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Foreword

More knowledge is needed!
(Wir konnen wissen, wir miissen wissen)

Around odors there is a wealth of very different
jobs, but all are wonderful when they are done with pas-
sion. Passion is the common denominator for all three
of us, even if we have different activities. What activi-
ties, by the way? Some analysis is needed first in order
to see more clearly, so that we can identify more pre-
cisely what has to be done for the odor realm.

The three of us agree: Rembrandt was an artist and
he was not a house painter; on the other hand, when
doing his job, a house painter does not look for emotion,
and he or she has to be a technician, even if there is
some artistic component involved. The most ineffable
Rembrandt painting is appealing.

We don’t say that technique is better than art, or
that art is better than technique, because the evalua-
tion criteria are not the same in the two fields. Should
we personally prefer art to technique, as is frequently
proposed? Probably not, because sometimes we need
to paint walls, and Rembrandt is useless in this regard,
and sometimes we need something different, and Rem-
brandt becomes interesting.

All this shows that our choices have to be carefully
analyzed, and this discussion is particularly important
in the realm of odors, because it is a place where prefer-
ences are ubiquitous. Of course, it is easy to understand
that It smells good indeed means Personally, I like this
odor, so that we can ask the question of the legitimacy
of a personal preference, even if this comes from a mas-
ter perfumer. How is his preference more important than
that of a non-specialist? This is a first question ...,
which we propose not to answer. Our goal here will be
this one: ask questions, because we would love you to
think about them and propose your own answers.

Coming back to jobs, the vision proposed here con-
sists in considering that there are different jobs, in the
areas of art, technique, technology, science. In order to
avoid hierarchy, let’s consider them in alphabetical or-
der: art, science, technique, and technology.

Some people, such as Maurice Roucel, with odors,
or the French chef Pierre Gagnaire, with cooking, are re-
luctant to call themselves artists, because they fear pre-
tentiousness, but facts are always the most important. As
we said before, Rembrandt was not a house painter, and
his project was emotion, even if it included, of course,
mastering the technique, and a commercial component.

In art, there is probably a passion for beauty, as
Pierre Kurzenne says, and much apprenticeship work

is needed, because work never ends
in the quest for perfection in art.
We slog and we work. Passion fre-
quently means being able to see the
intimate interest of the work. But
with respect to beauty, the issue is
huge.

In the kitchen, the issue is not to
look at dishes, but to eat them. Here
good means beautiful to eat; with
music, it means beautiful to hear
(we don’t care if the pianist is well
dressed or not). And one can easily
understand that with odors, the issue
is to make beautiful odors as well,
which means odors that we admire.

Beauty is, then, the main ques-
tion in art, and it is interesting to
observe that it has had thousands of
definitions in the past centuries, but
it always had something do to with
emotion and culture. This holds for
odors; the project of the odor artist
can be to please, to make happy, to
anger, to seduce ..., but never to
leave you indifferent.

For Plato, art was bad, because
representing (reproducing the odor
of mango, of olive oil, ..., etc.)
meant a double detachment from
the truth, but at the same time, the
philosopher could not escape dis-
cussing art and he had to tackle
difficult questions, such as the fas-
cination for perfect representation,
like the painting of grapes that ap-
peared so true that birds were con-
fused!

Anyway, Plato was refuted by
Aristotle! The odor of the raspberry
does not exist: any particular rasp-
berry has a particular odor, and this
means that the production of the
raspberry odor is a lost battle. We
can only produce one chosen odor
among an infinity thereof. This is
the old debate of realism against
idealism.

Which particular odor of rasp-
berry does the perfumer or the fla-

Pierre Kurzenne

Beauty Care &

New Molecules Develop-
ment Senior Perfumer
Symrise, Clichy, France

Maurice Roucel
Master Perfumer
Symrise, Paris, France

Hervé This

Director AgroParisTech-
Inra International Centre
of Molecular Gastronomy
Paris, France
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vorist want to interpret and why? This is a question
of individuals, but also of space, time, and ... More-
over, concerning reproduction, we have to admit that
the copy is never the original, which is why one of us
(Hervé This) proposes that the new note by note way of
cooking (see below) should not reproduce, but instead
invent. It is the same with synthesizers in music: it is
sure that one can reproduce the sound of a violin, but
why? If one loves music, why not discover unknown
sounds, timbers, and music?

Let’s move to technique now. Here, the project is
very different, because the goal is to make, to build.
Techne, in Greek, means to do. For this kind of activ-
ity, the criteria are precise reproduction, regularity, and
care. After decades of studying culinary productions,
it appeared to one of us that care is the most impor-
tant parameter of technicians, because it means giving
pleasure, creating a kind of social osmosis through the
product.

Here, two possibilities exist. One is to reproduce
what was done in the past, by ancestors who lacked our
modern information on chemistry, physics, and biology;
the other is to use all modern information in order to get
new skills and, often, to reach new products.

With odors, these skills can be used in various
cases, such as perfumes, flavors, consumer care prod-
ucts, technical preparations, etc. But in all cases, the
issue is to deal with mixtures of odorant compounds
(i.e., compounds which can link — in one way or an-
other — to olfactory receptors) interacting with a matrix,
from which components of the mixture are released,
at different velocities. For perfumes, this definition is
clear, but for flavors? Indeed, if we eat a raspberry,
we perceive the flavor of this raspberry. By definition,
flavor is the synthetic sensation based on many differ-
ent perceptions such as consistency, color, taste, odor,
trigeminal perception, and others, because we discover
more and more every year, such as the specific percep-
tion of long unsaturated fatty acids on taste buds, or of
calcium ions, .. .; and we’re probably not finished.

Odor is one component only, but the status of odor-
ant compounds in food is more than odor, because many
foods have an odor as well as a taste and a trigeminal
effect! It was frequently published in the past that odor
was the most important component of flavor. This is not
true, as is easily demonstrated by eating after burning
one’s mouth with a hot potato, for example: all the fla-
vor is lost, even if the odor remains. Let’s keep in mind
that it is not necessary to diminish some (other percep-
tions) to make others (odors) appear more important. If
we recognize this, we will be able to better include odor
in flavor!

Here, let’s conclude by coming back to the idea that
new information makes new techniques. It is the goal

of this Handbook of Odors to give as fresh information
as possible, and this is why this book is important: new
information equals modernized techniques.

However, the issue of improving technique is, in-
deed, the goal of technology, from techne and logos.
One of us published a whole book in order to propose
that there are two kinds of technology, one called lo-
cal (the technician, or someone near him, proposes new,
more rational ways of doing) and one global, for which
the engineer looks for results of science, selecting the
useful ones and transferring them to the technical field.
Here again, this Handbook is important because by in-
cluding chapters from specialists among the best, it
gives the basis for innovation. Innovation, the keyword
for the industry!

And finally we look at science. Here we need to
give an explanation, because there is much confusion
about it. Indeed, the word science means knowledge,
and this is why it is legitimate to speak of the science
of the shoemaker, or the science of the cook, or the sci-
ence of the perfumer ... However, the science that we
need to discuss here is very different: now, we restrict
the general meaning to the sciences of nature or natural
philosophy.

For sciences of nature, the goal is to discover the
mechanisms of phenomena, using the scientific method
based on:

1. Observing a phenomenon
Measuring it, which produces a lot of numerical
data

3. Grouping these data into laws (i. e., equations)

4. Producing theories, i. e., explanations quantitatively
compatible with the data

5. Making theoretical predictions which are experi-
mentally tested, and so on, forever.

One could ask if there is a link between science and
art, and one of us (Hervé This, certainly a scientist),
after decades of close friendship and work with Pierre
Gagnaire (certainly an artist), answers with a very
strong no, even if there has been an intense relationship
between artists and scientists, and common characteris-
tics such as intuition, liberty, curiosity, enthusiasm ...
Indeed, the goals of science and art are different (mech-
anisms on the one hand, emotion on the other), as well
as the ways (methodon, in Greek, method) in which they
are achieved.

The method of science was described above; with
art it is based on intuition, experience, personal emo-
tion, the desire to communicate, ... If a scientist wants
to move toward art, he or she has to get away from sci-
ence to technology, whereas the artist who would like
to move toward science has to go through technique.
No relationship between art and science, but rather re-
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lationships between the applications of sciences (very
different from the sciences) and the technical compo-
nent of art (very different from art, even if it is needed).

All this being said, all of us three agree that one
very important component of our activities is to think
correctly and use good vocabulary, taking the utmost
care with semantics. Very frequently, in building odors,
young artists don’t find the precise words, and this
has technical consequences because they cannot select
the right raw materials. For sciences of nature, also,
words are very important, and the great Antoine Laurent
de Lavoisier, the creator of modern chemistry, quoted
Condillac in order to show why nomenclature was the
basis for advances: sciences explore phenomena, but
we have to think of the phenomena in order to study
them; in order to think we need words, and this is why,
Lavoisier said, you cannot improve science without im-
proving words and vice versa.

By the way, all of us three also agree that with re-
spect to odors or flavors, we would love to have more
scientific knowledge.

Imagine that you make an odor without taking into
account some trigeminal effect. Imagine that you make
food without pepper: the dish would not be what it
could be. Imagine that you don’t know about some
particular interaction effects of odorants on olfactory re-
ceptors: again, the result would not be what it should be.
In music, it is as if the piano had only a limited number
of notes. We need more information on the relationship
between the molecular structure of odorant compounds
and the odors of such compounds. We need more infor-
mation about odor release, which means the physical
and chemical description of the diffusion of odorants
inside and outside matrices, including supramolecular
associations. We need more information on the percep-
tion of odorants and the various interactions, before
smelling them, and on the hedonistic interpretation of
the olfactory perceptions. Of course, all this holds for
food!

Perfumers succeed empirically with their current
methods, for example making more vanilla note with
bergamot, instead of increasing the quantity of vanillin!
This is what two of us (Pierre Kurzenne and Maurice
Roucel) name contrast. Perfumers also use metaphoric
words such as hot or sparkling, and in the future it could
be interesting to better understand what this is.

Concerning all this research, the past makes
promises for the future. For odors, Nobel prizes have
already been awarded to advances in the field (terpenes,
olfactory receptors), but so much remains to be done!
At this point, in particular, the prediction of the odor
of a particular chemical structure is out of reach, and
the effect of mixtures of odorants remains elusive. Of
course, the exploration of God’s shop is important, but

we have to recognize that nature, in spite of our ideas,
is far from perfect! Isn’t plague natural, as are as volca-
noes, tsunamis, and so on? If we use clothes, buildings,
and perfumes, it is because — in a way — we are fight-
ing against nature ... because human beings belong to
culture.

It is strange, in this regard, to classify odors into
poisonous and non-poisonous ones. It is also strange
that some odorant compounds are not as they should be.
Why are lead salts sweet, yet toxic? Why are some bit-
ternesses accepted (think of beer), yet often associated
with toxic alkaloids? The same holds for some odor-
ants!

Let’s finish with the issue of regulation. It is clear
that the public should be protected —but from what?
Let’s first recognize that there is a big difference be-
tween danger (a knife is dangerous) and risk (the knife
can be used to kill, but if it is in a closed drawer, there
is no risk). Danger is everywhere, but we have to re-
duce risks. In this regard, it is certainly good to know
the dangers and the exposures in order to make regula-
tions — but such rules should focus only on risk, not on
hazard.

Now, coming back to the issue of nature/culture,
we should say that no product of the perfume or fla-
vor industries is natural, because it was produced! Let’s
remember that something is natural when it was not
transformed by human beings. If you extract an essence
from a flower, for example, the flower had to be cul-
tivated, and the essence had to be extracted. It’s no
longer natural. But who cares: some products of culture
are much better than natural products. Remember Rem-
brandt, Matthias Griinewald, Zao Wo-Ki, Bach, Mozart,
Debussy, etc.

Moreover, in this regard, the issue of note by note
cooking is probably important for the development of
the odor industry. This new way of cooking was pro-
posed for the first time in 1994 by one of us (Hervé
This) and it is the culinary equivalent of synthetic mu-
sic. Instead of using flutes and violins, one uses pure
waves, in order to make sounds, after which music is
composed. For cooking, the elementary units are not
sound waves, but rather compounds, and note by note
cooking does not use traditional ingredients (animal and
plant tissues), but rather pure compounds, from which
dishes are made.

This proposal is important for regulation because it
kills the need to make particular categories for addi-
tives and flavorings: compounds used for making food
would simply be food ingredients. Where will we find
the needed compounds? Of course they can be extracted
or synthesized, and we have to tell this to the public!
Extracted or synthesized, vanillin is always vanillin,
and water is always water. Of course, today a part of

Vil
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the public fears chemistry, but, indeed, it is because
it does not understand it. One way to circumvent fear
is to make it desirable, trendy, fashionable, even for-
bidden. This is how Augustin Parmentier succeeded
in making the French public eat potatoes, before the
French Revolution: he invited the king to eat them!
This strategy has been used to implement note by note
cooking.

Let’s imagine that we succeed in developing this
new culinary trend. How shall we cook? A good way
being explored today is to design the shapes and con-
sistencies, then to design color, taste, odor and trigemi-
nal perception, as we add spices to traditional dishes.
However flavorists know too well that knowledge is
needed in order to get the desired sensation, because
of the chemical and physical interactions with the var-
ious compartments of the matrix. Chefs will have to
learn, which means that flavorists’ collaboration will be
needed. Of course, one could imagine using flavorings
as we use aromatic herbs and spices, but wouldn’t it be
much more interesting to use pure solutions of partic-
ular odorants (for example, a very small concentration

of 1-cis-hexen-3-ol in ordinary oil), or kits of odors, in
order to make entirely new flavors (edible perfumes)?
By experience, chefs are not ready to have flavorists
take the lead on their productions, which means that the
first, traditional solution of using flavorings is probably
not the future. If kits or pure solutions are the future,
the odor industry has to be ready to make entirely new
products.

Finally, after this long tour, we have to recognize
that life is wonderful, in particular because the world
of odors is fascinating. About art, for technique, for
technology, for science, there are so many open ques-
tions! Questions are promises of answers — if we work
with passion! Passion for odors, passion for imagina-
tion, passion for emotions, passion for knowledge . ..

In mathematics, the great David Hilbert said Wir
miissen wissen, wir werden wissen (we must know, we
will know)!

Pierre Kurzenne
Maurice Roucel
Hervé This



Preface

Olfaction in humans is a sensory dimension that is of-
ten underestimated or overlooked entirely. The sense
of smell is commonly believed to play only a mi-
nor role in human perceptual experiences, which is
an understandable misconception when considering the
everyday dominance of vision and hearing for commu-
nication, augmented by touch for interaction with the
immediate surroundings. Moreover, these more promi-
nent sensory modalities are known to exert both physi-
ological and psychological influences on humans (e.g.,
sound/noise, light/vision, and temperature/climate) that
can have an impact on our general wellbeing. In ad-
dition, our sense of smell is typically considered to
be inferior to olfaction found elsewhere in the ani-
mal kingdom; for example, numerous species are able
to trace the path of an odor source over great dis-
tances, or habitually undergo behavioral responses that
are strongly modulated by volatile chemicals, e.g.,
pheromone-type compounds, that may play a role in
aggression, mating, or rearing offspring. An absence
of scientific proof does not preclude such remarkable
capabilities in humans, yet there is widespread dis-
regard for the importance and impact of the human
sense of smell. Seemingly, this most likely relates to
its association with primitive, animal-like behavior and
potentially uncontrollable effects and responses that are
elicited by smells, which are considered to be less ra-
tional and, therefore, more appropriate for the animal
kingdom; surely the higher intellect of homo sapiens is
not prone to behavioral responses from such primitive
influences!

Yet, there is more to the human sense of smell
than meets the nose, so to speak. There is an ever
increasing body of evidence from ground-breaking re-
search discoveries that demonstrates the crucial role
that smells play in shaping our lives. From birth on-
wards we learn to interact with our environment using
our sense of smell. Evolutionary processes have engen-
dered a multifaceted communication that is supported
— even dominated — by olfaction. This might be in the
form of the smells that nurture the relationship between
mother and child or influence partner selection, aromas
that form our food preferences, or odors that warn us of
dangers.

In the modern world we are increasingly exposed
to smells that were not encountered by our ancestors.
These are ubiquitous in our present-day environments

and are met in all aspects of daily life, with sources
ranging from manmade materials, industry, transport,
household products, etc.; the list is practically endless.
The outcome of this constant evolutionary process in
material, product and application development is that
we have generated a tolerance or even unawareness to
numerous modern smells despite their often pervasive
and abundant nature. By contrast, smells that relate to
our appreciation of products such as foods have at-
tracted intense scientific interest spanning decades, with
the earliest discoveries dating back to when chemistry
was still in its infancy. Specifically, pleasantly-smelling
raw materials and compounds considered to be attrac-
tive to humans (e.g., as body scents or room fragrances)
were at the focus of early research, sometimes with
enormous efforts made to recover and enrich substances
to a sufficient extent to enable a chemo-analytical elu-
cidation of the underlying odorous molecules; such
efforts were especially laborious and time-consuming
at a time when the analytics and respective instrumen-
tation were still rudimentary. Nowadays, an array of
methods are at our disposal to resolve even the most
complex of odor mixtures and decode the structures of
individual molecules at extremely low concentrations;
thus, rather than the insufficient sensitivities and res-
olutions limiting early research in this field, present
odorant analytics might be considered as searching for
a needle in a haystack, with individual odorants present
amongst a forest of competing signals.

With emerging progress in the biochemical,
biomedical, and neurosciences, research in olfaction
has subsequently expanded to include a strong focus
on the impact of smells on humans. This new direc-
tion has revealed important insights into how smells
are perceived, processed and memorized, and how odor
impressions influence our everyday lives. Nevertheless,
the nature of numerous odorants remains unknown, as
does their influence on perception, physiology and well-
being. This is especially true for the modern smells that
are encountered on a daily basis at home, at work, or
when out and about.

A comprehensive treatment of smells — from an-
cient to modern and rare to common — in relation to the
impact they have on our lives currently does not exist.
This handbook aims to bridge this gap by aligning the
senso-chemo-analytical characterization of smells en-
countered by mankind, tracing the diverse routes of po-
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tential formation and release pathways, and elucidating
the perceptual hedonic, behavioral, and physiological
responses of humans to such odors at different stages
of life. This book is intended to build a foundation for
a hitherto widely overlooked area of research that has
wider ramifications for human life, and to instigate in-

tensified interdisciplinary discussions as a catalyst for
gaining further insights and discoveries.

Andrea Buettner
Munich, Germany
October 2016
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MRI magnetic resonance imaging
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MS mass spectrometry
MSDI maximized survey-derived daily intake
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1. History of Odor and Odorants

Wilhelm Pickenhagen

Smell is the oldest sense of living species on our
planet and has allowed communication between
species from the beginning of life on earth. Odor
has always fascinated mankind even in prehis-
torical times and the use of scented materials is
documented since early history. Materials used
were extracts from odorous natural products until
the advent of organic chemistry. Progress in ana-
lytical methods allowed the isolation and structure
identification of odor impact compounds from
natural extracts and subsequent syntheses made
it possible to produce these compounds on an
industrial scale for use in many applications of
modern perfumery.

1.1 Defining Odor and Odorants

Chemical communication, namely a signal initiated by
a chemical compound emitted by a donor, received by
areceptor and recognized as such, is one of the founda-
tions of the development of life on earth.

While the two chemical senses, namely the senses
of taste and smell, are directly elicited by a chemical
entity perceived by a receptor, all other senses (sight,
hearing, and touch) recognize the very first signal by
physical forces such as light, sound, temperature, or
pressure, respectively. A cascade of biochemical reac-
tions then amplify and transmit these signals to the
brain where they can be analyzed as such.

1.2 The Chemical Senses

While the origin of biological life on Earth is not ex-
actly known, some hypotheses do exist [1.1]. What is
certain however is that primitive forms of life began
in an aqueous environment where sound and optical
impressions were very limited. The so-called chemical
senses were of essential importance for survival long
before species with some form of brain and capabili-
ties of reflection developed. The chemical senses are
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In this context, it might be useful to define what
an odor is, namely the impression in the brain elicited
by the recognition of a (mostly) volatile chemical by
an odorant receptor. It follows that a chemical (or
molecule) can be considered as an odorant if it fulfills
the following conditions:

1. It has to bind to an odorant receptor.

2. It has to result in the odorant receptor transmitting
the recognition to the brain.

3. The brain has to recognize it as a signal that can be
interpreted.

thus the oldest senses in the development of life on
earth, and allowed primitive species to find food, sex-
ual partners, and warned them for potential predators
by recognizing certain low molecular chemicals in their
surroundings [1.2].

As life on earth became more complex, when sin-
gle cells developed into multicell organisms, a primitive
brain form developed capable of recognizing and an-
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alyzing different odor impressions. During evolution,
these increasingly complex species eventually left the
aqueous environment, and in order to survive, devel-
oped new senses of hearing and vision. Because treat-
ment of such new stimuli could no longer be handled
by the primitive brain, the neocortex developed which
allowed for the compilation of these new sensory sig-
nals as well as endowed the more complex species with
other capabilities still found today in the modern brain.

1.3 History of Use of Odorants
1.3.1 Prehistory

If the use of fire to transform food material is considered
the first direct production of odorous material, then the
use of odorants by hominids by far precedes the period
which we call human history, and in fact the existence
of Homo sapiens sapiens themselves.

The oldest described traces of fire not ignited by
lightning have been found at a site called Gesher
Benot Ya’aqov in Israel and are dated back to about
790000 years. The authors of this discovery discuss the
probability that these fires were created by hominids be-
longing either to Homo erectus, Homo ergaster, or even
to an archaic Homo sapiens [1.5].

During the evolution to Homo sapiens some of the
pure instincts for survival changed slowly into reflec-
tive habits and needs, that is, into cultural rites of
different kinds. The ability of recognition and inter-
pretation of olfactory stimulation is one of the most
important differences between humans and other living
creatures. Use of odors as cultural acts is much older
than written history. Indeed, odorous signals initiated
by sacrificial burning of different objects were ways to
address Gods and ancestors to ask for clemency or to
thank for their kindness. Pro fumum, odors that were
created by smoke is often considered the oldest form of
perfumery.

One of the oldest known prehistorical rites is dated
back to about 60000 years. During the excavation of
the Shanidar cave in northern Iraq, the remains of
nine Homo sapiens neanderthalensis were discovered
in a depth of about 7m. The surrounding soil con-
tained seeds of a total of eight different kinds of flowers.
These flowers of local origin are quite odorous. It
was shown that these flowers had neither grown in
the cave nor had they been transported there by ani-
mals; it has thus been concluded that they were added
at the burial of these bodies, indication that already
at that time odorous plants were used to honor the
dead [1.6].

Nevertheless, the perception of odors is still, even in hu-
mans, relayed directly in the limbic lobe, which has also
be shown to be the neural substrate of emotional behav-
ior [1.3]. Because of this, olfaction is the only sense
capable of suddenly retrieving long forgotten memories
by a single sniff of a specific scent. This phenomenon
led the famous French mathematician Blaise Pascal to
the desperate, but true statement The nose knows things
that the mind does not understand [1.4].

1.3.2 Early History

The oldest sources of history stem from Mesopotamia,
the land between Euphrates and Tigris, the area consid-
ered by many as the cradle of humanity. It is believed
that it is the place where earthly paradise was located;
Genesis 2.7 describing that creation of human life oc-
curred through a sniff [1.7]:

the Lord God formed the man from the dust of the
ground and breathed into his nostril the breath of
life and man became a living being.

The oldest known epic in human history, the Gil-
gamesh Epic, was found in this region of Mesopotamia.
This is written on 12 clay tables and is dated somewhere
between 2750 and 2500 BC Indeed in the 11th table, the
first father Utnapishtim thanks for being rescued from
the deluge [1.8, 9]:

I offered incense in front of the mountain-ziggurat,
Seven and seven cult vessels I put in place

And into the bowls I poured reeds, cedar, and myr-
tle. The gods smelled the sweet savor,

And collected like flies over a sacrifice.

Mesopotamian cuneiform tablets contain some of
the oldest written documents describing the use of
odorants. For example, in order to honor the sun
God Baal in the Assyrian capital Nineveh, frankin-
cense was burned at about 3000 BC. During the time
of Hammurabi around 1700 BC about 2000 talents of
frankincense were burned every year in the temple of
Bel in Babylon [1.10]. Moreover, the use of odorants
was known to exist in the Persian Empire. For exam-
ple, virgins that were selected to be presented to king
Xerxes had to complete twelve month of beauty treat-
ment, six months with oil of myrrh, and six months
with perfumes and cosmetics [1.11]. Even Esther had
to undergo the same treatment before she was pre-
sented to the king and became his preferred wife and
queen [1.12].
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Odorants were not only used for religious rites but
also for private purposes. Priests, royalties and other
dignitaries generously used perfumes. The king hon-
ored special subjects by putting an odorous wreath on
his head, the same way people of today are honored
with a medal. The Babylonian king Nebuchadnezzar
I built the Hanging Gardens of Semiramis, considered
as one of the seven wonders of the antic world, for his
wife Amyris. Mainly cypress, mimosas, roses, and lilies
were planted there because their perfumes were pre-
ferred by the queen [1.13].

At around the same time as in Mesopotamia, that is,
about 5000 years ago, odors and odorants played an im-
portant part in the cultural life of historical Egypt. The
Gods by definition emitted an attractive odor whereas
common people needed odorants to smell nicely. It is
said that in the legend of God Amun, who appears as
pharaoh in order to marry his queen, the latter used his
odor as the most important attribute to conquer her. It is
documented in a text on papyrus that [1.13]:

the queen is awakened by the fragrant breath of the
God and she smiled in his presence. He came di-
rectly to her and fell in love. He gave her his heart
and stepped in front of her to show her his divine na-
ture. When she realized his beauty she rejoiced and
feelings of love went through her body. The whole
palace was filled with the odor of the God; all his
scents were those of Punt.

Punt was considered as the place of origin of the
scent of Gods.

Incense burning of different materials was practiced
three times a day in Heliopolis, residence of the sun
God Ra: frankincense at sunrise, myrrh at noon and
kyphi at sunset. Kyphi, a mixture of 16 ingredients was
considered as the most agreeable scent belonging to the
Gods [1.14].

Gods played an important part of daily life in an-
cient Greece. The sensory impression of odors was as
inexplicable as the nature of the Gods... and there
were many. At one time there was an estimate of about
30000 of them. It followed that the origin of odors
was considered as divine. Many myths connect the odor
of different plants and flowers with different Gods.
For example, Aphrodite kept vigil over Hector’s corps
night and day and anointed him with ambrosial oil of
roses [1.14], and Circe traps Odysseus with the aid of
seductive perfume [1.8, p. 107]. Despite the belief in the
divine origin of odors the Greeks already knew about
the attraction of human odor to the opposite sex. The
sweat of wrestlers after the fight was collected with
creams and oils, and these mixtures were commercial-
ized [1.13, p. 205] as were other fragrances. Perfumery
shops were popular meeting points for all kinds of gos-

sip, and even the cynic Diogenes consented from time
to time to place his home, the famous barrel, close to
these shops. He used fragrant oils only for his feet, ar-
guing that if only the head is anointed with perfume
it would escape into the air and only the birds would
benefit from it. However, the use of perfumes was not
without harsh critics. The famous philosopher Socrates
said that [1.8, p. 112]:

if a slave and a free man are oiled with scent they
both smell the same but the mark of a free man
should be his smell after work and exercise.

