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Abstract: Over the past decades, dsm-firmenich has devoted substantial efforts towards continuous perfumery
ingredients and production sustainability improvement through the implementation of green chemistry prin-
ciples, generally leading to safer, more efficient but also cost-effective industrial chemical processes. Among the
numerous examples of innovative homogeneous and heterogeneous catalytic methodologies that have been
implemented over the years, we herein provide some insights into more than 20 years of discovery and develop-
ment in selective carbonyl group hydrogenation reactions for the replacement of waste generating stoichiometric
methods, allowing highly efficient access to a large variety of unsaturated alcohols as widespread synthetic
intermediates or final ingredients in the Flavor and Fragrance (F&F) industry.
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1. Introduction

Driven by global warming, itself a consequence of profound
societal changes and rapidly evolving lifestyles, industry is now
facing increasing demands to improve chemical processes in
terms of sustainability, and health and safety. In this context,
Firmenich, one of the key players in the F&F industry, has de-
voted, over the past decades, significant efforts to improve the
carbon footprint of its ingredients portfolio through implementa-
tion of green chemistry principles.[!! To this endeavor, substantial
efforts have focused on the replacement of conventional chemical
transformations using stoichiometric hazardous reagents, toxic
solvents, protection/deprotection steps, and generating notice-
able amounts of gaseous, aqueous or organic wastes, with cleaner
and safer catalytic methodologies. The recent use of Ecoscent
Compass™ as a new holistic digital tool to rank both perfumery
ingredients and formulations in terms of green chemistry as well
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as environmental footprint criteria for higher transparency of their
impact on both people and the planet appears as an additional
testimony of dsm-firmenich’s commitment to this concern.2I The
F&F industry is often associated with the luxury sector through
its fine fragrance activity, chemical process modifications never-
theless also have to provide cost-effective access to ingredients
in the context of ever-increasing competition. This is particularly
true for its larger volumes and lower margins, and costs applica-
tion fields like home care (surface care, laundry care, air care,
etc.) and body care (hair care, soaps, deodorants, body wash, cos-
metics, efc.). As a consequence, catalysis which improves safety
and sustainability interests, as one of the twelve green chemistry
principles, must also fulfill additional requirements to answer
economical constraints along with some ever-growing chemical
structure complexity. Indeed, it has to be highly efficient in terms
of catalytic activity, process productivity and robustness. It must
also exhibit high chemo, regio, and stereoselectivity, whereas en-
antioselective synthesis is less involved in the F&F applications
because of their overall economic impact. Then, in addition, the
catalysts used need to be available or accessible on large enough
scales, as well as to display reasonable stability upon handling and
storage. Finally, they ideally must also display a wide enough re-
action scope. Based on these criteria, hydrogenation generally ap-
pears to be one of the most suitable candidates for implementation
in catalytic transformations in the flavor and fragrance industry.
More specifically, due to the large variety of unsaturated alcohols
used as widespread final ingredients or synthetic intermediates,
there is a high interest for developing safe, inexpensive, highly
productive, environmentally friendly and highly chemoselective
carbonyl group reduction methodologies. In this paper, we report
more than 20 years of discovery and development in ruthenium-
catalyzed ketone, aldehyde, and ester homogeneous selective
hydrogenation methodologies aimed at the sustainable industrial
synthesis of perfumery ingredients at dsm-firmenich.
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2. Selective Hydrogenation of Ketones

