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Abstract. 
 

 Directing groups (DGs) are moieties installed onto organic molecules to confer 

regioselectivity in subsequent reactions. DGs have found utility in selective CH activations 

catalyzed by transition metal (TM) catalysis on starting materials with multiple CH bonds. 

Despite their utility, DGs are scarcely used in industrial applications due to the generally 

wasteful nature of conventional DG strategies and their associated increase in step-count. 

Transient directing groups (TDGs) have been developed to overcome these limitations, with 

additives reversibly forming adducts with compounds of interest prior to the DG-mediated CH 

activation, in one-pot processes. However, the use of TDGs still requires harsh conditions to 

achieve significant yields, hindering broad applications. Chemoenzymatic catalytic cascades 

have attracted attention due to the mild and environmentally friendly nature of biocatalysis, 

with the greatest challenge being compatibility issues between biocatalytic and traditional 

chemical transformations. Here we propose a concurrent chemoenzymatic catalytic cascade 

that would enable TM-catalyzed DG chemistry via flanking biocatalytic reductive amination 

to install, and oxidative deamination to remove, a TDG. Preliminary efforts have identified 

some incompatibilities arising from the biocatalytic portion of the cascade, namely substrate 

specificity and organic co-solvent tolerance, that need to be addressed to achieve the proposed 

chemoenzymatic cascade in a one-pot concurrent protocol. 
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1. Introduction 

1.1. General Introduction  
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Figure 1. Different applications of chemoenzymatic chemistry. 
 

Chemoenzymatic chemistry involves the integrated use of enzymatic and chemical 

transformations to produce small molecule compounds of interest (Figure 1). A rudimentary 

application of this concept is step-wise chemoenzymatic synthesis, which only differs from 

traditional chemical synthesis due to the use of a biocatalytic reaction in at least one synthetic 

step; while examples of this form of chemoenzymatic chemistry have been reported,1 further 

discussion on chemoenzymatic synthesis has been omitted in favour of discussions on other 

applications of chemoenzymatic chemistry that are more appropriate for our scope, 

specifically, chemoenzymatic catalysis (see Section 1.3). Chemoenzymatic catalysis involves 

the integrated use of biocatalysts and chemo-catalysts to achieve multiple transformations in 

one-pot protocols. Chemoenzymatic catalysis in the form of one-pot sequential protocols 

involves the use of one mode of catalysis with subsequent alteration of the reaction conditions 



2 
 

to conduct the alternative mode of catalysis, without isolating the intermediate formed in 

between. Since the two catalytic cycles do not operate in concert, it is not necessary to optimize 

the reaction conditions to be mutually favourable for both catalytic cycles (for further 

discussion on sequential chemoenzymatic catalysis, see Section 1.3.1). In contrast, concurrent 

chemoenzymatic catalysis involves one-pot protocols wherein both bio- and chemo-catalysts 

are operating under the same reaction conditions. Since chemical transformations and 

enzymatic catalysis are often carried out under conflicting conditions, finding optimal 

conditions that are suitable for both types of catalysis is a challenge (for further discussion on 

concurrent chemoenzymatic catalysis, see section 1.3.2).  

Here, our group is proposing a concurrent chemoenzymatic cascade with three 

catalytic cycles operating in tandem. Specifically, we aim to achieve a one-pot protocol 

wherein an intermediary organometallic catalytic cycle is flanked by a primary and a 

secondary biocatalytic cycle, ultimately achieving three transformations in a single reaction 

vessel (Figure 2). The chemical transformation we would like to achieve as a part of this 

cascade is a group-directed CH activation; a directing group moiety on the first intermediate 

(I1) facilitates a regioselective CH activation by templating the organometallic catalyst (for 

further discussion on directing group chemistry, see sections 1.2–1.2.4). The purpose of the 

first and last biocatalytic cycles is to install the directing group on the starting material (A) 

and cleave it from the second intermediate (I2), respectively; we propose to achieve this 

enzymatic loading and unloading through biocatalytic reductive amination and oxidative 

deamination, respectively (for further discussion on biocatalytic reductive aminations and the 

enzymes facilitating these transformations, see section 1.3.3-1.3.5). 
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Figure 2. General scheme for our proposed tandem and cooperative concurrent chemoenzymatic 
cascade to enable transient directing group chemistry. 
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1.2. Directing Group Chemistry 

 The use of directing groups (DGs) on organic molecules is a classic strategy that can 

be employed in synthesis to selectively functionalize specific CH bonds, an otherwise difficult 

endeavour due to the pervasive presence and inert nature of CH bonds in organic molecules.2 

Very simply, DGs can be described as a moiety on a starting material that enables 

regioselectivity under reaction conditions that would otherwise yield different regioisomers.  

The concept of DGs was first described over a century ago with the substituent effects of 

mono-substituted arenes on the ortho/meta/para regioselectivity of electrophilic aromatic 

substitutions (EAS).3 Since, the use of DGs to overcome the innate reactivity of arenes and 

heterocyclic aromatics has been extensively studied.4–8 DGs have also been used to enable 

directed ortho metalations, a protocol complementary to metal halogen exchange.9,10 In 

general, these DGs achieve regioselectivity through steric bulk, electronic effects, and 

templating/co-ordination of a reactive species to the desired CH bond (Figure 3).  

 

 
Figure 3. Simple examples of DGs in classic organic reactions. (A) Bulky alkyl-silyl substituent 
hinders the more reactive C2 position of pyrrole, conferring C3 regioselectivity in electrophilic 
aromatic substitutions (EAS). (B) The effect of electron donating groups (EDGs) and electron 
withdrawing groups (EWGs) on EAS. (C) Directed ortho lithiation of phenyl CH through templating 
of alkyllithium to the ortho C-H bond 
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 Despite their long-standing history, DG chemistry garnered significant attention after 

a landmark paper describing the use of a DG in transition metal (TM)-catalyzed CH 

functionalization.6,11 Specifically, this paper described the use of a ketone DG on 

(hetero)arenes for a regioselective ortho alkylation using olefins, which was later recognized 

as the Murai reaction. The selectivity was achieved through a metalacyclic intermediate 

formed through chelation of ruthenium with the ketone DG during the catalytic cycle (Figure 

4). This contribution was the first example of efficient and selective CH bond cleavage and C-

C bond formation mediated by TM catalysis, improving on the established protocols of CH 

bond cleavage with stoichiometric equivalents of metals.6,12,13 Moreover, this development 

increased the attention received by DGs due to the increasing popularity of TM-catalyzed C-

C couplings that coincided in the literature at the time.14–16 Indeed, the use of DGs has evolved 

since the initial inception of the strategy in electrophilic aromatic substitutions; since the 

Murai reaction was published, advancements in DG-assisted TM-catalyzed CH activations 

have widened in scope, extending beyond alkylations and broadening the scope of 

functionalities that act as DGs.17 

 

 
Figure 4. The Murai reaction: a ketone-directed ortho alkylation mediated via a ruthenacyclic 
intermediate formed in the catalytic cycle. 
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1.2.1. Modern DG-assisted C-H Activations. 

 Despite their ability to affect the yields of regioisomers through steric and electronic 

effects, the most popular DG strategy employed in modern CH activations is the use of σ-

donor motifs to chelate reactive TM complexes and coordinate them to the desired CH 

bond.6,17 Extending on the framework established by the Murai reaction, the protocol for 

ketone-directed alkylations has been diversified; it has been reported that the reactive 

ruthenium species can be generated in situ using inexpensive ruthenium trichloride.18 

Moreover, the Markovnikov-like selectivity of the alkylation with respect to the olefin has 

been shown to be tunable using an iridium based catalyst system; although, while the ortho 

regioselectivity can be attributed to DG chelation, the selectivity of branched and linear 

products was shown to be a consequence of the external ligands used.19 The synthetic utility 

of the transformation has been further improved by the development of ketone-directed 

olefinations,20–22 arylations,23 alkynylations,24 and acylations.25 

 

 
Scheme 1. Pd-catalyzed ortho directed arylation of benzoic acids enabling a quicker route to biaryl 
products compared to the Pd-catalyzed cross-coupling strategy required for the same starting materials. 
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 Expanding on the use of ketones as DGs, carboxylic acids have found a place in the 

DG toolbox. The carboxylate moiety possesses a number of advantages when used as a DG, 

including its natural abundance, ease of installation, and the ready ability to be 

cleaved/modified by decarboxylation or further transformations.6 The ortho arylation of 

benzoic acid derivatives is one of the most investigated CH activations mediated by 

carboxylate DGs; indeed, these CH activations have been reported using electrophilic and 

nucleophilic arylating reagents as well as cross-dehydrogenative coupling processes.2 The 

palladium-catalyzed synthesis of biarylcarboxylates using benzoic acids and aryl halides is 

one of the first examples of such carboxylate-directed arylations.26 This strategy enabled a 

more step-economical approach to the synthesis of 1,2-arylbenzoic acids in contrast to a 

traditional cross-coupling based synthesis using the same starting materials (Scheme 1).27–29 

Compared to ketones, a broader range of ortho directed CH activations have been reported 

using carboxylate DGs, including alkylations, olefinations, alkynylations, allylations, 

acylations, alkoxylations, aminations, and even halogenations.2,6 More importantly, the use of 

carboxylate DGs is not limited to aromatic C(sp2)-H activations. The rhenium(V) catalyzed β-

allylation of acrylic acids using allylic alcohols is an example of carboxylate-directed vinyl 

CH activation (Scheme 2).30 Furthermore, the palladium(II) catalyzed β-arylation of aliphatic 

acids using either phenylboronic esters (Scheme 3A) or aryl iodides are examples of 

carboxylate-directed C(sp3)-H activations (Scheme 3B).31 

 

 
Scheme 2. Rhenium-catalyzed β-allylation of acrylic acids. 
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Scheme 3. Pd-catalyzed β-arylation of aliphatic acids using (A) phenylboronic esters and (B) 
aryl iodides. 
 
 A functional group related to the carboxylic acid is the ester moiety, which can be 

prepared from a free acid by Fischer-Speier esterification or a more contemporary protocol, 

like the Steglich esterification.32,33 Both acids and esters coordinate weakly to metal catalysts, 

increasing the difficulty of developing successful protocols wherein they act as DGs. While 

this has not slowed the development of procedures employing carboxylate DGs, contributions 

to the field utilizing an ester DG have been limited. Nonetheless, ester DGs have found an 

interesting use in directed borylations to yield synthetically useful organoboron compounds. 

This direct synthetic route provides advantages over the previously reported indirect 

metalation/transmetalation sequence34 in terms of functional group compatibility and more 

lenient reaction conditions (i.e. protic solvents, ambient temperatures, moisture sensitivity).35 

An iridium-catalyzed ester-directed ortho CH borylation of benzoates was reported using 

B2pin2 as the boron source (Scheme 4A).36 This protocol was modified to achieve the 

borylation at the vinylic β-CH of α,β-unsaturated esters (Scheme 4B);37 even when the ester 

substituent was a phenyl ring, the borylation occurred exclusively at the vinylic CH, 

illustrating the excellent selectivity of these conditions. DG-mediated borylations are also 
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possible at the para CH position of benzoates by utilizing a specific ligand-supported iridium 

based catalytic system.38 Here the use of the ligand is crucial, as it is the non-covalent 

interaction between the ligand and the ester DG, and not the ester and TM, that is responsible 

for the para selectivity (Scheme 5).  

 
Scheme 4. Ir-catalyzed ester-directed borylations. (A) Ortho borylation of benzoates. (B) β-borylation 
of α,β-unsaturated esters. 
 

 
Scheme 5. Para selective borylations of (hetero)arenoates using a special iridium-ligand catalyst 
system. The selectivity is achieved via interactions between the ester substrate and ligand. 
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 While pioneering work in the field of CH activations has been accomplished with 

oxygen-containing DGs, recent advancements have been dominated by nitrogen-based DGs. 

Isosteres of ester moieties and products of the coupling of carboxylic acids with amines, 

amides are an excellent example of DGs frequently used for the purposes of CH activations. 

A solitary amide has the capacity to act as a monodentate DG, and examples of both substituted 

and unsubstituted amides have been reported as DGs in CH activations. Like the previously 

described monodentate DG functionalities, amides have been used to direct numerous types 

of C-C bond forming C(sp2)-H activations (i.e. arylations,39 alkylations,40 allylations,41 

alkenylations,42 and acylations43). An interesting example is the amide-directed alkenylation 

of α,β-unsaturated amides with internal alkynes, at the olefinic β-C(sp2)-H position, to yield 

dienamide products (Scheme 6A).44 Another notable transformation is the DG-assisted 

alkylation (Scheme 6B) and alkenylation of formyl C(sp2)-H bonds, using alkenes and alkynes 

respectively.45 However, these formyl CH activations were not exclusive to amides as the 

transformations could be achieved with both esters and ketones, suggesting the importance of 

the carbonyl oxygen in directing these reactions.6 

 

 
Scheme 6. Amide-directed C(sp2)-H activations. (A) Alkenylation of α,β-unsaturated amides with 
internal alkynes. (B) Alkylation of formyl C(sp2)-H using terminal olefins. 
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 Although there are several examples of amide based DGs, the repertoire of 

transformations possible/available are not, for the most part, exclusive to the amide 

functionality. The ortho directed CH functionalization of (hetero)arenes is a good example to 

illustrate the state of the field in this regard. The application of nitriles as DGs has helped to 

diversify the toolbox by activating the more remote meta and para positions of 

(hetero)aromatic systems. While para selectivity has been achieved with ester DGs (Scheme 

5), this required a special external ligand and was an example that was an exception to the 

norm. In contrast, examples of ortho directed functionalizations directed by nitriles are 

outnumbered by examples of para directed functionalizations, which are themselves 

outnumbered by examples of meta directed functionalizations.6,17 Selectivity at the para and 

meta positions is typically achieved by placing the nitrile moiety at the end of a spacer, 

exploiting its linear geometry to activate the desired CH bond. For meta directed reactions, 

the nitrile is present as an ortho substituted benzonitrile separated from the target aromatic 

system by a 3-4 atom spacer (Scheme 7);6,46 para substitutions are achieved using a biphenyl 

template and a silyl spacer (Scheme 8).47 Despite the versatility displayed by nitriles as 

meta/para directors of aryl CH activations, reported transformations have mostly been limited 

to olefinations using electron deficient terminal olefins.46–50 

 

 

Scheme 7. Nitrile-directed meta CH olefination using electron deficient terminal olefins. The 
benzonitrile functionality is separated from the target arene by a 4-atom spacer. 
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Scheme 8. Nitrile-directed para CH olefination using electron deficient terminal olefins. The nitrile 
functionality is separated from the target arene by a biphenyl template and silyl spacer. 
 

