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ABSTRACT: Achieving single-step syntheses of a set of related
compounds divergently and selectively from a common starting
material affords substantial efficiency gains when compared with
preparing those same compounds by multiple individual syntheses.
In order for this approach to be realized, complementary reagent
systems must be available; here, a panel of engineered P450z);
enzymes is shown to fulfill this remit in the selective C—H
hydroxylation of cyclobutylamine derivatives at chemically
unactivated sites. The oxidations can proceed with high
regioselectivity and stereoselectivity, producing valuable bifunc-
tional intermediates for synthesis and applications in fragment-
based drug discovery. The process also applies to bicyclo[1.1.1]-
pentyl (BCP) amine derivatives to achieve the first direct
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enantioselective functionalization of the bridging methylenes and open a short and efficient route to chiral BCP bioisosteres for
medicinal chemistry. The combination of substrate, enzyme, and reaction engineering provides a powerful general platform for small-

molecule elaboration and diversification.

B INTRODUCTION

Cyclobutyl amino alcohols are versatile synthetic intermediates
whose derivatives feature in medicinal chemistry as key
components in pharmaceutical candidates,’ as motifs for
exploring QSAR models and in lead/fragment-based drug
discovery,2 and as sp3-rich bioisosteric replacements for their
aryl counterparts.” Despite this, there are few general methods
for producing such compounds, particularly in an enantiomeri-
cally enriched form. Usually, each ring size and regio- or
stereoisomer requires its own bespoke synthetic route.
Representative multistep sequences leading to cis-3-hydroxy-
cyclobutylamine (CBA) derivatives 2 and the enantiomers of
both cis- 4 and trans-2-hydroxy-CBA 6 are summarized in
Figure 1A

Bicyclo[1.1.1]pent-1-ylamine (BCPA), a more globular CBA
rigidified by virtue of an additional 1,3-methano bridge,
presents defined potential exit vectors extending three-
dimensionally.® BCPA itself is incorporated into pharmaceut-
ical candidates as an aniline bioisostere, and the readily
accessible 3-substituted BCPAs act as bioisosteric replacements
for para-substituted aniline linkages (e.g., 7, Figure 1B).”
Chiral 3-substituted BCPAs have been prepared in enantioen-
riched form, but in these the BCP core is stereochemically
inert, offering little beyond conformational rigidity and
functional group separation.'” The 2-disubstituted BCPAs
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are far more compelling since they are inherently chiral and, as
potential bioisosteres for ortho- and meta-substituted anilines,
are desirable targets; however, their synthesis is challenging,
particularly in enantioenriched form."" This challenge has been
met in part by the groups of Ma'> and Baran'’ building on
strain-release amination concepts (8 — 9, Figure 1C).'* The
approach reported by Qin’s group, comprising the cyclization
of sulfonyl hydrazones," the multistep route from Mykhai-
liuk’s group,'® and the elaboration of 2-bromo-BCP-1-
carboxylic acid derivatives from MacMillan’s group'” all have
potential in this context.

While impressive, these high-profile recent advances in CBA
and BCPA chemistry have not yet led to a unified synthetic
strategy that delivers access to all positions around these cores.
Such a strategy would be extremely valuable to both academia
and industry, and this report describes developments toward a
solution based on selective P4505);-biocatalytic hydroxylation
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Figure 1. (A) Representative routes to 2- and 3-hydroxylated
cyclobutylamines (CBAs); AMB = a-methylbenzylamine. (B)
Replacing an aniline linking group in IDOI1 inhibitor 6 with
bicyclo[1.1.1]pentylamine (BCPA) leads to improved hydrolytic
stability and a more favorable profile overall in 7. (C) Recent routes
to C2-functionalized BCPAs. (D) One-step access to CBA- and

BCPA-alcohols using P4503); C—H hydroxylation. For 12 and 13, R
= Boc (a), Ts (b), Ips (c), and Cbz (d).

of CBA and BCPA cores (Figure 1D). The approach achieves
structural and functional small-molecule diversification via
unique oxidized metabolites which connect with the vast
chemistry of the hydroxyl and carbonyl groups, circumventing
the requirement for tailored syntheses of specific target
compounds.

Herein, we highlight the capacity of a P450g; library to
catalyze selective hydroxylation of CBA and BCPA cores via a
progressive screening approach, without the need for multiple
rounds of mutagenesis and rescreening, testing the extent to
which, collectively, these enzymes may be considered off-the-
shelf reagents for selective C—H oxidation. The enzyme library
evolved from four parent mutants of the P450g); wild-type,
through studies on the oxidation of a varlety of substrate
classes as described in earlier publications.'® Substrates were
screened against the same 48-member subset of the wider
library (with minor variations, see Supporting Information
section S2), selected on the basis of reactivity profiles
established in previous work with substrates of similar
molecular weights and structural motifs, including anilides,
cyclic amines, and cycloalkanes."

In selected cases, focused second-generation panels were
constructed from existing variants within the full library based
on the metabolite profiles of the initial 48-variant library, and
these were subsequently screened against substrates to explore
further improvements in selectivity.

B RESULTS AND DISCUSSION

Initial analytical screens were conducted for substrate
conversion and product selectivity, as judged by gas chromato-
graphic (GC) analysis of the crude organic extract from
reactions in 24-well plates. Promising reactions were scaled up
sufficiently for NMR characterization of the metabolites and
for analytical assays to be established. Free amines are not well
tolerated in P450gy; reactions; therefore, the tert-butylox-
ycarbonyl (Boc) derivative 12a of cyclobutylamine (Figure
1D) was chosen for initial screening. The Boc group imparts a
steric and electronic basis for achieving orientation and binding
within the active site and is easy to remove when it is no longer
required. The main focus of the study remained with Boc-CBA
but further N-substituted analogues were screened for
comparison.

