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Organisms across all domains of life have developed elegant strategies to produce 

specialized metabolites, also referred to as natural products, for defense, structure, and 

communication. Natural products provide novel inspiration for pharmaceutical 

development given their potent biological activities and structural diversity. Recent 

advancements in DNA sequencing technology and the development of predictive 
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bioinformatics tools have unveiled a vast collection of biosynthetic machinery responsible 

for generating this structural diversity that may be harnessed by synthetic chemists. Many 

of the enzymes encoded by biosynthetic genes catalyze chemical reactions that are 

difficult to replicate with the same selectivity by traditional synthetic methods. An example 

of this discrepancy is illustrated by the current enzymatic and chemical methods known 

to generate a highly reactive ortho-quinone methide (o-QM) intermediate. The utility of o-

QMs in total synthesis has been hampered by complications that surround the preparation 

of their precursors, the harsh generation methods, and poor chemo-, regio-, and 

stereoselective control. In contrast, multiple enzymes have been reported to catalyze o-

QM formation under mild conditions with remarkable selectivity. Chapter 1 of this 

dissertation examines several different enzymatic strategies developed to generate o-

QMs. Chapter 2 describes progress towards the biomimetic total synthesis of (–)-

chlorizidine A that aims to synthetically replicate the final biosynthetic intramolecular 

cyclization via an o-QM intermediate. Chapter 3 reports the discovery of tetrachlorizine, 

a novel tetrachlorinated marine natural product, and the identification of its associated 

biosynthetic gene cluster. Biochemical characterization of a pivotal flavin-dependent 

oxidase revealed a dehydrogenation reaction that proceeds via an unprecedented o-QM 

mechanism. This oxidase was then repurposed to generate an isolable o-QM, an 

extremely rare chemical motif. Chapter 4 investigates the structure-function relationships 

of two homologous flavin-dependent oxidases with divergent reaction selectivities and 

highlights their favorable biocatalytic properties. This chapter also discloses the first 

reported bacterial enzymes capable of performing oxidative cyclization reactions to 

produce cannabinoids.
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Chapter 1 
 

Harnessing ortho-Quinone Methides in Natural Product 
Biosynthesis and Biocatalysis 

 
Trevor N. Purdy, Bradley S. Moore, April. L. Lukowski 

 
 

Abstract: The implementation of ortho-quinone methide (o-QM) intermediates in 

complex molecule assembly represents a remarkably efficient strategy designed by 

Nature and utilized by synthetic chemists. o-QMs have been taken advantage of in 

biomimetic syntheses for decades, yet relatively few examples of o-QM-generating 

enzymes in natural product biosynthetic pathways have been reported. The biosynthetic 

enzymes that have been discovered thus far exhibit tremendous potential for biocatalytic 

applications, enabling the selective production of desirable compounds that are otherwise 

intractable or inherently difficult to achieve by traditional synthetic methods. 

Characterization of this biosynthetic machinery has the potential to shine a light on new 

enzymes capable of similar chemistry on diverse substrates, thus expanding our 

knowledge of Nature’s catalytic repertoire. The presently known o-QM-generating 

enzymes include flavin-dependent oxidases, hetero-Diels-Alderases, S-adenosyl-L-

methionine (SAM)-dependent pericyclases, and α-ketoglutarate-dependent non-heme 

iron enzymes. In this review, we discuss their diverse enzymatic mechanisms and 

potential as biocatalysts in constructing natural product molecules. 
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1. Introduction 
 

Natural product molecules are a profound source of inspiration for synthetic 

chemists and biochemists alike. The elaborate structures expertly assembled by Nature 

serve as blueprints for designing synthetic and biocatalytic routes to pharmaceuticals1, 

feedstock chemicals2, and other important materials.3 Understanding the fundamental 

mechanisms refined by Nature for the biosynthesis of natural products enables the 

development of improved methods for accessing complex molecules. Modern nucleic 

acid sequencing technologies have rapidly accelerated the discovery of the biosynthetic 

machinery responsible for the assembly of numerous natural products.4,5 Such 

technological advancements have facilitated the study of natural product biosynthetic 

pathways from unculturable organisms6, entire microbial communities7, and higher order 

organisms such as macroalgae8, plants9, and animals.10 This influx of information has 

also resulted in the discovery of new enzyme classes and enzymes with unprecedented 

chemistry, accelerating the development of biocatalysts for chemical synthesis. 

A prime example of a chemical motif designed by Nature and utilized by synthetic 

chemists is the ortho-quinone methide (o-QM), a reactive intermediate that has been 

extensively reviewed and often used in complex biomimetic syntheses and chemical 

manufacturing.11–18 o-QMs are suspected to be involved in the formation of several 

bioactive natural products, for example parvinaphthol C (1)19 and busseihydroquinone C 

(2)20 isolated from plants and peniphenone D (3)21, (–)-xyloketal D (4)22, and epolone B 

(5)23 derived from fungi (Figure 1.1a). In its simplest representation, an o-QM is composed 

of a 2,4-cyclohexadienone core with an exocyclic methylene ortho to the carbonyl group 

(Figure 1.1b). These innately reactive intermediates can also be depicted as zwitterionic 
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or biradical species and may exist as E/Z geometric isomers depending on steric 

hindrance from adjacent functional groups (Figure 1.1c). The reestablishment of 

aromaticity drives o-QM reactivity, and this logic also extends to non-benzenoid 

aromatics, such as tropolones (Figure 1.1b), which favor aromaticity rather than o-QM 

dearomatization. In contrast to the well-documented para-quinone methide regioisomer 

(Figure 1.1b), o-QMs exhibit a greater charge dipole and are therefore less stable and 

more reactive such that nearly all o-QMs are unable to be isolated and will undergo rapid 

oligomerization in the absence of a suitable nucleophile.13 Further, the zwitterionic nature 

of o-QMs makes them both electrophilic and nucleophilic, rendering their utility as 

nucleophiles and electron-poor dienes particularly attractive for synthetic purposes.  

The utility of o-QMs extends to a variety of complexity-building reactions, including 

cycloaddition, spirocyclization, and oligomerization reactions (Figure 1.1d). o-QMs are 

Figure 1.1. (a) Examples of natural products proposed to require a biosynthetic o-QM intermediate. o-
QM portion of the molecules are highlighted in teal. (b) Representative structures of commonly 
observed quinone methides. (c) Canonical representations of ortho-quinone methide zwitterionic, 
geometric, and biradical isomers. (d) Common synthetic and biosynthetic approaches to o-QM 
formation and reaction outcomes.  
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highly versatile yet challenging to employ due to rapid degradation and the formation of 

unwanted byproducts, impeding their selectivity and overall utility. In traditional synthetic 

approaches, careful consideration must be taken as to the reaction conditions used to 

generate the o-QM, especially when invoked at later stages in the route. Figure 1.1d 

summarizes some of the strategies for o-QM initiation, including examples of the most 

commonly used o-QM precursors. Many of these strategies require phenolic protection 

and activation of the benzylic carbon prior to thermal, photolytic, or chemical generation 

of the o-QM, and exorbitant amounts of a nucleophile or diene to mitigate oligomerization 

(Figure 1.1d). Despite the versatility of the o-QM intermediate, such reaction requirements 

undermine its accessibility in synthetic endeavors. As a complementary approach, 

biosynthetic pathways involving enzymatic o-QM intermediates have the potential to 

expedite the development of biocatalytic methods that are more efficient, selective, and 

sustainable relative to traditional synthetic techniques. 

Although o-QMs were first described over a century ago and have gained traction 

in organic synthesis over the past 50 years,24 evidence for their involvement in natural 

product biosynthetic pathways has only recently been reported due to the highly reactive 

nature of the intermediate.25 Recent investigations into the enzymatic generation of o-

QMs have uncovered a diverse collection of enzymes from bacterial, fungal, and plant 

sources. These enzymes have demonstrated remarkable regio-, stereo-, and 

chemoselectivity that is difficult to replicate with comparable atom economy using 

traditional chemical methods. Perhaps even more remarkable is the fact that these 

enzymatic reactions take place under aqueous conditions traditionally avoided due to the 

nucleophilicity of water promoting rapid quenching of o-QMs. Given these unique 
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attributes, enzymes capable of generating o-QMs are well positioned to supplement 

synthetic endeavors that require these highly reactive intermediates. Herein, we review 

the known enzymes associated with o-QM generation in natural product biosynthetic 

pathways, including examples of berberine bridge enzyme-like (BBE-like) oxidases, 

tropolonic hetero-Diels-Alderases, S-adenosyl-L-methionine (SAM)-dependent 

pericyclases, and α-ketoglutarate-dependent non-heme iron oxygenases. In addition to 

mechanistic details, the biocatalytic potentials of these enzymes are also discussed 

including substrate scope, scalability, and use in chemoenzymatic syntheses. Finally, an 

outlook on the discovery of new o-QM-generating enzymes with biocatalytic potential is 

presented. 

 

2. Berberine Bridge Enzyme-Like (BBE-Like) Oxidases 

Flavin-dependent enzymes are versatile redox catalysts in primary and secondary 

metabolic pathways and account for more than half of the characterized enzymes 

involved in generating o-QMs.26,27 This versatility is exemplified not only by the diversity 

of substrates accepted, but also in the impressive chemo-, regio-, and stereoselectivity 

displayed by the enzymes. Coincidentally, all of the characterized flavin-dependent 

Figure 1.2. Crystal structure of EcBBE (PDB 3D2H) illustrating bicovalent attachment of His104 and 
Cys166 to the 8a- and 6-positions of the isoalloxazine ring of FAD. 
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enzymes associated with o-QM formation belong to the berberine bridge enzyme-like 

(BBE-like) oxidases family.28 The BBE-like oxidase name is derived from the first enzyme 

characterized example, (S)-reticuline oxidase (EcBBE) from the California poppy 

(Eschscholzia californica), which catalyzes formation of the intramolecular C–C bond 

known as the “berberine bridge” observed in many benzylisoquinoline alkaloids.29–31  

BBE-like oxidases can facilitate many types of oxidation reactions, including 

intermolecular C–C bond formation, cyclizations, nucleophilic additions, and 

dehydrogenation reactions.28 Structurally, BBE-like oxidases share a fold comparable to 

that observed in vanillyl-alcohol oxidases.32–34 These enzymes are distinguished by the 

bicovalent attachment of flavin adenine dinucleotide (FAD) to the protein by histidine and 

cysteine residues at the 8⍺- and 6-positions of FAD, respectively (Figure 1.2).35,36 This 

bicovalent attachment increases the redox potential of FAD, provides additional structural 

stability to the active site, and prevents cofactor dissociation.37–40 Several BBE-like 

oxidases are hypothesized to invoke formation of an o-QM  intermediate.25,41,42 In these 

particular examples, the oxidized FAD cofactor facilitates hydride abstraction from the 

Scheme 1.1. Abbreviated biosynthesis of cannabinoids. Structural diversification is generated by BBE-
like enzymes CBDA synthase, THCA synthase, and CBDA synthase. Abbreviations: AAE, acyl 
activating enzyme; TKS, tetraketide synthase; OAC, olivetolic acid cyclase; ArPT, aromatic 
prenyltransferase.  
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benzylic carbon and molecular oxygen acts as the terminal electron acceptor to recycle 

the reduced FAD, generating hydrogen peroxide as the sole byproduct in the catalytic 

cycle.  

BBE-like oxidases are most well-recognized for their roles in the biosynthesis of 

phytocannabinoids (more commonly known as cannabinoids), natural products consisting 

of an isoprenylated resorcinol core with a para-positioned alkyl side chain. Cannabinoids 

are predominantly found in Cannabis sativa L. (Cannabaceae), a plant well known for its 

recreational and medicinal applications, and have also been isolated from certain species 

of liverworts and fungi.43–46  To date, over 100 different cannabinoids have been isolated 

and characterized.47 Three primary constituents, cannabichromenic acid (CBCA, 10), 

tetrahydrocannibinolic acid (THCA, 11), cannabidiolic acid (CBDA, 12), are derived from 

the same biosynthetic precursor, cannabigerolic acid (CBGA, 7) (Scheme 1.1). The 

Scheme 1.2. Proposed mechanisms for (a) THCA synthase, (b) CBDA synthase, and (c) CBCA 
synthase cyclization via o-QM intermediates. 
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decarboxylated forms of CBCA (10), THCA (11), and CBDA (12), cannabichromene 

(CBC), tetrahydrocannabinol (THC), and cannabidiol (CBD), respectively, are among the 

most commonly recognized cannabinoids. Hexanoic acid (6) is converted to CBGA (7) 

through a series of enzymatic reactions requiring an acyl activating enzyme (AAE), 

tetraketide synthase (TKS), olivetolic acid cyclase (OAC), and an aromatic 

prenyltransferase (ArPT). Rigorous biochemical investigations have elucidated the 

function and relationship of three BBE-like oxidases responsible for catalyzing the 

oxidative cyclizations of CBGA (7) into their respective acid products: THCA synthase, 

CBDA synthase, and CBCA synthase (Scheme 1.2).48–50 All three enzymes facilitate 

hydride abstraction from the benzylic position of CBGA (7) by the N-5 position of FAD 

and are differentiated by their ability to uniquely position CBGA (7) in the active site, 

resulting in different cyclized products.  

There are two competing mechanisms for the subsequent cyclization reaction 

resulting in a carbocation shift or o-QM formation. Although a carbocation intermediate 

(8) is the more commonly depicted in the literature for THCA and CBDA cyclization, this 

zwitterionic species is simply a resonance structure of the o-QM (9) that is generated 

upon phenol deprotonation. Elucidation of the formal mechanism for CBCA (10), THCA 

(11), and CBDA (12) cyclization by each respective BBE-like oxidase has yet to be 

resolved, but proposed mechanisms are shown in Scheme 1.2. In general, an active site 

tyrosine residue is proposed to deprotonate the C-5 hydroxyl group of CBGA (7), initiating 

dearomatization of the benzene ring and hydride abstraction by the oxidized FAD cofactor 

(FADox) to generate an o-QM intermediate and reduced FAD (FADred). Intramolecular 
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cyclization takes place along with activation of oxygen and elimination of hydrogen 

peroxide to regenerate FADox and the cyclized product (Scheme 1.2). 

THCA synthase has received the most attention of all reported cannabinoid BBE-

like oxidases. The first reports identified a 74 kDa monomeric protein from C. sativa leaf 

extracts capable of converting CBGA (7) to THCA (11).48 Subsequent sequencing efforts 

identified a 1635 base pair (bp) open reading frame encoding THCA synthase, which was 

heterologously expressed in insect cells using a baculovirus expression system.51 The 

tertiary structure of THCA synthase was determined to 2.75 Å resolution by X-ray 

crystallography, revealing key amino acid residues important for substrate orientation and 

stabilization.25 In accordance with previously characterized BBE-like oxidases, Cys176 

and His114 were covalently tethered to the 6- and 8⍺-positions of FAD, respectively 

(Figure 1.3a, green). Ten additional hydrogen-bonding interactions and a disulfide bridge 

across Cys37 and Cys99 stabilize FAD within THCA synthase and provide structural 

integrity to the active site.  

Mutagenesis experiments have revealed several key active site residues essential 

for enzyme activity.25 In particular, H114A and T484F completely abolished activity, 

Figure 1.3. Protein homology models comparing key active site residues of BBE-like cannabinoid 
synthases. (a) Overlay of THCA synthase (PDB 3VTE, green), CBDA synthase model (blue), and 
CBCA synthase model (orange). (b) Overlay of CBCA synthase model (orange) with DCA synthase 
model (pink). Residue numbering is relative to THCA synthase numbering. 
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whereas H292A decreased activity by 95%. The loss of activity in the H114A variant can 

be rationalized by the loss of covalent attachment to FAD, affecting the positioning and 

redox potential of the cofactor. Tyr484 is hypothesized to facilitate deprotonation of the 

C-5 phenol, a necessary step for generating the o-QM and promoting regioselective 

cyclization (see Scheme 1.2). For reasons not fully understood, the carboxylic acid moiety 

in the substrate is essential for enzymatic activity.  

In vitro experiments with fiber-type C. sativa (hemp) led to the discovery of a 

second BBE-like oxidase, CBDA synthase.49 Using a similar homology-based cloning 

strategy to that previously implemented for THCA synthase, a 1632 bp open reading 

frame for CBDA synthase was identified, sharing ~84% sequence identity with THCA 

synthase.52 Sequence analysis confirmed the presence of  the RSGGH and CxxI/V/LG 

motifs consistent with bicovalent attachment to FAD. Biochemical characterization 

revealed that CBDA synthase catalyzed a mechanistically similar oxidative cyclization 

reaction to THCA synthase but generated a different cyclized product. A second basic 

residue in CBDA synthase is hypothesized to abstract a proton from the terminal allylic 

carbon in the geranyl side chain of CBGA (7, Scheme 1.2b). This deprotonation step is 

anticipated to drive the divergent oxidative cyclization reactions between THCA synthase 

and CBDA synthase. Protein homology models comparing the published crystal structure 

of THCA synthase with CBDA synthase revealed only a small number of differences, with 

high conservation of the key active site residues responsible for THCA synthase activity 

(Figure 1.3a, blue). Recent investigations into the structure-function relationships of 

THCA synthase and CBDA synthase revealed that most single point THCA synthase 

substitutions generated to reflect the corresponding residue in CBDA synthase had little 
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effect on activity or product specificity.53 However, a CBDA synthase A414V variant 

created to reflect the homologous THCA synthase residue exhibited a 3.3-fold increase 

in CBDA (12) production and a 19-fold increase in THCA (11) production.53 Until a crystal 

structure of CBDA synthase is elucidated, further mutagenesis studies exploring the 

structure-function relationship between these two enzymes will provide further insight into 

the mechanisms of product differentiation. 

A third BBE-like oxidase, CBCA synthase, has been characterized from C. sativa 

and was the first plant chromene-forming oxidase identified. Chromene is a common 

structural motif observed in natural products, including several compounds with significant 

antimicrobial and anticancer properties.50,54–56 A similar mechanistic initiation as observed 

with THCA and CBDA synthases can be envisioned for CBCA synthase by formation of 

the o-QM intermediate. CBCA synthase then facilitates nucleophilic attack by the phenolic 

oxygen, similar to THCA synthase, but differs by generating a mixture of enantiomeric 

chromenes (Scheme 1.2c). The reaction is known to generate a mixture of spirocyclic 

enantiomers, but the absolute stereochemical assignment as to which is the favored 

remains unknown.57 Similar to CBCA synthase, protein homology models do not indicate 

any significant variations within the active site (Figure 1.3a, orange). The difference is the 

stereoselectivity observed between THCA synthase and CBDA synthase, which produce 

one enantiomeric product exclusively, while the mixture of enantiomers generated by 

CBCA synthase suggests that cyclization may not take place within the enzyme active 

site. 

A CBCA synthase homolog was the only reported FAD-dependent oxidase 

capable of generating chromenes until the recent discovery of daurichromenic acid 
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synthase, which shares 49% sequence identity with THCA synthase.58,59 Daurichromenic 

acid (DCA, 15), isolated from Rhododendron dauricum (Ericaceae), is a meroterpenoid 

natural product structurally related to cannabinoids with potent anti-HIV properties.60 DCA 

(15) and its biosynthetic precursor, grifolic acid (13), differ from the previously described 

cannabinoids by the longer, farnesyl group and shorter alkyl chain (Figure 1.4a). DCA 

synthase generates the chromene moiety via a similar o-QM intermediate as CBCA 

synthase (14) but differs in that a single enantiomer is produced (DCA, 15), suggesting 

that cyclization may occur within the active site (Figure 1.3b). Further experiments 

demonstrated that DCA synthase can accept grifolic acid derivatives (16, 18) with prenyl 

groups of various lengths but exhibited no activity with CBGA (7). This is presumably due 

to substrate binding interference by the pentyl chain, as DCA synthase was able to react 

with cannabigerorcinic acid (18), which only differs from CBGA (7) by alkyl chain length, 

to produce cannabichromeorcinic acid (19, Figure 1.4b). DCA synthase also showed no 

activity with the derivative lacking the carboxylic acid, grifolin (20), which is consistent 

with the carboxylic acid moiety requirement observed with THCA, CBDA, and CBCA 

synthases. 

Beyond Cannabis and Rhododendron species, cannabinoids have been isolated 

from several species of lower plants and fungi. Two CBCA-like natural products, 

cannabiorcichromenic acid (19) and its halogenated analog 8-

chlorocannabiorcichromenic acid (22), have been isolated from the fungus 

Cylindrocarpone olidum (Nectriaceae).61 Albatrellus spp. are known to produce 

confluentin (23), the decarboxylated analog of DCA (15).62 Several bibenzylic 

cannabinoids with THCA-like cyclizations have been isolated from the liverworts Radula 
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perrottetii, R. marginata, and R. laxiramea, including (–)-cis-perrottetinene (24) and 

perrottetinenic acid (25) (Figure 1.4c).44–46  Given the structural similarities to previously 

studied cannabinoids, it is likely that the enzymes responsible for oxidative cyclization in 

these bibenzylic natural products also belong to the FAD-dependent subfamily of BBE-

like oxidases. Identification and characterization of these enzymes will create 

opportunities to engineer unprecedented cannabinoid derivatives with unique prenyl 

moieties, alkyl chains, and cyclized patterns. Additionally, the presently characterized 

cannabinoid synthases could be used as genetic hooks in attempting to identify homologs 

Figure 1.4. In vitro reactions with DCA synthase. (a) Confirmation of the role of DCA synthase in 
daurichromenic acid (15) biosynthesis. (b) Substrate screening with DCA synthase exhibits activity with 
various prenyl attachments but no activity with grifolin (20) or cannabigerolic acid (7). (c) Structurally 
related cannabinoids isolated from liverworts and fungi. 
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from publicly available genomic datasets that may accept similar substrates and perform 

the desired chemistry on complimentary substrate scopes. 

Bacterial flavoenzymes are well-documented to catalyze a broad range of redox 

reactions in natural product biosynthesis.26,27 Coincidentally, the only two reported 

bacterial enzymes capable of generating o-QMs also belong to the BBE-like oxidase 

family of flavoenzymes. Next generation sequencing of the marine bacterium 

Streptomyces sp. CNH-287 revealed a biosynthetic gene cluster (BGC) putatively 

capable of producing the tetrachlorinated alkaloid, (–)-chlorizidine A (28, clz).41  Genetic 

knockout experiments and in vitro biochemical characterization of the putative BBE-like 

oxidase Clz9 confirmed its role in chlorizidine A (28) biosynthesis. This reaction is thought 

Scheme 1.3. (a) Proposed mechanisms for cyclization vs. dehydrogenation with microbial BBE-like 
oxidases Clz9 and Tcz9. (b) Comparing and contrasting catalytic functions of Clz9 and Tcz9 with non-
native biosynthetic precursors. 
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to be mechanistically similar to cannabinoid synthases, initiated by benzylic hydride 

abstraction of prechlorizidine (26) via a bicovalently tethered FAD cofactor and phenolic 

deprotonation by a basic residue within the active site to generate the reactive o-QM 

intermediate 27. Clz9 catalyzes a stereoselective, intramolecular cyclization by 

nucleophilic addition of the pyrrole nitrogen, ultimately generating the unusual 

dihydropyrrolizine ring of chlorizidine A (Scheme 1.3a). 

Support for the proposed benzylic functionalization via an o-QM in Clz9 was 

provided with the recent discovery of a second bacterial BBE-like oxidase, Tcz9. Next 

generation sequencing of a taxonomically distinct marine Actinomycete strain AJS-327 

revealed a BGC with striking similarities to the BGC associated with (–)-chlorizidine A 

biosynthesis and was proposed to be linked to the production of two novel tetrachlorinated 

alkaloids produced by the strain, dihydrotetrachlorizine (29) and tetrachlorizine (31).42 

Genes in the associated cluster, abbreviated tcz, were heterologously expressed. In vitro 

biochemical characterization of the BBE-like oxidase from the BGC, Tcz9, confirmed its 

catalytic function acting as a dehydrogenase in tetrachlorizine (31) biosynthesis (Scheme 

1.3a). Similar to Clz9, an o-QM intermediate (30) is proposed from hydride abstraction on 

dihydrotetrachlorizine (29). Rather than undergoing intramolecular cyclization with the 

pyrrole, the o-QM intermediate is deprotonated to yield the dehydrogenated 

tetrachlorizine (31) product. The C-15 carbonyl of dihydrotetrachlorizine (29) is thought to 

influence the reaction outcome by lowering the pKa of the ⍺-proton, but further substrate 

screening is required to provide evidence for this hypothesis. This is the first reported 

example of a dehydrogenated product generated via an o-QM intermediate, further 

expanding the utility of o-QMs and the unique chemoselectivity facilitated by enzymes.  
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Clz9 and Tcz9 have also been shown to catalyze intriguing oxidative reactions with 

non-native substrates (Scheme 1.3b).42 Incubation of Clz9 with dihydrotetrachlorizine 

(29), the biosynthetic precursor to tetrachlorizine, yielded a mixture of dehydrogenated 

(31) and cyclized (32) products. This indicates Clz9 preferentially acts as a cyclase but 

must also compete with dehydrogenation in the presence of the C-15 carbonyl moiety. 

More intriguing are the products generated upon incubation of Tcz9 with prechlorizidine 

(26), the biosynthetic precursor to (–)-chlorizidine A (28). Not only is Tcz9 capable of 

acting as a cyclase, but it also performs two subsequent dehydrogenation reactions on 

prechlorizidine (26), generating two isolable o-QM configurational isomers that are stable 

at room temperature (33-34). These products provide key mechanistic insight into how 

these BBE-like oxidases function and demonstrate their exceptional utility in generating 

a variety of oxidized products. Further structure-activity relationship studies will reveal key 

mutations that are responsible for the functional differences between these two enzymes.   

 

3. Tropolonic Hetero-Diels-Alderases 

 The Diels-Alder reaction is one of the most powerful concerted pericyclic 

transformations for efficiently constructing complex natural product scaffolds. Although 

Diels-Alder reactions have been utilized in organic synthesis for nearly a century and have 

long been postulated as key steps in biosynthetic reactions, Diels-Alderases belong to a 

relatively new enzyme family.18,63–66 Several multifunctional enzymes have demonstrated 

the ability to catalyze concerted [4+2] cycloaddition reactions, but the discovery of SpnF 

in spinosyn A biosynthesis ushered in a wave of standalone intramolecular Diels-Alder 
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cyclases.67 Recently, the first standalone [4+2] intermolecular carbocyclase, MaDA, was 

characterized from Moraceae alba and exhibits promising biocatalytic utility.68 

Hetero-Diels-Alderases have also received considerable interest for their 

suspected role in meroterpenoid biosyntheses.69,70 Many of these proposed biosyntheses 

suggest an o-QM acts as an electron-deficient diene that reacts with a dienophile, such 

as an alkene, forming a dihydropyran ring. This motif is common in hundreds of plant 

meroterpenoids, especially those found in Eucalyptus spp. and Psidium guajava L. 

