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Abstract

In this study, we carried out preparative and mechanistic studies on the photochemical reaction of a series of 3-acylestrone
derivatives in confined and sustainable micellar environment under steady-state conditions and the results were compared
with those obtained in cyclohexane solution. The aim of this work is mainly focused to show whether the nature of the
surfactant (cationic, neutral and anionic) leads to noticeable selectivity in the photoproduct formation. The 3-acylestrone
derivatives underwent the photo-Fries rearrangement, with concomitant homolytic fragmentation of the ester group and
[1;3]-acyl migration. This pathway afforded the ortho-acyl estrone derivatives, the main photoproducts together with estrone.
However, epimerization of the ortho regioisomer 2-acetylestrone and estrone through Norrish Type I photoreaction occurred
involving the fragmentation of the C-a at the carbonyl group (C-17) of the steroid. UV—visible and 2D-NMR (NOESY)
spectroscopies have been employed to measure the binding constant K, and the location of the steroids within the hydro-

phobic core of the micelle.
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1 Introduction

The past decades have witnessed a rapid development
of the photochemistry of steroids which is a challeng-
ing topic that produces continuous reports in both aca-
demic and industrial area. Indeed, recently reports on the
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High Product
Selectivity

photodegradation of some steroidal hormones in aquatic
environments performing the irradiation under direct or
photosensitized procedures have been studied [1-5]. For
example, the photodegradation of 17p-estradiol (E2), an
endocrine-disrupting hormone was investigated in waste-
water effluents at different pH values under simulated solar
irradiation employing effluent organic matters (EfOM) as
triplet photosensitizers [1]. Likewise, the degradation of
E2 and estriol E3, which is an steroidal hormone, was
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investigated under direct UVC (254 nm) light in the pres-
ence of oxidants additives, such as H,O, or O; and alter-
natively, in the presence of photocatalyst TiO, to evaluate
the possible degradation in a natural surface water matrix
[2, 3]. Furthermore, the photoinduced degradation of an
estrogen derivative, such as 17a-ethinylestradiol (EE2) has
been studied in detail in terms of kinetic and mechanistic
viewpoints using aquatic humic acid and fulvic acid solu-
tions simulating natural water matrixes [4]. The photo-
degradation by solar light of glucocorticoids in freshwater
have been reported and it was found that the photoproducts
are environmental toxic compounds as was assessed by
V. fischeri and P. subcapitata inhibition assays [5]. The
effect of solar UV light on anti-inflammatory corticoster-
oids dexamethasone, prednisone and prednisolone in water
and in micellar solutions under different atmospheric con-
ditions has been studied in terms of kinetic, mechanistic
and toxicological aspects [6]. Light-induced degradation
of steroid hormones, such as testosterone and androsten-
edione was also studied from a mechanistic viewpoint and
a detailed characterization of the photoproducts were car-
ried out [7-9]

The photochemical behavior of steroids in solution was
completely studied in terms of photorearrangement, pho-
toaddition, photoreduction and photooxidation reactions
throughout the years [10] and photochemical approaches
toward the synthesis of natural products have been applied
with success [11]. Some recent examples regarding the
photochemistry of steroids have been reported. Thus, the
photochemistry of trenbolone acetate metabolites have
been studied in aqueous solutions in the presence of sodium
azide, thiosulfate or ammonia and direct incorporation of
these nucleophiles across the trienone moiety present in the
steroid substrates [12]. Regioselective photoinduced incor-
poration of fluorine atom of acetonide ketal moieties that are
present in steroids has been developed. In fact, photosentiza-
tion of steroids with xanthone in the presence of Selectfluor
as the fluorine source provided the fluorinated photoproducts
in good yields [13]. Late-stage dehydrogenative amination
using ammonia to give free anilines under photocatalytic
conditions was successfully applied on the A ring of the
birth-control medicine levonorgestrel and estra-5,9-diene-
3,17-dione, respectively, providing the corresponding ani-
lines in 84 and 82% yield. The photoreaction involves the
use of iridium and cobalt complexes as the visible photo-
catalysts and blue LEDs as the visible light source [14].
Likewise, a ruthenium photoredox catalyst Ru(bpy);(BF4),
was successfully applied in the preparation of 18-nor-17-
hydroxymethyl-17a-methylandrost-13-ene unit which is
found in long-term metabolites of 17-methylated androgenic
anabolic steroids (AAS) [15]. The photochemical reaction
involves a smooth dicarboxylative alkynylation and reacting
regiostereoselectively with a phenylacetylene derivative at
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C-17 providing the photoproducts with a 2.7:1 diastereose-
lectivity in favor of steroid derivative with S configuration
at C-17.

Along the past years, some interesting examples of the
photochemistry of steroids have been studied in terms of
preparative, mechanistic and analyzing the stereospecificity
of the photoreaction [16-21]. Indeed, photoinduced lactoni-
zation reaction of some cholestan-6-one derivatives provided
efficiently 6-oxa-B-homocholestan-7-ones with retention of
the configuration at C-5 [16]. Likewise, direct irradiation
of 3a-(dimethylphenylsilyloxy)-5a-androstane-6,17-dione
and its 3f isomer gave two distinct photoproducts arising
from the photoreduction and the Norrish type I reactions
of the steroids. An antenna-photosensitization process from
the arylsilyloxy group to the carbonyl groups through tri-
plet and singlet energy transfers accounts for this particu-
lar behavior [18]. The photo-Fries rearrangement of some
3-acylestrone in homogeneous media was studied in detail
covering the preparative and mechanistic aspects of the pho-
toreaction [22]. The ortho-regioisomers were obtained in
good yields along with the corresponding estrone. Photosen-
sitization with acetone has demonstrated that the photoreac-
tion involves the singlet excited state as the photo reactive
state. Likewise, the photochemical behavior of some estrone
aryl and methyl sulfonates in solution was carried out under
direct UV (254 nm) irradiation and [1;3]-sulfonyl migration
was the main photochemical pathway providing the ortho-
sulfonyl estrone derivatives and estrone as the photoproducts
[23].

On the other hand, photochemical microfluidic strat-
egy has been recently developed and its application in
photochemical synthesis of steroidal intermediates has
been satisfactorily achieved [24-26]. A low-pressure
lamp with a LB-PDMS composite film was successfully
employed in the photochemical synthesis of 98,10a-3,20-
bis(ethylenedioxy)-5,7-pregnadiene (L-BEP) from 9a,10p-
3,20-bis(ethylenedioxy)-5,7-pregnadiene (E-BEP) which
was chosen as the model substrate to assess the improved
UVB light [24]. Likewise, the photochemical synthetic sys-
tem of L-BEP was again chosen to evaluate mixing perfor-
mance and photochemical reaction efficiency after introduc-
tion of nitrogen microbubbles to enhance photon absorption
in mini-/microchannels [25]. Another interesting industrial
example involving photochemical microfluidic synthesis of
vitamin D3 was developed using photoluminiscent substrates
based on LaB;04:Bi, Gd whose UVB emission intensity was
increased by approximately 11 times when compared with
the ultraviolet B (UVB) emission light of a low-power light
source (e.g. an 8§ W lamp) [26].

