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1. Introduction

Flavor is one of the most important characteristics of a
food product, especially when taking consumer acceptance
as a parameter. At the origin of flavor in food products are
enzymatic reactions of polyphenols, lipids, and proteins, but
in processed food products, the Maillard reaction is of
particular importance for flavor formation. Carbohydrate
fragments, formed mainly by retro-aldol reactions, react with
amino acid residues with the formation of, among other
compounds, a wide variety of heterocyclic flavor compounds.
During years of research, a vast quantity of Maillard flavor
compounds has been identified, and among these, some very
potent flavors were discovered. 2-Acetyl-1-pyrroliband
6-acetyl-1,2,3,4-tetrahydropyridir&(which occurs in tau-
tomeric equilibrium with 6-acetyl-2,3,4,5-tetrahydropyridine
2) (Chart 1) are the most important flavor compounds of
cooked rice and bread, and their flavor significance has been
shown in many other food products. In particular, 2-acetyl-
1-pyrroline and to a lesser extent 6-acetyl-1,2,3,4-tetrahy-
dropyridine were detected as key aroma compounds in a large
variety of cereal products and in food products of vegetable
and animal origin. Numerous model experiments revealed a
fascinating and peculiar chemistry of formation for these
flavor compounds. The development of adequate synthetic
routes was a challenge for many organic chemists. The
extraordinary flavor properties of these compounds are
related with thex-iminoketone orm-acylenamine structural
element as part of a ring system. The sulfur-containing
analogues 2-acetyl-2-thiazolideand 5-acetyl-2,3-dihydro-
4H-thiazine5 exhibit similar popcorn-like flavor properties.

A review of the chemistry of these important flavor
compounds, their occurrence and significance, the mecha-
nisms of formation, their biological origin, the developed
synthetic routes, and their applications in the food industry
is presented here.

2. Occurrence and Significance

2.1. Sources of 2-Acetyl-1-pyrroline

2-Acetyl-1-pyrrolinel [2-AP; IUPAC name 5-acetyl-3,4-
dihydro-H-pyrrole; also 1-(3,4-dihydro42-pyrrol-5-yl)-
ethanone] was identified for the first time as the most
important flavor compound of cooked rié&ince then, the
flavor compound has been identified in a great variety of
processed and cooked food products, especially in various
rice varieties, both fragrant and nonfragrant varietiébe
content of 2-AP was shown to be positively correlated with
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scented and nonscented ricBesides in cooked rice, 2-AP
has also been identified among the volatiles of various other
cooked cereals and cereal products: bread értmsasted
breadf corn tortillas? popcorng cooked sweet corn produéts,
extrusion cooked maize flod? rice cakes} puff pastriesi?

and cooked acha (a cereal indigenous to the Sahel region in
Africa).’® In all cases, 2-AP, though mostly present in low
concentrations, contributes in great measure to the cereal odor
notes of the food products. 2-Acetyl-1-pyrroline was shown
to be a potent odorant of boiled potatdéss one of the key
aroma compounds in roasted wild mango séédsasted
sesame seed&pan-fired green tedscured tobacco leavég,
boiled or fried mung beatf,and taro (a tropical root crogy,

and is formed during the heating of bacuri and cujpufagit
pulp?l?? |t was detected in pale lager beérmpeanut and
pumpkin seed 0il8? honey?® several soy-based produéts,
and among the volatiles of cooked mushroorR&e(rotus
sp.) (mistakenly identified as 2-acetyl-2-pyrrolirfé)Also,
products of nonvegetable origin contained 2-AP as a highly
aroma-active constituent: dry and fresh mifi¢®Camembert
and Swiss Gruyere chee¥élrennet caseif? liquid Cheddar
whey 33 Iberian dry-cured hart3® Mediterranean dried
sausage¥,cooked beet! boiled carp fillet®® boiled salmon,
cod and trouB?*° cooked blue crab claw meét,cooked
lobster tail meat?“3 boiled prawns? ripened anchovy®
crayfish-processing byprodudstuna saucé! stored sar-
dines?® and enzyme-hydrolyzed oyster cooker effluént.

These findings led to the assumption that 2-AP is a
resultant of the Maillard reaction and that it is formed during
the cooking or processing of rice and other food products.
This thermal formation, together with the instability of the
compound, complicated the development of adequate ana-
lytical procedures. The determination of important but low-
concentrated volatiles depends greatly on the development
of sensitive analytical techniques. To obtain truthful quantita-
tive determinations of 2-AP concentrations in food products,
care must be taken to avoid losses due to the instability of
the compound on one hand and not to overestimate the 2-AP
guantities by additional formation upon heat treatment of
precursors on the other hand.

Buttery and co-workers determined the 2-AP concentration
in 10 different rice varietie® This was done by steam
distillation—continuous extraction of uncooked rice and
resulted in concentrations of-®0 ppb, expressed relative
to the dry weight of the rice. Within the same variety, brown
rice contained somewhat higher 2-AP concentrations than
white rice, indicating that the degree of milling influences
the 2-AP content. Using an acid-phase solvent extraction,
the effect of other interfering compounds could be lesséhed.
Still, a recovery of only 28% 2-AP was reached. Taking this
into account and making use of an internal standard, 2-AP
concentrations for brown aromatic rice varieties of 560
760 ppb were calculated. Different research groups refined
the analytical method for the determination of 2-AP. Fol-
lowing extraction of 2-AP from rice by microscale steam
distillation—solvent extraction, GC-MS analysis was per-
formed in the more sensitive SIM (selected ion monitoring)

appeared to be the most important discriminator, on quantita-mode. This led to experimental concentrations of-166
tive and olfactive considerations, to differentiate between ppb of 2-AP in rice?® Solid-phase microextraction (SPME)
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was used for the screening of several rice varieties for the Table 1. Concentrations (conc) and Odor Activity Values (OAV)
presence of 2-AP. SPME-GC-MS was proven to be a very °f.2'AF]irety"1'py”3“”e %ja”dlg'fcety"1’2*3'4'te”ahydf°Py”d'“e
useful technique for the screening and qualitative differentia- S " Different Food Products

tion among rice varieties but not for the quantification of 2-AP 6-ATHP
2-AP 2" Schieberle and co-workers developed stable isotope  food product concig/kg) OAV  conc fug/kg) OAV
dilution assays for the quantification of 2-AP in bread ctust “heat bread crust 19 2602 53 981
and in freshly popped cofi.In wheat bread crust the  popcorn 24 3288 437 8092
concentration of 2-AP was determined to bewgfkg, while toasted wheat bread ~ 8.8 1205 1.5 28
in freshly popped corn 24g 2-AP/kg was found. In other L‘;isrg:ifiseame 638 8%%1?5

heated food products, 2-AP concentrations in the range of cooked sweet corn 44 6027

— ,9,11,38 i -
1-10 ppb were found: Calculation .Of .the SO Cal!eq a Reprinted with permission from ref 104. Copyright 1998 American
flavor dilution factor by aroma extract dilution analysis in  chemical Society.

different food products revealed the extraordinary importance
of 2-AP in the aroma of a variety of food produé&42 presence of sodium .bi'sulfite and. ide_ntified it as 6—ace_ty|—
In later investigations, however, 2-acetyl-1-pyrroline also 1.2,3,4-tetrahydropyridin8 (occurring in tautomeric equi-
revealed its presence in raw plant material. Buttery and co- librium with 6-acetyl-2,3,4,5-tetrahydropyridir# (Chart 1).
workers already noticed that the characteristic 2-AP odor Regular mistakes are found concerning the name of this
was present in uncooked rice, but they could not confirm compound. According to the IUPAC nomenclature rules,
this by extractior? Mahatheeranont et al. quantified 2-AP  compound2 is named 1-(3,4,5,6-tetrahydropyridin-2-yl)-
in uncooked Thai rice (0.3 ppm) using a nonthermal solvent €thanone and compourglis named 1-(1,4,5,6-tetrahydro-
extraction metho@! Later, concentrations of 2-AP in fresh  Pyridin-2-yl)ethanone. o .
uncooked brown aromatic rice (KDML 105) were found to ~ 6-Acetyl-1,2,3,4-tetrahydropyridine has a typical roasty
be as high as 3 ppf. Yoshihashi used a stable isotope odor, resembling the flavor of crapkers and popcorn, and is
dilution assay to quantify 2-AP in aromatic rice under regarded nowadays as a very important Maillard flavor
different conditions and in various parts of the pl&tthe compound. Spraying week-old bread with an aqueous
results revealed that 2-AP was not formed during the cooking Solution containing only 6 ppm of the sodium bisulfite

or postharvest processes of aromatic rice and confirmed thecomplex of this compound returned a desirable fresh-bread
biological origin of 2-AP. odor to the produc 6-Acetyl-1,2,3,4-tetrahydropyridine (6-

Also, in Pandan leavesandanus amaryllifoliys® raw ATHP) contributes to the aroma of several baked products:

Myabi muskmelon fruif® and chempedak fruit and jack- Potato chipsybread crust? popcorn? corn tortillas?” toast?
fruit,% 2-AP was identified. 2-Acetyl-1-pyrroline was de- and rice cake® Both 2-AP and 6-ATHP contribute signifi-

tected among the volatiles of dry spindtand raw French ~ cantly to the flavor of bread crust, although 2-AP has the
bean$® In both cases, the concentration of 2-AP and as a highest odor unit in wheat bread crust and 6-ATHP domi-
result its importance in the overall aroma increased upon Nates in rye bread crugtBoth flavor compounds are found
cooking of the vegetables. The dried flowers of the plant i breadc_rumbs in 30-fold lower concentrations than |n.the
Vallaris glabra (so-called ‘bread flowers’) contain the highest Crust. This is due to the lower water activity in the outside
reported concentrations of 2-acetyl-1-pyrroline, namely, 26 €'Ust, stimulating Maillard reactions. 6-Acetyl-1,2,3,4-tet-
ppm% In Pandan leaves, which are traditionally added during "@hydropyridine was also detected in wort and beer, food
cooking of common rice to impart a scented rice aroma, 2-AP Products containing high concentrations of profihénalysis

is present at a concentration of 1 ppm, which is more than of the volatile constituents oBemnostachya menglaensis
10 times higher than the 2-AP concentration in scented rice 1SUi, @ rare Chinese odorous plant, revealed the presence of

varieties?* Other sources report concentrations of 10 ppm 6-acetyl-1,2,3,4_-tetr2)hydropyridin’é and 6-acetyl-2,3,4,5-
2-AP in freshPandanus amaryllifoliugeaves. tetrahydropyridine2.”® The main volatiles, however, were

In contrast to its mostly desired presence, 2-AP was shown 1€ higher homologues of these aroma compounds, 6-pro-

to be responsible for a ‘mousy’ off-flavor that developed Pionyl-1,2,3,4-tetrahydropyridine and 6-propionyl-2,3,4,5-
when raw pearl millet grits were wetted and slowly drféd. ~ tétrahydropyridine. .
2-Acetyl-1-pyrroline was also identified as one of the In Table 1 acomparison Is presented of the concentrations
components responsible for the development of a ‘mousy’ and odor activity values of 2-AP and 6-ATHP in various
off-flavor in wine® Its presence there was shown to be of f00d products.
microbial origin and will be discussed below (section 4.2). 2 3 2-Acetyl-2-thiazoline and

Confusing reference has been made in the literature to thes_Acetyl-2,3-dihydro-4 H-1,4-thiazine,
presence of 2—AI? among the volatiles of the urine of tigers, Sulfur-Containing Popcorn-like Flavor
important for territorial and sexual statements. However, this ¢ d

. HOWEVET L ompounds

does not concern 2-AP itself but another unidentified rice
flavor compound?