While there are many examples of monodentate N-containing DGs, nitrogen is more 

frequently found in polydentate DGs wherein multiple N-atoms contribute to the DG’s 

denticity. Recently published examples of polydentate N-containing DGs demonstrate their 

utility in modulating regioselectivity. Indeed, the palladium-catalyzed functionalization of 

unactivated olefins,51–58 controlled using bidentate or tridentate DGs coordinating through N-

atoms, demonstrates the versatility of nitrogen in DG chemistry. Here, the key to 

regioselectivity is the formation of a stable palladacyclic intermediate (Scheme 9) prior to 

proto-depalladation.51,53 Chelation of the metal is often achieved with N-heteroarenes, 

particularly the aminoquinoline moiety.6,59 These polydentate DGs have also been used to 

activate other C(sp2)60,61 and C(sp3)62–65 centers. Moreover, this strategy has been extended to 

nickel-catalyzed protocols,66 including halogenations.67 

 
Scheme 9. Palladium-catalyzed functionalization of unactivated alkenes using polydentate directing 
groups chelating through nitrogen atoms. 
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1.2.2. Our Contributions to DG Chemistry  
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Scheme 10. Optimization of previously reported anti-Markovnikov alkene functionalizations to 
achieve CH activations at ambient temperatures. The design of a new tridentate DG (1p) reduces the 
heteroaromatic bulk present on previously reported DGs. A secondary amine sigma donor enables the 
preparation of 1p from the primary amine 1a via reductive amination. 

Recently, efforts have been made by our group to extend on the conditions and 

moieties used for the previously reported anti-Markovnikov olefin functionalizations.59 These 

efforts include successful transformations conducted under ambient temperatures, and a new 

aminoquinoline-based tridentate DG moiety with a secondary amine as a sigma donor 

(Scheme 10; 1p). The structure of the new tridentate DG moiety eliminates some of the 

heteroaromatic bulk on previously reported tridentate DGs by replacing the pyridyl ring and 

extending the aminoquinoline moiety with glycine. Moreover, utilizing the amine of glycine 

as a secondary amine sigma donor enables a straight-forward preparation of 1p via the 
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reductive amination of 4-pentenal with the primary amine, 1a. Interestingly, our results have 

shown that the optimal solvent for these vinylic CH activations are polyfluorinated alcohol 

solvents, particularly 2,2,2-triflouroethanol (TFE) and 1,1,1,3,3,3-hexaflouro-2-propanol 

(HFIP). Indeed, it has been previously suggested that the unique properties of these solvents, 

such as their acidity, high hydrogen bonding ability, and  polarity, can help promote metal-

mediated CH activations through a number of mechanisms like stabilizing cationic metallic 

species and facilitating proton transfer; however, these benefits have been proposed from 

empirical observation as the accurate roles of these solvents have not been studied in-depth.68 

Nevertheless, the ability to conduct these CH activations at room temperature is a promising 

property that could enable their congruence with biocatalytic transformations.  

1.2.3. Drawbacks to DG Chemistry 

 Despite their potential to introduce versatility to synthetic strategies, reports of DG-

mediated transformations in synthetic efforts are largely absent from the literature and industry 

applications.69–72 This may be attributed to the limitations that are associated with the 

conventional use of DGs. Employing DGs creates an undesirable increase in step-count, as the 

DG-mediated transformation would often be accompanied by steps to install/remove the DG 

in a conventional synthesis. This multiple step requirement of applying a DG strategy in a total 

synthesis renders the approach a more complex implementation than simple one-step/one-pot 

transformations. As well, the increase in steps ultimately results in lower overall yields. 

Moreover, in the design of an appealing synthetic approach, DGs introduce unappealing atom 

economy: directly, through the moiety itself, and indirectly, through the reagents needed to 

install and remove it. The issue of atom economy is additionally compounded when the DG 

moiety itself and/or the reagents involved in its installation/removal are expensive. Another 



15 
 

concern arises from the need for harsh conditions to remove the DG, limiting the complexity 

of molecules that can be obtained when employing DG strategies.73–75 

 A simple example of conventional DG chemistry, a recently published protocol 

describing a DG-mediated transannular CH activation, is a recently published use of a DG that 

also demonstrates some of the previously mentioned limitations of DG chemistry (Scheme 

11).76 Here, the CH activation step is flanked by the steps required to install and remove the 

DG, reducing the yield of the final product to 52% over 4 steps. Moreover, the removal of the 

DG required supra-stoichiometric equivalents of samarium(II) iodide, increasing the cost of 

the synthesis. This, and the use of a fluorinated DG moiety, demonstrate the unappealing atom 

economy of a conventional DG strategy in synthesis. It is interesting to note the similarities 

between this synthetic scheme and the general scheme of the concurrent chemoenzymatic 

cascade that was proposed (Figure 2), as we propose to surpass these limitations via tandem 

chemoenzymatic transformations in one-pot. 

 

Scheme 11. Palladium-catalyzed DG-assisted transannular CH arylation of alicyclic amines 
demonstrating some of the drawbacks to a classically employed DG strategy. 
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1.2.4. Transient Directing Group Chemistry 

 While the traditional DG strategy suffers from limitations that have restricted its 

application, its potential in selectively activating otherwise inert CH bonds for efficient 

functionalization have not been ignored. Indeed, in the last two decades, significant efforts 

have been made to address some of the shortcomings of employing a conventional DG 

approach in a synthesis. Most notably, the emergence of transient directing groups (TDGs) 

has been an interesting strategy to overcome the poor atom and step economy associated with 

DG-mediated CH activations.73–75 The TDG strategy involves the reversible installation and 

removal of the chelating σ-donor motif for a one-pot regioselective CH activation (Figure 5). 

The coordinating TDG is generated in situ from a reversible reaction between the starting 

material and a co-catalytic additive. The resulting Lewis basic intermediate chelates a reactive 

TM complex to confer regioselectivity in the subsequent CH activation, before the TDG is 

cleaved to yield the desired product and regenerate the co-catalytic additive, which is free to 

react again with the starting material. 
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Figure 5. Overview of using a transient directing group (TDG) for regioselective transition metal 
(TM) catalyzed functionalization. The TDG is reversibly installed onto the starting material in situ 
through a reversible reaction with an appropriate functional group (FG). The coupling partner (R) is 
directed to reactive site B on the starting material through coordination with the TDG-TM complex. 
The TDG is cleaved to yield the final product. 
 
 Seminal work on TDGs was reported in 1996 with the hydroacylation of terminal 

olefins using Wilkinson’s catalyst and 2-amino-3-picoline as a co-catalyst TDG (Scheme 

12A);77 however, the field did not attract significant attention until 2016,74 following a report 

of amino acids used as TDG co-catalysts to direct palladium-catalyzed C(sp3)-H activations 

(Scheme 12B).78 Since, significant contributions have been made to advance the use of TDGs 

in CH activation chemistry with multiple reviews published to cover the subject in 2018 

alone.73–75 Interestingly, many examples utilize imine formation (a reversible condensation 

reaction between an amine and carbonyl) as a strategy to install and remove the TDG in situ. 

Consequently, an amine/carbonyl pair must be present on the starting material and TDG co-

catalyst. Indeed, several imine-enabled TDG-mediated CH activations have been reported in 

response to the landmark paper in 2016, with examples of both aldehyde-based and amine-

based TDG co-catalysts. 
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Scheme 12. Regioselective CH activations of aldehydes using amine-based TDGs with proposed or 
isolated palladacyclic intermediates. (A) Aldehydic CH alkylation using terminal olefins. (B) Benzylic 
CH arylation. (C) β-methylene CH arylation with isolated and characterized palladacycle. (D) Arylic 
ortho CH arylation. (E) Arylic ortho CH halogenation. 
 

Considerable contributions have been made using amine-based TDGs for 

regioselective CH activations on aldehyde substrates, owing to the facile imine 

condensation/hydrolysis that occurs between amines and aldehydes.74 Indeed, including the 

landmark reports mentioned previously, amine-based TDGs have been used in aldehydic 

(Scheme 12A), benzylic (Scheme 12B), β-methylene (Scheme 12C), and ortho arylic 
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(Scheme 12D/E) C(sp2/3)-H activations.77–82 Ketones are more challenging substrates due to 

the slower rates of imine condensation/hydrolysis, and the possibility of forming imines with 

inactive geometries.74 Nonetheless, protocols for CH activations of ketones enabled by amine-

based TDGs have been reported.78,79,83–86 The CH activation of amine substrates, accessed 

through aldehyde-based TDGs, are far less common and more challenging to achieve due to 

the high affinity of free amines for metal centers.74 This is evident in the scarcity of reports 

that were able to achieve CH activation on amine substrates using the TDG approach; while it 

has been reported, most examples require additional workup steps or stoichiometric 

equivalents of the TDG (Scheme 13).87–89 

 

 
Scheme 13. Regioselective CH activations of amines using aldehyde-based TDGs with proposed or 
isolated palladacyclic intermediates. (A/B) C(sp3)-H activation of aliphatic amine substrates. (C) 
C(sp3)-H activation of aniline derivatives. 
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It’s important to note that while the use of TDGs has been an expanding topic in response 

to the limitations of conventional DG-assisted CH activations, TDG-based protocols, 

particularly imine-forming TDGs, are not without their own drawbacks. The use of acidic 

conditions (Scheme 12B-E, Scheme 13A/C) and high temperatures (Scheme 12A) can limit 

the substrate scope of these protocols. Furthermore, the issues of high temperatures coupled 

with long reaction times reduce the economic viability of such strategies for large-scale 

industrial pursuits.  

The use of multidisciplinary approaches to solve problems and overcome the limitations 

of traditional techniques has become very commonplace.90,91 In particular, the combined use 

of enzymes and organic/organometallic catalysts has been a promising interdisciplinary field 

of study.92–94 Therefore, utilizing a chemoenzymatic strategy to address the shortcomings of 

DG- and TDG-mediated transformations could serve to increase their incidence in the 

industrial setting. 

1.3. Chemoenzymatic Catalysis 

 Chemoenzymatic catalysis is loosely defined as the integrated use of biocatalysts and 

chemical catalysts in one-pot protocols, attempting to improve on traditional strategies or 

overcome challenges when either mode of catalysis is utilized independently.92–96 Despite the 

traditional separation of the two modes of catalysis, chemoenzymatic catalysis was an idea 

first proposed more than 40 years ago in 1980.97 However, significant contribution to the field 

was not made until 1996, with two successive examples of chemoenzymatic dynamic kinetic 

resolutions (DKR) of secondary alcohols mediated by organometallic racemization and 

biocatalytic enantiomer enrichment.98–100 While DKRs are also possible using a pure 

chemocatalytic approach,101 a chemoenzymatic approach has the potential to yield 

improvements in selectivity and economic efficiency.94 Indeed, the use of water as a solvent 
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is favourable due to its environmental friendliness, lack of toxicity, and low cost.95 Moreover, 

reactions catalyzed by enzymes are very often carried out under mild conditions,92 furthering 

efforts to achieve the industrial goals of economically and environmentally friendly 

transformations.102 Thus, it is not surprising that the field of chemoenzymatic DKRs has 

flourished since the seminal reports in the 1990s.102,103 Extending beyond DKRs, integrated 

chemoenzymatic approaches can allow several synthetic steps in one pot, which is favourable 

for process simplification, and more importantly, reducing the cost of product separation by 

decreasing the number of workups in a synthesis. With this potential, and advancements in 

modifying the activities and stability of enzymes,104–106 a surge of efforts to innovate integrated 

chemoenzymatic catalysis have been published.92,94 

 The broad definition of chemoenzymatic catalysis can be attributed to the several 

strategies employed to achieve one-pot protocols of intrinsically incompatible catalyst 

systems.92–95 The incompatibilities between the general operating conditions of enzymes and 

chemocatalysts can indeed be numerous. For example, most organometallic catalysts work 

efficiently at high temperatures and in organic solvents, while most biocatalysts’ native 

activities were evolved in aqueous buffers and physiological temperatures. Only a minority of 

enzyme classes, such as lipases and serine proteases, are known to act in organic solvents,95,96 

and a limited number of thermozymes discovered in thermophiles and hyperthermophiles can 

operate at temperatures higher than 100°C (and only for a limited period of time).107,108 

Conversely, many chemical reactions and organometallic catalysts are very sensitive to (even 

traces of) water and/or air.93 Moreover, biocatalyst inhibition by organic/organometallic 

compounds and chemocatalyst inactivation by biological buffers and compounds further 

complicate the issue of mutual incompatibility.93,96 
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 One-pot integrated chemoenzymatic catalytic processes can be separated into two 

domains: i) one-pot sequential chemoenzymatic protocols and ii) one-pot concurrent 

chemoenzymatic catalysis.92–96 One-pot sequential methodologies involve operating the first 

catalytic cycle to completion under one set of conditions, then modifying these conditions to 

be more conducive for the second catalytic cycle before the addition of the second catalyst. 

