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with absorption maxima at 325, 420, and 455 nm, as well as a
shoulder at 550 nm.!? The chemical nature of the iron—sulfur
center was further confirmed as the oxidized enzyme was found
to be EPR silent while the fully reduced form exhibited rhombic
EPR signals having g values of 2.043, 1.960, and 1.877.11*13 Since
a total of 3 electron equiv of dithionite are required to fully reduce
E; under anaerobic conditions, the existence of an iron-sulfur
center in association with a FAD cofactor in 1:1 stoichiometry
is unequivocally established. The iron-sulfur center is essential
for E; activity as the apoenzyme, prepared by treatment with
mersalyl acid,'* is devoid of any glucoseen reductase activity.

On the basis of the physical characteristics of E; and their
similarity to other iron—sulfur flavin containing reductases,'® the
molecular mechanisms of its catalysis can now be postulated. As
depicted in Scheme II, the order of electron flow is likely to start
with hydride reduction of FAD by NADH. The iron—-sulfur
cluster, receiving electrons one at a time from the reduced flavin,
then relays the reducing equivalents to its acceptor, the E;-bound
glucoseen intermediate 4. This proposed electron-transport se-
quence is mechanistically sound and is consistent with E;’s role
as a two-electron/one-electron switch. The participation of a
one-electron-carrying iron—sulfur center in this reduction is ad-
vantageous since both electrons are dispatched from the same
redox state of the prosthetic group, allowing electrons of equal
energy to be delivered to the final acceptor.’® In light of the fact
that a PMP-glucoseen adduct is the proximate acceptor receiving
electrons directly from an iron—sulfur center,!” the catalytic role
of E;, in association with E;,'® in the biosynthesis of ascarylose
clearly constitutes a unique example of biological deoxygenation.!®
Although the radical nature of this C-3 deoxygenation process
is reminiscent of the well-known sugar deoxygenation catalyzed
by ribonucleotide reductase, the mechanisms of these two deox-
ygenations are fundamentally distinct.?
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A key intermediate in metal-catalyzed autoxidations of organic
substrates is often an alkyl or benzyl radical.! Such intermediates
react with triplet molecular oxygen, forming hydroperoxy radicals
whose subsequent reactions lead to such products as, e.g., aldehydes
from alkyl aromatics, acids from aldehydes,? and alcohols and
ketones from paraffins.! Efficient trapping of such radical in-
termediates with O, before other radical abstraction or recom-
bination reactions occur is important for achieving high selectivity
to the desired oxygenated product.

We have reported that the molecular oxygen oxidation of
N-(phosphonomethyl)iminodiacetic acid (PMIDA), 1, to yield
N-(phosphonomethyl)glycine (PMG), 2, is effectively catalyzed
by cobalt(II,III)? and vanadium(IV,V)* salts in aqueous media.

- PO;H,

HO,CA N _rCOMH —= HOCy n ,PO;H,
1 2

This chemistry involves the formation and subsequent trapping
by O, of an N-methylene carbon-centered radical, 3, generating
N-formyl-PMG, 4 (Scheme I). Inefficient oxygen trapping of
the NCH," radical, 3, leads to the undesired N-methyl product,
§, via H-atom abstraction. With V the oxidation of 1 proceeds
at much faster rates, but with lower selectivities than are observed
with Co. In both cases selectivity to the desired product 2 increases
as O, pressure increases. Unfortunately, O, pressures over 100
atm (~1 X 10° N/m?) are required to suppress formation of 5
in the V case.*

We describe in this report the first well-defined example of the
use of a cocatalyst whose role is to efficiently oxidize an inter-
mediate carbon-centered radical to the desired product, and
thereby eliminate the need for high oxygen concentrations
(pressure) to prevent selectivity-robbing radical processes. The
introduction of a cooxidant which can intercept the N-methylene
radical, 3, is an attractive alternative if the cooxidant can itself
be regenerated with oxygen and if it does not interfere with the
primary redox processes involving O, oxidation of the metal
complex of 1 and the subsequent metal oxidation of bound ligand.
Oxidation of 3 to the iminium cation, followed by hydrolysis, would
yield the desired product 2 and formaldehyde (Scheme I).

