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Carboxylic acids are ubiquitous in bio-renewable and petrochemical sources of carbon. The hydrogenation of carboxylic
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acids to alcohols generates water as the only by-product, and thus represents a sustainable method for the production of

these alternative energy carriers/platform chemicals on a large scale. Herein, we offer a brief account on the development
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of this new concept and molecular insights into cationic mononuclear low- and high-valent transition-metal complexes for

the hydrogenation of carboxylic acids.

1. Introduction

A rich variety of carboxylic acids (CAs) is abundantly available
from fossil and other natural sources. The hydrogenation of CAs
to alcohols, which can be used as alternative organic energy (H;)
carriers or as platform chemicals, remains as attractive as it is
challenging.! According to a 2004 report from the US
Department of Energy (DOE), the vast majority of high-value-
added chemicals from biomass at that time were CAs,2 although
the order, nature, and number of the CAs should have changed
since, given the technological advancements in that period.3
However, there should be hardly any doubt that CAs will remain
on such lists, given that they represent a highly attractive
biomass feedstock, and they are most likely also on other
confidential lists that are usually not disclosed by industry.
Alternatively, CAs can be produced artificially, e.g. from CO,,
H,, and olefins.* More recently, it has been demonstrated that
light-derived energy may offer great potential for the synthesis
of CAs: for example, using a photosensitizer in a micro-channel
allows to transform CO, and amines into a-amino CAs.®> Treating
CO; with ortho-carbonyl-substituted toluene derivatives under
exposure to LED light (365 nm)® results in the formation of
different CAs even though this reaction is thermodynamically
unfavorable (AG > 0). Furthermore, formic acid is obtained from
the hydrogenation of CO,’ or from the photo-reduction of CO,
with H,0 using solar energy.®8 Further improvements on the
reduction methods for CO; may be beneficial for the “methanol
economy”, i.e., the anthropogenic chemical carbon cycle.® The
identification of carbon-neutral alternatives to fossil fuels
represents a major milestone on the way to sustainable
development goals (SDGs). When CAs are sourced from biomass
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Fig. 1 CA derivatives, ordered according to their expected decreasing electrophilicity of
the C=0 group in their catalytic hydrogenation using molecular hydrogen (H,).

and/or produced from CO,, they represent indeed a potential
renewable resource.

Moreover, the hydrogenation of CAs is an ideal method for
the bulk production of alcohols, given that water is the only
byproduct of this reaction. Hydrogenation methods that are
widely applicable to a broad spectrum of CAs and that
selectively produce alcohols should therefore be highly
desirable. Even though simple molecular hydrogenation
catalysts that enable such conversions remain scarce, our
systematic studies have disclosed a prototypical catalyst
structure for the hydrogenation of CAs.10

Similar to amides, CAs exhibit relatively unreactive
electrophilic carbonyl carbon atoms (Fig. 1) and o-C-H
hydrogen atoms with very low acidity.1! So far, these features
have significantly hampered the development of new
approaches to the catalytic hydrogenation and carbon—carbon
bond formation reaction at CH,COOH moieties of R3.,CH,COOH
(n=1-3).

The catalytic hydrogenation of CA derivatives such as esters12
and amides?3 proceeds well under basic to neutral conditions,
while investigations into similar hydrogenations using a CA as
the acidic reaction medium are scarce, as they should not
operate efficiently.12 Considering the ex vi termini acidity of CAs,
it is understandable that the rational design of single-active-site
catalysts that effectively hydrogenate the thermodynamically
stable and kinetically inert COOH group is no mundane task.
Compared to the hydrogenation of CAs, i.e., the addition of H;
followed by elimination of H,O, which has so far not been
explored in detail, the dehydrative amidation and esterification
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involving CA, metal hydride, H, and metal carboxylate. (a) CA and metal hydride
(H-ML,) afford (b) a CA—metal coordination complex under subsequent formation
of (c) a n?-H,—metal complex that undergoes H—H bond cleavage, which generates
(d) a metal carboxylate (ROCO—-ML,) and free H,. A deviated process from (b) to
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Scheme 2. The insertion of C=0 bonds of tiglic acid (CA-1) or AcOH into Ru—H bonds in
asymmetric hydrogenations is not observed. Purple parts reacted.

of CAs with amines4 and alcohols,!5 respectively, share a richer
history of advanced research. Such stepwise reactions, which
involve the addition of O—H or N—H bonds to the double bond
of HOC=0, followed by the elimination of H,0 to form new C-O
or C—N bonds, are frequently catalyzed by Brgnsted or Lewis
acids; this feature could offer an advantage for the inherently
acidic CAs, and these reactions should thus be much more
accessible than the hydrogenation of CAs. Conversely, in the CA
hydrogenation, metal hydride intermediates (H-ML,; L = ligand;
n = 0-4) that are commonly generated in the presence of H;
would be rapidly neutralized by the excess of CA under
concomitant formation of H, and the corresponding metal
carboxylates (ROCO-ML,), which are not easily hydrogenated
(Scheme 1).16

Metal carboxylates could also recapture H; and regenerate
H—ML,, which would result in the major equilibrium [ROCO-ML,
+ Hy <> H-ML, + RCO;H] [(a) <> (b) <> (c) <> (d)]. It had indeed
been proposed much earlier that the neutral Ru-acetate species
[Ru'(OACc),P,] and [Ru"(OAc)(OC(O)R)P,] (OAc = CH3CO,") could
trap and activate H; to generate the H—-Ru(OC(O)R)P, species in
the asymmetric hydrogenation of internal olefins of o,f-
unsaturated CAs such as tiglic acid (MeCH=C(Me)COOH: CA-1)7
(Scheme 2). During this reaction, acetic acid (AcOH) is expelled
from the metal center;!® however, at the time, AcOH was
considered merely an undesirable by-product and removed
from the catalytic cycle. In addition, the COOH group of CA-1
remained un-hydrogenated, acting merely as an innocent

directing group for the hydrogenation of the olefin.
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Fig. 2 Transition-metal complexes for the catalytic hydrogenation of CAs using H,. (a)
Multi-nuclear transition metal complexes; (b) mono-nuclear transition metal complexes;
(c) transition metal complexes in Saito group (2013-2017) mainly developed or used for
CA hydrogenation.

Nevertheless, we speculated that the hydrogenation of CA may
potentially occur, given the possible process (b) — (e), which
deviates from the major equilibria (a) <> (d).

Apart from the meticulous efforts dedicated to tackle the
inherent obstacles of the “carboxylate-formation mechanism”,
which is operative during the hydrogenation of the CAs,
multinuclear metal (cluster) complexes were tested in earlier
studies (Fig. 2a). Heterobimetallic catalysts,1® which seem more
intuitive or pragmatic, successfully reduce CAs to the
corresponding alcohols, albeit at the expense of concomitant
side reactions, which include dearomatic hydrogenations or
overreductions under harsh conditions. A higher catalytic
activity of binuclear Ru-carboxylato complexes20 relative to that
of mononuclear derivatives and the importance of intermediary
Ru(acyl)(alkoxy) complexes that are different from ours, were
briefly noted, albeit that little evidence was provided.

