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Microwave photochemistry III: Photochemistry of 4-tert-butylphenol
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Abstract

Influence of UV and combined MW–UV irradiation on 4-tert-butylphenol (4TBP) transformation was investigated in the presence and in
the absence of sensitizers with different value of singlet and triplet energy and in the presence of solvents with different polarity. Irradiation by
UV and also by MW–UV gave CO and C C products: 4′,5-di-tert-butyl-2-hydroxydiphenyl ether (1) (ortho-O), 5,5′-di-tert-butylbiphenyl-
2,2′-diol (2) (ortho–ortho) and 2TBP as an isomerization product. Their ratio depends upon the nature of solvents and sensitizers used. In
non-polar solvents (hexane, heptane, toluene), direct 4TBP radiation led to the formation of products1,2and 2TBP whereortho–orthodimer
2 is predominant overortho-O ether1. In acetonitrileortho–orthodimer2 was selectively formed under UV and MW–UV irradiation. In
1 e products
d enzophenone.
T r
1 ,
w
w
©

K

1

m
p
p
t
b

m
t
U
a
f
[
b

tate
state
d by
nter-
bi-

en-
logi-

-

lene
lled
.

ll

1
d

,4-dioxane and in methanol, no product formation was observed. Influence of solvent polarity (acetone, hexane) on the relativ
istribution of 4TBP photoreaction was also observed in the presence of sensitizers: acetone, naphthalene, acetophenone and b
he acetone-sensitized reaction was found to give all three products:ortho-O ether1, ortho–orthodimer2 and 2TBP whereortho-O ethe
is predominant. In the presence of singlet sensitizer naphthalene, the reaction of 4TBP in hexane gave mainlyortho-O ether1 and 2TBP
hereasortho–orthodimer2was not found. Triplet-sensitized reaction with acetophenone in hexane led selectively toortho-O ether1, while
ith benzophenone gave moreover 2TBP and itsortho–ortho3 andortho–para4 dimers.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Microwave photochemistry[1] is an interesting part of
icrowave chemistry and photochemistry. Its fundamental
rinciples have recently been described by us[2–5]. In the
ast seven years, over 40 papers dealing with combination of

he microwave (MW) and ultraviolet (UV) irradiation have
een published[1,6].

The UV irradiation can be generated either by classical
ethod using mercury lamps or by our method using the elec-

rodeless discharge lamps (EDLs). The MW field generates
V discharge in the EDL with the resulting simultaneous UV
nd MW irradiation of the sample. The new MW–UV system

or the application in organic synthesis was developed by us
4,7]. The emission characteristics of the mercury EDL have
een published[8].

∗ Corresponding author. Tel.: +420 2 20390292; fax: +420 2 20920661.
E-mail address:cirkva@icpf.cas.cz (V. Ćırkva).

The electron distribution of molecules in an excited s
has the changes that differ from those in the ground
[9,10]. The dipole moment changing that can be affecte
MW may be connected with changes in solute–solvent i
actions and acidity. Therefore, the study of MW–UV com
nation was performed.

Phenols and theirtert-butyl derivatives[11] are impor-
tant probe molecules for investigating some of the fundam
tal photoprocesses occurring in many chemical and bio
cal systems. The sterically hindered phenols withtert-butyl
bulky substituents are often used as antioxidants.

Oxidation of 4TBP with cupric salts[12], potassium fer
ricyanide[13], Cu(II)-ethylene diamine complexes[14,15]
and horseradish peroxidase[16] gave two C C and C O
coupling products. The ratio of phenylene and oxypheny
units in the product, i.e. coupling selectivity, was contro
by changing the hydrophobic parameters of the solvent

The steady UV irradiation ofp-cresol [17] in water
yielded three products: CC and C O dimers as we

010-6030/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2005.03.004
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as 4-methylcatechol. The catechols arise in part from
C O dimer and in part by direct hydroxylation but not
from C C dimer. The photooxidation ofp-phenylphenol
[18] by excited uranyl ion was investigated in aque-
ous solution and led, via intermediate phenoxyl radical,
to C C dimer, no formation of quinone being observed.
Direct irradiation of 2,4,6-tri-tert-butylphenol in hexane
and acetone[19] gave only de-tert-butylated products,
but no corresponding rearranged products or dimers were
found.