However, the direct irradiation with UV light (254 nm) of
3-aylestrone and 3-acyl-17-norestrone in micro heterogene-
ous media (micellar solutions) was not previously reported
yet in the literature and we were encouraged to undertake a
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more extensive work. Thus, we carried out an accurate study
of the effect of the confined environment of the micelles
on the photoreaction mechanism and the selectivity on the
product distribution for which we chose the estrone deriva-
tives as the substrates (see Scheme 1). In the same scheme
the structures of the surfactants used in this study are also
depicted along with the critical micellar concentration (cmc)
data for each one.

Controlling the product selectivity of a photoreaction is
a great challenge in synthetic organic photochemistry, espe-
cially when radical—-ion pairs or radical pairs are formed as
primary intermediates [27-30]. Zeolites [31, 32], micelles
[33, 34], polyolefin films [35], cavitands [36, 37], or den-
drimers [38] are water soluble confined assemblies that
impart a restricted mobility on the reactive intermediates
generated after excitation leading to a noticeable selectivity
of the product distribution of the photoreaction. In particular,
cationic, anionic and neutral surfactant micelles are confined
assemblies that show interesting features. Thus, micelles are
capable of solubilizing in water hydrophobic molecules,
i.e. organic molecules. Furthermore, the micelles has the
ability to: (1) concentrate guest molecules into relatively
small effective volumes [33, 39], (2) exist in a dynamic equi-
librium and (3) are capable to organize organic substrates
[39-41]. Therefore, the confined environment provided by
the hydrophobic core of the micelle can be considered as
a micro reactor where (photo)reactions can take place, the
reactivity of radical species generated can be controlled and,
at the same time, can be helpful to direct the selectivity of

Scheme 1 Structures of 3-acet-
ylestrone (1), 3-benzoylestrone
(2) and 3-acetylnorestrone (3)
and surfactants CTAC, SDS and
Brij-P35

(b) Structures of surfactants.
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the (photo)products. Some interesting examples of photore-
action carried out in micellar media as optimal micro reactor
that can control the selectivity and yield of the photoprod-
ucts can be found in the literature [42—45] and our research
group has also contributed with several examples [46—49].

Among the vast number of photochemical transforma-
tions, the photo-Fries rearrangement reaction represents
a prototypical example to probe the micellar hydrophobic
environment, the nature of the counterion and the selectivity
on the photoproducts distribution. This photochemical reac-
tion was discovered by Anderson and Reese [50]. Nowadays
it is accepted that the photochemical reaction undergoes an
in-cage radical mechanism because involves a homolytic
cleavage of a carbon-heteroatom bond, i.e. C—O, C-S and
C-N and it is well-established that the photoreaction pro-
ceeds mainly through the singlet state [51, 52].

Herein, we describe the results obtained on the direct
irradiation of 3-acetylestrone (1), 3-benzoylestrone (2)
and 3-acetyl-17-norestrone (3) in confined and sustainable
micellar solutions. From a preparative viewpoint, the pho-
toreaction shows a significant selectivity towards the forma-
tion of the [1;3]-acyl migrated 3-hydroxyestrone derivatives
in good yields whereas no estrone is formed. The location
of the 3-acylsteroids within surfactant micelles (ionic and
non-ionic micelles) behaving as micro reactors was demon-
strated using NOESY NMR spectroscopy while the binding
constant K, of the substrates was measured by UV—visible
spectroscopy.

(a) Structures of 3-acylestrone derivatives.

Cetyl trimethyl ammonium chloride (CTAC)

N o
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Sodium dodecyl sulfate (SDS)
P\ cmc: 8.2 mM
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Polyoxyethylene(22)lauryl ether (Brij P35)
cmc: 0.09 mM
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2 Results

2.1 Photoirradiation of 3-acylestrone derivatives
in cyclohexane and in micellar media

In order to analyze if cationic, anionic and neutral micelles
can function as photochemical micro reactors and are able to
induce photoproduct selectivity from 3-acylestrone deriva-
tives 1-3 (for structures, refer to Scheme 1), the photo-Fries
rearrangement reaction of these steroids was systematically
investigated in ionic and non-ionic micellar media and was
compared with those results obtained in homogeneous media
such as cyclohexane. The general photochemical reaction
of 3-acyl estrone derivatives 1-3 is depicted in Scheme 2.
Irradiation of estrones 1 and 2 were carried out in
cyclohexane and in micellar solutions of SDS, CTAC and
Brij-P35, respectively, with 4 ., =254 nm under N, atmos-
phere providing the photoproducts expected from the photo-
Fries rearrangement, viz. formation of the ortho regioiso-
mers (la and 1b from 3-acetylestrone (1) and 2a and 2b
from 3-benzoylestrone (2)) and estrone (4). Furthermore,
compounds 5 and lumiestrone 6 were also detected in the
photolysed reaction mixtures and were formed through a
photochemical epimerization reaction of compounds la
and 4, respectively (see Scheme 2). The chemical yields of
the photoproducts are collected in Table 1 and is apparent
from the data that the [1;3]-migrated photoproducts, viz.

1(R = CH3)
2(R = Ph)

hv 1a (R = CHs)
Solvent 2a (R =Ph)
25°C

compounds 1a, 1b and 5 from ester 1 and 2a and 2b from
ester 2, are the main photoproducts when esters 1 and 2 are
consumed in up to 40-50% yield.

Another hint the data collected in Table 1 brings about
is the high selectivity in favor of the formation of the
[1;3]-migrated photoproducts (compounds 1a, 1b, 5, 2a
and 2b) when the photoreaction was performed in micel-
lar solutions. Indeed, the yields of these photoproducts
increase noticeably whereas the formation of estrone 4 is
almost inhibited. However, this selectivity is not observed
in homogeneous media such as cyclohexane where estrone
4 is formed in 35% yield when ester 1 was irradiated while
both photoproducts estrone 4 and lumiestrone 6 are formed
in 15% from ester 2.

The migration of the acyl group occurred with a notice-
able selectivity upon irradiation of esters 1 and 2 in micellar
solutions. In fact, the shifting of the acyl group to position
2 of the aryl moiety is preferred over the migration of the
same group to position 4 and depends on the nature of the
surfactant used. For example, in the case of ester 1 the ratio
(1a+5)/1b changes from 6.2 in SDS to 1.8 in Brij-P35 to
1.3 in CTAC showing that cationic surfactants like CTAC
diminishes the selectivity of the acetyl migration to positions
2 and 4, respectively, while with the other kind of surfactants
favors the migration of the acetyl group to position 2 over
position 4. Similarly, in the case of ester 2 the 2a/2b ratio
moves from 6.4 to 1.4 and again surfactant CTAC provides

07 R
1b (R = CH,) 4
2b (R = Ph)

Scheme 2 The photo-Fries rearrangement of 3-acylestrones (1 and 2) and 3-acetyl-17-norestrone (3)
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Table 1 Yields of photoproducts and reaction quantum yield (¢ g) measured in cyclohexane and in micellar media for 3-acylestrones 1 and 2

Substrate Solvent Surfactant Yields (%) bR
la 1b 4 5
1 Cyclohexane - 34 14 35 5 0.05
H,0O SDS (0.1 M) 59 13 0 21 0.03
H,0O Brij-P35 (0.01 M) 59 33 <1 0 0.06
H,O CTAC (0.02 M) 40 41 <1 13 0.01
Substrate Solvent Surfactant Yields (%) b
2a 2b 4 6
2 Cyclohexane - 58 22 11 4 0.01
H,0 SDS (0.1 M) 60 25 1 0 0.01
H,0 Brij-P35 (0.01 M) 70 11 4 1 0.01
H,0 CTAC (0.02 M) 57 42 <1 0 0.01

Yield of photoproducts determined by "H NMR spectroscopy in the reaction mixture. Concentration of 3-acylestrones: 5.0x 107> M

Actinometer: KI (0.6 M), KIO; (0.1 M) and Na,B,0,-10H,0 (0.01 M) solution in water; ¢p(I;—)=0.74; A

the lower ratio suggesting that the migration of benzoyl
group occurs without significant selectivity.

