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Abstract: This Tetrahedron Report on fragrance chemistry summarizes the recent progress in the chemistry
of important amber, sandalwood, wood, musk, and floral odorants. Some details of the olfactory mechanism,

cnrrant modele for etructure-odonr relationching and the narameters of olfactory mrfnrmnnm are also
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1 INTRODUCTION

Fragrance chemistry is a fascinating biend of naturai product, synthetic, anaiytical, and physical chem

Cl,
wun a certain amoum of creative fantasy for odours, and molecular structures. Besides the rigor and logic of
is and should be carried away by serendipitous, artistic, intuitive moods.
n

In t}“‘ broadest sense all comp unds with a smell belong to the category of fragrance chemistry. In English
the term aroma chemicals is used for both fragrance and flavour compounds, although there is no strict separation
in practice. Thus, compounds with a sufficiently high vapour pressure will have an odour and this is normally the
case up to a molecular weight of around 300, a relatively low polarity granted
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Itis often incorrectly assumed that only compounds with a pleasant smell belong to the realm of fragrance
chemistry.! Not only is pleasant odour a very subjective notion, but fragrance compositions often include single
compounds which in higher concentrations or in pure form have an animal, faecal, sulfurous or sweaty obnoxious
odour. Also, fragrance chemistry deals with malodour, in order to counteract it; therefore, the analysis and
chemistry of e.g. sweat is aiso a topic of concern.

Fragrance chemistry?? emerged from the very old traditio
from naturally occurring materials, mostly of plants but also of animal origin, as there are essential oils, exudates,

alcame and rocine Im the connnd half onf the 1Qth contiiry cunthatin fraagrannca nhaminalo ctamtad ¢4 annnne i tha
UAISAIILS, il 1VaLns. 1 Uiv SULULM LIALL UL WIC 17l Lol y, Sy HuiCul tragialilC LriCiniiladls Sudicd W dppedr il uic
chemical literature and on the market: coumarin (1. 1886). salicvlaldehvde (2. 1876). vanillin (3 1878)
CHCIRICAL IROCIARIC allQ O6L U0 IRAlxCl, COUINAlln {1, 1800), Saiulyiadenyde (&, 16/0), vaniuin (3, 18/0),
phenylacetaldehyde (4, 1883), piperonal (5, 1890), the nitro musk Musk xylol (6, 1891), and B-ionone (7, 1893).
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Over the last 100 years, synthetic fragrance chemistry has been a continuous success story. Organic chemists
were able to offer the perfumers their nature identical raw materials in high and constant quality, and at low

~ w o .

price, e.g. linalool (8), citral (9), o- and B-ionone (10 and 7). Moreover previously unknown synthetic molecuies
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Today, most of the synthetic fragrance chemicals are in the price range of US$ 10-100 per kg, perhaps
10% in the range of US$ 100-250 per kg, and only a few above this. The natural fragrance ingredients, like
essential oils, absolutes, and resins are, with a few exceptions, in the upper price range, and far above it: patchouli
oil costs about US$ 20 per kg, lavender oil US$ 60 per kg, jasmin concrete US$ 600 per kg, and Turkish rose oil
about US$ 2500 per kg. This is the reason, why in the last 25 years —since the analytical methods made it
possible— perfumers were provided with many reconstitutions of expensive natural oils. In the so-called functional
perfumecry, that is the perfumery of soaps, detergents, and household goods, where prices must be kept very low,
the compositions consist almost completely of synthetic materials. Today, only in fine fragrances the perfumer
can afford to use some natural products.



In this review we were not aiming at a comprehensive coverage of fragrance chemistry. In our opinion this
would neither be possible in the limited space, nor desirable for the reader. Rather we tried to show the beauty,
difficulty and the multidisciplinary character of the topic. Some excellent publications cover a part of our theme
up to ca. 1990. TA very specxal pubucatu)n shouid also be mentioned here: Fragrance and Flavour Chemistry
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only if it is of some ex cenuonal ongmaht yandele
are considered to be nece T
really unique, and to allow the creation of something out smnding new compounds ar e. y
odour tonalities give new possibilities for the creation. For instance, Moxalone® (13)2 has musky fruz onahty,
which is somcthing new in this combination.

Besides the odour characteristics, other performance criteria like odour threshold, substantivity, toxicity,
transparency, stability, and biodegradability, are also important paramecters of odorants. The lower the threshold
of a molecule, the more powerful it is, the higher impact it has in a composition. A higher impact means obviously
also a relative price reduction because of possible lower dosage, and an advantage in respect to a possible
environmental encumbrance.

The non-toxicity, of course, is a conditio sine qua non, and as such it must not be discussed here.
Substantivity'® means the behaviour of the fragrance in the application on skin, or hair, or fabric, e.g. the distribution
and residuality of a perfumc in its use in a laundry-washing process. High residuality on laundry can be achieved

hir high linanhilicity whinh agnin cranm hanaman menhlamantio shoan hindagradahilies: S0 addewarcond T dcrsiiemcrmemd
Uy Ligl HPUpPIHLULIty, wilivil agdiil vall UCLULLHL piruviCiHLaul wiicll UIVUCETaUauiily 18 aUaicssCa. 10 Lll umvent
thic nrohlem relativelv linonhilic nrecurcare of relativelv hvdranhilie fraorance molecnlae hava hasn neannead
VRO PAVURWILL IVIRWM Y WEY MPUPLILIULY PAVVWISULY VL aviau "VLJ i \Jl\ll}ll.ll.l.\t AlAslAdllivy HIIUVIVLVUIVLYD 1A Ve UVACLL l_".UPUD\/U’
which are cleaved in the washing nrocess to ensure the desired residualitv of the fraorance 11 Transnarency is a

c clea 18T €8S o ensure the aesired résiguality of (he fragrance.”’ Iransparency 1S a

.

difficult to describe characteristic of a fragrance ingredient, meaning how it performs in mixtures; whether it is
dominating or it lends itself to a harmonious accord. Stability in this context means the behaviour towards high
pH of 9-10 as it prevails during the washing process, towards oxidants in bleach, and in special applications also
towards low pH of 4-5. Last but not least, the biodegradability should be high. With all these requirements!? it
is clearly a demanding task (o find and introduce new fragrance chemicals.

2 RATIONAL DESIGN OF ODORANTS

The know ied"’e of ihe mechanism o ctioﬁ, and particularly of its primary event involving odoriferous
liagandoe and thate vanantare wnanld Ahviancle Ffanilitata tha cnanenlh fae mangy and maera affialiant macedicon aws wae
HEALIUDS dliu UITIL ICLOPIULS, WUULU UUVIUUDLY 1dLllildaic UIc svdlll 11Ul Hoew alid 11l CLl1IVICHI pcu 1 lCly 1daw
materials. It would help to optimise the structures of the known lead molecules, and make possible a de novo
design of better performing compounds. Unfortunately, and despite all the recent research effort, the information
on the molecular interactions between olfactory receptors and their ligands is almost non-existent.

15 A Uldd L1l AL Vi 115dlivy Lo allllVot 11UV il

In 1991, Buck and Axel reported their discovery of a large family of genes encoding putative odorant
receptors,!3 possibly more than 1000 different proteins. They seem to belong to the largest group of receptors for
neurotransmitters and hormones—-the seven-transmembrane-domain (7TM), G-protein-coupled receptors
(GPCRs). This super-family of proteins mediates numerous physiological phenomena, including vision. Studies
of any GPCR represent a challenge because of the instability outside the membrane and crystallization difficulties.
Even in the cases where functionally well defined specific receptors of endogenous ligands like retinal, histamine,
serotonine, dopamine, tachykinin, thrombin, endothelin, or substance P (of enormous importance for the
pharmaceuucal research) are known,!4 little data on the tertiary structure of the rec eptor—hgand complex are
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template, a model of bacteriorhodopsin obtained by using electron diffraction data of its 2D crystals.!” While
analysing such models one should never forget that bacteriorhodopsin, although functionally related to GPCRs,
does not belong to this super-family of receptors and has only little sequence homology with them.

d Axel’s discovery triggered big expectations in the fr agrance microcosm, but six years later the
i n specific odorant-receptor couples in erteorates are suu insufficient for any
m -
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(4-Hydroxy-4-methylpent- I -yl)-cyclohex-3- ene-l carboxaldehyde 369] The second elegam study, deCd on
the chemotaxis of mutants of C. elegans, a worm with a very simple chemosensory system composed of 32
neurones, provided functional evidence for a specific interaction between the ODR-10 olfactory receptor protein
and diacetyl in this species.20 The OR-17 gene, 13 expressed in vivo through adenovirus-mediated gene transfer in
the olfactory epithelium of rat, responded selectively to n-octanal in an electro-olfactogram experiment.2!
Another still unanswered question concerning the primary event in olfaction is how lipophilic odorant
hgands make their way through the aqueous mucus layer covering the olfactory epithelium to the receptor? In
other words, what are the pertreceptor evem‘s 7226 S called odorant binding proteins (OBP), soluble proteins of

PRIy D PR e o PR

low molecular we ;:,m with dlll[lll.y to several str Ctur"auy different odorants, were found abundanily in the nasal
arrier

mucus. They belong to the family of ligand carrier lipocalins, and were historically the first proteins supposed to

be involved in the molecular recognition of odorants.?® Their role is still unclear and several hypotheses have
been advanced:?* They could influence odorant transport, its concentration near the receptor, the odorant signal
termination, or even stahﬂisc an active conformation of odorant receptors through interactions with their exterior

portions. Recently, a bovine OBP membrane receptor, which seems not to be restricted to the olfactory tissues,
was discovered.?> Therefore, OBPs could play a broader role within the body. Some other proteins found in the
nasal mucus of vertebrates such as olfactomedin?® and vomeromodulin do not have proven functions either.
Cytochrome P-450 is the most often mentioned among the degrading and detoxifying enzymes that seem also to
influence the odour perception.22b.27

It should be noted here that odorants can interact with other parts of the nasal cavity. The trigeminal nerve
responds to some airborn chemicals by triggering the sensation of piquancy, pungency, burning, astringency,
tingling, and cooling.?8 The speculations concerning human pheromones,?% ¢ potentially important for the creation
and marketing of perfumes, have been recently amplified by t'ne work on the vomeronasal organ (VNO).2 It

appears to have a distinct mechanism of signal transduction,?%¢-¢ resembling that of odorants, but there is no
clear evidence even for the presence of this organ, let alone iis f““lctim in aduli humans.2%

After the period of completing the catalogue of genes encoding for proteins specifically located in the
olfactory epithelium, the main research activity is now focused on the signal transduction and the genetics of

olfaction. Papers reporting the expression and isolation of putative odorant receptors have begun to appear,19-30
but their functional relevance has not yet been proven. Both research and recent opinions on the olfactory
mechanism have been extensively reviewed.22:29b.31-33

Based mainly on the results of Breer’s group,!8 some speculative models of odorant receptor interactions
have been generated. Singer and Shepherd®42 tested docking of Lyral® to a model of the putative rat olfactory
receptor encoded by the ORS gene. They found a possible binding pocket composed of 6 amino acids of TM3
through TM7, not surprisingly situated close to the position of the binding site of rctinal in bacteriorhodopsin
used as template. The same authors obtained similar results with the 19 receptor!3-benzaldehyde couple,34b and
proposed a general determinant-based model for ligand-receptor interactions in olfactory receptors.3> They

suggested that odorant receptors contain an average of 2—4 subsites, Ligands contain a similar number of

AAAAAAAAAAAAAA o andd tho vt ooF thoare Tre dhoo el oopere bt S Ml I s Qi o T 3G 1
aetermmant alll UIC SCL U1 UICI 1Y UIC dllly guuuu y lb CaliCa ¢ LjaCLOPITH. re SHIECT €1 di. perormeud d
correlated mutatmn analysis of putative odorant receptor sequences from rat, and proposed several substructures



involved in the ligand binding. The calculation of positive selection moments of the 6th TM of human olfactory
receptors allowed similar conclusions.37
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Top view of Lilial® (14) docked at a possible binding site
of a model of the putative OR5 odorant receptor®

These studies prompted us to present our model38 of the ORS receptor interacting with Lilial® (14). The
hydrogen bond between a hydroxyl bearing amino acid (Tyr or Thr) and the carbonyl group is the common
receptor-ligand interaction in these models. Histidine residues of TM4, versatile in their binding interactions,
appear to be of prime importance. Despite these very exciting speculations, indispensable for the progress of any
science, the factual knowledge of the mechanism of olfaction does not yet allow the application of molecular
complementarity search techniques to the design of optimal olfactory agonists and antagonists.

