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ABSTRACT: The C(sp®)—H bond oxygenation of the cyclopropane-containing mechanistic probes 6-tert-butylspiro[2.5]octane
and spiro[2.5]octane with hydrogen peroxide catalyzed by manganese complexes bearing aminopyridine tetradentate ligands has
been studied. Mixtures of unrearranged and rearranged oxygenation products (alcohols, ketones, and esters) are obtained, suggesting
the involvement of cationic intermediates and the contribution of different pathways following the initial hydrogen atom transfer-
based C—H bond cleavage step. Despite such a complex mechanistic scenario, a judicious choice of the catalyst structure and
reaction conditions (solvent, temperature, and carboxylic acid) could be employed to resolve these oxygenation pathways, leading,
with the former substrate, to conditions where a single unrearranged or rearranged product is obtained in good isolated yield. Taken
together, the work demonstrates an unprecedented ability to precisely direct the chemoselectivity of the C—H oxidation reaction,
discriminating among multiple pathways. In addition, these results conclusively demonstrate that stereospecific C(sp®>)—H oxidation
can take place via a cationic intermediate and that this path can become exclusive in governing product formation, expanding the
available toolbox of aliphatic C—H bond oxygenations. The implications of these findings are discussed in the framework of the
development of synthetically useful C—H functionalization procedures and the associated mechanistic features.

B INTRODUCTION

C(sp®)—H bond oxygenation is an important class of C—H
functionalization reactions that is attracting increasing interest

ligands adjacent to the hydroxyl defines the reactivity of iron-
dependent halogenases in the ligand transfer step.”*~>* On the
other hand, desaturation pathways initiated by HAT from

because of the ubiquity of oxidized aliphatic frameworks in
molecules of biological and pharmaceutical interest and of the
rich chemistry associated to C—O bond elaboration, amenable
for broad product diversification."~* C(sp>)—H bond oxidation
is performed by numerous iron-dependent enzymes that operate
via high valent iron-oxo species.” ® The structures of these
enzymes and the associated reaction mechanisms have served as
inspiration motifs for the development of C—H oxidation
catalysts.”~"” Investigated for long, the current mechanistic
consensus is that heme and non-heme monoiron-dependent
oxygenases hydroxylate C—H bonds by a similar rebound
mechanism (Scheme 1).”'*7'® The reaction is initiated by a
hydrogen atom transfer (HAT) from a substrate C—H bond to
generate a carbon radical that is then trapped by hydroxyl ligand
transfer to form the hydroxylated product. In monoiron-
dependent non-heme enzymes, the structural versatility of the
metal coordination sphere enables alternative reactivity
patterns;'” for example, the transfer of halide and pseudohalide
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C(sp®*)—H bonds are seldom observed, for example, in the non-
heme Fe'/a-ketoglutarate-dependent dioxygenase AsqJ,”* with
two divergent mechanisms, which may account for this reactivity
pattern, currently under debate. The first one entails an electron
transfer (ET) from the carbon radical to the metal to form a
carbocation that then evolves via proton loss to the desaturation
product. Alternatively, a second HAT from the C—H bond
adjacent to the carbon radical can also account for desaturation.

In perspective, this complex mechanistic landscape represents
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Scheme 1. Mechanisms of Enzymatic C—H Oxidation by High-Valent Fe(V)=0 Species
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Figure 1. (a) Use of cyclopropane-containing hydrocarbons as mechanistic probes; (b) use of 6-tert-butylspiro[2.5]octane as a substrate to resolve the

oxygenation pathways of Mn-catalyzed C—H oxygenation.

an opportunity to diversify chemoselectivity in C(sp*)—H
oxidation.

Iron and manganese complexes containing tetradentate
aminopyridine ligands are powerful C—H oxidation catalysts
that are able to promote selective aliphatic C—H bond
hydroxylation. Mechanistic studies point toward a common
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mechanistic scenario for iron and manganese catalysts where C—

H hydroxylation proceeds via an enzymatic-like HAT /rebound
mechanism executed by high-valent metal-oxo species.'' ™"
Alternative reactions entailing the transfer of the ligand cis to

24-27

0X0 and desaturation”® have been observed only in selected

cases where, however, these pathways are always accompanied
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Scheme 2. Oxidation of S1“
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“Reaction conditions: [Mn(OTf),(™mcp)] 1 mol %, H,0, 3.5 equiv, AcOH 15 equiv, MeCN, 0 °C, 30 min. Catalyst enantiomers were used

interchangeably.

by the canonical hydroxylation reaction, which typically
dominates the reactivity. A general understanding of the factors
that govern these divergent reactivities is lacking and evidence in
favor of cationic paths is scarce. As a consequence, catalytic C—
H oxidation reactions where product chemoselectivity can be
reliably manipulated among multiple reaction paths in a
predictable manner remain a standing challenge.

Among the substrates that are amenable for this purpose,
cyclopropane-containing hydrocarbons are particularly appeal-
ing. The presence of the cyclopropyl group has been shown to
activate adjacent sites toward HAT via hyperconjugative overlap
between a cyclopropane C—C bonding orbital and the a-C—H
o* antibonding orbital,” providing a powerful handle to
implement site-selectivity in these reactions.’”’' In addition,
because hyperconjugative effects also account for the stabiliza-
tion of cyclopropylcarbinyl cations,” these substrates can offer
the opportunity to access cationic intermediates via sequential
HAT—ET steps. However, because the intermediate a-cyclo-
propyl carbon radicals formed in the HAT step are known to
undergo rapid rearrangement,"’3 access to unrearranged
functionalized products or to products deriving from cationic
intermediates is limited to the use of reagents that ensure very
fast capture or one-electron oxidation of the radical
intermediate, preventing competitive unimolecular radical
pathways. Examples of reagents that are known to promote
stereoretentive C(sp3)—H oxygenations are represented by
metal-oxo species and dioxiranes.”'®**

Because of their characteristic structural and bonding
features,”” cyclopropane-containing substrates are customarily
employed to probe the involvement of radical intermediates in a
reaction®>™*' to assess the concerted, radical, and/or cationic
nature of enzymatic and biomimetic reaction mechanisms™*>**
as well as to calibrate the rates of competing radical reactions
(Figure 1;;1).44

With a substrate such as spiro[2.5]octane (Figure la), the
corresponding a-cyclopropyl carbon radical undergoes cyclo-
propane ring-opening with k, = § X 107 s™.** In the framework
of the oxygenation of this substrate promoted by metal-oxo
species, dioxiranes, ozone, and cytochrome P450 en-
zymes,””* ™" no evidence for the formation of products
deriving from a radical rearrangement has been observed, in
line with the relatively low value of k, that prevents the
competition of this pathway with the radical capture or radical
recombination steps.

The product distributions observed in the reactions of this
substrate and of bicyclo[4.1.0]heptane (norcarane) can provide
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moreover information on the involvement of cationic
intermediates, revealing the occurrence of competitive ET
steps.”” In the specific case of spiro[2.5]octane (Figure la),
formation of bicyclo[4.2.0]octan-1-0l can provide conclusive
evidence on the involvement of a cationic intermediate. To the
best of our knowledge however, no evidence for the formation of
bicyclo[4.2.0]octan-1-0l has been obtained in the oxygenations
of spiro[2.5]octane discussed above.***~*

However, a typical drawback associated with the use of probes
such as spiro[2.5]octane and norcarane is represented by the
presence of several methylene sites on the cyclohexane ring that,
although less activated than those adjacent to the cyclopropyl
group, can lead nevertheless to the formation of isomeric
oxygenation products. Along these lines, we reasoned that by
introducing a tert-butyl group on the cyclohexane ring of
spiro[2.5]octane as in 6-tert-butylspiro[2.5]octane, " this group
may impose torsional and steric deactivation at the tertiary and
secondary C—H bonds at C-5 and C-6,"’ directing HAT toward
the C—H bonds at C-4 that benefit from hyperconjugative
activation imparted by the cyclopropyl group (Figure 1b). The
presence of this group would allow moreover to discriminate
between the axial and equatorial C—H bonds at this site.