Sulfur-containing flavor compounds constitute a major
class of aroma volatiles found in vegetables, cooked meat,
2.2. Sources of 6-Acetyl-1,2,3,4-tetrahydropyridine and other processed foods. While the sulfur-containing

o e volatiles in vegetables such Aflium species are formed by

Already in 1963, Wiseblatt and Zoumut isolated a sub- enzymatic reaction%,sulfur-containing flavors found in meat
stance with a bread-like flavor after boiling of fermented products are normally formed through thermal processing
liquid brews, containing only glucose and yeast in an of food systems containing cysteine or cystine. The sulfur-
inorganic agqueous buffer soluti6hA structure identification containing analogues of 2-AP and 6-ATHP, 2-acetyl-2-
was, however, only published in 1969, when Hunter ét al. thiazoline4 (2-AT) and 5-acetyl-2,3-dihydroH1,4-thiazine
isolated the bread flavor compound from a modified Wise- 5 (5-ADHT) (Chart 1), display similar roasty, popcorn-like
blatt reaction of proline with 1,3-dihydroxyacetone in the odor characteristics and low odor thresholds.
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2-Acetyl-2-thiazoline4 was identified for the first time
among the flavor volatiles of beef brdthand was later

Adams and De Kimpe

The presence of a longer alkyl chain or an aromatic ring
system significantly increases the odor threshold of compa-

reported as one of the character-impact flavor compoundsrable 2-acetylazaheterocycles (Tables 3 and 4). This is clearly

of roasted beef In beef, roasted for a short time, concentra-
tion levels of 2-acetyl-2-thiazoliné of 14—28 ug/kg were
determined using stable isotope dilution assaysAcetyl-

demonstrated in the odor threshold of 2-acetyHdyrrole
8, which does not smell roasty and has an odor threshold of
>2000 ng/L air. 2-Propionyl-1-pyrrolin&2, with an alkyl

2-thiazoline was detected as a potent odorant of severalchain of one carbon atom more than 2-acetyl-1-pyrroline

processed meat products, such as chicken Bpatbpked
chicken’® stewed beef juicé, and cooked meat pattiéIn

has a low odor threshold similar to 2-acetyl-1-pyrrolihe
and a roasty, popcorn-like odor. Higher homologues of

addition, the flavor compound was detected among the aroma2-propionyl-1-pyrrolinel2, however, such as 2-butanoyl-1-
volatiles of boiled trout/*®"° cooked mussel®,8! turbot8? pyrroline 13 and 2-hexanoyl-1-pyrrolind4, do not smell
boiled carp fillet®3 cooked clam$? fresh goat chees¥, roasty and possess very high odor threshdliihe same
Cheddar chees&8” ice creant® milk,288° pan-fired green  accounts for the higher homologues of 5-acetyl-2,3-dihydro-
teal’ roasted white sesame seétlgjine ° rambutan frui?® 4H-thiazine? 2-Propionyl-2-thiazoline has a similar low odor
lychee fruit)? cooked mushroomsP{eurotussp.)?” sweet threshold (0.07 ng/L air) as 2-acetyl-2-thiazoline, but higher
corn product$,and heated yeast extraéts. homologues of this compound have not been synthesized.
5-Acetyl-2,3-dihydro-#-1,4-thiazines was initially iden-
tified from a model reaction of ribose with cysteiffeThis
compound has not yet been identified in food systems.

3. Mechanism of Formation

3.1. Studies on the Mechanism of Formation of

2.4, Flavor Properties 2-Acetyl-1-pyrroline

On the basis of their organoleptic properties, so-calted * Tressl et al. reported that small amounts of 2-AP were
acetylN-heterocycles’ are considered a separate class Offormed when model mixtures of proline and monosaccharides
Maillard reaction product®. They generally have low to very  were heate@ Schieberle showed that heat treatment of a
low odor thresholds and a pleasant roasty cracker-like odor, ground yeast/sucrose mixture represented an important source
which is attributed to tha-lmlnok_etone oro-acylenamine of 2-AP formed during the bread baking proc&8®recursor
structural element as part of a ring system (Chaf2). studies demonstrated the formation of 2-AP in heated model
systems of proline with sugars and sugar degradation
products and especially their phosphorylated derivatives.
Conversion of the latter activated derivatives, such as 1,3-
dihydroxyacetone phosphate, into higher amounts of 2-AP
0 holds a mechanistic rationale (vide infra).

Experiments with labeled carbohydrates indicated that in
2-AP 1, generated from proline and B€-glucose, the label
was present only in both carbons of the acetyl gr8@prom
the reaction of proline and #C-glucose, Rewicki et al.
detected a 1:1 mixture of unlabeled and singly labeled 2-AP
(with the label on the methyl groupj* From these results,
they proposed a mechanism as is displayed in Scheme 1.
From 1-deoxy-2,3-glucosone, two isomers of ‘diacetyl-
formoin’ (18 and19) are derived with two equivalent sites
of reactivity. Aldol addition of 1-pyrrolin€2, a degradation
product of proline, to the dihydro form of diacetyl-formoin
(20 and 21) is followed by retro-aldol cleavage, yielding
2-acetylpyrrolidine26 that oxidizes to 2-acetyl-1-pyrroline
1 with the expected extent and position of labeling.

Because of these properties and since these 2-acetylaza- Labeling of proline demonstrated that the carbon of the
heterocycles are generally formed in higher concentrationscarboxyl group of proline was absent in 2-A®.These
than other acylazaheterocycles, they are of utmost importancdindings as well support the hypothesis that 2-AP in thermally
in the flavor of heated food products and in process degraded proline/glucose mixtures is formed by ‘acylation’
flavorings. of 1-pyrroline by a two-carbon sugar fragment, among which

Within this group of flavor compounds, many publications 2-oxoaldehydes were shown to be the most effective.
have focused on 2-AR and 6-ATHP 3 because of their Various model experiments revealed that phosphate ions
significance and extremely low odor thresholds. These odor are essential in the realization of high yields since replace-
thresholds were determined in different media, as reportedment of a phosphate buffer by a malonate buffer decreased
in Table 2. the yields of model reactions to about one-tHftdlriose
phosphates occurring in yeast were identified as 2-AP
precursord® The high yield obtained from the reaction of
1,3-dihydroxyacetone phospha& with proline'® can be

Chart 2

This structural requirement does not applyNialkylated
a-acetyl cyclic enamines, which do not show the roasty
flavor characteristics at all. For instance, 6-propionyl-
1,2,3,4-tetrahydropyridin& displays Maillard flavor char-
acteristics, while 1-isopropyl-6-propionyl-1,2,3,4-tetrahy-
dropyridine8 does not (Chart 3’

Chart 3
(A~
H N
[e] )\ [¢]

7 8

Table 2. Odor Thresholds of 2-Acetyl-1-pyrroline 1 and
6-Acetyl-1,2,3,4-tetrahydropyridine 3 in Different Media

2-AP 6-ATHP explained by the generation of 2-oxopropa88) which is
air 0.02 ng/1 0.06 ng/18 the actual active sugar fragment in the formation of 2JAP
V\;aterh %-%{J?/;gz/kgs é-ggglk%é%-wglkgﬁ (Scheme 2). The enol 1,3-dihydroxyacetone phosphate, i.e.,
starc . g .054ug. ; ;
eunflower o 0. Lug/kg? compound?8, is able to expel phosphate as a leaving group

much better than the analogous hydroxyl group of 1,3-



Extraordinary Maillard Flavor Compounds

Chemical Reviews, 2006, Vol. 106, No. 6 2303

Table 3. Odor Threshold Values of Various 2-Acetylazaheterocyclég> 7494

Flavor compound Odor threshold Aromatic flavor Odor threshold
(ng/L H,0) compound (ng/L H,0)
P 03
o 0.1 o 170,000
1 9
| A
P
N 1.6 N 19
o) [¢]
3 10
S
3 4
N/)\n/ 1 L—N/)\n/ 10
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© 1
4 N
S I N
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Table 4. Odor Threshold Values of 2-Acylazaheterocycles with Varying Alkyl Chain Length%%

2-Acyl-1-pyrroline Odor threshold 5-Acyl-2,3-dihydro-4 H- Odor threshold
homologues (ng/L air) thiazine homologues (ng/L air)
S,
Q\n/ 0.02 ( k( 0.05
N
o N
1 o
5
P S.
N 0.02 E | 0.1
(0] N
13 A (0]
16
S
Q\,(\/ >2,000 ( ] >2,000
0 N
14 H
(o}
17

7
N > 2,000

(o}
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Scheme 1. Hypothetical Formation of a 1:1 Mixture of
2-Acetyl-1-pyrroline/2-[2-13Clacetyl-1-pyrroline from
[1-13C]-Glucose and I-Proline, on the basis of Labeling

Studied0!
(\ } HO.
e} 0o OH OH 2‘2
¢} ¢} e} e} e}
OH * OH OH * OH Ol
O O O O O
18 (1:1) 19 20 (1:1) 21 23(1:1)

Ir=

He,
o 0 H o / o~ >
1(1:1) 26 OH
HO\/H( 24(1:1)

250

When reacting equimolar amounts of 1-pyrroli22and
2-oxopropanaB0 in an aqueous buffer solution, yields of
2-AP 1 of 5 mol % were accomplished* 2-Acetyl-1-
pyrroline constituted 72% of the volatile fraction in 1-pyr-
roline/2-oxopropanal model reactiof8. The reaction of
1-pyrroline22 with two othera-oxoaldehydes, namely, 1,2-
butanedione and phenylglyoxal, yielded 2-propionyl-1-pyr-
roline 13 and 2-benzoyl-1-pyrroline in yields comparable
with the formation of 2-APL from 2-oxopropanaB0.>° These
results confirm that 1-pyrrolin22 and 2-oxopropand&0 are
most probably the active reagents in the formation of 2-AP
1

To determine the origin of 1-pyrroline in bread crust,
Schieberle and co-workers separately reacted the most
important amino acids of yeast with 2-oxopropanal in model
experiments. The results revealed that 2-AP was formed from
proline and ornithine in comparable amoutfBoth amino

dihydroxyacetone. In this way, the protonated enol structure acids are able to form 1-pyrrolir22, the key intermediate
29is generated which affords the reactive sugar degradationin the formation of 2-APL. 1-Pyrroline22 results from the

compound30.

Strecker degradation of prolir#d, catalyzed byx-dicarbonyl
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Scheme 2. Generation of 2-Oxopropanal 30 from 1,3-Dihydroxyacetone Phosphate 27

o} OH
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Scheme 3. Hypothetical Mechanism of Formation Leading from Proline 31 and 1-Deoxyosone 32 to 1-Pyrroline522
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Scheme 4. Formation of 1-Pyrroline 22 from Citrulline 42 and Ornithine 4392

X i i ®
HoN H/\/\)J\OH . HZN/\/\)LOH IR HzN/\/\fo . )
NH, NH, N

42 43

compounds, such as 2-oxopropaB@br a deoxyosone, e.g.,
1-deoxyoson@2, an intermediate generated from the dehy-
dration of fructose (Scheme 3).The reaction starts with
the formation of iminium ior83, followed by decarboxyla-
tion and water elimination leading to intermedis&86. A
second water molecule is eliminated in a retro-Michael
reaction, yielding intermediat87, from which 1-pyrroline
22 can be generated via hydrolysis of iminium i8€.

When the nucleophilic attack of prolingl is aimed at
the carbonyl group of carbon-2 of 1-deoxyos@®instead
of carbon-3, a similar pathway can be constructed for the
formation of 1-pyrroline22.

