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Photoreactions of 2,5-dibromo-3-methyl-6-isopropyl-1,4-benzoquinone

Helmut G̈orner
Max-Planck-Institut für Bioanorganische Chemie, D-45413 Mülheim an der Ruhr, Germany

Received 28 January 2005; received in revised form 24 March 2005; accepted 24 March 2005
Available online 8 June 2005

Abstract

The photochemistry of 2,5-dibromo-3-methyl-6-isopropyl-1,4-benzoquinone (Br2TQ) in solution was studied by UV–vis spectroscopy
using 20 ns laser pulses at 308 nm. The first transient with a lifetime of 0.06–0.2�s is assigned to a triplet state. This triplet is converted into
a short-lived zwitterion, which is formed after intramolecular H-atom transfer from the isopropyl substituent. The zwitterion has a lifetime of
0.1–2�s and further conversion into 1,4-hydroquinones without involvement of free radicals is proposed. The properties of Br2TQ differ from
those of 2-tert-butyl-1,4-benzoquinone (BuBQ), where no intermediate could be detected under comparable conditions, and of 2-methyl-
5-isopropyl-1,4-benzoquinone (thymoquinone: TQ), where the triplet state escapes observation at room temperature. The effects of solvent
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olarity and other specific properties of photoinduced intramolecular H-atom transfer in Br2TQ are discussed. The mechanisms are spe
or Br2TQ, TQ and BuBQ, whereas the quantum yield of photodecomposition is large, e.g. in neat acetonitrile and several othe
ven in the presence of oxygen.
2005 Elsevier B.V. All rights reserved.
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. Introduction

The photochemistry of 1,4-benzoquinone (BQ) and
erivatives without side chain, e.g. 2,5-dimethyl-1,4-
enzoquinone (Me2BQ), is the subject of intensive inves-

igations[1–13]. The quantum yield of intersystem crossing
Φisc) of several quinones, e.g. BQ and Me2BQ, is close to
nity [1–3]. Reaction of the triplet state with oxygen yields
inglet molecular oxygen, the quantum yield isΦ� = 0.4–0.9
or BQs in acetonitrile[8,9]. Intermolecular reactions of the
riplet state with either an amine, such asN,N-dialkylamines,
EA or DABCO, or an H-atom donating solvent, e.g. an
lcohol, yield hydroquinones (QH2) [14–22]. The photore-
uction of quinones in the presence of alcohols leads to the
emiquinone radical (•QH/Q•−) and finally into QH2. With
ropanol, QH2 and acetone result from termination of the
emiquinone radical, as known for various BQs[1–4,14]. The
roperties of the semiquinone radical have been character-
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ized by both photochemistry[11–18]and radiation chemistr
[23–26].

The mechanism of photoreaction changes c
pletely, when intramolecular H-atom transfer is poss
[27–32]. Thymoquinone (TQ: 2-methyl-5-isopropyl-1
benzoquinone) is an example of a photochemically rea
BQ derivative[33]. Upon photolysis of TQ a short-live
intermediate has been detected and attributed to a zwitt
in contrast to quinones without a substituent for�-H-atom
transfer in the side chain, e.g. BQ or Me2BQ [33]. Other
appropriate quinones are the 2,5-dibromo derivative (Br2TQ:
2,5-dibromo-3-methyl-6-isopropyl-1,4-benzoquinone)
2-tert-butyl-1,4-benzoquinone (BuBQ). A diradical (Ia), a
spirocyclopropyl intermediate (Ib) and a zwitterion (Ic) have
been postulated for 1,4-benzoquinones withtert-butyl or iso-
propyl side chains (Scheme 1) [28,32]. Phylloquinones, e.g
Vitamin K1, are related systems with biological releva
[34–36].

Here, the photoinduced intramolecular H-atom tran
in Br2TQ and BuBQ was studied by UV-vis spectrosc
in solution at room temperature. The quantum yield
010-6030/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2005.03.028
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Scheme 1.

decomposition (Φd) at λirr = 254 nm is substantial in inert
solvents, such as acetonitrile, in contrast to BQs without side
chain. The properties of the triplet state and a zwitterion as
first and second observable transient of Br2TQ are outlined
and the different results with respect to TQ are discussed. In
contrast, no intermediate could be detected for BuBQ.

