0) to poison metal col-
loids or heterogeneous catalysts has been used for more than
80 years."" Therefore, a mercury poisoning test’> was per-
formed in order to investigate the potential formation of (cata-
Iytically active) metal colloids in our hydrogenation experi-
ments. 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 was
stirred for 30 min to enable Hg(0) to react with any colloidal
particles present. As previously observed for analogous reac-
tions utilizing tetraruthenium clusters as catalysts/catalyst pre-
cursors,*” the mercury poisoning experiment appeared to give
an increase in conversion and enantioselectivity by 2-3 percen-
tage units (Table 1, entries 1 vs. 21) but this difference lies
within experimental error. The obtained result and the fact
that the yield and enantioselectivity do not decrease suggest
that little or no colloidal particles are formed during the cata-
Iytic reaction and that the effect of any such colloidal particles
is 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 Ru, clusters having the
composition [H4Ru,(CO);0(L)] (Where L = chiral diphosphine
ligand) - either dissociation of a carbonyl ligand to yield a
vacant coordination site or metal-metal bond scission result-
ing in an open butterfly structure. To help elucidate the cata-
Iytic cycle(s) associated with the present Ruj; 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 compre-
hensive DFT evaluation. The computed -catalytic cycle is
depicted in Scheme 3, and the free energy surface for the
hydrogenation reaction is shown in Fig. 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

|_s
Ru<

....... —H
tiglicamd/ < /Rl{
P2

(©)

| S, P R| S, COH
U, M
N <A\ & AV
H/\ SRiL - H\\ R H\ /|\ ,c‘
. NN Y N H "Me
" P/ \ / A
P, 2 B E
cluster 4 (A) RDS J
+H,
P1,Ru\ \ /<C02H
CO,H Me (H\\ //\\
3 & e Ri—H H
HE Pﬁ v
(S)-2-methylbutyric acid
©)

Scheme 3 Computed catalytic hydrogenation cycle of tiglic acid by
cluster 4 to give (S)-2-methylbutyric acid.
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TSFBG
(36.6, 37.5)

TSDE
(29.6,32.3)

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

D
(8.1,8.7)

B+C+H,

B+G
(13.2)

Fig. 7 Free energy profiles for the hydrogenation of tiglic acid cata-
lyzed 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.

one that is proximally located to the bridging hydride is prefer-
entially labilized. The formation of the coordinatively unsatu-
rated species B, which proceeds without cluster fragmentation,

F F_alt
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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 substi-
tuted 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 elimin-
ation in F gives (S)-2-methylbutyric acid (G) and regenerates
cluster B, completing the catalytic cycle with a net release of
13.2 keal mol™". The geometry-optimized structures for these
species are shown in Fig. 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

TSFBG_alt

Fig. 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.

This journal is © The Royal Society of Chemistry 2020
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chirality directly influences the asymmetric induction observed
in the hydrogenation product. The computed scheme is in
agreement with the proposed catalytic cycle for the hydrogen-
ation of ethane by [H4;Ru,(CO);,]. 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 solu-
tion of [H4Ruy(CO);,] to hydrogen, has been suggested to
involve an initial dissociation of CO ligand and formation of
[H4Ru,(CO),,(alkene)], followed by an alkene insertion reaction to
furnish the Ru, cluster [HzRu4(CO)y4(alkyl)] as an intermediate.**

Conclusions

In summary, twenty clusters of the general formula
[(u-H),Ruz(ps-S)(CO)y(p-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 Ruj clusters as the active hydrogen-
ation 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.’%?13473¢

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
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 H;PO, (85%). The parent cluster
[(r-H),Rus(p3-S)(CO)o] was prepared according to a literature pro-
cedure and its purity was assessed using thin-layer chromato-
graphy (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 chromato-
graphy 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
(1a-1h) and Josiphos (2a-2e) ligands

