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Abstract: This review relates 85 years of catalysis performed at Firmenich. A special emphasis is shown on how
the industry has always focussed on improving the environmental profile of the perfumery ingredients produced
and on making them more sustainable. In particular through the application of one of the key principles of Green
Chemistry, no. 9, which concerns catalysis. These trends have of course impacted the choice and the need for
industrial processes that generate less waste, use less solvent and minimize energy requirements. This review
has been organized around key transformations used at Firmenich, and a comparison between stoichiometric
and catalytic approaches for some important perfumery ingredients is presented.
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1. Introduction

Nowadays, there is a tremendous push within the Fragrance
& Flavour (F&F) industry towards the development of sustain-
able ingredients through the application of the Green Chemistry
Principles.[!l In particular through the application of one of the
key principles, no. 9, which concerns catalysis. Firmenich has
been a pioneer in the field with its long-standing legacy in the
field of catalysis. Indeed, the first catalytic process dates back
to 1935, and concerned patents on gas-phase formation of mac-
rocyclic lactones using a solid support.[2! Firmenich has always
focussed on improving the environmental profile of the perfumery
ingredients producedB! and on making them more sustainable.*l
These trends have of course impacted the choice and the need
for industrial processes that generate less waste, use less solvent
and minimize energy requirements. Catalytic processes used in
the F&F industry have already been reviewed in the past, citing
examples of research performed at Firmenich.5! Since the 1950s,
chemical processes at Firmenich have relied on a variety of metal-
based catalysts (Fig. 1). This review has been organized around
key transformations used at Firmenich and a comparison between
stoichiometric and catalytic approaches for some important per-
fumery ingredients is presented.
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Corporate R&D, Firmenich SA, 1 Route des Jeunes, Genéve, Suisse
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Fig. 1. Overview of metals used in catalytic processes at Firmenich for
the synthesis of perfumery ingredients.

2. Metal-catalyzed Cyclization

In this first section, we describe the efforts made over the years
towards continuously improving the synthesis of cyclic perfum-
ery ingredients discovered in house, by reducing the number of
stoichiometric chemical steps and replacing them by catalytic
processes.

2.1 Pd-catalyzed Cycloisomerization'
Palladium-catalyzed  cycloisomerizations  kicked  off
Firmenich’s journey in using metal catalysis for the synthesis of
perfumery ingredients. As reported in 1984 by Rautenstrauch,/¢]
treatment of dehydrolinalyl acetate (1) with a Pd(mr) catalyst did
not give the expected rearranged allenic isomer 2, but instead the
cyclization product 3 which was obtained in low yield (10-40%)
(Scheme 1). This was similar to what had been previously re-
ported in 1976 by Ohloff and Strickler using ZnCl, as catalyst.[”]
Rautenstrauch hypothesized that chelation of the double and the
triple bond should facilitate the cyclization, and it should be stron-
ger for n = 0 rather than n = 2 as in 1 (Scheme 1). This turned
out to be correct, and led to a new synthesis of cylopentenones
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Scheme 1. Pd-catalyzed cyclo-
isomerization (Rautenstrauch re-

C«_OAc

arrangement). o Y Not Observed
H
OAc |
x PdCly(MeCN), (2.5 - 10 mol%) 2)
\
OAc
L » Low Yield
(1)
(3)
O O
R20nc PACl,(MeCN), (2.5 - 10 mol%) R,
(M x_
MeCN, AcOH, 60-80°C R, COOMe
R
! 48-89% yield
(4) (5) (6)

5, important starting materials for perfumery ingredients such as
Hedione® (6)8] or Exaltone® (7).

In the previous synthesis of Exaltone® (7), the key intermedi-
ate bicyclopentadecenone 8 was synthesized in two steps from
cyclododecanone 9 as shown in Scheme 2 using a large amount
of polyphosphoric acid.la Therefore, the new catalytic version,
based on a Pd-catalyzed pentaannulation reaction, led to a seven-
fold reduction of the E factor of the cyclization step (E factor 7
vs. 67).

At that time, only one other suitable metal species, Pt(11), was
successfully tried, despite a lower reactivity. This reaction was
later further exemplified by Toste using gold catalysis.!

2.2 Pt, Au and Cu-catalyzed Cycloisomerization!"-'3
Some 20 years after the first Pd(11)-catalyzed cycloisomerization
of enyne acetate (4), Fehr reinvestigated the intramolecular cyclo-
propanation that had failed for dehydrolinalyl acetate (1) as shown
above. This proved to be quite successful and led to a new stereo-
selective synthesis of (—)-Cubebol (10),[11.14] a naturally occurring
sesquiterpene with a cooling, refreshing taste, used in a range of
products from chewing gum, sorbets and drinks. In order to prepare
enyne carboxylate 11, the authors started from tetrahydrocarvone, a
readily available starting material. The cycloisomerization of enyne

Stoichiometric approach (1957):

COOEt

C

COOEt

COOH

COOEt

KO'Bu, 'BuOH

85% yield
(E fact = ca. 13)

©)

Catalytic approach (1984):

OAc
O 4)cH0

Hedione®

carboxylate 11 was then performed with a variety of catalysts, and
the use of Au(1) and Pt(1r)-catalysts proved to be successful,[!!] but
more interestingly Cu(1)-based catalysts were found to be as effi-
cient as Au(1)- and Pt(1r)-catalysts as shown in Scheme 3.[15]

