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C(sp®)-C(sp®) amination represents a promising approach for synthesizing
various amines, facilitating applications from late-stage scaffold hopping to
the degradation of polymers and biomass. However, it remains challenging
due to the inertness of the C-C bond and difficulties in controlling regio- and
chemo-selectivity. Herein, we report an electro-oxidative benzylic C(sp?)-
C(sp?) amination reaction of aromatic hydrocarbons using nitriles, amides, and
sulfonamides as nucleophiles. This process occurs under mild conditions with
hydrogen evolution, eliminating the need for external oxidants or transition
metal catalysts. Mechanism involves successive anodic oxidative cleavage of
the benzylic C(sp)-C(sp®) bond to generate two carbocation fragments, which
are subsequently captured by nucleophiles to form two C-N bonds. Mechan-
istic studies suggest that HFIP is critical as additive in adjusting the oxidation
potentials of alkylbenzene substrates and amine products, effectively pre-
venting overoxidation of products.

Aliphatic C-H and C-C bonds are most fundamental chemical bonds
that are widely present in organic compounds'?. Direct functionaliza-
tion of these inert aliphatic bonds represents a cornerstone in modern
organicchemistry. In particular, the functionalization of benzylic
C(sp>)-H bonds to construct new carbon-carbon and carbon-
heteroatom bonds has been extensively studied’. In contrast, the
functionalization of ubiquitous benzylic C(sp®)-C(sp®) bonds has been
much less explored®, despite their prevalence and significant potential
for enabling late-stage scaffold hopping and facilitating the degrada-
tion of persistent polymers and biomass (Fig. 1a). To date, several
primary strategies have been developed for C(sp3)-C(sp3) bond clea-
vage. The first involves ring strain-releasing in a strained system via
oxidative addition of low-valent transition metals into C(sp>)-C(sp®)
bond>®, or single-electron transfer (SET) processes to generate catio-
nic or anionic radicals that drive C(sp?)-C(sp®) bond cleavage and
enable difunctionalization’™. Another strategy relies on SET or

hydrogen atom transfer (HAT)-mediated activation of redox-active
groups, generating transient oxygen or nitrogen radicals that undergo
rapid B-scission'®? Nevertheless, employing such strategies to cleave
and functionalize C(sp3)-C(sp®) bonds in acyclic, ubiquitous aromatic
hydrocarbons, such as ethane derivatives, still remains a challenging
and highly desirable goal due to inherent thermodynamic stability of
C(sp®)-C(sp®) bond and low polarization of such substrates. An early
example by Alnibi’s group demonstrated C(sp*)-C(sp®) bond cleavage
of multi-aryl ethanes via arene radical cation intermediates to form C-O
bond under photooxidation conditions*. Recently, Huang and Chen’s
group described the elegant photooxidative cleavage of acyclic
C(sp®)-C(sp*) bonds in aromatic hydrocarbons to form new C-C
bond*. More recently, Yu’s group made significant breakthroughs in
the electro-reductive carboxylation of acyclic C(sp®)-C(sp®) bonds in
aromatic hydrocarbons with CO,, enabling reductive C-C bond clea-
vage through radical anion intervention®. These advancements have
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Fig. 1| Recent advances in benzylic C-C bond functionalization.
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amination of benzylic C-C bonds in aromatic hydrocarbons via HFIP-mediated
oxidation potential sorting. HFIP 1, 1, 1, 3, 3, 3-hexafluoro-2-propanol.

significantly expanded the toolbox for C-C and C-O bond formation.
Despite this progress, the direct benzylic (sp®)-C(sp*) amination in
aromatic hydrocarbons to form C-N bonds remains elusive for several
challenges (Fig. 1b). Firstly, benzylic C(sp®)-C(sp®) bonds are among
the most abundant yet the most difficult to cleavage. Secondly,
achieving high selectivity is complicated by the coexistence of similar
surrounding C-H and C-C bonds. Finally, the risk of overoxidation
presents a major challenge in C-C amination chemistry, particularly
when the introduced nitrogen lacks sufficient deactivation (e.g.,
through tosyl protection). Addressing these challenges would open
new avenues in C-N bond-forming methodologies and significantly
expand the scope of amination chemistry.