(guava).71–77 Synthetic approaches have demonstrated some of these hetero-Diels-Alder 

(hDA) reactions can occur non-enzymatically, but one class of meroterpenoid natural 

products, tropolonic sesquiterpenoids, have proven difficult to synthesize 

biomimetically.78,79 Furthermore, the isolation of enantiopure metabolites suggests 

enzymatic influence, as a non-enzymatic reaction would theoretically generate a racemic 

mixture. Given the therapeutic interests and structural complexities of example 

compounds shown in Figure 1.5 (5, 35-37), identifying enzymes that can catalyze 

stereospecific hDA reactions using a reactive species like a tropolone o-QM will likely 

have tremendous biocatalytic value.  

Figure 1.5. Representative examples of tropolonic sesquiterpenoids likely derived from hetero-Diels-
Alder cyclization reactions. The o-QM portion is highlighted in teal. 
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Genes associated with the biosynthesis of humulene (44) and the tropolone core 

have been previously characterized and are highly conserved across fungal species 

known to produce tropolonic sesquiterpenoids.80,81 However, the key linkage between the 

aromatic core and terpene remained elusive. The first tropolonic hetero-Diels-Alderase 

was reported in 2018 with the identification of a gene cluster in Sarocladium schorii 

(previously Acremonium strictum IMI 501407) that resembled previously characterized 

gene clusters associated with the production of tropolones, but also included several 

genes with unknown functions.69 Heterologous expression of the captured gene cluster 

in Aspergillus oryzae led to the production of xenovulene A (46), a meroterpenoid natural 

product and potent antagonist for the human γ-aminobutyrate A 

(GABAA) benzodiazepine receptor with promising anti-depressant properties (Scheme 

1.4).  

In xenovulene A (46) biosynthesis, the humulene (44) constituent is produced by 

AsR6 from farnesyl pyrophosphate (43), while stipitaldehyde (40) is generated in a two-

Scheme 1.4. Proposed biosynthesis of xenovulene A (46) via a tropolonic o-QM intermediate. The 
function of AsR5 was not verified in vitro, however, the presence of shunt products 47-50 is evidence 
supporting an o-QM intermediate. 
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enzyme cascade starting with aldehyde 38 to form o-QM 39 that undergoes ring 

expansion via AsL3. The two pieces, stipitaldehyde (40) and humulene (44), were thought 

to be coupled by AsR5, a gene encoding a 401 amino acid protein with no significant 

sequence homology to any reported Diels-Alderases, as indicated by knockout 

experiments. Unfortunately, in vitro experiments investigating the function of AsR5 were 

inconclusive, as AsR5 exhibited no activity when attempting to couple stipitaldehyde (40) 

with humulene (44). It is proposed that 40 requires further oxidation by a cytochrome 

P450 embedded in the BGC (AsR2), forming hemiacetal 41 prior to hDA cyclization. This 

intermediate could not be isolated, but non-enzymatic dehydration and formation of a 

troplonic o-QM could explain the isolable shunt products 47-50. Further evidence for 

enzymatic o-QM formation and hDA cyclization is supported by the isolation of a single 

stereoenriched product 42, and biomimetic syntheses that have demonstrated hDA 

reactions between a tropolonic o-QM and humulene (44) require harsh reaction 

conditions,78,79 suggesting the reaction is unlikely to occur spontaneously. 

 Shortly after the characterization of the xenovulene A (46) biosynthetic gene 

cluster, a second gene cluster associated with the production of the potent anti-glioma 

meroterpenoid eupenifeldin (36) was identified by genomic analysis and genetic 

disruption of Phoma sp. CGMCC 10481.70 Sequence analysis confirmed genes with high 

sequence identity to those previously reported in tropolone and humulene (44) 

biosynthesis, including a gene encoding a putative hetero-Diels-Alderase (eupF). In vitro 

experiments confirming the function of the putative hetero-Diels-Alderase were 

inconclusive yet again due to protein solubility issues and the instability of the tropolone 

o-QM precursor (Scheme 1.5). Later the same year, whole genome sequencing 
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of Penicillium janthinellum led to the discovery of a third biosynthetic gene cluster (eupfA-

J) containing all the necessary genes from tropolonic sesquiterpenoid production, 

including another putative hetero-Diels-Alderase (EupfF) with 67% identity to EupF.82  A 

key finding in this work was the in vitro characterization of EupfE, a short-chain 

dehydrogenase that reduces stipitaldehyde (40), this time generated in a three-enzyme 

cascade from aldehyde 51, to the alcohol 52, priming this intermediate for dehydration 

and subsequent o-QM formation. EupfF exhibited similar solubility issues to previous 

accounts, but follow-up attempts to obtain the previously reported homolog EupF as a 

soluble protein eventually proved to be successful. Alcohol 52 can undergo spontaneous 

dehydration, o-QM formation (53), and non-enzymatic cyclization with 55 to generate 57, 

but the addition of EupfF significantly accelerates the reaction and generates a single 

diastereomer product, neosetophomone B (35). However, EupfF did not exhibit any 

activity to catalyze a second hDA reaction, leaving the possibility open for a second 

hetero-Diels-Alderase enzyme to complete the biosynthesis of bistropolonic 

meroterpenoid eupenifeldin (36). The efficient construction of stereospecific products via 

o-QMs using prochiral substrates has tremendous biocatalytic utility. Although this family 

Scheme 1.5. Proposed biosynthesis of eupenifeldin (36) via two o-QM intermediates. Genes 
responsible for production of neosetophomone B (35), EupfA-F and EupF, a homolog of EupfF were 
characterized by heterologous expression or in vitro experiments. 
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of intermolecular hetero-Diels-Alderases is relatively new, genome mining efforts and 

biochemical validation will unveil new enzymes with similar capabilities.  

 

4. SAM-Dependent O-Methyltransferase-Like Pericyclase 

S-Adenosyl-L-methionine (SAM)-dependent methyltransferases are a ubiquitous 

family of enzymes in primary and secondary metabolism. Canonical SAM-dependent 

methyltransferases catalyze the transfer of a methyl group to C, N, O, or S atoms from 

SAM, but this family of enzymes has expanded over time to include several non-

methylation reactions.83–86 LepI is one such example of a non-canonical SAM-dependent 

O-methyltransferase, acting as a dehydratase and pericyclase in leporin C (65) 

biosynthesis.87 Pathway reconstruction of key genes associated with leporin C (65) 

biosynthesis unveiled LepI  is not essential for production; however, in vitro experiments 

confirmed that LepI is required for the accelerated and exclusive production of leporin C 

(65). The pathway begins in a three-enzyme cascade from L-phenylalanine (58) to yield 

59. Reduction of 59 and production of the alcohol intermediate 60 by LepF leads to non-

enzymatic dehydration and formation of both (E/Z) geometric isomers of the o-QM 

intermediate (61), yielding multiple intramolecular and inverse electron demand hetero-

Diels-Alder reaction outcomes (62-64) (Scheme 1.6). In comparison, incubation of 60 with 

LepI leads to the stereospecific production of leporin C (65) via an o-QM. Small amounts 

of endo-64 were detectable at early timepoints when 60 was incubated with LepI; 

however, LepI can recycle this byproduct via a retro-Claisen rearrangement to produce 

leporin C (65) exclusively. Crystallographic analysis of LepI has revealed key active site 

residues that form a hydrogen bonding network for proper substrate stabilization and 
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orientation. Although the precise catalytic role of the SAM cofactor is not fully understood, 

the positively charged sulfonium ion is suggested to electrostatically stabilize o-QM 

intermediate (E)-61.88   Understanding the role of the SAM cofactor will be critical in 

genome mining and protein engineering efforts to broaden the utility of the SAM-

dependent methyltransferase enzyme family capable of manipulating o-QMs for 

additional oxidative reactions.  

 

Scheme 1.6. Leporin C (65) biosynthetic pathway. In the absence of LepI, 60 undergoes spontaneous 
dehydration and forms a mixture of non-enzymatic intramolecular Diels-Alder (IMDA) and hetero-Diels-
Alder (hDA) products. Structures in gray are generated non-enzymatically. LepI can recycle endo-
IMDA product 64 to stereoselectively produce leporin C (65). 
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5. α-KG Dependent Non-Heme Iron Oxygenases 

α-Ketoglutarate (α-KG) dependent non-heme iron oxygenases are a versatile 

family of enzymes known to catalyze remarkably diverse reactions, including 

hydroxylation, halogenation, epoxidation, desaturation, epimerization, endoperoxidation, 

ring contraction, and ring expansion.89–91 As their name suggests, these enzymes require 

α-KG for activation of a Fe(II) cofactor. ClaD is an ⍺-KG dependent non-heme iron 

oxygenase associated with the biosynthesis of penilactone and peniphenone natural 

products produced by Penicillium spp., as confirmed by genetic knockout experiments.92 

Penilactones and pheniphenones are aromatic polyketide fungal metabolites derived 

from clavatol (77) coupled with a range of adducts giving rise to diverse biological 

activities (3, 66-76, Figure 1.6a).21,93–95  ClaD shares high sequence identity (54%) with 

CitB, an α-KG dependent non-heme iron oxygenase known to catalyze a benzylic 

Figure 1.6. (a) Clavatol (77)-derived natural products from Penicillium sp. (b) Regioselective benzylic 
hydroxylation by α-KG dependent non-heme iron oxygenase ClaD, which undergoes “indirect” 
(spontaneous) dehydration to produce a reactive o-QM. 
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hydroxylation in citrinin biosynthesis. In vitro experiments demonstrated ClaD also 

hydroxylates clavatol (77) regioselectively, activating this biosynthetic intermediate for o-

QM formation through hydroxyclavatol (78) to yield 79 (Figure 1.6b).92 This distinguishes 

ClaD from the previously described BBE-like oxidases, tropolonic hetero-Diels-Alderases, 

and SAM-dependent O-methyltransferase LepI,  which catalyze “direct” o-QM formation, 

stabilizing and orienting the o-QM within the active site for further manipulation. Instead, 

ClaD facilitates “indirect” o-QM formation, activating clavatol (77) for subsequent non-

enzymatic dehydration. This process can be observed by isotope labeling experiments 

with H218O which can add be incorporated by reversible dehydration of hydroxyclavatol 

(78) and nucleophilic addition by isotope labeled water.92 The reversibility of the 

dehydration and nucleophilic addition reactions via the o-QM allows other nucleophiles 

present in solution to react, as observed by the coupling of various electron-rich functional 

groups with clavatol (77). This benzylic functionalization strategy developed by Nature 

has been validated by biomimetic syntheses of several clavatol-derived natural products 

via o-QMs.96 

 

6. Biocatalytic Utility of Enzymatic o-QMs 

Synthetic approaches to o-QM formation have been reported in numerous 

biomimetic natural product syntheses, but these approaches typically suffer from poor 

atom economy and require toxic chemical reagents, only to achieve the same reaction 

outcome that nature has already optimized. Some complex molecules derived from o-

QMs, such as the tropolonic sesquiterpenes previously described in this review, are still 

synthetically intractable. Thus, leveraging enzymes for biocatalytic generation of o-QMs 
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and engineering these proteins to perform chemo-, regio-, and stereoselective reactions 

efficiently will supplement traditional synthetic approaches. 

 Heterologous expression is an attractive solution to access rare or unnatural 

cannabinoids that cannot be efficiently produced by current cultivation and synthetic 

methods.97–99 THCA synthase, CBDA synthase, and CBCA synthase have received 

considerable attention for their ability to catalyze cyclization reactions and have been 

successfully integrated into numerous eukaryotic expression systems.98,100–103 

Mutagenesis experiments have identified several key active site residues, but additional 

mutagenic and crystallographic experiments are required to fully understand how these 

enzymes catalyze different cyclization reactions from the same o-QM intermediate. The 

recent characterization of DCA synthase is a promising start for generating analogs with 

various prenyl attachments. Further genome mining and engineering efforts of BBE-like 

enzymes across all domains of life may provide access to additional cannabinoid-like 

scaffolds. 

Synthetic approaches coupling clavatol-like precursors with non-biogenic coupling 

partners have been reported; however, these typically require high temperatures, organic 

solvents, and protection of the clavatol (77) intermediate prior to o-QM generation. 

Alternatively, biological systems have been developed to achieve this same purpose 

using milder conditions and aqueous buffers. Cloning the fungal non-reducing polyketide 

synthase (PKS) gene pksCH-2 into an Aspergillus oryzae heterologous host produced 

chaetophenol A (80) and derivatives 81-82. These intermediates are reductively cyclized 

by an endogenous enzyme in vivo, yielding the isochromenes 83-85 that tautomerize to 

o-QMs (86-88), leading to production of chaetophenol E  (93) and new oligomeric 
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analogs.104 Acid- or base-promoted tautomerization or chemical oxidation also invoked to 

o-QM formation. In total, 40 novel polyketide oligomers (e.g. 92-93), azaphilone-type 

molecules (e.g. 89-91), and indole-polyketide hybrid molecules (e.g. 94-96) were 

prepared using this diversity-oriented semi-synthetic process and screened for antiviral 

activity (Figure 1.7a). A similar combinatorial approach was developed by incubating 

nucleophiles with the hydroxyclavatol (78)-producing strain Penicillium crustosum PRB-

2, which led to the isolation of 15 novel clavatol-alkaloid derivates screened for antiviral 

activity (e.g. 97-100, Figure 1.7b).105 These semi-synthetic approaches achieve both 

Figure 1.7. Biocatalytic developments for in vivo o-QM formation and benzylic functionalization with 
non-natural substrates, resulting in the rapid generation of diverse “pseudo-natural product” libraries. 
(a) Chaetophenol A (80) undergoes reductive cyclization by an endogenous enzyme in the 
heterologous host, which readily tautomerizes to produce a highly reactive o-QM intermediate. (b) 
Production of clavatol-like alkaloids by reacting hydroxyclavatol (78) with indoles and aniline-type 
nucleophiles in vivo. 

ATSAT ACP R

MTPTKS

Chaetomium indicum
pksCH-2

OH

HO
R

O

O

80: R = isoprenyl (chaetophenol A)
81: R = Me
82: R = H

A. oryzae
endogenous enzyme

OH

HO
R

O

83: R = isoprenyl (chaetophenol B)
84: R = Me
85: R = H

O

HO
R

OH

N

O

O

O

OH

O
O

H

HO

O HO

O
HO

O
R

OO

chaetophenol E
93

Polyketide oligomers
(15 total)

O

N
O

O

HO

O
O

O
O

O
O

O

O
OHO

HO

O

Azaphilone-type products
(11 total)

OH

HO
N

MeO

OMe

O

N

HO

O

HN

O

Indole-polyketide hybrids
(14 total)

P. crustosum PRB-2

O OH

O

N
H

R1

R2

R1 = R2 = H
R1 = CHO, R2 = H
R1 = COOH, R2 = H
R1 = H, R2 = C6H5

OH

HO

O

N
H

OH

HO
O

HO

HO

O

N
H

HO

OH

O

N
H

N
H

CF3

CF3

OH

OHO

in vivo

b

a

86: R = isoprenyl
87: R = Me
88: R = H

92919089

Aspergillus oryzae

94 95

96

9897 99 100

Clavatol-like alkaloids
(15 total)



 

 27 

efficient  construction of o-QMs and structural diversification for rapid combinatorial library 

generation.  

ClaD and CitB have also demonstrated remarkable substrate promiscuity to 

generate benzylic alcohols that can undergo facile o-QM formation.106 In total, 21 of the 

22 aromatic substrates screened in vitro were accepted by either ClaD or CitB (Scheme 

1.7a). The only substrate that showed no activity with both ClaD and CitB was lacking 

any substituents at R1, indicating that an electron withdrawing group is essential at this 

position. These benzyl alcohols could be further functionalized by gentle heating and 

addition of various alcohols, amines, thiols, and alkenes to the reaction mixture. This 

process is compatible with chemoselectively labeling cysteine-containing peptides in situ, 

which could be applicable for biorthogonal chemistry applications. These reactions could 

be scaled up to >500 mg with no enzyme purification required. This mild one-pot process 

was also applied to chemoenzymatically synthesize (–)-xyloketal D (4) and its 

diastereomer (103) from 101 in a 2:1 ratio with overall improved yields compared to any 

previously reported total synthesis (Scheme 1.7b). This strategy is amenable to 

Scheme 1.7. Chemoenzymatic benzylic functionalization reactions via an o-QM with a-KG dependent 
non-heme iron oxygenases ClaD and CitB. (a) Various aryl-substituted substrates could be accepted. 
Additional nucleophiles could be added to the reaction mixture after benzyl alcohol protection. (b) One-
pot chemoenzymatic synthesis of (–)-xyloketal D (4).  
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chemoenzymatically synthesize chromane-containing natural products and derivatives 

alike.  

 

7. Conclusions and Future Directions  

ortho-Quinone methides are notoriously reactive chemical intermediates that 

require careful manipulation to achieve desired chemo-, regio-, and stereoselective 

outcomes. Numerous chemical approaches have been designed to harness o-QMs in 

natural product total syntheses but face many obstacles to be effectively utilized. Nature 

has refined its own strategies to generate o-QMs with greater chemo-, regio-, and 

stereoselectivity. Recent advancements in sequencing technology and synthetic biology 

have revealed eleven enzymes across four distinct families thus far that can generate o-

QMs and perform oxidative cyclizations, intra- and intermolecular nucleophilic addition 

reactions, dehydrogenations, and hetero-Diels-Alder reactions. The remarkable enzyme 

and substrate diversity reported so far is a promising starting point for engineering 

enzymes for biocatalytic o-QM generation and utilization. Furthermore, the presently 

known enzymes can be used as probes in genome mining efforts to identify similar 

enzymes with complementary reactivity, improved catalytic activity, and to aid in the 

discovery of new biosynthetic gene clusters.   

 

 

Chapter 1 has been submitted for publication in the Journal of Natural Products, 

2022, Purdy, Trevor N.; Moore, Bradley S.; Lukowski, April L. The dissertation author was 

primary author of this material.  
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Chapter 2 
 

Progress Towards the Biomimetic Total Synthesis of 
(±)-Chlorizidine A 

 
Trevor N. Purdy, Grant S. Seiler, Daria E. Kim, Chambers C. Hughes 

 
 

 
Abstract: A chemoenzymatic formal synthesis of the marine microbial natural product 

(–)-chlorizidine A is herein described by synthesizing the biosynthetic precursor, 

prechlorizidine. An intramolecular Heck reaction was first used to construct the unusual 

pyrrolo[2,1-a]indolone ring system, and the pyrrolizine ring was then attached using an 

intermolecular Friedel-Crafts acylation. Subsequent reduction and deprotection steps 

generated a late-stage hydroxylated derivative of prechlorizidine. The final target reaction 

required generation of a highly reactive ortho-quinone intermediate to facilitate a 

biomimetic, intramolecular cyclization reaction. Unfortunately, these attempts led to rapid 

degradation of the late-stage intermediate before any product could be observed. An 

alternative reduction strategy by ketone deoxygenation using Luche conditions and 

subsequent hydrogenation shows promising results to access the biosynthetic 

intermediate prechlorizidine. In total, the convergent total synthesis of 13-

hydroxyprechlorizidine was reached in 16 total steps with a longest linear sequence of 11 

steps and 3.6% yield. 
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(–)-Chlorizidine A (1) is a tetrachlorinated alkaloid first reported in 2013 from culture 

broths of marine Streptomyces species CNH-287, which was collected from marine 

sediment off the coast of San Clemente, California, USA.1 As a naturally-occurring 

molecule, the structure of chlorizidine is unprecedented; the pyrrolo[2,1-a]isoindolone ring 

system has not appeared in any natural product to date (Figure 2.1). Importantly, 

chlorizidine A exhibits low micromolar cytotoxicity toward an HCT-116 colon cancer cell 

line. Early structure-activity relationship studies demonstrated that the intact 

pyrroloisoindolone moiety is essential for cytotoxicity; chlorizidine B (2), assumed to be a 

degradation product of 1, exhibits no significant cytotoxicity.  

 

 
 

Figure 2.1. Structures of (–)-chlorizidine A (1) and a purported degradation analog chlorizidine B (2). 
 

In addition to its unique structure and cytotoxic characteristics, chlorizidine has a novel 

mechanism of action. The compound appears to bind to and inhibit the glycolytic enzyme 

enolase as demonstrated by co-immunoprecipitation of a fluorescent chlorizidine-derived 

probe with target proteins in a whole-cell lysate.2 Interestingly, cancer cells rely heavily 

on glycolysis for energy production compared to normal cells, a phenomenon called the 

“Warburg effect,” and glycolytic inhibitors have been shown to have anticancer 

properties.3–5 Given that there are very few cell permeable small molecules that target 
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and inhibit enolase, chlorizidine could serve as a lead compound and stimulate the 

development of anti-enolase cancer chemotherapies.6–8  

Further biological studies have been hindered by an inadequate supply of 1. Isolation 

from bacterial culture is low-yielding and unreliable owing, at least in part, to the high pH 

reached during cultivation, the presence of various nucleophiles in the culture medium, 

and the apparent electrophilicity of the metabolite’s C-12 amide functionality.1 In addition, 

there is currently no reported synthesis of chlorizidine; the only published approach 

toward the total synthesis of (±)-chlorizidine A culminated in the 10-step synthesis of an 

inactive methylated derivative that could not be demethylated.9  

Our retrosynthetic analysis was inspired by the reported biosynthesis of the molecule. 

Two dichloropyrrole units derived from L-proline are prepared in parallel by PKS and fatty 

acid synthase (FAS) extension and then coupled together by a decarboxylative Claisen 

condensation reaction to yield prechlorizidine (3). We wanted to replicate this convergent 

approach developed by Nature by preparing two independent dichloropyrrole units 

separately that could be coupled together at a late stage. In the final biosynthetic step, 

the flavin-dependent oxidase Clz9 catalyzes benzylic oxidation of 3 via an ortho-quinone 

methide (o-QM), which is attacked by the pendant pyrrole nucleophile to form the 

pyrrolizine ring in an enantioselective fashion (Scheme 2.1a).10 Given the utility of o-QMs 

in numerous biomimetic syntheses, we imagined we could effect this same transformation 

using chemical oxidants, though perhaps without the exquisite stereocontrol 

characteristic of biosynthetic enzymes (Scheme 2.1b).11–14 Prechlorizidine or 13-

hydroxyprechlorizidine (4) were retrosynthetically disconnected by Friedel-Crafts 

acylation via the oxidized intermediate 5, into pyrroloisoindolone 6 and protected acyl 
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chloride 7. The pyrroloisoindolone core would be formed from acylating pyrrole sodium 

salt 8 with acyl chloride 9, followed by intramolecular Heck coupling. We envisioned the 

second fragment coming from a Wittig olefination of 10 with the commercially available 

phosphonium bromide 11. 
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We first directed our efforts toward the synthesis of methyl-protected 

pyrroloisoindolone 6. 1-Bromo-3,5-dimethoxybenzene (12) was successfully converted to 

1-iodo-3,5-dimethoxybenzene (13) by a copper-catalyzed aromatic Finkelstein reaction.15 

We chose this protocol instead of the more common lithium-halogen exchange protocols 

because it was much easier to perform on a multigram scale and did not require 

purification before the following steps. The iodobenzene intermediate could then be 

subjected to Vilsmeier-Haack formylation and subsequent Pinnick oxidation conditions, 

yielding carboxylic acid 13 in 57% overall yield over 3 steps (Scheme 2.2).16 Acyl chloride 

formation with thionyl chloride provided 9 that was used to N-acylate the sodium salt of 

pyrrole (8) to yield 14 in 66% over two steps. A palladium-catalyzed intramolecular Heck 

reaction was then used to generate 15 in 90% yield, which was chlorinated with N-

chlorosuccinimide to give dichlorinated pyrroloisoindolone 6 in 40% yield after column 

chromatography. This chlorination reaction suffered from a low yield due to the 

Scheme 2.2. Synthesis of pyrroloisoindolone core by an intramolecular Heck reaction. 
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unavoidable mono-, di-, and trichlorinated byproducts; however, these byproducts could 

be used to generate various halogenated analogs of chlorizidine A and screened for 

biological activity. To verify the structure of 6, the compound was demethylated with BBr3 

in 60% yield and acetylated with Ac2O in 50% yield to give 16. The product was then 

crystallized and analyzed by X-ray crystallographic methods, confirming the desired 

regiochemistry the dichloropyrrole moiety (Figure S49).  

The next goal was to develop a high-yielding synthetic route to dichloropyrrole 7. 

Although dichlorination of pyrrole-2-carboxylate could be performed according to the 

literature,17 subsequent oxidation-reduction reactions to form 10 were problematic. So, 

we tried to dichlorinate pyrrole-2-carboxyaldehyde (17) directly, despite there being no 

precedence for this transformation (Scheme 2.3); only regioselective dibromination has 

been reported.18 Treatment of 17 with cold sulfuryl chloride gave a mixture of mono-, di-, 

and trichlorinated products, similar to the chlorination of 15, which were carefully 

separated by column chromatography yielding 10 in 64% yield. A one-pot reaction by in 

situ preparation of the Wittig from the commercially available phosphonium bromide 11 
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with 10 coupled with Fmoc protection of the pyrrole nitrogen gave the protected tert-butyl 

ester 18 in 73% yield. Protecting the pyrrole nitrogen proved to be necessary for 

subsequent Friedel-Crafts acylation. Several other protecting groups were explored, 

including Boc, Cbz, and MOM; however, these alternatives were ultimately too labile or 

too difficult to selectively remove in later steps. Intermediate 18 was quantitatively 

hydrolyzed with TFA and the resulting carboxylic acid was converted to acid chloride 7 

using oxalyl chloride. 

