Downloaded via SHANDONG UNIV on June 18, 2025 at 06:34:31 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to |egitimately share published articles.

OL Organic
Letters

pubs.acs.org/OrglLett

Iron-Catalyzed Site-Selective Bromination of Benzylic C(sp>)—H
Bonds

Guangyi Zhang, Zihao Xu, Bing Han, Yuge Ji, Shengying Li, Meijuan Zhou,™ Min Cao,* Xiaolong Yu,*
and Lei Liu*

Cite This: Org. Lett. 2025, 27, 3720-3724 I: I Read Online

ACCESS | [l Metrics & More ’ Article Recommendations | @ Supporting Information

A practical site-selective benzylic C-H bromination Method Features

sustainable iron catalysis at 1 mol % catalyst loading

excellent chemo- and site-selectivit
FeBr, (1 mol %) Br 4

H
)\
Ar R NBS, rt Ar R

broad substrate scope (49 examples)
applicability for large-scale synthesis

applicability for late-stage diversification

ABSTRACT: An iron-catalyzed chemo- and site-selective benzylic C—H bromination has been described. The practical approach
uses the C—H substrate as the limiting reagent and commercially available iron(I) bromide at a loading of 1 mol % as the catalyst
without the involvement of any extrinsic ligand. The simple and mild reaction can be readily scaled up to gram quantity with good
functional group tolerance, offering a convenient route for the late-stage diversification of complex bioactive natural products and
pharmaceutical molecules through sequential benzylic C—H bromination.

B enzylic bromides are key intermediates for synthesizing A) Bromine-mediated benzylic C-H bromination (ref. 4)
numerous organic compounds through carbon—carbon Bryor o « involvement of toxic, corrosive Br,
. . 1 H R . -~ N -
and carbon—heteroatom bond formation reactions.” Therefore, P Br source/oxidant,, PN * strong acidic or oxidative condition
Ar R Ar R « poor functional group tolerance

late-stage site-selective bromination of benzylic C—H bonds « inferior chemo- and site-selectivity
represents a promising tool to quickly diversify a given

B) Traditional NBS-mediated benzylic C-H bromination (ref. 6)
molecule containing substituted benzyl structures for the

. . . 2 . « harsh reaction condition
- B
expansion of the accessible chemical space.” To our surprise, a H NBS, initiator r < inorior ehemasatoctiity
practical and effective site-selective benzylic C—H bromination A )\R A >R + poor functional group tolerance
3 .. . " - . « inapplicability for large-scale synthesis
approach has scarcely been reported.” Traditional preparative initiator: AIBN, Bz;0z, hv, heating, efc.
chemistry typically relies on the direct employment of liquid
bromine or generation of bromine in situ by oxidation of C) Iron-catalyzed benzylic C-H bromination (this work)
hydrogen bromide or alkali-metal bromide (Figure 1A)." The « sustainable iron catalysis
L. . . . . H NBS, FeBr; (1 mol %) Br « excellent chemo- and site-selectivity
toxicity and corroding properties together with poor functional )\ —= 2 )\ « good functional group tolerance
it N " I
Ar R Ar R « applicability for late-stage diversification

group tolerance prevent the development of an efficient late-
stage bromination approach. The Wohl—Ziegler bromination
using relatively safe and user-friendly N-bromosuccinimide Figure 1. Overview of the existing methods for benzylic C—H
(NBS) as a brominating agent in the presence of potentially bromma?xon. (A) Ben;yll; bromination r'nedlatec} b}f liquid l?romlne
explosive radical initiators such as benzoyl peroxide or UV or ;IerSromme ger.lerated in situ. (B) Benzylic bromination mediated b.y
o - ’ } and various radical initiators. (C) Iron-catalyzed benzylic
visible light often remains the method of choice for the bromination.
purpose (Figure 1B).” However, this protocol still suffers from
inferior chemoselectivity, generating undesired benzylic
dibromination and arene C(sp®>)—H bromination byproducts
together with inapplicability for large-scale synthesis.” The
development of a practical, sustainable, and readily scalable
site-selective benzylic C—H bromination for late-stage Received: February 28, 2025 ..
functionalization would be highly desired. Revised:  March 25, 2025 y e
Iron is the second most abundant metal in the Earth’s crust. Accepted:  March 27, 2025
The low cost, environmental friendliness, and biocompatible Published: April 1, 2025
nature of iron make this metal particularly attractive for the
development of sustainable catalytic protocols.” Herein, we