These processes can be initiated with either chemocatalysts or biocatalysts, though it is 

important to note that the change to the second set of conditions often inactivates the initial 

catalytic system. Thus, this approach can almost neglect the problem of mutual inactivation, 

and in fact embraces it; however, it is still important that the leftover components of the first 

catalytic system are not deleterious to the activity of the second. Consequently, it should not 

be surprising that the majority of examples of chemoenzymatic catalysis employ this approach 

to achieve operating methodologies.94,95 Concurrent chemoenzymatic catalysis entails the 

simultaneous operation of both bio- and chemocatalyst in one-pot under the same conditions, 

necessitating careful consideration of the reaction conditions to ensure synergistic and 

orthogonal operation of the two different catalytic cycles. It is therefore not surprising that 

reports of concurrent chemoenzymatic processes are more infrequent than their sequential 

counterparts.94 However, it is interesting to note that the first report of chemoenzymatic 

catalysis employed concurrent conditions, as did the seminal work on chemoenzymatic 

DKRs.97–99 

 

 

 



23 
 

1.3.1. One-Pot Sequential Chemoenzymatic Catalysis 

 Since achieving sequential chemoenzymatic protocols does not require reaction 

conditions that are simultaneously amenable to each catalyst used in the one-pot multi-step 

process, the majority of recent reports have been of sequential protocols.94,95 Interesting 

examples include combining cross-couplings, metathesis, and click chemistry with 

biocatalysts to achieve chemoenzymatic synthesis.109–111 Following the first report of an 

integrated chemoenzymatic synthesis of D-mannitol in 1980,97 an enantioselective sequential 

chemoenzymatic synthesis of alanine was reported, 26 years later.112 The chemoenzymatic 

catalytic sequence was achieved in water with an initial hydrogenation catalyzed by an 

immobilized rhodium complex, which was filtered off before the addition of an acylase and 

phosphate buffer (Scheme 14A); it is worthwhile to note that this was also attempted as a 

concurrent process under modified conditions and with both catalysts immobilized, but with 

a significant decrease in conversion owing to intrinsic incompatibilities of the catalytic cycles. 

Following this development in the field, reports of integrated chemoenzymatic synthesis were 

made more frequently.94 An interesting example of combining palladium-mediated cross-

coupling with biocatalysts involved a sequential Suzuki-Miyaura reaction with an asymmetric 

ketone reduction mediated by an alcohol dehydrogenase (Scheme 14B).109 The sequential 

protocol was necessary as the phenyl boronic acid inhibited the biocatalysis, requiring 

complete conversion from the cross-coupling before the addition of the alcohol 

dehydrogenase. Cleverly, the stoichiometric use of NADH was avoided by the oxidation of 

isopropanol by the same enzyme, allowing the co-factor to be recycled. Due to the 

bioorthogonal nature of copper-catalyzed cycloadditions, it is not surprising that they have 

found use in integrated chemoenzymatic catalytic cascades. Indeed, a copper-catalyzed azide-

alkyne cycloaddition (CuAAC) reaction was used in sequential conjunction with a biocatalytic 
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ketone reduction mediated by bits of plant tissue from Daucus carota, also known as Queen 

Anne’s lace (Scheme 14C).111 A distinct feature of this chemoenzymatic sequence is the initial 

use of enzyme catalysis followed by chemocatalysis. Interestingly, this chemoenzymatic 

cascade was also attempted in a concurrent protocol; however, the CuAAC reaction proceeded 

at a much faster rate than the biocatalysis, yielding a sterically hindered biphenyl product that 

was not tolerated by the D. carota enzyme(s).   

 
Scheme 14. One-pot sequential chemoenzymatic syntheses using organometallic catalysts and 
enzymes. (A) Enantioselective synthesis of alanine with rhodium-catalyzed hydrogenation and 
biocatalyzed hydrolysis. (B) Sequential Suzuki-Miyaura cross-coupling followed by alcohol 
dehydrogenase (ADH) catalyzed reduction. (C) Sequential biocatalyzed reduction using D. carota 
followed by copper catalyzed azide-alkyne cycloaddition (CuAAC). 

 While the sequential use of organometallic catalysts and biocatalysts in one pot is an 

achievement that demonstrates the merging of two traditionally independent forms of 

catalysis, the extent of integrating the chemo and biocatalysts is limited; only the costs of 

separation/isolation and, to an extent, intermediary steps are spared.94 Sequential 

chemoenzymatic catalysis does not truly integrate two catalytic cycles in one step as 

adjustments to the reaction conditions must be made. Thus, concurrent chemoenzymatic 

protocols, though more sparse, are more innovative.92,94 
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1.3.2. One-Pot Concurrent Chemoenzymatic Catalysis 

Achieving concurrent chemoenzymatic catalytic cascades are much more challenging 

endeavours due to innately incongruous catalytic cycles, which is, in part, an explanation for 

the scarcity of reports of such nature. Indeed, most concurrent chemoenzymatic processes 

described have been limited to DKRs, and deracemizations.94 However, concurrent 

chemoenzymatic catalysis has been achieved by strategies that incorporate organometallic 

catalysts into supramolecular hosts and assemblies.92–94,113–115 Interesting examples include 

the use of organometallic catalysts incorporated into protein scaffolds to make artificial 

metalloenzymes,114 encapsulating organometallic catalysts into supramolecular gallium 

clusters,113 the concentration of organometallic catalysts in micelles with surfactants,115 and 

the use of two-phase solvent systems.116 These strategies enable concurrent processes by 

increasing the effective solubility of the organometallic catalyst in aqueous buffers, preventing 

unwanted interaction between metals and the residues of enzymes, accelerating the rate of 

organometallic catalysis, and ‘separating’ the two catalytic cycles in one-pot. A unique 

strategy to achieve concurrent chemoenzymatic catalysis has been the use of the desired 

enzyme in whole cell systems; whole cell catalysis has been used with homogenous transition 

metal catalysis (Scheme 15A) and nanoparticles embedded on the cell membrane (Scheme 

15B). 
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Scheme 15. Concurrent chemoenzymatic catalysis enabled with whole cell systems. (A) Concurrent 
biocatalytic oxidation by a monoamine oxidase (MAO) and gold catalyzed C-C coupling. (B) 
Deracemization enabled by a MAO expressed in E. coli coated with palladium nanoparticles (Pd-NPs). 
 

Another promising use of whole cell systems in concurrent chemoenzymatic catalysis 

is their application in the valorization of bio-based feedstocks. A notable example involves 

the production of cycloalkenes from biologically relevant fatty acids and oils. Here, artificially 

engineered enzyme cascades, designed to produce long-chain dicarboxylic acids from fatty 

acids,117 were coupled with the activity of a decarboxylase, to produce diolefins from the 

diacids, and a final ring closing metathesis (RCM) achieved with a Hoveyda-Grubbs catalyst, 

to yield the desired cycloalkenes. Engineering of the enzyme cascades enabled control over 

the different cycloalkene product that was obtained from the same fatty acid starting material. 

Interestingly, these transformations were performed both concurrently and sequentially with 

general success seen with both methodologies; in cases were the concurrent protocol achieved 

greater conversions, the authors suggested that the inferior performance of the sequential 

protocol was in large due to the decreased reaction time of the final organometallic catalyst. 

Moreover, the use of these chemoenzymatic cascades has been extended to produce these 

cycloalkenes from readily available olive oil (Scheme 16).116 
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Scheme 16. Chemoenzymatic cascades for the valorization of biological feedstock to produce 
cycloalkenes. Oleic acid obtained from the hydrolysis of olive oil is converted to into diolefins via 
enzymatic cascades expressed in whole cell E. coli systems. Subsequent RCM of the diolefins yields 
the final cycloalkene. TLL – Thermomyces lanuginosis lipase. C9 – engineered enzyme cascade with 
OhyA2 (oleate hydratase), MlADH (alcohol dehydrogenase), PpBVMO (Baeyer-Villiger 
monooxygenase), TLL, with ChnD and ChnE (dehydrogenases). C10 – engineered enzyme cascade 
with OhyA2, MlADH, PfBVMO, and TLL. UndB – membrane bound decarboxylase. Ru3 – Hoveyda-
Grubbs catalyst. 
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Incorporating organometallic catalysts and enzymes to form enzyme-metal hybrid 

catalysts has been a well investigated topic. An interesting application of this technique has 

been the synthesis of an artificial transfer hydrogenase (ATHase) metalloenzyme by 

incorporating a biotinylated iridium complex into streptavidin (Figure 6A), essentially 

generating an organometallic catalyst with a protein ligand.93 Several variants of this ATHase 

have been used in concurrent chemoenzymatic synthetic cascades, deracemizations of amines, 

and cofactor regeneration processes.92,94 The enantioselective synthesis of L-pipecolic acid 

from L-lysine is a cleverly designed chemoenzymatic cascade that utilizes multiple 

converging catalytic cycles to generate and deracemize pipecolic acid using an L-amino acid 

oxidase (LAAO), D-amino acid oxidase (DAAO), and the ATHase metalloenzyme, with 

catalase employed to break down the hydrogen peroxide generated from the oxidations that 

would otherwise poison the other catalysts (Figure 6B).95 Deracemizations and cofactor 

regeneration enabled by organometallic catalysts in concurrent chemoenzymatic cascades 

have been extensively studied,94 and the use of organometallic catalysts in the form of artificial 

metalloenzymes has expanded these toolboxes. 
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Figure 6. Concurrent chemoenzymatic catalysis enabled by an artificial 
metalloenzyme/organometallic catalyst with a protein ligand. (A) Biotinylated iridium complex that 
was incorporated into streptavidin to form an artificial transfer hydrogenase (ATHase). (B) Generating 
L-pipecolic acid from L-lysine using a concurrent chemoenzymatic cascade involving an ATHase 
metalloenzyme, L-amino acid oxidase (LAAO), D-amino acid oxidase (DAAO), and catalase. 
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1.3.3. Biocatalytic Reductive Aminations 

Asymmetric reductive aminations are a powerful synthetic tool for the production of 

chiral amines, a functionality that maintains a significant presence in active pharmaceutical 

compounds.118–120 TM catalysis has been employed to achieve asymmetric reductive 

aminations;121–123 however, the challenges that still persist with these protocols have directed 

research efforts to achieving reductive aminations enzymatically.120 The reduction of imine 

bonds has been described as a physiological reaction in biosynthetic pathways by NADPH-

dependent imine reductases (IREDs), though the originally reported narrow substrate scope of 

these enzymes had limited their use in synthetic applications.124 In 2010, two IREDs from 

Streptomyces were reported to catalyze the reduction of a synthetic heterocyclic imine,125,126 

which was followed by their use in the reduction of an expanded substrate scope and 

incorporation into biocatalytic cascades;124 these studies prompted the discovery and 

characterization of several homologues of these IREDs that showed greater promise in 

synthetic applications.127,128 While IREDs are known for their ability to reduce imines, their 

use in reductive aminations, by reducing imines formed in situ through the dehydration 

reaction between amines and carbonyls, has been of significant synthetic interest.118,124,129 A 

recently developed high-throughput screen has been used to assay over 400 IRED orthologs 

against 50 amine and 50 carbonyl substrates.130 Moreover, the tunability of IREDs has been 

demonstrated through successful attempts to engineer the substrate specificity of these 

enzymes.105 Finally, IREDs have found use in a sequential chemoenzymatic cascade coupling 

the reduction of an imine with a Buchwald-Hartwig amination (Scheme 17).115 
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Scheme 17. Sequential chemoenzymatic cascade with an enantioselective IRED catalyzed imine 
reduction followed by a Buchwald-Hartwig amination achieved in micellar aqueous conditions. 

While prokaryotic IREDs have attracted significant attention, the discovery of 

eukaryotic reductive aminases (RedAms), a subclass of IREDs, has been especially exciting 

for the synthetic application of biocatalytic reductive aminations.119,120,129 Indeed, these 

RedAms have found use in artificial biocatalytic cascades,131 and the deracemization of 

racemic amines,132 though their use in concurrent chemoenzymatic cascades have not yet been 

reported. The first RedAm was reported and characterized in 2017, isolated from Aspergillus 

oryzae (AspRedAm),119 with a follow up study describing homologues from A. terreus 

(AtRedAm) and A. dermatitidis (AdRedAm).120 A notable characteristic of these RedAms is 

their ability to catalyze both imine formation and reduction, which is made more intriguing by 

their wide substrate scope; imine reductase activity has also been described with heterocyclic 

imine starting materials. Importantly, these RedAms have shown potential for engineering 

with their enantioselectivity and substrate specificity modulated through site-directed 

mutagenesis.119,120  

 

Scheme 18. RedAms/IREDs coupled with GDH in a cooperative coenzyme recycling process. The 
oxidation of glucose regenerates the NADPH needed for the reductive aminations.  
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Reductive aminations catalyzed by IREDs/RedAms operating in a single enzyme 

system would require stoichiometric amounts of NADPH, an expensive coenzyme. However, 

when they are cleverly coupled with a glucose dehydrogenase (GDH) in a cooperative 

coenzyme recycling process, the reductive aminations can be driven by the oxidation of excess 

glucose and sub-stoichiometric amounts of NADP+ (Schemes 17 and 18).115,119 This is an 

alternative economical strategy that employs the use of cheaper coenzymes and reagents. 

1.3.4. Engineering RedAms Through Rational Protein Design. 

Rational protein design involves the efforts made to enhance existing activity, generate 

novel activity, or advance the basic understanding of protein function by making hypothesis-

driven changes to the polypeptide sequence of a protein of interest. This approach to protein 

engineering is better facilitated when there is an advanced understanding of the protein of 

interest, such as the mechanism of catalysis and the catalytic triad, the key residues involved 

in substrate binding, and crystallographic information on the tertiary/quaternary structures. 

