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ABSTRACT: A silver-catalyzed chlorination of benzylic, tertiary, and
secondary C(sp®>)—H bonds was developed. The reaction proceeded with
as low as 0.2 mol % catalyst loading at room temperature under air /

atmosphere with synthetically useful functional group compatibility. The sp’ carbons

Ag(phen),OTf (0.2 mol %)
BuOCI (2 ~ 3 equiv)

\
—C—H —C—ClI
MeCN (2 M), air, rt /
up to 94%

regioselectivity and reactivity tendencies suggest that the chlorination
proceeded through a radical pathway, but an intermediate alkylsilver species cannot be ruled out.

O rganic halides are synthetically versatile and frequently
used in a variety of functional group transformations and
C—C bond formations. Direct C—H halogenation is an efficient
and straightforward route to organic halides; nevertheless, C—
H halogenation methods widely applicable to the synthesis of
complex molecules are limited." Direct halogenation of
unactivated C(sp®)—H bonds is especially difficult. Electrophilic
and radical C(sp*)—H halogenations using N-halosuccinimide
without the use of any catalysts are common for benzylic,
allylic, and activated C(sp’)—H bonds but generally require
relatively harsh reaction conditions (high temperature, acidic/
basic, or UV irradiation).” Despite the potential difficulties
controlling the site-selectivity for radical halogenation of
aliphatic substrates, Alexanian recently reported unique
halogenation reagents that achieve site-selective C(sp*)—H
halogenation under mild, visible light-irradiation conditions.’

Transition metal-catalyzed C(sp’)—H halogenation could
overcome the potential drawbacks of conventional halogen-
ation reactions. Shilov originally reported Pt-catalyzed, methyl
group-selective C(sp>)—H chlorination of simple alkanes,* and
Sanford recently extended the substrate scope to aliphatic
amines.” Those reactions proceeded at high temperature (>100
°C) and were not applicable to starting materials containing
C(sp*)-H bonds. Directing group-assisted C(sp*)—H halo-
genations were reported by Yu (iodination),” Sanford
(chlorination),® Sahoo (chlorination and bromination),” and
Rao (chlorination, bromination, and iodination),'” where the /-
position of the oxazolines or amides was selectively activated by
Cu or Pd catalysts. Hill'' and Groves'” reported Mn porphyrin-
catalyzed C(sp*)—H chlorination and bromination, but the
yields were generally not high. Therefore, there remains room
to develop a synthetically useful catalytic C(sp*)—H halogen-
ation. Here, we report a Ag-catalyzed C(sp®)—H chlorination at
benzylic, tertiary, and secondary positions. The reaction was
operationally simple and promoted by a small amount of the
catalyst with high functional group compatibility at room
temperature under air.

Our preliminary investigation of metal-catalyzed C(sp®)—H
halogenation revealed that C(sp*)—H chlorination of isoamyl
benzoate (la) was catalyzed by Ag(phen),OTf at room
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temperature using tert-butyl hypochlorite (‘BuOCl) as an
oxidant to give 2a in moderate yield (Scheme 1a). No tert-

Scheme 1. Initial Results

(a) Initial findings for C(sp®)-H chlorination
Ag(phen),OTf (4 mol %)

Me BuOCI (1.5 equiv) MeC

Y - I
BzO/\)<Me MeCN (0.2 M), Ar, t, 24 h BzO/\/kMe
1a 2a: 55% (NMR)

(b) Previous work by Li: decarboxylative chlorination
Ag(phen),OTf (5 mol %)
BuOCI (1.5 equiv)

o)
)l\ » R-CI

OH MeCN (0.1 M), rt or 45 °C

R

butoxylation was observed in 'H NMR and MS analysis of the
crude mixture. To our surprise, the reaction conditions were
almost identical to those for decarboxylative chlorination
reported by Li (Scheme 1b)."* That report, however, did not
describe C(sp*)—H chlorination. Considering the broader
applicability of C—H activation reactions compared with
decarboxylative reactions, as well as the synthetic utilities of
the product alkyl chlorides,'* we began intensive optimization
studies of the reaction conditions for this novel activation
mode.

