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Quinone imine dye formation via photocycloaddition
between isocyanates and chloranil
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Abstract—Photochemical [2+2]cycloaddition between electron-donating aryl isocyanates and chloranil was observed in acetonitrile
or benzene, and the following elimination of carbon dioxide resulted in the formation of the corresponding quinone imine dyes. This
new route for synthesis of quinone imine was investigated by product analyses, laser flash photolyses, and molecular orbital cal-
culation.
� 2004 Elsevier Ltd. All rights reserved.
Table 1. Oxidation potentials ðEoxÞ, free energy changes in electron
transfer ðDGetÞ, and quenching rate constants ðkqÞ for the excited
triplet of CA

Eox (V)a DGet

(kJmol�1)b
10�8kq (mol�1 dm3 s�1)
Photochemical [2+2]cycloaddition between a C@C
double bond and a carbonyl group, that is, the Patern�o-
B€uchi reaction, is a well-known photochemical reac-
tion.1 It has been mentioned that this reaction takes
place by way of a charge-transfer (CT) exciplex as well
as a preoxetane biradical when an electron-rich olefin
and an electron-deficient carbonyl compound such as
quinone are used.2 A C@C double bond of diph-
enylketene can also form the corresponding four-mem-
bered ring with an excited quinone, and the resulting
b-lactone may decompose to the quinone methide and
carbon dioxide.3 Similarly, some ketenimines can afford
the corresponding iminooxetanes.4 In an analogous
way, isocyanates and their thio-derivatives are expected
to undergo the photochemical cycloaddition with
quinones, finally affording the quinone imine dyes,
which would be useful for imaging systems,5 after
evolving carbon dioxide or carbon thiooxide. However,
little is known about the cycloaddition between C@O
and C@N. In this paper the photoreaction of chloranil
(CA) with iso(thio)cyanates is reported.
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In Table 1, the quenching rate constants ðkqÞ for the
excited triplet of chloranil (3CA*) by the iso(thio)cya-
nate (1) are summarized. As seen from Table 1, kq is
In CH3CN In CH3CN In CH3CN In C6H6

1a +1.85 )6.2 0.74 0.055

1b +1.34 )56 120 33

1c +1.77 )14 2.2 0.19

1d +1.59 )31 69 1.3

1e +1.55 )35 74 1.1

1f +1.32 )57 91 45

a From cyclic voltammograms referred to Ag/Agþ (irreversible).
b Calculated by using Rehm–Weller equation:6 DGet ¼ Eoxð1Þ�
EredðCAÞ � ETðCAÞ � e2=ed; the reduction potential of CA (Ered vs
Ag/Agþ): )0.27V; the excited triplet energy of CA ðETÞ: 205 kJmol�1;
the Coulomb term ðe2=edÞ: 0.06 eV.
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Figure 1. Transient absorption in acetonitrile containing (a) 1a or (b) 1f after excitation by a 355-nm laser pulse ([1a]¼ 0.04mol dm�3,

[1f]¼ 0.0007mol dm�3, [CA]¼ 0.004mol dm�3).

Figure 2. The time course of 1H NMR spectrum change for photoreaction of 1a and CA.

� The calculated activation energy of 3a! 2a+CO2 by PM3 is

41 kcalmol�1. Therefore, it is hard to regard the present reaction as

thermal decomposition of 3a.
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correlated to the free energy changes in electron transfer
ðDGetÞ, so that the quenching should be due to electron
transfer or exciplex formation between 1 and 3CA*.
When an acetonitrile solution containing 1 and CA was
irradiated by a 355-nm laser pulse (Nd-YAG), transient
absorption bands assigned to the radical cation of 1 and
the radical anion of CA appeared after the quenching of
3CA* (Fig. 1). The transient absorptions of the radical
ions were more rapidly appeared in the case of the more
electron-donating compound (1f).