The quantum yields of consumption (¢y) of esters 1 and
2 in cyclohexane and micellar media were also measured
(see Table 1). The ¢y values of ester 1 depend on the reac-
tion solvent. Similar values were obtained in cyclohexane
and in micellar Brij-P35 solution whereas lower ¢y values
were found in SDS and CTAC micellar solutions. In the
case of ester 2 no solvent dependence was observed and
the ¢ values were 0.01. However, the ¢ values for both
esters 1 and 2 varied from 0.06 to 0.01 implying that the
photoreaction occurred smoothly and could compete with
radiative and non-radiative pathways.

UV-visible spectroscopy was employed to follow the
photochemical reaction in cyclohexane and in micellar
solution. Figure la depicts the time-resolved UV-visible
absorption spectra of the photoreaction of 3-acetyl estrone
(1) in SDS (0.10 M) micellar solution while Fig. 1b shows
the variation of the UV-visible absorption spectra with
reaction time for ester 2 in CTAC (0.02 M) micellar
solution. New absorption bands located at 325 nm and
at 348 nm for esters 1 and 2, respectively, rise with irra-
diation time in both micellar solutions. These bands were
assigned to the n,z* transition of the carbonyl group of the
ortho-rearranged photoproducts [53, 54] and similar spec-
tral behavior was also observed in cyclohexane, CTAC and
Brij-P25 for ester 1 and in cyclohexane, SDS and Brij-P35
for ester 2 (see Figures S1 and S2 in Supporting Informa-
tion). The energy of the n,z* transition band (E(1)) was
correlated with the E((30) Reichardt’s polarity parameter
[55-57] and it was found that the energy values (E(4))
were not affected by the solvent polarity when moving
from cyclohexane to the micellar solutions (see Figure S4
in Supporting Information).

=254 nm.(37) error: +£0.01

exc

The relative absorbance profiles (A, vs. t) of the ortho
regioisomers formation (1a, 1b and 5§ from ester 1 and 2a
and 2b from ester 2) were measured in cyclohexane and
in micellar solutions and these grow-in plots are shown in
Fig. 1c, d, respectively. In the case of ester 1, the relative
rate of formation of photoproducts 1a, 1b and 5 measured in
cyclohexane is higher than in micellar solution. Comparing
the relative rates between the micelle solutions, it was found
that the relative rate in SDS solution is higher than CTAC
and Brij-P35 solutions while these last two micellar sys-
tems were similar. The finding leads to the conclusion that
in micellar systems radiative and non-radiative decay rates
compete in a similar extent with the photoreaction pathway.
Howeyver, in the case of ester 2 it was found that the relative
rate of formation of photoproducts 2a and 2b are similar in
cyclohexane just like in micellar solutions.

It is worth to mention that during the irradiation of esters
1 photoproduct 5 was formed and the chemical yield depends
on the solvent used (see Table 1). The formation of this pho-
toproduct is due to the Norrish Type I photoreaction that
competes with the photo-Fries rearrangement reaction. Thus,
epimerization of the methyl group at C-13 of photoproduct
1a was observed in cyclohexane, SDS and CTAC micellar
solutions providing compound 5 with yields between 5 and
21%. The epimerization of the methyl group in photoprod-
uct 1a occurs because this photoproduct is a chromophore
that can absorb light of 254 nm. Then, the Norrish Type I
photoreaction proceeds smoothly promoting the homolytic
fragmentation of the Ca-C=0 bond efficiently involving the
formation of a biradical intermediate which is responsible of
the epimerization of Ca as can be seen in Scheme 3 for the
case of ortho-regioisomer la. Likewise, during irradiation
of ester 2 in cyclohexane, estrone 4 was photo converted into
lumiestrone 6 in very low yield (see Table 1) allowing the
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Fig.1 Time-resolved UV-visible spectra of: a 3-acetylestrone (1)
in micellar solution of SDS (0.10 M) and b 3-benzoylestrone (2) in
micellar solution of CTAC (0.02 M). Relative absorbance profiles of:

Scheme 3 The Norrish Type (6]
I photoreaction of ortho-
regioisomer (1a) and biradical hy
intermediate - -
Solvent

epimerization of the methyl group at C-17 of the estrone (4)
whereas no epimerization of estrone was observed in micel-
lar solutions [58—60]. This photochemical behavior has been
previously observed during the irradiation of 3-acylestrone 1
in homogeneous media of different polarity [22]. However,
no epimerization of ortho-regioisomer 1b was detected dur-
ing irradiation of ester 1 as well as ortho-regioisomers 2a
and 2b from ester 2 (see Table 1).

@ Springer
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¢ 3-acetylestrone (1) and b 3-benzoylestrone (2) in cyclohexane and
different micellar solutions

HO

Biradical intermediate 5

The strong photostability observed for compounds 1b,
2a and 2b was ascribed to the formation of E-keto tautomer
in the ground state as it was previously described in the
literature [22], The formation of this tautomer is due to the
excited state intramolecular proton transfer process (ESIPT)
[13, 61-64] of the ortho-regioisomer to produce the Z-keto
tautomer A in the excited state as it is depicted in Scheme 4
for the case of compound 2a. Deactivation with twisting
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Scheme 4 Z-E keto tautom-
erism of compound 2a and

photoinduced epimerization
reaction of 1a o)jgi hv
H-g Solvent

(a)Cis-trans keto tautomerism of compound 2a.

Ph ’ o1 0

= o o
) o) HO

ESIPT process

(b) Non-planarity of compound 1a and epimerization reaction.

Z-keto form . . E-keto form 2
C=C Twist B Radiationless 42
process Process

Intramolecular
Photosensitization

Absorption ‘/)O

HO I

1a Epimerization 5
Table 2 Yield§ of . Substrate Solvent Surfactant Yields (%) bR
photoproducts® and reaction
quantum yield (¢ g) measured 3a 3b 7
in cyclohexane and in micellar
media for S-acety]- 17- 3 Cyclohexane - 32 33 22 0.03
norestrone 3 H,0 SDS (0.1 M) 22 23 0 0.02
H,0 Brij-P35 (0.01 M) 20 31 8 0.01
H,0 CTAC (0.02 M) 15 26 0.01

Yield of photoproducts determined by 'H NMR spectroscopy in the reaction mixture. Concentration of

3-acylestrones: 5.0x 107> M

Actinometer: KI (0.6 M), KIO; (0.1 M) and Na,B,0,-10H,0 (0.01 M) solution in water; ¢(I;7)=0.74;

