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zed synthesis of b-hydroxy
compounds via a strained 6,4-palladacycle from
directed C–H activation of anilines and C–O
insertion of epoxides†

Raju S. Thombal, a Taisiia Feoktistova,b Gisela A. González-Montiel,b

Paul H.-Y. Cheong *b and Yong Rok Lee *a

A palladium-catalyzed C–H activation of acetylated anilines (acetanilides, 1,1-dimethyl-3-phenylurea, 1-

phenylpyrrolidin-2-one, and 1-(indolin-1-yl)ethan-1-one) with epoxides using O-coordinating directing

groups was accomplished. This C–H alkylation reaction proceeds via formation of a previously unknown

6,4-palladacycle intermediate and provides rapid access to regioselectively functionalized b-hydroxy

products. Notably, this catalytic system is applicable for the gram scale mono-functionalization of

acetanilide in good yields. The palladium-catalyzed coupling reaction of the ortho-C(sp2) atom of O-

coordinating directing groups with a C(sp3) carbon of chiral epoxides offers diverse substrate scope in

good to excellent yields. In addition, further transformations of the synthesized compound led to

biologically important heterocycles. Density functional theory reveals that the 6,4-palladacycle leveraged

in this work is significantly more strained (>10 kcal mol�1) than the literature known 5,4 palladacycles.
Introduction

Transformative transition metal catalyzed coupling reactions
concomitant with C–H functionalization and epoxide C–O
insertion have recently been reported in the literature.1–3 The
key enabling structural feature in these reactions is the use of
strongly coordinating or bi-dentate directing groups. These
pioneering reports all hinge on the use of 5,4-metallacycles
(Scheme 1).1–4 Surprisingly, functionalization via 6,4-metalla-
cycles is unknown in the literature. We reveal the rst examples
of successfully accessing and leveraging 6,4-palladacycles.5

Specically, we report a palladium-catalyzed regioselective
ortho-functionalization of anilines with O-coordinating direct-
ing groups, such as acetanilides, 1-phenylpyrrolidin-2-one, and
1-(indolin-1-yl)ethan-1-one, with epoxides (Scheme 1). We
report the density functional theory study of the complete
catalytic cycle and also reveal that the 6,4-palladacycle is more
strained than the literature-known 5,4 palladacycles. Impor-
tantly, the synthesized b-hydroxy compounds are versatile
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synthons and can be readily converted into biologically impor-
tant heterocycles such as indoles.6

The C–H functionalization of arenes with various coupling
partners has become a promising tool for synthetic chemists.7

Particularly, epoxides are widely used as alkylating reagents and
building blocks in the construction of organic molecules via
C–H bond functionalization.8 In the past few decades, signi-
cant progress has been made on the regioselective ring-opening
of epoxides using a variety of nucleophiles on different catalytic
platforms.9 The construction of C–C bonds by the opening of
Scheme 1 Transition metal catalyzed C–H/X functionalization and
alkylation with epoxides (top) and known 5,4-metallacycle vs. the
current strategy – 6,4-metallacycle (bottom).

This journal is © The Royal Society of Chemistry 2020
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epoxides with aryl nucleophiles has played an important role in
organic synthesis.10 Generally, the signicant ring strain of
epoxides enhances their susceptibility to ring-opening with
a wide array of electron-rich species.11 In this context, several
enantioselective and regioselective methods have been devel-
oped with the nucleophilic attack of –N, –O, and –halo nucle-
ophiles using the stoichiometric amount of promoters.
Therefore, the development of a catalytic version of these types
of reactions for the functionalization at a specic position is
still highly desirable.

Transition-metal-catalyzed direct utilization of epoxides has
received much attention in organic synthesis in the past few
decades.12–15 The reported representative modications include
the nickel-catalyzed opening of epoxides with aryl halides,16 and
Li/Cu-catalyzed synthesis of enantiopure starting materials
(Scheme 1).17
Results and discussion

To optimize the reaction conditions, we rst examined the
reaction between N-phenylacetamide 1a and 2-(phenoxymethyl)
oxirane 2a using several catalysts and additives (Table 1). The
initial attempts in the presence of 10 mol% of Ni(COD)2,
Rh2(OAc)4, Co(OAc)2, [RuCl2(p-cymene)]2, and Cu(OAc)2 and 1
equiv. of AcOH in HFIP at 60 �C for 24 h did not provide any
Table 1 Optimization of reaction conditionsa

Entry Catalyst (mol%) Additives (equiv.)