In the second carbon–carbon bond forming event, 6 and 7 were coupled to give 5 

using titanium(IV) chloride in 60% yield (Scheme 2.4). The structure of 5, including the 

regioselectivity of the acylation at C-9, was confirmed using 2D NMR experiments (COSY, 

HSQC, HMBC; see Figure S27-29). Since previous attempts at the total synthesis of 

chlorizidine A reported degradation upon demethylation of late-stage intermediates,9 the 

compound was globally deprotected prior to any further manipulation with excess BBr3 in 

60% yield to give 19. Deprotection significantly decreased the solubility of subsequent 

intermediates in organic solvents. Our initial attempts to reduce the α,β-ketone to the 

benzyl alcohol 4 at this stage resulted in dechlorination, reduction of the 

pyrroloisoindolone carbonyl, or degradation of the starting material. Reduction attempts 

with NaBH4 did show some promise but generated a mixture of products. Thus, we first 

reduced the olefin using Wilkinson’s catalyst to generate the saturated ketone 

intermediate 20. We also attempted a procedure employing a Hantzsch ester reagent as 

the reductant, but we could not push the reaction to completion.19 20 could then be 
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chemoselectively reduced to yield the racemic saturated alcohol 4 using NaBH4. Next, 

we subjected 4 to several commonly employed techniques known to induce formation of 

an o-QM intermediate in hopes that we could induce intramolecular cyclization.11–13  
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Unfortunately, gentle heating to 50 °C in THF or MeOH resulted in a mixture of undesired 

products, and our attempts promote acid-catalyzed o-QM formation immediately 

degraded the starting material. Base-catalyzed cyclization strategies were not tested due 

to the reported reactivity of the C-12 amide. Given the instability of 20, we tried to 

complete the synthesis by either a Mitsonobu reaction or Appel reaction, but both 

attempts led to degradation of starting material. It is worth noting that a Mitsonobu reaction 

was used in the synthesis methyl-protected chlorizidine, suggesting that protection of the 

phenols may be necessary for this reaction to succeed.9 Another alternative strategy 

could be to synthesize prechlorizidine (3). Regioselective reductive deoxygenation using 

Luche conditions with NaBH3CN and CeCl3 showed conversion of 19 to a product with 

mass m/z = 440.9381 ([M-H]-; C18H10Cl4N2O3) and UV/vis profile matching the previously 

characterized pyrroloisoindolone intermediates, suggesting chemoselective reduction 

and deoxygenation of the benzylic ketone. Subsequent hydrogenation with Wilkinson’s 

catalyst yielded product that matches the exact mass, UV/Vis spectral characteristics, 

and retention time of 3 by HR-LC-MS analysis (Figures S43, 47-48). However, these 

products have yet to be purified and confirmed by NMR. This reduction sequence to 3 

would access a biosynthetic that could then be enantioselectively cyclized to (–)-1 using 

the flavin-dependent oxidase Clz9.10  

Many of the challenges arise following the demethylation of 5, including issues with 

solubility and stability. We decided to demethylate 5 at this point because the reported 

synthesis of methyl-protected (±)-chlorizidine A could not remove the methyl groups at 

the final step.9 Therefore, any routes following this procedure will have greater chances 

to succeed by replacing the two methyl groups with a different protecting group at an 
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earlier stage. However, this approach has several drawbacks. First, our preliminary 

attempts to chemoselectively protect the phenolic hydroxyls with MOM or Ac2O showed 

a mixture of di- and tri-protected products, suggesting the pendant dichloropyrrole 

nitrogen was also protected under these conditions. Second, protecting group options are 

severely limited: base-sensitive protecting groups are not recommended, due to likely 

hydrolysis of the pyrroloisoindolone amide; metal-catalyzed deprotection strategies (e.g. 

Pd-based strategies for benzyl ether deprotections) are also discouraged due to possible 

metal-halide insertion into either dichloropyrrole unit. Acid-labile protecting groups are 

possible but cannot be introduced until a late stage given the acidic conditions during acyl 

chloride formation to generate 8 and the production of HCl during Friedel-Crafts acylation 

to generate 5. Using acid-labile protecting groups, such as silyl-ethers or MOM are proven 

strategies to mask o-QMs until ready for activation.20,21 Exchanging methyl groups for 

something that can be removed at a step concurrent with o-QM formation would be the 

recommended way to mitigate undesired reactions prior to biomimetic cyclization. Given 

all these obstacles, protecting groups must be carefully chosen at different stages of the 

synthesis in future attempts. 

In summary, we have achieved the synthesis of racemic 13-hydroxyprechlorizidine 

towards the biomimetic total synthesis of (±)-chlorizidine A. While the total synthesis of 

chlorizidine A, in its racemic or enantiopure form, has yet to be achieved, the route 

outlined in this chapter lays the groundwork for future attempts to reach the target 

molecule. Through this synthetic endeavor, we developed a novel route to 

pyrroloisoindolones by an intramolecular Heck reaction and devised a convergent route 

that is amenable to the production of various halogenated or even heteroaryl derivatives. 
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We also describe the first report to generate chlorinated pyrrole-2-carboxaldehyde. The 

convergent nature of this approach is amenable to producing a library of multihalogenated 

synthetic derivatives that can be screened for biological activity. The challenges faced in 

the final steps of this work highlight the delicate nature of complex natural products and 

the inspiration synthetic chemists can draw upon to replicate processes already optimized 

by Nature.  

 

Chapter 2 is coauthored with Purdy, Trevor N.; Seiler, Grant S.; Kim, Daria E.; Hughes, 

Chambers C. The dissertation author was the primary investigator and author of this 

material. 
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Materials 

All reactions requiring inert conditions were carried out under an atmosphere of 

nitrogen with magnetic stirring. THF, DMF, MeCN, DCM, and MeOH were dried under 

nitrogen prior to use. Air sensitive reagents and solutions were transferred via syringe or 

cannula and were introduced to the apparatus via rubber septa. All reagents, starting 

materials and solvents were obtained from commercial suppliers and used as such 

without further purification. Reactions were monitored by thin layer chromatography over 

silica gel 60 F254 (Merck) and visualized by irradiation with ultraviolet light (254 nm). 

Preparative column chromatography was carried out on a Teledyne ISCO CombiFlash® 

Rf+ Lumen™ flash chromatography system using diatomaceous earth for sample loading 

and silica gel 60 (EMD, 40-63µm) for the stationary phase. Infrared spectra were recorded 

on a Nicolet IR 100 FT-IR (Thermo) spectrometer. The 1H NMR spectra were recorded 

on 500 MHz Jeol NMR spectrometer using solvent residue signal as an internal standard 

[1H NMR: CDCl3 (7.27), (CD3)2CO (2.05), CD3CN (1.94), DMSO-d6 (2.50); 13C NMR: 

CDCl3 (77.0), (CD3)2CO (29.8, 206.3), CD3CN (1.3, 118.3), DMSO-d6 (39.5)]. LC-MS/MS 

analyses were conducted with an Agilent 6530 Accurate-Mass Q-TOF MS (MassHunter 

software, Agilent) equipped with a Dual electrospray ionization source and an Agilent 

1260 LC system (ChemStation software, Agilent) with diode array detector.
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Experimental Procedures 

 

 
A 500 mL round bottom flask equipped with a stir bar was oven-dried, charged with 

N2, and filled with 250 mL dioxane. Sequentially, 1-bromo-3,5-dimethoxybenzene (12) 

(50.0 g, 230 mmol), sodium iodide (69.0 g, 461 mmol), copper iodide (2.19 g, 11.5 mmol), 

and trans-N,N′-dimethylcyclohexane-1,2-diamine (3.63 mL, 23.0 mmol) were added to 

the flask. The solution was heated to 110 °C overnight. After cooling to room temperature, 

the reaction was quenched with 250 mL of water, filtered, and rinsed with EtOAc. The 

mixture was then extracted with EtOAc (3 x 300 mL). The organic layer was then washed 

with brine, dried with anhydrous Na2SO4, filtered, and concentrated to dryness under 

reduced pressure to yield a crude gray solid. The crude material was pushed forward 

without further purification. UV/Vis: lmax = 252, 277, 284 mm; 1H NMR (500 MHz, CDCl3) 

δ 6.85 (d, 2H, J = 2.3 Hz), 6.40 (t, 1H, J = 2.3 Hz), 3.76 (s, 6H). HR-ESI-TOFMS: m/z 

(M+H)+ calculated for C8H9IO2 264.9620, found 264.9674. Data for 1-iodo-3,5-

dimethoxybenzene matched that previously reported in the literature.1 
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A 250 mL round bottom flask equipped with a stir bar was oven-dried, charged with 

N2, filled with 75 mL DMF, and cooled to 0 °C. 1-iodo-3,5-dimethoxybenzene (S1) (62.0 

g, 235 mmol) was added to the flask, followed by dropwise addition of phosphoryl chloride 

(24.1 mL, 258 mmol). The solution was stirred for 10 minutes, then warmed to 100 °C in 

an oil bath and stirred for 3 hours. The reaction was quenched with a 1 M solution of 

sodium acetate (175 mL), poured into 1.5 L of water and extracted with EtOAc (3 x 300 

mL). The organic layer was then washed with brine, dried with anhydrous Na2SO4, 

filtered, and concentrated under reduced pressure. The crude material was pushed 

forward without further purification. UV/Vis: lmax = 232, 289, 316 nm; 1H NMR (500 MHz, 

CDCl3) δ=10.1 (s, 1H), 7.13 (d, 1H, J = 2.2 Hz), 6.48 (d, 1H, J = 2.1 Hz), 3.89 (s, 3H), 

3.86 (s, 3H). HR-ESI-TOFMS: m/z (M+H)+ calculated for C9H9IO3 292.9663, found 

292.9647. Data for 2-iodo-4,6-dimethoxybenzaldehyde matched that previously reported 

in the literature.2 
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sodium phosphate monobasic (6.16 g, 51.4 mmol), 30% H2O2 in water (25 mL) and 

sodium chlorite (37.2 g, 411 mmol) were added to the flask. The solution was warmed to 

room temperature over 3 hours, and then concentrated under reduced pressure to 

remove acetonitrile. An additional 150 mL of water was added, and the mixture was 

extracted with EtOAc (3 x 200 mL). The organic layer was then washed with brine, dried 

with anhydrous Na2SO4, filtered, and concentrated under reduced pressure. The crude 

mixture was purified by flash chromatography using silica gel and a gradient from 0% to 

100% hexanes/EtOAc as eluent over 25 minutes to yield a white solid (28.8 g, 57% over 

three steps). UV/Vis: lmax = 234, 280, 286 nm; 1H NMR (500 MHz, CDCl3) δ 7.00 (d, 1H, 

J = 2.2 Hz), 6.47 (d, 1H, J = 2.1 Hz), 6.48 (d, 1H, J = 2.1 Hz), 3.85 (s, 3H), 3.81 (s, 3H). 

HR-ESI-TOFMS: m/z (M-H)- calculated for C9H9IO4 306.9473, found 306.9467. Data for 

13 matched that previously reported in the literature.2 

 

 

 
A 100 mL round bottom flask equipped with a stir bar was oven-dried and charged 

with N2. 2-iodo-4,6-dimethoxybenzoic acid (13) (28.8 g, 93.5 mmol) was added to the 

flask, followed by addition of thionyl chloride (30 mL). The solution was stirred at room 

temperature for 2 hours. The reaction was concentrated to complete dryness under 

reduced pressure and the crude material was pushed forward without purification. 
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A 500 mL round bottom flask equipped with a stir bar was oven-dried, charged with 

N2, filled with 200 mL THF, and cooled to 0 °C. Sodium hydride (60% dispersion in mineral 

oil; 9.35 g, 234 mmol) was added to the flask, followed by dropwise addition of pyrrole 

(13.0 mL, 187 mmol). The mixture was stirred for 30 minutes, until the evolution of H2 gas 

ceased. The reaction was then cooled to 0 °C and treated dropwise with 2-iodo-4,6-

dimethoxybenzoyl chloride (S3) (30 g, 93 mmol) dissolved in a minimal amount of THF. 

The resulting mixture was warmed to room temperature over 2 hours, then quenched with 

a saturated solution of ammonium chloride (200 mL) and extracted with EtOAc (3 x 300 

mL). The organic layer was washed with brine, dried with anhydrous Na2SO4, filtered, and 

concentrated under reduced pressure. The crude mixture was purified by flash 

chromatography using silica gel and a gradient from 0% to 40% hexanes/EtOAc as eluent 

over 25 minutes to yield a white solid (22.0 g, 66%). UV/Vis: lmax = 239, 280 nm; 1H NMR 

(500 MHz, CDCl3) δ 7.59 (br. s, 2H), 6.96 (d, 1H, J = 2.1 Hz), 6.50 (d, 1H, J = 2.1 Hz), 

6.29 (br. s, 2H), 3.82 (s, 3H), 3.72 (s, 3H); 13C{1H} NMR (125 MHz, CDCl3) δ 165.9, 162.1, 

158.2, 122.9, 115.4, 113.7, 98.9, 93.6, 56.1, 55.9. HR-ESI-TOFMS: m/z (M+H)+ 

calculated for C13H12IO3 357.9935, found 357.9948. 

 

THF, 0 °C - r.t.
2 h

I

OMeMeO

I

OMeMeO

O
Cl

O

14

N
1) NaH
2) Pyrrole

S3



 

  56 

 

 
A 1 L round bottom flask equipped with a reflux condenser and stir bar was oven-

dried, charged with N2, and filled with 300 mL acetonitrile. Sequentially, (2-iodo-4,6-

dimethoxyphenyl)(1H-pyrrol-1-yl)methanone (14) (11.0 g, 30.8 mmol), 

triphenylphosphine (4.84 g, 18.5 mmol), potassium carbonate (8.51 g, 6.16 mmol), 

tetraethylammonium chloride (5.10 g, 30.8 mmol), and palladium (II) acetate (2.07 g, 9.24 

mmol) were added to the flask, and the reaction was heated to reflux for 8 hours. Upon 

completion, the reaction was filtered through celite and concentrated under reduced 

pressure to remove the acetonitrile. The reaction was then washed with 150 mL of water 

and extracted with EtOAc (3 x 150 mL). The organic layer was washed with brine, dried 

with anhydrous Na2SO4, filtered, and concentrated under reduced pressure. The crude 

mixture was purified by flash chromatography using silica gel and a gradient from 0% to 

70% hexanes/EtOAc over 25 minutes as eluent to yield a yellow solid (6.35 g, 90%). 

UV/Vis: lmax = 260, 340, 354, 408 nm; 1H NMR (500 MHz, CDCl3) δ 7.00 (dd, 1H, J = 

3.06, 0.84 Hz), 6.44 (d, 1H, J = 1.88 Hz), 6.18 (dd, 1H, J = 3.11, 0.83 Hz), 6.16 (d, 1H, J 

= 1.87 Hz), 6.13 (t, 1H, J = 3.09 Hz), 3.92 (s, 3H), 3.87 (s, 3H); 13C{1H} NMR (125 MHz, 

CDCl3) δ 167.4, 161.6, 160.5, 140.3, 134.2, 116.7, 116.0, 110.3, 107.2, 98.6, 96.7, 56.0, 

56.0. HR-ESI-TOFMS: m/z (M+H)+ calculated for C13H11NO3 230.0812, found 230.0827. 

 

CH3CN, 90 °C
8 hr

I

OMeMeO

O

N

N

O
OMe

OMe

14

Pd(OAc)2, PPh3,
K2CO3, TEAC

15



 

  57 

 

 
A 1 L round bottom flask equipped with a reflux condenser and stir bar was oven-

dried and filled with 275 mL acetonitrile. 6,8-dimethoxy-5H-pyrrolo[2,1-a]isoindol-5-one 

(15) (6.35 g, 27.7 mmol) and N-chlorosuccinimide (7.77 g, 58.2 mmol) were added to the 

flask, and the solution was heated to reflux for 6 hours. Upon completion, the reaction 

was washed with 150 mL of water and extracted with DCM (2 x 150 mL). The organic 

layer was washed with brine, dried with anhydrous Na2SO4, filtered, and concentrated 

under reduced pressure. The crude mixture was purified by flash column chromatography 

using silica gel and a gradient from 0% to 20% hexanes/DCM over 30 minutes as eluent 

to yield a yellow solid (3.03 g, 40%). UV/Vis: lmax = 269, 327, 343, 416 nm; 1H NMR (500 

MHz, CDCl3) δ 6.62 (s, 1H), 6.17 (d, 1H, J = 3.4 Hz), 6.02 (d, 1H, J = 3.4 Hz), 4.10 (s, 

3H), 3.98 (s, 3H); 13C{1H} NMR (125 MHz, CDCl3) δ 162.0, 159.4, 157.3, 136.2, 133.4, 

117.5, 115.3, 115.1, 114.3, 107.4, 98.8, 62.7, 57.0; HR-ESI-TOFMS: m/z (M+Na)+ 

calculated for C13H9Cl2NO3 319.9851, found 319.9860. 
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A 50 mL round bottom flask equipped with a reflux condenser and stir bar was 

oven-dried, charged with N2, and filled with 10 mL DCM. 2,3-dichloro-6,8-dimethoxy-5H-

pyrrolo[2,1-a]isoindol-5-one (6) (500 mg, 1.68 mmol) and 5 mL of a 1.0 M solution of BBr3 

in DCM (5 mmol) were added to the flask, and the solution at room temperature for 12 

hours. Upon completion, the reaction was slowly poured over ice water and extracted with 

EtOAc (3 x 20 mL). The organic layer was washed with brine, dried with anhydrous 

NasSO4, filtered, and concentrated under reduced pressure. The crude mixture was 

purified by flash column chromatography using silica gel and a gradient from 0% to 20% 

DCM/MeOH over 20 minutes as eluent to yield an orange solid (270 mg, 60%). UV/Vis: 

lmax = 267, 352, 398 nm; 1H NMR (500 MHz, CD3CN) δ 6.37 (d, 1H, J = 1.7 Hz), 6.54 (d, 

1H, J = 1.7 Hz), 6.42 (s, 1H); 13C{1H} (125 MHz, CD3CN) δ 159.0, 133.3, 113.9, 111.8, 

111.1, 108.2, 107.6a; HR-ESI-TOFMS: m/z (M-H)- calculated for C11H5Cl2NO3 267.9573, 

found 267.9585. a4 carbons not observed from HSQC and HMBC data. 
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A 10 mL round bottom flask equipped with a stir bar was oven-dried and filled with 

5 mL DCM. 2,3-dichloro-6,8-dihydroxy-5H-pyrrolo[2,1-a]isoindol-5-one (S4) (125, 0.462 

mmol) and pyridine were added to the flask. The reaction was then cooled to 0 °C and 

treated dropwise with acetic anhydride. The resulting mixture was warmed to room 

temperature over 2 hours, then quenched with H2O and extracted with DCM (3 x 5 mL). 

The organic layer was washed with brine, dried with anhydrous Na2SO4, filtered, and 

concentrated under reduced pressure. The crude mixture was purified by flash 

chromatography using silica gel and a gradient from 0% to 20% hexanes/EtOAc as eluent 

over 20 minutes to yield a yellow solid (80.7 mg, 50%). UV/Vis: lmax = 266, 317, 420 nm; 

1H NMR (500 MHz, CDCl3) δ 6.98 (d, 1H, J = 1.6 Hz), 6.71 (d, 1H, J = 1.6 Hz), 6.26 (s, 

1H), 2.39 (s, 3H), 2.32 (s, 3H), 3.72; HR-ESI-TOFMS: m/z (M+Na)+ calculated for 

C15H9Cl2NO5 375.9751, found 375.9791. 
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A 1 L round bottom flask equipped with a stir bar was oven-dried, charged with N2, 

filled with 500 mL DCM, and cooled to 0 °C. 1H-pyrrole-2-carboxaldehyde (17) (8.33 g, 

87.6 mmol) was added to the flask, followed by slow addition of sulfuryl chloride (21.2 

mL, 263 mmol). The solution was slowly warmed to room temperature over 5 hours, then 

diluted with a saturated solution of K2CO3 (400 mL) and extracted with DCM (3 x 300 mL). 

The organic layer was washed with brine, dried with anhydrous Na2SO4, filtered, and 

concentrated under reduced pressure. The crude mixture was purified by flash 

chromatography using silica gel and a gradient from 0% to 8% hexanes/EtOAc over 45 

minutes as eluent to yield a white solid (9.24 g, 64%). UV/Vis: lmax = 251, 280, 313 nm; 

1H NMR (500 MHz, CDCl3) δ 10.42 (br. s, 1H), 9.36 (s, 1H), 6.92 (s, 1H); 13C{1H} NMR 

(125 MHz, CDCl3) δ 178.2, 129.6, 123.6, 120.5, 112.9; HR-ESI-TOFMS: m/z (M-H)- 

calculated for C5H3Cl2NO 161.9519, found 161.9515. 
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A 1 L round bottom flask equipped with a stir bar was oven-dried, charged with N2, 

filled with 400 mL THF, and cooled to 0 °C. Sodium hydride (60% dispersion in mineral 

oil, 1.64 g, 40.9 mmol) and (tert-butoxycarbonylmethyl)-triphenylphosphonium bromide 

(18.8 g, 40.9 mmol) were added to the flask. The mixture was stirred for 30 minutes before 

4,5-dichloro-1H-pyrrole-2-carbaldehyde (11) (5.37g, 32.7 mmol) was added to the 

solution, and stirred for another 12 hours. A second portion of sodium hydride (60% 

dispersion in mineral oil, 1.64 g, 40.9 mmol) was added to the reaction mixture and stirred 

for an additional 30 minutes, followed by the addition of 9-fluorenylmethyl chloroformate 

(10.6 g, 40.9 mmol). The reaction was stirred at room temperature for 2 hours, then 

quenched with a saturated solution of ammonium chloride (300 mL) and extracted with 

EtOAc (3 x 500 mL). The organic layer was quenched with brine, dried with anhydrous 

Na2SO4, filtered, and concentrated under reduced pressure. The crude mixture was 

purified by flash column chromatography using silica gel and a gradient from 0% to 30% 

hexanes/EtOAc as eluent over 20 minutes to yield a white solid (11.6 g, 73%). UV/Vis: 

lmax =  264, 305, 324;  1H NMR (500 MHz, CDCl3) δ 7.87  (d, 1H, J = 15.8 Hz), 7.78 (d, 

2H, J = 7.5 Hz), 7.61 (d, 2H, J = 7.5 Hz), 7.43 (t, 2H, J = 7.5 Hz), 7.33 (t, 2H, J = 7.5 Hz), 

6.13 (d, 1H, J = 15.8), 4.81 (d, 2H, J = 6.2 Hz), 4.38 (t, 1H, J = 6.2 Hz), 1.47 (s, 9H); 

13C{1H} NMR (125 MHz, CDCl3) δ 165.8, 149.2, 143.0, 141.6, 132.1, 131.1, 128.2, 127.4, 
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125.0, 20.7, 120.3, 117.6, 116.5, 112.8, 80.9, 70.4, 46.6, 28.2; HR-ESI-TOFMS: m/z (M-

C15H11O2•)- C26H23Cl2NO4 calculated for 260.0245, detected 260.0250. Loss of C15H11O2• 

indicative of in-source fragmentation of the Fmoc protecting group. 

 

 

 
A 500 mL round bottom flask equipped with a stir bar was oven-dried, charged with 

N2, and filled with 190 mL THF. (9H-fluoren-9-yl)methyl (E)-5-(3-(tert-butoxy)-3-oxoprop-

1-en-1-yl)-2,3-dichloro-1H-pyrrole-1-carboxylate  (18) (18.5 g, 38.2 mmol) was added to 

the flask, followed by trifluoroacetic acid (36.9 mL, 382 mmol). The resulting solution was 

stirred at room temperature for 2 hours. The reaction was then concentrated to complete 

dryness under reduced pressure to yield a tan solid (14.7 g, 34.4 mmol) without further 

purification. UV/Vis: lmax = 264, 301, 322 nm; 1H NMR (500 MHz, (CD3)2CO) δ 10.8 (br. 

s, 1H) 7.99 (d, 1H, J = 15.9 Hz), 7.88 (d, 2H, J = 7.5 Hz), 7.76 (d, 2H, J = 7.5 Hz), 7.43 (t, 

2H, J = 7.5 Hz), 7.35 (t, 2H, J = 7.5 Hz), 7.01 (s, 1H) 6.34 (d, 1H, 15.9 Hz), 5.05 (d, 2H, J 

= 5.3 Hz), 4.52 (t, 1H, J = 5.3 Hz); 13C{1H} NMR (125 MHz, (CD3)2CO) δ 167.4, 149.7, 

144.3, 142.4, 134.1, 132.0, 128.8, 128.1, 125.9, 120.9, 119.3, 117.9, 116.5, 113.6, 70.9, 

47.4; HR-ESI-TOFMS: m/z (M-C15H11O2•)- C26H23Cl2NO4 calculated for 203.9624, 

detected 203.9663 and m/z (2M-H)- C26H23Cl2NO4 calculated for 853.0683, detected 

853.1684. Loss of C15H11O2• indicative of in-source fragmentation of the Fmoc protecting 

group. 
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A 125 mL round bottom flask equipped with a stir bar was oven-dried and charged 

with N2, then filled with 60 mL DCM and a catalytic amount DMF. (E)-3-(1-(((9H-fluoren-

9-yl)methoxy)carbonyl)-4,5-dichloro-1H-pyrrol-2-yl)acrylic acid (S5) (2.62 g, 6.12 mmol) 

was added to the flask, followed by dropwise addition of oxalyl chloride (1.56 mL, 61.2 

mmol). The reaction mixture was stirred at room temperature for 2 hours. The reaction 

was then concentrated to complete dryness under reduced pressure and the crude 

material was pushed forward without purification. 

 

 

 
A 100 mL round bottom flask equipped with a stir bar was oven-dried and charged 

with N2, then filled with 20 mL DCM. 2,3-dichloro-6,8-dimethoxy-5H-pyrrolo[2,1-

a]isoindol-5-one (6) (1.46 g, 4.89 mmol) was added to the flask, followed by 12.2 mL of a 

1.0 M solution of TiCl4 in DCM (12.2 mmol). The reaction was stirred for 5 minutes before 

a solution of (9H-fluoren-9-yl)methyl (E)-2,3-dichloro-5-(3-chloro-3-oxoprop-1-en-1-yl)-

1H-pyrrole-1-carboxylate (2.73 g, 6.12 mmol) dissolved in 20 mL DCM was slowly added 

to the reaction. The reaction was stirred at room temperature for 2 hours, then quenched 

with a saturated solution of ammonium chloride (50 mL) and extracted with EtOAc (3 x 
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50 mL). The organic layer was quenched with brine, dried with anhydrous Na2SO4, 

filtered, and concentrated under reduced pressure. The crude mixture was purified by 

flash column chromatography using silica gel and a gradient from 0% to 30% 

hexanes/EtOAc as eluent over 20 minutes to yield a yellow solid (2.07 g, 60%). UV/Vis: 

lmax =  264, 383;  1H NMR (500 MHz, CDCl3) δ 8.04  (d, 1H, J = 15.5 Hz), 7.76 (d, 2H, J 

= 7.5 Hz), 7.60 (d, 2H, J = 7.5 Hz), 7.42 (t, 2H, J = 7.5 Hz), 7.32 (t, 2H, J = 7.5 Hz), 7.24 

(d, 1H, J = 15.5), 6.77 (s, 1H), 6.76 (s, 1H), 6.69 (s, 1H), 4.85 (d, 2H, J = 6.1 Hz), 4.38 (t, 

1H, J = 6.1 Hz), 4.13 (s, 3H), 4.00 (s, 3H); 13C{1H} NMR (125 MHz, CDCl3) δ 182.9, 162.3, 

157.3, 142.7, 141.6, 135.1, 132.3, 132.2, 130.8, 128.4, 127.7, 127.6, 124.9, 123.3, 120.2, 

118.3, 116.2, 113.7, 113.3, 107.4, 99.2, 70.2, 62.5, 56.8, 46.2; HR-ESI-TOFMS: m/z (M-

H)- C35H22Cl4N2O6 calculated for 705.0159, detected 705.0176. a4 carbons not observed 

in HSQC or HMBC data. 

