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Abstract

The photochemistry of dinitronaphthalenes (1,3-, 1,4-, 1,5-DNNY);dipdtrobiphenyl (DNB) and 2,7-dinitrofluorenone (DNF) in
benzene at room temperature was studied by time-resolved UV-Vis spectroscopy after ns laser pulses at 354 nm. The triplet states of the five
dinitro compounds, '30,NArNO», react withN,N-dimethylaniline (DMA) and\,N-diethylaniline (DEA), the rate constant of quenching
of the triplets is close to the diffusion-controlled limit. An intermediate with peak at 340 nm is attributed to the PBNfRradical
(R =CH3, R = HorR = CyHs, R = CHg, respectively). On the other hand, quenching of the triplet state of dinitroarenes by triethylamine
(TEA) leads to GNAr*NO2H, the conjugate acid of the radical anion, which is suggested to yield nitrosoarenes by termination within a
few ms. For DNB an H-atom transfer from thheaminoethyl radical to the NAr*NO;H radical, thereby formingl,N-diethylvinylamine
and a quinonoid structure prior to 4-nitroserdtrobiphenyl, is proposed. Decay of the PhN{BHR' radical, thereby converting the
dinitroarenes into nitrosonitroarenes and dealkylation of the dialkylanilines, is faster than that gifie RO, H radical. The mechanisms
of demethylation and the reduction reactions in benzene under conditions where no free radical ions are formed, are discussed.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction thalenes[22] by triethylamine (TEA), diethylamine, and

1,4-diazabicyclo[2.2.2]octane (DABCO) are close to the

The photoreduction of aromatic compounds, either at diffusion-controlled limit. Involvement of the-aminoethyl

various electron accepting functional groujds-3] or in- radical, derived from TEA by a nei-hydrogen atom ab-
volving the skeleton of electron poor hetarenes as a wholestraction, in the reductive processes has been discussed
[4], by aliphatic or mixed aliphatic/aromatic amines has [3,20—-22] While the photochemistry of aromatic nitro com-
been and still is the subject of intensive investigations. pounds has been repeatedly revieyj28-25] the specific
Among these, photoreduction of nitroarenes by amines hasrole of aliphatic and mixed aliphatic/aromatic amines still
been studied with emphasis on both the fate of the ni- awaits adequate treatment and clarification.

tro function anda-oxidative anda-dealkylating processes In polar solvents following photoinduced electron trans-
of the amines used5-9]. The photoreactions and also fer, the radical anion of the nitroarene and the radical cation
photophysical processes of various nitrobenzgi€s17] derived from the amine involved are to be regarded as dis-

and nitronaphthalenefl8-22] have been studied in the tinct entities. For the photoreduction of naphthalimides by
presence of various electron donors. In comparison to ni- aliphatic amines in acetonitrile, a two-step mechanism in-
trobenzenes, nitronaphthalenes have the advantage of higivolving free radical ions has been established by Demeter
quantum yields of intersystem crossingjgc, to the lowest et al. [3]. In less polar media, also in neat triethylamine
excited triplet states and show appropriate redox propertiesand diethylaming8], the situation is different, the forma-
[20,21] In acetonitrile rate constants for triplet quench- tion of separated radical ions cannot be expected. Still,
ing, kq, of mononitronaphthaleneg0] and dinitronaph- efficient N-dealkylation ofN,N-dimethylaniline (DMA) or
N,N-diethylaniline (DEA) by photoexcited nitroarenes is
" * Corresponding author. Tels49-208-3063593; observed9-14} .
fax: +49-208-3063951. For 1- and 2-nitronaphthalene and 1-methoxy-4-nitro-
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DMA or DEA to the nitroarene triplet state has been at-
tributed to the PhN(RCHR radical [21]. Two related
but special cases are (i) the photomonodemethylation of
N,N-dimethyl-4-nitroaniline, which may occur both by ac-
tion of an external photoexcited nitroarene and by a novel
“self-dealkylation” upon irradiation in methanol contain-
ing sodium methoxidgd12], and (ii) the photoreduction
of 4-nitrobenzylidene malononitrile by TEA, which is ac-
companied by the replacement of one cyano group by the
1-diethylaminoethyl moiet{13]. This is another example of
incorporation of amine fragments into stable photoproducts,
which had also been observed ear[®#r. It should be noted
that the 4-nitroaniline/DMA/benzene system has recently
been reported to produce a photopolynfi2é,27], and in

the thioxanthone/DMA/benzene system thaminomethyl
radical PhN(CH)*CHy initiates a polymerization as well
[28].