After the Romans had conquered the territories of
the Near East, they began to learn about and to adopt the
luxuries of Greek lifestyles, including use of odorants,
and in some cases excessively. Roman women who be-
longed to a class that would today be considered as
socialites had their special slaves who were instructed
to carry out cosmetic and hair care, as well as perfumery
tasks. Hygienic care was indeed well developed: the cit-
izens of Rome had public baths at their disposal where
they would, after their bath, be anointed with scented
oils. Emperor Nero and his wife Poppea Sabina used ex-
cessive amounts of scented materials, especially at their
receptions and banquets. Nevertheless, there were also
critics of the extensive overuse of odorous products in-
cluding the consuls Licinius Crassus and Julius Caesar
who eventually forbade the sales of these products [1.8,
p. 116].

The Bible is a rich source of information about
historical trade and use of odorous materials. Genesis
37, 25 describes the sale of Joseph by his brothers to
midianite merchants who transported spices, balsam,
and myrrh from Gilead on their way down to Egypt,
where the use of scents for sacrifices and personal care
was highly developed. After the exodus of the Jewish
population from Egypt, Moses received many com-
mandments, one of them ordering the construction of
an altar as described in detail in Exodus 30, 1-6. The
use of this altar is regulated in Exodus 30, 7-10, where
Aaron is ordered to:

burn fragrant incense on the altar every morning
when he tends the lamps at twilight so incense will
burn regularly before the Lord for the generations
to come.

Exodus 30, 23-25 is a recipe for making the sacred
anointing oil consisting of:

500 shekels of liquid myrrh, half as much of fragrant
cinnamon, 250 shekels of fragrant cane, 500 shekels
of cassia and a hint of olive oil.

This formula could be considered as one of the oldest
captive products, that is, products protected by law and
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which can only be used by unique people for special
purposes because in Exodus 30, 33 it is stated:

whoever makes perfume like it and whoever puts it
on anyone other than a priest must be cut off from
his people.

Exodus 30, 34 describes another recipe consisting of
gum resin, onycha, galbanum, and pure frankincense,
also for one special purpose: consider it holy to the
Lord. Use of myrrh and frankincense are mentioned 22
times in bible texts [1.15] and Wolfgang Pilz lists in
his collection Frithe Weltmacht: Parfumerie und Kos-
metik [1.16] about 50 citations from the bible that
describe botanical origins of odorous plants and use of
them as perfumes.

With the slow fall of the Western Roman Empire
around 480 A.C. the cultural development of the Oc-
cident came to a sort of a stillstand which lasted until
the middle Ages. At the same time the Byzantine Em-
pire grew out of the East Roman Empire till 1453, the
fall of Constantinople. During these about 10 centuries,
the influences of the surrounding Islamic world be-
came an important factor for the cultural development
of this area. Already about 800 BC the inhabitants of the
Arabian Peninsula countries cultivated myrrh, frankin-
cense, and other aromatic materials which they also
exported to the developed countries around the Mediter-
ranean. The culture of making and using sophisticated
odorous materials was highly developed and described
in many tales. Based on the knowledge of the discov-
eries and philosophical interpretation of these by the
Greeks and the Egyptians, the Arabs began to discover
and develop new techniques through experimentation,
just to mention distillation, sublimation, filtration, and —
very important — the production and concentration of
ethanol (Arab. al koh’l) from wine. The application of
these tools and techniques gave rise to the isolation of
a multitude of odorous materials from different scented
raw materials. The technique of steam distillation, an
Arab invention, is still a very important method to iso-
late volatile materials from their matrix.

1.3.3 The Middle Ages till Beginning
of Industrialization

It took a while until the culture of using scented materi-
als reached Western Europe. It is dated to the Merovin-
gian period. The first products, mainly spices, were
shipped up the Rhone river from the Mediterranean be-
fore a more active trade, especially with Venice, devel-
oped. At the end of the eighth century, the Benedictine
monk Ansegis compiled methods for the cultivation of
aromatic plants for medicinal and flavoring uses which
were published as instructions in Charlemagne’s Kapit-

ular [1.17]. The well-equipped monasteries of that time
used these instructions to cultivate mainly dill, mar-
joram, mint, parsley, rosemary, and sage. The Abbes
Hildegard von Bingen (1098—1179) is one of the first
scientists to describe the use of these products and their
extracts for therapeutic use.

The European participants of different Crusades
starting in 1095 discovered the use of the highly devel-
oped scented materials of the Near East of which they
brought back samples as gifts for their ladies. One of
the first ones is probably Eau de Chypre, a composition
of extracts of two plants indigenous to Cyprus, rose and
styrax. This Mediterranean island had been conquered
by Richard Lionhart during a crusade.

Cultivation and extraction of plants for use as ther-
apeutics that had started at the end of the 8th cen-
tury [1.17] in the developed gardens of different Euro-
pean monasteries became more and more sophisticated
and at around the beginning of the 14th century, these
mixtures, the recipes of which were kept highly secre-
tive, became items of trade. Eau d’ Ange, a composition
of aqueous extracts of rose, orange, styrax, and rue was
sold by the mobile traders of that time. Another product,
Aqua Regina Hungarica, is probably the first bestseller
in the history of perfumery. It is said that this prod-
uct, an aqueous extract of mainly rosemary, was given
by a monk or even an angel!! [1.18] to the than 70-
year-old highly arthritic Queen Elizabeth of Hungary,
who, thanks to the regular use of this product recovered
health and youth to the extent that the Polish king asked
her for marriage.

Probably the most famous and still existing of all
waters is Eau de Cologne. Its origin most probably
dates back to an Italian immigrant to the German city
of Cologne. Giovanni Paolo de Feminis, originally from
the province of Novara brought with him a recipe based
on a mixture created by the Abbes of the Monastery
of Santa Maria Novella of Florence which he called
Eau admirabilis de Cologne [1.18]. To underline the
uniqueness of this product, he searched and obtained
a document from the medicinal faculty of the University
of Cologne, dated 13th of January 1727, certifying that
it had the property of renewing, refreshing, and reviving
the human life spirit [1.18]. Eau admirabilis de Cologne
became a commercial success and Feminis engaged his
nephews Johann- Maria and Johann-Antonius Farina
as his partners who developed the commerce under
their name. During the 7-year war, French officers that
got acquainted with this product brought it to Paris
where it became popular around 1760. The commercial
success encouraged different manufacturers to engage
in its production and sale, one of which was Ferdi-
nand Miilhens who manufactured Eau de Cologne in
his house in the Glockengasse in Cologne. Following
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a decree of 1794 by the French occupants of Cologne
all of the 7440 houses of the city were numbered and
the house of Miilhens was given number 4711, which
is the origin of the still used commercial name Eau
de Cologne 4711 [1.19]. 1t is said that Napoleon was
very lavish with Eau de Cologne, using about two bot-
tles a day, so he took large quantities with him in his
campaigns.

The preparation of extracts of natural products, es-
pecially strong smelling flowers, expanded from the
monasteries to regions of abundant starting materials,
especially in the town of Grasse in Southern France
where it developed from laboratory quantities to in-
dustrial dimensions. In 1768, Antoine Chiris founded
the first of these factories in Grasse making extracts
from natural products that were used for the compo-
sition of perfumes. Paris became the center of cre-
ation and a number of specialized boutiques opened
their commerce. One of the first were Jean Francois
Houbigant in 1775 as well as Michael Adams whose
establishment La Reine de Fleur later became the fa-
mous House of Piver. Pierre-Francois Lubin created
the famous Eau de Lubin around 1790. Napoleon,
in addition to his campaigns to conquer Europe also
changed the judicial system in his native France. The
Code Napoleon, introduced in 1804, is still the base
of law in France. One of his decrees of 1810 de-
fines the term Perfume in which a perfume had to
be distinguished from products for pharmaceutical use
and no longer be used for internal applications. Com-
position of products for medicinal applications had
to be declared whereas the formula for perfumes re-
mained a company secret, encouraging the foundation
of several perfumery companies, one of which was cre-
ated by Pierre-Francois Guerlain, a Frenchman who
had studied chemistry and pharmacy in England. He
opened his store as parfumeur-vinaigreur in 1828 in
the Rue Rivoli in Paris [1.20], creating products that
were much in fashion at the Parisian societies. Trends
of the time were mainly reconstitutions of flower scents
and compositions thereof [1.21] Guerlains first suc-
cesses such as Senteur de Champs and Esprit de
Fleurs were compositions of light floral themes, heavy
flower, and animalic notes were not in fashion [1.21].
The so-called soliflores [1.22], reconstitutions of sin-
gle flower scents appeared and dominated the market
for a while, just to mention Rose and Jasmin by Moli-
nard (1860), Rose Jaqueminot and Jasmin de Corse
by Coty (1906), Violette Pourpre by Houbigant (1907),
Narcisse Noir by Caron (1912), Gardenia by Chanel
(1925), and Le Muguet de Bois by Coty (1942) [1.23].
All these creations were compositions of different ex-
tracts of natural products already made by industrial
procedures.

1.3.4 The Advent of Organic Chemistry
and Its Contribution to Perfumery

The beginning of organic chemistry is generally consid-
ered Friedrich Wohler’s publication of the conversion
of ammonium cyanate into urea, a synthesis of an
organic molecule found in living organisms from an
inorganic salt [1.24], even if he had, already 4 years
earlier, synthesized oxalic acid by hydrolysis of di-
cyane [1.25]. These discoveries initiated the abandon
of the vitalism, a philosophy believing that organic
molecules could only be synthesized — or better cre-
ated — by living organisms, even if it still took a while
to be recognized as not valid.

What are the connections between these discoveries
and modern perfumery? As described earlier, creation
of perfumes consisted of the skillful composition of dif-
ferent extracts of odorous natural extracts. The nascent
organic chemistry enabled scientists to analyze the
composition of natural products, identify the molecules
of odor impact, and subsequently synthesize those for
the use in perfume compositions. This statement is of
course an extreme abbreviation of these developments
which took a long time and is still going on today
as one of the main branches of research in perfumery
science.

Even before Wohler’s discoveries systematic anal-
yses were executed on natural products. Jaques-Julien
Houton de Labadiere showed that turpentile oil con-
sisted only of carbon and hydrogen and that the atomic
proportions of these were 5 to 8 [1.26]. Later, com-
pounds of natural origin having these elementary pro-
portions were called ferpenes. The French scientist and
later agricultural minister Dumas developed methods
that helped to separate natural extracts into simple hy-
drocarbons and into their derivatives containing sulfur,
nitrogen, and/or oxygen. However, analytical methods
only allowed isolating and identifying compounds that
occurred in larger quantities in the natural extracts. As
an example, Buignet described in an extensive publica-
tion a series of analyses to distinguish between different
species of strawberries [1.27]; the volatile part that im-
parts the odor of these fruits is mentioned in only some
sentences concluding that the odor is due to volatile
materials that occur in very small quantities and that it
would need a very large quantity of starting material to
determine the exact chemical nature of these extracts.
This statement is to be considered as very optimistic,
even with today’s sophisticated methods for the analy-
sis of volatile materials not all trace odorous materials
have been identified.

One of the first impact odorants isolated and iden-
tified was cinnamaldehyde 1 out of cinnamon oil by
Dumas and Peligot in 1833 [1.28]. Benzaldehyde 2, the
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Fig. 1.1 Odorants isolated from natural sources and identified in the
early times of organic chemistry

odorous principle of bitter almond oil and cherry flavor
is to be considered the first synthetic odorous mate-
rial after Wohler and Liebig could show that it results
from the enzymatic cleavage of amygdaline 3 that oc-
curs in the stones of fruits like plums, cherries, peaches,
and almonds. Analytical techniques improved over time
so that odor impact compounds could be isolated from
odorous natural products and their chemical structures
could be elucidated. The first compounds thus isolated
were those that are solid at room temperature and could
be separated from their matrix by crystallization such
as camphor 4, borneol 5, and cedrol 6. Further im-
provement of distillation techniques like vacuum and
column distillation as well as specific derivatization al-

lowed the isolation and structure elucidation of liquid
compounds. Pioneer in these techniques was Otto Wal-
lach who, in the years 1884—1920 published from his
laboratory at the University of Gottingen more than
100 papers describing the isolation and identification
of many important monoterpene compounds, inter alia,
a-pinene 7, a-fenchene 8, camphene 9, terpinolene 10,
as well as some sesquiterpenes like caryophyllene 11
(Fig. 1.1).

1.3.5 Beginning of Modern Perfumery

Modern perfumery however began when these natural
products to be used in compositions could be made
by other methods than by extracting them from their
natural sources. This area began with the synthesis of
coumarine 12 by Perkin [1.29] in 1868. This product,
smelling of freshly cut grass had been isolated earlier
from tonka beans by Wohler [1.30]. Improvement of
the procedure by Tiemann and Herzfeld [1.31] made it
possible to produce this product on an industrial scale
to be used in perfumery. One of the first successful
uses of coumarine resulted in a perfume called Fougere
Royal by Houbigant, marking a family of scents called
fougere which are still alive in modern perfumery; well-
known examples are Drakkar Noir in 1982 and Cool
Water in 1988. Coumarine is still used in about two
thirds of all new perfumes. Vanillin 13 is the aromatic
principle of vanilla pods in which it occurs at about
2%. Because of the costs of isolation from an already
expensive starting material it could not be used in per-
fumery. The structure of 13 had been elucidated by
Tiemann and Haarmann after they had obtained a crys-
talline alcohol by treating coniferine with emulsine,
a hydrolytic enzyme, followed by oxidation with potas-
sium bicromate in sulfuric acid [1.32]. This method
not only allowed to obtain the pure product to deter-
mine its chemical structure but could be also considered
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Fig. 1.3 Important natural and non-natural odorants ob-
tained by chemical syntheses

as an industrial method. Haarmann, who originally
came from Holzminden close to the Solling mountain
in Germany where pine wood, the starting material
for coniferine, is in great abundance, took on this task
and founded Haarmann’s Vanillinfabrik to produce 13.
A completely new synthesis of this product was devel-
oped again by Tiemann using a reaction discoverd by
Reimer; this reaction known as the Reimer—Tiemann
Reaction. Later on Reimer joined Haarmann to found
the Haarmann & Reimer Corporation in Holzminden,
one of the oldest industrial Flavor & Fragrance Com-
panies. It acts now under the name of Symrise after
the merger with Dragoco also from Holzminden in
2002.

In 1889, the French perfumer Aimé Guerlin cre-
ated the perfume Jicky in which he used synthetically
produced vanillin 13, heliotropine 14, and coumarine
12. This creation is to be considered as a turning point
in perfumery because it was the first time a perfume
was not the recreation of a natural product, the so-
called soliflores, but it allowed new interpretations of
harmonized odor accords not necessarily occurring in
nature [1.33]. Extracts of the violet flower were very
much appreciated for perfume creation but because of
its limited availability too expensive for general use.
To identify the smelling principle of this flower, Tie-
mann and Kriiger extracted the similar smelling but
much cheaper orris root oil to discover the ionones 15
and 16 as the odorous principle [1.34]. Their synthesis
was straightforward so the material became generally
available and is still a basic material for the creation of
flowery perfumes.

The scent of the popular lily-of-the-valley flower
was very desirable to be obtained but its extraction
from the natural source was not possible. In the begin-
ning of the 20th century, three different groups nearly
simultaneously succeeded in the synthesis of hydroxyc-

(-)-Ambrox Amberketal Ambrocenide Timberol
—
3%3 et &
Ysamber K Iso E Super (+)-Cedrol Folenox

|

Fig. 1.4 Conversion from ambery to woody notes on the example

of eight commercial odorants

itronellal 17. Knoll in Germany in 1905, Givaudan and
Firmenich, both in Switzerland in 1906 and 1908 re-
spectively marketed this product under different names
and qualities because of different byproducts due to
their different synthetic procedures that alter the smell.
The first significant use was by Houbigant in the famous
perfume Quelques Fleurs in 1912. Cylosia, the prod-
uct from Firmenich is still in popular use for flowery
perfumes. Another flowery product not found in nature,
aldehyde MNA, methyl nonyl acetaldehyde 18, was dis-
covered around the same time and is still very much in
use. Around 1920, fruity notes became popular after the
success of the perfume Mitsouko by Guerlain who used
the so-called aldehyde C-14 which actually is y-unde-
calactone 19 and has a very pronounced odor of ripe
peach.

A historial trend setting event in modern perfumery
was the creation of Chanel No 5 by Beaux. He added
to a mixture of flowery notes like ylang ylang, vanilline
and musks high amounts of the straight chain aldehy-
des decanal 20, undecanal 21, and dodecanal 22, which
by themselves have a pronounced unpleasant fatty odor
of candlewax. This combination became a great success
and Chanel No 5 is still today one of the most appreci-
ated and sold perfumes.

Jasmine flower notes are very important in modern
perfumery. Until around 1960, extracts from jasmine
flowers were used which were very expensive and could
thus be used only in very small quantities in limited
applications. The turnaround came after the isolation
and identification of methyljasmonate 23 by Demole
et al. [1.35]. Its synthesis proved to be quite expensive
but Demole could show that the dihydro derivative 24
had very close odor properties to the natural product,
that is its boosting effect to floral notes. The product,
called Hedione was first introduced by Roudnitska in
Eau Sauvage in 1962. Due to its success and the steady
improvement of its synthesis Hedione is now available
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at a price that allows its use even in applied perfumery
for soaps and detergents. It is not exaggerated to say
that today Hedione is used in every perfume.

Musk odorants are in wide use in perfumery
(Fig. 1.2). Analysis of the extracts from the musk deer
glands secretion, that was initially used in composi-
tions, allowed Walbaum in 1906 to identify a ketone
Ci16H300 which he called muscone as the smelling
principle [1.36]. It was Ruzicka who 20 years later iden-
tified this compound as (—) 3-methylcyclopentanone
25 [1.37]. With this discovery, he overturned Bayer’s
theory of too much strain in carbocyclic rings greater
than 12 carbon atoms [1.38] and for which he was
awarded the Nobel Price in Chemistry in 1939. A car-
bocyclic ring ketone smelling of musk was isolated by
Sack from the glands of the civet cat and identified by
Ruzicka as cycloheptadecanone [1.39]. Another musk-
smelling compound was isolated by Kerschbaum from
ambrette seed oil and identified as 7-cis-hexadecen-
16-olide [1.40]. Numerous macrocyclic and noncyclic
compounds exhibiting a musk odor have since been dis-
covered and are in use in modern perfumery [1.41].

Ambra notes are appreciated in perfumery. The
first product to be used was ambergris, a mixture ex-
tracted from a pathological metabolite from the sperm
whale which floats on the surface of the oceans af-
ter excretion. This extract contains a number of ter-
penoic structures that are degradation products from
the triterpene ambreine, discovered by Lederer [1.42].
The high interest in amber notes initiated research
into the discovery of amber-smelling compounds from
other sources. Among the several synthetic compounds
available today for perfume creation are Ambrox 26,
Cetalox, which is racemic 26 and the extremely power-
ful Ambrocenide 27 [1.43].

Woody notes are much used in perfumery. A step-
wise conversion from strong amber, slightly woody to
slightly amber-strong woody has been established by
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Pickenhagen using a series of different chemicals used
in perfumery [1.44] (Fig. 1.4).

The invention of gas chromatography by James
and Martin in 1952 [1.45] and its systematic applica-
tion allowed the isolation and structure elucidation of
strong smelling compounds that occur only in traces
in nature. An example with wide ramifications for per-
fumery is the discovery of an important odorant in
Bulgarian rose oil (rosa damascena Mill) by Demole
et al. when they isolated a compound by preparative
gas chromatography and determined its structure as
1-(2,6,6-trimethylcyclohexa-1,3-dienyl) but-2-en-1one
28, which was named -damascenone [1.46]. Synthetic
work around this structure showed that the isomer o-
damascone 29 is from a perfumistic standpoint the most
interesting of different isomers tested. It is interesting to
note that this product had been synthesized in another
context before by Ohloff and Uhde [1.47] but its per-
fumistic value had not been recognized. The use of 29
led to a series of new types of perfumes of which Poi-
son by Dior with an extremely high amount of 0.04%
was the most successful trendsetter (Fig. 1.3).

Further improvement of gas chromatography and its
hyphenation with analytical methods like mass-spec-
trometry and nuclear magnetic resonance spectroscopy
allowed the isolation and identification of a plethora of
new natural substances, many of them are now used as
synthetic materials in perfumery. Today, the perfumer
has for the creation of new and original perfumes an ar-
senal of about 3000 commercially available compounds
at his disposal, most of them of synthetic origin. In the
future, many more will be discovered and used, con-
firming the prediction of Ernest Beaux, the creator of
the famous Channel No. 5 who stated [1.48]:

the future of perfumery is in the hands of chemists.
We will rely on them to find new odorants to make
original new accords.
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Odorous compounds are typically volatile or semi-
volatile in nature and have low molecular weight, the
majority being below 300u. Despite this apparently
limited range, odorous stimuli belong to a broad vari-
ety of substance classes that comprise diverse structural
moieties such as ester, carbonyl, alcohol functions,
bearing thio and other heteroatomic groups, having
aromatic or aliphatic forms, with the potential of in-
corporating heteroatomic constituents in the aromatic
structures. Odorants may be even-chained or branched,
may be saturated or exhibit different degrees of un-
saturation, and can contain double bonds or steric
centers that can dictate the odor character and po-
tency according to their steric properties. Even min-
imal differences can induce altered smell properties,
as is encountered between certain enantiomers of the
same molecule, thereby requiring that the exact struc-
ture and its formation pathways must be thoroughly
resolved in order to be fully understood. Moreover,
the complexity of possible combinations may be in-
creased further by the combination and formation
reactions of different structural moieties within one
molecule.

A range of pathways have evolved in nature for
communication purposes. The transmission of potent
smells can elicit specific responses in recipients, and
conversely, the latter have developed the means to
detect these as signaling molecules. Odors generated

and released in the plant kingdom, for instance, can
serve as cues to insects and animals; fruity odors indi-
cate a source of carbohydrate energy, and floral scents
act as pollinator attractants. Animal-like smells can
also induce specific responses in certain species, e.g.,
in conspecifics or in predator—prey relationships, and
cell damage in plants, e.g., by herbivore feeding, may
generate volatile compounds as a by-product of the
plant’s defense mechanism, which might further serve
as a distress signal and attract predators of the insects
damaging the plant. Apart from these biochemically
driven routes, odorants may be also generated by pre-
dominantly chemical pathways. Thermal and pyrolytic
processes or oxidation are amongst such reaction
cascades that are often highly complex. We savor such
aromas in baked and roasted foods, but specific burnt
impressions tell us that heat treatment was too intense.
Often, there is a complex interplay between several
biochemical and chemical pathways, further increasing
the number and combinatory complexity of odorous
molecules being formed. This book section comprises
contributions that compile numerous substance classes
and their structural specifics, primarily in view of those
that are of high importance to humans. Moreover,
current knowledge of the most prominent pathways in-
volved in their formation is provided, linking different
mechanistic routes to present a fundamental under-
standing of how odorants come to exist in our world.



2. Biosynthesis of Plant-Derived Odorants

Matthias Wiist

Plants produce thousands of structurally diverse
volatile signal compounds to attract pollinating
insects and seed dispersing animals. These com-
pounds are often perceived by humans as a specific
fruit or vegetable aroma. Many of these volatiles
serve also as defense substances against fungi,
bacteria, viruses, and herbivores. The knowledge
of precursors and pathways leading to the for-
mation of volatiles in fruits and vegetables has
considerably progressed during the last years be-
cause of the use of molecular and biochemical
techniques. In vitro characterization of the het-
erologously expressed enzymes has helped clarify
the pathways of volatile formation. This chapter
will, therefore, provide an overview of biosyn-
thetic sequences and construction mechanisms
that are illustrated in most cases using detailed
reaction schemes. The various compounds are pre-
dominantly ordered according to the biosynthetic
pathway that is used in plants to synthesize them
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and are grouped into carbohydrate-, lipid-, and
amino-acid-derived odorants, terpenoids, and
glycosidically bound odorants.

2.1 Biosynthesis of Plant-Derived Odorants

The following chapter gives an overview on the biosyn-
thesis of odorants, the metabolic sequences leading to
various selected classes of plant natural products that
can be perceived by humans due to their volatility and
odor activity. Various odorants are predominantly or-
dered according to the biosynthetic pathway that is used
in planta to synthesize them — a concept that has been
adopted from several successful textbooks on natural
product chemistry and biochemistry [2.1,2]. Special
emphasis was put on biosynthetic sequences and con-
struction mechanisms that are illustrated in most cases
using detailed reaction schemes. The molecular bi-
ology of the enzymes that catalyze these reactions,
plant physiological aspects, and genetic engineering of
biosynthetic pathways are clearly not within the scope
of this chapter. Nevertheless, where appropriate, some
remarks and references on these topics are given in the

text, which allow the interested reader to gain more in-
sight into these quickly developing fields of research.

