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Summary: Selective carbonyl carbon (C(dO)) and R-carbon
(C(methyl)) bond activation of acetophenones was discovered
by the high-valent, iridium(III) 5,10,15,20-tetrakis-4-tolylpor-
phyrinato carbonyl chloride (Ir(ttp)Cl(CO)), which also acted
as a Lewis acid in catalyzing the aldol condensation of
acetophenones together with release of the coproduct water.
Preliminary mechanistic studies suggest that both aliphatic
and aromatic carbon-hydrogen bond activation products are
kinetic products, which can be converted by reaction with water
to iridium porphyrin hydride (Ir(ttp)H) via iridium porphyrin
hydroxide (Ir(ttp)OH). Both Ir(ttp)OH and Ir(ttp)H were the
possible intermediates to cleave the C(dO)-C(methyl) bond
of acetophenones and to generate iridium porphyrin acyl
complexes as the thermodynamic products.

Activation of carbon-carbon bonds (CCA) adjacent to a
carbonyl group by transition metal complexes has been
widely investigated due to not only its mechanistic under-
standings but also its potential utility in organic synthesis.1

Most examples of CCA reactions of carbonyl compounds
involve strained systems.2 Among these, cyclobutanones are
the most widely used substrates, which have been proposed
to undergo oxidative addition with low-valent transition
metal complexes in the carbon-carbon bond activation.2

Another approach for CCA reactions of carbonyl com-
pounds is driven by chelation assistance of an adjacent
coordinating atom.1,3

High-valent transition metal complexes are much less
known to cleave carbon-carbon bonds since oxidative
addition is uncommon with high-valent transition metal
complexes.4 However, Cp*(PMe3)Ir(CH3)OTf has been
shown recently to react with alkoxy- and siloxy-substituted
cyclopropanes to undergo CCA reaction, and an Ir(V) alkyl
intermediate was proposed.5

We have reported that high-valent metalloporphyrins
of rhodium(III) and iridium(III) can activate aldehydic
carbon-hydrogen bonds (CHA).6 These bond activations

are mechanistically intriguing due to the difficulty of
forming high-valent transition metal(V) intermediates,
which are particularly sterically demanding, with three
substitutents located in a cis-manner to the same face of a
porphyrin plane. Herein, we report that iridium(III)
5,10,15,20-tetrakis-4-tolylporphyrinato carbonyl chlor-
ide (Ir(ttp)Cl(CO)) 1a

7 cleaves the C(dO)-C(R) bonds
of acetophenones to selectively give iridium porphyrin
acyl complexes.6b

Ir(ttp)Cl(CO) 1a was found to undergo successful selec-
tive CCA with a variety of p-substituted acetophenones
in solvent-free conditions at the less sterically hindered
C(dO)-C(methyl) bonds rather than the C(dO)-C(aryl)
bonds to yield Ir(ttp)COAr (Table 1, eq 1). For example,
Ir(ttp)Cl(CO) reacted with acetophenone at 200 �C in
20 days to give Ir(ttp)COPh 3b in 71% yield together with
the aromatic CHA products Ir(ttp)(p-COMe-Ph) 4b in
4% yield and Ir(ttp)(m-COMe-Ph) 4c in 8% yield, respec-
tively (Table 1, entry 2). Both electron-rich and electron-
poor p-substituted acetophenones required shorter reac-
tion times of 12 to 15 days to give 3a and 3c,d in similar
product yields (Table 1, entries 1, 3, and 4), while these
p-substituted acetophenones did not yield any aromatic
CHA product.
During the reaction, water-like droplets were observed

to form and likely come from the Ir(ttp)Cl(CO)-catalyzed
aldol condensation of acetophenone. Indeed, we found
that acetophenone did undergo an Ir(ttp)Cl(CO)-cata-
lyzed aldol condensation reaction to give 5a and 5b in
a shorter reaction time of 1 day. Therefore, the coforma-
tion of water in reactions of 1a and 2a-d was confirmed
(eq 2).8,9

Uponmore careful examination of the reactionmixture of
acetophenone with 1a at a lower temperature of 120 �C in 5
days, only theR-CHAproduct 4awas isolated in 11%yield10
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without any 3b formed (eq 3). TheR-CHA reaction is a facile,
kinetic process.