2. Experimental details

The solvents, e.g. methyltetrahydrofuran: MTHF, ace-
tonitrile (Uvasol quality) or 2,2,2-trifluoroethanol: TFE,
and compounds (Merck, Sigma, Fluka) were used as
received or purified by recrystallization, Me2BQ or 1,4-
diazabicyclo[2.2.2]octane: DABCO, or distillation, triethy-
lamine: TEA. The absorption spectra were monitored on
a UV–vis spectrophotometer (HP, 8453). For photoconver-
sion the 254 nm line of a Hg lamp was applied. Typically,
absorbances of 1–2 were used forλirr = 254 nm, correspond-
ing to BQ concentrations of 0.1–0.3 mM. The molar absorp-
t
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3. Results

3.1. Transient absorption at room temperature

The time-resolved UV–vis spectroscopy of Br2TQ in
acetonitrile (Fig. 1a), MTHF (Fig. 2c) and TFE (Fig. 3b)
shows two transients after the 308 nm pulse. The short-lived
species, which has a maximum atλT = 470 nm, decays by
first-order kinetics and has a lifetime (τT) of 60–200 ns, is

Fig. 1. Transient absorption spectra of Br2TQ (argon) in (a) dry acetonitrile
and (b) wet acetonitrile (1 M water) at 20 ns (©), 0.1�s (♦), 1�s (�), 10�s
(�) and 0.1 ms (�) after the 308 nm pulse; insets: kinetics at 470 nm (upper)
and (a) 570 nm and (b) 370 nm (lower).

Fig. 2. Transient absorption spectra of Br2TQ in (a) carbon tetrachloride;
(b) toluene and (c) MTHF at 20 ns (o), 0.1�s (♦ ), 1�s (�), 0.1 ms (�) and
1 ms (�) after the 308 nm pulse; insets: kinetics at 370 nm (left), 460–480 nm
(upper) and 580 nm (lower).
ion coefficient of Br2TQ isε290= 1.5× 104 M−1 cm−1. The
onversion was carried out after bubbling by argon prio
nd during irradiation. For HPLC analyses a 125× 4.6 mm

nertsil ODS-3.5�m column was used and MeOH–water
r 2:1 as eluents. The quantum yield of decompositionΦd
as determined using the uridine/water/air actinometer[37].
n excimer laser (Lambda Physik, EMG 200, pulse widt
0 ns and energy <100 mJ) was used for excitation at 30

or a few experiments at 248 nm, another excimer laser (E
01 msc) was applied. The absorption signals were mea
ith two digitizers (Tektronix 7912AD and 390AD). Re

ive yields were obtained using optically matched soluti
bsorbances of 1–4 were used forλexc= 308 nm, correspond

ng to concentrations of 0.05–0.2 mM for Br2TQ. Forma
ion of singlet molecular oxygen, O2(1�g), was detected b

Ge-diode; The quantum yield (Φ�) was obtained usin
henazine in dichloromethane (Φ� = 0.89) as reference[38].
he samples were freshly dissolved and all measurem
efer to 24◦C and deoxygenated solution, unless other
ndicated.
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Fig. 3. Transient absorption spectra of Br2TQ (argon) in (a)tert-butanol and
(b) TFE at 20 ns (©), 0.1�s (♦), 1 ms (�), 0.1 ms (�) and 1�s (�) after
the 308 nm pulse; insets: kinetics at 460/470 nm (upper) and (a) 370 nm and
(b) 360 and 560 nm.