Indeed, the rigorous approach that was taken to characterize the recently discovered fungal 

RedAms has provided the opportunity for engineering via rational design.119,120 In particular, 

site-directed mutagenesis guided by crystallographic imaging has enabled the preparation of 

mutant variants of these fungal RedAms with modulated stereoselectivities and substrate 

specificities. In the case of AspRedAm, W210 and Q240 were identified as key target residues 

for modulating stereoselectivity, with the W210A and Q240A variants often favouring 

opposing enantiomers. More extensive crystallographic data was obtained in the study of 

AtRedAm, which prompted the engineering of its substrate binding pockets. In these efforts, 

L96 and I123 were identified as critical residues that impose steric constraints in the amine 

binding pocket. Both L96A and I123A mutant variants and a L96A/I123A double mutant 
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variant were generated and shown to have substrate specificities that contrast with what is 

displayed by the wild-type enzyme. Specifically, higher specific activity was observed with 

larger amine substrates which was accompanied by lower specific activities observed with 

smaller amines. This change in substrate specificity strongly implicates the role of those 

residues in restricting the size of the amine binding pocket. Similar mutations have not yet 

been reported for AspRedAm, despite the strong homology between these two enzymes.   

 

 
Figure 7. Crystal structure of AtRedAm in complex with NADPH4 (hidden), cyclohexanone, and 
allylamine with the L96 and I123 residues in the amine binding pocket highlighted in red (A/B).120 The 
L96A/I123A double mutant of AtRedAm in complex with NADPH4 (hidden), cyclohexanone, and 
allylamine with the mutated residues highlighted in red (C/D).The structure of the mutant was modeled 
using PyMOL software.133 
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1.3.5. Our Contributions to RedAm Catalysis. 

Previous efforts have been made by our group to study the substrate scope of 

AspRedAm beyond what has been previously reported. These efforts have identified both a 

new carbonyl and a new amine substrate. The AspRedAm-catalyzed reductive amination of 

cyclohexanone, a previously reported carbonyl substrate, with glycinamide, a novel amine 

substrate, was confirmed by qualitative GC-FID analysis. An attempt to further expand the 

amine substrate scope was made with the reductive amination of cyclohexanone with glycine 

tert-butyl ester, however, the product of this reductive amination was not observed. Using the 

newly identified glycinamide as an amine substrate, a reductive amination was successfully 

achieved with 4-pentenal, further expanding the carbonyl substrate scope of AspRedAm. The 

ability of AspRedAm to catalyze reductive aminations with glycinamide but not with glycine 

tert-butyl ester is suggestive of steric encumbrance in the amine binding pocket of the enzyme.  

 

 
Figure 8. AspRedAm catalyzed reductive aminations previously attempted by our group. (A) The 
reductive amination of cyclohexanone with glycinamide was successfully performed. (B) The 
reductive amination of cyclohexanone with glycine tert-butyl ester was not achieved. (C) The reductive 
amination of 4-pentenal with glycinamide was successful.  
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1.4. Proposed Concurrent Chemoenzymatic Cascade to Enable Transient Directing Groups 

 
Figure 9. Hydrocarbofunctionalization of an alkenyl aldehyde substrate by concurrent 
chemoenzymatic reductive amination, hydrofunctionalization, and oxidative deamination. Akin to a 
metabolic pathway, the concurrent catalytic cycles would turnover synergistically, where the product 
generated from one catalytic transformation is used as a substrate for the subsequent reaction. 

The use of DGs on organic molecules is a classic strategy to selectively functionalize 

specific CH bonds, which would otherwise be challenging due to the prevalence of CH bonds 

in organic molecules. Recently, advancements in TM catalyzed CH functionalization have 

fostered the discovery of a variety of DGs that are able to guide the chemistry towards 

otherwise unreactive CH bonds76,134,135 or unsaturated moieties.51,53,55,56 Unfortunately, the 

classical approach to DG chemistry has some inherent drawbacks that has limited its impact 

on the industrial setting; recent developments regarding DGs have been mostly neglected by 

the industry, largely due to an undesirable step-count, unappealing atom economy (both in 

regard to the directing group and the reagents needed to install and remove it), and complex 

considerations that render the strategy unapparent in a retrosynthetic analysis in comparison 

to simple oxidation/reduction, substitution, and C-C cross-coupling reactions.6 Notable 

attempts to address these issues have involved the use of TDGs where 

(sub/super)stoichiometric additives transform a functional group on a reagent into a temporary 
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DG capable of imparting auxiliary effects on subsequent but concurrent TM-catalyzed CH 

functionalizations;78,87 however these reactions often require harsh reaction conditions. 

The strategy of employing selectivity in a transient manner is the principal function of 

enzymes and this native property can be exploited to install and remove a TDG under 

conditions that are orthogonal to TM-catalyzed chemistry. This tandem and concurrent 

chemoenzymatic catalysis approach addresses the shortcomings of TDGs that are achieved 

through strictly chemical methods by employing mild reaction conditions. The discovery of 

AspRedAm, a NADPH-dependent reductive aminase capable of catalyzing the reductive 

amination of primary/secondary amines and ammonia with aldehydes/ketones,119,120 has 

provided a means to achieve the primary and tertiary catalytic steps in the concurrent 

chemoenzymatic TDG cascade. The reversible nature of enzymatic reactions enables a 

cooperative process, allowing the recycling of coenzymes and substrates between the first and 

last catalytic cycles, facilitating the use of catalytic amounts of NADPH and TDGs. The 

biochemical transformations can be performed in conjunction with recently reported DG-

mediated hydrofunctionalizations of olefins with tridentate DGs that coordinate to palladium 

through Lewis-basic nitrogen atoms.53,55,56 Our group has developed a tridentate DG based on 

these previous reports to act as the TDG/substrate for the reductive amination (Scheme 10; 

compound 1a).59 The TDG (1a) is not a reported substrate for AspRedAm, thus, engineering 

a mutant variant for the reductive amination of 1a and a variant for the oxidative deamination 

of the functionalized product of the palladium chemistry will be necessary. 

1.5. Plan of Study 

 As previously discussed, achieving concurrent chemoenzymatic cascades requires 

overcoming challenges associated with the general mutual incompatibility of conditions that 

are optimal for chemocatalysis versus those necessary for biocatalysis. In terms of conditions 
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for AspRedAm catalyzed reductive aminations, a relatively broad pH range and multiple 

aqueous buffers have been established in the literature. However, performing these reactions 

in the presence of organic co-solvents has not been extensively studied, with DMSO at low 

concentrations (1-2% v/v) being the only reported co-solvent. Thus, the study of AspRedAm 

catalyzed reductive aminations in the presence of other organic co-solvents is an essential step 

to understanding how this enzyme will perform in a concurrent chemoenzymatic cascade. The 

DG-mediated CH activations that we are pursuing have only been reported in halogenated 

organic solvents, particularly TFE and HFIP,59 making these solvents a priority in these 

preliminary studies. For a more thorough analysis, a panel of polar protic and polar aprotic 

water-miscible co-solvents will be screened to understand the effects of organic co-solvents 

on the catalytic activity of the enzyme. 

 Previous efforts in our group have identified compound 1p as a viable tridentate DG 

for the previously reported anti-Markovnikov olefin hydrofunctionalizations.53,59 These efforts 

have resulted in CH activations achieved at ambient temperatures, a critical parameter that 

makes these transformations compatible with biocatalysis. Compound 1p could be prepared 

by a RedAm with the primary amine 1a and 4-pentenal used as substrates (Figure 9). Our 

group has been able to achieve reductive aminations with 4-pentenal using AspRedAm, 

demonstrating that that carbonyl substrate scope of the enzyme is suitable for our proposed 

chemoenzymatic cascade. Compound 1a has not been reported as a substrate for AspRedAm, 

and the structure is much bulkier than the amine substrates that have previously been 

reported.119 Modulating substrate specificity through site-directed mutagenesis has been 

reported for AtRedAm,120 an AspRedAm homologue, allowing more efficient catalysis with 

larger amine substrates. With this precedent, the analogous residues in AspRedAm have been 

chosen as targets for site-directed mutagenesis, invoking a rational protein design approach to 
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achieve biocatalytic reductive amination with our TDG (1a). Site-directed mutagenesis will 

be performed using mutagenic polymerase chain rection (PCR) protocols, and mutants will be 

tested with novel amine substrates to probe the effects of mutations in the amine binding site. 

  

 
Figure 10. A panel of primary amines used to assess the substrate scope of WT and mutant AspRedAm 
variants with novel amine substrates. Amine 1a is the proposed TDG that we would like to load and 
unload using AspRedAm. Amines 2a and 3a are novel amine substrates with less (hetero)aromatic bulk 
than 1a.  
 

The structure of 1a consists of glycine extended by an aminoquinoline ring at the C-

terminus through a peptide bond. Successful reductive aminations achieved with WT 

AspRedAm using glycinamide as an amine substrate suggest that the glycine moiety of 1a 

should have favourable interactions in the binding pocket of AspRedAm; however, 

unsuccessful reductive aminations using glycine tert-butyl ester suggest that larger structures 

like the aminoquinoline ring of 1a may produce unfavourable steric interactions. Due to the 

size and heteroaromatic structure of 1a, amines 2a and 3a were chosen as alternative amine 

substrates to screen the mutants with. Both are smaller than 1a but 2a maintains 

heteroaromatic character; the simple phenyl ring of 3a should occupy the same space as the 

pyridyl ring of 2a, though the intermolecular forces between the rings and the binding pocket 

residues should differ. Thus, these amine substrates should serve to probe both electronic and  

steric effects of the mutations in the amine binding pocket. 
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2. Results & Discussion. 

2.1. Expression and Purification of WT AspRedAm and GDH. 

 
Figure 11. Optimization of WT AspRedAm expression conditions with EtOH supplementation. SDS-
PAGE analysis of BL-21 cell lysates harbouring the pET-28a-His-AspRedAm plasmid. Lysates were 
obtained from cells induced with IPTG and grown in 2xYT media supplemented with (1) 1% EtOH, 
(2) 2% EtOH, or (3) 3% EtOH (v/v). (U) Lysate of cells not induced with IPTG. (I) Lysate of cells 
grown in 2xYT media and induced with IPTG. 
 

A pET-28a(+) expression vector harbouring a codon-optimized recombinant gene 

sequence for WT AspRedAm (pET-28a-His-AspRedAm) was generously provided by the 

Turner group from the University of Manchester.119 For expression, the pET-28a-His-

AspRedAm vector was transformed into chemically competent BL-21 cells which were plated 

and cultured with kanamycin as the antibiotic selection marker; a 2x YT broth was used as the 

expression media and IPTG was used to induce expression. To increase the yield of expressed 

enzyme, the expression media was supplemented with 3% EtOH (v/v). It has been shown that 

cell growth in the presence of dilute organic solvents induces the heat-shock response in E. 

coli, increasing the expression of heat-shock protein chaperones. These chaperones increase 

the yield of active enzyme by preventing protein misfolding and limiting the formation of 

inclusion bodies.136 Indeed, supplementing the expression media with EtOH did result in an 
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increase of the concentration of WT AspRedAm in the cell lysate compared to the expression 

performed as previously described, in 2xYT media alone,119 with 3% EtOH resulting in the 

largest increase. Interestingly, leaky expression of the recombinant wild-type enzyme was also 

observed when expression was not induced with IPTG (Figure 11).  

 
Figure 12. Purification of WT AspRedAm. SDS-PAGE analysis of Ni-IMAC using HisTrap FF 
column. (Lys) cell lysate; (FT) flowthrough; (0-250) fractions obtained from step gradient of buffered 
imidazole solutions (100 mM Tris, 300 mM NaCl, 0-250 mM imidazole, pH 8). 
 

The recombinant gene sequence in the pET-28a-His-AspRedAm vector encodes for a 

recombinant WT AspRedAm with a hexa histidine-tag at the N-terminus of the polypeptide. 

The histidine-tag enabled efficient purification of the enzyme via affinity chromatography; the 

recombinant enzyme that was expressed was isolated from the cell lysate using a nickel 

immobilized-metal affinity chromatography (Ni-IMAC) column and eluted with imidazole. 

The purification procedure was analyzed by SDS-PAGE (Figure 12); fractions containing 

isolated bands migrating between the 25kDa-37kDa marker corresponded to purified 

AspRedAm (33.3 kDa) were pooled for use. The yield of WT AspRedAm expressed in 2xYT 

media containing 3% EtOH (v/v) and purified via Ni-IMAC was ~4 mg/L. 
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Figure 13. Purification of GDH. SDS-PAGE analysis of Ni-IMAC using HisTrap FF column. (FT) 
Flowthrough; (0-250) fractions obtained from step gradient of buffered imidazole solutions (100 mM 
Tris, 300 mM NaCl, 0-250 mM imidazole, pH 8). 
 

The expression vector containing the gene for a recombinant GDH with a histidine-tag 

was generously provided by a colleague from the Boddy group. For expression, the vector was 

transformed into chemically competent BL-21 cells with kanamycin as the selection marker; 

LB broth was used as the expression media and expression was induced by the addition of 

IPTG. The recombinant GDH was purified via Ni-IMAC (Figure 13) with a yield of ~10 

mg/L. While the expression and purification conditions for this enzyme were not optimized, 

as the yield provided enough GDH for several RedAm assays, the yield of this protocol could 

be increased should the need arise. The presence of large amounts of GDH in the flowthrough 

fraction obtained from applying the cell lysates to a Ni-IMAC column suggests that the 

expression levels of this enzyme are far above the binding capacity of the column that was 

used. Future efforts at increasing the yield of GDH could be achieved by increasing the size 

of the column that is used in purification, as it would be able to bind more recombinant protein. 