Later on it was found that a second fragmentation path of the
enynol 12 could be attained via a Cu(1)-catalyzed rearrangement
leading to an enal side chain as in 13, as opposed to the cyclopropa-
nation product 14 which was observed with the Pt(i1)-catalyzed
rearrangement. This observation was elegantly implemented by
Fehr for the synthesis of (-)-f-Santalol ((-)-15) (Scheme 4),113]
an important constituent of East Indian Sandalwood oil obtained
from the tree Santalum Album. As this tree is a vulnerable spe-
cies, it is a global challenge to obtain Sandalwood oil sustainably.
(-)-B-Santalol ((-)-15) is very appreciated by perfumers for its
lactonic sandalwood odour.16]

There are numerous efforts described in the literature and in-
ternally at Firmenich for the synthesis of -Santalol,[!®! based on
other catalytic routes towards the preparation of the key intermedi-
ate aldehyde 16, which is found in many syntheses. Noteworthy
approaches such as Chapuis in 20120171 and Birkbeck in 2014118]
described different catalytic routes toward 16, shown in Scheme 5.
These routes elegantly complement the previous approach of Fehr
in 2009,113a1 and differ from the stoichiometric routes described ear-

o}
a) Polyphosphoric acid
b) H;O*
47% yield (8) o
(E fact = ca. 67) \
/ 7
Exaltone®©
O

PdCI,(MeCN), (2.5-10 mol%)

2) HCCK, THF

@) 3) Ac,0, Base

AcOH (1 eq.), MeCN (0.8 M)

60-80°C

78-89% yield
(E fact = ca. 9)

Scheme 2. Comparative syntheses of the Exaltone® (7) precursor bicyclopentadecenone 8.
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(98 2
0 “OPIV 1) [Cu(MeCN),][BF ] (2 mol%) MeLi/CeCly
[ _—
| | DCE, 60°C, 9h ; A\
: ) K2COs3, MeOH, RT A 99
PN /\ 2 3, VIE ,
(+)-(R,R)-Tetrahydro- (11) 77% yield 95% yield (10)
carvone (-)-Cubebol
Scheme 3. (-)-Cubebol (10) via Cu()-catalyzed cycloisomerization.
H Scheme 4. (-)-p-Santalol ((-)-15)

QL = g
OH
(13)

(12)
PtCl; (5 mol%)
[Cu(MeCN),4][BF 4] (5 mol%)

0

H,, Pd/CaCO3
85% yield

e~

synthesis via Cu())-catalyzed cycli-
zation-fragmentation.

(14)

100 (88% yield)
1 (96% yield)

— QU

(15)
(-)-beta-Santalol

Stoichiometric approach:

Willis (1979)

a) AcO,H, NaOAc
b) AcOH, LDA

M H,S0O4 conc.

68% vyield
(overall)

Catalytic approaches:
Chapuis (2012)

o T

CHO

a) EthynylMgBr
T

_a)DIBAL-H KI\/\
b) EtOH, H*
69% yield rac-(16)
(overall)

OH .
a) (Ph3Si0)3V(0) cat., 145°C

Corey's cat. X b) KOtBu, DMSO b) Hp, Raney Ni cat.
b) H,, Pd/C 53% yield 30% vyield (-)-(16)
95% yield (overall) (overall)

Birkbeck (2014)

1st generation:

OAc
\)\

OAc

DABCO (20 mol%)

i

2nd generation:

Znly (5 mol%), RT

45% yield

OAc

WOAC -

rac-(16)

MeOH, reflux

78% yield

1) 1,4-Hydrogenation

(X (O,

(17

AI(OTH3 (1 mol%), RT

69% yield

(15)
rac-beta-Santalol

2) Ester hydrolysis

Scheme 5. Comparative synthesis of intermediate 16 towards -Santalol.
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lier, for example see the Willis synthesis in 1979.111 Birkbeck’s
second-generation approach is the most atom economical route
to date with the preparation of the more advanced dienolacetate
17, which after hydrogenation and hydrolysis gave directly the
-Santalol (15).

2.3 Pd-catalyzed Heck Reactions?>2'

Aldehydes and ketones are two of the most common functional
groups in perfumery. Gaudin used a Pd-catalyzed intramolecular
Heck reaction followed by isomerization to prepare cyclic ketones
and aldehydes.[201 The presence of an allylic alcohol as coupling
partner allowed, via a consecutive Pd(i1)-catalyzed isomerization,
to furnish aldehyde 18 and ketone 19 as shown in Scheme 6 in
moderate to high yield.

2.4 Macrocyclic Synthesis by Metal-catalyzed
Reactions?

Macrocyclic musks are an important sub-category of the
musk family.[23] One of the first syntheses of Muscone (20), in
its racemic form, was described by Ruzicka and Stoll in 1934.[24]
Continuous improvements of the synthesis of Muscone (20) have
been implemented over the years at Firmenich in order to reduce
the total number of chemical steps, to use catalytic steps and to
reduce the environmental impact of the syntheses. Scheme 7 il-
lustrates the synthesis of Ruzicka and Stoll versus a first improve-
ment by Ohloff in 1967 using the previously seen bicyclopen-
tadecenone (8).[9!