Aexe =254 nm. (37) error: +0.01

of the newly produced C=C bond of the tautomer before
intersystem crossing to the triplet excited state occurs and
then, the Z-keto tautomer A converts into E-keto tautomer
B in its ground state involving a radiationless process. This
photophysical behavior is usually observed with p-hydroxy
carbonyl compounds such as 2’-hydroxychalcones in z—z*
excited states, where the carbonyl group becomes more basic
and the phenolic group usually becomes more acidic favor-
ing the one-way Z—E isomerization of 2'-hydroxychalcones
[65-68]. Therefore, the photostability of regioisomers 1b,
2a and 2b can be explained taking into account the presence
of the pB-hydroxy carbonyl moiety in their structures that
promotes the ESIPT process efficiently after absorption of
light and causing the deactivation of the Z-keto tautomer
through radiative and non-radiative pathways. Consequently,
the Norrish Type I photoreaction does not compete with the
tautomeric and deactivation pathways and the epimerization
of these photoproducts was not observed during the irradia-
tion of esters 1 and 2. Noteworthy, the photostability of com-
pounds 1b, 2a and 2b was also observed in micellar solu-
tion implying that the ESIPT process proceeds efficiently
within the hydrophobic core of the micelle independent of
the nature of the surfactant used. The distinct photochemical

behavior that compound 1a showed in comparison with
regioisomers 1b, 2a and 2b can be attributed to the non-pla-
narity of the acetyl group with the benzene moiety partially
preventing the intramolecular hydrogen bonding between
the hydroxyl group and the carbonyl group (see Scheme 4).
Thus, the ESIPT process is not favored and does not com-
pete with the epimerization reaction of the carbonyl group
at C-17 in compound 1a providing smoothly compound 5.
The driving force of the epimerization is due to an intramo-
lecular triplet photosensitization from the aryl moiety to the
carbonyl group at C-17 of compound 1a, in agreement with
was previously reported in the literature for the case of 3a-d
imethylphenylsilyloxyandrostanone derivatives [18, 69].
The photochemistry of 3-acetyl-17-norestrone in confined
media was also studied as an example of an steroid without
the presence of the carbonyl group at C-17 which was dem-
onstrated to be responsible of the competitive Norrish type I
reaction. Thus, direct irradiation (4. =254 nm) of 3-acetyl-
17-norestrone (3) in micellar solution and cyclohexane under
N, atmosphere was carried out and it was found to provide
the expected photoproducts from the photo-Fries rearrange-
ment, viz. formation of the ortho-regioisomers (3a and 3b)
and 17-norestrone (7) (see Scheme 1). No epimerization of
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the photoproducts was observed because compound 3 does
not bear a carbonyl group at C-17. The chemical yields are
shown in Table 2 and were determined using NMR spec-
troscopy. As is apparent from the data collected in Table 2,
the ortho-regioisomers 3a and 3b were the main photoprod-
ucts formed in micellar solution when ester 3 was consumed
in up to 50% yield. Furthermore, a noticeable selectivity
of the photoreaction was observed and the confined media
working as a micro-reactor vessel inhibited the formation
of 17-norestrone implying that the diffusion of the radical
species generated within the hydrophobic core of the micelle
did not occur. This interesting behavior was not observed in
homogeneous media such as cyclohexane because 17-nor-
estrone is formed in 22% yield due to a free diffusion of the
radical species into the bulk. Additionally, the selectivity of
the acetyl migration depended on the nature of the surfactant
used. In fact, the 3b/3a ratio was found to increase from
1.05 in SDS to 1.55 in Brij-P35 till 1.73 in CTAC where the
[1;3]-acetyl migration is favored to position 4.

The quantum yields of consumption (¢y) of ester 3 in
cyclohexane and micellar media were measured displaying
a slight dependence with the reaction solvent (see Table 2).
The ¢ values move from 0.03 in cyclohexane to 0.01 in
CTAC and Brij-P35 micellar solution suggesting that the
photo-Fries rearrangement reaction proceeds smoothly com-
peting with radiative and non-radiative pathways.

The photoreaction of ester 3 in Brij-P35 0.01 M micellar
solution was also followed by UV-visible spectroscopy and
a new band located at 330 nm rises with irradiation time
(see Fig. 2a) which was assigned to the n,7* transition of
the carbonyl group of the ortho-rearranged photoproducts
[53, 54]. Similar results were obtained in cyclohexane and
in micellar solutions of SDS and CTAC (see Figure S3 in
Supporting Information). Additionally, it was found that the

Al nm

200 250 300 350 400

energy of the new band was not affected by the variation of
the solvent polarity reflecting a similar behavior as it was
obtained when esters 1 and 2 were analyzed.

The relative absorbance profiles (A, vs. f) of photoprod-
ucts 3a and 3b were measured in all the solvents studied
and the grow-in profiles are depicted in Fig. 2b. Notice
that the formation profiles measured in cyclohexane and
SDS micellar solution grew-in with the same window of
irradiation time (10 min). However, the formation profiles
of ortho-regioisomers 3a and 3b measured in CTAC and
Brij-P35 micellar solutions were similar and required ca.
50 min of irradiation time. These findings lead to the con-
clusion that the nature of the surfactant noticeably affects
the rate of formation of the photoproducts. In fact, anionic
surfactant such as SDS accelerates the formation of 3a and
3b as cyclohexane does whereas cationic CTAC and neu-
tral Brij-P35 surfactants diminish significantly the forma-
tion of the ortho-regioisomers suggesting the radiative and
non-radiative decay rates compete in a high extent with the
photoreaction pathway.

2.2 Binding constants (K,) of 3-acylestrone
(1 and 2) and 3-acetyl-17-norestrone (3)
in micellar media

Micellar solutions, which are often considered as micro pho-
tochemical reactors, are micro heterogeneous systems where
photoreactions can be performed. In this regard, UV-vis-
ible spectroscopy studies of 3-acylestrone derivatives (1-3)
in micellar solution were conducted in order to determine
the binding constant (K,) between the surfactants (SDS,
CTAC and Brij-P35) and the steroids 1-3. The methodol-
ogy employed in this study has been previously reported for
the determination of binding constants of aryl acetamide and
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v
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Fig.2 a Time-resolved UV-visible spectra of 3-acetyl-17-norestrone (3) in micellar solution of Brij-P35 (0.01 M). b Relative absorbance (A,
profiles of 3-acetylnorestrone (3) in cyclohexane and different micellar solutions
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Fig.3 Plot of the Ay/(A—A,) values of 3-acylestrone derivatives (1—
3) vs the reciprocal concentration of the micelle: (black unfilled cir-
cle) SDS; (blue unfilled circle) Brij-P35; (green unfilled circle) CTAC

aryl benzoates [46, 47]. The analysis of bathochromic and
hyperchromic shifts of the lower energy absorption band of
the steroids 1-3 in water by addition of increasing amounts
of surfactant led to evaluate the extent of binding of ster-
oids to the surfactants within the hydrophobic core of the
micelle (batho- and hyperchromic shifts, see Figures S5-S7
in Supporting Information). Indeed, the binding process
can be described according to Eq. 1 where Ky, is the bind-
ing constant, S represents the steroids, Surf the surfactants
and [S-Surf] the complex formed between steroids and the
surfactant.

K IS - Surf]
[S] + [Surf] «—= [S - Surﬂ Kb = m

ey

Application of Lambert-Beer law on Eq. 1 provided
Eq. 2 where A and A are the absorbances at the maximum
wavelength in the absence and presence of surfactant,
respectively, £c is the molar absorptivity of the complex
whereas &g is the steroids molar absorptivity. Mathematical
rearrangement of Eq. 2 provided Eq. 3 where a linear rela-
tionship is observed between [A/(A-A)] and the reciprocal
of the concentration of the surfactant.