In contrast, mononuclear metal complexes have very rarely
been examined (Fig. 2b). One of the earliest attempts, using the

This journal is © The Royal Society of Chemistry 20xx
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Ru-acetato complex Ru(CO),(OCOCHs3),(PBus), (Bu = CH3(CH,)s),
did not lead to the hydrogenation of the COOH groups of CA-1
and its olefin-hydrogenated form, 2-methylbutanoic acid (P, =
ca. 13 MPa, T = 100 °C).2! In contrast, the hydrogenation of
acetic acid (AcOH) proceeded, but merely afforded the ester
ethyl acetate (AcOEt), which was ascribed to “unknown catalytic
species”. More recent studies by Goldberg et al. on
functionalized bipyridine-coordinated Ru, Ir, and Rh catalysts?2
showed that small aliphatic CAs such as AcOH can be
hydrogenated under milder reaction conditions (P42 = 0.3-5
MPa, T = 120 °C) with a rather high turnover number (TON
~800; for comparison, an Ir complex with Sc(OTf); gives TON ~
1700); however, the generated alcohol, e.g., ethanol (EtOH),
likewise undergoes an in situ esterification with AcOH, which
affords AcOEt as the major product. Moreover, the
corresponding Ir catalyst, which is derived from its precatalyst
(Fig. 2b), decomposes into Ir black at temperatures >120 °C.
Furthermore, it has been demonstrated experimentally?? that
CAs with shorter aliphatic carbon chains such as AcOH react
much more rapidly, which is consistent with previous
investigations.20.21 With increasing size of the CA from C; to C,,
the corresponding carboxylate carbon atom becomes more
electron-rich and thus less susceptible to nucleophilic attacks
from metal hydrides (H—ML,).

In the development of CA hydrogenation methods based on
molecular catalysts, the most critical issues to be addressed in
order to ensure high reactivity and selectivity for the generation
of alcohols should therefore be the discovery of rational ways:
(i) to hydrogenate the carboxylic acid (COOH) before the metal
carboxylate (COO-) is formed; (ii) to prevent the in situ
generation of esters; (iii) to subsequently convert the esters
thus generated in situ to the parent CA in the presence of H,0,
i.e., to develop water-stable catalysts; and (iv) to hydrogenate
not only CAs but also esters in a one-pot fashion using the same
catalyst system. Meanwhile, (iii) and (iv) have partially but
reasonably solved by Beller et al.23 and Leitner/Klankermayer et
al.,** respectively, using Ru-Triphos (Triphos = 1,1,1-
tris(diphenylphosphinomethyl)ethane) complexes (Fig. 2b). The
complexes were used with cooperative Lewis acids such as
Sn(OTf), under relatively strenuous hydrogenation conditions
(typically: Pya = 5—6 MPa, T = 160-220 °C). In the context of (iv),
more germinal studies by Elsevier et al. have demonstrated
great potential for a Ru-Triphos system to effectively
hydrogenate esters (typically: Py; = 7.0-8.5 MPa, T = 100 °C).25
Thorough subsequent studies by Leitner/Klankermayer et al.
resulted in improved Ru-Triphos catalyst systems for the
hydrogenation of esters,24 in which methyl benzoate and alkyl
formates, formed in situ from the esterification of formic acid
that is generated by the hydrogenation of CO, with the alcohol
solvent, were hydrogenated under conditions that are simpler
than those reported by Elsevier, and milder (typically: Py, = 3-5
MPa, T = 140 °C)?* than those for the hydrogenation of CAs
(typically: Py =5 MPa, T = 220 °C).24 Thus, in many cases, the
CA hydrogenation should in effect be the result of an in situ-
generated ester (lactone), which serve as an intermediate and
undergo hydrogenation more effectively.242.24b.26 Cole-Hamilton
et al. have used another Ru-Triphos system for the

This journal is © The Royal Society of Chemistry 20xx
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hydrogenation of relatively activated amides such as anilides,
which engage in selective C=0 bond cleavage in preference to
C-N bond cleavage.?’ Leitner/Klankermayer et al.24262.26b gnd
Frediani et al.26c have used similar systems for hydrogenation of
4-keto-CAs and 1,4-dicarboxylic acids (C4 constituting the main
chain), which are essentially the hydrogenation of the ketone
or the corresponding anhydrides of a five-membered ring
system in situ formed from the 1,4-diCAs, respectively, followed
by hydrogenation of the resulting y-lactones in both cases. A
nitrogen-centered Triphos variant has been introduced by
Palkovits et al. for the hydrogenation of a similar series of bio-
based dicarboxylic acids and small/medium size CAs including
octanoic acid, even though the major products are frequently
linear and cyclic esters, which the catalyst cannot hydrogenate
further into the corresponding alcohols (Py; = 7 MPa, T = 160—
170 °C).28 The Ru-Triphos system represents the current state-
in the history of
hydrogenation; however, the reason why Triphos is among the

of-the-art and marked a milestone
best ligands for the hydrogenation of many CA derivatives upon
minor changes to the reaction conditions remains unclear.
Moreover, since experimental proof for the underlying different
catalytic mechanisms that underpin these hydrogenation
systems remain elusive, some ab initio calculations on various
mechanisms have been carried out.?42.26e,23

Until 2015, our seminal studies had been the only ones that
reported a molecular prototype obtained from the rational
design of a single-active-site Ru catalyst for the hydrogenation
of CAs (Fig. 2c).102 Four different precatalyst complexes (Ru-1—
Ru-4) were mainly developed and used for the generation of
single-active-site cationic Ru carboxylates. The CA-derived
carboxylate coordinated to the Ru center initially functions as a
proton acceptor for the heterolytic cleavage of a H—H bond, and
subsequently also as a acceptor for a hydride from [Ru—H]*,
which was generated in the first step (Scheme 3).

This catalytic cycle thus represents a “CA self-induced CA
hydrogenation”. In the meantime, similar catalytic mechanisms
involving “cationic metal mono-carboxylates” were proposed
theoretically by ab initio calculations of catalytic cycles that
involve a hydrogenation of CAs with a Co-Triphos complex?? and
one for the hydrogenation of HCO;H, in situ formed from the
reduction of CO; using a Ru-Triphos complex.26¢

The catalysts developed in our group afford the
corresponding alcohols selectively from a variety of CAs with
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Scheme 3. Carboxylic acid (CA) self-induced hydrogenation of CA; P: coordinating
phosphine; tmultiple steps for the regeneration of the catalyst: (i) capture of a second
molecule of Hy; (ii) hydrogenation of the aldehyde; (iii) exchange of the alkoxide on Ru
with CA, which generates the cationic Ru-carboxylate “catalyst prototype”.
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Ru-3 (3 mol%) H H Table 1. Initial screening of Ru complexes for hydrogenation of CA. Yields in parentheses
- mol%,;
XX OH + Hy 4.( OH Ho0 (1) areof ES-2.
toluene, 160 °C, 24 h
CA-1l 4 MPa AL-1, 65% o Hs (8 MPa)

Ru complex (2 mol%)
—_— AL-2 + ES-2

longer and bulkier carbon chains, relative to smaller CAs mainly
tested by other research groups so far. Our systems exhibit a
higher functional-group tolerance than other state-of-the-art
catalysts for CA hydrogenation, even though ours suffer from a
selectivity that still remains unsatisfactory. For example, both
the COOH and olefinic groups of CA-1 were hydrogenated using
a catalytic amount of Ru-3 (eq 1). The corresponding esters
were generated in 5£3% (average of three runs). Quite unlike
the Ru-Triphos systems, the hydrogenation of esters is not
promoted, clearly indicating that the CAs are more reactive than
the esters under the applied conditions in the “CA self-induced
CA hydrogenation” mechanism, which is quite different from
the catalytic cycle for the hydrogenation of esters. This catalyst
system may thus constitute a milestone toward the
development of catalytic hydrogenation methods for carbon
feedstock derived from biomass or CO,.

