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ABSTRACT 

Biocatalysts have shown themselves to be extremely powerful for the synthesis of 

pharmaceuticals, fragrances, and fine chemicals, providing products with high yields and 

selectivities. Recently, new-to-nature biocatalysis has received increased attention, allowing 

for the benefits of biocatalysis to be applied to reactions that were previously the sole domain 

of chemocatalysts. Engineers have begun to develop enzymes that catalyze new-to-nature 

C–C bond forming cyclisation reactions, which are quite powerful due to their ability to build 

the carbon skeleton of molecules. Despite this, this class of enzymes is limited in scope. This 

thesis details the expansion of C–C bond forming cyclases, including expanding the scope 

of cytochrome P411 cyclopropanation and an intramolecular C–H functionalization strategy 

for the synthesis of diverse rings. Chapter 1 introduces biocatalysis and its recent 

applications, especially as they apply to new-to-nature C–C bond forming cyclisation 

reactions. Chapter 2 shows the development of a cytochrome P411 that catalyzes the enantio- 

and diastero-specific synthesis of 1,2,3-polysubstituted cyclopropanes. Using directed 

evolution, this carbene transferase was evolved to react with internal alkenes and build two 

C–C bonds, expanding the scope and specificity of cyclopropanation reactions. Chapter 3 

describes the expansion of this biocatalytic system toward the synthesis of stereoconvergent 

products, enabling more efficient synthesis from non-diasteropure starting materials. Chapter 

4 details the evolution of a cytochrome P411 to perform an intramolecular C–H 

functionalization using diazo compounds, making a variety of differently sized rings with 

different molecular geometries. In summary, this work addresses the need for expansion of 

new-to-nature C–C bond forming cyclisation reactions and provides a guide for expanding 

new-to-nature reactions to their full potential.  
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Abstract 

Biocatalytic processes have been used for the efficient and sustainable production of 

pharmaceuticals, fine chemicals, fragrances, and other products. They have shown 

themselves to be powerful complements to chemocatalysts, attaining high levels of 

selectivity and yield with mild reaction conditions. More recently, engineers have developed 

enzymes which perform new-to-nature reactions, which mimic synthetic catalysts while 

maintaining their high selectivity and yield and mild reaction conditions. C–C bond forming 

and cyclization reactions are critically important to modern synthesis, but new-to-nature 

biocatalytic C–C bond forming cyclization reactions are limited in scope. This chapter 

discusses examples of new-to-nature C–C bond forming cyclases, including the current state 

of biocatalytic cyclopropanation, radical cyclization, and pericyclization. 
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1.1 Introduction 

Chemical synthesis is the backbone of modern life. Typically, synthesis involves harsh 

conditions, halogenated solvents, and poor atom economy, undesirable attributes that 

contribute to reduced yields of products and negative environmental impacts.1,2 Many 

chemists have devoted their careers to discovering and developing novel small-molecule 

catalysts to improve the activity, selectivity, and yield of a broad range of different chemical 

reactions. Oftentimes, these catalysts rely on precious metals, such as platinum, rhodium, or 

ruthenium, to achieve the best selectivities and yields.3,4 Unfortunately, the price of precious 

metal catalysts has been increasing, and their acquisition is becoming more environmentally 

costly, both during mining and during the processing of the crude ores.5,6 As an alternative 

to chemocatalysis, biocatalysis has been proposed to solve many of these pressing issues. 

Biocatalysis typically employs much milder conditions, operates in aqueous solvents, and 

uses earth-abundant metals to perform highly selective and powerful transformations.7,8 

Biocatalysis has already proven itself as a powerful tool to complement small molecule 

catalysis in chemical synthesis, as seen most starkly in the pharmaceutical industry.9 An early 

example of this synergy is in the manufacture of sitagliptin, an antidiabetic medication.10 An 

evolved transaminase was developed to synthesize a broad array of chiral amines, including 

the aforementioned drug molecule. The biocatalytic process provides sitagliptin with a 10 to 

13% increase in overall yield, a 53% increase in productivity (kg/l per day), a 19% reduction 

in total waste, the elimination of all heavy metals, and a reduction in total manufacturing cost 

when compared with the traditional chemocatalytic process. Even more impressive is the 

total synthesis of drug molecules through biocatalysis, completely replacing the traditional 
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synthetic route. An investigational HIV treatment, islatravir, was synthesized through a 

nine-enzyme, three-step biocatalytic cascade, which provided the drug molecule with an 

atom economy that far exceeded that of previous syntheses.11 The product was attained in 

51% overall yield with half the number of steps of previous syntheses under mild, aqueous 

conditions and without intermediate purification.  

 

Figure 1-1. Directed evolution cycle and application to industry. (A) The directed evolution cycle. 

Starting with a parent enzyme, diversity is generated, and the mutated enzymes are screened. The best 

enzyme is selected to become the parent of the next round. (B) Industrial enzymatic synthesis of 

Sitagliptin. (C) Industrial enzymatic synthesis of Islatravir. 

As seen in these examples, the development of evolutionary methods to evolve proteins 

offers a significant advantage to biocatalysis, allowing engineers to tailor their catalyst to the 



 

 

5 

requirements of a process, rather than tailoring the process to the requirements of the 

catalyst. In both cases, directed evolution was critical to the success of these biocatalytic 

syntheses because it improved the proteins for a desired function, such as yield, substrate 

loading, and selectivity of the desired reactions. Regardless of the specific function, be it 

yield, selectivity, or solvent tolerance, for example, directed evolution starts with some initial 

amount of the function, in the case of biocatalysis this is most often enzyme activity under a 

certain set of conditions, and through iterative rounds of mutagenesis and screening this 

function is improved.12 Compared to natural evolution’s timescale measured in the millions 

of years, directed evolution screens large libraries of enzyme variants in days to weeks, and 

thus directed evolution campaigns often span only a handful of months.13 Enzymes have 

been evolved for higher activity and greater selectivity, as well as for other useful properties 

like higher solvent tolerance and substrate loading. Numerous examples have shown that 

with an initial activity, enzymes can be reliably evolved for whatever specific properties are 

needed in a particular system.14,15 Recently, engineers have found enzymes that perform 

reactions well outside the scope of their native function.16 These non-natural functions have 

similarly been shown to be highly evolvable, attaining high levels of activity and selectivity 

on reactions that nature either has not found useful or has not had an incentive to discover, 

but human chemists can harness for productive uses.17,18  

One particularly striking example of this is the insertion of a carbene into a C–H bond and 

the formation of a C–C bond in its place.19 C–C bond forming reactions are among the most 

useful in modern organic chemistry, critically important for their role in building the carbon 

skeleton of molecules. This method is limited in utility, however, in that, by design, it 
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appends a relatively small ethyl ester onto a larger molecule. This enzymatic C–H insertion 

method does not contribute toward building one of the more complicated aspects of difficult 

carbon skeletons, ring structures. Natural products and drug molecules often have rings, 

which make their syntheses significantly more difficult.20 Synthetic chemists have developed 

a number of strategies for ring synthesis to mollify this difficulty, including radical 

cyclization, cross coupling, pericyclization, group transfer chemistry, and annulation 

reactions. Unfortunately, these methods suffer from the same issues with selectivity and 

sustainability as other chemocatalysed reactions.21,22 Non-natural enzymatic methods to form 

rings through C–C disconnections would be extremely powerful, with high activity and 

selectivity allowing for more streamlined syntheses with simpler purification steps. Despite 

this, engineers have developed select few non-natural C–C bond forming cyclases. In this 

thesis, I will first outline previously developed new-to-nature carbene cyclopropanation, 

radical cyclization, and pericyclization reactions. I will then cover the efforts I have made to 

expand the scope of C–C bond forming cyclases. 

1.2 Carbene cyclopropanation 

Carbene cyclopropanation reactions utilize a high energy carbene intermediate to react with 

an olefin and generate a cyclopropane. Non-natural enzymatic cyclopropanation has been 

dominated by heme proteins, using diazo compounds to generate and transfer the carbene to 

a variety of olefins selectively and with high yields. The first example of this type of reaction 

in a non-natural enzyme was reported by Coelho et al., who demonstrated that a cytochrome 

P450 and several other heme proteins can take ethyl diazoacetate to ethyl acetate iron carbene 

and transfer this carbene to styrene and styrene derivatives; engineered P450s did so with 
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high activity and selectivity.23 While the wild-type P450 enzyme was not a good catalyst 

for the transformation, exhibiting only 1% yield and poor enantioselectivity, it proved to be 

quite evolvable for this reaction. A single active-site mutation afforded the trans product with 

65% yield, 1:99 cis:trans, and -96% e.e. To attain the cis product, a variant fourteen mutations 

from obtained similar selectivity and yield (59% yield, 92:8 cis:trans, -97% e.e.). This 

demonstrated that the enzyme was amenable to the accumulation of mutations and could 

afford products that were thermodynamically unfavorable. Since this initial report, enzymatic 

cyclopropanation has been expanded significantly. Other non-P450 enzymes have been 

developed that similarly catalyze cyclopropanation reactions, including gas-binding 

hemoproteins that should be more amenable to evolution due to their greater 

thermostability.24-27 Using P450s as well as these thermostable proteins, Knight et al. 

demonstrated that not only can enzymes transfer carbenes to unactivated alkenes, but also 

that, with enough effort and engineering, biocatalysis can afford all possible enantiomers of 

a given reaction selectively.28 Using 1-octene and four evolved enzymes, they attained 

between 100 and 490 TTN, <1:99 and 89:11 d.r., and 96% and >99% e.e., demonstrating 

definitively that all possible products of a reaction can be made with high yields, high 

diastereoselectivity, and high enantioselectivity. 

Enzymes have also been demonstrated to perform reactions that are highly challenging with 

small-molecule catalysis. Heteroatom substituted alkenes are a significant challenge for 

small-molecule catalysts, as heteroatoms are often good ligands for the metals used in the 

transformation, and carbene insertion into these heteroatoms often has a lower activation 

barrier compared to the cyclopropanation reactions. Despite these challenges, cytochromes 
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P450 were developed to access N-, O-, and S-substituted cyclopropanes with high 

diastereoselectivities and enantioselectivities with higher total turnovers than previously 

reported chemocatalysts.29 These enzymes afforded both the cis- and trans-cyclopropane 

products of N-, O-, and S-substituted cyclopropanes highly selectively, underscoring the 

ability of enzymes to control the stereoselectivity even in cases where chemoselectivity is a 

major challenge, and also attained up to 40,000 TTN, placing it amongst the most active 

carbene transferases and small molecule carbene transfer catalysts.30-32 

 

Figure 1-2. Development of carbene cyclopropanases. (A) Initial report of cyclopropanation with 

an iron-heme enzyme, which was evolved for two diastereomers of styrene cyclopropanation. (B) 

Cyclopropanation of unactivated alkenes, which was developed to form every possible product of the 

reaction using different evolved enzymes. (C) Intramolecular cyclopropanation using evolved 

enzymes simultaneously builds two rings. 
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These reactions could also be run intramolecularly, forming two rings simultaneously. 

These enzymatic intramolecular reactions could be quite challenging due to the limited active 

site space in many engineered heme proteins. Despite this, engineered myoglobins using 

diazo esters with aryl alkene tails were shown to perform the intramolecular 

cyclopropanation reaction to form 5-membered γ-lactones fused to the newly formed 

cyclopropanes.33 Evolved variants attained high yields and enantioselectivites on aryl alkene 

substrates, though they struggled with selectivity on non-aryl alkenes. Further evolution 

using substrates with an alkyl chain extended by one methylene similarly allowed for 

formation of 6-membered cyclopropyl-δ-lactones.34 They similarly attained moderate to high 

yields to form these products, with high enantioselectivity.  Engineered myoglobins were not 

limited to forming lactones, and similar engineered variants utilized diazo amides 

intramolecularly to form cyclopropyl-γ-lactams with high yields and enantioselectivities.35 

This is notable as not only are all these enzymes forming two rings simultaneously, the 

lactam-forming enzyme can also use an unprotected amide to form an unprotected lactam, 

albeit with reduced yield. 

1.3 Radical cyclization 

Another powerful method to generate larger rings, of greater than four-members, is radical 

cyclization, which encompasses a broad set of reactions that all involve the formation of a 

radical and subsequent cyclisation. It was recently discovered that ‘ene’-reductases, which 

naturally reduce alkenes using a proton and a hydride, upon irradiation with light form a 

carbon-centered radical. This carbon-centered radical can then cyclize with an alkene to form 

a new C–C bond and a new ring. Light is required, as flavin hydroquinone (FMNhq), the 
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cofactor for these enzymes, is a modest single electron reductant (E1/2 = -0.45 V versus 

saturated calomel electrode (SCE)), and as such electron transfer to the substrates, α-

chloroamides, (Ep/2
red = -1.65 V versus SCE), is thermodynamically unlikely. Using light, 

this cofactor enters an excited state with a much greater reduction potential (E1/2* = -2.26 V 

versus SCE) that can affect the electron transfer. Once the radical is formed, the enzyme must 

control this high-energy intermediate and bring the alkene in close contact to allow for 

reaction, without first performing their natural function and reducing the alkene to an alkane. 

Using several different enzymes, methyl-protected lactams varying in size from 5–8 

members were formed with good yields and selectivities.36 This work was further extended 

to allow for the maintenance of the alkene functionality after the reaction37. By adding a 

labile trimethyl silyl (TMS) group adjacent to the alkene, upon addition of the carbon radical 

to the alkene the TMS group leaves and the alkene migrates by one carbon, terminating the 

radical by β-scission or polar crossover rather than hydrogen atom transfer. Through directed 

evolution, an ‘ene’-reductase that performs this transformation with good yields and high 

levels of enantioselectivity was developed. While these examples were limited to lactam 

formation, it would be desirable to form all-carbon rings as well. Accordingly, unstabilized 

alkyl iodides were used to form the carbon centered radical, allowing for a cyclization onto 

a Michael acceptor.38 While more limited in alkene scope, requiring an electron deficient 

alkene, these reactions demonstrated high yields. Unfortunately, these reactions also 

generally had lower levels of enantioselectivity due to the instability of the alkyl radical 

intermediate. 
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Figure 1-3. Mechanisms of radical cyclase cyclization. (A) Using ‘ene’-reductases, light excites 

FMN and allows for the scission of the C–Cl bond and the formation of the carbon radical. Subsequent 

cyclization and hydrogen atom transfer leads to the product. (B) Using heme enzymes, interaction 

between the heme and the bromine atom weakens the C–Br bond, which allows for bond cleavage 

and carbon radical formation. Subsequent cyclization and bromine atom transfer leads to the product. 

[Fe] = heme. 

Other systems have been developed to leverage a similar intermediate and control a radical 

for cyclization. One recent example utilized an engineered heme-containing cytochrome 

P450 to perform a similar reaction without the addition of light to drive the reaction 

forward.39 Despite the lack of light, these enzymes are still able to achieve high levels of 

activity and selectivity. This is due to the ground state reactivity of the iron and the enzymes’ 

ability to form the Fe–Br bond, lowering the activation energy, meaning light is not required 

to perform the C–Br bond scission, a significant advance over other methods. Interestingly, 

in general, these enzymes quench the radical through a complementary atom transfer 

mechanism; the bromine in the starting material is used to quench the radical after the 

cyclization and is present in the product post-reaction. This offers access to a different set of 

products despite going through similar reaction pathways and underscores the importance of 
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carefully choosing your biocatalyst and the strength of the diversity of enzymes; while 

either of these enzymes could likely be evolved to form the other’s product, it is much easier 

to simply express the gene that leads to the desired product and avoid potentially months of 

evolution. 

1.4 Pericyclization 

Another class of non-natural C–C bond forming cyclases are pericyclases, enzymes that 

feature a concerted reaction with a cyclic flow of electrons in a single transition state. 

Pericyclases were one of the earliest examples of non-natural enzymes, with a catalytic 

antibody developed for the catalysis of the Diels-Alder reaction to form a cyclohexene first 

published in 1989.40 This was considered theoretically feasible due to the high entropic 

barrier, typically -30 to -40 cal K-1 mol-1 in this reaction, allowing for the use of an antibody 

as an “entropic trap” to overcome this barrier. Due to the high degree of order of the transition 

state and the similarity of the transition state to the product, antibodies were matured against 

a product analogue, which afforded the desired product with greater than 50 total turnovers. 

Since this first report, it was immediately desirable to have some control over the reaction 

outcome and generate different possible stereoisomers of the product selectively. Using 

density functional theory calculations, the transition states of the endo- and exo-products 

were calculated, then transition state analogues were designed and antibodies were matured 

against them.41 Two of twenty-two and four of twenty-five antibodies isolated from the mice 

were selective for endo- and exo-product formation, respectively. From these, the most 

selective from each set were selected for further analysis, and they were both able to deliver 

the products with >98% enantioselectivity. 
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Figure 1-4. New-to-nature pericyclases, evolved and predicted. (A) Initial report of an antibody-

catalyzed Diels-Alder reaction. (B) In silico designed transition state. Substrates are placed by a 

hydrogen bond donor and acceptor in the protein and supported by the protein scaffold. 

Since these early reports, it was clear that transition state positioning was critical to catalysis. 

The Baker group endeavored to design enzymes in silico that position the substrates precisely 

and catalyze Diels-Alder reactions.42 A minimal active site geometry was generated using 

the Rosetta methodology that stabilizes the transition state, then an outer shell was 

computationally selected to shield this transition state from the solvent and position the 

critical residues properly. Of 86 predicted and experimentally tested designs, two were found 

to have Diels-Alderase activity. These two enzymes were rationally mutated, targeting 

residues in direct contact with the transition state to residues predicted to maintain or improve 

transition state binding. While exciting, these enzymes had only very modest catalytic 

performances; the best performing variant achieved a kcat of only 2.1 hr-1. Further 

computational improvements were found with FoldIt, a crowdsourced computer game 

centered on protein folding.43 This resulted in the addition of a helix-containing lid that 

buried the active site more deeply into a hydrophobic pocket, which did not affect kcat but 

improved kcat/(Kdiene x Kdieneophile) 14-fold. Follow-up work employed directed evolution to 
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improve the efficiency of this enzyme further.44 Through twelve rounds of mutagenesis 

and screening, first on the originally designed variant and later on the Foldit-produced 

variant, the enzyme was improved significantly to obtain a final variant with a kcat of 10.8  

hr-1 and nearly 90-fold improvement in kcat/(Kdiene x Kdieneophile) compared with the initial 

rationally mutated variant. This resulted in one of the most efficient and selective artificial 

Diels-Alderases to date, allowing for preparative-scale synthesis of the endo-product with 

more than 90% conversion. 

 

1.5 Conclusion 

Biocatalysis offers a promising pathway for improving the sustainability, yield, and 

selectivity of chemical synthesis. Engineers have developed select few new-to-nature 

enzymatic reactions that allow for the construction of rings through C–C bond 

disconnections, though those that have been developed have shown their utility through their 

high yields, chemoselectivities, and enantioselectivities. In the following chapters, I will 

demonstrate the work I have done to further develop new-to-nature C–C bond forming 

cyclases, including the development of cyclopropanation reactions and the development of 

novel intramolecular C–H functionalization methods of cyclization. Future advances in 

directed evolution, and the efforts of future protein engineers, will expand the ability of 

enzymes to build rings and catalyze new-to-nature C–C bond forming reactions. 
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C h a p t e r  2  

ENANTIO- AND DIASTEREOENRICHED ENZYMATIC SYNTHESIS 

OF 1,2,3-POLYSUBSTITUTED CYCLOPROPANES FROM (Z/E)-

TRISUBSTITUTED ENOL ACETATES 
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Abstract 

In nature and synthetic chemistry, stereoselective [2+1] cyclopropanation is the most 

prevalent strategy for the synthesis of chiral cyclopropanes, a class of key pharmacophores 

in pharmaceuticals and bioactive natural products. One of the most extensively studied 

reactions in the organic chemist’s arsenal, stereoselective [2+1] cyclopropanation, largely 

relies on the use of stereodefined olefins, which can require elaborate laboratory synthesis or 

tedious separation to ensure high stereoselectivity. Here we report engineered hemoproteins 

derived from a bacterial cytochrome P450 that catalyze the synthesis of chiral 1,2,3-

polysubstituted cyclopropanes, regardless of the stereopurity of the olefin substrates used. 

Cytochrome P450BM3 variant P411-INC-5185 exclusively converts (Z)-enol acetates to 

enantio- and diastereoenriched cyclopropanes and in the model reaction delivers a leftover 

(E)-enol acetate with 98% stereopurity, using whole Escherichia coli cells. P411-INC-5185 

was further engineered with a single mutation to enable the biotransformation of (E)-enol 

acetates to α-branched ketones with high levels of enantioselectivity while simultaneously 

catalyzing the cyclopropanation of (Z)-enol acetates with excellent activities and 

selectivities. We conducted docking studies and molecular dynamics simulations to 

understand how active-site residues distinguish between the substrate isomers and enable the 

enzyme to perform these distinct transformations with such high selectivities. Computational 

studies suggest the observed enantio- and diastereoselectivities are achieved through a 

stepwise pathway. These biotransformations streamline the synthesis of chiral 1,2,3-

polysubstituted cyclopropanes from readily available mixtures of (Z/E)-olefins, adding a new 

dimension to classical cyclopropanation methods. 
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2.1 Introduction 

Chiral 1,2,3-polysubstituted cyclopropanes are prevalent in natural products and bioactive 

compounds1-4 and are versatile building blocks for subsequent downstream manipulation due 

to their innate ring strain and dense substitution.5-6 Stereoselective [2+1] cyclopropanation 

starting from an olefin and a C1 motif represents a popular disconnection in the retrosynthetic 

analysis of chiral cyclopropanes; this synthetic approach is widely used in nature as well as 

in synthetic chemistry (Figures 2-1A and 2-1B).1, 7-8 In nature, S-adenosyl methionine 

(SAM)-dependent methyltransferases transfer exogenous C1 units from the methyl group of 

SAM to olefins via polar or radical chemistry (Figure 2-1A).9 While highly selective, this 

approach is inherently limited to 1,2-substituted cyclopropanes, as neither nature nor 

engineers have succeeded in transferring non-methyl groups with these enzymes. Synthetic 

chemists, on the other hand, achieve stereoselective [2+1] cyclopropanations via a wider 

variety of carbon units, such as metal carbenes, metal carbenoids, or sulfur/nitrogen ylides 

(Figure 2-1B),1, 7, 10-14 complementing the scope of nature-synthesized cyclopropanes and 

allowing for access to 1,2,3-polysubstituted cyclopropanes.  

Although nature and chemists employ different techniques, stereospecificity is a shared 

feature of these transformations (Figures 2-1A and 2-1B).1-2, 7, 9, 12, 14 When an olefin 

containing stereochemical information such as a (Z)- or (E)-configuration is used for [2+1] 

cyclopropanation, this information is retained in the cyclopropane product. Thus, if an olefin 

substrate is stereopure, the stereoselectivity of the cyclopropane product can be controlled 

with relative ease or even predicted a priori. On the other hand, if an olefin is a mixture of 
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(Z/E)-isomers, the yield and/or selectivity of a desired cyclopropane product will be 

diminished. Therefore, the geometric purity of the olefin plays a decisive role in the level of 

stereoinduction and thus determines the stereoselectivity and utility of the method. Because 

the synthesis of geometrically pure olefins can be challenging,15-16 difficult and time-

consuming purification of the olefin is often required to ensure high stereopurity of the 

products. 

We were curious whether a catalyst could catalyze conversion of mixtures of (Z/E)-olefins 

into highly enantio- and diastereoenriched cyclopropane products. This would obviate 

elaborate synthesis or time-consuming separation to construct predefined olefins (Figure 2-

1C). Methods that enable enantio- and diastereoenriched cyclopropanation of (Z/E)-olefin 

mixtures, however, are rare. There are two notable difficulties: (i) The catalyst must 

recognize the stereochemical information inherent in the olefin substrates. A highly selective 

catalyst must act exclusively on one substrate while excluding the other. (ii) The catalyst 

must simultaneously achieve high diastereo- and enantioselectivities, each of which is 

difficult to achieve.17 A method that streamlines the synthesis of chiral 1,2,3-polysubstituted 

cyclopropanes from mixtures of (Z/E)-olefins would be of significant synthetic utility. 
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Figure 2-1. Enzyme- and small molecule-catalyzed synthesis of cyclopropanes. (A) Nature’s 

stereoselective [2+1] cyclopropanation involving an exogenous C1 unit from SAM via a radical or a 

polar process. This approach is inherently limited to 1,2-substituted cyclopropanes. (B) 

Stereoselective olefin cyclopropanation methods invented by chemists: [2+1] cyclopropanation of 

olefins via high-energy intermediates such as metal carbenes, metal carbenoids, or sulfur/nitrogen 

ylides requires isomerically pure olefins for a stereopure product. (C) This work: enantio- and 

diastereoenriched olefin cyclopropanation does not require isomerically pure olefins and can form 

chiral 1,2,3-polysubstituted cyclopropanes and recover (E)-olefins. Structural illustrations are 
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adapted from Protein Data Bank (PDB) ID 5UL4 (radical SAM enzyme) and PDB 5UCW 

(cytochrome P450BM3). Ad, adenosyl; R, organic groups; M, metal; X, leaving groups. 

Enzymes are attractive candidates to meet these challenges, given their ability to exert 

exquisite control over both the substrates and the stereochemical outcome of chemical 

reactions.18 There are reports highlighting new-to-nature transformations,19 including olefin 

cyclopropanation, achieved by expanding the already enormous catalytic repertoire of the 

(iron)-heme-containing cytochrome P450 family.20-21 Cytochromes P450 are excellent 

candidates for discovery of non-natural activities due to their structural flexibility and 

remarkable promiscuity.22 A decade ago, we described repurposing a cytochrome P450 for 

non-natural cyclopropanation of styrenes with diazoesters, yielding cyclopropanes with high 

levels of selectivity via a putative carbene transfer process.21 Since that first report, a plethora 

of hemoprotein-catalyzed carbene and nitrene transfer reactions have been developed.20, 23-24 

The activity and selectivity of these biocatalytic transformations are often complementary to 

the state-of-the-art processes based on small-molecule catalysts, making them a valuable 

addition to the synthetic chemist’s toolbox. However, reports of biocatalytic 

cyclopropanation have largely been limited to terminal olefins and stereodefined internal 

olefins, sidestepping the issue of using geometrically different olefins (Figure 2-1C).20, 23, 25-

27 Based on these precedents, we saw opportunities to leverage cytochromes P450 for 

stereoenriched cyclopropanations from (Z/E)-mixed internal olefins. 
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2.2 Initial screening and directed evolution of alkyl transferase P411-

INC-5185 

We commenced the study by focusing on the cyclopropanation reaction between a 1:1 Z/E 

mixture of butyrophenone-derived enol acetate 1a and diazoacetonitrile 2a. These reagents 

were chosen for several reasons: (i) Enol acetates will be transformed into cyclopropyl 

acetates, which are synthetically and pharmaceutically relevant compounds.28-29 (ii) The 

opposite polarities of the different groups on the alkene (polar acetyl and nonpolar phenyl) 

can help the enzyme distinguish different stereoisomers. (iii) Diazoacetonitrile 2a was 

chosen for its strong electron-withdrawing character, small steric profile, and the valuable 

nature of the nitrile group. The nitrile substituent enhances the electrophilicity of the 

carbenoid and promotes reactions with the nucleophilic enol acetates. Additionally, the small 

steric profile of the nitrile is less likely to impede accommodation of diverse, sterically 

hindered substrates in the enzyme active site. Moreover, nitrile groups are valuable moieties 

that can be readily transformed into a variety of functional groups.  

We screened a panel of 48 hemoproteins previously engineered for different carbene and 

nitrene transformations,21, 30-32 including variants of cytochromes P411 (cytochromes P450 

with an axial serine ligand), in intact E. coli cells. Compounds 1a and 2a were combined 

with the hemoproteins expressed in whole E. coli cells at room temperature under anaerobic 

conditions. The resulting reaction mixtures were analyzed after 20 hours for the formation 

of cyclopropane product 3a. A truncated P411 variant lacking the FAD domain (named 

P411-INC-5182; see SI, Table S9, for more details) that was previously used for 
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intramolecular nitrene insertion into C(sp3)–H bonds30 showed the best activity in this 

initial screen, providing a total turnover number (TTN) of 68 and 9% yield (Figure 2-2A and 

SI, Table 2-S1). The heme domain of this variant has seven mutations (A74G, V78L, L263Y, 

T327I, T436L, L437Q, and S438T) with respect to the previously reported “E10” variant of 

P450BM3, which has a solved crystal structure (Figure 2-2B, PDB ID: 5UCW).31 Control 

experiments showed that formation of 3a is neither catalyzed by the heme cofactor alone, 

nor is it produced by the cellular background (SI, Table S1). When ethyl diazoacetate (EDA) 

was used as a carbene precursor, no cyclopropane product was detected (SI, Table S1). 
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Figure 2-2. Directed evolution for enantio- and diastereoenriched cyclopropanation. Reaction 

conditions: 3 mM 1a, 37 mM 2a, E. coli whole cells harboring P411 variants (OD600 = 30) in M9-N 

aqueous buffer (pH 8.0), 10% v/v EtOH (co-solvent), room temperature, anaerobic conditions, 20 h. 

(A) Directed evolution of enantio- and diastereoenriched alkyltransferase P411-INC-5185. Reactions 

were performed in triplicate (n = 3). Yields were calculated from high-performance liquid 
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chromatography (HPLC) calibration curves. Yields (blue bars) and TTNs (yellow line) reported 

are the means of three independent experiments. (B) The mutated residues (N70, Y263, I327, and 

Q437) conferring activity increases are highlighted in the enzyme active site structure (of closely 

related P411 variant E10 (PDB ID: 5UCW)). (C) Evolutionary trajectory for enantio- and 

diastereoenriched cyclopropanation. (D) P411-INC-5185-catalyzed cyclopropanation reaction using 

(Z)-1a. (E) P411-INC-5185-catalyzed cyclopropanation reaction using (E)-1a. (F) P411-INC-5185-

catalyzed cyclopropanation reaction using a mixture of (Z/E)-1a. Enantiomeric excesses of 3 were 

determined by converting cyclopropanated products 3 into α-branched ketones in the presence of 15 

mol% LiOH at 4 °C (see SI, general procedure F, for more details). Ac, acetyl group; TTN, total 

turnover number. 

Since P411-INC-5182 showed promising activity toward the desired cyclopropanation 

reaction, we decided to revisit other enzymes in the collection that are closely related to P411-

INC-5182.30, 32 Variant P411-INC-5183, with mutations I327P and Y263W relative to P411-

INC-5182, showed higher activity than P411-INC-5182 (P411-INC-5183 can catalyze the 

formation of 3a in 33% yield and 230 TTN, Figure 2-2A). We chose variant P411-INC-5183 

as the parent for directed evolution via iterative rounds of site-saturation mutagenesis 

(SSM)33-34 and screening, targeting amino acid residues close to the heme cofactor (Figure 

2-2B). Mutation Q437V, which resides on the flexible loop above the heme (Figure 2-2B), 

increased the TTN to 430 (49% yield of 3a, Figure 2-2B). Exploring more amino acid 

residues in the enzyme pocket using SSM identified the N70S mutation and increased the 

TTN to 540 (50% yield, 95% ee, and >99:1 dr of 3a). We found it difficult to push the yield 

higher at this stage. Given the 1:1 ratio of (Z/E)-1a, we speculated this 50% yield ceiling 

meant the enzyme was reacting with only one isomer of the starting material. 
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To verify this and gain more insight into the biotransformation, stereoisomers (Z)-1a and 

(E)-1a were used individually as the substrate for P411-INC-5185-catalyzed 

cyclopropanation reactions with diazoacetonitrile 2a under standard conditions (Figures 2-

2D and 2-2E). P411-INC-5185 converts pure (Z)-1a into 3a with 89% yield and 840 TTN 

(95% ee and >99:1 dr) but does not react with pure (E)-1a to form a cyclopropane product 

(Figures 2-2D and 2-2E). Encouraged by this, we re-examined the reactions with a 1:1 Z/E 

mixture of 1a and found the remaining starting material was highly enriched in (E)-isomer 

(Z/E = 2:98; Figure 2-2F). This is interesting, as pure (E)-olefins are more difficult to obtain 

due to their lower thermodynamic stabilities than (Z)-olefins, and only a handful of methods 

are reliable for the diastereoselective synthesis of these (E)-olefins.35 In this regard, in 

addition to the generation of high-value added chiral 1,2,3-polysubstituted cyclopropanes, 

P411-INC-5185 also holds potential utility in delivering stereopure (E)-enol acetates. 

2.3 Substrate scope study 

We surveyed the activity of P411-INC-5185 on a series of trisubstituted enolate substrates 

under the standard whole-cell reaction conditions (Figure 2-3). P411-INC-5185 catalyzes 

cyclopropanation of Z/E mixtures of diverse α-aryl, β-alkyl-substituted enolates 1 with 

diazoacetonitrile 2a, delivering the desired products 3 in synthetically useful yields and 

excellent diastereo- and enantioselectivities (up to >99:1 dr and >99% ee, Figure 2-3), 

regardless of the stereopurity of the olefin substrates used. Substrates with diverse 

substituents on the α-aryl group are compatible with this reaction. Electron-donating, -

neutral, and -withdrawing substituents on the aromatic rings were all compatible (3a–3n, 
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Figure 2-3), affording 1,2,3-polysubstituted cyclopropanes with uniformly high levels of 

diastereo- and enantioselectivities. Para- and meta-substituted α-aryl enolates both reacted 

well with diazoacetonitrile 2a to give the corresponding cyclopropanes (3b and 3c, Figure 2-

3). Substrates bearing a halogen functional group, such as fluoro- (1d and 1e), and bromo- 

 

Figure 2-3. Substrate scope study. Reaction conditions: 3 mM 1, 37 mM 2a, E. coli whole cells 

harboring P411-INC-5185 (OD600 = 30) in M9-N aqueous buffer (pH 8.0), 10% v/v EtOH (co-

solvent), room temperature, anaerobic conditions, 20 h. Yields are based on mixed enol acetates. 
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Yields in parentheses are based on (Z)-isomer. Yields were calculated from HPLC calibration 

curves and the average of triplicate experiments. aYields are based on (Z)-1a. b5 mM 1:1 Z/E-1a and 

35 mM 2a were used. c10 mM 1:1 Z/E-1a and 30 mM 2a were used. dPreparative-scale reaction 

conditions: 2.4 mmol 10 mM 1:1 Z/E-1a, 7.2 mmol 30 mM 2a, E. coli whole cells harboring P411-

INC-5185 (OD600 = 30) in M9-N aqueous buffer (pH 8.0), 10% v/v EtOH (co-solvent), room 

temperature, anaerobic conditions, 20 h; isolated yield. Enantiomeric excesses of 3 were determined 

by converting cyclopropanated products 3 into α-branched ketones in the presence of 15 mol% LiOH 

at 4 °C (see SI, general procedure F, for more details). Ar, aryl groups; Alkyl, alkyl groups; Ac, acetyl 

group; Piv, pivaloyl group; N.D. = no product was detected; TTN, total turnover number. 

 (1g), were tolerated to generate cyclopropanated products (3d, 3e and 3g, Figure 2-3) with 

excellent selectivities. A chloro group (1f, Figure 2-3), however, is detrimental to the 

cyclopropanation reaction, giving a trace amount cyclopropane product 3f (Figure 2-3). 

Introducing an electron-donating group can increase the yield of cyclopropanes (3h and 3j, 

Figure 2-3). Notably, a phenolic hydroxyl group, which is generally incompatible with small-

molecule carbene transfer reactions due to its nucleophilicity, 35 is well tolerated by the 

enzymatic system (3j, Figure 2-3), which highlights the catalyst’s functional group tolerance. 

Structural perturbations, such as the substitution of the aryl ring by thiophene (3i, Figure 2-

3), are also well accepted. Furthermore, β-substituted enol acetates bearing various alkyl 

chains (1k–1m, Figure 2-3) could be transformed to the corresponding cyclopropyl acetates 

with high levels of diastereo- and enantioselectivities (up to >99:1 dr and >99% ee). We also 

attempted to replace the enol acetyl group with a pivaloyl group, but no cyclopropanated 

product was observed (3n, Figure 2-3), likely because the bulky pivaloyl group prevented 

recognition of 1n by the enzyme. The absolute stereochemistry for enzymatic products 3j 
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and 3k was assigned as S, S, S through X-ray crystallography (see SI, Section 12). The 

other polysubstituted cyclopropyl acetates 3 were assigned by analogy.  

To showcase the utility of P411-INC-5185, we challenged the biocatalyst with higher 

substrate loadings. Under standard conditions and an alkene concentration of 3 mM 1:1 Z/E-

1a, the TTN of the template reaction was 540 (3a, Figure 2-3). Encouragingly, increased 

substrate loadings and decreased 2a to 1a ratios also resulted in synthetically useful yields, 

while increasing the TTNs to 630 (5 mM; 2a/1a = 7/1) and 1100 (10 mM; 2a/1a = 3/1) (3a, 

Figure 2-3 and SI, Table S4). P411-INC-5185 was also shown to be robust when catalyzing 

the biotransformation of mixed 1a in a preparative scale, delivering 176 mg 3a in 64% 

isolated yield (Figure 2-3 and see SI, Section 3.9 for details). 

2.4 Engineering diastereomer-differentiating carbene transferase P411-

INC-5186 

Re-examining site-saturation mutagenesis libraries based on P411-INC-5185, we found that 

mutations at residue 263 resulted in a significant reduction in remaining starting material and 

the appearance of a new product peak in some variants. Mutation of the tryptophan to smaller, 

more flexible methionine yielded the largest new product peak, which was identified as α-

branched ketone product 4a. The specificity of this new variant, P411-INC-5186, was tested 

with pure (Z)-1a and (E)-1a separately (Figures 2-4A and 2-4B). 

Interestingly, P411-INC-5186 not only converts (Z)-1a and (E)-1a, it converts them into 

different products. To be specific, (Z)-1a was converted to the cyclopropane product 3a in 
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91% yield with high selectivities (98% ee and >99:1 dr, Figure 2-4A), but no 4a was 

detected (>99% chemoselectivity of 3a over 4a; Figure 2-4A). Conversely, P411-INC-5186 

catalyzes the transformation of (E)-1a into 4a in 30% yield and with 97% ee, but 3a was not 

detected (>99% chemoselectivity of 4a over 3a; Figure 2-4B). We also investigated the 

substrate scope of P411-INC-5186-catalyzed diastereomer-differentiating transformations 

(SI, Figure 2-S1). P411-INC-5186 accepts a variety of Z/E mixtures of α-aryl, β-alkyl-

substituted enolates 1 with diazoacetonitrile 2a, delivering the desired cyclopropane products 

3 (14 examples, up to quantitative yield (yields calculated based on the (Z)-isomer), >99% 

chemoselectivity, >99:1 dr and >99% ee; SI, Figure 2-S1) and α-branched ketone products 

4 (Figure 2-4B and SI, Figure 2-S1) in synthetically useful yields and excellent diastereo- 

and enantioselectivities. 
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Figure 2-4. Discovery of the diastereomer-differentiating alkyl transferase P411-INC-5186 and 

its activity toward divergent alkyl transfer reactions. (A) P411-INC-5186-catalyzed alkyl transfer 

reaction using (Z)-1a. (B) P411-INC-5186-catalyzed alkyl transfer reaction using (E)-1a. Reaction 

conditions: 3 mM (Z)-1a or (E)-1a, 37 mM 2a, E. coli whole cells harboring P411-INC-5186 (OD600 

= 30) in M9-N aqueous buffer (pH 8.0), 10% v/v EtOH (co-solvent), room temperature, anaerobic 

conditions, 20 h. Docking simulations of: (C) (Z)-Int-1 with P411-INC-5185, (D) (E)-Int-1 with 
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P411-INC-5185, and (E) (E)-Int-1 with P411-INC-5185 A263. (F) P411-INC-5185-catalyzed 

alkyl transfer reaction using a mixture of Z/E (1.6/1)-1n. (G) P411-INC-5186-catalyzed alkyl transfer 

reaction using a mixture of Z/E (1.6/1)-1n. Reaction conditions: 3 mM (Z/E)-1n, 37 mM 2a, E. coli 

whole cells harboring P411-INC-5185 or P411-INC-5186(OD600 = 30). Yields were calculated from 

HPLC calibration curves and the average of triplicate experiments. Enantiomeric excesses of 3 were 

determined by converting cyclopropanated products 3 into α-branched ketones in the presence of 15 

mol% LiOH at 4 °C (see SI, general procedure F, for more details). Ac, acetyl group; Piv, pivaloyl 

group; N.D. = no product was detected; TTN, total turnover number. 

As P411-INC-5185 and P411-INC-5186 differ only by a single amino acid, at residue 263, 

we were curious to understand this site’s role in substrate recognition. We first conducted 

docking simulations to understand how P411-INC-5185 catalyzes the cyclopropanation of 

(Z)-1a to form 3a and not 4a. To do this, we turned to quantum mechanics to calculate the 

reaction pathway and docked in the heme-coordinated intermediate ((Z)-Int-1 in Figure 2-

4C) that forms after nucleophilic attack by the β-carbon of (Z)-1a with the electrophilic 

heme-carbene. Docking simulations predict that (Z)-Int-1 fits tightly in the active site of 

P411-INC-5185 (Figure 2-4C). The phenyl and acetyl handles of (Z)-Int-1 form stabilizing 

hydrophobic interactions with the side chains of residues V324 and W263. The conformation 

of docked (Z)-Int-1 is distorted toward a geometry that allows for direct ring closure to the 

observed cyclopropane 3a product. In the structure (Figure 2-4C), there is a polarity 

mismatch: the phenyl group is situated adjacent to the hydrophilic side chains of T438 and 

E267 and the acetyl group is forced into a hydrophobic pocket surrounded by V324 and 

P325. By docking Int-1 with free rotation around all single bonds, we discovered a second 

pose (E)-Int-1 that must form from (E)-1a based on the orientation of the phenyl and acetyl 
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groups (Figure 2-4D). In the (E)-Int-1 pose, the phenyl group is wedged between W263 

and P325 forming stabilizing hydrophobic interactions, and the acetyl group is pointed 

toward the hydrophilic active site region near T438 – here, the substituents have rotated to a 

conformation that allows the polarity of the substituents to match the active site residue 

polarity. However, the (E)-Int-1 docking pose overall fits very tightly in the active site, 

which may result in a number of destabilizing steric interactions. Since experimental 

evidence shows that no products derived from (E)-1a are observed when P411-INC-5185 is 

the catalyst, it can be reasonably assumed that this (E)-Int-1 pose is an artifact of the docking 

simulations that forces other probable poses when there are none. To gain insights into the 

altered reactivity with P411-INC-5186 as the catalyst, we performed an in silico mutation of 

W263 to alanine. This W263A mutation (Figure 2-4E) significantly enlarges the active site 

and allows rotation of the phenyl group into a conformation < 1.7 Å from where W263 would 

have been. Furthermore, rotation of the phenyl group effectively removes stabilization of the 

benzylic position and pushes this partial charge onto the oxygen, further facilitating the loss 

of the acetyl group and formation of the α-alkyl transfer product 4a (Figures 2-4B and 2-4D). 

Perhaps from this (E)-Int-1 conformation - when the acetyl group is near hydrophilic T438 

- hydrolysis and loss of an acetic acid precludes cyclopropane formation and leads to α-alkyl 

transfer product 4a instead (Figures 2-4B and 2-4D). Similarly, introducing the W263M 

mutation (P411-INC-5186) shows a docking position similar to the alanine mutant, implying 

the exclusion of (E)-1a in P411-INC-5185 is due to the smaller active site cavity compared 

to the other variants (see SI, Section 10.4, for more details). This is corroborated by the fact 

that using a bulkier pivaloyl protecting group on the oxygen shuts down cyclopropanation 

with P411-INC-5185 (3n, Figures 2-3 and 2-4F), whereas P411-INC-5186 was able to 
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catalyze the transformation of (Z/E)-1n and 1f to 3n and 3f in 13% (69 TTN) and 23% 

(170 TTN) yields, respectively, with excellent selectivities (Figure 2-4G, and SI, Figure 2-

S1). We attribute these differences to the enlarged active site of P411-INC-5186.  

2.5 Computational modeling supports a stepwise pathway 

We were curious how this enzyme can overcome potential severe steric constraints in order 

to cyclopropanate highly substituted olefins. Classical cyclopropanation reactions following 

a concerted reaction pathway encounter steric clashes which often make reactions with 

densely functionalized olefins challenging.26, 36 The potential energy surface for 

cyclopropanation was calculated by means of density functional theory (DFT) calculations 

using a standard heme model at the B3LYP-D3(BJ)-CPCM(Et2O)/def2-TZVP//B3LYP-

D3(BJ)/def2-SVP level of theory (Figure 2-5A).37-42 These model calculations indicate that 

the key cyclopropanation step takes place via a stepwise mechanism involving two distinct 

C–C bond formations on an open-shell singlet (OSS) and a triplet surface instead of a 

concerted process (Figure 2-5; see SI, Section 10.1, for more details).43-45 The computational 

study suggests a radical-based stepwise mechanism reminiscent of metallocarbene radical 

reactivity in cobalt and iron-catalyzed olefin cyclopropanation reactions.46-48 Upon rapid 

formation of the iron-carbene Int-2 via transition state TS-1 and subsequent coordination of 

1a, the nucleophilic β-carbon of the enol acetate attacks the electrophilic carbene via (E)-TS-

2 and (Z)-TS-2 to form two conformations of the intermediate, (E)-Int-4 and (Z)-Int-4, 

respectively (Figures 2-5A and 2-5C). This first bond-forming event with both (E)-1a and 

(Z)-1a results in the formation of the (S)-configured stereocenter (Figures 2-5A and 2-5C). 
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Transition states (E)-TS-2 and (Z)-TS-2 are nearly isoenergetic (∆∆G‡ = 0.2 kcal·mol–1) 

which indicates an almost equal rate of formation of intermediates (E)-Int-4 and (Z)-Int-4 

(Figure 2-5A). Calculations revealed an enantiomeric transition state, (Z)-TS-2a, which is 

preferable to (Z)-TS-2 by 1.1 kcal·mol–1. This result indicates that the enzyme active site is 

configured in such a way to disfavor binding and formation of (Z)-TS-2a. We hypothesize 

that this is due to the conformation of the iron-carbene intermediate in the enzyme active site. 

Molecular dynamics (MD) simulations on this iron-carbene intermediate indicate that the N–

Fe–C–C dihedral has an average angle of 0° and the highest probabilities were found at +50° 

and –60° (Figure 2-5B), thus showing a preferential orientation of the cyano substituent 

toward the less crowded, outward-facing area of the active site. These results suggest that 

formation of (Z)-TS-2a in the enzyme requires (Z)-1a to approach in such a way that both 

ethyl and acetoxy substituents are oriented towards the sterically more congested back of the 

active site, thereby likely resulting in a destabilization of (Z)-TS-2a compared to (Z)-TS-2. 

Afterwards, ring-closing C–C bond formation from intermediates (E)-Int-4 and (Z)-Int-4 

takes place via transition states (Z)-TS-3 and (E)-TS-3, respectively. (Z)-TS-3 leads to the 

observed cyclopropane product 3a, whereas the activation free energy for (E)-TS-3 is 2.2 

kcal·mol–1 higher, corresponding to a 100-fold slower reaction at room temperature. This 

energetic value is corroborated by the experimental result that only the cyclopropane 3a is 

observed. Presumably, due to this larger energetic barrier, (E)-Int-4 undergoes rapid 

hydrolysis to form the α-alkyl transfer product 4a. Based on this computational evidence, 

this process seems more likely than formation of the cyclopropane via (E)-TS-3 and 

concomitant ring opening to form 4a.  
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Both experimental and computational results indicate that the chemoselectivity of P411-

INC-5186 towards isomeric olefin substrates occurs in a step following the formation of the 

first chiral center (Figure 2-5C). These results support a stepwise mechanism for P411-INC-

5186-catalyzed alkyl transfer reactions (Figures 2-4 and 2-5). However, further studies are 

required to validate this proposal. A catalytic cycle based on these computational results is 

proposed in Figure 2-5C. 
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Figure 2-5. Proposed stepwise pathway for enantio- and diastereoenriched enzymatic 

cyclopropanation. (A) Calculated energy diagram for cyclopropanation (standard heme model at the 

B3LYP-D3(BJ)-CPCM(Et2O)/def2-TZVP//B3LYP-D3(BJ)/def2-SVP level of theory; energies are 

Gibbs free energies in kcal mol-1; superscripts correspond to the spin state; distances are given in Å). 

(B) Molecular dynamics simulations on the iron-carbene intermediate. (C) A proposed catalytic cycle 

of the biocatalytic cyclopropanation. TS, transition state; Int, intermediate; OSS, open-shell singlet; 

Ac, acetyl group. 

2.6 Summary and conclusion 

In summary, we have developed a biocatalytic platform for highly enantio- and 

diastereoselective cyclopropanation of mixed (Z/E)-trisubstituted enol acetates. These 

biocatalysts are fully genetically encoded, allowing for rapid tuning and reconfiguration via 

manipulation of the DNA sequence. Through directed evolution, we discovered two P411 

variants, P411-INC-5185 and P411-INC-5186, where P411-INC-5185 exclusively catalyzes 

cyclopropanation and P411-INC-5186 enables diastereomer-differentiating transformations, 

both with excellent selectivities. Both DFT calculations and experimental results suggest a 

stepwise mechanism for these biotransformations, and docking simulations highlight the 

critical role of site 263 in controlling the active-site accommodation of the (Z/E)-olefinic 

isomers. This approach differs from traditional carbene-transfer cyclopropanations by 

converting hard-to-isolate olefinic mixtures into a single chiral cyclopropane product with 

exceptional selectivities. We anticipate that this biocatalytic platform will expedite the 

synthesis of chiral 1,2,3-polysubstituted cyclopropanes from readily available olefinic 

isomers.  
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2.7 Supplementary information for Chapter 2 

Tables 

Table 2-S1. Initial activity screening with engineered P411s. a 

 

Forty-eight P450 and 411 variants from the Arnold lab culture collection were examined. A 

cytochrome P411 variant, P411Diane1 (a truncated P411 variant lacking the FAD domain), 

previously used for intramolecular nitrene insertion into C(sp3)–H bonds,1 showed the best 

activity toward formation of cyclopropane product 3a (9% yield). 

Entry Variant / catalyst (+ reductant) Yield of 3a 

1 P411-INC-5182 (P411Diane1)
1 9% (19%) 

2 hemin (20 μM) b N.D.  

3 hemin (20 μM) + Na2S2O4
 c N.D.  

4 hemin (20 μM) + Na2S2O4 + BSA (20 μM) c N.D.  

5 cellular background d N.D.  

6 replace 2a with ethyl diazoacetate (EDA)  N.D. e 

 

a Experiments were performed using whole E. coli cells according to the protocol described 

in Sections 3.4 and 3.5. The yields of 3a were calculated based on comparing the signal 
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integration ratio of the products and an added internal standard compound (1,2,3-

trimethoxylbenzene). The signal calibration curves between the products and the internal 

standard compound are described in Section 8. To enhance systematic management of 

different enzyme variants within the Arnold lab, we recently implemented a new 

nomenclature system. Variants are named as follows: family name-chemistry abbreviation-

entry code. All enzyme variants in this study follow this nomenclature. 

