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Introduction

Developing new activation modes for carbon-halogen bonds of
fluoroalkyl halides offers interesting possibilities for the
synthesis of pharmaceuticals, agrochemicals, and new mate-
rials.»” Unlike typical alkyl halides, halogen atoms linked to
strongly electron-withdrawing groups possess an electrophilic
character, the so-called ¢ hole, which is opposite to that for R-X
bonds. This type of organic halide (donor) can form an addi-
tional halogen bond (HX) with a Lewis base (acceptor) through
an n — o* charge-transfer interaction.’* Despite its importance
in crystal engineering* and supramolecular chemistry,” utiliza-
tion of HX interactions is still in its infancy for the development
of new synthetic methodologies. In their pioneering studies,
Bolm,® Huber” and others® demonstrated that the o* acidity of
HX donors can be used to activate several types of HX acceptors,
including N-heteroarenes, carbonyl groups, and halides.
Recently, Chen,” Melchiorre,* Yu, and other groups* showed
that perfluoroalkyl iodides (R¢I) represent valuable H-X
donors, which can be activated by amines (HX acceptor) under
light irradiation. Thereby perfluoroalkyl radicals are generated,
which subsequently can be added to various electron-rich 7
bonds to give perfluoroalkylated products (Scheme 1A). Most
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based on the halogen bond interaction between perfluoroalkyl iodides and tBuONa or KOH, which
promote homolysis of perfluoroalkyl iodides under mild conditions.

recently, Niu and co-workers also discovered that allyl glycosyl
sulfones can form halogen bond complexes with perfluoroalkyl
iodides, which, by means of visible light irradiation, fragment
via radical intermediates to give synthetically valuable glycosyl
iodides."> Despite these interesting results, activation of fluo-
roalkyl halides by different anions has been largely ignored in
organic synthesis.™

Herein, we report a general method for activation of per-
fluoroalkyl iodides via halogen bond interaction with tBuONa or
KOH at ambient temperature. This novel activation mode
enables several interesting synthetic applications to be carried
out, including C(sp®)-H amidation of ethers and benzylic
hydrocarbons, C-H iodination of heteroarenes, and per-
fluoroalkylation of electron-rich 7 bonds under very mild
conditions (Scheme 1B).

Results and discussion

Discovery of selective amidation reactions of ethers and
benzylic compounds

Recently, some of us discovered that perfluoroalkyl iodides
could be efficiently activated by light irradiation in the presence
of amine (such as N,N,N',N-tetraethylethylenediamine (TEEDA))
to generate the corresponding Ry radicals.’ Based on this work,
we had the idea of directed Pd-catalyzed, selective C(sp*)-H
perfluoroalkylation of substrate 1 (Scheme 2). Here, the palla-
dacycle intermediate In 1/, which is generated by Pd-catalyzed
C-H activation, would react with perfluoroalkyl radicals
produced via photochemical activation of the halogen bond
complex (R¢ - -TEEDA) to form the Pd™ intermediate In 2/, which
can undergo reductive elimination to form selective C(sp®)-H
perfluoroalkylation products.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 General principles of halogen bond-promoted activation
of perfluoroalkyl iodides: selected known examples and this work.
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Scheme 2 Initial idea of Pd-catalyzed, selective C(sp?)—H per-
fluoroalkylation. *TEEDA: N,N,N'.N'-tetraethylethylenediamine.

We began to evaluate this hypothesis by using N-benzyl
pyridylsulfonamide 1 as substrate. However, performing the
model reaction of N-benzyl pyridylsulfonamide 1 with C,Fo-1, in
the presence of TEEDA and palladium acetate, did not give the
desired product 3. Instead, unexpectedly, a small amount of the
C-H amidated product of tetrahydrofuran (THF) solvent was
generated (Table 1, entry 1). Surprisingly, using the inorganic
base Cs,CO; gave 2 in 62% yield (Table 1, entry 2). Even more
astonishing, the reaction in the absence of Pd also gave 2 in
65% yield (Table 1, entry 3). While the activation of

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

Table 1 Optimization of conditions for C(sp®)—H amidation of THF
using N-benzyl pyridylsulfonamide (1) and nonafluoro iodobutane
(C4Fql)”

