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Preface

The aim of this book, as I expressed in a letter to the contributors, is to have a work that
could be given to a new chemist or technologist joining the industry with the statement
‘read this and you’ll know what this industry is about’. Several contributors corrected this
to ‘... a little of what this industry is about!” Such comments, and those of the anonymous
referees whose remarks were passed on to me, helped to crystallise my thinking on the
concepts behind the book. One referee referred to Aroma Chemicals as the core of the
book; this is true, and as an organic chemist I make no apologies for this. In this context,
the structure could be described as Part I: The origins and identification of the important
aroma chemicals of nature, Part II: The chemistry and synthesis of aroma chemicals and
Part III: The applications of aroma chemicals. This ‘chemical’ approach is also aimed at
demystifying the industry to a neophyte; whilst no-one would wish to deny the essential
creativity of perfumers and flavourists, it is also important to realise that, to quote Steve
Herman in his Chapter ‘Applications II: Fragrance’, ‘... the fundamental key to dealing
with the technical aspects of fragrance is to treat them as mixtures of chemicals’.

The content of the book, in general terms, was my decision, and hence any complaints
should be addressed to me rather than, the authors! A book that would please everyone
would run into many volumes, and it was necessary to be focused, even at the risk of
omitting topics that others might see as crucial. The omission of essential oils was a
conscious decision, as these have been extensively covered elsewhere; the exception is as
part of the chapter on natural aroma chemicals where these are isolated from essential
oils. With this in mind, each author was asked to ensure that the key essentials, as they
saw it, were covered. However, I suggested, where appropriate, a section of the chapter
could be devoted to an area, that, whilst firmly within the remit of the chapter, was of
especial interest to the author; a ‘hot topic’, if you will. Beyond that, the choice of the
material within a chapter was at the discretion of the authors. Ultimately, however, an
editor is responsible for his or her book, and hence the sins of omission and commission
are mine, and mine alone.

There are those within the industry who treat the two Fs of the Flavour and Fragrance
industry as substantially different topics. Obviously there are differences; the specific
functions of the perfumer and the flavourist are different, and of course, their palettes, as
it were, are different. The markets for a musky flavour or a garlic perfume are somewhat
limited! However, both areas ultimately have the same aim; to use aroma chemicals,
whether as naturally occurring mixtures or as individual compounds, to create an effect
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that our chemical senses, taste and smell, find desirable. In this context, the aim of this
book is to overcome The Great Divide, or at worst, to ignore it!

Thanks go to the many people with whom I have worked over the past dozen years.
Chemistry is a ‘social’ discipline, and I have learned from many people; I hope that, in
a way, this book is giving something back. A particular mention goes to Mark Dewis,
Simon Jameson, John Heffernan, Kevin Auty, Peter Setchell, Lee Morgan (the co-designer
of ‘The devil’s flavour wheel’), Gareth Jones, John Johnson, Tracy Brown, Peter Cannon,
Rob Gregory, and others who I have now offended by not mentioning, and finally to
Duncan Mullis, who first employed me in the Flavour and Fragrance Industry; in a way,
Duncan, this book is your fault!



Chapter 1
Introduction

David J. Rowe

The earliest recognisable chemists were women, the perfume-makers of Babylon, who used the
earliest known stills to produce their wares. The first individual chemist known to history was
“Tapputi, the perfume-maker”, who was mentioned on a cuneiform tablet from the second
millennium BCE in Mesopotamia

Paul Strathern, Mendeleev’s Dream, Penguin Books, London, UK, 2001

Thus, it is not an exaggeration to say that the roots of modern chemistry lie in the flavour
and fragrance industry! As an area of the modern chemical industry, it is low profile
compared with the ‘big boys’ of pharmaceuticals and petrochemicals, the areas that the
‘general public’ recognise as industrial chemistry. Yet it is a multi-billion dollar, global
industry that impacts on everyone’s life in the developed world.

1.1 History: in the beginning

In a sense the origins of the industry lie in prehistory. At some point our ancestors found
there was pleasure in the aroma of a flower, and that mixing certain herbs with food
added relish; when this took place will never be known, but it could be said that at that
point we became truly human. Certainly our earliest ancestors had uses for aromatic
plants; since burial sites have been well preserved, we know that they used aromatic
plants as votive offerings to the gods and the supernatural world. By the time that writing
developed in the fertile crescent of the Indus, Nile and Tigris valleys, we have many
references to the use of herbs and spices. A crucial point is that the uses of flavourings
and fragrances, in whatever form, are a feature of a society where at least one social
stratum has the ‘disposable income’ to obtain them; however important they may be
to the quality of life, flavours and perfumes are not (despite the efforts of marketing
departments to convince us to the contrary) essential to the continuance of life. Thus
throughout history we can see the uses of flavours or fragrances as reflecting either the
success of a society, or its decadence, depending on the prejudices of the individual.
David Pybus [1] and Paul Jose Teisseire [2] have written excellent and amusing accounts
of the development of the uses of fragrance, and the interested reader is directed there
for more detailed accounts.

1.2 The classical world

The classical world of ancient Greece and Rome was familiar with many oils, spices and
perfumes. Some of the key techniques common to the flavour and fragrance industry
and the wider chemical industry had been developed, in particular distillation and the
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concept of extraction. The key concept of separation of materials was introduced to the
world. Philosophers such as Aristotle were able to introduce some of the ideas which we
might recognise today as science. With the rise of the Roman Empire, the resources of the
Mediterranean world became available to the privileged few who could live in perfumed
luxury surrounded by slaves. Spices from across the empire and beyond were used to
flavour food, both for their inherent flavour and to mask the somewhat dubious taste
of meat in a pre-refrigeration age. Pliny the Elder wrote a treatise on ‘Natural history’
which included observations on aromatic plants and their uses. However, throughout
this period there was another feature we frequently see in relation to the uses of flavours
and fragrance; for some, such as Pliny, they are an ‘honest pleasure’, whereas for others
they represent decadence and vanity. Those in the latter camp were presumably tutting
and saying ‘told you so’ when, as David Pybus [1] puts it, ‘Rome succumbed to the
barbarian hordes, the lights went out in all the incense burners in Europe, and the rose
petals went out with the bathwater’.

1.3 The mediaeval world

The fall of the Roman Empire in the West ushered in the period commonly known as
Western Europe’s Dark Ages. The ‘one world” of the Roman Empire, stretching from
Northern England to the Arabian Peninsula, was broken, and instead we had a period of
what might be termed ‘localisation’, in an analogy to today’s globalisation. Petty fiefdoms
arose in what were earlier merely provinces of the empire. Nowhere is this clearer than
in England, where seven kingdoms, the Heptarchy, arose in what was merely part of a
single minor province of the Roman Empire. The end result of this was the loss of raw
materials and eventually, the knowledge of what to do with them. The foundations of
chemistry were lost into the mysticism of alchemy. Some techniques remained in use,
especially distillation, but this also became a mystical affair. The classical world used
distillation to refine a crude material into a more valuable one, such as an aromatic
plant into an essential oil, a basic concept that we are still familiar with today. In the
mediaeval mind this became the search for the Philosopher’s Stone, to refine base metal
into gold or to confer eternal life. Herbs were still used for flavours, but the breakdown
of transport meant that these were restricted to what could be grown in local gardens,
the ‘parsley, sage, rosemary and thyme’ of the English folk song. In parallel with this, the
powerful mediaeval church frowned on the use of fragrance as earthly vanity. Cleanliness
was not next to godliness, rather ‘insanitary’ was next to ‘holy’, from the hovels of the
early monks to Thomas Beckett’s lice-infested hair shirt. Of course, official disapproval
has never prevented those with the finances from doing as they will. Spices and oils still
made their way into darkened Europe from the Orient and the Arab world. The latter,
in particular, kept some of the flame of the classical world burning, which is reflected
in the number of words whose origin is Arabic, including alcohol and chemistry itself.
The great trading cities of Venice and Genoa controlled much of this trade, with the
Silk Road to the East carrying precious spices and oils via Constantinople, the capital
of Byzantium, the Eastern Roman Empire. But disapproval there still was; one of the



Introduction 3

many things held against England’s King John, a man held to be so awful that no other
monarch has taken the name in 800 years, was his insufferable vanity—he was said to
bathe every month, whether he needed to or not.

1.4 From the Renaissance to the Enlightment

In 1453 Constantinople fell to the Ottoman Turks. The end of the Byzantine Roman Empire,
which for a millenium had been the great junction between East and West, had a major
impact on trade routes to India and the Orient, the source of the most prized spices. This
drove adventurers, especially from the great trading cities of Genoa and Venice, to seek
alternative routes to the East. In brief, flavours and fragrances were a major driving force
in the European discovery of the Americas (these had been discovered before, of course,
by the people who actually lived there, but as they didn’t wear trousers, they didn’t count).
This exposure to new cultures, together with the rediscovery of classical science, often
via Arabic texts, led to a new intellectual flowering in Europe. The concepts of science,
based on the principles of observation and measurement, were laid down by Galileo. In
this context, perhaps the single most important development for the flavour and fragrance
industry was the development of the thermometer by Celsius and Fahrenheit. The essentials
of modern chemistry were established by the studies of Lavoiser, Davy, Dalton, Priestly,
Scheele and others, and the mystical systems the alchemists left behind. It is difficult to
overestimate the importance of this change. Though the early chemical laboratory would
have looked like an alchemist’s workshop with its pots, pans and alembics, chemistry was
based on causality; mixing sulfuric acid with sodium chloride always generates hydrogen
chloride (or, to use the terminology of the day, mixing oil of vitriol with salt always
generates muriatic acid gas) —irrespective of what the operator is wearing, has eaten or
has chanted during the process. The difference between alchemy and chemistry is that
between astrology and astronomy. Of course, progress is rarely straightforward (witness the
number of astrologers in the world); Sir Isaac Newton (1642—1727) believed that his most
important work was not on gravity and the calculus but rather his alchemical studies, and
in 1794 Antoine Lavoisier found that the Revolution had no need of learned men.

1.5 The industrial age

From the early nineteenth century developments in chemistry, mostly in Great Britain and
Germany, began to create the flavour and fragrance industry as we know it. Purification
of natural materials, especially essential oils, led to the identification of aroma-active
materials such as benzaldehyde, cinnamaldehyde and vanillin. The increased knowledge
of organic chemistry, beginning perhaps with the discovery of Wohler that ‘inorganic’
and ‘organic’ materials could be interconverted (i.e. that there was no ‘vital force’
responsible for creating the complexities of organic materials), meant that these isolated
materials could now be synthesised in the laboratory. The great cycle of the chemical
industry —identification, laboratory synthesis, large-scale synthesis and commercialisation
with falling costs and prices—had now begun. At this time the events and discoveries
of importance come so thick and fast that the best way to show them is the timeline
(Figure 1.1).



4 Chemistry and Technology of Flavors and Fragrances

1820 Foundation of Roure by Claude Roure in Grasse under the company name Roure Bertrand
1834 Isolation of cinnamaldehyde

1837  Isolation of benzaldehyde

1852  Cinnamaldehyde synthesised

1852  W.J. Bush established

1858  Microbial resolution of (—)-tartaric acid from a racemic mixture using Penicillin glaucum
1859  Synthesis of methyl salicylate

1859  Vanillin purified

1860  Foundation of Fritzsche Brothers

1868  Synthesis of coumarin

1870 Foundation of Haarmann & Reimer

1871  Structure of vanillin determined

1872 Vanillin synthesised

1873  Roure wins its first gold medal at the Vienna International Exposition

1878  Synthesis of cinnamic acid

1879  Saccharin is discovered

1880 Lactic acid, the first known optically active compound to be produced by industrial fermentation
1883  Synthesis of phenylacetaldehdye

1884  Synthesis of cinnamaldehdye

1886  Bacterium zylinum identified as cause of vinegar production

1886  Nitromusks discovered

1887  Chirality and taste; enantiomers of asparigine found to have different tastes

1888  First determination of an odour threshold. Ethyl mercaptan by Fischer & Penzoldt

1889  Polak & Schwarz’s founded

1889  ‘Jicky’ by Houbigant

1891  Synthesis of the ionones

1892  Allyl disulfide identified in garlic

1894  Fischer’s ‘Lock & Key’ Principle

1896 Foundation of Givaudan by Leon and Xavier Givaudan in Zurich

1898  Foundation of Chuit & Naef by Philippe Chuit & Martin Naef in Geneva

1900  Saccharin first used as a sweetener

1908 MSG identified

1912 Maillard reaction described

1913  Foundation of Fries & Fries in Cincinnati, Ohio by Robert G. Fries and his brother George
1914 Foundation of Polak’s Frutal Works (PFW) in the Netherlands by Joseph, Jacob and Henri Polak
1918 A.L. van Ameringen formed

1919  Dragoco founded by Carl-Wilhelm Gerberding

1920 Ruzicka introduces the concept of odourant design

1921  ‘Chanel No. 5" by Coco Chanel

1922  Takasago founded

1926  Furfuryl mercaptan identified in coffee

1931  Amadori products recognised in the Maillard reaction

1933  Naef, Chuit et Cie. becomes Firmenich & Cie

1937  Non-nutritive sweetener cyclamate discovered

1939  Ruzicka wins Nobel Prize for chemistry

1946  Pauling theorises on the influence on odour of molecular shape and size

1950  Polycyclic musks introduced

1952  GC introduced by James & Martin

1952 Hodge scheme for the Maillard reaction

1954  Roure opens its perfumery school in Grasse

1959 International Flavors & Fragrances formed from van Ameringen-Haebler inc. and Polak & Schwarz NV
1964 GC-Olfactometry introduced

1965 BBA formed from W) Bush & Co Limited, A. Boake Roberts & Co Limited and Stafford Allen & Sons Limited
1968  Amoore’s description of the molecular basis of odour

1969  Cyclamate removed from GRAS list by FDA

1969  Hydroxydimethylfuranone identified in cooked beef

1970 Cyclamate banned in the USA

1970 Damascones identified in rose oil

1972 Sacharin removed from GRAS list by FDA

1981  Aspartame gains FDA approval

1982  Grapefruit mercaptan identified

1989  Solid phase micro-extraction (SPME) introduced

1991  Merger of Givaudan and Roure

1998  Sucralose approved by FDA

2000  Spin off of Givaudan Roure from Roche as Givaudan with a listing on the Swiss Stock Exchange
2001  Bush Boake Allen acquired by IFF

Figure 1.1 Discoveries and foundations from the beginning of the Industrial Age to today.



Introduction 5

1.6 The post-war world

Things are different today, I hear every mother say,
Cooking fresh food for her husband’s just a drag
So she buys an instant cake and she burns a frozen steak...
The Rolling Stones, Mother’s Little Helper, 1966

Since the end of Second World War the flavour and fragrance industry has expanded
greatly. Several interlocking factors have caused this.

1.6.1 Technical factors

1.6.1.1 Analytical

Development of analytical techniques such as Fourier transform nuclear magnetic
resonance spectroscopy (NMR), infra-red spectroscopy and, in particular, gas chromato-
graphy (GC) and mass spectrometry (MS) has enabled the key odorants of fragrant
flowers and foodstuffs to be identified at ever lower levels; the so-called hyphenated
techniques of GC-MS and GC-olfactometry, in conjunction with ‘trapping’ methods
such as GC trapping and solid phase microextraction (SPME), means that we can now
identify materials present well below the part per billion level and at quantities down to
the picogram level. This means that the trace components, which are often the character
impact chemicals of a material, can now be identified. Perhaps someone should calculate
how many cows would have to be distilled to prepare sufficient 2-methyl-3-furanthiol,
the character impact chemical in roast beef, to be identified by the classical techniques
of the nineteenth century.

1.6.1.2  Synthetic

The increase in the ‘armoury’ of synthetic techniques available to organic chemists has
made available to the perfumer or flavourist an enormous number of materials. In
particular, it has enabled materials of ever-greater complexity to be available to the
applications specialists at a price that, even if the cost per kilo is high, still adds value to
the end formulation. The cycle of identifying a potentially valuable material, synthesising
it in the laboratory and then developing a commercially viable process (at gradually
decreasing cost and sales price) has gone on since the nineteenth century, but the cycle
time in today’s commercial culture is much lesser.

1.6.2 Social factors

After the end of Second World War, and especially from the 1960s onwards, the developed
world, especially North America, western Europe and Japan, has seen a major increase
in the standard of living. This has given the ‘disposable income’ that we have seen is a
key factor in the uses of flavours and fragrances. On top of this these regions have seen
an unprecedented increase in the social and geographical mobility of their populations.
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This has meant that a wide range of people have been exposed to a wider range of tastes
and aroma than previous generations, and this has created a market that the industry
has expanded to fill; of course, the industry has been a factor in exposing people to these
factors anyway. In short, the public palette, if not more sophisticated, is certainly wider.
Much of this change has taken place in the author’s (born 1958) lifetime. For example,
the simple ersatz flavours of the author’s childhood, where soft drinks were defined by
their colour rather than their flavour (‘raspberry cream soda’ was ‘red pop’ as it did
not remotely resemble raspberries; no one could work out what ‘green pop’ was meant
to taste of ), and potato crisps (= potato chips for Americans and other non-English
speakers) were ‘ready salted’, or for special gourmet occasions, ‘cheese and onion’; ‘salt
and vinegar’ flavour was introduced with great fanfare at some point in the 1960s. We
can see this in our potato crisp timeline (Figure 1.2).

The other great change, reflected in the words of Dr Jagger and Professor Richards
quoted above, is that ‘time is money’; much more prepared and processed food is now
eaten than ever before. Again, it is no longer acceptable for this to be the peacetime
equivalent of powdered egg and coffee made from acorns. People want, and are willing
to pay for, high-quality prepared food, as good as, or better than, they could make
themselves if they spent time on it. We can see this in the range of ready-meals and
cooking sources now available. Health factors have also played a part; vegetarianism is no
longer considered a ‘cranky’ lifestyle and, as more people have opted for this approach,
there has been a rise in the market for vegetarian food that does not taste vegetarian.
Hence there is a major demand for savoury flavours for vegetable protein such as soya
and mycoprotein.

A similar shift has taken place in the market for fragrances. In the 1960s personal care
fragrances were limited to women’s perfume and the annual bottle of after-shave that

Prehistory
Then:
Ready-salted
1960 -
cheese and onion Bag of ready-salted and a
bottle of red pop
1970 Salt and vinegar
Smoky bacon
Roast chicken
1980 Prawn cocktail
Roast ox
1990 Roast beef and mustard
Now:
Lo Pack of Monterey Jack
Sea salt and balsamic vinegar .
2000 kettle chips and a

Salsa and mesquite . .
mango and passionfruit

smoothie

Figure 1.2 The potato crisp story.
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all children bought their father for Christmas. Most household items such as washing
powder, detergents and bleach were unfragranced. By the start of the new millennium
the situation is reversed; almost everything that can be fragranced is fragranced, with
unfragranced materials carrying a premium price for the specialist market. In personal
care, the use of fragrances by both sexes is now the norm; the taboo of ‘men wearing
perfume’ was broken in the 1970s’ Britain by an advertising campaign for after-shave
where sporting figures such as the boxer Henry Cooper, whose masculinity could not
be questioned (at least by anyone not wishing to have their face rearranged), exhorted
us to ‘splash it all over’. Fragrance is now all around us, from air-fresheners in our cars
(though not in mine as it helps to cause my motion sickness) to the bleach in the toilets.
A cynic might perhaps suggest we have become afraid of smelling human.

1.7 The future

Does the flavour and fragrance industry have a future? It would be surprising if the editor
of a book on flavour and fragrance chemistry did not say yes! Perhaps I should back
that up by saying we have used flavours and fragrances for at least five millennia, so we
are not likely to stop now. Synthetic chemistry is still developing new methodologies, so
materials that are at present interesting, but too expensive to use, may become available
at an ‘accessible’ price due to the discovery of a commercially viable synthetic route.
Similarly, analytical work on the examination of new ‘exotic’ materials (such as IFF’s
‘Living Flower® work and Givaudan’s TasteTrek™ project) may lead to the identification
of exciting new compounds as targets for organic chemists. The other key factor is the
development of the global economy, and especially that of the developing world. At
present the majority of the world’s population has no ‘disposable income’; returning to
the theme of the market for flavours and fragrance as a mirror of the affluence of a
society, we can only hope that these billions can eventually share the living standards of
the developed world and, in so doing, will open a market for the industry, even larger
than the one it has at present.

1.8 The structure of the flavour and fragrance industry

At the time of writing, the industry is in a state of flux, similar to that in the
pharmaceutical industry in the 1990s, and to an extent, any comments I make here
may be out-of-date by the time this is published. There have been a number of mergers
and acquisitions, which have taken out ‘names’ that would once have been considered
inviolate, most notably the takeover of Bush Boake Allen by International Flavours and
Fragrances, and the merger of Haarmann & Reimer with Dragoco to form Symrise.
Somehow it is sad to lose the names of Haarmann & Reimer, whose work on Vanillin
was such a landmark in the industry. In terms of value, the industry has an estimated
value of $15 billion, with an approximately even split between flavours and fragrances.
The top five companies, Givaudan, IFF, Firmenich, Symrise and Quest International each
have a turnover in excess of $1 billion. Most interesting is the geographical distribution
of sales: North America 32%, Asia-Pacific 26% and western Europe 25%, with ‘the
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rest’, eastern Europe, South America, the Middle East and Africa, constituting less than
20%. Here we can see again the principle that the flavour and fragrance industry is a
consequence and a measure of ‘disposable income’; the developed world accounts for
80% of the sales. Since this is necessarily a changing set of figures, readers are directed
to the Leffingwell website (www.leffingwell.com) from which these figures were taken
in June 2003. Rather than listing further figures and companies here, we can perhaps
take a different approach in terms of breaking down the industry. There are four key
groupings:

(1) The Big Players, e.g. IFF, Givaudan, Takasago, Firmenich. These are multi-national
companies active in both flavours and fragrances. Apart from formulating the final
fragrance and flavour they also manufacture aroma chemicals, which they may sell
on the open market or keep as ‘captive’ for internal use only.

(2) The large consumer groups, which may be further subdivided into:

(a) food groups, e.g. Kerry, Danisco, and Nestle.
(b) household and consumer goods, e.g. Proctor & Gamble, Unilever, L’Oreal.

These are unlikely to manufacture aroma chemicals, but have active flavourist and
perfumer groups, besides utilising flavours and fragrances supplied by the Big Players.

(3) Specialists, e.g. Frutarom, Duckworths, Flavor & Fragrance Specialities. Smaller in
total turnover than the big players, these may still exceed them in key areas, e.g. the
manufacture of aroma chemicals, domestic fragrances, savoury flavours and others.

(4) ‘Mom and Pop Companies’ — This common (if faintly derogatory) term covers the
large number of companies who, as individuals, are small, but who constitute a large
and often neglected area of the industry.

(5) Mainstream chemical companies who manufacture some aroma chemicals as part of
their business, e.g. BASF (cis-3-hexenol).

Those working in the industry will be an employee of one of these, and will interact with
the others as a customer, supplier or both; one peculiarity of the industry is the number
of occasions that a customer for one group of materials is a competitor in another area.
There is a tendency to ‘take in each other’s washing’.

1.9 A note on regulations

The flavour and fragrance is subject to a range of regulations, above and beyond those,
such as local environmental and safety laws, applied to the chemical industry in general;
this is appropriate, given its proximity to the consumer. In this area there is a fundamental
divide in the two Fs. In the fragrance area, uses of raw materials and finished products
are regulated through two bodies: the Geneva-based International Fragrance Association
(IFRA) and the US-founded Research Institute for Fragrance Materials (RIFM). These
two organisations, though formally independent of each other, work together closely to
ensure the safety of fragrances. The RIFM is responsible for the testing and monitoring
of fragrance materials, commissioning and carrying out tests, setting out protocols, and
collating data from basic research and consumer studies. If there is concern over a
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material, for example sensitisation, a particular concern in recent years, the RIFM can
review its use. IFRA is the final arbiter, with its Code of Practice representing the ‘best
practice’ in the industry. Steve Meakins has given a good overview of this [3].

In the flavours area the regulations are less international, with more localised legis-
lation. In the European Union there is the so-called white list of approved aroma
chemicals and related substances, but the most important world-wide is the US-based
Flavor and Essence Manufacturers Association (FEMA). The FEMA GRAS is a list of
over 4000 materials that are Generally Recognised As Safe, i.e. they may be used in
foodstuffs at set levels, under which circumstances they need not be declared as individual
substances; note that flavour materials are not ‘additives’ or the dreaded E-numbers of
EU legislation. The GRAS list is updated on a roughly biannual basis with new materials.
In the USA only materials which are on the FEMA GRAS list may be used.

A second concept divides the USA and Europe, and that is the nature identical/
natural/artificial definitions. Both regions recognise materials of ‘recent biological
origin’ as natural, but in Europe there is the concept of nature identical, i.e. ‘synthetic’
ethyl butyrate, made by the reaction of ‘synthetic’ ethanol (e.g. from ethylene) and
‘synthetic’ butyric acid (e.g. from the C4 stream from petroleum cracking), is the
same as the ethyl butyrate found in nature, and hence the consumer labelling on a
product in which this material is used will simply be ‘contains flavouring’. In the USA,
a pre-Wohler view seems to hold and such a material is considered to be artificial, i.e.
consumer labelling will be ‘contains artificial flavouring’. In Europe, the term ‘artificial’
is reserved for those materials which are not found in nature, and which now are rarely
used; in this region, the labelling ‘contains artificial flavouring’ is a strong negative
from the marketing viewpoint. Ironically, since ‘contains artificial flavouring’ is more
commonly seen in the US, it is less ‘negative’ there, and materials which would be
considered artificial in Europe are more widely used in the USA.

A second regulatory area which concerns flavour materials, which reminds us that they
are going to be consumed as part of a foodstuff, is that they must conform to dietary
regulations. These may be based on faith (Kosher, Halal), health (allergen-free), ethics
(vegetarian, vegan) or fashion (GMO-free, ‘Organic’). Of these, the longest-established
is the Kosher regulations, where for many years Rabbinical bodies have looked at the
interaction of Mosaic Law with the modern flavour and chemical industries. Of course,
the term Kosher has entered the English language, especially British English, as a general
term for the ‘real thing’, especially as opposed to anything ‘hooky’, i.e. obtained by
dubious and probably illegal means. In this context, it is not surprising that when
the author joined the flavour and fragrance industry and saw a file labelled ‘Kosher
Certificates” he assumed that they were simply certificates of analysis or conformity, i.e.
to prove that they were the ‘real thing’.

Uwe-Jens Salzer and Kim Jones have given an excellent overview of the complex field
of legislation in the flavour industry [4].

1.10 A note on quality

All the materials produced by the flavour and fragrance industry, whether aroma
chemicals or finished perfumes and flavours, are ultimately performance chemicals, and
the function they perform is to have the correct taste and/or smell. With this in mind,
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a fundamental quality aspect is their organoleptic properties; above and beyond the
chemical specifications of purity, density, refractive index, etc., the material must smell
right. Hence the final and defining test which is carried out on a material is an odour
assessment; whilst flavour materials may also be tasted (especially final products), the
close relationship between taste and smell (see Chapter 9) means that odour is usually
used as the test. This assessment is carried out by trained individuals in quality control,
usually by smelling the material on a blotter or strip of stiffened paper and by sniffing
the material in a bottle or other containers; the latter gives the aroma of the ‘head space’,
the saturated air above the product, which is usually the first impression a customer gets
when opening the container of a product. A reference standard of the material is assessed
at the same time in the same way in order to get a comparison. The first criterion is that
there must be no ‘off-notes’, i.e. obvious aromas due to different aroma chemicals, either
as impurities or contaminants. This is a serious problem, especially for the manufacturers
of aroma chemicals, as traces of impurities, well below the level of standard GC detection,
may be detectable on odour if the odour threshold of the impurity is lower than that of the
desired material; for example a trace of furfuryl mercaptan (odour threshold 0.003 ppb)
will dominate the odour of an ester such as ethyl laurate (odour threshold >1000 ppb)
even at 0.001%, and will be detected as an off-note well below that. In addition, traces
of odorous by-products will have the same effect in creating off-notes. Figure 1.3,

Cheesy

The
Devil's
Flavour
Wheel Acrid

Sulphurous

Burnt

Biscuity

Figure 1.3 The Devil’s Flavour Wheel.
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‘The Devil’s Flavour Wheel’ [5] summarises just some of the off-notes detected in flavour
aroma chemicals.

All this means that cleaning regimes must be rigorous to avoid cross-contamination,
and often during a distillation, the odour of individual fractions is assessed and blending
carried out accordingly. A second point is that the product must match the reference
standard; ‘better’ does not mean correct in this case. A final point is to refute the claim
that odour assessment, as carried out by a trained nose, is ‘subjective’. Whilst it can never
have the same objectivity as a number coming from a refractometer or from a GC trace,
it is as objective as a human assessment can be, and the evidence for the success of this
approach is shown in the reliability and consistency that we all expect, and get, from the
flavoured and fragranced items that we buy each day.
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Chapter 2
Identification of Aroma Chemicals

Neil C. Da Costa and Sanja Eri

2.1 Introduction

The characterisation of aroma compounds in natural products and foods is still a
challenge, despite the sophisticated techniques now available to analysts. Flavour and
fragrance compounds are usually present in these matrices at very low concentrations
(ppm or even ppb). In addition, they have a wide range of polarities, solubilities, volatil-
ities, and thermal and pH stabilities. The matrices that contain them may be very complex
and cause interference with the isolation techniques. Therefore, there is no single, simple
method for the identification of aroma compounds. Instead, analysts must first ask
themselves what they wish to accomplish with the analysis and then choose an analytical
method or combination of methods that they think would work best. Typical analytical
goals include obtaining a complete aroma profile of the sample, looking for specific
compounds or comparing samples.

In this chapter, a reader will find an overview of the techniques now available to the
analyst interested in characterising aroma chemicals. Each technique’s practical advan-
tages and disadvantages will also be indicated where relevant. Numerous papers and
books have been published on this subject and this overview by no means covers all of
them, but it should be a good starting point to a newcomer in the world of flavours and
fragrances and a useful reference to those who are already involved in it.

2.2 Isolation of aroma chemicals

To the early organic chemists the only approach available was isolation of pure chemicals
and identification by classical means. The development of chromatography, especially
gas chromatography (GC), and in particular gas chromatography-mass spectrometry
(GC-MS), made identification of compounds in mixtures much easier. However the
quality and usefulness of the GC and GC-MS analyses, or any other technique,
largely depend upon the method used to prepare the sample. If the sample is
concentrated enough it can be injected directly into the GC, such as essential oils
or natural extracts. In this case, the only preparation recommended is dilution of
the sample with a solvent to obtain better chromatographic results and to reduce
the introduction of the contaminants into the GC. Very concentrated aqueous
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samples can also be injected directly, although the injection volume and split ratio
have to be chosen carefully due to the formation of steam in injection port. Problems
such as extinguishing the flame ionisation detector (FID), contamination of the mass
spectrometer or degradation of non-bonded polar phases may occur.

If, however, the aqueous sample is too dilute or the aroma compounds are contained
within a matrix, they need to be isolated. It is beneficial to the analyst to know as much
as possible about the matrix (whether it is a fruit, vegetable, flower, thermally processed
food, fermentation product, flavour, fragrance, etc.) as well as the aroma chemicals that they
expect to find in it, especially the compounds that are the most significant contributors to the
aroma. Unfortunately, these are not necessarily the components of highest concentration.
Very often, these important components are at trace levels, making isolation and identi-
fication more challenging. Once we understand the scope of the problem, we can choose
the most appropriate isolation method that will give us the ‘truest’ extract with minimum
loss or distortion of the original aroma and minimal generation of artefacts. Ideally, the
isolation method should not discriminate between polar and non-polar compounds, not
cause thermal degradation of aroma compounds, oxidation, reduction, pH changes or loss
of highly volatile compounds. In addition, if we know that the material we are going to
extract has high molecular weight or non-volatile content, we can choose a method that
reduces the appearance of these components in the extract, thus reducing the problems of
dirty liners, columns and subsequently poor chromatography.

Very often, to achieve the most complete aroma profile, the analyst may have to use
more than one extraction technique. For example, headspace techniques obtain a profile
of the highly volatile components, which may not have been seen in a liquid extract, as
some of them may be too volatile to be captured and others could be obscured by the
solvent peak. This kind of approach is illustrated later in Section 2.5.

This latter point is of great importance as solvents may contain impurities, which when
concentrated may give misleading results. Aromatic hydrocarbons and phthalates occur
almost everywhere; especially if the sample has come into contact with plastic containers,
where phthalates are used as plasticisers. Silicones are common impurities as well, arising
from oil or grease used in the extraction apparatus, anti-foaming agents and from GC
column bleed.

There are many techniques for isolation of aroma chemicals that are currently available
and many are still being developed. Once a new method is introduced, it is subsequently
modified to increase its efficiency, reproducibility and range of matrices for which it
can be used. Many studies that compare the results obtained with different methods
using either model solutions or real samples have been published [1-5]. Based on the
principle of aroma compound isolation, sample preparation methods for GC analysis
can be broadly grouped into solvent extraction methods, steam distillation methods,
headspace techniques and sorptive techniques.

2.2.1 Solvent extraction
These techniques are the most widely used and originate from classic organic chemistry

extraction work, the concept being the transfer of the aroma chemicals from the sample
to the organic solvent. The extract is obtained by mixing and agitating a liquid or solid
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sample with organic solvent, allowing separation and collection of the solvent phase. The
extraction can be done manually or automatically and be in batches or a continuous flow
extraction. In any case, if the extraction process is conducted successfully, the analyst
should end up with an extract whose sensory properties closely resemble those of the
original sample.

The choice of solvent is very important, as it must fulfil certain criteria. It must
have a low boiling point so that it can be easily removed from the extract without a
significant loss of sample volatiles and so it does not obscure other components during
chromatography. It must be able to extract polar and non-polar components. Below
are listed some of the most popular solvents used, the top two being most favoured in
flavour extraction work.

Solvent Boiling point (°C) Miscibility with water
Dichloromethane 45 Immiscible/denser than water
Pentane/Diethyl ether 35 Immiscible/less dense than water
Freons (halogenated mixture) <45 Immiscible/denser than water
Hexane — concretes extraction 69 Immiscible/less dense than water
Ethanol — absolutes extraction 78 Miscible with water

Acetone — some fragrance bases 56 Miscible with water

In addition, a new breed of solvents has been used for the extraction of aroma
compounds; namely supercritical fluids such as carbon dioxide and nitrogen. Supercritical
fluid extraction (SFE) will be covered later in this chapter.

Sometimes, the material from which we are planning to extract aroma compounds
may require additional care before we mix it with a solvent (homogenising, grinding,
milling, degassing, enzyme deactivation, etc.). For example, in the case of fresh fruits,
enzyme deactivation can be easily effected using fresh saturated calcium chloride solution
or methanol.

Advantages

e Good recovery of aroma compounds; the most quantitative of all isolation methods.
o Relatively easy to perform.

Disadvantages

o Solvent removal may cause loss of some of the more volatile compounds.

e Use of solvents which may be toxic and/or flammable and which may introduce

contaminants.

A need for large amounts of sample in order to produce a strong extract.

o Obtained extracts may contain high-boiling and non-volatile materials and colour
components, which may lead to further problems in analysis and chromatography.

e Emulsion formation during extraction may occur.

e Solvent peak may cover early eluting volatiles in the chromatogram.
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If a sample is carefully concentrated, frozen and the top liquid layer decanted, it
is possible to reduce or even eliminate very high-boiling, non-volatile or unwanted
co-eluting components in an extract (such as fat, preservatives like benzoic and sorbic
acids and caffeine).

Other possible ways to reduce contamination of a GC when constantly dealing with
samples containing high-boilers and non-volatile materials, are the use of a ‘guard’
column of deactivated fused silica tubing, or a retention gap (a small length of the normal
column) between the injector and the column. The ‘guard’ column or retention gap can
be replaced once they get dirty.

2.2.1.1 Extraction of liquid samples

If the sample is an aqueous liquid, extraction with an organic solvent can be easily
carried out in a separatory funnel or commercially available extractor. However, the
separation of an aqueous and organic solvent layer may be complicated by emulsion
formation. In this case, centrifugation is often required to break down emulsions and
aid in layers separation. Using a saturated salt solution (sodium chloride), instead of
pure distilled water to dilute the sample, may also prevent emulsion formation. The use
of solid phase extraction (SPE) columns [6-8] and solid phase disc extraction (SPDE)
methods can also prevent emulsions formation. These last two approaches can also aid
in pre-concentration and cleaning the samples of non-volatiles.

2.2.1.2  Extraction of solid samples

If the sample is solid, it can either be extracted as it is or dissolved in water and extracted
as an aqueous sample. If the sample is to be extracted as it is (such is usually the case with
solid foods, non-encapsulated powders or in the manufacture of concretes), the sample
can be simply soaked in the solvent for a fixed period of time, after which the solvent is
decanted, filtered and the extract concentrated. In the case of encapsulated samples, it is
preferable to use water to release flavour before the solvent is added.

Other techniques available for solid sample extraction are Soxhlet extraction, accel-
erated solvent extraction (ASE) and SFE.

2.2.1.3 Soxhlet extraction

Soxhlet extraction is a continuous solvent extraction method that can be used for solid,
semi-solid or viscous liquid samples. In this method, a sample is placed in a porous
thimble and continuously extracted over several hours by allowing a low-boiling organic
solvent to flow through it. New automated versions of Soxhlet, which can extract and
concentrate the sample in one step, are now available on the market. Semi-solid and
viscous liquid samples need to be mixed with a solid support such as diatomaceous earth
(e.g. Celite®) and/or sodium sulfate or magnesium sulfate to absorb water and make the
sample solid. A disadvantage of this method is the presence of non-volatile components
(especially fats) in the resulting extract.
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2.2.1.4 Accelerated solvent extraction

A method that has been used more recently for extracting solids and semi-solids is
ASE [9]. In this method, the sample is packed into a pressure-tight cell, topped up with
solvent and subjected to an elevated temperature and pressure. The cell is then purged
using nitrogen gas to send the extract into a collection vial. As in Soxhlet extraction,
semi-solid samples need to be mixed with a support. Typical solvents used are methanol,
isopropyl alcohol, hexane and water. The advantages of this method are that it uses
relatively small amounts of solvent and that extraction times can be as short as 15 min. The
disadvantage is that very volatile compounds can be lost during the elevated temperature
extraction. Also, on transfer from the cell to the collection vial, it is possible that the
sample may precipitate, thus clogging the line.

2.2.1.5 Supercritical fluid extraction

One of the most innovative methods of solvent extraction is SFE, where the solvents used
are supercritical fluids [10-14] such as carbon dioxide. By changing the pressure during
the extraction, the extracting power of the supercritical fluid can be modified, hence
the extract profile tailored. It works best on dry solids or viscous liquids. In practice,
SFE has been shown as particularly useful for extracting fragrances from products with
high-boiling materials and bases, such as shampoos and conditioners. Liquids again
need to be mixed with a solid support and packed inside cells for extraction. The cells
are pressurised and extracted with supercritical fluid, and the extract collected in small
amounts of solvent in vials.

Advantages of SFE include use of non-toxic solvents, selectivity of extraction, short
extraction times, and less reaction of thermally labile and oxygen-sensitive compounds.
The main problem with the apparatus is clogging of the transfer line with extraction
material. Supercritical solvents tend to discriminate against polar components but this
can be overcome by using modifiers like methanol or ethanol. Additional disadvantage
is the difficulty in balancing temperature, pressure and flow rate for each type of sample.
This makes method development very time consuming. Also, the sample capacity is
relatively limited.

2.2.1.6 Fractionation of solvent extracts

The extracts obtained by solvent extraction, especially ones from natural products, can
be very complex and the GC chromatogram may contain many co-eluting compounds,
which make identification of individual aroma compounds difficult. One way to overcome
this problem is to fractionate the extract, and hopefully move co-eluting peaks into
the different fractions for better identification. This is particularly important for gas
chromatography-olfactometry (GC-O) analysis. In this case, the analyst’s goal is to sepa-
rate co-eluting peaks as best as possible to reveal organoleptically important compounds
that may be hidden under bigger, less-odorous peaks. GC-O techniques will be covered
later in the chapter.

Fractionation of the extracts can be accomplished in several ways. Manipulation of
the extract by washing it with dilute acid, dilute base, and either sodium metabisulfite
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or 2,4-dinitrophenylhydrazine can lead to the elimination of acids, bases or carbonyl
compounds from the extract, respectively [15]. If each of the wash solutions is then
re-extracted with solvent, the fractions containing only acids, bases or carbonyls can be
recovered.

Column chromatography or SPE can also be used. Fractionation by column
chromatography involves aqueous or solvent extracts on a silica gel column using a
polar/non-polar solvent system. It can remove colours and high boilers. The concen-
trated fractions may give more detail than the whole extract. A typical solvent system
used is pentane/ether. If the extract volume is small, commercially prepacked SPE tubes
(containing packings with different functionalities) are very convenient.

Fractionation of the solvent extract, however, can be very time consuming, and due
to the multiple manipulations of the extract may cause the loss of some very volatile
compounds.

2.2.1.7 Concentration of solvent extracts

The extract or combined extracts are typically dried over anhydrous sodium sulfate
or magnesium sulfate, to remove any water present, and filtered. At this stage the
concentration of volatiles in the extract is usually too low for immediate analysis, therefore
most of the solvent needs to be removed. The initial concentration of the extract (down to
10-15ml) may be accomplished by techniques such as a Vigreaux column distillation,
rotary evaporation or by use of a Kuderna-Danish concentrator. This can be followed by
passing a fine stream of pure nitrogen gas over the surface of the extract to concentrate to
a final volume (1-2 ml). Automated solvent evaporation systems that can be programmed
to stop evaporation after a fixed time or after reaching a certain extract volume (i.e.
1 ml) are also available; for example, the ZymarkTM system. Note that the extract must
always be concentrated with great care, as many hours of extraction work can be ruined
in seconds by too rapid a solvent reduction or by reducing too far, thus losing important
volatiles.

2.2.1.8 Solvent assisted flavour evaporation (SAFE)

To overcome some of the disadvantages of solvent extraction techniques, the extraction
may be followed by the SAFE technique. The SAFE technique can also be used as a sole
extraction technique for aqueous foods, such as milk or fruit pulps or matrices with high
oil content [16]. This technique takes a solvent extract or food matrix and strips off the
volatiles with low heat and high vacuum. The extract is collected in flasks, which are
cryogenically cooled with liquid nitrogen. The extracts should be representative of the
original sample, not ‘cooked’, but without high boilers and colour. Figure 2.1 shows the
crude liquid extract funnel (upper left), the heated sample flask (lower left), condensing
system (centre) and cryogenic traps (right). Note that the upper trap leads to the high
vacuum source and acts as a guard for the pump.

Disadvantages of a SAFE technique are its complicated set-up and time-consuming
cleaning. Considering the alternative (dirty liners and columns), it is well worth putting
some extra time into setting it up and cleaning afterwards. Also, high fat content can
cause skewing of the flavour profile.
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Figure 2.1 SAFE apparatus.

2.2.2 Steam distillation methods

This group of techniques includes simple steam distillation methods, which generate an
aqueous extract that needs to be extracted with solvent, and simultaneous distillation-
extraction (SDE) methods in which the final product is a solvent extract [17, 18]. The main
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advantage of steam distillation techniques is that resulting extracts do not contain any
non-volatiles.

In a simple steam distillation, the sample is dispersed in water and placed in a
round-bottom flask, which is heated either directly or indirectly by steam. Vapours are
condensed, collected and extracted with organic solvent.

SDE is also known as the Likens—Nickerson steam distillation [19]. In a typical set-up
(Figure 2.2), sample is added to distilled water in a larger round-bottom flask and stirred
constantly throughout the distillation to avoid bumping. The smaller flask is filled with
solvent (typically dichloromethane or freon) and both flasks are heated simultaneously.
The sample is heated to 100°C and solvent to its boiling point, 45°C for dichloromethane.
The vapours rise in each wing of the apparatus, combine centrally, and the volatiles
are transferred between the condensing liquids. The water and the solvent then return

Figure 2.2 Simultaneous distillation-extraction apparatus.
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to their respective flasks, in this continuous extraction process. The extraction time is
usually about 2—4 h, dependent upon the matrix.

Advantages

o The extracts produced do not contain any high-boiling or non-volatile materials, and
therefore, there is no danger of contaminating GC liners and columns.
o Can concentrate the sample, further enabling trace component detection.

Disadvantages

o Highly polar or hydrophilic compounds such as acids and alcohols extract poorly and
may not even appear in the final extract.

e Not good for fresh materials that were not previously thermally processed such as
fruits and vegetables, as the extract is more akin to a cooked aroma, rather than fresh
fruit or vegetable aroma.

o Artefact formation is possible due to the thermal degradation of the sample compon-
ents.

o Less quantitative extracts than solvent extraction methods; recoveries vary.

o Problems with foaming require use of anti-foaming agents, which can introduce
silicone contaminants.

To reduce the thermal degradation of the sample components during the extraction,
steam distillation methods can be carried out under reduced pressure and thus closer to
room temperature [20]. This set-up has the advantage of generating fewer artefacts and
breakdown products, but in the case of SDE it is difficult to balance the boiling of two
flasks, avoid evaporation of the lower boiling solvent and keep pressure constant.

2.2.3 Headspace techniques

Headspace collection is probably the easiest way to capture and detect aroma compounds,
since they exist in the space above the sample. It is simple and convenient and it has been
used for all kinds of materials [21-23]. It is especially useful for matrices that give off a lot
of odour, such as flowers and fruits. For matrices that are not as odorous, gentle heating
can be applied to aid in release of volatiles. Due to the fact that headspace techniques
detect highly volatile compounds, they can be used to help identify compounds that may
be hidden by solvent peaks in liquid extracts. These two techniques compliment each
other very well.

Advantages

Simple and quick.

Solventless technique.

Requires small amounts of sample.

No artefacts are formed, and if properly used, no contaminants introduced.
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Disadvantages

o The relative concentration of components in headspace does not reflect the concen-
tration in the sample due to the differences in volatility of aroma compounds (to
overcome this disadvantage, the results can be vapour pressure adjusted using calcu-
lated or experimentally determined values).

e Aroma profile is dependent upon the sampling temperature.

Headspace-sampling techniques include static headspace and dynamic headspace (‘purge
and trap’).

2.2.3.1 Static headspace

In classic static headspace, the sample is put into a sealed headspace vial, left to equilibrate
and the atmosphere above the sample is sampled with a gas tight syringe (usually
0.1-2.0ml) and subsequently injected into a GC. This technique is easily automated,
and very convenient for screening.

The biggest disadvantage of static headspace is that this technique discriminates on
volatility, since more volatile compounds will fill the space above the matrix more readily.
The aroma profile will depend on the temperature of the sample, sampling time, volume
of the vial being used and solubility of the compound in the matrix. Due to the limited
space above the sample to which volatiles can escape, this technique is not a very sensitive
one. Samples can be heated and/or stirred during collection for better release of volatiles.

2.2.3.2 Dynamic headspace

In dynamic headspace, the volatiles above the sample are swept away by a carrier gas,
usually helium or nitrogen, onto a trap (glass or glass-lined stainless steel tube containing
porous polymers such as Tenax™ (Figures 2.3 and 2.4)). The other option is the use
of a vacuum pump that draws the air above the sample onto the trap (the air from
the atmosphere coming into the sampling jar goes through a carbon filter). The carrier
gas or air is vented through the trap while volatiles remain on it. The traps containing
volatiles can either be washed with the solvent or desorbed into the GC by using a
thermal desorber.

In dynamic headspace, the volume of the vial used is not a factor since headspace
volumes much larger than the vial can be pulled through the trap. As a result, volatiles
collected on the trap are concentrated which results in improved sensitivity as compared
to static headspace method. To increase the release of volatiles, samples can be heated
and/or stirred during collection. It is possible to overload the trap capacity, and if this
‘breakthrough’ occurs, very volatile components can be lost.

When this technique is used for liquid samples, the carrier gas is introduced into the
sample, and ‘purges’ the volatiles out into the headspace and onto the trap. Therefore,
for liquid samples, the term ‘purge and trap’ instead of ‘dynamic headspace’ is usually
used.

Dynamic headspace, although a little bit more complicated than static headspace, is
still quick and easy to use.
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Figure 2.3 Headspace sampling of watermelon using Tenax™ traps and a pump.

2.2.4 Direct thermal desorption (DTD)

Probably the most appreciated advantages of the DTD (also called short path thermal
desorption) method are its simplicity and rapidity. DTD permits the analysis of solid
samples without complicated or time-consuming sample preparation and without the
use of a solvent. In this technique, solid samples (such as spices) are placed directly
into a thermal desorption tube (the same glass or glass-lined stainless steel tube used for
dynamic headspace analysis) between glass wool plugs. The tube is put onto a thermal
desorption unit connected to a GC. The desorber subjects the sample to controlled
heating in a flow of inert carrier gas, thus driving the volatiles onto the column. The
desorbed volatiles are transferred directly into the GC for analysis in a one-step process.
Sample preparation needed includes grinding/milling of the sample and mixing it with a
porous polymer such as Chromosorb™ (to prevent clogging) before filling the desorption
tube. For the purpose of quantitation, a small bed of porous polymer, such as Tenax™,
can also be put in the tube so that an internal standard can be added. Descriptions of
the different applications of DTD have been published in the last few years [24-26].
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Figure 2.4 Headspace sampling of wisteria using Tenax™ traps.
2.2.5 Sorptive techniques

Sorptive techniques allow rapid and solventless extraction and pre-concentration of
aroma compounds. They are based on the partitioning of organic components between
aqueous or vapour phase and thin polymeric films. This group includes solid phase
microextraction (SPME), headspace sorptive extraction (HSSE) and stir bar sorptive
extraction (SBSE).

2.2.5.1 Solid phase microextraction (SPME)

Solid phase micro extraction has been widely used for the analysis of aromatic and
fragrant materials [27]. This technique uses a fused silica fibre (1 or 2cm in length)
coated with a polymeric film to collect the volatiles from the sample. A range of polar,
non-polar and mixed fibres are available in the market. The fibre is contained within
a needle, which is placed into a SPME holder for sampling and desorbing purposes
(Figure 2.5). The sample is placed in a SPME vial and sealed with a septum cap. The
fibre is introduced (through the needle) into the headspace above the sample or can be
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Figure 2.5 Solid phase microextraction sampling.

immersed in liquid samples. After a fixed sampling time, in which volatiles are absorbed
on the fibre coating, the fibre is withdrawn and desorbed directly into a GC or GC-MS.
The SPME fibre is reconditioned by heating in a GC injection port for 5-15 min.

It takes time to determine the most suitable fibre type, as well as sampling time and
temperature, to analyse a particular matrix. Once the optimal conditions are determined,
as long as they are kept constant, the analyst should be able to obtain reproducible results.

Advantages

e Quick and easy to use.

o Solventless.

e Good technique for a quick sample comparison or identification of an off-odour in a
sample.

Disadvantages

e Aroma profile of collected volatiles is dependent upon the type, thickness and length
of the fibre used as well as on the sampling time and temperature.

o FEarly fibres discriminated against polar components, but mixed fibres have largely
overcome this problem.

e For comparison the best results are obtained if the exact same fibre is used on all the
samples.



Identification of Aroma Chemicals 25

2.2.5.2  Headspace sorptive extraction (HSSE) and stir bar
sorptive extraction (SBSE) (commercially available as
Twister™)
Headspace sorptive extraction (HSSE) and stir bar sorptive extraction (SBSE) are
two recently introduced techniques for sample preparation and analysis [28-30]. Both
methods make use of a glass-jacketed magnetic stirrer bar, coated with a film of adsorbent
polymer (polydimethylsiloxane, PDMS, as used for SPME technology). The stir bar has
been commercialised under the name Twister™ and is available in 1 or 2 cm lengths.
HSSE is done by pouring sample into a vial and suspending the Twister™ above
it. For SBSE, Twister™ is immersed in the liquid sample and allowed to spin during
volatile collection. After a fixed sampling time, the Twister™ is carefully removed from
the sample (if it was immersed in the sample, it needs to be washed with distilled
water and patted dry) and volatiles collected are either extracted by solvent or, more
commonly, recovered by desorbing into a GC. The Twister™ can be regenerated by
heating it at high temperatures (325°C) for up to an hour.

Advantages

Quick and easy to use.

Solventless.

Little sample required for analysis.

Good for alcoholic beverages, as the alcohols which mask the early part of the
chromatogram on a non-polar phase appear at much lower concentrations revealing
many trace components, if present.

Disadvantages

e Polar chemical discrimination due to the use of non-polar (PDMS) coating.
e Need to desorb soon after sampling due to potential loss of adsorbed volatiles.

2.3 Gas chromatography-olfactometry

The aromas of natural products are usually due to complex mixtures of hundreds of
individual compounds. The contribution of each of these compounds to the overall
aroma profile varies greatly. As mentioned before, compounds present in trace amounts
can be more important contributors than those present in higher concentrations. How
does one determine which compounds are the most important contributors to the aroma
of a particular sample? The best current answer is GC-O. In this technique, in addition
to a FID detector, a gas chromatograph is fitted with an odour port. After injection
of the sample and passing through the column, the sample is split into two, going to
the FID and column vent respectively. The column vent is often fitted with a funnel-
shaped glass piece for sniffing, and a humidifier system keeps the air moist around it.
A trained flavourist or perfumer sits by the GC and sniffs the carrier gas as it flows from
the chromatograph column. The odour of each compound as it elutes from the GC is
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recorded and an ‘aromagram’ is created. If the ‘aromagram’ is matched with the GC-FID
and GC-MS chromatogram of the sample, it is possible to identify the compounds that
are the most potent and/or have the most interesting odours. GC-O on a sample enables
work to be focused on parts of the chromatogram where compounds of greatest interest
are suspected. Subsequently it is possible to identify these key components by mass
spectrometry or isolation by preparative GC, followed by nuclear magnetic resonance
spectroscopy (NMR) elucidation for unknowns.

Different techniques for designing GC-O experiments, recording the data and
estimating the sensory contribution of individual aroma components have been
developed; for example, Aroma Extraction Dilution Analysis, CharmAnalysis and Osme.
Several papers and books that review these different techniques have been published
[31-33].

2.4 Techniques for identification of aroma compounds

As mentioned before, the instrumentation technique most widely used for character-
isation of flavour and fragrance compounds is gas chromatography-mass spectrometry
(GC-MS) [34-38]. While GC provides separation and quantitation of complex aroma
mixtures, mass spectrometry is used for identification of individual compounds.

The data obtained by GC alone can also be used towards the identification of aroma
compounds (by the compound’s relative retention times), although it needs to be
combined with an identification technique for an unambiguous identification. Relative
retention times (retention indices) based on a mixture of n-paraffins (Kovats indices)
[39, 40] are available for both polar and non-polar columns for a great number of
aroma compounds. The relative retention times can also be established with respect to a
standard mixture of ethyl esters [35].

The data obtained by GC is a valuable pointer to the possible identification of aroma
compounds. The retention index of a compound can greatly narrow down the number
of possible candidates. In addition to the FID, which is the most widely used for GC
analysis, specific detectors such as the flame photometric detector (FPD), atomic emission
detector (AED) and chemiluminiscence detector can be used to highlight the areas in a
chromatogram where compounds containing sulfur and nitrogen elute [35]. This is very
important data since sulfur and nitrogen compounds are among the most potent odour
compounds known and are usually present in very low concentrations in a sample.

To confirm the identity of an aroma compound, its mass spectrum and retention
index on polar (such as Carbowax®) as well as non-polar (such as OV-1) capillary GC
columns have to match those of a known reference compound. However, if there is a
need to distinguish between isomers, or if a sample contains an unknown compound
for which there is no reference data (neither mass spectrum nor retention indices),
other analytical techniques, namely infrared spectroscopy (IR) and NMR, have to be
employed. While the mass spectrum provides information about the molecular weight
and fragmentation pattern of the unknown molecule, IR spectrum can reveal functional
groups and isomerism information and NMR spectrum will tell us the number and
positions of the carbon and hydrogen atoms in the molecule [41-44].

Collecting enough of the unknown compound for these analyses can be time
consuming. An extract with a high concentration of the unknown is a good start, and
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preparative GC has to be employed to separate the compound from the rest of the extract.
For that purpose, large injections of the extract are made into a GC usually fitted with
a packed or megabore column. This manual technique requires sitting next to the GC
and waiting for the component of interest to elute before collecting into a glass capillary
tube, with cooling. Automated fraction collectors that can be programmed to collect
fractions coming from the GC at certain time intervals into glass tubing or polymer traps
are available in the market. Considering that usually 100—1000 injections are required to
obtain enough of the unknown, the use of an automated fraction collector is the better
option.

Another approach towards the identification of an unknown is the use of multidimen-
sional GC technique (MDGC) [35, 44]. In this technique, the GC contains two columns,
the first of which is usually a packed or wide-bore capillary column and second is a high-
resolution capillary column. The other option is that both columns are high-resolution
columns but with different polarities. In MDGC, selected fractions from the first column
are directed onto the second column. The second column can provide better resolution
of the compounds within that fraction. Also, if multiple injections and collections are
performed, trace components can be significantly enriched on a second column and the
possibility for their identification by MS increased.

Among aroma compounds it is often the case that different enantiomers of the same
compound have different odours. For example L-carvone is known to smell like caraway
and D-carvone, like spearmint [35]. Separation of these isomers by GC could be done
either by using chiral columns or by forming diastereoisomeric derivatives and using an
achiral phase [35, 45-48].

When considering the flavour of the food, some non-volatile materials such as
sugars may play an important role in the overall flavour perception. Also, some polar
aroma compounds such as vanillin, furaneol®, maltol tend to stay in the polar phase
during extractions with non-polar solvents which makes it difficult to determine their
true concentrations in the sample by GC analysis of the extract. For the identifi-
cation and quantitation of non-volatile and polar compounds, high performance liquid
chromatography (HPLC) and liquid chromatography-mass spectrometry (LC-MS) have
been employed [35, 49].