Although sodium borohydride, discovered by Schlesinger and
Brown, is the long-standing reagent of choice for chemoselective
reduction of ketones on the lab scale,l’! it nevertheless displays
clear drawbacks for industrial applications, particularly in terms
of cost and safety. Long regarded as potential alternatives, the
Meerwein-Ponndorf-Verley reduction*! and hydrosilylationl!
methodologies unfortunately continue to exhibit limitations spe-
cifically from a productivity perspective, while heterogeneous
hydrogenation is currently still suffering from selectivity issues.
In this context, the discovery in 1995 by Noyori of the use of
homogeneous (diphosphine)(diamine)RuCl, complexes as effi-
cient catalyst precursors for selective hydrogenation of aromatic
ketones came as a major breakthrough in the field of selective
reduction of ketones.[® Indeed, although those systems were ini-
tially developed for enantioselective transformations using chiral
ligands such as (S)-2,2'-bis(diphenylphosphino)-1,1'-binaphthyl
((S)-BINAP) and (S,S)-1,2-diphenylethylenediamine ((S,S)-
DPEN), remarkably high catalytic activity and chemoselectivity
results were also achieved in the case of achiral transformations
of aliphatic ketones in the presence of alkenes, thereby providing
a practical alternative to the use of sodium borohydride.[”! While
academic groups mostly focused on Noyori’s original catalytic
system, fine tuning, looking at the nature of the diphosphine and
diamine ligands, Firmenichl®! and several other chemical
companies!®! implemented some more significant changes with
the modification of connectivity and/or nature of the phosphorus
and nitrogen donor atoms (Fig. 1).
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Fig. 1. Noyori’s ligand system modifications in ketone hydrogenation
reactions.

Among all the ligand systems patented by Firmenich starting
from 2002, the use of the bidentate aminophosphine 2-(diphe-
nylphosphino)ethylamine (DPPAE) displayed clear advantages
for the in-house catalyst precursor synthesis for the selective
hydrogenation of ketones.!'%! Indeed, this ligand appeared to be
the first system manufactured and used at an industrial scale at a
reasonable cost. Furthermore, access to the corresponding desired
homoleptic complex was also highly efficient and straightforward.
Indeed, starting from hydrated ruthenium trichloride, a high over-
all yield was obtained for a two-step synthesis proceeding via the
well-known (PPh,),RuCl, ruthenium precursor (Fig. 2).

The final complexation reaction of the two equivalents of
DPPAE was initially performed in refluxing toluene to afford the
expected (DPPAE) RuCl, trans-Cl, stereoisomer in high yield.
Switching to Me-THF due to filtration issues led to a similarly
efficient formation, with easier recovery of the air-stable new
[(DPPAE),(PPh,)RuCl][CI] ionic species, which was fully char-
acterized by X-ray structure analysis. Initial reaction scale-up was
performed in the lab in a Schmizo-type reactor equipped with
efficient agitation to cater for the reaction mixture heterogeneity
present throughout almost the whole process. During the synthe-
sis, DPPAE is added in small doses for efficient reaction exother-
micity control. Such ligand titration was performed below the
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heating heating
RuCl3.xH,0+  PPh,
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similar high yields, easy to filter
(highly air-stable microcrystalline solid)

Fig. 2. Efficient and straightforward bidentate aminophosphine-based
ruthenium dichloride catalyst precursor, synthetic pathway.

surface to prevent clumping issues. The analysis of the reaction’s
thermal profile showed that the exothermicity appears to be most-
ly related to the formation and precipitation of a presumed 16
electron species, the new (DPPAE)(PPh,)RuCl, complex, as an
air-sensitive reaction intermediate (Fig. 3) Flnally, we demon-
strated that an initial seeding of the reaction mixture enables ef-
ficient product precipitation rate control, avoiding the supercool-
ing phenomena responsible for the final right-shifted sharp exo-
thermic signal further displayed in Fig. 3.
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Fig. 3. [[(DPPAE),(PPh,)RuCI][CI] complex synthesis thermal profile analy-
sis.

During the initial assessment of neutral and cationic com-
plexes as catalyst precursors in hydrogenation reactions of ke-
tones, it came to us as no surprise that they were in fact display-
ing similar activity and selectivity. Indeed, *'P NMR studies of
[(DPPAE),(PPh,)RuCl][Cl] behavior in solution first showed the
formation of (DPPAE) RuCl,, initially produced as the kinetically
favored cis-Cl, stereoisomer upon PPh, ligand displacement by
the chloride anion (Fig. 4).