1 Ni(COD)2 (10) AcOH (1)
2 Rh2(OAc)4 (10) AcOH (1)
3 Co(OAc)2 (10) AcOH (1)
4 [RuCl2(p-cym)]2 (10) AcOH (1)
5 Co(OAc)2 (10) AcOH (1)
6 Pd(TFA)2 (10) AcOH (1)
7 PdCl2 (10) AcOH (1)
8 Pd(OAc)2 (10) AcOH (1)
9 PdCl2(PPh3)4 (10) AcOH (1)
10 Pd(OAc)2 (10) AcOH (1)
11 Pd(OAc)2 (10) AcOH (1)
12 Pd(OAc)2 (10) AcOH (1)
13 Pd(OAc)2 (10) —
14 Pd(OAc)2 (10) AcOH (1)
15 Pd(OAc)2 (10) PivOH (1)
16 Pd(OAc)2 (10) 1-AdCO2H (1)
17 Pd(OAc)2 (10) NaOAc (1)
18 Pd(OAc)2 (10) Cs2CO3 (1)
19 Pd(OAc)2 (10) AcOH (3)
20 Pd(OAc)2 (10) AcOH (0.5)
21 Pd(OAc)2 (20) AcOH (3)
22 Pd(OAc)2 (05) AcOH (3)
23 — AcOH (3)

a Reaction conditions: 1a (1 mmol), 2a (1 mmol), catalyst and additives in

This journal is © The Royal Society of Chemistry 2020
products (entries 1–5, Table 1). We also attempted the reaction
using several palladium catalysts such as Pd(TFA)2, PdCl2,
Pd(OAc)2, and PdCl2(PPh3)4 using HFIP as solvent (entries 6–9,
Table 1). Among them, the 10 mol% of the Pd(OAc)2 catalyst
provided the highest yield (64%). Several solvents were next
screened. The reactions using 1,2-dichloroethane, CH3CN, tri-
uoroethanol, and tetrahydrofuran as solvents, afforded the
desired product 3a in lower yields, while AcOH failed to produce
the desired product (entries 10–14, Table 1). With 1 equiv. of
acidic additives PivOH and 1-AdCO2H, 3a was produced in 31%
and 27% yields, respectively (entries 15 and 16, Table 1). With 1
equiv. of basic additives NaOAc or Cs2CO3, 3a was not produced
at all (entries 17 and 18, Table 1). Interestingly, increasing the
loading of AcOH to 3 equiv. produced the best yield (79%, entry
19, Table 1). However, decreasing the amount of AcOH to 0.5
equiv. provided 3a in a lower yield (41%, entry 20, Table 1).
Overall, acidic additives were found to be superior to basic
additives, probably due to their participation in the C–H acti-
vation step. Increasing or decreasing the amount of the
Pd(OAc)2 catalyst did not improve the yield of 3a (entries 21 and
22, Table 1). Importantly, the control reaction without the
Pd(OAc)2 catalyst failed to produce 3a. The structure of
synthesized compound 3a was identied by 1H NMR – there is
a characteristic singlet signal of the NH-proton of the acetani-
lide amide at d 9.23 ppm and newly generated methine proton
Solvent Temp. (�C) Time (h) Yieldb (%)

HFIP 60 24 00
HFIP 60 24 00
HFIP 60 24 00
HFIP 60 24 00
HFIP 60 24 00
HFIP 60 24 42
HFIP 60 24 38
HFIP 60 24 64
HFIP 60 24 54
DCE 80 48 10
CH3CN 70 48 08
TFE 70 48 10
AcOH 60 48 00
THF 60 48 15
HFIP 60 24 31
HFIP 60 24 27
HFIP 60 24 00
HFIP 60 24 00
HFIP 60 24 79
HFIP 60 24 41
HFIP 60 24 79
HFIP 60 24 66
HFIP 60 24 00

solvent (3.0 mL) for 24 h. b Isolated yields.

Chem. Sci., 2020, 11, 7260–7265 | 7261
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Scheme 2 Isodesmic reaction of 6,4-Palladacycle-VI and the analo-
gous 5,4-palladacycle derived from 2-phenylpyridine.

Fig. 2 C–H activation, C–O insertion, and reductive elimination
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View Article Online
at d 4.25 ppm. The 13C NMR spectrum showed a characteristic
signal of the amide carbonyl at d 168.9 ppm. The structure was
further conrmed by single-crystal X-ray diffraction analysis of
the structurally related compound 6b-S.