N.D. – no product was detected.  

b Negative control experiments (with free hemin) were performed without the addition of 

Na2S2O4. Under this condition, the resting oxidation state of hemin in aqueous buffer should 

be Fe(III).  

c Negative control experiments using free hemin under reduced conditions (Fe(II)) were 

performed using an excess amount of Na2S2O4 (20 mM).  

d Cellular background control experiments were performed in whole-cell format, using E. 

coli (E. cloni BL21(DE3)) cells harboring an engineered tryptophan synthase β-subunit 

(Tm9D8*). The gene of this enzyme was also cloned into the pET22b(+) vector (Novagen) 

between restriction sites NdeI and XhoI. The protein expression protocol for this experiment 

followed the standard P450 and P411 expression conditions as described in Sections 3.6, 3.7, 

and 3.8. 

e When using ethyl diazoacetate (EDA) as a carbene precursor, no corresponding 

cyclopropane product was detected. 
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Table 2-S2. Directed evolution of P411-INC-5185 for enantio- and diastereoenriched 

cyclopropanation. a 

 
 

Round 

# 
Variant Yield of 3aa 

Standard 

deviation 

of yield 

TTN 

of 3a 

Standard 

deviation of TTN 

1 P411-INC-5182 b 
9%  

(19%) 

1.2% 

(2.5%) 
68 9 

2 

P411-INC-5183  

(P411-INC-5182 

I327P, Y263W) 

33%  

(65%) 

0.8% 

(1.6%) 
230 6 

3 

P411-INC-5184  

(P411-INC-5183 

Q437V) 

49%  

(97%) 

1.0% 

(2.0%) 
427 9 

4 

P411-INC-5185  

(P411-INC-5184 

N70S) b 

50%  

(100%) 

0.2% 

(0.4%) 
536 2 

 

a Experiments were performed using a suspension of E. coli cells harboring enzyme variants 

prepared according to the protocol described in Sections 3.6, 3.7, and 3.8. Reactions were 

performed in triplicate. Yields reported are the average of three experiments. Yields were 

calculated based on all 1a added, and those in parentheses were calculated based on (Z)-1a. 

b Final variant for enantio- and diastereoenriched cyclopropanation. (E)-1a was recovered in 

45% yield and 98% stereopurity, see Section 8 for details. 
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Table 2-S3. Optimization of pH values (M9-N minimal media) of P411-INC-5185-

catalyzed cyclopropanation reactions. a 

 
 

Entry Buffer condition  Yield of 3a b Standard deviation of yield 

1 M9-N (pH = 6.0) 84% 2.6% 

2 M9-N (pH = 7.0) 79% 1.2% 

3 M9-N (pH = 8.0) 100% 0.4% 

4 M9-N (pH = 9.0) 84% 6.5% 

 

a Experiments were performed using a suspension of E. coli cells harboring P411-INC-5185 

prepared according to the protocol described in Sections 3.6, 3.7, and 3.8. Reactions were 

performed in triplicate. Yields reported are the average of three experiments.  

b Yields reported are the average of three experiments. Yields were calculated based on (Z)-

1a. 
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Table 2-S4. Optimization of 1a/2a ratios of P411-INC-5185-catalyzed cyclopropanation 

reactions. a 

 
 

Entry 
Concentration  

of 1a 

Concentration  

of 2a (equiv.) 

Yield 

of 3ab 

Standard 

deviation 

of yield 

TTN of 

3a 

Standard 

deviation 

of TTN 

1 3 mM 
37 mM  

(12.3 equiv.) 
100% 0.4% 536 2 

2 5 mM 
35 mM  

(7.0 equiv.) 
80% 1.3% 630 10 

3 10 mM 
30 mM  

(3.0 equiv.) 
71% 4.2% 1122 66 

 

a Experiments were performed using a suspension of E. coli cells harboring P411-INC-5185 

prepared according to the protocol described in Sections 3.6, 3.7, and 3.8. Reactions were 

performed in triplicate. Yields reported are the average of three experiments.  

b Yields reported are the average of three experiments. Yields were calculated based on (Z)-

1a. 
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Table 2-S5. Optimization of Z/E ratios of P411-INC-5185-catalyzed cyclopropanation 

reactions. a 

 
 

Entry Z/E (x/y) Yield of 3ab 

Standard 

deviation of 

yield 

TTN of 3a 

Standard 

deviation 

of TTN 

1 1/1 100% 0.4% 536 2 

2 0/1 N.D. - N.D. - 

3 1/0 89% 14.6 838 138 

 

a Experiments were performed using a suspension of E. coli cells harboring P411-INC-5185 

prepared according to the protocol described in Sections 3.6, 3.7, and 3.8. Reactions were 

performed in triplicate. Yields reported are the average of three experiments. N.D. – no 

product was detected. 

b Yields reported are the average of three experiments. Yields were calculated based on (Z)-

1a. 
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Table 2-S6. Optimization of OD600 of P411-INC-5185-catalyzed cyclopropanation 

reactions. a 

 
 

Entry 
OD600 of cell 

suspension 
Yield of 3ab 

Standard 

deviation 

of yield 

TTN of 3a 

Standard 

deviation 

of TTN 

1 10 13% 2.6% 372 37 

2 30 100% 0.4% 536 2 

 

a Experiments were performed using a suspension of E. coli cells harboring P411-INC-5185 

prepared according to the protocol described in Sections 3.6, 3.7, and 3.8. Reactions were 

performed in triplicate. Yields reported are the average of three experiments.  

b Yields reported are the average of three experiments. Yields were calculated based on (Z)-

1a. 
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Table 2-S7. Directed evolution of diastereomer-differentiating carbene transferase P411-

INC-5186. a 

 
 

Entry Variant 
Yield 

of 3ab 

SD 

Yield 

of 3a 

TTN 

of 3a 

SD 

TTN of 

3a 

Yield 

of 4ac 

SD 

Yield 

of 4a 

TTN 

of 4a 

SD 

TTN 

of 4a 

1 

P411-

INC-

5185 

50%  

(100%) 

0.2% 

(0.4%) 
536 2 N.D. - N.D. - 

2 

P411-

INC-

5186 

(P411-

INC-

5185 

W263M) 

50% 

(100%) 

1.2% 

(2.4%) 
378 9 

22% 

(44%) 

0.5% 

(1.1%) 
162 4 

 

a Experiments were performed using a suspension of E. coli cells harboring variants prepared 

according to the protocol described in Sections 3.6, 3.7, and 3.8. Reactions were performed 

in triplicate. Yields reported are the average of three experiments.  

b Yields were calculated based on all 1a added, and those in parentheses were calculated 

based on (Z)-1a (toward the formation of 3a). 

c Yields were calculated based on all 1a, and those in parentheses were calculated based on 

(E)-1a (toward the formation of 4a). 
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Table 2-S8. Optimization of Z/E ratios of P411-INC-5186-catalyzed diastereomer-

differentiating reactions. a 

 
 

Entry x/y 
Yield 

of 3ab 

SD Yield 

of 3a 

TTN 

of 3a 

SD TTN 

of 3a 

Yield 

of 4ac 

SD 

Yield 

of 4a 

TTN 

of 4a 

SD 

TTN of 

4a 

1 1/0 91% 4.4% 667 32 N.D. - N.D. - 

2c 0/1 N.D. - N.D. - 30 % 1.6% 224 12 

3 1/1 100% 2.4% 378 9 44% 1.1% 162 4 

 

a Experiments were performed using a suspension of E. coli cells harboring P411-INC-5186 

prepared according to the protocol described in Sections 3.6, 3.7, and 3.8. Reactions were 

performed in triplicate. Yields reported are the average of three experiments. N.D. – no 

product was detected. 

b Yields reported are the average of three experiments. Yields were calculated based on (Z)-

1a. 

c Yields reported are the average of three experiments. Yields were calculated based on (E)-

1a. 
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Figures 

 

Figure 2-S1. Substrate scope study for P411-INC-5186-catalyzed diastereomer-differentiating 

reactions. Reaction conditions: 3 mM 1, 37 mM 2a, E. coli whole cells harboring P411-INC-5186 

(OD600 = 30) in M9-N aqueous buffer (pH 8.0), 10% v/v EtOH (co-solvent), room temperature, 

anaerobic conditions, 20 h. Yields are based on mixed enol acetates, yields in parenthesis are based 
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on (Z)-isomer for the formation of cyclopropanes 3 or based on (E)-isomer for the formation of α-

branched ketones 4. Ar, aryl groups; Alkyl, alkyl groups. 

 

Experimental Methods 

General 

Unless otherwise noted, all chemicals and reagents were obtained from commercial 

suppliers (Sigma-Aldrich, VWR, Alfa Aesar, Acros, Combi Blocks, etc.) and used without 

further purification. Silica gel chromatography was carried out using AMD Silica Gel 60, 

230–400 mesh. 1H and 13C NMR spectra were recorded on a Bruker Prodigy 400 MHz 

instrument (400 MHz for 1H and 101 MHz for 13C NMR) or a Varian 300 MHz Spectrometer 

(300 MHz for 1H NMR). Chemical shifts (δ) are reported in ppm downfield from 

tetramethylsilane, using the solvent resonance as the internal standard (1H NMR:  δ = 7.26, 

13C NMR: δ = 77.36 for CDCl3). Data for 1H NMR are reported as follows: chemical shift (δ 

ppm), multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, p = pentet, sext = sextet, 

m = multiplet, dd = doublet of doublets, dt = doublet of triplets, ddd = doublet of doublet of 

doublets), coupling constant (Hz), integration. Sonication was performed using a Qsonica 

Q500 sonicator. High-resolution mass spectra were obtained at the California Institute of 

Technology Mass Spectral Facility. Samples were analyzed by field ionization (FI) using a 

JEOL AccuTOF GC-Alpha (JMS-T2000GC) mass spectrometer interfaced with an Agilent 

8890 GC system. Ions detected by FI are radical cations.  

Escherichia coli cells were grown using Luria-Bertani medium or HyperBroth 

(AthenaES) with 100 μg/mL ampicillin (LBamp or HBamp). Primer sequences are available 

upon request. T5 exonuclease, Phusion polymerase, and Taq ligase were purchased from 

New England Biolabs (NEB, Ipswich, MA). M9-N minimal media (abbreviated as M9-N 

buffer; pH = 6.0, 7.0, 8.0, and 9.0) were used as buffering systems for whole cells, lysates, 

and purified proteins, unless otherwise specified. M9-N buffer was used without a carbon 

source; it contains 47.7 mM Na2HPO4, 22.0 mM KH2PO4, 8.6 mM NaCl, 2.0 mM MgSO4, 

and 0.1 mM CaCl2. 
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Chromatography 

Chemical reactions were monitored using thin layer chromatography (Merck 60 

silica gel plates) and a UV lamp for visualization. Reverse-phase high-performance liquid 

chromatography (HPLC) for analysis were carried out using Agilent 1200 series instruments, 

with an Agilent C18 column (InfinityLab Poroshell 120 EC-C18, 4.6 x 50 mm, 2.7 μm; Part 

Number: 699975-902T). Water and acetonitrile containing 0.1% acetic acid were used as 

eluents. Chiral analyses were conducted using either an Agilent 1200 series HPLC 

instrument with n-hexane and isopropanol as the mobile phase or an SFC using supercritical 

CO2 and isopropanol as the mobile phase. Enantiomers were separated using one of the 

following chiral columns: Chiralpak IA (4.6 mm × 25 cm), Chiralpak IB (4.6 mm × 25 cm), 

Chiralpak IC (4.6 mm × 25 cm), Chiralpak AD-H, or Chiralpak OD-H. 

Cloning and site-saturation mutagenesis 

The genes encoding all enzymes described in this study were cloned using Gibson 

assembly2 into vector pET22b(+) (Novagen) between restriction sites NdeI and XhoI in frame 

with a C-terminal 6×His-tag. Site-saturation mutagenesis was performed using the “22c-

trick”3 or “NNK” as degenerate codons. The PCR products were digested with DpnI, gel 

purified, and ligated using Gibson MixTM.2 Without further purification after the Gibson step, 

1 µL of the Gibson product was used to transform 50 μL of electrocompetent E. coli BL21 

E. cloni® (Lucigen) cells. 

Expression of P450 and P411 variants in 96-well plates 

Single colonies from LBamp agar plates were picked using sterile toothpicks and 

cultured in deep-well 96-well plates containing LBamp (400 μL/well) at 37 C, 80% humidity, 

and 220 rpm shaking overnight. Subsequently, HBamp (1080 μL/well) in a deep-well plate 

was inoculated with an aliquot (120 μL/well) of these overnight cultures and allowed to shake 

for 3 hours at 37 C, 80% humidity, and 220 rpm. The plates were then cooled on ice for 30 

minutes, and the cultures were induced with 0.5 mM isopropyl β-D-1-thiogalactopyranoside 

(IPTG) and 1.0 mM 5-aminolevulinic acid (ALA) (final concentrations). Expression was 

then conducted at 20 C, 220 rpm for 18–20 hours. 
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Plate reaction screening in whole-cell format 

E. coli cells harboring P411 variants in deep-well 96-well plates were pelleted (3,500 

g, 5 min, 4 C) and resuspended in M9-N buffer (360 L, pH 8.0) by gentle vortexing. The 

96-well plates were then transferred to an anaerobic chamber. To deep-well plates of cell 

suspensions were added the enol acetate substrate 1a (3 μL/well, 400 mM in EtOH) and 

diazoacetonitrile 2a (37 μL/well, 400 mM in EtOH). During the addition, the stock solution 

of diazoacetonitrile 2a was kept on an ice bath to minimize evaporation. The plates were 

sealed with aluminum sealing foil immediately after the addition and shaken in the anaerobic 

chamber at room temperature and 600 rpm. After 20 hours, the seals were removed, and 

ethanol (400 μL/well) was added. The plates were tightly sealed with silicone mats, 

vigorously vortexed, and centrifuged (4,000 x g, 5 min) to precipitate proteins and cell debris. 

The supernatant (200 μL/well) was filtered through an AcroPrep 96-well filter plate (0.2 μm) 

into a shallow 96-well plate for HPLC analysis to determine the yield.  

Flask expression of P411 variants 

E. coli (E. cloni BL21(DE3)) cells carrying plasmid encoding the appropriate P411 

variant were grown overnight in 5 mL Luria-Bertani medium supplemented with 0.1 mg/mL 

ampicillin (LBamp). The preculture (1 mL) was used to inoculate 50 mL of Hyperbroth 

medium supplemented with 0.1 mg/mL ampicillin (HBamp) in a 125-mL Erlenmeyer flask. 

This culture was incubated at 37 C and 230 rpm for 2.5 hours. The culture was then cooled 

on ice for 30 min and induced with 0.5 mM IPTG and 1.0 mM ALA (final concentrations). 

Expression was conducted at 20 C, 150 rpm for 16–18 hours. Subsequently, the E. coli cells 

were pelleted by centrifugation (4,000 g, 4 min, 4 C). Media were removed, and the pellets 

were resuspended to an optical density at 600 nm (OD600) of 30 in M9-N minimal medium 

with pH adjusted to 8.0. Aliquots of the cell suspension (3–4 mL) were used to determine 

protein concentration after lysis by sonication. 

Hemochrome assay for the determination of hemoprotein concentration 

The concentration of hemoprotein in the clarified lysate was determined by the 

hemochrome assay.4 Briefly, 500 μL of the lysate were added to a cuvette and mixed with 
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500 μL of solution I (0.2 M NaOH, 40% (v/v) pyridine, 500 μM potassium ferricyanide). 

The UV-Vis spectrum (380–650 nm) of the oxidized FeIII state was recorded immediately. 

Sodium dithionite (10 μL of 0.5 M solution in 0.5 M NaOH) was added, and the UV-Vis 

spectrum of the reduced FeII state was recorded immediately. The pyridine hemochromagen 

concentration was determined using its Q bands, with the extinction coefficient of 34.7     

mM-1 cm-1 at 557 nm. 

Biotransformation using whole E. coli cells 

Suspension of E. coli (E. cloni BL21(DE3)) cells expressing the appropriate 

hemoprotein variant in M9-N (pH = 8.0) buffer (typically OD600 = 30) were transferred to a 

reaction vial. The headspace of the reaction vial was purged with a stream of argon for at 

least 15 minutes. Enzymatic reactions were then set up in an anaerobic chamber. To a 2-mL 

vial were added degassed suspension of E. coli expressing P411 variant (typically OD600 = 

30, 360 μL), enol acetate substrates (typically 3 μL of 400 mM stock solution in EtOH), and 

the diazoacetonitrile solution (typically 37 μL of 400 mM stock solution in EtOH). The 

concentration of diazo solution was measured by 1H-NMR and was kept in an ice bath and 

added last. The final volume of the biotransformation was set to be 400 μL, with 10% vol 

EtOH. The reaction vials were then capped and shaken in the anaerobic chamber at room 

temperature and 600 rpm for 20 hours. After the completion of the reaction, 400 μL ethanol 

containing 2 mM 1,2,3-trimethoxybenzene internal standard were added to the vial. The 

resulting mixture was transferred to a 1.7-mL microcentrifuge tube, vigorously vortexed, and 

centrifuged (14,000 × g, 5 min, 4 °C). A sample of the supernatant (0.2 mL) was transferred 

to a vial with an insert for HPLC analysis.  

To determine the enantiomeric excess (e.e.) of the α-branched ketones 4, the 

remaining supernatants of three parallel analytical reactions were combined and transferred 

to a 2-dram vial and the solvent was removed by blowing air. The α-branched ketones 4 were 

extracted from the remaining residues with a solution of hexane and EtOAc mixture (1:1) 

and subjected to normal-phase HPLC to determine the enantiomeric excess (e.e).  
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The enantiomeric excesses (e.e.) of the polysubstituted cyclopropyl acetates 3 were 

determined according to the General procedure F:. 

Enzymatic preparative synthesis 

The E. coli cell suspension harboring P411-INC-5186 was prepared as described in 

Sections 3.6, 3.7, and 3.8. The cell suspension (E. coli whole cells harboring P411 variants, 

OD600 = 30, suspended in M9-N aqueous buffer, pH = 8.0) was placed in a sealed flask on 

ice, and the headspace was purged with a stream of argon for at least 15 minutes. The reaction 

flask was then transferred to an anaerobic chamber. To the reaction flask with cell suspension 

(OD600 = 30), enol acetate substrate 1 (400 mM EtOH stock solution, final concentration = 

10 mM, 1.0 equiv.) and diazoacetonitrile 2a (400 mM EtOH stock solution, final 

concentration = 30 mM, 3.0 equiv.) were added to make 10% v/v EtOH (co-solvent). The 

reaction vial was immediately capped and sealed with parafilm and shaken in the anaerobic 

chamber at room temperature at 200 rpm for 20 hours. The reaction solution was then 

extracted with 100 mL 1:1 hexane/ethyl acetate three times. The combined organic layer was 

then washed with brine and dried over anhydrous MgSO4. The solvent was removed in 

vacuo, and the product was purified by flash chromatography. 

Nucleotide and Amino Acid Sequences 

The genes encoding the heme proteins shown below were cloned using Gibson assembly2 

into vector pET-22b(+) (Novagen) between restriction sites NdeI and XhoI in frame with a 

C-terminal 6×His-tag.  

 

Table 2-S9. Mutations of the P411 variants in this study. 

Name Mutations relative to the wild type P450BM3 

Mutations 

relative to  

P411-INC-

5182 

P411-INC-

5182 
A74G, V78L, A82L, F87A, P142S, T175I, M177L, 

A184V, S226R, H236Q, E252G, I263Y, T268G, A290V, 
- 
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T327I, A328V, L353V, I366V, C400S, T436L, L437Q, 

E442K, ∆FAD domain 

P411-INC-

5183 

A74G, V78L, A82L, F87A, P142S, T175I, M177L, 

A184V, S226R, H236Q, E252G, I263W, T268G, 

A290V, T327P, A328V, L353V, I366V, C400S, T436L, 

L437Q, E442K, ∆FAD domain  

Y263W, I327P 

P411-INC-

5184 

A74G, V78L, A82L, F87A, P142S, T175I, M177L, 

A184V, S226R, H236Q, E252G, I263W, T268G, 

A290V, T327P, A328V, L353V, I366V, C400S, T436L, 

L437V, E442K, ∆FAD domain  

Y263W, I327P, 

Q437V 

P411-INC-

5185 

N70S, A74G, V78L, A82L, F87A, P142S, T175I, 

M177L, A184V, S226R, H236Q, E252G, I263W, 

T268G, A290V, T327P, A328V, L353V, I366V, C400S, 

T436L, L437V, E442K, ∆FAD domain  

N70S, Y263W, 

I327P, Q437V 

P411-INC-

5186 

N70S, A74G, V78L, A82L, F87A, P142S, T175I, 

M177L, A184V, S226R, H236Q, E252G, I263M, 

T268G, A290V, T327P, A328V, L353V, I366V, C400S, 

T436L, L437V, E442K, ∆FAD domain  

N70S, Y263M, 

I327P, Q437V 

 

 

DNA and amino acid sequences of P411-INC-5182: 

ATGACAATTAAAGAAATGCCTCAGCCAAAAACGTTTGGAGAGCTTAAAAATTT

ACCGTTATTAAACACAGATAAACCGGTTCAAGCTTTGATGAAAATTGCGGATG

AATTAGGAGAAATCTTTAAATTCGAGGCGCCTGGTCGTGTAACGCGCTACTTA

TCAAGTCAGCGTCTAATTAAAGAAGCATGCGATGAATCACGCTTTGATAAAAA

CTTAAGTCAAGGTCTGAAATTTCTGCGTGATTTTCTTGGAGACGGGTTAGCCAC

AAGCTGGACGCATGAAAAAAATTGGAAAAAAGCGCATAATATCTTACTTCCA

AGCTTTAGTCAGCAGGCAATGAAAGGCTATCATGCGATGATGGTCGATATCGC

CGTGCAGCTTGTTCAAAAGTGGGAGCGTCTAAATGCAGATGAGCATATTGAAG

TATCGGAAGACATGACACGTTTAACGCTTGATACAATTGGTCTTTGCGGCTTTA

ACTATCGCTTTAACAGCTTTTACCGAGATCAGCCTCATCCATTTATTATAAGTC
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TGGTCCGTGCACTGGATGAAGTAATGAACAAGCTGCAGCGAGCAAATCCAGA

CGACCCAGCTTATGATGAAAACAAGCGCCAGTTTCAAGAAGATATCAAGGTG

ATGAACGACCTAGTAGATAAAATTATTGCAGATCGCAAAGCAAGGGGTGAAC

AAAGCGATGATTTATTAACGCAGATGCTAAACGGAAAAGATCCAGAAACGGG

TGAGCCGCTTGATGACGGGAACATTCGCTATCAAATTATTACATTCTTATATGC

GGGACACGAAGGTACAAGTGGTCTTTTATCATTTGCGCTGTATTTCTTAGTGAA

AAATCCACATGTATTACAAAAAGTAGCAGAAGAAGCAGCACGAGTTCTAGTA

GATCCTGTTCCAAGCTACAAACAAGTCAAACAGCTTAAATATGTCGGCATGGT

CTTAAACGAAGCGCTGCGCTTATGGCCAATTGTTCCTGCGTTTTCCCTATATGC

AAAAGAAGATACGGTGCTTGGAGGAGAATATCCTTTAGAAAAAGGCGACGAA

GTAATGGTTCTGATTCCTCAGCTTCACCGTGATAAAACAGTTTGGGGAGACGA

TGTGGAGGAGTTCCGTCCAGAGCGTTTTGAAAATCCAAGTGCGATTCCGCAGC

ATGCGTTTAAACCGTTTGGAAACGGTCAGCGTGCGTCTATCGGTCAGCAGTTC

GCTCTTCATGAAGCAACGCTGGTACTTGGTATGATGCTAAAACACTTTGACTTT

GAAGATCATACAAACTACGAGCTCGATATTAAAGAACTGCAGACGTTAAAAC

CTAAAGGCTTTGTGGTAAAAGCAAAATCGAAAAAAATTCCGCTTGGCGGTATT

CCTTCACCTAGCACTGAACAGTCTGCTAAAAAAGTACGCAAAAAGGCAGAAA

ACGCTCATAATACGCCGCTGCTTGTGCTATACGGTTCAAATATGGGTACCGCT

GAAGGAACGGCGCGTGATTTAGCAGATATTGCAATGAGCAAAGGATTTGCAC

CGCAGGTCGCAACGCTTGATTCACACGCCGGAAATCTTCCGCGCGAAGGAGCT

GTATTAATTGTAACGGCGTCTTATAACGGTCATCCGCCTGATAACGCAAAGCA

ATTTGTCGACTGGTTAGACCAAGCGTCTGCTGATGAAGTAAAAGGCGTTCGCT

ACTCCGTATTTGGATGCGGCGATAAAAACTGGGCTACTACGTATCAAAAAGTG

CCTGCTTTTATCGATGAAACGCTTGCCGCTAAAGGGGCAGAAAACATCGCTGA

CCGCGGTGAAGCAGATGCAAGCGACGACTTTGAAGGCACATATGAAGAATGG

CGTGAACATATGTGGAGTGACGTAGCAGCCTACTTTAACCTCGACATTGAAAA

CAGTGAAGATAATAAATCTACTCTTTCACTTCAATTTGTCGACAGCGCCGCGG

ATATGCCGCTTGCGAAAATGCACGGTGCGTTTTCAACGCTCGAGCACCACCAC

CACCACCACTGA 
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MTIKEMPQPKTFGELKNLPLLNTDKPVQALMKIADELGEIFKFEAPGRVTRYLSSQ

RLIKEACDESRFDKNLSQGLKFLRDFLGDGLATSWTHEKNWKKAHNILLPSFSQQ

AMKGYHAMMVDIAVQLVQKWERLNADEHIEVSEDMTRLTLDTIGLCGFNYRFN

SFYRDQPHPFIISLVRALDEVMNKLQRANPDDPAYDENKRQFQEDIKVMNDLVDK

IIADRKARGEQSDDLLTQMLNGKDPETGEPLDDGNIRYQIITFLYAGHEGTSGLLSF

ALYFLVKNPHVLQKVAEEAARVLVDPVPSYKQVKQLKYVGMVLNEALRLWPIV

PAFSLYAKEDTVLGGEYPLEKGDEVMVLIPQLHRDKTVWGDDVEEFRPERFENPS

AIPQHAFKPFGNGQRASIGQQFALHEATLVLGMMLKHFDFEDHTNYELDIKELQT

LKPKGFVVKAKSKKIPLGGIPSPSTEQSAKKVRKKAENAHNTPLLVLYGSNMGTA

EGTARDLADIAMSKGFAPQVATLDSHAGNLPREGAVLIVTASYNGHPPDNAKQF

VDWLDQASADEVKGVRYSVFGCGDKNWATTYQKVPAFIDETLAAKGAENIADR

GEADASDDFEGTYEEWREHMWSDVAAYFNLDIENSEDNKSTLSLQFVDSAADMP

LAKMHGAFSTLEHHHHHH* 

 

DNA and amino acid sequences of P411-INC-5186: 

ATGACAATTAAAGAAATGCCTCAGCCAAAAACGTTTGGAGAGCTTAAAAATTT

ACCGTTATTAAACACAGATAAACCGGTTCAAGCTTTGATGAAAATTGCGGATG

AATTAGGAGAAATCTTTAAATTCGAGGCGCCTGGTCGTGTAACGCGCTACTTA

TCAAGTCAGCGTCTAATTAAAGAAGCATGCGATGAATCACGCTTTGATAAATC

TTTAAGTCAAGGTCTGAAATTTCTGCGTGATTTTCTTGGAGACGGGTTAGCCAC

AAGCTGGACGCATGAAAAAAATTGGAAAAAAGCGCATAATATCTTACTTCCA

AGCTTTAGTCAGCAGGCAATGAAAGGCTATCATGCGATGATGGTCGATATCGC

CGTGCAGCTTGTTCAAAAGTGGGAGCGTCTAAATGCAGATGAGCATATTGAAG

TATCGGAAGACATGACACGTTTAACGCTTGATACAATTGGTCTTTGCGGCTTTA

ACTATCGCTTTAACAGCTTTTACCGAGATCAGCCTCATCCATTTATTATAAGTC

TGGTCCGTGCACTGGATGAAGTAATGAACAAGCTGCAGCGAGCAAATCCAGA

CGACCCAGCTTATGATGAAAACAAGCGCCAGTTTCAAGAAGATATCAAGGTG

ATGAACGACCTAGTAGATAAAATTATTGCAGATCGCAAAGCAAGGGGTGAAC
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AAAGCGATGATTTATTAACGCAGATGCTAAACGGAAAAGATCCAGAAACGGG

TGAGCCGCTTGATGACGGGAACATTCGCTATCAAATTATTACATTCTTAATGG

CGGGACACGAAGGTACAAGTGGTCTTTTATCATTTGCGCTGTATTTCTTAGTGA

AAAATCCACATGTATTACAAAAAGTAGCAGAAGAAGCAGCACGAGTTCTAGT

AGATCCTGTTCCAAGCTACAAACAAGTCAAACAGCTTAAATATGTCGGCATGG

TCTTAAACGAAGCGCTGCGCTTATGGCCACCGGTTCCTGCGTTTTCCCTATATG

CAAAAGAAGATACGGTGCTTGGAGGAGAATATCCTTTAGAAAAAGGCGACGA

AGTAATGGTTCTGATTCCTCAGCTTCACCGTGATAAAACAGTTTGGGGAGACG

ATGTGGAGGAGTTCCGTCCAGAGCGTTTTGAAAATCCAAGTGCGATTCCGCAG

CATGCGTTTAAACCGTTTGGAAACGGTCAGCGTGCGTCTATCGGTCAGCAGTT

CGCTCTTCATGAAGCAACGCTGGTACTTGGTATGATGCTAAAACACTTTGACTT

TGAAGATCATACAAACTACGAGCTCGATATTAAAGAACTGGTGACGTTAAAA

CCTAAAGGCTTTGTGGTAAAAGCAAAATCGAAAAAAATTCCGCTTGGCGGTAT

TCCTTCACCTAGCACTGAACAGTCTGCTAAAAAAGTACGCAAAAAGGCAGAA

AACGCTCATAATACGCCGCTGCTTGTGCTATACGGTTCAAATATGGGTACCGC

TGAAGGAACGGCGCGTGATTTAGCAGATATTGCAATGAGCAAAGGATTTGCA

CCGCAGGTCGCAACGCTTGATTCACACGCCGGAAATCTTCCGCGCGAAGGAGC

TGTATTAATTGTAACGGCGTCTTATAACGGTCATCCGCCTGATAACGCAAAGC

AATTTGTCGACTGGTTAGACCAAGCGTCTGCTGATGAAGTAAAAGGCGTTCGC

TACTCCGTATTTGGATGCGGCGATAAAAACTGGGCTACTACGTATCAAAAAGT

GCCTGCTTTTATCGATGAAACGCTTGCCGCTAAAGGGGCAGAAAACATCGCTG

ACCGCGGTGAAGCAGATGCAAGCGACGACTTTGAAGGCACATATGAAGAATG

GCGTGAACATATGTGGAGTGACGTAGCAGCCTACTTTAACCTCGACATTGAAA

ACAGTGAAGATAATAAATCTACTCTTTCACTTCAATTTGTCGACAGCGCCGCG

GATATGCCGCTTGCGAAAATGCACGGTGCGTTTTCAACGCTCGAGCACCACCA

CCACCACCACTGA 

MTIKEMPQPKTFGELKNLPLLNTDKPVQALMKIADELGEIFKFEAPGRVTRYLSSQ

RLIKEACDESRFDKSLSQGLKFLRDFLGDGLATSWTHEKNWKKAHNILLPSFSQQ

AMKGYHAMMVDIAVQLVQKWERLNADEHIEVSEDMTRLTLDTIGLCGFNYRFN
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SFYRDQPHPFIISLVRALDEVMNKLQRANPDDPAYDENKRQFQEDIKVMNDLVDK

IIADRKARGEQSDDLLTQMLNGKDPETGEPLDDGNIRYQIITFLMAGHEGTSGLLS

FALYFLVKNPHVLQKVAEEAARVLVDPVPSYKQVKQLKYVGMVLNEALRLWPP

VPAFSLYAKEDTVLGGEYPLEKGDEVMVLIPQLHRDKTVWGDDVEEFRPERFENP

SAIPQHAFKPFGNGQRASIGQQFALHEATLVLGMMLKHFDFEDHTNYELDIKELV

TLKPKGFVVKAKSKKIPLGGIPSPSTEQSAKKVRKKAENAHNTPLLVLYGSNMGT

AEGTARDLADIAMSKGFAPQVATLDSHAGNLPREGAVLIVTASYNGHPPDNAKQ

FVDWLDQASADEVKGVRYSVFGCGDKNWATTYQKVPAFIDETLAAKGAENIAD

RGEADASDDFEGTYEEWREHMWSDVAAYFNLDIENSEDNKSTLSLQFVDSAADM

PLAKMHGAFSTLEHHHHHH* 

 

Substrate Syntheses and Characterizations 

General procedure A: preparation of mixtures of enol acetates 1 

 

Enol acetates were prepared using a procedure reported by Hu et al.5 Ketones and 

isopropenyl acetate were obtained from commercial sources and were used as received. To 

a 25-ml Schlenk flask with a stir bar were added ketone (5 mmol), isopropenyl acetate (25 

mmol) and p-TsOH•H2O (0.5 mmol) under nitrogen. The reaction mixture was refluxed for 

24 h, then cooled to room temperature. Next, the reaction mixture was diluted with Et2O (30 

mL) and water (10 mL). The aqueous layer was extracted with Et2O (3 ×30 mL). The 

combined organic layers were dried over Na2SO4, and the solvents were removed under 

reduced pressure. The resulting crude mixture was purified by column chromatography with 

hexanes/ethyl acetate (100:1 to 20:1) as eluent to give the desired product 1 as a Z/E mixture. 

Z/E ratios were measured and determined by 1H NMR (see 0 for details). Spectral data were 

in accordance with literature values.5-6 
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General procedure B: preparation of 1e 

 

Synthesis of 1e was performed using a known procedure7 with slight modification as 

follows. (Z)-Enol acetate 1e were prepared using a known procedure6 but with slight 

modification as follows. n-Butyllithium (9.6 mmol) was added to a solution of 

diisopropylamine (9.6 mmol) in THF (40 mL) in a flame-dried round-bottom flask under an 

argon atmosphere at −78 °C. The mixture was stirred for 30 min, and then 1-(2-

fluorophenyl)butan-1-one (8 mmol) was added. The resulting mixture was stirred for 45 min, 

and then acetic anhydride (16 mmol) was added. The reaction was stirred for 30 min at 

−78 °C and another 30 min at room temperature. The mixture was poured into saturated 

NaHCO3 (100 mL) and extracted three times with EtOAc (60 mL). The combined organic 

layers were washed with brine and dried over Na2SO4, and the solvent was removed under 

reduced atmosphere. The crude product was purified by normal phase chromatography to 

give the desired product 1e. Spectral data were in accordance with literature values.5-6 
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General procedure C: preparation of (Z/E)-1n 

 

(1) Synthesis of (Z)-1n was performed using a known procedure7 with slight 

modification as follows. n-Butyllithium (3.9 mmol) was added to a solution of 

diisopropylamine (3.9 mmol) in THF (17 mL) in a flame-dried round-bottom flask under an 

argon atmosphere at −78 °C. The mixture was stirred for 30 min, and then butyrophenone 

(3.25 mmol) was added. The resulting mixture was stirred for 45 min, and pivaloyl chloride 

(6.5 mmol) was added. The reaction was stirred for 30 min at −78 °C and another 30 min at 

room temperature. The mixture was poured into saturated NaHCO3 (50 mL) and extracted 

three times with EtOAc (60 mL). The combined organic layers were washed with brine and 

dried over Na2SO4, and the solvent was removed under reduced atmosphere. The crude 

product was purified by normal phase chromatography. Spectral data were in accordance 

with literature values.5-6 

 

(2) Isomerization of (Z)-1n was performed using a known procedure7 with slight 

modifications as follows. A vial fitted with a rubber septum was charged with Ir(ppy)3 (0.007 

equiv., 1.88 mM stock solution of catalyst in CH3CN), (Z)-1n (1 equiv.), 

diisopropylethylamine (DIPEA, 0.1 equiv.), and the reaction mixture was degassed via 

Argon (Ar) gas bubbling for 5–10 min and then left under positive Ar pressure by removing 

the exit needle. The vial was placed in a light bath (Blue LEDs were purchased from Kessil 

Co., Ltd. (40 W max., product No. A160WE) for 5 hours. The crude product was purified by 

normal phase chromatography. The Z/E ratio of 1n was measured and determined by 1H 

NMR (see 0 for details). 
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Table 2-S10. Z/E ratios of enol acetates 1. a 

1 Z/E 1 Z/E 

 

1/1 b 

 

2.9/1 

 

1.5/1 

 

1/1 b 

 

2.6/1 

 

2.0/1 

 

3.6/1 

 

2.4//1 

 

1/0 c 

 

1.9/1 

 

1.5/1 

 

1.4/1 

 

3.2/1 

 

1.6/1 d 

a Enol acetates 1 were prepared according to the protocol described in General procedure A:. 

Z/E- ratios were determined by 1H NMR. Representative examples of NMR spectra were 

provided below, and all spectral data were in accordance with literature values.5-6 

b Pure (Z/E)-isomers were obtained using preparative HPLC and readjusted to mixtures with 

a ratio of (Z/E) = 1:1. Chiral chromatographic separations of the diastereomers of 1a and 1i 

were conducted using a Thar analytical SFC system using a Mettler-Toledo column 

compartment and an Agilent 1200 series G1315B diode-array detector using 

isopropanol/CO2 and two 4.6 x 250 mm Chiralcel® AD-H columns.  

c 1e was prepared according to the protocol described in General procedure B:  

a 1n was prepared according to the protocol described in General procedure C: 
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(Z)-1-phenylbut-1-en-1-yl acetate ((Z)-1a) 

 

1H NMR (400 MHz, Chloroform-d) δ 7.42 – 7.38 (m, 2H), 7.35 – 7.29 (m, 2H), 7.28 – 7.25  

(m, 1H), 5.81 (t, J = 7.3 Hz, 1H), 2.29 (s, 3H), 2.14 (p, J = 7.5 Hz, 2H), 1.07 (t, J = 7.6 Hz, 

3H). 

13C NMR (101 MHz, Chloroform-d) δ 168.96 , 145.70 , 135.14 , 128.61 , 128.18 , 124.46 , 

119.94 , 20.80 , 19.83 , 13.65 . 

Spectral data were in accordance with literature values.5-6 

(E)-1-phenylbut-1-en-1-yl acetate ((E)-1a) 

 

1H NMR (400 MHz, Chloroform-d) δ 7.40 – 7.28 (m, 5H), 5.44 (t, J = 7.8 Hz, 1H), 2.22 (p, 

J = 7.5 Hz, 2H), 2.14 (s, 3H), 1.04 (t, J = 7.5 Hz, 3H). 

13C NMR (101 MHz, Chloroform-d) δ 145.88 , 134.72 , 128.44 , 128.29 , 128.23 , 122.13 , 

21.19 , 20.74 , 14.61  

Spectral data were in accordance with literature values.5-6 

1-(2-fluorophenyl)but-1-en-1-yl acetate (1e) 

 

1H NMR (400 MHz, Chloroform-d) δ 7.32 (td, J = 7.8, 1.8 Hz, 1H), 7.26 – 7.19 (m, 1H), 

7.10 (td, J = 7.6, 1.3 Hz, 1H), 7.04 (ddd, J = 11.6, 8.2, 1.2 Hz, 1H), 5.86 (t, J = 7.3 Hz, 1H), 

2.25 (s, 3H), 2.21 – 2.07 (m, 2H), 1.07 (t, J = 7.5 Hz, 3H). 

Spectral data were in accordance with literature values.5-6 
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1-(4-methoxyphenyl)but-1-en-1-yl acetate (1h) 

 

1H NMR (400 MHz, Chloroform-d) δ 7.35 – 7.26 (m, 2H), 6.86 (dd, J = 13.2, 8.8 Hz, 2H), 

5.52 (dt, J = 123.6, 7.5 Hz, 1H), 3.81 (d, J = 4.8 Hz, 3H), 2.45 – 1.99 (m, 5H), 1.05 (dt, J = 

8.8, 7.5 Hz, 3H). 

13C NMR (101 MHz, Chloroform-d) δ 169.02 , 159.62 , 145.48 , 129.59 , 127.88 , 125.85 , 

121.15 , 118.06 , 114.01 , 113.70 , 77.36 , 55.45 , 55.40 , 21.25 , 20.84 , 20.78 , 19.77 , 14.65 , 

13.76 . 

Spectral data were in accordance with literature values.5-6 

1-(thiophen-2-yl)but-1-en-1-yl acetate  

 

1H NMR (400 MHz, Chloroform-d) δ 7.16 (dd, J = 4.9, 1.3 Hz, 1H), 6.99 – 6.89 (m, 2H), 

5.73 (t, J = 7.4 Hz, 1H), 2.28 (s, 3H), 2.10 (p, J = 7.5 Hz, 2H), 1.05 (t, J = 7.5 Hz, 3H). 

(Z)-1i, 98% stereopurity: 1H NMR (400 MHz, Chloroform-d) δ 5.73 (t, J = 7.4 Hz, 98%), 

5.42 (t, J = 7.6 Hz, 2%); and (E)-1i, 92% stereopurity: 1H NMR (400 MHz, Chloroform-d) 

δ 5.73 (t, J = 7.4 Hz, 8%), 5.42 (t, J = 7.6 Hz, 92%). 

13C NMR (101 MHz, Chloroform-d) δ 168.67 , 139.23 , 127.48 , 124.66 , 123.26 , 119.52 , 

20.71 , 19.72 , 13.54 . 

Spectral data were in accordance with literature values.5-6 

1-phenylbut-1-en-1-yl pivalate (1n) 

 

1H NMR (400 MHz, Chloroform-d) δ 7.33 – 7.29 (m, 2H), 7.26 – 7.21 (m, 2H), 7.20 – 7.17 

(m, 1H), 5.71 (t, J = 7.3 Hz, 1H), 2.04 (p, J = 7.5 Hz, 2H), 1.30 (d, J = 0.6 Hz, 9H), 0.99 (t, 
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J = 7.5 Hz, 3H). 

13C NMR (101 MHz, Chloroform-d) δ 145.88 , 128.57 , 128.05 , 124.45 , 119.73 , 39.32 , 

27.45 , 19.56 , 13.69 . 

Spectral data were in accordance with literature values.5-6 

 

 

General procedure D: preparation of diazoacetonitrile 2a: 

 

The stock solution of diazo compound 2 was prepared using a modified procedure 

reported by Hock et al.8 To a vigorously stirring solution of 1.3 g (14 mmol) of 

aminoacetonitrile hydrochloride in 1 mL of water, a solution of 0.96 g NaNO2 in 2 mL of 

water was added slowly (over 1 hour) at room temperature using a syringe pump. The rapidly 

evolving yellow gas was carefully bubbled (carrier argon gas was used) via PTFE tubing into 

7 mL of ethanol placed in a 7.5-mL sealed vial which is chilled on an ice bath. Upon the 

completion of addition, the aqueous mixture was further bubbled for 20 min to maximize the 

stock solution concentration. The vial containing the diazo ethanol solution was carefully 

removed from the ice bath and stored at –20 oC. The substrate may deactivate/polymerize 

within two days to yield a black, insoluble mixture, therefore it needed to be prepared freshly. 

The concentration of the stock solution was measured by 1H NMR with non-deuterated 

DMSO as internal standard. The diazo solution concentration was then adjusted to 400 mM 

for biotransformations unless noted. 

CAUTION: Diazo compounds are toxic and potentially explosive and should be 

handled with care in a well-ventilated hood. Do not attempt to concentrate or isolate this 

compound. 
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Characterizations of Standard Products 

(1S,2S,3S)-2-cyano-3-ethyl-1-phenylcyclopropyl acetate (3a) 

 

1H NMR (400 MHz, Chloroform-d) δ 7.39 – 7.28 (m, 5H), 2.19 (d, J = 9.3 Hz, 1H), 2.13 

(s, 3H), 1.93 – 1.84 (m, 1H), 1.80 – 1.74 (m, 1H), 1.73 – 1.63 (m, 1H), 1.20 (t, J = 7.3 Hz, 

3H). 

13C NMR (101 MHz, Chloroform-d) δ 169.72 , 137.14 , 128.71 , 128.68 , 127.39 , 116.25 , 

65.11 , 31.57 , 20.95 , 18.46 , 15.39 , 12.79 . 

Physical State: white solid. 

HRMS (FI): calcd for C14H15NO2 [M]+• 229.10887; found 229.10973. 

(1S,2S,3S)-2-cyano-3-ethyl-1-(p-tolyl)cyclopropyl acetate (3b) 

 

1H NMR (400 MHz, Chloroform-d): (400 MHz, Chloroform-d) δ 7.30 – 7.26 (m, 2H), 7.21 

– 7.06 (m, 2H), 2.33 (s, 3H), 2.14 (d, J = 9.3 Hz, 1H), 2.11 (s, 3H), 1.92 – 1.83 (m, 1H), 1.77 

– 1.72 (m, 1H), 1.71 – 1.58 (m, 1H), 1.19 (t, J = 7.3 Hz, 3H). 

13C NMR (101 MHz, Chloroform-d) δ 139.16 , 134.62 , 129.71 , 127.98 , 77.50 , 65.50 , 

31.85 , 21.62 , 21.38 , 18.86 , 15.65 , 13.21 . 

Physical State: colorless oil. 

HRMS (FI): calcd for C15H17NO2 [M]+• 243.12455; found 243.12538. 
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(1S,2S,3S)-2-cyano-3-ethyl-1-(m-tolyl)cyclopropyl acetate (3c) 

 

1H NMR (400 MHz, Chloroform-d) δ 7.28 – 7.19 (m, 2H), 7.21 – 7.13 (m, 2H), 7.20 – 7.06 

(m, 2H), 2.35 (s, 4H), 2.17 (d, J = 9.3 Hz, 1H), 2.13 (s, 3H), 1.93 – 1.83 (m, 1H), 1.80 – 1.73 

(m, 1H), 1.73 – 1.62 (m, 1H), 1.20 (t, J = 7.3 Hz, 3H). 

13C NMR (101 MHz, Chloroform-d) δ 169.79 , 138.47 , 137.12 , 129.52 , 128.61 , 127.92 , 

124.46 , 116.33 , 65.18 , 31.59 , 21.52 , 21.02 , 18.51 , 15.40 , 12.84 . 

Physical State: colorless oil. 

HRMS (FI): calcd for C15H17NO2 [M]+• 243.12432; found 243.12538. 

(1S,2S,3S)-2-cyano-3-ethyl-1-(4-fluorophenyl)cyclopropyl acetate (3d) 

 

1H NMR (400 MHz, Chloroform-d) δ 7.46 – 7.36 (m, 2H), 7.09 – 6.97 (m, 2H), 2.14 (d, J 

= 5.2 Hz, 1H), 2.11 (s, 2H), 1.93 – 1.81 (m, 1H), 1.76 – 1.62 (m, 2H), 1.20 (t, J = 7.2 Hz, 

3H). 

13C NMR (101 MHz, Chloroform-d) δ 169.84 , 164.03 , 161.55 , 133.07 (d, J = 3.3 Hz), 

130.25 (d, J = 8.5 Hz), 116.10 (d, J = 8.5 Hz), 115.72 (d, J = 21.9 Hz), 64.72 , 31.44 , 21.01 , 

18.49 , 15.30 , 12.87 . 

19F NMR (377 MHz, Chloroform-d) δ -112.15. 

Physical State: colorless oil. 

HRMS (FI): calcd for C14H14NO2F [M]+• 247.09952; found 247.10031. 
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(1S,2S,3S)-2-cyano-3-ethyl-1-(2-fluorophenyl)cyclopropyl acetate (3e) 

 

1H NMR (400 MHz, Chloroform-d) δ 7.58 (td, J = 7.5, 1.8 Hz, 1H), 7.33 (dddd, J = 8.3, 

7.4, 5.2, 1.8 Hz, 1H), 7.13 (td, J = 7.6, 1.2 Hz, 1H), 7.05 (ddd, J = 10.4, 8.2, 1.2 Hz, 1H), 

2.23 (d, J = 9.2 Hz, 1H), 2.09 (s, 3H), 1.96 – 1.89 (m, 1H), 1.80 – 1.71 (m, 1H), 1.71 – 1.66 

(m, 1H), 1.21 (t, J = 7.1 Hz, 3H). 

13C NMR (101 MHz, Chloroform-d) δ 169.84 , 164.03 , 161.55 , 133.07 (d, J = 3.3 Hz), 

130.25 (d, J = 8.5 Hz), 116.10 (d, J = 8.5 Hz), 115.72 (d, J = 21.9 Hz), 64.72 , 31.44 , 21.01 , 

18.49 , 15.30 , 12.87 . 13C NMR (101 MHz, Chloroform-d) δ 170.07 , 162.91 , 160.41 , 132.06 

(d, J = 2.8 Hz), 131.30 (d, J = 8.5 Hz), 124.11 , 124.00 (d, J = 3.7 Hz), 116.24 , 116.05 (d, J 

= 21.0 Hz), 60.89 , 30.82 (d, J = 1.2 Hz), 20.96 , 18.39 , 14.58 (d, J = 2.1 Hz), 12.64 . 

19F NMR (377 MHz, Chloroform-d) δ -114.47. 

Physical State: colorless oil. 

HRMS (FI): calcd for C14H14NO2F [M]+• 247.09949; found 247.10031. 

(1S,2S,3S)-2-cyano-3-ethyl-1-(4-chlorophenyl)cyclopropyl acetate (3f) 

 

1H NMR (400 MHz, Chloroform-d) δ 7.65 – 7.58 (m, 2H), 7.44 – 7.33 (m, 2H), 2.19 – 2.13 

(m, 1H), 1.93 (s, 3H), 1.92 – 1.80 (m, 3H), 1.12 (t, J = 2.1 Hz, 3H). 

13C NMR (101 MHz, Chloroform-d) δ 169.82 , 136.23 , 131.96 , 129.46 , 123.03 , 115.97 , 

64.66 , 31.55 , 29.85 , 20.98 , 18.46 , 15.44 , 12.84 . 

Physical State: colorless oil. 

HRMS (FI): calcd for C14H14NO2Cl [M]+• 263.07131; found 263.07143. 
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(1S,2S,3S)-2-cyano-3-ethyl-1-(4-bromophenyl)cyclopropyl acetate (3g) 

 

1H NMR (400 MHz, Chloroform-d) δ 7.54 – 7.41 (m, 2H), 7.27 (dd, J = 6.5, 2.1 Hz, 2H), 

2.15 (d, J = 9.3 Hz, 1H), 2.13 (s, 3H), 1.88 (dddd, J = 12.9, 7.5, 5.0, 2.1 Hz, 1H), 1.76 – 1.72 

(m, 1H), 1.70 – 1.63 (m, 1H), 1.19 (t, J = 7.2 Hz, 3H). 

13C NMR (101 MHz, Chloroform-d) δ 169.68 , 131.82 , 129.33 , 122.90 , 115.83 , 99.99, 

64.52 , 20.84 , 18.32 , 15.31 . 

Physical State: colorless oil. 

HRMS (FI): calcd for C14H14NO2Br [M]+• 307.01999; found 307.02024. 

(1S,2S,3S)-2-cyano-3-ethyl-1-(4-methoxyphenyl)cyclopropyl acetate (3h) 

 

1H NMR (400 MHz, Chloroform-d) δ 7.41 – 7.31 (m, 2H), 6.90 – 6.81 (m, 2H), 3.79 (s, 

3H), 2.11 (s, 1H), 2.09 (s, 3H), 1.95 – 1.81 (m, 1H), 1.78 – 1.71 (m, 1H), 1.71 – 1.61 (m, 

1H), 1.20 (t, J = 7.3 Hz, 3H). 

13C NMR (101 MHz, Chloroform-d) δ 169.85 , 159.90 , 129.83 , 129.27 , 116.48 , 113.93 , 

65.11 , 55.43 , 31.32 , 21.04 , 18.52 , 15.10 , 12.87 . 

Physical State: colorless oil. 

HRMS (FI): calcd for C15H17NO3 [M]+• 259.11850; found 259.12029. 
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(1S,2S,3S)-2-cyano-3-ethyl-1-(thiophen-2-yl)cyclopropyl acetate (3i) 

 

1H NMR (400 MHz, Chloroform-d) δ 7.28 (dd, J = 5.1, 1.2 Hz, 1H), 7.11 (dd, J = 3.6, 1.3 

Hz, 1H), 6.93 (dd, J = 5.1, 3.6 Hz, 1H), 2.22 (d, J = 9.5 Hz, 1H), 2.14 (s, 3H), 1.91 – 1.84 

(m, 2H), 1.68 – 1.64 (m, 1H), 1.19 (t, J = 7.3 Hz, 4H). 

