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EDA-complex formation and 1,4-cycloaddition of tetracyanoethylene (TCNE) with styrene, a-methylsty-
rene, 1,I-diphenylethylene, cis-stilbene, and trans-stilbene were studied spectrophotometrically in chloroform
at 25 °C. Formation constants of the EDA complexes were found to be in the order, trans-stilbene>styrene>

a-methylstyrene > cis-stilbene > 1,1-diphenylethylene.

in terms of both electronic and steric effects of the donors studied.

underwent thermal cycloaddition to TCNE faster than styrene.
The fact that trans- and cis-stilbenes do not react with TCNE was explained

took place in the transition state.

The difference in the formation constants was discussed

a-Methylstyrene and 1,1-diphenylethylene
It is suggested that some charge separation

in terms of the difference in stability of the 1,4-cycloadducts estimated from the 1,4-bislocalization energy obtained

by Dewar’s perturbation molecular orbital method.

The nature of tetracyanoethylene (TCNE) as a
strong acceptor causes a few typical cycloaddition
reactions with z-electron donors as well as the EDA
(electron-donor-acceptor)-complex formation.? When
TCNE is mixed with benzene derivatives, electron-
rich olefins, and conjugated dienes, it usually yields
the EDA complexes only, cyclobutane derivatives (1,2-
cycloadducts), and cyclohexene derivatives (1,4-cycload-
ducts), respectively, under mild conditions.

Styrene has been considered to be nonreactive to-
ward TCNE under mild conditions, although ben-
zylidenemalononitrile and a cycloadduct consisting of
two molecules of styrene and one molecule of TCNE
were obtained by refluxing in xylene.? Recently,
however, it was found by the high-pressure quenching
method that styrene and its derivatives(D) undergo
reversible cycloaddition to TCNE(A) to afford the
1,4-cycloadduct(P) besides the EDA complex.34 The
1,4-cycloaddition reaction illustrated below is of
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interest. Styrenes serve as a diene, losing their
aromaticity, while they act as a dienophile in the
Diels-Alder reaction with anthracenes.®) In order to
get insight into the mechanism of the reaction, a de-
tailed kinetic study has been carried out. It was
not clarified in the previous work® why neither cis-
nor trans-stilbene provides the 1,4-cycloadduct, de-
spite the fact that ionization potentials of these mol-
ecules are lower than those of other styrenes which
give the cycloadduct. An interpretation for the un-
expected result is given herewith in view of the mo-
lecular orbital theory.

The formation constant and molar absorption co-
efficient of the EDA complex between TCNE and
styrene were determined®—® without taking into con-
sideration the coexistence of the 1,4-cycloadduct con-
firmed previously.3% Reliable values of these param-

eters were obtained in the present study taking
into account the 1,4-cycloadduct. Discussion is given
on the factors determining the stability of the EDA
complexes between TCNE and styrene and its de-
rivatives.

Experimental

Electron donors and TCNE were purified by the method
reported.® Chloroform as a solvent was purified by the
standard method. The boiling points and melting points
of all the reagents agree with the values reported.

Stock solutions of the donors and the acceptor were pre-
pared immediately before use. Electronic absorption spectra
and their time dependences for kinetic studies were mea-
sured with a Shimadzu UV-200S spectrophotometer. Ther-
mostatted water (25°C) was circulated around a quartz
cell and donor and acceptor reservoirs. The temperature
was regulated within 0.1 °C. Under the conditions where
the concentration (mol dm=3) of the donor is in large excess,
reaction rates were determined by following the increase
in the absorbance around 320 nm due to the 1,4-cycloadduct,
and equilibrium studies by observing the charge-transfer
(CT) band at a longer wavelength. The absorbance due
to the EDA complex decreased to a stationary value (not
zero) with time except in the case of stilbenes. The time
at half-mixing of donor and acceptor solutions was taken
as time zero when we get an absorbance of the EDA com-
plex at time zero by extrapolation.

