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Abstract

The practice of barrel aging of spirits has been used for centuries. It legan as an
alternative storage and transportation method, but aging in an oak cask isnow
exclusively used as a means to impart flavor to the spirits. Oak wood is the
wood of choice for barrel making , not only for its physical characteristics that
lend itself to manufacturing a barrel, but also for its unique chemical properties
that impart key flavors to aged spirits. Oak aging of spirits develops flavor in a
number of different ways, all which contribute to a wide range of odor
descriptions, creating the complex flavor with which we are familiar. Extensive
research has been performed onoak wood and oak aged spirits; however, the
identity of the component (s) responsible for the ? b O Qiacnse? flavor attribute
of age spirits was, prior to this investigation, unknown. Experiments were
conducted in order to unambiguously identify a compound responsible for a

? b O OiBc&nse? odor note in oak aged spirits. The target compound was
isolated from oak wood chips followed by several purification steps, as well as
the use of a custom built GC-MS/olfactometry system equipped with a heart -
cutting system/internal CryoTrap which enabled the acquisition of an
interpretable electron-impact mass spectrum (BH-MS) for the compound. The EI-
MS revealed that the unknown target compound possessed a molecular weight
of 218 A thorough investigation of naturally occurring organic compounds
having a molecular weight of 218, along with deducing the nature of the
functional groups on the molecule, indicated humerous compounds as possible
candidates. Most of these compounds were found to occur naturally in a number
of roots, spices, oils, and herbs which were subsequently analyzed. Results of
the analyses revealedthat the compound was most likely the sesquiterpene

ketone 5-isopropenyl -3,8-dimethyl -3,4,5,6,7,8hexahydro-1(2H)-azulenone, or



rotundone . This identification was confirmed by comparison of UT 1 WEOOx OUOE z Uw
EI-MS and GC retention indices against those of authentic rotundone obtained

by chemical synthesis. The next question addressd was whether this compound

is present in oak aged spirits. Accurate quantifi cation of this trace level target

compound was done by stable isotope dilution analysis (SIDA) . The presence of
rotundone in different aged spirits including bourbons, rye, scotch, whiskey,

rum, and tequila was demonstrated. Trends in aging were established, showing

that rotundone increases with aging time; however, its quantity may also be

influenced by other factors as there wasa clear brand to brand variation.

Interestingly, rotundone was also found in un-aged (silver) tequila, which

suggests that the compound may also be present in the agave plant. Reaults of
guantification of all potent odorant in bourbons, aged 4, 8, and 12 years and

calculation of their odor activity values (OAVs) demonstrated UOU UOQOE OOI z Uw
importance to the overall flavor of bourbon. From the quantification data some
interesting trends were established that demonstrate some effects of barrel aging.

OAVs are used asa gauge for potency and, generally, any compound with an

OAV above 1, provides evidence of whether a compound is important. With an

OAV of 42.8to 56.6, rotundone lies well above this requirement and is among the

top 10 odorants quantified in these samples. Thus, it is concluded that rotundone

is an important contributor to the flavor of these aged spirits
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Chapter 1: Introduction

?2300wWOUET woOi wedbaUl pOT wPUWEWEEEwWUT DOT OWEUOwWUOO
(Mark Twain). Distilled spirits are heavily ingrained into society and have enormous
sociological, anthropological, and economical implications. Whiskey, in particular, is
legally defined as a fermented mash of grain that is distilled and must be stored in oak
containers (Code of Federal Regulations). The practice of oak barrel aging has been
used for centuries in the production of distilled beverages and wine. Although the
identity of the inventors and date of development is uncertain, the most recent evidence
indicates that the Celts were the first to use the wooden barrel around 900 BC (Preet
2012). Regardless of the exactrgins of the wooden barrel, to this day this practice is
still the main contributor to the flavor of whiskeys and nearly all other aged spirits.

The flavor characterization of alcoholic beverages has been as important to food
scientists as the cultural aspect of beverage alcohol is to historians. Due to the
significance of alcoholic beverages, both culturally and economically, massive grants
and whole institutes have been created to generate new scientific information to
understand the basis for the flavor and aroma of alcoholic beverages. One of the most
important historical advances in the manufacturing of alcoholic beverages is the
POYI OUPOOWEOEWUUEUI gUI OUwUUT wOil wOTl 1 whpOOET OQwEE
wooden cask, a large majority of alcoholic beverages are identified by and appreciated
for the flavor imparted to the product as a result of being aged in the cask. This step in
production is notably important as many alcoholic beverages have legal standards
regarding the use of the wood, the wood type, and the time of aging in the cask.
Although several wood types have been used, oak is almost always the wood of choice
for casks. While distilled spirits aged in oak casks rely heavily on the wood as the
primary source of flavor, products like wines and beers may also undergo barrel aging

to develop secondary flavorings. Focusing on spirits, the flavor of an un -aged distillate

1



has been extensively researched, uncovering flavors developed from the starting grain

as well as those that are lyproducts of the fermentation. Their flavors are considered to

be important to the overall product, contributing to hot/solvent -like, fruity, green,

sweet, and malty characteristics. Flavors derived from the fermentation of grains

include ethanol, fusel alcohols, acetates, and esters. These are present in all spirits;

however, the quantity and importance of each may vary (Cole et al. 2003).

?2 1TDOT wbUWEOOOT wUT T wOOUUwWPhOxOUUEOUWEOEWOOUUWE
(Mosedale et al. 1998). Statements such as these resound throughout relevant literature

and consistently indicate the importance that oak has on the flavor of aged distilled

spirits. Extensive reseach has been performed on both spirits and the oak wood itself.

However, there is a noticeable lack of understanding of the connection between the

woody attributes of aged spirits and specific wood -derived aroma compounds that

contribute to those flavors.

Oak cask aging post distillation develops flavor in several different ways, including: 1)

ethanolysis of the wood acids 2) lignin pyrolysis from charring the barrel and 3) direct

extraction of volatiles from the wood. These have a wide range of odor descriptions,

creating the complex flavor with which we are familiar. Originating from the wood, the

oak lactones,cis- and trans-¢-methyl -t-octalactone, are particularly important, even

EIl DPOT wOPEOOEOI EwUT T w?pPl PUOI a wOE E Ud3 Gocddwt OWE OE wb
OPOIl bww. UTT UWOEEUOOI-0GED O hk®@®E @Haach@itawE D OT w
u-decalactone andcis-6-dodeceno-trlactone. Additional wood extractives known to

damascenone, syringaldehyde, and vanillin. These provide clove, spicy, floral, smoke,

apple, sweet smoke and vanilla aroma notes, respectively. Ethanolysis of the wood

acids results in the formation of fruity ethyl esters like ethyl propanoate, eth yl butyrate,



ethyl hexanoate, and ethyl octanoate.(Conner et al. 1993, Conner et al. 2001, Piggott et
al. 2003, Poisson et al. 2008a, Poisson et al. 2008b, Lahne 2010).