13C NMR (101 MHz, Chloroform-d) δ 169.78 , 140.74 , 127.84 , 126.98 , 126.72 , 115.91 , 

60.53 , 32.75 , 29.85 , 21.01 , 18.54 , 17.18 , 12.72 . 

Physical State: off-white solid. 

HRMS (FI): calcd for C12H13NO2S [M]+• 235.06513; found 235.06615. 

(1S,2S,3S)-2-cyano-3-ethyl-1-(4-hydroxyphenyl)cyclopropyl acetate (3j) 

 

1H NMR (400 MHz, Chloroform-d) δ 7.35 – 7.29 (m, 2H), 6.79 – 6.74 (m, 2H), 2.10 (s, 

3H), 2.09 (d, J = 6.1 Hz, 4H), 1.90 – 1.84 (m, 1H), 1.74 – 1.64 (m, 2H), 1.20 (t, J = 7.3 Hz, 

3H). 

13C NMR (101 MHz, Chloroform-d) δ 170.07 , 156.09 , 130.15 , 129.44 , 116.48 , 115.47 , 

65.16 , 31.36 , 21.12 , 18.55 , 15.14 . 

Physical State: white solid. 

HRMS (FI): calcd for C14H15NO3 [M]+• 245.10519; found 245.10427. 
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(1S,2S,3S)-2-cyano-3-methyl-1-phenylcyclopropyl acetate (3k) 

 

1H NMR (400 MHz, Chloroform-d) δ 7.40 – 7.26 (m, 5H), 2.14 (s, 3H), 2.09 (d, J = 9.6 Hz, 

1H), 2.06 – 1.97 (m, 1H), 1.43 (d, J = 6.3 Hz, 3H). 

13C NMR (101 MHz, Chloroform-d) δ 169.79 , 137.12 , 128.81 , 128.75 , 127.34 , 116.16 , 

64.97 , 24.39 , 20.94 , 16.31 , 9.68 . 

Physical State: white solid. 

HRMS (FI): calcd for C13H13NO2 [M]+• 215.09332; found 215.09408. 

(1S,2S,3S)-2-cyano-1-phenyl-3-propylcyclopropyl acetate (3l) 

 

1H NMR (400 MHz, Chloroform-d) δ 7.40 – 7.27 (m, 5H), 2.21 (d, J = 9.5 Hz, 1H), 2.14 

(s, 3H), 1.89 – 1.76 (m, 2H), 1.72 – 1.57 (m, 3H), 1.04 (t, J = 7.2 Hz, 3H). 

13C NMR (101 MHz, Chloroform-d) δ 169.80 , 137.23 , 128.76 , 128.74 , 127.35 , 116.38 , 

64.99 , 29.96 , 26.90 , 21.71 , 21.03 , 15.57 , 14.04 . 

Physical State: colorless oil. 

HRMS (FI): calcd for C15H17NO2 [M]+• 243.12491; found 243.12538. 
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(1S,2S,3S)-2-cyano-3-methyl-1-(p-tolyl)cyclopropyl acetate (3m) 

 

1H NMR (400 MHz, Chloroform-d) δ 7.30 – 7.25 (m, 2H), 7.19 – 7.10 (m, 2H), 2.33 (s, 

3H), 2.13 (s, 3H), 2.09 – 1.93 (m, 2H), 1.42 (d, J = 6.2 Hz, 3H). 

13C NMR (101 MHz, Chloroform-d) δ 169.83 , 138.87 , 134.23 , 129.39 , 127.56 , 116.30 , 

64.99 , 24.27 , 21.29 , 20.99 , 16.17 , 9.72 . 

Physical State: colorless oil. 

HRMS (FI): calcd for C14H15NO2 [M]+• 229.11028; found 229.10988. 

 

(1S,2S,3S)-2-cyano-3-ethyl-1-phenylcyclopropyl pivalate (3n) 

 

1H NMR (400 MHz, Chloroform-d) δ 7.35 – 7.28 (m, 5H), 2.24 – 2.18 (m, 1H), 1.90 – 1.81 

(m, 1H), 1.80 – 1.74 (m, 1H), 1.74 – 1.64 (m, 1H), 1.24 (s, 9H), 1.22 – 1.18 (m, 3H). 

13C NMR (101 MHz, Chloroform-d) δ 177.04 , 137.40 , 128.78 , 128.63 , 126.96 , 116.19 , 

77.36 , 64.51 , 39.03 , 31.70 , 29.86 , 27.01 , 18.46 , 15.47 , 12.88 . 

Physical State: white solid. 

HRMS (FI): calcd for C17H21NO2 [M]+• 271.15670; found 271.15723. 
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Synthesis of Reference Compounds 

General procedure E: preparation of α-branched ketones 4: 

 

α-Branched ketones were prepared using a modified procedure reported by Kleij et 

al.9 A solution of lithium bis(trimethylsilyl)amide (LiHMDS, 1.0 M in THF, 12.0 mmol, 1.2 

equiv.) in THF (10 mL) was cooled to –78 ºC. A solution of ketone (10 mmol, 1.0 equiv.) in 

THF (10 mL) was added dropwise, and the resultant solution was stirred at -78 ºC for 1 h. 

After that, a solution of bromoacetonitrile (12.0 mmol, 1.2 equiv) in THF (10 mL) was added 

dropwise and the reaction mixture was stirred at -78 ºC for 1 h, quenched with hydrochloric 

acid (1 N) and extracted with Et2O (3 × 20 mL). The combined organic layers were dried 

over anhydrous Na2SO4, filtered and evaporated under reduced pressure. The crude product 

was then purified by flash chromatography affording product α-branched ketones 4. 
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3-benzoylpentanenitrile (4a) 

 

1H NMR (400 MHz, Chloroform-d) δ 8.03 – 7.87 (m, 2H), 7.67 – 7.55 (m, 1H), 7.55 – 

7.44 (m, 2H), 3.77 (ddd, J = 13.0, 6.9, 6.0 Hz, 1H), 2.74 (dd, J = 16.9, 6.8 Hz, 1H), 2.64 

(dd, J = 16.9, 7.2 Hz, 1H), 1.99 – 1.88 (m, 1H), 1.85 – 1.70 (m, 1H), 0.91 (t, J = 7.5 Hz, 

3H). 

13C NMR (101 MHz, Chloroform-d) δ 199.91 , 135.63 , 133.86 , 129.04 , 128.48 , 118.75 , 

43.95 , 25.25 , 18.00 , 10.49 . 

Physical State: colorless oil. 

HRMS (ESI): calcd for C12H14NO [M+H]+ 188.1075; found 188.1080. 

3-(4-methylbenzoyl)pentanenitrile (4b) 

 

1H NMR (400 MHz, Chloroform-d) δ 7.92 – 7.76 (m, 2H), 7.39 – 7.26 (m, 2H), 3.74 (ddd, 

J = 13.1, 7.1, 6.1 Hz, 1H), 2.72 (dd, J = 16.9, 6.7 Hz, 1H), 2.63 (dd, J = 16.9, 7.4 Hz, 1H), 

2.43 (s, 3H), 1.97 – 1.87 (m, 1H), 1.84 – 1.71 (m, 1H), 0.90 (t, J = 7.5 Hz, 3H). 

13C NMR (101 MHz, Chloroform-d) δ 199.52 , 144.91 , 133.19 , 129.75 , 128.66 , 118.86 , 

43.83 , 25.41 , 21.84 , 18.13 , 10.55 . 

Physical State: colorless oil. 

HRMS (ESI): calcd for C13H16NO [M+H]+ 202.1232; found 202.1215. 
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3-(3-methylbenzoyl)pentanenitrile (4c) 

 

1H NMR (400 MHz, Chloroform-d) δ 7.78 – 7.68 (m, 2H), 7.46 – 7.34 (m, 2H), 3.80 – 

3.72 (m, 1H), 2.73 (dd, J = 16.9, 6.7 Hz, 1H), 2.63 (dd, J = 17.0, 7.3 Hz, 1H), 1.99 – 1.85 

(m, 1H), 1.83 – 1.71 (m, 1H), 0.90 (t, J = 7.5 Hz, 3H). 

13C NMR (101 MHz, Chloroform-d) δ 200.14 , 138.96 , 135.73 , 134.66 , 129.00 , 128.89 , 

125.69 , 118.80 , 43.96 , 25.27 , 21.51 , 18.05 , 10.48 . 

Physical State: colorless oil. 

HRMS (ESI): calcd for C13H16NO [M+H]+ 202.1232; found 202.1238. 

3-(4-fluorobenzoyl)pentanenitrile (4d) 

 

1H NMR (400 MHz, Chloroform-d) δ 8.03 – 7.93 (m, 2H), 7.22 – 7.12 (m, 2H), 3.78 – 

3.67 (m, 1H), 2.74 (dd, J = 16.9, 6.9 Hz, 1H), 2.64 (dd, J = 16.9, 7.1 Hz, 1H), 2.01 – 1.85 

(m, 1H), 1.84 – 1.70 (m, 1H), 0.91 (t, J = 7.5 Hz, 3H). 

 

13C NMR (101 MHz, Chloroform-d) δ 198.34 , 167.53 , 164.98 , 132.09 (d, J = 2.9 Hz), 

131.24 (d, J = 9.4 Hz), 118.65 , 116.28 (d, J = 22.0 Hz), 44.00 , 25.38 , 18.10 , 10.54 . 

19F NMR (377 MHz, Chloroform-d) δ -103.74 . 

Physical State: colorless oil. 

HRMS (ESI): calcd for C12H13NOF [M+H]+ 206.0981; found 206.0970. 
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3-(2-fluorobenzoyl)pentanenitrile (4e) 

 

1H NMR (400 MHz, Chloroform-d) δ 7.84 (td, J = 7.6, 1.9 Hz, 1H), 7.57 (dddd, J = 8.3, 

7.1, 5.1, 1.9 Hz, 1H), 7.29 – 7.25 (m, 1H), 7.16 (ddd, J = 11.4, 8.3, 1.1 Hz, 1H), 3.68 (qd, J 

= 6.7, 5.2 Hz, 1H), 2.77 (ddd, J = 16.9, 6.7, 1.0 Hz, 1H), 2.63 (ddd, J = 16.9, 6.8, 0.9 Hz, 

1H), 1.99 – 1.90 (m, 1H), 1.71 (dddd, J = 14.2, 7.6, 6.7, 0.9 Hz, 1H), 0.93 (t, J = 7.5 Hz, 3H). 

13C NMR (101 MHz, Chloroform-d) δ 198.30 (d, J = 4.2 Hz), 161.52 (d, J = 253.8 Hz), 

135.32 (d, J = 9.2 Hz), 131.27 (d, J = 2.5 Hz), 125.08 (d, J = 3.4 Hz), 124.59 (d, J = 12.5 

Hz), 118.67 , 116.90 (d, J = 23.9 Hz), 48.51 (d, J = 7.6 Hz), 24.24 (d, J = 1.4 Hz), 17.46 , 

10.55 . 

19F NMR (377 MHz, Chloroform-d) δ -110.81 . 

Physical State: colorless oil. 

HRMS (ESI): calcd for C12H13NOF [M+H]+ 206.0981; found 206.0964. 

3-(4-chlorobenzoyl)pentanenitrile (4f) 

 

1H NMR (400 MHz, Chloroform-d) δ 7.92 – 7.74 (m, 2H), 7.64 – 7.36 (m, 2H), 3.77 – 3.66 

(m, 1H), 2.73 (dd, J = 17.0, 6.9 Hz, 1H), 2.64 (dd, J = 16.9, 7.1 Hz, 1H), 1.98 – 1.84 (m, 1H), 

1.80 – 1.70 (m, 1H), 0.91 (t, J = 7.5 Hz, 3H). 

13C NMR (101 MHz, Chloroform-d) δ 198.75 , 140.50 , 133.96 , 129.92 , 129.44 , 118.58 , 

44.05 , 25.31 , 18.02 , 10.51 . 

Physical State: colorless oil. 

HRMS (ESI): calcd for C12H13NOCl [M+H]+ 222.0686; found 222.0685. 
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3-(4-bromobenzoyl)pentanenitrile (4g) 

 

1H NMR (400 MHz, Chloroform-d) δ 7.90 – 7.68 (m, 2H), 7.79 – 7.52 (m, 2H), 3.75 – 3.66 

(m, 1H), 2.74 (dd, J = 16.9, 6.9 Hz, 1H), 2.64 (dd, J = 16.9, 7.1 Hz, 1H), 1.98 – 1.88 (m, 1H), 

1.80 – 1.73 (m, 1H), 0.91 (t, J = 7.5 Hz, 3H). 

13C NMR (101 MHz, Chloroform-d) δ 198.83 , 134.24 , 132.32 , 129.87 , 129.14 , 118.43 , 

77.22 , 43.91 , 25.17 , 17.88 , 10.37 . 

Physical State: colorless oil. 

HRMS (ESI): calcd for C12H13NOBr [M+H]+ 266.0181; found 266.0200. 

3-(4-methoxybenzoyl)pentanenitrile (4h) 

 

1H NMR (400 MHz, Chloroform-d) δ 8.11 – 7.89 (m, 2H), 6.97 (dd, J = 9.0, 2.4 Hz, 2H), 

3.88 (s, 1H), 3.78 – 3.66 (m, 1H), 2.72 (ddd, J = 16.9, 6.8, 2.2 Hz, 1H), 2.63 (ddd, J = 17.0, 

7.3, 2.3 Hz, 1H), 1.98 – 1.86 (m, 1H), 1.85 – 1.71 (m, 1H), 0.91 (td, J = 7.5, 2.2 Hz, 3H). 

13C NMR (101 MHz, Chloroform-d) δ 198.33 , 164.17 , 130.90 , 128.67 , 118.93 , 114.23 , 

55.70 , 43.59 , 25.57 , 18.28 , 10.63 . 

Physical State: colorless oil. 

HRMS (ESI): calcd for C13H16NO2 [M+H]+ 218.1181; found 218.1163. 

3-(thiophene-2-carbonyl)pentanenitrile (4i) 

 

1H NMR (400 MHz, Chloroform-d) δ 7.74 (ddd, J = 15.2, 4.4, 1.1 Hz, 2H), 7.18 (dd, J = 

5.0, 3.8 Hz, 1H), 3.62 – 3.50 (m, 1H), 2.64 (dd, J = 17.0, 7.4 Hz, 1H), 1.96 (ddd, J = 14.3, 

7.6, 6.8 Hz, 1H), 1.84 (ddd, J = 12.4, 7.5, 6.0 Hz, 1H), 0.95 (t, J = 7.5 Hz, 3H). 
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13C NMR (101 MHz, Chloroform-d) δ 192.53 , 143.05 , 135.07 , 132.60 , 128.47 , 118.34 , 

99.98 , 77.22 , 45.58 , 25.89 , 18.48 , 10.79 . 

Physical State: colorless oil. 

HRMS (ESI): calcd for C10H12NOS [M+H]+ 194.0640; found 194.0646. 

3-(4-hydroxybenzoyl)pentanenitrile (4j) 

 

1H NMR (400 MHz, Chloroform-d) δ 7.84 (d, J = 10.0 Hz, 2H), 6.93 – 6.86 (m, 2H), 3.77 

– 3.63 (m, 1H), 2.74 (dd, J = 16.6, 7.5 Hz, 1H), 2.62 (dd, J = 16.6, 7.1 Hz, 1H), 1.95 – 1.81 

(m, 1H), 1.80 – 1.65 (m, 1H), 0.90 (t, J = 7.7 Hz, 3H). 

13C NMR (101 MHz, Chloroform-d) δ 199.13 , 161.79 , 131.26 , 128.06 , 118.98 , 115.95 , 

43.57 , 25.70 , 18.26 , 10.72 . 

Physical State: colorless oil. 

HRMS (ESI): calcd for C12H14NO2 [M+H]+ 204.1025; found 204.1011. 

3-methyl-4-oxo-4-phenylbutanenitrile (4k) 

 

1H NMR (400 MHz, Chloroform-d) δ 7.91 – 7.83 (m, 2H), 7.59 – 7.50 (m, 1H), 7.48 – 7.38 

(m, 2H), 3.81 – 3.67 (m, 1H), 2.68 (dd, J = 16.9, 5.8 Hz, 1H), 2.55 (dd, J = 16.9, 8.1 Hz, 1H), 

1.33 (d, J = 7.2 Hz, 3H). 

13C NMR (101 MHz, Chloroform-d) δ 199.90 , 134.69 , 133.82 , 128.97 , 128.48 , 118.61 , 

77.23 , 38.11 , 20.40 , 18.12 . 

Physical State: colorless oil. 

HRMS (ESI): calcd for C11H12NO [M+H]+ 174.0919; found 174.0914. 
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3-benzoylhexanenitrile (4l) 

 

1H NMR (400 MHz, Chloroform-d) δ 8.01 – 7.87 (m, 2H), 7.67 – 7.57 (m, 1H), 7.55 – 7.46 

(m, 2H), 3.83 – 3.77 (m, 1H), 2.75 (dd, J = 16.9, 6.8 Hz, 1H), 2.63 (dd, J = 16.9, 6.9 Hz, 1H), 

1.91 – 1.77 (m, 1H), 1.72 – 1.60 (m, 1H), 1.41 – 1.26 (m, 2H), 0.91 (t, J = 7.3 Hz, 3H). 

13C NMR (101 MHz, Chloroform-d) δ 200.12 , 135.69 , 133.91 , 129.09 , 128.53 , 118.76 , 

42.78 , 34.47 , 19.78 , 18.65 , 14.09 . 

Physical State: colorless oil. 

HRMS (ESI): calcd for C13H16NO [M+H]+ 202.1232; found 202.1257. 

3-methyl-4-oxo-4-(p-tolyl)butanenitrile (4m) 

 

1H NMR (400 MHz, Chloroform-d) δ 7.84 (d, J = 8.3 Hz, 2H), 7.36 – 7.26 (m, 2H), 3.83 – 

3.74 (m, 1H), 2.73 (dd, J = 16.9, 5.8 Hz, 1H), 2.61 (dd, J = 16.9, 8.2 Hz, 1H), 2.43 (s, 3H), 

1.39 (d, J = 7.2 Hz, 3H). 

13C NMR (101 MHz, Chloroform-d) δ 199.63 , 144.95 , 132.31 , 129.78 , 128.74 , 118.84 , 

38.08 , 21.85 , 20.55 , 18.34 . 

Physical State: colorless oil. 

HRMS (ESI): calcd for C12H14NO [M+H]+ 188.1075; found 188.1080. 

 

HPLC Calibration Curves 

Calibration curves of synthesized reference compounds were created for the 

determination of yield and TTN. For each substrate, four different concentrations of product 

(1, 2, 4, and 6 mM) with 2 mM internal standard in 375-μL acetonitrile solutions were mixed 

each with 375 μL water. The mixtures were vortexed and then analyzed by HPLC based on 

UV absorbance at 210 nm. All data points represent the average of duplicate runs. The 

calibration curves depict the ratio of product area to internal standard area (x-axis) against 
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product concentration in mM (y-axis). Notes: Pdt = product area, IS = internal standard 

area, [Pdt] = product concentration in reaction, [PC] = protein concentration in reaction, Avg. 

TTN = average total turnover number, SD TTN = standard deviation of TTN, Avg. Yield = 

average yield, SD Yield = standard deviation of yield.  

Note: Data points represent average of duplicate runs; Pdt, product; IS, internal standard; 

PC, protein concentration; SD, standard deviation; Avg., average. 

(E)-1-phenylbut-1-en-1-yl acetate ((E)-1a) 

 

(1S,2S,3S)-2-cyano-3-ethyl-1-phenylcyclopropyl acetate (3a) 

 

y = 3.9437x
R² = 0.9979
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3-benzoylpentanenitrile (4a) 

 

(1S,2S,3S)-2-cyano-3-ethyl-1-(p-tolyl)cyclopropyl acetate (3b) 

 

y = 4.8777x
R² = 0.9991
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3-(4-methylbenzoyl)pentanenitrile (4b) 

 

(1S,2S,3S)-2-cyano-3-ethyl-1-(m-tolyl)cyclopropyl acetate (3c) 

 

y = 3.7154x
R² = 1
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3-(3-methylbenzoyl)pentanenitrile (4c) 

 

(1S,2S,3S)-2-cyano-3-ethyl-1-(4-fluorophenyl)cyclopropyl acetate (3d) 

 

y = 2.4634x
R² = 0.9998
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3-(4-fluorobenzoyl)pentanenitrile (4d) 

 

(1S,2S,3S)-2-cyano-3-ethyl-1-(2-fluorophenyl)cyclopropyl acetate (3e) 

 

y = 3.9897x
R² = 0.9998
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(1S,2S,3S)-2-cyano-3-ethyl-1-(4-chlorophenyl)cyclopropyl acetate (3f)  

 

3-(4-chlorobenzoyl)pentanenitrile (4f) 

 

y = 1.4141x
R² = 0.9975
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(1S,2S,3S)-2-cyano-3-ethyl-1-(4-bromophenyl)cyclopropyl acetate (3g) 

 

3-(4-bromobenzoyl)pentanenitrile (4g) 

 

y = 6.0975x
R² = 1
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(1S,2S,3S)-2-cyano-3-ethyl-1-(4-methoxyphenyl)cyclopropyl acetate (3h) 

 

3-(4-methoxybenzoyl)pentanenitrile (4h) 

 

y = 9.6315x
R² = 0.9998
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(1S,2S,3S)-2-cyano-3-ethyl-1-(thiophen-2-yl)cyclopropyl acetate (3i)  

 

3-(thiophene-2-carbonyl)pentanenitrile (4i) 

 

y = 18.64x
R² = 0.9994
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(1S,2S,3S)-2-cyano-3-ethyl-1-(4-hydroxyphenyl)cyclopropyl acetate (3j) 

 

3-(4-hydroxybenzoyl)pentanenitrile (4j) 

 

y = 14.521x
R² = 0.9998
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(1S,2S,3S)-2-cyano-3-methyl-1-phenylcyclopropyl acetate (3k) 

 

3-methyl-4-oxo-4-phenylbutanenitrile (4k) 

 

y = 7.0649x
R² = 0.9998
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(1S,2S,3S)-2-cyano-1-phenyl-3-propylcyclopropyl acetate (3l) 

 

3-benzoylhexanenitrile (4l) 

 

y = 5.1318x
R² = 1
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(1S,2S,3S)-2-cyano-3-methyl-1-(p-tolyl)cyclopropyl acetate (3m)  

 

3-methyl-4-oxo-4-(p-tolyl)butanenitrile (4m) 

 

y = 6.6222x
R² = 0.9997
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(1S,2S,3S)-2-cyano-3-ethyl-1-phenylcyclopropyl pivalate (3n) 

 

 

Enantioselectivity Determinations 

Stereopurity determination of 1a before and after P411-INC-5185-catalyzed 

cyclopropanation of a Z/E mixture of 1a. 

The stereochemistry of mixed 1a was determined by comparing the elution order of 

each two diastereomers with pure (Z)-1a and (E)-1a that obtained from Chiral 

chromatographic separations (see 0). GC-FID was used to determine the Z/E ratios as below.  

(Z)-1-phenylbut-1-en-1-yl acetate ((Z)-1a) 

 
 

GC-FID Column: HP-5ms Ultra Inert Column (Part Number:19091S-413UIJ&W; HP-

5ms Ultra Inert GC Column, 30 m, 0.32 mm, 0.25 µm, 7 inch cage);  

GC-FID method: Hold at 100 oC for 2 min, ramp to 300 oC at 50 oC / min, and hold at 

300 oC for 2 min. 
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(E)-1-phenylbut-1-en-1-yl acetate ((E)-1a) 

 
 

GC-FID Column: HP-5ms Ultra Inert Column (Part Number:19091S-413UIJ&W; HP-

5ms Ultra Inert GC Column, 30 m, 0.32 mm, 0.25 µm, 7 inch cage);  

GC-FID method: Hold at 100 oC for 2 min, ramp to 300 oC at 50 oC / min, and hold at 

300 oC for 2 min. 
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(Z)- and (E)-1-phenylbut-1-en-1-yl acetate ((Z)- and (E)-1a) 

 
 

GC-FID Column: HP-5ms Ultra Inert Column (Part Number:19091S-413UIJ&W; HP-

5ms Ultra Inert GC Column, 30 m, 0.32 mm, 0.25 µm, 7 inch cage);  

GC-FID method: Hold at 100 oC for 2 min, ramp to 300 oC at 50 oC / min, and hold at 

300 oC for 2 min. 

 

Z/E ratio of 1a before P411-INC-5185-catalyzed cyclopropanation: Z (right peak) /E (left 

peak) = 1:1 

 

 

Z/E ratio of 1a after P411-INC-5185-catalyzed cyclopropanation: Z (right peak) /E (left 

peak) = 2:98 
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General procedure F: Enantioselectivity determinations of cyclopropanated products 

3 

 

A solution of 3 (100 µL, 13.32 mM in methanol) was prepared and transferred to a 

2-mL screw-cap vial. After cooling down to 4 ºC, a solution of lithium hydroxide (0.4 µL, 

LiOH, 0.5 M in H2O, 15 mol%) was added, and the resulting solution was shaken at 600 rpm 

and 4 ºC for 3 hours unless otherwise noted. After that, the mixture was quenched with a 

mixture of hexane and H2O (1:1, 1000 µL in total) in 1.7-mL Eppendorf tube before 

vortexing (20 s × 2) and centrifugation (14,000 × g, 5 min, 4 °C). The organic phase was 

then carefully transferred to a 2-mL screw-cap vial, concentrated and subjected to normal-

phase HPLC to determine the e.e. of 4. 

To determine the enantiomeric excess (e.e.), cyclopropanated products 3 were 

converted into α-branched ketone products 4. The absolute stereochemistry for enzymatic 

products 3j and 3k was assigned as S, S, S through x-ray crystallography (see Section 12). 

The other polysubstituted cyclopropyl acetates 3 were assigned by analogy.  



 

 

98 

Note:  

1. In most cases, the racemization of 4 occurs when extending the reaction time to more than 

4 h under standard reaction conditions.  

2. For some samples, we found the retention time drifts in normal-phase HPLC. 

 

(S)-3-benzoylpentanenitrile (4a; obtained from 3a) 

 

Chiral-phase HPLC conditions: Chiralpak IB, 15% i-PrOH in hexane, 1.0 mL/min, 25 

ºC, 254 nm 

 

Racemic 4a: 
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Enzymatic synthesis with P411-INC-5185: 95% e.e. 

 
 

Enzymatic synthesis with P411-INC-5186: 98% e.e. 

 
 

(S)-3-(4-methylbenzoyl)pentanenitrile (4b; obtained from 3b) 

 

Chiral-phase HPLC conditions: Chiralpak IA, 5% i-PrOH in hexane, 1.0 mL/min, 25 ºC, 

245 nm 
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Racemic 4b: 

 
 

Enzymatic synthesis with P411-INC-5185: 94% e.e. 
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Enzymatic synthesis with P411-INC-5186: 95% e.e. 

 

(S)-3-(3-methylbenzoyl)pentanenitrile (4c; obtained from 3c) 

 

Chiral-phase HPLC conditions: Chiralpak IB, 15% i-PrOH in hexane, 1.0 mL/min, 25 

ºC, 245 nm 

Racemic 4c: 
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Enzymatic synthesis with P411-INC-5185: >99% e.e. 

 
 

Enzymatic synthesis with P411-INC-5186: 95% e.e. 
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(S)-3-(4-fluorobenzoyl)pentanenitrile (4d; obtained from 3d) 

 

Chiral-phase HPLC conditions: Chiralpak IA, 5% i-PrOH in hexane, 1.0 mL/min, 25 ºC, 

245 nm 

Racemic 4d: 

 
 
Enzymatic synthesis with P411-INC-5185: 93% e.e. 
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Enzymatic synthesis with P411-INC-5186: 96% e.e. 

 
 
 

(S)-3-(2-fluorobenzoyl)pentanenitrile (4e; obtained from 3e) 

 

Chiral-phase HPLC conditions: Chiralpak IA, 5% i-PrOH in hexane, 1.0 mL/min, 25 ºC, 

245 nm 

Racemic 4e: 
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Enzymatic synthesis with P411-INC-5185: >99% e.e. 

 

(S)-3-(4-chlorobenzoyl)pentanenitrile (4f; obtained from 3f) 

 

Chiral-phase HPLC conditions: Chiralpak IA, 5% i-PrOH in hexane, 1.0 mL/min, 25 ºC, 

254 nm 

Racemic 4f: 
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Enzymatic synthesis with P411-INC-5186: >99% e.e. 

 

(S)-3-(4-bromobenzoyl)pentanenitrile (4g; from 3g) 

 

Chiral-phase HPLC conditions: Chiralpak IA, 5% i-PrOH in hexane, 1.0 mL/min, 25 ºC, 

245 nm 

Racemic 4g: 
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Enzymatic synthesis with P411-INC-5185: 98% e.e. 

 
 

Enzymatic synthesis with P411-INC-5186: 98% e.e. 

 
 



 

 

108 

(S)-3-(4-methoxybenzoyl)pentanenitrile (4h; from 3h) 

 

Chiral-phase HPLC conditions: Chiralpak IA, 5% i-PrOH in hexane, 1.0 mL/min, 25 ºC, 

245 nm 

Racemic 4h: 

 
 

Enzymatic synthesis with P411-INC-5185: >99% e.e. 
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Enzymatic synthesis with P411-INC-5186: 97% e.e. 

 

(S)-3-(thiophene-2-carbonyl)pentanenitrile (4i; from 3i) 

 

Chiral-phase HPLC conditions: Chiralpak IB, 15% i-PrOH in hexane, 1.0 mL/min, 25 

ºC, 245 nm 

Racemic 4i: 
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Enzymatic synthesis with P411-INC-5185: >99% e.e. 

 
 

 

Chiral-phase HPLC conditions: Chiralpak IB, 20% i-PrOH in hexane, 1.0 mL/min, 25 

ºC, 254 nm 

 

Racemic 4i: 
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Enzymatic synthesis with P411-INC-5186: >99% e.e. 

 
 

(S)-3-methyl-4-oxo-4-phenylbutanenitrile (4k; from 3k) 

 

Chiral-phase HPLC conditions: Chiralpak IB, 15% i-PrOH in hexane, 1.0 mL/min, 25 

ºC, 245 nm 

Racemic 4k: 
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Enzymatic synthesis with P411-INC-5185: .>99% e.e. 

 
 

Chiral-phase HPLC conditions: Chiralpak IB, 15% i-PrOH in hexane, 1.0 mL/min, 25 

ºC, 254 nm 

Racemic 4k: 
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Enzymatic synthesis with P411-INC-5186: 93% e.e. 

 
 

(S)-3-benzoylhexanenitrile (4l; from 3l) 

 

Chiral-phase HPLC conditions: Chiralpak IB, 15% i-PrOH in hexane, 1.0 mL/min, 25 

ºC, 245 nm 

Racemic 4l: 
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Enzymatic synthesis with P411-INC-5185: 94% e.e. 

 
 

Chiral-phase HPLC conditions: Chiralpak IB, 15% i-PrOH in hexane, 1.0 mL/min, 25 

ºC, 254 nm 

 

Racemic 4l: 
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Enzymatic synthesis with P411-INC-5186: 91% e.e. 

 
 

(S)-3-methyl-4-oxo-4-(p-tolyl)butanenitrile (4m; from 3m) 

 

Chiral-phase HPLC conditions: Chiralpak IA, 3% i-PrOH in hexane, 1.0 mL/min, 25 ºC, 

254 nm 

Racemic 4m: 
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Enzymatic synthesis with P411-INC-5185: 93% e.e. 

 
 
 
Enzymatic synthesis with P411-INC-5186: 93% e.e. 
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(S)-3-benzoylpentanenitrile (4a; obtained from 3n) 

 

Chiral-phase HPLC conditions: Chiralpak IB, 15% i-PrOH in hexane, 1.0 mL/min, 25 

ºC, 254 nm 

Racemic 4a: 

 
 

Enzymatic synthesis with P411-INC-5186: 94% e.e. 
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Enantioselectivity determinations of α-branched ketone products 4 

The absolute stereochemistry for enzymatic products 4j and 4k were assigned to be 

S by comparing the elution order of each of the two enantiomers with 4j and 4k that was 

obtained from 3j and 3k according to the General procedure F:. The other α-branched ketone 

products 4 were assigned by analogy.  

Note: For some samples, we found the retention time drifts in normal-phase HPLC. 

(S)-3-benzoylpentanenitrile (4a) 

 

Chiral-phase HPLC conditions: Chiralpak IB, 15% i-PrOH in hexane, 1.0 mL/min, 25 

ºC, 254 nm 

Racemic 4a: 
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Enzymatic preparation of 4a with P411-INC-5186: 97% e.e. 
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(S)-3-(4-methylbenzoyl)pentanenitrile (4b) 

 

Chiral-phase HPLC conditions: Chiralpak IA, 5% i-PrOH in hexane, 1.0 mL/min, 25 ºC, 

245 nm 

 

Racemic 4b: 

 
 

Enzymatic preparation of 4b with P411-INC-5186: >99% e.e. 
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(S)-3-(3-methylbenzoyl)pentanenitrile (4c) 

 

Chiral-phase HPLC conditions: Chiralpak IB, 15% i-PrOH in hexane, 1.0 mL/min, 25 

ºC, 254 nm 

Racemic 4c: 

 
 

Enzymatic preparation of 4c with P411-INC-5186: >99% e.e. 
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(S)-3-(4-fluorobenzoyl)pentanenitrile (4d) 

 

Chiral-phase HPLC conditions: Chiralpak IA, 5% i-PrOH in hexane, 1.0 mL/min, 25 ºC, 

254 nm 

Racemic 4d: 

 
 
Enzymatic preparation of 4d with P411-INC-5186: >99% e.e. 
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(S)-3-(4-chlorobenzoyl)pentanenitrile (4f) 

 

Chiral-phase HPLC conditions: Chiralpak IA, 5% i-PrOH in hexane, 1.0 mL/min, 25 ºC, 

245 nm 

Racemic 4f: 

 
 
Enzymatic preparation of 4f with P411-INC-5186: >99% e.e. 
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(S)-3-(4-bromobenzoyl)pentanenitrile (4g) 

 

Chiral-phase HPLC conditions: Chiralpak IA, 5% i-PrOH in hexane, 1.0 mL/min, 25 ºC, 

245 nm 

Racemic 4g: 

 
 
Enzymatic preparation of 4g with P411-INC-5186: >99% e.e. 
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(S)-3-(4-methoxybenzoyl)pentanenitrile (4h) 

 

Chiral-phase HPLC conditions: Chiralpak IA, 5% i-PrOH in hexane, 1.0 mL/min, 25 ºC, 

254 nm 

Racemic 4h: 

 
 

Enzymatic preparation of 4h with P411-INC-5186: >99% e.e. 
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(S)-3-(thiophene-2-carbonyl)pentanenitrile (4i) 

 

Chiral-phase HPLC conditions: Chiralpak IB, 20% i-PrOH in hexane, 1.0 mL/min, 25 

ºC, 254 nm 

Racemic 4i: 

 
 

Enzymatic preparation of 4i with P411-INC-5186: >99% e.e. 
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(S)-3-(4-hydroxybenzoyl)pentanenitrile (4j) 

 

Chiral-phase HPLC conditions: Chiralpak IA, 3% i-PrOH in hexane, 1.0 mL/min, 25 ºC, 

254 nm 

Racemic 4j: 

 
 
Enzymatic preparation of 4j with P411-INC-5186: >99% e.e. 
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(S)-3-methyl-4-oxo-4-phenylbutanenitrile (4k) 

 

Chiral-phase HPLC conditions: Chiralpak IB, 15% i-PrOH in hexane, 1.0 mL/min, 25 

ºC, 254 nm 

Racemic 4k: 

 
 
Enzymatic preparation of 4k with P411-INC-5186: >99% e.e. 
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(S)-3-benzoylhexanenitrile (4l) 

 

Chiral-phase HPLC conditions: Chiralpak IB, 15% i-PrOH in hexane, 1.0 mL/min, 25 

ºC, 254 nm 

Racemic 4l: 

 
 
Enzymatic preparation of 4l with P411-INC-5186: 92% e.e. 
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(S)-3-methyl-4-oxo-4-(p-tolyl)butanenitrile (4m) 

 

Chiral-phase HPLC conditions: Chiralpak IA, 3% i-PrOH in hexane, 1.0 mL/min, 25 ºC, 

245 nm 

Racemic 4m: 

 
 
Enzymatic preparation of 4l with P411-INC-5186: 91% e.e. 
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X-ray Crystallography 

Low-temperature diffraction data (-and -scans) were collected on a Bruker AXS 

D8 VENTURE KAPPA diffractometer coupled to a PHOTON II CPAD detector with Cu 

K radiation ( = 1.54178 Å) from an IμS micro-source for the structure of compounds. The 

structure was solved by direct methods using SHELXS41 and refined against F2 on all data 

by full-matrix least squares with SHELXL-201942 using established refinement techniques.43 

All non-hydrogen atoms were refined anisotropically. Unless otherwise noted, all hydrogen 

atoms were included into the model at geometrically calculated positions and refined using 

a riding model. The isotropic displacement parameters of all hydrogen atoms were fixed to 

1.2 times the U value of the atoms they are linked to (1.5 times for methyl groups). 
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Figure 2-S2. Displacement ellipsoid plot for 3j plotted at 50% probability. Single crystals 

were obtained from slow evaporation of 3j dissolved in CHCl3 at 4 °C. Compound 3j 

crystallizes in the orthorhombic space group P212121 with one molecule in the asymmetric 

unit. The coordinates for the hydrogen atoms bound to O3 were located in the difference 

Fourier synthesis and refined semi-freely with the help of a restraint on the O–H distance 

(0.84(4) Å). 
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Table 2-S11. X-ray experimental details of 3j (CCDC 2218386). 

Crystal data  

Chemical formula C14H15NO3 

Mr 245.27 

Crystal system, space group Orthorhombic, P212121 

Temperature (K) 100 

a, b, c (Å) 5.487 (1), 13.0261 (18), 17.561 (3) 

V (Å3) 1255.1 (3) 

Z 4 

Radiation type Cu K 

 (mm-1) 0.75 

Crystal size (mm) 0.25 × 0.20 × 0.10 

Data collection  

Diffractometer 
Bruker D8 VENTURE Kappa Duo PHOTON 

II CPAD 

Absorption correction Multi-scan SADABS2016/2 (Sheldrick, 2014) 

 Tmin, Tmax 0.618, 0.754 

No. of measured, independent and observed 

[I > 2(I)] reflections 
20076, 2551, 2523   

Rint 0.033 

(sin )max (Å-1) 0.625 

Refinement  

R[F2 > 2(F2)], wR(F2), S 0.024, 0.063, 1.08 

No. of reflections 2551 

No. of parameters 168 

No. of restraints 1 

H-atom treatment 
H atoms treated by a mixture of independent 

and constrained refinement 

max, min (e Å-3) 0.14, -0.16 

Absolute structure 

Flack x determined using 1032 quotients 

[(I+)-(I-)]/[(I+)+(I-)]   (Parsons, Flack and 

Wagner, Acta Cryst. B69 (2013) 249-259). 

Absolute structure parameter 0.00 (4) 
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Figure 2-S3. Displacement ellipsoid plot for 3k plotted at 50% probability. Single crystals 

were obtained from slow evaporation of 3k dissolved in CHCl3 at 4 °C. Compound 3k 

crystallizes in the orthorhombic space group P212121 with one molecule in the asymmetric 

unit. 
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Table 2-S12. X-ray experimental details of 3k (CCDC 2218385). 

Crystal data  

Chemical formula C13H13NO2 

Mr 215.24 

Crystal system, space group Orthorhombic, P212121 

Temperature (K) 100 

a, b, c (Å) 5.4031 (5), 9.823 (1), 21.363 (2) 

V (Å3) 1133.8 (2) 

Z 4 

Radiation type Cu K 

 (mm-1) 0.69 

Crystal size (mm) 0.20 × 0.15 × 0.10 

Data collection  

Diffractometer 
Bruker D8 VENTURE Kappa Duo PHOTON 

II CPAD 

Absorption correction Multi-scan SADABS2016/2 (Sheldrick, 2014) 

 Tmin, Tmax 0.662, 0.754 

No. of measured, independent and observed 

[I > 2(I)] reflections 
18080, 2313, 2270   

Rint 0.036 

(sin )max (Å-1) 0.625 

Refinement  

R[F2 > 2(F2)], wR(F2), S 0.023, 0.059, 1.08 

No. of reflections 2313 

No. of parameters 147 

H-atom treatment H-atom parameters constrained 

max, min (e Å-3) 0.13, -0.15 

Absolute structure 

Flack x determined using 917 quotients [(I+)-

(I-)]/[(I+)+(I-)]   (Parsons, Flack and Wagner, 

Acta Cryst. B69 (2013) 249-259). 

Absolute structure parameter -0.03 (6) 

 

 

1H, 13C, and 19F NMR spectra of the compounds and computational details can be found in 

the Supporting Information of the published paper. 
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Abstract 

Alkene functionalization has garnered significant attention due to the versatile reactivity of 

C=C bonds. A major challenge is the selective conversion of Z/E mixtures of alkenes into 

chiral products. Researchers have devised various biocatalytic strategies to transform 

isomeric alkenes into stereopure compounds; while selective, the enzymes often 

specifically convert one alkene isomer, thereby limiting overall yield. To increase the 

overall yield, scientists have introduced additional driving forces to interconvert alkene 

isomers, often at the cost of increasing energy consumption and chemical waste. 

Developing an enzyme for stereoconvergent alkene functionalization would offer an ideal 

solution, although such catalysts are rarely reported. Here we present engineered 

hemoproteins derived from a bacterial cytochrome P450 that efficiently catalyze α-

carbonyl alkylation of isomeric silyl enol ethers, producing stereopure products. Through 

screening and directed evolution, we generated P450BM3 variant P411-SCA-5188, which 

catalyzes stereoconvergent carbene transfer in Escherichia coli with high efficiency and 

stereoselectivity to various Z/E mixtures of silyl enol ethers. In contrast to established 

stereospecific transformations that leave one isomer unreacted, P411-SCA-5188 converts 

both isomers to a stereopure product. This biocatalytic approach simplifies the synthesis of 

chiral α-branched ketones by eliminating the need for stoichiometric chiral auxiliaries, 

strongly basic alkali-metal enolates, and harsh conditions, delivering products with high 

efficiency and excellent chemo- and stereoselectivities.  
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3.1 Introduction 

The use of enzymes to produce valuable fine chemicals, pharmaceuticals, and agrochemicals 

is at the forefront of the drive toward mild and ecologically sustainable synthesis 

techniques.1-6 This can be largely attributed to the unparalleled chemo-, regio-, and 

stereoselectivities achievable through biotransformations.5 Alkene biocatalytic 

functionalization, in particular, has garnered interest due to its potential to produce valuable 

chemicals from low-cost resources.7 Enzyme-catalyzed alkene functionalizations offer 

advantages over their small molecule-catalyzed counterparts that include superior efficiency, 

unmatched selectivity, and the absence of toxic metals or reagents.7-11 Nevertheless, enzymes 

often convert one alkene isomer while leaving the other unaltered (see a representative 

example in 0A12 among others13) or they catalyze the formation of distinct products based on 

the geometric properties of the alkenes.14 Under certain conditions, enzymes may even 

display comparable conversion rates for both (Z)- and (E)-alkenes, resulting in the synthesis 

of identical products with inverse configurations (see a representative example in 0B15 

among others16). Because the synthesis of geometrically pure alkenes can be very 

challenging, separation of the alkene isomers is often necessary to achieve high efficiency 

and stereoselectivity in biocatalytic processes.17,18 To overcome this issue, in 2019 the 

Hartwig and Zhao groups pioneered a cooperative chemoenzymatic strategy for 

stereoconvergent reduction of Z/E-mixed alkenes that merges a photocatalytic cycle with an 

ene-reductase (0C).19 Under blue light irradiation, the unreactive Z isomer could be converted 

to the active E isomer, which allowed an overall stereoconvergent reduction. This 
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cooperative catalytic system is efficient and selective, but also requires additional inputs, 

such as blue-light irradiation and an expensive photocatalyst. 

Arguably the most desirable transformation would use a stereoconvergent catalyst to directly 

convert a mixture of Z/E alkenes into a single product, with a theoretical yield of 100%. 

Although stereoconvergent catalysts have been studied extensively for small-molecule 

catalysis, stereoconvergent enzymes are seldom reported.13,20-23 A stereoconvergent 

enzyme’s active site must accommodate each stereoisomer, and in a unique pose, in order to 

have convergent selectivity toward a single product. In 2019, members of our group 

identified an engineered cytochrome P411 (a serine-ligated cytochrome P450 variant), 

designated P411Diane3, that catalyzes the enantioconvergent intramolecular amination of 

racemic tertiary benzylic C(sp3)–H bonds with sulfamoyl azides.24 Very recently, the group 

also reported a diastereomer-differentiating enzyme, P411-INC-5186, which catalyzes the 

transformation of (E)-enol acetates to α-branched ketones with high levels of 

enantioselectivity, while simultaneously cyclopropanating the (Z)-enol acetates with 

excellent activities and selectivities (0D).25 Although different products were generated from 

(Z)- and (E)-enol acetates, the β-carbons of the products of the (Z)- and (E)-enol acetates 

yielded an (S)-configured stereocenter. Inspired by this, we wondered whether this 

diastereomer-differentiating reaction could be directed toward a stereoconvergent 

biotransformation (0E).  

We focused on the synthesis of α-branched ketones, a class of compounds prevalent in both 

natural and synthetic bioactive molecules.26 From a synthetic perspective, stereoselective 
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alkylation of alkali-metal enolates is widely employed for constructing α-branched 

ketone moieties.26-28 Extensive studies have been conducted on controlling the 

stereochemistry of the α-carbon using various stoichiometric chiral auxiliaries and chiral 

catalysts.28-30 The strong basicity of alkali-metal enolates, however, presents challenges in 

handling and limits the choice of functional groups. Additionally, the formation of distinct 

metal enolate isomers often complicates the stereochemical outcome of the subsequent 

reaction, as the product configuration is influenced by the geometry of the alkali-metal 

enolates. Furthermore, inherent difficulties in alkali-metal enolate alkylation, such as 

competitive C- and O-alkylation, overalkylation, and racemization, are non-trivial 

concerns.28 

In this study, we showcase the adaptation and evolution of a biocatalytic platform initially 

designed for diastereomer-differentiating reactions to efficiently catalyze stereoconvergent 

alkylation. The evolved biocatalyst enables the enantioselective conversion of (Z/E)-mixed 

trisubstituted silyl enol ethers into chiral α-branched ketones. The biocatalytic method 

broadens the limited scope of enzymatic stereoconvergent transformations and complements 

traditional synthetic techniques, owing to its mild reaction conditions and excellent 

efficiency and selectivity. 
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Figure 3-1. Existing stereospecific transformations of (Z/E) alkenes. (A) Stereospecific 

biotransformation of Z/E alkene mixtures, exemplified by the asymmetric bioreduction by YersER 
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from Yersinia bercovieri,12 an ene-reductase from the Old Yellow Enzyme family, requires 

isomerically pure alkenes to achieve high yields. (B) Substrate-controlled biotransformation of Z/E 

alkene mixtures, exemplified by the asymmetric bioreduction by YqjM from Bacillus subtilis,15 an 

ene-reductase from the Old Yellow Enzyme family, converts Z and E isomers into products exhibiting 

opposite configurations. (C) A cooperative chemoenzymatic system developed by the Hartwig and 

Zhao groups enables the effective stereoconvergent reduction of Z/E mixtures of alkenes. This 

method uses blue-light irradiation and a photocatalyst to convert the unreactive Z isomer to the active 

E isomer.19 (D) A diastereomer-differentiating biotransformation method: carbene transferase P411-

INC-5186 catalyzes the cyclopropanation of (Z)-enol acetates while simultaneously catalyzing (E)-

enol acetates to α-branched ketones, both products containing an (S)-configured stereocenter. (E) This 

work: biocatalytic stereoconvergent alkylation of (Z/E)-trisubstituted silyl enol ethers to produce 

chiral α-branched ketones with high yields in a stereoconvergent manner. The structural illustration 

is adapted from Protein Data Bank (PDB) ID 5UCW (cytochrome P450BM3 variant E10).31 EWG, 

electron-withdrawing groups; R, organic groups; Ac, acetyl group; TMS, trimethylsilyl group. 

 

3.2 Initial screening and directed evolution of stereoconvergent alkyl 

transferase P411-SCA-5188 

We commenced this investigation by focusing on the coupling between a 1:1 Z/E mixture of 

butyrophenone-derived silyl enol ether 1a and diazoacetonitrile 2a (0). Silyl enol ethers serve 

as mild, stable enolate equivalents in comparison to alkali-metal enolates, offering ease of 

synthesis and handling. Compared to enol acetates previously used in P411-INC-5186-

catalyzed cyclopropanation reactions,25 silyl-protecting groups demonstrate increased 

propensity for hydrolysis, thereby promoting ketone product formation. Additionally, the 
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inherent geometric information embedded in silyl enol ethers facilitates the development 

of the stereoconvergent capacity of the enzyme. Lastly, diazoacetonitrile 2a was selected due 

to its potent electron-withdrawing nature, minimal steric interference, and the importance of 

the nitrile functional group.32-33 We tested whether variants in the P411-INC-5186 directed 

evolution lineage could produce α-branched ketone 3a through the coupling of 1a and 2a. 

Encouragingly, an evaluation of P411-INC-5186’s precursors (Figure 3-2A, P411-INC-5183 

to P411-INC-5186) indicated that all variants are capable of catalyzing the transfer of 

diazoacetonitrile 2a to silyl enol ether 1a, with an activity trend matching that of the 

cyclopropanation of enol acetates.25 P411-INC-5186 demonstrated the highest activity and 

selectivity (200 TTN; 42% yield and 97% e.e. of 3a, Figure 3-2A). When ethyl diazoacetate 

(EDA) was used as a carbene precursor, no alkylated product was detected (see 

Supplementary Table 1). Although P411-INC-5186 can catalyze this new biotransformation 

with remarkable enantioselectivity, its activity required further improvement. Thus, we 

subjected P411-INC-5186 to sequential rounds of site-saturation mutagenesis (SSM) and 

screening, focusing on key active-site residues previously shown to affect carbene and 

nitrene transfer reactions.34 Mutagenesis and screening introduced mutations V437A and 

L177M (Figures 3-2A, 3-2B and 3-2C), yielding variant P411-SCA-5188, which catalyzes 

the formation of 3a with 290 TTN, 57% yield, and 99% e.e. (Figure 3-2A). Notably, the yield 

of alkylated product 3a (57%) exceeded the proportion of either isomer in the 1:1 Z/E mixture 

of silyl enol ether 1a (Z- and E-isomers constituting 50% each), strongly suggesting a 

stereoconvergent process. This biocatalytic stereoconvergence stands out from other 

reported olefin functionalizations, which predominantly adhere to stereospecific 

pathways.12,14-16  



 

 

154 

We next fine-tuned the reaction conditions to improve the yield (Figure 3-2A; see 

Supplementary Tables 5–8 for details). After examining various concentrations of E. coli 

harboring P411-SCA-5188 (OD600 values), concentrations of 1a and 2a, and pH values, we 

found that conducting the biotransformation using OD600 = 90, with 3 mM of 1a and 37 mM 

of 2a in M9-N aqueous buffer (pH 8) at room temperature afforded 85% yield with 99% e.e. 

(Figure 3-2A). 