 

 

 
A 50 mL round bottom flask equipped with a stir bar was oven-dried, charged with 

N2, and filled with 10 mL DCM. (9H-fluoren-9-yl)methyl (E)-2,3-dichloro-5-(3-(2,3-

dichloro-6,8-dimethoxy-5-oxo-5H-pyrrolo[2,1-a]isoindol-7-yl)-3-oxoprop-1-en-1-yl)-1H-

pyrrole-1-carboxylate (5) (1.00 g, 1.41 mmol) and 5 mL of a 1.0 M solution of BBr3 in DCM 

(5 mmol) were added to the flask, and the reaction was stirred for 12 hours at room 
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temperature. Upon completion, the reaction was slowly poured over ice water and 

extracted with EtOAc (3 x 20 mL). The organic layer was washed with brine, dried with 

anhydrous NasSO4, filtered, and concentrated under reduced pressure. The crude 

mixture was purified by flash column chromatography using silica gel and a gradient from 

0% to 25% DCM/MeOH over 25 minutes as eluent to yield a yellow-brown solid (646 mg, 

60%). UV/Vis: lmax = 262, 381 nm; 1H NMR (500 MHz, DMSO-d6) δ 12.72 (br. s, 1H), 

11.72 (br. s,1H), 7.34 (s, 1H), 7.33 (s), 7.02 (s, 1H), 6.88 (s, 1H), 6.68 (s, 1H); 13C{1H} 

NMR (125 MHz, CD3CN) δ 182.8, 131.9, 130.9, 127.8, 127.0, 118.8, 116.3, 113.8, 108.3, 

107.1, 106.5, 100.2; HR-ESI-TOFMS: m/z (M-H)- calculated for C18H8Cl4N2O4 454.9165, 

found 454.9225. a6 carbons not observed in HSQC or HMBC data. 

 

 

 
A 25 mL round bottom flask equipped with a stir bar was oven-dried, charged with 

N2, and filled with 15 mL THF. (E)-2,3-dichloro-7-(3-(4,5-dichloro-1H-pyrrol-2-yl)acryloyl)-

6,8-dihydroxy-5H-pyrrolo[2,1-a]isoindol-5-one (19) (400 mg, 0.873 mmol) and 

RhCl(PPh3)3 (40 mg, 0.043 mmol) were added to the flask. A balloon filled with H2 gas 

was then used to backfill the flask several times. The reaction was stirred for 24 hours at 

room temperature. Upon completion, the reaction was diluted with water and extracted 

with EtOAc (3 x 20 mL). The organic layer was washed with brine, dried with anhydrous 

NasSO4, filtered, and concentrated under reduced pressure. The crude mixture was 
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purified by flash column chromatography using silica gel and a gradient from 0% to 10% 

DCM/MeOH over 25 minutes as eluent to yield a yellow solid (390 mg, quant.). UV/Vis: 

lmax = 268, 308, 355, 396 nm; 1H NMR (500 MHz, (CD3)2CO) δ 6.92 (s, 1H), 6.84 (s, 1H), 

5.95 (s, 1H), 3.20 (t, 2H, J = 7.5 Hz), 2.90 (t, 2H, J = 7.5 Hz); HR-ESI-TOFMS: m/z (M-

H)- calculated for C18H10Cl4N2O4 456.9322, found 456.9369. 

 

 

 
A 10 mL round bottom flask equipped with a stir bar was oven-dried, charged with 

N2, filled with 5 mL THF, and cooled to 0 °C. 2,3-dichloro-7-(3-(4,5-dichloro-1H-pyrrol-2-

yl)propanoyl)-6,8-dihydroxy-5H-pyrrolo[2,1-a]isoindol-5-one (20) (200 mg, 0.453 mmol) 

and NaBH4 (41 mg, 1.09 mmol) were added to the flask. The reaction was stirred for 48 

hours at room temperature. Upon completion, the reaction was slowly poured over cold 

ammonium chloride and extracted with EtOAc (3 x 5 mL). The organic layer was washed 

with brine, dried with anhydrous NasSO4, filtered, and concentrated under reduced 

pressure. The crude mixture was purified by flash column chromatography using silica 

gel and a gradient from 0% to 10% DCM/MeOH over 25 minutes as eluent to yield a 

yellow solid (120 mg, 60%). UV/Vis: lmax = 267, 339, 354, 405 nm; 1H NMR (500 MHz, 

CD3OD) δ 6.52 (s, 1H), 6.39 (s, 1H), 5.79 (s, 1H), 4.57 (t, 1H, J = 6.8 Hz), 2.55 (m, 2H), 

1.97 (m, 2H); 13C{1H} NMR (125 MHz, CD3OD) δ 161.7, 134.2, 131.7, 131.3, 131.2, 113.5, 

109.4, 108.1, 106.5, 106.4, 105.8, 101.3, 65.1, 37.1, 24.5; HR-ESI-TOFMS: m/z (M-H)- 
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calculated for C18H12Cl4N2O4 458.9478, found 458.9507. a3 carbons not observed in 

HSQC or HMBC data. 

 

 

 
An 8 mL vial equipped with a stir bar was oven-dried, charged with N2, filled with 2 

mL 1:1 THF:MeOH, and cooled to 0 °C. (E)-2,3-dichloro-7-(3-(4,5-dichloro-1H-pyrrol-2-

yl)acryloyl)-6,8-dihydroxy-5H-pyrrolo[2,1-a]isoindol-5-one (19) (10 mg, 0.022 mmol)  was 

added to the vial, followed by cerium(III) chloride heptahydrate (41 mg, 0.109 mmol) and 

stirred for 10 minutes before adding NaBH3CN (13.7 mg, 0.109 mmol). The reaction was 

stirred at 0 °C for 1 hour before slowly quenching with a cold saturated solution of 

ammonium chloride and extracted with EtOAc (3 x 3 mL). The organic layer was washed 

with brine, dried with anhydrous NasSO4, filtered, and concentrated under a stream of 

nitrogen gas.  The crude mixture was the reconstituted in 2 mL dry THF and RhCl(PPh3)3 

(2 mg, 2.16 μmol) was added to the flask. A balloon filled with H2 gas was then used to 

backfill the vial. The reaction was stirred for 24 hours at room temperature. Upon 

completion, the reaction was diluted with water and extracted with EtOAc (3 x 20 mL).  

The organic layer was concentrated under a stream of nitrogen gas and reconstituted in 

acetonitrile for LC-MS analysis. 

S7: UV/Vis: lmax = 278, 345, 361, 409 nm; HR-ESI-TOFMS: m/z (M-H)- calculated for 

C18H10Cl4N2O3 440.9368, found 440.9381. 
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3: UV/Vis: lmax = 265, 346, 358, 408 nm; HR-ESI-TOFMS: m/z (M-H)- calculated for 

C18H12Cl4N2O3 442.9524, found 442.9550. 
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Figure S1: 1H NMR spectrum of 14 (500 MHz, CDCl3). 

 
 
 
 

 
Figure S2: 13C NMR spectrum of 14 (125 MHz, CDCl3). 



 

 70 

 
Figure S3: HR-ESI-TOFMS of 14. 

 
 
 

 
Figure S4: 1H NMR spectrum of 15 (500 MHz, CDCl3). 
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Figure S5: 13C NMR spectrum of 15 (125 MHz, CDCl3). 

 
 
 

 
Figure S6: HR-ESI-TOFMS of 15. 
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Figure S7: 1H NMR spectrum of 6 (500 MHz, CDCl3). 

 
 
 

 
Figure S8: 13C NMR spectrum of 6 (125 MHz, CDCl3). 
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Figure S9: HR-ESI-TOFMS of 6. 
 
 
 

 
Figure S10: 1H NMR spectrum of S4 (500 MHz, CD3CN). 
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Figure S11: HSQC NMR spectrum of S4 (125 MHz, CD3CN). 

 
 
 

 
Figure S12: HMBC NMR spectrum of S4 (125 MHz, CD3CN). 
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Figure S13: HR-ESI-TOFMS of S4. 

 
 

 
 

 
Figure S14: 1H NMR spectrum of 16 (500 MHz, CDCl3). 
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Figure S15: HR-ESI-TOFMS of 16. 
 
 

 
Figure S16: 1H NMR spectrum of 11 (500 MHz, CDCl3). 



 

 77 

 
Figure S17: 13C NMR spectrum of 11 (125 MHz, CDCl3). 
 
 

 
Figure S18: HR-ESI-TOFMS of 11. 
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Figure S19: 1H NMR spectrum of 18 (500 MHz, CDCl3). 

 
 

 
Figure S20: 13C NMR spectrum of 18 (125 MHz, CDCl3). 
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Figure S21: HR-ESI-TOFMS of 18. 

 
 

 
Figure S22: 1H NMR spectrum of S5 (500 MHz, (CD3)2CO). 
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Figure S23: 13C NMR spectrum of S5 (125 MHz, (CD3)2CO). 

 
 

 
Figure S24: HR-ESI-TOFMS of S5. 
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Figure S25: HR-ESI-TOFMS of S5. 

 
 

 
Figure S26: 1H NMR spectrum of 5 (500 MHz, CDCl3). 



 

 82 

 
Figure S27: COSY NMR spectrum of 5 (125 MHz, CDCl3). 

 
 

 
Figure S28: HSQC NMR spectrum of 5 (125 MHz, CDCl3). 
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Figure S29: HMBC NMR spectrum of 5 (125 MHz, CDCl3). 

 
 

 
Figure S30: HR-ESI-TOFMS of 5. 
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Figure S31: 1H NMR spectrum of 19 (500 MHz, DMSO-d6). 

 
 

 
Figure S32: COSY NMR spectrum of 19 (125 MHz, DMSO-d6). 
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Figure S33: HSQC NMR spectrum of 19 (125 MHz, DMSO-d6). 

 
 

 
Figure S34: HMBC NMR spectrum of 19 (125 MHz, DMSO-d6). 
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Figure S35: HR-ESI-TOFMS of 19. 
 

 
Figure S36: 1H NMR spectrum of 20 (500 MHz, (CD3)2CO). 
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Figure S37: HR-ESI-TOFMS of 20. 

 
 

 
Figure S38: 1H NMR spectrum of 4 (500 MHz, CD3OD). 
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Figure S39: COSY NMR spectrum of 4 (125 MHz, CD3OD). 

 
 

 
Figure S40: HSQC NMR spectrum of 4 (125 MHz, CD3OD). 
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Figure S41: HMBC NMR spectrum of 4 (125 MHz, CD3OD). 
 
 

 
Figure S42: HR-ESI-TOFMS of 4.
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Figure S43: LC-MS chromatogram of alternative reduction sequence with 19. From top 
to bottom: 19 (standard); 3 (standard); Luche reduction of 19 yields a new product with a 
mass indicative of a deoxygenated product; hydrogenation of proposed olefin S7 shows 
partial conversion to a new product that matches 3 by retention time, UV, and HR-ESI-
TOFMS. UV monitored at 350 nm. 

 
 
 
 

 
Figure S44: UV/Vis spectrum of 19. 
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Figure S45: UV/Vis spectrum of S7 and its proposed structure. 

 
 
 

 
Figure S46: HR-ESI-TOFMS of S7 and its proposed structure. 
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Figure S47: UV/Vis spectrum of new product and its proposed structure (3). Data 
matches the reported UV/Vis spectrum of 33. 

 

 
Figure S48: HR-ESI-TOFMS of new product and its proposed structure (3). Data 
matches the reported HR-MS data of 3.3
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Figure S49: X-ray crystal structure of 16. 
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Experimental Summary 

The single crystal X-ray diffraction studies were carried out on a Bruker Kappa 

Photon CMOS CCD diffractometer equipped with Mo Kα radiation (l = 0.71073 Å).  A 0.21 

x 0.15 x 0.05 mm yellow plate was mounted on a Cryoloop with Paratone oil.  Data were 

collected in a nitrogen gas stream at 100 (2) K using Φ and ϖ scans.  Crystal-to-detector 

distance was 40 mm and exposure time was 60 seconds per frame using a scan width of 

0.5°.  Data collection was 99.3% complete to 25.00° in ϴ.  A total of 26133 reflections 

were collected covering the indices, -9<=h<=9, -16<=k<=17, -17<=l<=17.  5834 

reflections were found to be symmetry independent, with a Rint of 0.0421.  Indexing and 

unit cell refinement indicated a primitive, triclinic lattice.  The space group was found to 

be P-1.  The data were integrated using the Bruker SAINT software program and scaled 

using the TWINABS software program.  Solution by direct methods (SHELXS) produced 

a complete phasing model consistent with the proposed structure.   

All nonhydrogen atoms were refined anisotropically by full-matrix least-squares 

(SHELXL-97).  All hydrogen atoms were placed using a riding model.  Their positions 

were constrained relative to their parent atom using the appropriate HFIX command in 

SHELXL-97.  Crystallographic data are summarized in Table S1. 
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Table S1.  Crystal data and structure refinement for Chamb01 (16). 
Identification code  IC12 
Empirical formula  C15 H9 Cl2 N O5 
Molecular formula  C15 H9 Cl2 N O5 
Formula weight  354.13 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Triclinic 
Space group  P -1 
Unit cell dimensions a = 7.8220(8) Å α = 74.483(3)°. 
 b = 13.9019(13) Å β = 89.752(3)°. 
 c = 14.0299(15) Å γ = 87.505(3)°. 
Volume 1468.6(3) Å3 
Z 4 
Density (calculated) 1.602 Mg/m3 
Absorption coefficient 0.467 mm-1 
F(000) 720 
Crystal size 0.210 x 0.150 x 0.050 mm3 
Crystal color, habit Yellow Plate 
Theta range for data collection 2.606 to 26.413°. 
Index ranges -9<=h<=9, -16<=k<=17, 0<=l<=17 
Reflections collected 26133 
Independent reflections 5834 [R(int) = 0.0421] 
Completeness to theta = 25.000° 99.3 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.745376 and 0.599064 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 5834 / 0 / 420 
Goodness-of-fit on F2 1.034 
Final R indices [I>2sigma(I)] R1 = 0.0511, wR2 = 0.1067 
R indices (all data) R1 = 0.0664, wR2 = 0.1142 
Extinction coefficient n/a 
Largest diff. peak and hole 0.481 and -0.336 e.Å-3 
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Table S2.  Atomic coordinates (x 104) and equivalent isotropic displacement parameters 
(Å2x 103) for Chamb01. U(eq) is defined as one third of the trace of the orthogonalized 
Uij tensor. 
______________________________________________________________________

__________  
 x y z U(eq) 

______________________________________________________________________ 
Cl(1) 1322(1) -1194(1) 6856(1) 22(1) 
Cl(2) 628(1) -2029(1) 4784(1) 25(1) 
O(1) 3152(4) 934(2) 6688(2) 20(1) 
O(2) 4954(4) 2910(2) 5816(2) 19(1) 
O(3) 5852(4) 3441(2) 2339(2) 23(1) 
O(4) 2097(4) 3197(2) 5927(2) 21(1) 
O(5) 3980(4) 4745(2) 2245(2) 26(1) 
N(1) 2714(4) 219(2) 5384(2) 17(1) 
C(1) 1887(6) -669(3) 5668(3) 19(1) 
C(2) 1649(6) -972(3) 4831(3) 20(1) 
C(3) 2328(5) -265(3) 4004(3) 18(1) 
C(4) 2975(6) 464(3) 4373(3) 18(1) 
C(5) 3260(5) 967(3) 5825(3) 16(1) 
C(6) 3954(5) 1726(3) 4973(3) 18(1) 
C(7) 4706(5) 2614(3) 4955(3) 18(1) 
C(8) 5307(5) 3200(3) 4074(3) 19(1) 
C(9) 5128(5) 2884(3) 3216(3) 19(1) 
C(10) 4358(6) 2010(3) 3203(3) 19(1) 
C(11) 3785(5) 1421(3) 4100(3) 17(1) 
C(12) 3499(6) 3170(3) 6271(3) 18(1) 
C(13) 3951(6) 3415(3) 7215(3) 22(1) 
C(14) 5206(6) 4398(3) 1931(3) 22(1) 
C(15) 6310(7) 4902(3) 1087(3) 35(1) 
Cl(1') 3870(1) -1128(1) 11878(1) 22(1) 
Cl(2') 4670(1) -2074(1) 9865(1) 22(1) 
O(1') 1717(4) 1025(2) 11630(2) 21(1) 
O(2') -399(4) 2965(2) 10696(2) 19(1) 
O(3') -1360(4) 3324(2) 7232(2) 22(1) 
O(4') 2368(4) 3359(2) 10737(2) 27(1) 
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O(5') 291(4) 4658(2) 7080(2) 26(1) 
N(1') 2267(4) 235(2) 10376(2) 15(1) 
C(1') 3217(5) -650(3) 10684(3) 16(1) 
C(2') 3494(5) -1005(3) 9881(3) 17(1) 
C(3') 2696(5) -319(3) 9026(3) 19(1) 
C(4') 1963(5) 427(3) 9360(3) 15(1) 
C(5') 1610(5) 1006(3) 10780(3) 18(1) 
C(6') 797(5) 1740(3) 9909(3) 16(1) 
C(7') -90(5) 2637(3) 9849(3) 17(1) 
C(8') -800(5) 3188(3) 8960(3) 19(1) 
C(9') -565(6) 2819(3) 8131(3) 19(1) 
C(10') 327(6) 1932(3) 8150(3) 18(1) 
C(11') 994(5) 1390(3) 9060(3) 16(1) 
C(12') 995(6) 3274(3) 11122(3) 19(1) 
C(13') 514(6) 3470(3) 12078(3) 26(1) 
C(14') -832(6) 4261(3) 6770(3) 21(1) 
C(15') -1828(6) 4679(3) 5837(3) 29(1) 

______________________________________________________________________ 
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Table S3.   Bond lengths [Å] and angles [°] for Chamb01 (16). 
_____________________________________________________  

Cl(1)-C(1)  1.696(4) 
Cl(2)-C(2)  1.719(4) 
O(1)-C(5)  1.203(5) 
O(2)-C(12)  1.384(5) 
O(2)-C(7)  1.393(4) 
O(3)-C(14)  1.374(5) 
O(3)-C(9)  1.398(5) 
O(4)-C(12)  1.195(5) 
O(5)-C(14)  1.191(5) 
N(1)-C(1)  1.379(5) 
N(1)-C(4)  1.383(5) 
N(1)-C(5)  1.426(5) 
C(1)-C(2)  1.365(5) 
C(2)-C(3)  1.423(6) 
C(3)-C(4)  1.372(6) 
C(3)-H(3)  0.9500 

C(4)-C(11)  1.454(6) 
C(5)-C(6)  1.485(6) 
C(6)-C(7)  1.385(6) 
C(6)-C(11)  1.407(5) 
C(7)-C(8)  1.380(6) 
C(8)-C(9)  1.397(5) 
C(8)-H(8)  0.9500 

C(9)-C(10)  1.384(6) 
C(10)-C(11)  1.389(6) 
C(10)-H(10)  0.9500 

C(12)-C(13)  1.500(5) 
C(13)-H(13D)  0.9800 
C(13)-H(13E)  0.9800 
C(13)-H(13F)  0.9800 

C(14)-C(15)  1.496(6) 
C(15)-H(15D)  0.9800 
C(15)-H(15E)  0.9800 
C(15)-H(15F)  0.9800 

Cl(1')-C(1')  1.700(4) 
Cl(2')-C(2')  1.718(4) 
O(1')-C(5')  1.202(5) 
O(2')-C(12')  1.384(5) 
O(2')-C(7')  1.400(5) 
O(3')-C(14')  1.372(5) 
O(3')-C(9')  1.401(5) 
O(4')-C(12')  1.197(5) 
O(5')-C(14')  1.199(5) 
N(1')-C(1')  1.376(5) 
N(1')-C(4')  1.397(5) 
N(1')-C(5')  1.418(5) 
C(1')-C(2')  1.359(5) 
C(2')-C(3')  1.442(5) 
C(3')-C(4')  1.353(6) 
C(3')-H(3')  0.9500 

C(4')-C(11')  1.468(5) 
C(5')-C(6')  1.491(5) 
C(6')-C(7')  1.383(6) 
C(6')-C(11')  1.407(5) 
C(7')-C(8')  1.382(5) 
C(8')-C(9')  1.399(5) 
C(8')-H(8')  0.9500 

C(9')-C(10')  1.385(6) 
C(10')-C(11')  1.389(5) 
C(10')-H(10')  0.9500 

C(12')-C(13')  1.483(5) 
C(13')-H(13A)  0.9800 
C(13')-H(13B)  0.9800 
C(13')-H(13C)  0.9800 

C(14')-C(15')  1.490(6) 
C(15')-H(15A)  0.9800 
C(15')-H(15B)  0.9800 
C(15')-H(15C)  0.9800 
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C(12)-O(2)-C(7) 116.6(3) 
C(14)-O(3)-C(9) 118.3(3) 
C(1)-N(1)-C(4) 109.3(3) 
C(1)-N(1)-C(5) 137.9(3) 
C(4)-N(1)-C(5) 112.6(3) 
C(2)-C(1)-N(1) 106.7(4) 
C(2)-C(1)-Cl(1) 130.7(3) 
N(1)-C(1)-Cl(1) 122.6(3) 
C(1)-C(2)-C(3) 109.6(4) 
C(1)-C(2)-Cl(2) 125.0(3) 
C(3)-C(2)-Cl(2) 125.4(3) 
C(4)-C(3)-C(2) 105.7(3) 

C(4)-C(3)-H(3) 127.1 
C(2)-C(3)-H(3) 127.1 

C(3)-C(4)-N(1) 108.7(4) 
C(3)-C(4)-C(11) 143.8(4) 
N(1)-C(4)-C(11) 107.5(3) 
O(1)-C(5)-N(1) 125.4(4) 
O(1)-C(5)-C(6) 131.6(4) 
N(1)-C(5)-C(6) 103.0(3) 
C(7)-C(6)-C(11) 120.7(4) 
C(7)-C(6)-C(5) 129.3(3) 
C(11)-C(6)-C(5) 110.0(3) 
C(8)-C(7)-C(6) 119.5(3) 
C(8)-C(7)-O(2) 118.7(3) 
C(6)-C(7)-O(2) 121.7(3) 
C(7)-C(8)-C(9) 119.0(4) 

C(7)-C(8)-H(8) 120.5 
C(9)-C(8)-H(8) 120.5 

C(10)-C(9)-C(8) 123.1(4) 
C(10)-C(9)-O(3) 118.1(3) 
C(8)-C(9)-O(3) 118.7(4) 
C(9)-C(10)-C(11) 117.2(3) 

C(9)-C(10)-H(10) 121.4 
C(11)-C(10)-H(10) 121.4 

C(10)-C(11)-C(6) 120.6(4) 
C(10)-C(11)-C(4) 132.6(4) 
C(6)-C(11)-C(4) 106.8(4) 
O(4)-C(12)-O(2) 122.7(3) 
O(4)-C(12)-C(13) 126.6(4) 
O(2)-C(12)-C(13) 110.8(4) 

C(12)-C(13)-H(13D) 109.5 
C(12)-C(13)-H(13E) 109.5 
H(13D)-C(13)-H(13E) 109.5 
C(12)-C(13)-H(13F) 109.5 
H(13D)-C(13)-H(13F) 109.5 
H(13E)-C(13)-H(13F) 109.5 

O(5)-C(14)-O(3) 123.0(4) 
O(5)-C(14)-C(15) 127.6(4) 
O(3)-C(14)-C(15) 109.3(4) 

C(14)-C(15)-H(15D) 109.5 
C(14)-C(15)-H(15E) 109.5 
H(15D)-C(15)-H(15E) 109.5 
C(14)-C(15)-H(15F) 109.5 
H(15D)-C(15)-H(15F) 109.5 
H(15E)-C(15)-H(15F) 109.5 

C(12')-O(2')-C(7') 116.8(3) 
C(14')-O(3')-C(9') 117.6(3) 
C(1')-N(1')-C(4') 108.4(3) 
C(1')-N(1')-C(5') 138.3(3) 
C(4')-N(1')-C(5') 113.3(3) 
C(2')-C(1')-N(1') 107.5(3) 
C(2')-C(1')-Cl(1') 130.1(3) 
N(1')-C(1')-Cl(1') 122.3(3) 
C(1')-C(2')-C(3') 109.1(3) 
C(1')-C(2')-Cl(2') 125.9(3) 
C(3')-C(2')-Cl(2') 125.0(3) 
C(4')-C(3')-C(2') 105.5(3) 

C(4')-C(3')-H(3') 127.2 
C(2')-C(3')-H(3') 127.2 

C(3')-C(4')-N(1') 109.5(4) 
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C(3')-C(4')-C(11') 144.0(4) 
N(1')-C(4')-C(11') 106.4(3) 
O(1')-C(5')-N(1') 126.2(4) 
O(1')-C(5')-C(6') 130.7(4) 
N(1')-C(5')-C(6') 103.1(3) 
C(7')-C(6')-C(11') 120.0(3) 
C(7')-C(6')-C(5') 130.0(3) 
C(11')-C(6')-C(5') 110.0(3) 
C(8')-C(7')-C(6') 120.3(3) 
C(8')-C(7')-O(2') 118.7(4) 
C(6')-C(7')-O(2') 120.8(3) 
C(7')-C(8')-C(9') 118.0(4) 

C(7')-C(8')-H(8') 121.0 
C(9')-C(8')-H(8') 121.0 

C(10')-C(9')-C(8') 124.0(4) 
C(10')-C(9')-O(3') 116.3(3) 
C(8')-C(9')-O(3') 119.6(4) 
C(9')-C(10')-C(11') 116.3(4) 

C(9')-C(10')-H(10') 121.8 
C(11')-C(10')-H(10') 121.8 

C(10')-C(11')-C(6') 121.4(4) 

C(10')-C(11')-C(4') 131.5(4) 
C(6')-C(11')-C(4') 107.2(3) 
O(4')-C(12')-O(2') 122.2(4) 
O(4')-C(12')-C(13') 127.3(4) 
O(2')-C(12')-C(13') 110.5(4) 

C(12')-C(13')-H(13A) 109.5 
C(12')-C(13')-H(13B) 109.5 
H(13A)-C(13')-H(13B) 109.5 
C(12')-C(13')-H(13C) 109.5 
H(13A)-C(13')-H(13C) 109.5 
H(13B)-C(13')-H(13C) 109.5 

O(5')-C(14')-O(3') 123.7(4) 
O(5')-C(14')-C(15') 126.5(4) 
O(3')-C(14')-C(15') 109.8(3) 

C(14')-C(15')-H(15A) 109.5 
C(14')-C(15')-H(15B) 109.5 
H(15A)-C(15')-H(15B) 109.5 
C(14')-C(15')-H(15C) 109.5 
H(15A)-C(15')-H(15C) 109.5 
H(15B)-C(15')-H(15C) 109.5 

_____________________________________________________________  
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Table S4.   Anisotropic displacement parameters (Å2x 103) for Chamb01(16).  The 
anisotropic displacement factor exponent takes the form:  -2 π 2[ h2 a*2U11 + ...  + 2 h 
k a* b* U12 ] 
______________________________________________________________________  

