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The electrodeless discharge lamp: a prospective tool for photochemistry
Part 6. Photochemistry of valerophenone and 4-nitroanisole in

high-temperature water
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Abstract

Two temperature-sensitive model photochemical reactions, the Norrish Type II reaction and photochemical nucleophilic aromatic substi-
tution on 4-nitroanisole by the hydroxide ion, carried out in high-temperature water (100–200◦C) in a pressurized vessel under microwave
h nds in this
e
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eating, are reported. The observed chemoselectivity and the ability to increase the solubility of hydrophobic organic compou
nvironmentally friendly solvent are promising results for prospective green (photo)chemical applications.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Recent experiments have shown that supercritical (above
ts critical point) but also high-temperature water (HTW)
over 100◦C) has the ability to accelerate organic reactions
nd enhance their reaction selectivities[1–3]. Such a research

s motivated by a great variety of applications: from geo-
hemical production of petroleum to destruction of hazardous
aste[4,5] or even environmentally benign organic synthe-
is [6,7]. The synthetic chemists have been striving to limit
he use of dangerous organic solvents and to look for alterna-
ives. The “solvent-free” experiments rarely evade the use of
rganic solvents at least during the subsequent isolation pro-
edures. The attempts to use water as a solvent for organic
eactions did not appear to be predetermined to a success be-
ause of the low water-solubility of most organic compounds.
evertheless, a decrease in relative permittivity in line with

ncreasing temperature enhances solubility even of relatively
on-polar organic compounds.
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The application of microwave (MW) heating in che
istry often means a significant reduction of reaction tim
cleaner reactions, and higher chemical yields[8–10]. Re-
cently, we have successfully utilized electrodeless disch
lamps (EDLs), which are able to generate ultraviolet
radiation when placed into the microwave field, in
microwave-assisted photochemistry studies[11]. In the field
of analytical chemistry, an efficient microwave-assisted
tolytical reactor for high-temperature water digestion pr
dures has been developed by Florian and Knapp[12]. This
work is a part of our program, in which simultaneous eff
of both UV and MW irradiation on chemical reactions, a
new MW/UV techniques are investigated[13–17]. We wish
to report on the study of two models photochemical tran
mations carried out in high-temperature water using ED

2. Experimental

2.1. Chemicals and solvents

Valerophenone (VP) (>99%) and hexadecane (99%)

lan@sci.muni.cz (P. Klán). obtained from Aldrich Chemicals Co. and were used as
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received. Acetophenone (pure), 4-nitrophenol (pure) and
dichloromethane (pure) were purchased from Prolabo, NaOH
(pure) and 4-methoxyphenol (99%) from Acros Organics. 4-
Nitroanisole was prepared from 4-nitrophenol and dimethyl
sulfate by a standard synthetic procedure and it was purified
by recrystallization from a diethyl ether–methanol mixture
[13].

2.2. Equipment

High-pressure irradiation experiments were carried out in
a MicroSYNTH microwave labstation (Milestone Microwave
Laboratory Systems, Italy). The microwave apparatus con-
tained a high-pressure Teflon reactor with an irradiated
solution and an electrodeless discharge lamp UVQ0007
(12 mm× 85 mm, Milestone, Italy) with a quartz envelope
(>254 nm).

The irradiation of valerophenone and 4-nitroanisole un-
der atmospheric pressure was accomplished in a modified
microwave oven Whirlpool M401 (900 W) with an opening
on the side, facilitating the simultaneous MW heating and UV
irradiation from an external UV light source[17] (a medium
pressure mercury lamp) through a quartz filter (>254 nm).

Gas chromatography (GC) was accomplished on a Shi-
madzu GC-2010 gas chromatographer and on a Carlo Erba
S a PC
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the MW output power was increased to 300–400 W, which
consequently resulted in the ignition of EDL. The irradia-
tion was interrupted after 3–20 s. The reaction mixture was
then cooled down, the starting material (valerophenone) and
products (acetophenone and cyclobutanol derivatives) were
extracted into dichloromethane and analyzed on GC using
hexadecane as an internal standard according to known pro-
cedures[18]. No other compounds were detected under the
described conditions.