In all preparations, a solution of Me;NO (13 mg, 173 pmol) in
methanol (5 mL) was added dropwise to a stirred solution of
[(p-H),Rus(p3-S)(CO)o] (42 mg, 71 pmol) and the proper stoi-
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chiometric ratio of the ligand (vide infra) in dichloromethane
(20 mL) under nitrogen atmosphere over a period of
20 minutes. The reaction mixture was stirred for 3 h and fil-
tered 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 F,s4, using a dichloro-
methane/hexane mixture (3:7 v/v) as eluent (for 11 and 12, di-
chloromethane/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,5-1b, 1c, 1d, 1e, 1f, 1g, 1h, 2a, 2b, 2c, 2d, 2e, respectively.
Crystallization of 3-6, 8, 17 and 20 from CH,Cl,~hexane solu-
tions at 4 °C gave red crystals suitable for X-ray diffraction ana-
lysis. For the 'H NMR spectra reported below, only hydride
signals are listed. Spectra with all non-hydride signals are
found in the ESL.}

[(n-H),Ru;(p3-S)(CO),(p-1,2-1a)], 3 and 4

A total of 66 mg (71 pmol) of 1a was reacted with
[(1-H),Ruz(p3-S)(CO)o] to give two diastereomers with the
general formula [(p-H),Rus(p3-S)(CO),(p-1,2-1a)].

[(1-H)2Ruy(13-S)(CO), (1-1,2-1a)] 3, yield 32 mg (31%); (R, =
0.6); IR (1(CO)/em™", cyclohexane) 2066(s), 2046(vs), 2010(vs),
1994(s), 1979(m), 1951(m); 'H NMR (500 MHz, CDCl;)
5 —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, CDCl;) § 49.75 (d, J = 10.6
Hz), 37.74 (t,] = 9.1 Hz), ES" MS (m/z): 1464 [M]".

[(1-H)2Ruy(13-S)(CO), (1-1,2-1a)] 4, yield 39 mg (38%); (R; =
0.4); IR (1(CO)/em™", cyclohexane) 2066(s), 2048(vs), 2008(vs),
1995(s), 1982(w), 1951(m); "H NMR (500 MHz, CDCl;) § —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, ] = 8.2 Hz). ES" MS (m/z): 1464 [M]".

[(n-H),Rus(p3-S)(CO),(p-1,2-1b)], 5 and 6

A total of 66 mg (71 pmol) of S,S-1b was reacted with
[(1-H),Ru;(p3-S)(CO)o] to give two diastereomers with the
general formula [(p-H),Ru;(p;-S)(CO),(p-1,2-1b)].
[(1-H),Ru;(p3-S)(CO),(p-1,2-1b)] 5, yield 29 mg (28%); (R¢ =
0.6); IR (1(CO)/cm™, cyclohexane) 2066(s), 2048(vs), 2008(vs),
1995(s), 1979(m), 1951(m); 'H NMR (500 MHz, CDCIl;)
§ —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, CDCl;) & 48.68 (dd, J =
11.8, 2.0 Hz), 36.60 (t, ] = 9.8 Hz). ES" MS (m/z2): 1464 [M]".
[(n-H),Ru;(p3-S)(CO),(p-1,2-1b)] 6, yield 40 mg (38%); (Rs =
0.5); IR (¢(CO)/cm™, cyclohexane) 2066(s), 2046(vs), 2010(vs),
1994(s), 1979(m), 1951(m); 'H NMR (500 MHz, CDCl;)
5 —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, CDCl;) § 48.59 (dd, J =
11.3, 5.9 Hz), 35.55 (d, J = 8.4 Hz). ES" MS (m/z): 1464 [M]".

[(p-H),Ru;(j3-S)(CO),(p-1,2-1¢)], 7 and 8

A total of 48 mg (71 pmol) of 1c was reacted with
[(1-H),Ruj(p3-S)(CO)o] to give two diastereomers with the
general formula [(p-H),Ru;(p;-S)(CO),(p-1,2-1c)].

