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ABSTRACT: Cp*Ir(Ill) complexes have been shown to
catalyze the oxidative coupling of benzoic acids with alkynes in
methanol at 60 °C to form a variety of isocoumarins. The use
of AgOAc as an oxidant was required to facilitate significant
product formation. Alkyl alkynes were shown to be more
reactive substrates than aryl alkynes, and a number of
functional groups were tolerated on benzoic acid. Combined
mechanistic and computational studies (BP86) revealed that
(1) C—H activation occurs via an acetate-assisted mechanism;
(2) C—H activation is not turnover limiting; and (3) the
oxidant oxidizes the reduced form of the catalyst via an Ir(I)—
Ir(11)—Ir(II) sequence.
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B INTRODUCTION

Isocoumarins are important components in many natural
products. They show a broad range of biological activity
including antifungal,l antiulcer,” anti-inflamatory,” antibacteri-
al,* herbicidal,® cytotoxic,6 and antiangiogenic’ applications.
Isocoumarins also function as key intermediates in the synthesis
of a variety of other compounds including isoquinolines,
isochromenes, and isocarbostyrils.8 In many cases, isocoumar-
ins are synthesized from the intramolecular cyclization of
substrates that contain both an alkyne and a carboxylate group.
However, these reactions often require multiple steps to
generate the starting material, halogen functionalized reagents,
or the stoichiometric use of transition metals.>*™"* Some of
these reactions also result in a number of undesired side
products and many show poor atom economy.®™"*

In recent years there has been significant interest in the
transition-metal catalyzed oxidative annulations'*~'” of alkynes
with carboxylic acids. For example, Ackermann and co-workers
have recently shown that cationic ruthenium(II) catalysts
enabled the synthesis of isocoumarins through the oxidative
coupling of alkynes with benzoic acids.® In addition,
Jeganmohan and co-workers reported high regioselectivity for
the oxidative cyclization of aromatic acids with alkynes in the
presence of catalytic amounts of cationic ruthenium(II)
catalysts to provide highly substituted isocoumarin deriva-
tives."

In addition to catalysis with ruthenium(II) complexes,*
Miura, Satoh and co-workers have pioneered catalysis with
rhodium and iridium.*”~*' For example, it was demonstrated
that rhodium(III) catalysts in the presence of copper salts were
effective in the oxidative annulation of alkynes with benzoic
acids. Interestingly, when iridium(III) catalysts were used in the
presence of silver salts for the same reaction, the desired
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isocoumarins were not formed. Instead, the oxidative
annulation reaction lead to the formation of substituted
napthalenes.*” In previous work from our lab, we showed
that Cp*Ir'™ complexes were capable of catalytic C—H
activation of benzoic acid via H/D exchange studies, and that
these catalysts were also capable of functionalization, as
benzoquinone insertion resulted in the formation of
benzochromenones.*

Despite the recent flurry of studies dealing with the catalytic
oxidative annulation of alkynes with benzoic acids, there have
been limited investigations aimed at understanding the reaction
mechanism. Further, while Cp*Ir'" complexes have been
among the most effective in stoichiometric C—H activation
reactions,** catalytic oxyfunctionalization with these species has
been much less developed.”*° In addition, the tendency of
third row transition metals to form complexes that are more
stable than their first and second row analogues allows for the
isolation or identification of species that may be important
intermediates in the catalytic cycle.

In this work, we report conditions for the iridium-catalyzed
synthesis of isocoumarins from benzoic acids and alkynes. In
addition, we investigate the mechanism for the reaction. As a
result of this study, we have addressed questions that remain in
the transition-metal catalyzed annulation of alkynes with
benzoic acids. Specifically, we address the following questions:
(1) What is the mechanism for the C—H activation step in
these reactions? (2) What is the turnover-limiting step for these
reactions, C—H activation or C—H functionalization? (3) What
is the role of the external oxidant in these reactions? Our
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mechanistic insight should aid in the development of
appropriate catalysts for the annulation of alkynes with benzoic
acids, and, more broadly, for catalytic C—H functionalization
reactions.

B RESULTS AND DISCUSSION

Reaction Optimization. Previously, Miura and Satoh
reported that the iridium catalyzed annulation of alkynes with
benzoic acids resulted in the formation of substituted
napthalenes, instead of isocoumarins, that were observed with
the analogous rhodium catalysts.*”>' However, we have been
able to discover conditions for the successful formation of
isocoumarins (vide infra).

The optimal conditions for the formation of 3,4-diphenyli-
socoumarin, la, from benzoic acid and diphenylacetylene in
methanol are shown in Scheme 1. Reaction yields were
determined by 'H NMR spectroscopy with an internal standard
(Supporting Information, Table S1).