 U11 U22  U33 U23 U13 U12 
______________________________________________________________________  

Cl(1) 23(1)  23(1) 20(1)  -5(1) 3(1)  -4(1) 
Cl(2) 22(1)  23(1) 33(1)  -14(1) -4(1)  -2(1) 
O(1) 24(2)  23(2) 13(1)  -6(1) -2(1)  -2(1) 
O(2) 19(2)  22(2) 20(1)  -11(1) 0(1)  -3(1) 
O(3) 26(2)  23(2) 16(1)  -1(1) 5(1)  -1(1) 
O(4) 18(2)  23(2) 23(1)  -10(1) -2(1)  1(1) 
O(5) 26(2)  22(2) 30(2)  -7(1) -1(1)  -1(1) 
N(1) 17(2)  18(2) 19(2)  -9(1) -2(1)  -2(2) 
C(1) 17(2)  17(2) 23(2)  -8(2) -3(2)  4(2) 
C(2) 17(2)  24(2) 21(2)  -11(2) -5(2)  2(2) 
C(3) 19(2)  23(2) 15(2)  -9(2) -5(2)  4(2) 
C(4) 20(2)  21(2) 12(2)  -5(2) -3(2)  3(2) 
C(5) 12(2)  18(2) 19(2)  -6(2) -5(2)  1(2) 
C(6) 17(2)  23(2) 14(2)  -4(2) -5(2)  4(2) 
C(7) 14(2)  20(2) 22(2)  -11(2) -2(2)  0(2) 
C(8) 17(2)  16(2) 25(2)  -7(2) 0(2)  2(2) 
C(9) 16(2)  22(2) 18(2)  -3(2) 1(2)  3(2) 
C(10) 18(2)  27(2) 14(2)  -8(2) -3(2)  5(2) 
C(11) 13(2)  19(2) 19(2)  -7(2) -3(2)  4(2) 
C(12) 25(2)  9(2) 20(2)  -3(2) 1(2)  -1(2) 
C(13) 23(2)  22(2) 24(2)  -12(2) -5(2)  0(2) 
C(14) 23(2)  21(2) 20(2)  -6(2) -3(2)  -3(2) 
C(15) 43(3)  32(2) 26(2)  -2(2) 4(2)  -2(2) 
Cl(1') 24(1)  23(1) 17(1)  -3(1) -4(1)  2(1) 
Cl(2') 21(1)  19(1) 28(1)  -9(1) 2(1)  2(1) 
O(1') 25(2)  26(2) 16(1)  -10(1) 1(1)  -2(1) 
O(2') 16(2)  26(2) 19(1)  -12(1) 2(1)  -2(1) 
O(3') 21(2)  23(2) 19(1)  -4(1) -4(1)  0(1) 
O(4') 25(2)  33(2) 28(2)  -15(1) 8(1)  -9(1) 
O(5') 29(2)  18(1) 32(2)  -9(1) 4(1)  -2(1) 
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N(1') 16(2)  20(2) 11(2)  -6(1) 0(1)  -4(2) 
C(1') 12(2)  19(2) 17(2)  -3(2) -3(2)  1(2) 
C(2') 14(2)  16(2) 24(2)  -10(2) -2(2)  0(2) 
C(3') 17(2)  22(2) 21(2)  -10(2) 3(2)  -6(2) 
C(4') 12(2)  19(2) 15(2)  -5(2) 1(2)  -5(2) 
C(5') 16(2)  20(2) 20(2)  -9(2) 2(2)  -4(2) 
C(6') 13(2)  19(2) 18(2)  -7(2) -1(2)  -4(2) 
C(7') 17(2)  19(2) 18(2)  -8(2) 5(2)  -5(2) 
C(8') 17(2)  17(2) 23(2)  -5(2) 1(2)  3(2) 
C(9') 19(2)  19(2) 19(2)  -3(2) -1(2)  -4(2) 
C(10') 17(2)  18(2) 20(2)  -6(2) 1(2)  -3(2) 
C(11') 13(2)  17(2) 19(2)  -8(2) 3(2)  -3(2) 
C(12') 18(2)  16(2) 25(2)  -9(2) 2(2)  -2(2) 
C(13') 28(3)  32(2) 22(2)  -16(2) 3(2)  -5(2) 
C(14') 25(2)  17(2) 22(2)  -8(2) 5(2)  2(2) 
C(15') 26(2)  28(2) 27(2)  4(2) -1(2)  2(2) 

______________________________________________________________________
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Table S5.   Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2 

x 103) for Chamb01 (16). 
______________________________________________________________________ 

 x  y  z  U(eq) 
______________________________________________________________________  

  
H(3) 2333 -293 3335 22 
H(8) 5833 3809 4050 23 
H(10) 4226 1820 2606 23 
H(13D) 3324 4031 7248 33 
H(13E) 5184 3508 7234 33 
H(13F) 3640 2866 7780 33 
H(15D) 5697 5500 681 52 
H(15E) 6589 4442 681 52 
H(15F) 7369 5093 1345 52 
H(3') 2687 -378 8367 22 
H(8') -1429 3800 8912 23 
H(10') 475 1706 7571 22 
H(13A) 1058 2955 12622 38 
H(13B) -732 3458 12151 38 
H(13C) 899 4128 12093 38 
H(15A) -1546 5377 5552 44 
H(15B) -3055 4645 5981 44 
H(15C) -1539 4290 5366 44 

______________________________________________________________________   
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Chapter 3 
 
 

Discovery and Biosynthesis of Tetrachlorizine Reveals Enzymatic 
Benzylic Dehydrogenation via an ortho-quinone methide 

 
 

Trevor N. Purdy, Min Cheol Kim, Reiko Cullum, William Fenical, Bradley S. Moore 
 
 

Abstract: Ortho-quinone methides (o-QMs) are reactive intermediates in 

biosynthesis that give rise to a variety of intra- and intermolecular cyclization/addition 

products in bacteria, fungi and plants. Herein, we report a new metabolic deviation of an 

o-QM intermediate in a benzylic dehydrogenation reaction that links the newly described 

marine bacterial natural products dihydrotetrachlorizine and tetrachlorizine. We 

discovered these novel dichloropyrrole-containing compounds from actinomycete strain 

AJS-327 that unexpectedly harbors in its genome a biosynthetic gene cluster (BGC) of 

striking similarity to that of chlorizidine, another marine alkaloid bearing a different carbon 

skeleton. Heterologous expression of the homologous flavin-dependent oxidoreductase 

enzymes Tcz9 and Clz9 revealed their native functions in tetrachlorizine and chlorizidine 

biosynthesis, respectively, supporting divergent oxidative dehydrogenation and 

pyrrolizine-forming reactions. Swapping these berberine bridge enzyme-like 

oxidoreductases, we produced cyclized and dehydrogenated analogs of tetrachlorizine 

and chlorizidine, including a dearomatized chlorizidine analog that stabilizes an o-QM via 

conjugation with a 3H-pyrrolizine ring. 
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In the post-genomics era, the discovery of natural product molecules not only 

provides opportunities to explore their native and applied biological functions, but also the 

occasion to relate their chemistry back to their encoding genes for further biotechnological 

innovations.1–3 The ability to connect genes to molecules and vice versa through modern 

genome mining experimentation has transcended the field of microbial natural products 

chemistry and paved the way to new frontiers in synthetic biology,4 microbiome science,5 

and biocatalysis,6 to name a few. Natural product biosynthetic enzymes are remarkable 

for their reaction diversity and plasticity, and as such, for their promise as biocatalysts to 

construct designer molecules.  

Flavin adenine dinucleotide (FAD)-dependent oxidoreductases are one such 

family of enzymes that catalyze diverse chemical transformations with tremendous fidelity 

and biocatalytic utility.7,8 The berberine bridge enzyme (BBE)-like subfamily of 

flavoproteins are noteworthy for their ability to perform a variety of distinctive tailoring 

reactions in plants, fungi, and bacteria.9–12 Notably, BBE-like enzymes are involved in 

nicotine, cannabinoid, and berberine alkaloid biosynthesis.13–15 Because so few BBE-like 

enzymes have been characterized, it is difficult for bioinformatic tools to predict the 

function of putative BBE-like enzymes without relying on their genomic context. The 

discovery of new BBE-like enzymes will yield new enzymatic reactions and improve 

bioinformatic predictions of biosynthetic gene clusters (BGCs) containing these 

fascinating enzymes (Figure S1). 

Recently, we isolated a taxonomically distinct marine actinomycete bacterium 

(strain AJS-327) that harbors in excess of 27 putative BGCs, compromising 

approximately 17% of its genome.16 One of these BGCs exhibited high sequence and 
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architectural homology to the previously characterized clz BGC from Streptomyces sp. 

CNH-287, which is distinguished by the BBE-like enzyme Clz9 that catalyzes the 

formation of its unusual dihydropyrrolizine ring (Figure 3.1a).17 While strain AJS-327 is a 

prolific producer of cytotoxic secondary metabolites, including the recently discovered 

photopiperazines16 and ionostatin,18 we did not observe the production of chlorizidine A 

under several different media conditions. Instead, we identified two related 

tetrachlorinated metabolites in the organic extract by LC-MS analysis that were missing 

chlorizidine’s distinctive heteroaromatic rings. 

To characterize these new tetrachlorinated metabolites that did not match known 

compounds in various databases, we cultivated 20 L of strain AJS-327 and purified 

several milligrams of both metabolites. HR-MS data coupled with 13C NMR analysis 

revealed their molecular formulas as C18H10Cl4N2O4 and C18H12Cl4N2O4, which we have 

since named tetrachlorizine (1) and dihydrotetrachlorizine (2), respectively (Figure 3.1b). 

These molecules differ by one degree of unsaturation, which could be explained by the 

disappearance of high field methylenic protons in the 1H NMR spectrum of 2 and the 

appearance of two olefinic doublets in the 1H NMR spectrum of 1. Key HMBC and NOE 

correlations were essential for determining the full connectivity between each ring system. 

Both of these metabolites are reminiscent of previously reported dichloropyrrole-

containing secondary metabolites, such as chlorizidine A (3) (Figure 3.1c)17, 

pyoluteorin19, the armeniaspirols20, marinopyrroles21, pyralomycins,22 and the 

pyrrolomycins23 (Figure S2). To better understand the biosynthetic relationship of the 

tetrachlorizines and how they are related to 3, we next turned our attention to the AJS-

327 clz-like BGC and the role the putative BBE-like enzyme plays in 1 biosynthesis.  
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Sequence analysis revealed a contiguous region of 33.7 kb containing 22 open 

reading frames (ORFs) that displayed extremely high similarity and organization to the 

Figure 3.1. Molecular basis for tetrachlorizine biosynthesis. (a) Alignment of the tetrachlorizine (tcz) 
and chlorizidine A (clz) BGCs. Genes are color-coded by associated function. (b) Structures of novel 
dichloropyrrole-containing natural products, tetrachlorizine (1) and dihydrotetrachlorizine (2). Key 2D 
NMR correlations of 1 are depicted. (c) Structures of previously characterized chlorizidine A (3) and 
biosynthetic precursor, prechlorizidine (4). (d) Proposed polyketide biosynthesis of 1, in comparison 
with the previously reported biosynthesis of 3.17 The rare FAS-derived dichloropyrrolyl extender unit is 
colored red. The general structure of the o-QM intermediate generated by Tcz9 and Clz9 is colored 
blue. This o-QM intermediate represents one possible regio- and stereoisomer for both 
pathways. Abbreviations: ACP, acyl carrier protein; AT, acyl transferase; FAD, flavin adenine 
dinucleotide; FADH2, reduced FAD (hydroquinone form); FAS, fatty acid synthase; KS, ketoacyl 
synthase; Mal-CoA, malonyl-coenzyme A; PKS, polyketide synthase; R, thioester reductase; *inactive 
domain. 



 

 108 

chlorizidine A BGC (clz) (Figure 3.1a).17 Remarkably, a homologue for every gene 

associated with 3 biosynthesis could be putatively annotated in strain AJS-327.24 Every 

homologue in the tetrachlorizine BGC (tcz) shares 58-90% amino acid sequence similarity 

and 46-81% identity with its corresponding gene associated with 3 biosynthesis. As such, 

we envisioned a highly analogous polyketide synthase (PKS) assembly line pathway for 

1 and the previously established 317 with subtle metabolic differences that could 

repurpose their biosyntheses to achieve different cyclization patterns (Figure 3.1d).  

There are two key structural differences best exemplified in the penultimate 

pathway intermediates 2 and prechlorizidine (4) that are quite informative. Most significant 

is the oxidation state and connectivity of the terminal carbon C-12 in both molecules that 

derives from the fully mature PKS intermediates 6 and 7 (Figure 3.1d). In the case of 2, 

6 is reductively off-loaded by the terminal Tcz7 reductase (R) domain to an aldehyde 

intermediate that reacts with C-7 to generate the central tetrasubstituted benzene ring. 

This contrasts 4 in which we earlier envisaged that the PKS substrate 7 is nonreductively 

off-loaded and that C-12 rather forms an amide bond with N-1.17 The former mechanism 

is consistent with off-loading of similar PKS-extended, dichloropyrrole-containing 

secondary metabolites.20,21,25 The second structural difference is the oxidation state of C-

15 which maintains the carbonyl of the dichloropyrrolyl-acyl carrier protein (5) substrate 

in 2 but is reduced to a methylene in 4.  

We previously showed that the flavoenzyme Clz9 catalyzes the final reaction in the 

chlorizidine pathway via an o-QM intermediate to install the dihydropyrrolizine ring (Figure 

3.1d, highlighted in blue).17 Although tetrachlorizine does not have such a structure motif, 

its BGC encodes the FAD-linked oxidoreductase Tcz9 that shares 69% amino acid 
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sequence similarity and 53% identity with Clz9, suggesting a related enzymatic function. 

Sequence alignment of Tcz9 with Clz9 and other well characterized BBE family members 

confirmed the distinguishing active site motifs RSGGH and CxxI/V/LG necessary for 

bicovalent FAD attachment by the histidine and cysteine residues at positions 67 and 125, 

respectively (Figure S3).9,12,26 Given the high sequence homology to Clz9 and functional 

group similarity in 2, we speculated that Tcz9 could generate a similar o-QM intermediate. 

However, instead of catalyzing nucleophilic attack via the dichloropyrrole-nitrogen as 

seen in 3 biosynthesis, Tcz9 would facilitate deprotonation at C-14 and subsequent 

formation of an α,β-unsaturated ketone (Figure 3.1d). To explore the suspected role of 

Tcz9 in tetrachlorizine biosynthesis, we overexpressed Tcz9 in Escherichia coli and 

purified the polyhistidine tagged, recombinant protein fused with a maltose binding protein 

Figure 3.2. (a) HPLC analysis of the in vitro conversion with 2 and either Tcz9 or Clz9 after 12 hours: UV 
absorption monitored at 360 nm; (i) purified 2 standard; (ii) purified 1 standard. (iii) 2 + Tcz9, confirming 
Tcz9’s role in 1 biosynthesis; (iv) 2 + Clz9, yielding the cyclized derivative 8 in addition to 1. (b) HPLC 
analysis of the in vitro conversion with 4 and either Clz9 or Tcz9 after 12 hours: UV absorption monitored 
at 430 nm; (i) purified 4 standard; (ii) 4 + Clz9, as previously reported;17 (iii) 4 + Tcz9, yielding a mixture of 
stabilized o-QM isomers, (E)-9 and (Z)-9. (c) Structures of enzymatic derivatives 8, (E)-9 and (Z)-9. 
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by affinity chromatography. Upon incubation with 2, we observed the complete conversion 

to 1 (Figure 3.2a), thereby confirming the functional role of Tcz9 as a dehydrogenase in 

tetrachlorizine biosynthesis.  

Upon confirming the role of Tcz9 in 1 biosynthesis, we were curious about the 

divergent reactivities of Clz9 and Tcz9 and whether the conversion of 2à1 and 4à3 were 

under enzyme or substrate control. We hypothesized that both BBE-like enzymes 

catalyzed the oxidative generation of similar o-QM intermediates, however, it was unclear 

how the C-15 carbonyl in the fatty acid synthase-derived extender unit of 2 influenced the 

dehydrogenation reaction catalyzed by Tcz9. Upon incubation of 2 with Clz9, we observed 

a mixture of two products (Figure 3.2a), one of which was 1. The earlier eluting product 

exhibited an identical UV spectrum as 2, but the same mass as 1. NMR analysis revealed 

this product to be a cyclized analog of tetrachlorizine (8), indicating Tcz9 and Clz9 have 

preferential activity to perform dehydrogenation and cyclization reactions, respectively 

(Figure 3.2c). Protein structure models comparing Tcz9 and Clz9 could not 

unambiguously explain which residues are critical for Tcz9’s dehydrogenation reactions. 

Future X-ray crystallography and mutagenesis experiments will be required to explain the 

difference in catalytic activity between Tcz9 and Clz9.  

Scheme 3.1. Abbreviated reaction scheme depicting the enzymatic process for oxidation of 4 to (E)-9 and 
(Z)-9 catalyzed by Tcz9, which non-enzymatically coalesce to 10 in the presence of water. Key HMBC 
correlations for assigning the structure of 10 are included. 
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Next, we reversed roles to explore the fate of 4 with the mismatched Tcz9 (Figure 

3.2b). Distinctively, the color of the reaction changed from yellow to a deep red over 

several hours, indicating the formation of a new product (Video S1). LC-MS analysis 

clearly showed the consumption of 4 and the appearance of two new products with mass 

436.9058 ([M – H]-; C18H6Cl4N2O3) without any formation of 3. NMR analysis revealed this 

new product to be the cyclized and twice dehydrogenated configurational isomers (E)-9 

and (Z)-9 (Figure 3.2c). This result indicates that Tcz9 not only acts as a dehydrogenase 

in the absence of the C-15 carbonyl, but it can also act as a cyclase, catalyzing the same 

intramolecular cyclization reaction as Clz9. Moreover, we were surprised to find that Tcz9 

is capable of catalyzing successive dehydrogenation reactions with 4. The isolation of 

(E)-9 and (Z)-9 confirmed our hypothesis that the oxidation reaction proceeds via an o-

QM intermediate. Both of these dearomatized compounds are stabilized via conjugation 

with the 3H-pyrrolizine ring and are stable at room temperature. However, (E)-9 and (Z)-

9 slowly changed from red to yellow following purification, and NMR spectroscopic 

analysis indicated these two molecules coalesced to the same rearranged, water adduct 

with a mass of 454.9171 ([M – H]-; C18H8Cl4N2O4). We speculate that (E)-9 and (Z)-9 non-

enzymatically react with water by 1,6-conjugate addition to generate the linear α,β-

unsaturated ketone product, 10 (Scheme 3.1; a full proposed mechanism is provided in 

Scheme S1). Thus, Tcz9 is ultimately capable of dehydrogenation reactions with 2 and 4 

that ultimately generate α,β-unsaturated ketones, 1 and 10, but through two distinct 

mechanisms. 

Numerous biosynthetic proposals feature o-QM intermediates founded on 

biomimetic total syntheses, non-enzymatic coupling of secondary metabolites, and 
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specific trapping reactions using biosynthetic precurors.28–30 These ephemeral 

intermediates react with various nucleophiles and can undergo inter- and intramolecular 

conjugate addition, cycloaddition, and spirolation reactions before they can be isolated 

and spectroscopically characterized.31–33 Several synthetic approaches have been 

developed to generate and stabilize natural product-derived o-QMs for spectroscopic 

analysis, typically by cooling these intermediates to extremely low temperatures.34,35 

Here, we have not only demonstrated that Clz9 and Tcz9 catalyze benzylic 

functionalization reactions via an o-QM intermediate, but we were also able to isolate a 

stabilized o-QM conjugated with the 3H-pyrrolizine ring system. The unprecedented 

oxidation of the unactivated propyl chain in 4 to the α,β-unsaturated ketone 10 via a 

cyclized, twice dehydrogenated, and stabilized o-QM intermediate highlights the 

versatility and potential of the enzymes to perform challenging chemical transformations. 

In conclusion, we established the genetic basis for the biosynthesis of two 

previously undescribed dichloropyrrole-containing marine natural products, 

tetrachlorizine and dihydrotetrachlorizine. Bioinformatic analysis revealed a gene cluster 

with striking similarity to the chlorizidine gene cluster, and further comparative in vitro 

studies revealed nuanced activity between the corresponding BBE-like tailoring enzymes 

Tcz9 and Clz9. The benzylic dehydrogenation reactions catalyzed by Tcz9 proceed via 

an o-QM intermediate. To our knowledge, this is the first example of a dehydrogenation 

reaction proceeding via an o-QM, expanding the reaction repertoire of these highly 

reactive intermediates. These findings epitomize the importance of connecting genes to 

the molecules and understanding the nuanced approaches nature has developed to 

perform powerful and selective chemical transformations. Further development of BBE-
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like enzymes for biocatalytic applications may deliver chemoenzymatic solutions to 

challenging oxidative reactions in total synthesis efforts. 
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Supporting Information 
 
Materials 

All chemicals were purchased from Fisher Scientific, Alfa Aesar, or MilliporeSigma 

without further purification. All solvents were of HPLC grade or higher. Preparative flash 

column chromatography was carried out on a Teledyne ISCO CombiFlash® Rf+ Lumen™ 

system using diatomaceous earth for crude extract loading and silica gel 60 (EMD, 40-

63µm) for the stationary phase. Semi-preparative HPLC purification was carried out using 

a Phenomenex Luna C18 column (5 µm, 250 × 10 mm) at a flow rate of 3.0 mL/min, 

coupled with a Shimadzu SCL-10A system and Shimadzu SPD-M10A UV/Vis detector 

(Shimadzu Corp., Kyoto, Japan). Preparative HPLC purification was achieved using a 

Phenomenex Luna C18 column (5 µm, 100 x 2.0 mm) at a flow rate of 10.0 mL/min, 

coupled with an Agilent Technologies system composed of a PrepStar pump, a ProStar 

410 autosampler, and a ProStar UV detector (Agilent Technologies Inc., CA, USA). UV 

spectra were measured with a Beckman Coulter DU800 spectrophotometer with a path 

length of 1 cm, and IR spectra were acquired on a JASCO FTIR-4100 spectrometer. NMR 

spectroscopic data were obtained either on a 500 MHz JEOL NMR spectrometer with a 

3.0 mm probe, a 600 MHz Bruker NMR spectrometer with a 1.7 mm cryoprobe, or a 500 

MHz Varian NMR spectrometer with a 5 mm, 13C optimized cold probe. The values of the 

chemical shifts are described in ppm and coupling constants are reported in Hz. NMR 

chemical sifts were referenced to the residual solvent peaks (dH 2.50 and dC 39.5 for 

DMSO-d6; dH 8.74, 7.58, and 7.21 and dC 149.9, 135.5, and 123.5 for pyridine-d5). High 

resolution LC-MS (HR-LC-MS) analysis was conducted on an Agilent 6530 Accurate-

Mass Q-TOF MS (MassHunter software, Agilent) equipped with a dual electrospray 
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ionization (ESI) source and an Agilent 1260 LC system (ChemStation software, Agilent) 

with a diode array detector. Q-TOF MS settings during the LC gradient were as follows: 

acquisition - mass range acquisition m/z 100 – 1700, MS scan rate 10/s, MS/MS scan 

rate 2/s, fixed collision energy 20 eV; source - gas temperature 300 °C, gas flow 11 L/min; 

nebulizer 35 psig, ion polarity negative; scan source parameters - VCap 3000, 

Fragmentor 100, Skimmer 65, OctopoleRFPeak 750.  

 

Plasmid DNA was isolated from an overnight culture using the QIAprep Spin 

miniprep Kit (Qiagen, Hilden, Germany) according to the manufacturer’s protocol. DNA 

clean-up after PCR or agarose gel electrophoresis was performed with QIAquick PCR; 

Gel Cleanup Kit according to the manufacturer’s protocol. DNA sequencing was carried 

out by the Genewiz Sequencing Facility in San Diego, CA. 

 

Sonication of E. coli cells was performed using a 6 mm tip (Qsonica, CT, USA). 

Protein purification was performed on an ÄKTApurifier instrument (GE Healthcare, IL, 

USA) with the modules Box-900, UPC-900, R-900 and Frac-900 with all buffers filtered 

through a nylon membrane 0.2 μm GDWP (Merck, NJ, USA) prior to use. FPLC data was 

analyzed with UNICORN 5.31 (Built 743) software. All proteins were purified by Ni2+ 

affinity chromatography using a 5 mL HisTrap HP (GE Healthcare) column. Proteins were 

concentrated using Amicon Ultra filters with 50 kDa MWCO (MilliporeSigma). Buffer 

exchange was performed by size exclusion chromatography using a HiLoad 16 × 60 cm 

Superdex 75 prep grade column (GE Healthcare).  
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Bacterial Strains and Growth Conditions 

Cultivation and purification of tetrachlorizine (1) and dihydrotetrachlorizine (2) 

Actinomycete sp. AJS-327 was previously isolated from a sponge fragment that 

washed ashore in La Jolla, CA.1 Actinomycete sp. AJS-327 was cultured in 500 mL of a 

seawater-based A1 medium (10 g of starch, 4 g of yeast, 2 g of peptone, 300 mL of 

deionized water, and 700 mL of seawater), shaking at 180 rpm and 27 °C. After 4 days 

of cultivation, the culture medium was used to inoculate 20 × 2.8 L Fernbach flasks each 

containing 1 L of seawater-based A1 medium and shaken at 180 rpm and 27 °C. After an 

additional 7 days of cultivation, 20 g of Amberlite XAD-7 resin was added to each flask 

and shaking was continued at 180 rpm for 4 hours. The resign was collected by filtration 

through cheesecloth and washed with deionized water. The washed resin was extracted 

with acetone, and the solvent was removed under vacuum. The remaining solution was 

then extracted with ethyl acetate, and the ethyl acetate layer was collected and 

evaporated under reduced pressure to yield 3.8 g of organic extract. 

The crude extract was fractionated using Lichroprep RP-18 (40-63 µm, Merck) and 

a step gradient elution with H2O and MeOH (20%, 40%, 60%, 80%, and 100%; each 200 

mL) to give five subfractions. The 100% MeOH fraction (1.5 g) was subjected to re-

fractionated by silica vacuum flash chromatography using a step gradient solvent system 

with DCM and MeOH (0%, 2%, 3%, 5%, 10%, 50%, and 100% MeOH; each 100 mL) to 

afford seven fractions. Fractions 2 (60 mg) and 3 (350 mg) were subjected to reversed-

phase preparative HPLC (UV detection at 350 nm) using gradient elution from 10% to 

100% aqueous MeCN in 0.02% TFA over 60 min to obtain compounds 1 (tR 47.9 min) 

and 2 (tR 46.8 min). Both compounds were further purified by reversed-phase semi-
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preparative HPLC (UV detection at 350 nm) with an MeCN/H2O (in 0.02% TFA) gradient 

elution system from 60% to 100% for 30 min, which resulted in the isolation of 1 (6.5 mg) 

and 2 (2.8 mg).    

 

Tetrachlorizine (1): 

 

 

Dark orange gum; UV (MeOH) λmax (log ε) 354 (3.99) nm; IR (ZnSe) νmax 3221, 1685, 

1585, 1414, 1262, 1208, 1138 cm-1; 1H and 13C NMR data, see Tables S2-3; HR-ESI-

TOFMS: m/z = 456.9317 [M-H]- (calcd. for C18H935Cl4N2O4, 456.9301). 