Numerous studies have been conducted to better understand the flavor of aged spirits
(Otsuka et al. 1974, Nicol et al. 1989, Mosedale et al. 1998, Conner et al. 2001,
MacNamara et al. 2001, Demyttenaere et al. 2003, Madrera et al. 2003, Netto et al. 2003,
Piggot et al. 2003, Camara et al. 2007, Poisson et al. 2008a, Poisson et al. 2008Db,
Fernanadez de Simon 2010, Lahne 2010, Pino et al. 2012)While many important
odorants have been identified, there appears to be many gaps in our understanding of
the flavor chemistry of these products. For example, several studies reported the
presenceOl wOOT wOUwWOOUI wUODPET DWOEOUEQIB OBEwWPT PUOIT a
spirits. Studies done on rum described the product as exhibiting vanilla, dry fruit,
coconut, caramel, and wood odor qualities, with the credit for the wood notes being
given to the oak lactones (Pino et al. 2012). But actually the oak lactones were found to
contribute more to the coconut-like characteristic of aged spirits (Abbot et al. 1995).
Caninha, a regional specific rum from Brazil, was found to have wood -like odorants
which were detected at high gas chromatography (GC) retention times. These
compounds were detected with high dilution flavor (FD) factors as determined by

aroma extract dilution analysis -GC-olfactometry (AEDA -GC-O), thus indicating their
high odor potencies in the product. However, these notes could not be attributed to any
of the volatile compounds identified by GC -MS (Netto et al. 2003). These researchers
concluded that wood -like volatiles were present at very low concentrations and that
further investigatio n was warranted. Afiejo tequila and whiskey share many of the
same potent odorants since both products rely heavily on the oak cask for flavor (Lahne
and Cadwallader 2012). Thus it is not surprising that wood -like odorants were also
indicated in studies performed on tequila. Several terpenes have been identified in

Ul @U P OE O wbisaiobdlkEvbady canpound typically found in sandalwood.

Other wood -like odor descriptors were noted in the GC -O data at lower dilution factors,

3



although theses could not be identified due to their low concentration in the extract
(Benn et al. 1996).A study by Lahne and Cadwallader (2012) on afiejo tequila flavor
also detected an unidentified woody, incense-like odorant by GC-O. Two additional
studies which evaluated the potent compounds in brandy (Caldeira et al. 2002) and
scotch whiskey (Conner et al. 2001) both mentioned the presence of a woodike
attribute that could not by identified by GC -MS analysis.

The central hypothesis of this study is that knowing the identity of this/these
?PPOOEa¥yPOEI OUI » WOEOUEOUUAWI UOOWOEQwWPOOEWPDPOO
the overall woody characteristic in oak aged spirits. Thus, the goal of the present
investigation was to identify an odorant in oak wood having a char acteristic
wood/incense-like aroma note and determine whether it is detectable within oak aged
spirits, therefore, contributing to the flavor.

This study was designed to answer three main questions: 1) what is the identity of the
compound responsible for i mparting wood - and incense-like flavor to oak aged spirits?;
2) at what concentration is the compound found in various oak aged spirits?; and 3)
how important is the compound to overall flavor of oak -aged spirits, with special
emphasis place on bourbon whiskey?

The spirits industry holds a position of enormous importance, both socially and
economically. The goal of this study was to expand and strengthen current knowledge
of the flavor chemistry of oak -aged spirits. Identification of a previously unknown,
potent flavor compound which contributes a wood -like attribute will not only fill in

gaps from past studies, but will also help frame better questions for future studies.
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Chapter 2: Literature Review

2.1 Introduction

Wooden barrels have been used for centuries to store and transport fermented and
distilled beverages. Although its history is still a subject of debate, recent evidence
suggests that the Celts invented the wooden barrel around 900 B.C. The Celts were not
only extremely skilled metallurgists, having perfected the process of smelting rock and
extracting ore, but also skilled woodcrafters. While inhabiting the Danube River valley,
the Celts are credited for combining their knowledge of woodworking and metal lurgy
to create the first wooden barrel (Preet 2012). Wine and beer had been produced for
millennia, long before the invention of the wooden barrel, with the first record of wine
dating back to 6000 B.C. in Persia, (i.e. modern day Iran). Wines at thatime were
transported using clay vessels. Although Greek and Roman methods for growing
grapes and fermenting grape juice into wine were highly regarded, their use of fragile
clay jugs (amphora) was an inferior method for storage and transportation of the wi ne,
as they had a tendency to crack, leak, and break. Modifying their methods to include
use of wooden barrels not only provided secure transport, but storage in wooden
barrels also serendipitously imparted a more desirable flavor and taste to their wines .
When the Celts migrated to the Irish Isles, where the climate was unsuitable for
growing and harvesting grapes, they turned to using honey to produce the fermented
beverage mead, which was also stored in wooden barrels.

Distilled spirits did not appea r in the Irish Isles until the 12™ century A.D., when Irish
monasteries produced the first whiskey. Whiskey was broadly defined as ethanol
distilled from a number of fermented cereal grains, and subsequently stored in wooden
barrels. Today whiskey is the best-selling distilled spirit in t he world (Piggott et al.

2003). Aged distilled spirits, which are known worldwide, include whiskey, scotch,



bourbon, Irish whisky, rum, tequila, mescal, cachaca and brandy, as well as other
regionally specific spirit varieties. Barrel -aged distilled spirits rely on the wooden
barrel, or cask, as their primary source for taste and flavor. With fermented products,
such as wine, which can be aged in either stainless steel or oak barrels, the use of
wooden barrels is an optional step to add a more complex flavor. Oak, in particular,
stands out from other woods as being particularly good for aging fermented beverages.
Its physical properties allow it to be shaped into a barrel with good tensile strength,
high compression strength, elasticity and hardness. In addition its unique chemical

makeup gives oak wood the capacity to impart depth of flavor to fermented beverages.

2.2 Chemistry of Oak Wood

Molecular Structure of Wood

The major structural components of wood cells are cellulose, hemicellulose, and lignin.
Cellulose is the main constituent of wood, accounting for nearly 50% of its dry weight.
Cellulose, only slightly soluble in water, is a polysaccharide consisting of tens of

UT O U UE Olinkedi®-gluegse moieties in a linear chain. These chainsare linked by
hydrogen bonds to create microfibrils. Microfibrils can either be present in a highly
ordered crystalline structure of paralleled D -glucose chains, or in a less ordered
amorphous type structure of antiparallel D -glucose chains. Hemicellulose, which is
soluble in water, is a hetero-polysaccharide with branched chains typically much
shorter than cellulose. The main hemicelluloses in wood are galactoglucomannan,
arabinoglucuronoxylan, arabinogalactan, glucuronoxylan and glucomannan (Sjostrom
1993). Hemicelluloses are used in the food industry as functional ingredients due to
their solubility in water. Gum arabic is an example of a hemicellulose that is commonly
used as a stabilizer in emulsifications. Lignin is the most complex structural co mponent

of wood and accounts for about 15-30% of the wood plant tissue. It is a heterogeneous



organic polymer responsible for the thickening of cell walls to make them rigid and
impermeable. Its three main building blocks are monolignols, namely coumaryl
alcohol, coniferyl alcohol, and sinapyl alcohol (Vanholme et al. 2010). When
incorporated into the lignin polymer these monlignols make up the p -hydroxyphenol
(H), syringyl (S), and guaiacyl (G) units, respectively. Lignin composition is very
diverse depending not only on the species of tree, but also on the type of cells within
the tree. Lignin is a precursor of many aroma-active compounds responsible for the
flavor oak casks impart to the aged spirits. These are formed by pyrolysis of the wood

lignin during the toasting or charring step when manufacturing the barrel.

Sapwood
2ExPOOEwWPUwI UUI OUPEOCOGa wWUT T w?20PYDPOT »wxEUOwWOI wU
conduction of sap that caries water, mineral salts and nutrients from the roots to the

leaves and other living tissues in the tree. It is also responsible for the synthesis and

storage of photosynthates, the chemical products of photosynthesis, usually in the form

of sugars or starch which are the main energy sources for the tree to maintain life and

support further growth.

