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Herein, we report a halogen-bond-assisted catalyst-free protocol
for the difluoroalkylation of alkenes via a radical Truce—Smiles
rearrangement. It was found that the amine plays a dual role as a
halogen-bond donor as well as a precursor of a-amino alkyl rad-
icals, which act as reductants. Key advantages of this protocol
include mild reaction conditions, broad substrate compatibility,
and the potential for further applications in the synthesis of phar-
maceutically relevant molecules.

C-X bond activation remains a fundamental challenge in syn-
thetic organic chemistry, because the high strength of the C-X
bond and the narrow range of reduction potentials'® (=1.5 V to
—2.5 V) render the generalization of a C-X activation protocol
very difficult. The problem is even more acute in the case of
alkyl halides, which lack a structural or electronic bias in
favour of C-X cleavage. Thus, while there have been significant
efforts towards the development of robust and general C-X
activation protocols, a mild, broad, and synthetically unde-
manding methodology for the C-X bond activation of challen-
ging alkyl halides remains to be developed. Of late, halogen
bonding has emerged as an attractive mediator for efficient
radical generation via C-X bond lysis. Halogen bonding (XB) is
a noncovalent interaction in which a halogen atom (X) in one
molecule interacts with an electron-rich site, such as the lone
pair of a Lewis base (Y).!> It is to be noted that C-Br bonds,
despite being more accessible, form weaker halogen bonds
and thus are less commonly activated." Difluorinated organic
molecules hold significant value in pharmaceuticals, agro-
chemicals and materials science owing to their distinctive pro-
perties, including high hydrophobicity, enhanced metabolic
stability and altered biological activity.®> Given these advan-
tages, scientists have developed numerous (catalytic) strategies
for synthesizing difluoroalkylated organic compounds.*
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Among these strategies, radical-mediated intermolecular
carbodifluoroalkylation of alkenes has emerged as a particu-
larly versatile and widely explored tool, allowing the rapid
introduction of a difluoroalkyl group along with a second func-
tional group into alkenes via the formation of two new C-C
bonds.*>® The incorporation of the second functional group, in
particular, significantly increases the synthetic utility of the
products.

With advances in visible-light photocatalysis,” a range of
difluoroalkylating reagents have been employed to generate
difluoroalkyl radicals for alkene difunctionalization in the
presence of photocatalysts.**” Recently, a few research groups
have developed catalyst-free, photoinduced methods for gener-
ating difluoroacyl radicals from activated brominated com-
pounds. These precursors possess relatively low reduction
potentials, making the formation of difluoroacyl radicals facile
under mild photochemical conditions® (Scheme 1). In 2022,
Martin and co-workers developed a photocatalytic halogen
atom transfer (XAT) strategy to generate difluoroalkyl radicals
from difluoroalkyl bromides (E; = —1.74V, see the SI) for the
hydrodifluoroalkylation of alkenes. Although effective, the pro-
tocol requires both a photocatalyst and a thiol, increasing
reagent consumption and reducing the overall sustainability of
the process. Moreover, when the reaction was performed
without the photocatalyst, only a 12% yield was achieved,
demonstrating the limited efficiency of direct radical gene-
ration under catalyst-free conditions.” However, to date, no
catalyst-free, photoinduced difunctionalization of alkenes
using unactivated difluoroalkyl bromides has been reported.
Our group has recently started exploring photoinduced cata-
lyst-free organic transformations,’® and in this direction, we
sought to develop a halogen-bond-assisted strategy for the car-
bodifluoroalkylation of alkenes via a radical Truce-Smiles
rearrangement (Scheme 1d). In particular, we have previously
found that a-aminoalkyl radicals, obtained after reductant
upconversion,'* are potent reductants that can drive product
formation after SET processes.’” We make use of a similar
strategy herein.
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Scheme 1 Known reports.

