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ABSTRACT: Enantioselective C—H oxidation is a standing chemical challenge =~ €@ ¢ Hydroxyiation - Sustainable Oxidant - Multipe Stereocenters

foreseen as a powerful tool to transform readily available organic molecules into
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precious oxygenated building blocks. Here, we describe a catalytic RRm\FG —@—’ R%\FG

enantioselective hydroxylation of tertiary C—H bonds in cyclohexane scaffolds
with H,0,, an evolved manganese catalyst that provides structural
complementary to the substrate similarly to the lock-and-key recognition
operating in enzymatic active sites. Theoretical calculations unveil that
enantioselectivity is governed by the precise fitting of the substrate scaffold S
into the catalytic site, through a network of complementary weak non-covalent
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interactions. Stereoretentive C(sp®>)—H hydroxylation results in a single-step
generation of multiple stereogenic centers (up to 4) that can be orthogonally manipulated by conventional methods providing rapid

access, from a single precursor to a variety of chiral scaffolds.

Bl INTRODUCTION

Given the ubiquity of chiral oxygenated aliphatic moieties in
natural and bioactive products,’ reactions that construct C—O
bonds in an enantioselective manner from readily available
C(sp*)—H bond rich starting materials are coveted synthetic
tools.” " Such reactions can expand the chiral pool with
naturally inaccessible oxygenated skeletons.” However, enan-
tioselective C(sp*)—H bond oxidation remains an unsolved
problem; chiral oxidants capable of cleaving strong unactivated
C—H bonds are practically unknown outside the enzymatic
world, and realization of such reaction needs to overcome
major challenges regarding site-selectivity, product chemo-
selectivity, and enantioselectivity, because of the inherent
reactivity of the oxidant, the higher reactivity of most common
functional groups and of the first formed hydroxylation
product when compared with unactivated C—H bonds and
finally, the numerous non-equivalent C—H bonds displayed by
organic molecules.® All these issues have restricted the
available examples of asymmetric C—H oxidation to weak,
activated C(sp*)—H bonds (benzylic’™"* or a-to-heteroa-
tom”*~>%) (Figure 1).

Herein we close this gap by describing the desymmetrization
of dimethylcyclohexane derivatives via tertiary C(sp*)—H bond
hydroxylation. We take advantage of the known ability of iron
and manganese complexes to hydroxylate tertiarzr C—H bonds
via powerful high-valent metal-oxo oxidants.”*"** The reaction
constitutes a rather unique case of non-directed chiral
functionalization of strong C—H bonds, preceded by carbene
C—H insertions catalyzed by rhodium paddlewheel complexes
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and ketonization of monosubstituted cyclohexanes with
manganese catalysts (Figure 1B).¥7% In the latter case,
overoxidation of the first formed alcohol cannot be prevented,
eliminating the corresponding hydroxylated stereocenter. The
current reaction relies on a catalytic system composed of a
chiral manganese complex and a phthalimido-protected amino
acid coligand that activates hydrogen peroxide under mild
reaction conditions.*® Asymmetric hydroxylation occurs in
short reaction times and results in desymmetrization,
generating up to four stable chiral centers in a single step,
which are then susceptible to orthogonal chemical manipu-
lation.”” ™ Enantioselectivity is governed by the precise fitting
of the cyclohexane scaffold into the active catalytic site,
through a network of weak non-covalent interactions that
define a lock and key interaction reminiscent of the highly
ordered structures of substrate-bound enzymatic sites involved
in chiral C—H hydroxylation. The broad utility of the resulting
enantioenriched hydroxylated products is illustrated by their
straightforward elaboration into chiral cyclohexenes, terpe-

. . . . . 39—41
noids, diol, lactone, amino acid, and macrolide precursors.
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Figure 1. State of the art for non-enzymatic non-directed enantioselective C(sp®>)—H functionalization reactions. (A) Selected precedents for
enantioselective functionalization of activated (top) and non-activated (bottom) C—H bonds. (B) Features of the current work.
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Figure 2. (A) Previously described chiral C3-ketonization of N-cyclohexylpivalamide (1a) in acetonitrile. (B) Enantioselective C3-hydroxylation of
la in HFIP. (C) Enantioselective tertiary C—H bond hydroxylation of all cis-3,5-dimethyl substituted cyclohexane derivatives.

B RESULTS AND DISCUSSION

Reaction Development. In the absence of directing
groups, enantioselective functionalization of unactivated C-
(sp®)—H bonds is rare.”**™* Previously described examples
rhodium cata-

include carbene insertion reactions with

15743

33,47—-53

lysts, coupling of photocatalytically generated alkyl
radicals with chiral Lewis ac1ds/carboxy11c acids®* ™7 and
oxidation with bioinspired catalysts**** or enzymes.”*”* We
initially considered that the site and enantioselective
ketonization reaction we have recently described (Figure
2A)*"** could represent a viable path toward enantioselective
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Figure 3. Catalyst and coligand optimization in the hydroxylation of ester 3a.

methylene hydroxylation, provided that overoxidation is
prevented or minimized. Toward this end, we focused our
attention in the use of fluorinated alcohol solvents because
their strong hydrogen bond donor ability can exert a polarity
reversal on the C,—H(OH) bonds preventing or limiting
overoxidation, thus preserving the chirality obtained in the first
step. Indeed, oxidation of N-cyclohexylpivalamide (1a) in

15744

2,2,2-trifluoroethanol (TFE) and 1,1,1,3,3,3-hexafluoro-2-
propanol (HFIP) using Mn(™"pdp) as the catalyst proceeds
with the accumulation of the sought secondary hydroxylated
products, but not surprisingly they are obtained as a complex
mixture, which illustrates the challenges associated to the
design of a selective C—H hydroxylation reaction in the
absence of directing groups, even for relatively simple

https://doi.org/10.1021/jacs.2c10148
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Figure 4. Substrate scope of the enantioselective hydroxylation.
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substrates where the number of non-equivalent C—H bonds is
limited.® When stoichiometric H,0, was employed, four
different hydroxyamides were obtained as major products,
resulting from the stereoretentive axial and equatorial C—H
bond hydroxylation at C3 (1b(OH-3 ax) and 1c(OH-3 eq))
and C4 (OH-4), while the corresponding ketoamides K-3 and
K-4 were formed in smaller amounts (Figure 2B). Most
interestingly, hydroxylation at the axial C;—H to form 1b(OH-
3 ax) in 35% yield proceeds with high enantioselectivity (79%
ee) and dominates over hydroxylation at the equatorial C;—H
that delivers 1c(OH-3 eq) in 10% yield and a modest 18% ee.

This analysis delineates a strategy for developing an
enantioselective C—H hydroxylation reaction. Consequently,
all cis-trisubstituted cyclohexane derivatives bearing methyl
groups at C3 and CS were selected. Besides its fundamental
significance as a first example of non-directed chiral
hydroxylation of a C(sp*)—H bond,** such reactions will
have features of important relevance in synthesis; since this
class of substrates are meso-compounds with C1 prochiral and
both C3 and CS enantiotopic tertiary carbons, meso-
desymmetrization by hydroxylation at these positions will
provide three stereocenters in a single step. Moreover, product
elaboration can provide an easy entry into different chiral
motifs of interest in the construction of biologically relevant
compounds.

Optimization of the Oxidation of 3a. Initial optimiza-
tions were performed oxidizing 1-(3,5-dimethylcyclohexyl)-
cyclopropanecarboxylate 3a (250 mM) with 1 equiv of H,O,,
delivered over 30 min by a syringe pump, in MeCN at —35 °C
in vials opened to air, employing 1 mol % of a manganese
catalyst and 17 equiv of a carboxylic acid or 15 mol % of an
amino acid coligand. A series of catalysts in combination with
different coligands and solvents were first screened (see the
Supporting Information for full details). This class of
manganese and iron complexes have been previously shown
to be excellent C—H oxidation catalysts.”* *>”** Results are
graphically displayed in Figure 3.