Results and Discussion

EDA Complexes of TCNE with Various Styrene Deriv-
atives. When a-methylstyrene is mixed with
TCNE in chloroform, absorption bands due to the
EDA complex instantaneously appear in the visible
region (Fig. 1b). Similar absorption spectra can be
observed in solutions of TCNE and other styrene
derivatives. The donor and TCNE have no absorp-
tion in this region. The wavelength of the maximum
absorption(A,,,,) is slightly larger in chloroform than
that in dichloromethane (Table 1).

The plot of transition energies (hvyy) of a series
of EDA complexes with a fixed acceptor against ion-
ization potential (I,) of donors generally shows a
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TaBLE 1. SPECTROSCOPIC PROPERTIES AND FORMATION CONSTANTS OF EDA compLEXES BETWEEN TCNE
AND VARIOUS STYRENE DERIVATIVES IN CHCI,; at 25 °C
Dono Ipa) Amax® €max K.
nor eV nm mol-1 dm3 cm1! mol-* dm3
Styrene 8.50 486 (480) 1960+ 30 0.4674-0.010
a-Methylstyrene 8.50 504 (495) 1760450 0.436+0.013
1,1-Diphenylethylene 8.25 519(507) 1660450 0.306+0.011
cis-Stilbene 8.20 541(528) 19504110 0.415+0.023
trans-Stilbene 8.00 608 (597) 1880450 1.16+0.03
a) Ref. 13; 1eV=96.48456 kJ/mol. b) Values in parentheses were measured in CH,CI, from Ref. 4.
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Fig. 1. Time dependence of the electronic spectrum
of a-methylstyrene-TCNE system in CHCI; at 25 °C.
(a) 1,4-CGycloadduct ([D]y=0.5 mol dm~3, [A],=2X
104 mol dm=3). (b) EDA complex ([D]y=0.5 mol
dm-3, [A]y=2x 103 mol dm=3), (1): 10s after mix-
ing, (2): 1 min, (3): stationary state.
linear relationship.!® This was also found to be the
case in this study:

Fvgr/eV = 0.873(I,/cV) — 4.89
hvoe/eV = 0.847(L,/eV) — 4.63

(in CHCL) (1)
(in CH,CL). (2)

The gradients obtained for the TCNE-styrene deri-
vative systems are nearly the same as those obtained
for other TCNE-aromatic hydrocarbon systems in the
corresponding solvents.!® The fact that the gradient
is not very far from unity suggests that the resonance
interaction between the donors and acceptor is weak;
the EDA complexes we have examined are weak ones.

The formation constant(K,) and molar absorption

coefficient (e,,) of the EDA complex at A, are
determined by the Scott equation,1®
DAL _ 1 D )
4, Keemax Emax

where [D], and [A], are the initial concentrations
of the donor and acceptor, respectively, A4, is the
absorbance of the EDA complex at 1,,, at time zero,
£max the molar absorption coefficient at A_,,., and [
the path length (10 mm). Figure 2 shows a plot of
the left-hand side of Eq. 3 against [D], for a-methyl-
styrene—-TCNE system. Applying the least-squares
method to linear plots like this, we obtain values of
K, and e,,, of the complexes as in Table 1, the K,
values being in the sequence, frans-stilbene>>styrene>
o-methylstyrene > cis-stilbene > 1,1-diphenylethylene.
The sequence of the TCNE complexes is similar to

w
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Fig. 2. Scott plots for a-methylstyrene~-TCNE system

in CHCI,; at 25 °C.
1: t=0, 2: stationary state.

04

that of the 1,3,5-trinitrobenzene complexes, except for
the case of cis-stilbene.!V)

In the case of planar molecules like styrene and
trans-stilbene, the sequence is in accord with the trend
that the lower the ionization potential of the electron
donors, the larger the formation constant. The trend
has been derived theoretically by assuming that CT
forces mainly contribute to the stabilization energy
of the EDA complex.®'* On the other hand, in
the case of nonplanar molecules like a-methylstyrene,
1,1-diphenylethylene, and cis-stilbene, the result is not
in accord with the general trend. Since these three
nonplanar styrenes have dihedral angles, ca. 30—
40°,1%14) the configuration of the complexes is con-
sidered to differ a great deal from that of planar-
styrene complexes. The nonplanarity of the elec-
tron donors interferes approach of the planar TCNE
molecule as a factor of steric hindrance, which is re-
sponsible for the formation constant smaller than that
expected simply from the electronic effect.

