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Alkylated arenes, which are prevalent molecular building blocks, are widely applicable across various
scientific domains. However, regioselectively alkylating arenes often poses significant challenges, despite
their apparent simplicities. Herein, we report the first examples of substrate-controlled photocatalyzed
regiodivergent alkylations of aromatic nitriles. The judicious choice of alkyl halide facilitated selection of
mechanistically divergent processes. The two reaction manifolds, an ipso-substitution path that proceeds
via radical coupling and a Friedel—Crafts-type C-H alkylation via quantum mechanical tunneling, enabled
selective access to regioisomeric alkylated arenes. Mechanistic investigations combined with density func-
tional theory (DFT) calculations shed light on the origin of this regioselectivity switch. Remarkably, this
process exhibited superior efficiencies, reactivities, and synthetic utilities, and can be performed on the
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Arene alkylations are among the most fundamental transforma-
tions in organic synthesis. Indeed, alkylated aromatic hydrocarbons
are widely used as fine chemicals, bioactive natural products, phar-
maceuticals, and functional materials [1,2]. Controlling the regios-
electivity is crucial to ensuring synthetic value in direct alkyla-
tion reactions that functionalize aromatic C-H bonds [3,4]. State-
of-the-art techniques for regioselectively alkylating arenes primar-
ily employ the Friedel-Crafts alkylation method [5,6], which uses
an alkyl halide, alkene, or alcohol as the alkylating agents in the
presence of a strong acid (Scheme 1a) [7]. However, this tradi-
tional approach has several drawbacks, including harsh reaction
conditions, rearrangements, and the poor reactivities of electron-
deficient arenes. Recently, transition-metal-catalyzed direct C-H
bond alkylations using alkenes or alkyl halides as the alkylating
reagents has emerged as robust alternatives to traditional alkyla-
tion. Such reactions provide alkylation products whose regioselec-
tivities depend on the transition metals and ligands used (Scheme
1b) [8-17]. However, this strategy often requires the assistance of
a directing group to enhance reactivity and maintain regioselec-
tivity. In addition, the directing group is inherently difficult to re-
move if undesired in the final alkylated arene, which somewhat
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limits the scope and synthetic utility of such a process. More-
over, the selective transition-metal-catalyzed cross-coupling of two
fragments to form a new C(sp?)-C(sp3) bond has become an in-
dispensable tool for modern synthetic chemists (Scheme 1c). For
example, the Suzuki, Kumada-Corriu, Negishi, and Stille coupling
reactions are most often mediated by palladium catalysts [18,19].
Alternatively, radical-based nickel-catalyzed cross-couplings utilize
building blocks such as carboxylic acids and their activated alkyl
esters; this reaction was pioneered by Baran [20], while Zultanski,
Weix and Gong popularized a similar reaction using alkyl halides
[21-23]. Despite extraordinary advances in cross-coupling chem-
istry, some intrinsic obstacles remain unsolved, including the use
of expensive metal-ligand catalysts and stoichiometric metal reduc-
tants. More recently, nickel-catalyzed photochemical and electro-
chemical cross-couplings have become popular strategies for un-
locking a new C(sp?)-C(sp?) cross-coupling paradigm (Scheme 1d)
[24-31]. These approaches greatly expand the variety of intricate
substrates and highlight the benefits of metallaphotoredox reac-
tions for the late-stage functionalization of complicated molecules.
The practical utility of redox control displayed by photochemistry
and electrochemistry is compelling.

