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Copper-catalysed radical-relay reactions that employ N-fluorobenzenesulfonimide (NFSI) as the oxidant
have emerged as highly effective methods for C(sp®)—H functionalization. Herein, computational studies
are paired with experimental data to investigate a series of key mechanistic features of these reactions,
with a focus on issues related to site-selectivity, enantioselectivity, and C—H substrate scope. (1) The full
reaction energetics of enantioselective benzylic C—H cyanation are probed, and an adduct between Cu
and the N-sulfonimidyl radical (‘NSI) is implicated as the species that promotes hydrogen-atom transfer
(HAT) from the C—H substrate. (2) Benzylic versus 3° C—H site-selectivity is compared with different HAT
reagents: Cu/*NSI, *O'Bu, and Cl', and the data provide insights into the high selectivity for benzylic C—H
bonds in Cu/NFSl-catalyzed C-H functionalization reactions. (3) The energetics of three radical
(RPC) to generate
organometallic complex, and

functionalization pathways are compared, including radical-polar crossover

a carbocation intermediate, reductive elimination from a formal Cu'"

radical addition to a Cu-bound ligand. The preferred mechanism is shown to depend on the ligands
bound to copper. (4) Finally, the energetics of three different pathways that convert benzylic C-H bonds

into benzylic cations are compared, including HAT/ET (ET = electron transfer), relevant to the RPC
Received 13th July 2023 hanism with Cu/NFSI; hydride transfer, involved i ti ith high-potential qui - and
Accepted Oth December 2023 mechanism wi u ; hydride transfer, involved in reactions wi igh-potential quinones; an
sequential ET/PT/ET (PT = proton transfer), involved in catalytic photoredox reactions. Collectively, the

DOI: 10.1039/d35c03597b results provide mechanistic insights that establish a foundation for further advances in radical-relay C-H

rsc.li/chemical-science functionalization reactions.

Introduction

Methods for selective functionalization of C-H bonds are highly
appealing in organic synthesis as they enable streamlined
preparation of complex molecules, including pharmaceuticals
and agrochemicals."™ Copper-catalyzed radical-relay reactions
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are emerging as particularly effective methods for C-H func-
tionalization and cross coupling.>® These methods conceptually
build on reactions reported by Kharasch and Sosnovsky in the
1950s”® and later mechanistic studies,” which introduced
a strategy to generate carbon-centered radicals via hydrogen-
atom transfer (HAT) and functionalization of the radicals with
a Cu" species. The Kharasch-Sosnovsky reactions employed
peroxide-based oxidants, and subsequent adaptations of these
reactions have been used to achieve selective functionalization
of benzylic C-H bonds to afford new C-0,'"* C-N,"** C-C,**
and C-F* bonds. Analogous reactions, in which the peroxide
oxidant is replaced by N-fluorobenzenesulfonimide (NFSI),
proceed with high C-H site-selectivity, exhibit broad substrate
scope, and use the C-H substrate as the limiting reagent
(Fig. 1A).128

Cu catalysts and NFSI appear to be privileged partners in
radical-relay reactions with benzylic C-H bonds; however,
important mechanistic questions remain unresolved, especially
those related to the formation and functionalization of the
organic radical. HAT is typically postulated to involve a free N-
centered radical (¢f Fig. 1A), but alternative reactive species
have been recently proposed in which an N-centered radical is

© 2024 The Author(s). Published by the Royal Society of Chemistry
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A. General Reaction Schematic for Cu/NFSI Radical Relay Catalysis
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Fig. 1 Mechanistic features of Cu/NFSI-mediated radical-relay reac-
tions. (A) Formation and functionalization of benzylic carbon-centred
radicals. (B) The N-centred radical that promotes hydrogen-atom
transfer could be coordinated to Cu. (C) Three proposed pathways for
functionalization of benzylic radicals. (D) Benzylic C-H cyanation,
azidation and etherification provide the basis for the mechanistic
investigations in this work.

coordinated to Cu (Fig. 1B).*" Understanding the nature of the
active HAT mediator is important because this species directly
influences reaction selectivity.

