
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
Se

pt
em

be
r 

20
20

. D
ow

nl
oa

de
d 

on
 7

/3
0/

20
25

 5
:5

7:
53

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Iron-catalyzed re
Hefei National Laboratory for Physical Sc

Chemistry, University of Science and Techn

Anhui 230026, China. E-mail: xswang77@u

† Electronic supplementary informa
10.1039/d0sc03987j

‡ These authors contributed equally to th

Cite this: Chem. Sci., 2020, 11, 10437

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 21st July 2020
Accepted 9th September 2020

DOI: 10.1039/d0sc03987j

rsc.li/chemical-science

This journal is © The Royal Society o
mote functionalization of inert
C(sp3)–H bonds of alkenes via 1,n-hydrogen-atom-
transfer by C-centered radical relay†

Kang-Jie Bian,‡ Yan Li,‡ Kai-Fan Zhang, Yan He, Tian-Rui Wu, Cheng-Yu Wang
and Xi-Sheng Wang *

As an alternative approach to traditional C–H activation that often involved harsh conditions, and vicinal or

primary C–H functionalization, radical relay offers a solution to these long-held problems. Enabled by 1,n (n

¼ 5, 6)-hydrogen atom transfer (HAT), we use amost prevalent moiety, alkene, as the precursor to an sp3 C-

centered radical to promote selective cleavage of inert C(sp3)–H bonds for the generation of

azidotrifluoromethylated molecules. Mild conditions, broad scope and excellent regioselective control

(>20 : 1) are observed in the reactions. Deuterium labelling studies disclose the kinetic characteristics of

the transformations and verify a direct 1,n-HAT pathway. The key to this C-centered radical relay is that

iron plays a dual role as a radical initiator and terminator to incorporate the azide functionality through

radical oxidation via azido–ligand-transfer. The methods and the later derivatization promise expeditious

synthesis of CF3-containing organic azides, g-lactam and triazoles that are widely used in designing new

fluorescent tags and functional materials.
Introduction

The facile construction of complex functional molecules in
a straightforward, efficient and practical manner from easily
available materials is a major target and challenge in organic
synthesis. Transition-metal-catalyzed C–H functionalization is
a highly step- and atom-economic tactic to synthesise target
molecules with structural complexity and diversity and it has
been developed as one of the most ideal methods meeting the
requirements of synthetic chemistry.1 Indeed, the direct func-
tionalization of C–H bonds is emerging as a powerful strategy
for retrosynthetic disconnection in the total synthesis of
complex molecules, especially for the omnipresent inert C(sp3)–
H bonds in basic chemical raw materials.2 As an alternative
approach to traditional C(sp3)–H activation, where metalla-
cycles are usually formed in ve-, six-membered rings and
restrictedmostly for vicinal functionalization of primary C(sp3)–
H bonds, hydrogen-atom-transfer (HAT) through a radical
pathway has been used as an efficient tool to activate the remote
C(sp3)–H bond selectively.3 Of note is that, as the target inert
C(sp3)–H bond is almost impossible to distinguish from ubiq-
uitous C–H bonds on the alkyl chain, 1,n (normally 1,5)-
iences at the Microscale, Department of

ology of China, 96 Jinzhai Road, Hefei,

stc.edu.cn

tion (ESI) available. See DOI:

is work.

f Chemistry 2020
hydrogen-atom-transfer (HAT) offers a reliable solution for
selective cleavage of remote C(sp3)–H bonds in a highly chemo-
and site-selective fashion. In addition, the radical relay strategy
offers a complementary path to direct functionalization of
steric-hindered tertiary C(sp3)–H bonds, which still remains
a signicant challenge in traditional transition-metal-catalyzed
C–H activation reactions.

Very recently, a ‘directing-group strategy’3g has been intro-
duced through a 1,5-HAT process for direct functionalization of
remote C(sp3)–H bonds on alkyl chains. Actually, in retrospect,
this type of ‘directed-functionalization’ can be traced back to
1883. The pioneering work, the Hofmann–Löffler–Freytag
(HLF)4 reaction, has been well documented as a highly efficient
and site-selective strategy for remote C(sp3)–H amination,
where a pre-decorated N-haloamine was required to serve as the
precursor to a N-centered radical.

