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ABSTRACT: a-Tertiary amino acids are essential components
of drugs and agrochemicals, yet traditional syntheses are step-
intensive and provide access to a limited range of structures
with varying levels of enantioselectivity. Here, we report the a-
alkylation of unprotected alanine and glycine by pyridinium
salts using pyridoxal (PLP)-dependent threonine aldolases
with a Rose Bengal photoredox catalyst. The strategy efficiently
prepares various a-tertiary amino acids in a single chemical
step as a single enantiomer. UV-vis spectroscopy studies reveal
a ternary interaction between the pyridinium salt, protein, and
photocatalyst, which we hypothesize is responsible for localiz-
ing radical formation to the protein active site. This method
highlights the opportunity for combining photoredox catalysts
with enzymes to reveal new catalytic functions for known en-
Zymes.

Non-canonical a-amino acids (ncAAs) and a-amino alcohols are
essential components of natural products and bioactive mole-
cules (Figure 1A).1-4 When incorporated into proteins, they can
unlock new catalytic functions,56 facilitate mechanistic investi-
gations,’9 and enable the facile synthesis of protein conju-
gates.10 In therapeutics and agrochemicals, ncAAs provide ac-
tivity and stability profiles not observed with their naturally
occurring conjurers.!! Beyond proteins and peptides, many chi-
ral small molecule catalysts are derived from amino acids,!2
where non-canonical analogs provide access to regions of
chemical space necessary for selective transformations. For all
these applications, a-secondary amino acids are most common
because of their structural similarity to canonical amino acids.
Increasingly, a-tertiary amino acids are desired because they
have enhanced metabolic stability and improved conforma-
tional rigidity, leading to improved functions.!3

Catalytic asymmetric syntheses of a-tertiary amino acids are
challenging because of the inherent reactivity of the amino acid
motif. 14 For a-alkylation reactions, the amine and carboxylic
acid must be masked to enable enolization, requiring the sub-
sequent removal of the two protecting groups to form the de-
sired ncAA.1516 Alternative synthetic strategies, such as nucle-
ophilic addition to a-iminoesters, also require protection of
both the acid and imine to enable a selective synthesis (Figure
1B)17-21 Nature avoids these tedious protection and deprotec-
tion steps by transiently activating the amino acid for function-
alization using 5-pyridoxal phosphate (PLP).22.23 This cofactor
reacts with the amino moiety to form an aldimine, which both

protects the amine functional group and acidifies the a-pro-
tons, while electrostatic and hydrogen bonding interactions
with the protein temper the reactivity of the carboxylate. We
hypothesized that repurposing native PLP-dependent enzymes
might provide an attractive strategy for synthesizing a-tertiary
amino acids.

a-Tertiary Amino Aods/AIcohoIs Essential Components of Medicinal Compounds

HO C
. ji;/\e‘\ /@/\QL %
Etiroxate Metyrosine GLPG0974
[Hyperlipoproeinemia] [Pheochromocytoma] [FFA2 Antagonist]
B
2 R2-X 7 R2-X or ®2-M it
Ar. N PgN PgN.
g OPg ——————> Opg —E———— OPg
phase transfer ) S transition metal
Ar R! R' R R
catalyst catalyst/chiral

protected a-tertiary
amino acids

ligand
B amine/carboxylate protection ® moisture sensative reagents ® limited substrate scope

C This work: a synergistic photoenzymatic strategy for preparing unprotected
a-tertiary amino acids

Ph e R_g Me Cd;)
@(hv! o b
A
| —O> R OH |
Ph AN M& NH, o OH
LN § S
H OH Ui tected
NH2 nprotecte H Me
P Non-C ical
Pyridinium Salt D-Alanine on--anonica via radical addition to
Amino Acids X .
quinonoid

Figure 1. (A) Selective examples of bioactive non-canonical
amino acids. (B) Existing methods to access chiral o-ter-
tiary amino acids. (C) Our work: L-Threonine Aldolase cat-
alyzed o-tertiary amino acids synthesis.