With these concepts in mind, we report herein a detailed
mechanistic study on the C—H bond oxidation of 6-tert-
butylspiro[2.5]octane with hydrogen peroxide catalyzed by
manganese complexes. Unprecedented evidence for the
formation of a cationic intermediate is provided, showing
moreover that despite a complex mechanistic scenario, a careful
choice of the catalyst and fine tuning of the reaction conditions
(solvent, temperature, and carboxylic acid) have allowed the
development of experimental conditions for a distinction
between radical and cationic pathways, leading to a set of single
product reactions where the unrearranged or rearranged
products are obtained in high yield and outstanding selectivity.

B RESULTS

The oxidation of 6-tert-butylspiro[2.5]octane (S1) was initially
performed using 3.5 equiv of H, O, delivered over 30 min using a
syringe pump in the presence of 15 equiv of carboxylic acid and 1
mol % of catalyst at 0 °C in MeCN as the solvent (0.125 M
substrate concentration). Under these conditions, reaction
optimization identified [Mn(OTf),(™ mcp)] as the best
performing catalyst (see Table S3 in the Supporting
Information). Previous studies have shown the ability of this
catalyst to efficiently gromote aliphatic C—H bond oxygenation
at methylene sites.”””" The oxidation of S1 was thus performed
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Scheme 3. Oxidation of S1 Using Different Carboxylic Acids”
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under the optimized conditions in the presence of 15 equiv of
acetic acid and 1 mol % [Mn(OTf),("™ mcp)]. The formation
of 6-tert-butylspiro[2.5]octan-4-one (P1-O) in 61% yield was
observed, accompanied by trans-6-tert-butylspiro[2.5 Joctan-4-yl
acetate (P1a-OX;) in 25% yield. Trace amounts (2%) of cis-4-
(tert-butyl)-bicyclo[4.2.0]octan-1-0l (P1b-OH) were also
observed (Scheme 2). No product deriving from C—H bond
oxidation at C-5 and C-6 was observed.

By changing the carboxylic acid additive, P1-O was always the
major product, accompanied by varying amounts of the
corresponding ester P1a-OX,, and by the rearranged alcohol
product P1b-OH, which was formed in all cases in <2.5% yield
(Scheme 3a). Very interestingly, the P1-O/P1a-OX, ratio
increases with increasing carboxylic acid steric bulk, changing
from 2.4 to 44 on going from acetic acid to 2,2-dimethylbutanoic
acid, leading, in the latter case, to the formation of product P1-O
in 95% selectivity over P1a-OXg and P1b-OH. When the same
reaction was carried out in the presence of phtalimido-protected
tert-leucine (Phth-Tle-OH) as the acid (3.0 equiv), the
formation of P1-O in 63% yield and 96% selectivity over P1b-
OH was observed, without detection among the reaction
products of the corresponding ester P1a-OX.

By changing the catalyst to the more electron-rich [Mn-
(OTf),(M*Npdp)], oxidation of S1 in the presence of acetic
acid, pivalic acid, or cyclopropanecarboxylic acid afforded P1-O
as the major product (51—55% yield), accompanied in all cases

7394

by the corresponding ester P1a-OX,, in a P1-O/P1a-OX,, ratio
of 3.2, 8.8, and 14, respectively (Scheme 3b), in line with the
trend observed with the [Mn(OTf),(™mcp)] catalyst. In all
three cases however, no trace of the rearranged alcohol P1b-OH
was detected among the reaction products. Most interestingly,
when Phth-Tle-OH was employed as the acid co-catalyst, the
oxidation of §1 with H,O, catalyzed by [Mn(OTf),(™*Npdp)]
led to the exclusive formation of P1-O in 60% isolated yield.
1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP) was then chosen
as the solvent in order to obtain information on the role of
medium effects on the reaction outcome.’> When the oxidation
of S1 was performed in this solvent (0.125 M substrate
concentration) at 0 °C, using 1.5 equiv of H,O, in the presence
of 15 equiv of acetic acid and 1 mol % of [Mn(OTf),(™mcp)],
a predominant formation of the unrearranged and rearranged
acetate ester products Pla-OX; and P1b-OX, in 44 and 21%
yields, respectively, was observed, accompanied by smaller
amounts of Pla-OH, P1-O, and P1b-OH (overall 7.5% yield,
Scheme 4a). When the same reaction was performed at 25 °C,
the acetate esters were formed in 74% combined yield (P1la-
0X,/P1b-OX; = 1.2) and 96% selectivity over the rearranged
alcohol P1b-OH, while P1a-OH and P1-O were not detected
among the reaction products. A similar outcome was observed
when other carboxylic acids were used, where however the Pla-
0X,/P1b-OX,, ratio was observed to increase with increasing
carboxylic acid steric bulk, approaching a value of 3.3 when

https://doi.org/10.1021/jacs.2c01466
J. Am. Chem. Soc. 2022, 144, 7391-7401


https://pubs.acs.org/doi/10.1021/jacs.2c01466?fig=sch3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c01466?fig=sch3&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.2c01466?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

Scheme 4. Oxidation of S1 at Different Temperatures and in Different Solvents”
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of P1a-OH and 3% yield of P1-O. “Ac-Gly-OH 3 mol %. “Isolated yield. °1.5 equiv of H,0,.

Scheme S. Oxidation of S2“
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employing pivalic acid (see the Supporting Information for full

details).
With these results in hand, we envisioned the possibility of

carrying out the oxidation of S1 in the absence of carboxylic acid,
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taking advantage of the ability of fluorinated alcohol solvents to
assist in hydrogen peroxide activation (Scheme 4b).”>>* When
the oxidation of S1 was performed in HFIP at 0 °C, using 1.5
equiv of H,O, and 1 mol % of [Mn(OTf),(™ mcp)], the

https://doi.org/10.1021/jacs.2c01466
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formation of the unrearranged alcohol and ketone products P1a-
OH and P1-O in 11% total yield was observed, accompanied by
11% of the rearranged alcohol P1b-OH. When the same
reaction was performed at 25 °C, P1b-OH was formed in
excellent selectivity (>96%) over P1a-OH albeit in low yield
(23%). An increase in substrate conversion was observed when
HFIP was replaced by nonafluoro-tert-butyl alcohol (NFTBA),
without improvements in terms of selectivity (see the
Supporting Information for full details). Under the same
conditions (HFIP, T = 25 °C), the addition of 3 mol % of N-
acetyl glycine (Ac-Gly-OH) was shown to increase the efficiency
of the oxidation reaction, leading to the exclusive formation of
P1b-OH in 47% isolated yield.

By changing the catalyst to [Mn(OTf),(M™Npdp)],>* the
oxidation of S1 in HFIP at 0 °C led to the formation of P1a-OH
in 50% yield and 91% selectivity over P1b-OH, in significantly
higher combined yield (55%) and selectivity (Scheme 4c) as
compared to those observed when employing the [Mn-
(OTE),(™Smcp)] catalyst (22% combined yield, 50% selectiv-
ity, Scheme 4b). The exclusive formation of P1a-OH in 46%
yield (100% selectivity) was observed when HFIP was replaced
by NFTBA, approaching 57% isolated yield without affecting
selectivity when increasing H,0, loading from 1.0 to 1.5 equiv.
Identical results were obtained when the latter reaction was
carried out on a larger scale (see Supporting Information, Table
S12).

