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Abstract: Serendipity has played a role in many groundbreaking scientific discoveries. Key to their identification
and exploitation is the ability to recognize the unexpected and invest time trying to understand it. Like any other
field of scientific research, total synthesis requires determination and perseverance. When the first-generation
route towards a target compound fails, new approaches are developed based on insights gained in the initial
studies. Careful analysis of data obtained in a ‘failed’ approach, e.g. when a reaction did not yield the desired or
any expected outcome, can lead to spectacularly improved routes and discoveries that have impact beyond the
synthesis of the selected target compound. Serendipity has further led to the identification of intriguing proper-
ties that materials or single molecules have, as exemplified by the discovery of electrically conductive polymers.
During our total synthesis endeavors towards a complex natural product, we identified a small molecule with

interesting olfactory properties, which we decided to investigate further.
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Introduction

The purpose of total synthesis has shifted since the early days
of the field.[!l Initially, natural products were synthesized via
known transformations in order to confirm or help elucidate their
structure. In addition, a significant part of the analytics consisted
in the derivatization of novel compounds via known chemical
reactions in order to obtain a fully characterized reference sub-
stance. However, significant progress in analytical methods has
rendered synthesis less important for structure elucidation and
at the same time also allowed to conduct reactions on smaller
scale. Knowledge of the structure of complex target molecules
at the outset of total synthesis projects, along with the time that
was gained with improved analytical methods, inspired the field
of synthetic methods development. Furthermore, when discuss-
ing the value of total synthesis after the advent of X-ray crystal-
lography and NMR spectroscopy, R. B. Woodward stated in his
landmark publication on the total synthesis of strychnine “[...]JOf
course, men make much use of excuses for activities which lead
to discovery, and the lure of unknown structures has in the past
yielded a huge dividend of unsought fact, which has been of major
importance in building organic chemistry as a science. Should a
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surrogate now be needed, we do not hesitate to advocate the case
for synthesis.”2!

The Serendipitous Discovery of a Novel Odorant

Our group is involved in the total synthesis of complex natural
products with interesting molecular scaffoldsi3! or bioactivities.[*
Involved in an exciting total synthesis project, we realized that an
early intermediate in the first-generation route exhibited a pleas-
ant smell reminiscent of rose.l3! Closer investigation in collabo-
ration with P. Kraft from Givaudan revealed that our synthetic
intermediate 1 showed a rare feature in that both the quantity and
the quality of the odor perception varied among two groups of
panelists that were involved in its assessment (Fig. 1A).

To the two thirds of hyposmic panelists bifunctional
2,2-bis(prenyl)-3-oxobutyronitrile (1) smelled weakly like rose,
with an odor threshold of 19 ng/L air. The remaining third panel-
ists, which constituted a hyperosmic group, described the odor as
strong, ivy and green with an odor threshold of 0.25 ng/L air. This
finding is intriguing because there are only few examples of fra-
grance molecules that evoke disparate odor impressions in differ-
ent test subjects. More frequently, the detection threshold varies

A 0 B
N\\
= X
1 5a-androst-16-en-3-one (2) androsta-4,16-dien-3-one (3)
2,2-bis-prenyl- urinous, animalic sweaty, algae-like

3-oxobutyronitrile
fruity, rosy, green,
aromatic, freesia

th 0.4 pg/L air th 2 pg/L air

Fig. 1. A) Serendipitously discovered odorant 1. B) The quantitative and
qualitative olfactory perception of 2 and 3 is affected by two amino acid
changes in the olfactory receptor binding pocket.

aDepartment of Chemistry and Applied Biosciences, ETH Zrich, Vladimir-Prelog-Weg 3, CH-8093 Zurich, Switzerland; ®Givaudan Schweiz AG, Uberlandstrasse 138,