At first, we tested different manganese-based catalysts in
combination with AcOH (17 equiv). Under these conditions,
oxidation of 3a using the Mn(pdp) catalyst provides the
tertiary hydroxy ester 3b in low yield and enantioselectivity
(24% vyield, 18% ee) and excellent mass balance. Of notice, 3b
was the only oxidation product detected, confirming that
hydroxylation proceeds with stereoretention and site-selectiv-
ity. Screening entailed the use of catalysts with electron-
donating substituents on the pyridine ligands (entries 2—3),
and with bulky tris-(alkyl)silyl groups at position 3 of the
pyridine rings (entries 4—S5). The nature of the chiral diamine
backbone (bipyrrolidine, trans-1,2-cyclohexanediamine, and
1,2-diphenylethane-1,2-diamine) and the metal (Fe vs Mn,
see Supporting Information for details) was also explored.
From this analysis, it was concluded that the best results in
terms of yield and ee were obtained with sterically encumbered
Mn(™Spdp) (entry 4)* and Mn(™mcp) (entry 6).

Different carboxylic acid coligands were then explored
(entries 9—11). Interestingly, an increase in steric bulk
systematically translates into an increase in enantioselectivity.
Remarkably, a further increase in enantioselectivity (84% ee)
was observed employing 15 mol % of N-phthalimido-L-tert-
leucine (Phth-Tle-OH) and (S,S)-Mn(™ mcp) accompanied
however by a low yield (14%) (entry 12). Since both the
amino acid coligand and the catalyst are chiral, matching—
mismatching effects resulting from the combination of the,

respective, chiralities were also considered by using the two
enantiomeric catalysts (S,S and RR). Pleasantly, a slight
increase in yield and enantioselectivity of product 3b was
observed using (RR)-Mn("™mcp), (20% yield, 89% ee)
(entry 13).

Further screening involved the analysis of the nature of the
amino acid side-chain and N-protecting group, which revealed
Phth-Tle-OH as the leading coligand (see the Supporting
Information). Employing (R.R)-Mn(™ mcp) and Phth-Tle-
OH, the yield of 3b could be improved to 62% using 3.5 equiv
of H,0, while retaining high enantioselectivity (89% ee)
(entry 14). Most interestingly, reevaluation of the activity of
(RR)-Mn(™3pdp) under the new conditions provided the
highest yield (90%) and enantioselectivity (94% ee) (entry
16). Of notice, employing the catalyst with the opposite
absolute configuration ((S,S)-Mn(™*pdp)), a decrease in
yield and enantioselectivity (40% yield, 86% ee, entry 15) was
observed, revealing important match—mismatch effects be-
tween the respective chiralities of the catalyst and the amino
acid. We remark that the unusually diverse structural versatility
of both the manganese catalyst and the acid coligand are the
key elements that enable the rapid evolution of the catalytic
system during optimization.

Substrate Scope. With the optimum conditions in hand,
we then extended our study to other cis-3,5-dimethyl
cyclohexane derivatives bearing different groups at C1 (Figure
4). We were pleased to see that the reaction shows an
unusually large substrate scope for a C—H functionalization
reaction; esters, amides, imides, ketones, nitriles, and tertiary
alcohols are all well tolerated, affording the corresponding
hydroxylated products in good isolated yields and good to
excellent enantioselectivities.

Oxidation of acetate ester 2a proceeds with good isolated
yield (60%) and excellent enantioselectivity (95% ee), and by
increasing the steric hindrance of the acyl group (3a—Sa), a
pronounced improvement in yield up to 87% was obtained,
while retaining high enantioselectivity (93—97% ee). The ester
scope can be satisfactorily extended to benzoyl-substituted
derivatives (6a—7a) demonstrating the tolerance of the system
to aromatic groups. A gram-scale hydroxylation employing 6a
highlights the efficiency and practicality of the current
methodology, affording 6b in 78% isolated yield and 90% ee,
with no trace of products deriving from aromatic oxidation. A
decrease in electron density of the aryl ring as in 7a also led to
similar results (75% isolated yield and 87% ee).

The nature of the substituents in positions 3 and S of the
cyclohexane motif was also explored. A more complex picture
was observed in the oxidation of ester 8a bearing cis-diethyls.
We were pleased to see that tertiary alcohol 8b is still the
major product (42% yield), but oxidation of the methylenic
site in the ethyl chain provides ketoester 8c as a side product
(19% yield), presumably because of the larger steric demand of
the endocyclic tertiary C—H bond when compared with the
exocyclic methylenic ones. Of interest, 8b is obtained in high
enantioselectivity (85% ee), which contrasts with the racemate
obtained for 8c. On the other hand, complete recovery of the
starting material was observed in 9a bearing cis-diphenyls in
the cyclohexane ring, reasonably due to competitive aromatic
oxidation that deactivates the catalytic system.***®

Amide substrates (11a—14a) are also hydroxylated in high
isolated yields (up to 91%) and enantioselectivies (83—97%
ee). As for the ester derivatives, replacement of acetyl by

https://doi.org/10.1021/jacs.2c10148
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showing the available volume for allowing substrate binding. (C) Representation of the 1000 structures (gray points) generated with CREST for
the free catalyst based on a selected dihedral angle that differentiates the A—D conformations of the phthalimide group of the coligand (N?"-Mn-
C*-NPh 5 axis) and the available volume (in A%) for substrate binding (x axis). Conformations A—D are marked in the plot and colored according
to their relative energies. Black points correspond to the 14 structures obtained after the second clusterization procedure. Free catalysts for HAT
TSs are represented with triangles for 18a and squares for 27a; C-3 hydroxylation is highlighted in teal, and C-$ hydroxylation in yellow. (D—F)
Lowest in energy HAT TSs for substrates: (D) 27a for C-3, (E) 18a for C-3, and (F) 18a for C-5 hydroxylation are shown. All distances are given
in A. The catalyst is represented in sticks using the following coloring scheme: coligand in blue, TIPS® group in pink, and TIPS in green.
Substrates 27a and 18a are displayed in spheres and black sticks, and the key C-3 and C-$ carbons are highlighted in teal and yellow, respectively.

bulkier acyl groups leads to improvements in reaction yield, amide 15a) were also tested. Site-selective tertiary C—H
while retaining high enantioselectivity.

The conformationally free and therefore more challenging
for enantiodiscrimination linear substrates (ester 10a and yield), and low (7% ee) or moderate (23% ee) enantiose-

hydroxylation was observed in moderate yields (up to 43%
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lectivities were observed for hydroxyester 10b and hydrox-
yamide 15b, respectively.

We then moved to explore the role of different carbonyl-
based groups. The simpler cis-3,5-dimethyl cyclohexanone
(16a) is a particularly challenging substrate because of the
electronic deactivation determined by the carbonyl group. In
addition, it has a lower degree of structural complexity that
makes chiral hydroxylation particularly challenging. Interest-
ingly, oxidation of 16a delivered hydroxy ketone 16b in
relatively high ee (83%) and moderate yield (49%). It is
notable that this chiral motif makes 16b particularly attractive
as a versatile building block for subsequent synthetic
elaboration.

In 17a, the ethoxycarbonyl group places the carbonyl moiety
in y to the reactive tertiary C—H bonds, and rather
unexpectedly a pronounced decrease in enantioselectivity is
observed (18% ee). However, when a methylene is placed
between the carbonyl and the ring as in 18a high
enantioselectivity is restored (96% ee), and the product is
obtained in high isolated yield (80%). To complete the series,
we also tested ketone 19a and amide 20a, both displaying a
methylene spacer between the carbonyl group and the
cyclohexane ring. Remarkably, in both cases the corresponding
hydroxylated products were obtained in satisfactory yields (71
and 51%) and excellent enantioselectivities (95 and >99% ee).

Replacement of the §-carbonyl moiety by a cyano group can
be also tolerated but the corresponding hydroxy nitrile 21b is
obtained with moderate yield (52%) and enantioselectivity
(43% ee). Furthermore, in ester 22a, the pivaloyl group is
shifted by an additional methylene unit from the cyclohexane
core and, compared to 4a, this leads to a decrease in
enantioselectivity (39% ee). However, with a more rigid
phthalimide group as in 23a, enantiodiscrimination is
substantially restored (78% ee).