2.2 Olfactophore Search—Molecular Similarity
The approach based on molecuiar similarity among compounds of the same odour note is of more practical
and immediate use in the search for more efficient odorants. Looking for the minimum siructural requirement for
a given type of odour is not new. It paralleled the search for primary odours, and has progressively been adopting

PRGN, Ryt P PR adiaianl A M ) LS 1]
the methods pioneered in medicinal chemistry. By analogy with the widely used term pharmacophore, olfactophore
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functional groups of odorants) served to d631gn
responsible for the strongest interactions with their receptors.42

The acquisition of reliable structure-odour relationship (SOR) data constitutes the first and indispensable
step in any olfactophore search. The selection of useful information from the chemical and perfumery literalure
is not easy because of the lack of unity in perfumers language, insufficient statistical significance of most of the
published data and scarcity of results obtained with olfactorily pure single stereoisomers or their mixtures of
known ratio and configuration. The complex problem of the efficient measurement of the odour quantity4? and

quality#* makes the task even more difficult.
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Taking into account only the lowest energy conformers of the often very flexible odorants constitutes
another common reason for the lack of precision of the majority of olfactophore-search studies. The active shape
of odorants can be dramatically different from their preferred conformers due to a possible gain of energy provided
Dy the receptors and their environment in order to stabilize the ligand-receptor-G-protein complex.

Since this report focuses on the last decade of Fragrance Chemistry, we refer to the excellent reviews on

S R

structure-oao
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r relationship?’ for older empirical rules, and models such as the rriaxial rule,*® and ambergris
triangle*” for amber odorants, or musk*8 and sandalwood rules.4950 The history and current state of the SOR

rescarch has been exhaustively reviewed in a recent paper.’! Here, only the three most thoroughly siudied
nlfnctonhorece correcnnndino tn the ndonr notece decorihad in tha fallauring cunthatin mast 3 o assleos s T Tissm A
VHRLIVETIVITYy VUL VOPULIMALE W LIV UUUVUL HUWS UloVT IUCU $T UV 1ULHU WG SyHuibue pait, i. €. amper, sandadaiwooda,
and musk, are considered.
Fragm. li g
— F\ .
W&Q \
d i
VoL day
p= | |
H D
fMYH
(-)-15 - Fragm. |
(~)-Ambrox
The two (accessible) molecular fragments Ambrox® (15) mapping the best
oconsidered responsible for the amber odour™ CATALYST hypothesis of the

amber oifactophore™

Fragment | O bond to a quat. C-atom

+ 4 carbons A-D hydrophobic functions
Fragment i 2 methyi groups attached to a e—f oriented H-bond accepior
quaternary C-atom small spheres = excluded volumes

Amber: The domain of amber-like smel ilflg Co p unds is pdrucumr‘i well suiied for ¢ Ojactopnore
search. The available SOR data obtained with structurally ri id compounds of known absolu te configuration
allawr tn talra inta rancideratinn a ralativaly emall niimher nf ronrecantative conformatinne The difficult neaohlam

1UW WU tany LU VUIDDIULIauivil a 1Uiaii Vel y Sillall HULLUUE UL TUPIGOVHIAULL YU VUIRIULETAUUIS. L LU UIHLLIVUIL pruuilan
of how to define the multifacet amber tvoe odour can be gvercome bv takine (-)-Ambrox® [(-)-15152 ag the
UL UV LU ULILLILILV WiV HIWIMIRYVY GUIUVE VPV VBUUL VRl UV UVeivUEne Uy wihaiig (7 7iuiviva L\ /A QS v

The steric accessibility (SA) of the osmophoric oxygen of the analogues of this odorant was calculated
using a probe radius of 1. 4A 53 The lower limit of the measured van der Waals surface, critical for the amber
odour, was found to be 5-6A2, This structural feature was used as a supplementary criterion in another study34
based on the so-called electron-topological (ET) approach.>S The two molecular fragments found indispensable
for the amber odour —highlighted in the depicted (-)-Ambrox® molecule [(-)-15]- correspond to two electron-
topological matrices of contiguity (ETMC). These are built using effective charges as diagonal elements, and
Wiberg indices for bonded as well as optimized distances for unbonded atoms. The authors>#2 report an
astonishingly high degree of prediction, about 95%. The ET method was also applied to other odour classes,
comprising sandalwood>% and musk.>’

A different approach,3® taking into account the flexibility of the ligands, is based on a broad coverage of
an energetically reasonable conformationai space,’® with a AE arbitrarily fixed at 15 kcal/mol. An automated
analysis>® of the generated conformational models, which contained 2-79 conformers for each of the 23 car cfu}'ry
selected compounds of the trammg set, led to hypothe.ses——»sets of abstract chemxcal features®® displayed
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selection of the best Aypothesis and its fine-tuning by placing excluded volumes resulted in a model for the
amber olfactophore, which proved useful in the rationalization of the SOR data, and in the design of new molecules
with this smell

any exc ’ptions 51 continues ’0 be appiicd in the SOR studies of

Naipawer etal. ®  C,-O(H) ca 4A
(1981) (in a reasonable conformer)
Chastrette etal. 7! Cg—O(H) 65-71A
(1990) (in the most stable conformer)
Buchbauer etal. ®  P1—P2 29-30A
{1994) Pi—P3 6.3-6.4 A
P2P3 59-6.0A
Dimoglo et a/.% Ce—Cy 515+0.154
(1995) Co—O(H) 660+0.20A
Ct—>O(H) 7.60+0.20 A

Sandalwood: Despite the quite abundant SOR literature on sandalwood odorants,53 only few data for
unequlvoca.uy defined, i. e. opucauy pure, siructures are avaiiabie. The optically pure (Z)- p—santalol main odour

vector of natural sandalwood Ull,‘” Sa-androst-16-en-30-ol, 65 and Uo 3R,6R,8R ) fer t—DutlelcyClOH 4, UJ(lccan-
3-0196:67 have been until recently the only pure substances for which the sandalwood odour was reported. The

first information on the single sterecisomers derived from campholenic aldehyde, which constitute the main
class of synthetic sandalwood-type odorants, was only released in 1995.98 The majority of sandalwood smelling
Comnoundq are fairly ﬂcx;ble except the steroid and the rprg-hurvldeva_lm 1 ml_‘d above. However, it should be

and that the odour of S(x-androst-l6-en-3a-ol is quite often perceived as different from that of sa.nda.lwood."5
The classical sandalwood rules,*®3% and results of more recent studies underline the importance of the
distance between the hydroxy group and a bulky moiety, that preferably contains an electron-rich fragment, i. e.
a double bond, an ether function or a cyclopropane ring. The often flexible spacer linking these fragments should
be branched next to the hydroxyl bearing carbon, Different values for this distance, obtained in several studies,
are not always easy to compare because of different locations of the center of the bulky group. The initially
proposed approximately 4 A distance between the hydroxyi oxygen and “a highly substituted or quaternary
carbon atom” in at least one reasonable conformation’® was sometimes found too short.56:70.7! One should
always keep in mmd that most of the literature SludlBS consider only the lowest encrgy conformers, which are
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Other parameters have been used to augment the predictive power of such olfactophore models. Buch-
bauer, Wolschann et ai. studied the conformations and molecular surfaces of sandalwood odorants.” In one of
thelr recent works they applied the acnve analogue approach"3 74 Wthh takes into account the ﬂex1b1hly of the

a linan g
a LHpOUpIuie buUSuLuUlll., auu a
C san

dalwood odour of

ana]oguc of tht, natural B sanldlol tumcd out to be odourless 76 desmte the fulfilment of all the ster
This was rationalized by the difference in the electrostatic potential at the third point of their po. stuldu,d sandalwood
olfactophore.

In addition to the distances between two fragments —atoms a+b+c+d, and atoms e+f, highlighted in the
depicted sandalwood odorants— the sandalwood olfactophore generated by the already mentioned ET methodS5
involves also some electronic interactions of the hydrophobic parts with the protein receptor. Frontier orbital
calculations carried out by Dimoglo et al.>6 led to the proposal that atoms C, and Cy act as electron donors, while
atoms Cp, C4 and O(H), the latter with an electron density of —0.2610.05 ¢, act as electron acceptors.

Two different santalophore patterns were obtamed via a statistical evaluation of the empirical sandalwood
d 82 it llowed oy companson of four opurmzw structures
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Musk: The SOR work in the domain of musks has a long tradition. It started with the serendipitous finding
of nitro musks at the end of the last century, and has been carried out since, most of the time separately within the
main three classes of these important perfumery raw materials: macrocyclic, nitro, and non-nitro benzenoid,
mainly polycylic musks. The slight differences between the typical musk odour of these chemical series brought
about hypotheses of the existence of more than one musk receptor —or a set of receptors— and consequently not
a unique musk olfactophore.”’ Another aspect of the musk SOR studies is the relation between this odour and
that 01" lhe oﬁcn considered as sandaiwood-iikc Sa-androst-16-en-3a-0l and androstenone, so-cailed steroidal

~al . . Y ~

tion. As a resuli, the whole musk SOR domain appears

The work Of Bersuker et al.>7 is one of the most documented recent studies aiming at a unique musk
lfactophore. Using their ET approach,35 they analvsed 362 compounds beloneine to all classes of musks as well
olfactophore. Using their ET approach,”- they analysed 362 compounds belonging to all classes of musks as well
as inactive analogues, and found two independent, sterically accessible, molecular fragments in c,liSpemahle for

the musk scent. The first one is a polar group (C=0, N=0, C=N) of which the most electronegative atom
situated symmetrically from two methyl groups or methylene units at a dlstance of 6.7H0.5A. The latter are
separated by 2.5+0.5A. The distance between two other methyl or methylene groups that constitute the sccond
fragment should be 5.5H).5A. Additional considerations, bascd mainly on the necessary steric accessibility of
these two fragments, allowed a very good predictability (97% for active, 94% for inactive compounds), which
would be even higher if one applied their hypothesis, that some aromatic musks interact with the receptor in
torm of dimers.

These resuits were evaluated by Kansy ez ai.%® using a singie (as in the original study>? ) and a muiticonformer
approach, with the help of the MOLOC8 and CATALYSTY? software, respectively. The results were deceiving:
The overall predictability ratio was 54% for the first approach, in which the steric accessibility was not considered,

and 59% in the second one. It was better, though still not satisfactory (65% overall, 84% for active, and only 30%
ar inactive comnoundg). when the Bersuker database was screened with a CATALYST hvnothesis nPnPrmf-d
for inactive compounds), when the Bersuker database was screened w C rvpothesis, generated
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6 18 13
Musk Xylol Exaltolide, Thibetolide Moxalone
mapping the model of the
Two fragments musk offactophore generated Tentative positioning

indispensable for the musk scent ¥ using CATALYST %© of the ggm;r):ssé model
Fragment| O (or N) symmetrically flanked A_ hudrambabiin £ metinme on Moxalone (13)

et b 2 M r meth 'ene rou s n—Twv 1 lyUl VPV TUTRART IO EE REIAIARSRRAIM AT
e, HeMeo y group d H-bond acceptor oA .
rragment il £ me or melnylene groups i A-C  appropriate
05C, = OoCy = 6.7£05 A A-B =36A B-oC=40A surface shapes
N .~n. _nEec o1ne A ~ A _ce R A A _a7 R d H_hand
Lwe—?vd 0o T VO A v—/U S OJ M M =00 N - PirTwvIg
C.3C. =55 +05 A d.n —_ao A acceptor

e'_lur -_—at.ad L JVad M AS b 4 & . My

Chastrette et al. also studied a large chemical domain of musks.”® After having investigated single families
of musks —nitrobenzenoids’2 and polycyclic carbonyl compounds?@b— they used a neural network to analyse a
sample of 105 nitrobenzenes, carbonyl tetralins, and carbonyl indanes.”¢ Their structures were described by a
simple common underlying skeleton, comprising a benzene ring with a terz-butyl or pseudo rert-butyl group, and
a nitro or carbonyl group in meta position, and eight descriptors. They consisted of six steric descriptors
~corresponding to five benzene-ring substituents and one of the heicroatoms— and two electronegativity descripiors

1

lated to the nyarogen bond accepmr Afier [ra.mmg, the musk odour pl'C(]lleDlllly aitained 80%-—much beiier

e
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More frequent are studies of chemically restricted groups of relatively rigid musk compounds. Klopman

’ 3

and Dichalinteay80 nead 22 etrictural dacerintare (15 activatino and 8 decactivating) and clne P in a (OSAR
allu 5 WWHIVIHITLOA Y USUM &7 SLLULVIULGE ULOWIIPIVIY (10 QULIVAULES QLU U UUoaviiyUuie ) Qi Vivg 4 133 @ \ZwFiaaN
ennatinn of the mnck ndanr of non-nitra aromatic mucgke obtained nging the CASE (comnuter antomated structure
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evaluation) technology with 152 compounds. The subsequent Multi-CASE analysis identified nine structural

determinants favourable for the musky scent as well as seven thwarting fragments. The sysu,m was able to
predict the odour of 18 compounds out of a subset of 20 randomly selected compounds. An analysis showed
some overlap between the structural requirements for musky odour in nitro and non-nitro musks. Similar QSAR
studies with reported high-predictive power of the elaborated models, in which the lipophilicity of the compounds
plays an important role, were recently carried out by Yoshii ez al.,8! and Jain et al.82

The flexible macrocyclic ketones and lactones, for which minor structural changes trigger dramatic changes
in odour are conspicuously absent in these investigations. Another feature that a fragrance chemist would like to
find in the musk QSAR studies is an evaluation of the predictive power of the generated olfactophore models,
based on a large and diverse enough set of compounds not used in the generation of these models.
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3 SYNTHESIS OF ODORANTS

Law fae am ndasie wrn a aming tn Aiciiice rhametoaresr b A
aré Key 1of an oaour, we are going o discuss chemisiry by odour types. And since there are odour transitions
{rom ambery to woody, from woody 0 sandalwood-like, from sandalwood-like to musky, as well as from musky
to floral. we will alen nroceed thic wav
to floral, we will also proceed this way.

