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Abstract

Catalytic C—H bond functionalization has become an important tool for organic synthesis.
Metalloenzymes offer a solution to one of the foremost challenges in this field, site-selective C—H
functionalization, but they are only capable of catalyzing a subset of the C—H functionalization
reactions known to small molecule catalysts. To overcome this limitation, metalloenzymes have
been repurposed by exploiting the reactivity of their native cofactors toward substrates not found
in nature. Additionally, new reactivity has been accessed by incorporating synthetic metal
cofactors into protein scaffolds to form artificial metalloenzymes. The selectivity and activity of
these catalysts has been tuned using directed evolution. This review covers the recent progress in
developing and optimizing both repurposed and artificial metalloenzymes as catalysts for selective
C-H bond functionalization.

Introduction

Selective carbon-hydrogen (C—H) bond functionalization has the potential to greatly
simplify the synthesis of organic molecules [1,2]. Ideally, in place of complex functional
group manipulation sequences that often require the use of protecting groups and redox
adjustments, C—H bonds could be directly used as handles to forge carbon-carbon and
carbon-heteroatom bonds. This simplification could obviate the need for substrate
prefunctionalization, improve atom economy, and enable late-stage diversification of
complex molecules [3]. While the ubiquity of C—H bonds gives rise to these possibilities, it
also necessitates the development of catalysts capable of functionalizing specific C—H bonds
[4]. Most recent progress toward this end has focused on organometallic complexes that
coordinate to a functional group on the substrate proximal to the desired site of
functionalization [5,6]. Selective C—H functionalization in the absence of directing groups
[7] is also possible using catalysts that can discriminate subtle steric [8], electronic [9], or
stereoelectronic [10,11] properties of different C—H bonds.

Despite impressive advances in catalytic C—H bond functionalization, controlling catalyst
selectivity, and perhaps more importantly funing the selectivity of a given catalyst to

functionalize different C—H bonds remains challenging [12]. The synthetic power of C-H
functionalization thus remains best illustrated by natural product biosyntheses [13], which
frequently involve enzyme-catalyzed functionalization of unactivated C—H bonds on both
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simple and complex molecular frameworks [14] (Figure 1). The biosynthesis of the
diterpenoid taxol [15] (Figure 1a) alone has inspired multiple accounts of how methodology
might ultimately achieve the levels of catalytic efficiency and selectivity that enzymes can
impart to chemical synthesis [16,17]. At the same time, extensive effort has been devoted to
engineering enzymes with altered selectivity or substrate scope [18]. The molecular
recognition employed by different enzymes to enable selective catalysis has proven
remarkably amenable to directed evolution approaches [19], and a number of enzymes have
been evolved to functionalize specific C—H bonds on non-native substrates [14].

In general, directed evolution requires some initial level of activity that can be optimized
using simple in vitro assays [19]; however, a substantial range of reactions developed by
chemists, particularly those catalyzed by transition metal complexes, find no analogue in
nature. The absence of different reactions may have resulted for any number of reasons, but
the lack of appropriate substrates, the low abundance of precious metals, and the air and
water sensitivity of many ligands and metal complexes likely contributed. Expanding the
scope of enzymatic catalysis to enable abiological reactions has therefore been achieved by
providing natural enzymes with the necessary substrates (enzyme repurposing) [21¢], or
incorporating the synthetic metal catalysts into enzymes (artificial metalloenzymes) [22¢].
Importantly, catalysts developed using both approaches can then be improved using the same
directed evolution strategies previously discussed [23¢]. Moreover, these catalysts provide
novel platforms to investigate how precise control over the environment surrounding a metal
ion or complex, its secondary coordination sphere, can impact its reactivity [24].

This review will cover recent advances in unactivated C—H bond functionalization catalyzed
by repurposed and artificial metalloenzymes. It is intended to be an introduction to these
catalysts and the unique opportunities they afford, including the use of directed evolution to
overcome challenges associated with selective C—H functionalization. To ensure concise
coverage of the topic, detailed analysis of chemical mechanisms and alternative reactions
catalyzed by these metalloenzymes will not be discussed. Readers are directed to the many
excellent reviews cited throughout this article for a complete discussion of these topics.