We became interested in the dealkylation of DMA and
DEA upon excitation of dinitroarenes in benzene. 1,3-,
1,4- and 1,5-dinitronaphthalene (1,3-, 1,4-, 1,5-DNN, re-
spectively), 4,4dinitrobiphenyl (DNB) and 2,7-dinitro-
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with two digitizers (Tektronix 7912AD and 390AD). Typ-
ically, absorbances of 1-2 (1 cm pathlength) were used for
Aexe, corresponding to concentrations of 0.5-1 mM. The in-
ner filter effect plays no role for absorbances of 2 since in our
perpendicular set-up only a penetration depth of ca. 0.1cm
just after the entrance window of the cuvette is focused
via the slit of the monochromator to the photomultiplier.
Non-linear effects do not occur due to substantial triplet
yields and relatively low laser intensities efl MW cm2.

The AAT/AAT® and AAad AAT® values for optically
matched solutions are relative measures of the triplet yield
and the product of extinction coefficient and radical yield,
respectively. Phosphorescence of singlet molecular oxygen
at 1269 nm was detected as described previo[kdy21]

The quantum vyield of formation ofﬂ)lAg) was obtained
using optically matched solutiond ¢s4 = 0.8) and acridine

as referenc@'’®’ = 0.7. All measurements refer to deoyx-
genated solution, unless otherwise indicated, antt 24C.

3. Results and discussion

fluorenone (DNF) were chosen as suitable acceptors (see

structures shown below). The photoreactions were studied
by time-resolved UV-Vis spectroscopy. The observed sec-

3.1. Continuous irradiation

ondary intermediates in benzene are induced by quenching Continuous UV irradiation at 366nm of 1,4-DNN,

of the nitroarene triplet state and possible reactions to the
final photoproducts are described.

NO, NO, NO,
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2. Experimental

2-Nitrofluorene (NF) and the other nitrocompourigg]

and benzene (Uvasol) were used as received or purified by

distillation (amines). The absorption spectra were monitored
on a UV-Vis spectrophotometer (HP, 8453). For photocon-
version, the 366 nm line of a 200 W Hg lamp combined with
an interference filter was used. The conversion was carried

1,3-DNN and DNF in argon-saturated benzene in the pres-
ence of DEA (0.05-1 mM) leads to an absorption increase
in the visible region (not shown). No bleaching region
at 340-390nm exists in contrast to the case of mononi-
tronaphthalene$21]. Comparable spectra were recorded
in the presence of DMA, as well as for 1,5-DNN and
DNB. Photodecomposition of the substrate was also fol-
lowed by HPLC, whereN-ethylaniline was identified as
major photoproduct from DEA absorbing above 280 nm.
This is in agreement with the literature on photodealky-
lation of N,N-dialkylanilines by mononitronaphthalenes
[9-11]. The quantum yield of decomposition of 1,4-DNN
in argon-saturated benzene increases with increasing DEA
concentration, approaching a maximum valuebgf= 0.16

at [DEA] = 10 mM. The®q values under these conditions
are compiled inTable 1 With DEA @y is also substantial

in air-saturated benzene, in contrast to the results in the
presence of TEA. The spectra prior to and after irradiation

Table 1
Quantum yieldspy of decomposition of dinitroarenes in the presence of
amine$§

out after vigorous bubbling by argon prior and during irradia-
tion. For HPLC analyses, a 125 mwd.6 mm Inertsil ODS-3
5wm column was used and MeOH:water 5:1 as eluent. The
guantum yield of decompositiorpy, was determined us-
ing the Aberchrome 540 actinome{@9]. A Nd laser (J.K.
Lasers, pulse width 15 ns, energy80 mJ) was applied for

excitation at 354 nm. The absorption signals were measured

Compound DEA DMA TEA
1,3-DNN 0.15 (0.1 0.14 0.16 £0.01)
1,4-DNN 0.16 0.15 0.15<0.001)
1,5-DNN 0.08 0.1 0.13

DNB 0.04 0.04 0.02

DNF 0.15 0.18 0.2

2|n argon-saturated benzene using,
[amine]= 1-2 mM.
bvalues in parentheses: air saturation.