Citrulline 42 and ornithine43, however, are also possible
precursors of 1-pyrrolin@2 through cyclization of 4-ami-
nobutanald4 via a Strecker degradation protocol (Scheme
4) 102

From these results, a reaction mechanism was proposed

for the formation of 2-acetyl-1-pyrroling, initiated by the
formation of an iminium species between the tautomer
2-pyrroline 41 and 2-oxopropanaB0 (Scheme 5%° Tau-

Scheme 5. Hypothetical Mechanism of Formation of

2-Acetyl-1-pyrroline 1 from 1-Pyrroline 22 and
2-Oxopropanal 30 According to Schieberl&®
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Several questions arise concerning this reaction pathway.
First, nucleophilic attack of the intermediaté may as well

be aimed at carbon-1 of 2-oxopropaBl and the products

of this pathway are not described. Second, elimination of
the formyl group cannot occur as described because the
formyl group is not a leaving group. Alternatively, deformy-
lation could occur by attack of water onto the formyl group
of intermediate48 and subsequent transformation into, for
instance, compoun84, as shown in Scheme 6.

Scheme 6. Alternative to the Deformylation of Intermediate
48 (Scheme 5) Leading to Compound 54
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Since higher amounts of 2-AP were formed from the
reaction of 2-oxopropanaBO and 1-pyrroline22 under
aqueous conditions, the hydrated 2-oxopropdbalwas
proposed as the reactive species. In addition, it was shown
that 2-acetylpyrrolidin@6 could be easily oxidized to 2-AP
1 in high yields!®® From these findings, a new reaction
mechanism was proposed (Scheme®?)1-Pyrroline 22
condenses with hydrated 2-oxopropar## to generate
2-(1,2-dioxopropyl)-pyrrolidine57, which spontaneously
oxidizes with air oxygen to the corresponding 1-pyrroline
59, the latter undergoing an addition of water to the central
reactive carbonyl function (hydrate formation) and subse-
guent semibenzilic rearrangement. Thuketoacid61 thus
formed decarboxylates to 2-acetylpyrrolidi@g, affording
2-acetyl-1-pyrrolinel upon spontaneous air oxidation.

tomerism and subsequent nucleophilic attack of intermediate Labeling experiments showed that 2-AP mainly incorpo-

46 to a second molecule of 2-oxoproparzd provides
iminium ion 47, which, upon deformylation according to the
authors, is hydrolyzed into 2-oxopropargfl and 2-acetyl-
2-pyrroline51 that tautomerizes into 2-acetyl-1-pyrrolite

rated two carbon atoms from glucose, as discussed above,
but a minor amount of 2-AP incorporated three carbon atoms
from glucose. The finding that 2-AP was equally formed
from 2-methyl-1-pyrroline, though in somewhat lower
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Scheme 7. Proposed Reaction Mechanism for the Formation of 2-Acetyl-1-pyrroline 1 from 1-Pyrroline 22 and 2-Oxopropanal
Hydrate 55 on the basis of Labeling Experiments and the Oxidation of 2-Acetylpyrrolidine 28+

OH
HOS

)
® OH

Nyt f *
v o Q Hhud oH
2 57

OH

55
H,0 0 R
2 2 . %
N N
J) OH H J OH
H
60 61

MO )
H o o)
58 59

~Co, 0,
. 7
N N
H o o)
26 1

Scheme 8. Alternative Reaction Pathway Leading from 1-Pyrroline 22 and 2-Oxopropanal 30 to 2-Acetyl-1-pyrroline 1 on the

basis of Labeling Experimentg04
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amounts, suggests that the carbon-2 of 1-pyrroline can beas end products when the reaction is performed under

lost during the reaction with 2-oxopropanal. This could be

explained in an alternative reaction pathway for the formation

of 2-AP 1 from the reaction of 1-pyrrolin@2 with 2-oxo-
propanal30 (Scheme 8). This pathway starts with a nucleo-
philic attack of the tautomeric 2-pyrrolin&l at carbon-1 of
2-oxopropanaB0. Addition of water to the imin&3 formed,
followed by ring opening and subsequent hydrolysis of the
generated\-substituted formamid®5, yields 6-amino-2-
hydroxy-3-hexanones6. Upon cyclization 2-(1-hydroxy-
ethyl)-1-pyrroline67 is formed. This compound tautomerizes
to 2-acetyl-pyrrolidine26 via 1-(2-pyrrolidinylidene)ethanol
68.1%4 Spontaneous air oxidation yields 2-acetyl-1-pyrroline
1.

Both pathways establish 2-acetylpyrrolidi® as the
direct precursor of 2-acetyl-1-pyrrolirethat is formed by
spontaneous oxidation. The air oxidation of 2-acetylpyrro-
lidine 26 to 2-acetyl-1-pyrrolinel is similar to the known
oxidation of a-aminoketone$9 and o.-aminoimines71 to
a-iminoketones70 and a-diimines 73, respectivelyt%® and

nitrogen atmosphere.

3.2. Studies on the Mechanism of Formation of
6-Acetyl-1,2,3,4-tetrahydropyridine

6-Acetyl-1,2,3,4-tetrahydropyridin8 was first isolated

from the model reaction of proline with 1,3-dihydroxyacetone
in dry reaction condition&! This model reaction was later
studied in detail and yielded 2.7 mol % of 6-ATHP in optimal
reaction conditiond® The yield in water solution was
significantly lower than in dry reaction conditions. Addition
of sodium bisulfite to the reaction mixture significantly
increased the yield of 6-ATHP, ascribed to a stabilizing
effect. Various other model experiments of proline with
sugars or their degradation products yielded 6-ATRIP.
Yields are generally quite low, but due to the low odor
threshold, an intense flavor develops during the reaction.
Unlike 2-acetyl-1-pyrroline, which is formed from proline
or ornithine when reacted with the sugar degradation product
2-oxopropanal, 6-ATHP is formed exclusively from proline

can be extended as shown in Scheme 9. There is proverand preferentially from fructose as compared to glucose or

Scheme 9. Air Oxidation of a-Aminoketones 69 and
a-Aminoimines 71

oY . Q
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69 70
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evidence thata-aminoketimines71 tautomerize first to
o-aminoaldimines72, which are further susceptible to
oxidation too-diimines 73. Tautomers72 can be isolated

2-oxopropanaf?

For the formation of 6-acetyl-1,2,3,4-tetrahydropyridine
3, the so-called Hodge mechanism has long served as the
standard mechanisti’ This mechanism is described in
numerous textbooks in which it remained unquestioned for
several decades. It was proposed in 1972 and starts with the
nucleophilic addition of the prolin&1 nitrogen atom at
carbon-1 of 2-oxopropan&0 as displayed in Scheme 10.
Elimination of water from adduct4 yields iminium species
75. Decarboxylation results into the azomethin ylidé,
which is in mesomeric equilibrium with the resonance form
77. Addition of water to77 affords unstable addu@® that
ring opens td\-2-oxopropyl-4-aminobutan®0. These last
steps may also be represented as a concerted process for the
conversion of75 into 79 via 78. Intramolecular aldol-type
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Scheme 10. Hypothetical Mechanism of Formation of
6-Acetyl-1,2,3,4-tetrahydropyridine 3 Proposed by Hodge et
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condensation of keto aldehy@® affords intermediat&’3,
from which 6-acetyl-1,2,3,4-tetrahydropyridiBds formed
by elimination of water.

Experiments performed by Rewicki and co-workers with
labeled U%C-glucose and proline indicated the presence of
three carbon labels in 6-ATHP, two in the acetyl group and
one labeled carbon atom in the riff§.When proline was
reacted with 1°C-glucose, a mixture of unlabeled 6-ATHP
(60%) and singly labeled 6-ATHP with the label on the
methyl group was obtained* The authors hypothesized a
reaction pathway similar to the pathway for 2-AP described
in Scheme 1, starting from two equivalent isomers of
‘diacetyl-formoin’ (18 and19), which react with proline81
with the formation of compoun84 (Scheme 11). Strecker

Scheme 11. Formation of a 1:1 Mixture of 6-Acetyl/
6-[6-13Clacetyl-1,2,3,4-tetrahydropyridine from
[1-13C]-Glucose and Proline on the basis of Labeling
Studieg®!

degradation

E/@ .
HOOC ©
(1:1) 19

84(1:1) N

Strecker

13C OH

O
retro-aldol
_aldol (y HZO }o 85(1:1)
e

H
3(1 1) (: 1) 86(1:1) 30 O
degradation and retro-aldol cleavage lead to comp@é)d
which undergoes hydrolytic ring openings2-oxopropyl-
4-aminobutanaB0, yielding 6-ATHP 3 upon cyclization.

This mechanism is similar to the Hodge mechanism pre-

sented in Scheme 10, and both mechanisms proceed via the g4

common intermediat®&l-2-oxopropyl-4-aminobutanaO.
To investigate the intermediacy of this labil2-oxo-
propyl-4-aminobutana80 a doubly protected form of this

Adams and De Kimpe

compound87 was synthesized. This diprotect®d2-oxo-
propyl-4-aminobutanaB7 was then subjected to a broad
variety of hydrolytic conditions (acidic, basic, neutral, and
combinations thereof), which are known to yield the free
aldehyde and amine, but in the complex reaction mixtures
obtained there was no formation of even the slightest trace
of 6-ATHP 3 (Scheme 12j%° Accordingly, it was concluded

Scheme 12. Failure of the Diprotected
N-2-oxopropyl-4-aminobutanal 87 to Yield 6-ATHP 3 under
Diverse Hydrolytic Conditions!®®
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that the so-called Hodge mechanism is most probably not
operative.

Reaction of 1-pyrrolin@2 and 1-hydroxy-2-propanor&s,
both Strecker degradation products of the reaction of proline
31 with an a-dicarbonyl compound, yielded significant
amounts of 6-ATHP under basic conditions. From these
findings, a different mechanism was proposed for the
formation of 6-acetyl-1,2,3,4-tetrahydropyridiBe starting
from 1-pyrroline22 and 1-hydroxy-2-propanor&s (Scheme
13)194 The pathway starts with the attack of carbon-1 of

Scheme 13. Proposed Reaction Mechanism for the
Formation of 6-Acetyl-1,2,3,4-tetrahydropyridine 3 from the
Condensation of 1-Pyrroline 22 and 1-Hydroxy-2-propanone
88 on the basis of the Synthesis of Intermediate 9

H
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enolized 1-hydroxy-2-propanord® at carbon-2 of 1-pyrro-
line 22. This step might explain the preferred formation of
6-ATHP at higher pH values. The intermediate 2-(1-hydroxy-
2-oxopropyl)pyrrolidined0 thus formed was synthesized and
shown to yield 6-ATHP3 upon heating® The ring enlarge-
ment proceeds via ring opening to 7-aminoheptane-2,3-dione
93, which finally cyclizes to 6-ATHP3. Such cyclizations
have been used later in syntheses of this Maillard compound
(cf. section 5).

Performing the reaction of 1-hydroxy-2-propan@&with
2-methyl-1-pyrroline94 instead of 1-pyrrolin@2 confirmed
this pathway, since ring enlargement yielded 2-acetyl-3-
methyl-3,4,5,6-tetrahydropyridin®5 (Scheme 14). This

CO H

R ——

(3

22

Scheme 14. Formation of
2-Acetyl-3-methyl-3,4,5,6-tetrahydropyridine 95 from the
Reaction of 2-Methyl-1-pyrroline 94 with
1-Hydroxy-2-propanone 889

o A
Q\+)J\/OH

88 95 (30:1)
compound showed the same popcorn-like odor at a similar

low odor threshold as 6-ATHP, but the tautomeric equilib-
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rium was shifted strongly to the imine tauton®; stabilized
by the electron-donating effect of the methyl group.