Despite the presence of a d-carbonyl functionality ensures
high enantioselection, this can be also accomplished with
substrates devoid of this group. Tertiary alcohols 25a and 26a
are hydroxylated with moderate to high yields (up to 76%) to
the corresponding chiral 1,4- and 1,5-diols 25b and 26b,
respectively, with excellent enantioselectivities (92% ee). On
the other hand, with 24a the chiral diaxial 1,3-diol 24b is
obtained in 61% yield and 45% ee.

Particularly interesting is the application of the current
system to hydrocarbons. The simplest cis-1,3-dimethyl cyclo-
hexane 27a is oxidized to 27b in low 14% ee, highlighting the
importance of the group at ClI in defining enantiodiscrimina-
tion. However, oxidation of the Cl-neopentyl substituted 28a
proceeds with remarkably high enantioselectivity (80% ee)
representing the only example reported so far of a non-
enzymatic hydroxylation of a strong hydrocarbon C—H bond
that proceeds with high enantioselectivity.

The oxidation of cis-2,6-dimethyl substituted cyclohexanes
proved to be more challenging but was also shown to provide
an entry into functionalized cyclohexanes with up to four
stereocenters (Figure 4 bottom).® Oxidation of 29a,
containing an axial acetyl group, occurs exclusively at the C4
methylenic site, delivering ketoester 29b in 42% yield, leaving
the tertiary C—H bonds intact. A more complex picture was
observed in the oxidation of its diastereoisomer 30a, bearing an
equatorial ester moiety. C4 ketoester 30b is still the major
product, but C2 hydroxy ester 30c and C3 ketoester 30d are
obtained as side products. Of interest, 30c is obtained in high
enantioselectivity (90% ee), which contrasts with the poor ee’s

obtained for 30d. Tentatively, this can be attributed to
oxidation at C3 being initiated by hydrogen atom transfer
(HAT) at the equatorial C—H, which appeared to be a low
enantioselective path during the optimization studies on 1la
(Figure 2B).

Based on the results obtained with 29a, we envisioned that
installing a bulky equatorial ester group at C4 could block
ketonization at C3 (and C4), without affecting hydroxylation
enantioselectivity at the C2/C6 tertiary axial C—H bonds. In
line with expectations, with 1,4-diester 31a, selective tertiary
axial C—H bond hydroxylation was observed delivering 31b in
moderate yield (40%) but high enantioselectivity (87% ee).
Interestingly, 31b is a complex and densely functionalized
molecule, where four of the six carbons of the cyclohexane core
are stereocenters. Furthermore, 31b also represents an
interesting molecule in medicinal chemistry because the
removal of the ester groups provides the carbocyclic
analogue®® of the rare deoxysugar a-axenose, present in the
anticancer drug trioxacarcin A’

Computational Analysis of the Origin of Enantiose-
lectivity. The structural and dynamical evaluation of the
optimized (RR)-Mn(™pdp) catalyst was performed by a
combined computational analysis based on Conformer-
Rotamer Ensemble Sampling Tool (CREST) software,®’
geometry-aware clusterization schemes, and density functional
theory (DFT, see the Supporting Information for details). The
ensemble of structures generated by CREST revealed three
different regions that define the catalytic site: the rigid main
structural ligand skeleton bonded to Mn in the center; the two
bulky tris-isopropylsilyl (TIPS, named TIPS® and TIPS" in
Figure SA) substituents that form two large steric barriers at
the two sides of the catalyst; and finally, the bound Phth-Tle-O
ligand, displaying a high level of flexibility that easily adapts for
substrate binding (Figure SA—C). It should be noted that four
distinctive conformations (1—4 in Figure S3) of the catalyst
could be obtained corresponding to the two possible rotations
of the carbonyl and Phth groups, represented as Newman
projections through the C,—CO, bond of the Mn-bound Phth-
L-Tle-O ligand. In 1-2, the two groups are eclipsed with
Mn=0 and in 3—4 are in anti. However, our CREST-based
conformational analysis was restricted to eclipsed conforma-
tions 1—2, as we found that the difference in energy between
syn and anti was higher than 11 kcal/mol at the UMO06-L-D3
level of theory. Additionally, the transition state (TS) obtained
for HAT when the carbonyl group of Phth-Tle-O and the
Mn=0 are in anti for substrate 18a presents a substantially
larger activation barrier (difference of more than 7 kcal/mol
with respect to 2, see Table S11). This is in line with previous
studies indicating a weak O—O interaction between the
unpaired p electron of the Mn=0 and the lone pair of the
carbonyl group of the substrate in both a similar manganese-
and iron-based catalyst,”®®” which we find to be crucial for
effective HAT. The CREST-based ensemble of the free catalyst
in 1-2 conformations revealed that the coligand can adopt
four main conformations of the phthalimide group (as shown
in Figures SA—C, S4): the lowest in energy conformation A in
which the fert-butyl group of the coligand is situated close to
the carbonyl group, B that is only 0.1 kcal/mol higher in
energy and instead presents the phthalimide group located
close to the carbonyl, and finally C—D at 1.2 and 6.2 kcal/mol,
respectively, in which Phth is establishing some C—H- =«
interactions with either the TIPS® group (C) or the TIPS" (D)
(see Table S10). Consequently, our analysis suggests that the
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Figure 6. Illustrative examples of product elaboration.

shielding exerted by the TIPS groups and especially the
conformation of the amino acid coligand shape the catalyst’s
reaction site and determines the available volume for substrate
access for asymmetric hydroxylation (see Figures 5B,C, $5).”
Intrigued by how the different conformations of Phth shape
the catalyst active site and impact the recognition and
interaction with the substrate for asymmetric hydroxylation,
we located the HAT TSs and reaction complexes (RCs)
corresponding to hydroxylation at positions C-3 and C-5 for
the model substrates 18a and 27a (Figure SD—F). The
optimized TSs and RCs for both C-3 and C-5 were then
subjected to CREST analysis for finding additional lower in
energy conformations. Interestingly, despite starting from
different initial structures for both C-3 and C-5 the lowest in
energy RC found positions 18a in such a way that C-3 is better
oriented for hydroxylation (i.e., shorter distance and better
angle). The proper positioning of 18a for asymmetric
hydroxylation is mostly attributed to the CH--z interaction
observed between the methyl group at C-3 and the pyridine
ring (see Figures S6, S7, S9). In this RC, the carbonyl group of
the C-1 substituent of 18a is interacting with the TIPS® group.
Both interactions contribute to properly position C-3 close to
the Mn=0 moiety for efficient hydroxylation. In this RC of
18a, the methyl substituent of the cyclohexane scaffold at C-5
is located between the isopropyl group of TIPS® and the tert-
butyl of the coligand. It should be also highlighted that in this
lowest in energy RC, the phthalimide group of the coligand
adopts the most stable conformation A as described above.
The lowest in energy HAT TS for C-3 maintains this
network of weak interactions, except for the functional group
at C-1 that is establishing a hydrogen bond between the
carbonyl group of the ester and both the hydrogen atom at C-2
of one of the pyrrolidine rings and the pyridin-2-ylmethyl
hydrogen. This HAT TS for C-3 has an O—H—C distance of
1.35 and 1.25 A for O—H, and H—C, respectively (see Figure

15749

SE). The Mn—O—C angle is ca. 131°. The computed available
volume at this C-3 HAT TS is 685.2 A® (see teal triangle in
Figures SC, and S13). The computed HAT activation barrier
from the lowest in energy RC for asymmetric hydroxylation at
C-3 is 3.8 kcal/mol. Interestingly, the lowest in energy TS
found for C-S presents a HAT activation barrier of 7.2, which
is 3.4 kcal/mol higher than the one obtained for C-3 (see
Table S11). The TS for C-S asymmetric hydroxylation
presents a completely different orientation of 18a with respect
to that for C-3, and a distinct conformation of the phthalimide
group with respect to C-3 (see Figure SF). In fact, the
phthalimide group adopts conformation C (that is 1.2 keal/
mol higher than A for the free catalyst), thus establishing C—
H- 7 interactions with the TIPS® group. The computed
volume at this HAT TS for C-$ hydroxylation is substantially
increased to 703.4 A’ (see the yellow triangle in Figures 5C,
S13). In this TS for C-S, none of the above-mentioned
interactions observed for C-3 are possible: the carbonyl ester of
the C-1 substituent of 18a is not making hydrogen bond
interactions with the pyrrolidine and pyridin-2-ylmethyl
hydrogens, pointing instead toward the TIPS" group; the C-
3 methyl group is located in the space left by the
conformational change of the phthalimide group of the
coligand, and therefore can no longer establish a CH --7x
interaction with the pyridine ring. These differences in the
network of weak interactions between C-3 and C-$ indicate
that the Mn=0O catalyst has an active site shape and volume
that is preorganized and optimal for enantioselective
hydroxylation at C-3.