Over the past six years, our group has demonstrated that exog-
enous photoredox catalysts can expand the catalytic function of
flavin and nicotinamide-dependent oxidoreductases by gener-
ating non-native radicals within their active sites.24-28In these
studies, we found that electronic activation of radical precur-
sors by the protein and photocatalyst association to the protein
was essential for ensuring that radical formation only occurs
within the protein active site. Recently, Yang and coworkers
demonstrated that this strategy for unlocking new catalytic
functions could be used with PLP-dependent tryptophan syn-
thases to deliver a-secondary amino acids from alkyl tri-
fluoroborates and serine via a radical Michael addition in good
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Figure 2. L-Threonine Aldolase catalyzed model reaction optimi-
zation. Reaction conditions: 1 (2.5 umol 1.0 eq, 5.8 mM), D-alanine
(12.5 umol, 5 eq, 29 mM), LTA (1 mol% based on 1) in 100 mM
CHES buffer pH 8.9, with 7.5% DMSO (v/v) as cosolvent, final
total volume is 430 pL. Reaction mixtures were stirred under an-
aerobic conditions at room temperature for 24 h. ® Yield determined
via LC-MS relative to an internal standard (Mandelic acid). “Enan-
tiomeric ratio (er) determined by chiral HPLC after Boc,O protec-
tion. n.d.: not detected.

yield and good to excellent levels of enantioselectivity.29 Inde-
pendently, we questioned whether photoredox catalysts could
be used with threonine aldolases to provide a facile synthesis
of a-tertiary amino acids.

L-threonine aldolases (LTAs) are a large family of pyridoxal 5-
phosphate (PLP)-dependent enzymes that are capable of cata-
lyzing synthetically useful aldol reactions between small amino
acids (glycine, alanine, serine) and aldehydes to afford f3-hy-
droxyl-a-amino acids.222330 Essential to this reactivity is the
formation of the pyridoxal-quinonoid, the nucleophile in the al-
dol reaction. Given the similarities between the quinonoid and
other nucleophilic species involved in catalysis, such as eno-
lates and enamines, we hypothesized that the quinonoid could
also serve as a SOMOphile with radical species (Figure 1C). As
the protein scaffold blocks one prochiral face of the quinonoid,
we expected radical addition to occur with perfect stereoselec-
tivity.31

We began our studies using the thermophilic LTA from Ther-
motoga maritima with D-alanine as the amino donor.32 We
tested a series of alkyl electrophiles, including thianthrenine
salt R1, NHPI ester R2, tetramethylammonium salt R3, a-chlo-
roacetophenone R4, and Katritzky pyridinium salt 1, which
generate alkyl radicals via single electron reduction.33 This
mechanism of radical initiation was desired because the oxi-
dized state of the photocatalyst could oxidize the PLP-adduct of
radical addition.3435 When using Rose Bengal as a photoredox
catalyst and irradiating with blue LEDs (456 nm), we found the
pyridinium salts were the only productive alkyl radical source,
furnishing the product with a 65% yield and forming the S-
product in >99:1 enantiomeric ratio. Unfortunately, the yield
was dependent on the preparation of the protein, presumably