In this feature article, our long-standing concerns and
challenges to tackle CA hydrogenation using catalytic Ru" and
ReV complexes® would be presented. The germinal Ru systems
disclosed the simplest structure of catalyst (prototypical
catalyst or catalyst prototype) among those we ever had that
would significantly benefit future development and molecular
design of more elaborated catalysts. Even though many metal-
based heterogeneous catalysts3? and bioorganisms3! have also
been developed for the hydrogenation of CAs, their discussion
is beyond the scope of this article.

2. Low-valent
hydrogenation®

ruthenium complexes for CA

The discovery of the importance of [Ru(OC(O)R)P,]*

Since the milestone discovery of the Wilkinson-type ruthenium
complex RuCly(PPhs)s (Ru-5) for the hydrogenation of olefins in
the 1960s,32 molecular single-active-site catalysts that
hydrogenate CAs effectively have scarcely been investigated
systematically?2 as mentioned above. We had also been
examining a more custom-tailored ligand—ruthenium systems,
(PN)2Ru33- and (PNNP)Ru complexes3* that are effective for
hydrogenation of unactivated amides, but the efforts exerted
could not give any solutions or even a clue to achieve CA
hydrogenation. All what was left behind us at the time was
stepping back to reexamine the Wilkinson’s milestone complex
Ru-5. However, Ru-5 of its own was unable to hydrogenate 3-
phenylpropionic acid (CA-2) even under harsh reaction
conditions (Py; = 8 MPa, T =160 °C, t = 24 h). In sharp contrast,
using a combination of Ru-5 (2 mol%: [Rulo = 6.7 mM) and
NaBPh; (10 mol%), under otherwise identical conditions

resulted in the formation of alcohol AL-2 and the ester
H
H
o H, (8 MPa)

/\)L RUCly(PPhg)3 (2 mol%%) Ph OH al2: 58% "
+ : 2

Ph OH  NaBPh, (10 mol%) o

toluene, 160 °C, 24 h H
CA-2:033M /\)k )v
Ph (o) Ph

ES-2: 16%
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PhA/MOH

NaBPh, (10 mol%)
toluene, 160 °C, 24 h

CA-2:0.33 M
PhaP, ‘ Wl c "R‘ wwPPhg R‘ |
R v RUe oa 0 AU,
/Ru\ on P/ ‘ \Pph CI/ PCys CI/ PPhg
cl PPhy ° s PCys PPhy
Ru-5 PPhg
58%, (16%) 8%, (9%) <1% (<1%) 3%, (5%)
PPhy o] co
o, ‘ wPPhy PhgP,, ‘ cl PhaPs,,. ‘ \\\\ PPhy
_<( /‘Ru"\ /Ru\ /R”\ Gis-RUCI,(DMSO),
0 ‘ PPh oc ‘ PPhg H ‘ PPhg
cl co cl
Ru-6
55%, (17%) 2%, (6%) 7%, (8%) 2%, (3%)

Ph(CH;),CO,(CHz)sPh (ES-2) in 58% and 16% vyield, respectively
(overall conversion of CA-2: 92%) (eq 2)!

Those two reactions merely suggest that a cationic Ru species
[L,Ru"]* should be of critical importance for a successful
hydrogenation. Other sodium salt additives were also tested:
NaB[3,5-(CF3),C¢H3]4, NaBF4, NaPFs, NaOTs, NaOTf and NaNTf,,
were totally disappointing (AL-2: 0-17%); NaH and NaOAc
instead of NaBPh, gave similar successful results. Ruthenium
source was also changed from Ru-5 (Table 1): in the presence of

NaBPh4, RUClz(PPh3)4, RUHC'(CO)(PPh3)3, RUC'z(CO)z(PPh3)2,
Ru(p-cymene)Cly[P(CsH11)s], Ru(CsHs)CI(PPh3s),, cis-
RuCl,(DMSOQ),, and Ru(CsHs)Cl(dppm) (DMSO =
dimethylsulfoxide; dppm = 1,1-

bis(diphenylphosphino)methane) were screened, consistently
giving AL-2 and ES-2 as low as 10%. Among Ru sources screened,
the acetato complex RuCl(OAc)(PPhs); (Ru-6) only afforded AL-
2 (55 %) and ES-2 (17 %) in yields similar to those achieved by
Ru-5.

Since a catalytic amount of the Ru-acetato complex Ru-6 can
readily undergo ligand exchange with excess CA-2 in the
reaction mixture, the general formula “[Ru(OC(O)R)]*” (R =
aliphatic group) is first assigned to the critical structure of the
catalyst. However, how many phosphines at least should be
coordinated to a Ru center for mean acceleration of
hydrogenation rate?

The best molar amount of PPhs relative to Ru sufficient to
catalyse the hydrogenation of CA-2 was thus examined. Ru-
Triphos catalysts have three phosphines coordinated to a Ru
center, and our long-standing concern at the time was whether
this “three” is a critical number for CA hydrogenation. The
precatalyst was switched from Ru-5 to RuCl;(DMSO)4 (2 mol%,
[Ru]o = 6.7 mM) and varying molar amounts of the phosphine
ligand PPh; were used in the presence of 10 mol% NaBPha.. The
best results, which provided similar hydrogenation rates, were
observed for a 2:1 and 3:1 ratio of PPh; and RuCl,(DMSO), (AL-
2:32+1%, ES-2: 15+1%), while a 1:1 ratio was disappointing (AL-
2: 3%; ES-2: 6%).

Thus, from a number of combinations of monodentate
phosphine and RuCl;(DMSO), in a 2:1 molar ratio tested, P(3,5-
(CHs)2(CeHs))s (P(3,5-xylyl)s) afforded the best yield (AL-2 (ES-2):
49 % (14 %)). Since “two” phosphines, not “three”, seem to be

This journal is © The Royal Society of Chemistry 20xx
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enough, combinations of bidentate diphosphine and
RuClz(DMSOQ),4 in a 1:1 ratio were also examined. Among no
more than twenty diphosphines tested, 1,4-
(diphenylphosphino)butane (dppb) proved to be the best (AL-2:
52 %, ES-2: 14 %; Py = 8 MPa, T=160 °C, t = 24 h).

To make a brief remark here on the critical factors revealed
at this stage of catalyst development, we can conclude that
[Ru(OC(O)R)P,]* species as the prototypical structure, wherein
two phosphines and (at least) one carboxylate (or acetate) are
bound to a cationic Ru center, would be critical to ensure a CA

hydrogenation.