The wild-type (WT) P4505,; showed no conversion in the
initial screen, but 36 of the variants converted at least 30% of
substrate 12a to products within 24 h. All four 2- and 3-
monohydroxylated metabolites were observed (Figure 2), of
which the trans-2- and trans-3-hydroxylated products 14 and
15, respectively, dominated in most cases. The cis-1,2 isomer
16 was the major product for just one of the significantly
converting enzymes (RK/AL) although this metabolite was
produced more efficiently with KU3/AP/SW despite isomer
14 being the major product with this variant. The cis-1,3
isomer 17 was not found as the major product during the
screen; the most favorable outcome was with GQ/IG/AL
which achieved 33% 17 and 49% 15 at 91% conversion. Minor
unidentified metabolites comprised no more than ~15% of the
product mixtures for the high-converting (>70%) variants. Any
a-oxidation product is expected to degrade to cyclobutanone
by eliminating tert-butyl carbamate and was not observed. The
screening program revealed that, collectively, the 48-enzyme
subset exhibited a roughly 7:1 preference for hydroxylation
trans to the NHBoc substituent, with a slight preference for 2-
over 3-hydroxylation.

With access to the less-favored cis-hydroxylated metabolites
in mind, and as a simple alternative to conducting rounds of
mutagenesis, the N- substltuent was varied in a substrate
engineering approach.”® The p-toluenesulfonyl (Ts) analogue
12b was also well tolerated by the screening panel, with 31
variants achieving at least 30% conversion of the substrate.
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Figure 2. Summary of the screening results for biocatalytic
hydroxylation of CBA substrates 12a—c against panels of 48
P450g,; variants. For each substrate, the metabolites are presented
in order (left to right) of the most- to least-commonly produced
across the panel. Of the P450g,; variants converting >30% of the
substrate, the most productive variant for each metabolite is given,
with the selectivity (%) for that product and substrate conversion (%)
in parentheses. Pie charts convey the distribution of metabolites for
each variant. Structures for chiral metabolites represent relative
configuration. Product 20 was not isolated but was inferred from the
observed TsNH, (GC).

Only trans-1,3 18 and cis-1,2 21 cyclobutane hydroxylation
products were identified, although p-toluenesulfonamide was
observed in the GC traces, comprising up to almost 30% of the
metabolite integration, consistent with production of the
unstable 1-hydroxylation product 20. 3-Hydroxylation domi-
nated, with 2-hydroxylation occurring to a comparable extent
in just two cases. The methyl substituent in the Ts group was
susceptible toward hydroxylation, and the derived benzyl
alcohol 19 was observed in many screening reactions,
accounting for up to 68% of the metabolite mixture and
being the second most abundant metabolite overall.

The isopropanesulfonyl (Ips) derivative 12c showed limited
reactivity toward the screening panel with only three variants
converting at least 30% of the substrate. Variant KU3/AP/SW
gave 91% conversion to all four monohydroxylated products,
with the cis-1,2 isomer 22 being the major product; notably,
this enzyme had also been the most productive for cis-1,2
metabolites 16 and 21 from substrates 12a and 12b,
respectively.

From this initial screening round, changes in the N-
substituent were sufficient to favor different major hydroxy-
lated CBA isomers: trans-1,2 from 12a, trans-1,3 from 12b, and
cis-1,2 from 12c. The most productive and selective
combinations of N-substituent and enzyme variant for each
isomer are summarized in Table 1.

Table 1. Optimum Combinations of N-Substituent and
Enzyme Variant which Achieve Particular Hydroxylation
Outcomes from Substrates 12a—c during the Initial
Screening Based on Either Production or Selectivity (GC)

production selectivity
trans-1,2 Boc Boc
KT2/LG/1G RK/AG
cis-1,2 Ips Ips
KU3/AP/SW KU3/AP/SW
trans-1,3 Ts Boc or Ts
VQ/SG/AW GVQ/IG/AL
cis-1,3 Boc Boc
GQ/IG/AL GQ/IG/AL

The chiral trans-1,2 metabolite 14 was chosen as an
exemplar for optimization, aiming to maximize the enantiose-
lectivity on a synthetically meaningful scale. To begin, variant
RP/HL/IG was selected from the highest-converting enzymes
in the initial screen because it was the most selective for 14, it
gave the product in 98% ee, and there was an existing panel
available of 41 further enzyme variants derived from this
starting point. From these second-generation variants, the
L437 insertion mutants were found to be the most effective in
terms of conversion and selectivity for the production of
metabolite 14. Of these, the RG/LLV variant was more readily
expressed in E. coli and showed excellent scaleability, with the
TTN exceeding 5000 at a substrate/enzyme ratio of 20 000:1
(substrate concentration = 10 mM/1.7 g L™"). For preparative
scale reactions, a higher substrate concentration achieved a
more manageable reaction volume but at the expense of
conversion; however, oxygenation of the reaction mixture
restored much of the original reactivity. Thus, when either air
or oxygen were bubbled through reaction mixtures containing
1.0 mmol of substrate 12a, conversion progressed approx-
imately four times (air) to six times (oxygen) further during
the first six hours of reaction; after this time, the conversions
began to plateau, leading to a roughly 2.5-fold (air) and 3.5-
fold (oxygen) relative progression at 12 h [see section S5.3.1].

Under these conditions, a 3.42 g (20 mmol) scale reaction
(2.0 L) reached 85% conversion at 40 h leading to a 48%
isolated yield of (1S,25)-14 (>99% ee), the absolute
configuration here being established by correlation with the
single crystal X-ray structure of the product from a reaction
with the RP/HL/IG/AI variant. From a separate reaction (1.0
mmol of 12a), sufficient of the minor cis-1,2 metabolite 16
(93% ee) was obtained to allow assignment of its absolute
configuration as (1R,2S)- by chemical correlation [see section
S5.5]. Repeated screening reactions of substrate 12a with
selected mutants established the reproducibility of the
hydroxylation. With five representative enzymes, the absolute
values of the conversion, selectivity, and ee varied by ~1—-5%,
~1—8%, and <1%, respectively [see section S3.3].

For 12b, second-round screening using a sublibrary of
variants designed to increase the steric demand of active site
residues by including larger amino acids such as tryptophan,
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showed variants RT2/FW and RT2/AW to be particularly
reactive and selective for the trans-1,3 metabolite 18 with few
other side-products generated. Reactions with RT2/AW scaled
up more successfully, and from 0.1 to 0.6 mmol of substrate
12b, product 18 was isolated in 46—65% yield. From these
reactions, a sample of the minor cis-1,2 metabolite 21 was
obtained, assigned as (1S,2R)- from the single crystal
diffraction study, complementary to (1R,25)-16 obtained
from 12a.