In order to probe the applicability of these concepts, the
optimized conditions described above were then extended to the
oxidation of the unsubstituted spiro[2.5]octane (S2) and the
results thus obtained are displayed in Scheme S.

Under all conditions, the reaction outcome closely parallels
those obtained in the oxidation of S1, with the only difference
being represented by the formation of sizable amounts (between
14 and 21% yields, 29—38% product selectivity) of oxidation
products deriving from hydroxylation or ketonization at C-5 and
C-6. As compared to the reactions of S1, better results were
obtained when employing the [Mn(OTf),(""*pdp)] catalyst in
place of [Mn(OTf),(™ mcp)] (see the Supporting Informa-
tion). Along this line, the oxidation of 2 with 3.5 equiv of H,0,
in the presence of 1.0 equiv of Phth-Tle-OH and 1 mol % of
[Mn(OTf),(™*Npdp)] at 0 °C in MeCN led to the formation of
spiro[2.5]octan-4-one (P2-O) in 30% vyield as the exclusive
oxidation product at C-4, accompanied by spiro[2.5]octan-S-
one (P2-0O(5)) and spiro[2.5]octan-6-one (P2-O(6)) in 7 and
8% yields, respectively (Scheme Sa). When the oxidation of §2
was carried out in HFIP at 25 °C, using 1.5 equiv of H,O, in the
presence of 15 equiv of acetic acid and 1 mol % of
[Mn(OTf),("™*pdp)], the predominant formation of the
unrearranged and rearranged acetate ester products P2a-OX;
and P2b-OX in 26 and 19% yields, respectively, was observed,
in 96% selectivity for C-4 oxidation over bicyclo[4.2.0]octan-1-
ol (P2b-OH) (formed in 2% yield), accompanied by spiro[2.5]-
octan-5-ol (P2a-OH(5)) and spiro[2.5]octan-6-ol (P2a-OH-
(6)) in 11 and 8% yields, respectively (Scheme Sb). By replacing
acetic acid with Ac-Gly-OH (3 mol %), the formation of P2b-
OH in 34% yield as the exclusive oxidation product at C-4 was
observed, accompanied by P2a-OH(5) and P2a-OH(6) in 12
and 9% yields, respectively (Scheme Sc). Finally, when the
oxidation of S§2 was carried out in NFTBA at 0 °C, using 1.5
equiv of H,0, and 1 mol % of [Mn(OTf),(™*Npdp)], in the
absence of a carboxylic acid additive, the formation of P2a-OH
in 33% vyield as the exclusive oxidation product at C-4 was
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observed, accompanied by P2a-OH(5) and P2a-OH(6) in 8
and 6% yields, respectively (Scheme 5d).

B DISCUSSION

The results presented above clearly indicate that in the oxidation
of S1 under the different conditions employed, all the observed
products result from site-selective C—H bond functionalization
at C-4. No product deriving from functionalization at other sites
was observed, confirming that the synergistic cooperation of
deactivating torsional and steric effects and hyperconjugative
activation exerted by the fert-butyl and cyclopropyl groups,
respectively, directs the functionalization toward C-4. As a
matter of comparison, the corresponding reactions of the
unsubstituted substrate S2 led in all cases to the formation of
significant amounts (up to 38%) of oxidation products deriving
from oxygenation at C-5 and C-6 (Scheme $).

Analysis of the unrearranged products formed in the oxidation
of $1, deriving from C-4 hydroxylation (in HFIP and NFTBA)
and esterification (in MeCN and HFIP), shows in all cases the
exclusive formation of the diastereoisomer where the oxy-
genated group is in a trans configuration to the tert-butyl group.
C—H bond hydroxylations promoted by high-valent metal-oxo
species are stereoretentive and have been proposed to occur
through a mechanism that proceeds via initial HAT from a
substrate C—H bond to give a metal-hydroxo species and a
carbon radical that undergo very fast OH rebound.'®*® Along
this line, the outstanding stereoselectivity observed in the
formation of P1la-OH (and of P1a-OX,, see below) can be
rationalized by taking into account the selective hyper-
conjugative activation of the axial C—H bond at C-4 provided
by the spiro cyclopropyl group. In S1, the equatorial C—H bond
at C-4 bisects the cyclopropane ring and accordingly cannot
benefit from hyperconjugative overlap with the C-1-C-2 ¢
bonding orbitals, which is only possible for the axial C—H bond
(Figure 2).

Preferential overlap

Figure 2. Origin of the observed diastereoselectivity in the formation of
the unrearranged products in the oxidation of S1.

An analogous explanation can be put forward to account for
the stereoselectivity observed in the C—H bond oxidation
reaction promoted by TFDO, employed in an intermediate step
of the total synthesis of (+)-phorbol.*!

For what concerns the formation of the unrearranged
esterification products Pla-OX,, mechanistic information was
provided by means of control experiments carried out on trans-
6-tert-butylspiro[2.5]octan-4-0ol (Pla-OH), isolated from the
oxidation reaction of S1 in NFTBA described in Scheme 4c.
When Pla-OH was added to a MeCN solution containing 3.5
equiv of H,O, (delivered over 30 min using a syringe pump) and
15 equiv of acetic acid at 0 °C in the presence and absence of
[Mn(OTf),("™ mcp)], exclusive formation of P1-O deriving
from the oxidation of the alcohol or complete recovery of Pla-
OH was observed, respectively, with no formation of the acetate
ester P1a-OX, (see the Supporting Information for full details).
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Scheme 6. Proposed Mechanism for the Oxidation of S1
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c|>H
LMnV—Y

IITa

Y = OH or OCOR

—ET—>

OH and/or
OCOR rebound

P1b-OX, P1b-OH

Scheme 7. Oxidation of S1 by Different Mn Catalysts®

Mn cat 1 mol%, H,0,1.5 eq
PivOH 15 eq, HFIP, 25°C, 30 min

s1 P1-0 P1b-OH P1a-OX3  P1b-0X;
entry Mn cat?® % conv. (% yield) % ee

1 [Mn(OTf)o("PSmcp)] 85 - (5) 2 3 (50) 4 (15) 5

2 [Mn(OTf)(mep)] 71 - (7) (5) 24 (44) 21 (8) 17

3 [Mn(OT#f),(CFsmcp)] 93 - - (6) 53 (53) 57 (16) 56
4 MnOTHpdR] 66 - ©® @2 38)22 (6 17

5 [Mn(OTf)o(MMpdp)] 96 (33)18 (16) (3) 18 (33) 23 (8) 20

6 Ma(OT0,(*Nodp)] 79 (38)13 (25) (2) 23 9) 17 (2) 22

7° 28 (21)16 1) 1) (3) 18 1)

“Reaction conditions: Mn cat 1 mol %, H,0, 1.5 equiv, PivOH 15 equiv, HFIP, 25 °C, 30 min. *Catalyst structures are displayed in the Supporting

Information (Figure S1). *°H,0, 0.5 equiv.

These observations rule out the possibility that P1a-OX, arises
from esterification in the reaction medium of the first formed
alcohol, suggesting that this product (and more generally P1a-
0X,,) derives from the intermediate carbon radical formed after
the initiall HAT step via stereoretentive acetate rebound
(carboxylate rebound) that occurs in competition with hydroxyl
rebound (Scheme 6, path I, Y = OCOR).

P1a-OH is then rapidly overoxidized to P1-O (Scheme 6,
path IT), whereas with P1a-OX,, the presence of the electron-
withdrawing ester group electronically deactivates the a-C—H
bond toward HAT, preventing overoxidation.