Recently, electrochemical®™** amination of benzylic C(sp®)-H
have been established****, providing green approaches for C-N bond
formation. For example, Xu’'s group developed a site-selective elec-
trochemical amination reaction that efficiently converts benzylic C-H
bonds into C-N linkages*>. Lambert’s group described a method for
benzylic C-H bond amination via an electrophotocatalytic Ritter-type
reaction®. In both cases, the electrochemical single-electron oxidation
of the arene substrate to generate an arene radical cation was identi-
fied as the key initial step. Building on these previous reports, and
given the prevalence and biological significance of amines, we hypo-
thesized that an electro-oxidative method could be developed to
induce the amination of widely available benzylic C-C bonds via arene
radical cation induced C-C bond cleavage. Herein, we report an
electro-oxidative amination of benzylic C(sp*-C(sp®) bonds in aro-
matic hydrocarbons via HFIP-mediated oxidation potential sorting
(Fig. 1c). Notable features of this strategy include: (a) amination of both
carbon fragments, dual C-N bond formation from a single C-C clea-
vage with 200% atom utilization, both resulting carbocationic frag-
ments are efficiently captured via nucleophilic amination, maximizing
molecular efficiency and avoiding wasteful byproducts; (b) oxidants
free, with hydrogen evolution as the byproduct; (c) highly selective
cleavage of benzylic C(sp*)-C(sp®) bonds; (d) broad substrate scope,

robustness, air tolerance, insensitivity to water, large-scale synthesis;
and (e) highly valuable products were formed.

Results and discussion

Reaction development

Initially, butane-2,3-diyldibenzene (S1) was selected as the model
substrate, and various reaction conditions were tested under a con-
stant voltage for the electro-oxidative amination of benzylic C-C
bonds. After thorough optimization, the Ritter-type amination product
1 was obtained in 26% 'H NMR yield under constant voltage (2.4 V) in
MeCN, using EtyNBF, as the supporting electrolyte, carbon cloth as the
anode, and a Pt plate as the cathode (Table 1, entry 1). Several elec-
trolytes were tested (entries 2 and 3), with LiClO4 and Et,NOTSs yielding
only trace amounts of product. We attribute this observation to the
critical role played by the electrolyte anion in stabilizing key ionic
intermediates and modulating the overall reaction environment.
Control experiments revealed that the cell voltage played a critical
role, as higher voltages (2.6 V and 2.8 V) resulted in lower yields due to
overoxidation of the amide product (entries 4 and 5). The presence of
an acid was essential for the transformation, as the yield improved to
33% and 53% with HOTf and MsOH, respectively (entries 6 and 7). This
enhancement is likely due to the stabilizing effect of the strong acid on
the benzylic cation intermediates. Notably, the yield increased to 79%
when HFIP was added as an additive (entry 8), possibly due to its ability
to prevent product overoxidation. For comparison, the use of other
alcohol additives, such as TFE and EtOH, led to a significant decrease in
yield (see Table S2). When the reaction time was shortened to 11 h, the
yield further increased to 83%, with a total charge consumption of
approximately 260 C (entry 9, Eanoqe = 1.8V vs SCE, 4.36 mAcm™ cur-
rent density). A control reaction conducted in the absence of elec-
tricity produced no product (entry 10), confirming that the
transformation proceeds via electrochemical oxidation rather than
aerobic oxidation. Regarding the electrode materials, several com-
monly used combinations were evaluated (entries 11-13). Stainless
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Table 1| Optimization of reaction conditions with butane-2,3-diyldibenzene®

CH,

)\/Ph undivided cell: C(+) | Pt(-) CHs
Ph E.q, electrolyte (0.1 M) Ph NHAc
< CHy acid, additive, MeCN (3.0 mL), RT 1
Entry Electrolyte Eceu Acid Additive Yield (%)
Et,NBF, 2.4V 0.5mL TFA - 26
2 LiClO4 2.4V 0.5mL TFA -
3 Et4,NOTs 2.4V 0.5mL TFA -
4 Et,NBF, 26V 0.5mL TFA - 18
5 Et4NBF4 2.8V 0.5mL TFA - 18
6 Et,NBF, 24V 100 pL TfOH _ %
7 Et4NBF4 2.4V 100 L MeSOzH - 53
8 Et,NBF, 24V 100 pL MeSOgH 1.0 mL HFIP 79
o° Et,NBF, 2.4V 100 pL MeSO3H 1.0 mL HFIP 83 (80)°
10 Et4NBF4 - 100 L MeSOzH 1.0 mL HFIP (0]
19 Et,NBF, 24V 100 pL MeSOgH 1.0 mL HFIP 47
12¢ Et,NBF, 2.4V 100 pL MeSO3zH 1.0 mL HFIP 69
13f Et,NBF, 2.4V 100 L MeSO3H 1.0 mL HFIP 64
14 Et4NBF4 i=10mA 100 pL MeSOzH 1.0 mL HFIP 58
159 Et4NBF4 2.4V 100 pL MeSOzH 1.0 mL HFIP VAl