3.1. Amber Odorants

The commercially most important amber chemical is the tricyclic ether (-)-Ambrox® [(-)- 15152 The
history of this material, which is central to fragrance creation, is a fascinating chapter of natural product and
synthetic chemistry with a commercial background.?? Today (-)-15 costs around US$ 1000 per kg, and its world
consumption is 15-25 tons per year.

(-)-15 was first prepared from (-)-sclareol (19)84 by oxidation of the side chain and formation of the ¥-
lactones (+)-sclareolide (20) and (-)-iso-sclareolide (21), which have been reduced to the diols 22. Cyclization
of the diols then leads to the desired ether (-)-15 and the 8-epi-isomer (+)-iso-Ambrox [(+)-23].

This synthesis is still the commercial one as the diterpene sclareol is a rclativc]y cheap (U S$ 1504200 per

P 4 wzsesle 2l 11

ps, it is difficult to co npete with this old synthesis.

2 r—
AN/ T Crog A~ AL A~NALL

-'"OH __» + '."'I _——_*
| AcOH | |
19 20 ¥ 21

e~ 22 Ka >~ 15 Ra >~ 23

{(-)-Ambrox

An impressive approach to (—)-15 is the microbiological conversion of 19 to 20, and to the (8R)-22
diastereomeric diols by Hyphozyma roseoniger® or Cryptococcus albidus, %6 demonstrating an environmentally
friendly oxidation.

The ruthenium tetroxide oxidation of sclareol (19) to sclareolide (20) is strongly dependent on the reoxidation
agent used. Sodium periodate gives only 18% yield of 20, whereas caicium hypochiorite gives about 54%.87

Mechanistically, the double-bond of (-)-sclareol is first cleaved to the corresponding a-hydroxy acid, which is
further oxidized —under decarboxylation— to give a methyl ketone, that cyclizes in the course of the reaction to

enol ether 24. Ruthenium-tetroxide oxidation of 24 then provides the aldehyde 25, that is converted via sclareolide
(20) intn the tarsat molecnle (. Y-Amhrox [{)-158]
NV ) ALY MV W e saVaVvsaL T TS MAULAUA T /T A

Another ingenious ()X_lda_ ion of 19 has been described with the system QsQ4—NalQj (1:70).88 The final

product of this oxidation 27 is isolated in high yield. The envisaged synthems of (-)-15 has been completed in
high yield through a Bae_yer~V1]hger oxidation to the acetate 28 with subsequent reduction with lithium aluminium
hydride in the presence of BF3¢Et;0.

The above transformation 19—27 has been improved, and made more attractive for industrial application
by the use of 03-NalQy (77% yield) instead of the toxic and expensive 0s04.3?
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Apart from the well-established route to Ambrox [(-)-15] starting from 19, different other natural products
have been used as starting materials. Some of these syntheses have no industrial practical value for now, but they
certainly have their educational and aesthetic merits showing the lively imagination of organic chemists.

>=O ;OAc
- r—\.\ - r'\,\ | | \O
~7  MmcesaA LAH N
Dec_Cy N A
NN 5, I 5 T K> ()15
/\H / \H A (=)-Ambrox

The communic acid methyl ester (E/Z-29), a close relative of sclareol (19), has been ozonized and reduced,
and then cyclized under Biichi-conditions. In three more steps, necessary for the transformation CO;Me —Me,

(—)-15 was synthesized.%0
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steps? to reach the target. The enantiomerically pure tosylate 35, which can be prepared from geranylacetone,
furnished (-)-15 after 15 steps.94
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For the study of structure-odour relationship of ambery compounds the diasteromers, %52 enantiomers,952
nor-compounds,®® ring-opened analogues33b and 5B-isomers®3b of (-)-15 have been prepared. While (-)-15 has
an odour threshold of 0.3 ppb, the 9-epi isomer (— )-36 is even slightly more powerful with a threshold of 0.15
ppb. Yet, the enantiomer [(+)-15] is about 10 times weaker (2.4 ppb), and the 8-epi isomer (+)-23 even 100 times

A

weaker (34 ppb). The racemaie (1)-15 is only slightly weaker than (—)-15 wiih a threshold of .5 ppb, and its
odour is very similar to that of (-)-15.
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Sclareol (2) constitutes the only practical starting material for (-)-15. Therefore, the available quantity of
(-)-15 is limited, and its price accordingly high. The increasing demand for this valuable amber odorant on the
one hand, and the fact that racemic Ambrox [(£)-15] is olfactorily very similar to (-)-15 on the other hand,
prompted different laboratories to design new syntheses of (+)-15.

As long ago as the fifties the acid-catalyzed cyclizations of homofamesoic acid (37) and monocyclo
homofarnesoic acid (38) to racemic sclarcolide [(+)-20] and its diastereomers were reported. 96-97.98

_CO,H _CO-H

=0

~
37 “' (£)-20 38 7oA 39
Homofarmesoic acid Monocyclo
homofamesoic acid

The cyclization of (E)-37 has been studied in detail ,*? and it was found that at —=78°C in dichloromethane,
catalyzed with SnCly, ()-20 can be obtained in 82% yield. Similarly, treatment of (E)-38 with trifluoroacetic
acid at 0°C for 2 h provided (£)-20 in 64% yield, whereas (Z)-38 undcr the same conditions gave (+)-9-epi-20 in
similar yield.190 In the cyclization of both 37 and 38 the stereochemistry of the double bonds (E vs Z) is translated
to the stereochemistry of the products via the preferred chairlike transition state. Thus, the feasibility of this route
to (£)-20, which subsequently is processed to (—)-15 in two steps, depends on the availability of (E,E)-37 and
(E)-38, respectively. For the preparation of (E,Z)-37 famesyl bromide was treated with potassium cyanide and
the resulting nitrile was hydrolyzed.19! Another route to (E,Z)-37 comprises the treatment of nerolidol with
carbon monoxide in the presence of paliadium dichioride.!%? (E,Z)-38 can, for instance, be prepared from the
dihydro Cy4-aldehyde 39 via a Knoevenagel condensation with malonic acid,!%32 or with methyl cyanoacetate
and subsequent hydrolysis.!03b Wittig C3-elongation of dihydro B-ionone (40) also furnishes 38,103

The readily available B-keto ester 41 [from dihydro B-ionone (48)] has been converted to (3)-15 in six
steps. 104 The introduction of the side chain had to be carried out by the detour throueh the (- n!!yl group

12 be d 0 rough the 0-a
(41——)42——)43—)44) because C-alkylation of 41 failed. Grignard reaction with 44 furnished in high yield and
stereoselectivity the tertiary alcohol 45 with the wrong stercochemistry on C-8. This has been very elegantly
corrected in the cyclization step of the diol 46. Kinetically controlled cyclization with a sterically favoured
equatorial approach of the intramolecular nucleophile to the tertiary carbonium ion yielded (£)-15 in good yield
and high selectivity.

A couple of variations to this approach have heen published,!% but the breakthrough in the synthesis of
rac-Ambrox [(1)-15] came about by the biomimetic, acid-catalyzed cyclization of the polyene alcohol
homofamesol (48).
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/CONMGQ

The lower homologue, (E,E)-farnesol [(E,E)-47] was first successfully cyclized to drimenol (33).106 This
. werith

low-temperature cyclization with fluorosulfonic acid was then used for the one step synthesis of (£)-15 from
(F F)-homofarnecol [(F FN-481 in 720, viald 107
\‘-J,‘-d/ ARVJILIVIQALIINVIVL l\u,u} W] i1 7Y I AN

A detailed study has been undertaken to understand and optimize this industrially importar lt process.108

All four stereoisomers of homofarnesol (48) were separately treated with fluorosulfonic acid, and the product
mixtures analyzed. The most important result was, that under these conditions the isomerisation of ( E.E)-48 10
(3Z,7E)-48 is fast enough to compete with the cyclization. Thus, pure (E,E)-48 furnishcs a mixture of 40% (*)-
15 and 35 % (£)-36 (9-epi-15). This isomerisation diminishes slightly the synthetic elegance, but since (-)-36 is
even more powerful than (-)-15, it is no problem from the olfactory point of view.

As with the corresponding homofarnesoic acid (37), the feasibility of the process depends on the accessibility
of (E,E)-48, or the corresponding monocyclo homofarnesol (E)-54. (E)-Nerolidol | (E)-49] can be transformed to
the separable 2:1 mixture of the amides 50. (E,£)-50 was reduced to (E, E)-48, and then cyclized with chlorosulfonic
acid at —78°C in nitropropane to afford a mixture of (£)-15 and (£)-36 in 75 % yicld.1® (E)-Configurated
monocyclo homofarnesol [(E)-54] has been prepared from dihydro-B-ionone (51) through the interrnediates 52

and 53. Cyclization of (E)-54 under the same conditions provided the mixture of (¥)-15 and (+)-36 in 86%
winld 109
yl LU My
0] 0]
| 7 “oH 1 |
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Next to Ambrox® (15), Amberketal (58) is one of the best known amber odorants. It also has already a long
history, and its most straightforward preparation is that from manool (55) ,110-113 which is a commercialized
constituent of Halocarpus biformis (Podocarpaceae) from New Zealand.!!4 This synthesis proceeds through the
intermediate methylene ketone 56, and cach synthetic variant is judged on how it solves the problem of preparing
56 and by the ratio of 58 vs. 5§9. The epi-8-isomer 59 is virtually odourless;!!! thus, the more selective the
transformation to the powerful epimer 58, the better.

Besides manool (55) also anticopalic acid (60) can be used as a starting material for 58 by oxidation of the
corresponding ester.!!> The epoxidation of 56 with m-chloroperbenzoic acid is highly diastcreoselective, and

yields 57. Treatment of 57 with p-toluenesuifonic acul in toluene furnishes selectively the odourless isomer 59,

whereas zinc chloride in dichloromethane at 18°C yields only 58. This demonstrates the subtility of the ring
closure.!15 It has been shown, that clays, e. & vermlcuhte also catalyze the ring closure of 57——)58

cata1y51s a complexatlon as in 57b has been assumed, which would ensure ttack of the carbonyl group from
the a-face, providing 58. Communic ester (E/Z)-29 was used as a natural tnterpemc starting material for 58.117
The handicap of this approach is the necessary three-step sequence to convert the carbalkoxy group into the
methyl group.
Sclareol (19) is better suited for the preparation of Amberketal (58), and has consequently been used for
this purpose.!18-120 The monoacetate of sclareol (61) could be oxidized very efficiently to the ketoacetate 62
with a catalytic amount of ruthenium trichloride and a stoichiometric amount of sodium periodate. Pyrolysis of
62 led in high yield to the y-isomer 63 as the main product, which finally was transformed into Amberketal (58)
with a catalytic amount of osmium tetroxide and trimethylamine oxide
The commercial importance of (-)-Ambrox® [(-)-15] and later that of (£
. th the

vl oxvgen on the developing tertiar
o 7 2 r o
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One of such attemnts was the svnthesis of dehvdro-nor-Ambrox 68.121 Dihvdro-a-ionone (6 1) was a_lk_vlm_ed
NIV Vi JWVii Wikvwiaiipivo ¥ VAAF waal W ARNAINATAD AL e S -ns TN ahn ] wra - . \ =

to give 65, which by treatment with sodium hypochlorite was transformed into 66. Ozonization, followed by ring
closure and reduction, led to 67, which after three additional steps gave the target 68. This compound displays an
ambergris aspect with a warm, wood-tobacco tonality. Dehydro-Ambrox (69), which has a woody-ambery character
was preparcd by using the B-isomeric starting material 51.1%2
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As already mentioned, the stereoisomer (-)-9-epi-Ambrox® [(-)-36] is more powerful than Ambrox®
[(-)-15] itself, although only by a factor of two. In spite of this fact, this compound hardly earned any synthetic
interest. One exception is a demonstration of the synthetic potential of the oxy-Cope rearrangement.123:124 The
enantiopure bicyclic ketone [(—)-70] was transformed to the oxy-Cope starting material 71 with lithium
dihydrofuran. Under usual rearrangement conditions 71 yiclded the corresponding enolate, which in situ reacted
with phenylselenyl chloride to provide 72. Introduction of the double bond by eliminiation and subsequent

11—~

aikylation furnished 73, which finally, after four more steps, gave ihe iarget molecuic (—)-36.
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75, and 76, all of which possess a typical ambergris odour >3

Two interesting cases in the context of amber odorants are 77125 and 80,126 hecause they are structurally
new in this field. 77 is derived from the commercial, green, floral smelling aldehyde, Cyclal C, and has been
commercialized as Karanal® (Quest). It has an intense and persistent amber-like odour with woody, floral and

lily-like tonalities.