At least three different pathways have been proposed for
functionalization of the organic radical to afford the product
(Fig. 1C). These include (1) oxidation of the benzylic radical by Cu™
to form a benzylic cation, which can then react with an inner- or
outer-sphere nucleophile, corresponding to a radical-polar
crossover (RPC) mechanism; (2) radical addition to Cu", affording
a benzylcopper(m) organometallic complex, followed by reductive
elimination; and (3) a direct radical addition to a copper-bound
nucleophile. Distinguishing among these reaction pathways has
implications for enantioselectivity, which has been demonstrated
in some cases,””** but not in others.?>*"-3°
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The present study combines experimental and density
functional theory (DFT) investigations to gain insight into the
mechanistic features of three Cu/NFSI-mediated benzylic C-H
functionalization reactions: cyanation, azidation and methox-
ylation (Fig. 1D). The complete reaction energetics for enan-
tioselective benzylic cyanation are evaluated, with a focus on the
benzylic radical formation and functionalization steps. We find
that the N-centered sulfonimidyl radical ("NSI) forms a ther-
modynamically favorable adduct with copper(n) that can
promote HAT from the benzylic C-H bond. The regioselectivity
of HAT by this Cu/'NSI adduct is compared with that of *OBu,
and "Cl, species proposed to serve as the HAT reagent in other
C-H functionalization methods. Comparison of experimental
and computational data with these three reagents illuminates
the unique benzylic site-selectivity evident in Cu/NFSI-mediated
reactions. Attention is then given to the radical functionaliza-
tion step, and the data show that the preferred pathway
depends on the identity of the copper species. The nature of the
nucleophile and ancillary ligands coordinated to Cu" dictate
whether the radical reacts via an inner-sphere or an outer-
sphere electron-transfer (ET) pathway. The study concludes by
comparing radical-relay reactions that involve a radical-polar
crossover mechanism (i.e., HAT/ET) with other reactions that
feature benzylic cation intermediates: hydride transfer (H T)
initiated by 2,3-dichloro-5,6-dicyanobenzoquinone (DDQ)*' and
a multi-step photoredox-initiated pathway involving ET, proton-
transfer (PT), and a second ET step (i.e., ET/PT/ET).*> The data
here rationalize why the HAT/ET sequence in the corresponding
radical-relay reactions exhibit broader C-H substrate scope
relative to reactions involving H™ T or ET/PT/ET pathways.
Collectively, the results of this study provide a foundation for
understanding previously reported reactions and guiding the
development of new C-H functionalization methods.

Computational details

All calculations are done employing density functional theory
(DFT) as implemented in the Gaussian 16 (Rev. B.01) electronic
structure program.®® The hybrid meta-GGA density functional
MO06 was consistently used throughout the manuscript for our
calculations, as it has been successfully applied in a closely
related system® and has demonstrated reliability in modelling
copper-based molecular systems in general.***** Geometry
optimization and frequency calculations are done at the M06-
D3(0)/basis-I level of theory,*?** where basis-I refers to Ahl-
richs’ all-electron def2-SVPD basis for all atoms except for the C
and H atoms, for which the def2-SVP basis was used.?*® In all
cases, an “ultrafine” grid was used for numerical integration in
DFT. The natures of all stationary points are verified by calcu-
lating quasi-harmonic vibrational frequencies at the same level
of theory. Low-frequency vibrational modes below 50 cm™" are
replaced with a value of 50 cm™". For a more accurate estima-
tion of Gibbs free energies (G), single-point electronic energies
were re-calculated at the MO06-D3(0)/basis-I geometries
employing the same DFT functional but using a larger basis set:
the def2-TZVPD basis for all atoms except for the C and H
atoms, in which case the def2-TZVP basis was used (referred to
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as basis-II), and employing the SMD continuum solvation
model* with solvent parameters for dichloromethane (DCM).
This electronic energy, calculated at the M06-D3(0)/basis-11/
SMD(DCM) level, was added to thermal contributions to G
calculated at the M06-D3(0)/basis-I level to obtain final G values.
To account for the standard-state concentration change from 1
atm pressure in the gas phase to 1 M in the solution phase, an
entropy “correction” term of 1.89 kcal mol " was added to the
absolute free energies of all computed species. A more detailed
discussion regarding this is provided in Section 3 of the ESL

For the transition state (TS) structures involving crossing of
potential energy surfaces (PES) of different spin multiplicity,
e.g., the case of direct transformation of biradical Cu" and the
benzyl radical Ar(") into singlet Cu' and Ar-X, TSs were located
on the broken-symmetry (BS) singlet PES, and the approximate
spin-projection scheme of Yamaguchi et al> was used for
obtaining approximate spin-projected electronic energies of the
lower-spin states using eqn (1).

Singlet Triplet
ESinglet —_ ETriplet 2(EBS —E )

AP <S2>Triplct _ <S2>Sing]ct (1)
BS

where, E = electronic energy, BS = broken (spin) symmetry, AP
= approximate (spin) projection.