 

Figure 3-2. Directed evolution for stereoconvergent alkylation. Reaction conditions: 3 mM 1a, 37 

mM 2a, E. coli whole cells harboring P411 variants (OD600 = 30) in M9-N aqueous buffer (pH 8.0), 

10% v/v EtOH (co-solvent), room temperature, anaerobic conditions, 20 h. Optimized reaction 

conditions: 3 mM 1a, 37 mM 2a, E. coli whole cells harboring P411 variants (OD600 = 90) in M9-N 

aqueous buffer (pH 8.0), 10% v/v EtOH (co-solvent), room temperature, anaerobic conditions, 20 h. 
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(A) Assessment of the enzyme lineage encompassing P411-INC-5186 and directed evolution 

culminating in P411-SCA-5188. Yields were calculated from HPLC calibration curves and the 

average of triplicate experiments (n = 3). (B) The mutated residues (N70, L177, W263, I327, and 

Q437) that enhance activity or enantioselectivity are highlighted in the active site of closely related 

P411 variant E10 (PDB ID: 5UCW).31 (C) Summary of beneficial mutations for stereoconvergent 

alkylation. 

3.3 Experimental studies of stereoconvergent alkyl transferase P411-SCA-

5188 

To confirm that this biotransformation is in fact stereoconvergent, we obtained the isolated 

1a stereoisomers, (Z)-1a (99% stereopurity) and (E)-1a (94% stereopurity) and used them 

individually as substrates for P411-SCA-5188-catalyzed α-carbonyl alkylation with 

diazoacetonitrile 2a (Figure 3-3A). Under standard conditions, P411-SCA-5188 converted 

pure (Z)-1a into 3a with an S configuration in 49% yield (99 TTN) and 99% e.e. and 

transformed (E)-1a into 3a with the same S configuration in 91% yield (230 TTN) and 99% 

e.e. (Figures 3-3A and 3-3B). Subsequently, we examined how catalytic efficiency against 

pure (Z)-1a and (E)-1a changed across the lineage (see Supplementary Tables 3 and 4 for 

more detail). Variants P411-INC-5183 to P411-INC-5185 exclusively catalyzed the 

transformation of (Z)-1a to 3a, while leaving (E)-1a untouched. These results are consistent 

with the cyclopropanation of (Z/E)-trisubstituted enol acetates recently reported by the 

Arnold lab.25 Upon introducing the W263M mutation, variants P411-INC-5186, P411-SCA-

5187 and P411-SCA-5188 converted both (Z)-1a and (E)-1a into 3a, accompanied by 

increases in activity  
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Since silyl enol ethers may degrade in the presence of water, forming butyrophenone 4a after 

hydrolysis, we investigated whether butyrophenone 4a could be converted to the α-branched 

ketone product 3a. However, butyrophenone 4a proved unreactive under standard conditions 

(Figure 3-3C), eliminating a potential conversion pathway from 4a to 3a. We then examined 

whether (Z)-1a and (E)-1a can possibly interconvert during the enzymatic process. Under 

standard conditions, but without 2a and with a reduced reaction time of two hours to ensure 

sufficient residual 1a for pre- and post-reaction stereopurity comparison, we observed no 

change in the stereopurity of Z or E isomers (Figures 3-3D and 3-3E). 

Based on these findings and our previous computational studies on P411-INC-5186-

catalyzed diastereomer-differentiating transformations,25 we hypothesized the polar stepwise 

pathway for this alkylation depicted in Figure 3-3F. In this mechanism, diazoacetonitrile 2a 

initially reacts with a hemoprotein to form electrophilic iron carbene II. The lone pair 

conjugation of the β-carbon of silyl enol ether 1a endows it with nucleophilic characteristics, 

which facilitates the nucleophilic attack of (Z)-1a or (E)-1a onto II, resulting in the formation 

of intermediate (Z)-III or (E)-III. Crucially, during the attack of the β-carbon of either (Z)- 

or (E)-1a on II, the enzyme strictly controls the orientation of the ethyl group on the β-carbon 

of 1a due to its proximity to the nucleophilic site and its more significant steric clash with 

electrophilic metal carbene II and surrounding residues. Consequently, regardless of whether 

(Z)- or (E)-1a is used as the substrate, the β-carbon on (Z)-III or (E)-III possesses the same 

S configuration, ensuring enantioconvergence at this carbon. Both intermediates (Z)-III or 



 

 

157 

(E)-III are then enthalpically favored to undergo hydrolysis due to the unstable nature of 

these intermediates, yielding 3a. Because the configuration of 3a is determined in the initial 

nucleophilic attack step, the overall reaction is thus stereoconvergent. 
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Figure 3-3. Mechanistic studies of stereoconvergent enzymatic alkylation. (A) and (B) Alkyl 

transfer reactions catalyzed by P411-SCA-5188 using (Z)- or (E)-1a. Reaction conditions: 3 mM (Z)-

1a or (E)-1a, 37 mM 2a, E. coli whole cells harboring P411-SCA-5188 (OD600 = 90) in M9-N 

aqueous buffer (pH 8.0), 10% v/v EtOH (co-solvent), room temperature, anaerobic conditions, 20 h. 

(C) Alkyl transfer reactions catalyzed by P411-SCA-5188 using butyrophenone 4a. Reaction 

conditions: 3 mM butyrophenone 4a, 37 mM 2a, E. coli whole cells harboring P411-SCA-5188 

(OD600 = 90) in M9-N aqueous buffer (pH 8.0), 10% v/v EtOH (co-solvent), room temperature, 

anaerobic conditions, 20 h. (D) and (E) Stereoretention of (Z)- or (E)-1a. Reaction conditions: 3 mM 

(Z)- or (E)-1a, E. coli whole cells harboring P411-SCA-5188 (OD600 = 90) in M9-N aqueous buffer 

(pH 8.0), 10% v/v EtOH (co-solvent), room temperature, anaerobic conditions, 2 h. (F) Proposed 

mechanistic pathway of P411-SCA-5188-catalyzed stereoconvergent alkylation. Yields were 

calculated from HPLC calibration curves and the average of triplicate experiments (n = 3). N.D. = 

not detected; TMS, trimethylsilyl group. 

3.4 Molecular dynamics simulations 

To examine the mechanistic hypothesis further, molecular dynamics (MD) simulations were 

performed on intermediates (E)-III and (Z)-III in the active site of the enzyme. For (E)-III, 

both the cyano- and the ethyl-groups were found to orient towards the outward-facing side 

of the active site, with the CH3-group of the ethyl-substituent angled in the direction of 

residue P329 (Figure 3-4A). In addition, the phenyl substituent is placed in a sterically 

accessible area at the top of the active site, defined by surrounding residues L75, M185, A264 

and P329 (see also Supplementary Figures 3-5A and 3-6A for more details). The relatively 

bulky TMS group is preferentially oriented towards a non-congested area located at the 

backside of the active site in the vicinity of G268 and V328. Additionally, a rather short 
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distance between the silyl ether oxygen and V328 indicates the presence of stabilizing 

C–H--O hydrogen bond interactions. With intermediate (Z)-III, a comparable preferred 

orientation was observed, with the cyano and ethyl substituents again angled towards the 

front of the active site, allowing for the TMS and the phenyl substituent to be placed in the 

sterically accessible areas at the top and back of the active site, respectively (Figure 3-4B and 

Supplementary Figures 3-5B and 3-6B). In contrast, when the diastereomeric intermediate 

(E)-IIIa, which upon hydrolysis results in the formation of the minor enantiomer, was 

simulated, the large phenyl and TMS substituents are forced into less optimal positions 

(Figure 3-4C and Supplementary Figures 3-5C and 3-6C). In the preferred structure, the 

substrate’s phenyl ring is placed in close proximity to A264, T438 and V328, resulting in a 

displacement of V328 and P329 and likely leading to a destabilization of (E)-IIIa 

(Supplementary Figures 3-5C and 3-6C). The significantly worse fit of (E)-IIIa in the active 

site is in good agreement with the experimental results and our mechanistic proposal. For the 

diastereomer of (Z)-III, (Z)-IIIa, the TMS group of the substrate was preferentially oriented 

towards the outward-facing side of the active site, with short distances between the TMS 

substituent and L75, T260 and A264 (Figure 3-4D and Supplementary Figures 3-5D and 3-

6D). These short distances indicate unfavorable steric interactions and thus destabilization of 

this intermediate, reasonably resulting in the high enantioselectivity observed experimentally 

(Figure 3-3). 
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Figure 3-4. Molecular dynamics simulations. Representative structures of the most populated 

clusters obtained from MD simulations on (A) intermediate (E)-III and (B) intermediate (Z)-III and 

the corresponding diastereomers (C) (E)-IIIa and (D) (Z)-IIIa. Non-relevant, non-polar hydrogen 

atoms are omitted for clarity. 

 

3.5 Substrate scope study 

We next investigated the activity of P411-SCA-5188 on an array of Z/E mixtures of silyl 

enol ethers. Generally, P411-SCA-5188 catalyzes the alkylation of diverse Z/E mixtures of 

α-aryl, β-alkyl-substituted silyl enol ethers 1 with diazoacetonitrile 2a, producing the desired 
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products 3 in moderate to high yields and with exceptional enantioselectivities (up to 91% 

yield and >99% e.e., Figure 3-5), regardless of the stereopurity of the silyl enol ethers 

employed. Substrates featuring various substituents on the α-aryl group exhibit excellent 

compatibility with this biotransformation. Electron-donating, -neutral, and -withdrawing 

substituents on the aromatic ring were all well-tolerated, generating α-branched ketones with 

consistently high enantioselectivity levels (3a–3m, Figure 3-5). Ortho-, para- and meta-

substituted α-aryl silyl enol ethers reacted efficiently with diazoacetonitrile 2a, yielding the 

corresponding α-branched ketones (3b–3i and 3m, Figure 3-5). The introduction of a bulky 

group at the para-position also resulted in the α-branched ketone product with great 

enantioselectivity (95% e.e.), albeit with a reduced yield (3d, Figure 3-5). Substrates 

containing a halogen functional group, such as fluoro- (1e and 1f, Figure 3-5), chloro- (1g), 

and bromo- (1h), proved viable for generating alkylated products (3e–3h, Figure 3-5) with 

synthetically useful yields and excellent enantioselectivities. The incorporation of an 

electron-donating group also facilitated the synthesis of the α-branched ketone, yielding the 

desired product with over 99% e.e. (3i, Figure 3-5). A structural variation made by replacing 

the aryl ring with thiophene (1j, Figure 3-5) is also well-tolerated by the biocatalytic 

stereoconvergent transformation, generating 3j in 88% yield and with 99% e.e. (Figure 3-5). 

Moreover, β-substituents with diverse alkyl chains (1k–1m, Figure 3-5) could be converted 

to the corresponding α-branched ketones in satisfactory yields and with high 

enantioselectivity. Notably, lengthening the β-alkyl chain appeared to have a detrimental 

effect on activity (3k, Figure 3-5), likely due to steric clash of the alkyl chain with 

surrounding residues. Conversely, shortening the β-alkyl chain of the silyl enol ethers from 

propyl (1k, Figure 3-5) or ethyl (1a, Figure 3-5) to methyl (1l, Figure 3-5) enhanced both 
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activity and selectivity, resulting in a 91% yield and 99% e.e. for product 3l (Figure 3-5). 

Intrigued by this observation, we also examined the impact of the bulkiness of the silyl-

protecting groups: reactivity was completely abolished when the trimethylsilyl group (TMS; 

1a, Figure 3-5) was replaced with a triethylsilyl group (TES; 1n, Figure 3-5), a 

triisopropylsilyl group (TIPS; 1o, Figure 3-5), or a tert-butyldimethylsilyl group (TBDMS; 

1p, Figure 3-5). We attributed this to the enhanced nucleophilicity and smaller steric 

hindrance provided by a TMS group, which allows the silyl enol ether to more effectively 

approach and interact with its reaction partner in the enzyme pocket. Notably, the synthesis 

of trimethylsilyl enol ethers is more cost-effective compared to other silyl enol ethers.  
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Figure 3-5. Substrate scope study. Reaction conditions: 3 mM 1, 37 mM 2a, E. coli whole cells 

harboring P411-SCA-5188 (OD600 = 90) in M9-N aqueous buffer (pH 8.0), 10% v/v EtOH (co-

solvent), room temperature, anaerobic conditions, 20 h. Yields were calculated from HPLC 

calibration curves and the average of triplicate experiments (n = 3). Ar, aryl groups; Alkyl, alkyl 

groups; R, organic groups; TMS, trimethylsilyl group; TES, triethylsilyl group; TIPS, 

triisopropylsilyl group; TBDMS, tert-butyldimethylsilyl group; N.D. = not detected.  
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3.6 Summary and conclusions 

We have developed an enzyme, P450BM3 variant P411-SCA-5188, which catalyzes 

stereoconvergent alkylation of isomeric silyl enol ethers, yielding high-value chiral α-

branched ketones. Compared to state-of-the-art methods for synthesizing chiral α-branched 

ketones from alkali-metal enolates, this work presents a streamlined, biocatalytic approach 

that operates under mild conditions. This strategy complements stereospecific biocatalytic 

alkene functionalization methods and more complex cooperative chemoenzymatic alkene 

functionalization approaches. We anticipate these findings will inspire further development 

of stereoconvergent enzymes to broaden the scope of biocatalysis and unlock new 

biocatalytic strategies to address synthetic challenges. 

 

3.7 Supplementary information for Chapter 3 

Supplementary Tables 

Table 3-S1. Initial activity screening with engineered P411s.a 

 

Four P411 variants, which were previously employed for the cyclopropanation of enol 

acetates,1 were evaluated. Among these, P411-INC-5186, a truncated P411 variant devoid of 

the FAD domain, demonstrated the highest activity and enantioselectivity for synthesis of α-
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branched ketone product 3a. 

Entry Variant Yield of 3aa 

Standard 

deviation 

of yield 

TTN of 3a 

Standard 

deviation 

of TTN 

1 

P411-INC-5183  

(P411-INC-5182 

I327P, Y263W) 

2.1%  0.1% 12 0.5 

2 

P411-INC-5184  

(P411-INC-5183 

Q437V) 

2.4%  0.2% 17 1.1 

3 

P411-INC-5185  

(P411-INC-5184 

N70S) 

5.2%  0.1% 45 0.7 

4 

P411-INC-5186  

(P411-INC-5185 

W263M) 

42.1%  2.1% 202 10.2 

5 b hemin (20 μM) 13%  N/A 20 N/A 

6 
c hemin (20 μM) + 

Na2S2O4
 N.D. N/A N.D. N/A 

7 

c hemin (20 μM) + 

Na2S2O4 + BSA (20 

μM) 

N.D. N/A N.D. N/A 

9 d cellular background N.D. N/A N.D. N/A 

10 

e replace 2a with 

ethyl diazoacetate 

(EDA) 

N.D. - - - 

 

a Experiments were performed using whole E. coli cells according to the protocol described 

in Sections 3.4 and 3.5. The yields of 3a were calculated based on comparing the signal 
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integration ratio of the products and an added internal standard compound (1,2,3-

trimethoxylbenzene). All reactions were performed in duplicate, with the reported yields 

representing the average of two experiments. The signal calibration curves correlating the 

products and the internal standard compound can be found in Section 8. To enhance 

systematic management of different enzyme variants within the Arnold lab, we recently 

implemented a new nomenclature system. Variants are named as follows: family name-

chemistry abbreviation-entry code. All enzyme variants in this study follow this 

nomenclature. 

b Negative control experiments (with free hemin) were performed without the addition of 

Na2S2O4. Under this condition, the resting oxidation state of hemin in aqueous buffer should 

be Fe(III).  

c Negative control experiments using free hemin under reduced conditions (Fe(II)) were 

performed using an excess amount of Na2S2O4 (20 mM).  

d Cellular background control experiments were performed in whole-cell format, using E. 

coli (E. cloni BL21(DE3)) cells harboring an engineered tryptophan synthase β-subunit 

(Tm9D8*). The gene of this enzyme was also cloned into the pET22b(+) vector (Novagen) 

between restriction sites NdeI and XhoI. The protein expression protocol for this experiment 

followed the standard P450 and P411 expression conditions as described in Sections 3.6, 3.7, 

and 3.8. 

e When using ethyl diazoacetate (EDA) as a carbene precursor, no corresponding alkylated 

product was detected. 

N.D. – no product was detected.  
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Table 3-S2. Directed evolution of P411-SCA-5188 for stereoconvergent alkylation.a 

 
 

 
 

Round 

# 
Variant Yield of 3a 

Standard 

deviation 

of yield 

TTN of 3a 

Standard 

deviation of 

TTN 

1 P411-INC-5186 42%  2.1% 200 10 

2 

P411-SCA-5187  

(P411-INC-5186 

V437A) 

44%  2.4% 250 14 
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3 

P411-SCA-5188  

(P411-SCA-5187 

L177M) 

57%  9.2% 290 47 

 

a Experiments were performed using a suspension of E. coli cells harboring enzyme variants 

prepared according to the protocol described in Sections 3.6, 3.7, and 3.8. Yields were 

calculated from HPLC calibration curves and the average of triplicate experiments (n = 3). 

TTN is defined as the amount of indicated product divided by heme protein as measured by 

the hemochrome assay (see Section 3.7 for more details). 
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Table 3-S3. Activity of all lineage variants against (Z)-1a.a 

 
 

 
 

Round 

# 
Variant Yield of 3a 

Standard 

deviation 

of yield 

TTN of 3a 

Standard 

deviation of 

TTN 

1 P411-INC-5183  4.1% 0.5% 36 4 
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2 P411-INC-5184  9.4% 0.3% 79 2 

3 P411-INC-5185  7.8% 0.2% 95 3 

4 P411-INC-5186  36% 0.4% 234 2 

5 P411-SCA-5187  38% 1.6% 290 12 

6 P411-SCA-5188  33% 1.5% 263 12 

 

a Experiments were performed using a suspension of E. coli cells harboring enzyme variants 

prepared according to the protocol described in Sections 3.6, 3.7, and 3.8. Yields were 

calculated from HPLC calibration curves and the average of triplicate experiments (n = 3). 

TTN is defined as the amount of indicated product divided by heme protein as measured by 

the hemochrome assay (see Section 3.7 for more details). 
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Table 3-S4. Activity of all lineage variants against (E)-1a.a 

 
 

 
 

Round 

# 
Variant Yield of 3a 

Standard 

deviation 

of yield 

TTN of 3a 

Standard 

deviation 

of TTN 

1 P411-INC-5183  N.D. - - - 
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2 P411-INC-5184  N.D. - - - 

3 P411-INC-5185  N.D. - - - 

4 P411-INC-5186  85% 4.2% 560 28 

5 P411-SCA-5187  76% 0.5% 580 4 

6 P411-SCA-5188  89% 2.3% 700 18 

 

a Experiments were performed using a suspension of E. coli cells harboring enzyme variants 

prepared according to the protocol described in Sections 3.6, 3.7, and 3.8. Yields were 

calculated from HPLC calibration curves and the average of triplicate experiments (n = 3). 

TTN is defined as the amount of indicated product divided by heme protein as measured by 

the hemochrome assay (see Section 3.7 for more details). 

N.D. – no product was detected. 
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Table 3-S5. Optimization of pH values (M9-N minimal media) of P411-SCA-5188-

catalyzed alkylation reactions.a 

 
 

Entry Buffer condition Yield of 3a 

Standard 

deviation 

of yield 

TTN of 3a 

Standard 

deviation 

of TTN 

1 M9-N (pH = 6.0) 48%  1.1% 230 5 

2 M9-N (pH = 7.0) 49%  0.9% 234 4 

3 M9-N (pH = 8.0) 57%  9.2% 294 47 

4 M9-N (pH = 9.0) 47%  1.5% 223 7 

 

a Experiments were performed using a suspension of E. coli cells harboring P411-SCA-5188 

prepared according to the protocol described in Sections 3.6, 3.7, and 3.8. Reactions were 

performed in triplicate. Yields reported are the average of three experiments. 
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Table 3-S6. Optimization of 1a/2a ratios of P411-SCA-5188-catalyzed alkylation 

reactions.a 

 
 

Entry 
Concentration  

of 1a 

Concentration  

of 2a 

Yield 

of 3a 

Standard 

deviation 

of yield 

TTN 

of 3a 

Standard 

deviation 

of TTN 

1 2.5 mM 37.5 mM  57.1%  9.2% 294 47 

2 3 mM 37 mM  60.5% 1.5% 414 10 

3 5 mM 35 mM  29.7%  1.3% 283 12 

4 10 mM 30 mM  19.2%  0.7% 367 13 

 

a Experiments were performed using a suspension of E. coli cells harboring P411-SCA-5188 

prepared according to the protocol described in Sections 3.6, 3.7, and 3.8. Reactions were 

performed in triplicate. Yields reported are the average of three experiments. 
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Table 3-S7. Optimization of OD600 of P411-SCA-5188-catalyzed alkylation reactions.a  

 

Entry 
OD600 of cell 

suspension 
Yield of 3a 

Standard 

deviation of 

yield 

TTN of 3a 

Standard 

deviation of 

TTN 

1 10 12.8% 1.6% 183 23 

2 30 57.1% 0.9% 294 47 

3 45 66.9% 2% 239 7 

4 90 79.4% 17.6% 136 30 

 

a Experiments were performed using a suspension of E. coli cells harboring P411-SCA-5188 

prepared according to the protocol described in Sections 3.6, 3.7, and 3.8. Reactions were 

performed in triplicate. Yields reported are the average of three experiments. 
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Table 3-S8. Optimization of Z/E ratios of P411-SCA-5188-catalyzed alkylation 

reactions.a 

 
 

Entry Z/E (x/y) Yield of 3a 
Standard 

deviation of yield 

TTN of 

3a 

Standard 

deviation of TTN 

1 1/1 85.2%  1.7% 195 4 

2 0/1 90.8%  4.1% 227 10 

3 1/0 49.4%  0.7% 99 1 

a Experiments were performed using a suspension of E. coli cells harboring P411-SCA-5188 

prepared according to the protocol described in Sections 3.6, 3.7, and 3.8. Reactions were 

performed in triplicate. Yields reported are the average of three experiments. 
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Supplementary Figures 

 

Figure 3-S1. Quantifying Stereopurity of (E)-1a using GC-FID. GC-FID Column: HP-5ms Ultra 

Inert Column (Part Number:19091S-413UIJ&W, HP-5ms Ultra Inert GC Column, 30 m, 0.32 mm, 

0.25 µm, 7-inch cage). GC-FID method: Hold at 100 oC for 2 min, ramp to 300 oC at 50 oC / min, and 

hold at 300 oC for 2 min.  

 

Figure 3-S2. Quantification of Stereopurity of (E)-1a using GC-FID after 2-hour P411-SCA-

5188-catalyzed Reaction. GC-FID Column: HP-5ms Ultra Inert Column (Part Number:19091S-

413UIJ&W, HP-5ms Ultra Inert GC Column, 30 m, 0.32 mm, 0.25 µm, 7-inch cage). GC-FID 

method: Hold at 100 oC for 2 min, ramp to 300 oC at 50 oC / min, and hold at 300 oC for 2 min. 

Reaction conditions: 3 mM (E)-1a, E. coli whole cells harboring P411-SCA-5188 (OD600 = 90) M9-

N aqueous buffer (pH 8.0), 10% v/v EtOH (co-solvent); room temperature, anaerobic conditions, 2 

h. 
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Figure 3-S3. Quantifying Stereopurity of (Z)-1a using GC-FID. GC-FID Column: HP-5ms Ultra 

Inert Column (Part Number:19091S-413UIJ&W, HP-5ms Ultra Inert GC Column, 30 m, 0.32 mm, 

0.25 µm, 7-inch cage). GC-FID method: Hold at 100 oC for 2 min, ramp to 300 oC at 50 oC / min, and 

hold at 300 oC for 2 min. 

 

 

Figure 3-S4. Quantification of Stereopurity of (Z)-1a using GC-FID after 2-hour P411-SCA-

5188-catalyzed Reaction. GC-FID Column: HP-5ms Ultra Inert Column (Part Number:19091S-

413UIJ&W, HP-5ms Ultra Inert GC Column, 30 m, 0.32 mm, 0.25 µm, 7-inch cage). GC-FID 

method: Hold at 100 oC for 2 min, ramp to 300 oC at 50 oC / min, and hold at 300 oC for 2 min. 

Reaction conditions: 3 mM (Z)-1a, E. coli whole cells harboring P411-SCA-5188 (OD600 = 90) M9-

N aqueous buffer (pH 8.0), 10% v/v EtOH (co-solvent), room temperature, anaerobic conditions, 2 

h. 
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Figure 3-S5. Structures from Molecular Dynamics Simulations. Representative structures of the 

most populated cluster of each independent replica for (A) (E)-III, (B) (Z)-III, (C) (E)-IIIa, and (D) 

(Z)-IIIa. Non-relevant, non-polar hydrogen atoms are omitted for clarity. 
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Figure 3-S6. Distances to Key Residues from MD Simulations Data. Distances between the ligand 

and selected key residues over time and probability density plots for (A) (E)-III, (B) (Z)-III, (C) (E)-

IIIa, and (D) (Z)-IIIa. 

 

 

Experimental Methods 

General 

Unless otherwise noted, all chemicals and reagents were obtained from commercial suppliers 

(Sigma-Aldrich, VWR, Alfa Aesar, Acros, Combi Blocks, etc.) and used without further 

purification. Silica gel chromatography was carried out using AMD Silica Gel 60, 230–400 

mesh. 1H and 13C NMR spectra were recorded on a Bruker Prodigy 400 MHz instrument 
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(400 MHz for 1H and 101 MHz for 13C NMR) or a Varian 300 MHz Spectrometer (300 

MHz for 1H NMR). Chemical shifts (δ) are reported in ppm downfield from 

tetramethylsilane, using the solvent resonance as the internal standard (1H NMR:  δ = 7.26, 

13C NMR: δ = 77.36 for CDCl3). Data for 1H NMR are reported as follows: chemical shift (δ 

ppm), multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, p = pentet, sext = sextet, 

m = multiplet, dd = doublet of doublets, dt = doublet of triplets, ddd = doublet of doublet of 

doublets), coupling constant (Hz), integration. Sonication was performed using a Qsonica 

Q500 sonicator. High-resolution mass spectra were obtained at the California Institute of 

Technology Mass Spectral Facility. Samples were analyzed by field ionization (FI) using a 

JEOL AccuTOF GC-Alpha (JMS-T2000GC) mass spectrometer interfaced with an Agilent 

8890 GC system. Ions detected by FI are radical cations.  

Escherichia coli cells were grown using Luria-Bertani medium or HyperBroth (AthenaES) 

with 100 μg/mL ampicillin (LBamp or HBamp). Primer sequences are available upon request. 

T5 exonuclease, Phusion polymerase, and Taq ligase were purchased from New England 

Biolabs (NEB, Ipswich, MA). M9-N minimal media (abbreviated as M9-N buffer, pH = 6.0, 

7.0, 8.0, and 9.0) were used as buffering systems for whole cells, lysates, and purified 

proteins, unless otherwise specified. M9-N buffer was used without a carbon source, it 

contains 47.7 mM Na2HPO4, 22.0 mM KH2PO4, 8.6 mM NaCl, 2.0 mM MgSO4, and 0.1 

mM CaCl2. 

Chromatography 

Chemical reactions were monitored using thin layer chromatography (Merck 60 silica gel 

plates) and a UV lamp for visualization. Reverse-phase high-performance liquid 
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chromatography-mass spectroscopy (HPLC) for analysis were carried out using Agilent 

1200 series instruments, with an Agilent C18 column (InfinityLab Poroshell 120 EC-C18, 

4.6 x 50 mm, 2.7 μm; Part Number: 699975-902T). Water and acetonitrile containing 0.1% 

acetic acid were used as eluents. Chiral analyses were conducted using either an Agilent 1200 

series HPLC instrument with n-hexane and isopropanol as the mobile phase or an SFC using 

supercritical CO2 and isopropanol as the mobile phase. Enantiomers were separated using 

one of the following chiral columns: Chiralpak IA (4.6 mm × 25 cm), Chiralpak IB (4.6 mm 

× 25 cm), Chiralpak IC (4.6 mm × 25 cm), Chiralpak AD-H, or Chiralpak OD-H. 

Cloning and site-saturation mutagenesis 

The genes encoding all enzymes described in this study were cloned using Gibson assembly2 

into vector pET22b(+) (Novagen) between restriction sites NdeI and XhoI in frame with a C-

terminal 6×His-tag. Site-saturation mutagenesis was performed using the “22c-trick”3 or 

“NNK” as degenerative codons. The PCR products were digested with DpnI, gel purified, 

and ligated using Gibson MixTM.2 Without further purification after the Gibson step, 1 µL of 

the Gibson product was used to transform 50 μL of electrocompetent E. coli BL21 E. cloni® 

(Lucigen) cells. 

Expression of P450 and P411 variants in 96-well plates 

Single colonies from LBamp agar plates were picked using sterile toothpicks and cultured in 

deep-well 96-well plates containing LBamp (400 μL/well) at 37 C, 80% humidity, and 220 

rpm shaking overnight. Subsequently, HBamp (1080 μL/well) in a deep-well plate was 

inoculated with an aliquot (120 μL/well) of these overnight cultures and allowed to shake for 

3 hours at 37 C, 80% humidity, and 220 rpm. The plates were then cooled on ice for 30 
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minutes, and the cultures were induced with 0.5 mM isopropyl β-D-1-

thiogalactopyranoside (IPTG) and 1.0 mM 5-aminolevulinic acid (ALA) (final 

concentrations). Expression was then conducted at 20 C, 220 rpm for 18–20 hours. 

Plate reaction screening in whole-cell format 

E. coli cells harboring P411 variants in deep-well 96-well plates were pelleted (3,500 g, 5 

min, 4 C) and resuspended in M9-N buffer (360 L, pH 8.0) by gentle vortexing. The 96-

well plates were then transferred to an anaerobic chamber. To deep-well plates of cell 

suspensions were added the silyl enol ether substrate 1a (3 μL/well, 400 mM in EtOH) and 

diazoacetonitrile 2a (37 μL/well, 400 mM in EtOH). During the addition, the stock solution 

of diazoacetonitrile 2a was kept on an ice bath to minimize evaporation. The plates were 

sealed with aluminum sealing foil immediately after the addition and shaken in the anaerobic 

chamber at room temperature and 600 rpm. After 20 hours, the seals were removed and 

ethanol (400 μL/well) was added. The plates were tightly sealed with silicone mats, 

vigorously vortexed, and centrifuged (4,000 x g, 5 min) to precipitate proteins and cell debris. 

The supernatant (200 μL/well) was filtered through an AcroPrep 96-well filter plate (0.2 μm) 

into a shallow 96-well plate for LC-MS analysis to determine the yield.  

Flask expression of P411 variants 

E. coli (E. cloni BL21(DE3)) cells carrying plasmid encoding the appropriate P411 variant 

were grown overnight in 5 mL Luria-Bertani medium supplemented with 0.1 mg/mL 

ampicillin (LBamp). The preculture (1 mL) was used to inoculate 50 mL of Hyperbroth 

medium supplemented with 0.1 mg/mL ampicillin (HBamp) in a 125-mL Erlenmeyer flask. 
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This culture was incubated at 37 C and 230 rpm for 2.5 hours. The culture was then 

cooled on ice for 30 min and induced with 0.5 mM IPTG and 1.0 mM ALA (final 

concentrations). Expression was conducted at 20 C, 150 rpm for 16–18 hours. Subsequently, 

the E. coli cells were pelleted by centrifugation (4,000 g, 4 min, and 4 C). Media were 

removed, and the pellets were resuspended to an optical density at 600 nm (OD600) of 30 in 

M9-N minimal medium with pH adjusted to 8.0. Aliquots of the cell suspension (3–4 mL) 

were used to determine protein concentration after lysis by sonication. 

Hemochrome assay for the determination of hemoprotein concentration 

Protein concentration in the cell was determined by performing hemochrome assay on the 

cell lysate.4 Lysate was obtained by sonication (6 minutes, 1 second on, 2 seconds off, 35% 

amplitude, on wet ice). The cell debris was removed by centrifugation (14,000 g, 10 minutes, 

4 °C). To a cuvette, 500 μL of the lysate and 500 μL of solution I [0.2 M NaOH, 40% (v/v) 

pyridine, 0.5 mM K3Fe(CN)6] were added. The UV-Vis spectrum (380–620 nm) of the 

oxidized state Fe(III) was recorded immediately. Sodium dithionite (10 μL of 0.5 M solution 

in water) was added, and the UV-Vis spectrum of the reduced state Fe(II) was recorded 

immediately. The protein concentration was calculated using the extinction coefficient and 

dilution factor (2× dilution in volume): ε_[557reduced ‒ 540oxidized] = 23.98 mM‒1cm‒1. Please 

note that TTN values are lower bounds since the hemochrome assay detects the levels of 

heme, not necessarily concentration of the enzyme; however, heme concentration closely 

approximates enzyme concentration. 
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Biotransformation using whole E. coli cells 

A suspension of E. coli (E. cloni BL21(DE3)) cells expressing the appropriate hemoprotein 

variant in M9-N (pH = 8.0) buffer (typically OD600 = 30) were transferred to a reaction vial. 

The headspace of the reaction vial was purged with a stream of argon for at least 15 minutes. 

Enzymatic reactions were then set up in an anaerobic chamber. To a 2-mL vial were added 

degassed suspension of E. coli expressing P411 variant (typically OD600 = 30, 360 μL), silyl 

enol ether substrates (typically 3 μL of 400 mM stock solution in EtOH), and the 

diazoacetonitrile solution (typically 37 μL of 400 mM stock solution in EtOH). The 

concentration of the diazo solution was measured by 1H-NMR and was kept in an ice bath 

and added last. The final volume of the biotransformation was set to be 400 μL, with 10% 

vol EtOH. The reaction vials were then capped and shaken in the anaerobic chamber at room 

temperature and 600 rpm for 20 hours. After the completion of the reaction, 400 μL ethanol 

containing 2 mM 1,2,3-trimethoxybenzene internal standard were added to the vial. The 

resulting mixture was transferred to a 1.7-mL microcentrifuge tube, vigorously vortexed, and 

centrifuged (14,000 × g, 5 min, 4 °C). A sample of the supernatant (0.2 mL) was transferred 

to a vial with an insert for LC-MS analysis.  

To determine the enantiomeric excess (e.e.) of the α-branched ketones 3, the remaining 

supernatants of three parallel analytical reactions were combined and transferred to a 2-dram 

vial and the solvent was removed by blowing air. The α-branched ketones 3 were extracted 

from the remaining residues with a solution of hexane and EtOAc mixture (1:1) and subjected 

to normal-phase HPLC to determine the enantiomeric excess (e.e.).  
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Nucleotide and Amino Acid Sequences 

The genes encoding the heme proteins shown below were cloned using Gibson assembly2 

into vector pET-22b(+) (Novagen) between restriction sites NdeI and XhoI in frame with a 

C-terminal 6×His-tag.  

 

Table 3-S9. Mutations of the P411 variants in this study. 

Name Mutations relative to the wild type P450BM3 

Mutations 

relative to  

P411-INC-5182 

P411-

INC-5182 

A74G, V78L, A82L, F87A, P142S, T175I, M177L, 

A184V, S226R, H236Q, E252G, I263Y, T268G, A290V, 

T327I, A328V, L353V, I366V, C400S, T436L, L437Q, 

E442K, ∆FAD domain 

- 

P411-

INC-5183 

A74G, V78L, A82L, F87A, P142S, T175I, M177L, 

A184V, S226R, H236Q, E252G, I263W, T268G, 

A290V, T327P, A328V, L353V, I366V, C400S, T436L, 

L437Q, E442K, ∆FAD domain  

Y263W, I327P 

P411-

INC-5184 

A74G, V78L, A82L, F87A, P142S, T175I, M177L, 

A184V, S226R, H236Q, E252G, I263W, T268G, 

A290V, T327P, A328V, L353V, I366V, C400S, T436L, 

L437V, E442K, ∆FAD domain  

Y263W, I327P, 

Q437V 

P411-

INC-5185 

N70S, A74G, V78L, A82L, F87A, P142S, T175I, 

M177L, A184V, S226R, H236Q, E252G, I263W, 

T268G, A290V, T327P, A328V, L353V, I366V, C400S, 

T436L, L437V, E442K, ∆FAD domain  

N70S, Y263W, 

I327P, Q437V 
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P411-

INC-5186 

N70S, A74G, V78L, A82L, F87A, P142S, T175I, 

M177L, A184V, S226R, H236Q, E252G, I263M, 

T268G, A290V, T327P, A328V, L353V, I366V, C400S, 

T436L, L437V, E442K, ∆FAD domain 

N70S, Y263M, 

I327P, Q437V 

P411-

SCA-5187 

N70S, A74G, V78L, A82L, F87A, P142S, T175I, 

M177L, A184V, S226R, H236Q, E252G, I263M, 

T268G, A290V, T327P, A328V, L353V, I366V, C400S, 

T436L, L437A, E442K, ∆FAD domain 

N70S, Y263M, 

I327P, Q437A 

P411-

SCA-5188 

N70S, A74G, V78L, A82L, F87A, P142S, T175I, 

A184V, S226R, H236Q, E252G, I263M, T268G, 

A290V, T327P, A328V, L353V, I366V, C400S, T436L, 

L437A, E442K, ∆FAD domain 

N70S, L177M, 

Y263M, I327P, 

Q437A 

 

 

DNA and amino acid sequences of P411-INC-5186: 

ATGACAATTAAAGAAATGCCTCAGCCAAAAACGTTTGGAGAGCTTAAAAATTTACCGTTATTAA

ACACAGATAAACCGGTTCAAGCTTTGATGAAAATTGCGGATGAATTAGGAGAAATCTTTAAATT

CGAGGCGCCTGGTCGTGTAACGCGCTACTTATCAAGTCAGCGTCTAATTAAAGAAGCATGCGAT

GAATCACGCTTTGATAAATCTTTAAGTCAAGGTCTGAAATTTCTGCGTGATTTTCTTGGAGACGG

GTTAGCCACAAGCTGGACGCATGAAAAAAATTGGAAAAAAGCGCATAATATCTTACTTCCAAG

CTTTAGTCAGCAGGCAATGAAAGGCTATCATGCGATGATGGTCGATATCGCCGTGCAGCTTGTT

CAAAAGTGGGAGCGTCTAAATGCAGATGAGCATATTGAAGTATCGGAAGACATGACACGTTTA

ACGCTTGATACAATTGGTCTTTGCGGCTTTAACTATCGCTTTAACAGCTTTTACCGAGATCAGCC

TCATCCATTTATTATAAGTCTGGTCCGTGCACTGGATGAAGTAATGAACAAGCTGCAGCGAGCA

AATCCAGACGACCCAGCTTATGATGAAAACAAGCGCCAGTTTCAAGAAGATATCAAGGTGATG

AACGACCTAGTAGATAAAATTATTGCAGATCGCAAAGCAAGGGGTGAACAAAGCGATGATTTA
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TTAACGCAGATGCTAAACGGAAAAGATCCAGAAACGGGTGAGCCGCTTGATGACGGGAACATT

CGCTATCAAATTATTACATTCTTAATGGCGGGACACGAAGGTACAAGTGGTCTTTTATCATTTGC

GCTGTATTTCTTAGTGAAAAATCCACATGTATTACAAAAAGTAGCAGAAGAAGCAGCACGAGT

TCTAGTAGATCCTGTTCCAAGCTACAAACAAGTCAAACAGCTTAAATATGTCGGCATGGTCTTA

AACGAAGCGCTGCGCTTATGGCCACCGGTTCCTGCGTTTTCCCTATATGCAAAAGAAGATACGG

TGCTTGGAGGAGAATATCCTTTAGAAAAAGGCGACGAAGTAATGGTTCTGATTCCTCAGCTTCA

CCGTGATAAAACAGTTTGGGGAGACGATGTGGAGGAGTTCCGTCCAGAGCGTTTTGAAAATCC

AAGTGCGATTCCGCAGCATGCGTTTAAACCGTTTGGAAACGGTCAGCGTGCGTCTATCGGTCAG

CAGTTCGCTCTTCATGAAGCAACGCTGGTACTTGGTATGATGCTAAAACACTTTGACTTTGAAG

ATCATACAAACTACGAGCTCGATATTAAAGAACTGGTGACGTTAAAACCTAAAGGCTTTGTGGT

AAAAGCAAAATCGAAAAAAATTCCGCTTGGCGGTATTCCTTCACCTAGCACTGAACAGTCTGCT

AAAAAAGTACGCAAAAAGGCAGAAAACGCTCATAATACGCCGCTGCTTGTGCTATACGGTTCA

AATATGGGTACCGCTGAAGGAACGGCGCGTGATTTAGCAGATATTGCAATGAGCAAAGGATTT

GCACCGCAGGTCGCAACGCTTGATTCACACGCCGGAAATCTTCCGCGCGAAGGAGCTGTATTAA

TTGTAACGGCGTCTTATAACGGTCATCCGCCTGATAACGCAAAGCAATTTGTCGACTGGTTAGA

CCAAGCGTCTGCTGATGAAGTAAAAGGCGTTCGCTACTCCGTATTTGGATGCGGCGATAAAAAC

TGGGCTACTACGTATCAAAAAGTGCCTGCTTTTATCGATGAAACGCTTGCCGCTAAAGGGGCAG

AAAACATCGCTGACCGCGGTGAAGCAGATGCAAGCGACGACTTTGAAGGCACATATGAAGAAT

GGCGTGAACATATGTGGAGTGACGTAGCAGCCTACTTTAACCTCGACATTGAAAACAGTGAAG

ATAATAAATCTACTCTTTCACTTCAATTTGTCGACAGCGCCGCGGATATGCCGCTTGCGAAAAT

GCACGGTGCGTTTTCAACGCTCGAGCACCACCACCACCACCACTGA 

MTIKEMPQPKTFGELKNLPLLNTDKPVQALMKIADELGEIFKFEAPGRVTRYLSSQRLIKEACDESRF

DKSLSQGLKFLRDFLGDGLATSWTHEKNWKKAHNILLPSFSQQAMKGYHAMMVDIAVQLVQKWE

RLNADEHIEVSEDMTRLTLDTIGLCGFNYRFNSFYRDQPHPFIISLVRALDEVMNKLQRANPDDPAY

DENKRQFQEDIKVMNDLVDKIIADRKARGEQSDDLLTQMLNGKDPETGEPLDDGNIRYQIITFLMA

GHEGTSGLLSFALYFLVKNPHVLQKVAEEAARVLVDPVPSYKQVKQLKYVGMVLNEALRLWPPVP
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AFSLYAKEDTVLGGEYPLEKGDEVMVLIPQLHRDKTVWGDDVEEFRPERFENPSAIPQHAFKPFGN

GQRASIGQQFALHEATLVLGMMLKHFDFEDHTNYELDIKELVTLKPKGFVVKAKSKKIPLGGIPSPS

TEQSAKKVRKKAENAHNTPLLVLYGSNMGTAEGTARDLADIAMSKGFAPQVATLDSHAGNLPREG

AVLIVTASYNGHPPDNAKQFVDWLDQASADEVKGVRYSVFGCGDKNWATTYQKVPAFIDETLAA

KGAENIADRGEADASDDFEGTYEEWREHMWSDVAAYFNLDIENSEDNKSTLSLQFVDSAADMPLA

KMHGAFSTLEHHHHHH* 

 

DNA and amino acid sequences of P411-SCA-5188: 

ATGACAATTAAAGAAATGCCTCAGCCAAAAACGTTTGGAGAGCTTAAAAATTTACCGTTATTAA

ACACAGATAAACCGGTTCAAGCTTTGATGAAAATTGCGGATGAATTAGGAGAAATCTTTAAATT

CGAGGCGCCTGGTCGTGTAACGCGCTACTTATCAAGTCAGCGTCTAATTAAAGAAGCATGCGAT

GAATCACGCTTTGATAAATCTTTAAGTCAAGGTCTGAAATTTCTGCGTGATTTTCTTGGAGACGG

GTTAGCCACAAGCTGGACGCATGAAAAAAATTGGAAAAAAGCGCATAATATCTTACTTCCAAG

CTTTAGTCAGCAGGCAATGAAAGGCTATCATGCGATGATGGTCGATATCGCCGTGCAGCTTGTT

CAAAAGTGGGAGCGTCTAAATGCAGATGAGCATATTGAAGTATCGGAAGACATGACACGTTTA

ACGCTTGATACAATTGGTCTTTGCGGCTTTAACTATCGCTTTAACAGCTTTTACCGAGATCAGCC

TCATCCATTTATTATAAGTATGGTCCGTGCACTGGATGAAGTAATGAACAAGCTGCAGCGAGCA

AATCCAGACGACCCAGCTTATGATGAAAACAAGCGCCAGTTTCAAGAAGATATCAAGGTGATG

AACGACCTAGTAGATAAAATTATTGCAGATCGCAAAGCAAGGGGTGAACAAAGCGATGATTTA

TTAACGCAGATGCTAAACGGAAAAGATCCAGAAACGGGTGAGCCGCTTGATGACGGGAACATT

CGCTATCAAATTATTACATTCTTAATGGCGGGACACGAAGGTACAAGTGGTCTTTTATCATTTGC

GCTGTATTTCTTAGTGAAAAATCCACATGTATTACAAAAAGTAGCAGAAGAAGCAGCACGAGT

TCTAGTAGATCCTGTTCCAAGCTACAAACAAGTCAAACAGCTTAAATATGTCGGCATGGTCTTA

AACGAAGCGCTGCGCTTATGGCCACCGGTTCCTGCGTTTTCCCTATATGCAAAAGAAGATACGG

TGCTTGGAGGAGAATATCCTTTAGAAAAAGGCGACGAAGTAATGGTTCTGATTCCTCAGCTTCA
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CCGTGATAAAACAGTTTGGGGAGACGATGTGGAGGAGTTCCGTCCAGAGCGTTTTGAAAATCC

AAGTGCGATTCCGCAGCATGCGTTTAAACCGTTTGGAAACGGTCAGCGTGCGTCTATCGGTCAG

CAGTTCGCTCTTCATGAAGCAACGCTGGTACTTGGTATGATGCTAAAACACTTTGACTTTGAAG

ATCATACAAACTACGAGCTCGATATTAAAGAACTGGCGACGTTAAAACCTAAAGGCTTTGTGGT

AAAAGCAAAATCGAAAAAAATTCCGCTTGGCGGTATTCCTTCACCTAGCACTGAACAGTCTGCT

AAAAAAGTACGCAAAAAGGCAGAAAACGCTCATAATACGCCGCTGCTTGTGCTATACGGTTCA

AATATGGGTACCGCTGAAGGAACGGCGCGTGATTTAGCAGATATTGCAATGAGCAAAGGATTT

GCACCGCAGGTCGCAACGCTTGATTCACACGCCGGAAATCTTCCGCGCGAAGGAGCTGTATTAA

TTGTAACGGCGTCTTATAACGGTCATCCGCCTGATAACGCAAAGCAATTTGTCGACTGGTTAGA

CCAAGCGTCTGCTGATGAAGTAAAAGGCGTTCGCTACTCCGTATTTGGATGCGGCGATAAAAAC

TGGGCTACTACGTATCAAAAAGTGCCTGCTTTTATCGATGAAACGCTTGCCGCTAAAGGGGCAG

AAAACATCGCTGACCGCGGTGAAGCAGATGCAAGCGACGACTTTGAAGGCACATATGAAGAAT

GGCGTGAACATATGTGGAGTGACGTAGCAGCCTACTTTAACCTCGACATTGAAAACAGTGAAG

ATAATAAATCTACTCTTTCACTTCAATTTGTCGACAGCGCCGCGGATATGCCGCTTGCGAAAAT

GCACGGTGCGTTTTCAACGCTCGAGCACCACCACCACCACCACTGA 

MTIKEMPQPKTFGELKNLPLLNTDKPVQALMKIADELGEIFKFEAPGRVTRYLSSQRLIKEACDESRF

DKSLSQGLKFLRDFLGDGLATSWTHEKNWKKAHNILLPSFSQQAMKGYHAMMVDIAVQLVQKWE

RLNADEHIEVSEDMTRLTLDTIGLCGFNYRFNSFYRDQPHPFIISMVRALDEVMNKLQRANPDDPAY

DENKRQFQEDIKVMNDLVDKIIADRKARGEQSDDLLTQMLNGKDPETGEPLDDGNIRYQIITFLMA

GHEGTSGLLSFALYFLVKNPHVLQKVAEEAARVLVDPVPSYKQVKQLKYVGMVLNEALRLWPPVP

AFSLYAKEDTVLGGEYPLEKGDEVMVLIPQLHRDKTVWGDDVEEFRPERFENPSAIPQHAFKPFGN

GQRASIGQQFALHEATLVLGMMLKHFDFEDHTNYELDIKELATLKPKGFVVKAKSKKIPLGGIPSPS

TEQSAKKVRKKAENAHNTPLLVLYGSNMGTAEGTARDLADIAMSKGFAPQVATLDSHAGNLPREG

AVLIVTASYNGHPPDNAKQFVDWLDQASADEVKGVRYSVFGCGDKNWATTYQKVPAFIDETLAA

KGAENIADRGEADASDDFEGTYEEWREHMWSDVAAYFNLDIENSEDNKSTLSLQFVDSAADMPLA

KMHGAFSTLEHHHHHH* 
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Substrate Syntheses and Characterizations 

General procedure A: preparation of mixtures of silyl enol ethers 1 

 

Step 1: Silyl enol ethers were prepared using a modified procedure reported by 

Melchiorre and coworkers.5 In an oven-dried round-bottom flask kept under nitrogen, ketone 

(2.5 mmol) was dissolved in dry DCM (5 mL), and the resulting solution was cooled in an 

ice bath. Triethylamine (1.5 equiv., 3.75 mmol, 523 µL) was added followed by 

trimethylsilyl trifluoromethanesulfonate (TMSOTf, 1.1 equiv., 2.75 mmol, 499 µL). The 

mixture was stirred for two hours at this temperature and then was warmed up to room 

temperature and stirred overnight. Next, the reaction mixture was poured into water/DCM in 

an extraction funnel. The phases were separated, and the water phase was extracted twice 

with DCM, the combined organic fractions dried (Na2SO4) and concentrated to dryness. The 

residue was purified by flash column chromatography (hexanes/EtOAc 90/10 containing 1% 

triethylamine) to afford the desired product. 

 

Step 2: Isomerization of 1 was done via a known procedure,6 but with slight 

modifications as follows. A vial fitted with a rubber septum was charged with Ir(ppy)3 (0.007 

equiv., 1.88 mM stock solution of catalyst in CH3CN), 1 (1 equiv.), diisopropylethylamine 
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(DIPEA, 0.1 equiv.), and the reaction mixture was degassed via Argon (Ar) gas bubbling 

for 5–10 min and then left under positive Ar pressure by removing the exit needle. The vial 

was placed in a light bath (Blue LEDs were purchased from Kessil Co., Ltd. (40 W max., 

product No. A160WE)) for 5 hours. The crude product was purified by normal phase 

chromatography. The Z/E ratio of 1 was measured and determined by 1H NMR (see 0 for 

details). 

General procedure B: preparation of mixtures of silyl enol ethers 1n, 1o, and 1p 

 

Step 1: Silyl enol ethers 1n, 1o, and 1p were prepared using a modified procedure 

reported by Melchiorre and coworkers.5 In an oven-dried round-bottom flask kept under 

nitrogen, butyrophenone (2.5 mmol) was dissolved in dry DCM (5 mL) and the resulting 

solution was cooled in an ice bath. Triethylamine (1.5 equiv., 3.75 mmol, 523 µL) was added 

followed by ROTf (1.1 equiv., 2.75 mmol, triethylsilyl trifluoromethanesulfonate (TESOTf), 

triisopropylsilyl trifluoromethanesulfonate (TIPSOTf), or tert-butyldimethylsilyl 

trifluoromethanesulfonate (TBDMSOTf) for the synthesis of 1n, 1o or 1p, respectively). The 

mixture was stirred for two hours at this temperature and then was warmed up to room 

temperature and stirred overnight. Next, the reaction mixture was poured into water/DCM in 

an extraction funnel. The phases were separated, and the water phase was extracted twice 

with DCM, the combined organic fractions dried (Na2SO4) and concentrated to dryness. The 

residue was purified by flash column chromatography (hexanes/EtOAc 90/10 containing 1% 
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triethylamine) to afford the desired product. The Z/E ratio of 1n, 1o, 1p was measured 

and determined by 1H NMR (see 0 for details). 