<
CyFe-l \\ 'z
2 equlv) |

O\ o OMe

Ar 12h

o\ P
c.Fg: t

Entry Reagents (equiv.)/temperature Solvent Yield® (%), 2
1% Pd(OAc), (0.1), TEEDA (3), 60 °C THF 23

2 Pd(OAc), (0.1), Cs,CO; (3), 60 °C THF 62

3 Cs,C0; (3), 60 °C THF 65 (56°)
4 Cs,CO; (3), 30 °C THF <2

5 K,COj; (3), 60 °C THF 10

6 Na,COj; (3), 60 °C THF <2

7 NaOCHj (3), 60 °C THF 33

8 KOtBu (3), 60 °C THF <2

9 NaOtBu (3), 60 °C THF >99 (90°)
10 KOtBu (3), 30 °C THF <2

11 NaOtBu (3), 30 °C THF >99 (90°)
12 NaOtBu (2), 30 °C THF 81

13 NaOtBu (1), 30 °C THF 58

149 NaOtBu (3), 30 °C THF >99 (90°)
15 NaH (3), 30 °C THF <2

16 NaO¢Bu (3), 30 °C, air THF 28

17 NaOtBu (3), THF (10), 30 °C ccl, 71

18 NaOtBu (3), THF (10), 30 °C PhCF; 67

19>  TEEDA (3), 30 °C THF 21

20°  Et;N (3), 30 °C THF 18

21 Et;N (3), 30 °C THF <2

22 Bu,NCl or Bu,NBr or Bu,NI (3), 30 °C THF <2

23 Bu,NCl (3), NaH (1), 30 °C THF 65

24 Bu,NBr (3), NaH (1), 30 °C THF 63

25 Bu,NI (3), NaH (1), 30 °C THF 64

“ Yields are based on "H NMR analy51s onao0.2 mmol scale in 4 mL glass
vial. ® CFL light (25 W) irradiation. ¢ Isolated yield. ¢ In darkness.

perfluoroalkyl iodides (R¢I) by Cs,CO; has been reported,* the
underlying mechanism is still unknown. We suspected that the
carbonate ligand of Cs,CO; might activate ReI via the halogen
bond under the specific conditions applied. Thus, we examined
the effect of different bases. Interestingly, NaO¢Bu facilitated
the reaction at 30 °C in near quantitative yield (Table 1, entry
11). In contrast, the use of KO¢Bu gave little product (Table 1,
entry 10). Next, we studied the influence of different reaction
parameters. Notably, the amidation reaction proceeded well
with and without light (Table 1, entry 11 vs. entry 14); however,
the reaction yield diminished to 28% when the reaction was
carried out under an atmosphere of air (Table 1, entry 16). In
addition, the activation of R¢I is also feasible by halide anions
(C17, Br7, I") (Table 1, entries 23-25).

With optimized conditions in hand, we explored the scope of
this amidation of ethers.” As shown in Fig. 1, a variety of cyclic
and linear ethers worked well (4-12). The regioselectivity of
these transformations was very high, with C-H activation

Chem. Sci., 2023, 14,1732-1741 | 1733
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Fig. 1 Scope of C(sp®)—H amidation of ethers and alkylbenzenes. Reactions were performed on a 0.2 mmol scale. Isolated yields are given.

aConditions A: C4Fgl (2.0 equiv.), NaOtBu (3.0 equiv.), T = 30 °C. °Con
60 °C, solvent PhCF3 (1 mL). “lodination product 17" of compound 17

occurring at a specific C-H bond in the ortho-position to the
oxygen atom. This can be explained by the relatively lower bond
dissociation energy of this C-H bond compared to the other
bonds and the stability of the resulting carbon radicals. It
should be noted that the electron density of the substrate ethers
influences the reaction (12’ vs. 12”). However, this reaction
system was not applicable to sterically hindered substituted
ethers, such as 2-isopropoxypropane (10). Substrates containing
functional groups, including sulfonamides, Ms, Ts, amide,
imide, and nitrogen-containing heteroarenes, can be well
applied in this protocol. Apart from ethers, selective sp> C-H
amidation of benzylic hydrocarbons could also be achieved
smoothly using the same strategy. Here, activation of the
halogen bond of heptafluoroisopropyl iodide with NaO¢Bu
allowed for smooth functionalization with high efficiency and

1734 | Chem. Sci., 2023, 14, 1732-1741

ditions B: i-CsF5I (2.0 equiv.), NaOtBu (3.0 equiv.), Ar—=H (10.0 equiv.), T =
was obtained (see ESIT).

good functional group tolerance. Again, the steric hindrance
had a strong impact on the outcome of the amidation reactions
(21 vs. 22). In general, benzylic hydrocarbons with electron-
donating groups performed better than benzylic hydrocarbons
containing electron-withdrawing groups (24 vs. 29).

