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A visible-light-promoted radical reaction system
for azidation and halogenation of tertiary aliphatic
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A highly tunable radical-mediated reaction system for the functionalization of tertiary aliphatic C—H bonds
was developed. Reactions of various substrates with the Zhdankin azidoiodane reagent 1, Ru(bpy)sCl,, and
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visible light irradiation at room temperature gave C—H azidated or halogenated products in an easily

controllable fashion. These reactions are efficient, selective, and compatible with complex substrates.
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Introduction

C-H bonds are the most prevalent chemical bonds on the
surface of organic and biomolecules. Better means for the
selective and controllable functionalization of C-H bonds could
greatly facilitate a broad range of applications such as tagging
organic and biomolecules, drug development and mapping
ligand-receptor interactions."” Despite their tremendous
potential, the low reactivity of C-H bonds and the difficulty of
achieving selectivity pose a significant challenge for the reali-
zation of a C-H labeling strategy, especially for more inert
aliphatic C-H bonds. Radical reactions could provide a simple
yet powerful approach to selectively target specific aliphatic C-H
bonds due to their inherent ability to differentiate aliphatic C-H
bonds based on the bond dissociation energy.>* While various
radical aliphatic C-H functionalization reactions have been
well-studied, new methods with better reactivity, versatility and
biocompatibility are necessary for the selective and efficient
C-H labeling of complex substrates.

Among reported aliphatic C-H functionalization reactions,
C-H azidation has proven to be particularly useful due to the
unique photophysical and chemical reactivity of the azido
group.*™ In 1996, Zhdankin® reported that the reaction of
simple hydrocarbons with azidoiodane 1 in the presence of
benzoyl peroxide led to the selective azidation of 3° and acti-
vated 2° C-H bonds in moderate to good yield.*™ Hartwig
recently discovered that Fe/PyBOX catalysts promote aliphatic

“State Key Laboratory and Institute of Elemento-Organic Chemistry, Collaborative
Innovation Center of Chemical Science and Engineering (Tianjin), Nankai
University, Tianjin 300071, China. E-mail: gongchen@nankai.edu.cn

*Department of Chemistry, The Pennsylvania State University, 104 Chemistry Building,
University Park, PA 16802, USA. E-mail: guc11@psu.edu
(ESI) available. See DOI:

T Electronic  supplementary  information

10.1039/c55c04169d

This journal is © The Royal Society of Chemistry 2016

They provide a potentially valuable tool for selectively labeling tertiary C—H bonds of organic and
biomolecules with tags of varied chemical and biophysical properties for comparative functional studies.

C-H azidation with 1 under milder conditions, allowing the
labeling of complex natural products with high selectivity.*>**
Herein, we report a new strategy to affect the azidation of 3° C-H
bonds of complex substrates using the Zhdankin reagent 1,
a photosensitizer and visible-light irradiation at room temper-
ature (Scheme 1). Furthermore, this visible-light-promoted
radical reaction system can be conveniently modulated by the
addition of nucleophilic halides to achieve aliphatic C-H chlo-
rination and bromination with high efficiency and
chemospecificity.

Results and discussion

Our research in radical C-H functionalization chemistry stems
from our interest in the synthetic and biological studies of
peptides.'* Compared with a-amino acid (2AA) residues bearing
polar or aromatic side chains, the structural and functional
roles of hydrophobic aliphatic aAA residues such as leucine and

N3
O—I1=Ns  no additive R R'
o) 2
H 1(2 equiv) +LiCl ¢l
R\/i\/R' > R \/|\/R'
visible light
Ru(bpy)sCly
(0.1-2 mol%) + nBuNEr Br
HFIP, rt L R R

* High versatility
*Use of X for halogenation
* Excellent specificity and efficiency