In order to optimize the carbodifluoroalkylation of alkenes
via a radical Truce-Smiles rearrangement, several parameters
were tested (see the SI). We found that when the reaction
mixture, consisting of 1k (1 equiv.), 2a (1 equiv.), DIPEA (3
equiv.) and CH;CN as the solvent, was irradiated at 45 °C for

24 hours, product 3k was formed in 60% yield (Table 1, entry
1). Testing alternative amines ("BuzN and Et;N) and different

solvents did not result in improved yields (Table 1, entries 2
and 3; for further see the SI).
Interestingly, adding water (20 pL) to the reaction mixture sig-

optimization details,

Table 1 Optimization of reaction conditions®

DIPEA (3equiv) o Bs
CH5CN N o”
_ CHCN

O:I:O
z__ 0
w;
e
+
o
os]
M N
@ N
T
-
-

390 nm light (40 W)
45°C

Entry Reaction condition variation 3Kk? (%)
1 Using DIPEA 60
2 Using "Bu;N instead of DIPEA 56
3 Using DMF instead of CH;CN 55
4 Using DIPEA + 20 pL water 72
5 Without DIPEA 0
6 Without light 0
“Reaction conditions: 1k (0.1 mmol), 2a (0.2 mmol), amine

(0.3 mmol), solvent (1 mL) at 45 °C for 24 h. nght source placed 3 cm
away from the reaction vial. > NMR yields using 1,3,5 trimethoxyben-
zene as an internal standard.
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nificantly enhanced the yield to 72% (Table 1, entry 4). Control
experiments revealed that no product formation occurred in
the absence of either light or DIPEA (Table 1, entries 5 and 6).

With the optimal reaction conditions in hand, we next
explored the substrate scope of acrylamides by varying the sub-
stituents on N-aryl and N-aryl sulfonyl groups and 2,2-difluor-
oethyl arylcarboxylates (Scheme 2).
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Scheme 2 Substrate scope of acrylamides. 1 (0.1 mmol), 2 (0.2 mmol),
DIPEA (0.3 mmol), CHsCN (2 mL) and H,O (40 pL) at 45 °C for 24 h.
Light source placed 3 cm away from the reaction vial. Isolated yields,
average of at least two independent runs. ?Using 1k (1 mmol), 2a
(2 mmol), DIPEA (3 mmol), CHzCN (10 mL) at 45 °C for 48 h.
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Initially, variations in the N-aryl/alkyl groups were investi-
gated. A variety of para-substituted (-OCF;, -CF;, -I) N-aryl
groups were tolerated under our reaction conditions and
afforded the products (3a-3c) in moderate yields (50-57%).
Sterically different substituted N-aryl groups smoothly con-
verted to the corresponding products (3d-3h) in good yields
(60-69%). A diverse range of alkyl- and benzyl-substituted
N-aryl groups afforded good yields of the products (3i-3m,
55-67%). Next, we employed different substituted N-aryl sulfo-
nyl groups. 2-Naphthyl-, 4-methoxyphenyl- and 3-pyridyl-sub-
stituted sulfonyl groups afforded good yields of the products
(3n-3p, 67-72%). Finally, we tested different substituted 2,2-
difluoroethyl aryl/alkylcarboxylates. Electron-withdrawing and
electron-donating groups (-Br, -CF;, -F, -CH;, —‘Bu) were well
tolerated (3q-3w, 53-66% yield), indicating that the electronic
properties of the substituents have only a slight impact on
reaction efficiency. Furthermore, a variety of 2,2-difluoroethyl
alkylcarboxylates were subjected to the standard reaction con-
ditions, affording the corresponding products (3x-3aa) in mod-
erate to good yields (50-60%).