The photochemical transformation of 2TBP in the pres-
ence and in the absence of sensitizers and in the solvents
with different polarity has been investigated by us[20]. Irra-
diation gave three CC dimers, their ratio depended upon
the nature of solvents and sensitizers used. However, the
fundamental influence of MW–UV radiation on the rela-
tive products distribution and the reaction selectivity was not
observed.

In the present study we describe the influence of UV and
MW–UV irradiation on 4TBP transformation in the presence
and in the absence of sensitizers with different value of sin-
glet and triplet energy and in the presence of solvents with
different polarity.
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GC was performed using an HP 5890 instrument with
HP-5 column (0.2 mm, 25 m) and nitrogen as a carrier
gas. The results were corrected and normalized by the
applying FID response-correction factors obtained from
calibration runs (4TBP was chosen as reference). Re-
producibility of peak areas was not worse than 5%.
GC/MS analysis was accomplished on an HP 6890 in-
strument with mass detector HP 5973 (70 eV), DB-
5 ms column (0.25 mm, 30 m) and helium as a carrier
gas.

1H NMR spectra were recorded on Varian Mercury
VX300 instrument[20].

2.2. Chemicals

Acetophenone (99%), biphenyl-2,2′diol (99%), 4-
tert-butylphenol (99%), naphthalene (98%) (all from
Sigma–Aldrich); aluminum oxide (Brockmann I, basic,
pH 9.5), aluminum chloride (99%), benzophenone (99%)
(all from Fluka). Solvents (acetone, acetonitrile, benzene,
dichloromethane, 1,4-dioxane, diethyl ether, heptane, hex-
ane, methanol, pentane, toluene) were purified by distillation
(all p.a., Lachema, Brno, Czech Republic). The quality of all
solvents was verified by UV/vis spectrophotometer (Helios
�, Thermo Electron Scientific Instruments, USA) using the
software package Vision32.
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.1. Equipment

Microwave experiments were accomplished[20] in the
odified MW oven (Whirlpool M435, 900 W) operating
.45 GHz. Classical immersion-well photoreactor (300
ontained the medium-pressure UV lamp (Teslamp, R
25). Electrodeless discharge lamps (EDLs)[20] were man
factured in Teslamp (Prague, Czech Republic).

able 1
ransformation of 4TBP by UV and combined MW–UV radiation in so

un Solvent Type of radiation Relative products distri

1 2

1 Hexane MW–UV 22 (1.1) 61 (2.9)
2 UV 27 (1.3) 46 (2.2)
3 Heptane MW–UV 29 (2.2) 58 (4.4)
4 UV 28 (1.2) 58 (2.6)
5 Toluene MW–UV 34 (0.9) 60 (1.7)
6 UV 32 (0.7) 62 (1.2)
7 Acetonitrile MW–UV 0 100 (4.0)
8 UV 0 100 (3.2)
9 1,4-Dioxane MW–UV 0 0
0 UV 0 0
1 Methanol MW–UV 0 0
2 UV 0 0

a 4TBP concentration 0.04 mol l−1; irradiation time 2 h at reflux. MW–
V: experiments with conventional medium pressure Hg lamp.
b The ratios were determined according to GC analysis; the reprodu
c Quantification was established on normalizing peak areas applyin
.3. Photochemical and microwave-photochemical
xperiments

4TBP (1.8 g, 0.012 mol) in different solvents (300
= 0.04 mol l−1, Table 1) and/or with sensitizer (0.012 mo
able 2) were irradiated for 2 h in the classical immersi
ell photoreactor according to our previous work[20].
4TBP (1.2 g, 8 mmol) in different solvents (200 m

= 0.04 mol l−1, Table 1) and/or with sensitizer (8 mmo

with different polaritya

(%) and concentration (mmol l−1)b,c R1 [1]/[2] Conversionc

4TBP (%)

) 0.36 12
) 0.59 12
) 0.50 19
) 0.48 11
) 0.57 7
) 0.52 5

– 10
– 8
– 0

– 0
– 0

– 0

periments with the electrodeless discharge lamp (EDL) in microwav

was5%.
tor response-correction factors.
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Table 2
Transformation of 4TBP by UV and combined MW–UV radiation in the presence of sensitizersa

Run Solvent Sensitizer Type of radiation Relative products distribution (%) and concentration
(mmol l−1)b,e

Conversione 4TBP (%)