An alternative approach would be to re-apply the flowthrough fraction to the Ni-IMAC 

column after eluting the recombinant protein that was initially bound. 
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2.2. Assessing the Catalytic Activity of AspRedAm 

 

Scheme 19. The reductive amination of cyclohexanone with cyclopropylamine catalyzed by 
AspRedAm was used as a model biotransformation to assess the catalytic activity of AspRedAm and 
GDH after expression and storage at -80 °C. 

Previously reported conditions for assessing the catalytic activity of AspRedAm 

involved a buffered aqueous solvent with 2% DMSO (v/v) as a co-solvent. As a consequence 

of the enzyme’s promiscuity, AspRedAm catalyzed reductive aminations have been reported 

with numerous different amine and carbonyl substrates.119 These reductive aminations were 

driven by the oxidation of glucose catalyzed by GDH (Scheme 18) which is an established 

method to used generate NADPH from NADP+ in situ.119,120 To analyze these reductive 

aminations, the reactions were quenched after 24 h by basifying with NaOH and extracted into 

methyl tert-butyl ether (MTBE); the crude extract was analyzed by gas chromatography 

coupled to a flame ionization detector (GC-FID). Using this methodology, the reductive 

amination of cyclopropylamine with cyclohexanone (Scheme 19) was previously achieved 

using a 1:1 molar ratio of amine:ketone with 1 mg/mL of AspRedAm, resulting in 90% 

conversion observed over a 24 h period. More importantly, more rigorous kinetic studies 

probing the specific activity of a panel of amine and carbonyl substrates have identified 

cyclopropylamine and cyclohexanone as ideal substrates for AspRedAm.119 

Due to these previous findings, the reductive amination of cyclopropylamine with 

cyclohexanone was chosen as a model reaction to assess the catalytic activity of every batch 

of AspRedAm and GDH that was expressed and purified. Moreover, this model reaction was 

also used as a positive control alongside every other set of experimental reductive aminations 
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to ensure that the enzymes maintained catalytic activity after being stored. However, due to 

the low yield of AspRedAm after expression and purification, the conditions for this model 

biotransformation were modified: namely, the amount of RedAm used was lowered from 1 

mg/mL to 10 µg/mL, and, to partially counter the reduction in reaction rate as a result of 

lowering the amount of catalyst, a 2:1 molar ratio of amine:ketone was used. Under these 

modified conditions, 78% conversion was observed after 24 h which is comparable to the 

previously reported 90% conversion that was achieved with a 100-fold increase in enzyme 

loading.  

It is worthwhile to note that, due to the nature of assessing conversions observed over 

an allotted time-period, it is still possible that the reductive amination performed with reduced 

enzyme loading could achieve 90% conversion if the reaction was quenched after a longer 

period of time; a slower reaction that is allowed to progress for a longer amount of time can 

achieve the same yields in the absence of competing side reactions. Therefore, for a more 

rigorous analysis of this biotransformation, a discontinuous assay could be performed with 

timed intervals over the course of 24-36 h to assess the progression of the reaction over time. 

Nonetheless, observing the product of reductive amination under these conditions confirms 

the catalytic activity of both AspRedAm and GDH (Figure 14). 
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Figure 14. GC-FID analysis of positive control AspRedAm-catalyzed reductive amination of 
cyclohexanone with cyclopropylamine. (Top) Cyclohexanone standard. (Middle) Reductive amination 
product standard, N-cyclopropylcyclohexylamine. (Bottom) Trace of biotransformation.  
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2.3. AspRedAm Co-Solvent Screen. 

The DG-mediated olefin functionalizations have only been reported to proceed in 

organic solvents.53 In particular, our group has optimized protocols for alkene 

hydrofunctionalizations (directed by 1p) that occur under ambient temperatures using 

halogenated alcohols (TFE and HFIP) as solvents.59 Thus, assessing the activity of AspRedAm 

in the presence of these halogenated alcohols as co-solvents would provide an understanding 

of the compatibility between the TM-catalyzed and RedAm-catalyzed transformations. 

Moreover, compound 1a (the TDG precursor to 1p) is not very soluble in aqueous buffers, 

therefore, a co-solvent screen also serves to determine which/how much co-solvent could be 

used to increase the solubility of 1a without hindering the activity of AspRedAm. To this end, 

the catalytic activity of WT AspRedAm was assayed using a panel of water-miscible organic 

co-solvents. 

Since previously reported AspRedAm catalyzed reductive aminations have been 

performed with dilute amounts of DMSO, a panel of ACN, THF and DMSO were used to 

assess the enzyme’s compatibility with polar aprotic organic co-solvents. As well, since the 

conditions for our DG-mediated CH activations have been optimized in fluorinated alcohols, 

a panel of polar protic co-solvents, including TFE and HFIP along with their corresponding 

alkyl alcohols EtOH and iPrOH, as well as MeOH, were screened to determine their effect on 

AspRedAm activity. AspRedAm catalyzed reductive amination in the presence of varying 

amounts of co-solvent was assessed using previously reported cyclopropylamine and 

cyclohexanone as substrates119. The reactions proceeded for 24 h before a basic workup and 

extraction; the crude extracts were analyzed by GC-FID to determine conversions. 
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Figure 15. AspRedAm catalyzed reductive amination of cyclohexanone with cyclopropylamine 
performed with various organic co-solvents. 500 µL reactions with 10 mM cyclohexanone, 20 mM 
cyclopropylamine, 1 mM NADP+, 30 mM glucose, 0.4 mg/mL GDH, 10 µg/mL AspRedAm, 2-40% 
co-solvent (v/v) in 200 mM Tris pH 9 were incubated at 30°C for 24 h with shaking (250 rpm). 
Reactions were quenched with 6 M NaOH, extracted into CHCl3 and % conversion was determined by 
GC-FID without internal standard. Performed once. (*) Trace conversion. Colours correspond to 
concentration of co-solvent in Tris buffer (% v/v). 
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Table 1. Co-solvent screen of AspRedAm-catalyzed reductive amination of cyclohexanone (Ketone) 
with cyclopropylamine to yield N-cyclopropylcyclohexylamine (Product). 
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Figure 16. Calibration curves for cyclohexanone (Top) and N-cyclopropylcyclohexylamine (Bottom). 

 

 

 

 

 

y = 18.075x - 0.0176
R² = 0.9913

0

20

40

60

80

100

120

140

160

0 2 4 6 8

Pe
ak

 A
re

a 
(A

U
)

[mM]

y = 26.939x - 8.0759
R² = 0.9927

0

50

100

150

200

250

0 2 4 6 8

Pe
ak

 A
re

a 
(A

U
)

[mM]

HN



49 
 

Until now, the catalytic activity of AspRedAm has only been reported with a maximum 

of 2% DMSO used as co-solvent,119,120,131 therefore, this solvent screen has demonstrated that 

the activity of AspRedAm is mostly unaffected when up to 30% DMSO is used as co-solvent. 

While the use of 40% DMSO resulted in reduced conversions, this condition can still be useful 

when performing AspRedAm-catalyzed reductive aminations of hydrophobic substrates with 

limited/no solubility in aqueous solutions, though previous work in our group has shown that 

60% DMSO prevents activity. A complete lack of conversion is observed at much lower 

concentrations of the other co-solvents. However, it is important to note that these reductive 

aminations were carried out in concert a with NADP+/NADPH co-factor recycling achieved 

by the oxidation of glucose catalyzed by GDH. Therefore, it may be possible that this aspect 

of the cooperative biotransformation is what is abolished under these conditions and the 

activity AspRedAm is still viable. Although, the precipitation of AspRedAm was often 

immediately observed when it was added to solutions with high concentrations of co-solvent 

(except DMSO), suggesting the incompatibility of these solvents with the catalytic activity of 

AspRedAm. This was particularly true when HFIP was used as a co-solvent, as the aggregation 

of AspRedAm was immediately observed when it was added to buffered aqueous solutions 

with as little as 10% HFIP (v/v). 

DMSO, TFE, and HFIP were the main co-solvents of interest in the solvent screen that 

was performed. It was important to know the upper limit of the concentration of DMSO that 

could be used for our hydrophobic TDG(1a), which was insoluble in the aqueous buffer, even 

when 40% DMSO was used as a co-solvent. Very limited activity was observed with other 

polar aprotic co-solvents (THF and ACN), though the contrasting effects of the polar aprotic 

solvents (DMSO vs. ACN and THF) are not unexpected. DMSO is commonly used as a co-

solvent in enzyme assays or as a vehicle for molecular delivery in cell culture/in vivo 
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experiments.137,138 While DMSO has been shown to inhibit the activity of certain enzymes,139 

it has also been reported that the use of DMSO as a co-solvent can enhance enzyme activity,140 

with the results of the solvent screen suggesting the latter in the case of AspRedAm at moderate 

concentrations. The increase in conversion that is observed at moderate concentrations of 

DMSO (10-30% v/v) could be due to a change in the differential binding of the substrates and 

products; specifically, destabilization of the enzyme-product complex would allow faster 

release of the product and limit product inhibition as the reaction proceeds to completion. 

ACN has been shown to inhibit the activity of other enzymes,141 and more importantly, 

the use of ACN to precipitate proteins out of solution has been previously described.142 Thus, 

it is understandable that the use of ACN as a co-solvent could decrease enzyme activity, as 

enzymatic catalysis requires solubilized enzyme in an active conformation in situ. The effect 

of THF on the observed activity is interesting and requires further investigation. While trace 

amounts of the reductive amination product was observed with dilute amounts of THF (2% 

v/v), it is unclear whether THF inhibited the activity of AspRedAm or GDH, as it has been 

reported that THF can completely inhibit dehydrogenase activity.143 To ascertain whether THF 

(or other co-solvents used in the screen) are truly affecting the activity of AspRedAm, the 

solvent screen should be performed with a modified experimental set-up that involves only 

the solitary activity of AspRedAm, such as reductive aminations with (supra)stoichiometric 

amounts of NADPH, or oxidative deaminations (the reverse reaction) with NADP+. 

Furthermore, a fixed-time assay would not report on the stability of the enzyme, thus, assaying 

the biotransformations at multiple time-points would allow for a more thorough analysis. 

In terms of polar protic co-solvents, TFE and HFIP were of interest because the DG-

mediated hydrofunctionalization we were interested in performing concurrently had only been 

achieved in these halogenated solvents.53,59 The results of the solvent screen suggest that the 
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biocatalytic and TM-catalyzed transformations are incompatible under these conditions. 

Indeed, the fluorinated alcohols proved to be poor co-solvents, especially when compared to 

their aliphatic counterparts (EtOH vs. TFE; iPrOH vs. HFIP). Whereas high concentrations of 

alcohol co-solvents are known to denature proteins, thereby suppressing enzyme activity,144 

the halogenated alcohols were far more chaotropic than their alkyl counterparts. Such stark 

differences may be attributed to the fact that TFE and HFIP have lower pKa values compared 

to EtOH and iPrOH, suggesting that an alkoxide species formed in the basic buffer plays a 

role in the denaturation of the enzymes. This would be especially true of  the acidic HFIP, 

with a pKa of 9.3,145,146 that completely eliminated activity at a mere 2% concentration, an 

extreme result that was not observed in any of the other solvents that were screened.  

 Despite the observed incompatibility of the biocatalytic reductive amination under 

conditions that would be conducive to our intended Pd-catalyzed olefin functionalizations, 

several procedures combining chemo-catalysts and biocatalysts have been reported.112–115,147–

149 Indeed, a recent report of Buchwald-Hartwig cross-coupling performed with biocatalytic 

aminations lends inspiration to overcoming the encountered incompatibility.115 Here, a 

sequential chemoenzymatic cascade was enabled by the use of a designer surfactant that has 

been shown to allow cross-coupling reactions and metathesis’ to proceed in water at room 

temperature.150–152 This micellar catalysis strategy could be tailored to the conditions 

necessary for the DG-mediated Pd-catalyzed olefin functionalizations that we are currently 

pursuing. Moreover, the use of enzymes in neat organic solvents has been shown to be a 

productive strategy for repurposing enzymes to perform non-native biocatalysis that would 

not be compatible with aqueous conditions.153 Here, the use of lyophilized AspRedAm in neat 

HFIP or TFE could provide the means to achieve bio-catalyzed reductive aminations in 

concert with Pd-mediated group-directed CH activations; the lyophilization of the enzyme 
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could preserve the active fold in a solvation-shell that maintains the catalytic activity of the 

enzyme in organic solvents. Other strategies to overcome the innate incompatibility of 

biocatalytic and organometallic-catalytic transformations have involved the separation of the 

process via semipermeable membranes112,149 or immiscible phases,147,148 as well as the 

incorporation of the organometallic species into supramolecular hosts,113,114 or immobilization 

of the enzyme and/or the organometallic catalyst.112 

 

2.4. Mutant AspRedAm Variants via Rational Protein Design. 

 

Figure 17. Sequence alignment for RedAms from Aspergillus oryzae (AspRedAm) and Aspergillus 
terreus (AtRedAm). Previously mutated residues on AtRedAm and analogous residues on AspRedAm 
targeted for site-directed mutagenesis are highlighted. Pairwise sequence alignment performed using 
EMBOSS Needle.154 
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The primary and secondary amines that have been reported as substrates for 

AspRedAm are much smaller structures than compound 1a, the TDG we have designed for 

our chemoenzymatic cascade. Thus, to modulate the substrate specificity of AspRedAm, a 

rational design approach was chosen. The homology between the two fungal RedAms, 

AspRedAm and AtRedAm, provided inspiration for our efforts to engineer the amine binding 

pocket of AspRedAm guided by the previously reported efforts to engineer AtRedAm. In 

previous studies, the substrate specificity of AtRedAm was modulated to achieve reductive 

aminations with larger amine substrates; the I123A and L96A/I123A mutant variants 

displayed increased activity with larger amines compared to WT AtRedAm. Using sequence 

alignment software, L91 and I118 were identified as analogous residues in AspRedAm and 

were chosen as key targets for mutagenesis (Figure 17). Like previous efforts with AtRedAm, 

the L91A and I118A mutant variants of AspRedAm should display different amine substrate 

specificities compared to the WT enzyme. 