Our predicted substrate-bound catalyst pose is also in line
with the experimental trends obtained for the different
substrates tested. The study using the same methodology of
the simplest compound 27a lacking any substituent at C-1
indicates that the enantioselectivity of the process is reduced as
both C-3 and C-5 can adopt a similar pose and establish the
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C—H-- & interaction between one of the methyl groups and the
pyridine ring (see Figures SD, S8, S10). The TS for
hydroxylation at C-3 allows the methyl substituent at C-S to
establish weak dispersion interactions between the isopropyl
group of TIPS® and the tert-butyl of the coligand (which is not
possible for the C-S pose). The difference in the activation
energy obtained for HAT at C-3 and C-$ for 27a is reduced to
0.1 kcal/mol, in this case in favor of C-S hydroxylation (at the
UMO06-L-D3/6-31G(d)(Mn-Def2SVP) level C-3 hydroxyla-
tion is favored by ca. 0.5 kcal/mol). Interestingly, the
calculation of the available volume of the catalyst at the
HAT TS for C-3 and C-5 of 27a is in both cases ca. 690 A®
(which is similar to the one found for the C-3 HAT TS for
substrate 18a, see squares in Figure SC). Substrate 28a that
contains a neopentyl group in C-1 can still potentially adopt
the same binding pose as 18a, however, the lack of the ester
group at C-1 avoids the potential hydrogen bond interaction,
which is compensated by the dispersion interactions
established with the TIPS® and the catalyst scaffold (see
Figure S12). The same explanation holds for substrate 17a
that, compared to 18a, lacks the methylene spacer, thus
preventing the establishment of the hydrogen bond interaction
of the carbonyl ester group and the pyrrolidine methyl and
pyridin-2-ylmethyl (see Figure S11). In both 28a and 17a, the
favorable interaction of the C-3 methyl with the pyridine ring
is maintained only in the C-3 pose. Altogether, our
computational predictions indicate that despite the high
conformational flexibility of the TIPS and Phth-Tle-O coligand
of the (RR)-Mn(™pdp) catalyst that impacts the available
volume for productive substrate binding, the most stable
conformations present an active site that is highly comple-
mentary to the cyclohexane-based scaffold for enantioselective
hydroxylation at C-3.

Elaboration of the Hydroxylated Products. Four
different pathways were pursued for illustrating the straightfor-
ward chemical elaboration of the chiral hydroxylation products
(Figure 6). Path a describes the manipulation of the tertiary
alcohol functionality in product 6b. Chiral trisubstituted
cyclohexene 6¢ (bearing a valuable allylic ester motif and
two chiral centers)”' could be prepared in 87% yield by
dehydration. In terms of step economy, this compares
favorably with the six-step synthesis reported so far for the
free alcohol (intermediate in the total synthesis of
didemnaketals).”> Furthermore, chiral cyclohexenes such as
6¢ are interesting because they may be considered as non-
natural variants to naturally occurring terpenoids such as
carene, pulegol, and piperitol, which find wide utility in the
total synthesis of natural products and may thus represent an
important addition to the chiral pool.””® Elaboration of the
olefinic site opens numerous paths for straightforward
diversification. Illustrating these possibilities, oxidative C=C
bond cleavage in 6c provides the linear a-acyloxy carboxylic
acid 6d in 82% yield. This synthetic route extended to
cyclohexenes with different allylic O, N, or C motifs, provides
general access to a-substituted carboxylic acids, including
protected non-natural amino acids with two chiral centers and
a terminal acetyl moiety.

On the other hand, paths b, ¢, and d exemplify manipulation
of the C1 moiety. A chiral 1,3-diol could be prepared by
removal of the —Bz group at C1 in 6b providing 6e in 65%
yield (path b) bearing three chiral centers.

Moreover, by nucleophilic addition to the C1 carbonyl
group in ketoalcohol 16b (path c), diaxial 1,3-diol 16e bearing

two valuable chiral quaternary centers could be obtained in
47% yield.”* Ketoalcohol 16b could also be converted through
Baeyer—Villiger oxidation to the 7-membered ring lactone 16¢
(path d), leading to increased molecular complexity in an
oxidation fashion, keeping the stereogenic centers untouched.
Manipulation of chiral 7-membered ring lactones offers
numerous paths for diversification into interesting oxygenated
chains. This was exemplified by the reduction of 16¢, to afford
linear polyol 16d in 78% yield, displayin% a typical chiral 1,3
pattern present in numerous macrolides.”

B CONCLUSIONS

The current work describes the first example of non-directed
and non-enzymatic catalytic enantioselective hydroxylation of
unactivated tertiary C(sp®)—H bonds. Theoretical analysis of
the origin of the enantioselectivity uncovers that chiral
recognition relies on a synergistic interplay of weak
interactions and structural complementary between the
substrate and the catalyst that resemble lock and key
recognition phenomena operating in enzymatic sites. Fur-
thermore, the use of catalysts based on an earth-abundant
metal singularizes the current system with respect to state-of-
the-art asymmetric C(sp®)—H functionalization reactions that
rely on precious metals. In addition, the use of hydrogen
peroxide as an oxidant confers the system a high atom
economy, which combined with the mild experimental
conditions makes the reaction particularly appealing from a
sustainability perspective.

Collectively, the work delivers proof of concept of the
powerful reach of biomimetic oxidation catalysts as unique
tools for manipulating C—H bonds as functional groups,
valorizing simple organic molecules by means of their
conversion into chiral, stereochemically rich, and versatile
oxidized products, expanding in a virtually unlimited manner
the available chiral pool. Finally, the high structural versatility
of the catalytic system is a key aspect that enables the rapid
evolution of the reaction from modest to outstanding yields
and enantioselectivities. We foresee that such versatility will
find utility in the development of novel enantioselective C—H
functionalization reactions.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacs.2c10148.

