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External oxidant-compatible phosphorus(III)-directed 
site-selective C–H carbonylation
Ben Dong1*, Jiasheng Qian1,2*, Mingjie Li1*, Zheng-Jun Wang1, Minyan Wang1, Dingyi Wang1, 
Chengkai Yuan1, Ying Han1, Yue Zhao1, Zhuangzhi Shi1†

The first development of an external oxidant-compatible system involving a phosphorus(III)-directed C–H func-
tionalization has been uncovered. An efficient C–H esterification of indoles with CO and alcohols has been reported 
in which the high reactivity and the exclusive C7-selectivity derives from the selection of a P(III)–directing group 
and the utilization of benzoquinone as an external oxidant with palladium catalysis. This strategy shows many 
advantages, involving an easily accessible and removable directing group, the use of cheap carbonylation sources, 
a broad substrate scope, and excellent positional selectivity. Two cyclopalladated intermediates were confirmed 
by x-ray analysis, uncovering key mechanistic features of this P(III)-directed C–H metalation event.

INTRODUCTION
C–H bond functionalization is a topic of intense interest because it 
represents an ideal synthetic pathway (1–6). Because complex 
organic molecules usually contain multiple C–H bonds with small 
differences in activation barriers, controlling the regioselectivity rep
resents a key challenge in this field. An efficient strategy to solve this 
is the use of substrates bearing directing groups, which deliver the 
metal to access proximal C–H bonds through a cyclometallated 
process. To regenerate the transition metal catalysts, many C–H func
tionalization reactions require external oxidants (7–9). Coordina
tion of transition metals with O, N, or S atoms in functional groups 
has been developed, all of which are compatible with oxidants (Fig. 1A, 
left) (10–14). Recently, phosphorus(III)–chelation assisted C–H 
functionalization has been disclosed with transition metal cataly
sis, but external oxidants cannot be used in these reactions (15–22). 
P(III) functional groups are usually unstable in the presence of oxi
dants due to the ease of forming P(V) species, (23) thus limiting the 
applicability of this chemistry (Fig. 1A, right). Undoubtedly, the 
development of an oxidantcompatible system offers a key to conduct 
diverse P(III)directed C–H functionalization.

Using CO as a lowcost and abundant C1 source, extensive re
search efforts have been made toward the C–H carbonylation of 
heterocycles with transition metal catalysis (24–26). Typically, C–H 
carbonylation of Nprotected indoles can selectively generate C3 
carbonyl indoles (Fig. 1B, top) (27–31). Recently, several groups have 
also achieved the siteselective C–H carbonylation of indoles at the 
C2position, (32–36), especially by the CO insertion, with the aid of 
directing groups at the N atom (Fig. 1B, bottom). Because of the 
inherent reactivity of these two positions in indoles, the C7selectivity 
faces substantial challenges (37–42).

Indoles bearing C7 carbonyl groups are extremely important 
for drug finding, exhibiting a number of pharmacological activities 
such as inhibitor of severe acute respiratory syndrome coronavirus 
(SARSCoV) (43), prostaglandin E2 receptor subtype 4 (EP4) 
antagonist (44), 5HT2A antagonist (45), and inhibitor of HIV1 

(Fig. 1C) (46). In this context, an indirect method to access these 
compounds involved the reduction of indoles to the indolines and 
then orthoselective esterification, followed by oxidation (Fig. 1D, 
top) (47–50). Here, we develop a P(III)directed C7selective C–H 
esterification of indoles by palladium catalysis in which the CO 
and alcohols are used as the carbonylative sources (Fig. 1D, bottom). 
The key factor of the transformation is to find a suitable oxidative 
system, which cannot only regenerate the catalyst but also suppress 
the oxidation of the P(III) species.