Hereafter are presented three short syntheses of this icon-
ic musk, Muscone (20), from readily available materials and
where the key steps are catalytic. In order to shorten the synthe-
sis Schulte-Elte, Hauser and Ohloff explored, in 1979, the use

Ruzicka (1934)

CHIMIA 2019, 73, No.9 687
MeOOC COOMe
MeQOC., COOMe Pd(OAC); (5 mol%)
ﬂ PPhs (15 mol%)
HO > Br Et;N (3 eq), MeCN, 80°C, 15h
60% yield AL
MeOOC._COOMe Pd(OAC); (5 mol%) H Cooc“éeOM
PPh; (20 mol%) e
Ho Br EtsN (3 eq), MeCN, 60°C, 3h o )
83% yield

(19)

Scheme 6. Intramolecular relay-Heck reactions.

of cyclododecatriene (21) a precursor of cyclododecanone (9).
Dehydrogenation of the macrocyclic dihydropyran 23 followed
by an electrocyclic rearrangement and a hydrogenation step gave
Muscone (20) in good yield (Scheme 8). This metal-catalyzed
‘borrowing hydrogen transfer’ sequence avoided the challenging
hydrogenation of the dione 24 into 20 as shown in Scheme 7. The
starting macrocyclic dihydropyran 23 was obtained by a high di-
lution acid-catalyzed cyclization of the corresponding hydroxyl
acetal 25 which in turn was readily available from cyclododeca-
triene (21) (Scheme 8§).1222.25]

The second example started from cyclododecanone (9) and
used a three-carbon elongation methodology to attain the C15-
macrocyclic ketone 20, a strategy found in many syntheses of C15-
macrocyclic ketones. In this example, Rautenstrauch, Snowden
and Linder described a short synthesis of racemic Muscone (20)
starting from methallylated cyclododecanone 26.[2201 Their route
used a Lewis acid catalyzed ene-reaction followed by an anion-

o) Br o) EtOOC. __COOEt
(Z\A)\:; 300°C (\/i:é 1) NaOEt, EtOH
CHC|3 -4°C BaCl, 2) H,0, 180°C
33% yield 93% yield 36% yield
Exaltone@
COOH EIectronS|s H2 Ni-Raney
NaOMe MeOH EtOH
26% yield

Ohloff (1967)

&o

1) Hy, Ni-Raney 1) 03, CHCly
_1) Mg, Ni-Raney

& 2) Hyp, Pd/IC

2) PhSOg3H, toluene

O
COOEt

(20)
rac-Muscone
90% yield

&&
from (8)
(x;t)* H2 Ni-Raney (\/i:)\;ﬁ

(24)

1) NaH, Mel
_—

2) NaOH
then H30*, -CO,

(20)
rac-Muscone

Scheme 7. Synthesis of racemic Muscone (20) by Ruzicka and Stoll in 1934 and improvements by Ohloff in 1967.
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OH (0]
R M pTsOH e Pd/C (Hy) (25 wt%) N
3 0 High dilution F xylene, 135-270°C
O 75% yield 75% yield
(21) (25) (23) (20)
rac-Muscone
-Hy +H,

= J P _

Scheme 8. Muscone (20) synthesis from cyclododecatriene (21).

ic B-cleavage of the potassium salt of homo-allylic alcohol 27.
Finally, Pd/C-catalyzed hydrogenation of enone 28 gave Muscone
(20) in high yield (Scheme 9).12201

The third example shown below demonstrates that the syn-
thesis of Muscone (20) has been continuously improved over the
years at Firmenich. Indeed, recently Knopff and Fehr described
an elegant synthesis of optically enriched (R)-Muscone (R-20),20]
which is the stronger of the two enantiomers, and very appreci-
ated by perfumers for its strong animal musk character. They
were able to generate enone 29 in optically active form via an
intramolecular aldol reaction of dione 24 using a chiral alkoxide
(Scheme 10). The synthesis was completed by the fragmentation

into the macrocyclic ynone using Eschenmoser’s conditions/27]
followed by a Pd/C catalyzed hydrogenation into (R)-20 in high
yield. The use of dione 24, first described by Ohloff in 1967,
shows that 40 years later, improvements can still be made and
successfully implemented on industrial scale.

2.5 Olefin Trimerization?®

As seen in the above paragraph, macrocyclic odorants are
ubiquitous perfumery ingredients with examples of macrocyclic
epoxides, macrocyclic ketones and macrocyclic lactones, the lat-
ter having a characteristic animalic musk odor. The example be-
low shows that, as early as the 1960s, Schulte-Elte and Ohloff

Scheme 9. Muscone (20) from
0 0 OH cyclododecanone (9) using an an-
Me,AICI OH o .
+ ionic fragmentation.
DCE, 70°C, 8h :
H
(9) (26) (27)
38% yield 18% yield
OH (0]
KH
H HMPA, 120°C, 2h
(27) (28) 22% yield
52% yield
(0]
H,, Pd/C (5 wt%)
rac-Muscone
(20)
94% yield
ONa | Scheme 10. Synthesis of optically
Q Ph/\,\\N\ 9 enriched (R)-Muscone (20).
) 1) TSNHNH,, AcOH cat. (\/iﬁ
THF, RT 2) AcOOH
0 3) Hp, Pd/C
(24) 95% yield (S)-(29) 70% yield (R)-(20)
ee = 64-96% (R)-Muscone
o (o} Scheme 11. Cyclotrimerization of
isoprene to generate macrocyclic
epoxides.
)i CrO,Cly (1.2 mol%) ACOOH. AcONa P
X iBupAlH (5 mol%) CH,Cly, RT
CgHg, reflux, 70h
16% yield isomeric mixture 63% yield (30) (31)
Cedroxyde® Trimofix® (IFF)
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took advantage of Wilke’s olefin trimerization catalyzed by Ni or
Cr!?1 to build functionalized C12-macrocyclic rings with interest-
ing olfactory properties (Scheme 11).128]

Despite the formation of isomeric mixtures, the cyclotrimeriza-
tion of isoprene (Scheme 11) followed by mono-epoxydation with
peracetic acid gave rise to the macrocyclic epoxide, Cedroxyde®
(30) with interesting woody notes, related to the known Trimofix®
(31) commercialized by IFF.30]

3. Metal-catalyzed Carbonylation

In this second section, our journey into catalytic efforts per-
formed at Firmenich continues with metal-catalyzed carbon-
ylation reactions for the synthesis of esters and aldehydes, two
ubiquitous functional groups found in perfumery molecules.