The intrinsic bond orbital (IBO) scheme® was used for
orbital localization to unravel the mechanistic details of the
turnover-limiting hydrogen-atom abstraction step. In this case,
wavefunctions at each point along the intrinsic reaction coor-
dinate were obtained at the M06-D3(0)/basis-I level using ORCA
5.0.3. program,* and these wavefunctions were then localized
to produce the IBOs using the IboView program® setting
“iboexp = 2”.

Results and discussion

Computational analysis of Cu/NFSI-mediated benzylic
cyanation

In a recent report, the Liu and Stahl groups disclosed a benzylic
cyanation reaction that overcame several historical limitations
associated with radical-relay reactions.'” The reaction employed
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Fig. 2 Full reaction thermodynamics for Cu/NFSI-catalysed benzylic
cyanation. Gibbs free energies (kcal mol™) are computed at M06-
D3(0)/basis-11/SMD(CH,Cl,)//M06-D3(0)/basis-I level of theory.
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limiting C-H substrates under mild conditions to afford
benzylic cyanation products in high yields and with excellent
enantioselectivities across a wide range of substrates, spanning
simple building blocks to complex molecules. Preliminary
computational analysis was conducted in this work,"” focusing
on the steps associated with functionalization of the radical.
Other steps of the reaction were not evaluated. Here, we expand
the computational analysis to probe the full reaction energetics
(Fig. 2) using DFT at the M06-D3(0)****/basis-1I/SMD(CH,Cl,)**//
MO06-D3(0)/basis-I level of theory (see the Computational details
section for basis-I and basis-II details). Computations were
conducted using a bis(oxazoline)-bound copper(r) chloride pre-
catalyst LCu'(Cl), which has been used in each of the three
reactions examined in this study (Fig. 1D).

The reaction of NFSI with LCu'(Cl) is favourable
both kinetically*»*” and thermodynamically (reaction free
energy, AG° = —10.1 keal mol *, Fig. 2) and affords LCu"(CI)(F)
and the sulfonimidyl radical ("NSI; Fig. 2).'*2"2> TMSCN (TMS =
trimethylsilyl), employed as the cyanide source in the catalytic
reactions, undergoes ligand exchange with LCu"(CI)(F) to form
LCu"(CI)(CN) in a highly exergonic process (AG® = —24.5 kcal-
mol ') that is driven by the formation of TMSF, with a strong Si-
F bond.*® Another equivalent of TMSCN can react with
LCu"(CI)(CN) to replace the chloride with another cyanide,
generating LCu''(CN), in a moderately exergonic process (AG° =
—2.3 keal mol ™). Reaction between "NSI and a second equiva-
lent of Cu" exhibits high thermodynamic favorability, as shown
in Fig. 2 (red). Consequently, the resulting species,
LCu"(CI)(NSI), is anticipated to be present in the reaction
equilibrium. In line with this expectation, a structurally analo-
gous L'Cu"(CI)(NSI) species has been successfully isolated and
characterized using X-ray crystallography, where L' represents
a bathophenanthroline ligand (for detailed X-ray crystal struc-
ture information, refer to Section 2 of the ESIt). However, this
reaction will halt productive reactivity by quenching the active
radical and sequestering the copper as a Cu" species that does
not promote efficient activation of NFSI (Fig. 2, red).>> Alterna-
tively, "NSI can promote HAT from the benzylic C-H substrate to
afford a benzylic radical (AG® = —22.8 kcal mol ™). The benzylic
radical reacts with LCu"(CN), to afford the benzylic nitrile in
a highly favorable process (AG® = —44.6 kcal mol ™~ '; reaction of
the benzylic radical with LCu"(Cl)(CN) is also highly favorable
to afford the same cyanation product: AG® = —40.2 kcal mol™%).