More interesting is the spiroketal 80,26 known as Spirambrene® (Givaudan Roure). It is synthesized from
2-formyl carane (78) in only two steps. Spirambrene® (80) dispiays a powerful ambery, woody, slightly aldehydic
odour, and contributes significantly to »Kenzo pour homme« (Kenzo, 1991), and the beautiful creation »Oui-
\ PRS2 7 SRR IETIE I VoV, BN
NOH {INVURAL 1770 ),

i d
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- - (-)-83
The ambery-woody compounds of the general formula 81 constitute another class of interesting new amber
odorants.!?” They were found with the help of one of the amber olfactophore models presented in chapter 2.2.38
Surprisingly, the propellane (-)-83 has also an intense ambery-woody note.128 The formation of dghy r_—8__
from sclareolide (20) was completely uncxpected, and can be rationalized through a series of (1,2)-shifts with 82

as plausible intermediate, 128

3.2 Woody Odorants

Perfumes like »Trésor« (Lancome, 1990), »Casmir« (Chopard, 1991), and »Dune« (Dior, 1991) marked a
new style of perfumery technique—massive constructions around a comparatively small number of long-lasting
synthetic materials, that could be used at very high levels, of up to 25%. The woody odorant Iso E super® (88) is

- PRSRSU

perhaps the most important building block for this new type of formulation. Aimost equal amounts of Hedione®,
1 1
1

dinmana and Ton B cniner® ¢ P Y « T4 24 SRS .
1UNIVULIC, anda 1so o SUpCL™ \00) iniake Llp SOITIC ou7e Ul U]C fUI I[lUld [8]1 TI'CSUI_ 129

[ \/ y |

Iso E super® (88), that possesses a rich, warm-woody odour with a shade of amber was claimed in 1973 by
IFF.130 Its industrial synthesis starts with the Diels—Alder reaction of myrcene (84) with 3-methylpent-2-en-2-
one (85), followed by an acid-catalyzed cyclization, which leads to 88. Surprisingly, an analysis carried out at
Givaudan Roure showed that the compound responsible for the intense woody odour of this product is not 88, but
a small impurity (<5%) with an odour threshold of 5 pg/L, and the structure 93.
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The formation of 93 in the industrial synthesis of 88 is not obvious at first sight. However, protonation of

86 does not lead only to 87 but also to 89, which can give 90 due to a protonation- deprotonation equilibrium, Its
cyclization provides 92, and finally, after deprotonation, the active compound 93.
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A synthesis of 93 was carried out in order tO
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hypochlorite. An ozon01v31s, and subsequt,m zinc reductlon gave 98 that after addmon of ethynylmagne
bromide, and hydrogenation furnished 99. This was then methylated and transformed by [3,3]-sigmatropic Ire
land-Claisen rearrangement!33 to provide after reaction with methyl lithium selectively the powerful impurity of
Iso E super® 93.
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Apparently, this synthesis was far too complicaied to be carried out on indusiriai scaie. Therefore, numerous
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o

ecause of the good performance of this mixture a Firmenich group'35 did an in-depth study around
cead dhan SN Ao el 1 m

Timmberol® \lu 7-109 ), and found the \u ) derivative ulo, which makes up omy 3% of the commercial pl‘OCluLl
to be mainly responsible for the odour characteristics. They attributed its steroid-type sweaty-animal undertones,
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(113) is registered as Limbanol®.

The first synthesis of Limbanol® (113) started from 2,5,6,6-tetramethylcyclohex-2-¢n-1-one (110),136 which
was hydrogenated, isomerized, and alkylated to provide 111. Reaction with lithium aluminium hydride furnished
112, that was then transformed to the target molecule 113. As predicted, Limbanol® (113) possesses a woody-
animal, steroid-type odour of higher intensity than that of Timberol® (107-109).

Yet the dehydro-oxa-analog 115 turned out to be more accessible than Limbanol® (113), while being very
similar in odour and almost equal in strength.135 Reduction of 110 by lithium alumlmum hydnde and nucleophilic

L1 N Iy ~ oy

ntane constitutes a two-step sequence to a Limbanol®-type odorant.
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With the idea to mimic the B-C-D part of the steroid-type conformation of Limbanol (113) by a medium-

sized ring, compound 119 and its corresponding alcohol were designed by molecular modeliing.!3” The Eschen-

mOSEr—Uﬂl()lI Irdgmbnmuon 01 llo Iumlsneu LyLIO(IOOLL D yﬂ‘l one \ll I), lﬂd.[ was k[J} UITUCU y Vl(.l
diboration with dipinacolyl hypodiborate, and subsequent Suzuki coupling. While the corresponding alcohol
tarned out to be very weak . at least ketone 110 had an animal woodv odour—in contrast to ¢cvelododecanone
LULIITU VUL WU UL vl ywodan, 4t avaot I\ULU 1 ARF LIAU ALl WiiiTder FYUUL )y Uuvus L VUL ASE WV vy viVUUBVY LIV,
which has only a camphoraceous odour profile 137
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Polywood® (120), an old, warm, dry-woody smelling perfumery synthetic, was also object to some more
research.138.13% The dehydro derivative 124 of Polywood® (120) was prepared by a regioselective [4+2]
dieneamine cycloaddition of methyl acrylate to 122, using 121 as starting material. A five-step sequence led
from the Diels—Alder adduct to the target compound 124 that possesses an accentuated woody odour note.138
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pazchouli-type, woody-earthy odour. Stmdar in odour, though _,t irst gla.n.ce quitf: diffe Pnl in srmcfure the

into the fragrant adamamane derivative 129 with a patchouli-like, woody, piney-camphoraceous odour.
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In 1971, an efficient synthetic sequence of C-alkylation to the dienone of 130, Claisen rearrangement, and

iniramoiccular Dieis-Aider cycloaddition was deveioped, 4> that ied irom phenols to tricyclic ketones. Most
interesting from the olfactory point of view was compound 132, prepared from the corresponding unsaturated

h—:r‘vn‘u bl-fnn{‘ hv rrlﬂnl f"\n “nfh endinm "uef') mpﬂ'\nv‘n:lfhnvv\'ﬂ m1n1nm vdrida ]t nnceaceac a ramnharassnuc
(A% BRI x1 ONRSIAAR UL Ay JOLGLII W 1Ly BIuL. VSOV ISS A Lrrgndsr Gl ey,
patchouli, mrrhv-wogdv odour, and its structure is related to that of the the odour vector of patchouli oil (-)-135
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Patchouli (Pogostemon cablin Benth.) is a small shrub cultivated in India, the Philippines, Java, Sumatra,
and Singapore. Its essential oil has a powerful woody-balsamic odour with herbaceous, earthy, camphoraceous,
and floral nuances in a well balanced manner. The tricyclic alcohol, patchoulol (135), the structure elucidation
of which took almost 100 years (from1869-1967),144 is most important for the characteristic odour of this essen-
tial oil. An elegant stereocontrolled synthesis of (—)-135 was carried out by Néf et al.14° in 1981. 2,6,6-Trimethyl-
2 4-cyciohexadien i-one (133) was aikylated with enantiopure (+)- 'E»mct'hy'lpent 4- eny'l bromide. An

mlramom:cular u1els—muer IBEILLIUH lIl LﬂC next bl.Cp, d.IlU bU[)bquLlll ﬂy(.ll"UgL[ld.l.lUll 1urmbncu \")"IJD H] Lllft‘ﬂ
steps. However, this as many other approaches to (—)-135 or racemic (£)-135 so far could not compete with the

pnr‘p of the natnral nrOdnnt

e
) s |
< = K =

1 5 OH OH 4 ‘fOH

135 136 137
patchoulol

Therefore, work on the structural features responsible for the odour characteristics of 135 was carried out.
Removal of the 8-methyl group increases the woody, and decreases the camphoraceous character.'46 Cutting out
the C-6—C-7 bond gives compound 136, that again had an intcnse woody odour, while the earthy and
camphoraceous aspects of 135 were missing.'*” Removing also C-1-C-11 and C-7-C-8, h owcvcr results in a
strong camphomceous earthy odour with woaa'y-powa'ely underiones.**® Other yclic &

Y ninnotahl oo -7 TAR e, 0 A AT tinm Al alla, aganic tn 18 nlen ha anct nna nl tha natrhanli
plcp«u‘cu Uy wEyCTSidnii €l di. vy dGGiiloil O au\_y ul.uu.uu TCAgCNs W0 s diSU NaVE At 184S Uil U1 uif pawnunn
Aacrrintare wandy oarthy nr ramnhorarenue Agill luck wonld have it thev missed 126. thoush thev nrena__,d
ULSUIIPUWULS, Wil y, Clar ey o7 Clarrgprial/ i AL Ul ves . S0 40 ACK woulld nave 1t VAL ARA30A AR VoS AR PR

its n-butyl- and iso-butyl-analogues.!48
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I n()kmo at 129, 132, 135, and some camphor derivatives,!49 it seems that narchou

Looking at 129 132, 135, and some camphor derivativ seems that parchou
rigid, sterically hindered Cy»—Cy5 sccondary or tertiary alcohols. Compound 141 turned o e

serics of bicyclo[2.2.2]octancs, that were synthesized by the Diels—Alder reaction of cyclohexa-1,3- d1enes with
the ketene equivalent 139.15° Hydrolysis, hydrogenation, and dimethylation of the resulting ketone furnished
after lithium aluminium hydnde reduction the odoriferous bicycloalcohol 141 with a strong patchouli odour
accompanied by woody-camphoraceous nuances. Compared to patchouli oil, which because of its attractive
price was for exampie used in an overdose of 40% in »Gentleman« (Givenchy, 1974), the compounds 126, 129,

132, and also 141 are dlrcauy Lumpcuuvc in terms of bynmetl(, aCCGSSlDulIy and p10(1u0t10n costs.

oy
blU
ut t

For vetiver oil, used in 20% in »Vetiver« (Guerlain, 1961), there are no such synthetics. Vetiver oil is the
steam distillate from the roots of Vetiveria zizanoides Stapf.—a wild, tufted grass cultivated in Java, India,
Réunion, and Haiti. The content of three sesquiterpenes, o- and B-vetivone and khusimol, always present in the

oil, can attain 35%. They became fairly popular synthetic targets,!3! but there is no consensus!5? on their
contribution to the persistent, heavy, woody-earthy, somewhat sweet-sour and balsamic scent of the vetiver oils.
According to Biichi er al.1332 this odour is mainly due to the spiroketone 142, and (-)-khusimone [(-)-143].153a
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s H_ ” / l , Il , ] JIL
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= \ O Yeeee 7 3. v
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0
H i Mt H || H |l
. Vieinyienauorn
2. LAH Q
A - NaOH
o ~, 3. POClg — » N
{ o H "I 4 NpoHcog  EtO H g /RN g
\/ M e 020 O ~ i ’) O ™
146 147 (-)-143
khusimone
Several syntheses of 142153 and (+)-143 have been reported,!332 none of which could be carried out on an
industrial scale ai tolerable cost. Of these, the most inexpensive way to (1)-143 was reported by Biichi e al. 133

3 )i
in 1976. The first stereoselective approach to natural (—-)-khusimone [(~)-143] was reported by Liu and Chan,134
who used (-)- n-r-nmnhnlpmr ester 144 as ernm: material. Ozonization followed hv aldol condensation nrmnde_

