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Abstract

Engineered variants of rebeccamycin halogenase were used to selectively halogenate a number of
biologically active aromatic compounds. Subsequent Pd-catalyzed cross-coupling reactions on the
crude extracts of these reactions were used to install aryl, amine, and ether substituents at the
halogenation site. This simple, chemoenzymatic method enables non-directed functionalization of
C-H bonds on a range of substrates to provide access to derivatives that would be challenging or
inefficient to prepare by other means.

Graphical Abstract

B
H RebH "NTS R PdIL RSk
R vari | T | T
| T variants _ Nu _
¥ - —

>90% conversion R = aryl, amino
crude extract alkoxy

Keywords

C-H Functionalization; Halogenase; Cross-Coupling; Chemoenzymatic; Late-Stage
Diversification

Late-stage C-H functionalization can be used to optimize molecular function without
requiring extensive redesign of synthetic routes used to access initial lead compounds.1 This
approach has proven particularly useful for the discovery and optimization of biologically
active compounds.zv3 In this context, selective late stage C-H functionalization has been
achieved using small molecule catalysts that exploit directing groups4 or subtle differences
in the steric,‘n’v6 electronic,7v8 or stereoelectronicg'10 properties of C-H bonds. While
separation methods can be used to isolate product isomers resulting from non-selective C-H
functionalization reactions,1 selective formation of individual isomers greatly facilitates late
stage efforts in which a particular compound is desired.

"Corresponding Author. ; Email: jaredlewis@uchicago.edu

ASSOCIATED CONTENT

Supporting Information

Experimental procedures and compound characterization are provided. This material is available free of charge via the Internet at
http://pubs.acs.org.

The authors declare no competing financial interests.


http://pubs.acs.org

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Durak et al.

Page 2

Enzymes have been catalyzing selective late stage functionalization of C-H bonds on
complex natural products for billions of years.11 These catalysts remain underutilized for
reactions on non-native substrates, however, due in part to their relatively low activity on
such compounds. The same attractive interactions that give rise to highly efficient and
selective catalysis can lead to substrate specificity, but directed evolution12 can be used to
generate enzymes with expanded substrate scope.13 This is perhaps best illustrated by the
extensive use of engineered cytochromes P450 for preparative oxygenation (typically
hydroxylation) of a wide range of drugs, natural products, and other compounds.14 The
oxygenated products of these reactions often have important biological activity in their own
right,15 but the oxygen atom installed can also serve as a handle for subsequent
tramsformations,16 including deoxyfluorination.17 Such chemoenzymatic C-H
functionalization methods benefit from the selectivity of enzymatic catalysis and the reaction
scope of synthetic chemistry.

A number of halogenases catalyze selective halogenation of aromatic C-H bonds;,18 and this
activity has been used in conjunction with Pd-catalysis to enable chemoenzymatic C-H
arylation of natural products. For example, Goss demonstrated that PrnA, a FADH,
dependent tryptophan7-halogenase, could be expressed in S. coeruleorubidusto chlorinate
tryptophan, which the organism subsequently incorporated into cyclic polypeptides (Scheme
1A).19 These polypeptides were then purified by HPLC and subjected to microwave-
mediated Suzuki-Miyaura conditions to furnish arylated polypeptide derivatives. More
recently, O’Connor reported that rebeccamycin halogenase (RebH, also a FADH, dependent
tryptophan 7-halogenase) could be expressed in C. roseusto prepare halo-indole alkaloids
that could be arylated via Suzuki cross-coupling (Scheme 1B).20 Unlike the P450 examples
noted above, however, both of these reports were limited to the native substrate (tryptophan)
and selectivity (7-position) of the halogenases used, and compatibility with only a limited
range of cross-coupling reactions was demonstrated.

