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The photochem ical reaction betw een 1,4-naphthalenedicarbonitrile (N D N ) and toluene in
acetonitrile is extended to bibenzyl (4), 3- and 4-fluorotoluene (8, 7), and 3- and 4-m ethoxytoluene (9, 10). The product distribution obtained with com pounds 4, 7 and 10 is similar and
includes 4-benzyl-1-naphthalencarbonitriles ( l a —c), 1-benzyl-1,2-dihydro-l,4-naphthalenedicarbonitriles (5a—c), cis 2-benzyl-l,2-dihydro-l,4-naphthalenedicarbonitriles (2 a —c) (with com 
pound 10 also the trans isom er 12 ), 12-substituted 6,1 l-dicyan o-5,1 l-m eth an o-5,6,11, 12-tetrahyd rodibenzo[a,e]cyclooctenes (3a, b) (not obtained with com pound 10), besides the hydrocar
bons arising from the coupling o f the respective benzyl radicals (products 6 a —c). W ith com pound
9 the only process observed is reduction o f N D N to l,2-dihydronaphthalene-l,4-dicarbonitrile
( 11 ). The results obtained fit into the previously proposed mechanistic schem e, involving electron
and proton transfer follow ed either by in cage radical coupling to form products 2, 3, 5 and 12 or
radical escape leading to products 1 and 6. The effect of substituents on the various phases o f the
reaction is discussed.

1. Introduction
A rom atic ketones in their triplet state are known
to abstract a hydrogen from alkylbenzenes both by
direct atom abstraction and by charge transfer fol
lowed by proton exchange, the predom inant path 
way depending on structural factors and reaction pa
ram eters [1], and a charge transfer mechanism has
been invoked also for the corresponding reaction of
arom atic esters [2], A charge transfer mechanism is
again operative in the hydrogen abstraction from
m ethylbenzenes by arom atic nitriles, but in this case
the excited singlet state is involved [3], In the latter
case, the reaction leads either to reduction of the
arom atic nitrile and coupling of the benzyl radicals to
bibenzyl or to form ation of addition or substitution
products between the nitrile and the alkylbenzene.
Thus, irradiation of the ground state E D A complex
betw een 1,2,4,5-tetracyanobenzene and toluene
yields l-benzyl-2,4,5-tricyanobenzene [4], We found
that 1,4-naphthalenedicarbonitrile (N D N ), while not
forming a ground state complex with toluene, does
undergo a photochem ical reaction in acetonitrile.
The observed processes are both photosubstitution
to yield 4-benzyl-l-naphtalenecarbonitrile (1) and
formal photoaddition to yield cis 2-benzyl-1,2-dihydro-l,4-naphthalenedicarbonitrile (2) and 6,11-dicy-
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ano-5,1 l-m ethano-5,6,11,12-tetrahydrodibenzo[a,e]cyclooctene (3) [5].
Products 1 to 3 are directly form ed, without inter
mediates or secondary photochem ical reactions. On
the basis of the correlation between fluorescence
quenching and reaction quantum yield as well as of
deuteration studies we were able to show that, after
the initial interaction between singlet excited NDN
and toluene, the reaction involves 1) w ater m ediated
proton transfer within the charge transfer exciplex;
2) in cage reaction of the two radicals to stereospecifically form products 2 and 3; in the latter case two
new carbon-carbon bonds are form ed and a further
water m ediated hydrogen transfer takes place; 3) es
cape out of cage of the benzyl radical, which is trap 
ped by NDN to afford substitution product 1 (see
Scheme 1) [5].
In this connection, we have studied the photo
chemical reaction of N D N with some substituted to 
luenes. The aim of the work was to explore the scope
of the reaction and to gain more inform ation about
its intriguing mechanism.
When considering the effect of substituents on the
reaction it must be borne in mind that the ionization
potential of the toluenes, and thus the rate of elec
tron transfer, is also affected by the substituent but
this can be separately ascertained by studying the
fluorescence quenching and taking it into account, so
that the effect on the subsequent steps of the reaction
can be evaluated. We speculated that: a) the intro-

Dieses Werk wurde im Jahr 2013 vom Verlag Zeitschrift für Naturforschung
in Zusammenarbeit mit der Max-Planck-Gesellschaft zur Förderung der
Wissenschaften e.V. digitalisiert und unter folgender Lizenz veröffentlicht:
Creative Commons Namensnennung 4.0 Lizenz.

