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ABSTRACT: Devising artificial photoenzymes for abiological bond-forming reactions is of high synthetic value but also a
tremendous challenge. Disclosed herein is the first photobiocatalytic cross-coupling of aryl halides enabled by a designer artificial
dehalogenase, which features a genetically encoded benzophenone chromophore and site-specifically modified synthetic Ni"(bpy)
cofactor with tunable proximity to streamline the dual catalysis. Transient absorption studies suggest the likelihood of energy transfer
activation in the elementary organometallic event. This design strategy is viable to significantly expand the catalytic repertoire of

artificial photoenzymes for useful organic transformations.

Integrating merits of light-harvesting photochemical reac-
tions into proficient biocatalysts provides an attractive
alternative to traditional synthetic chemistry to fulfill the ever-
increasing demand for sustainability." In this regard, nature’s
photosynthetic system is indisputably a fertile pool of
inspiration, a gold standard, and in some sense the “Holy
Grail” for the synthetic community to devise artificial
photobiocatalytic platforms.” Although highly evolved for
solar energy storage and CO, fixation, the limited variation
of native light-absorbing photosensitizers (e.g., chlorophyll,
flavin adenine dinucleotide) and specialized activities of natural
enzymes fail to meet synthetic demand for the benign
manufacturing of diverse value-added abiological organic
compounds from simple chemical feedstock. Therefore,
innovation of man-made counterparts integrating synthetic
photosensitizers and tailored cofactors is highly desirable to
complement the repertoire of natural photosynthetic mani-
folds.’

Synthetic endeavors toward this end have culminated in
various artificial machineries reminiscent of those found in
photosynthetic organisms.'*™ These systems generally com-
bine a chemical photosensitizer (e.g, organic dyes, metal
complexes, quantum dots)* with a canonical redox enzyme’
that work cooperatively via direct or indirect electron transfer,
thereby forging inorganic fuel-forming or organic bond-
forming reactions (Figure 1A). Notably, their catalytic
performance is highly dependent on the kinetics of electron
transfer between the photocatalyst and cofactor, which is
typically realized via diffusion-based random collision or
electrostatic interaction.'* Moreover, the dependence of native
redox cofactors could be a constraint on the reaction spectrum
in these photobiocatalytic systems.

In this work, we disclose a genetically engineered
dehalogenase that accomplishes the first photobiocatalytic
organometallic C—O cross-coupling reaction. It fulfills the
synthetic demand for converting simple aryl halides to
phenols” and starkly contrasts natural dehalogenases that are
typically for bioremediation of specific hazardous halogenated
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pollutants (e.g, 4-chlorobenzoyl-CoA dehalogenase, Figure
1B).® The concept of this artificial enzyme was inspired by
recent advances in chemocatalytic systems merging small-
molecule transition metals (e.g, Ni complex) and photo-
catalysis.” In typical scenarios, an excited photocatalyst could
elevate the oxidation state (via single electron transfer, SET) or
electron spin state of an organometallic species (via energy
transfer, EnT) by donating an electron or triplet energy,
thereby driving fundamental organometallic steps'® (Figure
1C). Herein, these two entities, i.e, benzophenone and
Ni(bpy),, were integrated into protein macromolecular
settings with precise physical separation and defined proximity
(Figure 1D). Their spatial distance could be fine-tuned by
genetic mutation to maximize synergism. This artificial
photosynthetic platform streamlines the photochemical dual
catalysis for converting aryl halides to useful phenolic products,
which also exhibit exciting viability in valuable C—N bond-
forming reactions.