Repurposed metalloenzymes

The ability of enzymes to catalyze C—H bond functionalization and many other
transformations often requires non-proteinogenic cofactors, including redox active organic
compounds, transition metal complexes, and metal ions [25]. The reactivity of these species
has inspired extensive efforts to create small molecules that mimic these cofactors, either
structurally or functionally [26]. While efforts toward both of these ends have proven
successful, the reactivity and selectivity of these species is typically far less than that of the
corresponding enzymes. In short, cofactors are a necessary but not sufficient component of
metalloenzyme reactivity. Researchers have therefore begun exploring the reactivity of
native cofactors in their protein hosts [21]. The surprisingly high activity of these
repurposed enzymes toward non-native reactions illustrates the potential benefits of
exploiting enzyme complexity rather than relying on reductionist cofactor-centric
approaches.
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Selective oxidation of aliphatic C—H bonds by cytochromes P450, several examples of which
occur in the aforementioned taxol biosynthesis (Figure 1a) [15], have long inspired efforts to
create metalloporphyrin analogues of the heme cofactors in these enzymes [27]. In its native
context, the heme cofactor mediates oxygen activation to form a reactive Fe!V-oxo species
(1, Figure 2a) that can hydroxylate aliphatic C—H bonds via an ‘oxygen rebound’
mechanism. Studies on these enzymes and on porphyrin models have shown that Fe-oxo, -
peroxo, and -superoxo intermediates can also be accessed via shunt pathways using a range
of oxidants [26]. Similarly, suitable nitrene and carbene precursors led to the discovery that
metalloporphyrins could catalyze nitrene and carbene insertion into C—H bonds via shunt-
like mechanisms [28,29].

Armed with this knowledge, Svastits et a/. established more than thirty years ago that
cytochromes P450 can catalyze both intramolecular and intermolecular nitrene insertion into
C—-H bonds by providing iminoiodinane substrates to purified microsomal enzymes [30].
Remarkably, no further investigations of similar reactions were reported until Mclntosh et al.
[31] and later Fasan and co-workers [32,33] showed that engineered P450s can catalyze
analogous nitrene insertion chemistry using sulfonylazide substrates (Figure 2b). The Fe!V-
nitrene reactive intermediate 2 was found to insert into a proximal C—H bond of
sulfonylazide 4 to form a cyclized benzosultam (5, Figure 2b). Axial heme ligation played
an important role in the success of these nitrene insertion reactions; native cytochrome
P450,m3, Which contains an axial cysteine residue, achieved a turnover number (TON) of
2.1 while the corresponding serine mutant gave a TON of 32. Serine ligation both eliminated
oxygenase activity and increased the Fe!!'-to-Fe!! reduction potential of heme, facilitating its
reduction by NADPH to the ferrous state required for the desired nitrene insertion chemistry
[34+]. A regiodivergent variant (Figure 2b) that functionalized an unactivated primary C-H
bond to form 6 over 5 was identified via targeted mutagenesis of the BM3 active site [35e¢].
Substantially expanding the substrate scope of P450-catalyzed nitrene insertion, Singh et al.
demonstrated that carbonazidates could also be used as nitrene precursors to generate
oxazolidinone products following intramolecular C-H insertion (Figure 2c) [36]. Though
enantioselectivity was not observed, the engineered cytochrome P450 CYP102A1-FL#62
provided TON up to 100.

