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Abstract: Photoirradiation of 2-oxoacetates (c-ketoesters) with UV-A light proceeds via an intramolecular hydro-
gen abstraction of the triplet state in a Norrish type Il pathway to form carbonyl compounds, carbon monoxide
and/or dioxide, and a series of other side products. This review gives a detailed overview of the mechanistic
aspects of photooxidation by explaining the pathways that yield the major products formed in the presence or
absence of oxygen. Furthermore, it demonstrates how the photoreaction can be used for the light-induced con-
trolled release of fragrances from non-polymeric profragrances, polymer conjugates and core-shell microcap-
sules in applications of functional perfumery. In the case of microcapsules, the gas formation accompanying the
Norrish type Il fragmentation can generate an overpressure that expands or cleaves the capsule wall to release

fragrances and thus provides access to multi-stimuli responsive delivery systems.
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1. Introduction

Perfumes, an important part of modern body and home care
products such as shower gels, shampoos, surface cleaners and
fabric treatment products, provide a pleasant odour on the tar-
get surface to which they are applied. As a consequence of their
high volatilities, fragrances rapidly evaporate from these surfaces,
which considerably limits the time of the desired perfuming ef-
fect. The controlled release of fragrances for long-lasting odour
perception has become an important research area in the flavour
and fragrance industry. Two major strategies, namely the encap-
sulation of fragrances (physical delivery systems)['l and their in
situ generation by covalent bond cleavage from suitably designed
precursors, so-called profragrances or properfumes (chemical de-

livery systems),l2 have been explored as complementary delivery
technologies in this context.

Light is a suitable trigger for releasing fragrances from both
capsules3-91 and profragrances.l-15] The UV-A part of natural
daylight provides enough energy for the isomerisation and cleav-
age of covalent bonds, and the premature degradation of the de-
livery systems during storage can be avoided by the choice of
opaque packing materials. To perform under everyday applica-
tion conditions, the photochemical transformations used for the
fragrance release have to proceed in a polar environment, pref-
erably in water, at usually low and varying intensities of ambient
daylight, and allow the presence of oxygen.l'4l A reaction that
fulfils these criteria, and that has been explored for the controlled
release of fragrances from profragrances, is the Norrish type II
reaction.[11.12.16.17] Tt tolerates broad structural variability, and, de-
pending on the selected precursor structure, the light-induced gen-
eration of different alkenes, aldehydes, ketones, esters or lactones
is possible.l'l 2-Alkyl- or 2-aryl-2-oxoacetates (0-ketoesters)
represent a particular group of precursors that form aldehydes and
ketones upon photooxidation at 350-370 nm. They can readily be
prepared from commercially available starting materials and thus
might be suitable as profragrances for the controlled release of
volatile compounds.[6-11]

The present review focuses on the general mechanism of the
photofragmentation of 2-oxoacetates, the understanding of which
is a basic requirement to optimise the corresponding fragrance de-
livery systems to perform under natural environmental conditions.
We then discuss the development of a variety of non-polymeric
and polymeric 2-oxoacetate profragrances as delivery systems in
functional perfumery and conclude with some aspects concerning
the light-induced release of fragrances by using 2-oxoacetates en-
capsulated in core-shell microcapsules.
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2. Mechanistic Aspects for the Light-induced
Cleavage of 2-Oxoacetates

In 1961, Hammond, Leermakers and Turro reported that the
photoirradiation of ethyl pyruvate in toluene afforded acetalde-
hyde and carbon monoxide, together with small amounts of car-
bon dioxide (Scheme 1).['81 With sensitisation experiments, they
also showed that the process proceeded through an excited triplet
state.

Scheme 1. Photolysis of ethyl pyruvate in toluene reported by
Hammond, Leermakers and Turro in 1961.0'8