The optimization results are summarized in Table 1 (see
Supporting Information (SI) for details). Catalyst screening
revealed that Ag salts bearing bipyridine-type ligands had
acceptable reactivity, yielding up to 78% of 2a when using 0.5
mol % AgOTf phenanthroline catalyst (Table 1, entry 1).
Ligands were essential for high product yield (entries 2 vs 1, 3,
and 4). MeCN was the best solvent (entries 1 and 5—9)
probably because Ag(phen),OTf did not dissolve well in the
other solvents. Water did not interfere with the chlorination
process (entries 1 vs 8 and 9). Oxidants other than ‘BuOCI
were not efficient (entries 10 and 11). An increased amount of
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Table 1. Screening of the Reaction Conditions”
Ag(phen),OTf (0.5 mol %)

MeH BuOCI (x equiv) MeCI
Bzo/\*rvle solvent (2 M), Ar, i, 24 h BZO/\*Me
1a 2a

entry  'BuOCI (equiv) solvent yield (%)”  rsm (%)"
1 2 dist. MeCN 78 21
2° 2 dist. MeCN 12 87
3¢ 2 dist. MeCN 60 39
4¢ 2 dist. MeCN 69 30
s 2 dry EtOAc 50 44
6 2 dry CH,CI, 37 43
7 2 dry CHCI, 27 58
8 2 MeCN/water (1:1) 79 12
9 2 MeCN/ 76 23
10 2 equiv NCS MeCN 0

11 2 equiv NaOCl ~ MeCN/ 3 9
12 3 MeCN/ 84 11
13 4 MeCN/ 87 11
145 2 MeCN/ 64 35
1" 2 MeCN/ 76 23
16’ 2 MeCN/ 80 19
17 3 MeCN/ 922 7

“The reactions were performed using 0.2 mmol 1a. “NMR yield of 2a
and recovered starting material (rsm) using 1,1,2,2-tetrachloroethane
as an internal standard. “AgOTf (1 mol %) was used as catalyst.
dAg(bpy)OTf (1 mol %) was used as catalyst. “Ag(bpy),OTf (1 mol
%) was used as catalyst. "Neither distilled nor anhydrous. €Under an
oxygen atmosphere (1 atm). hUnder air (1 atm). iForty-eight hour
reaction. phen: 1,10-phenanthroline; bpy: 2,2'-bipyridyl; NCS: N-
chlorosuccinimide.

‘BuOCl (entries 9 vs 12 and 13) and a prolonged reaction time
(entries 9 vs 16; 12 vs 17) improved the yield. Finally, we
performed the reaction under O, atmosphere or air (entries 9
vs 14 and 15). No C(sp®)—O bond formation was observed in
any of the three entries, however, and the yields did not differ
significantly between the reactions under Ar and air. Thus,
special care to prevent air and water contamination is not
necessary for this C(sp*)—H chlorination reaction. Overall, the
conditions in entry 17 were found to be the best.

Under the optimized conditions using 0.2 mol % catalyst, we
investigated the substrate scope (Scheme 2). Benzylic, tertiary,
and secondary C(sp®>)—H bonds were chlorinated in moderate
to high yield. Slight modifications of the reaction conditions
were necessary for benzylic chlorination: use of anhydrous
MeCN and 2 equiv ‘BuOCI minimized undesired hydrolysis of
the product and the dichlorination byproduct, respectively (see
SI for details). Various esters (2a—2d, 2g, 2n, 2p, 2s—2u), a
bromo functionality (2e, 2j), nitriles (2f, 2i, 2q), a nitro group
(2h), a carboxylic acid (21), a phthalimide (2m, 2p), a ketone
(2k, 20, 2v), and a mesyl group (2r) were tolerated under the
chlorination conditions. Regioisomers were generated when
there were two or more C(sp>)—H bonds sufficiently reactive
to give C(sp®)—Cl bonds (2¢, 2¢’). 5-Chlorination was slightly
favored over y-chlorination (y/§ = 1:1.7), suggesting that the
relative reactivity of C(sp’)—H bonds is influenced by the
electronic characteristics. This tendency was also evident in the
reactions of 1b and 1m. According to Li et al,,'” decarboxylative
chlorination scarcely occurred from primary carboxylic acids at
room temperature. This is consistent with the result of 2,
where tertiary C—H chlorination proceeded in high yield from
nonprotected carboxylic acid 11. Because of the mild reaction