 

Table 3-S10. Z/E ratios of silyl enol ethers 1.a 

1 Z/E 1 Z/E 

 

1/1 b 

 

1/1 

 

1/2.2 

 

1/0.6 

 

1/1.7 

 

1/1.5 

 

1/2.3 

 

1/1 

 

1/1.2 

 

1/2.3 

 

1/0.1c 

 

1/1.3 
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1/0.5 

 

1/4 

 

1/0.05c 

 

1/1.5 

 

a Silyl enol ethers 1 were prepared according to the protocol described in General procedure 

A:. Z/E- ratios were determined by 1H NMR.  

b Chiral chromatographic separation of the isomers of 1a was conducted using a Thar 

analytical SFC system using a Mettler-Toledo column compartment and an Agilent 1200 

series G1315B diode-array detector using isopropanol/CO2 and two 4.6 x 250 mm Chiralcel® 

AD-H columns.  

c Silyl enol ether 1f and 1h were prepared according to the protocol described in General 

procedure A:, step 1. Z/E- ratios were determined by 1H NMR.  
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(Z)-trimethyl((1-phenylbut-1-en-1-yl)oxy)silane ((Z)-1a) 

 

1H NMR (400 MHz, Chloroform-d) δ 7.49 – 7.43 (m, 2H), 7.29 (tt, J = 6.6, 1.0 Hz, 2H), 

7.25 – 7.19 (m, 1H), 5.24 (t, J = 7.1 Hz, 1H), 2.22 (p, J = 7.4 Hz, 2H), 1.04 (t, J = 7.5 Hz, 

3H), 0.13 (s, 9H). 

13C NMR (101 MHz, Chloroform-d) δ 148.49 , 139.35 , 128.14 , 127.43 , 125.43 , 113.47 , 

19.69 , 14.40 , 0.66 . 

(E)-trimethyl((1-phenylbut-1-en-1-yl)oxy)silane ((E)-1a) 

 

1H NMR (400 MHz, Chloroform-d) δ 7.39 – 7.26 (m, 5H), 5.02 (t, J = 7.6 Hz, 1H), 2.11 (p, 

J = 7.5 Hz, 2H), 0.99 (t, J = 7.4 Hz, 3H), 0.13 (s, 9H). 

13C NMR (101 MHz, Chloroform-d) δ 148.79 , 137.94 , 128.42 , 127.92 , 127.78 , 113.35 , 

21.16 , 15.50 , 0.42 . 
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trimethyl((1-(p-tolyl)but-1-en-1-yl)oxy)silane (1b) 

 

1H NMR (400 MHz, Chloroform-d) δ 7.35 – 7.09 (m, 4H), 5.28 – 4.90 (m, 1H), 2.34 (d, J = 

8.1 Hz, 3H), 2.25 – 2.06 (m, 2H), 1.01 (dt, J = 20.3, 7.4 Hz, 3H), 0.13 (d, J = 1.9 Hz, 9H). 

13C NMR (101 MHz, Chloroform-d) δ 148.79 , 148.48 , 137.51 , 137.14 , 136.54 , 135.07 , 

128.83 , 128.60 , 128.31 , 125.35 , 112.95 , 112.64 , 21.20 , 19.65 , 15.52 , 14.45 , 0.68 , 0.44 

. 

trimethyl((1-(m-tolyl)but-1-en-1-yl)oxy)silane (1c) 

 

1H NMR (400 MHz, Chloroform-d) δ 7.43 – 6.97 (m, 4H), 5.11 (dt, J = 91.8, 7.4 Hz, 1H), 

2.35 (d, J = 6.1 Hz, 3H), 2.16 (dp, J = 41.8, 7.5 Hz, 2H), 1.01 (dt, J = 21.8, 7.5 Hz, 3H), 0.13 

(s, 9H). 

13C NMR (101 MHz, Chloroform-d) δ 148.49 , 148.12 , 138.80 , 137.41 , 137.14 , 136.98 , 

128.60 , 128.07 , 127.73 , 127.58 , 127.32 , 125.69 , 125.12 , 122.15 , 112.81 , 112.68 , 21.18 

, 20.74 , 19.22 , 15.06 , 13.96 , 0.22 , 0.00 . 

 



 

 

197 

((1-(4-isopropylphenyl)but-1-en-1-yl)oxy)trimethylsilane (1d) 

 

1H NMR (400 MHz, Chloroform-d) δ 7.24 – 6.99 (m, 4H), 4.96 (dt, J = 87.2, 7.4 Hz, 1H), 

2.88 – 2.69 (m, 1H), 2.04 (dp, J = 29.9, 7.5 Hz, 2H), 1.12 (dd, J = 6.9, 4.4 Hz, 9H), 0.92 – 

0.83 (m, 3H), 0.01 (s, 9H). 

13C NMR (101 MHz, Chloroform-d) δ 148.84 , 148.50 , 148.44 , 148.15 , 136.82 , 135.36 , 

128.45 , 128.32 , 126.76 , 126.16 , 125.93 , 125.35 , 112.79 , 112.66 , 77.36 , 34.02 , 33.90 , 

24.10 , 23.85 , 21.23 , 19.67 , 15.57 , 14.46 , 0.70 , 0.45 . 

((1-(4-fluorophenyl)but-1-en-1-yl)oxy)trimethylsilane (1e) 

 

1H NMR (400 MHz, Chloroform-d) δ 7.39 – 7.31 (m, 2H), 7.11 – 6.88 (m, 2H), 5.08 (dt, J 

= 61.2, 7.4 Hz, 1H), 2.32 – 1.97 (m, 2H), 1.01 (dt, J = 18.7, 7.5 Hz, 3H), 0.12 (d, J = 2.6 Hz, 

9H). 

13C NMR (101 MHz, Chloroform-d) δ 163.53 (d, J = 8.4 Hz), 161.08 (d, J = 9.0 Hz), 147.76 

(d, J = 19.9 Hz), 135.57 (d, J = 3.3 Hz), 134.03 (d, J = 3.3 Hz), 130.10 (d, J = 8.0 Hz), 127.08 

(d, J = 7.9 Hz), 115.03 (d, J = 12.9 Hz), 114.81 (d, J = 12.8 Hz), 113.24 (d, J = 2.1 Hz), 77.36 

, 21.17 , 19.67 , 15.45 , 14.38 , 0.64 , 0.40 . 
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((1-(2-fluorophenyl)but-1-en-1-yl)oxy)trimethylsilane (1f) 

 

1H NMR (400 MHz, Chloroform-d) δ 7.49 – 7.28 (m, 1H), 7.20 (dddd, J = 8.1, 7.0, 4.9, 1.9 

Hz, 1H), 7.13 – 6.97 (m, 2H), 5.26 – 5.08 (m, 1H), 2.40 – 1.81 (m, 2H), 1.04 (t, J = 7.5 Hz, 

3H), 0.09 (s, 9H). 

((1-(4-chlorophenyl)but-1-en-1-yl)oxy)trimethylsilane (1g) 

 

1H NMR (400 MHz, Chloroform-d) δ 7.40 – 7.25 (m, 4H), 5.12 (dt, J = 78.9, 7.4 Hz, 1H), 

2.26 – 2.00 (m, 2H), 1.01 (dt, J = 18.6, 7.5 Hz, 3H), 0.13 (d, J = 1.0 Hz, 9H). 

13C NMR (101 MHz, Chloroform-d) δ 147.70 , 147.53 , 137.90 , 136.43 , 133.47 , 133.09 , 

129.69 , 129.61 , 129.01 , 128.32 , 128.17 , 126.67 , 113.99 , 113.86 , 77.36 , 21.17 , 19.71 , 

15.42 , 14.31 , 0.66 , 0.40 . 

((1-(4-bromophenyl)but-1-en-1-yl)oxy)trimethylsilane (1h) 

 

1H NMR (400 MHz, Chloroform-d) δ 7.40 – 7.25 (m, 4H), 5.12 (dt, J = 78.9, 7.4 Hz, 1H), 

2.26 – 2.00 (m, 2H), 1.01 (dt, J = 18.6, 7.5 Hz, 3H), 0.13 (d, J = 1.0 Hz, 9H). 
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((1-(4-methoxyphenyl)but-1-en-1-yl)oxy)trimethylsilane (1i) 

 

1H NMR (400 MHz, Chloroform-d) δ 7.35 (dd, J = 31.3, 8.9 Hz, 2H), 6.84 (dd, J = 14.1, 8.8 

Hz, 2H), 5.03 (dt, J = 62.7, 7.3 Hz, 1H), 3.81 (d, J = 4.5 Hz, 3H), 2.15 (dp, J = 35.7, 7.5 Hz, 

2H), 1.01 (dt, J = 18.0, 7.5 Hz, 3H), 0.12 (s, 9H). 

13C NMR (101 MHz, Chloroform-d) δ 159.12 , 148.47 , 148.20 , 132.10 , 130.51 , 129.65 , 

126.70 , 113.48 , 113.27 , 112.49 , 111.84 , 77.36 , 55.39 , 55.37 , 21.22 , 19.64 , 15.54 , 

14.51 , 0.67 , 0.43 . 

trimethyl((1-(thiophen-2-yl)but-1-en-1-yl)oxy)silane (1j) 

 

1H NMR (400 MHz, Chloroform-d) δ 7.26 – 6.88 (m, 3H), 5.11 (dt, J = 91.3, 7.3 Hz, 1H), 

2.24 (dp, J = 52.8, 7.4 Hz, 2H), 1.09 – 0.98 (m, 3H), 0.21 (s, 9H). 

13C NMR (101 MHz, Chloroform-d) δ 143.83 , 143.49 , 143.10 , 141.32 , 127.16 , 126.81 , 

125.66 , 125.04 , 123.77 , 122.90 , 113.48 , 112.72 , 21.12 , 19.59 , 15.04 , 14.28 , 0.67 , 0.31 

. 
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trimethyl((1-phenylpent-1-en-1-yl)oxy)silane (1k) 

 

1H NMR (400 MHz, Chloroform-d) δ 7.49 – 7.19 (m, 5H), 5.15 (dt, J = 89.8, 7.4 Hz, 1H), 

2.13 (dq, J = 38.5, 7.4 Hz, 2H), 1.43 (dq, J = 21.9, 7.4 Hz, 2H), 0.93 (dt, J = 32.1, 7.4 Hz, 

3H), 0.13 (d, J = 1.4 Hz, 9H). 

13C NMR (101 MHz, Chloroform-d) δ 148.80 , 148.62 , 139.00 , 137.58 , 128.07 , 127.71 , 

127.48 , 127.30 , 127.00 , 125.03 , 111.17 , 111.09 , 76.94 , 29.39 , 28.04 , 23.61 , 22.67 , 

13.77 , 13.48 , 0.29 , 0.01 . 

trimethyl((1-phenylprop-1-en-1-yl)oxy)silane (1l) 

 

1H NMR (400 MHz, Chloroform-d) δ 7.53 – 7.13 (m, 5H), 5.22 (dq, J = 91.1, 7.1 Hz, 1H), 

1.72 (dd, J = 13.7, 7.1 Hz, 3H), 0.13 (d, J = 5.8 Hz, 9H). 

13C NMR (101 MHz, Chloroform-d) δ 149.97 , 149.74 , 139.31 , 137.73 , 128.52 , 128.15 , 

127.92 , 127.69 , 127.41 , 125.32 , 105.50 , 105.13 , 77.36 , 13.28 , 11.83 , 0.72 , 0.42 . 
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trimethyl((1-(p-tolyl)prop-1-en-1-yl)oxy)silane (1m) 

 

1H NMR (400 MHz, Chloroform-d) δ 7.46 – 7.01 (m, 4H), 5.36 – 4.97 (m, 1H), 2.35 (d, J = 

9.4 Hz, 3H), 1.77 – 1.65 (m, 3H), 0.13 (d, J = 7.0 Hz, 9H). 

13C NMR (101 MHz, Chloroform-d) δ 149.52 , 149.31 , 136.96 , 136.66 , 136.07 , 134.41 , 

128.92 , 128.40 , 128.16 , 127.96 , 124.79 , 104.23 , 104.17 , 76.92 , 20.97 , 20.83 , 12.86 , 

11.34 , 0.30 , -0.00 . 

triethyl((1-phenylbut-1-en-1-yl)oxy)silane (1n) 

 

1H NMR (400 MHz, Chloroform-d) δ 7.41 – 7.18 (m, 6H), 5.00 (dt, J = 39.4, 7.4 Hz, 1H), 

2.10 (dp, J = 48.6, 7.4 Hz, 2H), 0.98 – 0.89 (m, 3H), 0.88 – 0.84 (m, 9H), 0.56 – 0.42 (m, 

6H). 

13C NMR (101 MHz, Chloroform-d) δ 148.79 , 139.69 , 137.90 , 128.23 , 127.93 , 127.71 , 

127.59 , 127.30 , 125.50 , 113.24 , 112.66 , 77.22 , 21.06 , 19.41 , 15.36 , 14.27 , 6.82 , 6.72 

, 6.43 , 5.32 , 5.01 . 
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triisopropyl((1-phenylbut-1-en-1-yl)oxy)silane (1o) 

 

1H NMR (400 MHz, Chloroform-d) δ 7.47 – 7.10 (m, 5H), 4.90 (dt, J = 18.4, 7.3 Hz, 1H), 

2.25 – 1.96 (m, 2H), 1.11 – 0.86 (m, 26H). 

13C NMR (101 MHz, Chloroform-d) δ 149.73 , 140.38 , 132.87 , 128.26 , 127.85 , 127.62 , 

127.29 , 126.00 , 113.16 , 111.70 , 19.49 , 18.04 , 17.93 , 17.72 , 14.23 , 13.51 , 12.68 . 

tert-butyldimethyl((1-phenylbut-1-en-1-yl)oxy)silane (1p) 

 

1H NMR (400 MHz, Chloroform-d) δ 7.32 (d, J = 8.6 Hz, 1H), 7.25 – 7.21 (m, 1H), 6.80 – 

6.72 (m, 2H), 5.22 – 4.81 (m, 1H), 2.14 (dt, J = 34.2, 7.5 Hz, 2H), 0.98 (d, J = 2.7 Hz, 12H), 

0.19 (d, J = 4.9 Hz, 6H), 0.11 (s, 9H). 

13C NMR (101 MHz, Chloroform-d) δ 154.86 , 148.14 , 147.92 , 130.65 , 129.20 , 126.28 , 

119.29 , 119.06 , 112.05 , 111.46 , 76.95 , 25.42 , 20.80 , 19.21 , 17.95 , 15.12 , 14.09 , 0.24 

, 0.00 , -4.66 , -4.69 . 
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General procedure C: preparation of diazoacetonitrile 2a: 

 

The stock solution of diazo compound 2 was prepared using a modified procedure 

reported by Hock et al.7 To a vigorously stirring solution of 1.3 g (14 mmol) of 

aminoacetonitrile hydrochloride in 1 mL of water a solution of 0.96 g NaNO2 in 2 mL of 

water was added slowly (1 hour) at room temperature using a syringe pump. The rapidly 

evolving yellow gas was carefully bubbled (carrier argon gas was used) via PTFE tubing into 

7 mL of ethanol placed in a 7.5-mL sealed vial which was chilled on an ice bath. Upon the 

completion of addition, the aqueous mixture was further bubbled for 20 min to maximize the 

stock solution concentration and then the vial containing the diazo ethanol solution was 

carefully removed from the ice bath and stored at -20 oC. The substrate may 

deactivate/polymerize within two days to yield a black, insoluble mixture, therefore it needed 

to be prepared freshly. The concentration of the stock solution was measured by 1H NMR 

with non-deuterated DMSO as internal standard. The diazo solution concentration was then 

adjusted to 400 mM for biotransformations unless noted. 

CAUTION: Diazo compounds are toxic and potentially explosive and should be 

handled with care in a well-ventilated hood. Do not attempt to concentrate or isolate. 
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Synthesis of Reference Compounds 

General procedure D: preparation of α-branched ketones 3: 

 

α-Branched ketones were prepared by using a modified procedure reported by Kleij 

et al.8 A solution of lithium bis(trimethylsilyl)amide (LiHMDS, 1.0 M in THF, 12.0 mmol, 

1.2 equiv.) in THF (10 mL) was cooled down to -78 ºC. A solution of ketone (10 mmol, 1.0 

equiv.) in THF (10 mL) was added dropwise, and the resultant solution was stirred at -78 ºC 

for 1 h. After that, a solution of bromoacetonitrile (12.0 mmol, 1.2 equiv) in THF (10 mL) 

was added dropwise and the reaction mixture was stirred at -78 ºC for 1 h, quenched with 

hydrochloric acid (1 N), and extracted with Et2O (3 × 20 mL). The combined organic layers 

were dried over anhydrous Na2SO4, filtered, and evaporated under reduced pressure. The 

crude product was then purified by flash chromatography affording product α-branched 

ketone 3. 

 

 

 



 

 

205 

3-benzoylpentanenitrile (3a) 

 

1H NMR (400 MHz, Chloroform-d) δ 8.03 – 7.87 (m, 2H), 7.67 – 7.55 (m, 1H), 7.55 – 

7.44 (m, 2H), 3.77 (ddd, J = 13.0, 6.9, 6.0 Hz, 1H), 2.74 (dd, J = 16.9, 6.8 Hz, 1H), 2.64 

(dd, J = 16.9, 7.2 Hz, 1H), 1.99 – 1.88 (m, 1H), 1.85 – 1.70 (m, 1H), 0.91 (t, J = 7.5 Hz, 

3H). 

13C NMR (101 MHz, Chloroform-d) δ 199.91 , 135.63 , 133.86 , 129.04 , 128.48 , 118.75 

, 43.95 , 25.25 , 18.00 , 10.49 . 

Physical State: colorless oil. 

HRMS (ESI): calcd for C12H14NO [M+H]+ 188.1075; found 188.1080. 

3-(4-methylbenzoyl)pentanenitrile (3b) 

 

1H NMR (400 MHz, Chloroform-d) δ 7.92 – 7.76 (m, 2H), 7.39 – 7.26 (m, 2H), 3.74 (ddd, 

J = 13.1, 7.1, 6.1 Hz, 1H), 2.72 (dd, J = 16.9, 6.7 Hz, 1H), 2.63 (dd, J = 16.9, 7.4 Hz, 1H), 

2.43 (s, 3H), 1.97 – 1.87 (m, 1H), 1.84 – 1.71 (m, 1H), 0.90 (t, J = 7.5 Hz, 3H). 

13C NMR (101 MHz, Chloroform-d) δ 199.52 , 144.91 , 133.19 , 129.75 , 128.66 , 118.86, 

43.83 , 25.41 , 21.84 , 18.13 , 10.55 . 

Physical State: colorless oil. 

HRMS (ESI): calcd for C13H16NO [M+H]+ 202.1232; found 202.1215. 
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3-(3-methylbenzoyl)pentanenitrile (3c) 

 

1H NMR (400 MHz, Chloroform-d) δ 7.78 – 7.68 (m, 2H), 7.46 – 7.34 (m, 2H), 3.80 – 

3.72 (m, 1H), 2.73 (dd, J = 16.9, 6.7 Hz, 1H), 2.63 (dd, J = 17.0, 7.3 Hz, 1H), 1.99 – 1.85 

(m, 1H), 1.83 – 1.71 (m, 1H), 0.90 (t, J = 7.5 Hz, 3H). 

13C NMR (101 MHz, Chloroform-d) δ 200.14 , 138.96 , 135.73 , 134.66 , 129.00 , 128.89, 

125.69 , 118.80 , 43.96 , 25.27 , 21.51 , 18.05 , 10.48 . 

Physical State: colorless oil. 

HRMS (ESI): calcd for C13H16NO [M+H]+ 202.1232; found 202.1238. 

3-(4-isopropylbenzoyl)pentanenitrile (3d) 

 

1H NMR (400 MHz, Chloroform-d) δ 7.95 – 7.83 (m, 2H), 7.35 (d, J = 8.2 Hz, 2H), 3.76 

(dd, J = 12.9, 6.3 Hz, 1H), 2.98 (p, J = 6.9 Hz, 1H), 2.79 – 2.57 (m, 2H), 1.93 (dtd, J = 

15.0, 7.5, 5.9 Hz, 1H), 1.85 – 1.72 (m, 1H), 1.28 (d, J = 6.9 Hz, 6H), 0.91 (t, J = 7.5 Hz, 

3H). 

13C NMR (101 MHz, Chloroform-d) δ 199.36 , 155.45 , 133.36 , 128.68 , 127.04 , 118.74 , 

43.71 , 34.31 , 29.72 , 25.25 , 23.62 , 18.01 , 10.44 . 

Physical State: colorless oil. 
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3-(4-fluorobenzoyl)pentanenitrile (3e) 

 

1H NMR (400 MHz, Chloroform-d) δ 8.03 – 7.93 (m, 2H), 7.22 – 7.12 (m, 2H), 3.78 – 

3.67 (m, 1H), 2.74 (dd, J = 16.9, 6.9 Hz, 1H), 2.64 (dd, J = 16.9, 7.1 Hz, 1H), 2.01 – 1.85 

(m, 1H), 1.84 – 1.70 (m, 1H), 0.91 (t, J = 7.5 Hz, 3H). 

 

13C NMR (101 MHz, Chloroform-d) δ 198.34 , 167.53 , 164.98 , 132.09 (d, J = 2.9 Hz), 

131.24 (d, J = 9.4 Hz), 118.65 , 116.28 (d, J = 22.0 Hz), 44.00 , 25.38 , 18.10 , 10.54 . 

19F NMR (377 MHz, Chloroform-d) δ -103.74 . 

Physical State: colorless oil. 

HRMS (ESI): calcd for C12H13NOF [M+H]+ 206.0981; found 206.0970. 

3-(2-fluorobenzoyl)pentanenitrile (3f) 

 

1H NMR (400 MHz, Chloroform-d) δ 7.84 (td, J = 7.6, 1.9 Hz, 1H), 7.57 (dddd, J = 8.3, 

7.1, 5.1, 1.9 Hz, 1H), 7.29 – 7.25 (m, 1H), 7.16 (ddd, J = 11.4, 8.3, 1.1 Hz, 1H), 3.68 (qd, J 

= 6.7, 5.2 Hz, 1H), 2.77 (ddd, J = 16.9, 6.7, 1.0 Hz, 1H), 2.63 (ddd, J = 16.9, 6.8, 0.9 Hz, 

1H), 1.99 – 1.90 (m, 1H), 1.71 (dddd, J = 14.2, 7.6, 6.7, 0.9 Hz, 1H), 0.93 (t, J = 7.5 Hz, 3H). 

13C NMR (101 MHz, Chloroform-d) δ 198.30 (d, J = 4.2 Hz), 161.52 (d, J = 253.8 Hz), 

135.32 (d, J = 9.2 Hz), 131.27 (d, J = 2.5 Hz), 125.08 (d, J = 3.4 Hz), 124.59 (d, J = 12.5 
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Hz), 118.67 , 116.90 (d, J = 23.9 Hz), 48.51 (d, J = 7.6 Hz), 24.24 (d, J = 1.4 Hz), 17.46 

, 10.55 . 

19F NMR (377 MHz, Chloroform-d) δ -110.81 . 

Physical State: colorless oil. 

HRMS (ESI): calcd for C12H13NOF [M+H]+ 206.0981; found 206.0964. 

3-(4-chlorobenzoyl)pentanenitrile (3g) 

 

1H NMR (400 MHz, Chloroform-d) δ 7.92 – 7.74 (m, 2H), 7.64 – 7.36 (m, 2H), 3.77 – 3.66 

(m, 1H), 2.73 (dd, J = 17.0, 6.9 Hz, 1H), 2.64 (dd, J = 16.9, 7.1 Hz, 1H), 1.98 – 1.84 (m, 1H), 

1.80 – 1.70 (m, 1H), 0.91 (t, J = 7.5 Hz, 3H). 

13C NMR (101 MHz, Chloroform-d) δ 198.75 , 140.50 , 133.96 , 129.92 , 129.44 , 118.58 , 

44.05 , 25.31 , 18.02 , 10.51 . 

Physical State: colorless oil. 

HRMS (ESI): calcd for C12H13NOCl [M+H]+ 222.0686; found 222.0685. 
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3-(4-bromobenzoyl)pentanenitrile (3h) 

 

1H NMR (400 MHz, Chloroform-d) δ 7.90 – 7.68 (m, 2H), 7.79 – 7.52 (m, 2H), 3.75 – 3.66 

(m, 1H), 2.74 (dd, J = 16.9, 6.9 Hz, 1H), 2.64 (dd, J = 16.9, 7.1 Hz, 1H), 1.98 – 1.88 (m, 1H), 

1.80 – 1.73 (m, 1H), 0.91 (t, J = 7.5 Hz, 3H). 

13C NMR (101 MHz, Chloroform-d) δ 198.83 , 134.24 , 132.32 , 129.87 , 129.14 , 118.43 , 

77.22 , 43.91 , 25.17 , 17.88 , 10.37 . 

Physical State: colorless oil. 

HRMS (ESI): calcd for C12H13NOBr [M+H]+ 266.0181; found 266.0200. 

3-(4-methoxybenzoyl)pentanenitrile (3i) 

 

1H NMR (400 MHz, Chloroform-d) δ 8.11 – 7.89 (m, 2H), 6.97 (dd, J = 9.0, 2.4 Hz, 2H), 

3.88 (s, 1H), 3.78 – 3.66 (m, 1H), 2.72 (ddd, J = 16.9, 6.8, 2.2 Hz, 1H), 2.63 (ddd, J = 17.0, 

7.3, 2.3 Hz, 1H), 1.98 – 1.86 (m, 1H), 1.85 – 1.71 (m, 1H), 0.91 (td, J = 7.5, 2.2 Hz, 3H). 

13C NMR (101 MHz, Chloroform-d) δ 198.33 , 164.17 , 130.90 , 128.67 , 118.93 , 114.23 , 

55.70 , 43.59 , 25.57 , 18.28 , 10.63 . 

Physical State: colorless oil. 

HRMS (ESI): calcd for C13H16NO2 [M+H]+ 218.1181; found 218.1163. 
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3-(thiophene-2-carbonyl)pentanenitrile (3j) 

 

1H NMR (400 MHz, Chloroform-d) δ 7.74 (ddd, J = 15.2, 4.4, 1.1 Hz, 2H), 7.18 (dd, J = 

5.0, 3.8 Hz, 1H), 3.62 – 3.50 (m, 1H), 2.64 (dd, J = 17.0, 7.4 Hz, 1H), 1.96 (ddd, J = 14.3, 

7.6, 6.8 Hz, 1H), 1.84 (ddd, J = 12.4, 7.5, 6.0 Hz, 1H), 0.95 (t, J = 7.5 Hz, 3H). 

13C NMR (101 MHz, Chloroform-d) δ 192.53 , 143.05 , 135.07 , 132.60 , 128.47 , 118.34 , 

99.98 , 77.22 , 45.58 , 25.89 , 18.48 , 10.79 . 

Physical State: colorless oil. 

HRMS (ESI): calcd for C10H12NOS [M+H]+ 194.0640; found 194.0646. 

3-benzoylhexanenitrile (3k) 

 

1H NMR (400 MHz, Chloroform-d) δ 8.01 – 7.87 (m, 2H), 7.67 – 7.57 (m, 1H), 7.55 – 7.46 

(m, 2H), 3.83 – 3.77 (m, 1H), 2.75 (dd, J = 16.9, 6.8 Hz, 1H), 2.63 (dd, J = 16.9, 6.9 Hz, 1H), 

1.91 – 1.77 (m, 1H), 1.72 – 1.60 (m, 1H), 1.41 – 1.26 (m, 2H), 0.91 (t, J = 7.3 Hz, 3H). 

13C NMR (101 MHz, Chloroform-d) δ 200.12 , 135.69 , 133.91 , 129.09 , 128.53 , 118.76 , 

42.78 , 34.47 , 19.78 , 18.65 , 14.09 . 

Physical State: colorless oil. 

HRMS (ESI): calcd for C13H16NO [M+H]+ 202.1232; found 202.1257. 
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3-methyl-4-oxo-4-phenylbutanenitrile (3l) 

 

1H NMR (400 MHz, Chloroform-d) δ 7.91 – 7.83 (m, 2H), 7.59 – 7.50 (m, 1H), 7.48 – 7.38 

(m, 2H), 3.81 – 3.67 (m, 1H), 2.68 (dd, J = 16.9, 5.8 Hz, 1H), 2.55 (dd, J = 16.9, 8.1 Hz, 1H), 

1.33 (d, J = 7.2 Hz, 3H). 

13C NMR (101 MHz, Chloroform-d) δ 199.90 , 134.69 , 133.82 , 128.97 , 128.48 , 118.61 , 

77.23 , 38.11 , 20.40 , 18.12 . 

Physical State: colorless oil. 

HRMS (ESI): calcd for C11H12NO [M+H]+ 174.0919; found 174.0914. 

3-methyl-4-oxo-4-(p-tolyl)butanenitrile (3m) 

 

1H NMR (400 MHz, Chloroform-d) δ 7.84 (d, J = 8.3 Hz, 2H), 7.36 – 7.26 (m, 2H), 3.83 – 

3.74 (m, 1H), 2.73 (dd, J = 16.9, 5.8 Hz, 1H), 2.61 (dd, J = 16.9, 8.2 Hz, 1H), 2.43 (s, 3H), 

1.39 (d, J = 7.2 Hz, 3H). 

13C NMR (101 MHz, Chloroform-d) δ 199.63 , 144.95 , 132.31 , 129.78 , 128.74 , 118.84 , 

38.08 , 21.85 , 20.55 , 18.34 . 

Physical State: colorless oil. 

HRMS (ESI): calcd for C12H14NO [M+H]+ 188.1075; found 188.1080. 
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HPLC Calibration Curves 

Calibration curves of synthesized reference compounds were created for the 

determination of yield and TTN. For each substrate, four different concentrations of product 

(1, 2, 4, and 6 mM) with 2 mM internal standard in 375-μL acetonitrile solutions were mixed 

each with 375 μL water. The mixtures were vortexed and then analyzed by HPLC based on 

UV absorbance at 210 nm. All data points represent the average of duplicate runs. The 

calibration curves depict the ratio of product area to internal standard area (x-axis) against 

product concentration in mM (y-axis). Notes: Pdt = product area, IS = internal standard area, 

[Pdt] = product concentration in reaction, [PC] = protein concentration in reaction, Avg. TTN 

= average total turnover number, SD TTN = standard deviation of TTN, Avg. Yield = 

average yield, SD Yield = standard deviation of yield.  

Note: Data points represent average of duplicate runs. Pdt, product. IS, internal standard. PC, 

protein concentration. SD, standard deviation. Avg., average. 
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3-benzoylpentanenitrile (3a) 

 

3-(4-methylbenzoyl)pentanenitrile (3b) 
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3-(3-methylbenzoyl)pentanenitrile (3c) 

 

3-(4-isopropylbenzoyl)pentanenitrile (3d) 
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3-(4-fluorobenzoyl)pentanenitrile (3e) 

 

3-(2-fluorobenzoyl)pentanenitrile (3f) 

 

y = 3.9897x
R² = 0.9998
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3-(4-chlorobenzoyl)pentanenitrile (3g) 

 

3-(4-bromobenzoyl)pentanenitrile (3h) 

 

y = 3.6613x
R² = 0.9997
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3-(4-methoxybenzoyl)pentanenitrile (3i) 

 

3-(thiophene-2-carbonyl)pentanenitrile (3j) 

 

y = 6.647x
R² = 0.9999
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3-benzoylhexanenitrile (3k) 

 

 

3-methyl-4-oxo-4-phenylbutanenitrile (3l) 

 

y = 5.2528x
R² = 0.9999
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3-methyl-4-oxo-4-(p-tolyl)butanenitrile (3m) 

 

 

 

 

 

 

 

 

 

y = 3.2708x
R² = 0.9996
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Enantioselectivity Determinations 

Enantioselectivity determinations of α-branched ketone products 3 

The absolute configuration of enzymatic product 3l was assigned to be S by 

comparing the elution order of two enantiomers with a literature report under same elution 

conditions using the same column (Chiralpak IA).1 The other products 3a–3m were assigned 

by analogy.  

Note: For some samples, we found the retention time drifts in normal-phase HPLC. 
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(S)-3-benzoylpentanenitrile (3a) 

 

Chiral-phase HPLC conditions: Chiralpak IB, 15% i-PrOH in hexane, 1.0 mL/min, 25 

ºC, 254 nm 

Racemic 3a: 

 

Enzymatic preparation of 3a with P411-SCA-5188: 99% e.e. 
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(S)-3-(4-methylbenzoyl)pentanenitrile (3b) 

 

Chiral-phase HPLC conditions: Chiralpak IA, 5% i-PrOH in hexane, 1.0 mL/min, 25 ºC, 

245 nm 

Racemic 3b: 

 

Enzymatic preparation of 3b with P411-SCA-5188: 97% e.e. 
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(S)-3-(3-methylbenzoyl)pentanenitrile (3c) 

 

Chiral-phase HPLC conditions: Chiralpak IB, 15% i-PrOH in hexane, 1.0 mL/min, 25 

ºC, 254 nm 

Racemic 3c: 

 

Enzymatic preparation of 3c with P411-SCA-5188: 97% e.e. 
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(S)-3-(4-isopropylbenzoyl)pentanenitrile (3d) 

 

Chiral-phase HPLC conditions: Chiralpak IA, 5% i-PrOH in hexane, 1.0 mL/min, 25 ºC, 

254 nm 

Racemic 3d: 

 

Enzymatic preparation of 3d with P411-SCA-5188: 95% e.e. 
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(S)-3-(4-fluorobenzoyl)pentanenitrile (3e) 

 

Chiral-phase HPLC conditions: Chiralpak IA, 5% i-PrOH in hexane, 1.0 mL/min, 25 ºC, 

254 nm 

Racemic 3e: 

 

Enzymatic preparation of 3e with P411-SCA-5188: 93% e.e. 
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(S)-3-(2-fluorobenzoyl)pentanenitrile (3f) 

 

Chiral-phase HPLC conditions: Chiralpak IA, 5% i-PrOH in hexane, 1.0 mL/min, 25 ºC, 

245 nm 

Racemic 3f: 

 

Enzymatic synthesis of 3f with P411-SCA-5188: 99% e.e. 
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(S)-3-(4-chlorobenzoyl)pentanenitrile (3g) 

 

Chiral-phase HPLC conditions: Chiralpak IA, 5% i-PrOH in hexane, 1.0 mL/min, 25 ºC, 

245 nm 

Racemic 3g: 

 

Enzymatic preparation of 3g with P411-SCA-5188: 90% e.e. 
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(S)-3-(4-bromobenzoyl)pentanenitrile (3h) 

 

Chiral-phase HPLC conditions: Chiralpak IA, 5% i-PrOH in hexane, 1.0 mL/min, 25 ºC, 

254 nm 

Racemic 3h: 

 

Enzymatic preparation of 3h with P411-SCA-5188: >99% e.e. 
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(S)-3-(4-methoxybenzoyl)pentanenitrile (3i) 

 

Chiral-phase HPLC conditions: Chiralpak IA, 5% i-PrOH in hexane, 1.0 mL/min, 25 ºC, 

254 nm 

Racemic 3i: 

 

Enzymatic preparation of 3i with P411-SCA-5188: >99% e.e. 
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(S)-3-(thiophene-2-carbonyl)pentanenitrile (3j) 

 

Chiral-phase HPLC conditions: Chiralpak IB, 15% i-PrOH in hexane, 1.0 mL/min, 25 

ºC, 254 nm 

Racemic 3j: 

 

Enzymatic preparation of 3j with P411-SCA-5188: >99% e.e. 
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(S)-3-benzoylhexanenitrile (3k) 

 

Chiral-phase HPLC conditions: Chiralpak IB, 15% i-PrOH in hexane, 1.0 mL/min, 25 

ºC, 254 nm 

Racemic 3k: 

 

Enzymatic preparation of 3k with P411-SCA-5188: 91% e.e 
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(S)-3-methyl-4-oxo-4-phenylbutanenitrile (3l) 

 

Chiral-phase HPLC conditions: Chiralpak IB, 15% i-PrOH in hexane, 1.0 mL/min, 25 

ºC, 254 nm 

Racemic 3l: 

 

Enzymatic preparation of 3l with P411-SCA-5188: 99% e.e. 
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(S)-3-methyl-4-oxo-4-(p-tolyl)butanenitrile (3m) 

 

Chiral-phase HPLC conditions: Chiralpak IA, 3% i-PrOH in hexane, 1.0 mL/min, 25 ºC, 

245 nm 

Racemic 3m: 

 

Enzymatic preparation of 3m with P411-SCA-5188: 90% e.e. 
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Molecular Dynamics Simulations 

Molecular dynamics (MD) simulations were prepared with the Amber 161 package and the 

AmberTools 21 package.2 The structure of the B-chain of the structurally strongly related 

P411 E10 variant (PDB ID: 5UCW) was used as the starting point for the preparation of 

the MD simulations.3 The beneficial N70S, L177M, W263M and Q437A mutations were 

manually introduced using Pymol v.1.8.2.4 Hydrogen atoms were added using the reduce 

tool from the AmberTools 21 package. For the deprotonated serine residue coordinated to 

iron (named SEO), the residue was capped with an acyl group (N-terminus) and a 

methylamidate group (C-terminus) and restrained electrostatic potential (RESP) atomic 

charges5 were calculated at the B3LYP/6-31G(d)6,7 level of theory in Gaussian 09, Rev. 

D.01,8 according to the Merz–Singh–Kollman scheme.9,10 A combination of the ff14SB 

force field for proteins, the General Amber Force Field (gaff)11 for the ligand and TIP3P 

parameters12 for water molecules was employed.13 For the ligand, RESP atomic charges 

were calculated at the B3LYP/6-31G(d) level of theory according to the Merz–Singh–

Kollman scheme. Force field parameters and charges for the iron heme-ligand complex 

were generating using the MCPB.py program14 with geometry optimizations, force 

constant and Merz–Singh–Kollman RESP charge calculations at the B3LYP/6-31G(d) 

level of theory. For the bond between Fe and the side-chain oxygen from SEO, req was set 

to 1.8655 Å and k to 100.0 kcal mol-1 Å-2 using parmed. For Si–C and Si–O bonds, the req 

and k values derived by Wang et al. were employed. X. Dong, X. Yuan, Z. Song, Q. Wang, 

Phys. Chem. Chem. Phys. 2021, 23, 12582-12591. The system was solvated in a 10 Å 

buffer water box and neutralized by addition of sodium ions. 
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Employing the GPU-accelerated pmemd15 code implemented in Amber 16, the energy 

was minimized over 5,000 steps with positional restraints (500 kcal mol-1 Å-2) applied to 

all atoms except water molecules and sodium ions, followed by an energy minimization 

over 5,000 steps with positional restraints (2.0 kcal mol-1 Å-2) on all peptide backbone 

atoms (C, Cα, N) as well as all non-hydrogen atoms of the iron heme-ligand complex. 

Subsequently, the temperature was raised from 0 K to 300 K within 300 ps in an NVT 

ensemble with positional restraints (30 kcal mol-1 Å-2) on all peptide backbone atoms (C, 

Cα, N) as well as all non-hydrogen atoms of the iron heme-ligand complex. Afterwards, 

the system was equilibrated at 300 K and 1 atm for 2 ns in an NPT ensemble with high 

positional restraints (30 kcal mol-1 Å-2) on all peptide backbone atoms (C, Cα, N) as well 

as all non-hydrogen atoms of the iron heme-ligand complex, followed by an equilibration 

at 300 K and 1 atm for 2 ns in an NPT ensemble with low positional restraints (0.5 kcal 

mol-1 Å-2) on all peptide backbone atoms (C, Cα, N) as well as all non-hydrogen atoms of 

the iron heme-ligand complex. Production runs were performed in an NPT ensemble for 

1,000 ns. For each system, 3 independent replicas were simulated. k-means clustering was 

performed using cpptraj to analyze each MD trajectory and obtain representative structures 

for the most populated clusters. Distances were measured between the closest carbon or 

oxygen atoms of the ligand and carbon or oxygen atoms of the respective amino acid 

residues. Probability density plots were prepared with Excel 2016 with bin sizes of 0.2 Å 

for distances. Structures were visualized using Pymol v.1.8.2.4 

1H, 13C, and 19F NMR spectra of the compounds can be found in the Supporting Information 

of the published paper. 
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C h a p t e r  4  

ENZYMATIC ASSEMBLY OF DIVERSE LACTONE STRUCTURES: AN 

INTRAMOLECULAR C–H FUNCTIONALIZATION STRATEGY 
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Abstract 

Lactones are cyclic esters with extensive applications in materials science, medicinal 

chemistry, and the food and perfume industries. Nature’s strategy for synthesis of the many 

lactones found in natural products always relies on a single type of retrosynthetic strategy, a 

C–O bond disconnection. Here we describe a set of laboratory-engineered enzymes that use 

a new-to-nature C–C bond-forming strategy to assemble diverse lactone structures. These 

engineered ‘carbene transferases’ catalyze intramolecular carbene insertions into benzylic or 

allylic C–H bonds, which allows for the synthesis of lactones with different ring sizes and 

ring scaffolds from simple starting materials. Starting a from serine-ligated cytochrome P450 

variant previously engineered for other carbene transfer activities, directed evolution 

generated variant P411-LAS-5247, which exhibits high activity for constructing 5-

membered ε-lactone, lactam, and cyclic ketone products (up to 5600 total turnovers (TTN) 

and >99% enantiomeric excess (e.e.)). Further engineering led to variants P411-LAS-5249 

and P411-LAS-5264, which deliver 6-membered δ-lactones and 7-membered ε-lactones, 

respectively, overcoming the thermodynamically unfavorable ring strain associated with 

these products compared to the γ-lactones. This new carbene-transfer activity was further 

extended to the synthesis of complex lactone scaffolds based on fused, bridged, and spiro 

rings. The enzymatic platform developed here complements natural biosynthetic strategies 

for lactone assembly and expands the structural diversity of lactones accessible through C–

H functionalization. 
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4.1 Introduction 

Lactones are ubiquitous in natural products1 and active pharmaceutical ingredients2 and serve 

as essential building blocks for fine chemicals and polyesters.1,3,4 Intramolecular carbene C–

H insertion, catalyzed by transition metals such as rhodium, iridium, and copper,5-9 has 

received significant attention for the synthesis of lactones. Based on a C–C bond 

disconnection strategy, this approach is simple, efficient, and exhibits high atom economy.10 

Due to the thermodynamic stability of the intermediates and products, however, 

intramolecular C–H insertion has been mainly limited to the synthesis of five-membered γ-

lactones (Figure 1A).5-9,11,12 While a few catalytic systems have demonstrated the synthesis 

of four-membered β-lactones through favorable five-membered transition states, examples 

of lactones with different ring sizes are limited, and reactions with these molecules often 

proceed with poor regio- or enantio-selectivity and thus result in mixtures of lactone 

products.12,13 A general method for synthesis of chiral lactones with diverse ring sizes and 

structures using an intramolecular carbene C–H insertion strategy has yet to be demonstrated. 

Nature does not employ C–C bond disconnection strategies to biosynthesize lactones; 

instead, C–O bond disconnection strategies are universally used, including Baeyer–Villiger 

oxidation,14 oxidative lactonization of diols,15 C–H hydroxylation of fatty acids followed by 

lactonization,16 and reductive cyclization of keto-esters (Figure 1B).17 Though these routes 

produce lactones with diverse structures and ring sizes, the C–O bond disconnection is a 

limitation which restricts retrosynthetic versatility and broader synthetic applications. This 

limitation inspired us to add the chemists' C–C bond disconnection approach to nature’s 

biocatalytic repertoire by engineering enzymes to perform intramolecular lactone cyclization 
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via C–H insertion and using the macromolecular enzyme scaffold to impart desired regio- 

and enantioselectivities unavailable to small-molecule catalysts.  

Over the past decade, various hemeproteins have been repurposed to perform abiological 

carbene- and nitrene-transfer reactions.18-22 Enzymes containing a heme prosthetic group 

have been engineered to activate a carbene or nitrene precursor and subsequently control the 

highly reactive carbene/nitrene intermediate to target specific bonds, including C–H, 

heteroatom–H, and unsaturated C–C bonds. Motivated by these precedents, we aimed to 

develop a biocatalytic intramolecular carbene C–H insertion strategy for lactone synthesis 

(Figure 1C). Several challenges must be overcome to realize this goal. First, the enzymes 

must bind the carbene intermediates  and orient them for carbene insertion into desired C–H 

bonds. Second, the enzymes need to stabilize intermediates with varied ring strains to give 

lactone products of different sizes. Third, because the stereoconfiguration of the reaction 

intermediates is influenced by the size of the ring, the enzymes must precisely control the 

stereoconfiguration of different ring intermediates to achieve stereoselectivity. We proposed 

that such an enzymatic platform could be generated by directed evolution, and with further 

evolution, the enzymes could accept a greater diversity of substrates to synthesize other 

cyclic structures, such as lactams and cyclic ketones important in a broad range of 

pharmaceutical intermediates. 
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Figure 4-1. Chemocatalytic and biocatalytic lactone synthesis. (A) Small-molecule 

transition-metal-catalyzed intramolecular C–H insertion, which typically produces five-membered 

lactones. (B) Nature employs C‒O disconnections for the construction of lactones. (C) This work: a 

biocatalytic platform enables access to diverse lactones via intramolecular carbene transfer reactions. 

R, organic groups; TM, transition metal. 

4.2 Enzymatic γ-lactone synthesis: Initial screening, directed evolution, 

and substrate scope 

We initiated this investigation by focusing on the intramolecular carbene C–H insertion 

reaction of diazo compound 1a to form γ-lactone 2a, shown in Figure 2. γ-Lactones are the 

preferred products of intramolecular carbene C–H insertion with small-molecule transition 

metal catalysts.23,24 We proposed to start with a biocatalytic system for γ-lactones and then 

move on to more challenging targets. To this end, we surveyed an in-house collection of over 
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one hundred cytochrome P450 and P411 (P450 with an axial serine ligand) variants, 

previously engineered for carbene and nitrene transfer, in the form of whole Escherichia coli 

cells. Most of the hemeproteins exhibited no measurable activity for the desired carbene C–

H insertion transformation; the diazo substrate 1a was nonetheless fully consumed to give a 

mixture of unwanted products from carbene O–H insertion with water, carbene dimerization, 

and cycloaddition between carbene dimers and the diazo substrate. However, P411 variant 

C10, known for its promiscuous activities in other carbene-transfer reactions such as internal 

alkyne cyclopropenation25 and lactone-carbene C–H insertion,26 was  effective in producing 

the γ-lactone product 2a (7% yield, Figure 2A). We thus used C10 as the starting template 

for engineering a set of lactone synthase enzymes (LAS).  

To enhance catalytic efficiency, we performed directed evolution by targeting active-site 

residues for site-saturation mutagenesis (SSM). Sequential rounds of mutagenesis and 

screening identified variant P411-LAS-5243 with four beneficial mutations (Q437I, V328I, 

L78M, and L436R) that collectively increase TTN fivefold, providing 2a in 41% yield 

(Figures 2A and 2B). Site-saturation mutagenesis of the cysteine loop uncovered mutation 

L401V in variant P411-LAS-5244, which improved the yield to 52% (Figures 2A and 2B). 

When exhaustive examination of other active-site residues did not result in further activity 

enhancement, we selected several non-active-site residues, known to contribute to P450’s 

dynamics with native substrates bound, for saturation mutagenesis.27,28 Library screening led 

to three additional beneficial mutations (L162I, R190L, and E70S) in final variant P411-

LAS-5247, with 3850 total turnovers and 66% yield for product 2a (Figures 2A and 2B). The 

evolved enzyme displayed near-perfect stereo-control with >99% enantiopurity for product 

2a. 
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We investigated the activity of P411-LAS-5247 against an array of diazo compounds for 

the synthesis of γ-lactones via intramolecular carbene insertion into benzylic C–H bonds 

(Figure 1C). A variety of γ-lactones were synthesized with excellent TTNs and 

enantioselectivities (up to 3800 TTN and >99% e.e., Figure 2C). Substrates bearing diverse 

substituents on the phenyl ring, electron-neutral (1a and 1b, Figure 2), -rich (1c, Figure 2), 

or -deficient (1d and 1e, Figure 2), are all compatible with this biotransformation. Notably, 

2e can serve as a synthetic intermediate for the antispasmodic drug baclofen.10 In addition to 

diazoacetate substrates, we also tested diazoketone 1f and diazoamide 1g, which upon 

cyclization form non-lactone products. These substrates proceeded smoothly with P411-

LAS-5247 to furnish cyclic ketone 2f and γ-lactam 2g with excellent TTNs (up to 5500 TTN, 

Figure 2D). It is worth noting that the lactam product was obtained without any additional 

protection-deprotection steps on the nitrogen, underscoring the ability of the enzyme to work 

with substrates having active functional groups. The absolute stereochemistry for enzymatic 

product 2c was assigned as S by comparing the elution order of the two enantiomers with a 

literature report29 (see Supplementary Information for details). The other γ-lactones 2 were 

assigned by analogy. 
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Figure 4-2. Directed evolution and substrate-scope study for γ-lactone synthesis. Reaction 

conditions: 2.5 mM 1, E. coli whole cells harboring P411 variants (OD600 = 2.5) in M9-N aqueous 

buffer (pH 7.4), 1.25% v/v acetonitrile (co-solvent), room temperature, anaerobic conditions, 24 h. 

(A) Directed evolution culminating in P411-LAS-5247. Reactions were performed in triplicate (n = 

3). Yields reported are based on calibrated HPLC traces and are the means of three independent 

experiments. (B) Evolutionary trajectory of P411-LAS-5247 from P411-C10 and locations of 

beneficial mutations in protein structure based on a close variant E10 (PDB ID: 5UCW). (C) Scope 

of γ-lactones using P411-LAS-5247. (D) Synthesis of a 5-membered cyclic ketone and a γ-lactam 

using P411-LAS-5247. 
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4.3 Expansion of the enzymatic platform for δ- and ε-lactone synthesis 

With the biocatalytic C–H insertion strategy established for γ-lactone synthesis, we sought 

to extend it to δ-lactones. We chose to test diazo 3b, which has one additional carbon 

compared to substrate 1a, toward the synthesis of 4b (Figure 3C). Conventional dirhodium 

catalysts catalyze the conversion of 3 into γ-lactones as the sole products through carbene 

insertion into homobenzylic C–H bonds.30,31 We were thus curious whether the enzymes 

would exhibit different regioselectivity for C–H insertion. Screening the P411-LAS-5247 

lineage against substrate 3b, we found that P411-LAS-5244 exhibited high efficiency for the 

formation of δ-lactone 4b as the exclusive C–H insertion product (48% yield, 3600 TTN, 

and 90% e.e., Figure 3C). These results show that this biocatalytic platform features a 

different site preference from the rhodium system - the hemeprotein carbene transferases 

discriminate C–H bonds based on bond strength, while the geometric distance of the C–H 

bonds to the carbene center plays a more important role in the regio-selectivity of rhodium 

catalysts. 

Having identified P411-LAS-5244 as a potent enzyme for δ-lactone formation, we further 

investigated the substrate scope. When challenged with other substrates bearing substituents 

on the phenyl ring, P411-LAS-5244 demonstrated high activity, but its enantioselectivity 

was greatly diminished (e.g., 46% e.e. for product 4a, Figure 3C). We elected to continue 

directed evolution of this highly active variant, focusing on improving enantioselectivity. 

Two active-site mutations, I328V and L82K, were identified that boosted enantioselectivity 

to 83% e.e. for 4a while maintaining activity. The resulting variant, P411-LAS-5249, was 

revealed to deliver δ-lactone products bearing diverse functional groups with high efficiency 
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and enantioselectivities (up to 2800 TTN, and 86% e.e., Figure 3C). The absolute 

stereochemistry for enzymatic product 4b was assigned as R by comparing the elution order 

of the two enantiomers with a literature report32 (see Supplementary Information for details). 

The other δ-lactones 4 were assigned by analogy. 