CH-8600 Duibendorf, Switzerland



248

CHIMIA 2020, 74, No. 4

LAureaTEs: JuNior PRrizes oF THE SCS FaLL MeeTing 2019

among panelists up to the extreme case of specific anosmia, where
some people cannot detect the smell of an odorant. Significant
differences in odor detection have been reported for some ste-
roid-type odorants. The olfactory perception of So-androst-16-
en-3-one (2),[% the odor threshold of which is among the lowest
ones known, and androsta-4,16-dien-3-one (3)[7! are affected by
two point mutations in the genes encoding the human odorant
receptor OR7D4 (Fig. 1B).81 The two non-synonymous polymor-
phisms lead to amino acid changes R88W and T133M. The most
common allele is therefore referred to as RT, and the other as WM.
While OR7D4 RT selectively responded to androstenone and an-
drostadienone, OR7D4 WM did not respond to any of the stimuli
at concentrations of up to 10> M. Analysis of the odor percep-
tion as a function of genotype revealed that people with RT/WM
described the odors of androstenone and androstadienone as less
intense compared to the RT/RT genotype, an effect that was con-
firmed by quantitative odor threshold determination. Regarding
odor quality, the RT/WM group of subjects rated the two steroi-
dal odorants as less unpleasant than the RT/RT group. These in-
sights are especially valuable with respect to the complexity of
the sense of smell in humans and the question regarding human
pheromones that came up with the discovery of steroid-type odor-
ants by Prelog and RuZzicka.l!

Rose Odorants

Along with jasmine and lily-of-the-valley (muguet), rose is a
major ingredient in perfumery products.['?1 The natural and syn-
thetic rose odorants display multifaceted side aspects, suggestive
of room for novel odorants. For example, our lead compound
retained a green note along with the dominating rose character.
The sense of smell is very complex, and odor detection occurs by
a combinatorial recognition pattern created by the simultaneous
activation of several structurally diverse receptors with various
affinities.l'!) Therefore, empirical rules were developed to help
the design of novel odorants. According to the rose odorant rule
proposed by Hamannuns Boelens in 1973, the osmophoric group
should generally be a hydrogen bond donor such as a hydroxy
group (Fig. 2).11%.12] However, sometimes ether or oxycarbonyl
also work. The B-carbon was suggested to be substituted with
o-branched, unsaturated or aromatic C7—C9 moiety, and further
substitution at that position is tolerated. While Boelens’ rule holds
true for some important examples of both natural and synthetic
rose odorants such as citronellol (4), 2-phenylethanol (5) and
Phenoxanol (6), the design of rose odorants remains challenging.

Modern computational methods are used to generate quantita-
tive olfactophore models based on the structures of odorants with
desired olfactory properties. In analogy to pharmacophore mod-
els, olfactophore models visualize osmophoric groups and hydro-
phobic moieties in their three-dimensional arrangement. As such,
they provide information about the geometry of receptor binding
pockets and types of interaction that molecules with certain ol-
factory properties undergo, correlated with the activity of a com-
pound. Despite significant progress in computational modeling
there is still no general olfactophore model for rose odorants. This
is partially due to the stability and wide availability of various rose
fragrances but also due to their conformational flexibility.[1%] One
of the most successful functional rose odorants was Rosacetol

Schematic representation
of Boelens' empirical
rose rules

citronellol (4
rosy, floral

2-phenylethanol (5
rosy, floral, bread

Phenoxanol (6)
rosy, floral, metallic

Fig. 2. Visualization of Boelens’ empirical rule for rose odorants and
examples of fragrance molecules that obey it.

(7),1131 which lacks structural resemblance with other well-known
rose odorants and at the same time stands out in that structurally
related molecules do not possess interesting olfactory properties
(Fig. 3). Due to its detrimental environmental effect,[14 extensive
research for a replacement was initiated in the 1990s, which led to
the identification of Peonile (8)151 and Petalia (9)[16] as powerful
rose odorants. They exhibit a rosy, floral-green, powdery smell
at an odor threshold of 0.60 ng/L air, respectively a rosy-fruity,
lychee, powdery smell 0.11 ng/L air and bear a nitrile function
as the osmophore. Nitrile groups display extraordinary chemical
stability and have thus been used to substitute aldehydes to widen
the application spectrum of fragrance molecules, however, they
are often associated with a harsh, metallic smell.ll7]

In addition to a nitrile moiety 1 bears a methyl ketone and is
thus bifunctional, which is uncommon among known rose odo-
rants. In many cases, the presence of more than one polar group
results in a decrease of odor strength or total loss thereof. However,
bifunctional odorants are known for example in the family of lily-
of-the-valley odorants. They often display a defined distance rela-
tionship of a hydrogen bond donor and a hydrogen bond acceptor
moiety to form an intramolecular hydrogen bond.[!8] In the case
of our lead compound, both the nitrile and the ketone could poten-
tially act as osmophoric groups. Indeed, this bifunctionality could
explain the difference in odor perception among the panelists, e.g.
small variations in the structure of the receptor binding pocket
could favor either the methyl ketone to undergo hydrogen bonding
interactions, or the nitrile moiety.