*Mild conditions
* Simple operation
* Excellent FG compatability

Scheme 1 A highly tunable radical-mediated reaction system for the
selective functionalization of 3° C(sp®)—H bonds under the promotion
of visible light.
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valine in peptides and proteins are much more difficult to probe
due to the lack of suitable chemical handles in these residues.
Following the report of Hartwig's Fe-catalyzed aliphatic C-H
azidation,” we wondered whether this azidation chemistry
could potentially provide a long sought-after method for selec-
tively labeling the aliphatic oAA residues of peptides and
proteins. As shown in Table 1, we commenced our investigation
with the azidation of N-phthaloyl leucine methyl ester 2 with 1
under various reported conditions (Table 1). The reaction of 2
under Fe/iPr-PyBOX-catalyzed conditions in CH3CN provided
the desired azidated product 3 in low yield (entry 1). The reac-
tion under benzoyl peroxide-promoted conditions also gave 3 in
moderate yield (entry 4). Interestingly, the azidation of Leu 2
proceeded in good yield without any catalyst or additive at 80 °C
in hexafluoroisopropanol (HFIP) under an air atmosphere,
forming ortho-iodobenzoic acid as the main byproduct (entry 9).

In order to achieve better biocompatibility, we next investi-
gated whether the azidation reaction could proceed at room
temperature. While the use of various electron transfer reagents
such as zinc metal and cerium ammonium nitrate failed, we
were delighted to find that the application of a photosensitizer
(Ru(bpy)sCl,) and visible light irradiation (VL: 12 W household
fluorescent light bulb) formed 3 in moderate yield under an Ar

Table 1 3° C—H azidation and chlorination of Leu 2
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atmosphere (entry 11).' Interestingly, the use of 0.1 mol% of
Ru(bpy);Cl, gave significantly improved results than when
using 5 mol% of Ru(bpy);Cl, (entry 12). Furthermore, we were
surprised to find that the use of 20 mol% of Ru(bpy);Cl,
produced only a small amount of 3 but instead produced a 35%
yield of chlorinated product 4 (entry 14). This result prompted
us to evaluate different Cl donors to improve the yield of the
chlorinated product (see ESIf for more screening results). A
number of nucleophilic Cl sources worked, LiCl or TMSCI gave 4
in the highest yield and selectivity (entries 16 and 17). The
addition of 2 equiv. of TEMPO shut down the reaction with little
conversion of 2 (entry 19). The reaction in darkness gave little
product (entry 20). Interestingly, visible light irradiation in the
absence of Ru(bpy);Cl, also gave a small amount of 3 (entry 21).

As shown in Scheme 2, C-H azidation reactions with azi-
doiodane 1 worked well for a variety of aliphatic substrates with
excellent 3° C-H selectivity under the optimized light-promoted
conditions A."” Common functional groups e.g. Boc, Bn, TBS,
ester and amide were well tolerated. Steric hindrance and
electron-withdrawing functional groups generally diminish the
reactivity of the neighbouring C-H bonds, allowing preferential
labeling of certain 3° C-H bonds of complex substrates.*” For
instance, azidation selectively took place at the more distal 3°

CO,Me (2 equiv)
ST
NPhth

Leu 2

BI/\rCOZMe
1 Ns NPhth
3

[
- X
COH

Yield® (%)