« applicability for large-scale synthesis

disclose an iron/NBS-mediated site-selective benzylic C—H
bromination (Figure 1C). The practical and simple approach
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employs the C—H substrate as the limiting reagent and
commercially available iron(II) bromide at a loading of 1 mol
% as the catalyst without the involvement of any extrinsic
ligand, allowing the reaction to be readily scaled up to gram
quantity with good functional group tolerance. Application in
the late-stage bromination of complex bioactive molecules is
also demonstrated.

We initially investigated benzylic C—H bromination of 1-
chloro-4-ethylbenzene (1a) using NBS as a brominating agent
for the search of a suitable iron catalyst (Table 1). A series of

Table 1. Reaction Condition Optimization®
H Br

NBS, metal salt

solvent, rt
Cl Cl
1a 2a
entry catalyst solvent yield (%) b
1 Fe(OAc), n-hexane 25
2 FeC,0, n-hexane 36
3 Fe(OTY), n-hexane 60
4 Fe(acac), n-hexane SS
S FeCl, n-hexane 43
6 FeBr, n-hexane 88
7 FeBr, cyclohexane 61
8 FeBr, THF 33
9 FeBr, CH,NO, 62
10 FeBr, CICH,CH,CI 64
11 FeBr, CH,Cl, 93
12 FeBr, benzene 98
13° FeBr, benzene 96

“Reaction conditions: 1a (0.2 mmol), NBS (0.22 mmol), and a
catalyst (S mol %) in a solvent (1.0 mL) at rt for 12 h. bYield of the
isolated product. “FeBr, (2 mol %) as the catalyst at rt for 24 h.

commercially available iron salts containing different counter-
ions were evaluated, and FeBr, was identified to be optimal in
terms of the reaction yield (entries 1—6). Solvent optimization
studies identified CH,Cl, and benzene as the most effective
choices with 93% and 98% yields, respectively (entries 6—12).
No obvious loss of reaction yield was observed when the
loading of FeBr, was decreased from 5 to 2 mol %, though a
prolonged reaction period was required (entry 13).

With the optimized conditions in hand, we next explored the
scope of FeBr,-catalyzed benzylic C—H bromination (Scheme
1A). In general, a wide variety of substrates containing
substituted benzyl structures participate in the mild bromina-
tion reactions in high efficiency without any dibromination or
arene C(sp?’)—H bromination byproducts observed. For
example, a set of substituted toluenes bearing both electron-
donating and electron-withdrawing groups at different
positions is well tolerated, as demonstrated by the generation
of expected 2b—2f in good to excellent yields. Furthermore, a
range of electronically varied arylethanes 1g—1r with diverse
substituents at the ortho, meta, and para positions are suitable
components. In addition, phenyl-substituted alkanes with
various alkyl chains are also viable substrates (1s—1v). In
addition to simple aryl rings, more complicated rings, such as
2-naphthyl (1w), heteroaryls like furanyl (1x) and thienyl (1y),
and fluorenyl (1z), are compatible with the reaction.
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Scheme 1. Scope of Iron-Catalyzed Benzylic Bromination™
NBS (1.1 eq)
H FeBr, (2 mol %) )B\r
_ FeBra(@mol%) _
Ar R benzene, rt Ar R
1 2
A) Substrate scope
Br  2g,R=H,93%
2h,R=F,87%
/@AW ©?Bf 2a R=Cl, 96%
2i, R = Br, 97%
R Br R 2j,R=1,96%
2b,R=H,91% 2f, 66% 2k, R=CN, 93%
2¢, R = Br, 89% 21, R = NO,, 85%
2d,R =1, 90% 2m, R = propan-1-one, 94%