2.1.1 Biological Functions of Plant-Derived
Odorants

Plants produce thousands of structurally diverse volatile
signal compounds to attract pollinating insects and seed
dispersing animals and mediate interactions with other
plants. Many of these volatiles serve also as defense
substances against fungi, bacteria, viruses, and herbi-
vores and are stored in specialized tissues like glandular
trichomes or oil ducts [2.6]. Indeed, from a plant’s point
of view, human beings are nothing else than seed dis-
persers or herbivores that are able to perceive these
compounds as a specific fruit or vegetable aroma. More
recent studies have shown that some of these volatiles

13
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Table 2.1 Groups of plant secondary metabolites (after [2.5])

Type of secondary metabolite?
Alkaloids

Terpenoids, all classes

Monoterpenes (Cjg)

Sesquiterpenes (Cjs)

Diterpenes (C20)

Triterpenes, steroids, saponins (Czg, C27)
Tetraterpenes (C40)

Non-protein amino acids

Amines

Cyanogenic glycosides

Glucosinolates

Alkamides

Lectins, peptides, polypeptides
Flavonoids, tannins

Phenylpropanoids, lignin, coumarins, lignans
Polyacetylenes, fatty acids, waxes
Polyketides

Carbohydrates, organic acids

Cytosol

Approximate number of known structures®

21000
22000
2500
5000
2500
5000
500
700
100
60
100
150
2000
5000
2000
1500
750
200

4Types in bold contain a large number of volatiles; types in ifalic serve as precursors for volatiles

The Dictionary of Natural Products on DVD [2.4] contains more than 230 000 compounds contained in over 68 000 entries. An entry
may contain variants and derivatives. Variants may include stereoisomers, for example (R)-form, endo-form; members of a series of
natural products with closely related structures such as antibiotic complexes. Derivatives may include hydrates, complexes, salts,
classical organic derivatives, substitution products and oxidation products etc.

also function as signal molecules in tritrophic plant-
herbivore—carnivore interactions. The emitted volatiles
may attract the herbivore’s enemies, such as parasitoids

or predators, which actively reduce the number of feed-
ing herbivores [2.7]. This has often been termed as
plant’s cry for help.
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2.1 Biosynthesis of Plant-Derived Odorants

Table 2.2 Common abbreviations for cofactors and substrates

ACP
ADP
AMP
Ara
ATP

B

CDP
CMP
CoA
CoQ
CTP
Cys

Cyt
DMAPP
Enz
FAD
FADH2
FMN
FMNH2
FPP

Fru

Gal

GF
GFPP
GGP
Glc

Gln

Glu
GPP
GSH
GSSG
HA
HMG-CoA
HSCoA
IPP

Met
NAD
NADH
NADP
NADPH
NPP

P

P

PEP
PLP

PP;

PP

Rha
SAM
TPP
UDP
UDP-gal
UDP-gluc
UMP
UTP
Xyl

Acyl carrier protein

Adenosine diphosphat

Adenosine monophosphat

Arabinose

Adenosine triphosphate

General base

Cytidine diphosphate

Cytidine monophosphate

Coenzyme A in structures

Coenzyme Q (ubiquinone)

Cytidine triphosphat

Cysteine

Cytochrome

Dimethylallyl diphosphate (pyrophosphate)
Enzyme

Flavin adenine dinucleotide (oxidized form)
Flavin adenine dinucleotide (reduced form)
Flavin mononucleotide (oxidized form)
Flavin mononucleotide (reduced form)
Farnesyl diphosphate (pyrophosphate)
Fructose

Galactose

Green fluorescent proteine

Geranylfarnesyl diphosphate (pyrophosphate)
Geranylgeranyl diphosphate (pyrophosphate)
Glucose

Glutamine

Glutamate

Geranyl diphosphate (pyrophosphate)
Reduced glutathion

Oxidized glutathione

General acid
Beta-hydroxy-beta-methylglutaryl coenzyme A
Coenzyme A

Isopentenyl diphosphate (pyrophosphate)
Methionine

Nicotinamide adenine dinucleotide (oxidized form)
Nicotinamide adenine dinucleotide (reduced form)
Nicotinamide adenine dinucleotide phosphate (oxidized form)
Nicotinamide adenine dinucleotide phosphate (reduced form)
Neryl diphosphate (pyrophosphate)

Inorganic orthophosphate

Phosphate in structure

Phosphoenolpyruvate

Pyridoxal phosphate

Inorganic pyrophosphate

Pyrophosphate in structure

Rhamnose

S-adenosyl methionine

Thiamine pyrophosphate

Uridine diphosphate

Uridine diphosphate galactose

Uridine diphosphate glucose

Uridine monophosphate

Uridine triphosphate

Xylose
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2.1.2 Primary and Secondary Metabolism

Most of the odorants described in this chapter are
so-called secondary metabolites derived from building
blocks that are generated by the fundamental processes
in primary metabolism like glycolysis, Krebs cycle,
pentose phosphate cycle, and others. These fundamen-
tal reaction sequences are not shown in detail in this
chapter with the exception of the methylerythritol phos-
phate (MEP) pathway, which is surprisingly often not
yet discussed in general biochemistry textbooks. As
opposed to plant primary metabolites, plant secondary
metabolites occur in a very high structural diversity
as illustrated in Table 2.1. Several structural types of
secondary metabolites are volatile as such (monoter-
penes), while others serve as precursors that generate

volatiles after enzymatic modification or degradation
(glucosinolates). Despite this diversity, the number of
corresponding biosynthetic pathways is surprisingly
rather restricted. Figure 2.1 gives an overview on the
metabolic pathways, leading to the biosynthesis of the
various groups of volatile compounds that are shown in
gray-shaded ovals and that are discussed in this chapter.

In the following presented reaction schemes, non-
ionized acids are usually depicted to simplify structures
and to eliminate the need for counter ions. Likewise,
amino acids are shown in unionized form, and not as
zwitterions. The abbreviations P and PP represent the
unionized phosphate and diphosphate group, respec-
tively. Further common abbreviations for cofactors and
certain substrates in enzymatic reactions that are used
throughout the text are shown in Table 2.2.

2.2 Constitutive Biosynthetic Pathways

2.2.1 Carbohydrate-Derived Odorants

Carbohydrate-derived odorants, where the carbohy-
drate molecule is a direct precursor and is incorpo-
rated with the retention of the carbon chain without
prior degradation, are very rare. The most promi-
nent examples are furanones like furaneol (4-hydroxy-
2,5-dimethyl-3(2H)-furanone — HDMF) and methoxy-
furaneol (2,5-dimethyl-4-methoxy-3(2H)-furanone —
DMMF) that are key aroma compounds in straw-
berry and pineapple fruits. HDMF and DMMF oc-
cur as natural racemic mixtures due to their oxo-
enol structure and the resulting keto-enol tautomerism.
The enantiomers smell different with either caramel-
like to fruity-sweet odor notes ((R)-(+) enantiomers)
or extremely weak to lactone-, coumarin-like ((S)-(—)
enantiomers) [2.8]. D-Fructose-1,6-diphosphate is the
biogenetic precursor of these substances and delivers
the carbon chain of HDMF and DMMF [2.9]. The
biosynthesis of both molecules is outlined in Fig. 2.2.
The reaction sequence includes the intermediate 4-hy-
droxy-5-methyl-2-methylen-3(2H)-furanone (HMMF),
and the products 4-hydroxy-2,5-dimethyl-3(2H)-fura-
none (HDMF) and 2,5-dimethyl-4-methoxy-3(2H)-fu-
ranone (DMMF). The enzymes so far characterized are
Fragaria x ananassa enon oxidoreductase (FaEO) and
Fragaria x ananassa O-methyltransferase (FaOMT).
Hexose diphosphate is converted by an as-yet
unknown enzyme to 4-hydroxy-5-methyl-2-methylen-
3(2H)-furanone (HMMF), which serves as a substrate
for an enone oxidoreductase (FaEO), yielding fura-
neol [2.11,12]. An O-methyltransferase converts fu-
raneol to finally yield methoxyfuraneol [2.13]. It is

interesting to note that HDMF is also generated in
heated foods by a purely chemical reaction in the course
of the Maillard reaction, and it has been suggested that
this results in these foods appearing particularly attrac-
tive [2.14].

2.2.2 Terpenoids
Many of the compounds in plant-derived essential oils

are biosynthesized from the active isopren Cs units
dimethylallyl diphosphate (DMAPP) and isopentenyl

HMMF
lFaEO

HO (0] (0) (0]
S, =I5
O O

\\ FaOMT / HDMF

-~

HO OH
pat
O

H;CO, 0}

Bad
DMMF

Fig. 2.2 Biosynthesis of the 3(2H)-furanones in straw-
berry (after [2.10])



Biosynthesis of Plant-Derived Odorants

2.2 Constitutive Biosynthetic Pathways

)\/\ . )]\/\ Hemiterpenes (Cs)
opP OPP
)\%
DMAPP IPP

]\f::()/te\imnes - JV\JV\OPP @A

Fig. 2.3 Overview of the
different terpenoid skeletons

Isoprene generated by head to tail

addition of isoprene units.
For each group the structure
of a typical member is given.
During the biosynthesis

of lanosterol two Wagner—
Meerwein rearrangements are
observed so that two isoprene

— Sesquiterpenes (C;s) ~ ~ ~
FPP . .
lpp/\i OPP units are disassembled
2%
——|—— Diterpenes (Cy) ~ ~ ~ ~ PP GGPP
IPP’\{
Sesterterpenes (Cas) S S S S S oPP GEPP
Call I C
riterpenes (Csg) ~ ~ ~ A A A Seumln
Steroids (Cjs-30)
Lanosterol
HO
— Tetraterpenes (Cy)
Carotenoids
S X S X X X 8 X
Phytoene
HO,
AcO (0]
O
v
« |
Limonene (C;o) Bisabolene (C;s) Taxadiene (Cy) Sclarin (Cys)

diphosphate (IPP) and, thus, belong to the most diverse
families of natural products — the terpenoids [2.15],
also referred to as isoprenoids (Table 2.1). Essential oil-
producing plants, among them are many herbs and cit-
rus fruits, accumulate terpenoids in specialized tissues,
such as glandular trichomes, oil ducts, or secretory cav-
ities [2.16]. Terpenoids in low concentrations are also
found in fruits and vegetables that do not accumulate
essential oils. Nevertheless, they often contribute to the
specific fruit and vegetable aroma due to their low-
odor threshold values [2.17]. Terpenoids are classified
according to the number of incorporated Cs-units and
are distinguished into hemiterpenes (Cs), monoterpenes
(C1p), sesquiterpenes (C;s), diterpenes (Cyg), sesterter-
penes (Cs, triterpenes (Csp), and tertraterpenes (Cgp)
(Fig. 2.3). Most of the volatile terpenoids are mono-

and sesquiterpenes with only few diterpenes. The
biogenetic precursor for all monoterpenes is geranyl
diphosphate and for all sesquiterpenes (E, E)-farnesyl
diphosphate, although exceptions from these rules have
been described recently for the biosynthesis of terpenes
in glandular trichomes of tomato [2.20]. Formally, all
terpenoids are obtained by a head to tail addition of iso-
prene units (biogenetic isoprene roule by Ruzicka; 1939
Noble Prize winner in Chemistry). The biogenetic pre-
cursors of these isoprene units are [IPP and DMAPP that
are substrates for short-chain prenyltransferases, which
produce geranyl diphosphate (GPP), farnesyl diphos-
phate (FPP), geranyl geranyl diphosphate (GGPP), and
geranyl farnesyl diphosphate (GFPP) (Fig. 2.3) [2.21].
In plants, two independent routes are employed for
the biosynthesis of IPP and DMAPP: the well-known
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Fig. 2.4 Simplified scheme for

MVA pathway ..
Endoplastic Cytosol Plastid the compartmentalization of ter-
reticurl)um u pene biqsynthesis in I}igher Plants.

/ HMG-CoA MEP pathway Metabolic cross talk is mediated

V9 by a yet unidentified metabo-

Peroxisome } lite transporter (after [2.18,
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metabolic cross talk
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HO.
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Monoterpenes

phate; DMAPP: dimethylallyl
diphosphate; FPP: farnesyl diphos-
phate; GGPP: geranylgeranyl
diphosphate; HMG-CoA: 3-hydroxy-
3-methylglutaryl coenzyme A; MVPP:
5-diphosphomevalonat

|

Fig. 2.5 Biosynthetic path-
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cytosolic/peroxisomal mevalonic acid (MVA) pathway
and the newly discovered plastidial methylerythritol
phosphate (MEP) pathway [2.22].

In plant cells, both pathways are localized in differ-
ent compartments. However, this compartmentalization
is not absolute and some intermediates can be ex-
changed across the plastid membrane — a phenomenon
that has been termed metabolic cross talk (Fig. 2.4).
Insightful experiments with isotope labeled pathway-
specific precursors and green fluorescent protein (GFP)

labeled terpene synthases (TPS) have shown that the
biosynthesis of monoterpenes is located in plastids and
fueled by the MEP pathway, whereas the biosynthesis
of sesquiterpenes is located in the cyctosol and is fu-
eled by the MVA pathway and under certain conditions
also by the MEP pathway via the above-mentioned
metabolic crosstalk [2.23]. Exceptions from these rules
could be demonstrated by feeding experiments using
deuterium-labeled precursors and/or enzyme localiza-
tion experiments using GFP fusion techniques for the
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Coupled isomerization-cyclization reaction

Geranyl diphosphate
(transoid)

Geraniol

OPP OPP
| |
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Fig. 2.6 Biosynthesis of acyclic (geraniol, linalool, myrcene), monocyclic (limonene, a-terpineol) and bicyclic (car-3-
ene, a-pinene, bornyl diphosphate) monoterpenes from geranyl diphosphate. Cyclic monoterpenes are generated by TPS
that share a coupled isomerization—cyclization reaction sequence. Carbon skeletons that are often found in plant-derived
monoterpenes are shown in a box in the upper left corner of the figure

biosynthesis of monoterpenes in raspberry and straw-
berry fruits [2.24-26].

Figure 2.5 shows the reaction sequences of both
pathways. The reduction of HMG-CoA to MVA has
the highest degree of control over the metabolic flux
through the MVA pathway. For the MEP pathway, it
is now generally accepted that 1-deoxy-D-xylulose-5-
phosphate synthase and 1-hydroxy-2-methyl-2-butenyl-
4-diphosphate reductase, and to some extent 1-deoxy-
D-xylulose-5-phosphate reductoisomerase, are the key
enzymes that control flux [2.27].

Monoterpenes
Monoterpenes are generated by terpene synthases
(TPS) that are capable of generating acyclic, mono-
cyclic, and bicyclic products. The TPS gene fam-
ily is a mid-size family, with gene numbers ranging
from approximately 20 to 150 in sequenced plant
genomes [2.28]. X-ray crystal structures of a limonene
synthase from Mentha spicata [2.29] and a bornyl
diphosphate synthase from Salvia officinalis [2.30]
are now available and deliver a detailed picture of
their reaction mechanisms. The reaction of all TPS
starts with the stereoselective binding of GPP (or in
some cases of NPP) at the active site followed by-
metal-ion-dependent ionization of the diphosphate es-
ter to generate linalyl diphosphate (Fig. 2.6). A sec-

ond ionization yields finally the universal monocyclic
intermediate, the «-terpinyl cation, which can fur-
ther react by deprotonation or nucleophilic capture
of water following hydride shifts and other rear-
rangements. The formation of the acyclic monoter-
penes geraniol, linalool, and myrcene might pro-
ceed either via the geranyl cation or via the linalyl
cation.

The generated monoterpenes can be further mod-
ified by, for example, hydroxylations that are often
mediated by cytochrome P450 monooxygenases [2.31].
The biosynthesis of the p-menthane-type monoter-
penes menthone and carvone in glandular trichomes
of peppermint and spearmint, respectively, is excep-
tionally well investigated and all enzymes of the re-
spective pathways have been cloned and characterized
(Fig. 2.7), which has facilitated the development of
metabolic engineering strategies [2.32]. The regio-se-
lectivity of the different cyctochrome P450 monooxy-
genases plays thereby a key role and determines which
carbon atom at the limonene precursor is hydroxy-
lated [2.33].

Sesquiterpenes
The diversity of sesquiterpene skeletal types is con-
siderably greater than that of monoterpene types due
to more double bonds and the longer, more flexi-
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ble chain in FPP. The cyclizations that are catalyzed
by TPS as well may occur from the distal dou-
ble bond to generate either the (E,E)-humulyl cation
or the (E,E)-germacradienyl cation. Isomerization to
the nerolidyl diphosphate permits the formation of
the bisabolyl cation, the cycloheptanyl cation, the
(Z,E)-germacradienyl cation, and the (Z,E)-humulyl-
cation (Fig. 2.8) [2.34]. Further cyclizations, hydride
shifts, methyl migrations, and/or Wagner—Meerwein re-
arrangements may occur prior to the termination of
the reaction by deprotonation or nucleophile capture,
thus producing a vast number of sesquiterpenoid car-
bon skeletons (over 80 skeletal types are currently

known and used for structural sesquiterpene classifica-
tion [2.35,36]). One of the most unique traits of this
enzyme class is their ability to convert FPP to diverse
products during different reaction cycles. This property
is found in nearly half of all characterized monoterpene
and sesquiterpene synthases and may be attributed to
the fact that the various reactive carbocationic interme-
diates can be stabilized in more than one way [2.37].
For example, the humulene synthase of grand fir (Abies
grandis) generates 52 different sesquiterpenes [2.38].
Feeding experiments with deuterium-labeled precursors
have shown that sesquiterpene biosynthesis in carrot
roots and grape berry exocarp is supplied with IPP
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Fig. 2.10 Generation of the primary
degradation products from different
carotenoids by the action of carotenoid
cleavage dioxygenases (CCDs) from
tomato (Solanum lycopersicum —
LeCCD1) and Arabidopsis thaliana
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and DMAPP from both the MEP and the MVA path-
way [2.40].

Norisoprenoids
The so-called norisoprenoids are volatiles that are gen-
erated from carotenoids by an oxidative cleavage that

Pseudoionone

eCCDI

is followed by further enzymatic and nonenzymatic
transformations. In most cases, the generation path-
way consists of three essential steps [2.39] (Fig. 2.9).
In the first step, the carotenoid is cleaved by the ac-
tion of a so-called carotenoid cleavage dioxygenase
(CCD). In the second step, the cleavage products
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are further metabolized mainly by reductases and/or
glucosyltransferases. In the third and last step, the
volatile norisoprenoid is finally released by the ac-
tion of a glycosidase and/or simply by acid catalyzed
liberation.

In some cases, volatile norisoprenoids are directly
obtained by the oxidative cleavage of carotenoids, a-
and B-ionone (Fig. 2.10). In plants, CCDs are expressed
in different tissues, such as roots, shoots, leaves, flow-
ers, and fruits. Some of these CCDs show a rather
broad spectrum of substrates and are capable of metab-
olizing structurally quite different carotenoids. CCD1
and CCD4 are the major families of carotenases found
in fruits (so far functionally characterized: tomato,
melon, grape, citrus, strawberry: CCD1; apple, peach:
CCD4) [2.41]. Some reactions catalyzed by the CCDI1
from tomato in comparison with the CCD1 from Ara-
bidopsis are shown in Fig. 2.10.

Some of the norisoprenoids are powerful odorants
with threshold values in the ppt-range and are, thus,
key compounds for the aroma of several fruits and veg-
etables like tomato and watermelon [2.42]. Especially,

3-Hydr0xy-ﬁ—damascone

(0]

f-Damascenone

=

C,3-norisoprenoids are important aroma contributors in
both red and white wines [2.43], and their formation in
grapes and wines has been extensively studied in the re-
cent years [2.44]. The quite complex formation pathway
of B-damascenone has been recently reviewed [2.45]
and is illustrated in Fig. 2.11.

2.2.3 Fatty Acid Derived
and Other Lipid-Derived Odorants

Fatty acids are biosynthesized from a plastidic pool of
acetyl-CoA generated from pyruvate, the final prod-
uct of the glycolysis. Fatty acids are stored in plants
as triacylglycerides and are liberated by lipases be-
fore they act as direct precursors for various volatiles.
In particular, the C;g-unsaturated fatty acids, linoleic
and linolenic acid, are precursors for volatile straight
chain alcohols, aldehydes, ketones, acids, esters, and
lactones. They are found ubiquitously in the plant king-
dom and are formed predominately by three processes:
a-oxidaton, fB-oxidation, and the lipoxygenase path-
way [2.46].
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Fig. 2.12 Generation of an aldehyde and a w-oxo acid from
linolenic acid by the consecutive action of a type-1 9-
lipoxygenase and a hydroperoxide lyase (HPL) »

Lipoxygenase Pathway (In-Chain Oxidation)
The lipoxygenase pathyway (LOX pathway) is predom-
inately active in green organs of plants in response to
wounding, and it also gives rise to the formation of the
so-called green leaf volatiles in fruits and vegetables,
which are perceived as the characteristic fresh green
aroma upon preparation in the kitchen or upon mastica-
tion. By the action of a nonheme, iron containing dioxy-
genase, the so-called lipoxygenase (LOX), unsaturated
fatty acids are oxygenated regio- and enantioselectively
to yield hydroperoxides [2.47]. Prerequisite is the pres-
ence of one or more (1Z,4Z)-pentadienoic moieties
to yield the corresponding (1S,2E.4Z)-hydroperoxides
that carry the hydroperoxy group either at position 9
or position 13 of the hydrocarbon backbone (9-LOX
or 13-LOX) (Fig. 2.13). LOXs can be classified ac-
cording to their subcellular localization: extraplastidial
enzymes are designated as type 1-LOXs (ubiquitous
cytosolic type-1 9-LOX and vacuole/lipid body type-1
13-LOX), and plastidial enzymes that harbor a chloro-
plast transit peptide are designated as type 2-LOXs
(type 2-LOXs all belong to date to the subfamily
of 13-LOXs) [2.48]. The generated hydroperoxides
are substrates for hydroperoxide lyases (HPLs) that
are enzymes of the cytochrome P450 family [2.49].
They catalyze in a multistep reaction sequence the
homolytic isomerization of fatty acid hydroperoxides
into short-lived hemiacetals that yield ultimately short-
chain aldehydes and w-oxo acids as scission products
(Fig. 2.12) [2.51].

15 12 9

15 12 9

e~~~ COOH

1. Hydrogen abstraction
} Lipoxygenase 2. Radical rearrangement
3. Oxygen insertion
OOH 4. Proton addition
— — COOH

F 3+
¢ j CYP74 (HPL)
Fe*'~OH

(o
~ =~~~ _~_COOH
L&

of hydroperoxide

Cyclization to epoxy
. radical
= —_ COOH
A
l Radical rearrangement

I o~~~ COOH
(0]

4+
Fe"-OHN cypry (mpL) Oxygen rebound and
Fe3t hemiacetal formation
H
QO
\/WQ)\/\/\/\/COOH
l Scission of hemiacetal

(0]
~—w = T L~
OH COOH

1

NN TN
o

The short-chain aldehydes are further metabolized
by isomerases and/or alcohol dehydrogenases to finally
yield the so-called green leaf volatiles like (3E)-hexenol
in olives [2.52]. Acyltransferases catalyze the formation
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Fig. 2.14 Biosynthesis of jasmonic

=L~ ~_COOH acid (JA)/ (+)-7-iso-jasmonoyl-
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of the corresponding esters and 2-alkenal reductases
can reduce (2E)-hexenal to hexanal (Fig. 2.13).
Another branch of the LOX pathway gives rise to
the formation of jasmonic acid (JA) and its deriva-
tives [2.53] (Fig. 2.14). The key reaction is cat-
alyzed by an allene oxide synthase that belongs to
the CYP74 family and yields 12,13(S)-epoxy-octade-
catrienoic acid [2.49]. B-Oxidation of the cyclization
product 3-oxo-2-(2-pentenyl)-cyclopentane-1-octanoic
acid yields finally JA. Jasmonates are important regu-
lators in plant responses to biotic and abiotic stresses
as well as to development [2.54]. Cis-jasmone (CJ)
is a volatile compound and represents the main con-
stituent of the floral bouquet of different plants thereby
attracting insect pollinators. It is emitted in response
to herbivory, application of insect oral secretions, or
JA treatment. However, the biosynthetic route lead-
ing to the formation of CJ is still unclear. JA methyl

ester is the main component of the scent of jasmine
flowers.

a- and B-0xidation
Fatty acids of short- and intermediate-chain length
are generated in the course of fatty acid degradation
by «- or f-oxidation. §-Oxidation in plants occurs
primarily in the peroxisomes [2.55] and the reaction
sequence is now well established [2.56]. One reac-
tion cycle results in the successive removal of C,-units
(acetyl-CoA) yielding the C,_, carboxylic acid. How-
ever, volatile acids can also be generated by de novo
synthesis and hydrolysis of the conjugate between the
acid moiety and the acyl carrier protein, that is, the
acyl acyl carrier protein (acyl ACP), during fatty acid
biosynthesis. Alcohols, esters, and aldehydes can be
generated as further volatile metabolites by the action
of alcohol dehydrogenases, alcohol acyl transferases,
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Fig. 2.16 Proposed biosynthesis of (4R)-y-dodecalactone
in ripening fruits (after [2.57]). The sequence was pre-
viously established by administration of deuterium la-
beled precursors to ripening strawberries and peaches
(after [2.58])
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Fig. 2.15 Biosynthesis of volatiles
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or a-dioxygenases (¢-DOXs) (Fig. 2.15). ¢-DOXs cat-
alyze the formation of 2-hydroperoxy carboxylic acids
that are unstable and yield the C,—, aldehyde as prod-
uct [2.59]. @-DOX from Arabidopsis resembles a b-type
cytochrome, although with much more restricted ac-
cess to the heme moiety. Methylketones are generated
by hydrolysis and subsequent decarboxylation of B-
ketoacyl ACPs [2.60] and are assumed to be precursors
of aroma-active secondary alcohols like 2-pentanol and
2-heptanol in passion fruits [2.61].

Other important volatiles that are generated from
fatty acids are alkanolides, which have 5- or 6-ring
heterocyclic lactone structures, the so-called y- and
8-lactones. Despite their importance for many fruit fla-
vors, their biosynthesis in plants remained up to now
largely obscure: no enzymes or genes associated with
their biosynthesis have been characterized. However, it
is generally accepted that all lactones originate from
their corresponding 4- or 5-hydroxy carboxylic acids
by nonenzymatic or AAT-catalyzed cyclization. Label-
ing studies with fatty acid epoxides and diols have
shown that these precursors are efficiently incorpo-
rated into lactones in a stereoselective manner [2.57,
58] (Fig. 2.16). Expression profiling of genes and an in-
tegrative omics approach have recently identified new
candidate genes that potentially impact aroma volatiles
in peach fruit [2.62, 63].

2.2.4 Amino Acid-Derived Odorants
Branched chain and aromatic amino acids, cysteine

and methionine, or intermediates in their biosynthesis,
are very often precursors of odorants that are highly
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NH,
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Fig. 2.17 Biosynthesis of amino acid-
derived odor compounds (after [2.50])
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abundant in floral scents and fruit and vegetable aro-
mas [2.17]. Especially important are branched-chain
volatiles, derived from branched-chain amino acids,
such as isoamyl acetate (banana), 2-methy-butyl acetate
(apple) and methyl 2-methyl butanoate (prickly pear).
The biosynthesis of these volatiles in plants is believed
to proceed in a similar way to that found in bacteria and
yeast, where these pathways have been studied more ex-
tensively [2.64].

Acids, Amines, Alcohols, Aldehydes, and Esters
The principal pathways to amino acid-derived odor
compounds are shown in Fig. 2.17. The operation of
these biosynthetic pathways is supported by numerous
feeding experiments using intact plant tissues where
the addition of intermediates enhanced the concen-
tration of specific aroma compounds [2.65,66]. An
alcohol acyl transferase (AAT) from apple (cv. Royal
Gala), MpAAT1, produces esters involved in an ap-
ple fruit flavor [2.67]. The recombinant enzyme can
utilize a range of alcohol substrates from short-to-
medium straight chain (C3—-C10), branched chain, aro-
matic and terpene alcohols. A genomics approach has

Filbertone®

revealed that aroma production in an apple via the
isoleucine degradation pathway is controlled by ethy-
lene predominantly at the step in ester biosynthesis
catalyzed by MpAAT1 [2.68]. In melon fruit tissues, the
catabolism of amino acids into aroma volatiles can ini-
tiate through a transamination mechanism by branched
chain amino transferases, rather than decarboxylation
or direct aldehyde synthesis, as has been demonstrated
in other plants [2.69]. A second route in melon appar-
ently involves the action of an L-methionine-y-lyase
activity, releasing methanethiol, a backbone for the for-
mation of thiol-derived aroma volatiles [2.70]. Exoge-
nous L-methionine also generates nonsulfur volatiles
by further metabolism of «-ketobutyrate, a product of
L-methionine-y-lyase activity. «-Ketobutyrate is fur-
ther metabolized into L-isoleucine and subsequently
other important melon volatiles, including nonsulfur-
branched and straight-chain esters. In tomato fruits, the
catabolism of branched chain amino acids supports res-
piration but not synthesis of volatiles, which are rather
generated from keto acids as likely precursors [2.71].
One of the key aroma compounds in hazelnuts is 5-
methyl-2-hepten-4-one (filbertone) whose biosynthesis
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is believed to involve isoleucine as a precursor [2.72]
(Fig. 2.18). Analysis of the volatile compounds dur-
ing ripening and storage showed that the formation of
methyl-branched ketones starts as soon as branched
chain amino acids are catabolized. However, knowledge
about genes and enzymes involved in this postulated
pathway is still missing.