2.5 A case study: Generessence®

The concept of Generessence® is to re-create as exactly as possible the flavour as nature
intended. Only component compounds found in the target food are allowed in the
flavour formulation. This enforced criterion forces the flavourist to be truly creative
and not rely on traditional flavour ingredients. Once the qualitative part is correct, the
quantitative part follows and the result is a truly natural flavour character which is not
distorted by dosage, water and/or oil solubility and can be utilised in many applications.

2.5.1 Sample preparation

It is usually necessary to acquire large quantities of the natural product or food for
extraction. The more the sample extracted, the better the chance of finding novel flavour
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and fragrance chemicals. Sometimes it is possible to obtain unique extracts from the
processing plant, where tonnes of natural product have been processed. Below are three
examples of projects and the different techniques used in each case.

2.5.2 Valencia orange (Figure 2.6)

First press oil
This oil was obtained at an orange processing plant. It was produced from the peel of
large quantities of oranges.

Oil distillate fraction
This fraction was produced from the condensate obtained after heat treatment process
in the orange processing plant.

Water distillate fraction

This water sample was also obtained from the orange processing plant. It was produced
from the condensate obtained after heat treatment process. Three litres of this fraction
were extracted three times with dichloromethane (200 ml). The combined extracts were
dried over sodium sulfate, filtered, reduced by rotary evaporator and further concentrated
to 1 ml under a nitrogen gas stream.
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Figure 2.6 Mass spectral total ion current of Valencia orange oil.
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Liquid/liquid of juice

Approximately 20 kg of oranges were peeled and the juice was extracted using a kitchen
juicer to yield 10.51 of juice. Litre volumes of juice were transferred to a separator
and extracted twice with dicholoromethane (200 ml). Centrifugation was required to aid
separation. The combined extracts were dried over anhydrous sodium sulfate, filtered,
reduced by rotary evaporator and further concentrated to 1 ml under nitrogen.

Headspace
Headspace-sampling kits were set up in two of the most aromatic parts of the orange
processing plant and sampled for 1.5h. The pairs of traps were brought back to the
laboratory and desorbed onto a GC and GC-MS.

All the extracts were analysed by GC, GC-MS and by a GC fitted with a sulfur detector.

Highlights of the volatile components identified
Atotal of471 components were identified and quantified in the five analyses, including seven
components which were sulfur and/or nitrogen-containing. The main components were
limonene (94%), myrcene (2%), a-pinene (0.5%), linalol (0.5%), decanal (0.4), sabinene
(0.3%) and valencene (0.04%). Trace quantities of the following sulfur compounds were
found: methionol, 2-(methylthio) ethanol, mint sulfide and 1-(methylthio) propan-2-one.
The water distillate provided the most unusual and revealing extract. The main
components were linalol (15%), acetaldehyde diethyl acetal (7%), hexanal (7%),
a-terpineol (6%), ethyl 3-hydroxyhexanoate (4%), ethyl butyrate (4%).

2.5.3 Roast chicken (Figure 2.7)

Steam distillate of meat

One medium-sized chicken was oven-roasted until golden brown. The chicken skin was
removed, the meat was chopped up into small pieces and one litre of water was added
for steam distillation. Distillation time using a Likens—Nickerson apparatus was 3 h, into
80 ml of dichloromethane solvent, which was subsequently dried over anhydrous sodium
sulfate and concentrated by distillation.

Steam distillate of skin
Two medium-sized chickens were oven-roasted until golden brown. The chicken skins
were removed, chopped into small pieces and added to one litre of water for steam

distillation. The steam distillation conditions and times were the same as previously
described.

Headspace
Two medium-sized chickens were each divided into three pieces and oven-roasted until
golden brown. The pieces, including skin, were roasted such that one was ready for
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Figure 2.7 Mass spectral total ion current of roast chicken steam distillate.

headspace sampling every 45 min. Each chicken piece was placed inside a headspace-
sampling jar fitted with a condenser and Tenax sampling traps. Total sampling time was
4h 40 min.

All the extracts were analysed by GC, GC-MS and by a GC fitted with a sulfur detector.

Highlights of the volatile components identified

A total of 460 components were identified and quantified in the three analyses, including
97 components which were sulfur- and/or nitrogen-containing. The main compon-
ents found in the meat analysis were valeraldehyde (2%), hexanal (12%), octadecanal
(3%), hexadecanal (50%). Trace amounts of the following sulfur chemicals were found
methanedithiol, 3-mercaptobutan-2-one, 2-methylfuran-3-thiol, 3-mercaptopentan-2-
one, thialdine. The skin was found to contain largely unsaturated aldehydes such as
2,4-decadienal (21%).

2.5.4 Narcissus

Concrete

The picked flowers (500 g) were placed in a large beaker and soaked in hexane (11) for
30 min. This was repeated two times. The combined extracts were dried over anhydrous
sodium sulfate, filtered and stripped of hexane at 35°C on a rotary evaporator under
reduced pressure. Further concentration was under nitrogen.
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Headspace

The flowers were sampled in the field using pairs of Tenax™ traps for 1.5h and 3h
respectively. The traps were brought back to the laboratory and desorbed into a GC-MS
and GC.

Highlights of the volatile components identified

A total of 239 components were identified and quantified in two analyses, including
four components which were sulfur- or nitrogen-containing. The main components were
benzyl benzoate (3%), cis-3-hexenyl hexanoate (3%), isoamyl docosanoate (4%) and
tetracosanal (3%). Other components of interest were dillapiole, coumarin, elemicin,
methyl jasmonate and methyl vanillate.

2.5.5 Post-analysis work

The liquid analyses results are usually complimented by the headspace results in
producing a full flavour or fragrance profile for each sample. If the headspace results are
vapour pressure adjusted they can be translated more meaningfully into formulations.

Each project was assigned a flavourist or perfumer from the start. They confirmed that
the extract smelled the same as the original sample and performed GC-O work on the
liquid extract. The GC-O work helped to focus on parts of the chromatograms where
important components existed and where potentially novel aroma components could be
identified.

Synthesised new molecules can be confirmed in the extracts by mass spectra and
standard retention data. These new molecules can be registered with the flavour and
fragrance legal bodies and cleared for use in new aromas. Thus a truly unique flavour or
fragrance can be created.
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Chapter 3
Flavor Generation in Food

Liam O’Hare and John Grigor

3.1 Introduction

This chapter will concentrate on two key topics within the subject that are characteristic
and illustrative, essentially as case studies. These two topics are:

(1) The development of flavour in cooked meat. This topic has been chosen as it is well
studied and illustrates most of the key aspects of flavour development in cooked
foods. In particular, the fundamental reactions occurring in cooked and stored foods
are all represented.

(2) The development of flavour in cheese. This topic has been chosen as it is one of
the best-studied examples of ripened fermented foods. Again, all of the important
fermentation processes are represented.

3.2 Taste and aroma

This chapter concentrates on the production of aroma compounds during cooking or
fermentation, but it should be remembered that both meat and fermented products are
rich in compounds which contribute to taste, and in that slightly mystical group of
compounds the ‘flavour enhancers’. Cooked meat and cheeses both contain significant
levels of salt which undoubtedly contributes to the flavour. Sugars may not be significant
in either case, but acids, including free fatty acids, may contribute a note of sourness. Both
meats and cheeses also contain high levels of free amino acids and peptides which may
contribute salty, sweet, brothy or bitter tastes. These tastes may be especially important in
boiled meats. The flavour enhancers (for example glutamate, inosine-5-monophosphate
and guanosine-5-monophosphate) are also significant contributors to flavour [1, 2]. For
a discussion of this, see Chapter 9.

3.3 Cooked meat

While raw meat is relatively bland, with few volatile flavour compounds, over 1000 aroma
compounds have been reported in cooked meat [1, 3]. The flavour of cooked meat is
derived predominantly from the Maillard reaction and the degradation and oxidation of
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lipids. These processes encompass a complex and only partly charted array of reactions.
The exact path through these reactions depends firstly on the particular reactants which
are present, as determined by

the species, sex and age of the animal;

its diet;

its condition at, and just prior to, slaughter;

aging and storage of the meat;

preparation of the meat and the addition of other ingredients and, possibly most
significantly;

o the conditions of cooking such as boiling, roasting or frying.

The complexity of the reactions is increased as many of the products can subsequently
take part as reactants — in particular, aldehydes produced during lipid degradation are
significant participants in the Maillard reaction [1].

3.3.1 Flavour precursors

The huge variety of volatile compounds found in cooked meats are formed in a complex
web of interdependent reactions. Many of the reactive compounds which instigate this
web are derived from four well-known and well-studied processes. These are:

Lipid oxidation and degradation;
The Maillard reaction;

Strecker degradation of amino acids;
Caramelisation of sugars (ribose).

The reactive compounds formed in these initial reactions then further react to form the
important classes of flavour compounds.

3.3.1.1 Lipid oxidation and degradation

Several hundred of the volatile compounds which have been reported in cooked meat
are thought to be derived from lipid degradation [3]. These include aliphatic (and some
aromatic) hydrocarbons, aldehydes, ketones, alcohols, fatty and other carboxylic acids,
esters, lactones and alkylfurans.

3.3.1.1.1 Hydrolysis

Lipid degradation can involve hydrolysis to release free fatty acids. While short-chain
fatty acids have distinctive odours (Chapter 2), the long-chain fatty acids which are more
common in meat fat are not significant aroma chemicals. Hydrolysis is favoured by high
water activity and acid/base catalysis.
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3.3.1.1.2  Oxidation

Lipid oxidation is a more significant contributor to cooked meat aroma. The mechanisms
of lipid oxidation have been frequently reviewed (see for example Mistry and Min [4]
and Baron and Anderson [5]). The lipids which contribute flavour precursors include
triglycerides found in subcutaneous fat, but possibly more important are the membrane
phospholipids, which contain a much higher proportion of unsaturated fatty acids than
the triglycerides. This makes them more susceptible to oxidation during cooking [4];
thus lipid-derived volatiles are quantitatively important even in cooked lean meat [6].
Some lipid oxidation products have strong and characteristic aromas, and even very
low levels of compounds such as trans,cis-2-4-decadienal, cis-hex-3-enal and penta-2,4-
dienal contribute the prominent and unpleasant rancid aroma of oxidised fats. However
the formation of these compounds is favoured by low temperatures; at high temper-
atures thermolytic and oxidative degradation of lipids produces a different balance of
compounds, which is normally considered more beneficial, especially in the context of
cooked meat [1, 4].

3.3.1.1.3 Fatty aldehydes as flavour compounds

Fatty aldehydes themselves, and most of the alkyl derivatives of heterocyclic compounds
discussed below, may not be significant contributors to the flavour of cooked meats.
Aldehydes with 6-10 carbons are perceived as having green, fatty or tallow aromas
(Chapter 4). Unsaturated aldehydes may have more interesting aromas, for example
2,4-decadienal has an aroma of fat-fried food. Alkyl derivatives of heterocyclics also have
fried or fatty flavours.

3.3.1.1.4 Fatty aldehydes (pentanal and hexanal) as flavour
precursors

The products of reactions between the aldehydes produced during lipid oxidation and
compounds produced in other reactions such as the Maillard reaction may be of note [3].
Fatty aldehydes may, for example, contribute the alkyl groups to alkylthiazoles and
alkylpyridines [6]. Butyl and pentyl pyrazines could result from the reaction of lipid-
derived pentanal or hexanal with a dihydropyrazine, formed by the condensation of two
aminoketone molecules [7]. Pentanal may also be involved in the formation of 5-butyl-
3-methyl-1,2,4-trithiolane [3]. The reaction of pentanal or hexanal with hydrogen sulfide
and acetaldehyde has been suggested as the route to butyl and pentyl trithiolanes [7, 8].

3.3.1.1.5 Other lipid-derived flavour precursors
One significant alkylpyridine is 2-pentyl pyridine which has been found in meat from
each of the main species. It may be formed by a ring-closing reaction of deca-2,4-
dienal with ammonia [3]. The heterocyclic compound 2-methyl-3-(methylthio)furan is
an important aroma character-impact compound in meat and has a very low odour
threshold value [9]. It has been identified in model systems containing phospholipid but
could not be detected in systems without phospholipid. It has been suggested that the
choline moiety of phosphatidyl choline is important in formation of this product [10].
Plasmalogens, which contain long-chain alkenyl ether substituents, are another potential
source of fatty aldehydes; long-chain alkylthiazoles with alkyl moieties up to C15 have been
found in cooked meats and it has been suggested that the plasmalogens are the most likely
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source of these alkyl groups. Heart muscle contains high concentrations of plasmalogens
and this may be linked to high levels of alkylthiazoles found in cooked beef heart [3].

3.3.1.1.6  Fatty aldehydes as ‘flavour moderators’

Although few immediate products of lipid degradation, such as fatty aldehydes or the
compounds which are directly derived from them, appear to be major contributors to
meat flavour, Mottram and Edwards [11] found that when meat was cooked following
removal of all lipids by chloroform/methanol extraction, a biscuit-like aroma and no
meaty aroma was obtained. Removal of trigylcerides only (using hexane extraction) had
little effect on the aroma produced. The pattern of aroma volatiles from the control
meat and the meat extracted with hexane was dominated as expected by fatty aldehydes
and alcohols, but the pattern obtained for the meat extracted with chloroform/methanol
was very different. There were no lipid oxidation products and a large increase in the
amounts of alkyl pyrazines. This has been taken to imply that fatty aldehydes derived from
degradation of phospholipids limit formation of heterocyclic aroma compounds from
the Maillard reaction [3]. Subsequent work with model systems has largely supported
this theory. The aromas of Maillard reaction mixtures which gave rise to high concen-
trations of meaty aroma compounds, such as 2-methyl-3-furanthiol, were sulphurous
and rubbery, with only an underlying meaty aroma, rather than clearly meaty. Inclusion
of beef triglycerides did not significantly affect the pattern of volatiles produced or the
aroma. Inclusion of beef phospholipids led to lower concentrations of the meaty aroma
compounds but produced an intense meaty aroma and less-pronounced sulphurous
notes. This was because at high concentrations furanthiol derivatives have strong,
sulphurous odours, and meaty aromas are only observed at low concentrations. It was
suggested that meat phospholipids are important in the development of typical cooked
meat flavour, not principally because the products derived from them have typical
aromas, but because they limit the formation of high-impact heterocyclic compounds in
the Maillard reaction [3].

3.3.1.2  Strecker degradation

The Strecker degradation of amino acids often occurs in conjunction with the Maillard
reaction, and is particularly important in the context of cooked meat. In the classic
Strecker degradation an amino acid is decarboxylated and deaminated in the presence of
a dicarbonyl compound forming a ‘Strecker’ aldehyde and an aminoketone (Figure 3.1).
The aldehyde may often be an important reactive carbonyl which can take part in
the Maillard reaction, while the aminoketone may take part in cyclisation reactions
to produce heterocyclics such as pyrazines (Chapter 5). Dicarbonyl compounds which
participate in the Streker degradation reactions may be derived from lipid oxidation or
from the Maillard reaction [12].

Of particular note is the degradation of cysteine. The Strecker aldehyde produced from
cysteine is 2-thioethanal (mercaptoacetaldehyde). Further degradation releases carbon
dioxide and hydrogen sulfide which reacts with compounds such as aldehydes, furfurals
and furanones to produce a wide range of sulfur compounds, many of which have been
described as ‘meaty’ [13]. Although they are found at low concentrations many of them
have very low odour thresholds, suggesting that they make a significant contribution to
the aroma.
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Figure 3.1 The Strecker degradation (illustrated by the reaction of diacetyl with cysteine).

Like caramelisation, the Strecker degradation is favoured by the conditions found on
the surface of meat during grilling, rather than the lower temperature, moister conditions
found in the middle of large pieces and boiled meats.

3.3.1.3 The Maillard reaction

The Maillard reaction, beginning with reactions between carbonyls and amino groups, is
the best-known and the most-studied aspect of flavour chemistry. While it is important
in the formation of most cooked flavours, it is perhaps most significant in the context
of flavour generation in cooked meat. The reaction is named after Louis Maillard,
who reported on the formation of melanoidins following the reaction of glycine with
glucose [14], but it is most famously represented by the classic scheme (Figure 3.2)



40 Chemistry and Technology of Flavors and Fragrances

HQ HQ HO
HO HO HO
OH + RNH; =—— OH OH + H,0
HO amine HO HO
OH OH OH
Y R—N R—N==
o i oH
Hexcaldose
HO HO
OH
HO HO HO OH
OH CH
HO HO O
o )—oH OH
RN R—N HIN
H b R
Aminodeoxyketose
{Amaderi intermediate)
HO HQ — ™ Furans and
NH furanones
HO ~ HO oH ——2— Pytroles
OH o
H
HO RNH; 0 S Thiophenes and
OH thiazoles
R—N
|1| Dehydroreductone
Retroaldot condensation
Strecker degradation
of amino acids
Hydroxyacetone
acetoin
glyoxal

Pyrazines and pyridines

Figure 3.2 The Maillard reaction (adapted from Hodge, 1953).



Flavor Generation in Food 41

proposed by Hodge [15]. This scheme is still useful and much used, though it is neces-
sarily incomplete and a great deal simplified. It has been reproduced in many reviews
and textbooks and has been adapted and expanded [12, 16]. The contribution of the
Maillard reaction to flavour has been well reviewed (see for example the recent review by
Yaylayan [17]). The initial stages of the reaction involve the condensation of a carbonyl
group (classically found on a reducing sugar such as glucose) with an amino compound
(classically an e-amino group of a protein-bound lysine residue, or the a-amino group
of a free amino acid such as glycine) to give a Schiff’s base and then a glycosylamine.
Subsequent stages include rearrangements (the Amadori rearrangement if the starting
sugar was an aldose, or the Heyns rearrangement if the starting sugar was a ketose)
which give rise to thermally unstable intermediates which then undergo dehydrations and
deaminations to give various products such as hydroxyketones, dicarbonyl compounds
and derivatives of furfural and furanone. Thus, even relatively simple starting materials
can rapidly give rise to a wide range of reactive compounds. In more complex systems
the carbonyl and the amine groups may be found on a much wider range of reactants;
for example, the aldehydes produced during lipid degradation. The Strecker degradation,
and the Maillard reaction itself, are also prime sources of reactive carbonyls. A whole
series of analogous reactions can occur with thiols (for example, derived from cysteine or
methionine) replacing amino groups as the nucleophile. Water activity, pH and temper-
ature are key parameters in determining the progress of the Maillard reaction. Many of
the steps are dehydrations or condensations and are favoured by low water activity but
other steps are promoted by acid or base catalysis and go only very slowly at extremely
low water activity. Water also acts as a solvent, promoting the reaction by allowing
mobility of the reactants [16, 17].

3.3.1.4 Caramelisation

The formation of anhydrides when sugars are heated to temperatures above 150°C has
been well studied. This process is favoured by low water activity. The anhydrides further
dehydrate (Figure 3.3) to form furfural (from pentoses) or 5-hydroxymethylfurfural
(from hexoses). Continued reaction at high temperature gives rise to furans, aldehydes
and ketones (including dicarbonyls which may take part in the Strecker degradation) and
aliphatic and aromatic hydrocarbons [3, 16]. Under certain conditions complex alcohols
and lactones may be formed — the best-studied example is in the caramelisation of maple
syrup, but similar reactions may occur in cooked meats. Sugars (e.g. honey) are often
added to meats before cooking, but one source of sugars found in all meats is ribose.
van den Ouweland and Peer [18] suggested that dephosphorylation and dehydration
of ribose phosphate (derived from ribonucleotides particularly inosine monophosphate)
forms 4-hydroxy-5-methyl-3(2H)-furanone which then readily reacts with hydrogen
sulfide (possibly formed by the Strecker degradation), and that this may be the principal
precursor of the furan and thiophenethiols found in roasted and other cooked meats. The
high temperatures and low water activity which favour classic caramelisation reactions
mean that they are more likely on the surface of grilled, fried and roasted meats. Boiled
meats and the centre of large pieces of meat cooked in other ways are not likely to get
hot enough or dry enough to promote significant caramelisation.
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3.3.2 Influence of method of cooking

3.3.2.1 Roasting, frying and grilling

Roast flavours are usually attributed to heterocyclic compounds such as pyrazines,
thiazoles and oxazoles [3].

3.3.2.1.1 Pyrazines

Many different alkyl pyrazines have been found in meat volatiles [1, 3]. They may
be formed from the condensation of two a-aminoketone molecules produced in the
Strecker degradation of amino acids [3]. Very high temperatures and low water activity
are attained on the surface of meat during grilling. This can be expected to promote
Strecker degradation and caramelisation reactions. In well-done grilled meat, pyrazines
were reported to be the major class of volatiles [6].

3.3.2.1.2  Thiazoles

Alkyl-substituted thiazoles tend to have lower odour thresholds than pyrazines. Vernin
and Parkanyi [19] proposed a mechanism for the formation of thiazoles which also
involves products formed by the Strecker degradation of cysteine.

3.3.2.1.3 Thiophenes and furans

Thiophenes and furans with a thiol group in the 3-position, which possess strong meat-
like aromas and exceptionally low odour threshold values, have been found in cooked
meat. A well-known example is 2-methylfuran-3-thiol which has a meaty aroma at low
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concentration, while the methylthioether derivative of this compound has a ‘roasted’
aroma [20]. Oxidation of these thiols results in mixtures of symmetrical and unsymmet-
rical disulfides which also contribute to aroma; the disulfide of one thiol in this group (bis
(2-methyl-3-furanyl) disulfide) has an intense beefy aroma, and has been found to have
one of the lowest-known odour threshold values — 0.00002 ppb [21]. At low concentra-
tions these compounds, and their derivatives, have pleasant meaty and roasted aromas,
but at higher concentrations these compounds may have less-desirable sulphurous or
burnt odours.

3.3.2.2 Boiling

Boiling does not allow very high temperatures or low water activities to be attained. This
can be expected to rule out significant caramelisation and limit the Strecker degradation.
This restricts the range of potential reactants which can participate in the Maillard
reaction, which can occur, though it, too, is not favoured by high water activity. Lipid
degradation, in particular hydrolysis, also proceeds under these conditions. Volatile sulfur
compounds appear to be very important in boiled meat flavours. Both aliphatic thiols and
heterocyclic compounds with up to three sulfur atoms are found more commonly and
at higher levels in boiled than in roasted meat [3]. The flavour of boiled meat is thought
to be characterised by three compounds: 2-methyl-3-furanthiol, bis(2-methyl-3-furyl)
disulfide and 2-furfurylthiol [22].

3.3.2.3 Reheating

An undesirable ‘warmed-over’ flavour develops when cooked meat is stored and then
reheated; this has been associated with oxidation of highly unsaturated fatty acids, such
as arachidonic acid (20:4), which are derived from structural phospholipids [23]. When
the meat is cooked initially the membranes are disrupted and dehydrated. This makes
the phospholipids more susceptible to oxidation which proceeds rapidly while cooked
meat is stored. Oxidation may be further enhanced due to catalysis by traces of iron
which have been released from haem during cooking.

3.3.2.4 Species differences

The distinctive characters of cooked meats from different species are to a large extent
determined by the precursors derived from the lipid fraction. Branched-chain aldehydes
with between 11 and 17 carbon atoms have been reported at detectable levels in the
volatiles of cooked beef, but much lower levels were found in veal, lamb and deer and only
trace amounts were found in non-ruminant meats such as pork, chicken and turkey [24].
Some of these compounds are reported to have a tallowy, beef-like aroma which may
play a role in determining characteristic beef flavour. The oxidation products of triply
unsaturated fatty acids have been reported to be mainly responsible for the characteristic
flavour of grass-fed lamb [25]. Microbes in the rumen produce significant quantities
of branched-chain fatty acids (including 4-methyloctanoic acid and 4-methylnonanoic
acid) which find their way into sheep meat and have been linked with the characteristic
flavour of lamb [20], though these and their degradation products have also been linked
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with undesirable aspects of mutton flavour [26]. Phenols and thiophenols may also
contribute to lamb and mutton flavour [27]. Pork has a relatively high proportion of
unsaturated fatty acids in the subcutaneous fat, and degradation of these may give rise to
high levels of unsaturated aldehydes which may contribute to the specific cooked pork
aroma [3]. Chicken also has a relatively high proportion of linoleic acid in the fat, and
its degradation products, such as trans,trans-2-4-decadienal and trans-undecenal, may
contribute more to cooked chicken flavour than the heterocyclic compounds associated
with beef flavour [1].

3.3.2.5 Fermented foods

The strict definition of fermentation refers to the metabolic pathways which allow
organisms to obtain energy from simple substrates such as sugars, citrate or glycerol,
without net oxidation of the fuel (no net production of NADH). These pathways lead to
acids such as lactate, formate, acetate, propionate and butyrate, alcohols such as ethanol,
1,3-propandiol and butanol, carbonyls such as acetaldehyde and butandione (diacetyl)
and gases such as carbon dioxide and hydrogen. Since fermentation by non-pathogens
mops up the substrates on which pathogens might grow, and usually causes a decrease
in the pH, it acts to preserve perishable foodstuffs, and consequently, fermentations are
widespread and well established. They also convert starting materials which are often
bland or even inedible into interesting, highly flavoured and relatively stable foodstuffs.
The potential to produce alcohol by fermentation may also be valued. Campbell-Platt [28]
has described the wide range of fermented foods which are produced throughout the
world. Important examples include production of cheese, yoghurt, soy sauce, wine,
beer and sauerkraut. Other foods, such as risen bread, tea and chocolate also involve a
fermentation step in their production. The flavours produced by fermentation are just
as complex as those produced by cooking and, due to involvement of micro-organisms,
they may be subject to additional subtle variation. This makes them still more difficult
to define and elucidate. The main pathways of fermentation by the principal organisms
are fairly well worked out but in the most interesting cases these pathways are merely
the ‘A roads’ which produce a fairly simple blend of flavour precursors which are then
converted by a more complex and less well-understood pattern of B roads and uncharted
tracks to give the particular balance of compounds that gives rise to the typical flavour
of a traditional fermented food.

3.4 Cheese

Flavour development in cheese has been well studied and reviewed (see, for example,
McSweeney & Sousa [29]). The fresh milk of most mammals has a bland, slightly sweet
flavour. The only additional ingredients which are added during the making of a typical
cheese are salt, an enzyme coagulant and a culture of the starter organisms; but these
transform the bland milk flavour into some of the most stimulating, distinctive and
desirable of food flavours. The processes by which these flavours are formed are typical
of the many examples of the generation of flavour compounds by fermentation. Many
potent flavour volatiles have been found in cheese. Most of these may be considered to
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be derived either from lactose and citrate fermentation, protein degradation and amino
acid catabolism or from lipid degradation. While heterocylic aroma compounds, such as
2,6-dimethyl pyrazine, attributed to heat treatments (see, for example, Bellesia et al. [30]),
and compounds such as a-pinene and D-carvone, derived from pasture (see for example
Papademas and Robinson [31]), have been found in cheese and may contribute to the
flavour, the discussion below will concentrate on aroma compounds formed by enzymic
and microbial action.
All cheeses are made by the same basic mechanism:

o A culture of a starter organism is added to milk and this ferments the milk sugar
(lactose) primarily producing lactic acid. The most noticeable effect of this is to reduce
the pH, so that the main group of milk proteins (the caseins) coagulate forming a
loose curd, or if a coagulant protease is also included, forming a firm gel. A high
proportion of any milk fat present is usually trapped in the curd.

The curd is then separated from the fraction which remains soluble (the whey).

The separated curd is usually salted and may be pressed to remove additional whey.
Normally the cheese then requires an extended period of storage to mature (ripen).
Sometimes additional organisms or enzymes are included to promote ripening.

3.4.1 Lactose and citrate fermentation

Flavour generation begins immediately on addition of the starter organisms. A variety of
organisms are used but they all share the ability to ferment lactose primarily to lactic acid.
The clean simple taste of the lactic acid is the main flavour of many fresh cheeses, but
other transformations of lactose are possible. Some starter organisms (heterofermentative
starters) can use other substrates (for example citrate) for fermentation, and produce a
wider range of products, including acetaldehyde, ethanol, butan-1,2-diol and butandione
(Figure 3.4), giving a rounder, more buttery flavour. One of the most noticeable effects
of the use of heterofermentative starters is the production of carbon dioxide which gives
an open texture. A particular example is the use of Propionbacterium freudenreichii subsp.
shermanii which ferments lactose, producing, amongst other products, propionic acid
and carbon dioxide. The propionic acid contributes to the typical taste of Swiss cheese;
carbon dioxide creates the holes [32]. Even when only homofermentative starters are
used, other fermentation products are possible, especially in matured cheeses.

(1) Other ‘adventitious’ or non-starter organisms may ferment lactose and other
substrates to produce a wide variety of products. Of particular importance is the
‘coliform’ or ‘mixed acid’ fermentation which produces formic acid, carbon dioxide
and hydrogen, the ‘butyric’ fermentation which produces butan-1-ol, butyric acid,
acetone, propan-2-ol and carbon dioxide and the alcohol (yeast) fermentation which
produces ethanol and carbon dioxide. A consortium of organisms is often established;
for example, while some organisms can ferment lactose, others can only metabolise
the glucose moiety, leaving the galactose as a substrate for less-fastidious organisms.

(2) When the supply of lactose is depleted, and as the pH, water activity and reducing
potential move away from the optimum for growth, surviving homofermentative
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organisms may become less fastidious and widen their range of fermentative activity.
The rate at which lactose is depleted from young cheese varies considerably between
different cheeses; from 24 h in Swiss-type cheeses to up to 20 days in Cheddar [33].
Lactic acid can itself be a substrate for fermentation, particularly by yeasts which are
common adventitious organisms, and may in some cases be deliberately added [34].
Many bacteria are also able to degrade lactic acid if an electron acceptor such
as oxygen is available, or under anoxic conditions in the presence of alternative
electron acceptors such as citrate, for example, producing succinic acid, acetate,
formate and carbon dioxide [35]. Others may degrade lactic acid using glycerol as
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the electron acceptor, producing acetate, 1,3-propanediol and carbon dioxide [36].
Some organisms can ferment lactic acid without requiring an external electron
acceptor, forming acetic acid, ethanol, carbon dioxide and hydrogen or acetic acid,
1,2-propanediol and traces of ethanol [37].

(4) Citrate may act a fermentation substrate. An important example is the formation of
diacetyl by some strains of lactic acid bacteria (also known as butandione) which is
associated with a significant pleasant buttery aroma in dairy products [38].

3.4.2 Protein degradation

Some of the raw materials for flavour generation are low molecular weight compounds
such as citrate and lactose, but many of the most important aroma compounds are
derived from high molecular weight proteins and lipids.

3.4.2.1 Proteolysis

As cheese matures the protein is degraded by proteases to give firstly peptides and then
free amino acids. The enzymes responsible for proteolysis may include

(1) any protease initially used to promote gel formation;

(2) extracellular proteases produced by adventitious and some starter organisms;

(3) intracellular proteases released from lysed cells [39];

(4) indigenous milk proteases;

(5) proteases from organisms, such as psychrotrophs, which often grow in raw milk,
which may not be completely inactivated by pasteurisation, even though the organism
itself is killed.

The traditional coagulant enzyme used in production of most cheeses is rennin, derived
from calf stomach. Cheaper plant and microbial proteases have been used but these
are thought to lead to production of an undesirable flavour, possibly due to excessive
production of bitter hydrophobic peptides [40]. Rennin has now been widely replaced by
a recombinant enzyme which has activity and specificity identical to the natural enzyme
and produces cheese indistinguishable from the traditional product. The use of a crude
rennet paste (which may contain other enzymes including lipolytic enzymes) is common
in southern Europe [41].

3.4.2.2 Metabolism of free amino acids

Proteolysis proceeds slowly, especially in cheeses with a low moisture or high salt content,
and this was considered to control the rate of maturation. The concentration of free
amino acids is found to be closely linked to the maturity of cheeses such as Cheddar,
but it is unlikely that these contribute more than a characteristic background to cheese
flavour; rather it is likely that they serve as precursors for aroma compounds. The limiting
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step in flavour formation is now thought to be the conversion of the liberated amino
acids to flavour compounds [42]. Many organisms, both starter and adventitious, can
use free amino acids as substrates, forming important aroma compounds and precursors,
such as amines and Strecker aldehydes.

3.4.2.2.1 Cysteine and methionine

Any route to formation of sulfur-containing aroma compounds is likely to involve
cysteine or methionine as precursors. It has been suggested that the major aroma
compounds produced from methionine are methional and methanethiol [42]. The
oxidation products of methanethiol, dimethyldisulfide (DMDS) and dimethyltrisulfide
(DMTS) may also be significant. Methionine <y-lyase, cystathionine lyases and other
elimination enzymes expressed by some starter and non-starter organisms may cleave
the side chain from methionine to produce methanethiol directly. An alternative route to
methanethiol follows transamination of methionine with a-ketoglutarate as the acceptor,
forming glutamate and a-ketomethylthiobutyrate which can be degraded to methanethiol
or methional [42, 43]. It has been reported that methionine is converted by starter
organisms to furanones, pyrrolodines and pyrazines. The action of cystathione y-lyase on
cysteine produces pyruvate with release of NH; and H,S which are well-known potent
aroma compounds in their own right, as well as being highly reactive precursors which
may lead to formation of others [42].

3.4.2.2.2 Threonine

Threonine aldolase has been found in a number of organisms commonly found in cheese,
and can lead to degradation of threonine to acetaldehyde [44].

3.4.2.2.3 Arginine

It has been suggested that fermentation of arginine may promote the development of
a secondary microflora in cheeses. It may be converted to citrulline (releasing NHj).
Citrulline may then be converted to ornithine with the production of carbamyl phosphate,
which is fermented giving ammonia and carbon dioxide as end products [33]. This
may act as an energy source in many organisms, allowing a variety of other reactions,
including some of those detailed below, as well as releasing ammonia which is reactive
and a powerful odourant in its own right.

3.4.2.2.4 Valine, leucine and isoleucine

Transamination of leucine forms a-ketoisocaproic acid which may then be decarboxy-
lated to form 3-methylbutanal (Figure 3.5). This compound has an unpleasant acrid
or pungent aroma at high concentrations, but a more pleasant fruity aroma at low
concentrations. It has been associated with unclean and harsh flavours when found
at elevated concentrations in Cheddar [45]. In the same way isoleucine is degraded
to 2-methylbutanal and valine forms 2-methylpropanal [42]. 3-Methyl butanal may be
oxidised (catalysed by aldehyde dehyrogenases) to isovaleric acid which has been found
in Camembert, Cheddar and Swiss cheese. This has a rancid, cheesy, sweaty and putrid
odour that probably contributes to ripe cheese aroma, though it may have a detri-
mental effect at high concentrations [46]. Analogous pathways lead to formation of
2-methylbutyric acid and isobutyric acid from isoleucine and valine.
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3.4.2.2.5 Phenylalanine and tyrosine

The action of transaminase on phenylalanine produces phenylpyruvate which may
then be decarboxylated to form phenylacetaldehyde and then further converted to
2-phenylethanol and phenethyl acetate, which all have floral aromas and contribute
positively to the aroma of cheeses such as Camembert [47] but are associated with
unclean and ‘utensil’ off-flavours in Cheddar [45]. Phenylpyruvate may also be chemi-
cally converted to benzaldehyde [48] which has a well-known aroma. Transamination of
tyrosine forms 4-hydroxyphenylpyruvate which then in the same way leads to formation
of 4-hydroxyphenylacetaldehyde, 4-hydroxyphenylethanol and hydroxyphenethyl acetate.
Tyrosine lyase, expressed by some adventitious organisms, produces phenol directly by
elimination of the side chain from tyrosine. Phenol has been linked with typical Cheddar
flavour.
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3.4.2.2.6 Tryptophan

Transamination of tryptophan produces indole-3-pyruvate which may then be decarboxy-
lated to indoleacetaldehyde or oxidatively decarboxylated to indoleacetic acid (Figure 3.6).
A further decarboxylation produces skatole, while indole may be produced directly by
the action of tryptophan-indole lyase on tryptophan [42]. Indole and skatole have also
been were associated with unclean and ‘utensil’ taint in Cheddar [45].

3.4.3 Lipid degradation

Experiments with cheeses made from skim milk, or milk in which milk fat has been
replaced by other lipids, have demonstrated that milk fat is essential for the devel-
opment of correct flavour in ripened cheeses [49]. For example, the correct balance
of odd-chain ketones, including heptan-2-one and nonan-2-one, has been considered
the key contributor to blue cheese flavour. Although the catabolic reactions which lead
to formation of flavour compounds from lipids have been less well studied than the
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formation of protein-derived aroma compounds, and are less well understood [29, 50]
some of the main pathways have been elucidated. These are mainly microbial pathways
accomplished by living organisms. A few steps may involve extracellular enzymes and
fewer are non-enzymic.

3.4.3.1 Okxidative degradation

Whereas oxidative degradation of lipids is key to the development of flavour in cooked
meats, it has been suggested that it is not important in the development of cheese
flavour [50]. This may be because the predominant lipids in milk fat are relatively resistant
to oxidation, because of the protection afforded by the milk fat globule membrane and
high levels of vitamin E, or because of the reducing potential which is found in ripening
cheese.

3.4.3.2  Hydrolytic degradation

On the other hand, hydrolytic degradation of lipids is thought to be the key to flavour
development in cheeses. The sources of lipases in maturing cheese are similar to the
sources of proteases outlined above. The main difference is that lipases are not normally
added as part of the coagulation process, although animal lipases may be added to milk
in production of cheeses such as Parmesan, and rennet paste (which is widely used in
southern Europe) contains lipolytic enzymes such as pregastric esterase (PGE) [41, 51].
These various lipolytic enzymes produce free fatty acids as the cheese ripens. The extent of
lipolysis varies considerably between different types of cheese, being the highest in mould
ripened cheeses. Free fatty acids released by lipolysis are flavour compounds in their
own right and act as precursors for reactions leading to the production of other flavour
compounds including esters, thioesters, lactones, methyl ketones and alcohols [50] .

3.4.3.2.1 Acids

Milk fat contains relatively high levels of short-chain fatty acids [52] which are potent
aroma chemicals, and as they are found in milk triglycerides mainly at the sn-3 position,
they are preferentially released by lipases [50]. In most circumstances these short-chain
fatty acids would produce off-flavours or taints, but in the context of a ripened cheese they
contribute desirable notes to the overall aroma [41, 53]. It is thought that the very high
levels of short-chain fatty acids found in mould ripened cheeses do not contribute an off-
flavour as they are largely found in the unprotonated form due to the relatively high pH
of these cheeses [50]. Butanoic acid is also produced by the butyric fermentations known
to occur in cheese, and some acids may also be derived from oxidation of aldehydes and
alcohols [46]. Branched-chain fatty acids, derived from the milk fat, appear to contribute
directly to characteristic flavours of sheep’s and goats’ milk cheeses [54].

3.4.3.2.2 Esters

Esterifications, catalysed by esterases and lipases, occur between alcohols produced
predominantly by fermentations and acids predominantly released by lipolysis. Ethyl
esters of many short-chain fatty acids are found in most cheeses, and have been associated
predominantly with fruity, but also sweet and floral aromas in cheese [55]. In some
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cheeses high levels of these esters is considered a defect associated with excessive growth
of yeasts during fermentation, although they may also contribute desirable character-
istics [34]. Other alcohols may also be involved in esterification reactions, including for
example methanol, propanol and butanol, the complex alcohols derived from amino acid
degradation or secondary alcohols derived from [-oxidation of fatty acids.

3.4.3.2.3 Thioesters

Lipases can also catalyse thioester formation between free fatty acids and compounds
with free sulthydral groups [56] such as those formed by degradation of sulfur-containing
amino acids, especially methanethiol. The thioesters produced may have intense flavours
and may contribute to aroma of various cheeses.

3.4.3.2.4 Methyl ketones and secondary alcohols

Methyl ketones are formed from free fatty acids by the B-oxidation pathway; they are
first oxidised to a-ketoacids. These are then decarboxylated to form the ketones with
one carbon less than the parent acid; hence odd-chain ketones predominate [29]. A
final, reversible, reduction to the secondary alcohol may also occur. Methyl ketones
may also be formed directly by decarboxylation of endogenous ketoacids present at low
concentrations in milk fat or, alternatively, by oxidation of long-chain monounsaturated
fatty acids [50]. They have been associated with the ‘mouldy’ or ‘blue’ flavour of blue
cheeses [55].

3.4.3.2.5 lactones

Lactones are formed by internal esterification of hydroxyacids to produce cyclic struc-
tures. The five-membered rings of 8-lactones and the six-membered rings of y-lactones
are relatively stable, and these compounds have been found in cheese [50, 57]. The
hydroxyacids which are precursors for lactone formation may be found naturally in milk
triglycerides, as oxidation products of unsaturated fatty acids, or following reduction of
ketoacids produced, for example, by transamination of acidic amino acids. Lactones may
have low flavour thresholds, and have been implicated as major contributors to cheese
flavour [50].
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Chapter 4
Aroma Chemicals I: C, H, O Compounds

David J. Rowe

4.1 Introduction

This group of compounds includes both the simplest materials used in the flavour and
fragrance industry and some of the most complex ones. It is a very large group, and so in
places will constitute more of a survey than a detailed discussion. There are a number of
texts [1-3] and reviews [4, 5] that have covered some of the areas, and hence these will
be referred to as appropriate. In addition, cyclic oxygen compounds, especially furans
and pyrans, are covered in Chapter 5.

4.2 Alcohols
4.2.1 Saturated alkyl alcohols

The simplest alcohol used is ethanol (1) itself. Whilst it is rarely considered as a flavour
chemical, it constitutes much of the taste of simple brewed beverages (as those forced to
drink alcohol-free beer find to their cost) and is the dominant flavour in distilled spirits.
It is also a common solvent for fragrances, especially those for fine fragrances. Both
synthetic (hydration of ethylene) and natural (fermentation) materials are available.

A second material is ‘isoamyl alcohol’. This material is usually obtained by distillation
of fusel oils, i.e. the residue from distillation of spirits after the main ethanolic fraction
has been removed, and is actually a mixture of two alcohols, 2-methylbutan-1-ol (2)
and 3-methylbutan-1-ol (3), which are not separable by distillation. It is also a major
contributor to the flavour of the Italian brandy ‘grappa’.

- /kﬂ /ﬁ/\OH
OH OH

M) ) @)

Other simple alcohols are used at a much lower level in fruit and ‘alcoholic’ flavours. An
interesting branched alcohol used in fragrances is the ‘woody-amber’ 3,4,5,6,6-trimethyl-
2-heptanol (Kohinool®) (4). There are two alcohols which are very widely used as solvents
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in the industry: propylene glycol, PG (5) (in flavours) and dipropylene glycol, DPG (6)
(in fragrances).

(4) (5) (6)

4.2.2 Unsaturated alkyl alcohols

The most important here is cis-3-hexenol (leaf alcohol) (7). This is one of the so-called
C6 wound compounds produced when green vegetation is cut; oxygen is ‘mopped up’
by reaction with linoleic acid to avoid peroxide damage, and in doing so is cleaved to
give the unstable cis-3-hexenal, which is reduced to cis-3-hexenol. As expected, it has the
fresh green smell of cut grass, making it essential for adding freshness to both fragrances
and flavours. It was first used, together with galbanum oil, in the famous ‘Vent Vert’
(Balmain, 1945) by Germaine Cellier. Its synthesis makes use of acetylene chemistry. The
isomeric trans-2-hexenol (8) has a similar, if rather sweeter, note and is obtained by the
reduction of trans-2-hexenal.

i.Base, ~_-ClI
ii. Base, L\o

J— I
iii. Ho, Lindlar

@) (8)

1-Octen-3-ol (mushroom alcohol, amyl vinyl carbinol, AVC) (9) contributes the
familiar earthy note to mushrooms. It is used in both flavours and fragrances for its
earthy note. Again, its industrial synthesis makes use of acetylene chemistry.

i. Base, H——-H
\/\/\[(H - = W
OH
0O ii. Hy, Lindlar

(©)

The terminally unsaturated 10-undecan-1-ol (10) is prepared from the acid, which
is in turn obtained by the ‘cracking’ of castor oil; the polyunsaturated molecule trans-
2-cis-6-nonadienol (violet-leaf alcohol) (11) is found in both violets and cucumber
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and is prepared from the corresponding aldehyde, vide infra. 4-Methyl-3-decen-5-ol
(Undecavertol®) (12) is a powerful synthetic used to add green-floral notes to fragrances:

NS~ OH ~o—~ A~ OH /\)\(\/\/

OH
(10) (11) (12)

Terpenic alcohols are the largest group of unsaturated alcohols. The most important are
doubly unsaturated C10 alcohols (monoterpenes) or reduced derivatives: geraniol (13), its
stereoisomer nerol (14), linalool (15), myrcenol (16), citronellol (17), dihydromyrcenol
(18), tetrahydrogeraniol (19) and tetrahydrolinalool (20). These are often high-volume
aroma chemicals. Bauer et al. [1] and others [2, 6] have done excellent reviews of the
industrial synthesis of these materials.

X
OH )\/\/\\L » >
OH

(13) (14) (15) (16)
OH OH OH OH
a7 (18) (19) (20)

The most important cyclic terpene alcohols are menthol (21) (see Chapter 9) and the
terpineols, especially a-terpineol (22).

OH

4.2.3 Complex fragrance alcohols

There are a large number of complex alcohols which are found as key odorant in naturally
occurring fragrant substances. In some cases they are used in their own right; more
commonly they have served as ‘concept’ molecules with commercial materials based on
them. This can be illustrated by an example from sandalwood chemistry. An important
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odorant in sandalwood is 3-santanol (23). Total synthesis of this has been reported, but
this is not commercially viable. Instead a range of artificial materials have been developed
based on syntheses from a-campholenic aldehyde (24), which is in turn obtained from
the readily available B-pinene (25), and is available in both stereoisomers. The scheme
below illustrates the range of structures that have been developed based on this.

23 OH

25
\Q\/\‘/\ H MOH
h OH /Q\/&

(24)
Ao

4.2.4 Aromatic and aralkyl alcohols

Benzyl alcohol (26) is used to a small extent for its mild, sweet aroma and to a much
larger extent as a carrier solvent, especially for fragrances. Phenethyl alcohol (27) is much
more important as an aroma chemical. Its synthesis was a milestone in the flavour and
fragrance industry, and it is extensively used for its sweet, rose-like aroma. It can be
prepared by the classical Grignard route, and an important alternative industrial synthesis
is from styrene (28) via oxidation to its epoxide followed by hydrogenation [7]:

sadoaboabrone

(26) (28) (27)
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Both cinnamyl (29) and dihydrocinnamyl (30) alcohols are obtained by the reduction
of cinnamaldehyde (31). Both are naturally occurring, and are used in fragrances for
floral compositions, as well as the obvious balsamic and cinnamon notes.

(29) (31) (30)

Aromatic alcohols with a saturated side-chain are very stable and are valuable for
adding floral notes in soaps and domestic fragrances; these include the tertiary ‘carbinols’
o,0-dimethyl benzyl carbinol (32), o,0i-dimethyl phenethyl carbinol (33), and phenethyl
methyl ethyl carbinol (34), the secondary alcohol 3-methyl-4-phenyl-2-butanol (35)
(Muguesia®), and the primary alcohols 2-methyl-5-phenylpentanol (36) (Rosaphen®)
and 3-methyl-5-phenylpentanol (37) (Phenoxanol®, Phenylhexanol®).

OH OH
OH

(32) (33) (34)
(35) (36) (37)

4.2.5 Phenolics

These must be used with care as ‘phenolic’ is often encountered as an off-note. The
simplest phenol of importance is thymol (38), which is used for both its odour and
antiseptic properties in personal care products.

OH

(38)
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More commonly the phenol derivatives of importance are derivatives of guaiacol, i.e.
2-methoxyphenol. The alkylguaiacols 4-methylguaiacol (39) (Creosol) and 4-ethylguiacol
(40) retain a medicinal odour and are important in smoke flavours, whereas 4-vinylguaiacol
(41) (2-methoxy-4-vinylphenol, MVP, Varamol®) is an aroma chemical for all seasons; to
savoury flavourists it has a smoky note, to sweet flavourists a vanilla note and to perfumers
a spicy, clove note. It has also been identified as the second most important aroma chemical
in the aroma of roasted coffee [8]. Its homologue eugenol (42) is a component of clove and
cinnamon oil and has a spicy note; its use in perfumery has been restricted due to concerns
about sensitisation.

OH OH OH OH

(;/O\ i%/o\ (é/o\ O\

A AN
(39) (40) (41) (42)

The most important phenolic in flavours and fragrance is guaiacol-4-carboxaldehyde,
better known as Vanillin, which will be discussed under aldehydes.

4.3 Acids
4.3.1 Saturated aliphatic acids

Simple acids, especially acetic acid are important components of flavours, especially
savoury and fruit formulations. Simple acids have sharp flavours, with the aroma
decreasing with chain length. Acetic acid (43) has the characteristic aroma of vinegar,
butyric acid (44) an aroma best described, accurately and graphically, as ‘baby sick’
and valeric acid (45), a sweaty, cheesy smell. Despite being obviously ‘pungent’, the
acids actually have rather high odour thresholds: propionic acid 20 000 ppm, valeric acid
3000 ppm and butyric acid 240 ppm. In dilution acids such as 2- and 3-methylbutryic
acids (46), (47) have a fruity aroma. Long-chain acids such as lauric acid (C12) (48)
are virtually odourless. Citric acid (49) is also essentially odourless, and this makes
it valuable in adding an acid taste, or as an acidity modifier, without adding an
aroma.

Two interesting acids used in flavours are 2-methyloctanoic and 2-methylnonanoic
acids (50), (51). These are found in lamb, and have the slightly sharp, fatty aroma of
that meat.
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4.3.2 Unsaturated acids
These tend to have stronger, sharper odours than their saturated counterparts. trans-2-

Butenoic acid (52) (crotonic acid) is very ‘cheesy’, and 2-methyl-2-pentenoic acid (53)
(Fragarone, Strawberiff®) has a fruity note, as the name implies.

4.3.3 Aromatic acids
Phenylacetic acid (54) is used for its fruity, honey note, but in general aromatic acids

are not used in flavours or fragrances, though sodium and potassium benzoates (55) are
extensively used as preservatives.

0]

OH O~Na*/K*
O

(54) (55)
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4.4 Esters

These are the workhorses of the flavour and fragrance industry; after all, the one property
of esters that all chemistry students learn is their fruity odour — though this character is
actually limited to the simpler esters. I use this term because, although other materials
are of more obvious importance in individual areas (e.g. Hedione® and the musks in
fragrances), esters are used in both flavours and fragrances, often at high levels, and are
large-volume products; to borrow a term from the mainstream chemical industry, many
of them are ‘commodity chemicals’. To an extent, here one may perm any acid referred
to above with any alcohol from above! A list of all the esters used would be astonishingly
dull; however, there are some points that can be made.

4.4.1 Saturated esters

Ethyl esters (56) are the single most important group of esters used, from ethyl acetate
to longer-chain materials such as ethyl laurate; the characteristic fruity aroma falls in
intensity as the volatility drops. The second most important are probably the acetates
(57); since many of these are also used as solvents, this is an area where the flavour and
fragrance industry overlaps with the wider chemical industry. Isoamyl esters, prepared
from ‘isoamyl alcohol’, i.e. the mixture of isomeric alcohols, are also very important;
isoamyl acetate (58), (59), has the familiar ‘pear drops’ aroma.

O

Rj)\o/\ )CJ)\O/R /k/\o)oj\ /\(\OJ\

(56) (57) (58) (59)

One should also mention a few aliphatic esters which are used as carriers and solvents
precisely due to their lack of odour: triacetin (60) (glyceryl triacetate), triethyl citrate
(61) (TEC) and ‘medium chain triglycerides’ (62) (MCT) which is essentially a mixture
of glyceryl esters of longer-chain fatty acids, is sold under a variety of trade names (e.g.
Mygliol®, Neobee®, Olembicol®).

Ly
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4.4.2 Unsaturated esters

Esters of unsaturated acids tend to have more powerful odours than their saturated
counterparts. Ethyl trans-2-butenoate (63) (ethyl crotonate) has a powerful rum-like
aroma. Methyl trans-2-nonenoate (64) (Neofolione) has a powerful green and floral note.
The polyunsaturated ethyl E, Z-deca-2,4-dienoate (65) is a component of the flavour of
Williams pears and hence is known as pear ester.

O O (0]
/\)J\O/\ \/\/\/\)J\O/ \/\/E/\)J\o/\
(63) (64) (65)

The synthetic analogue methyl E-octa-4,7-dienoate (66) (Anapear®) has been prepared
by a Claisen rearrangement [9].

OCHj
OH HyCO OC(I)—|(3;H3 0~ “OCH, o
% = = = > M/\)J\O/

(66)

Acetylenic compounds are not generally used in the flavour and fragrance industry,
though a number are important precursors. An exception to this is the two acetylenic
esters, methyl-2-octynoate (67) and methyl-2-nonynoate (68), commonly known as
Folione and methyl octine carbonate, which are used for green, violet-leaf, floral notes
in fragrances.

O O
\/\/%< /\/\/%<
O—CHs 0—CHs
(67) (68)

Whilst, in general, the alcohol precursor of an ester is also an important aroma chemical
in its own right, an important exception occurs with allyl esters. Allyl alcohol is a toxic,
lachrymatory material which must be handled with great care. However, several esters
are important; allyl hexanoate (69) has a powerful pineapple aroma, as to a lesser extent
does its homologue allyl heptanoate (70), making them useful for fruit flavours and
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fruity notes in perfumery. Allyl 3,5,5-trimethylhexanoate (71), allyl cyclohexylpropionate
(72) and allyl cyclohexyloxyacetate (73) also have pineapple notes; they are not found in
nature and so are not used in the flavour sector but can be used in fragrances.

WOW /\/OWV\ /\/Om
(0] O (0]

(69) (70) (7)
! T
(72) (73)

Ester of the C6 wound compounds, i.e. esters of cis-3-hexenol and trans-2-hexenol,
and terpene esters tend to have similar, if milder, aromas to their corresponding alcohol;
e.g. geranyl isovalerate (74) has a floral aroma and cis-3-hexenyl hexanoate (75) a sweet,
green aroma, less harsh than cis-3-hexenol.

)\/\)\Aoﬁ\)\ /\:/\/O\I(\/\/
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(74) (75)

4.4.3 Aromatic esters

Simple esters such as benzyl acetate (76), phenethyl acetate (77) and methyl cinammate (78)
have fruity-floral aromas and are used in fragrances and fruit compositions for flavours.
The higher molecular weight esters formed from aromatic alcohols and aromatic acids
are of low odour, often described as ‘balsamic’, and are used as ‘fixatives’ or as carrier
solvents, especially benzyl benzoate (79).

0] (0] (0]
0
(76) (77 (78) (79)

Salicylates are found in a number of essential oils. Methyl salicylate (80) is found in
oil of wintergreen and is responsible for the character of that oil; it is used in fragrances,
both for its character and antiseptic properties. Its use in flavours is largely restricted
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to the USA, where wintergreen or ‘winter-fresh’ flavours are popular. Wintergreen is
an unpopular flavour through the rest of the world — to me, its ‘muscle-rub’ aroma
is a reminder of gym changing rooms and school PE lessons; not my personal idea
of a desirable flavour. Hexyl salicylate (81) is used for inexpensive floral notes; benzyl
salicylate (82) is a fixative.

O (@] O
Cr LT (Lo
OH OH OH
(80) (81) (82)

Methyl anthranilate (83) is unusual in that there are few amines used in the flavour and
fragrance industry, where they are more commonly come across as off-notes. Some simple
amines include Cadaverine (pentane-1,5-diamine), Putrescine (butane-1,4-diamine) and
Spermidine (4-azaoctane-1,8-diamine) — the names are descriptive of their origins and
odour characteristics. Methyl anthranilate is a component of a number of blossom aromas,
and hasapleasant orange blossom odour, as doesiits derivative methyl N-methylanthranilate
(84). It is used in its own right and in the form of Schiff’s bases obtained from aldehydes,
such as Lyrame® (85), formed from the muguet aldehyde Lyral® (vide infra).

0] o) O
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4.4.4 Lactones — gamma and delta

The two important groups here are the five-membered vy-lactones (86), substituted at
position 5, adjacent to the ring oxygen, and the six-membered 8-lactones (87), substituted
at position 6, again adjacent to the ring oxygen.

(86) (87)

The commonest route to y-lactones is peroxide-catalysed addition of an alcohol to an
acrylate ester [10]. Addition of (usually) ethyl acrylate and di-tertiary butyl peroxide to a
hot mix of alcohol and strong acid generates the lactone, presumably by hydride abstraction
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Figure 4.1 Formation of vy-lactones.

from the alcohol by the peroxide radical, followed by radical addition to the acrylate and
ring closure by an acid-catalysed intra-molecular transesterification, as shown in Figure 4.1.
Bayer-Villiger oxidation of 2-alkylcyclopentanones (88) (vide infra) gives 8-lactones.
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Since the industrial synthesis of both y- and &-lactones involves the ability to handle
volumes of peroxides, the number of suppliers of these is much fewer than the number
of suppliers of simple esters.

In common with their acyclic counterparts, both y- and 8-lactones have generally
sweet, creamy, fruity aromas; y-octa- and y-nonalactone have coconut aromas, and
0-deca- and y-undecalactone (Péche Pure®) peach-like aromas.

The lactone structure also occurs in more complex molecules. The celery odourants
propylidene (89) and butylidene phthallide (90) (Ligustilide) are formed by reaction of
Grignard Reagents with phthallic anhydride.

0
/ PrMgHal BuMgHal /
o ~—— o — = o)
0 0 0
(89) (90)

Large-ring lactones, ca. sixteen members and higher, the macrolides, have musky
aromas and are covered in Chapter 7, Musks.
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4.4.5 Synthesis of esters

Whenever possible, esters are prepared by direct reaction between an alcohol and an
acid, with a strong acid catalyst and the water removed by azeotropic distillation. With
the more volatile esters, the ester itself can be used to carry the azeotrope, though care
is needed with esters of water-soluble alcohols, especially ethyl esters, as the presence
of too much alcohol in the distillate prevents the water from separating out. A volatile
hydrocarbon can be added to help carry the azeotrope, though this lowers the volume
yield and is an added cost, which can be critical with the simpler low-value esters. From
n-butyl esters onwards this is not a problem as the alcohol is immiscible with water and
separation is not an issue. Of course, as the size of the ester increases, it becomes too
involatile to carry the azeotrope, and a solvent must be used.