Formation of the benzylic radical is a crucial step in these
reactions, prompting us to give further attention to the active
species that promote HAT. In a complementary allylic cyana-
tion reaction with a different N-F reagent, Liu and coworkers
proposed that the N-centered radical coordinates to Cu™.?*
Similar behavior was identified here with "NSI, which can
undergo favorable coordination to LCu"(CI)(CN) through the
sulfonimide nitrogen (k-N isomer B, Fig. 3) or the sulfonyl
oxygen atom (k-O isomer C, Fig. 3). Both isomers form closed-
shell Cu/NSI adducts (see ESI, Fig. S9t for structural details
and Fig. S10t for spin-density plots of the spin-isomers), but
the calculations indicate that generation of the k-O isomer is
thermodynamically more favorable (AG; = —8.9 kcal mol™)
than the k-N counterpart (AG, = —4.8 kcal mol™). The

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Energy landscape for HAT in the reaction of LCu'(Cl)(CN), *NSI,
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activation free energies (AG*) for HAT from the 2° benzylic
C-H bond in ethylbenzene were then computed for both of the
isomeric Cu/NSI adducts as well as for free "NSI. Fig. 3
demonstrates that the HAT step involving free 'NSI has a lower
AG* (+5.9 kcal mol™'; green pathway) than the two Cu/NSI
isomers (red and blue routes, with AG* = +13.6 and
+11.7 kecal mol ™" for the k-N and k-O isomers, respectively).
However, the greater stability of the k-O Cu/NSI adduct
dictates that this species will be the resting state, and it
provides access to the lowest overall transition-state energy for
HAT.

To gain a better understanding of the HAT mechanism with
‘NSI and the k-O Cu/NSI adduct, the relevant intrinsic bond
orbitals (IBOs) were analyzed. IBOs are a set of localized
molecular orbitals that represent exact molecular wave func-
tions.*® Analysis of the IBOs along the C-H reaction coordinate
revealed that the HAT with free 'NSI involves formal HAT
between the carbon and nitrogen atoms, with synchronous
transfer of electron and proton as a hydrogen atom. In contrast,
the k-O Cu/NSI species reacts via a proton-coupled electron
transfer (PCET) pathway, whereby IBOs along the reaction
coordinate reveal proton transfer to the proximal sulfonimide
nitrogen and electron transfer from the alkylarene substrate to
the lowest unoccupied molecular orbital (LUMO, d,:_,2) of Cu
(for details, see Section 10 of the ESI}).*

Experimental and computational comparison of HAT
selectivities

Cu/NFSI-mediated C-H functionalization reactions appear to
exhibit unique site-selectivity for benzylic C-H bonds. To gain
insight into the reaction regioselectivity, we investigated HAT
reactions of isobutylbenzene (1), isopentylbenzene (2) and 4-
ethyltoluene (3) with k-O Cu/NSI, tert-butoxyl radical ("O‘Bu)
and chlorine radical ('Cl). Three synthetic methods in which

© 2024 The Author(s). Published by the Royal Society of Chemistry
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these reactive species have been proposed as the HAT species
include Cu/NFSI-catalyzed benzylic C-H methoxylation (k-O Cu/
NSI),*2 Ag/‘BuOCl-promoted C-H chlorination (‘O‘Bu),* and
SO,Cl,-mediated C-H chlorination (*Cl).*?

The bond dissociation enthalpies (BDEs) of H-NSI, H-OBu,
and H-Cl were computed to be 107.0, 103.6 and
104.0 keal mol ', respectively, indicating that all three reactive
species have a strong thermodynamic driving force for HAT
from the relevant C-H bonds. Experimental data indicate that
the substrate C-H BDEs are as follows:** 3° aliphatic C-H bonds
in 1 and 2: 95.0 kcal mol™*, the 1° benzylic C-H bonds in 3:
90.0 kcal mol™*, and the 2° benzylic C-H bonds in all three
substrates: 87 kcal mol '. Computational BDEs for these
substrates revealed similar values, with 2° benzylic C-H bonds
generally showing lower values (85.2, 84.4, 83.5 kcal mol ', for
1, 2, and 3 respectively; see ESI, Table S81) compared to the 3°
aliphatic (91.8 and 92.6 kcal mol ', for 1 and 2, respectively)
and the 1° benzylic C-H bonds (87.3 kcal mol ™', for 3). This
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distribution of C-H BDE values makes 1-3 an ideal set of
compounds to interrogate site-selectivity.