Synthesis of RuCl,P>-type precatalysts for CA hydrogenation

In order to gain further insight into the importance of the “two”
phosphines for more effective CA hydrogenation, the
corresponding Ru complex was synthesized, following the
experimental procedure reported for the synthesis of Ru-5.322 In
practice, Wilkinson-type 16e~ complex Ru''Cl,(P(3,5-xylyl)s)s was
not obtained. Instead, the binuclear 18e~ Ru complex Ru';Cly(pt-
Cl),(u-OH;)(P(3,5-xylyl)3)s (Ru-1) was isolated in 83% yield as a
reddish brown precipitate (Scheme 4). As a solid, Ru-1 can be
easily stored and handled under atmospheric conditions.
Coordination of a third phosphine ligand to the Ru center,
analogous to the formation of Ru-5, proved to be less
favourable, presumably due to the steric hinderance of Ru-1.
This structural preference is consistent with the observation
that a 2:1 ratio between the monodentate phosphine (PPh; or
P(3,5-xylyl)3) and Ru promised efficient catalysis. When using
Ru-1 (1 mol%) with NaBPh, (10 mol%), hydrogenation of CA-2
proceeded more effectively, even under a lower hydrogen
pressure (P, = 4 MPa), affording AL-2 and ES-2 in 65% and 12%
yield, respectively (T=160 °C, t = 24 h; conversion of CA-2: 92%).
Replacing NaBPh; with NaOAc and Na(acac) (acac =
acetylacetonate) resulted in comparable effectiveness,
furnishing AL-2 (ES-2) in 62% (15%) and 64% (14%) vyield,
respectively. The hydrogenation rate was virtually independent
of [CA-2]o when using Ru-1/NaOAc. In the meantime, it became
clear that the structure of diruthenium complex Ru-2 bearing p-
H,0, similar to Ru-1, was easily derived by simply heating
RuCl;(PPhs)(dppb) in benzene—H,0.35

The reaction conditions for CA hydrogenation were further
optimized by slightly increasing the load of Ru-1 or Ru-2 to 1.5
mol% so that the hydrogenation was accelerated relative to the
simultaneously occurring in situ esterification. Furthermore, the

o & g
ArsP. PAr.
8 \F(‘u/ \R‘u/ 8 Ru-1: Ar = 3,5-xylyl
/ \\/ / AN 83%
ArgP S
3 Cl o PArg

1. EtOH, 90 °C, 15 min

2. P(3,5-xylyl)3 (6 equiv)
90°C,19h

RuClz*nH,O

Ph Ph,
PP PCC P

dppb PheP. | - AN PaaNV4
Ru-5 ——— Ru [ Ru Ru

GCH,Cl, o N benzene—H,0 / \\/ I\

25°C, 2h Ehz 80°C,1.5h Py NG P

95% Phy Phy
Ru-2

Scheme 4. Synthesis of Ru-1 and Ru-2. RuCl,(PPhs)(dppb) was synthesized by simply
modifying the literature procedure.3>
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more atom-economical NaOAc than NaBPh, was also used as
additive for the hydrogenation of various CAs (Pu2 = 2—6 MPa, T
= 140-160 °C) (Scheme 5). Aliphatic linear acid CA-3 was
hydrogenated, exclusively producing alcohol AL-3. Use of Ru-2
showed better catalytic activity for the hydrogenation of rather
small carboxylic acids. For the hydrogenation of the sterically
most demanding (kinetically the most inert) CA-4, a slower
reaction rate was observed with Ru-2, whereas AL-4 was
generated faster using Ru-1 with no esterification. CA-5 (a-
phenoxyacetic acid) was one of the most reactive CAs tested,
and hydrogenation proceeded smoothly even under relatively
mild conditions (Py; = 2 MPa, T = 140 °C). When the
hydrogenation of CA-5 with Ru-1 (1.5 mol%) and NaOAc (10
mol%) was stopped after 6 h (AL-5: 50%), more than 90% of free
AcOH (based on added NaOAc) were detected by 1H NMR. This
result suggests the exclusive formation of a [Ru(OCOCH,0Ph)]*
species, which does not promote the hydrogenation of AcOH,
but should be responsible for hydrogenation of CA-5 (i.e. a CA-
5 self-induced CA-5 hydrogenation). This is in agreement with
the previous arguments, in which [Ru(OC(O)R)]* complex
derived from Ru-6 gave an active catalyst. The CO;H groups of
CA-6 and CA-7 were hydrogenated more rapidly than the
interior aliphatic and aromatic esters under preservation of the
methyl ester moieties. In addition, when a 1:1 molar mixture of
CA-4 and ethyl stearate (CH3(CH,)16C0O,CH,CH3) was subjected
to hydrogenation conditions (Ru-1 (1.5 mol%), NaOAc (10
mol%); Py, =4 MPa, T = 160 °C, t = 24 h), AL-4 was obtained in
99% vyield, while the ester was recovered unchanged. An
external ester also did not inhibit the catalysis and catalytically
active species should be accessible only by a CA covalently
attached to the Ru center. Esters that cannot covalently bind to
the Ru complex may have little chance to be a part of an integral
Ru-1 (1.5 mol%)
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OH
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Na(acac)+(H20), (10 mol%)
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Ru-1 (1.5 mol%) H u
o NaOAG (10 maf) Ph/OQ<OH
OQ’L + e o
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Scheme 5. Representative examples of catalytic hydrogenation of CAs using Ru-1 or Ru-2.
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structure of the catalyst. Unfortunately, the olefin of CA-7 was
easily hydrogenated. In general, Na(acac):(H.0), is a better
additive than NaOAc, when Ru-2 was used to induce catalytic
species more rapidly.

Benzoic acid (CA-8) was one of the least reactive substrates.
In order to reconfirm that indeed the suspected “CA self-
induced CA hydrogenation” could also be observed with this
rather inert CA, the hydrogenation of CA-8 was carried out with
Ru-1 and NaOAc using three different initial concentrations [CA-
8]o (t = 6 h). As a result, a Ot order rate with respect to [CA-8]o
corroborates a CA-8 self-induced CA-8 hydrogenation, as in the
case of CA-2. These preliminary kinetic studies indicated that
the apparent reaction rate of CA hydrogenation at the same
parameters for [Hz] and T is independent of [CA]; and almost
constant, assuming a constant [[Ru(OC(O)R)]*]:. In other words,
the velocity of the rate-determining step should change only
upon varying the concentration of [Ru(OC(O)R)]*. It is therefore
suggested that CA-2 and CA-8 should be involved not only as
integral “carboxylates” of the catalysts for cleaving the H-H
bond, but also as “protonated carboxylates” that are
spontaneously activated by cationic Ru center and reduced by
the resulting [Ru—H]*, which is generated in the first step of the
CA self-induced CA hydrogenation.

