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Summary Paragraph:

The construction of C—N bonds is essential for the preparation of numerous molecules critical to
modern society'?. Nature has evolved enzymes to facilitate these transformations using
nucleophilic and nitrene transfer mechanisms®#. However, neither natural nor engineered enzymes
are known to generate and control nitrogen-centered radicals, which serve as valuable species for
C—N bond formation. Herein, we describe a platform for generating nitrogen-centered radicals
within protein active sites, thus enabling asymmetric hydroamination reactions. Using flavin-
dependent ‘ene’-reductases with an exogenous photoredox catalyst, amidyl radicals are generated
selectively within the protein active site. Empowered by directed evolution, these enzymes are
engineered to catalyze 5-exo, 6-endo, 7-endo, 8-endo, and intermolecular hydroamination
reactions with high levels of enantioselectivity. Mechanistic studies suggest that radical initiation
occurs via an enzyme-gated mechanism, where the protein thermodynamically activates the
substrate for reduction by the photocatalyst. Molecular dynamics studies suggest that the enzymes

bind substrates using non-canonical binding interactions, which may serve as a handle to further



manipulate reactivity. This approach demonstrates the versatility of these enzymes for controlling
the reactivity of high-energy radical intermediates and highlight the opportunity for synergistic

catalyst strategies to unlock new enzymatic functions.

Main Text:

Nitrogen-containing heterocycles are privileged structures for drug design and are found
in nearly 75% of the drugs approved by the FDA and currently available on the market®. The
importance of this class of compounds has led to the development of countless catalytic methods
for their selective preparation. Biocatalysts are becoming increasingly important for the
asymmetric synthesis of N-heterocycles, given their ability to facilitate chemical transformations
with precise control over the reaction's stereochemical outcome. Many enzymes, including
transaminases®, reductive aminases’®, C-N lyases’!!, and acyltransferases'?, catalyze C-N bond
formation via mechanisms that exploit the inherent nucleophilicity of amines coupled with the
electrophilicity of carbonyls and alkenes (Fig. la). Also known, though less common, are
metalloenzymes that utilize iron nitrenoids—prepared from oxidized amine precursors—for
aziridination and C-H insertion reactions (Fig. 1a)!>!4. While these mechanisms are effective, they
represent only a fraction of those available to abiotic catalysts for C—N bond formation.

Nitrogen-centered radicals (NCRs) are versatile, high-energy intermediates for
hydroamination, C-H amination, and hydrogen atom abstraction reactions (Fig. 1a)!>!’, and
because they readily react with unactivated coupling partners, NCRs are attractive for use in
chemical synthesis from a variety of starting materials. However, this reactivity comes at a cost as
NCRs are readily quenched via reductive mechanisms!®. These termination events represent a

significant impediment to the development of challenging, kinetically slow reactions radical



amination reactions. Moreover, it remains difficult to design catalysts capable of harnessing NCRs
for enantioselective transformations'®. Given the precedent for enzymatic control of highly
reactive intermediates, such as Compound I in P450s!'® and carbon radicals generated by radical S-
adenosyl-L-methionine (SAM) enzymes®°, we hypothesized that enzymes could also be used to
control NCRs in synthetically useful reactions?!. However, to the best of our knowledge, no

enzymes utilize NCRs in their natural setting.
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Fig. 1. Biocatalytic radical C—N bond forming reactions. a, Enzymatic C—N bond formation

reactions predominantly rely on polar nucleophilic mechanisms and very few on organometallic
mechanisms. Biocatalytic radical C—N bond forming reactions would be of great value but are
unknown in nature. b, A general photoenzymatic platform enabling biocatalytic radical C—N bond
formation is realized by the combination of enzymatic catalysis and photoredox catalysis. X,

oxygen or carbon atom; L, ligand; LG, leaving group; Me, methyl; Ph, phenyl.



Over the past several years, our group has developed strategies for forming carbon-centered
radicals from organohalides, using flavin-dependent ‘ene’-reductases (EREDs)?*%6. In these
reactions, the flavin hydroquinone (FMNyq) cofactor serves as a single electron reductant to form
radical intermediates that can engage in C—C bond-forming events before reductive radical
termination by the flavin semiquinone (FMNsg). Importantly, these results demonstrate the
compatibility of EREDs with radical intermediates and the ability of this enzyme family to control
the stereochemical outcome of radical reactions?’. Here, we report our development of an ERED-
based photoenzymatic platform capable of harnessing NCRs for C—N bond formation (Fig. 1b).
With the aid of directed evolution, we demonstrate the versatility of this platform for synergistic
bio- and photocatalysis, enabling a wide variety of asymmetric radical hydroamination reactions.

