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Although commonly applied in various reactions, Shvo’s catalyst
has not been modified towards solubility in highly polar solvents
until now. Here, we report the straightforward synthesis of a
disulfonate derivative of the complex, which allows to (transfer)
(de-)hydrogenate aldehydes and ketones in aqueous solutions. A
proof of principle for the recycling of the catalyst is also provided.

The late-stage introduction of sulfonate groups into ligands to gain
hydrophilic complex catalysts is a commonly applied strategy in the
research of recyclable homogeneous catalysts.' Usually, sulfona-
tion is achieved with highly acidic and oxidising reagents (H,SO,,
Oleum, and chloro sulphuric acid), but not all ligands are stable
enough to survive such conditions. This is most likely the reason
why there has not been a sulfonated derivative of Shvo’s catalyst,*”
a commonly applied and versatile complex catalyst,* *° until now.

In 2015, Holdcroft and coworkers disclosed a mild sulfona-
tion protocol for tetraphenylcyclopentadienone (TPCP) furnish-
ing the 4,4'-disulfonic acid.'* According to their procedure, we
sulfonated the commercially available and inexpensive TPCP
(1), the main ligand of Shvo’s catalyst, with trimethylsilyl
chlorosulfonate (3). The resulting disulfonic acid (4) was dis-
solved in EtOH. 2.5 equivalents of NaOH dissolved in EtOH
were added to the solution of the acid (Scheme 1). The
disodium sulfonate precipitated instantly, was filtered off and
dried in a vacuum oven at 100 °C, yielding a grey-violet solid.
Additional attempts to access a tetrasulfonated species of the
ligand with sulfuric acid and chlorosulfuric acid were unsuc-
cessful and resulted in the decomposition of TPCP (1). In order
to obtain the isolated, sulfonated derivative of Shvo’s catal-
yst, ligand 5 was refluxed with trirutheniumdodecacarbonyl
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(Ru3(CO),) in MeOH for 60 h (Scheme 1). This synthesis route
is based on the simplified complex synthesis established by
Casey’s'” and Williams’ groups® for the original complex 2 and
a tolyl substituted derivative. While at the beginning of the
reaction, the almost insoluble Ru;(CO);, was suspended in a
dark violet solution of the ligand, the reaction mixture turned
into a clear orange solution after 60 h. The solution was
concentrated in vacuo, resulting in rapid crystallisation of an
orange solid. The remaining solvent was also removed in vacuo,
and the residual orange solid was washed with diethyl ether.
The product was dried under a high vacuum. Slow recrystallisa-
tion of the solid from MeOH yielded yellow crystals suitable for
analysis via X-ray diffraction. The complex’ (7) molecular
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Scheme 1 Synthesis and structure of Shvo's catalyst (2) and our novel
sulfoShvo catalyst (6a + 6b) 81112
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structure (Fig. 1 and 2) matches the known dimeric structures
of the derivatives of Shvo’s complex.”**

Although the crystal structure shows the existence of the
dimeric complex, NMR and IR studies of the gained solid cannot
support this finding. Fabos et al. have shown the formation of the
catalytically active monomeric hydride species by NMR studies.
While the bridging hydride appears at —18.14 ppm in the "H NMR
spectrum, the monomeric hydride complex (1a) displays a signal at
—9.73 ppm (in toluene-dg)."® To avoid dissociation and subsequent
hydride formation through dehydrogenation of the solvent, we
performed NMR experiments on the obtained complex in DMSO-
ds. Complex 6a showed a signal at —9.83 ppm in the "H NMR
spectrum that indicates the formation of the monomeric hydride
complex. A minimal signal at —19.44 ppm was detected (see ESIY),
which can be attributed to the dimeric hydride complex 7. The
repeated measurement of the NMR spectrum in DMSO-ds over
20.5 h showed that the monohydride complex 6a is formed over
time (Fig. 2) (see ESIT for detailed NMR data). Since DMSO cannot
provide hydrogen to the complex and no relevant amount of the
dimeric hydride species can be found at any time, the monomeric
hydride must be traced back to the dehydrogenation of residual
methanol (which was found to co-crystallise in the crystalline solid
state) or coordinated methanol (Fig. 2, complex 8a). This hypoth-
esis was supported by the "H-NMR spectrum that shows the
formation of a formaldehyde signal (*H 6 = 10.10 ppm) (Fig. 2).
Furthermore, the solid-state IR spectrum shows two distinct bands
at 2088 cm ™" and 2020 cm™ ', a more similar pattern to the IR
bands of the literature-known monomeric derivatives rather than
the dimeric species as shown in an in situ IR study of the complex
dissociation.’® HRMS of the orange solid in MeOH provided only
the mass of the monomeric hydride species (6a) (caled [M-2Na]*~ =
350.9805, found [M-2Na]®~ = 350.9782). It is important to note that
while the monohydride species of our complex is analogue to the
monohydride of Shvo’s catalyst it already forms at 25 °C while
Shvo’s complex requires higher temperatures (>70 °C)'®' to
dissociate into the monomeric species. The reasons for the