Support to the hypothesis of a carboxylate rebound is also
provided by the observation that the (hydroxylation +
ketonization)/esterification product ratio is not influenced by
carboxylic acid loading (see the Supporting Information for full
details), in line with product formation arising from a common
manganese-hydroxo carboxylato intermediate (Scheme 6, path
I, Y = OCOR). Within this mechanistic picture, the steric
hindrance of the carboxylic acid additive plays a crucial role in
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determining the contribution of the carboxylate rebound
pathway, with the relative importance of this pathway, quantified
by the P1-O/P1a-OX,, ratio, that decreases with increasing
steric bulk of the acid, being completely suppressed when
employing the very bulky Phth-Tle-OH (Scheme 3a). An
analogous competition has been recently proposed by Bryliakov
and co-workers in the benzylic C—H bond oxygenation of
cumene with H,0, catalyzed by manganese complexes.”® In this
study, the hydroxylation/esterification product ratio was
observed to be unaffected by the carboxylic acid loading,
increasing with increasing steric bulk of the carboxylic acid
additive, supporting the involvement of competitive hydroxyl
and carboxylate rebound pathways in these reactions.

The formation of the rearranged alcohol product cis-4-(fert-
butyl)-bicyclo[4.2.0]octan-1-0l (P1b-OH) in small amounts
(£2.5% vyield, Scheme 3a) in the oxidation of S1 in MeCN
catalyzed by [Mn(OTf),("™ mcp)] supports the hypothesis of
the formation of a cationic intermediate via a background ET
reaction from the radical intermediate formed following HAT to
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Scheme 8. Oxidation of S1 in the Presence of H,'*0, (80% Enriched in '*0) and Piv'*OH"

[Mn(OTf)5("PSmcp)] 1 mol%
H,'80, 0.1 eq, Piv'®OH 15 eq

HFIP, 0 °C, 30 min

P1a-OH

>99% 80 labeled

P1b-OH

P1 a-OX3

P1b-OXj3

<0.1% 80 labeled

“Reaction conditions: [Mn(OTf),("™mcp)] 1 mol %, H,'*0, 0.1 equiv, Piv'°OH 15 equiv, HFIP, 0 °C, 30 min. The labeling experiment was
analyzed using GC—MS analysis via chemical ionization with NH;/NH,. The reported *O incorporations were obtained after correction for the

isotopic purity of the labeled reactant.

the manganese-hydroxo species (Scheme 6, path IIla). The
observation that the formation of this product is suppressed
when employing the more electron-rich [Mn(OTf),(™*Npdp)]
catalyst in place of [Mn(OTf),("™ mcp)] is in line with this
hypothesis.

By changing the solvent from MeCN to HFIP, and employing
[Mn(OTf),("™*mcp)] as the catalyst and acetic acid as the co-
catalyst, an increase in the relative amount of Pla-OH, Pla-
OX,, and P1b-OH over P1-O was observed, accompanied by
the formation of the rearranged ester product cis-4-(tert-butyl)-
bicyclo[4.2.0]octan-1-yl acetate (P1b-OX,), with the esterifi-
cation products being formed in 89% selectivity over the
hydroxylation and ketonization ones (Scheme 4a). The increase
in the relative amount of P1a-OH over P1-O can be explained
on the basis of the well-established ability of fluorinated alcohol
solvents to invert the polarity of hydroxyl groups by hydrogen
bonding, electronically deactivating the adjacent C—H bonds
toward HAT, thus preventing overoxidation.”’ >’ These
solvents have been shown, moreover, to increase the oxidizing
ability of ET reagents, stabilizing at the same time the charged
intermediates.®”°" Along this line, the significant increase in the
relative amount of rearranged over unrearranged oxygenation
products observed on going from MeCN to HFIP can be
accounted for on the basis of an increased contribution of the ET
pathway (Scheme 6, path ITIa). In the cationic intermediate thus
formed, the positive charge is significantly delocalized into the
adjacent spiro cyclopropane ring,*>°* and hydroxide or acetate
transfer from the reduced manganese-hydroxo carboxylato
species can occur to the C-3 spiro carbon, leading to the
formation of the rearranged products P1b-OH and P1b-OX,
and to the C-4 carbon, delivering P1a-OH and Pla-OX,
(Scheme 6, path IIIb, Y = OCOR). An increase in the ratio
between rearranged and unrearranged products and between
acetoxylation and hydroxylation (ketonization) products was
observed by increasing the temperature from 0 to 25 °C, with
the formation of the two esters in 96% selectivity over the
rearranged alcohol P1b-OH (Scheme 3a), suggesting a
preferential activation of the ET pathway under these
experimental conditions.

Support to this mechanistic picture is also provided by the
product enantioselectivities observed in the oxidation of S1 with
H,O0,, catalyzed by different Mn complexes, carried out at 25 °C
in HFIP in the presence of pivalic acid (Scheme 7). Although
product distributions, yields, and enantiomeric excesses (ee’s)
are influenced by the catalyst structure, in all the examples
shown, very similar ee’s were measured for the unrearranged and
rearranged alcohol and pivalate ester products (P1a-OH, Pla-
0X;, P1b-OH, and P1b-OX;). This observation is consistent
with the hypothesis that all four products arise from C—H bond
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cleavage by a common species,”>®* that is, the Mn"(O)
(OCOtBu) displayed in Scheme 6, which performs the initial
HAT reaction.

In detail, very similar ee’s were observed for products P1b-
OH, Pl1a-OX;, and P1b-OX; when employing mcp-based
catalysts and the [Mn(OTf),(pdp)] catalysts (entries 1—4),
with ee’s that significantly increased on going from [Mn-
(0TE),(" mcp)] to the [Mn(OTf),(mcp)], [Mn-
(OTf),(pdp)] and [Mn(OTf),(“®*mcp)] catalysts, approach-
ing 53—57% ee’s with the last one. In all four examples however,
no formation of product Pla-OH was observed. The four
products were instead observed in the reactions catalyzed by
[Mn(OTf),(*™MMpdp)] and [Mn(OTf),(M*Npdp)] (entries 5
and 6). In the former case, 18—23% ee’s were measured for the
four products, while in the latter one, a lower ee (13%) was
measured for P1la-OH compared to the other three products
(for which ee’s = 17—23%). This behavior can be reasonably
accounted for on the basis of a kinetic resolution associated with
the oxidation of Pla-OH to P1-O, in keeping with recent
observations by Bryliakov and co-workers in benzylic C—H
bond hydroxylations with H, O, catalyzed by structurally related
Mn(pdp) complexes.”® Accordingly, by decreasing H,O,
loading from 1.5 to 0.5 equiv (entry 7), trace amounts of the
overoxidized product P1-O were observed, and very similar ee’s
were then measured for P1a-OH and Pla-OX;. Full details of
these experiments are provided in the Supporting Information.

Information on the competition between hydroxide and
carboxylate rebound pathways was also obtained by carrying out
the oxidation of S1 with labeled H,'®0, in the presence of
unlabeled pivalic acid Piv'°OH in HFIP, employing [Mn-
(OTH),(M mcp)] as the catalyst (Scheme 8). The '*0 label was
quantitatively retained in the products arising from hydrox-
ylation (Pla-OH and P1b-OH) in agreement with the
mechanism of C—H bond oxidation with H,0O, catalyzed by
metal-oxo species, whereas the pivalate products (P1a-OX, and
P1b-OX,) only contained '®O. These results indicate that
hydroxyl and carboxylate rebound can accompany the formation
of both the unrearranged and rearranged products (Scheme 6,
paths I and IITa—IIIb, Y = OCOR) ruling out once again the
hypothesis of a contribution to ester formation derived from the
first formed alcohol products P1a-OH and P1b-OH.

