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Summary | Despite their varied purposes, many indispensable molecules in medicine, materials, and 
asymmetric catalysis share a biaryl core. The necessity of joining arene building blocks to access these 

valuable compounds has inspired multiple approaches for biaryl bond formation and challenged chemists 
to develop increasingly concise and robust methods for this task. Oxidative coupling of two C–H bonds 
offers an efficient strategy for the formation of a biaryl C–C bond, however, fundamental challenges 
remain in controlling the reactivity and selectivity for uniting a given pair of substrates. Biocatalytic 

oxidative cross-coupling reactions have the potential to overcome limitations inherent to small molecule-
mediated methods by providing a paradigm with catalyst-controlled selectivity. In this article, we disclose 
a strategy for biocatalytic cross-coupling through oxidative C–C bond formation using cytochrome P450 
enzymes. We demonstrate the ability to catalyze cross-coupling reactions on a panel of phenolic substrates 

using natural P450 catalysts. Moreover, we engineer a P450 to possess the desired reactivity, site-
selectivity, and atroposelectivity by transforming a low-yielding, unselective reaction into a highly 
efficient and selective process. This streamlined method for constructing sterically hindered biaryl bonds 
provides a programmable platform for assembling molecules with catalyst-controlled reactivity and 

selectivity.  

 
Biaryl bonds are ubiquitous in drugs, materials, and ligands for asymmetric catalysis (Figure 1a).1,2 The 

most commonly employed strategy to construct these molecules relies on metal-catalyzed cross-coupling 
of prefunctionalized aryl fragments, thereby offering preprogrammed site-selectivity, albeit at the expense 
of adding extra steps in a synthetic campaign (Figure 1b).3-5 These reactions can require extensive 
screening to identify suitable conditions for each new pair of coupling partners and are still restricted in 

the connectivities which are readily accessible,6-10 with the formation of tetra-ortho-substituted biaryl 
bonds remaining an outstanding challenge.11,12 Oxidative coupling provides an alternative strategy for 
biaryl bond formation through the net transformation of two C–H bonds into a C–C bond (Figure 1b).13,14 
However, these advantages come at the expense of the efficiency and selectivity of this transformation, 

which is typically dictated by the intrinsic stereoelectronic properties of each substrate, thereby limiting 
the versatility of this transformation (Figure 1c).14-17 Numerous metal catalysts and metal-free oxidants 
have been reported for the dimerization and cross-coupling of phenolic substrates; however, the 
application of these methods is commonly restricted to electron-rich phenols while oxidative coupling 

with electron deficient phenols remains more broadly challenging.15-26 When general reactivity can be 
achieved, controlling the chemo-, site-, and atroposelectivity of the oxidative coupling presents a 
considerable hurdle, particularly in cases where the intrinsic steric and electronic properties of the reacting 
phenols prohibit access to the desired product isomer.16,17,27-31 

Biocatalytic oxidative cross-coupling reactions have the potential to overcome the limitations 
inherent to small molecule-mediated methods for direct oxidative coupling by providing a paradigm with 
catalyst-controlled selectivity. Nature has evolved oxidative enzymes, including laccases and cytochromes 
P450 (P450s), that mediate the dimerization of phenolic compounds in the biosynthesis of biaryl natural 

products (Supplemental Table S2).32 The application of laccases in selective catalysis has been limited by 
the scarcity of examples in which these enzymes exert control over the selectivity of the bond formation 
following the initial oxidation.33-35 In contrast, an ever-expanding repertoire of P450s mediate highly 
selective oxidation reactions,36 among which exist a small subset of enzymes that catalyze site- and 
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atroposelective dimerizations.37 This subset of wild-type P450s that perform oxidative coupling chemistry 
are yet to be explored as biocatalysts for unnatural cross-coupling reactions. Moreover, these catalysts 

exist within a large pool of related enzyme sequences with untapped potential to catalyze a diverse array 
of oxidative coupling reactions (see sequence similarity network, SSN, in Figure 1d). We hypothesized 
that this class of enzymes could be developed into tunable biocatalysts for convergent oxidative cross-
coupling reactions with catalyst-controlled reactivity, site-selectivity, and atroposelectivity.  