(A-A4y _ gc - K- [Surf]
Ay e (1+K,-[Surf])’ @
Ay £s Eg 1

A—A4y) & * ec - K, [Surf]’ 3)

Nice linear correlations were obtained after plotting the
data according to Eq. 3 of ester 1 in Brij-P35, ester 2 in SDS
and ester 3 in CTAC micellar solutions, respectively. The

linear correlations are depicted in Fig. 3 including the best
linear regression curves while the straight lines and the cor-
responding linear regression curves for the other cases are
collected in Figure S8 (see ESI).

The K, values for the 3-acylestrone derivatives 1-3 were
calculated from the ratio of the intercept and the slope of
the regression curve and the data thus obtained are col-
lected in Table 3. The K, values obtained for the 3-acyle-
strone derivatives (1-3) are typical of the family of ster-
oids such as estrone, 17a-ethynylestradiol, 17f-estradiol,
testosterone, progesterone and estriol and estimation of Ky,
values <600 M~! in SDS, CTAC and Brij-P35 micellar solu-
tions have been reported [70-72]. Some K, values of the
steroids were measured in anionic, cationic and neutral sur-
factants using the data that have been previously determined
by fluorescence emission spectroscopy [70] and the double
reciprocal plots thus obtained as well as some representative
binding constants (K,) are shown in Figure S9 and Table S1
(see ESI).

2.3 Use of 1D and 2D NMR spectroscopy
in the estimation of the location of 3acylestrone
(1 and 2) and 3-acetyl-17-norestrone (3)
in micellar media

Once the binding constants of steroids 1-3 have been meas-
ured, we looked for the qualitative location of steroids
within the hydrophobic core of the micelles and '"H NMR
and 2D NMR (NOESY experiments) studies of guest mol-
ecules within surfactant micelles to gain an understanding
of the reactants’ positioning were conducted. Furthermore,
this kind of analyses using NMR spectroscopy to assess the
location of a solute within the micellar confined media has
been previously described [73—77]. To begin with the NMR
spectroscopy analyses, the 'TH NMR of surfactants CTAB,
SDS and Brij-P35 in D,O were recorded in the presence and
absence of steroids 1-3 showing differential effects on the
various protons of the surfactants, causing slightly upfield
and downfield shifts (~0.1-0.01 ppm) and these magni-
tudes are much above the value for typical errors in the
chemical shifts (~0.002 ppm) [75]. As an example, Fig. 4
shows the comparison of the 'TH NMR spectra of surfactant
CTAC in the absence and the presence of 3-acetylestrone (1)

Table 3 Constants of binding (K,) of the 3-acylestrone derivatives
measured in different micro heterogeneous media

K, (M)
Surfactant 1 2 3
SDS (0.10 M) 18 35 23
CTAC (0.02 M) 147 117 80
Brij-P35 (0.01 M) 428 51 96
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Fig.4 "H NMR spectra of surfactant CTAC recorded in D,O in: a the absence and b the presence of 3-acetylestrone (1)

where a change in the chemical shift of the surfactant was
clearly observed. Similar spectroscopic behaviors were also
observed for some surfactants in the presence of the guest
molecules such as esters 2 and 3, respectively, and the results
are shown in Figures S10-S13 (see ESI).

The differential chemical shifts (A§) for surfactants in
the presence of esters 1, 2 and 3 are collected in Table 4.
These Aé values outline the intimate interaction between the
esters and the hydrocarbon chains of the surfactants display-
ing the significant role of the esters have on the surfactant
proton shift. Thus, the differential chemical shifts shown
in Tables 4 suggest that the esters 1-3 could be located in
the hydrophobic core as well as the shell of the surfactant
micelles. This behavior can be ascribed to the high disorder
of the hydrocarbon chains within the hydrophobic core of
the micelles favoring the intimate interaction of the esters
with all the proton nuclei of the hydrocarbon chains of the
surfactant and consequently, displaying a differential chemi-
cal shifts of each proton nuclei. This methodology has been
previously used to analyze the effect of substrates on the
chemical shifts of the surfactants [46, 73].

@ Springer

Taking into account that a differential chemical shifts
(AS) was observed in the presence of esters 1-3, the next
step was to confirm qualitatively the location of the esters
within the hydrophobic core of the micelle employing 2D
NMR spectroscopy. The extent of co-aggregation in water
between two different kinds of surfactants or the localiza-
tion of guest molecules within the micelle have been often
determined using NOESY experiments [46—49, 73-77]. In
addition, these experiments give satisfactory results when
cross-peaks between diagnostic signals of the substrates and
the surfactants, respectively, are noticed in the correspond-
ing contour plots [46—49].

Thus, the NOESY experiment performed in D,O for a
solution of SDS (50 mM) in the presence of 3-acetylestrone
(1) (50 mM) at room temperature is shown in Fig. 5 and
the labels of the protons of the surfactant SDS and those
of compound 1 are also depicted in the same figure. The
inset black frames recognize the NOE (Nuclear Overhauser
Effect) between the signals belonging to the aromatic pro-
tons (H-1, H-2 and H-4) and to the aliphatic protons (H-2’
and H-18) of 3-acetylestrone and the signals of the surfactant
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Table 4 Differential chemical shifts (A§) for surfactants SDS, Brij-P35 and CTAC in the presence of esters 1-3
a-CH, B-CH, Bulk o-CH,4
SDS S/ppm 4.04 1.69 1.31 0.90
SDS+1 S/ppm 4.02 1.66 1.26 0.87
Ad/ppm 0.02 0.03 0.05 0.03
N(CH,);* a-CH, B-CH, y-CH, Bulk ©-CH;
CTAC S/ppm 3.38 3.48 1.68 1.29 1.20 0.83
CTAC+1 S/ppm 3.11 3.29 1.73 1.33 1.26 0.86
AS/ppm 0.27 0.19 —-0.04 -0.03 —0.06 —-0.03
H1 H2 H3 H4 HS H6
Brij P-35 S/ppm 3.69 3.62 3.46 1.57 1.29 0.9
Brij P-35+1 S/ppm 3.71 3.59 3.45 1.57 1.29 0.9
Ad/ppm —-0.02 0.03 —-0.01 0 0 0
N(CH,);* a-CH, B-CH, y-CH, Bulk ©-CH;
CTAC S/ppm 3.38 3.48 1.68 1.29 1.20 0.83
CTAC+2 S/ppm 3.69 3.29 1.73 1.33 1.26 0.86
Ad/ppm -0.32 0.19 —-0.05 —-0.04 —-0.06 —-0.03
a-CH, B-CH, Bulk o-CH,4
SDS S/ppm 4.04 1.69 1.31 0.90
SDS+3 Slppm 4.03 1.67 1.29 0.89
Ad/ppm 0.01 0.02 0.02 0.01

SDS such as a, B, o and the bulk protons. Similar spectro-
scopic results have been obtained for solutions of surfactants
SDS, CTAC and Brij-P35 in D,O in the presence of esters
1-3 (see Figures S14-S17 in ESI).