Following this initial publication, the work of several research
groups established the mechanism for the photofragmentation of
2-alkyl- and 2-aryl-2-oxoacetates (A), which is outlined in Scheme
2. Upon photoirradiation of 2-oxo-2-phenylacetates (A, R = Ph)
in alcoholic solution, Huyser and Neckers observed the formation
of photoreduced dimer B at low temperatures (ca. 30 °C) and the
formation of hydroxyester C together with carbonyl derivative
D at higher temperatures (78 °C).["91 To explain the findings at
elevated temperatures, they proposed an intermediate 1,4-diradi-
cal E obtained by intramolecular y-hydrogen abstraction from the
excited triplet state F. Fragmentation of E then forms carbonyl
derivative D and hydroxyketene G, the latter of which reacts with
the solvent alcohol to give hydroxyester C.I' In the presence of
water, the corresponding hydroxycarboxylic acid is obtained via
its enol.[20] The formation of dimeric reaction product B has been
explained by intermolecular hydrogen abstraction of F from the
solvent to give radical H, which then dimerises. Simultaneously,
Yang and Morduchowitz investigated the irradiation of ethyl
pyruvate in isopropanol and in cyclohexane and, in analogy to
the Norrish type II reaction of ketones,[11:16.17] expected the reac-
tion to proceed via intramolecular y-hydrogen abstraction to form
hydroxyketene G.[2!1 However, with the photolysis being carried
out at low temperature, they observed only the formation of the
reductive dimerisation product B and small amounts of I in both
cases. At that stage, the origin of the carbon monoxide reported
by Hammond et al.l'8! could not be rationalised. However, the
formation of the corresponding intermediate ketyl radicals, which
are required to explain the observed reaction products, has been
confirmed by electron paramagnetic resonance spectroscopy.!22!

As an alternative mechanism, the loss of carbon monoxide
has been proposed as the primary step of the reaction to form
an acyl and alkoxy radical, which then disproportionate.?3! This
suggestion was essentially based on the observation that 2-oxo-
acetates with different ester groups (methyl, ethyl or isopropyl)
decomposed with similar quantum efficiencies, while a hydrogen
transfer as the primary process was expected to result in differ-
ent structure-dependent quantum yields. Alternatively, the photo-
decarbonylation of 2-oxoacetates to form esters and carbon mon-
oxide has been proposed.?*! Both mechanisms would explain the
formation of carbon monoxide that was originally reported by
Hammond ef al.[18]

Almost 20 years later, Davidson and Goodwin reassessed the
reaction and found that fert-butyl pyruvate with no abstractable
v-hydrogen atom was photostable, thus confirming the intramolec-
ular y-hydrogen abstraction process.[2>] From product studies and
laser flash photolysis experiments, Scaiano and co-workers fur-
ther supported the Norrish type II reaction from a triplet state via
1,4-diradical E and hydroxyketene G as the major pathway in the
photolysis of both 2-alkyl- and 2-aryl-2-oxoacetates in solution.[20]

Detailed mechanistic studies, which completed the structures
shown in Scheme 2, were carried out by Hu and Neckers in the
1990s with the example of 2-aryl-2-oxoacetates (R = Ph).[10.27]
Quantitative product analyses, e.g. for the irradiation of ethyl
2-oxo0-2-phenylacetate (1, Scheme 3) in benzene, afforded car-
bonyl compound D (here: acetaldehyde) and aldehyde J (here:
benzaldehyde) as the major reaction products, together with the
dimeric structure corresponding to B and small amounts of K, LL
and M (Schemes 2 and 3).127]

The formation of the different reaction products has been ex-
plained as a result of intramolecular y-hydrogen abstraction from
the excited triplet state F to form 1,4-diradical E on the one hand,
and of intermolecular hydrogen abstraction to form radicals H and
N on the other hand (Scheme 2).1271

Overall, the photoirradiation of 2-oxoacetate A first gener-
ates an electronic n-* transition from the ground state of the
carbonyl group to the excited singlet state O, which is then trans-
formed to the reactive triplet state F by rapid intersystem crossing
(ISC).[2627] Intramolecular y-hydrogen abstraction (Norrish type
II process) produces carbonyl compound D and hydroxyketene
G. By loss of carbon monoxide, G forms an intermediate car-
bene species that rearranges to aldehyde J,[281 rather than a me-
thyl- or phenylglyoxal, which has previously been proposed to
be at the origin of carbon monoxide formation but has never been
observed.[192025.27] Tntermolecular hydrogen abstraction from the
reactive triplet F can occur either from the solvent to give H or
from the ester side chain of A by the triplet of a second molecule
of A to yield N. While H abstracts a hydrogen atom to give I or
dimerises to give B (as outlined earlier), N splits into radical P
and carbonyl compound D.271 Upon loss of carbon monoxide,
P can then form radical Q and (upon hydrogen abstraction) re-
act further to form aldehyde J. Alternatively, radical Q can also
couple with P to form L or, alternatively, upon addition to A
give rise to compound K. Similarly, the formation of M might
be explained by addition of an acetyl radical to A and hydrogen
abstraction.[2”]