This work has been digitalized and published in 2013 by Verlag Zeitschrift
für Naturforschung in cooperation with the Max Planck Society for the
Advancement of Science under a Creative Commons Attribution
4.0 International License.

1410

A. Albini et al. ■N aphthalenedicarbonitrile and M ethylbenzenes
CN

h- S h
CH,
CN

' -l:S l

l<:

CN

1

duction at the benzylic position of a substituent
which could function as a leaving group from the
toluene radical cation in concurrence with the proton
would open an alternative path to step 1;

NDN* + P h C H 2 C H 2Ph NDN • + P h C H 2 C H 2P h t

(2)

step 1

PhCH O

PhCHX- + H H
PhCH 2X+

PhC H i + PhCH 2

alternative path

(1)
PhC H i + X^

b) substituents at the arom atic ring would modify the
electronic distribution in the benzyl radical, and thus
the rate of formation of products 2 and 3, particularly
in the case of the latter, which involves reaction with
the ortho position of the benzyl radical (step 2); c)
electronic or steric effects would influence the
geom etry of the complex and of the radical ions pair,
thus influencing the concurrence between the rate of
escape of benzyl radicals (step 3) and in cage reac
tions.
2. Results and Discussion
Reaction with biben zyl

Bibenzyl* (4) quenches the fluorescence of NDN
at practically the same rate as toluene [5]. In polar
medium, reaction is observed. In the hypothesis that
the radical cation 4+ is form ed, there is the possibility
that the benzyl cation is detached in concurrence
with the proton. Indeed, this process has been con
sidered by Griffin et al. in order to rationalize the
form ation of benzaldehide in the ND N photosen
sitized oxidation of 4 (eq. (2)) [6].

C. A. name: l,l'.(l,2-ethanediyl) bis benzene.

This proposal finds analogy in the well docum ented
NDN photosensitized cleavage of phenylethylethers
to yield benzyl radicals (eq. (3)) [7].
NDN* + PhCH 2C H 2O R
NDN~ + PhCH2C H 2OR+
PhCHi + CH 2 = O R +

(3)

Thus, compound 4 is a suitable model to check
whether other positive groups (the benzyl cation) can
function as leaving groups from the toluene radical
cation in concurrence with the proton.
We find that in degassed acetonitrile solution the
photochemical reaction of NDN with com pound 4
results in a product distribution similar to that ob
tained with toluene, as shown in Scheme 2.
Thus, both cyano group substitution to yield
4-(r,2'-diphenylethyl)-l-naphthalenecarbonitrile
(la ) and addition to afford the two benzylated
l,2-dihydro-l,4-naphthalenedicarbonitriles (2a, 5a)
and the tetracyclic derivative 3 a take place and are
accompanied by radical coupling to yield 1,2,3,4-tetraphenylbutane (6 a). These processes exactly cor
respond to those observed in the reaction of NDN
with toluene, except for the fact that in that case the
1-benzyl derivative analogous to product 5 a is found
only in trace amounts. The products can be recog
nized by comparison of their spectroscopic proper
ties with those of the toluene derived products; in the
present case the NMR spectra in CDC13 are in some
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cases too crowded to allow interpretation, but the
spectra in C6D 6 are resolved enough to allow double
irradiation experim ents and correct assignment.
The absence of any product containing a benzyl
group shows that the bibenzyl radical cation does not
fragment into benzyl radical and cation, or at least
that no solvent-stabilized bibenzyl radical cation liv
ing long enough to undergo this kind of fragm enta
tion is form ed in these conditions*. Thus, carboncarbon bond cleavage is apparently too slow a pro
cess to com pete with exciplex decay via back electron
transfer, and only proton detachem ent need to be
considered (step 1, Scheme 1). As for the following
steps, the persistence of the stereoselectivity in the
form ation of products 2 a and 3 a is again in favour of
the coupling of the two radicals within the solvent
cage.
The previously m entioned NDN photosensitized
oxidation of com pound 4 is probably better
rationalized as resulting from the reaction of the
bibenzyl radical with oxygen and following cleavage

* This cleavage is o f course observed in the mass spectrum
o f 4, but, as it has been already pointed out [7], the
processes observed in low pressure gas phase need not to
correspond to the processes in condensed phase.