For sequencing, the pET-28a-His-AspRedAm vector was transformed into chemically 

competent DH5α cells and purified using the E.Z.N.A Plasmid DNA Kit (Omega BioTek) 

before sequencing analysis (Génome Québec). To generate the mutant genes, site-directed 

mutagenesis was achieved using mutagenic PCR protocols: the I118A mutation was generated 

using a protocol inspired by the commercially available Q5® Site-Directed Mutagenesis Kit 

(NEB)155 and the L91A mutation was generated using the RecA-independent recombination 

(RAIR) pathway.156 These methods differ in primer design but both amplify the entire plasmid 

while introducing the desired mutation, eliminating the need to clone a newly synthesized 

mutant gene into another expression vector. 

The I118A mutation was introduced using back-to-back non-overlapping primers with 

the mutation on the 5’ terminus of the forward primer. Following PCR, a linear product was 
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obtained that was phosphorylated and ligated by T4 PNK and T4 Ligase, respectively, with 

the template DNA degraded by DpnI. Serendipitously, this mutation introduced a new NcoI 

recognition site in the expression vector, enabling the restriction enzyme to cleave the mutated 

plasmid at two different positions compared to the single NcoI recognition site present on the 

WT plasmid (Figure 18, A/B). Once the mutation was confirmed by sequencing analysis, the 

I118A mutant was expressed on a small scale (50 mL culture) and purified in parallel with the 

WT enzyme to confirm the fidelity of the mutant polypeptide sequence (Figure 19). 
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Figure 18. I118A mutation introduced into AspRedAm via mutagenic PCR. (A) Primer design utilized 
to introduce the I118A mutation which generates a linear PCR product that was phosphorylated and 
ligated prior to the transformation of chemically competent cells. The isolated plasmid harboring the 
gene for the I118A mutant variant contains two NcoI recognition sites compared to the plasmid 
harboring the gene for the WT enzyme. (B) NcoI restriction digest of isolated plasmids enabled 
screening for the mutation with the WT plasmid (WT) digested for reference. Isolated plasmids that 
showed evidence of a double digest (red box) were sent for sequencing to identify a plasmid with the 
desired mutation (red arrow).  
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Figure 19. Small scale expression and purification of RedAms. WT AspRedAm (left) and I118A 
mutant (right) were expressed on a 50 mL scale and purified using Ni-NTA resin in Eppendorf tubes. 
(L) Cell lysates; (0-250) Supernatant obtained from washing Ni-NTA resin with buffered imidazole 
solutions (100 mM Tris, 300 mM NaCl, 0-250 mM imidazole, pH 8). 

 

 
Figure 20. Purification of the I118A mutant variant of AspRedAm. SDS-PAGE analysis of Ni-IMAC 
using HisTrap FF column. (Lys) cell lysate; (FT) flowthrough; (0-250) fractions obtained from step 
gradient of buffered imidazole solutions (100 mM Tris, 300 mM NaCl, 0-250 mM imidazole, pH 8). 
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Once the I118A mutation was confirmed by sequencing analysis and the fidelity of the 

mutant polypeptide sequence (namely the size and presence of a His-tag) was confirmed by a 

small-scale expression and purification experiment, the I118A mutant was expressed and 

purified at normal scale using the same conditions and methods that were used for WT 

AspRedAm (Figure 20). The yield of the I118A mutant expressed in 2xYT media containing 

3% EtOH (v/v) and purified via Ni-IMAC was <1 mg/L.  This low yield of enzyme prompted 

the optimization of assay conditions to reduce the amount of RedAm used in each 

biotransformation from the previously reported loading of 1 mg/mL to 10 µg/mL. 

The L91A mutation was introduced via an in vivo molecular cloning protocol that 

utilizes the RAIR pathway to generate circular plasmid DNA from a strand of linear double 

stranded DNA (dsDNA) with homologous ends. Mutagenic PCR was performed with a pair 

of overlapping primers with the mutation present in the non-overlapping region of the forward 

primer. Following PCR and digestion of the template DNA with DpnI, the linear strand of 

dsDNA that was obtained was used to transform chemically competent DH5α cells; the 

homologous ends generated from the use of an overlapping primer pair facilitated the in vivo 

recombination of the linear strand into a circularized expression vector (Figure 21, A). No 

novel restriction cut sites were introduced into the mutant expression vector for the L91A 

variant, thus, a restriction digest with NcoI only served to verify the correct size of the plasmid 

vectors that were sent for sequencing analysis (Figure 21, B). Once the mutation was 

confirmed by sequencing analysis, the L91A mutant was expressed and purified using the 

same conditions and methods that were previously used for the WT and I118A variants of 

AspRedAm.  

Unfortunately, the expression and purification of the L91A was unsuccessful at 

isolating catalytically active L91A in solution. Further investigation into the expression 
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conditions revealed that while the L91A variant was indeed expressed by the bacterial cells, 

the mutant aggregated into inclusion bodies (Figure 22).136,157 Future efforts made towards 

expressing the L91A variant should aim to address the insolubility that was encountered with 

this mutant. One possible strategy could involve attempts at recovering and isolating the 

enzyme from insoluble inclusion body aggregates.158 This approach would involve the 

solubilization of the inclusion bodies formed during protein expression, followed by 

chromatographic isolation and refolding of the expressed protein to yield a bioactive enzyme.  

Alternatively, the expression conditions can be modified to address the formation of 

inclusion bodies directly. Indeed, multiple strategies have been reported to increase the yield 

of recombinant proteins expressed in prokaryotic systems by reducing the formation of 

insoluble inclusion body aggregates during expression;159,160 unfortunately, EtOH 

supplementation was unsuccessful. Still, there are multiple parameters that could be modified 

to optimize protein expression with key factors including the concentration of IPTG used to 

induce expression, the post-induction time, and the temperature at which expression is 

conducted. Reducing the temperature used to express recombinant protein can help prevent 

inclusion body formation by reducing the rate of protein expression; the expression of the 

recombinant protein at a reduced rate would provide more time for the polypeptide to sample 

different conformations until the catalytically active fold is found. Similarly, inducing 

expression with lower concentrations of IPTG would help reduce the rate of protein expression 

through the incomplete inhibition of the lac repressor. Finally, reducing the post-induction 

time could increase the yield of expressed protein by limiting the amount of time that inclusion 

bodies are given to form. 
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Figure 21. L91A mutation generated via mutagenic PCR and RAIR pathway. (A) The primer design 
used to enable in vivo recombination: overlapping primer pairs generate a linear PCR product with 
homologous ends that is recombined to form a circular plasmid. (B) NcoI restriction digest of plasmids 
isolated from DH5α cells transformed with linear PCR product. Sequencing analysis confirmed the 
L91A mutation (red arrow). 

 

Figure 22. Purification of the L91A mutant variant of AspRedAm. SDS-PAGE analysis of Ni-IMAC 
using HisTrap FF column. (Lys) cell lysate; (FT) flowthrough; (0-250) fractions obtained from step 
gradient of buffered imidazole solutions (100 mM Tris, 300 mM NaCl, 0-250 mM imidazole, pH 8); 
(P) cell pellet solubilized in a 8 M urea solution; (ARA) purified wild-type AspRedAm ran as reference. 
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2.5. Reductive Aminations with Mutant AspRedAm Variants. 

In some cases, efforts to modulate substrate specificity through mutations in the active 

site of an enzyme can be deleterious to overall activity, resulting in the expression of an 

inactive mutant variant. Thus, the reductive amination of cyclohexanone with 

cyclopropylamine was used as a preliminary assay to ensure the catalytic activity of the novel 

mutant variants (Figure 23). Both WT AspRedAm and the I118A variant showed reductive 

aminase activity with these previously reported substrates (Figure 23). The WT enzyme 

achieved 90% conversion in 10% DMSO, which decreased to 47-70% with 40% DMSO 

(Figure 15 and 23). The I118A variant achieved lower conversions overall, with 35% 

conversion observed in 10% DMSO which reduced to 15% conversion observed with 40% 

DMSO (Figure 23). The catalytic activity of the L91A mutant was not tested as its expression 

did not yield soluble enzyme.  

The reductive amination of cyclohexanone with cyclopropylamine catalyzed by the 

two RedAm variants provides evidence for their catalytic activity. The lower conversions 

achieved by the I118A mutant may indicate that either this mutation is deleterious to overall 

activity and/or enzyme stability, or that the mutation has modulated substrate specificity. 

However, it is important to note that despite any changes in substrate specificity, it should be 

possible for the I118A mutant to achieve similar conversions as the wild-type enzyme, if the 

reaction was given more time to proceed; as previously discussed, slower reaction rates can 

achieve the same conversions as faster rates, if given more time. To determine the overall 

effect of the mutation on substrate specificity, a panel of previously reported amine substrates 

should be used in a more rigorous kinetic investigation. Previous studies with the AtRedAm 

mutants followed the consumption of NADPH to measure and compare the specific activity 

observed when the variants were used for the reductive amination of cyclohexanone with a 
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panel of amine substrates.120 To conduct a similar analysis for the AspRedAm variants, the 

reductive amination of cyclohexanone with a panel of previously reported amine substrates 

could be conducted under specific conditions, with the consumption of NADPH monitored 

over time.  

Alternatively, a more in-depth study would involve using the Michaelis-Menten model 

of enzyme kinetics161 to characterize the catalytic activity of the WT and mutant AspRedAm 

variants. Here, the concentration of the ketone and NADPH should be held at saturation while 

the concentration of the amine is varied to measure the change in the initial rate of the 

biotransformation. Monitoring the consumption of NADPH should still be the most facile 

approach to following the reaction, though aliquots of the reaction could be quenched and 

analyzed via GC-FID to determine conversion over time. Nevertheless, plotting the rate of the 

reaction as a function of amine substrate concentration (or a linearization of the hyperbolic 

curve)162 could be used to determine the Michaelis constant (KM – the substrate concentration 

at which the initial reaction rate is half of what could be maximally achieved under those 

conditions), the turnover number (kcat), and the specificity constant (kcat/KM), with the latter 

being a good measure to assess the differences in substrate specificity displayed by the WT 

and mutant variants of AspRedAm. 
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Figure 23. Reductive aminations of cyclohexanone with cyclopropylamine catalyzed by RedAm 
variants. 500 µL reactions with 10 mM cyclohexanone, 20 mM cyclopropylamine, 1 mM NADP+, 30 
mM glucose, 0.4 mg/mL GDH, 10 µg/mL of WT or I118A RedAm variant, 10 or 40% DMSO (v/v) in 
200 mM Tris pH 9 were incubated at 30°C for 24 h with shaking (250 rpm). Reactions were quenched 
with 6 M NaOH, extracted into CHCl3 and % conversion was determined by GC-FID without internal 
standard. Performed once. Colours correspond to concentration of DMSO in Tris buffer (% v/v). 
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Table 2. Reductive amination of 4-pentenal with 1a, 2a, and 3a. Reaction conditions and analysis 
methods: (1) 500 µL reactions with 10 mM amine, 50 mM 4-pentenal, 1 mM NADP+, 30 mM glucose, 
0.4 mg/mL GDH, 10 µg/mL RedAm variant, and 40% DMSO in 200 mM Tris (pH 9) incubated at 
30°C for 24 h with shaking (250 rpm). Reactions were quenched with 6 M NaOH, extracted into CHCl3 
and analyzed by GC-FID. (2) 1 mg of 1a in a 500 µL reaction with 50 mM 4-pentenal, 1 mM NADP+, 
30 mM glucose, 0.4 mg/mL GDH, 10 µg/mL RedAm variant, and 40% DMSO in 200 mM Tris (pH 
9) incubated at 30°C for 24 h with shaking (250 rpm). Reactions were quenched with 6 M NaOH, 
extracted into CDCl3 and analyzed by NMR. 

 
 

RedAm 
Variant 

Reductive Amination Product 

   
AspRedAm Not Observed Not Observed Not Observed 

I118A Not Observed Not Observed Not Observed 
 

To determine whether catalytically active mutants of AspRedAm were suitable 

variants for our proposed concurrent chemoenzymatic cascade, reductive aminations were 

performed with novel amine substrates (Figure 10, 1a-3a) and 4-pentenal (Table 1). Negative 

controls were either performed without a RedAm, the NADP+ coenzyme, or the aldehyde or 

amine substrates to determine whether any observed products were the result of enzyme-

catalyzed reductive amination (Figures 24-27). Reductive aminations performed using 2a and 

3a as amine substrates, to yield 2p and 3p respectively, were assessed using GC-FID analysis. 

Reductive aminations performed using 1a as the amine substrate, to yield 1p, were analyzed 

by 1H-NMR spectroscopy. The products of reductive amination, 1p-3p, were never observed 

with either WT AspRedAm or the I118A mutant. Interestingly, products formed in the 

presence of the amines and 4-pentenal were observed under these reaction and workup 

conditions, though their formation was independent of the catalytic activity of the RedAms 
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(Figures 24-27).  Reductive aminations were never performed with L91A mutant as this 

variant was unstable during expression and aggregated in inclusion bodies (Figure 22).  

