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ABSTRACT: Insertion of unsaturated functionalities into the amide C(O)−N bond has emerged as an important approach for
constructing nitrogen-containing scaffolds with high atom economy. While insertions of alkynes, arynes, alkenes, and imines are
established, the insertion of nitriles remained unexplored. Herein, we present the discovery and mechanistic study of a Lewis base-
boryl radical-mediated nitrile insertion of cyanoarenes into the C(O)−N bond of trifluoroacetamides. Under photoredox catalysis,
trifluoroacetamides, cyanoarenes, and 4-dimethylaminopyridine-borane (DMAP-BH3) are converted into N-trifluoroacetyl-
substituted aminals. The reaction mechanism was elucidated through a series of experiments and theoretical calculations. The
results revealed that the key step involves the combination of a carbon radical―generated from 4-dimethylaminopyridine
(DMAP)-boryl radical attack on the amide oxygen of trifluoroacetamide―with a keteniminyl radical anion formed by single-
electron reduction of the cyanoarene, affording a 1,3-diazetidin-1-ide intermediate. Subsequent ring-opening of the intermediate,
followed by radical boron migration and protonation, leads to the N-trifluoroacetyl-substituted aminal product.

1. INTRODUCTION
Amides constitute fundamental functional groups ubiquitous in
natural products, pharmaceuticals, and synthetic materials.1

Their broad availability and structural diversity make them
indispensable building blocks in modern organic synthesis, and
enormous efforts have been devoted to the development of
efficient methods for amide functionalization.2 In this context,
direct functional group insertion into the amide C(O)−N
bonds has emerged as a highly efficient and atom-economical
strategy for constructing structurally diverse nitrogen-contain-
ing scaffolds. An array of unsaturated functionalities, including
alkynes, arynes, alkenes, and imines, have been successfully
incorporated into the amide C(O)−N bonds through different
reaction pathways (Scheme 1a).3 For example, alkyne4 and
aryne5 insertions normally rely on transition-metal-catalyzed or
base-promoted protocols. In typical transition-metal-catalyzed
alkyne insertions (Scheme 11),4a metal coordination activates
the alkyne, triggering intramolecular nucleophilic attack by the
amide nitrogen to form a C−N bond. Subsequent [1,3]-acyl
migration generates a new C−C bond. Aryne insertions
proceed via base-mediated nucleophilic attack of deprotonated
amides on in situ generated arynes, forming a strained four-
membered intermediate that undergoes ring opening with C−
N bond cleavage (Scheme 1b(2)).5a Additionally, photo-

chemical [2 + 2] cycloadditions enable alkene and imine
insertion into cyclic amides6 and imides7 under UV irradiation,
which also involve C(O)−N bond cleavage upon ring opening
(Scheme 1b(3)). Despite these well-established insertion
methods for various unsaturated partners,8 the direct insertion
of nitriles into the amide C(O)−N bond remains unexplored
and would represent a distinct reaction manifold. Owing to the
unique electronic character of nitriles, this transformation
would likely proceed via a mechanism fundamentally different
from those previously reported. Accordingly, evaluating the
feasibility of nitrile insertion and delineating its mechanistic
pathway are essential. Understanding this new mode of amide
C(O)−N bond functionalization would not only provide
access to novel nitrogen-containing structures but also offer
insights for expanding insertion chemistry to other challenging
unsaturated substrates.
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Electrophilic cyanoarenes, exemplified by 1,4-dicyanoben-
zene, have been extensively employed as coupling reagents in
radical transformations (Scheme 1c).9 Under photocatalytic10

or electrochemical11 conditions, these compounds can accept
one electron to form an arene radical anion intermediate,
which engages in cross-coupling with various radicals.
Subsequent elimination of cyanide ion delivers the correspond-
ing coupling products. This single-electron transfer (SET)
induced coupling represents the well-established reactivity
paradigm for electrophilic cyanoarenes. However, the potential

for the nitrile group (−C�N) itself to participate in insertion
reactions into σ-bonds, particularly the robust amide C(O)−N
bond, has not been reported and would constitute an
alternative mode of reactivity distinct from radical coupling
pathways.

