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Rhodium-Catalyzed meta-C—H Functionalization of Arenes
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Abstract: Rhodium-catalyzed ortho-C—H functionalization is
well known in the literature. Described herein is the Xphos-
supported rhodium catalysis of meta-C—H olefination of
benzylsulfonic acid and phenyl acetic acid frameworks with
the assistance of a para-methoxy-substituted cyano phenol as
the directing group. Complete mono-selectivity is observed for
both scaffolds. A wide range of olefins and functional groups
attached to arene are tolerated in this protocol.

Directing-group-assisted functionalization of unreactive C—
H bonds has been a vibrant research area in synthetic organic
chemistry during the past two decades. This process delivers
the selective C—H functionalization products in a step- and
atom-economical fashion. Several transition metals can
effectively catalyze selective C—H functionalization reactions
with the assistance of directing groups (DGs)."! In all these
cases, DGs have been identified as the crucial component for
ortho-C—H activation and predictable transformation relies
on formation of either a five or six membered metallacycle
intermediate. In stark contrast, only a limited number of
methods are available for selective meta-functionalization of
arenes.”) A directing-group-based approach for selective
remote meta-C—H functionalizations has been pioneered by
the group of YuP and subsequently extended by the groups of
Tan and Li, as well as our group.l! In these cases, a nitrile-
containing template assists the palladium center to activate
remote meta-C—H bonds (>10 bonds away) of a tethered
arene by formation of a cyclophane-like pre-transition state
through linear end-on coordination of the nitrile to metal
center.¥

Analogous to the Pd"/Pd® pathways, the Rh™/Rh' cycles
are commonly present in oxidative coupling reactions. In
addition, a few similar aspects have been observed for both
palladium- and rhodium-catalyzed oxidative coupling reac-
tions:® 1) C—H activation is well known for C(sp?)—H bonds,
2) formation of M—C bonds by C—H activation are generated
through chelation assistance, 3) scope with respect to the
coupling partners is limited to unsaturated molecules such as
alkenes and alkynes. However, rhodium-catalyzed oxidative
C—H functionalizations have been less explored in contrast to
palladium-catalyzed reactions. Rhodium catalysis would be
highly desirable if it can provide better reaction scope and
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selectivity. Indeed, ortho-selective functionalization of arene
C—H bonds have been successfully explored with rhodium.!
Nevertheless, development of selective distal arene meta-C—
H functionalizations by rhodium catalysis remain challenging.
Herein, we disclose a rhodium-catalyzed meta-C—H olefina-
tion of benzylsulfonyl and phenyl acetic acid scaffolds using
a nitrile-based template (Scheme 1).
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Scheme 1. Overview of present work.

The initial reaction of 2-cyanophenol-derived benzylsul-
fonyl ester 1 (for structure see Scheme 2) with ethyl acrylate in
the presence of 5 mol % of [{Rh(COD)Cl},], 10 mol % of Ac-
Gly-OH as a ligand, and Ag,CO; as an oxidant was
unsuccessful. However, a trace amount of the desired product
was observed when the reaction was performed with CuCl, as
the oxidant in 1,2-dichloroethane (DCE) as the solvent.
Furthermore, a systematic study of temperature dependence
and solvent indicated that 120 °C and DCE increased the yield
up to 12%. Next, modified the DG by introducing an
electron-donating group, such as methoxy, at the para position
to the cyano substituent. Such electron donation through the
aromatic ring to the cyano substituent is expected to enhance
the mode of rhodium-nitrile linear coordination. To our
delight, a slightly higher yield of the olefination product
(17%) with complete mono-selectivity was observed. In
addition, a wide variety of oxidants was tested and copper
trifluoroacetate was found to be best (46 % ). Use of V,05 as
a co-oxidant further improved the yield to 51 %. We have
subsequently tested this meta-C—H olefination reaction with
other rhodium salts. Rhodium(II) salts such as [Rh,(OAc),]
and [{Rh(TFA),},] were completely inactive, however
rhodium(III) salts such as [{Rh(Cp*)Cl,},] provided the
desired meta-C—H olefination in comparable yield and
selectivity.”! Another catalytic condition was developed by
further optimization of the reaction with [{Rh(COD)Cl},],
CuCl, as oxidant, and trifluoroacetic acid (TFA) as an
additive (60%; 49% mono and 11% di). A number of
mono- and bidentate phosphine ligands were evaluated for
both reaction protocols (Scheme 2). After studying various
ligands, we found the Rh/XPhos® combination to be most
promising as it provided the mono-olefinated product in 69 %
(reaction conditions A) and 72% (reaction conditions B)
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Scheme 2. Ligand optimization for rhodium-catalyzed meta-olefination.