Discovery and substrate scope of selective C-H iodination
reactions

Much to our surprise, the amination of THF with benzimidazole
under standard reaction conditions not only gave the desired
aminated product 17 in 59% isolated yield but also led to the
iodinated product of compound 17 (Fig. 1, 17). Apparently, in
addition to the perfluoroalkyl radical, an iodine radical could be
also be produced in our reaction system. This should allow
selective iodination of heteroarenes with perfluoroalkyl iodides

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Selective heteroaryl C(sp?)-H iodination by halogen bond-
promoted activation. Reactions were performed on a 0.2 mmol scale.
Isolated yields are given. °Crude *H NMR yield. °4.0 equiv. of C4Fl and
NaOtBu were used.

under similarly mild conditions to be achieved. Indeed, as
shown in Fig. 2, a wide variety of heteroarenes could be
successfully reacted with C,Fo-1 in the presence of NaO¢Bu with

View Article Online
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good to excellent yields and regioselectivity. More specifically,
thiazole, oxazole, imidazole, benzothiazole, benzoxazole, and
benzimidazole derivatives were all efficiently iodinated with
high selectivity in the 2-position (30-39). Moreover, when 4- and
5-unprotected oxazole and thiazole were examined for the
iodination system, di-iodinated products were obtained in high
isolated yield (43’ and 43"). The observed regioselectivity in
these reactions agrees with iodination reactions of heterocycles
using other iodination reagents.'® As an example of a bioactive
compound, caffeine offered the iodinated product in an excel-
lent yield of 85% (40). In all cases, good to excellent isolated
product yields were achieved; however, in the case of 4-chloro-1-
methyl-5-nitro-imidazole and 1,4,5-trimethylimidazole isola-
tion of the products was more difficult, leading to a lower iso-
lated yield. Finally, it should be mentioned that it is possible to
obtain multiple iodinated products, as shown in the case of
triple iodination of 3-bromofuran.

Discovery of perfluoroalkylation reactions: synthesis of
perfluoroalkylated phenanthridines and isoquinolines

Clearly, the interaction of perfluoroalkyl iodides with the halide
bond acceptor leads to activation of the iodide and the per-
fluoroalkyl residue. Hence, following this concept, it should be
possible to perform perfluoroalkylation reactions as well.
Indeed, when using other substrate classes, such as iso-
cyanides, olefins, alkynes, and electron-rich arenes or hetero-
arenes, under previously developed standard conditions, we

R
% KOH (1.5 equiv)
1 2 (3 equiv) Blue LED
THF, 36 h, Ar

R'=2-Cl, R? = 8-Cl, 44, 87%
R'=2-Me, R? = H, 45, 80%
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R'=24-di-F, R? = H, 48, 50%
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Fig. 3 Halogen bond-promoted reaction system for perfluoroalkylated

84, n=10, 78%

phenanthridine and isoquinoline synthesis. Reactions were performed

on a 0.2 mmol scale. Isolated yields are given. ®Excess of CF3l was used (sparging THF solution with CFsl gas; see the ESIT). ®6 equiv. C4Fol and 3

equiv. KOH were used.
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observed perfluoroalkylation reactions. As shown in Scheme S7
(see ESIt), the synthesis of 6-perfluoroalkylated phenanthridine
44 was achieved from 4',5-dichloro-2-isocyano-1,1-biphenyl and
C,Fo-I in the presence of tBuONa. While 44 was obtained in
23% yield when the reaction was performed in the dark, the
product yield increased in the presence of light. More specifi-
cally, under irradiation with a blue light-emitting diode (LED),
and utilizing 1.5 equiv. of tBuONa, provided 44 in 72% yield in
THF. Notably, using irradiation with blue LED without tBuONa
present, the reaction gave only a poor yield (see ESI} for details).
Interestingly, under LED irradiation a variety of other anions act
as halide bond acceptors and could promote this reaction (see