 

Dihydrotetrachlorizine (2):  

 

 

Yellow gum; UV (MeOH) λmax (log ε) 227 sh (3.59), 244 (3.50), 297 (3.80), 350 (3.83) nm; 

IR (ZnSe) νmax 3218, 1601, 1563, 1490, 1420, 1301, 1251, 1174, 1136, 1082, 1025 cm-1; 

1H and 13C NMR data, see Tables S2 and S4; HR-ESI-TOFMS: m/z = 458.9496 [M-H]- 

(calcd. for C18H1135Cl4N2O4, 458.9472). 
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Purification of prechlorizidine (4) 

Heterologous expression of the clz gene cluster and characterization of 

prechlorizidine has been previously reported.2 Cultivation of the deletion mutant 

Streptomyces coelicolor M512_4B11Δclz9 and isolation of prechlorizidine (4) was 

performed following a modified procedure; briefly, colonies of S. coelicolor 

M512_4B11Δclz9 were inoculated in 2 × 250 mL flasks containing 50 mL of TSB media 

supplemented with kanamycin (50 mg/mL-1) and nalidixic acid (25 mg/mL) for 5 days and 

shaken at 180 rpm and 30 °C. The cultures were then transferred to 2.8 mL Fernbach 

flasks containing 1 L of R5 media supplemented with kanamycin (50 mg/mL) and shaken 

at 180 rpm and 30 °C. After an additional 7 days of cultivation, 800 mL of EtOAc was 

added to each flask and shaken for 1 additional hour. The cultures were combined and 

centrifuged. The supernatant was extracted, and the organic layer was separated and 

dried over MgSO4. The solvent was then evaporated under reduced pressure and the 

crude extract was loaded onto diatomaceous earth. The crude extract was eluted onto 

silica for flash column purification using a gradient from 0–20% EtOAc in hexanes over 

20 minutes. The solvent was evaporated under reduced pressure, which resulted in the 

isolation of 4 (22.4 mg). 
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Protein Expression, Purification, and In Vitro Assay Conditions 

Cloning and expression of Clz9 and Tcz9 

Cloning and expression of Clz9 has been previously reported.2 Actinomycete sp. 

AJS-327 gDNA was isolated following standard procedures and concentrated using an 

isopropanol precipitation procedure.3,4 The gene coding for Tcz9 was amplified from 

gDNA using PrimeSTAR Max DNA polymerase (Takara Bio Inc., Kyoto, Japan) and 

oligonucleotides Tcz9_MBP_F (CTGTACTTCCAATCCGGATCCATGGCCACCCCATC 

CGCATTC) and Tcz9_MBP_R (GGTGGTGGTGGTGCTCGAGTCAGTCCAGCGGTCC 

GTCGA). The resulting 1.5-kb PCR product was cloned into a PCR amplified 

pET28a_MBP vector using oligonucleotides Tcz9_MBP_F and Tcz9_MBP_R by Gibson 

Assembly using HiFi DNA Assembly Master Mix (New England Biosciences, MA, USA). 

The resulting construct, Tcz9_MBP, was isolated from E. coli DH10B, verified by DNA 

sequencing and then transformed into E. coli BL21 (DE3) cells for protein expression. 

Expression of Tcz9 was started by inoculating an overnight culture at 200 rpm and 37 °C 

with a single colony of E. coli BL21 (DE3) harboring Tcz9_MBP, in Luria-Bertani (LB) 

broth supplemented with kanamycin (50 μg/mL) and chloramphenicol (12.5 μg/mL). The 

cultures were then transferred to 2.8 mL Fernbach flasks containing 1 L of terrific broth 

(TB) media supplemented with kanamycin (50 μg/ml), chloramphenicol (12.5 μg/mL), and 

riboflavin (~100 mg/L). After incubation at 200 rpm and 30 °C until an OD600 = 0.8 was 

reached (approximately 4 hours), the temperature was lowered to 18 °C and protein 

expression was induced by the addition of IPTG (0.1 mM final concentration). The culture 

was incubated at 200 rpm and 18 °C for 20 hours until stopped by harvesting the cells via 

centrifugation (7,500g, 4 °C, 30 min). The cell pellet was stored at –80 °C.  
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Purification of Clz9 and Tcz9 

The purification of Clz9 and Tcz9 was performed following a modified procedure 

that was previously reported.2 Frozen cell pellets were thawed and then suspended in 

lysis buffer (2 mL/g cells, 20 mM Tris-HCl pH 8.0, 500 mM NaCl, 10% glycerol). The cells 

were then sonicated at 40% amplitude for 20 cycles of 15 seconds on and 45 seconds off 

while remaining chilled on ice. The lysate was recovered by centrifugation (10,000g, 4 °C, 

30 min) and purified by Ni2+ affinity chromatography over a 30 minute gradient from 10–

100% elution buffer (20 mM Tris, 200 mM NaCl, 30 mM imidazole, pH 8.0) in wash buffer 

(20 mM Tris, 200 mM NaCl, 250 mM imidazole, pH 8.0). Eluting fractions were evaluated 

for purity by SDS-PAGE, and pure fractions were collected and concentrated using a 50 

kDa MWCO spin filter. The protein was further purified by size exclusion chromatography 

preequilibrated with a 100 mM potassium phosphate buffer (5% glycerol, pH 7.5). Clz9 

and Tcz9 were concentrated to approximately 20 mg/mL prior to aliquoting and storage 

at –80 °C.  

General Procedure for in vitro Assays with Clz9 and Tcz9 

The in vitro assays were performed following a modified procedure that was 

previously reported.2 A solution containing 2 or 4 (1 mM) in DMSO was suspended in 

potassium phosphate buffer (5 mL, pH 7.5, with 0.2 mg/mL catalase and 10% DMSO). 

The reaction was initiated with addition of Clz9 or Tcz9 (50 μM final concentration) and 

incubated for 12 hours at 37 °C. 

 

5,6-dichloro-3-(3-(4,5-dichloro-1H-pyrrole-2-carbonyl)-2,6-dihydroxyphenyl)-2,3-

dihydro-1H-pyrrolizin-1-one (8): 
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Following incubation for 12 hours, the reaction was transferred to a 15 mL falcon 

tube and extracted with three times with EtOAc. The organic layer was washed with brine 

and dried using MgSO4. The crude mixture was then concentrated and loaded onto celite 

for normal phase flash chromatography using a gradient from 0 – 20% MeOH in DCM. 

The solvent was evaporated under reduced pressure, which resulted in the isolation of 4 

(300 μg). 

UV (MeOH) λmax 227, 244, 297, 354 nm; 1H and 13C NMR data, see Tables S5-6; HR-

ESI-TOFMS: m/z = 456.9333 [M-H]- (calcd. for C18H935Cl4N2O4, 456.9317). 

 

(E)- and (Z)-2,3-dichloro-7-(5,6-dichloro-3H-pyrrolizin-3-ylidene)-8-hydroxy-5H-

pyrrolo[2,1-a]isoindole-5,6(7H)-dione ((E)-9) and ((Z)-9)  (unable to unambiguously 

differentiate geometric isomers): 

 

 

Over the course of the reaction, a red precipitate slowly precipitated out of solution. 

This precipitate was vacuum filtered over Celite and rinsed with three times with water to 
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remove residual DMSO. The precipitate was resuspended in MEOH and loaded onto 

Celite for normal phase flash chromatography using a gradient from 0 – 8%, then flushed 

with 20% MEOH in DCM. The solvent was evaporated under reduced pressure, which 

resulted in the isolation of (E)-9 and (Z)-9 (100 μg and 800 μg). 

The desired product strongly binds to MgSO4; thus, certain drying agents should 

be avoided when removing water from organic solvent solutions containing this product. 

Compounds (E)-9 and (Z)-9 have very limited solubility in common organic solvents, 

including EtOAc, DCM, MeCN, and acetone. 

UV (MeOH) λmax 246, 280, 370, 426, 452, 481, 510, 535 nm; 1H data, see Table S7; HR-

ESI-TOFMS: m/z = 436.9058 and 436.9065 [M-H]- (calcd. for C18H535Cl4N2O3, 436.9055). 

 

(E)-2,3-dichloro-7-(3-(4,5-dichloro-1H-pyrrol-2-yl)-3-oxoprop-1-en-1-yl)-6,8-

dihydroxy-5H-pyrrolo[2,1-a]isoindol-5-one (10): 

 

 

 

Over the course of 24 – 48 hours, isomers (E)-9 and (Z)-9 slowly converged to the 

same yellow product (10) while dissolved in DMSO-d6. The product was further 

characterized by NMR. 1H and 13C chemical shifts at C-13, C-14, and C15 closely 

matched the corresponding atoms in 1 to help confirm the absolute structure. 
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UV (MeOH) λmax 224, 263, 354, 420 nm; 1H and 13C NMR data, see Tables S8-9; HR-

ESI-TOFMS: m/z = 454.9171 [M-H]- (calcd. for C18H735Cl4N2O4, 454.9160).
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Supplementary Tables 
 

Table S1. Putative functions of the genes in the BGC associated with 2 and sequence 
comparisons with clz genes2 or closest homologues. 

Gene Size 
(a.a.) Predicted Function clz2 or closest homolog 

(% Protein Identity) 
GenBank Accession 

Number 

tcz1 146 MarR family transcriptional regulator S. cacaoi (84) WP_171394890.1 

tcz2 131 Putative sterol carrier protein clz2 (62) WP_158692259.1 

tcz3 262 Enoyl-ACP reductase clz3 (73) WP_027747159.1 

tcz4 392 2-alkenoyl-CoA carboxylase/reductase clz4 (78) WP_106965699.1 

tcz5 448 FAD-dependent halogenase clz5 (81) WP_027747161.1 

tcz6 3015 Type I PKS clz6 (54) WP_051262040.1 

tcz7 1515 Type I PKS clz7 (57) WP_051262041.1 

tcz8 560 FAD-dependent halogenase (inactive) clz8 (46) WP_027747162.1 

tcz9 477 FAD-dependent oxidoreductase (BBE-like) clz9 (53) WP_051262042.1 

tcz10 91 ACP clz10 (67) WP_027747163.1 

tcz11 436 KS type II clz11 (65) WP_051262043.1 

tcz12 246 Transporter ATP-binding protein S. varsoviensis (77) WP_030877486.1 

tcz13 257 ABC transporter permease S. varsoviensis (84) WP_030877482.1 

tcz14 210 TetR family regulator clz12 (60) WP_078512405.1 

tcz15 225 LuxR family regulator clz13 (59) WP_158692260.1 

tcz16 490 Adenyltransferase clz14 (69) WP_027747166.1 

tcz17 378 Acyl-CoA dehydrogenase clz15 (70) WP_027747167.1 

tcz18 451 Na+/H+ exchanger clz16 (66) WP_051262045.1 

tcz19 248 PPTase clz17 (51) WP_051262046.1 

tcz20 97 ACP clz18 (62) WP_027747168.1 

tcz21 263 Thioesterase clz19 (58) WP_051262049.1 

tcz22 335 Hypothetical Protein S. coeruleorubidus (57) WP_150481289.1 

Abbreviations: ACP (acyl carrier protein); CoA (coenzyme A); FAD (flavin adenine dinucleotide); PKS 
(polyketide synthase); BBE-like (berberine bridge enzyme-like); KS (ketoacyl synthase); ATP (adenosine 
triphosphate); PPTase (phosphopantetheinyl transferase) 
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Table S2. 1H and 13C NMR spectroscopic data for 1 and 2. 

    1 ((CD3)2SO)  2 ((CD3)2SO)   2 (C5D5N) 

position  δC, typea δH, mult (J in Hz)b   δC, typea δH, mult (J in Hz) 

b 
  δC, typea δH, mult (J 

in Hz) b 
2  120.4, Ce    119.7, Ce    120.5, Ce  

3  110.1, Ce   109.8, Ce    110.9, Ce  

4  117.7, CH 7.20, d (2.8)  117.1, 
CH 7.10, d (2.9)   117.9, 

CH 7.21, mc,d 

5  127.1, C    127.4, C    128.9, C  

6  184.1, C   184.2, C    185.3, C  

7  110.9, C   111.0, C    112.3, C  

8  164.9, C   162.5, C    164.0, C  

9  109.7, C   114.0, C    115.6, C  

10  164.4, C   162.3, C    163.8, C  

11  108.2, CH 6.65, d (9.0)  107.8, 
CH 6.54, d (9.0)   108.2, 

CH 
6.82, d 
(8.9) 

12  134.8, CH 7.99, d (9.0)  131.0, 
CH 7.79, d (9.0)   131.5, 

CH 
8.01, d 
(8.9) 

13  132.6, CH 8.07, d (15.8)  18.2, CH2 2.86, mc   19.5, CH2 3.63, m 

14  123.2, CH 7.85, d (15.8)  36.2, CH2 2.86, mc   37.4, CH2 3.37, m 

15  178.1, C   188.6, C    189.5, C  

16  131.0, C   129.3, C    130.6, C  

17  115.0, CH 7.18, d (2.3)  115.4, 
CH 7.13, d (2.7)   116.0, 

CH 7.22, s 

18  109.6, Cf   109.2, Cf    110.3, Cf  

19  120.0, Cf   119.4, Cf    120.1, Cf  

1-NH   13.36, br d (2.8)   13.05, br s     

8-OH   13.70, br s   13.25, br s     

10-OH   11.79, br s   10.76, br s     

20-NH   13.24, br d (2.3)   12.70, br s     
a125 MHz. b500 MHz. cOverlapping signals. dconfirmed by HSQC. e,fSignals may be switched. 

  



 

130 

Table S3. COSY, HMBC, and ROESY NMR data for 1 (500 MHz, (CD3)2SO). 

 1   
position δH/δC COSY HMBC ROESY  

4 7.20/117
.7 

H-1-NH C-2, C-5 H-12  

11 6.65/10
8.2 

H-12 C-7, C-9  

12 7.99/13
4.8 

H-11 C-6, C-8, C-10 H-4 

13 8.07/13
2.6 

H-14 C-10, C-15  

14 7.85/12
3.2 

H-13 C-9, C-15 H-17 

17 7.18/115
.0 

H-20-NH C-16, C-19 H-14 

1-NH 13.36/- H-4 C-3  
8-OH 13.70/-  C-7, C-8, C-9  
10-OH 11.79/-  C-9, C-10  
20-NH 13.24/- H-17 C-19  

 

 

Table S4. COSY, HMBC, and ROESY NMR data for 2 (500 MHz). 

2 ((CD3)2SO) 
position δH/δC COSY HMBC   

4 7.10/117.1 H-1-NH C-2, C-5   
11 6.54/107.8 H-12 C-7, C-9   
12 7.79/131.0 H-11  C-6, C-8, C-10   
13 2.86/18.2 H-14 C-10, C-15   
14 2.86/36.2 H-13 C-9, C-15   
17 7.13/115.4 H-20-NH C-16, C-19   

1-NH 13.05/- H-4    
8-OH 13.25/-     
10-OH 10.76/-   C-9, C-10, C-11   
20-NH 12.70/- H-17    

 
 

 2 (C5D5N)  
position δH/δC COSY HMBC ROESY 

4 7.21/117.9  C-2, C-5 H-12 
11 6.82/108.2 H-12 C-7, C-9  
12 8.01/131.5 H-11 C-6, C-8, C10 H-4 
13 3.63/19.5 H-14 C-8, C-9, C-10, C-

14, C-15 
 

14 3.37/37.4 H-13 C-9, C-13, C-15 H-17 
17 7.22/116.0  C-16, C-19 H-14 

1-NH -    
8-OH -    
10-OH -    
20-NH -    
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Table S5. 1H and 13C NMR spectroscopic data for 8 and 8′ (CD3OD). 

    8 and 8′ 
position  δC, typea δH, mult (J in Hz)b 

2 / 2′  120.1, Cc / 120.2, Cd  

3 / 3′  127.6, Cc / 127.3, Cd  

4 / 4′  104.8, CH / 104.8, CH 7.01, s / 6.98, s 

5 / 5′  N.O.f  

6 / 6′  184.4, C / 184.5, C  

7 / 7′  110.2, Cg / 110.2, Ch  

8 / 8′  N.O.f  

9 / 9′  111.6, Cg / 111.2, Ch  

10 / 10′  163.0, C / 163.5, C  

11 / 11′  106.3, CH / 106.7, CH 6.57, d (9.0) / 6.43, d (9.0) 

12 / 12′  132.5, CH / 132.3, CH 7.97, me / 7.96, me 

13 / 13′  18.5, CH / 48.9, CH 6.37, dd (8.3, 3.2) / 6.32, dd, (8.3, 
3.2) 

14a / 14a′  43.3, CH / 43.4, CH 3.49, me / 3.46, me 

14b / 14b′   3.16, dd (18.1, 3.2) / 3.10, dd (18.1. 
3.2) 

15 / 15′  190.6, C / 190.6, C  

16 / 16′  130.4, C / N.O.f  

17 / 17′  116.1, CH / 116.2, CH 6.76, s / 6.75, s 

18 / 18′  116.6, Ci / 116.8, Cj  

19 / 19′  N.O.i / N.O.j  
a125 MHz. b500 MHz. c,d,g,h,i,jSignals may be switched. eOverlapping signals. fNot observed (N.O.).  
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Table S6. COSY, HMBC, and NOESY NMR data for 8 and 8′ (500 MHz, CD3OD). 

8 and 8′ 
position δH/δC COSY / NOESY HMBC 

4  7.01/104.8 - / H-12 120.1, 127.6 
4′ 6.98/104.8 - / H-12 120.2, 127.3 
11  6.57/106.3 H-12 / H-12 110.2, 111.6 
11′ 6.43/106.7 H-12′ / H-12′ 111.2 
12 7.97/132.5 H-11 / H-4, H-11 C-6, C-10 
12′ 7.96/132.3 H-11′ / H-4′, H-11′ C-6′, C-10′ 
13 6.37/48.5 H-14a, H-14b / H-14a, H-14b  
13′ 6.32/48.9 H-14a′, H-14b′ / H-14a′, H-14b′  
14a 3.49/43.3 H-13, H-14b / H-13, H-14b C-15 
14a′ 3.46/43.4 H-13′, H-14b′ / H-13′, H-14b′ C-15′ 
14b 3.16/43.3 H-13, H-13a / H-13, H-14a  
14b′ 3.10/43.4 H-13′, H-13a′ / H-13′, H-14a′  
17 6.76/116.1  C-16, 116.6  
 17′ 6.75/116.2  116.8 

 

 

Table S7. 1H NMR spectroscopic data for (E)-9 and (Z)-9 ((CD3)2SO). 

    (E)-9/(Z)-9  (E)-9/(Z)-9 

position   δH, mult (J in 
Hz)a  

  δH, mult (J in Hz)a 

4   7.57, sa   7.36, br. sc 

7   6.91, sa   7.20, br. sc 

14   8.16, d (7.6)b   7.99, br. sc 

15    7.51, d (7.6)b   6.89, br. sc 

17   6.84, sa   6.52, br. sc 
a500 MHz. a,b,cSignals may be switched. 

 

 

 

 

 

 

 

 

 

 



 

133 

Table S8. 1H and 13C NMR spectroscopic data for 10 ((CD3)2SO). 

      10 

position    δC, typea δH, mult (J in 
Hz)b 

2, 3, 5, 6, 18, 19c      

4    108.0, CH 6.85, s 

7    101.5, CH 6.66, s 

8    158.6, Cd  

9    110.7, Cd  

10    166.2, Cd  

11    105.2, C  

12    160.3, C  

13    132.8, CH 7.98, d (15.8) 

14    122.7, CH 7.75, d (15.8) 

15    178.1, C  

16    131.0, C  

17    114.7, CH 7.09, s 
a125 MHz. b500 MHz. cδC = 109.6, 112.4, 116.2, 120.0, 131.0, 131.6, 136.5. d Signals may be switched. 

 

 

Table S9. COSY and HMBC NMR spectroscopic data for 10 (500 MHz, (CD3)2SO). 

10 
position δH/δC COSY HMBC 

4 6.85/108.0  112.4, 131.6 
7 6.66/101.5  131.6, C-8, C-9, C-10, 

C-11 
13 7.98/132.8 H-14 C-8, C-10, C-14, C-15 
14 7.75/122.7 H-13 C-9, C-15 
17 7.09/114.7  120.0, C-16 
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Supplementary Figures 

 
Figure S1. Sequence similarity network (SSN) of BBE-like oxidoreductases (Pfam PF08031 supplemented 
with Tcz9). SSN was generated by the EFI-EST6 server at an E-value of 5 and alignment score of 85. The 
SSN was visualized using Cytoscape v3.8.0.7 Proteins are colored by their putative function. 
Representative examples of BBE-like oxidoreductases include: 6F74, VAO-type oxidase (MtVAO713);  
3POP, pregilvocarcin V oxidase (GilR); 2WDW, hexose oxidase (Dbv29); 2Y08, tirandamycin oxidase 
(TamL); 2IPI, aclacinomycin oxidoreductase (AknOx); 3VTE, tetrahydrocannabinolic acid synthase (THCA 
synthase); 3D2D, berberine bridge enzyme (EcBBE); 4UD8, monolignol oxidase (AtBBE); 1ZR6, 
glucooligosaccharide oxidase (GOOX); 5K8E, xylooligosaccharide oxidase (XylO); 3RJ8, carbohydrate 
oxidase; 2BVG, 6-hydroxy-D-nicotine oxidase (6-HDNO).
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Figure S4. Key absolute COSY, ROESY, and HMBC correlations for 1, 8, and 10. Correlations 
between protons and ambiguous carbons are listed in Tables S6 and S9. 

 

N
H

Cl

Cl

O
N
H

O

OH

OH

Cl

Cl

ROESY correlations

HMBC correlations

COSY correlations

N
H

O

OH

OH

Cl

Cl N

Cl
Cl

O

H

N

O OH

OH

Cl

Cl

O

NH
Cl

Cl

Ha Hb

8/8’

10

1



 

138 

 

Fi
gu

re
 S

5.
 1 H

 N
M

R
 s

pe
ct

ru
m

 o
f t

et
ra

ch
lo

riz
in

e 
(1

) i
n 

(C
D

3) 2
SO

 (5
00

 M
H

z)
. 

 



 

139 

 

Fi
gu

re
 S

6.
 13

C
 N

M
R

 s
pe

ct
ru

m
 o

f t
et

ra
ch

lo
riz

in
e 

(1
) i

n 
(C

D
3) 2

SO
 (1

25
 M

H
z)

.  

 



 

140 

 

Fi
gu

re
 S

7.
 C

O
SY

 N
M

R
 s

pe
ct

ru
m

 o
f t

et
ra

ch
lo

riz
in

e 
(1

) i
n 

(C
D

3) 2
SO

 (5
00

 M
H

z)
. 



 

141 

 

Fi
gu

re
 S

8.
 H

SQ
C

 N
M

R
 s

pe
ct

ru
m

 o
f t

et
ra

ch
lo

riz
in

e 
(1

) i
n 

(C
D

3) 2
SO

 (5
00

 M
H

z)
. 

 



 

142 

  

Fi
gu

re
 S

9.
 H

M
BC

 N
M

R
 s

pe
ct

ru
m

 o
f t

et
ra

ch
lo

riz
in

e 
(1

) i
n 

(C
D

3) 2
SO

 (5
00

 M
H

z)
. 

 



 

143 

 

Fi
gu

re
 S

10
. R

O
ES

Y 
N

M
R

 s
pe

ct
ru

m
 o

f t
et

ra
ch

lo
riz

in
e 

(1
) i

n 
(C

D
3) 2

SO
 (5

00
 M

H
z)

. 

 



 

144 

 

 

Fi
gu

re
 S

11
. H

R
-E

SI
-T

O
F-

M
S 

sp
ec

tru
m

 o
f t

et
ra

ch
lo

riz
in

e 
(1

). 

 



 

145 

 
 

 

 

 

0 

10
0 

20
0 

Absorbance (mAU) 

30
0 

40
0 

50
0 

60
0 

70
0 

W
av

el
en

gt
h 

(n
m
) 

30
0 

22
0 

36
0 

Fi
gu

re
 S

12
. U

V/
vi

s 
sp

ec
tru

m
 o

f t
et

ra
ch

lo
riz

in
e 

(1
). 

 



 

146 

  

Fi
gu

re
 S

13
. 1 H

 N
M

R
 s

pe
ct

ru
m

 o
f d

ih
yd

ro
te

tra
ch

lo
riz

in
e 

(2
) i

n 
(C

D
3) 2

SO
 (5

00
 M

H
z)

. 

 



 

147 

 

Fi
gu

re
 S

14
. 13

C
 N

M
R

 s
pe

ct
ru

m
 o

f d
ih

yd
ro

te
tra

ch
lo

riz
in

e 
(2

) i
n 

(C
D

3) 2
SO

 (1
25

 M
H

z)
. 

 



 

148 

 

Fi
gu

re
 S

15
. C

O
SY

 N
M

R
 s

pe
ct

ru
m

 o
f d

ih
yd

ro
te

tra
ch

lo
riz

in
e 

(2
) i

n 
(C

D
3) 2

SO
 (5

00
 M

H
z)

. 

 



 

149 

 

 

Fi
gu

re
 S

16
. H

SQ
C

 N
M

R
 s

pe
ct

ru
m

 o
f d

ih
yd

ro
te

tra
ch

lo
riz

in
e 

(2
) i

n 
(C

D
3) 2

SO
 (5

00
 M

H
z)

. 

 



 

150 

 

Fi
gu

re
 S

17
. H

M
BC

 N
M

R
 s

pe
ct

ru
m

 o
f d

ih
yd

ro
te

tra
ch

lo
riz

in
e 

(2
) i

n 
(C

D
3) 2

SO
 (5

00
 M

H
z)

. 

 



 

151 

 

 

Fi
gu

re
 S

18
. 1 H

 N
M

R
 s

pe
ct

ru
m

 o
f d

ih
yd

ro
te

tra
ch

lo
riz

in
e 

(2
) i

n 
C

5D
5N

 (5
00

 M
H

z)
.  

 



 

152 

 

 

Fi
gu

re
 S

19
. 13

C
 N

M
R

 s
pe

ct
ru

m
 o

f d
ih

yd
ro

te
tra

ch
lo

riz
in

e 
(2

) i
n 

C
5D

5N
 (1

25
 M

H
z)

. 

 



 

153 

 

 

Fi
gu

re
 S

20
. C

O
SY

 N
M

R
 s

pe
ct

ru
m

 o
f d

ih
yd

ro
te

tra
ch

lo
riz

in
e 

(2
) i

n 
C

5D
5N

 (5
00

 M
H

z)
. 

 



 

154 

 

 

Fi
gu

re
 S

21
. H

SQ
C

 N
M

R
 s

pe
ct

ru
m

 o
f d

ih
yd

ro
te

tra
ch

lo
riz

in
e 

(2
) i

n 
C

5D
5N

 (5
00

 M
H

z)
. 

 



 

155 

 

 

Fi
gu

re
 S

22
. H

M
BC

 N
M

R
 s

pe
ct

ru
m

 o
f d

ih
yd

ro
te

tra
ch

lo
riz

in
e 

(2
) i

n 
C

5D
5N

 (5
00

 M
H

z)
. 

