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Charge-transfer complexes formed between electron donors 
and acceptors have been studied extensively since the early 
development of the Mulliken charge-transfer (CT) theory.1 The 
CT complexes have been implicated as intermediates in a variety 
of reactions of electron donors (D) and acceptors (A), eq I.2 

K k 

D + A ^ = (D A) -^ products (1) 

However, the mechanistic involvement of CT complexes has 
always been questioned by an alternative mechanism in which 
the CT complex is merely an innocent bystander in an otherwise 
dead-end equilibrium, as shown in eq 2? The difference lies 

(D A) ^ = * D + A -^- products (2) 

in whether the overall second-order rate constant is a product 
of the rate constant for the passage of the CT complex to the 
transition state and the formation constant of the CT complex, 
£0bs =

 &I^CT in eq 1, or a simple bimolecular rate constant, &0bs 
= ki in eq 2, although the two processes in eqs 1 and 2 are 
kinetically indistinguishable.3,4 Kiselev and Miller5 have re­
ported the observation of negative activation enthalpy for the 
second-order rate constant of the Diels—Alder reaction of 
tetracyanoethylene with 9,10-dimethylanthracene, taken as 
experimental proof that the Diels—Alder reaction passes through 
formation of the CT complex. Such a negative activation 
enthalpy (AH*0bs < 0) could be obtained only if the second-
order rate constant is a product, k0bS = kiKcr, and the CT 
complex is so strong that the heat of formation of the CT 
complex (AiZcr < 0) is of greater magnitude than the activation 
enthalpy for the passage of the CT complex to the transition 
state (AH* i > 0), i.e., A#*0bs = A#CT + A#*i. It seems 
extremely difficult to find an appropriate electron donor-
acceptor system which is suitable to detailed kinetic analysis, 
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since strong electron donor—acceptor systems prerequisite to 
observe negative AH*obs values are usually too fast to follow 
the reactions. Thus, no independent determination of AHcr and 
AH*\ has so far been reported to confirm the relation, ArY*0bs 
(< 0) = AHa + AH*h

6 

We report herein that bis(4-(dimethylamino)phenyl)methane 
(MH2, Michler's hydride) and 2,3-dichloro-5,6-dicyano-p-ben-
zoquinone (DDQ) form sufficiently strong CT complexes that 
the AH*obs value of hydride transfer from MH2 to DDQ is 
negative, being equal to the sum of AHct and AH*i, both of 
which have been determined successfully. 

When MH2 and p-chloranil (CA) are mixed in EPA (ether-
pentane—alcohol) at low temperatures (e.g., 123 K), a new 
absorption band with Amax = 660 nm is immediately observed, 
and the absorbance increases with a decrease in the temperature. 
The broad absorption band is characteristic of an intermolecular 
CT complex.12'7 The CT complex becomes unstable at higher 
temperatures, and hydride transfer from MH2 to CA occurs to 
yield the Michler's hydride cation (MH+), which has the 
absorption maximum at Amax = 605 nm (emax = 147 500 M - 1 

cm-1).8,9 The second-order rate constant (&obs) for the formation 
OfMH+ is determined as 4.7 x 10-2 M -1 s_1 in acetonitrile at 
298 K. The AH*obs value is also determined as 33 ± 3 kJ mol-1 

from the temperature dependence at 298-323 K. 
When /?-chloranil was replaced by a stronger one-electron 

oxidant (DDQ), the rates of formation of MH+ became much 
faster, and they were determined by using a stopped-flow 
spectrophotometer. The rates of formation of MH+ in the 
presence of a large excess of DDQ obeyed pseudo-first-order 
kinetics.10 The pseudo-first-order rate constant (ke%9) increases 
linearly with an increase in [DDQ] at low concentrations (< 1.0 
x 1O-4 M) but exhibits deviation from the linear correlation at 
higher concentrations (e.g., 5.0 x 10~4 M). Such curvature 
demonstrates the presence of a CT complex formed between 
MH2 and DDQ during the reaction.11 According to eqs 1 and 
2, &exp is expressed as a function of [DDQ] as shown in eqs 3 
and 4, respectively. In each case, the plot of ^eXp

_1 and [DDQ]-1 

*exP = Mcr[PDQ]/(l + ^CT[DDQ]) (3) 

kexp = fc2[DDQ]/(l + £CT[DDQ]) (4) 

is expected to give a straight line, and from the ratio of intercept/ 
slope is obtained the Ka value. From the intercept is obtained 
the limiting rate constant ^m3x, which corresponds to k\ and fe/ 
ATCT in eqs 3 and 4, respectively. In fact, the linear correlation 
is obtained between fcexp-1 and [DDQ]-1 for the hydride transfer 
reaction from MH2 to DDQ in trichloroethane at various 
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(10) The clean pseudo-first-order kinetics may preclude the participation 
of a radical chain reaction. 