RESULTS
Reaction condition optimization
Our study began with the threecomponent reaction of N–PtBu2 in
dole 1a, EtOH (2a), and CO gas to form C7esterification product 
3aa (Table 1). The optimized conditions were achieved with 10 mol% 
of Pd(OAc)2 and 3.0 equivalent of benzoquinone (BQ) as the exter
nal oxidant in N,N′dimethylformamide (DMF) under 1 atm of CO 
within 36 hours at 110°C. Under these conditions, the desired prod
uct 3aa (with xray structure) was generated and isolated with an 
85% yield (entry 1). The oxidized byproducts 1a′ and 3aa′ and the 
isomers 4aa and 5aa were not observed, showing that the NPtBu2 
group worked very well under such conditions. Oxidant selection 
was found to have a marked impact on the conversion. When the 
reaction was conducted with other oxidants like AgOAc, Cu(OAc)2 
or O2, the desired product 3aa was not formed. Instead, a large amount 
of the indole 1a′ was produced (entries 2 to 4). Other transition 
metals including [Rh(OAc)2]2 and RhCl3 showed lower reactivity 
for this reaction (entries 5 to 6), and the iridium catalyst completely 
failed (entry 7). The indole 1a′ with the P(V) directing group can 
undergo Pdcatalyzed C7selective C–H arylation (51) and alkynyla
tion (52) using Ag and Cu salts as the oxidants, which did not pro
vide the corresponding product 3aa′ in the presence of BQ as the 
oxidant (entry 8). In addition, other P(III) directing groups includ
ing N–PCy2 and N–PiPr2 were failed under the standard reaction 
conditions, because the oxidized byproducts generated. These re
sults confirm the importance of using bulky NPtBu2 group for this 
transformation as well. The reaction maintained a good reactivity 
when lowering the reaction temperature to 100°C (entry 9). Last, a 
control experiment showed that the carbonylation process completely 
failed without the catalyst (entry 10).
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Scope of the methodology
With the optimal reaction conditions in hand, the reaction of ethanol 
(2a) with a broad range of indoles was first investigated (Table 2A). 
NPtBu2 Indoles containing methyl (1bd), phenyl (1eg), methoxy 
(1hi) and phenylthio (1j) substituents at the C3 to C6 positions 
performed facile esterification, delivering carboxylic esters 3ba and 
3ia in 56 to 86% yields. The electrondeficient substituents on indole 
skeleton such as F (3 ka), Cl (3la), CF3 (3ma), ester (3na), cyano 
(3oa), and acetyl (3pa) groups were converted in good efficiency. In 
addition, this system was also tolerant of alkenyl (3qa) and alkynyl 
(3ra) groups. 3,3′diindolylmethane 1s with two NPtBu2 groups 
could be subjected to dual C–H esterification affording indole 3sa 
in a moderate yield. Next, we investigated NPtBu2 indole 1a with 
different alcohols (Table 2C). The functional group tolerance of this 
transformation was well demonstrated by the case that primary, 
secondary, and tertiary alcohols could all be equally accommodated 
(3ab3ae). Moreover, alcohols bearing NMe2 (3af), Cl (3ag) and 
alkenyl (3ah3ai) groups could also be installed on the esters. In 
addition, latestage esterification of complex indoles 1tu with eth
anol (2a) proceeded readily, producing products 3ta3ua without 
any racemization (Table 2C). Treatment of indole 1a with alcohol 
2j derived from lithocholic acid afforded the desired adduct 3aj in a 
useful efficiency as well. Notably, although a large excess of alcohols 
should be used at the current reaction conditions, the unreacted com
plex alcohols could be recovered after the reaction. Furthermore, 
this strategy could be used in intramolecular cyclocarbonylation to 
build lactone frameworks on the benzene core of indoles (Table 2D). 
Using indole 6a as a substrate, the intramolecular esterification 
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Fig. 1. P(III)-directed C–H functionalization under oxidative conditions. (A) Directed C–H functionalizations under oxidative reaction conditions. TM, transition metal; 
FG, functional group; FG-Y, functional group. (B) Previous works on indole C–H carbonylation. DG, directing group; PG, protecting group. (C) Selected drug active molecules 
bearing C7-carbonyl indoles. (D) Previous routes to indole C7-carbonylation and this strategy. DoM, directed ortho metalation.

Table 1. Reaction development. Reaction conditions: 10 mol% catalyst, 
1a (0.20 mmol), 2a (5.0 mmol), oxidant (0.60 mmol), solvent (2.0 ml), 
36 hours, under 1 atm of CO pressure.

Entry Variation from the standard conditions Yield of 3aa (%)*

1 None 85

2 Using AgOAc instead of BQ 0

3 Using Cu(OAc)2 instead of BQ 0

4 Using O2 instead of BQ 0

5 Using [Rh(OAc)2]2 instead of Pd(OAc)2 36

6 Using RhCl3 instead of Pd(OAc)2 42

7 Using [Ir(cod)2Cl]2 instead of Pd(OAc)2 0

8 Using 1a′ instead of 1a 0

9 At 100°C 77

10 Without Pd(OAc)2 0

 *Isolated yield.
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Table 2. C7-selective C–H esterification of indoles. Standard conditions: Pd(OAc)2 (10 mol%), 1 (0.20 mmol), 2 (5.0 mmol), 
BQ (0.60 mmol), and DMF (A)/toluene (B and C), at 110°C, 36 hours, under 1 atm of CO pressure; isolated yields. 

hours
hours

* *

*
†

†

†

#

† ═

‡

‡

¶

‡

§

*EtOH (6.0 mmol), 120°C, 60 hours.           †EtOH (6.0 mmol), 60 hours, toluene.           ‡Toluene, 100°C, 60 hours.           
§Toluene/DMF(1:1, v/v), 48 hours.           ||EtOH (12.0 mmol), 60 hours, BQ (1.2 mmol).           ¶2j (3.0 mmol). #Pd(OAc)2 (10 
mol%), 6 (0.20 mmol), BQ (0.60 mmol), and toluene (2.0 ml), at 90°C, 60 hours, under 1 atm of CO pressure.
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reaction could give product 7a in 78% yield. Other indoles such as 
6b-6d carried out C–H lactonization successfully.