Scheme 1. Catalytic Formation of 3,4-Diphenylisocoumarin,
la, from Benzoic Acid and Diphenylacetylene
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A variety of oxidants were investigated for their compatibility
in this reaction including AgOAc, Cu(OAc),, AgNO,, Ag,O,
AgO,CCF;, and Ag,CO;. AgOAc was found to be the most
effective oxidant. Other Ir(III) catalysts were examined for this
reaction, and most exhibited similar reactivity to (Cp*IrClL,),
(See Supporting Information).

Substrate Scope. The optimal reaction conditions for the
synthesis of 1a were utilized for a variety of alkynes with the
exception that the reaction time was increased to 24 h to
maximize conversion. The isolated yields for a number of
isocoumarins using aryl-alkynes as substrates are reported in
Scheme 2. Substrates with substituents in the para position of
benzoic acid, as well the para position of diphenylacetylene are
tolerated in this reaction.

When alkyl-alkynes were used instead of the more sterically
hindered aryl-alkynes yields significantly increased (Scheme 3).

Scheme 2. Synthesis of Isocoumarins from Aryl Alkynes
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Scheme 3. Synthesis of Isocoumarins from Alkyl Alkynes
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Like the reactions with aryl alkynes, electron withdrawing and
electron donating groups are also tolerated in this reaction.
Benzoic acids with methyl groups at the meta and ortho-
positions were also effective (1q—1r).

We have also examined the reaction of unsymmetrical
alkynes in this system. While the reaction did not proceed with
the terminal alkyne, phenylacetylene, regioselective isocoumar-
in formation was observed when 1-phenyl-1-propyne and 1-
phenyl-1-pentyne were employed as substrates (See Supporting
Information). For example, the reaction with 1-phenyl-1-
propyne afforded the regioisomeric isocoumarin derivative 1s,
where the alkyne carbon bearing the phenyl group is attached
to the carboxylate group of benzoic acid, and the alkyne carbon
bearing the alkyl group is connected to the ortho carbon. The
minor regioisomer 1s’ was also formed in the reaction where
the phenyl group of the alkyne is now attached to the ortho
carbon of the benzoic acid and the alkyl group is attached to the
carboxylate group. These isocoumarins formed in a 14:1 ratio.
Similarly, when 1-phenyl-1-pentyne was used as a substrate, the
corresponding regioisomers, 1t and 1t’, were formed in an
approximately 6:1 ratio. Although we have not optimized the
current system for regioselectivity, the reactivity seen here is
comparable to the catalytic system reported by Jeganmohan
and co-workers."

Mechanistic Analysis. Although the coupling of benzoic
acids with alkynes to form isocoumarins has been examined
with other transition metals, little work has been done to
understand the mechanism. To simplify mechanistic studies,
Cp*Ir(Me,SO)Cl,, 2, was synthesized as shown in Scheme 4.>*
This catalyst exhibited similar reactivity to (Cp*IrCl,),.

Treatment of 2 with AgOAc in dry benzene for 2 h afforded
the bis-acetate complex Cp*Ir(Me,SO)(OAc),, 3 (Scheme 4).
This acetate complex was characterized by 'H, *C NMR
spectroscopy, IR spectroscopy, elemental analysis, and X-ray
crystallography (See Supporting Information). X-ray quality
crystals were obtained by slow diffusion of pentane into a
concentrated solution of 3 in dichloromethane as shown in
Scheme 4. The geometry about the metal center can be
described as a piano stool with two equivalent monodentate
acetate ligands.
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Scheme 4. Synthesis of Complexes 2 and 3
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Recently the mechanism for C—H activation for catalysts that
contain acetate ligands has been proposed to proceed by an
acetate-assisted mechanism.>>>” A similar mechanism may be
proposed for the C—H activation step in this catalytic cycle
(Scheme 5). In this mechanism, complex 3 reacts with benzoic

Scheme S. Proposed Mechanism for Isocoumarin Formation
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acid through an acetate assisted C—H activation reaction to
form an iridium metallacycle 4. Insertion of an alkyne into 4
results in metallacycle 6. Subsequently, oxidant-induced
oxyfunctionalization results in the formation of the isocoumarin
product. We have examined each of the steps in the proposed
mechanism in detail.

1. C—H Activation. The stoichiometric reaction at room
temperature of 3 with 1 equiv of benzoic acid for 24 h resulted
in the formation of the cyclometalated benzoate complex,
Cp*Ir(Me,SO)(0,CC¢H,), 4a. Under conditions similar to
the catalytic reaction, (60 °C), complex 4a was formed in
approximately 1 h (Scheme 6).

When similar reactions were attempted with (Cp*IrCl,), and
Cp*Ir(Me,SO)CL,, 2, no reaction was observed. It is also worth
noting that the formation of 4a from 3 was not reversible. In
the presence of excess acetic acid (10 equiv), 4a was not
converted to 3 at room temperature for 24 h.