converted into a secondary transient (Tz). Tz has a maximum
at λz = 550–580 nm, decays also by first-order kinetics and
has a lifetime (τz) of 0.1–2�s. The initial species is assigned
to the triplet state (3*Q) and Tz to a zwitterionic species (see
Section4.2). The triplet state is formed within the pulse and
the spectrum is only little influenced by solvent properties
(Table 1). In most cases the triplet state is finally converted
into one or several stable photoproducts (Pn) with maximum
at λp = 370 nm. In MTHF (Fig. 2c) and TFE (Fig. 3b) this
conversion takes place from3*Q via Tz into Pn. An exam-
ple, where this conversion bypasses Tz, is shown for Br2TQ
in tert-butanol (Fig. 3a). A species with similar character-
istics and conversion of3*Q directly into the stable 370 nm
species was observed, when water was added to Br2TQ in
acetonitrile (Fig. 1b). The conversion of the triplet state via
Tz into Pn may be too fast, as shown inFig. 4b versus 4a for
Br2TQ in acetonitrile in the presence of 2-propanol in larger
and smaller amount, respectively. Interestingly, no conver-
sion into a detectable photoproduct takes place for Br2TQ in

Table 1
Absorption maxima and triplet lifetimea

Quinone Solvent λT
b(nm) τT (ns)

Br2TQ CCl4c <310, 480 80
Acetonitrile 300, 460 80
+Water (1 M) 460 60

M

THF,
d ile.

Fig. 4. Transient absorption spectra of Br2TQ (argon) in acetonitrile plus
2-propanol (a) 0.3 M and (b) 3 M in 20 ns (o), 0.1�s (♦), 1�s (�), 0.1 ms
(�) and 1 ms (�) after the 308 nm pulse; insets: kinetics at 360 nm (left),
470 nm (upper) and (a) 570 nm and (b) 380 nm (lower).

solvents of lower polarity, such as carbon tetrachloride, ben-
zene, toluene or dichloromethane. Apparently,τz depends
on the medium (Table 2). In carbon tetrachloride (Fig. 2a) or
toluene (Fig. 2b) Tz is only weakly absorbing atλz. On the
other hand, Tz is substantial in MTHF and polar solvents, e.g.
acetonitrile or TFE.

A third transient (Trad) with maximum at 435 nm was
observed in the presence of the amines. The decay of Tz is
quenched by DABCO or TEA. In acetonitrile 1/τz depends
linearly on the DABCO concentration and the slope, i.e. the
rate constant for quenching of Tz, is kq = 2× 109 M−1s−1.
At higher amine concentration Tz was too short-lived to be
detected (Figs. 5a and b), in contrast to a TEA concentra-
tion of a few mM. Tz is converted into the longer lived Trad
species which subsequently decays by second-order kinet-
ics either fast (DABCO) or slowly (TEA). The spectrum of
Trad differs only slightly from that of the semiquinone rad-
ical of Me2BQ with λrad= 440 nm[19]. Trad of Br2TQ is

F ile
i
( e;
i

2-Propanol 300, 470 80
Ethanol 300, 470 90
Methanol 300, 470 100
TFE 295, 460 200
+Water (1 M) 290, 460 100

e2BQd Acetonitrile 285, 450 4000
+Water (28 M) 285, 450 900

a Argon-saturated,λexc= 308 nm at low intensity andA308= 1–2.
b Major peak underlined.
c Same maximum and comparable lifetime in benzene, toluene, M
ichloromethane, methylformamide, dimethylformamide or butyronitr
d Taken from[33].
ig. 5. Transient absorption spectra of Br2TQ in argon-saturated acetonitr
n the presence of (a) DABCO 3 mM and (b) TEA 30 mM at 20 ns (©), 1�s
�), 10�s (�), 0.1 ms (�), 1 ms (�) and 10 ms (�) after the 308 nm puls
nsets: kinetics at 450/480 nm and (b) 400 nm (lower).
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Table 2
Absorption maxima and lifetime of the secondary transienta

Quinone Solvent λz
b (nm) τz

c (�s) kq (×108 M−1s−1) λp
d (nm)

Br2TQ Acetonitrile <300, 580e 0.7 – –
+DABCO (5 mM) <300, 580 0.1 20 –f

+TEA (5 mM) 0.2 1 –f

+tert-Butanol (1 M) 0.3 0.02 370
+2-Propanol (2 M) 0.2 0.02 370
+Ethanol (1 M) 0.2 0.04 370
+Acetic acid (0.01 M) 0.2 5 360
TFE <300, 580 2 - 360