2Reaction conditions: $1(0.3 mmol), electrolyte (0.1M), MeCN (3.0 mL), carbon cloth anode, Pt plate cathode, rt, in an undivided cell with constant voltage for 16 h under air. Yields determined by 'H
NMR analysis using 1,1,2,2-tetrachloroethane as internal standard. ®11 h. “Isolated yield. °Ni as cathode. °Stainless steel as cathode. ‘'GF020 as anode. °MeCN (40 eq.), DCM (2 mL) were used as solvent.
DCM Dichloromethane, HFIP 1,1, 1, 3, 3, 3-hexafluoro-2-propanol, TFA trifluoroacetic acid, TFOH trifluoromethanesulfonic acid, Me methyl, Et ethyl, Ac acetyl.

steel (SS) and nickel (Ni) as cathodes gave inferior results, with lower
conversions and diminished selectivity, likely due to inefficient elec-
tron transfer and/or competing surface reactions. Among carbon-
based anodes, carbon cloth consistently outperformed carbon felt
(GF020), affording higher yields under otherwise identical conditions.
The relatively poor performance of carbon felt may stem from its
higher surface resistance and less uniform current distribution, which
can impair reaction efficiency. In addition, conducting the reaction
under constant current (10 mA, 6.6 mA/cm? current density) condition
resulted in lower yields (entry 14), potentially due to uncontrolled
fluctuations in electrode potential that promote undesired oxidative
side processes. Finally, we demonstrated that MeCN could function as
a reagent (40 equiv.) rather than the reaction solvent, although this
modification led to a slight decrease in yield (entry 15). See Table S1
and Table S2 for further details on condition optimization.

Substrate scope evaluation

After establishing the optimized reaction conditions, we proceeded
to investigate the scope and general applicability of the reaction, as
illustrated in Fig. 2. Initially, symmetric butane-2,3-diyldibenzene
substrates were tested. Both butane-2,3-diyldibenzene and 4,4-
dihalogenated butane-2,3-diyldibenzene gave rise to the corre-
sponding benzylacetamides (1-4) in good yields. A range of butane-
2,3-diyldibenzene derivatives with various electron-withdrawing
substituents on the benzene rings were also found to be suitable,
yielding the corresponding amination products in moderate yields
(2-6,12-17). Notably, the aldehyde functional group, despite its well-
known sensitivity to oxidative conditions, was well tolerated under
our electrochemical protocol (14), although a significant amount of
starting material was recovered, likely due to its limited reactivity
under the current conditions. When examining substrates designed
to probe the competition between benzylic C-H and benzylic C-C
bonds, we observed that the C-C amination products (7, 8, and 11)
were preferentially formed, rather than the alternative benzylic
methyl or ethyl-functionalized sites. However, the linear para-n-butyl