145, which was further transformed by [2+2] cycloaddmon of a ketene cqulval(,nt, methylenation, reduction of
the ester moiety, halogenation of the resulting alcohol, and homologation of the cyclobutanone ring. Cyclization
of 147—>(-)-143 was accomplished in 70% yield by treatment with aqueous sodium hydroxide in refluxing

methanol.!33 Needless to say, this synthesis is also far too complicated for an industrial production.
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Even if there is no real synthetic vetiver odorant, some compounds in one way or another are reminiscent

E V- I (D) 74 A

of vetiver oil, the most important being 149, 151 and 154. Mahagonate® (149), produced by Dragoco by Diels—
Alder reaction of a-terpinene (148) and methyl acrylate under thermal or Lewis acid conditions, has a woody,

S"iC_‘y’, vetiver odour. The ¢ R_nncapdrai;ed Spirnkntgne 1581 with some structural resemblance to 142 is pam]v
accessible from (-)-3-formylpinane (150) by simple Robinson anellation with methyl vinyl ketone. 133 It possesses

a leathery-woody, vetiver-cedarwood type odour, similar in many respects to that of Vcrtoﬁx® (154).
Vertofix® (154) is manufactured by Friedel-Crafts acylation of the hydrocarbon fraction of cedarwood oil

with acetyl chloride or acetic anhydride and catalysts such as zinc chloride or aluminium chloride. Thujopsene
(152), which constitutes some 40-50% of the hydrocarbon fraction, thereby undergoes acid-catalyzed
rearrangement to the tricyclic olefin 153, which then is acylated to 154, the primary odorant of Vertofix® (154).156

The odour of Vertofix® (154) is described as warm, woody, reminiscent of vetiver and cedar, with leathery
aspects. With 12%, Vertofix® dominates the woody aspects of »Chanel No.19« (Chanel, 1970), and »Cacharel

our I’ Hommex« {Cacharel, 19 1} even contains an “overdose” of some 20% of it,
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Asc dm-wnnd 0il (Juniperus virginiana L) is aby-pro d ct of the A,men,can, tnmhe d stry, it is one of the
synthesis of other odorants like Vertofix®. On the other hand, any attempt to introduce a new cedarwood odorant
is a lost cause, simply because cedarwood oil is so inexpensive. (+)-Cedrol (155) is responsible for its soff,
woody odour, typical of cedarwood, and it is isolated from the oil by fractional distillation followed by
crystallization. The syntheses of 155 by Stork and Clarke,!57 and Corey ef al.158 can already be considered
classics in total synthesis.

22 Q.
Ted QI

e oldest and most expensive perfumery raw materials. Amone
€ Qiges nsive perfumer

t and most expe P y terials

et <
different sandalwood hat of the heartwood and roots of Santalum album L. trees from the East Indian state
of Karnataka (Mysore bc 1973) is the most appreciated by perfumers.13? Besides its unique olfactory properties,
which make it play an mlportant religious and social role in India, it also appears to have an important therapeutic
value. 190
The multifaceted, persistent, natural and inimitable scent of sandalwood oil is due not only to its main
constituents of more or less sandalwood odour, but also to the minor impact chemicals and possibly to syncrgistic
eftects of other, weak and odourless compounds. New, trace constituents (e.g. 158, 163, 165,161 166) are still
being isolated and identified, and numerous papers have reviewed the rich domain of sandalwood scent, including

the analytical studies.63.162
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It is difficult 10 evaluate the contribution of the different constituents of sandalwood oil to the overall
odour profile,163 but (Z)-(-)-B-santalol (16) is unanimously considered as the main sandalwood, i.e. lactonic,
floral, woody, milky, musky (urinous, animal), odour vector. It accounts for approximately 25% of the oils weight.

The importance of the most abundant (Z)-(+)-o-santalol (156, approx. 45-47%), bringing more woody, cedarwood
character, is more controversial. o-Santalene (169), the main sesquiterpene hydrocarbon was ranked third among

the most odour-intensive molecules in the oil by Nikiforov er al.,!6* but others grant it little sensory importance
The most recently identified nor-g-frans-bergamotenone (165),161 despite its low concentration of <0.01%, is
said to be Jf at importance (o the overall odour of the oil. The depicted compounds 16, and 156-169 are

he main contributors to the scent of the East Indian sandalwood oil.
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As with many other natural products, the components of sandalwood oil inspired total syntheses. These
AAAAA PR ~ AQh PR T

have been reviex Cd, 9,632 and rcwnuy IOLUb has shifted io me consutuems ana 1somcrs of manI’ olractory
importance, such as santalenes and epi-santalols. Therefore, we will mention only the most recent enantioselective

cunthoacae nf the thres main cantalnle (168 TRAE and 187
O TILLINVOAAD W7D LhdW LMW, BRI OAGlIaIv LY \l“, .JU, aii ‘J’/c
In 1990. Krotz and Helmchen® renorted the first sunthecic of onticallv nure (2 - -R-cantalal (16) Tt ic
AdL A LSy ARAN VL RARNE A AN ARARNAARG/RL lvr\lll—\/u CRANS RAAIW UJ ALVAANATEDT VA vy\.xvuu)’ Vul\l \‘-4} \ / P DCALILALINL \“'l- iL 1O
based on the preferred exo-alkylation of 3-methyl-2-norbornanone (172), obtained through the asymmetric Diels—

Alder cycloaddition of cyclopentadiene to trans-crotonate 170 with (R)-pantolactone used as auxiliary. Another
crucial step of the synthesis is the oxidation of the dianion generated from the hydrolysed and hydrogenated 171,
and in situ reduction of the a-peroxide to the o-hydroxycarboxylic acid. In a similar way, they prepared B-
santalene, (E)-B-santalol, and the corresponding enantiomers. Their olfactory evaluation consolidated the structure-
odour relationship data: only natural (-)-B-santalols (Z >> E) smelled sandalwood-like.

Schlosser and Zhong applied their findings on the conformational mobility and the conformational
preferences of allylpotassium type intermediates in the elegant syntheses of both (Z)-(+)-o.-santalol (156)165
and (Z)-(+)-epi-B-santaiol (157).166 They proceeded through the formal hydration of the corresponding santalenes,
realised via regioselective metallation with the superbasic LICKOR reagent, followed by trapping with
fluorodimethoxyboron and subsequent oxidation of the termodynamically favoured endo-conformer of the

allylantnociiim emnnine 17L& Thic cita gcalantion ntinmalizatinm Af tonmenna rmito abhiaeald tew st a2l la alon sl
ALY 1PDULASSIULLL SPTLITS 17U, 1115 SHL SUITLUYD LUl UVIIAlIZ4U UL UL ISUPICIIT ULLIL SHUULY, 11 PIHIVIPIC, dISU WOLK
with athor cantalonee for which numerone othor storencelontive cynthacec have haen ninhlichad 167 Nognita all
WWILLL VLIV SQHLGIVIILG 1VL VWILWLL HUWILIVI VWS VIV QWAVUSVIMVVLE VL § Y LIIVOWO A VL ULl PJUULIDLIVAL. leoyu.b atri
the synthetic attempts aimed at (-)- or rac-f-santalol no industrially viable process has yet been found.
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sandalwood-like
The natural sandalwood oil always constituted a valuable ingredient of perfume compositions, but it has
b s rars riom el cavriiee Tty v s onsry caviey TOTA b She sxmm ey sviinrsdeentiade 24 S smricss nd nkiis FTOE ASN ANN
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marba dananding nn tha nrigin and nuality Tha narfiimare hava tharafnare tn ralv Aan crhannar cunthatin crihotitintac
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Among them, two classes of compounds have been commercially successful, Both originated from the fortuitous
findings of German chemists. The first class of compounds, terpenyl cyclohexanols, are obtained by acid-catalysed

condensation of phenols (e. g. phenol, guaiacol) with cheap terpenes |[camphene (180), pinenes], followed by
hydrogenation to provide complex mixtures of secondary alcohols. The first paper reporting such products appeared
in 1947,168 but the relative configuration of the odoriferous minor isomers (181, 182) were revealed only in
1964.169 The interest in these products culminated in 1970s, and has since then focused on a better chemically
defined class of compounds, that of derivatives of a-campholenic aldehyde (185), of which the compounds 17
and 189-199 represent the most important commercialized, and recently patented compounds.

Both enantiomers of campholenal (185) are readily available from the corresponding o-pinenes (183) via

acid catalysed transposition of their epoxides (184). The next steps towards final products are straightforward—

aldol conaensa' on and reduction of ihe enones io saturated or auyuc alcohols, auernauvely preceaea by
~ s L TR o At ot oy el el S E0AL 110N L e . . |
GGLOHJI g on (17, CDdANOI™ ) 0r uccunjugatlve -1 1yldiiui (174, Ulybdlll.Ul"} 11C hy \l'ﬁ Ul \Ul)\LlI.ULUU -

107 70 171.172 be
LF7I Uy

C
of 185. The enal 187 is then reacted in the classical way via W ittig- Horn r reaction, and Claisen or Carrol
rearrangements. The cyclohexen nol 198 was obtained via Robinson type cyclisation of dionc 188 173 The svnthesis
of 199, which differs from 189 (Sandalore®) by one oxy atom mserted into the spacer is also simple: an

opening of epoxybutane with teduced 185, or LAH/AICI; nsducuon of the corresponding dioxolane.!74
As usual, process modifications lowering the production costs follow the original patents, e. g. an improved
process for producing alkyl-substituted butenols in which new catalysts are used for the two last steps has been
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claimed.176 Piperidinium acetate catalysed the formation of enone 186 (85% yield, azeotropic distillation of
water), which was then hydrogenated in the presence of a Cu—Zn catalyst to give 193 with 81% yield and better
purity.

The average market pricc of synthetic substitutes of sandalwood oil varies from US$ 20 per kg for
terpenylcyclohexanols to about US$ 50-200 per kg for the campholenal derivatives 17 and 189-194. This broad
price range is justified by the difference in their performances: odour threshold compared to the vapour pressure
of the product, substantivity, naturalness, etc. The most expensive, and the most appreciated by perfumers, seem
to be the pent-4-en-2-ols 17 and 194. However, there is still room for improvement. Recently, a new class of
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polycyclic derivatives of campholenal, containing one or two bioisosteric cyclopropane rings instead of the
double bonds, e. g. 200, has been claimed.i77 Some of these compounds arc performing much better than the
existing benchmark products in terms of any of the above-mentioned parameters, but would this outweigh the

pR—. PP PP, S PPN | 7 (- PUE N PO Rp S JRPY -

CVlUCIll ﬂdllulbdp DUllblbu_llb l.ll lllU uluuaulduy Ulll.lbl.ul byblUplUpd.lld.uUll Ap"‘
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AN BN
200

Until very recently little has been known on the structure-odour relationship of the enantiopure isomers of
the commercial products. This information is now becoming available, often through the patent literature, and
the manufacturers of these products begin to apply some degree of stereoselection in order to provide more
intense odorants of higher quality for the same weight of raw material.

Four stereoisomers of Polysantol were obtained?8 vig stereoselective reduction of acetals 202, followed by
chromatographic separation of the diastereomeric hydroxyethers 203/204, PCC oxydation, and reduction of the
corresponding oxoethers. The stereoisomers of 194 were aiso prepared by enzymatic hydrolysis of the
concsponding chloroacetates. The typical sandalwood scent is most pronounced in the two (2S5)-isomers, of

i i amaen £ sl ~ 10Oy 1A
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Ebanol (17) have recently been completed by the olfactory description of all eight stereoisomers of this product.!7?
Similarly, the four isomers of 195 were prepared and evaluated. 170 The two sandalwood-smelling diastereomers

of (2R)-190, preparcd by asymmetric hydrogenation of 193 using the RuyCla[(R)-Tol-BINAP];NEt; catalyst, arc
described in a recent patent.180
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odorants ThlS olfacrovhore consis of a bulk mmetv sep amted by a spacer from the hydroxyl group. After
analysis of the above-detailed SOR data it is tempting to postulate, that the geometry of the immediate proximity
of the osmophoric hydroxy group tolerates less variations than the orientation of the more distant lipophilic
bulky group.

The bulky moicty of the norbornane in B-santalol (16), 181/182, and analogues (e. g. 2058!) as well as
that of the trimethylcyclopentenyl group in campholenal derivatives (17,189-199) can be replaced by structures
of similar steric bulk (cf. 206,182207,183 208,70 209,184210,185 and 211186 ). Even 2-methoxyisopropyl (cf. 212187),
and tert-butyl substituents (e. g. in 21367) are apparently able to mimic this feature.

