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Electron Transfer from Triethylamine to the Triplet State of Dinitronaphthalenes,
4,4-Dinitrobiphenyl and 2,7-Dinitrofluorenone: Time Resolved UV—Vis Spectroscopic and
Conductometric Study in Polar Solvents
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The photoreduction of 1,3-, 1,4-, 1,5-, 1,8-, and 2,3-dinitronaphthalene (DNN) as well asdivtrdbiphenyl

and 2,7-dinitrofluorenone by 1,4-diazabicyclo[2.2.2]octane (DABCOQ), triethylamine (TEA), and diethylamine
(DEA) in argon-saturated acetonitrile and mixtures with water was studied by spectroscopic and conductometric
means after nanosecond 354 nm pulses. The rate constant for quenching of the triplet state of the dinitroarenes
by TEAisky~ 1.6 x 10'°°M~1s1in acetonitrile and markedly smaller on an addition of water. The secondary
transients with maxima at 3850 nm in the presence of TEA or DEA at concentrations&fmM and of

DABCO are ascribed to radical anions of the dinitroarenes, formed via photoinduced electron transfer to the
triplet state. With TEA at higher concentrations, in addition a delayed radical formation, involving the
a-aminoethyl radical as precursor, was observed throughout. The radicals subsequently undergo a termina-
tion reaction yielding the corresponding nitroso compounds as major primary products; the process is
substantially slowed in the presence of wateb(M). For 1,4-DNN a longer lived intermediate is formed. It

is attributed to the dianion, which is also observable in alkaline 2-propanol. The two photoinduced reduction
reactions of the dinitroarenes by TEA and the subsequent radical disproportionation are supported by time-
resolved conductometric measurements. The conductivity signals have generally a much longer half-life than
the absorbing intermediates. The mechanism and the effects of substitution and concentrations of TEA, oxygen,
and water are discussed.

Introduction

. . . . NO, Noz. NO
The photoreduction of aromatic compounds by aliphatic _ .
amines has been intensively investigate¥. Considerable e +H +2H°
emphasis has been placed on the photoreduction of nitroaromati -OH-
R R

compoundsd!~2* The photochemistry of 1-methoxy-4-nitronaph-
thalene depends on the amine and the amount of water in R
acetonitrile'® A related topic is the photoreduction of nitronaph- NHOH

) . NH
thalenes in the presence of alcohBi&The major photoproduct 2
of 1,5-dinitronaphthalene (1,5-DNN) in alkaline methanol +2H*
water (95:5) is 1-amino-5-nitronaphthalefé=or the photoin- -OH

2
R R

duced electron transfer from triethylamine (TEA) and diethy-

lamine (DEA) to the triplet state d¥-phenyl-naphthalimides,

two reduction steps, a primary and a secondary electron transfer . ) )

have been reportéd Nitroaromatic compounds, especially (di)- c0Me important as photoreactiveaged probes since the
nitronaphthalenes, are potential candidates for studying thelfréversible photoredox reaction of the protecting group can be
delayed radical formation with TEA or DEA. In fact, a similar US€d 1o trigger the release of appropriate biochemical or
reaction mechanism has recently been reported for nitronaph-b'omg'C"le active substrates, e.g., in proteihalitrosobenzene

thalene€! From the electrochemistry it is known that transfer 1S @ postulated intermediate in this photoreaction. Nitronaph-
steps of H-atoms lead from the radical anion of a nitro thalenes could replace nitrobenzene derivatives. It seemed

compound via a nitroso to the amino compodhd. therefore desirable to get a deeper insight into the photoinduced

Most photochemical information is available for nitrobenzene, "€duction of nitroarenes. o
where, however, the reactive state is not well defined and the = L4-Dinitronaphthalene (1,4-DNN), several other dinitronaph-
overall quantum yield and reactivity are rather sréafe22  thalenes (1,3-, 1,5, 1,8-, and 2,3-DNN) as well as'-4,4
Nitronaphthalenes have been better characterized. They exhibidinitrobiphenyl (DNB) and 2,7-dinitrofluorenone (DNF) were
a sufficiently long triplet lifetime ¢7) and a high quantum yield ~ chosen for this work. Triplet quenching by TEA, DEA, and

of intersystem crossingd{sy), whereas the fluorescence is DPABCO in polar media yields the radical anion of the
negligible?1-23.26 Recently, nitrobenzene derivatives have be- dinitroarenes. The electron transfer and eventual consequences

of secondary reactions in the presence of the aliphatic amines

* Dedicated to Professor Karl E. Wieghardt on the occasion of his 60th Were studied by time-resolved UwWis spectroscopic and
birthday. conductometric measurements in neat and wet acetonitrile
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solutions. Thermal reactions (and secondary photolysis) may TABLE 1: T-T Absorption Maxima, Lifetime, and Relative
lead to further products. Triplet Yield, 2 Rate Constant for Quenching by Oxygen and
Quantum Yield of Singlet Oxygen

AP T7° Kox AATTAAT™ D8
O,N NO, O,N NO, compound (nm) (us) (x 1°M~1s™h
1,3-DNN 430550 7 1.1 08  0.6(0.65)

1,4-DNN 410550 10 1.2 0.9 0.6 (0.68)
1,4-DNN DNB 1,5-DNN 410540 10 1.2 0.6 0.4 (0.47)
1,8-DNN 400,540 8 1.2
0 2,3-DNN 470 0.08 <2 0.8
DNB 510 0.14 <2 0.8
O,N NO, DNF 510 10 0.8 1.0 0.6 (0.65)
. a|n argon-saturated acetonitrileMain band (italics) ¢ At low pulse
intensity.d Using air- and (in parentheses) oxygen-saturated solution.
DNF
1.0

Experimental Section

The nitroarenes (Merck, Aldrich, K&K) and 1,4-diazabicyclo-
[2.2.2]octane (DABCO) were used as supplied. 1,3- and 1,8- 4
DNN were recrystallized from methanol. The purity of all AA™
dinitroarenes was checked by GC and/or HPLC to>189%,
except for 1,8-DNN; since 1,5-DNN as impurity (20%) in 1,8-
DNN could not be separated, only a few data are presented.
TEA and DEA were purified by distillation. The solvents, e.g.,
acetonitrile (Merck Uvasol) or 2-propanol, were of the purest
spectroscopic quality. Water was from a Milli Q system. The
molar absorption coefficient at the maximumeig, = 6 x 103,
€308 = 6.6 x 10%, €310 = 7.0 x 10®, andeasr, = 2.6 x 10* 0.5
M~1cm1for 1,4-, 1,5-, 1,8-DNN, and DNF, respectively. The
absorbance of neat TEA has no effect on the excitation of the

compounds at 354 nm. The absorption spectra were monitored PRR LA A RPN N Sy
. sedee? | METIPIN %‘QQ .
on a diode array spectrophotometer (HP, 8453). 0
A Nd laser (J. K. Lasers, pulse width: 15 ns and energy: 400 500 A (nm) 600