A pathway for the formation of 6-ATHP from lysine via
2,3,4,5-tetrahydropyridine, analogous to the formation of
2-AP from ornithine via 1-pyrroline, could not be estab-
lishedi®? Possibly, the intermediate 2,3,4,5-tetrahydropyri-
dine is not stable and rapidly trimeriz&4.

3.3. Common Reaction Pathway for the
Formation of 2-Acetyl-1-pyrroline and
6-Acetyl-1,2,3,4-tetrahydropyridine

Both flavor compounds 2-acetyl-1-pyrolideand 6-acetyl-
1,2,3,4-tetrahydropyriding are essentially formed from the

same precursors: 1-pyrroline and carbohydrate fragments.

The relative concentrations of both odorants in proline model

systems and thermally processed proline-rich food products
depend on the predominant carbohydrate cleavage produc

present. If high amounts of 2-oxopropargdl are present,
2-AP 1 will be preferably formed from the hydrated
compound55, whereas in the presence of the reduction
product 1-hydroxy-2-propanoi@s, the formation of 6-ATHP

3 is favored (Scheme 15).

Scheme 15. Formation of 2-Acetyl-1-pyrroline 1 and
6-Acetyl-1,2,3,4-tetrahydropyridine 3 from 1-Pyrroline 22
and Carbohydrate Fragments10
OH
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When 2-oxopropana0 in low concentrations is reacted
with proline, the formation of 6-ATHP3 dominates the
formation of 2-AP1. This is explained by the formation of
1-hydroxy-2-propanon8&8 by Strecker reaction of 2-oxo-
propanal30 in the presence of high amounts of free amino

Chemical Reviews, 2006, Vol. 106, No. 6 2307

performed by Tressl et d®yielded 6-ATHP concentrations
that were 740 (for glyceraldehyde) times higher than the
corresponding 2-AP concentrations.

In the reaction with 2-oxopropan&D, ornithine43 was
shown to be an efficient precursor of 2-APbut not of
6-ATHP 3. Contrary to the Strecker degradation of the
secondary amino acid prolirgd with 2-oxopropanaB0, the
Strecker degradation of ornithi with 2-oxopropanaB0
does not involve formation of 1-hydroxy-2-propand@t: a
necessary precursor of 6-ATHB. Since baker's yeast
contains 3.5 times more ornithirk than proline31, this
explains the higher concentrations of 2-APas compared
to 6-ATHP 3, found in bread crustin popcorn, where no
ornithine is present, mainly 6-ATHB is formed>°

The formation of these odorants in Maillard model systems
consisting of glucose and proline was compared with model
systems of the corresponding Amadori compound fructosyl-
broline. In contrast to other odorants such as 4-hydroxy-2,5-
dimethyl-3-(H)-furanone, 2-AR and 6-ATHP3 were found
to be formed preferentially from glucose/proline model
systems as compared to the degradation of the Amadori
product!!® This is another indication that the formation of
these flavor compounds does not imply the major Maillard
reaction pathways through the Amadori compound and
subsequent enolization reactions but that 2-AP and 6-ATHP
are instead formed, as shown, by side reactions of sugar
degradation products and 1-pyrroline.

3.4, Formation of 2-Propionyl-1-pyrroline and
6-Propionyl-2,3,4,5-tetrahydropyridine

2-Propionyl-1-pyrroline 13, the higher homologue of
2-acetyl-1-pyrroline, has been identified as a key odorant in
freshly popped cofhand heated glucose/proline model
systems! and it has been detected in Iberian Ramand
peanut seed oftt The higher homologues of 6-acetyl-1,2,3,4-
tetrahydropyridine and 6-acetyl-2,3,4,5-tetrahydropyridine
have been tentatively identified in thermally treated proline/
glucose system%-'land were identified as the main volatile
constituents oSemnostachya menglaensisui, a Chinese
plant’® 6-Propionyl-1,2,3,4-tetrahydropyridineand 6-pro-
pionyl-2,3,4,5-tetrahydropyridin@8 have been synthesized,
and the cracker-like flavor properties were reported (Chart

4) _140
2 e |
0 ) H o

13 98 7

Chart 4

The formation of 6-propionyl-1,2,3,4-tetrahydropyridine

acids. When, on the contrary, high amounts of 2-oxopropanal 7 was proposed to proceed via an analogous pathway as

30are present, 1-pyrroling2 formed by Strecker degradation
will preferably react with the excess 2-oxopropargdl
present in the reaction mixture with the formation of 2-AP
1 as a consequenég

When proline is reacted with 1,3-dihydroxyacetone (which
forms 2-oxopropanal by elimination of water) in dry reaction
conditions and in the presence of sodium bisulfite (‘Hunter’
reaction), only 6-ATHP is formet’f The absence of water
and the reducing power of bisulfite (formation of 1-hydroxy-
2-propanond8) lead to the exclusive formation of 6-ATHP
(3 and2) without a trace of 2-AFL. In reaction mixtures of
carbohydrates and proline, 6-ATHP mostly predominates.
Model reactions of proline with different monosaccharides,

described in Scheme 13 for 6-ATHR from 1-pyrroline22
and 1-hydroxy-2-butanon®9 as the key intermediates.
1-Hydroxy-2-butanone®9 was formed upon heating of a
mixture of hydroxyacetaldehyde and acetaldehyde, both well-
known degradation compounds of carbohydrates, in 29%
yield 1! The model reaction of U3C-labeled glucose with
proline confirmed this pathway since three labeled carbon
atoms were present in the propionyl group and one labeled
carbon atom was incorporated in the six-membered ring.
From the finding that the reaction of 1-pyrroline and
2-oxobutanal yielded 2-propionyl-1-pyrroline and that the
reaction of U3C-labeled glucose with proline yielded
2-propionyl-1-pyrroline with three carbon labels in the
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propionyl group, a reaction mechanism analogous to Schemethe reaction with 2-oxopropana0, together with 2-acetylth-

7 can be proposed starting from 1-pyrrolige@ and 1,2- iazolidine 108 and 2-acetylthiazold 1, generating roasted

butanedione hydrat®00 as the key intermediates in 2-pro- meat and hazelnut ton&¥. Kinetic studies showed that

pionyl-1-pyrroline 13 formationt 2-acetyl-2-thiazolinet was in turn oxidized to 2-acetylthi-
Apparently, 2-propionyl-1-pyrrolind3 and 6-propionyl- azole 11, which continuously increased in the reaction

1,2,3,4-tetrahydropyriding, with an alkyl chain of one  mixture while 2-acetyl-2-thiazoliné was degraded. Higher

carbon atom longer than 2-APand 6-ATHP3, respectively, amounts of 2-AT4 were formed when cysteine was reacted

have similar flavor properties and are formed by analogous with 2-oxopropanal at low pH (pH 3.3}/

reaction pathways (Scheme 16). This cannot be extended to Hofmann and Schieberle later performed a large number
of model experiments to gain more detailed insight in the

Scheme 16. Formation of 2-Propionyl-1-pyrroline 13 and reaction mechanisms and intermediates governing the forma-

6-Propionyl-1,2,3,4-tetrahydropyridine 7 from 1-Pyrroline 22 tion of 2-AT 4. The intermediates in the reaction path to
and Carbohydrate Fragments 2-acetyl-2-thiazolingt were identified as the odorless 2-(1-

OH hydroxyethyl)-4,5-dihydrothiazole (HDT)06and 2-acetyl-

HO;H\[OH Y thiazolidine108 (2-ATD), which are in tautomeric equilib-

HO. onNo * N” ~COOH rium, presumably with 2-(1-hydroxyethylene)thiazolidire?
97 l l 31 as the intermediate compoutid Thermal treatment of 2-(1-
l hydroxyethyl)-4,5-dihydrothiazold 06, either in aqueous

solution or in the gas phase of a chromatographic inlet, was

\)OH Q \J\(OH shown to generate significant amounts of 2-acetyl-2-thiazo-
Sz N\ o line 4, also in the absence of oxidative agefsThe yields
100
(¢]

9 " of 2-AT 4 from boiling 2-ATD 108in water for 20 min were
0 five times higher than from HDTLO6 (34% vs 7%). Since
M % copper(ll) ions as well as oxygen significantly increased the
1y OH 102 © oxidation of HDT 106 to 2-AT 4, the formation route
| | displayed in Scheme 17 was hypothesized, but the proposed
l l Scheme 17. Hypothesis for the Formation of

2-Acetyl-2-thiazoline 4 from Cysteamine 103 and
(j\(\ _— (E\(\ Q\(\ 2-Oxopropanal 30 via a Metal-Catalyzed Oxidation of
N N X Intermediate Enaminol 107+
13

98 © 7 o o
H
all higher homologues since, for instance, 2-butanoyl-1- [S” 300 [SHOH o [SHO
pyrroline 14 does not smell roasty at &.Higher homo- NH, u)\[( T H)H/
logues have a flavor profile that can be described as 103 104 © 105 O
‘chemical’ and are certainly not useful for food science.  _,0 (S (S
3.5. Formation Pathways of 2-Acetyl-2-thiazoline 106 O s 108 ©
and 5-Acetyl-2,3-dihydro-4 H-1,4-thiazine (N)ﬁ/ [%( —H0 (jﬁ(
H
In model reactions of cysteine with ribose, glucose, and  we* +H 107 o HOO OH § 0

rhamnose the roasty flavor compounds 2-acetyl-2-thiazoline m 4
(2-AT) 4, 2-propionyl-2-thiazoline, and 5-acetyl-2,3-dihydro-
4H-1,4-thiazine (5-ADHT) 5 were identifiedt!?1'® For Me?*
2-acetyl-2-thiazolinet and 2-propionyl-2-thiazoline an in- (S (S
crease in flavor impact was noted under dry-heating condi- N)\/ 0, N
tions. For 5-acetyl-2,3-dihydrokt1,4-thiazine5, however, o " 11‘30 OH

dry heating led to a decrease in flavor significai@eOver
the years, different model experiments have been performedoxidation mechanism has not yet been proven by further
to elucidate the mechanisms of formation involved. experiments. Oxidation of enamindl07 by atmospheric

In 1972, Sakaguchi and Shibamoto first reported on the oxygen occurs in the presence of catalytic amounts of heavy
formation of various thiazolidine derivatives from the reac- metals to the resonance-stabilized allylic radit@b in a
tion of aldehydes with cysteamine, one of the Strecker one-electron reaction. 2-Acetyl-2-thiazolidés then formed
degradation products of cysteine, including the formation of via the hydroperoxidd 11, which induces oxidation of the
2-acetylthiazolidine108 (2-ATD) from 2-oxopropanall* metal ion (M"), thereby regenerating it for a new cyélé.
Researchers from the same group later applied this reaction Three alternative mechanisms for the oxidation of ADT
to the analysis of 2-oxopropanal in food and beverages by 108 or HDT 106 to 2-AT 4 were suggested by Kerler et
the detection of 2-ATDL08 formed from the reaction with  al. ?® starting with the abstraction of a hydrogen radical either
cysteamine. Reaction of cysteamine with 2-oxopropanal in from the hydroxyl group ofl06 or from the C-2 position of
a molar ratio of 1:1000 at 25C and pH 6 yielded 98% of ~ ADT 108 either with one-electron transfer from the electron-
2-acetylthiazolidindl08. 2-Acetyl-2-thiazolinet was formed rich double bond ofl07to oxygen. These three alternative
from the corresponding thiazoliding08 by oxidation at mechanisms can equally yield 2-Aflvia similar oxidation
higher reaction temperatur&'s. paths.