Scheme 2. Substrate Scope”

Ag(phen),OTf (0.2 mol %)
H BuOCI (2 or 3 equiv) cl

> A

R'” “R2 MeCN (2 M), air, rt, 48 h R1” “R2
1 2
Cl
M
MeCI cl BZO/\)*/\/ €
3_Me
Bz0 Me 820"~ e BZO/\/\g

82%
2a: { 70%” 2b: 35% 2c +2¢": 64%
75%b.c (1:8=1:1.7)

Cl Cl (e} MeCI
R PP
Ph)\/\R Me>_©_ HO Me

21: 85%
2d9 [R: OAc]: 75%  2h? [R: NO,J: 62% cl
2e? [R:Br]:  50% 2i¢ [R:CN]: 60%
269 [R:CN]: 71%  2j9 [R:Brl: 46% Me)\/\NPhth
2g? [R: OPiv]: 80% 2k9 [R: Ac]:  75% 2m: 62%
(e} Cl O cl
MeO Ph Me MeO,C MeCI
Me PhthN” ™~ ~Me
2n%e: 58% OAc 20:51% 2p: 94%
brsm9 0
2q' [R:2-CN:  42% (85%)
XN cl 2ref [R:2-OMs]:  32% (81%)
R 2s' [R:2-COE]: 45% (61%)
Z 2te’ [R: 3-CO,Me]: 38% (77%)
2uef [R: 4—C02’Bu]: 36% (69%) 2v:61% CI

“General reaction conditions: 1 (2 mmol, 1 equiv), Ag(phen),OTf
(0.004 mmol), and ‘BuOCl (6 mmol) in MeCN (1 mL) at room
temperature. Product 2 was isolated by silica gel column
chromatography. “Five millimolar (1 g) of la was used. “Catalyst
was prepared by mixing AgOTf (0.01 mmol) and 1,10-phenanthroline
(0.02 mmol) in situ. “Anhydrous MeCN and 2 equiv of ‘BuOCI were
used under Ar. “Scale of 0.2 mmol. fAnhydrous MeCN was used under
Ar. 8Yield based on recovered starting material (brsm) in parentheses,
calculated from NMR of the crude mixture. Phth: phthaloyl; brsm:
based on recovered starting material.

conditions, f-halo carbonyl compound 2n was obtained in
synthetically useful yield despite the easy decomposition of 2n
into the corresponding a,f-unsaturated carbonyl compound via
an ElcB mechanism. Product 2v could tautomerize to 1-
naphthol after eliminating HCI, but such undesirable
decomposition was not detected. Benzylic C(sp*)—H chlorina-
tion of toluene derivatives also proceeded (2q—2u), although in
only moderate yield. C(sp’)—H chlorination of allylic/
propargylic compounds and ethers was not successful under
those conditions, giving complicated mixtures of products.'’
Additionally, substrates containing nucleophilic aromatic rings,
such as anisole derivatives, furnished electrophilic aromatic
substitution to give aryl chlorides.'®

Gram-scale C(sp®>)—H chlorination proceeded with a yield
similar to that of a smaller-scale reaction (Scheme 2, 2a, second
row), indicating that the reaction was scalable. Additionally, a
comparable yield was obtained when the catalyst was prepared
by mixing AgOTf and 1,10-phenanthroline in the reaction
mixture instead of preparing Ag(phen),OTf in advance
(Scheme 2, 2a, third row).