Ru-1 and Ru-2 vs. Ru-Triphos systems

It should be noted again that an elegant approach that differs
from ours was reported by Leitner and Klankermayer et al., who
proposed [Ru(Triphos)(OCOH)]* and Ru(Triphos)(TMM) (TMM =
trimethylenemethane) species as the catalytically active species
for the hydrogenation of CO; (P2 =5 MPa, T =140 °C) and CA-8
(Piz = 5 MPa, T = 220 °C),2%2 giving CH3;OHZ2%¢ and AL-8,
respectively. Nevertheless, RuCl(DMSO)s/Triphos (2 mol%
each) proved to be a less effective catalyst than Ru-1 and Ru-2
for hydrogenation of CA-2 (AL-2: 22%, ES-2: 13%) under
otherwise identical reaction conditions. The catalyst systems
Ru(acac)s/Triphos (2 mol% each)26a,26d and
[Ru(Triphos)(TMM)]24b.26e (2 mol%) were also tested (Pux = 8
MPa, T=160 °C, t = 24 h) independently by us, but the observed
reactivity was consistently low (AL-2: 22% and 10% and ES-2:
10% and 8%, respectively). In contrast, Ru-2 (1 mol%) with
Na(acac) (10 mol%) was tested under milder hydrogenation
conditions (Py2 =4 MPa, T = 160 °C, t = 24 h), which furnished
an improved vyield of AL-2 (78%) and ES-2 (10%) with almost
quantitative conversion of CA-2.

Ru-1 vs. Ru-2

Using Ru-2, it was also possible to hydrogenate the relatively
unreactive substrate CA-8 under reasonably milder conditions
than those reported,?42 affording AL-8 in 93% yield (Scheme 5).
The increased catalytic activity of Ru-2 relative to that of Ru-1
for hydrogenation of CAs could also be demonstrated by the
following experiment: Ru-1 and Ru-2 (1.5 mol% each) were used
separately with Na(acac) (10 mol%) for the hydrogenation of
CA-8 under conditions (Py; =4 MPa, T =160 °C, t = 48 h) milder
than optimized ones, giving AL-8 in 26% and 56%, respectively
(benzyl benzoate: 2% and 1%, respectively). Moreover, the
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hydrogenation of other substrates that were relatively inert to
the Ru-1/NaOAc system also proceeded more readily when
using Ru-2/Na(acac). Another advantage of Ru-2 over Ru-1 is
the structural robustness of the catalyst derived from Ru-2
under aqueous conditions. However, Ru-2 is not necessarily a
better precatalyst. For example, Ru-1 shows a higher catalytic
activity than Ru-2, given a steric bulkiness of carboxylic acids
such as CA-4. Drawbacks of the present hydrogenation with
both Ru-1 and Ru-2 thus far observed are that: (1) the amide
and thiophene functionalities retarded the catalysis; and (2) the
olefins were hydrogenated, although the high chemoselectivity
and concurrent compatibility of aromatic rings and ester
moieties were maintained.

Advanced Ru complexes used for CA hydrogenation under lower
Pu>: Ru-3 and Ru-4

Isolation of mono-nuclear Ru precatalyst was also attempted,
since preliminary kinetic studies showed that the reaction rate
is almost 15t order with respect to [Ru]o (vide supra). When a
1:20 mixture of Ru-1 and NaOAc was heated to 90 °C, Ru-3 was
isolated in 49% yield. The hydrogenation of CA-2 with Ru-3 (3
mol%, [CA-2]o = 333 mM) (Py2 =4 MPa, T =160 °C, t = 24 h) in
the absence of NaOAc gave AL-2 (ES-2) in 87% (6%) yield
(Scheme 6), which slightly exceeded or is comparable to the
result previously obtained with Ru-1/NaOAc. A similar Ru-
diacetato complex Ru-4 was readily synthesized from Ru-2 and
was found to be one of the most active Ru catalysts for the
hydrogenation of CA-2 (but not necessarily the most active
catalyst for other CAs) giving AL-2 (ES-2) in 80% (5%) yield even
under relatively mild conditions (Pu2=2 MPa, T=160 °C, t = 24
h) using a lower [CA-2], of 167 mM, while a slightly decreased
yield of AL-2 resulted by further lowering Py to 1 MPa (AL-2:
53%). Hydrogenation using Ru-3 proceeded comparably under
similarly a lower [CA-2]o, but with more selective production of
the alcohol (vs. ester), which could, at least partially, be ascribed
to retardation of bimolecular esterification concurrently
occurring between CA-2 and AL-2.

More insights into the importance of [Ru(OC(O)R)P;]*

The prospective resting catalysts, a
[Ru(OC(O)R)P,]* species, was also elucidated by a number of
electrospray ionization-high resolution mass spectroscopy (ESI-
HRMS) studies. Treatment of Ru-1 with NaBPh, in toluene for 3
h at 160 °C resulted in the formation of the catalytically

state of these

H

(0] H
Ru-3 (3 mol%) /\)<
A)k + Ph OH
Ph OH toluene, 160 °C, 24 h
CA-2 4 MPa AL-2, 87%
H

[¢] H
Ru-4 (3 mol%)
+ Hp Ph OH
Ph OH toluene, 160 °C, 24 h

CA-2 2 MPa AL-2, 80%

Scheme 6. The simplest methods for CA hydrogenation using Ru-3 or Ru-4. [Ru], = 10
mM.
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1. NaBPh, (6.7 eq)

toluene, 160 °C, 3 h
o 2. MeCN

67 ‘ -
Ph/QkOH (67 eq) Ru-la

R = Ph(CHy),
L =MeCN
or none

CA-2

1. NaBF,, NaOTf or

I P Cl
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2. MeCN P L

Scheme 7. The structures obtained by ESI-MS analyses. [Ru-1]o = 10 mM, [CA-2], = 333
mM. Good additive (NaBPh,) that generates the prototypical catalyst Ru-l5 and bad
additives (NaBF,;, NaOTf and NaNTf,) that cannot abstract all the Cl groups.

L=CO, MeCN
toluene or none

important structure ‘[Ru(OC(O)R)P,]*', consistent with Ru-la,
showing the corresponding primary HRMS signals (Scheme 7).
In sharp contrast, the signals of Ru-la were barely or not
obtained when NaBF4, NaOTf or NaNTf, were used as additives
instead of NaBPh,;. One of the original Cl groups of Ru-1
remained unaffected, or was replaced by CO. The structure
‘[Ru(CO)(OC(O)R)P:]*" was only determined when using
NaB[3,5-(CF3),(CsHs)]s, another ineffective additive for CA
hydrogenation. When a toluene solution of a 1:6.7:67 mixture
of Ru-1, NaOAc and CA-2 was heated to 160 °C for 3 h, Ru-la (L
= MeCN and none) were detected as the primary HRMS signals.
After a toluene solution of Ru-4 (3 mol%) and CA-2 was heated
at 160 °C for 3 h under H; (4 MPa), reasonable signals
corresponding to Ru-lg and Ru-l¢, in addition to Ru-lp, were
detected (Scheme 8). The formation of Ru-lp also suggests that
intramolecular C-H bond activation through Ru-lg by a
concerted metalation—deprotonation (CMD) mechanism
(Scheme 8), giving Ru—Ar species,3® would be detrimental to
maintaining a higher concentration of effective catalyst(s) for
CA hydrogenation. This corresponds to a catalyst deactivation
pathway.