Substrate 12¢ was sufficiently soluble in the aqueous buffer
used in the hydroxylation reactions that an organic cosolvent
was unnecessary, and this allowed the detrimental effect of
typical cosolvents on reactivity to be highlighted. With variant
KU3/AP/SW, conversion of substrate 12¢ (0.1 mmol) after 48
h was approximately two to three times higher with 12¢ added
neat than when the substrate was added as a solution in
DMSO or ethanol [see section $5.3.2]. With this modification,
a preparative-scale reaction showed 88% selectivity for the 2-
position and the cis 22 and trans 23 isomers were isolated in
22% and 26% yield, respectively. The assigned (1S,2R)-
absolute configuration of the cis isomer 22 was supported by
Mosher’s ester analysis [see section S6.4]. The improved
efficiency of this reaction enabled the minor 3-hydroxylated
metabolites to be isolated as an unseparated mixture of the cis
24 and trans 25 isomers (8.5%, 60:40 ratio).

Turning to the BCPA series, of the two potential oxidation
sites in the BCP ring the high strength of the bridgehead
methine C—H bond (BDE ~110 kcal mol™)*" likely precludes
biocatalytic hydroxylation at that site; accordingly, interest
focused on achieving enantioselective hydroxylation of one of
the methylene bridging groups. N-Boc BCPA 13a showed
modest reactivity during screening, with the most eflicient
variant GV/AI achieving 58% conversion, of which 69% was
the desired 2-hydroxylation product 26 (Figure 3), with 66%

from 13a

OH

%NHBOC J—

(R)-26
GV/AI
69% (58%)

T
AR "3

27 28 HO
from 13d
OH
production selectivity ee
%NHCW R19/FA R19/FI/LLV R19/FI
68% (95%) 89% (26%) >99% (17%)
(R)-29

Figure 3. Selected screening results for biocatalytic hydroxylation of
BCPA substrates 13a,d against panels of 48 P450gy; variants. The
most productive variant for (R)-26 is given, with the selectivity (%)
for that product and substrate conversion (%) in parentheses. For
metabolite (R)-29, the enzyme variant providing the highest
numerical value of each parameter is given with substrate conversion
in parentheses.

ee in favor of the (2R)-enantiomer. The reaction scaled well to
produce (2R)-26 in 44% isolated yield from 1.5 mmol of
substrate 13a and recrystallization led to a sample in >99% ee
from which the absolute configuration was established from
single crystal X-ray diffraction studies [see sections S6.5 and
S8]. Just 10 of the other enzyme variants gave 20% or greater
conversion, in each case affording 26 with enantiomeric excess
ranging from 77% (2R)- to 47% (2S)- although higher values
(up to 82%-R and 58%-S) were found for some of the less
reactive enzyme variants. In this substrate, oxidation of the Boc
group was observed, giving hydroxymethyl compound 27 and
cyclic hemiaminal 28 [crystallographic data, section S8],
usually as minor products in about a quarter of the variants.

The screening panel had captured a wide range of reactivity
and enantioselectivity, and preliminary attempts to improve
these parameters by rational mutagenesis around key residues
(data not shown) were not productive. The tert-butyl
substituent of the Boc group is roughly isosteric with the
BCP core; therefore, the termini of substrate 13a are poorly
differentiated and additionally may limit access of the central
heteroatom functionality to the active site residues, both
factors likely to negatively impact conversion and selectivity. In
view of this, the benzyloxycarbonyl (Cbz) analogue 13d was
screened, and this was found to be significantly more active
than 13a, with 20 of the enzyme variants achieving at least 80%
conversion to products. The 2-hydroxylation product 29
dominated over all other identifiable metabolites for over
one-third of the enzymes and enantiomeric excesses >90%
were achieved in nine cases. The major enantiomer of this
metabolite was in the same series throughout, shown to be 2R-
by comparison of its chiral GC data with a sample prepared
from (2R)-26 by Boc deprotection and formation of the Cbz
derivative [see section S5.5]. No correlation of the ee values
for 26 and 29 with the enzyme variants could be discerned
across the two series; for example, variants that delivered 29 in
~90% or greater ee gave ees for 26 ranging from —50 to +50%,
and those giving racemic 29 gave 26 in ees up to 82%. The
hydroxylation with variant K19/FV/QP was scaled up to
prepare 74 mg of alcohol 29 from 1.4 mmol of substrate 13d
[39% based on recovered 13d (42%)] from which side-
products were observed by NMR spectroscopy that had not
been discernible using the GC parameters employed during
screening. These included benzyl carbamate and (2-
hydroxymethyl)phenol, the latter likely arising from sequential
aryl and benzylic hydroxylation and then reduction of the so-
formed salicylaldehyde.

Direct hydroxylation of CBA and BCPA cores provides
difunctionalized templates from which selective transforma-
tions of either the protected amine or the free alcohol
functionality can lead rapidly to diverse small-molecule
collections.”” As summarized in Scheme 1, the newly
introduced hydroxyl group in (1S,25)-14 is compatible with
removal of the Boc group and N-acylation to give, in this case,
a substrate 30 for potential elaboration by cross-coupling
chemistry. Conversely, the NHBoc substituent is compatible
with oxidation to ketone 31, under conditions that result in
minimal loss of enantiopurity (98% ee).

