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CO insertion enabled c-C(sp3)–H heteroarylative
carbonylation of tertiary alcohols via heteroaryl
migration†

Xin Qi,ab Yuanrui Wangab and Xiao-Feng Wu *abc

The direct functionalization of remote C(sp3)–H is valuable but

challenging, and is even more difficult to achieve than the c-C(sp3)–

H functionalization of alcohols. Among the strategies, hydrogen

atom transfer (HAT) is one of the solutions for such transformations.

Herein, we designed a migration reaction involving carbon mon-

oxide, forming an alkoxy radical by photocatalysis, and used carbon

monoxide to extend the carbon chain to provide a site for the

migration of heteroaryl groups, which makes 1,4-HAT more advan-

tageous, and we relied on this strategy to successfully achieve the

synthesis of 1,4-dicarbonyl compounds by c-C(sp3) functionaliza-

tion of alcohols.

Direct functionalization of C(sp3)–H bonds is an ideal synthetic
method because of its straightforward and atomically efficient
nature in the construction of carbon–carbon or carbon–heteroa-
tomic bonds, which has led to its use in modern chemistry for the
synthesis of a wide variety of molecules in biologically active
natural products, pharmaceuticals, and functional materials
using inexpensive and accessible stocks.1–5 The a- and b-C(sp3)–
H-functionalization can be readily accomplished through transi-
tion metal catalysis, which has also been extensively investigated
for a range of aliphatic substrates.6–8 Nevertheless, functionaliza-
tion reactions targeting more distant positions, such as g- and
d-C, present a greater challenge. Such functionalization reactions
are more difficult to achieve due to the difficulty of forming
kinetically unstable intermediates.

In recent years, as chemists have gained a deeper under-
standing of free radical chemistry, the use of free radicals in
organic synthesis has become more prevalent. Attempts have
also been made to utilize the free radical pathway to achieve a

number of transformations that were previously challenging to
attain. Among the radicals, it is well known that oxygen and nitrogen
radicals can be used for various synthetic transformations.9–16 The
use of oxygen or nitrogen radicals for 1,5-hydrogen atom transfer
(1,5-HAT) can figure out the direct functionalization of the remote
C(sp3)–H bond (Fig. 1, eqn (a)). The oxygen or nitrogen radical can
initially be generated through photocatalysis, which initiates a 1,5-
hydrogen atom transfer. This process involves the transfer of a
hydrogen atom from the carbon to an oxygen or nitrogen radical,
leading to the formation of a highly reactive carbon radical. Sub-
sequently, the radical is captured by another radical partner, thereby
installing a functional group at d-C. The implementation of this
strategy results in the functionalization of the inactivated C(sp3)–H
bond. The transition state formed by the transfer of the hydrogen
atom of g-C is less stable than the six-membered ring transition state
formed by the H atom transfer of the d-C; hence the 1,4-HAT is
much less studied than 1,5-HAT.

Since the experimental preparation of carbon monoxide in
the 18th century, this gas has been used as a cheap and readily

Fig. 1 Direct functionalization of remote C(sp3)–H and experimental
design.

a Dalian National Laboratory for Clean Energy, Dalian Institute of Chemical

Physics, Chinese Academy of Sciences, Dalian 116023, China.

E-mail: xwu2020@dicp.ac.cn
b University of Chinese Academy of Sciences, Beijing, 101408, China
c Leibniz-Institut für Katalyse e.V., Albert-Einstein-Straße 29a, 18059 Rostock,

Germany

† Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d4cc05361c

Received 10th October 2024,
Accepted 4th November 2024

DOI: 10.1039/d4cc05361c

rsc.li/chemcomm

ChemComm

COMMUNICATION

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
X

im
ol

i 2
02

4.
 D

ow
nl

oa
de

d 
on

 1
7/

07
/2

02
5 

7:
52

:5
0 

A
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 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue

https://orcid.org/0000-0001-6622-3328
http://crossmark.crossref.org/dialog/?doi=10.1039/d4cc05361c&domain=pdf&date_stamp=2024-11-08
https://doi.org/10.1039/d4cc05361c
https://doi.org/10.1039/d4cc05361c
https://rsc.li/chemcomm
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cc05361c
https://rsc.66557.net/en/journals/journal/CC
https://rsc.66557.net/en/journals/journal/CC?issueid=CC060095


This journal is © The Royal Society of Chemistry 2024 Chem. Commun., 2024, 60, 14034–14036 |  14035

available source of C1 for a variety of carbonylation reactions.
The coupling reactions using CO as a carbonyl source are one of
the most efficient and direct methods for the synthesis of
aldehydes, ketones, acids, and many other derivatives of carb-
oxylic acids.17–20 Among the numerous industrial scale applied
carbonylation processes, the carbonylation of methanol with CO
is currently the main production method worldwide for acetic
acid production.21–23

Previously we have developed radical migration reactions
induced by visible light with carbon monoxide insertion (Fig. 1,
eqn (b)).24 We propose that the insertion of carbon monoxide
serves as a hinge for the migration of the heteroaryl group and
that migration promotes more efficient capture of CO, which is
a key factor in the carbonylation reaction. On this basis, we
envisage the use of CO to extend the carbon chain to provide a
site for heteroaryl 1,4-migration, which promotes CO capture,
leading to the synthesis of 1,4-dicarbonyl compounds by g-
C(sp3)–H functionalization of alcohols (Fig. 1, eqn (c)).