Heartwood and Extractives

The heartwood, in contrast to sapwood, is composed of essentially dead wood cells
which no longer transport water, sap or nutrients. The heartwood goes through several
changes during the process ofcell death. A substantial loss of starch makes the
heartwood less prone to microbial or insect attack because starch and free sugars,
readily used by these invaders as energy sources, are no longer available. The loss of

starch also results in a harder texture, enabling the heartwood to serve as part of the

s AN e oA A e N N



Wood extractives are also produced during the cell dying process. Extractives are
natural, low molecular weight compounds products present in the wood cells apart
from the cell wall components. They are extractable by either neutral organic solvents
or water, hence the name extractives. Properties of extractives include protecting the
wood from decay, increasing the strength of its texture, and enhancing color and odor
(Rowe 1979). Odor is particularly important in repelling damaging insects. Extractives
can be either a primary or secondary metabolite. Primary metabolites are biochemical
compounds that are present in all living things, such as, simple sugars, amino acids,
free fatty acids, etc. Secondary metabolites are more complex compounds, often species
specific and not required for plant survival. Extractives are secondary metabolites
common to all hardwood trees are phytosterols, simple terpenoids, phenylpropanoi ds,
common flavonoids, simple tannins, and some coumarin type compounds. In the
heartwood, these aromatic compounds are synthesized by biochemical condensation
reactions from either acetate via malonyl CoA or directly from glucose via shikimic acid

pathway as seen in Figure 2.1 (Higuchi 1976).

Terpenoids Glucose
\ Glucose-6-phosphate =
—_—— e ——— +
Mevalonic ocid l(G!ycolysis) rentosephosphate pathway

\ Pyruvic acid Shikimic acid pathway

Acetoocetyl-CoA Tlﬂrsemte)

CH3CO-CoA
/ (Ace!yl CoA) \ Phenylalanine
Matonyi - CoA Molony -CoA (phenylalonllne ammonia iyase)
Fo's/ / Cinnamic acid
Oxoloacetic ocid Citric 0c:o p- Coumonc acid

Inhibitor

(R.pseudoaccasia) | ‘
i

K- Kefoqlufonc acid

Ho 'OH
(Arsenite)
Succmyl CoA

Figure 2.1: Biosynthetic pathway for heartwood extractive (Higuchi 1976).

Malic ocid
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These aromatics can include coumarins, ellagic acid, derivatives of cinnamic acid and p-
coumaryl alcohol. Biosynthesis of the terpenoids, monoterpenes, diterpenes,
sesquiterpenes and steroids, start with acetyl CoA and are formed from mevalonic acid
as shown in Figure 2.2 (Umezawa 2001).

Artifacts can also be found in the extractives of wood. These are neither primary nor
secondary metabolites, but are formed from autoxidation and non -enzymatic free-
radical or acid-catalyzed condensations (Rowe 1979). Examples of artifacts include
colored compounds, such as tannins. The darker color of the heartwood is a visible way
of differentiating it from the sapwood (Taylor et al. 2002). Both the volatile extractives
and the tannins are essential in flavoring distilled spirits during the barrel aging

process.

o 3-Bydroxy-3-methyl-
glutaryl-CoA
OH l 54

H
g?/\/o Mevalonic acid 55
i |
P openten
e )\}P ;;:opbo-pl:to 56
UPP Dimethylallyl
pytopbotpba{o 57

OPP R Ty -
i
Sasanal terpenoids

__‘ pyrophosphate 58
PRSP ol "
~— terpencids

Farnesyl Squalene | ... _
_._‘ pyrophosphate 59 texpencids
M - -
L~ terpenoids
Geranylgeranyl Thytoene \ Tetra-
te 60
—’—l PY spha terpenoids

OPP Sester-
/k/\/k/\/k/\/k/\/k/' terpenoids
Geranylfarnesyl

I pyrophosphate 61

Polyterpencids

Figure 2.2: General scheme of terpenoid biosynthesis (with permission Umezawa 2001)

11



Oak Volatiles

Unlike other woods, oak is not used for its extractable oil. It does, however, contain a
highly desired aroma, particularly for flavoring ferment ed and distilled beverages
through the aging process. Since not all volatiles are aromaactive, only known
odorants will be discussed in this review. A large majority of oak volatiles are formed
during two essential steps of oak cask manufacturing, post seasoning and toasting

(Figure 2.3).

BARREL
MANUFACTURE

SPLITTING

The logs are cut to the desired length
and then split into bolts

e

§ The bolts are cut into stave wood

The wood is dried outdoors and exposed to
DRYING the weather for 3 years.

It is sometimes kiln-dried after air drying... Planing and Shaping and
hollowing jointing

.the staves are shaped @ '
RAISING THE BARREL AND BENDING

This is carried out with a windlass or a bending machine

[
i

L
WU
The American technique

..the wood is dampened outside 1 ¢ European technique . i

~ ¥ A Steam bending followed by
and heated inside :;":;:g“;';"':in““d ired brazier . arring with 8 gas burner:

followed by further heating 15 s: light char
5-10 min: light heating 30 s: medium char
10-15 min: medium heating 45 s: heavy char

15-20 min: heavy heating
MAKING THE HEAD PIECES

The heads are made up of
] 7-9 boards assembled
with . Strips of reed
make them liquid tight

The final hoops are
fitted and the barrel is
tested with hot water

Figure 2.3: Manufacturing of oak casks (with permission Mosedale et al. 1998)
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Seasoning is done by drying the cut wood, thereby equilibrating the moisture content to
prevent further shrinkage or swelling. This process prepares the wood for toasting or
burning and creates a higher concentration of volatiles due to loss of water from the
wood. The toasting or charring step dramatically affects the volatile composition of oak
through hydrothermolysis and pyrolysis reactions. Some of the more familiar aroma
compounds derived from pyrolysis of the lignin during heating are shown in Fig ure 2.4.
These include guaiacol, 4ethylguaiacol, 4-vinylguaiacol (smoky compounds), eugenol
and isoeugenol (spice or clovelike), syringol and syringaldehyde (sweet smoke), p-

cresol (bandage), and vanillin (vanilla).

Lig nin
Sub-units
OCHjg CH30 OCH;

conlferyl alcohol smapyl alcohol coumaryl alcohol
ualacol \
4 -vinylguaiacol
oc:H3 Ox-H
OH syringaldehyde
OCHjs eugenol p-cresol
CH30O OCH3;
4-ethylguaiacol OH
OCH4
OCH, OH
|soeugeno| H syringol
vanillin
CH50 OCH,
OCHs OCH; OH

Figure 2.4: Aroma-actives formed from lignin

Other aroma compounds are presert. Terpenoids such as linalool and thymol
contribute by giving floral or fresh wood attributes. A unique characteristic of oak

POOEwWPUwWUT T wx Ul Ul OE I-caGtbna &l WUtérlare@i@ddSdisGou w! OUT wé
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(Chatonnet et al. 1998 and Alafién et al. 2009)Mailliard reaction type compounds arise

from carbohydrates and proteins in the wood resulting in formation of furans: furfural
(caramel), maltol (cotton candy), and furaneol (burnt sugar). Additional aldehydes,
alcohols, and lactones are derived from lipids either by oxidation or rearrangement and
include hexanal and nonenal (green), crotonolactone (buttery), butyrolactone (creamy),
nonalactones and decalactones (fruity or peachlike). Most importantly to oak volatiles

is cisand trans-¢-methyl - -octalactone (coconut ) shown in Figure 2.5 (Cutzach et al.

1997 and 1999, Doussot et al. 2002, Cadahia et al. 2003, Fernandez de Simon et al. 2009
and 2010).