Aliphatic Thiols (Varietal Thiols)
Key compounds in explaining tropical fruit flavor like
yellow passion fruit scent are volatile thiols. These
molecules are generated from nonvolatile precursors
like S-glutathionylated and S-cysteinylated conjugates,
the latter being a degradation product of the former.
A prominent example is 3-mercaptohexan-1-ol (3MH)
that is a potent odorant in passion fruits [2.73] and cer-
tain grape varieties like Sauvignon Blanc and Petite
Arvine [2.74]. It is believed that the first step of the
precursor biosynthesis is the glutathionylation of (E)-
2-hexenal, which is a product of the LOX-mediated
fatty acid degradation [2.75]. After the reduction of

the aldehyde moiety, the conjugate is gradually de-
graded by peptidases to yield the S-cysteinylated con-
jugate, which is stored in the vacuole or is further
metabolized by a lyase that liberates 3MH (Fig. 2.19).
The free thiol can undergo further transformations like
esterification and formation of oxathians. However,
no enzymes or genes associated with the biosynthe-
sis of these metabolites have been characterized so
far. Environmental stress enhances the biosynthesis
of flavor precursors, S-3-(hexan-1-ol)-glutathione and
S-3-(hexan-1-ol)-L-cysteine, in grapevine through glu-
tathione S-transferase activation [2.76].

Phenylpropanoid/Benzoid Derivatives
Phenylpropanoid and benzoid compounds originate
from the aromatic amino acid phenylalanine that is
in turn generated by the shikimate/arogenate path-
way [2.77]. The first committed step is the generation
of cinnamic acid by the action of a phenylalanine am-
monia lyase (Fig. 2.20). The formation of benzoids
(C6—C;) requires shortening of the propyl side chain,
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which takes place in peroxysomes by the S-oxidation
sequence [2.78]. Another non-f-oxidative reaction se-
quence to benzoic acid seems possible [2.79], but its
biochemical steps are still in question. Volatile phenyl-
propenes (C¢—C3) like eugenol and estragol require the
elimination of the oxygen functionality at C-9 position,
which is achieved by the reduction of the corresponding
acetates (Fig. 2.20). Methyl anthranilate is generated in
Concord grapes from anthranilic acid, which is an in-
termediate of tryptophan biosynthesis, by the action of
an anthranilate-CoA ligase and a methanol acyltrans-
ferase [2.80]. However, herbivore-induced SABATH
methyltransferases of maize that methylate anthranilic
acid using S-adenosyl-L-methionine have been recently
cloned and characterized [2.81]. The SABATH fam-
ily is named after the first identified enzymes (SAMT,
BAMT and Theobromine synthase) in this family.
Vanillin (4-hydroxy-3-methoxybenzaldehyde) is
the most widely used flavor compound in the world. It

Benzoic acid

Fig. 2.20 Biosynthesis of benzoid
and phenylpropanoid odorants (af-
ter [2.64]). AADC: aromatic amino
acid decarboxylase; BAH: ben-
zoic acid 2-hydroxlase; BPBT:
benzoylCoA:benzylalcohol/2-
phenylethanol benzoyltransferase;
BSMT: benzoic acid/salicylic acid
carboxyl methyltransferase; PAAS:
phenylacetaldehyd synthase; PAL:
phenylalanine ammonia lyase

Methylsalicylate

BSM T

Salicylic acid

9=4 <S

Isoeugenol

NADPH

OAc
/5/ AcetylCoA /5

Comferyl
acetate

¥s]

Glucovanillin

is present as glucovanillin in the green pods of vanilla
and is released only after fermentation, called curing,
when the glucoside is hydrolyzed by an endogenous
glucosidase in vanilla pods. Tracer experiments us-
ing “C-labeled precursors suggest that the biosynthetic
pathway for vanillin is p-coumaric acid — feruclic
acid — vanillin — glucovanillin (Fig. 2.20) [2.82].
A single enzyme designated vanillin synthase (VpVAN)
catalyzes direct conversion of ferulic acid into vanillin.

Heterocyclic Odorants
Methoxypyrazines (MPs) are potent odorants and are
responsible for the distinctive green and earthy aroma
of some vegetables like 2-methoxy-3-isobutylpyrazine
(IBMP) in bell pepper. 2-Methoxy-3-isopropylpyrazine
(IPMB) is found in raw potatoes and peas [2.17]. The
vegetative sensory attribute of Sauvignon Blanc and
Cabernet Sauvignon wines is also due to the presence
of MPs [2.84]. Little work has been done so far in de-
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termining the pathways of MP biosynthesis. A number
of pathways have been proposed, which generally be-
gin with an amino acid (leucine for IBMP or valine
for IPMP) and an unknown 1,2-dicarbonyl compound
leading to the formation of a 3-alkyl-2-hydroxypyrazine
(HP) (Fig. 2.21). Recently, it could be shown that
the final step of the methylation of HP is catalyzed
by an O-methyltransferase that uses S-adenosyl me-
thionin (SAM) as a methyl group donor [2.85,86].
Interestingly, the corresponding gene is not expressed
in the fruit of Pinot varieties, which lack IBMP, but is
expressed in Cabernet Sauvignon at the time of accu-
mulation of IBMP in the fruit [2.83, 88].
2-Acetyl-1-pyrroline (2AP) is a potent odorant that
can be generated in the course of the Maillard reaction
in heated foods like popcorn and white bread [2.90]. It
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Fig. 2.22 Pathway from proline to 2-acetyl-1-pyrroline
(2AP) (after [2.87])
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Fig. 2.21 Proposed pathway for
2-methoxyisobutylpyrazine (IBMP)
biosynthesis (after [2.83])

IBMP

can also be found in basmati and jasmine rice at higher
concentrations and is biosynthesized there from pro-
line [2.91]. Recent research has shown that a nonfunc-
tional betain-aldehyde dehydrogenase (BAD?2) leads to
the enhanced generation of 2AP in these rice varieties
due to the accumulation of pyrroline [2.87] (Fig. 2.22).
The nature of the acetyl donor is still unknown.
2-Isobutylthiazole contributes to the aroma of
tomato [2.92]. It is probably obtained as a product of the
catabolism of leucine und cysteine (Fig. 2.23) [2.89].

S-Alk(en)yl Cysteine Sulfoxide-Derived

Odorants
(4)-S-Alk(en)yl cysteine sulfoxides (CSOs) are non-
protein sulfur amino acids typically found in members
of the family Alliaceae [2.93]. These molecules are
precursors of volatile and reactive sulfur-containing
odorants that cause the best known characteristic flavor
of, inter alia, onion, garlic, and leek [2.94]. In onions,
S-1-propenyl cystein sulfoxide is the main precursor
of sulfur containing volatiles, whereas in garlic, S-allyl
cysteine sulfoxide, better known as alliin, is most im-
portant. The biosynthesis of various CSOs from valine
and glutathione is shown in Fig. 2.24. Alternative routes
to CSOs imply the thioalk(en)ylation of O-acetylserine
or the direct alk(en)ylation of cysteine. If both routes
are active in all developmental stages of plant growth is
not yet clear [2.95].

If onions or garlic are chopped, the typical aroma
appears within seconds. Due to the disruption of the
cells the enzyme alliinase comes into contact with
CSOs and cleaves the C(f)-S bond, thus releasing am-
monia, pyruvate and a series of unstable sulfenic acids
(Fig. 2.25). These sulfenic acids yield, by purely chem-
ical reactions, more stable volatiles like the well-known
thiosulfinate allicin in garlic and further volatiles like
disulfides [2.95].

Glucosinolate-Derived Odorants

Almost all vegetables that contain glucosinolates be-
long to the family of the Brassicaceae. Prominent ex-
amples are red and white cabbage, radish, mustard,
and broccoli. Glucosinolates are thioglucosides whose
basic structure is shown in Fig. 2.26. More than 100
different glucosinolates are currently known and can
be grouped into aliphatic, indolic, and aromatic mem-
bers [2.96].
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Glycine Fig. 2.24 Biosynthesis of flavor
precursors in intact onion and garlic
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Glucosinolate derivatives not only contribute profound biological activities that range from their
greatly to the distinctive flavor and aroma of crucif- participation in plant defense and auxin homeostasis
erous vegetables and condiments, but also possess to cancer prevention in humans [2.97]. The biosyn-
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thesis of glucosinolates can be divided into three
steps:

1. Amino acid side-chain elongation
2. Glucone formation
3. Side-chain modification

and is shown in Fig. 2.27 [2.99].

Epithionitriles

NN

n C\\\N R-S—C=N

Thiocyanates

If cells of cruciferous vegetables are disrupted
glucosinolates come into contact with myrosinase,
a thioglucosidase enzyme, which cleaves the thioglu-
cosidic bond yielding glucose and an unstable aglycone
that can rearrange into several final products (Fig. 2.28).
The outcome is influenced by the structure of the side
chain and the presence of so-called epithio-specifier
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proteins (ESP) [2.95]. Isothiocyanates and nitriles are
responsible for the pungent burning odor and taste and
typical compounds in mustard oil.

Recent research has demonstrated that plant accu-
mulation of glucosinolates and thus herbivore resis-
tance are under circadian clock regulation. The simple
stimulus of light is sufficient to entrain the clock not
only of postharvest cabbage but also of diverse noncru-
cifer postharvest vegetables and fruits [2.100].

2.2.5 0-Glycosidically Bound Odorants

Plant volatiles are often hidden as glucosides whose
glucose moiety is transferred from uridine diphospho-
glucose by the so-called family 1 uridine diphosphate-
glucosyltransferases (UGTs) [2.101]. Since the gluco-
sylation process can be envisaged as a simple nucle-
ophilic displacement reaction of Sy2 type, the product
is a B-glucoside (Fig. 2.29).

By the sequential transfer of further activated
sugar molecules, mixed disaccharides are generated
(Fig. 2.30). A remarkably large array of different small
molecules is glucosylated in fruits and vegetables and
these include terpenoids, alkaloids, cyanogenic gluco-
sides as well as flavonoids, isoflavonoids and other

phenylpropanoids. It still remains an open question
as to how this large number of structurally different
flavor precursors is actually glucosylated in vivo be-
cause the in vitro activities of specific UGTs show
large differences in the individual range of accep-
tors. Some UGTs are highly specific with respect to
substrate-, regio-, and stereo-specificity, whereas oth-
ers glucosylate a broad range of acceptors [2.102]. The
latter phenomenon is called promiscuity and could deci-
sively contribute to the immense structural variations of
small plant secondary metabolites regarding their glu-
cosylation pattern. Biochemical characterization of the
substrate specificity of the UGTs is, therefore, a ma-
jor challenge that scientists face when approaching the
study of the actual biological function of these enzymes
whose number of available sequences is rapidly increas-
ing as a result of the expressed sequence tags (EST)
and genome sequencing programs. In Vitis vinifera
alone, more than 200 different glycosides have been
identified, and there is a special interest in those glyco-
conjugates, which can contribute to wine flavor through
the hydrolytic release of volatiles during the biotech-
nological vinification sequence leading from grape to
aged wine [2.103]. These flavorless glycoconjugates ac-
cumulate in grape berries during maturation and can
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be grouped into monoterpenes, C13-norisoprenoids,
aliphatic alcohols, and shikimate-derived benzoids and
phenylpropanoids [2.104]. Flavor enhancement in wine

processing and in plant tissue products has nowadays
become possible through the use of exogenous glycosi-
dases [2.105].

2.3 Stress-Induced Biosynthesis of Plant Volatiles

Plants frequently emit volatiles upon feeding damage.
The irregular acyclic homoterpenes 4,8-dimethylnona-
1,3,7-triene  (DMNT) and 4,8,12-trimethyltrideca-
1,3,7,11-tetraene (TMTT) are among the most
widespread volatiles produced by angiosperms with
emission from vegetative tissues upon herbivore
feeding. DMNT and TMTT have been implicated in
attracting natural enemies of arthropod herbivores when
released from damaged foliage [2.106]. This indirect
defense strategy has been termed plan’s cry for help and

GGPP FPP
(E,E)-Geranyl- (E)-Nerolidol
linalool

TMTT DMNT

2.4 Outlook

In the past decade, plant odorant research has witnessed
a shift from studying odorant composition and identi-
fication toward the elucidation of their metabolic path-
ways [2.50, 64]. In particular, plant functional genomics
that integrates genome sequencing, metabolomics, pro-
teomics and high throughput biochemistry, will likely

References

includes also the release of other volatiles like mono-
and sesquiterpenes, aromatic compounds and fatty
acid degradation products [2.7]. Today it is clear that
jasmonates play a central role in signal transduction in
plant stress response that leads ultimately to the emis-
sion of these volatiles by de novo biosynthesis [2.54].
The enzymatic steps in homoterpene biosynthesis are
shown in Fig. 2.31. Key step is the oxidative C—C bond
cleavage by cytochrome P450 enzymes from the so far
uncharacterized plant CYP82 family [2.106].
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4,8,12-trimethyltrideca-1,3,7,11-
tetraene; NES: (E)-nerolidol synthase;
GES: (E,E)-geranyllinalool syn-
thase; CYP82: cytochrome P450
monooxygenase

expedite the identification of genes and biochemical
pathways of key odorants, whose formation in plant has
been so far unknown. This will provide an expanded
knowledge base for the genetic manipulation of bio-
chemical pathways, which will ultimately lead to new
crops with improved, altered or enhanced odor traits.
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3. Natural Fragrant Raw Materials

Nicolas Baldovini, Jean-Jacques Filippi

The determination of the most important olfac-
tory contributors of a fragrant natural raw material
can be an extremely long and complex task which
requires the combination of very efficient ana-
lytical techniques. Indeed, the characterization
of these components is often difficult since the
global odor of complex mixtures is not only due to
the sum of the olfactory properties of each con-
stituent, but also involves many synergies between
each odorant constituents. In addition, the main
contributors are often strongly potent odorants
contained only in trace amounts, and therefore,
their identification requires an exhaustive analysis
of the whole mixture. Finally, since the olfactory
sense is characterized by strong interindividual
differences, a large number of panelists must be
involved in such studies in order to bring gener-
alizable data. Consequently, there is still lack of
accurate knowledge about the main odoriferous
constituents for many natural raw materials, and
this situation is paradoxical when it concerns ma-
terials widely used for their odorant properties in
the flavor and fragrance industry.

This chapter presents an overview of the
published data about the main odor-active con-
stituents of a selection of natural fragrant raw
materials. It describes the chemical structures and

The history of perfume is closely linked with that of
natural raw materials. Indeed, before the birth of syn-
thetic organic chemistry at the end of the nineteenth
century, all of the materials used in perfume formula-
tions were of natural origin, either vegetal or animal.
Nowadays, even if modern perfumery is dominated by
the use of synthetic substances, natural extracts are still
considered prestigious ingredients. Moreover, fragrance
chemists often use the vast pool of natural products as
a source of starting materials for hemisynthesis [3.1]
and the chemical structure of the most appreciated nat-
ural odorants also serves as inspiration for the creation
of original synthetic fragrances. A large part of the arti-
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olfactory properties of the main odorant compo-
nents reported in the literature for 10 extracts and
essential oils, after a brief description of the gen-
eral analytical and sensorial issues concerning the
determination of key odorants in a mixture.

ficial fragrant molecules used in modern perfumery has
then a direct or indirect link with natural raw materi-
als.

Therefore, the characterization of the odor-active
constituents in natural raw materials is of crucial im-
portance for the perfume industry. Paradoxically, the
literature describing this type of analysis for a given
natural odorant extract is generally limited compared to
the number of publications focused only on its chem-
ical composition. In the case of a raw material mainly
used for its fragrant properties, such a situation is sur-
prising, and is mainly due to the technical difficulty of
giving some answers concerning the nature of the key
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odorants of a complex mixture. Indeed, several issues
will be encountered when trying to list the compo-
nents which contribute to the odor of a fragrant mixture,
especially in the determination of the relative impor-
tance of their contribution to the whole. However, this
data is extremely useful, since it can help to formu-
late artificial reproductions of the raw material. In fact,
many useful ingredients for the formulation of aroma

and fragrances have been discovered in the frame of
analytical studies devoted to the determination of im-
pact odorants in natural raw materials [3.2]. A probably
large part of the knowledge on the main odor contrib-
utors of the natural raw materials is not reported in
the scientific literature for commercial reasons, but is
rather stored in the archives of flavour and fragrance
companies.

3.1 Identification of Odor Active Constituents

in Natural Raw Materials

Two main types of natural raw materials are used in the
flavor and fragrance industry for their odorant proper-
ties:

® The essential oils, obtained by hydrodistillation or
steam distillation, are mixtures of volatile organic
constituents with a low molecular weight (contain-
ing generally less than 20 carbon atoms). These
components are usually phenylpropanoids, mono-,
sesqui- and sometimes diterpenoids, but other types
of constituents may also occur in these materials

® The solvent extracts (concretes, absolutes, resin-
oids, CO, extracts, etc.) usually contain the volatile
constituents described earlier (with some differ-
ences), together with compounds of higher molec-
ular weight which have dissolved in the solvent
used during the extraction. These nonvolatile com-
pounds generally have a weak impact on the olfac-
tory characteristics of the mixture, but can modify
significantly the evaporation rate of the volatile con-
stituents. They act then as fixatives to increase the
substantivity of their fragrance.

In both cases, the number of constituents of a raw
material can be extremely important, with several hun-
dreds of individual compounds present at a percentage
higher than 0.1%. The odorants are contained in the
volatile fraction of the extract, corresponding approx-
imately to the essential oil; however, not all volatile
compounds are odorants. Indeed, as detailed hereafter,
distinct compounds can show huge differences in their
olfactory properties, both in terms of quality and po-
tency. The determination of key odorants in a natural
raw material is a complex task which requires solving
many classical issues of analytical chemistry, such as
not only identifying accurately trace compounds, but
also overcoming other difficulties related to the com-
plexity of the human olfactory system. Some important
points to consider are listed hereafter.

3.1.1 Physicochemical Issues

Sample Variability

The chemical composition of a given natural raw ma-
terial is seldom uniform from one sample to another.
As for any product obtained by transformation of liv-
ing organisms such as foodstuff and beverages, several
parameters can affect the chemical composition of an
aromatic plant. The external issues (e.g., climate, nature
of the soil) and the genetic factors of the species de-
termine the nature of its secondary metabolites, which
are also influenced by the harvesting and processing
conditions (harvesting method, as well as storage, dry-
ing, cutting, cleaning conditions etc.). Eventually, the
extraction process, which can also significantly differ
from one producer to another, may also add another
element of variability to the final composition of the ex-
tract. As a result, the odorant molecules present in two
samples of a same essential oil or extract can strongly
vary in terms of nature and content, and thus the over-
all olfactory properties of these samples will also differ.
This situation is well known in the flavor and fragrance
industry where a large part of the analytical activities
is devoted to the quality control of natural oils and ex-
tracts. Therefore, any investigation on the determination
of the odor-active constituents of a natural raw material
should take into account that its results may not be gen-
erally valid to all samples of the same raw material.

Differential Volatility of the Constituents
When the odor of a natural extract is evaluated in a static
mode (for instance on a smelling strip), the compo-
nents of the mixture evaporate at a rate depending on
their volatility. The most volatile constituents are per-
ceived at the beginning of the olfaction, then quickly
fade away to reveal the components of medium volatil-
ity, and eventually the less volatile odorants which can
persist for a long time on the support (smelling strip,
clothes, skin) [3.3]. The perfumers are familiar with
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this phenomenon and commonly define the top, heart,
and base notes of a composition or a natural extract.
Hence, different components will contribute to differ-
ent chronological parts of the general olfactory picture
of the material, and accurate descriptions of the key
odorants of a mixture sometimes mention if they are
involved in the top, heart, or base notes.

3.1.2 Physiological Aspects

Sensitivity and Selectivity
of the Olfactory System

The potency of an odorant molecule is usually ex-
pressed by its detection threshold, which is generally
defined as the lowest concentration detected by at least
50% of a panel of evaluators. Large variations of de-
tection thresholds exist between the known odorant
substances, ranging from the ppt (parts per trillion)
level (for the most potent odorants) to theoretical infin-
ity (for a totally odorless compound like water). If we
exclude such odorless substances, the human relative
sensitivity ranges at least over 11 orders of magni-
tude [3.4]. At first sight, we may be tempted to use
the detection threshold values to compare the contri-
bution of different odorants of a mixture, and several
analytical approaches detailed below are based on this
intuitive principle. However, this reasoning would be
valid only in the case of purely elemental processings,
and is thus based on a false simplification (see below).
Moreover, the published detection thresholds values
should be considered carefully because a large number
of different methods are used for their measurements;
these methods often produce very different results for
a same compound. Consequently, the comparison of
threshold values compiled from different studies is not
reliable [3.5, 6].

Interindividual Variability
It is well known that the detection threshold strongly
depends on the person performing the evaluation [3.6,
71]. Individual sensitivity follows a log normal distribu-
tion in the population [3.6], and some cases of bimodal
distribution are also known [3.8-11]. Hence, for some
odorants, a significant proportion of the population can
be either partially or totally anosmic, or on the con-
trary hyperosmic. For these reasons, the typical odor of
a complex mixture can indeed be perceived differently
from one individual to another. In extreme cases, two
different individuals could then recognize different sets
of odorant components among the main contributors to
the global odor of the mixture. Finally, as in any sensory
analysis, the most relevant data is obtained from aver-
aged values collected from several evaluations realised
by a panel as diverse as possible.

Synergies and Antagonisms
in the Olfactory System

The perception of a mixture of odorants is the result
of complex interactions at several levels in our ol-
factory system. In addition to the physical process of
evaporation described above which delivers each con-
stituent of the mixture at different times of the olfaction,
a first set of synergistic and/or antagonist interactions
might already occur when the odorants reach the ol-
factory mucus. Indeed, the odorant-binding proteins
(OBP), a group of highly soluble proteins contained
in high concentration in the nasal mucus, have been
shown to bind odorant molecules with significant affini-
ties. Although the function of the OBPs is still unclear,
they may act as a primary filter which could modu-
late the perception of the odorant molecules [3.12],
before the next step where they are delivered to the
olfactory receptors (OR). Another complex interplay
occurs then between all of these components and the
different OR subtypes, and the discriminative power of
the olfactory system is now considered to be mainly
based on these interactions. Up to now, 396 genes
coding for different functional human OR have been
identified [3.13], but the mechanisms underlying the
interactions of OR with the odorants are still not com-
prehensively understood. The same OR subtype can
be activated by different odorants, and a single odor-
ant can activate different ORs. Moreover, the binding
of an odorant with an OR can occur with more or
less high affinity [3.14], as is explained in detail in
Chap. 27. Finally, another level of interaction appears
when these combinatorial informations are processed
by the brain to generate the olfactory perception. It has
been demonstrated that a mixture of two components
can be perceived either analytically with each compo-
nent remaining identifiable, or as a single entity (odor
blending). These processings are called elemental and
configural, respectively [3.15]. Zou and Buck et al. have
demonstrated the neuronal basis of the configural per-
ception, by showing that a mixture of two components
can activate cortical neurons that are not stimulated by
any of these components taken alone [3.16]. For human
naive subjects, configural processing occurs with binary
and tertiary mixtures, but trained subjects can perceive
these mixtures in an elemental mode [3.17]. As aresult,
a mixture of several components can be perceived as
something different than a simple arithmetical addition
of each odorant. Complex mixtures such as natural raw
materials often contain several hundreds of volatiles if
one considers the trace constituents, but the number
of odorants above their threshold level is much lower.
Anyway, the level of perceptual odor blending between
these active odorants is unknown, but is probably rather
high.

41
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3.1.3 Analytical Methods
for the Characterization
of Odor-Active Constituents
in Mixtures

Direct Evaluation of Isolated Samples
The first answers concerning the odor-active con-
stituents of natural raw materials were provided by
analytical studies performed at the end of the nineteenth
century, often by chemists working in the flavour and
fragrance industry. Their methodology was based on the
careful fractionation of the essential oils and extracts by
physical and chemical methods, followed by the olfac-
tory evaluation of the isolated substances. Despite the
poor technical means of these times, several impressive
characterizations could be achieved. Moreover, since no
spectroscopic methods were yet available, all kinds of
molecular characterization were exploited, and the ol-
factory properties of the purified substances were often
reported in detail, as fragrance chemists were naturally
open to olfactory evaluations.

The odor of a single compound can be determined
with a sample obtained by fractionation of the raw ma-
terial, but should then be considered with caution as
it can be altered significantly by trace impurities [3.4,
18]. As mentioned above, the constituents of a natural
extract can be totally odorless or on the contrary pos-
sess extremely low odor thresholds, because the human
olfactory system is both extremely sensitive and selec-
tive. Even a few ppm of a strong odorant contaminant
can completely modify the olfactory properties of an-
other substance even if its purity is > 99.9%. For this
reason, the reliability of the evaluation depends on the
purification method which provides the sample for eval-
uation. If it is based on the fractionation of the whole
mixture, the efficiency of the separation is critical in or-
der to avoid any remaining odorant contamination. The
evaluation of the substance can also be confirmed by
comparison with a sample of the same compound ob-
tained from a different source, for instance a synthetic
sample. In such a case, the probability of having the
same odorant contamination in the sample is very low.
However, for a complex mixture of many odorant com-
pounds such as an essential oil or a solvent extract, it
can be extremely time consuming to synthesize even
a few of the most odorous components to prove their
olfactory character, especially for some precious mate-
rials containing complex sesquiterpenic constituents.

Gas Chromatography—-0lfactometry (G(-0)
Today, the most convenient method for the determina-
tion of odor impact constituents in a mixture is based
on the use of gas chromatography-olfactometry (GC-
O) (Fig. 3.1). This technique consists of a simple GC

Fig. 3.1 A GC-O experiment. The panelist presses the red
button when she perceives an odor at the olfactory port, and
records the corresponding olfactory description via a voice
recorder

experiment involving a human assessor who evalu-
ates the effluent of the column, and describes the odor
perceived in function of the retention time. The graph-
ical result is named olfactogram (or aromagram). If
a portion of the effluent is directed simultaneously to
a conventional detector (mass spectrometer (MS), flame
ionization detector (FID)), a correlation can be made
between the olfactogram and the chromatogram, and
for a given signal of the chromatogram, the odor of the
corresponding compound(s) can be read on the olfac-
togram. GC-O is indeed as old as GC itself, because the
first gas chromatographs equipped with a nondestruc-
tive thermal conductivity detector would release the
effluent unchanged in the atmosphere, and it was then
natural to perform olfactory assessments. Today, many
technical evolutions have been proposed (multiple-port
GC-O [3.19], GCxGC-O [3.20] etc.) and GC-O is the
method of choice for the characterization of odor-ac-
tive constituents, thanks to the high resolving power of
modern capillary GC.