By recognizing the site preference in this enzymatic C–H insertion system, we then asked 

whether 7-membered ε-lactones could be accessed with an appropriate diazo substrate (e.g., 

the transformation of 5a into 6a, Figure 3D). 7-Membered lactones are generally much more 

difficult to assemble compared to 5- or 6-membered lactones due to the higher enthalpy and 

entropy costs of cyclization.23,24 The P411-LAS-5247 and P411-LAS-5249 lineages, 

unfortunately, only displayed minimal or no activity toward the formation of ε-lactone 6a. 

We therefore screened a large collection of enzyme variants, all engineered from the initial 

C10 parent, for ε-lactone formation from 5a. A variant previously evolved for internal alkyne 

cyclopropenation, C10-WIRF_GA (Figure 3A, Supplementary Table 5),25 exhibited 

promising activity (16% yield, 940 TTN, Figure 3D). 

Directed evolution of C10-WIRF_GA introduced nine new mutations and yielded an 

efficient variant, P411-LAS-5259, for the synthesis of ε-lactone 6a (58% yield and 2400 

TTN, Figures 3A and 3D), but with unsatisfactory enantioselectivity (51% e.e.). A single 

amino acid mutation at residue 87 dramatically boosted the selectivity to 96% e.e. (Figures 

3A and 3D), which highlights the crucial role of this residue in controlling the orientation of 

carbene intermediates in the protein active site.22,33,34 This mutation caused the activity to 

drop by nearly fivefold, however (Figure 3D). Further evolution was performed to recover 

the activity (Figures 3A and 3D), leading to a new variant P411-LAS-5264 with high activity 

and enantioselectivity toward the synthesis of 6a (68% yield, 3900 TTN, and 95% e.e., 
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Figures 3A and 3D). Beyond model substrate 5a, P411-LAS-5264 also accepts 

structurally diverse and challenging substrates, such as 5b and 5c, for carbene insertion at an 

allylic site or a benzylic site of an unprotected indole, affording the corresponding ε-lactone 

products 6b and 6c with up to 3300 TTN and 90% e.e. (Figure 3D). The absolute 

stereochemistry for enzymatic product 6a was assigned as S through X-ray crystallography 

(see Supplementary Figure 3). The other ε-lactone 6 were assigned by analogy.  
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Figure 4-3. Directed evolution and substrate-scope study for δ- and ε-lactone synthesis. Reaction 

conditions: 2.5 mM 3 or 5, E. coli whole cells harboring P411 variants (OD600 = 2.5) in M9-N aqueous 

buffer (pH 7.4), 1.25% v/v acetonitrile (co-solvent), room temperature, anaerobic conditions, 24 h. 

Reactions were performed in triplicate (n = 3). Yields reported are based on calibrated HPLC traces 

and  are the means of three independent experiments. (A) Evolutionary trajectories of lactone 

synthases P411-LAS-5247, P411-LAS-5249, and P411-LAS-5264 from P411-C10. (B) Locations of 

beneficial mutations in the protein structure based on a close variant E10 (PDB ID: 5UCW); (C) 
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Scope of δ-lactones using P411-LAS-5249. (D) Scope of ε-lactones using P411-LAS-5264. 

aP411-LAS-5244 was used. bP411-LAS-5249 was used. 

 

4.4 Complex lactone synthesis through enzymatic carbene C–H insertion 

We were also interested in the synthesis of more complex ring scaffolds. The large collection 

of P411 enzyme variants derived from C10 provides a biocatalyst pool with which to quickly 

search for variants capable of catalyzing desired C–H insertions. Interestingly, when paired 

with different substrates, different enzymes displayed unique stereo- and regio-selectivities 

to afford lactone products with high structural complexity. For instance, variant P411-LAS-

5265 (see Supplementary Table 5) efficiently converted substrates 7a and 7b, derived from 

indane, into γ- and δ-lactones 8a and 8b in a fused ring scaffold (Figures 4A and 4B), which 

represents a C–H functionalization onto an existing ring with high activity and 

stereoselectivity. The reaction of 7a was scaled up and the product isolated to afford 69 mg 

of 7b with 76% yield, demonstrating that the synthesis of these complex rings is feasible at 

small scale. Racemic substrates 7c and 7d could be utilized by variants P411-LAS-5259 and 

P411-LAS-5257 (see Supplementary Table 5), respectively, to target tertiary benzylic C–H 

bonds for carbene insertion and give the 6-membered spiro-lactone products, 8c and 8d, with 

up to 2500 TTN (Figures 4C and 4D).    

The biocatalysts could also discriminate the enantiomers of racemic substrates to give 

different product outcomes. Racemic substrate 7e, bearing two distinct sets of benzylic C–H 

bonds, was transformed by enzyme P411-LAS-5259 into two lactone products, a fused γ-

lactone (8e) and a bridged δ-lactone (8e’) with high efficiency and selectivity (Figure 4E). 

Similarly, spiro δ-lactone (8f) and bridged 8-membered ζ-lactones (8f’) were observed as the 
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products of racemic substrate 7f using enzyme P411-LAS-5247 (Figure 4F). Given that 

the enzyme’s active site is a chiral environment, we rationalized that the two enantiomers of 

the racemic substrates could bind in the active site with different orientations, which enables 

carbene insertion into geometrically distinct C–H bonds. This process represents a parallel 

kinetic resolution (PKR),35,36 which requires the catalyst to distinguish the substrate 

enantiomers and proceed with each enantiomer through different reaction pathways.37 To 

further verify the PKR process, we used the enantiopure starting materials of 7f for the 

biotransformation: P411-LAS-5247 specifically converted (R)-7f to spiro-lactone 8f and (S)-

7f to bridged-lactone 8f’ with high TTNs and selectivities (see Supplementary Figure 2), 

suggesting that P411-LAS-5247 can differentiate between the two enantiomers and perform 

a parallel kinetic resolution. We also identified another two variants, P411-LAS-5256 and 

P411-LAS-5266 (see Supplementary Table 5), which converted racemic 7f to spiro-lactone 

8f and bridged-lactone 8f’, respectively, exhibiting simple product specificity (Figures 4G 

and 4H). 
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Figure 4-4. Enzymatic synthesis of complex lactones. Reaction condition: 2.5 mM 3, E. coli whole 

cells harboring P411 variants (OD600 = 2.5) in M9-N aqueous buffer (pH 7.4), 1.25% v/v acetonitrile 

(co-solvent), room temperature, anaerobic conditions, 48 h. Yields reported are based on calibrated 

HPLC traces and are the means of three independent experiments. Enzymatic synthesis of (A and B) 

fused lactones, (C and D) spiro lactones, (E) fused- and bridged-lactones. (F) Parallel kinetic 

resolution toward 8f and 8f’catalyzed by P411-LAS-0003 from racemic diazo 7f. (G) Specific 

synthesis of spiro lactone 8f catalyzed by P411-LAS-0011 from racemic diazo 7f. (H) Specific 
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synthesis of bridged-lactone 8f catalyzed by P411-LAS-0012 from racemic diazo 7f. a76% 

isolated yield. b8% yield, 530 TTN for product 8f’. c8f’was not detected. 

 

4.5 Summary and conclusion 

We have developed an enzymatic platform for asymmetric intramolecular carbene C–H 

transfer reactions, which enables straightforward construction of diverse lactone products 

with exceptional efficiency and selectivity. P450-derived carbene transferases were 

engineered for the selective functionalization of benzylic or allylic C–H bonds, allowing for 

the efficient assembly of an extensive array of benzylic and allylic lactones, including γ-, δ-, 

ε-lactones, as well as fused-, spiro-, and bridged-lactones. The new-to-nature C–C 

disconnection approach used by these carbene transferases serves as a valuable complement 

to the existing biotransformations based on C–O disconnections used by natural enzymes for 

lactone biosynthesis. In addition, many products demonstrated here, such as δ-, ε-, and more 

complex lactones, as well as unprotected lactams and indoles, have proven to be challenging 

targets for synthetic transition metal catalysts, but are now readily accessible using this 

biocatalytic strategy. This enzymatic platform enriches the disconnection strategies for 

biocatalytic lactone assembly while expanding the structural diversity of lactones accessible 

to synthetic chemistry. We anticipate the potential of hemeprotein carbene transferases will 

be further developed to access even broader classes of cyclic compounds, including lactones, 

lactams, and others, with applications in synthetic chemistry and drug discovery. 
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4.6 Supplementary information for Chapter 4 

General Procedures 

Unless otherwise noted, all chemicals and reagents were obtained from commercial suppliers 

(Sigma-Aldrich, VWR, TCI America, Fischer Scientific, Alfa Aesar, Acros, and Combi 

Blocks) and used without further purification. Silica gel chromatography was carried out 

using AMD Silica Gel 60, 230–400 mesh. 1H and 13C NMR spectra were recorded on a 

Bruker Prodigy 400 MHz instrument (400 MHz for 1H and 101 MHz for 13C NMR) or a 

Varian 300 MHz Spectrometer (300 MHz for 1H NMR). Chemical shifts (δ) are reported in 

ppm downfield from tetramethylsilane, using the solvent resonance as the internal standard 

(1H NMR:  δ = 7.26, 13C NMR: δ = 77.16 for CDCl3). Data for 1H NMR are reported as 

follows: chemical shift (δ ppm), multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, 

p = pentet, sext = sextet, m = multiplet, dd = doublet of doublets, dt = doublet of triplets, ddd 

= doublet of doublet of doublets), coupling constant (Hz), integration. Sonication was 

performed using a Qsonica Q500 sonicator. High-resolution mass spectra were obtained at 

the California Institute of Technology Mass Spectral Facility. Samples were analyzed by 

field ionization (FI) using a JEOL AccuTOF GC-Alpha (JMS-T2000GC) mass spectrometer 

interfaced with an Agilent 8890 GC system. Ions detected by FI are radical cations.  

Escherichia coli cells were grown using Luria-Bertani medium or HyperBroth (AthenaES) 

with 100 μg/mL ampicillin (LBamp or HBamp). Primer sequences are available upon request. 

T5 exonuclease, Phusion polymerase, and Taq ligase were purchased from New England 

Biolabs (NEB, Ipswich, MA). M9-N minimal media (abbreviated as M9-N buffer, pH = 7.4) 
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were used as buffering systems for whole cells, unless otherwise specified. M9-N buffer 

was used without a carbon source, it contains 47.7 mM Na2HPO4, 22.0 mM KH2PO4, 8.6 

mM NaCl, 2.0 mM MgSO4, and 0.1 mM CaCl2., and 0.1 mM CaCl2. 

Chromatography 

Chemical reactions were monitored using thin layer chromatography (Merck 60 silica gel 

plates) and a UV lamp for visualization. Analytical reverse-phase high-performance liquid 

chromatography (HPLC) was carried out using an Agilent 1200 series instrument and a 

Kromasil 100 C18 column (4.6 mm × 50 mm, 3 µm) or an Agilent C18 column (InfinityLab 

Poroshell 120 EC-C18, 4.6 x 50 mm, 2.7 μm; Part Number: 699975-902T) with water and 

acetonitrile, both containing 0.1% acetic acid, as the mobile phase. Analytical chiral normal-

phase HPLC was conducted using either an Agilent 1200 series instrument with n-hexane 

and isopropanol as the mobile phase or JASCO SF-2000 integrated analytical supercritical 

fluid chromatography (SFC) system with supercritical CO2 and isopropanol as the mobile 

phase. Enantiomers were separated using one of the following chiral columns: Chiralpak IA, 

Chiralpak IB, Chiralpak IC, Chiralpak AD-H, and Daicel CHIRALCEL OJ-H (all 4.6 mm × 

250 mm, 5 µm).  

Cloning and Site-Saturation Mutagenesis 

The genes encoding all enzymes described in this study were cloned using Gibson assembly1 

into vector pET22b(+) (Novagen) between restriction sites NdeI and XhoI in frame with a C-

terminal 6×His-tag. Site-saturation mutagenesis was performed using the “22c-trick”2 or 

“NNK” as degenerative codons. The PCR products were digested with DpnI, gel purified, 

and ligated using Gibson MixTM.1 Without further purification after the Gibson step, 1 µL of 
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the Gibson product was used to transform 50 μL of electrocompetent E. coli BL21 E. 

cloni® (Lucigen) cells. 

Expression of P411 Variants in 96-Well Plates 

Single colonies from LBamp agar plates were picked using sterile toothpicks and cultured in 

deep-well 96-well plates containing LBamp (300 μL/well) at 37 C, 80% humidity, and 220 

rpm shaking overnight. Subsequently, HBamp (1000 μL/well) in a deep-well plate was 

inoculated with an aliquot (50 μL/well) of these overnight cultures and allowed to shake for 

2.5 hours at 37 C, 80% humidity, and 220 rpm. The plates were then cooled on ice for 30 

minutes, and the cultures were induced with 0.5 mM isopropyl β-d-1-thiogalactopyranoside 

(IPTG) (final concentration). The expression was supplemented with 1.0 mM 5-

aminolevulinic acid (ALA) (final concentration). Expression was then conducted at 20 C, 

220 rpm for 20–22 hours. 

Plate Reaction Screening in Whole-Cell Format 

E. coli cells harboring P411 variants in deep-well 96-well plates were pelleted (3,500 g, 5 

min, 4 oC) and resuspended in M9-N buffer (360 μL, pH 7.4) by gentle vortexing. The 96-

well plates were then transferred to an anaerobic chamber. To deep-well plates of cell 

suspensions were added the substrate (20 μL/well, 200 mM in acetonitrile). The plates were 

sealed with aluminum sealing foil immediately after the addition and shaken in the anaerobic 

chamber at room temperature and 600 rpm. After 24 hours, the seals were removed and 

acetonitrile (600 μL/well) was added. The plates were tightly sealed with silicone mats, 

vigorously vortexed, and centrifuged (4,500 g, 5 min) to precipitate proteins and cell debris. 
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The supernatant (200 μL/well) was filtered through an AcroPrep 96-well filter plate (0.2 

μm) into a shallow 96-well plate for reverse-phase HPLC analysis to determine the yield.  

Flask Expression of P411 Variants 

E. coli (E. cloni BL21(DE3)) cells carrying plasmid encoding the appropriate P411 variant 

were grown overnight in 5 mL Luria-Bertani medium supplemented with 0.1 mg/mL 

ampicillin (LBamp). The preculture (1 mL) was used to inoculate 50 mL of Hyperbroth 

medium supplemented with 0.1 mg/mL ampicillin (HBamp) in a 125-mL Erlenmeyer flask. 

This culture was incubated at 37 C and 230 rpm for 2.5 hours. The culture was then cooled 

on ice for 45 min and induced with 0.5 mM IPTG and 1.0 mM ALA (final concentrations). 

Expression was conducted at 24 C, 140 rpm for 16–18 hours. Subsequently, the E. coli cells 

were pelleted by centrifugation (5,000 g, 5 min, and 4 C). Media were removed, and the 

pellets were resuspended to an optical density at 600 nm (OD600) of 30 in M9-N minimal 

medium. Aliquots of the cell suspension (3–4 mL) were used to determine protein 

concentration after lysis by sonication. 

Hemochrome Assay for the Determination of Hemoprotein Concentration 

Protein concentration in the cell was determined using the hemochrome assay on cell lysate.3 

Lysate was obtained by sonication using using a Qsonica Q500 sonicator (6 minutes, 1 

second on, 2 seconds off, 35% amplitude, on wet ice). The cell debris was removed by 

centrifugation (14,000 g, 10 minutes, 4 °C). To a cuvette, 500 μL of the lysate and 500 μL 

of solution I [0.2 M NaOH, 40% (v/v) pyridine, 0.5 mM K3Fe(CN)6] were added. The UV-

Vis spectrum (380–620 nm) of the oxidized state Fe(III) was recorded immediately. Sodium 
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dithionite (10 μL of 0.5 M solution in water) was added, and the UV-Vis spectrum of the 

reduced state Fe(II) was recorded immediately. The protein concentration was calculated 

using the extinction coefficient and dilution factor (2× dilution in volume): ε_[557reduced ‒ 

540oxidized] = 23.98 mM‒1cm‒1. The hemochrome assay detects total heme level, which is a 

good approximation of over-expressed heme enzyme. 

Biotransformation Using Whole E. coli Cells 

Suspension of E. coli (E. cloni BL21(DE3)) cells expressing the appropriate hemoprotein 

variant in M9-N buffer (typically OD600 = 2.5) were transferred to a reaction vial. Enzymatic 

reactions were then set up in an anaerobic chamber. To an Agilent's 2-mL screw top vial 

were added degassed suspension of E. coli expressing P411 variant (typically OD600 = 2.5, 

395 μL) and substrate (typically 5 μL of 200 mM stock solution in acetonitrile). The final 

volume of the biotransformation was set to be 400 μL, with 1.25% (v/v) acetonitrile. The 

reaction vials were then capped and shaken in the anaerobic chamber at room temperature 

and 600 rpm for 24‒48 hours. After the completion of the reaction, 600 μL acetonitrile 

containing 0.67 mM 1,3,5-trimethoxybenzene internal standard were added to the vial. The 

resulting mixture was transferred to a 1.7-mL microcentrifuge tube, vigorously vortexed, and 

centrifuged (14,000 g, 5 min, 4 °C). A sample of the supernatant (0.6 mL) was transferred to 

a vial for HPLC analysis.  

To determine the enantiomeric excess (e.e.), three parallel analytical reactions were 

conducted. Each reaction mixture was extracted with an equal volume of a hexane/ethyl 

acetate (3:1) solution. The organic extracts were combined and transferred to a 2-dram vial, 
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and the solvent was removed by blowing air. Residue was resuspended in 100 μL 

isopropanol and subjected to normal-phase HPLC to determine the e.e.  

Enzymatic Preparative Synthesis 

The E. coli cell suspension harboring a P411 variant was prepared as described in Sections 

1.5 and 1.6. The cell suspension (E. coli whole cells harboring P411 variants, OD600 = 2.5, 

suspended in M9-N aqueous buffer) was placed in a flask covered loosely with aluminum 

foil and the bubbled with argon for at least 15 minutes. The reaction flask was then 

transferred to an anaerobic chamber. To the reaction flask with cell suspension (OD600 = 2.5), 

substrate (200 mM acetonitrile stock solution, final concentration = 2.5 mM, 1.0 equiv.) was 

added to make 1.25% v/v acetonitrile (co-solvent). The reaction vial was immediately capped 

and sealed with parafilm and stirred in the anaerobic chamber at room temperature for 48 

hours. The reaction solution was filtered through celite then extracted with an equal volume 

of ethyl acetate (× 3 times). The combined organic layer was then washed with brine and 

dried over anhydrous MgSO4. The solvent was removed in vacuo, and the product was 

purified by flash chromatography. 
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Discovery of Initial Activity and Directed Evolution 

Table 4-S1. Initial activity screening with engineered P411s for γ-lactone synthesis.a 

 

A panel of cytochrome P450 and P411 (P450 with an axial serine ligand) variants previously 

engineered for carbene nitrene transformations were screened in whole E. coli cells against 

1a under anaerobic conditions.4-6 Among these, P411-LAS-5239 (C10), known for its 

promiscuous activities in different carbene-transfer reactions such as internal alkyne 

cyclopropenation5 and lactone-carbene C–H insertion,4 was  effective in producing the γ-

lactone product 2a (8% yield). 

Entry Variant / Catalyst Yield of 3aa 
Standard 

deviation of yield 
TTN 

Standard 

deviation 

of TTN 

1 P411-LAS-5239 7.5% 0.5% 530 35 

2 b hemin (20 μM) N.D. - N.D. - 

3 
c hemin (20 μM) + 

Na2S2O4
 N.D. 

- 
N.D. 

- 

4 
c hemin (20 μM) + 

BSA (20 μM) N.D. 
- 

N.D. 
- 

5 

c hemin (20 μM) + 

Na2S2O4 + BSA (20 

μM) 

N.D. 

- 

N.D. 

- 

6 d cellular background N.D. - N.D. - 
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a Experiments were performed using whole E. coli cells according to the protocol 

described in Sections 1.3 and 1.4. The yields of 2a were calculated based on comparing the 

signal integration ratio of the products and an added internal standard compound (see Section 

5 for more details). All reactions were performed in triplicate, with the reported yields 

representing the average of three experiments. The signal calibration curves correlating the 

products and the internal standard compound can be found in Section 5. To enhance 

systematic management of different enzyme variants within the Arnold lab, we recently 

implemented a new nomenclature system. Variants are named as follows: family name-

chemistry abbreviation-entry code. All enzyme variants in this study follow this 

nomenclature. 

b Negative control experiments (with free hemin) were performed without the addition of 

Na2S2O4. Under this condition, the resting oxidation state of hemin in aqueous buffer should 

be Fe(III).  

c Negative control experiments using free hemin under reduced conditions (Fe(II)) were 

performed using an excess amount of Na2S2O4 (20 mM).  

d Cellular background control experiments were performed in whole-cell format, using E. 

coli (E. cloni BL21(DE3)) cells harboring an engineered tryptophan synthase β-subunit 

(Tm9D8*). The gene of this enzyme was also cloned into the pET22b(+) vector (Novagen) 

between restriction sites NdeI and XhoI. The protein expression protocol for this experiment 

followed the standard P411 expression conditions as described in Sections 1.5, 1.6, and 1.7. 

N.D. – no product was detected. 
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Table 4-S2. Directed evolution of P411-LAS-5247 for γ-lactone synthesis.a 

 

 

Entry Round # Variant 
Yield 

of 2aa 

Standard 

deviation of 

yield 

TTN 

Standard 

deviation 

of TTN 

1 0 P411-LAS-5239  7.5% 0.5% 530 35 

2 1 P411-LAS-5240  14% 1.7% 2200 260 

3 2 P411-LAS-5241  20% 0.1% 1100 8 

4 3 P411-LAS-5242  35% 0.4% 2700 28 

5 4 P411-LAS-5243  41% 1.5% 2900 200 

6 5 P411-LAS-5244  52% 1.5% 3900 120 

7 6 P411-LAS-5245  64% 2.9% 4100 190 

8 7 P411-LAS-5246  65% 2.0% 4900 150 

9 8 P411-LAS-5247  66% 0.8% 3800 49 

 

a Experiments were performed using a suspension of E. coli cells harboring enzyme variants 

prepared according to the protocol described in Sections 1.5, 1.6, and 1.7. Yields were 

calculated from HPLC calibration curves and the average of triplicate experiments (n = 3). 
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Table 4-S3. Directed evolution of P411-LAS-5246 for δ-lactone 4a synthesis.a 

 

 

Entry Round # Variant 
Yield of 

4aa 

Standard 

deviation of 

yield 

TTN 

Standard 

deviation of 

TTN 

1 0 
P411-LAS-

5244 b 
52% 12.4% 3900 930 

2 1 
P411-LAS-

5248  
50% 6.2% 2900 360 

3 2 
P411-LAS-

5249 c 
50% 1.1% 2800 60 

 

a Experiments were performed using a suspension of E. coli cells harboring enzyme variants 

prepared according to the protocol described in Sections 1.5, 1.6, and 1.7. Yields were 

calculated from HPLC calibration curves and the average of triplicate experiments (n = 3). 

b 46% e.e. for product 4a. 

c 83% e.e. for product 4a. 
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Table 4-S4. Directed evolution of P411-LAS-5265 for ε-lactone 6a synthesis.a 

 

 

Entry Round # Variant 
Yield 

of 6aa 

Standard 

deviation of 

yield 

TTN 

Standard 

deviation of 

TTN 

1 0 P411-LAS-5250 16% 1.9% 940 110 

2 1 P411-LAS-5251  26% 1.2% 1100 52 

3 2 P411-LAS-5252 21% 0.5% 1100 28 

4 3 P411-LAS-5253 31% 1.9% 1500 94 

5 4 P411-LAS-5254  31% 4.0% 1300 170 

6 5 P411-LAS-5255 36% 3.8% 1500 160 

7 6 P411-LAS-5256 44% 2.3% 1700 90 

8 7 P411-LAS-5257  52% 2.7% 2200 110 

9 8 P411-LAS-5258 45% 2.2% 2300 120 

10 9 P411-LAS-5259 b 58% 0.3% 2400 14 

11 10 P411-LAS-5260 c 12% 0.3% 700 19 

12 11 P411-LAS-5261 18% 0.8% 1200 51 

13 12 P411-LAS-5262 33% 1.1% 2700 93 

14 13 P411-LAS-5263  39% 2.2% 2900 160 

15 14 P411-LAS-5264 d 54% 0.5% 3100 27 
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a Experiments were performed using a suspension of E. coli cells harboring enzyme 

variants prepared according to the protocol described in Sections 1.5, 1.6, and 1.7. Yields 

were calculated from HPLC calibration curves and the average of triplicate experiments (n 

= 3). 

b 51% e.e. for product 6a. 

c 96% e.e. for product 6a. 

d 95% e.e. for product 6a. 

 

Nucleotide and Amino Acid Sequences 

The genes encoding the heme proteins shown below were cloned using Gibson assembly1 

into vector pET-22b(+) (Novagen) between restriction sites NdeI and XhoI in frame with a 

C-terminal 6×His-tag.  

 

Table 4-S5. Mutations of the P411 variants in this study. 

Name Mutations relative to the wild-type P450BM3 

Mutations 

relative to P411-

C10 

P411-

LAS-

5239 

N70E, A74G, V78L, A82L, F87A, M118S, P142S, F162L, 

T175I, M177L, A184V, S226R, H236Q, E252G, I263Y, 

H266V, T268G, A290V, A328V, A330Y, L353V, I366V, 

C400S, I401L, T436L, L437Q, E442K, ΔFAD 

- 

P411-

LAS-

5240 

N70E, A74G, V78L, A82L, F87A, M118S, P142S, F162L, 

T175I, M177L, A184V, S226R, H236Q, E252G, I263Y, 

H266V, T268G, A290V, A328V, A330Y, L353V, I366V, 

C400S, I401L, T436L, L437I, E442K, ΔFAD 

Q437I 
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P411-

LAS-

5241 

N70E, A74G, V78L, A82L, F87A, M118S, P142S, F162L, 

T175I, M177L, A184V, S226R, H236Q, E252G, I263Y, 

H266V, T268G, A290V, A328I, A330Y, L353V, I366V, 

C400S, I401L, T436L, L437I, E442K, ΔFAD 

V328I, Q437I 

P411-

LAS-

5242 

N70E, A74G, V78M, A82L, F87A, M118S, P142S, F162L, 

T175I, M177L, A184V, S226R, H236Q, E252G, I263Y, 

H266V, T268G, A290V, A328I, A330Y, L353V, I366V, 

C400S, I401L, T436L, L437I, E442K, ΔFAD 

L78M, V328I, 

Q437I 

P411-

LAS-

5243 

N70E, A74G, V78M, A82L, F87A, M118S, P142S, F162L, 

T175I, M177L, A184V, S226R, H236Q, E252G, I263Y, 

H266V, T268G, A290V, A328I, A330Y, L353V, I366V, 

C400S, I401L, T436R, L437I, E442K, ΔFAD 

L78M, V328I, 

L436R, Q437I 

P411-

LAS-

5244 

N70E, A74G, V78M, A82L, F87A, M118S, P142S, F162L, 

T175I, M177L, A184V, S226R, H236Q, E252G, I263Y, 

H266V, T268G, A290V, A328I, A330Y, L353V, I366V, 

C400S, I401V, T436R, L437I, E442K, ΔFAD 

L78M, V328I, 

L401V, L436R, 

Q437I 

P411-

LAS-

5245 

N70E, A74G, V78M, A82L, F87A, M118S, P142S, F162I, 

T175I, M177L, A184V, S226R, H236Q, E252G, I263Y, 

H266V, T268G, A290V, A328I, A330Y, L353V, I366V, 

C400S, I401V, T436R, L437I, E442K, ΔFAD 

L78M, L162I, 

V328I, L401V, 

L436R, Q437I 

P411-

LAS-

5246 

N70E, A74G, V78M, A82L, F87A, M118S, P142S, F162I, 

T175I, M177L, A184V, R190L, S226R, H236Q, E252G, 

I263Y, H266V, T268G, A290V, A328I, A330Y, L353V, 

I366V, C400S, I401V, T436R, L437I, E442K, ΔFAD 

L78M, L162I, 

R190L, V328I, 

L401V, L436R, 

Q437I 

P411-

LAS-

5247 

N70S, A74G, V78M, A82L, F87A, M118S, P142S, F162I, 

T175I, M177L, A184V, R190L, S226R, H236Q, E252G, 

I263Y, H266V, T268G, A290V, A328I, A330Y, L353V, 

I366V, C400S, I401V, T436R, L437I, E442K, ΔFAD 

E70S, L78M, 

L162I, R190L, 

V328I, L401V, 

L436R, Q437I 
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P411-

LAS-

5248 

N70E, A74G, V78M, A82L, F87A, M118S, P142S, F162L, 

T175I, M177L, A184V, S226R, H236Q, E252G, I263Y, 

H266V, T268G, A290V, A328V, A330Y, L353V, I366V, 

C400S, I401V, T436R, L437I, E442K, ΔFAD 

L78M, L401V, 

L436R, Q437I 

P411-

LAS-

5249 

N70E, A74G, V78M, A82L, F87A, T88S, M118S, P142S, 

F162L, T175I, M177L, A184V, S226R, H236Q, E252G, 

I263Y, H266V, T268G, A290V, A328V, A330Y, L353V, 

I366V, C400S, I401V, T436R, L437I, E442K, ΔFAD 

L78M, T88S, 

L401V, L436R, 

Q437I 

P411-

LAS-

5250 

N70E, S72F, V78L, A82L, F87A, M118S, P142S, F162L, 

T175I, M177L, A184V, S226R, H236Q, E252G, I263W, 

H266V, T268G, A290V, A328V, A330Y, S332G, L353V, 

I366V, C400S, I401L, T436R, L437I, E442K, ΔFAD 

S72F, Y263W, 

S332G, L436R, 

Q437I 

P411-

LAS-

5251 

N70E, S72F, V78L, A82L, F87A, M118S, P142S, F162L, 

T175I, M177L, A184V, S226R, H236Q, E252G, I263W, 

H266V, T268G, A290V, T327P, A328V, A330Y, S332G, 

L353V, I366V, C400S, I401L, T436R, L437I, E442K, 

ΔFAD 

S72F, Y263W, 

T327P, S332G, 

L436R, Q437I 

P411-

LAS-

5252 

N70E, S72V, V78L, A82L, F87A, M118S, P142S, F162L, 

T175I, M177L, A184V, S226R, H236Q, E252G, I263W, 

H266V, T268G, A290V, T327P, A328V, A330Y, S332G, 

L353V, I366V, C400S, I401L, T436R, L437I, E442K, 

ΔFAD 

S72V, Y263W, 

T327P, S332G, 

L436R, Q437I 

P411-

LAS-

5253 

N70E, S72V, V78L, A82L, F87A, M118S, P142S, F162L, 

T175I, M177L, A184V, S226R, H236Q, E252G, I263W, 

H266V, T268G, A290V, T327P, A328V, P329P (silent 

mutation), A330Y, S332G, L353V, I366V, C400S, I401L, 

T436R, L437I, E442K, ΔFAD 

S72V, Y263W, 

T327P, S332G, 

L436R, Q437I 
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P411-

LAS-

5254 

N70E, S72V, V78L, A82L, F87A, M118S, P142S, F162L, 

T175I, M177L, A184V, H236Q, E252G, I263W, H266V, 

T268G, A290V, T327P, A328V, A330Y, S332G, L353V, 

I366V, C400S, I401L, T436R, L437I, E442K, ΔFAD 

S72V, R226S, 

Y263W, T327P, 

S332G, L436R, 

Q437I 

P411-

LAS-

5255 

N70E, S72V, V78L, A82L, F87A, H92F, M118S, P142S, 

F162L, T175I, M177L, A184V, H236Q, E252G, I263W, 

H266V, T268G, A290V, T327P, A328V, A330Y, S332G, 

L353V, I366V, C400S, I401L, T436R, L437I, E442K, 

ΔFAD 

S72V, H92F, 

R226S, Y263W, 

T327P, S332G, 

L436R, Q437I 

P411-

LAS-

5256 

N70E, S72V, V78L, A82L, F87A, H92F, M118S, P142S, 

T175I, M177L, A184V, H236Q, E252G, I263W, H266V, 

T268G, A290V, T327P, A328V, A330Y, S332G, L353V, 

I366V, C400S, I401L, T436R, L437I, E442K, ΔFAD 

S72V, H92F, 

L162F, R226S, 

Y263W, T327P, 

S332G, L436R, 

Q437I 

P411-

LAS-

5257 

N70E, S72V, V78L, A82L, F87A, H92F, M118S, P142S, 

T175I, M177L, A184V, H236Q, E252R, I263W, H266V, 

T268G, A290V, T327P, A328V, A330Y, S332G, L353V, 

I366V, C400S, I401L, T436R, L437I, E442K, ΔFAD 

S72V, H92F, 

L162F, R226S, 

G252R, Y263W, 

T327P, S332G, 

L436R, Q437I 

P411-

LAS-

5258 

N70E, S72V, V78L, A82L, F87A, H92F, M118S, P142S, 

T175I, M177L, A184V, H236Q, E252R, I263W, H266V, 

T268G, A290V, T327P, A328V, A330Y, S332G, L353V, 

C400S, I401L, T436R, L437I, E442K, ΔFAD 

S72V, H92F, 

L162F, R226S, 

G252R, Y263W, 

T327P, S332G, 

V366I, L436R, 

Q437I 

P411-

LAS-

5259 

N70E, S72V, V78L, A82L, F87A, H92F, M118S, P142G, 

T175I, M177L, A184V, H236Q, E252R, I263W, H266V, 

T268G, A290V, T327P, A328V, A330Y, S332G, L353V, 

C400S, I401L, T436R, L437I, E442K, ΔFAD 

S72V, H92F, 

S142G, L162F, 

R226S, G252R, 

Y263W, T327P, 
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S332G, V366I, 

L436R, Q437I 

P411-

LAS-

5260 

N70E, S72V, V78L, A82L, F87V, H92F, M118S, P142G, 

T175I, M177L, A184V, H236Q, E252R, I263W, H266V, 

T268G, A290V, T327P, A328V, A330Y, S332G, L353V, 

C400S, I401L, T436R, L437I, E442K, ΔFAD 

S72V, A87V, 

H92F, S142G, 

L162F, R226S, 

G252R, Y263W, 

T327P, S332G, 

V366I, L436R, 

Q437I 

P411-

LAS-

5261 

N70E, S72V, V78L, A82L, F87V, H92F, M118S, P142G, 

T175I, M177L, A184V, H236Q, E252R, I263W, H266V, 

T268G, A290V, T327P, A328I, A330Y, S332G, L353V, 

C400S, I401L, T436R, L437I, E442K, ΔFAD 

S72V, A87V, 

H92F, S142G, 

L162F, R226S, 

G252R, Y263W, 

T327P, V328I, 

S332G, V366I, 

L436R, Q437I 

P411-

LAS-

5262 

N70E, S72V, V78L, D80E, A82L, F87V, H92F, M118S, 

P142G, T175I, M177L, A184V, I219I (silent mutation), 

H236Q, G240R, E252R, I263W, H266V, T268G, A290V, 

T327P, A328I, A330Y, S332G, L353V, C400S, I401L, 

T436R, L437I, E442K, ΔFAD 

S72V, D80E, 

A87V, H92F, 

S142G, L162F, 

R226S, G240R, 

G252R, Y263W, 

T327P, V328I, 

S332G, V366I, 

L436R, Q437I 

P411-

LAS-

5263 

I2T, N70E, S72V, V78L, D80E, A82L, F87V, H92F, 

M118S, P142G, T175I, M177L, A184V, H236Q, G240R, 

E252R, I263W, H266V, T268G, F279L, A290V, T327P, 

A328I, A330Y, S332G, L353V, C400S, I401L, T436R, 

L437I, E442K, ΔFAD 

I2T, S72V, 

D80E, A87V, 

H92F, S142G, 

L162F, R226S, 

G240R, G252R, 
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Y263W, F279L, 

T327P, V328I, 

S332G, V366I, 

L436R, Q437I 

P411-

LAS-

5264 

I2T, N70E, S72V, V78L, D80E, A82L, F87V, H92F, 

M118S, P142G, T175I, M177L, A184V, A191A (silent 

mutation), H236Q, G240R, E252R, I263W, H266V, 

T268G, F279L, A290V, T327P, A328I, A330Y, S332G, 

L353V, C400S, I401L, T436R, L437I, E442K, ΔFAD 

I2T, S72V, 

D80E, A87V, 

H92F, S142G, 

L162F, R226S, 

G240R, G252R, 

Y263W, F279L, 

T327P, V328I, 

S332G, V366I, 

L436R, Q437I 

P411-

LAS-

5265 

N70E, A74G, V78L, A82L, F87A, M118S, P142S, F162L, 

T175I, M177L, A184V, S226R, H236Q, E252G, I263W, 

H266V, T268G, A290V, A328V, A330Y, L353V, I366V, 

C400S, I401L, T436L, L437I, E442K, ΔFAD 

Y263W, Q437I 

P411-

LAS-

5266 

N70E, A74G, V78L, A82L, F87P, M118S, P142S, F162L, 

T175I, M177L, A184V, S226R, H236Q, E252G, I263Y, 

A264S, H266V, E267D, T268G, A290V, T327P, A328V, 

A330Y, S332A, L353V, I366V, C400S, I401L, T436L, 

E442K ΔFAD 

A87P, A264S, 

E267D, T327P, 

S332A, Q437L 
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Figure 4-S1. Evolutionary trajectories of lactone synthases P411-LAS-5247, P411-LAS-

5249, and P411-LAS-5264 from P411-C10. 

 

 

Figure 4-S2. Reaction of stereopure 7f with P411-LAS-5247, P411-LAS-5256, and 

P411-LAS-5266. 

a550 TTN for product 8f’ 
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DNA and amino acid sequences of P411-LAS-5239 (P411-C10)5: 

ATGACAATTAAAGAAATGCCTCAGCCAAAAACGTTTGGAGAGCTTAAAAATTT

ACCGTTATTAAACACAGATAAACCGGTTCAAGCTTTGATGAAAATTGCGGATG

AATTAGGAGAAATCTTTAAATTCGAGGCGCCTGGTCGTGTAACGCGCTACTTA

TCAAGTCAGCGTCTAATTAAAGAAGCATGCGATGAATCACGCTTTGATAAAGA

GTTAAGTCAAGGTCTGAAATTTCTGCGTGATTTTCTTGGAGACGGGTTAGCCA

CAAGCTGGACGCATGAAAAAAATTGGAAAAAAGCGCATAATATCTTACTTCC

AAGCTTTAGTCAGCAGGCAATGAAAGGCTATCATGCGAGTATGGTCGATATCG

CCGTGCAGCTTGTTCAAAAGTGGGAGCGTCTAAATGCAGATGAGCATATTGAA

GTATCGGAAGACATGACACGTTTAACGCTTGATACAATTGGTCTTTGCGGCTTT

AACTATCGCCTTAACAGCTTTTACCGAGATCAGCCTCATCCATTTATTATAAGT

CTGGTCCGTGCACTGGATGAAGTAATGAACAAGCTGCAGCGAGCAAATCCAG

ACGACCCAGCTTATGATGAAAACAAGCGCCAGTTTCAAGAAGATATCAAGGT

GATGAACGACCTAGTAGATAAAATTATTGCAGATCGCAAAGCAAGGGGTGAA

CAAAGCGATGATTTATTAACGCAGATGCTAAACGGAAAAGATCCAGAAACGG

GTGAGCCGCTTGATGACGGGAACATTCGCTATCAAATTATTACATTCTTATATG

CGGGAGTTGAAGGTACAAGTGGTCTTTTATCATTTGCGCTGTATTTCTTAGTGA

AAAATCCACATGTATTACAAAAAGTAGCAGAAGAAGCAGCACGAGTTCTAGT

AGATCCTGTTCCAAGCTACAAACAAGTCAAACAGCTTAAATATGTCGGCATGG

TCTTAAACGAAGCGCTGCGCTTATGGCCAACGGTTCCTTATTTTTCCCTATATG

CAAAAGAAGATACGGTGCTTGGAGGAGAATATCCTTTAGAAAAAGGCGACGA

AGTAATGGTTCTGATTCCTCAGCTTCACCGTGATAAAACAGTTTGGGGAGACG

ATGTGGAGGAGTTCCGTCCAGAGCGTTTTGAAAATCCAAGTGCGATTCCGCAG

CATGCGTTTAAACCGTTTGGAAACGGTCAGCGTGCGTCTCTGGGTCAGCAGTT

CGCTCTTCATGAAGCAACGCTGGTACTTGGTATGATGCTAAAACACTTTGACTT

TGAAGATCATACAAACTACGAGCTCGATATTAAAGAACTGCAGACGTTAAAA

CCTAAAGGCTTTGTGGTAAAAGCAAAATCGAAAAAAATTCCGCTTGGCGGTAT

TCCTTCACCTAGCACTGAACAGTCTGCTAAAAAAGTACGCAAAAAGGCAGAA

AACGCTCATAATACGCCGCTGCTTGTGCTATACGGTTCAAATATGGGTACCGC
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TGAAGGAACGGCGCGTGATTTAGCAGATATTGCAATGAGCAAAGGATTTGCA

CCGCAGGTCGCAACGCTTGATTCACACGCCGGAAATCTTCCGCGCGAAGGAGC

TGTATTAATTGTAACGGCGTCTTATAACGGTCATCCGCCTGATAACGCAAAGC

AATTTGTCGACTGGTTAGACCAAGCGTCTGCTGATGAAGTAAAAGGCGTTCGC

TACTCCGTATTTGGATGCGGCGATAAAAACTGGGCTACTACGTATCAAAAAGT

GCCTGCTTTTATCGATGAAACGCTTGCCGCTAAAGGGGCAGAAAACATCGCTG

ACCGCGGTGAAGCAGATGCAAGCGACGACTTTGAAGGCACATATGAAGAATG

GCGTGAACATATGTGGAGTGACGTAGCAGCCTACTTTAACCTCGACATTGAAA

ACAGTGAAGATAATAAATCTACTCTTTCACTTCAATTTGTCGACAGCGCCGCG

GATATGCCGCTTGCGAAAATGCACGGTGCGTTTTCAACGCTCGAGCACCACCA

CCACCACCACTGA 

MTIKEMPQPKTFGELKNLPLLNTDKPVQALMKIADELGEIFKFEAPGRVTRYLSSQ

RLIKEACDESRFDKELSQGLKFLRDFLGDGLATSWTHEKNWKKAHNILLPSFSQQ

AMKGYHASMVDIAVQLVQKWERLNADEHIEVSEDMTRLTLDTIGLCGFNYRLNS

FYRDQPHPFIISLVRALDEVMNKLQRANPDDPAYDENKRQFQEDIKVMNDLVDKI

IADRKARGEQSDDLLTQMLNGKDPETGEPLDDGNIRYQIITFLYAGVEGTSGLLSF

ALYFLVKNPHVLQKVAEEAARVLVDPVPSYKQVKQLKYVGMVLNEALRLWPTV

PYFSLYAKEDTVLGGEYPLEKGDEVMVLIPQLHRDKTVWGDDVEEFRPERFENPS

AIPQHAFKPFGNGQRASLGQQFALHEATLVLGMMLKHFDFEDHTNYELDIKELQT

LKPKGFVVKAKSKKIPLGGIPSPSTEQSAKKVRKKAENAHNTPLLVLYGSNMGTA

EGTARDLADIAMSKGFAPQVATLDSHAGNLPREGAVLIVTASYNGHPPDNAKQF

VDWLDQASADEVKGVRYSVFGCGDKNWATTYQKVPAFIDETLAAKGAENIADR

GEADASDDFEGTYEEWREHMWSDVAAYFNLDIENSEDNKSTLSLQFVDSAADMP

LAKMHGAFSTLEHHHHHH* 
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DNA and amino acid sequences of P411-LAS-5244: 

ATGACAATTAAAGAAATGCCTCAGCCAAAAACGTTTGGAGAGCTTAAAAATTT

ACCGTTATTAAACACAGATAAACCGGTTCAAGCTTTGATGAAAATTGCGGATG

AATTAGGAGAAATCTTTAAATTCGAGGCGCCTGGTCGTGTAACGCGCTACTTA

TCAAGTCAGCGTCTAATTAAAGAAGCATGCGATGAATCACGCTTTGATAAAGA

GTTAAGTCAAGGTCTGAAATTTATGCGTGATTTTCTTGGAGACGGGTTAGCCA

CAAGCTGGACGCATGAAAAAAATTGGAAAAAAGCGCATAATATCTTACTTCC

AAGCTTTAGTCAGCAGGCAATGAAAGGCTATCATGCGAGTATGGTCGATATCG

CCGTGCAGCTTGTTCAAAAGTGGGAGCGTCTAAATGCAGATGAGCATATTGAA

GTATCGGAAGACATGACACGTTTAACGCTTGATACAATTGGTCTTTGCGGCTTT

AACTATCGCCTTAACAGCTTTTACCGAGATCAGCCTCATCCATTTATTATAAGT

CTGGTCCGTGCACTGGATGAAGTAATGAACAAGCTGCAGCGAGCAAATCCAG

ACGACCCAGCTTATGATGAAAACAAGCGCCAGTTTCAAGAAGATATCAAGGT

GATGAACGACCTAGTAGATAAAATTATTGCAGATCGCAAAGCAAGGGGTGAA

CAAAGCGATGATTTATTAACGCAGATGCTAAACGGAAAAGATCCAGAAACGG

GTGAGCCGCTTGATGACGGGAACATTCGCTATCAAATTATTACATTCTTATATG

CGGGAGTTGAAGGTACAAGTGGTCTTTTATCATTTGCGCTGTATTTCTTAGTGA

AAAATCCACATGTATTACAAAAAGTAGCAGAAGAAGCAGCACGAGTTCTAGT

AGATCCTGTTCCAAGCTACAAACAAGTCAAACAGCTTAAATATGTCGGCATGG

TCTTAAACGAAGCGCTGCGCTTATGGCCAACGATTCCTTATTTTTCCCTATATG

CAAAAGAAGATACGGTGCTTGGAGGAGAATATCCTTTAGAAAAAGGCGACGA

AGTAATGGTTCTGATTCCTCAGCTTCACCGTGATAAAACAGTTTGGGGAGACG

ATGTGGAGGAGTTCCGTCCAGAGCGTTTTGAAAATCCAAGTGCGATTCCGCAG

CATGCGTTTAAACCGTTTGGAAACGGTCAGCGTGCGTCTGTGGGTCAGCAGTT

CGCTCTTCATGAAGCAACGCTGGTACTTGGTATGATGCTAAAACACTTTGACTT

TGAAGATCATACAAACTACGAGCTCGATATTAAAGAACGTATTACGTTAAAAC

CTAAAGGCTTTGTGGTAAAAGCAAAATCGAAAAAAATTCCGCTTGGCGGTATT

CCTTCACCTAGCACTGAACAGTCTGCTAAAAAAGTACGCAAAAAGGCAGAAA

ACGCTCATAATACGCCGCTGCTTGTGCTATACGGTTCAAATATGGGTACCGCT
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GAAGGAACGGCGCGTGATTTAGCAGATATTGCAATGAGCAAAGGATTTGCAC

CGCAGGTCGCAACGCTTGATTCACACGCCGGAAATCTTCCGCGCGAAGGAGCT

GTATTAATTGTAACGGCGTCTTATAACGGTCATCCGCCTGATAACGCAAAGCA

ATTTGTCGACTGGTTAGACCAAGCGTCTGCTGATGAAGTAAAAGGCGTTCGCT

ACTCCGTATTTGGATGCGGCGATAAAAACTGGGCTACTACGTATCAAAAAGTG

CCTGCTTTTATCGATGAAACGCTTGCCGCTAAAGGGGCAGAAAACATCGCTGA

CCGCGGTGAAGCAGATGCAAGCGACGACTTTGAAGGCACATATGAAGAATGG

CGTGAACATATGTGGAGTGACGTAGCAGCCTACTTTAACCTCGACATTGAAAA

CAGTGAAGATAATAAATCTACTCTTTCACTTCAATTTGTCGACAGCGCCGCGG

ATATGCCGCTTGCGAAAATGCACGGTGCGTTTTCAACGCTCGAGCACCACCAC

CACCACCACTGA 

MTIKEMPQPKTFGELKNLPLLNTDKPVQALMKIADELGEIFKFEAPGRVTRYLSSQ

RLIKEACDESRFDKELSQGLKFMRDFLGDGLATSWTHEKNWKKAHNILLPSFSQQ

AMKGYHASMVDIAVQLVQKWERLNADEHIEVSEDMTRLTLDTIGLCGFNYRLNS

FYRDQPHPFIISLVRALDEVMNKLQRANPDDPAYDENKRQFQEDIKVMNDLVDKI

IADRKARGEQSDDLLTQMLNGKDPETGEPLDDGNIRYQIITFLYAGVEGTSGLLSF

ALYFLVKNPHVLQKVAEEAARVLVDPVPSYKQVKQLKYVGMVLNEALRLWPTIP

YFSLYAKEDTVLGGEYPLEKGDEVMVLIPQLHRDKTVWGDDVEEFRPERFENPSA

IPQHAFKPFGNGQRASVGQQFALHEATLVLGMMLKHFDFEDHTNYELDIKERITL

KPKGFVVKAKSKKIPLGGIPSPSTEQSAKKVRKKAENAHNTPLLVLYGSNMGTAE

GTARDLADIAMSKGFAPQVATLDSHAGNLPREGAVLIVTASYNGHPPDNAKQFV

DWLDQASADEVKGVRYSVFGCGDKNWATTYQKVPAFIDETLAAKGAENIADRG

EADASDDFEGTYEEWREHMWSDVAAYFNLDIENSEDNKSTLSLQFVDSAADMPL

AKMHGAFSTLEHHHHHH* 
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DNA and amino acid sequences of P411-LAS-5247: 

ATGACAATTAAAGAAATGCCTCAGCCAAAAACGTTTGGAGAGCTTAAAAATTT

ACCGTTATTAAACACAGATAAACCGGTTCAAGCTTTGATGAAAATTGCGGATG

AATTAGGAGAAATCTTTAAATTCGAGGCGCCTGGTCGTGTAACGCGCTACTTA

TCAAGTCAGCGTCTAATTAAAGAAGCATGCGATGAATCACGCTTTGATAAAAG

TTTAAGTCAAGGTCTGAAATTTATGCGTGATTTTCTTGGAGACGGGTTAGCCAC

AAGCTGGACGCATGAAAAAAATTGGAAAAAAGCGCATAATATCTTACTTCCA

AGCTTTAGTCAGCAGGCAATGAAAGGCTATCATGCGAGTATGGTCGATATCGC

CGTGCAGCTTGTTCAAAAGTGGGAGCGTCTAAATGCAGATGAGCATATTGAAG

TATCGGAAGACATGACACGTTTAACGCTTGATACAATTGGTCTTTGCGGCTTTA

ACTATCGCATTAACAGCTTTTACCGAGATCAGCCTCATCCATTTATTATAAGTC

TGGTCCGTGCACTGGATGAAGTAATGAACAAGCTGCAGCTTGCAAATCCAGAC

GACCCAGCTTATGATGAAAACAAGCGCCAGTTTCAAGAAGATATCAAGGTGA

TGAACGACCTAGTAGATAAAATTATTGCAGATCGCAAAGCAAGGGGTGAACA

AAGCGATGATTTATTAACGCAGATGCTAAACGGAAAAGATCCAGAAACGGGT

GAGCCGCTTGATGACGGGAACATTCGCTATCAAATTATTACATTCTTATATGC

GGGAGTTGAAGGTACAAGTGGTCTTTTATCATTTGCGCTGTATTTCTTAGTGAA

AAATCCACATGTATTACAAAAAGTAGCAGAAGAAGCAGCACGAGTTCTAGTA

GATCCTGTTCCAAGCTACAAACAAGTCAAACAGCTTAAATATGTCGGCATGGT

CTTAAACGAAGCGCTGCGCTTATGGCCAACGATTCCTTATTTTTCCCTATATGC

AAAAGAAGATACGGTGCTTGGAGGAGAATATCCTTTAGAAAAAGGCGACGAA

GTAATGGTTCTGATTCCTCAGCTTCACCGTGATAAAACAGTTTGGGGAGACGA

TGTGGAGGAGTTCCGTCCAGAGCGTTTTGAAAATCCAAGTGCGATTCCGCAGC

ATGCGTTTAAACCGTTTGGAAACGGTCAGCGTGCGTCTGTTGGTCAGCAGTTC

GCTCTTCATGAAGCAACGCTGGTACTTGGTATGATGCTAAAACACTTTGACTTT

GAAGATCATACAAACTACGAGCTCGATATTAAAGAACGTATTACGTTAAAACC

TAAAGGCTTTGTGGTAAAAGCAAAATCGAAAAAAATTCCGCTTGGCGGTATTC

CTTCACCTAGCACTGAACAGTCTGCTAAAAAAGTACGCAAAAAGGCAGAAAA

CGCTCATAATACGCCGCTGCTTGTGCTATACGGTTCAAATATGGGTACCGCTG
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AAGGAACGGCGCGTGATTTAGCAGATATTGCAATGAGCAAAGGATTTGCACC

