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Abstract

Two temperature-sensitive model photochemical reactions, the Norrish Type |l reaction and photochemical nucleophilic aromatic substi-
tution on 4-nitroanisole by the hydroxide ion, carried out in high-temperature water (1005200a pressurized vessel under microwave
heating, are reported. The observed chemoselectivity and the ability to increase the solubility of hydrophobic organic compounds in this
environmentally friendly solvent are promising results for prospective green (photo)chemical applications.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction The application of microwave (MW) heating in chem-
istry often means a significant reduction of reaction times,

Recent experiments have shown that supercritical (abovecleaner reactions, and higher chemical yigl8s10]. Re-

its critical point) but also high-temperature water (HTW) cently, we have successfully utilized electrodeless discharge

(over 100°C) has the ability to accelerate organic reactions lamps (EDLSs), which are able to generate ultraviolet UV

and enhance their reaction selectivifies3]. Such aresearch  radiation when placed into the microwave field, in the

is motivated by a great variety of applications: from geo- microwave-assisted photochemistry studiey. In the field

chemical production of petroleum to destruction of hazardous of analytical chemistry, an efficient microwave-assisted pho-

waste[4,5] or even environmentally benign organic synthe- tolytical reactor for high-temperature water digestion proce-

sis[6,7]. The synthetic chemists have been striving to limit dures has been developed by Florian and Krdg@p. This

the use of dangerous organic solvents and to look for alterna-work is a part of our program, in which simultaneous effects

tives. The “solvent-free” experiments rarely evade the use of of both UV and MW irradiation on chemical reactions, and

organic solvents at least during the subsequent isolation pro-new MW/UV techniques are investigatgi3—17] We wish

cedures. The attempts to use water as a solvent for organido report on the study of two models photochemical transfor-

reactions did not appear to be predetermined to a success bemations carried out in high-temperature water using EDLs.

cause of the low water-solubility of most organic compounds.

Nevertheless, a decrease in relative permittivity in line with

increasing temperature enhances solubility even of relatively 2. Experimental

non-polar organic compounds.

2.1. Chemicals and solvents

* Corresponding author. Tel.: +420 549494856; fax: +420 549492688.
E-mail addressesaloupy@icmo.u-psud.fr (A. Loupy), Valerophenone (VP) (>99%) and hexadecane (99%) were

klan@sci.muni.cz (P. Kin). obtained from Aldrich Chemicals Co. and were used as

1010-6030/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.jphotochem.2004.12.003



P. Miller et al. / Journal of Photochemistry and Photobiology A: Chemistry 172 (2005) 146-150 147

received. Acetophenone (pure), 4-nitrophenol (pure) and the MW output power was increased to 300—-400 W, which
dichloromethane (pure) were purchased from Prolabo, NaOHconsequently resulted in the ignition of EDL. The irradia-
(pure) and 4-methoxyphenol (99%) from Acros Organics. 4- tion was interrupted after 3—20s. The reaction mixture was
Nitroanisole was prepared from 4-nitrophenol and dimethyl then cooled down, the starting material (valerophenone) and
sulfate by a standard synthetic procedure and it was purifiedproducts (acetophenone and cyclobutanol derivatives) were
by recrystallization from a diethyl ether—methanol mixture extracted into dichloromethane and analyzed on GC using

[13]. hexadecane as an internal standard according to known pro-
cedureq18]. No other compounds were detected under the
2.2. Equipment described conditions.