For acid-sensitive materials, a commonly used alternative is reaction of the alcohol with
an anhydride, which is catalysed by tertiary amines such as pyridine, imidazole, and, in
particular, 4-N, N-dimethylaminopyridine (91) (DMAP). For this, of course, the anhydride
must be available. In practice, only the simple anhydrides such as acetic and butyric
anhydrides are available on a commercial scale. Others can be prepared from the simple
anhydrides by a ‘transacylation’ reaction driven by distilling out the more volatile acid.
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This fails with formic acid, and formic anhydride is unknown as a stable organic
chemical. However, the unusual properties of formic acid means that formats can be
prepared using a ‘mixed anhydride’, i.e. a mixture of formic acid and (usually) acetic
anhydride reacts with alcohols to give the formate almost exclusively.
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The final approach which can be taken is transesterification. Here (most commonly),
a low-cost ester, such as a methyl ester, reacts with an alcohol and the reaction is driven
by distilling out methanol. A similar reaction can be carried out with an acid and an
ester. DMAP and alkali metal alkoxides are common and effective catalysts.

4.5 Aldehydes
4.5.1 Aliphatic aldehydes

The simplest aldehyde in use is acetaldehyde (92), which is ubiquitous in fruit formula-
tions; a dilute solution has a pleasant apple taste. As the chain extends, a fatty character
develops, which is exhibited by the C12 lauric aldehyde (93) and the synthetic material
methylnonylacetaldehyde (94) (Aldehyde C12 MNA); this fatty, ‘animalic’ character has
been used to effect in perfumery, most famously in the aldehyde cocktail of ‘Chanel No. 5.

H H H
/KO /WMO WO
(92) (93) (94)

An interesting aldehyde is 12-methyltridecanal (95). This compound, which is FEMA
GRAS, is found in beef fat and appears to originate from microorganisms in the rumen
of cattle [11]. It is absorbed by the gut as plasmanogens, and released only when the
beef is heated over a long period of time (e.g. stewing). Briefly roasting the meet does
not release the material. Hence this gives the potential to create a boiled or stewed beef
flavour, well differentiated from fried or roasted beef.

H

R

(95)
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4.5.2 Unsaturated aldehydes

The most important here are the ‘trans-2-alkenals’, in particular trans-2-hexenal (96)
(leaf aldehyde). A Union Carbide patent [12] revealed a route using ethyl vinyl ether as
‘vinylic synthon’.

H 0" H

BF3.Et,O +
MO + /\O/\ L» ) o —H>/\/\)(J)\
/\)\/ko/\ X H HO/\

A development of this reaction uses the acetal derivative of the aldehyde as the
precursor, which overcomes the need to use two equivalents of the starting aldehyde,
one of which is simply regenerated. Reaction of the acetal (usually the ethyl acetal) with
ethyl vinyl ether in the presence of a Lewis acid such as boron trifluoride or the clay
catalyst Montorillonite K10 gives the triethoxy alkane [13]. When heated with a mixture
of aqueous formic acid and an alkali metal formate this undergoes hydrolysis of the
acetal function followed by elimination of the alkoxide group via the El.,; pathway to
form the unsaturated aldehyde.

R R __R
/'L R'—OH )o\ o~ 9§ 9 K*HCOO™ 0
_ R — o~ ———— SN
R Yo R0 R 0 R H
H* BF, E1,0 HCOOH

There have been many reports of synthesis of these materials via Wittig chemistry.
A recent report shows that alcohols, which are in general more readily available than
aldehydes, can be used as precursors via in-situ oxidation and Wittig coupling [14].

(0]
i. base, MNnO,THF, A
RTOOH  + PhsPMo] 2 R/\)J\H

ii. 10% HCI, A

The character of the aldehydes changes significantly as the chain extends, and in general
the odour threshold falls, as shown in Table 4.1. In particular, trans-2-dodecenal has an
intense, persistent coriander aroma, which tends to live with anyone who has handled it
for several days!
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Table 4.1 Organoleptic properties of the trans-2-alkenals

Aldehyde Odour threshold Character
trans-2-Pentenal 1500 Sharp, acrid

trans-2-Hexenal 17 Sharp, green, almond on dilution
trans-2-Heptenal 13 Green

trans-2-Octenal 3 Fatty, citrus — fatty lemon
trans-2-Nonenal 0.1 Intensly fatty, cucumber on dilution
trans-2-Decenal 0.3 Oily, citrus — orange peel
trans-2-Undecenal Citrus, herbaceous
trans-2-Dodecenal Herbaceouos, intense coriander

Two non-conjugated aldehydes of importance are 10-undecanal (97) and cis-4-decenal
(98). The former is derived from the ‘cracking’ of castor oil; it is claimed that commer-
cially available materials which contain isomers other than simply the 10-isomer are
more powerful.

(97) (98)

The most important polyunsaturated aldehyde is trans-2-trans-4-decadienal (99), which
has a powerful, fatty-citrus, chicken aroma. trans-2-cis-6-Nonadienal (100) (violet-leaf
aldehyde) has been prepared by ‘one-pot” homologation using the phosphonium salt [14].

H
/\/\/\MO
(99)
O i. base, THF, A
v:\/YO + PhgPy AL 1 W\fo
H 0 ii. 10% HCI, A H

(100)

Amongst the terpenoids, aldehydes are less important than the alcohols. Most signif-
icant is citral, which is actually a mixture of the two isomers geranial (101) and neral
(102), and citronellal (103).
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There are more compounds which may be considered as relatives of the terpenes
which are important. 2,6-Dimethyl-5-heptenal (104) (Melonal) contributes a fresh, green,
melon note to both flavours and fragrances. Several such as the citronellol derivative
(105) (Muguet Aldehyde 50®) and the cyclic aldehydes (106) (Melafleur®) and especially
(107) (Lyral®) are important for floral, muguet (‘lily-of-the-valley’) notes.
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4.5.3 Acetals

One problem that occurs in using aldehydes, especially in some demanding fragrance
media, is that they are prone to oxidation, the formation of Schiff’s bases with
amines, and, if they have an alpha hydrogen, condensation reactions such as the Aldol
reaction. Perhaps surprisingly, the tendency towards oxidation decreases with conju-
gation. Whereas simple aliphatic alcohols such as hexanal are commonly ‘stabilised” by
the addition of an anti-oxidant such as butylated hydroxytoluene (BHT) or butylated
hydroxyanisole (BHA), this is not necessary with unsaturates such as trans-2-hexenal,
and trans-2-trans-4-decadienal shows little tendency towards oxidation. Oxidation
products are often detected by the acid value of the aldehyde; this is a simple test
involving titration with potassium hydroxide solution, and is defined as the number
of milligrams of potassium hydroxide needed to neutralise one gram of the analyte.
Typically, the maximum value of an aldehyde would be ten. The test is also used for
esters, as any hydrolysis will lead to the formation of an acid and hence a rise in
acid value.

These reactions can be prevented if the aldehyde function is ‘protected’ by the
formation of an acetal:

Many acetals have similar odours to their aldehyde precursors and can be used in their
place; examples include citral diethyl acetal (108) and 2-methylundecanal dimethyl acetal
(109) (Aldehyde C12 MNA DMA). Several acetals are used ‘in their own right’, including
the wonderfully named grapefruit fragrance ingredient (110), Methyl Pamplemousse®.
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Acetals include a number of ‘amber’ chemicals. These materials are so-called due to
their resemblance to ambergris, a material formed in the stomach of whales probably as
a protection against intestinal damage by the ‘shelly’ parts of plankton. The material is
occasionally found washed up on beaches, but the major source was the whaling industry.
Unsurprisingly, this is now a rare and expensive material, driving the search for synthetic
alternatives. Ambergris mostly consists of steroidal materials, and hence this structure
was the first to be looked at. Amberketal® (111) resembles the ABC ring fragment of
the steroids, and (112) (Amberconide®) could be considered a distorted version of this.
More recently, molecules have been developed which have the amber tonality but do not
have the steroidal character, e.g. (113) Karanal®, (114) Belambre®, (115) Spirambrene®
and (116) Ysamber K®. This remains a very active area of research [15], and for the
synthesis of Ambroxan, see Chapter 5.

(113)

(114) (115) (116)

4.5.4 Aromatics

The identification of benzaldehyde (117) in oil of bitter almonds is one of the milestones
in aroma chemistry. It has a powerful cherry-marzipan odour and is widely used in
cherry flavours, even though it is not actually a significant aroma chemical in cherries.
Phenylacetaldehyde (118) has a floral aroma common to all the ‘phenylC2’ compounds.
Cinnamaldehyde (119), found in many essential oils, was another ‘milestone’ aroma
chemical.
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3-Phenylpropionaldehyde (120) (dihydrocinnamaldehyde), with a powerful hyacinth-
like aroma, is obtained by the selective reduction of the alkene bond in cinnamaldehyde.
It is also a by-product in the synthesis of its isomer 2-phenylpropionaldehyde (121)
(hydratropaldehyde), which is obtained from styrene via hydroformylation (the oxo
process); a recent patent claims less than 2% linear isomer when a rhodium catalyst is
used [16]. This also has a powerful hyacinth aroma for floral fragrances.

(120)

minor

©/\ CO, Hp, M(CO)y O
—_—
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(121)

T CO, Hy, M(CO)y

A large number of aromatic aldehydes can be considered to be cinnamaldehyde deriva-
tives. a-Amylcinnamaldehyde (122) and a-hexylcinnamaldehyde (123) have sweet, floral
jasmine notes and are widely used for domestic fragrances, especially as inexpensive
alternatives to Hedione® (vide infra), which they resemble. They can be prepared by the
condensation of benzaldehyde with the appropriate aldehyde.

(122) (123)

Similarly, condensation of phenylacetaldehyde with acetaldehyde, isobutyraldehdye
and isovaleraldehyde gives, respectively, 2-phenyl-2-butenal (124), 4-methyl-2-phenyl-
2-pentenal (125) and 5-methyl-2-phenyl-2-hexenal (126) (Cocal®), which have sweet,
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vanilla-like aromas making them valuable in chocolate and sweet formulations for both
flavour and fragrance.

(124) (125)

(126)

There are several important materials used in fragrance, especially for muguet notes
which have similar structures; an aromatic ring with a methylpropanal chain and an C3
or C4 alkyl group meta- or para- to it; examples are (127) (Florhydral®), (128) (Lilial®),
(129) (Sylvial®) and (130) (Cyclamen Aldehdye®); (131) (Canthoxal®) and (132)
(Helional®, Tropional®) are closely related with an alkoxy group replacing the alkyl.

CHg
DA
A
R
(127) (128) (129)

m SoaniReons

(131) (132)
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All three possible retrosynthetic disconnections have been used in the synthesis of
these compounds; note the methyl group on the propanal chain is omitted for clarity,
and the ring alkyl is shown para for the same reason:

H b . H H
WO 2 @L“{}‘/&O b /@ \/&O
y R R

o s

(1) Disconnection a, at the alkyl group, is illustrated in a synthesis of Lilial® (128).
Alkylation of methyldihydrocinnamic alcohol (133) (available from the reduction of
a-methylcinnamaldehyde, which in turn is prepared from the Aldol condensation of
benzaldehyde with propionaldehyde, c.f. a-hexylcinnamaldehyde) gives the tert-butyl
derivative (134), which is oxidised to the aldehyde [17, 18].

H

(133) (134)

(2) Disconnection b, at the ring-aldehyde chain bond, is illustrated in a synthesis
of Cyclamen Aldehyde® (130). Isopropylbenzene (135) undergoes a Friedel-Crafts
reaction with a protected form of methacrolein, the diacetate, to form an enol acetate
(136) which is readily hydrolysed to the aldehyde [19].

OAc

(135) (136) (130)

(3) Disconnection ¢, o, 3 to the carbonyl, is the characteristic Aldol disconnection, and
is illustrated by another approach to Cyclamen Aldehyde® (130). Cumene aldehyde
(137) condenses with propionaldehyde to give the unsaturated Aldol product (138),
which is hydrogenated to the saturated aldehyde [20].
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The most important aromatic aldehyde must be Vanillin (139). Its synthesis by Wilhelm
Haarmann and Ferdinand Tiemann was the foundation stone of Haarmann and Reimer,
now part of Symrise. It is the single most important component of vanilla, though not
the only material of importance; vanilla extract has been estimated to be some ten times
stronger than the Vanillin content would indicate. The synthesis of Vanillin by many
routes has been reported, including carbonylation of guaiacol, and by the degradation of
lignins obtained as waste from paper production; since the latter is a natural material,
that is also a source for natural Vanillin. Vanillin is widely used in both flavours and
fragrances; in general, it is stable, but there can be a problem with discolouration. As a
phenol, it reacts with traces of iron to give a purple colouration, and indeed this could
be used as a test for the metal. The isobutyl ester (140) (Isobutavan®) overcomes this by
‘protecting’ the phenolic hydroxyl. The Vanillin homologue (141), ‘Ethyl Vanillin’, has
a more powerful aroma than Vanillin, though it is not found in nature.

H. _O H__O H__O
o~ o~ o™
OH OIO OH
(139) (140) (141)

Methylenedioxybenzaldehyde (142) (Heliotropin, Piperonal) is found in a number of
essential oils and is used for spicy, floral notes in both flavours and fragrances. Aldol
condensation of Heliotropin with propionaldehyde followed by hydrogenation gives the
synthetic derivative (143) (Helional®, Heliofolal®) which has a greener, hay-like odour.

H (0] (0]
H

O
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(142) (143)
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4.5.5 Nitriles

Whilst these are clearly not C, H, O compounds, it is appropriate to mention them
here as they commonly have similar odours to the analogous aldehyde and are used
in demanding fragrances where aldehydes cannot be used; they are more acid-stable
than aldehydes, and are not susceptible to oxidation. They are frequently prepared from
aldehydes via dehydration of the aldehyde oxime. Examples include geranonitrile (144),
citronellonitrile (145) and cinnamanitrile (146).

H H
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(144) (145) (146)

4.6 Ketones

Ketones are another important group of compounds in the flavour and fragrance industry,
though the simple short-chain molecules, unlike the simple aldehydes, are not used. The
vicinal diketone 2,3-butanedione (147) (diacetyl) is very important for butter flavours,
and hence for flavouring margarine, as is the reduced derivative 3-hydroxybutanone
(148) (acetoin, acetyl methyl carbinol, AMC). The series of diketones to ca. C8, with
both straight and branched chains, are used for their candy, caramel notes.

)OHW/ )OK(
(0] OH
(147) (148)

The cyclic diketone, 1-methylcyclopentane-2,3-dione (149), usually named as its enolic
form 1-methylcyclopent-2-enol-3-one (150), is the so-called Maple Lactone or Corrylone,
and has the sweet, caramel, almost burnt, aroma characteristic of maple syrup, of which

o) 0O

o HO o} OH
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H O o}

(149) (150)
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it is the major aroma component. All of the diones exist in both the keto and enol forms,
which can lead to confusion in analysis, if this is not taken into account [21].

Some simple monoketones such as octan-3-one (151) are used, and alkan-2-ones are
found in blue cheese, but more interesting is the unsaturated compound 1-octen-3-one
(152) (Amyl vinyl ketone, AVK). This is found along with the alcohol in mushrooms, but
has a much more intense odour, with a reported odour threshold of 0.005 ppb, compared
to 1ppb for the alcohol. It has also been reported as an important, and unexpected,
component of other aromas, including that of elderflower [22] and chocolate [23].

WM{\

o] o]
(151) (152)

Amongst aromatic ketones, the most important is 4-hydroxyphenyl-2-butanone (153),
Raspberry Ketone. As the name implies, it is a major component of raspberry aroma and
is used for soft fruit flavours, as is its methylated derivative (154), the Bramble Ketone.
Zingerone (155), which can be prepared from vanillin, is a component of ginger.

ot ot ot

(153) (154) (155)

Derivatives of cyclopentanone are very important. A key odorant of jasmine is cis-
jasmone (156); though not found in nature, dihydrojasmone (157) is more easily synthe-
sised and is often used for jasmine notes.

'S aes

(157)

Analogues of this are also important. Condensation of cyclopentanone (158) with
aldehydes such as hexanal gives the unsaturated ketone, and hydrogenation gives the
saturated molecule. Both the unsaturated and saturated derivatives of pentanal, hexanal
and heptanal are used, and the saturated molecules are also important as precursors of
the y-lactones (vide supra).
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This chemistry is also used in the synthesis of the most important cyclopentanone
derivative, methyl dihydroisojasmonate (159) (Hedione®). The introduction of this floral,
jasmine molecule in the 1960s had a major impact in perfumery; first used in the famous
‘Eau Savauge’ by Dior, it is still widely used today. The adduct of cyclopentanone with
valeraldehyde (160) is the precursor. Michael addition of dimethyl malonate followed
by monohydrolysis and decarboxylation gives the product as a mixture of isomers,
predominately trans (161). The different stereoisomers have different odour thresholds
and somewhat different odours. The cis-isomer (162) is more desirable; base treatment
with fractionation to remove the more volatile cis-form leads to enrichment, and there are
also a number of products where the isomer ratios are different — Cepionate®, Kharismal®,
Super Cepionate® and Hedione HC® are all forms of methyl dihydrojasmonate, with
latter having up to 75% cis-form.
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4.6.1 Carotenoids, ionones, irones, damascones and related
compounds

The ionones (a-ionone (163), 3-ionone (164)) are one of the oldest groups of aroma
chemicals, first synthesised in the late nineteenth century, nearly a century before they
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were identified in nature. Here, carotenoids is an appropriate term as they are believed
to be metabolites of a-carotene, possibly via peroxide cleavage, in a manner similar to
the formation of cis-3-hexenal (vide supra), and indeed the main use of 3-ionone is as an
intermediate to vitamin A. The ionones have a powerful, sweet, ‘powdery’, violet aroma,
and were amongst the first ‘synthetics’ to be used in perfumery, and research in this area
is still very active today [24]. 8-Methylionone (165) is even more powerful than either
(163) or (164), and also has a woody character. The irones such as a-irone (166) are
methylated alpha to the geminal methyl groups.

O (o) (0] O
|
(163) (164) (165) (166)

The damascones such as a-damascone (167) are structural isomers of the ionones
where the carbonyl is now alpha to the ring; the damascenones such as (168) have an extra
double bond. B-Damscenone was first identified in Bulgarian rose oil, Rosa damascena,
and later B-damascone was also found. Dynascone® (169) is a further isomeric form
where the carbonyl bearing chain replaces the ring methyl; it has a green, galbanum,
pineapple aroma, and is used in the popular ‘Cool Water’ by Davidoff.

B B

(167) (168) (169)

The ionones, irones, damascones and related compounds all have three main isomers,
a, B or y depending on the position of the double bond.

Further research has developed new molecules loosely based on these. Diels—Alder
reaction of myrcene (170) with 3-methyl-3-penten-2-one followed by acid-catalysed cycli-
sation gives the intensely woody molecule (171), Iso E Super®; the isomer (172), which is
a minor product of the reaction, has an odour threshold some 1000 times lower and has
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been termed ‘Iso E Super Plus’. Whilst it has not been possible to develop a commercial
synthesis of this, the closely related molecule (173) has been introduced as Georgywood®.
This is a very active field (presumably we will see Iso E Supercalifragalisticexpialidocius?)
and the logic of odorant design in this area has been discussed [25].

(@] (0]
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One of the more unusual ketones is the macrocycle (174) (Trimofix O®). This is a
woody, amber material; other macrocylic ketones are found among the musks, and these
are covered in Chapter 7.

(174)

4.7 Hydrocarbons

Here we may stretch the definition of the compounds in this chapter to the breaking
point by defining these as C, H, O compounds without the O. Since most hydrocarbons
are virtually odourless, only a few have any importance as aroma chemicals. D-Limonene
(175) is the main component of most citrus oils, and is readily available as a by-product
of the orange juice industry. It has a small odour in its own right (though it remains
possible that this odour is due to trace components below the level of GC detection)
but is more commonly used as a solvent and as a precursor to other aroma chemicals.
The pinenes, especially a-pinenes (176) and B-pinenes (177), are used for domestic
fragrances, but again their most important contribution is as precursors.

An unusual group of hydrocarbons are the so-called Galbanolides. E,Z-1,3,5-
undecatriene (178) is a component of galbanum oil, and mixtures of the isomers are
commercially available.
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The epoxides of some terpene hydrocarbons are also used, including the woody-amber
material caryophellene oxide (179); epoxides are also dicussed in Chapter 5.

(179)
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Chapter 5
Aroma Chemicals II: Heterocycles

Michael Zviely

5.1 Introduction

Of the almost 20 million chemical compounds presently characterized, almost half are
heterocyclic molecules. Heterocyclic molecules are significant due to their high abundance
in nature and their chemical and biological importance. In the flavour and fragrance
industry heterocyclic compounds are being seen with high interest due to their varied
occurrence in food flavours and due to their valuable organoleptic characteristics. Even
though heterocyclic aroma chemicals are found only in minute amounts in foods, their
powerful strong odours and low odour thresholds, as expressed by high ¢ values, make
them play an important role in the boosting of flavours and fragrances.

The main heterocyclic aroma chemicals are oxygen-, sulfur- and nitrogen-containing
rings. The oxygen-containing heterocyclic aroma chemicals belong to the oxirane, furan,
pyran and oxepine groups. The sulfur-containing aroma chemicals belong to the thiophene
family, and together with nitrogen, to the thiazole and dithiazine systems. Nitrogen-
containing aroma chemicals belong to pyrrole, indole, pyridine, quinoline, pyrazine and
quinoxaline systems, and together with sulfur, the thiazole and the dithiazine families.

5.2 Introduction to heterocyclic compounds

Heterocyclic compounds are cyclic molecules where one atom or more in the ring is not
a carbon atom.

The heterocyclic compounds are divided into two groups — aromatic and non-aromatic.
The non-aromatic heterocyclic compounds have similar characteristics to their non-
cyclic counterparts; tetrahydrofuran (THF) (1) and 1,4-dioxane (2) are typical ethers,
and 1,3,5-trioxane (3) behaves like an acetal.

» ) i@
o )
(1) (2) (3)
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Pyrrolidine (4) and piperidine (5) are typical secondary amines, and quinuclidine
(6) a tertiary amine.

70 4

(4) (5) (6)

Other compounds contain more than one heteroatom, or are polycyclic molecules —
pyrazine (1,4-diazine) (10), thiazole (11) and indole (12).
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N

(10) (11) (12)

5.2.1 Terminology of heterocycles
The name of the heterocyclic ring is based on the carbon ring with the following prefixes:

Aza — for nitrogen;
Oxa — for oxygen;
Thia - for sulfur, e.g. 1,3-oxathiane (13).

The ring size is noted by the following suffixes:

-irane — three-membered ring;

-etane — four-membered ring;

-olane — five-membered ring, e.g. oxolane (14) and 1,3-dioxolane (15);
-ane - six-membered ring;

-epam — seven-membered ring.
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1,3-Oxathiane Oxolane 1,3-Dioxolane
(13) (14) (15)

5.2.2 Non-aromatic heterocyclic compounds

Heterocyclic molecules containing one heteroatom:

O S H
A AN N
Oxirane (Epoxide) Thiirane (Thioepoxide) AN
(Ethylene oxide) (Ethylene sulfide) Aziridine

(Ethyleneimine)

7 T "

Oxetane Thietane Azetidine
:O: :S: N
Oxolane Thiolane H
(Tetrahydrofuran) (Tetrahydrothiophene) Pyrrolidine
) ) .
Oxane . H. .
(Tetrahydropyran) Thiane Piperidine

Additional heteroatoms are numbered, e.g. 1,2-di or 1,3,5-tri, etc. The numbering of

heterocyclic molecules starts at the heteroatom.

Due to the highly potent odour character of a great part of the heterocyclic compounds

used in flavours and fragrances, the term ¢ value will be used for some of the materials

described.

A relatively new concept, ¢ value gives a better apprehension of the odour intensity

of a single molecule, taking into consideration its molecular mass (MM), analogous to &

value in UV/VIS data of particular molecules.
¢ Value of a molecule is defined as following [1]:

_ MM x 10°
®= Threshold (ppm)
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5.3 Oxygen-containing heterocyclic aroma chemicals

The oxygen-containing heterocyclic aroma chemicals belong to the following groups:

I. Oxiranes (epoxides);

II. Furans and hydrofurans;
III. Pyrans;
IV. Oxepines.

L. Oxiranes

The epoxide-containing aroma chemicals include glycidate esters. Ethyl 3-phenylglycidate
(16) is the so-called Aldehyde C-16 Special, which is an artificial aroma chemical, having
a fruity, strawberry, fermented, honey odour. It is mainly applied in fruit flavours
(strawberry) and ice cream flavourings [2]. Ethyl 3-methyl-3-phenylglycidate (17), the
so-called Aldehyde C-16 (strawberry aldehyde), which is also an artificial aroma chemical
with fruity strawberry, ferment, honey odour, is applied to fruit flavours, ice cream
flavourings; strawberry, raspberry, cherry, grape, apricot and peach.

O
of of O
saaalisane -
o

Ethyl 3-phenylglycidate Ethyl Methyl anisylglycidate

(16) 3-methyl-3-phenylglycidate Anoxirane®
(Aldehyde C16 Special, (17) (18)

so-called) (Aldehyde C16, so-called)

Methyl anisylglycidate (18), or methyl (4-methoxyphenyl) oxiranecarboxylate, has a fresh
aromatic odour, fruity, somewhat reminiscent of berries.

The synthesis of glycidates is done generally using the Darzens condensation (Darzens—
Claisen reaction; Glycidic Ester condensation) [3].

i

)
C C—CHCO,C,H
©/ SR 4+ CICH,CO,CoHs — > ©/ \O/ 2C2oHs

Other epoxides include a-cedrene epoxide (19), which has a precious woody odour,
reminiscent of ambergris, tobacco and sandalwood. This epoxide, which is prepared from
a-cedrene, is applied in soap compound and is useful in artificial patchouli.
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o-Cedrene epoxide
(19)
Andrane®

II.  Furans and hydrofurans

One of the most important molecules is 4-hydroxy-2,5-dimethyl-3(2H)-furanone (20),
known also by the name of Furaneol®. This material occurs in strawberry, pineapple
and in beef. It has a sweet, caramel-fruity (pineapple-like) odour and flavour with
fried meat aspects. 4-Hydroxy-2,5-dimethyl-3(2H)-furanone is applied mainly to fruity
(strawberry), meat flavourings and ice cream formulations.

Another important molecule is furfural (furan-2-carboxaldehyde) (21), occurring in
almost every type of food flavour, including dairy, cereals, roasted products and meats.
Furfural has a sweet caramel-like, nutty, baked bread, almond odour and flavour, and it
is applied in cereal, roasted and meat flavourings.

2-Methylfuran-3-thiol (22), which occurs in meat and coffee, has a sulphurous, coffee-
and meat-like odour and flavour on extreme dilution. 2-Methylfuran-3-thiol is applied
mainly in roasted and meat flavourings.

4-Hydroxy-2,5-dimethyl- Furfural 2-Methylfuran-3-thiol
3(2H)-furanone (21) (22)
(20) ¢3.2x10* Oxycyclothione®
Furaneol
Fraision®

4-Hydroxy-2,5-dimethyl-3(2H)-furanone (20) can be synthesized by dimerization of
methylglyoxal and cyclization of the diol-dione intermediate [4].

o H N OH
o — I

o

(20)

Another important route to 4-hydroxy-2,5-dimethyl-3(2H)-furanone (20) is shown
herein [5]:
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OH OH

\ \
CH3CHO + HC=CH + CH3CHO ———» H3CCHC=CCHCH,

O3

OH OH

o OH
/z_g\ < HyCCHC—CCHCH,4
0 0

(20

Furfural (2-furaldehyde (21)) is produced from plant residues which are rich in pentoses,
e.g. bran, by treatment with dilute sulfuric acid followed by steam distillation [6].

Pentosan *» HﬁCHO *» / \
-3H,0 (o) CHO

OH HO
(21)

2-Substituted furans are available also by direct reaction, e.g. 2-acetylfuran, and this is
also true for pyrroles and thiophenes.

2-Methyltetrahydrofuran-3-one (dihydro-2-methyl-3(2H)-furanone (23)) occurs in
coffee, roasted hazelnuts, beer, rum, roasted almond and potato chips. It has a bread-like,
buttery top-note, and a nutty and astringent flavour with a slight creamy almond nuance.
2-Methyltetrahydrofuran-3-one is applied in roasted flavourings, and for almond, rum,
cocoa, brandy and caramel.

2-Pentylfuran (24) occurs in many foodstuffs, e.g. fruits, vegetables, meat, roasted
products, coffee, cocoa, tea and fish. The material has a green, waxy aroma with musty,
cooked caramellic nuances, and is applied in fruit, vegetable, coffee, nut and bread
flavourings. Furfuryl mercaptan (coffee mercaptan, 2-furanmethanethiol (25)) is found
in coffee, chicken, beef, grilled and roasted pork, and has, on dilution, a strong coffee-
like, sulphurous, roasted, onion, garlic odour and flavour. Furfuryl mercaptan is applied
mostly to coffee, mocca and ice cream flavourings.

O
O O
2-Methyltetrahydrofuran- 2-Pentylfuran Furfuryl mercaptan
3-one (24) (25)
(23) ¢2.3x107 ¢2.6x10°

Coffee Furanone® Coffee mercaptan®
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Furfuryl mercaptan (25) can be synthesized from furfuryl alcohol, by reaction with
thiourea in the presence of hydrogen chloride. The resulting S-furfurylisothioronium
chloride is cleaved with sodium hydroxide to give furfuryl mercaptan (25) [7]:

NH,

/ \ S:(‘)—NHz / \ WH NaOH _ [ \
Q\/OH H—CI> o SC—NH,.HCl ——> o SH
Furfuryl alcohol (25)

Some possible synthetic pathways towards 2-methyltetrahydrofuran-3-one (23) [8] are
shown below:

Via Michael addition o Y 0
\
Base
CH3CH(OH)CO,CyHs + CHya—=CHY ——> reflux
Y = CO,CHsz
Y =CN Y= CHa (23)
Base
Via Williamson Base

CHaCH(OH)CO,C,H5 + BrCH,CH,Y B85 _ CH,CH(CO,C,Hs)OCH,CH,Y

HBr (9)
CH,=CHY
Y =CO,CHj, CN
Via Acetoin
CH;CH(OH)COCH + HCHO - 225 )W H >/SA »b

(23)

1,4-Cineole (1,4-epoxy-p-menthane (26)) is a tetrahydrofuran derivative having fresh,
cooling, camphoraceous, minty and eucalyptus-like odour, with terpene-like and green
nuances.
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1,4-Cineole
(26)

An interesting heterocyclic oxygen-containing molecule is dodecahydro-3a,6,6,9a-
tetramethylnaphtho[2,1-b]furan, known also as Ambroxan®, Cetalox®, L’ambroxine®,
Ambermor® (27).

(+) isomer ¢ 7.88x 108
() isomer ¢ 9.09x 107
(27)
Ambroxan®, Cetalox®, L’ambroxine®, Ambermor®

This molecule, having a tetranorlabdanolic system, has a strongly amber odour, enriched
by dry and woody nuances. This compound is very useful as a modifier for all floral
fragrance formulations. Its synthesis is shown herein [9]:

Sclareolide
(13R)-Labd-14-ene-8,13-diol
Sclareol

OH

(-)-Ambroxan Ambrox-diol
(27)
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Another tetrahydrofuran worth mentioning is theaspiran (2,6,10,10-tetramethyl-1-oxa-
spiro[4,5]decene) (28). Theaspirane occurs in blackberry, raspberry, grape, tea, passion
fruit and guava and has a cooling minty, camphoraceous flavour, with a herbal and piney
nuance.

Theaspiran
(28)
Spiroxide®

Theaspirane is applied to tea, guava, mint, berry, citrus and grapefruit flavour formula-
tions and in minty, herbal and woody fragrance compounds.

III. Pyrans

Three examples will be shown of this group of oxygen-containing heterocycles. 1,8-
Cineole, or Eucalyptol (29), is a molecule occurring in many essential oils such as
Eucalyptus globulus. Eucalyptol has a fresh, strong eucalyptus-like, camphoraceous, minty
odour and a cooling taste. It is applied to candies, toothpaste and chewing gum.

0}
OH
O
o 0”0
Eucalyptol Maltol Coumarin
1,8-cineol (30) (31)
(29)

Maltol (30), or 3-hydroxy-2-methyl-4-pyrone, can be found in strawberry, bread, dairy
products, cocoa, coffee, barley, filbert and peanut. It has a sweet-aromatic, caramellic,
cooked fruit-like odour, with fruit and berry notes. Maltol is applied in fruit flavours and
roasted food formulations such as strawberry, pineapple, caramel, brown sugar, brandy
and butterscotch.

Ethyl maltol, which is not found in nature, is more powerful than Maltol; its synthetic
pathway is shown below:

Cl e}
@ Cly O OH
o7 —CHCH,CHy .
‘ HO CHZCH3 CH2CH3

OH
o-Ethylfurfuryl alcohol Ethyl maltol
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This one-pot process starts from a-ethylfurfuryl alcohol, which is treated with chlorine
to give 4-chloro-6-hydroxy-2-ethyl-2H -pyran-3(6 H)-one, which need not to be isolated
and can be converted to ethyl maltol by aqueous hydrolysis [10].

Coumarin (2H-1-benzopyran-2-one) (31) occurs in bilberry, raspberry, mint oil,
tea, soybean, cloudberry, matsutake and chicory. It has a sweet-aromatic, somewhat
coconut-like odour and flavour and it is applied in sweet-aromatic compounds for
functional perfumery and in sweet-aromatic, spicy formulations, for candies and cookies.
Coumarin is prepared from salicylic aldehyde and acetic anhydride, in presence of sodium

acetate [11].
CHO
Aczo
NaOAc
OH
31)

2-Isobutenyl-4-methyltetrahydropyran (rose oxide) (32) is found in essential oils such
as rose and geranium. It is described as floral, rose-like, fruity, green, vegetative and
herbal, and is applied in floral, rose-like fragrances.

Rose oxide
(32)

One of the syntheses of rose oxide is shown herein. This route begins by acetylation of
citronellol, followed by allylic bromination of citronellyl acetate. Elimination of hydro-
bromic acid gives two acetylated dienes. Hydrolysis of these dienes gives the alcoholic
dienes, which undergo cyclization to yield cis and trans rose oxide isomers [12].

The stereoselective synthesis of all four stereoisomers of rose oxide has been achieved
starting from optically active citronellol [13]. Stereochemistry at the 4-methyl group was
controlled by the chirality of the 3-methyl group in citronellol. For example, (4R)-rose
oxide is obtained from (S)-citronellol and the (4S)-enantiomer from (R)-citronellol,
respectively. Relative stereochemistry at the 2-position is controlled by the choice of
catalyst for the cyclization in the last stage. Acid-catalyzed cyclization of the (S)-diene
gives (2S,4R)-rose oxide (33) with 95% cis-selectivity, whereas Pd-(S)-BINAP gives a
1:1 mixture of (2R,4R) (34) and (2S,4R) (33) isomers. The (2R,4R)-rose oxide (34) is
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20‘ \C
Br
Ac,O
HQOH 2 HZO A c NBS

Citronellol H,OAc
l —HBr

H,OH H,OH — H,OAc
é} 2 é:k 20R - HO | H0AC X 2
| =
stOH

Rose oxide

Br

obtained by column chromatographic separation of this mixture. Similarly, (2R,4S)- (35)
and (2S,4S5)- (36) rose oxides, have been prepared from (R)-citronellol

(2S,4R)-rose oxide (33) has the higher ¢ value of all isomers.

The odour character of (25,4R)-rose oxide (33) is greatly superior to that of the other
isomers in terms of both quality and quantity [14], which can be seen in Table 5.1.

Another important pyran aroma chemical is the polycyclic indane musk 4,6,6,7,8,8-
hexamethyl-1,3,4,6,7,8-hexahydrocyclopenta[g]benzopyran (37).

This molecule has the powerful and clean musk odour characteristic resembling that
of macrocyclic musks. This benzopyran is used in a wide range of perfume compounds,
e.g. in soap, perfumery, household products, cosmetics and alcoholics.

The synthesis of 4,6,6,7,8,8-hexamethyl-1,3,4,6,7,8-hexahydrocyclopenta[g]-benzo-
pyran (37), starts from 1,1,2,3,3-pentamethylindane, which is prepared by cycloaddition
of tert-amyl alcohol to a-methylstyrene. The pentamethylindane is hydroxylated with
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CH,OH  CHZCOsH Al(iPrO
| 2T T > HooH  AliPO)s H,OH
© HO
) AN
(S)-Citronellol
Pd(OAc),
" Catalyst
" « . CH:OH
/K Catalyst (2S)/(2R)
Pd-(R)-BINAP  70:30 AN
(25,4R)-Rose oxide Pd-(S)-BINAP  53:47
(33) H 95:5
Table 5.1 Odour characteristics of rose oxide diasterioisomers
Rose oxide diasterioisomer ¢ Value Odour description

! 3.08 x 107 Floral-green; clean, light,
rose, green, diffusive, strong

(25,4R)-Rose oxide
(33)

o 9.64 x 10° Floral-green; green herbal
(minty), fruity

(2R,4R)-Rose oxide
(34)
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Table 5.1 (Continued)

3.08 x 10° Herbal-green-floral; hay
green, earthy, heavy

(2R,4S)-Rose oxide
(35)

1.93 x 10° Herbal-green-floral; fruity,
herbal rose, citrus (bitter
peel)

(25,4S)-Rose oxide
(36)

(37)
Galaxolide 50®, Abbalide®, Musk 50®

propylene oxide in a Friedel-Crafts reaction, using aluminum chloride as a catalyst. Ring
closure of the resulting 1,1,2,3,3-pentamethyl-5-(3-hydroxyisopropyl)indane is accom-
plished with paraformaldehyde and a lower aliphatic alcohol via the acetal [15], or with
paraformaldehyde and a carboxylic acid anhydride via the acylate [16]:

Jen Q) L

O

/A

-

@7
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Tetrahydro-3-pentyl-2H -pyran-4-yl acetate (38) has an oily, plant-like, herbaceous
lavender, slightly mushroom odour, with floral tea-like jasmine note.

o)

A

(0]
(38)
Jasmine acetate®

This material is prepared from octene, formaldehyde and acetic acid in the Prins reaction,
and is obtained among other components. Jasmine acetate is an economic substitute for
jasmonates in floral compounds.

IV. Oxepines

An important seven-membered ring is 7-methyl-3,4-dihydro-2H-benzodioxepin-3-one
(39), a fragrance ingredient having a fresh ‘oceanic’, floral odour, which is also diffusive
with watermelon notes. This molecule is used in fragrances as an extremely valuable
component for marine notes in compounds for alcoholic and cosmetic perfumery.

A 9

7-Methyl-3,4-dihydro-2 H-benzodioxepin-3-one 4,7-Dihydro-2-isopentyl-2-methyl-

(39) 1,3-dioxepin
Calone®, Oxalone®, Ganone®, Aquamor® (40)
Karotin®

4,7-Dihydro-2-isopentyl-2-methyl-1,3-dioxepin (40) has a citrus, herbal-floral odour,
with notes of lemon, neroli and jasmine. It is applied in a range of fragrances for cosmetic
and functional perfumery for its herbal-floral note.

7-Methyl-3,4-dihydro-2 H-benzodioxepin-3-one (39) is synthesized from 4-methyl-
catechol as following [17]:
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OCH,CN

OH
/@i CICH,CN /@i NaNH, Q NH,
_— — /
OH OCH,CN o
CN

Hspo4l
-

(39)

Condensation of 4-methylcatechol with two moles of chloroacetonitrile gives
the double cyanomethyl ether, which cyclizes using sodium amide to obtain the
a-aminocyano unsaturated dioxepine ring. Hydrolysis of this disubstituted ring in
presence of phosphoric acid yields the desired 7-methyl-3,4-dihydro-2 H-benzodioxepin-
3-one (39).

5.4 Heterocyclic compounds containing nitrogen
and/or sulfur

The nitrogen and sulfur heterocyclic aroma chemicals can be divided into the following
main groups:

1. Non-aromatic molecules;
II. Aromatic molecules.

I.  Non-aromatic molecules

2-Acetyl-3,4-dihydro-5H -pyrrole (41) has the characteristic odour of white bread crust,
but a short half-life restricts its use. 2-Isobutyl-4,6-dimethyldihydro-1,3,5-dithiazine (43)
(R=1Pr) occurs in yeast extract, having a fruity, tropical fruit note, green roasted,
cocoa odour and flavour. This and related molecules are applied in fruity and roasted

formulations.
o) [ \
Q\{ Vi
N

1-Pyrroline

2-Acetyl-3,4-dihydro-5H-pyrrole (42)

(41)

1-Pyrroline (3,4-dihydro-[2H]-pyrroline (42)) occurs in sea fruit, clam and squid. It has
a fishy flavour and is applied in seafood formulations.
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Y
s\rs
R = Me, iPr, iBu, 2-Bu
(43)

Mixtures containing dithiazines are formed when aldehydes are treated with a mixture
of ammonia and hydrogen sulfide. A more directed synthesis of 2,4,6-trimethyldihydro-
1,3,5-dithiazine is shown below:

S CH4SOgH S OCHs

CH3C(OC,Hs) THF cl; CH

H.C” SNH, 3 oMs) ————> SOSN8
3 2 20°C/72h  HaC™ TN,

H

BF3 Et,0 | CHsCHO
5°C/30 min| HxS

s*s s)\s
A e L

(R=CHjg)
(43)

Thioacetamide is reacted with acetaldehyde diethylacetal in presence of methane-
sulphonic acid to yield N-(1-ethoxyethyl)thioamide as an intermediate. The thioamide
cyclizes with acetaldehyde and hydrogen sulfide, in presence of boron trifluoride etherate
as catalyst, to give 2,4,6-trimethyl-4H-1,3,5-dithiazine. Reducing the double bond with
aluminum amalgam yields 2,4,6-trimethyldihydro-1,3,5-dithiazine (43) (R = CH;).

II.  Aromatic molecules
Aromatic molecules containing nitrogen and/or sulfur belong to the following groups:

(i) Thiophene derivatives;

(ii) Pyrrole and indole derivatives;
(iii) Pyridine and quinoline derivatives;
(iv) Pyrazine and quinoxaline derivatives;
(v) Thiazole derivatives.
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(i) Thiophene derivatives
3-Acetyl-2,5-dimethylthiophene (44) occurs in boiled and in cooked beef. It has a burnt,
roast flavour and it is applied to roasted and smoked flavourings, e.g. boiled and fried

meat.

o
HO (0]
S S
3-Acetyl-2,5-dimethylthiophene 4-Hydroxy-2,5-dimethyl-2,3-
(44) dihydrothiophen-3-one

(45)

4-Hydroxy-2,5-dimethyl-2,3-dihydrothiophen-3-one (45) is not yet reported as being
found in flavours, but is probably present in prepared meat. It has a sulphurous aroma,
and on dilution, a fried and prepared meat-like flavour, and is used in meat and vegetable
formulations.

3-Acetyl-2,5-dimethylthiophene (44) can be synthesized by cyclization of 1,4-
dicarbonyl compounds analogues in the presence of phosphorous pentasulfide or H,S [18],
followed by acetylation of the 2,5-dimethylthiophene intermediate:

0 o)
R2
P4S10 Ac0
’ EEm—— / \ —_—
R 1 . HPO, ]\
R S R R1 S R2
(44)

R' = R? = CH,

(ii) Pyrrole and indole derivatives

2-Acetylpyrrole (46) occurs in vegetables, bread, meat, alcoholic and roasted products.
It has a sweet musty, nutty and tea-like odour and flavour. 2-Acetylpyrrole is mainly
applied in baked, fried and roasted flavourings. Indole (2,3-benzopyrrole) can be found
in bread, cheese, egg, beef, wine, beer, brandy, cocoa, coffee, tea, etc. It has an erogenic-
floral, animal, slightly musk, and slightly faecal odour on dilution. Indole is applied as a
trace component in erogenic-floral fragrance compounds.

2-Acetylpyrrole Pyrrole 2-carboxaldehyde
(46) (47)
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Pyrrole 2-carboxaldehyde (47) can be found asparagus, onion (roasted), wheaten
bread, beef, beer, white wine, cocoa, coffee, tea and barley. This material is applied in
roasted flavourings, like nuts and meat. It can be prepared from pyrrole via the [2 + 2]
cycloaddition with dichlorocarbene, which is in competition with the Reimer-Tiemann
formylation [19]:

H fcﬁ‘ N

Under strongly basic conditions, i.e. when generating dichlorocarbene from chloroform
and potassium hydroxide, electrophilic substitution of pyrrole by dichlorocarbene
dominates, leading eventually to pyrrole-2-carboxaldehyde (47). In a weakly basic
medium (e.g. when generating dichlorocarbene by heating sodium trichloroacetate), the
[2+ 1] cycloaddition prevails. The primary product eliminates hydrogen chloride to give
3-chloropyridine.

Indole (1-H-benzo[b]pyrrole (48)) occurs in bread, cheese, egg, beef, wine, beer,
brandy, cocoa, coffee, tea and cauliflower. Indole has erogenic-floral, animalic, cheese
odour and flavour, which becomes slightly faecal on dilution. Indole is applied in
some cheese modifications and in erogenic-floral fragrances. Its homologue skatole
(3-methylindole (49)) can be detected in jasmine, in dairy products (cheese), coffee, tea
and dried bonito fish. It has a putrid, sickening, mothballs, decayed, faecal odour; on
extreme dilution it has a jasmine-like odour. It is a degradation product of tryptophan,
and as the name implies, it is found in faecal material. Skatole is applied in very low
concentration in floral fragrances.

o O

H H
Indole Skatole
(48) (49)
¢1.17x10° ¢1.31x108

1-Dimethylamino-2-(o-nitrophenyl)ethenes, ~obtained from o-nitrotoluene and
N, N-dimethylformamide dimethyl acetal, yield indoles on reductive cyclization of the
corresponding o-aminophenyl derivative [20]:

N(CHy), H2
(CH50),CHN(CHg), N PA/C
(CRORCHNCR _ Pac |
—2CH,0H —2H,0 N
NO NO, ~HN(CHz)
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(iii) Pyridine and quinoline derivatives
2,6-Dimethylpyridine (2,6-lutidine (50)) occurs in bread, cheese, beef, lamb, sherry,
coffee and tea. It has a nutty, coffee, cocoa, musty, bread and meaty flavour and is used
in roasted, vegetable and fried flavours.

Lo e T

2,6-Dimethylpyridine 6-Meythylquinoline 6-Isobutylquinoline
(50) (51) (52)

1,5-Dicarbonyl compounds, on treatment with ammonia, undergo cyclocondensation
to give 1,4-dihydropyridines, which on dehydrogenation yield pyridines [21]:

NH, Oxidation Z |
\ -2H,0 | —2H X
(e} (@]

(50)

Quinolines, or benzopyridines, are a small group of aroma ingredients used mainly in
flavours. 6-Methylquinoline (51) is found in tea and it has a narcotic, earthy, green
odour. 6-Methylquinoline is applied into tea formulations. 6-Isobutylquinoline (52) has
a narcotic, slightly roasted-burnt, somewhat green root-like odour and flavour, and it is
used in roasted formulations.

(iv) Pyrazine and quinoxaline derivatives
This group of aroma ingredients contains a 1,4-diazine group in its structure.

) L0

Pyrazine (1,4-diazine) Quinoxaline (Benzopyrazine)

Pyrazines are well-known aroma substances with unique flavour properties and, usually,
low odour thresholds, many of which occur in nature. Some are found in plants,
e.g. 2-methoxy 3-(1-methyl-propyl)-pyrazine smells like green peas and 2-methoxy-3-
(2-methylbutyl)-pyrazine is the key odour compound of bell pepper. Other pyrazines
are formed in thermal reactions such as the Maillard reaction [22, 23] e.g. the alkyl
substituted pyrazines which are found in roasted beef and coffee. Because of these
findings, pyrazines are of high relevance for the flavour industry, especially those with
acetyl-, alkyl-, alkoxy- and sulfur-containing groups. We may divide them into four main
sub-groups — alkylpyrazines, acetylpyrazines, alkoxypyrazines and thioalkoxypyrazines.
These are defined in Tables 5.2-5.5.
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Table 5.2 Alkylpyrazines

Compound

Odour and flavour

Occurrence [2]

Structure ¢ Value

2-Methylpyrazine

2,3-Dimethylpyrazine

2,5-Dimethylpyrazine

2,6-Dimethylpyrazine

2,3,5-Trimethylpyrazine

2,3,5,6-
Tetramethylpyrazine

2-Ethylpyrazine

Musty, nutty, roasted,
cocoa, light, peanut

Roasted meat, in
higher dilution-vanilla
and chocolate like

Earthy, nut-like, raw
potato, musty

Roasted, cocoa-like

Burnt roasted, earthy,
tobacco-like

Caramellic-milky,
fermented soya
beans, slightly woody

Musty, nutty, burnt

Occurs widely in nature
in baked, fried and
roasted products

In many flavours,
vegetables, dairy, meat,
roasted products, cocoa,
coffee, potatochips,
shrimp, papaya,
asparagus, cabbage and
fried potato

In many food flavours,
vegetable, dairy, meat
and roasted products

In many food flavours,
vegetable, dairy, meat
and roasted products

Nuts, meat, roasted
products (coffee, cocoa),
rum, whisky and
popcorn

In guava, boiled egg,
roasted beef, cocoa,
coffee, green tea, whisky,
shrimp

In many flavours, bread,
beef, brandy, rum,
whisky, coffee, cocoa,
etc.

N
s
Ly
N
(53)
¢ 9.41x10?

N
’
LI
N
(54)
©3.09%103

N
s
LY
N
(55)
¢6.0x10%

N
s
\E ]/
N
(56)
¢ 7.20x10*

N
7
L
N
(57)
¢ 3.05x10°

/N
XX
N
(58)

N
E ]/\
N
(59)
¢1.8x10%
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Table 5.2 (Continued)

2-Ethyl-5-methyl pyrazine Roasted, coffee-like In many flavours, N
vegetables, bread, meat, )i j/\
whisky, coffee, cocoa SN

(60)

©7.33x10°
2-Ethyl-6-methylpyrazine Roasted, cocoa and In many food flavours, N
coffee-connotations fish, meat, roasted \E j/\
products, in alcoholic Sn
beverages (61)
©1.22x108
2-Isopropylpyrazine Dusty, roasted nuts In fried chicken, cocoa,
filbert, peanut EN
o
N
(62)
2-tert-Butylpyrazine Green, earthy, Not yet reported as being N
carrot found in nature; probably z
exists in roasted products X |
(63)

A newly available alkylpyrazine is the isomeric mixture of 3,5-dimethyl-2-
isobutylpyrazine and 3,6-dimethyl-2-isobutylpyrazine (64). These isomers were isolated
from several natural sources, e.g. skin and flesh of potato cultivars after baking [24]. The
odour threshold of 3,5-dimethyl-2-isobutylpyrazine and 3,6-dimethyl-2-isobutylpyrazine

indicates a relatively low ¢ value.
N
LT
NS
N
N
LT
NS
N
(64)
¢8.21x10*

The odour and flavour of (64) has notes of cocoa and hazelnut and it is slightly musky
animalic, with patchouli and vetiver tones and a menthol note. Food applications include
chocolate, cocoa, baked goods, breakfast cereals, milk products, soups, sweet sauces and
mint flavours. It can also be used in fragrance compositions to impart a strong and
natural, original and long-lasting effect, and to boost woody, chypre, oriental and fougere
notes. The organoleptic profile of 3,5-dimethyl-2-isobutylpyrazine and 3,6-dimethyl-2-
isobutylpyrazine mix is shown by the radar description in Figure 5.1.
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Table 5.3 Acetylpyrazines

Compound

Odour and flavour

Occurrence [2] Structure ¢ Value

2-Acetylpyrazine

Popcorn,
bread-crust like,
nutty

In roasted flavours, bread,
popcorn, cocoa, coffee,
barley, peanut, filbert

¢y

(65)
@ 1.97x10°
2-Acetyl-3-methylpyrazine Roasted potatoes, In meat, cocoa, coffee, ¢
nutty, vegetable fried potato N
and cereal [ |
NS
N
(66)
2-Acetyl-6-methylpyrazine Aromatic and In coffee, roasted sesame )
roasted, coffee- and seeds P
cocoa-like \[ |
A
(67)
2-Acetyl-3,6- Roasted, caramellic, In coffee o)
dimethylpyrazine hazelnut, popcorn A
\[\ ‘
(68)
5-Acetyl-2,3- Roasted, slightly In coffee P
dimethylpyrazine aromatic green |
XN
o}
(69)
Chocolate
6
Mentholic Woody
Musc Animalic Patchouli
Raw Potato Vetiver

Figure 5.1
isobutylpyrazine mix [1].

Radar organoleptic description of 3,5-dimethyl-2-isobutylpyrazine and 3,6-dimethyl-2-
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Table 5.4 Alkoxypyrazines

Compound Odour and flavour Occurrence [2] Structure ¢ Value
2-Methoxy-3- Roasted, peanut, In sherry, coffee, |
. . N o)
methylpyrazine somewhat green krill E I
|
N
(70)
¢ 2.48x107
2-Methoxy-3- Green, earthy, nutty In sherry |
ethylpyrazine ENEO
o
N
(71)
2-Methoxy-3- Bell pepper, earthy, In asparagus, carrot, N Cl)

isopropylpyrazine green cucumber, lettuce, z
garlic, peas, potato, ~ |
N

capsicum, etc.

(72)
2-Methoxy-3-n- Vegetable, earthy, In sherry |
propylpyrazine green ENIO/\

|
N

(73)
2-Methoxy-3- Green bell pepper, In green bell |
isobutyl-pyrazine green peas pepper, petitgrain NP

oil ~ |
N

(74)
2-Methoxy-3-sec- Pea, green, earthy, In coffee and green |
butylpyrazine potato, galbanum peas NSO

C I<
N

(75)

2-Methoxy-3- Green, leafy, Not yet reported as N é

isopentylpyrazine lavender at low being found in z
levels nature ~ |
N
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Table 5.4 (Continued)

Compound Odour and flavour Occurrence [2] Structure ¢ Value
2-Methoxy-3- Powerful, sweet Not yet reported as
isohexylpyrazine greenish, with being found in
asparagus note nature [ 2}\
77
2-Ethoxy-3- Roasted, baked, Not yet reported as
methylpyrazine fried, somewhat being found in [ I
nut-like nature (probably in
coffee, krill) (78)
2-n-Propoxy-6- Green, woody, mint Not yet reported as
methylpyrazine at low levels being found in

nature. Probably in

N, (0]
roasted products, \E ]/
e.g. coffee XN

(79)
2-Isopropoxy-3- Dusty, green, Not yet reported as
methylpyrazine somewhat being found in [ I\r
paprika-like nature
(80)

A convenient method for pyrazine synthesis is cyclocondensation between 1,2-
dicarbonyl compounds and 1,2-diaminoethanes, with double imine formation, to afford
2,3-dihydropyrazines, which are conveniently oxidized to pyrazines by manganese dioxide
or copper oxide in ethanolic potassium hydroxide [25]:

L e O e

This method yields the best results with symmetrical starting compounds.

The classical pyrazine synthesis involves the self-condensation of two molecules of
an a-aminocarbonyl compound furnishing 3,6-dihydropyrazine followed by oxidation,
usually under mild conditions to pyrazine [26].
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Table 5.5 Thioalkoxypyrazines
Compound Odour and flavour Occurrence [2] Structure
2-Methylthio-3- Nutty, sweet, Not yet reported as
. . . . N S
methylpyrazine meaty, slightly being found in S
green nature | _
N
(81)
2-Methylthio-3- Nutty, burnt, Not yet reported as N é
isopropylpyrazine vegetable being found in [ X
nature —
N
(82)
RL

+

R2

NH, O _R?
\O H2N R1

X

This route is restricted by the commercial non-availability of the aminocarbonyl

precursor.

An alternative synthesis of the dihydropyrazine utilizes a cyclizing aza-Wittig reaction

of two molecules of a-phosphazinyl ketones which are accessible from «-azi
and triphenylphosphane [26].

R1 N R1 N R R?

L, e e
2 _—

R2 X N 2 \N

o R2 o) R

do ketones

R? N R
I I
A
R2 N R!

Quinoxalines are benzopyrazines, and several derivatives are also used in the flavours

and fragrances industry.
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2-Methylquinoxaline (2-methylbenzopyrazine) (83) occurs in pork, cocoa, coffee,
passion fruit juice. It has a musty, roasted flavour and is used in roasted and meat
flavourings.

SOUNRe® b
N N (:[NJ
2-Methylquinoxaline 6-Methylquinoxaline 5,6,7,8-Tetrahydro-

(83) (84) quinoxaline
(85)

6-Methylquinoxaline (84) occurs in pork liver, has a roasted and toasted flavour and
is used in roasted flavourings, such as coffee and meat preparations.

5,6,7,8-Tetrahydroquinoxaline (cyclohexapyrazine) (85) occurs in bread, heated beef
and pork, cocoa, coffee and in roasted peanut. It is applied in fried and in roasted
flavourings.

5,6,7,8-Tetrahydroquinoxaline can be prepared using either 1,2-diaminocyclohexane
or 1,2-cyclohexanedione as the starting material. 1,2-Diaminocyclohexane is condensed
with glyoxal to give the dihydro intermediate, which undergoes dehydrogenation to give
the quinoxaline. The second alternative is a double condensation of 1,2-diaminoethane
with 1,2-cyclohexanedione followed by dehydrogenation—aromatization step.

NH, O _H N "
QL Y e Ly
NH, H N

(8? [0}
L)
f

N W,

+
o O

&

Routes for preparation of 5,6,7,8-tetrahydroquinoxaline
(85)

(v) Thiazole derivatives
Thiazoles are sulfur- and nitrogen-containing five-membered aromatic rings. The most
important types are alkylthiazoles, acetylthiazoles and hydroxyethylthiazoles.
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(a) Alkylthiazoles

2,4,5-Trimethylthiazole (86) occurs in meat, potato, coffee, cooked beef, heated lamb,
and in cooked chicken. It has a chocolaty, nutty, coffee-like aroma, with a meaty flavour
and is applied in roasted flavours, beverages, sauces and ice cream.