GCAGGTCGCAACGCTTGATTCACACGCCGGAAATCTTCCGCGCGAAGGAGCTG

TATTAATTGTAACGGCGTCTTATAACGGTCATCCGCCTGATAACGCAAAGCAA

TTTGTCGACTGGTTAGACCAAGCGTCTGCTGATGAAGTAAAAGGCGTTCGCTA

CTCCGTATTTGGATGCGGCGATAAAAACTGGGCTACTACGTATCAAAAAGTGC

CTGCTTTTATCGATGAAACGCTTGCCGCTAAAGGGGCAGAAAACATCGCTGAC

CGCGGTGAAGCAGATGCAAGCGACGACTTTGAAGGCACATATGAAGAATGGC

GTGAACATATGTGGAGTGACGTAGCAGCCTACTTTAACCTCGACATTGAAAAC

AGTGAAGATAATAAATCTACTCTTTCACTTCAATTTGTCGACAGCGCCGCGGA

TATGCCGCTTGCGAAAATGCACGGTGCGTTTTCAACGCTCGAGCACCACCACC

ACCACCACTGA 

MTIKEMPQPKTFGELKNLPLLNTDKPVQALMKIADELGEIFKFEAPGRVTRYLSSQ

RLIKEACDESRFDKSLSQGLKFMRDFLGDGLATSWTHEKNWKKAHNILLPSFSQQ

AMKGYHASMVDIAVQLVQKWERLNADEHIEVSEDMTRLTLDTIGLCGFNYRINS

FYRDQPHPFIISLVRALDEVMNKLQLANPDDPAYDENKRQFQEDIKVMNDLVDKII

ADRKARGEQSDDLLTQMLNGKDPETGEPLDDGNIRYQIITFLYAGVEGTSGLLSFA

LYFLVKNPHVLQKVAEEAARVLVDPVPSYKQVKQLKYVGMVLNEALRLWPTIPY

FSLYAKEDTVLGGEYPLEKGDEVMVLIPQLHRDKTVWGDDVEEFRPERFENPSAI

PQHAFKPFGNGQRASVGQQFALHEATLVLGMMLKHFDFEDHTNYELDIKERITLK

PKGFVVKAKSKKIPLGGIPSPSTEQSAKKVRKKAENAHNTPLLVLYGSNMGTAEG

TARDLADIAMSKGFAPQVATLDSHAGNLPREGAVLIVTASYNGHPPDNAKQFVD

WLDQASADEVKGVRYSVFGCGDKNWATTYQKVPAFIDETLAAKGAENIADRGE

ADASDDFEGTYEEWREHMWSDVAAYFNLDIENSEDNKSTLSLQFVDSAADMPLA

KMHGAFSTLEHHHHHH* 
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DNA and amino acid sequences of P411-LAS-5249: 

ATGACAATTAAAGAAATGCCTCAGCCAAAAACGTTTGGAGAGCTTAAAAATTT

ACCGTTATTAAACACAGATAAACCGGTTCAAGCTTTGATGAAAATTGCGGATG

AATTAGGAGAAATCTTTAAATTCGAGGCGCCTGGTCGTGTAACGCGCTACTTA

TCAAGTCAGCGTCTAATTAAAGAAGCATGCGATGAATCACGCTTTGATAAAGA

GTTAAGTCAAGGTCTGAAATTTATGCGTGATTTTCTTGGAGACGGGTTAGCCA

GTAGCTGGACGCATGAAAAAAATTGGAAAAAAGCGCATAATATCTTACTTCC

AAGCTTTAGTCAGCAGGCAATGAAAGGCTATCATGCGAGTATGGTCGATATCG

CCGTGCAGCTTGTTCAAAAGTGGGAGCGTCTAAATGCAGATGAGCATATTGAA

GTATCGGAAGACATGACACGTTTAACGCTTGATACAATTGGTCTTTGCGGCTTT

AACTATCGCCTTAACAGCTTTTACCGAGATCAGCCTCATCCATTTATTATAAGT

CTGGTCCGTGCACTGGATGAAGTAATGAACAAGCTGCAGCGAGCAAATCCAG

ACGACCCAGCTTATGATGAAAACAAGCGCCAGTTTCAAGAAGATATCAAGGT

GATGAACGACCTAGTAGATAAAATTATTGCAGATCGCAAAGCAAGGGGTGAA

CAAAGCGATGATTTATTAACGCAGATGCTAAACGGAAAAGATCCAGAAACGG

GTGAGCCGCTTGATGACGGGAACATTCGCTATCAAATTATTACATTCTTATATG

CGGGAGTTGAAGGTACAAGTGGTCTTTTATCATTTGCGCTGTATTTCTTAGTGA

AAAATCCACATGTATTACAAAAAGTAGCAGAAGAAGCAGCACGAGTTCTAGT

AGATCCTGTTCCAAGCTACAAACAAGTCAAACAGCTTAAATATGTCGGCATGG

TCTTAAACGAAGCGCTGCGCTTATGGCCAACGGTTCCTTATTTTTCCCTATATG

CAAAAGAAGATACGGTGCTTGGAGGAGAATATCCTTTAGAAAAAGGCGACGA

AGTAATGGTTCTGATTCCTCAGCTTCACCGTGATAAAACAGTTTGGGGAGACG

ATGTGGAGGAGTTCCGTCCAGAGCGTTTTGAAAATCCAAGTGCGATTCCGCAG

CATGCGTTTAAACCGTTTGGAAACGGTCAGCGTGCGTCTGTGGGTCAGCAGTT

CGCTCTTCATGAAGCAACGCTGGTACTTGGTATGATGCTAAAACACTTTGACTT

TGAAGATCATACAAACTACGAGCTCGATATTAAAGAACGTATTACGTTAAAAC

CTAAAGGCTTTGTGGTAAAAGCAAAATCGAAAAAAATTCCGCTTGGCGGTATT

CCTTCACCTAGCACTGAACAGTCTGCTAAAAAAGTACGCAAAAAGGCAGAAA

ACGCTCATAATACGCCGCTGCTTGTGCTATACGGTTCAAATATGGGTACCGCT
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GAAGGAACGGCGCGTGATTTAGCAGATATTGCAATGAGCAAAGGATTTGCAC

CGCAGGTCGCAACGCTTGATTCACACGCCGGAAATCTTCCGCGCGAAGGAGCT

GTATTAATTGTAACGGCGTCTTATAACGGTCATCCGCCTGATAACGCAAAGCA

ATTTGTCGACTGGTTAGACCAAGCGTCTGCTGATGAAGTAAAAGGCGTTCGCT

ACTCCGTATTTGGATGCGGCGATAAAAACTGGGCTACTACGTATCAAAAAGTG

CCTGCTTTTATCGATGAAACGCTTGCCGCTAAAGGGGCAGAAAACATCGCTGA

CCGCGGTGAAGCAGATGCAAGCGACGACTTTGAAGGCACATATGAAGAATGG

CGTGAACATATGTGGAGTGACGTAGCAGCCTACTTTAACCTCGACATTGAAAA

CAGTGAAGATAATAAATCTACTCTTTCACTTCAATTTGTCGACAGCGCCGCGG

ATATGCCGCTTGCGAAAATGCACGGTGCGTTTTCAACGCTCGAGCACCACCAC

CACCACCACTGA 

MTIKEMPQPKTFGELKNLPLLNTDKPVQALMKIADELGEIFKFEAPGRVTRYLSSQ

RLIKEACDESRFDKELSQGLKFMRDFLGDGLASSWTHEKNWKKAHNILLPSFSQQ

AMKGYHASMVDIAVQLVQKWERLNADEHIEVSEDMTRLTLDTIGLCGFNYRLNS

FYRDQPHPFIISLVRALDEVMNKLQRANPDDPAYDENKRQFQEDIKVMNDLVDKI

IADRKARGEQSDDLLTQMLNGKDPETGEPLDDGNIRYQIITFLYAGVEGTSGLLSF

ALYFLVKNPHVLQKVAEEAARVLVDPVPSYKQVKQLKYVGMVLNEALRLWPTV

PYFSLYAKEDTVLGGEYPLEKGDEVMVLIPQLHRDKTVWGDDVEEFRPERFENPS

AIPQHAFKPFGNGQRASVGQQFALHEATLVLGMMLKHFDFEDHTNYELDIKERIT

LKPKGFVVKAKSKKIPLGGIPSPSTEQSAKKVRKKAENAHNTPLLVLYGSNMGTA

EGTARDLADIAMSKGFAPQVATLDSHAGNLPREGAVLIVTASYNGHPPDNAKQF

VDWLDQASADEVKGVRYSVFGCGDKNWATTYQKVPAFIDETLAAKGAENIADR

GEADASDDFEGTYEEWREHMWSDVAAYFNLDIENSEDNKSTLSLQFVDSAADMP

LAKMHGAFSTLEHHHHHH* 
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DNA and amino acid sequences of P411-LAS-5250 (P411-C10-WIRF_GA)5: 

ATGACAATTAAAGAAATGCCTCAGCCAAAAACGTTTGGAGAGCTTAAAAATTT

ACCGTTATTAAACACAGATAAACCGGTTCAAGCTTTGATGAAAATTGCGGATG

AATTAGGAGAAATCTTTAAATTCGAGGCGCCTGGTCGTGTAACGCGCTACTTA

TCAAGTCAGCGTCTAATTAAAGAAGCATGCGATGAATCACGCTTTGATAAAGA

GTTATTTCAAGCGCTGAAATTTCTGCGTGATTTTCTTGGAGACGGGTTAGCCAC

AAGCTGGACGCATGAAAAAAATTGGAAAAAAGCGCATAATATCTTACTTCCA

AGCTTTAGTCAGCAGGCAATGAAAGGCTATCATGCGAGTATGGTCGATATCGC

CGTGCAGCTTGTTCAAAAGTGGGAGCGTCTAAATGCAGATGAGCATATTGAAG

TATCGGAAGACATGACACGTTTAACGCTTGATACAATTGGTCTTTGCGGCTTTA

ACTATCGCCTTAACAGCTTTTACCGAGATCAGCCTCATCCATTTATTATAAGTC

TGGTCCGTGCACTGGATGAAGTAATGAACAAGCTGCAGCGAGCAAATCCAGA

CGACCCAGCTTATGATGAAAACAAGCGCCAGTTTCAAGAAGATATCAAGGTG

ATGAACGACCTAGTAGATAAAATTATTGCAGATCGCAAAGCAAGGGGTGAAC

AAAGCGATGATTTATTAACGCAGATGCTAAACGGAAAAGATCCAGAAACGGG

TGAGCCGCTTGATGACGGGAACATTCGCTATCAAATTATTACATTCTTATGGG

CGGGAGTTGAAGGTACAAGTGGTCTTTTATCATTTGCGCTGTATTTCTTAGTGA

AAAATCCACATGTATTACAAAAAGTAGCAGAAGAAGCAGCACGAGTTCTAGT

AGATCCTGTTCCAAGCTACAAACAAGTCAAACAGCTTAAATATGTCGGCATGG

TCTTAAACGAAGCGCTGCGCTTATGGCCAACGGTTCCTTATTTTGGTCTATATG

CAAAAGAAGATACGGTGCTTGGAGGAGAATATCCTTTAGAAAAAGGCGACGA

AGTAATGGTTCTGATTCCTCAGCTTCACCGTGATAAAACAGTTTGGGGAGACG

ATGTGGAGGAGTTCCGTCCAGAGCGTTTTGAAAATCCAAGTGCGATTCCGCAG

CATGCGTTTAAACCGTTTGGAAACGGTCAGCGTGCGTCTCTGGGTCAGCAGTT

CGCTCTTCATGAAGCAACGCTGGTACTTGGTATGATGCTAAAACACTTTGACTT

TGAAGATCATACAAACTACGAGCTCGATATTAAAGAACGTATTACGTTAAAAC

CTAAAGGCTTTGTGGTAAAAGCAAAATCGAAAAAAATTCCGCTTGGCGGTATT

CCTTCACCTAGCACTGAACAGTCTGCTAAAAAAGTACGCAAAAAGGCAGAAA

ACGCTCATAATACGCCGCTGCTTGTGCTATACGGTTCAAATATGGGTACCGCT
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GAAGGAACGGCGCGTGATTTAGCAGATATTGCAATGAGCAAAGGATTTGCAC

CGCAGGTCGCAACGCTTGATTCACACGCCGGAAATCTTCCGCGCGAAGGAGCT

GTATTAATTGTAACGGCGTCTTATAACGGTCATCCGCCTGATAACGCAAAGCA

ATTTGTCGACTGGTTAGACCAAGCGTCTGCTGATGAAGTAAAAGGCGTTCGCT

ACTCCGTATTTGGATGCGGCGATAAAAACTGGGCTACTACGTATCAAAAAGTG

CCTGCTTTTATCGATGAAACGCTTGCCGCTAAAGGGGCAGAAAACATCGCTGA

CCGCGGTGAAGCAGATGCAAGCGACGACTTTGAAGGCACATATGAAGAATGG

CGTGAACATATGTGGAGTGACGTAGCAGCCTACTTTAACCTCGACATTGAAAA

CAGTGAAGATAATAAATCTACTCTTTCACTTCAATTTGTCGACAGCGCCGCGG

ATATGCCGCTTGCGAAAATGCACGGTGCGTTTTCAACGCTCGAGCACCACCAC

CACCACCACTGA 

MTIKEMPQPKTFGELKNLPLLNTDKPVQALMKIADELGEIFKFEAPGRVTRYLSSQ

RLIKEACDESRFDKELFQALKFLRDFLGDGLATSWTHEKNWKKAHNILLPSFSQQ

AMKGYHASMVDIAVQLVQKWERLNADEHIEVSEDMTRLTLDTIGLCGFNYRLNS

FYRDQPHPFIISLVRALDEVMNKLQRANPDDPAYDENKRQFQEDIKVMNDLVDKI

IADRKARGEQSDDLLTQMLNGKDPETGEPLDDGNIRYQIITFLWAGVEGTSGLLSF

ALYFLVKNPHVLQKVAEEAARVLVDPVPSYKQVKQLKYVGMVLNEALRLWPTV

PYFGLYAKEDTVLGGEYPLEKGDEVMVLIPQLHRDKTVWGDDVEEFRPERFENPS

AIPQHAFKPFGNGQRASLGQQFALHEATLVLGMMLKHFDFEDHTNYELDIKERIT

LKPKGFVVKAKSKKIPLGGIPSPSTEQSAKKVRKKAENAHNTPLLVLYGSNMGTA

EGTARDLADIAMSKGFAPQVATLDSHAGNLPREGAVLIVTASYNGHPPDNAKQF

VDWLDQASADEVKGVRYSVFGCGDKNWATTYQKVPAFIDETLAAKGAENIADR

GEADASDDFEGTYEEWREHMWSDVAAYFNLDIENSEDNKSTLSLQFVDSAADMP

LAKMHGAFSTLEHHHHHH* 
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DNA and amino acid sequences of P411-LAS-5256: 

ATGACAATTAAAGAAATGCCTCAGCCAAAAACGTTTGGAGAGCTTAAAAATTT

ACCGTTATTAAACACAGATAAACCGGTTCAAGCTTTGATGAAAATTGCGGATG

AATTAGGAGAAATCTTTAAATTCGAGGCGCCTGGTCGTGTAACGCGCTACTTA

TCAAGTCAGCGTCTAATTAAAGAAGCATGCGATGAATCACGCTTTGATAAAGA

GTTAGTGCAAGCGCTGAAATTTCTGCGTGATTTTCTTGGAGACGGGTTAGCCA

CAAGCTGGACGTTTGAAAAAAATTGGAAAAAAGCGCATAATATCTTACTTCCA

AGCTTTAGTCAGCAGGCAATGAAAGGCTATCATGCGAGTATGGTCGATATCGC

CGTGCAGCTTGTTCAAAAGTGGGAGCGTCTAAATGCAGATGAGCATATTGAAG

TATCGGAAGACATGACACGTTTAACGCTTGATACAATTGGTCTTTGCGGCTTTA

ACTATCGCTTTAACAGCTTTTACCGAGATCAGCCTCATCCATTTATTATAAGTC

TGGTCCGTGCACTGGATGAAGTAATGAACAAGCTGCAGCGAGCAAATCCAGA

CGACCCAGCTTATGATGAAAACAAGCGCCAGTTTCAAGAAGATATCAAGGTG

ATGAACGACCTAGTAGATAAAATTATTGCAGATCGCAAAGCAAGTGGTGAAC

AAAGCGATGATTTATTAACGCAGATGCTAAACGGAAAAGATCCAGAAACGGG

TGAGCCGCTTGATGACGGGAACATTCGCTATCAAATTATTACATTCTTATGGG

CGGGAGTTGAAGGTACAAGTGGTCTTTTATCATTTGCGCTGTATTTCTTAGTGA

AAAATCCACATGTATTACAAAAAGTAGCAGAAGAAGCAGCACGAGTTCTAGT

AGATCCTGTTCCAAGCTACAAACAAGTCAAACAGCTTAAATATGTCGGCATGG

TCTTAAACGAAGCGCTGCGCTTATGGCCACCGGTTCCGTATTTTGGTCTATATG

CAAAAGAAGATACGGTGCTTGGAGGAGAATATCCTTTAGAAAAAGGCGACGA

AGTAATGGTTCTGATTCCTCAGCTTCACCGTGATAAAACAGTTTGGGGAGACG

ATGTGGAGGAGTTCCGTCCAGAGCGTTTTGAAAATCCAAGTGCGATTCCGCAG

CATGCGTTTAAACCGTTTGGAAACGGTCAGCGTGCGTCTCTGGGTCAGCAGTT

CGCTCTTCATGAAGCAACGCTGGTACTTGGTATGATGCTAAAACACTTTGACTT

TGAAGATCATACAAACTACGAGCTCGATATTAAAGAACGTATTACGTTAAAAC

CTAAAGGCTTTGTGGTAAAAGCAAAATCGAAAAAAATTCCGCTTGGCGGTATT

CCTTCACCTAGCACTGAACAGTCTGCTAAAAAAGTACGCAAAAAGGCAGAAA

ACGCTCATAATACGCCGCTGCTTGTGCTATACGGTTCAAATATGGGTACCGCT
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GAAGGAACGGCGCGTGATTTAGCAGATATTGCAATGAGCAAAGGATTTGCAC

CGCAGGTCGCAACGCTTGATTCACACGCCGGAAATCTTCCGCGCGAAGGAGCT

GTATTAATTGTAACGGCGTCTTATAACGGTCATCCGCCTGATAACGCAAAGCA

ATTTGTCGACTGGTTAGACCAAGCGTCTGCTGATGAAGTAAAAGGCGTTCGCT

ACTCCGTATTTGGATGCGGCGATAAAAACTGGGCTACTACGTATCAAAAAGTG

CCTGCTTTTATCGATGAAACGCTTGCCGCTAAAGGGGCAGAAAACATCGCTGA

CCGCGGTGAAGCAGATGCAAGCGACGACTTTGAAGGCACATATGAAGAATGG

CGTGAACATATGTGGAGTGACGTAGCAGCCTACTTTAACCTCGACATTGAAAA

CAGTGAAGATAATAAATCTACTCTTTCACTTCAATTTGTCGACAGCGCCGCGG

ATATGCCGCTTGCGAAAATGCACGGTGCGTTTTCAACGCTCGAGCACCACCAC

CACCACCACTGA 

MTIKEMPQPKTFGELKNLPLLNTDKPVQALMKIADELGEIFKFEAPGRVTRYLSSQ

RLIKEACDESRFDKELVQALKFLRDFLGDGLATSWTFEKNWKKAHNILLPSFSQQ

AMKGYHASMVDIAVQLVQKWERLNADEHIEVSEDMTRLTLDTIGLCGFNYRFNS

FYRDQPHPFIISLVRALDEVMNKLQRANPDDPAYDENKRQFQEDIKVMNDLVDKI

IADRKASGEQSDDLLTQMLNGKDPETGEPLDDGNIRYQIITFLWAGVEGTSGLLSF

ALYFLVKNPHVLQKVAEEAARVLVDPVPSYKQVKQLKYVGMVLNEALRLWPPV

PYFGLYAKEDTVLGGEYPLEKGDEVMVLIPQLHRDKTVWGDDVEEFRPERFENPS

AIPQHAFKPFGNGQRASLGQQFALHEATLVLGMMLKHFDFEDHTNYELDIKERIT

LKPKGFVVKAKSKKIPLGGIPSPSTEQSAKKVRKKAENAHNTPLLVLYGSNMGTA

EGTARDLADIAMSKGFAPQVATLDSHAGNLPREGAVLIVTASYNGHPPDNAKQF

VDWLDQASADEVKGVRYSVFGCGDKNWATTYQKVPAFIDETLAAKGAENIADR

GEADASDDFEGTYEEWREHMWSDVAAYFNLDIENSEDNKSTLSLQFVDSAADMP

LAKMHGAFSTLEHHHHHH* 
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DNA and amino acid sequences of P411-LAS-5266: 

ATGACAATTAAAGAAATGCCTCAGCCAAAAACGTTTGGAGAGCTTAAAAATTT

ACCGTTATTAAACACAGATAAACCGGTTCAAGCTTTGATGAAAATTGCGGATG

AATTAGGAGAAATCTTTAAATTCGAGGCGCCTGGTCGTGTAACGCGCTACTTA

TCAAGTCAGCGTCTAATTAAAGAAGCATGCGATGAATCACGCTTTGATAAAGA

GTTAGTGCAAGCGCTGAAATTTCTGCGTGATTTTCTTGGAGACGGGTTAGCCA

CAAGCTGGACGTTTGAAAAAAATTGGAAAAAAGCGCATAATATCTTACTTCCA

AGCTTTAGTCAGCAGGCAATGAAAGGCTATCATGCGAGTATGGTCGATATCGC

CGTGCAGCTTGTTCAAAAGTGGGAGCGTCTAAATGCAGATGAGCATATTGAAG

TATCGGAAGACATGACACGTTTAACGCTTGATACAATTGGTCTTTGCGGCTTTA

ACTATCGCTTTAACAGCTTTTACCGAGATCAGCCTCATCCATTTATTATAAGTC

TGGTCCGTGCACTGGATGAAGTAATGAACAAGCTGCAGCGAGCAAATCCAGA

CGACCCAGCTTATGATGAAAACAAGCGCCAGTTTCAAGAAGATATCAAGGTG

ATGAACGACCTAGTAGATAAAATTATTGCAGATCGCAAAGCAAGTGGTGAAC

AAAGCGATGATTTATTAACGCAGATGCTAAACGGAAAAGATCCAGAAACGGG

TGAGCCGCTTGATGACCGTAACATTCGCTATCAAATTATTACATTCTTATGGGC

GGGAGTTGAAGGTACAAGTGGTCTTTTATCATTTGCGCTGTATTTCTTAGTGAA

AAATCCACATGTATTACAAAAAGTAGCAGAAGAAGCAGCACGAGTTCTAGTA

GATCCTGTTCCAAGCTACAAACAAGTCAAACAGCTTAAATATGTCGGCATGGT

CTTAAACGAAGCGCTGCGCTTATGGCCACCGGTTCCGTATTTTGGTCTATATGC

AAAAGAAGATACGGTGCTTGGAGGAGAATATCCTTTAGAAAAAGGCGACGAA

GTAATGGTTCTGATTCCTCAGCTTCACCGTGATAAAACAGTTTGGGGAGACGA

TGTGGAGGAGTTCCGTCCAGAGCGTTTTGAAAATCCAAGTGCGATTCCGCAGC

ATGCGTTTAAACCGTTTGGAAACGGTCAGCGTGCGTCTCTGGGTCAGCAGTTC

GCTCTTCATGAAGCAACGCTGGTACTTGGTATGATGCTAAAACACTTTGACTTT

GAAGATCATACAAACTACGAGCTCGATATTAAAGAACGTATTACGTTAAAACC

TAAAGGCTTTGTGGTAAAAGCAAAATCGAAAAAAATTCCGCTTGGCGGTATTC

CTTCACCTAGCACTGAACAGTCTGCTAAAAAAGTACGCAAAAAGGCAGAAAA

CGCTCATAATACGCCGCTGCTTGTGCTATACGGTTCAAATATGGGTACCGCTG
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AAGGAACGGCGCGTGATTTAGCAGATATTGCAATGAGCAAAGGATTTGCACC

GCAGGTCGCAACGCTTGATTCACACGCCGGAAATCTTCCGCGCGAAGGAGCTG

TATTAATTGTAACGGCGTCTTATAACGGTCATCCGCCTGATAACGCAAAGCAA

TTTGTCGACTGGTTAGACCAAGCGTCTGCTGATGAAGTAAAAGGCGTTCGCTA

CTCCGTATTTGGATGCGGCGATAAAAACTGGGCTACTACGTATCAAAAAGTGC

CTGCTTTTATCGATGAAACGCTTGCCGCTAAAGGGGCAGAAAACATCGCTGAC

CGCGGTGAAGCAGATGCAAGCGACGACTTTGAAGGCACATATGAAGAATGGC

GTGAACATATGTGGAGTGACGTAGCAGCCTACTTTAACCTCGACATTGAAAAC

AGTGAAGATAATAAATCTACTCTTTCACTTCAATTTGTCGACAGCGCCGCGGA

TATGCCGCTTGCGAAAATGCACGGTGCGTTTTCAACGCTCGAGCACCACCACC

ACCACCACTGA 

MTIKEMPQPKTFGELKNLPLLNTDKPVQALMKIADELGEIFKFEAPGRVTRYLSSQ

RLIKEACDESRFDKELVQALKFLRDFLGDGLATSWTFEKNWKKAHNILLPSFSQQ

AMKGYHASMVDIAVQLVQKWERLNADEHIEVSEDMTRLTLDTIGLCGFNYRFNS

FYRDQPHPFIISLVRALDEVMNKLQRANPDDPAYDENKRQFQEDIKVMNDLVDKI

IADRKASGEQSDDLLTQMLNGKDPETGEPLDDRNIRYQIITFLWAGVEGTSGLLSF

ALYFLVKNPHVLQKVAEEAARVLVDPVPSYKQVKQLKYVGMVLNEALRLWPPV

PYFGLYAKEDTVLGGEYPLEKGDEVMVLIPQLHRDKTVWGDDVEEFRPERFENPS

AIPQHAFKPFGNGQRASLGQQFALHEATLVLGMMLKHFDFEDHTNYELDIKERIT

LKPKGFVVKAKSKKIPLGGIPSPSTEQSAKKVRKKAENAHNTPLLVLYGSNMGTA

EGTARDLADIAMSKGFAPQVATLDSHAGNLPREGAVLIVTASYNGHPPDNAKQF

VDWLDQASADEVKGVRYSVFGCGDKNWATTYQKVPAFIDETLAAKGAENIADR

GEADASDDFEGTYEEWREHMWSDVAAYFNLDIENSEDNKSTLSLQFVDSAADMP

LAKMHGAFSTLEHHHHHH* 
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DNA and amino acid sequences of P411-LAS-5259: 

ATGACAATTAAAGAAATGCCTCAGCCAAAAACGTTTGGAGAGCTTAAAAATTT

ACCGTTATTAAACACAGATAAACCGGTTCAAGCTTTGATGAAAATTGCGGATG

AATTAGGAGAAATCTTTAAATTCGAGGCGCCTGGTCGTGTAACGCGCTACTTA

TCAAGTCAGCGTCTAATTAAAGAAGCATGCGATGAATCACGCTTTGATAAAGA

GTTAGTGCAAGCGCTGAAATTTCTGCGTGATTTTCTTGGAGACGGGTTAGCCA

CAAGCTGGACGTTTGAAAAAAATTGGAAAAAAGCGCATAATATCTTACTTCCA

AGCTTTAGTCAGCAGGCAATGAAAGGCTATCATGCGAGTATGGTCGATATCGC

CGTGCAGCTTGTTCAAAAGTGGGAGCGTCTAAATGCAGATGAGCATATTGAAG

TAGGTGAAGACATGACACGTTTAACGCTTGATACAATTGGTCTTTGCGGCTTT

AACTATCGCTTTAACAGCTTTTACCGAGATCAGCCTCATCCATTTATTATAAGT

CTGGTCCGTGCACTGGATGAAGTAATGAACAAGCTGCAGCGAGCAAATCCAG

ACGACCCAGCTTATGATGAAAACAAGCGCCAGTTTCAAGAAGATATCAAGGT

GATGAACGACCTAGTAGATAAAATTATTGCAGATCGCAAAGCAAGTGGTGAA

CAAAGCGATGATTTATTAACGCAGATGCTAAACGGAAAAGATCCAGAAACGG

GTGAGCCGCTTGATGACCGTAACATTCGCTATCAAATTATTACATTCTTATGGG

CGGGAGTTGAAGGTACAAGTGGTCTTTTATCATTTGCGCTGTATTTCTTAGTGA

AAAATCCACATGTATTACAAAAAGTAGCAGAAGAAGCAGCACGAGTTCTAGT

AGATCCTGTTCCAAGCTACAAACAAGTCAAACAGCTTAAATATGTCGGCATGG

TCTTAAACGAAGCGCTGCGCTTATGGCCACCGGTTCCGTATTTTGGTCTATATG

CAAAAGAAGATACGGTGCTTGGAGGAGAATATCCTTTAGAAAAAGGCGACGA

AGTAATGGTTCTGATTCCTCAGCTTCACCGTGATAAAACAATTTGGGGAGACG

ATGTGGAGGAGTTCCGTCCAGAGCGTTTTGAAAATCCAAGTGCGATTCCGCAG

CATGCGTTTAAACCGTTTGGAAACGGTCAGCGTGCGTCTCTGGGTCAGCAGTT

CGCTCTTCATGAAGCAACGCTGGTACTTGGTATGATGCTAAAACACTTTGACTT

TGAAGATCATACAAACTACGAGCTCGATATTAAAGAACGTATTACGTTAAAAC

CTAAAGGCTTTGTGGTAAAAGCAAAATCGAAAAAAATTCCGCTTGGCGGTATT

CCTTCACCTAGCACTGAACAGTCTGCTAAAAAAGTACGCAAAAAGGCAGAAA

ACGCTCATAATACGCCGCTGCTTGTGCTATACGGTTCAAATATGGGTACCGCT
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GAAGGAACGGCGCGTGATTTAGCAGATATTGCAATGAGCAAAGGATTTGCAC

CGCAGGTCGCAACGCTTGATTCACACGCCGGAAATCTTCCGCGCGAAGGAGCT

GTATTAATTGTAACGGCGTCTTATAACGGTCATCCGCCTGATAACGCAAAGCA

ATTTGTCGACTGGTTAGACCAAGCGTCTGCTGATGAAGTAAAAGGCGTTCGCT

ACTCCGTATTTGGATGCGGCGATAAAAACTGGGCTACTACGTATCAAAAAGTG

CCTGCTTTTATCGATGAAACGCTTGCCGCTAAAGGGGCAGAAAACATCGCTGA

CCGCGGTGAAGCAGATGCAAGCGACGACTTTGAAGGCACATATGAAGAATGG

CGTGAACATATGTGGAGTGACGTAGCAGCCTACTTTAACCTCGACATTGAAAA

CAGTGAAGATAATAAATCTACTCTTTCACTTCAATTTGTCGACAGCGCCGCGG

ATATGCCGCTTGCGAAAATGCACGGTGCGTTTTCAACGCTCGAGCACCACCAC

CACCACCACTGA 

MTIKEMPQPKTFGELKNLPLLNTDKPVQALMKIADELGEIFKFEAPGRVTRYLSSQ

RLIKEACDESRFDKELVQALKFLRDFLGDGLATSWTFEKNWKKAHNILLPSFSQQ

AMKGYHASMVDIAVQLVQKWERLNADEHIEVGEDMTRLTLDTIGLCGFNYRFNS

FYRDQPHPFIISLVRALDEVMNKLQRANPDDPAYDENKRQFQEDIKVMNDLVDKI

IADRKASGEQSDDLLTQMLNGKDPETGEPLDDRNIRYQIITFLWAGVEGTSGLLSF

ALYFLVKNPHVLQKVAEEAARVLVDPVPSYKQVKQLKYVGMVLNEALRLWPPV

PYFGLYAKEDTVLGGEYPLEKGDEVMVLIPQLHRDKTIWGDDVEEFRPERFENPS

AIPQHAFKPFGNGQRASLGQQFALHEATLVLGMMLKHFDFEDHTNYELDIKERIT

LKPKGFVVKAKSKKIPLGGIPSPSTEQSAKKVRKKAENAHNTPLLVLYGSNMGTA

EGTARDLADIAMSKGFAPQVATLDSHAGNLPREGAVLIVTASYNGHPPDNAKQF

VDWLDQASADEVKGVRYSVFGCGDKNWATTYQKVPAFIDETLAAKGAENIADR

GEADASDDFEGTYEEWREHMWSDVAAYFNLDIENSEDNKSTLSLQFVDSAADMP

LAKMHGAFSTLEHHHHHH* 
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DNA and amino acid sequences of P411-LAS-5264: 

ATGACAACTAAAGAAATGCCTCAGCCAAAAACGTTTGGAGAGCTTAAAAATT

TACCGTTATTAAACACAGATAAACCGGTTCAAGCTTTGATGAAAATTGCGGAT

GAATTAGGAGAAATCTTTAAATTCGAGGCGCCTGGTCGTGTAACGCGCTACTT

ATCAAGTCAGCGTCTAATTAAAGAAGCATGCGATGAATCACGCTTTGATAAAG

AGTTAGTGCAAGCGCTGAAATTTCTGCGTGAATTTCTTGGAGACGGGTTAGTG

ACAAGCTGGACGTTTGAAAAAAATTGGAAAAAAGCGCATAATATCTTACTTCC

AAGCTTTAGTCAGCAGGCAATGAAAGGCTATCATGCGAGTATGGTCGATATCG

CCGTGCAGCTTGTTCAAAAGTGGGAGCGTCTAAATGCAGATGAGCATATTGAA

GTAGGTGAAGACATGACACGTTTAACGCTTGATACAATTGGTCTTTGCGGCTT

TAACTATCGCTTTAACAGCTTTTACCGAGATCAGCCTCATCCATTTATTATAAG

TCTGGTCCGTGCACTGGATGAAGTAATGAACAAGCTGCAGCGAGCGAATCCA

GACGACCCAGCTTATGATGAAAACAAGCGCCAGTTTCAAGAAGATATCAAGG

TGATGAACGACCTAGTAGATAAAATCATTGCAGATCGCAAAGCAAGTGGTGA

ACAAAGCGATGATTTATTAACGCAGATGCTAAACAGAAAAGATCCAGAAACG

GGTGAGCCGCTTGATGACCGTAACATTCGCTATCAAATTATTACATTCTTATGG

GCGGGAGTTGAAGGTACAAGTGGTCTTTTATCATTTGCGCTGTATCTCTTAGTG

AAAAATCCACATGTATTACAAAAAGTAGCAGAAGAAGCAGCACGAGTTCTAG

TAGATCCTGTTCCAAGCTACAAACAAGTCAAACAGCTTAAATATGTCGGCATG

GTCTTAAACGAAGCGCTGCGCTTATGGCCACCGATTCCGTATTTTGGTCTATAT

GCAAAAGAAGATACGGTGCTTGGAGGAGAATATCCTTTAGAAAAAGGCGACG

AAGTAATGGTTCTGATTCCTCAGCTTCACCGTGATAAAACAATTTGGGGAGAC

GATGTGGAGGAGTTCCGTCCAGAGCGTTTTGAAAATCCAAGTGCGATTCCGCA

GCATGCGTTTAAACCGTTTGGAAACGGTCAGCGTGCGTCTCTGGGTCAGCAGT

TCGCTCTTCATGAAGCAACGCTGGTACTTGGTATGATGCTAAAACACTTTGACT

TTGAAGATCATACAAACTACGAGCTCGATATTAAAGAACGTATTACGTTAAAA

CCTAAAGGCTTTGTGGTAAAAGCAAAATCGAAAAAAATTCCGCTTGGCGGTAT

TCCTTCACCTAGCACTGAACAGTCTGCTAAAAAAGTACGCAAAAAGGCAGAA

AACGCTCATAATACGCCGCTGCTTGTGCTATACGGTTCAAATATGGGTACCGC
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TGAAGGAACGGCGCGTGATTTAGCAGATATTGCAATGAGCAAAGGATTTGCA

CCGCAGGTCGCAACGCTTGATTCACACGCCGGAAATCTTCCGCGCGAAGGAGC

TGTATTAATTGTAACGGCGTCTTATAACGGTCATCCGCCTGATAACGCAAAGC

AATTTGTCGACTGGTTAGACCAAGCGTCTGCTGATGAAGTAAAAGGCGTTCGC

TACTCCGTATTTGGATGCGGCGATAAAAACTGGGCTACTACGTATCAAAAAGT

GCCTGCTTTTATCGATGAAACGCTTGCCGCTAAAGGGGCAGAAAACATCGCTG

ACCGCGGTGAAGCAGATGCAAGCGACGACTTTGAAGGCACATATGAAGAATG

GCGTGAACATATGTGGAGTGACGTAGCAGCCTACTTTAACCTCGACATTGAAA

ACAGTGAAGATAATAAATCTACTCTTTCACTTCAATTTGTCGACAGCGCCGCG

GATATGCCGCTTGCGAAAATGCACGGTGCGTTTTCAACGCTCGAGCACCACCA

CCACCACCACTGA 

MTTKEMPQPKTFGELKNLPLLNTDKPVQALMKIADELGEIFKFEAPGRVTRYLSS

QRLIKEACDESRFDKELVQALKFLREFLGDGLVTSWTFEKNWKKAHNILLPSFSQ

QAMKGYHASMVDIAVQLVQKWERLNADEHIEVGEDMTRLTLDTIGLCGFNYRF

NSFYRDQPHPFIISLVRALDEVMNKLQRANPDDPAYDENKRQFQEDIKVMNDLVD

KIIADRKASGEQSDDLLTQMLNRKDPETGEPLDDRNIRYQIITFLWAGVEGTSGLL

SFALYLLVKNPHVLQKVAEEAARVLVDPVPSYKQVKQLKYVGMVLNEALRLWP

PIPYFGLYAKEDTVLGGEYPLEKGDEVMVLIPQLHRDKTIWGDDVEEFRPERFENP

SAIPQHAFKPFGNGQRASLGQQFALHEATLVLGMMLKHFDFEDHTNYELDIKERI

TLKPKGFVVKAKSKKIPLGGIPSPSTEQSAKKVRKKAENAHNTPLLVLYGSNMGT

AEGTARDLADIAMSKGFAPQVATLDSHAGNLPREGAVLIVTASYNGHPPDNAKQ

FVDWLDQASADEVKGVRYSVFGCGDKNWATTYQKVPAFIDETLAAKGAENIAD

RGEADASDDFEGTYEEWREHMWSDVAAYFNLDIENSEDNKSTLSLQFVDSAADM

PLAKMHGAFSTLEHHHHHH* 
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DNA and amino acid sequences of P411-LAS-5265 (P411-C10-WI)5: 

ATGACAATTAAAGAAATGCCTCAGCCAAAAACGTTTGGAGAGCTTAAAAATTT

ACCGTTATTAAACACAGATAAACCGGTTCAAGCTTTGATGAAAATTGCGGATG

AATTAGGAGAAATCTTTAAATTCGAGGCGCCTGGTCGTGTAACGCGCTACTTA

TCAAGTCAGCGTCTAATTAAAGAAGCATGCGATGAATCACGCTTTGATAAAGA

GTTAAGTCAAGGTCTGAAATTTCTGCGTGATTTTCTTGGAGACGGGTTAGCCA

CAAGCTGGACGCATGAAAAAAATTGGAAAAAAGCGCATAATATCTTACTTCC

AAGCTTTAGTCAGCAGGCAATGAAAGGCTATCATGCGAGTATGGTCGATATCG

CCGTGCAGCTTGTTCAAAAGTGGGAGCGTCTAAATGCAGATGAGCATATTGAA

GTATCGGAAGACATGACACGTTTAACGCTTGATACAATTGGTCTTTGCGGCTTT

AACTATCGCCTTAACAGCTTTTACCGAGATCAGCCTCATCCATTTATTATAAGT

CTGGTCCGTGCACTGGATGAAGTAATGAACAAGCTGCAGCGAGCAAATCCAG

ACGACCCAGCTTATGATGAAAACAAGCGCCAGTTTCAAGAAGATATCAAGGT

GATGAACGACCTAGTAGATAAAATTATTGCAGATCGCAAAGCAAGGGGTGAA

CAAAGCGATGATTTATTAACGCAGATGCTAAACGGAAAAGATCCAGAAACGG

GTGAGCCGCTTGATGACGGGAACATTCGCTATCAAATTATTACATTCTTATGG

GCGGGAGTTGAAGGTACAAGTGGTCTTTTATCATTTGCGCTGTATTTCTTAGTG

AAAAATCCACATGTATTACAAAAAGTAGCAGAAGAAGCAGCACGAGTTCTAG

TAGATCCTGTTCCAAGCTACAAACAAGTCAAACAGCTTAAATATGTCGGCATG

GTCTTAAACGAAGCGCTGCGCTTATGGCCAACGGTTCCTTATTTTTCCCTATAT

GCAAAAGAAGATACGGTGCTTGGAGGAGAATATCCTTTAGAAAAAGGCGACG

AAGTAATGGTTCTGATTCCTCAGCTTCACCGTGATAAAACAGTTTGGGGAGAC

GATGTGGAGGAGTTCCGTCCAGAGCGTTTTGAAAATCCAAGTGCGATTCCGCA

GCATGCGTTTAAACCGTTTGGAAACGGTCAGCGTGCGTCTCTGGGTCAGCAGT

TCGCTCTTCATGAAGCAACGCTGGTACTTGGTATGATGCTAAAACACTTTGACT

TTGAAGATCATACAAACTACGAGCTCGATATTAAAGAACTGATTACGTTAAAA

CCTAAAGGCTTTGTGGTAAAAGCAAAATCGAAAAAAATTCCGCTTGGCGGTAT

TCCTTCACCTAGCACTGAACAGTCTGCTAAAAAAGTACGCAAAAAGGCAGAA

AACGCTCATAATACGCCGCTGCTTGTGCTATACGGTTCAAATATGGGTACCGC
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TGAAGGAACGGCGCGTGATTTAGCAGATATTGCAATGAGCAAAGGATTTGCA

CCGCAGGTCGCAACGCTTGATTCACACGCCGGAAATCTTCCGCGCGAAGGAGC

TGTATTAATTGTAACGGCGTCTTATAACGGTCATCCGCCTGATAACGCAAAGC

AATTTGTCGACTGGTTAGACCAAGCGTCTGCTGATGAAGTAAAAGGCGTTCGC

TACTCCGTATTTGGATGCGGCGATAAAAACTGGGCTACTACGTATCAAAAAGT

GCCTGCTTTTATCGATGAAACGCTTGCCGCTAAAGGGGCAGAAAACATCGCTG

ACCGCGGTGAAGCAGATGCAAGCGACGACTTTGAAGGCACATATGAAGAATG

GCGTGAACATATGTGGAGTGACGTAGCAGCCTACTTTAACCTCGACATTGAAA

ACAGTGAAGATAATAAATCTACTCTTTCACTTCAATTTGTCGACAGCGCCGCG

GATATGCCGCTTGCGAAAATGCACGGTGCGTTTTCAACGCTCGAGCACCACCA

CCACCACCACTGA 

MTIKEMPQPKTFGELKNLPLLNTDKPVQALMKIADELGEIFKFEAPGRVTRYLSSQ

RLIKEACDESRFDKELSQGLKFLRDFLGDGLATSWTHEKNWKKAHNILLPSFSQQ

AMKGYHASMVDIAVQLVQKWERLNADEHIEVSEDMTRLTLDTIGLCGFNYRLNS

FYRDQPHPFIISLVRALDEVMNKLQRANPDDPAYDENKRQFQEDIKVMNDLVDKI

IADRKARGEQSDDLLTQMLNGKDPETGEPLDDGNIRYQIITFLWAGVEGTSGLLSF

ALYFLVKNPHVLQKVAEEAARVLVDPVPSYKQVKQLKYVGMVLNEALRLWPTV

PYFSLYAKEDTVLGGEYPLEKGDEVMVLIPQLHRDKTVWGDDVEEFRPERFENPS

AIPQHAFKPFGNGQRASLGQQFALHEATLVLGMMLKHFDFEDHTNYELDIKELIT

LKPKGFVVKAKSKKIPLGGIPSPSTEQSAKKVRKKAENAHNTPLLVLYGSNMGTA

EGTARDLADIAMSKGFAPQVATLDSHAGNLPREGAVLIVTASYNGHPPDNAKQF

VDWLDQASADEVKGVRYSVFGCGDKNWATTYQKVPAFIDETLAAKGAENIADR

GEADASDDFEGTYEEWREHMWSDVAAYFNLDIENSEDNKSTLSLQFVDSAADMP

LAKMHGAFSTLEHHHHHH* 
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DNA and amino acid sequences of P411-LAS-5266: 

ATGACAATTAAAGAAATGCCTCAGCCAAAAACGTTTGGAGAGCTTAAAAATTT

ACCGTTATTAAACACAGATAAACCGGTTCAAGCTTTGATGAAAATTGCGGATG

AATTAGGAGAAATCTTTAAATTCGAGGCGCCTGGTCGTGTAACGCGCTACTTA

TCAAGTCAGCGTCTAATTAAAGAAGCATGCGATGAATCACGCTTTGATAAAGA

GTTAAGTCAAGGTCTGAAATTTCTGCGTGATTTTCTTGGAGACGGGTTACCGA

CAAGCTGGACGCATGAAAAAAATTGGAAAAAAGCGCATAATATCTTACTTCC

AAGCTTTAGTCAGCAGGCAATGAAAGGCTATCATGCGAGTATGGTCGATATCG

CCGTGCAGCTTGTTCAAAAGTGGGAGCGTCTAAATGCAGATGAGCATATTGAA

GTATCGGAAGACATGACACGTTTAACGCTTGATACAATTGGTCTTTGCGGCTTT

AACTATCGCCTTAACAGCTTTTACCGAGATCAGCCTCATCCATTTATTATAAGT

CTGGTCCGTGCACTGGATGAAGTAATGAACAAGCTGCAGCGAGCAAATCCAG

ACGACCCAGCTTATGATGAAAACAAGCGCCAGTTTCAAGAAGATATCAAGGT

GATGAACGACCTAGTAGATAAAATTATTGCAGATCGCAAAGCAAGGGGTGAA

CAAAGCGATGATTTATTAACGCAGATGCTAAACGGAAAAGATCCAGAAACGG

GTGAGCCGCTTGATGACGGGAACATTCGCTATCAAATTATTACATTCTTATATA

GTGGAGTTGATGGTACAAGTGGTCTTTTATCATTTGCGCTGTATTTCTTAGTGA

AAAATCCACATGTATTACAAAAAGTAGCAGAAGAAGCAGCACGAGTTCTAGT

AGATCCTGTTCCAAGCTACAAACAAGTCAAACAGCTTAAATATGTCGGCATGG

TCTTAAACGAAGCGCTGCGCTTATGGCCACCGGTTCCTTATTTTGCGCTATATG

CAAAAGAAGATACGGTGCTTGGAGGAGAATATCCTTTAGAAAAAGGCGACGA

AGTAATGGTTCTGATTCCTCAGCTTCACCGTGATAAAACAGTTTGGGGAGACG

ATGTGGAGGAGTTCCGTCCAGAGCGTTTTGAAAATCCAAGTGCGATTCCGCAG

CATGCGTTTAAACCGTTTGGAAACGGTCAGCGTGCGTCTCTGGGTCAGCAGTT

CGCTCTTCATGAAGCAACGCTGGTACTTGGTATGATGCTAAAACACTTTGACTT

TGAAGATCATACAAACTACGAGCTCGATATTAAAGAACTGCTTACGTTAAAAC

CTAAAGGCTTTGTGGTAAAAGCAAAATCGAAAAAAATTCCGCTTGGCGGTATT

CCTTCACCTAGCACTGAACAGTCTGCTAAAAAAGTACGCAAAAAGGCAGAAA

ACGCTCATAATACGCCGCTGCTTGTGCTATACGGTTCAAATATGGGTACCGCT
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GAAGGAACGGCGCGTGATTTAGCAGATATTGCAATGAGCAAAGGATTTGCAC

CGCAGGTCGCAACGCTTGATTCACACGCCGGAAATCTTCCGCGCGAAGGAGCT

GTATTAATTGTAACGGCGTCTTATAACGGTCATCCGCCTGATAACGCAAAGCA

ATTTGTCGACTGGTTAGACCAAGCGTCTGCTGATGAAGTAAAAGGCGTTCGCT

ACTCCGTATTTGGATGCGGCGATAAAAACTGGGCTACTACGTATCAAAAAGTG

CCTGCTTTTATCGATGAAACGCTTGCCGCTAAAGGGGCAGAAAACATCGCTGA

CCGCGGTGAAGCAGATGCAAGCGACGACTTTGAAGGCACATATGAAGAATGG

CGTGAACATATGTGGAGTGACGTAGCAGCCTACTTTAACCTCGACATTGAAAA

CAGTGAAGATAATAAATCTACTCTTTCACTTCAATTTGTCGACAGCGCCGCGG

ATATGCCGCTTGCGAAAATGCACGGTGCGTTTTCAACGCTCGAGCACCACCAC

CACCACCACTGA 

MTIKEMPQPKTFGELKNLPLLNTDKPVQALMKIADELGEIFKFEAPGRVTRYLSSQ

RLIKEACDESRFDKELSQGLKFLRDFLGDGLPTSWTHEKNWKKAHNILLPSFSQQ

AMKGYHASMVDIAVQLVQKWERLNADEHIEVSEDMTRLTLDTIGLCGFNYRLNS

FYRDQPHPFIISLVRALDEVMNKLQRANPDDPAYDENKRQFQEDIKVMNDLVDKI

IADRKARGEQSDDLLTQMLNGKDPETGEPLDDGNIRYQIITFLYSGVDGTSGLLSF

ALYFLVKNPHVLQKVAEEAARVLVDPVPSYKQVKQLKYVGMVLNEALRLWPPV

PYFALYAKEDTVLGGEYPLEKGDEVMVLIPQLHRDKTVWGDDVEEFRPERFENPS

AIPQHAFKPFGNGQRASLGQQFALHEATLVLGMMLKHFDFEDHTNYELDIKELLT

LKPKGFVVKAKSKKIPLGGIPSPSTEQSAKKVRKKAENAHNTPLLVLYGSNMGTA

EGTARDLADIAMSKGFAPQVATLDSHAGNLPREGAVLIVTASYNGHPPDNAKQF

VDWLDQASADEVKGVRYSVFGCGDKNWATTYQKVPAFIDETLAAKGAENIADR

GEADASDDFEGTYEEWREHMWSDVAAYFNLDIENSEDNKSTLSLQFVDSAADMP

LAKMHGAFSTLEHHHHHH* 
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Synthesis of Substrates  

2-(2-Tosylhydrazineylidene)acetyl chloride 

 

4-Methylbenzenesulfonohydrazide (55.9 g, 0.3 mol, 1.0 equiv.) was dissolved in aqueous 

hydrochloric acid (2 M, 180 mL) and warmed to 50 °C (solution 1). 2-Oxoacetic acid (44.4 

g of 50% in water, 0.3 mol, 1.0 equiv.) was dissolved in water (300 mL) and heated to 50 °C 

(solution 2). Pre-warmed solution 1 was slowly transferred to solution 2. The reaction 

mixture was then stirred at 60 °C for 4 h until all the hydrozone product had crashed out. The 

mixture was cooled to 0 °C and kept for 2 h. The product 2-(2-tosylhydrazineylidene) acetic 

acid (~70 g, 97% yield) was collected by filtration, washed with hexane: ether (10:1, 20 mL 

× 3) and dried under vaccum. 