1 2 2TBP

1 Acetone Acetone MW–UV 77 (2.5) 19 (0.6) 4 (0.1) 8
2 UV 55 (2.0) 23 (0.8) 22 (0.8) 9
3 Hexane Naphthalene MW–UV 65 (1.0) 0 35 (0.6) 4
4 UV 66 (0.8) 0 34 (0.4) 3
5 Acetophenone MW–UV 100 (4.0) 0 0 10
6 UV 100 (4.0) 0 0 10
7 MW–UVc 100 (3.2) 0 0 8
8 Benzophenone MW–UV 33 (4.0) 0 51 + (6 + 10) [6.1+(0.7+1.2)]d 30
9 UV 34 (4.5) 0 52+(5+9) [6.8+(0.7+1.2)]d 33

a 4TBP concentration 0.04 mol l−1; irradiation time 2 h at reflux; the molar ratio of 4TBP/sensitizer = 1:1.
b The ratios were determined according to GC analysis; the reproducibility was±5%.
c The molar ratio of 4TBP/acetophenone = 1:5.
d The reaction mixture contained products3 and4 (Scheme 2).
e Quantification was established on normalizing peak areas applying detector response-correction factors.

Table 2) was irradiated for 2 h by the EDL according to
[20].

The photoproduct identification and analysis were de-
scribed early[20].

2.4. Photoproduct2 from 4TBP in acetonitrile under
MW–UV irradiation (Table 1, run 7)

The crude photoreaction mixture was concentrated
under reduced pressure (80◦C, 666 Pa) and steam distilled.
Chromatography of yellow oil on 1.4× 60 cm aluminum
oxide column eluted with dichloromethane-hexane (1:1, v/v)
mixture gave 73 mg (6%) of 5,5′-di-tert-butylbiphenyl-2,2′-
diol (2) as viscous oil which was crystallized from benzene
as a white solid, mp 207–209◦C (Ref.[13]: 210–211◦C).

The spectral characteristics of2were as follows:1H NMR
(CDCl3) δ: 1.42 (s, 18H, CH3); 5.44 (bs, 2H, OH); 6.96 (m,
2H, arom 3-H); 7.29 (m, 2H, arom 6-H); 7.42 (m, 2H, arom
4-H) ppm (Ref.[12,13,16]). MSm/z(abund./%): 299 (6), 298
(30, M+.), 284 (21), 283 (100, MCH3

+), 228 (10), 227 (49),
134 (12), 106 (15), 57 (12,t-Bu+), 41 (6) (Ref.[21]).

2.5. Photoproduct1 from acetophenone-sensitized
reaction of 4TBP in hexane under MW–UV irradiation
(
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3,4,6); 7.38 (m, 2H, arom-3′,5′) ppm (Ref. [13,16]). MS
m/z (abund./%): 299 (9), 298 (41, M+.), 284 (25), 283 (100,
M CH3

+), 267 (4), 227 (17), 134 (16), 133 (4), 120 (7), 107
(4), 106 (16), 105 (4), 91 (5), 77 (4), 57 (5,t-Bu+).

2.6. Dealkylation of 4′,5-di-tert-butyl-2-hydroxydiphenyl
ether (1) and 5,5′-di-tert-butylbiphenyl-2,2′-diol (2)

The 4′,5-di-tert-butyl-2-hydroxydiphenyl ether (1) or 5,5′-
di-tert-butylbiphenyl-2,2′-diol (2) (15 mg, 0.05 mmol), alu-
minum chloride (7 mg, 0.05 mmol) and benzene (1 ml) was
stirred at room temperature overnight, worked up with ice
and extracted with diethyl ether[19]. Concentration of the
extracts in vacuo afforded yellow oils. The structures of the
products were confirmed by mass spectra (NIST database).
MSm/z(abund./%) (2-hydroxydiphenyl ether): 187 (13), 186
(100, M+.), 185 (9), 169 (6), 157 (11), 131 (5), 129 (8), 128
(7), 115 (4), 109 (7), 81 (7), 80 (11), 78 (11), 77 (15), 52 (5),
51 (10), 39 (4). MSm/z (abund./%) (biphenyl-2,2′-diol): 187
(13), 186 (100, M+.), 185 (14), 158 (22), 157 (36), 139 (15),
129 (11), 128 (16), 115 (9), 102 (4), 89 (4), 77 (5), 63 (5).