We began by investigating EREDs for catalyzing a 6-endo-trig radical hydroamination.
We targeted stable hydroxamic esters as radical precursors due to their compatibility with
biocatalytic reaction conditions (Supplementary Table 10)?. However, because of their low
reduction potentials (E12> —1.7 V versus saturated calomel electrode, SCE)?°, hydroxamic esters
cannot be reduced by ground state FMNpq and are not observed to form charge-transfer complexes.
To overcome this limitation, we envisioned using direct photoexcitation of FMNyq to afford access
to a more highly reducing excited state (E12" = —2.26 V versus SCE)**3!. Using hydroxamic ester
1 (Fig. 2a) featuring an electron-deficient pentafluorobenzoxyl moiety as our substrate, we
evaluated a panel of structurally diverse EREDs (Supplementary Table 1) for their ability to
catalyze cyclization under violet light irradiation (Adem = 390 nm). Only YqjM, an ERED from
Bacillus subtilis, afforded the desired hydroaminated product (R)-2 (51:49 er) in observable but
very low yield (<5 %). Inspiration by our previous studies using photoredox catalysts to generate

radicals within protein active sites, we tested a series of photocatalysts for this reaction334,



Gratifyingly, we found that exposure of 1 to a solution of YqjM in the presence of 1 mol%
Ru(bpy)s;Clz (bpy = 2,2"-bipyridyl)** and subsequent irradiation under blue light (Aem = 456 nm)
produced the desired product (R)-2 in 52% yield with 81:19 er (Fig. 2a, entry 1). Control
experiments revealed that the photocatalyst, the cofactor regeneration mix, and light are all crucial
to the transformation (Fig. 2a, entries 3-5). Additionally, when 1 mol% of FMNx is used in place
of YqjM, 2 is formed in only 22% yield as a racemic mixture (Fig. 2a, entry 6). Note that, based
on reported binding affinities for enzymes in the Old Yellow family (1-100 nM)*%37, this reactivity
with free flavin is likely inconsequential in the optimized protocol with YqjM. Importantly, the
significantly improved enantioselectivity and activity witnessed with YqjM suggest an enzyme-
gated reduction mechanism that limits radical formation to the active site (vide infra). We also
tested other hydroxamic ester substrates with 4-trifluoromethylbenzoyl (OBzcrs3) and 4-

fluorobenzoyl (OBzr) leaving groups and found 1 to be optimal (Fig. 2a, entries 7-8).
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Figure 2. Reaction discovery and directed evolution of YqjM enzyme for intramolecular

hydroamination reaction. a, Evaluation of reaction parameters. For detailed reaction conditions,

see the Supplementary Information. b, The starting ester 1 is reduced by Ru! in the enzyme active

site and undergoes sequential 6-endo-trig cyclization and enantiodetermining hydrogen atom

transfer (HAT) to afford (R)-2. ¢, Evolution of YqjM gives access to both enantiomers of 2.

Cofactor regeneration mix, NADP" (2 mol%) + glucose dehydrogenase (GDH-105 from Codexis,

1.5 mg/mL) + glucose (6 equiv.); KPi, potassium phosphate buffer; bpy, 2,2'-bipyridine; DMSO,



dimethyl sulfoxide; h, hours; er, enantiomeric ratio; N.D., not determined; FMNyy, flavin
mononucleotide; FMNyg, flavin hydroquinone; FMNg, flavin semiquinone; OBzcrs, 4-
trifluoromethylbenzoyl; OBzr, 4-fluorobenzoyl; ET, electron transfer; HAT, hydrogen atom

transfer.