Furthermore, heteroatom-containing groups, such as
amides, amines and alcohols, have been widely used as
‘directing-groups’ to generate the heteroatom-centered radical
to initiate the radical relay process due to their intrinsic high
reactivity, in which the directing group could be ‘recovered’ by
abstraction of the hydrogen atom from C(sp3)–H bonds.
Reasonably, it could be inferred that the carbon radical, like-
wise, should offer an alternative solution to initiate the 1,n-
HAT process and promote in situ generation of more stable
carbon radicals on the alkyl chain for diverse functionaliza-
tion. Compared with the highly reactive heteroatom-centered
radical that can easily undergo hydrogen abstraction, 1,n-
HAT initiated by the C-centered radical was more difficult with
Chem. Sci., 2020, 11, 10437–10443 | 10437
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Table 1 Optimization of reaction conditionsa

Entry Cat. Ligand Solvent Yield (%)

1 Fe(acac)3 L1 DCM 75
2 Fe(acac)3 L2 DCM 68
3 Fe(acac)3 L3 DCM 79
4 Fe(acac)3 L4 DCM 71
5 Fe(acac)3 L5 DCM 72
6 Fe(acac)3 L6 DCM 70
7 Fe(acac)3 — DCM 84 (82)
8b Fe(acac)3 — DCM 73
9c Fe(acac)3 — DCM 71
10 Fe(acac)3 — DCE 82
11 Fe(acac)3 — MeCN 73
12 Fe(acac)3 — Toluene 55
13 Fe(acac)3 — MeOH Trace
14 Fe(acac)3 — DMA 57
15 Fe(acac)3 — 1,4-Dioxane 59
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regard to bond dissociation energies (BDEs)5 and the HAT rate
constant,6 which led to a weaker driving force for remote
functionalization. Actually, to efficiently produce a carbon
radical for promotion of following radical relay,7 one of the
most facile and direct methods is through the radical addition
to unsaturated C]C bonds, which is also a major method that
is known for enhancing molecular complexity in a single step.8

Using this strategy, several pioneering examples were reported
on copper-catalyzed9 or visible-light-mediated10 1,6-difunc-
tionalizations of alkenes recently; however, among these
studies, remote functionalization can only be achieved on
relatively active C(sp3)–H bonds, requiring an adjacent
heteroatom functionality such as a nitrogen or oxygen
atom,9b,d and carbonyl group,9c or on benzylic C–H bonds
abutting electron-donating, neutral or weakly-withdrawing
arenes.10 It was proposed that the carbocation was likely to
be involved in the catalytic cycle,9c,10a where the in situ gener-
ated carbon radical underwent oxidation through single elec-
tron transfer (SET) leading to the corresponding carbocation
and then was quenched by nucleophiles (Fig. 1a). In contrast,
we envisioned that by using metal-catalyzed radical oxida-
tion,11 the rapid capture of the carbon radical via a ligand-
transfer process could offer a solution to the long-held unre-
solved issue of remote functionalization of inert/unactivated12

C(sp3)–H bonds (Fig. 1b).
Herein, we described the rst example of iron-catalyzed

remote azidation of an inert C–H bond through radical relay
using an sp3 C-centered radical, in which a selective cleavage of
the remote C(sp3)–H bond took place, enabled by a direct 1,n-
HAT process, furnishing 1,6- and 1,7-azidotriuoromethylated
molecules. The key to success is the radical oxidation of the in
situ generated carbon radical by ironIII–azide species.13 This
azidotriuoromethylation was achieved in an iron-catalyzed
system, demonstrating high catalytic reactivity, mild condi-
tions, and excellent regioselective control (mostly >20 : 1). The
deuterium labeling reactions, for the rst time indicate that an
entropically less favored 1,6-HAT3i,14 follows a direct C(sp3)–H
bond cleavage pathway.
Fig. 1 Remote difunctionalization of alkenes enabled by the 1,n-HAT
strategy.

10438 | Chem. Sci., 2020, 11, 10437–10443
Results and discussion

Iron is widely known as an efficient catalyst for diverse organic
transformations due to its low price, non-toxicity and environ-
mentally benign character. Our study commenced with diethyl
2-allyl-2-isobutylmalonate S1 as the pilot substrate, Togni-II
agent as the triuoroalkylating reagent and TMSN3 as the
azide source in the presence of a catalytic amount of iron salts
(entries 1–21, Table 1). To our delight, the desired remote
difunctionalized product 1 was obtained in 75% of yield when
Fe(acac)3 was used as the catalyst and L1 as the ligand (entry 1,
Table 1).