The Discovery, Design and Development of Novel
Odorants

The fragrance industry is situated between the pharmaceuti-
cal industry and the petrochemical industry regarding production
volume and price of products.['02.191 The extraction of some odor-
ants such as musks from natural sources is extremely arduous,
expensive, and in some cases morally questionable. This leads
fragrance and flavor companies to search for analogs with similar
olfactory properties at lower production or isolation cost. Like in
other fields of research, some important findings with long-lasting
impact arose by serendipity. The first nitro musk analog, Musk
Baur (10),[201 was discovered accidentally and lacks any structural
resemblance with other musk odorants known at the time (Fig. 4).
Albert Baur was investigating the synthesis of explosives, when
he noticed a strong musky smell. Structural modifications then led
to the discovery of Musk Ketone (11),2!1 which has been among
the most successful musky odorants due to its low odor threshold
of 0.1 ng/L and low cost.

O

o oo &

Rosacetol (7 Peonile (8 Petalia (9)
rosy, floral-green, powdery rosy, floral- green, rosy-fruity, lychee,
th 0.23 ng/L air powdery powdery

th 0.60 ng/L air th 0.11 ng/L air

Fig. 3. Extensive research to replace Rosacetol (7) led to the discovery
of Peonile (8) and Petalia (9).

5. 25,

Musk Baur (10) Musk Ketone (11)
0.1 ng/L air

Fig. 4. Serendipitously discovered Musk Baur (10) was the basis for
the development of one of the most successful musk odorants, Musk
Ketone (11).
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A common strategy to design and develop novel fragrances is
to modify the natural substance or congeners in order to obtain
compounds that can be accessed more easily and/or efficiently but
display similar olfactory properties. Supported by olfactophore
modeling, structure—odor relationship studies are undertaken ac-
cording to empirical analogies and intuition employing synthetic
tailoring strategies. This procedure is analogous to medicinal
chemistry research. In several instances, intermediates in synthe-
ses of targeted fragrance molecules were found to be powerful
odorants. For example Moxalone (12),[22] an intermediate towards
13 was the most potent musky odorant discovered when exploring
the chemical and olfactory space around Klausenone (14)231 (Fig.
5). Similarly, Habanolide (15)[24] is unsaturated Exaltolide (16)25]
and a late-stage intermediate in a synthetic approach to 16.

These examples emphasize an important difference between
odor and other bioactivities: the synthetic chemist can, to some
extent, evaluate odor by themselves without a time delay, while
the evaluation of other bioactivities is usually more laborious
and time-consuming. When working on the total synthesis of
a bioactive target molecule with unknown mode of action, it is
worth reflecting that intermediates resembling the natural pro-
duct can potentially also display the desired bioactivity. In fact, in
medicinal chemistry so-called privileged scaffolds are exploited
and divergently decorated in order to tune their pharmacological
properties.[20] Along the same lines, a large part of antibiotics on
the market are synthetically tailored versions of four classes of an-
tibacterial agents discovered between the 1930s and the 1960s.[27]

When exploring the chemical space around bioactive com-
pounds, structural simplicity and ease of access are of great ad-
vantage. The synthesis of 2,2-bis(prenyl)-3-oxobutyronitrile (1)
was accomplished in two steps by deprotonation of 5-methyl-
isoxazole (17) with sodium hydride and subsequent double pre-
nylation of 18, which encouraged the systematic investigation of
the structure—odor relationship around our serendipitously found
bifunctional odorant (Scheme 1).

Structure-Odor Relationship Studies

Guided by the structural and olfactory resemblance of our
lead compound 1 with Givaudan’s Peonile (8) and Petalia (9), the
first compound we synthesized combined the structural elements

GOk = Ty G4

Klausenone (14)
1.0 ng/L

Moxalone (12)
musky-fruity
1.0 ng/L

1”’ HZ g/\v/:j

Habanolide (15) Exaltolide (16)

Fig. 5. Late-stage synthetic intermediates Moxalone (12) and Habanolide
(15) in the exploration of chemical space around Klausenone (14) and in
an efficient route to Exaltolide (16), respectively.

o
X Br

NaOMe ONa
B
\J/ NC\)\
CH,Cl, Cs,CO3, DMF > A
5-methyl- 0°C ert. 18 0°C ert.
isoxazole (17)

2,2-bis-prenyl-
3-oxobutyronitrile

Scheme. 1. Two-step synthesis of ketonitrile 1 from 5-methylisoxazole
(17) via sodium enolate 18.