3.1 Palladium-catalyzed Carbonylation Reaction3'%%

In the 1990s it became important to develop an efficient one-
carbon homologation of allyl alcohols331 such as farnesol, in order
to prepare Ambrox® (32).34 Inspired by the work of Murahashi, [35]
Rautenstrauch found that quaternary allyl ammonium salts could
be efficiently transformed into B,y-unsaturated esters under CO
pressure with a Pd-based catalyst. Geranyl diethyl amine (33),[41]
readily available from the sesquiterpene myrcene (34), was clean-
ly converted into the homologated ethyl ester 35 in good yield
(Scheme 12).1361 Recently, Chapuis reinvestigated this reaction in
the context of a formal new synthesis of rac-Ambrox® (32) from
farnesyl diethyl amine (36) (Scheme 12).131]

3.2 Cobalt-catalyzed Pauson-Khand Carbonylation
Reaction*"

Ferdinand Naef, former Head of Research and Development at
Firmenich (1990-2005), wanted to investigate whether a catalytic
version of the Pauson-Khand reaction could be developed!(3337] in
order to synthesize 2-pentylcyclopent-2-en-1-one (37), an impor-
tant precursor of Hedione® (6).!838 This turned out to be possible

Rautenstrauch (1991-1992):

2 4

Myrcene (34)

and the first catalytic version of the Pauson-Khand reaction us-
ing 1-heptyne and ethene as coupling partners was reported by
Rautenstrauch and Keim (Aachen) in 1990 (Scheme 13).37b.c]
Despite the moderate yield, the reaction was highly selective
in favor of the desired 2-pentyl cyclopentenone (37) (>98%). The
other side products detectable by GC in small amounts (7-8%)
were the result of cyclotrimerization (2 heptyne + 1 ethene) and
of the formation of cyclopentadienones (2 heptyne + 1 CO).[37:
Furthermore, compared to the other stoichiometric reactions de-
scribed for the preparation of 37 (see Scheme 13 for one exam-
ple),[3381 this cyclocarbonylation proceeds in only one step.

4. Copper-catalyzed C-C Bond Coupling(39]

Galbanolene (38), isolated from the Galbanum essential oil is
highly appreciated in perfumery for its green, fruity top note. As
there are several possible configurational isomers for this undeca-
triene, it was found that only the 3E,5Z-isomer is appreciated by
perfumers as opposed to the 3E,5E-isomer (all zrans) which has an
undesirable fishy-putty note and should therefore be avoided.[3b-3%
A stereoselective synthesis of 3E,5Z-38 was developed by
Chapuis!?®! and is based on, as a key step, a copper-catalyzed al-
kynylation reaction followed by a Hofmann elimination in the fi-
nal step, providing the desired product as a single isomer (Scheme
14).

5. Catalytic Isomerization of C=C Double Bonds

5.1 Rhodium-catalyzed Isomerization”’

The Rh-catalyzed enantiospecific isomerization of allyl
amines has allowed the Takasago company to produce optically
active citronellal (39) from geranyl diethyl amine (33) (Scheme
15).1411 Citronellal (39) characterized by a rose lemongrass note
is an important starting material for other Perfumery & Flavor
ingredients, i.e. menthol.’]1 A decade later, as the availability
of a large number of chiral diphosphines increased,*?! Chapuis

Pd(PPh3)s (1 mol%)

Et,NH, BulLi
/K/\)\/\ Et > )W+
N  Eon NEts I
(33) not isolated

Chapuis (2019):

X N =
Farnesene
Et,NH, BuLi o) o
neat, 50°C 87% yield
CF3SO3H
XN X X NEt,
MeNO,, 0°C
(36) 75% yield

CO (60 bar), EtOH, 60°C, 72h

Mﬁ” “~COOEt

(35)
E:Z=85/15

73% yield

NEt,
1) Mel, MeOH
2) Pd(PPhg3)4 (1.5 mol%)
CO (60 bar), 60°C
22-31% yield

(32)
rac-Ambrox®

Scheme 12. Pd-catalyzed alkoxy carbonylation of quaternary allyl ammonium salts.
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Stoichiometric reaction (Aldol/lsomerisation): Scheme 13. Comparative syn-
thesis of 2-pentylcyclopent-2-en-
1-one (37) via stoichiometric
reaction and by catalytic Pauson-

i S0 i HCl 7 Khand cyclisation.
O g O
NaOH, H,O nBuOH, 90°C
84% yield 87% yield (37)

Catalytic cyclocarbonylation (Pauson-Khand):

o) O
Co,(CO)g (0.2 mol%)
\/\/\ + H,C=CH, +
Toluene, CO (100 bar), 150°C

H

(40 bar)
o) o
48% yield @7)
Sel.: 98-99 : 2-1
PN
/ MgBr ///\OTs P S Et,N” OH P “
Z — = AN A F N NEt,
CuCl (5 mol%) Cu(OAc),;H,0 (1.5 mol%)
THF, 5°C THF, reflux

72% yield (2 steps)

o~~~ NEt Me2SOs | ———
NaOH/H,0, reflux —

95% yield 75% yield (38)
Galbanolene

Hy, Lindlar cat (2.5 wt%)

Scheme 14. Stereoselective synthesis of (3E, 52)-1,3,5-undecatriene (38) via copper catalysis.

discovered that geranyl diethyl amine (33) could be isomerized With the optically active dihydrofarnesal (40) in hand, a synthesis
with Rh-complexes bearing JOSIPHOS type ligands instead of of (-)-Ambrox® (32) was then accomplished (Scheme 15).[40d]
the original BINAP one.[“01 Both enantiomers of citronellal (39)

were then obtained in high enantioselectivity (92-97% ee) and 5.2 Ruthenium-catalyzed Isomerization'*!