Then, the absence of a negative effect atlow free triphenylphos-
phine ligand concentrations in solution under classical hydrogen
pressure conditions could be explained by the outer-sphere metal-
ligand cooperativity (MLC) hydrogenation reaction mechanism
proposed by Chen, Morris, and Noyori.['!l The results obtained
using both neutral and cationic DPPAE-based complexes were
also comparable to those achieved in the presence of the (diphos-
phine)(diamine)RuCl, Noyori-type system. Currently synthesized
on a large scale, [(DPPAE), (PPh,)RuCI][CI] is used as a catalyst
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Fig. 4. [[DPPAE),(PPh,)RuCI][CI] complex 3'P NMR analysis solution be-
haviour study.

precursor for Polysantol® industrial production. Hydrogenation of
(R,E)-3,3-dimethyl-5-(2,2,3-trimethylcyclopent-3-en-1-yl)pent-
4-en-2-one is performed running the reaction neat using a ruthe-
nium loading as low as 0.0005 mol% and using a metal alkoxide
co-catalyst in a very large excess with respect to the ruthenium
catalyst. The desired unsaturated secondary alcohol is obtained
as a 1/1 diastereoisomer mixture with no erosion of the enan-
tiomeric excess at the starting material chiral center, with more
than 98% isolated yield and more than 99% GC chemoselectivity.
This approach clearly provided a highly competitive and sustain-
able access to this sandalwood family ingredient (Scheme 1).112]
This cationic complex is also currently employed in chemoselec-
tive hydrogenation of 7,7-dimethyl-10-methylene bicyclo[4.3.1]
decan-3-one  into  7,7-dimethyl-10-methylenebicyclo[4.3.1]
decan-3-ol as an intermediate towards the industrial production of
3-methoxy-7,7-dimethyl-10-methylenebicyclo[4.3.1]decane as a
perfumery ingredient.['31 The reduction reaction is performed neat
using a ruthenium loading as low as 0.002 mol% in the presence
of a metal alkoxide co-catalyst in a very large excess with respect
to the ruthenium catalyst. It provides the desired unsaturated sec-
ondary alcohol in more than 98% isolated yield with more than
99% GC chemoselectivity. Whilst 7,7-dimethyl-10-methylenebi-
cyclo[4.3.1]decan-3-ol is produced as an 82/18 exo/endo diaste-
reoisomer mixture through ketone hydrogenation using this metal
precursor, a subsequent ruthenium-catalyzed formal epimeriza-
tion reaction occurring under carefully developed hydrogen pres-
sure and final temperature reaction conditions allows the desired
55/45-70/30 ratio specifications to be reached (Scheme 1).

Such a consecutive transformation was indeed demonstrated
to be favored by reaction parameters such as the absence of the
use of an alcoholic solvent, a decrease in hydrogen pressure and
an increase in reaction temperature. It could efficiently be mod-
elled using first order kinetic laws for a hydrogenation/dehydro-
genation double equilibrium between the ketone and exo and
endo alcohol diastereoisomers. The exo compound formed as the
major ketone hydrogenation product was also the fastest one to
be dehydrogenated into the ketone, finally affording a diasteroi-
somer mixture transiently meeting the exo/endo specification
requirements arising from the original metal hydride reduction
process and related to differences in the olfactive properties of
the final 3-methoxy-7,7-dimethyl-10-methylenebicyclo[4.3.1]
decane diastereoisomers.[101 Whilst the discussion of the addi-
tional successful applications of the [(DPPAE),(PPh,)RuCl][Cl]

[(DPPAE),(PPh3)RuCII[C] cat.
(down to 0.0005 mol.% Ru)

M ROM co-cat. (very large xs/Ru)
O Ha, heating, neat

[(DPPAE),(PPh3)RuCI][CI] cat.
|
o

\M
OH
Polysnnfol®

>98% isolated yield
>99% GC chemoselectivity

(down to 0.002 mol.% Ru) | I
ROM co-cat. (very large xs/Ru) HO MeO D
H,, heating, neat H H
> 98% isolated yield 3-methoxy-7,7-dimethyl-
>99% GC chemoselectivity 10- methylenebicyclo

