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Mild and efficient synthesis of benzophenones via Ir(in)- and Rh(n)-
catalyzed, directing group-assisted formyl C—H arylation of benz-
aldehydes has been achieved using diaryliodonium salts, in which
Rh(m) and Ir(m) catalysts exhibited a complementary substrate
scope.

Benzophenones are important and versatile structure motifs in
synthetic chemistry owing to their biological activities such as
COX-1/COX-2 inhibiting, anti-inflammatory, and neuroprotec-
tive properties. As a result, tremendous synthetic efforts have
been directed to the construction of benzophenones. Classical
protocols to access 2-(aryloxy)benzaldehydes often relied on
the Fries rearrangement of phenyl benzoate and the acylation
of benzoquinone.> On the other hand, traditional synthetic
routes to N-(2-benzoylphenyl)benzenesulfonamides started
from (2-aminophenyl)(phenyl)methanones or 2-aminobenzoic
acids.> Despite such methods, these reactions generally
suffered from the formation of undesired products, low atom-
economy, or the requirement of multistep synthesis. Recently,
transition metal catalysis has emerged as an increasingly
important approach in the preparation of ortho-substituted
benzophenones.” In particular, the strategy of C-H activation
represents a desirable and attractive strategy to deliver those
products. Several novel methods have been developed by Rao,
Dong, Ackermann, Chen, Xu, and others for the synthesis of
2-hydroxybenzophenones using Pd(u), Ni(u), or Ru(u) cata-
lysts.” In addition, only a few reports on the synthesis of N-(2-
benzoylphenyl)benzenesulfonamides have been documented
in the literature, which relied on Pd- and Ru-catalyzed directed
ortho C-H amidation of aromatic ketones.® Most of these pro-
tocols have one or more drawbacks, such as the requirement
of stoichiometric amounts of oxidants, harsh reaction con-
ditions, or limited substrate scopes. Therefore, development of
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simple, mild, and environmentally benign methods is still
highly desirable.

The half-sandwich Cp*Rh(m) catalysts have stood out with
high activity, a broad substrate scope, mild conditions, and
functional group compatibility,” and Rh(m)-catalyzed C-H
functionalization of aldehydes has attracted much attention
owing to their wide applications in the construction of
complex structures (Scheme 1).° We recently reported the
synthesis of ketones using 7-oxabenzonorbornadienes as an
arylating reagent, however the reaction was limited in scope.’
Very recently, Cui described a Rh(m)-catalyzed arylation of sali-
cylaldehydes using arylboronic acids to afford 2-hydroxybenzo-
phenones, but a stoichiometric amount of Cu(OAc), was
necessary as an oxidant.'® Hypervalent iodine reagents have
attracted our attention with appealing combination of high
reactivity, stability, and environmental friendliness."" Thus,
Daugulis, Sanford, Gaunt, and others have successfully
applied diaryliodonium salts as arylating reagents.'* In par-
ticular, Shi recently reported Cp*Ir(m)-catalyzed arylation of
both sp? and sp® C-H bonds under mild conditions.'¥ As a
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Scheme 1 Rh(u) or Ir(m)-catalyzed C—H arylation of salicylaldehyde.
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Table 1 Optimization studies?

(e}
H o
+ Mes—I—p-Tol
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[0}

L
OH

[IrCp*Cly], , base
_—

solvent, rt, 20 h

1a 2a 3ac
Entry Catalyst (mol%) Base (equiv.) Solvent Yield”
1 2.5 CsOAc (1.2) DCE 92%
2 2.5 CsOAc (1.2) MeOH 99%
3 2.5 CsOAc (1.2) CH;CN 99%
4¢ 2.5 CsOAc (1.2) MeOH 96%
5 1.0 CsOAc (1.2) MeOH 91%
6 2.5 CsOAc (1.0) MeOH 92%
74 2.5 CsOAc (1.2) MeOH Trace

“Reaction conditions: 1a (0.2 mmol) 2a (0.22 mmol) [Cp*1rCl,],,
base, solvent (2.0 mL), under air at rt for 20 h. ?Isolated yield after
column chromatography. ¢ Under N,. ¢ [Cp*RhCl,], as a catalyst.

continuation of our interest in the Rh(m)-catalyzed coupling of
arenes with a hypervalent iodine reagent,?'* we now report
rhodium- and iridium-catalyzed complementary C-H arylation
of aldehydes with diaryliodonium salts.