We then evaluated the energy barriers for HAT (AGHy) from
the different C-H bonds in 1-3 to each of the reactive species: k-O
Cu/NSI, ‘O'Bu, and ‘Cl (see Section 12 in the ESI{ for calculated
thermodynamic and activation energies for each of the different
HAT reactions). The AGiar values obtained with the k-O Cu/NSI
active species revealed that the activation energies for HAT from
the 2° benzylic C-H bonds in 1 and 2 (AGhL = 10.9 and
10.1 kecal mol ™, respectively; b = benzylic) are lower than those
for the corresponding 3° aliphatic C-H bonds (AG% = 15.7 and
15.5 keal mol ™ '; a = aliphatic). This preference for benzylic C-H
activation (AAG}_, ~ 5 keal mol ™! for the 2° benzylic and 3°
aliphatic C-H sites) aligns with the experimental observation of
excellent benzylic site-selectivity in the reactions of 1 and 2 with
Cu/NFSI (Fig. 4). Reactions of "O‘Bu with 1 and 2 still favor HAT
from the benzylic position but are calculated to be less selective,
with AAG}_, values of only 1.1 and 1.3 kcal mol ™" for 1 and 2,
respectively. These energy differences correspond to 2° benzylic :
3° aliphatic C-H selectivities ranging from 6:1-9:1. In the
reaction of 3, which contains 1° and 2° benzylic C-H bonds, both
k-O Cu/NSI and ‘O'Bu are calculated to strongly favor reaction at
the weaker 2° site (AAGY. 5 ~ 2.5 kcal mol~?). Reaction of the
chlorine radical with both benzylic and 3° aliphatic sites is
calculated to be barrierless,* and selectivity with this species
simply reflects the statistical ratio of the corresponding C-H
bonds in 1, 2, and 3.

These DFT results were benchmarked with experimental
analyses of the same substrates 1-3, using the catalytic reaction
systems proposed to involve the k-O Cu/NSL? "O‘Bu,* and "CI*?
as the reactive species (Fig. 4, right charts). Under the Cu/NFSI
and SOCI, reaction conditions, the experimental observations
and computational predictions show strong agreement.
Specifically, Cu/NFSI exhibits near-exclusive selectivity for
reaction at the benzylic sites relative to the 3° aliphatic
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positions in 1 and 2 and high selectivity for 2° over 1° benzylic
sites in 3. Meanwhile, both experimental and computational
analysis of the reactions involving "Cl show poor selectivity with
all three substrates, as significant reactivity is observed or pre-
dicted at both sites. Under the Ag/BuOCI conditions, the
observed selectivity in the reactions with 1-3 is lower than that
predicted for "O'Bu, suggesting that the ‘BuOCIl oxidant may
generate other competent HAT species, such as "Cl, in situ that
erode the selectivity. Overall, these data highlight the excellent
site-selectivity accessible with the Cu/NSI species, which may be
attributed to the interplay of two effects. Steric factors arising
from the Cu-NSI adduct should favor reactivity at the 2°
benzylic over the 3° aliphatic sites (see Fig. S15 of the ESIt for
a representative steric map plot). In addition, the attenuated
reactivity of the 'NSI radical upon binding to Cu lowers the
thermodynamic driving force for HAT, resulting in a later
transition state that is more sensitive to the stability of the
carbon-centered radical being formed.

Analysis of radical functionalization pathways

In Cu/NFSI reactions, the carbon-centred radical generated via
HAT is proposed to undergo functionalization by a Cu" species.
Three different radical-functionalization pathways have been
considered in these reactions, as depicted in Fig. 1C: (1) radical-
polar crossover (RPC) with subsequent trapping of the resulting
carbocation by a nucleophile, (2) radical addition to copper and
reductive elimination from an organometallic copper interme-
diate, and (3) direct addition of the radical to a copper-bound
nucleophile. Computational modelling techniques were used
to examine the dependence of the various reaction pathways on
the Cu coordination environment.

Experimental studies have shown that copper(1) and NFSI
react rapidly in a 2:1 stoichiometry, upon mixing in organic
solvent.?* This reaction is expected to afford LCu"(Cl)(F) and
LCu"(CI)(NSI) as products (L = bis(oxazoline) ligand shown in

B. Ligand Exchange from LCu'"(CI)(NSI)
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Fig. 5 Ligand exchange thermodynamics starting from two key Cu'" resting states: (A) LCu"(CI)(F) and (B) LCU"(CI)(NSI). L = bis(oxazoline) ligand
shown in Fig. 2. Gibbs free energies (kcal mol™) are computed at 298.15 K at the M06-D3(0)/basis-11/SMD(CH,Cl,)//M06-D3(0)/basis- level of

theory.
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Fig. 2), and these complexes served as the initial reference
points for calculating the ligand-exchange energies shown in
Fig. 5. The bis(sulfonimidyl) anion (NSI') is expected to be
a rather weakly coordinating ligand; however, an X-ray crystal
structure of L'Cu™(CI)(NSI) (L' = bathophenanthroline) was
obtained during the course of this study (see Section 2 of the
ESIT for details). Relative energies were compared for the
different LCu"(X)(Y) species that are relevant to cyanation, azi-
dation, and methoxylation reactions (X, Y = Cl, F, NSI, CN, N3,
OMe; Fig. 5). A comprehensive tabulation of energies is
provided in Table S5 of the ESI.{

