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Abstract

The photochemistry of the title compound (thymoquinone: TQ) in solution was studied by time-resolved UV-Vis spectroscopy and 20 ns
laser pulses at 248 nm. The results are compared with those of 2,5-dimethyl-1,4-benzoquind@®@)(Mae triplet state of MeBQ reacts
with amines, such as triethylamine (TEA) or 1,4-diazabicyclo[2.2.2]octane (DABCO) via electron transfer and with 2-propanol via H-atom
transfer. The semiquinone radical of pBX) is formed as the main intermediate and the second-order decay leads to the hydroquinone.
The quantum yield of photodecompositiab, Air = 254 nm) of MeBQ is low in acetonitrile, but substantial in the presence of donors,
where also the semiquinone radical is large. In contragls substantial for TQ in neat acetonitrile even in the presence of oxygen. No
triplet state was detected for TQ in any solvent at room temperature and the first trafgiénaésigned to a zwitterion, formed after an
intramolecular H-atom transfer from the side chain. The lifetim&,dh acetonitrile ortert-butanol is ca. us and the decay is enhanced
by water, acetic acid or 2,2,2-trifluoroethanol. Conversion of the zwitterion into hydroquinones, not involving free radicals, is proposed. In
the presence of other alcohols or amines, however, conversibniatio radicals and their termination takes place. The effects of solvent
polarity and other specific properties of intramolecular H-atom transfer with TQ are discussed.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction 1,4-benzoquinone (thymoquinone: TQ). The isopropyl
group in the five position can act as an intramolecular
Quinones are cofactors in photosynthetic reaction cen- H-atom donor[27-30] The triplet state of TQ and the
ters of photosystem | and Il and act as electron carriers dibromo derivative, 2,5-dibromo-3-methyl-6-isopropyl-1,4-
through the cell membrangl,2]. The photochemistry  benzoquinone, is therefore expected to be short lived. Such
of 1,4-benzoquinone (BQ) and derivatives, such as 1,4-a case without triplet reactivity is known for Vitamin;K
naphthoquinone, and 9,10-anthraquinone, is the subject of[19,26] A spirocyclopropyl intermediate has been pro-
various investigationg3—19]. Quinones in the presence posed and four photoproducts have been identified for TQ
of alcohols are photoreduced by intermolecular H-atom in methanol[29]. For 2,5-dibromo-3-methyl-6-isopropyl-
transfer leading to the semiquinone radical and eventu- 1,4-benzoquinone in ethanol 2,5-dibromo-3-allyl-6-methyl-
ally into hydroquinones (Qb. The photoreduction by  1,4-hydrobenzoquinone as major photoproduct has been
amines, such a®\,N-dialkylamines, triethylamine (TEA) reported[32].
or 1,4-diazabicyclo[2.2.2]octane (DABCO), involves the  Photoinduced intramolecular H-atom transfer has
semiquinone radical anidi0,15-19] These processes can also been considered for tért-butyl-1,4-benzoquinone
be efficient since the quantum yield of intersystem crossing [29]. Alanine-BQ conjugates were reported to yield a

(Pisc) of several quinones is close to unity]. The prop- biradical-zwitterion by intramolecular H-atom transf&3].
erties of the semiquinone radical (®@°~) have been A biradical-zwitterion has been proposed as the interme-
documented by radiation chemisfi8,20-23] diate for vinylbenzo-1,4-benzoquinon§34]. For various

In contrast to quinones without a side chain, photoin- suitable ketones photoinduced intramolecular H-atom trans-
duced intramolecular H-atom transfer is possible for phyl- fer has been studied intensivel$5]. o-Alkylarylketones,
loquinones, e.g. Vitamin K[24—26] and other appropriate  €.g.0-methylacetophenone, are known to form photoenols
quinones[27-32] in particular for 2-methyl-5-isopropyl-  [36,37] Related photoenolization reactions have been

reported for 5-methyl-1,4-naphthoquinof@d—40] or 1-
* Tel.: +49-208-306-3593; faxi49-208-306-3951. methyl-9,10-anthraquinone, whereby the latter photoprod-
E-mail address: goerner@mpi-muelheim.mpg.de (H. Gorner). uct is 9-hydroxy-1,10-anthraquinone-1-meth[dé,42]
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Here, the intramolecular H-atom transfer in TQ as well as Table 1
the intermolecular H-atom abstraction reactions with suit- Absorption maxima and lifetime of the transients of 2Be”