Screening studies were employed with both the cobalt and
vanadium catalysts under standard experimental conditions which
give 100% conversion in 200 min. For the vanadium system at
75 °C and under 200 psig of O,, 0.017 mol of 1/100 mL of H,O
was employed with [VOSO,] = 0.0085 M (pH; = 1.5). These
conditions give a 50% selectivity to desired product, 2, and ~40%
selectivity to 5 in the absence of any cocatalysts.* For the cobalt
system, screening studies were initiated using 0.088 mol of 1 in
100 mL of H,O at 90 °C under 200 psig of O, with [CoSO,] =
0.015 M (pH; = 1.5). These conditions give a 50% selectivity to
desired product, 2, and ~40% selectivity to 5 in the absence of
any cocatalysts.* For the cobalt system, screening studies were
initiated using 0.088 mol of 1 in 100 mL of H,O at 90 °C under
200 psig of O, with [CoSO,] = 0.015 M (pH; = 1.5). Under these
conditions the cobalt system gives a 59% selectivity to 2. Many
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Scheme I
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Table I
selectivity
additive? catalyst t02, %

none Co? 59
none ve 50
1-sulfo-9,10-anthraquinone sodium salt Co? 72
2-sulfo-9,10-anthraquinone sodium salt Co? 71.5
2,6-disulfo-9,10-anthraquinone disodium salt Co? 73
1,5-disulfo-9,10-anthraquinone disodium salt Co? 74
1-sulfo-9,10-anthraquinone sodium salt ve 74
methylviologen? (6, R = Me) Co? 78
methylviologen? (6, R = Me) ve 96
1,1’-ethylene-2,2/-bipyridinium? (7, n = 2) Co? 78
1,1’-ethylene-2,2"-bipyridinium? (7, n = 2) ve 85
1,1’-trimethylene-2,2’-bipyridinium? (7, n = 3) Co? 79
1,1’-trimethylene-2,2’-bipyridinium? (7, n = 3) Ve 88

¢[Additive]/[MSO,] = 0.5, where M = Co?* or VO**, ®Reaction
conditions as described in text: T = 90 °C, 200 psig of O,, reaction
time = 200 min. “Reaction conditions as described in the text: T = 75
°C, 200 psig of O,, reaction time = 200 min. ¢As the chloride salt.

organic oxidants were screened, and we found that two classes
of oxidants, quinones and diquaternary bipyridinium salts, 6 and
7, were effective agents for increasing the selectivity to product
2. Inaddition, many different redox-active metal salts were tested

6 Nk
n=2 or 3

7
as cocatalysts under these conditions, with the result that either
no effect is observed or the metal completely inhibits the reaction,
as in the cases with Cu(II) and Fe(II and III) salts.

In Table I are shown some representative examples with several
water-soluble quinones and bisquats. All of the additives shown
in Table I have one-electron reduction potentials in the range —0.5
to —0.8 V (H;0)" and are known to be efficient electron-transfer
agents,® and their one-electron-reduction products react rapidly
with O, to yield hydrogen peroxide via superoxide dispropor-
tionation.!%12 The water-soluble quinones and bisquats shown
in Table I exhibit marked selectivity-enhancing effects.!>1* Since
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the V system is much more active than Co, extensive optimization
studies were performed on the V system. For example, under the
conditions employed in the screening study (75 °C, 200 psig of
O,), the ideal ratio of the [6(R==Me)] to [V] is about 4:1. With
this level of added 6, the selectivity to 2 is ~96% with only traces
of the methylated product 5. Studies with Co revealed that under
a broad range of conditions the optimum ratio for the concen-
tration of either the bisquat or quinone to [Co] is ~1.4:1. En-
hanced selectivities (~93%) to 2 at low O, pressures (100-200
psig) result in little effect on the rate.

