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eliminate C,H, as the only fragment.!* FeCo,C,Hg* ions produced
from either butane or isobutane yield similar CID spectra with
elimination of Hy, 2H,, and C,H, observed. Considerably more
C,H;, elimination occurs for FeCo,C4Hg* produced from isobutane
than from butane. This reduced dehydrogenation suggests that
formation of FeCo,((CH,);C)* is difficult or that substantial
rearrangement is required prior to dehydrogenation.

FeCo,CsH,," generated from pentane yields predominantly
dehydrogenations following collisional activation to form
FeCo,CsH,* in high efficiency with FeCo,CsH,* formed at high
energy. A small amount of C,H, elimination to form FeCo,C,H,*
is also observed. CID of FeCo,CsHg* formed from pentane yields
exclusively H, elimination in high efficiency with no FeCo,C;H,*
formed. Only a trace of FeCo,* is produced from CID of either
FeCo,CsH,y* or FeCo,CsHg*. These results suggest that FeCo,*
initially dehydrogenates pentane forming FeCo,CsH;,*, which
subsequently eliminates C,Hs. CID of FeCo,CsH,4* formed from
2-methylbutane yields elimination of H,, 2H,, C;H,, and CsH
while FeCo,CsHy* eliminates predominantly H, and 2H,. Some
rearrangement between the ions produced from pentane and
2-methylbutane may take place. The facile formation of
FeCo,CsHg* from CID of the pentane ions may proceed through
a dehydrocylization process?'+?? generating a cyclopentadiene or
a hydrido—cyclopentadienyl complex. Both FeCsH;,* and
CoCsHo* species lose predominantly C,H, and C;H, upon
collisional activation,5b.14

The dehydrogenation products formed from hexane,
FeCo,C¢H ;" and FeCo,C4Hg*, eliminate hydrogen forming
FeCo,C¢H¢* in high efficiency upon collisional activation with
a small amount of FeCo,* observed at higher kinetic energies.
This is in contrast to the ion—molecule reaction of FeCo,* with
hexane in which FeCo,C4Hg* and FeCo,C4H,* are formed and
suggests that they are produced by initial dehydrogenation forming
FeCo,CsH,,* followed by rearrangement with elimination of C,H,
generating FeCo,C,C,Hg*. The FeCo,C4Hg* may retain sufficient
internal energy for dehydrogenation forming FeCo,C,Hs*. The
facile formation of FeCo,C4H* may proceed via a dehydro-
cyclization?'22 process resulting in benzene formation. The
heteronuclear dimer complex FeCoCiH¢* loses Fe forming
CoC¢H,* while FeCo,C¢Hg* loses C¢H exclusively upon colli-
sional activation, indicating a change in relative bond energies
going from the dimer to the trimer.!°

In summary, FeCo,* is more reactive than the dimer ions,
FeCo* and Co,*, with aliphatic alkanes. It reacts predominantly
via initial insertion across a C—H bond followed by elimination
of hydrogen. This may then be followed by further dehydroge-
nations, rearrangements, or cleavage of the hydrocarbon frame-
work. The CID results suggest that considerably more chemistry
can take place on a trinuclear transition-metal cluster than on
the corresponding atomic metal ions as exemplified by the de-
hydrogenations of FeCo,C4Hg*. The trinuclear species Co;* and
NiCo,* have also been synthesized from reactions of Co* and Ni*
with Co,(CO)g, respectively, and are currently under investigation
in our laboratory.
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Reduction of ketones to alcohols, chemically'? or electro-
chemically,? in the presence of enzymes is of current interest as
a means for the synthesis of optically active alcohols. In these
systems, powerful reductive agents such as H,' and glucose-6-
sulfate* are used as the motive power for the reduction of the
ketones. Substantial efforts are also directed in developing
photosensitized electron-transfer reactions in particular as a means
of solar energy conversion and storage.>® Light induced reduction
of a variety of electron acceptors in the presence of adequate
electron donors has been accomplished.” Thus, the use of primary
light induced electron-transfer reactions in driving the secondary
enzyme-catalyzed reduction of ketones seems feasible. Here we
wish to report on the photosensitized preparation of NADPH using
a sensitizer and dimethyl-4,4’-bipyridinium (methylviologen,
MV?*) as primary electron acceptor. The formation of NADPH
is mediated by MV*. in the presence of ferredoxin-NADP* re-
ductase. The ketone, 2-butanone is then reduced by NADPH in
the presence of the enzyme alcohol dehydrogenase to (—)-2-butanol
with an optical purity of 100%. This system can be visualized
as an endoergic energy storage system as well as a useful synthetic
apparatus for the preparation of optically active alcohols.

The system is composed of an aqueous 0.1 M tris/HCI buffer
solution (pH 7.8) that includes ruthenium tris(bipyridine) (Ru-
(bpy);2* 7.5 X 10~ M) as sensitizer, ammonium ethylenediamine
tetraacetic acid ((NH,);EDTA, 2 X 10°2 M) as electron donor,
and dimethyl-4,4"-bipyridinium (methylviologen, MV?* 1 X 1073
M) as primary electron acceptor. 2-Mercaptoethanol® (1 X 1073
M), NADP* (1 X 1073 M), the ketone 2-butanone (0.15 M), and
the two enzymes ferredoxin-NADP* reductase (FDR, EC 1.18.1.2,
0.5 unit), and alcohol dehydrogenase from T. Brockii® (ALDH,
EC 1.1.1.2, 10 units) are also included in the system.!® The
deaerated mixture (3 mL) was illuminated in a glass cuvette with
a 1000-W halogen—quartz lamp (light filtered through a Kodak
2C filter, A > 400 nm). The rate of 2-butanol formation was
followed by gas chromatography at time intervals of illumination
(Figure 1). After 40 h of illumination a 27% conversion of
2-butanone to 2-butanol was estimated. The alcohol produced
is optically active, and the (-)-2-butanol enantiomer is formed
with a 100% optical purity.

