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ABSTRACT: Hydroxoiridium complexes efficiently catalyzed the hydroarylation of alkynes and bicycloalkenes with N-
sulfonylbenzamides via C—H activation to give the corresponding ortho-alkenylation and alkylation products in high yields.

Transition metal-catalyzed direct functionalization of unac-
tivated aromatic C—H bonds has been attracting significant
attention from the aspect of atom- and step-economy. Catalyt-
ic hydroarylation of C—C unsaturated bonds through chelation-
assisted C—H bond activation' has been w1dely investigated
since the pioneering studles on Ru cataly51s * In this context,
hydroarylation of alkynes”® has also been developed by using
a variety of transition metal catalysts such as Ru,2 Rh,3 Pd,4 Ir,5
Ni,® and Co.” Several catalyst systems enabled one-pot syn-
thesis of (hetero)cyclic compounds vie hydroaryla-
tion/intramolecular cyclization sequence.g’10

Recently, we reported iridium-catalyzed hydroarylation of
vinyl ethers with high branch selectivity,“ and found that hy-
droxoiridium complexes efficiently catalyzed hydroarylation
with N-sulfonylbenzamides''® and aryl-substituted azoles''®
bearing an N—H bond as a directing group, where the key in-
termediate for C—H activation is an amidoiridium(I) species
generated in situ by deprotonation (Scheme 1). We next fo-
cused on the development of hydroarylation of unsaturated
compounds other than vinyl ethers by way of the amidoiridi-

Scheme 1. Ir(OH)-Catalyzed C—H Functionalization
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um(I) intermediate. Here we report the hydroarylation of al-
kynes and bicycloalkenes with N-sulfonylbenzamides cata-
lyzed by hydroxoiridium complexes.

Treatment of 3-methyl-N-(methanesulfonyl)benzamide (1a)
with 1.1 equiv of diphenylacetylene (2a) in the presence of
[Ir(OH)(cod)], (2 mol % Ir, cod = 1,5-cyclooctadiene) in tolu-
ene at 70 °C for 1 h gave an 98% yield of adduct 3aa as a sole
addition product (Table 1, entry 1).12 Although a chloroiridi-

Table 1. Hydroarylation of 2a with 1a“

(0] (0]
[M] (2 mol %)
NHMs  base (10 mol %) NHMs
1a + Ph toluene, 70 °C, 1 h ~ “Ph
/ Ph
Ph 2a 3aa
entry  catalyst base yield (%)
1 [Ir(OH)(cod)], - 98°
2 [IrCl(cod)], - 26
3 [IrCl(cod)], Et;N 54
4 [IrCl(cod)], K,CO; 84
5 [IrCl(coe)s] K,CO;
6 [Ir(OH)(cod)],/(rac)-binap -
7 [Rh(OH)(cod)] -
8¢ [Ir(OH)(cod)], - 99

“Reaction conditions: 1a (0.20 mmol), 2a (0.22 mmol), cata-
lyst (2 mol %), and base (10 mol %) in toluene (0.80 mL) at
70 °C for 1 h. The yields were determined by 'H NMR by
using p-dimethoxybenzene as an internal standard. ° Isolated
yield. “At 20 °C for 4 h.



um complex [IrCl(cod)], was much less effective in catalyzing
the reaction than [Ir(OH)(cod)], (entry 2), the presence of a
catalytic amount of bases, such as Et;N and K,COs;, accelerat-
ed the reaction (entries 3 and 4). The present reaction requires
a chelating diene ligand as the use of [IrCl(coe),], in the pres-
ence of K,COj; resulted in no reaction (entry 5). A hydrox-
oiridium/bisphosphine complex and a hydroxorhodium com-
plex did not exhibit any catalytic activity (entries 6 and 7). It
should be noted that the reaction proceeded smoothly even at
20 °C and completed within 4 h (entry 8).