Selective O-functionalization is illustrated for both (1S,2S)-
14 and 18 in two medicinal-chemistry relevant applications.
First, the 2-aminocyclobutyl ester derivative 32 of probenecid,
an antihyperuricemic drug, was obtained by Steglich
esterification. Second, the 5-bromo regioisomer 33 of a key
intermediate in Amgen’s synthesis of candidate PDE10
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Scheme 1. Metabolite Elaboration”
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“Reagents and conditions: (a) (i) HCl, aq MeOH, rt, 2 h; (ii) 2-
iodobenzoic acid, HATU, i-Pr,NEt, CH,CN, rt, 16 h; (b) Dess—
Martin periodinane, CH,CL,, rt, 20 h; (c) probenicid, DCC, DMAP,
CH,CL, rt, 14 h; (d) NaH, S-bromo-2-fluoropyridine, DMF, rt, 6 h
then 90 °C, 18 h.

inhibitors was prepared by SyAr reaction as a single
diastereomer; this compares favorably with the published
route, which starts with the considerably more expensive 3-
oxocyclobutane carboxylic acid and gives a mixture of
diastereomers of the 3-bromo regioisomer in 5% overall

yield.”
B CONCLUSION

In combination with varying the N-substituent, the chosen
enzymes, representing ~10% of the larger enzyme library,
achieved selective hydroxylation at the 2- and 3-positions in
CBA with all diastereomers being accessible. In the absence of
targeted mutagenesis campaigns, almost quantitative substrate
conversion and 70—80% selectivity were achieved for the trans
diastereomers, and high enantioselectivity was found for the
1,2-regioisomers. With BCPA carbamates, reliable hydroxyla-
tion at the bridging methylenes generated products in both
enantiomeric series with ee values spanning the range —58%
[(25)-26] to >99% [(2R)-29]. Accordingly, this study
confirms that when combined with trivial substrate mod-
ifications, a highly focused subset of the existing P450gp);
library can achieve strategic C—H hydroxylation to provide
high value chiral product molecules. The selectivity of high-
performing variants for each product can be enhanced by
combining impactful mutations from screening and site-
saturation mutagenesis. In principle, further screening could
identify variants capable of transforming the first-round
metabolites and derivatives leading to trisubstituted small
ring amines.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacs.3c10542.

Experimental procedures and data, screening data,
mutations in each enzyme variant described, determi-
nation of absolute configuration, and NMR and X-ray
crystallographic data (PDF)

Conversion data of variants (XLSX)

Accession Codes

CCDC 2208866—2208871 and 2269000—2269001 contain
the supplementary crystallographic data for this paper. These
data can be obtained free of charge via www.ccdc.cam.ac.uk/
data_request/cif, or by emailing data request@ccdc.cam.ac.
uk, or by contacting The Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: +44
1223 336033.

B AUTHOR INFORMATION

Corresponding Authors

Luet L. Wong — Inorganic Chemistry Laboratory, Department
of Chemistry, University of Oxford, Oxford OX1 3QR, UK;
Oxford Suzhou Centre for Advanced Research, Suzhou,
Jiangsu 215123, P. R. China; ® orcid.org/0000-0003-
4875-1092; Email: luet.wong@chem.ox.ac.uk

Jeremy Robertson — Chemistry Research Laboratory,
Department of Chemistry, University of Oxford, Oxford OX1
3TA, UK,; Oxford Suzhou Centre for Advanced Research,
Suzhou, Jiangsu 215123, P. R. China; © orcid.org/0000-
0002-6809-8265; Email: jeremy.robertson@chem.ox.ac.uk

Authors

Lucy A. Harwood — Chemistry Research Laboratory,
Department of Chemistry, University of Oxford, Oxford OX1
3TA, UK,; Present Address: Discovery Sciences,
BioPharmaceuticals R&D, AstraZeneca Gothenburg,
Sweden; ® orcid.org/0000-0003-1683-5160

Ziyue Xiong — Oxford Suzhou Centre for Advanced Research,
Suzhou, Jiangsu 215123, P. R. China

Kirsten E. Christensen — Chemistry Research Laboratory,
Department of Chemistry, University of Oxford, Oxford OX1
3TA, UK

Ruiyao Wang — Wisdom Lake Academy of Pharmacy, Xi'an
Jiaotong-Liverpool University, Suzhou, Jiangsu 215123, P. R.
China

Complete contact information is available at:
https://pubs.acs.org/10.1021/jacs.3¢10542

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

L.AH. is grateful to the EPSRC Centre for Doctoral Training
in Synthesis for Biology and Medicine (Grant EP/L015838/1)
for a studentship, generously supported by AstraZeneca,
Diamond Light Source, Defence Science and Technology
Laboratory, Evotec, GlaxoSmithKline, Janssen, Novartis, Pfizer,
Syngenta, Takeda, UCB, and Vertex. We thank the
Biotechnology and Biological Sciences Research Council
(BBSRC), UK., for support of this work (Grant BB/
V003445/1).

B ABBREVIATIONS

BCP, bicyclo[1.1.1]pentane; BCPA, bicyclo[1.1.1]-
pentylamine; CBA, cyclobutylamine; DCC, N,N’-dicyclohex-
ylcarbodiimide; DMAP, 4-dimethylaminopyridine; DMEF,
dimethylformamide; HATU, hexafluorophosphate azabenzo-
triazole tetramethyl uronium; WT, wild-type

https://doi.org/10.1021/jacs.3c10542
J. Am. Chem. Soc. 2023, 145, 2776727773


https://pubs.acs.org/doi/10.1021/jacs.3c10542?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c10542/suppl_file/ja3c10542_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c10542/suppl_file/ja3c10542_si_002.xlsx
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2208866&id=doi:10.1021/jacs.3c10542
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2208871&id=doi:10.1021/jacs.3c10542
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2269000&id=doi:10.1021/jacs.3c10542
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2269001&id=doi:10.1021/jacs.3c10542
http://www.ccdc.cam.ac.uk/data_request/cif
http://www.ccdc.cam.ac.uk/data_request/cif
mailto:data_request@ccdc.cam.ac.uk
mailto:data_request@ccdc.cam.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Luet+L.+Wong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-4875-1092
https://orcid.org/0000-0003-4875-1092
mailto:luet.wong@chem.ox.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jeremy+Robertson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-6809-8265
https://orcid.org/0000-0002-6809-8265
mailto:jeremy.robertson@chem.ox.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lucy+A.+Harwood"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1683-5160
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ziyue+Xiong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kirsten+E.+Christensen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ruiyao+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c10542?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c10542?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c10542?fig=sch1&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c10542?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