T
Entry Reagents (equiv.)/atmosphere Solvent (°C)/time (h) 3 4
1 Fe(OAc), (0.1), iPr-PyBOX (0.11), air CH;CN 50/24 27 0
2 Fe(OAc), (0.1), air CH;CN 50/24 30 0
3 Air CH;CN 50/24 37 0
4 Benzoyl peroxide (0.2), air DCE 50/24 41 0
5 Benzoyl peroxide (0.2), air HFIP rt/24 7 0
6 Air CH;CN 80/24 42 0
7 Air H,0 80/24 30 0
8 Air DCM/H,O (1 : 9) 80/24 51 0
9 Air HFIP 80/24 70 0
10 Ir(ppy)s (0.05), WL, Ar HFIP rt/24 <2 0
11 Ru(bpy);Cl, (0.05), VL, Ar HFIP rt/24 46 <5
12 Ru(bpy);Cl, (0.001), VL, Ar HFIP rt/24 91 (86°) <3
13 Ru(bpy);Cl, (0.0001), VL, Ar HFIP rt/24 70 <3
14 Ru(bpy);Cl, (0.2), VL, Ar HFIP 1t/24 15 35
15 Ru(bpy);Cl, (0.001), MgCl, (2), VL, Ar HFIP rt/24 5 30
16 Ru(bpy);Cl, (0.001), TMSCI (2), VL, Ar HFIP rt/24 <2 87
17 Ru(bpy)Cl, (0.001), LiCl (4), VL, Ar HFIP 1t/24 <2 95 (779
18 LiCI (4), VL, Ar HFIP rt/24 0 0
19 Ru(bpy);Cl, (0.001), TEMPO (2), VL, Ar HFIP 1t/24 <2 0
20 Ru(bpy);Cl, (0.001), Ar, in darkness HFIP rt/24 <2 0
21 VL, Ar (no Ru(bpy);Cl,) HFIP 1t/24 6 0

“ Yields are based on 'H-NMR analysis on a 0.2 mmol scale. ? VL: 12 W fluorescent bulb. ¢ Isolated yield (see ESI).
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(25% of SM recovered) (53% of SM recovered)

Scheme 2 Substrate scope of aliphatic C—H azidation. [a] Isolated
yield on a 0.2 mmol scale. [b] *H-NMR vyield. Isolated yield was occa-
sionally compromised by the volatility of the product and/or difficulties
in purification. [c] Isolated yield of its amide derivative (see ESIY). [d] As
the only major product.

carbon of 13 and N-phthaloyl pregabalin methyl ester 15.
Moreover, we were delighted to find that the C-H azidation of
dipeptides under the standard light-promoted conditions also
provided good yield and excellent selectivity (see 17 and 18).

1 (2 equiv)
LiCl (4 equiv)
visible light
Ru(bpy)sClz (0.1 mol%)
>

HFIP, Ar, 1t, 24 h
(conditions B)?2

>|/\/00an >m /m
c c NPhth c OBz

19 20 21
46% (61%P) 62% (80%P) 75%

R'\xR R'EX/R @)

o NPhth MeO,C H
O =
BzO 22 L, 23 24, 45% W(@
93% (dr: ~1.3:1) 63% (34% of SM recovered)

Scheme 3 Substrate scope of C—H chlorination. (a) Isolated yield on
a 0.2 mmol scale and (b) *H-NMR yield.
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As shown in Scheme 3, visible light-promoted 3° C-H chlo-
rination reactions with azidoiodane 1 and LiCl as the Cl donor
also demonstrated excellent efficiency, site-selectivity and
functional group tolerance.' The reactivity of these C-H chlo-
rination reactions was slightly higher than the corresponding
azidation reaction (see 21 vs. 10 and 24 vs. 18). Additionally, we
were pleased to find that this reaction system can be further
modulated to form 3° C-H brominated products by the addition
of a bromide donor.'?° As shown in Scheme 4, the reaction of
various aliphatic substrates with 2 equiv. of nBu,NBr, 2 equiv. of
1, and 2 mol% of Ru(bpy);Cl, under visible light irradiation
(conditions C) gave 3° C-H brominated products in good yield
and with excellent selectivity. It is worth noting that the
competing C-H azidation process was completely suppressed in
both chlorination and bromination reaction systems.