able electron donors, such as TEA and alcohol, were studiedsolvent AP (nm) 1€ (us) Arad® (NM)
by time-resolved UV-Vis speptroscopy in squtu_)_n atroom 285 450 4 (L6) 320, 410
temperature. The quantum yields of decomposn.ma)(at MeCN + 2-propanol (0.1M) 285, 450 0.3 320, 410
Airr = 254 nm were measured and compared with those of MeCN + water (28 M) 285,450 0.9 -
2,5-dimethyl-1,4-benzoquinone (WBQ) as an example of  tert-Butanol 285,450 1.5 (1.1 320, 410 f
a BQ without a substituent fop-H-atom transfer in the  2-Propanol - <0.01 320, 4101]
FE 285,450 3 320, 410

side chain. The properties of a zwitterion as first observable T
transient of TQ are outlined and the different results with @ Argon-saturated andlexc = 248 nm.

Me,BQ discussed. bMajor peaks are in italics.
CAt low intensity andAggg = 1-2.
dIn parentheses: rate constant for quenching by oxydes,
. ) (x1°M~1s7),
2. Experimental details e\Weak signal.

 Half-life ti/» (ms).

The compounds and solvents (Merck, Sigma, Fluka) were
used as received or purified by distillation: TEA. 2,2,2- andquenched by oxygen (3]3,4]:
Trifluoroethanol (TFE) and the other solvents (Merck, Uva- _ 5y 4,
sol quality where available) were checked for impurities and Q=>"Q (1)
purified water was taken from a Milli-Q system. The ab- 3
sorption spectra were monitored on a UV-Vis spectropho- Q—-"Q @)
tometer (HP, 8453). For ph_otoconversion the 254 nm line of ¥Q 40, > Q+ 0y 3)
a Hg lamp was used. Typically, absorbances of 1-2 were
used foriyr = 254 nm, corresponding to concentrations Triplet quenching of BQs by 2-propanol (QHoccurs via
of 0.1-0.3mM. For HPLC analyses a 125 mm4.6 mm reaction (4a), leading to the semiquinone radical and even-
Inertsil ODS-3 um column was used and MeOH-water tually to QH, according to (5)Y3,12]. Reaction of the DH
1:2 or 2:1 as eluents; purity of TQ: 99.6%. The quantum radical with Q can yield anothéQH radical in competition
yield of decomposition¢4) was determined from the ab- to radical terminatior§6,7]. Triplet quenching by an amine
sorption versus irradiation time using the uridine/water/air leads via (4b) to the semiquinone radical anion:

actinometef43]. An excimer laser (Lambda Physik, EMG 3« e e

200, pulse width of 20ns and energyl00 mJ) was used Q-+ DHz = HQ" +*DH (4a)
for excitation at 248 nm, for a few experiments at 308 nm, 3*Q + DH, — Q°*~ + DHy** (4b)
another excimer laser (EMG 200) was applied. The absorp-

tion signals were measured with two digitizers (Tektronix 2HQ" — Q+QH, ()
7912AD and 390AD). Relative yields in argon-saturated HQ® — Q*~ +H™* (6)

acetonitrile were obtained using optically matched solutions,
Lexc = 248 nm, absorbances of 0.20 mand benzophe-  The maxima akag = 320 and 420 nm for @ of Me2BQ
none as reference. Absorbances of 0.4-0.6were used  are known from pulse radiolysif22,23] Electron back
for the other measurements, corresponding to concentra-transfer accounts for the rather short half-life of the second-
tions of 0.2-0.3mM, based on the molar absorption co- order decay of the DABCO derived*Q radical within
efficient of eoag = 2 x 10*M~1em™1 for TQ. The sam- 0.1ms. For TEA in acetonitrile the-aminoethyl radical
ples were freshly dissolved and all measurements refer toreacts with Q to a second semiquinone radical and eventu-
24+ 2°C and deoxygenated solution, unless otherwise in- ally into QH,. Addition of water (1:1, v/v) does not change
dicated. the transient absorption spectiféid. 1a), butzt becomes
shorter. Photoinduced electron transfer in acetonitrile as
a relatively “inert” solvent takes place in the presence of

3. Results either alcohols or amines, such as TEA or DABCO. An
example is shown iifrig. 1b with 2-propanol. Equilibrium
3.1. Photoreduction of MexBQ (6) is not established in dry acetonitril&8].