B REFERENCES

(1) (a) Wijtmans, M.; Denonne, F.; Célanire, S.; Gillard, M,;
Hulscher, S.; Delaunoy, C.; Van houtvin, N.; Bakker, R. A.; Defays, S.;
Gérard, J.; et al. Histamine H3 Receptor Ligands with a 3-
Cyclobutoxy Motif: a Novel and Versatile Constraint of the Classical
3-Propoxy Linker. MedChemComm 2010, 1 (1), 39. (b) Kim, J;
Wang, L,; Li, Y.; Becnel, K. D.; Frey, K. M,; Garforth, S. J.; Prasad, V.
R.; Schinazi, R. F.; Liotta, D. C.; Anderson, K. S. Pre-steady State
Kinetic Analysis of Cyclobutyl Derivatives of 2’-Deoxyadenosine §'-
Triphosphate as Inhibitors of HIV-1 Reverse Transcriptase. Bioorg.
Med. Chem. Lett. 2012, 22 (12), 4064—4067. (c) Zhao, Y,; Yu, S;
Sun, W,; Liu, L.; Lu, J.; McEachern, D.; Shargary, S.; Bernard, D.; Li,
X.; Zhao, T.; et al. A Potent Small-Molecule Inhibitor of the MDM2-
pS3 Interaction (MI-888) Achieved Complete and Durable Tumor
Regression in Mice. J. Med. Chem. 2013, $6 (13), 5553—5561.
(d) Rath, S. L.; Senapati, S. Molecular Basis of Differential Selectivity
of Cyclobutyl-Substituted Imidazole Inhibitors against CDKs: Insights
for Rational Drug Design. PLoS One 2013, 8 (9), €73836. (e) Taylor,
R. D.; MacCoss, M.; Lawson, A. D. Rings in Drugs. J. Med. Chem.
2014, 57 (14), 5845—5859. (f) Tao, Y.; Keene, N. F.; Wiglesworth, K.
E.; Sitter, B.; McWilliams, J. C. Early Process Development of an
Irreversible Epidermal Growth Factor Receptor (EGFR) T790 M
Inhibitor. Org. Process Res. Dev. 2019, 23 (3), 382—388. (g) Malamas,
M. S.; Pavlopoulos, S.; Alapafuja, S. O.; Farah, S. I; Zvonok, A;
Mohammad, K. A.; West, ].; Perry, N. T.; Pelekoudas, D. N.; Rajarshi,
G.; et al. Design and Structure-Activity Relationships of Isothiocya-
nates as Potent and Selective N-Acylethanolamine-Hydrolyzing Acid
Amidase Inhibitors. J. Med. Chem. 2021, 64 (9), 5956—5972.

(2) Ramsden, J. L; Cosgrove, S. C.; Turner, N. J. Is it Time for
Biocatalysis in Fragment-Based Drug Discovery? Chem. Sci. 2020, 11
(41), 11104—11112.

(3) (a) Lovering, F.; Bikker, J.; Humblet, C. Escape from Flatland:
Increasing Saturation as an Approach to Improving Clinical Success. J.
Med. Chem. 2009, 52 (21), 6752—6756. (b) Sodano, T. M.; Combee,
L. A; Stephenson, C. R. J. Recent Advances and Outlook for the
Isosteric Replacement of Anilines. ACS Med. Chem. Lett. 2020, 11
(10), 1785—1788.

(4) (a) Cai, Z. R; Du, Z; Ji, M;; Jin, H.; Kim, C. U;; Li, J.; Phillips,
B. W; Pyun, H.-J; Saugier, J. H. WO2013090929A1, 2013.
(b) Radchenko, D. S.; Pavlenko, S. O.; Grygorenko, O. O,
Volochnyuk, D. M.; Shishkina, S. V.; Shishkin, O. V.; Komarov, L
V. Cyclobutane-Derived Diamines: Synthesis and Molecular Struc-
ture. J. Org. Chem. 2010, 75 (17), 5941—5952.

(5) (a) Scholz, K.-H.; Heine, H.-G.; Hartmann, W. Photo-
sensibilisierte [2+2]-Cycloadditionen mit 4-Oxazolin-2-onen. Tetra-
hedron Lett. 1978, 19 (17), 1467—1470. (b) Hartmann, W.; Scholz,
K-H.; Heine, H.-G. Die Diastereomeren 2-Aminocyclobutanole.
Chem. Ber. 1980, 113, 1884—1889.

(6) Bisel, P.; Breitling, E.; Frahm, A. W. Diastereo- and
Enantioselective Synthesis of (+)- and (—)-cis-2-Aminocyclobutanols.
Eur. J. Org. Chem. 1998, 1998 (4), 729—733.

(7) Chernykh, A. V.; Kudryk, O. V,; Olifir, O. S.; Dobrydnev, A. V.;
Rusanov, E.; Moskvina, V. S.; Volochnyuk, D. M.; Grygorenko, O. O.
Expanding the Chemical Space of 1,2-Difunctionalized Cyclobutanes.
J. Org. Chem. 2023, 88 (S), 3109—3131.

(8) (a) Uchiyama, M.; Kanazawa, J. Recent Advances in the
Synthetic Chemistry of Bicyclo[1.1.1]pentane. Synlett 2019, 30 (01),
1—11. (b) Mykhailiuk, P. K. Saturated bioisosteres of benzene: where
to go next? Org. Biomol. Chem. 2019, 17 (11), 2839—2849. (c) Grover,
N,; Flanagan, K. J; Trujillo, C.; Kingsbury, C. J.; Senge, M. O. An
Insight into Non-Covalent Interactions on the Bicyclo[1.1.1]pentane
Scaffold. Eur. J. Org. Chem. 2021, 2021 (7), 1113—1122.

(9) Pu, Q; Zhang, H.; Guo, L.; Cheng, M.; Doty, A. C.; Ferguson,
H.; Fradera, X; Lesburg, C. A;; McGowan, M. A.; Miller, J. R; et al.
Discovery of Potent and Orally Available Bicyclo[1.1.1]pentane-
Derived Indoleamine-2,3-dioxygenase 1 (IDO1) Inhibitors. ACS Med.
Chem. Lett. 2020, 11 (8), 1548—1554.