High-pressure irradiation experiments were carried outin 2.3.2. 4-Nitroanisole4) photochemistry
aMicroSYNTH microwave labstation (Milestone Microwave Both the experimental arrangement and the procedures
Laboratory Systems, Italy). The microwave apparatus con- used were similar to those employed in valerophenone pho-
tained a high-pressure Teflon reactor with an irradiated tochemical experiments. The irradiated samples contained a
solution and an electrodeless discharge lamp UVQOO007 solution of 4-nitroanisole (15.3 g;¢ 10-4 mol) and NaOH
(12mmx 85 mm, Milestone, Italy) with a quartz envelope (400 mg; 1x 10-2mol) in water (50 ml). After the irradia-
(>254 nm). tion, the basic solution was neutralized by 1 mdlhqueous

The irradiation of valerophenone and 4-nitroanisole un- HCI, extracted into dichloromethane, and analyzed on GC.
der atmospheric pressure was accomplished in a modified Several atmospheric pressure experiments were also car-
microwave oven Whirlpool M401 (900 W) with an opening ried out in a modified domestic microwave oven. One series
onthe side, facilitating the simultaneous MW heatingand UV of the 4-nitroanisole samples (30.6 gx2.0~% mol) of 4-
irradiation from an external UV light sour¢&7] (a medium nitroanisole in 30 ml of aqueous NaOH (0.01 nol)) was
pressure mercury lamp) through a quartz filter (>254 nm). irradiated by an external UV light source under simultaneous

Gas chromatography (GC) was accomplished on a Shi- MW heating for 20 min. The other series was only heated for
madzu GC-2010 gas chromatographer and on a Carlo Erbahe same period of time so that the efficiencies of both photo-
Strumentazione, HRGC 5160 apparatus, connected to a PGhemical and thermal reaction pathways could be determined
by a Perkin-Elmer NCI 900 network chromatography inter- and compared. The relative standard deviation for duplicate
face. samples was found below 6% in all analyses.

2.3. Irradiation procedures
3. Results and discussion

2.3.1. Valerophenond) photochemistry

A high-pressure Teflon reactor containing the electrode- 3.1. Norrish Type Il reaction
less discharge lamp, magnetic stirring bar and valerophe-
none (8.1-81 mg; & 10~°to 5x 10~*mol) in water (50 ml) Excited alkyl phenyl ketones with hydrogen grcarbon
was sealed, placed in the microwave apparatus containing arreact on their alkyl chains according to the Norrish Type II
APC55 automatic pressure sensor and an ATCFO automaticreaction via the triplet state to produce triplet 1,4-biradicals,
temperature optical fiber sensor. A stirred mixture was first which intersystem cross to the short lived singlet biradicals
heated up by microwaves at low MW-output power (125W); that can fragment (F), cyclize (C) (Yang cyclization), or dis-
this power was too low to induce a discharge in the lamp proportionate back to the starting ketone (e.g. valerophenone
but, at the same time, sufficient to heat up the mixture up to (1) in Scheme }1[19]. Valerophenone forms two major prod-
160-170C. When the temperature reached the desired level, ucts, acetophenon&)(upon fragmentation and 2-methyl-1-
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Fig. 1. F/C ratio plotted against the reciprocal temperature values (LDOU0¥e error bars represent the standard deviation.
phenyl-cyclobutan-1-o0l3) upon cyclization reactions. Ef-  Table1

. . .. iati = 5 AN
fects of structure and solvation on their photoreactivity have !"radiation of VP €=5x 107> molI™") in HTW at >254 nm
been extensively studied over four decades. Earlier studiesTemperature ~ Time Pressurerange  Conversion  F/C

showed that the Type Il cleavage and cyclization quantum ¢ ©) (barf (%) ratio
yields reach nearly unity in water or other highly polar sol- 20 n.at n.a. n.a. 2.08
vents, in contrast to much lower quantum yields in non-polar 10% 20 1.0-13 e 4.52
organic solvent$20,21] The fragmentation/cyclization ra- 12 112—_11?5 22 j'gg
tio was found to be also solvent- and temperature-dependent ;47 3 1213 10 469
[15,16,18] The Norrish Type Il photoreactions can be used 107 10 1.0-1.3 4% 4.76
for preparation of compounds, which cannot be easily pre- 108 15 1.1-13 28 4.78
pared by traditional synthetic method9]. 109 10 1.2-1.4 38 4.89