Time-resolved infrared spectroscopy showed the presence of
two triplet state conformers, only one of which (F) can adopt the
suitable conformation of the transition state for the Norrish type
II reaction.?] Furthermore, a possible bimolecular process for the
formation of ketene G, especially at high 2-oxoacetate concen-
trations, and the rapid formation of benzoyl radicals (Q) from
a Norrish type I process have been proposed.[30 Determination
of quantum yields and initial rate constant measurements have
shown that the ratio between intramolecular and intermolecu-
lar hydrogen abstraction depended on the concentrations of the
starting materials, with the intramolecular fragmentation pathway
dominating at lower product concentrations.?”l For the targeted
application of 2-oxoacetates for the light-induced release of fra-
grance aldehydes and ketones, it is important to note that the tar-
geted carbonyl compound D, as well as aldehyde J and carbon
monoxide, can be formed from both intramolecular and intermo-
lecular hydrogen abstraction, while the undesired side products B
and K-M are obtained only by intermolecular hydrogen abstrac-
tion. Because the corresponding profragrances will be used only
at small dosages in practical applications, the dominance of the
intramolecular y-hydrogen abstraction at low concentrations will
be favourable for limiting the formation of these unwanted side
products.

So far, the mechanism summarised in Scheme 2 has been
determined in degassed solution. However, because molecular
oxygen efficiently traps carbonyl triplet states and interacts with
diradicals, as shown for closely related systems, 3! its role in the
Norrish type II photofragmentation of 2-oxoacetates will be cru-
cial in view of the desired practical applications. Davidson et al.
observed that the presence of oxygen increased the formation of
carbon dioxide, and presented evidence that singlet oxygen was
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not involved in the decarboxylation reactions.l32! They proposed
that an electron transfer from the excited 2-oxoacetate to oxygen
led to the formation of peracid intermediates, which would be in
competition with the Norrish type II process.

Pirrung and Tepper, 33! as well as Hu and Neckers, 34 reported
that the presence of oxygen did not significantly influence the
Norrish type II reaction of 2-oxoacetates, but resulted in different
by-products with different yields. Because of the formation of
benzoic acid R and carbon dioxide, which were obtained togeth-

er with carbonyl compound D in the photolysis of 2-aryl-2-oxo-
acetates (R = Ph), it has been proposed that oxygen reacts with
1,4-diradical E to form peroxydiradical S that cyclises to 1,3,4-tri-
oxane intermediate T. Rearrangement of T then yields the final
products. Interestingly, depending on how T rearranges, either
carboxylic acid R, carbon dioxide and carbonyl compound D are
formed, or oxygen, carbonyl compound D and hydroxyketene G
(yielding aldehyde J and carbon monoxide as outlined earlier) are
obtained.3334] This might explain the simultaneous formation of
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Scheme 2. General mechanism for the photofragmentation of 2-alkyl- and 2-aryl-2-oxoacetates in solution. The major reaction products obtained in
degassed solution (D, J and CO) or in the presence of oxygen (D, J, R, CO and CO,) are highlighted in dotted boxes.
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Scheme 3. Products isolated from the photoirradiation of 2-aryl-2-oxo-
acetate 1 in degassed benzene (at 350 nm for 120 min).?" Letters corre-
spond to the general structures indicated in Scheme 2 (with R = Ph, R!
=H, R? = Me). The mol-% given in parentheses were calculated from the
respective product concentrations indicated in the literature.?”

J, R, carbon monoxide and carbon dioxide together with carbonyl
compound D generally observed in photoirradiations carried out
in the presence of oxygen. Finally, a hydrogen shift in S can form
hydroperoxide U, which, as an unstable photolabile 2-oxoacetate
derivative, is supposed to rapidly fragment in several steps (not
shown in Scheme 2) to afford carboxylic acid R, carbonyl com-
pound D, carbon dioxide and possibly small amounts of K as the
final products.34

The reaction is quite robust, and 2-oxoacetates have been pro-
posed as photoremovable protecting groups for the preparative
photooxidation of primary or secondary alcohols to aldehydes or
ketones.[33-33361 The mechanistic studies summarised in Scheme
2 suggested that the light-induced generation of aldehydes and
ketones might work under realistic application conditions. The
desired Norrish type II photooxidation has been found to be the
dominant reaction pathway at low concentrations in aprotic sol-
vents and in the presence of oxygen. However, protic solvents
with readily abstractable hydrogen atoms are susceptible to giving
rise to a larger amount of undesired side reactions. Furthermore,
because ambient daylight is subject to constant seasonal, daily
and hourly fluctuations,37! one can expect a considerable impact
of variable light intensities on the efficiency of the delivery sys-
tem in practical application. And finally, the reaction has to work

with various product formulations and practical application con-
cepts encountered in functional perfumery. In the next section,
we use the knowledge gained from the mechanistic studies and
discuss the light-induced release of different fragrance aldehydes
and ketones from profragrances under more realistic everyday life
conditions.