A single GC-O experiment can be used for a first
overview of the odorant constituents in a mixture (GC-
sniffing), but this technique is also used to determine the
relative olfactory contribution of the odorants of a mix-
ture. Several methodologies have been proposed for this
purpose, and for the processing and interpretation of the
data collected during the experiments [3.21-23]. They
can be classified into three types:

1. Detection frequency
2. Dilution to threshold
3. Direct and posterior intensity.

Detection Frequency Methods
Detection frequency methods [3.24] are based on the
comparison of the olfactograms realized by several dif-
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ferent assessors. The constituents which are detected
more frequently are concluded to have a greater rela-
tive contribution. This technique does not necessarily
require trained panelists, but relevant results are ob-

a)/ b) Log(/)

Odorant A

Saturation

tained only with a large number of assessors (typically I i
more than eight) and the determination of the relative /
olfactory contribution of the most potent components Iy ,/ Odorant B
of a complex mixture can be problematic. Indeed, this

method does not allow to rank the strongest odor-

ants when they are detected by all the panelists [3.22]. in

Pollien et al. have proposed an improvement of the de- ia
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tection frequency method by taking into account the
length of the stimulus [3.25]. However, many authors
have reported that the end of the odor zone is often c
difficult to perceive accurately [3.26,27] and that the

importance of coeluting compounds is over-evaluated Fig. 3.2 Psychometric function. The intensity of the olfactory stim-
by this method [3.22, 28]. ulus (/) is plotted against the concentration of the odorant (C), and
gives either a sigmoid curve (a) or a line (b) if the scale is logarith-

Log(C)

Dilution to Threshold Methodologies
In this approach, serial dilutions of an extract are pre-
pared and analyzed by GC-O. The odorant constituents
which are still perceived at the highest dilutions are con-
sidered to be the main odor contributors. The aroma
extract dilution analysis (AEDA) takes into account the
last dilution in which a constituent is still perceived, and
attributes to this compound a flavor dilution (FD) factor
corresponding to the dilution value [3.29]. In the Char-
mAnalysis, the duration of the stimulus is recorded,
and peak areas can be calculated [3.30]. This last
method has more discriminating power than AEDA, but
presents also the limitations mentioned above for the
measurement of the stimulus length. One of the draw-
backs of the dilution to threshold method is the high
number of experiments required per panelist, which
precludes the possibility of handling a large popula-
tion of evaluators. Consequently, many AEDA studies
are based on the evaluations of only one or two asses-
sors, which cannot then be considered as representative
of the whole population since interindividual sensitiv-
ity differences are often important [3.7]. Moreover, the
results of AEDA should be interpreted carefully, be-
cause such methods are based on the false assumption
that the odor intensity increases linearly with the con-
centration. Indeed, the relation between odor intensity
(I) and odorant concentration (C) follows the Stevens’
psychophysical power law [3.31]. The sigmoid curve
I =f(C) is shown in Fig. 3.2. The saturation of the
nose at high concentrations is visible, and the part of the
curve before the saturation can be plotted in logarithmic
scale (log(l) =f(log(C)), to give a line with a given
slope. Different odorants are not necessarily character-
ized by the same slope [3.28, 32] and consequently, in
a given mixture, a compound with a high FD factor may
indeed induce a weaker olfactory stimulus than another

micC

component showing a lower FD factor when this mix-
ture is evaluated at a high concentration. In Fig. 3.2,
an odorant A is perceived as stronger than an odorant
B at a high concentration C| (I5 > Ig), but because of
the differences in the slopes of their psychometric func-
tions, the reverse is observed at lower concentrations C,
(1 A< IB).

Direct and Posterior Intensity Methods
Direct and posterior intensity methods [3.33-37] in-
volve recording the stimulus with an evaluation of the
intensity perceived by the assessor and the duration
of the perception. An olfactogram similar to a classi-
cal chromatogram is then produced, and these methods
give the most reliable results. However, they require
a significant training of the assessors, and consequently,
their application is not very frequent.

Some studies have demonstrated that for the same
mixture of compounds evaluated by the same panel,
each GC-O methodology gives different results in terms
of odorant ranking [3.21,28]. In consequence, any
GC-0O-based classification of the relative olfactory con-
tributions of the constituents of a mixture should be
considered with caution.

Odor Units
Once the concentration of an odorant in an mixture is
determined, a calculation of its olfactory contribution
has been proposed, by dividing its concentration by its
odor threshold. This concept was first introduced by
Patton and Josephson [3.38] and led to the definitions
of aroma value [3.39], and odor unit (OU) [3.40]. The
comparison of the OU of each odorant has been pro-
posed to estimate their relative contribution to the over-
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all odor, and was illustrated by Ohloff on the rose odor-
ants [3.41] (Sect. 3.2.3). However, the same criticism
as for AEDA can be applied to the OU concept, which
assumes that there is a linear relationship between the
perceived intensity of a compound and its concentra-
tion, with a same slope for all compounds. In addition, it
does not take into account any synergistic/antagonistic
effects that might occur between odorants [3.42, 43].

Reconstruction Experiments
The reliability of any kind of ranking of the main odor-
active constituents of a mixture may be criticized, but
despite this, it can be taken as a simple guide for a re-
construction of the mixture. Furthermore, it was the

initial goal of the GC-O methods and the OU con-
cept. If the odor of a mixture can be reproduced by
blending a shortlist of some of its main odorant con-
stituents in their original concentration, then it brings
the ultimate confirmation of their role as key odorants.
Omission experiments (in which a single constituent is
withdrawn from the formula to evaluate if the overall
odor is modified) are also very useful to determine if
a given odorant has a real contribution [3.44]. Such an
approach has been described for simple aromas [3.44],
and wines [3.45] but is more tedious for complex es-
sential oils or extracts, in which the key odorants are
sesquiterpenic constituents that are not commercially
available.

3.2 Odor-Active Constituents of Selected Natural Raw Materials

Several types of oils and extracts exist and can be clas-
sified regarding their odor-active constituents; thereby,
Petrzilka and Ehret [3.46] have proposed to classify raw
materials in three main categories, according to the fol-
lowing situations:

1. The typical odor of the material is due to one or
a few major constituents and the minor constituents
have almost no contribution.

2. The main components bring an essential olfactory
base, but the typical and characteristic odor is cre-
ated by their association with several key minor and
trace constituents.

3. None of the main constituents has any olfactory im-
portance, and the odor character is due to the minor
and trace components.

Several important raw materials belong to the first
category, and will be described hereafter. The last
category is obviously the most problematic from the
analytical point of view, and as an example, Petrzilka
and Ehret mentioned the case of mimosa absolute (Aca-
cia dealbata). The typical scent of this material is due
to a complex interplay of constituents at a content be-
low 1%, among which some trace compounds play
a decisive role [3.46]. This observation was confirmed
later by GC-O experiments which could not identify
any single constituents possessing a typical mimosa
odor [3.47]. In this review, a selection of some impor-
tant natural raw materials is presented, with the data
concerning their odor-active constituents, as reported in
the scientific literature.

3.2.1 Jasmine

The extraction of jasmine flowers (Fig. 3.3) provides
several types of extracts which were considered in the

Fig. 3.3 Jasmine (Jasminum grandiflorum) (courtesy of
Céline Cerutti-Delasalle, Albert Vieille)

past as the most important natural perfume raw materi-
als [3.48]. Still today, the jasmine absolutes and extracts
are extremely precious natural floral ingredients for
the preparation of high-grade perfumes. In the past,
Jasminum grandiflorum, often grafted on Jasminum of-
ficinale, was cultivated mainly in the Grasse area in
southern France, and contributed to the prosperity of the
local fragrance industry [3.49]. Nowadays, most of the
world production comes from India and North Africa.
The first analytical investigations on the chem-
istry of jasmine fragrance appeared at the end of the
nineteenth century, and were conducted by Hesse in
Germany [3.50-54]. Because of the limited technical
means, only few components could be characterized,
with some inevitable errors. Among the substances
which were confirmed by further studies, the most
abundant constituents of jasmine absolute were char-
acterized: (+4)-linalool 1 and benzyl alcohol 2, with
their acetates 3—4 [3.54] (Fig. 3.4). Hesse also de-
scribed the occurrence of some high impact odorant
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constituents, and he pointed out the important con-
tribution of indole 5 [3.53,54] as well as those of
jasmone 6, a C;H ;40 ketone with an intense and pleas-
ant jasmine odor [3.54]. The structural determination
of 6 was unattainable at that time, but in 1933, it
was eventually elucidated simultaneously and indepen-
dently by Ruzicka [3.55] and Treff [3.56]. Among the
other jasmine constituents identified during this period,
several important odorants were discovered: p-cresol
7 [3.57], eugenol 8 [3.58], benzaldehyde 9, and creosol
10 [3.59]. Naves and Grampoloff also noticed the pres-
ence of lactones with a tenacious potent fruity odor but
did not characterize their structures [3.59].

Nevertheless, the reconstitutions of jasmine odor
with all these substances were still unsuccessful [3.58,
60], and it stimulated further analytical investigations.
One of the missing links was discovered in 1962 by
Demole, who identified methyl jasmonate 11, a ke-
toester playing an essential function in jasmine perfume
and structurally related to 6 [3.60]. Indeed, only the
more potent 12 was detected in the headspace of jas-
mine flowers, but it epimerizes during the preparation
of the absolute to give a 9 : 1 thermodynamic mixture
of 11 and 12 [3.61]. Interestingly, (£)-12 has an odor
threshold 400 times lower than 11 [3.62]. Demole also
described the occurrence of vanillin 13 and 6-methyl-
hept-5-en-2-one 14 [3.63], and of (—)-(Z)-dec-7-en-5-
olide 15, a lactone with a particularly sweet and fine,
very floral odor [3.64]. The dehydro, ethyl- and ace-
toxy-analogs of 11 (16—18) were also identified, as well
as the peculiar bicyclic lactones 19-20 and other sat-
urated and monocyclic ones (21-26) [3.49,65]. 19 is
odorless [3.65], and the olfactory contribution of 16-26
to the global odor of jasmine was not described, but is
probably weaker than that of the much more abundant
and strong odorant 11 and 12.

Even if the presence of methyl anthranilate was
already reported during Hesse’s pioneering investiga-
tions on jasmine oil [3.54], it proved to be indeed an
artifact coming from the hydrolysis of methyl N-acety-
lanthranilate 27 [3.49] during hydrodistillation. Many
other nitrogen compounds were also characterized, like
methyl N-methylanthranilate 28 [3.66], and various
pyridines and quinolines (29-32), as well as benzoni-
trile 33 and 2-phenylnitroethane 34 [3.67]. These com-
pounds may participate in the olfactory character of
jasmine, but the importance of their contribution is
unclear. 29-32 possess pungent odors, 33 recalls ben-
zaldehyde, and 34 has a cinnamic, phenylacetaldehyde-
like odor. Their low amount might limit their olfactory
importance, but 5 is probably the strongest nitroge-
nous contributor. Its amount in the headspace of living
flowers is besides more substantial than in picked flow-
ers [3.68]. Finally, maltol (35) should also be mentioned

as an important odorant component of jasmine. This
heterocyclic compound possesses a characteristic sweet
caramel, fruity odor with baked bread undertones and
is a well-known contributor to the aroma of many food-
stuffs. It was isolated and identified in benzene extracts
of Egyptian jasmine flowers [3.69], and was recently
reported as a key odorant in an extract obtained by
supercritical fluid extraction of an ethanolic infusion
of French Jasminum grandiflorum flowers [3.70]. This
latter study pointed out that the conventional hexane ex-
traction produces an absolute which contains compara-
tively much lower amounts of 35. These observations
are consistent with the fact that 35 is significantly solu-
ble in benzene and ethanol, but only poorly solubilized
in hexane. 35 is indeed an actual constituent of jasmine,
since it could also be detected in the headspace of liv-
ing jasmine flowers [3.69]. In view of its significant
percentage in the extracts, there is little doubt that its
powerful odor certainly contributes substantially to the
exquisite fragrance of natural jasmine.

Up to now, no published study has ever accurately
described the relative contribution of the jasmine odor-
ants, but the constituents unanimously [3.49,61,71]
recognized as the most important elements of the typ-
ical beautiful jasmine fragrance are 15 and the two
main jasmonoids: 6 and 11 [3.64]. Demole also reported
that a significant portion of the absolute (more than
one third) contained odorless heavy constituents acting
as natural fixatives and synergists, and may then play
a rather decisive role in the jasmine fragrance: phytol,
isophytol, phytyl acetate, geranyl linalool, benzyl ben-
zoate, fatty acids, and their esters [3.49, 72].

3.2.2 Tuberose

Tuberose (Polyanthes tuberosa L..) was one of the em-
blematic flowers (Fig. 3.5) cultivated in the Grasse area
in the first half of the twentieth century, but the produc-
tion of this delicate plant is now mainly located in India.
By solvent extraction, the freshly harvested tuberose
flowers furnish an absolute with a very typical sweet,
heavy floral character [3.48]. Compared to jasmine ex-
tracts, tuberose absolute has a lower importance in
perfumery, and consequently its composition has been
much less investigated. Several constituents common to
jasmine absolute have been reported. In the first investi-
gations, methyl anthranilate 36, eugenol 8, geraniol 37,
nerol 38 and their acetates (39-40), benzyl benzoate
41, farnesol 42, methyl benzoate 43, and methyl sali-
cylate 44 have been characterized in tuberose solvent
extract [3.73-75] (Fig. 3.6).

Later, Kaiser and Lamparsky identified coumarin
45 and several saturated §- and y-lactones 23-24, 46—
50 [3.76]. By preparative gas chromatography, they
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Fig. 3.4 Main constituents and key odorants of Jasmine absolute

Fig. 3.5 Tuberose (Polyanthes tuberosa) (courtesy of Cé-
line Ceratti-Delasalle, Albert Vieille)

could also isolate some new §-valerolactones 51-53 and
ent-15, which is the optical antipode of one of the key
odorants of jasmine, as mentioned above. Maurer and
Hauser have subsequently identified 6 additional y-bu-
tyrolactones 54-58 and the bicyclic lactone tuberolide
59 [3.77]. These components were detected in trace
amounts (0.01—0.001%) but according to the authors,
may contribute to the rich, heavy floral odor of tuberose
absolute: 54-56 showed a strong smell reminiscent
of the corresponding saturated y-lactones, 57-58 dis-
played long lasting, slightly fatty aldehydic notes, and
59 had a tenacious lactonic odor.

Kaiser and Lamparsky also investigated the pres-
ence of nitrogen compounds [3.78], and identified N-
formyl methyl anthranilate 60 and N-methyl methyl

anthranilate 28 [3.79] in addition to 36. Nitrogen hete-
rocycles like 61 and the nicotinic acid esters 62—63 were
also characterized, as well as 0.02% of indole 5 and
traces of skatole 64. The olfactory contribution of all
these constituents is certainly quite significant: 62—63
bring a very special warm-tobacco like odor, and 5 also
participates in the floral character. Besides, the presence
of 5 has been measured in the concrete and absolutes of
various strains of tuberose, and was shown to reach up
to 2% [3.80]. Even if 64 is often designated as partly re-
sponsible for the odor of feces, it may bring, as a trace
component, an important and interesting contribution to
the pleasant odor of tuberose absolute [3.78].

3.2.3 Rose

With jasmine, rose is one of the major sources of nat-
ural ingredients for the flavor and fragrance industry.
The Queen of the flowers is indeed an inescapable ele-
ment in floral perfume compositions. Its beautiful shape
and color makes it attractive also for horticultural pur-
poses, and more than 13000 varieties have been created
by crossings [3.81]. Many rose cultivars are odorous,
with a large range of olfactory facets [3.82, 83]. Today,
two main species are cultivated for the perfume indus-
try: Damask rose (Rosa damascena) produced mainly
in Bulgaria and Turkey, and Rose de mai (Rosa centifo-
lia) (Fig. 3.7), grown in the past in the south of France,
but cultivated now mostly in Morocco and Egypt.

The main aromatic extracts of rose are the con-
crete and absolute obtained by solvent extraction. By
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contrast, rose oil and rose water are produced by hy-
drodistillation of the flowers. Given the importance of
these ingredients for the perfumers, the volatile part of
these products has been extensively analyzed since the
early times. Basically, the most abundant constituents of
rose oil, which are also the main volatiles of concrete
and absolute, are simple alcohols like phenylethanol
65, (—)-citronellol 66, geraniol 37, and nerol 38 [3.84]
(Fig. 3.8). Significant amounts of paraffins and olefins
are often present as well, but their contribution to the
overall odor is of little importance. A large variety of
linear alcohols, aldehydes, acids, and esters can also be
identified in rose solvent extracts [3.85].

Still today, the reproduction of the rose fragrance
is a classical task for an apprentice perfumer. The de-
termination of odor-active constituents of rose was thus
a major concern for the fragrance chemists. 37-38 and
65—-66 are often presented as necessary for the base
note, and their odor is commonly described as rose-
like, but their overall potency is low. Indeed, a simple
mixture of these constituents is far from the typical rose
fragrance. 65 is often presented as a key component, but
rose reconstructions are possible without it [3.81]. Sev-
eral key odorants contained at low percentages (< 1%)
were discovered in extensive analytical investigations
during the second half of the twentieth century. At
first, Seidel and Stoll [3.86] identified the monoterpenic
tetrahydropyranes 67, which were named rose oxides
and play a crucial role in the rose fragrance. The most
abundant 25,4R cis-isomer occurs at about 0.4% in the
oil, twice more than its 2R,4R epimer [3.87]. 67 brings

Fig. 3.7 Rose de mai (Rosa centifolia) (courtesy of Céline
Cerutti-Delasalle, Albert Vieille)

a powerful fruity odor essential for the floral green top-
note [3.61].

An extensive analysis of Bulgarian rose oil was un-
dertaken by Kovits at the ETH in Ziirich between 1962
and 1967, in collaboration with the Firmenich company.
This work remains a classic in the field of essential
oil and fragrance chemistry, and its results started to
be published only a decade later for commercial rea-
sons [3.85]. Hence, 127 compounds representing 98.6%
of the volatile part were isolated and identified, and
the olfactory contribution of many minor constituents
could be determined [3.88]. Kovits also gave an in-
teresting account of a reconstruction of the rose oil.
Hence, a rose base could be obtained by mixing 37-38
and 66 with some odorless paraffins and heavy natu-
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ral constituents of rose oil acting here as fixatives. This
base was described as possessing a pleasant rose odor,
but it required to be strengthened by the addition of
ethanol, hemiterpenic alcohols, hexenols, 2-alkanones,
fatty alcohols, acids and aldehydes, and compounds
1, 8, 39-40, 42, 65, and 69-72. Finally, to obtain the
sweet, powerful honey note of the oil, small amounts
(0.05—0.2%) of 73-75 were added, but the full identity
of rose was only revealed with the final adjunction of
0.1-0.2% of the key odorant 76 [3.89] which changes
the faint odor of this mixture to the well-known sweet
odor of rose. Several other constituents not included in
this reconstruction (2, 9, 77-78) were nevertheless re-
ported to be important for the organoleptic quality of
the oil [3.88].

Ohloff exploited these results to illustrate the con-
cept of odor unit (OU) [3.41] and proposed a quan-
titative estimation of the olfactory contribution of the
main rose odorants [3.41,61]. B-damascenone 76 was
described as having narcotic scent reminiscent of ex-
otic flowers, and heavy fruity undertone and showed
the highest relative OU (70%) despite its low concen-
tration in rose oil (0.14%) [3.61]. It was followed by B-
ionone 79 (OU 19%, with a concentration of 0.03%),
and the most abundant constituent (—)-citronellol 66
ranked only in the third position (OU 4%). The other
contributors were, in decreasing order of OU: 67, 1, 37,
42, 8, 38, 80, 65, 68, 81, and several remaining odor-
ants not included in this classification: nerol oxides 69
which, with 67, contribute to the geranium-like odor
impression and the hesperidin-like odorant p-menth-
1-en-9-al 82 [3.90,91]. Interestingly, f-damascone 83
was also reported to contribute to the overall character
of rose oil with an odor resembling 76, and even if its
concentration in the oil was 0.0003%, it was still 10000
times higher than its threshold value [3.90].

Other experiments trying to reconstitute the rose
fragrance reported that few additional natural compo-
nents play an important role in the whole character: cis-
3-hexenal (84) brought a very lovely, fresh green and
leafy aroma whereas other Cs-Cy aldehydes (especially
mono- and di-unsaturated) which add fresh and spicy,
or floral and fatty notes. Other facets sometimes rec-
ognized in the complex rose fragrance were attributed
to specific components: minty (carvone 80 and methyl
heptenone 14), spicy (cinnamaldehyde 85), woody
(monoterpenes), and floral/fatty (alkanols) [3.81]. Bager
has compared the compositions and odor properties of
several Turkish Rosa damascena oils, and discussed
the effect of 1, 8, 37-38, 65-66 and 68 on the over-
all fragrance. He also pointed out that other compounds
like 40, 72, and 86 create the typical fresh rosaceous
character in the top note, which is boosted by nonanal
87 [3.92]. With the help of GC-sniffing experiments,

a last class of highly potent odorant constituents has
been discovered by Omata et al., who have reported the
occurrence of 16 sulfur compounds such as mono-, di-
and trisulfides, sulfur heterocycles and terpene sulfides
like 88-94. These trace constituents were described
as important contributors to the characteristic odor of
rose essential oil, with various notes like onion, green,
smoky, and powdery [3.93,94]. The actual natural oc-
currence of 93 in the plant is questionable, because this
compound is a well-known constituent of crude oils and
fuels [3.95] and might then be an artifact coming from
the extraction process. Indeed, up to now, there are no
established biosynthetic pathways related to the forma-
tion of such compounds in the plants, and attempts to
identify traces of 93 in several rose extracts by other
authors have been unsuccessful [3.69]. These last obser-
vations are obviously not a proof that 93 is not a natural
constituent of rose. However, they justify a reinvestiga-
tion of the species where this compound was detected,
using analytical procedures adapted to the detection of
artifacts (involving instrument and procedural blanks).

To conclude this survey of the rose odorants, it
should be considered that a great variety of garden
roses have been created by multiple crossings during
several centuries. Analytical studies on the chemistry
of minor rose varieties have revealed a large num-
ber of constituents not common or even totally absent
in Rosa damascena or Rosa centifolia, like for exam-
ple 3,5-dimethoxytoluene 95, 1,3,5-trimethoxybenzene
96, dihydro-B-ionone 97, theaspiranes 98 etc. [3.82,
83]. Many of these constituents are strong odorants,
and therefore contribute to the rich palette of rose fra-
grances, which adds another layer of complexity to the
aroma of the Queen of the flowers.

3.2.4 Cedars

The name cedar refers to several species rather distinct
from the botanical and phytochemical point of view. In
perfumery, the main types of cedars used for the pro-
duction of fragrant raw materials are the Atlas cedar
(Cedrus atlantica) and species of the Juniperus genus.
The latter group is the most widely used, and is the
source of the Texas and Virginian cedarwood oils, pro-
duced mainly in the United States by distillation of the
woods of Juniperus mexicana and Juniperus virginiana,
respectively [3.61].

The main constituents of Juniperus virginiana es-
sential oil are (+)-cedrol 99, (—)-a-cedrene 100, and
(—)-thujopsene 101 (Fig. 3.11). There seems to be
a controversy about the key odorant constituents of
J. virginiana essential oil, which recalls the case of
patchouli. According to some sources, 99 is the prin-
cipal odorant [3.61] but several authors have pointed
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Fig. 3.8 Main constituents and key odorants of rose absolute and oil

out that crystalline 99 has a very weak woody odor,
or is even odorless [3.48,96,97] so almost odorless,
but small amounts of some odor-active components
were reported in J. virginiana essential oils: cedrane
oxide 102 (ambery) [3.61], (E)-betulenal 103 (san-
dalwood, acetylcedrene-like), funebrenal 104 (woody),
8-cedren-10-one 105 (musty, woody, mint myrrh-like),
and nootkatone 106 (grapefruit) [3.96].

The second important cedar species is the Atlas
cedar (Cedrus atlantica), native to the Atlas Mountains
of Algeria and Morocco. It is botanically related to Ce-
drus libani (cedar of Lebanon) and also to its more
distant Himalayan cousin C. deodara [3.98]. It is the
main species of Moroccan forests used for timber pro-
duction (Fig. 3.9), and the sawdust produced during
the wood processing is often valorised by hydrodistil-
lation to furnish an essential oil with a very particular
sweet and tenacious woody odor, reminiscent of cassie
and mimosa [3.48], and totally distinct from that of
the above mentioned Juniperus oils. The main compo-
nents of Cedrus atlantica essential oil are himachalane
sesquiterpenoids 107-108 [3.99-106], and bisabolane
sesquiterpenic ketones typical of this species, named at-
lantones 109-110 [3.99-107].

Fig. 3.9 Atlas cedarwood (Cedrus atlantica) trunks in
a sawmill (courtesy of N. Baldovini)

Despite the large number of publications on the
composition of Atlas cedarwood oil, the data concern-
ing its odor-active constituents are scarce. As early
as 1902, Grimal reported that the distillation of At-
las Cedarwood oil furnished a fraction which possessed
exactly the odor of the original essence and which
contained a ketone of the formula CoH;4O [3.108].
However, Pfau and Plattner [3.107] claimed later that
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the mixture of 109 and 110 was the true aromatic
principle of the oils. Recent sources confirmed this in-
formation [3.109] and also mentioned that deodarone
111 [3.110, 111] was an important contributor. Among
the numerous other minor constituents identified in
C. atlantica, vestitenone 112 was described as possess-
ing an odor characteristic of the wood [3.112]. Recently,
a GC-O investigation on Moroccan Atlas cedarwood
essential oil was performed with eight panellists, fol-
lowing the AEDA methodology [3.113]. Interestingly,
none of the panellists recognized 109 or 110 as strong
and typical cedarwood odorants, and a purified sample
of (E)-109 was even very weak or odorless for most
evaluators. The most potent odorant constituents were
4-acetyl-1-methylcyclohexene 113 (Atlas cedarwood-
like), 112 (citrus-lemon), p-cresol 7 (phenolic, animal),
4-methylacetophenone 114 (almond-like), undecan-2-
one 115 (aldehydic, coriander-like) and several non
identified constituents. One of the strongest unknown
components had a rather typical Atlas cedarwood note,
but 113 showed the highest mean FD factor and pos-
sessed a very characteristic cedarwood odor for most of
the panellists. 113 can then be reasonably considered as
the principal key odorant of Atlas cedarwood essential
oil, and probably corresponds to Grimal’s ketone.

3.2.5 Vetiver

Vetiver (Chrysopogon zizanioides) is a perennial plant
of the Poaceae family (Fig. 3.10) that grows in trop-
ical and subtropical countries. The hydrodistillation
of vetiver roots produces an essential oil with a very
characteristic and complex woody earthy, grapefruit
odor, highly appreciated for the formulation of high
grade perfumes. Vetiver essential oil has a very com-
plex chemical composition, with a high number of
constituents (mainly sesquiterpenoids) showing a huge
structural diversity.

The first chemical studies of vetiver essential oil
came up against the complexity of the oil, which proved
particularly intractable for the poor analytical means
available at the time. However, the precious scent of
the oil stimulated the research on the nature of the
odorants of vetiver, and as early as 1902, Genvresse
and Langlois claimed that the typical vetiver odor
was due to an ester: vetivenyl vetivenate [3.114], but
it was only in 1939 that more solid analytical data
permitted to Pfau and Plattner [3.115] (Givaudan) to
report that the ketonic fraction was the most charac-
teristic. The distillation of this fraction permitted to
isolate two ketones, «- and B-vetivone, after purifi-
cation by several successive recrystallizations of their
semicarbazones. On the other hand, the alcoholic frac-
tion was described as possessing a very weak odor.

