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reported previously’ but with some improvement on a linear
photodiode array detection of absorption spectra. Details of
experimental conditions are described in the figure captions.

Figure 1 shows the absorption spectra of the 10, (A) and *0,
(B) derivatives, which are represented as difference spectra of the
intermediates minus the CO-photodissociated species. The ab-
solute spectra (not shown) indicated that 90% of the enzyme
adopted the CO-photodissociated form in the laser beam in the
absence of O,. The two difference spectra in Figure 1 are very
much alike and reproduce the previous observation for compound
A% Although the peak at 586 nm and the trough at 604 nm
resemble those of the Fe''-CO form drawn by a dotted line (C),
the broad features of spectra A and B around 530-540 nm are
distinct from those of spectrum C. The asymmetry between the
586-nm peak and the 604-nm trough might imply contamination
of the subsequent intermediate, because they are more symmetric
in the corresponding difference spectrum for the 20-us transient
species reported by Orii’ but are asymmetric in the subsequent
intermediate. The intensity of the 586-nm band became weaker
for lower concentrations of oxygen or for slower flow rates of
sample.

Traces A and B in Figure 2 show the RR spectra observed
simultaneously with absorption spectra A and B, respectively,
shown in Figure 1. These RR spectra are represented as difference
spectra, observed minus CO-photodissociated. Since the CO-
photodissociated form was measured with the same instrumental
conditions at the same time as for the intermediate except for the
absence of O, in the solution (see caption of Figure 2), any possible
contribution from the spectrum of the unphotodissociated form
is subtracted in the difference spectra. A Raman band at 569
cm! in spectrum A is missing in spectrum B, where a new band
appears at 540 cm™!. The difference between spectra A and B,
delineated by Figure 2C, clearly indicates that the 569-cm™ band
for the 160, derivative is shifted to 540 cm™ for the 10, derivative.
Note that this feature was reproduced for several different
preparations of the enzyme and two different excitation wave-
lengths (425 and 418 nm). The observed isotopic shift (29 cm™)
is slightly larger than the calculated shift for the Fe-O, two-body
harmonic oscillator (21 ¢cm™) but is close to the value (26 cm™)
expected when the oxygen is vibrating against the combined body
of the iron and its trans ligand (imidazole) and in agreement with
the observed isotopic shifts for oxyhemoglobin (oxyHb) (27-28
cm™).108b  Accordingly, the 569-cm™! band is assigned to the
Fe-0O, stretching vibration [#(Fe-O,)]. It was unexpected that
the v(Fe—0,) frequency of this enzyme would be remarkably close
to those of oxyHb (567 cm™, pH 7.4 at 10 °C,1% and 572 cm™!,
pH 8.5 at 10 °C'%) and oxyMb (569 cm™!, pH 6.8 at 15 °C)!!
and also to that of a model heme a imidazole complex (576 cm™).!12
This may imply that the Fe"-O, heme of this enzyme adopts a
structure similar to that in oxyHb and oxyMb.

The present »(Fe-0,) frequency is different from that (589
cm™) reported by Varotsis et al.,% who used 10-ns laser pulses.
The delay time in this experiment has appreciable distribution
but is at most 200 us, which is the resident time of a molecule
in the laser beam. Although this might be a possible origin for
the discrepancy, it is noted that the actual time resolution in this
experiment strongly depended on the laser power. When we used
higher laser power, we could not identify the present intermediate.
Whatever the time resolution is, it is important that the species
exhibiting the absorption spectrum of compound A gives the
v(Fe-O,) RR band.

The 569-cm™ RR band of this intermediate was observable
upon excitations at 418, 425, and 430 nm but not at 406.7 and
441.6 nm. For oxyHb the v(Fe-O,) RR band was reported to
be most resonance enhanced at the Soret maximum (413 nm).!3
If the mechanism of intensity enhancement is the same between
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Hb and this intermediate, the Soret maximum of the a,'-O, heme
would be located around 420-430 nm.

Note Added in Proof. After submission of this paper, the
reported v(Fe—0,) frequency by Varotsis et al.5¢ was corrected
from 589 to 571 cm™!,1# in agreement with the present results.
On the other hand, the v(Fe—O,) RR band for the mixed-valence
cytochrome oxidase was found at 568 cm™,!“® which is also very
close to the present observation.
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Most organic reductants (DH) are known as two-electron
donors, and the two-electron oxidation is normally accompanied
by the removal of a proton (eq 1).2*> On the other hand, or-
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DH DH* - Z D ° p* (1)
ganometallic compounds containing metal-metal bonds such as
permethylated catenates of group 4B elements, Me;M-M'Me;,
(M, M’ = Sn, Ge, Sn), are known to act as pure two-electron

donors by successive one-electron oxidation which involves cleavage
of the metal-metal bond following the initial one-electron oxidation

{eq 2).* However, no organic reductant acting as a pure
M#
—e —e
M-M’ M-M’ Z M- Mt (2)

two-electron donor without removal of a proton has so far been
reported, since oxidative C—C bond cleavage is generally believed
to be extremely difficult compared to that of C-H as well as
metal-metal bonds.”#
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Figure 1. (a) Electronic absorption spectrum observed in the reaction
of (AcrH), (5.0 x 10°% M) with Ph;C* (1.0 X 10™ M) in deaerated
MeCN and (b) that after introducing dioxygen to the solution. (c) ESR
spectrum observed in the reaction of (AcrH), (1.5 X 1073 M) with Ph,C*
(1.5 X 1073 M) in deaerated MeCN.