This study was commenced based on our CO,-reducing
photosensitizer protein (PSP),"" which features a conjugated
benzophenone-imidazolinone moiety formed from genetically
encoded benzophenone-alanine (BpA66)'” (see the Support-
ing Information (SI) for the protein sequence). Notably, PSP*
decays with a lifetime (7) of 123 us, a value ca. 100 times
longer than that of Bp* (10 ns—1 us)."” Bipyridine (bpy), a
proven suitable ligand for Ni",'"* was then covalently wired to
Cys9S mutant to yield PSP-95C-bpy (confirmed by LC-MS,
Figure S1) and thereafter complexed with NiSO, to give
photosensitizer metalloenzyme PSP-95C-Ni'/(bpy). Of note,
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Figure 1. The context of photosensitizer dehalogenase design. (A) Known synthetic photobiocatalytic systems combing chemical photosensitizers
with canonical redox enzymes. (B) Working mechanism of natural 4-chlorobenzoyl-CoA dehalogenase from Pseudomonas sp. strain CBS-3. (C)
Small-molecule metallaphotocatalysis merging a transition metal (exemplified by Ni complex) and photocatalysis. (D) Our design of artificial
dehalogenase synergizes genetically encoded benzophenone and site-specifically modified Ni"(bpy) cofactor with spatial compartmentalization and

tunable proximity for abiological cross-coupling reaction.

the spatial compartmentalization avoids detrimental coordina-
tion between the metal complex and benzophenone.'*"?

The cross-coupling of para-bromobenzaldehyde 1a with
H,0 was taken as a model reaction to proof our design of
photosensitizer metalloenzyme. The reaction was performed in
DMF/Tris-HCl pH 8.8 (1:19) under 380 nm irradiation
(Table 1). Pleasingly, '"H NMR spectroscopy of the crude
mixture showed the virtually quantitative formation of phenol
2a in the presence of N,N-diisopropylethylamine (DIPEA)
after 12 h (Table 1, entry 1). Control experiments revealed
that the PSP-95C, nickel cation, and light were all
indispensable (entries 2—4). Of note, preclusion of oxygen
was necessary, as it might get sensitized to form detrimental
singlet oxygen (entry S). Either replacing Tris-HCl buffer with
water or obviating DIPEA would deteriorate the reaction
efficiency (44% and 80%, respectively, entries 6 and 7),
underlining the importance of neutralizing the hydrobromic
acid byproduct. More interestingly, detachment of PSP-95C
and nickel complex led to a substantial drop in catalytic
reactivity (entry 8). This suggests the essence of the covalent
bioconjugation to situate the metal catalyst close to the
photoreactive chromophore. Subsequent investigations indi-
cated that Ni'" outperformed other redox-active metal ions
such as Fe**, Co®", Cu?*, and Mn** (entry 9 and Table S2),
and terpyridine (tpy) was proved suitable but slightly inferior
to bpy in combination with NiSO, under otherwise identical
conditions (entry 10). Of note, the reaction also proceeded by
direct excitation in the absence of PSP photocatalyst, albeit
with fairly low reactivity (entry 11).

Regarding the substrate generality (Scheme 1), we were
pleased to see that a collection of electron-deficient aryl
bromides bearing an aldehyde, ketone, carboxylic acid, ester,
nitrile, or amide group proved to be suitable substrates
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Table 1. Influence of Reaction Conditions

PSP-95C-Ni'l(bpy) oH
DIPEA (1.5 eq.)
DMF/Tris-HCI pH 8.8 (1:19)
LED 380 nm, Ar, 12 h
H H o
1a 2a Btuiuel v 2. L A |
PSP-95C-Ni'(bpy)
entry variation from standard conditions yield (%)°
1 standard conditions” 98
2 w/o PSP-95C <5
3 w/o adding NiSO,, 0
4 w/o light 0
S air instead of Ar 0
6 water instead of Tris-HCI 44
7 w/o adding DIPEA 80
8 w/o covalent bioconjugation 20
9 other metal salts used instead of NiSO, 24-3§
10 bpy replaced by tpy 89
11° w/o PSP-95C 15

“Standard reaction conditions: PSP-95C-bpy (0.044 ymol, in 1.9 mL
of 7S mM/L Tris-HCl buffer, pH 8.8), NiSO,, (0.1 ymol), aryl halides
(10 pmol), and DIPEA (15 pmol) were mixed in H,O/DMF (v/v =
19/1, 2.0 mL) under Ar. “Yield was determined in triplicate by 'H
NMR analysis of crude products. “Reaction time was 120 h.