The reductive amination that yields 1p is our main biotransformation of interest, as it 

enables the loading of 1a as a TDG for the downstream olefin functionalization. While 4-

pentenal has not been reported as a substrate for RedAms,119,120 previous work in our group 

has shown that AspRedAm is able to catalyze reductive aminations with this substrate. For 

example, some glycine-based amines, glycinamide and glycine-methyl ester (but not glycine-

tert-butyl ester) have also been shown to be compatible substrates for WT AspRedAm 

catalyzed reductive aminations. The fact that WT AspRedAm tolerates glycinamide and 

glycine-methyl ester as amine substrates, but not glycine-tert-butyl ester, suggests a steric 

limitation in the amine binding pocket of the enzyme. Therefore, reductive aminations with 

2a could help further probe the size of the amine binding pocket. However, 1a differs from 2a 

not only in size but also due to its heteroarene structure. Thus, the reductive amination with 

3a and 4-pentenal could serve to probe the compatibility of heteroarenes with the amine 

binding pocket of the enzyme. Unfortunately, when 1a, 2a, or 3a were used as amine 

substrates, the products of reductive amination (1p, 2p, and 3p respectively) were not observed 

with either WT AspRedAm or the I118A mutant (Figures 24-27). It is important to note that 

both variants are catalytically active under these conditions (Figure 23). Interestingly, 

products were observed as a result of a reaction between 4-pentenal and all the amines; these 

products formed independent of enzyme activity and were even observed when only 4-

pentenal and the amines were added to the reaction milieu and worked-up for analysis 

(Figures 26 and 27). GC-MS analysis of the reaction mixtures between 4-pentenal and 2a or 

3a, carried out with and without RedAm activity, provides evidence for the formation of the 

imine (not shown). The reductive aminations performed with 1a were analyzed by 1H-NMR 
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spectroscopy as the product of the reductive amination (1p) was not sufficiently volatile for 

GC analysis. Here, the same NMR spectra is observed with or without RedAm activity, and 

the lack of any signals corresponding to the product under the same conditions is again 

suggestive of imine formation (Figures 24 and 25). Unfortunately, no reductive aminations 

were performed with the L91A mutant, as this variant was only found in the inclusion body 

aggregates during protein expression.157 

The analysis of the extracts from the reactions performed with and without RedAm 

activity suggest that our amine substrates (1a, 2a, and 3a) are not tolerated in the amine 

binding pockets of WT AspRedAm and the I118A mutant. Contrasting these amines to those 

previously reported119 and our unpublished results, it seems that the steric bulk of 

(hetero)arene rings prevent the amines from entering the amine binding pocket of AspRedAm. 

Moreover, the imine reductase activity of AspRedAm has been previously reported, thus, the 

formation of the imine without any reduced product suggests that no productive interaction 

occurs between these compounds and the enzyme. 

Although there is precedent for modulating the substrate specificity of RedAms 

through the modification of the amine binding pocket,120 the notable mutant variant was a 

I123A variant of AtRedAm, an AspRedAm homologue derived from A. terreus. The I123 

residue of AtRedAm occupies the position equivalent to I118 in AspRedAm. Thus, while the 

I118A mutation might have modulated substrate specificity, the absence of reductive 

amination products (1p-3p) suggests that the amine binding site is still too encumbered for 

these amine substrates (1a-3a). A double mutant variant of AtRedAm (L96A/I123A) has also 

been reported, and while it displayed reduced activity compared to the I123A mutant with the 

amine substrates that were screened,120 the potential substrate specificity of this less congested 

amine binding cavity for larger amine substrates is plausible (Figure 7). However, the L96 
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position of AtRedAm is equivalent to the L91 residue of AspRedAm, and the L91A variant 

that was generated expressed exclusively in inclusion bodies (Figure 22), presenting a 

challenge for analyzing its substrate specificity and the potential L91A/I118A AspRedAm 

double mutant.157 

 Future work in this area could aim to address the challenges of expressing the L91A 

mutant, as previously discussed; finding a good protocol to isolate the L91A mutant should 

translate well to the L91A/I118A double mutant if issues regarding inclusion bodies persist. 

Further work with I118A mutant could involve the testing of new amine substrates to see if 

the mutation has made any changes to the substrate scope. Since the expression of the 

L96A/I123A mutant of the homologous AtRedAm has been reported,120 assessing its 

compatibility with 1a as an amine substrate would be a simpler approach to solving the poor 

expression of AspRedAm mutants. Moreover, the well-studied, broader class of prokaryotic 

IREDs presents plentiful opportunity to identify a biocatalyst that is capable of reductively 

aminating 4-pentenal with 1a. Indeed, the recently published high throughput screen 

developed for rapidly interrogating RedAm activity, along with the production of a large IRED 

library,130 provides a promising and fastidious strategy to finding a suitable enzyme. 
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Figure 24. 1H-NMR spectral analysis of WT AspRedAm catalyzed reductive amination of 4-pentenal 
with 1a (7.75 – 9.00 ppm). (Top) Biocatalytic reductive amination. (Top middle) Negative control 
without WT AspRedAm. (Middle) Reductive amination product, 1p as reference. (Bottom middle) 
Starting material, 4-pentenal, as reference. (Bottom) Starting material, 1a, as reference. 
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Figure 25. 1H-NMR spectral analysis of I118A AspRedAm catalyzed reductive amination of 4-
pentenal with 1a (7.75 – 9.00 ppm). (Top) Biocatalytic reductive amination. (Top middle) Negative 
control without NADP+. (Middle) Reductive amination product, 1p as reference. (Bottom middle) 
Starting material, 4-pentenal, as reference. (Bottom) Starting material, 1a, as reference. 
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Figure 26. GC-FID analysis of RedAm catalyzed reductive amination of 4-pentenal with 2a. (A) Trace 
of 2p analytical standard (retention time 32.129 min) (B) Trace of WT AspRedAm biotransformation. 
(C) Trace of I118A biotransformation. (D) Trace of biotransformation negative control without 
NADP+. (E) Trace of 2a and 4-pentenal under biotransformation conditions. 
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Figure 27. GC-FID analysis of RedAm catalyzed reductive amination of 4-pentenal with 3a. (A) Trace 
of 3p analytical standard (retention time 32.129 min) (B) Trace of WT AspRedAm biotransformation. 
(C) Trace of I118A biotransformation. (D) Trace biotransformation negative control without NADP+. 
(E) Trace of 3a and 4-pentenal under biotransformation conditions. 
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3. Conclusions. 
Using EtOH to supplement the culture media, the yield of WT AspRedAm expressed 

in a prokaryotic system was improved from the previously reported conditions.119 Moreover, 

the reaction conditions used to assay RedAm activity was optimized to reduce the amount of 

enzyme required for each assay by 100-fold. However, future efforts should aim to move away 

from the use of a fixed time assay in favour of discontinuous or continuous assays that enable 

more rigorous kinetic analysis. Indeed, while the I118A achieved lower conversion in the fixed 

time assay, it is unclear whether this reduced activity is due to a change in substrate specificity, 

decreased catalytic efficiency, or enzyme instability. A kinetic study comparing the RedAm 

variants with some different amine substrates would provide further insight into the effects of 

the mutation. Unfortunately, while the L91A mutant was generated, no assays were performed 

with this variant due to its aggregation into inclusion bodies under the expression conditions. 

Future efforts with this variant should focus on methods to solubilize and refold the enzymes 

that aggregate into inclusion bodies or modifying the expression conditions to yield L91A in 

situ by preventing the formation of inclusion bodies; critical parameters to modify include the 

concentration of IPTG used to induce expression, the temperature of expression, the time of 

expression post-induction, and the culture media used. 

In previous studies, the use of enzymes in the presence of organic co-solvents has 

yielded mixed results in the effect on catalytic activity.138–141 The effect of an organic co-

solvent on catalytic activity is dependent on the physicochemical properties of the organic co-

solvent, the enzyme, and substrate(s), along with their in situ interactions, making it difficult 

to predict a priori. The co-solvent screen that was used to assay the activity of AspRedAm 

has, in part, identified the co-solvent compatibility of this enzyme. While the use of an 

enzymatic cofactor regenerating process in the assays introduces uncertainty in the 
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conclusions made from negative results, the increase in conversion achieved with DMSO 

indicates that it is a good co-solvent to use with AspRedAm catalyzed transformations. Despite 

the uncertainty associated with a lack of observed conversion, the insolubility of the enzyme 

in buffers containing TFE and HFIP demonstrates incompatibility between AspRedAm and 

the fluorinated alcohols used to facilitate the group-directed CH activations we have 

developed. Although, this insolubility could prove to be beneficial if lyophilized AspRedAm 

can retain catalytic activity in neat TFE/HFIP. Future interrogations of co-solvent 

compatibility should aim to obtain more conclusive results with the co-solvents used by 

assessing AspRedAm catalyzed oxidative deaminations, a RedAm activity that would not need 

a second enzyme to recycle the cofactor. 

While the first biocatalytic reductive amination to load 1a as a TDG has not yet been 

accomplished, these preliminary efforts have revealed some of the incompatibilities the 

biocatalyst (AspRedAm) has operating in a concurrent chemoenzymatic cascade. These 

incompatibilities include limited tolerance to organic co-solvents (except DMSO), and no 

observable substrate specificity with our TDG (1a) or even smaller substructure-based amine 

substrates (2a and 3a). Future efforts on this chemoenzymatic cascade must be conducted with 

these considerations in mind. It has been demonstrated that the heteroarene moiety of our TDG 

is imperative to its activity as a tridentate DG.59 Thus, it is necessary to identify an enzyme 

(RedAm/IRED) that accepts 1a as an amine substrate to achieve our proposed 

chemoenzymatic cascade. Engineering AspRedAm via a rational design approach has so far 

proven to be unsuccessful; the previously reported AtRedAm mutant variants may be a more 

optimal starting point for this approach. With the RedAm activity of a large library of IREDs 

that has recently been catalogued,130 pursuing these prokaryotic oxidoreductases seems to be 

a promising alternative. However, the recently reported high throughput screen for RedAm 
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activity130 could be coupled with high throughput mutagenesis.163,164 This would enable the 

directed evolution of RedAms for our purposes, which is a more remarkable approach to 

achieving our objectives. 
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4. Materials and Methods.  

4.1. Materials 

 The pET-28a-His-AspRedAm plasmid119 was generously provided by the Turner 

group (University of Manchester). A plasmid containing the gene for recombinant His-tagged 

GDH (B. subtilis S168; EC: 1.1.1.47) was provided by a colleague in the Boddy lab. 

Compounds 1a-3a and 1p-3p were prepared by colleagues in the Organ lab.  

 Cyclopropylamine and sodium triacetoxyborohydride were purchased from Oakwood 

Chemicals. Cyclohexanone, HFIP, TFE, Kanamycin, HPLC grade CHCl3, and BSA were 

purchased from Sigma-Aldrich. NADP+ and 4-pentenal were purchased from Alfa-Aesar. 

Biotechnology grade NaCl, tryptone, Tris-HCl, and agarose were purchased from BioShop. 

LB-Miller and yeast extract were purchased from Fisher. Glucose was purchased from MP 

Biomedicals. Bradford reagent was purchased from Thermo-Fisher.  Tris/Glycine/SDS buffer 

and Mini-PROTEAN TGX stain-free gels were purchased from Bio-Rad. All primers were 

purchased from IDT. 

 Incubations were performed in either a MaxQ 6000 incubated/refrigerated stackable 

shaker (Thermo Scientific), Innova 4330 refrigerated incubator shaker (New Brunswick 

Scientific), MaxQ 5000 incubator shaker (Barnstead Lab-Line), Innova 42 incubator shaker 

(New Brunswick Scientific) or an Isotemp Incubator (Fisher Scientific). Large scale 

centrifugation was achieved with either: a Sorvall Legend RT+ Centrifuge equipped with a 

swinging bucket rotor (Thermo Scientific) or a FIBERLite F15-8x50c fixed angle rotor, or a 

Heraeus Megafuge 16 Centrifuge in a refrigerated room. Small scale centrifugation was 

achieved with a Centrifuge 5415C (Eppendorf). Optical density measurements were 

performed with an Evolution 300 UV-Vis spectrometer (Thermo Scientific). Plasmid 

concentrations were quantified using an Eppendorf BioSpectrometer basic (Eppendorf). 
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Sonication was performed with a Sonic Dismembrator Model 500 (Fisher Scientific). All 

buffer solutions were pH adjusted using an Accumet Model 15 pH meter (Fisher Scientific). 

SDS-PAGE was achieved using a PowerPac 300 electrophoresis power supply (Bio-Rad). 

DNA electrophoresis was achieved with a Fisherbrand FB300 power supply (Fisher 

Scientific). Agarose and SDS-PAGE gels were imaged with an AlphaImager EC (Alpha 

Innotech) using AlphaView software. 

 GC-FID analysis was performed with a 6850 Series II Network GC (Agilent) furnished 

with a GC-PAC robotic arm (CTC analytics) auto sampling system and equipped with HP-1 

Methyl Siloxane column (Agilent, 30m x 320µm, 0.25µm). GC-MS analysis was performed 

with a 5975B Inert XL EI/CI MSD (Agilent) furnished with a GC-PAC robotic arm auto 

sampling system and equipped with a HP-5MS 5% Phenyl Methyl Siloxane column (Agilent, 

30m x 250µm, 0.25µm). 1H and 13C NMR spectra were obtained using an AVANCE II 400 

instrument (Bruker) in CDCl3 using residual protic solvent as an internal standard. Reported 

chemical shifts (δ) (in parts per million (ppm)) are relative to the residual protic solvent signal 

(CHCl3 in CDCl3, 1H = 7.26; 13C = 77.0). 
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4.2. Expression and Purification of Recombinant Proteins 

4.2.1. General procedure for the transformation of chemically competent E. coli cells. 

 1-5 µL of the plasmid containing the gene of interest was incubated with 50 µL of 

chemically competent E. coli BL21 (DE3), E. coli XL1-Blue, E. coli Top10, or E. coli DH5α 

cells on ice for 30 minutes before heat-shock at 42 °C for 30 seconds. The cells were then 

grown in 1 mL of LB-Miller and incubated at 37 °C for 1 hour at 250 rpm. 50-100 µL of the 

culture was then plated on LB-agar containing the appropriate antibiotic marker and incubated 

at 37 °C overnight. 