In model reactions of cysteine with varioasdicarbonyl Model reactions of fructose with cysteamine or thiazoli-
compounds, 2-acetyl-2-thiazolidevas identified only from dine-2-carboxylic acid (a condensation product of cysteamine



Extraordinary Maillard Flavor Compounds

with 2-oxoacetic acid) yielded 2-acetyl-2-thiazoline, 2-pro-
pionyl-2-thiazoline, 5-acetyl-2,3-dihydrd#41,4-thiazine, and
5-propionyl-2,3-dihydro-#-1,4-thiazinet?° In addition to the
pathway starting from 2-oxopropan&0, a hypothetical
reaction pathway for the formation of 2-acetyl-2-thiazoline
4 was proposed starting from 4-deoxyosdhi? (derived
from fructose by the elimination of water) and cysteamine
103 (derived from the reaction of thiazolidine-2-carboxylic
acid with a-dicarbonyl compounds) (Scheme 18).This

Scheme 18. Hypothetical Reaction Pathway Leading from
the 4-Deoxyosone of Fructose 112 and Cysteamine 103 to
2-Acetyl-2-thiazoline 420
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pathway is initiated with the nucleophilic addition of the
amino group of cysteaminBd3to C2 of 4-deoxyoson&l12
and subsequently of the free thiol group to the imine formed.
Formaldehyde is eliminated from the resulting thiazolidine
by retro-aldol cleavage. An oxidation step is assumed to
enable the formation of 2-thiazolingl6. Elimination of
acetaldehydd17 by retro-aldol cleavage yields 2-acetyl-2-
thiazoline4 after tautomerization 0118

Formation of a six-membered ring from intermediafe3
via a comparable pathway leads to the formation of 5-acetyl-
2,3-dihydro-4H-1,4-thiazines from cysteamind03and the
fructose 4-deoxyoson&l2 (Scheme 19).

Scheme 19. Hypothetical Reaction Pathway Leading from
the Schiff Base 113 of Cysteamine and the 4-Deoxyosone to
5-Acetyl-2,3-dihydro-4H-1,4-thiazine 520

SH_OH Eti OH s Com
N OH N C OH N9 OH
O OH O OH OH OH

119
[S S,

L — (]
O = C
Hj]/\OH H OH o

lo) 122 5

17

120

113
[S
\

H,0
121

Model reactions of cysteamine with 2,3-butanedione,
analogous to the reaction with 2-oxopropanal for the forma-
tion of 2-acetyl-2-thiazolind, yielded relatively low yields
(1 mol %) of 5-acetyl-2,3-dihydro#-1,4-thiazines. Similar
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Scheme 20. Hypothesized Formation Pathway of
5-Acetyl-2,3-dihydro-4H-1,4-thiazine 5 from Cysteamine 103
and 2,3-Butanedione 12%
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2-acetyl-2-methylthiazolidinel31 Besides, 5-acetyl-2,3-
dihydro-4H-1,4-thiazine5 and 3-acetyl-2,3,5,6-tetrahydro-
4H-1,4-thiazinel32were (tentatively) identified. Performing
the reaction in phosphate buffer instead of an aqueous system
significantly enhanced the yields of these three compounds
(10—20-fold). Via addition of carbamoylazoformamide the
authors showed that a redox reaction leads to the conversion
of 3-acetyl-2,3,5,6-tetrahydrd#41,4-thiazinel32into 5-acetyl-
2,3-dihydro-H-1,4-thiazine5, and they proposed a mech-
anism as shown in Scheme 21. This formation mechanism
is similar to Scheme 20, but 5-ADH3Y is formed through
oxidation of 3-acetyl-2,3,5,6-tetrahydrd441,4-thiazinel 32
via a proton-transfer reaction with one of the various proton
acceptors present in the Maillard reaction medium.
Labeling experiments with 22C-fructose revealed that the
formation pathways of 5-acetyl-2,3-dihydré+4l ,4-thiazine
5 from fructose and cysteamine under dry heating and
cooking conditions are completely different, depending on
the water content of the system. From these findings and
from the position of thé3C-label in the final products, two
alternative reaction mechanisms for the formation of 5-ADHT
5 were proposed, as shown in Scheme 22 and Scheré 24.
Under dry heating conditions, the label was found almost
exclusively at the carbonyl carbon of 5-acetyl-2,3-dihydro-
4H-1,4-thiazineb. The proposed reaction pathway under dry-
heating conditions starts from the pyranose (or equally from
the furanose) form of fructosE33 by direct elimination of
water. Nucleophilic attack of cysteamiri®3 leads to the
bicyclic structure137. Subsequent eliminations of water
followed by ring opening yield the 6-substituted 5-acetyl-
2,3-dihydro-61-thiazine 141 from which 5-ADHT 5 is
formed. Under cooking conditions, on the contrary, the
Amadori rearrangement takes place. Subsequent isomeriza-
tions, water elimination, and ring closure result in the
elimination of acetic acid49 which was identified as an
important reaction product (Scheme 23). The second reaction
product erythrulosd 48 is proposed to yield 5-acetyl-2,3-
dihydro-4-1,4-thiazines from the reaction with cysteamine
103 as shown in Scheme 24. Separate model experiments

model experiments of cysteamine with 2,3-pentanedione andof erythrulose148 and cysteaminel03 were reported to

2,3-hexanedione yielded 5-propionyl-2,3-dihydid-4,4-
thiazine and 5-butanoyl-2,3-dihydrd441,4-thiazine, respec-
tively. Therefore, a hypothetical reaction mechanism, as
shown in Scheme 20, was propos$éd.

Since Umano et dP' hypothesized the formation of
2-acetyl-2-methylthiazolidinel31 from the same model
reaction of cysteamin€03with 2,3-butanedion&23 Huang

and co-workers examined the model system 2,3-butanedione

cysteamine in deta#?? The most important product from

generate large amounts of 5-acetyl-2,3-dihydrb44-
thiazine5, confirming this reaction pathway?

4. Biological Origin
4.1. Biological Formation of 2-Acetyl-1-pyrroline

}'n Rice Plants

Following reports of the formation of 2-AP in the aerial

the model reaction of cysteamine with 2,3-butanedione was parts of rice plants grown in paddy fielesthe biological



2310 Chemical Reviews, 2006, Vol. 106, No. 6

Adams and De Kimpe

Scheme 21. Proposed Formation Mechanism for 2-Acetyl-2-methylthiazolidine 131, 3-Acetyl-2,3,5,6-tetrahydrbi4L,4-thiazine

132, and 5-Acetyl-2,3-dihydro-#H-1,4-thiazine 522
o
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Scheme 22. Formation of
5-Acetyl-2,3-dihydro-4H-1,4-thiazine 5 from Fructose 133
and Cysteamine 103 under Dry-Heating Conditions on the
basis of Labeling Experiment$23
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1-pyrroline. This is well in line with the results of the
precursor studies since glutamic acid is the common bio-
synthetic precursor of proline and ornithine and catabolism
of ornithine proceeds via 4-aminobutanal, which may cyclize
to 1-pyrroline.

Among the volatiles of the rice flavor produced by plant
cell cultures of Basmati rice, 2-AP could, however, not be
detected? Micropropagation experiments of Indian pandan
(Pandanus amaryllifoliu®koxb.) did not provide the antici-
pated results since the 2-AP content in the mother plant
remained higher than in the tissue-cultured plaffts.

Different studies on the genetic control of the typical aroma
of rice have been reportédl. A recessive genefdr) on
chromosome 8 of rice, largely controlling the level of 2-AP,
has been identified in genetic studies. The gene corresponds
with the gene that encodes for betaine aldehyde dehydro-
genase (BAD), specifically with BAD2 in rice. The ac-

formation of 2-AP was studied in callus and seedlings of cumulation of 2-AP in fragrant rice genotypes may be

aromatic rice?* 2-Acetyl-1-pyrroline 1 was formed in

explained by the presence of mutations resulting in a loss of

aromatic rice at temperatures below that of thermal genera-function of thefgr gene product:®
tion, for instance, in bread baking. Precursor studies indicated The content of 2-acetyl-1-pyrroline in rice is dependent

an increase in 2-AP concentration when proline3),

ornithine (x1.5), and glutamic acidx1.5) were present in

on ecological and cultivation factors. An examination of the
2-acetyl-1-pyrroline content of various rice samples in

the solution. Labeling of proline indicated that proline was Thailand showed that the samples from irrigated areas had
the nitrogen source for 2-AP, but the carbon source of the lower 2-AP contents than from rain-fed aré&sDrought
acetyl group of 2-AP was not the carboxyl group of proline. conditions during cultivation seemed to have an important

It was proposed that 2-AP is formed by acetylation

of contribution to aromatic rice quality. Proline accumulation

Scheme 23. Formation of Erythrulose 148 and Acetic Acid 149 from Fructose under Cooking Conditioh%
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Scheme 24. Formation of 5-Acetyl-2,3-dihydro-H-1,4-thiazine 5 from Erythrulose 148 and Cysteamine 103 under Cooking

Conditions!23
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is a common metabolic response of higher plants to water 1-pyrroline22, respectively. In the presence of a carbohydrate
deficits®® and may therefore be responsible for the higher source, such as fructose, and ethanol, acetyl-CoA may
2-AP production. Elevated fragrance in response to stressaccumulate and induce acylation of the 2,3,4,5-tetrahydro-
corresponds with the biochemistry of betaine aldehyde pyridine158and 1-pyrroline€22 intermediates, thus yielding
dehydrogenase discussed above since this enzyme has be@ATHP 3 and 2-AP1, respectively (Scheme 25).

linked to stress tolerance in plaris.

. Anpther stuc_iy dpsqribes the variation of 2-AP concentra- 2-Acetyl-1-pyrroline 1 and

tion In aromatic rice in Ja_pa_n over a period of 3. yeléi’s._ 6-Acetyl-2,3,4,5-tetrahydropyridine 2 by Lactobacillus

Most samples showed similar 2-AP concentrations with hilgardii DSM 201763
standard deviations of about 30%. However, a few samples

showed extremely high or low 2-AP concentrations as

Scheme 25. Proposed Pathway for the Formation of

Heterolactic Pathway

compared to the year average. During grain development, coon D-Blucose | cooH
the 2-AP concentration in brown rice reached a maximum (N:szH NH, NH,
at 4 or 5 weeks after heading, decreasing rapidly afterward. 457 2 | /43
The 2-AP concentration was higher in brown rice ripened \v €0
at lower temperature. On the basis of these results it is \ | T Lactate
recommended to cultivate aromatic rice at cool temperature Acetyl-phosphate - -+ Acetate
and high altitude to optimize the scented rice flavor, and it [ O } } [ 0 ]
should be harvested earlier than other cultivars. Also, N7 Acetyl-CoA N
application of nitrogen fertilizer influenced 2-AP concentra- 158 _ } _ "
tions 131 Acylation Acetal?ehyde Acylation \

. . Ethanol
4.2. Detection of 2-Acetyl-1-pyrroline and
6-Acetyl-1,2,3,4-tetrahydropyridine as Microbial (%( %
Metabolites ) "L

2-Acetyl-1-pyrroline was shown to be responsible for a ) ) )
‘popcorn, corn chip’ aroma formation, which was observed  Another major factor affecting the production of mousy
from severalBacillus cereusstrains isolated from cocoa N-heterocycles was the presence of metal ions, particularly
fermentation boxes in Brazif2 Upon further investigations, Fe**.1% The reason for this remains unclear.
2-AP was detected among the volatiles produced by specific  Microorganisms, such asactobacillus pontiscan also
strains of B. cereus under specific growth conditions. increase the development of roasty notes in food products
2-Acetyl-1-pyrroline was detected froB. cereuscultures by proteolysis, yielding free amino acids such as ornithine
grown on solid standard plate count agar at a temperature@S precursors for flavor formatu_iﬁ‘? - o
of 35 °C, i.e., well below the temperatures required for its 2-Acety|—1—pyrro_I|ne ha§ been |dent|f!ed as a characteristic
thermal formation. Labeling experiments established proline flavor compound in Mediterranean dried sausages covered
and glutamic acid as nitrogen sources and glucose as thé/v_nh mould. Since the surface of the_sausages contained
carbon source required for formation of 2-AP by th&e higher amounts_of 2-AP than the core, it was suggested that
cereusstrains. No labeling studies were performed with the mould growing on the surface of the sausages produced
ornithine. The highest production was noted wigerereus ~ 2-AP. The dominating mould specid3enicillium nalgia-
was grown on plate count agar supplemented with 1% of €NS€ was grown on media with and without various
glucose (or amylose) and amounted to 14g5(or 12.8ug, supplements, but the popcorn odor only developed in media
respectively) 2-AP for 25 g of medium during 2 days. These Where the sausage product itself was aded.
are very low yields, but due to the low odor threshold, a  Considering the results of the different studies on the
pleasant flavor is noticeable. The results of these precursorthermal as well as biological origin of 2-acetyl-1-pyrroline,
studies are in agreement with the results of Yoshihashi et@ common mechanism of formation can be presumed since
al 53 concerning 2-AP formation in rice, indicating a common N all cases the acetylation of 1-pyrroli@2 is described as
pathway for the biological formation of 2-AP. the key step.