On the basis of the effect of the temperature described above
and leveraging on the ability of fluorinated alcohol solvents to
assist in hydrogen peroxide activation,””** we reasoned that
ester formation could be completely suppressed by carrying out
the reaction in the absence of carboxylic acid. Along this line, by
performing the oxidation of S1 in HFIP at 25 °C employing
[Mn(OTf),("™ mcp)] as the catalyst, rearranged alcohol P1b-
OH was formed in 96% selectivity over P1a-OH albeit in overall
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24% yield (Scheme 4b). Interestingly, by carrying out the
reaction in the presence of a catalytic amount (3 mol %) of Ac-
Gly-OH, exclusive formation of P1b-OH in 47% isolated yield
was observed. This result deserves special attention because, to
the best of our knowledge, it represents an unprecedented
example where straightforward access to a relevant
bicyclo[4.2.0]octan-1-0] structure under mild reaction con-
ditions is provided by means of HAT-initiated aliphatic C—H
bond functionalization mediated by a cationic intermediate.
The product selectivity could be drastically changed by using
the [Mn(OTf),(M*Npdp)] catalyst and NFTBA as the solvent.
Under these conditions, the oxidation of S1 with H,O, (1.5
equiv) at 0 °C delivered P1a-OH as a single product in 57%
isolated yield (Scheme 4c). Although the different outcomes
observed with the [Mn(OTf),(™*Npdp)] and [Mn-
(OT£),("™ mcp)] catalysts can be reasonably ascribed to the
different oxidizing abilities of the intermediate manganese-
hydroxo species, the possible formation of unrearranged
products Pla-OH (and P1-O) and P1a-OX, via both the
HAT-rebound and HAT-ET-rebound pathways (Scheme 6,
path I and IITa—IIIb, respectively) does not allow a clear cut
distinction between the relative contribution of these alternative
mechanisms. Future studies will address this challenging issue.

B CONCLUSIONS

Taken together, the results described herein on the oxidation of
S1 with hydrogen peroxide catalyzed by manganese complexes
show how careful tuning of the catalyst structure and reaction
conditions (solvent, temperature, and carboxylic acid) can be
employed to exquisitely govern product selectivity among
multiple reaction channels in a C(sp*)—H oxidation reaction.

From a mechanistic perspective, the results conclusively
demonstrate that stereospecific C—H oxidation performed by
these catalysts can take place via cationic intermediates and that
ajudicious choice of catalyst and reaction conditions makes this
path exclusive. While the more electron-rich NMe,-substituted
catalyst appears to favor radical over cationic mechanisms, a
reversed scenario is attained with the more oxidizing TIPS-
substituted catalyst. Cationic paths are also favored by the use of
strong HBD solvents such as fluorinated alcohols, presumably
because these interactions increase the oxidizing ability of the
reactive manganese species while also stabilizing the cationic
intermediates.

From a synthetically oriented perspective, the parallel
outcome observed in the oxidation of S1 and S2 points toward
the generality of these findings and, because of the
straightforward access of spiro[2.5]octane structures from
cyclohexanones, these results uncover the possibility of installing
bicyclo[4.2.0]octan-1-0l structures in complex molecular
settings using site-selective C—H bond functionalization.

Finally, it is also worth mentioning that as compared to S2, the
results presented herein clearly show that S1 represents an
improved mechanistic probe to be employed in the study of C—
H functionalization reactions. By deactivating proximal C—H
bonds toward HAT and allowing discrimination between the
axial and equatorial C—H bonds at C-4, the tert-butyl substituent
imparts full control over site- and stereoselectivity. The
formation of rearranged 6-tert-butylbicyclo[4.2.0]octane prod-
ucts can provide moreover conclusive information on the
involvement of a cationic intermediate.

7399

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacs.2c01466.

Experimental details for the preparation of metal
complexes and substrates and catalytic reactions and
details on isolation and characterization of the reaction
products (PDF)

B AUTHOR INFORMATION

Corresponding Authors

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

Authors
Marco Galeotti — Dipartimento di Scienze e Tecnologie
Chimiche, Universita“Tor Vergata”, I-00133 Rome, Italy;
orcid.org/0000-0001-9778-4056
Laia Vicens — QBIS Research Group, Institut de Quimica
Computacional i Catalisi (IQCC) and Departament de
Quimica, Universitat de Girona, Girona E-17071 Catalonia,
Spain
Michela Salamone — Dipartimento di Scienze e Tecnologie
Chimiche, Universita“Tor Vergata”, I-00133 Rome, Italy;
orcid.org/0000-0003-3501-3496

Complete contact information is available at:
https://pubs.acs.org/10.1021/jacs.2c01466

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was supported by the University of Rome “Tor
Vergata” (Project E84120000250005), the Spanish Ministry of
Science, Innovation, and Universities (PGC2018-101737-B-100
to M.C. and PhD grant FPU16/04231 to L.V.) and Generalitat
de Catalunya (ICREA Academia Award to M.C. and 2017-
SGR00264). The authors thank M. Borrell for providing an
H,"®0, sample. We acknowledge STR of UdG for experimental
support.

B REFERENCES

(1) White, M. C.; Zhao, J. Aliphatic C—H Oxidations for Late-Stage
Functionalization. J. Am. Chem. Soc. 2018, 140, 13988—140009.

(2) Genovino, J.; Sames, D.; Hamann, L. G.; Touré, B. B. Accessing
Drug Metabolites via Transition-Metal Catalyzed C—H Oxidation: The
Liver as Synthetic Inspiration. Angew. Chem. Int. Ed. 2016, 5S, 14218—
14238.

(3) Milan, M.; Salamone, M.; Costas, M.; Bietti, M. The Quest for
Selectivity in Hydrogen Atom Transfer Based Aliphatic C—H Bond
Oxygenation. Acc. Chem. Res. 2018, S1, 1984—1995.

(4) D’Accolti, L.; Annese, C.; Fusco, C. Continued Progress towards
Efficient Functionalization of Natural and Non-natural Targets under
Mild Conditions: Oxygenation by C—H Bond Activation with
Dioxirane. Chem.—Eur. J. 2019, 25, 12003—12017.

https://doi.org/10.1021/jacs.2c01466
J. Am. Chem. Soc. 2022, 144, 7391-7401


https://pubs.acs.org/doi/10.1021/jacs.2c01466?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c01466/suppl_file/ja2c01466_si_001.pdf
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
mailto:miquel.costas@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="Marco+Galeotti"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9778-4056
https://orcid.org/0000-0001-9778-4056
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Laia+Vicens"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michela+Salamone"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3501-3496
https://orcid.org/0000-0003-3501-3496
https://pubs.acs.org/doi/10.1021/jacs.2c01466?ref=pdf
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/10.1002/anie.201602644
https://doi.org/10.1002/anie.201602644
https://doi.org/10.1002/anie.201602644
https://doi.org/10.1021/acs.accounts.8b00231?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.8b00231?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.8b00231?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.201901687
https://doi.org/10.1002/chem.201901687
https://doi.org/10.1002/chem.201901687
https://doi.org/10.1002/chem.201901687
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.2c01466?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

(5) Kovaleva, E. G.; Lipscomb, J. D. Versatility of biological non-heme
Fe(II) centers in oxygen activation reactions. Nat. Chem. Biol. 2008, 4,
186—193.

(6) Huang, X; Groves, J. T. Oxygen Activation and Radical
Transformations in Heme Proteins and Metalloporphyrins. Chem.
Rev. 2018, 118, 2491—2553.

(7) Perry, C.; de los Santos, E. L. C.; Alkhalaf, L. M.; Challis, G. L.
Rieske non-heme iron-dependent oxygenases catalyse diverse reactions
in natural product biosynthesis. Nat. Prod. Rep. 2018, 35, 622—632.

(8) Gao, S.-S; Naowarojna, N.; Cheng, R; Liu, X.; Liu, P. Recent
examples of a-ketoglutarate-dependent mononuclear non-haem iron
enzymes in natural product biosyntheses. Nat. Prod. Rep. 2018, 35,
792—837.