3. Results and discussion

The UV and MW–UV irradiation of 4TBP af-
f
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Table 2, run 5)

The crude photoreaction mixture was concentrated u
educed pressure (80◦C, 666 Pa) and steam distilled. Ch
atography of yellow oil on 1.4× 60 cm aluminum oxid

olumn eluted with hexane gave 69 mg (6%) of 4′,5-di-tert-
utyl-2-hydroxydiphenyl ether (1) as viscous oil which wa
rystallized from pentane as colorless crystals, mp 63–6◦C
Ref. [13]: 62–64◦C).

The spectral characteristics of1were as follows:1H NMR
CDCl3) δ: 1.26 (s, 9H, CH3); 1.33 (s, 9H, CH3); 5.35 (bs
H, OH); 6.95 (m, 2H, arom-2′,6′); 7.00–7.11 (m, 3H, arom
orded C O and C C products (Scheme 1): 4′,5-di-tert-
utyl-2-hydroxydiphenyl ether (1) (ortho-O), 5,5′-di-tert-
utylbiphenyl-2,2′-diol (2) (ortho–ortho) and 2TBP as a

somerization product.
Photoproducts1 and 2 were isolated by column chr

atography on alumina (Sections2.4 and 2.5), and the iden
ifications were verified by NMR[12,13,16]and MS spectr
21]. Structures ofortho-O ether1 andortho–ortho dimer
were confirmed by dealkylation reaction with AlCl3 [19]

Section2.6) to afford 2-hydroxydiphenyl ether and biphen
,2′-diol. The presence of 2TBP in photoreaction mixture
roved by GC/MS analysis.
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Scheme 1. Photoreaction products of 4TBP.

3.1. Influence of solvent polarity

Phototransformation of 4TBP by UV and MW–UV radia-
tion was investigated in the presence of solvents (Table 1)
with different polarity. The reaction mixture of 4TBP
(0.04 mol l−1) in various solvents was irradiated for 2 h at
the reflux temperature. The results of individual experiments
were compared with respect to the relative products distribu-
tion (%), concentration of the products (mmol l−1) and to the
ratio of productsR1 = (ortho-O) 1/(ortho–ortho) 2 (Table 1)
in order to have a clear indication of the efficiency of the pro-
cess. The major reason for low conversion of 4TBP (8–19%,
Table 1) was probably the formation of colored by-products
and their inhibition effect.

In non-polar solvents (hexane, heptane, toluene), direct
4TBP irradiation (Scheme 1) led to the formation of prod-
ucts1, 2 and 2TBP whereortho–ortho dimer2 is predom-
inant overortho-O ether1 (Table 1, runs 1–6). TheFig. 1
reports the concentrations (mmol l−1) of 4TBP and products
1, 2 and 2TBP in time for MW–UV irradiation in hexane
(Table 1, run 1). The 4TBP conversion 12% led to the final
concentration ofortho–ortho dimer 2 2.9 mmol l−1, ortho-
O ether1 1.1 mmol l−1 and 2TBP 0.8 mmol l−1. This figure
also shows that concentration of substrate and products are
constant after 60 min of irradiation.

Time-dependence ofR for 4TBP in hexane under UV
a in
F ues
R ts
i dia-
t
r on
r s
o s
4 tion
[ re-
s ocal
s tion

Fig. 1. Concentrations of 4TBP and products1, 2 and 2TBP in time for
MW–UV irradiation in hexane (Table 1, run 1).

at 20◦C only 25% of3 was found[20]). The effect of MW
irradiation on polar excited states of 4TBP in heptane and
toluene was not observed (runs 3–6).

The irradiation of 4TBP was carried out also in toluene
(Table 1, runs 5–6). Relative products distribution was com-
parable to that for hexane and heptane. Conversions of 4TBP
were only 5–7% owing to high efficiency of toluene to absorb
UV radiation in the region 230–260 nm[22]. Also the light
performance of electrodeless lamp in toluene was decreased
by formation of the yellow polymeric film on the lamp sur-
face. Therefore it was necessary to clean the lamp envelope
in intervals of 15–20 min.

Similarly, in the 4TBP oxidation with K3[Fe(CN)6] [13]
two dimeric products1 (32%) and2 (68%) were yielded.