The results obtained for the iridium-catalyzed hydroaryla-
tion of diphenylacetylene (2a) with several benzamides 1 are
summarized in Scheme 2. The reactions of meta-substituted
benzamides 1b—1f gave the corresponding adducts 3ba—3fa in
high yields. For hydroarylation with unsubstituted benzamide
1g, the reaction conditions were modified because 1g under-
went double hydroarylation under the standard reaction condi-
tions to give a mixture of monoalkenylated amide 3ga and
dialkenylated amide 4ga:13 the use of slight excess of 1g at
30 °C suppressed the second hydroarylation to give 3ga in
82% yield. The double alkenylation was achieved by using
2.4 equiv of 2a, thus giving 4ga in 88% yield. A sterically
demanding ortho-substituent in 1h did not affect the reaction.
Amides 1i-11 bearing a naphthyl and heteroaromatic rings
were also good substrates for the present reaction. The reac-
tion of N-(p-toluenesulfonyl)benzamide 1m also gave the ad-

Scheme 2. Hydroarylation of 2°
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“Reaction conditions: 1 (0.20 mmol), 2a (0.22 mmol), and
[Ir(OH)(cod)], (2 mol % Ir) in toluene (0.80 mL) at 70 °C for 1
h. °1g (0.22 mmol), 2a (0.20 mmol), and [Ir(OH)(cod)], (5
mol % Ir) in dichloromethane at 30 °C for 20 h. “1g (0.20
mmol), 2a (0.48 mmol), and [Ir(OH)(cod)], (5 mol % Ir) at
80 °C for 20 h. “For 3 h. “For 6 h.

duct 3ma in 96% yield.

Table 2 summarizes the results obtained for the reaction of
amide 1a with several alkynes 2. The reactions of diarylacety-
lenes bearing halogen substituents, electron-withdrawing and
donating substituents proceeded smoothly to give the adducts
in high yields (entries 1-9). Dialkylacetylene 3k also partici-
pated in the reaction to give the syn-adduct 3ak in 93% yield
(entry 10).

The reactions of unsymmetrically-substituted alkynes gave
the alkenylation products as a mixture of regioisomers (Table
3). In the reactions of 1-aryl-1-propynes, C—C bond formation
preferentially occurred at the C2 position although electron-
withdrawing substituents on the aryl group of the alkyne 2n
significantly decreased the regioselectivity (entries 1-3). In
the case of unsymmetrically substituted diarylacetylenes, C—C
bond formation occurred at the carbon adjacent to the elec-

Table 2. Hydroarylation of various alkynes”

0] 0]
[IrCl(cod)]»
NHMs (2 mol % Ir) NHMs

\©)+J\ R toluene, 70 °C, 1 h SR

1a R% R

2 3

entry R yield (%)
1 4-FCeHy (2b) 99 (3ab)
2 4-CICeH4 (2¢) 96 (3ac)
3 4-BrC¢H,4 (2d) 97 (3ad)
4 4-CF;CgHy (2€) 97 (3ae)
5 4-MeCgHy (21) 96 (3af)
6 4-MeOCgH,4 (2g) 99" (3ag)
7¢ 3-CIC¢H4 (2h) 98 (3ah)
8? 2-CIC¢H,4 (21) 98 (3ai)
9 2-thienyl (2j) 98 (3aj)
10%¢ n-Pr (2k) 93 (3ak)

“Reaction conditions: 1a (0.20 mmol), 2 (0.22 mmol), and
[Ir(OH)(cod)], (2 mol % Ir) in toluene (0.80 mL) at 70 °C for 1
h. Isolated yields are shown. ° Isolated yield after N-
methylation. See the Supporting Information. “For 2 h. ¢At
30 °C. “In dichloromethane for 20 h.

Table 3. Hydroarylation of Unsymmetrical Alkynes*

o B, v
ta * R1/ toluene r%Rz %\Rz
2 70°C,1h R! R!

3 (major) 3’ (minor)
entry 2 R! R? yield (%)  3/3
1 21  Me Ph 92 (3al)  71/29
2 2m Me 4-+-BuCeH, 99 3am)  71/29
3 2n  Me 4-CFsC¢H, 93 (3an)  55/45
4 20 4-CF;C¢H, 4-MeOCgH, 90 3a0)  71/29
s 2p H SiMe; 61 3ap)  100/0

“Reaction conditions: 1a (0.20 mmol), 2 (0.22 mmol), and
[Ir(OH)(cod)], (2 mol % Ir) in toluene (0.80 mL) at 70 °C for 1
h. Isolated yields are shown. °For 20 h. 2p was added in
three portions every 5 h.