N N N
/\ Z/ \ Z/ \
Is)\ s)\/ s

2,4,5-Trimethylthiazole 2-Ethyl-4-methylthiazole
(86) (87) 2-Isopropyl-4-
methylthiazole

(88)

2-Ethyl-4-methylthiazole (87) occurs in coffee. It has a coffee, cocoa, meaty, rubbery
odour and flavour and it is applied in baked goods, candy, coffee, cocoa, nut, savoury and
in meat flavourings. 2-Isopropyl-4-methylthiazole (88) has a green, vegetable character
with a tropical fruity nuance odour and flavour and it is widely used in fruit flavourings,
especially peach.

Another example of thiazole of this type is 4-vinyl-5-methylthiazole (89) [27]. This
molecule occurs in coffee, filbert and in yellow passion fruit. It has a nutty, musty,
earthy, cocoa-powder flavour and is applied to nut, cocoa and chocolate, coffee, meat
and potato flavourings.

N
/\ "
| S) [SU\
2-Isobutylthiazole

(90)
©4.7x107

4-Vinyl-5-methylthiazole
(89)

2-Isobutylthiazole (90) occurs in tomato leaves. It has a powerful green, tomato, vine-like
aroma, and it is used in tomato soup vegetable flavourings.

(b) Acetylthiazoles

2-Acetylthiazole (91) occurs in asparagus, potato, beef, pork, beer, whisky, coffee, beans
and white bread. It has a nutty, cereal-note, hazelnut, cocoa and popcorn-like flavour.
2-Acetylthiazole is used in roasted flavourings and in nut and meat flavours. 2,4-
Dimethyl-5-acetylthiazole (92) has not yet been reported as being found in nature, but
it may be possibly found in meat. It has a meaty, roasted, nutty, boiled beef odour and
flavour; savoury with woody and coffee nuances flavour.

2-Acetylthiazole 2,4-Dimethyl-5-acetylthiazole
91) (92)
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Acetylthiazoles cannot be made by direct substitution of a thiazole. 2-Acetylthiazole
can be prepared from the readily available 2-aminothiazole via a diazonium chemistry,
using the following route:

HsPO,
HNO N CuS0, 5H,0
L3 wiver) L3 | e L3
NH, NaNO, NaNO, s N> | T NaBr Br

5°C
n-BuLi
_78° Cl EtOAc

2-Acetylthiazole
(91)

(c) Hydroxyethylthiazoles
Hydroxyethylthiazoles are derived from Thiamine (Vitamin B1) (93). Thiamine occurs
in yeast, in rice husk and in other cereals.

NH,
/j ’?/\5\'\‘ --------- . /j >
HO
HO S) \N)\ S
Thiamine (Vitamin B1) 4-Methyl-5-thiazoleethanol
(93) (94)

The first and the most important derivative is 4-methyl-5-thiazoleethanol (94) and the
second is its ester, namely, 4-methyl-5-thiazoleethyl acetate.

I

4-Methyl-5-thiazoleethylacetate
(95)

4-Methyl-5-thiazoleethanol (Sulfurol) (94) occurs in cocoa, cooked beef, roasted
peanut, beer, cognac and liver. It has a beefy, somewhat nutty, meaty, broth, roasted,
metallic flavour and is used in meat, savoury and dairy flavours. It has a relative low
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¢ value of 1.43 x 10*. Sulfurol acetate (95) has not yet been reported as being found in
nature. It has a meaty, bready, beefy, bloody and chicken note flavour, and is applied
in meat, nut and dairy, cocoa and bread flavourings. 4-Methyl-5-thiazoleethyl acetate is
used also in fragrances to impart woody, sandal-like odour.

Thiazoles are generally prepared by the cyclocondensation of «-halocarbonyl
compounds with thioamides, known as Hantzsch synthesis, as shown in the following
scheme:

T
(©)

: N
/A
R2 :85\ =Y -H,0; —HX RQ/Q)\

R1
A
i o —H,0;i -HX
0o X OH Ho_
" R " (/ NH in
I <= T = L
R s Rl R s DRI RE” ST TR

The Hantzsch synthesis mechanism

4-Methyl-5-thiazoleethanol (94) can be prepared from a-aceto-y-butyrolactone,
by chlorination followed by hydrolysis and decarboxylation. The obtained oxo-
chloropentanol is cyclized with thioformamide in the Hantzsch synthesis, as shown in
the following scheme [28].

e T

o-Aceto-y-butyrolactone l

oA

4-Methyl-5-thiazoleethanol
(94)
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Chapter 6
Aroma Chemicals Ill: Sulfur Compounds

Simon B. Jameson

Sulfur compounds are an important family of aroma chemicals found in a wide
variety of fragrances and flavourings. Although normally present in trace quantities rela-
tive to other components, their low odour thresholds and high impact nature make
them of vital importance to the overall aroma and flavour of foods such as bread
(3-(methylthio)propionaldehyde (methional) (1)), meat (2-methylfuran-3-thiol (MFT)
(2)), coffee (furfuryl mercaptan (3) and 3-mercapto-3-methylbutyl formate (MMBF) (4)),
beer (prenyl mercaptan (5)), vegetables (allyl isothiocyanate (6) (see Chapter 9), dimethyl
sulfide (DMS) (7) and allyl disulfide (8)) and fruits (Grapefruit Mercaptan (9), 2-methyl-
4-propyl-1,3-oxathiane (Tropathiane) (10), 1-methoxy-3-methyl-3-mercaptobutane (11)
and 4-methyl-4-mercaptopentan-2-one (12)). Examples of the occurrence and uses of
these materials are illustrated in Table 6.1 along with their odour thresholds. The hetero-
cyclic sulfur compounds, i.e. thiazoles and thiophenes, are covered in Chapter 5.

A wider discussion on the occurrence of volatile sulfur chemicals in food stuffs and
their applications in flavours has been published by Boelens and van Gemert [2].

Table 6.1 Applications and odour thresholds of some common sulfur aroma chemicals

Material Occurrence/application Odour threshold [1]*
Methional (1) Bread/vegetables 6.3x107*
MFT (2) Roast meat 1x1070
Furfuryl mercaptan (3) Coffee 4x107°
MMBF (4) Coffee 2x1077
Prenyl mercaptan (5) Beer/coffee 2x1077+
Allyl isothiocyanate (6) Mustard 3.7x1072
Dimethyl sulfide (7) Vegetables (sweet-corn) 3x10™*
Allyl disulfide (8) Garlic 7.2x1073
Grapefruit Mercaptan (9) Grapefruit 1x107°
Tropathiane (10) Pineapple/tropical fruit 2x1073+
1-Methoxy-3-methyl-3-mercaptobutane (11) Blackcurrants 8x1078
4-Methyl-4-mercaptopentan-2-one (12) Sauvignon grape 1x1077+

* All values are given in mg/m?® air except those marked ‘+” which are in mg/kg water.
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Often, the levels of these highly odorous sulfur compounds can be inversely propor-
tional to their impact. Proof of their key contribution to flavours in very low
concentrations is the BBA-IFF Generessence™ programme which focused on the trace
sulfur compounds in a wide variety of food stuffs using sulfur-specific GC detectors,
GC-olfactometry and GC-MS to identify key aroma chemicals. This work resulted in the
identification of ethyl 3-mercaptobutyrate (13) in mango pulp [3]. The mercaptobutyrate
ester (13) was synthesised and, after formulation and application trials, was shown to be
a key mango and tropical component in both flavours and fragrances.

SH
S HS (0]
0 o 5 )</\OJ\H g
2) 3) 4)

(M (5)
S S/LO
NSnes oSS R PN
(6) ) ®) (10)

SH

©)

HS HS, , O SH O

OMe M )\)J\O/\
(11) (12) (13)

The development of new analytical methods, such as those described above, has led
to an increase in the discovery of trace quantities of sulfur-containing molecules in
foods over the last 30 years. Figure 6.1 illustrates how the development of new analytical
techniques has allowed us to identify many more sulfur compounds in foodstuffs.

The increase in interest in these materials within the Flavour and Fragrance industry,
and in particular their applications in flavours, can be demonstrated by the increasing
number of sulfur compounds being registered as FEMA GRAS. Considering the eight
years from 1993’s GRAS 16 list to 2001s GRAS 20 list, it can be seen that sulfur compounds
make up a substantial number of the new materials being registered (Figure 6.2) [4].
This is particularly true of the large GRAS 18 list. Concentrating on the families of sulfur
compounds included on these lists, it is noticeable that there is a distinct lack of thiazoles
and thiophenes (Figure 6.3). This is not a reflection on their importance, rather that
the occurrence, chemistry and applications of these materials are well known within the
F & F industry, with a large number already being listed as FEMA GRAS.

This chapter will deal with the thioesters, mercaptans (thiols), sulfides, polysulfides
and the saturated heterocycles, such as dithiazines and oxathianes (Figure 6.4), the
unsaturated sulfur heterocycles such as thiazoles and thiophenes being detailed elsewhere
in this book.

The reactions and methodologies detailed within this chapter are those that the author
believes to be the most useful to the Synthetic Organic Chemist working in the field of
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Figure 6.1
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Figure 6.2 Numbers of sulfur compounds recognised on recent FEMA GRAS lists.
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Figure 6.4

flavours and fragrances. Those wishing to read further into the subject should consult
the bibliography at the end of this chapter.

6.1 Thiols and thioesters

Thiols are widely utilised in savoury flavour formulations, e.g. 2-methyl-3-furanthiol
(MFT)(2) and 2-methyltetrahydrofuran-3-thiol (14) with their distinct aroma of roast
beef and 3-methyl-2-butanethiol (15) with its strong onion odour. These are only used
at low levels due to their low odour threshold. Furfuryl mercaptan (3) which possesses
a rich, roast coffee odour when used at low concentrations, is also of major importance
to the flavour industry where it also has applications in other flavour formulations when
a ‘roasted’” note is required. Thiols also have applications in fruit flavours; for example,
the powerful odour of 1-methoxy-3-methyl-3-mercaptobutane (11) is used to give the
aroma of blackcurrant to soft drinks. Another example of this is 1-p-menthene-8-thiol
(9) which is also widely known as Grapefruit Mercaptan. Thioesters also have their role
to play with many being utilised in both tropical fruit and cheese flavourings, a prime
example of the latter being methyl 2-methylthiobutyrate (16).

s s
5 /W)k )LSH
(14) )

(15 (16) a7

These simple sulfur-containing compounds have been grouped together as there is a
great deal of inter-conversion between the thioesters and mercaptans, a principle reagent
for the introduction of sulfur into a molecule being thioacetic acid (17). This is a highly
diverse material in that it can be employed in numerous ways to make thioesters, which
can subsequently be hydrolysed or reduced to afford the desired thiol functionality.
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One method of utilising thioacetic acid to make thioesters is to add it across a double
bond. This can be done as a simple acid adding across a double bond or by a Michael
addition to an a,B-unsaturated carbonyl (Scheme 6.1).

A
>_< AcSH >s C<

H

AcS (0]

O AcsH
R/\)k e RMR,

Scheme 6.1

A good example of the latter is in the synthesis of 3-mercapto-3-methylbutanol (18) [5],
an ingredient in coffee flavourings, in which the sulfur group is introduced via addition of
thioacetic acid to prenal (3-methyl-2-butenal) (19), the resultant thioester-aldehyde then
being reduced to the alcohol which can undergo intramolecular trans-acylation prior to
acid hydrolysis of the acetate moiety to afford the final product (Scheme 6.2). A word of
caution should be added in that thioacetic acid readily forms radicals which under the
right conditions can undergo anti-Markovnikov addition to give undesired by-products.
In the aforementioned case, unless reaction conditions are modified to prevent radical
formation (e.g. nitrogen atmosphere or the addition of a radical scavenger/anti-oxidant
to the reaction mix), the by-product (20) is generated [6].

AcS AcS SH SH
HCl
/]\VCHO%ACSH /‘\/CHOLaBH“ /fw #*/iw — . /M
MeOH OH OAc MeOH OH
(19) (18)
)\(CHO
SAc
(20)
Scheme 6.2

While in some instances, this radical addition is undesirable, the propensity of
thioacetic acid to form radicals may be exploited by the Synthetic Chemist. For example,
3-methyl-2-butanethiol (15) may be made via radical addition of thioacetic acid to
3-methyl-2-butene, utilising iron(II)sulfate and hydrogen peroxide to promote radical
formation (Scheme 6.3) [6].

Another prime example of the use of thioacetic acid in the synthesis of a key
aroma compound is in IFF’s patent of the earlier mentioned MFT(2) [7]. The thioac-
etate moiety is again introduced via Michael addition to an o,B-unsaturated carbonyl.
The synthesis (Scheme 6.4) starts with the chlorine-mediated or electrochemical oxidation
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)\/ AcSH /R/ (i) MeOH/NaOMe
FGQSO4/H202 (II) H?aq)

SAc SH
(15)

Scheme 6.3

of 2-methylfuran in methanol to give 2,5-dimethoxy-2-methyldihydrofuran. This is
carefully ring-opened under acid conditions to give the keto-enal intermediate (21),
which is then subjected to the Michael addition of the thioacetic acid. Although the acid
can also theoretically add with the thioacetate group B to the ketone, the higher polarity
of the aldehyde group dominates to give the intermediate (22). This is then subjected to
acid conditions to bring about ring closure and dehydration to afford MFT acetate (23),
an important aroma chemical in its own right. The desired product is then obtained by
simple base hydrolysis of the thioacetate group.

o MeOH MeO”~ YO — MeOH

[e}Ne)
(21)
AcSH/piperidine
SH SAc SAc
[g\ (i) 5% NaOHaq) U\ Isopropenyl acetate ”
i H
0 (i) AcOH 0 Conc. H,SO4 5 &
) (23) (22)

Scheme 6.4

This approach may also be used on pseudo-a,3-unsaturated carbonyls such as vinyl
pyrazine (24) in the synthesis of pyrazine ethanethiol (25), an artificial material used in
pork flavours (Scheme 6.5).

N

[N\]\/ AcSH [j\/\ (i) Base hydrolysis [Nj\ﬂ
——

N/ = Buffer N/ SA (i)) H" (aq) N/ SH

(24)

c
(25)

Scheme 6.5
Thioacetic acid salts or thioacetic acid in the presence of an amine buffer have

also been used to introduce the thioacetate group to a wide variety of molecules.
A prime example is the Lever Brothers (now Quest) patent for the synthesis of
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2-methyltetrahydrofuran-3-thiol (14) [8]. In this synthesis (Scheme 6.6) 2-methyl-
3-chlorotetrahydrofuran (26) is reacted with potassium thioacetate in DMF to give the
thioacetate (27). This is subsequently hydrolysed to the mercaptan by treatment with
sodium methoxide in methanol.

Cl SAc SH
DMF MeOH
o’} o}, o’}
(26) (27) (14)
Scheme 6.6

Other leaving groups may be utilised for this transformation such as mesylate and
tosylate. An example of this is the treatment of 3-methyl-2-butanol (28) with triethy-
lamine and methanesulfonyl chloride to produce the mesylate (29), which is subsequently
reacted with potassium thioacetate to give the thioester (30), which is then hydrolysed
to the desired mercaptan (15) (Scheme 6.7) [6].

OH  CcH,s0,01 OMs KSAc SAC  NaOMe SH
> \ EtsN > /\ DMF > /\ MeOH > \
(28) (29) (30) (15)

Scheme 6.7

A less well-known application that is closely related to the latter is the formation
of a thioacetate from an alcohol under Mitsunobu conditions [9]. This, once again,
may be applied to the synthesis of our favourite example, 3-methyl-2-butanethiol
(Scheme 6.8) [6]. The key to this is the use of diethyl azodicarboxylate (DEAD) as

PhgP: : H-O, o +
PN - PPl " PhsP-0,

/N_N\ /N_N\ ..‘\
Et0,C  'COEt Et0,C  CO,Et 7N
.
. _a

AcS, Phg @ Ac—S=H /_\_N H

T o R — A N-N_

> s /? Et0,C  COEt
AcS”~
NaOMe/MeOH

15

Scheme 6.8
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a base to accept protons from both the acid and the alcohol. It should be noted that
this reaction proceeds with complete inversion of stereochemistry about the hydroxyl-
bearing carbon. The use of this approach is currently expensive; however, as the drive
to pure enantiomers of a given product continues, the author expects more interest in
this approach, as it allows access to chiral mercaptans from the cheaper, readily available
alcohols.

The other two widely used methods for the production of thioesters involve reacting
acid anhydrides or acid chlorides with either a thiol in the presence of a catalyst or
with an aqueous solution of the thiolate salt, e.g. the sodium salt of methyl mercaptan
which is readily available as a 20% solution. A good example is the synthesis of
methyl thioacetate (31) from sodium methyl mercaptide solution and acetic anhydride
(Scheme 6.9). The advantage of using an aqueous solution of the mercaptide from the
Synthetic Chemist’s point of view is that it also aids in the purification, allowing the
product (organic) to be removed from the by-products (carboxylic acids and their salts).
The anhydride is preferred as a substrate, rather than the acid chloride, due to it being
easier to handle.

o o 0
)J\AO)J\ — )ks/cm + CHsCO; Na
(31)
CH3S ™~ Na'

Scheme 6.9

An unusual reaction is that to make S,5-ethylidene dithioacetate (32), a material
that, although originally found in blood oranges, has applications in the more exotic
fruit flavours and perfumes [10]. Sternson [11] showed that by treating thiolacetic acid
with triethylamine or pyridine at ambient temperature a condensation reaction occurs
between three molecules of the acid. This reaction affords the desired product in good
yield with the formation of sulfur and water as by-products. To confirm the structure,
Sternson also synthesised the product by treatment of acetaldehyde dimethyl acetal with
thioacetic acid (Scheme 6.10).

3 (o] EtsN SAc
X H,O + S
)J\SH X +HO+
SAc
(32)
OMe  AcsH a2

OMe

Scheme 6.10
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Mercaptans can be made in a variety of ways. A popular method is to react an alcohol
or alkyl halide (the former in the presence of a strong acid) with thiourea in order to
obtain the isothiuronium salt. This intermediate is then hydrolysed with base to give the
desired thiol functionality (Scheme 6.11).

RCH,OH
HoN™ NH,

HX NHX  OHiag)

RCH;—S—4 ~ ———— RCH,SH
NH,
s

RCH,X
HoN" > NH;,

Scheme 6.11

An example of this is the synthesis of furfuryl mercaptan (3) from furfuryl alcohol
[12]. In the author’s experience primary alcohols react best using this method, and in
the case of secondary and tertiary alcohols it is often preferable to use the alkyl halide.

Another widely applied method is the substitution of a mesylate or halide group with
sodium hydrogen sulfide, e.g. the synthesis of allyl mercaptan (33) from allyl chloride and
aqueous sodium hydrogen sulfide. This route does have its drawbacks in that the basic
conditions used can, in some instances, promote oxidation to the disulfide. The formation
of these undesired by-products may be overcome by reduction with zinc/acetic acid or
lithium aluminium hydride reduction. Again, 2-methyl-3-butanethiol provides us with
an example, the disulfide being easily reduced by zinc/acetic acid to afford the mercaptan
(Scheme 6.12) [5].

/\/CI M /\/SH

(33)
I S Zn/AcOH SH
D A
(15)

Scheme 6.12

A similar transformation may be brought about by the treatment of alcohols
(particularly tertiary alcohols) with Lawesson’s Reagent. Lawesson’s Reagent (2,4-bis
[4-methoxyphenyl]-1,3,2,4-dithiaphosphetane-2,4-disulfide) was used by Nishio in his
synthesis of Grapefruit Mercaptan (9) from a-terpineol (34) (Scheme 6.13) [13].
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Lawesson's
Reagent
OH SH
(34) 9)
%S,
S 1
S

Lawesson's Reagent

Scheme 6.13

Aromatic and tertiary thiols can be made by treating the corresponding Grignard
reagent with elemental sulfur then acid, a variation on two Organic Synthesis methods
[14, 15]. A good example of this is the synthesis of thioguaiacol (35) [6], a constituent
of coffee flavours, from 2-bromoanisole (Scheme 6.14).

OMe OMe OMe OMe
©/Br Mg ©/MgBr S ©/SMgBr H e ©/SH
(35)
Scheme 6.14

A less common route is the ring opening of an episulfide by hydride reduction.
A good example of this is the IFF synthesis of Grapefruit Mercaptan (9) [16]. In this
synthesis, limonene (36), is first epoxidised preferentially at the exocyclic double bond,
then treated with sodium thiocyanate to give the corresponding episulfide (37). This is

subsequently ring-opened to the desired product by reduction with lithium aluminium
hydride (Scheme 6.15).

[0] NaSCN LiAIH,
0 S
SH
(36) (37) 9)

Scheme 6.15

A subtle variation on the above is the Firmenich route to the same compound (9),
whereby the episulfide is formed by treatment of the epoxide with thiourea and sulfuric
acid rather than by use of thiocyanate [17]. Firmenich used similar chemistry in their
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route to 1l-methoxy-3-hexanethiol (38), a key odorant in clary sage oil [18]. The
synthesis (Scheme 6.16) starts with the epoxidation of cis-1-methoxy-3-hexene using
m-chloroperbenzoic acid (MCPBA). The resultant epoxide is then treated with thiourea
and sulfuric acid to afford the desired thiirane intermediate. The final step is again ring
opening with lithium aluminium hydride.

\/:\/\O’CHs __ MCPBA \/Q\/\ _CHs Thiourea/H,SO4

SH

\A/\ CHy — —— 4 . LiAl /\)\/\O/CH3

(38)

Scheme 6.16

Two useful routes exist to a-mercaptocarbonyls. First is the addition of aqueous
sodium hydrogen sulfide to the halide, e.g. mercaptopropanone (39) from chloroacetone.
This is unusual in that the product (39) spontaneously dimerises to (40) (Scheme 6.17).
It is the dimer with its distinct meaty aroma that is the material of commerce.

Clyj\ _ NaSH _ Hs\)\ —>/£

(39) (40

Scheme 6.17

Where the a-halocarbonyl is not available or prohibitively expensive a more complex
route that may be employed is the treatment of the appropriate carbonyl compound
with ammonia in the presence of elemental sulfur, affording the 3-thiazoline. This, in
turn, may be decomposed to give the desired mercaptan under acid conditions [19]. An
example of an important aroma chemical that can be made via this route (Scheme 6.18)
is 2-mercapto-3-butanone (41), a material that is widely employed in savoury flavours.

0 N o) o)
= i H+
2X\)KM'):S +2H,0 ¢>\)K+\HJ\+NH3
SH
(41)
o)
SH
(42)

Scheme 6.18
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B-Mercaptocarbonyl compounds may be made via Michael-type addition of H,S to
o,B-unsaturated carbonyls or via the thioacetate, as described earlier. An example of a
material which may be made by either of these methods is thiomenthone (42), a material
with a highly recognisable aroma of blackcurrant.

6.2 Acyclic sulfides and polysulfides

These materials can be split into two groups: those having identical hydrocarbon groups
(symmetrical), e.g. allyl disulfide (8), and those having different hydrocarbon groups
(unsymmetrical), e.g. ethyl 3-(methylthio)propionate (43). In terms of their synthesis,
however, it is better to look at them as sulfides, disulfides and trisulfides and higher
sulfides (polysulfides).

O
/\/S\s/\/ CHa\S/\/U\O/\
(8) (43)

It has long been known [20] that simple symmetrical sulfides such as butyl sulfide
(44), with its distinct floral odour (quite unlike other sulfides), can be made by treatment
of the corresponding alkyl halide with sodium sulfide (Scheme 6.19).

Na,S
2x 7Ny 2

NN
(44)

Scheme 6.19

There is much more scope for the synthesis of the unsymmetrical species. One method
that may be used for unsymmetrical sulfides possessing a methyl group is the alkylation of
a mercaptan using methyl iodide or dimethyl sulfate in the presence of base. An example
of a material that may be made in this way is methyl furfuryl sulfide (45) (Scheme 6.20).

/ \ MeQSOdNaOH(aq) / \
SH S.
o) CHs

O
®) (45)

Scheme 6.20

It is often preferable to employ a solution of the sodium salt of methyl mercaptan
where possible. This has the advantage over using methyl mercaptan and a base of
reduced odour and in being in a liquid form at room temperature. The sodium salt
readily reacts with alkyl halides in a two-phase system to afford the desired unsymmetrical
sulfide. A typical material that can be made by this route is methyl propyl sulfide (46)
(Scheme 6.21), a key constituent in a wide variety of onion flavours.
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MeS_Na*(aq)

B /\/S\CHs

(46)

Scheme 6.21

This approach may also be utilised in the synthesis of some derivatives of heterocyclic
species, e.g. the synthesis of 2-(methylthio)-3-methylpyrazine (47) (Scheme 6.22) [21].

N _ N
[ \]f MeS Na“'(aq) [ \]f
pZ Z
N~ “CI N° "SMe
(47)

Scheme 6.22

Another chemical that may be made in this manner is bis-(methylthio)methane (48),
a material that allows the distinct flavour of black truffle to be introduced to the wider
population who could not normally afford this highly expensive delicacy. This use of
aroma compounds to formulate more complex flavours is an area that is set to expand
as the tastes of the general public become more sophisticated.

Another popular method in the making of sulfides is the Michael addition of methyl
mercaptan, or more usually its sodium salt, to an «,-unsaturated carbonyl. Materials
that may be made this way include 3-(methylthio)butanal (49), 4-(methylthio)butanone
(50) and 3-(methylthio)hexanol (51), a key component in passion fruit.

SMe
S._S. s 0 s o~
CHy >>""“CH;  CHy j/\lf CHg~ \/\[O( OH
48) (49) (50) 51)

The latter may be made via Michael addition to trans-2-hexenal (52), itself an
important aroma chemical, followed by hydride reduction to give the desired product
(Scheme 6.23).

MeS
o MeS Na*(aq MeS O LiAIH, PPN
(52) (51)
Scheme 6.23

The symmetrical disulfides can be made in a similar manner [22] to the sulfides,
by first reacting the sodium sulfide with elemental sulfur, prior to reaction with the
alkyl halide. It was using this method that Challenger synthesised propyl disulfide (53),
a material that has applications in onion flavours (Scheme 6.24).
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2% \\/W\Br Smwzs -~ \\//\s/s\u/\\
(53)

Scheme 6.24

It should be noted that the higher sulfides (trisulfides and tetrasulfides, etc.) may
also be made using this method by increasing the molar ratio of the elemental sulfur
employed. The result is a mix of sulfides, and it is this mix that is generally the material of
commerce. The mixes of the higher sulfides can prove difficult to separate by fractional
distillation due to continuous disproportionation at elevated temperatures throughout
the process, even while under high vacuum or, in the case of allyl species, polymerisation.
An example of this is the ready decomposition of propyl trisulfide (54) to the respective
disulfide (53) and tetrasulfide (55) (Scheme 6.25) [6]. Where higher-purity trisulfides
are required, the author recommends the Bunte salt method, described later, for the
synthesis of unsymmetrical trisulfides.

N e S
S
/\/S\S/S\/\ A (53)
(54) *
\\/”\S/S\S/S\//\\
(55)

Scheme 6.25

An approach that works in some instances better than others is to simply oxidise the
corresponding mercaptan to the disulfide. This can be done via aerial oxidation or by a
chemical oxidant such as hydrogen peroxide. This reaction, an undesirable side reaction
in many mercaptan syntheses, has its uses in the synthesis of the disulfides. A good
example is the ease by which MFT (2) oxidises to its disulfide (56) in air (Scheme 6.26).
It is thought that while the volatile mercaptan gives roast beef its aroma, it is the disulfide
that gives it its flavour.

SH S—S
O O O
@) (56)

Scheme 6.26

In order to make unsymmetrical disulfides, Bunte salts have been used over the years.
In his synthesis of methyl propyl disulfide (57) Milligan [23] reacted propyl bromide
with sodium thiosulfate in order to form the desired Bunte salt intermediate. This was
subsequently reacted with the sodium salt of methyl mercaptan to afford the desired
product, like the afore-mentioned sulfide (46), an important constituent in onion flavours
(Scheme 6.27).
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_~_Br Na25203q) /\/S_TS:)_O_ Na“| MeSNa'eg -S.g-CHa
© (87)
+ +
NaBr Na,>SO3
Scheme 6.27

An approach to the synthesis of symmetrical higher sulfides is that described by both
Olin [24] and Westlake [25], where elemental sulfur is introduced to an existing sulfide
with the aid of an amine or pyridine catalyst. A prime example of a material that may be
made in this way is methyl trisulfide (58) (Scheme 6.28) which has applications in many
savoury flavours, in particular, those of the various allium species.

Hswo.-S- S/EtN orSe
CHang-Ssop, —— cny s Sven,
(58)
Scheme 6.28

For mixed trisulfides, a convenient method is to make both Bunte salts and then to
react them with sodium hydrogen sulfide. This reaction produces a mix of sulfides, and
it is this that is the material of commerce. Typical of the materials that may be made by
this route is allyl propyl trisulfide (59), again a much-used ingredient in garlic flavourings
(Scheme 6.29). When a single Bunte salt is used this reaction produces the symmetrical
trisulfide in good purity.

N o - S S
A~ Br a28203(aq) /\/S_ﬁ_o Na*
- 8 (54)
L - NaSH 5q) /\/s\s/s\/\
[ (59)

/\/C| NaZSZOg(aq)

I .
/\/S—S—O Na
= 6 /\/S\S/S\/\

Scheme 6.29

6.3 Saturated heterocyclic sulfur compounds

These may be split into two families: those where sulfur is the only heteroatom and those
where a second heteroatom, usually oxygen or nitrogen, is present. Taking the family
that has only sulfur as a heteroatom first, some of the simplest materials to make are
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the 1,3,5-trithianes. These may be made by treating a ketone or aldehyde with hydrogen
sulfide gas in the presence of either a Bronsted or Lewis acid. Two materials that
may be made in this manner [26] and which are of importance in the F&F industry,
are 2,2,4,4,6,6-hexamethyl-1,3,5-trithiane (trithioacetone) (60) and 2,4,6-trimethyl-1,3,5-
trithiane (trithioacetaldehyde) (61), made from the carbonyl compounds suggested by
their trivial names (Scheme 6.30). The former can vary in odour from minty to meaty
while the latter is also used in applications where a ‘meaty’ aroma is required.

s
0 HCl (/.S A/ \F
(9y"'2°(g)
ax S5¢®

(60)

S
3>< i HClig/H2S(q) \S( 2/
" T
(61)
Scheme 6.30

A second group of easily accessible materials are the simple dithiolanes. These are
made by treating an aldehyde with ethane-1,2-dithiol in the presence of an acid catalyst.
This simple reaction has been widely exploited in synthesis as a method of protecting
carbonyl species. In her book [27], Greene gives several published methods for carrying
out this and similar reactions. Typical of these materials is 2-methyl-1,3-dithiolane (62)
which has applications in savoury flavours. In principle this reaction can be used to
synthesise more complex molecules by reacting propane-1,2-dithiol with an aldehyde or
ketone to produce poly 1-alkylated materials should the need arise. The use of propane-
1,3-dithiol instead of ethane-1,2-dithiol allows access to the series of 1,3-dithianes
(Scheme 6.31).
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Scheme 6.31
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More complex are the trithiolanes and trithianes. IFF has patented the use of
3,5-diisobutyl-1,2,4-trithiolane (63) in pork flavourings [28]. The synthesis starts with
the reaction of isovaleraldehyde (64) with diisopropylamine to form the enamine (65).
The enamine is then treated firstly with hydrogen sulfide gas and then sulfur, before acid
work up to afford the product as a mixture of cis and trans isomers (Scheme 6.32).

Pr .
IR, 0 A, B TUPY

(64) (65) (63)

Scheme 6.32

3-Methyl-1,2,4-trithiane (66) has been patented as a flavouring agent by Firmenich [29]
and may be used in many savoury applications. Their synthesis proceeds via the reaction
of acetaldehyde with hydrogen sulfide in the presence of diisopropylamine and subsequent
treatment of the intermediate with ethane-1,2-dithiol (Scheme 6.33).

Pr (i) HuS
O H-N 2
. o ~_SH
)J\H Pr /\N(iPr)g (i) HS IS S
s )
(66)
Scheme 6.33

A reaction that demonstrates the highly nucleophillic nature of sulfur is the treatment
of the previously mentioned Grapefruit Mercaptan with acid. Protonation occurs in the
expected Markovnikov manner at C-2 creating a positive centre at C-1. The carbonium
ion is then attacked by the sulfur at C-8 to form a sulfur linkage between C-1 and C-8,
thus forming thiocineole (67) (Scheme 6.34) [17].

Scheme 6.34

Of the family that contains an additional heteroatom to sulfur, a material that has
recently found its way to the GRAS 20 list is 2,4,6-tri-isobutyldihydro-1,3,5-dithiazine
(68), a material with a distinct aroma of smoked bacon. The material is made by treating
isovaleraldehyde (64) with aqueous ammonium sulfide (Scheme 6.35) [30].
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Scheme 6.35

Of perhaps the greatest importance in this family are those molecules that contain
oxygen as well as sulfur and, in particular, the 1,3-oxathianes. Both IFF [31] and
Firmenich [32] have patented the use of members of this family in flavourings and
perfumes. The former concentrates on the 6-methyl-1,3-oxathianes, derived from the
condensation of 4-mercapto-2-butanol with a variety of simple aldehydes and ketones,
and their application in flavours. Both also lay claim to the synthesis of simple
1,3-oxathiolanes via reaction of an aldehyde with 2-mercaptoethanol in the presence
of acid catalyst, a prime example being 2-methyl-1,3-oxathiolane (69) derived from
acetaldehyde (Scheme 6.36). The Firmenich patent also incorporates the use of more
complex members of this group of compounds in F&F applications.

ASH 0 PTSA J\
HO M PR L g
H -/
(69)

Scheme 6.36

Perhaps, the most widely used member of the 1,3-oxathiane family is 2-methyl-
4-propyl-1,3-oxathiane (tropathiane) (10). This material is derived from the reaction
of 3-mercapto-1-hexanol (70) with acetaldehyde in the presence of an acid catalyst
(Scheme 6.37) [32]. Tropathiane is widely used in tropical fruit flavours, in particular

o] o]
/\/\/‘L AcSH )J\s H NaBH4 )J\s
A 0 /\MO /\)\/\OH
(52)
P SN G SN U
—_— . + —_ e .
O OH H
(70) K/éH\/\
J\ (10)
0 >s°
K/Hé\/\
(71)

Scheme 6.37
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passion fruit. It should also be noted that the Firmenich patent [32] also claims that the
sulfoxide of tropathiane (71) has applications in flavourings.

6.4 Quality and stability

Taking a cue from the computer industry, the maxim of garbage in/garbage out (GIGO)
also applies to chemicals. A poor-quality raw material can often have a devastating effect
on the quality of the final product. This is especially true in the F&F industry where
it is common practice for the raw materials as well as the product to undergo odour
evaluation. The quality of the raw material is particularly crucial in the manufacture of
sulfur chemicals as the presence of sulfur-based impurities, with their powerful odours,
can lead to poor organoleptic properties in the product. It is the impurity and odour
profiles that are crucial. A higher-grade material (e.g. 99.5% with 0.5% of a specific
impurity) may give a worse odour profile than a lower-grade material (99%) where the
level of the specific impurity is less than 0.1%.

An example of how critical these impurities are can be demonstrated with dimethyl
sulfide (7). Most chemists are familiar with the foul smell, reminiscent of rotting cabbage,
of this material, as supplied commercially outside the F&F industry at 99+% assay.
Careful purification, however, results in a material that has the distinct odour of sweet-
corn. The foul smell that we are familiar with is actually due to trace quantities of sulfur
chemicals such as ethyl methyl sulfide (72) that can be identified when the material is
analysed by GC-MS [6]. Another example is the sodium methyl mercaptide solution
mentioned previously. In some instances this material may contain levels of dimethyl
disulfide (73) that may react to form by-products that will have an impact on the odour
of the final product, even after distillation.

g7 _ S\S/
(72) (73)

Allis not lost if a problem is encountered with the odour of the final product. Treatment
of the off-odour material with dilute acid or base can often remove these off-notes.
Alternatively, air or an inert gas such as nitrogen may be bubbled through the material.

In terms of stability, the most common problem associated with the use of mercaptans
is oxidation, usually to the corresponding disulfides, materials which typically have a
higher odour threshold (and hence lower impact) due to their higher molecular weight
and lower volatility. In some instances, this reaction may take place simply on contact
with air. The reaction is via a free radical mechanism occurring by loss of an electron
(Scheme 6.38). The reaction proceeds at an even faster rate in the case of mercaptide
anions; hence the tendency to oxidise increases with pH.
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Scheme 6.38
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This tendency to oxidise is variable. As the key to oxidation is electron loss, those
mercaptans which are electron-rich will show a greater tendency to oxidise. This can
be illustrated with methyl and dimethyl furanthiols, where the thiol function is in
conjugation with the electron-rich furan ring (Schemes 6.39-6.41) [4]. Both MFT (2)
and DMFT (74) oxidise rapidly in solution in the absence of any stabiliser. DMFT, whose
extra methyl group contributes further to the electron density of the ring, is oxidised
faster. The fact that this reactivity is not seen in tetrahydro MFT (14) provides support
to the theory that this is due to the electron-rich nature of the system and not due to
any other factors. In the latter case, there is no m-system and the reactivity is that of a

secondary aliphatic mercaptan.

SH §—S
O O O
() (56)

In PG, ~50% oxidation, odour fades
In triacetin, slightly more stable, ~30% oxidation
Best used undiluted

Scheme 6.39

SH S—S

(6] O O

In PG, rapid oxidation, solution becomes dark red, precipitation of disulphide occurs

(74)

In triacetin, slightly more stable, ~60% oxidation, stays in solution

Undiluted, goes cloudy due to water formation, requires stabilising with

a-tocopherol

Scheme 6.40

SH S—S
(S )
O O (6]
(14)
No oxidation, reactivity of 2° aliphatic mercaptan

Scheme 6.41
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In the absence of any other factors, the tendency to oxidation is determined by
steric factors, i.e. primary > secondary > tertiary. Tertiary mercaptans can be remarkably
resistant to oxidation. For example, a sample of 1-methoxy-3-methyl-3-mercaptobutane
(11) that had been stored for several years appeared to show no oxidation to the
disulfide by GC. In order to establish whether this was due to the inability to
detect the disulfide a sample was treated with manganese dioxide. This performed the
oxidation but was less effective than expected in that only ca. 30% of the disulfide
was formed. GC and GC-MS proved that oxidation had not occurred in the sample
despite prolonged storage (Figure 6.5) [4]. This chemical stability means that it can
be used in demanding media, especially some of those used in the fragrance industry.
Stability studies showed it to give excellent results, especially under neutral and acidic
conditions. Its loss of performance in alkaline conditions merely reflects the acidity of
the thiol function, i.e. at high pH the molecule is deprotonated to give the involatile
mercaptide ion.

Sulfides are generally less odorous than mercaptans, but have the advantage of greater
chemical stability. The sulfide function is unaffected by acid or base and is not readily
oxidised under conditions that would rapidly convert a mercaptan to a disulfide. As
sulfides are much less reactive than mercaptans, this can give us a greater range of
potential applications. They can still, however, be oxidised by bleach; hypochlorite can
oxidise sulfides to sulfoxides and sulfones (Scheme 6.42) [33].

(0]
s [©] 8 [O] Og®
R™°R R°R R™°R
Scheme 6.42

The key stability issue associated with using thioesters is hydrolysis (Scheme 6.43).
Thioesters can hydrolyse more rapidly than ‘carboxylic’ esters since the mercaptide ion
(R-S7) is a better leaving group than the alkoxide ion (R-O~). This results in the
formation of mercaptans. As the mercaptans are generally more odorous than the parent
thioesters this can be a particular problem.

o)
_ R _R'
RXOH s = RJ\O’ T HS

RS R{\S”
OH

Scheme 6.43

However, this can be turned to our advantage, by using thioesters to generate
mercaptans in situ. The tendency of MFT (2) to oxidise to the disulfide has already
been noted, so a system that generates MFT may have advantages for applications
where the conditions used in flavour formulations may be sufficient to release the thiol.
Examination of three samples of a 10% solution of MFT acetate (23) in propylene



138 Chemistry and Technology of Flavors and Fragrances

ro 3 Plot
Flle:clsmturnwairevertea im 028 0-0{mid11-87ox)1 sms
Samgle: a0280-0(m M} 1-870K) Gparaer: BA
Hoan Aange: ! - 1807 Time Rangs: 0.00 - 24,98 min. Dats: 23/08/949 D1:48
*Counts{ RIC ol md290 Ggmiatl otomt ame o
‘7555..... LETTTOLIRI B4R Y
oo B
rand . .
; k1o min Resu:
s % E
——
800 3
i
0o : B
00 3
i
I
200 i b
i
. i
: )
: i
i
100+ I ! -
|
L 294 5134 o Aenet 0503780
ot
T ® % B3 .
Tommwms | ETORE
ED N TR iR aee
Beah 451 bam s mnmernwaineverte am 0260-00m 11 #70x)1 ams Boun (%24 Hom SIS RMIRWANE v rteA 1M DZH0.O(m d 11 ATom1 am s
e FACZ m Nuan 8 C3an b RETE 18 BRC haTe BG freses 2832 mn. edn VAZE CA0a T ina 407 11 RICIDONING ME
wen] ] - - -
SH \|/\/\
"
! “ 8
. L~ - i
' /1\/\0 l
on "
i
I
- e
| ! | i (A0
| ; : e
amwd : - o]
{ ! : |
i i ; | i :
P : i : : ‘ . i
: il ot | ! . i
: HE [ i H : ‘ P - i
=i . P ‘ I3 M -H T i
| i Ii i i i ; h|.!\: L i
- S i I'iy i i ;
(LI P affi 8 il JAAMRIL) RIT) - L Ll | E; " aor
- " Ld - i - " T i 3 R

Figure 6.5 Oxidation of 1-methoxy-3-methyl-3-mercaptobutane.

glycol (PG) stored at 4°C (refrigerator), 21°C (ambient) and 40°C (accelerated ageing)
revealed the formation of a wide variety of components over a period of time. GC-MS
showed these to be MFT, the acetates of PG formed in the ‘hydrolysis’ and via transester-
ification, in the older samples, bis-(2-methyl-3-furyl)disulfide (56) formed by oxidation
of the liberated MFT (Figure 6.6 a,b) [4].
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Figure 6.6 Hydrolysis of MFT acetate in PG.

Figure 6.7 demonstrates that over the typical shelf-life of a formulation of MFT acetate
in PG, extensive MFT formation will take place. With care, it may be possible to develop a
‘steady-state’ concentration of mercaptan, where any losses due to oxidation are balanced
by generation from the acetate.
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Figure 6.7 Stability of MFT acetate in PG.
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Chapter 7
Aroma Chemicals 1V: Musks

Philip Kraft

7.1 Introduction

Monsieur Eme s’expliquait a présent pourquoi son choix s’était a I'époque — et si spontanément —
porté sur le musc a exclusion de tout autre parfum, et il comprenait aussi pourquoi cette eau
de toilette en particulier lui convenait si bien et servait si parfaitement sa stratégie de séduction
et de conquéte. La connotation sexuelle de son parfum lui apparut soudain dans toute sa clarté.
L’espace d’un instant, Monsieur Eme fut lui-méme un chevrotain porte-musc en rut . . .

P. Kemp, Musc [1]

Musk is the dried secretion from an internal pouch found between the hind legs of
the male musk deer Moschus ssp., which resembles an ordinary deer with hare-like long
ears, grey-brown body colour and two canine teeth protruding from its upper jaw.
The musk deer measures approximately 60 cm, is 10-13 kg in weight, and inhabits the
mountain forests of at least 13 countries in southern and eastern Asia and eastern parts of
Russia. Its intensely smelling secretion serves for both territorial boundary marking and
for attracting female partners over large distances, i.e. as a pheromone. To harvest the
secretion, the animal was traditionally hunted. The main hunting season was in February
and March, when hunger forces the animals to leave their inaccessible hiding-places
in the mountains [2]. After killing the animal, the pouch was removed with the outer
covering of hair and hide, and dried in the sun or on a heated stove. Most of the hair
and hide was removed, and the musk pods (Figure 7.1) were soaked in water and then
opened to yield fatty brownish grains. By extraction of these musk grains with alcohol,
tinctures were prepared that were directly used in perfumery.

The best quality was Tonquin musk from Tibet and China, followed by Assam and
Nepal musk, while Carbadine musk from some Russian and Chinese Himalayan regions
was considered inferior [3, 4]. To obtain 1kg of musk grains, between 30 and 50 animals
had to be sacrificed, and thus musk tinctures were very expensive perfumery ingredients.
At the beginning of the nineteenth century, the price of Tonquin musk grains was about
twice their weight in gold. But despite this high price, musk tinctures were still used
in perfumery till about 1979, when musk deers were protected from extinction by the
Convention on International Trade in Endangered Species of Wild Fauna and Flora
(CITES) and complimentary national laws. Today, natural musk, the quantity legally
permitted by CITES as well as that poached and illegally traded, continues to be used
only in traditional east Asian medicine, as a sedative or stimulant to the heart and nerves,
and most importantly as an aphrodisiac.
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Figure 7.1 Dried musk pods in different views with hair and hide partially removed, approx. 4cm
(1.5 inches) in diameter.

The first olfactory impression when smelling musk tinctures is animalic, sweet and
ammoniacal. But the more one studies its character, the more contrasting, vibrant and
oscillating it becomes: repulsive—attractive, chemical-warm, sweaty—balmy, acrid—waxy,
earthy—powdery, fatty—chocolate-like, pungent—leathery, resinous—spicy, fig-like, dry, nutty
and woody, to give just some impressions [5]. To get an idea about this olfactory richness,
smell for instance »Musc Ravageur« of Maurice Roucel (Editions de Parfums Frederic
Malle, 2000) [6], which extrapolates these facets into a well-balanced perfume.

Considering this diversity of adjectives, it is understandable why biologists usually
used the term ‘moschata’ or ‘moschatellina’ simply to indicate a strong smell, and thus
several plant and animal species bear this designation: Abelmoschus moschatus, Fragaria
moschata, Adoxa moschatellina, Achillea moschata, Malva moschata, Mimulus moschatus,
Fusarium moschatum, Aromia moschata, Cairina moschata, Hypsiprymnodon moschatus,
Eledone moschata, Chrysolampus moschitus, Sterotherus moschatus, Nosotragus mos-
chatus, Desmana moschata and Ovibus moschatus [5]. Thelatter, musk ox, is even often incor-
rectly associated as the source of natural musk. In perfumery, however, musk is generally
considered a prime olfactory descriptor. What then is ‘musky’, and what are ‘musks’?

The term ‘musk’ is an abstraction from the complex odour impressions of natural musk
tinctures, especially from the dry-down, after the more volatile parts are evaporated. It
refers to the warm, sensual, sweet-powdery tonality of the dry-down. This abstraction
began in 1888, with the discovery of ‘Musk Bauer’ (1) by Albert Bauer [6]. The intro-
duction of this musk as a 10% solution in acetanilide for about $500 per kilo [7], which
was half the price of musk tincture at that time, was such an immediate commercial
success that several small fragrance companies were formed all over Europe. We will
return to ‘Musk Bauer’ later, but for the moment let us keep in mind that the term
‘musk’ was coined even before the odorous principle of Tonquin musk was known.

Today, younger perfumers hardly know Tonquin musk, and chemical benchmarks
define the ‘musky’ odour impression, an impression that is most often associated with
the odour of baby skin. Hence, the smooth, soft and intimate ‘skin-on-skin’ connotation
of musks and their indispensability in perfumery to impart sensuality. Musks refine,
exalt, fix, stimulate, balance and harmonise perfumery compositions; they have an erotic
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effect, bring volume and diffusivity, and impart warmth and liveliness. Or in one phrase,
they form the skeleton of a perfume. There is probably not a single fragrance on the
market without containing any musk odorant. Actually, there is even one perfume with
just musk: »Velviona« (Helmut Lang, 2001).

In terms of benchmarks, 15-pentadecanolide (2, Thibetolide®, Exaltolide®) is probably
the commercial musk with the least side notes; and thus, it will serve as the reference to
what we understand as a musk odorant. Some steroids were claimed to emanate musky
odours; however, they generally smell urinous and animalic, aspects present in natural
musk tinctures, but not musky in terms of the above definition, even in dilution. An
interesting steroid in terms of odour is a-androst-16-en-3a-ol (3), but also this is not
musky but sandalwood-like in dilution. That should suffice to avoid any confusion, which
sometimes found its way into the literature. So let us now move on to the chemical
structures of natural musk odorants.

1 NO,
16
0,N NO,
, 070 HO 3
Musk Bauer Thibetolide®  w&-androst-16-en-3a-ol
Exaltolide®

7.2 Natural musks

Bearing the commercial success of Musk Bauer (1) in mind, the apparent next question
was, which compounds were responsible for the musk note of the natural Tonquin musk?
Were these simple aromatic compounds like 1 or vanillin? Were they easy to manufacture?
This was the motivation for Heinrich Walbaum [8] of Schimmel & Co, at that time the
biggest fragrance manufacturer, to investigate musk-deer glands at the beginning of the
twentieth century [9]. In 1906, he isolated the principal musk odorant, established that it
was a ketone of the empirical formula C,(H,,0O with two double-bond equivalents, and
named this new ketone ‘muscone’ (4) [10]. However, he had no clue about the chemical
structure of muscone (4), the content of which varies from 0.5 to 2% in musk grains. And
thus, the structure elucidation and synthesis of 4 remained high on the wish list of the
young fragrance industry; and also on the wish list of Philippe Chuit, who had founded
a small fragrance company with Martin Naef in Geneva. In 1920, he contacted Leopold
Ruzicka at the ETH Zurich, who was looking for financial support and who previously
had been working on irone in collaboration with the German company Haarmann &
Reimer (now Symrise). In 1921, Ruzicka and Naef et Cie. (the later Firmenich) closed a
co-operation contract [11] and, after work on nerolidol and farnesol, Ruzicka started the
structure elucidation of muscone (4) at the end of 1922. Vigorous chromic acid oxidation
of 4 yielded a series of aliphatic dicarboxylic acids that finally led to the conclusion that
muscone was 3-methylcyclopentadecan-1-one (4) [12]. According to Baeyer’s theory of
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strain in multimembered rings [13], such macrocyclic compounds were thought to be
too unstable to exist; thus, Ruzicka’s finding opened a new chapter of organic chemistry,
which, amongst other achievements, earned him a Nobel prize in 1939.

Ruzicka also investigated and elucidated the structure of civetone (5) [14], the musk
odorous principle of the glandular secretion of the civet cat (Viverra civetta), which had
been isolated in 1915 [15]. In comparison with 4, civetone (5) possesses a far more
animalic musk character, perhaps due to a steroid-type folding that 5 could adopt.
Even though such a steroid-type folding had already been proposed by Vladimir Prelog
and Leopold Ruzicka [16] in 1943, and found its way into many organic chemistry
textbooks, we shall not forget about the severe transannular strain it implies. It is virtually
impossible for an odorant receptor to compensate for the resulting steric hindrance of
the transannular hydrogens. The concept that due to attractive van der Waals interactions
two opposite sides of a macrocycle would align just like aliphatic lipid chains, is simply
wrong. To avoid transannular interactions, the gauche atoms in a macrocyclic ring tend
to be separated as far as possible from each other. They form the corners of a triangle, a
square or a pentagon, the sides of which consist of trans-configured aliphatic chains [17].

But let us not forget that Chuit was aiming at an industrial synthesis of muscone (4), no
matter how interesting these macrocycles were from an academic point of view. Therefore,
Ruzicka attempted the synthesis of macrocyclic ketones by pyrolysis of heavy metal salts
of dicarboxylic acids, a method previously applied by Zelinsky [18] and Willstétter [19]
to the synthesis of smaller ring systems. However, this cyclisation method [20] employing
thorium salts gave only low yields of macrocyclic ketones in the order of 5-6%, and did
not tolerate the B-methyl group of muscone (4). Therefore, in 1926 the nor-muscone,
cyclopentadecanone (6, Exaltone®) was introduced to the market instead of muscone (4),
at the exorbitant price of 50000 CHF/kg [11] due to the low yields and the difficult
purification. Cyclopentadecanone (6) possesses a pleasant musk note, and was later even
identified in nature; it occurs in the scent glands of the Louisiana muskrat [21].

In-depth modern analyses of the odoriferous principles of Tonquin musk were carried
out by Mookherjee and co-workers [22, 23] of IFF in 1970 and 1981. In the course
of these studies, several new macrocycles were identified, the most interesting one in
terms of odour being (5Z)-14-methylcyclopentadec-5-en-1-one (7). Other structurally
interesting constituents are muscoxide (8) and muscopyridine (9), the latter of which
was found by Ruzicka and co-workers [24] in 1946, and had been synthesised by Biichi
and co-workers [25] in 1957.

The musk odorants of the animal kingdom are exclusively macrocyclic ketones. Today,
rac-muscone (rac-4), civetone (5) and Exaltone® (6) are all important commercial
products, and muscone continues to be a popular scientific target structure, especially
for enantioselective synthesis of its naturally occurring (R)-(—)-isomer 4. With an odour
threshold of 4.5ng/l air [26] 4 is not even an extremely potent musk, and in water
the threshold of the enantiomers differ only by a factor of 4, i.e. 61 ppb for 4 and
233 ppb for ent-4, while being similar in odour character [27]. However, the fascination
for the genuine natural odorant motivated chemists to investigate several stereoselective
syntheses, of which we present three recent ones.

Alexakis and co-workers [28] investigated the copper-catalysed enantioselective
Michael addition of dimethyl zinc to cyclopentadec-2-en-1-one (10). Out of various
2-arylcyclohexal-substituted phosphites the ligand 11 turned out to be particularly
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efficient for the 1,4-addition of organozinc reagents and furnished 4 with an enantiomeric
excess of 79%. A very elegant synthesis of 4 was reported by Grubbs and co-workers [29].
The stereochemical information stems from (R)-(+)-citronellal, which is commercially
available in high enantiomeric purity. A simple Grignard reaction with 1-bromodec-9-
ene provides 12 that was subjected to ring-closing metathesis (RCM) in the presence
of the second-generation ruthenium alkylidene 13. Following RCM, sodium hydroxide
and 3-pentanone were added to initiate Ru-catalysed transfer hydrogenation to provide
the macrocyclic ketone. Addition of gaseous hydrogen then resulted in the Ru-catalysed
hydrogenation of the formed double bond and afforded 4 in overall 56% yield. Another
approach was recently developed at Takasago [30]. Intramolecular aldol condensation
of 2,15-hexadecadienone (14), prepared from 1,10-dibromodecane by double acetoacetic
ester synthesis, furnished an (E/Z)-mixture of 3-methyl-2-cyclopentadecen-1-one. Silica-
gel column chromatography (CC) afforded the pure (E)-isomer, which was required for
the enantioselective reduction using the Ru,Cl, [(S)-p-tolyl-BiNaP],NEt; catalyst system.
Employing this catalyst, hydrogenation at room temperature at 70 atmospheres provided
(R)-(—)-muscone (4) with >98% ee. If some day one of these three strategies will be
applied on an industrial scale is an open question.

In the plant kingdom, musk odorants are exclusively macrolides, macrocyclic lactones.
The most important one we have already met, 15-pentadecanolide (2, Thibetolide®,
Exaltolide®) was discovered in 1927 in Angelica root oil (Archangelica officinalis
Hoffm. syn. Angelica archangelica L.) by Max Kerschbaum [31] of Haarmann & Reimer.
At the same time, the competitor Firmenich introduced it into perfumery as Exaltolide®,
at the exorbitant price of 100000 CHF/kg [11]. They had subjected their Exaltone® (6) to
subsequent Baeyer—Villiger oxidation. The 15-pentadecanolide (2), thus obtained, has a
more distinct and delicate musk note and is less animalic than 6, and like most macrolides,
it smells slightly floral. The odour threshold of 2 was measured as 2.1 ng/l air [10].

In a recent in-depth analysis [32], 15-pentadecanolide (2) was shown to account
for about 42% of the macrolide fraction of Angelica root oil. Besides some traces of



148 Chemistry and Technology of Flavors and Fragrances

10 O 4
O
4 mol%
Me,Zn, 2 molde Cu[OTf
0 0

(R)-(-)-muscone

3 molop € F’h 13
NaOH, 9

@ o

3 H, ¥ 5600

(R)-(-)-muscone
®  Bu,AlOPh, py

@ separation of the
(E)-isomer by CC

@ H, Q;:§>
0 OO O 0
‘RUC|2 2NETI3
0 OO P ) {R)-(-)-muscone
( 2) 15

14

1 mol%

16-hexadecanolide, several other macrolides were detected. The main component is
13-tridecanolide (16), which makes about half of the macrolide fraction, accompanied
by its 12-methyl derivative 18/19 occurring in around 4% of the macrolide fraction. This
is followed by 3.5% of 17-heptadecanolide (17) and 0.5% of 14-tetradecanolide (20),
so that the main components possess an odd number of ring-carbon atoms. However,
excepting 18/19, no further (w — 1)-methyl macrolides occur, not even of the second-
most abundant component 15-pentadecanolide (2). Though not occurring in nature, the
corresponding 14-methyl-15-pentadecanolide is a very interesting musk odorant [33],
and in an obvious analogy it has been termed ‘muscolide’ by Gunther Ohloff [34].
Nevertheless, 12-methyl-13-tridecanolide (18/19), discovered in Angelica root oil by
Taskinen [35], is an interesting musk odorant too, especially since it was the first example
for which the importance of methyl substituents on the character of macrocyclic musks
was demonstrated [36, 37]. The (R)-isomer 18 possesses a clean musk note with strong
sandalwood accents and a slight fruity undertone of pear, while the enantiomer 19 differs
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unambiguously by a pronounced animalic musk note accompanied by camphoraceous
aspects. The nor-derivative 16 is much more camphoraceous and rather cedarwood-like
than musky. Both enantiomers 18 and 19 occur in Angelica root oil [32] in the ratio of
72:28, and the major enantiomer 18 recently has become an attractive target for synthetic
organic chemists [38]. These were the most important aspects on Angelica root oil, and if
you are interested in an olfactory impression, smell »Angeliques sous la pluie« (Editions
de Parfums Frederic Malle, 2000) [6], in which Jean-Claude Ellena interprets this theme.