(10) (a) Pellicciari, R.; Raimondo, M.; Marinozzi, M.; Natalini, B.;
Costantino, G.; Thomsen, C. (S)-(+)-2-(3’-Carboxybicyclo[1.1.1]-

pentyl)-glycine, a Structurally New Group I Metabotropic Glutamate
Receptor Antagonist. J. Med. Chem. 1996, 39, 2874—2876. (b) Ni, S.;
Garrido-Castro, A. F.; Merchant, R. R;; de Gruyter, J. N.; Schmitt, D.
C.; Mousseau, J. J.; Gallego, G. M.; Yang, S.; Collins, M. R.; Qiao, J.
X,; et al. A General Amino Acid Synthesis Enabled by Innate Radical
Cross-Coupling. Angew. Chem. Int. Ed 2018, 57 (44), 14560—14565.
Angew. Chem. 2018, 130, 14768—14773. (c) Wong, M. L. J;
Mousseau, J. J; Mansfield, S. J; Anderson, E. A. Synthesis of
Enantioenriched a-Chiral Bicyclo[1.1.1]pentanes. Org. Lett. 2019, 21
(7), 2408—2411. (d) Kondo, M.; Kanazawa, J.; Ichikawa, T.;
Shimokawa, T.; Nagashima, Y.; Miyamoto, K., Uchiyama, M.
Silaboration of [1.1.1]Propellane: A Storable Feedstock for
Bicyclo[1.1.1]pentane Derivatives. Angew. Chem., Int. Ed. 2020, 59
(5), 1970—1974. (e) Yu, S.; Jing, C.; Noble, A.; Aggarwal, V. K. 1,3-
Difunctionalizations of [1.1.1]Propellane via 1,2-Metallate Rearrange-
ments of Boronate Complexes. Angew. Chem., Int. Ed. 2020, 59 (10),
3917—3921. Angew. Chem. 2020, 132, 3945—3949. (f) Gatlets, Z. J.;
Sanders, J. N.; Malik, H.; Gampe, C.; Houk, K. N,; Davies, H. M. L.
Enantioselective. C—H functionalization of Bicyclo[1.1.1]pentanes.
Nat. Catal. 2020, 3 (4), 351-357. (g) Yu, S; Jing, C.; Noble, A,;
Aggarwal, V. K. Iridium-Catalyzed Enantioselective Synthesis of a-
Chiral Bicyclo[1.1.1]pentanes by 1,3-Difunctionalization of [1.1.1]-
Propellane. Org. Lett. 2020, 22 (14), 5650—5655. (h) Wong, M. L. J;
Sterling, A. J.; Mousseau, J. J.; Duarte, F.; Anderson, E. A. Direct
Catalytic Asymmetric Synthesis of a-Chiral Bicyclo[1.1.1]pentanes.
Nat. Commun. 2021, 12 (1), 1644.

(11) (a) Anderson, J. M.; Measom, N. D.; Murphy, J. A.; Poole, D.
L. Bridge Functionalisation of Bicyclo[1.1.1]pentane Derivatives.
Angew. Chem., Int. Ed. 2021, 60 (47), 24754—24769. Angew. Chem.
2021, 133, 24958—24973. (b) Anderson, J. M.; Measom, N. D,;
Murphy, J. A;; Poole, D. L. Bridge Heteroarylation of Bicyclo[1.1.1]-
pentane Derivatives. Org. Lett. 2023, 25 (12), 2053—2057. (c) Wright,
B. A.; Matviitsuk, A.; Black, M. J.; Garcia-Reynaga, P.; Hanna, L. E;
Herrmann, A. T.; Ameriks, M. K; Sarpong, R.; Lebold, T. P. Skeletal
Editing Approach to Bridge-Functionalized Bicyclo[1.1.1]pentanes
from Azabicyclo[2.1.1]hexanes. J. Am. Chem. Soc. 2023, 145 (20),
10960—10966. (d) Anderson, J. M.; Poole, D. L.; Cook, G. C;
Murphy, J. A;; Measom, N. D. Organometallic Bridge Diversification
of Bicyclo[1.1.1]pentanes. ChemRuxiv 2023, DOI: 10.26434/chemrxiv-
2023-7gzrs.

(12) Ma, X; Han, Y.; Bennett, D. J. Selective Synthesis of 1-
Dialkylamino-2-alkylbicyclo-[1.1.1]pentanes. Org. Lett. 2020, 22 (22),
9133-9138.

(13) Zhao, J. X.; Chang, Y. X,; He, C.; Burke, B. J.; Collins, M. R;;
Del Bel, M,; Elleraas, J.; Gallego, G. M.; Montgomery, T. P.;
Mousseau, J. J.; et al. 1,2-Difunctionalized Bicyclo[1.1.1]pentanes:
Long-Sought-After Mimetics for ortho/meta-Substituted Arenes. Proc.
Natl. Acad. Sci. US.A. 2021, 118 (28), e2108881118.

(14) (a) Gianatassio, R; Lopchuk, J. M;; Wang, J.; Pan, C.-M,;
Malins, L. R.; Prieto, L.; Brandt, T. A.; Collins, M. R,; Gallego, G. M.;
Sach, N. W,; et al. Strain-Release Amination. Science 2016, 351
(6270), 241—246. (b) Lopchuk, J. M.; Fjelbye, K.,; Kawamata, Y.;
Malins, L. R; Pan, C. M.; Gianatassio, R.;; Wang, J.; Prieto, L,;
Bradow, J.; Brandt, T. A.,; et al. Strain-Release Heteroatom
Functionalization: Development, Scope, and Stereospecificity. J. Am.
Chem. Soc. 2017, 139 (8), 3209—3226.

(15) Yang, Y.; Tsien, J.; Hughes, J. M. E.; Peters, B. K.; Merchant, R.
R; Qin, T. An Intramolecular Coupling Approach to Alkyl
Bioisosteres for the Synthesis of Multisubstituted Bicycloalkyl
Boronates. Nat. Chem. 2021, 13 (10), 950—955.

(16) Bychek, R.; Mykhailiuk, P. K. A Practical and Scalable
Approach to Fluoro-Substituted Bicyclo[1.1.1]pentanes. Angew.
Chem., Int. Ed. 2022, 61 (29), €202205103. Angew. Chem. 2022,
134, €2022051.