The unique coordination environments of non-heme iron-dependent metalloenzymes have
also been exploited to catalyze non-native reactions. Fe!! a-ketoglutarate (a KG)-dependent
oxygenases, for example, contain an active site Fe!l center ligated by two histidine residues
and either an aspartate or a glutamate residue. These enzymes catalyze C—H hydroxylation
via a rebound pathway analogous to that described for heme enzymes, but involving
intermediate 7 (Figure 2d). Interestingly, the active sites of structurally related aKG-
dependent halogenases contain either an alanine or a glycine residue in place of the
aforementioned aspartate or glutamate residues in hydroxylases, leaving an open
coordination site that is occupied by a chloride or bromide anion. Rebound can then occur to
give the corresponding halogenated products, as shown in Figure 2d. Initial attempts to
repurpose hydroxylases as halogenases by opening up the coordination site by mutating
aspartic/glutamic acid to alanine proved unsuccessful, perhaps caused by the substrate
positioning and halide stabilizing capability of natural halogenase active sites [37,38]. While
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endowing halogenase activity to a hydroxylase has been challenging, repurposing the SyrB
family of a KG-dependent halogenases to incorporate non-halogen functionality was
reported by Matthews et a/. [39]. In this work, nitrate or azide anions took the place of the
natural ligands and successfully produced the ‘rebound’ products 8 and 9, respectively
(Figure 2e). Though yields were initially less than 10% for both substrates, targeted
mutagenesis of active site residues increased the yield of 8 to 52% and 9 to greater than
20%.

Artificial metalloenzymes

The examples noted above show the great potential of repurposing natural enzymes to
catalyze non-native reactions. Efforts to evolve enzymes for these non-native reactions are in
their infancy, leaving open the question of exactly how far their reactivity can be pushed. For
example, while heme proteins can catalyze oxygenation via 2, amination via 3, and
cyclopropanation via 4, C-H insertion of carbenes has not been reported. The expansion of
reactivity may ultimately be limited not by mutable aspects of the host protein, but by the
intrinsic chemical reactivity of cofactors. For example, C-H insertion of carbenes catalyzed
by Fe!'l-porphyrins requires high reaction temperatures (>80°C) in neat substrate [28,29],
and even under these forcing conditions, complex product mixtures typically result. Perhaps
directed evolution can rectify these reactivity problems; perhaps not. Even if reactivity is not
inherently limiting, however, a given active site may not accommodate particular substrates
caused by their size or other physical properties.

If evolution or genome mining efforts cannot overcome the limitations of specific metal
centers or active sites, however, appropriate metal cofactors can instead be incorporated into
suitable protein scaffolds. The resulting artificial metalloenzymes could then serve as
starting points for subsequent evolution efforts to improve activity and selectivity of
catalysts for C-H bond functionalization. While enzyme repurposing has focused on
catalyzing synthetic reactions using enzymes, efforts to engineer artificial metalloenzymes
are motivated by possibility of improving control over the reactivity and selectivity of
synthetic catalysts [22¢,40]. The profound influence that protein scaffolds have over the
reactivity of cofactors in native metalloenzymes {vide supra) raises the question of just how
much better small molecule catalysts could become within an artificial metalloenzyme.
Though some of the earliest investigations into ArMs occurred some 40 years ago [41,42],
interest in the area has accelerated in recent years, bringing with it new and unique catalysts
for C-H bond functionalization.

Metalloprotein scaffolds

The active sites of metalloenzymes, which evolved to bind metal cofactors and small
molecule substrates, make natural candidates for ArM formation using synthetic cofactors
structurally analogous to the native cofactor. This approach was taken by Oohora efal, [43¢]
to construct the first ArM that catalyzed C(sp3)-H bond functionalization. Horse heart
myoglobin (Mb) was reconstituted with a Mn-porphycene cofactor (Figure 3a) to form the
ArM MbCMn-porphycene. While Mb containing the native Fe-protoporphyrin IX cofactor
(Fe-PPIX, Figure 3a) does not have any hydroxylase activity, reconstituting MbCMn-
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porphycene led to an ArM that hydroxylated C(sp3)-H bonds in the presence of H,O,. The
catalyst, which the authors suggest proceeds through a rebound mechanism involving a
MnV-oxo intermediate, achieved a TON of 13. Importantly, free Mn-porphycene and Mb
reconstituted with Mn-PPIX or Fe-porphycene gave no desired product. The authors suggest
the axial ligation by a histidine residue is required for reactivity of MbCMn-porphycene.
The reactivity conferred to the unreactive metalloenzyme demonstrates the impact that the
identity of the metal and cofactor has on an enzyme, properties that can be finely tuned in
ArMs.