Our group has engineered variants of RebH with improved thermostability,21 expanded
substrate scope,22 and altered site-selectivity. These efforts have led to the creation of a
panel of halogenases capable of functionalizing arenes beyond the scope of those initially
investigated with novel selectivities. Random mutagenesis was used to develop a
thermostabilized variant, 1-PVVM, which then served as a parent for the evolution of
additional variants.?* Through substrate walking, in which substrate scope is expanded by
evolving activity on substrates whose structures increasingly depart from the native substrate
structure, two variants of particular note were engineered.22 Variant 3-SS was evolved to
have higher activity on tryptoline (1) and displayed activity on a range of tryptoline
derivatives. Variant 4-V was then evolved from 3-SS to have increased activity on an
inhibitor of biofilm formation, deformylflustrabromine, but accepted numerous large indole
substrates. The locations of these mutations in the RebH structure are shown in Figure 1. We
envisioned that these enzymes, in combination with optimized cross-coupling conditions,
could enable late stage chemoenzymatic C-H functionalization of a range of compounds via
C-C, C-N, and C-O bond formation without the need for isolation or purification of the
halogenated intermediates (Scheme 1C). This approach would mark a significant departure
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from existing chemoenzymatic halogenation/cross-coupling reports %2 that are limited to
an enzyme’s native substrate and require purification of halogenated intermediates.

The feasibility of this chemoenzymatic approach was evaluated by submitting the crude
organic extracts from analytical scale enzymatic bromination reactions of tryptoline (1) to
Suzuki cross-coupling conditions. Tryptoline was chosen as variant 3-SS affords high
conversion to 5-halotryptoline at low enzyme Ioading22 and because of the range of
biological activities observed for derivatives of tryptoline.24v25v26 The cross-coupling
efficiency of halogenated tryptoline was an early concern due to reported problems with
unprotected N-H indoles,27 but a combination of Pd(OAc), and water soluble SPhos
provided nearly quantitative conversion of crude 6-bromotryptoline to 6-aryltryptoline by
LCMS. 10 mg scale bioconversions on 1 were then performed, and the scope of boronic
acids for Suzuki reactions performed on the crude bioconversion extract was examined. To
our delight, arylated tryptoline derivatives were obtained by reverse phase chromatography
in good to high isolated yields (Chart 1). A variety of functional groups including ethers
(1a/b), ester (1c), nitrile (1d), amide (1e), hydroxyl (1f), and a substituted pyridine (1g) were
tolerated by our protocol, indicating that aryl boronic acids can be coupled to substrates
bearing an unprotected indole (N-H) core. Attempts to couple boronic acids bearing
strongly-coordinating functional groups (4-pyridyl, 3-aminophenyl) were unsuccessful.

Arene scope was then evaluated by functionalizing different biologically active arenes
(Chart 2). Previous work in our lab focused on engineering RebH to halogenate carbazole-
and indole-containing small molecules, including carvedilol (2a), and pindolol (Sa),22 two
nonselective beta-blockers widely used for the treatment of hypertension.” ™" In addition,
RebH variant 4-V also accepted the antihistamine thenalidine (4a), a substrate not previously
demonstrated to undergo halogenation, which does not bear an indole moiety but instead is
functionalized at the para position of its aniline core. The crude extracts from 10 mg scale
halogenation reactions of each of the aforementioned arenes were submitted to Pd-catalyzed
Suzuki cross-coupling conditions to furnish the corresponding arylated analogues. The site
selectivities of the halogenation reactions were identical to those previously reported by our
group,22 and the subsequent Suzuki coupling did not alter this selectivity. Notably, the cross-
coupling step tolerated the installation of either bromine or chlorine, both of which can be
incorporated by RebH in the halogenation step without a significant change in the yield,30
further highlighting the flexibility of this methodology.

To expand the reaction scope beyond C-C bond formation, crude extracts from enzymatic
halogenation reactions were also subjected to Buchwald-Hartwig amination31 and
alkoxylation32 conditions. Tryptoline underwent smooth two-step C-H amination with
aminopyridine derivatives to afford secondary amines (Chart 3, 1h—j). Attempts to perform a
C-H alkoxylation on tryptoline, however, were unsuccessful in our hands. To our knowledge,
there are no reports of Pd-catalyzed alkoxylation reactions on unprotected indoles, and our
results corroborate its difficulty. Fortunately, thenalidine underwent two-step C-H
alkoxylation providing trifluoroethoxythenalidine (4b) in useful, albeit low, yield (Scheme
2), illustrating that substrates compatible with alkoxylation can be used in our
chemoenzymatic procedure.
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Initial attempts to conduct both the halogenation and cross-coupling steps

: 33,
contempoaneously were unsuccessful in our hands.™ Inhibition of the halogenase by
boronic acids, inhibition of the Pd catalyst by the halogenase (but not all enzymes), and
formation of hydrogen peroxide over the course of the halogenation reaction all led to
difficulties in this regard. Efforts are underway in our lab to address these issues and to
expand the scope of arenes halogenated by RebH to enable functionalization of an even
more diverse range substrates.