Materials and methods; catalysts used in this work;
catalysts screening and optimization of reaction
conditions; free volumes for the substrate; generated
CREST ensembles; volume calculations; relative en-
ergies between the conformations; different optimized
HAT transition states; CREST ensembles for the
reactant complexes; non-covalent interactions; steric
maps of the free catalyst; crystallographic data; NMR
spectra; SFC and GC traces; and description of the
computational approaches (PDF)

Accession Codes

CCDC 2208949 and 2209055 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.

https://doi.org/10.1021/jacs.2c10148
J. Am. Chem. Soc. 2023, 145, 15742—15753


https://pubs.acs.org/doi/suppl/10.1021/jacs.2c10148/suppl_file/ja2c10148_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c10148/suppl_file/ja2c10148_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c10148/suppl_file/ja2c10148_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.2c10148?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c10148/suppl_file/ja2c10148_si_001.pdf
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2208949&id=doi:10.1021/jacs.2c10148
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2209055&id=doi:10.1021/jacs.2c10148
http://www.ccdc.cam.ac.uk/data_request/cif
mailto:data_request@ccdc.cam.ac.uk
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.2c10148?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

B AUTHOR INFORMATION

Corresponding Authors

Silvia Osuna — Institut de Quimica Computacional i Catalisi
(IQCC) and Departament de Quimica, Universitat de
Girona, Girona, Catalonia E-17071, Spain; ICREA,
Barcelona 08010, Spain; © orcid.org/0000-0003-3657-
6469; Email: silvia.osuna@udg.edu

Massimo Bietti — Dipartimento di Scienze e Tecnologie
Chimiche, Universita “Tor Vergata”, I-00133 Rome, Italy;

orcid.org/0000-0001-5880-7614; Email: bietti@

uniroma2.it

Miquel Costas — Institut de Quimica Computacional i Catalisi
(IQCC) and Departament de Quimica, Universitat de
Girona, Girona, Catalonia E-17071, Spain; © orcid.org/
0000-0001-6326-8299; Email: miquel.costas@udg.edu

Authors

Andrea Palone — Institut de Quimica Computacional i
Catalisi (IQCC) and Departament de Quimica, Universitat
de Girona, Girona, Catalonia E-17071, Spain; Dipartimento
di Scienze e Tecnologie Chimiche, Universita “Tor Vergata”,
I-00133 Rome, Italy; ® orcid.org/0000-0001-8482-6085

Guillem Casadevall — Institut de Quimica Computacional i
Catalisi (IQCC) and Departament de Quimica, Universitat
de Girona, Girona, Catalonia E-17071, Spain

Sergi Ruiz-Barragan — Institut de Quimica Computacional i
Catalisi (IQCC) and Departament de Quimica, Universitat
de Girona, Girona, Catalonia E-17071, Spain; © orcid.org/
0000-0001-9752-3999

Arnau Call — Institut de Quimica Computacional i Catalisi
(IQCC) and Departament de Quimica, Universitat de
Girona, Girona, Catalonia E-17071, Spain

Complete contact information is available at:
https://pubs.acs.org/10.1021/jacs.2c10148

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The authors are thankful for the financial support by the
European Research Council (AdvG 883922 to M.C., 201S-
StG-679001 and ERC-2022-POC-101112805 to S.O. and
G.C,, and ERC-2022-COG-101088032 to S.0.), Human
Frontier Science Program (HFSP) under Grant RGP0054/
2020 (S.0. and S.R.-B.), Spain, Ministry of Science,
(MINECO, PRE2019-090149 to A.P., [JC2020-046115-1 to
A.C, PGC2018-102192-B-100 to S.O., PGC2018-101737-B-
100 to M.C.), and Generalitat de Catalunya (ICREA Academia
to M.C., 2017 SGR-00264 and 2017 SGR-1707. The authors
also thank Ms. L. Vicens for experimental support in SFC
analysis.

B REFERENCES

(1) Cramer, J.; Sager, C. P.; Ernst, B. Hydroxyl Groups in Synthetic
and Natural-Product-Derived Therapeutics: A Perspective on a
Common Functional Group. J. Med. Chem. 2019, 62, 8915—8930.

(2) Renata, H. Synthetic Utility of Oxygenases in Site-Selective
Terpenoid Functionalization. J. Ind. Microbiol. Biotechnol. 2021, 48,
No. kuab002.

(3) Newhouse, T.; Baran, P. S.; Hoffmann, R. W. The Economies of
Synthesis. Chem. Soc. Rev. 2009, 38, 3010—3021.

(4) Godula, K.; Sames, D. C-H Bond Functionalization in Complex
Organic Synthesis. Science 2006, 312, 67—72.

(5) Brill, Z. G; Condakes, M. L.; Ting, C. P.; Maimone, T. J.
Navigating the Chiral Pool in the Total Synthesis of Complex
Terpene Natural Products. Chem. Rev. 2017, 117, 11753—11795.

(6) Dantignana, V.; Milan, M.; Cussé, O.; Company, A.; Bietti, M.;
Costas, M. Chemoselective Aliphatic C-H Bond Oxidation Enabled
by Polarity Reversal. ACS Cent. Sci. 2017, 3, 1350—1358.

(7) Milan, M.; Bietti, M.; Costas, M. Enantioselective Aliphatic C-H
Bond Oxidation Catalyzed by Bioinspired Complexes. Chem.
Commun. 2018, 54, 9559—-9570.

(8) Burg, F.; Gicquel, M.; Breitenlechner, S.; Péthig, A.; Bach, T.
Site- and Enantioselective C-H Oxygenation Catalyzed by a Chiral
Manganese Porphyrin Complex with a Remote Binding Site. Angew.
Chem., Int. Ed. 2018, 57, 2953—2957.

(9) Burg, F.; Breitenlechner, S.; Jandl, C.; Bach, T. Enantioselective
Oxygenation of Exocyclic Methylene Groups by a Manganese
Porphyrin Catalyst with a Chiral Recognition Site. Chem. Sci. 2020,
11, 2121-2129.

(10) Groves, J. T.; Viski, P. Asymmetric Hydroxylation by a Chiral
Iron Porphyrin. J. Am. Chem. Soc. 1989, 111, 8537—8538.

(11) Serrano-Plana, J.; Rumo, C.; Rebelein, J. G.; Peterson, R. L.;
Barnet, M.; Ward, T. R. Enantioselective Hydroxylation of Benzylic
C(sp’)-H Bonds by an Artificial Iron Hydroxylase Based on the
Biotin-Streptavidin Technology. J. Am. Chem. Soc. 2020, 142, 10617—
10623.

(12) Ottenbacher, R. V.; Talsi, E. P.; Rybalova, T. V.; Bryliakov, K.
P. Enantioselective Benzylic Hydroxylation of Arylalkanes with H,0,
in Fluorinated Alcohols in the Presence of Chiral Mn Aminopyridine
Complexes. ChemCatChem 2018, 10, 5323—5330.

(13) Ottenbacher, R. V,; Talsi, E. P.,; Bryliakov, K. P. Highly
Enantioselective Undirected Catalytic Hydroxylation of Benzylic CH,
Groups with H,O,. J. Catal. 2020, 390, 170—177.

(14) Talsi, E. P.; Samsonenko, D. G.; Ottenbacher, R. V.; Bryliakov,
K. P. Highly Enantioselective C-H Oxidation of Arylalkanes with
H,0, in the Presence of Chiral Mn-Aminopyridine Complexes.
ChemCatChem 2017, 9, 4580—4586.

(15) Sun, Q.; Sun, W. Catalytic Enantioselective Methylene C(sp®)-
H Hydroxylation Using a Chiral Manganese Complex/Carboxylic
Acid System. Org. Lett. 2020, 22, 9529—9533.

(16) Qiu, B.; Xu, D.; Sun, Q.; Miao, C.; Lee, Y. M.; Li, X. X.; Nam,
W.,; Sun, W. Highly Enantioselective Oxidation of Spirocyclic
Hydrocarbons by Bioinspired Manganese Catalysts and Hydrogen
Peroxide. ACS Catal. 2018, 8, 2479—2487.

(17) Hamada, T.; Irie, R; Mihara, J; Hamachi, K; Katsuki, T.
Highly Enantioselective Benzylic Hydroxylation with Concave Type
of (Salen)Manganese(III) Complex. Tetrahedron 1998, 54, 10017—
10028.

(18) Ye, P.; Feng, A;; Wang, L.; Cao, M.; Zhu, R;; Liu, L. Kinetic
Resolution of Cyclic Benzylic Azides Enabled by Site- and
Enantioselective C(sp*)-H Oxidation. Nat. Commun. 2022, 13, 1621.

(19) Frost, J. R;; Huber, S. M.; Breitenlechner, S.; Bannwarth, C.;
Bach, T. Enantiotopos-Selective C-H Oxygenation Catalyzed by a
Supramolecular Ruthenium Complex. Angew. Chem., Int. Ed. 20185, 54,
691—-695.