A number of phenanthroline and bipyridine ligands were
next examined carefully (entries 1–6, Table 1). Even though the
reaction yields were slightly improved, the regioselective control
16 Fe(OTf)2 — DCM 18
17 Fe2(SO4)3 — DCM 57
18 Fe(acac)2 — DCM 55
19 Fe(OAc)2 — DCM 50
20 FeCl2 — DCM 42
21 FeF2 — DCM 72
22 — — DCM 0
23d CuI — DCE 45
24e CuTc DCM/1,4-dioxane 30

a Reaction condition: S1 (0.1 mmol), TMSN3 (0.3 mmol), Togni-II (0.125
mmol), catalyst (10 mol%), solvent (1.0 mL), 60 �C, N2, 12 h. 1H NMR
yield using CH2Br2 as the internal standard. Isolated yield in
parentheses. b 40 �C. c 60 �C. d Liu's condition (ref. 9c). The ratio of
1,6- and 1,2-azidotriuoromethylation was 4.5 : 1. e 1,6 : 1,2 ¼ 5 : 1.

This journal is © The Royal Society of Chemistry 2020
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(1,6- vs. 1,2-) under these ligand-addition conditions was lack-
ing. Surprisingly, the removal of the ligand from the reaction
system could affect the reactivity of the metal center furnishing
the desired product 2a in 82% of isolated yield (in parentheses)
with regioselectivity up to 139 : 1 (determined by 19F NMR, entry
Table 2 Scope of iron-catalyzed 1,6-azidotrifluoromethylation

Reaction conditions: substrate (0.2 mmol), TMSN3 (3 equiv.), Togni-II (1.2
yields.a With CuTc (10 mol%), DCM/1,4-dioxane (1 : 1) (2.0 mL), N2, 30 �C
was used as solvent.

This journal is © The Royal Society of Chemistry 2020
7, Table 1). While increasing or decreasing the reaction
temperature would reduce almost 10% of the yield (entries 8
and 9, Table 1), the investigation of the solvent effect indicated
that the halogenated solvent (entry 10, Table 1) could offer
comparable yield, but protonic solvent was not suitable in this
5 equiv.), Fe(acac)3 (10 mol%), DCM (2.0 mL), N2, 50 �C, 12 h. Isolated
, 12 h. b 10 mol% of FeF2 was used.

c 1,6- : 1,2- ¼ 1.1 : 1. d 1,4-Dioxane

Chem. Sci., 2020, 11, 10437–10443 | 10439
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Scheme 1 Scale-up reaction and derivative studies.
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reaction (entry 13, Table 1). Next, a careful screening of iron
salts was then carried out. Except for the most lewis-acidic
Fe(OTf)2 (entry 16), other Fe(II) or Fe(III) catalysts could also
furnish 1 in moderate to good yield (entries 17–21, Table 1), but
the best result was still for Fe(acac)3. Finally, control experi-
ments indicated that the presence of the iron catalyst was
indispensable (entry 22).

It should be noted that not only was the photocatalytic
system not capable of activating remote inert C–H bonds,10a but
also only moderate yield of the difunctionalized product (with
poor site-selectivity) could be obtained by the replacement of
the iron catalyst with a copper catalyst (entries 23 and 24, Table
1) (for more details, see the ESI†).