4.2.2. Expression and purification of recombinant AspRedAm and mutants. 

 The expression and purification of WT AspRedAm and its mutants was adapted from 

previous reports119 with modifications inspired from literature.165 A single colony of E. coli 

BL21 (DE3) (harbouring the desired AspRedAm gene in the pET-28a plasmid) was picked 

from an LB-agar plate containing 50 µg/mL kanamycin and inoculated into 5 mL LB-Miller 

with 50 µg/mL kanamycin. This pre-culture was incubated at 37 °C overnight in an orbital 

shaker at 200-250 rpm. The pre-culture was used as an inoculum for a 0.5-1 L culture in 

modified 2xYT media (16 g/L tryptone, 10 g/L yeast extract, 5 g/L NaCl, 3% v/v EtOH) 

containing 50 µg/mL kanamycin as the antibiotic marker. The culture was incubated at 37 °C 

in an orbital shaker at 200-250 rpm. At an optical density (OD600nm) between 0.3 and 0.6, 

isopropyl β-D-1-thiogalactopyranoside (IPTG) was added to a final concentration of 1 mM to 

induce expression. Expression was continued at 18-20 °C and 200-250 rpm for 18 hours. 

 The cells from the culture were pelleted at 4000 rpm for 20 min at 4 °C and 

resuspended in 10-20 mL of lysis buffer (0.1 M Tris-HCl at pH 8, 300 mM NaCl, 10% v/v 

glycerol, 1 µg/mL pepstatin A, 1 µg/mL leupeptin, 1 mg/mL lysozyme) and lysed by 

sonication (2 min, 2s ON, 2s OFF). The suspension of lysed cells was centrifuged at 10,000 
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rpm for 1 hour at 4 °C and the supernatant was filtered through a 0.45 µm PVDF syringe filter 

(Millipore). The filtered supernatant was manually loaded onto a pre-chilled 1 mL His-Trap 

FF column (GE Healthcare) charged with 1 M NiCl2. Ni-IMAC was performed with a step 

gradient using pre-chilled buffers (100 mM Tris, 300 mM NaCl, 0-250 mM imidazole, pH 8) 

and manual flow achieved using a Luer lock syringe. The column was washed with 5 column 

volumes (CV) of 0 mM imidazole buffer, 5 CV of 20 mM imidazole buffer, 3 CV of 100 mM 

imidazole buffer, and the protein eluted with 5-8 CV of 250 mM imidazole buffer. Aliquots 

of fractions were analyzed by SDS-PAGE and those that contained AspRedAm/mutant were 

pooled. Buffer exchange was achieved using an Amicon Ultra-15 Centrifugal Filter (Merck-

Millipore) with a 10 kDa molecular weight cut-off membrane and the protein was concentrated 

in a buffer containing 100 mM Tris and 300 mM NaCl (pH 7.4). The purified protein was 

diluted into a solution containing 30% v/v glycerol, flash frozen using liquid N2, and stored at 

-80 °C until used. 

4.2.3. Expression and purification of GDH. 

 The expression and purification of GDH was performed like AspRedAm except that 

500 mL of LB-Miller with 50 µg/mL kanamycin was used as the expression culture media.  

4.3. Biocatalytic Reductive Aminations 

4.3.1. General Procedure 

 Enzyme-catalyzed reductive aminations were performed in 500µL reaction mixtures 

containing 30 mM D-glucose, 1 mM NADP+ and 0.4 mg/mL GDH in Tris-HCl buffer (200 

mM, pH 9.0). Depending on the biotransformation performed, varying amounts of co-

solvents, purified AspRedAm or mutants, carbonyl acceptors, and amine nucleophiles were 

used. The reactions were incubated at 30 oC for 24 h with shaking at 250 rpm. The reactions 
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were quenched with 50 µL of 6 M NaOH, extracted into CHCl3/CDCl3 (2 x 0.5mL), dried 

over Na2SO4, and analyzed by NMR, GC-FID, or GC-MS.  

4.3.2. Positive Control Biotransformation 

 Parallel to every AspRedAm-catalyzed reaction, a positive control reductive amination 

of cyclohexanone with cyclopropylamine was performed as reported in the literature with 

modifications119. Briefly, a 500 µL reaction was prepared as described previously, with 2% 

DMSO (v/v), 5 mM cyclohexanone, 10 mM cyclopropylamine, and 10 µg/mL of purified 

RedAm. After workup, the extract was analyzed by GC-FID. 

4.3.3. AspRedAm Co-Solvent Screen 

 500 µL reactions were prepared as has already been described, with 10 mM 

cyclohexanone, 20 mM cyclopropylamine, and 10 µg/mL of purified AspRedAm. 2-40% 

DMSO (v/v), MeOH, EtOH, TFE, iPrOH, HFIP, ACN, or THF were used as co-solvents. After 

workup with 6 M NaOH and extraction into CHCl3, the reactions were analyzed by GC-FID. 

Sample Calculations: 

Concentration of cyclohexanone in extract: 

             𝑃𝑒𝑎𝑘 𝐴𝑟𝑒𝑎 (𝐴𝑈) = 18.075 ( 𝐴𝑈
𝑚𝑀ൗ  ) × [𝐶𝑦𝑐𝑙𝑜ℎ𝑒𝑥𝑎𝑛𝑜𝑛𝑒](𝑚𝑀) − 0.0176 (𝐴𝑈)  

[𝐶𝑦𝑐𝑙𝑜ℎ𝑒𝑥𝑎𝑛𝑜𝑛𝑒](𝑚𝑀) =  
௉௘௔௞ ஺௥௘௔ (஺௎)ା଴.଴ଵ଻଺ (஺௎)

ଵ଼.଴଻ହ (஺௎
௠ெൗ )

  

[𝐶𝑦𝑐𝑙𝑜ℎ𝑒𝑥𝑎𝑛𝑜𝑛𝑒](𝑚𝑀) =
ଶଵ.ସଵଷଶ (஺௎)ା଴.଴ଵ଻଺(஺௎)

ଵ଼.଴଻ହ ( ஺௎
௠ெൗ  )

  

[𝐶𝑦𝑐𝑙𝑜ℎ𝑒𝑥𝑎𝑛𝑜𝑛𝑒](𝑚𝑀) = 1.2 𝑚𝑀  

 

Percent Conversion: 

% 𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 =
[௉௥௢ௗ௨௖௧](௠ெ)

[௉௥௢ௗ௨௖௧](௠ெ)ା[௄௘௧௢௡௘](௠ெ)
 × 100%  

% 𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 =
ସ.ଷ ௠ெ

(ସ.ଷ௠ெାଵ.ଶ ௠ெ)
 𝑥 100%  

% 𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 = 78%  
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4.4. Site-directed Mutagenesis 

 The wild-type AspRedAm plasmid served as a template for the construction of mutants 

using established site directed mutagenesis protocols. The I118A mutation was generated 

using a protocol inspired by the commercially available Q5® Site-Directed Mutagenesis Kit 

(NEB),155 with modifications. The L91A mutant plasmid was prepared using the previously 

reported endogenous RAIR pathway.156 Target mutations were confirmed by sequencing 

(GenomeQuébec). Primers were designed using Benchling software (https://benchling.com) 

and are listed below. 

Table 3. Primers used for the construction of AspRedAm mutants with the WT AspRedAm plasmid 
serving as a template for mutagenic PCR. 

Primer Primer Sequence 
AspRedAm L91A forward 5’ AAAACCATCGTTAACGCGACTAACGGTACTCCGAACCAGGCGC 3’ 
AspRedAm L91A reverse 5’ GTTAACGATGGTTTTAGACGGCAGGGTTTGCAGC 3’ 
AspRedAm I118A forward 5’ GCCATGGCGGTGCCGACC 3’ 
AspRedAm I118A reverse 5’ ACCACCGTGGATGTAACGTGCA 3’ 

 
4.4.1. Quickchange Site Directed Mutagenesis 

For the I118A mutant, non-complementary but adjacent primers were used with the 

mutation located at the 5’ terminus of the forward primer. PCR reactions were performed with 

1 µL of Herculase II Fusion DNA polymerase (Agilent) in a total reaction volume of 50 µL 

containing 1x Herculase buffer, 400 µM of each dNTP, 500 nM of forward and reverse 

primers, 35 ng of plasmid DNA template and 6% DMSO. PCR reactions were carried out in 

a T100 thermocycler (BioRad) using the following program: 95 °C denaturation for 1 min 

followed by 25 cycles of 95 °C denaturation for 50 s, annealing at 62.4 °C for 50 s, extension 

at 72 °C for 3 min 40 s, and a final extension at 72 °C for 7 min. Following the PCR reaction, 

the sample was incubated with 1 µL of DpnI (NEB) at 37 °C for 2 hours followed by heat 

inactivation at 80 °C for 20 min. The PCR products were purified using E.Z.N.A Gel 
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Extraction Kit (Omega BioTek) using the manufacturer’s spin protocol with modification to 

exclude steps pertaining to extracting DNA from an agarose gel. Purified PCR products were 

quantified using an Eppendorf BioSpectrometer basic (Eppendorf). The PCR products were 

phosphorylated using 1 µL of T4 PNK (NEB) in a 19 µL reaction containing 1x T4 DNA 

buffer and 1 µg PCR product incubated at 37 °C for 1 hour followed by heat inactivation at 

65 °C for 20 min. The phosphorylated PCR products were ligated by incubating the 

phosphorylation reaction with 1 µL of T4 Ligase (NEB) at 4 °C overnight. 5 µL of the ligation 

reaction was transformed into chemically competent DH5α cells, plated on LB agar containing 

50 µg/mL kanamycin and incubated at 37 °C overnight. Individual colonies were inoculated 

into 5 mL of LB-Miller media containing 50 µg/mL kanamycin and incubated at 37 °C 

overnight. The cells were harvested by centrifugation at 14,000 rpm and the mutant plasmid 

was isolated using the E.Z.N.A Plasmid DNA Kit (Omega BioTek) as per the manufacturer’s 

protocol.  

4.4.2. RecA Independent Recombination (RAIR)-Enabled Site Directed Mutagenesis 

For the L91A mutant, primers with a 15 bp overlap were used with the mutation 

adjacent to the overlapping region on the forward primer. PCR reactions were performed with 

2 U of Q5 High-Fidelity DNA polymerase (NEB) in a total reaction volume of 50 µL 

containing 1x Q5 buffer, 400 µM of each dNTP, 500 nM of forward and reverse primers and 

12 ng of plasmid DNA template. PCR reactions were carried out in a T100 thermocycler 

(BioRad) using the following program: 98 °C denaturation for 30 s followed by 25 cycles of 

98 °C denaturation for 10 s, annealing at 67.5 °C for 50 s, extension at 72 °C for 3 min 10 s, 

and a final extension at 72 °C for 2 min. Following the PCR reaction, the sample was incubated 

with 1 µL of DpnI (NEB) at 37 °C for 2 hours followed by heat inactivation at 80 °C for 20 

min. 5 µL of this crude mixture was transformed into chemically competent DH5α cells, plated 
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on LB agar containing 50 µg/mL kanamycin and incubated at 37 °C overnight. Individual 

colonies were inoculated into 5 mL of LB-Miller media containing 50 µg/mL kanamycin and 

incubated at 37 °C overnight. The cells were harvested by centrifugation at 14,000 rpm and 

the mutant plasmid was isolated using the E.Z.N.A Plasmid DNA Kit (Omega BioTek) as per 

the manufacturer’s protocol.  

4.4.3. Restriction Digest of Isolated Plasmids 

The size of isolated plasmids was confirmed by a restriction digest and analysis by 

agarose gel electrophoresis. Briefly, 0.5-1 µg of plasmid DNA was incubated with 1 U of 

NcoI (NEB) in 1x NEBuffer™ 3.1 (NEB) at 37 °C for 1.5 h with heat inactivation at 80 °C 

for 15 min. Aliquots of the reaction were loaded on a 0.7% agarose gel (w/v) and analyzed 

by gel electrophoresis. 
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4.5. Synthesis of Analytical Standards 

N-cyclopropylcyclohexylamine 

 

 In a round bottom flask, cyclohexanone (0.5 mL, 5.0 mmol) was dissolved in DCM 

(30 mL) and cyclopropylamine (0.35 mL, 5.0 mmol) was added. A drop of glacial acetic acid 

was added to the solution and stirred at room temperature for 5 minutes. Sodium 

triacetoxyborohydride (1.59 g, 7.5 mmol) was added to the flask and the reaction was stirred 

at room temperature overnight. The reaction was quenched with 12 M HCl and extracted with 

45 mL of distilled water (pH 1-2). The aqueous phase was basified with 6 M NaOH (pH 13) 

and extracted with DCM (3 x 30 mL). The organic phases were pooled, dried over MgSO4 and 

filtered. The solvent was removed under reduced pressure to yield a yellow oil (583.8 mg, 

4.19 mmol, 83.8% yield). 1H-NMR (400 MHz, CDCl3) 2.56 (tt, J = 10.6, 3.8 Hz, 1H), 2.13 

(tt, J = 6.7, 3.7 Hz, 1H), 1.99-1.91 (m, 2H), 1.76-1.68 (m, 2H), 1.65-1.58 (m, 2H), 1.50 (br, 

1H), 1.33-1.00 (m, 5H), 0.46-0.29 (m, 4H). 13C-NMR (400 MHz, CDCl3) 57.4 (CH), 33.9 

(CH2), 28.2 (CH), 26.2 (CH2), 25.2 (CH2), 6.5 (CH2). MS m/z 139.14 [M+] found 139.14. 
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