Fig. 1 Molecular structure of the crystallised dimeric hydride species 7. To
improve clarity, only one Ru dimer of the asymmetric unit is shown.
Sodium cations and MeOH molecules are omitted for clarity. For more
detailed data, please see the ESI.+ CCDC deposition number 2336908.+
Selected distances [A] and angles [’]: Rul-H 1.72(7) A, O1-C1 1.287(4) A,
02-C30 1.300(4) A, Rul-Ru2 3.1758(4) A, Rul-H-Ru2 140(4)°.*®
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increased presence of the monomeric species in solution could
be the electron-withdrawing effect of the sulfonate moieties or
the increased steric demand of the sulfonated phenyl rings
facing the centre of the potential dimeric species 7. Although
the various analytical methods yield different outcomes and
interpretations of the molecular structure of our obtained
complex, the general structural motifs of Shvo’s complex can
be found in our sulfonated derivative. Possible alternative
molecular structures for the isolated solid could be a tricarbo-
nyl piano stool complex (8b) or an analogous species in which
methanol substitutes a carbonyl ligand in coordination with
the ruthenium (8a) (Fig. 2). Since we cannot determine the
structure of our orange complex with certainty and most likely
have residual MeOH co-crystallised in the solid state, for
subsequent experiments and catalyst weighing, we proceeded
to measure the ruthenium content in our solid via ICP-OES,
based on the assumption that every possible complex species
will form the active monomeric hydride complex when pre-
sented with a hydrogen source at reaction temperature. The
potential of polar-tagged homogeneous catalysts lies in various
applications. First, they allow the conversion of highly polar
substrates in environmentally benign solvents such as water or
ethanol. Second, catalyst separation (and potentially recycling)
via extraction becomes an option. Finally, it opens a way
towards tandem catalysis with catalysts which require polar
solvents. The (transfer) hydrogenation of levulinic acid (LA) (9)
to 4-hydroxy valeric acid (10) with subsequent formation of
y-valero lactone (11) (GVL) has already been published with
Shvo’s complex as a catalyst and different hydrogen
sources.'®'® Levulinic acid possesses a high solubility in water
and is, therefore, an ideal substrate for first monophasic
reactions in an aqueous phase. A comparison with the original
complex showed sulfoShvo’s (transfer) hydrogenation capabil-
ity in general but also reduced catalytic activity compared to
Shvo’s catalyst (Table S1 and ESIt). The reason for this is most
likely the electron-withdrawing effect of the sulfonate groups
which results in an electron poorer Ru centre. Since Mazzoni
and coworkers reported the rapid microwave-assisted synthesis
of Shvo-type complexes,"* we tried to generate our catalyst
system in situ in a microwave synthesizer. The obvious change
of colour of the solution from dark violet to orange and the
results of the subsequent transfer hydrogenation (Table 1,
entries 4 and 5) indicate a successful formation of our catalyst.
Apart from the first “accidental” reactions with Shvo’s
complex® and our publication with a tandem catalytic set-
up,'® we are not aware of the use of in situ-generated Shvo-
type catalysts. It is important to note, that an in situ generated
catalyst system can circumvent the difficulties regarding the
Ru-equivalents in the not fully characterised, isolated orange
solid. Sulfonated ligands are often specially designed for
liquid-liquid biphasic reactions where they retain the catalyst
complex in a polar liquid phase. To assess our catalyst’s
capability to perform catalysis in such a system, the hydrogena-
tion of undecanal (12) to undecanol (13) - both nearly insoluble
in water — with an aqueous catalyst phase was chosen. A first
run showed the necessity of mediation by randomly methylated

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Proposed formation of the catalytically active monomeric hydride species 6a via the dehydrogenation of coordinated and/or residual methanol
from the crystals in DMSO-dg at 25 °C. The 'H NMR spectra show the formation of two singlets for formaldehyde (red) and the monomeric hydride 6a

(yellow) over 20.5 h. The spectra show minimal to no formation of the dimeric hydride 7

Tablel Comparison of the (transfer) hydrogenation of levulinic acid (9) to
4-hydroxy valeric acid (10) catalysed by the sulfoShvo catalyst and
Shvo's catalyst

o) 0.1 mol% [Ru] OH

H, source
OH —— = )\/\IrOH
o)

4-hydroxy valeric acid
10

-H,0 0.