This journal is © The Royal Society of Chemistry 2020
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[(u-H),Ru;5(p5-8)(CO),(u-1,2-1¢)] 7, yield 27 mg (32%); (R; =
0.5); IR (¢(CO)/em™", cyclohexane) 2057(s), 2038(vs), 1995(vs),
1984(s), 1965(m), 1932(m); 'H NMR (500 MHz, CDCl;) §
-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, CDCl;) § 56.47 (dd, J = 9.6, 5.0
Hz), 37.16 (t, /= 9.7 Hz). ES" MS (m/z): 1228 [M + Na]".

[(n-H),Ruz(ps-S)(CO),(p-1,2-1c)] 8, yield 33 mg (39%); (Rs =
0.4); IR (¢(CO)/em™", cyclohexane) 2057(s), 2034(vs), 1998(vs),
1985(s), 1969(m), 1942(m); 'H NMR (500 MHz, CDCl;) §
-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]".

[(n-H)Ru;(p3-S)(CO),(p-1,2-1d)], 9 and 10

A total of 74 mg (71 pmol) of 1d was reacted with
[(p-H),Rus(p3-S)(CO)o] to give two diastereomers with the
general formula [(p-H),Rus(p3-S)(CO),(p-1,2-1d)].

[(1-H),Ru;(1-S)((CO),(1-1,2-1d)] 9, yield 26 mg (23%); (R; =
0.5); IR (1(CO)/em™", cyclohexane) 2063(s), 2044(vs), 2008(vs),
1993(s), 1976(m), 1951(m); '"H NMR (500 MHz, CDCl;) §
-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;) § 48.89 (d, J = 11.8 Hz), 35.65
(t,J = 9.6 Hz). ES' MS (m/z): 1580 [M]".

[(n-H),Ru;(p3-S)(CO),(u-1,2-1d)] 10, yield 37 mg (33%); (Rs =
0.4); IR (1(CO)/em™, cyclohexane) 2064(s), 2047(vs), 2006(vs),
1992(s), 1980(m), 1949(m); 'H NMR (500 MHz, CDCl;) §
-17.82 (ddd, J = 12.2, 8.8, 3.4 Hz, 1H), —18.63 (ddd, J = 7.3,
5.0, 3.4 Hz 1H); *'P NMR (202 MHz, CDCl;) § 48.49 (dd, J =
11.3, 6.5 Hz), 34.37 (d, J = 8.4 Hz). ES* MS (m/z): 1603
[M + NaJ".

[(n-H)Ru;(p3-S)(CO),(p-1,2-1€)], 11 and 12

A total of 51 mg (71 pmol) of 1e was reacted with [(p-H),Ru(ps-
S)(CO)o] to give two diastereomers with the general formula
[(1-H)2Ru;(p5-8)(CO),(p-1,2-1€)].

[(n-H),Ruz(ps-S)((CO),(p-1,2-1€)] 11, yield 29 mg (33%); (Re =
0.6); IR (1(CO)/em™", cyclohexane) 2059(s), 2042(vs), 2000(vs),
1985(m), 1970(w), 1939(w); '"H NMR (500 MHz, CDCl;) 6
-17.61 (td, J = 9.8, 3.0 Hz, 1H), —18.17 (‘m’, ddd, J = not
resolved 1H, cf. ESIT); *'P NMR (202 MHz, CDCIl;) § 43.88 (dd,
J=9.5, 6.2 Hz), 35.63 (dd, J = 8.9, 2.4 Hz). ES" MS (m/z): 1248
[MT".