We report herein the unique donor property of an NAD dimer
analogue,*!! 10,1(/-dimethyl-9,9’-biacridine [(AcrH),],!*!3 acting
as a pure two-electron donor in the one-electron reduction of
triphenyimethyl cation (Ph;C*) compared to the corresponding
monomer, 9,10-dihydro-10-methylacridine (AcrH,), acting as a
normal hydride (two-electron and one-proton) donor in the two-
electron reduction of Ph,C*.

Upon mixing of (AcrH), with Ph,C* in deaerated acetonitrile
(MeCN) at 298 K, (AcrH), is readily oxidized to AcrH* (A,
= 358 nm), accompanied by the formation of a new absorption
band at A ,, = 320 nm, which disappears when dioxygen is in-
troduced to the deaerated solution as shown in Figure 1 (parts
a and b). The electron spin resonance (ESR) measurement of
the deaerated product solution reveals the formation of tri-
phenylmethyl radical (g = 2.0024) as also shown in Figure 1 (part
c). The triphenylmethy! radical is stable in MeCN at 298 K,*
but disappears when dioxygen is introduced to the deaerated
solution to yield triphenylmethyl peroxide (egs 3 and 4).!5 Thus,

Ph;C* + O, — Ph;COO°* 3)

Ph,;COO* + Ph;C* — Ph;COOCPh;, 4)

(AcrH), acts as a two-electron donor in the one-electron reduction
of PhyC* (eq 5).! In contrast, the corresponding monomer

(AcrH,) is known to act as a hydride donor in the two-electron
reduction of Ph,C* (eq 6).17

(9) One-electron reduction of nicotinamide adenine dinucleotide (NAD™)
and related compounds is known to yield the NAD dimer and analogues.!®
Although possible involvement of these dimers in redox enzymatic processes
has been noted,!! little is known about the reactivities of the dimers as com-
pared to the corresponding monomers.
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AcrH; + Ph;C* — AcrH* + Ph,CH (6)

The rates of formation of AcrH* in eqs 5 and 6 obey second-
order kinetics, showing first-order dependence on each reactant
concentration. The second-order rate constants (k,yq) for the
reduction of Ph;C* by (AcrH), and AcrH, in deaerated MeCN
at 298 K are determined as 5.7 X 10 and 1.7 X 10°® M~! s,
respectively. The same kgu value of AcrH, is obtained in the
presence of dioxygen in MeCN at 298 K. The k4 value of
(AcrH), is also unaffected by the presence of dioxygen, aithough
the product is changed from Ph,C* to Ph;COOCPh; as mentioned
above. Thus, the rate-determining step in the formation of AcrH*
may be electron transfer from (AcrH), to Ph;C* (eq 7), followed
by facile cleavage of the C-C bond of (AcrH),"* to yield AcrH*
and AcrH* (eq 8).!® In fact, no ESR signal has been detected

(AcrH), + Phy,C* — (AcrH),™* + Ph,C* (7)
(AcrH),"* =2+ AcrH* + AcrH* @)

in the electron-transfer reaction from (AcrH), to Fe3* (rapid-
mixing technique has been used), indicating that the lifetime of
(AcrH),** is shorter than 10 ms.!® The second electron transfer
from AcrH* to PhyC* (eq 9) may be much faster than the initial

AcrH* + Ph,C* — AcrH* + Ph,C* M)

electron transfer from (AcrH), to Ph;C*, since the electron
transfer may be highly exothermic, judging from the one electron
oxidation potential of AcrH* (E®,, = -0.43 V vs SCE)? and
the one electron reduction potential of Phy;C* (0.27 V vs SCE).22
The one electron oxidation potential of (AcrH), is determined
as 0.23 V (vs SCE) by kinetic analysis of the cyclic voitammo-
grams by applying the reported method in determining the one
electron oxidation potential of AcrH, (E®,, = 0.80 V vs SCE),20:
which is more positive than that of (AcrH),. Thus, electron
transfer from (AcrH), to Ph;C* is slightly exergonic,?® while
electron transfer from AcrH, to Ph;C? is highly endergonic. In
consequence, (AcrH), may prefer to undergo the electron-transfer
pathway (eq 7), while AcrH, can transfer a hydride ion to Ph,C*
(eq 6). To our knowledge the unique donor property of (AcrH),
demonstrated by the present study may be the first example of
an organic reductant acting as a pure two-electron donor in the
one-electron reduction of a substrate.
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