Lewis base-boryl radicals are versatile species with a broad
spectrum of reactivities.12 Notably, diverse transformations
have been developed by leveraging the reactivity of boryl
radicals to attack carbonyl oxygen atoms. For instance, Li and
co-workers have demonstrated various reductive coupling

Scheme 1. Insertion of Unsaturated Groups Into C(O)−N Bond of Amides and Radical Reaction Modes of 1,4-
Dicyanobenzene
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reactions of aldehydes and ketones.13 Aggarwal,14 Glorius,15

Li,16 Fu17 and Li18 have independently reported decarbox-
ylative functionalization reactions of N-hydroxyphthalimide
esters. Li has disclosed a series of boryl radical-catalyzed
transformations.19 Our group has developed a boryl radical-
promoted spin-center shift (SCS) strategy, facilitating the
selective functionalization of C−F,20 C−Cl,21 and C−O22

bonds located at the α-position of amides. Furthermore,
Curran and Walton have carried out in-depth mechanistic
studies to elucidate the nature of the key boryl radical addition
to carbonyl oxygen atoms.23 Herein, we report the discovery
and mechanistic investigation of a boryl radical-mediated
reductive nitrile insertion of cyanoarenes into the C(O)−N
bonds of trifluoroacetamides under photoredox catalysis

Scheme 2. Photocatalytic Reaction of Trifluoroacetamides 1, 1,4-Dicyanobenzene 2a and DMAP-BH3

Scheme 3. Experiments to Verify the Formation of Trifluoromonoacylaminal 5a

aYields were determined by 1H NMR analysis of the crude products, using 1,1,2,2-tetrachloroethane as an internal standard.
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(Scheme 1d). Leveraging the reactivity of boryl radicals to
attack amide carbonyl oxygen atoms, we realized the insertion
of nitrile into amide C(O)−N bond and uncovered a new
insertion reactivity of cyanoarenes.

2. RESULTS AND DISCUSSION
2.1. Reaction Discovery. In 2021, our group discovered

that the Lewis base-boryl radical can enable the sequential C−
F bond functionalization of trifluoroacetamides via spin-center
shifts.20a To probe the reactive intermediate in the trans-
formation, we performed reactions of trifluoroacetamides 1a
and 1b with 1,4-dicyanobenzene 2a under photocatalytic
conditions. As shown in Scheme 2, the reaction of 1a with 2a

afforded amine 3a and borylated amide 4a when using 4-
dimethylaminopyridine-borane (DMAP-BH3) in the presence
of KH2PO4 as an additive and [Ir(dtbbpy)(ppy)2]PF6 as the
photocatalyst. In contrast, an identical reaction with 1b under
the same conditions led to the formation of N-trifluoroacetyl-
substituted aminal 5b. The structures of 4a and 5b were
confirmed by X-ray crystallographic analysis.24 How were these
products formed in the reactions? Why did 1a and 1b give
different types of products? These questions prompted us to
conduct further mechanistic investigations.
2.2. Mechanistic Investigation. A reasonable hypothesis

was that N-trifluoroacetyl-substituted aminal 5a serves as an
intermediate in the formation of 3a and 4a. To verify the

Scheme 4. Isotopic Labeling Experiments: Verification of Reductive Nitrile Insertion into the C(O)−N Bond of
Trifluoroacetamides

Scheme 5. Crossover Experimentsa

aYields were determined by 1H NMR analysis of the crude products, using 1,1,2,2-tetrachloroethane as an internal standard.
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hypothesis, we conducted several control experiments (Scheme
3). Initially, we sought to isolate 5a by varying the reaction
conditions. Pleasingly, 5a was successfully obtained when the
visible light wavelength was adjusted to 390 nm. Subjection of
5a to the standard conditions afforded 3a and 4a, while no
reaction occurred in the absence of the photocatalyst. These
findings strongly supported our hypothesis. Interestingly, N-
trifluoroacetyl-substituted aminal 5b remained completely
intact under the standard conditions.