(products 2a—2i). A certain degree of substrate specificity was
observed (e.g, 43% versus 94% yield for ethyl 4-hydrox-
ybenzoate 2g and its methyl counterpart 2d). The chemo-
specific formation of 4-bromophenol 2s from 1-bromo-4-
iodobenzene highlights the much higher reactivity of iodinated
substrates than the brominated equivalents. Fused benzene and
heteroaromatic compounds such as brominated indole,
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Scheme 1. Substrate Scope of Hydroxylation Catalyzed by
PSP-95C-Ni''(bpy) "
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“Reaction conditions: PSP-95C-bpy (0.044 ymol, in 1.9 mL of 7S
mM/L Tris-HCl buffer, pH 8.8), NiSO, (0.1 umol), aryl halides (10
umol), and DIPEA (15 umol) were mixed in H,O/DMF (v/v = 19/1,
2.0 mL) under Ar. “Yield was determined in triplicate by 'H NMR
analysis. “Tris-HCl buffer (pH = 8.8)/DMF = 4:1 (2 mL) was used.
9Reaction time was 36 h.

thiophene, and quinolone were also uneventfully accommo-
dated, albeit with somewhat compromised reactivity (2k—2n,
40—60% yield). Notably, the entry of alcohol 2j showed the
applicability of this photosensitizer metalloenzyme also for
aliphatic bromides with no background base-promoted
reaction. It paves a novel access to hydrolyze aliphatic halides
under very mild photobiocatalytic conditions. Apart from
bromide substrates, this system also holds fidelity for relevant
chloride and iodide compounds. The latter are challenging
substrates, probably due to decreased aqueous solubility (2p,
2q, 2s).

H,0 was the coupling partner for this formal hydrolytic
reaction of aryl halide, as evidenced by the incorporation of
80 from H'®0 (Figure S3). Despite this kinetically favorable
process in aqueous media, coupling with nitrogen nucleophile
was still possible. For instance, aniline derivative 3 could be
successfully isolated in 57% yield by subjecting pyrroline to the
reaction mixture devoid of DIPEA (Scheme 2a). Analogously,
C—N cross-coupling took place smoothly between bromide 1a
and imidazole to furnish product 4 with 39% yield (Scheme
2b).

Different mechanistic scenarios have been proposed for the
organophotoredox/nickel dual catalysis that accomplishes the
reductive elimination via Ni'' species'®™'® or electronically
excited Ni'! species.17 To gain more mechanistic insights,
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Scheme 2. Catalytic C—N Bond Formation™”

Br
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4 rrrrali i W S
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“Reaction conditions: PSP-95C-bpy (0.44 ymol, in 16 mL of 75 mM/
L Tris-HCl buffer, pH 8.8), NiSO, (1 gmol), aryl halides (50 ymol),
and 100 equiv of pyrrolidine or imidazole were mixed in H,O/DMF
(v/v = 4/1, 20 mL) under Ar. bReaction time was 24 h.

transient absorption spectroscopic (TAS) measurements were
conducted. First, TAS of both PSP-95C-bpy alone and the
reaction mixture containing PSP-95C-Ni''(bpy), 1la, and
DIPEA (Figure 2a,b) exhibited a ground-state bleach at 380
nm and a new peak at 430 nm upon 430 nm laser irradiation,
thereby pointing to the formation of a triplet excited state
(PSP-95C-bpy*). The lack of a new absorption signal
corresponding to radical formation (also see Figures S4 and
SS) and the positive outcome of direct excitation reaction
(Table 1, entry 11) suggest that triplet photosensitization of
the Ni! complex by PSP* is likely in operation."> Moreover,
the lifetime (7) of PSP-9SC-bpy* remained almost unchanged
upon introduction of either Ni' cation or DIPEA, or both
(Figure S6). However, kinetic traces showed that the triplet
lifetime dropped from 158 to 149 us when 5 mM la was
added, and a further dramatic decrease to 96 us was observed
(Figure 2c). This led us to carefully examine the quenching
effect with respect to substrate concentration, which revealed a
clear linear correlation with the excited-state lifetime. The
quenching rate constant (k,) extracted from the Stern—Volmer
plot versus the la concentration was 8.5 X 10* M~! s for
PSP-95C-Ni"(bpy) and 9.3 X 10° M~ s™! for PSP-95C at 1 =
430 nm (Figure 2d; for details, see Table S4 and Figure S7).
This result established the occurrence of a direct interaction
between the excited state of the photosensitizer and the
ground-state substrate la. Collectively, a plausible mechanistic
scenario is depicted in Figure 2e. The Bp chromophore of
PSP-95C enters into an excited triplet state under irradiation,
which acts as a position-defined antenna to raise the electron
spin of Ni aryl oxide to the triplet excited state, thereby
effectively driving the reductive elimination step to form a C—
O bond."” On the other hand, the reductive elimination from a
Ni'" intermediate, particular via the recently unveiled photo-
initiated/sustained Ni!/Ni! cycle,16 could not be ruled out at
this stage.'®