The results obtained from this systematic study on cationic,
mononuclear Ru mono-carboxylate catalyst prototypes enabled
a rational approach to the design of CA hydrogenation catalysts.
The results demonstrate that CAs should act not only as integral
“carboxylates” for the catalysts to cleave the H—H bond, but also
as “protonated carboxylates” that are simultaneously activated
and reduced by the resulting [Ru—H]*, which is generated during
the initial CA self-induced CA hydrogenation. It should be noted
that a proposition, by Elsevier and Bruin et al., of a similar
hydrogenation mechanism involving cationic Co'-Triphos

+

Phy o R Ph, o R7

PO/ \\< N / \<

/Ru\ e} /Ru OH
o P L \

P
/QJ\ . Ph, Phy toluene
Ph on B3ea) L L J

A-2 Ru-lg _ Ru-lg
Ru-4 c L .
1. Hy (4 MPa), toluene r Ph, + _ Ph, 1t
160°C, 3 h P O~ <
, —
2. MeCN \ // \ +

2
Ph/ th>

Ru-lp
Scheme 8. The structures Ru-lg, Ru-Ic and Ru-lp obtained by ESI-MS analyses and
speculated transition state that promotes CMD giving Ru-lp. R = Ph(CH,),, L = MeCN. [Ru-
4]o = 10 mM, [CA-2]o = 333 mM.
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carboxylates?® was almost simultaneous with our publication
(2015).102 Lj et al. have very recently coined our “CA self-induced
CA hydrogenation” catalyst “Saito catalyst” and proposed,
based on ab initio calculations, that a possible mechanistic
scenario for the catalytic cycle could involve neutral Ru
dicarboxylate complexes,3?” which stands in contrast to the
cationic Ru monocarboxylate that we have proposed.

As the permutations of monodentate and bidentate
phosphines as well as transition metals are virtually infinite,
many options are available for the optimization of the ligand
and metal center in terms of catalytic performance (e.g.
reactivity and functional-group tolerance/compatibility) under
milder conditions.

3. High-valent rhenium for CA

hydrogenation'®

complexes

Ru-1 vs. Re-1

One notable disadvantage of our germinal Ru'-based catalysts
(Ru-1-Ru-4) shown above is their low functional-group (FG)
tolerance and compatibility. For instance, a Ru'' catalystl0a
derived from Ru-1 is deactivated almost immediately upon
reaction with CA-9, affording only negligible amounts of AL-9
(<1%) (Scheme 9), presumably due to the oxidative addition of
the C-Br bond of the bromoarene to the low-valent Ru" (d®)
center. If we were able to achieve more chemoselective
hydrogenation of CAs in the absence of undesirable side
reactions involving the COOH or other potentially present
functional groups, such methods may potentially be useful for
organic synthesis. However, studies on functional-group
tolerance, which may provide useful information for organic
synthesis, had been elusive prior to the report of our second-
generation hydrogenation precatalysts that include Re-1-Re-3.
To avoid such catalyst deactivation, the robustness and
inertness of the catalyst toward many different FGs is of critical
importance, and new concepts for the selective activation and
hydrogenation of COOH groups in CAs must be developed. High-
valent (d%-d*)38 transition metals may represent more
promising perspectives than their low-valent (d5-d%) analogues,
considering that the former are less susceptible to oxidative
addition and m-back donation compared to the latter. Therefore,
we have developed molecular single-active-site rheniumV (ReV)
complexes including Re-1-Re-3 that selectively hydrogenate a
wide range of functionalized CAs.1% Treatment of CA-9 with Re-
1 (2 mol%) and KBPh, (10 mol%) in THF for 24 h at 160 °C under
Py, = 4 MPa resulted in the formation of AL-9 in 94% yield and

OH
H
H
or Br

AL-9
Re-1 (2 mol%) " . A " g
OH KBPh, (10 mol%) 0% (with Ru-1); 94% (with Re-1)
+ Hh —mm— +
o solvent H u
Br 4MPa 160 °C, 24 h [e)
| oao -HO
(o]
Br Br

ES-9
~0% (with Ru-1); <3% (with Re-1)

Ru-1 (1.5 mol%)
NaOAc (10 mol%)

decomposition with Ru-1

Scheme 9. Comparison experiments between hydrogenations with Ru-1 in toluene and
Re-1in THF. [Ru-1]o = 10 mM, [Re-1]o = 2.5 mM.
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negligible formation of ES-9 (Scheme 9), whereby the

bromobenzene fragment remained intact.

The potential of homogeneous and heterogeneous high-valent Re
species for CA hydrogenation

It should be noted that the majority of high-valent Re complexes
have thus far been used for oxidations?® and
deoxydehydrations,0 the FG
transformation/hydrogenation of CH,COOH (n = 1-3) moieties
of CAs (a-C—H functionalization*! and hydrogenation3042).
Initially, we expected that the putative hydrogenation
mechanism “CA self-induced CA hydrogenation” should be
easily extended from low-valent Ru' (d®) to high-valent ReV
(d2),%3 given that the mechanism seems to be strengthened
when an acid—base (high valent Re* and ~OC(O)R) cooperative
catalysis rather than a redox-based catalysis is operational. To
put it simply, the former acid—base catalysis is more compatible
with high-valent metal species, in which a stronger ou-y—d(eg)
orbital interaction (c-bond) corresponding to an acid—base
interaction is followed by intramolecular deprotonation by a
weak base (-OC(O)R), whereas the redox system needs well-
balanced on-n—d(eg) and o&*w-nw—d(tys) interactions (total
contributions for bonding: o-bond + n-back donation), which
are commonly accepted conventional mechanism that triggers
H—H bond activation and cleavage, more compatibly promoted
by low-valent metal catalysts.

rather than for

Identification of the most effective ReV complex catalyst for CA
hydrogenation

On the outset, we examined a series of high-valent Re
precatalysts using CA-2 as model substrate. Treatment of a
toluene solution of CA-2 with catalytic (CHs)ReV'O;,
|ReVOZ(PPh3)2, C|3REVO(O=PPh3)[(CH3)25], C|3ReVO(PPh3)z, or
CI3ReVO(Ph2PCH2PPh2) with PHz = 8 MPa at 160 °C for 24 h
induced virtually no reaction. In contrast, the cationic Re species
from each of the latter four complexes (2 mol% each), formed
upon treatment with NaBPh, (10 mol%) ([Relo = 2.5 mM),
afforded AL-2 in 14—62% and ES-2 in 5—-11%. The highest yield
of AL-2 (72%) was obtained using Re-1. Subsequently, we tested
several ReV precatalysts, synthesized from
ClzReYO(0O=PPhs)[(CH3),S],%4 with different bidentate
diphosphine ligands. Under otherwise identical reaction
conditions, ClzReVO[Ph,P(CH,),PPh,]4> (Re-1) and
CI3sReVO[Ph,PCsH4PPh;] (Re-3) afforded the best result among
those tested, furnishing AL-2 (ES-2) in >98% (~1%) and 89% (5%)
yield, respectively. This result stands in sharp contrast to many
homogeneous and heterogeneous catalysts, which induce
undesirable over-reductions (e.g. dearomatic hydrogenation
and hydrogenolysis), CA esterification and deoxygenation of the
generated alcohols.224546 The low-valent Re? carbonyl cluster
Re;(CO)10 is unable to catalyse the hydrogenation of n-
C14H29CO;H at 170 °C, even at Py, = ~10 MPa.1% Similarly, non-
oxo complexes of Re" (CIzRe[CH3C(CH,PPh;)s] or
ClsRe'"(PPh3)2(CH3CN)) (2 mol%) with NaBPh; (10 mol%)
exhibited low catalytic activity (AL-2: 9% and 37%, respectively).
Although both low- and high-valent Re species in hetero-
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Table 2. Functionalized CA hydrogenation using Re-1.