in high yield.[0cl Chapuis recently extended this process to the Using Chaudret’s catalyst ([RuH(n>-CH,)),]I[BF,])*4! Fehr
isomerization of farnesyl diethyl amine (36), readily available showed that the isomerization of allylic alcohols into aldehydes
from farnesene. Dihydrofarnesal (40) was then produced with a could be performed stereospecifically and that the presence of a
high enantioselectivity (92% ee) and in high yield (90% yield).[*0d]  vicinal alcohol group directed the Ru—H insertion into the C=C

O
= PPh,

_ PPh,
X
1) Rh(S-BINAP)(COD)(CIO4) (1 mol%
)\/\/K/\NEQ ) Rh( X X 4) ( 0) )\/\AAO ——>,  F&F Ingredients

THF, reflux, 20h
(33) 2) AcOH/H,0, 0°C to RT (R-39)
100% conv. 97% ee

&P'Buz
PPh,

(0.25 mol%)

Fe
1) Rh(COD),(OTf) (0.25 mol%) )\/\W
N N N NE, N N o —

THF, reflux, 20h
(36) 2) AcOH/H,0, 0°C to RT (40)
90% yield 92% ee (32)
(-)-Ambrox®

Takasago isomerisation:

(S)-(BINAP)

Farnesyl amine isomerisation:

i

Scheme 15. Isomerization of allylic amines: (-)-Ambrox® (32) from farnesene.
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bond in a stereospecific manner.[*3®<l This observation led, after
in situ reduction of the intermediate lactol, to the facile synthesis
of trans-tetrahydrofuran (42) (Scheme 16).[%2] Alternatively, the
corresponding frans-lactone (43) could also be obtained by in situ
dehydrogenation of the same lactol (41) with Ikariya’s complex
(Scheme 16).[434l

Damascones are important constituents of the floral family of
perfumery ingredients,3! among them alpha-Damascone (44) is
characterized by an intense rose scent with some green and fruity
aspects. The first selective synthesis of this isomer was reported
in 1975 by Schulte-Elte et al.[*31 and started from dehydrolinalol
(45) as shown in Scheme 17. The key step was a Cu-catalyzed
rearrangement of acetate 46 into the trienone 47. Finally an acid-
catalyzed cyclization gave the desired alpha-Damascone (44).
This ingredient became very important commercially and several
syntheses have been reported over the years. One may cite the im-
provements made by Naef and Decorzant and reported in 1986.[46]
The key step of their synthesis is the addition of allyl magnesium
chloride to the stable ketene 48 obtained in four steps from citral
(49) giving the desired alpha-Damascone (44) after hydrolysis

Scheme 16. Tricyclic trans-furan
(42) and trans-y-butyrolactone
(43) via OH directed Ru-catalyzed
isomerization.

[RuH(CgH11),][BF 4] (0.5 mol%)

and isomerization of the terminal double bond (Scheme 17). The
use of ketene 48 as an electrophile instead of the corresponding
ester prevented the double addition of the Grignard reagent as the
product in solution is stable in the form of enolate 50. Another
elegant way to solve the Grignard double addition problem was to
use a strong base during the addition of the Grignard reagent to es-
ter 51, as reported by Fehr and Galindo.[*’! Indeed, the strong base
generates enolate 50, and therefore prevented the double addition
of the Grignard reagent. This strategy later allowed the authors to
perform a catalytic enantioselective protonation of enolate 50 in
order to access the more olfactively intense and appreciated (S)-
(-)-enantiomer of 44.[48]

Another interesting use of ruthenium-catalyzed isomerization of
C=C double bonds is in the synthesis of the sandalwood ingredient
Firsantol®(52). This is an improvement versus the previous synthesis
of 52, developed in 1984 by Schulte-Elte, which relied on a stoichio-
metric LiAIH, reduction of ester 53, obtained by Claisen-Johnson
rearrangement with ethyl orthopropionate and alcohol 54 (Scheme
18).1491 The four diastereomers of alcohol 52 were evaluated olfac-
tively and it was found that the (-)-(1'R,2R) diastereomer was the

Et3SiH
Amberlyst 15

76% yield (42)

CH,Cly, RT

(41)

R ﬁ
Via: . OH |
Ph \
“OMe
</NH2
(2 mol%)
KOtBu (2 mol%), acetone, RT
79% yield
Schulte-Elte (1975):
1 ) G __Cu(OAc)cat. w H,S0, iﬁiK/\
2) Ac,0 AcOH iPr,0, -20°C
81% yield 76% yield (47) 45% yield (44)
(45) (46) alpha-Damascone
Naef (1986):
(o} o (e}
SN0 c” MgCl
2 steps OH 1) (COCI), 1) > N
_—
| = 2) Et3N, 160°C 2) pTsOH
71% yield 50% yield overall
(49) (48) (44)
Citral OMgCl
= ~
via:
(50)
Fehr (1988-1996):
0 OMgCl i
&om A MdCl éik/\ MROH iﬁ\ 7
R
LDA 2) pTsOH Z
(51) (50) (S)-(-)-(44)

Scheme 17. Synthesis of alpha-Damascone (44).
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strongest, more sandalwood and most pleasant of the four.[3¢l To
obtain the highest amount of the best isomers, Chapuis described in
1996,143¢l a tandem Ru-catalyzed C=C bond isomerization-Claisen
rearrangement% for the preparation of aldehyde 55, which after Ru-
catalyzed hydrogenation of the carbonyl group, provided the desired
sandalwood alcohol 52 in high yield (Scheme 18).[534.70]