55/45-70/30 exo/endo ratio [4.3.1]decane
(exo/endo mixture)

Scheme 1. Homogeneous ruthenium-catalyzed selective ketone hydro-
genation towards F&F industrial applications.

complex as a catalyst precursor in selective hydrogenation of
ketones towards the synthesis of other perfumery ingredients,
such as Delphol HC®, Damascenone®, Ethyl Safranate, and
Jasmolactone Delta®, has been omitted from the current detailed
discussion, this, along with the herein described results, undeni-
ably enable us to demonstrate efficiency, durability, and scope of
the use of ruthenium dichloride complexes bearing aminophos-
phine ligands as catalyst precursors in the selective hydrogena-
tion of ketones.

3. Selective Hydrogenation of Aldehydes

Whereas sodium borohydride is also efficiently employed in
chemoselective reduction of aldehydes, (diphosphine)(diamine)
RuCl, Noyori-type complexes and other ruthenium dichloride
precursors used in sustainable selective hydrogenation of ketones
appeared to be inappropriate for that type of transformation.
Such limitation arises from the general requirement for the use
of strong bases (mainly alkoxides and hydroxides but also non-
ionic amidines, guanidines, or aminophosphazenes in some cases)
as a co-catalyst which also promotes competing aldehyde side
reactions such as aldol, Cannizzaro, and Tishchenko processes.
In this context, Noyori reported in 2002 the use of (diphosphine)
(diamine)Ru(H)(n'-BH,)-type complexes!!4l for the selective
hydrogenation reaction of a carbonyl group in the absence of
a base as an easier-to-synthesize and more stable alternative to
the (diphosphine)(diamine)RuH, catalytic species described by
Morris.[!P] Unfortunately, such complexes still display notice-
able stability issues upon handling and storage. They also provide
unsatisfactory catalytic activity results towards large-scale per-
fumery ingredients in industrial production. About ten years later,
while working on the discovery and development of some new
ways to access (diene)Ru(OCOR), complexes,[!5! we unexpect-
edly discovered that simple replacement of the chloride anionic
ligands by carboxylates in the original (diphosphine)(diamine)
RuCl, Noyori-type complexes was providing an industrially vi-
able solution for the selective hydrogenation of aldehydes under
base-free conditions (Fig. 5).11¢]

Actually, (diphosphine)(diamine)Ru(OCOR), complexes dis-
played first some reasonable stability upon handling and storage,
nevertheless, stability depends on the nature of the carboxylate

? l;{ li‘.BH3
P oy N: Py N: Prupy=N
Geruzd | 5 | Brruzld | | Boruzid
@] H H
Noyori Morris Noyori Firmenich
(1995) (1995) (2002) (2013)

Fig. 5. Noyori’s catalytic system modifications towards efficient alde-
hyde hydrogenation under base-free conditions.
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ligand. They also exhibited some high catalytic activity which
further improved in the presence of carboxylic acid additives as
well as some noticeable tolerance towards alkenes.!'7! Whilst
Dartanol® had previously been produced on a large scale in the
presence of [(DPPAE) (PPh,)RuCl][Cl], starting with the (o.,3)-
unsaturated aldehydes which required basic conditions led to no-
ticeable temperature, basic co-catalyst loading, and productivity
restrictions affording the desired product according to some com-
petitive and sustainable but still upgradable chemical processes.
Switching to a (diphosphine)(diamine)Ru(OCOR) -type complex
currently enables the hydrogenation of (R,E)-2-ethyl-4-(2,2,3-
trimethylcyclopent-3-en-1-yl)but-2-enal to be performed under
neat conditions, with the ruthenium loading reduced to
0.002 mol% and using a carboxylic acid additive in a large excess
with respect to the ruthenium catalyst. The desired unsaturated
primary allylic alcohol is obtained in more than 97.5% isolated
yield with 98.5% GC chemoselectivity and no erosion of enantio-
meric excess with regards to the starting material chiral center,
which clearly provides a highly competitive and sustainable in-
dustrial route to this sandalwood odorant (Scheme 2).[12]