[(1-H)oRus (13-5)(CO), (1-1,2-1e)] 12, yield 38 mg (43%); (R; =
0.5); IR (¢(CO)/em™, cyclohexane) 2059(s), 2042(vs), 2000(vs),
1985(m), 1970(w), 1939(w); 'H NMR (500 MHz, CDCl;) &
-17.61 (ddd, J = 10.0, 3.0 Hz, 1H), —18.16 (‘m’, ddd, J = not
resolved 1H, cf. ESI{); *'P NMR (202 MHz, CDCl; 49.09 (dd, J =
10.2, 1.7 Hz), 36.60 (t, ] = 9.5 Hz). ES" MS (m/z): 1248 [M]".

[(-H),Ru;(p5-S)(CO)5(p-1,2-1f)], 13 and 14

A total of 70 mg (71 pmol) of 1f was reacted with
[(p-H),Rus(p3-S)(CO)o] to give two diastereomers with the
general formula [(p-H),Rus(p3-S)(CO),(p-1,2-1f)].
[(n-H),Ruz(ps-S)(CO),(p-1,2-1f)] 13, yield 33 mg (31%); (Re =
0.6); IR (1(CO)/em™, cyclohexane) 2064(vs), 2047(m), 2038(s),
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2003(vs), 1992(s), 1983(m), 1976(w), 1945(m), 1938(w); "H NMR
(500 MHz, CDCl;) 6 —18.14 (ddd, J = 13.8, 4.5, 2.5 Hz, 1H),
—-18.31 (‘m’, ddd, J = not resolved 1H, cf. ESI{); *'P NMR
(202 MHz, CDCl3) § 52.62 (m), 49.49 (dd, J = 11.1, 1.3 Hz). ES"
MS (m/z): 1502 [M + Na]".

[(1-H);Ru;(pi5-S)(CO), (-1,2-1f)] 14, yield 45 mg (43%); (R¢ =
0.6); IR (1(CO)/cm™", cyclohexane) 2064(vs), 2047(s), 2037(m),
2003(vs), 1992(m), 1977(w), 1946(w), 1939(w); 'H NMR
(500 MHz, CDCl;) § —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, CDCl;) §
48.49 (dd, J = 11.3, 6.5 Hz), 34.37 (d, J = 8.4 Hz). ES™ MS (m/z):
1479 [M]".

[(n-H),Rus(p3-S)(CO)y(p-1,2-1g)], 15 and 16

A total of 55 mg (71 pmol) of 1g was reacted with
[(1-H),Ruz(p3-S)(CO)o] to give two diastereomers with the
general formula [(p-H),Rus(p3-S)(CO),(p-1,2-1g)].

[(1-H),Ru;(j13-S)(CO),(p-1,2-1g)] 15, yield 36 mg (39%); (R¢ =
0.6); IR (1(CO)/cm™", cyclohexane) 2059(s), 2042(vs), 1999(vs),
1983(s), 1970(m), 1938(m); *H NMR (500 MHz, CDCl;) &
-17.69 (td, J = 9.7, 3.0 Hz, 1H), —18.25 (dt, J = 6.4, 3.0 Hz, 1H);
3'p NMR (202 MHz, CDCl;) § 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]".

[(1-H)2Rus(13-S)(CO), (1-1,2-1g)] 16, yield 48 mg (529%); (R; =
0.5); IR (¥(CO)/em™, cyclohexane) 2057(s), 2039(s), 2003(s),
2003(vs), 1984(s), 1967(m), 1940(w); *H NMR (500 MHz, CDCl;)
5 —18.16 (m, 2H); (500 MHz, acetone-ds, 253 K) § —18.12 (dt,
J =11.0, 3.0 Hz, 1H), —18.19 (‘m’, ddd, J = not resolved 1H, cf.
ESIT); *'P NMR (202 MHz, CDCl;) 6 49.32 (dd, J = 7.1, 5.1 Hz),
38.10 (t,J = 9.6 Hz). ES" MS (m/z): 1305 [M + H]".