Fig. 3.10 Aerial parts of Vetiver (Chrysopogon zizanoides)
(courtesy of Céline Cerutti-Delasalle, Albert Vieille)

Because of the limited experimental methods for struc-
tural determination, the structures of these two ketones
were wrongly described as isomers of 116 by deduc-
tion after tedious chemical transformations [3.116, 117]
(Fig. 3.12). Naves and Perrottet (Givaudan) gave more
details on their olfactory character: «-vetivone was de-
scribed as possessing a characteristic potent and warm
vetiver note, while f-vetivone was relatively weak,
styrax, and vegetable like [3.116]. Their structures were
definitely established as 117 and 118 by Endo [3.118]
and Marshall [3.119], respectively (Fig. 3.12). Curi-
ously, Maurer (Firmenich) described these ketones as
Lrelatively weak and uninteresting>>> [3.120] but re-
ported that in contrast, the norsesquiterpenic ketones
119, 120, and 121 possessed a characteristic vetiver
note [3.121]. The important contribution of Khusimone
119 [3.122] to the characteristic scent of the essential
oil was confirmed by Biichi [3.123] who also pointed
out that another trinorsesquiterpenic ketone (122) plays
a significant role in the reconstitution of the essential
0il [3.124].

Jirovetz et al. applied GC-O to the study of vetiver
essential oil [3.125]. A large number of olfactory zones
were detected, but the correlation with the correspond-
ing constituents was not clearly established, nor any
kind of ranking of their relative contribution. However,
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Fig. 3.1 Main constituents and key odorants of cedarwood oils (Cedrus atlantica and Juniperus virginiana)

some of the panelists involved in the study described
as typically vetiver the elution zones of several con-
stituents like 123-124 and 117-118. The same team
identified even more volatile compounds (monoter-
penes and various light constituents), together with
several known sesquiterpenic constituents, by purge
and trap on the headspace of vetiver essential oil. They
also analyzed these components by GC-O. The charac-
teristic vetiver scent could not be associated with any
of these constituents, but the authors affirmed that they
were important for the top note of the oil, and may have
valuable synergistic effects with the other typical ve-
tiver odor compounds [3.126].

Mookherjee (International Flavors & Fragrances
(IFF)) reported that 118 undoubtedly plays the major
role in contributing to the true odor of vetiver, with
several other carbonyl compounds (especially 117 and
119) for which he gave an individual description of
the olfactory character, and concluded that these other
compounds must also play some role to give the total
precious woody note of vetiver oil [3.127].

The controversies concerning the olfactory contri-
bution of the vetivones continued, since Spreitzer et al.
synthesized both enantiomers of 118 and described
that the levorotatory form had a quinoline-like, fruity
(cassis, grapefruit) aroma with a woody by-note but
without any odor reminiscent to the pleasant vetiver
aroma. Its antipode was characterized by an unpleasant
cresolic, medicinal note. They concluded their article
by hypothesizing that if most of the previous studies
have attributed a typical vetiver scent to 118, it was
because of traces of highly intensive odorous contam-
inations [3.128].

The discrepancies of the literature on the odor-
active components of vetiver led several authors to con-
clude in the mid-nineties that the constituents responsi-
ble for the true vetiver fragrance were still largely un-
known [3.129, 130], and this statement probably stim-
ulated some investigations like the outstanding work

of Weyerstahl, published in a series of papers [3.131—
133] which can up to now be considered as one of the
most exhaustive analytical studies on a single essential
oil. By a combination of distillations, chromatographic
separations, chemical transformations, and structural
analysis, he identified 155 constituents in a Haitian
vetiver essential oil, and described numerous new struc-
tures. He also gave a detailed account on the olfactory
properties of many isolated constituents and confirmed
these data by synthesis for some of them [3.134, 135].
His contribution concerning the vetiver odorants is
summarized at the end of his last publication [3.131]
on the subject, and concludes that a large number of
constituents possess strong odors with many different
facets. Consequently, Weyerstahl claimed that the ve-
tiver scent resulted from a complex sum of all these con-
tributions, and he classified the constituents according
to their olfactory notes. Three of the main alcohols were
retained as the main contributors to the woody base
note: khusimol 124, (E)-isovalencenol 125, and vetise-
linenol 126. Other olfactory notes related to the woody
descriptor were mentioned for several compounds: san-
dalwood (127-130), ambery (123, 126-127, 130-136),
and patchouli (136-140). One of the facets of the ve-
tiver odor is often described as aldehydic, very typical
grapefruit-rhubarb. Several carbonyl compounds (135,
139, 141-146) possessed this character, with 119 be-
ing the main representative, and 117 and 118 also
falling within this category, with additional respective
bitter and woody nuances. Many other constituents
with various olfactory notes were also described: cam-
phoraceous (147-148), fruity (149-151), musky (152),
leather (153), floor-polish like (154), woody-peppery
(155). Weyerstahl also wisely concluded that these ol-
factory evaluations had to be considered carefully, since
even with the respectable GC purity of most of his
samples, the presence of a strongly odorous minor
constituent was still possible [3.4, 131]. Indeed, when
he synthesized 145 for comparison with the natural
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sample, he noticed slight olfactory differences that he
attributed to the presence of odorous contaminants in
the natural compound [3.133, 135].

In the work carried out by Weyerstahl, the relative
contribution of the odorous components was not ac-
curately established, but recently, Belhassen et al. per-
formed a detailed analysis of Haitian vetiver oil using
a combination of GC-O (AEDA), comprehensive two-
dimensional gas chromatography (GC x GC)-MS, and
chemical transformations. The AEDA conducted with
five panelists underlined the importance of 142 and 144,
which showed the highest mean FD factor, accompa-
nied by a typical vetiver character often mentioned for
other zizaane derivatives such as 119 and 124. Among
the other constituents providing a high FD factor, 117
and 118 brought respectively rosy, lime-like and bitter
grapefruit tonalities. B-vetivol (156) showed rosy-citrus
aspects and 125 was perceived as strongly sandalwood-
like. The other identified compounds with a lower FD
are listed below in descending order of mean FD: di-
hydroeugenol 157 (dill-like, coconut, sweet), vanillin
13 (vanilla-like), 2-methylfurane-3-thiol 158 (meaty,
nutty), B-damascenone 76 (fruity, sweet, plum-like),
B-elemol 159 (carrot-like, pelargonium-like, green), p-
vinylphenol 160 (metallic, phenolic), ziza-6(13)-en-3-
-0l 123 (Vetiver-like, cedarwood), nootkatone 106
(grapefruit-like, bitter, sour), cyclocopacamphanal 139
(marine, aqueous, calone-like), (E)-isoeugenol 161
(eugenol-like, smoky), guaiacol 162 (earthy, leek-
like), p-vinylguaiacol 163 (smoky, warm, baked rice),
spiroveta-3,7(11)-dien-12-ol 164 (baked apple, soft-
fruit), khusimol 124 and khusimone 119 (both typically
vetiver), 4-ethylphenol 165 (leather-like, smoky, burnt),
khusian-2-ol 150 (fruity, sweet, woody), geosmine
166 (earthy-muddy), and B-vetivenene 167 (carrot-like,
flowery). Strong variations were found between the
five panelists for some constituents such as 118, 117,
150, 156, and 159 which showed significant devia-
tions among their individual FD values. In contrast,
the typical vetiver odorants 119, and especially 142
and 144 displayed much more homogeneous FD val-
ues among the panelists. Since these two constituents
possess a very characteristic woody vetiver note and
were almost unanimously considered as the most po-
tent odorants by the panel in this AEDA, they can then
be recognized as the main vetiver key odorants [3.136].

3.2.6 Patchouli

Patchouli essential oil is produced by hydrodistillation
of the dried leaves of Pogostemon cablin, a small plant
(Fig. 3.13) cultivated mainly in Indonesia, Malaysia,
and Philippines. Today, patchouli oil is the most impor-
tant natural raw material in term of market size [3.61].

%\ i ; j
Fig. 3.13 Patchouli (Pogostemon cablin) leaves (courtesy
of Sophie Lavoine, Charabot)

It possesses a very typical rich and strong odor,
with woody, camphoraceous, spicy-balsamic and earthy
tonalities [3.48, 61] (Fig. 3.14).

The main oil constituents are «- and §-guaiene
(168-169), and a specific sesquiterpenic alcohol,
patchoulol 170, which is almost systematically the ma-
jor constituent. 170 is known since Gal’s first analytical
investigations on patchouli oil in 1869, since it can
be easily obtained in crystalline form from fractional
distillation, and was thus named patchouli camphor
for this reason. Its history is also a famous example
of a controversy about the key odor constituents of
a raw material. Indeed, several authors claimed that
170 was odorless [3.137, 138] while most others main-
tained that it was the main odorant of the oil. The
argument of the former was that crystalline 170 still
contained trace amounts of a strongly odorous con-
stituent, and for Teisseire et al., this compound was
undoubtedly norpatchoulenol 171 [3.137]. Other ana-
Iytical studies denied this assertion and the controversy
eventually ended in 1981 when Ndf et al. synthesized
both enantiomers of 170 and demonstrated that the
odor of the synthetic nature-identical levorotatory iso-
mer was practically indistinguishable from the natural
(—)-170. On the contrary (+)-170 had a much weaker
and completely different odor [3.139].

170 is now considered as the main odor donat-
ing constituent of patchouli essential oil, and according
to many references, 171 has an important contribu-
tion [3.127,140]. However, 171 shows a detection
threshold three times lower than 170 but on the other
hand, its typical content in patchouli oil is 70 times
lower [3.61]. Anyway, specific individual anosmia for
some of the patchouli odorants may have played a role
in the controversies on the odor-active constituents of
patchouli [3.61].

In 1988, Nikiforov et al. determined by GC-sniffing
that 168—174 were the main odor-donating constituents
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Fig. 3.12 Main constituents and key odorants of vetiver essential oil

of patchouli oil [3.141]. Thereafter, other minor con-
stituents have been reported to contribute to the whole
fragrance of patchouli, such as several nitrogen com-
pounds: 175-176 [3.142], a series of pyrazines like
177-180 [3.142, 143] and some atypical sesquiterpene
alkaloids 181-188 [3.127, 144]. Since these nitrogen
compounds are contained in very low amounts, their ol-
factory contribution is probably limited, and rather neg-
ative [3.127]. Mookherjee performed a detailed analysis
of patchouli oil and reported that it contained also acidic
and phenolic fractions with respective fatty, propionic
and tarry, and phenolic odors [3.127]. Several classical
phenols and aliphatic acids had been previously isolated

from patchouli oil [3.145], but their contribution to the
odor of the whole oil was not determined. Mookherjee
also isolated the following odorous constituents: cy-
clohexenones 189-191 and 192 (all possessing strong
camphoraceous odors), 193 (strong woody, patchouli),
194 (ambergris), 195 (woody), 196 (celery), and con-
cluded that these compounds contributed to the odor
of patchouli oil, which was mainly due to the three
sesquiterpenic alcohols 170-171 and the new tetra-
cyclic potent patchouli odorant 197 [3.127, 146]. Re-
searchers from Takasago recently reported the isolation
of an isomeric structure 198 [3.147], which may be con-
sidered as the revised structure of 197.
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Fig. 3.14 Main constituents and key odorants of patchouli essential oil

3.2.7 Sandalwood

With its characteristic woody fragrance and its fix-
ative properties, sandalwood essential oil is one of
the most precious natural raw materials used in per-
fumery. This oil is produced by steam distillation of
the heartwood and roots of various Santalum species.
S. album, an evergreen hemiparasitic tree native from
southern India [3.74,148] is the most appreciated,
and several other Santalum species are also cultivated
for essential oil production, such as New Caledonian
S. austrocaledonicum [3.149] or Australian S. spicatum
(Fig. 3.15) [3.150-152].

The main constituents of sandalwood essential oil
are (Z)-(+)-a-santalol 199 and (Z)-(—)-fB-santalol 200
(Fig. 3.16), with typical amounts for S. album of about
40—50% and 20—30%, respectively. The structures of
199 and 200 were elucidated, respectively, by Semm-
ler [3.153] and Ruzicka et al. [3.154] and these com-
pounds were soon unanimously recognized as the most
important contributors to the fragrance of S. album oil.
(Z2)-(+)-a-santalol 199 is described as slightly woody,
reminiscent of cedarwood and «-cedrene [3.155], while
its B-isomer 200, usually contained with about half the
amount of 199, is more potent and is responsible for the
highly prized typical warm-woody, milky, musky, uri-
nous, animal aspects of sandalwood [3.127, 155-158].
Further minor constituents contributing to the odor
of this material were then discovered in subsequent
studies. Demole et al. analyzed distillation foreruns of
S. album oil and identified many norsesquiterpenoids

Fig. 3.15 Australian sandalwood (Santalum spicatum)
(courtesy of Céline Cerutti-Delasalle, Alvert Vieille)

and other constituents such as phenols 7, 8, 10, 160,
161-163, and 201-203 which contribute to the smoky
note of the sandalwood oil foreruns, as well the strong
odorant 204 [3.159].

Nikiforov et al. [3.141,160] performed GC-O ex-
periments on S. album essential oil and described
seven substances as the most intense odorous com-
ponents in addition to 199 and 200: «-santalene 205,
(Z)-a-santalal 206, (Z)-B-santalal 207, (E)-epi-B-san-
talal 208, (E)-B-santalol 209, a-bergamotol (isomer
not specified) 210, and spirosantalol 211. The olfac-
tory characterization of highly pure samples of some
of these constituents was reported by Brunke et al. 209
(medium strength, woody to medicinal) and (—)-(Z)-a-
trans-bergamotol 210 (bright, somewhat woody, waxy,
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Fig. 3.16 Main constituents and key odorants of Santalum album essential oil

reminiscent of agrumen after-note, highly diffusive, and
musky) [3.161].

Mookherjee later reported the olfactive properties
of 19 additional constituents isolated after an exten-
sive analysis of Javanese and Indian samples. Several of
these components showed green, woody, melony and/or
ambery tonalities (212-219) and five odorants were de-
scribed as possessing very interesting woody odors:
213 (woody, ambery, ionone), 220 (fatty, sandalwood),
221 (sexy, sandalwood), 222 (woody, ambergris), and
223 (sweaty, sexy, woody) [3.127]. The most compre-
hensive study on the odorous components of sandal-
wood was published by Brunke and Schmaus who per-
formed a GC-O (AEDA) of Santalum album essential
oil [3.157,158, 162]. Not surprisingly, the highest FD
factor was attributed to 200, followed by 199. The third
most important constituent was then identified as nor-
«-trans-bergamotenone 224, a trace constituent present
in the essential oil at less than 0.01% [3.162]. This
compound is responsible for the milky, nutty fatty tonal-
ities perceived in the sandalwood fragrance. The fourth,

fifth, and sixth contributors were respectively cyclosan-
talal 225, epi-cyclosantalal 226 (both introducing green,
aldehydic, aqueous, woody notes) and (—)-(Z)-a-trans-
bergamotol 210 (sandalwood character, musky, with
citrus tonalities). The next important constituents high-
lighted by this study were 1, 7, 8, 37, 204 (roasty,
herbaceous), 205 (terpene-like), 220, 221, and 227 (all
sandalwood), dendrolasine 228 (green, fatty, metallic),
229 (mild sandalwood) and 230 (terpene-like) [3.157,
158]. Finally, in a recent GC-O investigation on the
odorous trace components of the S. album and S. spica-
tum essential oils, Braun et al. showed that 231, present
in less than 0.001% is also an important contributor to
the fragrance of the oil, with a strong floral, muguet-
like odor [3.163].

3.2.8 Myrrh and Frankincense
Myrrh and frankincense are among the oldest perfume

materials known to mankind. They are oleo-gum-resins
obtained from trees of the Commiphora species (for
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Fig. 3.17 Myrrh gum-resin exuding from a Commiphora
myrrha tree (courtesy of Céline Cerutti-Delasalle, Albert
Vieille)

myrrh, Fig. 3.17) or the related genus Boswellia in the
case of frankincense, which is also named olibanum.
These trees grow in various parts of eastern Africa and
southern Arabia [3.48]. Frankincense and myrrh gum-
resins can be extracted or hydrodistilled to furnish an
absolute or an essential oil.

Myrrh oils and extracts possess the characteris-
tic warm-balsamic, sweet, and spicy odor of myrrh
(Fig. 3.18). The main constituents of myrrh essential oil
are furanosesquiterpenoids such as curzerene 232, fura-
noeudesma-1,3-diene 233, and lindestrene 234. Com-
pared to the other materials described before, the odor-
ous compounds of myrrh have received much less
attention. Wilson and Mookherjee have reported a de-
tailed analysis on a sample of Aden-Quality myrrh
essential oil. They noticed that the most volatile frac-
tion of the oil contains common sesquiterpenes that
have a low olfactory contribution, and that the typical

/ \
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232 233

| 0, Io 0. 3
P / N /
0 0 0
240 241
@ EE ? CiC
246 247 248
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odor of the oil was due to the components contained
in the less volatile fraction. In order to characterize its
key odorants, the sample was fractionated by column
chromatography and preparative GC to furnish several
furanosesquiterpenoids. The three main ones (232, 233,
236) were present at about 12% in the oil. 232 had
a green, woody, geranium odor of moderate intensity,
but not characteristic of myrrh but 234 was described
as bearing a deep rich leathery, incensey, warm, bal-
samic, sweet very typical myrrh character. However,
its olfactory evaluation was carried out on a fraction
containing 25% of 234. Together with these com-
ponents, other minor (< 2%) furanosesquiterpenoids
were also identified, and their olfactory properties were
given. Several constituents showed an odor not par-
ticularly reminiscent of myrrh: 235 (relatively weak
woody, balsamic odor), 236 (rose, tea, fruity-prunes),
237 (sweet, coumarin-like, tobacco-like), 238 (floral
sweet, weak, hyacinth), 239 (weak, green, floral), and
240 (strong rose-tea, reminiscent of calamus). How-
ever, two components at 0.1% were reported to pos-
sess a strong resinous note: 241 (very heavy, subdued,
resinous, compatible with myrrh, but not characteris-
tic) and especially 242 (rich, sweet incense note, very
characteristic of myrrh). The headspace of the myrrh
gum was also investigated and did not contain these
specific furanosesquiterpenes, which is consistent with
the fact that the top notes are not characteristic of
myrrh [3.164].

The olibanum resin is an uncommon example of
a natural raw material in which each terpenic class
is represented. Indeed, mono-, sesqui-, di-, and triter-
penoids coexist in significant proportions in the resin,
and its essential oil usually contains the three first
classes. Two main types of compositions are known,
distinguished by the main components: octanol 243
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Fig. 3.18 Main constituents and key odorants of myrrh and frankincense essential oils
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and its acetate 244 [3.165], or «-pinene 245, «-thu-
jene 246 and limonene 247 [3.166]. Specific diterpenic
constituents are cembrane derivatives such as cembrene
248, cembrenol 249, and incensole 250 [3.167].
Paradoxically for a material which was often de-
scribed as the oldest perfume known to mankind,
very little is known about its main odor-active con-

3.3 Conclusion

For many natural raw materials used in perfumery, the
published data concerning the most important odor im-
pact constituents is often very scarce, even for extracts
or oils which have been thoroughly analysed. Weyer-
stahl deplored that synthetic chemists often do not smell
their products [3.131], and it is also regrettable that an-
alysts who isolate pure constituents from fragrant raw
materials seldom report their odorant characteristics.
The characterization of the key odorants of natural raw
materials is therefore still a vivid field of investigation,
and as shown in this short overview, many discrepancies
can still be found in the literature among the differ-
ent studies, even on the most important raw materials.
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stituents [3.166]. The diterpenic components are odor-
less, and play no role in the characteristic old church-
like base note, except maybe as fixative. However, the
contribution of the carboxylic acids to this typical odor
is certainly crucial [3.168, 169] and among these, o-
campholytic acid 251 was reported to have a rather
strong odor reminiscent of the oil [3.145].

Anyway, the complexity of the olfactory system will
certainly continue for a long time to supply new prob-
lems to the fragrance chemists working with natural
extracts and oils, and many answers will be provided by
the research studies trying to unravel the mechanisms of
olfaction.
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Johannes Niebler

Incense burning is probably the oldest perfuming
method known to mankind. This chapter presents
an overview of incense materials from different
cultures and times, such as frankincense, myrrh,
agarwood, palo santo, copal, and many more.
Their botanical sources are given, and their chemi-
cal composition and odor properties are discussed.
The methods of producing incense preparations
are also briefly summarized. Incense use may pose
certain health risks in the case of prolonged or
repeated exposure, but may also have potential
in medical applications. Incense use represents
a special challenge to aroma research, as odor-
ants can be newly formed during the process of
burning.

4.1 Selected Incense Materials....................... 65
411 Agarwood ........coeiiiiiiiieiiee, 68
4.1.2 Benzoin Siam/Sumatra.................. 71

The word perfume stems from the Latin per fumum,
meaning through smoke. This indicates that incense
burning was probably the first perfuming method avail-
able to mankind. Incense is, to put it simply, fragrant
material meant for burning or smoldering, thereby re-
leasing and/or generating the odorants and producing
a pleasantly smelling smoke. In contrast to smok-
ing and tobacco use, the smoke is usually not ac-
tively or directly inhaled. Such a simple procedure
is easily discovered, and reports of incense rituals
can be traced back as far as our written history can
reach. They are found in varying extents in almost
any culture and are still common even in modern
times.

The use of incense materials is most often associ-
ated with rituals or religious ceremonies (Fig. 4.1). It
adds an olfactory dimension to the experience and thus
immerses the participants in a holistic manner. Nowa-
days, with perfumery, everyday scented products and
flavored foodstuffs, incense has lost large parts of its at-
traction. Yet in former times, it can safely be assumed
that everyday life was more often than not an olfactory
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nuisance. Incense use offered the simple (and only) way
of scenting rooms, environments, and products, such as
churches, ritual places and homes, including clothes,
pillows, or hair.

Due to their ubiquitous importance, incense materi-
als have been traded as precious commodities through-
out the millennia. Perhaps the most prominent example
is the Incense Route of antiquity, which refers to a main
trade axis by land for camel caravans transporting
frankincense, myrrh, and other goods from port towns
in Hadhramaut (Yemen) up north along the Arabian
Peninsula. Having passed numerous small kingdoms,
tribe territories, and desert tracks, the road connected to
Mediterranean trade routes in Petra, Gaza, and Alexan-
dria. Trade by sea brought Arabian frankincense to
India and Egypt [4.1, 2].

Even a brief account of cultures using incense and
their rituals would easily fill a book on its own (e.g.,
Fischer-Rizzi [4.3]). A short description of its current
or historical use in the world religions can perhaps give
an impression of the variety of rites associated with in-
cense.
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AN ¢ 8 (0 ¢ DO
Fig. 4.1 Woman praying with lit incense sticks (courtesy
of szefei/iStock)

S

Fig. 4.2 An altar server with a typical censer (courtesy of
Felipe Caparrés Cruz/digicomphoto/iStock)

In Christianity, mainly catholic and orthodox
churches use incense for their services, whereas the
protestant and other reformed churches have mostly
abandoned it. Incense is seen as a symbol of prayers
rising to God, and may have served to cover unpleasant
smells in former times. Usually, a round metal censer
hanging from chains (Fig. 4.2) is carried by altar servers

Fig. 4.3 Utensils for the Japanese Incense Ceremony
(left), a traditional censer (middle) and two incense pieces
wrapped in paper sheets (right). In the censer, a piece of
charcoal is buried in ash and the incense wood is placed on
a mica plate on the pile of ash (courtesy of Cristina Jaleru,
www.LifeOf Venus.com)

Fig. 4.4 Depiction of the Japanese Incense Ceremony
(courtesy of Nippon Kodo)

and the incense mixtures based on frankincense are
placed on a glowing charcoal.

In Judaism, the priests performed extensive sacrifi-
cial offerings of a specially prepared incense mixture on
the Altar of Incense in the Holy Temple in Jerusalem.
The ingredients for the incense mixture, called ketoret,
are given in the book of Exodus as stacte, onycha, gal-
banum, and pure frankincense. The Talmud lists several
additional ones. However, the exact identity of the com-
ponents is still a subject of discussion [4.4].

Islamic cultures use incense for pleasure and scent-
ing rooms in their daily lives as well as for treating
various medical conditions, but there is no ritualized,
traditional use during worship. It is however mentioned
as one of the smells that awaits people in Paradise.
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In Buddhism, Chinese Taoism, and Hinduism incense
offerings in temples are very common in the form of
joss-sticks. A huge variety of scented and unscented
incense raw materials is used in their production [4.5,
6]. In a nonreligious context, special incense sticks are
also used as mosquito repellents in many tropical coun-
tries. Japanese high society in the Muromachi period
(1336—1573 C.E.) developed Koh-do (%i¥, literally:
Way of Incense, usually called Incense Ceremony,
Figs. 4.3 and 4.4), a highly ritualized form of appreci-
ating incense. Listening to incense was the central part
in games during this Incense Ceremony and agarwood
became the essential ingredient [4.7].

In almost all cases, incense use is closely inter-
woven with other effects, benefits, or interpretations
apart from a profane scenting of the environment. In-
cense burning in the form of sticks or seals has even
been used as a method of measuring time in ancient
China and Japan [4.8]. Both the raw materials and the

4.1 Selected Incense Materials

All kinds of materials, from both plants and animals as
well as occasionally even inorganic sources, have been
used as incense in cultures around the world. This list
can therefore only encompass a selection of the cur-
rently most common or renowned sources for incense
materials. For an overview on incense in various culture
areas, refer to Fischer-Rizzi [4.3], Rdtsch [4.12], and
Mohagheghzadeh et al. [4.10]. Common spices, like
star anise, cinnamon, or cloves, are often part of incense
mixtures. These will not be discussed here, but plenty of
literature data is available on their composition and the
relevant odorants in the general food chemistry litera-
ture.

Most chemical investigations on incense materials
focus on the composition of the essential oil or the
structural elucidation of new compounds. Investigations
of odorant compounds and their specific contribution to
the overall odor impression are rare, even for the es-
sential oils. However, the established methodology in
aroma research does not directly apply to the very spe-
cial circumstances under which odorants are released
during the burning of incense. High temperatures can
lead to a variety of reactions and processes with poten-
tially significant impacts on the odor, such as:

® Degradation or depolymerization of biopolymers
(lignans, polysaccharides, proteins, etc.)

® Ocxidation reactions, generation of pyrolysis prod-
ucts

® Vaporization of compounds of low volatility

smoke could also be applied as a part of therapeutic
treatments and medical procedures, for aphrodisiacal,
cleansing, energetic effects, for inducing trance or hal-
Iucinations and connecting with ancestors, gods, or
other spiritual entities [4.9, 10]. All these connotations
make it hard to isolate the true potential for modern
therapeutic applications, although some attempts have
successfully been made. Frankincense, for example,
shows promising anti-inflammatory properties due to
its content in boswellic acids [4.11]. When looking at
the odorant compounds, it is surprising that so few of
these commonly available materials have been inves-
tigated by modern methods under an olfactory aspect.
Quite probably, a large proportion of this knowledge
has already been discovered but remains unpublished
within the flavor and fragrance industry. Nonetheless,
this chapter will try to gather basic information about
common incense materials, preparations, and their ol-
factory properties.

