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Abstract Exploiting non-natural reaction mechanisms within native
enzymes is an emerging strategy for expanding the synthetic capabilities of biocatalysts. When coupled with modern protein engineering
techniques, this approach holds great promise for biocatalysis to address long-standing selectivity and reactivity challenges in chemical
synthesis. Controlling the stereochemical outcome of reactions involving radical intermediates, for instance, could benefit from biocatalytic
solutions because these reactions are often difficult to control by using
existing small molecule catalysts. General strategies for catalyzing nonnatural radical reactions within enzyme active sites are, however, undeveloped. In this account, we highlight three distinct strategies developed in our group that exploit non-natural single electron transfer
mechanisms to unveil previously unknown radical biocatalytic functions. These strategies allow common oxidoreductases to be used to
address the enduring synthetic challenge of asymmetric hydrogen
atom transfer.
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1

Introduction

Enzymes are attractive catalysts for asymmetric synthesis as they provide unmatched control over the stereochemical outcome of chemical reactions. As a consequence, enzymes are increasingly used in chemical synthesis, including in the preparation of pharmaceutically valuable
molecules.1 A factor limiting the expanded use of enzymes
in chemical synthesis is the narrow breadth of distinct
chemical reactions catalyzed by enzymes. The primary
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strategy for addressing this limitation is mining nature to
discover new types of chemical reactivity.2 Although this
approach has proven to be effective, it is intrinsically limited to reactivity patterns evolved in nature. To realize the
full potential of enzymes to improve chemical synthesis,
approaches need to be developed in which reactivity patterns currently unknown to nature may be catalyzed.3
Strategies for enabling enzymes to catalyze non-natural
reactions have primarily relied on the catalytic promiscuity
inherent to metalloenzymes and hydrolases.3c,4 In the case
of metalloenzymes, organometallic cofactors located within
enzyme active sites are responsible for providing the desired reactivity while the protein scaffold provides enantioand diastereoselectivity (Figure 1).5 Alternatively, the catalytic promiscuity of hydrolases relies on the ability of the
oxyanion hole to catalyze other reactions that proceed via
oxyanionic intermediates (Figure 1).6 Inspired by these examples, we sought to develop strategies to enable enzymes
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to catalyze new reactions mediated by non-natural freeradical intermediates. These represented a family of reactivity for which robust enzymatic catalysts had not been
developed. Moreover, as controlling the stereochemical outcome of radical reactions remains a challenge for small
molecule catalysts, we anticipated that a biocatalytic solution would be of high synthetic value (Figure 1).7
Central to our goal is the development of general strategies for forming radical species in enzyme active sites. We
ruled out intercepting radical intermediates formed by
monooxygenases, such as P450s, because of their exceedingly short lifetimes.8 Alternatively, the radical SAM family
of enzymes, while capable of generating synthetically versatile radical intermediates, are typically plagued by poor
substrate scope and sensitivity to oxygen, thus limiting
their application in chemical synthesis.9 Instead, we sought
to develop a biocatalytic method that would adopt the characteristics of the most ubiquitous enzymes in chemical synthesis: namely stability and substrate promiscuity. We
identified commonly used oxidoreductases as attractive
scaffolds for their broad use in organic synthesis (Figure 1).
If a non-natural electron transfer event could be induced to
occur within their active sites, it would enable existing collections of these enzymes to be quickly applied to non-natural reactions. This approach would also significantly lower
the barrier for reaction adoption because libraries of oxidoreductases can be purchased from many chemical vendors.

2 Photoinduced Electron Transfer from
NADPH
Nicotinamide adenine dinucleotide (NADH) is a biological reductant that functions as a hydride donor for many
synthetically valuable oxidoreductases.10 In an effort to understand its biological function, a variety of NADH analogues have been prepared, including N-benzyl nicotinamide (BNAH) and Hantzsch esters.11 While these analogues typically function as hydride donors in chemical
synthesis, Fukuzumi found that when irradiated with visible light, BNAH was promoted to is excited triplet state in
which it would function as a potent single electron reductant (Eox* = –2.60 V).12 This function was demonstrated in a
series of dehalogenation reactions in which BNAH* can reductively cleave C–Br bonds to afford alkyl radicals that
readily abstract a hydrogen atom from BNAH to afford the
reduced product (Scheme 1). We recognized that if NADH
displayed a similar reactivity profile, it would be possible to
render radical dehalogenations asymmetric using nicotinFukuzumi (1983)
O