Microbiologically induced spoilage of wine is character- )
ized by the development of an offensive ‘mousy-like’ off- 5. Synthesis
flavor. This mousy off-flavor is caused by 6-ethyl-2,3,4,5- ]
tetrahydropyridine, 6-acetyl-1,2,3,4-tetrahydropyridine, and 5.1. Synthetic Procedures Developed for
2-acetyl-1-pyrroliné-133 All known type strains of the  2-Acetyl-1-pyrroline
spoilage yeastBrettanomycesand Dekkera and many
heterofermentative wine lactic acid bacteria are capable ofd
producing this mousy off-flavor and the mouBlthetero-
cycles!'3* The formation of the mousy heterocycles 2-AP and Scheme 28&
6-ATHP by Lactobacillus hilgardii was investigated in Hy, R/ALO;

excess Ag,CO3
detail*®> These studies demonstrated that the biosynthesis ﬁ_x( %/ - . Q\H/
of 2-AP and 6-ATHP is simultaneously dependent upon the | MeOH, 15 h y op Celie benzene 5

y N2y

Various syntheses of 2-acetyl-1-pyrrolidehave been
escribed in the literature. The first synthesis (Scheme 26)

metabolic pathways involved in the lactic acid fermentation 9 159 1.(10 %)
of sugars, the metabolism of ethanol, and of I-ornithine and
I-lysine. The catabolism of I-lysiné57 and I-ornithine43 of the flavor compound consisted of an oxidation of 2-(1-

via the cadaverine and putrescine pathways, respectively,hydroxyethyl)pyrrolidinel59 with a large excess of silver
leads to the formation of 2,3,4,5-tetrahydropyridirs3 and carbonate on Celite in benzeffeThis procedure was



2312 Chemical Reviews, 2006, Vol. 106, No. 6 Adams and De Kimpe

developed analogous to the first described synthesis ofScheme 28

6-acetyl-1,2,3,4-tetrahydropyridin8.3 For the case of 1) CD3Mgl

2-acetyl-1-pyrrolinel, the reaction mixture consisted of a [ ) ether/20C~1t L_}\r(cg3

large number of products, of which only 10% (by GC) NTCN 2) 20 NH,CI NI

appeared to be 2-acetyl-1-pyrrolifié2 Drawbacks, such as 165 min. 168 (55 %)

high cost, low yield, and especially an impure final product,

disable use of this method on a large scale. Three methods entailing the cyclization of 6-amino- or

It should be pointed out that 2-acetyl-1-pyrrolibeccurs  6-azidohexane-2,3-diones to form 2-acetyl-1-pyrrolieve
exclusively as the imino tautomer. Contrary to 6-acetyl- peen published. Rewicki et # created access to different
2,3,4,5-tetrahydropyriding, 2-acetyl-1-pyrrolinel does not  monocyclic and bicycliex-acylenamines by intramolecular
show any tendency to tautomerize to the enamine b aza-Wittig reaction from the corresponding azidodiketone

Even deprotonation by base and reprotonation produces thqScheme 30). The yields obtained are lowered by thermal
imino tautomer, a phenomenon that is expected from the

viewpoint of the stability of unsaturated five-membered ring Scheme 36!

compounds. H 1) RLi N3
Due to the instability of 2-AP, several synthetic efforts Me3Si-CN Ne] 2) Br-(CHz)sNs NC
focused on more stable, carbonyl-protected analogues, such ©~ 7 MeSiO™ | MegSio™ |
as the 1-ethoxyethenyl derivatiigs1 generated from the Ph Ph Ph
addition of 1-ethoxyvinyllithium to 1-(trimethylsilyl)bu- 169 17
tyrolactam160(Scheme 27338 Acid hydrolysis under severe
_PPhs
Scheme 238 \/Oj\( Me,S \/j/\n/ D\(
1) 2equ% 72 173 1 (46 %
THF, -40°C, 7h 10$SUI2\15 ’—(‘)Cl
A_.lf\\o w D}( Q{ decomposition during the isolation procedure (the yield of
Sitte; %) 2 eauiv- g NH,Cl 0 2-AP from 173 is 46%). They-azidodiketonel73 was
160 161 (41 %) 1 (97%) 162(7) formed by a sequence of reactions involving addition of

trimethylsilylcyanide to o,f-unsaturated aldehydé69
o-deprotonation of the nitrilel70 and alkylation with
3-bromopropyl azide, desilylation, and ozonolysis.

A short synthetic strategy was developed depending on
an amino-protected functionalized vicinal diimihé5as the
key intermediate (Scheme 3%.This labile key intermediate

conditions (100 equiv of HCI during 2 days, or 10 equiv of
HCI during 7 days) of enol ethelt61 yielded 97% of 2-AP

1. The presence of the enamino tautorh&®, however, does
not fit any other literature reports and is questionable. In
fact, it concerns the isomeric compouf@d?, as shown in
Scheme 31 (which is discussed belddf).

A flexible method for the synthesis of not only 2-acetyl- gcheme 3340
1-pyrroline 1 but also of other 2-acyl-1-pyrrolines entailed 1) 1.02 equiv, LDA
the addition of a Grignard reagent to imidoyl cyanités )\«.N 0°C, 6h N N
and subsequent mild hydrolysis (Scheme®28J.he imidoyl )\/ e e QSK * Q\
cyanidel65was produced by oxidation of pyrrolidirs3
with disodiumperoxydisulfate in the presence of catalytic 174 ‘|/

2) 1.1 equiv. ES,N\/\Br

1 (43 %) 177 (4 %)
amounts of silver nitrate. The intermediate 1-pyrroline trimer 0°C— 1t Mé Me
164was subsequently treated with aqueous hydrogen cyanide 3) K2CO3, MeOH, 4, 3h
to provide 2-cyanopyrrolidind 65, which was oxidized to 4) (COOH),.2aq, Ho0, ether
imidoyl cyanide 166 via N-chlorination with tert-butyl " /L .
hypochlorite and following dehydrochlorination with tri- E‘SiMe N Rl
ethylamine (Scheme 283 N - HzN
y ( 3 M?Mj\)\'\‘( 2) "OH <
Scheme 28% 175 '7/ 176
Na,S,0g / H,0
() ool ANOs N D FONTPO. BN was produced bw-deprotonation ofr-diimine 174 (gener-
N 25h N thrt TN CN ated from butane-2,3-dione and isopropylamine in the

presence of titanium(lV) chloride) and subsequent alkylation

163 164 (70 - 78 %) 165 (65 %) ) , . k .
with ‘stabase’-protected 2-bromoethylamine. Isolation of this
1) tBuOCI 1) RMgl (or RMgB) i ) o-diimine 175 proved to be very djfficult, and there_fore, it
sther/0°G /1N AL sther / 20°C rt %R 12 RoEr o) was used in situ. After deprotection and hydrolysis of the
2) N/ ether N"CN ) aq, NH,CI NI 17RO o-diimine into thea-dionel76, spontaneous cyclization led
' 166(00-05%) " to the desired azaheterocycle (2-AFn 43% yield). The

extent of the formation of structural isom&r7 depended

The method described above also allows the synthesis ofon the excess of acid applied. It is proposed that it concerns
specifically deuterated 2-acetyl-1-pyrroliaé8 which is in this isomer177, formed by acid hydrolysis of compound
this way available for the quantitative analysis of the rice 161 (Scheme 2732 instead of the stated enamine tautomer
flavor compoundl using the stable isotope dilution assay of 2-acetyl-1-pyrrolinel62 which has not been identified
(Scheme 29j.Deuterium incorporation was performed by elsewheré*’ The same sequence of reactions as in Scheme
addition of trideuteriomethylmagnesium iodide to imidoyl 31 could be used for the preparation of the carbonyl-protected
cyanidel66. 2-AP analoguel79 starting from a,a-diethoxyketimine
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Scheme 324
1) 1.2 equiv. LDA 10 equiv. HCI (2N)

/LN THF, 0°C, 5h 48 h, it 0
| 05( — Tl
)»( Me: Me N X N

EtO OEt
EtO OEt 2)1.2 equiv,
178

Si,
[Si{\l\/\Br
Me/ Me

THF, 15 h, 0°C— 1t
3) K,CO3, MeOH, A, 3 h
4) acid/base workup

179 (64 %) 1 (1:1, 92 %)177

178°Using the procedure shown in Scheme 32, the diethyl fication of proline31 via the acid chloride prepared with
acetall79was obtained in pure form after column chroma- thionyl chloride (Scheme 35). The resulting methyl ester of
tography. These types of more stable compounds show greaproline 188is then subjected to an oxidation and a Grignard
potential for use as flavorant in food products, since gradual reaction in a procedure identical to what was described earlier

hydrolysis yields 2-APL and ethanol.

Favino et alk*! developed a synthesis of tiNeprotected
acyclic 1-amino-4,5-diketon&83 This a-dione 183 was
synthesized fromK)-4-hexen-1-olL80, which was oxidized
into the corresponding alkyn&81 by bromination/double
dehydrobromination. This alkynal81 was sulfonylated,
phenylacetylated, and ozonolyzed to afford tighenyl-
acetylated aminodion&83. This compoundl83was enzy-
matically hydrolyzed using immobilized penicillin acylase
into 1-amino-4,5-hexanediorl& 6 which spontaneously ring
closed to 2-AP1 (overall yield 80%) (Scheme 33).

Scheme 334
10N~ _Y-so,ci
1) Bra, CHClp — pyridine, rt -
e Y Ua
OH OH
2) KOH, MeOH, A 2) NH3, EtOH HoN
180 181 (79 %) 182 (55 %)
1) Ph Y C! immobilized
o o o penicillin acylase
pyridine / CH,Cly, 1t, 24 h )H(\/\ J\ pH 7.5, 23°C %
N _— N
H
2) O, -78°C o Ph o)
CH,Cl, / MeOH 183 (35 %) 1(80 %)

The finding that 2-acetylpyrroliding6 is oxidized spon-

for the preparation of 2-acetyl-1-pyrrolidevia 2-cyanopyr-
rolidine 166.1%° The described process claims to provide
access to 2-acetyl-1-pyrroling in gram scale and 60%
overall yield, starting from prolined1, in four steps*?
However, monoaddition of the Grignard reagent to es8&r
is questionablé3® An alternative approach, which avoids the
risk of overaddition of the Grignard reagent by using a nitrile
instead of an ester function, can be found in Scheme 28.
In a very recent synthesis, 2-acetyl-1-pyrroliiewas
prepared from 2-pyrrolidone in 10% overall yiéi}. This
synthetic procedure gave better results for the bread flavor
compound 6-acetyl-1,2,3,4-tetrahydropyrididie

5.2. Synthetic Procedures Developed for
6-Acetyl-1,2,3,4-tetrahydropyridine

Many synthetic strategies developed for 2-ARan be
applied to 6-ATHP3 and vice versa, although with varying
yields.