The cross-peaks of the diagnostic aliphatic protons
(H-2" and H-18) of 3-acetylestrone (1) and the signals of
the surfactant SDS observed in the NOESY contour in
Fig. 5a clearly account for the intimate interaction between
such protons leading to conclude that 3-acetylestrone (1)
is located within the hydrophobic core of the micelle. Fur-
thermore, the fact that the aliphatic proton signals (H-2' ad
H-18) interact through space with all the surfactant protons
(o, B, @ and the bulk protons) lead to conclude qualitatively
that the estrone derivative (1) is positioned deeply within
the hydrophobic core as well as close to the polar shell of
the spherical micelle, that is, close to the polar head of the
micelle. Indeed, the aromatic protons (H-1, H-2 and H-4)
clearly showed the nuclear Overhauser effect (NOE) with the
a proton of SDS (see Fig. 5b) indicating that the aromatic
portion of 3-acetylestrone (1) was mainly positioned close
to the polar head of the micelle. Similar conclusions were
achieved when 2D NOESY experiments were carried out
between 3-acetylestrone (1) and surfactants CTAC and Brij-
P35, respectively (see Figures S14 and S15 in ESI).

On the other hand, 2D NMR spectroscopy was also
used in order to measure some physicochemical properties

of the steroid—surfactant complex such as the diffusion
coefficient (D) and the hydrodynamic radius (r,) perform-
ing DOSY experiments which is an analytical technique
widely applied in the literature [78—80]. The diffusion is
a process that arises from the random motion of mole-
cules as well as steroid—surfactant complex in solution
and can be quantitatively measured through the diffusion
coefficient (D). Furthermore, the D parameter is inversely
related to the mean average micelle radius (r,) which is
also known as the hydrodynamic radius of such complex
(steroid—surfactant complex) according to the Stokes—Ein-
stein relationship in terms of Eq. (4),

kT

D= ,
6rnr, @)

where k is the Boltzman constant, 7' is the absolute tempera-
ture of the system under study and # is the viscosity of the
solvent. Therefore, knowing the diffusional coefficient D, the
hydrodynamic radius can be easily calculated.

The diffusional coefficient D can be used to discriminate
different components that are present in a mixture because
each component is characterized by their own D parameter.
However, if the mixture is constituted by two components
and these components are aggregated like a complex, it is

@ Springer



636 Photochemical & Photobiological Sciences (2022) 21:625-644

B
© SO;Na

Bulk

Bulk
B
H-2' H-18[|
H-6
(9]
bocs s
(=]
-
£
[=3
o
g
=z
e
rgj -
© k3.0
3.2
Q
¢ 54
8
b S [36
£ . : — - =
r ' 3.8
e B
4.2
F4.4
3.5 34 3.3 3.2 3.1 3.0 29 28 2.7 26 25 2.4 23 22 2.1 20 19 18 1.7 1.6 1.5 1.4 1.3 1.2 1.1 1.0 0.9 0.8 0.7 0.6 0.5
£2 (ppm)
(b) Aromatic interactions.
H-1 H-2 J‘LH_“
(o)
o 2
= = = F1.0
8" e =
>
= - ri5
s
2.0
- -
(o~ Ed F2.5 £
(=}
8
st
=
3.0
3.5
-
—_ &0 = & t4.0
o
4.5
T T T T T T T T T — T T T T T
7.8 7.7 7.6 7.5 7.4 7.3 7.2 7.1 7.0 6.9 6.8 6.7 6.6 6.5
2 (ppm)

@ Springer



Photochemical & Photobiological Sciences (2022) 21:625-644

637

«Fig.5 2D NOESY contour plot of a solution of SDS (50 mM) and
3-acetylestrone (50 mM) in D,O at room temperature was recorded
with a 500 MHz spectrometer

expected that this new entity displays a single diffusional
coefficient D [78].

Therefore, with the aim of measuring the diffusional coef-
ficient D and calculate the hydrodynamic radius r, of a SDS
(0.106 M) micellar solution in the presence of 3-acetyle-
strone (1) a DOSY experiment was carried out in D,O and
the contour plot thus obtained is depicted in Fig. 6.

As is apparent from Fig. 6, some 3-acetylestrone (1) pro-
ton signals (H-1, H-2, H-4, H-6, H-2’ and H-18) as well as
the proton signals of the surfactant SDS (a, B, bulk and )
diffuse like a unique entity with a diffusional coefficient D of
6.90x 107" m? s™!. The red dashed line depicted in the fig-
ure helps to make visible such idea of unique entity leading
to conclude that 3-acetylestrone is located within the hydro-
phobic core of SDS micelle. Furthermore, DOSY experi-
ments were also carried out with solutions of SDS in D,O
of different concentration such as 5.20 mM and 0.106 M,
respectively, and the DOSY contour plots are shown in Fig-
ures S18 and S19 (see ESI). The first one has a surfactant
concentration that is lower than the cmc (8.5 mM) and a
D value of 1.87 %1079 m? s~! was obtained which indi-
cates that the surfactant SDS is in the typically monomer
form [79]. The solution of SDS displaying a concentration
of 0.106 M which is higher than cmc brings a D value of
7.17x 107" m? s~! which was attributed to the structur-
ally spherical micelle [80] showing a value similar to that
measured in the presence of 3-acetylestrone (1) (compare
7.17%x 107" m? s~ with 6.90x 107! m? s™").

Next, the hydrodynamic radius r, was easily calculated
from the measured diffusional coefficients D accord-
ing to Eq. 4 and using the Boltzman’s constant k of
1.38x 1072 J/K, the system temperature of 298.15 K and the
water viscosity # of 8.90 x 107 Pa seg™!. Thus, the r, value
for SDS (0.106 M) solution was 3.42 nm while for the SDS
solution in the presence of 3-acetylestrone (1) the r, value
was 3.55 nm. Although the hydrodynamic radius values are
of the same order of magnitude, it is clear from the data that
the SDS micellar solution in the presence of 3-acetylestrone
(1) shows a r, value slightly higher than the r, value of the
same solution but in the absence of the steroid suggesting
that ester 1 is located within the SDS micelle.

The cross-peaks of diagnostic signals observed in the 2D
NMR (NOESY experiments) contour plots are in agreement
with and reinforce the UV-visible spectroscopic analyses
as well as the differential chemical shifts (Ad) studies. Fur-
thermore, the 2D NMR (DOSY experiments) contour plots
bring the information that the surfactant solution in the pres-
ence of the esters behaves like a unique entity with a single
diffusional coefficient D leading to conclude that the ester

is located within the hydrophobic core of the micelle. How-
ever, at this moment we cannot estimate precisely the loca-
tion of esters 1-3 with accuracy but we can suggest that the
esters are located within the hydrophobic core of the micelle
because the proton nuclei of the esters correlate nicely with
the proton nuclei of the surfactant as can be seen through
the cross-peaks of the NOESY contour plots and a single
diffusional coefficient D from the DOSY contour plots.