With the optimized conditions in hand, we next explored the
substrate scope of this protocol for azidotriuoromethylation.
As shown in Table 2, the remote azidation of the inert C(sp3)–H
site on the aliphatic chains was achieved smoothly, giving cor-
responding products in moderate to excellent yields (1–12). Of
note is that, we also listed the yield (in parentheses) of the
representative products using the optimal copper-catalyzed
system to show the distinct contrast in efficiency between the
two systems. Firstly, functionalization on the acyclic chain
including the gem-dimethyl (1) and the elongated chains (2–4)
was successful with high regioselective control (>20 : 1). Cyclic
substrates were tested next and the products 5–11 were afforded
in moderate to good yields. Interestingly, when using Fe(acac)3
as the catalyst, it was found that a signicant amount of 1,2-
difunctionlizational byproducts was generated (indicated by 19F
NMR) and thus circumscribed the site-selectivity of this trans-
formation; while using FeF2 as the catalyst, the remote azidated
products were obtained in almost one isomer (regioselectivity >
20 : 1). In these tests, the functionalization of the bulkier
tertiary C(sp3)–H such as tetrahydropyran (5), and N-tethered
substrates such as N-Ts (6) and N-Boc (7) was also compatible
with the iron-catalyzed system. Moreover, we then synthesized
a series of cycloalkyl substrates and to our excitement, using
FeF2, the functionalization at this remote C(sp3)–H site on four-
membered rings to seven-membered rings (8–10) proceeded
very well (69–80%) to give the corresponding 1,6-azidotri-
uoromethylated products. Also, we examined the feasibility of
this transformation at a more sterically congested site, where
the remote functionalization could be achieved on the tricyclic
ring and the tertiary azides (11) were furnished in moderate
yield. Remarkably, we turned our attention to the more chal-
lenging aspect of this reaction-the hydrogen abstraction at the
less reactive secondary C(sp3)–H sites. Of note is that there was
almost no energy difference between the initiating carbon
radical and the in situ generated secondary carbon radical and
this interesting case (12) gave the corresponding product in
58% of yield. Another type of substrate that is equally difficult to
apply, in comparison to the remote functionalization of C(sp3)–
H adjacent to the hetero-atom containing functionality,9b–d is
the remote functionalization of the benzylic C(sp3)–H site. Even
though there were pioneer reports on the 1,6-difunctionaliza-
tion on this type of unactivated alkenes, the substrate scope was
largely conned to aryl rings bearing electron-donating (OMe
and Me) and weak electron-withdrawing groups (halides) in
10440 | Chem. Sci., 2020, 11, 10437–10443
previous systems.10 Satisfyingly, when using this iron-catalyzed
system, a number of alkenes bearing a range of para-,meta-, and
ortho-substituted aryl rings were smoothly azidotri-
uoromethylized and gave the corresponding products in
moderate to excellent yields (52–87%). Meanwhile, both
electron-donating groups such as methyl (14, 25, and 28),
phenyl (16), and methoxy (17, 26, and 29), and weak electron-
withdrawing groups such as uoro (18, and 30), chloro (19),
and bromo (20, 27, and 31) can all be tolerated which enabled
further synthetic elaboration of the products via transition-
metal-catalyzed cross-coupling reactions. Of note is that, the
previously problematic alkenes bearing strong electron-
withdrawing groups such as triuoromethyl (21), esters (22),
cyano (23), and nitro (24) could also be compatible with our
standard conditions. The protocol was also effective for alkenes
bearing di-substituted aryl rings including di-
triuoromethylated (33) and di-cholorinated (34) alkenes.
Furthermore, alkenes bearing fused-/hetero-arenes such as 2-
naphthalene (35), 2H-benzofuran (32), thiophene (36), and
pyridine (37) were also well difunctionalized under the standard
conditions. Substrates with different substituents on the
aliphatic chain (38–41) were also studied and accommodated in
the reaction including the previously reported problematic N-Ts
tethered alkenes,10a albeit in relatively lower yields (40). Another
challenging substrate 1-allyl-2-ethylbenzene was tested and
obtained in synthetically useful yield (41). Besides C–H bonds
on aliphatic chains and at the benzylic site, the protocol also
worked well for azidation of C(sp3)–H abutting a heteroatom (N
or O). 42 and 43 could be afforded with high regioselective
control in 68% and 54% of yield, respectively.

Compared with 1,5-HAT, 1,6-HAT is less reported due to
multiple factors including the rigid structure of intermediates
that precludes the formation of six-membered rings.3i,14 To our
great delight, not only remote 1,7-difunctionalization could be
achieved on alkenes bearing aryl rings (45–47), remote func-
tionalization at the unactivated C–H site on the aliphatic alkene
(44) can also be smoothly realized with high regioselective
control. Even though 1,6-HAT was oen considered to be
entropy less-favored compared with other competitive side
reactions, the facile transformation under this system can
furnish the products in synthetically useful yields.
This journal is © The Royal Society of Chemistry 2020
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Scheme 3 Deuterium labelling experiments.
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To demonstrate the synthetic potential of these trans-
formations, scale-up reactions and further derivatization
studies were then carried out. As depicted in Scheme 1, the
scale-up reaction was performed affording the desired product
in 73% of yield. Accordingly, the reduction of the azide group
was complete under 1 atm H2 and the reduced product swily
underwent an intramolecular cyclization, giving the g-lactam 48
in 78% of yield. Furthermore, Huisgen cyclization was next
tested. With the addition of phenylacetylene, 71% yield of cyclo-
addition product 49 was obtained from the azidotri-
uoromethylated product.

To gain some insights into the mechanism of the trans-
formations, elementary mechanistic studies were then carried
out. Firstly, the subjection of some known radical scavengers,
such as 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO), and
butylated hydroxytoluene (BHT), to the standard conditions
afforded no desired product 50 where alkene could be fully
recovered. The corresponding coupling (TEMPO-CF3) could be
detected by 19F NMR analysis with 82% yield (eqn (1), Scheme
2). Moreover, a radical clock experiment using alkenyl cyclo-
propane was conducted, affording the cyclization product 51 in
52% yield (eqn (2), Scheme 2). These radical-trapping experi-
ments conrmed that a free CF3 radical was generated to
initiate the radical relay in the catalytic cycle.