O
Br
NH2

N

H
> 360 nm hν
pyridine (5 mol%)
MeCN

Bn

NH2
N

Br

Bn
80% yield

Scheme 1 Fukuzumi’s photodehalogenation of benzyl bromide with
BNAH

Figure 1 Strategies for revealing non-natural enzyme functions
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amide-dependent ketoreductases (KREDs). In this scenario,
the protein scaffold would be responsible for controlling
the delivery of a hydrogen atom to an intermediary prochiral radical. Asymmetric delivery of hydrogen atom represents a long-standing challenge in chemical synthesis for
which small molecule reagents have proven largely ineffective at delivering products with synthetically useful levels
of enantioselectivity.13
We began by testing a collection of engineered KREDs
from Codexis.14 As a model reaction we explored the dehalogenation of -bromo--aryl lactones because of their
modest reduction potentials and the presence of a carbonyl
functional group permitting substrate binding. By using
standard reaction conditions for KREDs and irradiating
with blue light, the desired dehalogenation product was observed, with Codexis P2D03 providing product in 81% yield
with 98:2 er favoring the R enantiomer (Scheme 2). Structural information, generously provided by Gjalt Huisman at
Codexis, revealed the most active KREDs to be variants of
the short-chain dehydrogenase from L. kefir which possesses an expanded active site.15 With this knowledge in hand,
we engineered a KRED from L. kefir (LKADH-E145F-F147LY190F) capable of catalyzing the reaction with high levels of
enantioselectivity (Scheme 2). We hypothesized that naturally occurring KREDs with large active sites should also be
capable of catalyzing this dehalogenation reaction. Indeed,
when a ‘bulky-bulky’ short-chain dehydrogenase from
Ralstonia (RasADH) was subjected to the reaction conditions, the desired dehalogenated product was formed with
good levels of enantioselectivity, but instead favoring the S
enantiomer (Scheme 2).16

Br

O

spectrum was subtracted from the NADPH/KRED/substrate
spectrum, a new broad absorption feature at 395 nm was
observed. We attributed this new absorption feature to the
formation of an electron donor–acceptor (EDA) complex
formed between NADPH and the substrate within the enzyme active site. Control experiments confirm that this
complex does not form in the absence of enzyme, providing
a mechanism for gating electron transfer to occur only in
the enzyme. Although this mechanism for electron transfer
has experienced renewed interest in the preceding decade,
it has never before been observed for biocatalytic reactions.17
A survey of the substrate scope of the Codexis KRED
P2D03 established the generality of this approach (Scheme
4). A variety of substituted -aryl--valerolactones can be
effectively dehalogenated under the standard reaction conditions. Moreover, -butyrolactones can also be dehalogenated, albeit with slightly diminished enantioselectivities.
Finally, substrates with -benzylic substituents can also be
dehalogenated in modest yield but good levels of enantioselectivity. The short chain dehydrogenase from Cupriavidus
sp. (RasADH) is capable of reducing a similar array of substrates, albeit with diminished yields. These enantioenriched lactones are challenging to prepare with use of traditional synthetic methods, such as asymmetric -arylation

O
O

ketoreductase

O

racemic
blue LEDs

Codexis P2D03

81% yield

wild-type LKADH

no reaction

LKADH-E145F-F147L-Y190F

76% yield

96:4 er (R-enantiomer)

55% yield

7:93 er (S-enantiomer)

RasADH

98:2 er (R-enantiomer)
–

Scheme 2 Results for KRED-catalyzed asymmetric radical dehalogenation

In our initial optimization, we identified blue light to be
ideal for the dehalogenation reactions. This came as a surprise as the max for NADH is 340 nm. To better understand
the fundamentals of the photoinduced electron transfer
event, we conducted a series of UV/Vis experiments. An initial evaluation of the emission spectra of the LEDs with the
absorption spectra of the substrate and NADPH/KRED complex confirmed that neither direct excitation of the substrate nor the secondary complex is responsible for electron
transfer (Scheme 3). When the NADPH/KRED complex

Scheme 3 Mechanistic studies
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reactions.18 We imagine that a two-step halogenation/dehalogenation deracemization protocol may be an attractive
strategy for the preparation of enantioenriched products.
Codexis P2D03 (0.25 mol%)
NADP+ (0.4 mol%)