Our proposed mechanism for the hydroamination of 1 is shown in Fig. 2b. Under blue light
irradiation, Ru(bpy)3CL, (Ru") is excited to generate the long-lived triplet excited state complex
"Ru' (E1,"™' = +0.77 V versus SCE), which is readily reduced to form Ru(bpy);" (Rul, E1," =
—1.33 V versus SCE). The reduced photocatalyst Ru' then transfers an electron to enzyme-bound
1 (E1/2 unbound 1 > 1.7 V versus SCE)® to form the NCR intermediate 5 and Ru'!, with the loss of
benzoate. Here, we reasoned that the enzyme attenuates the reduction potential of 1, enabling an
otherwise endergonic electron transfer process. Once formed, 5 undergoes 6-endo-trig cyclization
to generate intermediate 6 with a benzylic radical, and subsequent enantiodetermining hydrogen-
atom transfer (HAT) from FMNyq to 6 affords product (R)-2. The resulting FMNq (E12=+0.49 V
versus SCE)*® undergoes single electron transfer with the excited state Ru'! photocatalyst to form
FMNox, which is reduced to FMNpq by the cofactor regeneration system, thereby completing both
the photoredox and ERED catalytic cycle.

Next, we sought to improve the efficiency and selectivity of this transformation using
iterative saturation mutagenesis (ISM)3*# applied to 20 residues lining the active site of YqjM
(Supplementary Table 2,3)*!. After three rounds of protein engineering, we found a triple mutant
Y qiM-M25L-C26S-169T (YqjM-R) that facilitates the formation of (R)-2 in 91% yield with 97:3
er (Fig. 2c). Intriguingly, during the evolution campaign, we noticed that the mutation of tyrosine

at position 28 reversed the enantiomeric preference of the enzyme, with Y28A being the most



effective (32:68 er). We carried out four additional rounds of ISM starting from YqjM-Y28A,
focusing on residues lining the active site, and discovered that the quintuple mutant YqjM-Y28A-
[69N-Y169H-A252G-R336W (YqjM-S) catalyzes the generation of (S)-2 in 89% yield with 14:86
er (Supplementary Table 4,5).

Molecular dynamics (MD) simulations were performed to elucidate the origin of the
enantiocomplementary selectivity of the two YqjM mutants (Fig. 2c). The alkene 7 was chosen as
a probe compound, as the styrenyl motif locks the compound into a planar conformation
mimicking the benzylic radical intermediate formed prior to the proposed hydrogen atom transfer.
MBD simulations performed using an existing YqjM structure strikingly revealed flipped binding
positions for 7 in the YqjM-R and YqjM-S variants, such that both models are consistent with the
observed stereochemistry if the H atom is delivered from the flavin, or the adjacent residue C/S26.
The mutation Y28A, which inverts the enantioselectivity of the enzyme, may do so by making
space for the phenyl ring of the substrate to sit over the C6 position of the FMN, allowing the flip
in orientation of the cyclic intermediate. Also notably, 7 is not bound between the canonical ERED
binding residues H164 and H167. In the YqjM-R simulation, the amide carbonyl of 7 does not
interact with either residue; in YqjM-S, 7 hydrogen bonds with H167 alone, and only for a portion
of the MD run. Instead, water bridges to residue R308 and Y264 contribute to 7 binding in YqjM-
R, while a hydrophobic interaction with the newly introduced residue W336 contributes
prominently to binding in YqjM-S. These models point to novel interactions guiding substrate
positioning during HAT and suggest that these enzymes may be further engineered to reinforce
these new binding modes.

Having demonstrated that we can optimize the product yield and enantiopurity using

YqjM-R or YqjM-S, we set out to investigate the substrate tolerance of these systems (Fig. 3a).



Both enantiomers of a variety of 5-phenylpiperidin-2-one derivatives with para-, meta-, and ortho-
substituents on the aromatic ring were efficiently prepared in high yields and with good levels of
enantioselectivity (8 to 20), and furan (21), thiophene (22), and pyridine (23) heterocycles were
also accessible. In addition to 5-phenylpiperidin-2-ones, the reaction afforded 5-methyl piperidine-
2-one (24) in good yield, albeit with a low level of enantioselectivity. By testing a small panel of
beneficial mutants obtained during the evolution campaign for 1, we further identified the mutant
YqiM-Y28G-Y 169F, which promotes the formation of piperidines (25, 26, and 27) from suitable
N-acetyl acyclic precursors (Supplemental Table 6). In addition, YqjM-Y28C-169V and YqjM-
Y28C mutants were found to catalyze 5-exo-trig cyclization to generate pyrrolidinone (29; 71%
yield with 52:48 er) and pyrrolidine (31; 36% yield with 75:25 er), respectively (Supplemental
Table 7,8). Notably, the enantiodetermining step in these reactions is C—N bond formation rather
than hydrogen atom transfer.