<30 mJ) (unless otherwise indicated) was used for excitation gjg,re 1. Transient absorption spectra of (a) 1,4-DNN and (b) 1,5-
at 354 nm. In one case an excimer laser (Lambda Physik, EMG pNN in argon-saturated acetonitrile in the presence of DABCO (0.03
200, pulse width of 20 ns and energy100 mJ) withAexc = M) at <30 ns ©), 1 us (&), 50us (#), and 80us (@) after the pulse;
308 nm was used. The absorption signals were measured withinsets: decay kinetics at (a) 540 nm and (b) 480 nm.

two digitizers (Tektronix 7912AD and 390ADY® Typically, maxima {7) in the visible region. Formation of the triplet state
absorbances of 12 were used forlex corresponding t0  oo0rs within the pulse width, the decay is essentially first-
concentrations of 0:20.3 mM. The increase in absorbance of o qer (if the pulse intensity is low enough), and the lifetime in
the triplet state at the end of the pulse and of the absorption of argon-saturated acetonitrile is typically in thedrange. Only
the radicals at the maximum, detected at appropriate times, are,, » 3.pNN and DNB the lifetime is much smaller; = 80
almost linear with the incident laser intensity. The relative triplet 5,4 i40 ns, respectively. The observed triplet state is quenched
yield (AAT/AAT™®) was obtained with respe_ct_to D_NF. The fast by oxygen, the rate constant for quenchingds= (1—2) x
(0.05-10us) and slow (fus—10 s) conductivity signals were 109 \j~1 51 Some properties of the triplet state of mono- and
measured by DC and AC bridges as reported elsewiidise dinitronaphthalenes have been repof®#.The triplet energy
first half-life (t12) in both absorption and conductivity signals ranges fromEr = 190 kJ mot for DNF to 210 kJ mot? for
was found to depend strongly on the amount of oxygen and the 1 4'oNN and further to 240 kJ mol for DNB.1622 The
presented values refer to those after vigorous bubbling by argong,antym yield of triplet formation of the dinitroarenes is
(unless otherwise indicated). For photoconversion the 366 nm g hqtantial in solution at room temperatutes. = 0.6—0.8 for
line of a 200 W Hg lamp combined with an interference filter 1 3. 2nq 1 4-DNN. and in glassy media atl96 °C 1622
were used. The dinitroarene concentration was adjusted suchrpq quantu}n yield of singlet oxygen formatio® () as lower
that the absorbancen(ia 1 cmcell) was 3 at Air. The  jimit of @y, and further triplet state characteristics are com-
conversion was carried out after vigorous bubbling by argon njieq in Table 1.d; = 0.7 for DNB in methanol has been

prior to and during irradiation. For HPLC analyses a $28.6 concluded from results of photoreduction in the presence of
mm Inertsil ODS-3 5um column was used and MeOhivater MeO- .17

2:1 as eluent for all dinitroarenés.The quantum yield of Quenching of the Triplet State of Dinitroarenes by
decompositiongg) was determined using the aberchrome 540 KABcO. The T=-T absorption spectrum of 1,4-DNN in
actinomete?? The quantum yield of formation of singlet oxygen  5cetonitrile shows a broad band withr = 550 nm and levels
(®a) was determined as described previodSIAll measure-  oft a1 700 nm. The triplet state is formed concomitant to the
ments refer to 24t 2 °C. pulse with or without DABCO at low concentratior (.1 mM).

On addition of DABCO the initial spectrum remains unchanged
(see circles in Figure 1a), but the triplet lifetime is shorter. The
Triplet State Properties. The T-T absorption spectra of the first-order rate constank{,d, taken at ca. 600 nm, shows a
dinitroarenes show one or two broad bands with absorption linear dependence on the DABCO concentration. The rate

Results and Discussion



Electron Transfer from TEA to DNN, DNB, and DNF

TABLE 2: Maximum of the Radical Anion and Rate
Constants for Triplet Quenching of Dinitroarenes by
Electron Donors?

kg (10° M~1s79) kg (10P M~ts7h)e

compound A ("m) DABCO TEA DEA  2-propanol
1,3-DNN 420 16 14 (4) 0.3
1,4-DNN 545 18 15(4) 14 1
1,5-DNN 480 18 14 (3) 0.1
1,8-DNN 430 16 14 (4)

DNB 440 >15  >12

DNF 380,540 18 14(4) 15 3

2|n argon-saturated acetonitrileUsing [DABCO] = 1—30 mM.
¢In a mixture of acetonitrile, 2-propanol, @® M water at pH> 12.
dValues in parentheses refer to the presence of water (5 M).

TABLE 3: Properties of the Resulting Radicals Obtained
from Spectroscopy of Dinitroarene$

compound AnadP(nm)  Kag(x 108 M~1s71)° ty2 (Ms)
1,3-DNN 420 [550] 3(1y 1 (10y
1,4-DNN 540 [440] 4(1.5) 110 (0.1-0.2F
540

1,5-DNN 480 4(1) <0.5
1,8-DNN 430 [540] 5 (1)
2,3-DNN 400 6 <0.5

DNB 435 2 <0.3 (10)

DNF 390, 540 2 2%10)

a|n argon-saturated acetonitrile, using [TEA]2—30 mM. ® Maxi-
mum of the radical aniorf.See textd Values in brackets refer to a
subsequently formed transiefitvalues in parentheses refer to the
presence of water (5 Mj.For DEA.