TQg Acetonitrile 295, 550 2 - 360
+DABCO (1 mM) 295, 530 0.5 40 360
+TEA (5 mM) 295, 530 0.2 5 360
tert-Butanol 295, 520 2–3 <0.01 370
2-Propanol 295, 490 3–4 <0.01 370
+Acetic acid (0.01 M) 550 0.1 40 370
+Water (4 M) 480 0.2 –h 360
TFE <320, 440 0.8 – 370

a Argon-saturated,λexc= 308 nm (Br2TQ) and 248 nm (TQ).
b Major peak underlined.
c At low intensity andA308= 1–3.
d Final product.
e Weak transient in benzene, toluene, dichloromethane, methylformamide, dimethylformamide or butyronitrile.
f Third transient Trad.
g Taken from[33].
h Upward curved dependence.

tentatively assigned to a semiquinone radical (see Section
4.2). Note that the presence of DABCO converts the spec-
trum to a minor extent thermally that the colourless sample
becomes yellow. The decay of Tz is also quenched by acetic
acid and the rate constant iskq = 5× 108 M−1s−1 (Table 2).
The rate constants for quenching by 2-propanol andtert-
butanol are similar,kq = 2× 106 M−1s−1, indicating that rad-
icals are not involved in these cases since the former is an
efficient H-atom donor and the latter an OH radical scav-
enger.

In UV-transparent solvents, especially in acetonitrile and
alcohols, excitation of Br2TQ by 248 nm pulses led to com-
parable results. Virtually no transient absorption spectrum
was observed for BuBQ in acetonitrile and 2-propanol at
lower laser pulse intensity,λexc= 248 nm. At higher inten-
sity a weak semiquinone radical was registered for BuBQ
(not shown).

3.2. Effects of oxygen and temperature on the triplet
state

The quantum yield of formation of singlet molecular
oxygen is rather substantial for parent BQ or trimethyl-1,4-
benzoquinone (Me3BQ) in several air- or oxygen-saturated
solvents, but small for TQ and close to zero for BuBQ
( n,
b ence
o f the
s s
f trile
c n of

3× 109 M−1s−1 and reveal that the amount of triplet quench-
ing in air-saturated solution is only 10–20% (Table 3). The
rate constant in TFE is much lower, <5× 108 M−1s−1.

To test for the triplet state as precursor in various cases,
phosphorescence was measured at−196◦C. The phospho-
rescence lifetime in ethanol isτp = 0.5, 0.4, 0.3 and 0.4 ms,
for Me2BQ, TQ, Br2TQ and BuBQ, respectively. Literature
values of then,� triplet state of quinones areτp = 0.3–1 ms,
e.g. for MeNQ or Vitamin K1 [6,7,21]. The transient absorp-
tion spectra of Br2TQ (Fig. 6a) and TQ in ethanol at−180◦C
have bothλT = 450 nm. The observed species, because of the
similar lifetime (Fig. 6b) to the phosphorescence signal, has
to be assigned to the triplet state.

While the triplet lifetimes of Me2BQ, TQ and Br2TQ in
frozen media are similar and the quantum yield of phospho-
rescence is comparable for these quinones, this is not so for
τT and the quantum yieldΦisc in fluid solution. The effect of
temperature is shown inFig. 6. The dependence of the rate
constant for triplet decay versus 1/T is smooth for Br2TQ,
approaching the 90 ns value in ethanol at room temperature.