(20) Sun, S; Yang, Y,; Zhao, R; Zhang, D,; Liu, L. Site- And
Enantiodifferentiating C(sp®)-H Oxidation Enables Asymmetric
Access to Structurally and Stereochemically Diverse Saturated Cyclic
Ethers. J. Am. Chem. Soc. 2020, 142, 19346—19353.

(21) Miyafuji, A,; Katsuki, T. Asymmetric Desymmetrization of
Meso-Tetrahydrofuran Derivatives by Highly Enantiotopic Selective
C-H Oxidation. Tetrahedron 1998, 54, 10339—10348.

(22) Punniyamurthy, T.; Katsuki, T. Asymmetric Desymmetrization
of Meso-Pyrrolidine Derivatives by Enantiotopic Selective C-H
Hydroxylation Using (Salen)Manganese(III) Complexes. Tetrahedron
1999, S5, 9439—9454.

(23) Sun, S.; Ma, Y.; Liu, Z.; Liu, L. Oxidative Kinetic Resolution of
Cyclic Benzylic Ethers. Angew. Chem., Int. Ed. 2021, 60, 176—180.

(24) Ly, R; Cao, L; Guan, H; Liu, L. Iron-Catalyzed Aerobic
Dehydrogenative Kinetic Resolution of Cyclic Secondary Amines. J.
Am. Chem. Soc. 2019, 141, 6318—6324.

https://doi.org/10.1021/jacs.2c10148
J. Am. Chem. Soc. 2023, 145, 15742—15753


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Si%CC%81lvia+Osuna"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3657-6469
https://orcid.org/0000-0003-3657-6469
mailto:silvia.osuna@udg.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Massimo+Bietti"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5880-7614
https://orcid.org/0000-0001-5880-7614
mailto:bietti@uniroma2.it
mailto:bietti@uniroma2.it
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Miquel+Costas"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6326-8299
https://orcid.org/0000-0001-6326-8299
mailto:miquel.costas@udg.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andrea+Palone"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8482-6085
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Guillem+Casadevall"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sergi+Ruiz-Barragan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9752-3999
https://orcid.org/0000-0001-9752-3999
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Arnau+Call"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c10148?ref=pdf
https://doi.org/10.1021/acs.jmedchem.9b00179?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.9b00179?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.9b00179?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1093/jimb/kuab002
https://doi.org/10.1093/jimb/kuab002
https://doi.org/10.1039/b821200g
https://doi.org/10.1039/b821200g
https://doi.org/10.1126/science.1114731
https://doi.org/10.1126/science.1114731
https://doi.org/10.1021/acs.chemrev.6b00834?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.6b00834?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscentsci.7b00532?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscentsci.7b00532?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c8cc03165g
https://doi.org/10.1039/c8cc03165g
https://doi.org/10.1002/anie.201712340
https://doi.org/10.1002/anie.201712340
https://doi.org/10.1039/c9sc06089h
https://doi.org/10.1039/c9sc06089h
https://doi.org/10.1039/c9sc06089h
https://doi.org/10.1021/ja00204a047?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00204a047?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c02788?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c02788?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c02788?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/cctc.201801476
https://doi.org/10.1002/cctc.201801476
https://doi.org/10.1002/cctc.201801476
https://doi.org/10.1016/j.jcat.2020.08.005
https://doi.org/10.1016/j.jcat.2020.08.005
https://doi.org/10.1016/j.jcat.2020.08.005
https://doi.org/10.1002/cctc.201701169
https://doi.org/10.1002/cctc.201701169
https://doi.org/10.1021/acs.orglett.0c03585?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.0c03585?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.0c03585?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.7b03601?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.7b03601?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.7b03601?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0040-4020(98)00603-6
https://doi.org/10.1016/S0040-4020(98)00603-6
https://doi.org/10.1038/s41467-022-29319-z
https://doi.org/10.1038/s41467-022-29319-z
https://doi.org/10.1038/s41467-022-29319-z
https://doi.org/10.1002/anie.201409224
https://doi.org/10.1002/anie.201409224
https://doi.org/10.1021/jacs.0c09636?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c09636?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c09636?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c09636?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0040-4020(98)00489-X
https://doi.org/10.1016/S0040-4020(98)00489-X
https://doi.org/10.1016/S0040-4020(98)00489-X
https://doi.org/10.1016/S0040-4020(99)00518-9
https://doi.org/10.1016/S0040-4020(99)00518-9
https://doi.org/10.1016/S0040-4020(99)00518-9
https://doi.org/10.1002/anie.202009594
https://doi.org/10.1002/anie.202009594
https://doi.org/10.1021/jacs.9b00615?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b00615?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.2c10148?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

(25) Guan, H; Tung, C. H,; Liu, L. Methane Monooxygenase
Mimic Asymmetric Oxidation: Self-Assembling y-Hydroxo, Carbox-
ylate-Bridged Diiron(III)-Catalyzed Enantioselective Dehydrogen-
ation. J. Am. Chem. Soc. 2022, 144, 5976—5984.

(26) Ottenbacher, R. V.; Talsi, E. P,; Bryliakov, K. P. Chiral
Manganese Aminopyridine Complexes: The Versatile Catalysts of
Chemo- and Stereoselective Oxidations with H,O,. Chem. Rec. 2018,
18, 78—90.

(27) White, M. C.; Zhao, J. Aliphatic C-H Oxidations for Late-Stage
Functionalization. J. Am. Chem. Soc. 2018, 140, 13988—14009.

(28) Sun, W.; Sun, Q. Bioinspired Manganese and Iron Complexes
for Enantioselective Oxidation Reactions: Ligand Design, Catalytic
Activity, and Beyond. Acc. Chem. Res. 2019, 52, 2370—2381.

(29) Vicens, L; Olivo, G.; Costas, M. Rational Design of Bioinspired
Catalysts for Selective Oxidations. ACS Catal. 2020, 10, 8611—8631.

(30) Kal, S; Xu, S; Que, L., Jr. Bio-Inspired Nonheme Iron
Oxidation Catalysis: Involvement of Oxoiron(V) Oxidants in
Cleaving Strong C—H Bonds. Angew. Chem. Int. Ed. 2020, 59,
7332—7349.

(31) Chen, J.; Jiang, Z.; Fukuzumi, S.; Nam, W.; Wang, B. Artificial
Nonheme Iron and Manganese Oxygenases for Enantioselective
Olefin Epoxidation and Alkane Hydroxylation Reactions. Coord.
Chem. Rev. 2020, 421, No. 213443.

(32) Chen, J; Song, W.; Yao, J.; Wu, Z.; Lee, Y.-M.; Wang, Y.; Nam,
W.; Wang, B. Hydrogen Bonding-Assisted and Nonheme Manganese-
Catalyzed Remote Hydroxylation of C-H Bonds in Nitrogen-
Containing Molecules. J. Am. Chem. Soc. 2023, 145, 5456—5466.

(33) Fu, J; Ren, Z; Bacsa, J.; Musaev, D. G.; Davies, H. M. L.
Desymmetrization of Cyclohexanes by Site- and Stereoselective C-H
Functionalization. Nature 2018, 564, 395—399.

(34) Milan, M.; Bietti, M.; Costas, M. Highly Enantioselective
Oxidation of Nonactivated Aliphatic C-H Bonds with Hydrogen
Peroxide Catalyzed by Manganese Complexes. ACS Cent. Sci. 2017, 3,
196—-204.

(35) Milan, M.; Bietti M. Costas, M. Aliphatic C-H Bond
Oxidation with Hydrogen Peroxide Catalyzed by Manganese
Complexes: Directing Selectivity through Torsional Effects. Org.
Lett. 2018, 20, 2720—2723.

(36) Vicens, L.; Bietti, M.; Costas, M. General Access to Modified a-
Amino Acids by Bioinspired Stereoselective y-C-H Bond Lactoniza-
tion. Angew. Chem., Int,vEd. 2021, 133, 4790—4796.

(37) Smaltz, D. J; Svenda, J.; Myers, A. G. Diastereoselective
Additions of Allylmetal Reagents to Free and Protected Syn-a,f-
Dihydroxyketones Enable Efficient Synthetic Routes to Methyl
Trioxacarcinoside A. Org. Lett. 2012, 14, 1812—1815.