(11) Although the CT spectrum of the stable MH2—CA complex is readily 
detected, the large concentrations of reactants required to observe the CT 
spectrum of the MH2—DDQ complex have precluded the clear-cut detection 
because of the limited solubility of reactants in trichloroethane. The 
observation of transient CT spectra in similar systems has been reported 
previously.93 
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Figure 1. Arrhenius plots of Kci and kmax as well as the observed 
overall second-order rate constant (Ic^x) for the hydride-transfer reaction 
from MH2 (1.0 x 10"5 M) to DDQ (5.0 x 10 - 5 -5 .0 x 10"4 M) in 
trichloroethane. 

temperatures. Figure 1 shows the Arrhenius plots of KQT and 
fcmax as well as the observed second-order rate constant (&0bs) at 
low concentrations, which corresponds to kiKcr and fe in eqs 
3 and 4, respectively. It is clearly shown that the heat of 
formation of the CT complex (AHCT = - 3 7 ± 3 kJ mol-') is 
of greater magnitude than the activation enthalpy of kmm 
(Aff°max = 24 ± 3 kJ mol-1). Moreover, the observed negative 
AH%bs value (—14 ± 2 kJ mol-1) agrees well with the sum of 
the negative AHQT value (—37 kJ mol-1) and the positive AHtn^1 
value (14 kJ mol-1).12 Such a negative AH*0^ value, being equal 
to Ai/cT + A//*max, could only arise when the CT complex 
lies along the reaction pathway (eq 1). 

The CT complexes have so far been implicated as prerequisite 
intermediates for efficient electron transfer from electron donors 
to acceptors.2'13 In fact an electron transfer pathway followed 
by proton and electron transfer has been well established for 
hydride transfer reactions from typical biological hydride donors 
(nicotinamide adenine dinucleotide, dihydroflavins and ana­
logues) to a strong electron acceptor such as DDQ.1415 In order 

(12) The appropriate choice of solvents is essential to observe the negative 
A#*0bs value. The change of solvent from trichloroethane to acetonitrile 
resulted in an increase in the Afl*0bS value, which was 0 ± 2 kJ mol-1. 

(13) The Diels—Alder reaction of anthracene derivatives with electron 
acceptors such as tetracyanoethylene and p-benzoquinone derivatives has 
been reported to proceed via electron transfer: (a) Fukuzumi, S.; Kochi, J. 
K. Tetrahedron 1982, 38, 1035. (b) Fukuzumi, S.; Okamoto, T. J. Am. Chem. 
Soc. 1993, 115, 11600. 

to determine the energetics of electron transfer from MH2 to 
DDQ, the one-electron oxidation potential (£°ox) of MH2 must 
be determined, since the one-electron reduction potential of 
DDQ is known as 0.51 V (vs SCE) in acetonitrile. Although 
the E°ox value cannot be determined by the conventional cyclic 
voltammetry (CV) because of the instability of the resulting 
radical cation (MH2,+), the irreversible anodic wave in aceto­
nitrile becomes reversible by raising the scan rate to 200 V s~' 
using a platinum microelectrode. The £°0x value in acetonitrile 
at 298 K, determined as the average of the anodic and cathodic 
current maxima, is 0.75 V vs SCE. Thus, the free energy change 
of electron transfer (AG°et) from MH2 to DDQ in acetonitrile 
at 298 K is determined as 23 kJ mol-1 using the relation AG°et 

= F(£°ox - E0Kd), where F is the Faraday constant. Although 
the unknown value of the reorganization energy of electron 
transfer in the present system has precluded direct comparison 
between the calculated value of the rate constant of electron 
transfer from MH2 to DDQ based on the Marcus theory16 with 
the observed value, the AG°et value (23 kJ mol-1) being 
comparable with the Atf*^ value (24 kJ mol-1) suggests that 
the hydride transfer from MH2 to DDQ occurs via electron 
transfer in the CT complex formed between MH2 and DDQ.1718 
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change of electron transfer in the CT complex (AG «), which is given by 
AG'« = AG°e, + Wp — wT, where AG°« corresponds to the standard free 
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(18) The electron transfer in the CT complex may be followed by proton 
and electron transfer to complete the net hydride transfer as in the case Of 
hydride transfer reactions from coenzyme analogues to strong electron 
acceptors such as DDQ.1415 