2.3.2. 4-Nitroanisole (4) photochemistry
Both the experimental arrangement and the procedures

used were similar to those employed in valerophenone pho-
tochemical experiments. The irradiated samples contained a
solution of 4-nitroanisole (15.3 g; 1× 10−4 mol) and NaOH
(400 mg; 1× 10−2 mol) in water (50 ml). After the irradia-
tion, the basic solution was neutralized by 1 mol l−1 aqueous
HCl, extracted into dichloromethane, and analyzed on GC.

Several atmospheric pressure experiments were also car-
ried out in a modified domestic microwave oven. One series
of the 4-nitroanisole samples (30.6 g (2× 10−4 mol) of 4-
nitroanisole in 30 ml of aqueous NaOH (0.01 mol l−1)) was
irradiated by an external UV light source under simultaneous
MW heating for 20 min. The other series was only heated for
the same period of time so that the efficiencies of both photo-
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.3. Irradiation procedures

.3.1. Valerophenone (1) photochemistry
A high-pressure Teflon reactor containing the electr

ess discharge lamp, magnetic stirring bar and valero
one (8.1–81 mg; 5× 10−5 to 5× 10−4 mol) in water (50 ml
as sealed, placed in the microwave apparatus containi
PC55 automatic pressure sensor and an ATCFO auto

emperature optical fiber sensor. A stirred mixture was
eated up by microwaves at low MW-output power (125

his power was too low to induce a discharge in the la
ut, at the same time, sufficient to heat up the mixture u
60–170◦C. When the temperature reached the desired l

Sc
hemical and thermal reaction pathways could be determ
nd compared. The relative standard deviation for dupl
amples was found below 6% in all analyses.

. Results and discussion

.1. Norrish Type II reaction

Excited alkyl phenyl ketones with hydrogen on� carbon
eact on their alkyl chains according to the Norrish Typ
eaction via the triplet state to produce triplet 1,4-biradic
hich intersystem cross to the short lived singlet biradi

hat can fragment (F), cyclize (C) (Yang cyclization), or d
roportionate back to the starting ketone (e.g. valerophe
1) in Scheme 1) [19]. Valerophenone forms two major pro
cts, acetophenone (2) upon fragmentation and 2-methyl-

1.
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Fig. 1. F/C ratio plotted against the reciprocal temperature values (1000/T). The error bars represent the standard deviation.

phenyl-cyclobutan-1-ol (3) upon cyclization reactions. Ef-
fects of structure and solvation on their photoreactivity have
been extensively studied over four decades. Earlier studies
showed that the Type II cleavage and cyclization quantum
yields reach nearly unity in water or other highly polar sol-
vents, in contrast to much lower quantum yields in non-polar
organic solvents[20,21]. The fragmentation/cyclization ra-
tio was found to be also solvent- and temperature-dependent
[15,16,18]. The Norrish Type II photoreactions can be used
for preparation of compounds, which cannot be easily pre-
pared by traditional synthetic methods[19].

In this work, a set of experiments was carried out in order
to investigate the photobehavior of valerophenone in HTW
(100–200◦C) in a pressurized vessel under MW irradiation.
Due to a low solubility of VP in water (cmax∼ 10−3 mol l−1)
[21], such a hydrophobic compound is not predetermined
for the synthetic use in this medium. Heating up to 200◦C,
however, enhanced the solubility, thus experiments with the
VP concentrations up to 10−2 mol l−1 were performed in or-
der to find the scope and limitations of such an application.
The fragmentation/cyclization (F/C) ratio (i.e. the concen-
tration ratio of the products (2)/(3)) served as a measure of
the reaction chemoselectivity. The acquired F/C ratios in wa-
ter (Table 1) were strongly temperature-dependent, and are
plotted against 1000/T in Fig. 1 showing a good linear fit.
The F/C ratio proved to be independent on valerophenone
c and
o oni-
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Table 1
Irradiation of VP (c= 5× 10−5 mol l−1) in HTW at >254 nm

Temperature
(◦C)

Time
(s)

Pressure range
(bar)c

Conversion
(%)