SCHEME 1
ArNO,),
1@ _
FANO,), — = —» ONANO,® 4 o _(6) Y
M (7) +DH,
hv (15))T+DH2 {
Ar(NO,), BH + DH}

constant, i.e., slope of this plot,kg~1.8 x 10'°°M~1s™1 (Table
2). A transient with larger absorbance at the maximyg =
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Figure 2. Transient absorption spectra in the presence TEA of (a)
1,4-DNN ([TEA] = 0.2 mM) and (b) 1,5-DNN ([TEAJ= 2 mM) in
argon-saturated acetonitrile @80 ns ), 0.1us @), 1 us (&), and 1
ms @) after the pulse; insets: kinetics at 480 nm (left) and 560 nm

(right).

anion could be converted into,MAr*NO,H, the conjugate acid.
O,NArNO," + H,0 = O,NAr‘'NO,H + OH" (5)

For the (di)nitroarenes, however, this protonation has to be
excluded in acetonitrile and in mixtures with water (pH9).
From pulse radiolysis studies of nitrobenzene in aqueous
solution, the [, value of 3.2 is known for equilibrium &
Quenching of the Triplet State of Dinitroarenes by TEA
and DEA. In the presence of TEA at low concentration(
mM) the T-T absorption spectrum of 1,4-DNN in acetonitrile
is also unchanged (see circles in Figure 2a). For all dinitroarenes
addition of TEA gives rise to secondary transients after triplet
guenching. Thégsvalue (measured at appropriate wavelengths)
depends linearly on [TEA], the rate constant varies fiqm-
1.4 x 10%9to 1.8 x 10*° M~ s71. An example of the transient
absorption spectra in the presence of TEA at relatively low
concentrations is shown in Figure 2a. The species after the triplet
state should be assigned (at least the major part) to the radical
anion on the basis of the comparison with DABCO and the

545 nm and lower absorbance than the triplet state above 580second-order decay kinetics (Scheme 1). For most dinitroarenes
nm (Figure la), which decays by second-order kinetics, is 5004 triplet quenching is achieved for rather low donor

assigned to the radical anion f/QArNO2 7). Linear depend-
ences on [DABCO] (at appropriate wavelengths), simigr

concentrations, [aming} = 10 uM, taking z+ = 10 us. Only
for 2,3-DNN and DNB, whererr < 0.15 us, the [aming],

values, and second-order decay kinetics (Figure 1b) with a half-\,5jues are ca. 1 mM.

life of t1, = 10—30us (depending on the laser intensity) were

On addition of TEA in higher concentrations, however,

also observed for the other dinitronaphthalenes, DNB, and DNF sjgnificant changes were registered concomitant with the laser

(Tables 2 and 3).

pulse and at later times (see Figures73. The triplet precursor

The photoinduced electron transfer from an amine as electroncan be detected by ns time resolution only when [TEA] is below

donor (DH,) to the triplet state of the acceptcf Q.NArNO,)
occurs via reactions-13, where DH" is the radical cation of
the amine (Scheme 1). DABC®Ohas the absorption maximum
at 450 nm and the valueé’! is much smaller than those of the

ca. 3 mM. To further test for the nature of the longer lived
transient and the permanent component, TEA was replaced by
DEA. The kinetics and spectra are virtually identical to those
using TEA (Tables 1 and 2). On the other hand, in water

triplet precursor and the radical anion. A transient with a broad acetonitrile mixtures thi, values with TEA are generally much
absorption band, a characteristic maximum, and no absorptionlower than in neat acetonitrile and the spectra reveal slight
on the millisecond time scale was observed for all compounds changes in their maxima (Figures-3). Markedly lowerkq
examined (Table 2). It is assigned to the radical anion of the values on addition of water to acetonitrile have also been
dinitroarene, formed by electron transfer from DABCO to the reported for azaarenéd-, 2-nitronaphthalene, and 1-methoxy-

triplet state. DH'* and QNArNO2~ are long-lived species.

4-nitronaphthalené®?! The reason may be due to hydrogen

Back electron transfer 4 accounts for the observed second-ordebonding between water and the amine lone pair, making the
decay kinetics without further absorbance. The spectra of the latter less oxidizable.

radical anion in the presence of water (5 M), too, extend over

the vis range with similai;aq values. In principle, the radical

The rate constant for triplet quenching by TEA in dry
acetonitrile is close to the diffusion-controlled limit (Table 2),



5992 J. Phys. Chem. A, Vol. 106, No. 25, 2002

1.0 L4
y | IAA A\ I o *, |l
, N .
Lus homd” A . *ul2ms |05
AA = 1'0_1% Y TR RS .’ * L =
a3 1 / o0 a o ® - —
Mmax A.\:\ o \&& .
Zooooooogg\A .

Q 00000000
égu oO 600
WYYy vy &n&néabnvnw

Gorner

value is negative 0.3 to —1.2 V) for the dinitroarenes
examined. For the case of DABCO wifh,y, = 0.57 \#4 the
AG values are more negative and tkevalues are likewise
close to the diffusion-controlled limit.

Secondary Electron Transfer in the Presence of TEAAt
higher TEA concentrations {1100 mM) the transient absorption
of all dinitroarenes examined shows two essentially identical
spectra, one is formed directly via triplet quenching and the
second in a delayed build-up, increasing within a few micro-

1.0 +— B \\ M_
DY

A A lus | 5ms 5ms
05— . = -

D e

/e &A.oo-o‘ ..

IAL

0 é/g.v vlv v va4V"r:'-"J\v Y2kt

400

500
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)
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seconds by a factor of-12. Examples of the kinetics and spectra
are presented in Figures-3. For DNF (Figure 5a) it is shown
that the absorption spectra of both parts are the same, having
Arad= 390 and 540 nm. The transient absorption signal of DNB
(Figure 4b) and DNF (Figure 5b) in the present® &/ water

Figure 3. Transient absorption spectra of 1,3-DNN ([TEA]5 mM)

in (a) argon-saturated acetonitrile 480 ns O, [TEA] = 0.1 mM)
and (b) acetonitrilewater (9:1) at 0.Jus @), 1 us (»), 10 ms @),
and 1 s ¥) after the pulse; insets: kinetics at 420 nm (left) and 540
nm (right); (&) ground state (prior to and after conversion with =
366 nm, full and broken lines, respectively).

i.e., the electron transfer is strongly favored by the electron-
accepting power of the nitro group. This is in agreement with
the free energy changes using the Ret\Weller relationshi?
AG= Eox — Bea™ Er — Ec
Here, Eox is the oxidation potential of the amin&eq the
reduction potential of the nitroarengy the triplet energy, and
E. (0.06 V) the Coulombic term accounting for ion pairing. The
—Eeq values of 1,4-, 1,5-, 1,8-DNN, and DNB in acetonitrile
were reported to be 0.4, 0.6, 0.69, and 0.74 V, respectiefy.
Using theE;.qandEr values and the oxidation potential of TEA,
Eox = 0.78 V (vs SCE in acetonitrile?} it follows that theAG

(and an appropriate TEA concentration) consists also of two
subsequently formed components, but the maxima in wet
acetonitrile are blue-shifted with respect to dry acetonitrile. Even
stronger spectral changes were registered for 1,3- and 1,8-DNN.
The transient absorption spectra of 1,3-DNN in acetonitrile after
triplet decay contain two subsequently formed parts which have
maxima at 420 and 550 nm (Figure 3a); the latter is similar in
the presencefd M water (Figure 3b). The transient absorption
spectra of the 1,8-DNN/TEA system are comparable; that with
Arad= 430 nm is converted into one with maximum at 540 nm
in dry and at 520 nm in wet acetonitrile. Generally, the decay
extends into the second time range.