of the carbon-carbon bond in the peroxy radical (eq.
(4) rather than eq. (2)).
(N D N -•••PhC H 2C H 2Ph+) -*
( N D N H -- P h C H - C H 2Ph) ->
PhC H C H 2Ph —> oxidation products

(4)

O -O .
Reaction with ring-substituted toluenes

Experim ents were carried out with two pairs of
fluorotoluenes and m ethoxytoluenes carrying the
substituent in the m eta and para positions, in order
to check the effect on the reaction of large differ
ences in the electronic distribution.
The two methoxytoluenes quench the fluorescence
of NDN at a rate near to diffusion controlled, as
expected in consequence of their low oxidation po
tential. The fluorotoluenes, and particularly the
meta derivative, are less effective. The quenching
constant is however high enough to ensure that in the
preparative conditions used (0.3 M toluene) a large
portion of the NDN singlet excited state is in every
case quenched. Analogously to the case of toluene
itself, exciplex emision is observed in non polar sol
vents, and is quenched in more polar media. In no

Table I. Q uenching param eters and product yields from the reaction o f N D N with substituted toluenes.
Substituted
toluenes

kq, M _ 1s _1 a

PhCH 2C H 2Ph (4)b
-F Q H 4CH 3 (8)
4 -F Q H 4CH 3 (7)c
3-M eO C 6H 4 C H 3 (9)
4-M eO C 6H 4C H 3 (10)d

1.85 x lO 9
9.1 x lO 8
4.8 x lO 9
1.52X 1010
1.48X 1010

3

1-Benzylnaphthalenes

Products (% yield)
1-Benzyl2-Benzyldihydrodihydronaphthalenes
naphthalenes

l a (8 )

5a ( 8 )

2a (19)

3a (40)

l b (2 )

5b (22)

2b (33)

3b (40)

l c (19)

5c (17)

2c (26)

Tetracyclic
derivatives

Dihydro
naphthalene

11 (7)
12 ( 1 0 )

a Rate o f reaction with the N D N singlet excited state, as evaluated from the fluorescence quenching in acetonitrile, taking
rs = 10.0 ns from ref. [7];
b 1,2,3,4-T etraphenylbutane (6a) also obtained;
c l,l'-(l,2-eth an ed iyl)b is[4-flu orob en zen e] (6b) also obtained;
d l,l'-(l,2-eth an ed iyl)b is[4-m eth oxyb en zen e] (6c) also obtained.
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case is a photoreaction observed in cyclohexane or
benzene. In acetonitrile NDN reacts with 4-fluorotoluene (7) to yield a product distribution similar to
that observed with bibenzyl, viz. 4-(4'-fluorobenzyl)1-naphthalenecarbonitrile (lb ), the two 1,2-dihydronaphthalenes carrying the fluorobenzyl group in po
sition 1 and 2 (5 b, 2 b), the tetracyclic derivative 3 b
and l,l'-(l,2-ethanediyl)bis[4-fluorobenzene] (6b)
(see Scheme 3). On the contrary in the presence of
3-fluorotoluene (8) no product is form ed and NDN is
not appreciably consumed in the same conditions.
Me

CN
hv

NDN

^ C 6 H4X

XC' 6r'H,CH,CH,C
cH;
2
2 6
VX

c

X = 4 -F

CN

OMe
CN

11
With 3-m ethoxytoluene (9) the only process taking
place is the slow ( 0 ~ 10-3) photoreduction of NDN
to l,2-dihydro-l,4-naphthalenedicarbonitrile (11),
while no adduct is found (see Scheme 4). With
4-m ethoxytoluene (10) the reaction is again complex,
and the products obtained are the cyano substitution
derivative l c , the adduct in position 1 (5c), two
stereoisom eric adducts in position 2 (2 c and 12) and
1,1'-(1,2-ethanediyl)bis[4-methoxybenzene]
(6 c)
(see Scheme 3). Thus, differently from what found
with the toluene derivatives reported above, both
geometric isomers of the adduct in position 2, in the
other cases obtained only in the cis configuration, are
form ed, while the tetracyclic derivative 3c is not
formed.
As it appears from the foregoing, substituents
have a strong effect on the product ratio and even on
the occurring at all of the reaction. This is unlikely to
be due to a steric factor, as we showed that polym ethylbenzenes do yield products 1 to 3, the only
difference being a slight decrease of the stereoselec