(38) Breit, B.; Bigot, A. Enantioselective Synthesis of 2,6-Dideoxy
Carbasugars Based on a Desymmetrizing Hydroformylation-Carbonyl
Ene Cyclization Process. Chem. Commun. 2008, 48, 6498—6500.

(39) Abrams, D. J.; Provencher, P. A.; Sorensen, E. J. Recent
Applications of C-H Functionalization in Complex Natural Product
Synthesis. Chem. Soc. Rev. 2018, 47, 8925—8967.

(40) Seiple, 1. B,; Zhang, Z.; Jakubec, P.; Langlois-Mercier, A.;
Wright, P. M.; Hog, D. T.; Yabu, K,; Ally, S. R.; Fukuzaki, T.; Carlsen,
P. N.; Kitamura, Y.; Zhou, X.; Condakes, M. L.; Szczypinski, F. T.;
Green, W. D.; Myers, A. G. A Platform for the Discovery of New
Macrolide Antibiotics. Nature 2016, 533, 338—345.

(41) Park, S. R;; Han, A. R;; Ban, Y. H; Yoo, Y. J.; Kim, E. J.; Yoon,
Y. J. Genetic Engineering of Macrolide Biosynthesis: Past Advances,
Current State, and Future Prospects. Appl. Microbiol. Biotechnol. 2010,
8§, 1227-1239.

(42) Newton, C. G; Wang, S. G.; Oliveira, C. C.; Cramer, N.
Catalytic Enantioselective Transformations Involving C-H Bond
Cleavage by Transition-Metal Complexes. Chem. Rev. 2017, 117,
8908—8976.

(43) Saint-Denis, T. G.; Zhu, R. Y.; Chen, G.; Wy, Q. F,; Yu, J. Q.
Enantioselective C(sp®)-H Bond Activation by Chiral Transition
Metal Catalysts. Science 2018, 359, No. eaa04798.

(44) Zhang, C; Li, Z. L; Gu, Q S; Liu, X. Y. Catalytic
Enantioselective C(sp®)-H Functionalization Involving Radical
Intermediates. Nat. Commun. 2021, 12, 475.

(45) Mondal, S.; Dumur, F.; Gigmes, D.; Sibi, M. P.; Bertrand, M.
P.; Nechab, M. Enantioselective Radical Reactions Using Chiral
Catalysts. Chem. Rev. 2022, 122, 5842—5976.

(46) Cheng, S,; Li, Q; Cheng, X; Lin, Y. M,; Gong, L. Recent
Advances in Asymmetric Transformations of Unactivated Alkanes and
Cycloalkanes through Direct C-H Functionalization. Chinese J. Chem.
2022, 40, 2825—2837.

(47) Reddy, R. P.; Davies, H. M. L. Dirhodium Tetracarboxylates
Derived from Adamantylglycine as Chiral Catalysts for Enantiose-
lective C-H Aminations. Org. Lett. 2006, 8, 5013—5016.

(48) Thu, H. Y,; Tong, G. S. M; Huang, J. S.; Chan, S. L. F,; Deng,
Q. H,; Che, C. M. Highly Selective Metal Catalysts for Intermolecular
Carbenoid Insertion into Primary C-H Bonds and Enantioselective C-
C Bond Formation. Angew. Chem., Int. Ed. 2008, 47, 9747—9751.

(49) Chuprakov, S.; Malik, J. A; Zibinsky, M.; Fokin, V. V. Catalytic
Asymmetric C-H Insertions of Rhodium(II) Azavinyl Carbenes. J.
Am. Chem. Soc. 2011, 133, 10352—10353.

(50) Liao, K; Negretti, S.; Musaev, D. G.; Bacsa, J.; Davies, H. M. L.
Site-Selective and Stereoselective Functionalization of Unactivated C-
H Bonds. Nature 2016, 533, 230—234.

(51) Liao, K; Pickel, T. C.; Boyarskikh, V.; Bacsa, J.; Musaev, D. G;
Davies, H. M. L. Site-Selective and Stereoselective Functionalization
of Non-Activated Tertiary C-H Bonds. Nature 2017, 551, 609—613.

(52) Liao, K; Yang, Y. F; Li, Y;; Sanders, J. N,; Houk, K. N,;
Musaev, D. G.; Davies, H. M. L. Design of Catalysts for Site-Selective
and Enantioselective Functionalization of Non-Activated Primary C-
H Bonds. Nat. Chem. 2018, 10, 1048—1055.

(53) Garlets, 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, 351—357.

(54) Li, Y; Lei, M; Gong, L. Photocatalytic Regio- and
Stereoselective C(sp®)-H Functionalization of Benzylic and Allylic
Hydrocarbons as Well as Unactivated Alkanes. Nat. Catal. 2019, 2,
1016—1026.

(55) Dai, Z. Y.; Nong, Z. S.; Wang, P. S. Light-Mediated Asymmetric
Aliphatic C-H Alkylation with Hydrogen Atom Transfer Catalyst and
Chiral Phosphoric Acid. ACS Catal. 2020, 10, 4786—4790.

(56) Dai, Z. Y; Nong, Z. S.; Song, S.; Wang, P. S. Asymmetric
Photocatalytic C(sp®)-H Bond Addition to a-Substituted Acrylates.
Org. Lett. 2021, 23, 3157-3161.

(57) Cao, S;; Hong, W.; Ye, Z; Gong, L. Photocatalytic Three-
Component Asymmetric Sulfonylation via Direct C(sp®)-H Function-
alization. Nat. Commun. 2021, 12, 2377.

(58) Peters, M. W.; Meinhold, P.; Glieder, A.; Arnold, F. H. Regio-
and Enantioselective Alkane Hydroxylation with Engineered Cyto-
chromes P450 BM-3. J. Am. Chem. Soc. 2003, 125, 13442—13450.

(59) Zhang, K.; Shafer, B. M.; Demars, M. D., II; Stern, H. A_; Fasan,
R. Controlled Oxidation of Remote sp3 C-H Bonds in Artemisinin via
P450 Catalysts with Fine-Tuned Regio- and Stereoselectivity. J. Am.
Chem. Soc. 2012, 134, 18695—18704.

(60) Roiban, G. D.; Agudo, R;; Reetz, M. T. Cytochrome P450
Catalyzed Oxidative Hydroxylation of Achiral Organic Compounds
with Simultaneous Creation of Two Chirality Centers in a Single C-H
Activation Step. Angew. Chem., Int. Ed. 2014, 53, 8659—8663.

(61) Narayan, A. R. H.; Jiménez-Osés, G.; Liu, P.; Negretti, S.; Zhao,
W.; Gilbert, M. M.; Ramabhadran, R. O.; Yang, Y. F.; Furan, L. R.; L,
Z.; Podust, L. M.; Montgomery, J.; Houk, K. N.; Sherman, D. H.
Enzymatic Hydroxylation of an Unactivated Methylene C-H Bond
Guided by Molecular Dynamics Simulations. Nat. Chem. 2018, 7,
653—-660.

(62) Li, F.; Zhang, X,; Renata, H. Enzymatic C-H Functionalizations
for Natural Product Synthesis. Curr. Opin. Chem. Biol. 2019, 49, 25—
32.