F V
i

1
nd MW–UV irradiation (Table 1, runs 1–2) is presented
ig. 2. The interpretation of experimentally obtained val
1 makes possible to assume that the ratio of producR1

s time-independent. Conversions of 4TBP after 2 h irra
ion in hexane and heptane ranged from 11 to 19% (Table 1,
uns 1–4). The slight effect of UV and MW–UV radiation
elative distribution ofortho–ortho dimer2 and 2TBP wa
bserved only for hexane (Table 1, runs 1–2, 61% versu
6%). Similar difference was found also in 2TBP irradia

20] (for ortho–ortho dimer3, 45% versus 36%). These
ults can be explained by influence of the EDL on the l
uperheating of the low-boiling hexane (for 2TBP irradia
ig. 2. Time-dependence ofR1 for 4TBP in hexane under UV and MW–U
rradiation (Table 1, runs 1, 2).
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The product ratio was similar as for nonpolar solvents, how-
ever, no 2TBP was observed. The proportion of ether1 was
very much higher than in the comparable oxidations ofp-
cresol (2%). The influence of bulkytert-butyl group pre-
ventedortho–para coupling (typical forp-cresol) so that no
Pummerer’s type ketone was found.

Irradiation of 4TBP in acetonitrile (Table 1, runs 7–8) led
selectively only toortho–ortho dimer2. The isomerization
to 2TBP was not observed. The high product selectivity was
probably affected by ability of acetonitrile to stabilize free
radicals[23] by electron delocalization. The effect of UV
and MW–UV radiation on the relative products distribution
was not observed.

In 1,4-dioxane and methanol, no product formation was
observed (Table 1, runs 9–12). The similar results were in-
dicated for the direct irradiation of 2,4,6-tri-tert-butylphenol
[19]. The dynamic viscosities of 1,4-dioxane (0.46 mPa s)
and methanol (0.38 mPa s) at reflux temperature are higher
than for other solvents (hexane 0.21 mPa s, acetonitrile
0.23 mPa s), therefore photoreaction and deactivation of phe-
noxyl radical5 is significantly influenced by diffusion. The
4TBP is much less photoreactive in these solvents compare
to 2TBP, because the 2TBP irradiation[20] in 1,4-dioxane
(2–4% conversion) led to dimer3.

Under protic conditions, hydrogen bonds are formed with
the hydroxyl group of the phenols[23]. Phenol acts as pro-
t erred
f sta-
b ence
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versus 27 to 17% in hexane,Table 1, runs 1–2). The rela-
tive products distribution was comparable to nonsensitized
photoreactions (Table 1, runs 1–6). Acetone as a triplet sen-
sitizer enhanced the amount ofortho-O ether1, the similar
effect was also observed for acetophenone-sensitized pho-
toreactions (Table 2, runs 5–7).

In the presence of singlet sensitizer naphthalene (Table 2,
runs 3–4), the reaction of 4TBP in hexane gave mainly
ortho-O ether1 (65–66%) and 2TBP (34–35%), whereas
ortho–ortho dimer 2 was not found. Irradiation led to the
drop in conversion to 3% (run 4). The relative products dis-
tribution was different from the direct irradiation in hexane
(Table 1, runs 1–2), therefore it was assumed that the pho-
toreaction proceeds probably from the upper singlet excited
state (ES(naph)= 385 kJ mol−1, Ref.[9,10,27]).

Triplet-sensitized reaction with acetophenone
(Table 2, runs 5–7) in hexane led selectively toortho-
O ether 1 even at enhanced sensitizer concentration
(4TBP/acetophenone = 1:5, run 7). The reaction pro-
ceeds probably from the upper triplet excited state
(ET(acetoph)= 310 kJ mol−1) in comparison with benzophe-
none (ET(benzoph)= 290 kJ mol−1), as it was observed for
2TBP photoreactions[20].

The benzophenone-sensitized (Table 2, runs 8-9) reac-
tions gaveortho-O ether1 (33–34%) and moreover 2TBP
(51–52%) and itsortho–ortho 3 (5–6%) andortho–para 4
( e
p
3 eac-
t as
t of
4 ther
s

rated
t
c ence
o on-
v om
t -
p ,3-
on donor and, consequently, electronic charge is transf
rom the solvent molecule to the phenolic oxygen, which
ilizes the phenol-excited state. Therefore, the fluoresc

ifetime (τf ) prolongation indicates the higher stability
he S1 state in the presence of hydrogen bonds comp
o the nonpolar or aprotic situation (for 4TBP:τf = 4.7 ns
n methanol versusτf = 1.4 ns in cyclohexane)[24]. Com-
ared to the phenol (5.2 ns versus 2.2 ns), the substit
y tert-butyl group inpara-position only slightly affects th
f , however thetert-butyl substitution in one or twoortho-
ositions causes a drasticτf decrease (4.0–0.03 ns ver
.46–0.05 ns).