In order to explore the mechanism of this reaction, we
computed the entire catalytic cycle using DFT – uB97XD18/6-
31G* (ref. 19) & LANL2DZ20/PCM21 (acetone)22 at 60 �C with
Gaussian 16. All possible ligand coordination spheres around
Pd, involving acetate, acetic acid, acetanilide 1a, and methyl
epoxide for all pathways were considered. This reaction can rst
proceed via Pd(OAc)2 C–H activation of acetanilide 1a or
Pd(OAc)2 C–O insertion into methyl epoxide. All possible routes
towards the product were computed,23 and the proposed cata-
lytic cycle with the resulting minimum energy reaction coordi-
nate is shown in Fig. 1A.24 The most favored pathway involved
rst C–H activation of 1a, followed by C–O insertion of methyl
epoxide, and nally reductive elimination to release the product
as shown in the reaction coordinate diagram in Fig. 1B.

The catalytic cycle begins with Pd(OAc)2 coordinating to the
carbonyl oxygen of the amide 1a (Pd-1a-Complex-I). Subsequent
C–H activation (DG‡¼ 23.3 kcal mol�1) leads to the formation of
6-membered Palladacycle-III (DG ¼ �1.5 kcal mol�1). The C–H
activation occurs via deprotonation of an ortho-hydrogen of 1a
by a Pd-bound acetate (CH-Act-TS-II), rather than direct inser-
tion of Pd into the C–H bond. Epoxide coordination leads to
Palladacycle-Epoxy-Complex-IV (DG ¼ �3.1 kcal mol�1).
Oxidative addition into the C–O bond (CO-Insertion-TS-V, DG‡

¼ 31.1 kcal mol�1) leads to the formation of 6,4-Palladacycle-VI
(DG ¼ 19.4 kcal mol�1).25 Reductive elimination (Red-Elim-TS-
VII, DG‡ ¼ 30.0) leads to the Pd-Prod-Complex-VIII (DG ¼
�25.1 kcal mol�1). The transfer of the palladium catalyst to
a new acetanilide substrate is endergonic by 4.2 kcal mol�1.

One of the key features of the title reaction is the expansion
into accessing and leveraging 6,4-palladacycles in reactions over
the 5,4-palladacycles known in the literature (Scheme 1). We
therefore explored the stability of the 6,4-Palladacycle-VI vs. the
analogous 5,4-palladacycle derived from 2-phenylpyridine in an
isodesmic reaction (Scheme 2).3 The DFT results reveal that the
Fig. 1 (A) Proposed catalytic cycle. (B) DFT reaction coordinate diagram

7262 | Chem. Sci., 2020, 11, 7260–7265
6,4-palladacycle is higher in energy and more strained than the
literature known 5,4 palladacycles by >10 kcal mol�1. This is in
line with the slightly elevated temperatures required compared
to the Kanai conditions involving the 2-phenylpyridine
substrate.3a

It is noteworthy that given the signicantly greater strain of
the 6,4-palladacycle we were able to successfully engage it
productively in the current methodology. We hypothesize that
the greater strain of this palladacycle contributes to signi-
cantly elevating the barrier of the CO-Insertion-TS-V, in contrast
to other reactions involving the 5,4-palladacycle where C–H
activation is considered the rate-determining step (Fig. 2).3
for the title reaction. Energies in kcal mol�1.

transition structures.

This journal is © The Royal Society of Chemistry 2020
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Table 3 Substrate scope of substituted acetanilides 1b–1j
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We extensively investigated the possibility of a Pd(II)-dimer
mechanism, as has been reported by Ritter and Sanford among
others (for details see the ESI†).26 Rather, we discovered that the
dimer mechanism proceeds via a concerted C–O bond breaking
and C–C bond forming reductive elimination processes. Despite
extensive efforts to locate a stepwise pathway, the dimeric
stepwise transition structures were not stationary points on the
potential energy surface. The lowest energy concerted Pd dimer
reductive elimination barrier was 44.5 kcal mol�1, which was
�15 kcal mol�1 higher than the monomer rate-determining
step barrier.27