 



 

156 

 

 

Fi
gu

re
 S

23
. R

O
ES

Y 
N

M
R

 s
pe

ct
ru

m
 o

f d
ih

yd
ro

te
tra

ch
lo

riz
in

e 
(2

) i
n 

C
5D

5N
 (5

00
 M

H
z)

. 

 



 

157 

 

 

Fi
gu

re
 S

24
. H

R
-E

SI
-T

O
F-

M
S 

sp
ec

tru
m

 o
f d

ih
yd

ro
te

tra
ch

lo
riz

in
e 

(2
). 

 



 

158 

 

Fi
gu

re
 S

25
. U

V/
vi

s 
sp

ec
tru

m
 o

f d
ih

yd
ro

te
tra

ch
lo

riz
in

e 
(2

). 



 

159 

 

 

Fi
gu

re
 S

26
. 1 H

 N
M

R
 s

pe
ct

ru
m

 o
f 8

 in
 C

D
3O

D
 (5

00
 M

H
z)

.  
 



 

160 

 
 

Fi
gu

re
 S

27
. C

O
SY

 N
M

R
 s

pe
ct

ru
m

 o
f 8

 in
 C

D
3O

D
 (5

00
 M

H
z)

. 



 

161 

 
 

Fi
gu

re
 S

28
. H

SQ
C

 N
M

R
 s

pe
ct

ru
m

 o
f 8

 in
 C

D
3O

D
 (5

00
 M

H
z)

.  



 

162 

 
 

Fi
gu

re
 S

29
. H

M
BC

 N
M

R
 s

pe
ct

ru
m

 o
f 8

 in
 C

D
3O

D
 (5

00
 M

H
z)

. 



 

163 

 
 

Fi
gu

re
 S

30
. N

O
ES

Y 
N

M
R

 s
pe

ct
ru

m
 o

f 8
 in

 C
D

3O
D

 (5
00

 M
H

z)
.  



 

164 

 

Fi
gu

re
 S

31
. H

R
-E

SI
-T

O
F-

M
S 

sp
ec

tru
m

 o
f 8

. 

 



 

165 

 

Fi
gu

re
 S

32
. U

V/
vi

s 
sp

ec
tru

m
 o

f 8
. 



 

166 

 

 

N

O
O

O
H

C
l

C
l

NC
l

C
l

N

O
O

O
H

C
l

C
l

N

C
l

C
l

+

(E
)-
9

(Z
)-
9

Fi
gu

re
 S

33
. 1 H

 N
M

R
 s

pe
ct

ru
m

 o
f (

E
/Z

)-9
 a

fte
r 5

 m
in

ut
es

 in
 (C

D
3) 2

SO
 (5

00
 M

H
z)

. 



 

167 

 

 

Fi
gu

re
 S

34
. 1 H

 N
M

R
 ti

m
e 

co
ur

se
 c

om
pa

ris
on

 o
f (

E
/Z

)-9
 a

fte
r 5

 m
in

ut
es

 (t
op

) a
nd

 3
6 

ho
ur

s 
(b

ot
to

m
) i

n 
(C

D
3) 2

SO
 (5

00
 M

H
z)

. 

 



 

168 

 
 

N

O
O

O
H

C
l

C
l

NC
l

C
l

N

O
O

O
H

C
l

C
l

N

C
l

C
l

+

(E
)-
9

(Z
)-
9

Fi
gu

re
 S

35
. 1 H

 N
M

R
 s

pe
ct

ru
m

 o
f (

E
/Z

)-9
 a

fte
r 5

 m
in

ut
es

 in
 (C

D
3) 2

SO
 (5

00
 M

H
z)

. 



 

169 

 
 

Fi
gu

re
 S

36
. 1 H

 N
M

R
 ti

m
e 

co
ur

se
 c

om
pa

ris
on

 o
f (

E
/Z

)-9
 a

fte
r 5

 m
in

ut
es

 a
nd

 3
6 

ho
ur

s 
in

 (C
D

3) 2
SO

 (5
00

 M
H

z)
. 



 

170 

 
 

Fi
gu

re
 S

37
. H

R
-E

SI
-T

O
F-

M
S 

sp
ec

tru
m

 o
f (

E
/Z

)-9
. 



 

171 

 
 

Fi
gu

re
 S

38
. H

R
-E

SI
-T

O
F-

M
S 

sp
ec

tru
m

 o
f (

E
/Z

)-9
. 



 

172 

 

Fi
gu

re
 S

39
. U

V/
vi

s 
sp

ec
tru

m
 o

f (
E

)- 
an

d 
(Z

)-9
. 

 



 

173 

 
 

N

O
O
HO
H

C
l

C
l

O

N
H
C
l

C
l

10

Fi
gu

re
 S

40
. 1 H

 N
M

R
 s

pe
ct

ru
m

 o
f 1

0 
in

 (C
D

3) 2
SO

 (5
00

 M
H

z)
. 



 

174 

 
 

Fi
gu

re
 S

41
. 13

C
 N

M
R

 s
pe

ct
ru

m
 o

f 1
0 

in
 (C

D
3) 2

SO
 (1

25
 M

H
z)

. 



 

175 

 
 
 
 
 
 
 

Fi
gu

re
 S

42
. C

O
SY

 N
M

R
 s

pe
ct

ru
m

 o
f 1

0 
in

 (C
D

3) 2
SO

 (5
00

 M
H

z)
. 



 

176 

 
 
 
 
 
 
 

Fi
gu

re
 S

43
. H

SQ
C

 N
M

R
 s

pe
ct

ru
m

 o
f 1

0 
in

 (C
D

3) 2
SO

 (5
00

 M
H

z)
. 



 

177 

 
 
 
 
 
 

Fi
gu

re
 S

44
. H

M
BC

 N
M

R
 s

pe
ct

ru
m

 o
f 1

0 
in

 (C
D

3) 2
SO

 (5
00

 M
H

z)
. 



 

178 

 
 
 

Fi
gu

re
 S

45
. L

on
g-

ra
ng

e 
H

M
BC

 N
M

R
 s

pe
ct

ru
m

 o
f 1

0 
in

 (C
D

3) 2
SO

 (5
00

 M
H

z)
. 



 

179 

 

Fi
gu

re
 S

46
. H

R
-E

SI
-T

O
F-

M
S 

sp
ec

tru
m

 o
f 1

0.
 



 

180 

 

22
4 

35
4 

26
3 

42
0 

0 

20
 

40
 

60
 

Absorbance (mAU) 

30
0 

40
0 

50
0 

60
0 

70
0 

W
av

el
en

gt
h 

(n
m
) 

80
 

Fi
gu

re
 S

47
. U

V/
vi

s 
sp

ec
tru

m
 o

f 1
0.

 



 

181 

1. Supplementary References 
 

1.  Kim, M. C.; Cullum, R.; Machado, H.; Smith, A. J.; Yang, I.; Rodvold, J. J.; Fenical, W. J. 
Nat. Prod. 2019, 82, 2262–2267. 

 
2.  Mantovani, S. M.; Moore, B. S. J. Am. Chem. Soc. 2013, 135, 18032–18035. 
 
3.  Kieser, T.; Bibb, M. J.; Buttner, M. J.; Chater, K. F.; Hopwood, D. A. Practical Streptomyces 

genetics; The John Innes Foundation: Norwich, 2000. 
 
4.  Green, M. R.; Sambrook, J. Cold Spring Harb. Protoc. 2017, 2017 (8), 673–674. 
 
5.  Flitsch, W.; Jones, G. Adv. Heterocycl. Chem. 1984, 37, 1–66. 
 
6.  Zallot, R.; Oberg, N.; Gerlt, J. A. Biochemistry 2019, 58 (41), 4169–4182. 
 
7.  Shannon, P.; Markiel, A.; Ozier, O.; Baliga, N. S.; Wang, J. T.; Ramage, D.; Amin, N.; 

Schwikowski, B.; Ideker, T. Genome Res. 2003, 13 (11), 2498–2504. 
 
8.  Goujon, M.; McWilliam, H.; Li, W.; Valentin, F.; Squizzato, S.; Paern, J.; Lopez, R. Nucleic 

Acids Res. 2010, 38 (SUPPL. 2), W695–W699. 
 
9.  Navarro-Muñoz, J. C.; Selem-Mojica, N.; Mullowney, M. W.; Kautsar, S. A.; Tryon, J. H.; 

Parkinson, E. I.; De, E. L. C.; Santos, L.; Yeong, M.; Cruz-Morales, P.; Abubucker, S.; 
Roeters, A.; Lokhorst, W.; Fernandez-Guerra, A.; Dias Cappelini, L. T.; Goering, A. W.; 
Thomson, R. J.; Metcalf, W. W.; Kelleher, N. L.; Barona-Gomez, F.; Medema, M. H. Nat. 
Chem. Biol. 2020, 16, 60–68. 



 

182 

Chapter 4 

 

Exploring the Structure-Function Relationship of Clz9 and Tcz9 for 
Benzylic(sp3) C–H Functionalization Applications 

 
 

Trevor N. Purdy, Bradley S. Moore 
 
 
 

Abstract: The selective functionalization of benzylic(sp3) C–H bonds remains a 

formidable task in natural product total synthesis. However, certain enzymes have 

evolved the ability to perform these reactions under mild reaction conditions. We recently 

reported the function of a novel berberine bridge enzyme-like (BBE-like) oxidase, Tcz9, 

that catalyzed a benzylic functionalization reaction via a highly reactive ortho-quinone 

methide intermediate. We have since identified a key active site residue that differentiates 

Tcz9 from Clz9, a homolog with preferential cyclase activity. We have also expanded the 

substrate scope of Tcz9 and Clz9 to perform benzylic hydroxylation and cycloaddition 

reactions, including in vitro and in vivo cannabinoid production. Given their favorable 

biocatalytic properties, Tcz9 and Clz9 highlight new opportunities for engineering related 

BBE-like enzymes to perform challenging chemo-, regio-, and stereoselective benzylic 

functionalization reactions.  
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1. Introduction 

Total synthesis has been routinely employed over the past two decades to supply 

pharmaceutical drugs, fine chemicals, and agrochemicals on an industrial scale.1 

However, most of these industrial processes require toxic reagents, harsh reaction 

conditions, and routinely struggle to match the selectivity and atom efficiency already 

designed by Nature. Breakthroughs in next generation sequencing, synthetic biology, and 

bioinformatics have accelerated the process to identify enzymes that can be developed 

as biocatalytic tools to augment total synthetic routes.2–5 Furthermore, rational design and 

directed evolution strategies have expanded the breadth of reactions enzymes can 

perform, enabling efficient one-pot cascade processes for manufacturing complex 

designer molecules and improving the accessibility of non-natural chemicals once 

considered to be biologically intractable.6–10 We are now entering the golden age of 

biocatalysis. 

Enzymes belonging to the berberine bridge enzyme (BBE)-like oxidase subfamily 

are known to catalyze a variety of tailoring redox reactions in carbohydrate, steroid, 

meroterpenoid, polyketide, and alkaloid biosynthesis.11–16 These reactions not only 

limited to dehydrogenation reactions, but also include challenging carbon-carbon bond 

forming reactions, such as the namesake berberine bridge forming reaction in berberine-

type alkaloids (Scheme 4.1). BBE-like oxidases share the distinct attribute of bicovalent 

attachment to flavin adenine dinucleotide (FAD) at the 6- and 8α-positions of the 

isoalloxazine ring by conserved cysteine and histidine residues, respectively. This feature 

increases the redox potential of the FAD cofactor, enabling BBE-like oxidases to perform 

reactions not accessible by other FAD-dependent enzymes. Furthermore, structure-
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function relationship studies have demonstrated that the bicovalent attachment of FAD is 

essential for enzymatic activity.17,18  
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Carbon(sp3)-hydrogen (C–H) bond functionalization is one of the most valuable 

reactions to install new functionality into the framework of complex natural product 

scaffolds.19–21 However, synthetic approaches have faced challenges in overcoming the 

high bond dissociation energy of C–H bonds (~100 kcal·mol-1), poor regioselective and 

stereoselective control, and potential over-oxidation. Benzylic C–H functionalization 

reactions are slightly more accessible due to their lower bond dissociation energy (~90 

kcal·mol-1) and have attracted both synthetic and biocatalytic interest.22–27 One benzylic 

C–H functionalization strategy leverages the reactivity of dearomatized ortho-quinone 

methide (o-QM) intermediates to regioselectively form new benzylic carbon-carbon or 

carbon-heteroatom bonds.28 While their existence was questioned until direct 

observations were made in the 1960’s, o-QMs now play an important role in total 

synthesis.29–31 However, their full synthetic potential has been limited due to the 

requirements of prefunctionalization, protecting group manipulations, high reaction 

temperatures, and transition metal catalysts. Alternatively, o-QMs have been implicated 

in numerous biosynthetic routes and recent biochemical discoveries have unveiled 

several families of enzymes capable of generating these highly reactive intermediates 

under mild conditions.18,32–34 Several of these enzymes also exhibit promising biocatalytic 

utility; however, the vast majority of examples are derived from plant or fungal sources, 

limiting scalability due to reduced protein expression levels and overall stability.35–38 

Herein, we repurpose two previously characterized microbial BBE-like oxidases capable 

of directly generating o-QMs to perform chemoselective dehydrogenation, hydroxylation, 

and cyclization reactions with an impressive array of non-native substrates.  
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We recently reported the discovery of a novel tetrachlorinated natural product, 

tetrachlorizine (4), produced by a taxonomically distinct Actinomycete sp.39 Bioinformatic 

analysis revealed a biosynthetic gene cluster architecturally similar to a previously 

reported dichloropyrrole containing natural product, (–)-chlorizidine A (2). The final 

biosynthetic step in chlorizidine and tetrachlorizine biosynthesis involves the BBE-like 

oxidases Clz9 and Tcz9, respectively, which share 48% amino acid sequence identity. 

These two enzymes facilitate hydride abstraction by the oxidized flavin cofactor and 

phenolic deprotonation by basic residues in the active site, generating a highly reactive 

o-QM intermediate. It is difficult to determine whether this mechanism is concerted, but 

there is evidence suggesting this may be the case.40 Prechlorizidine (1) is converted to 

(–)-chlorizidine A (2) by intramolecular nucleophilic addition of the dichloropyrrole 

nitrogen, generating a rare dihydropyrrolizine ring enantioselectively, while 

dihydrotetrachlorizine (3) is converted to tetrachlorizine (4) by benzylic dehydrogenation. 

Our initial experiments exploring this difference in catalytic function began by incubating 

3 with Clz9, yielding a 1:1 mixture of 4 and a new cyclized derivative (5), indicating that 

dehydrogenation can still occur, but Clz9 preferentially acts as a cyclase (Scheme 4.2b). 

In contrast, incubation of 1 with Tcz9 generated two triply oxidized, stabilized o-QM 

isomers (6 and 7) that were unexpectedly stable in aqueous solutions at room 

temperature. The production of 6 and 7 indicates Tcz9 is also capable of both 

intramolecular cyclization and dehydrogenation reactions with non-native substrates, 

however, the additional dehydrogenation activity with prechlorizidine distinguishes Tcz9 

from Clz9. It was also the first time we observed products that seemingly undergo multiple 

iterations of oxidation by either BBE-like enzyme.  We hypothesize the C-15 carbonyl of 



 

187 

3 lowers the pKa of the α-protons attached to facilitate deprotonation and subsequent 

dehydrogenation by Tcz9 and Clz9 following o-QM formation. In addition, we anticipate 

that a key active site residue in Tcz9 is capable of deprotonating C-14 without the C-15 

carbonyl due to the absence of any cyclized product with 3 and the production of triply 

dehydrogenated products 6 and 7. Given the curious results with two substrates and 

differences in activity between Clz9 and Tcz9, we sought to further explore the structure-

function relationships of these two enzymes and assess their substrate promiscuity to 

functionalize a broader range of substrates. 

 

Scheme 4.2. Benzylic functionalization reactions with microbial BBE-like enzymes Clz9 and Tcz9 via 
an o-QM intermediate. (a) Clz9 catalyzes intramolecular cyclization, while Tcz9 catalyzes a 
dehydrogenation. (b) Clz9 exhibits selectivity as a cyclase not observed with Tcz9 and 3, while Tcz9 
has preferential dehydrogenation activity not observed with Clz9. 
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2. Results 

2.1. Site-directed mutagenesis of Clz9 and Tcz9 

Our attempts to crystallize Clz9 and Tcz9 and confirm the structural differences 

between these two enzymes have proven unsuccessful. Therefore, we created 3D protein 

homology models of Clz9 and Tcz9 using AlphaFold and overlaid them with the published 

crystal structure of FAD-bound tetrahydrocannabinolic acid (THCA) synthase, a plant 

BBE-like homolog that shares approximately 25% sequence identity with Clz9 and 

Tcz9.18,41 This allowed us to predict the relative positioning of FAD in the active site of 

Clz9 and Tcz9 and evaluate proximal residues that would be critical for catalytic functions. 

Indeed, both models accurately predict the conserved histidine and cysteine residues 

necessary for bicovalent attachment (Figure 4.1a). Structural analysis of the models 

reveals three potential residues within the active site of Tcz9 that could be involved in C-

14 deprotonation.  One of these three residues in Tcz9, Y374, is conserved in Clz9. The 

two remaining basic residues in Tcz9, T124 and E368, are F156 and N400 in Clz9, 

respectively, and are hypothesized to play a role in the deprotonation. Thus, we prepared 

two Tcz9 mutants and two Clz9 mutants to reflect the natural variation observed at these 

two positions. Clz9 N400E and Tcz9 E368N did not exhibit any noticeable changes 

compared to the wild type enzymes, other than decreased activity with their non-native 

substrates (Figure 4.1b). Although Clz9 F156T and Tcz9 T124F lowered activity with both 

substrates, Clz9 F156T did produce a mixture of chlorizidine and the triply oxidized o-QM 

isomers 6 and 7. Given this result, the T124 residue in Tcz9 may play a role in 

differentiating the activity of Clz9 and Tcz9. Additional structure-function relationship 
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experiments will be necessary to fully evaluate additional residues that affect the 

cyclization and dehydrogenation capabilities of these two enzymes. 

 

2.2. Benzylic hydroxylation reactions with non-native substrates 

Two recent publications have rigorously examined the utility of o-QMs in 

biocatalytic applications.36,38 Both of these examples employ fungal α-ketoglutarate-

dependent (α-KG) non-heme iron oxidases, CitB or ClaD, to perform chemo- and 

regioselective benzylic hydroxylation reactions. Wild-type CitB and ClaD display 

impressive promiscuity, hydroxylating more than 20 derivatives of clavatol containing 

various aromatic substituents. Upon hydroxylation by the α-KG non-heme iron 

oxygenases, these products undergo non-enzymatic dehydration to generate an o-QM 

intermediate, which can further react with additional nucleophiles present in solution, 

including primary and secondary alcohols, secondary amines, thiols, olefins, and indoles, 

Figure 4.1. Investigation of active site residues that may be involved in the deprotonation event that 
differentiates the catalytic function of Tcz9 from Clz9. (a) Model overlay of Clz9 (green) and Tcz9 (blue) 
with THCA synthase (pink; 3VTE). The bicovalently attached FAD cofactor is yellow. (b) HPLC analysis 
of the in vitro conversion with 1 (left) or 3 (right) comparing the activity of two Clz9 and Tcz9 mutants 
with their respective wild-type enzymes after 12 hours. UV absorption monitored at 450nm (left) and 
350 nm (right). 
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forming new benzylic C–O, C–N, C–S, and C–C bonds. So far, only methyl groups have 

been reported to be hydroxylated with these α-KG non-heme iron oxygenases, limiting 

their utility to enantioselectively functionalize prochiral substrates. We envisioned that 

BBE-like oxidases Clz9 and Tcz9 could provide an orthogonal approach to functionalize 

benzylic carbons enantioselectively via direct formation of an o-QM species within the 

active site of the enzyme. 

Our next goal was to expand the role of Clz9 and Tcz9 past their cyclization and 

dehydrogenation functions. To do this, we prepared truncated derivatives of 

dihydrotetrachlorizine (3) that replaced the pendant dichloropyrrole moiety with a methyl 

substituent to see if benzylic functionalization would still occur. To our surprise, both Tcz9 

and Clz9 were able to hydroxylate both 8 and 9 after 12 hours at room temperature, albeit 

in low quantities (Figure 4.2a). Furthermore, we realized that the reaction could be 

performed with the clarified cell lysate, eliminating the requirement for time-consuming 

protein purification. Although benzylic hydroxylation is the same reaction outcome as the 

α-KG non-heme iron oxygenases CitB and ClaD, the mechanism for benzylic 

hydroxylation with our BBE-like oxidases is fundamentally different. With α-KG non-heme 

iron oxidases CitB and ClaD, the initial oxygen source is molecular oxygen, which can 

then undergo non-enzymatic reversible dehydration to reform the o-QM and react with 

water present in solution;33 with BBE-like oxidases Clz9 and Tcz9, the oxygen is believed 

to be sourced directly from water by nucleophilic addition into the enzymatically generated 

o-QM. 
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2.3. Temperature and solvent effects on Tcz9 activity 

Building upon these results, we examined several reaction parameters that might 

improve the conversion of 9 to 11 with Tcz9. We had previously observed the in vitro 

reactions with Clz9 and Tcz9 and their native substrates were slightly faster by performing 

these reactions in a 37 °C incubator, rather than at room temperature. Much to our 

surprise, wild-type Tcz9 significantly increased the production of 11 between 55-70 °C, 

compared to 25 °C (Figure 4.2b). Unfortunately, there also appeared to be more substrate 

Figure 4.2. Biocatalytic properties of Tcz9. (a) Initial HPLC analysis of benzylic hydroxylation reaction 
in vitro with 2 mol% Clz9 or Tcz9 and 8 or 9 after 12 hours at 37 °C. Combined extracted ion 
chromatogram (EIC) for m/z = 216.1, 232.1 [M–H]- (left); m/z = 284.0, 300.0 [M–H]- (right). (b) 
Temperature profile for in vitro reaction with Tcz9 crude cell lysate and 9 at pH = 7.5 after 8 hours. (c) 
Time course experiment reveals optimal production formation after 8-12 hours at 55 °C before significant 
degradation of the product. (d) Effects of 10-40% DMSO on Tcz9 with 9 at 55 °C after 8 hours. Peak 
area is calculated by integrating the EIC for 9 and 11 in each sample. 
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consumed above 70 °C without more desired product forming. This is explained by the 

observation that elevated temperatures promote spontaneous dehydration of the benzylic 

alcohol product to regenerate the o-QM, which could then degrade or react with other 

nucleophiles present in solution from the crude cell lysate. Accordingly, the 

disappearance of substrate at 90 °C with very little product observed could also be 

explained by possible degradation of the substrate, as no additional significant products 

could be detected that signified any side reactions were occurring. This pronounced 

stability at elevated temperatures is unexpected for wild type enzymes from a marine 

organism, but the bicovalent attachment of the protein to the FAD cofactor might play a 

role in reinforcing the structural integrity of the active site. This enhanced activity has also 

been documented with THCA synthase.42  

 

2.4. Time course analysis monitoring reaction progress of Tcz9 with 9 

Guided by these results, we next monitored the progress of the reaction every few 

hours to track substrate consumption and possible product degradation at 55 °C (Figure 

4.2c). The reaction rate decreases after approximately 8 hours, while substrate 

concentration continued to decline. After 48 hours, ~66% of the maximum benzyl alcohol 

product observed had degraded. Due to the hydrophobic nature of the substrates, we 

also examined Tcz9’s stability in DMSO (Figure 4.2d). We initially used 10% DMSO as a 

carrier solvent for the substrate, but preliminary data suggests that Tcz9 can withstand 

upwards of 20% DMSO before activity is significantly affected. Overall, these experiments 

indicate that optimal reactions should be performed at approximately 55 °C for 8-10 hours 

in the presence of 10-20% DMSO. Although we could not develop a set of conditions that 
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reached full substrate consumption, the unreacted substrate can be recycled for 

subsequent in vitro reactions. Further experiments to optimize the reaction conditions will 

investigate the effects of pH, as well as optimal substrate and enzyme concentrations. 

Additionally, a small library of 10-15 additional substrates with various acyl and alkyl 

substituents will be used to probe the substrate scope for these enzymes. 

 

2.5. In vitro cannabinoid production with Clz9 and Tcz9 

The 2-alkylresorcinol scaffold of dihydrotetrachlorizine (3) and prechlorizidine (1) 

is shared by other well-known classes of natural products, including phytocannabinoids 

(commonly known as cannabinoids). In congruence with tetrachlorizine and chlorizidine 

biosynthesis, the terminal biosynthetic reaction in cannabinoid biosynthesis is also 

catalyzed by BBE-like enzymes that generate o-QM intermediates.  Three enzymes have 

been characterized from Cannabis sativa L. that catalyze the oxidative cyclization 

reactions with cannabigerolic acid (CBGA, 12a) to produce THCA (13), cannabidiolic acid 

(CBDA, 14), and cannabichromenic acid (CBCA, 15a) by their respective THCA, CBDA, 

and CBCA synthases.12,43,44 Given the therapeutic and commercial value of 

cannabinoids, in addition to the uncanny structural, enzymatic, and mechanistic parallels, 

we were curious if our bacterial BBE-like enzymes associated with marine alkaloid natural 

products could accept the cannabinoid precursor 12a. Indeed, both wild type Clz9 and 

Tcz9 showed activity with CBGA at 5 mol% after 12 hours at 37 °C (Figure 4.3). The 

major product generated by both Clz9 and Tcz9 at pH 7.5 is 15a, but they also produce 

uncharacterized products 16a and 17a. Interestingly, 16a is exclusively produced by the 

Clz9 variants, while 17a is produced exclusively by the Tcz9 variants. High-resolution 
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mass spectrometry confirmed 16a and 17a have the same exact mass as THCA, CBDA, 

and CBCA ([M–H]- m/z = 357.205; C27H38O4), indicating oxidation of 12a has taken place. 

However, the retention times of 16a and 17a differ most significantly from naturally 

occurring cannabinoids THCA and CBCA, suggesting these uncharacterized products 

are most likely structurally related to CBDA. We are currently scaling up production of the 

relevant Tcz9 and Clz9 variants to isolate and verify the structures of these two unknown 

products.  

Given these promising results, we decided to screen our four Clz9 and Tcz9 

variants and probe the effect of the F156/T124 and N400/E368 substitutions on catalytic 

Figure 4.3. HPLC analysis of the in vitro reactions of CBGA (12a) with Clz9 or Tcz9 variants after 
incubation for 12 hours at pH 7.5 and 37 °C. No production of THCA (13) or CBDA (14) was detected 
at this pH. The major product observed was CBCA (15a). 16-18a have yet to be structurally 
characterized. UV absorption monitored at 300 nm. 
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activity with 12a. Clz9 N400E exhibited similar activity to the wild-type enzyme, and the 

F156T mutant nearly consumed all 12a to produce 15a with minor traces of 16a (Figure 

4.4a). In contrast, the Tcz9 E368N variant consumed all 12a to produce 15a exclusively, 

while the T124F variant abolished activity. We also prepared two additional variants, Clz9 

T438Y and Tcz9 T405Y, that reflect the THCA synthase Y484 residue that is crucial for 

catalytic activity in cannabinoid biosynthesis (Figure 4.1a).18 Clz9 T438Y produced 15a 

exclusively, while the Tcz9 T405Y variant produced a 1:1 mixture of 15a and 17a. Tcz9 

T405Y also produced a third product 18a with mass 355.1907 ([M–H]-; C27H40O4) 

suggestive of a doubly oxidized product; however, this mass does not match any known 

cannabinoids.  Overall, these results suggest that the F156/T124 and N400/E368 

residues play a role in substrate binding or positioning within the active site and could be 

targeted positions for further mutagenesis experiments. Additionally, both Clz9 T438Y 

and Tcz9 T405Y variants reflecting the tyrosine residue conserved across plant 

cannabinoid synthases increased conversion of 12a, suggesting that the tyrosine 

hydroxyl group may be better positioned for phenolic deprotonation of the cannabinoid 

substrates, compared to the threonine residue in the bacterial BBE-like oxidases. 