Key et al. later developed an ArM capable of C(sp3)—H bond functionalization using mutants
of Physeter macrocephalus myoglobin reconstituted with an Ir'!l-protoporphyrin IX (Ir(Me)-
PPIX, Figure 3a) [44]. This cofactor performed the best in a screen of nine metal(ligand)-
PPIX and eight different axially-coordinating residues, with WT-MbClr(Me)-PPIX
catalyzing the reaction shown in Figure 3c (R = H) with yields up to 50% and an e.r. of 1:1.
Targeted mutagenesis was then used to engineer a catalyst with improved activity and
selectivity for both product enantiomers (Figure 3c). In a follow-up study [45¢¢], the same
group used a thermophilic P450 (CYP119) from Sulfolobus solfataricus as the scaffold
supporting the same cofactor, Ir(Me)-PPIX. A similar mutagenesis approach was used to
improve the catalytic activity of this ArM, engineering catalysts capable of an e.r. of 97:3
(582 TON) and of 96.5:3.5 (120 TON). Kinetic studies on this library of ArMs indicated that
the most efficient variant achieved kinetics on par with a similar class of natural
metalloenzymes (keq = 45.8 min~1, Ky = 0.17 mM, and k ;K 1 =269 min~1 mM™1). The
capacity for rate acceleration caused by substrate binding by an enzyme scaffold illustrates
the unique potential of these hybrid catalysts compared to their small molecule analogues.
These ArMs also catalyzed a greater scope of C—H functionalization reactions, including
less activated C(sp2)-H bonds and intermolecular functionalization (Figure 3d).

These examples show that metalloproteins reconstituted with unnatural metal-porphyrins
provide an excellent platform for ArM engineering. Interestingly, both reactions are
hypothesized to proceed through intermediates analogous to those in the repurposed heme
metalloenzymes previously discussed. The proposed MnV-oxo species is comparable to the
Fe!V-oxo intermediate 1, and the Ir''-carbene is similar in structure to the Fe!V-carbene 3,
though the electronic characteristics of these intermediates are likely distinct. Regardless of
the identity of the metal, each of these reactions proceeds through a metal-atom double bond
with electrophilic character [46,47].

Non-metalloprotein scaffolds

Developing ArMs from non-metalloenzyme scaffolds presents an opportunity to sample a
broader scope of active sites and metal cofactors beyond those that already exist in native
metalloproteins. This could provide more general starting points for evolving selective
catalysts, but it also necessitates selection or development of protein scaffolds that can
accommodate the highly reactive metal fragments used in C-H functionalization. The very
first example of ArM-catalyzed C—H bond functionalization was reported by Hyster ef al.
[48+<] using the streptavidin (Sav) scaffold. Biotinylated metal cofactors, such as 10 (Figure
4a), are tightly bound by Sav, providing a straight-forward process for ArM formation. Rh!!l-
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catalyzed aromatic C—H functionalization reactions had been previously explored, though
efforts to achieve enantioselectivity were hindered by difficulties introducing asymmetric
ligands caused by a lack of coordination sites available on Rh during catalysis [48e]. The
secondary coordination sphere provided by the Sav ArM proved powerful however, as WT-
Sav(C10 catalyzed the coupling of an arene C—H bond to an olefin forming a
dihydroisoquinoline (Figure 4b) with a 46% yield, 9:1 regioisomeric ratio, and a 75:25
enantiomeric ratio (major regioisomer) of products in acetate buffer. To avoid the need for
added acetate and to potentially accelerate the reaction, which proceeds via concerted
metalation/deprotonation (Figure 4c), aspartate and glutamate residues were introduced at
position 112 in the active site. The resulting ArM provided improved conversion (95%) and
selectivity (r.r. of 19:1 and e.r. of 91:9). Increased rates compared to WT were also observed
for the rationally designed mutants, which also had up to 92-fold higher activity than free
10. While regioselectivity was achieved due to coordination of the substrate to the metal
before C—H bond cleavage, asymmetry was enabled by the secondary coordination sphere of
the enzymatic scaffold.