(9) Que, L.; Tolman, W. B. Biologically inspired oxidation catalysis.
Nature 2008, 455, 333—340.

(10) (a) Lee, J. L; Ross, D. L.; Barman, S. K; Ziller, J. W.; Borovik, A.
S. C—H Bond Cleavage by Bioinspired Nonheme Metal Complexes.
Inorg. Chem. 2021, 60, 13759—13783. (b) Cook, S. A; Hill, E. A;
Borovik, A. S. Lessons from Nature: A Bio-Inspired Approach to
Molecular Design. Biochemistry 2015, 54, 4167—4180.

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

(12) 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, 213443,

(13) 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.

(14) Ryle, M. J.; Hausinger, R. P. Non-heme iron oxygenases. Curr.
Opin. Chem. Biol. 2002, 6, 193—201.

(15) Costas, M.; Mehn, M. P.; Jensen, M. P.; Que, L. Dioxygen
activation at mononuclear nonheme iron active sites: enzymes, models,
and intermediates. Chem. Rev. 2004, 104, 939—986.

(16) (a) Chen, K.; Que, L., Jr. Stereospecific Alkane Hydroxylation by
Non-Heme Iron Catalysts: Mechanistic Evidence for an Fe'=0O
Species. J. Am. Chem. Soc. 2001, 123, 6327—6337. (b) Koehntop, K.
D.; Emerson, J. P.; Que, L., Jr. The 2-His-1-carboxylate facial triad: a
versatile platform for dioxygen activation by mononuclear non-heme
iron(II) enzymes. J. Biol. Inorg. Chem. 2005, 10, 87—93.

(17) Kal, S.; Que, L. Dioxygen activation by nonheme iron enzymes
with the 2-His-1-carboxylate facial triad that generate high-valent
oxoiron oxidants. J. Biol. Inorg Chem. 2017, 22, 339—365.

(18) Guo, M.; Corona, T.; Ray, K;; Nam, W. Heme and Nonheme
High-Valent Iron and Manganese Oxo Cores in Biological and
Abiological Oxidation Reactions. ACS Cent. Sci. 2019, S, 13—28.

(19) Hohenberger, J.; Ray, K.; Meyer, K. The biology and chemistry of
high-valent iron—oxo and iron—nitrido complexes. Nat. Commun.
2012, 3, 720.

(20) Vaillancourt, F. H.; Yeh, E.; Vosburg, D. A.; Garneau-Tsodikova,
S.; Walsh, C. T. Nature’s Inventory of Halogenation Catalysts:
Oxidative Strategies Predominate. Chem. Rev. 2006, 106, 3364—3378.

(21) Galonig, D. P.; Barr, E. W.; Walsh, C. T.; Bollinger, J. M.; Krebs,
C. Two interconverting Fe(IV) intermediates in aliphatic chlorination
by the halogenase CytC3. Nat. Chem. Biol. 2007, 3, 113—116.

(22) Matthews, M. L.; Krest, C. M.; Barr, E. W.; Vaillancourt, F. H.;
Walsh, C. T.; Green, M. T.; Krebs, C.; Bollinger, J. M. Substrate-
Triggered Formation and Remarkable Stability of the C—H Bond-
Cleaving Chloroferryl Intermediate in the Aliphatic Halogenase, SyrB2.
Biochemistry 2009, 48, 4331—4343.

(23) Li,J.; Liao, H.-J.; Tang, Y.; Huang, J.-L.; Cha, L.; Lin, T.-S.; Lee, J.
L.; Kurnikov, I. V.; Kurnikova, M. G.; Chang, W.-c,; Chan, N.-L.; Guo,
Y. Epoxidation Catalyzed by the Nonheme Iron(II)- and 2-
Oxoglutarate-Dependent Oxygenase, AsqJ: Mechanistic Elucidation
of Oxygen Atom Transfer by a Ferryl Intermediate. J. Am. Chem. Soc.
2020, 142, 6268—6284.

(24) Cianfanelli, M.; Olivo, G.; Milan, M.; Klein Gebbink, R. J. M.;
Ribas, X.; Bietti, M.; Costas, M. Enantioselective C—H Lactonization of

7400

Unactivated Methylenes Directed by Carboxylic Acids. J. Am. Chem.
Soc. 2020, 142, 1584—1593.

(25) Company, A.; Gémez, L.; Giiell, M.; Ribas, X; Luis, J. M.; Que,
L., Jr; Costas, M. Alkane hydroxylation by a nonheme iron catalyst that
challenges the heme paradigm for oxygenase action. J. Am. Chem. Soc.
2007, 129, 15766—15767.

(26) Ottenbacher, R. V.; Bryliakova, A. A; Shashkov, M. V.; Talsi, E.
P.; Bryliakov, K. P. To Rebound or..Rebound? Evidence for the
“Alternative Rebound” Mechanism in C—H Oxidations by the Systems
Nonheme Mn Complex/H,0,/Carboxylic Acid. ACS Catal. 2021, 11,
5517-5524.

(27) Bleher, K.; Comba, P.; Faltermeier, D.; Gupta, A.; Kerscher, M.;
Krieg, S.; Martin, B.; Velmurugan, G.; Yang, S. Non-Heme-Iron-
Mediated Selective Halogenation of Unactivated Carbon—Hydrogen
Bonds. Chem.—Eur. J. 2022, 28, No. €202103452.

(28) Bigi, M. A; Reed, S. A.; White, M. C. Diverting non-haem iron
catalysed aliphatic C—H hydroxylations towards desaturations. Nat.
Chem. 2011, 3, 216—222.

(29) de Meijere, A. Bonding Properties of Cyclopropane and Their
Chemical Consequences. Angew. Chem. Int. Ed. 1979, 18, 809—826.

(30) Chen, M. S.; White, M. C. Combined Effects on Selectivity in Fe-
Catalyzed Methylene Oxidation. Science 2010, 327, S66—571.

(31) Kawamura, S.; Chu, H,; Felding, J.; Baran, P. S. Nineteen-step
total synthesis of (+)-phorbol. Nature 2016, 532, 90—93.

(32) Olah, G. A; Reddy, V. P.; Prakash, G. K. S. Long-lived
cyclopropylcarbinyl cations. Chem. Rev. 1992, 92, 69—95.

(33) Nonhebel, D. C. The chemistry of cyclopropylmethyl and related
radicals. Chem. Soc. Rev. 1993, 22, 347—359.

(34) Curci, R;; D’Accolti, L.; Fusco, C. A Novel Approach to the
Efficient Oxygenation of Hydrocarbons under Mild Conditions.
Superior Oxo Transfer Selectivity Using Dioxiranes. Acc. Chem. Res.
2006, 39, 1-9.

(35) Liu, W.; Groves, J. T. Manganese Porphyrins Catalyze Selective
C—H Bond Halogenations. J. Am. Chem. Soc. 2010, 132, 12847—12849.

(36) Huang, X.; Bergsten, T. M.; Groves, J. T. Manganese-Catalyzed
Late-Stage Aliphatic C—H Azidation. ]. Am. Chem. Soc. 2015, 137,
5300—-5303.

(37) Liu, W.; Cheng, M.-J.; Nielsen, R. J.; Goddard, W. A.; Groves, J.
T. Probing the C—O Bond-Formation Step in Metalloporphyrin-
Catalyzed C—H Oxygenation Reactions. ACS Catal. 2017, 7, 4182—
4188.

(38) Aguila, M. J. B.; Badiei, Y. M.; Warren, T. H. Mechanistic Insights
into C—H Amination via Dicopper Nitrenes. ]. Am. Chem. Soc. 2013,
138, 9399—-9406.