¥ o Re-1 (2 mol%) H
- KBPh, (10 mol9%) L
+ 2H HO
FG~ “OH 2 toluene or THF FG~ SoH *
150160 °C
4MPa
CA7,10-14 24360 AL-7,10-14

H H H
H 0 o} H
H
OH H
H N OH
( OH H H
. HyCO,C

0
AL-10, 76%

AL7, 87% AL-11,71%
= H
H H
OH
\ OH \ o
Cets N
rac-AL-12, 81% AL-13, 99% AL-14,67%
multimetallic catalysts such as Rez(CO)10-Rus(CO)12,1%

REZ(CO)lo'Rh/Alzoa,lgb R8207-OSO4,193 ReOX-Pd/SiOZ,‘”
ReO,/TiO,,%8 and Re/TiO23% have been investigated for CA
hydrogenation,3942 the role of Re in these catalysts remains
unclear. Recent examples of ReO,/TiO, and Re/TiO, catalysis
have shown high alcohol selectivity with a limited substrate
scope, with diverse Re entities (Re?, Re'!, Re!V, ReV!, and ReV!,
obtained by calcination and reduction at 400-500 °C with H) on
TiO, determined by XPS analysis.30048 Heterogeneous ReOs
promotes CA hydrogenation under high H, pressure (Py; = ca.
20.5 MPa, ~165 °C); nevertheless, the in situ esterification is
non-negligible and CA-8 is only partially hydrogenated.*®

ReVP, complexes for chemoselective CA hydrogenation

Using KBPh, in place of NaBPh, under milder conditions (Re-1 (2
mol%), Py; = 4 MPa, 150 °C, 24 h) increased the yield of AL-2
from 55% to 80%. After further optimization of the reaction
conditions ([Re-1] o = 2.5 mM in toluene or THF, Re-1:KBPh, =
0.02:0.1, Py = 2-4 MPa, 140-160 °C), a variety of CAs were
hydrogenated (Table 2).

The new hydrogenation reaction is applicable to a wide range
of functionalized and simple CAs (Table 2). The hydrogenation
of CA-2 with Re-1 proceeded under even milder conditions (Pu2
= 2 MPa, 160 °C, 72 h), affording AL-2 in 85% yield. 17-
hydroxyheptadecanoic acid (CA-10) were also hydrogenated
effectively, in addition to simple aliphatic CAs, under these
conditions giving AL-10. The double bonds of the o,B-
unsaturated (E)-3-(4-(methoxycarbonyl)phenyl)acrylic acid (CA-
7), (E)-3-(4-chlorophenyl)acrylic acid, and (E)-2-methyl-3-
phenylacrylic acid were hydrogenated uniformly, affording the
corresponding saturated alcohols in high yields (87— >95%).
Numerous FGs, including chlorobenzenes, ethers, alcohols of
CA-10 and AL-10, the esters of CA-7 and AL-7, the amides of CA-
11 and AL-11, the pyrroles of CA-12 and AL-12, the indole of CA-
13 and AL-13, and thiophene of CA-14 and AL-14 were all
tolerated well and barely inhibited the hydrogenation. N-
Protected natural a-amino acid ((S)-phenylalanine) CA-12 was
hydrogenated under epimerization of the stereogenic carbon
center, giving rac-AL-12. Alcohols AL-7 and AL-10-14 were
produced uniformly and almost exclusively, while esterification
was consistently negligible (<5%). A control experiment
revealed that CAs are hydrogenated faster than the esters
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under the applied conditions. For example, hydrogenation of
methyl nonanoate with a mixture of Re-1 (2 mol%) and KBPh,
(10 mol%) afforded 1-nonanol in ~10% yield even under harsh
conditions (P42 = 4 MPa, 180 °C, 24 h; [Re]o = 2.5 mM), which
clearly suggests that ester groups could more effectively
tolerate milder hydrogenation conditions. In contrast, LiAlH, or
LiBH4 reduce the CA moieties and bromoaryl, ester, and amide
functionalities.

Re-1 vs. Re-2

While aliphatic CAs generally represent excellent substrates
for the present hydrogenation strategy, the hydrogenation of
CA-810,23,242,29,30b wijth Re-1 indeed proceeded sluggishly even
under harsher conditions (Py2 = 4 MPa, 180 °C, 24 h), affording
AL-8 in 29% yield. To improve this result, a new ReVOCI;P,
complex (Re-2, Fig. 2), with a more robust five-membered
framework imposed by Re-Chiraphos (Chiraphos: [(S)-
(Ph2P)(CHs3)CH],) complexation, was introduced and used for
hydrogenation of CA-8 (Re-2 (2 mol%), KBPh, (10 mol%); Pua = 4
MPa, 160 °C, 40 h), affording full conversion of CA-8 to furnish
AL-8in 95% yield (Table 3). For comparison, AL-8 was generated
in moderate yield (62%) under harsher Py, with a larger amount
of a Co-Triphos complex (2.5 mol%, Py, = ca. 8 MPa, 100 °C, 22
h).29

Based on the primary positive results with Re-2,
hydrogenation of aliphatic CAs was reinvestigated using Re-2 (2
mol%) (Table 3), furnishing a higher yield of AL-2 (93%) under
milder conditions (Pu2 = 2 MPa, 160 °C, 24 h) compared to Re-1
(35%). Even at a lower Py (Py2 = 0.5 MPa, 180 °C, 48 h), CA-2
was hydrogenated effectively with Re-2 to afford AL-2 (84%)
and ES-2 (7%). The furan (FR), pyridine, ester, amide, and sulfide
moieties of CA-6 and CA-15—-18 were well tolerated. Other CAs
such as aromatic CA derivatives CA-19-25 were also poorly
hydrogenated by Re-1, but underwent smoother hydrogenation

Table 3. Functionalized CA hydrogenation using Re-2.

Re-2 (2 mol%) H Y
—f— KBPh, (10 mol%)
PN + 2H — TR + HO
FG™ "OH z toluene or THF FG)<OH 2
i-swpa  160;180°C
H H H H
AL-8 :95% o XN OH
AL-14:99% \ OH |
AL-4 :66% NG
AL-15:91% AL-16: 90%
H
OH o H
Hico,c Py oH
H CeHs™ "N” H)"OH
HsCS
AL-6: >95% AL-17: 64% AL-18: >95%
H

H

H
OH X X
OH Mo
o
) @X o
AL-19: X = CF5, 93% X

AL-20: X = CI, 86%
AL-21: X = CH,S, 94%
AL-22: X = (CHg),N, 24%

AL-23: X =Cl, 86%
AL-24: X = CH30, 60%

AL-25: 50%
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Re-2 (2 mol%)
KBPh, (10 mol%)
TH-1 (10 mol%)
TH-2 (10 mol%)
TH-3 (10 mol%)

CA-2 + 2H, AL-2 + H,O
toluene o
4 MPa 180 °C, 24 h 98%
S S S
TH-1 TH-2 TH-3

Scheme 10. ReV-catalysed CA hydrogenation in the presence of typical sulfur-containing
substances generated by the hydrodesulfurization during the refinement process of
mature oil.

with Re-2, affording the corresponding alcohols in high yield and
selectivity, except that CA-22 and CA-25 remained as rather
unreactive substrates. Similarly, sterically bulky CA-4
underwent moderate hydrogenation, giving AL-4 in 66% yield.