(diphosphine)(diamine)Ru(OCOR), cat.
(down to 0.002 mol.% Ru) e N\

R'CO,H additive (large xs/Ru)
-1 .0 = OH
H,, heating, neat
Dartanol®
>97.5% isolated ?lield

>98.5% 6C chemoselectivity
(diphosphine)(diamine)Ru(OCOR), cat. ~ o
(down to0 0.002 mol.% Ru) - ~

R'CO,H additive (large xs/Ru)

H,, heating, neat

s

3/2 diastereoisomers ratio

o

Firsantol®
3/2 diastereoisomers ratio
> 98% isolated yield
C 99% 6C chemoserecﬁvi'ry
J

Scheme 2. Homogeneous ruthenium-catalyzed selective aldehyde hy-
drogenation towards F&F industrial applications.

Such a new carboxylate-based -catalytic system sub-
sequently provided a significant advance in the case of
Firsantol® because the very high sensitivity of the starting al-
dehyde to basic conditions had always prevented the use of
[(DPPAE),(PPh)RuCI][CI] ~as a  catalyst precursor.
Hydrogenation of a 2-methyl-4-((R)-2,2,3-trimethylcyclopent-
3-en-1-yl)pent-4-enal 3/2 diasteroisomer mixture is performed
under neat conditions, with the ruthenium loading reduced to
0.002 mol% and using a carboxylic acid additive in a large ex-
cess with respect to the ruthenium catalyst. The desired unsatu-
rated primary alcohol is produced in more than 98% isolated
yield with more than 99% GC chemoselectivity, also as a 3/2
diastereoisomer mixture and no erosion of enantiomeric excess
with regards to the starting material chiral center. This clearly
affords a highly competitive and sustainable large-scale route to
another sandalwood odorant (Scheme 2).[!2 Compared to ruthe-
nium dichloride complexes, implementation of noticeably dif-
ferent operating conditions such as the absence of nucleophilic
bases and the possibility to run the reaction under neutral condi-
tions (no carboxylic acid additive used) in apolar and/or aprotic
solvents while using (diphosphine)(diamine)Ru(OCOR),-type
catalyst precursors enables some significant enhancement in the
functional-group tolerance. Indeed, in addition to alkenes and
alkynes, high selectivity results were also obtained performing
hydrogenation of aldehydes in the presence of epoxides, esters,
allylic acetates, amides (secondary and tertiary derivatives) and
nitriles while maintaining high catalytic activity, with the turn-
over number (TON) going up to 50,000 at least (Fig. 6). 18]

/(!h/\/‘\/‘OH O ~_OH ?>\©/\

OH
OH gro,c K T

> 99% > 99% > 99% 90%
EszI)(\/\/\OH NC AOH
99% o 99% oA
c
HO,C OH ~ OH
e Hu\/\/\, s Aon
95% 98% 96%

Reaction conditions: 0.002-0.05 mol.% (diphosphine)(diamine)Ru(OCOR), cat., with
or without carboxylic acid as additive according to substrate nature. H, (10-50
bars), heating (70-130°C), solvent (0-300 wt.%). Desired alcohols were obtained with
comblete conversion in more than 90% overall selectivitv.

Fig. 6. Aldehyde hydrogenation base-free conditions related functional
group tolerance enhancement.

Unexpectedly, (diphosphine)(diamine)Ru(OCOR),-type cata-
lyst precursors additionally allow efficient hydrogenation of al-
dehydes to be performed in the presence of ketones, in order to
access a large variety of primary ketoalcohols with more than 95%
selectivity at complete aldehyde conversion and the TON going
up to 30,000 at least (Fig. 7).[18]