366nm and HPLC,
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Table 2

Absorption maximum, triplet lifetime, relative triplet yield and quantum yield of formation of singlet molecular dkygen

Compound AT (MMY o1 (psf kox (x10°%) (M~1s1yd AATIAAT )N
1,3-DNN 43Q 550 4 14 1.0 0.4 (0.55)
1,4-DNN 410, 550 4 14 1.0 0.4 (0.45)
1,5-DNN 400, 540 5 11 1.0 0.3 (0.4)
DNB 510 0.2 <2 0.9 0.02 (0.12)
DNF 510 5 1.3 0.9 0.45 (0.55)
NFf 450 6 1

2|n argon-saturated benzene.

bLargest peak underlined.

C At low pulse intensity.

dRate constant for triplet quenching by oxygen using argon-, air- and oxygen-saturated solution.
€ Air saturation; values in parentheses refer to oxygen saturation.

f 2-Nitrofluorene.

are very similar to those for 1-methoxy-4-nitronaphthalene in Table 2 In oxygen-saturated benzene a significantly larger

[21]. @, value with respect to air saturation was obtained for
DNB, wherett is smallest. In the other cases; is suf-
3.2. Triplet state properties ficiently long and a higher oxygen concentration has virtu-

ally no enhancing effect o@,. The relativeAAt values

The transient absorption spectrum of 1,4-DNN in change by less than 20%gble 2, indicating that the prod-
argon-saturated benzeney. = 354 nm, has a maximum, uct syt x ®jsc does not markedly depend on the type of
ATT, at 560 nm. This species, which is present during the dinitroarene.@, is a minimum measure obisc, is rather
pulse and quenched by oxygen, is assigned to the triplet statelarge for DNF and any DNN, but low for DNB, where the
3*O2NArNO2. The T—T absorption spectra of the other dini- triplet lifetime is extremely short and quenching by oxygen
trohydrocarbons have a broad long-wavelength tail extend- cannot be the major pathway.
ing to 700 nm. The data are consistent with literature reports  The absence of any fluorescence for the dinitroarenes in
[16,22] The rate constant for triplet quenching by oxygen benzene and acetonitrile is consistent with the conclusion
of dinitroarenes in benzene kgy = (1-2) x 1°M~1s71, that the observed photoreactions occur from the triplet state.
The observed strength of T-T absorptiohAt, in ace- After triplet population via steps (1) and (2), the quenching
tonitrile [22] and benzene is substantial for the nitroarenes reaction (3) yields singlet molecular oxygeBcheme 1
under examination. No bleaching in the 330-380 nm range Triplet quenching of mononitronaphthalen@4] and dini-
was observed when the concentration of a dinitroarene wastroarenes by the dialkylanilines in deoxygenated benzene, re-
low enough. This being in contrast to the mononitronaph- action (4), yields a major intermediate, denoted aswhich
thalenes, where the amount of bleaching increases with in-is assigned to tha-aminoalkyl radical, PhAN(RCHR.. In-
creasing ground state absorbance as lonfjzgsis smaller termediate T¥, observed after triplet quenching by TEA,
than 0.8[21]. The decay kinetics follow a first-order law differs from Tr by spectrum and decay kinetics and is as-
when the intensity is low enough. 2-Nitrofluorene exhibits signed to the @NAr*NO,H radical; for the identities of Tr
similar triplet propertiesTable 3. Some properties of the and Te see later.
triplet state of nitronaphthalenes have already been reported
[18-25] 3.3. Secondary transients from dinitroarenes in the

Phosphorescence of singlet molecular oxygen was ob-presence of TEA
served in acetonitril§22] and benzene at room tempera-
ture. The AAr values under optically matched conditions On addition of TEA, the triplet decay of the dinitroarenes
(AAT/IAAT®), the quantum yield of formation of singlet in argon-saturated benzene is accelerated. The first-order
molecular oxygen and the triplet lifetimer, are compiled decay rate constankyps, taken at 460-650 nm, shows a

*N_(2) HO_ _O®

L]
SNT H,C—CH
\3* +NEt, (5) 'T‘ 3 \N/Et
N—— ,?\r + | —> products
N

Et
0, (Try)