(63) Miinch, J; Piillmann, P.; Zhang, W.; Weissenborn, M. J.
Enzymatic Hydroxylations of sp>-Carbons. ACS Catal. 2021, 11,
9168—9203.

https://doi.org/10.1021/jacs.2c10148
J. Am. Chem. Soc. 2023, 145, 15742—15753


https://doi.org/10.1021/jacs.2c00638?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c00638?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c00638?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c00638?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/tcr.201700032
https://doi.org/10.1002/tcr.201700032
https://doi.org/10.1002/tcr.201700032
https://doi.org/10.1021/jacs.8b05195?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b05195?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.9b00285?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.9b00285?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.9b00285?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.0c02073?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.0c02073?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201906551
https://doi.org/10.1002/anie.201906551
https://doi.org/10.1002/anie.201906551
https://doi.org/10.1016/j.ccr.2020.213443
https://doi.org/10.1016/j.ccr.2020.213443
https://doi.org/10.1016/j.ccr.2020.213443
https://doi.org/10.1021/jacs.2c13832?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c13832?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c13832?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41586-018-0799-2
https://doi.org/10.1038/s41586-018-0799-2
https://doi.org/10.1021/acscentsci.6b00368?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscentsci.6b00368?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscentsci.6b00368?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.8b00929?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.8b00929?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.8b00929?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/ange.202007899
https://doi.org/10.1002/ange.202007899
https://doi.org/10.1002/ange.202007899
https://doi.org/10.1021/ol300377a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol300377a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol300377a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol300377a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/b817786d
https://doi.org/10.1039/b817786d
https://doi.org/10.1039/b817786d
https://doi.org/10.1039/c8cs00716k
https://doi.org/10.1039/c8cs00716k
https://doi.org/10.1039/c8cs00716k
https://doi.org/10.1038/nature17967
https://doi.org/10.1038/nature17967
https://doi.org/10.1007/s00253-009-2326-8
https://doi.org/10.1007/s00253-009-2326-8
https://doi.org/10.1021/acs.chemrev.6b00692?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.6b00692?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.aao4798
https://doi.org/10.1126/science.aao4798
https://doi.org/10.1038/s41467-020-20770-4
https://doi.org/10.1038/s41467-020-20770-4
https://doi.org/10.1038/s41467-020-20770-4
https://doi.org/10.1021/acs.chemrev.1c00582?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.1c00582?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/cjoc.202200435
https://doi.org/10.1002/cjoc.202200435
https://doi.org/10.1002/cjoc.202200435
https://doi.org/10.1021/ol061742l?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol061742l?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol061742l?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.200803157
https://doi.org/10.1002/anie.200803157
https://doi.org/10.1002/anie.200803157
https://doi.org/10.1021/ja202969z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja202969z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nature17651
https://doi.org/10.1038/nature17651
https://doi.org/10.1038/nature24641
https://doi.org/10.1038/nature24641
https://doi.org/10.1038/s41557-018-0087-7
https://doi.org/10.1038/s41557-018-0087-7
https://doi.org/10.1038/s41557-018-0087-7
https://doi.org/10.1038/s41929-019-0417-1
https://doi.org/10.1038/s41929-019-0417-1
https://doi.org/10.1038/s41929-019-0357-9
https://doi.org/10.1038/s41929-019-0357-9
https://doi.org/10.1038/s41929-019-0357-9
https://doi.org/10.1021/acscatal.0c00610?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.0c00610?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.0c00610?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.1c00801?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.1c00801?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-021-22690-3
https://doi.org/10.1038/s41467-021-22690-3
https://doi.org/10.1038/s41467-021-22690-3
https://doi.org/10.1021/ja0303790?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0303790?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0303790?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja3073462?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja3073462?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201310892
https://doi.org/10.1002/anie.201310892
https://doi.org/10.1002/anie.201310892
https://doi.org/10.1002/anie.201310892
https://doi.org/10.1038/nchem.2285
https://doi.org/10.1038/nchem.2285
https://doi.org/10.1016/j.cbpa.2018.09.004
https://doi.org/10.1016/j.cbpa.2018.09.004
https://doi.org/10.1021/acscatal.1c00759?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.2c10148?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

(64) Adams, A. M.; Du Bois, J.; Malik, H. A. Comparative Study of
the Limitations and Challenges in Atom-Transfer C-H Oxidations.
Org. Lett. 2015, 17, 6066—6069.

(65) Cianfanelli, M.; Olivo, G.; Milan, M.; Klein Gebbink, R. J. M.;
Ribas, X.; Bietti, M.; Costas, M. Enantioselective C-H Lactonization
of Unactivated Methylenes Directed by Carboxylic Acids. J. Am.
Chem. Soc. 2020, 142, 1584—1593.

(66) Masferrer-Rius, E.; Borrell, M.; Lutz, M,; Costas, M.; Klein
Gebbink, R. J. M. Aromatic C-H Hydroxylation Reactions with
Hydrogen Peroxide Catalyzed by Bulky Manganese Complexes. Adv.
Synth. Catal. 2021, 363, 3783—3795.

(67) Pracht, P.; Bohle, F.; Grimme, S. Automated Exploration of the
Low-Energy Chemical Space with Fast Quantum Chemical Methods.
Phys. Chem. Chem. Phys. 2020, 22, 7169—7192.

(68) Call, A.; Cianfanelli, M.; Besala-Sala, P.; Olivo, G.; Palone, A.;
Vicens, L.; Ribas, X.; Luis, J. M.; Bietti, M.; Costas, M. Carboxylic
Acid Directed y-Lactonization of Unactivated Primary C-H Bonds
Catalyzed by Mn Complexes: Application to Stereoselective Natural
Product Diversification. J. Am. Chem. Soc. 2022, 144, 19542—19558.

(69) Fan, R; Serrano-Plana, J; Oloo, W. N.; Draksharapu, A;
Delgado-Pinar, E.; Company, A.; Martin-Diaconescu, V.; Borrell, M.;
Lloret-Fillol, J.; Garcia-Espana, E.; Guo, Y.; Bominaar, E. L.; Que, L.
J.; Costas, M.; Miinck, E. Spectroscopic and DFT Characterization of
a Highly Reactive Nonheme Fe'—Oxo Intermediate. J. Am. Chem. Soc.
2018, 140, 3916—3928.

(70) Falivene, L.; Cao, Z.; Petta, A.; Serra, L.; Poater, A.; Oliva, R.;
Scarano, V.; Cavallo, L. Towards the Online Computer-Aided Design
of Catalytic Pockets. Nat. Chem. 2019, 11, 872—879.

(71) Liu, X;; Rong, X; Liu, S; Lan, Y.; Liu, Q. Cobalt-Catalyzed
Desymmetric Isomerization of Exocyclic Olefins. J. Am. Chem. Soc.
2021, 143, 20633—20639.

(72) Zhao, X. Z.; Peng, L.; Tang, M.; Ty, Y. Q; Gao, S. H. Synthetic
Studies of the HIV-1 Protease Inhibitive Didemnaketals: Precise and
Stereocontrolled Synthesis of the Key Mother Spiroketal. Tetrahedron
Lett. 2005, 46, 6941—6944.

(73) Minh Le, T.; Szakonyi, Z. Enantiomeric Isopulegol as the
Chiral Pool in the Total Synthesis of Bioactive Agents. Chem. Rec.
2022, 22, No. €202100194.

(74) Gupta, P.; Mahajan, N.; Taneja, S. C. Recent Advances in the
Stereoselective Synthesis of 1,3-Diols Using Biocatalysts. Catal. Sci.
Technol. 2013, 3, 2462—2480.

15753

https://doi.org/10.1021/jacs.2c10148
J. Am. Chem. Soc. 2023, 145, 15742—15753


https://doi.org/10.1021/acs.orglett.5b03047?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.5b03047?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b12239?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b12239?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adsc.202001590
https://doi.org/10.1002/adsc.202001590
https://doi.org/10.1039/C9CP06869D
https://doi.org/10.1039/C9CP06869D
https://doi.org/10.1021/jacs.2c08620?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c08620?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c08620?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c08620?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b11400?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b11400?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41557-019-0319-5
https://doi.org/10.1038/s41557-019-0319-5
https://doi.org/10.1021/jacs.1c11343?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c11343?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.tetlet.2005.07.167
https://doi.org/10.1016/j.tetlet.2005.07.167
https://doi.org/10.1016/j.tetlet.2005.07.167
https://doi.org/10.1002/tcr.202100194
https://doi.org/10.1002/tcr.202100194
https://doi.org/10.1039/c3cy00125c
https://doi.org/10.1039/c3cy00125c
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.2c10148?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