Whilst aldehydes are known to be more reactive than ke-
tones, involvement of direct reduction processes, as postulated
within the outer-sphere metal-ligand cooperativity (MLC) hy-
drogenation reaction mechanism proposed by Chen, Morris, and
Noyori, ' could not satisfactorily account for the high overall se-
lectivity results achieved given the only slight difference (about
5 kcal/mol) in C=0 bond energy. This is further supported by a
very limited number of previously published studies efficiently
addressing this type of selective reduction, mostly performed us-
ing stoichiometric amounts of hazardous and waste-generating
modified metal hydrides.!'9! Such a difference in reactivity be-
tween aldehydes and ketone carbonyl moieties could however
rely on steric-hinderance-related noticeable disparities in the
initial coordination to the ruthenium center in a previously re-
ported hypothetical inner-sphere metal-ligand cooperativity
(MLC) hydrogenation reaction mechanism!!'7l which was further
supported by additional experimental data.l'8! Whilst additional
applications of (diphosphine)(diamine)Ru(OCOR), complexes as
a catalyst precursor in selective hydrogenation of aldehydes in
the synthesis of other perfumery ingredients such as Sanderol®,
Sandaxol™, Sandal Cyclopentane, Geraniol, Nerol, and 9-de-
cen-1-ol are not discussed in detail here, such further successful
implementations, along with the herein described results, clearly
demonstrate efficiency, durability, and scope of the replacement
of the Noyori-type complex anionic chloride ligands by carboxyl-
ate ones in selective hydrogenation of aldehydes.

o
99% (rac., 1 dia.) 99% (rac.) 97% 98.5%

o o OH 9

)k/\/\/OH HO
95% 99% 95%
o OH OH OH bt
Y o
/:q“/\OH R o H oH

99% 98% 97.5% 97% (rac.) 96%

Reaction conditions: 0.00333-0.0125 mol.% (diphosphine)(diamine)Ru(OCOR), cat.,
with or without carboxylic acid additive according to substrate nature. H, (10-50
bars), heating (80-100°C), solvent (0-300 wt.%). Desired alcohols were obtained with
complete aldehyde conversion in more than 95% overall selectivity.

Fig. 7. Unexpected chemoselectivity, further enhancement under alde-
hyde hydrogenation base-free conditions.
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4. Selective Hydrogenation of Esters

As for sodium borohydride in the case of ketones and alde-
hydes, lithium aluminum hydride, also discovered by
Schlesinger,[201 is the long-standing reagent of choice for lab-
scale chemoselective reduction of esters. Nevertheless, in addi-
tion to some even greater safety drawbacks, it also exhibits intrin-
sic sustainability disadvantages as in the case of the zinc cata-
lyzed hydrosilylation reaction using polymethylhydrosiloxane
(PMHS), initially discovered and developed at Firmenich as a
safer alternative.l2!l Therefore, there were again some great ex-
pectations towards the new homogeneous hydrogenation meth-
odology, with its heterogeneous counterpart obviously display-
ing some even higher selectivity issues than in the case of ke-
tones. Whilst homogeneous ruthenium-catalyzed hydrogenation
of esters was first reported in the early 80’s by Grey, Pez, and
Matteoli, 22l bidentate and tetradentate aminophosphine rutheni-
um dichloride complexes, initially patented by Firmenich for
their use in hydrogenation of ketones,#2 were found in 2006 to
also display catalytic activity in the selective hydrogenation of
esters in the presence of olefins.[23] Among the best systems re-
ported at the time,[24 and also delivering significantly better re-
sults than the corresponding Noyori-type (diphosphine)(diamine)
RuCl, parent complexes in such a transformation, they unfortu-
nately displayed insufficient catalytic activity for wide use in
F&F industrial applications. Against the backdrop of significant
activity in the field,[?%] the discovery in 2019 of new tetradentate
phosphorous/nitrogen-based ligands and their corresponding ru-
thenium dichloride complexes led to the development of catalyst
precursors able to perform hydrogenation of esters in the pres-
ence of a metal alkoxide co-catalyst with the TON going up to
100,000 at least (Fig. 8).1201

Hole ¢ =
Py P, -
Ao |Gk || SRl |
H al al R, Cl R,
Schlesinger Firmenich Firmenich Firmenich
(1947) (2006) (2006) (2019)

Fig. 8. From lithium aluminum hydride to highly efficient and sustainable
alternatives in ester reductions.