14 18
0~ 0 07 "0
16 504% 17 3.5%
&
14 E : 14 15
R Lo s
070 070 070
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18 3.0% .7 19 1.2% 20 0.5%

Next to 15-pentadecanolide (2), the commercially second-most important natural
musk is ambrettolide (21), or, more strictly, 21 rather than 22, which is sold as Ambret-
tolide®, i.e. a double-bond isomer. The reason for this is that it is not synthesised from
ambrettolic acid, but from aleuritic acid, the main acidic constituent of shellac [39]. So
do not get confused, what was isolated from Ambrette seed oil (Hibiscus abelmoschus L.
syn. Abelmoschus moschatus M.) by Kerschbaum [31] in 1927 has the structural formula
21. However, both compounds are relatively similar in smell: Powerful musky, warm-
aromatic with fruity-floral nuances and some reminiscence to genuine Ambrette seed oil.
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ambrettolide Ambrettolide®  galbanum oil
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The four macrolides of the general formula 23, which were discovered by Roman Kaiser
and Dietmar Lamparsky [40] of Givaudan in Galbanum oil (Ferula galbaniflua Boiss. et
Buhse and Ferula rubicaulis Boiss. syn. Peucedanum galbanifluum Baill. and Peucedanum
rubicaule Baill.), do not at all possess the character of their parent essential oil. Galbanum
oil has a very characteristic sharp spicy-green, leaf-like character with balsamic nuances. The
odour characteristics of the isolated w-methyl macrolides 23 range from fruity-woody
(12-tridecanolide) via woody-cedar, balsamic (13-tetradecanolide) to distinct musky (14-
pentadecanolide and 15-hexadecanolide), and again the compounds with an odd number
of ring-carbon atoms are the more abundant in the oil. It is interesting to note that, in
comparison with 18 and 19, both enantiomers of 13-tetradecanolide smell very similar
and both possess complex cedarwood-type odours [37], so an w-methyl group probably
sterically hinders the interaction with the musk receptor. We clearly see that methyl
groups do matter.

This is stressed, because Max Stoll [41] of Firmenich summarised in 1936 his data
on macrocycles derived from the natural leads in the following empirical rules (slightly
abbreviated and adapted):

(1) To smell musky the macrocyclic ring must contain 14-18 members.

(2) One carbonyl or imino group must be present, but a second one will completely
destroy the musk odour.

(3) Lactones and oxa ketones are stronger than ketones, yet further oxa substituents
diminish the odour intensity.

(4) Methyl groups have almost no influence on the odour.

As a rule of thumb, these statements are quite practical, but one must be very careful as
there are important exceptions to each of them. Above, we saw the importance of methyl
groups. These exceptions provide interesting insights into the design of new powerful
macrocycles. However, for the moment we leave it here, since for a long time macrocyclic
musks had economically no chance against the easier-to-produce and consequently much
cheaper nitro and polycyclic musks.

7.3 Nitro musks

So back to the nitro musks. Musk Bauer (1) had simply been discovered by
serendipity [10], Albert Bauer had actually been searching for new explosives and had
alkylated trinitrotoluene (TNT) by Friedel-Crafts reaction with tert-butyl halides [7].
Together with the Société des produits chimiques de Thann et de Mulhouse he patented and
produced Musk Bauer (1), and motivated by its immediate success, systematically studied
further derivatives. In short succession he discovered Musk xylene (24), Musk ketone
(25) [42] and Musk ambrette (26) [43], all before the dawn of the twentieth century.
These three musks 24-26 soon replaced Musk Bauer (1), and became the epitome of
musks for the next 50 years. Many perfumes of that period, like for instance »Chanel
N°5« by Ernest Beaux (Chanel, 1921), had over 10% of nitro musks incorporated, mainly
25. Musk ketone (25), with an excellent odour threshold of 0.1 ng/l air [10], is considered
to resemble the natural Tonquin musk character quite closely, with a sweet, powdery,
mild animalic and warm character. Musk xylene (24) is somewhat harsher, and due to its
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cheaper price found more application in the soap and detergent segment. Musk ambrette
(26) was special in adding a heavy floral side note to the persistent sweet musk tonality
of the family. Consequently, it was often employed in floral perfumes, like for instance
the floral salicylate prototype »L’Air du Temps« by Francis Fabron (Nina Ricci, 1948).
Especially in these perfumes, Musk ambrette (26) was difficult to replace, when it was
severely restricted [3] in use in 1981, and subsequently withdrawn from the market.
Reasons for the restrictions of the nitro arenes were mainly a certain toxicity (neuro-
toxicity) and their phototoxicity, but besides they also caused ecological concerns due to
their poor biodegradability.

Extensive research on nitro arenes — in the course of which also the wrong structures
assigned to Musk ketone (25) and Musk ambrette (26) by Bauer were corrected — led to
the introduction of three further nitro musks by Givaudan: Musk tibetene (27) [44], Musk
alpha (28) and Moskene (29) [45]. Musk tibetene (27) discovered by M. S. Carpenter [44]
in 1937 became the commercially most important one of these, being closer in odour to
25 than to 24. Musk alpha (28) is interesting for its unique blend of marine and musky
tonalities, while Moskene was the first musk with an indanic skeleton [46].
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In 1951, Carpenter [47] of Givaudan summarised his data on nitro musks in the
following empirical rules (slightly modified):

(1) To smell musky, nitro arenes must possess a tert-alkyl group (tert-butyl or tert-amyl)
and a molecular weight below 300 u.

(2) Either two nitro groups need to be present, or a nitro group and an alkoxy group
(MeO, EtO or ‘PrO).

(3) In alkoxy nitro arenes, the fert-alkyl group must be ortho to the alkoxy group in
order to smell musky.
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Of course, there are also exceptions to these simple rules: 2-Bromo-1-tert-butyl-4-
methoxy-3,5-dinitrobenzene smells musky, while 2-bromo-5-tert-butyl-4-methoxy-1,3-
dinitrobenzene with the fert-butyl group ortho to the methoxy group does not, and Musk
alpha (28) is devoid of any fert-alkyl moiety.

7.4 PCM - Polycyclic aromatic musks

In the beginning of 1948, Carpenter [47] himself had found the most striking exception
to his postulated rules: 2,4-Di-tert-butyl-5-methoxybenzaldehyde (30), a fine persistent
musk odorant without a nitro group. Though it was never introduced to the market, it
became known as Ambral within Givaudan, and inspired chemists to synthesise many
related nitro-free aromatic musks. Due to their photochemical reactivity and their instabi-
lity in alkaline media, nitro musks decomposed and caused discolouration problems in
functional products. If it were possible to synthesise aromatic musks without nitro groups,
it would be possible to derive stable musks for functional perfumery, for cosmetics,
laundry and detergents, for a huge market with enormous potential.

The first nitro-free aromatic musk to get introduced to perfumery was discovered
by Kurt Fuchs in 1951, who assigned his invention to Polak’s Frutal Works. It was
introduced to the market one year later, even without the knowledge of its correct
structure, which was reflected in its name ‘Phantolide® (AHDI, 31). When four years
later [48] its structure was elucidated as acetyl indane, polycyclic arenes became the new
lead structure for musk odorants. With an odour threshold of 6.7 ng/l air, Phantolide®
(AHDI, 31) was not superior in terms of strengths; yet, due to its stability and hydropho-
bicity, its performance in washing powders and detergents was outstanding. Now, besides
hedonics (the pleasance) and odour strength, the evolution in musk odorants was
mainly directed towards stability in harsh media and hydrophobicity, a key factor in the
deposition of odorants on the fabric during the washing process. This evolution gave
rise to numerous polycyclic musks (PCM): Traseolide® (ATII, 32), Celestolide® (ADBI,
Crysolide®, 33), Fixolide® (AHTN, Tonalide®, rac-34), Vulcanolide® (FHTN, rac-35),
Versalide® (ATTN, 36) with the isochromane musk Galaxolide® (HHCB, Pearlide®,
rac-37) as the culmination of this evolution to stability and hydrophobicity.

Galaxolide® (rac-37) was the result of systematic studies of M. G. J. Beets of IFF on
the osmophoric group of PCMs, the most polar functional group of odorants, the one
that is proposed to orient the odorant on the receptor site. So far, the known PCMs had
all carbonyl functions, but Beets and Heeringa wanted to replace the carbonyl group by
other functional groups in order to make them even more stable and hydrophobic. The
recipe was an ether oxygen, placed in a rigid tetrahydropyran ring at the same position
they assumed for the carbonyl oxygen of the other known PCMs. Galaxolide® (rac-37)
was first synthesised in 1965, and already in the late 1960s, used in dosages up to 40% in
fabric softeners such as »>Comfort« and »>Softlans, and in detergents like >Coral< at 27%.
But high doses were also incorporated in fine fragrances, for instance »Trésor« by Sophia
Grojsman (Lancome, 1990) with its 21.4% of Galaxolide® (rac-37).

The odour threshold of the commercial isomeric mixture of Galaxolide® (rac-37) is
0.9 ng/l air. However, the different stereoisomers differ distinctly in their thresholds [49],
and this provides some interesting insight into the molecular features of musks.
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All four stereoisomers were synthesised by Friedel-Crafts alkylation of 1,1,2,3,3-
pentamethylindane with (S)- and (R)-methyloxirane, acid-catalysed reaction with
paraformaldehyde and separation of the diastereomeric pairs via their tricarbonyl
chromium complexes. Interestingly, the configuration at C-4 was much more important
than that at C-7, reflected in the odour threshold values of the four isomers: 0.63 ng/1 air
for 37, 130ng/1 air for ent-37, 1.0 ng/l air for the (4S,7S)-(—)- and 440 ng/l air for the
(4R,7R)-(+)-isomer [49], respectively. So the odour of commercial Galaxolide® (rac-37)
is determined by the (45)-(—)-isomers, while the 7-Me group seems to be situated in a
hydrophobic bulk region of the receptor site, which is not very shape-dependent [26].
Transferred into the old (1894) but vivid ‘lock-and-key’ model (Figure 7.2) of Emil
Fischer, the osmophoric ether group inserts the molecule into the receptor, the profile-
determining 4-Me group codes the odour information and the bulky substituents provide
a firm grip. Together, these molecular parameters make up the olfactophore, the key for
the musk receptor.

But is there really only one musk receptor? In the series, Musk ketone (25),
Phantolide® (31) and Galaxolide® (rac-37), there is some apparent molecular similarity,
but do these benzenoid musks use different receptors than, for example, the macro-
cyclic musks? This is a very difficult question to answer. To gain some insight, the
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s
olfactophore

Figure 7.2 The molecular parameters of (4S,7R)-(-)-galaxolide (37) transferred into the ‘lock-and-key’
model.

macrolide 18 was conformationally constrained into a Galaxolide-like shape by intro-
duction of methylene bridges between C-3 and C-8 or C-9. It was possible to obtain
X-ray data of these rigid macrobicycles, shown here for (1S5,6R,10R)-(+)-6-methyl-
4-oxabicyclo[8.4.1]pentadecan-3-one (39). This macrobicycle was the most powerful
odorant, yet the least musky of the series, smelling woody, cedarwood-like, ambery and
slightly animalic. The most musky macrobicycle investigated [50] was 40, and in the
superposition analysis on the crystal structure of 37, the methyl substituent of 40 super-
imposes very well with the (4S)-Me group of 37. So, similar structural features may
be key for a musk odour in both macrocycles and benzenoid musks. However, 40 is
weaker than 18, and the conformation that 18 would need to adapt to mimic 40 or 37 is
energetically quite unfavourable. So severe doubts remain, but it might be possible that
there is just one musk receptor.

As for Galaxolide (37), the structures of the most powerful stereoisomers of Fixolide
(34) [26] and of Vulcanolide (35) [51] are shown; however, no exact threshold data
were reported in the literature for these compounds. Also given are the abbreviations
that ecotoxicologists introduced for 31-38. As a consequence of their massive production
volumes, their excellent chemical stability, their non-biodegradability and their high
octanol/water partition coefficient, PCMs have bioaccumulated in fish and other marine
organisms, human fat and human milk [52]. Although no apparent toxicity has been
reported [10], possible long-term effects [53] are difficult to foresee, and more and
more PCM-free formulations appear on the market. DPMI (Cashmeran®, 38) is often
considered a PCM by ecotoxicologists as well. Like HHCB (Galaxolide®, rac-37) its
industrial synthesis starts from pentamethylindane; yet, DPMI (38) is neither aromatic
nor a typical musk odorant. It possesses a woody-ambery and leathery odour with some
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powdery, vanilla-type, velvet nuance that has only a very faint musk-like tonality. That is
why, from a perfumer’s point of view, 38 is not considered a PCM.

Today, Galaxolide® (HHCB, rac-37) is still the most widely used musk with some 7000—
8000 t/a production volume and a market price of around 15 CHF [10]. But macrocycles
are gaining substantial market share. Whilst in 1998, 75% of the musk odorants used
were polycyclic, it is expected that in 2008 macrocycles will make up 60-65% of the
global musk market [10]. But to make this possible, far better synthetic processes for
industrial macrocyclisation have had to be discovered. So what has happened in the
meantime with the industrial macrocyclisation processes?

7.5 Evolution of the industrial synthesis of macrocycles

The first improvements in macrocyclisation were the Thorpe—Ziegler reaction for macro-
cyclic ketones, and acid-catalysed cyclisations of hydroxycarboxylic acids according to
the Ruggli-Ziegler dilution principle. The next breakthrough was the Stoll-Hansley—
Prelog process, an intramolecular version of the acyloin condensation, which does not
require high-dilution conditions, as it is a heterogeneous reaction. As a result, the price
of Exaltone® (6) dropped from 50000 CHF/kg in the 1930s to about 500 CHF/kg in
1947 [11].

At that time, Exaltolide® (2) was still manufactured by Baeyer—Villiger oxidation of 6.
This changed when E. W. Spanagel and W. H. Carothers at Du Pont [54] found a way
to circumvent the necessity of high dilution also in the synthesis of macrocyclic lactones.
15-Hydroxypentadecanoic acid was polycondensed in the presence of Lewis acids at 180—
250°C, and afterwards the monomeric 15-pentadecanolide (2) was distilled off in vacuo at
270°C/1 Torr. Consequently, the price of 2 decreased by a factor of ten, and its production
rose from kilogram to ton scale. The real revolution in the synthesis of macrocycles started
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however in the 1960s, when cyclododecanone (41) became an inexpensive industrial
building block as the result of the cyclooligomerisation of butadiene, a process pioneered
by G. Wilke of the MPI fiir Kohlenforschung [55]. Thus, ring expansion reactions
based on cyclododecanone (41), which today reaches production volumes of 100 000 t/a,
became the method of choice for the industrial synthesis of macrocyclic lactones and
ketones [56].

Radical addition of allyl alcohol to 41 with subsequent acid-catalysed cyclisation
provides the bicyclic enol ether 42, which is transformed to 43 by addition of hydrogen
peroxide. Fragmentation of this hydroperoxide 43 in the presence of cupric acetate and
iron sulfate furnishes an isomeric mixture of 11/12-pentadecen-15-olides (44), which
already possesses an elegant musk note with metallic nuances and is commercially known
as Habanolide® and Globalide® (44). Catalytic hydrogenation of 44 with Raney nickel
completes the current industrial process [34] for 15-pentadecanolide (2), which is sold as
Cyclopentadecanolide® (Symrise), Exaltolide® (Firmenich), Pentalide® (Soda Aromatics)
or Thibetolide® (Givaudan) at around 60 CHF/kg.
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Habanolide® and Globalide® (44) are only slightly less expensive, but became trendy
because of their metallic character reminiscent of hot-ironed linen, usually considered an
undesirable side aspect by perfumers. However, this daring ‘urban high-tech’ facet can
provide some special radiant freshness for which the term of ‘white musks’ was coined.
The prototype white musk accord was created by Alberto Morillas in answer of the
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brief for »Emporio Armani White for Her« (Armani, 2001). His own code name for
the winning submission was »cotton and linen«, and bergamot as well as mandarin oil,
cassis, ginger and woody notes together with mint and fig leaves join in the white musk
theme. The traditional hesperidic (citrus-fruit like) yet modern green »Cologne« (Thierry
Mugler, 2002) and the intense white floral »Glow by J. Lo« (Lancaster, 2002) also feature
white musk accords, which of course have nothing to do with the rare Arctic white
musk-oxen, as some may have believed.

The Story process [57] developed in 1968 constitutes an industrial alternative to the
presented ring-enlargement route to 15-pentadecanolide (2). In terms of production
costs this process is very attractive; however, the handling of the trimeric peroxide 46
is quite tricky, and the industrial Story synthesis of 2 was discontinued after a
severe explosion. The trimeric peroxide 46 was synthesised via the crystalline 1,1'-
dihydroperoxydicyclohexyl peroxide, which is formed by treatment of cyclohexanone (45)
and 90% hydrogen peroxide in the presence of perchloric acid at room temperature.
Reacting this intermediate peroxide with cyclopentanone at 0—4°C in the presence of
anhydrous cupric sulfate yielded the trisperoxide 46, which was thermally decomposed in
boiling decane, presumably via decarboxylation of the intermediate diacyl peroxide 47.
15-Pentadecanolide (2) was obtained in about 25%, accompanied by about the same
quantity of cyclotetradecane and smaller amounts of isomeric dilactones. The hazardous
nature of the peroxides involved is obviously a severe restriction on this elegant and
economic approach.
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In the academic world, the RCM constitutes today the preferred method for the
synthesis of macrocyclic compounds. For industrial syntheses of macrocyclic musks,
Grubbs’ catalysts are however still too expensive to compete with the established
processes. Yet, one industrially important process involves ring-opening RCM of
cyclooctene (48), employing not a Grubbs’ catalyst but dirhenium heptoxide on alumina
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in flow reactors. Monohydroboration of the resulting cyclohexadeca-1,9-diene (49) is
followed by oxidation of the cycloalkenylborane to the corresponding alcohol and then
further to the cylcoalkenone 50 [56], which possesses a slightly aldehydic and waxy musk
odour and has been introduced to perfumery as Globanone®.
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Shifting the double bond from C-8 to C-5 intensifies the musk odour of cyclohexade-
cenone, and renders the odour note more towards a powdery nitro-musk character. This
product is known in perfumery as Ambretone (Takasago), Musk TM II (Soda Aromatics)
and Velvione (Givaudan), and it is produced by oxy-Cope ring enlargement of cyclodo-
decanone (41) [39]. Chlorination of 41 in the presence of copper(I)chloride-DMF affords
2-chlorocyclododecanone (51), which is reacted with two equivalents of vinyl magnesium
chloride to provide the divinyl alcohol 52. Thermal oxy-Cope rearrangement of 52
leads to the final product 53. Velvione (53) was extensively used in the fine fragrance
»Velviona« (Helmut Lang, 2001), but it is also economic and substantive enough to
provide powdery volume and musky softness in laundry-care products.
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7.6 Modern macrocyclic musks

To replace or even outperform PCMs and nitro musks in diverse applications, one
can either lower the production price of macrocycles or increase their odour intensity,
which means lowering their odour threshold. The latter option allows for more complex
synthetic approaches and accordingly higher production costs. Muscenone (57), which
had its debut in perfumery in 1993 with the floriental feminine fine fragrance »Jean-Paul
Gaultier« (Shiseido, 1993) created by Jacques Cavallier, was the first example for such
high-performance modern musks.
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Muscenone (57) was first reported as intermediate in a muscone synthesis by
A. Eschenmoser, G. Ohloff and co-workers [58] in 1971, but its value in perfumery
was discovered only much later. Muscenone (57) is still an intermediate in the current
industrial synthesis of muscone (rac-4), which commences from 14-methylbicyclo-
[10.3.0]pentadec-1(12)-ene (54), accessible by annulation of cyclododecanone (41).
Ozonolysis of 54, followed by reductive work-up and further hydrogenation of one
carbonyl group of 55 with Raney nickel, provides 56. Acid-catalysed elimination of the
hydroxy function of 56 completes the synthesis of muscenone (57), which can then
optionally be hydrogenated to muscone (rac-4). Muscenone (57) possesses a very elegant
and diffusive musk odour reminiscent of Musk ketone (25), and with an olfactory threshold
of 0.9ng/l air, is as powerful as the benchmark musk Galaxolide® (rac-37).

Besides the ring size and methyl substituents, double bonds are an important feature
to influence both character and strength of macrocyclic musks. Is the function of
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double bonds restricted to conformational effects, or is it also of electronic importance?
Can more powerful macrocyclic musks be designed by introducing additional polar
groups?

To answer these important questions, we developed a simple sequence [59] and
synthesised a series of thiamacrolides 58. As demonstrated by the olfactory similarity of
p-xylene and 2,5-dimethylthiophene as well as by several (3Z)-hexenyl derivatives, a sulfur
atom is able to mimic a double bond. For the thiamacrolides 58, we found that a 1,7-distance
of the sulfur atom and the carbonyl group in even-membered rings, and a 1,6-position
of the sulfur atom and the carbonyl group in odd-membered rings significantly lowered
the odour thresholds. An olfactophore model, featuring two hydrogen-bond acceptors and
three hydrophobic-binding pockets, was generated with the Catalyst software [60], which
predicts the experimental odour thresholds of these thiamacrolides 58, quite accurately. The
threshold of a given molecule is calculated on the basis of its degree of mapping with the
hypothetical features of the receptor model [38]. The depicted olfactophore model clearly
suggests that a second electronegative feature, besides a carbonyl or oxycarbonyl function,
would be advantageous for the musk odour, and it also suggests a hydrophobic group right
in the middle of these two hydrogen-bond acceptors.

58 R HYDIOpHOBES
/l\ HYDIOGEDN
S”(CHy), __BOND
: ACLEpTOrs
m[H?ClD 0 RS W
fA o]
L5 o
m-n-R exper. calcd. Wiy
\". N
A-7-H 2 ng/l 1.1 n:,‘J,."I muaky, woody, green
4-8-H 0.2 ngfl 036 ng/L  musky, waxy-alivie
4-89-H 04 ng/L D34 ng /L musky, animalie, aulhurens
7-d-H  1.0ng/l 081 ng/L  musky, medicinal
8-3-H 03ng/L D45 ng L  musky, sweel, green
&4-H 0.2 ng/l 0.32 ng/| muaky, §reen-mossy
82-H  2.5ng/lL I3Ang/l  musky, animalic, powdery
G-2-Nle 23 nmg/l 23 ng/l musky, sweel, powdery, green
9-3-H 04ng/lL 033ng/L  musky, green
O-4-H 0.5ng/l QA8 ng/L  musky, waxy-alivlie
10-2-H 03 ng/L 032 ng/L  musky, powdery, ruity
10-2-Me. 1.8 ng/l D8ng/l  musky, metallie, sweet

10-3-H  01ng/L 0072 ng/L  musky, powdery, dry

This was the inspiration behind the synthesis of 4-substituted 1,7-dioxacycloalkan-
8-ones [61], which indeed possessed very low odour thresholds in the range of
0.1-0.2ng/l air. Of particular interest was 12-methyl-9-oxa-14-tetradecanolide; firstly
because just the (R)-enantiomer 59 is responsible for the odour of the racemate, while
the enantiomer is odourless on GC-olfactometry, and secondly because its odour is
surprisingly reminiscent of the very characteristic Musk ambrette (26). One can indeed
superimpose both molecules so that the tert-butyl group of 26 and the 12-methyl group
of 59, the nitro group of 26 and the oxycarbonyl group of 59, and also the ether oxygens
of both molecules overlie very well [38].
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In Nirvanolide® (60), the latest captive macrocyclic musk of Givaudan, the second
electronegative feature is a double bond. Again, the odour is due to the (R)-
enantiomer [26]; however, even the racemate 60 has an odour threshold of 0.1 ng/l, just
like Musk ketone (25). And with its clean and sweet, powdery and persistent, and slightly
animalic musk odour, 60 is also odourwise quite close to Musk ketone (25), just like
muscenone (57), but more powerful. Nirvanolide® (60) had its debut at 6.7% in the
perfume »Forever Elizabeth« (Elizabeth Taylor, 2002) created by David Apel.

There are some other creative ways of making use of double bonds for modern macro-
cyclic musks. Williamson reaction of 1,10-decandiol with allyl bromide, followed by RCM,
furnished 61, possessing a pleasant powdery musk note without a carbonyl function being
present. This work of Takasago [38] also demonstrates the importance of two hydrogen-
bond acceptors in a certain distance. Methylene macrolides have been described by
W. Tochtermann and co-workers [62]. Especially interesting is the 9-methylene macrolide
62 with an intense sweet musk note of animalic tonality. This group also reported [63] the
first double-unsaturated macrocyclic musk 63, which possesses a strong and erogenous
natural musk note. Two stereochemically defined double bonds in a certain distance
are an efficient way of confining the conformational freedom of macrocycles, and thus
designing powerful musks. However, the industrial-scale synthesis of such dienolides is
quite costly. C. Fehr et al. [64] recently developed an iterative fragmentation of tricyclic
systems, by which they synthesised the cyclopentadecadienenone 64. Yet, in comparison
with the pleasant musk note of 63, the greasy, waxy, relatively weak musk odour of 64
is rather disappointing.
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Today, Muscenone (57) and Nirvanolide® (60) are the quintessence of modern musk
accords, in terms of power, diffusivity and character. Muscenone (57) and Nirvanolide®
(60) are the perfumery materials of choice when it comes to replacing PCMs and nitro
musks in older formulations.
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7.7 New musk structures

In 1979, M. Klaus of F. Hoffmann-La Roche discovered by serendipity a new intense
musk odorant with some damascone-like and woody nuances. In the course of synthetic
work on aromatic retinoids he had synthesised the hexahydroindene 65, which because
of its powerful odour soon became internally known as klausenone (65) in Hoffmann-La
Roche and also at Givaudan, at that time the flavour and fragrance division of Roche. As
65 is structurally not an aromatic polycycle, the musk odour of 65 was rather surprising.
Attempts to develop an industrially feasible route to klausenone (65) turned out to be
more difficult than anticipated, and thus derivatives were also investigated [38]. The
corresponding alcohol, obtained by LAH reduction of 65, possessed as well a pronounced
musk note, indicating the carbonyl function was no prerequiste. Surprisingly, the epoxide
intermediate 66, en route to a methyl klausenone by acid-catalysed rearrangement, turned
out to be the best musk odorant of the whole series and it was introduced into perfumery
as Moxalone® (66). Moxalone® (66) had its debut in »Eden« (Cacharel, 1994) by Jean
Guichard and was even at 0.62% an important cornerstone in the unisex fragrance
»CK be« (C. Klein, 1996) created by René Morgenthaler.

Inthelate 1960s, J. Kula was doing his master’s degree in the lab of Professor J. Kulescza on
derivatives of carotol. Ozonolysis with reductive work-up and intramolecular aldol conden-
sation of the intermediate oxo aldehyde gave a dihydroxy ketone, which was dehydrated to
provide a mixture with a pleasant musky smell. Investigating this mixture, they believed the
musk note to be due to its main component 67 which they called mageritone [65]. However,
more than 30 years later ]. Kula reinvestigated this chemistry, and found mageritone
(67) only weak and uncharacteristic in smell. Instead the isomeric dienone 68, present at
only 5%, was found responsible for the musky odour of the mixture [66]. The tetrahy-
droindene musk 68 possesses a dry musky odour with an odour threshold of around 1 ng/l.

Caution is advisable, when the descriptor ‘musky’ appears in the chemical
literature, especially if perfumers were not involved in the evaluation of the compounds.
For instance, K. H. Ney [67] reported an intense musk odour for ethyl 2-hydroxyimino-
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4-methyl-pentanoate (69), but when we resynthesised this compound, our perfumers
described it as relatively weak, green and only reminiscent of olives, but not of musk.

A musky smell was also reported for the secretion of the alligators A. sclerops and
A. latirostris, which live in the Parana river region of Argentina [68]. The intense smelling
secretion serves as mating pheromone, and had also been used as perfume by the natives.
A ‘musk-like’ odour principle was even isolated and named yacarol (70). However, investi-
gations by G. Fester et al. [69] proved the identity of yacarol with (R)-(+)-citronellol (70),
which of course is no musk odorant but possesses a sweet, typically rosy odour. Probably due
to animalic-smelling impurities, this rosy odour had been mistaken for musk.

However, the ethyl oxalate ester of (R)-(4)-citronellol 71 possesses some musky facets,
though they are barely noticeable. If the product 71 is completely free from traces of
70, it smells powdery, fatty and slightly musky with an odour threshold of over 14 ng/l
air. These musky facets have even been rationalised by molecular modelling calculations
[70], but we should not consider 71 a musk odorant.

Yet, structurally not too far away, there is a class of compounds — neither macro- nor
polycyclic or benzenoid — that indeed possesses a pronounced musk odour. Already in
1975, W. Hoffmann and K. von Fraunberg of BASF discovered the cyclopentenyl ester 72,
which emanates a warm, powdery musk odour with fruity, strawberry-like nuances [38]. This
compound 72 was introduced to perfumery as Cyclomusk®, even though it is rather linear
than cyclic in structure. But though its industrial synthesis, which commenced with the
thermal cyclisation of dedydrolinalool, was not too expensive, 72 had no chance against
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Galaxolide® (rac-37) in the late 1970s and was subsequently withdrawn from the market.
Some 15 years later, however, Firmenich introduced another representative of this class
to perfumery — Helvetolide® (73), which turned out to be far more successful. It was, for
instance, used by Alberto Morillas at 8.8% in »Emporio Armani White for Her« (Armani,
2001), at 6.1% in »Miracle« (Lancome, 2000) and at 3.8% in »Flower« (Kenzo, 2000).
Interestingly, one gem-dimethyl group of 73 can be replaced by a carbonyl group without
losing the musk odour. The fruity, blackberry-type nuance of 73 then turns into the more
camphoraceous side note of 74. This ‘oxo-Helvetolide’ 74, which is known as Romandolide
in Firmenich, was for instance used by Jacques Cavallier at 5.0% in » Absolu« (Rochas, 2002)
and at 1.0% in »Murmure« (Van Cleef & Arples, 2002). Surprisingly, we have found that
the corresponding cyclopentanoate of Helvetolide (75) still smells musky with an odour
threshold of 1.4 ng/1 air, and with a molecular weight of 324.27 u(!) for C,yH;,O5, it holds
the world record for the heaviest musk odorant, if not the heaviest odorant of all. Previously,
one would not have believed it possible to construct musk odorants over 300 — so surprises
are still possible in fragrance chemistry!

Let us conclude this chapter with an overview of the most important milestones in
musk chemistry (Figure 7.3). Even before the odorous principle (R)-(—)-muscone (4) of
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Figure 7.3 The timeline of musk odorants.
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the Tonquin musk was known, nitro musks like Musk ketone (25) became the epitome
of musks. And with a threshold of 0.1 ng/l air for 25, they became a very hard-to-beat
benchmark, compared to the 4.5ng/l air for 4 and 2.1 ng/l air for 15-pentadecanolide
(2). The latter natural macrolide from the vegetal kingdom can be considered the most
typical musk, but was, for a long time, too expensive to allow its use in consumer
products. But discolouration problems in consumer products caused the decline of the
nitro musks and PCMs like Phantolide® (31), as their first representative became the new
standard. The evolution towards increased stability culminated in Galaxolide® (rac-37)
with a threshold of 0.9ng/l air. Yet, the lack of biodegradability of rac-37 ignited the
search for new musk structures, for which Cyclomusk (72) and Moxalone (66) were the
first commercial examples. But it also led to modern macrocyclic musks, with improved
thresholds in the range of nitro musks, for which Nirvanolide (60) with 0.1 ng/l air is
the prominent example.
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Chapter 8

Aroma Chemicals V: Natural Aroma
Chemicals

John Margetts

8.1 Introduction

The demand for natural flavourings, and hence natural chemicals and extracts, continues
to increase worldwide. This trend is being fuelled by a variety of factors including
legislation, marketing, the move towards more environmentally friendly processes and
the somewhat illogical belief that natural is always healthier and safer than the synthetic
equivalent. As this trend continues, so the industry responds through research into natural
products and the processes by which nature produces the tastes and aromas we all know
so well. The majority of flavour chemicals available to the flavourist and perfumer today
are produced by chemical synthesis. An alternative approach for natural flavourings and
fragrances is to extract the same chemicals from plant or animal sources, but nature’s
resources are finite and climatic conditions are variable, affecting economics, availability
and yield. Therefore the range of natural materials available from these sources is limited.
There is an increasing demand for biotechnology to provide suitable natural alternatives
for the production of natural flavourings and fragrances.

This chapter aims to give a brief overview of the history of natural ingredients, the
present state of the industry and the types of natural materials now available to the
flavourist and perfumer for the creation of natural flavourings and fragrances. The main
focus is on the production of natural chemicals. These may be extracted from natural
sources such as plants, manufactured through the use of biotechnology or manufactured
using so-called soft chemistry. Current research and commercial process are discussed.
My apologies to all purist chemists and biochemists for the nomenclature (or lack of)
throughout this chapter. The flavour and fragrance industry is particularly lacking in its
use of a nomenclature, and a mixture of common names, trade names and more formal
nomenclature will be found throughout. As a first step in understanding natural aroma
chemicals it is important to understand the natural concept. What is the meaning of the
term ‘natural’ from a food-flavouring perspective?

8.2 The natural concept

One might expect that being ‘natural’ would be a very simple and clear concept. This
is not the case, and much work has been done in the US and Europe to legally define
the term natural for food flavourings. In the US a distinction is made between artificial
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(synthetic) and natural flavours. Natural flavours or flavourings are governed by the
Code of Federal Regulations (CFR) 21, Part 101.22 (a) (3). This states that ‘the term
natural flavor or natural flavoring means the essential oil, oleoresin, essence or extractive,
protein hydrolysate, distillate, or any product of roasting, heating or enzymolysis, which
contains the flavoring constituents derived from a spice, fruit or fruit juice, vegetable
or vegetable juice, edible yeast, herb, bark, bud, root, leaf or similar plant material,
meat, seafood, poultry, eggs, dairy products, or fermentation products thereof, whose
significant function in food is flavoring rather than nutritional’. By definition, this
regulation covers the ingredients used in flavourings. In addition, flavour materials must
be ‘generally recognised as safe’ by being on the US positive list of flavour materials
known as the FEMA GRAS list. In Europe, flavour chemicals are generally categorised
into three classes: artificial chemicals that have yet to be found in nature, nature identical
chemicals that occur in nature but are produced synthetically and natural chemicals. The
natural chemicals and other natural ingredients used in flavourings were only defined
as recently as 1988 by Community Directive 88/388/EEC as amended by 91/71/EEC.
Broadly, natural ingredients used in flavourings must be obtained ‘by appropriate
physical processes (including distillation and solvent extraction) or enzymatic or micro-
biological processes from material of vegetable or animal origin either in the raw state
or after processing for human consumption by traditional food-preparation processes
(including drying, torrefaction and fermentation)’. Europe is currently moving towards
a positive list system, and all chemicals used in flavourings must now appear on the
European Inventory.

Both the above definitions for natural are rather broad and leave room for inter-
pretation. Industry and regulators continue to debate the meaning of many of the
words and phrases used within these definitions such as ‘edible’, ‘appropriate’ and
‘traditional food-preparation processes’. There is also significant debate on the actual
definition of what constitutes a food. Each year we are introduced to new foods,
not necessarily through advanced food technology, but more likely the introduction
of a new tropical fruit found in the Amazon rain forest or the latest herbal remedy
that will extend our lives and make us look younger (I hope!). Couple this with the
technological changes that are taking place within agriculture and the food industry,
and you have a continually moving definition of natural and hence of natural aroma
chemicals.

It is generally accepted that a natural flavour material must meet the following
criteria [1]:

(1) Source materials must occur in nature.

(2) Water and atmospheric air can be used during production.

(3) When considering a process, the resultant material must be found in nature or as
an artefact in traditional foods.

(4) In biotechnological processes, the substrate must be natural, but the nutrients can
be used regardless of source.

(5) Processing conditions are allowed so long as they meet the criteria of traditional or
in-home preparation techniques.



Aroma Chemicals V: Natural Aroma Chemicals 171

8.3 Chirality

Many natural aroma chemicals occur in nature as a specific chiral isomer, and the aroma
of that specific enantiomer can be very distinctive and characteristic. Chemical synthesis
tends to result in racemic mixtures and this can be extremely detrimental to the sensory
characteristics of the aroma chemical. It may be impossible to develop a stereo-specific
synthetic route, the separation of the resultant mixture may not be possible or the
subsequent separation process may be very expensive. Some examples of the differences
in aroma between stereoisomers are shown in Table 8.1. In addition, the aroma of
stereoisomers may be perceived at very different levels of concentration. For example
(4S)-(+)-carvone (D-carvone) has an aroma threshold of 600 ppb and is reminiscent of
caraway, whilst (4R)-(—)-carvone (L-carvone) has an aroma threshold of just 43 ppb
and has the aroma of spearmint [2]. Natural chemicals, isolated from plant sources
or produced through a bioprocess, show a high degree of entantiomeric selectivity,
and consequently, natural processes for obtaining chiral aroma chemicals can provide
an efficient and cost-effective source. Biotechnology may also be considered for the
purification of racemic mixtures where the substrate for the biotransformation is stereo-
specific. One example is the production of L-menthol which is the major constituent
of peppermint oil. Microbial lipases have been found that predominantly hydrolyse the
L-menthyl esters (from the D, L-racemic mixture) into L-menthol, leaving the D-menthyl
esters intact [3]. The L-menthol may then be readily separated from the b-menthyl ester.
This type of stereo-specific process finds application in synthetic chemistry as well as for
natural aroma chemicals.

8.4 Isolation from natural sources such as essential oils

As early as 3000 Bc, the Egyptians were using papyrus manuscripts to record the use
of fragrant herbs, oils, perfumes and temple incense, and told of healing salves made of

Table 8.1 Examples of chiral aroma chemicals

Chemical

Aroma

R)-(+)-2-methy!| butanol
$)-(=)-2-methyl butanol
15,35,4R)-(+)-menthol
1R,3R,45)-(—)-menthol
R)-(+)-limonene

(

(

(

(

(
(S)-(=)-limonene
(45)
(

(

(

(

(

45)-(+)-carvone
4R)-(—)-carvone

15,4R)-cis-p-menthan-8-thiol-3-one
1R,45)-cis-p-menthan-8-thiol-3-one
+)-(E,5)-5-methyl-2-hepten-4-one
—)-(E,R)-5-methyl-2-hepten-4-one

Fermented, fatty

Ethereal, fresh

Minty, musty, bitter

Cooling, minty, fresh

Citrus, orange

Citrus, harsh, turpentine

Caraway, herbaceous

Spearmint

Blackcurrant leaf, tropical fruit, fruity
Rubber, burnt, sulphurous

Hazelnut, fatty, metallic, strong
Hazelnut, soft, butter, chocolate, weak




172 Chemistry and Technology of Flavors and Fragrances

fragrant resins [4]. References to the use of herbs, spice, oils and resins for fragrances
and foods can be found throughout Chinese, Indian, Greek and Roman histories. Spices
from across the Roman Empire were used to flavour foods. This may have been for their
inherently pleasant flavour, to help preserve foods for storage or to mask off-tastes as
meat or fish decayed. Throughout history, herbs and spices have played an important role
in the development of commerce and trade across the world. The isolation of essential oils
has a similar and long history. However, it was not until the early nineteenth century that
developments in distillation and chemistry led to significant refinements of essential oil
processing and the separation and identification of the natural components responsible
for the taste and aroma.

The flavour and fragrance industry uses an extensive range of sources for its natural
ingredients. Traditional materials used, which are extracted from plants, include essential
oils, extracts, oleoresin, tinctures, distillates and juice concentrates. Definitions for these
terms can be found widely in the literature and, in particular, in an excellent industry
standard reference published by Steffan Arctander in 1960 [5] which has been reprinted
several times. Parts of the plant used to form these extracts vary from the bud, flower,
fruit, peel, seed, kernel, stem, leaf, bark, exudate to root. Methods of extraction include
expression, distillation, concentration and extraction with organic solvents (including
super-critical and sub-critical fluids). Distillation yields the volatile constituents whereas
expression and solvent extraction (based on the polarity of the solvent/s used) yield
both volatile and non-volatile constituents. Depending on the plant species and variety,
its geographic origin and the growing conditions, the part of the plant used and the
method of extraction, a different range of natural aroma chemicals will be produced with
a distinctive organoleptic profile and a unique range of organic chemical constituents.
A few examples of plants and the parts used are given in Table 8.2.

Essential oils contain the majority of the volatile, low molecular mass aroma
constituents derived from a plant (as opposed to the ‘fixed’ or ‘vegetable’ oil that is
generally lacking in flavour). They are typically extracted from plant material using a
variety of distillation techniques, many of which are traditional processes having been
used for many years. The most common technique is steam distillation, where steam is
generated in a separate boiler and then blown through the botanical material which has
been placed on racks in a still [6]. Water, and water and steam distillation methods are
also commonplace. The steam and the volatile essential oil are condensed, and the oil
is then separated from the water. The essential oil may be recovered as a single fraction
or as different fractions collected over the duration of the distillation, as is the case with
Ylang ylang oil [7]. Essential oils produced using these methods differ from the original
oil in the botanical material as a result of changes that take place during the distillation.
These changes are due to a number of factors such as the volatility of the components
in the steam, hydrolysis due to the mildly acidic distillation conditions, further chemical
rearrangements, interaction between the components and losses of components due to
their solubility in the distillation water.

An alternative method often used for citrus oils is expression. This requires abrasion
and pressing of the peel to yield a so-called cold-pressed oil. Expressed oils more closely
resemble the original oil in the botanical material since they are not exposed to the heat
processing involved in distillation. Additionally, they will contain both highly volatile
components and non-volatile components not found in distilled oils. A second type
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Table 8.2 Plant material used in flavourings

Common name Botanical name Parts used
Allspice (Pimento) Pimento dioica Berry, leaf
Almond, bitter Prunus amygdalus var. amara Nut

Balsum tolu Toluifera balsamum Gum exudate
Blackcurrant Ribes nigrum Bud, leaf
Cinnamon Cinnamomum zeylanicum Bark, leaf
Davana Artemisia pallens Herb

Eucalyptus Eucalyptus globulus Leaf

Fennel, sweet Foeniculum vulgare var. dulce Seed, herb
Garlic Allium sativum Bulb

Ginger Zingiber officinale Rhizome

Hops Humulus lupulus Female flower
Jasmine Jasminum officinale Flower

Lemon Citrus limon Fruit, Peel
Lemongrass Cymbopogon citratus, C. flexuosus Grass

Locust Ceratonia siliqua Bean

Mint Mentha spp. Flowering top and leaf
Peach Prunus persica Leaf, fruit, kernel
Pine, scotch Pinus sylvestris Needle, twig
Rose Rosa alba Flower, hip, leaf
Vanilla Vanilla planifolia Fruit/pod

of citrus oil can be derived from citrus fruit juice processing. For the production of
citrus juice concentrates the juice is pressed from the fruit and may then be further
processed in a number of ways. The final stage is the concentration of the fruit juice by
the evaporation of water. During evaporation, fractions of the condensate may be taken
and the volatile fruit or ‘essence’ oil recovered. Essence oils contain high levels of volatile
‘fruity, juicy’ components such as acetaldehyde and ethyl butyrate, ‘green’ components
such as cis-3-hexenol and lack the non-volatile components found in cold-pressed peel
oils. The natural aroma volatiles present in other fruits and vegetables may be extracted
using similar techniques. Depending on the level of concentration these yield aqueous
solutions and/or essential oils.

Extraction of botanical material using organic solvents yields a broader range of
components, specifically including non-volatile components, many of which are respon-
sible for taste rather than aroma. The range of compounds extracted is highly dependent
on the polarity of the solvent(s) used. These vary from non-polar solvents such as
hexane, through to highly polar solvents such as ethanol. As with expression, the crude
extract produced will more closely resemble the original botanical material, particu-
larly if little or no heating is used during processing. These advantages may be lost
during concentration of the extract to remove the solvent/s. In this respect, sub-critical
and super-critical carbon dioxide extractions have a definite advantage over traditional
extraction techniques. Processing is carried out at a relatively low temperature and the
carbon dioxide is easily removed by pressure reduction following the extraction process.
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The disadvantage of this method is that the process equipment required is expensive
which limits the possible applications.

Further processing of the above essential oils and extracts may be undertaken. Simple
redistillation of essential oils may take place to clean an oil of impurities. Alternatively,
some form of fractionation may be required. The simplest form of fractionation is
known as rectification, where the initial (top) distillate and the residue (tail) in the
still are removed. When ‘topped and tailed’ the oil has a cleaner, less-harsh aroma.
Further fractionation of essential oils and extracts may take place to remove unstable
or undesirable components, to improve solubility, to increase the concentration of the
principal aroma components or to derive particular aroma profiles. In addition to a wide
variety of distillation techniques, further concentration and fractionation may be achieved
using, for example, reverse osmosis, solvent extraction and preparative chromatography.
The principal by-products of the concentration of essential oils are terpenes. These may
be used as a feedstock for biotransformation, as described later in this chapter.

The above techniques yield an extensive array of natural ingredients that may be used
in both synthetic and natural flavourings. In many cases, this level of refinement is
sufficient for use in a wide range of formulations. This is particularly true where an
essential oil is used in the named flavouring, e.g. orange oil in an orange flavouring,
or when the essential oil is almost exclusively composed of one chemical such as bitter
almond oil which is in the order of 99% pure benzaldehyde. In other cases, there may be
desirable chemicals present in an essential oil, but the purity is not sufficiently high so
as to provide the desired aroma. One example would be Litsea cubeba oil which contains
approximately 75% citral (a mixture of geranial and neral), the characterising chemical
found in lemons. In its natural form, the other components in Litsea cubeba oil give it a
floral, green character that is not characteristic of lemon. Therefore, the oil is fractionated
to yield citral of high purity and this is used extensively in lemon flavourings. Examples
of essential oils and their principal components are given in Table 8.3.

Globally, the market demand for natural flavourings continues to increase. As a conse-
quence, natural sources such as essential oils, extracts, distillates and tinctures are being
looked at to provide sources for the isolation of natural chemicals. Additionally, materials
once considered as waste streams or by-products are now finding value as sources of
natural chemical isolates. One example would be the ‘tops and tails’ from peppermint
oil now used as a source of ‘green notes’, such as cis-3-hexenol. Aldehydes such as citral
may be extracted from a range of essential oils including Litsea cubeba and lemongrass by
treating the oils with bisulfite to form the addition compounds and then regenerating the
aldehydes after extraction. Unfortunately, this is not a natural process and the resulting
product cannot be described as natural. All techniques used for the isolation of natural
chemicals from botanical sources must be physical processes so that the natural compon-
ents are not chemically modified (within the limits described earlier for the isolation of
essential oils).

Methods used for the separation of the natural isolates include virtually every
imaginable physical extraction or separation technology known to man. All forms of
distillation (steam, water, fractional, molecular, pervaporation (a combination of distil-
lation and membrane filtration), etc.), solvent extraction (including sub-critical and
super-critical solvents), membrane technologies (ultra-filtration and reverse osmosis),
preparative chromatography, adsorption and exclusion columns, etc. Table 8.4 shows
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Table 8.3 Essential oils and their principal components

Essential oil

Principal components

Bitter almond
Bergamot

Buchu leaf
Caraway
Cassia
Cinnamon leaf

Cinnamon bark

Clove
Coriander seed

Cornmint (Mentha
arvensis)

Dill (weed)
Eucalyptus

Fusel

Garlic
Ginger

Grapefruit

Ho wood
Lemon

Lime (distilled)
Litsea cubeba

Mandarin petitgrain
Orange peel (sweet)

Peppermint (Mentha
piperita)
Rose oil

Spearmint oil

Star anise
Ylang ylang

Benzaldehyde (hydrogen cyanide is chemically removed)

Linalyl acetate, limonene, linalool, B-pinene, y-terpinene, geranial,

neral, geraniol, neryl acetate, geranyl acetate, bergaptene

Diosphenol, menthone, mentha-8-thiol-3-one

p-Carvone, limonene, myrcene, a-phellandrene, a-pinene, B-pinene
Cinnamaldehyde, ortho-methoxy cinnamaldehyde, cinnamyl acetate,
benzaldehyde, ethyl cinnamate, salicaldehyde

Eugenol, caryophyllene, cinnamaldehyde, iso eugenol, linalool, cinnamyl
acetate

Cinnamaldehyde, cinnamyl acetate, eugenol, caryophyllene, linalool,
a-terpineol

Eugenol, caryophyllene, eugenyl acetate, a-humulene

Linalool, y-terpinene, camphor, a-pinene, para-cymene, limonene,

geranyl| acetate

L-Menthol, L-menthone, iso menthone, limonene, L-menthyl acetate,
piperitone, octan-3-ol

p-Carvone, a-phellandrene, limonene

1,8-Cineole, a-pinene, para-cymene, limonene

Iso amyl alcohol (3-methyl butanol and 2-methyl butanol), butanol, ethanol,
iso butanol, propanol, pyrazines

Diallyl disulfide, diallyl trisulfide, diallyl sulfide

Zingiberene, AR-curcumene, B-sesquiphellandrene, bisabolene, camphene,
B-phellandrene, 1,8-cineole

Limonene, myrcene, octanal, decanal, linalool, nootkatone, citronellal, neral,
geranial, B-sinensal

Linalool

Limonene, B-pinene, y-terpinene, geranial, neral, neryl acetate, geranyl
acetate, citronellal, linalool, nonanal

Limonene, y-terpinene, a-terpineol, terpinolene, para-cymene,

1,4-cineole, 1,8-cineole, B-pinene

Geranial, neral, limonene, 6-methyl hept-5-en-2-one, myrcene, linalyl acetate,
linalool, geraniol, nerol, caryophyllene, citronellal

Limonene, dimethyl anthranilate, geraniol, citral, citronellal

Limonene, myrcene, decanal, octanal, linalool, citronellal, neral, geranial,
valencene, B-sinensal, a-sinensal

L-Menthol, L-menthone, L-menthy! acetate, 1,8-cineole, menthofuran, limonene,
iso menthone, octan-3-ol, oct-1-en-3-ol, mint lactone

Citronellol, geraniol, nonadecane, nerol, methyl eugenol, geranyl acetate,
eugenol, 2-phenyl ethanol, rose oxide

L-Carvone, limonene, myrcene, 1,8-cineole, carvyl acetate, dihydrocarvyl
acetate, dihydrocarveol, octan-3-ol, cis-jasmone

trans-Anethole, limonene, anisaldehyde, linalool, methyl chavicol
Germacrene D, linalool, a-farnesene, benzyl acetate, a-caryophyllene,
linalool, para-cresyl methyl ether, benzyl benzoate, geranyl acetate, methyl
benzoate, benzyl salycilate, eugenyl acetate
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Table 8.4 Examples of natural chemical isolates

Natural isolate

Source

Acetaldehyde

Iso amyl alcohol
Anethole
Benzaldehyde
a-Bisabolol
Butanol

Iso butanol
L-Carvone
p-Carvone
Cinnamaldehyde
Cinnamyl cinnamate
Citral

Citronellal
Citronellol
Decanal

Dimethyl anthranilate
Dimethyl sulfide
Ethyl butyrate
Eugenol
cis-3-Hexenol
Geraniol

Geranyl acetate
Hydroxycitronellal
a-lrone

Limonene
Linalool

Linalyl acetate
L-Menthol

Methyl cinnamate
Myrcene
Nerolidol
Nonanal
Nootkatone
Phenyl ethyl alcohol
Pyrazines
Sinensal
vy-Terpinene
a-Terpineol
Valencene
Vanillin

Orange

Fusel

Fennel

Bitter almond, apricot, peach
Lemon

Fusel

Fusel

Spearmint

Caraway

Cassia, cinnamon bark

Styrax

Litsea cubeba, lemongrass, lemon
Eucalyptus citriadora, citronella
Citronella

Orange

Mandarin petitgrain

Mint

Orange

Clove, bay, cinnamon leaf
Mint

Citranella

Litsea cubeba, lemongrass
Eucalyptus citriadora, citronella
Orris

Citrus

Ho wood, rosewood, coriander
Mentha citrata, petitgrain

Mint

Sweet basil, Ocimum canum
Orange

Melaleuca viridiflora, cabreuva
Orange

Grapefruit

Rose, geranium rose

Fusel

Orange

Lemon

Lime

Orange

Vanilla
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examples of natural chemicals isolate from botanical sources. It should be noted that
not all of these sources are commercially viable. For example, irones separated from
Orris root cost tens of thousand of dollars per kilogram to produce, phenylethyl alcohol
similarly and vanillin from vanilla beans is several thousand dollars per kilogram.

The range and quality of materials available by isolation is limited. Additionally nature’s
resources are finite and the costs of recovering natural isolates may limit their use even
further. Therefore the flavour and fragrance industry has to look to other sources, such
as biotechnology for its ever increasing requirement for natural ingredients.

8.5 Biotechnology

The history of biotechnology can be traced back almost to the beginnings of mankind.
The Sumerians and Babylonians practised beer brewing before 6000 Bc; references to
wine making can be found in the Book of Genesis, and the Egyptians used yeast for baking
bread [8]. Microbial transformation of ethanol into acetic acid, the production of vinegar,
dates back to ca. 2000 Bc. For many centuries, these traditional processes continued to
be used with little or no understanding of the underlying biological mechanisms. The use
of whole cell biotransformation and fermentation continued virtually unchanged until
the nineteenth century when an understanding of the underlying processes began to
develop. The isolation and the use of enzyme and our understanding of their functionality
follow a similar path, and the manufacture of cheese, for example, was little understood,
with improvements to processes being made on an empirical basis. During the past
150 years we have moved from virtually no knowledge to the development of penicillin,
the discovery of the structure of DNA to recombinant DNA technology and genetic
engineering. Research and development has primarily been focused on pharmaceuticals,
bulk chemicals and food products.

Food products are the major output of biotechnology from both the value and
the volume perspectives. Traditional processes, such as alcohol fermentation, vinegar
brewing, food acid production, dairy product manufacture, etc., still dominate the
biotechnology industry. For the flavour and fragrance industry the focus on natural raw
materials produced by biotechnology has only become truly important during the last
20 years or so. During that time we have seen significant improvements in analytical
techniques such as gas chromatography/mass spectrometry, and our understanding of
the production of natural flavour compounds in foods has developed strongly. Our
knowledge of the microorganisms and enzymes used by the food industry and the
types of chemical reactions they catalyse has been the foundation for the research and
development of biotechnology based raw materials used in or as flavourings. Biotech-
nology is blossoming under the pressure being exerted upon it. Areas of development
include fermentation using whole organisms, the use of enzymes as natural biocatalysts to
perform biotransformations and transesterification, plant cell tissue culture and genetic
engineering. The majority of compounds developed to date are produced by either intact
microbial cells, crude enzyme mixtures or isolated enzymes. The major enzyme classes
and their functions are listed in Table 8.5. The main aims of these developments can be
subdivided into two general groups: the enhancement of total flavour and the formation
of individual flavour chemicals.
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Table 8.5 Enzyme classification

Class

Function

Example

Oxidoreductases

Oxidation-reduction involving transfer
of electrons (hydride ion or hydrogen
atoms). Cofactor may be required

Catalase, glucose oxidase, lipoxy
genases

Transferases Transfer of functional groups such as Glycosyl transferases, methyl
acyl, glycosyl (sugars), phosphate, transferase
methyl, sulfur groups. Cofactor may
be required
Hydolases Hydrolysis reactions (addition of water) ~ Amidases, amylases, cyanidase,
with substrates such as amides, esters, esterases, hemi-cellulases, glucanases,
epoxides, glycosides, peptides. lipases, pectinases, phospholipases,
Esterification (removal of water) proteases, saccharases, ureases
Lyases Addition of groups to double bonds Hydroperoxide lyases, phenylalanine
or formation of double bonds by ammonia lyase
removal of groups
Isomerases Transfer of groups within molecules to Glucose isomerase
yield isomeric forms. Isomerisation,
racemisation
Ligases Formation of bonds by condensation Glutamine synthetase, Acetate-CoA

reactions coupled to cofactor ATP or
other nucleoside triphosphate
cleavage. C-C, C-O, C-S, C-N, etc.

ligase, Urea carboxylase

8.6 Total flavour enhancement

Total flavour enhancement focuses on the development of a complex multi-component
system that reflects the overall flavour of a food. A classical example would be enzyme-
modified cheese, where the application of a lipase causes the hydrolysis of the triglycerides
into fatty acids. The quantity and type of fatty acids produced will depend on the
triglycerides present and the lipase used. For example, the enzyme from Mucor miehei is
known to exhibit a high selectivity towards short-chain fatty acids, whereas other lipases
may preferably liberate long-chain fatty acids. The position of the fatty acid residue in
the triglyceride molecule may also be important [9]. The aim is to produce the correct
ratio of fatty acids to reflect the type of cheese flavour desired, but at a much higher
concentration. The principal flavour component released is butyric acid which has a
characteristic mature cheese flavour profile. The higher the chain length, the more fatty
and soapy the taste becomes. In addition to the lipase, a protease may be added to
breakdown short-chain peptides that can be responsible for bitter off-tastes. Another
starting material used to produce natural butter flavourings is purified butter oil. This is
a simpler system and under controlled conditions liberates good quantities of the C4-C6
acids, namely butyric and caproic acids.