TMS-substituted nucleophiles undergo highly exergonic
ligand exchange with the fluoride of LCu"(CI)(F), affording
copper chloride/cyanide and chloride/azide complexes and
TMSF (first step in Fig. 5A). Subsequent exchange of the chlo-
ride ligand with an azide is unfavourable (AG® =
+4.3 keal mol ), whereas exchange with a cyanide is favourable
(AG® = —2.3 keal mol ™). Cyanide also demonstrates favourable
exchange with the anionic ligands in LCu"(CI)(NSI) (AG® = —3.4
and —2.3 kcal mol " for exchange with NSI and Cl ligands,
respectively), whereas azide exchange is endergonic with this
complex (Fig. 5B). Formation of a Cu-OMe species from the
reaction of MeOH with either of these reference compounds is
calculated to be very unfavourable (AG°® = +9.8 -—
+43.9 kecal mol ™), reflecting the weak basicity of the anionic
ligands. Taken together, these results suggest that the most
relevant Cu" species for the different functionalization reac-
tions consist of LCu"(CN), for cyanation, LCu™(CI)(NSI) and
LCu"(CI)(N;) for azidation, and LCu"(CI)(NSI) and LCu"(CI)(F)
for methoxylation.

Subsequent calculations explored how the identity of the
copper species influences the energetics of the different radical
functionalization pathways (Fig. 6). RPC is initiated by one-
electron oxidation of the benzylic radical by Cu" to form

>
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a carbocation, which is then trapped by a nucleophile to afford
a racemic coupling product. The energetics of electron transfer
(ET) from the benzylic radical to the various LCu"(CI)(X) species
were calculated, and the reaction is endergonic in all cases
(Fig. 6A; see Table S6 in the ESIt),* albeit only slightly uphill
with LCu"(Cl)(NSI) (AGg = +2.0 keal mol™), a Cu" species
expected to be present in the azidation and methoxylation
reactions (¢f Fig. 5). Coordination of CN, N3, and OMe nucle-
ophiles to Cu™ in place of NSI lowers the Cu"™" redox potential
relative to LCu"(CI)(NSI) and increases the energy of ET, with
AGy; values ranging from +8.4 to +21.8 kcal mol .

Alternatively, the benzylic radical could react with the Cu"
species via addition, either at the Cu™ center (Fig. 6B) or at the
coordinated ligand (Fig. 6C). Addition of the benzylic radical to
the metal center is followed by rate-limiting reductive elimina-
tion (RE) to afford the coupling product. The computed acti-
vation free energies for the RE step reveal that the barriers are
the lowest for the CN complexes (+8.9 — +9.4 kcal mol "), fol-
lowed by N3 (+14.7 kcal mol™') and OMe complexes
(+16.0 kecal mol ') (Fig. 6B). In contrast, the energy barriers for
radical addition to a Cu-bound ligand (RAL) in LCu"(CI)(X)
complexes are significantly lower and exhibit the opposite
relative order: X = OMe (AG;*;AL = +0.8 kcal mol %), N (AG%AL =
+2.7 kecal mol™*), and CN (AGha, = +4.4 — +4.7 kecal mol ?)
(Fig. 6C). The ditopic nature of the azide ligand complicates
direct comparisons, since prior work has raised the possibility
of both terminal and bridging Cu-azide complexes and radical
addition to the proximal and distal N atom of the azide.*® The
favored pathway for the azide RAL pathway presented here
corresponds to radical addition to the proximal N-atom (i.e.,
coordinated to Cu), which resembles addition to the CN and
OMe ligands.