Based on the above background, we envisaged the development
of a new reaction for producing both ipso-substitution and Friedel-
Crafts-type C-H alkylation products via the substrate-controlled re-
giodivergent alkylations of aromatic nitriles. Halogen atom trans-
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Scheme 1. Arene alkylation strategies and impetus.

fer (XAT) is a mature technique in which the strong polar ef-
fects in the transition state involving the alkyl halide benefit the
formation of free radicals and can be used as part of a C-C
bond-forming strategy. Typically, Mn,(CO);9 [32], tin [33,34], sil-
icon reagents [35-44], and trialkyl borane-0, systems [45] can
act as halogen extraction reagents to transform unactivated alkyl
halides into their corresponding carbon radicals. More recently,
XAT has also been incorporated into photocatalytic strategies [46-
61] and tertiary amines have been utilized as halogen extraction
reagents [62,63]. Tertiary amines, which are sustainable, low-toxic
and abundant, and highly useful for organic synthesis as a conse-
quence, may be used as alternatives to environmentally unfriendly
metals or silicon reagents [64-72].

Herein, we designed synergistically regiodivergent alkylation
chemistry for aromatic nitriles that involves XAT and photocataly-
sis. The two reactivity manifolds, which require the same photore-
dox catalyst, reaction conditions, and additives, can be selected to
suit requirements by choosing appropriate alkyl halides that pro-
duce ipso-substitution products or Friedel-Crafts-type alkylation
products (Scheme 1le). We decided that a detailed investigation
is worth pursuing because regioselectivity is controlled by simply
changing the alkyl halide, thereby dictating the regioisomeric out-
come of the process.

We used 1,4-dicyanobenzene (1) as the model substrate
(Table 1). A solution of bromocyclohexane (2, 2.0 equiv.), Ir(dFppy);
(1 mol%), triethylamine (3.0 equiv.), and K3PO4 (2.0 equiv.) in
CH3CN (0.1 mol/L) was irradiated by blue LED light for 24h to af-
ford ipso-substitution product 26 in 88% yield (entry 1, path i). Af-
ter carefully investigating the reaction parameters, we discovered
that differently substituted products were obtained when alkyl
bromides or alkyl iodides were used. Friedel-Crafts-type alkylation
products were obtained by substituting the alkyl bromide for the

alkyl iodide, to afford product 44 in 79% yield (entry 11, path ii).
The yield of 26 decreased substantially when Ir(dFppy); was re-
placed with other photocatalysts (entry 2 and Table S1 in Support-
ing information for details). Among various solvents, CH;CN proved
to be the most effective, whereas low reactivities were observed
in DMF, DMSO, acetone, DMA, DCE, and MeOH (entry 3 and Ta-
ble S2 in Supporting information for details). Substituting EtsN for
N,N-diisopropylethylamine (iPr,NEt) afforded a slightly lower yield
(entry 4), whereas other XAT reagents exhibited much lower re-
activities (entry 5 and Table S3 in Supporting information for de-
tails). K3PO4 was crucial for the reaction as evidenced by other
bases resulting in a marked decrease in reaction efficiency (Table
S4 in Supporting information). Commonly used light sources were
screened, with white or purple LED irradiation affording much
lower conversions of the desired product 26 (entry 6). Using 1.0
or 2.0 equiv. of triethylamine resulted in a notable decrease in ef-
ficiency, demonstrating that the amount of triethylamine used also
impacts reaction efficiency (entry 7). Shortening the reaction time
to 12 h afforded the desired product in 49% yield (entry 8). Con-
trol experiments revealed that light is essential for the reaction
(entry 9). Finally, a reaction-condition-based sensitivity analysis re-
vealed that the reaction is sensitive to oxygen (entry 10). In the
Friedel-Crafts-type alkylation process, substituting EtsN for iPr, NEt
afforded a marginally lower yield (entry 12), while the other XAT
reagents exhibited much lower reactivities (entry 13). Using 1.0
or 2.0 equiv. of triethylamine resulted in a slight decrease in ef-
ficiency, demonstrating that the amount of triethylamine used im-
pacts reaction efficiency (entry 14). Reducing the reaction time to
12 h afforded the desired product in 45% yield (entry 15). Control
experiments revealed that light is essential for this reaction (entry
16). Finally, a reaction-condition-based sensitivity analysis show ed
that the reaction is sensitive to oxygen (entry 17). Additionally,
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Table 1
Optimizing the reaction conditions.
Ir(dFppy)z (1 mol%)
Br Et3N (3 equiv.), K3POy4 (2 equiv.)