For the 9-chloroanthracene/TEA system in acetonitrile a
second-order decay of the radical anion of the acceptor has been
reported but no back electron transfefor the 1,4-naphtho-
quinone/TEA system in aqueous acetonitrile electron transfer
to the triplet state has been observeékhis is also the case for
3,5,6-triphenyl-1,2,4,-triazine, 3-phenyl-1,2,4-benzotriazine, and
3-phenylphenanthro[9,1€)-1,2,4-triazine in several solvents in
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Figure 4. Transient absorption spectra of DNB ([TEA] 10 mM) in argon-saturated (a) acetonitrile and (b) acetonititater (9:1) at<30 ns
(O, [TEA] = 0.1 mM), 0.1us @), 1 us (»), 10 ms @), and 1 s ¥) after the pulse; insets: kinetics at (a) 450 nm (left) and 510 nm (right) and
(b) 390 nm; (8 ground state prior to (full) and after conversion with = 366 nm (dotted); the detdashed curve was obtained after purging the

photoproduct with oxygen.
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Figure 5. Transient absorption spectra of DNF ([TEA] 10 mM) in
argon-saturated (a) acetonitrile @80 ns O, [TEA] = 0.1 mM), and
(b) acetonitrile-water (9:1) at 0.Jus @), 1 us (2), 10 ms @), and 1
s () after the pulse, insets: kinetics at 390 nm) ¢gound state (prior

to and after conversion withy;, = 366 nm, full and broken lines,
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Figure 6. (b) Transient absorption spectra of 1,4-DNN in the presence
of TEA (2 mM) in argon-saturated acetonitrile a2 us (a), 10 ms
(@), and 1 s [) after the pulse; insets: kinetics at 440 nm (left) and
540 nm (right), and (a) ground state (prior to and after conversion with
Airr = 366 nm, full and broken lines, respectively).

the presence of TEA and DEAThe longer lived and quasi-

permanent species in the photoreduction of the electron-deficient

azaarenes by TEA or DEA are the H-adduct radicals and dihydro
derivatives, respectivef/For the dinitroarenes examined in the
presence of TEA at low concentration (380 xM) the radical
anion essentially disappears via back electron transfegM:Et

in aqueous solution was reported to have a lifetime @§31n
contrast, when [TEA] is larger than 1 mM, longer lived
intermediates appear which could also be due to a reaction with
the TEA-derived radicals. The following secondary reactions
with alkylamines are considered (Scheme 2). The lifetime of
the radical cation of TEA is limited by the back reaction 4,
proton transfer 6, equilibrium 7, or deprotonation. For (di)-

nitroarenes proton transfer 6 is considered to be unlikely because

at higher [TEA] forward reaction with a second TEA molecule
to form the cation (DH") and thea-aminoethyl radical (EH
in Scheme 1) in equilibrium 7 dominates.

EtN'" + O,NANO,"” — O,NAr'NO,H + EtZN—'CHI\?e)
6

Et,N"" + Et,;N =Et,N—"CHMe + EtNH"  (7)
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Figure 7. Transient absorption spectra of 1,4-DNN in the presence of
TEA (2 mM) in argon-saturated mixture§®M water in (a) acetonitrile
at<2us (»), 1 ms @), and 0.1 s¥) and (b) 2-propanol at2 us ()

and 10 ms @) after the pulse; insets: kinetics at 420 nm (left) and
540 nm (right) and (3 ground state in acetonitritewater (9:1) (prior

to and after conversion withh;, = 366 nm, full and broken lines,
respectively).
SCHEME 2

-D

O,NANO,H

@ +Ar(NO,),

L
-D| +O,NAINO,
(13)

(8a)

+ [
DH___ O,NANO,
(8b)

Upon photoinduced electron transfer from TEA to the 1,8
and 2,3 derivatives dfl-phenylnaphthalimide, step 7 was found
to occur with ks 57 x 10° and 1.9 x 10° M1 s
respectivelyt® This is consistent with the finding that the ratio
of rate constants of forward to backward reactikfk_7 is ca.
1008 i.e., thea-aminoethyl radical will not react back, Reactions
4 and 6 are excluded under the applied conditions of [TEA]
1-100 mM, because formation of the-aminoethyl radical
dominates. In fact, closer inspections of the two-step formation
of the longer lived intermediates shows that the absorption
spectra are very similar or identical and that the build-up kinetics
depend on the TEA concentration. Several examples of the
kinetics and spectra are presented (Figures 2b, 3, 4, 5a, 6a, and
7a). The half-life of the build-up kinetics decreases with the
TEA concentration, from typically 25 us at [TEA]= 1 mM
in neat acetonitrile to 100 ns at 20 mM. Roughly, rate constants
of kag= (2—6) x 108 M~1 s~1 and significantly smaller values
in wet acetonitrile have been estimated (Table 3).

Formation of secondary radicals derived from dinitroarenes
can be ascribed to reactions 8a and 8b.