We embarked on our studies with the screening of the reac-
tion conditions for the coupling between salicylaldehyde and
p-tolyl(mesitylJiodonium triflate (Table 1). We initially applied
[IrCp*Cl,], as a catalyst in the presence of CsOAc without
exclusion of air in DCE. Gratifyingly, the desired coupling did
occur. Subsequently, various solvents were investigated, and
the best yield was obtained in MeOH or CH;CN, and product
3ac was isolated in 99% yield in both cases (entries 2 and 3).
The yield decreased slightly when the reaction was performed
under N, (entry 4), and this result agrees with our previous
report.” Notably when the catalyst loading (1 mol%, entry 5)
or the amount of CsOAc was lowered (1 equiv., entry 6), the
efficiency of this transformation was slightly affected. There-
fore, the optimal reaction conditions were identified as
[IrCp*Cl,], (2.5 mol%), CsOAc (1.2 equiv.) at rt in MeOH or
CH;CN for 20 h.

With the optimal reaction conditions in hand, the scope
and limitations of this reaction were next investigated
(Scheme 2). Diaryliodonium salts bearing both electron-donat-
ing (3ac) and -withdrawing (3ad-3af) groups all reacted in
excellent yields, implying that the electronic effect of the
diaryliodonium salt is insignificant. Meanwhile, ortho- and
meta-substituted diaryliodonium salts were chosen to examine
the steric effect, and the desired products (3aa and 3ab) were
obtained in 75% and 99% yields, respectively. Next, the scope
of the salicylaldehydes was examined using p-tolyl(mesityl)
iodonium triflate as a coupling partner. Various alkyl, halide,
alkoxyl, and diethylamino substituents at the 3-, 4-, and 5-posi-
tions of salicylaldehyde were tolerated (3ag-3an), and the
expected products were isolated in 84%-99% yields. Even the
electron-poor 5-nitrosalicylaldehyde also reacted to afford 3ao
in 74% yield. Furthermore, this reaction was not limited to
monosubstituted substrates, disubstituted salicylaldehydes
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Scheme 2 Ir(mn)-catalyzed C—H arylation of salicylaldehyde. ¢ Reaction
conditions: salicylaldehyde 1 (0.2 mmol), 2 (0.22 mol), CsOAc
(0.24 mmol), [Cp*IrCl,]; (2.5 mol%), CHzOH (2.0 mL), under air at rt for
20 h. Isolated yield after chromatography. ? Reaction was performed in
CH=zCN. € [Cp*RhCl,], instead of [Cp*IrCl,],.

(1ap-1as) coupled to afford the corresponding products in
90%-99% yields. As expected, the naphthaldehyde substrate
1at was also viable and afforded product 3at in 99% yield.

To further explore the applicability of this transformation,
we turned our attention to arylation of N-sulfonyl-2-aminobenz-
aldehydes. Although they are isostructural to salicylaldehydes,
N-sulfonyl-2-aminobenzaldehydes reacted with good efficiency
under N,, and [Cp*RhCl,], proved to be the active catalyst.
Introduction of a methyl to the ortho, meta and para positions
(5ab-5ad) of the diaryliodonium salts was fully tolerated,
indicative of the compatibility with the steric effect. Mean-
while, electron-neutral and -withdrawing substituents at the
para-position of diaryliodonium triflates were also tolerated,
and the desired products 5aa, 5ae, and 5af were isolated in
84%, 96% and 54% yields, respectively. The coupling of N-sul-
fonyl-2-aminobenzaldehydes bearing different substituents
(methyl, halogen, and nitro) all proceeded smoothly (5ag-5aj),
although N-(2-formyl-5-nitrophenyl)-4-methyl-
benzenesulfonamide 4aj afforded the corresponding product
5aj in only 27% yield. Next, we extended the sulfonyl group to
benzenesulfonyls bearing different electron-donating and
-withdrawing groups (5ak-5aq) as well as methanesulfonyl
(5ar). Switching the N-tosyl to N-acetyl also furnished the
desired product 5as in 39% yield. Encouraged by the above
results, the reaction of quinoline-8-carbaldehydes and diaryl-
iodoniums was further investigated (Scheme 3). However, almost
no conversion was observed under the standard reaction con-

This journal is © The Royal Society of Chemistry 2016
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Scheme 3 Rh(i)-catalyzed C—H arylation of N-sulfonyl 2-amonibenz-
aldehyde. ?Reaction conditions: 4 (0.2 mmol), 2 (0.4 mmol), CsOAc
(0.4 mmol), [Cp*RhCl,l, (4 mol%), AgNTf, (16 mol%), DCM (2.0 mL),
under N, at 80 °C for 20 h. ®Reaction conditions: 4 (0.20 mmol), 2
(0.24 mol), [Cp*RhClyl, (2 mol%), AgNTf, (16 mol%), cyclohexane
(2.0 mL), 4 A MS (200 mg), under N, at 100 °C for 20 h. ©H,O (200 mg)
was added. ¢ CsOAc (0.24 mmol).