2e, R = t-Bu, 70% 2n, R= CO,CHj, 88%

Br Br Br 2s,n=1,83%
20, R = Br, 92% CHz 2t,n=2,92%
2p,R=1,88% n 2u,n = 3,86%
R 2q, R = COOCHj3, 89% 2v,n=5,86%
Br 2r,91%
Br
Br [0} Br. s
; o, OO
Br Y
Bi
O : a
2w, 84% 2x, 80% 2y, 70% 2z, 83%
B) Functional group tolerance
o] Q 1) [0}
9@ Y 4
S
Br Br B Br
2aa, 85% 2ab, 80% 2ac, 92% 2ad, 71%
Br Br Br
Br CO,CH
R R
2ae 7% 2ah,n=1,R=F, 88% 2aj, 74%

2ai,n=3,R=H,79%

Br (0]
WOAR

2ak, 87% 2al,n=1,R=CHj,, 9%6% o
2am, n =2, R = Ph, 90% 2ao0,n=1,93%
2an,n=2,R=n-Bu, 92% 2ap,n=2,86%

ivity ratio)
Br
Br H
m 3
Br R

2as, R=H, 82%, s.r > 20:1
2at, R = CH3CO, 76%, s.r > 20:1

2aq, 89% 2ar, 93%, s.r > 20:1

mono-Br:di-Br > 20:1

“Reaction conditions: 1 (0.2 mmol), NBS (0.22 mmol), and FeBr, (2
mol %) in benzene (1.0 mL) at rt for 24 h. “Isolated yield.

The mild protocol exhibits good functional group tolerance
(Scheme 1B). For instance, a range of ketones (laa—lad),
alkyl bromide (lae—lag), carboxylic esters (lah and 1lai),
cyano (1aj), ether (1ak), acetates (1al—1an), and amides (1ao
and lap) are well tolerated with good yields. The site
selectivity of the bromination reaction was further examined
for substrates bearing a competitive reaction site (Scheme 1C).
The reaction for laq bearing two equivalent benzylic sites
proceeds smoothly, furnishing monobrominated 2aq in 89%
yield without any dibenzylic bromination product. Moreover,
this iron-catalyzed reaction supports benzylic bromination in
good yield and selectivity, with benzylic:tertiary ratios of >20:1
for lar—1at.

The synthetic application of the mild protocol in late-stage
site-selective bromination was next evaluated (Scheme 2A).
Benzylic bromination of Celestolide proceeds, giving expected
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Org. Lett. 2025, 27, 3720-3724


https://pubs.acs.org/doi/10.1021/acs.orglett.5c00864?fig=tbl1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.5c00864?fig=tbl1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.5c00864?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.5c00864?fig=sch1&ref=pdf
pubs.acs.org/OrgLett?ref=pdf
https://doi.org/10.1021/acs.orglett.5c00864?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Organic Letters

pubs.acs.org/OrglLett

Scheme 2. Applications in Late-Stage Site-Selective
Bromination and Large-Scale Synthesis

A) Late-stage site-selective benzylic br ion of plex bioactive
)H\ NBS, FeBr, /Eﬂ
A~ R benzene, rt Ar” TR
3 4
o H
Br
Br
H COOCH
CF30CHN s
from Celestolide from Dehydroabietylamine from Ibuprofen
4a, 70% 4b, 75%, dr > 20:1 4c, 85%
s.r.>20:1:1 s.r.>20:1:1

dr = diastereoselectivity radio s.r. = site-selectivity ratio

B) Gram-scale synthesis

Q NBS (1.1 equiv) Q
0.0 FeBr, (1 mol %) 0.0
et .
toluene, rt, 36 h
H Br
1ab 1.23 g scale 2ab, 86%
NBS (1.1 equiv) Br o

FeBr; (1 mol %)

N

toluene, rt, 36 h

ki

@HNO‘L

product 4a in 70% yield. More complex molecules containing
multiple reactive C—H bonds also proved to be effective. For
example, dehydroabietylamine derivative 3b undergoes site-
selective C—H bromination at the cyclic secondary benzylic
position over acyclic tertiary benzylic and cyclic tertiary ones
with excellent diastereoselectivity. In addition, bromination of
ibuprofen methyl ester (3c) proceeds with overwhelming site
selectivity at the less sterically hindered secondary benzylic C—
H bond.