Substituted benzoic acids reacted with 3 to form a variety of
cyclometalated iridium complexes (4b—4f). The substituent in
the para position did not seem to affect product yields as all
complexes were formed with near quantitative yields after 1 h at
60 °C. Complexes 4b—4f have been characterized by 'H, '*C
NMR spectroscopy, IR spectroscopy, elemental analysis, and X-
ray crystallography (See Supporting Information). The
representative crystal structure of 4e is shown Scheme 6.

The facile formation of 4 from 3 at mild conditions and in
high yields suggest that C—H activation is not turnover limiting
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Scheme 6. Synthesis of Complex 4
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for the catalytic reaction. Significantly, the formation of 4 is
complete in 1 h. In contrast, the catalytic reactions require
around 10—24 h for complete conversion. In addition, the
observation that complexes lacking acetate ligands like 2 and
(Cp*IrCly), do not result in the formation of 4 strongly
suggests that 3 or a related acetate species formed in situ are
important intermediates for the formation of isocoumarin, and
that the acetate ligand is critical in promoting C—H activation.
2. Alkyne Insertion Step. The viability of 4a as an
intermediate in the catalytic cycle was also investigated.
When 4a was used as a catalyst, comparable reactivity to
(Cp*IrCl,), was observed which suggests 4a is a catalytically
competent species. As a result, catalyst 4a was used to study the
insertion step in the catalytic cycle depicted in Scheme S.
When 4a was treated with 4-octyne in the absence of AgOAc,
for 2 h, four new peaks in the aromatic region were observed in
the 'H NMR spectrum at 7.20 (dd, 1H), 6.92 (dd, 1H), 6.88
(ddd, 1H), and 6.63 ppm (ddd, 1H) (Figure 1b). After 24 h,
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Figure 1. "H NMR spectrum (aromatic region) for the reaction of 4-
octyne with 4a at 60 °C: (a) 4a and 4-octyne at room temperature;
(b) 4a and 4-octyne after heating at 60 °C for 2 h; (c) 4a and 4-octyne
after heating at 60 °C for 24 h.

these resonances increased and the peaks for 4a decreased
(Figure 1c). Small peaks corresponding to the final product 3,4-
dipropylisocoumarin were also observed at 823 ppm, 7.83
ppm, 7.68 ppm, and 7.52 ppm.

We considered three possibilities for the identity of the
intermediate observed in the reactions in Figure 1: the alkyne
complex Cp*Ir'™(CgH,,)(0,CCgH,), 51, with 4-octyne replac-
ing dimethylsulfoxide (DMSO) as the neutral ligand coordi-
nated to the metal, Cp*Ir'™'(0,CC4H,CsHy,), 61, where the
alkyne inserted into the Ir—C bond in 4a, or
Cp*Ir'(0,CC4H,CsHy,), 71, where reductive elimination of a
C—0 bond results in an Ir(I) complex (Scheme 7). It should be

dx.doi.org/10.1021/cs400656q | ACS Catal. 2013, 3, 2421-2429
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noted that free DMSO was observed in the reaction of 4a with
4-octyne, which would indicate that DMSO was not bound to
the metal in the intermediate.

Scheme 7. Proposed Intermediates for Alkyne Insertion Step
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A variety of 2D NMR experiments were performed to
determine the identity of the intermediate. If 61 or 71 were the
intermediate, long-range coupling between the C8 alkyne
carbon with aromatic protons from the benzoate rings at C6
would be expected in an HMBC experiment. In contrast, long-
range coupling between the alkyne carbons and the benzoate
ring would not be expected in 5l as the proton on the benzoate
ring is 4 bonds away.

In the HMBC spectrum from 51 ppm—101 ppm long-range
coupling was observed between the four new aromatic protons
and the new quaternary carbons at 56.7 ppm, 67.5 ppm, and
87.0 ppm (See Supporting Information). The peak at 67.5 ppm
was assigned as C8 because of its three bond coupling with the
proton on C6 at 7.10 ppm. This coupling would rule out 51 as
the observed intermediate.