5.3 Photochemical Isomerization'®’!

Recently, there has been an increasing trend toward the use of
photochemical processes, in particular those based on photoredox
catalysis.52! Indeed, photochemical processes allowed to produce
transient reactive species, used either in stoichiometric or catalytic
amounts, under mild and efficient manner compatible with many
functional groups. These characteristics give photochemical pro-
cesses a low environmental footprint by using protecting group-free
syntheses and by using non-toxic radical initiators as in the case
of photoredox catalysis. Photochemical processes have been used
as early as the 1960s, with one important example being the syn-
thesis of rose oxide (56), by Ohloff using a dye-sensitized photo-
oxygenation of (-)-citronellol (57).53 The hydroperoxide was then
reduced and the diol cyclized under acidic conditions (Scheme 19).
Another example using photochemistry is the isomerization of C=C
bonds to the more stable (E)-configuration with a photo-generated
thiyl radical as described by Schulte-Elte in 1976.5511 The author de-
scribed that irradiation with a mercury lamp of a solution containing

Schulte-Elte's synthesis of Firsantol (1984):

W\/ EtC(OEt)B WCOOEt
H*, 120°C
(54) 94% yield (53)

Chapuis's synthesis of Firsantol (1996):

\éj\/o\/\

RUCl,(PPhs); (0.12 mol%)

180°C
69% yield

N

a catalytic amount of diphenyldisulfide produced a thiyl radical that
could add reversibly to diene 58, thus allowing the isomerization
towards the more stable diene isomer (Scheme 19).

6. Ruthenium-catalyzed Hydrogenation Reactions/54
The efforts towards producing (+)-cis-methyl dihydrojasmo-
nate ((1R,25)-6) in an enantiomerically and stereochemically en-
riched form on industrial scale led chemists at Firmenich to study
homogeneous catalyzed hydrogenation at the end of 1990s and
build up a huge amount of expertise which is still present today. 53]

6.1 Ru-catalyzed Hydrogenation of C=C Double Bonds®®
Over 50 years after its initial discovery by Demole and
Lederer,8! Hedione (6), commercialized as a near-equilibrium
mixture of the racemic trans/cis isomers (90-93/7-10), remains
a blockbuster in modern perfumery.38! It was soon realized that
only the cis-isomer (1R,25)-6 had an intense and distinct jasmine
odor (Fig. 2) and it soon became an important industrial target.
Syntheses of optically pure (1R,25)-6 were initially long and
tedious, for an example developed by Fehr (Scheme 20).571 The
shortest route towards (1R,2S5)-6 under neutral conditions in order
to avoid epimerization was a metal-catalyzed hydrogenation of
the dehydro compound 59 (Scheme 20).056581 Based on previous
work in the literature,591 Rautenstrauch et al. first tried to gener-
ate and test a highly electrophilic, dicationic ruthenium(ir) system

LiAIH,4 OH
Et,0
98% yield (52)
Firsantol®

[Ru] cat., additive

NI

(52)
Firsantol®

H, (50 bar), RT to 100°C

(55) 98% vyield

Scheme 18. Comparative synthesis of the sandalwood ingredient Firsantol® (52).

Ohloff photo-oxygenation (1961)

)\V\/\/\ —»1 02 %z :
OH OH
hv, Rose Bengal
(57) 60% sel.
(-)-Citronellol

Schulte-Elte photo-isomerisation (1976)

OH 82% yield

(58) 71

H = H Pz
= PhSSPh (2.5 mol%) Z
= = +
hv (Hg), toluene '
(Ho) HO Y R
OH

Scheme 19. Early photochemical
processes at Firmenich.

1) Na,SOg3
_
2)H*

e¥t

(56)
Rose Oxide

via:

RS\[J.\/
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NN

COOMe COOMe

(1R.2R)-6

"Weak, more earthy than floral"

(1R,2S)-6
"More powerful, jasmine"

Fig. 2. Methyl dihydrojasmonate (6) isomers.

with non-coordinating counter anions, as he observed that ruthe-
nium complexes with coordinating anions were inefficient for the
hydrogenation of the tetrasubstituted double bond present in 59.
In collaboration with Professor Genét (Paris), they optimized the
reaction conditions and the pre-catalyst was isolated and iden-
tified. It turned out to be the mono-cationic hydrido ruthenium
species 60, instead of the expected dicationic species (Scheme
20). The structure was later confirmed by X-ray analysis done in
collaboration with Professor Bergens (Alberta).

As illustrated in Scheme 20, the hydrogenation approach to-
wards (1R,25)-6 is a highly atom economic and stereoselective
transformation, despite being stoichiometric in hydrogen. In con-
trast, in the approach described by Fehr!571 a stoichiometric borane
reduction was needed to prepare the optically active alcohol 61,
followed by two diastereoselective steps in order to complete the
synthesis of (1R,2S5)-6.

An improved version of the Rautenstrauch process is still used
at Firmenich today for the synthesis of (+)-cis-methyl dihydrojas-
monate (6) on a multi-ton p.a. scale.