Molecular ReV" and ReV species are able to catalyse the
hydrogenation of sulfoxides, which affords dialkyl sulfides as the
major product.*? Likewise, the hydrogenation of CA with Re-2
was barely inhibited by sulfur-containing CAs or thiophene (TH)
derivatives (Scheme 10). For example, 4-(thien-2-yl)-substituted
CA-14 was hydrogenated to give AL-14 in 99% yield (Table 3);
hydrogenation of CA-18 proceeded almost quantitatively even
at a milder Pyz (Pu2 =1 MPa, 180 °C, 12 h). In many cases, sulfur-
containing substances poison precious metal hydrogenation
catalysts. However, Re-2 (2 mol%) was not deactivated by
benzothiophene or dibutyl sulfide (30 mol% each), affording AL-
2 in 99% in both cases (P4, = 4 MPa, 160 °C, 24 h). Even in the
presence of a mixture of dibenzothiophene derivatives (TH-1—
3), which are detrimental to conventional hydro-desulfurization
catalysts,>? no negative effects were observed at Pyy; =4 MPa. In
contrast, TH slightly decreases the hydrogenation rate of the
bimetallic catalysis promoted by OsOs-Re;07, although over-
reduction to the hydrocarbon was diminished.192

Compared to the selective formation of AL-25 from furan-2-
carboxylic acid, the m-extended derivative of CA-25, CA-26a,
should be more reactive than CA-25, since various anionic or

(0]

| CA-26a

H, (4 MPa)
Re-2 (2 mol%)
KOAc (10 mol%)
CF3(CeHs)

100 °C, 48 h

O
H
0 o y COH
/ y H
H

CA-26b, 80%

H, (2 MPa)
Re-2 (2 mol%)
KOAc (10 mol%)
THF

160 °C, 16 h

H, (6 MPa)
Re-2 (4 mol%)
KOACc (20 mol%)
CF3(CeHs)

160 °C, 10 h

AL-26a, 47%% AL-26b, 84%

\44h 158 h
o H OH H OH
H
H
/ %
% H H
H

FR-26, 37% AL-26¢, 78%S
Scheme 11. Selective hydrogenation of CA-26a and further hydrogenolysis. Yields (%) are
based on CA-26a. SAL-26b (16-20%) was also obtained.
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Scheme 12. Plausible formation of [ReH;(OC(O)CH;R)(PP)]* as a prototypical catalyst for
the “CA self-induced hydrogenation of CA”, derived from Re-2.

cationic reaction intermediates and/or transition states derived
from CA-264, if any, could be stabilized by n-conjugation effects.
In fact, CA-26a showed intriguing reactivity upon reaction with
Re-2 and H, (Scheme 11). CA-26a underwent either full
hydrogenation of all non-aryl unsaturated bonds to afford AL-
26b, chemoselective reduction, i.e., a carbonyl hydrogenation
to afford AL-26a, or selective a,p-ene hydrogenation to furnish
CA-26b. Even hydrodeoxygenation (HDO), which is uncommon
for Re complex-based catalysis, was achieved by varying the
reaction parameters: hydrogenolysis of the different C—O bonds
of the reaction intermediates AL-26a and AL-26b afforded FR-
26 and alcoholic phenol AL-26c, respectively. To the best of our
knowledge, this represents the first example of a directed,
catalytic CA hydrogenation and subsequent hydrogenolysis in
one pot using molecular catalysts.

Insights into catalytic Re species

Re® nanoparticle was proven to be catalytically innocent by a
mercury (HgP) test. Other control experiments based on 'H and
31P{IH} NMR, in addition to ESI-HRMS analyses, clarified that
[ReVH4(PP),]* (P = one phosphine coordination to a metal
center) was generated>! as an observable species during a
promising CA hydrogenation (Scheme 12). However,
[ReVH4(PP),]* should not be considered as catalytically active,
but rather as a resting state of the catalyst or precatalyst. In fact,
when the hydrogenation of CA-2 (Puy; =2 MPa, 160 °C, 24 h) was
carried out using OReVCl3;(0O=PPhs)((CH3),S) (2 mol%: [Re]o = 2.5
mM), bidentate diphosphine ligand PP (Chiraphos: 4 or 6 mol%)
and KBPhs (10 mol%), the yield of AL-2 significantly decreased
(22% and 0%, respectively) compared to that obtained from
using 2 mol% of Chiraphos (AL-2: 93%). These results suggest
that the most likely catalytically active species retains a 1:1 Re—
PP complexation, which could be readily generated by
detachment of one PP ligand from [ReVH4(PP),]*.
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To clarify whether H,0 affects catalyst deactivation or
activation, a 200 mol% of H,0 relative to CA-2 was added before
starting the hydrogenation. The hydrogenation rate for the
formation of AL-2 was considerably retarded over the reaction
time of 12 h (AL-2: 59%); however, the integrity of the catalysis
was sustained, and further extending the time to 24 h increased
the yield of AL-2 to 97%. This result implies that Re=0 species
should only play a peripheral role in the catalysis, considering
that H,O should shift the reaction equilibrium from a ReH;
species to a Re=0 structure.34>52 All the control experiments
suggest that the mononuclear Re species [ReY(7!-H)s(PP)]*
represents an important precatalyst (albeit presumably outside
the catalytic cycle) that subsequently affords, upon reaction
with CA-2, the cationic mononuclear Re-carboxylate [ReV(7!-
H)3(O(C=0)(CH3),Ph)(PP)]* (Scheme 12), which serves as an
initial critical point of the catalytic cycle. This interpretation is
consistent with our previous observations, which identified the
related [Ru'(O(C=0)(CH3),Ph)(PP)]* as the key intermediate in a
catalytic cycle involving the “CA self-induced CA
hydrogenation”.102  However, at this point, a catalytic
involvement of [Re!( 771-H)(72-H;)(O(C=0)(CH;).Ph)(PP)]*, which
could also be derived from [Re"(771-H),(PP)]* in the presence or
absence of 72-H, coordination, cannot be ruled out with
certainty.

Conclusions

The “CA self-induced CA hydrogenation” promoted by the
prototypical Ru catalyst (Scheme 3) should be further applicable
to other homogeneous hydrogenation catalysts based on both
base- and precious metals, as well as both on low- and high-
valent metal species. However, detailed in silico analyses of the
mechanistic intricacies of the catalytic cycle involving the “CA
self-induced CA hydrogenation” have only just begun. The
rational molecular design of the catalysts is required in order to
close some of the apparent deactivation pathways in order to
improve the catalyst TON significantly. Catalytic CA
hydrogenations that proceed under mild and relatively neutral
conditions could be expanded to include the transformation of
optically active CAs (e.g. a-amino acids) into fine chemicals with
promising scalability and without racemization. Such advanced
catalyst systems will be realized by modifying structural and
electronic features of monodentate and bidentate phosphines
successfully used for Ru catalysts and Re catalysts shown here.
The identification of metal carboxylates that are potentially able
to hydrogenate CO, and bio-renewable resources in high
oxidation states will contribute significantly to the future
development of chemical processes directed toward
sustainable development goals (SDGs).
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