To explore whether the reaction proceeded via a rearrange-
ment mechanism, we designed and carried out two isotopic
labeling experiments (Scheme 4). The 15N-labeling experiment
showed that the nitrogen from 1a was transferred to 3a, while
the nitrogen in 4a originated from 2a. The 13C-labeling
experiment indicated that the N-phenyl group of 1a was linked
to the cyano carbon atom of 2a through cleavage of the cyano

C−N bond. Collectively, these results suggested that N-
trifluoroacetyl-substituted aminals 5 are generated from the
photoreactions of trifluoroacetamides 1, 1,4-dicyanobenzene
2a, and DMAP-BH3. Remarkably, the cyano group in 2a was
reduced and incorporated into the amide C(O)−N bond of 1
during this process. To the best of our knowledge, this
represents the first instance of photochemical insertion into the
C(O)−N bond of acyclic amides. The reaction proceeds under
mild visible-light conditions, eliminating the need for UV
irradiation. Notably, such reactivity of 1,4-dicyanobenzene 2a
has not been described in prior studies. The different reaction
outcomes for 1a and 1b could be attributed to the difference in
oxidation potentials between 5a and 5b (see Supporting
Information, Figures S14 and S15).

Crossover experiments were conducted using substrates 1b
and 1c (Scheme 5). The product 5b was obtained from the

Figure 1. Nanosecond time-resolved transient absorption spectra (a) and quenching experiments (b) in PhCl solutions. c([Ir(dtbbpy)(ppy)2]PF6)
= 5 × 10−6 M, λex = 355 nm.

Scheme 6. A Plausible Mechanism for Nitrile Insertion of Dicyanobenzene into the C(O)−N Bond of Trifluoroacetamides
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reaction of 1b, 2a, and DMAP-BH3, while 3a, 4c, and 5c were
formed from the reaction of 1c, 2a, and DMAP-BH3. No
crossover products were detected, which suggested that
intermolecular reactions are unlikely.

Nanosecond time-resolved transient absorption spectra and
quenching experiments were conducted to identify the
quencher of the excited photocatalyst in the reaction system.
Upon photoexcitation at 355 nm, the excited state of
[Ir(dtbbpy)(ppy)2]PF6 in PhCl exhibited a strong and broad
emission band with the maximum at 600 nm in transient
absorption spectra (Figure 1a), consistent with the literature-
reported value of 581 nm in acetonitrile.25 Among the three
substrates evaluated, only DMAP-BH3 demonstrated a linear
quenching effect, with a quenching rate constant (kq) of 6.8 ×
106 M−1 s−1 (Figure 1b). The other two substrates did not
show obvious quenching effects (see Supporting Information,
Figures S8 and S9).

Based on these results, a plausible mechanism was proposed
for the reductive nitrile insertion of cyanoarenes into the
C(O)−N bond of trifluoroacetamides (Scheme 6). Upon
photoirradiation, the photocatalyst [IrIII] is initially trans-
formed into its excited state [IrIII*]. Single-electron transfer
(SET) from DMAP-BH3 (Ep/2 = 0.82 V vs SCE, see
Supporting Information, Figure S13) to [IrIII*] (E1/2

red

[*IrIII/IrII] = 0.66 V vs SCE)26 generates DMAP-BH3 radical
cation and [IrII]. A subsequent SET from [IrII] (E1/2

red [IrIII/
IrII] = −1.51 V) to 2a (E1/2

red = −1.61 V vs SCE)27 produces

the arene radical anion Int-2-A and regenerates [IrIII] to
complete the photoredox cycle. The DMAP-BH3 radical cation
undergoes rapid deprotonation to generate DMAP-boryl
radical, which attacks the carbonyl oxygen atom of
trifluoroacetamide 1a to give a carbon radical Int-1. This
radical is stabilized by the α-nitrogen and α-oxygen atoms, as
well as the CF3 moiety. Somehow, the stabilized radical Int-1
then reacts with the keteniminyl radical anion Int-2-B, a
resonance form of arene radical anion Int-2-A, to form a
strained 1,3-diazetidin-1-ide intermediate Int-3.28 Int-3 under-
goes ring-opening, followed by boron migration and
protonation, ultimately delivering the N-trifluoroacetyl-sub-
stituted aminal product 5a.