+ PhN(R)CH,R'

radicals  (Try) ———  products
O,NANO,: N

Scheme 1.
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Table 3

Rate constants for triplet quenching by DEA and TEA, absorption maxima and half-life of the radicals

Compound Amine kg (x10%%) (M~1s71) Arad (NM) AAad AATH t1/2 (Ms)

1,3-DNN DEA 1 <350 (340% 1.8 <0.2
TEA 0.6 390 0.5

1,4-DNN DEA 1.5 400 0.2 0.1/>5
TEA 0.5 400, 520 0.6 0.1

1,5-DNN DEA 1.2 340 0.9 0.1/1
TEA 0.5 400 1.2 0.2

DNB DEA >0.8 340 1.1 0.03
TEA 0.5 380/500 1.0/1.3 103/2¢

DNF DEA 1.8 340 0.5 0.03/>2
TEA 0.9 355, 430 0.9 0.1

NF DEA 1 335 0.15

21n argon-saturated benzene using [amiag).1-10 mM.
bvalue in parentheses refers to DMA.

¢Second (left) and third (right) transients.

d Minor maximum.

linear dependence on the TEA concentration. The rate con-(Fig. 1b). In general, the @NAr*NO2H radical is expected
stant for triplet quenching, obtained from the slope of these as intermediate after triplet quenchin§cheme 2 The
plots, iskq = (5-9 x 10°M~1s1 (Table 3. For 1,4-DNN,  assignment of B to the conjugate acid of the radical
transient T with maxima at 400 and 520 nm persists after anion also in the cases of 1- and 2-nitronaphthalene and
quenching Fig. 1b. Corresponding spectra with maxima 1-methoxy-4-nitronaphthalene in benzene is based on sim-
at <400 nm were recorded for DNF-ig. 2b and 1,3- and ilar spectra and kinetics in acetonitrijg0]. For 1,3- and
1,5-DNN. Decay of Ts under argon occurs by second-order 1,5-DNN (Table 3 and DNF in benzendg. 2b) the spec-
kinetics with a first half-life in the 0.2—2 ms range under our tral and kinetic properties are partly similar to those in ace-
conditions. A weak quasi-permanent component remainstonitrile [22]. Reaction (6 Scheme P of the conjugate acid
in the 360—-420nm range, this being in accord with the of the radical anion accounts for the second-order decay of
steady-state spectrum of a given photoproduct. Addition of Trp within a few ms. This is a two-step process the first and
oxygen strongly accelerates the decay ¢of, Tmdicating the rate-determining of which is disproportionation by H-atom
radical nature of this intermediate. transfer and the second of which is dehydration yielding a
Triplet quenching of all dinitroarenes in benzene by nitrosonitroarene. Termination of theaminoethyl radical,
TEA occurs via reaction (5), seecheme 1The remain- EtpN*CHCHg, occurs via reaction (7). Another a priori
ing transient of 1,4-DNN (T absorbs at 400 and 520 nm

l.OL:é | @/éqvbb | O',S_m|s
1.0 [ 5000, | (@) 9 S
2 o A s y
A % Frd O‘*% (@) AL o A\
O o7 o A ADAAAA Og
,éggg'gggggzémma NN NN oy . QAA'\A ¢ eA’}A Jﬁ§%vec
0 4 AwA g AglalgAgly] B . e e e u e oﬁééééiA-A‘A.A
1.0 690g —
bl \ 1.0 [— o —
o ®. (b) A o) %
F i }—“4 ~ AngO ﬁd AA’AA &\ ] " A OP
0.5 A xR, A , ‘x@ 05 oo™, / 0.21s
Agnmta, 4 Q SRt Q%X%A © —
|=.O. "u ! Q A-. OQ‘Q . QAAA A Oog
A® . n e 0e%0y BT wAgA Qo
0 hd | ..'O'L- " IAQAA)\./\./\_ . on® .T. ® ole :A'A"AE'A\»A-A?QJ%{
400 500 5 /gm 600 400 500 5 /nm 600

Fig. 1. Transient absorption spectra of 1,4-DNN in argon-saturated benzeneFig. 2. Transient absorption spectra of DNF in argon-saturated benzene in
in the presence of (a) DEA (3mM) and (b) TEA (10 mM) at 20 f3)( the presence of (a) DEA (2mM) and (b) TEA (0.5 mM) at 2009 (1 s