6.2 Ru-catalyzed Hydrogenation of 1,4-Diene!®”
Cis-C=C double bonds are commonly found in perfumery
ingredients. Examples are cis-3-hexenol (also known as Pipol or

Leaf Alcohol) characterized by a powerful, fresh and intensive
green, freshly cut grass odor.[6!l The efforts towards an efficient
synthesis of cis-C=C double bonds which do not rely on het-
erogeneous hydrogenation of alkynes, especially for trisubsti-
tuted C=C double bonds, led Dupaul54>-60al to improve/industri-
alize the Cp*Ru-catalyzed hydrogenation (Cp* = pentamethyl
cyclopentadienyl) of dienes discovered by Driessen-Holscher
for the hydrogenation of sorbic acid.l%?] This ruthenium-cata-
lyzed hydrogenation of dienes was later elegantly applied by
Fehr to the hydrogenation of dienyl acetate 17, in the context
of (-)-B-Santalol (Scheme 21).10b] The latter stereoselective
hydrogenation has a much better environmental footprint than
the previously used Corey’s strategy to introduce the Z-allylic
alcohol 15.0132]

6.3 Ru-catalyzed Hydrogenation of C=0 Double Bonds/>¥
After successfully tackling the selective hydrogenation of
C=C double bonds with homogeneous catalysts on industrial
scale, the next challenge was the replacement of the stoichiomet-
ric reduction of carbonyl functionalities (aldehydes, ketones and
esters)[®] into their corresponding alcohols by a metal-catalyzed
hydrogenation. Indeed, the reduction of these functional groups
is currently done industrially with stoichiometric reagents based
on Al, B and Si (e.g. LiAlH,, NaBH,, polymethylhydrosiloxane
(PMHS), ...). Therefore the reduction generates a lot of waste (Al
and Si salts) as reflected by a high E-factor and the manipulation
of these reagents on scale is potentially hazardous. The E-factor
of an alternative catalytic reaction using dihydrogen gas will be
much smaller than the stoichiometric reduction (Scheme 22).

6.3.1 Hydrogenation of Aldehydes and Ketones54-67
In the late 1990s, pioneering work in the field of ketone
and aldehyde hydrogenation was done by Noyori using Ru(in)-

(1R,2S)-Methyl dihydrojasmonate by Claisen-Ireland rearrangement and diastereoselective epoxydation (C. Fehr):

Ph
l:-| .wPh
5 mol%
o) N\Bfo ( ) OH
N
é/\/\/ \ @/\/\/ 1) MeO,C~ “COCI q\/\/
BH;SMe,, THF EtsN, CH,Cl COOMe
(37) (61) 2) NaH, THF then TMSCI
89% yield 93% ee 50-65°C 93% ee
3) H,0O, NaCl, NMP, 140°C
69% yield over all

(CF3C0),0, Hy0, Q\/\/ BF3OEt2 Q\/\/
Na,COj3, CH,Cl,, -50°C CHZC|2

2T e COOMe COOMe

79-83% yield de 99/1 83% yield (1R,25)-(6)

98/2 cis/trans

(1R,2S)-Methyl dihydrojasmonate by catalytic asymetric hydrogenation (V. Rautenstrauch):

o “H o)
Q\/\/ (eo (0 05 mol%) &\/\/
COOMe » (90 bar), CH,Cl, RT COOMe
@37 (59) 99% yield (1R25)(6)

98/2 cis/trans

PP: (-)-Me-DuPHOS: 64% ee

Scheme 20. Comparative synthesis of (+)-cis-methyl dihydrojasmonate ((1R,2S)-6).
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Stoichiometric end-game in beta-Santalol synthesis:

Scheme 21. Comparative cis C=C
double bond formation in the
(-)-B-Santalol ((-)-15) synthesis

: PPh H .
G\A’(\AO [EtPPhy*I g | 1)nBuLi THF,-78°C - N end game
e e
nBuLi, THF, -78°C 2) (CH,0)n OH
(16) 50% vyield overall ZIE =973
(15)

Catalytic end-game in beta-Santalol synthesis:

(o 5 mol%)

(-)-beta-Santalol

GI\AO 2 steps GI\/\[

90% yield “a7n

acetone, 60°C

K2CO3, MeOH[

diphosphine-diamine complexes.[®8] Inspired by this work, togeth-
er with a focus on simplicity of Ru(ir)-complex synthesis, activity
and robustness, Rautenstrauch investigated the use of the inex-
pensive, achiral ligand, diphenylphosphinoethylamine (DPPEA)
(Fig. 3). Gratifyingly, this ligand turned out to give very active
ruthenium complexes for the hydrogenation of aldehydes and ke-
tones.[6469]

Especially in the context of Sandalwood ingredients, such as
Firsantol® (52), Dartanol® (62) and Polysantol® (63), this rutheni-

Previously:
O 1) reducing reagent R
. AN +  Waste as salts E factor > 300
R™ 'R 2) work-up R™ "OH
Desired target:
)?\ Metal catalyst R
, > AN + Waste as catalyst E factor <1
R™ "R Hp gas R™ TOH

Scheme 22. Comparative E-factor between stoichiometric and catalytic
reduction of carbonyl groups.

Ph —ICI'
N NH,
\\l//P ’Cl
Ru ’j—ChwaIPP IS P,
SN 2P—Ru"—PPh;
Ph Hy CI \\ HZN/\I/

PPh;

Noyori's Ru(ll) catalyst DPPEA-Ru(Il) catalyst

Fig. 3. Ru-complexes for aldehydes and ketones hydrogenation.

: \/\(
> (4 bar), maleic acid (8 mol%)

OR

R=Ac (88% yield)

R=H (98% yield, Z/E = 98:2))
(15)

(-)-beta-Santalol

um complex showed an impressive level of S/C loading (Scheme
23).15464b] This work was recently reviewed by Dupau, 54! where
the Ru-catalyzed hydrogenation was compared to previous meth-
ods such as the stoichiometric Zn/PMHS reduction and the cop-
per-chromite hydrogenation.