substrate afforded product 10 in 29% yield, along with 9% competing
C-H amination byproduct. Notably, no benzylic C-H amination
products were observed at the same benzylic position in branched
substrates where C-C bond amination occurred. This strongly sup-
ports our hypothesis that C-C cleavage is the kinetically and ther-
modynamically favored pathway at the benzylic position under the
reaction conditions. The main reason for the moderate yields
observed with electron-rich substrates is product overoxidation and
decomposition. In addition, the competitive formation of ketone
side products via C-C bond oxidation (for 9, 40% yield of ketone
formed), promoted by trace amounts of water in the system, also
contributes to the reduced efficiency (See Section 2.6 ‘Side product
analysis’ in the Supplementary Information.). We propose that for
electron-rich substrates, the high reactivity facilitates rapid C-C
bond cleavage, generating highly reactive radical or carbocation
intermediates. While these intermediates can undergo competitive
side reactions with trace amounts of water present in the system,
resulting in the formation of ketone byproducts. For a substrate
bearing more electron-donating methoxy groups S18 underwent
selective amination to provide the corresponding products in 62%
yields (18). The influence of alkyl chain length was also assessed, and
all substrates proceeded smoothly under the standard conditions,
producing the corresponding amination products in moderate to
good yields (19 to 26). For asymmetric substrates with different
substituents on the benzene ring or various alkyl groups, two distinct
benzylic amination products were obtained (27-29, 31). Unfortu-
nately, the thiophene-substituted amide (30) was not observed due
to the degradation of the desired product, as well as substrates
bearing a furan moiety (see Fig. S7), likely caused by the low oxidative
potential of the thiophene and furan groups. Similarly, substrate 31
underwent smooth carbon-carbon bond cleavage to afford the
ketone 32 in 27% yield instead of C-C amination product, suggesting
that the electron-rich nature of thiophene may render the inter-
mediate species more susceptible to overoxidation. Finally, the
average Faradaic efficiency under the optimized conditions is
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Fig. 2 | Scope of electrooxidative C-C bond amination of bisbenzylic
substrates®. “Reaction conditions: substrates (0.3 mmol), Ety,NBF, (0.1 M), MeCN
(3.0 mL), HFIP (1.0 mL), MeSOsH (0.1 mL), carbon cloth anode, Pt plate cathode, rt,
in an undivided cell with constant voltage (2.4 V), under air atmosphere. Isolated
yields are calculated based on a theoretical maximum of 200% based on the fact
that the starting material contains two equivalents. °Et,NBF, (0.2 M), graphite felt
anode. ‘Graphite felt anode. ‘MeSOsH (0.15mL), TFA (0.6 mL). *MeSO;H (0.1 mL),
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28 1,68%yield, 11 h 20, 64% yield
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32, 27% yield

1,27% yield", 1.9V, 11 h

TFA (0.6 mL). ‘MeSO;H (0.15 mL). EBMeSOsH (0.10 mL) for 10 h, an extra MeSO;H
(0.10 mL) was added for another 5 h. "0.1 mmol scale. Unsuccessful examples are
provided in the Supplementary Information. The total consumed charge and Far-
adaic efficiency for representative substrates were included in the Supplementary
information. HFIP 1, 1, 1, 3, 3, 3-hexafluoro-2-propanol, TFA trifluoroacetic acid, Me
methyl, Et ethyl, Ac acetyl, ‘Bu tert-butyl, "Bu n-butyl, "Pr n-propyl, "Am n-amyl.

approximately 30%, calculated based on the total charge passed and
the amount of product formed (see Fig. S9).

In addition to dibenzyl-substituted substrates, inert, unactivated
substrates with bulky alkyl groups can also successfully yield two
target products (Fig. 3). Such bulky groups can decrease the bond
dissociation energy (BDE) of the C-C bond by stabilizing the formed
fragments, thus exerting a thermodynamic and steric effect®°. We
examined a series of homobenzylic and neopentylic substrates fea-
turing inert, unactivated aliphatic C(sp3)-C(sp3) bonds. For instance,
a-methyl neopentylbenzene (compound 33) underwent efficient
cleavage and amination, affording two products in moderate yields.
Furthermore, various a-branched neopentylbenzenes (compounds
35-38) bearing chains of differing lengths were well tolerated, con-
sistently affording cleaved and aminated products in moderate to
good yields. Importantly, increasing steric bulk (e.g., products 1, 41)

did not impede the reaction, suggesting that steric hindrance does
not critically limit the method’s applicability. Notably, the cleavage
selectively occurred at the more hindered tertiary center (tert-butyl),
while another benzylic C-C bond remained intact, highlighting the
excellent regioselectivity of the transformation. In terms of func-
tional group compatibility, our method tolerated a range of oxida-
tively sensitive groups, including primary alcohols (43), methyl
ethers (45), alkyl chlorides (47), and bromides (49). These examples
further support the mildness and chemoselectivity of the electro-
chemical conditions. Mildly electron-deficient alkylbenzenes under-
went successful oxidation. Notably, neopentylbenzene bearing a
para-tert-butyl substituent afforded the aminated product 34 in 61%
yield. In contrast, product 9 was obtained in only a 22% yield, likely
due to competing oxidative side reactions leading to ketone
formation.
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Fig. 3 | Scope of electrooxidative C-C bond amination of unactivated
alkylbenzenes®. “Reaction conditions: substrates (0.3 mmol), Et,NBF, (0.1 M),
MeCN (3.0 mL), HFIP (1.0 mL), MeSOsH (0.1 mL), TFA (0.5 mL), graphite felt anode,
Pt plate cathode, rt, in an undivided cell with constant voltage (2.2 V), under air
atmosphere. Isolated yield. *Substrates (0.6 mmol). ‘Constant voltage (2.1V).
dCarbon cloth anode. ¢Constant voltage (2.4 V), carbon cloth anode, w/o TFA.