1ps (A), 100us (M) and 10ms @) after the 354nm pulse. Insets:  (4), 100us (M) and 10ms @) after the 354 nm pulse. Insets: kinetics
kinetics at 450 nm. at 350nm (upper) and 500 nm (lower).
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oo N+ HC—CH gt _2X_ Net, + HC= N
Ar N (7) |
2x | \ Et
0 (6) NO, T Et +N
l (Tra) (8) "L
|\|1 ITJOZ Tr, + H2C_C\N/Et
A
NO, NO, Et
Scheme 2.

possible reaction (8) can be excluded since the yield of Tr

photoreduction of DNB? Since formation of a quinonoid

was not markedly changed, when the substrate concentrastructure clearly requires co-planarity of the six-membered

tion was varied.

The time resolved spectra for DNB in the presence of
TEA are more complexHig. 3. Two further intermediates
(Tro and Te) were observed prior to the formation of the
product, ONArNQ. The order of intermediates of the spe-
cial case of DNB in the presence of TEA is triplet state,
Tro and Tg. Tr3 strongly absorbs at 500 nm, appears within
0.3us, i.e. not directly by quenching of the triplet state,
and decays withy/» = 10us. It is assigned to a quinonoid
structure, formed prior to 4-nitrosd-ditrobiphenyl as the
final product E&cheme B The proposed conversion of sl
into Tr3 is reaction (9a) with the “invisible&-aminoethyl
radical, thereby formingN,N-diethylvinylamine.

A quinonoid structure can in principle be proposed also
for intermediates arising from 1,4-DNN and DNF. The ques-
tion arises as to why this sequence is observed only for the

ring and the N(O)OH fragment, this can well be reached for
Trz from DNB, but not for a corresponding transient from
1,4- or 1,5-DNN, where the peri-hydrogen atoms obstruct
co-planarity.

For the lack of any T-like intermediate from DNF, there
is no obvious explanation. Since the main difference between
DNF and DNB is the carbonyl “clamping” the two benzenoid
rings, it may be surmised that this clamping renders any
quinonoid structure unfavorable.

3.4. Secondary transients from dinitroarenes in the
presence of anilines

The triplet decay of the dinitroarenes is also accelerated
on addition ofN,N-dialkylanilines and the rate constant for
triplet quenching of 1,4-DNN igq ~ 1.4 x 101°°M~1s1,

| | [
1.0}— A
A 1ms A )
ﬁAmax AA = ‘o A .I_E]S '1_m?
A .
m] A\A 2§, 6\0 =
= \AAA / v\
05_ ..gE]%E]DAA At AQO ]
A
‘. "ogl a 4
ee., . ®00g DaééAAﬁ‘A‘@A@fA_A s
ol 1 IO LT
300 400 500 A /nm 600

Fig. 3. Transient absorption spectra of DNB in argon-saturated benzene i

and 10 ms @) after the 354 nm pulse. Insets: kinetics for grow-in and decay at 400 nm (left) and 500 nm (right); absorption spectrum prior to irradiation

(dotted).

n the presence of TEA (5 mM) &DR@nsps (1), 1ws (A), 100us (M)

NO, NO,H NO
HC—CH gy
S
3% (3) Et (9a) -H,0
N— _ | D
H (9b)
_HZC:C\ _Et
\
(Try) Et (Try)
NO,H NO,H NO,

Scheme

3.
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Fig. 6. Transient absorption spectra of DNB in argon-saturated benzene in
Fig. 4. Transient absorption spectra of 1,3-DNN in argon-saturated benzenethe presence of DEA (3mM) at 20n&), 0.1ps ), 1ps (A), 100us
in the presence of DEA (1 mM) at 20 n&®j, 0.1ps (), 1ps (A), 100us (H) and 10ms @) after the 354 nm pulse. Insets: kinetics for grow-in
(M) and 10ms @) after the 354nm pulse. Insets: kinetics for grow-in  and decay at 370 nm (upper) and 500 nm (lower).
and decay at 370 nm (left ) and 500 nm (right).