205 \/n 206 e 207
n=12 OH R'=Me,Et; R?%=H Me
e o~ a | \ 7 . \

208 209 210

3.4 Musk Odorants

The musks are of central importance for the fragrance industry. They form the bottom note (the dry out) of
a perfume composition, i. e. the musky undertone stays the longest on the skin or on the fabric (substantivity, vide
infra). The musk odour is difficult to describe, it is often called warm, sweet, powdery, animal, etc., itis longlasting,
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tenacious, and substantive. The use of musks goes back to antiquity, and is itself a chapter of human cultural
history.

The chemistry of the natural musk odorants started with the discovery of the macrocyclic musks, ketones
actones, during the first haif of this century, when their isolation from animal and plant sources and subsc-

5
a.
—_

quent structure elucidation took place.
Muconna (214 ~iyatons (P18Y and FExalinna® (21£) nen tha mai i ndnrnte mrtmainlas feaee tha anlaaa
IVIUDLUIIU (wE%), CIVLIVIIL (alJ), dliud DAAQIWUIIG \wIU) alT uiG uiaill Gaorous PLHIVIPICS 11ULI ine dJllllldl
e lactones Exaltolide® (18), an Z) A’-ambrettolide (217) have been isolated from plants.

(‘]1(‘ musks has been reviewed 188

LIS Y UL 1Lch (L 3 3 v .-...—.

The class of mtro—musks was discovered by serendipity during the search for new explosives some hundred
years ago,!89 when the structure of the above natural musks was not yet known, and the latter had an exorbitant
price. Musk xylol (6), Musk ketone (218), Musk Tibetene (219), Musk Ambrette (220), and Moskene® (221) are
the most prominent representatives of this class. It is a fascinating coincidence, that these penta- and hexa-
substituted polynitro benzene derivatives display a musky odour, with an ambery, sweet vanilla, powdery character,
and a touch of a highly esteemed animal tonality. Because of these odour chracteristics, and their very favourable
price, especially compared to the natural and later the synthetic macrocyclic musks, the nitro musks became
high-volume industrial chemicals.!®® During the 1980s their use began to decline. The reason is partly
toxicological,191-193 partly practical, %4 but mainly the introduction of a third class of high-performing musks to
the market.
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This third class of synthetic musks consists of polycyclic, aromatic compounds. Phantolide® (222),1%
Celestolide® (223),!9 Traseolide® (224),197 Fixolide® or Tonalide® (225),198 and Galaxolide® (226)!% are the
main representatives, the last two being the most important today. Their chemistry is text-book aromatic
chemistry,!90 their odours are musky with fruity and woody effects, and an animal undertone. The polycyclic
musks are today in the same price class as the nitro musks or even cheaper, i.e. US$ 15-20 per kg, and several
thousands of tons are mdnufactured per year. Because of their low biodegradability, and their tendency to bio-

5 come concern today 200-202
accumuiate, they are causing some concern today.
Ac ran ha lmaging A ta it nn o nnifuing thanry of the ctmictirs.adonr ralatinnehin of thegee chemically
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The chemistry of the nitro musks can be considered today as a closed chapter, and that of the nitro-free
aromatic, polycyclic musks is also approaching an end. The aromatic hydrocarbons 227, 228, and 229, which
are the intermediates for the above polycyclic musks, have been oxidized to the carbonyl compounds 230, 231,
and 232, which are powerful musks, compound 231 possessing in addition a woody, camphoraceous note.293
Interestingly, acetals and ketals of this series display a more woody odour (Okoumal®).203, 204

0 Y

| \ / |
PrMgClI AN
TS () G
\/ \/

Y St Y Y o
| O —mm» | —— -

ANF L 2. MeSOAH, AN, 0%

\\ P20 cat. /\
236 trans-237

frans-238

The aldehyde analogue of Fixolide®, trans-238, has been claimed to be stronger than Fixolide® (225)
itself.205 trans-238 has been prepared by reacting isoprene (233) with pivaloyl chloride (234) to give 23S, which
underwent a Friedel-Crafts reaction with ortho-xylene to provide 236. The latter compound was then reduced,
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and transformed via methyl-migration to the hydrocarbon trans-237 as the main product (15% cis-isomer).
Oxidation with ammonium cerium(IV) nitrate furnished trans-238. The diastereomeric cis-238 is described as a

sirong musk, bui weaker than frans-233. 206 Besides this recent exampie of diastereoselectivity of odour and/or
odour strength there are a few cases of enantioselectivity of odour sensation known in the polycyclic musk field.

\/ \/

(S)-225 (R)-225
(5)-225 (Fixolidc®, Tonalide®) has the characteristic, strong, musk odour, whereas the enantiomer (R)-
225 displays a light and sweet aromatic odour.207 The nitrile 240 has been prepared in both enantiomeric forms

from (R)- and (S)-235, respectively, which have been prepared by enantioselective protonation of the enolate
derived from 239 with (-)- and (+)-N-isopropylephedrin.208:209 The further synthesis follows the route described

before, with a slight loss of chirality. Of the two enantiomers, the (65,75)-238 is the morc powerful musk.
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pairs cis-(4S,7R)-226 and trans- (4S 75)- 226 and cis-(4R, 7S) ogelher w1th rans- (4R 7R)-226. The two
main problems, the structure elucidation, i. e. the differentiation between the cis- and the rrans-isomers of 226,
and the separation of the isomers, were solved as follows.

The chromecarbonyl complexes of 226 were prepared, separated by chromatography on silica gel, and
further purified by crystallization. The pure Cr(CQO); complexes were then oxidized to provide the pure isomers
of 226. The structure assignment was performed by X-ray crystallography of the pure rac-trans-226 (mp 67 "C),
and the Cr(CO)s complex of (45,7R)-226.
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e stereochemistry of odour sensation in this case is particularly striking: The (45)-isomers, i.e. cis-

(45,7R)-226, and trans-(4S5,75)-226 arc the powerful musky isomers, the trans-isomer [(45,75)-226] being slightly
weaker by a factor of ca. 2, and slightly more dry than (45, 7R) 226. The (4R)-isomers, cis-(4R,7S)- and trans-
oo :

T D\_99 wranls . “ L on DN arAd QN £ an malbanilhna FIACTD\ A% ML . ccona PRSP D% I
(4R,TR)-226 are weak to very weak, ca. 250 and 900 times weaker than (45,7R)-226. This was in agreement with
the original hypothesis based on the marching of androstenone and the sterecisomers of Galaxolide® 219 the two
products being related by a specific anosmia association

Today the importance of the macrocyclic musks is increasing again, because of their ready biodegradability.
The stumbling-block for their really large-scale use has up to now been their relatively high price compared to
the other classes of musks, the nitro- and nitro-free polycyclic musks. Any synthesis of both macrocyclic ketones,
or macrocyclic lactones has its key step in the formation of the large ring (14-17 membered in the case of
macrocyclic musks). The first approaches as well as the first industrial syntheses all used the technique of
macrocyclization.® In connection with the synthesis of antibiotic macrolides new macrocyclization strategies
have been developed during the last 20 years.?!1!2 However, only a few of these methods are applicable in
industry.

A major step forward in macrocyclization was the acyloin condensation of o,m-dicsters. Application of
this re CthIl to dlmethyl 15- ntadecaned10ate(244) furnished 245a / 245b,213.214 which was either treated

6) or dehydrated over alumina to the o p—unsaturatea Ketone

11
r) CO.H 0.1 % soiution rJ l\\r’o
\/\/\/OH H®, 85% 7 |\/\/\/o
15
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¢ 1. depolym.
2. cont. dist.
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noic acid was cvclized di evﬂy to Exaltoli dv® (18), 216 pyt
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»-hvdroxv n a
et hadia A i A 4 by
only the polymerlsauon depolymenzation process217 allowed a large-scale preparation. In a further development
glycerol esters of w-hydroxy acids are prepared in situ, and the monomeric macrocyclic lactone formed in a
reversible transesterification process is continuously distilled off.213

(E)-16-Hexadec-9-enolide (251, Ambrettolide®, Isoambrettolide®) is an industrially used, valuable fragrance
ingredient. It is prepared from aleuritic acid (249), the main acidic constituent of shellac, by the dimethylamino-
dioxolane mediated double-bond formation, followed by ring closure.219220 A one-pot variant has also been

described, using two equivalents of dimethylformamide dimethyl acetal.221
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and the resulting (E)-alkenylborane is transmetallated in a 0.05 M (!) solution with diethyl zinc in the presence of
1% of the chiral catalyst (—)-253, in order to make the ring closure to 254 highly enantioselective (92 %ee). The

allylic alcohol 254 is then transformed to 255 by a stereoselective Simmons—-Smith cyclopropanation, and the
synthesis is finished with an oxidation and a reduction step.
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Olefinmetathesis is an established technique for ring-closure of macrocycles,?23.224 but recently new catalytic
systems have emergea“d to give new impetus to this field. By a ring-closing mcthathesis employing the Grubbs
catalyst 258,225 methyl diene 257 was tr&ﬁSLUrmed in 68% yield to (+)-(12R)-12-methyl-13-
tndecanohde(259)226—the stereogenic cent as create d via Oppolzer s bornane 10,2 sullamc 256. thlu the

SN Reor S NN g
() s (=) YO

N/ N/ N/ N\/
0O
A

260 261 262
In contrast to the synthesis of 259, ring-opening metathesis was used in the preparation of 1,9-cyclohexadiene

(261), en route to the mdcrowc.hc ketone 262.229 Cyclooctene (260) is dimerized under the catalytic influence of
Re;07 to 261, which after monoepoxidation and rearrangement was transtormed to the macrocyclic musk ketone
(8E/Z)-cyclohexadec-8-enone(262).230
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Very recently, powerful thia-macrolides have been described.?3! Starting with e-caprolactone (263) the
thia-lactone 266 has been prepared through the intermediates 264 and 265. Compound 266 displays a tenacious
musk odour with a green-mossy tonality, and with 0.2 ng/L an exceptionally low threshold value.

The other successful strategy to macrocyclic rings, besides the direct ring closure, is ring enlargement
which is a standard synthetic strategy.232 For the musk speciaiities this route became important when

7 l_‘l e -

cyclododecanone (267) came to the market, at a reaso e price, as one of the dow

.

nstream products of
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on treatment w1th hydrogen perox1de (70%) yields the hydroperox1de 269 The labile 269 then
undergoes a fragmentation reaction to a mixture of Exaltolide® (18), and the dehydro-Exaltolides 271,234-236

This fragmentation has been studied in more detail under iron-copper catalysis.237 The mixture of the dehydro-
Exaltolides 271 has recently been introduced to the market under the name Habanolide® (271).238
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An early synthesis of muscone (214) starting from cyclododecanone(267) involved the reduction and

dehydration of the bicyclic enone 272 to give 273, which was ozonized and reduced to the ring-enlarged diol
274 239 Copper-catalyzed pyrolysis furnished the dihydropyran 275, which upon treatment with acid yielded the
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ing-enlargemeni with four carbon atoms usmg the oxy-Cope rearrangement transforms

240

) into cyclohexadec-5-en-1-one (279),240-242 which is a valuable, musky compound known
Ambretone® and Musk TM I1®. Chlounatlon Of 267 w1th sulfuryl (.hl()ndc yields 277,
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methyl 3-hydr0_xy—2—m h lnronanoate. macrohdeq could also be wnthesmed in h1 gh optical purity via a ring-
enlargement sequence. 243 The first stereoselective synthesis of (+)-(12R)-12-methyl-13-tridecanolide (259)
commenced with the HMPA-mediated alkylation of cyclodecanone (280) with chiral building block 281, followed
by Amberlyst®15 catalyzed cyclisation to 282. Ozonolysis and selective reduction of the resulting carbonyl
group furnished 259 with 98.8 %ee. This synthetic sequence was applied to several other macrolides with overall
yields of isolated material up to 37%,2* and enantiomeric excesses of up t0 99.8 %ee. 24>
12-Methyl-13-tridecanolide (259) is not only interesting becausc of its fine musk odour and the significantly
different odour of its enantiomer, its biogenesis in Archangelica officinalis Hoffm. is also not obvious. Only very
recently was the final proof of structure made by coinjection with synthetic material,2*¢ and (+)-(12R)-25% was
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3.5 Floral Odorants

The kingdom of blooms is the domain of monoterpenes and Cj3-degraded carotenes. -Damascenone
(285) is a prominent example of the latter class of compounds. Its biosynthesis has been suggested?#7 to proceed
via the oxidative degradation at C-9 of allenic carotenes such as neoxanthin (283). Dehydration of 284 followed
by Rupe rearrangement could explain the formation of 285, while deoxy-neoxanthin might be the biochemical
precursor for - and B-damascones (286 and 287). In a similar way megastigmatrienone (288) may be formed,
while ionones, like B-ionone (7), are accessible by oxidative degradation of a great variety of carotenes.

o -

The history of the isolation and structure eiucidation of B-damascenone (285) from Buigarian rose oil
(Rosa damascena), as told 1 oy Kastncr,‘" is one of the most Cquug ulap ters of fl"“gTaHC‘t": che mlbuy the ngl—
nal analytical results were published 20 years later, in 1987.24

Three years after the structure elucidation of the damascones, in 1970, the first technical process to -
damascone was established and started from dehydrolinalool (289) 259 Coupling of 289 with allyl chloride led to
290, which was transformed by Cu®-catalyzed Claisen rearrangement (Saucy-Marbet reaction) of the

acetylenecarbinol acetate and isomerization to 291. Acid-catalyzed cyclization finally gave oi-damascone (286).