Continuing the research started by Rautenstrauch towards the
hydrogenation of aldehydes and ketones, Santoro developed ruthe-
nium complexes with a tetradentate ligand possessing thio-ether
groups instead of the widely used phosphorous atoms. He showed
that such complexes were found to be highly active and even high-
ly enantioselective towards alcohols and ee values of up to 95%
could be obtained with complex 64 (Scheme 24).16]

6.3.2 Hydrogenation of Aldehydes under Base-free
Conditionsts#-¢:70.71

The ruthenium(i1) complexes reported above needed to have a
strong metal alkoxide or hydroxide present in order to be active, pre-
sumably in order to transform in situ the RuCL(L) complex into the
productive RuH (L), complex. Therefore, some substrates, especial-
ly aldehydes, could suffer from the presence of these strong bases
and result in the formation of unwanted side products or low yields
due to the base-catalyzed polymerization of the substrate prior to
hydrogenation. Therefore, solutions were searched for in order to be
able to perform this carbonyl reduction under base-free conditions.
Noyori was the first to introduce the Ru(H)(BH,)(L) complexes
as bench-stable masked dihydride complexes that were highly ef-
ficient for ketone reduction under hydrogen.[’?) Dupau and Bonomo
developed ruthenium bis-carboxylate complexes, such as 65, for the
smooth base-free hydrogenation of aldehydes into their correspond-
ing alcohols with a high conversion and high selectivity (Scheme
25).701 These complexes could be synthesized on large scale indus-
trially,”l and were highly active (S/C ratio up-to 100°000).

RuCl,(DPPEA), (0.01 mol%)

H, (40 bar), KOtBu, iPrOH, 60°C
>99% vyield

[RUCI(DPPEA),(PPh3)](CI] (0.0005 mol%)

metal hydroxyde co-catalyst
H, (20 bar), neat, 90°C

98% yield

Scheme 23. Synthesis of
Sandalwood ingredients by hydro-
genation using Ru(i)-complex.

\é/\J\/OH

Dartanol® (62)

Polysantol® (63)
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j’\ [Ru] cat (0.05 mol%) )O\H
R Re H, (50 bar), KOH (5 mol%), iPrOH, RT R R S
Conv. 98-99% =N_| N=
— RuU
\ S | Ns—7 N
OH OH OH OH /'\Cl =
_ /'\
( (64)
N
95% ee 83% ee 90% ee 95% ee

Scheme 24. Ru(i) complex 64 with tetradentate amino-thio ether ligand for C=0 hydrogenation.

6.3.3 Hydrogenation of Esters™

For along time, ester functional groups remained the most diffi-
cult to reduce with dihydrogen and a metal catalyst.[7473] Internally,
the application of Ru catalysts was extended to the hydrogenation
of esters based on the initial work by Milstein using the pyridine-
derived Ru-complex 66 (Scheme 26).170! It was soon realized that
Ru-complexes bearing amino-phosphine ligands, such as complex
67, were highly active in ester reduction under hydrogen (Scheme
26).0731

One key feature is that the Firmenich complex 67 was chemo-
selective with regards to non-conjugated and non-terminal C=C
double bonds under conditions where the esters were reduced
with H, (Scheme 27).1734

Scheme 25. Base-free hydrogena-
tion of aldehydes catalyzed by
Ru(i)-bis-carboxylate complexes
(65).

[Ru]cat (0.001 mol%) H, O
2-Np-COOH (2.5 mol%)

This was a tremendous breakthrough and paved the way to
a truly waste-free and green replacement of lithium aluminum
hydride reducing agents. Indeed, a reduction of the E-factor by a
factor of ca. 3x could be expected if the side alcohol formed is not
recycled, as opposed to a reduction by a factor of 10°000x if the
by-product alcohol formed is recycled (Scheme 28).

7. Conclusion

As of today in 2019, more than 50 years after Wilke’s cyclo-
dodecatriene synthesis and 85 years after Ruzicka’s Muscone syn-
thesis, the field of catalysis continues to reinvent itself and will
continue to gain importance within the F&F industry and beyond.
Indeed, the discovery of new perfumery ingredients and the need

WO

H, (50 bar), 100°C, neat

\/
N, § P
S e
)Y\)\/\OH EN/F\"U\ j
H N
2 /

o Ph Ph
Conv. >99%
Sel. >99%
(65)
Scheme 26. Comparative ex- Milstein Ru-catalyzed ester hydrogenation (2006):
amples of esters hydrogenation
catalyzed by Ru-complexes 66 | =
and 67. JOJ\ [Ru] cat (1 mol%) N
A~ )
! EtoN—Ru—P1Bu
R™ OR H, (5 bar), Dioxane, 115°C R™ OH 2 o7 2
CcOo
66
/\OH /\/\OH /\/\/\OH
96% vyield 86% vyield 98% vyield 82% yield

Firmenich Ru-catalyzed ester hydrogenation (2007):

i [Ru] cat (0.05 mol%)
R”™ "OMe

H, (50 bar), NaOMe (5 mol%), THF, 100°C

@AOH ©MOH

97% yield 90% yield

N §
N
/Ru
R™OH /F\’
PH

COH NN
O/\ OH

89% yield

87% yield
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(0]

N

R™ “OMe

[Ru] cat (0.05 mol%)

PN

R™ "OH

H, (50 bar), NaOMe (5 mol%), THF, 100°C

e Ao

90% vyield
sel. 98:2

93% vyield
sel. 99:1

95% vyield
sel. > 98:2

to produce existing ingredients in a safer and environmentally be-
nign way will push the F&F industry towards ever greener indus-
trial processes (Fig. 4). This push will entail the continuous imple-
mentation of catalytic reactions in order to reduce waste, solvent
and energy. More recently these catalysts are also based on base
metals (e.g. Fe, Mn, Co)!"778] instead of noble metals (e.g. Rh,
Ru, Pd, Ir) which are becoming increasingly difficult to source
due to their low abundance and expense. Within Firmenich, some
examples of catalytic processes using base metals have already
been achieved and have been shown herein.
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