are shorter. TheAAad/ AAT® values show large changes

1.0 IS T T between DNNs, indicating that the yield of;Tis largest for
A K.“_«_ 1,3-DNN and smallest for 1,4-DNN.
%d AA\A . 590 0,115 | 0.5 ms For mononitronaphthalenes, it has been shown that the
AA <6 OB 0.11s photoinduced conversion of PhNiimto PhNHMe involves
05— L%, \g 6’99 % electron transfef21]. This proposed initial step occurs in-
ngeoﬂ‘; A o | termolecularly from the amine to the triplet state, but the
R T DD\A\A e radical ions are not detectable in argon-saturated benzene
o Ne ., I _’3*—‘\% \3%@, [2,28]. To account for the presence of the aminoalkyl rad-
0 i I :T:Ae\ﬁéAAAAA N Ai‘ ?cal, Phl\_l(R)CHRV_ (Figs. 1a, 2a, 4¥as major absorb-
400 00 /um 600 ing species, reaction (4) and proton transfer are proposed

(Scheme A The nitro-derived radical seems to be too weakly
Fig. 5. Transient absorption spectra of 1,5-DNN in argon-saturated benzene@Psorbing for separate detection. For decay of the aminoalky!

in the presence of DEA (1 mM) at 20 n®}, 0.1ps (), 1us (A), 100us radical, reactions (10) and (11) of the two radicals into a
(M) and 10ms @) after the 354nm pulse. Insets: kinetics for grow-in  quasi-stable product are considered. A dealkylation via (11)
and decay at 390nm (upper) and 500nm (lower). has not been studied for the dinitroarenes.

. I . 3.5. Effects of
A 50% triplet quenching is achieved at the rather low con- ects of oxygen

centration of [DMA} > = 30uM, takingrt = 3ps. Analo-
gous effects were observed for 1,3-, 1,4- or 1,5-DNN, DNB
and DNF, where the rate constants ame= (0.8-16) x
10'°M~1s1 (Table 3. The transient absorption spectra for
1,4-,1,3-,1,5-DNN, DNB and DNF in the presence of DEA
(0.05-1 mM) are shown iRigs. 1a, 4-6, 2aespectively. For
NF and the dinitroarenes transient Tvith maximum,A;ag,

in the UV originates from the triplet state and is a radical

since its decay is accelerated by oxygen. The decay unde nitroarenes is trapping of the MAr*NOoH radical. The

argon occurs by second-order kinetics with a first half-life of ; —
Iy N proposed quenching reaction in the case of H-atom transfer
t172 = 0.03-1ms under our conditions, taking into account from TEA is reaction (12)

the presence of a weak longer lived or permanent component.
The half-lives for mononitronaphthalenes/§ < 9us)[21] O,NAr*NOsH + O, — OoNArNO, + HO,® (12)

The above measurements refer to deoxygenated solutions,
unless otherwise indicated. For nitrohydrocarbons in the
presence of TEA, DEA or DMA, due to the hidd values,
reactions (4) and (5) could compete successfully with triplet
guenching by oxygen (3), e.g. for amine concentrations of
>0.1M in air-saturated benzene. The important quenching
reactions, however, involve the relevant radicals. The pro-

osed reaction of oxygen in the case of H-atom transfer to

R( CHR R
. N" “o_ _oH NTT
O._ _OH [Tj
11 |
+ A 19 a0 + Ar+RHCO
NO 2 NO2
(Try) 2 (Try)

Scheme 4.
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Therefore, when oxygen is presedty is much lower
(Table ) and the half-life in the decay kinetics of the
observed @NAr°*NO;H radical (Tp) is very short. Oxy-
gen reacts also with the-aminoethyl radical§30] and
the a-aminoalkyl radicals[21] in the cases of TEA and
N,N-dialkylanilines, respectively.

4. Concluding remarks

The photoreaction of dinitronaphthalenes,’ 4i#itrobi-
phenyl and 2,7-dinitrofluorenone in benzene is initiated
by photoinduced electron transfer from an amine to the
lowest triplet state of the dinitroarene. Nitroso compounds
are the photoproducts which are detectable in the UV-Vis.
O>2NAr*NO>H radicals, observed as intermediates after
triplet quenching by TEA, differ by spectrum and decay
kinetics from PhN(R)CHR' radicals, the intermediates in
the presence df,N-dialkylanilines. A mechanism of pho-
todealkylation of DMA and DEA in benzene as solvent is
proposed.
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