View Article Online

Edge Article

ESI, Scheme S7}). To our surprise, even simple potassium
hydroxide was an effective additive and gave excellent results,
providing 44 in 87% isolated yield. With KOH as additive, the
reaction also gave high yields of the product under irradiation
from a low-intensity Hg UV lamp (254 nm, 25 W) or sunlight.
For halide anion additives, the lighter, more charge dense
halides were more effective in this reaction (F~ >Cl” >Br >1"),
which is in line with the trend of reported values for the asso-
ciation constant (K,) for interactions of anions with C,FoL."*
Next, the scope of the phenanthridine and isoquinoline
synthesis was explored under the optimized conditions with
KOH additive and blue LED light irradiation (Fig. 3). 2-
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Fig. 4 Addition of perfluoroalkyl iodide to alkenes and alkynes. Reactions were performed on a 0.2 mmol scale. Isolated yields are given.
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Fig. 5 C-H perfluoroalkylation of aniline and electron-rich hetero-
arenes. Reactions were performed on a 0.2 mmol scale. Isolated yields
are given. °CH,Cl, was used as solvent.

Isocyanobiphenyls (44-56) and vinyl isocyanide (66-76) bearing
various substitution patterns reacted smoothly with C,Fo-I with
good to excellent yield and regioselectivity. Isocyanide
substrates containing a pyridine, pyrrole, indole, dioxolane, or
naphthalene ring were tolerated (see 57-59, 77, and 78).
Furthermore, reactions of both linear and branched per-
fluoroalkyl iodides of various lengths provided excellent results,
to give products 60-65 and 81-85.

Addition reactions of perfluoroalkyl iodides to alkenes and
alkynes

Applying the same conditions as above (KOH as additive and
blue LED light irradiation) for the reaction of C,Fo-1 with
terminal alkenes, a 1,2-addition process to give iodoper-
fluoroalkylated products is observed. Notably, using water as
solvent, excellent regioselectivity is achieved (Fig. 4). Functional
groups, such as phthalimide (PhthN), benzoate ester, phenyl
ether, and ketone, were tolerated. Various alkene substrates
derived from natural products and drugs were also surveyed.
For example, terminal alkenes bearing isoxepac (90), ciprofi-
brate (91), sulbactum (92), p-glucofuranose (93), p-galactopyr-
anose (94), estrone (95), coumarin (96, 97), benzbromarone (98),
and etodolac (100) can be conveniently applied to give the cor-
responding products in good yields (60-87%). Notably, sub-
jecting quinine, which contains hydroxyl and pyridine moieties,
to the reaction provided 99 in good yield and selectivity. Per-
fluoroalkyl iodides also reacted, under similar conditions, with
terminal alkynes to give iodoperfluoroalkylation products in
good yield and excellent regioselectivity, and halogen (Cl, Br),
benzoate ester, phenyl ether, and PhthN substituents were well
tolerated. In all these reactions, we assume that perfluoroalkyl
radicals generated via photochemical activation of the halogen
bond complex (C,Fol...”OH) add directly to the alkene or alkyne
substrate to form a secondary alkyl or vinyl radical interme-
diate. The resulting radical could then abstract an iodine atom

© 2023 The Author(s). Published by the Royal Society of Chemistry
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A) Titration experiment of C4Fgl with tBuONa

XB complex (donor) Rf—[w LB (acceptor)

THF (1 mL)
C4Fgl + NaOBu =————== C,F,l..OBu + Na*
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=01
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=09
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B) TEMPO trapping experiment
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N

S\N,n—Hex
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110, 36%*

+ CyFgl

C) Reaction of C4Fg-I with THF

O -H
g (2.0 mL)
Cifgl —————— > C4FoH
0.2 mmol NaOtBu (3.0 equiv) 11, 57%2

i, 12h

D) Reaction of C,4Fg-I with benzothiazole and benzotriazole

o

|
C4Fyl (2.0 equiv) )\
N

30-1
0.1 mmol t-BuONa (3.0 equiv) g”N o
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N 30, 90%° 20, 75%" 20", 8%
20-1
0.1 mmol

Scheme 3 Mechanistic experiments. °Crude *°F NMR yield. Plsolated
yield.

from a perfluoroalkyl iodide molecule to give the difunctional-
ized product and propagate the radical chain.