R=Cl, 8, 42% yieldd, 6 h

34, 44% yield R =Bu, 9, 22% yield®, 12 h 34, 61% yield

D e O Ph”NHAC
NHAc 60 56, 23% yield', 2 h
P “NHAC * o
Ph : CHs CHs
56, 8% yield!, 2 h 57, 28% yield : -
: Ph Ph”” “NHAc
: 61, X =OH 1, 56% yield®"9, 7 h
H 62, X = OMe 1, 61% yield®"9, 3 h
CHs g : 63, X =NHTs 1, 40% yield®*9, 12
+ HC />~<:H3 5
Ph” NHAC Ph” N ' |o
1, 25% yield®, 10 h 59, 15% yield : o F,h)\/\NHAC
64 65, 28% yield, 22 V, 2h

’Et,NBF, (0.2 M), MeSO3H (0.15mL), TFA (0.5 mL). éConstant voltage (2.4 V). The
total consumed charge and Faradaic efficiency for representative substrates were
included in the Supplementary Information. HFIP 1, 1, 1, 3, 3, 3-hexafluoro-2-pro-
panol, TFA trifluoroacetic acid, Me methyl, Et ethyl, Ac acetyl, ‘Bu tert-butyl, "Bu n-
butyl, "Pr n-propyl, "Hex n-hexyl.

Using this strategy, we successfully synthesized cycloheptyla-
cetamide 52 and cyclooctylacetamide 54 (Fig. 3). Due to the stability
of the dibenzyl radical, the cleavage of such substrates demon-
strates excellent regioselectivity. However, it is important to note
that the low yield is attributed to the formation of benzophenone
(~20% yield), likely due to trace amounts of water present during
the reaction. For unbranched substrate 55, the benzylic C-H ami-
nation was the predominant pathway and only 8% C-C cleavage
product was detected. Beyond simple hydrocarbons, substrates
containing heteroatom substitutions were also tested under stan-
dard conditions. For instance, epoxy-containing substrate 58
underwent C-C bond cleavage to generate amide 1 and C-O bond
cleaved product 59. It is well known that oxygen and nitrogen atom
can initiate f~C-C bond cleavage (61-63) by through-bond delo-
calization and electron apportionment to the fragments (via cation
and radical-stabilizing effects)'*?". Under standard reaction condi-
tions, these substrates underwent f-C-C bond cleavage to form the

corresponding amides, although the yield was lower for the
unbranched substrate 64. We hypothesize that the cleavage of
these substrates involves two contributions: (1) the formation of
nitrogen or oxygen radicals via electrochemical oxidation, leading
to f-C-C bond cleavage; and (2) f-C-C cleavage initiated by aryl
cation radicals. For comparison, when using 1,2-diphenylethane 55
as a substrate, only an 8% yield was obtained, suggesting that the
formation of oxygen radicals may be involved for the cleavage of
primary (1°) alcohol substrates. Lastly, strained ring substrate 64
smoothly underwent ring-opening 1, 3-difunctionalization to yield
S-amino ketones 65.

Additionally, further investigation of various nitriles revealed a
wide compatibility with Cl (66, 68), Br (67), Pr (69), and Ph (70) (Fig. 4).
Other suitable nitrogen nucleophiles included methanesulfonamide
(71), ethanesulfonamide (72), oxazolidin-2-one (73), and carbamate
(74). Of particular interest is the functionalization of the benzylic C-C
bond with oxygen nucleophiles, including acetates (75-80). Notably, a
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Fig. 4 | Scope of nucleophiles®. *Reaction conditions: For 66-70 and 75-80: S1
(0.3 mmol), Ety;NBF,4 (0.2 M), corresponding nitrile solvent (3 mL) or acid solvent
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77,39% yield®d®, 6 h 78, 34% yield®%®, 6 h

80, [0] = OC(0)"Pr, 37% yield?, 10 h
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Fig. 5 | Gram scale synthesis of 1. HFIP 1, 1, 1, 3, 3, 3-hexafluoro-2-propanol, DCM
dichloromethane, Me methyl, Ac acetyl.

strong electron-withdrawing group, nitro, proved compatible, afford-
ing products 78 in 34% yields.