Kinetics of 1,4-Cycloaddition. The absorption
band around 320 nm due to the 1,4-cycloadduct in-
creases and the CT-absorption band decreases with
time, and finally, they reach stationary values (Fig.
la). Since the EDA-complex formation and 1,4-cy-
cloaddition take place reversibly, the following reac-
tion scheme in which both reactions proceed suc-
cessively can be assumed:1%)
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where £, and £_; are the rate constants of the forward
and backward reactions, respectively. Let us carry
out a kinetic analysis of the reaction according to
Eq. 4. When [D];>[A],, the rate equation for the
increase of the 1,4-cycloadduct is

d
Ry ) )

where the square brackets denote the concentration,
¢t time,

_ kK [DJo[A], _
a = T'_K—G[DI— - kl[EDA]O: (6)
and
_ kK [D],
kobsd - 1+Kc[D]0 + k—l- (7)

Integration of Eq. 5 gives the expression for [P] as

£ [EDA] {1 —exp(—Fkopsat) }
kobsd ’ (8)

[Pl =

since [P]=0 at time zero. Pseudo-first-order rate con-
stant, K, was determined by the Guggenheim plot.
Plots of k,usq vs. K,[D]o/(1+K,[D],) for the styrene-
and oa-methylstyrene-TCNE systems afford good
straight lines as shown in Fig. 3. Values of k; and
k_, obtained from plots of this kind are given in Table
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Fig. 3. Plots of kopsa against K.[D]y/(1-+K.[D],) in

CHOY, at 25 °C.
I: Styrene-TCNE, 2: a-methylstyrene-TCNE.
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2, together with those of equilibrium constant between
the 1,4-cycloadduct and EDA complex, K,(=k,/k_,),
and overall equilibrium constant K(=K,K,). We sce
from Eq. 7 that the product £,K, is overall second-
order rate constant from the reactants to the 1,4-
cycloadduct. Table 2 shows that the effect of sub-
sitution at the a-position by methyl or phenyl group
on kK, is substantially large, the methyl or phenyl
substitution enhancing the reactivity by factors of ca.
70 and ca. 50, respectively. Though most 1,4-cyclo-
additions are considered to proceed wvia concerted
mechanism, the enhancement of the reaction is too
large for a concerted mechanism.1® Similar enhance-
ment has been observed for 1,2-cycloaddition of TCNE
to enol or enethiol ethers in which a dipolar inter-
mediate is considered to be involved.'7:18 Thus the
a-substitution effect suggests that some charge separa-
tion develops in the transition state of the 1,4-cyclo-
addition. The marked dependence of the rate on
solvent polarity supports this idea.l?)
Equilibria Including 1,4-Cycloadduct.
tionary state, i.e., =00, we obtain

k,[EDA],

kobsd

At the sta-

[Pl = 9
where [P], is the concentration of the 1,4-cycloadduct
at the stationary state. By means of the definition
K,=[P],/[EDA], and Egs. 6, 7, and 9, we have

K.[D],[Al,
1+ (1+ Ky) K. [D],”

This can be rewritten as

[Dl[ALS _ 1

4, Keemax €max

by means of Beer’s relation [EDA],=4,/ep.,. |, where
4, is the absorbance of the EDA complex at 4.,
at the stationary state. A plot of the left-hand side
of Eq. 11 against [D], in the a-methylstyrene-TCNE
system is also shown in Fig. 2. The two kinds of
plots corresponding to Eqs. 3 and 11 should have
the same intercept; this is actually the case. The
equilibrium constant K,; is determined from Eq. 11
and the slope of the line 2 in Fig. 2. The value of
K, obtained from the equilibrium measurement is in
accord with that obtained kinetically (K =k, /k_,) with-
in experimental error (Table 2). The agreement in-
dicates that the present analysis is self-consistent.
We can obtain from Eq. 8 a reliable value of the
molar absorption coefficient (eg4,) of the 1,4-cycload-
duct at 320 nm. The values of &g55/mol~t dm3 cm—1
are (7.7%0.1) x 103, (5.1£0.3) x 103, and (4.0£0.2) X