The combined data from Fig. 5 and 6 allow a comparison of
the inner- versus outer-sphere pathways for each of the different

C. Radical Addition to Ligand (RAL)
¥
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R
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Fig. 6 Energetic trends for C—H functionalization via (A) radical—polar crossover, (B) organometallic Cu-mediated reductive elimination and (C)
direct radical addition to ligands. Blue, green, and red lines correspond to methoxylation, azidation and cyanation reaction pathways, respec-
tively. Grey lines in panel A represent RPC pathways with X = F and NSI ligands. The activation free energies (AG*) for the RE and RAL pathways,
shown in panels (B) and (C) respectively, are reported with reference to the energy of the spin—triplet precomplex of LCu"(Cl)(X) and PhCH()Me
species set as the zero energy point. In all cases, Gibbs free energies (kcal mol™) are computed at 298.15 K at the M06-D3(0)/basis-l/

SMD(CH,Cl,)//M06-D3(0)/basis-| level of theory.
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C. Methoxylation (MeOH)
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Fig. 7 Combination of the data in Fig. 5 and 6, showing the relative Gibbs free energies (kcal mol™?) for the different Cu" species and the
mechanistic pathways (RPC, RE, RAL) for each of the three radical functionalization reactions, cyanation (A), azidation (B), and methoxylation (C).
The RPC, RE and RAL pathways are depicted in blue, red, and green, respectively.

nucleophiles (Fig. 7). Favourable coordination of cyanide to
copper generates Cu"~CN species that are less oxidizing than
LCu"(CI)(NSI) and support low-barrier inner-sphere pathways.
The favoured pathway involves addition of a benzylic radical to
the cyanide of the LCu"(CN), species (Fig. 7A). The initial report
on this reactivity’” proposed radical addition to Cu followed by
reductive elimination, which also has a relatively low barrier
(AGhg = +8.9 kcal mol ™). Both the RAL and RE mechanisms
position the benzylic radical in close proximity to the chiral Cu
centre and rationalize the high enantioselectivity observed
experimentally (see Fig. S17 in the ESIf for a comparison
between computed activation barriers for R- and S-isomers in
RE and RAL pathways during cyanation of ethylbenzene). The
less favourable coordination of azide and methoxide nucleo-
philes to Cu", relative to cyanide (cf. Fig. 5) will contribute to the
presence of LCu"(CI)(NSI) in the azidation and methoxylation
reaction mixtures. This relatively strong oxidant lowers the
energy for electron transfer from the benzylic radical and favors
the RPC pathway with N3 and OMe nucleophiles (Fig. 7B and C).
This conclusion is consistent with experimental data for these
reactions, which generate racemic products, even when using
chiral ligands.

Comparing different pathways for benzylic cation formation

The likely participation of the RPC pathway in some of these
reactions highlights a relationship between these radical-relay
reactions and other benzylic C-H functionalization reactions
that proceed through benzylic cation intermediates. In the
present reactions, the RPC mechanism arises from an HAT/ET
sequence. Alternative pathways to access benzylic cations
include concerted hydride transfer (H™T), as in reactions with
DDQ or other high-potential quinones,** or sequential ET/PT/
ET, such as those involved in some photoredox reactions.*
Results from these different approaches suggest that the HAT/
ET reactions tolerate a wider range of benzylic substrates, not
limited to those bearing electron-donating substituents. We
sought to gain insights into this behaviour.

Computational studies were conducted to analyse the ener-
getics of representative HAT/ET, H T, and ET/PT/ET reaction
pathways using three different ethylbenzene derivatives, with —

1370 | Chem. Sci, 2024, 15, 1364-1373

OMe, -H, and -Br groups as para substituents (Fig. 8). Analysis
of the HAT step shows that the thermodynamics of HAT by the
Cu/NSI species are highly favourable for all three substrates and
largely unaffected by the para substituents (Fig. 8A). The kinetic
barriers for the HAT steps are relatively low (AG* = +5.2 —
+12.4 kecal mol ") and show some electronic differentiation,
with the lowest barrier evident for the electron-rich p-MeO
derivative (TS-A, Fig. 8A): AAG%MQ/X =6.5and 7.2 kcal mol™*, for
the p-H and p-Br derivatives, respectively. Subsequent oxidation
of the radical intermediates to the corresponding cations by
LCu"(CI)(NSI) is affected by the para substitution of the
substrate, although the impact of this sensitivity on reactivity is
minimal because these ET steps are energetically less-
demanding compared to the rate-limiting HAT steps. These
observations explain why an HAT/ET method can accommodate
a broad range of benzylic substrates. Trapping of the cations by
the different nucleophiles to afford the coupling product is very
exergonic in all cases (by >35 kcal mol *; Fig. S201). Hydride
transfer (H T) was investigated for the same series of ethyl-
benzene derivatives, using DDQ as the hydride acceptor.*”** The
concerted H™ T steps to form the three carbocations show large
kinetic barriers (Fig. 8B; TS-B, AG* = +18.5 — +25.5 kcal mol )
compared to the HAT steps depicted in Fig. 8A. Moreover,
formation of the cations is calculated to be endergonic (AG® =
+5.7 — +17.6 keal mol "), contrasting the energetically favorable
HAT step. These features are consistent with experimental data
showing that synthetically useful reactions with DDQ are mostly
limited to electron-rich substrates.*!