tivity with durene [5]. Thus electronic factors must
be decisive, and this can be understood with refer
ence to Scheme 1.
The non reactivity of the m eta derivatives 8 and 9
can be imputed to the inefficiency of proton transfer
between the radical ions (step 1). The toluene radi
cal cation is from the termodynamic point of view a
strong acid (p K a ---- 11) [8], although the acidity is
only virtual if the situation is unfavourable from the
kinetic point of view. In the present case no “free”
toluene radical cation is form ed, but rather a tight
(N D N “ ---PhCH3+) singlet complex, and only in the
presence of traces of moisture w ater m ediated pro
ton transfer is able to compete with back electron
transfer [5]. Substituents having an available lone
pair lower the ionization potential of the toluene de
rivatives irrispective of the position relative to the
methyl group, but, as regard to the corresponding
benzylic radical, no such effect is expected for meta
substituents, as no suitable mesomeric formula can
be written. Therefore we expect the acidity of the
meta substituted radical cations to be significantly
lower than that of toluene radical cation. Thus in the
case of compound 9 proton transfer, and in the end
reduction of NDN, occurs only slowly, while no reac
tion is observed with compound 8, as in the latter
case also the previous step, electron transfer, is slow.
The two para substituted toluenes give adducts,
but there are im portant differences. O f the “in cage”
products, (see step 2 in Scheme 1), both com pound 2
and its geometric isomer 12 but no compound 3 are
obtained with the methoxy toluene, whereas com
pounds 2 and 3 are stereospecifically obtained with
the fluoroderivative and com pound 5 is form ed in
every case. A possible explanation could be found in
the delocalization within the benzyl radical. A recent
EPR study showed that a 4-methoxy group substan
tially delocalizes the umpaired electron, while a
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4-fluoro does not [9]. Thus, in the form er case a
stabilized, and therefore relatively “free”, benzyl
radical is form ed, which can rotate before final bond
formation. Thus, addition takes place in all available
modes, viz. in position 1 and in position 2 both in
cis and in trans arrangem ent. A nother indication of
this stabilization comes from the fact that radical es
cape, and thus formation of product 1 (step 3 in
Scheme 1), is more im portant with 4-methoxy to 
luene than with the parent molecule. In the case of
the fluoro derivative, on the contrary, no such
stabilization is available and the reaction proceeds as
with unsubstituted toluene, with minimal radical es
cape (2% of product 1) and strict stereoselectivity in
the formation of products 2 and 3.

3. Conclusion
From the mechanistic point of view the results o b 
tained with substituted toluenes are well understood
in the frame of the previously proposed Scheme 1
and offer m ore refined mechanistic information.
The photochemical reaction of N D N with toluenes
can hardly be classified among the well recognized
charge transfer reactions of arom atic nitriles with
benzene derivatives [10—13]. W hen the singlet ex
cited state of NDN interacts with phenyl alkenes
[10], alkynes [11], cyclopropanes o r butanes [12],
oxirans [13], the initial charge transfer occurs from
the phenyl ring [12 c], but it is the fact that the a t
tached functionality is more susceptible to deform a
tion than the benzene ring that makes it possible the
attainm ent of a certain stabilization for the tradical
cation, and therefore its escape from the solvent
cage. M oreover, it is at that functionality that chem i
cal reaction takes place in the end, the naphthonitrile
only acting as electron transfer sensitizer [17]. On the
contrary, with toluene no such phenom enon is pos
sible and the situation is more rem inescent of the
chemistry of arom atic exciplexes, although no prece
dent is found for the present reaction.
Polar solvents are needed to give some stability
to the charge transfer exciplex, and thus eliminate
the concurrence of exciplex emission, and water is
needed to m ediate the proton transfer, but the entire
chemical process is to be seen as occuring in a single
step, distinguished in phases in Scheme 1 only for the
sake of discussion. This process corresponds to a new
type of addition and, in the case of compound 3,
cyclization in aromatic photochem istry. Only when a

substituent has a particular stabilizing effect, as it is
the case with 4-methoxytoluene, does the reaction
become more similar to a stepwise process going
through radical ions and radicals. Furtherm ore no
other group than hydrogen can be detached from the
benzylic position. Bibenzyl does not fragm ent, and,
the fragm entation of phenylethylethers (eq. (3)) [7]
remaining the only example of C —C bond cleavage
in a similar reaction, it is likely that the oxygen atom
plays a special role in that case.
From the preparative point of view, it has been
shown that alkyl substitution has little influence on
this reaction, and particularly on the stereospecificity
of the addition process which makes this reaction
appealing to the synthetist (e.g. three chiral centers
are stereospecifically formed in one step in the case
of product 3), and this even in the case of bulky
substituents, as in the reaction with bibenzyl. H ow 
ever, substituents with strong electronic effect p re
vent or modify the course of the reaction, although

Table II. Selected
pounds3.