The system shows resistibility under the reaction conditions.
After the prolonged illumination of 22 h renewal of the electron
donor concentrations, (NH,);EDTA, restores the activity of the
system, and the rate of 2-butanone reduction is similar to that
observed in the ariginal system. The different components involved
in the system are recycled during the production of (-)-2-butanol,
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Figure 1. Rate of 2-butanol formation at different illumination time
intervals. Initial (NH,);EDTA concentration 2 X 1072 M. (a) Addition
of (NH,);EDTA, 2 X 102 M, (b) addition of (NH,);EDTA, 1.7 X 107
M, (c) addition of (NH,);EDTA, 1.7 X 1072 M.
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Figure 2. Cyclic scheme for the photosensitized reduction of 2-butanone
by (NH,);EDTA.

Table I. Turnover Numbers (TN) of Components Involved in the
Photosensitized Reduction of 2-Butanone

Ru(bpy)s* MV2* FDR® NADP* ALDH!
TN 530 40 24000 40 6000

SFW = 40000; cf.: Shin, M. Methods Enzymol. 1971, 23, 441.
bFW ~ 40000.°

and their different turnover numbers after 40 h of illumination
are summarized in Table I.

The different steps involved in the photoinduced reduction of
2-butanone have been confirmed by separate experiments. Illu-
mination of the aqueous system that includes only the sensitizer,
(NH,);EDTA, MV?*, NADP* and the enzyme ferredoxin re-
ductase, results in the formation of NADPH (followed spectro-
scopically at A = 340 nm). When either MV?* or ferredoxin
reductase are excluded from the system no photosensitized for-
mation of NADPH is observed. These results imply that MV*.
formed upon illumination mediates the reduction of NADP* to
NADPH in the presence of the enzyme.!! Introduction of 2-
butanone to the photochemically produced NADPH does not lead
to the disappearance of NADPH, and no alcohol is formed. Yet,
upon introduction of the enzyme alcohol dehydrogenase the
NADPH disappears and 2-butanol is observed as product. These
facts confirm that NADPH mediates the reduction of 2-butanone
in the presence of the second enzyme.’ In view of these results
we suggest the scheme outlined in Figure 2 as the cyclic pho-
toinduced process leading to the reduction of 2-butanone. This
cycle involves a photosystem that produces MV*- and two subunits
of enzyme-catalyzed reactions. In the first unit NADPH is formed
in a process catalyzed by ferredoxin-NADP* reductase. The
subsequent unit utilizes NADPH in the reduction of 2-butanone
in the presence of alcohol dehydrogenase.

The net reaction accomplished in this system corresponds to
the reduction of 2-butanone by EDTA (eq 1).!? The thermo-

(11) Other chemical reductions mediated by viologen radicals have been
recently reported; cf.: Goren, Z.; Willner, 1. J. Am. Chem. Soc. 1983, 103,
7764.

R—N(CH2C02_)2 + CH3C(=O)CH2CH3 + 2H20 -
R—NHCH,CO, + CH,0 + HCO; + CH;CHOHCH,CH,
(1)

dynamic balance of this process is endoergic by ca. 33 kcal per
mol of EDTA.

1t should be noted that substitution of EDTA by other electron
donors, i.e., cysteine and triethanolamine, similarly results in the
photoinduced formation of MV*. with the subsequent formation
of NADPH. This demonstrates the wide applicability of various
electron donors in the system.

In conclusion, we have demonstrated the feasibility of coupling
enzymes as catalysts in artificial photosensitized electron-transfer
reactions. This approach is useful as a synthetic tool for the light
induced preparation of chiral alcohols, as well as a novel attitude
for the development of energy conversion and storage systems.
It is conceivable that under similar experimental conditions other
NADPH-dependent enzymes, i.e., lactate dehydrogenase, glutamic
dehydrogenase, and alanine dehydrogenase, would lead to the
reduction of other prochiral ketones as well as to the preparation
of optically active amino acids.
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The spin-pairing model for binding O, to transition-metal
complexes describes the bound O, as a fragment into which an-
ywhere from 0.1 to 0.8 of an electron is transferred upon binding
to the metal.!™> As the ligand field strength of the ligands attached
to the metal is increased more extensive electron transfer occurs.
In all instances the unpaired electron in this system is localized
mainly on O, making it difficult to determine the actual charge
on this fragment. This charge transfer increases the basicity of
a coordinated O, molecule over that of molecular oxygen. For
example, it has been shown that trifluoroethanol can hydrogen
bond to the terminal oxygen of the O, adduct of [bis(salicylid-
ene-y-iminopropyl)methylamine]cobalt(1II) (CoOSMDPT-0,).4
The magnitude of the shift in the O-H stretching frequency
indicates® that the enthalpy of hydrogen bond formation is 6.6
kcal mol™! making the terminal oxygen of the bound O, about
as basic as the carboxyl oxygen in N,N-dimethylacetamide.

This work was extended to a study of the Co(II) complex
catalyzed oxidation by O, of 2,6-disubstituted phenols to quinones.®
The mechanism proposed for this reaction® suggests that coor-
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