Finally, we analysed a photoredox method for benzylic C-H
methoxylation reaction that uses an Ir-based photoredox catalyst
([Ir(dF(CF3)ppy)a(5,5-dCF;bpy)|PFe; see Fig. S181) and proceeds
via an ET/PT/ET sequence (Fig. 8C).** Similar to the DDQ-
promoted reactions, this method is primarily effective with
electron-rich alkylarenes, such as those bearing p-OMe substit-
uents. One-electron oxidation of the ethylbenzene derivatives
considered here by triplet I'™" complex (Ir'"*) yields the arene
radical cation INT-C. For the p-OMe ethylbenzene derivative, this
process is slightly exergonic (AGg, = —0.7 kcal mol™). The
favourable nature of this initial ET step is expected to facilitate
progression through the subsequent PT/ET steps, which are also

© 2024 The Author(s). Published by the Royal Society of Chemistry
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level of theory.

exergonic for the p-OMe derivative. In contrast, ET from the p-H
and p-Br substrates by the same Ir'™* oxidant is thermodynam-
ically unfavourable (AG°® = +13.6 and 14.0 kcal mol *, respec-
tively), suggesting that back-electron transfer from the reduced Ir
complex to the radical cation could compete with deprotonation
of the radical cation and hinder progression through the
subsequent steps.

Overall, this analysis highlights important distinctions
between benzylic C-H functionalization reactions that proceed
via an HAT/ET pathway relative to those involving H™ T or ET/
PT/ET pathways. The ability of HAT/ET methods to tolerate
substrates spanning electron-rich to electron-deficient deriva-
tives is not limited to the Cu/NFSI reactions evaluated here.
Similar behavior is evident in a number of HAT-initiated
photochemical reactions that proceed via an RPC pathway.*
By comparison, H™ T and ET/PT/ET tend to show high selectivity
for electron-rich substrates. This feature can be an advantage or
disadvantage depending on the application.

© 2024 The Author(s). Published by the Royal Society of Chemistry

Conclusions

The computational and experimental studies outlined herein
clarify a series of important mechanistic features of Cu/NFSI-
catalyzed benzylic C-H functionalization reactions, empha-
sizing the generation and functionalization of organic radicals.
Full reaction coordinate analysis of benzylic C-H cyanation
included an assessment of different HAT species that could
react with benzylic C-H bonds. Analysis of these structures
implicates a k-O Cu/NSI adduct as the relevant HAT species and
comparison of experimental data with a panel of different
substrates across various HAT-mediated C-H functionalization
methods highlight the unique benzylic site-selectivity accessed
by Cu/NFSI relative to methods proposed to involve ‘O‘Bu and
‘Cl as the HAT reagent. The energetics of three different Cu™
mediated radical functionalization pathways reveal that the
preferred pathway can differ depending on the identity of the
Cu" species in the reaction mixture. For example, cyanide is
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a good ligand for Cu™ and lowers the Cu'™" redox potential,
disfavoring one-electron oxidation of the radical while sup-
porting radical addition to the cyanide ligand of the Cu"~-CN
intermediate. This inner-sphere radical-functionalization
mechanism rationalizes the ability to achieve enantioselective
cyanation of benzylic C-H bonds. For less coordinating azide
and methoxide ligands, the data suggest that the oxidizing
intermediate LCu"(CI)(NSI) will be present in the reaction
manifold and that this species can promote outer-sphere
oxidation of benzylic radicals to generate benzylic cations.
This radical-polar crossover pathway involving stepwise HAT/
ET has been compared to two alternative C-H functionaliza-
tion mechanisms that generate benzylic cation intermediates,
H™T and ET/PT/ET. The results rationalize why the HAT/ET
sequence accesses a broader C-H substrate scope relative to
the other methods. Thus, while the radical-polar crossover
mechanism is not compatible with enantioselective bond
formation, the HAT/ET sequence presents an advantageous
strategy to access reactive benzylic cations. The collective
insights gained from this study provide a valuable foundation
for future studies, targeting unmet challenges, such as
expanding the scope of enantioselective transformation,
achieving site-selective functionalization of less-activated C-H
bonds, and diversifying reactivity to include heterobenzylic C-H
sites.
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