The chemical compounds responsible for the characteristic flavour of blue cheeses,
such as Roquefort and Stilton, are methyl ketones. They are produced by a different



Aroma Chemicals V: Natural Aroma Chemicals 179

mechanism which results in a mixture of C5-C11 alkanones, especially 2-pentanone,
2-heptanone, 2-nonanone and 2-undecanone, from the corresponding C6-C12 fatty
acids. In cheese, this microbial fermentation is caused by the deliberate addition of a
mould, such as Penicillium roqueforti. Proteolytic enzymes hydrolyse the casein present,
thereby producing precursors and substrates for mould growth. Lipolytic enzymes
produce free fatty acids that are then oxidised to the equivalent a-keto acids and then
decarboxylated to form methyl ketones, as shown in Scheme 8.1. Concentrated blue
cheese powders are manufactured by the microbial fermentation of milk solids, casienates
and milk fats in an aqueous environment followed by spray drying. Methyl ketones are
manufactured using the spores of Penicillium roqueforti, which still retain the required
enzyme activities, despite being dormant [10]. This makes the production scale use of
spores very easy, as once grown, they are easy to store until required and then require no
growth media. Using this method, lipolysed fats or oils from a variety of sources can be
transformed directly into methyl ketones. These may be used as a mixture or fractionated
into the individual ketones.

0 o}
Oxidation | | Decarboxylation | |
R- CHj - CH, - COOH R- C- CH, - COOH - R-C-CHj
— 2
Fatty acids B - Keto acids Methyl ketones

Scheme 8.1 Methyl ketone production in blue cheese.

8.7 Individual flavour chemicals
8.7.1 Alcohols

Short-chain alcohols are primarily obtained by classical fermentation techniques. They
are either products or by-products of industrial ethanol production or from the alcoholic
beverage industry. Fusel oil is the principal by-product recovered during purification
or rectification. It is a complex mixture of secondary alcohols, primary alcohols, some
esters and trace amounts of pyrazines. The actual composition is highly dependent on the
base raw materials used as the feedstock for the fermentation such as cereals, potatoes,
grapes, whey, etc. These alcohols may be used as mixtures, or separated and purified.
Some alcohols can be used directly as flavour materials, e.g. isoamyl alcohol, butanol and
isobutanol. They are all used as starting materials for further reactions to form aldehydes,
acids or esters.

During conventional yeast fermentations (Saccharomyces cerevisiae, Kluyveromyces
marxianus) low levels of phenyl ethyl alcohol are produced. This is an important flavour
and fragrance compound which can be manufactured synthetically or concentrated from
rose oil at high cost [11]. During conventional fermentation the amino acids present in
the fermentation broth can undergo transamination to form the a-keto acids followed
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by decarboxylation to form the corresponding aldehydes. These are then reduced to
the corresponding alcohols, which have one carbon atom less than the substrate amino
acid. In the case of phenyl ethyl alcohol, the substrate is L-phenylalanine and the route
is shown in Scheme 8.2. This reaction has been specifically targeted for investigation,
and significant improvements in the yields obtained are reported using Saccharomyces
cerevisiae and Kluyveromyces marxianus mutants, Aspergillus niger strains and Hansenula
anomala with yields up to 3.4 g/l [3, 11].

H
H O
- C—— ~N
H,—C——COOH O—=0—C00H c CH,OH
CH, CH, CH,
Deamlnase Decarboxylase Reductase
T Hy —-CO, —NADH
L-Phenylalanine Phenylpyruvic acid Phenylacetaldehyde Phenylethyl alcohol

Scheme 8.2 1-Phenylalanine to phenylethyl alcohol.

8.7.2 Carbonyls

Chemicals within this group have a wide range of extremely different aromas. Simple
aldehydes range from acetaldehyde, which provides a very fresh note, to hexanal, which
is green in aroma, through to longer-chain aldehydes which become more soapy or waxy.
The aromatic aldehyde benzaldehyde is characteristic of bitter almonds whereas phenyl-
acetaldehyde is floral and honey-like. Methyl ketones, as described earlier, are charac-
teristic of blue cheese whereas the short-chain diketone, diacetyl, is sweet and buttery.
Investigations and manufacture of a number of these types of compounds are described.

Acetaldehyde is very important for fruit flavourings, particularly orange juice type
flavourings. It is also a principal component of yoghurt flavourings. A process was
patented in 1984 for the conversion of ethanol to acetaldehyde using the enzyme alcohol
dehydrogenase [12]. However, the process suffers from a common problem associated
with isolated enzyme oxidation reactions that rely on the need for and the regeneration
of cofactors. When the ethanol is oxidised to acetaldehyde the cofactor (nicotinamide
adenine dinucleotide) is reduced. For the reaction to continue, the cofactor must be
regenerated. This is achieved by light-catalysed oxidation with a second substrate (flavin
mononucleotide). This second substrate then has to be regenerated by oxidation with
molecular oxygen which produces hydrogen peroxide as the by-product. This is decom-
posed to water and oxygen by the addition of a catalase. The process is shown in
Scheme 8.3. As a general rule, this level of complexity should be avoided when developing
commercial processes. An easier approach for producing a natural aroma chemical is
to find a microorganism that has the appropriate metabolic pathways and/or that will
produce the required enzymes in situ. Ethanol, propanol, butanol, but-2-en-1-ol and
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benzyl alcohol may be oxidised by the production in situ of methanol oxidase and catalase
using certain microorganisms such as yeast of the genera Pichia, Candida, Hansenula and
Torulopsis [13].

CH5CHO NADH EMN H,0,

ADH Light O, Catalase

CH30H20H NAD FMNH2 02 \\’ H20

ADH — Alcohol dehydrogenase
NAD — Nicotinamide adenine dinucleotide

FMN - Flavin mononucleotide

Scheme 8.3 Oxidation of ethanol to acetaldehyde.

Diacetyl is formed during the production of cultured dairy products. It is the main
compound responsible for the characteristic creamy buttery flavour of fermented dairy
products such as sour cream and buttermilk [14]. A major product made in this
way is ‘starter distillate’, the main component being diacetyl. It is produced by distil-
lation from lactic dairy cultures. The starting material for the biosynthesis is citrate
and a key intermediate is a-acetolactic acid which is decarboxylated to form diacetyl,
as shown in Scheme 8.4. The level of diacetyl in such products is still relatively low.

CH,—— COOH CH,—— COOH |(|)
HO— C—COOH ____ » O—C—COOH ——» CH;—C—COOH
CH,——COOH
Citric acid Oxaloacetic acid Pyruvic acid
O OH

||| 0 O O OH

| 1|
CHy—C—C—CH
® s CHy—C—C—CH; _. CHy—C—C—CH,

COOH
H

o-Acetolactic acid Diacetyl Acetoin

Scheme 8.4 Biosynthesis of diacetyl.
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A number of industrial processes for the production of diacetyl have been reported,
including the production from citric acid using Streptococcus cremoris and Streptococcus
diacetylactis [15].

4-Hydroxy-phenyl-butan-2-one (raspberry ketone) is a characteristic flavour com-
pound found in raspberries at levels of approximately 4 ppm [3]. It would not be practical
to consider extraction of such low levels of a component from a complex natural source.
Betuloside may be extracted from birch bark (also from rhododendron and maple) and
hydrolysed with, for example, a B-glucosidase from Aspergillus niger to form betuligenol.
This may then be converted with a microorganism containing a secondary alcohol
dehydrogenase, such as the yeast Candida boidinii, into raspberry ketone (Scheme 8.5).
An alternative approach is the conversion of 4-hydroxybenzalacetone. This is formed
from 4-hydroxybenzaldehyde of botanical origin and acetone from sugar fermentation.
A wide range of microorganisms has been evaluated and the most effective conversion
to raspberry ketone was found using Mucor subtilissimus [16].

CH, (|3H3 CHs
H— C— O— Glucose CH—OH c—o0
(CHy), (CHo), (CHo),
B-Glucosidase Candida boidinii
—_—
OH OH OH
Betuloside Betuligenol Raspberry ketone

Scheme 8.5 Raspberry ketone formed from betuloside.
8.7.3 Acids

As discussed earlier, microbial transformation of ethanol into acetic acid, the production
of vinegar from wine, dates back to ca. 2000 Bc. This has to be the first individual
flavour chemical to be produced through biotechnology and uses Acetobacter species. The
basic process remains the same today with improvements to the production technology,
the scale of operation and the strains used for the bacterial fermentation. This type of
biotransformation has been extended to other natural substrates in order to produce the
corresponding natural acids. Fusel oil, either as a mixture or separated into individual
alcohols, can be converted by certain Acetobacter strains into the corresponding natural
acids such as butyric, isobutyric, 3-methylbutyric and 2-methylbutyric acid [17], as shown
in Scheme 8.6. Propionic acid is important for Emmental cheese type flavourings and
for fruit flavourings. It can be produced by first forming lactic acid with strains of
Lactobacillus lactis or Streptococcus thermophillus and then metabolising this lactic acid
into propionic acid by Propionibacter strains [10].
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Scheme 8.6 Biotransformation of fusel alcohols to the corresponding acids.

Table 8.6 Sources of fatty acids from oils and fats

Fatty acid

Source

Saturated

C4-C12 Butyric-lauric
C8-C14 Caprylic-myristic
C12-C14 Lauric—-myristic
C16 Palmatic

C14-C18 Myristic—stearic

Milk fat, butter oil
Coconut oil

Palm kernel oil

Palm oil, cottonseed oil
Animal fats

Unsaturated
C18:1 Oleic Vegetable oils, animal fats
C18:2 Linoleic Vegetable oils

C18:3 a-Linolenic
C18:4 Arachadonic
C20:1 Gadoleic

Linseed oil, rapeseed oil
Animal fats
Herring oil, whale oil

C20:5 Eicosapentaenoic (EPA) Fish oils

C22:1 Erucic Herring oil, whale oil
C22:6 Docosahexaenoic (DHA) Fish oils
Hydroxylated

C16:0-OH 11 Hydroxypalmatic Jalap root
C18:1-OH Ricinoleic Castor oil

Another important source of fatty acids is the degradation of triglycerides from oils and
fats through the action of lipases which catalyse the hydrolysis of lipids to fatty acids and
glycerol. Various sources such as butter, coconut, palm, soy, sunflower, linseed and caster
oil may be used, depending on the free fatty acid chain length and degree of unsaturation
and/or hydroxylation required. Table 8.6 outlines the main commercial sources of these
fatty acids. Following the action of the lipase, the acids may be separated by, for example,
steam distillation and further refined by fractional distillation. Alternatively, the mixture
may be used in situ for further reactions with, e.g., alcohols to produce esters.

8.7.4 Lactones

Both - and 8-lactones are used widely as flavour and fragrance chemicals. They occur
in foods such as dairy products, fruits, nuts and vegetables. An industrial example
of lactone production is the microbial conversion of ricinoleic acid (from castor oil)
via partial -oxidation into <y-decalactone, which has a peach-like aroma, by yeasts
such as Sporidiobolus salmonicolor and Yarrowia lipolytica [3]. The ricinoleic acid is
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hydrolysed from the triglyceride and then, via 3-oxidation, degraded to 5-ketodecanoic
acid. The yeast then reduces the keto acid to the hydroxy acid which can be lactonised
by dropping the pH and heating (Scheme 8.7). Other methods are reported, such as
the conversion of ethyl decanoate by Mucor circinelloides [18] and the fermentative
B-oxidation of ricinoleic acid using the yeast Candida lipolytica, but it is not known
if these methods have been commercialised. Mucor circinelloides is also reported to
convert other fatty acid esters such as ethyl caprylate (octanoate) to the corresponding
vy-octalactone. In peaches, the R-enantiomer of y-decalactone is dominant whilst it is
the S-enantiomer that occurs in mango varieties. Chemical synthesis results in a racemic
mixture. Similarly, coriolic acid is the precursor hydroxylated fatty acid for the production
of 8-decalactone with Cladosporium suaveolens. This lactone can also be obtained by
yeast fermentation of 11-hydroxy palmatic acid present in Jalap root (sweet potato). The
o, B-unsaturated lactone, 2-decen-5-olide, a main component of massoia bark oil, can
also be efficiently converted by baker’s yeast into 8-decalactone. Massoia bark oil also
contains 2-dodecen-5-olide which, in particular, can be converted into 8-dodecalactone
by the yeast Saccharomyces delbrueckii [19] and Clostridium strains [20].

CHy— (CHz)sY\—/(Cth COOH  12-Hydroxy-9-octadecenoic acid (ricinoleic acid )

OH

CH;— (CHZ)SW (CHo)s——COOH 10-Hydroxy-7-hexadecenoic acid

OH

CHz;——(CHy)s /\/COOH 4-Hydroxydecenoic acid
OH

CH3— (CHp)s— ]\\ y-Decalactone

O (0]

Scheme 8.7 Ricinoleic acid to y-decalactone.

8.7.5 [Esters

These compounds provide the flavour and fragrance industry with a wide range of charac-
teristic sweet, fruity and, sometimes, floral aromas. Their synthesis through biotechnology
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is well documented and the principal method of manufacture is esterification of the
appropriate alcohol and acid by the action of a lipase. Most lipase-based reactions are
reversible to a greater or lesser extent, the enzyme being capable of hydrolysis or esterifi-
cation depending on the specific enzyme used and the environment in which the reaction
takes place (Scheme 8.8). The major requirement for ester production is the removal
of water to drive the reaction forward. This can be achieved by a variety of methods,
for example, the reaction may be performed in an organic solvent. Suitable solvents
include hydrocarbons such as hexane or even super-critical fluids such as carbon dioxide.
The organic phase may be a vegetable oil containing a mixture of fatty acids, or indeed the
pure vegetable oil may be used to perform transesterification, where the acid residues are
‘swapped’ between the glycerol of the fatty acid triglyceride and the alcohol. An example
is the use of the lipase from Candida cylindracea with butter fat and ethanol [12]. A
mixture of ethyl esters was produced with the highest concentration being the butyrate
and caproate. The enzymic esterification takes place at the solvent/water interface, the
product of the reaction being more soluble in the organic phase. The process requires
very little water to be present for the enzyme to function. Further techniques may be
required to remove excess water such as distillation, membrane separation or a combined
technique such as pervaporation.

o (6]
N
R'—CH,—OH + e R Lipase esterase I
ho” — =  Rl—CH,—O0—C—R
-Ho0
Alcohol Acid Ester

Scheme 8.8 Enzyme synthesis of esters.

Enzymes may be highly substrate-selective. For example, with alcohols of chain length
C2-C10, the fungal lipase enzyme from Mucor miehei has a distinct selectivity towards
C4-C6 fatty acids which are converted in yields of up to 95% whereas C2 or C3 fatty
acids are poor substrates which do not yield significant levels of esters [17]. Other
enzymes reported to have high specificity are lipases from Aspergillus niger and Rhizopus
arrhizus, whereas Candida rugosa lipase has been reported to give high yields at low
selectivity. Manufacture of iso propyl palmitate (C3 alcohol/C16 fatty acid) can be carried
out using a lipase from Candida antarctica. Water is removed from the reaction by either
azeotropic distillation or pervaporation [8]. This enzyme is also reported to convert
acyclic monoterpenols such as citronellol and geraniol to their acetates in high yield
using a microaqueous hexane reaction solvent [21].

Natural sources of the alcohols and acids for these reactions may come from natural
isolates or through biotechnology. Provided that a suitable source can be found, virtually
any ester can be produced. Esters of acids from acetic to hexanoic and alcohols from
methanol to hexanol, citronellol and geraniol have been synthesised by lipases from
Mucor miehei, Aspergillus sp., Candida rugosa and Rhizopus arrhizus. 2/3-Methylbutanol
(commonly called isoamyl alcohol) esterification is reported by Candida sp. lipases, and
geraniol and citronellol esters of C6—C12 fatty acids have been achieved in high yield
using immobilised lipases of Rhizomucor miehei [22].
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8.7.6 Green notes

This collective term refers to the aroma of certain organic chemicals, rather than to them
being environmental friendly. Green notes are present in nature in a wide variety of
leaves, fruits and vegetables. The aroma of ‘green’ chemicals is reminiscent of newly cut
grass, under-ripe fruits and green leafy vegetables. This green aroma is sometimes referred
to as a fresh note and the chemicals responsible are predominantly C6 alcohols and
aldehydes, preferably unsaturated. These include compounds such as hexanol, hexanal,
trans-2-hexenal, trans-2-hexenol, cis-2-hexenol and cis-3-hexenol. The fatty green notes
more associated with the cucumber and melon family are typically C9, preferably the
aldehyde and the double-unsaturated, i.e. trans-2-cis-6-nonadienal (violet leaf aldehyde).
The natural biosynthetic pathway to these chemicals in many plants is the degradation of
unsaturated fatty acids. Interestingly, many of these notes are also the cause of off-tastes
formed during the oxidation of fats and oils. For many plants the biosynthetic pathway
follows the lipoxygenase-catalysed oxidation of fatty acids containing a 1,4-pentadiene
sequence to form hydroperoxides, followed by cleavage with a hydroperoxide lyase to
produce a C6 unsaturated aldehyde. Aldehyde isomerase catalyses the formation of other
unsaturated aldehydes, and the presence of alcohol dehydrogenase results in the formation
of alcohols [23]. The biosynthetic pathway is shown in Scheme 8.9. Depending on the
plant source, the enzymes differ in the reactions that take place both in terms of the
isomers produced and chain length of the resulting aldehydes and alcohols. Thus, for
cucumbers, melons, etc., the dominance of 9-hydroperoxides results in a predominance
of C9 aldehydes and alcohols.

A number of proposed processes for producing green notes using homogenised
vegetable materials and crude enzyme preparations are described in the literature [17, 23].
These include the use of strawberry leaves, radish leaves, soya flour, watermelon and
alfalfa to provide lipoxygenase and hydroperoxide lyase enzymes, yeast (e.g. Saccha-
romyces cerevisiae) to provide alcohol dehydrogenase acting on substrates such as linoleic
acid, safflower oil, linseed oil, sunflower oil and linolenic acid. Violet leaves are reported
as the vegetable material of choice for the production of C9 aldehydes and alcohols [24].
However, within the published literature there appear to be very few processes that could
be realised on an industrial scale for the production of green notes or individual ‘green’
chemicals. There appears to be much more that needs to be done before these materials
become widely available from a biotechnological source.

8.7.7 Pyrazines

These compounds provide the characteristic aroma of nuts. They occur in a wide variety
of foods, including roasted products such as cocoa, coffee and meat. They also provide
the distinctive aroma of bell peppers. Bacillus subtilis and Brevibacterium linens have
been used to produce 2,5-dimethyl pyrazine and tetramethylpyrazine, respectively, by
fermentation of soy beans or flour enriched with precursors such as L-threonine, acetoin
and ammonia. (Certain alkylpyrazines can also be isolated from fusel oil residues.) Bell
pepper pyrazine (2-isobutyl-3-methoxy-pyrazine) is produced by a mutant strain of
Pseudomonas perolens [10] (Figure 8.1).
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Scheme 8.9 Formation of green notes.

8.7.8 Sulfur compounds

A number of important flavour chemicals can be derived from L-methionine. These
include methional (3-(methylthio)-propanal), methionol (3-(methylthio)-propanol) and
the corresponding methyl and ethyl esters. Depending on concentration, methional can
have a pleasant meaty, onion-type character and occurs widely in nature. Methionol
is found in fermented products and is a particularly important compound in soy
sauce. The esters have powerful fruity, sulphurous aromas and occur naturally in



188 Chemistry and Technology of Flavors and Fragrances

oy

Tetramethylpyrazine 2,5-Dimethylpyrazine 2-Isobutyl-3-methoxypyrazine

Figure 8.1 Examples of pyrazines.

pineapple and fermented products. Methods have been developed for the biofermen-
tation of methionol and 3-(methylthio)-propionic acid from natural L-methionine [25].
Under conditions of nitrogen limitation, growing yeast will deaminate L-methionine to
produce 2-o0xo-4-(methylthio)-butyric acid. This a-keto acid is then decarboxylated to
form methional, which in turn is rapidly reduced to methionol. This product can be
recovered from the fermentation or, by altering the fermentation conditions, converted into
3-(methylthio)-propionic acid. This may then be esterified to form the esters (Scheme 8.10).
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| OH
NH, o
L-Methionine 2-Oxo-4(methylthio)-butyric acid

Decarboxylation S Reduction S
—_— \/\(l;_H —_— - \/\CHZOH
|
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Methional Methionol

Scheme 8.10 Formation of methionol from L-methionine.

p-Mentha-8-thiol-3-one is a highly potent flavour molecule with a characteristic black-
currant aroma at low concentrations. Natural cysteine and natural pulegone ((R)-(+)-
p-mentha-4(8)-en-3-one), when mixed together in water at room temperature, react to
form a precipitate of a cysteine—pulegone conjugate. The conjugate is incubated with any
number of bacteria (e.g. Eubacterium limosum) which possess an enzyme belonging to
the group known as 3-lyases. These enzymes are able to hydrolyse the bond between the
[B-carbon atom and a sulfur atom in a relatively broad range of substrates. In this case, the
conjugate is converted to the desired p-mentha-8-thiol-3-one. The same approach has
also been reported for the conversion of furfural to furfuryl mercaptan (2-furfurylthiol),
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an important flavour chemical found in roast products, particularly coffee, together with
other thiols from the corresponding aldehyde [25, 26]. An outline of the reaction is given
in Scheme 8.11.

H HoN COOH
R{\ +
o}
HS
Aldehyde Cysteine
—Hzo
R N COOH
H
S
Conjugate
B-Lyase
RY H HoN Y COOH
! |
Dehydrogenase + H,0
o}
R-CH,SH )\
2 COOH + NH3
Thiol Keto acid Ammonia

Scheme 8.11 Formation of thiols from a cysteine-aldehyde conjugate.
8.7.9 Terpenoid and related compounds

The essential oil industry produces large quantities of terpene hydrocarbons as a
by-product of the purification, rectification and concentration of essential oils. They
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have little aroma, low water solubility and are unstable. It is estimated that 36 000t of
the monoterpene R-(+)-limonene (D-limonene) is separated from cold-pressed citrus
oils during concentration, and that 160000t of a-pinene and 26000t of 3-pinene are
obtained from pine oils [21]. Naturally, these terpenoid by-products of the essential oil
industry are seen as a potentially rich source of starting materials for biotransformation
into more valuable natural chemicals. Whilst there is a body of literature on the research
being carried out in this area, there are very few examples of commercially produced
products due to the complex nature of the chemistry and the toxicity of terpenes to
microorganisms.

(R)-(+)-limonene has been converted to 1S,254(R)-p-menth-8-ene-1,2-diol using
Corynespora cassiicola in high purity, with few side products. Using a second organism,
Penicillium digitatum, the (R)-(+)-limonene of racemic limonene was transformed into
a-terpineol [10], a key component in lime flavourings (Scheme 8.12). Work on pinene
transformations spans more than four decades [21]. Recent work using strains of mutated
Aspergillus has resulted in the bioconversion of a-pinene to verbenol or verbenone.

Penicillium digitatum

O

OH

D-Limonene o-Terpineol

Scheme 8.12 Dp-Limonene to a-terpineol.

Nootkatone is one of the main characterising compounds found in grapefruit. A large
number of synthetic methods have been described, including the oxidation of the
sesquiterpene valencene to nootkatone (Scheme 8.13). The same reaction can be accom-
plished through biotechnology. Whole cell transformations of valencene to nootkatone
have been reported using both bacteria and fungi [27]. A simple oxidation of valencene

0

Oxidation

Valencene Nootkatone

Scheme 8.13 Oxidation of valencene to nootkatone.
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to form nootkatone and nootkatol is achieved in the presence of a hydroperoxide of
an unsaturated fatty acid. The hydroperoxide may be formed in situ by the action of a
fatty-acid lipoxygenase on certain fatty acids [28]. A further process describes the use of
valencene, with a composition having laccase activity, to form valencene hydroperoxide,
which is subsequently degraded to form nootkatone. Examples of microbial sources of
laccase are quoted as Botrytis cinerea and Trametes versicolor [29].

Many important aroma chemicals are formed by the degradation of carotenoids in
plants. One group of compounds of particular importance is the Cl3-norisoprenoids
such as the ionones and damascones. A group of closely related compounds are the C14
irones (Figure 8.2). The chemistry of these compounds is highly complex due to the
number of stereo centres, and work on degradation of carotenoids by microorganisms
has tended to result in broad mixtures of related compounds. Using - or B-ionone or
damascone as substrates, regioselective insertion of oxygen was achieved with various
fungal species [21].
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Figure 8.2 lonones, damascones and irones.
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As described under natural isolates, irones may be separated from orris root at an
extremely high cost. Traditionally, the rhizomes have to be stored before extraction.
Using microbial strains isolated from rhizomes such as Serratia liquifaciens, a method
has been developed to accelerate this process. A yield of 1g/kg of mixed irones was
obtained after just eight days, compared to 0.4 g/kg for rhizomes stored for three
years, as per the traditional method [16]. The mixed irones were produced in a
similar ratio to their natural occurrence and were mainly cis-y-irone, cis-oa-irone and
trans-a-irone [30].

8.7.10 Vanillin

Synthetic vanillin is produced on a scale of some 15000 t per annum. Alternative biotech-
nological routes have been extensively investigated, and an excellent review appeared
in 2001 summarising research, patents and potential production processes [31]. Many
different microorganisms, starting materials, pathways and potential production methods
are discussed. The most readily available starting materials are eugenol from clove oil
and ferulic acid from degradation of cereal by-products. Microorganisms suggested for
the conversion of these starting materials are Streptomyces setonii, Amycolatopsis sp. and
Pseudomonas strains. Products are principally vanillyl alcohol, vanillin and vanillic acid. If
the alcohol and acid are produced, these may be converted into vanillin using additional
organisms. An outline of the most relevant structures is given in Scheme 8.14.

8.7.11 Precursors

Both for chemical synthesis and biotechnology, the availability of suitable precursors
for conversion into the desired end-products is crucial. Biotechnology can provide
a suitable route for the economic generation of these precursors. Furaneol®
(2.5-dimethyl-4-hydroxy-3(2H)-furanone) is an aroma chemical which is key to straw-
berry flavourings. The synthesis of furanones, via chemical synthesis or ‘soft chemistry’,
requires 6-deoxyhexose sugars and, in particular, 6-deoxy-L-mannose (L-rhamnose) for
Furaneol®. These sugars are relatively rare in nature, but it has been found possible
to obtain L-rhamnose from a number of natural sources by hydrolysis. Citrus peel,
particularly bitter orange, contains flavanoid glucosides such as naringin and hesperidin.
Hydrolysis by rhamnosidase, which is present in commercial preparations of pectinases,
can be used to liberate L-rhamnose. Since pure L-rhamnose is needed to ensure good
yields, other sugars liberated (e.g. glucose) can be selectively removed by fermentation
or bioconversion to gluconic acid. The process is expensive and research into alternative
biosynthetic approaches is reported [3].

Very recently, a new source of natural L-rhamnose has become available. D-Xylose
is manufactured from birch/beach wood hydrolysate. The product is rich in other
monosaccharides that are released during the processing. During purification these rare
sugars are separated and recovered using column separation technologies. L-Rhamnose,
together with L-ribose, L-fucose, L-arabinose and D-mannose, is now available in high
purity.
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Scheme 8.14 Biotransformation to vanillin.

8.8 Soft chemistry

Natural flavour chemicals may be formed using so-called soft chemistry. This technology
does not use biocatalysts and does not use hard or aggressive chemicals. It is based
around the expression ‘any product of roasting, heating’ in the US definition of natural
and the ‘traditional food-preparation processes’ described earlier in the EU definition
of natural. The technology of ‘soft’ or ‘cooking’ chemistry has been generally accepted
in the US whilst in Europe it is viewed with much suspicion and is widely thought
of as a non-natural approach. The types of chemical reactions that can be performed
include hydrolysis, oxidation, condensation or addition, rearrangements and the Maillard
reaction. Reaction conditions may be adjusted, e.g. pH, reactions may be performed in
organic solvents, oxygen or other atmospheres may be introduced and the processes
can be performed at elevated temperature. Clearly, the big question is when does ‘soft
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chemistry’ become ‘hard chemistry’? I leave that for the reader to consider with the
following examples.

Perhaps, the simplest example of soft chemistry is ester formation. Many short-chain
esters can be formed without the use of biocatalysts, synthetic catalysts or aggressive
chemicals. Esterification with formic acid can be performed readily without catalysts or
any other special conditions [32]. Other esters may require the continuous removal of
water to drive the reaction forward. This can be achieved by boiling the mixture of
reactants and condensing the vapour. Water plus some of the reactants or products
is removed. The non-aqueous layer recovered is returned to the reaction mixture. An
alternative approach would be to perform the reaction in an organic solvent.

Bitter almond oil is derived from steam distillation of the dried kernels of bitter
almonds, peaches and apricots. Following the removal of fixed oil, the powdered cake
is macerated in water to split the glucoside amygdalin. Enzymes may be added to
assist with the breakdown of the glucoside. The resultant slurry contains benzaldehyde
and hydrocyanic acid. The hydrocyanic acid is removed and the benzaldehyde is
then distilled and dried [33]. Natural bitter almond oil is in short supply, and alter-
native methods to manufacturing natural benzaldehyde have been investigated. One
method that has been commercialised in the US is the production of benzaldehyde
from cinnamon bark, cinnamon leaf and cassia oil. These oils contain large amounts
of cinnamaldehyde (cinnamic aldehyde). Under mild basic conditions, with heating,
the cinnamaldehyde breaks down to form benzaldehyde and acetaldehyde in a retro-aldol
reaction (Scheme 8.15). Both benzaldehyde and acetaldehyde can be recovered from the
reaction in high purity [34].

Furanones occur widely in many fruits such as strawberry, pineapple and mango.
They are also formed as a result of certain microbial fermentations, as in the production
of soy sauce. Furanones are formed during the roasting or cooking of a wide range
of foods by the reaction of amino acids with sugars, the Maillard reaction, which was
discussed in Chapter 3. 6-Deoxyhexose sugars (rhamnose, quinovose, fucose, etc.), when
reacted with amino acids such as L-proline and L-alanine, can lead to the formation
of a wide range of compounds including furanones. Of specific interest is Furaneol®
(2,5-dimethyl-4-hydroxy-2H-furan-3-one), which can be formed by soft chemistry in
the reaction between L-rhamnose and L-proline (Scheme 8.16). Furaneol® is used in
strawberry, pineapple, caramel and cooked or roasted food-type flavourings.

The smoking of foods, such as fish and meat, has been used as a method of
preservation for thousands of years. Smoke flavourings can be produced by the
controlled pyrolysis of various wood and cellulose sources. The resultant smoke
flavourings contain a wide range of chemical compounds such as acetic acid, 2,6-
dimethyl phenol, ethyl cyclopentenolone, eugenol, furfural, guaiacol, maltol, methyl
cyclopentenoloned (cyclotene), 5-methyl furfural, vanillin and many more. A number of
these compounds are now being separated from the mixture and purified, e.g. maltol and
cyclotene.

The hydrolysis of curcumin from turmeric root to form vanillin was patented in
1990 [35]. Turmeric root, extracts of turmeric root or purified curcumin was subjected
to the action of heat and pressure in the presence of water, where upon vanillin and
other reaction products were formed (Scheme 8.17). The ratio of vanillin and other
products was controlled by adjusting the pH of the reaction mixture. Temperatures of
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up to 350°C, pressures of up to 110 atmospheres and pH adjustment have to be used
to achieve the required reaction rates which yield the economic production of flavour
compounds, principally vanillin. Current market price for vanillin produced by this, or
similar methods, is in the low hundreds of dollars per kilogram.
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Scheme 8.17 Conversion of curcumin to vanillin.

8.9 Conclusion

This chapter has explored the types of natural chemicals now available through isolation,
biotechnology and soft chemistry. It is by no means extensive, and much research effort
continues with many reports appearing in the literature in all the three areas discussed.
Two topics deliberately not covered are genetically modified organisms and plant cell
tissue cultures. At present, the use of genetic-modified organisms to produce foods or
food ingredients is not acceptable to European consumers. This may or may not be
logical, but without a market there is little point in manufacturing a product. Whilst
research is ongoing and the technology shows much promise, there are no industrial
examples of genetically modified organisms being used to produce natural chemicals for
the flavour and fragrance industry. For now, the industry must continue with mutation,
rather than manipulation. To date, plant cell tissue cultures have not yielded commercial
products. There is a large body of information in the literature demonstrating that plant
cell tissue cultures can produce a wide range of natural chemicals. However, this is
typically in complex mixtures and at very low concentrations. Much more research still
needs to be done in this field.

Many important natural flavour chemicals are now available through isolation, biotech-
nology and soft chemistry. Whilst there is an obvious commercial pressure to accept
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natural products produced by soft chemistry, many questions remain unanswered. In
particular, when does soft chemistry become hard chemistry? The range of natural
chemicals available by isolation is limited. Nature’s resources are finite and the costs of
recovery can be prohibitive. Therefore, the flavour and fragrance industry continues to
devote much effort into the development of natural chemicals through biotechnology
for its ever-increasing demand for natural flavourings and fragrances.
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Chapter 9
Molecules of Taste and Sensation

Mark L. Dewis

9.1 Introduction

This chapter aims to give the reader an overview of all the important compounds in
the areas that can be described as ‘functional’, rather than those traditionally described
as ‘organoleptic’. In an attempt to outline this a little more clearly, this ‘functional’
area will include compounds that may (in some cases) exhibit properties of taste, but
elicit little or no overall flavour. In strict terminology ‘organoleptic’ is defined as the
effect or impression produced by any substance on the organs of touch, taste or smell,
and also on the organism as a whole. However, for the purpose of outlining the scope
of this chapter, I shall define the ‘functional’ chemicals as being chemicals that impart
taste, act on taste fibres, or stimulate trigeminal or other receptors in the oropharyngeal
cavity (pertaining to the oropharynx, the area directly behind the mouth). That is to say
that they impart taste or chemical irritation, but do not, for the most part, possess the
properties of olfaction (evoke a sense of smell).
The compounds discussed will therefore fall into one of the following categories:

o Sensory molecules — tingle, cooling, warming or astringent;
o Taste molecules — sweeteners, bitter agents, sour compounds, salt, flavour enhancers
and Umami compounds.

During recent decades, the advances in analytical techniques and instrumentation
(most notably GC/MS and a variety of techniques for the trapping of volatile compon-
ents in food) have enabled the identification and subsequent synthesis of the vast
majority of the key volatile chemical components in nature. This has enabled the creative
flavourist to access the chemicals required to make flavours acceptable to the public. In
recent times, industry has looked more critically at non-volatile components in food.
Inevitably, into this category fall mouthfeel components, bitter agents, sweeteners, salt,
proteins, monosodium glutamate (MSG), fats, starches and other ‘active’ ingredients.
Compounds that cool have been in demand for the last 30 years or so, whilst warming
agents (with the exception of traditionally used spices) have been a more recent focus.
The subject of tingle has seen great research activity up to, and including, the current
time. However, despite the trends coming and going, research in most of these areas
remains active and current, to at least some degree, as competition in the market-
place drives individuals to find the next small point of difference. Indeed, such is the
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importance of trigeminal stimulation and taste quality, that since 1992 salsa has outsold
ketchup.

It is important to familiarise the reader with the terms used in the text; this will
be covered in the next section of this chapter. The different categories of functional
molecules, as defined by the author, will be covered individually. Within each category,
a review will outline the important compounds and pertinent information the reader
requires as background to the category. This will be followed or interspersed, where
appropriate, by some recent advances in the area and an insight into possible future
developments.

9.2 The trigeminal nerve system, taste and oral
receptors

Since the vast majority of the discussion of this chapter relates to the interaction of
chemical moieties with receptors in the oral cavity (mouth, oropharynx, tongue and
nerves and the receptors therein) and in the skin, it is worth devoting a little time to
explain in simple (and hence probably not totally scientifically correct) terms, what these
interactions are. I will also attempt to provide an overview of the terms, and what each
of these encompasses. For those readers wanting more elaborate detail, entire books have
been written on these subjects.

There are two good primary texts covering the areas of nerves, taste, receptors and
chemesthesis. The first [1] covers the biological aspects of taste and smell, whilst the
second [2] deals specifically with chemical irritation.

As one would expect from the wide variety of functions it serves, the oropharyngeal
cavity is immensely complex. There are three aspects of the oral cavity that require further
discussion: the trigeminal nerve system, human gustation (the ability to taste) and the
related neurons, receptors and taste fibres.

9.2.1 The trigeminal nerve

The head has twelve major nerves, the fifth cranial nerve is known as the trigeminal
nerve. It is the largest cranial nerve and is the primary nerve responsible for sensation
in the head and the face. It is also the motor nerve of the muscles of mastication. The
nerve has a small motor root and a large sensory root.

The trigeminal nerve has three branches the ophthalmic, the maxillary and the
mandibular (Figure 9.1). The ophthalmic and maxillary branches consist exclusively of
sensory fibres; the mandibular branch is joined by a motor root.

The maxillary branch divides and contains the superior alveolar and the nasopalatine
nerves. The mandibular branch is located in the lower part of the mouth in the lingual
area, roughly following the line of the lower jaw. This too divides to include the lingual
nerve, inferior alveolar and buccal nerves.
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Figure 9.1 The primary cranial nerves responsible for the perception of taste and oral and nasal
sensation. Reproduced by kind permission of Prof. Fausto Berzin, Unicamp, Sao Paulo.

Most trigeminal sensory nerve fibres lie in the trigeminal ganglia, and it is at the
trigeminal ganglion that the three main trigeminal nerve branches come together.
Chemicals can stimulate trigeminal nerve endings causing rise to a range of sensations,
for example, stinging and tearing. However, in the oral cavity they are associated with
pain, touch and temperature.
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9.2.2 Gustation

Breslin discusses human gustation in detail [3]. Taste is elicited by chemical stimulation
of ‘taste receptor cells’ in the mouth. The signalling pathways of taste reception, like
olfaction, rely on G-protein-coupled receptors. Taste was traditionally described as being
characterised by four descriptive senses (basic taste qualities), which when combined can
create all taste sensations and are the basis for all gustatory sensation (see Figure 9.2).
The traditional four basic tastes were salt, sweet, bitter and sour. Currently, Umami (of
Japanese origin), which is the taste described as meaty, brothy or savoury is recognised
by many as the fifth basic quality of taste [3]. Until recently, taste has not been so
extensively studied as olfaction. It is therefore known that mammals have hundreds of
olfactive receptors that bind odorants selectively to allow the mammal to distinguish
smells. In the case of taste, how the stimulants bind to and are recognised by the taste
cells, how this is selective, and how the taste cells innervate the epithelium are still
largely unknown subjects.

Colloquially (though incorrectly), taste is often described by words that do not describe
taste qualities but sensations such as hot, cool, prickling and pungent (see Section 9.3),
mouthfeel such as gritty, greasy, astringent or olfactory sensations, for example, fruity,
floral, green or sweaty. It is clear that distinguishing gustatory sensations from somatosen-
sation and olfaction is not always trivial. Indeed, these are often difficult sensations for
even expert tasters to distinguish between. Therefore, it is often flavour, the total sensory
combination of taste (see Sections 9.2.3 and 9.5), olfaction and the common chemical
sense (see Section 9.3) that is described as taste. Flavour, in the strictest definition, is a
combination of oral chemoreception (taste — split into chemical irritation and gustation)
and nasal chemoreception (smell — split into chemical irritation and olfaction).

9.2.3 Oral receptors

As outlined in Section 9.2.2, special cells in the epithelium of the mouth and larynx elicit
human taste.

The seventh (facial, see Figure 9.1), ninth (glossopharyngeal) and tenth (vagal) cranial
nerves are responsible for the perception and sense of taste. There are two sensory

Sweet sour Salt Bitter

Figure 9.2 The regions of the tongue responsible for the perception of the basic taste qualities.
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components of the seventh nerve related to taste. (The facial nerve contains the chorda
tympani and the greater superficial petrosal nerves.) The first leads to taste buds in the
front of the tongue and the sides of the back of the tongue. The second innervates the soft
palate and the nasoincisor ducts. The ninth nerve serves taste buds in the vallate and the
back of the tongue, whilst the tenth leads to the larynx and the upper oesophagus. The
ninth and tenth nerves also have somatosensory function, and all the three nerves serve
motor function in addition to the functions described above. Note — the somatosensory
system is the sensory system of the body which is not included in the five senses of taste,
touch, smell, sight and hearing. For example, thermal perception and irritation.

The oral mucosa and lingual epithelium also carry fibres mediating touch, pain and
thermal sensation carried in the trigeminal nerve. It is estimated that 75% of fibres in
the fungiform papillae are trigeminal in nature.

Somatosensory nerves contain different sizes of fibres, large fast-conducting
mechanoreceptive fibres, along with smaller slower-acting and small slow-acting
thermoreceptive and nociceptive fibres. Humans have no taste sensation in the hard
palate but thermal (among others) sensations are still observed.

The oral receptors can be summarised as follows:

Relayed primarily by the trigeminal nerve

o Pain receptors — sensation of discomfort, can be due to polymodal, thermal or mechano
reception;

e Mechano receptors — sense of texture, mouthfeel, astringency;

o Thermal receptors — sensation of heat and cold, can be hot/cold fibres or trigeminal;

o Nociceptors — provides sensations such as tingle, prickling, can be trigeminal (painful
thermal, mechanical and/or chemical irritation) in origin;

e Polymodal — multimodal sensations for example, thermal heat and pain.

Relayed by the gustatory nerves
e Taste — senses of sour, sweet, salt, bitter and Umami.

Whilst some chemicals provide irritation and stimulate combinations of olfaction,
somatosensation and taste, it is important to point out that many chemicals also act
on combinations of somatosensory receptors. Menthol is the classic example of this
phenomenon, as it possesses olfaction in its mintiness, somatosensory stimulation in a
feeling of irritation, cool and/or heat, and taste usually described as bitterness. Other
examples include carbon dioxide, fatty acids and citric acid which all stimulate cold
nociceptors, as well as cool/acid-sensitive lingual nerve fibres [4].

The fact that many chemical substances interact with such a wide variety of receptors
in the mouth, makes molecule design very difficult for the chemist, when looking for
compounds that exhibit taste or irritation effect. There is considerable overlap between
chemical sensitivity, pain, thermal modalities and tactile modality. The picture is even
more complex for olfaction and fragrance molecule design, with several or many areas of
the olfactory bulb being stimulated by a single chemical entity. In case the challenge were
not already difficult enough, the position is further complicated by people exhibiting
specific anosmia or super sensitivity — ‘super tasters’. Indeed, especially when talking
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about chemicals providing somatosensory effect, the threshold level for two individuals
can be different by a 100-fold (or more) concentration.

The message (as one might easily suspect) is that taste and olfaction are incredibly
complex, involving several major nerves, multiple receptor types in multiple locations
and that these are also very individual.

9.3 Chemesthesis

The compounds discussed in the remaining sections of this chapter are used primarily
to provide or enhance a taste or flavour, or in flavours and fragrances to stimulate nerve
fibres and receptors in the oral cavity or on the skin. It is therefore important to outline
one further term; that of ‘Chemesthesis’.

Chemesthesis [5] is a word (from Chem = chemical and esthesis = ability to perceive or
feel) that became adopted [2] to describe what has been long referred to as the ‘common
chemical sense’. The ‘common chemical sense’ was coined [6] to describe the sensory
system responsible for the physical detection of irritating chemicals. The chemosensitive
fibres are a subset of pain- (nociceptive) and temperature- (thermal) sensitive fibres,
which occur throughout the body, in the skin and the mucous membranes, as part of
the somatic sensory system. The coolness or menthol, the warming of chilli peppers and
the tingle of carbonation are examples of the sensation of chemesthesis. Chemesthesis is
a major part of oral perception.

An interesting feature of chemesthesis is that, for many irritants, sensitisation occurs.
This is the effect of repeated stimulation (exposure) leading to a progressively stronger
perception of the sensation. However, an interruption to the exposure leads to desensi-
tisation, a decrease in perceived intensity following a break in exposure.

In order to reach trigeminal nerve endings in and below epithelia, compounds must
pass through the lipid phase of the cell membrane or through the aqueous phase to
arrive at free nerve endings. For this reason, chemesthetic sensations have a longer onset
time before perception and linger longer than taste perception or olfactory perception.
Since lipid solubility is a pre-requisite for most trigeminal stimuli and the primary route
of access for hydrophobic irritants, compounds that evoke a ‘chemesthetic effect’ have a
hydrophobic part to their structure. Since the compounds generally require at least some
binding at the nerve ending or receptor and an ability to partition the fat/water boundary,
a hydrophilic functionality is also present. There is evidence in the literature that increased
lipophilic chain length leads to an increase in trigeminal stimulus. However, since this
is in competition with time of onset, longevity of experience and, in some flavour and
fragrance systems, a hydrophobic base, it is not necessarily borne out when one puts the
theory into practice.

9.4 ‘Sensates’ — compounds which provide a sensory
effect

Olfaction is covered elsewhere in the book and is deliberately not tackled in this chapter.
Indeed, whilst olfaction is a physical response to a chemical exposure, and could therefore
be classed as an irritation, it is not generally considered as a chemoreception under
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chemesthesis. To explain this by example, early studies on the psychophysical aspects
of chemesthesis in the nasal cavity asked test subjects to describe irritation and odour
separately. For example, menthol would be described separately as minty in odour
and irritating to the nose. In contemporary studies, carbon dioxide is used because it
stimulates trigeminal receptors in the nose but is odourless. Therefore, a sensation is
observed, without the subject having to mentally ignore any olfactive aspect.

The compounds discussed have different intensities. Even a single irritation type can
be experienced in different parts of the mouth. It is not known why this occurs and this is
still an unanswered question. Similarly, it is uncertain why synergies, cross-desensitisation
and cross-potentiation occur.

For the purpose of this chapter, I have classified the chemical compounds and compos-
itions according to the type of sensation or physiological response perceived by the
‘exposure’ to the flavour or fragrance ingredient. However, the materials are sub-classified
according to the site of action (in this case largely mouth and nose, but also skin, eyes and
respiratory tract), where practicable. The type of response may be trigeminal irritation,
taste reception, olfaction or reception on skin, or as previously alluded to, combinations
of these response factors.

9.4.1 Tingle compounds

9.4.1.1 What is tingle?

Compounds used in the flavour industry to impart a tingle sensation all exhibit a similar
type of characteristic sensation in the mouth. The sensation can be described in a number
of different ways but the vocabulary most commonly used to describe the sensation
ranges from a numbing anesthetic effect or a tingling paresthesia, an attachment of 9V
battery terminals on the tongue effect, to pins and needles or buzzing, or in extreme
cases pin prickling or pain (a pricking pain rather than the cold irritation of menthol
or the burn or capsaicin). The feeling is generally perceived on the tongue and lips, but
may also be experienced on the gums, teeth, cheeks and roof of the mouth.

There are several reasons why tingle has value in flavour applications. Firstly, because
it synergises with other attributes of the product. Carbonation and alcoholic strength are
both enhanced, and other sensory effects, for example, cooling, warming and sweetness
are perceived differently, usually perceived as enhanced and preferred. Secondly, the effect
can be perceived as refreshing or cleansing, whether on the skin or in the mouth. Thirdly,
anti-microbial properties of the tingle chemicals could be beneficial, for example, in the
mouth and the underarm. Finally, the sensation can be marketed as a sensory trigger for a
product claim that the consumer might miss. An example might be a numbing sensation
on the scalp to demonstrate to the user the skin-soothing effect of an anti-dandruff
shampoo.

9.4.1.2  Where are the compounds found?

Compounds possessing tingle character are found in nature in a large number
of botanical species. However, these are concentrated into five plant families:
dicotyledonous, Piperaceae, Aristolochiaceae, Rutaceae and Asteraceae (Compositae), and
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monocotyledonous, Poaceae. The compounds of interest primarily occur in the following
genera: Achillea (Asteraceae—Anthemideae), Acmella (Asteraceae—Heliantheae), Ctenium
(Poaceae), Echinacea (Asteraceae—Heliantheae), Heliopsis (Asteraceae—Heliantheae), Piper
(Piperaceae), Spilanthes (Asteraceae—Heliantheae) and Zanthoxylum (Rutaceae). The
compounds in question fall into two chemical types: olefinic alkamides and acetylenic
alkamides.

Acetylenic alkamides occur only in the Asteraceae family and principally in two tribes,
Anthemideae and Heliantheae. At the time of writing, around 100 of these acetylenic
amides are known to occur in nature, and these are comprised from the combination of
a wide range of amine (around 15) and acid (over 80) moieties [7]. Although acetylenic
amides are structurally very closely related to, and are found alongside the purely olefinic
alkamides, they are not known to be taste- or sensorial-active. As a result of this finding,
the acetylenic amides will not be further discussed in this text. I discussed them at all
because some are undoubtedly active but the effect is as yet undiscovered and because
as they are in occurrence, the larger set of the two chemical types. In short, they might
one day prove very important.

Purely olefinic alkamides (with no triple bonds) are also widely reported, with over
50 being known to occur across the five plant families. A number of these are known
to exhibit the tingle character that the creative and application functions of the flavour
industry so much desire. Indeed, the area of tingle compounds (both natural extracts
and synthetic compounds) has been the subject of much industry research over recent
years. Since the historical focus of plant research (identification of components and
phytochemistry) was in the area of anti-microbial activity, significantly more is known
in the scientific literature about the anti-fungal, anti-bacterial and insecticidal activities
of these compounds and plant extracts than about activity in the oral cavity. Therefore, a
surprisingly small number of these alkamides are reported to be active in the oral cavity.
Thus, a handful have some current use, a few more are known to be active but have no
current utility, while a good number more are likely to be active compounds (based on
their structural similarity to known actives) whose activity is not yet reported.

The compounds listed below, along with some references, are the naturally occurring
purely olefinic alkamides that are currently used (in some form) in flavour or edible
compositions, or will likely be used in the near future. Additionally, the compounds have
reported tingle activity in the oral cavity, or activity is strongly implied. The use of the
known active compounds in flavoured products, particularly in oral care, is extensively
documented in the literature.

Spilanthol/Affinin (1) found in the species Spilanthes [8—10], Heliopsis [8, 11], Acmella
(8, 10, 11] and subspecies thereof.

a-Sanshool (2) is found in five species of Zanthoxylum [7, 12, 13]. y-Sanshool (3)
is found in six species of Zanthoxylum [7, 14-18], Hydroxy-ge-sanshool (4) occurs
in Zanthoxylum (Szechuan pepper) [19]. Hydroxy-a-sanshool (5) is known to occur
in four species of Zanthoxylum [13, 18-21] and two species of Echinacea [20].
Hydroxy-vy-sanshool (6) occurs in four species of Zanthoxylum (7, 13, 17, 18].

Isoaffinin (7) has been found in Ctenium aromaticum [22] and Achillea millefolium [7].

Pellitorine (8) is found in two species of Zanthoxylum [14, 16], Ctenium [22], Echinacea
Pallida (23], Artemisia dracunculus [24], along with a number of Piper species including
Piper guineese [25] and Piper Longum [26].
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N-(2-methylbutyl) E,Z,E-2,6,8-decatrienamide (9) is found in Spilanthes [10], Acmella
[10, 11] and Heliopsis [11].

N-isobutyl E,E-2,4-undecenamide (10) is reported in Piper guineese [25] and is an
active component in Piper longum [26].

9) (10)



208 Chemistry and Technology of Flavors and Fragrances

9.4.1.3 Structure and activity

It is not certain what the relationship is between structure and activity of the tingle
molecules. These would also be difficult to model since the structures possess a large
degree of flexibility and, hence, spatial conformations. Some general conclusions can be
drawn when one compares the structures of inactive molecules with active ones.

An amide function with double bond in conjugation appears essential, as does the
presence of a second double bond. This second double bond must be in further conju-
gation in the 4 position or be a z-double bond, somewhere remote in the chain. The
conjugated amide is separated from the remote double (if present) by a carbon chain
spacer unit of 2 or more carbons. These features are illustrated in Scheme 9.1. Some
examples have all of these features. One or more additional double bonds are of moderate
importance. The size of the R" group does not appear so important, nor does the size
or functionality of the R group (although most active examples contain isobutyl). The
important aspect of the R and R’ groups is that they must allow the molecule to have
sufficient polarity to cross the oral mucosa, therefore and for this reason, a one-carbon
difference can make a significant change to the threshold and the activity. All of the
molecules in (1)—(10) include these features.

Z-double or E/Z-double
Alkyl chain bond bond

e

R
/ i \ \ 0]

Additional . S 4T,

double bond NH-R /:rl:i);:/eAryl

Amide linkage with
CnHz, conjugate double bond
Spacer

Scheme 9.1

These structural conclusions are supported by the structure of the inactive molecules
hydroxy-B-sanshool [19] (11), B-sanshool [13], N-isobutyl E-2-decenamide and
N-isobutyl Z-8-decenamide, and may be responsible for the weak activity of the aromatic
containing fagaramide [8], a component of Zanthoxylum and Piper families.

0]

X NS NN N
H OH
(11)

The best reviews covering the effects of these molecules and describing the tingle
effect ‘tingling paresthesia’ and the activation of tactile and thermal trigeminal nerves are
referenced [7, 19, 20].
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Spilanthol/Affinin (1)

As the name implies, this occurs most widely in the Spilanthes family ‘toothache plant’.
The compound was first isolated in by Gerber in 1903 [9], and the plant which has
flowers and leaves possessing a pungent taste accompanied by tingle and numbness, has
long been used as a herbal remedy for a variety of complaints, for example, stammering,
toothache, throat complaints. The flowers have also been used for the flavouring of
dentifrices and gum [8]. Occurrences in Indian long pepper, Heliopsis (a plant used
for toothache possessing sharp flavour and used to add to spirits), Acmella ‘Spotflower’
(the source of the oleoresin Jambu which is used in flavour applications) and mountain
atlas daisy are also reported in the literature. The synthesis is also reported [7, 27].
As the active component of Jambu oleoresin, this compound is registered as a GRAS-
flavouring ingredient in the USA under FEMA number 3783. The pure compound and
most extracts that contain it are found to be somewhat salty-tasting to most people. At
higher concentrations it has been found to be metallic and is described by some tasters
as woody.

a-Sanshool (2), y-sanshool (3), hydroxy-e-sanshool (4), hydroxy-a-sanshool (5) and
hydroxy-7y-sanshool (6)
a-Sanshool has a reported synthesis [17]. a-Hydroxy sanshool is described as altering the
spontaneous activity in cool-sensitive fibres as well as inducing activity in tactile fibres,
cold nociceptors and silent fibres insensitive to thermal and tactile stimuli. The activity
for these molecules was recorded as being a mild electric shock 5-7 V at 25-50 p.g having
a delayed onset of about 60 seconds and lasting for 10-20 minutes. This is common for
chemesthetic irritation (see Chemesthesis, Section 8.3), and, in addition, a sensation of
evaporative cooling. At 100 wg the perception changed to a painful stimuli.

vy-Sanshool has stronger activity than the hydroxy-vy-sanshool derivative [7] and also
has a reported synthesis [13] while a-hydroxy sanshool and hydroxy-g-sanshool are
equally active components. The sanshools cause enhanced salivation effects in the mouth
in addition to the tingling paresthesia. The ‘sanshools’ often co-exist in botanicals but the
most important is the a-hydroxy sanshool because of occurrence in Echinacea which has
wide utility in edible products in many areas of the world. Although Echinacea is used
in herbal preparations it is also added to vitamin supplements, including those prepared
for children. Echinacea is known as ‘purple coneflower’, and plant extracts are regarded
as a non-specific stimulant of the immune system.

Isoaffinin (7)

This active tingle molecule is reported to occur in Ctenium, a species prevalent in the
south-eastern USA and known commonly as ‘toothache grass’ and is additionally reported
to occur in the perennial Yarrow. Yarrow oil is used in China and is FDA-approved for
food use where it is used in limited quantity. The activity is described as numbing on
the tongue and gums [22]. The synthesis of isoaffinin and two higher homologues of
unknown activity is reported [17].

Pellitorine (8)

Pellitorine is one of the most widely occurring alkamides, occurring in prickly ash,
toothache grass, Echinacea, some pepper species and Russian tarragon (dragon sagewort)
[24]. In addition to a number of reported syntheses it is reported to have pungency
[14-16] and to be tasteless [22]. Pellitorine is one of the strongest tingle agents and,
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like spilanthol, has a little salt taste at typical tasting levels. This ‘saltiness’ is not as
pronounced an effect as in the case of spilanthol (1). The ‘tingle profile’ is quite different
to most other compounds in the class and is usually best described as clean. Although
probably currently used as a component of both Echinacea and tarragon, the clean tingle
profile and strong activity will likely lead to use of the material specifically as a flavouring
compound in the near future.

N-(2-methylbutyl) E,Z,E-2,6,8-decatrienamide (9)

This compound often co-occurs with spilanthol and hence is also found in Spilanthes,
Acmella and Heliopsis species. The material is active but the activity is weak [10], as
compared to spilanthol. Use probably results only because of the co-occurrence with
spilanthol in jambu.

N-isobutyl E,E-2,4-undecenamide (10)

This alkamide has only recently been found in nature. It has some tingle effect at 25 ppm
in aqueous solution. The tingle is relatively weak but very long-lasting. As a pure chemical
it has very poor aqueous solubility and this is perhaps responsible for the delayed, weak
but long-lasting effect. In most botanical species it occurs alongside pellitorine and so
will be used where natural pellitorine extracts are used, probably synergising to enhance
the tingling effect.

9.4.1.4 The future

With the obvious application of the tingle molecules in food preparations, particularly
for use in gum, mouthwash, toothpaste, mints, candy and a variety of beverages, it seems
likely that more natural ‘tingle’ extracts, nature identical and purely synthetic molecules
will become commonplace in the flavour industry in the coming decade. Until now, the
molecules have been in the form of natural extracts and oleoresins which possess much
taste, can have a pungency perceived as warming, can be somewhat salty, have limited
aqueous solubility and can have stability issues. With time these hurdles, along with
reduction of the relatively high price are likely to be overcome.

Clearly, there are consumer benefits to drive the application of such effects. This can
be manifest in the market place in a variety of different ways. Examples of such perceived
benefits are as a fresh brushed feeling from gum or toothpaste, a numbing or refreshed
feeling from mouthwash, an effect of increased alcohol or increased carbonation in a
beverage, a feeling of astringency or dry mouth in a tea, coffee or wine flavour.