Yields are based on '"H NMR spectroscopy of the crude reaction
mixture with trimethoxybenzene as an internal standard.

yields. In a similar way, various rhodium(I) complexes were

tested under the standard reaction conditions A.

With these optimized reaction conditions A and B, we
examined the scope of the protocol for benzylsulfonate esters
with different olefins. Both electron-donating and electron-
withdrawing functional groups at the ortho-, meta-, and para-
position of the arene ring of benzylsulfonyl esters were well
adapted in this reaction (3a—p; Scheme 3). Reactivity
decreased slightly with a para-methyl-substituted compound

(3j) as a result of steric hindrance.
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Scheme 3. Rhodium-catalyzed meta-olefination of benzylsulfonyl ester.

Yield within parentheses is based on recovered starting material.

[a] 10 mol % [{Rh(COD)Cl},], 20% XPhos. [b] Reaction run up to 48 h.
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A variety of commonly used o,fB-unsaturated esters and
ketones were successfully employed (3q-y; Scheme 4). Ole-
fins with different sulfone moieties (3aa-ac), acrolein (3ad),
and methylvinyl ketone (3t) resulted in olefinated products
with excellent meta selectivity. Interestingly, trisubstituted 1-
acetyl cyclohexene (3ae) was also successfully employed.
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Scheme 4. Substrate scope with various olefins. Yield within parenthe-
ses is based on recovered starting material.

The versatility of the template-based meta-olefination
approach was extended to a motif derived from phenylacetic
acid ester. During our previous efforts on palladium-cataly-
zed meta-olefination with a phenylacetic acid framework, !
two major limitations, that is, 1) transesterification of the DG
with HFIP solvent, and 2) moderate to good meta selectivity,
were observed. However, in the present study with rhodium
catalysis, we overcome these limitations by performing the
reaction in DCE. Notably, a rhodium catalyst with a large
phosphine ligand is expected to have very different steric
effects compared to the palladium catalyst."

Olefination with various acrylates proceeded to give only
the mono-meta-olefinated arylacetic acid ester in syntheti-
cally useful yields (5a-1; Scheme 5). The efficiency of the
present rhodium-catalyzed meta-olefination method was
tested by synthesizing various substituted arene compounds
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Scheme 5. Substrate scope: Olefin variation and different phenylacetic
acid esters. Yield within parenthesis is based on recovered starting
material.
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as well (6a—g; Scheme 6). We have obtained meta-olefination
with a ketophenyl-substituted arene (6g). Although we failed
to synthesize methoxy-substituted benzylsulfonyl esters
(starting material), meta-olefination of methoxy-substituted
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Scheme 6. Substrate scope with various arenes. Yield within paren-
thesis is based on recovered starting material.

phenylacetic acid ester was successful (6b). Similarly, meta-
olefination of ethoxy-substituted phenylacetic acid ester gave
the desired product in excellent meta selectivity (6 f).
Unfortunately, we failed to obtain meta-olefination of 3-
trifluromethyl-substituted benzyl sulfonyl ester. An acetoxy
substitution at the 3-position of the arene led to the meta-
functionalization at the remaining meta-position. The broader
synthetic applicability of this reaction was further tested using
ketoprofen, a drug molecule containing a secondary a-methyl
substituent (6g).

The 2-hydroxy-4-methoxy benzonitrile template is easily
removed by LiOH hydrolysis. Additionally, the SO,-DG
linker of the benzylsulfonyl ester scaffold can be easily
cleaved by modified Julia olefination conditions (Scheme 7).

o LiOH o
MeOH/THF/H,0 H y

Z  \C Z 1,9% NC 93%
CO,Et COH

? O

s

7-0 LDA, THF

o) OMe _78°C

1 8, 52%
Z NC ~  (EZ=21)
CO,Et

CO,Et

Scheme 7. Removal of directing group.