Table 3
Quantum yield (Φ�) of formation of singlet molecular oxygena

Quinone CCl4 C6H6 CH3CN

BQ 0.7 0.1 (0.02)b 0.4
Me BQ 0.4 0.8 0.5
B
T
B )
Table 3). For Br2TQΦ� is also low in air-saturated solutio
ut significantly larger under oxygen. This strong depend
f Φ� on the oxygen concentration is a consequence o
hort triplet lifetime. The values ofτT = 80, 70 and 30 n
or Br2TQ in argon-, air- and oxygen-saturated acetoni
orrespond to a rate constant for quenching by oxyge
3

uBQ <0.02 <0.02 <0.02
Q 0.02 0.03 (0.01) <0.02
r2TQ 0.2 (0.04) 0.2c (0.02) 0.3 (0.03
a Using oxygen-saturated solution,λexc= 308 nm.
b Values in parentheses: air-saturated solution.
c In CH2Cl2 Φ� = 0.1.
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Fig. 6. Temperature dependences of the rate constants for triplet decay of
TQ (circles) and Br2TQ (triangles) in ethanol; insets for Br2TQ in ethanol
at−180◦C: (a) T–T absorption spectrum at (©) 1�s and (�) 30�s and (b)
kinetics at 460 nm.

In contrast, the curve versus 1/T for TQ is steep and no triplet
could be detected above−155◦C.

3.3. Continuous irradiation

Irradiation of Br2TQ in acetonitrile leads to isosbestic
points at 260 and 300 nm, with an absorption decrease
between and an increase below and around 360 nm (Fig. 7a).
The changes in other solvents, e.g.tert-butanol or 2-propanol,
are similar. The quantum yieldΦd is substantial for Br2TQ in
the absence of an electron donor and even in oxygen-saturated
acetonitrile ortert-butanol, in contrast to Me2BQ (Table 4)
and other quinones. Photodecomposition of Br2TQ (retention
time:tr = 21 min) was measured by HPLC, where several pho-
toproducts were observed depending on the medium and the
degree of substrate decomposition. In acetonitrile the major

F n
a nm;
( r
p

Table 4
Quantum yieldΦd of decomposition of quinonesa

Quinone Gas CH3CN tert-BuOH 2-Propanol H2Ob

Me2BQ Ar 0.06 0.08 0.8 0.8
O2 <0.02 <0.02 0.4 0.7

BuBQ Ar 0.5 0.5 0.6 0.7
O2 0.5 0.5 0.7

TQ Ar 0.6 0.6 0.8 0.8
O2 0.5 0.5 0.6 0.7

Br2TQ Ar 0.5 0.5 0.6 0.7
O2 0.5 0.6

a In Ar- or oxygen-saturated solution usingλirr = 254 nm and HPLC.
b pH 6–7.

peak (P1) at low conversion was registered attr = 14 min,
whereas further irradiation converts P1 into P2, tr = 17 min.
This conversion of the first into the secondary product is
shown inFig. 7c. In contrast, the major initial photoprod-
uct in tert-butanol, 2-propanol, methanol, ethanol or in a
mixture of one of these alcohols with acetonitrile is the
same: P3, tr = 19.2 min. Prolonged photolysis of these sam-
ples yields essentially P1 and P2 as secondary products. The
major peak P3 in alcohols is attributed to the 3-allyl-6-methyl-
1,4-hydrobenzoquinone, in accordance with the literature of
the product of Br2TQ in ethanol[32]. The two major peaks
in mixtures of TFE or acetic acid with acetonitrile are P4
with tr = 12.7 min and P1. Finally, the major product peaks
in the presence of DABCO are P5 with tr = 8 min and P4.
The band of BuBQ in acetonitrile or other solvents is shifted
to shorter wavelengths (Fig. 7b) and the photoconversion is
likewise rather efficient (Fig. 7c), but HPLC analysis of the
products was not very successful. Comparably large values of
Φd = 0.5 were also found for TQ and BuBQ in either argon-
or oxygen-saturated acetonitrile (Table 4).

4. Discussion

4.1. Photoreactions of quinones

llus-
t
i with
o igh
y
B es
i atom
a (5)
i ps
b -
g the
r n-
t ors at
a
E on.
ig. 7. Absorption spectra (a) of Br2TQ in acetonitrile and (b) of BuBQ i
queous solution prior to (full) and after (broken, 10 s) irradiation at 254
c) concentration vs. time in acetonitrile of Br2TQ (©), two respective majo
roducts (P1: �) and P2: �) and BuBQ (�).
The intermolecular photoreactions of quinones are i
rated inScheme 2. The triplet state, formed from1*Q by
ntersystem crossing (1), decays via (2) or by reaction
xygen (3), thereby yielding singlet molecular oxygen in h
ield, e.g. in acetonitrile, as literature values areΦ� = 0.4 for
Q and 0.9 for Me4BQ[8,9]. The photoreduction of quinon