Among the P450s previously identified as catalysts for oxidative dimerization en route to biaryl 
natural products (Supplemental Table S2), we were initially drawn to a small cluster of Aspergillus 
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enzymes that each impart unique site-selectivity in the dimerization of coumarin 4 (Supplemental Figure 
S27).38,39 To assess the activity and scalability of this enzymatic reaction, analytical scale 
biotransformations were conducted in Saccharomyces cerevisiae heterologously expressing the gene 

encoding KtnC.39 As previously demonstrated by Müller and coworkers, the formation of the expected 
dimeric product 7 was observed; however, constraints on substrate loading in S. cerevisiae were not 
amenable to preparative scale reactions (Supplemental Figure S28). To develop a more scalable whole-
cell biocatalytic platform in yeast, the gene encoding KtnC was incorporated into the genome of Pichia 

pastoris. This new whole-cell system allowed for more than a three-fold increase in the total formation of 
biaryl product, enabling preparative scale reactions (see Supplemental Section VI).40 

With the optimized biocatalytic platform in hand, we sought to move beyond natural dimerization 
reactions to unnatural cross-coupling chemistry. We hypothesized that the binding of two non-equivalent 

phenolic substrates in the enzyme active site would overcome traditional stereoelectronic limitations in 
small molecule-mediated oxidative cross-coupling reactions. In a proof-of-concept experiment, coumarins 
4 and 16 were both added to a culture producing KtnC, leading to the formation of unnatural cross-coupled 
products. Further experimentation demonstrated that tuning the stoichiometry of the cross -coupling 

partners could maximize cross-coupled product formation over dimerization (Supplemental Figure S30). 
Using this strategy for KtnC-catalyzed cross-coupling reactions, substrate promiscuity was observed with 
a panel of coumarin substrates (Figure 2a). Initial cross-coupling reactions between 4 and 9-12 

demonstrated that maintaining similar substitution patterns to 4 at the C4 and C5 positions is beneficial 

but not required for activity. Additionally, KtnC tolerated a range of coumarins bearing electron-rich and 
electron-deficient substituents (13-16), diverging from the stereoelectronic restrictions that typically 
govern small molecule-catalyzed oxidative cross-coupling reactions.16,17 Added steric bulk at the C4 and 
C5 positions of coumarins 17-22 was also readily accepted. In contrast to the high levels of reactivity 

achieved in coumarin cross-coupling reactions with KtnC, modest to no cross-coupling reactivity was 
observed for these substrate pairs when subjected to established methods for the oxidative coupling of 
phenolic substrates (Supplemental Table S1).13,21,41-43   

The majority of the cross-coupling reactions examined maintained the site- and atroposelectivity 

exhibited in the natural dimerization reaction. For example, the major product resulting from the cross-
coupling between 4 and 18 harbored the 8,8ʹ-connectivity and was formed with excellent atroposelectivity 
(see 23). However, in addition to the expected 8,8ʹ-product, a minor cross-coupled product was observed 
in reactions with 4 and coumarins bearing increased steric bulk at the C4 position (18-22; Figure 2b). 

Further characterization of this product revealed a rare 6,6ʹ-connectivity, with cross-coupling to the butyl 
ester (22) completely shifting the preference from the formation of the 8,8ʹ-product (25) to the 6,6ʹ-product 
(26) in a 2:5 ratio. Notably, both prefunctionalization and direct oxidative coupling strategies were 
unsuccessful in generating the 6,6'-isomer in these cross-coupling reactions, highlighting the 

stereoelectronic biases that impede access to specific connectivities using small molecule-based strategies 
(Supplemental Figure S8 and S10).16,17  

In addition to forming a range of unsymmetrical bicoumarin products, a panel of more diverse 
phenolic substrates were tested as cross-coupling partners for coumarin 4 (Figure 2c). In general, superior 

reactivity was observed with phenolic substrates that resembled native substrate 4; however, as the 
substrate structures diverged further from the native coumarin scaffold, significant decreases in the cross-
coupling activity and site-selectivity occurred. We hypothesized that the limitations in substrate scope and 
chemo-, site-, and atroposelectivity could be overcome with protein engineering.  

We anticipated that the successful engineering of a cross-coupling catalyst (LxC) could transform 
a low-yielding, unselective biocatalytic reaction into a practical method for synthesis. The cross-coupling 
between coumarin 10 and 2-naphthol (31) was selected as the target reaction due to the low levels of 
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reactivity and site-selectivity (<3% combined yield of four cross-coupled products) displayed by wild-
type KtnC (Figure 3a and Supplemental Figure S66). Protein libraries were generated through semi-

rational mutagenesis, resulting in thousands of variants with one or multiple substitutions within 12 Å of 
the active site. Variants were screened in high-throughput yeast biotransformations and analyzed for total 
cross-coupled product formation by RapidFire mass spectrometry (MS). Reaction mixtures containing 
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higher levels of the cross-coupled product were then analyzed for cross-coupling site-selectivity in a 
second-tier screen using LC-MS (Figure 3b). Ultimately, this two-tier MS screen enabled rapid 
identification of variants with improved activity and site-selectivity for the targeted cross-coupling 

reaction. 
Through iterative rounds of directed evolution, the total activity and site-selectivity in the desired 

cross-coupling reaction was progressively improved (Figure 3c). Initially, improvements in total activity 
were targeted, resulting in a 19-fold increase in total cross-coupled product formation over the first two 