O
R

O
R

O

Br

O

KPi (50 mM, pH 6.5, 1 mM MgCl2)
i-PrOH, DMSO, 25 °C, 12 h
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lytic cleavage, the resulting prochiral radical can abstract a
hydrogen atom from the weak N5–H bond of the flavin
semiquinone to afford the dehalogenated product (Scheme
5). In an initial screen of enzymes, we found that the ERED
from Gluconobacter oxydans (GluER) provided the highest
levels of enantioselectivity, however, with modest yield
(69% yield, 88:12 er). Recognizing that these enzymes could
be valuable in setting these challenging stereocenters, we
conducted site saturation mutagenesis on positions lining
the enzyme active site. We quickly found that mutations to
the conserved tyrosine furnished the most significant improvements, with Y177F affording the product in 89% yield
with 98:2 er.
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Scheme 4 Substrate scope

3 Ground State Electron Transfer from Flavin Hydroquinone
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Scheme 5 ERED-catalyzed radical dehalogenation

Next, we shifted to determining whether flavin-dependent ‘ene’-reductases (EREDs) could catalyze radical reactions. These enzymes are responsible for catalyzing the stereoselective reduction of enones and other activated
alkenes.19 Mechanistically, this reaction occurs through hydride transfer from the flavin hydroquinone (FMNhq) to the
electrophilic position of the enone, followed by selective
protonation of the resulting enolate to afford product.
While this reactivity proceeds exclusively through the quinone and hydroquinone oxidation states of flavin, flavoproteins responsible for cellular respiration are able to exploit
the open-shell semiquinone oxidation state to mediate single electron transfers.20 We recognized that if the flavin cofactor in EREDs could use the flavin semiquinone to mediate single electron transfer, it would be possible to use
EREDs as catalysts for radical reactivity. In this scenario, we
imagined that FMNhq could serve as a single electron reductant. We anticipated EREDs would not require photoexcitation to drive the single electron reduction because of the
low oxidation potential of FMNhq (Eox = –450 mV) by comparison to that of NADPH (Eox = 570 mV).
As a test for the proposed reactivity, we sought to dehalogenate -bromophenylacetic ester derivatives.21 These
substrates were selected because they provided poor levels
of enantioselectivity when dehalogenated by KREDs. Mechanistically, we anticipated FMNhq could directly reduce the
substrate upon binding to the ERED active site. After meso-

The scope of this transformation proved to be quite
broad, with a variety of meta- and ortho-substituted arenes
providing product in good yield and enantioselectivity
(Scheme 6). Furthermore, the system has proven to be quite
broad with regards to substitution at the  position with
various alkyl groups being tolerated. Interestingly, a fluorine substituent is tolerated at the  position without undergoing dehalogenation, allowing for the synthesis of enantioenriched -fluoro esters. Finally, heterocycles proved
to be effective substrates for this reaction, although they
produced product with suboptimal levels of enantioselectivity.
Studies were conducted to help elucidate the mechanism of dehalogenation (Scheme 7). Isotopic labeling experiments were conducted to determine the terminal source of
hydrogen atom. When flavin was labeled, we observed 85%
deuterium incorporation in the product, suggesting that
flavin serves as the source of hydrogen atom in our best
variant. Interestingly, when the same study was conducted
with a poorly enantioselective enzyme, old yellow enzyme
1 (OYE1), no deuterium incorporation was observed. In
these poorly selective variants, we hypothesize that the
semiquinone functions as a single electron reductant rather
than hydrogen atom source. In this scenario, the stereode-
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inherent to this approach is the development of gating
strategies to ensure that radical formation only occurs
within the enzyme active site. We were inspired by the role
Lewis and Brønsted acids play in attenuating the reduction
potentials of substrates with Lewis basic functional groups
in organic synthesis.22 We hypothesized that the hydrogen
bonds involved in substrate binding could have a similar effect in enzyme catalysts. If so, it would be possible to use
substrate/photoredox catalyst combinations where electron
transfer in solution would be challenging. However, upon
binding to the enzyme active site, the substrate would be
electronically activated for reduction (Scheme 8).
hν
R

R

Et

OAc

R

no reaction

Ru(bpy)3Cl2

75% yield
98:2 er

Scheme 6 Substrate scope for ERED-catalyzed radical cyclization
– enzyme

termining step is protonation of an enolate. We hypothesize
that the presence of multiple proton sources within the enzyme active site (protic side chains and solvent) potentially
account for the poor levels of enantioselectivity observed
under this mechanism.
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Scheme 7 Isotope incorporation experiments
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Scheme 8 Enzymatic redox activation
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Enzymatic Redox Activation