A time will come when the interaction of these molecules used in combination with
cooling, warming and other flavour molecules is better understood. This interaction
coupled to taste, smell, touch and temperature, will create great consumer benefit.
This should cause a change in the taste and experience of products we consume in
the market place. Since most of these components have demonstrated anti-microbial
effects, including anti-bacterial and anti-fungal activity, it is likely that the scope of these
materials, in combination with other ingredients, in oral care will be explored to the full,
especially if anti-microbial activity in the absence of negative taste attribute is successfully
demonstrated.

The industry is ever keen to offer new claims and dimensions to the quality of the
products that it produces. There is evidence in the literature of the usefulness of these
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compounds to provide non-traditional attributes to flavour and fragrance applications.
Examples include, but are not limited to, N-isobutyl E,E,Z,E-2,4,8,10-dodecatetraenamide
(12) as an antioxidant component of Echinacea [28]; the anti-bacterial properties on
spilanthol (1), isolated from Heliopsis [11], and the use of the same extract in oral hygiene
[29]; the use of spilanthol as a refrigerant and its use in toothpaste and oral compositions
[30]. Spilanthol is claimed as a component diminishing the acidic and astringent effects
of dentifrices [31], and for fragrance as a useful component in bath preparations [32].
Fagaramide, pellitorine (8), and hazaleamide (13), a component of prickly ash [26], are
reported to be modest, natural, anti-malarial compounds [33]. Additionally, there are
several reports on the anaesthetic properties of pellitorine.

N X N/\( N NP N/\(
H H
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Since the use of synthetic tingle compounds offers (in addition to not being reliant on a
crop) the luxury of easily controlling many key parameters such as purity, in-use concen-
tration, stability, solubility and flavour, this has been a key focus area of research activity in
the last few years. A number of new synthetic compounds have been identified by the author
as potent tingle chemicals, although other compounds may be known to other researchers.
Some of these potent compounds have been reported to occur in nature, but many are
thus far not reported to occur in nature. The best four synthetic compounds identified are
compounds (14)—(17). N-Isobutyl E,E,Z-2,4,8-undecatrienamide (14) is structurally related
to N-isobutyl E,E,Z,E-2,4,8,10-dodecatetraenamide (12), Isoaffinin (7) and a number of
other known naturally occurring compounds. It has extreme potency as a tingle agent
[34], and at the dose level required to exhibit tingle effect, has little saltiness and none
of the heat character associated with some of the other compounds and extracts. The
heliotropyl derivative (15) and the N-isobutyl dodecadienamide (tetrahydro-a-sanshool)
(16) are milder tingle compounds but exhibit additional interesting characteristics [34].
A similar effect is experienced with (17), the dihydro derivative of compound (14).
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9.4.2 Cooling compounds

9.4.2.1 The use of cooling compounds

For many years, the natural cooling agents such as menthol, menthone, methyl acetate
and peppermint oil have been used to provide a cooling effect, often along with providing
a minty flavour and nasal clearing. Although use of these compounds in products such as
body wash and shampoo was (and still is) employed, the irritating effect to the eyes and
nose, along with the relatively high dose level required to achieve effect, has focused use
mostly in the area of flavour application. Historically, chewing gum and mints were the
main end-application for cooling compositions, as in these applications the ‘non-cooling
effects’ exhibited by the components were acceptable.

These applications remain the major users of coolers today; however with the desire
to branch cooling effect into other product areas, along with the desire to make gum
(and other products) with flavours other than mint, the search for alternative coolers
became a creative and application need. Since the 1970s synthetic compounds providing
the physiological sensation of cooling have been known and utilised in the flavour and
fragrance industry. The pioneering work of Watson and co-workers [35] was done by
Wilkinson Sword Ltd [36] and interest in this area has been researched more keenly ever
since. The value of coolers (other than menthol) is that they can give enhanced cooling
without the ‘burn’ associated with higher levels of menthol. Additionally, due to lower or
absence of taste and bitterness, they can be used in non-mint flavouring systems. These
coolers give synergy if used with menthol and exhibit novel effects with other sensates
(see Section 9.4.5).

Cold receptors on skin are in the basal layer of the epidermis, 0.1-0.2 mm below
the surface, and are about 1 mm in diameter. When temperature cools to ~32°C the
discharge is background (starts to become perceivable) and this discharge (perception)
increases as the temperature lowers. Below 13°C thermal pain is felt, but this is through
a different receptor system. The mouth is far more sensitive to cooling than is the outer
skin. Presumably, this is due to the thinner barrier for penetration. Cooling of menthol
is believed to be caused by reduced calcium®* ion conductance.

Ambient temperature and molecular synergies have a profound effect on the perception
of cooling. For example, menthol cooling is enhanced by cold but may be enhanced
or inhibited by warming. Another problem with the perception of cooling is individual
genetic sensitivities. Taking menthol as an example, individual oral thresholds vary from
0.02 to 10 ng, with the majority of people being in the more-sensitive category.

The cooling agents reviewed are generally soluble in flavour and fragrance oils and bases.
Therefore, they are best mixed with the flavour or fragrance prior to loading in the end-
application. The in-use levels for products of this type vary widely depending on the appli-
cation. For flavours, levels in chewing gum and toothpaste are the highest, followed by
candies and tablets, with soft drinks and other highly water-based products having the
lowest dose levels. Additionally, these agents deliver best from polar systems making use in
beverage, for example, much easier than from gum. Therefore, in these difficult applications,
use of the cooler in the coating of the gum (or similar product) is often employed as a solution
to overcome the lipophilic nature of the base. When this technique is used alongside other
components such as menthol, an effective ‘quick hit’ is delivered. Examples of common
uses of cooling agents include shampoo, cosmetics, oral care (mouthwash/toothpaste),
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chewing gum, pressed tablets, chewy candy, soft drinks and alcoholic beverages. Consumer
research suggests that a cool feeling in the mouth equates to a sense of freshness or cleanness.
Obviously, this is a desirable attribute in oral-care products.

9.4.2.2 Cooling molecules

Cooling compounds are generally believed to require a hydrogen-bonding group,
a compact hydrocarbon skeleton, a correct hydrophilic/hydrophobic balance and a
molecular weight between 150 and 350 [36]. A general feature of chemical cooling agents
is that very little fatigue in cooling sensation is perceived, so long as the stimulus remains
in contact with the oral/dermal receptors. For some reason, carboxamides generally
provide a more rapid onset of cooling than do those coolers not containing nitrogen.
Menthol, having very rapid onset of cooling, is an exception to this general rule.

In general, structure—activity relationships in the cooler area are not understood. As
discussed above, there are some recognised guidelines regarding the molecular attributes
required for cooling. These factors help in molecular design, however they are not
comprehensive in terms of coverage of the active compounds. The best H-bonding
groups are hydroxy, N-alkyl carboxamides, sulfoxides and phosphine oxides. Since the
lipophilicity and H-bonding properties are fundamental to activity, most synthetic cooling
compounds possess these functional groups. I have divided the molecules with a cooling
effect into three classifications, menthol and its direct derivatives, carboxamides and
miscellaneous coolers.

9.4.2.2.1 Menthol and direct derivatives

Considering compounds directly based on the menthol structure, those derived from
L-menthol are significantly more cooling than those derived from p-menthol. Eccles has
published a good review article on menthol and related cooling compounds [37].

DL-Menthol, (£)-menthol — stereochemistry relative, L-(—)-menthol — stereochemistry
absolute (18).
Menthol is listed on the EFFA list of European flavour ingredients and is FEMA 2665.

Menthol is of botanical origin occurring in mint, specifically in mint oils from
Mentha piperita (peppermint oil) and Mentha arvensis (Cornmint oil). Steam-distilled
cornmint oil contains about 75% L-(—)-menthol [37] whereas the L-(—)-menthol level
in peppermint oil is about 50%. Isolation from cornmint is the most economically
viable source of natural menthol (but others exist), and natural isolation competes with
synthesis of, from among other things, thymol. The cost of natural menthol fluctuates,
whereas the cost of the synthetic menthol is stable. Which is more expensive varies year
to year but in general the natural version is cheaper. The synthesis, physical chemical
properties and isolation of menthol, in particular the synthesis of (—)-menthol by various
routes, is discussed in Bauer [38].

Traditionally, menthol has been the most widely used cooling agent. This is particularly
the case for fragrance applications where the high cooling activity of menthol can be
perceived on skin at the <1% level. The effect is dependent on concentration, with
cooling at low concentrations and irritation and local anaesthesia at higher concentrations
of 2-5%. Unlike flavour applications, in fragrance applications most of the negative
olfaction and taste of menthol is not perceived. This makes menthol a valuable cooling
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agent; however, some irritation and lachrymatory (irritating to the eyes, causing extreme
tearing) effect, especially on the eyes, is still observed at higher concentrations.

The threshold for menthol is about 0.3 g for oral cooling. L-Menthol is 45 times more
active than D-menthol in terms of its cooling effect. The fact that menthol is relatively volatile
(boiling point 212°C) and that menthol has a strongly irritant property, inherent odour and
flavour, limits its use as a cooling agent in the oral cavity. That said, in flavour applications,
menthol is still valuable in end-products where a minty taste is acceptable, such as chewing
gum, breath fresheners and mouth wash. In these applications menthol can be used to
provide a ‘quick hit’ of cooling, often in combination with other cooling agents with less
taste and longer-lasting sensory effect, for example, monomenthyl glutarate.

Menthol isomers and related structures:
e D-(+)-Neomenthol, the hydroxy epimer of L-menthol

This compound is listed on the EFFA list of European flavour ingredients and is FEMA
2666.

e (+)-Menthone

This compound is listed on the EFFA list of European flavour ingredients and is FEMA
2667.

o L-(—)-Isopulegol, ‘Coolant P’ (19)

This compound is listed on the EFFA list of European flavour ingredients and is FEMA

2962.
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Isopulegol is normally considered to provide a cooling sensation, possess olfaction (minty,
herbaceous) and to be somewhat bitter. However, Takasago International have found
that very high purity (—)-isopulegol (>99.7 enantiomeric purity) is odourless and can
provide a freshness, crispness and coolness to citrus fragrances. (—)-Isopulegol is sold as
‘Coolant P’ by Takasago International.

Menthol derivatives:
e Menthyl acetate

This compound is listed on the EFFA list of European flavour ingredients and is FEMA
2668. This compound has occasional use as a cooler. Literature reports include use for
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breath freshening, dentifrices and in combination with molecules such as monomenthyl
succinate.

e L-Menthyl lactate, ‘Frescolat ML’ (20)

This compound is listed on the EFFA list of European flavour ingredients and is FEMA
3748. L-Menthyl lactate has long been GRAS-registered as a flavour ingredient, although
the compound possesses only a slight minty odour and faint earthy taste. It does,
however, provide a long-lasting cooling effect in the mouth. It was sold under the name
‘Frescolat ML’ by Haarmann & Reimer and has been proposed as a fragrance ingredient in
cosmetics.

o L-Menthol ethylene glycol carbonate, ‘Frescolat MGC’ (21)
o L-Menthol propylene glycol carbonate, ‘Frescolat type MPC’ (22)

Both of these compounds are listed on the EFFA list of European flavour ingredients
and are FEMA 3805 and 3806, respectively.

The ethylene derivative is listed under the CAS number [156679-39-9] on the European
list of flavouring substances; however, the CAS number for the absolute L-isomer is
[156324-78-6]. In the case of menthol propylene glycol carbonate it is the L-isomer of
the 1- and 2-propylene glycol isomers that is listed as GRAS. These compounds were the
subjects of a patent application [39] describing the preparation of the compounds and
them as causing ‘a cooling sensation on skin and on the mucous membranes while being
taste and flavour neutral’.

By Ghen G

(20) (21) (22)

e Menthone 1,2-glycerol ketal, ‘Frescolat MGA’ (23)

This compound is listed on the EFFA list of European flavour ingredients and is FEMA
3807/3808.

Menthone glycerin ketal is sold as Frescolat MGA by Haarmann & Reimer (now
Symrise) and there is substantial literature reporting and proposing its use in a range of
edible and topical applications. Much of the literature reports usage with other agents
in applications, but there are a couple of interesting articles specific to this compound.
The first [40], by Greenberg of Wm Wrigley Jr Co, details the preparation of this and
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other ketals for use as flavour enhancers. The second investigates consumer accept-
ance of cooling agents (Frescolat MGA and Frescolat ML) in three different cosmetic
formulations in four different regions of the world. The study shows general acceptance
with variation from product to product and region to region [41]. The racemate L-isomer
is FEMA 3807 and the DL-isomer is FEMA 3808, but the latter appears to be the item of
commerce.

e L-Monomenthyl succinate (24)

This compound is listed on the EFFA list of European flavour ingredients and is FEMA
3810. Monomenthyl succinate is one of the better synthetic coolers that are a current
item of commerce, although it has been a known molecule for over 100 years. The
synthesis and use (as a cooling agent) in a consumed product was first reported by the
British-American Tobacco Co Ltd in 1962 for use in the manufacture of tobacco, but
the potential use as a flavouring ingredient was reported in 1965 for use as a menthol-
releasing compound in menthol cigarettes. Several syntheses are known, both published
and unpublished, for example Jabloner [42] and Shimizu [43], but in general, synthesis
is easily accomplished by reaction of menthol with succinic anhydride under pressure or
in solution with basic catalysis (Scheme 9.2).
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Scheme 9.2

The use of monomenthyl succinate in cooling compositions has been patented by
V. Mane Fils SA. [44]; however, there are several subsequent patents, for example Grainger
et al. [45], detailing use in both flavour and fragrance applications. The compound is
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essentially tasteless, provides a good balance of cooling onset and length of cooling profile
at a very economic cost in use.

e L-(—)-Monomenthyl glutarate, ‘Cooler 2’ (25)

International Flavours & Fragrances sell this close relative (FEMA 4006) to monomenthyl
succinate as Cooler 2. The sensory profile is similar to the succinate, but the onset is
slower at about 40 seconds (25 ppm in water) and the cooling is tenaciously long. It is
probably the longest-lasting oral cooling agent that is currently commercially available.
Despite being a known molecule, for many years, the application in flavours is a recent
adoption of the compound. It has an uncommon attribute among molecules of this
type, in that it is also nature-identical, bringing a significant commercial advantage in
the traditional European markets. The other nature-identical cooling agents are menthol,
menthyl acetate and menthone, all of which are comparatively short-lasting and have
olfactive properties which are usually undesirable. The compound was first synthesised
back in 1928 from the dimenthyl ester by alcoholysis, but like the succinate can be readily
synthesised from corresponding anhydride.

o 3-(L-Menthoxy)propane-1,2-diol, “TK-10’, ‘Cooling agent 10’ (26)

This compound is listed on the EFFA list of European flavour ingredients and is FEMA
3784, sold by Takasago International as TK-10. As with the other menthol-derived coolers,
the compound with absolute stereochemistry in the L-menthol configuration is probably
the preferred cooling ingredient in terms of activity [44]. It has been reported by the
synthesis patent inventors that the 1-acetyl-2-substituted-3-L-menthoxypropane deriv-
atives, the L-menthyl-2S isomer (27) and the 1-acetyl-2-substituted (H or Ac) derivatives
thereof might be more greatly preferred embodiments [46] although none of these appear
to be current items of commerce. TK-10 is a potent cooling agent with a threshold of
about 1ppm in the mouth. Although reported to be odourless [46] to most tasters it
possesses some menthol type olfactive properties, has some irritation and is perceived
as bitter by some tasters. Long cooling duration is possible at higher concentrations
>50 ppm, but to myself at least, a substantial menthol-like taste is observed. There are
numerous reports of use in both flavour and fragrance applications, in, for example,
antiperspirant cosmetics, body-refreshing compositions, oral compositions, bath prep-
arations, mint flavours, non-alcoholic mouthwashes and anti-dandruff shampoo. The
strength of the cooling agent, along with its relatively high taste, may explain the preva-
lence of reports of use by the fragrance fraternity.
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The original synthesis of TK-10 was reported via formation of the sodium salt of
menthol, using sodium or sodium hydride and subsequent alkylation, with allyl halide,
to form 3-L-menthoxy-1-propene. This is oxidised to the epoxide using organic peroxide
and then hydrolised to the product. A number of more economic and safer synthesis of
TK-10 and the other active derivatives are reported [46] with the preferred routes being
outlined in Scheme 9.3.
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The most efficient route appears to be synthesis of the 1-chloro derivative from
epichlorohydrin and L-menthol, followed by in-situ preparation of the l-acetoxy
derivative and in-situ hydrolysis to the product, the overall yield being over 60%.

The 2§ derivatives can be similarly prepared from (2R)-(—)-epichlorohydrin.

Two derivatives of 3-(L-menthoxy)propane-1,2-diol are listed as being FEMA. The
first, 3-(L-menthoxy)-2-methylpropane-1,2-diol is FEMA 3849 but appears to have little,
if any, commercial volume. The second, vanillin 3-(L-menthoxy)propane-1,2-diol acetal
is FEMA 3904 and is patented for flavour and flavour applications [47].

9.4.2.2.2 Carboxamides

As previously discussed, carboxamide cooling compounds tend to be rapid onset coolers
and, in some cases, can also be very long lasting. Certainly those carboxamide coolers
discussed in this section are among the best coolers in the market today.
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Among the carboxamides, the two most commonly used items of commerce are
N-ethyl-p-menthane-3-carboxamide, WS-3® and 2-isopropyl-N,2,3-trimethylbutanamide
WS-23® (WS-3® and WS-23® are registered trademarks of the Warner-Lambert Company).
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N-ethyl-p-menthane-3-carboxamide, “‘WS-3’ (28)

This compound is listed on the EFFA list of European flavour ingredients and is FEMA
3455. WS-3® is probably the quintessential cooler for flavour applications having a
cooling threshold in the region of 0.2 ppm. The compound is virtually odourless, has
only the faintest minty flavour character and provides rapid onset cooling (comparable
to menthol), whilst providing a good duration of physiological cooling. One of the
first coolers to be known, it was reported (along with many other active and never
commercialised compounds) in the pioneering work of Wilkinson Sword; hence the
‘WS’. WS-3 is the subject of many application patents, but the original literature [35, 36]
and patents are from the inventors at Wilkinson Sword [48]. Among the many references
referring to the use of this product in isolation, or in combination with other cooling
agents, recent examples of uses in edible flavouring compositions have been published
by Warner-Lambert Company [49]. The compound is currently marketed my Givaudan
and Millennium Chemicals. Although not specified, the L-menthyl configuration is
almost certainly the preferred cooling structure. Synthesis is generally accomplished by
conversion of menthol to menthyl chloride, preparation of the corresponding Grignard
agent and quenching with carbon dioxide. The acid is then converted to the ethyl amide
via acid chloride or similar means, Scheme 9.4.
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2-Isopropyl-N,2,3-trimethylbutanamide, ‘Cooler 3’, ‘WS-23’ (29)

This compound is listed on the EFFA list of European flavour ingredients and is FEMA
3804. When called by its chemical name the structure is confusing, indeed a rather
more sane chemical name would be N-methyl 2-isopropyl-2,3-dimethyl propionamide.
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In any event, it is sold by some companies as WS-23 and by International Flavors &
Fragrances as Cooler 3. Like WS-3, it too was born out of Wilkinson Sword and is
described as an acyclic carboxamide with cooling effect [50]. The original patent and
indeed recent subsequent literature discuss use in cosmetics, especially after-shave lotions,
fragrance aerosols and reduced skin sting. However, primarily due to cost restraints,
contemporary use of the cooler has been more successful in flavour applications such as
gum, medicinal preparations and breath fresheners. The chemical has clean cooling with
no taste, bitterness, burn, sting or tingle. The cost of the cooler has significantly reduced
in recent months and is now in the region of $70/kg.
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Synthesis of WS-23 (Scheme 9.5), can be envisioned a number of different ways, but
key to the synthesis is the diisopropyl propanenitrile (DIPPN) (30), known affectionately
to folks at International Flavors & Fragrances as ‘little man nitrile’ due to its 2D structural
appearance on paper. The nitrile, formed by alkylation of propanenitrile with isopropyl
bromide can be hydrolysed to the acid and then converted to the methyl amide. Two
elegant syntheses have been recently patented demonstrating direct conversion of nitrile
to methyl amide. The first, by International Flavors & Fragrances [51], involves a novel
alkylation of the nitrile by dimethyl sulfate in triacetin. The second, by Millennium
Chemicals [52], is a clever variation on the chemistry using sulfuric acid and methanol.

N

(30)

Menthyl 2-pyrrolidone-5-carboxylate, ‘Questice’ (31)
As the trade name ‘Questice’ suggests, this is a cooling agent marketed by Quest Inter-
national. Both of the absolute L- and D-proline isomers of ‘L-menthyl’ Questice are



Molecules of Taste and Sensation 221

registered; however it is sold having the absolute stereochemistry of L-menthol and
D/L-proline, and is as such an epimeric mixture. Thus far, it has only been sold and
registered as a material for use in fragrances and as a cosmetic ingredient. Given the
relative sensitivities of skin and the oral mucosa, and since it is a carboxamide of
L-menthol, it is highly probable that it is a cooling agent in the mouth and will one
day see flavour application. Recently, Quest International patented Questice as an insect
repellent for use in cosmetic and other applications [53].

9.4.2.2.3 Miscellaneous coolers
Other miscellaneous cooling compositions exist.

AG-3-5, ‘Icilin’ (32)

Reported as a chemical producing sensations of cold [54], AG-3-5 is in a family of
compounds known as tetrahydropyrimidine-2-one derivatives. The appearance of ‘wet
shakes” in mammals such as rats was reported as long ago as 1972 when low doses
(<1 mg/kg) were injected intraperitoneally. When the compound was first (accidentally)
contacted with humans, the compound was described as having sensations of coolness
which lasted up to 15 minutes. On oral dosing at 5-10 mg in orange beverage, a sensation
of ‘coldness in the mouth, pharynx (the area that includes the oropharynx and the
nasopharynx) and in the chest down to the xyphoid process’ was observed. Cooling of the
cheeks and inner surface of the arms and legs was also reported. The compound tested
as fairly low toxicity LD50 is in the region of 1500 mg/kg but of suspect mutagenicity. At
the time of writing, this cooling compound has not been adopted for flavour or fragrance
use. I include it as it is reported in the literature, is extremely potent and is likely to be

the subject of occasional industry consideration.
@OH

Y
HoQ 0N
H

|

o N

(31) (32)

RE

3-methyl-2-(1-pyrrolidinyl)-2-cyclopenten-1-one, ‘3-MPC’ (33), 5-methyl-2-(1-pyrro-
lidinyl)-2-cyclopenten-1-one, ‘5-MPC’ (34) and 2,5-dimethyl-4-(1-pyrrolidinyl)-3[2H]-
furanone, ‘DMPF’ (35)

Three compounds found in malt, 3-methyl-2-(1-pyrrolidinyl)-2-cyclopenten-1-one
(33), 5-methyl-2-(1-pyrrolidinyl)-2-cyclopenten-1-one (34) and 2,5-dimethyl-4-(1-
pyrrolidinyl)-3(2H)-furanone (35), have recently been disclosed by Hofmann and
co-workers [55] as potent cooling sensates in the oral cavity and on the skin. The
compounds were first identified as cooling agents in Maillard reactions of glucose and
L-proline; the compounds were first isolated and subsequently the identity confirmed by
chemical synthesis. The cooling was described as ‘cooling’ and ‘fresh’ by a sensory panel.
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The cooling thresholds are reported to be 5-100x higher, for these compounds than
for (—)-menthol. However, when tasted at 50x threshold levels the cooling is ‘instan-
taneous’, more strongly perceived than menthol and significantly longer lasting than
menthol. Although all three have a perceived odour, the odour thresholds are higher
than menthol and the ratios of cooling threshold/odour threshold are lower, indicating
a better chance (relative to menthol) of cooling without olfaction. It is not clear whether
these materials are commercially viable, but they would provide the industry with a
natural cooler.

o8 -

33) (34) (35)

4-Methyl-3-(pyrrolidinyl)-2[5H]-furanone, ‘4MPF (36)

Subsequently, but in the same year, Hofmann [55] reported some related compounds
with higher activity. Again reported to occur naturally in malt, the most active cooling
agent reported is 4-methyl-3-(pyrrolidinyl)-2[5H]-furanone, 4MPF (36). This is reported
as 35 times more powerful than menthol in the mouth, and approximately 500 times
more powerful on the skin. Like the original compounds, the cooling is longer lasting
than menthol, additionally it is reputedly twice as long lasting.

1o

(36)

Mannitol and sorbitol

Both of these compounds exhibit cooling due to a negative heat of solution in the saliva.
Both are widely used by flavour applications groups as a non-nutritive sweetener and
anti-caking agent, for example, in chewing gum and soft candy.

Urea
Urea has a negative heat of dissolution in water and is used in personal care fragrance
applications to provide a rapid but short-lasting cooling effect.

Methyl salicylate

Methyl salicylate, FEMA 2745, has a characteristic wintergreen odour and flavour. It does
however provide some sweet cooling character when used at usual flavour application
levels.

Camphor
Provides a cooling character when used in fragrances.
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9.4.2.2.4 The future

With so much potential opportunity to make a positive impact on the mind of the
consumer, coupled with such a wide variety of possible applications across flavours and
fragrances, it is unlikely that the industry has seen the last of new cooling and refreshing
compounds. There are still some unmet needs in the industry. Opinions regarding these
needs are different depending on who you ask; however some general needs are clear.
Fragrances desire coolers that lift some notes in fragrances or make them perceived as
different or stronger on the skin. Flavours desire natural and water-soluble coolers along
with rapid onset and longevity of cooling. Both disciplines would like the same or better
performance at reduced cost.

The literature is still rich with work in the area of topical and oral cooling, and it has
to be said that this is particularly true in the area of applications. Most coolers are no
longer used individually but in combination with materials providing a synergic benefit.
Examples of the bringing together of ‘sensates’ will be discussed later (see Section 9.4.5)
but there are multitudes of examples of coolers used in combination. For example, a
Proctor & Gamble patent describing a composition comprising a ketal, menthol and
carboxamides [56], an International Flavors & Fragrances patent outlining the oral
sensory perception using a menthol derivative, a carboxamide or a vanillin derivative in
combination or as complexes and salts of dimethyl sulfoxide [45]. This patent cites many
of the coolers discussed in this chapter as well as vanillin butyl ether (see Section 9.4.3).
A recent Lion Corporation patent discusses use of menthol and guanidine surfactants, in
combination with coolers such as isopulegol, methyl lactate, WS-3 and Frescolat MGA,
for a long-lasting refreshing feeling in hair cosmetics [57]. A Proctor & Gamble patent
describes the combination of Frescolat MGA and I-menthoxypropane-1,2-diol in combin-
ation with sweeteners to overcome undesirable aesthetics in oral cough treatments [58].
Many more examples exist, the point being that the industry is learning, and will continue
to learn, new ways of applying these agents in traditional and non-traditional [59] end
products.

Researchers, including the author, co-workers and others in the industry, are working
to launch cooling compounds that fill the remaining unfulfilled needs of the creative
and applications teams. Indeed, most of the leading companies in the industry have
filed recent patents in the field. A range of new cooling compounds offering rapid onset
cooling at a low threshold level, with a longevity of cooling, at an attractive cost are
currently being developed [34]. These cooling compounds synergise very effectively with
existing products such as WS-3 and monomenthyl glutarate and possess little or no taste,
flavour or bitterness.

9.4.3 Pungent, warming and hot irritants

Foods having hot and painful irritation effects in the mouth have been enjoyed for
hundreds, or even thousands, of years. Despite use of warming compounds in the form
of spices the world over, only a very few individual chemicals are used to create a
warming or hot sensation in the flavour and fragrance industry. Perhaps this is due
to the abundance of available spices, or the cheap relative cost compared to materials
synthesised or extracted from nature; but whatever reason, it remains so.
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As was the case for cooling, ambient temperature and molecular synergies have a
profound effect on the perception of warming. For example, warming enhances the
effect of capsaicin, but cooling inhibits the effect. Also, as was the case for cooling, the
physiology of warming will not be discussed here. The physiology of warming is even
more widely covered else where in the literature than that of cooling. As a brief overview,
warm and hot (pain) sensations are transmitted by thermal pain receptors (this perception
can be inhibited by mastication or other mechanical stimuli of mechano receptors),
hot/cold thermal fibres, trigeminal chemical irritation and polymodal receptors. Among
the known heat-sensitive channels are the polymodal vanilloid receptors VR1 and VRL-1,
so-called because the compounds that activate the channel, for example capsaicin, have
a vanilloid moiety in their structure.

The enjoyment of ‘pain when eating’ has to be learned. This ‘acquired taste’ is partly
genetic, and also results from desensitisation caused from regular exposure to the irritant.
Removal of the stimulant will eventually cause recovery and the desensitisation is lost.
Conversely the food ‘gets hotter as we eat it’ due to sensitisation effected by continued
re-exposure to the irritant in a short time frame (much less than the time required for
the recovery). In general, these hot irritants cause increased salivation, which is an oral
defence mechanism. The same enhanced salivation is seen with most of the more potent
tingle compounds (see (1)—(6) in Section 9.4.1).

Examples of edible foodstuffs that are used to provide warming in cooking, each of
which contains at least one pungent chemical irritant, are pepper, chili pepper, ginger,
Szechuan pepper, mustard, white mustard, horseradish, Wasabe (Japanese horseradish),
cloves and onions.

The following section lists the more common ingredients that are used to exhibit a
warming effect, whether individually as chemicals or as part of a natural foodstuff or extract.

Taking first those compounds with a vanillyl or heliotropyl moiety:

Capsaicin (chilli pepper) (37)

This compound is listed on the EFFA list of European flavour ingredients and is FEMA
3404. The active ingredient in capsicum pepper Capsicum frutescens or Capsicum annum
causes a burning in the tip and middle of the tongue which then travels to the back of the
throat. It is primarily used in the form of capsicum extract or oleoresin, in Indian and
other Asian cuisines, but is permitted as an individual chemical ingredient under FEMA
in the United States as well as being permitted in Europe. Capsaicin has also been used
as a topical agent, for example, in rub-on lotions for muscle warming prior to sporting
activity, or to help increase blood flow to aid healing.

Piperine (black pepper) (38) and Chavicine (39)
These compounds are the active ingredients in pepper oleoresin.

Piperine is listed on the EFFA list of European flavour ingredients and is FEMA 2909. It
is the heat principle component of black pepper, Piper nigrum, although pipercide, small
quantities of some of the tingle amides and chavicine may be reasonably considered as
synergising pungent ingredients. The piperine concentration of pepper extract is typically
about 50%, although the level can very somewhat and still be compliant with the standard
of identity for the extract. Recent work has indicated that piperine, chavicine and similar
combinations, can be used to remedy skin de-pigmentation disorders and therefore be
used cosmetically to enhance natural skin colouration [60].
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Vanillyl butyl ether, FEMA 3796 and vanillyl ethyl ether, FEMA 3815

Both of these ethers of vanillin are gentle warming agents. Although both have a pleasing
sweet vanillic flavour, the useful characteristic of these molecules is that they provide an
effect similar to the warming of ethyl alcohol.

N-Nonanoyl vanillylamide, ‘Nonivamide’ (40)
This compound is listed on the EFFA list of European flavour ingredients as N-Nonyl
4-hydroxy-3-methoxybenzylamide and is FEMA 2787.

A fully registered compound nonivamide can be used in either flavour or fragrance
applications. The compound occurs in nature [61], has anti-inflammatory and analgesic
properties [62], and modest warming potency on skin and in the mouth. There are
reports of the use of nonivamide in both flavour and fragrance applications; however, the
vast majority of activity appears to be in the area of cosmetics, particularly in products
therapeutic to the skin.

Gingerols and zingerone (ginger)

The mixture resulting from the natural botanical form of ginger is usually the preferred
embodiment of the active components. Ginger, in the various natural forms, enjoys
global registry status, for example FEMA 2520 (botanical), 2521 (extract) and 2522/2523
(oil). Zingerone, FEMA 3124 (41) is reported to be a key component as it provides
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the biting character. Ginger is widely used in cooking and is particularly prevalent in
oriental cuisine, where it is often used in combination with citrus or other flavour types,
for example, with lemongrass in Thai cooking. The ‘gingerols’, for example, 6-gingerol
(42) are probably also heat-active components of the natural composition. There are a
number of recent literature examples of the use of these compounds in flavour [63] and
fragrance [64] applications.

HO
HO

(41) (42)

Eugenol (cloves)

This compound is listed on the EFFA list of European flavour ingredients and is FEMA
2467. Widely used either in clove oil, in which it occurs or as a pure material, p-eugenol
has a desirable odour in addition to the mild warming properties it displays. Eugenol
has been used in the treatment of dental pain for hundreds of years and is still used to
the present day. Eugenol is also a key component of vanilla flavours.

Secondly, non-vanilloid compounds based on isothiocyanate moiety:

Allyl isothiocyanate (mustard and horse radish), FEMA 2034

This (often under the name of mustard oil) compound is the pungent and somewhat
lachrymatory ingredient of Wasabe or Wasabi (Chinese horse radish) and mustard.
Formed by enzymatic conversion of a glycoside by the action of the endogenous glycodase
enzyme, in the form of mustard (brown or black mustard), it is widely used the world
over as an accompaniment to cooked meats. In the form of Wasabe, it is an ingredient for
sashimi, and an accompaniment to sushi. Allyl isothiocyanate is a powerful rubefacient,
which means that it turns skin red, and usually hot, on contact. Although fully registered,
the chemical is generally regarded as toxic, although the extent of the toxicity is uncertain.
Most bodies consider the chemical a mutagen, and a toxic and an active fungicide and
bactericide. The overall cancer evaluation for humans is ‘Group 3, Unclassifiable as
to carcinogenicity to humans’, according to the International Agency for Research on

Cancer. The anti-microbial qualities make it useful at low levels to increase product shelf
life.

Phenethyl isothiocyanate (white mustard)
Although allowed as a flavour ingredient, this material is rarely used since white mustard
does not yield an essential oil. Additionally, the chemical is listed as a cosmetic ingre-
dient, but use as a cosmetic ingredient is not common place. A related hot component
p-hydroxybenzyl isothiocyanate is also a known constituent of white mustard.

A variety of other active warming and heat compounds are known and these are listed
with their FEMA numbers (and other regulatory numbers), where appropriate.
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The Sanshool isomers (Szechuan pepper) (see (2)-(6) in Section 9.4.1), Corydalis
(well known in Chinese and Tibetan herbal medicine as an analgesic), Galanga
(Chinese ginger), 1-propenyl sulfenic acid (onion/lachrymator), diallyl sulfide FEMA
2042 and CoE 2174, methyl nicotinoate FEMA 3709 (another rubefacient chemical, also
EINECS 202-261-8 and on the TSCA inventory) and cinnamic aldehyde FEMA 2286.

9.4.4 Astringency

Astringency is a chemoreceptive sensation since it occurs due to the irritation of mechano
(tactile) receptors. It is experienced as a tactile sensation and is caused by tannins,
polyphenols, aluminium salts and acids. The sensation is described as mouth drying,
shrinking, drawing or puckering of the epithelium, roughing of the mouth and a drawing
sensation of the cheeks.

Acids and phenols are the primary compounds responsible for astringency. Tannins
(43) and (44) bind to salivary proteins delubricating the mouth. Wine is often described
as having an astringent taste, even though it is a tactile sensation rather than a taste.
Astringency is often considered a negative sensation, but some astringencies can be
important, for example in wine, tea and coffee. The structures of the two types of tannins
that are the principle contributors to astringency are shown below.
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9.4.5 Synergies

It is apparent that in the case of chemical compounds and mixtures that exhibit tingle,
cooling and warming, synergies exist between compounds possessing the particular
sensation. Usually, the mixture possesses all the attributes of the individual components,
and often, much more besides. It is a reasonable assumption that the compounds and
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extracts synergise across the sensory attributes too, be it a positive or negative perception
of the molecular interaction with the receptor sites.

Recently, combinations of these sensory agents with different properties have been
tested in the industry with positive effect. From the literature it appears that Takasago
have taken the lead in this area. Kumamoto and co-workers cite the use vanillin (or
a close derivative), in combination with a ‘cooling agent’, for example, those listed in
this chapter but also L-menthylacetic acid N-ethyl amide, 3-(L-menthoxy)alkan-1-ols
(recently patented by Takasago) [65], L-menthyl-4-hydroxypentanoate and L-menthyl-
3-hydroxybutyrate and a ‘warming agent’, for example, vanillyl ethyl ether, vanillyl butyl
ether, vanillin propylene glycol acetal (and ethyl ether thereof), a N-vanillyl carbox-
amide such as capsaicin or nonivamide, and Gingerone or other natural extracts. The
composition is claimed as a ‘warming composition’ for fragrance and cosmetic appli-
cations [66]. Similarly, Nakatsu and co-workers [67] claim use of a sensate compos-
ition, ‘A composition causing different skin sensations’ constituting at least one cooling
sensate, warming sensate and tingling sensate. The preferred mixture appears to consist of
Spilanthol, WS-3 and vanillyl butyl ether, although a range of agents are cited including
sanshool, Zanthoxylum piperum, Piper nigrum, piperine, chavicine and menthyl lactate.
Kazutoshi and Kenichiro patented the use of warming and cooling agents in combination
to provide an improved cooling sensation. The compounds used are similar to those
used by Kumamoto, but the application focus, in this case, is hair-care products [68].
A great example of sensate combinations with flavours and other compounds used in
food products has been demonstrated by Wm Wrigley Jr Company for chewing gum
[63, 69]. In this example, not only are combinations of cooling agents, tingle agents and
warming agents used, but it is claimed that in this application a hydrophobic sweetener
can prolong the release of the flavour and the sensate agents.

9.4.6 Closing comments on compounds which provide
a sensory effect

The search for new compounds providing the sensations of tingle, cooling and warming is
likely to continue. It also seems likely that activity in ingredient discovery will be surpassed
by actively exploring the application of the ingredients. This activity is likely to include
exploration of mixtures within a sensate group, exploration of sensate mixtures with
different sensory properties, interaction of sensates with flavour and fragrance compos-
itions, and learning how to apply these findings across product categories. Therefore, in
the opinion of the author, there is along way to go before the concept of chemesthesis
and its application is understood, even empirically, let alone scientifically.

Another future development, still in its infancy in the marketplace, is how the effects
and perceived benefits will be marketed to the consumer. Will sensation be used to
link an experience to a performance in the product otherwise unseen, for example,
anti-tangle in shampoo? Will attempts be made to explore the herbal healing attributes?
Will the products target particular demographic groups for geographical regions? Or
will traditional roads of increased consumer preference, long-lasting effect and increased
impact be the preferred marketing ploy? The answer, which may not even be any of these
strategies, should become apparent in the next few years.
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9.5 Taste-active compounds
9.5.1 Sweeteners

Sweetness can be considered to be the most important taste quality as it is the taste
category in which the most compounds have been researched and brought to market.
This is probably due to the fact that a craving for foods that are sugar-sweet is among
the strongest of human desires, and of the animal kingdom, in general. In recent
decades, perhaps as a result of increased global wealth, consumption of empty calories
in the form of sweet foods has caused a general trend toward obesity. In the USA
this has been linked to an increase in diabetes to the extent that effects around 17
million of the population of the United States, with a further 16 million showing pre-
diabetes. Additionally, of course, sugar is a factor in tooth decay. Whether driven by
technology or health benefit there has been a demand for artificial sweeteners, or other
sweeteners in the form of natural products, to replace nutritive sugars in the daily
diet. Adoption of the ‘high potency’ sweeteners is a technically difficult business, and
replacement of sugar in a foodstuff often requires a change in the design of the product
to accommodate such an adoption. Several of these artificial sweeteners have come
under scrutiny as to the long-term health benefits (and risks) associated with prolonged
consumption.

An article outlining the chemistry of the sweet taste sensation, in theory and in
practice, has been written by Shallenberger [70]. In principle, it is proposed that pairs
of hydrogen-bonding functional groups such as oxygen, nitrogen and ether moieties are
required to exhibit a sweet taste. These groups AH,B should be available and adjacent in
the molecule to present activity.

Sweeteners fall into three categories: (a) nutritive, (b) non-nutritive (providing no
significant nourishment) and (c) ‘high potency’. Sugar replacements are often called ‘high
intensity sweeteners; however, sweetness and taste are a function of appearance time and
extinction time; hence the effect is non-linear, and a direct comparison of sweetness to
sugar is difficult. Therefore I have preferred to use the term ‘high potency’ to describe
sugar replacements. Sweeteners used in flavouring foodstuffs may be from any of these
categories; additionally they may be natural sugars, non-sugars (corn sweeteners) or
artificial sweeteners.

Nutritive sweeteners include the carbohydrates such as xylose FEMA 3606, sucrose,
dextrose, honey, maltose, lactose, fructose, levulose and galactose. Some of these and
other principal sweeteners used by the flavour and food industry, along with the class of
the sweetener, are presented in Table 9.1.

Sugar, in the form of sucrose, still remains pretty much the standard against which
all other sweeteners must be judged. Brief comments summarising some of the most
important ‘high potency, sugar replacement compounds are expressed below. The one
thing that they have in common is controversy over the safety of their use and they are
continuously under intense scrutiny.

Saccharin (45)
Considered to be the oldest non-nutritive sweetener, it has been in use since 1900.
A zero-calorie product, before the introduction of cyclamate (1950s) and during the
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Table 9.1 Comparative sweetness data for some common sweeteners and trademarked products
Sweetener Class Sweetness Comments
relative to
sucrose
Sucrose Sugar 1.00 The preferred standard
Fructose Sugar ~1.20 Preferred in beverages as high
fructose corn syrup in liquid form
Dextrose (crystalline Sugar 0.70
glucose)
Molasses Sugar 0.80
Xylitol Corn sweetener 1.00 Also provides cooling
Sorbitol Corn sweetener 0.60 Also provides cooling
Mannitol Corn sweetener 0.50 Also provides cooling. Laxative in
excess
Maltitol Corn sweetener 0.90
High fructose corn syrup Corn sweetener 1.10 The preferred sweetener for

(55%)

Saccharin (45) Saccharin
sodium salt [128-44-9]

Aspartame® (46)

Sucralose, Splenda (47)

Acesulfame K (48)
K represents potassium

Cyclamic acid (49) and

salts — Cyclamate

Neotame (50)

Alitame, Thietane (51)

High potency ~300-500
High potency ~180-200
High potency ~ 600
High potency ~200
High potency ~30
Art. High potency ~ 7000-13000
depending on
the end
application
High potency ~2000

non-diet beverages

Sweet N Low brand® name in the
USA

NutraSweet™ or Equal® (Merisant
Company). Generic brand
Natra-Taste® (Stadt Corporation,
NY). Approved for use in over
100 countries

Sucralose™ Tate & Lyle
Splenda®, McNeil-PPC, Inc.
FDA-approved in carbonated
beverages

Sunett™ brand sweetener —
Hoescht Celanese™. Approved
in most countries >30

Banned in the USA

Developed by Monsanto. Next
generation Aspartame. NutraSweet
Company product

Approved in many countries.
Discovered by Pfizer, brand name
Aclame™
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Table 9.1 (Continued)

Sweetener Class Sweetness Comments
relative to
sucrose

Neohesperidin High potency 665 as free phenol FEMA 3811. Listed in the
dihydrochalcone (52) register of Flavouring
[20702-77-6] Substances in Europe

Glycyrrhizin High potency FEMA 2528. Enhances sweetness
ammoniated (53) and masks bitter and acid off-notes.

Tastes of licorice

Glycyrrhizin High potency ~50 Extracted from Licorice root
Thaumatin (Talin) High potency ~ ~1600 for thaumatin I~ FEMA 3732. Two isomers,
[53850-34-3] each >200 amino acids.

Approved in a number of
countries including Japan,
Canada, UK and USA

period 1970-1981, saccharin was the only approved sweetener in the USA. It is often
perceived as having a bitter and metallic aftertaste, but is stable to heat, including baking.
Saccharin and sodium saccharin have been the subject of extensive scrutiny and have
been provisionally listed for use with a disclaimer. In 1977 the FDA proposed a ban on
the product based on animal research regarding it as hazardous to health and has been
determined to cause cancer in laboratory animals. It has been claimed that the doses of
saccharin in the experiment were unrealistically high, equivalent to 750 cans of soda per
day, every day, for life. In excess of 20 human studies have shown no overall association
between saccharin consumption and cancer. It still remains (at least to myself) unclear
whether or not the product is a possible carcinogen. The FDA’s position appears to be to
allow use as a tabletop sweetener, but not for use in foods and beverages. Many people,
including the author and the editor, find the taste of saccharin bitter and obviously
‘artificial’.

Aspartame™ (46)

Discovered in 1965, Aspartame™, is classified as a general-purpose sweetener. Unlike
other artificial sweeteners, it is completely metabolised to its natural component parts.
Being an amine it can react with aldehydes (to form Schiff bases among other things),
and reaction with the common flavour aldehydes such as benzaldehyde, citral, cinnamic
aldehyde and acetaldehyde is a problem. Additionally, breakdown at low pH, such
as in beverages, occurs. The material breakdown is also observed on high heating,
although it survives pasteurisation. An encapsulated form is available which is bake-
stable. Since aspartame contains a phenylalanine component, people with the hereditary
disease phenylketonuria should beware of its possible addition to foods. In the USA
products containing it must be labelled ‘This product contains phenylalanine’.
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Sucralose (47)

Highly soluble, heat stable, stable at low pH (e.g. in a non-alcoholic beverage) and at
high temperature storage for long periods sucralose is a zero-calorie sweetener (although
the author is not a regular consumer of diet products and artificial sweeteners, sucralose
is his sweetener of choice, though some bitter aftertaste persists). A US patent describing
a method for improving the sweetness delivery of sucralose has recently been issued [71].
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Acesulfame K, Oxathiazinone dioxide K (48)

Discovered in 1967 by Hoechst AG, Acesulfame K is marketed under the brand name
Sunett® by Nutrinova Co. The product is stable under processing conditions, including
high heat and acid media. Acesulfame K is reported separately to have a ‘metallic
aftertaste’, ‘bitter aftertaste’ and ‘no lingering aftertaste’. The bitter aspect appears to
occur at high concentration and this is not universally observed. It is reported to synergise
well with aspartame to reduce the overall level of artificial sweetener. The compound has
been reviewed for safety by several organisations, and has been regarded as safe by most,
if not all, studies to date.

Cyclamic acid (49)

The calcium and sodium salts are known as cyclamate. Cyclamate was discovered in
1937 and banned in the USA in 1970 due to safety concerns over bladder cancer
in rats and mice, but that ban is currently being reconsidered. Several attempts to
re-introduce the compound have been made over the years, but to date, without a
successful re-introduction.

Neotame (50)

Neotame [72] is a new sweetener (next-generation aspartame) which is ~40 times sweeter
than aspartame. Due to the hydrocarbon functionality on the nitrogen of the aspartic
acid moiety, neotame should be more stable than the aspartame from which it is derived.
Indeed it is claimed to be water-soluble, stable to storage and thermally stable. Since it is
so much stronger than aspartame it is more cost effective in use. The taste is described
as ‘providing acceptable sweetness throughout the shelf life’. The taste of decomposition
products when breakdown occurs at high temperature, or at the extremes of pH, is
described as contributing ‘no off flavours or odours’, so that the taste is probably clean.
Neotame was approved for use by the FDA as a general-purpose sweetener in 2002, for
a wide variety of food products, but excluding meat and poultry. Studies indicate the
safety of this sweetener for human consumption.
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Alitame (51)

Alitame is freely soluble in water and alcohol, 12 times sweeter than aspartame and stable
to processing at neutral pH. Some loss of sweetness occurs on baking, but in general the
thermal stability over a broad pH range is good. Like the other peptide sweeteners, alitame
should undergo Maillard reaction; this can lead to some browning, but no negative
taste or flavour aspects have been reported. Additionally, alitame synergises well with
other sweeteners (e.g. acesulfame K and aspartame) and is suitable for a wide range of
applications. Studies in animals and humans have demonstrated good safety for human
consumption. Approval in the United States and other countries are pending, but alitame
enjoys approved status in Australasia, China, Mexico and other countries.
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Neohesperidin dihydrochalcone (52)

Classified as a member of a large class of derivatives known as ‘isovanillyl sweeteners’,
this is a semisynthetic sweetener. There exists a considerable amount of literature on
hydrophobic sweeteners of this type [63, 69, 73], particularly referring to the struc-
turally related compound 2-(3-hydroxy-4-methoxyphenyl)-1,3-benzodioxan [69, 73, 74],
but neohesperidin appears to be the only compound that is an item of any commercial
significance.

Thaumatin (talin)

A protein that occurs naturally in (and can be extracted from, in unmodified form by
physical methods) the West African plant Thaumatococous daniellii, thaumatin is also
known as Katemfe fruit or the miraculous fruit of the Sudan. Thaumatin is water-soluble
to ~60% and is somewhat soluble in alcohols. In freeze-dried form it is stable to heat,
UHT and pasteurisation. The sweetness is delayed and the extinction of sweetness is
protracted. Thaumatin can be used as a flavour enhancer and as a masking agent for
bitterness and metallic flavours, for example, of other ‘high potency’ sweeteners, with
which it is reported to synergise well.

Miraculin

Miraculin is a product of the plant Richadella dulcifica that bears a fruit called miracle
fruit. When tasted in the pure form it has no taste. However, all acids tested taste sweet
if tasted after tasting miraculin. The sweetness is induced by acid, and a lemon will taste
sweet if eaten after consumption of miraculin. The sweetness induced by a 0.1 M solution
of citric acid after tasting a 1 wm miraculin solution is equivalent to a 0.4 M solution
of sucrose. It is reported that the sweetness induced by the 0.1 M citric acid solution is
400000 times that of a sucrose solution [75]. The effect is reported to last for around
2h after the application of the miraculin. The referenced article also reports compounds
possessing the ability to block or suppress sweet taste.

9.5.1.1 Other sweet offerings

It has been claimed that maltol, ethyl maltol and combinations of tartaric acid, peptides
and gluconates can be used to mask the bitterness of artificial non-nutritive sweeteners.

Other compounds exist with sweet or ‘brown’ aroma that are used in flavour appli-
cations. These are not used as sweeteners per se, but none-the-less act as sweet flavour
enhancers. Such compounds include maltol, cyclotene, maple lactone, iso-maltol and
4-hydroxy-2,5-dimethylfuran-3-one.

Sweetness and bitterness are closely related chemically, and this is perhaps why some
sweet compounds, including mannose and indeed even sucrose, have a bitter aspect to
the taste at high concentration. Compounds exhibiting bitterness (see Section 9.5.4) are
closely related in terms of chemical functionality. As was the case for the sensates, where
synergy allows the use of the individual sensate compounds at a lower level, to obtain
a better profile, while maintaining the same level of overall sensate, sweeteners can be
used in synergy to obtain about a 25% increase in intensity (for the same dose level)
along with a better sweet profile. Actually, nutritive sweeteners synergise with each other
and in combination with the artificial sweeteners too. Since sweeteners also effect flavour
profiles, and since the flavour profile of a flavour and sweetener in combination changes
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with acidity, any flavour system must be designed specifically for the sweetener selected

(or combination thereof), be the selection natural, artificial or a combination of the two.
Other sweeteners not discussed in any detail include, but may not be limited to, Stevia,

Brezzein, Monellin, Mabinlin (all natural and protein-based), Lactitol and Erythritol.

9.5.1.2 Recent news

Recent literature in the field of sweeteners revolves largely around new applications,
delivery and combinations of the known sweeteners. Hofmann [76] recently reported the
use of (+)-(S)-alapyridaine (54), as having a sweet taste. Ley and co-workers of the Bayer
Corporation have claimed use of hydroxyflavanones for masking bitterness [77]. These
compounds were previously disclosed in the sweet vanillyl class. Additional aspartame
derivatives and their salts are claimed to be up to 35000 times sweeter than sugar and
have recently been disclosed in the issued patent literature [78].

9.5.2 Salt and enhancers

In food use, salt is table salt (sodium chloride). This is the ingredient added to foods
to provide the salt-taste quality. Salt is generally regarded as a general enhancer of
most savoury flavour types. Salt replacement (to combat heart disease) is a challenge to
the industry since it is nerve pathways transmitted by potassium—sodium ion exchange
that results in the perception of the salt taste quality. These ion exchanges are funda-
mental systems in electronic nerve impulses of mammals and other organisms. Typically,
replacement of sodium is the goal of low-salt (low-sodium) products and processes.
Potassium, magnesium and calcium are the preferred replacement alkali metals, with
chloride and sulfate as the counter ions. A recent US patent for salt enhancement with
low sodium has been issued [79].

Whilst salt enhances savoury flavour types, it is itself enhanced by synergy with a variety
of compounds that are either trigeminal stimulants, for example, tingle and warming
compounds or Umami-effect compounds (see Section 9.5.5). It is not clear, at least to the
author, whether these synergistic compounds are enhancing what salt is already there, or
the salt enhances the molecules stimulation of the salt receptor. However, most people
appear to believe that the compounds enhance the salt already present. A more detailed
look into the theory of salt and salt-taste perception quickly becomes very complex.
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9.5.3 Sour agents

The perception of sourness is activated by acidity. The commonly used compounds to
provide sourness and to add acidity are lactic acid, acetic acid and citric acid.

9.5.4 Bitter agents

Bitterness is a taste quality perceived on the back of the tongue. It probably developed
as a defence mechanism, since most bitter-tasting plants and chemicals are not good to
eat. Indeed, many poisons and toxins are bitter, as are alkaloids and metallic compounds
in food. Bitterness, or the masking of it, is a significant problem for pharmaceutical
companies in the development of drugs. This is part of the reason why many drugs are
coated or flavoured, particularly those targeted at the paediatric market.

In flavours, bitterness is generally a negative attribute and is often considered as an
undesirable off-note in a food or flavour, for example, the bitterness of soy, on top of the
already negative astringent character. However, in some products, such as coffee, dark
chocolate and grapefruit, some bitterness is a desirable characteristic.

There are three principal types of bitter components: alkaloids, proteins and glycosides.
Four bitter agents, in frequent use in the creation of flavours and in foodstuffs, are listed
here, all are listed under both TSCA and EINECS:

(1) Caffeine(55) FEMA 2224 Like most alkaloids this must be used sparingly due to
the biological effect on the user.

(2) Naringin (56) and naringin extract Also known as naringoside, FEMA 2769.

(3) Tannic acid, FEMA 3042 Also called tannin (see Section 9.4.4), tannic acid has
bitterness secondary to the astringency and metallic aftertaste.

(4) Quinine (57) Another alkaloid, quinine is the traditional compound found in
Indian tonic water. An insecticidal material, it was the reason for tonic water being
used to aid in the prevention of malaria. Quinine is FDA approved for use at
<83 ppm, however it is commonly used in salt form as the bisulfate FEMA 2975,
sulfate FEMA 2977 or hydrochloride FEMA 2976.

(55) (56) (87)

Other bittering agents exist as bitter principles in botanicals commonly used as
foodstuffs. These include Aloe extract FEMA 2047, Chervil FEMA 2279, Chicory FEMA
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2280, Cocoa leaf FEMA 2329, Hops (humulone 2579), Yarrow (see Section 9.4.1)
FEMA 3117.

9.5.5 Umami the fifth taste quality

The term umami, from the Japanese word ‘umami’, which means delicious, best translates
in english to savoury or meaty. It is the term used to describe the unique overall fullness,
savoury or salivatory taste of food. Materials that exhibit this taste quality generally
potentiate the intensity of glutamate solutions, and this is one important characteristic
of umami taste [80]. Umami is increasingly becoming recognised as the fifth sense of
taste, adding to the traditionally accepted sour, sweet, salt and bitter. Recent books on
flavouring ingredients and taste tend to list only the four traditional qualities, or list
Umami as a subject of controversy. Compounds traditionally described as possessing this
character are MSG, protein hydrolysates, some amino acids, and certain nucleotides and
phosphates.

MSG, FEMA 2756 [81], is the most widely used material as a ‘taste enhancer’ where
it synergises the perception of ‘savoury’ ingredients. Currently 70% of the MSG market
(1.1 million tonnes) is in the Pacific Basin, with the US and Europe accounting for only
15% of the market. However, MSG has also been alleged to cause an allergic reaction in
a proportion of the population. Since MSG is widely used in Asian cuisine (especially
Chinese), this has been referred to as the ‘Chinese Restaurant Syndrome’. Free glutamic
acid occurs naturally in food, but this, like MSG, is under scrutiny, being the subject of
review by The Federation of American Society for Experimental Biology.

In addition to MSG, other chemical compounds, most notably several nucleotides,
have been described to exhibit the Umami effect: adenosine 5'-(trihydrogen diphos-
phate), 5'-cytidylic acid (5'-CMP), 5'-uridylic acid (5'-UMP), 5'-adenylic acid (5'-AMP)
(58), 5'-guanylic acid (5'-GMP) and 5'-inosinic acid (5'-IMP). The di-sodium salts of
5'-guanylic acid (59), FEMA 3668, and 5'-inosinic acid (60), FEMA 3669, are both FDA-
approved flavour enhancers at GMP levels. Foods claiming to be MSG free may contain
derivatives such as IMP and GMP salts.
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(58) (59) (60)

Recent literature [81, 82] cites an extensive range of other organic compounds which,
as taste-active components of mixtures, have been implied to give the umami taste effect.
This effect is probably the result of a synergy of the components in the mixture, with
only a few (if any) really exhibiting umami taste quality.
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These compounds include but are not limited to:

e Organic acids — succinic acid, lactic acid, saturated straight-chain aliphatic acids
of six, eight, fourteen, fifteen, sixteen and seventeen carbon chain lengths,
74,77,7210,213,216,Z19-docosahexaenoic acid, Z5,78,711,7Z14,7Z17-eicosapentaenoic
acid, Z29,212,716,Z19-octadecadienoic acid, Z9-octadecenoic acid, glutaric acid, adipic
acid, suberic acid and malonic acid.

e Aminoacids — glutamic acid, aspartic acid, threonine, alanine, valine, histidine, proline,
tyrosine, cystine, methionine, pyroglutamic acid, isoleucine, leucine, lycine and glycine.
Dipeptides — Val-Glu and Glu—Asp.

o Other miscellaneous compounds including a-amino adipic acid, malic acid,
a-aminobutyric acid, a-aminoisobutyric acid, E2,E4-hexadienal, E2,E4-heptadienal,
E2,E4-octadienal, E2,E4-decadienal, Z4-heptenal, E2,Z6-nonadienal, methional, E3,E5-
octadien-2-one, 1,6-hexanediamine, tetramethylpyrazine, trimethylpyrazine and cis-6-
dodecen-4-olide.