The possible intermediacy of 4a for CCA was further
examined by independent reactions between 4a and 2b at
200 �C. After 15 days, 4b and 4c were produced in 21% and
42% yield, respectively, together with 3b in 21% yield (eq 4).
After 26 days, 3b was formed in 75% yield, while 4b,c still
remained in 8% and 16% yield, respectively (eq 4). Further-
more, when themore accessible Ir(ttp)Ph11 1bwas used as an
analogue of Ir(ttp)(p- andm-COMe-Ph) (4b and 4c) to react
with acetophenone, theCCAproduct 3bwas isolated in trace
amount (<5%) only with the recovery of 1b in 88% yield
after heating for 28 days at 200 �C (eq 5). These results
suggest that 4b,c are less likely the direct intermediates for
CCA, as they reacted very slowly. Furthermore, a direct
σ-bond metathesis of metal-C and C-C bonds is sterically
difficult and unprecedented.12We therefore considered other
more plausible mechanistic fates for 4a-c.

Indeed, Ir(ttp)H7 1c was observed in 20% yield together
with acetophenone 2b in 20% yield when Ir(ttp)CH2COPh

4a was hydrolyzed by water (100 equiv) in benzene-d6 at
200 �C for 3 days (eq 6).13 Likely, water attacks at the iridium
center to give Ir(ttp)OH14 and acetophenone. Ir(ttp)OH can
undergo reduction at high temperature to yield IrII(ttp);15

IrII(ttp) further rapidly disproportionates into IrIII(ttp)-
(OH2)n

þ (n = 1 or 2) and IrI(ttp)-,16 which upon proton-
ation with H2O gives Ir(ttp)H (Scheme 1). We propose that
Ir(ttp)CH2COPh 4a, as the kinetic product, likely converts to
Ir(ttp)OH and Ir(ttp)H in the presence of water, or Ir(ttp)Cl
in the presence of HCl at high temperature. As Ir(ttp)H did
not react with benzene to give the aromatic CHA product of
Ir(ttp)Ph, more likely Ir(ttp)OH cleaves the aromatic C-H
bond to form 4b-c.14d,17

Similar to 4a, 4b,c can be hydrolyzed to convert to Ir(ttp)OH
and Ir(ttp)H or Ir(ttp)Cl in the presence of water or HCl.
Indeed, with the addition of 100 equiv of water in the reaction
of Ir(ttp)Ph and acetophenone, a higher yield of Ir(ttp)COPh
3bwas obtained in 12% yield (eq 7 vs eq 5). The slower rate of
hydrolysis of 1b compared with 4a is likely due to the stronger
and more hindered metal aryl bond than the metal alkyl
bond.18

As both Ir(ttp)OH and Ir(ttp)H are proposed inter-
mediates for CCA, the more accessible and observed
Ir(ttp)H was reacted with acetophenone independently.

Table 1. CCA of Acetophenones by Ir(ttp)Cl(CO)

entry FG time/d product (yield/%)

1 F 2a 13 Ir(ttp)CO(4-F-Ph) 3a (74)
2 H 2b 20 Ir(ttp)COPh 3b (71)a

3 Me 2c 12 Ir(ttp)CO(4-Me-Ph) 3c (78)
4 OMe 2d 15 Ir(ttp)CO(4-OMe-Ph) 3d (79)

aAromatic CHA products of Ir(ttp)(p-COMe-Ph) 4b and Ir(ttp)(m-COMe-Ph)
4cwere also isolated in 4%and8%yield, respectively. For the typical experimental
details see ref 20.