rounds of engineering, while keeping competing levels of coumarin dimerization low. However, the site-
selectivity of the reaction was undesirable, with the C–O cross-coupled product (35) representing nearly 
half of all the cross-coupled products formed by LxC2. Therefore, variants with improved site-selectivity 
were targeted in subsequent engineering rounds, leading to greater site-selectivity for the desired 8,1ʹ-

product (32). Ultimately, a biocatalyst with a 92-fold improvement in activity was engineered through 
five rounds of evolution to form cross-coupled product 32. Preparative scale biotransformations with 
LxC5 resulted in the isolation of cross-coupled product 32 in a 50% yield (Supplemental Section VI). The 
efficiency of this reaction was further exemplified in comparison to tradition synthetic approaches toward 

32, with a direct oxidative cross-coupling using a copper catalyst giving a 19% yield (Supplemental Table 
S1, Entry 2a)41 and a Suzuki cross-coupling strategy providing a 26% yield over four steps (Supplemental 
Scheme S2).  

As variants were engineered selecting for increased cross-coupling yield and site-selectivity, a 

decrease in the atroposelectivity of the reaction was observed from an 80:20 er with the wild-type enzyme 
to a 52:48 er with LxC5 (Supplemental Figure S72). To regain catalyst control over atroposelectivity, two 
additional rounds of engineering were performed using a combination of RapidFire and chiral LC-MS 
(Figure 3d). A variant (LxC7) that catalyzed the cross-coupling to 32 in a 77:23 er was identified, albeit 

with a reduction in yield. These results demonstrate that this biocatalytic platform is highly engineerable 
for the desired activity, site-selectivity, and atroposelectivity, thereby providing a programmable platform 
for catalyst-controlled oxidative cross-coupling reactions.  

In parallel to employing a protein engineering strategy, we hypothesized that alternative wild-type 

enzymes could provide complementary catalysts for oxidative cross-coupling reactions. A bioinformatics-
guided approach was taken by harnessing SSNs as a tool to visualize the natural sequence space 
surrounding P450s known to mediate intermolecular oxidative dimerization reactions. An SSN was 
constructed with the entire P450 protein family (Supplemental Figure S26) and then truncated to edges 

possessing an alignment score greater than 110 with P450s known to dimerize phenolic substrates (Figure 
1d).44-47 Characterized P450s that clustered together (indicating high levels of sequence similarity) 
dimerized similar natural substrates; in contrast, characterized enzymes that cluster separately typically 
transformed different substrate scaffolds (Supplemental Figure S27). Based on these trends, the reactivity 

of a panel of 23 enzymes was screened. This panel included 20 uncharacterized enzymes as well as three 
characterized P450s known to dimerize substrates with naphthoquinone and naphthalene cores (see 37 

and 38) that differed structurally from coumarin 4 (Figure 4a).48,49 
We anticipated that these enzymes would productively catalyze oxidative cross-coupling reactions 

with naphthols (e.g. 31 and 40) to provide a suite of complementary catalysts to KtnC. Artificial fusion 
enzymes were engineered by tethering the P450RhF reductase domain (RhFRed) to the C-terminus of each 
P450 to reconstitute the electron transport required for catalytic activity (Supplemental Figure S29).50 In 
a series of E. coli lysate screens with the P450-RhFRed library (Supplemental Table S3), cross-coupled 

products formed across a diverse set of phenolic substrates to a naphthol partner with surprising 
promiscuity (Figure 4b). The sequences catalyzing the formation of the highest levels of cross-coupled 
product were further characterized using purified enzyme. Whereas the cross-coupling yields varied across 
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the diverse set of reactions, the transformations favored the formation of a major cross-coupled product 
(see 43-46) over competing dimeric product formation (Supplemental Figures S73-S82), demonstrating 

both chemo- and site-selectivity. Moreover, two of the outstanding hits were novel sequences with 
previously uncharacterized function (A0A1J4PSC8 and A0A6B3DVM9). Altogether, these results 
demonstrate the complementary reactivity achievable with different P450  catalysts and provide 
biocatalytic access to diverse biaryl scaffolds.  

 The challenge of overriding innate reactivity and selectivity in oxidative coupling reactions has 
limited the reliable use of this method for convergent synthetic routes. The presented biocatalytic method 
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overcomes reactivity hurdles by surpassing stereoelectronic limitations and redefining substrates that can 
be efficiently cross-coupled. Furthermore, using a large molecule ligand provides the opportunity to 
achieve catalyst-controlled site- and atroposelectivity in biaryl coupling reactions. The wealth of natural 

catalysts available, along with the demonstrated ability to tune enzymes for the desired substrate scope, 
reactivity, and selectivity, positions this biocatalytic approach to be a powerful tool in the convergent 
assembly of biaryl molecules. 
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