OH

N
\
g\f

! l I

- (0] J_ N

HO” "ol . ’ HO) O™ opa

83 neoxanthin ~ HH 204

VAR 2231232%22“ VAR
_ X JL AN of carotenes X /u\ N

Rupe N lead to .. N
\ Z

285 286

B-damascenone o-damascone

\ O \ 7/ \ / o

288 7

B-damascone megastigmatrienone f-ionone



7676 G. Frdter et al. / Tetrahedron 54 (1998) 7633-7703

\/ \/
e Lx ——————————
L_)K 2. CuOAc/
AN Q\/\ NaOAc
non aan N
£09 &IV ~
O X/‘CJ)\/\
= Z H>S Q04 =
= o
I II Pr20 u‘/,
NN —20°C NN
286
291 a-damascone
~
\ ) v
NOH % O—-IN
\ /
B | ™ Y ™ Y — 8]
~NON ) N N
7 292 293 287
B-ionone B-damascone
An intoarocting 1 Atranenncitinn nf the rarhanul ornnn fram tannnec tn damacrnnece 1¢ nnccihla viag an
LA\RL ulwxvouus Ly uuuoyua;uuu Ul uUiv vai ll\lll]i E].UU}J LFANVILL AUV ALY LU UELIQOLVUVLIVD 1D PUODIUI\J veu ALy
isoxazole intermediate.2>! For instance, B-ionone (7) was transformed into its ketoxime 292, which then was

’ e
oxidized to the corresponding isoxazole 293. Birch reduction and thermolysis, or acidic hydrolysis provide
damascone (287).
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camphoraceous cork-note. This cork-stopper off-note is due to the (R)-(+)-0.-damascone [(R)-(+)-286], whereas
the (§)-(—)-isomer [(S)-(—)-286] is linear, clean and more intense—in addition it possesses a pleasant wine-like
nuance. Fehr achieved a stereoselective synthesis of ($)-(—)-o-damascone [(S)-(—)-286], and developed an ele-
gant method for the enantioselective protonation of enolates. 253
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The most interesting, catalytic modification of this approach was published in 1994.254 Lithium enolate

297 is stereoselectively protonated to give 298 by substoichiometric amounts of (1R,25)-(—)-N-isopropylephedrine.
The lithiated chiral auxiliary is protonated by an acidic allylic hydrogen of 298, thus prov1dmg lithium enolate
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The high stereoselectivity of the protonation was rationalized by Fehr with model 36, in which the proton
is transferred via a nine-membered transition state with the nitrogen actively participating. The nitrogen atom,
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icl, aliu uiv uum_y pucu_y1 WU dd UIC 11ICul Yyl SIUU}] UL

the proton, and the double bond are situated over each o
in the o

the chiral auxiliary point in the opposite direction.255
However the sunthesis of the enolate 297 is 1 te nemplicat d. Methvl g,gyc]on ranate (301) has first to

©on
However, the syn the er
be lithiated, reacted with allylmagnesium chloride to give 303, and finally transmetallated via trimethylsilyl enol
ether. That makes the technical application of this elegant stereoselective approach very demanding, and up to
now (5)-(-)-c-damascone [(S)-(—)-286] has neither been used in perfumery nor scen on the market.

[l
| o)
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A more academic synthesis of (§)-(-)-a.-damascone [(S)-(-)-286] was carried out by Mori e al.256 The
chiral buﬂdmg block (R) 304 prepared by enzymaue resolution of the corresponding acetate with pig liver
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sierred by means of a | 2.3]-Wittig rearrangement,
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307 (9)-(-)-o-damascone

In addition to the cork note of (R)-(+)-0t-damascone [(R)-(+)-286], the green aspect of technical a-damascone
(286) varied in the carly syntheses and often could not be tolerated. Analytical investigations showed this off-
note to be due to a powerful impurity with the structure 310/311.257 This was formed by dehydration of 290,
acid-catalyzed cyclization of 308, and hydrolysis of the product to the mixture of 310 and 311.
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The pure mixture 310/311 posscsses a green, galbanum-type odour with pineapple-like, hyacinth and
metallic facets, and was found so interesting, that it was immediately developed.?® It has been named Dynascone®,

and contributes, for example, markedly to »Cool Water« (Davidoff, 1988).

Tor e ben P o SR arntna® 210 sha R tonmanes 211 30 220220 viiny Lo oo san oalha ~ - .
in conirast i0 G-Uynascoiie™ {(J1v), tn€ P-iSOMET S11 1S Hilicn Wedken, Aas o g lbanum character, and is
muich more ionone-like, thus less interesting. Hence, selective routes to o-dynascone (310) were developed,?7
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one of which starts from 312, which is reduced and aenyara ied to 313. Double addition of a vinyl Grignard
nnnnnn thon 212 than nnlant . 144 ey r’nn\
lCdsCllL l-\) lllb lllbl.llyl \zbl\zl o7 La? UILAE DU ly lelUD \h'u_yllﬂ.b\«ul (¥ \Jiv

Naturally, the success of the damascones (285-287) and Dynascone (310/311) triggered a lot of work on

erivatives, and related strctures. Isopdamascone® (314), introduced in 1971 by Dragoco, was one of the first,

sy T2l ILAGSUL BN AU NNIAAG 22V 2 2 SEEVE, VRS W UL AT 118

tl

and one of the few outstanding derivatives.25? The shift of the gem-dimethyl quhqmuent from the C-1 to the C-
3 position changes the a-damascone odour to a fresher, apple-purée-like tonality, though both still share many
common aspects. Isodamasconc® (314) has been used, for instance, in 1% in »Burberrys« (Burberrys, 1992).

The connecting link from a-damascone (286) to Isodamasconc® (314) would be 315 with the gem-dimethyl
substituent at C-2. Together with related structurcs, 315 was prepared by Weyerstahl ef al. in 1996.260 Tts odour,
however, was described as apple-like, nutty and woody, apparently the floral character was lost. From all the 2,2-
dimethyl analogues only 316, the B-damascenone (285) derivative, smelled damascone-like with plum and fig
undertones.

A shift of the doubie bond of o-damascone (286) from A% to A3# leads to d-damascone (317), a commercial
proauc[ ()I ll“l“.“"1 lﬂLl'GdblIlz._, ll'lC .SLE['IL DUIK at k, 1 Dy bu[)smuung lﬂb gem- u1mcmy1 gI'OUp Dy an lSUplOpy1

DJ

- #nn by o
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fruity-woody nuances.
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Epoxy B-damascol 319 now leads us to megastigmaenones. Its acid-catalyzed rearrangement via 320 gives
the megastigmadienone 321, which possesses a very impressive fine florai-fruity odour with a tobacco note %53
It was isolated in trace quantities from Virginia tobacco and passion fruit.
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poxymegasﬁgma-5(6)—en-9 one (322) was found by Kaiser to be present in the astonishing high

,0264 in the hpadcnm‘f‘ of the strong i mnnna»ﬂnrﬂl Qmellmo Houlletia odoratissima Lind_ ex Lindl.

38% in the scent of the recenﬂy described Peruvian orchldaceae Gongora cruczformzs Whitten & D. E. Benn,265
together with 2% of a new compound, which was proposed to have the structure 323.266 This was confirmed by
selenium dioxide oxidation of methyl B-cyclogeranate(324).266

0O s ) _

W\ W\///\ m‘ . ""::e
8) “Q
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~ 325 v 326 327 Y 328

irone damascone irone megastigmatrienone theaspirane cis -theaspirone
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3264°% have also been synthesized. The odour of

, plum, and orris-like scent of megastigmatrienone

e the chemistry of carotenc degradation products, it should be mentioned that the irone
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Derivatives of theaspirane (327) also belong to the class of degraded caro

Lii-adnii <13 VLIV WV ORIL LARSe =t

work on the structure-odour correlation has been carried out in this class of comnoun

I of

especially blackcurrant-like odours and therefore will not be discussed here. cis- Theasplrone (328) however
does belong to the floral odorants—it smells orris-like, sweet-powdery, floral, and has tea-like nuances.270
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{—)-citroneliol rose oxide

Only a few years earlier than B-damascenonc (285), another trace constituent of Bulgarian rose oil had
attracted the interest of perfumers and fragrance chemists. Following the identification of rose oxide (331) in
1961,%71 process development started immediately, and the monoterpene soon became an important perfumery
ingredient. Some prominent examples include »Rive Gauche« (St. Laurent, 1971), »Metal« (Paco Rabanne,
1979), and »Drakkar Noir« (Guy Laroche, 1982) with 0.5 % of 331. Its photochemical synthesis by Ohloff er

al.27? is a prominent example for the reactivity of singlet-oxygen in industrial production. (-)-Citronellol (329)
is irradiated in methanol in the presence of oxygen with rose bengal as sensitizer. After consumption of one

is added to 339. Tue reuuwu reaction product is then isola

1. HpSO4 P 1. Brp (NaxCO3) o HaS 04 o
2. NaBH, 2. KOH 0 (0]
HO i (CeH17)aNMeCl i I
320 335 2> (4R)cisa31 < >

(-)-citroneliol
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The elegant asymmetric isomerization?6 of allylamine 333, which is aiso used in the Takasago (—)-menthol
process,” provides the chiral enamine 334 in excellent 98 %ee. Enamine hydrolysis and reduction give (-)-
citronellol (329), whi ‘h is transformed to dehydrocitronellol (335) by bromine addition, and subsequent elimination
in the presence of Al a.t.® 336. Th_e following acid-catalyzed cyclization to (R)-cis-rose oxide [(R)-cis-331]
proceeds with high dlastereoselec.uvnv 2n

| ML
A\ AN
/\ 1. MeC=CLi | | 1. AcO
[ l 2 /\/\l
P 2. NaBH,4 /’5’ 2. Me,Culi
(0] @] 3. H
336 337 OH

| 3 Pd-(R)-BINAP L / *\'

. (S)-3 § — = cis-rich %
~ e l\
Pd-(S)-BINAP 0 |
/ r N -
| 338 '\QH (R)-338 ———— > {rams -rich 331 AN
Pd-(R)-BINAP rose oxide

Another interesting approach to cis-rich (4R)-331 is the Pd-BINAP catalyzed cyclization274b of allene
338.278 This is available from 3-methyl 3-valerolactone (336) by addition of 1-propynyl lithium, sodium
borohydride reduction, esterification with acetic anhydride, alkylation by the Gilman reagent, and LAH
reduction.?’8 However, introducing the stereochemistry in the B-methyl lactone 336 remains the major problem
of this approach. Once solved on an industrial scale, the diastereoselective cyclization by Pd-BINAP becomes
attractive. For example, the cis-rich (4R)-cis-331 was obtained from (R)-allene alcohol (R)-338 by the use of the

l’Cl (b)—BlNAP complcx wnue UIC cis-rich cnanuorner (4D )- cis- 331 was p['OCll]CCO ll'0m ihe (D) auene alCOﬂOl (b)-
338 and the Pd-(R)-BINAP complex.
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Flarol Doremox Clarycet
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Besides the natural rose oxide (331), three analogues have attained commercial importance, i. e. Florol®
(339), Doremox® (340),27 and Clarycet® (343).280 Dorcmox® (340) with its strong floral-green, rose odour
reminiscent of rose oxide is a prime example for the oid rule,?8! that isobutenyl can be repiaced by phenyi

i ®

without change in the odour characteristics. The most lmeresung variation of the rose oxide theme is Clarycet®
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- dy of the structural requirements for the rose oxide odour was carried out by Weyerstahl
1986.282 They found an ether oxygen and an o-branching with an at least Cz-alkyl chain to be
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indispensable for the rose oxide odour. The six-membered ring can be replaced by a five-membered ring, and -
even imitated by alkyl groups.