CH4CN (0.1 M), .t 24 h
12 W blue LEDs

o

2, 2 equiv,/ path i
26, 88%

o
NC

path ii

1,0.2 mmol ! Ir(dFppY)s (1 mol%) ~CN
EtsN (3 equiv.), K3PO, (2 equiv.) | P
3, 1.5 equiv. CH5CN (0.1 M), rt,, 24 h NC
12 W blue LEDs
44,79%
Entry Variations from standard conditions Yield of

26/44 (%)

Ipso-substitution (path i)

1 No deviation® 88
2 Other photocatalysts <20
3 DMF, DMSO, Acetone, DMA, DCE, MeOH as solvent <40
4 iPr,NEt as XAT reagent 82
5 nBusN, TMEDA, (TMS)3SiH as XAT reagent <30
6 395 nm Purple LEDs or White LEDs <35
7 1.0 or 2.0 equiv. of triethylamine <63
8 12 h reaction 49
9 In the dark 0
10 In the air 40
Friedel—Crafts-type C-H alkylation (path ii)

11 No deviation® 79
12 iPr,NEt as XAT reagent 75
13 nBusN, TMEDA, (TMS)3;SiH as XAT reagent Trace
14 1.0 or 2.0 equiv. of triethylamine <70
15 12 h reaction 45
16 In the dark 0
17 In the air 60

2 Isolated yield based on 1.

b 1 (0.2 mmol), 2 (0.4mmol, 2 equiv.), Ir(dFppy); (0.002 mmol), K3PO,4 (0.4 mmol),
triethylamine (0.6 mmol), CH3CN (2 mL), room temperature, N, atmosphere, 12W
blue LEDs, 24 h.

€1 (0.2mmol), 3 (0.3mmol, 15 equiv.), Ir(dFppy)s (0.002mmol), K3PO4
(0.4 mmol), triethylamine (0.6 mmol), CH3CN (2 mL), room temperature, N, atmo-
sphere, 12W blue LEDs, 24 h.

alkyl chlorides and alkyl fluorides are not applicable to this reac-
tion, due to the excessively large bond dissociation energies (BDEs)
of R-F and R—Cl bonds [73].

Having identified the optimal conditions for the ipso-
substitution reaction between an alkyl bromide and 1,4-
dicyanobenzene (1), we next evaluated the scope of the process
(Scheme 2). We explored the alkyl-bromide substrate range by
initiating reactions between primary alkyl bromides and 1, which
afforded alkylated products 4-13 in 39%-58% yield. This outcome
is attributable to the lower stability and nucleophilicity of primary
radicals compared to their secondary counterparts [74]. Notably,
this protocol can selectively abstract bromide instead of chloride;
hence 1-bromo-6-chlorohexane is a suitable substrate, affording
the target product 10 in moderate yield. Unsurprisingly, under
our standard conditions, acyclic secondary alkyl bromides afforded
corresponding products 14-18 in excellent yields (up to 92%).
Notably, 1,3-dibromobutane was compatible with the reaction
conditions, affording target product 19 in moderate yield. In
addition, alicyclic alkyl bromides were suited to the reaction and
cyclic and heterocyclic alkyl bromides 20-28 afforded the desired
products in good yields. In particular, the reaction proceeded with
Boc-protected piperidine motifs to afford 23 in 85% yield; this
type of product is an important precursor and synthetic block
for the synthesis of drugs [75]. Owing to spatial hindrance, the
tertiary alkyl bromide afforded the desired product 29 in moderate
yield. Subsequently, we explored the scope of the reaction with
respect to the aryl nitrile using 2 as the alkyl bromide. Methyl
4-cyanobenzoate and ethyl 4-cyanobenzoate afforded moderate-to-
good yields (27%-73%) of the corresponding products. Moreover,
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the lactone group on the aryl ring was accommodated under these
reaction conditions, with a moderate yield (58%) of 34 obtained.
As expected, polysubstituted benzonitriles, such as 2-methyl-1,4-
benzenedicarbonitrile and 2,5-dimethylbenzene-1,4-dicarbonitrile,
were viable reagents to afford 35-37 in 73%-79% yield. The
scalability of the method was assessed by reacting 1.28 g of 1 and
2.0 equiv. of 2, which resulted in the production of 1.33g (72%
yield) of 26.