(10)

[EDA], =

TaBLE 2, RATE AND EQUILIBRIUM CONSTANTS OF THE 1,4-cyCLOADDITION BETWEEN TCNE
AND VARIOUS STYRENE DERIVATIVES IN CHCI; At 25 °C

Donor 103 £,/s~1 103k /st K, K/mol-* dm?
Styrene 0.3804-0.012 0.25040.001 1.524+0.05 0.71+0.04
«-Methylstyrene 26.8+0.6 6.50+0.09 4.1240.15 1.80£0.12

(4.29:£0.15)
1,1-Diphenylethylene 28.9+2.5 8.21+0.12 3.51+0.35 1.07+0.15

a) From the equilibrium measurement.
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103 for the styrene, a-methylstyrene, and 1,1-diphenyl-
ethylene adducts, respectively. The value of &g, for
the styrene adduct is slightly larger than that obtained
in dichloromethane ((5.5+0.1)x10%).9 The differ-
ence arises from the change of solvents and the neglect
of the presence of the EDA complex in the previous
treatment.

Tonchéva et al. determined K, and e,,, of the
TCNE complexes with styrene and a-methylstyrene
in 1,2-dichloroethane at 20 °C without noticing the
1,4-cycloadduct, and reported 645 as ¢,,, for styrene
and 200 for a-methylstyrene.” These values are too
small for the TCNE complexes with aromatic hy-
drocarbons.?) The stationary state reaches within 10
minutes in the case of o-methylstyrene-TCNE in
chloroform (Table 2). In a more polar solvent, 1,2-
dichloroethane, the stationary state is attained faster.
The e,,,, is considered to be e, [(14+K); £,.. and
K, are shown to be (3.33+0.16) x 103 mol~* dm3 cm—1
and 13.8 under the same condition.t®)

Reactivity of Styrenes. The reactivity of dienes
toward TCNE generally increases with the decrease
in its ionization potentials, though it is not the diene
having lower ionization potential that shows high
reactivity in the Diels-Alder reaction. This is also
the case for the reaction we examined. Although
trans- and cis-stilbenes have lower ionization potentials
than other styrene derivatives, the stilbenes react with
TCNE to form only the EDA complex, showing no
further reaction such as l,4-cycloaddition.

The reactivity of styrenes toward TCNE can be
examined by the method described by Mok and Nye ;20
the energy of the transition state is considered to de-
pend on the FMO (frontier molecular orbital) in-
teraction energy between reactants and on the stability
of the product. The FMO treatment predicts that
a diene of lower ionization potential is more reactive
on the assumption that other interactions (e.g., van
der Waals interactions) are constant within a series
of dienes. Since this is contradictory to the experi-
mental results, we should examine the stability of
the product. The 1,4-bislocalization energy calculat-
ed from Dewar’s perturbation molecular orbital method
is of great use for a comparison of the stability of the
adducts.2) The 1,4-bislocalization energies computed
for three styrenes are given in Table 3, where para-
localization energies by Brown?? are included for
comparison. It turns out that both parameters have
nearly the same value for the donors. We see from
the definition of localization energy that a diene of
a smaller localization energy, i.e., smaller coefficient
of the localization energy, reacts with TCNE to form
a stable adduct. For the discussion of reactive sites,2?
the critical value of the localization energy divided
by the resonance integral (f) is taken as 3.6 below
which reaction takes place. Stilbenes have a larger
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TaBLE 3. 1,4-BISLOCALIZATION AND para-LOCALIZATION
ENERGIES OF THREE STYRENES
1,4-Bislocalization Para-localization

Donor energy/f energy® /f
Styrene 3.51 3.44
1,1-Diphenylethylene 3.26 3.34
Stilbene 3.84 3.89

a) Ref. 22.

value than this corresponding to the fact that they
are nonreactive toward TCNE (Table 3).
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