Regarding the formation of 1,3-diazetidin-1-ide Int-3, there
are several potential pathways (Scheme 7). Path a involves
visible-light-induced [2 + 2] cyclization between imine Int-5
and Int-6,29 which are derived from Int-1 and Int-2
respectively. However, the triplet energies of Int-5 and Int-6
were calculated to be 75.6 and 63.4 kcal/mol, respectively.
These values exceed the triplet excited energy of the
photosensitizer [Ir(dtbbpy)(ppy)2]PF6 (ET = 49.2 kcal/
mol).30 Consequently, Path a is unlikely to be a viable
mechanism.

In Path b and Path c, radical Int-1 couples with Int-2-B to
generate a ketenimine-type intermediate Int-7. An intra-
molecular proton transfer yields imine Int-8, which may
undergo cyclization through either an ionic mechanism (Path

Scheme 7. Three Possible Pathways for the Generation of Int-3
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b) or a photocatalyzed radical process (Path c) to afford the
target molecule 5a. Notably, a control experiment with an
external amine produced 4-cyanobenzyl-ligated amine product
3d, implying the involvement of an imine-type intermediate
(see Supporting Information, Figure S11).

To gain deeper insights into the reaction mechanism and to
evaluate the feasibility of Path b and Path c, density functional
theory (DFT) calculations were performed at the ωB97XD/
def2-TZVP/SMD(chlorobenzene)//ωB97XD/def2-SVP/
SMD (chlorobenzene) level of theory. As depicted in Scheme
8, the addition of a boryl radical to the carbonyl oxygen atom
of trifluoroacetamide 1a proceeds via TS-1 with an energy
barrier of 11.0 kcal/mol. The step is found to be exergonic by
10.2 kcal/mol, leading to the formation of a stabilized radical
Int-1. This result is consistent with our previous report.20a The
coupling of radical Int-1 with Int-2-B is an endergonic process,
requiring an activation free energy of 20.3 kcal/mol. The
relatively high Gibbs free activation energy can be attributed to
two primary factors. First, Int-1 is a sterically hindered tertiary
carbon radical, rendering its coupling with Int-2-B sterically
unfavorable. Second, both radicals are stabilized, and their
coupling may not align with the persistent radical effect.31 In
contrast, the subsequent intramolecular proton transfer of Int-
7-B is a facile and exergonic step (ΔG = −12.8 kcal/mol),
thereby promoting the reaction to proceed forward. However,
the ionic cyclization of Int-8 to form a strained four-membered
ring intermediate was found to be unattainable, with a high
energy barrier of 33.7 kcal/mol. This result implies that Path b
is not viable under the given conditions.

Next, we turned to explore the possibility of Path c, a
photocatalyzed radical cyclization of Int-8. A careful inspection
of Int-8 revealed that it comprised an electron-rich anilide
anion moiety and an electron-deficient 4-cyanobenzyl iminyl
segment. This structural arrangement allowed intramolecular
charge transfer under photocatalytic conditions. Time-depend-
ent DFT (TD-DFT) calculations at the ωB97XD/def2-SVP/

SMD(chlorobenzene) level revealed that the lowest excitation
energy of Int-8 was 2.80 eV, which corresponds to a
wavelength of 442 nm, with an oscillator strength (f) of
0.064 (Scheme 9). This excitation wavelength aligned well
with the emission range of the Kessil light employed in the
reaction (see Supporting Information Figure S2). Furthermore,
the HOMO of the excited state Int-8-S1 was primarily
localized on the anilide anion moiety, while the LUMO was
predominantly situated on the aryl nitrile segment. The
calculated results also indicated that the transition from π-
HOMO to π-LUMO dominated, accounting for 90% of the
absorption peak at 442 nm. These results collectively
confirmed that Int-8 was capable of undergoing intramolecular
charge transfer under our photocatalytic reaction conditions.
These findings encouraged us to conduct a detailed
investigation of the visible-light excitation process. Upon
photon absorption, Int-8 is promoted to its singlet excited
state Int-8-S1, which undergoes intersystem crossing (ISC) to
reach the triplet state Int-8-T1. The triplet state Int-8-T1 then
relaxes to generate the open-shell singlet configuration Int-9
through a spin-flip process. Finally, Int-9 undergoes a
recombination ring-closing, ultimately leading to the exergonic
formation of the 1,3-diazetidin-1-ide intermediate Int-3 (ΔG =
−14.8 kcal/mol). A control experiment was conducted in the
presence of a known triplet quencher, 2,5-dimethylhexa-2,4-
diene. The desired amide C(O)−N bond insertion reaction
was completely inhibited, supporting the involvement of triplet
intermediates (see Supporting Information, Figure S12).