Such catalytic efficiency allows the reduction reactions to be
carried out in a large variety of apolar/polar and aprotic/protic
organic solvents at mild temperatures and under moderate hydro-
gen pressure. These new precursors also generally display some
noticeable selectivity in hydrogenation of esters in the presence
of a broad range of alkenes (Fig. 9).

For example, reduction of non-conjugated unsaturated esters
in the presence of (N-(2-(diphenylphosphino)benzyl)-1-(6-

)\\/\)\/\ WOH ~ S OH
OH OH

> 99% > 99% up to 99% up to 97%
OH OH

a~ AT O e

> 99% > 99% > 99% up to 96%

® .

~ @)\/\OH W)Q/\OH W‘OH
o
up to 96% up to 83% up to 76% up to 94%

Reaction conditions: 0.001-0.01 mol.% ((Ph,H,H,Ph)-PPyImP)RuCl,cat., 1.25-10 mol.%
MOR co-cat. H, (10-50 bars), heating (40-100°C), solvent or neat. Desired alcohols
were obtained with complete esters conversion in more than 76% overall selectivity.

Fig. 9. Highly efficient ruthenium-catalyzed hydrogenation of esters.

((diphenylphosphino)methyl)pyridin-2-yl)methanimine  (imine
compound, R =Ph, X =H,Y =H, and R’ = Ph, referred to as (Ph,
H, H, Ph)-PPyImP) as a ligand provided the desired unsaturated
primary alcohols in more than 96% overall selectivity even in the
case of the terminal olefinic moiety. Concerning (o.,3)-unsaturated
esters, the corresponding allylic alcohols were unfortunately gen-
erally obtained in lower yields (76-96%) depending on the alkene
substitution pattern. The use of such tetradentate ligands also gen-
erally afforded highly efficient access to a large variety of 1,4 and
1,5 diols upon hydrogenation of y and d-lactones. Whilst those
cyclic compounds were generally hydrogenated even faster than
esters, they unfortunately often led to the larger formation of
heavy by-products in the case of the d-lactones, leading to some
decrease in overall reaction selectivity (Fig. 10).

OH OH OH on OH
\Hd‘\/\zOH WOH /\\/\)\/\/\OH
> 99% (m = 0-7) > 94% (m = 0-6) > 99% up to 93%

(5 wt.% residues) (< 1 wt.% residues) (5 wt.% residues)

OH
D( <—OH
> 99%
(< 1 wt.% residues)

(< 1 wt.% residues)

OH oH
f\)\/\/\OH L/W\,OH

up to 88%
(5 wt.% residues)

up to 95%
(< 1 wt.% residues)

OH OH
OH : OH O:\/‘ OH ON‘OH
\/\/Y\, OH oM

> 99% (rac.) > 99% (rac.) > 94% > 94%
(< 1 wt.% residues) (< 1 wt.% residues) (5 wt.% residues) (5 wt.% residues)

> 99%
(< 1 wt.% residues)

Reaction conditions: 0.001-0.01 mol.% ((Ph,H,H,Ph)-PPyImP)RuCl,cat., 1.25-10 mol.%
MOR co-cat. H, (10-50 bars), heating (40-100°C), solvent or neat. Desired 1,4 and
1,5-diols were obtained with complete lactones conversion in more than 88% overall
selectivity.

Fig. 10. Highly efficient ruthenium-catalyzed hydrogenation of lactones.