Next, we explored the scope of the Friedel-Crafts-type C-
H alkylation reaction (Scheme 3). Acyclic primary alkyl iodides
afforded the corresponding products 38-40 in moderate yields
(38%-58%). Unsurprisingly, secondary alkyl iodides, under the
standard conditions listed herein, afforded the corresponding prod-
ucts 41 and 42 in good yields (76% and 73 %, respectively). Ali-
cyclic alkyl iodides were also suited to the reaction, carbocyclic
and heterocyclic alkyl iodides 43-49 afforded the desired prod-
ucts in good yields. For the alkyl iodide coupling partners, methyl
4-cyanobenzoate and ethyl 4-cyanobenzoate afforded the corre-
sponding products in moderate yields (50 and 51, 57 %, and 56%,
respectively). 1,3-Dicyanobenzene and 1,2-dicyanobenzene afforded
the corresponding products 52 and 53 in good yields (80%, and
75 %, respectively). In addition, 2-chlorobenzonitrile was a suitable
substrate (54, 47 % yield). To showcase the versatility of this proto-
col, we successfully applied it to four polycyclic alkyl iodides de-
rived from steroidal natural products containing olefins and car-
bonyl groups to afford target compounds 55-58 in high yields
(65%-75%). This outcome underscores the practical synthetic po-
tential of the developed process. The scalability of the method was
assessed by reacting 1.28 g of 1 and 1.5 equiv. of 3, which afforded
1.29g (61% yield) of 44.

Next, we investigated the reaction mechanisms. To understand
the sequence of each step, we performed a series of fluorescence-
quenching experiments using a photocatalyst (Scheme 4a). Fluores-
cence quenching and Stern-Volmer studies suggested that the ex-
cited photocatalyst Ir(dFppy); initially reacts with triethylamine via
single-electron transfer (Figs. S1-S4 in Supporting information for
details). Subsequently, a radical-clock experiment was conducted.
We selected (bromomethyl)cyclopropane and 6-iodo-1-hexene as
substrates that react with 1, with ring-cleavage products 59 and
cyclized products 60 observed, respectively, which indicates that
both reaction processes generate alkyl radicals (Scheme 4b). The
reaction of 1 with alkyl halide 2 or 3 was annihilated when
a radical scavenger such as BHT (butylated hydroxytoluene, 3.0
equiv.), or TEMPO (2,2,6,6-tetramethyl-1-piperidinyloxy, 3.0 equiv.)
was used; these reactions delivered trace amounts of adducts de-
rived from the o-aminoalkyl radical and cyclohexyl radical, which
suggests that the reactions follow radical pathways and that «-
aminoalkyl radical and cyclohexyl radical are generated and serve
as intermediates for both reactions (Scheme 4c). Next, a loading
of only 5 mol% triethylamine and 5.0 equiv. of K3PO,4 afforded de-
sired product 44 in 45% yield and a trace amount of desired prod-
uct 26; almost no reaction took place in the absence of K3POg4
(Scheme 4d). These results indicate that 1 and 3 are involved in
a radical chain propagation reaction, and that K3PO4, as a sec-
ondary base, serves to quench the HI formed in this process. A
light/dark experiment revealed that products 26 and 44 are only
formed under light irradiation, which indicates that the chain-
propagation process is short-lived and that light is essential for
product formation (Fig. S5 in Supporting information). A compe-
tition experiment between 2 and 3 was conducted using a 1:1
mixture of 2 and 3 under standard conditions (Scheme 4e). Inter-
estingly, 44 was obtained in 61% yield along with trace amounts
of 26. These results further demonstrate the distinct reactivity dif-
ferences between the two substrates. While the mechanism of the
ipso-substitution reaction (path i) can be elucidated on the basis of
our experimental observations and literature reports [76-79], that
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Scheme 2. Substrate scope of the ipso-substitution. See Table 1, entry 1 for detailed conditions.
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Scheme 3. Substrate scope of the Friedel—Crafts-type C-H alkylation. See Table 1, entry 11 for detailed conditions.