Figure 2.5: cis/trans-oak lactone

The lactones, ¢s and trans-¢-methyl -t-octalactone, were first discovered by Masuda and

Nishimura (1971) in volatile extracts from oak wood, and were later discovered in

OUw?PT DPUOH DWERE WYOIWDT T DBUWDPOx OUUEOET wbOwli | wEU
unique aroma to oak wood, and subsequently to whiskeys aged in oak barrels,

confirming that the aroma -active compounds from oak wood can be directly transferred

to the distilled spirit and h ave a noticeable impact on the flavor.
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2.3 Distilled Spirits + Whiskeys

History

The history of barrel-aged distilled spirits naturally started with the invention of the
wooden barrel. Wine can be traced back to as early as 6000 B.C. in Persia, modermay
Iran, long before the invention of the wooden barrel. Originally wine resulted from the
accidental spoilage of grapes. Over thousands of years, improvements in wine making
were made by noting colors, varietals, and the effect of ripening trends, as well as many
other cultivation techniques that influenced the characteristics of the final product. As
the popularity of wine grew, the demand for exportation did as well. Clay pots
(amphora) were the storage and transport vehicles for wines, despite their obvious
flaws of cracking, breaking, and leaking. A less fragile option was needed, but it was
neither the Romans nor the Greeks, both famous for manufacturing wine, that found a
solution to this problem. Credit for that is given to the Celts (Preet 20 12). Around 900
B.C. the Celts, then inhabiting the Danube River valley in central Europe, combined
their woodworking and metallurgy skills to create the first wooden barrel, or cask. Not
only was the barrel more efficient in storage and travel, but it w as discovered that the
wine underwent an unexpected change while in the barrel, with the barrel imparting a
highly desirable flavor to the wine. It was found to be so desirable that even today
barrel aging is used throughout the world though the need for the barrel to provide
physical strength is obsolete. Thus the history of aged distilled spirits, in particular
whiskey, stems from the invention of the wooden cask. When the Celts migrated to the
Irish Isles, they found that the climate was unsuitable fo r the cultivation of grapes thus,
an alternative starting material was found for the production of fermented beverages.
Honey, which was readily available and also easily fermentable, replaced grapes and
led to the production of mead (Preet 2012). ItwasOz U wU O Orpedurp A.D. thav|

ethanol distilled from fermented grains appeared in Irish monasteries. This beverage

15



was called uisge beatt@w Ol EOPOT w? PEUT UwOi wOPi | 2 ubOwW&E]T OPE
appearance in Spain and Portugal in the forms of Port, Sherry, and Madeira, which are

wines to which distilled spirits are added. From there the practice of fermenting,

distilling, and aging spread throughout the world (Fig 2.6). The Spanish settlers in the

Americas brought the process of distillat ion to the indigenous people, who then

EPUUDPOOI EwUT I DPUwi 1 UOI OUI EwET EYI W?ET T U2 wOOWEUI
sugarcane fermentation, made its first appearance after the British made their way to

the Caribbean. Lastly, Tennessee whiskeyand bourbon originated during the US

colonial period when native corn was used as the starting material for these fermented

beverages.

| Spanisharrivedin | .| e
Sherry ' Americas

Port 1500 A.D.

Madeira

TN Whiskey

A
|

| Scotchwhiskey NI -/, p [EEE— Bourbon
1200 A.D.  pumiirich whiskey s Rye
British arrived in Rum
Carribean and Americas

Distillation of fermented 3 e
grainsin Irish
monasteries

————

Figure 2.6: Iconographic timeline of aged distilled spirits
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Manufacturing

There are three major steps in the production of distilled spirits. The first is
fermentation. The starting or base material contains starch or sugars from which the
fermented beverage is made. Whiskeys are generally made with grains, i.e. barley, rye,
wheat, and/or corn, depending on the variety of whiskey being produced. Certain
whiskeys, like bourbo n, require a specific grain for production. By law, for a spirit to be
called bourbon, the grain mixture must contain at least 51% corn by law (Code of
Federal Regulations 2010). Tequila is made using syrup from the agave plant, while
rum is made from mo lasses or sugar cane juice. Complex starches present in most of
base materials require an extra step for yeast metabolism to occur. Yeast are only able
to ferment simple sugars thus starch, a carbohydrate polymer, must be broken down
into its component simple sugars. Malting is commonly used for this purpose. During
the malting process grain is allowed to germinate during which enzymes (e.g.
amylases) break down starch into its simple sugar sub-units. With the addition of yeast,
commonly Saccharomycegrevisiagand sufficient water these free sugars are then
fermented into ethanol (Figure 2.7). Each type of spirit is fermented for a specific

period of time. For example, whiskeys are fermented for only 40 to 48 hours (Piggot at

al. 2003).
OH
o (@) O (@) 1t
HO » - —— L —— H-c-c-o-H
H \ PN 1 |
HO o HiC O HC” H H H
Glucose Pyruvate Acetaldehyde Ethanol

Figure 2.7: Yeast metabolism; Monosaccharide to ethanol

The secand step in spirit manufacturing is distillation. Two methods exist, batch and
continuous distillation, each with their own advantages. Batch or pot distillation

typically results in a highly flavored spirit, whereas continuous distillation results in
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lig hter spirits. Batch distillation uses the pot, a swan neck vessel with a lyne arm, and a
condenser, as shown in Figure 2.8. The fermented product or wash (57% ethanol) is
transferred to the pot which is then heated, either directly by flame or indirectl y by
steam jacket. The pot is usually made of copper due to its good heat conduction and
ability to remove unwanted odorous sulfur compounds (Whitby 1992). The lyne arm
and condenser can be altered in length and orientation to obtain the desired % ethand
in the reflux which may affect flavor (Nicol 1989). This process is repeated in batches
until a final ethanol content of 70-80% is obtained. Continuous distillation was invented
by Aeneas Coffey in 1827 for the production of scotch whiskey (Piggot et al. 2003). In
this process, shown in Figure 2.9, the wash is preheated by sending it through the
second column (rectifier) and then fed into the top of the first column (analyzer), while
steam enters at the base. In contrast to batch distillation, the fementation liquid is
continuously fed into the process. The volatiles are stripped from the wash and taken
out from the top of the rectifier while the vapor returns to the bottom where water and

alcohol are separated (Piggot et al. 2003).

e Hot spirit vapours and uncondensad steam

8 T —— 12 F -t -
T— - — - —— A
f T — T— Il LT > Heads (vapour)
| —— [
' i T 10 =
ﬂ ' i DR iz i
’ ANALYZER | RECTIFIER
LIqUAG - n it A\l '}
\‘-‘n’»”" |
17 13 | (=== Cold wash
1 W‘ ‘ 1
i i
n ke > 1 —\ /== Spirits (liquid)
= ) ‘ p=3 ‘
| M Vapour £ ‘ ‘ " Spirits plate
- o L] o WA=l
12 o X
\l

A |
it| | Perforated plates

Steam —»
\

9 )
Waste and condensed steam | | 1! Talls

Figure 2.8: Batch distillation diagram Figure 2.9: Continuous distillation diagram
(with permission Nicol 1989)
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Maturation, the final step, is generally considered to be the most important step for the

overall flavor of aged spirits. Raw distilled whiskey has a very harsh, undesirable

flavor. However, aging in white oak casks creates a product with desirable flavor

characteristics. Prior to aging the distillate is cut with water to achieve an alcohol by

volume (ABV) content of 60.0-62.5 percent. Standards of identity for Tennessee

whiskey and bourbon require the distillate to be aged in new, charred, white American

oak barrels, which is thought to result in the finest of whiskeys. Aging time is also

controlled by law for Tennessee whiskey and bourbon, with a minimum time in barrel

being at least two years (Waymack et al. 1995). Corn whiskey is not required to be aged
andisbetUl UwOOOPOWEUwW? OOOOUT POI 2 6 ww( -rodttswd UwWET 1T EO
either in un-charred or used oak casks. Whiskeys produced outside of the USA have

their own standards. Canadian, scotch, and Irish whiskeys all require a minimum of

three yearsaging in an oak barrel, however, the barrels are not required to be new.