N M R chemical shifts for new com 
<3 (J in Hz)

Com pound

la b
lb b
lc b
2ac
2bb
2cb
12b
5ac
5bb
5cb
3ac
3bb

Naphthyl
C H 2 or CH
5t
4.45 s
4.5s
1-H
2.7d(4)
3.85d(4.5)
3.9d(5)
3.7d(4)

2-H
2.9
3.0
3.0
3.05d
3.0d
2.85d

3-H
6.15d(6)
6.5d(3)
6.6d(3)
6.7 d(5)
6.7dd(4.5)
6.9dd(4.5)
6.7dd(4.5, 6.5)

5-H

6 -H
3.5 d(4)
4.4d(4.5)

5,11-CH 2
1.9d
2.5d

2 .6 dd

3.5dd

a Further diagnostic properties: one or two CN absorptions
at 2220—2210 cm -1 in the IR spectrum. UV spectra: for
the naphthalenes la —c, a vibrationally resolved band
with maximum at ca. 300 nm (loge 4.1); for the 1,2-dihydronaphthalenes 2a—c, 5 a—c, 12, maximum at
272—9 nm (log e 3.5); for the tetracyclic derivatives 3a—b
maximum at ca. 270 nm (logf 2.6). Mass spectra frag
m entation patterns are in accord with the proposed struc
ture;
b in CDC13;
c in C 6D 6;
d center of the AB system.
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Table III. M elting points and elem ental analysis for new compounds.
Compound

M p. [°C]

Found

la
lb
lc
2a
2b
2c
3a
3b
5a
5b
5c
12

131 —2a
oil
150—l a
194—6b
1 5 4 -5 .5C
153—4b
250- 2 d
171—2C
86—8a
oil
116—7b
93—5b

C
89.89
82.60
83.41
86.68
79.23
79.95
86.32
79.31
86.71
79.03
80.11
79.81

Form ula
H
5.80
4.55
5.51
5.60
4.48
5.34
5.52
4.58
5.70
4.40
5.37
5.15

N
4.24
5.12
5.20
7.78
9.61
9.25
7.76
9.53
7.63
9.55
9.34
9.15

c , sh
c 18h
c 19h

19n
12n f
15n o
C 26FL 0N 2
C i 9H 13N 2F
C20H i6N2O
G26H2oN2
C i 9H 13N2F
c 26h 20n 2
c 19h 13n 2f
c 2„h 16n 2o
c 20h ,6n 2o

Calculated
c
90.05
82.73
83.49
86.63
79.15
79.98
86.63
79.15
86.63
79.15
79.98
79.98

H
5.74
4.63
5.53
5.59
4.55
5.37
5.59
4.55
5.59
4.55
5.37
5.37

N
4.20
5.36
5.13
7.77
9.72
9.33
7.77
9.72
7.77
9.72
9.33
9.33

a From Cyclohexane; b from Benzene-cyclohexane; c from Benzene; d from Toluene.

from the results with 4-fluorotoluene it can be pre
dicted that stereoselectivity will by conserved with
substituents not substantially stabilizing the benzyl
radical.
Experim ental
1,4-Naphthalenedicarbonitrile was prepared and
purified as previously described [13]. M ethylben
zenes were purified by distillation and/or crystalliza
tion. Spectrograde solvents were used as received.
Preparative reactions o f N D N with
substituted toluenes

An acetonitrile solution (70 ml) containing 250 mg
(1.4 mmol) of NDN and 21 mM of the appropriate
toluene derivative was flushed with purified argon
and irradiated with a Pyrex filtered 150 W medium
pressure mercury lamp at 17 °C until NDN was al
most completely converted (T .L .C .). A fter evapora
tion of the solvent, the photolysate was chrom ato
graphed on silica gel eluting with cyclohexane in or
der to eliminate the residual toluene derivative and
then with cyclohexane-ethyl acetate mixtures. In
some cases repeated chrom atography was required
in order to achieve a satisfactory separation. The
products were then purified by crystallization or bulb
to bulb distillation.
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