In addition to the above, there exists a large number of recent patents that relate
individual ingredients to possible umami taste effects. It must be said that the umami
taste quality has, until now, been somewhat elusive. No real understanding of the quality,
or its relation to compounds that cause the effect, either taken individually, or more
usually in complex compositions and reaction flavours, appears to exist. What knowledge
does exist is mostly in the area of ribotides, MSG and salt, along with the usage of these
in combinations with each other, and other savoury flavour chemicals. Since research in
this the area is focused mainly in Japan, and additionally, despite increased acceptance,
there is still some doubt that umami is widely recognised as the fifth taste quality, it can
be of no surprise that discovery in this area is lacking at the molecular level. Work is
extensive on mixtures though, and it is likely that the creative and applications fraternity
in the savoury field will, at least in the near future, continue with this ‘Savoury Alchemy’.

9.5.5.1 The future

A new series of compounds belonging to the family of chemicals known as the ‘alkamides’
(see Section 9.4.1) have been investigated by researchers at IFF [34]. Surprisingly, a
few examples from this series have been found by to exhibit umami taste, and other
somatosensory, taste and flavour attributes, when dosed at the 1-10 ppm level onto the
oral mucosa. There are no reports of amides having ‘Umami’ or other taste effects, and
the most closely structurally related compounds, the aliphatic dienals and unsaturated
acids, are not specifically reported to possess umami character when tasted in isolation.
The odour of these acids and aldehyde compounds are fatty, herbal and melon/cucumber
in character.

The author and co-workers at IFF are still exploring the full value of this discovery.
Early results suggest that a significant enhancement to savoury foodstuffs is achievable
with low levels of these flavour chemicals. Additionally, the Umami quality is not the
only property of the chemicals, for example, they have olfactive properties like most
flavour chemicals and enhance other taste qualities.
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Additional work by Hofmann et al. [83] to explore the recently reported (+)-(S)-
alapyridaine (54), has shown the molecule to have possible potential as a general enhancer,
enhancing the umami and salt effects, in addition to possessing a sweet taste.

9.6 Conclusions

So this is the end of the whirlwind tour of the world of taste and sensation, and
the molecules that effect them, from the humble viewpoint of an organic chemist in
the flavour and fragrance industry. When I look back over the sections reviewed and
discussed, a couple of general comments and opinions remain to be written.

On the sensory side of the coin, opportunities for business growth are largest in the area
of tingle. Why? The area is still relatively undiscovered when compared to most aspects of
the flavour and fragrance chemistry world, and its consumer products. Some small gains
can still be made in the area of cooling, although this is nearer to being a mature field.
Good, clean, natural coolers are still somewhat elusive. Warming is an area where the
chemist must compete with some very potent molecules already easily available in nature.
Some potent vanilloid molecules have been synthesised by pharmaceutical companies
and other researchers in the field. Most of these compounds have a physiological effect
as an ethical drug, in addition to being potent warming molecules. Therefore I don’t
expect them to be accepted as flavour or fragrance molecules anytime soon.

In the area of taste, reduction of salt is the Holy Grail. If researchers can find an
organic molecule to replace salt, then this will move the molecular performance from a
compound imparting preferred consumer preference to a compound providing health
benefit. This would mean big business for the large salt users on the world, primarily
manufacturers of soups, sources, snack foods and other savoury foodstuffs. This would,
in turn, mean significant business for a company manufacturing flavours.

Until that day comes, its back to the day job.
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Chapter 10
Stability of Aroma Chemicals

Chris Winkel

10.1 Introduction

‘All flavours could be made from only 200 different molecules if only those 200 molecules
were stable.” This statement made by Professor W. Grosch at the Weurman Flavour
Symposium of 1998 in Garching, Germany, describes well the challenges flavour and
fragrance manufacturers face today. Consumers want to buy food that has an optimal
taste upon consumption; but due to chemical and physical effects food is changing over
time. And consumers want their detergent powder to smell the same just after opening
the package and when the package is finished a few weeks later.

Everybody prefers freshly baked bread compared to stale bread or a fresh cup of
coffee compared to one that is kept warm for an hour. On the other hand most people
prefer freshly squeezed orange juice compared to orange juice from a pack but everybody
accepts that commercial orange juice has a different taste than the fresh juice and the
market for commercial juice is incomparably larger than the fresh juice market. In other
words, food manufacturers not only deal with the technical restrictions, they also have
to deal with consumer perception.

Fragrance ingredients suppliers deal with the same issues as flavour ingredients
suppliers, although their molecules need to be able to withstand more severe conditions.
People expect a perfume or an after-shave to be stable for five years or so. Moreover, the
pH of products that contain fragrances varies between 1 and 12.

Although we realize that a consumer will judge the total food or perfume sensation,
this chapter will focus only on the (added) aroma ingredients in a food, a personal
product or a cleaning product. So we will not look at the loss of water as one of the
main reasons for bread getting stale but we will look at the staling of coffee as positive
flavour notes disappear and negative notes/off-flavours prevail.

We will start this chapter with the reasons for the instability of flavour and fragrance
(ingredients). Subsequently we will deal with methods to prevent flavour and
fragrance degradation like precursors, encapsulation and analogues. At the end, we will
discuss two publications more extensively to show how flavour companies investigate
flavour instability.
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10.2 Flavour stability

Flavours are complex mixtures of natural and/or synthetic ingredients. Those ingredients
can either be single ingredients, like benzyl acetate, or mixtures, like a vanilla bean extract.
The flavour industry is producing these flavours to improve the flavour of (processed)
food.

Nowadays, consumers like to smell the taste of the food as if it was prepared in the
conventional way but they do not want to spend the time in the kitchen to obtain such
a result. The food manufacturer needs to be able to supply a product that has a long
shelf life and has the same palatability over this time period. And since the flavour of the
product is one of the main determining factors of the consumer’s satisfaction, flavour
manufacturers need to know what happens with the natural flavour of the food, as well
as what happens with the added flavour as such and when incorporated in the product.

As already described by Grab [1], one has to look after:

the stability of the flavour itself;
its stability in food;

flavour changes during processing;
flavour changes during storage.

Moreover, one has to realize that there are physical parameters like:

evaporation of the volatile components;

crystallization of non-soluble material (only in liquid flavours);
phase separation (for example, in emulsions);

solution (for example, in fat-containing food);

absorption and absorption effects (with a complicated food matrix).

and chemical parameters like:

e reactions with food components;
e reactions of flavour components (for example, through degradation, rearrangement
and/or oxidation).

The stability of the (added) flavour itself is mainly determined by chemical param-
eters. With liquid flavours, the solvent is very important. Alcohols like ethanol and
propylene glycol are commonly used. However, one has to realize that alcohols can
react with aldehydes and ketones to form acetals and ketals (see Chapter 2). Usually,
these acetals/ketals have different odour properties than the original keto-compound.
Triacetin (glycerol tri-acetate) is another solvent, and because this is an ester, it may trans-
esterify with other esters, formate esters most easily, or with alcohols with the release of
acetic acid.

2-Acetyl pyrroline (1) is responsible for the characteristic note of several roasted
products. However, its intrinsic stability is so low that flavour companies cannot use this
ingredient in commercial flavours; the molecule is gone before the food has reached the
consumer.
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Flavour ingredients that are known to react relatively easily are the thiols (also described
by Simon Jameson in Chapter 6). Thiols are oxidized to disulfides and can loose their
characteristic smell. Aldehydes and amines can react to imines and it is well known that
proteins present in a food/flavour can capture aldehydes (Scheme 10.1).

—
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Scheme 10.1 Imine formation.

In coffee it has been shown that the melanoidins, the macromolecular dark brown
pigments in coffee, play a crucial role in the staling of coffee [2]. The common belief was
that coffee staling occurred by the oxidation of volatile thiols, mainly furfuryl thiol, to
form disulfides with each other or with cystein residues of proteinaceous material in the
coffee. Hofmann and Schieberle showed that reactive pyrazynium ions react in a catalytic
redox cycle with the thiols to form dihydropyrazine-furfuryl thiol adducts (Scheme 10.2).
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Scheme 10.2 Simplified reaction scheme to explain removal of volatile thiols in coffee.

A special type of flavour ingredients are the process flavours. Process flavours are a
separate group in the EU Food laws and they are generated when ingredients normally
occurring in food, like fats, fatty acids, sugars, amino acids, peptides or proteins are
reacted together at higher temperatures. Especially, the reaction between sugars and
amino acids is of crucial importance to foods. This so-called Maillard reaction [3] is
responsible for the taste and colour of, especially, baked goods like the crust of bread or
the crust of a piece of meat. The Maillard reaction is a very complex reaction and many
hundreds of different molecules are formed. It is therefore not difficult to understand
that a process flavour changes continuously over time. And, as a consequence it is almost
impossible to keep a process flavour stable in solution. Normally, process flavours are
indeed spray-dried until use. In the second part of this chapter, a case study on the
stability of sulfur-containing ingredients is described.

The stability of the flavour in the food is an even more complex issue. Proteins can
react with aldehydes, as mentioned before. But, in general, the physical condition of
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the food needs to get the most attention. A low pH, as in most beverages, will help
acid-catalysed reactions to occur like hydrolysis of esters in an acid and an alcohol or
acid-catalysed rearrangements like citral into p-cymene (Scheme 10.3).

b

Scheme 10.3 Acid-catalysed degradation of citral.

A high oxygen concentration will make fat-containing products rancid. If one wants to
make use of anti-oxidants one has to realize that both vitamins C and E are anti-oxidants
but the first one only dissolves in water and the latter dissolves only in fat. From the
above, it is clear that processing is key for the flavour of the product. Sensorially, one
can hardly believe that strawberry jam is made from fresh strawberries; their tastes are
so different [4].

A new trend in food processing is aseptic flavour dosing; the sterile flavour is only
added after the food processing steps to reduce its degradation [5]. A strawberry jam
with the flavour of fresh strawberries will be quite a change.

The flavour stability in the food will also be determined by the packaging. A classic
example here is the so-called sun-struck flavour, 3-methyl-2-butene-1-thiol (3-MBT or
prenyl mercaptan) in beer [6]. In the proposed pathway for 3-MBT formation hop-
derived isohumulones are decomposed to 3-methyl-2-butenyl radicals due to sunlight
exposure. Sulfur-containing amino acids and proteins decompose to SH radicals through
riboflavin-photosensitized reactions. These two radical types then combine and form
3-MBT (see Scheme 10.4).
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Scheme 10.4 Light-induced radical formation leading to 3-methyl-2-butenthiol.

Glass bottles are usually impermeable for oxygen. Plastic bottles have the advantage of
being light and unbreakable; however, the oxygen permeability is usually much higher.
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10.3 Flavour precursors

As described above, flavour ingredients are instable, and a food technologist needs to have
tricks to make sure that the best flavour is obtained at the moment the consumer eats
the product. One way to do this is by physically separating the flavour (ingredient) from
its environment. This is called encapsulation and is described in the next paragraph. This
paragraph describes chemical means to protect flavour ingredients. In the flavour industry
we normally speak about flavour precursors; in fragrances we normally speak about pro-
perfumes (see also Chapter 13). The technical approach in flavours and fragrances is the
same; find molecules that, after a physical trigger, release the desired volatile molecule.
Triggers can be pH and temperature but also more sophisticated triggers like enzymes,
oxygen, light or even pressure change could be used theoretically.

To obtain such molecules, we can either look at how nature does this or come up
with purely synthetic approaches. In foods, the latter is not an easy way as food laws
usually require flavours to contain molecules with a smell, and flavour precursors usually
do not have that. Moreover, new molecules need extensive toxicity testing. Still, flavour
companies find it worthwhile to invest in this type of research.

Common flavour precursors in nature are alliin, as a precursor for allicin and
other disulfides in garlic [7], and vanillin-O-glucoside, in green vanilla beans [8]. Both
precursor and volatile are depicted in Scheme 10.5. Both precursors are quite ideal as
they have no smell themselves, and nature has developed efficient release mechanisms to
generate aroma. In garlic there is the enzyme allinase, and in vanilla beans there is the
enzyme glucosidase, although this is still under scientific discussion [8].

o) NH, Allinase ?I)
L - S >
/\/S\)\COOH N INgTN

Alliin Allicin
OMe OMe
0} 0}
L@O-Glucose — %OH
Vanillin-O-glucoside Vanillin

Scheme 10.5 Natural precursor in garlic and vanilla beans.

Givaudan has investigated a series of nature-identical flavour precursor systems [9].
As already mentioned for vanillin, nature has chosen more often glycosides as flavour
precursor, and Givaudan has tested their commercial applicability. Sugars have been
used as aldehyde precursor but it turned out that tartrate acetals of aldehydes had better
precursor properties. (See (2), (3) for a structure). Also, the Amadori rearrangement
product is said to be a useful precursor. This first, relatively stable condensation product
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of a sugar and an amino acid in the Maillard reaction can be used to boost the Maillard
reaction. Especially in microwave-heated foods, in which the temperature is relatively
low and the water content relatively high, the Maillard reaction does not run very
spontaneously. If you help the Maillard reaction by adding an intermediate/precursor,
the food will get a better taste.

X
N °R
0 O
HO <O OH
R
OH OH
OH ©
OH 0
Amadori rearrangement product Tartrate-protected aldehyde
(2) 3)

Thiocarbonates are artificial ingredients that have been claimed as thiol precursors (see
(4) for a structure). Unilever [10] and Quest [11] have used different esters for different
applications. Unilever used tertiary esters to release thiols in instant soups whereas Quest
claimed primary esters to help a thiol survive a sterilization process.

(0] R1
R'\SJ\O A2
R3
(C)

10.4 Encapsulation

As described earlier, flavours tend to degrade over time. If one would be able to protect
the flavour against its hostile environment, the degradation could be stopped or certainly
slowed down. Encapsulation is a technique in which a physical barrier between the
flavour and its environment is made. Before consumption, the encapsulation material
should have released the flavour, of course.

Several good books [12, 13] and articles [14, 15] have been published in this area.
A simplified drawing of two of the most commonly used encapsulation types is given in
Figure 10.1.

There are five reasons for the encapsulation of flavours:

(1) to prevent oxidation (by air oxygen);
(2) to prevent hydrolysis (by water);
(3) to prevent reaction of flavour ingredients with each other;
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Shell material

Flavour

Figure 10.1 Schematic diagrams of two representative types of flavour encapsulates.

(4) to prevent evaporation;
(5) to change (difficult to handle) liquids into (free-flowing) powders.

Encapsulation traditionally has been used to protect flavours but current research is
focusing on delivery systems. In the past one wanted to store a powder until it was
dissolved; nowadays the encapsulates help the food technologist to deliver the flavour
at the right time, at the right quantity, at the right rate. One often speaks about slow
release mechanisms. Chewing gum is a nice example in which, usually, different encap-
sulation techniques are used to guarantee a more or less constant taste over a longer
period.

Encapsulation is currently an active field of research. Quest has filed a patent [16] in
which they claim that the addition of smaller sugars significantly helps to protect the
encapsulated flavour against oxidation. Shelf life of more than two years can be obtained.

A nice story to tell is that customers smelling the new encapsulated flavours were
disappointed because they did not smell anything. Only when it was told that the flavour
encapsulation in the powder was so effective that no flavour material could escape from
the matrix, the customer became enthusiastic. The powder showed normal behaviour
when used in application.

The production of encapsulates can be done in many ways but the main routes are
spray-drying and extrusion. In spray-drying, first a pre-mix is made in which ‘solvent’,
flavour, encapsulating agent and, sometimes, some additives are mixed and homogenized.
Subsequently the solvent, usually water, is removed by injecting the liquid through a
nozzle in a hot expansion vessel under reduced pressure. For extrusion, the encapsulating
material must be able to melt at high temperature to get effective mixing with the flavour.

The encapsulating material is usually polysaccharide-based as the carrier material must
be (at least partly) water-soluble. Most commonly used materials are hydrophobically
modified starches, although gums are also used.

It is good to realize that (liquid) emulsions can also be used to stabilize a molecule.
When the instable molecule is in the other phase, than where the cause for its instability
is, one can increase the shelf life of the product. A good example is an emulsion of a
citrus oil in a lemonade.
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10.5 Analogues

The statement of Professor Grosch at the beginning of this chapter can also be seen as a
call to come up with 200 stable molecules that cover the whole flavour palette. So far,
nobody has even come close to such a collection. But people are looking at structural
units in a molecule that give the same flavour impression. It is well known that nitriles
usually have similar smells as the analogous aldehydes. And since nitriles are much more
stable than aldehydes, they could be good replacements. Due to the fact that the smells
are not identical and many nitriles are artificial, nitriles have not got general application
in flavours.

2-Formyl-thiophene smells very similar to benzaldehyde, so one could argue that an
S-atom can replace a cis double bond. Indeed, Boelens et al. [17] indicate that cis-3-
hexenol and ethyl 2-hydroxy-ethyl sulfide smell similarly.

Analogues seem an attractive route to search for more stable molecules, and this
actually happens much more heavily in fragrance research. However, the complexity of
the human smell sensation is so complex that it is hardly impossible to change anything
in a molecule without the nose smelling it. Quite a few studies have been published on
structure—function relationships of aroma chemicals but the predictability was only valid
within a small group of molecules of similar structure. And to take an example from
fragrance molecules: no programme or experienced perfumer would have ever predicted
that nitro-musks and macrocyclic musks smell similarly [30]. In (5), (6), (7) it is clearly
seen how different those structures are. Either by still hitting the same smell receptors or,
just by luck, generating the same signal to the brain these molecules have similar smells.

Muscone Musk baur® Traseolide®

(5) (6) 7

10.6 Case study 1: citral and vanillin stability in
milk-based products [18]

Gubler has published a nice piece of work that shows how complex a food system is and,
therefore, how difficult it is to predict the behaviour of a flavour (ingredient). He shows
that two aldehydes, citral and vanillin behave differently in a milk base. In (8), (9) their
structures are drawn.

Citral is the character impact component in fresh lemon juice. When lemon juice is
used in sodas or dairy products, it only survives for a few days. Gubler has shown that
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indeed pH is a major factor in citral degradation in dairy products but that other factors
play a role as well. Casein, a milk protein, caused an even quicker citral degradation,
probably due to the reaction of the aldehyde group in citral with the amino groups in
the casein. Lactose, to a limited extent, and butter fat, to a significant extent, increase
the stability of citral. Citral will probably dissolve in the milk fat droplets and is less
accessible to acids. Why lactose is protective is unclear; may be because of reversible
acetal formation.

Another remarkable result was obtained when synthetic citral and citral, in a cold-
pressed oil, were compared. The synthetic citral was much more instable; 50% was
degraded in a 5% casein in water solution at 45°C in 0.5 days whereas 50% of the natural
citral in the oil was degraded after 3 days. The oil effectively protects the citral to be
degraded.

As an example in real food Gubler looked at ice-cream. They were surprised again by
the fact that now the citral in the 5% casein/water solution, containing 8% fat, was the
most stable system. Apparently, fat, water and casein are ‘crystallized’ in three different
phases and the citral is dissolved and protected by the fat.

Comparing citral and vanillin in the same ice-cream mix showed that vanillin was
clearly more stable than citral. However, when other proteins were used differences
started to occur. Citral became more stable both in the model systems and in the ice-
cream mix when the casein was replaced by soy protein. However, vanillin became much
more instable in the presence of soy protein. Vanillin is just as unstable in a soy isolate
ice-cream mix as citral in a casein ice-cream mix. Gubler does not give an explanation
for these phenomena.

10.7 Case study 2: stability of thiols in an aqueous
process flavouring [19]

Process flavourings, which are generally prepared by thermal treatment of an aqueous
solution of reducing sugars and amino acids, show considerable flavour instability in
aqueous solution. To overcome this instability, process flavours are generally spray-dried.
The resulting powder has sufficient flavour stability, if temperature and humidity do
not get too high. The stability in water is so limited however, that a great deal of effort
in planning is required, to prevent significant flavour loss, before the product is spray-
dried. In particular, thiols, which are essential for a good meaty character of savoury
process flavours, are particularly unstable. This urged us to look in more detail at flavour
instability of a model thiol containing process flavour in aqueous solution.
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Thermal treatment of a solution of ribose and cysteine results in the formation
of several specific character impact components with a meaty overall impression
[20, 21, 22]. The use of cysteine in combination with a pentose is responsible for the
formation of very potent sulfur-containing meat flavour compounds, such as 2-methyl-
3-furanthiol (MFT), 3-mercapto-2-pentanone (3MP), 2-mercapto-3-butanone (MB) and
2-furfurylthiol (FFT) [20, 21]. Some of these compounds were similar to those identified
in beef [23] and were recently quantified in several types of heated meat [24](see
Table 10.1). In the study described here, the ribose 4 cysteine-based process flavour
reported by Hofmann was used [2, 20] as a model for meaty process flavours. As thiols
are known for their reactivity/instability such as oxidation and involvement in nucle-
ophilic or radical reactions, we assumed that the degradation of these compounds is a
likely cause of the limited shelf life or flavour instability of savoury process flavours.

Table 10.1  Stability at 50°C of five character impact components of the aqueous model process flavour
(entry 1) and reconstituted models (entries 2-5). Influence of ribose and cysteine on the decrease in
concentration (% per day)

Compound Decrease in concentration (% per day)
1a 2b 3b 4b 5b
model no addition +250mM +150mM +150mM
process ribose cysteine cysteine
flavouring +250mM
ribose
2-Mercapto-3- <20 >90 >90 <30 <30
butanone (MB)
2-Methyl-3- <60 >90 >90 <80 <50
furanthiol (MFT)
2-Furfurylthiol n.d.c >90 >90 <50 <50
(FFT)
4-Hydroxy-2,5- <10 <10 <10 >90 <70
dimethyl-3 (2H)-
furanone (HDF)
3-Hydroxy-4,5- n.d. <10 <10 <30 <10

dimethyl-2(5H)-
furanone (sotolone)

2 According to the procedure of Hofmann [21] a phosphate buffered (0.5 M, pH 5.0) solution of p-ribose (100 mM) and
L-cysteine (33 mM) was heated in an autoclave from room temperature to 130°C in 10 min and was kept at 130°C for
20 min. Character impact components were formed in the order of concentrations of around 5 M.

b 50 uM of each character impact component present in aqueous phosphate buffered solution (0.5 M; pH 5.0).

€ Not determined.

The interaction of thiol and disulfide flavour compounds with food components has
been studied by Mottram [25], who indicated that these compounds undergo redox
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reactions with proteins. Hofmann [26] and Guth [27] reported model studies on the
oxidative stability of odour-active thiols and disulfides, respectively. Eisenreich [28, 29]
has reported studies on antioxidative activities of volatile sulfur-containing heterocyclic
compounds confirming their reactivity in free-radical oxidation reactions.

The study described in this paper was designed to determine the (in)stability of the
most important character impact components in an aqueous solution of the model
process flavour described by Hofmann [20, 21], and to investigate why some of the
character impact components are unstable.

The stability in an accelerated storage test at 50°C of some important flavour
compounds in the aqueous model process flavouring is shown in Table 10.1
(entry 1) [21,22]. MFT was found to be the most instable component. The
furanones 4-hydroxy-2,5-dimethyl-3(2H)-furanone (HDF) and 3-hydroxy-4,5-dimethyl-
2(5H)-furanone (sotolone) were relatively stable. Furthermore, an interesting observation
was the fact that there was almost no difference between storage of the aqueous model
process flavouring under air or argon atmosphere (data not presented here), probably
due to an anti-oxidative effect of the matrix. The anti-oxidative properties of the matrix
components cysteine and products formed in the Maillard reaction are well known.
Entry 2 shows the results obtained from a storage experiment of a reconstituted mixture
of flavour compounds in aqueous solution, using concentrations that are approximately
ten fold higher than in the original process flavour. The concentrations were increased
to allow more facile analysis of the components of interest.

We anticipated that the presence of residual cysteine and/or ribose could have an
effect on the stability of some of the character impact components of the model process
flavour. The effect of additional cysteine and ribose on the stability of the flavour
impact components was therefore investigated in the reconstituted mixture (entries 3-5).
Residual cysteine and ribose concentrations were determined in a freshly prepared model
process flavour, and were found to be 15 mM, and 25 mM, respectively.

Entries 3 and 4 of Table 10.1 show the results obtained when the reconstituted mixture
was exposed to accelerated storage conditions with addition of ribose and cysteine,
respectively. Comparison of entry 2 with entry 3 shows that ribose addition has no effect
on stability. A stabilizing effect of the addition of cysteine was clearly present (entry 4).
Comparison of entry 4 with entry 5 shows that, when both ribose and cysteine are present
(entry 5), an even larger stabilizing effect on MFT and the furanones can be observed,
than with cysteine alone.

Because of the stabilizing effect of cysteine on the model process flavouring, the stability
of the reconstituted aqueous mixture with character impact components in concentra-
tions of 50 wM was investigated at various cysteine concentrations. Figure 10.2 shows
the stabilities of MB, FFT and MFT at various cysteine concentrations. Interestingly,
the decrease in concentration of MFT versus cysteine concentration graph has a clear
minimum, which is different from what is observed for MB and FFT. The stability of
MFT shows an optimum at a cysteine concentration of around 50 mM.

Based on these results, we suggest that the observed stabilization of MFT by additional
ribose (see Table 10.1; entries 4 and 5) was caused by the decrease in the cysteine
concentration due to the formation of the thiazolidinecarboxylic acid derived from
cysteine and ribose. The actual concentration of cysteine after addition of ribose (250 mM)
will be lower than 150 mM, as a result of the formation of this thiazolidinecarboxylic acid.
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Figure 10.2 Stability of a reconstituted model process flavouring: influence of cysteine at pH 5.0 (0.5 M
phosphate).

The results shown in Figure 10.2 suggest that the mechanism of degradation of MFT
in the presence of cysteine is slightly different from that of MB and FFT. Apart from an
oxidative degradation pathway via (mixed) disulfide formation, another pathway leading
to non-volatile or polar degradation products by reaction of MFT with a.o. cysteine may
be possible, which would account for the decreased stability of MFT at higher cysteine
concentrations.

Evidence for the exceptional reactivity of MFT came from the storage of a mixture
of only the three thiols, MB, FFT and MFT, in phosphate-buffered solution (0.5M; pH
5.0) in the absence of cysteine. The amount of MB and FFT at the beginning was equal
to the total amount of both thiols and (mixed) disulfides at the end of storage. This was
absolutely not the case for MFT. After storage, a large amount of MFT was not detected,
neither as thiol nor as (mixed) disulfide, when GC was used as analytical tool. When the
same experiment was performed with 2,5-dimethylfuranthiol (DMFT), instead of MFT,
the total amount of DMFT at the beginning was equal to the total amount of both DMFT
and (mixed) disulfides at the end of storage (data not presented).

We think this can be explained by the greater ability of MFT to undergo oligomer-
ization/polymerization. We know that MFT easily undergoes polymerization, when stored
neat at ambient temperature, as some of the commercial samples already contain consid-
erable amounts of polymeric material. Therefore, we hereby propose a hypothetical
mechanism for the polymerization of MFT, as shown in Scheme 10.6, which can explain
these observations. Protonation at the 2-position leads to an electrophilic species, which
would easily react with a nucleophile. As the thiol group of MFT is a good nucleophile,
protonation would catalyse dimerization/polymerization. Apart from the reaction of MFT
with itself, other thiols, when present in a large enough concentration, could react as
well, e.g. cysteine. This mechanism could explain the different effects of the cysteine
concentration on the stability of MFT in comparison to other thiols such as MB and
FFT (Figure 10.2). In the case of DMFT, polymerization at the 5-position would be more
difficult due to steric hindrance caused by the 5-methyl group.
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Scheme 10.6 Proposed mechanism for polymerization of 2-methyl-3-furanthiol.

If the left-hand part of the mechanism is of practical importance, coupling with other
thiols would be expected as well. Since in the reconstituted mixture experiments no
loss of the other thiols was observed, we must conclude that this part of the proposed
mechanism is not significant.

To confirm our hypothesis of the degradation mechanism of MFT in aqueous solution,
a deuterium exchange experiment with MFT was performed. Using '"H-NMR, some
proton—deuterium exchange was observed at the 4-position, but to a much larger extent
at the 5-position (Figure 10.3) when MFT was kept in CH,OD solution containing DCI at
room temperature. This is in agreement with the preference of electrophilic substitution
at the position next to the hetero-atom of aromatic heterocycles. However, except for
the formation of the corresponding disulfide, no evidence for the formation of dimers
was found, as was expected according to the mechanism in Figure 10.2. An explanation

H SH

4 3
5-position: H/D-exchange of 85% 5 / \ 2
H o CHjy
(thiol/disulfide 5-6/1) ]

4-position: H/D-exchange of 10%

Figure 10.3 Deuterium exchange experiment with 2-methyl-3-furanthiol in CH;OD/DCI for 64 days at
room temperature.
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for this could be that in the model NMR experiment a methanolic solution had to be
used instead of an aqueous phosphate buffered (0.5 M; pH 5) solution.

To obtain deuterium exchange data for the 2-position of 3-furanthiols, the synthesis
of 3-furanthiol was performed according to Scheme 10.7 [21]. Deuterium exchange
experiments with this compound could provide evidence for the proposed mechanism
of the degradation of MFT (4). Some difficulties were encountered during the isolation
of 3-furanthiol. The purity of the isolated compound was not satisfactory (‘H-NMR),
possibly caused by the inherent instability of 3-furanthiol.

Br Li (1) 89 H SH H , 5/S S\g oM
o) o H o H H 0, H H o H
3-Furanthiol Bis(3-furanyl) disulfide

Scheme 10.7 Synthesis of bis(3-furanyl) disulfide.

However, bis(3-furanyl) disulfide was isolated in a pure form and was used for the
deuterium exchange experiment. The high exchange rate at the 2- and 2’'-positions was
remarkable, when compared to that of the other positions (Figure 10.4). The preference
for exchange at the 2- and 2’-positions is the result of the directing and activating effect
of the S-atom linked to C-3 and C-3'. These results suggest that 2-protonation is facile in
MFT, and is possibly a crucial step in the degradation of MFT, as shown in Scheme 10.6.
Addition of nucleophiles to the 5-position of protonated MFT will most likely proceed
via an ionic mechanism. Nevertheless, other mechanisms (e.g. a radical mechanism)
could play a role in the degradation of MFT.

Bis(3-furanyl) disulfide: deuterium exchange in CH;OD/DCI (8 days, RT):
2,2’-position: H/D-exchange of 71%
4,4’-position: H/D-exchange of 17%
5,5’-position: H/D-exchange of 10%

Figure 10.4 Deuterium exchange experiment with bis(3-furanyl) disulfide.

The data presented indicate that in meat process flavours, based on cysteine and
ribose, 2-methyl-3-furanthiol is the one of least stable character impact components.
The instability is not due to disulfide formation, but appears to result from electrophilic
coupling reactions, resulting in products that cannot be detected by GC. H-D exchange
showed that H-5 exchanges much faster than any other proton in MFT, suggesting
that the reactivity of the 5-position is responsible for the rapid decomposition of MFT.
This is in agreement with the lower stability of MFT in comparison with 2,5-dimethyl-
3-furanthiol. Residual cysteine stabilizes MFT and other thiols.
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10.8 Stability and fragrance applications

In the previous sections I have discussed the stability of flavour ingredients. However,
most of the comments made can also be applied to fragrance applications. Of course,
there are some differences as well and they will be shortly commented here.

In foods the pH varies between 2.5 for beverages, like ice-tea and cola, and 6-7 in
naturally occurring foods. In fragrances, the pH range is much broader as acid cleaners
have a pH as low as 1, and a bleach-containing detergent can have a pH as high as 12.
A list is shown in Table 10.2. Therefore, the stability requirements for fragrance molecules
are more severe. Citral is also here a nice example. Citrus smell is also desired in air
fresheners and WC-cleaners. In WC-cleaners citral is not stable. Fragrance ingredients
suppliers are still looking for stable citral replacers. Currently the nitrile analogue of
citral is used but this molecule lacks the freshness of the natural citral and smells more
‘synthetic’. Other molecules have been suggested (Figure 10.4) but none of them is the
ideal replacer.

Table 10.2 pH range of fragrance-containing

products

Application pH
Acid cleaner 1
Cream rinse 3.5
Toilet cleaner 4
Deodorant stick 4.3
Fabric softener 4.5
Deodorant pump spray 6.6
Eau de Toilette 7.1
Hand cream 7.5
Liquid detergent 7.8
Shampoo 8.3
Talc 9.7
Bar soap 10.2
All purpose cleaner 10.4
Detergent powder 10.9
Compact detergent powder 11
Liquid bleach 11

This brings us to the second difference between flavours and fragrances: flavour
molecules must be stable for a year as a maximum, fragrance molecules must be stable
for at least five years. So also here, fragrance molecules need to survive more severe
conditions.

Precursors, as they are usually called in flavours, or pro-perfumes, as they are usually
called in fragrances, sometimes can have the same release trigger. A (nature-identical)
acid-instable citral-precursor (suppose it would exist) can be used in ice-tea and in an
acid cleaner. In pro-perfumes light is also considered as a release trigger as the perfume
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in a fabrics detergent is fully exposed to sunlight when the cloth is worn. In flavours,
this would not work since food is never very long exposed to light (suppose again that a
nature-identical precursor could be found).

The third difference is the production scale of flavour and fragrance molecules. A yearly
production of over a tonne is quite a lot for a flavour molecule, and for fragrance
molecules several tens of tonnes are usually produced. This has quite an influence on the
production capabilities.

The fourth difference is the way a molecule is considered safe. In Europe a flavour
molecule must be NI and in the US a flavour molecule needs to be GRAS (generally
regarded as safe). For fragrance molecules the main requirement is that they do not cause
allergic reactions. Moreover, the biodegradability needs to be investigated.

So, although the fragrance molecules must obey very many different requirements,
fragrance scientists have a much greater flexibility in the choice of the molecules they
make, compared with the flavour scientist. Any molecule that has the right smell, is
stable in aqueous ethanol solution, is non-allergic and is biodegradable, can be used.
In flavours, the European requirement for natural occurrence limits the possibilities of
the flavour chemist in his choice of molecules. A good example here is the group of
molecules that smell like musk [30]. Originally, natural musk molecules like muscone
(see (5), (6), (7)) were used but these molecules were extracted from animalic sources
and therefore were very expensive. At the end of the ninteenth century nitro-musks were
found and used for commercial purposes but they turned out to be allergenic. In the
1950 a new class of musk compounds was introduced, the polycyclic musks (see (5), (6),
(7)), and they quickly replaced the nitro musks. However, the polycyclic musks were not
very biodegradable and the fragrance industry is now focused on making the natural,
macrocyclic musks on a commercial scale synthetically.

10.9 Conclusion

The aim of this chapter was to show the huge amount of requirements flavour and
fragrance molecules must have before they can be used in commercial preparations. For
flavour and fragrance scientists, this is a very interesting and challenging time as these
molecules are not easily found. As new European food laws focus on safety as the main
requirement for a flavour molecule, the development work for new flavour and fragrance
molecules will become more similar.
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Chapter 11
Rational Odorant Design

Luca Turin

11.1 Introduction

From its beginnings in the mid-nineteenth century, synthetic organic chemistry has
discovered vast numbers of odorant molecules. The advantages of synthesis in cost and
purity, as opposed to extraction, were apparent from the first. Houbigant’s Fougeére
Royale (1881), thought to be the first fragrance containing a synthetic material, set a
pattern for most great fragrances to follow; a skilful mixture of the natural (oakmoss)
and the synthetic (coumarin) respectively, giving complexity and power per unit cost.
(Fougere Royale can be smelled at the Osmotheque, the perfume museum attached to the
ISIPCA school, in Versailles.) Synthetic coumarin added nothing new to the perfumer’s
palette, since the natural material was readily available and very pure already, though
not cheap. The discovery of the ionones [1], by contrast, went further by replacing
fabulously expensive naturals (violet flower absolute) by cheap aroma chemicals. A few
years earlier, nitro musks [2] had gone further still and added an entirely new type of
smell (the powdery musk) to the perfumer’s palette. From then until today, the cheap
and the new have been coming out in a continuous stream from the few, and getting
fewer, companies involved in odorant discovery. The perfumer’s palette now consists of
approximately 4000 raw materials, approximately half of which are synthetic. How were
they found? Five types of discovery processes account for all but a handful of materials.

(1) Grind and find Evolution’s “four billion year R&D programme” has developed
thousands of molecules chiefly intended to be attractive to animals. The fact that
we share their tastes (particularly those of pollinating insects) to some extent has
been a blessing to the fragrance industry. Analysis of the components of rose oil, for
example, has yielded hundreds of interesting compounds (the damascones [3], in
addition to its main components, phenylethyl alcohol, eugenol, geraniol and citral).

(2) Imitation and development Chemists are not bound (or helped) by the rules
of biological synthesis, elegant though the latter are. Once a natural molecule is
identified by painstaking analysis, synthetic organic chemists can design dozens,
sometimes hundreds of variations, hoping to find some that are either interesting
and cheap (e.g. seco-ionones [4]), or irresistible and expensive (ambrox [5]).

(3) Serendipity Synthetic organic chemistry is an art as well as a science, and the
surprises are sometimes more interesting than the intended result. Famously, Baur’s
nitro musks were originally intended as explosives. But chance only favors the
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prepared mind, and someone has to notice the serendipitous result. Materials like
Osyrol® [6] and Karanal® [7] are the result of chance discoveries by fragrance
chemists, followed by recognition and careful analysis.

(4) Brute force The availability of combinatorial chemistry methods from the pharma-
ceutical world [8] opens up the possibility of making novel odorants by mass
synthesis. The usefulness of this method is limited by the necessity to assay each by a
nose, and the difficulty in making sure that the main component, not some impurity,
is responsible for the smell. There are a number of cases where trace impurities have
proven to be the key odorant material, not the “named” product, and this has led
to the discovery of important compounds. This approach is in its early days.

And lastly,

(5) Rational design In order to design odorants rationally, one needs to have some
understanding of how smell character is written into the molecule. Odor character
belongs to biology, i.e. it is a property of the molecule as perceived by the nose.
Unlike the four previous approaches which relied on chemistry alone, this approach
will only be as good as our understanding of human olfaction. Unfortunately, the
latter is still sketchy, and as a result very little has been done in this area. Since this
is the subject of this article, a brief review of olfactory reception is in order.

11.2 Theories of olfaction

For obvious reasons, in its early days, understanding of olfaction could not progress faster
than that of molecular structure. Early theories of olfaction were mere speculation, and
often assumed fanciful physical mechanisms such as rays emitted by odorant molecules,
etc. In the late 1920s, one is surprised to find G.M. Dyson still patiently explaining to an
audience of fragrance chemists the notion that there is no action at a distance involved
in smell [9]. In 1946, an article by Linus Pauling [10] first hypothesized that shape was
responsible for molecular interactions, and that the recognition of odorants was just one
example among many. The idea was taken up by Moncrieff [11] and Amoore [12] two
years later and its modified and refined form survives to this day. What has changed in
the intervening years is that we have gained a large database of odors and structures, and
a vastly better understanding of the ways in which a ligand can interact with a receptor.
What has not changed, however, is our ignorance of the exact structure of the receptor,
which makes proper modeling of SORs virtually impossible.

Nevertheless, until recently, a poll among specialists as to what gave a molecule its
odor would have elicited a uniform answer — “shape” [13, 14]. By molecular shape is
meant the location in space of the atoms of the molecule. By convention, with some
sacrifice of physical realism, this usually means the lowest-energy position of the atoms,
as determined by a suitable quantum chemistry computational package. The effect of
molecular flexibility will be discussed below.

Until 1991, when the receptors were finally discovered [15], studies of the relationship
between molecular shape and odor were made without reference to the biological sensor.
The discovery that the olfactory receptors were seven-transmembrane helix proteins
(7-TM) finally brought this problem into focus. When probed by a biological system,
shape now translates into the sum total of all the repulsive and attractive interactions
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that a molecule feels when bound to a receptor: exchange repulsion plus hydrogen bond
donors and acceptors, lone pairs, etc. The discovery of the receptors was widely expected
to confirm the prevailing “shape” theory and to reduce odorant design to a branch of
rational drug design. However, several unexpected factors intervened.

The first was the revival [16] of a hitherto discredited contender among olfaction
theories — vibration. Dyson [17] and, later, Wright [18] had argued that there was a
better correlation between the odor of a molecule and its vibrational spectrum than
between odor and shape. After proving remarkably hardy in the face of opposition, this
idea abandoned the field in the late 1970 when (a) it became clear that some enantiomer
pairs have different odors (and identical vibrations when measured by a conventional
spectroscope) and (b) the proponents of vibrational theories failed to come up with
a mechanism by which vibrations might be sensed by a biological system. Turin [16]
showed that both problems could be addressed and solved, at least in principle, and put
this long-forgotten contender back into the arena.

The second was, in retrospect, that part of the attractiveness of “shape” theories (there
are two variations, to be discussed below) lay chiefly in the absence of competition.
The effect of this scientific “one-party system” was to discourage a critical look at shape
theory itself. The revival of vibration theory, regardless of its intrinsic merits, has led to a
critical re-examination of shape theory in the light of (a) new experimental evidence on
receptor selectivity (b) a large number of discrepant facts which had accumulated over
time and (c) the growing realization that since nobody seemed to be designing odorants
rationally by shape, the theory could not be that good. Turin and Yoshii [19] set out the
pros and cons of shape and vibration theories in a recent review. Their arguments, and
others which have recently come to light, will now be summarized.

11.2.1 For shape

(1) Plausibility Most-known molecular recognition mechanisms (including, it now
appears, a classic exception — general anaesthesia [20]) require a fit between receptor
and agonist, enzyme and substrate, or antibody and antigen. In receptor mechanisms,
this fit is not, as it is for enzymes, a prelude to chemistry, but the very event that
(sometimes) leads to receptor activation.

(2) The nature of the receptors The fact that olfactory receptors are 7-TM proteins
linked to a G-protein cascade suggests that a shape-based mechanism similar to, say,
that of other 7-TM types such as adrenergic receptors and rhodopsin [21] is a good
place to start.

11.2.2 Against shape

(1) No predictive ability Note that I refer here to predictions of odorant character,
not intensity. As pointed out in a recent review [19], intensity has everything to do
with molecular shape, and some good correlations have been found. Odor character
is a different story; despite 150 years of fragrance chemistry and a vast database of
odorants, structure—character relations are still in “a sorry state” [14]. Reviews [13]
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(2)

(3)

(4)

(5)

of SORs are essentially catalogues of exceptions. Accordingly, discovery of odorants
is still “empirical”, i.e. proceeds by trial and error. Claims of odorant discovery by
“rational” design based on shape are rarely backed up by disclosure of the complete
set of odorants tried before hitting the correct one.

Isosteric molecules smell different There are many examples in the literature of
molecules of very similar shapes having very different smells. The most striking is
undoubtedly the series of molecules investigated by Wannagat and coworkers [22]
in which carbon was replaced by Si, Ge and Sn. Despite possessing very similar
geometries, these molecules smell different, and not only between C and Si, but also
between Si and Ge or Sn where the size change is a great deal smaller.

“Strong” shape looks unlikely In “strong” shape theories, every odorant fits one
receptor with very high affinity and the others with little or not at all. This one-
odorant, one-receptor idea is incompatible with the fact that there are many more
(tens of thousands) known odorants, each of which has a distinctive odor than
receptors (347 according to the latest count [23], some of which may in fact reside in
other tissues). Further, whenever they have been tested, and with only few exceptions
so far, odorant receptors appear to respond to a broad spectrum of odorants [24].
“Weak” shape appears untestable “Weak” shape comes in two versions. The first
is “odotope” theory, wherein parts of the molecule are felt by the receptors and the
odor, like the proverbial elephant described by blind observers, is the sum of the
parts. The other is a low-affinity theory in which odorants are “swallowed whole” by
the receptors, but, on average, offer a poor fit. Once again, the pattern of receptor
activation determines odor. But odotopes are “hidden variables” and hard to infer,
and receptor structure remains unknown at the kind of resolution needed to make
sense of structure—odor relations. Further uncertainty is added by the conformational
flexibility of the vast majority of odorant molecules, which makes odotopes literally
moving targets. It is hard to think of a conclusive experiment to test these theories.
This does not mean that they are false, but weakens, in principle, the case that can
be made in their favor.

The chiral receptor problem Weak and strong shape theories suffer from a problem
due to the chiral nature of both the odotopes and the proteins which detect them.
Consider an odorant bearing four (generally chiral) odotopes. It will be perceived by
four (generally chiral) receptors, and the receptor activation pattern will determine
odor character. Now consider the enantiomer of the odorant; each of the four
odotopes will (generally) give a poor fit to the original receptors, and as a result, the
enantiomer will be “recognized” by a different set of receptors.

One would therefore generally expect enantiomers to have completely different
smells. This is emphatically not the case. In a compilation of 277 known enantiomer
pairs [25] 59% are found to smell similar (one descriptor in common), 5% “identical”
(all descriptors in common), 17% different (no descriptors in common) and the
remainder 19% are unknown. Even if all the unknowns turned out to have completely
different odors, however, the majority of enantiomer pairs would still smell similar.

Contrast this with the different picture from conventional pharmacology [26].
There, the difference in activity between eutomer [27] (the correct enantiomer)
and distomer (the incorrect one) is frequently marked. An example is R- and
S-propranolol which differ in potency on the beta-adrenergic receptor by a factor
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(6)

(7)

of 130. This case resembles the odorant enantiomer pairs which differ in intensity,
though the problem for odorants is raised to the Nth power if odorants activate N
different receptors. But frequently, a pattern with no parallel in smell is found; for
example, the enantiomers quinine and quinidine have different actions altogether,
respectively, antimalarial and anti-arrythmic, while (+) and (—) dobutamine have
opposing actions (agonist vs antagonist) on the same receptor. This brings up the
following related problem.

No odorant antagonists have been found A fundamental feature of shape-based
pharmacology is the existence of antagonists. The mechanism by which receptor
antagonists work is thought to be that they bind more tightly to the “off” than to
the “on” state of the receptor [28]. Frequently, the difference in structure between
agonists and antagonists is small, amounting to as little as the replacement of one
hydrogen by a fluorine atom. To my knowledge, no such molecule has ever been
found in the case of odorants. If it existed, it would not be hard to notice. Imagine
a molecule derived, from, say, santalol, which had a weak (sandalwood) smell of its
own or no smell, but which prevented you from smelling santalol alone for some
time thereafter, or when mixed with it. The fact that no such thing has been found
in any odor group indicates either that (a) there is a problem with the shape idea,
(b) for some unknown reason the on—off states of smell receptors differ from those
of others or (c) we haven’t looked hard enough.

We smell functional groups This puzzling feature of human olfaction has so far
defied explanation. The most striking instance, and the best-known, is the -SH
(thiol, mercaptan), which imparts to any molecule, regardless of its shape, a character
appropriately called “sulfuraceous”. Less familiar, but equally easy to detect by trained
observers, are the smells of nitriles, oximes, isonitriles, isothiocyanates, etc. [29].
What makes this remarkable from a molecular recognition point of view is that
these functional groups constitute the smallest odotopes, capable of making only
one, at most two hydrogen bonds. How this translates into unfailingly accurate
detection is hard to understand. For example, the fact that -OH (alcohols) never smell
like -SH (thiols) at any concentration is hard to reconcile with known molecular
recognition mechanisms. Again, the comparison with conventional pharmacology
is telling. There, substitutions designed to modify binding to a given receptor are
legion. For example, thiobarbiturates, where the purine carbonyl is replaced by a
thiocarbonyl [30], and fluorinated benzodiazepines behave similarly to the parent
compound. A chemist colleague humorously summed up this molecular recognition
puzzle by saying “It’s easy, sulfur is yellow and oxygen red.”

11.2.3 For vibration

(1)

Functional group recognition As any IR spectroscopist knows, functional group
recognition from their distinctive stretch frequencies is straightforward [31]. The
most remarkable instance of this is once again the -SH group which has a “unique”
stretch frequency signature around 2550 wavenumbers. A prediction from the
vibration theory is that any other group possessing the same vibration frequency
should smell sulfuraceous. This is the case; only the B—H stretch vibration of boranes
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(2)

(3)

(4)

(5)

falls in the same range, and boranes alone, among all compounds known to date,
smell sulfuraceous, as was noticed as early as 1912 by Stock [32], the first to synthesize
most of them. There is, of course, very little in common between BH and SH in terms
of chemistry. Further, a vibrational theory accounts for similarities in smell between
molecules. The well-known replacement of nitriles for aldehydes, for example, is
understandable by the proximity of their stretch vibrational frequencies.

Isosteric molecules accounted for In the case of the C-Si-Ge-Sn series, for example,
the big differences in smell, despite similarity in shape, are easily accounted for, because
almost every molecular vibration will be affected by the large changes in mass.
Isotopes smell different (maybe) The ultimate test of a vibrational theory is a pair
of molecules differing markedly in vibrations and not at all in shape. This theoretical
goal is in fact impossible to attain. Zero-point molecular motion will always differ if
two molecules have different vibrations, which means that the average “shape” will
differ slightly. Nevertheless, one can come pretty close using isotope substitutions.
The substitution of deuterium (mass 2) for hydrogen (mass 1) has the largest relative
effect on vibrations involving H atoms, typically the various modes involving CH
bonds. The experiment requires that the isotope substitution takes place on (a) non-
exchangeable protons; otherwise D will exchange with H rapidly in the nose, (b)
hydrogens not involved in H bonds, because these will be slightly affected by substi-
tution. Remarkably, there is good evidence that insects and fishes can tell isotopes
apart. Recently, a test on human subjects using fully deuterated benzaldehyde showed
that subjects could tell it apart from the undeuterated form. Though tantalizing,
these experiments suffer from the difficulty of making sure that small amounts of
impurities are not affecting the smell. A GC-smelling test of deuterated acetophenone
revealed a (small) difference with normal acetophenone [16]. The ideal would be a
combination of GC-smelling and large observer set with randomized trials. Such an
experiment is planned for the near future.

Enantiomers accounted for (differently) In a vibrational theory, the diversity of
receptors is due to them having to accommodate a vast number of unforeseen
ligands. Nevertheless, drawing a parallel from color vision, one may expect these
receptors to fall in a small number of classes spanning the vibrational spectrum, each
class approx. 400 wavenumbers in width. Turin [16] has argued that the number of
classes is probably less than 10. For enantiomers to smell identical, they would have
to stimulate each receptor class to the same average extent. In the limit of an infinite
number of receptors, therefore, all enantiomers would smell identical because they
would always, in each class, find a receptor to which they bind equally tightly. But
humans have 347 olfactory receptor types. Neglecting the possibility that some may
not be in the nose at all, assume that each spectrum region is equally represented.
That gives ca. 30 receptors per class to bind efficiently with the tens of thousands
of known odorants. This line of reasoning leads to a surprising conclusion; the
smell differences between enantiomers are a manifestation of the imperfection of
the system. Turin [16] has suggested a mechanistic explanation of the difference in
smell between the enantiomers of carvone. Given that a majority of enantiomers
smell similar, the system is doing remarkably well. This idea nevertheless implies the
existence of limits on odor prediction (see below).

The chiral limit An advantage of vibrational theory is that it makes no recourse
to “hidden variables” like odotopes. Molecules with similar vibrational spectra as
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perceived by the nose should smell similar. Vibrational frequencies can be calculated,
and an educated guess can be made of mode intensities perceived by an IETS
spectroscope. This approach has been used to predict the smells of existing, well-
documented odorants, with some success [33]. More recently, a much-expanded
version has been used by Flexitral to predict novel odorants successfully.

The discussion in “Enantiomers accounted for (differently)”, however, raises an
interesting problem. Enantiomers must still bind to receptors, and from that stand-
point, enantiomers are as different from each other as any two molecules can be.
Therefore the probability, given a particular molecule with a particular odor, that
a structurally unrelated one with identical vibrations will smell the same cannot be
higher than for enantiomers, i.e. 5% or so, a fraction we call the “chiral limit”. This
problem will crop up whenever one is trying to improve on a known odorant and
modify its chemical properties without altering its smell. It is probably best in that
case to look for structural modifications that change shape as little as possible as well
as preserving vibrations.

11.2.4 Against vibration

(1) Mechanism novel and unproven Turin [16] proposed that the receptors detect
vibrations by a solid-state mechanism involving inelastic electron tunnelling. While
the different parts of the mechanism involve only plausible chemistry and physics, it
is fair to say that there is to date no direct evidence in favor of (or, for that matter
against) this idea. The olfactory receptors are sufficiently different from other 7-TM
receptors to make it at least possible that they have diverged to take advantage of this
remarkable possibility. Experiments designed to test this idea directly are of course
possible, but none have so far been devised.

(2) Inability to account for odorant intensity A feature of a vibrational theory is that
to a first approximation, all molecules will have vibrational spectra of comparable
intensity. To be sure, larger molecules will have more modes, and groups bearing
intense charges may give larger peaks, but intensity differences of no more than a
factor of, say, three can be accounted for in this fashion. Needless to say, this will
not account for the range of odorant intensity which spans at least seven orders of
magnitude. As Turin and Yoshii [19] have discussed, vibrational theory is a theory of
odor character only. This means that odorant intensity is not part of odor character,
and can only be due to the more or less tight binding of the odorant to the receptors.

11.3 Rational design by shape

If one narrowly defines “rational” to mean quantitative, then very little rational odorant
character design by shape has been done to date. A recent comprehensive review of
fragrance chemistry [14] illustrates odor classes with diagrams of 3D olfactophores (struc-
tural features necessary to a given odor type) obtained using Catalyst software. While
emphasizing the use of “modern molecular similarity techniques”, they nevertheless
conclude that the finding of a new odorant is “based almost exclusively on a broad
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chemical knowledge, experience, fantasy and instinct”. While these tools are arguably
rational, they are certainly not quantitative. In general, it is hard to assess the success rate
of shape-based synthetic programs for odorant discovery, for two reasons. First, successes
are more likely to have been reported than failures. Second, even when the research is
performed by one of the major manufacturers, it seems that researchers do not compare
the “successful” shape to their extensive (proprietary) databases of molecular structures
to see whether counterexamples can be found.

The evidence is therefore fragmentary. Many “rules” for the design of odorants, e.g. the
triaxial rule for ambers [5], and steric rules for sandalwoods [34] have been described over
the years, but they seem to be of limited validity insofar as counterexamples can always
be found [13]. Similarly, structural changes which frequently leave odor “unchanged”,
such as the isobutenyl-phenyl replacement [34] have been described, but it is not clear
how general they are. Turin [33] has argued that some can be accounted for vibra-
tionally. A celebrated study by Sestanj [4] was among the first to report the successful
(qualitatively) rational design of violet odorants (seco-ionones) by excision of half of the
cyclohexene ring. A similar qualitative approach has been followed by Rossiter [35] in the
design of muguet aromachemicals. This was followed more recently by a comprehensive
study of violet odorants [36], in which, shape similarity was used to achieve successful
predictions of novel violet molecules. The data in the latter study has been re-examined
by vibration theory [33], and a reasonable fit of vibration theory to the published odor
data was found, suggesting that the correlation between structure and odor may in this
case go via vibrations.

By contrast, the relationship between odorant intensity and shape is well documented
[13]. Most early studies took a classical QSAR approach, and used statistical techniques
to fit the intensity of the odorants to a variety of molecular descriptors. More recently,
greater attention has been paid to biologically plausible receptor-binding mechanisms.
In particular, though it clearly does not constitute the whole answer [19], the notion
first proposed by Turin [16] that binding to a zinc ion in the receptor is an important
factor in odorant intensity is gaining ground [37, 38]. Although the 3D structure of the
receptor is still unknown, recent studies have given more emphasis, than in the past, to
the involvement of frontier orbitals Recent studies of musks [39], for example, appear
to support the idea that odorant intensity depends on the position and prominence of
certain electronic features. In view of the remarkable computational power now available
on desktop computers, this area is clearly ripe for extensive study.

11.3.1 Rational design by vibration

Few things are more exciting (and, it must be said, scary) to a scientist than a chance
to put theory to the test in practical use, all the more so since it is unusual for a theory
to be reduced to practice before being validated scientifically. The creation of Flexitral,
Inc. by private investors early in 2002 afforded me this opportunity. What follows is a
progress report on our vibrational approach to rational odorant design, as candid as is
compatible with the necessity to protect intellectual property. A description of an early
attempt at calculating odor character has been given [33]. The research effort at Flexitral
greatly extended and refined this approach, with equal emphasis on both character and
intensity prediction.
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11.4 Replacement molecules

Regardless of their merits and the soundness of the public-health strategy on which they
are based, regulatory requirements are a fact of life for the fragrance industry. Recently,
a number of staple aroma chemicals, among which are citral, isoeugenol, Lyral®, etc.,
have appeared on a list that advises restricting their use [40]. This is not a tragedy for
perfumery; perfumers, like artists in general, are very adept at getting around regulations
(think of piano concertos written for the left hand). Nevertheless, there is a pressing need
for replacement molecules, particularly to be used in existing (legacy) fragrances.

11.4.1 Acitral®

Flexitral began with a conversation with flavorists in September 2001 that made us aware
of the need for an acid-stable lemon. Citral (1), the main character-impact molecule of
lemon oil, is unstable in acid media (e.g. lemonade) and cyclizes quite rapidly (weeks) to
unpleasant-smelling compounds. The origin of this instability resides in the tail double
bond of citral, and any replacement should seek to replace that feature with another that
preserves odor as far as is possible. In the search for possible replacements, we came across
the interesting possibility of replacing a double bond with a cyclopropane ring. Givaudan’s
Javanol® (2), a very powerful and superb-smelling sandalwood material, is derived from
(3) by cyclopropanation. Bajgrowicz et al. [41] attribute the similarity in smell to the
cyclopropane ring being “bioisosteric” to a double bond, though the exact meaning of
the word is not defined. To be sure, there are interesting chemical similarities between
cyclopropane rings and double bonds, not least the ability to conjugate to neighbouring
carbonyls, etc. These similarities have led cyclopropane rings to be informally du