The evolvable yields and enantioselectivities demonstrated here encouraged us to
investigate transformations of even more complex substrates. We found that in addition to 6-endo-
trig and 5-exo-trig cyclizations, YqjM-R is capable of catalyzing 7-endo-trig and 8-endo-trig
cyclizations to generate 1-(33) and 0-(35) lactams. Importantly, these cyclizations do not occur
efficiently in solution when only FMNx is used in place of the enzyme (Supplemental Table 9),
highlighting the utility of EREDs for facilitating slow intramolecular hydroamination reactions.
We also tested YqjM-R with a simple benzoyl hydroxamic ester starting material and found that,
under the optimized photocatalytic conditions, this mutant provides the product in 53% yield, with
no change in enantioselectivity 97:3 er. Finally, the reaction can be run on a preparative scale (0.1

mmol) to provide (R)-2 in 78% yield with 97:3 er (Supplemental Information, Part V).



Importantly, our method can also be applied to more challenging intermolecular radical
hydroamination reactions (Fig. 3b). From a panel of structurally diverse EREDs, we found that
GIuER-T36A (derived from Gluconobacter oxydans) is effective for the formation of product 36,
in 11% yield from a benzhydroxamic ester and a-methyl styrene. Two rounds of iterative site-
saturation mutagenesis yielded the triple mutant GIuER-T36A-T231A-G270A, which was found
to afford product with improved yield and enantioselectivity (31% yield, 97:3 er) (Supplemental
Table 11,12). This variant was also effective for intermolecular radical hydroamination of 3-
bromobenzhydroxamic ester with a-methyl styrene (37). Other olefins including a-methyl vinyl
pyridine and a-methoxy styrene were tolerated as well, forming products (38 and 39) in moderate

yield and with excellent enantioselectivity.
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Figure 3. Scope of biocatalytic radical hydroamination. Red spheres in enzyme cartoons
represent sites of mutation. a, 6-endo-trig, 5-exo-trig, 7-endo-trig, and 8-endo-trig cyclizations
realized with YqjM catalysts. The reaction conditions were as follows: substrate (1 equiv, 20 mM),
Y@M variant (1 mol%), Ru(bpy);Cl> (1 mol%), NADP* (2 mol%), GDH-105 (1.5 mg/mL),
glucose (6 equiv.), KPi buffer (100 mM, pH 8.0), dimethylsulfoxide (DMSO, 5% v/v), 460 nm,
25 °C, 36 h. For products marked with asterisks, 1.5 mol% of YqjM variant was used. b,
Intermolecular hydroamination using GIuER catalysts. The reaction conditions were as follows:
substrate (1 equiv, 20 mM), olefin (3 equiv), GIuER variant (1 mol%), Ru(bpy):Cl> (1 mol%),
NADP* (2 mol%), GDH-105 (1.5 mg/mL), glucose (6 equiv.), KPi buffer (100 mM, pH 8.0),
acetonitrile (MeCN, 10% v/v), 460 nm, 25 °C, 24 h. Et, ethyl; m-BrCe¢Hs, 3-bromophenyl; X,

methyl or methoxyl group.

We conducted a series of experiments to elucidate the nuances of the reactivity enabled by
this enzyme platform, using 1 as a model substrate. Transient absorption spectroscopy was used
initially to study the electron transfer events involved in the reaction. A solution of the model
enzyme YqjM-R was prepared in the presence of the cofactor turnover system and Ru(bpy);Cla,
and excitation of this solution at 425 nm led to the appearance of a spectral signature consistent
with the reduced species Ru(bpy):;”. When the same reaction was run in the presence of
benzhydroxamic ester 1, the Ru(bpy)s!* signal rapidly decayed with a rate constant of 1.9x10°
M Is7!, concomitant with the growth of a spectrum consistent with the FMNgq. Importantly, these
spectral changes were only observed in the presence of substrate, suggesting that Ru(bpy)s!*