In the classical “Hunter experiment”, the neat reaction of
proline with 1,3-dihydroxyacetone in the presence of bisulfite,
low yields of 6-ATHP were obtained together with some
2,3-dihydro-H-pyrrolizine side product&!106

The first rational synthesis of 6-ATHB was developed

taneously in aqueous medium at neutral pH under thejn 1971 to confirm the structure determination and evaluate

influence of oxygen (air) to afford 2-acetyl-1-pyrrolides

of fundamental importanc€® One of the most recent
synthetic procedures developed for 2-AP, starting from
N-Boc-protected proliné84, is based on this oxidation step

the sensorial properties of this bread flavor compound and
included the oxidation of 2-(1-hydroxyethyl)piperidia®0

with a large excess of silver carbonatélt concerns a well-
established procedure starting from the relatively inexpensive

and was developed to prove this oxidation (Scheme 34). The2.acetylpyridine10 with an overall yield of 44% (Scheme

Scheme 3493
1) CH3MgBr,

[ 578 ‘ X
N N~
OH s 0°C,15h

N N B
Buoo¢ O P(Ph)s, &, 1h  giooc O Nz
184 185 (90 %)

N
BuooC O
186 (71 %)

2) H,O

“0OOCCF
TFA, CH,Cl, W % 0z, Hz0
+N N/
HH O PH7.0 )
(

187 1(67 %)

thioester 185 underwent addition of one equivalent of
methylmagnesium iodide while the protective Boc-group was
cleaved with trifluoroacetic acid to give the trifluoroacetam-
monium compoundlL87. 2-Acetylpyrrolidine 26, obtained
after basification of the aqueous solution to pH 7, was
spontaneously oxidized by air oxygen (overall yield of 2-AP
1 43% fromN-Boc-proline 180).

36). On the lab scale, this procedure is still widely used,
although it is less attractive for industrial purposes because
of the use of a large excess of silver reagent.

The addition of Grignard reagents to 6-cyano-2,3,4,5-
tetrahydropyridinel94 opened the door to the bread flavor
componenB (44% yield) (Scheme 37) as well as the higher
analogues 6-propionyl-1,2,3,4-tetrahydropyridirend 2-pro-
pionyl-3,4,5,6-tetrahydropyridin@s,’**which show the same
popcorn-like odor note and a similar low odor threshold as
the 6-ATHP tautomerg and3.1! The synthesis of 6-cyano-
2,3,4,5-tetrahydropyridin&94 proceeded via tripiperideine
192 which was prepared hiy-chlorination of piperidindl91
usingtert-butyl hypochlorite with subsequent dehydrochlo-
rination of the resultingN-chloropiperidine with sodium
methoxide. The resulting 1-piperideine trimerized immedi-
ately, and tripiperidein@92was isolated and treated directly
with agueous hydrogen cyanide. 2-Cyanopiperidi8dwas
then oxidized to imidoyl cyanid&94, and Grignard additions

Recently, another synthetic procedure for the preparationyielded 6-acetyl-1,2,3,4-tetrahydropyridiein 44% vyield

of 2-acetyl-1-pyrrolinel from proline31 was published in
the patent literatur&? The procedure starts with the esteri-

(purity = 98%). This process provided access to large-scale
production of the flavor compound.
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Scheme 3%*
MeOH, -5°C 1) t-BuOCl, ether, 1) MeMgl
OH SOCl, OMe 0°C,15 min P OMe ether, 2 h, rt )
N N Y " °N
H 0o 1) 2°5°C, 2h H 0 2) KOtBuo 0 2) aqg. HCI, 5 % e}
31 A0CAZN g%y OM2T 189 (88 %) 1(75%)
Scheme 36 199can be hydrolyzed under mild reaction conditions to the
x Hy, R1/ALO, Ag,CO; on Celite desired flavor pompognﬁ(yielq 6-ATHP3 from 19847%).
P - -~ | The functionalized imin&96originates from the monoacetal
N b A, 20h, N N g
v R (D | of butane-2,3-dione after imination and alkylation with
10 190 (78 %) 3(57 %) 1-bromo-3-chloropropant
A very recent adaptation of the latter procedure involved
Scheme 37 the microwave-assisted aza-Wittig reaction of alkyl azidés.
Q Following the above-described synthetic procedt#&;ATHP
1) t-BuOCl, ‘ 1) ag. HCN g .
ether, 0°C, 30 min NN 1hrt O\ could be synthesized in a one-pot approach from the
N~ 2)2N NaOMe / MeOH NQ 2) NaOH NCN correspondingo-chloro-o’,o’-dimethoxyketone 197, tri-
20 min, rt; 45 min, A H phenylphosphine, and sodium azide by flash heating with
191 192 193 (65 %) microwave irradiation. The,a-dimethoxyimine199 was
thus obtained from197in one step and 98% vyield after 18
D ek 1) RigX min of microwave irradiation
ether/0°C/1h O\ ether / 20°C— rt | ) . .. ) )
2) EtsN / ether NPNCN 2 aa NHOl (NJ\NR = QYR _Cycllzgt]on of“thga appropriate ammo—protectgd function-
on, rt 20 min, t ) H oo alized vicinal diimine, similar to the synthesis of 2-AP
194 (100 %) . Rip  YRcMewsw described in Scheme 31, gave good results for the synthesis

of 6-ATHP 3 (65% yield) (Scheme 40?°

Using this synthetic procedure, the freshly prepared bread Another synthetic pathway is based on the oxidation of
flavor compound occurred as a 4:1 mixture of the imino form 2-acetylpiperidine, which is prepared from the cydiami-
3 and the enamine forrg, as shown byH NMR (CDCl). no acid pipecolic aci@03 (Scheme 41). 2-Acetylpiperidine
On standing, however, this ratio gradually changed to a ratio is liberated from its sal207 after basification of the aqueous
in favor of the enamine form (up to 1:2). Both tautomers solution (pH 7) and oxidizes spontaneously with oxygen to
can be isolated, but GC analysis of imino tauto@aiready provide 6-ATHP3 in 35% yield (based on pipecolic acid
shows an equilibration to the enamine tauton3erGas 203).108
chromatographic separation of both tautomers proceeds better The most recent synthetic pathway involves the synthesis
on a nonpolar stationary phase than on a polar ptage. of 6-acetyl-1,2,3,4-tetrahydropyridirgin three steps from
polar stationary phase enhances tautomerism, and the inter2-piperidone with an overall yield of 56%4° In this case,
change between two forms occurs to an appreciable extentthe flavor compound was released from a carbamate-acetal
during chromatography. In the literature, many controversial function under basic conditions, thus avoiding losses due to
results have been published on the GC elution order of bothacidic conditions in the final step.
tautomer$7:102106.1110n g nonpolar stationary phase the
imino tautomer2 elutes before the enamine tautorBer his 5.3. Synthesis of 2-Acety|-2-thiazo|ine
elution order is supported by isolation by preparative gas . , . , )
chromatography, small differences in the EI mass spectra 1he chemical preparation of 2-thiazolines is generally
of both tautomers, and the higher concentration of the imine carried out by the condensation reaction of cysteamine with
tautomer. On a polar poly(ethylene glycol) stationary phase, @ Nitrile, a carboxylic acid, or an estef.
an elution order enamirémino (3—2) has been pub- Condensation of cysteamid®3with 2,2-diethoxypropi-
lished102133although here as well the enamine structure is onitrile 208 yields the diethyl acetaR09, derived from
expected to have a higher retention time due to hydrogen 2-acetyl-2-thiazolinet. Both 2-acetyl- and 2-propionyl-2-
bonding. thiazoline were thus prepared as the corresponding diethyl
Rewicki et al. accomplished a synthesis for 6-ATIHP  acetal, which can be hydrolyzed to the respective 2-acyl-2-
via aza-Wittig reaction ob-azidodiketonel95, in analogy thiazoline'*° In this way, 2-acetyl-2-thiazoliné was obtained
with the 2-acetyl-1-pyrroline pathway described in Scheme in 90% yield (Scheme 42).

30. 6-ATHP was obtained in 27% yield (Scheme 38). Ruthenium-catalyzed oxidation of 2-acetylthiazolidis,
obtained from the condensation of cysteami@3 with
Scheme 38* 2-oxopropanal30 under slightly basic conditions, yielded
/\/\)OH( PPhs O\( (j\n/ 2-acetyl-2-thiazoling in 70% isolated yield (Scheme 43}
N3 - Iz - N
0 T Hoo 5.4. Synthesis of
195 2 27% 3 5-Acetyl-2,3-dihydro-4 H-1,4-thiazine

A comparable synthetic approach toward 6-ATHP and  Preparation of 5-acetyl-2,3-dihydrd4l,4-thiazines from
some of its more stable acetal and enol ether derivatives waghe model reaction of 2,3-butanedione with cysteamine at
accomplished by elaboration and ring closure of appropriately 145 °C for 20 min in an autoclave yielded only 1% of the
functionalized imines. Aza-Wittig type cyclization of the flavor compound® Two more efficient synthetic routes for
functionalizedb-azido ketond 98, carrying an acetal function  the preparation of 5-acetyl-2,3-dihydréi4l,4-thiazine5
in the o'-position, proved to be the most successful route, have been describéé In the first route 1-bromo-3,3-
as shown in Scheme 3¢ The resulting stabilized acetal dimethoxy-2-butanone210 was condensed with a small
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Scheme 396
)\N 1.5 equiv. (COOH),.2H,0 NaNg 0
| H,0O/CH,Cl, DMSO
Cl -~ ¢l o N
MeO OMe A MeO OmMe 5°C14h : MeO OMe
196 197 (89 %) 198 (80 %)
PhsP, Ether 2 N HCI, H,0/CH,Cl, (jﬁ/ q{
18h, ;A 5h Nig i, 24 h
MeO OMe
199
(65 %)
Scheme 46/ 90% (by GC)?° Deuterium-labeled [1,1,2,2H]cysteamine
. was prepared as outlined in Scheme 46 from [1,12PI]2-
)H»N 1) 1:02 equlv. LDA Me we )&N dibromoethan@15 Nucleophilic substitution with sodium
/'S/R Y M CSI\N/\/\)\KR diformylamide and potassium thioacetate in the next step is
N 2) 1.4 equiv. &€ si. I followed by immediate hydrolysis of the thioestt7.
“]/ Ne_~_Br mé Me j/
o Si e . .
174:R=Me  0C— 1 ye 201:R=Me 6. Stability and Applications
200: R=Et 202:R=Et
The maintenance of their particular flavor characteristics
1) K;CO3, MeOH, | is of crucial importance in the marketing of fragrant rice
N WL I W varieties. However, during storage the flavor of rice can
2) &C(C))OHZ]Z.Zaq, 0 H o deteriorate as a result of different mechanisms: breakdown,
L0, ether

2: R= Me(65%)3 R =Me
98 : R = Et ‘R=Et

diffusion into the environment, and generation of undesirable
volatiles. To investigate the loss of 2-AlFn rice, rice was
stored at 30°C in three different stages, namely, as paddy,

excess of cysteamine hydrochloride. The reaction mechanismbrown (dehulled), and white (milled) rice, and in two

proceeds via nucleophilic substitution, followed by ring

different conditions, namely, in air and under reduced

closure by imine formation and successive hydrolysis of the pressure (at 84% relative humiditi?tIn all cases, the 2-AP

acetal function, yielding 5-acetyl-2,3-dihydré+4l,4-thiazine
5 after basic workup. To improve the yield, a second route
was developed usingrt-butyl N-(2-mercaptoethyl)carbam-
ate as the nucleophilic reagent. The carbar@afe obtained
in 86% yield, was cleaved with an excess of trifluoroacetic
acid in dichloromethane and afforded pure 5-acetyl-2,3-
dihydro-H-1,4-thiazineb after basic workup in 88% yield
(Scheme 44).