3. Profragrances Based on 2-Oxoacetates

3.1 Non-polymeric Systems

Our main goal with a profragrance is to prolong the olfactive
perception of the corresponding fragrance in time. This is typi-
cally achieved by covalently linking the fragrance to a suitable
substrate, which makes the final profragrance less volatile.l2 The
choice of the profragrance chemistry, here light-induced pho-
tooxidation to generate aldehydes or ketones, defines the func-
tional groups of fragrances that can be released. Many common
fragrance materials are aldehydes or ketones, which represent a
multitude of olfactive notes and cover large structural variability
from about 5 or 6, to 15 or more carbon atoms.38:39 Apart from
the desired olfactive note and the volatility of the fragrance to
be released (vapour pressures of typical fragrances span several
orders of magnitude), suitable profragrances have to be compati-
ble with the desired application in terms of release rates, storage
stability, efficiency of deposition on the target surface, toxicity,
biocompatibility and cost.[2]

As a first step to assess the performance of 2-oxoacetates as
profragrances, compounds (+)-2—(+)-8 have been prepared,’!
which all release citronellal that has a fresh, green-citrusy odourf4%l
(Fig. 1). Xenon lamps are commonly used to simulate sunlight
under laboratory conditions,*!l with the advantage of providing
a constant light intensity over time compared with the general-
ly changing irradiance of natural sunlight. Comparable amounts
of fragrances were released upon photoirradiation of undegassed
solutions of the profragrances with a xenon lamp and with outdoor
sunlight for 3 h,[7! thus confirming the use of a xenon lamp as an
equivalent to ambient daylight.

Depending on the structure of the profragrance and the solvent
used for photolysis,35 the amount of fragrance released varied
from a few percent up to about 55%."1 Systematic GC/MS meas-
urements of the irradiated solutions, as well as preparative GC
combined with NMR spectroscopy, allowed the identification of
a series of side products formed in the reaction.

In addition to the desired citronellal, another compound,
which had been assigned as (+)-6,7-epoxy-3,7-dimethyloctanal
((x)-9, Scheme 4), has systematically been obtained, independent
of the structure of the 2-oxoacetate (alkyl-, cycloalkyl- or aryl-)
and of the solvent used for the irradiation.[”! Synthesis of the cor-

&Q citronellal

(x)-2: R=CHj

(£)-3: R = CH,CH;

(£)-4: R = CHyCH,CH, [ Y
(i)—5: R= CH(CH3)C12H25

(x)-6: R = CsH

(£)-7:R = CZH?1 cycloalkyl
(2)-8: R = CgH5 +aryl

Fig. 1. Structures of citronellal-releasing 2-alkyl-, 2-cycloalkyl- and
2-aryl-2-oxoacetate profragrances (+)-2—(+)-8."
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responding epoxidised profragrances confirmed their presence in
most of the irradiated solutions, as shown by GC/MS analysis.
Epoxidation of the citronellyl double bond can thus take place
after its release from the profragrance in the Norrish type II reac-
tion or at the stage of the profragrance, which once epoxidised,
releases (+)-9 by the expected Norrish type II photofragmentation
(Scheme 4).71 Epoxidation of olefins in the presence of 2-oxoace-
tates has previously been described to result from a photochemical
o-cleavage, which forms an acylperoxy radical and then transfers
an oxygen atom to the alkene.[*2!

Photoirradiation of 2-alkyl-2-oxoacetates (+)-4 and (*)-5
yielded the corresponding profragrances (+)-2 and (+)-3 with
shorter alkyl chains, respectively. In the case of (+)-5, dodecene
has been identified as an additional side product. This observation
has been rationalised by y-hydrogen abstraction from the alkyl
chain instead of the ester chain of the 2-oxoacetates.[*3] Ab initio
density-functional calculations of the two triplet 1,4-diradicals
revealed that the structure resulting from y-hydrogen abstraction
of the alkyl chain is almost 1 kcal mol' more stable than the
diradical formed by y-hydrogen abstraction from the ester chain
(Scheme 5).171 It has further been demonstrated by X-ray crystal
structure analysis that the y-hydrogen atom has to be at a C=0-H
distance close to the van-der-Waals radii of about 2.7 A to be effi-
ciently abstracted.[*4 Calculation of the relative energies required
to adopt the favourable conformations for y-hydrogen abstrac-
tion showed that the rotation of the alkyl chain required 0.5 kcal
mol!, while that of the ester chain needed 7.4 kcal mol™! (Scheme
5).71 Comparable results have been predicted from other calcula-
tions.[*3:461 Because alkyl chain fragmentation forms a 2-oxoace-
tate with a shorter alkyl chain that can further react by ester chain
fragmentation to release the fragrance aldehyde, this side reaction
is not necessarily problematic for the desired practical applica-
tion. If desired, alkyl chain fragmentation can be used to release
fragrance alkenes or can be avoided by using 2-cycloalkyl- or
2-aryl-2-oxoacetates as precursors.