2-(2-Tosylhydrazineylidene)acetic acid (70 g, 0.29 mmol, 1.0 equiv.) was dissolved in dry 

dichloromethane (300 mL). Thionyl chloride (50 mL) and N,N-dimethyl formaldehyde (4 

drops, cat.) were added to the solution. The reaction mixture was stirred at room temperature 

for 1 h and then heated to reflux (~ 50 °C) for 5 h until the starting material was completely 

dissolved and the reaction turned clear and light yellow. After the reaction was cooled to 

room temperature, organic solvent and the excess thionyl chloride were removed under 

reduced pressure. The resulting mixture was treated with ether (20 mL) and sonicated for 5 

min. Hexane (150 mL) was then slowly added to the mixture to completely crash out the acyl 

chloride product. The mixture was cooled to 0 °C and kept for 2 h. The product 2-(2-
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tosylhydrazineylidene)acetyl chloride (~74 g, 98% yield, pale yellow) was collected by 

filtration, washed with hexane (20 mL × 2) and dried under vacuum. 

Diazo Synthesis 

 

An alcohol substrate (1.0 equiv.) was dissolved in dry dichloromethane (conc. ~ 0.2‒0.5 M) 

and kept at 0 °C. 2-(2-Tosylhydrazineylidene)acetyl chloride (1.05 equiv.) was then added 

to the solution. The mixture was stirred at 0 °C for 10 min before the addition of N,N-

dimethyl aniline (1.3 equiv.). The resulting mixture was then stirred for another 10 min. 

Triethylamine (2.0 equiv.) was added to the reaction, which was then allowed to slowly warm 

up to room temperature over 20 min. The reaction was concentrated under reduced pressure 

and quenched by citric acid (saturated aqueous solution). The resulting mixture was 

transferred to a separatory funnel. Dichloromethane and water were used in minimum 

amount to wash the reaction container and transfer everything to the separatory funnel. 

Hexane/ethyl acetate (13:1) was used for extraction for three times. The combined organic 

layer was then washed with saturated citric acid solution and brine, dried over Na2SO4, 

filtered, and concentrated under reduced pressure. The resulting crude product was purified 

through a silica column using pentane/ether (1:0 to 10:1) as eluents. The yellow-colored 

fractions were concentrated to afford the diazo product as a yellow liquid (80‒96% yield). 
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4-methoxyphenethyl 2-diazoacetate (1c)  

 

1H NMR (400 MHz, Chloroform-d) δ 7.13 (d, J = 8.6 Hz, 2H), 6.85 (d, J = 8.6 Hz, 2H), 4.72 

(s, 1H), 4.33 (t, J = 7.0 Hz, 2H), 3.79 (s, 3H), 2.89 (t, J = 7.0 Hz, 2H). 

13C NMR (101 MHz, Chloroform-d) δ 158.46 , 130.02 , 129.78 , 114.06 , 65.67 , 55.40 , 

34.56 . 

HRMS (FI): calcd for C11H12N2O3 [M]+• 220.08479; found 220.08468. 

4-fluorophenethyl 2-diazoacetate (1d)  

 

1H NMR (400 MHz, Chloroform-d) δ 7.21 – 7.12 (m, 2H), 7.04 – 6.94 (m, 2H), 4.72 (s, 1H), 

4.34 (t, J = 6.9 Hz, 2H), 2.92 (t, J = 6.9 Hz, 2H). 

13C NMR (101 MHz, Chloroform-d) δ 161.86 (d, J = 244.6 Hz), 133.45 (d, J = 3.3 Hz), 

130.47 (d, J = 8.0 Hz), 115.46 (d, J = 21.3 Hz), 65.30 , 34.64 . 

HRMS (FD): calcd for C10H9N2O2F [M]+• 208.06481; found 208.06525. 
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2-diazo-N-phenethylacetamide (1g)  

 

1H NMR (400 MHz, Chloroform-d) δ 7.36 – 7.21 (m, 5H), 5.11 (s, 1H), 4.68 (s, 1H), 3.65 – 

3.53 (m, 2H), 2.85 (t, J = 6.9 Hz, 2H). 

13C NMR (101 MHz, Chloroform-d) δ 165.54 , 138.85 , 128.91 , 126.70 , 47.27 , 41.22 , 

36.15 . 

HRMS (FI): calcd for C7H13N2O4 [M]+• 189.08753; found 189.09037. 

3-(p-tolyl)propyl 2-diazoacetate (3a)  

 

1H NMR (400 MHz, Chloroform-d) δ 7.14 – 7.03 (m, 4H), 4.74 (s, 1H), 4.18 (t, J = 6.5 Hz, 

2H), 2.65 (dd, J = 8.6, 6.7 Hz, 2H), 2.32 (s, 3H), 2.03 – 1.89 (m, 2H). 

13C NMR (101 MHz, Chloroform-d) δ 138.13 , 135.62 , 129.26 , 128.40 , 64.35 , 31.73 , 

30.63 , 21.13 . 

HRMS (FI): calcd for C12H14N2O2 [M]+• 218.10553; found 218.10529. 
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3-(4-methoxyphenyl)propyl 2-diazoacetate (3c)  

 

1H NMR (400 MHz, Chloroform-d) δ 7.17 – 6.98 (m, 2H), 6.88 – 6.79 (m, 2H), 4.74 (s, 1H), 

4.17 (t, J = 6.5 Hz, 2H), 3.79 (s, 3H), 2.63 (dd, J = 8.5, 6.8 Hz, 2H), 2.00 – 1.88 (m, 2H). 

13C NMR (101 MHz, Chloroform-d) δ 158.05 , 133.27 , 129.43 , 114.00 , 64.32 , 55.41 , 

31.27 , 30.74 . 

HRMS (FI): calcd for C12H14N2O3 [M]+• 234.10044; found 234.10034. 

3-(4-fluorophenyl)propyl 2-diazoacetate (3d)  

 

1H NMR (400 MHz, Chloroform-d) δ 7.17 – 7.09 (m, 2H), 7.02 – 6.92 (m, 2H), 4.74 (s, 1H), 

4.17 (t, J = 6.5 Hz, 2H), 2.66 (dd, J = 8.5, 6.8 Hz, 2H), 2.01 – 1.89 (m, 2H). 

13C NMR (101 MHz, Chloroform-d) δ 161.49 (d, J = 243.6 Hz), 136.81 (d, J = 3.2 Hz), 

129.85 (d, J = 7.8 Hz), 115.33 (d, J = 21.2 Hz), 64.13 , 31.42 , 30.63 . 

HRMS (FD): calcd for C11H11N2O2F [M]+• 222.08046; found 222.07990. 
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3-(furan-2-yl)propyl 2-diazoacetate (3e)  

 

1H NMR (400 MHz, Chloroform-d) δ 7.38 – 7.29 (m, 1H), 6.28 (dd, J = 3.2, 1.9 Hz, 1H), 

6.01 (dt, J = 2.8, 0.9 Hz, 1H), 4.74 (s, 1H), 4.20 (t, J = 6.4 Hz, 2H), 2.76 – 2.69 (m, 2H), 2.00 

(dq, J = 7.4, 6.4 Hz, 2H). 

13C NMR (101 MHz, Chloroform-d) δ 154.89 , 141.21 , 110.29 , 105.40 , 64.15 , 27.42 , 

24.57 . 

HRMS (ESI): calcd for C9H10N2O3Na [M+Na]+• 217.0613; found 217.0596. 

3-(thiophen-2-yl)propyl 2-diazoacetate (3f)  

 

1H NMR (400 MHz, Chloroform-d) δ 7.13 (dd, J = 5.1, 1.2 Hz, 1H), 6.92 (dd, J = 5.1, 3.4 

Hz, 1H), 6.80 (dq, J = 3.3, 1.1 Hz, 1H), 4.75 (s, 1H), 4.22 (t, J = 6.4 Hz, 2H), 2.96 – 2.87 (m, 

2H), 2.03 (dq, J = 7.5, 6.4 Hz, 2H). 

13C NMR (101 MHz, Chloroform-d) δ 143.86 , 126.96 , 124.65 , 123.42 , 63.93 , 30.85 , 

26.34 . 

HRMS (FI): calcd for C9H10N2O2S [M]+• 210.04630; found 210.04534. 
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4-(4-methoxyphenyl)butyl 2-diazoacetate (5a)  

 

1H NMR (400 MHz, Chloroform-d) δ 7.12 – 7.05 (m, 2H), 6.87 – 6.79 (m, 2H), 4.72 (s, 1H), 

4.21 – 4.13 (m, 2H), 3.79 (s, 3H), 2.63 – 2.54 (m, 2H), 1.66 (d, J = 6.9 Hz, 4H). 

13C NMR (101 MHz, Chloroform-d) δ 157.91 , 134.19 , 129.39 , 113.89 , 64.90 , 55.39 , 

34.62 , 28.45 , 27.95 . 

HRMS (FI): calcd for C13H16N2O3 [M]+• 248.11609; found 248.11580. 

(E)-6-(4-methoxyphenyl)hex-5-en-1-yl 2-diazoacetate (5b)  

 

1H NMR (400 MHz, Chloroform-d) δ 7.27 (d, J = 9.0 Hz, 2H), 6.84 (d, J = 8.7 Hz, 2H), 6.33 

(d, J = 15.8 Hz, 1H), 6.11 – 5.96 (m, 1H), 4.73 (s, 1H), 4.18 (t, J = 6.6 Hz, 2H), 3.80 (s, 3H), 

2.22 (q, J = 6.9 Hz, 2H), 1.70 (dt, J = 15.3, 6.8 Hz, 2H), 1.58 – 1.49 (m, 2H). 

13C NMR (101 MHz, Chloroform-d) δ 158.85 , 130.64 , 129.82 , 128.13 , 127.15 , 114.05 , 

64.94 , 55.43 , 32.64 , 28.45 , 25.83 . 

HRMS (FI): calcd for C15H18N2O3 [M]+• 274.13174; found 274.13224. 
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4-(1H-indol-3-yl)butyl 2-diazoacetate (5c)  

 

1H NMR (400 MHz, Chloroform-d) δ 7.87 (s, 1H), 7.52 (dd, J = 8.0, 1.1 Hz, 1H), 7.28 (dd, 

J = 8.1, 0.9 Hz, 1H), 7.21 – 7.08 (m, 1H), 7.04 (ddd, J = 8.1, 7.0, 1.1 Hz, 1H), 6.93 – 6.87 

(m, 1H), 4.64 (s, 1H), 4.13 (t, J = 6.2 Hz, 2H), 2.77 – 2.68 (m, 2H), 1.76 – 1.62 (m, 4H). 

13C NMR (101 MHz, Chloroform-d) δ 136.48 , 127.58 , 122.04 , 121.34 , 119.27 , 119.00 , 

116.37 , 111.21 , 65.01 , 28.75 , 26.45 , 24.84 . 

HRMS (FI): calcd for C14H15N3O2 [M]+• 257.11643; found 257.11652. 

2,3-dihydro-1H-inden-2-yl 2-diazoacetate (7a)  

 

1H NMR (400 MHz, Chloroform-d) δ 7.31 – 7.22 (m, 4H), 5.65 (dt, J = 6.5, 3.3 Hz, 1H), 

4.75 (s, 1H), 3.36 (dd, J = 17.0, 6.5 Hz, 2H), 3.07 (dd, J = 17.0, 3.1 Hz, 2H). 

13C NMR (101 MHz, Chloroform-d) δ 140.31 , 126.80 , 124.65 , 75.91 , 39.70 . 

HRMS (FI): calcd for C11H10N2O3 [M]+• 202.07423; found 202.07387. 
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(2,3-dihydro-1H-inden-2-yl)methyl 2-diazoacetate (7b)  

 

1H NMR (400 MHz, Chloroform-d) δ 7.31 – 7.21 (m, 2H), 7.17 (dt, J = 5.2, 3.6 Hz, 2H), 

4.78 (s, 1H), 4.23 (d, J = 6.8 Hz, 2H), 3.16 – 3.05 (m, 2H), 2.92 – 2.72 (m, 3H). 

13C NMR (101 MHz, Chloroform-d) δ 142.25 , 126.41 , 124.61 , 67.94 , 38.40 , 35.89 . 

HRMS (FI): calcd for C12H12N2O2 [M]+• 216.08988; found 216.08981. 

2-(1,2,3,4-tetrahydronaphthalen-1-yl)ethyl 2-diazoacetate (7c)  

 

1H NMR δ 7.17 – 7.04 (m, 4H), 4.76 (s, 1H), 4.29 (ddd, J = 7.2, 6.3, 3.7 Hz, 2H), 2.92 (dd, 

J = 9.4, 4.9 Hz, 1H), 2.81 – 2.72 (m, 2H), 2.13 – 2.02 (m, 1H), 1.95 – 1.81 (m, 3H), 1.73 

(dtd, J = 10.0, 5.9, 3.8 Hz, 2H). 

13C NMR (101 MHz, Chloroform-d) δ 140.16 , 137.18 , 129.36 , 128.64 , 125.90 , 125.78 , 

63.38 , 35.78 , 34.50 , 29.63 , 27.68 , 19.72 . 

HRMS (FI): calcd for C14H16N2O2 [M]+• 244.12118; found 244.12117. 
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2-(7-methoxyisochroman-1-yl)ethyl 2-diazoacetate (7d)  

 

1H NMR (400 MHz, Chloroform-d) δ 7.03 (d, J = 8.4 Hz, 1H), 6.74 (dd, J = 8.4, 2.6 Hz, 

1H), 6.59 (d, J = 2.6 Hz, 1H), 4.81 (dd, J = 8.9, 2.9 Hz, 1H), 4.72 (s, 1H), 4.36 (ddd, J = 7.4, 

5.9, 4.0 Hz, 2H), 3.82 – 3.67 (m, 4H), 2.96 – 2.83 (m, 1H), 2.63 (dt, J = 15.9, 3.8 Hz, 1H), 

2.26 (ddd, J = 15.0, 7.3, 3.2 Hz, 1H), 2.13 (ddd, J = 9.0, 6.6, 5.3 Hz, 1H). 

13C NMR (101 MHz, Chloroform-d) δ 158.07 , 138.55 , 130.02 , 126.08 , 112.59 , 109.91 , 

72.84 , 63.51 , 61.87 , 55.46 , 35.07 , 28.31 . 

HRMS (FI): calcd for C14H16N2O4 [M]+• 276.1101; found 276.11068. 

1,2,3,4-tetrahydronaphthalen-2-yl 2-diazoacetate (7e)  

 

1H NMR (400 MHz, Chloroform-d) δ 7.17 – 7.03 (m, 4H), 5.30 (dddd, J = 8.4, 7.0, 5.1, 3.2 

Hz, 1H), 4.74 (s, 1H), 3.14 (dd, J = 16.7, 5.2 Hz, 1H), 2.99 – 2.80 (m, 3H), 2.12 – 1.92 (m, 

2H). 

13C NMR (101 MHz, Chloroform-d) δ 135.92 , 133.97 , 129.77 , 129.04 , 126.51 , 126.40 , 

70.83 , 35.15 , 28.44 , 26.81 . 

HRMS (FI): calcd for C12H12N2O2 [M]+• 216.08988; found 216.08980. 
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2-(2,3-dihydro-1H-inden-1-yl)ethyl 2-diazoacetate (7f)  

 

1H NMR (400 MHz, Chloroform-d) δ 7.20 – 7.05 (m, 4H), 4.67 (s, 1H), 4.23 (t, J = 6.8 Hz, 

2H), 3.17 – 3.08 (m, 1H), 2.91 – 2.71 (m, 2H), 2.31 – 2.07 (m, 2H), 1.75 – 1.53 (m, 2H). 

13C NMR (101 MHz, Chloroform-d) δ 146.48 , 143.96 , 126.66 , 126.28 , 124.65 , 123.59 , 

63.71 , 41.73 , 33.98 , 32.27 , 31.51 . 

HRMS (FI): calcd for C13H14N2O2 [M]+• 230.10553; found 230.10561. 
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Synthesis of Reference Products 

Compounds 2a–2g and 4b were purchased from commercial suppliers including Sigma-

Aldrich, VWR, TCI America, Fischer Scientific, Alfa Aesar, Acros, and Combi Blocks and 

were used without additional purification. Other reference products were obtained using the 

method described below or through enzymatic preparative synthesis. 

 

 

A typical procedure is given for the preparation of 6-membered lactones: 1,4-Dioxane (2.0 

mL) was added to a flask charged with Rh(acac)(C2H4)2 (12 μmol), rac-BINAP (14 μmol), 

and phenylboronic acid (2.00 mmol) and flushed with nitrogen, which was followed by 

addition of water (0.2 mL) and 5,6-dihydro-2H-pyran-2-one (0.40 mmol). The resulting 

mixture was then stirred at 100 °C for 3 h. After evaporation of the solvent, the residue was 

dissolved in ethyl acetate. The solution was washed with saturated aqueous sodium 

bicarbonate and dried over anhydrous Na2SO4. Chromatography on silica gel (hexane:EtOAc 

2:1 to 1:1) gave products as a colorless oil. 

 

  



 

 

308 

4-(p-Tolyl)tetrahydro-2H-pyran-2-one (4a) 

 

1H NMR (400 MHz, Chloroform-d) δ 7.40 – 7.35 (m, 2H), 7.33 – 7.28 (m, 1H), 7.25 – 7.21 

(m, 2H), 4.67 (dd, J = 9.1, 7.8 Hz, 1H), 4.28 (dd, J = 9.1, 7.9 Hz, 1H), 3.79 (p, J = 8.4 Hz, 

1H), 2.93 (dd, J = 17.5, 8.7 Hz, 1H), 2.68 (dd, J = 17.5, 9.1 Hz, 1H). 

13C NMR (101 MHz, Chloroform-d) δ 176.51 , 139.54 , 129.30 , 127.88 , 126.84 , 41.27 , 

35.86 . 

Spectral data were in accordance with literature values.7 

4-Phenyltetrahydro-2H-pyran-2-one (4b)  

 

1H NMR (400 MHz, Chloroform-d) δ 7.41 – 7.32 (m, 2H), 7.31 – 7.25 (m, 2H), 7.24 – 7.18 

(m, 2H), 4.51 (ddd, J = 11.4, 4.9, 3.9 Hz, 1H), 4.40 (ddd, J = 11.4, 10.4, 3.8 Hz, 1H), 3.24 

(tdd, J = 10.5, 5.9, 4.6 Hz, 1H), 2.93 (ddd, J = 17.7, 6.0, 1.7 Hz, 1H), 2.64 (dd, J = 17.6, 10.6 

Hz, 1H), 2.19 (dqd, J = 14.0, 3.9, 1.6 Hz, 1H), 2.11 – 1.99 (m, 1H). 
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13C NMR (101 MHz, Chloroform-d) δ 170.78 , 142.89 , 129.13 , 127.38 , 126.59 , 68.78 

, 37.65 , 37.60 , 30.46 . 

Spectral data were in accordance with literature values.8 

4-(4-Methoxyphenyl)tetrahydro-2H-pyran-2-one (4c)  

 

1H NMR (400 MHz, Chloroform-d) δ 7.17 – 7.09 (m, 2H), 6.94 – 6.85 (m, 2H), 4.50 (ddd, 

J = 11.4, 4.9, 3.9 Hz, 1H), 4.38 (ddd, J = 11.4, 10.4, 3.8 Hz, 1H), 3.80 (s, 3H), 3.19 (tdd, J = 

10.5, 5.9, 4.5 Hz, 1H), 2.90 (ddd, J = 17.6, 5.9, 1.7 Hz, 1H), 2.59 (dd, J = 17.7, 10.6 Hz, 1H), 

2.15 (ddtd, J = 13.9, 4.5, 3.9, 1.7 Hz, 1H), 2.00 (dtd, J = 14.1, 10.5, 4.9 Hz, 1H). 

13C NMR (101 MHz, Chloroform-d) δ 170.90 , 158.79 , 134.99 , 127.56 , 114.45 , 68.80 , 

55.46 , 37.91 , 36.81 , 30.67 . 

Spectral data were in accordance with literature values.9 
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4-(4-Fluorophenyl)tetrahydro-2H-pyran-2-one (4d)  

 

1H NMR (400 MHz, Chloroform-d) δ 7.22 – 7.13 (m, 2H), 7.10 – 7.00 (m, 2H), 4.51 (ddd, 

J = 11.5, 4.9, 3.8 Hz, 1H), 4.39 (ddd, J = 11.5, 10.5, 3.7 Hz, 1H), 3.23 (tdd, J = 10.6, 5.9, 4.5 

Hz, 1H), 2.91 (ddd, J = 17.6, 6.0, 1.7 Hz, 1H), 2.59 (dd, J = 17.6, 10.6 Hz, 1H), 2.21 – 2.13 

(m, 1H), 2.01 (dtd, J = 14.1, 10.6, 4.9 Hz, 1H). 

13C NMR (101 MHz, Chloroform-d) δ 170.51 , 163.21 , 160.76 , 138.60 , 128.13 , 128.05 , 

116.09 , 115.88 , 68.68 , 37.82 , 36.98 , 30.56 . 

19F NMR (376 MHz, Chloroform-d) δ -115.32 . 

Spectral data were in accordance with literature values. 9 

4-(Furan-2-yl)tetrahydro-2H-pyran-2-one (4e)  

 

1H NMR (400 MHz, Chloroform-d) δ 7.36 (dd, J = 2.0, 0.8 Hz, 1H), 6.32 (dd, J = 3.2, 1.8 

Hz, 1H), 6.09 (dt, J = 3.2, 0.9 Hz, 1H), 4.47 – 4.33 (m, 2H), 3.37 (dddd, J = 11.6, 6.1, 3.6, 
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1.0 Hz, 1H), 2.93 (ddd, J = 17.5, 6.2, 1.2 Hz, 1H), 2.72 (dd, J = 17.5, 9.2 Hz, 1H), 2.28 – 

2.20 (m, 1H), 2.04 (dtd, J = 13.8, 8.8, 4.7 Hz, 1H). 

13C NMR (101 MHz, Chloroform-d) δ 170.13 , 155.53 , 142.13 , 110.38 , 105.20 , 68.08 , 

34.60 , 31.14 , 27.99 .10 

4-(Thiophen-2-yl)tetrahydro-2H-pyran-2-one (4f)  

 

1H NMR (400 MHz, Chloroform-d) δ 7.22 (dd, J = 5.2, 1.2 Hz, 1H), 6.98 (dd, J = 5.1, 3.5 

Hz, 1H), 6.90 – 6.84 (m, 1H), 4.50 (dt, J = 11.6, 4.6 Hz, 1H), 4.39 (ddd, J = 11.7, 10.1, 3.8 

Hz, 1H), 3.58 – 3.49 (m, 1H), 3.03 (ddd, J = 17.7, 5.9, 1.6 Hz, 1H), 2.70 (dd, J = 17.6, 10.3 

Hz, 1H), 2.29 (ddq, J = 11.0, 4.2, 2.6, 2.1 Hz, 1H), 2.06 (dtd, J = 14.5, 10.1, 4.8 Hz, 1H). 

13C NMR (101 MHz, Chloroform-d) δ 169.89 , 146.43 , 127.18 , 124.10 , 123.48 , 68.39 , 

38.24 , 33.19 , 31.46 .11 
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4-(4-Methoxyphenyl)oxepan-2-one (6a)  

 

1H NMR (400 MHz, Chloroform-d) δ 7.13 – 7.07 (m, 2H), 6.85 (d, J = 8.7 Hz, 2H), 4.42 – 

4.20 (m, 2H), 3.79 (s, 3H), 3.05 – 2.71 (m, 3H), 2.21 – 2.01 (m, 2H), 1.99 – 1.70 (m, 2H). 

13C NMR (101 MHz, Chloroform-d) δ 174.76 , 158.47 , 137.84 , 128.01 , 127.35 , 114.39 , 

114.24 , 69.23 , 55.43 , 41.96 , 40.00 , 38.09 , 29.17 . 

Spectral data were in accordance with literature values.12  

(E)-4-(4-Methoxystyryl)oxepan-2-one (6b)  

 

1H NMR (400 MHz, Chloroform-d) δ 7.27 (d, J = 8.5 Hz, 3H), 6.88 – 6.82 (m, 2H), 6.40 

(dd, J = 15.7, 1.1 Hz, 1H), 5.99 (dd, J = 15.9, 7.4 Hz, 1H), 4.38 – 4.27 (m, 1H), 4.23 (ddd, J 

= 12.7, 9.3, 1.1 Hz, 1H), 3.80 (s, 3H), 2.84 – 2.69 (m, 2H), 2.67 – 2.55 (m, 1H), 2.13 – 1.99 

(m, 2H), 1.95 – 1.80 (m, 1H), 1.73 – 1.60 (m, 1H). 

13C NMR (101 MHz, Chloroform-d) δ 174.69 , 159.29, 130.35 , 129.76 , 129.34 , 127.48 , 

114.14 , 69.24 , 55.45 , 40.59 , 37.52 , 35.81 , 28.16 . 

HRMS (FI): calcd for C15H18O3 [M]+• 246.12559; found 246.12724. 
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4-(1H-Indol-3-yl)oxepan-2-one (6c)  

 

1H NMR (400 MHz, Chloroform-d) δ 8.03 (s, 1H), 7.65 (dt, J = 7.8, 1.0 Hz, 1H), 7.38 (dt, J 

= 8.1, 0.9 Hz, 1H), 7.22 (ddd, J = 8.2, 7.1, 1.2 Hz, 1H), 7.14 (ddd, J = 8.0, 7.1, 1.1 Hz, 1H), 

7.05 – 7.01 (m, 1H), 4.44 – 4.29 (m, 2H), 3.33 (ddd, J = 11.6, 7.8, 4.5 Hz, 1H), 3.09 – 2.99 

(m, 2H), 2.40 – 2.27 (m, 1H), 2.19 – 2.06 (m, 1H), 2.05 – 1.95 (m, 2H). 

13C NMR (101 MHz, Chloroform-d) δ 175.16 , 136.48 , 125.98 , 122.56 , 120.25 , 119.97 , 

119.79 , 119.04 , 111.47 , 69.41 , 41.51 , 36.13 , 32.24 , 28.93 . 

HRMS (FI): calcd for C14H15NO2 [M]+• 229.11028; found 229.11145. 

3,3a,8,8a-Tetrahydro-2H-indeno[2,1-b]furan-2-one (6b)  

 

1H NMR (400 MHz, Chloroform-d) δ 7.30 – 7.20 (m, 5H), 5.30 (ddd, J = 5.8, 3.8, 2.7 Hz, 

1H), 4.02 (ddt, J = 9.3, 5.7, 1.3 Hz, 1H), 3.35 – 3.29 (m, 2H), 3.05 (dd, J = 17.8, 9.3 Hz, 1H), 

2.75 (dd, J = 17.8, 1.5 Hz, 1H). 

13C NMR (101 MHz, Chloroform-d) δ 142.15 , 128.46 , 127.85 , 125.43 , 124.79 , 84.43 , 

45.58 , 39.07 , 35.48 . 

Spectral data were in accordance with literature values.13  



 

 

314 

4,4a,9,9a-Tetrahydroindeno[2,1-c]pyran-3(1H)-one (6c)  

 

1H NMR (400 MHz, Chloroform-d) δ 7.26 – 7.16 (m, 4H), 4.39 (dd, J = 11.4, 5.0 Hz, 1H), 

4.09 (dd, J = 11.4, 8.8 Hz, 1H), 3.81 (dt, J = 9.8, 7.8 Hz, 1H), 3.30 (dd, J = 16.8, 9.7 Hz, 1H), 

3.10 – 2.97 (m, 2H), 2.81 (dd, J = 16.8, 3.9 Hz, 1H), 2.58 (dd, J = 15.2, 7.8 Hz, 1H). 

13C NMR (101 MHz, Chloroform-d) δ 172.79 , 143.96 , 141.31 , 127.91 , 127.56 , 125.06 , 

124.27 , 70.26 , 41.04 , 35.81 , 34.93 , 34.90 . 

HRMS (FI): calcd for C12H12O2 [M]+• 188.08373; found 188.08404. 

3,4,5',6'-Tetrahydro-2H-spiro[naphthalene-1,4'-pyran]-2'(3'H)-one (8c)  

 

1H NMR (400 MHz, Chloroform-d) δ 7.24 – 7.06 (m, 4H), 4.50 – 4.39 (m, 2H), 2.87 – 2.76 

(m, 3H), 2.65 (dd, J = 16.7, 1.1 Hz, 1H), 2.26 (ddd, J = 14.2, 8.1, 5.8 Hz, 1H), 1.95 (dddd, J 

= 14.5, 5.3, 4.4, 1.1 Hz, 1H), 1.91 – 1.77 (m, 4H). 

13C NMR (101 MHz, Chloroform-d) δ 172.01 , 142.44 , 136.63 , 126.81 , 126.68 , 77.48 , 

66.40 , 37.20 , 36.23 , 18.98 . 

HRMS (FI): calcd for C12H16O [M]+• 176.12012; found 176.12080. 
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5-Methoxy-2,3,5',6'-tetrahydrospiro[indene-1,4'-pyran]-2'(3'H)-one (8d)  

 

1H NMR (400 MHz, Chloroform-d) δ 7.16 – 6.99 (m, 1H), 6.77 (ddd, J = 8.3, 2.7, 0.7 Hz, 

1H), 6.58 (d, J = 2.7 Hz, 1H), 5.20 – 5.03 (m, 2H), 4.15 (dd, J = 11.2, 1.4 Hz, 1H), 3.92 – 

3.85 (m, 2H), 3.82 (d, J = 1.5 Hz, 3H), 3.06 (d, J = 4.1 Hz, 1H), 2.68 (dd, J = 13.1, 5.3 Hz, 

1H), 2.55 (ddd, J = 13.1, 2.6, 1.5 Hz, 1H), 2.51 – 2.41 (m, 1H), 2.41 – 2.27 (m, 1H). 

13C NMR (101 MHz, Chloroform-d) δ 175.49 , 158.82 , 141.79 , 129.26 , 128.51 , 111.83 , 

110.31 , 77.36 , 72.66 , 67.06 , 61.47 , 55.43 , 40.17 , 36.74 , 34.99 . 

HRMS (FI): calcd for C14H16O4 [M]+• 248.10486; found 248.10591. 

3a,4,5,9b-Tetrahydronaphtho[2,1-b]furan-2(1H)-one (8e)  

 

1H NMR (400 MHz, Chloroform-d) δ 7.24 – 7.09 (m, 4H), 4.98 (td, J = 6.8, 3.4 Hz, 1H), 

3.81 (dt, J = 9.6, 6.3 Hz, 1H), 3.09 (dd, J = 17.6, 9.5 Hz, 1H), 2.91 (ddd, J = 16.4, 9.5, 4.4 

Hz, 1H), 2.75 – 2.65 (m, 1H), 2.58 (dd, J = 17.6, 5.6 Hz, 1H), 2.19 (dtd, J = 13.2, 6.4, 4.4 

Hz, 1H), 1.99 (dddd, J = 14.0, 9.7, 4.6, 3.4 Hz, 1H). 
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13C NMR (101 MHz, Chloroform-d) δ 176.51 , 136.03 , 135.68 , 129.17 , 128.98 , 127.21 

, 126.98 , 78.87, 37.86 , 37.74 , 26.54 , 24.67 . 

HRMS (FI): calcd for C12H12O2 [M]+• 188.08373; found 188.08441. 

1,2,5,6-Tetrahydro-4H-2,6-methanobenzo[d]oxocin-4-one (8e’)  

 

1H NMR (400 MHz, Chloroform-d) δ 7.24 – 7.16 (m, 2H), 7.15 – 7.07 (m, 2H), 5.13 (dtd, J 

= 5.2, 3.6, 1.8 Hz, 1H), 3.35 – 3.21 (m, 2H), 3.10 (dd, J = 17.9, 3.8 Hz, 1H), 2.83 (dd, J = 

17.9, 5.7 Hz, 1H), 2.65 (dt, J = 17.9, 2.2 Hz, 1H), 2.33 (ddt, J = 13.6, 4.7, 2.1 Hz, 1H), 2.23 

– 2.10 (m, 1H). 

13C NMR (101 MHz, Chloroform-d) δ 175.16 , 136.48 , 125.98 , 122.56 , 120.25 , 119.97 , 

119.79 , 119.04 , 111.47 , 69.41 , 41.51 , 36.13 , 32.24 , 28.93 . 

HRMS (FI): calcd for C12H12O2 [M]+• 188.08373; found 188.08414. 
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2,3,5',6'-Tetrahydrospiro[indene-1,4'-pyran]-2'(3'H)-one (6f)  

 

1H NMR (400 MHz, Chloroform-d) δ 7.30 – 7.19 (m, 4H), 7.19 – 7.11 (m, 1H), 4.57 – 4.42 

(m, 2H), 2.96 (tt, J = 6.8, 0.7 Hz, 2H), 2.73 – 2.59 (m, 2H), 2.26 – 2.13 (m, 1H), 2.08 (t, J = 

7.1 Hz, 2H), 1.91 (dddd, J = 14.1, 5.8, 4.6, 1.1 Hz, 1H). 

13C NMR (101 MHz, Chloroform-d) δ 170.86 , 147.65 , 142.73 , 127.63 , 127.04 , 125.03 , 

122.29 , 77.23 , 67.00 , 45.58 , 41.67 , 38.82 , 33.76 , 29.62 . 

HRMS (FI): calcd for C13H14O2 [M]+• 202.09938; found 202.09993. 

1,5,6,7-Tetrahydro-1,7-methanobenzo[e]oxonin-3(2H)-one (6c)  

 

1H NMR (400 MHz, Chloroform-d) δ 7.30 – 7.13 (m, 5H), 4.14 – 3.97 (m, 2H), 3.68 (dt, J 

= 9.4, 4.9 Hz, 1H), 3.53 – 3.44 (m, 1H), 2.90 (dd, J = 12.5, 4.9 Hz, 1H), 2.66 – 2.55 (m, 2H), 

2.39 (dddd, J = 14.8, 11.4, 5.0, 3.5 Hz, 1H), 2.22 (dt, J = 13.7, 1.0 Hz, 1H), 2.00 (ddt, J = 

14.8, 4.5, 3.1 Hz, 1H). 

13C NMR (101 MHz, Chloroform-d) δ 175.54 , 145.68 , 144.08 , 127.80 , 127.57 , 124.89 , 

124.59 , 66.44 , 42.68 , 42.55 , 41.15 , 36.87 , 36.32 . 

HRMS (FI): calcd for C13H14O2 [M]+• 202.09938; found 202.10012. 
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HPLC Calibration Curves 

Calibration curves of synthesized reference compounds were created for the determination 

of yield and TTN.  

For compounds 2a–6c: For each substrate, four different concentrations of product (0.625, 

1.25, 1.875, and 2.5 mM) with 0.67 mM internal standard in 600 μL acetonitrile solutions 

were mixed each with 400 μL water. The mixtures were vortexed and then analyzed by 

HPLC based on UV absorbance at 210 nm. All data points represent the average of duplicate 

runs. The calibration curves depict the ratio of product area to internal standard area (x-axis) 

against product concentration in mM (y-axis). Notes: Pdt = product area, IS = internal 

standard area, [Pdt] = product concentration in reaction, [PC] = protein concentration in 

reaction, Avg. TTN = average total turnover number, SD TTN = standard deviation of TTN, 

Avg. Yield = average yield, SD Yield = standard deviation of yield. 

For compounds 8a–8f’: For each substrate, four different concentrations of product (0.625, 

1.25, 1.875, and 2.5 mM) with 0.67 mM internal standard in 600 μL hexane solutions were 

mixed each with 400 μL water. The mixtures were vortexed and centrifuged. The supernatant 

was transferred to a new vial and analyzed by HPLC based on UV absorbance at 210 nm. 

All data points represent the average of duplicate runs. The calibration curves depict the ratio 

of product area to internal standard area (x-axis) against product concentration in mM (y-

axis). Notes: Pdt = product area, IS = internal standard area, [Pdt] = product concentration in 

reaction, [PC] = protein concentration in reaction, Avg. TTN = average total turnover 

number, SD TTN = standard deviation of TTN, Avg. Yield = average yield, SD Yield = 

standard deviation of yield. 
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4-Phenyldihydrofuran-2(3H)-one (2a) 

 

 

 

4-(p-Tolyl)dihydrofuran-2(3H)-one (2b) 

 

y = 3.9867x
R² = 0.9999
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4-(4-Methoxyphenyl)dihydrofuran-2(3H)-one (2c) 

 

 

 

4-(4-Fluorophenyl)dihydrofuran-2(3H)-one (2d) 

 

y = 5.2368x
R² = 0.999
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4-(4-Chlorophenyl)dihydrofuran-2(3H)-one (2e) 

 

 

 

3-Phenylcyclopentan-1-one (2f) 

 

y = 4.6338x
R² = 1
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4-Phenylpyrrolidin-2-one (2g) 

 

 

 

4-(p-Tolyl)tetrahydro-2H-pyran-2-one (4a) 

 

y = 2.6839x
R² = 0.9994
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4-Phenyltetrahydro-2H-pyran-2-one (4b) 

 

 

 

4-(4-Methoxyphenyl)tetrahydro-2H-pyran-2-one (4c) 

 

y = 4.0121x
R² = 0.9994
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4-(4-Fluorophenyl)tetrahydro-2H-pyran-2-one (4d) 

 

 

 

4-(Furan-2-yl)tetrahydro-2H-pyran-2-one (4e) 

 

y = 5.8295x
R² = 0.9996
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4-(Thiophen-2-yl)tetrahydro-2H-pyran-2-one (4f) 

 

 

 

4-(4-Methoxyphenyl)oxepan-2-one (6a) 

 

y = 16.079x
R² = 0.9997
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(E)-4-(4-Methoxystyryl)oxepan-2-one (6b) 

 

 

 

4-(1H-Indol-3-yl)oxepan-2-one (6c) 

 

y = 1.856x
R² = 0.9999
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3,3a,8,8a-Tetrahydro-2H-indeno[2,1-b]furan-2-one (8a) 

 

 

 

4,4a,9,9a-Tetrahydroindeno[2,1-c]pyran-3(1H)-one (8b) 

 

y = 5.1259x
R² = 0.9988

0

0.5

1

1.5

2

2.5

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45

[P
d

t]
 (

m
M

) 

HPLC ratio (product / IS)

Calibration Curve_8a

y = 4.3934x
R² = 0.9956

0

0.5

1

1.5

2

2.5

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

[P
d

t]
 (

m
M

) 

HPLC ratio (product / IS)

Calibration Curve_8b



 

 

328 

3,4,5',6'-Tetrahydro-2H-spiro[naphthalene-1,4'-pyran]-2'(3'H)-one (8c) 

 

 

 

5-Methoxy-2,3,5',6'-tetrahydrospiro[indene-1,4'-pyran]-2'(3'H)-one (8d) 

 

y = 7.8943x
R² = 0.9977
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3a,4,5,9b-Tetrahydronaphtho[2,1-b]furan-2(1H)-one (8e) 

 

 

 

(6,6a)-1,2,5,6,6a,7-Hexahydro-4H-2,6-methanobenzo[d]oxocin-4-one (8e’) 

 

y = 4.7303x
R² = 0.9999
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2,3,5',6'-Tetrahydrospiro[indene-1,4'-pyran]-2'(3'H)-one (8f) 

 

 

 

(7)-1,5,6,7-Tetrahydro-1,7-methanobenzo[e]oxonin-3(2H)-one (8f’) 

 

y = 4.4244x
R² = 1

0

0.5

1

1.5

2

2.5

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

[P
d

t]
 (

m
M

) 

HPLC ratio (product / IS)

Calibration Curve_8f

y = 7.8081x
R² = 0.9992

0

0.5

1

1.5

2

2.5

3

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

[P
d

t]
 (

m
M

) 

HPLC ratio (product / IS)

8f'



 

 

331 

Enantioselectivity Determination 

The absolute configuration of enzymatic product 2c was assigned to be S by comparing the 

elution order of two enantiomers with a literature report under same elution conditions using 

the same column (Chiralpak IB).18 The other γ-lactone products 2a–2b, 2d–2m were 

assigned by analogy.  

The absolute configuration of enzymatic product 4b was assigned to be R by comparing the 

elution order of two enantiomers with a literature report under same elution conditions using 

the same column (Chiralpak AS-H).18 The other δ-lactone products 4a, 4c–4f were assigned 

by analogy.  

The absolute stereochemistry for enzymatic product 6a was assigned as S through X-ray 

crystallography (see Section 8). The other ε-lactone products 6b and 6c were assigned by 

analogy.  
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4-Phenyldihydrofuran-2(3H)-one (2a) 

 
HPLC conditions: Chiralpak IA, 2.5% i-PrOH in hexane, 1.2 mL/min, 32 ºC, 220 nm 

 
Enzymatic preparation of 2a with P411-LAS-5247: >99% e.e. 
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4-(p-Tolyl)dihydrofuran-2(3H)-one (2b) 

 

SFC conditions: Chiralpak AD-H, 5% i-PrOH in supercritical CO2, 2.5 mL/min, 210 nm 

 

 

Enzymatic preparation of 2b with P411-LAS-5247: 80% e.e. 
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4-(4-Methoxyphenyl)dihydrofuran-2(3H)-one (2c) 

 

HPLC conditions: Chiralpak ODH, 2.5% i-PrOH in hexane, 1.2 mL/min, 32 ºC, 220 nm 

 

Enzymatic preparation of 2c with P411-LAS-5247: 88% e.e. 
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HPLC conditions: Chiralpak IB, 15% i-PrOH in hexane, 1 mL/min, 220 nm 

 

Enzymatic preparation of 2c with P411-LAS-5247: 
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4-(4-Fluorophenyl)dihydrofuran-2(3H)-one (2d) 

 

SFC conditions: Chiralpak AD-H, 5% i-PrOH in supercritical CO2, 2.5 mL/min, 210 nm 

 

 

 

Enzymatic preparation of 2d with P411-LAS-5247: 77% e.e. 
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4-(4-Chlorophenyl)dihydrofuran-2(3H)-one (2e) 

 

SFC conditions: Chiralpak AD-H, 5% i-PrOH in supercritical CO2, 2.5 mL/min, 210 nm 

 

 

 

Enzymatic preparation of 2e with P411-LAS-5247: 16% e.e. 
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4-Phenyldihydrofuran-2(3H)-one (2f) 

 
SFC conditions: Chiralpak AD-H, 5% i-PrOH in supercritical CO2, 2.5 mL/min, 210 nm 

 

 

 

Enzymatic preparation of 2f with P411-LAS-5247: 97% e.e. 
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4-Phenylpyrrolidin-2-one (2g) 

 

HPLC conditions: Chiralpak IC, 25% i-PrOH in hexane, 1.2 mL/min, 32 ºC, 220 nm 

 

Enzymatic preparation of 2g with P411-LAS-5247 
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4-(p-Tolyl)tetrahydro-2H-pyran-2-one (4a) 

 

HPLC conditions: Chiralpak IC, 15% i-PrOH in hexane, 1.2 mL/min, 28 ºC, 220 nm 

 

Enzymatic preparation of 4b with P411-LAS-5249: 83% e.e. 
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HPLC conditions: Chiralpak IC, 25% i-PrOH in hexane, 1.2 mL/min, 28 ºC, 220 nm 

 
 

Enzymatic preparation of 4a with P411-LAS-5244: 46% e.e. 
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4-Phenyltetrahydro-2H-pyran-2-one (4b) 

 

HPLC conditions: Chiralpak IC, 25% i-PrOH in hexane, 1.2 mL/min, 28 ºC, 220 nm 

 

Enzymatic preparation of 4b with P411-LAS-5244: 90% e.e. 
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Enzymatic preparation of 4b with P411-LAS-5249: 93% e.e. 

 

HPLC conditions: Chiralpak AS-H, 40% i-PrOH in hexane, 0.6 mL/min, 210 nm 
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Enzymatic preparation of 2c with P411-LAS-5249: 
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4-(4-Methoxyphenyl)tetrahydro-2H-pyran-2-one (4c) 

 

HPLC conditions: Chiralpak IC, 25% i-PrOH in hexane, 1.2 mL/min, 32 ºC, 220 nm 

 

Enzymatic preparation of 4c with P411-LAS-5249: 75% e.e. 

 

4-(4-Fluorophenyl)tetrahydro-2H-pyran-2-one (4d) 
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HPLC conditions: Chiralpak IC, 25% i-PrOH in hexane, 1.2 mL/min, 32 ºC, 220 nm 

4d isolated from P411-LAS-5244-catalyzed transformation: 65% e.e. 

 
Enzymatic preparation of 4d with P411-LAS-5249: 80% e.e. 
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4-(Thiophen-2-yl)tetrahydro-2H-pyran-2-one (4f) 

 
HPLC conditions: Chiralpak IC, 25% i-PrOH in hexane, 1.2 mL/min, 32 ºC, 220 nm 

4f isolated from P411-LAS-5244-catalyzed transformation: 76% e.e. 

 
Enzymatic preparation of 4d with P411-LAS-5249: 86% e.e. 
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4-(4-Methoxyphenyl)oxepan-2-one (6a) 

 
HPLC conditions: Chiralpak IC, 25% i-PrOH in hexane, 1.2 mL/min, 32 ºC, 220 nm 

6a isolated from P411-C10 variant-catalyzed transformation: 32% e.e. 

 
Enzymatic preparation of 6a with P411-LAS-5259: 51% e.e. 
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Enzymatic preparation of 6a with P411-LAS-5260: 96% e.e. 

 
 

 

Enzymatic preparation of 6a with P411-LAS-5264: 95% e.e. 
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(E)-4-(4-Methoxystyryl)oxepan-2-one (6b) 

 

HPLC conditions: Chiralpak IC, 35% i-PrOH in hexane, 1.2 mL/min, 32 ºC, 220 nm 

6b isolated from P411-LAS-5264-catalyzed transformation: 90% e.e. 
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X-ray Crystallography 

Low-temperature diffraction data (-and -scans) were collected on a Bruker AXS D8 

VENTURE KAPPA or Bruker APEX-II diffractometer coupled to a PHOTON II CPAD 

detector with Cu K radiation ( = 1.54178 Å) from an IμS micro-source for the structure of 

compounds. The structure was solved by direct methods using SHELXS19 and refined 

against F2 on all data by full-matrix least squares with SHELXL-201920 using established 

refinement techniques.21 All non-hydrogen atoms were refined anisotropically. Unless 

otherwise noted, all hydrogen atoms were included into the model at geometrically calculated 

positions and refined using a riding model. The isotropic displacement parameters of all 

hydrogen atoms were fixed to 1.2 times the U value of the atoms they are linked to (1.5 times 

for methyl groups). 
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Figure 4-S3. Displacement ellipsoid plot for 6a plotted at 50% probability. Single crystals 

were obtained from slow evaporation of 6a dissolved in CHCl3. Compound 6a crystallizes 

in the orthorhombic space group P212121 with one molecule in the asymmetric unit. 
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Table 4-S6. X-ray experimental details of 6a (CCDC 2288858). 

 

Crystal data  

Chemical formula C13H16O3 

Mr 220.26 

Crystal system, space group Orthorhombic, P212121 

Temperature (K) 100 

a, b, c (Å) 6.4683 (7), 9.5514 (11), 18.433 (2) 

V (Å3) 1138.8 (2) 

Z 4 

Radiation type Cu K 

 (mm-1) 0.74 

Crystal size (mm) 0.25 × 0.2 × 0.1 

Data collection  

Diffractometer Bruker APEX-II CCD 

Absorption correction  

 Tmin, Tmax 0.662, 0.754 

No. of measured, independent and observed 

[I > 2(I)] reflections 
14831, 2298, 2272 

Rint 0.036 

(sin )max (Å-1) 0.625 

Refinement  

R[F2 > 2(F2)], wR(F2), S 0.026, 0.066, 1.05 

No. of reflections 2298 

No. of parameters 146 

H-atom treatment H-atom parameters constrained 

max, min (e Å-3) 0.14, -0.17 

Absolute structure 

Flack x determined using 932 quotients [(I+)-

(I-)]/[(I+)+(I-)]   (Parsons, Flack and Wagner, 

Acta Cryst. B69 (2013) 249-259). 

Absolute structure parameter -0.09 (6) 
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Figure 4-S4. Displacement ellipsoid plot for 8a plotted at 50% probability. Single crystals 

were obtained from slow evaporation of 8a dissolved in CHCl3. Compound 8a crystallizes 

in the orthorhombic space group P212121 with one molecule in the asymmetric unit. 
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Table 4-S7. X-ray experimental details of 8a (CCDC 2287785). 

 

Crystal data  

Chemical formula C11H10O2 

Mr 179.19 

Crystal system, space group Orthorhombic, P212121 

Temperature (K) 100 

a, b, c (Å) 4.7240 (4), 12.2962 (14), 14.3829 (12) 

V (Å3) 835.46 (14) 

Z 4 

Radiation type Cu K 

 (mm-1) 0.768 

Crystal size (mm) 0.15 × 0.1 × 0.1 

Data collection  

Diffractometer 
Bruker D8 VENTURE Kappa Duo PHOTON 

II CPAD 

Absorption correction Multi-scan SADABS2016/2 (Sheldrick, 2014) 

 Tmin, Tmax 0.6762, 0.7538 

No. of measured, independent and observed 

[I > 2(I)] reflections 
15040, 1711, 1670 

Rint 0.0367 

(sin )max (Å-1) 0.625 

Refinement  

R[F2 > 2(F2)], wR(F2), S 0.0261, 0.0668, 1.079 

No. of reflections 1711 

No. of parameters 118 

H-atom treatment H-atom parameters constrained 

max, min (e Å-3) 0.15, -0.15 

Absolute structure 

Flack x determined using 667 quotients [(I+)-

(I-)]/[(I+)+(I-)]   (Parsons, Flack and Wagner, 

Acta Cryst. B69 (2013) 249-259). 

Absolute structure parameter 0.05 (7) 
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Figure 4-S5. Displacement ellipsoid plot for 8f plotted at 50% probability. Single crystals 

were obtained from slow evaporation of 8f dissolved in CHCl3. Compound 8f crystallizes in 

the monoclinic space group P21/c with one molecule in the asymmetric unit. 

 

 

  



 

 

357 

Table 4-S8. X-ray experimental details of 8f (CCDC 2287784). 

 

Crystal data  

Chemical formula C13H14O2 

Mr 202.24 

Crystal system, space group Monoclinic, P21/c 

Temperature (K) 100 

a, b, c (Å) 13.0013 (8), 6.6891 (6), 12.8888 (10) 

α, β, γ (°) 90, 113.787 (3), 90 

V (Å3) 1025.68 (14) 

Z 4 

Radiation type Cu K 

 (mm-1) 0.696 

Crystal size (mm) 0.2 × 0.15 × 0.05 

Data collection  

Diffractometer 
Bruker D8 VENTURE Kappa Duo PHOTON 

II CPAD 

Absorption correction Multi-scan SADABS2016/2 (Sheldrick, 2014) 

 Tmin, Tmax 0.5155, 0.7538 

No. of measured, independent and observed 

[I > 2(I)] reflections 
13396, 2098, 1884 

Rint 0.0632 

(sin )max (Å-1) 0.625 

Refinement  

R[F2 > 2(F2)], wR(F2), S 0.0449, 0.1248, 1.07 

No. of reflections 2098 

No. of parameters 136 

H-atom treatment H-atom parameters constrained 

max, min (e Å-3) 0.41, -0.23 

 

1H, 13C, and 19F NMR spectra of the compounds can be found in the Supporting Information 

of the published paper. 
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