.2. Effect of sensitizers

Influence of solvent polarity (acetone, hexane) to the
ive products distribution of 4TBP photoreaction (Table 2,
uns 1–9) was also investigated in the presence of s
izers: acetone, naphthalene, acetophenone and ben
one. The absorption bands of 4TBP in tested solv
ε277= 2200 l mol−1 cm−1; Ref.:[25,26]) overlapped absorp
ion bands of used sensitizers[27]. The phenol spectra are n
hanged with increasing temperature, indicating the abs
f stable hydrogen bonded complexes[28].

Acetone-sensitized reaction (Table 2, runs 1–2) was foun
o give all three products:ortho-O ether1,ortho–orthodimer

and 2TBP, whereortho-O ether1 is predominant (unde
W–UV radiation, run 1). The 2TBP contents are increa

o 22% under UV radiation (run 2) and their ratio under
nd MW–UV irradiation were similar (22 to 4% in aceto
-

9–10%) dimers. Compounds3 and4 are the consecutiv
hotoreaction products of 2TBP (Scheme 2) and their ratio
:4= 0.56–0.6 is similar as for 2TBP sensitized photor
ions [20]. Triplet-sensitized photoreaction led to 2TBP
he major product (Table 2, runs 8–9). The conversion
TBP was greater (30–33%) in comparison with the o
ensitizers.

The results of sensitized reactions again demonst
he great effect of solvent polarity (Tables 1 and 2) on ex-
ited states of 4TBP. Phototransformations in the pres
f singlet and triplet sensitizers confirmed that 4TBP c
ersion under UV and MW–UV radiation proceeded fr
he upper singlet state [4TBP]S* and from the normal or up
er triplet state [4TBP]T* . The quenching experiments (1

Scheme 2. Consecutive photoreaction products3 and4.
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cyclohexadiene)[24] with 3TBP in cyclohexane gave no ev-
idence of phenoxyl radical formation via the first excited
triplet state.

3.3. Mechanism of 4TBP phototransformation

The direct phototransformation of 4TBP under UV and
MW–UV radiation (Table 1, Scheme 1) led to C O and
C C products:ortho-O ether1, ortho–ortho dimer 2 and
2TBP, their ratio depended upon solvent polarity and type of
sensitizer. In non-polar solvents (hexane, heptane, toluene),
4TBP radiation afforded three products1, 2and 2TBP where
ortho–ortho dimer 2 is predominant overortho-O ether1.
In acetonitrileortho–ortho dimer2 was selectively formed,
in 1,4-dioxane and in methanol no product formation was
observed.

Influence of solvent polarity (acetone, hexane) on the rel-
ative products distribution of 4TBP photoreaction was also
observed in the presence of sensitizers: acetone, naphthalene,
acetophenone and benzophenone (Table 2). The acetone-
sensitized reaction was found to give all three products:ortho-
O ether1, ortho–ortho dimer 2 and 2TBP, whereortho-O
ether1 is predominant. In the presence of singlet sensitizer
naphthalene the reaction of 4TBP in hexane gave mainly
ortho-O ether1and 2TBP, whereasortho–orthodimer2was
not found. Triplet-sensitized reaction with acetophenone in
h
z
o
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p The
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Scheme 3. Mechanism of 4TBP phototransformation.

native process includingthe ketone tautomerintermediates
(Scheme 3). According to this mechanism, ketone tautomer
4TBP-q, which is formed from the triplet state of 4TBP, is fur-
ther transformed into 2TBP following the well-known pho-
tochemical processes for 2,5-cyclohexadienones[19]. It is
probable that the 4TBP photoisomerization to 2TBP proceeds
via the both mentioned mechanism involving the benzvalene
6 and ketone tautomer4TBP-q intermediates. The photoiso-
merization of 4TBP is result of ring carbon atom transposi-
tions and it leads to a photostationary mixture. However, the
2TBP isomerization to 4TBP[20] was not observed (prob-
ably from thermodynamic reason), the similar results were
indicated for photolysis ofo-xylene[33].