The azidation reactions under the newly developed condi-
tions are consistent with the radical chain mechanisms
proposed by Zhdankin® (Scheme 5A). The radical chain mech-
anism is supported by the large quantum yield (¢ ~ 18,
measured by Yoon's method?*) of the C-H azidation reaction of
32 with 1 (see ESIT). Under thermally promoted conditions (see
entry 9, Table 1), the weak I-N; bond of 1 presumably undergoes
homolytic cleavage to form an iodanyl radical I and an azido
radical.®* Because of the relative weak reactivity the of Nj
radical,”* I likely serves as the H abstractor® to convert the C-H
substrate to a C-centered radical intermediate II II then attacks
1 to form the azidated product and regenerates I, which prop-
agates the radical chain reaction. Under visible-light irradiation
in the presence of Ru(bpy);Cl,, 1 may be activated by electron
transfer* to generate radical I, which can trigger the same chain
reaction at rt. The chlorination reactions likely share the same
mechanism for the azidoiodane-mediated radical initiation
step (formation of I) as the azidation reactions. However,
chloroiodane 31 ** formed via in situ substitution of 1 with C1~
probably overrides azidoiodane in the subsequent chain prop-
agation step to selectively form the C-H chlorinated products
(Scheme 5B). Our control experiments indicated that both 1 and
31 are involved in the chlorination reaction. As shown in eqn 4,
mixing of 1 and LiCl in HFIP at rt in the absence of light can

1 (2 equiv)
nBusNBr (2 equivP)
visible light

Ru(bpy)sCly (2 mol%) Br
> M R ©
HFIP, Ar, rt, 24 h
Bi
' )
27

H
r LR

(conditions C)@

CO,Me
Br Br /Y\|
NPhth NPhth Bz
25 26
71% 70% 62%
NPhth
CO2Bn >|/\
BX\/ Br OBz
28 29 30
65% Br 65% 70%

Scheme 4 Substrate scope of C—H bromination. (a) Isolated yield on
a 0.2 mmol scale; (b) added in 2 portions (1 + 1 equiv.).
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A) C-H azidation with 1 based on Zhdankin's proposal

heat or peroxide (ref 8)

O—I—N, or light / Ru(bpy)s2* o—l-
o) (this work) 04\©
radical initiation
1 step 1 !

|
R\k‘ ETT—— R\).\ 1< > R\)QNS
H-abstraction
[}
1

chain propagation
step 2

B) Light-promoted C-H chlorination with 1 and CI

LiCl

(5 equiv) o—I—=Cl
—> +LiN, (4
i, 12n © 31 595% inpcm N ()
42% in HFIP
no reaction

visible light Without1 35 ¢ recovered)

Ru(bpy)sCl, 1is required
Y\I . 31 (0.1 mol%) for step 1 )
2 equiv with 1

5p NN (2 equlv) HrtF';;‘/;r (1 equiv) 20 (72%)
’ —® chlorination only
31 overrides 1

in step 2

1
light insitu "\ Cl_
step 1 substitution

H |
R e ———
H-abstraction

chain propagation
step 2

Scheme 5 Plausible mechanisms for C—H azidation and chlorination.

form 31 (42% yield in 12 h). Subjecting substrate 32 and 2 equiv.
of pre-made 31 to the standard light-promoted conditions did
not give any reaction (eqn 5). Interestingly, the addition of 1
equiv. of 1 together with 31 cleanly restored the chlorination
reaction (see more details in ESIt).?® This suggests that chloride
31 cannot be directly activated to generate the iodanyl radical I
for the initial H-abstraction, but is more reactive than azidoio-
dane toward nucleophilic attack by the radical intermediate II.
C-H bromination with nBu,NBr may follow a similar pathway as
chlorination.

Conclusions

In summary, we have developed a uniquely tunable radical-
mediated reaction system for the azidation and halogenation of
tertiary aliphatic C-H bonds of various substrates with azi-
doiodane 1 and visible light irradiation at room temperature.
These reactions provide a simple and powerful method for
selectively labeling tertiary aliphatic C-H bonds of organic
molecules with diverse tags. In addition to a mild protocol for
radical aliphatic C-H functionalization, this study

2682 | Chem. Sci., 2016, 7, 2679-2683
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demonstrated a novel strategy to use more easily available
nucleophilic halide reagents for radical C-H halogenation
reactions. Further mechanistic studies and expansion of this
reaction system to achieve other types of aliphatic C-H func-
tionalization and applications in labeling biomolecules are
currently under investigation.
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