For insight to be gained into the reaction mechanism, the
following experiments were conducted. First, the reaction was
applied to enantiomerically pure 1w containing a chiral tertiary
stereogenic center (Scheme 3a). The corresponding chlorina-
tion product 2w was obtained as a racemic form, suggesting
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Scheme 3. Mechanistic Insight into C(sp*)—H Chlorination”

(a) Application to optically active substrate

o)

JL Ag(phen),OTf (0.2 mol %) L Me, £

/\/'j 'BuOCI (3 equiv) Ar o/\)ﬁ
HOQC MeCN (2 M), air o HO,C

24 h 2w, racemic

27% (2 steps
after Me esterification)

(Ar = p- No2 CeHa)

(b) C(sp®)-H cleavage via free radical process

catalyst
R BuOCI (2 equiv) R .
H =
BzO/\*Me MeCN (0.5 M), Ar, rt, 24 h BzO/\*Me
1 2

yield rsm

entry catalyst (mol %) (%) (%)a

1 Ag(phen)20Tf (0.5) 78 21

R=Me
2 NHPI (25) 30 69 (1a)
3 white LED 34 57
4 Ag(phen)20Tf (0.5) 41 45

R=H
5 NHPI (25) 4 96 (1b)
6 white LED 21 75

“NMR yield and rsm using 1,1,2,2-tetrachloroethane as an internal
standard. NHPI: N-hydroxyphthalimide

that the reaction could proceed through a tertiary carbon
radical intermediate. Next, we examined whether a free fert-
butoxy radical was an active species for the C(sp®)—H cleavage
step (Scheme 3b). We tried a combination of ‘BuOCIl and N-
hydroxyphthalimide (NHPI)** or photoirradiation in the
presence of ‘BuOCl,"” conditions known to generate the tert-
butoxy radical. The yields of 2a or 2b were much lower than
those under standard reaction conditions (Scheme 3b, entries 1
vs 2 and 3; 4 vs S and 6). These results imply that the free tert-
butoxy radical is not involved in this C(sp®)—H chlorination
process. Radical clock experiments resulted in a complicated
reaction mixture, providing no meaningful conclusion.

On the basis of the experimental results described above and
the proposed mechanism for decarboxylative chlorination by
Li,"’ a plausible catalytic cycle is depicted in Figure 1. First,
Ag(phen),OTf and ‘BuOCl (2:1) react to form dinuclear

2 Ag!
BuOCI
/CI."'A "
g
1
R Lo 6
A Cl,
. R Ag" . Ag"
path B By 3
path A
— BuOH
H
R1/.\R2 R‘J\R2
1

Figure 1. Proposed reaction mechanism.

Ag(II) complex 3. The color of the reaction mixture turned
brown by the addition of ‘BuOCI to a solution containing
Ag(phen),OTf, which is the same color reported for Ag(1l)
dinuclear complexes.'”'*'? After homolytic cleavage of the
Ag—O'Bu bond, the tert-butoxy radical abstracts a H atom from
a C(sp*)—H bond of substrate 1 to produce carbon radical 4.
Finally, 4 traps a Cl atom from complex S to give chlorinated
product 2, and Ag(I) is regenerated to close the catalytic cycle
(path A). The Cl-transfer process from $ to carbon radical 4
should be very fast because the O, trap of the carbon radical
was not observed even in an oxygen atmosphere.”’ As an
alternative pathway, alkylsilver 6 is generated after C(sp®)—H
cleavage in 1 by 3, from which alkyl chloride product 2 is
eliminated and Ag(I) regenerates (path B). Alkylsilver
compounds are generally highly unstable but could be stable
at room temperature with the help of ligands.”' Additionally,
alkylsilver compounds exhibited similar characteristics to alkyl
radicals: they decomposed in the presence of radical scavengers
such as O,, Iz, and thiols,”* and readily epimerized at room
temperature.”” Therefore, generation of alkylsilver intermediate
6 cannot be excluded by the experimental results shown in
Scheme 3. The use of ligands such as 1,10-phenanthroline and
2,2'-bipyridyl will likely facilitate the formation of reactive
dinuclear complex 3 and § or 6, leading to successful C(sp*)—
H chlorination.

In conclusion, a Ag(phen),OTf-catalyzed C(sp®>)—H chlori-
nation reaction was developed. Benzylic, tertiary, and secondary
C(sp*)—H bonds were chlorinated under mild conditions and
with synthetically useful functional group tolerance using as low
as 0.2 mol % catalyst. The features of the reaction enable simple
and easy operation on both the small and large scale. On the
basis of this method, we are currently studying a catalyst-
controlled site-selective C(sp®)—H chlorination.
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