C-H perfluoroalkylation of electron-rich arenes and
heteroarenes

Finally, the C-H perfluoroalkylation of electron-rich arenes and
heteroarenes with perfluoroalkyl iodides was investigated. Such
transformations have been achieved using several different
radical initiation systems.®"” As shown in Fig. 5, reactions of
aniline and pyrrole, as well as indole, using our halogen bond-
promoted method (C,Fol...  OH) provided perfluoroalkylated
products (105-107) in moderate to good yields. Furthermore, we
were delighted to find that tryptophan (Trp)-containing short
peptides could be perfluoroalkylated at the C2 position of the
Trp residue, in good yield and with excellent selectivity, under
the standard reaction conditions. This reaction might offer
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a valuable orthogonal strategy for peptide labeling based on
under-explored Trp chemistry.

Mechanistic investigations and studies

Having explored the synthetic utility of this novel activation
mode for perfluoroalkyl iodide, we turned our attention to the
mechanism, to explain the different outcomes of the amida-
tion, iodination, and perfluoroalkylation reactions. In 2013,
the interactions of iodoperfluoroarenes and iodoper-
fluoroalkanes with anions in organic solvent were studied by
Taylor and co-workers, and their data indicated that favorable
halogen bonding interactions exist between halide anions
and iodoperfluoroalkanes.”*”*¢ Based on this and our
previous work,” we speculated that, in the present reaction
system, oxoanions (tBuO~ and OH ™) should have a halogen
bonding interaction with perfluoroalkyl iodides under mild
conditions. To verify the existence of the proposed halogen
bonding interaction between tBuO™~ and R¢I, a series of NMR
experiments were performed using a solution of NaO¢Bu and
C4Fol in the reaction solvent THF. The formation of a halogen
bonding complex between NaOtBu and C,F,l is supported by
the "F NMR titration experiments. The resonance corre-
sponding to the F of the CF,I group was shifted to the upfield
region when NaO¢Bu was added to the THF solution of C,Fol
(Scheme 3A).'*2° It is worth mentioning that the molar ratio
(donor vs. acceptor) and the binding constant of the halogen
bond complex (RgI...”OtBu) could not be accurately
measured because NaO¢Bu was not completely soluble in the
solvent, and the substrate RI is converted to per-
fluorobutane over time. For C,FoI and KOH, a similar halogen
bonding interaction was observed, which is also supported by
the '°F NMR titration experiments (see ESIT). Moreover, from
"F NMR titration experiments of C,F,I with tBuONa and
C,Fol with KOH, it was found that t{BuONa has a stronger

A) Proposed mechanism for C-H amidation and iodination

Ri—l + NaOtBu ==—"—= R—I..0Bu + Na*
XB complex |

l

“OBu + || -—— [I-:OtBu] + Re*
-1
a) M ism for C-H idati

R
Rel /4 Oy, IV
a SET (.J ﬁ
o Ri* Re=H Inil
H 0.
A s Rl
T = OO

Inl Inli

IIV

R
——> 0N J
¢w (_7/" R seT

Inlv

b) Mechanism for C-H iodination:

Sy M-torl’
@:/ ©:>< 1.SET

2.-H* base
301 30

Scheme 4 Proposed mechanism.
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interaction with perfluoroalkyl iodides than does KOH (Table
S2 vs. S37).

Moreover, when a radical scavenger 2,2,6,6-tetramethyl-1-
piperidinyloxy (TEMPO) was present in a reaction mixture
containing C,Fo-1 and NaOt¢Bu, formation of 5 was completely
inhibited; instead, the corresponding product of radical
trapping 110 (ref. 21 and 22) was obtained in 36% yield
(Scheme 3B). Furthermore, perfluorobutyl iodide and tBuONa
were dispersed in THF and the reaction mixture was stirred at
30 °C for 12 h. After adding PhCF; as an internal standard for
F NMR analysis, the formation of C,FH was confirmed in
57% yield (Scheme 3C). These studies confirmed that: (1)
C4Fol and NaOtBu have halogen bonding interactions in the
present reaction system; (2) the halogen bonding complex
between C,FoI and NaOtBu could produce perfluorobutyl
radicals; and (3) the perfluorobutyl radical could serve as an H
abstractor to activate a specific C(sp®)-H bond of THF. Finally,
amidation and iodination reactions could proceed simulta-
neously under the standard reaction conditions (Scheme 3D),
suggesting that perfluorobutyl and iodine radicals are
produced. For the iodination reaction of benzothiazole, we
noted that when 3 equivalents of TEMPO were added to the
reaction mixture, product formation was suppressed (see ESI,
Scheme S177).