All isolated cannabinoids from C. sativa L. share a common C10 geranyl chain 

para to a pentyl or propyl alkyl chain, derived from hexanoyl-CoA or butanoyl-CoA, 

respectively.45 However, cannabinoids with C15 farnesyl chains and methyl substituents 

have been isolated from other plants and even fungi.46,47 There are several reports that 

the C. sativa cannabinoid synthases accept substrates with various alkyl substituents,37,48 

but no information has been reported on the effects of altering the prenyl chain length 

with these enzymes. Biochemical investigations with the recently characterized homolog 
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daurichromenic acid (DCA) synthase from Rhododendron dauricum report this homolog 

can accept not only geranyl and farnesyl prenylated substrates, but also C20 

geranylgeranyl prenylated analogs.49  However, DCA synthase is selective for methyl-

substituted alkyl groups, exhibiting no activity with 12a.  We decided to screen our wild-

type Clz9 and Tcz9 enzymes and their variants with three linear cannabinoids with various 

alkyl and prenyl substituents. Cannabigerovarinic acid (CBGVA, 12b), the propyl analog 

of 12a, exhibited a similar activity profile compared to 12a with wild type Clz9, Tcz9 and 

all six mutants, producing what we anticipate is cannabichromevarinic acid (CBCVA, 15b) 

as the major product (Figure 4.4). Similar to the reaction with 12a, the Clz9 enzymes 

exclusively produce an unknown product 16b, and the Tcz9 enzymes exclusively 

producing 17b (Figure 4.4). Based on the relative retention times, 15b and 16b are most 

likely the propyl analogs of 15a and 16a. 

Figure 4.4. HPLC analysis of the in vitro reactions of 12b (left) or 12c (right) with Clz9 and Tcz9 variants 
after incubation for 12 hours at pH 7.5 and 37 °C. 16-18b-c have yet to be structurally characterized. UV 
absorption monitored at 300 nm. 
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The methyl derivative of 12a, cannabigerorcinic acid (CBGOA, 12c), exhibited a 

slightly different activity profile than 12b and 12a (Figure 4.4).  Tcz9 E368N and T405Y 

produced 15c, which we anticipate is cannabiorichromenic acid, the methyl analog of 15a. 

Wild-type Tcz9 and Tcz9 T124F produced 17c, what is most likely the methyl analog of 

17a and 17b (Figure 4.5c). Wild type Clz9 and its three variants displayed an activity 

profile that resembled wild type Tcz9 and its variants, producing a mixture of 15c and 17c 

with traceable amounts of 16c. The final cannabinoid we screened was grifolic acid (19), 

the only substrate screened at this time with a farnesyl chain. 19 exhibited no activity with 

any of the Clz9 enzymes, but three of the four Tcz9 enzymes fully consumed grifolic acid 

(19) to produce what we anticipate is DCA (20), given its relative retention time to 19 and 

the related chromene-containing analogs 15a-c (Figure 4.5). Isolating and characterizing 

these products will be critical to understanding the difference in activity between substrate 

and enzymes. 

Given the lack of structural information regarding the relationships between THCA 

synthase, CBDA synthase, and CBCA synthase, it is difficult to predict which residues 

influence the difference in cyclization and site specificity. However, the fact that Tcz9 

T124F completely abolished activity with grifolic acid (19) suggests that the longer 

farnesyl chain may be embedded in the active site and the larger phenyl group may 

interfere with substrate binding. It is unclear at this time which residues differentiate CBCA 

synthase from THCA and CBDA synthases, but recent biochemical investigations have 

determined THCA synthase and CBDA synthase produce higher amounts of THCA (13) 

and CBDA (14), respectively, at pH values below pH 5.5. At pH values between 5.5 and 

8.0, there was greater production of CBCA (15a).42 Given that the in vitro reactions with 
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the Clz9 and Tcz9 enzymes have only been screened at pH 7.5, further analysis at lower 

pH values may reveal additional cannabinoid products.  

 

2.6. In vivo cannabinoid production with Tcz9 T405Y 

One of the biggest challenges remaining for this project is structural confirmation 

of all the products generated by the four cannabinoid substrates. Commercially available 

cannabinoids are typically sold in their decarboxylated forms, which are more stable and 

have more therapeutic value. The propyl, methyl, and farnesyl derivatives of THCA (13), 

CBDA (14), and CBCA (15a) are produced in extremely low quantities or sourced from 

other organisms and are not produced for commercial purposes at this time, and total 

Figure 4.5. HPLC analysis of the in vitro reactions of 19 with Clz9 and Tcz9 variants after incubation for 
12 hours at pH 7.5 and 37 °C. UV absorption monitored at 300 nm. 
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synthesis routes are prohibitively difficult. The few carboxylated cannabinoids that are 

commercially available cost several hundred dollars per milligram. Therefore, the most 

cost-effective approach to verify the identities of these products will be to scale-up 

reactions to a ten- or hundred-milligram scale and characterize each product by NMR. To 

streamline the scale-up process, we attempted a whole-cell biotransformation by adding 

1 mM CBGA (12a) to a 1L culture of E. coli BL21(DE3) cells overexpressing Tcz9 T405Y. 

On our first attempt, we were able to convert approximately 80% of the CBGA (12a) to 

the two desired products 15a and 17a over 48 hours (Figure S1) with 5x more substrate 

than we had previously attempted in vitro. This reaction needs to be further optimized, 

but it is a promising start to scale-up production. To date, THCA synthase has only been 

successfully heterologously expressed in insect cells or yeast, but not in any bacterial 

systems.18,37,50,51 The biotransformation reactions described herein lay the foundation for 

developing the first bacterial systems capable of producing a diverse catalog of 

cannabinoid derivatives. 

 

3. Discussion and Conclusions 

BBE-like enzymes are a relatively small family of characterized enzymes that are 

only starting to be recognized for their biocatalytic utility.42,52,53 The distinctive bicovalent 

tethering to FAD has profound electronic and structural implications for the functions of 

these enzymes, allowing them to be manipulated to perform a multitude of oxidative 

reactions with a diverse range of complex substrates found in plants, fungi, and bacteria.53 

This plasticity and versatility is enabled by subtle active site variations, as demonstrated 

by the different activity profiles amongst the plant cannabinoid synthases and two 
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bacterial oxidases, Clz9 and Tcz9. These two groups of BBE-like oxidases are found in 

completely unrelated organisms and catalyze different reactions with substrates derived 

from unrelated biosynthetic pathways. Mechanistically, these cannabinoid synthases and 

bacterial oxidases facilitate hydride abstraction by FAD and phenolic deprotonation within 

the active site to generate a highly reactive o-QM intermediate. o-QMs typically react with 

any nucleophile present, but these enzymes direct the o-QM to perform transformative 

benzylic functionalization reactions chemo-, regio-, and stereoselectively. The delicate 

balance of promiscuity and selectivity that these enzymes display, coupled with their 

impressive stability makes them ideal candidates for biocatalytic development. We 

anticipate that further genome mining efforts will uncover more BBE-like enzymes 

capable of unprecedented oxidation transformations and homologs of previously 

characterized enzymes that access more diverse substrate and products. 

Overall, the work completed in this chapter demonstrates the remarkable 

biocatalytic potential of two bacterial BBE-like oxidases, Clz9 and Tcz9. These two 

enzymes are promiscuous and versatile, performing several different benzylic 

functionalization reactions beyond their native function on substrates derived from 

completely unrelated biosynthetic pathways. The Clz9 and Tcz9 F156/T124 substitution 

appears to have influence on the difference in reaction selectivity between these two 

enzymes, but additional studies are required to fully understand the structure-function 

relationship between these two enzymes. Not only can these enzymes catalyze 

intramolecular nucleophilic addition reactions and dehydrogenations, but we have 

demonstrated they are capable of benzylic hydroxylation and cycloaddition reactions as 

well. Furthermore, the wild-type enzymes exhibit favorable biocatalytic properties, 
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withstanding temperatures as high as 70 °C and more than 20% DMSO. The most 

exciting prospect for these enzymes is their biomanufacturing potential to produce rare or 

unnatural cannabinoids in a bacterial heterologous system, a feat yet to be achieved with 

the plant-derived cannabinoid synthases. Future work will focus on optimizing the reaction 

conditions by studying the effects of pH, temperature, substrate concentration, and then 

scaling up these conditions to confirm the structures of all the observed products. 

Additional rational engineering studies may also improve the selectivity of these enzymes 

to produce desired cannabinoids 

 

Chapter 4 is coauthored by Purdy, Trevor N. and Moore, Bradley S. The 

dissertation author was the primary investigator and author of this paper.
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Supplementary Information 

Materials 

All solvents purchased from Fisher Scientific were of HPLC grade or higher. 

Preparative flash column chromatography was carried out on a Teledyne ISCO 

CombiFlash® Rf+ Lumen™ system using diatomaceous earth for crude extract loading 

and silica gel 60 (EMD, 40-63µm) for the stationary phase. Preparative HPLC purification 

was achieved using a Phenomenex Luna C18 column (5 µm, 100 x 2.0 mm) at a flow rate 

of 10.0 mL/min, coupled with an Agilent Technologies system composed of a PrepStar 

pump, a ProStar 410 autosampler, and a ProStar UV detector (Agilent Technologies Inc., 

CA, USA). NMR spectroscopic data were obtained on a 500 MHz JEOL NMR 

spectrometer with a 3.0 mm probe. The values of the chemical shifts are described in 

ppm and coupling constants are reported in Hz. NMR chemical sifts were referenced to 

the residual solvent peaks (dH 7.26 for CDCl3). High resolution LC-MS (HR-LC-MS) 

analysis was conducted on an Agilent 6530 Accurate-Mass Q-TOF MS (MassHunter 

software, Agilent) equipped with a dual electrospray ionization (ESI) source and an 

Agilent 1260 LC system (ChemStation software, Agilent) with a diode array detector. Q-

TOF MS settings during the LC gradient were as follows: acquisition - mass range 

acquisition m/z 100 – 1700, MS scan rate 10/s, MS/MS scan rate 2/s, fixed collision 

energy 20 eV; source - gas temperature 300 °C, gas flow 11 L/min; nebulizer 35 psig, ion 

polarity negative; scan source parameters - VCap 3000, Fragmentor 100, Skimmer 65, 

OctopoleRFPeak 750.  

Plasmid DNA was isolated from an overnight culture using the QIAprep Spin 

miniprep Kit (Qiagen, Hilden, Germany) according to the manufacturer’s protocol. DNA 
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clean-up after PCR or agarose gel electrophoresis was performed with QIAquick PCR & 

Gel Cleanup Kit according to the manufacturer’s protocol. DNA sequencing was carried 

out by the Genewiz Sequencing Facility in San Diego, CA. 

Sonication of E. coli cells was performed using a 6 mm tip (Qsonica, CT, USA). 

Protein purification was performed on an ÄKTApurifier instrument (GE Healthcare, IL, 

USA) with the modules Box-900, UPC-900, R-900 and Frac-900 with all buffers filtered 

through a nylon membrane 0.2 μm GDWP (Merck, NJ, USA) prior to use. FPLC data was 

analyzed with UNICORN 5.31 (Built 743) software. All proteins were purified by Ni2+ 

affinity chromatography using a 5 mL HisTrap HP (GE Healthcare) column. Proteins were 

concentrated using Amicon Ultra filters with 50 kDa MWCO (MilliporeSigma). Buffer 

exchange was performed using an Econo-Pac 10DG desalting column (Bio-rad). 

 

Site-directed mutagenesis procedures 

All Clz9 variants were generated by single primer site-directed mutagenesis of 

pET-MBP-clz9 plasmid.1 50 µL PCR reactions were prepared with 1 ng/µL pET-MBP-clz9 

plasmid, 0.2 µM primer designated for each mutation (see Table S1), 200 µM dNTPs, 3% 

(v/v) DMSO, 1X Buffer HF, and 1 U Phusion polymerase. PCR amplification was 

performed following the procedure outlined in Table S2. Following amplification, 1 µL (20 

U) DpnI restriction enzyme (New England Biolabs) was added to the PCR mixture and 

incubated at 37 °C for 1 h. 2 µL of the digestion mixture was transformed into chemically 

competent DH10B E. coli cells. 

All Tcz9 variants were generated with tandem single primer site-directed 

mutagenesis on pET-MBP-tcz92 and subsequent annealing of amplification products 
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following the procedure outlined by Edelheit 000.3 Briefly, 25 µL PCR reactions were 

prepared with 70 ng pET-MBP-tcz9 plasmid, 0.2 µM primer (forward or reverse for a 

designated mutant, see Table S1), 200 µM dNTPs, 1X Buffer GC, and 1 U Phusion 

polymerase. PCR amplification was performed following the produced outlined in Table 

S2, and the complementary forward and reverse reactions were combined to a final 

volume of 50 µL. The combined reactions were denatured and slowly annealed in a 

thermocycler using the following program: 95 °C for 5 min, 90 °C for 1 min, 80 °C for 1 

min, 70 °C for 30 s, 60 °C for 30 s, 50 °C for 30 s, 40 °C for 30 s, hold at 37 °C. Following 

annealing, 1.5 µL (30 U) DpnI restriction enzyme was added and the mixture was 

incubated at 37 °C for 2 h. To improve the efficiency of transformation, the DpnI-digested 

samples were processed with a PCR clean-up kit (Qiagen), phosphorylated, and ligated 

prior to transformation. The PCR clean-up consisted of combining the DpnI-digested 

sample with 3 V Buffer QG + 1 V isopropanol, loading onto a micro spin column (Epoch 

Life Sciences), washing with Buffer PB followed by two washes with Buffer PE, and eluting 

with 10 µL of warm PCR-grade water. 4 µL of this cleaned and concentrated material was 

phosphorylated with 0.5 µL T4 polynucleotide kinase (T4 PNK, New England Biolabs) 

and 1X T4 ligase buffer in a final volume of 5 µL by incubating at 37 °C for 30 min and 

cooling to room temperature. This mixture was brought to a final volume of 10 µL by 

treating with 0.5 µL T4 DNA ligase (New England Biolabs), 0.5 µL 10X T4 ligase buffer, 

and 4 µL water and incubated at room temperature for 1 h. The entire 10 µL mix was 

transformed into 80 µL of chemically competent E. coli DH10B cells. 

 

Over-expression and purification of Clz9 and Tcz9 variants 
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Each Clz9 variant-containing plasmid was transformed into Escherichia coli BL21 

(DE3). A starter culture was grown overnight in 10 mL of LB media containing 40 μg/mL 

of kanamycin at 37 °C with overnight agitation. 1 L of TB media containing 40 μg/mL of 

kanamycin and 100 mg/L of riboflavin was inoculated with the 10 mL starter culture. The 

cells were grown at 37 °C with shaking (220 rpm) until the culture reached an OD600 of 

0.6. The flasks were then incubated at 4°C for ~30 min without shaking. Then the cultures 

were induced by adding IPTG to a final concentration of 0.5 mM, the temperature was 

lowered to 18 °C and the cells were allowed to grow with shaking (200 rpm) for an 

additional 20 hours. The cells were then harvested by centrifugation at 10,000 × g for 10 

min at 4 °C.  

The cell pellet from 1 L of culture was re-suspended in 30 mL binding buffer (50 

mM KH2PO4, 150 mM NaCl, 10 mM imidazole, pH 8.0) containing approximately 10 mg 

of lysozyme. The cells were then lysed by sonication (pulse ‘on’ time 1.0 sec, pulse ‘off’ 

time 1.0 sec, output level 60%, 30 sec x6 cycles) on ice. The cell debris was removed by 

centrifugation at 39,000g for 40 minutes at 4 °C. The clarified supernatant was loaded 

onto a 5 mL Ni-NTA-affinity column pre-equilibrated with binding buffer kept at 4°C. The 

Ni-NTA-affinity column was then washed with 50 ml wash buffer (50 mM KH2PO4, 150 

mM NaCl, 20 mM imidazole, pH 8.0). The protein was eluted from the column with elution 

buffer (50 mM KH2PO4, 150 mM NaCl, 250 mM imidazole, pH 8.0) at 4°C. The fractions 

containing protein were pooled and concentrated using an Amicon ultracentrifugal filter 

(10kDa MWCO) at 5000 × g to a final volume of 2.5 mL. The concentrated sample was 

buffer exchanged into 100 mM phosphate buffer at pH 7.5 containing 100 mM NaCl and 

glycerol to a final concentration of 15% using an Econo-Pac 10DG desalting column. 
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Finally, protein aliquots were subjected to flash freezing and stored at -80 ⁰C for future 

use.  

Overexpression and purification protocol for Tcz9 variants were same as that of 

Clz9. The only difference being Tcz9 variants contain N-terminal MBP tag in addition of 

His-tag.2 

 

General procedure for in vitro assays with Clz9 and Tcz9 variants 

The in vitro assays were performed following a modified procedure that was 

previously reported.1 Assays (0.1 mL) contained 100 mM potassium phosphate buffer pH 

7.5, 0.1 mg/mL-1 catalase, 10 µL DMSO, 1 µL of a 20 mM stock solution of substrate and 

were initiated by addition of 20 µM wild type Clz9 or Tcz9 or their respective variants, 

unless otherwise altered to investigate the thermal and solvent effects on enzyme activity 

or product stability during time course experiments. Assays were allowed to incubate for 

12 h at 37 ⁰C before quenching with 150 µL acetonitrile. Assays were then centrifuged at 

14000 × g for 30 minutes and passed through a 0.2 µM filter before injecting 50 µL of the 

solution for LC-MS analysis at a flow rate of 0.75 mL/min with a mobile phase combination 

of water + 0.1% formic acid (A) and acetonitrile + 0.1% formic acid (B) using a gradient 

as follows: 50% (B), 0 to 2 minutes; 50 to 100% (B), 2 to 10 min; 100% (B), 10 to 17 min; 

100% to 50% (B), 17 to 18 min; 50% (B), 18 to 20 minutes. 

 

In vivo conversion of CBGA to 15a and 17a with Tcz9_T405Y 

A starter culture of Escherichia coli BL21 (DE3) containing the pET-MBP-

tcz9_T405Y plasmid was grown overnight in 10 mL of LB media containing 40 μg/mL of 
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kanamycin at 37 °C with overnight agitation. 1 L of TB media containing 40 μg/mL of 

kanamycin and 100 mg/L of riboflavin was inoculated with this starter culture. The cells 

were grown at 37 °C with shaking (220 rpm) until the culture reached an OD600 of 0.6. 

The flask was then cooled to 18 °C with continuous shaking. Protein expression was 

induced by adding IPTG to a final concentration of 0.5 mM and 360 mg of CBGA dissolved 

in 20 mL DMSO was added to the culture (1 M final concentration). The cells were allowed 

to grow with shaking (200 rpm) for an additional 48 hours. At this time, 500 mL EtOAc 

was added to the culture and shaken for an additional 2 hours before extracting the 

organic layer. The aqueous layer was extracted with 500 mL two additional times. The 

organic layers were pooled, washed with brine, and concentrated under reduced pressure 

to yield 360 mg of crude extract. The crude mixture was resuspended in 4 mL acetonitrile 

and filtered prior to preparative HPLC purification at a flow rate of 10 mL/min with a mobile 

phase combination of water + 0.1% formic acid (A) and acetonitrile + 0.1% formic acid 

(B) using a gradient as follows: 80% (B), 0 to 8 minutes; 80 to 100% (B), 8 to 16 min; 

100% (B), 16 to 21 min; 100% to 80% (B), 21 to 22 min; 80% (B), 22 to 25 minutes. The 

solvent was removed to yield 30.1 mg CBCA (15a, 8.3% yield) and 3.7 mg 17a (1.0% 

yield) as clear oils. Spectral data for CBCA matches the reported literature.4  

15a: 1H (500 MHz, CDCl3) δ 11.71 (br. s, 1H); 6.73 (d, 1H, J = 10.1 Hz); 6.24 (s, 1H); 5.48 

(d, 1H, J = 10.1 Hz); 5.09 (t, 1H, J = 7.1 Hz); 2.88 (dd, 1H, J = 9.7, 7.7); 2.09 (m, 2H); 

1.70 (m, 2H); 1.66 (s, 3H); 1.57 (m, 2H); 1.57 (s, 3H); 1.41 (s, 3H); 1.35 (m, 2H); 1.35 (m,  

 2H); 0.90 (t, 3H). 

17a: 1H (500 MHz, CDCl3) δ 6.67 (d, 1H, J = 10.1 Hz); 6.32 (s, 1H);  5.61 (d, 1H, 10.1   

Hz);  5.07 (t, 1H, J = 7.4 Hz); 2.93 (dd, 2H, J = 7.8, 11.1 Hz); 2.11 (2H, m); 1.80, (m, 2H); 
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1.65 (s, 3H); 1.56 (m, 2H); 1.55 (s, 3H); 1.48 (s, 3H); 1.33 (m, 2H); 1.33 (m, 2H); 0.88 (t, 

3H).  

 

 

 

Table S1. Site-directed mutagenesis primers. Mutant codons are highlighted in red. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Primer Name Sequence (5’-3’) 

Clz9_F156T ggccggcACCtgcccggag 

Clz9_N400E cgtcgcgctcGAAtaccacaccgac 

Clz9_N400L cgtcgcgctcCTGtaccacaccgac 

Clz9_T438Y gcagctacgtcaacTATatcgacctgaccgtcg 

Tcz9_T124F_F ccggccggcTTTtgcccgcg 

Tcz9_T124F_R cgcgggcaAAAgccggccgg 

Tcz9_E368N_F ctgatggccttcAACtaccgcaccgactg 

Tcz9_E368N_R cagtcggtgcggtaGTTgaaggccatcag 

Tcz9_T405Y_F ccgcctacgtcaacTATatcgacctggcc 

Tcz9_T405Y_R ggccaggtcgatATAgttgacgtaggcgg 
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Table S2. PCR cycle for clz9 mutagenesis.  

 

 

 

 

 

 

 

 

 

Table S3. PCR cycle for tcz9 mutagenesis. 

Temperature Duration Cycle(s) 

98 °C 30 s 1 

98 °C 10 s 

30 65 °C  30 s 

72 °C 4 min 

72 °C 10 min 
1 

4 °C ꝏ 

Temperature Duration Cycle(s) 

98 °C 30 s 1 

98 °C 40 s 

30 55 °C  40 s 

72 °C 5 min 

72 °C 10 min 
1 

4 °C ꝏ 
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Table S4: List of products identified by HPLC analysis from the reactions with 12a, 12b, 12c, 
and 20. 

 
Name # Structure Retention 

Time (min) 
[M-H]- 
m/z = 

UV/Vis 
(lmax) 

cannabi- 
chromenic acid 

(CBCA)a 

15a 

 

11.4 357.2058 260, 292, 
328 

TBD 16a TBD 9.5 357.2053 260, 281, 
324 

TBDa 17a TBD 14.6 357.2056 274, 294, 
310, 332 

TBD 18a TBD 13.7 355.1907 260, 329 
cannabi-

chromevarinic 
acid (CBCVA) 

15b 

 

10.1 329.1745 258, 292, 
327 

TBD 16b TBD 8.0 329.1738 256, 281, 
321 

TBD 17b TBD 13.3 329.1744 275, 298, 
314, 340 

TBD 18b TBD 12.2 327.1585 259, 328 
cannabiorci-

chromenic acid 
15c 

 

9.0 301.1426 256, 290, 
325 

TBD 16c TBD 6.8 301.1436 258, 278, 
321 

TBD 17c TBD 11.9 301.1439 275, 300, 
310, 338 

TBD 18c TBD 10.7 299.1290 259, 326 
dauri- 

chromenic acid 
(DCA) 

20 

 

14.7 369.2050 258, 290, 
325 

aPurified by preparative HPLC. 1H NMR data acquired.

O

OOH

OH

C5H11

O

OOH

OH

C3H7

O

OOH

OH

CH3

O

OOH

OH
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Figure S1: HPLC chromatogram for in vivo conversion of 12a to 15a and 17a over 48 
hours at 18 °C. 

 

 

 

 
Figure S2: 1H NMR spectrum of 15a (500 MHz, CDCl3). 
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Figure S3: 1H NMR spectrum of 17a (500 MHz, CDCl3). 

 
 

 
Figure S4: HR-LC-MS of 15a ([M–H]-; C22H30O4). 
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Figure S5: HR-LC-MS of 15b ([M–H]-; C20H26O4). 

 
 

 
Figure S6: HR-LC-MS of 15c ([M–H]-; C18H22O4). 
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Figure S7: HR-LC-MS of 16a ([M–H]-; C22H30O4). 

 
 

 
Figure S8: HR-LC-MS of 16b ([M–H]-; C20H26O4). 
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Figure S9: HR-LC-MS of 16c ([M–H]-; C18H22O4). 

 
 
 

 
Figure S10: HR-LC-MS of 17a ([M–H]-; C22H30O4). 
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Figure S11: HR-LC-MS of 17b ([M–H]-; C20H26O4). 

 
 
 

 
Figure S12: HR-LC-MS of 17c ([M–H]-; C18H22O4). 
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Figure S13: HR-LC-MS of 18a ([M–H]-; C22H28O4). 

 
 
 

 
Figure S14: HR-LC-MS of 18b ([M–H]-; C20H24O4). 
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Figure S15: HR-LC-MS of 18c ([M–H]-; C18H20O4). 

 
 
 

 
Figure S16: HR-LC-MS of 20 ([M–H]-; C23H30O4). 
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Figure S17: UV/Vis spectra of 15a. 

 
 
 

 
Figure S18: UV/Vis spectra of 15b. 
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Figure S19: UV/Vis spectra of 15c. 

 
 
 

 
Figure S20: UV/Vis spectra of 16a. 
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Figure S21: UV/Vis spectra of 16b. 

 
 
 

 
Figure S22: UV/Vis spectra of 16c. 
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Figure S23: UV/Vis spectra of 17a. 

 
 
 

 
Figure S24: UV/Vis spectra of 17b. 
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Figure S25: UV/Vis spectra of 17c. 

 
 
 

 
Figure S26: UV/Vis spectra of 18a. 
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Figure S27: UV/Vis spectra of 18b. 

 
 
 

 
Figure S28: UV/Vis spectra of 18c. 
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Figure S29: UV/Vis spectra of 20. 
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