Studies at low O, pressure (50 psig, 75 °C) with V under
optimized conditions ([MV]/[V] = 6) show that the level of formic
acid is reduced (from 50% in the absence of electron-transfer agent,
[HCO,H] = [2], to ~12%) and the level of formaldehyde (from
hydrolysis of the iminium cation) increases from less than 5% to
~82%. This supports our proposed mode of action for the
electron-transfer cocatalysts; namely, that O, trapping of radical
3 is no longer required to prevent H-atom transfer to 3. Oxidation
of 3 with either the quinone or bisquat electron-transfer agent
allows one to reduce O, pressure to much lower levels and still
achieve high selectivity. Since O, is an efficient oxidant of the
one-electron-reduction product of the additives,'%!! O, remains
as the ultimate oxidant in these cocatalyst systems. Each of the
additives listed in Table I possesses sufficient oxidizing power to
oxidize the one-electron-reduction product of an iminium cation,
such as 3.5 Importantly, the additives show good stability in
these systems; e.g., methylviologen (6, R==Me) is able to survive
repeated recycles (10) with no loss in integrity.

The use of electron-transfer cocatalysts to intercept an inter-
mediate in an oxygen-driven oxidation is an important concept
and should have great potential for lowering the pressures required
for molecular oxygen oxidations. We are continuing to pursue
the mechanistic implications of these dual-component catalyst
systems and are investigating their use in other O,-catalyzed
oxidations.

(14) Fields, D. L.; Riley, D. P.; Grabiak, R. C. U.S, Patent 4937376, 1990.

(15) The E,;; of a representative iminium cation, 1-(4-methyl-
benzylidene)pyrrolidinium, is —1.36 V (NHE, H,0). CRC Handbook Series
in Organic Electrochemistry; Meites, L., Zuman, P., Rupp, E., Eds.; CRC
Press Inc.: West Palm Beach, FL; Vol. III, p 214.

Inversion of Enzyme Enantioselectivity Mediated by the
Solvent

Shinichirou Tawakit and Alexander M. Klibanov*

Department of Chemistry
Massachusetts Institute of Technology
Cambridge, Massachusetts 02139

Received October 28, 1991

Recent evidence that enzymes can catalyze reactions in neat
organic solvents has also led to the realization that enzymatic
properties can be markedly altered simply by switching from one
such solvent to another.! In particular, following our discovery?
that enzyme enantioselectivity in nonaqueous media greatly de-
pends on the solvent, this phenomenon has been observed, by us®®
and others,># for various asymmetric enzymatic processes. In

*On leave from Mitsui Toatsu Chemicals Co., Togo Mobara City, Japan.

(1) Klibanov, A. M. Trends Biochem. Sci. 1989, 14, 141. Dordick, J. S.
Enzyme Microb. Technol. 1989, 1, 194.

(2) Sakurai, T.; Margolin, A. L.; Russell, A. J; Klibanov, A. M. J. Am.
Chem. Soc. 1988, 110, 7236.

(3) (a) Kitaguchi, H.; Fitzpatrick, P. A.; Huber, J. E.; Klibanov, A. M.
J. Am. Chem. Soc. 1989, 111, 3094. (b) Fitzpatrick, P. A.; Klibanov, A. M.
J. Am. Chem. Soc. 1991, 113, 3166. (c) Kanerva, L. T.; et al. Acta Chem.
Scand. 1990, 44, 1032, (d) Hirata, H.; Higuchi, K.; Yamashina, T. J. Bio-
technol. 1990, 14, 157. (e) Parida, S.; Dordick, J. S. J. Am. Chem. Soc. 1991,
113, 2253, (f) Nakamura, K.; Takebe, Y.; Kitayama, T.; Ohno, A. Tetra-
hedron Lett. 1991, 32, 4941. (g) Bovara, R.; Carrea, G.; Ferrara, L.; Riva,
S. Tetrahedron: Asymmetry 1991, 2, 931.

0002-7863/92/1514-1882803.00/0 © 1992 American Chemical Society


file:///abstraction