In this work, a set of experiments was carried out in order ﬂg ig 12:;3 ‘;’; g';g
to investigate the photobehavior of valerophenone in HTW ;55 15 20-3.4 68 547
(100-200C) in a pressurized vessel under MW irradiation. 131 490 1.0-3.0 28 5.58
Due to a low solubility of VP in waterfhax~ 10~2mol 1-1) 142 15 4.0-6.2 86 5.66
[21], such a hydrophobic compound is not predetermined 157 10 6.0-7.8 9 6.09
for the synthetic use in this medium. Heating up to 200 igg 12 1;:%:3'21_0 22 g:gi

however, enhanced the solubility, thus experiments with the
VP concentrations up to 18 mol I=* were performed in or- b et
. L L c=5x10"°moll~*.
der to find the scope ar}d Ilmltatlons of ;uch an application. ¢ 1, pressure inside the reactor.
The fragmentation/cyclization (F/C) ratio (i.e. the concen-  d from referencé2l].
tration ratio of the product2}/(3)) served as a measure of  © Not applicable.
the reaction chemoselectivity. The acquired F/C ratios in wa-
ter (Table 1) were strongly temperature-dependent, and are yjcinity of the lamp. No chemistry was observed in the “dark”
plottEd against 100W/in Flg 1 ShOWing a gOOd linear fit. control experiments_
The F/C ratio proved to be independent on valerophenone  Scaiano's group provided temperature studies of

concentration, as well as on its conversion. The ignition and yalerophenone and its 4-methoxy derivative in non-polar sol-
operation of the EDL inside the reactor was visually moni- Vents[22] and Wagner studied temperature effects on pho_
tored through the Teflon reactor wall, however, its intensity tochemistry of molecules, in which two different pheny| ke-
(and subsequently the quantum yields) was not measured dugones are attached to a flexible tetf28]. Zepp et al. showed

to the technical limitations of the commercial sealed pressur- that going from 20 to 30C, the triplet reactivity of VP in wa-
ized vessel. Nevertheless, the F/C ratio values equal to theterincreased and that F/C ratio equals to 2.03 in water &20
ratio of the corresponding quantum yields since the reac- [21]. In addition, we have already shown that the tempera-
tion is unimolecular. Comparatively smaller quantum effi- tyre dependence of the ratio is highest in polar acetonitrile,
ciencies of the VP photolysis of more concentrated samplesjower in ethanol, and negligible in benzene, thus it must be
(e.9.c=5x 10"3molI~t in Table 9, were affected by the  dependent on the polar interactions with the OH group of the
internal filter effect, that is most of the UV radiation emit- b|rad|ca|[]_8] The fact that h|gh temperatures enhanced the
ted by EDL was absorbed by VP molecules in the immediate fragmentation at the expense of cyclization in this work was

ac=5x10*moll1.



P. Miller et al. / Journal of Photochemistry and Photobiology A: Chemistry 172 (2005) 146-150 149

presumably caused by lowering the energy barrier hindering Table2 _ _
the cleavage of &Cp bond in the biradical, but above all, ~Photochemistry of 4-nitroanisdle
due to the favoured formation of a thermodynamically more Conditions Temperature  4-Nitrophenol 4-Methoxyphenol

stable product (acetophenone). Basic polar solvents generally S (5) formatior?  (6) formatior?
slow the disproportionation of biradicals but a higher temper- MW¢ 170 >99 n.d
ature causes hydrogen bonding weakening. Since both prod-mw+ o %g Zgg ”-g-
H ' n.d.
ucts were found stable under the experimental conditions, the W UV 100 . P

partitioning process must occur when the biradical collapses
or before. In addition to the internal filter effect in higher _ :