Table 4. Hydroarylation of Bicycloalkenes®
[Ir(OH)(cod)], 0
..~ toluene

(5 mol % Ir)
%5, dippbz (6 ol %) O NHMs
80 °C, 20 h '
X =0 (5a) X =NBoc (5b) @
X = CH, (5¢)

5
X = C=CMe, (5d)

5e
entry 5 yield (%)
1 5a 88 (6aa)
2 5b 96 (6ab)
3 5¢ 97 (6ac)
4 5d 98 (6ad)
5° 5e 96 (6ae)

“ Reaction conditions: 1a (0.20 mmol), 5 (0.30 mmol),
[Ir(OH)(cod)], (5 mol % Ir), and dippbz (6 mol %) in toluene
(0.80 mL) at 70 °C for 1 h. Isolated yields are shown. Dippbz
= 1,2-Bis(diisopropylphosphino)benzene. ® At 70 °C for 1 h.

tron-deficient aryl group (entry 4). The reaction of trime-
thylsilylacetylene (2p) gave 3ap as a single regioisomer (entry
5). These results indicate that the regioselectivity of the
present reaction is influenced by both steric and electronic
factors.

The hydroxoiridium complex can also catalyze diastereose-
lective hydroarylation of bicycloalkenes. Although
[Ir(OH)(cod)], exhibited only moderate catalytic activity, the
use of 1,2-bis(diisopropylphosphino)benzene (dippbz) as a
ligand was found to be effective for the hydroarylation of var-

ious bicycloalkenes 5 (Table 4). Oxabenzonorbornadiene (4a),

azabenzonorbornadiene (4b), benzonorbornene (5¢), and its
analogue 5d reacted to give 6aa—6ad in high yields (entries 1—
4). The reaction of norbornene (5e) also proceeded well to
give 6ae in 96% yield (entry 5). The adducts 6 possess stereo-
centers, and thus enantioselective hydroarylation of bicycloal-
kenes is our next target.14 A preliminary experiment showed
that (R,R)-QuinoxP"‘15 was a promising ligand for the asym-
metric hydroarylation of norbornene (5e) with 1a (eq 1).

t- Bu Me
1a [Ir(OH)(cod)]2 (5 mol % Ir)
(R,R )-QuinoxP* (6 mol % )
toluene, 80 °C, 36 h I
Se 98%
81% ee Me™ t'BU

(R,R)-QuinoxP*

A plausible catalytic cycle is shown in Scheme 3. A hy-
droxoiridium complex reacts with N-sulfonylbenzamide 1 to
give an amidoiridium species A along with the formation of
H,0."" Oxidative addition of ortho-C—H bond to the iridium
gives a hydridoiridium(IIl) intermediate B,'® which reacts with
alkyne 2 to generate the intermediate C 8 Reductive elimina-
tion and ligand exchange by the amide 1 gives the adduct 3
and regenerates the amidoiridium species A.

It was found that the reaction rate is apparently independent
of the substrate concentration: when the reaction of 1d with 2a
in CD,Cl, was monitored by 'H NMR, the yield of 3da
showed a linear increase with time (Figure 1). This result

Scheme 3. Plausible Catalytic Cycle
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Figure 1. Plot of the yield of 3da vs time. Reaction condi-
tions: 1d (0.050 mmol), 2a (0.055 mmol), and [Ir(OH)(cod)],
(6 mol % Ir) in CD,CI, (0.70 mL) at 23 °C.

implies that reductive elimination is the turnover-limiting step
in the present reaction.

To gain further insight into the reaction mechanism, we in-
vestigated the electronic effect of the substituents on the aryl
ring of the amide 1. In two separate reactions of 1a and 1d,
bearing methyl and trifluoromethyl groups, no significant dif-
ference in the reactivity was observed (see Table S2). This
result implies that the electronic nature of the amide has little
effect on the rate of reductive elimination. In contrast, inter-
molecular competition experiments revealed that electron-
deficient amide preferentially reacted to give the corre-
sponding hydroarylation product 3, where a Hammett plot vs.
o values showed a correlation (p = 1.14, R? = 0.89: see Table
$3). The difference in reactivity observed in the intermo-
lecular competition experiments might be due to reversible
steps (i.e. formation of amidoiridium A and C—H activation)
preceding reductive elimination.

In conclusion, we developed the hydroxoiridium-catalyzed
hydroarylation of alkynes and bicycloalkenes with N-
sulfonylbenzamides via C—H activation. An iridium/cod com-
plex efficiently catalyzed hydroarylation of various alkynes.



Hydroarylation of bicycloalkenes also proceeded smoothly by
using dippbz as a ligand.
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