Based on the above results, we propose the following
mechanism (Scheme 4). Reaction of perfluoroalkyl iodides with
tBuONa leads to the formation of the corresponding halogen
bonding complexes (XB complex I). Due to this activation, the
weak C-1 bond of XB complexes I presumably undergo homo-
Iytic cleavage to form both a perfluoroalkyl radical and an
iodine radical under mild conditions (Scheme 4). In the
observed amidation reactions, the generated perfluoroalkyl
radical acts as a hydrogen abstractor to convert the C-H
substrate to a carbon-centered radical, In I For the

B) Proposed mechanism of perfluoroalkylation reactions

R—I + KOH =—== R—I.OH + K

XB complex Il
blue light
or sunlight

[ I--_OH] + R
-2

a) Mechanism for perfluoroalkylated phenanthridine and
isoquinoline synthesis:

IO_R fg sod

b) Mechanism for addition reactions of perfluoroalkyl iodide
to alkenes and alkynes

Bog AR R ]
R—= f RT Y 2 R
\\_jR)\v f

¢) Mechanism for perfluoroalkylation of (hetero)arenes

&G—-ora
—_— —_—
9
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transformation of In I to the observed product, different reac-
tion paths are feasible. In path (a), In I is further oxidised by
single electron transfer (SET) to obtain the carbocation In II,
which reacts with amide anion to produce the amidation
product. In path (b), In I reacts with ReI by Si2 (homolytic
bimolecular substitution) to give In III, which again reacts with
amide anion by Sx2 (bimolecular nucleophilic substitution) to
produce the amidation product. Finally, in path (c), the carbon-
centered radical In I reacts with amide anion to form the cor-
responding radical anion (In IV), which is easily oxidized by
perfluoroalkyl iodides to obtain the amidation product and
generates perfluoroalkyl radical as well as iodide anion during
the process (Scheme 4). In contrast, in the observed iodination
reactions, an iodine radical attacks the 2-position of heterocy-
cles to form iodinated In V. Then, the iodinated In V undergoes
a SET and deprotonation to generate the observed iodination
product (Scheme 4). Similarly, perfluoroalkyl iodides form
halogen bonding complexes (XB complex IT) with KOH (Scheme
4). Under irradiation with blue light or sunlight, the C-I bond of
XB complexes II undergoes homolytic cleavage to form both
a perfluoroalkyl radical and an iodine radical (III-2). The former
radical reacts with isonitriles or electron-rich w bonds of
alkenes, alkynes, and (hetero)arenes to accomplish per-
fluoroalkylation addition reactions.

Conclusions

In conclusion, we have developed versatile reaction systems for
the amidation of alkyl ethers and benzylic hydrocarbons, for -
C(sp®)-H bond amidation, (hetero)arenes C-H iodination, and
addition of perfluoroalkyl iodides to electron-rich 7 bonds. All
these different synthetic protocols rely on activation of per-
fluoroalkyl iodides by simple inorganic bases, such as sodium
butoxide or potassium hydroxide. Mechanistic studies suggest
that halogen bond interactions between perfluoroalkyl iodides
and the inorganic base promote the homolysis of perfluoroalkyl
iodides. Notably, there is no requirement for expensive photo-
redox catalysts or transition metals, and the generated per-
fluoroalkyl radicals act as a hydrogen abstractor, iodine source, or
perfluoroalkyl source for the synthesis of hemiaminal ethers, N-
benzyl-arenesulfonamides, heteroaryl iodides, and perfluoroalkyl-
substituted, and potentially bioactive, molecules. In addition, the
practicality, easy scale up, and mild reaction conditions make
these synthetic transformations attractive and valuable for organic
synthesis.
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