(39) Pitts, C. R.; Bloom, S.; Woltornist, R.; Auvenshine, D. J.;
Ryzhkov, L. R.; Siegler, M. A.; Lectka, T. Direct, Catalytic
Monofluorination of sp> C—H Bonds: A Radical-Based Mechanism
with Tonic Selectivity. J. Am. Chem. Soc. 2014, 136, 9780—9791.

(40) Guo, S.; Zhang, X; Tang, P. Silver-Mediated Oxidative Aliphatic
C-H Trifluoromethylthiolation. Angew. Chem. Int. Ed. 20185, 54, 4065—
4069.

(41) Kariofillis, S. K.; Jiang, S.; Zuradski, A. M.; Gandhi, S. S.;
Martinez Alvarado, J. I; Doyle, A. G. Using Data Science To Guide Aryl
Bromide Substrate Scope Analysis in a Ni/Photoredox-Catalyzed
Cross-Coupling with Acetals as Alcohol-Derived Radical Sources. J.
Am. Chem. Soc. 2022, 144, 1045—1053.

(42) Wang, X,; Peter, S.; Kinne, M.; Hofrichter, M.; Groves, J. T.
Detection and Kinetic Characterization of a Highly Reactive Heme—
Thiolate Peroxygenase Compound I J. Am. Chem. Soc. 2012, 134,
12897-12900.

(43) Baik, M.-H.; Newcomb, M.; Friesner, R. A,; Lippard, S. J.
Mechanistic Studies on the Hydroxylation of Methane by Methane
Monooxygenase. Chem. Rev. 2003, 103, 2385—2420.

(44) Simakov, P. A.; Choi, S.-Y.; Newcomb, M. Dimethyldioxirane
hydroxylation of a hypersensitive radical probe: Supporting evidence
for an oxene insertion pathway. Tetrahedron Lett. 1998, 39, 8187—8190.

(45) Auclair, K;; Hu, Z.; Little, D. M.; Ortiz de Montellano, P. R;
Groves, J. T. Revisiting the Mechanism of P450 Enzymes with the

https://doi.org/10.1021/jacs.2c01466
J. Am. Chem. Soc. 2022, 144, 7391-7401


https://doi.org/10.1038/nchembio.71
https://doi.org/10.1038/nchembio.71
https://doi.org/10.1021/acs.chemrev.7b00373?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.7b00373?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c8np00004b
https://doi.org/10.1039/c8np00004b
https://doi.org/10.1039/c7np00067g
https://doi.org/10.1039/c7np00067g
https://doi.org/10.1039/c7np00067g
https://doi.org/10.1038/nature07371
https://doi.org/10.1021/acs.inorgchem.1c01754?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biochem.5b00249?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biochem.5b00249?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/10.1016/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/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/10.1016/s1367-5931(02)00302-2
https://doi.org/10.1021/cr020628n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr020628n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr020628n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja010310x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja010310x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja010310x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s00775-005-0624-x
https://doi.org/10.1007/s00775-005-0624-x
https://doi.org/10.1007/s00775-005-0624-x
https://doi.org/10.1007/s00775-016-1431-2
https://doi.org/10.1007/s00775-016-1431-2
https://doi.org/10.1007/s00775-016-1431-2
https://doi.org/10.1021/acscentsci.8b00698?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscentsci.8b00698?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscentsci.8b00698?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/ncomms1718
https://doi.org/10.1038/ncomms1718
https://doi.org/10.1021/cr050313i?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr050313i?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nchembio856
https://doi.org/10.1038/nchembio856
https://doi.org/10.1021/bi900109z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi900109z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi900109z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c00484?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c00484?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c00484?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/10.1021/ja077761n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja077761n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.1c00811?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.1c00811?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.1c00811?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.202103452
https://doi.org/10.1002/chem.202103452
https://doi.org/10.1002/chem.202103452
https://doi.org/10.1038/nchem.967
https://doi.org/10.1038/nchem.967
https://doi.org/10.1002/anie.197908093
https://doi.org/10.1002/anie.197908093
https://doi.org/10.1126/science.1183602
https://doi.org/10.1126/science.1183602
https://doi.org/10.1038/nature17153
https://doi.org/10.1038/nature17153
https://doi.org/10.1021/cr00009a003?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr00009a003?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/cs9932200347
https://doi.org/10.1039/cs9932200347
https://doi.org/10.1021/ar050163y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar050163y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar050163y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja105548x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja105548x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b01983?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b01983?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.7b00655?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.7b00655?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja400879m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja400879m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja505136j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja505136j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja505136j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201411807
https://doi.org/10.1002/anie.201411807
https://doi.org/10.1021/jacs.1c12203?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c12203?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c12203?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja3049223?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja3049223?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr950244f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr950244f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/s0040-4039(98)01871-1
https://doi.org/10.1016/s0040-4039(98)01871-1
https://doi.org/10.1016/s0040-4039(98)01871-1
https://doi.org/10.1021/ja025608h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.2c01466?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

Radical Clocks Norcarane and Spiro[2,5]octane. J. Am. Chem. Soc.
2002, 124, 6020—6027.

(46) D’Accolti, L.; Dinoi, A; Fusco, C; Russo, A, Curci, R.
Oxyfunctionalization of Non-Natural Targets by Dioxiranes. S.
Selective Oxidation of Hydrocarbons Bearing Cyclopropyl Moieties1.
J. Org. Chem. 2003, 68, 7806—7810.

(47) Proksch, E.; de Meijere, A. Oxidation of Cyclopropyl
Hydrocarbons with Ozone. Angew. Chem. Int. Ed. 1976, 15, 761—762.

(48) Hasegawa, T.; Niwa, H.; Yamada, K. A New Method for Direct
Oxidation of the Methylene Group Adjacent to a Cyclopropane Ring to
the Keto Group. Chem. Lett. 1985, 14, 1385—1386.

(49) Martin, T.; Galeotti, M.; Salamone, M; Liu, F.; Yu, Y.; Duan, M.;
Houk, K. N,; Bietti, M. Deciphering Reactivity and Selectivity Patterns
in Aliphatic C—H Bond Oxygenation of Cyclopentane and Cyclo-
hexane Derivatives. J. Org. Chem. 2021, 86, 9925—9937.

(50) 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.

(51) 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.

(52) Bietti, M. Activation and Deactivation Strategies Promoted by
Medium Effects for Selective Aliphatic C—H Bond Functionalization.
Angew. Chem. Int. Ed. 2018, 57, 16618—16637.

(53) Berkessel, A.; Adrio, J. A. Dramatic Acceleration of Olefin
Epoxidation in Fluorinated Alcohols: Activation of Hydrogen Peroxide
by Multiple H-Bond Networks. J. Am. Chem. Soc. 2006, 128, 13412—
13420.

(54) Neimann, K.; Neumann, R. Electrophilic Activation of Hydrogen
Peroxide: Selective Oxidation Reactions in Perfluorinated Alcohol
Solvents. Org. Lett. 2000, 2, 2861—2863.

(55) As pointed out by a reviewer, in fluorinated alcohol solvents
hydrogen bonding to the NMe, group may affect the electron donating
character of the ligand. Although this is a viable possibility, the
experimental results indicate that under these conditions the Me,Npdp
ligand maintains, as compared to the TIPSmcp one, a predominant
electron donating character. We thank the reviewer for drawing our
attention on this important point.

(56) Ottenbacher, R. V.; Talsi, E. P.; Bryliakov, K. P. Mechanism of
Selective C—H Hydroxylation Mediated by Manganese Aminopyridine
Enzyme Models. ACS Catal. 2018, 5, 39—44.

(57) 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.

(58) Borrell, M.; Gil-Caballero, S.; Bietti, M.; Costas, M. Site-Selective
and Product Chemoselective Aliphatic C—H Bond Hydroxylation of
Polyhydroxylated Substrates. ACS Catal. 2020, 10, 4702—4709.