(17) Garry, O. L.; Heilmann, M.; Chen, J.; Liang, Y.; Zhang, X.; Ma,
X,; Yeung, C. S.; Bennett, D. J.; MacMillan, D. W. C. Rapid Access to
2-Substituted Bicyclo[1.1.1]pentanes. J. Am. Chem. Soc. 2023, 14§
(5), 3092—3100.

https://doi.org/10.1021/jacs.3c10542
J. Am. Chem. Soc. 2023, 145, 2776727773


https://doi.org/10.1039/c0md00056f
https://doi.org/10.1039/c0md00056f
https://doi.org/10.1039/c0md00056f
https://doi.org/10.1016/j.bmcl.2012.04.078
https://doi.org/10.1016/j.bmcl.2012.04.078
https://doi.org/10.1016/j.bmcl.2012.04.078
https://doi.org/10.1021/jm4005708?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm4005708?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm4005708?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1371/journal.pone.0073836
https://doi.org/10.1371/journal.pone.0073836
https://doi.org/10.1371/journal.pone.0073836
https://doi.org/10.1021/jm4017625?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.oprd.8b00437?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.oprd.8b00437?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.oprd.8b00437?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.1c00076?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.1c00076?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.1c00076?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D0SC04103C
https://doi.org/10.1039/D0SC04103C
https://doi.org/10.1021/jm901241e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm901241e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmedchemlett.9b00687?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmedchemlett.9b00687?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo101271h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo101271h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0040-4039(01)94576-9
https://doi.org/10.1016/S0040-4039(01)94576-9
https://doi.org/10.1002/cber.19801130523
https://doi.org/10.1002/(SICI)1099-0690(199804)1998:4<729::AID-EJOC729>3.0.CO;2-B
https://doi.org/10.1002/(SICI)1099-0690(199804)1998:4<729::AID-EJOC729>3.0.CO;2-B
https://doi.org/10.1021/acs.joc.2c02892?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1055/s-0037-1610314
https://doi.org/10.1055/s-0037-1610314
https://doi.org/10.1039/C8OB02812E
https://doi.org/10.1039/C8OB02812E
https://doi.org/10.1002/ejoc.202001564
https://doi.org/10.1002/ejoc.202001564
https://doi.org/10.1002/ejoc.202001564
https://doi.org/10.1021/acsmedchemlett.0c00195?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmedchemlett.0c00195?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm960254o?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm960254o?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm960254o?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201809310
https://doi.org/10.1002/anie.201809310
https://doi.org/10.1021/acs.orglett.9b00691?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.9b00691?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201909655
https://doi.org/10.1002/anie.201909655
https://doi.org/10.1002/anie.201914875
https://doi.org/10.1002/anie.201914875
https://doi.org/10.1002/anie.201914875
https://doi.org/10.1038/s41929-019-0417-1
https://doi.org/10.1021/acs.orglett.0c02017?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.0c02017?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.0c02017?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-021-21936-4
https://doi.org/10.1038/s41467-021-21936-4
https://doi.org/10.1002/anie.202106352
https://doi.org/10.1021/acs.orglett.3c00412?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.3c00412?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.3c02616?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.3c02616?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.3c02616?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.26434/chemrxiv-2023-7gzrs
https://doi.org/10.26434/chemrxiv-2023-7gzrs
https://doi.org/10.26434/chemrxiv-2023-7gzrs?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.26434/chemrxiv-2023-7gzrs?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.0c03612?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.0c03612?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1073/pnas.2108881118
https://doi.org/10.1073/pnas.2108881118
https://doi.org/10.1126/science.aad6252
https://doi.org/10.1021/jacs.6b13229?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b13229?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41557-021-00786-z
https://doi.org/10.1038/s41557-021-00786-z
https://doi.org/10.1038/s41557-021-00786-z
https://doi.org/10.1002/anie.202205103
https://doi.org/10.1002/anie.202205103
https://doi.org/10.1021/jacs.2c12163?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c12163?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c10542?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

(18) (a) Whitehouse, C. J.; Bell, S. G,; Tufton, H. G.; Kenny, R. J;
Ogilvie, L. C.; Wong, L. L. Evolved CYP102A1 (P450gy;) Variants
Oxidise a Range of Non-natural Substrates and Offer New Selectivity
Options. Chem. Commun. 2008, 8, 966—968. (b) Whitehouse, C. J.;
Yang, W,; Yorke, J. A,; Rowlatt, B. C.; Strong, A. J; Blanford, C. F,;
Bell, S. G.; Bartlam, M.; Wong, L. L.; Rao, Z. Structural Basis for the
Properties of Two Single-Site Proline Mutants of CYP102Al
(P4505y3). Chembiochem 2010, 11 (18), 2549—2556. (c) Whitehouse,
C.J. C; Yang, W,; Yorke, J. A,; Tufton, H. G.; Ogilvie, L. C. L; Bell, S.
G.; Zhou, W,; Bartlam, M.; Rao, Z.; Wong, L. L. Structure, Electronic
Properties and Catalytic Behaviour of an Activity-Enhancing
CYP102A1 (P450gy;3) Variant. Dalton Trans. 2011, 40 (40),
10383—10396.

(19) (a) Ren, X;; O’Hanlon, J. A.; Morris, M.; Robertson, J.; Wong,
L. L. Synthesis of Imidazolidin-4-ones via a Cytochrome P450-
Catalyzed Intramolecular C—H Amination. ACS Catal. 2016, 6 (10),
6833—6837. (b) O’Hanlon, J. A;; Ren, X.; Morris, M.; Wong, L. L;
Robertson, J. Hydroxylation of Anilides by Engineered Cytochrome
P450py5. Org. Biomol. Chem. 2017, 15 (41), 8780—8787. (c) Li, Y,;
Wong, L. L. Multi-Functional Oxidase Activity of CYP102Al
(P450BM3) in the Oxidation of Quinolines and Tetrahydroquino-
lines. Angew. Chem. Int. Ed 2019, S8 (28), 9551—955S. Angew. Chem.
2019, 131, 9651—9655. (d) Chen, W.; Fisher, M. J.; Leung, A.; Cao,
Y.; Wong, L. L. Oxidative Diversification of Steroids by Nature-
Inspired Scanning Glycine Mutagenesis of P4S0BM3 (CYP102Al).
ACS Catal. 2020, 10 (15), 8334—8343. (e) Zhang, Y.; Xiong, Z.; Li,
Y.; Wilson, M.; Christensen, K. E.; Jaques, E.; Hernindez-Llad¢, P.;
Robertson, J.; Wong, L. L. Enantioselective Oxidation of Unactivated
C—H Bonds in Cyclic Amines by Iterative Docking-Guided
Mutagenesis of P450g,; (CYP102Al1). Nat. Synth. 2022, 1 (12),
936—945.