. . Relative amounts in %.
c_oncentrated samples, we should also con_szlder a more effi- ¢ | ' reaction efficiency.
cient self-quenching24] of the chromophoric compounds d Not detected.
that could limit the synthetic applications. The effectiveness
of such a photochemical process must be considered. If theucts[13], only one product—4-nitrophendd{—was observed
chemoselectivity or other advantages of photochemistry in in water at temperatures ranging up to 2@0 Surprisingly,
HTW are not substantial, a flow reactor with an atmospheric- this product was obtained even in the absence of UV light,
pressure vessel or other more conventional photochemicalthough in a lower yield, while no “dark photochemistry” was
tools are advised. Thus, the main advantage of this techniqueobserved when aliphatic alcohols were used as soly&8}s
remains in solubility being increased with temperature and Two identical experiments were carried out in a MW reac-
enhanced selectivity, which may not be available under dif- tor — one with EDL present in the reactor and the other “in
ferent experimental conditions. 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 prodiiable 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-

a |nitial concentration Z 10~3 mol~1; <25% conversions.

3.2. Photochemistry of 4-nitroanisole

Nucleophilic substitution on aromatic compounds is a
typical reaction for the excited speci§z5]. The relative
reactivity of the positions in excited aromatics is usually
different from that in the ground state. The main prod- ' A o -
ucts from the photosubstitution reaction of 4-nitroanisdje (  1€d out in the modified domestic MW ové7] under at-
with the hydroxide anion were reported by Letsinger et al. MOSPheric pressurénterestingly, these experiments yielded
[26] and de Vries and Having{@?] to be 4—nitr0phen0|3) both 4—n|trophenol§) and 4-methoxyphenoB][. In the ab-
and 4-methoxyphenoBf (Scheme 2 The formation of 4- sence ofthe UVrad_latlon,Whenthgmlxturewas heated solely
methoxyphenol is in agreement with the orientation rule for PY microwave heating (10), 4-nitrophenol was the only
an electron donating substitud7] but the mechanism of product obtained. No traces of 4-methoxyphenol were found

the 4-nitrophenol formation is still unclear. We have recently 2 In the HTW experiments. In addition, the quantum effi-

reported on the temperature-sensitive photochemical nucle-Ci€ncy of 4-nitroanisole degradation was smallery0%
ophilic aromatic substitution on 4-nitroanisole by the hy- than thatin the case of the UV irradiated experiments. The
droxide ion in various aliphatic alcohols under atmospheric €9ioselectivity change of this reaction was significant; while
pressurg13]. It was found that reaction regioselectivity dra-  the ©)/(6)ratioin MW heated solutions was over 99, the MW-
matically changed with temperature in the region-&0 to assisted photochemical experiments providg(§) ~1. It
196°C. In this report, the 4-nitroanisole aqueous photochem- Means that the thermal reaction yields practically one prod-
istry was chosen as an example of the bimolecular reaction,Uct ©), in contrast to the photochemical reaction pathway
where both starting nitroanisole (a phenolate in the basic so-that léads to the formation of both 4-methoxyphenol and 4-

lution) and the inorganic hydroxide are relatively well soluble Nitrophenol Table 3. This generally corresponds to the ob-
in water. servations in the previous work, where the prodbatvas

While the irradiation of 4-nitroanisole in basified solutions  argely favoured at higher temperatures in aliphatic alcohols

of aliphatic alcohols resulted in a formation of two photoprod- @nd it justifies the idea that temperature-dependent process
occurs after the partitioning between replacement of the ni-

tro group and the methoxy group has taken places. Consider-

OCHs OH OCHg ing the quantum efficiencies of the both pathways at“ID0
hv and the temperature-dependent regioselectivity, the results
_o; + from the HTW experiments are congruent. The advantages
OH of HTW photochemistry were not quite fulfilled because of a
NO, NO, OH limited increase in the reaction efficiency; however, a “dark”
a 5 6 HTW application provided a very efficient product formation

with an exceptional regioselectivity not observed at lower
Scheme 2. temperatures.
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