due to the instability of the protein tetramer. Gront and
coworkers found that mutation of tryptophan 86 to glutamic
acid (W86E) enhanced the stability of the enzyme by forming a
salt bridge with the arginine 120 residue on an adjacent subu-
nit.32 Introducing this mutation increased the yield to 90% and
significantly improved the reproducibility. Other LTAs also
demonstrated this non-native reactivity, with the enzyme from
Aeromonas tecta (TeLTA) exhibiting similar activity and enan-
tioselectivity to TmLTA-W86E (Figure 2, entry 3) (Supplemen-
tary Table 1). Control experiments confirmed that light, photo-
catalyst, and protein are essential for the desired reactivity
(Figure 2, entries 5, 7). It is worth mentioning that an additional
10 mol% free PLP was needed to enhance the enzyme activity,
likely due to the photodegradation of the quinonoid intermedi-
ate as a competing pathway (Figure 2, entry 6, Supplementary
Figures 19 and 20).
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Figure 3. Scope of L-Threonine Aldolase catalyzed non-canonical
amino acid synthesis. Reaction conditions: Katritzky salt (2.5 umol
1.0 eq, 5.8 mM), D-Alanine (12.5 umol, 5 eq, 29 mM), TeLTA (1
mol% based on 1) in 100 mM CHES buffer pH 8.9, with 7.5%
DMSO (v/v) as cosolvent, final total volume is 430 pL. Reaction
mixtures were stirred under anaerobic conditions at room tempera-
ture for 24 h. *Yield determined via LC-MS relative to an internal
standard (Mandelic acid). Enantiomeric ratio (er) determined by
chiral HPLC after Boc,O protection. *Using 5-phenethyl-5H-
dibenzo[b,d]thiophen-5-ium trifluoromethanesulfonate instead of
Katritzky salt.

With the best conditions identified, we investigated the sub-
strate tolerance of this protocol (Figure 3). Katritzky salts with
different para-substituents from electron-withdrawing fluoro-
alkyl groups, such as OCFs, CF3, and synthetically useful Cl,
were well accepted, giving the desired products in 84-94%
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yield with excellent selectivity, with the exclusive formation of
the S-product (1a-4a). Electron-rich substrates provided prod-
ucts in a more modest yield, presumably due to an electronic
mismatch between the electron-rich radical and nucleophilic
quinonoid (5a and 6a). Sterically demanding ortho-substituted
arenes and naphthyl pyridinium salts were reactive, affording
product in good yield (7a, 8a, 12a). Meta-position with Cl and
methyl led to 37-87% yields in high stereoselectivity (9a and
10a).

This method was effective for preparing the a-tertiary amino
acid analog of L-DOPA, affording product in 73% yield and 99%
enantioselectivity. We also found that a pyridine-derived Kat-
ritzky salt was reactive, enabling the facile synthesis of amino
acids with electron-deficient N-heterocycles and challenging
structures to prepare other synthetic methods. Unfortunately,
non-benzylic pyridinium salts were unreactive. This limitation
was overcome by using sulfonium salts, which afforded a prod-
uct with moderate yield as a single enantiomer. (14a and 15a).
A 2 mmol scale reaction with TeLTA cell-free lysate was con-
ducted with the model substrate 1 and D-alanine (Supplemen-
tary figures 5 and 6). To ensure the light penetration, we per-
formed the reaction under 525 nm using green Kessil irradia-
tion. The product was isolated in 46% yield, >99:1 e.r., high-
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Figure 4. Scope of L-Threonine Aldolase catalyzed non-ca-
nonical amino acids synthesis. Reaction conditions: Katritzky
salt (2.5 umol 1.0 eq, 5.8 mM), glycine (12.5 umol, 5 eq, 29
mM), TeLTA (1 mol% based on 1) in 100 mM CHES buffer pH
8.9, with 7.5% DMSO (v/v) as cosolvent, final total volume is
430 ulL.

lighting the potential of our protocol for industrial production

Beyond alanine, this biocatalytic system also accepts glycine as
a quinonoid precursor. As shown in Figure 4, benzylic Katritzky
salts harboring different electronic substituents, such as CF3
(2b), CN (3b), CI (4b and 6b), Me (5b and 8b), MeO (7b), and
naphthyl (9b) were well compatible to afford the desired ncAA
products in 42-90% yields and excellent enantioselectivity
(>99:1 e.r.). Pyridyl Katritzky salt functioned well with 60%
isolated yield, >99:1 e.r. (10b). Nonbenzylic sulfonium salt
(11b), as well as secondary substrate (12b) were accommo-
dated to give the corresponding amino acids products with ex-
cellent enantioselectivity control, albeit with lower reactivity.