To explore the generality of this protocol, further reactions
of different epoxides 2b–2k with 1a were next examined (Table
2). Treatment of 1a with several epoxides 2b–2e bearing
electron-donating groups on the benzene ring, such as 4-
methoxy, 4-t-butyl, 2-methyl, and 2-phenyl under optimized
conditions provided the desired products 3b–3e in excellent
yields (76–79%). Similarly, treatment of 1a with epoxides 2f or
2g bearing electron-withdrawing groups 4-Cl and 2,4-Br
provided the desired products 3f and 3g in 74% and 71%
yields, respectively. The reactions of epoxides bearing
aliphatic substituents were also tolerated (3h and 3i in 81%
and 80% yields, respectively). The reactions of epoxides
bearing aliphatic substituents afforded the desired products
in higher yields compared to the epoxides bearing aromatic
substituents. The reaction of epoxide 2j bearing a benzyl
substituent with 1a provided the desired alkylated product 3j
in 78% yield. Importantly, the reaction of di-substituted
epoxide 2k with 1a provided the desired alkylated product 3k
containing a quaternary carbon in good yield (69%).
Table 2 Substrate scope of substituted epoxides 2b–2k

This journal is © The Royal Society of Chemistry 2020
Next, the scope of this reaction was further explored using
other substituted acetanilides 1b–1j bearing various electron-
donating and -withdrawing groups on the benzene ring (Table
3). For example, the reaction of 1b–1e bearing electron-donating
groups on the benzene ring at the 2 or 4-position with 2a or 2f
afforded the expected products 4a–4d in 71–79% yields. Simi-
larly, the reaction of 1f–1h bearing para-F, -Cl, or -Br groups with
epoxide 2a led to the desired products 4e–4g in 70–74% yields.
However, with 1i bearing a strong para electron-withdrawing
nitro group, the desired product 4h was not isolated, probably
due to strong deactivation of the meta-position of the nitro
group on 1i. Interestingly, the reaction of 1j bearing a meta-Cl
group with 2a regioselectively afforded the product 4i in 68%
yield.

We then investigated the possibility of using 1,1-dimethyl-3-
phenylurea 1k, 1-phenylpyrrolidin-2-one 1l, and 1-(indolin-1-yl)
ethan-1-one 1m (Scheme 3). Interestingly, the reaction of the
different directing groups 1k–1m with 2a or 2c regioselectively
afforded the desired products in 64–80% yields.

To further explore the usefulness and broadness of this
reaction, we carried out additional reactions using chiral
epoxides as coupling partners (Scheme 4). A combination of (R)-
2-(phenoxymethyl)oxirane (2a-R) with 1a afforded the product
6a-R in 75% yield (96% ee), whereas that of (S)-2-(phenox-
ymethyl)oxirane (2a-S) with 1a resulted in product 6b-S in 76%
yield (98% ee). Further, the optical rotation study conrms the
retention of the stereochemistry in the obtained products. The
observed stereochemistry of the compound 6b-S was conrmed
by single-crystal X-ray diffraction analysis.
Chem. Sci., 2020, 11, 7260–7265 | 7263
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Scheme 3 Reactions of various directing groups 1k–1mwith epoxides
2a or 2c.

Scheme 4 Reactions of chiral epoxides 2a-R and 2a-S with 1a.
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This new reaction can be carried out on a large scale (for
details see the ESI†). To investigate the application of the novel
protocol described herein, the conversion of the synthesized
compounds 3a and 3g into new molecules was attempted
(Scheme 5). Surprisingly, pyridinium chlorochromate (PCC)
oxidation of 3a and 3g led to the direct formation of indoles 7
and 8 in 86 and 92% yields, respectively.
Scheme 5 Gram scale experiment and further transformations of the
synthesized compounds 3a, and 3g to indoles.

7264 | Chem. Sci., 2020, 11, 7260–7265
Conclusions

In summary, we have developed palladium-catalyzed regiose-
lective C–H functionalization of O-coordinating directing
groups with epoxides via Pd(II)/(IV)/(II) pathways. This reaction
efficiently tolerates chiral epoxides, providing step-economical
access to chiral alcohols on the benzene ring with high levels
of regio- and stereo-selective control. Other directing groups
such as 1,1-dimethyl-3-phenylurea, 1-phenylpyrrolidin-2-one,
and 1-(indolin-1-yl)ethan-1-one were also successfully utilized
in this transformation. This protocol also provides easy access
to biologically important heterocycles with the further trans-
formation of the synthesized compounds. The density func-
tional theory study reveals that the new 6,4-palladacycles
engaged in this work are signicantly more strained than the
literature known 5,4-palladacycles and their successful
engagement in productive synthetic processes.
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