To gain insight into the reaction mechanism, we synthe-
sized two rhodium/phosphine complexes.'”! Independently
synthesized rhodium/phosphine complexes were found to be
catalytically competent (Scheme 8). The olefination reaction
in the absence of Cu(CO,CF;),-x H,O was ineffective. Further
the meta-C—H olefination reaction can also be catalyzed
effectively by rhodium(IIT) salts.”! A UV-visible study of the
stoichiometric reaction solution of the Rh/XPhos complex
and Cu(CO,CF;),.xH,0 suggested formation of a rhodium-
(IIT) intermediate (Figure 1a).'"l All these results indicated
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a) Synthesis of rhodium/phosphine complex
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Scheme 8. Synthesis and catalytic competence of rhodium/phosphine
complex.
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Figure 1. a) UV-visible study of stoichiometric reaction of the Rh/
Xphos complex and Cu(CO,CF;),xH,0 for order determination

b) Overlay of reaction profile with 0.05 and 0.1 mmol substrate.

c) Overlay of reaction profile with 0.3 and 0.4 mmol ethyl acrylate.

d) Determination of KIE. Reactions run with the model substrate and
[Ds] substrate on a 0.05 mmol scale.

that the meta-C—H activation likely involves in situ formation
of a rhodium(III) species. We did not observe formation of
the XPhos oxide under the standard reaction conditions.
Additionally, we performed the reaction in the presence of
independently synthesized XPhos oxide, which provided
lower yield compared to XPhos (Table 1)." These control
experiments demonstrate the necessity of the XPhos ligand
during this meta-C—H functionalization reaction. Further-
more, kinetic studies of the olefination of 1a revealed a first-
order and zero-order rate dependency on la and ethyl
acrylate, respectively (Figure 1b,c). In addition an isotope-
labelling experiment and intermolecular competition
between [Ds]-la and 1a showed a large kinetic isotope
effect (2.75 ky/kp) and product distribution value 3.44
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Table 1: Screening with XPhos and XPhos oxide.

KRh(COD)CI}y] (5 mol%) s"? DG = OMe
£ Cu(CO,CF3),.xH,0 (1 equiv) 70
$so V,05 (1 equiv) _ DG
DG, /COskt DCE, 120 °C, 36 h Yy 3% ;0
H o fa CO,Et TOCN
Entry Condition Yield [%]!
1 with XPhos 69
2 with XPhos oxide 45
3 with HPPh, 44
4 with HP(O)Ph, 18

[a] Yield is that of isolated product.

(Pu/Pp; Scheme 9 and Figure 1d). The observed results likely
suggest C—H activation as the rate-determining step and
proceeds by the involvement of a rhodium(III) species.['?

Communications
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benzonitrile template. Substituents are tolerated at all
positions of the arene ring. Synthetic application of this
protocol was expanded to drug diversification. Efforts to
understand the detailed reaction mechanism is underway in
our laboratory.
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A mechanistic proposal is presented in Scheme 10. While
the rhodium(I) catalyst precursor was used for these reaction,
the active catalyst which activates the C—H bond might be the

|
Cu substrate

cu [L,R"] %\
oxidation C'H. X
nL + [Rh'] activation Q/\O (B)
OMe
[LnRh”']—Ni/Q/

X
olefin R
coordination
5 (©)
(@)
B-hydride OMe
elimination _
Ly Rhi"]—N/
OMe
migratory
R [L Rh'Y W
(D)

Scheme 10. Proposed mechanistic cycle.

HY

reductive
elimination

[L.R '”] —H X =-CO, -S0,

rhodium(III) species under the oxidative conditions."” Linear
coordination of the nitrile to rhodium(III) is followed by
meta-C—H bond activation to generate an 11-membered
rhodacyle intermediate (B). Subsequent, olefin binding, 1,2-
migratory insertion, and f-hydride elimination from B
produces the desired product E. Finally, reductive elimination
from the [Rh™-H] intermediate regenerates rhodium(I) and
completes the catalytic cycle.

In summary, we have developed a rhodium-catalyzed
meta-selective olefination of substituted phenylacetic acid
esters and benzylsulfonyl esters using a 2-hydroxy-4-methoxy
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M. Bera, S. Agasti, R. Chowdhury, na DCE, 120 °C, 36 h ' o
R. Mondal, D. Pal, e go - Cu(CO,CF3), or CuCl,/TFA , ARV
D.Maitix — guEn-ENNN —arle R '
Rhodium-Catalyzed meta-C—H Meta is a must: meta-C—H olefination of  supported rhodium catalysis. Complete
Functionalization of Arenes benzylsulfonic acid and phenyl aceticacid ~ mono-selectivity is observed for both
frameworks with the assistance of a para-  scaffolds. COD =1,5-cyclooctadiene,
methoxy-substituted cyano phenol as the ~ DCE =1,2-dichloroethane, TFA =tri-
directing group is achieved by Xphos- fluoroacetic acid.
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