As triplet energy transfer is strongly distance-dependent,19
the spatial situations of photosensitizer/metal catalyst would
likely correlate their synergism and consequently the enzymatic
performance. Accordingly, cysteine mutant was introduced
into different positions of PSP, namely, PSP-28C, PSP-95C,
PSP-147C, PSP-151C, and PSP-186C (Table SS). The
distances from the corresponding Ni center to the
chromophore are 198, 1.19, 0.6, 1.02, and 1.67 nm,
respectively (Figure 3a). Interestingly, a profound impact of
this distance on the cross-coupling reaction outcome was
evident (Figure 3b and Table S6). Among them, the 95C
mutant gave the optimal catalytic performance for the phenol
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Figure 2. Transient absorption studies and proposed plausible reaction mechanism. (a) PSP-95C-bpy in Tris-HCI pH 8.8 buffer. (b) PSP-95C-
Ni''(bpy) in Tris-HCl pH 8.8 buffer with bromide 1a and DIPEA. (c) Kinetic traces of PSP-95C-Ni"(bpy) with 1a recorded at 430 nm in the
presence of DIPEA. (d) Stern—Volmer plots and extracted quenching rate constants. (e) Plausible reaction mechanism.
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Figure 3. Influence of chromophore/metal catalyst distance on the
enzyme activity for the model reaction of bromide 1a. Error bars in all
cases are s.d. (n = 3).

production (98% conversion). As the distance increased, e.g,
in the case of 186C and 28C mutants, reaction efliciency
declined dramatically. Adequate physical proximity is required
to secure effective interplay between these two catalytic
entities, and energy transfer is known to decay exponentially
with increasing donor—acceptor separatlon However, if the
Ni'bpy complex is situated too close to the BpA, intimate
electronic interaction might occur to cause static quenching.”
This notion agreed well with the deteriorated performance of
147C and 151C mutants. Therefore, the chromophore and
metal catalyst must be well-positioned with just the right
physical distance to maximize the energy transfer rate while
avoiding triplet excited state deactivation.

In summary, we have developed a light-harvesting metallo-
enzyme platform for organometallic cross-coupling reactions
under mild conditions. This miniature enzyme rationally
merges unnatural photosensitizer (i.e, benzophenone) and
Ni''(bpy) complex, two catalytic entities somewhat incompat-
ible in solution, with precise control of spatial distance, thus
making it possible to elevate the synergism of dual catalysis.
The catalytic performance was showcased in eflicient trans-
formations of diverse aryl halides to phenols, as well as valuable
C—N bond formation. The incorporation of a purely synthetic
metal complex, namely, Ni"" cofactor, also markedly differs
from the leading photobiocatalytic protocols relying on natural
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redox enzymes. From an alternative perspective, this artificial
enzyme also represents the first dehalogenase for organic
synthesis that complements the native counterparts known
solely for bioremediation. As such, we believe that the present
study unlocks new opportunities to synergize synthetic
photocatalysts and biocatalysts to push the boundaries of the
artificial enzyme catalysis for various challenging bond
constructions.
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