0~

y-valero lactone
1

(o}

levulinic acid
9

t T You'

Entry H,-source Cat. Solvent Reaction set-up  [h] [°C] [%]

1 H, (30 bar) SulfoShvo H,O Pressure autoclave 37 100 98
2 H, (30 bar) Shvo Toluene Pressure autoclave 4 100 97
3 FA SulfoShvo H,0 Reflux 43 100 90
4 IPA SulfoShvo H,0 ~ MW’ 2 110 21
5 IPA Shvo Toluene MW” 2 110 41

9 GC yield. ? In situ catalyst formation in microwave (MW) (110 °C,
30 min).

(RAME) B-cyclodextrins (CD) (see ESIT). Based on this, undeca-
nal was successfully hydrogenated followed by recycling of the
catalyst phase and a second successful undecanal hydrogena-
tion (Scheme 2).

Shvo’s catalyst has also been successfully applied in the
dynamic kinetic resolution of racemic mixtures of alcohols®
and amines.*"** Its capability to convert an alcohol into a
ketone and back again without a selectivity towards one enan-
tiomer is a great asset when combined with an enantioselective
enzyme catalyst like a lipase.>®> While the lipase’s affinity for
non-polar solvents is advantageous when one is working with

This journal is © The Royal Society of Chemistry 2025

(green). R = sodium p-phenylsulfonate.

0.1 mol% [Ru]
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s 4 H;0,100°C, 4 h 4
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3 ¥ Second run: Y. =81%

Scheme 2 Hydrogenation of undecanal (12) catalysed by the sulfoShvo
catalyst and mediated by RAME-B-cyclodextrins (CD)in two consecutive runs.

non-polar substrates and Shvo’s catalyst, many enzymes
require/prefer water as a solvent. This again favours our novel
hydrophilic variant. Before such an orthogonal system can be
developed, we want to show here that the catalyst is able to
racemise a model substrate in an aqueous biphasic system. To
prove this, sulfoShvo was successfully applied in the racemisa-
tion of (R)-1-phenylethanol ((R)-14) in a biphasic reaction,
which consisted of a solution of 1 mol% catalyst in water and
a pure substrate/product phase (Scheme 3).

After 48 h the ee decreased to 14% while simultaneously a
considerable amount of 30% acetophenone (15) was found. The
remaining excess can be attributed to the mass transport limita-
tions in the biphasic reaction system. The loss of H, between the
dehydrogenation and hydrogenation steps is most likely a result of
the open reaction set-up with a reflux condenser.

In conclusion, we developed a simple synthesis route based
on inexpensive synthons to gain the first sulfonate derivative of

Chem. Commun., 2025, 61,117-120 | 119
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Scheme 3 Biphasic aqueous racemisation of (R)-1-phenyethanol ((R)-14)
catalysed by the sulfoShvo catalyst in water at 100 °C. ?GC-FID area
percent. ®Based on chiral HPLC area percent.

Shvo’s complex, readily soluble in highly polar solvents. X-ray
diffraction, NMR, IR, and HRMS studies confirmed the com-
plex’s general structural motif. The catalyst was successfully
applied in the monophasic (transfer) hydrogenation of levulinic
acid (pressure autoclave, classic reflux,
assisted), the biphasic, cyclodextrin-mediated hydrogenation
of undecanal including catalyst recycling, and the racemisation
of (R)-1-phenylethanol. Additionally, we established its use in
an in situ-generated catalyst system. Further studies investigat-
ing the long-term stability of the complex and a viable catalyst
recycling are on the way. To fully examine the catalyst’s
potential, we will happily provide other research groups with
the ligand and/or the complex if they are interested in working
with this new system.
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Data availability

Crystallographic data for compound 7 has been deposited at the
Cambridge Crystallographic Data Centre (CCDC) with the accession
number 2336908, which can be accessed at https://www.ccdc.cam.

120 | Chem. Commun., 2025, 61, 117-120

View Article Online

ChemComm

ac.uk/. Materials, instrumentation details, synthesis procedures, and
additional data are provided in the ESIL,{ accompanying this article.
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