The triplet state with maxima dtr = 285 and 450nm  3.2. Continuous irradiation
and a lifetime oftr = 4us (Table ) is the major primary
species of MgBQ in argon-saturated acetonitrile after the Irradiation at 254 nm of MgBQ in relatively low con-
248 nm pulse. The rate constant for triplet quenching by centration (0.1 mM) in argon-saturated acetonitrile leads to
oxygen isks = 1.6 x 10°M~1s~1, The®Q state is formed  isosbestic points at 230 and 270 nm, absorption increase is
via a short-lived singlet state accordingEgs. (1) and (2) observed below and above and a decrease between these
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Fig. 1. Transient absorption spectra of & in argon-saturated (a)
acetonitrile—water (1:1, v/v) and (b) in acetonitrile in the presence of
2-propanol (1 M) at 20ns@), 1ps (A), 10ps ), 0.1 ms @) and 1 ms

(A) after the 248 nm pulse; insets: decay at 450 nm (upper) and formation
and decay at 320 nm (lower).

wavelengths. The quantum yield of decompositi@by)

of Me2BQ is low in argon-saturated acetonitrile, but large
in the presence of either 2-propanol (0.01-16 M) or TEA
(0.05-1 mM) Table 2. Generally,®q4 increases with in-
creasing donor concentration the maximum changedn
for quinones in acetonitrile—propanol mixtures is several or-
ders of magnitud¢12]. The major effect is the conversion
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Fig. 2. Absorption spectra of TQ prior to (solid line) and after irradiation
(broken line: 3, 10 and 30s) in (a) neat aqueous solutiontefbjutanol,
(c) 2-propanol and (d) acetonitrile.

to Me;BQ where prolonged irradiation does not lead to
secondary photolysis in significant amount.

3.3. Transient absorption with TQ

The transient absorption spectrum of TQ in acetonitrile
after the 248 nm pulse has a major maximum at 295 nm and

of Me;BQ into the corresponding hydroquinone as mea- another weaker at 550 nriig. 3a). The species at the end
sured by HPLC, where one major photoproduct absorbing of the pulse T3) is not the triplet state, in contrast to other
above 220 nm was observed. In oxygen-saturated acetoni-BQs without side chain, since no quenching by oxygen was
trile or tert-butanol @y is even lower Table 9 because of  found, the rate constant for quenchingBf by oxygen is
triplet quenching by oxygen via (3). belowkox = 1x 10" M~1s71. The long-wavelength absorp-
Irradiation of TQ in acetonitrile leads to isosbestic points tion maximum §;) shows a blue-shifting trend on increas-
at 225 and 275nm, an absorption decrease between thesi#g the solvent polarity. The normalized Dimroth parame-
wavelengths and an increase below 225nm and aroundter E$‘ was used as a measure of the solvent polg4ity.
360nm Fig. 2d). The increase above 270nm is different The shift ini, ranges from 550 nm in acetonitrile or 520 nm
in agueous solutiortert-butanol, 2-propanol or acetonitrile  in tert-butanol with E¥ = 39-46 Fig. ) to 440nm in
(Fig. 2a—d), indicating different products. UV irradiation TFE with E} = 90 (Fig. ). Further transient spectra are
at lower conversion in the presence of either 2-propanol or
TEA leads also to efficient substrate decomposition and an
absorption increase at 300-380 nm. The quantum yigld
is substantial for TQ in the absence of an electron donor
and even in oxygen-saturated acetonitriléent-butanol, in
contrast to MeBQ (Table 2 and other quinones without

side chain[12]. Photolysis of the initial products of TQ
occurs already at a low conversion of ca. 10%, in contrast
Table 2
Quantum yieldsdy of decomposition of quinonds
Solvent MeBQ/Ar Me2BQ/O, TQ/Ar TQ/O,
Acetonitrile 0.06 <0.02 0.6 0.5
MeCN + TEA® 0.4 0.01 0.5 -
e
tert-Butanol 0.08 <0.02 0.6 0.5 05 200 “m*" 0 50
2-Propanol 0.8 0.4 0.8 0.6
Water 0.8 0.7 0.8 0.7

Fig. 3. Transient absorption spectra of TQ in argon-saturated (a) acetoni-
trile, (b) tert-butanol and (c) TFE at 20n&X), 1ps (A), 10ps (J) and

1ms (A) after the 248 nm pulse; insets: decay at 480-520 nm (upper)
and formation at 360 nm (lower).