F/C
ratio

20 n.a.e n.a. n.a. 2.03d

101a 20 1.0–1.3 16.7 4.52
104a 10 1.0–1.3 9.9 4.75
106 3 1.1–1.2 22.4 4.80
107 3 1.2–1.3 14.9 4.69
107 10 1.0–1.3 41.5 4.76
108 15 1.1–1.3 29.8 4.78
109 10 1.2–1.4 38.5 4.89
110 20 1.2–1.3 37.7 4.78
117 15 1.4–2.7 70.2 5.20
128 15 2.0–3.4 66.9 5.47

131b 490 1.0–3.0 26.3 5.58
142 15 4.0–6.2 86.5 5.66
157 10 6.0–7.8 79.0 6.09
168 10 7.1–9.1 65.5 6.35
196 6 18.7–22.0 64.6 6.81

a c= 5× 10−4 mol l−1.
b c= 5× 10−3 mol l−1.
c The pressure inside the reactor.
d From reference[21].
e Not applicable.

vicinity of the lamp. No chemistry was observed in the “dark”
control experiments.

Scaiano’s group provided temperature studies of
valerophenone and its 4-methoxy derivative in non-polar sol-
vents[22] and Wagner studied temperature effects on pho-
tochemistry of molecules, in which two different phenyl ke-
tones are attached to a flexible tether[23]. Zepp et al. showed
that going from 20 to 30◦C, the triplet reactivity of VP in wa-
ter increased and that F/C ratio equals to 2.03 in water at 20◦C
[21]. In addition, we have already shown that the tempera-
ture dependence of the ratio is highest in polar acetonitrile,
lower in ethanol, and negligible in benzene, thus it must be
dependent on the polar interactions with the OH group of the
biradical[18]. The fact that high temperatures enhanced the
fragmentation at the expense of cyclization in this work was
oncentration, as well as on its conversion. The ignition
peration of the EDL inside the reactor was visually m

ored through the Teflon reactor wall, however, its inten
and subsequently the quantum yields) was not measure
o the technical limitations of the commercial sealed pres
zed vessel. Nevertheless, the F/C ratio values equal t
atio of the corresponding quantum yields since the r
ion is unimolecular. Comparatively smaller quantum e
iencies of the VP photolysis of more concentrated sam
e.g.c= 5× 10−3 mol l−1 in Table 1), were affected by th
nternal filter effect, that is most of the UV radiation em
ed by EDL was absorbed by VP molecules in the immed
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presumably caused by lowering the energy barrier hindering
the cleavage of C�–C� bond in the biradical, but above all,
due to the favoured formation of a thermodynamically more
stable product (acetophenone). Basic polar solvents generally
slow the disproportionation of biradicals but a higher temper-
ature causes hydrogen bonding weakening. Since both prod-
ucts were found stable under the experimental conditions, the
partitioning process must occur when the biradical collapses
or before. In addition to the internal filter effect in higher
concentrated samples, we should also consider a more effi-
cient self-quenching[24] of the chromophoric compounds
that could limit the synthetic applications. The effectiveness
of such a photochemical process must be considered. If the
chemoselectivity or other advantages of photochemistry in
HTW are not substantial, a flow reactor with an atmospheric-
pressure vessel or other more conventional photochemical
tools are advised. Thus, the main advantage of this technique
remains in solubility being increased with temperature and
enhanced selectivity, which may not be available under dif-
ferent experimental conditions.

3.2. Photochemistry of 4-nitroanisole

Nucleophilic substitution on aromatic compounds is a
typical reaction for the excited species[25]. The relative
r ally
d od-
u (
w t al.
[
a -
m for
a f
t ntly
r ucle-
o hy-
d eric
p ra-
m
1 em-
i tion,
w c so-
l ble
i

ns
o od-

Table 2
Photochemistry of 4-nitroanisolea

Conditions Temperature
(◦C)

4-Nitrophenol
(5) formationb

4-Methoxyphenol
(6) formationb

MWc 170 >99 n.d.d

MW + UV 170 >99 n.d.
MW 100 >99 n.d.
MW + UV 100 53± 2 47± 2

a Initial concentration 2× 10−3 mol l−1; <25% conversions.
b Relative amounts in %.
c Low reaction efficiency.
d Not detected.