I OUT wUEOUET wEGEwW( UPUT whbl PUOT aUwWwEOOZz OwUI dawulodo
malted grain is treated with peat smoke before fermentation, giving them their

recognizably int ense smoky aroma.

Flavor of Whiskeys

There are two major contributors to the flavor of whiskey, the starting grain and any

subsequent treatment post distillation, i.e. oak aging. The starting grain, which is

barley, corn, wheat or rye, should result in a fairly aroma neutral fermentation pro duct.

During the malting process Maillard reaction type volatiles are formed, resulting in a

fermentation product that is very similar to an un -hopped beer (Cole et al. 2003). For

Irish and scotch whiskey, the peating process on the malted grains adds a? UO 0 0a 2 wd U w
?x1 EUa?2 wi OEYOUWOOwWUT T wi POEOQwWxUOEUEUS ww, ECa woi
the ones that come from the post distillation treatment of barrels, specifically from the

charring of the oak. These include phenols, cresols, and guaiacolssuch as syringol and
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syringaldehyde, guaiacol, 4-ethyl guaiacol, 4-vinyl guaiacol, p -cresol, o-cresol, and m-
cresol (Piggot et al. 2003, Poisson et al. 2008a, Fernanadez de Simon et al. 2010). This is
OPOI QawUIl 1T wUl EUOOwWPT a w( Ueguireaging i wewEaued balubp T DU OI
barrels, as their distillate already has a higher amount of these compounds that

resulting from grain fermentation are fusel alcohols, acetates, and esters. These
compounds, which impart a fruity or solvent -like characteristic, include: 2-

methylbutan -1-ol, 3-methylbutan -1-ol, 2-methylbutyl acetate, acetaldehyde, isoamyl
acetate and, 2methyl -1-propanol.

Post-distillation oak aging is considered to be the most important step in developing the
flavor of whiskey. The volatiles can come from three different sources: 1) ethanolysis

of wood components, 2) lignin pyrolysis from charring the barrel and 3) direct

extraction of wood volatiles. These have a wide range of odor descriptions, creating the
complex flavor of whiskeys. The oak lactones, cis- and trans-¢-methyl -/ -octalactone, are

x Ul Ul OUO0OwdOBHE DEEQDOO®H ORUED IODE OhuEdde@iad®oesand

cis-6-dodeceno-trlactone contribute peachy and creamy flavors. Additio nal wood

damascenone and vanillin. Both eugenol and isoeugenol are described as clovdike,
PT BGH AWHO O ddim@sEandne impart floral and apple attributes. Vanillin is most
commonly known to contribute most to the flavor of the vanilla bean. Lastly,
ethanolysis of the wood acids results in fruity ethyl esters like ethyl propanoate, ethyl
butanoate, ethyl hexanoate, and ethyl octanoate, along with several other kranch chain
ethyl esters (Conner et al. 1993, Conner et al. 2001, Piggot et al. 2003, Poisson et al.
2008a, Poisson et al. 2008b, Lahne 2010).

The importance of non-volatile, taste-active compounds extracted from the wood

during maturation was recently s tudied with respect to both in -mouth flavor and
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aroma-by-nose. These were identified as the ellagitannins: vescalagin, castalagin,
grandinin, roburin A, B, C, D, and E, and 33-deoxy-33-carboxyvescalagin. These
compounds contribute to astringency and bitt erness along with matrix type effects. As
a result of these findings, a procedure to deodorize whiskey became widely practiced.
This procedure forms a non-biased base for recreating aroma models that include the
taste-active ellagitannins which could be a major influence on the sensory attributes

(Glabasnia et al. 2006).
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Component of Oak Wood Casks

3.1 Abstract

Experiments were conducted in order to unambiguously identify a compound

Ul UxOOUDPEOIT wi OUWEwW?POOEayDOEI OUI 2 wOEOUWOOUIT wh
was isolated by rigorous simultaneous distillation extraction (SDE) of oak wood chips

followed by several purification steps, as well as use of a custom built GG

MS/olfactometry system equipped with a heart -cutting system/internal CryoTrap

p#1 EOUz wUPPUET wUauUUl OAKOwbT PET wi OEEOI EwlUIT 1 WEE®D
impact mass spectrum (EMS) for the compound. The EI-MS revealed the unknown

compound possessed a molecular weight of 218; however, there was no match for the

compound in the NIST database. A thorough investigation of naturally occurring

organic compounds having a molecular weight of 218, plus additional experiments to

determine the nature of any functional group(s) on the molecule, indicated numerous

compounds as possible candidates. Most were found to occur naturally in a number of

roots, spices, oils, and herbs, which were subsguently analyzed. Results of the

analyses revealed that the compound was most likely the sesquiterpene compound 5-

isopropenyl -3,8-dimethyl -3,4,5,6,7,8hexahydro-1(2H)-azulenone, or rotundone. This

presumptive identification was confirmed by comparisonof UT T wE OO x GribésE 7 U w $ (
spectrum and GC retention indices on three different polarity phases against those of

authentic rotundone obtained by chemical synthesis.

3.2 Introduction

Oak wood has been selected as the wood of choice for barrel making not onlyfor its

physical characteristics that lend itself to manufacturing a barrel, but also its unique
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chemical properties that impart key flavors to aged spirits that are desired by the

consumer.

Volatiles from oak wood can either be naturally present in the wood, or formed during

post-harvest treatment. A common practice is to toast or char the wood, which is done

to seal the wood, but this practice also creates hundreds of volatiles. These volatiles

come from several sources. Lignin pyrolysis results in many phenolic compounds

contributing to the aroma of toasted oak including: guaiacol, 4 -methyl guaiacol, 4-vinyl

guaiacol, eugenol, isoeugenol, syringol, vanillin, and syringaldehyde ( Fernandez de

Simon et al. 2009 and 2010, Cutzach et al. 1997 and 1999adahia et al. 2003, Doussot et

al. 2002) Reactions with the lipids and carbohydrates present in oak result in the

formation of a number of aldehydes, alcohols, esters, furans, lactones and most

importantly cisand trans-¢-methyl -troctalactone, endearingD @ WEE OOT EwUT T w? OEOu
OUw? bl DUOI MasadE &). A1 andu@psuka et al. 1973). Degradation of
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dihydroactinolide, and megastigmatrienones (Nonier et al. 2004 and Sefton et al. 1990).

As thoroughly researched as oak wood and oak aged spirits are, the identity of the

EOOx OOl OUwUI UxOOUPEOIT wi OUwWUT T uspitsOstubkbolym. UU > wi OE
Previous research cited the presence of an unknown compound with a

?PPOOEaybDOEI OUI 2 WEUOOEWET EUEEUI UOWEOGEwWOI OUDPOOI
to identify it. Thus, the main objective of this study was to find and identify this
UOOOOPOwW?pPOOEaYDPOEI OUI » WEOOXxOQUOEOQWIT T Ul DPOwWUI 11
was hypothesized that this compound exists in both oak wood and in oak aged spirits

potentially influencing the overall flavor of the spirit.
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3.3 Materials and Methods

Materials

Toasted oak was purchased from Oak Chips Inc. (Waverly, OH). These included white
American oak in light and medium toast levels and at two different sizes (chips and
powder), and French oak (medium toast, chips). Commercially available oak woo d
extracts were purchased from commercial sources: Sinatin 17 (Crosby & Baker Ltd.
(Westport, MA) and liquid oak extract (RJ Spagnols, Delta, BC, Canada.). Cyrpus
rotundus? PT OOT wi | UE? wpEUDPTI EWUOOUAWPEUwWxUUET EUI Ewli
(Torrance, CA). Ground white peppercorn, Piper nigrum(Spice Islands Trading Co., San
Francisco, CA) was purchased from a local grocery store (Champaign, IL). Two
samples of agarwood oil were provided by Orchidia Fragrances® (Downers Grove, IL).
Chemicals

The following chemicals used for volatile extraction, isolation, and chemical synthesis
were purchased from Fisher Scientific Co. (Fair Lawn, NJ): dichloromethane, n-
pentane, diethyl ether, sodium hydroxide, sodium bisulfite, sulfuric acid (conc), ethanol
(99%)(Arcos Organics, Morris Plains, NJ), acetone, hydrochloric acid (concentrated),
and sodium sulfite.