When an acetonitrile solution containing phenyl isocy-
anate (1a) and CA was irradiated under nitrogen
atmosphere using a 500-W super-high-pressure mercury
lamp with an appropriate cut-off filter (k >390 nm), the
color of the solution immediately changed from light-
yellow to red-purple, and 1a completely disappeared
after 1 h. The resulting colored material was assigned to
the quinone imine (2a) by NMR and MS analyses, and
no other products were detected.7;8 The formation of 2a
would be reasonably explained by the photochemical
[2+2]cycloaddition and the following release of carbon
dioxide. The intermediacy of the [2+2]cycloadduct was
confirmed by the time course of the NMR spectrum
change (Fig. 2). The ortho-protons of the phenyl group
of 2a (6.8 ppm, Fig. 2c) were observed at higher mag-
netic field than those of 1a (7.1 ppm, Fig. 2a) owing to
magnetic shielding by the quinone imine moiety. When
the irradiation was stopped after 10min, new ortho-
protons were observed at the middle position (7.0 ppm,
Fig. 2b) between 1a and 2a. Taking into account the
degree of magnetic shielding, these would be assigned to
the protons of the [2+2]cycloadduct (3a). Since the
adduct 3a almost completely survived for one day in the
chloroform solution, the reaction of 3a producing 2a
might be triggered by a secondary photochemical elec-
tron transfer with the excited CA.�



Table 2. Relative reactivity for the photoreaction of 1 and CA, and

calculated atomic charges in the radical cation of 1

Relative reactivitya

(product)

Atomic charge in the radical

cationb

In CH3CN In C6H6 N C X

1a 110 (2a) 9 (2a) )0.452 0.724 )0.244
1b 11 (2b) 280 (2b) )0.500 0.681 )0.284
1c 0 0 )0.364 0.202 0.271

1d 0 0 )0.378 0.204 0.241

1e c c )0.386 0.204 0.225

1f 0 7 (2f) )0.400 0.206 0.200

aDetermined by UV–vis absorption maximum of 2. The value means

the initial increasing rate of the concentration of 2

(�10�7 mol dm�3 s�1).
bDetermined by B3LYP/6-31G* calculation using Gaussian 98 pro-

gram package.11
cHydrogen abstraction yielding the compound 4 occurred instead of

photocycloaddition.10

Table 3. Absorption maxima of the quinone imine (2)

k (nm) (e, cm�1 dm3 mol�1)

In CH3CN In C6H6

2a 524 (1450) 537 (1510)

2b 599 (3100) 619 (3500)

2f 582 (2870) 587 (3340)
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Similar irradiation (k >350 nm) on an acetonitrile solu-
tion of 1a and a weaker electron acceptor, p-benzoqui-
none, resulted in no chemical reaction (DGet ¼
30 kJmol�1). Therefore, the efficiency of the reaction
would depend on the degree of electron transfer inter-
action between 1a and the excited quinone. Since
nonaromatic isocyanate (propyl isocyanate) did not
react with the excited CA, an electron-donating nature
would be also required for iso(thio)cyanate. Results of
the photoreaction of other iso(thio)cyanates are sum-
marized in Table 2.9;10

HO CH2

ClCl

Cl Cl

4
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Isothiocyanates are less reactive than isocyanates, even
if they efficiently quench the excited state of CA. This
would be attributed to less electrophilicity of the NCS
carbon in their radical cations. Calculated11 atomic
charges on the NCX carbon are listed in Table 2, and it
is found the carbon in the isocyanate (1a,b) radical
cations has a more positive charge than that in the iso-
thiocyanate (1c–f) radical cations. The spin densities on
the NCX carbon would be less important for the initial
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Scheme 1.
stage of the reaction, since their absolute values are
rather small (0.006–0.096).

Similar reaction was also observed in benzene. In the
case of 1a, irradiation on the benzene solution afforded
less amount of the product than on the acetonitrile
solution, while the stronger electron donor, 1b or 1f,
gave higher yield of the product in benzene. In general,
since the quenching efficiency of the excited triplet of CA
by 1 is lower in benzene than in acetonitrile (Table 1),
the radical ion pair (or exciplex) would be generated in
higher yield in acetonitrile. However, the radical ion pair
in acetonitrile immediately dissociates into free radical
ions except in the case that DGet is close to zero and the
quenching is induced by the exciplex formation.12 The
exciplex would be preferentially formed in a nonpolar
solvent such as benzene, so that the cycloaddition occurs
more efficiently in benzene if the quenching efficiency is
sufficiently high. A possible mechanism is summarized in
Scheme 1.

The absorption maxima of the quinone imine 2 are listed
in Table 3. The absorption band in the visible region can
be assigned to intramolecular CT transition from the
aryl group to the quinone imine group.13

In summary, photochemical [2+2]cycloaddition between
electron-donating aryl isocyanates and chloranil was
observed and the following elimination of carbon
dioxide resulted in the formation of the corresponding
quinone imine dyes.
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