[(n-H),Ru;(p3-S)(CO),(p-1,2-1h)], 17

A total of 47 mg (71 pmol) of 1h was reacted with
[(n-H)>Rus(p3-S)(CO)o] to give [(u-H)>Rus(p3-S)(CO),(p-1,2-1h)]
17.

[(n-H),Ru;(ps-S)(CO),(p-1,2-1h)] 17, yield 36 mg (42%); (Re =
0.5); IR (1(CO)/cm™", cyclohexane) 2060(s), 2043(vs), 2001(vs),
1986(s), 1972(m), 1941(m); 'H NMR (500 MHz, CDCl;) &
—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, CDCl3) § 44.95 (dd, J = 9.9, 5.7 Hz),
35.39 (dd, J = 9.1, 1.8 Hz). ES" MS (m/z): 1191 [M]".

[(1-H),Ru;(15-S)(CO),(-1,2-2a)], 18 and 19

A total of 62 mg (71 pmol) of 2e was reacted with [(p-H),Rus(jz-
S)(CO)o] to give two diastereomers with the general formula
[(u-H)>Ru;(p5-8)(CO)(p-1,2-2a)].

[(1-H)2Ruy(13-S)(CO), (1-1,2-2a)] 18, yield 14 mg (14%); (R; =
0.6): IR (1(CO)/em™", cyclohexane) 2066(vs), 2036(s), 2005(vs),
1996(s), 1987(m), 1951(m); 'H NMR (500 MHz, CDCl;) §
—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, CDCl;) 6 56.94 (dd, J = 34.7, 5.9
Hz), 25.71 (d, ] = 11.8 Hz). ES" MS (m/z): 1400 [M]".

[(1-H)2Ruy(13-S)(CO), (1-1,2-2a)] 19, yield 25 mg (25%); (R =
0.5): IR (1(CO)/cm™", cyclohexane) 2064(vs), 2039(ms, 2032(w),
2007(vs), 1993(m), 1980(m), 1967(w), 1951(w); '‘H NMR
(500 MHz, CDCl,) § —17.84 (ddd, J = 12.7, 9.0, 3.6 Hz, 1H),
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-18.65 (ddd, J = 7.5, 3.6 Hz, 1H); *'P NMR (202 MHz, CDCl;) §
48.59 (dd, J = 10.4, 4.7 Hz), 35.54 (d, J = 8.4 Hz). ES' MS (m/2):
1400 [M]".

[(n-H)Rug(p;3-S)(CO);(p-1,2-2b)], 20

A total of 41 mg (71 pmol) of 2b was reacted with
[(n-H)>Ru;(u5-S)(CO)o] to give [(u-H)oRus(p5-S)(CO),(-1,2-2b)]
20.

[(-H)2Rus(p3-8)((CO),(p1-1,2-2b)] 20, yield 33 mg (44%); (Re =
0.6): IR (¢(CO)/em™", cyclohexane) 2059(vs), 2031(s), 2016(vs),
1998(vs), 1970(w), 1941(m); 'H NMR (500 MHz, CDCl;) 6
-18.31 (dd, J = 32.6, 2.0 Hz, 1H), —19.13 (‘t, ddd, J = not
resolved 1H, cf. ESI{); *'P NMR (202 MHz, CDCl;) § 57.29 (m),
25.41 (m). ES" MS (m/z): 1174 [M]".

[(r-H)Rus(p5-S)(CO)y(p-1,2-2¢)], 21
A total of 39 mg (71 pmol) of 2¢ was reacted with [(p-H),Ru(ps-
$)(CO)s] to give [(1-H),Rus(s-S)(CO)(1-1,2-2¢)] 21.
[(1-H),Ru(p5-8)((CO), (p-1,2-2¢)] 21, yield 44 mg (59%); (R¢ =
0.6): IR (1(CO)/em™", cyclohexane) 2057(vs), 2033(s), 1994(vs),
1980(m), 1969(w), 1926(w); 'H NMR (500 MHz, CDCl;)
8 —18.77 (br, 1H), —19.09 (m, 1H); *'P NMR (202 MHz, CDCl;)
8 65.05 (m), 35.49 (m). ES" MS (m/z): 1163 [M + Na]".