After investigating the mechanism underlying the formation
of Int-3, we next examined its conversion to N-trifluoroacetyl-
substituted aminal 5a (Scheme 10). The ring-opening of Int-3
proceeds via TS-5 with an activation free energy of 14.1 kcal/
mol, facilitating the cleavage of the amide C(O)−N bond and
leading to Int-4. A direct ionic O-to-N boron migration
through a four-membered ring transition state TS-6 is highly
unfavorable, requiring an activation free energy of 37 kcal/mol.

Scheme 8. DFT Calculation on the Generation and Ionic Cyclization of Int-8
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Instead, the O-to-N boron migration likely proceeds through a
two-step radical process promoted by the DMAP-boryl radical.
The attack of the boryl radical on the nitrogen atom of the
C�N bond in Int-4 requires a low energy barrier of 7.8 kcal/
mol, leading to the exergonic formation of a stabilized carbon
radical Int-10. The subsequent elimination of the boryl radical
requires an activation energy of 11.3 kcal/mol, delivering Int-
11, which is primed for protonation to furnish product 5a.
2.3. Optimization of Reaction Conditions. Intrigued by

this novel reductive nitrile insertion of cyanoarenes into the
C(O)−N bond of trifluoroacetamides, we conducted an
optimization study using methyl 4-(2,2,2-trifluoroacetamido)-
benzoate 1b as the model substrate to react with 1,4-
dicyanobenzene 2a and DMAP-BH3. (For a detailed
optimization study, see Tables S1 and S2). After extensive
screening, we found that the desired insertion product 5b
could be obtained in 49% yield by employing Ir-
(ppy)2(dtbbpy)PF6 (Ir-1) as the photocatalyst, KH2PO4 as
the additive, and chlorobenzene as the solvent under 456 nm
Kessil LED light at approximately 50 °C (Table 1, entry 1).
The moderate yield is likely due to the relatively slow coupling

between the stabilized carbon-centered radical Int-1�bearing
α-nitrogen, α-oxygen, and trifluoromethyl substituents�and
the resonance-stabilized keteniminyl radical anion Int-2-B.
Competing side reactions may lead to partial decomposition of
the two intermediates, thereby lowering the reaction efficiency.
The impact of different photocatalysts was also evaluated. The
results showed that Ir(ppy)3 and Ir[dF(Me)ppy]2(dtbbpy)PF6
were less effective (entries 2 and 3). Changing the solvent from
chlorobenzene to fluorobenzene or dry CH3CN resulted in a
decreased yield of 5b (entries 4 and 5). Additionally, altering
the equivalents of 1b and DMAP-BH3 also affected the product
yield (Table 1, entries 6−8). Omitting KH2PO4 led to a
comparable yield of 45%, which was ultimately chosen as the
optimal reaction condition (entry 9). A reaction performed on
a slightly larger scale (1.0 mmol) furnished 5b in 38% yield,
with a modest reduction relative to the standard scale (Table 1,
entry 10). The reduced yield is most likely due to diminished
light penetration efficiency in the larger reaction vessel.
Control experiments confirmed that both DMAP-BH3 and
the photocatalyst were essential for the reaction to proceed
(Table 1, entries 11 and 12).

Scheme 9. Calculations on the Photocatalyzed Radical Cyclization of Int-8
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2.4. Substrate Scope. With the established optimal
reaction conditions, we next explored the substrate scope of
the reductive nitrile insertion of cyanoarenes into the C(O)−N
bond of trifluoroacetamides for the synthesis of N-trifluor-
oacetyl-substituted aminals (Scheme 11). In general, moderate
product yields were obtained. This limitation can be primarily
attributed to the intrinsically sluggish radical−radical coupling
between Int-1 and Int-2-B, leading to decomposition pathways
and ultimately lowering the reaction efficiency. Furthermore,
some N-trifluoroacetyl aminals are prone to further oxidation
by the photocatalyst, giving amines and borylated amides as
side products. The reaction exhibited a strong dependence on