s - -
| 2 BuoH l | 1o, |
344 345 346 347
Tha haot comm analaagiie ~F smen ~wido (221N oo a1 AR L L .7 7 .
1NE OCSL §eCo-analogue O TOSE OX1a€ (o951} Was Compound oS4/, winiCn nas a rose oxide odour with a
Lasrharnoniie_ friity tnmality Qinca nranal nalumaoarizad tan sandilyy amd Fammanad 1T 1 2 iallie Anwicatizcras simn
nErvacevusjJrutty tondiily, SUILL piviidi puULyIICIIZLU WOV ICallly, aiid 10Ticy 1, 1,5-U1diK{ l)&_y uUllVduVCb upun

. -
direct acetalization, the synthesis of 347 commenced with the bromo acetalization o
with n-butanol. Fhmmmmn and Mukaivama—Grienard reaction?83 then nrovided the t
01

of isovaleraldehyde (344)

1 n-butanol. Elimination and Mukaivama-Grignard reac n provid arget molecule 347 282
What B-damascenone (285) and rose oxide (331) were for Bulganrian rose
(Z)-jasmonatc (348) for jasmine absolute (Jasminium grandiflorum L.).284 However, in this case it was not the
natural product, but the dihydro derivative, commercially known as Hedione® (352) and first synthesized in the
course of the structure elucidation of 348, that became famous. Patented in 1960,285 Hedione® (352) had its
olfactory debut as a 3% constituent of »Eau Sauvage« (Dior, 1966). Later it was used at higher concentrations:
22% in »First« (Van Cleef & Arpels, 1976), and at about 30% in »Cristalle« (Chanel, 1993). Hedione® (352)
with its light, smooth-floral, sweet, jasmine-like odour even set up a new fragrance category, the eaux fraiches,
and was the starting point for the unisex fragrances. Its industrial synthesis {rom cyclopentanone (349) by aldol
condensation with pentanal subsequent isomerization to intermediate 350, and Michael addition of malonic
ester yields Hedione® (352) almost exclusively as the trans-isomer. However, it is the cis-isomer of 352 that is

much more intense, and much more distinct in its odour characteristics.

~ W

il, so was methyl (-)-trans-

348 349 350
MeO-° 0
% X 7 /i
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Therefore, in 1989 a process was worked out at Nippon Zeon to increase the amount of cis-isomer (353).286
By heating 352 with sodium carbonate, about 10% of cis-isomer (353) is formed, which is further increased to
about 25-30% by fractional distillation. The resulting product was introduced as Cepionate®. A high-cis quality
of Hedione® (353) is also manufactured by Firmenich. This so called Hedione HC® (65-70% cis) was important
for the creation of »CK one« (C. Klein, 1994). The use of the more expensive Hedione HC® is limited, because
the cis-isomer (353) isomerizes outside a narrow 5.5-6.5 pH range.
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N

(+)-(1R)-353 SO~
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The next step to improve the qualtity of Hedione® (352) would be an industrial route to the (1R)-cis
enantiomer (+)-(1R)-353, which is the most intense and most characteristic component of Hedione® (352).
Catalytlc asymmetric hydrogenauon of the cyclopentenone 354 could be feasible on an industrial scale.287 Usmg

P Lo £\ e v en 3 ae A 71 DY PP |
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A 17-step synthesis of enantiopure (+)-(1R)-353 starting from levoglucosenone, a pyrolytic product of
cellulose, was also reported. 289

It is again the (1R,2S)-cnantiomer that carries the jasmine fragrance in the naturally occurring methyl
jasmonate. Compared with the (+) (1R,25)- methyl epi-jasmonate [(+)- ( 2S) 360] whlch has an odour threshold
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rmed to the bicyclic lactone
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360.

2|we
P 1. HS(CHo)sSH ‘/‘\\5.,/ SePh
o = 2. pTsOH /)\'
' ot
\2_/ 3. HgO / HgCly
OMe 4. BrPhgP(CHo)sSePh o
361 362 =
0 0
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2. 2NKOH aq./ H /\ 2. Dess—Martin il /\
MeOH (4:1) HO & periodinane e} §
363 (+)-(1R,25)-364

fresh-floral odour note reminiscent of ripe lemons and jasmine, as dlscovered by aiser, £ 292 is caused by methyl
cis-(Z)-dehydrojasmonate 364. Its absolute configuration was determined by Kitahara er al 2% to be (1R,25) by
a stereoselective synthesis starting from acetal ester 361, which was converted to the bridged phenylselenide
lactone 362 in four steps. Oxidative elimination of the phenylselenide moiety afforded the corresponding diene,
which after alkaline hydrolysis provided 363. Treatment with diazomethane and Dess—Martin oxidation completed
the enantioselective synthesis of (+)-(1R,25)-364, which was shown to be identical with the natural isolate by
capillary GC.
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Acrangis lactone (366) was discovered by Kaiser??4 as the main odour component of the African “moth
orchids” Aerangis confusa J. Stewart and Aerangis kirkii (Rolfe) Schitr., and is characterized by aspects reminiscent
of tuberose and gardenia. Its synthesis by hydrogenauon of dihydrojasmone (365) and subsequent Baeyer-

A 929 § PYPEPN SRR PSR- ool oo 1204 T PO P sra maasle PR

ViIEEr 0X1aauon is sire 1ENUOrwara. == Dy enantioselective multidimensional ¢ p ary GC, cis- (40 )- metnyl—
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hydroxycitronellal Dupical Mugetanol
In 1994 1.1-di h vi-3-cvclohexvinronan-1-0l (368) had its debut at 10% in »L'eau d'Issev nour homme«
a1l 27T ‘.,4 aimetr IR AR LA £ 2N V2OV AU AW BGUULL Ay 1Y 111 ZRIUBU W 100V Y PUVL LULLIIUUS

(Miyakc,1994).2% With i N weet, floral, fresh-muguet, an

(Miyake, 199 ithits 1 ilac-like odour it leads us to lily-of-the-valley odorants.
Lilial®(14)2%7 with >2500 t/a .298 Lyral® (369)2% with 520 t/a,2%8 and hydroxycitronellal (370) with 1100 /a8
are the commercially most important compounds of this class of odorants, and even in the 2D structural formulas
their molecular similarities become apparent. Dupical® (371) of Quest,3® and Mugetanol® (372) of H&R30! are
two more recently developed lily-of-the-valley odorants, though Mugetanol® (372) had actually been discovered
and patented by Monsanto in 1975.302 By transesterification with vinyl laurate in the presence of Pseudomonas
lipase,393 all stercoiomers of 372 were prepared. They all possess lily-of-the-valley odours, but the (—)-(15)-cis-
enantiomer | (—)-(15)-372] turned out to the most intense and distinct one.

Lilial® (14) with its very powerful, fresh, floral note reminiscent of lilly of the valley, lindenblossom, and
cyclamen, was used at 2% in the masculine Fougére »Paco Rabannc« (Rabanne, 1973), and even at 20% in the
feminine fruity-floral fragrance »Calyx« (Prescriptives, 1987). To find out if an enantioselective approach to
this important industrial product would pay in terms of odour intensity, Enders and Dyker?™ synthesized both

anantinmare nf T ils Yviaathe CAMD /I DAMD hudrazans mathnd Tha CAMD hvudrarzane 7T wrag rv_albulatad
CA1AliuuinivL )y Ul Laalial \,l"} VI U OMIYEIE 7 INALYELD Byulazuliv lhiviuaivag, LIV JAUVID UUYULALZVLIV JJ WAad UWmalh ylialou
bv deprotonation with lithinm diisopropvlamide and treatment with dimethvl sulfate. The resultine nroduct was
Dy deprotenation 1thigm dusopropylamigc and trcatment with nyl sulla 1€ resulting proguct was

then cleaved by heating with exces
provided (-)-(R)-14 in 95 %ee. This (-)-(R)-cnantiomer was found to be the most intense, though the differences
were small, and both enantiomers smelled ot lily of the valley.
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373 (-)-(R)-14

With the idea to fix the side chain of Lilial® (14) in a cyclic ether in an energetically favourable conformation
Skouroumounis and Winter3% synthesized compound 374, which, however, was found to be weak and vague,
without the slightest lily-of-the-valley aspect. The motivation for the synthesis of 374 and related cthers was the
replacement of the labile aldehyde group of many lily-of-the-valley odorants by a more stable functional group.

After several attempts in this direction3%® Anselmi, Pelosi et al.307 found in the easily accessible ketal 375
awhite-floral, lily-of-the-valley-like odorant without aldehyde or hydroxy function. With regard to the occurrence
of cyclic ethers in the essential oil of lily-o -valley (Convailaria majalis L.), B boelens et at 300 syntnesnﬁd
the tetrahydrofuran derivative 376,which bloge—letic-"ﬂy may arise from citral. Indee ‘

0 {

VL T +:
376 with some structural resemblance

odour with a fruity-citrusy note.

At the end of this chapter, we revisit the terpenes. A series of sila derivatives of odoriferous terpenes has
been synthezised by Wannagat et al.,308 and summarized in two reviews.3® The substitution of carbon by
silicon increases the clectronic charge on the adjacent oxygen, stretches the molecule, and increases its mass. In

Affart th oA Sl ot Tl ool VWA o obifend Fooi Tl of shg vallas toy by od .
effect, the odour of the sila linalool 377 is shifted from lily of the valley to hyacinth, that of sila terpineol 378
from lilac to lily of the valley, and that of sila $-ionone 379 from violet to freesia

|_oH oo K

That terpenes still have surprises in storc can be seen in liguloxide (380), which was isolated from the
essential oil of an Olearia phlogopappa clone.31° One might expect a floral-herbaceous odour; however, liguloxide
(380) was found to possess a typical tomato ketchup note.310
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4 CONCLUDING REMARKS

As mentioned at the beginning, we did not aim at a comprehensive review. We chose from a wealth of
material, pubhcatlons and patents, led by our own mterests, and those of our mdustry e did not even touch the

tneming A bLosdamnnnio_omsoy an

A constantly rGCumng question is —and it is well justified— how to find a new odorant which fulfills the
necessary conditions of it being: “new,” “aesthetically pleasing,” “non-toxic,” “cheap,” “stable and biodegradable,”
and “better / more useful” in comparison with the hundreds of existing compounds.

In section 2 we discussed the limited knowledge of the olfactory mechanisms, the sorry state of structure-
odour relationships (SOR), and consequently of the rational design of new odorants. Thus, the finding of a new
odorant with all the above mentioned attributes is still very empirical—based almost exclusively on a broad
chemical knowledge, experience, fantasy, and instinct, but backed up with modern tools for carrying out molecular
similarity studics

29 k&

Natural pro d ucts are, as ever, an mportant source of lead
structures. The headspace technique, i.e. the trapping of scent
method 311-314 Trace ¢ omponents nfe ential oils can also contri

as was demonstrated by thc, 1dennf1cauon of powerful alkaloids.-
It is well known that the perception of an odour is very subjecl.we, influenced by physiology and psychology,
which obviously makes a meaningful evaluation of odorants difficult. As Sell put it,3! “odour is not a physical
property.”
In order to cancel out large individual differences of odours and their thresholds, normally a panel is used

~ FaS SR 814

or the evaluation of new substances. In order to rate the odour strengtn the odour value (UV)“’ has been

vapour pressure
threshold conc. (ng/L)

oV =

The OV of commercial odorants is in the range of 10-107, the vapour pressure being 50 ng/L-50 mg/L,
whereas the threshold is in the range of 2 pg/L to about 2 pg/L.319320 Without considering the hedonics, the
higher the OV, the more powerful (useful) is the compound, in principle—although odour valuc alone docs not
account for all the complexity of odour perception.

Several attempts have been made to establish an alternative to the unsatisfactory, because so individual
descriptive method of characterizing odours. One of
quality of odours, has been made by examining pan 1 correlation diagrams, obtained from odour threshold
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inti Th substantlvnv of fra,qranc.e&. in detergents and softc,ners on laundrv is of
profound cconomical and ecologlcal interest. The “more odour” remains on the laundry, the more etfective is the
fragrance, the less is washed out, and the less burdened is the ecosystem.*2-327 Especially in this context, it is
essential that fragrance chemicals are biodegradable. One increasingly rescarched route for higher substantivity
is that of precursors, the aim of which is to prepare a derivative of the desired compound that displays a better
stability or a lower solubility, ezc., and that under the influence of a pH-temperature change or an enzyme
releases the compound at the right place and the right time.328 These compounds are supposed to be stable in

detergent powders (pH up to 9) or in sotteners (pH down to 2-3). They should not be washed out during the
fi e laundry. 1!

substantive and
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