Et,N—"CHMe + O,NArNO, — O,NAr"NO,H +
Et,;NCH=CH, (8a)

Et,N—"CHMe + O,NArNO, — O,NArNO,"~ +
Et,;N"=CHMe (8b)

Forward reaction 5, which could lead to the H-adduct radical
in other systems, is excluded for nitroare#®% On the other
hand, backward reaction 5 may be hindered in neat acetonitrile
(see below). A reaction forming an &ACH(Me)—0O—(NO")-
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SCHEME 3 TABLE 4: Properties of the Resulting Radicals Obtained
from Conductometry of Dinitroarenes?
- -Ar(N02)2 +H+
O,NArNO,* O,NAN(OH)O ~=—= OZNArN(OH)zz' compound donor Ascl Acmaxp ty2 (Ms)
(%) ¢ (142) H* 13-DNN  TEA 07 >30 (>50F
O,NATNO,H 1,4-DNN TEA 0.7(0.7) 210 (5-20)
O,NAINO + OH~ DABCO 0.6 0.0+0.03
DEA 0.6 (>10)
Ar type product seems unlikely since the absorption spectrum igg““ $Eﬁ 8'2 0'33%) ((iégg
of the e_lmine gdduct radical is expected to differ from that of 2:3_DNN TEA 0.6 10 ¢30)
the radical anion. For the case of DEAEt*CHMe has to DNB TEA 0.8 0.1-0.3 (>20)
be replaced by the EtHNCHMe radical and diethylvinylamine DNF TEA 1.0(0.9) 3-10 (>10)
by N-ethyliminoethane. It is worth mentioning that with DEA DABCO 0.7 0.0+0.03
the samek; Vf”"U_e as with TEA was founq with thN—_phenyI- a|n argon-saturated acetonitrile, using [amire$b—10 mM. ® Under
1,8-naphthalimide systefi.For the reaction ofx-aminoalkyl normalized conditions® Values in parentheses refer to the presence of

radicals with benzil in diert-butyl peroxide, rate constants of  water (5 M).
1.8 x 10° and 3.3x 10° M~ s1 have been reported for TEA
and DEA, respectively.

Radical Termination Reactions. To account for radicat
radical termination, reactions 943 are considered (Scheme
3).

Thus, reactions 12 and 13 cannot play a significant role. In
principle, the decay kinetics of NArNO,*~ could also follow
a first-order law by reaction 15 with the amine itself.

O,NArNO," + Et;N — O,NArN(OH)O™ + Et,N—"CHMe
O,NArNO," + O,NAr‘NO,H — (15)
O,NArNO, + O,NArN(OH)O™ (9a) However, for most cases with alkylamines at higher concentra-

2 2 2 tions (up to 0.5 M) in neat or wet acetonitrile solution, there is

o— . no clear indication for this reaction.
ONANG,™ + ONAFNO,H + H,0— Thus, the nature of the intermediates derived from the
(O,NArNO,H), + OH" (9b) dinitroarene/TEA €1 mM/1-100 mM) systems per one event

is suggested to be first the triplet, then two longer lived radicals
20,NAr*'NO,H — O,NArNO, + O,NArNO + H,0 (10a) (anion and the conjugate acid or two radical anions in neat and
wet acetonitrile, respectively), and eventually the nitroso com-
pound (Scheme 3). A corresponding sequence from the radical
anion (electron adduct) into the nitroso compound has been
established by pulse radiolysis of nitrobenzene in aqueous solu-
20,NAr'NO,H — O,NArNO, + O,NH,ANO,  (10c) tion.32 Whether or not the anion appears as a separate intermedi-

ate prior to formation of the nitroso compound via step 14 is

20,NArNO,"” — O,NAINO, + O,NArNO,*  (11) difficult to reveal and may depend on the (di)nitro compound.
Triplet quenching by oxygen and amines compete (Scheme

2Et;N—"CHMe — Et,N + Et,NCH=CH, (12) 1), but under conditions of triplet quenching via 3 ([TEAJL
mM), oxygen strongly quenches the longer lived dinitroarene
radicals (16 in Scheme 4). This should be ascribed to formation

20,NAr*'NO,H — (O,NArNO,H), (10b)

Et,N—"CHMe + O,NAINO, ™ —
O,NAIN(OH)O™ + Et,NCH=CH, (13)  SCHEME 4

H (18) +0,
O,NArN(OH)O™ — O,NAINO + OH™  (14a) ©;

(17

O,NANO,2™ + H,0— O,NANO + 20H™ (14b) 'H+u+”* o D +02NArN02 a)
+ -
"%: w

O,NArN(OH)O™ + OH™ == O,NAINO,”” + H,O (14c) 16) +9

Reaction 12, which competes with reactions 8 and 13 and would of O,*~ by quenching of the radical anion and the conjugate
also lead to diethylvinylamine (D in Scheme 2), is not accessible acid35 Note that for equilibrium 17 in aqueous solution thé,p

by our spectroscopic analysis. Photodimers via 9b and 10b could= 4.7,

be detected for other systerhbut no indication for dimers was

found for the cases of nitroarenes and disproportionation Et,N—"CHMe + O, — Et;NCH=CH, + O,” + H" (18)
competes probably successfully. Reaction 10c yielding a dihydro

derivativé® is unlikely for nitroarenes. A self-termination  The a-aminoethyl radical should react with oxygen. Reaction
reaction 11 of two radical anions is very slow, based on pulse 18 is only one of several quenching possibilities.

radiolysis studies of nitrobenzene in aqueous sollifofhe Charge Separation in the Presence of Aminesin the
nitroso compound could be generated via 10a, 9a plus 14a, orpresence of TEAX1 mM) a conductivity increase\: positive

11 plus 14b. Reaction 13 describes formation of the anion, which for increasing signal within the is range) was observed for
would also lead to the nitroso compound. However, photolytic all dinitroarenes in argon-saturated neat acetonitrile (Table 4).
results in neat or wet acetonitrile reveal delayed formation of The time dependences of representative cases are given for 1,4-
radicals of the nitroarenes (Figures-ZD), indicating that amine and 1,5-DNN (Figure 8), DNB, and DNF (Figure 9), 1,3- and
radicals are not present any more at ca. 0.01 ms after the pulsel,8-DNN (Figure 10). The rate constant of the fast increase
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Figure 8. Pulse-induced conductivity signals as a function of time of Figure 10. Conductivity signals as a function of time of 1,8-DNN
1.5-DNN (squares) and 1,4-DNN (other symbols) in the presence of (sqyares) and 1,3-DNN (other symbols) in the presence of TEA (2 mM,
TEA (2 mM, except forA: DABCO, 1 mM) in argon-saturated  gycepta: DABCO, 1 mM) in argon-saturated acetonitrile (open) and
acetonitrile (open, except far. oxygen-saturated) and acetonitile  cetonitrile-water (9:1, full); insets: for 1,3-DNN: al) increase for

water (9:1, full); insets for 1,4-DNN: increase (a: [TEA]0.1 mM [TEA] = 0.1, 0.3, 0.6, and 1 mM, respectively, and decay (e,0H
and & 1 mM), decay (b: [TEA]= 1 mM and & 30 mM). = 0 and 5 M, respectively).