The mechanism of the 4-tert-butyl phenoxyl radical (5)
formation is depicted inScheme 3. By absorption of light (hν)
under low excitation energy conditions (<0.5 mJ), the 4TBP
molecule is promoted to a higher electronic state [4TBP]*

[23] where, by solvation, a proton is splitted off to give phe-
noxyl 5. Under two photon excitation conditions (at laser
power >0.5 mJ)[23] the radical5 is assumed to originate via
deprotonation of the phenol radical cation ArOH+ and the
solvated electron is immediately scavenged by the solvent
[20]. The 4-tert-butyl phenoxyl radical (5) and its cyclohexa-
dienone keto tautomer5-o are stabilized by delocalization of
their odd electron through the conjugated system and they can
dimerize or recombine via a sandwich-like transition state
[
(
1

exane led selectively toortho-O ether1, while with ben-
ophenone gave moreover 2TBP and itsortho–ortho 3 and
rtho–para4 dimers.

Solvents generally play an important role in the ph
hysical and photochemical properties of the phenols.
eactivation of excited states in these compounds inc
hotochemical processes such as photodissociation or

ron ejection accompanied by the production of a solv
lectron depending on the solvent used. Extensive stud
henols in various solvents[29] have shown that the phot
hemical cleavage of the OH bond is the main process r
ponsible for the variation in the behavior of the fluoresce
uantum yield as a function of the excitation wavelength

In the case of 2TBP irradiation[20], the ortho-O cou-
ling diphenyl ether was not observed. Also 2-tert-butyl-4-
ethylphenol, 2,4- and 2,6-di-tert-butylphenol[14,30] af-

orded no products with oxygen bridge. These differenc
-tert-butylphenols versus 4TBP reactivity appear to be

ated to steric effect of theortho-substituent (tert-butyl group)
ather than to its electronic effect (spin density distributi
he oxygen atom of 2TBP with the unpaired electron is
ered from C O coupling by the neighboring bulkytert-butyl
roup inorthoposition. When thetert-butyl was substitute
y a methyl group, i.e. in 2,3-dimethylphenol[31] and 4-tert-
utyl-2-methylphenol[14,32], theortho-O coupling dipheny
thers were observed.

The formation of rearranged product 2TBP is ratio
zed by avalence photoisomerizationinvolving a benzvalen
ntermediate6 (Scheme 3). This concurrent mechanism p
eeds from singlet state[19]. However, there is another alt
32] in dependence on conditions[18,34] of photoreaction
solvent polarity, sensibilization) to form tautomerortho-O
-q andortho–ortho2-q compounds of products1 and2.
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The stabilizing effect[23] of acetonitrile on phenoxyl rad-
ical 5 (Table 1, runs 7–8) induced the formation ofortho
radical5-o (Scheme 3), which after dimerization provided
ortho–ortho dimer 2. The rate of enolization of the cyclo-
hexadienone dimer2-qwould be expected to be greater in the
more polar acetonitrile than in hexane[13]. Although it is dif-
ficult to explain the solvent effect in detail from the available
experimental data, some of the pathways inScheme 3appear
to be influenced by solvent polarity as was also observed in
photochemical reactions of certain cyclohexadienones[19].

Therefore, it is necessary to consider whether theortho-O
ether1may rearrange toortho–orthodimer2by the consecu-
tive photoreaction. However, in our case, the ratio of products
R1 = (ortho-O) 1/(ortho–ortho) 2 (Table 1, Fig. 1) was con-
stant over all irradiation time.

It is known that diphenyl ethers are liable to rearrange
via homolytic cleavage of CO bond in the singlet excited
state to generate radical pair intermediate involving phenyl
and phenoxyl radicals that may undergo rapid recombina-
tion to give rearrangement products (2- and 4-phenylphenol)
in addition to diffusion products (phenol and benzene)
[22]. Cross-coupling experiments demonstrated that the
formation of 2- and 4-phenylphenol was an intramolec-
ular process. The photolysis of 2-hydroxydiphenyl ether
(C6H5 O C6H4 OH) [34] in water produced the phenyl
(C H ) and 2-hydroxyphenoxyl (•O C H OH) radicals
t om-
b g in
p d-
u diol.
T f-
f e
o e of
1
o .

di-
a tol-
y ex-
a luded
t ea)
m the
e 4TBP
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t
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