ditions. We noticed the crucial role of 4 A MS in the Ir(m)-cata-
lyzed C-H arylation system reported by Shi’s group.'? Intro-
duction of 4 A MS proved to be optimal and necessary
(Scheme 3, 6ad), which likely facilitated the C-H activation
processes as well as removed the water. The desired coupling
occurred smoothly and gave 8-benzoylquinolines in 85-99%
yields. So far only Chang and Wang have reported the arylation
of quinoline-8-carbaldehydes, and those
restricted to Ru, Pd, or Rh(1) catalysis."*

To illustrate the synthetic utility of the C-H arylated pro-
ducts, several transformations of benzophenones are displayed
in Scheme 4. For example, the derivative 7 was constructed

systems were

L O O ref. 15 ref. 1h
z

X= OH or NHTs
ref. 16 ref. 17

ou

Scheme 4 Divergent transformations of ortho-substituted benzo-
phenones.
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using substituted 2-hdroxybenzophenones as the starting
material."> 4-Phenylbenzo[e][1,2,3Joxathiazine 2,2-dioxide can
be synthesized in high yield by the reaction of 2-hydroxybenzo-
phenones with CISO,NCO.'® The biologically active benzo-
furans could also be easily prepared from
2-hydroxybenzophenones and dimethylacetamide.’” The
cascade coupling of 1-(2-tosylaminophenyl)-ketones with
indoles also provided a useful annulation strategy to obtain
11-phenyl-6H-indolo[2,3-b]quinoline,’”” which is known to act
as a DNA topoisomerase II inhibitor."®

To gain mechanistic insights into the relevancy of C-H acti-
vation, cyclometalated Rh(ur) complexes 11a and 11b stabilized
with acetonitrile and pyridine® have been prepared and were
designated as a catalyst. Both 11a and 11b exhibited catalytic
activity, and the product 5ad was isolated in 98% and 30%
yields, respectively (Scheme 5, eqn (1)), indicating that C-H
activation was involved. To further probe this C-H activation
process, the coupling between [D]-4a and 2a was stopped at
about 18% conversion in DCM and CH;0H (10:1, 2 mL). '"H
NMR analysis of the recovered [D]-4a revealed no H/D
exchange at the formyl position, indicating that this C-H acti-
vation process is irreversible (Scheme 5, eqn (2)). The kinetic
isotope effect (KIE) has been estimated for the competitive
coupling of an equimolar mixture of 4a and [D]-4a with 2a. 'H
NMR analysis of the level of deuteration of the recovered alde-
hyde mixture at 13% conversion gave ky/kp = 1.6 (see
Scheme 5, eqn (3) and ESIf). This moderate value of KIE
suggests that cleavage of the C-H bond might be involved in
the rate-limiting step. On the basis of our previous studies and
the preliminary results,®*#*3® a plausible catalytic cycle has
been proposed starting from RhCp*(OAc), as an active catalyst
(Scheme 6). Cyclometalation of N-tosyl 2-aminobenzaldehyde
afforded a rhodacyclic intermediate, to which the diaryliodo-
nium salt oxidatively adds to generate a Rh(v) species. C(aryl)-
C(acyl) reductive elimination afforded a Rh(m) intermediate B,
and subsequent protonolysis of B furnished the final
product together with regeneration of the active RhCp*(OAc),
catalyst.
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Scheme 5 Mechanistic studies.

at 13% conversion
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Scheme 6 Proposed catalytic cycle.

Conclusions

In summary, we have realized rhodium- and iridium-catalyzed
redox-neutral C-H arylation of benzaldehydes using diaryl-
iodonium triflate as an arylating reagent. A broad scope of
formyl-substituted arenes assisted by different directing
groups (OH, NTs, OAc, quinoline ring) have been arylated at
the formyl position with good functional group compatibility.
An iridium(m) catalyst exhibited high activity for salicylalde-
hyde substrates, while a rhodium(m) catalyst is more efficient
for N-sulfonyl 2-aminobenzaldehydes. Given the important
properties of the arylated products, relatively mild conditions
employed, and the tolerance of functional groups, this syn-
thetic method may find applications in the synthesis of related
complex molecules, particularly in pharmaceutical research.
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