SCHEME 5

DH,
@ AfNO,),  O,NANOH
@ .

(9a, 14a)
(8a)
- +H+ﬂ_H+
+Ar(NO,),
D +O,NAINO
DHY DH, ,

of 5 M water, where, however, the half-lives are typically one

or 2 orders of magnitude longer (Table 4). This is consistent

10 e 7 e 2 m with termination process 9a and OHeIease via eq 14.
Exceptions were found for 1,3-DNN (Figure 10) and 1,8-DNN,

10
Time (s)
Figure 9. Conductivity signals as a function of time of DNB (circles), ~Where ty is longer than 30 ms and addition of water has
DNF (other symbols) in the presence of TEA (2 mM) in argon-saturated Virtually no effect. For 1,4-DNN the TEA concentration has
acetonitrile (open, except oxygen-saturated) and acetonitriterater also some influence on the decay (insets b drid Bigure 8).
(9:1, full); insets for DNF: (a) increase and (b) decayaad b refer The photoinduced electron transfer from DABCO—(0
o 1/4 pulse intensity. mM) to the triplet state of the dinitroarenes occurs, like in the
depends linearly on the TEA concentration and the signal case of TEA at low concentrations, where the back reaction 4
approaches a maximum at [TEA][TEA] 1 (inset () in Figure ~ operates (triangles in Figures 8 and 10), with= 1030 us
10). These findings are in full agreement with reaction31  (Table 4). For all amines the signal decreases in thé-10.1
of photoinduced electron transfer and the back electron transfers range to a value which is still larger than the initial one and
4 for [TEA] < 1 mM. A delayed formation of the conductivity ~ levels off within seconds, i.e., finally, released Oldnd H*
signal was not registered in most cases even at higher TEAresultin neutralization (Scheme 5). If a proton would be released
concentrations of 310 mM or when TEA was replaced by  prior to OH™ elimination, a strong negative signal is expected
DEA, e.g., for 1,4-DNN. Only for DNF in wet acetonitrile a  in alkaline solution due to the removal of bulk OHOn the
minor further increase could be detected (Figure 9, inset (a)). other hand, OH elimination without rapid neutralization would
The positive signal in aqueous acetonitrile (5 M water) reaches increase the signal markedly due to its larger equivalent
a plateau and increases again in the-0L s range only very ~ conductivity of OH (A = 180 cn? Q'™ mol™*) with respect
slightly (inset &in Figure 9). to that of an organic aniom\ < 50 cn? Q-1 mol™%). Positive
The nature of the second longer lived radical in wet and comparable signals (but partly differing half-lives) were
acetonitrile (anion or neutral radical) can now be specified as obtained when TEA was replaced by DEA. Under normalized
H-adduct radical (Scheme 5) since H-atom transfer 8a should conditions Agss = 2, [TEA] = 10 mM, constant intensity) the
not result in a conductivity change. This holds for all compounds relative amplitude at 1@s, Ax/Ax™? is largest for DNF in
except for 1,4-DNN where a modification is proposed (see dry and wet acetonitrile and comparable or smaller (up to 40%)
below). The conductivity signal in argon-saturated neat aceto- in the other cases (Table 4).
nitrile in the presence of TEAX1 mM) decays by second- The presence of oxygen has no marked effect on the initial
order kinetics, at least as major part. After subtracting of a conductivity signal under conditions of sufficient triplet quench-
(minor) remaining part, it was shown that the half-lives (in the ing ([TEA] > 1 mM), but the decay in the 0-110 ms range is
3—30 ms range) increase by a factor of ca.:8when the laser  significantly decreased (diamonds in Figures 8 and 9). The
intensity was 10-fold decreased. This also holds in the presencequenching should be ascribed to reactions 16 and 18 of oxygen
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with the relevant radicals. Nevertheless, a small component
remains in the 0-£10 ms range in oxygen-saturated acetonitrile,
this being significantly higher in the presendeboM water. It
should be mentioned that comparable time-resolved conductivity
changes were reported for nitrostilbenes and nitronaphtha-
lenes?021

Photoreduction of Dinitroarenes in the Presence of 2-Pro-
panol. The major photoproduct of 1,5-DNN in alkaline methanol
is 1-amino-5-nitronaphthaledéConcerning the photoreduction
of nitronaphthalenes in the presence of alcohols, only a few
time-resolved UV-vis spectroscopic measurements have been
reported. It is now proven that the triplet state of the dinitroare-
nes in 2-propanol is formed upon excitation by 354 nm pulses.
The rate constant for 1,5-DNN triplet quenching by 2-propanol
in the neat alcohol or a mixture with water (10:1, pH9) is
estimated to be smaller thanx 10* M~* s71. For DNF in
argon-saturated acetonitrilechb M water at pH 1213, where
the ky value is larger (3x 10° M~1 s71) andkops (Measured at
480 nm) was shown to depend linearly on [2-propanol]. For
other cases even at pH-%23k, is smaller (Table 2). Although
triplet quenching is generally inefficient, the radical anion of
dinitroarenes can be detected, an example for the 1,4-DNN/2-
propanol system is shown in Figure 7b.

SCHEME 6

-Me,C=0

ax +Me,CHOH . .
Ar(NO,), = —= ONAMNOH , Me,COH —= -—> O,NAN(OH),

+ _H+

-H,0
+H l z

HY +H"’1

_ - +H,0
O,NANO,* , Me,CO* —= O,NAINOZ" — O,NAMNO

-Me,C=0 2xOH

Gorner

TABLE 5: Absorption Properties and Quantum Yields of
Decomposition of Dinitroarene$

compound TEA](MmM) AP (nm)  Aproa(nm) Df
1,3-DNN 10 370 550 0.09
1,4-DNN 1 450 0.16
10 (0.03}
1 460 0.02
10 450 0.09
1,5-DNN 1 308,365 385,440sh  0.%¥0.003)
1,8-DNN 1 305,365 550 0.08
2,3-DNN 10 350,380 0.06
DNB 10 280,330 345 0.1
DNF 1 348 370,430sh  0.14

a|n argon-saturated acetonitrilé, = 366 nm.? Isosbestic points.
¢ Obtained by absorption and/or HPL&In parentheses: air-saturated
acetonitrile solution® Plus water (5 M) Using DEA.

maximum at 450 nm (Figure 6a) overlaps with educt decom-
position using HPLC.

