Control of reaction course of the excited state of charge-transfer complexes by
the free energy of backward electron transfer
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Selective excitation of charge-transfer (CT) complexes
between acenaphthylene and various electron acceptors
gives net reaction products when the resulting radical ion
pairs lie at sufficiently higher energy than the ground state
(large —AGggr); however, with decrease of —AGggr, these
tend to become less reactive and finally non-reactive.

During active works on photoinduced electron transfer reac-
tions, attention has been paid to the behavior of the excited
states of charge-transfer complexes.1-9 It wasfound that, for the
combination of aromatic hydrocarbons with electron acceptors,
contact radical ion pairs (ClIPs) produced on excitation of their
charge-transfer complexes facilely undergo backward electron-
transfer (BET), the rate constant of which, kger, increases with
decrease of the net free energy difference, —AGger, between
the ground state and the radical ion pair, whereas solvent
separated radical ion pairs (SSIPs) resulting from encounters of
excited states of either donors or acceptors with counterparts
follow a bell-shaped kget versus — AGggr relationship.2-5 The
above difference in behavior between CIPs and SSIPs might
reflect a much smaller reorganization energy for BET from the
former than from the latter.8 However, the above energy gap
effect on the reactivity of CT complexes has been investigated
mostly by means of transient absorption spectroscopy, therefore
whether the excited states of the CT complexesdo or do not give
the final reaction products remains unclear. Previously, we
found that selective excitation of the CT complex of acena-
phthylene (ACN) and TCNE with 546.1 nm light in acetonitrile
or dichloroethane did not give any product, whereas excitation
of ACN with 435.8 nm light in the presence of TCNE afforded
products by way of electron transfer.10.11

This finding has led us to examine how —AGggr affects the
net chemical reactivity of the excited states of CT complexes
between ACN and a series of electron acceptors such asnitriles,
acid anhydrides, and quinones, T and we found that the —AGgger
value very dramatically controlsthe net reactivity of the excited
state as reported below. The CT complexest were selectively
excited in dichloromethane with 546.1 nm light to determinethe
guantum yields of the reaction, or with >500 nm light to
investigate the reaction products, since the CT complexes show
absorption at wavelengths longer than 500 nm but ACN shows
absorption at wavelengths shorter than 500 nm.

Fig. 1 plots the quantum yields of reaction, @, against
—AGger.8 This indicates that CT complexes with large
—AGggt values give net products; however, with lowering of
—AGgeT, @R tends to decrease and finally reaches zero when
—AGget is lower than 1.7 €V.§ When — AGggt is lower than
the threshold, excitation of the CT complexes of ACN with
acceptors did not result in any reaction products but excitation
of ACN in the presence of the same acceptors afforded reaction
products. In these cases, for the same combination of ACN and
an acceptor, the SSIP resulting from excitation of ACN is
reactive but either the excited state of the CT complex or the
CIP resulting therefrom is unreactive. On the other hand, the
CIP resulting from the excited CT complex, when lying with
—AGger larger than the threshold, can undergo charge

separation to give definite products via SSIPs competing with
BET.

The @y is composed of efficiencies for charge separation
from the excited CT complex, @cs, and for the generation of
products from the dissociated radical ions, @', according to @g
= dcs X D'r. Therefore, the above results certainly indicate
that charge separation practically does not occur when —AGggr
issmaller than the above threshold, and the efficiency for charge
separation tendsto increase with increase of —AGggr asshown
in Scheme 1, since the radical ions, once produced from the
SSIP, can givereaction products, i.e. @risaways > 0. Infact,
excitation of ACN in the presence of the electron acceptors
examined afforded reaction products and these were essentially
the same as those resulting from excitation of CT complexes
when they gave net reaction products,| In Scheme 1, A and A’
represent, for example, TCNB and TCNE, respectively.

When the CT complexes afford net reaction products, the
resulting products are classified into two classes, i.e. those
derived from benzoguinones (BQs) and those from non-BQs as
shown in Scheme 2. Selective excitation of the CT complexes
between ACN and non-BQs, namely acid anhydrides or nitriles,
gave mainly two isomeric dimers of ACN, cisoid-1 and
transoid-1, in aratio of 3—7: 1, as observed in the excitation of
ACN inthe presence of electron acceptors such as TCNE which
results in electron transfer from the excited ACN to the
acceptors followed by the formation of adimeric radical cation
of ACN (ACNy,*) affording cisoid- and transoid-1 in the same
ratio as above (Scheme 2).10

Excitation of the CT complexes of BQs, when affording
products, gave addition products (2, 3, and 4), together with
cisoid-1 and transoid-1 (Scheme 2), but no reduction products
of BQs such as hydroquinones. For example, selective excita-
tion of the CT complex between ACN and 2-CBQ gave 2, 3, and
4in13, 32, 7% yields, respectively, together with 20% of 1 with
acisoid : transoid ratio of 4.0 : 1 on consumption of 21% of
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Fig. 1 Plotsof quantum yield (@) at 546.1 nm for the reaction of ACN with
various acceptors versus the energy gap between the ground state and the
CIP (—AGger)
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ACN. Similarly, direct excitation of ACN with > 400 nm light
gavecisoid-1, transoid-1, 2, 3,and 4in 9, 4, 18, 36, 8% yields,
respectively, on consumption of 94% of ACN.

In conclusion, —AGggr clearly controls the reactivity of
excited CT complexes by affecting the BET rate from the
resulting CIP as schematically drawn in Scheme 1. Details of
the present study will be published elsewhere.

To our knowledge, thisis the first report to show, in a series
of CT complexes between an electron donor with various
acceptors, — AGgger dramatically controlsthe course of reaction
leading to final isolable products.
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Notes and References

1 Abbreviations of acceptors in this study: TCNB, tetracyanobenzene;
DMDCEF, dimethyl dicyanofumarate; MA, maleic anhydride; PA, pyr-
omellitic dianhydride; BQ, 1,4-benzoquinone; 2-CBQ, 2-chloro-1,4-benzo-
quinone;  2,5-DCBQ, 2,5-dichloro-1,4-benzoquinone;  2,6-DCBQ,
2,6-dichloro-1,4-benzoquinone; TCBQ, chloranil; TFBQ, fluoranil.

F The CT complexes show absorptions extending to 400—700 nm in organic
solvents depending on the acceptors. The equilibrium constants, Keq, for
formation of the 1 : 1 CT complex were spectrophotometrically12
determined in DCE in the range 1.6-6.2 m—1 depending on the acceptors.
§ The quantum yields, @, for reaction on selective excitation of the CT
complexes were determined based on the amount of converted ACN under
irradiation by 546.1 nm monochromatic light in DCE.13

1 In the threshold region, 2-CBQ (—AGger 1.92 eV) showed higher &g
than BQ (2.03 eV), and moreover 2,6-DCBQ (1.76 eV) and 2,5-DCBQ
(1.76 eV) exhibited much larger @ values than DMDCF (1.85 €V). This
fact might be attributed to the heavy atom effect of the chlorine atom in
these chloroquinones to enhance conversion of theinitially resulting singlet
radical ion pair (RIP) to atriplet RIP which will more effectively lead to
separation of free radical ions.

|| An equimolar mixture (0.005-0.02 m) of ACN and an acceptor in DCE
was irradiated using a 400 W high pressure mercury lamp in a merry-go-
round apparatus at 20 °C as described for TCNE.1° The products were
isolated by flash column chromatography and identified by spectral
properties and/or elemental analysis.
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