Finally, the photolysis of 2-aryl-2-oxoacetate (+)-8 in degassed
or undegassed solvents afforded oxetane (+)-10 as an additional
side product!7-1046] resulting from an intramolecular Paterno-Biichi
cycloaddition (Fig. 2).1471 Competition between the Norrish type
II photofragmentation and the (inter- or intramolecular) Paterno-
Biichi cycloaddition generally occurs in the presence of alkenes;
electron-rich alkenes such as enol ethers and multi-alkyl-substitut-
ed olefins are in particular favourable for alkene addition.[46:48-50]
Although previously reported for intermolecular cycloadditions, 9]
intramolecular oxetane formation has not been observed for the
photolysis of 2-alkyl- or 2-cycloalkyl-2-oxoacetates.[”!

The Paterno-Biichi cycloaddition is stereoselective.[46-48]
Depending on the orientation of the citronellyl double bond with
respect to the carbonyl group, oxetanes (+)-10 or (+)-11 can theo-
retically be formed, but only the structure of (+)-10 was in agree-
ment with the NMR data of the isolated product.[”-191 The selective

0 Norrish
type Il
O
iepoxidation iepoxidation
0 o Norrish o
type Il
RJ\WOM Rl OVM/
¢}
(£)-9

Scheme 4. Pathways leading to the light-induced formation of epoxide
(+)-9 upon photoirradiation of citronellyl 2-oxoacetates in undegassed
solution.”

formation of (+)-10 has also been confirmed by semi-empirical
calculations, which predicted (+)-10 to be about 5 kcal mol™ more
stable than (+)-11, possibly due to ring strain. Similarly, both the
singlet and the triplet states of the diradical susceptible to form
(£)-10 were calculated to be lower in energy than those forming
(£)-11.171 It has further been shown that 2-oxoacetates with the
lowest triplet states of m-m* character react less efficiently via
the Norrish type II pathway!23-35] but favour, in the presence of
electron-rich alkenes, the Paterno-Biichi reaction from the upper
n-1t* triplet state.[30]

Other structural features susceptible to interfere with the de-
sired Norrish type II fragmentation are groups that can generate
remote radicals in the alkyl/aryl or ester chain, such as alkoxy
groups (which facilitate hydrogen abstraction next to the oxygen
atom),51:52] or sulphur and nitrogen atoms (which can induce an
intramolecular hydrogen transfer followed by a hydrogen atom
shift to generate a radical).[3] Remote radicals can recombine
with the hydroxyl radical photochemically generated at the car-
bonyl group of the 2-oxoacetate and thus form cyclic compounds
(Scheme 6). Finally, d-halogen-substituted 2-oxoacetates have
been found to undergo B-elimination.[34! All of these side reac-
tions compete with the Norrish type II reaction, but usually do not
completely prevent it. With halogen, nitrogen and, to some extent,
sulphur being less common heteroatoms in fragrances, these side
reactions are not that important in the present context and are thus
not further discussed.

(0]
0

ester chain
fragmentation
7.4 kcal mol™! T
2.53A
y )
0y o
o > [ o
(0] 0
-1
;-\'2.71 A A 0.9 kcal mol
_/H (0]
'\)k’ ]/o\ |j‘>
(0]

TO.S kcal mol-! i
0] alkyl chain
H\/\)S‘/O\
O

fragmentation
Scheme 5. Relative energies for the stability of different 1,4-diradicals
and the conformers required for the Norrish type Il alkyl or ester chain
fragmentation of 2-alkyl-2-oxoacetates obtained by ab initio density-
functional calculations.”

(£)-11
(not formed)

Fig. 2. Possible structures of oxetanes (+)-10 and (+)-11 formed by an
intramolecular Paterno-Bluchi reaction in the photoirradiation of 2-aryl-2-
oxoacetate (+)-8. Only the formation of (+)-10 has been observed.[1%
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Not unexpectedly, the work on citronellyl 2-oxoacetates (+)-
2—(+)-8 showed that both the structures of the substrate and those
of the ester chain influence the formation of undesired side pro-
ducts. While alkyl chain fragmentation does usually not hinder the
release of the fragrance, side reactions involving the ester chain
typically reduce the total amount of fragrance that can be released.
These reactions should thus be minimised.