(59) Gaster, E.; Kozuch, S.; Pappo, D. Selective Aerobic Oxidation of
Methylarenes to Benzaldehydes Catalyzed by N-Hydroxyphthalimide
and Cobalt(II) Acetate in Hexafluoropropan-2-ol. Angew. Chem., Int.
Ed. 2017, 56, 5912—5915.

(60) Colomer, I; Batchelor-McAuley, C.; Odell, B.; Donohoe, T. J;
Compton, R. G. Hydrogen Bonding to Hexafluoroisopropanol
Controls the Oxidative Strength of Hypervalent Iodine Reagents. J.
Am. Chem. Soc. 2016, 138, 8855—8861.

(61) Colomer, I.; Chamberlain, A. E. R.; Haughey, M. B.; Donohoe, T.
J. Hexafluoroisopropanol as a highly versatile solvent. Nat. Rev. Chem.
2017, 1, 0088.

(62) Olah, G. A,; Fung, A. P.; Rawdah, T. N.; Prakash, G. K. S. The
spiro[2.5]oct-4-yl cation, a long-lived secondary cyclohexyl cation. J.
Am. Chem. Soc. 1981, 103, 4646—4647.

(63) Kutateladze, D. A.; Strassfeld, D. A.; Jacobsen, E. N.
Enantioselective Tail-to-Head Cyclizations Catalyzed by Dual-Hydro-
gen-Bond Donors. J. Am. Chem. Soc. 2020, 142, 6951—6956.

(64) Cussé, O.; Serrano-Plana, J.; Costas, M. Evidence of a Sole
Oxygen Atom Transfer Agent in Asymmetric Epoxidations with Fe-pdp
Catalysts. ACS Catal. 2017, 7, 5046—5053.

7401

(65) Talsi, E. P.; Bryliakov, K. P. Autoamplification-Enhanced
Oxidative Kinetic Resolution of sec-Alcohols and Alkyl Mandelates,
and its Kinetic Model. ChemCatChem 2018, 10, 2693—2699.

[0 Recommended by ACS

Identification of Alkoxy Radicals as Hydrogen Atom
Transfer Agents in Ce-Catalyzed C-H Functionalization

Qing An, Zhiwei Zuo, et al.
DECEMBER 20, 2022

JOURNAL OF THE AMERICAN CHEMICAL SOCIETY READ &

Photoinduced Ligand-to-Metal Charge Transfer of
Cobaltocene: Radical Release and Catalytic
Cyclotrimerization

Keaton V. Prather and Emily Y. Tsui
JANUARY 26, 2023

INORGANIC CHEMISTRY READ &

Cobalt-Mediated Radical Cyclizations: Stereoselective
Synthesis of Cyclopentanes, Cyclohexanes, and Tetralins

Gagik G. Melikyan, Anurag Mishra, et al.
MARCH 29, 2023

ORGANOMETALLICS READ &

Hydrogen Bonding-Assisted and Nonheme Manganese-
Catalyzed Remote Hydroxylation of C-H Bonds in Nitrogen-
Containing Molecules

Jie Chen, Bin Wang, et al.
FEBRUARY 22, 2023

JOURNAL OF THE AMERICAN CHEMICAL SOCIETY READ &

Get More Suggestions >

https://doi.org/10.1021/jacs.2c01466
J. Am. Chem. Soc. 2022, 144, 7391-7401


https://doi.org/10.1021/ja025608h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo034768o?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo034768o?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.197607611
https://doi.org/10.1002/anie.197607611
https://doi.org/10.1246/cl.1985.1385
https://doi.org/10.1246/cl.1985.1385
https://doi.org/10.1246/cl.1985.1385
https://doi.org/10.1021/acs.joc.1c00902?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.1c00902?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.1c00902?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/10.1021/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/10.1002/anie.201804929
https://doi.org/10.1002/anie.201804929
https://doi.org/10.1021/ja0620181?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0620181?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0620181?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol006287m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol006287m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol006287m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cs5013206?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cs5013206?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cs5013206?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/10.1021/acscatal.9b05423?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.9b05423?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.9b05423?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201702511
https://doi.org/10.1002/anie.201702511
https://doi.org/10.1002/anie.201702511
https://doi.org/10.1021/jacs.6b04057?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b04057?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41570-017-0088
https://doi.org/10.1021/ja00405a090?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00405a090?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c02665?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c02665?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.7b01184?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.7b01184?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.7b01184?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/cctc.201800180
https://doi.org/10.1002/cctc.201800180
https://doi.org/10.1002/cctc.201800180
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.2c01466?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/doi/10.1021/jacs.2c10126?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/jacs.2c10126?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/jacs.2c10126?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/jacs.2c10126?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/jacs.2c10126?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/jacs.2c10126?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/jacs.2c10126?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/jacs.2c10126?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/jacs.2c10126?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/jacs.2c10126?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/jacs.2c10126?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/jacs.2c10126?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/jacs.2c10126?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/jacs.2c10126?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/jacs.2c10126?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/jacs.2c10126?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/jacs.2c10126?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/jacs.2c10126?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/jacs.2c10126?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/jacs.2c10126?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/jacs.2c10126?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/jacs.2c10126?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/jacs.2c10126?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/jacs.2c10126?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/jacs.2c10126?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/jacs.2c10126?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/jacs.2c10126?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/jacs.2c10126?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/jacs.2c10126?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/jacs.2c10126?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c03779?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c03779?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c03779?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c03779?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c03779?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c03779?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c03779?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c03779?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c03779?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c03779?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c03779?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c03779?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c03779?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c03779?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c03779?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c03779?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c03779?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c03779?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c03779?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c03779?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c03779?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c03779?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c03779?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c03779?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/acs.inorgchem.2c03779?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/acs.organomet.2c00422?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/acs.organomet.2c00422?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/acs.organomet.2c00422?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/acs.organomet.2c00422?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/acs.organomet.2c00422?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/acs.organomet.2c00422?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/acs.organomet.2c00422?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/acs.organomet.2c00422?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/acs.organomet.2c00422?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/acs.organomet.2c00422?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/acs.organomet.2c00422?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/acs.organomet.2c00422?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/acs.organomet.2c00422?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/acs.organomet.2c00422?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/acs.organomet.2c00422?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/acs.organomet.2c00422?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/acs.organomet.2c00422?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/acs.organomet.2c00422?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/acs.organomet.2c00422?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/acs.organomet.2c00422?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/acs.organomet.2c00422?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/acs.organomet.2c00422?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/jacs.2c13832?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/jacs.2c13832?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/jacs.2c13832?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/jacs.2c13832?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/jacs.2c13832?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/jacs.2c13832?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/jacs.2c13832?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/jacs.2c13832?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/jacs.2c13832?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/jacs.2c13832?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/jacs.2c13832?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/jacs.2c13832?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/jacs.2c13832?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/jacs.2c13832?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/jacs.2c13832?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/jacs.2c13832?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/jacs.2c13832?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/jacs.2c13832?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/jacs.2c13832?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/jacs.2c13832?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/jacs.2c13832?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/jacs.2c13832?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/jacs.2c13832?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/jacs.2c13832?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/jacs.2c13832?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/jacs.2c13832?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/jacs.2c13832?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/jacs.2c13832?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/jacs.2c13832?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/jacs.2c13832?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/jacs.2c13832?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/jacs.2c13832?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/jacs.2c13832?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/jacs.2c13832?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
http://pubs.acs.org/doi/10.1021/jacs.2c13832?utm_campaign=RRCC_jacsat&utm_source=RRCC&utm_medium=pdf_stamp&originated=1699218019&referrer_DOI=10.1021%2Fjacs.2c01466
https://preferences.acs.org/ai_alert?follow=1