Scheme 1. Transformation from Ir(ttp)OH to Ir(ttp)H
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However, Ir(ttp)H 1c reacted with acetophenone to give the
R-CHA product Ir(ttp)CH2COPh 4a in 68% yield in just
1 day at 200 �C (eq 8). The direct cleavage of the C-C bond
by Ir(ttp)Hmost likely is inhibited by the competitive R-CHA.
The hydrolysis pathway must be responsible for the reconver-
sion of 4a back to Ir(ttp)OH and Ir(ttp)H.

On the basis of the above findings, we propose a mechan-
ism for the C(dO)-C(R) bond activation of acetophenones
by Ir(ttp)Cl(CO) (Scheme 2). First, 1a can react as a Lewis
acid to catalyze the aldol condensation of acetophenone to
give 5a,b and water.9 On the other hand, 1a can also react
with acetophenone 2b to give the R-CHA product 4a as a
result of the nucleophilic attack of the enol form of 2b.9 4a
undergoes interconversion with Ir(ttp)Cl 1a0 and Ir(ttp)H 1c

via Ir(ttp)OH in acetophenone in the presence of HCl
(coproduct of R-CHA) or H2O (coproduct from the aldol
condensation). Ir(ttp)OH then reacts with 2b to give the
ArCHA products 4b,c, which are more kinetically and
thermodynamically stable than 4a. However, in the presence
of HCl, 4b,c can convert back to Ir(ttp)Cl or Ir(ttp)OH and
Ir(ttp)H in the presence of H2O. Besides the R-CHA14d,e

and aromatic CHA, Ir(ttp)OH or Ir(ttp)H, once formed
again, cleaves the C(dO)-C(R) bond directly, most likely

undergoing σ-bondmetathesis to giveCCAproduct 3b as the
thermodynamic product, since oxidative addition of the
C(dO)-C(R) bond to high-valent Ir(III) porphyrin com-
plexes to form Ir(V) is sterically demanding.19 The cleavage
of the carbonyl carbon and R-carbon bond is not more
kinetically favorable than the carbon(R)-hydrogen bonds
due to the steric hindrance. This proposed mechanism can
also explain the faster reaction rates and higher yields for
p-substituted acetophenones, as the p-substituents prevent
the formation of nonproductive aromatic CHA intermedi-
ates and products.
In summary, we have discovered the selective carbonyl

carbon and R-carbon bond activation of acetophenones
by high-valent iridium porphyrin carbonyl chloride. The
iridium porphyrin carbonyl chloride functions as a Lewis
acid to catalyze the aldol condensation of acetophenones
with water formed. Both aliphatic and aromatic carbon-
hydrogen bond activation products are kinetic products,
which can convert to intermediates Ir(ttp)OH and/or Ir(ttp)H
in the presence of acid or water. Both Ir(ttp)OH and Ir(ttp)H
are the possible intermediates to cleave the C(dO)-C(methyl)
bond and give Ir(ttp)COAr as the thermodynamic products.
Further works to synthesize Ir(ttp)OH and its chemistry are
ongoing.
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Scheme 2. Proposed Mechanism for CCA of Acetophenone by

Ir(ttp)Cl(CO)

(19) We were not able to detect the coproduct of MeOH or MeH by
GC-MS analysis; therefore, the possible intermediacy of Ir(ttp)OH and
Ir(ttp)H can not be distinguished.

(20) Details for a typical experiment of the C(dO)-C(R) bond
activation of acetophenone with Ir(ttp)Cl(CO): Acetophenone (0.8
mL, 500 equiv) was added to Ir(ttp)Cl(CO) (12.4 mg, 0.013 mmol) in a
Teflon screw-head stoppered tube, and the mixture was degassed by the
freeze-pump-thaw method (3 cycles). Then the mixture was heated at
200 �C for 20 days under N2. The solvent was then removed under vacuum,
and the crude product was purified by column chromatography on
alumina. The purple solid of Ir(ttp)COPh6b 3b (8.9 mg, 0.0092 mmol,
71%) and Ir(ttp)(p-COMe-Ph) 4b (0.5mg, 0.0005mmol, 4%) togetherwith
Ir(ttp)(m-COMe-Ph) 4c (1.0 mg, 0.0010 mmol, 8%) were isolated as the
second fraction.