Next, a series of deuterium labeling studies15 were performed
to reveal the kinetic characteristics of the reaction and whether
1,n-HAT undergoes a direct or two-step pathway.

First of all, deuterium-transferred product 13-d2 and 1,2-
difunctionalized product 130-d2 were obtained in the yields of
47% and 26%, respectively (1.8 : 1) (Scheme 3a), which corre-
lated with the direct 1,5-HAT process. For the generation of 130-
d2, more difficulty was observed in C–D bond cleavage than
than in C–H bond cleavage, which resulted in the generation of
the competitive 1,2-difunctionalized product. Secondly, the
intramolecular and intermolecular kinetic isotope effect (KIE)
was then investigated. In the intramolecular competition reac-
tion, S13-d yielded a KIE value of 2.6 (Scheme 3b). The obser-
vation of the kinetic isotope effect doesn't indicate that C–H
cleavage occurs during RDS but demonstrates irreversibility of
C–H cleavage via the 1,5-HAT process. In the intermolecular
competition reactions, one-pot experiments and parallel
experiments gave KIE values of 1.3 and 1.27 respectively (for
more details, see the ESI†). Collectively, these results demon-
strated that the C–H cleavage through HAT is not reversible
(primary KIE in intramolecular experiments) and this step is not
Scheme 2 Elementary mechanistic studies. aUsing PhCF3 as the
internal standard.

This journal is © The Royal Society of Chemistry 2020
the rate determining step (no primary KIE in intermolecular
experiments, Scheme 3c).10a

To understand the process of 1,7-difunctionalization, in
which two possible pathways including direct 1,6-HAT or 1,5-
HAT followed by subsequent 1,2-HAT were both likely to be
involved, two more deuterium-labeled substrates were designed
and studied under standard conditions. Interestingly, benzylic
dideuterium-substituted alkene S46-d2 afforded 1,2-difunc-
tionalized product 46-d2 alone, possibly due to the united
effects of more difficult C–D cleavage and less favored 1,6-HAT.
Alternatively, we designed another b-dideuterium-labeled (in
regard to arene) analogue S46-d20. Supposedly, if the reaction
underwent a prior 1,5-HAT followed by 1,2-HAT, the deuterium
would shi to the benzylic position; in contrast, no deuterium
shiing would be observed through a direct 1,6-HAT process. To
our great satisfaction, the desired product 46-d2 was obtained in
50% yield with complete deuterium retention (Scheme 3d).
These results suggested that the direct 1,6-HAT process is more
feasible for 1,7-difunctionalization.

Based upon the collective mechanistic evidence and previous
reports,11,13,16 a possible mechanistic cycle was suggested, as
shown in Fig. 2. The CF3 radical, generated from the Togni
reagent through single electron transfer (SET) between Togni-II
and an active Fe catalyst, is captured by alkene to generate
a secondary carbon radical B, followed by the direct 1,n-HAT
process affording the tertiary/secondary radical C in situ.
Chem. Sci., 2020, 11, 10437–10443 | 10441
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Fig. 2 Possible reaction pathway.
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Meanwhile, the higher-valent iron–azide (FeIII–N3) species will
swily sequester the intermediate C to give the 1,6- (or 1,7-)
difunctionalized product 1 via azido–ligand-transfer, with
concurrent regeneration of the low-valent iron catalyst (path a).
Alternatively, we speculated whether the tertiary/secondary
carbocation is involved in the reaction, which would disclose
a totally different reaction pathway (nucleophilic substitution
instead of radical oxidation) (path b).

First of all, the suspected coupling between acid anion A and
the tertiary cation D was not detected.9a Meanwhile, as has been
shown in Table 2, 12 can be afforded without the rearrangement
byproduct, which otherwise would be oen obtained if the
carbocation is generated adjacent to the tert-butyl group. These
collective results made us inclined towards path a.

Conclusions

In summary, we have developed the rst example of iron-
catalyzed remote azidation of inert C(sp3)–H bonds by sp3 C-
centered radical relay; remote 1,6- and 1,7-azidotri-
uoromethylation of alkenes were successfully achieved. This
method demonstrates high catalytic reactivity, mild conditions,
excellent functional group tolerance and great regioselectivity.
The key to the transformation is that iron plays the dual role of
a radical initiator to promote the generation of CF�

3 and
a terminator where ironIII–azide can oxidize the in situ gener-
ated remote carbon radical and incorporate the azide func-
tionality via azido–ligand-transfer. Deuterium studies revealed
the direct 1,n- (n ¼ 5, 6) HAT process. Further investigation of
functionalization on fully linear chains and utilization of this
strategy to construct potentially bioactive molecules is still
underway in our laboratory.
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