Following a first proof of concept, additional 2-cyclohexyl- (12,
13) or 2-phenyl-2-oxoacetates (14, 15, Fig. 3) that release different
fragrance molecules, such as anisaldehyde (with a sweet-flowery
and slightly balsamic odour), (-)-menthone (providing a minty
note), 2-phenylacetaldehyde (having a pungent-green floral and
sweet odour) or citral (with a lemon-like smell) have been pre-
pared and tested in practical application under realistic everyday
life conditions.[7-9-5]

Photoirradiation of profragrance solutions with a xenon lamp
or with outdoor sunlight released the target compounds in good
yields; the release of ketones in particular turned out to be quite ef-
ficient.[7:81 Fig. 4 shows the headspace concentrations of (—)-men-
thone released from profragrance 13 in a film of an all-purpose
cleaner upon exposure to outdoor sunlight for a day.[®! The record-
ed headspace concentrations follow the changing light intensity,
which increases in the morning to reach a maximum at noon be-
fore decreasing again in the afternoon. The amount of (-)-men-
thone released into the headspace was more than one order of
magnitude higher than the upper limit of the human olfactory
threshold level of about 2200 ng L1156 the fragrance could thus
easily be perceived.

In some water-based product formulations of functional per-
fumery, 2-oxoacetates have been found to slowly hydrolyse dur-
ing storage, especially at extreme pH, which limits the use of the
profragrances in these applications. To stabilise 2-oxoacetates
against premature degradation, two options have been investigat-
ed, namely grafting them onto polymers to form latex nanoparti-
cles or encapsulating them in core-shell microcapsules.[¢]

R

3.2 Polymeric Systems

In a different context, we have previously shown that a hy-
drophobic environment of a polymer in proximity to the covalent
bond of a profragrance to be cleaved considerably retarded the
fragrance release.l>’l We thus expected that a 2-oxoacetate poly-
mer conjugate might prevent the hydrolysis of the profragrance
in application.

Polymers with 2-oxoacetate moieties in their side chains have
been reported by Neckers and co-workers for possible uses as
photo-cross-linkable materials in photolithography and imag-
ing.158 The authors prepared two types of homopolymers with
different orientations of the 2-oxoacetate in the side chain (16 and
17, Fig. 5). They found the photochemistry of these materials to be
significantly different from that of the non-polymeric 2-oxoace-
tates reported previously. Both in neat polymer films and in apro-
tic solvents, hydrogen abstraction from adjacent side chains and
radical coupling to form cross-linked materials occurred as the
primary photoreaction (dotted lines), while y-hydrogen abstrac-
tion within the same side chain and Norrish type II fragmentation
was not observed.[>8

For the preparation of polymeric profragrance latexes, we
first synthesised 2-oxo-2-(4-vinylphenyl)acetates (e.g. 18) as
profragrance monomers. Radical co-polymerisation of the
monomers with methyl methacrylate and 1,4-butanediol divi-
nyl ether (used as a cross-linker) in an oil-in-water emulsion
then afforded random co-polymer latexes such as 19 (Scheme
7).161

Alternatively, profragrance-containing core-shell micro-
capsules have been prepared by interfacial polymerisation of
an etherified melamine-formaldehyde resin and poly(acryla-
mide-co-acrylic acid) of an oil-in-water emulsion, with the res-
in and the profragrance (e.g. 14) being part of the oil phase.l]
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Varying the amount of resin affords capsules with different shell
thicknesses.

As shown for aged samples kept in an aqueous environment,
both the latexes and the core-shell microcapsules stabilised the
profragrances efficiently against hydrolysis.[®] The controlled
release of the fragrance from the obtained nanoparticle dis-
persions and from the core-shell microcapsules has been test-
ed by headspace analysis in an aqueous surfactant emulsion
on glass, as well as in a fabric softener application on cotton.
Photoirradiation with a xenon lamp confirmed the formation of
the fragrance as the result of the expected Norrish type II frag-
mentation in both cases. The example in Fig. 6 compares the
headspace concentrations of 2-phenylethylaldehyde released
from co-polymer 19, as well as from encapsulated and non-en-
capsulated profragrance 14 on cotton.[®] With a low human ol-
factory threshold level of 0.72 ng L-',150] 2-phenylacetaldehyde
can easily be smelled in all cases. For the comparison of the
data, it should be noted that the different delivery systems were
indirectly deposited on the cotton surface from a fabric soften-
er formulation. Differences in headspace concentrations thus
reflect a combination of release efficiency and relative amount
of surface deposition.