of Peonile (8) and our lead compound (1). The installation of a
methyl ketone on the molecular scaffold of Peonile (8) to give 19,
however, led to almost complete loss of odor (Fig. 6). Following
the principles of synthetic tailoring, the ketone functionality was
replaced by an aldehyde and carboxylic esters. Replacement of
the prenyl substituents by other hydrophobic moieties such as al-
lyl, benzyl, cis-crotyl, alkynyl, and cyclopropylmethyl completed
our small library of congeners. In the course of our studies we
thus discovered three additional compounds that were detected at
different odor thresholds by two groups of panelists: methylene
analog 20, bis-allyl methyl ketone 21 and bis-alkynylated methyl
ester 22.

Additionally, bifunctional bis-prenylated methyl ester 23
was identified as a powerful odorant with an odor threshold of
0.38 ng/L air and a uniform floral rosy smell reminiscent of lin-
alyl esters, chamomile (Fig. 7). The olfactory space around our
lead compound was found to be extremely narrow. For example,
the application of the isobutenyl-phenyl analogy experimental-
ly found by Sturm!28! led to completely odorless 24. Similarly,
bis-demethyl seco-analog 25 of our most potent odorant 23 was
odorless. With the data set obtained in this study, attempts were
directed at elucidating the receptor binding of 2,2-bis(prenyl)-
3-oxobutyronitrile (1) and congeners.

Methylene analog 20 can only bind via the nitrile function to
the receptors’ hydrogen bonding moiety. The rosy smell of the lead
compound was retained in 20 and the detection threshold was low
for hyperosmics, which suggested that the nitrile moiety dominates
the hydrogen-bonding interaction. In order to evaluate this hypoth-
esis, P. Kraft created an olfactophore model using the Discovery
Studio 18.1.100.18065 software package.[?’! The study was based
on a training set encompassing 12 nitrile rose odorants with odor
thresholds of up to 500 ng/L air (Table 1). In addition to nine com-
pounds that emerged from this study, of which three each were
active (1, 20, 23), moderately active (26, 27, 28) and inactive (19,
29, 30), Rosacetol (7), Peonile (8) and Petalia (9) were considered.

N o)
N\\ ] N N\\ ] N\\ OMe
= X
Z N [l

vague, green
rosy, leathery
th 500 ng/L air

mild, rosy, citrusy, sweet,
sl. dusty
th 0.40 ng/L/ 125 ng/L

green, metallic, coniferous
th 6.8/79 ng/L

weak, green, rooty,
rubbery, muguet

th 43 ng/L / odorless

Fig. 6. The synthesis of ketonitrile 19 was inspired by the structural and

olfactory similarity of 1 with Peonile (8). Synthetic tailoring approaches

yielded 20, 21 and 22, which all exhibited disparate detection thresholds

in different people.

N Q
N
N OMe N
OMe
= A
= S
23 25 26
floral rosy, linalyl esters, odorless odorless fruity-rosy, spicy, pink
chamomile pepper, chamomile
th 0.38 ng/L fatty undertone
th 3.8 ng/L air
NG Q Ne Q Ne Q N Q
N\ N\ N\ N\
A H N OEt N OMe N OMe
= A = A = A = X
27 28 29 30

rather weak, green, floral-fruity, aromatic, arnica very weak, metallic-green, rosy ~ weak, green, chemical
chemical, tagetes, osmanthus th 500 ng/L air th 310 ng/L air
reminiscent of gun powder  fatty, animalic undertone
th 25 ng/L air th 8.3 ng/L air

Fig. 7. Nitrile rose odorants from our library. Benzylated ketonitrile 24
and seco compound 25 to our surprise were odorless. Compounds 23,
26, 27, 28, 29, 30 were included in the training set for olfactophore mod-
eling.
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Fig. 8. Olfactophore model for nitrile rose odorants with Petalia

(9, black), Rosacetol (7, dark grey), the ketonitrile lead 1 (light grey), and
the corresponding methyl ester 22 (white) docked into, featuring:

1 hydrogen-bond acceptor (HBA) colored green, 2 hydrophobes de-
picted in cyan, and 1 double-bond feature in orange. The model has a
correlation of 77.1% (max. fit 7.97, total cost 68.9, RMS 1.87) and was
generated with the Discovery Studio 18.1.100.18065 software pack-
age®? using a training set comprising of Rosacetol (7), Peonile (8), and
Petalia (9) as well as compounds 1, 19, 20, 23, 26, 27, 28, 29, and 30
(uncert = 3, conformational space = 20 kcal/mol).