For the TEA (0.01 M) dinitroarene systems in aqueous
acetonitrile, nitroso compounds are proposed as major photo-
product, e.g., 1-nitroso-5-nitronaphthalene for 1,5-DNN (Figure
2b). This is consistent with the photoreduction of 1,5-DNN in
methanot-water (95:5) in the presence of NaOH (0.03 M).
Nitrosoarenes are postulated as labile intermediates in the
photoreduction of nitrobenzenes by alcohols, but thermal
reactions lead to phenylhydroxylamine (ArNHOH) and further
products, such as azoxybenzehe$:2223An intermediate prior
to phenylhydroxylamine could be the nitrophenylnitroxide
radical (QNArNOH*) which may be present in basic solution
as nitronitrosobenzene radical anionKArNO*").36 In the
photoreduction of nitrobenzylidene malonic derivatives by TEA
the nitroso compounds are postulated, but the stable photo-
products are due to secondary excitafibblpon UV irradiation
of 1-methoxy-4-nitronaphthalene in argon-saturated acetonitrile
in the presence of TEA, formation of the naphthylhydroxylamine

The eventual consequences of secondary reactions in themay become importadt. Once a considerable amount of
presence of 2-propanol are illustrated in Scheme 6. The proposeditrosonaphthalene is formed, a further reaction competing with

reaction involves electron transfer to tR®,NArNO; state,
followed by proton transfer. The increasing triplet quenching
by 2-propanol at pH>12 is ascribed to the better reactivity of
the radical toward the dinitroarenes and a lower termination
reactivity of the MeCO ™~ radicals themselves.

Photoconversion upon Continuous Irradiation. The pattern

of the photoproducts, which were observed by absorption above

280 nm followed by HPLC, is complex and not a major part of
this work. Nevertheless, we aimed at revealing the primary
photoproducts of the dinitroarenes, thereby avoiding further
irradiation (which is not possible for all cases, e.g., for DNB
with Ay = 366 nm). Continuous UV irradiation of 1- or

2-nitronaphthalene and 1-methoxy-4-nitronaphthalene in argon-

saturated acetonitrile and TEA{1.0 mM) leads to decomposi-
tion and no absorption in the visible rangedn the other hand,
irradiation at 366 nm of 1,5-, 2,3-DNN, DNB, and DNF in the
presence of TEA yields new bands with absorption maxima at
360—440 nm (Table 5). With DEA the spectra are the same or
only slightly different. Moreover, for 1,3-DNN (Figure 3a) or
1,8-DNN the new absorption with TEA (0.03 M) extends up to
600 nm with maximum at 550 nm. These products were not

8a and yielding the naphthylhydroxylamine via the naphthylni-
troxide radical has to be considered.

Et,N—"CHMe + O,NArNO —
Et,;NCH=CH, + O,NAINOH" (19)

20,NArNOH® — O,NArNO + O,NAINHOH  (20)

With continuous UV irradiation at 366 nm, in contrast to the
pulsed excitation, where the conversion is low and reactions
19 and 20 may be neglected, formation of the naphthylhydroxy-
lamines cannot be ignored. This is supported by the finding
that addition of oxygen to the photoproduct of 1-methoxy-4-
nitronaphthalene leads to a spectrum with red-shifted maxi-
mum?! Since the oxygen effect is not reversiBligjs tentatively
attributed to reaction 21.

O,NArNHOH + 7,0, — O,NAINO + H,0  (21)

An example for a different spectrum on addition of oxygen to
the photoproduct of DNB is shown in Figure'4dot—dashed
curve), where the nitroso compound as product in the absence

formed in the presence of water, albeit an intermediate appearsof oxygen has to be excluded. Nevertheless, significant spectral

with a similar spectrum (Figure 3b).
The quantum yields of educt decompositio®g) in the

changes on addition of oxygen after photoconversion were not
observed for most of the other dinitroarenes. The previously

presence of TEA are compiled in Table 5. A maximum value studied electron-deficient azaarenes reveal a different behavior;
in most cases was achieved under careful exclusion of oxygenthey are photochemically converted into dihydro derivatives and
and when [TEA] is larger than 1 mM. The largest coloration react reversibly back upon addition of oxygemlso for
effect was found for the photoreduction of 1,4-DNN by TEA phenazine/TEA the labile photoproduct is assigned to 5,10-
in argon-saturated acetonitrile. A strong band with absorption dihydrophenaziné.
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Once arylhydroxylamines are present, they could react with SCHEME 7
nitrosoarenes into azoxyarenes.

NO,H NOS
- 2 (140) 2
NO,*® NO,H Ht
— - = -Ar(NO P
O,NArNHOH + O,NArNO — O,NAr N(O) NArNO, OO i ‘O r(NO,), o I
+H,0 (22) (9a) No.”
NO, NO, b

NO, \
- o]
Note that several reports on photoprodits’22-24 may refer '(104'1';) OO -20H
to secondary excitation or the involvement of oxygen which (140)
was aimed to be avoided in this work. In the cases of DNB and NO,
DNF, where the product was irradiated at 366 nm already at
low conversion, pulsed excitation at 308 nm with little product

+H,0

into the nitroso compounds (yellow photoproducts) were
observed. The transient absorption spectra of the 1,3- and 1,8-

irradiation gave comparable results (not shown). DNN/TEA systems in acetonitrile after triplet decay contain
Mechanistic Consequences:or dinitroarenes in air-saturated  gggentially the radical anion/conjugate acid pair. The 550 nm
acetonitrile and rather high donor concentrations of [TEA] intermediate, which appears by radical termination in the ms