Chemoenzymatic halogenation/cross-coupling complements conventional methods for C-H
functionalization methods in terms of selectivity and reaction scope. Setting the selectivity
of the C-H functionalization process by enzymatic halogenation offers a rare example of
remote C-H bond cleavage without the need for a directing group.11 This is especially useful
for making substituted tryptolines that typically are prepared de-novo via Fischer indole
synthesis. In addition to novel selectivity, enzymatic halogenation installs a useful synthetic
handle that allows for subsequent formation of a wide range of different bond types (C-C, C-
N, C-0) using robust Pd-catalyzed protocols. This expands beyond conventional metal-
catalyzed C-H functionalization in which a catalyst system is typically limited to one class
of substrates and one type of new bond formed.

In summary, an operationally simple, two-step C-H halogenation/Pd-catalyzed cross-
coupling was developed and used to diversify biologically active small molecules.
Engineered variants of RebH enabled site-selective halogenation of structurally diverse
arenes, and subsequent Pd-catalyzed cross-coupling with boronic acids, amines, and
trifluoroethanol furnished compounds with new C-C, C-N, and C-O bonds. These results
illustrate how chemoenzymatic processes can be used to exploit the selectivity of enzymatic
catalysis and the substrate and reaction scope of small-molecule catalysis. While the
reactions described in this work were performed using engineered variants of RebH, this
method should be applicable to the derivatization of the diverse products of other
halogenases, such as PrnA,34 Rch,35 and wild-type RebH.EO'36 Continued efforts in our21'22
and otherzo'37'38 laboratories to engineer halogenase variants with expanded scope, altered
selectivity, and improved activity will further increase the utility of this approach.
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Figure 1.
Location of mutations in RebH variants employed in this work. A previously reported

crystal structure of wild-type RebH (PDB entry 20A1)23 with residues that are mutated in
variant 1-PVM shown in blue, additional residues mutated in variant 3-SS shown in red, and
residue A442 further mutated in variant 4-V shown in orange.22 Bound L-tryptophan, FAD,
and chloride are shown in yellow.
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Scheme 1.

Small molecule diversification by enzymatic halogenation/Pd-catalyzed cross-coupling.
AJ/B) Biosynthesis of natural products containing 7-chlorotryptophan followed by Suzuki
reaction. C) Halogenation of arenes using engineered halogenases followed by Pd-catalyzed
cross-coupling.
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Scheme 2.
Chemoenzymatic alkoxylation of thenalidine.a

@Hal: as in Chart 1 using 0.05 equiv. 4-V. Pd: 0.005 equiv. [(allyl)PdCI],, 0.015 equiv.
RockPhos, 2 equiv. CF3CH,0H & Cs,CO3, PhMe, 90 °C, 14h.
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Chart 1.
Boronic acid scope of chemoenzymatic arylation of tryptoline.a

@Hal: 0.01 equiv. 3-SS, 0.0005 equiv. MBP-RebF, 9 U/mL GDH, 35 U/mL catalase, 20
equiv. NaBr, 40 equiv. glucose, 0.2 equiv. NAD & FAD, 3.5% v/v /-PrOH/phosphate buffer
(25 mM, pH 8.0), 22 °C, 16h (See Figure S1). Pd: 0.05 equiv. Pd(OAc), & SPhos-SO3Na,
1.5 equiv. ArB(OH),, 50% v/v /-PrOH/phosphate buffer (170 mM, pH 8.5), 90 °C, 1h.
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@Hal: as in Chart 1 with the halide source and RebH variant/loading indicated. Pd: as in
Chart 1 using 1.5 equiv. 4-MeO-CgH,4-B(OH),. 20.05 equiv. Pd(OAc), & SPhos, 1.5 equiv.
4-MeO-CgHy4-B(OH),, 2 equiv. K3POy4, 20% v/v H,O/dioxane, 100 °C, 12h.

3a, 99% (X=Br, 1% 4-V)
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Chart 3.

Chemoenzymatic amination of tryptolinea
Hal: as in Chart 1. Pd: 0.03 equiv. Pd(OAC),, 0.03 equiv. BrettPhos, 3 equiv. ArNH,, 6
equiv. NaO£Bu, dioxane, 100 °C, 14h.
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