The following chemicals used for isolation and chemical synthesis were purchased from
Sigma-Aldrich Co. (St. Louis, MO): 2,4dinitrophenylhydrazine, Dess -Martin
periodinane, guaiac wood oil, pyridine, thionyl chloride, acetonitrile, cobalt acetate
tetrahydrate, tert-butyl hydroxide (5.0 -6.0 M in decane), and silica gel (high-purity
grade, 60A, 230400 mesh patrticle).

Methods

Isolations of volatiles for GC -O analysis
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Oak wood was isolated by simultaneous distillation -solvent extraction (SDE,
Chrompack, Middelburg, Netherlands) as described by De Frutos (et al. 1988). Light
and medium toasted American white oak chips (100 g) were added to a 1-L round
bottom fl ask containing 500 mL of odor-free distilled -deionized water.
Dichloromethane (50-75 mL) was used as a nonpolar extraction solvent. Extraction
was conducted for 3 h (reflux time). The extract was dried over anhydrous sodium
sulfate and concentrated to 1 mL using a Vigreux column (45 °C) followed by further
condensation of the extract using a gentle steam of N gas.

The extract obtained from SDE of the oak wood was loaded onto a cooled (7°C)
jacketed glass column (45 cm x 1.5 cm) filled with silica 60A (pre-baked and then
equilibrated with 5% w/w water post bake) in n -pentane. Under pressure (using Nz gas
at 1 psi), the extract was fractionated by polarity using five pentane : diethyl ether
mixtures (v/v) (150 mL each; 100:0 (A), 95:5 (B), 90:10 (C80:20 (D), and 50:50 (E) as
described by Poisson and Schieberle (2008a). Each fraction was dried over anhydrous
sodium sulfate and concentrated to 0.5 mL using a Vigreux column followed by a gentle
stream of Nz gas.

Identification of aroma active volati les

SDE extracts were subjected to evaluation by both gas chromatography-olfactometry
(GC-0) and gas chromatography-mass spectrometry (GG-MS). The retention index (RI)
was calculated for each aroma compound by comparing its retention time (RT) to those
of standard n-alkanes (Van der Dool and Kratz 1963). Aroma-active compounds were
identified based on three criteria 1) comparison of RIs on three different stationary
columns (RTX-5, wax, and 1701) to that of literature values, 2) comparison of a

E O O x O Uddldér properties to published values, and 3) comparison of the electron
ionization (El) mass spectrum obtained by GC-MS analysis to those in the National

Institute of Standards and Technology (NIST) database.
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Gas Chromatography ¢ Mass Spectrometry (GC-M S)

A 6890 GGHP 5973N mass selective detector (Agilent Technologies Inc., Palo Alto, CA)
was used for GC-MS analysis. Two UL of extract was injected into a cold splitless inlet
CIS-4 inlet (Gerstel, Germany) held at -50°C for 0.10 min, then increased to 26°C at a
rate of 12°C/sec. Separations were performed using a Supelco® SAG5 column (30.0 m
length x 0.25 mm i.d. x 0.25 pm film thickness; Sigma, St. Louis, MO) or Stabilwax®
(30.0 m length x 0.25 mm i.d. x 0.25 um film thickness; Restek. Helium was usedas the
carrier gas at a constant flow of 1.0 mL/minute. MS transfer line temperature was 280°C.
Oven temperature was programmed as follows: initial temperature, 40°C (5 min hold),
ramp rate, 4 °C/min, final temperature, 225 °C (45.0 min hold). The MSD conditions
were as follows: capillary direct interface temperature, 280 °C; ionization energy, 70 eV,
mass range, 35 to 300 amu; electron multiplier voltage (Autotune + 200 V); scan rate,
5.27 scans/s.

Gas Chromatography ¢ Olfactometry (GC -O)

The GC-O system used for analysis of extracts consisted of a 6890 GC (Agilent
Technologies Inc.) equipped with an flame ionization detector (FID) and sniff port

(OD2, Gerstel, Germany). Separations were performed using a RTX®Wax column (15
m length x 0.53 mm i.d. x 1 pm film thickness; Restek), RTX®5 column (15 m length x
0.53 mm i.d. x 1um film thickness; Restek) and RTX®&21701 (15 m length x 0.53 mm i.d. x
1 um film thickness; Restek). Helium was used as the carrier gas at 5 mL/minute. FID
temperature was 250 C. Oven temperature was programmed as follows: initial
temperature, 40 C (5 min hold), ramp rate 8°C/min, final temperature, 225 C (30 min
hold).

Isolation of volatiles for unknown identification

Oak

Volatiles in oak wood were isolated by SDE as previous described with some

modifications to the procedure. Oak samples, received pre-ground, were finely ground
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using a Thomas Wiley® Mini Mill (Thomas Scientifict, Swedesborro, NJ) before
addition of 500 g into a 5000 mL round bottom flask contagining 2000 mL of odor -free
DI water. Dicholoromethane (200 mL) was used as the extraction solvent. Extraction
was conducted for 6 h (reflux time). The extract was dried over anhydrous sodium
sulfate and concentrated to 1 mL using a Vigreux column (45 C) followed by further
concentration using a gentle stream of Nz gas.

The extract obtained from oak wood was washed with 1M NaOH (3x 50 mL) to remove
acids and phenolics before it was loaded onto a water-cooled glass column (45 cm x 1.5
cm) filled with silica 60A (pre -baked at 180° C, with 5% w/w water added post bake) in
n-pentane to a height of 23 cm in the column. Under pressure, using Nz gas (1 psi) in
the flash column, the extract was fractionated by polarity using a succession of five 50
mL pentane:diethyl ether mixtures; 100:0, 90:10, 85:15, 80:20, 75:25, 50:50) Fractions
possessing a woody/incenselike aroma detected by GC-O were collected and pooled.
This flash column procedure was repeated four times to obtain an extract from 2 kg of
oak wood.

Cyperus rotundus

The volatiles present in C. rotunduswere extracted by SDE in the same manner as
described above using a 25 g ground sample and 10 mL of dichloromethane.
Fractionation was performed using the flash column method described above.
Fractions having a woody/inc enselike aroma were pooled and reduced to 1 mL for
analysis.

White pepper

White peppercorn (pre -ground) was subjected to simple solvent extraction by placing
5g in a 50 mL test tube with 25 mL of diethyl ether and sealed with a PTFE cap. The
prepared test tube was shaken for 1hr (DS500 Orbital Shaker, VWR Scientific
Products). After centrifugation, the solvent layer was drawn off, 25 mL of diethyl ether

was added and a second extraction was performed. The extracts were pooled, washed
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with 1 M NaOH ( 20 mL x 3) to remove acids and phenolics and then condensed to 1 mL
for analysis.
Wood oils and extracts were analyzed directly (without extraction) since they were
already in a suitable form.
Identification of target compound
GC-MS/GC-. w# 1 EOUzsydiembUET w
WEUUUOOWEUPOUWI EVUWET UOOEUOT UE x T «wouttiggsystes | Ewb P U
containing a CryoTrap on the cut section and a switching valve to direct flow to either
the mass spectrometer or the olfactometer was used to selectively analyze forthe target
compound. The entire system consisted of an 6890 GC (Agilent Technologies Inc.)
equipped with an FID and sniff port (OD2, Gersel), a 5973N mass selective detector
@, 2#0w 1 DOl OUwW31 ET 66001 Pl Uw( OES AQwEawA$s EOUZz wUDP
CryoTrap (Joint Analytical Systems; Newark, DE), and an Air and Electrically Actuated
2 Position Valve (Valco Instruments Co. Inc., Houston, TX.).