reduces the substrate and the resulting radical is terminated by the FMNyq to generate the FMNyy.
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Given the low reduction potential of benzylic radicals (E1, < —1.43 V versus SCE)*?, we
hypothesized that radical termination within the protein active site occurs via hydrogen atom
transfer, rather than stepwise reduction and protonation. To investigate this step further, we
compared the extent of deuterium incorporation in product 2 following conversion of 1 using
YqjM variants and either deuterium-labeled FMNyq (using glucose-d; as a source of deuterium) in
aqueous buffer, or native FMNyq in D2O buffer (Fig. 4a). With YqjM-S, when the cofactor was
labeled, the lactam was produced in 61% yield (19:81 er) with 0% deuterium incorporation at the
benzylic position. When the reaction was carried out in DO with native FMNpg, (S)-2 was
generated in 60% yield (17:83 er) with 71% deuterium incorporation. These results are consistent
with radical termination occurring via hydrogen atom transfer from C26, which sits directly
adjacent to the FMN on the same face of the substrate, and subsequent reduction of the thiyl radical
by FMNyg.

Interestingly, when the analogous experiment was conducted with substate 1, YqjM-R,
and deuterated FMNyq, 21% deuterium incorporation was observed in (R)-2, whereas using native
FMNyq with D20 resulted in 19% deuterium incorporation in the product. These results suggest
two competing mechanisms of radical termination. One mechanism involves hydrogen atom
transfer from FMNyg, while the other implicates radical termination via a proton-coupled electron
transfer (PCET)** where a water molecule or side chain of serine (S26) functions as the proton
source and FMNyq as a reductant. A kinetic isotope effect in the radical termination event is
consistent with these results.

Although the deuterium-labeling experiment indicated that the hydrogen atom transfer step
in YqjM-R is complicated, we conducted a similar experiment using deuterium labeled FMNpq in

the intermolecular hydroalkylation to prepare 36 (Supplementary Information Part VI) and in this
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case, 76% deuterium incorporation was observed. When the reaction was conducted in D>O with
native FMNyq, 0% deuterium incorporation was obtained. These results indicate that flavin is
responsible for radical termination in these reactions.

A fascinating feature of the reactivity studied here is the role the enzyme plays in activating
substrates for reduction. Because the complexity of these reactions precludes the direct comparison
of initial rates with and without the protein scaffold, we designed a competition experiment to
probe differences in reactivity, following a previously established approach (Fig. 4¢)*. In brief, by
analyzing the erosion of the enantiomeric ratio of 2 formed under optimized conditions in the
presence of increasing amounts of free FMN (one to 15 equivalents relative to bound FMN), we
were able to estimate the relative rates of catalysis by free FMN versus protein-bound FMN
(Supplementary Information, Part VII). Our results reveal that YqjM-R and YqjM-S accelerate
hydroamination of 1 to (R)-2 and (S)-2 by nine and 30 fold, respectively, compared to free flavin,
consistent with the protein scaffold activating the substrate for the reduction event. Enzymes are
known to use a variety of hydrogen bonding, steric, electrostatic, and electric field effects to
precisely control electron transfer events*®. A combination of these effects is likely responsible for
controlling electron transfer between the exogenous photocatalyst and substrate within the enzyme

active site.
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Figure 4. Mechanistic Studies. a, Results of deuterium-labeling experiments used to probe HAT

in 6-endo-trig cyclization of 1. b, Competition experiments were performed by adding increasing

amounts of free FMNyx to the standard reaction conditions and measuring the erosion of the

enantiomeric ratio of 2.

In conclusion, we have developed a novel photoenzymatic platform to initiate and control

reactions involving highly reactive nitrogen-centered radicals, and by harnessing the power of

directed evolution for enhancing promiscuous activity in EREDs, we have demonstrated the

generality of the method to intra- (5-exo, 6-endo, 7-endo, and 8-endo) and intermolecular
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hydroamination reactions. These results highlight the ability of enzymes to precisely control
reactive radical intermediates that are challenging to manipulate using contemporary small

molecule methods and expand the types of reactivity intermediates available to enzymes.

Online content. Methods, along with any additional Extended Data display items and Source Data,
are available in the online version of the paper; references unique to these sections appear only in
the online paper.

Data Availability The data that support the findings in this study are available from the

corresponding author upon reasonable request.
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