of the Friedel—Crafts-type C-H alkylation reaction remains unclear; tion to explore the proposed arene alkylation mechanism. Our

therefore, the mechanism associated with path ii requires further
exploration.

To gain further insight into the observed selectivity, density
functional theory (DFT) calculations (see Supporting information
for computational details) were performed on the model reac-

calculations revealed that substrate 2 can progress along path i
(Scheme 5a). o-Aminoalkyl radical 66 initiates the XAT reaction
with 2 via transition state TS1 (AG'=23.1kcal/mol), which af-
fords the nucleophilic alkyl radical 67; this reaction is exergonic by
3.9 kcal/mol. The free-radical addition of 68 to radical 67 via tran-
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a) Fluorescence quenching experiments
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b) Radical clock reaction
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Scheme 4. Mechanistic studies.

sition state TS3 (AG'=27.8kcal/mol) affords INT1. Subsequently,
the carbanion intermediate 69 is generated via the transition
state for free naphthenic base migration (TS4; AG'=26.6 kcal/mol)
in INT1. Thereafter, elimination of CN- via transition state TS5
(AG'=12.1kcal/mol), affords the thermodynamically stable prod-
uct 26.

We initially attributed the outcome of path ii to arom-
atization followed by faster hydrogen atom abstraction [49].
However, computational analysis of this reaction profile re-
vealed that the hydrogen atom abstraction is energetically up-
hill (>22 kcal/mol) with a high kinetic barrier (Scheme 5b), which
indicates that a distinct mechanistic pathway operates under
these reaction conditions. We also eliminated the possibility of
iodine-atom transfer occurring from 70 because this process is
highly endergonic (AG®=36.3kcal/mol) and kinetically unfavor-
able (AG'=44.2 kcal/mol) (Scheme 5c). Deprotonation of 70 to the
corresponding phenyl radical anion, followed by SET activation of
the substrate, was also excluded based on the calculated high acid
dissociation constant pK, = 16 [acetonitrile (CH3;CN)] for the proton
in 70 (Scheme 5d).

Substrate 3 can progress along path ii by combining aromati-
zation and halogen transfer (Scheme 5a). @-Aminoalkyl radical 66
initiates the XAT reaction with 3, which occurs via transition state
TS2 (AG'=14.4kcal/mol); this reaction affords the nucleophilic
alkyl radical 67 and is exergonic by 18.2 kcal/mol. Thereafter, rad-
ical 67 adds to 1 via transition state TS6 (AG' =16.7 kcal/mol) to
form intermediate 70. Compounds 70 and 3 are typically close