mM, reaction 3 can compete successfully with triplet quenching range (Figure 3), is tentatively assigned to the dianion.
by oxygen. The important reactions,.however, are formation of 1,4-Dinitronaphthalene. A special case was found for 1,4-
the rather unreactive © by quenching of the ENArNO,™ DNN insofar that the major product is strongly yellow (Figure
and EjN—CHMe radicals (Scheme 4). Thereforeg is very 6a). Photolysis of 1,4-DNN in neat argon-saturated acetonitrile
low for all dinitroarenes, when oxygen is present, except for i, the presence of TEA at0.1 mM involves the lowest triplet
1,4-DNN. This is in agreement with much shorter half-lives in state, the radical anion/conjugate acid pair withi = 545 nm
the decay kinetics of the optical and conductometric signals in g3nq then a transient Qrwith a maximum at 440 nm. Jis
the presence of oxygen. _ ~ subsequently converted into one with similar spectrum (Figure
For the photoreduction of aromatic compounds by aliphatic gp). The latter species, owing to its quasi constant amplitude
amines in the absence of oxygen, a common pattern is proposed¢extending to>1 s), is assigned to 1-nitroso-4-nitronaphthalene.
The transient absorption spectra and conductivity signals in the T_ the precursor of the nitrosoarene, is assigned to the dianion
presence of DABCO are in agreement with electron transfer to of 1 4-DNN with a nonradical valence structure (Scheme 7),
the lowest triplet state and back electron transfer without any formed via reaction 9a or 11.
permanent changes. The photoinduced electron transfer from |y et acetonitrile, apart from a smallig value for triplet
TEA or DEA to nitroarenes is efficient in all cases examined, quenching (see above), a much faster termination of the radicals
but the net conversion into stable products is generally rather ang a markedly higher yield of intermediatg Were observed
low. The proposed key step at higher [TEA] is forward reaction jn the presence of TEA (Figure 7a) and DEA. The conductivity
7 of EgN"" with a second TEA molecule to formH" and  sjgnal remains positive for-110 ms range (Figure 8), indicating
the a-aminoethyl radical, which gives rise to a variety of sjower release of OH prior to neutralization in the presence
substrate-dependent disproportionation reactions; the proposedhan in the absence of water. Moreover, the permanent
sequence is 9a and 14a. An H-atom transfer via reaction 13 iscomponent, i.e., the absorption above 380 nm, is consistent with
excluded because of a different reaction of the precursor (seethe steady-state spectra (Figures 6a and 7a). Even for high TEA
above). The relatively long conservation of the two charges concentrations30.1 M), when precursors could only partly be
under conditions of pulsed excitation, which is longest in ghserved (on a 100 ns time scale), the spectra of the two
acetonitrile-water (9:1), i.e., much longer than the half-life of ~ ghservable components are essentially the same as at lower
most absorbing intermediates, appears to be due to released OHconcentrations. The higher yield of &nd the faster formation
(from the nitroarene) and H (from the amine) and their  in the presence of water could be due to equilibrium 14c. For
neutralization (Scheme 5). 1,4-DNN and TEA(+10 mM) in air-saturated acetonitrile,
Mononitronaphthalenes. The spectra and kinetics of 1-meth-  \here colored products with maximum at 440 nm are formed,
oxy-4-nitronaphthalene and 1- or 2-nitronaphthalene in the @, is ca. 3 times smaller than in the absence of oxygen. To
presence of TEA reveal also two-step radical formation and slow account for the observation of the radical (which is partly present
radical disproportionation in the Ol ms rangé' The in air-saturated acetonitrile) and the possibility to generate a
conductivity signal remains positive for-1L0 ms, indicating  yellow product of 1,4-DNN even in the presence of air (Table
even slower release of OHand neutralization. The phOtOprOd- 5)’ it appears that a back reaction may be involved in step 16.
ucts should be nitrosonaphthalenes, but for continuous irradiation|t js interesting to note that ATtype intermediates were not
with substantial conversion the involvement of the naphthyl- opserved for the other dinitronaphthalenes.
hydroxylamine has been ConSide?édioncerning the structural 4'4'_Dini’[robipheny| and 2,7-Dinitrofluorenone. The spec-
changes, mono- and dinitronaphthalenes as well as the two othekra and kinetics of UV-excited DNB (Figure 4) and DNF (Figure
dinitroarenes behave similarly. The primary photoproducts 5) with TEA likewise result from two longer lived radicals
should be of the type ArNO, and further products may result (anion and the conjugate acid or two radical anions in neat and
from thermal steps. wet acetonitrile, respectively) and their conversion into the
Dinitronaphthalenes. The overall reaction of dinitronaph-  nitroso compound. An aci-anion is spectroscopically difficult
thalenes with TEA is proposed to lead partly to nitroso to separate. The conductivity signals of DNB and DNF show a
compounds as result of the two steps of radical formation and specific effect of water (Figure 9), due to the slower release of
their termination reactions. A rough classification indicates that OH- in the presence of water. The major photoproducts are
the properties of 1,5- and 2,3-DNN are similar and differ from proposed to be the nitrosoarenes.
1,4-DNN on one hand (see below) and 1,3- and 1,8-DNN on .
the other. For 1,5-DNN (Figure 2b) and 2,3-DNNe longer Conclusions
lived radicals (anion and the conjugate acid or two radical anions The photoreduction of 4'4initrobiphenyl and 2,7-dinitro-
in neat and wet acetonitrile, respectively) and their conversion fluorenone and several dinitronaphthalenes in dry and wet
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acetonitrile by TEA (even in relatively low concentration)
involves electron transfer to the lowest triplet state, formatio
of the radical anion and, via H-atom transfer from th@ami-

Gorner

(14) Lammers, J. G.; Cornelisse)sk. J. Chem1977, 16, 299. Havinga,

n Es Cornelisse, JPure Appl. Chem1976 47, 1. Lin, J. Ph.D. Thesis,

University of Duisburg, 1994.
(15) Obi, K.; Bottenheim, J. W.; Tanaka,Bull Chem. Soc. Jpr1973

noalkyl radical to the substrate, formation of a second nitroarene 46, 1060.

radical. If oxygen is carefully excluded, these two radicals
subsequently undergo a slow termination reaction yielding the

(16) Frolov, A. N.; El'tsov, V. A.; Sosonkin, I. M.; Kuznetsova, N. A.
Z. Org. Khim.1973 9, 973, Engl. transl. irz. Org. Chem1973 9, 999.
(17) Frolov, A. N.; Kuznetsova, N. A.; El'tsov, V. A.; Rtishchev, N. I.

nitroso compounds in most cases as labile products and finally ;. Org. Khim.1973 9, 963, Engl. transl. irZ. Org. Chem1973 9, 988.

essentially naphthylhydroxylamines. The specificity of the

(18) Bunce, N. J.; Cater, S. R.; Scaiano, J. C.; Johnston, L. Org.

substitution pattern indicates three different major pathways via Chem.1987 52, 4214.

termination. For 1,4-dinitronaphthalene the corresponding aci-

dianion is observable as longer lived intermediate.
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