(20) (a) Braunegg, G.; de Raadt, A.; Feichtenhofer, S.; Griengl, H.;
Kopper, I; Lehmann, A.; Weber, H.-J. The Concept of Docking/
Protecting Groups in Biohydroxylation. Angew. Chem., Int. Ed. 1999,
38, 2763—2766. Angew. Chem. 1999, 111, 2946—-2949. (b) de Raadt,
A.; Griengl, H.; Weber, H. The Concept of Docking and Protecting
Groups in Biohydroxylation. Chem.—Eur. J. 2001, 7, 27-3l.
(c) Grogan, G. J; Holland, H. L. The Biocatalytic Reactions of
Beauveria spp. J. Mol. Catal. B Enzym. 2000, 9 (1-3), 1-32.

(21) Reed, D. R; Kass, S. R;; Mondanaro, K. R;; Dailey, W. P.
Formation of a 1-Bicyclo[1.1.1]pentyl Anion and an Experimental
Determination of the Acidity and C-H Bond Dissociation Energy of 3-
tert-Butylbicyclo[1.1.1]pentane. J. Am. Chem. Soc. 2002, 124 (11),
2790-279S.

(22) (a) Guengerich, F. P. Cytochrome P450 Enzymes in the
Generation of Commercial Products. Nat. Rev. Drug Discovery 2002, 1
(5), 359-366. (b) Agudo, R;; Roiban, G.-D.; Reetz, M. T. Achieving
Regio- and Enantioselectivity of P450-Catalyzed Oxidative CH
Activation of Small Functionalized Molecules by Structure-Guided
Directed Evolution. ChemBioChem 2012, 13 (10), 1465—1473.
(c) Fasan, R. Tuning P450 Enzymes as Oxidation Catalysts. ACS
Catal. 2012, 2 (4), 647—666. (d) Thistlethwaite, S.; Jeffreys, L. N.;
Girvan, H. M.; McLean, K. J.; Munro, A. W. A Promiscuous Bacterial
P450: The Unparalleled Diversity of BM3 in Pharmaceutical
Metabolism. Int. J. Mol. Sci. 2021, 22 (21), 11380. (e) Fessner, N.
D.; Badenhorst, C. P. S.; Bornscheuer, U. T. Enzyme Kits to Facilitate
the Integration of Biocatalysis into Organic Chemistry — First Aid for
Synthetic Chemists. ChemCatChem 2022, 14 (11), €202200156.
(f) Mondal, D.; Snodgrass, H. M.; Gomez, C. A.; Lewis, J. T. Non-
Native Site-Selective Enzyme Catalysis. Chem. Rev. 2023, 123 (16),
10381—10431.

(23) Allen, J; Frohn, M.; Harrington, P.; Pickrell, A,; Rzasa, R;
Sham, K.; Hu, E. Heteroaryloxycarbocyclyl Compounds as PDE10
Inhibitors. Patent WO 2011/143366 Al, 2011.

27773

https://doi.org/10.1021/jacs.3c10542
J. Am. Chem. Soc. 2023, 145, 2776727773


https://doi.org/10.1039/b718124h
https://doi.org/10.1039/b718124h
https://doi.org/10.1039/b718124h
https://doi.org/10.1002/cbic.201000421
https://doi.org/10.1002/cbic.201000421
https://doi.org/10.1002/cbic.201000421
https://doi.org/10.1039/c1dt10098j
https://doi.org/10.1039/c1dt10098j
https://doi.org/10.1039/c1dt10098j
https://doi.org/10.1021/acscatal.6b02189?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.6b02189?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C7OB02236K
https://doi.org/10.1039/C7OB02236K
https://doi.org/10.1002/anie.201904157
https://doi.org/10.1002/anie.201904157
https://doi.org/10.1002/anie.201904157
https://doi.org/10.1021/acscatal.0c02077?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.0c02077?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s44160-022-00166-6
https://doi.org/10.1038/s44160-022-00166-6
https://doi.org/10.1038/s44160-022-00166-6
https://doi.org/10.1002/(SICI)1521-3773(19990917)38:18<2763::AID-ANIE2763>3.0.CO;2-M
https://doi.org/10.1002/(SICI)1521-3773(19990917)38:18<2763::AID-ANIE2763>3.0.CO;2-M
https://doi.org/10.1002/1521-3765(20010105)7:1<27::AID-CHEM27>3.0.CO;2-I
https://doi.org/10.1002/1521-3765(20010105)7:1<27::AID-CHEM27>3.0.CO;2-I
https://doi.org/10.1016/S1381-1177(99)00080-6
https://doi.org/10.1016/S1381-1177(99)00080-6
https://doi.org/10.1021/ja0121890?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0121890?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0121890?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nrd792
https://doi.org/10.1038/nrd792
https://doi.org/10.1002/cbic.201200244
https://doi.org/10.1002/cbic.201200244
https://doi.org/10.1002/cbic.201200244
https://doi.org/10.1002/cbic.201200244
https://doi.org/10.1021/cs300001x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/ijms222111380
https://doi.org/10.3390/ijms222111380
https://doi.org/10.3390/ijms222111380
https://doi.org/10.1002/cctc.202200156
https://doi.org/10.1002/cctc.202200156
https://doi.org/10.1002/cctc.202200156
https://doi.org/10.1021/acs.chemrev.3c00215?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.3c00215?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c10542?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