n the presence of H-atom donating alcohols leads via H-
bstraction (4) to the semiquinone radical and finally via

nto hydroquinones QH2 [1–4,14]. The photoreduction ste
y N,N-dialkylamines, TEA or DABCO (DH2), are analo
ous, apart from electron transfer and involvement of
adical anion Q•− step (5′) [15–18]. Φd is therefore substa
ial in argon-saturated acetonitrile in the presence of don
ppropriate concentration, but low in their absence[19–22].
quilibrium (6) is not established in non-aqueous soluti
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Scheme 2.

The photochemical properties of quinones with a side
chain are generally complex[39,43]and they are not directly
analogous to BQ or Me2BQ. A photoinduced zwitterion-
diradical has been observed in the case of Vitamin K1 in
acetonitrile; it has a lifetime of up to 10�s and the decay
is quenched by oxygen[19,36]. Alanine-BQ conjugates
were reported to yield a biradical-zwitterion by intramolec-
ular H-atom transfer[39]. A biradical-zwitterion has been
proposed as intermediate for vinyl-1,4-benzoquinones[40].
For various suitable ketones photoinduced intramolecu-
lar H-atom transfer has been intensively studied[41]. o-
Alkylarylketones, e.g.o-methylacetophenone, are known to
form photoenols[42,43].

For TQ the initial transient within the 20 ns pulse is
assigned to Tz, a zwitterionic species, and the lifetime of3*Q
is too short to be registered[33]. A spirocyclopropyl inter-
mediate and four photoproducts have been reported for TQ in
methanol[29]. The side chain in BuBQ can act as intramolec-
ular H-atom donor[27–29]. Based on product analysis of
1,4-benzoquinones withtert-butyl or isopropyl groups, Ia, Ib
and zwitterion Ic (Scheme 1) were postulated[28,32]. The
lack of any transient absorption for BuBQ in acetonitrile is in
agreement with the postulation of efficient intramolecular H-
atom transfer from thetert-butyl group in 5 position[28,29].
The weak semiquinone radical, registered in 2-propanol at
higher intensity (not shown) may be due to secondary pho-
t

4.2. Photoreactions of Br2TQ

The triplet state of Br2TQ could be expected to be short
lived in fluid solution. In fact, only in glassy media at low tem-
peratures is the initial transient of TQ, which was attributed
to the triplet state[33], observable by our means (Fig. 6).
However, the triplet lifetime of Br2TQ in solution at room
temperature is much longer than that of TQ. The initial tran-
sient of Br2TQ (Figs. 1–5) is now assigned to3*Q since
it is formed during the excitation pulse and the quantum
yield of formation of singlet molecular oxygen, which can be
considered as minimum forΦisc, is Φ� = 0.2–0.3 (Table 3).
Apparently, the two heavy bromine atoms in 3 and 6 posi-
tions are favourable to enhanceΦisc drastically. The triplet
state of Br2TQ in solvents of low polarity (Fig. 2a and b)
is proposed to be non-reactive, i.e. intersystem crossing suc-
cessfully competes with step (7),Scheme 3.

In MTHF and more polar solvents, however, the triplet
state of Br2TQ is reactive and transient Tz, formed via
sequence (1) and (7)–(9), is assigned to the above mentioned
zwitterion. For Br2TQ in ethanol a zwitterionic intermediate
had already been assumed[27]. Br2TQ and TQ are compara-
ble in the respects that Tz is an intermediate and no radicals
(with a detectable lifetime) are involved. On the other hand,
the effects of solvent polarity onλz andτz are smaller for
Br2TQ (Table 2) than for TQ[33]. The low conversion of
T

heme

heme
olysis.

Sc

Sc
z in acetonitrile into the permanent UV absorption (Fig. 1a)

3.