ucts[13], only one product – 4-nitrophenol (5) – was observed
in water at temperatures ranging up to 170◦C. Surprisingly,
this product was obtained even in the absence of UV light,
though in a lower yield, while no “dark photochemistry” was
observed when aliphatic alcohols were used as solvents[13].
Two identical experiments were carried out in a MW reac-
tor – one with EDL present in the reactor and the other “in
dark” – to compare the effectivenesses of both synergic pro-
cesses. The photolysis in a heated solution was found more
efficient at least by 25%, which means that the thermal path-
way is dominant and producing the same product (Table 2).
This difference was not significant but since we could not
control the UV flux from EDL, the individual reaction effi-
ciencies in HTW remained undisclosed in this experiment.
To proceed further, the photochemical experiments were car-
ried out in the modified domestic MW oven[17] under at-
mospheric pressure. Interestingly, these experiments yielded
both 4-nitrophenol (5) and 4-methoxyphenol (6). In the ab-
sence of the UV radiation, when the mixture was heated solely
by microwave heating (100◦C), 4-nitrophenol was the only
product obtained. No traces of 4-methoxyphenol were found
as in the HTW experiments. In addition, the quantum effi-
ciency of 4-nitroanisole degradation was smaller by∼50%
than that in the case of the UV irradiated experiments. The
regioselectivity change of this reaction was significant; while
the (5)/(6) ratio in MW heated solutions was over 99, the MW-
a
m rod-
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t d 4-
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s
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eactivity of the positions in excited aromatics is usu
ifferent from that in the ground state. The main pr
cts from the photosubstitution reaction of 4-nitroanisole4)
ith the hydroxide anion were reported by Letsinger e

26] and de Vries and Havinga[27] to be 4-nitrophenol (5)
nd 4-methoxyphenol (6) (Scheme 2). The formation of 4
ethoxyphenol is in agreement with the orientation rule
n electron donating substituent[27] but the mechanism o

he 4-nitrophenol formation is still unclear. We have rece
eported on the temperature-sensitive photochemical n
philic aromatic substitution on 4-nitroanisole by the
roxide ion in various aliphatic alcohols under atmosph
ressure[13]. It was found that reaction regioselectivity d
atically changed with temperature in the region of−20 to
96◦C. In this report, the 4-nitroanisole aqueous photoch

stry was chosen as an example of the bimolecular reac
here both starting nitroanisole (a phenolate in the basi

ution) and the inorganic hydroxide are relatively well solu
n water.

While the irradiation of 4-nitroanisole in basified solutio
f aliphatic alcohols resulted in a formation of two photopr

Scheme 2.
ssisted photochemical experiments provided (5)/(6) ∼1. It
eans that the thermal reaction yields practically one p
ct (5), in contrast to the photochemical reaction path

hat leads to the formation of both 4-methoxyphenol an
itrophenol (Table 2). This generally corresponds to the
ervations in the previous work, where the product5 was
argely favoured at higher temperatures in aliphatic alco
nd it justifies the idea that temperature-dependent pr
ccurs after the partitioning between replacement of th

ro group and the methoxy group has taken places. Con
ng the quantum efficiencies of the both pathways at 10◦C
nd the temperature-dependent regioselectivity, the re

rom the HTW experiments are congruent. The advant
f HTW photochemistry were not quite fulfilled because

imited increase in the reaction efficiency; however, a “da
TW application provided a very efficient product format
ith an exceptional regioselectivity not observed at lo

emperatures.
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In conclusion, this work presents an attempt to carry out
a model photochemical transformation in high-temperature
water under microwave irradiation. The Norrish Type II re-
action of valerophenone was found to provide preferentially
the cleavage product (acetophenone) without any unwanted
side-products even at 200◦C. The second reaction stud-
ied, photochemical nucleophilic aromatic substitution on 4-
nitroanisole, proceeded primarily by a thermal pathway. A
more environment-friendly substitution of organic solvents
by water, an increased chemoselectivity in the temperature-
sensitive photochemical reactions, and an increased solubil-
ity of hydrophobic organic compounds undoubtedly hold a
promise of photochemical synthetic applications in HTW.
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