The electrochemical C-C amination reaction was successfully
carried out on a gram scale, as illustrated by the synthesis of 1 (Fig. 5),
where larger electrodes were used over an extended reaction time.
Note that DCM was added as a co-solvent to improve the solubility of
the starting material thereby ensuring a homogeneous reaction mix-
ture and maintaining efficient mass and electron transfer throughout
the electrolysis process.

Mechanistic investigations

Several mechanistic experiments were carried out to gain insight into
the mechanism. Firstly, control experiments were performed to
investigate the influence of water and oxygen in the air on the reaction.
Under a strictly nitrogen atmosphere, the reaction yield remained
stable at around 80%, while no significant promotional effect was
observed under oxygen conditions, suggesting that the reaction likely
does not involve dioxygen-induced C-C bond cleavage. Furthermore,
the impact of varying the amount of water additive was carefully
examined, with equivalents ranging from 0.5 to 2.0. The results
showed little effect on the yield, indicating that the presence of water
does not significantly promote the formation of the target product
(Fig. 6a). Additionally, no benzylic alcohol intermediate was detected
during the reaction. Besides, when the synthesized benzylic alcohol
substrate 81 was subjected to the standard conditions, no product was
formed. On the contrary, the substrate almost completely degraded
under these conditions (Fig. 6b). These experiments suggest that
benzylic tertiary (3°) alcohol is likely not a key intermediate in the
reaction, despite numerous reports on C-C bond cleavage initiated by
benzylic alcohol-derived oxygen radicals'®?.

Furthermore, the electrode voltage was continuously recorded
throughout the electrolysis of the model reaction. Anodic oxidation
was maintained at approximately 2.16 V vs. Ag/AgCl (Fig. 6c). These
results are consistent with the oxidative potential of substrates. Fur-
thermore, cyclic voltammograms of butane-2,3-diyldibenzene (S1) and
it's aminated product (1) were recorded in MeCN (Fig. 6d). The results

revealed that butane-2,3-diyldibenzene (E,,,=2.30V vs SCE) was oxi-
dized at higher potential than product 1 (£, =2.15V vs SCE), indicat-
ing that the aminated product exhibits a greater tendency for over-
oxidation in MeCN. In contrast, cyclic voltammograms of S1and 1in a
MeCN/HFIP (3/1) solvent mixture showed that butane-2,3-diyldi-
benzene (E,;, =1.97 V vs SCE) was oxidized at a bit lower potential than
product 1 (Ep,=2.00V vs SCE) (Fig. 6d). Although the oxidation
potentials of butane-2,3-diyldibenzene (S1) and product (1) differ only
slightly, they were effectively distinguished during the preparative
electrolysis performed in MeCN/HFIP. The significance of HFIP lies in
its ability to stabilize radical cation intermediates, facilitating substrate
oxidation while preventing overoxidation of the product®.

Based on these experiments, a plausible mechanism was pro-
posed (Fig. 6e). During the anode phase, single-electron oxidation of
the aromatic hydrocarbons A generates the radical cation B, which
undergoes homolytic f—C-C bond cleavage to form a benzylic cation
C and a radical species E at another position or heterolytic mode of
cleavage to generate benzylic radical C’ and species E’, depending on
the relative oxidation potentials of the two fragments formed*~""%,
For example, heterolytic cleavage to generate ‘Bu cation is preferred
due to the lower oxidation potential of ‘Bu radical (Eox 1/2(‘Bu-)
=0.41V vs SCE, Fox 1/2(MeCH,Ph)=0.82V vs SCE, AAG=
-23.06 x (0.82-0.41) = -9.5 kcal/mol)*’. The process may be rever-
sible, and due to the small intrinsic barrier (0.1-0.2 eV), fragment
diffusion from the solvent cage could be the rate-limiting step in
endergonic cleavages®®®. The lower intrinsic barrier for C-C bond
cleavage compared to deprotonation may account for the observa-
tion that C-C bond cleavage effectively competes with C-H bond
cleavage. It is worth noting that the oxidation potentials of the
generated benzyl and alkyl radical intermediates are typically below
1.0V vs SCE”. As a result, under the present electrooxidation con-
ditions (Eanode =2.1V vs Ag/AgCl), their lifetimes are extremely short,
making them difficult to capture and prone to direct oxidation at the
anode. Regardless of f-C-C bond cleavage model, above radical
intermediates C’ and E undergoes a second, rapid oxidation event
directly at the anode, resulting in the formation of final carbocations
C and F'. Both carbocations subsequently proceed through the
classic Ritter reaction steps to yield the amide product D and F.
When nucleophiles such as sulfonamides, amides, or carboxylic acids
were employed, the corresponding cross-coupling products were
formed. Meanwhile, the redox reaction is balanced by cathodic
proton reduction, leading to the production of hydrogen. Notably,
due to the extensive use of bulky alkyl substituents and biaryl sub-
strates in this work, in most cases, benzylic C(sp®)-C(sp®) cleavage
competes effectively with C-H bond cleavage. Thus, the formation of
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benzyl tertiary (3°) alcohols or benzyl hydroperoxide species is
unfavorable under these conditions.