Although a certain amount of light-induced cross-linking of
the 2-oxoacetate side chains in the latex nanoparticles cannot be
ruled out, it has been demonstrated that the Norrish type Il reaction
efficiently takes place in a polymeric environment.!o! Presumably
the presence of the co-monomer kept the different 2-oxoacetate
side chains at a sufficient distance to minimise cross-linking reac-
tions. Furthermore, it has been shown that the nature of the core-
shell microcapsules had no major influence on the photoreaction,
thus allowing the use of different capsule wall chemistries.*-6]
Polymer-based 2-oxoacetates at the nanometre (latexes) and mi-
crometre scale (capsules) are thus efficient delivery systems for
the light-induced release of fragrances in functional perfumery
applications.[]

polymerisable
double bond
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lradical co-polymerisation
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19
2-phenyl-

acetaldehyde

Scheme 7. Radical co-polymerisation of 2-oxo-2-(4-vinylphenyl)acetate
profragrances in emulsion to form dispersions of latex nanoparticles (19:
x=29.9,y=70.0, z= 0.1 mol-%).

4. Bursting Capsules from Encapsulated
2-Oxoaceates

The formation of gas (CO and/or CO,) as a side product of
the Norrish type II fragmentation has continuously been reported
since the very first studies on the photoreaction of 2-oxoacetates
(Schemes 1 and 2);118:27.3334l however, no particular advantage had
so far been taken from it. In the direct comparison of the light-in-
duced release of 2-phenylacetaldehyde from profragrance 14 and
from 14 encapsulated in poly(urea-urethane) core-shell micro-
capsules, we observed that the start of fragrance release was not
retarded if the profragrance was encapsulated.l*l It has also been
shown that the onset of CO and CO, formation was instantaneous
once the light source was switched on, and the immediate fra-
grance release as a direct response to the photoirradiation has been
explained by a burst of the microcapsules due to gas overpressure
inside the capsule.

At first view, this seemed surprising because one might expect
that the capsule wall would slow the photoreaction down (by ab-
sorbing part of the UV light) or, once the photoreaction took place,
at least prevent rapid evaporation of the fragrance. Furthermore, it
is known that small gases diffuse through polymer membranes;[¢0]
thus, building up a gas overpressure is only possible if the gas
formation was much faster than its diffusion through the capsule
wall. Upon irradiation with a xenon lamp, a series of 2-oxoace-
tates degraded in solution with half-life times of 15 to 40 min,[®!]
which turned out to be sufficient to extend and/or burst core-shell
microcapsules.[4

The fact that encapsulated 2-oxoacetates burst core-shell
microcapsules broadens the use of the technology for fragrance
release. In addition to the encapsulation of pure profragrance
2-oxoacetates discussed so far (Fig. 7a), one can co-encapsulate
other non-covalently linked perfumery compounds with the pro-
fragrance and thus allow the simultaneous light-induced release of
fragrance aldehydes or ketones and other perfume materials (Fig.
7b). Alternatively, one can use a non-profragrance 2-oxoacetatel62!
only to generate the gas overpressure that cleaves the capsule to
exclusively release other co-encapsulated, non-covalently linked
fragrances (Fig. 7c).[45:63]

The different scenarios shown in Fig. 7 have been tested, and
the successful release of the different fragrances has been demon-
strated for all cases.[*3! Scheme 8 (left part) shows optical mi-
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Fig. 6. Headspace concentrations of 2-phenylacetaldehyde released
from co-polymer 19 (—l—) and from encapsulated (—e—) and non-en-
capsulated (—4#—) profragrance 14 upon photoirradiation on cotton.
All compounds have been tested at equimolar amounts of 2-phenylacet-
aldehyde (0.026 mmol) to be released.
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croscopy pictures taken at different times of photoirradiation of
poly(urea-urethane) core-shell microcapsules containing 2-oxo-
acetate 1 and a co-encapsulated fragrance molecule after deposi-
tion on a glass slide (corresponding to the setup in Fig. 7c). The
photos were taken before irradiation (a) and after 60 (b) and 120 s
(c) of irradiation with UV-A light.[63] One can see the formation
of gas bubbles inside the capsules (orange arrows), as well as the
leakage of the oil phase out of the capsules (violet arrows). The
right-hand side of Scheme 8 illustrates the different steps of the
light-induced release of the fragrance from the capsules in accord-
ance with the photographs.[®4 Although the irradiation conditions
under the microscope with well-focused UV-A light are ideal, it
is nevertheless remarkable that an efficient fragrance release can
be achieved within 2 min of irradiation.

Various parameters, such as the structure and the amount of
2-oxoacetate used, the constitution of the oil phase to be encapsu-
lated, the size of the capsules, and the composition and thickness of
their wall, impact the performance of the delivery system and can
be optimised in view of the targeted application.[*5] Because core-
shell microcapsules used in applications of functional perfumery
are typically cleaved by mechanical force through rubbing, the
co-encapsulation of a photolabile 2-oxoacetate profragrance with
other fragrance molecules (Fig. 7b) gives access to multi-stimuli
responsive delivery systems that release different odours, depend-
ing on the order at which the different triggers are applied.[!