Synthetic applications
A benefit of this strategy is that the deprotection of N–PtBu2 group 
in product 3aa can form N–H free indole 8 in nearly full conversion 
by treatment with tetrabutylammonium fluoride (TBAF) under 
mild reaction conditions (Fig. 2). This compound is highly suitable to 
undergo various subsequent transformations, showing great poten
tial of this method. For instance, compound 8 can undergo hydro
lysis to carboxylic acid 9, selective reduction to aldehyde 10 and 
alcohol 11, and amidation to product 12 (amines cannot be used as 
the nucleophiles directly in this C–H carbonylation.) in high efficiency. 
Benzylation of 8 provided product 13 in a 63% yield, which was a key 

intermediate of drug candidate MF766 for treating inflammatory pain. 
(45) In addition, biologically and pharmacologically active molecules 
including the inhibitor of SARSCoV (43) and the 5HT2A receptor 
antagonist pruvanserin (44) could also be prepared from indole 8.

DISCUSSION
Intrigued by this NPtBu2 chelationassisted C–H esterification, we 
decided to investigate the C–H activation process (Fig. 3). When 1.0 
equivalent of indole 1a was allowed to react with stoichiometric 
Pd(OAc)2, a cyclometalated PdII dimer 14 was obtained and con
firmed by xray analysis (Fig. 3A) (53–54). The ranges of the bond 
lengths and angles surrounding Pd atoms are 1.984(4) to 2.2592(10) 
Å and 82.80 to 176.15(12)°, respectively. The 4 values of 0.123 and 
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Fig. 2. Synthetic applications. Reagents and conditions: (A) TBAF, tetrahydrofuran (THF), room temperature (rt)., 7 hours; (B) NaOH, EtOH, 80°C, 3 hours; (C) Ir(coe)2Cl2, Et2SiH2, 
dichloromethane, 50°C; (D) LiAlH4, THF, 80°C, 2 hours, (E) 4-MePhNH2, Lithium Hexamethyldisilazide (LiHMDS), toluene, rt., 15 hours; (F) 4-CF3-BzBr, NaH, DMF, 0°C, 1 hour.
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Fig. 3. Mechanistic experiments. (A) Cyclopalladation of indole 1a to a bimetallic Pd(II) complex 14. (B) Cyclopalladation of indole 6a to a monometallic Pd(II) complex 15.
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Fig. 4. Single Crystal X-ray Diffraction (SXRD) structure of 14 (CCDC 1977094). Ellipsoids are set to 30% probability. Hydrogen atoms have been omitted for clarity. 
Selected bond lengths and angles: C(1)-Pd(1) 1.989(4) Å, C(29)-Pd(2) 1.984(4) Å, O(1)-Pd(1) 2.098(2) Å, O(2)-Pd(2) 2.114(3) Å, O(3)-Pd(1) 2.126(3) Å, O(4)-Pd(2) 2.076(3) Å, 
P(1)-Pd(1) 2.2592(10) Å, P(2)-Pd(2) 2.2453(11) Å, C(1)-Pd(1)-O(1) 90.81(15)°, C(1)-Pd(1)-O(3) 173.29(13)°, O(1)-Pd(1)-O(3) 86.96(13)°, C(1)-Pd(1)-P(1) 82.80(11)°, O(1)-Pd(1)-P(1) 
169.33(8)°, O(3)-Pd(1)-P(1) 98.41(8)°, C(29)-Pd(2)-O(4) 92.52(15)°, C(29)-Pd(2)-O(2) 176.15(12)°, O(4)-Pd(2)-O(2) 85.30(13)°, C(29)-Pd(2)-P(2) 84.00(11)°, O(4)-Pd(2)-P(2) 
170.15(8)°, and O(2)-Pd(2)-P(2) 97.63(8)°.