3 Discussion

The results described above demonstrated that 3-acetyl- and
3-benzoyl estrone, 1 and 2, respectively, reacted efficiently
upon direct irradiation (254 nm) in micellar media (SDS,
Brij-P35 and CTAC) under N, atmosphere (see Scheme 2
and Fig. 1) providing the ortho-regioisomers 1a and 1b from
ester 1 and 2a and 2b from ester 2, along with estrone 4
(see Table 1). Furthermore, during the irradiation of 3-acetyl
estrone (1) in micellar solutions epimerization reaction
of regioisomer 1a to give compound 5 occurred whereas
no epimerization of estrone (4) into lumiestrone (6) was
observed upon irradiation of 3-benzoyl estrone (2) in micel-
lar media. Therefore, this photochemical behaviour leads to
propose that two reaction pathways operate during the irra-
diation of 3-acylestrone: (1) the photo-Fries rearrangement
reaction and, (2) the Norrish type I reaction. Based on the
results obtained in this work, a reaction mechanism for the
irradiation of 3-acylestrone is proposed in Scheme 5.

Thus, irradiation of 3-acylestrone (1 and 2) with light of
254 nm populates efficiently the photo reactive excited state
which is the singlet excited state. The triplet excited state of
the esters is not involved in the photo-Fries rearrangement
as it was previously demonstrated through triplet quench-
ing experiments [59, 60]. Then, homolytic fragmentation
of the ester group (path (a)) occurs efficiently from the sin-
glet excited state within the hydrophobic core of the micelle
and competitive radiative and radiationless processes from
the same excited state takes place (k,). After C(O)-O bond
cleavage, the acyl and phenoxy radicals are formed within
the micellar core and these species evolve exclusively to the
ortho-regioisomers (1a, 1b from ester 1 and 2a and 2b from
ester 2) through a [1;3]-migration of the acyl group (paths
(b) in Scheme 5). Furthermore, no significant amounts of
estrone (4) were detected upon irradiation of esters 1 and 2
under micellar solution because the confined media inhibits
the diffusion of the radical species from the hydrophobic
core of the micelle to the bulk (path (c)). However, the very
low quantities of estrone (4) detected in the photolyzed solu-
tion can be attributed to the hydrogen atom abstraction of the
phenoxy radical from the aliphatic chains of the surfactant.

On the other hand, upon irradiation of ester 1 in micel-
lar media it was found that regioisomer la undergoes
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Fig.6 2D DOSY plot of a solution of SDS (0.106 M) in D,0 in the presence of 3-acetylestrone (saturation) at room temperature was recorded

with a 500 MHz spectrometer

photo-epimerization reaction to afford compound 5 due
to the out-of-plane deviation of the acetyl group from
the planarity of the aromatic ring where the excited state
intramolecular proton transfer process (ESIPT) [61-65]
and the cis—trans keto tautomerism were disfavored (see
Scheme 4b). Regioisomer 1a is a good chromophore capa-
ble to absorb UV light of 254 nm and populates the triplet
excited state of the carbonyl group (C-17) at the D ring of
the steroid because a singlet—singlet energy transfer between
the aryl moiety and the carbonyl group (C-17) occurred
efficiently (see Scheme 4b) [81]. Once the triplet excited
state was formed, two competitive pathways occurs, viz.
deactivation of the triplet state through radiationless pro-
cess (k’’4 in Scheme 5) that restores 1a in the ground state
and a Norrish Type I photoreaction (path (d) in Scheme 5).
Thus, a biradical intermediate within the hydrophobic core
of the micelle is formed because a homolytic fragmentation
of the Ca-C=0 bond at the ring D of compound 1a (path
(d)) takes place efficiently. Then, the biradical intermediate
epimerizes the methyl group at C-13 giving compound 5

@ Springer

(path (e)) [18, 69, 82—-85]. This photochemical behavior,
where the triplet excited state located on the carbonyl group
(C-17) of the D ring of the steroid as the photo reactive state
is involved in the photoinduced epimerization reaction, has
been previously observed in homogeneous media [22].

Furthermore, it was found that ortho-regioisomers 1b,
2a and 2b were photo stable upon irradiation with UV
light (A=254 nm). ESIPT process between the proton of
the hydroxy group and the carbonyl group attached to the
aromatic ring of such regioisomers (see Scheme 4) and a
cis—trans keto tautomerism that proceeds efficiently accounts
for the strong photo stability. During this sequence of events
radiationless processes are the sole deactivation pathways of
the ortho-regioisomers and consequently, no photoinduced
epimerization was observed for these compounds. How-
ever, compound 1a undergoes photo-epimerization reaction
resulting in compound 5 because the out-of-plane deviation
of the acetyl group from the planarity of the aromatic ring
disfavors the intramolecular proton transfer process and the
cis—trans keto tautomerism.
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Scheme 5 Proposed reaction mechanism of the photo-Fries rearrangement of esters 1 and 2 micellar solutions

Direct irradiation of 3-acetyl-17-norestrone (3) with light
of 254 nm in micellar media gave the expected ortho-regioi-
somers 3a and 3b but no 17-norestrone (7) was detected in the
photolyzed solution (see Table 2). This noticeable selectivity
in favor of the formation of the regioisomers was attributed to
the exclusively effect of the confined micellar media on the
photoreaction. In fact, micelles can be considered as micro-
reactor vessel that are able to inhibit the diffusion of the radical
species generated within the hydrophobic core of the micelle
upon irradiation of ester 3. Then, the phenoxy radical did not
escape from the micellar core and consequently, 17-norestrone
is not formed. This interesting micellar behavior was not
observed in homogeneous media such as cyclohexane because
17-norestrone was detected in the photolyzed reaction due to a
free diffusion of the radical species into the bulk. Furthermore,
no competitive Norrish Type I reaction of ortho-regioisomers
3a and 3b and 17-norestrone (7) was observed because no
carbonyl group at C-17 is present in their structures. Then,
the photo-Fries reaction of ester 3 occurred smoothly with
quantum yields (¢y) that are similar to those obtained upon
irradiation of esters 1 and 2. These values are lower than 0.06
indicating that radiationless deactivation process of the photo
reactive excited state competes significantly with the photo-
chemical reaction pathway.

The noticeable selectivity induced by the micelles on the
product distribution of the photo-Fries rearrangement of
ester 1, 2 and 3 is due to the possible location of the esters
within the hydrophobic core of the confined media. Thus,
UV-visible spectroscopy was carried out to determine the
binding constants K, between the esters and the surfactants.
Double-reciprocal plots (see Fig. 3 and Figure S8 in ESI) led
to obtain from the intercept to slope ratio the K, values (see
Table 3) that are typical values of steroids indicating that the

esters 1-3 are solubilized efficiently within the hydrophobic
core of the micelles. This behavior was also corroborated
using NMR spectroscopy. In fact, the NMR spectra of the
surfactants in the absence and in the presence of the esters
were recorded in D,0 and upfield/downfield perturbations of
the surfactants’ proton chemical shifts due to the presence of
the esters were quantified through the differential chemical
shift (Ad) values (see Table 4 and Fig. 4). In all the cases
analyzed these magnitudes are much above the value for
typical errors in the chemical shifts (~0.002 ppm) suggest-
ing that the esters are located within the hydrophobic core
of the micelles as well as the shell of the surfactant micelles
favoring the intimate interaction of the esters with all the
proton nuclei of the hydrocarbon chains of the surfactant.