® Release of odorants bound in precursors (glycosidic
bonds, protein adducts, chromones).

Evidently, the study of these reactions involves
many variables, such as the temperature (gradient),
oxygen supply, grain size, or type of heat source. Fur-
thermore, natural materials tend to vary in composition
according to factors such as the climate, location, har-
vest, transportation, and storage conditions. Keeping
track of all these influences is close to impossible.

A comprehensive investigation of any incense ma-
terial would therefore have to involve reliably sourced
raw materials and a realistic model of the burning
process. A comparative, in-depth investigation of the
smoke as well as the raw material would then (ideally)
give trustworthy results. Unfortunately, such conditions
are so far rarely achieved, and thus our knowledge on
the aromas of many incense materials remains fragmen-
tary.

Table 4.1 summarizes basic data on the various in-
cense materials treated in the course of this chapter, and
Table 4.2 gives additional odor descriptions of materi-
als.

A study on tobacco additives [4.13] investigated
several of the incense materials discussed in the fol-
lowing under pyrolytic conditions (temperature ramp
from 300 to 900 °C). The authors only reported the
five most abundant peaks in the chromatogram, of-
ten with uncertain identifications, but this is until now
the only study comparing these materials or extracts
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Table 4.1 Basic information on the incense materials treated in this chapter

Name

Agarwood

Asafoetida

Benzoin

Bissabol
myrrh

Cedar-
wood
Copal

manila
Copals

Dammar

Dammar

Dragon’s
blood

Frankin-

cense

Galbanum

Guggul

Juniper
berries,
leaves,

wood

Alternative
names

Aloeswood,
eaglewood,
gaharu, oudh,
jinkoh
Devil’s dung

Benzoin
Sumatra/
Siam, gum
benjamin,
benzoe,
styrax
Scented/
perfumed
myrrh,
opopanax

Copal blanco,
santo

Copal oro,
amarillo
Copal negro
Copal
dammar

Black
dammar

Olibanum,
Gum
olibanum,
Luban
Mother resin

Gugulu,
false myrrh,
bdellium
Red cedar,
cedarwood

Botanical
species or
family

Agquilaria

Ferula

Styrax

Commiphora

Cedrus,
Juniperus,
Cupressus
Agathis
dammara

Bursera®

Hymenaea
courbaril®
Protium®
Shorea

Canarium

Dracaena,
Dae-
monorops,
Croton

Boswellia
Spp.

Ferula
gummosa
(syn. F.
galbaniflua)
Commiphora

Juniperus
Spp.

Main
commercial
source plants

Agquilaria
sinensis,
A. crassna

Ferula
assa-foetida

Styrax
benzoin,
Styrax
tonkinensis

Commiphora
guidotti,
C. holtziana

Cedrus
atlanticus

Agathis
dammara

B. bipinnata,
Jjorullensis,
microphylla
Hymenaea
courbaril
Protium copal
S. wiesneri
(see text!),

S. javanica
Canarium
strictum
Daemonorops
draco, Dra-
caena draco,
D. cinnabari,
Croton lechleri,
C. draco
Boswellia
sacra,

B. serrata,

B. papyrifera
Ferula
gummosa (syn.
F. galbaniflua)

Commiphora
mukul,

C. wightii
Juniperus
virginiana

Type of
material

Heartwood
of infected
trees

Gum resin

Balsam

Gum resin

Wood

Gum resin

Gum resin

Gum resin

Gum resin

Resin

Gum resin

Gum resin

Gum resin

Wood,
berries,
dried
leaves

Countries of
origin

China, Vietnam,
Cambodia,
Indonesia,
SE-Asia

Iran,
Afghanistan,
Pakistan
Thailand,
Cambodia,
Laos, Malaysia,
Indonesia

Somalia, Kenia

Morocco,
Libanon, USA,
China
Philippines

Mexico,
Mesoamerica

Indonesia

India,

South East Asia
Africa, India,
Southeast Asia,
South America

Somalia, Oman,
India, Ethiopia,
Sudan, Eritrea
Iran, Turkey,
Afghanistan
India

USA

Approx.
price
range®
(US$/kg)
100—

100 000

30—100

20—200

100—300

5—150

30—250

5—100

Main compound
classes in the
volatile fraction

Sesquiterpenoids,
chromones
Disulfides,
monoterpenes
Benzyl benzoate,

cinnamic/benzoic
acid derivatives

Monoterpenes,

furanosesquiterpenes

Mono- and
sesquiterpenoids

Sesquiterpenes

Monoterpenes

Monoterpenes

Flavonoids

Monoterpenes,
esters, diterpenoids

Monoterpenes

Monoterpenes,

furanosesquiterpenes
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Table 4.1 (continued)

Name Alternative Botanical Main
names species or commercial
family source plants
Labdanum Ladanum, Cistus spp. C. ladanifer,
laudanum C. creticus
Mastic Arabic/ Pistacia Pistacia lentis-
Yemen gum, lentiscus cus (var chia)
Chios Mas-
tiha
Myrrh Heerabol Commiphora  Commiphora
myrrh myrrha
(var molmol)
Opopanax  — Opopanax Opopanax
chironium chironium
Palo santo  Holy wood Bursera Bursera
graveolens graveolens
Palo santo  Holy wood, Bulnesia Bulnesia
guaiac wood  sarmienti sarmienti
Peru Balm of Peru  Myroxylon Myroxylon
balsam balsamum balsamum var
pereirae
Sandal- - Santalum Santalum
wood album,
S. austrocale-
donicum,
S. spicatum
Storax Styrax, Liquidambar  Liquidambar
Levant storax, orientalis,
American L. styraciflora
storax, sweet
gum
Tolu Tolu balm Myroxylon Myroxylon
balsam balsamum balsamum var
balsamum

Type of Countries of Approx. Main compound

material origin price classes in the volatile

range® fraction
(US$/kg)

Oleoresin Mediterranean 40—400  Mono- and sesquiter-
(Spain, penoids
Morroco, etc.)

Gum Greece, 100—500 Monoterpenes,
Mediterranean sesquiterpenes
countries

Gum resin ~ Somalia 5—100 Monoterpenes,

furanosesquiterpenes

Gum resin  Mediterranean -
countries

Wood Mainly Peru, 10—150 Limonene, mono-
Middle and and sesquiterpenoids
South America

Wood Gran Chaco area — Sesquiterpenoids
(Argentina, Bo-
livia, Paraguay)

Balsam El Salvador, 30—150 Benzoic/cinnamic
Central and acid and its esters
South America

Heartwood India, Sri Lanka, 10—100 Santalols,

Australia, sesquiterpene
Indonesia alcohols

Balsam Turkey, Hon- 30—100  Styrene,
duras, Central monoterpenes
America

Balsam Columbia, Cen- 30—150 Benzoic/cinnamic

tral and South
America

acid and its esters

4 Determined as ranging from wholesale trading price to highest quality consumer price (approximate values, for orientation only).
b Attribution of common names to the species very tentative, multiple other species are traded as copal varieties.

thereof under pyrolytic conditions. Their main aim was
identifying sources for harmful pyrolysis byproducts
known as Hofmann analytes, for example, phenols and
benzene. The reported compounds for incense materi-
als treated in this chapter are given in Table 4.3. The
data is therein compared to selected literature data,
from which the five most abundant peaks were also
listed.

It has to be noted that the study by Baker and
Bishop [4.13] did not investigate their raw materials
under nonpyrolytic conditions, so that no reliable con-
clusion can be drawn as to which compounds are newly
formed by pyrolytic processes and which are just evapo-
rated from the mixtures. For frankincense, for example,

the data is in very good agreement with the literature
data from a study by Hamm et al. [4.18], indicating that
these major compounds evaporate unchanged from the
olibanum oil. The same applies to galbanum and opo-
ponax oil, whereas all other raw materials show distinct
differences, which could either be attributed to changes
occurring during the pyrolysis or simply be the result
of natural variations in the raw materials or incorrect
identification of compounds.

Many of the raw materials discussed in this sec-
tion are plant exudations. A short note on their ter-
minology [4.2] should help to clarify the expres-
sions used in the following: Gums are water sol-
uble, polysaccharide-based saps, whereas resins are
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Table 4.2 Odor descriptions of a selection of incense raw materials, supplied by perfumers from Symrise AG (Germany)

Name Source plant Odor description
Agarwood Agquilaria, species not stated Rich sweet woody, wet wood-like, moist
Asafoetida Ferula assa-foetida Onion
Cedarwood Cedrus atlanticus Woody, dry, carrot, peppery
Dammar Unknown Smoky, birch tar-like
Frankincense Boswellia sacra Pine, woody, peppery
Galbanum Ferula gummosa Green, bitter, peas, earthy
Guggul Commiphora mukul Resineous, balsamic, spicy, olibanum
Gum benzoe Siam Styrax tonkinensis Balsam, powdery, cinnamic, ambra, slightly smoky, almond, prune
Gum benzoe Sumatra  Styrax benzoin Balsamic, powdery, cinnamic, ambra
Labdanum Cistus ladanifer ‘Waxy, incense, resin, ambra, animalic, fruity, prune
Myrrh Commiphora myrrha Liquorice, mushroom, hot and cold effect, wicker, undergrowth
Opopanax Opopanax chironium Mushroom, myrrh, nut, quinoline, tobacco, powdery

i Palo santo Bulnesia sarmienti Greasy, pine, nut, tobacco, woody, powdery

a Peru balsam Myroxylon balsamum var pereirae  Balsam, vanilla, chocolate, powdery

> Sandalwood Santalum album ‘Woody, creamy, incense, powdery, smoky

: Storax Liquidambar styraciflora Orange, animalic, almond, cinnamon, glycine, rose, peony

- Tolu balsam Myroxylon balsamum var Tuberose, anise, balsam, vanilla, heliotrope, ciste, olibanum, tobacco,

balsamum

lipid soluble and contain primarily terpenoid or phe-
nolic compounds or a mixture thereof. The defini-
tion of balsams (balms) is not entirely specific, but
it generally refers to soft, malleable exudations that
are usually dominated by cinnamic and benzoic acid
derivatives and are highly fragrant. Oleoresins are
characterized by a high percentage of volatile ter-
penoids, and are therefore relatively fluid. It is evident
that a clear distinction between them is not always
possible, and many products are mixtures of these
groups.

4.1.1 Agarwood

Agarwood, also called gaharu or aloeswood as well as
oud in Arabic or jinkoh L% in Japanese, is produced
by tall, evergreen trees of the genus Aquilaria and, to
a lesser extent also by Gyrinops and Gonystylus. They

Fig. 4.5 A large piece of agarwood presented during
a Japanese Incense Ceremony. The dark color usually indi-
cates a high oil content (courtesy of Cristina Jaleru, www.
LifeOfVenus.com)

chocolate, powdery

are typically found in southeast Asia, and most of the
agarwood originates from Agquilaria sinensis Merr., A.
crassna Pierre ex Lecomte, or A. malaccensis Lam. The
trees respond to microbial infection by fungi or wound-
ing with the secretion of a dark, resinous oil into the
heartwood, roots, or branches; thus protecting it from
further infection. The formerly lightweight and pale
wood becomes dark brown to black and so dense that
the best qualities of agarwood sink in water (Fig. 4.5).
In nature, this process is rarely found, making agar-
wood an extremely luxurious commodity. In the recent
decades plantations have been established, where arti-
ficial inoculation or wounding of the trees leads to the
production of agarwood (an example can be found in
Liu et al. [4.21]). In the wild, the trees have become
rare due to overharvesting and exploitation [4.2]. In-
deed, some species are now endangered, and their trade
is regulated under CITES, the Convention on Interna-
tional Trade in Endangered Species of Wild Flora and
Fauna. Agarwood is often reported as the most expen-
sive wood in the world. Its price per gram for higher
qualities often by far exceeds that of gold. The wood is
highly valued as incense material, particularly in Arabic
and Asian cultures. In Japan, agarwood is the essential
ingredient for all incense rituals and ceremonies. Fur-
thermore, steam distillation yields agarwood essential
oil, which perfumers treasure for its unique oud charac-
ter. In traditional medicine of various Asian countries,
it is also a pharmaceutical drug for a large variety of
purposes and generally considered an aphrodisiac.
Typical agarwood volatile constituents include
a large variety of oxygenated sesquiterpenes, mostly
based on the agarofuran, guaiane, selinane, and eu-
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Table 4.3 Comparison of the top five constituents (by peak area %) for pyrolysate (data from [4.13]) and the volatile fraction
(data from various literature sources, referenced in the table)

Ingredient CAS Composition of pyrolysate Area Composition Area  Reference
number (%) volatile fraction (%)
Peru balsam  8007-00-9 Benzyl benzoate 58.1
oil Benzyl cinnamate 36.1
Benzoic acid L5
Cinnamic acid 0.7
Vanillin 0.6
Benzoin 84012-39-5 Cinnamic acid 50.4  Cinnamic acid 3.5 [4.14]
absolute Benzoic acid 10.5  Benzoic acid 1.7
(Sumatra) Cinnamyl cinnamate 3.5  Cinnamyl cinnamate 0.9
Benzyl cinnamate 3.0  Benzyl cinnamate 33
Benzyl benzoate 2.2 Benzyl benzoate 76.1
Unknown 2.2
Styrene 2.3
Galbanum 9000-24-2 a- and/or B-Pinene 21.4
extract Valencene 6.6
(resinoid) Unidentified compound 5.7
Hydroxycoumarin 4.9
a-Amorphene and/or «-muurolene 43
Galbanum 8023-91-4 B-Pinene 48.6  B-Pinene 59.0 [4.15]
oil y-Carene 145  A3-carene 0.2
a-Pinene 8.4  «-Pinene 36.6
B-Phellandrene + limonene 3.6 Limonene 0.3
Cymene 3.1
endo-Fenchylacetate 2.7
Labdanum 68917-77-1 Unidentified compound 36.8
absolute Aromadendrene and/or gurunene 12.9
Acetamide 10.5
Trimethylnaphthalene? 53
Pentylfuran? 33
Labdanum 8016-26-0 a-Pinene 10.9
oil Ledene 10.8 Ledene 9.3 [4.16]
Valencene 4.0
Cymene 39 p-Cymene 0.4
Pinocarveol 3.7  trans-Pinocarveol 1.8
Viridiflorol 43
Cubeban-11-ol 4.1
Borneol 2.0
Labdanum 977092-72-0  Methyl ionone 23.4
oleoresin Unidentified compound 20.9
Ethyl hydrocinnamate and/or ethylphenylpropionate  16.2
Ethyl heptadecanoate 12.2
Hydrocinnamic acid and/or phenylpropionic acid 7.7
Myrrh oil 8016-37-3 Unidentified compound 25.5 [4.17]
Dimethyl(methylethenyl)- 17.9
ethenyldihyrobenzofuran
Unidentified compound 9.4
B-Elemene 3.5 B-Elemene 8.7
Cadinol and/or B-cubebene 2.2 t-Cadinol 1.6
Furanoeudesma-1,3- 34.0
diene
Furanodiene 19.7
Lindestrene 12.0

Germacrene B 4.3
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Table 4.3 (continued)

L'h |V Hed

desmane skeleton. Notable is the complete absence of
monoterpenes. Chromone derivatives are characteristic
markers for agarwood, but have a low volatility and are
not found in hydrodistillates [4.22].

A variety of sesquiterpenes in combination with
smaller volatiles seem to be responsible for the typical,
highly valued odor of agarwood [4.22], although this
has not been satisfactorily investigated. Examples for
potent sesquiterpenes are dihydrokaranone 1 and kara-
none 2 [4.23,24] (Fig. 4.6). Pripdeevech et al. [4.25]
identified many odor-active compounds in agarwood
oils, but their study shows some irregularities and
should therefore be considered with caution. For ex-
ample, the presence of large amounts of isoamyl do-
decanoate (13—55%) in all three investigated essential
oils is rather surprising, as this compound has not been
found in any other study on the essential oil of agar-

Ingredient CAS Composition of pyrolysate Area Composition Area  Reference
number (%) volatile fraction (%)
Olibanum oil ~ 8016-36-2 a-Pinene 34.6  «-Pinene 232 [4.18]
(frankincense) Limonene 15.0 Limonene 22.4
Caryophyllene 4.8  Caryophyllene 6.9
Sabinene 4.6  Sabinene 2.2
B-Myrcene 3.7  B-Myrcene 4.5
Opoponax 8021-36-1 Santalene 25.6  «-Santalene 15.8 [4.17]
oil (Com- «-Bisabolene 21.8 cis-a-Bisabolene 22.2
miphora) Ocimene 16.1  E-B-Ocimene 33.0
a-Bergamotene + dimethyl(methylpentenyl)- 7.1  «-Bergamotene 3.0
bicycloheptene?
B-Bisabolene 4.1 n.d.
trans-B-Bergamotene 6.6
Sandalwood 8006-87-9 «-Santalol 44.3 «-Santalol 48 [4.19]
oil yellow B-Santalol 239  B-Santalol 20
Cymene 7.1
Epi-Santalol 3.8
Curcumene? 2.7  E-B-Curcumen-12-ol 2
Z-a-trans-Bergamotol 6
Z-y-Bisabolen-12-ol 2
Styrax 8046-19-3 Methyl styrene 47.9
extract Cinnamyl cinnamate 36.5
(resinoid) Benzyl cinnamate 2.8
Cinnamic acid + fB-caryophyllene 1.9
Cinnamy] alcohol 1.7
Styrax oil 8024-01-9 Phenylpropene and/or methylstyrene 44.1 [4.20]
Cinnamyl cinnamate 36.8
Benzyl cinnamate 2.6
Phenyl propanol 2.3 Benzenepropanol 34
Cinnamic acid + B-caryophyllene 2.1
Styrene 81.9
a-Pinene 3.5
Cinnamyl alcohol 6.9
4-Ethylphenol 1.9

wood. Additionally, the authors reported a variety of
monoterpenoids, whereas the review of the literature
until 2010 by Naef states that no monoterpenes at all
have been detected [4.22]. Moreover, the odorants de-
tected were rated in intensity according to their relative
peak area, which is not a valid conclusion to anyone
familiar with flavor analysis. Nonetheless, this study
showed a large variety of odor-active compounds being
present in agarwood essential oils, their relative potency
however needs further investigation.

In a different study by Hashimoto et al., chromones
were shown to liberate aromatic compounds during
burning (Fig. 4.7), a rare example of an investigation
of the odorant generation in the process of incense
burning [4.26]. As the review by Naef [4.22] sum-
marizes, there are several other studies on the smoke
of agarwood. Mostly, sesquiterpenes and a large vari-
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Fig. 4.6 Two odor-active sesquiterpenoids from agarwood

150°C, 6h

—_—

R=H, OCH
0 3 R

Fig. 4.7 Chromone derivatives were shown to release
fragrant aldehydes, in this case benzaldehyde and 4-
methoxybenzaldehyde during pyrolysis at 150 °C in the
course of 6h [4.26]

ety of aromatic compounds (e.g., phenol, anisole, or
guaiacol) were detected, the former mostly unchanged
except under high temperatures (500 °C), the latter pre-
sumed to be pyrolysis products from the chromones or
from wood pulp (lignin). The pyrolytically generated
compounds could be responsible for the change in the
odor profile over a time period of 12 min from floral,
woody balsamic notes to heavy woody, phenolic, ani-
malic notes as observed by Kaiser [4.27].

4.1.2 Benzoin Siam/Sumatra

Firstly, some clarification on the naming of benzoin
resins and storax (Sect. 4.1.13) is needed. Styrax is the
resin derived from trees of the genus Styrax, whereas
storax is obtained from Liquidambar species. However,
some literature sources use the two names synony-
mously or interchangeably [4.2]. Styrax resins are also
well-known under their other names: benzoin (resin),
benzoe, or gum benjamin. For an easier reading experi-
ence, they will be treated here under the name benzoin,
which is not to be confused with the chemical com-
pound of the same name.

Two types of benzoin are traded on a larger scale:
Siam benzoin from Thailand and Laos or Sumatra ben-
zoin from the islands Sumatra, Java, and the Malay
Peninsula. They are produced by repeated incisions
made to the bark of Styrax tonkinensis Craib ex
Hartwich for Siam benzoin and Styrax benzoin Dryand.
for Sumatra benzoin. The latter product might also
be obtained, though to a far lesser extent, from var-
ious other Styrax species occurring in the forests of
Sumatra, such as S. paralleloneurus Perkins, S. rid-
leyanus Perkins and S. subpaniculatus Jungh. & de
Vriese [4.2].
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4,5,6 7
4: Benzoic acid (R=H) Cinnamic acid
5: Methyl benzoate (R=Me)
6: Allyl benzoate (R=2-propenyl)
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Fig. 4.8 Major constituents of Styrax resins

The volatile fraction of these two resins has been
investigated in detail in a series of recent publica-
tions [4.14,28,29], in addition to several older studies
summarized by Langenheim [4.2]. The two sorts can
be well distinguished by their chemical composition:
though both contain around 70—80% benzyl benzoate 3
in the volatile fraction, Siam benzoin contains benzoic
acid 4 and its derivatives, like methyl or allyl benzoate
5/6 (Fig. 4.8). By contrast, Sumatra benzoin is, apart
from 3, dominated by cinnamic acid 7 and its deriva-
tives like benzyl cinnamate 8 or cinnamyl cinnamate
9 [4.14]. Both balsams smell intensely balsamic [4.30,
31], and though their odorants have not been investi-
gated in detail, it can safely be assumed that at least
the aforementioned compounds contribute to the odor
profile of benzoin. Siam benzoin is more valued in the
flavors and fragrances industry due to its better aroma,
whereas Sumatra benzoin is more commonly used in
pharmaceutical applications [4.2].

4.1.3 Copal and Dammar

The designations copal and dammar (also spelled
damar) are widely used for various resins, often with
uncertain or unreliable botanical origin. Generally
speaking, copal and dammar designate harvested as
well as fossilized resins from trees of families Burs-
eraceae, Dipterocarpaceae, Araucariaceae, and others.
Historically, the distinction between dammars and co-
pals was based on physical properties or local designa-
tions more than on botanical origin [4.32]. In colonial
times, their export as nontimber forest products for the
paint and varnish industries was introduced to many
cultures in Southeast Asia [4.33].

Several sorts of copal, which are well-known in-
cense materials, are commonly available on markets
in Mesoamerica and have been used since precolonial
times. They are frequently mentioned in literature and
folklore as offerings to the gods in most Mesoameri-
can cultures in the form of incense or raw material. In
Mayan cultures, copal is commonly known as pom and
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transforms into food for the gods when it is burned as
incense. Furthermore, the gums and resins from vari-
ous trees were used as glue [4.34], medical ointments,
and in modern times also for paint binders and var-
nishes.

Case et al. [4.35] investigated the three types of co-
pal by performing an extensive literature search and
GC-MS measurements and gives an excellent overview
over the incense use of copals. They came to the tenta-
tive conclusion that copal blanco is commonly obtained
from Bursera bipinnata Engl., copal oro from Hy-
menaea courbaril L. (from the family Fabaceae), and
copal negro from Protium copal Engl. Considering the
multitude of species from both Bursera and Protium
growing in the area, it is highly unlikely that a solid
attribution of trade names to a specific species will ever
be possible. The authors also suggest that the color dis-
tinction between the copals comes from the tapping
and processing techniques rather than from the source
plants [4.35]. Réitsch [4.12], for example, lists 20 Burs-
era and 5 Protium species as sources of various copals.
The samples depicted in this chapter (Sect. 4.1.15) were
obtained from incense shops and claimed to be from
Protium copal or Bursera jorullense for copal blanco
and Bursera microphylla for Copal negro.

All three resins in the study by Case et al. [4.35]
were dominated by mono- and sesquiterpenes. The
main compounds in both copal oro and copal negro
were o-pinene 10 and limonene 11 along with vari-
ous other terpenes, whereas copal blanco was reported
to contain mostly «-copaene 12 and germacrene D 13
and almost no monoterpenes at all (Fig. 4.9). Stacey
et al. [4.34] used the triterpenic composition to catego-
rize commercial and archaeological samples, and found
that the commercial samples from local markets were
probably Bursera-derived, but the inherent variability
between the different Bursera species and lack of au-
thentic reference material made it impossible to come
to reliable conclusions.

Three additional products are also traded under
the name copal or dammar. Firstly, copal manila is
a translucent gum obtained from Agathis dammara
(Lamb.) Rich. in the Philippines. Secondly, dammar
usually comes from Shorea wiesneri, a species that
does not exist in botanical literature and appears to be
only a common trade name. Its exact botanical origin is

therefore highly uncertain, but a potential major source
of this dammar could be Shorea javanica Koord. &
Valeton (Sumatra, Indonesia), reported in literature as
economically important and tapped for its resin [4.2,
36]. Thirdly, black dammar from Canarium strictum
Roxb. is, contrary to its name, a light yellowish to
translucent, brittle resin. All three have multiple uses,
as for instance paint binders and varnish, traditional
medicine, medical glue components, or incense in the
local cultures [4.37, 38].

4.1.4 Cedarwood

Cedarwood denominates a variety of woods from dif-
ferent trees and areas. Literature about its use as in-
cense material is scarce. Cedarwood is mainly used
as timber or for the distillation of essential oil for
aromatherapy and perfumery (Chap. 3). In a strict
sense, cedarwood comes from the genus Cedrus, with
the most important species Cedrus atlanticus (Endl.)
G. Manetti ex Carriere (Morocco, Algeria), C. deodara
(Roxb. ex D. Don) G. Don (Himalaya) and C. libani
A. Rich (Cedar of Lebanon). Commercial cedarwood
(oils) often also originate from Cupressus spp. (Chinese
cedarwood) and Juniperus spp. (Texan/Virginian cedar-
wood) [4.39]. Juniper berries, leaves, and wood, for
example, from Juniperus virginiana L., were common
incense materials in native American cultures [4.3].

4.1.5 Dragon's Blood

Dragon’s blood is a bright to dark red resin, its name de-
rived from medieval myths woven around it. However,
the scholars of antiquity like the anonymous author
of the Periplus of the Erythrean Sea already knew its
true source to be a plant secretion from the island So-
cotra [4.40]. Today, three types of dragon’s blood are
known and traded: the resins from Dracaena, Dae-
monorops, and Croton species [4.2,41].

Dracaena draco L. from the Canary Islands is
closely related to Dracaena cinnabari Balf.f. from
Socotra, both trees of extraordinary physical appear-
ance. They exude a red oleoresin from small cracks
in the trunk or from artificial woundings. Dracaena
resins are characterized by a large variety of flavonoids
and related polymers. The red color is caused by dra-
coflavylium 14 and other flavonoid colorants like dra-
corhodin 15 and dracorubin 16 [4.42] (Fig. 4.10).

Daemonorops draco Blume and other Dae-
monorops species are rattan palms native to parts of
India and Southeast Asia (Sumatra, Borneo). The fruits
of D. draco are covered in a red shell from which
the resin is obtained; usually the harvested fruits are
shaken to loosen the resin. This is the only type of
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dragon’s blood which enters world trade on a notewor-
thy scale [4.43].