[(r-H),Ru;(p3-S)(CO),(p-1,2-2d)], 22

A total of 41 mg (71 pmol) of 2d was reacted with
[(1-H);Rus(p3-S)(CO)o] to give [(u-H),Rus(ps-S)(CO);(p-1,2-2d)]
22.

[(1-H):Rus (1-S)(CO), (1-1,22d)] 22, yield, 36 mg (48%);
(R¢ = 0.6): IR (¢(CO)/em ™", cyclohexane) 2059(vs), 2038(s), 2001
(vs), 1988(m), 1970(w), 1943(w); '"H NMR (500 MHz, CDCl,)
5 —18.04 (m, 1H); (500 MHz, acetone-d,, 253 K) § —17.93 (ddd,
J = 11.8, 2.0 Hz, 1H), —18.10 (ddd, J = 23.4, 10.4, 2.0 Hz);
3'p NMR (202 MHz, CDCl;) 6 41.66 (m), 20.65 (m). ES™ MS (m/
2): 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 hydro-
gen 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 trans-
ferred 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 mag-
netic 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 mag-
netic stir bars appeared to be contaminated, they were
discarded.
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To separate the carboxylic acid from the cluster, the reac-
tion residue was dissolved in 10 mL of diethyl ether and the
carboxylic acid was extracted with aqueous sodium hydroxide
solution (1 M, 3 x 10 mL) and washed with diethyl ether (3 x
5 mL), leaving the cluster in the organic solvent. The carboxy-
late 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 evapor-
ation of the ether under vacuum, yielded the carboxylic acid
quantitatively. The original ether phase, from which the car-
boxylic acid was extracted, was concentrated under vacuum to
recover the remaining cluster. In certain cases, where ester for-
mation was obtained during the catalytic experiment, the
recovered catalyst was dissolved in a minimum quantity of di-
chloromethane 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 deriva-
tizing 2-methylbutyric acid with S-methyl mandelate and ana-
lyzing the diastereomeric product mixture by NMR, as fully
described by Tyrrell et al.*® 1t was found that flash chromato-
graphy 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 reac-
tion was stopped and the reaction vessel was disconnected and
approximately 2 grams of metallic mercury was added to the
reaction mixture before the autoclave was sealed and pressur-
ized and a second hydrogenation reaction was started. After a
complete catalytic run, the products were separated and ana-
lyzed 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
[(1-H);Ru;3(p5-8)(CO)y(-1,2-1h)] 16 and  [(u-H),Rus(ps-S)
(CO),(p-1,2-2d)] 22 were added to a NMR tube, which was sub-
sequently 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 shim-
ming 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 diffrac-
tion data were collected on a Rigaku Supernova or a Bruker
AXS Kappa ApexII Duo or Oxford Diffraction Excalibur EOS
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diffractometer using Mo Ka radiation (4 = 0.71073 A). The
CrysAlisPro®” or APEXII*® program packages were used for
cell refinements and data reductions. A detailed discussion
of the refinements of the structures and a table of selected
crystallographic details (Table S1t) are found in the ESL{ All
data for the structures reported here have been deposited
with the Cambridge Crystallographic Data Centre as sup-
plementary publication numbers 993899 (complex 3), 993900
(4), 1043616(5), 1043617 (6), 1043618 (8), 1043619 (17), and
1043620 (20).F

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 phos-
phorus 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 an 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 convert concentrations from 1
atm to 1 M according to the treatise of Cramer.”" Internal reac-
tion coordinate (IRC) calculations were performed in order to
establish the reactant and product species associated with
each transition-state structure. The geometry-optimized struc-
tures have been drawn with the JIMP2 molecular visualization
and manipulation program.*”
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