A schematic of this system is shown in Figure 3.1.
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Injection port

CryoTrap

Fifst column Cut section Second column

Dean’s
Switch

Switching valve

Mass spectrometer Olfactometer

Figure 3.1: Schematic of GC-MS/O/FID system with Deans’ switch and CryoTrap

In initial analyses, the volatiles were allowed to bypass the cut valve and flow directly

to the olfactory port in order to determine the retention time and retention index (RI) of
the target odorant with respect to the standard alkanes. This allowedthe ? EU U2 w
command to be programmed into the run at the correct time interval. For the target
odorant the cut was made between an RI of 2200t 2300 (Wax column), Rl of 1700t 1800
(5 column) and RI of 1800-1900 (1701 column). Cuts were made onto columns of
different polarities from the first column in order to obtain orthogonal chromatographic
resolution. After samples were cut from the proper RI section to the MS, the valve was
then switched for a second run to send the cut section to the olfactory port. The cut
section sent to the olfactory port was sniffed and the retention time for the target

odorant was marked on the chromatogram using a hand -held input device. The total
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ion chromatogram (TIC) of the cut section from the MSD and the FID outputs were

overlaid and the mass spectral data were evaluated for the target peak. The entire

experiment was repeated several times using three different types of column and six

different column configurations in order to unambiguously match the correct mass

spectrum P D UT wOT T wOEUT T OWEOOXx OUOEG ww3T 1T w#l EOUZ wWUPE
settings to ensure that no leaking occurs to the cut section and no back leaking occurs

during the cut to the first column. This was adjusted through the front inlet pressure

Pressures were also adjusted depending on whether the valve was directed towards the

olfactory port, or to the MSD. The pressures used are shown in Table 3.1 where valve

position A directs the first column to the FID/O; cut section to the MS and position B

directs the first column to the MSD:; cut section to the FID/O.

SEEOI wt hvoww/ UT UUUUIT w21 UUDPOT Uwi OUw#1 EOUZzwUPDU

Configuration Wax (1s) A 5 (cut) 5 (3% A Wax (cut) 5(2t) A 1701 (cut)
Valve position A B A B A B
Front inlet 60.0 37.0 60.0 37.0 60.0 57.0
pressure (psi)

#1 EOUz wUP 577 27.0 57.7 28.0 61.2 50.0

pressure (psi)

Oven temperatures were programed with three ramps; the first functioned to control
the oven during chromatography through the 1 st column, the second as an oven cool
down time while the cut section was trapped in the cryotrap, and the third functioned

as to control the oven temperature during chromatography through 2 @ column. The
first ramp consisted of an initial temperature of 50 °C (1 min hold), ramp rate 10°C
/min, final temperature 225 °C [1.95 min hold [SA wax (A)], 0.70 min hold [5 A wax (B)],
0.00 min hold [5 A 1701 (A)], 1.16 min hold [SA 1701 (B)], 5.30 min hold [waxA 5 (A)],
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2.50 min hold [wax A 5 (B)]. The second, cocldown ramp was 25 °C/min to a final
temperature of 50 °C (2.00 min hold time). The third ramp consisted of an initial
temperature of 50 °C (0.00 min hold), ramp rate 4 °C/min, final temperature 225 °C
(20.00 min hold). The cryotrap was kept at 0 °C until the oven cooled down, both the
third oven ramp and the cryotrap ramp started at the same time with the cryo ramp rate
of 500 °C/min, final temperature of 260 °C (10.00 min hold).

Compound chemical characteristics

The presence and nature of functional groups were determined through a series of
experiments designed to detect the presence of an aldehyde, ketone, or alcohol group
on the target compound.

Reaction with sodium bisulfite

A 2 mL portion of the target compound fraction in dichloromethane solvent was
washed with a 25% aqueous solution of sodium bisulfite to generate a water-soluble,
addition product of carbonyls and bisulfite (Benn 1998). The solvent layer was then
subjected to GGO analysis to determine whether the target aroma was still present in
the solvent phase. This indicated whether a carbonyl functional group was a moiety on
the unknown compound.

Reaction with 2,4-dinitrophenylhydrazine

Another method to detect the presence of aldehydes or ketones made use of 2,4
dinitrophenylhydrazine (Allen 1930), where the a carbonyl group will react with 2,4 -
DNPH to form a solid. The 2,4-dinitrophenylhydrazine solution was prepared by first
dissolving 4 g of 2,4-DNPH in 15 mL of concentration su Ifuric acid then, with stirring,
20 mL of water was added, followed by 70 mL of 95% ethanol. A solution of 0.5 mL of
2,4DNPH was then added to 2 mL of the target compound fraction and allowed to
react for 10 min. This was quenched with water and the solvent layer was drawn off
and subjected to GGO analysis.

Reaction with Dess-Martin Periodinane
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The DessMartin reaction is an effective method of oxidizing alcohols into aldehydes as
described by Meyer et al. (1994). Briefly, water saturated dichloromethane was added,
while stirring, to a mixture of 2 mL of the target compound fraction and 4 mL of DMP
(0.3M in dicholormethane) (1.2 mmol). This was left to react overnight until all alcohols
were oxidized to the aldehydes. The reaction was worked up and the solvent layer was
subjected to GG-O analysis.

Compound Synthesis

Rotundone

The synthesis of rotundone was performed following the method of Mattivi et al. (2010)
starting with the sesquiterpenoid alcohol, guaiol. Guaiol was isolated from guaic wood
oil following a series of crystallization steps; first using acetone as the solvent followed
by a 3:1 ethanol:water mixture (Minnaard et al. 1994). This yielded 99% pure guaiol as
a crystaline material. The guaiol (10.0 g; 81 mmol) in pyridine (15 mL) was kept at -
30°C under N2 gas while thionyl chloride ( 6.18 g; 3.8 mL; 52 mma) was added drop-
wise. After 2 h, additional thionyl chloride ( 1.55 g; 0.95 mL; 13 mmol was added. The
resulting solution was kept overnight at 30 °C. The product, a brown solution with
white crystals, was worked up by adding a 25% HCI solution (50 ml) and extracting
with diethyl ether. This resulted in a crude mixture of guaiene (87% yield). The crude
mixture was passed through a bed of silica gel to remove any insoluble compounds. It
was then dissolved in acetonitrile and the catalyst cobalt acetate tetrahydrate (0.60 Q)
was added along with an oxidizing agent, tert-butyl hydroxide (5.0 -6.0 M in decane).
The solution was left to react at room temperature. The reaction progress was
monitored hourly by GC -MS until the guaiene peak was no longer detected. The
reaction was quenched with and then washed with aqueous sodium sulfite (1 M)
solution and extracted with ether. The ethereal extract contained the final product,
rotun done, with a final yield of 8%. A detailed description of the synthesis can be

found in the Appendix A.
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Purification of rotundone was carried out by first subjecting the extract to a high

vacuum transfer apparatus to remove any highly volatile compounds a nd then

applying the extract it to a silica (60A) flash column (200 mL volume). Fractions

fromvarying pentane:diethyl ether (v/v) mobile phase compositions (100:0, 94:6, 90:10,

80:20) were collected. Using this purification procedure, a 94% purity was achieved.