Croton lechleri Miill.Arg., C. draco Schitdl. and
several other Croton species are the source of South
American dragon’s blood, obtained from cuttings in
the tree trunk. The main constituents of the essential
oil from the bark of C. lechleri were reported to be
sesquiterpenoids, namely sesquicineole 17, «- 18 and
B-calacorene 19, 1,10-di-epi-cubenol 20 and epi-cedrol
21, along with some monoterpenes like «-pinene 10,
p-cymene 22, limonene 11 and borneol 23 [4.44,45]
(Fig. 4.11).

All types of dragon’s blood have a large variety
of medical uses in the local cultures, including treat-
ment for open wounds and diarrhea. Like many other
resins, it has also been used in some cases as lacquer
in arts and crafts. As an incense material, it is particu-
larly attractive for coloring mixtures, whereas its scent
is neither particularly strong nor characteristic [4.12].
The attractive appearance as a dark red solid or bright
red powder makes dragon’s blood an interesting mate-
rial for all kinds of scams. For example, it has been sold
as red rock opium to drug users in the USA, although
there is no evidence for any psychoactive substances in
dragon’s blood [4.46].

4.1.6 Frankincense

Frankincense is a central ingredient in many incense
mixtures in Europe, Asia, India, and in Arabic coun-
tries. The frankincense trees of the genus Boswellia are
tapped and their air-dried gum resin harvested, typically
appearing as pea- to thumb-size grains of translucent,
whitish-yellow to dark brown color. Four species are of
economic relevance: Boswellia sacra Flueck. is native
to Oman and Somalia, and Boswellia carteri Birdw. is
generally considered to be the same species, differing
only slightly in phenotype and habitat. Its gum resin
(Arabian Frankincense) is said to be the highest quality
available and was traded on the Incense Route since an-
tiquity. Boswellia serrata Roxb. (Indian Frankincense)
is found in parts of India and therefore deeply rooted in
Ayurvedic medicine as well as in Hindu and Buddhist
incense usage. Boswellia papyrifera Hochst. grows in
coastal regions of Sudan, Eritrea, Ethiopia, and north-
ern Somalia, and is often traded as Eritrea (or Ethiopia)
type of incense. By contrast, Boswellia frereana Birdw.
is of low commercial interest, typically found in Soma-
lia and mostly used by locals [4.2,47].

Applications typically range from direct use as
incense, blending with other incense materials to thera-
peutic use in complementary and modern medicine. The
so-called boswellic acids, pentacyclic triterpenic acids
found in the resins, have been shown to possess anti-
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Fig. 4.10 Flavonoid compounds responsible for the intense red
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Fig. 4.11 Selected compounds from Croton lechleri

inflammatory properties [4.11]. The hydrodistillate of
frankincense resins is a common perfumery raw mate-
rial and often used in aromatherapy.

The volatile fractions of each species differ no-
tably in composition and odor. Apart from B. pa-
pyrifera, which is dominated by n-octyl acetate 24
and n-octanol 25, all other Boswellia resins mainly
consist of mono-, sesqui- and diterpenes (Fig. 4.12).
Boswellia sacra contains a-pinene 10 and limonene
11 and a variety of sesquiterpenes, whereas Boswellia
serrata shows higher amounts of a-thujene 26 and
a differing sesquiterpene profile. All three contain spe-
cific diterpenoid marker substances for frankincense,
such as serratol 27, incensole 28, incensole acetate 29,
and others. Detailed compositions and a total of over
300 identified compounds in Boswellia resins are the
result of a large number of chemo-analytical studies
on the volatile constituents of frankincense, most of
which have been summarized in the review by Mertens
et al. [4.48]. Specific and comprehensive investigations
concerning the odor-activity of these compounds are
still missing. Woolley et al. [4.49] pointed out that dif-
ferences in the enantiomeric ratios of «-pinene 10 and
limonene 11 might allow to distinguish between B.
sacra and B. carteri just by smelling the essentials
oils, based on the olfactory differences for the enan-
tiomers of both compounds. Hasegawa et al. [4.50]
reported incensole 28 and several of its derivatives
to be important contributors to the smell of B. pa-
pyrifera resins. Comprehensive investigations of the

Dracorubin
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generated in the pyrolysis of frankincense (after [4.54])

odorant compounds in Boswellia resins that are cur-
rently conducted in our lab indicate that the different
sorts of frankincense also differ extensively in their
main odorants.

The smoke of frankincense has been investigated
analytically with largely differing results. Pailer et al.
analyzed pyrolysed fractions of the resins of B. carteri
and found mostly newly generated compounds [4.51—
53]. By contrast, Basar [4.54] observed mainly un-
changed compounds, but was able to show the gen-
eration of nortriterpenic compounds in B. carteri py-
rolysate by dehydration, deacetylation, and decarboxy-
lation reactions of boswellic acids (Fig. 4.13). The
apparent changes in the odor profile during pyrolysis
have not yet been attributed to specific compounds or
reactions.

4.1.7 Ferula Resins:
Galbanum and Asafoetida

Some species of the giant fennels (Ferula) yield resins
from their thick root when cut at the base. Two types
have been known and traded for millennia: Asafoetida
and Galbanum.

Asafoetida is the brown, sometimes greenish gum
resin obtained primarily from Ferula assa-foetida L.,
a perennial plant of over 2m in height with yellow-
ish flowers and a large carrot-like root. Up to 17 other
species like F. foetida Regel, F. jaeschkeana Vatke and
FE. narthex Boiss. yield a similar resin sold under the
same name [4.55]. Typically, the plant is cut-off and
incisions are made to the base of the root to collect
the resin [4.2]. The essential oil of F. assa-foetida con-
sists of over 40% but-2-yl-1-propenyldisulfide 30, 31

Turkey, Afghanistan, and Iran and have been well-
known since before biblical times. Galbanum is one of
the ingredients in sacred incense from the Bible, has
a multitude of reported uses for various medical condi-
tions, and is also believed to be a contraceptive [4.2].
The chemical composition of the volatile oil, usually
obtained by steam- or hydrodistillation, is dominated by
a-10 and B-pinene 32, accounting for about 16—36%
and 40—66%, respectively [4.15]. However, these are
not major contributors to the characteristic odor of
galbanum, which is generally described as powerful
green, woody, fruity, and balsamic. Several authors
investigated the odor of galbanum oil and found 1,3,5-
undecatrienes (e.g., 33) [4.56], alkoxyalkylpyrazines
34, 35 [4.57], undeca-6,8,10-trienones 36, 37 [4.58],
and thioesters 38, 39 [4.59] to be high-impact odor-
ants [4.60] (Fig. 4.14).

Interesting to note is the occurrence of a large vari-
ety of sesquiterpene umbelliferone ethers [4.55,61] in
both gum resins, which could potentially serve as pre-
cursors for pyrolytically generated odorants; this has
however not been investigated until now.

Another gum resin called silphium or silphion was
highly sought after in antiquity and came from the
Greek colony of Cyrene, located at the Mediterranean
coast of modern Libya. It is generally believed to be
a now-extinct Ferula species [4.2].

4.1.8 Labdanum

Labdanum is an oleoresin from Cistus ladanifer L. or
C. creticus L. (common name: gum rock rose), a wild
shrub growing in areas around the Mediterranean Sea,
mostly in Morocco, Spain, France, and on islands like
Cyprus and Malta. It exudes a dark brown to black, soft,
and sticky oleoresin on its leaves and twigs. The lab-
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Fig. 4.14 Odorant compounds from
asafoetida and galbanum
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danum is obtained by extraction of plant materials with
boiling water and the oil by steam distillation. Histor-
ically, shepherds scraped the resin off the pelt of their
sheep or goats, who collected it by brushing through
the shrubs of Cistus species. It used to be and still is
a popular fragrance raw material, with documented use
in ancient Egypt and discussed as the onycha of the ke-
toret incense mixture in Judaism [4.62]. Nowadays, it is
prized for its ambergris-like tonalities and fixative prop-
erties [4.12, 63].

The essential oil is a highly complex mixture of over
300 compounds, mostly mono- and sesquiterpenoids,
but also some diterpenoids. Among the main com-
pounds reported in literature are «-pinene 10, camphene
40, bornyl acetate 41, ledene 42, viridiflorol 43 and
cubeban-11-0l 44 (Fig. 4.15). Labdanum oil contains
notable amounts (around 1%) of ambroxan 45 and is
considered one of the very few natural sources of this
important ambergris odorant [4.16, 64, 65].

L4.1.9 Mastic

Mastic is the dried gum drops from Pistacia lentiscus
L., gathered from the precleaned ground after incisions
are made to the bark. The Greek island Chios with the
variety chia is renowned for its long history of monopo-
listic mastic harvest and export. However, the shrub-like
tree also grows in other areas around the Mediterranean
Sea. It is reported to be an ingredient in the Egyptian
incense mixture Kyphi and widely used in Orthodox
churches in Eastern Europe. The predominant use, how-
ever, is as chewing gum and food additive in Greek
recipes. The gum’s oil consists of up to 90% «-pinene
10, along with minor amounts of other terpenoids [4.2,
66].

4.1.10 Myrrh, Bissabol-Myrrh, Bdellium
and Guggul (Commiphora Species)

The usually dark brown, resinous exudates from vari-
ous Commiphora species are known since ancient times

...but-2

as myrrh, opopanax, bdellium, guggul, and locally also
under many different names. They are small, shrub-like
trees, usually with thorns, growing in countries in the
Horn of Africa, Southern Arabia, and parts of India and
Pakistan. With the number of different Commiphora
species given in literature as ranging between 150 and
over 200, it becomes evident that the exact terminology
and botanical source of each resin is often inconsistent
or contradictory in literature. Therefore, the descrip-
tions given herein attempt to reflect the current state of
consensus for the most important products.

Myrrh is the gum resin obtained by tapping Com-
miphora myrrha Engl. and Commiphora molmol Engl.
ex Tschirch (sometimes used as synonyms). It is also
known as heerabol myrrh, true, officinal, or bitter myrrh.
The small, thorny tree grows in northern Somalia and
Arabia; its resin is dark brown, sometimes reddish. Var-
ious authors report that the expensive true myrrh is often
adulterated with other gums and resins, such as biss-
abol myrrh, gum arabic and bdellium. Myrrh typically
contains a variety of furanosesquiterpenes, which serve
as marker compounds for Commiphora. Most abundant
in C. myrrha are furanoeudesma-1,3-diene 46, furano-
diene 47, lindestrene 48, and curzerene 49 (Fig. 4.16).
Myrrh has a low content in monoterpenes, but is high in
sesquiterpenes [4.47, 67].

The odor has not been intensively studied, or at
least reported in the literature, but Wilson [4.68] iso-
lated several furanosesquiterpenes and reported their
olfactory properties. 46 and 48 as well as dihydropy-
rocurzerenone 50 resemble most closely the typical
myrrh odor [4.69]. This publication is discussed in de-
tail in Chap. 3.

There is plenty of literature on the therapeutic ef-
fects of myrrh in all forms — ingested, as extracts,
lotions, mouthwashes, and so on. Most commonly
known is the antimicrobial effect. The reviews by El
Ashry et al. [4.67] and Shen et al. [4.70] present a good
overview.

Bissabol myrrh, also named opopanax, habak haidi,
or scented/perfumed/sweet myrrh (in contrast to the
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true bitter myrrh), is the resin from the species Com-
miphora guidottii Chiov. Apparently, resins are sold
under the same names from Kenia, but are derived
from C. holtziana. Fomerly, C. erythraea Engl. (var
glabrescens) and C. kataf Engl. were also given as
source plants of bissabol myrrh, but Thulin and Clae-
son [4.71] convincingly showed that this was caused by
historic misinterpretations of the herbarium specimens.
Scented myrrh is generally considered inferior to heer-
abol myrrh, but is thought to be the myrrh in biblical
times and Pliny’s descriptions.

There is also a resin from Opopanax chironium
(L.) Koch, a Mediterranean herb in the Apiaceae (car-
rot) family, called opopanax or sometimes falsely sweet
myrrh. It is not to be confused with resins from
Commiphora species and is in fact more closely re-
lated to asafoetida (Sect. 4.1.7). Nowadays, trade with
Opopanax chironium material is almost nonexistent, so
that it can safely be assumed that commercial opopanax
is sourced from Commiphora species.

Indian Bdellium, guggul or guggulu is mainly ob-
tained from Commiphora mukul Engl.; some authors
additionally list C. wightii (Arn.) Bhandari, C. caudata
Engl., or C. roxburghii Alston. Commiphora africana
(A. Rich.) Endl. resin is called African bdellium and is
harvested in Ethiopia, Eritrea, Sudan, and Kenya. Gug-
gul is rich in plant sterols, the so-called guggulsterols,
which were proposed to have positive effects on choles-
terol levels, although more recent studies doubt these
effects. The resin is still used as a traditional incense in
India [4.72].

Commiphora opobalsamum (L.) Engl. is a small
bush or tree without thorns, which yields the historic
Balsam/Balm of Mecca (potentially identical to the
Balm of Gilead). It grows along the coast of the Red
Sea, yet it is nowadays insignificant as incense material.
Its historical relevance as well as the botanical source of
Balm of Mecca is, however, still a matter of discussion.
Apparently, in ancient times, the tree’s habitat extended
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even into Judea. The resin is still used in traditional Chi-
nese Medicine [4.2, 73].

All sorts of Commiphora resins may be used as in-
cense. It is not entirely clear which type of myrrh was
more common in antiquity, although some claim that
bissabol myrrh was more popular due to its sweeter,
perfumed smell. Heerabol myrrh had a bigger signif-
icance in medical applications and for embalming the
dead than as incense. Stacte, an ingredient of the in-
cense mixture in Judaism, is often said to be an extract
of myrrh or the spontaneous exudate of myrrh trees. In
modern times, myrrh is still highly valued for its antimi-
crobial properties; for example, it is a common additive
in toothpastes [4.2,47,70, 73].

4.1.11 Palo Santo

The indigenous people of Latin America have used fra-
grant woods as incense since precolonial times. Hence,
the name Palo Santo (Spanish for holy wood) is ambigu-
ous in its use. It commonly denominates either Bursera
graveolens Triana & Planch. or Bulnesia sarmienti
Lorentz ex Griseb. The name is sometimes also applied
to wood from the genus Guaiacum, which is more com-
monly known as lignum vitae and lacks a reputation as
incense.

Bursera graveolens yields a light, fragrant, and
resinous wood typically found in tropical Middle and
South America. Fallen branches can be collected from
the ground, so that it is usually not necessary to fell
the trees for their wood. It emits a pleasant odor
when burnt in the form of shavings, but can also be
distilled for its essential oil. The main constituents re-
ported in the literature are limonene 11, a-terpineol
51, carvone 52, as well as f-bisabolene 53 and other
sesquiterpenoids, though in largely varying relative per-
centages (Fig. 4.17). GC-O analysis showed that 51, 52,
mintlactone 54, iso-mintlactone S5 and some sesquiter-
penoids contribute to the characteristic odor, which
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was described as woody, herbal, and minty [4.74,
75].

Bulnesia sarmienti is native to the Gran Chaco area
in central South America (Argentina, Paraguay, Bo-
livia). Its fragrant wood is also burnt as incense, but it
is better known for its essential oil, commonly named
guaiac wood oil [4.63]. The wood is also often called
guaiac wood, further complicating the distinction be-
tween true Guaiacum and Bulnesia sarmienti products.
The main volatile compounds are sesquiterpene hydro-
carbons and alcohols, including guaiol 56 and bulnesol
57 (Fig. 4.18). Bulnesia sarmienti is listed in CITES
Appendix II.

4.1.12 Sandalwood

Sandalwood is the darker heartwood from Santalum al-
bum L., S. austrocaledonicum Vieill., and S. spicatum
trees, which is rich in oil and highly fragrant. Native
to India, Sri Lanka, Australia, New Caledonia and In-
donesia, sandalwood has a long and rich history of use
as incense, precious carving wood, and medicine. To
harvest the wood, the tree is uprooted and the bark
and sapwood separated from the heartwood. The essen-
tial oil, often used in perfumery, is typically extracted
by steam distillation. Wood chips or powders are used
as incense or in the preparation of joss sticks and
incense mixtures. The volatile fraction is typically dom-
inated by «- and B-santalol 58, 59 (Fig. 4.19), along
with many other sesquiterpene alcohols, aldehydes, and
some phenolic compounds. The santalols are also the
two key odorants, with other sesquiterpenoids modify-
ing the odor (Chap. 3) [4.19].

4.1.13 Storax

Storax (often also styrax, Sect. 4.1.4) is a fragrant bal-
sam from Liquidambar species, which exist as large
deciduous trees in temperate zones. Two types are com-
mercially relevant: the Levant/Oriental and the Amer-
ican variety, originating from Liquidambar orientalis
Mill. in Turkey and from L. styraciflua L. in Honduras,
Mexico, Guatemala, and the USA. Older descriptions
of storax, for example, by Pliny and Dioscurides, give
clear evidence that it was obtained from Styrax offici-
nalis L. [4.4]. Nowadays, this species is still common
in the eastern Mediterranean region, but of disputed rel-
evance as a resin-producing species when compared to
the Liquidambar balsams. Hovaneissian et al. [4.76],
for example, state that solid storax comes from Styrax
officinalis and the liquid storax from Liquidambar
species. By contrast, Zeybek [4.77] tested wild-growing
Styrax officinalis and was unable to induce any resin
production, concluding that there must have been mis-
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Fig. 4.21 Odor-active compounds found in Tolu and Peru
balsam

conceptions in the botanical identification. To date, this
question still remains unsettled. The lack of publica-
tions on the resin of Styrax officinalis, however, might
favor Zeybeck’s position.

The exudations of Liquidambar species were and to
a lesser extent are still common in pharmacy, cosmet-
ics, and perfumery [4.78]. The most prominent local,
traditional use in Turkey is against ulcers [4.20, 79].

The balsams are usually grey-brown viscous lig-
uids, and are most commonly traded either as charcoal
chips or bark, both infused with the liquid resin. This al-
lows easier handling and direct application for incense
purposes. Essential oils and resinoids are also available.
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Both balsams are characterized by a high content
in styrene 60 (Fig. 4.20), with around 70—80% in the
essential oil of L. orientalis. This compound was first
isolated from storax and named accordingly [4.80].
Styrene is easily detectable by its distinctive sweet
smell in the balsams. Additionally, the volatile frac-
tion is mainly composed of «-10 and B-pinene 32,
and in the case of L. styraciflua also B-caryophyllene
61 [4.20,81]. Cinnamic acid 7, its esters, and related
compounds [4.82] might contribute to the balsamic,
sweet smell, but this has not been properly investigated.

4.1.14 Tolu Balsam/Peru Balsam

Tolu balsam and Peru balsam are derived from Myroxy-
lon balsamum varieties that are native to northern South
America and Central America. Tolu balsam (M. balsa-
mum Harms var genuinum Harms, some sources also:
var balsamum) can either be a solid red-brown resin
that melts at low temperatures or a thick yellow-brown
fluid when fresh. Peru balsam (M. balsamum Harms
var pereirae Harms) is a red-brown viscous fluid. Both

smell strongly balsamic, with notes of vanilla and cin-
namon. The organoleptic properties can be linked to
high contents in benzoic acid 4 and cinnamic acid 7,
their esters (for example, 3, 8), aldehydes 62, 63, al-
cohols 64, 65 but also vanillin 66 and related phenolic
compounds (Fig. 4.21).

Tolu balsam is characterized by a lower content of
the volatile fraction, historically named cinnamein, than
the liquid Peru balsam. Both are known as components
in incense mixtures, but are more commonly employed
as fragrance raw material, for cosmetics, and medical
applications. Due to the allergenic potential of the bal-
sams, only the distilled essential oil is used in cosmetics
and perfumes [4.63, 83, 84].

4.1.15 Overview of Incense Materials

These pictures are intended to give an overview of the
physical appearance of the various incense materials
mentioned in the text. The botanical species given be-
low are based on suppliers’ information and are not
verified by chemical analysis.

Benzoin Sumatra
(Styrax benzoin)

Lower grade Agarwood
(Aquilaria filaria)

Benzoin Siam
(Styrax tonkinensis)

Copal blanco
(Protium copal)

Copal blanco
(Bursera jorullense)

Copal negro
(Bursera microphylla)

Dammar
(Shorea wiesneri)

Copal Manila
(Agathis dammara)

Dammar
(Canarium strictum)

Cedarwood
(Cedrus atlanticus)

Juniper berries, leaves and wood

Dragon’s Blood

(Juniperus virginiana) (Daemonorops draco)
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Eritrean Frankincense
(Boswellia papyrifera)

Indian Frankincense
(Boswellia serrata)

Labdanum
(Cistus ladaniferus)

Arabian Frankincense
(Boswellia sacra)

Mastic Myrrh
(Pistacia lenticus)

Bissabol/Sweet myrrh Guggul
(Commiphora holtziana) (Commiphora mukul)

Palo Santo
(Bursera graveolens)

Opopanax
(Chironium opopanax)

Guaiac resin
(Guaiacum officinale)

Sandalwood powder
(Santalum album)

Tolu balsam
(Myroxylon balsamum
var genuinum)

Storax bark
(Liquidambar orientalis)

4.2 Incense Preparations

Incense can be divided into two types: combustible and
noncombustible. Combustible incense burns by itself
after ignition, whereas noncombustible incense requires
an external heat source, such as a glowing charcoal,
although other hot surfaces can also be used. Exam-
ples are hot stones taken from or placed around a fire
pit, or mica plates in the Japanese Incense Ceremony
(Fig. 4.22), during which a thin sheet of this silicate
mineral is heated by a glowing coal buried in ash [4.7,
85].

Peru balsam
(Myroxylon balsamum
var pereirae)

This chapter focuses on the preparation of com-
bustible incense, as noncombustible incense, even in
mixtures, does not require any special techniques. The
components are simply mixed in whatever form pre-
ferred: ground to a fine powder, in granules, pieces,
or chunks. Resin based mixtures can be melted and
formed by gentle heating. Non-combustible incense en-
compasses the most famous mixtures from historical
sources, such as Kyphi, an ancient Egyptian mixture
and Ketoret, reported in Jewish tradition as the holy
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Fig. 4.22 Mica plate placed on a glowing charcoal buried
in a pile of ash, the typical form of heating incense ma-
terials during the Japanese Incense ceremony (courtesy of
Nippon Kodo)
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Fig. 4.23 Synthetic fixatives used in incense products

incense in the Jerusalem Temple. Many speculations
circulate as to their exact compositions [4.12].

By contrast, combustible incense requires to be
mixed with fuel, thereby making its preparation a lot
more complicated. The mixtures typically contain the
following types of ingredients, and the appropriate pro-
portions need to be determined experimentally. The
exact compositions are usually a closely guarded com-
pany secret, although examples for preparations can be
found in the following sources, and many more are
readily available on the Internet: Fischer-Rizzi [4.3],
Réitsch [4.12], Cunningham [4.85], Hsieh [4.86], Neu-
mann [4.87], Newell [4.88].

Firstly, a binding material is needed, which can be
soaked in water to form a malleable paste, into which
all other ingredients can be mixed. After forming and
drying, this binder also serves as combustible mate-
rial to keep the incense burning. Additional fuel can be
included in the mixtures, such as powdered charcoal,
incense woods, or barks. The most common binders
in incense manufacture are gum tragacanth, gum ara-
bic, makko powder (from the bark of Machilus spp.) or
starch. Then, an oxidizing agent is usually introduced
to keep the embers glowing more evenly. Most com-
monly, this is sodium or potassium nitrate. This dough
is completed with pulverized incense ingredients to give
the incense preparation the intended smell. Aside from

Fig. 4.24 Brightly colored incense cones from Thailand
(courtesy of Johannes Niebler)

the aforementioned materials and many other natural
products, essential oils can also be used to add fra-
grance notes otherwise unavailable. Care needs to be
taken to ensure that the mixture still burns well, as
too much essential oil or resin can impede an even
combustion. In many industrial incense products, syn-
thetic fragrances are used exclusively or additionally,
for example, to include musk, vanilla, or patchouli
notes. These would otherwise be unavailable or far too
expensive, and can easily be included by adding syn-
thetic musks, vanillin, or patchouli alcohol [4.89, 90].
Finally, most preparations include some form of fixa-
tive to avoid a strong loss of odor intensity during the
drying and storage process. Traditionally, these fixa-
tives were natural materials, including orris root (Iris
spp.), ambergris, musk, resins (frankincense, myrrh,
labdanum, etc.), balsams, and many others. Nowadays,
synthetic fixatives are usually applied, including di-
ethyl phthalate 67, triethyl citrate 68, benzyl benzoate
3 and others (Fig. 4.23). A study by Tran and Mar-
riott [4.89] as well as similar studies performed in our
laboratory (Niebler and Buettner, unpublished data) on
the composition of incense sticks gave proof for this
practice.

Combustible incense comes in many forms
(Fig. 4.24 and 4.25). Powders can be flexibly used
and allow exact dosage. Incense cones are popular
around the world, and have a long tradition in the
Ore Mountains in Germany. Incense sticks, also
called joss sticks, come in various forms, depending
on production method and intended use. They can
be made from solid incense mixture or wrapped
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around a wooden stick (mostly bamboo) in a layer.
Methods of production include extrusion, dipping,
pressing, coating, or rolling [4.5]. Additional forms
of combustible incense include balls, coils, ropes and
other specialized shapes [4.91]. It is also notable that
in Asian countries particular cheaper, nonfragrant
incense sticks are produced that are mainly used for
offerings at the temples. These sticks only produce
smoke and are not meant for scenting purposes [4.6].
Moreover, a special kind of combustible incense,

Fig. 4.25 Various incense products.
Top row: Incense cones from Germany
(left) and Thailand (middle), a strip of
folded Papier d’ Arménie, ready to be
lit (right). Middle row: reconstituted
Kyphi, an ancient Egyptian incense
mixture (left) and three different
incense sticks (right). Bottom row:
Incense mixtures used in Christian
churches, rose scented incense

(left), Rhenish mixture (middle)

and Original Arabic mixture (right)
(courtesy of Johannes Niebler)

the so-called Papier d’Arménie, is a French product
that is essentially a strip of paper infused with an
incense solution based on storax. Furthermore, many
incense preparations are brilliantly colored by natural
or synthetic dyes. The colorants can be included in
the incense dough or applied externally on the finished
product.

In conclusion, incense technology is not particularly
sophisticated, even though some products require a cer-
tain experience and knowledge.

4.3 Benefits and Hazards of Incense Use

The use of incense products, in any form, does provide
some benefits but it can also pose certain risks to hu-
man health. The next section includes a brief scientific
review of documented positive and negative effects on
humans.

The obvious benefits include a pleasant scenting
of the room or environment, the aesthetical pleasure
of watching incense smoke rise and curl in the air, as
well as spiritual and psychological effects arising from
such a ritualized experience. There are also numer-
ous accounts of medicinal use of smokes in traditional
medicine all over the world (for an overview, see Mo-
hagheghzadeh et al. [4.10]). However, none of these
have been investigated as medical incense treatments
in clinical studies. This is probably caused by the fact
that incense or smoke from plant materials is a virtually
nonexistent form of application in modern medicine,
and it is commonly associated with alternative treat-
ments or drug abuse. Generally, inhalation of active
compounds leads to a fast resorption and a sharp peak
in the blood level. This can be beneficial in cases where
a fast administration is intended, for example, in anes-
thetics or in the 