4.
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Scheme 5.

is proposed to be due to reaction (10), yielding a vinyl-type
hydroquinone as P1 (Scheme 3). P2, observed upon prolonged
irradiation (Fig. 7c), reaction (11), is tentatively attributed to
a hydroxycoumaran[28,29,40].

The observed conversion of Tz in TFE into the perma-
nent 360 nm absorption (Fig. 3b) could be due to an addition
reaction (12), yielding a modified hydroquinone (Scheme 4).
Such a reaction with several alcohols (ROH) into several
products containing the RO group has indeed been found
for TQ [33]. For Br2TQ, however, reaction (12) is not sup-
ported, as the HPLC product pattern is the same in either
TFE, tert-butanol, 2-propanol, ethanol or methanol.

In contrast to TQ[33], no radical with absorption maxima
at 320 and 410 nm was observed for Br2TQ in 2-propanol
(Fig. 4). Apparently, the major reaction in the absence of an
electron donor does not yield free radicals with a detectable
lifetime. Generally, a catalyzed pathway (7)–(9) and (13)
from 3*Q via Tz into hydroquinones and secondary photoly-
sis (14) are proposed in polar media, whereas in solvents of
low polarity the triplet decays predominantly without product
formation.

The photoreduction mechanism of Br2TQ in acetonitrile
in the presence of a donor is totally different from that of
intermolecular H-atom abstraction, as shown inScheme 2
for BQs. H-atom transfer (15) or electron transfer from DH2
to the triplet state of Br2TQ to yield 2,5-dibromo-3-methyl-6-
i e
( nge
(
v
b are
t -
r

and
t s in
a -
s hout
s orted
b e
e l
( on
Φ tom

transfer with TQ and Br2TQ are complex and not yet fully
understood.

5. Conclusion

The deactivation pathways of BQs with and without a�-
H-atom in the side chain are strikingly different. For the three
BQs under examination, the isopropyl ortert-butyl groups in
5 position act as an intramolecular H-atom donor. The short-
lived triplet state of Br2TQ is characterized, while that of
TQ and BuBQ escapes observation. The second transient of
Br2TQ in solution at room temperature is assigned to a zwit-
terion, formed after intramolecular H-atom transfer. Decay
of the zwitterion into modified hydroquinones of Br2TQ, not
involving free radicals, is proposed. In the presence of TEA or
DABCO conversion of the zwitterion into radicals and their
termination takes place. The transient properties of Br2TQ
differ strongly from those of either Me2BQ (intermolecular
transfer steps) or TQ (lack of triplet state).
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[36] M.-A. Hangarter, A. Ḧormann, Y. Kamdzhilov, J. Wirz, Photochem.

Photobiol. Sci. 2 (2003) 524.
[37] G.J. Fisher, H.E. Johns, Pyridine photohydrates, in: S.Y. Wang (Ed.),

Photochemistry and Photobiology of Nucleic Acids, Academic Press,
New York, 1976, pp. 169–224.

[38] F Wilkinson, W.P. Helman, A.B. Ross, J. Phys. Chem. Ref. Data 22
(1993) 113.

[39] G. Jones II, X. Qian, J. Phys. Chem. A 102 (1998) 2555.
[40] H. Iwamoto, A. Takuwa, K. Hamada, R. Fujiwara, J. Chem. Soc.,

Perkin Trans. 1 (1999) 575.
[41] L.J. Johnston, J.C. Scaiano, Chem. Rev. 89 (1989) 521.
[42] R. Haag, J. Wirz, P.J. Wagner, Helv. Chim. Acta 60 (1977) 2595.
[43] P.K. Das, M.V. Encinas, R.D. Small Jr., J.C. Scaiano, J. Am. Chem.

Soc. 101 (1979) 6965.


	Photoreactions of 2,5-dibromo-3-methyl-6-isopropyl-1,4-benzoquinone
	Introduction
	Experimental details
	Results
	Transient absorption at room temperature
	Effects of oxygen and temperature on the triplet state
	Continuous irradiation

	Discussion
	Photoreactions of quinones
	Photoreactions of Br2TQ

	Conclusion
	Acknowledgments
	References