the electronic nature of the substituents on the phenyl ring of
trifluoroacetamides. Only N-trifluoroacetyl-substituted aminals
bearing electron-withdrawing groups on the phenyl ring, such
as cyano (5d) and trifluoromethyl (5e) substituents, were
stable enough to be isolated. The electron-rich hydroxyl-
substituted trifluoroacetamide (1i) failed to undergo the
desired transformation, likely due to mismatched radical
generation rates that precluded productive coupling. Trifluor-
oacetamides bearing electron-neutral substituents on the
phenyl ring were unstable and converted directly into
benzylated amines 3 (3a−3c) and borylated amides 4a.
Substitution of the trifluoromethyl group in the amide moiety
was also examined. The difluoromethyl analogue (1f) delived
aminal 5f in acceptable yield, while the pentafluoropropana-
mide substrate led exclusively to the formation of amine 3a and
borylated amide 4b. Finally, cyanoarenes such as ethyl 4-
cyanobenzoate and [1,1′-biphenyl]-4,4′-dicarbonitrile were
also compatible, delivering aminal 5g and 5h in low yields.

3. CONCLUSION
In summary, we have developed a photocatalytic protocol for
the reductive nitrile insertion of cyanoarenes into the C(O)−N
bonds of trifluoroacetamides, providing access to N-trifluor-
oacetyl-substituted aminals from readily available starting
materials�including trifluoroacetamides, cyanoarenes, and 4-
dimethylaminopyridine−borane (DMAP−BH3). Comprehen-
sive mechanistic studies, encompassing luminescence quench-
ing experiments, isotopic labeling studies, cyclic voltammetry
analyses, and density functional theory (DFT) calculations,
delineate a clear mechanistic scenario for the reaction and
uncover the new reactivity of cyanoarenes as C−N unit
precursors for insertion into amide C(O)−N bond.

However, the current method shows a notable dependence
on the electronic nature of the trifluoroacetamide substrate.
Productive formation and isolation of the insertion aminals are
primarily feasible with trifluoroacetamides bearing electron-
withdrawing groups, as these substituents not only facilitate the
critical radical coupling step with sufficient efficiency but also
render the resulting aminals more resistant to overoxidation,

Scheme 10. DFT Calculation on Following Ring-Opening and Boron Migration Pathways

Table 1. Optimization of Reaction Conditionsa

entry deviation from standard conditions Yield of 5bb

1 None 49%
2 Ir(ppy)3 instead of Ir-1 39%
3 Ir[dF(Me)ppy]2(dtbbpy)PF6 instead of Ir-1 12%
4 PhF as solvent 33%
5 dry CH3CN as solvent 46%
6 1.2 equiv of 1b 40%
7 5.0 equiv of 1b 35%
8 4.0 equiv of DMAP-BH3 29%
9 no KH2PO4 46%(45%)c

10 no KH2PO4
d 38%c

11 no KH2PO4 and DMAP-BH3 ND
12 no KH2PO4 and Ir-1 ND

aReaction conditions: 1b (0.6 mmol), 2a (0.3 mmol), DMAP-BH3
(0.6 mmol), KH2PO4 (0.45 mmol), Ir-1 (2 mol %) in PhCl (3 mL),
456 nm Kessil light, approximately 50 °C, 24 h, under nitrogen. b1H
NMR yield using 1,1,2,2-tetrachloroethane as an internal standard.
cIsolated yield. dA slightly larger scale reaction using 1.0 mmol of 2a.
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enabling their isolation in synthetically useful yields. In
contrast, trifluoroacetamides with electron-neutral or elec-
tron-rich substituents either fail to participate the reaction or
lead to overoxidized side products. While this electronic
sensitivity defines the current scope of the protocol, it offers a
clear mechanistic understanding for future study.

Further studies on the design of new Lewis base−boryl
radical precursors and the incorporation of transition-metal
catalysis are ongoing in our laboratory. These efforts aim to
improve the reaction efficiency and broaden the applicability of
this strategy to functionalize other amide-containing molecules.
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