The applicability of the method in a large-scale synthesis was
then demonstrated (Scheme 2B). Benzylic bromination of 1ab
and 1al proceeds without obvious loss of reaction yields. The
catalyst loading of FeBr, can be decreased to 1 mol % for these
gram-scale reactions. Notably, a scalable protocol for benzylic
C—H bromination remains extremely lacking. It has been
known that benzylic bromides can participate in a wide variety
of subsequent substitution reactions.” Take benzylic bromide
2s, for example. The C—Br bond in 2s is readily transformed
into new C—C,* ™ C—N,*" c-§,* -0, C—F,** and C—
P® bonds with varied substituent patterns. Therefore, this
simple and scalable FeBr,-catalyzed method would provide a
democratized platform for late-stage diversification of complex
bioactive molecules through site-selective benzylic C—H
bromination followed by subsequent diverse substitution.

Control experiments were conducted to obtain a preliminary
understanding of the reaction mechanism (Scheme 3A). First,
the bromination reaction of 1i was completely inhibited when
a stoichiometric amount of TEMPO was added (Scheme 3A,
eq 1). Moreover, a radical clock experiment of phenyl-
cyclopropane $ furnished dibrominated ring-open 2af (Scheme
3A, eq 2). The observations suggest that benzylic bromination
may proceed through a radical mechanism.” Second, no
reaction was observed in the absence of either NBS or FeBr,,
implying the importance of both components (Schemes 3A,
eqgs 3 and 4). Third, crossover experiments using combinations

1.18 g scale 2al, 92%
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Scheme 3. Mechanistic Studies and Proposed Catalytic
Cycle

A) Control experiments

H Br
NBS, FeBr,
(1
TEMPO
Br Br
1i 2i
<5%
Br
NBS, FeBr,
Br ()
5 2af, 68%
NBS i
1i _— 2i (3)
<5%
FeBr; (50 mol %
. 2 ( ) " @
<5%
NCS (1.1 equiv) al
FeBr; (5 mol %)
1i 2 + (5)
8% Br
6, 64%
NBS (1.1 equiv)
FeCl, (5 mol %)
1i —_— 2i + 6 (5)
67% 10%
B) Pr d reaction
Br o
Ph FeBr, N-Br
29
o
F?Brz
O,
Br 7N
ﬁ. N /,FeBrz
Ph/\ I Br
9 7
(o}
HAT
NH
° H oﬁo FeBrs
Ph)\
19 8

of NCS with FeBr, and NBS with FeCl, were next performed
(Scheme 3A, eqs S and 6). For the former condition, a mixture
of brominated 2i in 8% yield and chlorinated 6 in 64% yield
was isolated; for the latter, a mixture of brominated 2i in 67%
yield and chlorinated 6 in 10% yield was obtained. The results
indicate that benzylic bromination might occur through
halogen atom transfer from the iron species to the benzyl
radical.

Based on the above control experiments, a plausible reaction
pathway is suggested in Scheme 3B. Iron(II) bromide might
activate NBS through chelation, giving N-centered succinimide
radical 8 and FeBr;. Then a hydrogen atom transfer (HAT)
from substrate 1g to radical 8 furnishes the benzylic carbon
radical.'’ The alkyl radical abstracts a bromine atom from
FeBr; through halogen atom transfer through 9, providing
brominated 2g together with regeneration of FeBr, for the
catalytic cycle.”""
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In summary, a practical iron-catalyzed site-selective benzylic
C—H bromination has been disclosed. The protocol employs
the C—H substrate as the limiting reagent and commercially
available FeBr, at a loading of 1 mol % as the catalyst without
any extrinsic ligand. The simple and mild reaction can be
readily scaled up to gram quantity with good functional group
tolerance. Late-stage site-selective bromination has also been
demonstrated. We envision that the method outlined herein
would provide a democratized platform for late-stage
diversification of complex bioactive molecules through site-
selective benzylic C—H bromination followed by subsequent
diverse substitution.
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