We synthesized a tertiary alcohol containing butyl and
benzothiazole groups (1f) as the model substrate for optimizing
this migration reaction. Blue LEDs were chosen as the light
source and high oxidation potential [Ir(dF(CF3)ppy)2(dtbbpy)]-
PF6 as the photocatalyst. A persulfate-type oxidant is essential
and cannot be substituted by using PIDA, and we finally chose
K2S2O8 as the oxidant (Table 1, entries 4 and 5). Here, the
compatibility between the photocatalyst and oxidant could be
an explanation for this result. The introduction of alternative
phase transfer catalysts did not supersede the efficacy of n-
Bu4NHSO4 (Table 1, entries 6 and 7), which is postulated to be
the optimal phase transfer catalyst for this reaction. After
comparing several solvents, PhCF3 was identified as the most
suitable option here (Table 1, entry 8). This might benefit from
the weak interaction between the fluorine atom and proton of
the OH group in the substrate. The addition of a small quantity
of water is essential for the dissolution of the persulfate

(Table 1, entry 9). Furthermore, no product was formed in the
absence of light (Table 1, entry 10).

After determining the optimized reaction conditions, we
subsequently studied the substrate scope of this transformation
(Scheme 1). To reduce the amount of non-carbonylic migration
products and increase the yield of the target product, we replaced
the butyl group (1f) with a propyl group (1a), as this avoids 1,5-
HAT. Changing the substituent on the aryl group, it can be seen
that the reaction can still take place. The introduction of a strong
electron-withdrawing group like trifluoromethyl did not affect the
reaction (2b), and substrates containing methyl or phenyl groups
on the benzene ring also underwent a smooth carbonyl migration
reaction to produce the corresponding 1,4-dicarbonyl com-
pounds (2c–2e) in moderate to good yields. However, no desired
reaction occurred when 1,1-diphenylbutan-1-ol was tested as the
substrate under our standard conditions.

Table 1 Optimization of the reaction conditionsa

Entry Variation of the reaction conditions Yieldc (%)

1 None 50(48)
2 Without photocatalyst 0
3 Without CO 0
4 Na2S2O8 instead of K2S2O8 46
5b PIDA, PIFA instead of K2S2O8 0
6 18-Crown-6-ether instead of n-Bu4NHSO4 10
7 n-Bu4NCl instead of n-Bu4NHSO4 45
8 Acetone, toluene, CH3CN instead of PhCF3 0
9 Without H2O 0
10 Without light 0

a Reaction conditions: 1 (0.1 mmol), photocatalyst (3 mol%), K2S2O8

(0.25 mmol), Bu4NHSO4 (0.05 mmol), PhCF3 (1.5 mL), H2O (150 ml) at rt
for 36 h under CO (50 bar). b PhCF3 (2.0 mL), H2O (200 ml). c Yield was
determined by GC; the isolated yield is given in parentheses.

Scheme 1 Scope of substrates.a a Reaction conditions: 1 (0.1 mmol),
photocatalyst (3 mol%), K2S2O8 (0.25 mmol), Bu4NHSO4 (0.05 mmol),
PhCF3 (1.5 mL), H2O (150 ml) at rt for 36 h under CO (50 bar). b The yield
is calculated based on the isolated alcohol.
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Combined with the understanding based on previous
work,24 we proposed a possible mechanism (Scheme 2). We chose
tertiary alcohol containing butyl and benzothiazole to illustrate the
reaction pathways and explain the selectivity. The photocatalysis of
tertiary alcohols generates an alkoxide radical, which initiates
hydrogen atom transfer. Generally, 1,5-HAT accounts for the
majority of the product, but in the presence of carbon monoxide,
1,4-HAT accounts for the majority of the product as CO provides a
carbon atom at the g-C allowing benzothiazole to 1,4-migrate to
form the more dominant product. In more detail, acyl radical
intermediate II will be produced after capture of one molecule of
CO once the radical intermediate I has been generated. Then,
intermediate III will be formed after the 1,4-migration of benzothia-
zole, which can then be oxidized and gave cation intermediate IV.
Finally, the targeted product can be produced after deprotonation.
Benzothiazoles migrate to form the five-membered transition state,
so the by-product (2f0) cannot be avoided, but the use of tertiary
alcohols containing a propyl group instead of an n-butyl group can
avoid the formation of the by-products.

In summary, we used tertiary alcohols containing benzothia-
zole moieties as the substrates studied g-C(sp3)–H heteroaryla-
tive carbonylation through heteroaryl migration. The reaction
proceeds via the formation of alkoxy radical via photocatalysis,
extending the carbon chain using carbon monoxide to provide
carbon sites for the migration of benzothiazoles, which made
1,4-HAT more advantageous, and we relied on this strategy to
successfully achieve the synthesis of distal g-functionalized 1,4-
dicarbonyl compounds.
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Scheme 2 Proposed mechanism.
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