Kinetic studies performed during hydrogenation reactions of
both the esters and the lactones showed that such a transforma-
tion using ((Ph, H, H, Ph)-PPyImP)RuCl, as a catalyst precursor
appears to follow some first order law, with the formation of
partially reduced intermediates (hemiacetal and lactol or their
derivatives respectively) being scarcely detected. Nevertheless,
their release from the ruthenium metal center cannot be fully
excluded as the stable 5-membered ring lactols obtained upon
partial reduction of y-lactones with diisobutylaluminium hydride
(DIBAL-H) were revealed to be about 100 times more reactive
than their parent compounds. Additional results from kinetic
studies also seem to show that higher catalytic activity observed
in the case of lactones compared to esters (3-lactones > y-lactones
> esters), confirmed by competitive experiments, might be due to
the positive secondary interactions of the hydroxy group present
in positions 3 (y-derivatives) or 4 (d-derivatives) of the lactones
open-form produced upon reaction with alcoholic solvent or dur-
ing the hydrogenation reaction of the final product. Related to
its high catalytic activity in hydrogenation of esters, the ((Ph,
H, H, Ph)-PPyImP)RuCl, complex was then also efficiently
used as a catalyst precursor in the previously described, poor-
ly performing transformation of sterically hindered substrates
(Fig. 11).271

Whilst hydrogenation reaction rates appear to be noticeably
influenced by the overall substitution vicinity, degree and pattern,
the (o,0,00)-trisubstituted esters were still fully reduced in less
than twelve hours using 0.01 mol% ruthenium. Contrary to the B
position of the carbonyl group, substitution at the B’ position on
the alkoxy group for derivatives such as isopropyl, cyclohexyl,
and even fert-butyl esters display nearly no influence on the cata-
Iytic activity. All of these results, along with the other successful
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O/‘OH

0.00166 mol.% Ru
8h, > 99%

)(,OH

0.01 mol.% Ru
7h, > 99%

d\,ou

0.01 mol.% Ru
12h, > 99%

C/\,OH O/\/\OH O/\,OH
0.00166 mol.% Ru 0.00166 mol.% Ru  0.00166 mol.% Ru
1h, > 99% 1h30, > 99% 4h, > 99%

\/\J\,OH \/\)(,OH

0.01 mol.% Ru 0.01 mol.% Ru

1h30, > 99% 12h, > 99%
a\,OH

d\,OH d\,OH
0.01 mol.% Ru

0.01 mol.% Ru 0.01 mol.% Ru
2h, > 99% 3h, > 99% 11h, > 99%

Reaction conditions: 0.00166-0.01 mol.% ((Ph,H,H,Ph)-PPyImP)RuCl,cat., 10 mol.%
MOR co-cat., H, (50 bars), heating (100°C), neat. Desired primary alcohols were
obtained with complete esters conversion in more than 99% overall selectivity.
Fig. 11. Efficient ruthenium-catalyzed hydrogenation of sterically hin-
dered esters.

applications in the industrial synthesis of F&F ingredients that are
not discussed here, enable us to demonstrate efficiency, durability
and scope of such new homogeneous hydrogenation catalyst pre-
cursors as an alternative to the use of lithium aluminum hydride
in reduction of esters.

5. Conclusion

Over the last decades, dsm-firmenich has conducted exten-
sive research on the homogeneous selective hydrogenation of car-
bonyl groups, ultimately developing powerful ruthenium-based
catalytic systems that combine efficiency, sustainability, and cost-
effectiveness. These advances offer a robust and scalable alterna-
tive to waste-generating stoichiometric reagents such as sodium
borohydride and lithium aluminum hydride, long used for the re-
duction of ketones, aldehydes, and esters. This shift from stoichio-
metric to catalytic methodologies marks a decisive step towards
more sustainable industrial practices in the fragrance and flavor
industry. Indeed, these catalytic systems were generally revealed
to be highly selective in the presence of a large variety of olefins,
and other numerous functional groups such as alkynes, epoxides,
esters, allylic acetates, amides, nitriles, and even ketones also re-
mained untouched while performing hydrogenation of aldehydes
under base-free conditions. Whilst nowadays, transition-metals
catalysis is experiencing new momentum, providing some cost
effective, high yielding, and environmentally friendly transfor-
mations from earth abundant and inexpensive elements, recent
developments in hydrogenation methodologies using metals such
as iron and molybdenum unfortunately are revealed to still be
insufficient compared to the herein reported results based on both
the noticeably lower catalytic activity and the overall economic
impact of the general catalytic system, mostly due to the high cost
of the employed non-trivial ligands.
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