to thermoneutral (AG?=—1.0kcal/mol) but still have a signifi-
cantly high Kinetic barrier (AG'=37.2 kcal/mol), which is expected
to thwart reactivity. However, the very large imaginary frequency
observed (v=-1875cm™!) implies that the barrier is very nar-
row (Scheme 5e) [80-82]. The energy barrier for the reaction be-
tween 67 and 68 is higher than that for 67 and 1, leading 67 to
react preferentially with 1, thereby yielding product 44 (Fig. S7
in Supporting information). Under these circumstances, hydrogen
atoms are generally considered to transfer via quantum mechan-
ical tunneling, leading to large H/D KIEs [49,83-86]. Accordingly,
kinetic isotope effect experiments were performed to validate this
mechanistic scenario. An intermolecular competition reaction be-
tween 1,4-dicyanobenzene (1) and (2H4)benzene-1,4-dicarbonitrile
was carried out in the same pot, which showed a clear isotope
effect (ky/kp=13.77, Scheme 5f), as calculated from the product
ratios of 44 and 64. These results provide evidence that the C-
H bond breaking step in 1,4-dicyanobenzene, in which 3 partici-
pates, is governed by tunneling and also indicate that tunneling
is important to the rate-determining step [87-89]. Next, we re-
peated the reaction for 2 in the presence of 1 at a lower temper-
ature (T=-20°C) and observed a significant loss of yield (18% at
T=25°C versus 6% at T=-20°C) (Scheme 5g). However, the reac-
tion for 3 in the presence of 1 at a lower temperature (T=—-20°C)
afforded an almost identical yield (16% at 25°C vs. 15% at —20°C).
These results demonstrate that the rate of hydrogen transfer by 3 is
insensitive to temperature, providing additional evidence that the
reaction occurs via quantum mechanical tunneling [90].
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Scheme 5. DFT calculations. Outlining possible mechanistic scenarios leading to quantum-tunneling-controlled concerted halogen-atom-transfer. Potential energies and Gibbs
free energies (kcal/mol) were calculated at the wB97-XD/def2qzvpp/SMD (acetonitrile)//wB97-XD/def2svp/SMD(acetonitrile)) level relative to 66 and 2/3.

Finally, we propose a mechanism for path i (Scheme 6a), in
which the Ir(dFppy)s; photocatalyst is excited by blue light, and the
resulting excited Ir3*+ state (Epy 12 PC*[PC—=+0.36V vs. SCE) [91]
oxidizes EtzN (Eox 12 =+0.77V vs. SCE), followed by deprotonation
to produce a-aminoalkyl radical 66 and the Ir2t species. Single-
electron reduction of 1,4-dicyanobenzene (1, Eyeq 12 =—161V vs.
SCE) [92,93] by Ir2* (Ered 12 PC/PC~ =187V vs. SCE) [91] gen-
erates radical carbanion intermediate 68, which completes the
photoredox cycle. Thereafter, radical cation 66 cleaves the C-Br
bond in 2 to generate nucleophilic alkyl radical 67, which adds to
the carbanion intermediate 69 and eliminates CN~ to form prod-
uct 26. In path ii (Scheme 6b), radical 67 then adds to 1 via a
Friedel-Crafts-type alkylation pathway to afford radical 70, which
subsequently triggers the quantum-mechanical-tunneling-enabled
aromatization-halogen atom transfer (QMT-XAT) process to pro-

duce desired product 44 and regenerate radical 67 to facilitate the
radical chain process.

In summary, we demonstrated an unprecedented substrate-
controlled regiodivergent alkylation strategy for aromatic ni-
triles. Remarkably, site selectivity during alkyl radical trapping
with an aromatic nitrile can be controlled by judicious choice
of alkyl halide. While the use of an alkyl bromide preferen-
tially affords the ipso-substitution product, site selectivity can be
switched to Friedel—Crafts-type C-H alkylation by swapping to
an alkyl iodide. Mechanistic studies and DFT calculations estab-
lished that quantum-mechanical-tunneling-enabled aromatization-
halogen atom transfer directs the process toward the C-H alky-
lation pathway, while photocatalytic radical coupling leads to the
ipso-substitution pathway. The protocol permits aromatic nitriles
with cyclic and acyclic alkyl halides to be efficiently and selec-
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Scheme 6. Plausible reaction mechanisms.

tively functionalized, and is scalable to the gram level. We believe
that this work provides a valuable conceptual extension to existing
aromatic nitrile alkylations, with improved efficiencies, reactivities,
and synthetic utilities.
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