Additionally, a scale-up reaction on a 1 mmol scale pro-
duced 3k with a 42% yield. To demonstrate the potential appli-
cations of this methodology, late-stage modification of the bio-
active molecules was investigated (Scheme 3). Successful diver-
sification of amines, aryl sulfonyl motifs and difluoroalkyl bro-
mides was achieved with compounds such as leelamine, silde-
nafil, dansyl chloride, naproxen and ciprofibrate. Under our
reaction conditions, these molecules afforded the corres-
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Scheme 3 Substrate scope of pharmaceutically relevant molecules. 1
(0.1 mmol), 2 (0.2 mmol), DIPEA (0.3 mmol), CH3zCN (1 mL) and water
(40 pL) at 45 °C for 24 h. Light source placed 3 cm away from the reac-
tion vial. Isolated yields, average of at least two independent runs.
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ponding products in moderate to good yields (3ab-3af,
52-69%).

Next, in order to elucidate the reaction mechanism, a series
of mechanistic studies were conducted (Scheme 4). Initially, a
radical-trapping experiment was performed using TEMPO
(2,2,6,6-tetramethylpiperidine-1-oxyl). Analysis of the crude
reaction mixture by high-resolution mass spectrometry
(HRMS) identified a TEMPO-trapped adduct 4 (Scheme 4a),
revealing the radicaloid nature of the mechanism. HRMS ana-
lysis also revealed that the secondary amine "Bu,NH was
formed under our reaction conditions (see the SI), indicating
that the a-aminoalkyl radical is formed under our reaction
conditions. The difluoroalkyl radical was also trapped with
1-phenyl styrene and characterised (see the SI). Control experi-
ments (Scheme 4b and c) revealed that the presence of DIPEA
was crucial for radical generation and that DIPEA was a likely
HAT donor under the reaction conditions.

Furthermore, UV-Vis absorption experiments were per-
formed with each individual reaction partner and with the
combined reaction mixture (Scheme 4). Analysis of the absorp-
tion spectrum of the 2a + DIPEA mixture showed a slight red
shift, and furthermore, Job’s plot analysis suggested the for-
mation of a 1:1 halogen-bonded complex between 2a and
DIPEA (see the SI). Additionally, '"H (Scheme 5) and "°F NMR
titrations, DOSY NMR analysis, CV studies and DFT studies
(see the SI) revealed an interaction between 2a and DIPEA,
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Scheme 4 Preliminary mechanistic studies.

Org. Biomol. Chem.



Communication

1:30

1:20

1:10

1:9 AN n

5.05 5.00 4.95 4.90 4.85 4.75 4.70 4.65 4.60 4.55

4.80
1 (ppm)

Scheme 5 H NMR titration studies of 2a with DIPEA.

similar to previous reports.'> The binding constant for the
complex was evaluated and found to be 0.56 M~" (see the SI).
Light-on/off experiments (see the SI) revealed that constant
irradiation was necessary for reaction progress. During optim-
ization studies, we observed the formation of a cyclized by-
product (3k’) in the absence of water (see the SI), whereas only
trace amounts of 3k’ were detected in its presence. The role of
water in this mechanism is presently unclear, and studies to
elucidate the same are ongoing.

Based on our control experiments and literature
precedents,>™"> we propose the following tentative reaction
mechanism (Scheme 6). We believe that the photoexcitation of
the halogen bond complex between DIPEA and 2a generates

R
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Scheme 6 Mechanistic hypothesis.
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the difluoroethyl phenylcarboxylate radical (I), which under-
goes addition to substrate 1 to yield alkyl radical II
Subsequently, a concerted Truce-Smiles rearrangement leads
to intermediate III, which undergoes desulfonylation, yielding
the resultant amidyl radical IV. IV is then reduced by the
a-aminoalkyl radical V and protonated to deliver the product.*

In summary, we have developed a sustainable and catalyst-
free protocol for the photoinduced carboarylation of sulfonyl
acrylamides. This protocol offers several advantages, including
the use of simple starting materials, a broad substrate scope
and potential applications in the synthesis of pharmaceutically
relevant molecules. Furthermore, computational and experi-
mental studies show that radical upconversion enables the
dual role of amines as both XB and SET activators. Our labora-
tory is exploring additional photoinduced halogen-bonding-
enabled transformations.
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