Fig. 5. SXRD structure of 15 (CCDC 1977095). Ellipsoids are set to 30% probability. Hydrogen atoms have been omitted for clarity. Selected bond lengths and angles: 
C(2)-Pd(1) 1.923(4) Å, O(2)-Pd(1) 2.129(3) Å, O(3)-Pd(1) 2.165(2) Å, P(1)-Pd(1) 2.2411(9) Å, P(2)-Pd(2) 2.2359(9) Å, C(2)-Pd(1)-O(2) 176.49(13)°, C(2)-Pd(1)-O(3) 77.83(12)°, 
O(2)-Pd(1)-O(3) 101.27(10)°, C(2)-Pd(1)-P(1) 82.67(11)°, O(2)-Pd(1)-P(1) 98.06(7)°, O(3)-Pd(1)-P(1) 160.39(7)°, C(36)-Pd(2)-O(5) 171.37(12)°, C(36)-Pd(2)-O(4) 77.82(12)°, O(5)-
Pd(2)-O(4) 93.56(9)°, C(36)-Pd(2)-P(2) 82.79(10)°, O(5)-Pd(2)-P(2) 105.81(7)°, and O(4)-Pd(2)-P(2) 160.12(7)°.
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0.097 indicate the fourcoordinate geometry around Pd atoms is 
quite close to square planar (Fig. 4). On the other hand, Pd(OAc)2 
used in C–H metalation of indole 6a gave a monometallic cyclopal
ladated complex 15 (Fig. 3B). Characterized by xray analysis, the 
palladium nuclei in compound 15 are chelated by OH and NPtBu2 
ligands (Fig. 5). The Pdcentered bond lengths and angles are in the 
range of 1.917(4) to 2.2411(9) Å and 77.82(12) to 176.49(13)°, respec
tively. Complex 15 has 4 values of 0.164 and 0.202, which fits with 
the description of squareplanar geometry. Furthermore, products 
3aa and 7a could be respectively generated using complexes 14 and 
15 as the catalysts, which were indicated to be viable intermediates in 
the reactions.

According to the above experiments, we proposed the possible 
reaction pathways in Fig. 6. The palladium species A first chelates to 
indole 1/6, generating complex B. Then, the carboxylateassisted 
C–H activation (55, 56) via C delivers palladacycle D. Subsequent 
CO insertion into the C–Pd bond yields complex E. Ligand exchange 
between the acetate group and alcohol 2 followed by a further re
ductive elimination (F) can produce product 3 and Pd(0) species G. 
Last, oxidation of G by BQ and in situ formed AcOH can reform 
catalytic species A. In the case of indole 4, C–H metalation of com
plex B can generate a monometallic complex I. This intermediate 
undergoes CO insertion to form intermediate II, which can lead to 
the cyclization product 7 by reductive elimination and generates Pd 
species G.

CONCLUSION
In conclusion, we have uncovered the oxidantcompatible system 
for Pdcatalyzed NPtBu2directed siteselective C–H esterification 
of indoles at C7position. This strategy can efficiently override the 
traditional selectivity on pyrrole core the indole. The selection of 
BQ as the external oxidant can prevent the oxidation of the direct
ing group. This chemistry represents an important advancement in 
the implementation of P(III)directed C–H functionalization.

MATERIALS AND METHODS
General information
All new compounds were fully characterized. Compounds were vi
sualized by exposure to ultraviolet light. All reactions and manipu
lations involving air or moisturesensitive compounds were performed 
using standard Schlenk techniques or in a glovebox. Toluene was 
purified using a Pure Solv MD5 solvent purification system, from 
Innovative Technology Inc., by passing the solvent through two ac
tivated alumina columns after purging with argon. 1H, 13C, 31P, and 
19F NMR spectra were recorded on a Bruker AVANCE III 400 MHz 
or 500 MHz spectrometer. Chemical shifts ( values) were reported 
in parts per million (ppm) with CDCl3 (7.26 and 77.16 ppm for 1H 
and 13C, respectively). Mass spectra were conducted at an Agilent 
6540 UltraHighDefinition accuratemass quadrupole timeofflight 
liquid chromatography/mass spectrometry system and the Thermo 
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Fig. 6. Plausible reaction pathways. Dimmer structures are omitted for clarity.
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Fisher Scientific TRACE 1300 ISQ LT gas chromatography/mass 
spectrometry system. Infrared (IR) spectra were recorded on a Bruker 
Fourier transform IR spectrometer. All reactions were carried out 
in flamedried 25ml Schlenk tubes with Teflon screw caps under 
argon. Pd(OAc)2 were purchased from Strem. Unless otherwise noted, 
materials obtained from commercial suppliers were used without 
further purification.

General procedure for directed C7 carbonylation of different 
indoles with EtOH (2a)
Indole substrates 1a (0.20 mmol), Pd(OAc)2 (4.5 mg, 0.02 mmol), 
BQ (65.1 mg, 0.6 mmol), alcohol (5.0 or 6.0 mmol and 25.0 or 
30.0 equiv), and anhydrous DMF or toluene (2 ml) was added to an 
ovendried 25 ml Schlenk tube under Ar atmosphere. Then, the tube 
was purged and charged by three freezepumpthaw cycles with CO 
(1 atm) in balloon and sealed. The reaction mixture was stirred at 
110°C for 36 to 48 hours and then cooled to room temperature and 
purified by flash column chromatography on silica gel using pe
troleum ether/EtOAc mixture as an eluent to afford the desired 
compound.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/51/eabd1378/DC1
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