The synthesis of starting compour2ll0 from 2,3-

content of the rice diminished by 4®0% after 3 months.
Neither reduced oxygen tension nor the way of storage could
preserve the flavor compound as a contributor to the desirable
characteristics of stored fragrant rice. Another study com-
pared the effect of different drying methods and storage time
on losses of 2-AP from aromatic ri€¢The average 2-AP
concentration of the rice samples subjected to the different
drying methods had decreased more than four times after
10 months of storage as compared to after 1 month of storage,

butanedionel23 is displayed in Scheme 45 and includes the highest rates of decrease occurring in the beginning of
subsequent monoacetalization of 2,3-butanedione, iminationstorage. In general, slightly higher concentrations of 2-AP
in the presence of titanium(IV) chloride, bromination with were found from the drying methods that employed lower
N-bromosuccinimide, and hydrolysis of tlhebromoimine temperatures.
formed. 2-Acetyl-1-pyrrolinel and 6-acetyl-1,2,3,4-tetrahydropy-
In contrast to the analogous 6-acetyl-2,3,4,5-tetrahydro- ridine 3 are among the most important flavor compounds of
pyridine 2, the imino tautomer of 5-acetyl-2,3-dihydré44 freshly popped corn. From the observation that the flavor of
1,4-thiazine5 was never detected. This different behavior popcorn is not stable, the stability of four of the most
can be explained by a more extended conjugation of theimportant popcorn flavor compounds was investigated,
thiazine due to the sulfur atof? namely, 6-ATHP (437ug/kg popcorn), 2-AP (24g/kg),
For the preparation of deuterium-labeled 5-ADBRI9for 2-propionyl-1-pyrroline (1Z:g/kg), and acetylpyrazine (&)/
the application of aroma extract dilution analysis, Engel and kg).>° Storage in polyethylene bags at room temperature led
Schieberle reacted [1,1,22RHcysteamine with 1-bromo-2,3- to a significant decrease of the presence of the flavor
butanedione, achieving a yield of about 50% and a purity of compounds. After 1 week of storage, only-280 % of the

Scheme 4193

CN
O _O., = S-S
0, N
0
H > EtsN ph) | =~
3N, 3 N _
© 1,4-dioxane/H,0, 2 h, it ’B”OOC 0 tBuooé
203 204 (84 %) 205 (87 %)
1) CHyMgBr
2) h,0 TFA. CHACl, “OOCCF; 02 K0
N + N pH 7.0 N
8u00C

206 207 (67 %) ®1%) 2



2316 Chemical Reviews, 2006, Vol. 106, No. 6

Scheme 4249
NH,OAc s so S
EtO_, OEt MeOH, N, conc. HySOy4
SH — (- -
HNTSST )<CN )18 h L_N&( 05 °C. 15 min C\()ﬁ}/
2)70°C,6h EtO OEt o
103 208 209 (54 %) 4(90 %)
Scheme 438

RuCly/TMEDA (1/3)
0 KOAc (S (10 mol%) ( 8
H N/\/SH + )H(H - )ﬁ}/ R — /)ﬁw/
2 N MeCN, 1t, 4 h N
0 (o) 1 equiv. TBHP o
103 30 108 4(70 %)
Scheme 440

NHz*CI- s

MeQ OMe 1.1 equiv. HS™ > 2 [ |

)Q”/\Br N
H 0

0] (@=DMF,A,2h

210 (b) =CHSCN, A, 3h 5(a) 48 %
(b) 56 %
€0 q (©) 76% (cr+co)
1.1 equiv. HS”™>">CO0t-Bu
1.1 equiv. Et3N, CH,Cl,
A2h
(c2)
1) 10 equiv. TFA
MeQ OMe H CH,Clp, 0°C - 1t, 3 h
S/\/N\n/o\'< 2) sat. ag. NaHCO3
o) o]
211
Scheme 4%°
3 equiv. i-PrNH,, ether
0 1 equiv. CHOMe); MeO_OMe ~ *$cauiv. TiCl, | MeO_OMe
)Sl/ H,S0, (cat.) 0°C-1t,2.5h )SI/
o} 50°C, 4 h N
123 212 (60 %) 213 (89 %)
1 equiv. NBS
CCly, A, 3h
MeQ_OMe 1 equiv. (COOH),.2H,0  MeQ_OMe
)S(\Br ‘ Br
o Et,0,A, 1h N
210 (87 %) 214 (99 %)
Scheme 460
CHO 0 O,

1.04 equiv. NaN_ 1.9 equiv. Y
D g N D q )]\SK D,

Di r CHO DiBr Dis
Qy Ner toluene, 24 h, 60°C Q7 N-CHO g7 N-CHO

P MeOH, A, 3 h
|- | )
0.1 equiv. tributylhexadecyl ¢Ho ¢Ho

phosphonium bromide
215 216 (46 %) 217
D,
conc. HCI DDISH MeOH, NaHCO, Disk(
B —— ° _— 5
80°C,24h,N, B “NH, Q o N
Q 1 equiv. [¢]
Cl Br
218 0 219 (50 %)

Adams and De Kimpe

drying1®?> Whereas the concentration of 2-AP in basic
solution decreased by 63% after 7 days and by 30% after
35 days in acidic solution (formation of salts), microencap-
sulation with 70:30 acaciamaltodextrin resulted in only
28% loss after 72 days of storage. Favino éttaénhanced

the stability of 2-AP in the presence gfcyclodextrin due

to the formation of inclusion complexes formed in aqueous
solution and in the gas phase, as proven by NMR and mass
spectrometry experiments. The same applied to 6-ATHP.
Duby and Huynh-Ba synthesized a stable precursor of 2-AP
(Scheme 27) and encapsulated 2-AP immediately after
hydrolytic conversion on carbohydrate matrixes. With 1%
B-cyclodextrin, the flavoring agent remained stable during
a period of 110 days at20 °C.*38 Similar encapsulation
procedures can be applied to other carbonyl-protected
derivatives of 2-AP that have been develop®d/ariations

of this microencapsulation process have been described for
the stabilization of 2-acetyl-1-pyrroline in an easily dispers-
ible powder form'>3 Starch, or gum acacia, was dissolved
in water containing an emulsifier, after which a solution of
2-acetyl-1-pyrroline in ethanol was added and homogenized.
Subsequently, the mixture was dried by vacuum shelf drying
or spray drying to obtain the flavor compound in a dry
powder form useful for the flavoring of rice and other food
products. Sensory analysis of sweetened basmati rice revealed
that the rice with the added flavor was preferred to natural
basmati rice>3

The use of 2-AP1 as a food flavoring is patented, and
the authors describe the preparation of stable salts by
physiologically acceptable acids such as citric detd\lso,
6-ATHP 3, as such or as its bisulfite complex or its salts,
was claimed to be useful for flavoring bread and other bakery
products!®5:156

Many applications of 2-acetyl-1-pyrroling as a food
flavoring have been patented: for instance, starch foods
containing 2-acetyl-1-pyrroline, useful in low-protein di&ts,

a food coating composition manufactured from scented rice,
containing at least 40 ppb 2-acetyl-1-pyrrolifi&distilled
alcoholic beverages containing 6:200 ppb of 2-acetyl-1-
pyrroline!®® and a 2-acetyl-1-pyrroline-containing flavor
composition for tea beverag&8 Only very recently 2-acetyl-
1-pyrroline has been included in GRAS 22 (the 22nd
publication by the Expert Panel of FEMA on recent progress
in the consideration of flavoring ingredients generally
recognized as safe under the Food Additives Amendment),
and average usual and maximum use levels in different food
categories have been list&d.

2-Acetyl-2-thiazoline4 was shown to be unstable during
heat treatment in the presence of water, but a significant
stabilization was observed in oil. Fat-containing food ma-
trixes might, therefore, enhance the stability of 2-acetyl-2-

amounts of the flavor compounds remained, except for thiazoline’'® The biogeneration and stability of the 2-acetyl-
acetylpyrazine, which remained present in constant amounts 2-thiazoline precursor 2-(1-hydroxyethyl)-4,5-dihydrothiazole
The presence of an aromatic ring system seems to increasd 06 was investigated by Bel Rhlid and co-workéfs.
the stability of the flavor compound but also involves weaker Fermentation of cysteamine, ethylactate and-glucose
flavor characteristics, as indicated by significantly higher with baker's yeast yielded a flavor mixture containing both

odor thresholds (cf. Table 3).

2-acetyl-2-thiazoline and 2-(1-hydroxyethyl)-4,5-dihydrothia-

The results of these different investigations lead to the zole. Microbial reduction of 2-acetyl-2-thiazoling with
conclusion that in order to apply these flavor compounds in baker’s yeast resulted in the formation of 2-(1-hydroxyethyl)-

food products, their stability has to be increased.

4,5-dihydrothiazole106 (Scheme 47). Addition of this

In the flavor industry encapsulation is a popular modern compound to pizza dough increased the roasted, toasted, and
technique for converting a volatile aroma concentrate into a Popcorn-like flavor notes of the food product after baking.
stable powder form. Maltodextrin and gum acacia were tested Use of 2-acetyl-2-thiazolinel has been described in
as wall materials for microencapsulation of 2-AP by spray various process flavorings for enhancing the roasty notes of
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Scheme 47. Microbial Reduction of 2-Acetyl-2-thiazoline 4
to 2-(1-Hydroxyethyl)-4,5-dihydrothiazole 10662

S Saccharomyces cerevisiae S
(] {;
N
o

4

o N
30°C, pH 6.5 OH

106 (60 %)

bakery product$®® for improving the meaty flavor of
foodstuffs!®* for tea beverage'$®in a coffee flavor formula-
tion,'%% and in various roasted, baked, or fried food prod-
ucts4®

7. Summary and Outlook

Since its discovery as the most important flavor compound
of cooked rice, 2-acetyl-1-pyrrolinehas not ceased to reveal
its presence in a vast variety of food products, always being
one of the most flavor-significant compounds present.
6-Acetyl-1,2,3,4-tetrahydropyriding is the six-membered
ring analogue and is often detected in cereal products. Both
potent flavor compounds are closely related in formation and
occurrence. The sulfur-containing analogues 2-acetyl-2-
thiazoline and 5-acetyl-2,3-dihydrd441,4-thiazine, pos-
sessing the same-iminoketone unit, demonstrate similar
popcorn-like flavor properties. Understanding the mecha-
nisms of formation of these flavor compounds, however, is
a difficult task due to the low yields and the high reactivity
of intermediates and end products, which hinder isolation
and identification. Due to the instability and volatility of these
flavor compounds, the search for efficient synthetic strategies
and development of stable precursors remain a great chal-
lenge for many organic chemists. The extremely low odor
thresholds and pleasant cracker-like flavor properties create
a large interest for these compounds in the food industry,
and many attempts have been undertaken to facilitate their
application, for instance, by encapsulation.

A lot of research has been conducted to unravel the
chemistry of these extraordinary Maillard flavor compounds,
but many questions still have to be answered before their
formation can be controlled and their exceptional flavor
properties can be optimally applied to enhance the flavor of
food products. It is amazing to discover that such simple
compounds, which occur in daily foodstuffs, have such a

remarkable and fascinating chemical rearrangement behavior

in terms of their formation.
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