If low light intensities are applied or if the formation of the
gas is not sufficient to burst the capsules, two scenarios for a
trigger-dependent fragrance release are shown in Fig. 8. If the
capsules are rubbed first and irradiated later (Fig. 8a), the co-en-
capsulated fragrance is released as a response to the mechanical
cleavage of the capsule wall through rubbing, while the profra-
grance remains intact. Exposure to light then releases the second
fragrance as a response to the photofragmentation of the 2-oxoac-
etate. On the other hand, if the capsules are first exposed to light
and rubbed later, then the profragrance is slowly cleaved inside
the capsules while (most of) the capsules remain intact. Rubbing
then breaks the capsules and releases the two fragrances simulta-
neously (Fig. 8b).15]

5. Conclusions

On exposure to UV-A light, 2-alkyl- and 2-aryl-2-oxoacetates
(o-ketoesters) fragment by intramolecular y-hydrogen abstraction
(Norrish type II pathway) to form a carbonyl compound (D) from
the ester chain, carbon monoxide, and an aldehyde (J) from the
2-oxoacetate substrate (Scheme 2). Intermolecular hydrogen ab-
straction, e.g. in protic solvents, can form a hydroxyester (I), a
dihydroxydiester (B) or carbonyl compound D, carbon monox-
ide, and aldehyde J. If the carbonyl compound D is a fragrance
aldehyde or ketone, the reaction can be used for the light-induced
generation of volatile fragrances from less volatile precursors.
The more selectively the photoreaction proceeds towards target
compound D under ambient everyday life conditions, the more ef-
ficient the controlled fragrance release will be. The fact that at low
2-oxoacetate concentrations intramolecular hydrogen abstraction
is preferred over intermolecular hydrogen abstraction is favour-

Fig. 7. Different scenarios for the light-induced release of fragrances
from encapsulated 2-oxoacetates by using either a 2-oxoacetate pro-
fragrance (a and b) or a non-profragrance 2-oxoacetate (c) to generate
a gas that bursts the capsules.

able for the targeted applications. Furthermore, the presence of
oxygen does not prevent the formation of carbonyl compound D
from the ester chain of the precursor, but forms a carboxylic acid
(R) and carbon dioxide as the main products from the 2-oxoace-
tate structure.

It has been shown that 2-oxoacetates are indeed suitable deliv-
ery systems for the light-induced release of fragrances. Depending
on the structure of the fragrance to be released, additional side
reactions have been observed, such as the photochemical epoxi-
dation of double bonds or the addition of alkenes to the reactive
2-oxoacetate carbonyl group in a Paterno-Biichi reaction. Both
non-polymeric structures and polymer conjugates successfully
released the targeted fragrances in applications of functional per-
fumery. The rate of fragrance release depends on the intensity
of the irradiating light and proceeds in a range varying between
several minutes and a couple of hours. As a consequence of the
rapid generation of gas overpressure resulting from the formation
of carbon monoxide and dioxide as side products in the photore-
action at high light intensities, encapsulated 2-oxoacetates allow
the light-induced burst of core-shell microcapsules, which con-
siderably extends the use of these structures as photoresponsive
materials. Finally, the combination of the light dependence of the
photoreaction of 2-oxoacetates with the mechanical cleavage of
core-shell microcapsules gave access to multi-stimuli responsive
delivery systems, which can release different odours depending
on the order at which the different triggers are applied.

The present review illustrates the development of the photo-
chemistry of 2-oxoacetates over almost six decades. It shows the
evolution from the fundamental understanding of the reaction
mechanism to concrete applications in fragrance delivery and
demonstrates how basic understanding of molecular reactivity can
lead to useful tools for everyday life.
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Scheme 8. Optical microscopy pictures taken after different times of
photoirradiation and schematic representation of the stepwise fragrance
release from poly(urea-urethane) core-shell microcapsules containing
2-oxoacetate 1 and a co-encapsulated fragrance molecule.®¥ Orange
arrows show the formation of gas bubbles inside the capsules; violet
arrows indicate the leakage of the oil phase out of the capsules.®
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Fig. 8. Development of multi-trigger systems by combining the light-induced fragrance release from profragrances with a mechanical cleavage of the
capsules induced by rubbing. Depending on the order at which the different triggers are applied (rubbing followed by exposure to light (a) or expo-
sure to light and then rubbing (b)), different odours can be released at different times."!
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