2|n argon- or oxygen-saturated solution usidge = 254nm and
HPLC.
bTEA = 1mM.
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Fig. 6. Transient absorption spectra of TQ in (a) air-saturated acetoni-
trile/2-propanol (1:1) and (b) argon-saturated 2-propanol at 2@»s (
1us (A), 10us ), 0.1ms @) and 1 ms A) after the 248 nm pulse;
insets: decay at 550 nm (upper) and formation at 360 nm (lower).

Fig. 4. Transient absorption spectra of TQ in argon-saturated (a)
TFE-water (1:1), (b) acetonitrile—water (1:1) and (c) acetonitrile plus

acetic acid (1 M) at 20ns®), 1us (A), 10ps (J), 0.1 ms @) and 1 ms

(A) after the 248 nm pulse; insets: (a, b) decay at 480-520 nm (upper)
and formation at 360 nm (lower).

Ap = 360 nm but a stronger absorbance. The decay kinetics
of T, and grow-in kinetics of the product coincide. The decay
kinetics of T, in most cases and at low enough intensity
follow a first-order law which, however becomes shorter
L ) ) ; at higher intensity. The limiting lifetime in argon-saturated
anq '_n 1'1_ mixtures of water with TFEF(g. 4a) and ace- acetonitrile is 3us. Thed,, A, andz, values in the solvents
tonitrile (Fig. 4b). The rate constant for decay ©f (1/t) examined are compiled ifable 3

shows a linear dependence on (acetic acid conclentlration) The transient absorption spectra of TQ in argon-saturated
and the quenching rate constantis= 4 x 1°M~'s acetonitrile in the presence of 2-propariig, 6b), DABCO
(Fig. 5. The photoconversion into modified hydroquinone(s) (Fig. 7a) or TEA (Fig. 7b) reveal close similaritiesT, is

is also efficient in aqueous solution at pH 7, but the de- quenched by the aminesig. 5. The rate constant for
pendence of ¥, versus [HO] is not linear but upward quenching ofT, by DABCO and TEA iskq = 4 x 10°

curved. _ N and 5x 108M~1s1, respectivelyT, reacts into a longer
The product of yield and coefficienBessg, for T, of TQ lived species Trad) With Arad = 320 and 420 nmT;aq can

in negt acetonitrileis§10°M~1cm1, i.e. similar to that.of be quenched by oxygen and should be assigned to a radical
the triplet state of benzophenone at 520 nm as refer@pee. (see below). Second-order decay of this radical results in

converted into a weak permanent absorption at 300-400 NMgy, 16 hroducts with an absorption increase at 360 nm. In the

mhgchetﬁnltrlle, du_e to a stable species;(, sele b(lalow) presence of oxyger,; is converted into the stable product
which has a maximumip) at 360 nm. In several solvents, | w0 it the intermediacy Ofraq (Fig. 6a).

e.g. tert-butanol or TFE Fig. 3 and c),T; is converted
into the stable species which has almost the same maximum

shown in acetonitrile in the presence of acetic a€iigy(4c)

4 [HOI/M ¢

T

|

[Quencher] 4 /mM 6 Fig. 7. Transient absorption spectra of TQ in argon-saturated acetonitrile
and (@) DABCO (1mM) and (b) TEA (LmM) at 20N, 1ps (A),

Fig. 5. Plots of 1#, vs. (additive) for DABCO (), TEA (O), acetic 10ps (), 0.1 ms @) and 1 ms A) after the 248 nm pulse; insets: decay

acid (A) and HO (@). at 550nm (upper) and formation at 360 nm (lower).
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Table 3