In summary, we have developed an electro-oxidative benzylic
C(sp*)-C(sp®) amination reaction that operates under mild conditions
with H, evolution, eliminating the need for external oxidants or tran-
sition metal catalysts. This method is not only suitable for the efficient
and scalable synthesis of benzylic amines but also demonstrates
excellent compatibility with various nucleophiles, demonstrating sig-
nificant potential for advancing sustainable C-C functionalization
reactions using simple materials.

Methods

General procedure for acetamidation product

An oven-dried, undivided three-necked cell (20 mL) equipped with a
magnetic stir bar, carbon cloth anode (15 mm x 15 mm x 0.3 mm) and
Pt plate cathode (15mm x15mmx 0.3 mm). To the cell was added
Et,NBF, (95.9 mg, 0.41 mmol, 0.1 M), MeCN (3 mL), HFIP (1 mL) and
butane-2,3-diyldibenzene (63.0 mg, 0.3 mmol). The mixture was stir-
red for 1 min, and then MsOH (0.1 mL) was carefully added. The solu-
tion was then stirred at room temperature and electrolysis was
initiated at a control voltage of 2.4 V for the specified amount of time.
After completion of the reaction as monitored by TLC (usually 8-18 h),
the reaction mixture was poured into a saturated sodium carbonate
solution (ca. 20 mL). The carbon cloth anode was washed with EtOAc
(3 x10 mL) and these washes were added to the reaction mixture. The
aqueous layer was separated and extracted with EtOAc (3 x 15 mL), and
the combined organic layers were washed with brine and dried over
anhydrous Na,SO,. Following concentration in vacuo, the crude pro-
duct was purified by preparative thin-layer chromatography (PTLC)

(eluent: petroleum ether: ethyl acetate=2:1 to 1:1) to afford pure
product.

General procedure for other amine nucleophilic reagents
product

An oven-dried undivided three-necked cell (20 mL) equipped with a
magnetic stir bar, graphite felt anode (15 mm x 15 mm x 2 mm) and Pt
plate cathode (15mmx15mmx0.3mm). To the cell was added
Et;NBF; (204 mg, 0.94 mmol, 0.2M), DCM (3mL), HFIP (I1mL),
nucleophiles (3.6 mmol) and butane-2,3-diyldibenzene (63.0 mg,
0.3mmol). The mixture was stirred for 1min, and then MsOH
(0.10 mL), TFA (0.6 mL) was carefully added. The solution was then
stirred at room temperature under and electrolysis was initiated at a
control voltage of 2.4V for the specified amount of time. After com-
pletion of the reaction as monitored by TLC (usually 8-20h), the
reaction mixture was poured into a saturated sodium carbonate
solution (ca. 20 mL). The carbon cloth anode was washed with EtOAc
(3 x10 mL), and these washes were added to the reaction mixture. The
aqueous layer was separated and extracted with EtOAc (3 x 15 mL), and
the combined organic layers were washed with brine and dried over
anhydrous Na,SO,. Following concentration in vacuo, the crude pro-
duct was purified by preparative thin-layer chromatography (PTLC)
(eluent: petroleum ether: ethyl acetate=5:1 to 1:1) to afford pure
product.

Data availability

The data generated in this study are provided in the Supplementary
Information, All data are available from the corresponding author
upon request.
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