EIMS, m/z (rel intensity) 219 (14), 218 ([M}, 100), 204 (8), 203 (82), 189 (9), 175 (25), 163

(46), 162 (35), 161 (55), 147 (53), 137 (59), 135 (25), 133 (42), 121 (32), 120 (40), 119 (61), 107
(38), 105 (67), 95 (34), 93 (43), 91 (87), 79 (53),(53), 67 (48), 55 (29), 41 (33). Retention
indices (RI) 1670 (RTX1), 1715 (RTX5), 1885 (DB1701), 2260 (RTXvax).

IH NMR (500 MHz, CDCI s O w ntud 6@ (2Hx auerlapping m, Hio), 2.98 (1H, ddg, J =
11.2,3.4,and 7.3, i), 2.64¢ 2.42 (3H,overlapping m, H 12,132 53, 2.34 (1H, m, Hs), 2.05¢

1.9 (2H, overlapping m, Ha,130), 1.81¢ 1.75 (3H, overlapping m, Hs, 29, 1.76 (3H, s, H),

1.53 (1H, m, Hb»), 1.10 (3H, d, J =7.5, H), 0.99 (3H, d, J = 6.4, H)

13C NMR (500 MHZ, CDCl :& O wRuilr7\21151.2, 145.6, 109.3, 46.4, 43.2, 38.1, 36.9, 32.8,
30.9, 27.0, 20.4,19.4, 17.7.

'H NMR (500 MHz, CDCI 5) and **C NMR (500 MHZ, CDCI s5) was obtained from the
solutions in deuterochloroform with a Varian Unity (500 MHz, Quad Probe; Varian,

Palo Alto, USA). Chemical shifts were referenced relative to the corresponding residual
solvent signal. *C NMR spectra were obtained from the solutions in a

deuterochloroform with a Varian VRX (500 MHz, Quad Probe).
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The EI-MS and NMR spectra can be found in the Appendix B.

3.4 Results and Discussion

Volatile ldentification

Extracts were prepared from both toasted French and American oak products via SDE.

Based on the results of GGO American oak had the stronger intensity of most

characteristic oak odorants (Appendix E, Table Al). This finding was consistent with

previous studies which indicated that toasted American oak has higher concentration of
characteristic oak volatiles than toasted French oak (Cadahia et al. 2003). A comparison

was also made between light and medium toasted American oak chips, revealing

volatiles to be in higher abundance the medium toasted oak. Continuing with medium

toasted American oak, GC-O analysis consistently allowed for the detection of 40 odor-

active compounds (Table 3.2). All of the identified aroma compounds were in

agreement with previo us studies on volatiles of oak wood (Alafion et al. 2009,

Fernandez de Simon et al. 2009, Cadahia et al. 2003, Chatonnet and Dubourdieu 1998,

Cutzach et al. 1997).

Of the 40 compounds detected, 7 were unknown including 2 (bolded, Table 3.2, which
weredetUEUDET EWEUwW?POOEaAYDOETI OUIl 28 ww. UTT UwUOOOODC
POUI Ul U0wbOXxEUUI EWEW?EOOYI *xbPOI 2 wOEOUWEU w1 ( wl
POOEYExxOIl 2 wOEOUWEVUwW1 ( wl 1 KWEOEwWHKt + wpb ERWEQE
Not all of these compounds will nec essarily impact the flavor of the aged spirits. This

may be due to how susceptible a compound is to ethanolic or aqueous extraction, or it

might be present at a lower concentration that its detection threshold. Based on

previous studies on aroma active compounds in aged spirits (Lahne et al 2012, Benn at

al 1996, and Netto et al 2003), as well as the findings of this study, it was confirmed that
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only the unknown compound [occurring at RIs of 2250 (Wax column), 1885 (1701
column), and 1722 (5 column)] was present as odor-active in oak aged spirits and thus
gualified to proceed with identification. The GC -O analysis of the wood served to
confirme that the target compound originates directly from the oak wood and that the
target compound when extracted from the oak wood would be in a high enough
concentration to be detectable by GGMS since the oak wood extract will contain more

volatiles than aged distilled spirits.
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No. Compound Odor Description RI Identification?
Wax Ritxb

1  ethyl propanoate fruity/green 726 RI, O, MS

2 ethyl butanoate fruity 808 RI, O, MS

3 ethylisovalterate ester fruity 1055 857 RI, O, MS

4  hexanal green 1083 803 RI, O, MS

5 ethyl valerate fruity 1129 890 RI, O, MS

6 ethyl 3-hydroxybutanoate sweet 1522 928 RI, O, MS

7  ethyl hexanoate fruity 1001 RI, O, MS

8  3-methyl-1-butanol liquor 1211 736 RIL O, MS

9  heptanal stale green 1243 965 RI, O

10 4-ethyl phenol bandaid 1172 RI, O, MS

11 unknown cooked/nutty 1307 O

12 ethyl octanoate fruity 1420 1197 RI, O, MS

13 unknown sour/mayonaise 1438 O

14 trans-2-nonenal green hay 1530 1161 RI, O, MS

15 unknown sweet citrus 1549 1199 O

16 trans,cis-2,6-nonadienal  green 1581 1150 RI, O

17 butyric acid sweaty/cheesey 1615 RI, O

18 isovalericacid cheesy 1658 RI, O

19 transtrans-2,4-nonadienal hay 1694 1217 RI, O, MS

20 2-decenal sawdust 1255 RI, O, MS

21 2-phenylethyl acetate floral tea 1805 1260 RI, O, MS

22 B-damacenone apple/lemon 1811 1391 RIL O, MS

23 guaicol smokey/sweet 1840 1087 RI, O, MS

24 trans-whiskey lactone coconut 1871 1295 RI, O, MS

25 phenylethyl alcohol rose 1901 1120 RIL O, MS

26 [p-ionone floral/earthy 1904 1418 RI, O, MS

27 cis-whiskey lactone coconut/sunscreen 1935 1329 RI, O, MS

28 vy-nonalactone peach 2009 1368 RI, O, MS

29 p-cresol burnt 2094 1111 RI, O, MS

30 eugenol brown spice 2163 1361 RI, O, MS

31 p-vinylguaiacol spice/curry 2171 1319 RI, O, MS

32 syringol smokey bbq 2236 1355 RI, O, MS

33 ethyl cinnamate spice 1466 RI, O

34 unknown woody/incense 2253 O
unknown woody/incense 1724 O

35 unknown fresh wood/apple 2322 O

36 cis-6-dodeceno-y-lactone cilantro 2377 1665 RI, O, MS

37 unknown vanilla 2488 @)

38 wvanillin vanilla/marshmellow 2519 1413 RI, O, MS

39 ethyl vanillate brown spice/cinnamon 2600 RI, O, MS

2]dentifcation criteria: rentention index (RI), odor quality (O), mass spectra (MS)
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To obtain an interpretable electron-impact mass spectrum (EI-MS) of the target
compound, the RI range of the unknown compound was cut both to a Olfactory
port/FID and a mass spectrometer. Figure 3.2 slows an example, in the RTX-wax (1%
column) A RTX-5 (29 cut section column) configuration, of comparing the two sections
to find a peak corresponding to the odor. During the GC -O analysis of the cut section
the time that the correct target compound aroma was detected was marked using an
Olfactory Intensity Device (Gerstel USA Inc., Linthicum, MD).

This was repeated several more time using the RTx5 A RTX-wax configuration (Figure

3.3) and the RTX5 A RTX-1701 configuration (Figure 3.4).
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