The model thus obtained features a correlation value of 77.1%
and predicts competition between the nitrile group and the methyl
ketone for the hydrogen bond acceptor site (green, Fig. 8).
Ketonitrile 1 is suggested to bind via the carbonyl function, while
the nitrile group points towards the double bond feature. Methyl
ester 22, however, is predicted to bind via the nitrile moiety with
the ester function occupying a hydrophobic space. The competing
binding modes in this model are close in energy, while the hydro-
phobic substituents occupy hydrophobic pockets (cyan). The fit
in the double bond feature (orange) might decide which hydrogen
bond acceptor interacts with the receptors.

The olfactophore model in Fig. 8 serves mainly an illustrative
purpose. The implication of excluded volume did not improve the
fit, and thus the inactive compounds 19, 29, and 30 are not sterically
penalized. However, the calculated activities are shown in Table 1.

Fig. 9. Multiflexible alignment of Petalia (9, black), Peonile (8, dark grey),
Rosacetol (7, grey), lead structure 1 (light grey), and the corresponding
methyl ester 23 (white) with the MOE 2016.08.02 software package.?%
The strain energy induced by this superposition has a value U = 16.4
kcal/mol, its feature overlap as a measure of configurational similarity is
F = -95.0, while the resulting alignment score of the probability-density
overlap is S = -78.6.

In contrast, superposition analysis of Peonile (8), Petalia (9)
and Rosacetol (7) with our lead compound 1 and methyl ester
23 by P. Kraft with the MOE 2016.08.02 softwarel3] using an
Amber10: Extended Hiickel Theory (EHT) forcefield suggests
that the nitrile groups of both methyl ester and methyl ketone
point away from the ones in Peonile (8) and Petalia (9, Fig. 9).
This analysis thus implies that the carbonyl moieties act as osmo-
phoric groups. Taking both analyses into account, it remains un-
clear which of the two polar groups in bifunctional 1 and 23 un-
dergoes hydrogen bonding with the receptor, while in the case of
methylene analog 20 it must be the nitrile group.

This finding might explain the sensitivity differences among
the panelists. If the olfactory receptors interacting with the nitrile
odorants from this study feature slight structural variations in the
binding pocket as a function of the genome, this could bias the bi-
functional odorant to undergo hydrogen bonding interaction with
either the carbonyl function or the nitrile moiety.

Table 1. Overview of the threshold data (hyperosmics in the case of different sensitivity groups)?

Compound Odor threshold [ng/L] Experimental activity [pM] Calculated activity [pM]
Rosacetol (7) 0.23 (rosy) 0.86 (active) 68 (moderate)
Peonile (8) 0.6 (rosy) 0.52 (active) 0.96 (active)
Petalia (9) 0.11 (rosy) 0.51 (active) 0.63 (active)

1 0.25 (freesia) 1.1 (active) 3.6 (active)
19 500 (vague) 2100 (inactive) 41 (moderate)

20 0.4 (rosy) 1.8 (active) 12 (active)
24 0.38 (rosy) 1.6 (active) 3.3 (active)
26 3.8 (rosy) 19 (moderate) 13 (active)
27 25 (green) 120 (moderate) 2.7 (active)
28 8.3 (floral) 33 (moderate) 1.4 (active)
29 500 (vague) 2800 (inactive) 32 (moderate)
30 310 (green) 1500 (active) 33 (moderate)

aFor the compounds synthesized and considered in the generation of the model as well as a comparison of the measured experimental activities
[pM] with the activities calculated by the Discovery Studio software?® for the olfactophore model in Fig. 8.



LAureaTes: JuNior PRrizes oF THE SCS FaLL MeeTing 2019

251

CHIMIA 2020, 74, No. 4

Conclusion and Outlook

When working on a total synthesis, the path to success is a
treacherous one. The outcome of a total synthesis endeavor is
decided at the last step, since even seemingly simple functional
group interconversions or deprotections can be extremely diffi-
cult in complex settings. Despite the need for perseverance and
focus, it is important to be attentive regarding unexpected find-
ings. Many groundbreaking discoveries arose by serendipity, that
is by carefully analyzing and investigating unexpected observa-
tions. Without forfeiting determination and focus, in the case of
our serendipitous finding it was worth to stop for an instant and
smell the roses.
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