Furthermore, application of 2D NMR spectroscopy in
terms of NOESY experiments led to the qualitatively confir-
mation of the location of esters 1-3 within the hydrophobic
core of the micelle. Cross-peaks between diagnostic signals
of the esters and the surfactants, respectively, are noticed
in the contour plots (see Fig. 5) suggesting that the esters
are located within the micelle because the proton nuclei of
the esters correlate nicely with the proton nuclei of the sur-
factant. Also, these nice correlations are in agreement with
and reinforce the UV-visible spectroscopic analyses as well
as the differential chemical shifts (Ad) studies. However,
precise and accurate estimation of the location of the esters
1-3 within the micelle is not possible.
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4 Conclusion

The photo-Fries rearrangement reaction of esters 1-3 in
micellar solution examined in this paper takes place effi-
ciently providing the expected ortho-regioisomers with a
noticeable selectivity due to the inhibition of the formation
of estrone (or 17-norestrone in the case of ester 3) in the
confined media. The C—O homolytic cleavage of the ester
group occurs from the singlet excited state giving acyl and
phenoxyl radicals within the hydrophobic core of the micelle
and competes with radiative and radiationless deactivation
pathways. These radical species are coupled within the
micelle to give the desired ortho-regioisomers (1a, 1b, 2a,
2b, 3a and 3b in Scheme 2) through a [1;3]-acyl migration
process but they cannot diffuse to the bulk and estrone (5)
and 17-norestrone (7) are not formed. Ortho-regioisomers
1b, 2a and 2b were found to be photo stable compounds
due to the efficient ESIPT processes under UV irradiation
(see Scheme 4) whereas ortho-regioisomer (1a) is found to
epimerize upon irradiation with UV light (254 nm) through
a Norrish Type I mechanism (see Schemes 4 and 5). The
epimerization photoreaction involves the triplet excited state
of the carbonyl group (C-17) at the D ring of the steroids that
is populated from the singlet excited state of the phenolic
moiety through an intramolecular energy transfer process.
On the other hand, the binding constants (Kj) between esters
1-3 were measured using UV—-visible spectroscopy and the
values are those expected for the solubilization of steroids
within the surfactant solutions (see Table 3). The differential
chemical shifts (AS) were calculated from the NMR spectra
of the surfactant in the absence and in the presence of the
esters and noticeable perturbation of the proton nuclei of
the surfactant was thus observed. 2D NMR spectroscopy in
terms of NOESY experiments led to the qualitatively confir-
mation of the location of esters 1-3 within the hydrophobic
core of the micelle through cross-peaks between diagnos-
tic signals of the esters and the surfactants in the contour
plots (see Fig. 5). Further studies on the photo-Fries rear-
rangement reaction of 3-alkyl and 3-arylsulfonyloxyestrone
derivatives in micellar media are currently in progress in our
laboratory and will be reported in due course.

5 Experimental section

5.1 Material and equipment

The steroids 3-acetylestrone, 3-benzoylestrone and 3-acetyl-
17-norestrone have been previously prepared [22]. Sur-
factants DSD, Brij-P35 and CTAC were purchased from

Aldrich and Fluka and were used without further purifi-
cation. Spectrograde cyclohexane was obtained from J. T.
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Baker and was used as received. Deionized water (Mil-
1iQ) was used to prepare the stock aqueous solutions of
the surfactants. 'H NMR spectra were registered using a
BrukerAC-500 spectrometer in CDCl;; chemical shifts (6)
are reported in parts per million (ppm), relative to inter-
nal tetramethylsilane. 2D NOESY spectra were registered
in the same spectrometer in D,0; chemical shifts (§) are
reported in parts per million (ppm), relative to internal tri-
methylsilylpropionic acid. The measurements were carried
out using standard pulse sequences. The UV-visible spectra
were measured using a Shimadzu UV-1203 spectrophotom-
eter. All the measurements were made using 1 cm stoppered
quartz cells at 298 K.

5.2 Determination of the constants of binding (K,)
of steroids 1-3 in micellar media

Solutions of 3-acetylestrone (1), 3-benzoylestrone (3) and
3-acetyl-17-norsestrone (3) were prepared in deionized
water (MilliQ) and their concentration varied between
5.5 107 M and 1.0x 10™* M. An aliquot (2 mL) of the
steroid solution was placed in a two-faced stoppered quartz
cuvette provided with a stir bar and the UV-visible spec-
trum was registered, then the A, value at the maximum
wavelength was read. Next, aliquots of concentrated sur-
factant solution (10 pL) were added successively and the
UV-visible spectra were registered taking for each solution
the A value at the maximum wavelength. After each addi-
tion of surfactant solution, the resulting solution was stirred
for 20 min. With the values of A, and A in hand, plots of
(Ay/(A—Ay)) versus the reciprocal of the concentration of
the surfactants were created and the data were fitted with a
linear regression program provided by SigmaPlot version
11.0. From the ratio of the slope and the origin it was easy
to calculate the K, values.

5.3 Photoirradiations
5.3.1 General procedure

Photoirradiations of esters 1-3 in homogeneous media
Stock solutions of steroids 1-3 (0.106 mmol) in cyclohex-
ane (100 mL) were prepared. An aliquot (65 mL) was placed
in a stoppered Erlenmeyer quartz flask (100 mL) and was
degassed with argon for 30 min. The flask was placed in
a homemade optical bench which provided the possibil-
ity to use eight lamps. The solutions of the steroids were
stirred during the irradiation process. Irradiations with
Aexe =254 nm were carried with eight germicidal lamps
(Philips, each of 20 Watts, purchased in Argentina). The pro-
gress of the reaction was monitored using TLC [eluent: hex-
ane—ethyl acetate (8: 2 v/v); spots were visualized with UV
light (254 and 366 nm) and with I,]. When the conversion
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of the starting material was higher than 90%, the photolyzed
solution was evaporated carefully to dryness under reduced
pressure. The yellowish solid residue obtained was dissolved
in CDCl, and the 'H NMR spectra were recorded.

Photoirradiations of esters 1-3 in micellar media Stock
solutions of surfactants in deionized water (MilliQ) were
freshly prepared and the concentrations of these solutions
were: SDS 0.10 M; CTAC 0.02 M and Brij-P35 0.05 M. A
slight excess of 3-acylestrone derivatives (1-3) was placed
in a stoppered quartz cell provided with a stir bar (3 ml) and
the surfactant stock solution (2 mL) was added. After mix-
ing at 25 °C for 96 h, the suspension was filtered through a
membrane with 0.4 um diameter pores to remove a small
amount of the undissolved steroid. The final concentration
of the substrates in all cases was of the order of 107> M.
The quartz cell was placed in a homemade optical bench
equipped with two germicidal lamps (Philips, each of 20
Watts, purchased in Argentina). The progress of the pho-
toreaction was monitored by three different methods: (1)
UV-visible spectroscopy; (2) TLC [eluent, hexane—ethyl
acetate (8:2 v/v); spots were visualized with UV light (254
and 366 nm) and with cerium molybdate stain (Hanessian’s
stain)]; and (3) "H NMR spectroscopy.

The conversion of the esters was kept below 50% to
avoid secondary reactions and the formation of by-products.
Finally, the photolyzed solutions were diluted with 2 mL of
an aqueous solution of NaCl and then extracted with ethyl
acetate (3 x2 mL) while the system was carefully shaken.
The organic layer was separated, dried over Na,SO, and
evaporated to dryness under vacuum. The solid residue was
dissolved in deuterated chloroform and the "H NMR spec-
tra was recorded. The relative yields were calculated using
aromatic protons of the steroid derivatives as the diagnostic
signals taking into account that the fully characterization
of all the photoproducts obtained from the irradiation of
3-acylestrone derivatives have been previously reported [22].
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