Absorption maxima and lifetime of the primary and secondary transients 8f TQ

Solvent EY Az° (nm) 7% (us) Arad (NM) t1/2 (Ms) Apd (nm)
tert-Butanol 39 295520 2-3 - 370
DMF® 40 540 0.5 410 0.08 350
Butyronitrile® <300, 540 1.2 - 360
Acetonitrile 46 295550 2 - 360
MeCN + DABCO (1 mM) 295 530 0.5 320410 0.06 360
MeCN + TEA (5mM) 295 530 0.2 320420 0.3 360
MeCN + Acetic acid (0.01 M) 550 0.1 - 370
MeCN + Water (4 MJ 480 0.2 - 360
2-Propanol 54 490 3-4 _ 32010 0.2 370
Ethanol 65 295480 2-3 320410 0.2 370
Methylformamidé 72 <300, 500 1 - 360
Methanol 76 480 2 320410 0.2 370
Formamide 80 520 0.5 <340, 400 0.2 370
TFE 90 <320, 440 0.8 - 370
TFE + Water (28 M) 410 0.2 - 370

2 Argon-saturated anélexc = 248 nm.
b Major peak underlined.

CAt low intensity andAz4g = 1-3.
dFinal product.

€ dexc = 308 nm.

f See text.

3.4. Effects of temperature state. The triplet lifetime is largest in glassy ethanol and
the temperature dependence shows a strong decrease of

To test for the lowest triplet state also in the case of TQ, 1 and the triplet yield when the medium becomes fluid

phosphorescence was measured-296°C. The phospho-  (Fig. 8).

rescence lifetime in ethanol is 0.5 ms for pB€) and 0.4 ms

for TQ. Literature values of the, T triplet state of quinones

are 0.3-1ms, e.g. for 2-methyl-1,4-naphthoquinone or Vi- 4. Discussion

tamin K; [13,14] While the triplet lifetimes of MeBQ

and TQ in frozen media are similar and despite the effi- 4.1. Phototransformation of BQs

cient intersystem crossing for both quinones, this is not so

in fluid solution at room temperature (see below). The tran-  Reactions of the triplet state of MBQ with oxygen

sient absorption spectrum of TQ in ethanol-at80°C is (3) and either an H-atom donating alcohol (4&)g( 1b)

shown Fig. 8, inset). The observed species, because of the©f an amine (4b) are competing steps. The overall pho-

phosphorescence, has to be assigned to the lowest triplefoconversion of quinones without @H-atom in the side
chain in acetonitrile in presence of TEA leads vi@* to

the semiquinone radical anion and finally into QJ3,6,7].

25 -100 150 Temperature/°C 196 The properties of the semiquinone radical of 2-methyl-

' substituted BQs in aqueous solution by pulse radiolysis
have been reportef@0-23] Equilibrium (9) betweertQH
and Q~ in neat acetonitrile is not established, as it has
been shown for the better spectroscopically resolved case
of AQ [18]. With propanol, QH and acetone result from
termination of the semiquinone radical, as is known for
various BQs[6,7]. Therefore,®y4 is low in the absence
of donors and substantial in argon-saturated acetonitrile
only in the presence of donors at appropriate concen-
tration (Table 2. Photoinduced charge separation after
electron transfer from amines &Q* and the subsequent
charge recombination or neutralization are supported by
I_:ig. 8. Temper_ature depeqdence of the rate constant for dec_ay (bquentransiem conductivity measuremeri®,12]. The absorp-
line) and_ transient a_bsorptlon a_t 460 nm (solid I|ne_3) for TQ (circles) in tion spectra of MgBQ in aqueous acetonitrile solution
ethanol; inset: transient absorption spectra of TQ in ethanel180°C o ) ’ .
at 20ns ), 0.1ms @) and 1 ms A) after the 248nm pulse; insets:  Show the semiquinone radical concomitant to triplet decay
decay at 460 nm. (Fig. 1a).




220

OH CH, H,
c

OH
(6]

CH, R
3% —_— R — CH
Q + 3
H,C H,C
(0]
(1) (Iy)

H. Gorner / Journal of Photochemistry and Photobiology A: Chemistry 165 (2004) 215222

+
OH RC—CH,
CH
— ? —_> products
H,C
5-
(Ic)

Scheme 1.