After establishing the synthetic utility of the method, we next
conducted experiments to determine the mechanistic nuances
of this system. We began by confirming the formation of the

quinonoid with glycine and alanine via UV-vis spectroscopy.
The quinonoid signal forms immediately upon addition of ei-
ther amino acid and persists for at least 30 minutes, suggesting
this is the steady-state intermediate in these reactions (Supple-
mental Figure 23). Next, we determined the mechanism of rad-
ical initiation. We hypothesized that Rose Bengal’s triplet ex-
cited state was responsible for reducing the pyridinium salt to
form the alkyl radical. Using Stern-Volmer analysis of fluores-
cence quenching data, we identified a non-linear relationship
between pyridinium salt concentration and fluorescence, indic-
ative of a static quenching mechanism (Figure 5A).36 This ob-
servation suggests the cationic pyridinium salt complexes with
the dianion Rose Bengal before excitation. Indeed, we observe
ared shift in the absorption of Rose Bengal in the presence of 1
(10 nm shift), indicating the formation of a complex. These re-
sults indicate that photoinduced electron transfer is responsi-
ble for radical formation.

Throughout our studies, we observed negligible formation of
bibenzyl due to pyridinium salt dimerization, suggesting that
radical formation is controlled and likely occurs near the pro-
tein active site. In previous studies, we observed an association
between the photocatalysts and oxidoreductases.24-26 We con-
ducted UV-vis spectroscopy on Rose Bengal with and without
TmLTA to determine whether an interaction is present in this
system. A red shift in the absorption of Rose Bengal is observed
in the presence of TmLTA, indicating that the protein and pho-
tocatalyst are associating.37.38 Fluorescence anisotropy experi-
ments are consistent with a single binding event with Kp= 76
uM for Rose Bengal to the protein (Supplemental Figure 17).
Interestingly, when pyridinium salt 1 is added to this mixture,
further red shifting of the Rose Bengal absorption is observed
with a spectral signature distinct from that of the Rose Ben-
gal/1 salt complex. Importantly, no change is observed when
mixing the pyridinium salt and enzyme, indicating that these
two species do not associate with each other without the dye.

Next, we conducted molecular docking to determine possible
sites for photocatalyst binding. Previous studies indicate the di-
anionic Rose Bengal binds to electropositive and hydrophobic
regions of proteins.37.38 Molecular docking using Autodock
VINA39 revealed favorable binding sites in an electropositive
region of the protein immediately adjacent to the protein active
site. In these binding orientations, the photocatalysts are 6 to
15 angstroms away from the PLP cofactor. With this model in
hand, we propose that Rose Bengal templates a ternary com-
plex between the pyridinium salt and enzyme (Figure 5D). Rad-
ical initiation events occur more frequently near the quinonoid
intermediate, which is formed at high equilibrium concentra-
tions as the photocatalyst preferentially binds adjacent to the
protein active site (Supplemental Figure 26). This helps local-
ize the radical formation to the active site, allowing for high-
fidelity C-C bond formation over other radical termination
pathways. Since only one prochiral face of the PLP intermediate
is exposed, the C-C bond is formed with excellent stereocon-
trol. Once the C-C bond is formed, the resulting radical qui-
nonoid intermediate can be oxidized by the Rose Bengal radical
cation to furnish the product external aldimine and Rose Ben-
gal. The product external aldimine can then undergo Schiff base
exchange with the active site Lysine 199 to release the product
and reform the internal aldimine.

In conclusion, we developed a synergistic photoenzymatic sys-
tem using L-threonine aldolases to prepare unprotected a-ter-
tiary amino acids from pyridinium salts and small amino acids
with excellent levels of enantioselectivity. Mechanistic investi-
gations suggested a unique ternary interaction between pyri-
dinium salt, Rose Bengal, and the enzyme that helps localize
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radical formation to the protein active site. We hypothesize
that these interactions can be used with other proteins/photo-
catalyst combinations to unlock new reactivity.
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