Oxygenation of C—H bonds using a non-metalloenzyme scaffold was reported by Zhang et
al. using an Mn-terpyridine ArM [49]. A cysteine mutant (C96) of apo-nitrobindin (Nb) was
used a scaffold to which maleimide-substituted cofactor 11 (Figure 4a) was covalently
linked. The ArM was then used to catalyze a variety of reactions, such as benzylic
oxygenation, epoxidation of olefins, and oxidative cleavage of cyclohexyl methyl ether
(Figure 4d). Unfortunately, the selectivity in each of these reactions was identical to that
observed by the cofactor alone. This finding highlights a key challenge facing efforts to use
non-metalloproteins for ArM formation: the scaffold must either serendipitously orient
cofactor and substrate in a manner suitable for selective catalysis, or it must be engineered to
do so. Toward this end, Yang et al. explored the incorporation of 11 and various other
cofactors, including dirhodium cofactor 12 (Figure 4a) into a range of different protein
scaffolds [50]. This led to the finding that a prolyl oligopeptidase based ArMs (POP-12) can
catalyze highly enantioselective carbene insertion reactions using donor-acceptor carbenes
[51e¢]. To date, carbene insertion reactions using such carbene precursors have not been
reported in either repurposed heme enzymes or artificial metalloenzymes, showing how non-
native cofactors can enable novel reactions even in cases where similar reactivity has been
established. Efforts to optimize the C-H insertion activity of POP-12 is underway.

Conclusion and outlook

Repurposed and artificial metalloenzymes have shown their potential as tunable catalysts for
selective C—H bond functionalization. Given the range of C-H functionalization reactions
catalyzed by small molecule analogues of metalloenzyme cofactors [27-29], repurposing
native metalloenzymes [21¢] to catalyze these same reactions has the potential to
significantly expand the scope of biocatalytic C-H functionalization. An even broader range
of C-H functionalization reactions can perhaps be expected to succumb to ArM catalysis
given the diversity of synthetic C—H functionalization catalysts that could be incorporated
into protein scaffolds [22¢]. While relatively well-known enzymes and proteins have been
repurposed and used for ArM formation to date, genome mining [52] and computational
design [53] could be used to significantly expand the range of sequence space that has been
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interrogated for both approaches, leading to an even broader range of new C-H
functionalization catalysts. Directed evolution of both repurposed and artificial
metalloenzymes will then permit rapid optimization of these catalysts [19], ultimately
enabling the remarkable levels of selectivity and activity exhibited by natural
metalloenzymes [15] (Figure 1) for synthetic reactions.
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Figurel.
(a) Abridged biosynthetic pathway of the taxol precursor baccatin 11 from taxadiene [15].

(b) The biosynthesis of cortisol from progesterone through three P450-catalyzed
hydroxylations [20]. (c) The radical-based synthesis of biotin by BioB, a [2Fe-2S]- and S-
adenosylmethionine-dependent enzyme [14]. (d) The double cyclization to form
isopenicillin N catalyzed by IPNS [14].
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Figure 2.

(a) Native and non-native reactions catalyze by heme-containing proteins, (b) P450-
catalyzed nitrene insertion into the a (left) or p (right) C-H bond of a sulfonylazide
substrate, (c) P450-catalyzed nitrene insertion into the benzylic position of a carbonazidate
substrate, (d) Divergent radical rebound mechanism by a KG-dependent hydroxylases (red)
and halogenases (blue), (€) Nitration (top) and azidation (bottom) catalyzed by the
repurposed Fe!l- and a KG-dependent halogenase SyrB2.
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Figure 3.
(a) The structure of protoporphyrin-1X (PPIX), porphycene and associated complexes, (b)

Benzylic oxygenation catalyzed by MbCMn-porphycene. (c) The mutations and resulting
catalytic profile of selected variants of MbClr(Me)-PPIX for the reaction shown. (d)
Intramolecular and intermolecular C-H insertion catalyzed by CYP119CIr(Me)-PPIX.
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Figure 4.

(a) Cofactors used to form ArMs for C—H functionalization, (b) Example C-H
functionalization catalyzed by SavC10. (c) Proposed transition state in the C—H activation/
deprotonation step, (d) Selected oxygenation reactions catalyzed by Nb-C96-11.
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