4.2. Intramolecular photoreactions of TQ

The photoreactions of BQs with and withoupaH-atom

only accessible intermediate of TQ is in agreement with the
substantiakby value in neat argon-saturated acetonitrile, in
contrast to other BQs without side chains. Interestingly, the

in the side chain are stikingly different. Based on product zwitterion—diradical in the case of VitaminKn acetonitrile

analysis of 1,4-benzohydroquinones witnt-butyl or iso-
propyl side chains, a zwitterion—diradicé});, a spirocyclo-
propyl intermediatel() and a zwitterion prior to formation
of stable products3cheme Yhave been postulat¢a8—30]

In fact, the initial transienfT, cannot be assigned to the
“normal” quinone triplet state which is efficiently quenched
by oxygen, in contradiction to the observation fbr for
TQ. The long-wavelength absorption maximup of the
spectrum ofT; is sensitive to solvent polarity, in contrast
to the 3Q* state of BQs. On increasing the solvent polarity
Az shifted from 550 nm in acetonitrile to 480 nm in alcohols
and further to 410 nm in mixtures of TFE and wat&alfle 3
andFigs. 3 and % T, cannot be the semiquinone radical, ex-

hibiting maxima at 320 and 410 nm, based on pulse radiol-

ysis of TQ in aqueous solutid23]. The solvent-dependent
shift of thei; values is also not compatible with a non-ionic
nature ofT,.

has a lifetime of up to 1fis and is quenched by oxygen,
kox = 0.5 x 10°M~1s71[19,26]

The results with TQ inert-butanol and the fluoroalcohol
are rather similarfable 3. TFE as a weakly nucleophilic
polar solvents, stabilizes ions and favors H-bonds to oxygen
[45,46] The observed conversion ® in TFE into the per-
manent 360 nm absorption is proposed to be due to an addi-
tion reaction (11), yielding a modified hydroquinone ()
(Scheme 2 The rate constant for conversion &f into
H»>Qc is similar in TFE andert-butanol. This mechanism is
supported by the finding that oxygen does not markedly de-
creasedy, e.g. intert-butanol Table 9. One major effect is
a prolongation ot for low concentration of water and then
a shortening which brings; to a value lower than 30 ns for
20 M water. This latter dependence ot AdVersus [BO] is
not linear but upward curved-{g. 5. The water addition
may yield a BQc-type hydroquinone. So far, no radicals

It is suggested for TQ in solution at room temperature that with a lifetime longer than a few nanosecond are involved.

either disc is negligible or the lifetime ofQ* is too short to
be registered by nanosecond time resolutignis therefore

Interestingly, T, is quenched by amines$ig. 8 and b)
and 2-propanol Kig. 7a), therebyT; is converted into a

assigned to a zwitterionic species. It is, however, difficult to longer lived radical speci€kag which subsequently decays

distinguish between that zwitterion, which is formed via the
spirocyclopropyllp, or that zwitterion which is related to
the precursot,. The lifetimes ofi; andl, of TQ are proba-

by second-order kinetics into stable products Withux =
360 nm. The rate constant for quenchingdlefis largest for
DABCO, kq = 4x 10° M~1s~1, and much smaller for TEA.

bly too short to be registered by nanosecond time resolution The spectrum of o4 resembles that of the semiquinone rad-
andT; is assigned to the second zwitterionic species, reac-ical of TQ in water[23]. Traq is assigned to the semiquinone
tions (7)—(9). In acetonitrile the photoreaction should lead radical, formed by electron transfer from amines (12a) and

to the vinyl-hydroquinone derivative 40,, reactions (10a)
and (10b), and possibly 4@y, (Scheme 2 The occurrence

H-atom transfer from alcohols (12b) and a (non-detectable)
vinyl-type radical precursor §cheme B The termina-

of intramolecular H-atom abstraction and the zwitterion as tion should yield a side chain modified TQ {Qand its

7 ®
|EQ* =1,

OH HE—
CH,
OH ¢
RO
OH
OH
(HQ,) OH

Scheme 2.
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+DH, Q Hz?_ (13a)
DH +° CH, 2 x
Badllv} +
OH / +2H OH H,c— 0 He—
(123) o- \ CH, CH,
+ +
& (12b) 1 ™
o +DH, CH, / OH o
-D’ (13b)
2 X
(T2) o (T (HQ) (Qq)
Scheme 3.

hydroquinone (HQg). In the presence of oxygen the

semiquinone radicals are quenched and the observed con-

version, e.g. for alcohold={g. 7b), is proposed to be due to
addition reaction (11) into products.

5. Conclusion

The photodeactivation pathways of 2,5-dialkyl-substituted
BQs with and without g3-H-atom in the side chain are
strikingly different. The triplet state of TQ escapes obser-
vation at room temperature. The isopropyl group in five
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