We recognized that a limitation to our previous strategies was a lack of tunability with regards to the redox capabilities of biological cofactors. In the case of the nicotinamide-dependent chemistry, electron transfer required the
formation of an EDA complex, which can be sensitive to
changes in the electronic properties of the cofactor. The flavin hydroquinone, while not requiring an EDA complex,
was limited to electronically activated substrates. We hypothesized that a more modular approach would be to use
an exogenous reductant to facilitate electron transfer and a
general protein scaffold as a chiral catalyst. The challenge

We tested this hypothesis of enzymatic redox activation
on a reductive radical deacetoxylation reaction. Falvey previously reported that strong photoreductants are able to
deacetoxylate -acetoxyl ketones.23 Mechanistically this occurs through reduction of the ketone to a ketyl radical followed by loss of acetate through a spin-center shift to form
an -acyl radical that is quenched by reduction to the enolate followed by protonation. It has been observed, however,
that in the presence of hydrogen bond donors, the redox
potential of the substrate can be significantly attenuated.
We hypothesized that the active site of an enzyme should
play a similar role in activating a substrate for electron
transfer.
Initial studies were conducted on the deacetoxylation of
tetralone derivatives. We selected a nicotinamide-dependent double bond reductase (DBR) as an enzymatic scaffold
for this reactivity because this enzyme does not reduce carbonyls and is reported to be substrate promiscuous.24 Control experiments revealed that no reaction was observed in
the absence of a photocatalyst (Scheme 9). However, upon
addition of commonly used transition-metal and organic
photocatalysts, deacetoxylation was observed with good
levels of enantioselectivity. While the water-soluble
Ru(bpy)3Cl2 provided the best levels of enantioselectivity,
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63% yield
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Scheme 9 ERA substrate scope and photocatalyst screen

we ultimately found Rose Bengal to be the most effective,
providing product in good yields and with good levels of enantioselectivity. A survey of the substrate scope revealed
this activation mode to be effective for a variety of tetralone
derivatives. Furthermore, acetophenone derivatives could
also be dehalogenated, although product was formed in
much lower yields.
A series of mechanistic studies were performed to better understand the role the enzyme plays in activating the
substrate for electron transfer. As all intermediates after the
spin-center-shift are prochiral, we hypothesized that if
binding was required for electron transfer a kinetic resolution of the starting material should be observed. Indeed,
when the unreacted starting material was isolated we
found that it was enriched in one enantiomer, confirming
the importance of enzyme binding for electron transfer to
occur. This was also confirmed by DFT calculations which
suggested that the enzyme is responsible for providing ~3.7
kcal/mol of activation for reduction from the ketone to the
ketyl radical. To determine if this was a general phenomenon or limited to DBR enzymes, we turned back to the ketoreductase system previously developed and targeted bromoamides. These represent substrates that were completely unreactive under our previous reaction conditions,
presumably, because they do not form EDA complexes with
NADPH. We hypothesized that binding the KRED should activate the amide for electron transfer. We were pleased to
see that this strategy was effective. In the absence of photo-

catalyst, no reaction was observed, however, upon addition
of Eosin Y, the yield increased in >60% with good to excellent levels of enantioselectivity (Scheme 10).
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Me
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81% yield
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Scheme 10 Mechanistic experiments

5

Conclusion

In these studies, we have demonstrated how electron
transfer can be used to reveal new enzyme functions. This
represents a new strategy for achieving non-natural reactivity in enzyme active sites. As the catalysts employed are
robust and commercially available, these reactions can be
readily applied by synthetic chemists with little experience
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with synthetic biology. Studies are ongoing to expand this
general type of reactivity to C–C bond-forming reactions.
As radical-mediated C–C bond-forming reactions often resemble the ones catalyzed by organometallic intermediates,
it is possible to imagine accessing this type of reactivity for
common oxidoreductases rather than having to develop
new artificial metalloenzymes. We are optimistic that this
approach, in which reaction mechanisms from small molecule catalysis are merged with substrate promiscuous enzymes to access new biocatalytic functions, can be applied
with other types of reactivity to provide new biocatalytic
reactions to address challenges in chemical synthesis.
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