3. Oxyfunctionalization. The effect of an oxidant in the
stoichiometric insertion of an alkyne with 4a and subsequent
oxyfunctionalization to form la was examined (Table 1).
Minimal product formation was observed for the reaction of
diphenylacetylene with 4a in the absence of an additive, (Entry
1). However, when 2 equiv of AgOAc were added to the
reaction, la was formed in 75% yield (Entry 2). Both sodium
acetate and acetic acid were used as additives to determine the
effect of the acetate anion in the absence of an oxidant (Entries

Table 1. Stoichiometric Reactions of 4a with
Diphenylacetylene and a Variety of Additives

s

o}
Ph
/""'"O o I additive o 0
+ >
DMSO 6 24 h, 60 °C, methanol N pn
Ph o
4a 1a
entry additive % yield 1
1 none 5(1)
2 AgOAc 75(1)
3 NaOAc ND?
4 HOAc 12(1)
5 Ag,CO, 54(1)
6 Ag,0 16(3)

“Reaction conditions: 26 mg (0.05 mmol) of 4a, 9 mg (0.0S mmol) of
diphenylacetylene, and (0.10 mmol) of an additive in 1 mL of
methanol under air, in triplicate. Errors are standard deviations of the
mean. Percent yield determined by crude NMR versus an internal
standard. "No product was detected.
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3—4). Neither of these produced a significant amount of la.
The oxidants Ag,CO; and Ag,O were also used and resulted in
54% and 16% yields respectively (Entries 5—6).

The data presented above suggest that an oxidant is required
for significant product formation. The specific role of the
oxidant in the insertion and reductive elimination steps was
investigated with 4-octyne because the catalytic reaction
proceeded at a faster rate (10 h as opposed to 24 h) with
this alkyne, and the lack of aromatic protons allowed for
simplification of the 'H NMR spectrum.

In a storage tube, 4a and 4-octyne were heated at 60 °C for 4
h in methanol. The expected mixture of 4a and the previously
observed intermediate was observed (see Figure 1). Two
equivalents of AgOAc were then added to this reaction mixture.
An analysis after 1 h revealed that peaks for the intermediate
were no longer present, and peaks for 1l greatly increased
(Scheme 8). The only other significant aromatic peaks
remaining in the spectrum were from unreacted 4a.

Scheme 8. Sequential Reactions of 4a with 4-Octyne and
AgOAc
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When 4a and AgOAc were heated at 60 °C for 4 h, no
obvious intermediate was observed, and it appeared that 4a
remained unreacted.”® Upon adding 4-octyne, the production
of 11 was sluggish; after 1 h, the aromatic region was primarily
composed of unreacted 4a and a minimal amount of 11
(Scheme 8). When this reaction mixture was allowed to stir for
24 h, significant peaks for 11 were observed, but all components
of the catalytic reaction were present under these conditions.

We propose that the intermediate observed in the absence of
AgOAc is the Ir(I) complex, 7. The addition of AgOAc quickly
regenerates the Ir(III) active catalyst and releases the
isocoumarin product. The formation of 7 occurs slowly over
time. However, once AgOAc is added, isocoumarin is quickly
formed.

Recently, Huang and co-workers®® reported that an
analogous Rh(I) intermediate was isolated in oxidative C—H
activation/annulation reactions. Upon addition of an oxidant,
the cyclometalated product was released, and the active Rh(III)
catalyst was regenerated.

The observation of minimal isocoumarin formation in
Scheme 8 when 4a was reacted initially with AgOAc for 4 h,
followed by the addition of 4-octyne, is likely because the
concentration of 7 is low under these conditions. These results
are consistent with the proposed mechanism in Scheme S. The
role of the oxidant in the oxyfunctionalization step was further
examined computationally.

dx.doi.org/10.1021/cs400656q | ACS Catal. 2013, 3, 2421-2429
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Computational Mechanistic Analysis. Density functional
theory (DFT) calculations (BP86) were conducted to elaborate
on our experimental observations, as well as to address
unanswered questions, such as the role of the oxidant in the
catalytic cycle as described above. The proposed mechanism for
isocoumarin formation was divided into 3 key steps: C—H
activation, insertion, and oxyfunctionalization.

C—H activation. Two mechanisms were considered for the
C—H activation step: an oxidative addition mechanism and an
acetate assisted mechanism (Scheme 9). The mechanism for

Scheme 9. DFT(BP86) Computed Pathways for C—H
Activation®
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“All energies are relative to Cp*Ir(OAc), + benzoic acid + DMSO +
Ag,(OAc), which was set to 0.0 kcal/mol. Values in parentheses are
gas phase energies.

C—H activation with complexes incorporating acetate ligands
has been extensively studied.****~%* These studies suggest that
the acetate ligand acts as an internal base and plays a critical
role in activating the C—H bond. As mentioned previously, the
formation of 4 from 3 and benzoic acid takes place in 1 h at 60
°C.

Oxidative addition of the C—H bond at the Ir center to form
an Ir(V) hydride complex proceeds through TS-2 to INT-§
with an activation barrier of 27.2 kcal/mol. The reaction is
endergonic overall (AG® = 25.6 kcal/mol). The high energy of
this Ir(V) 1ntermed1ate suggests that the oxidative addition
pathway is unlikely.%®

An acetate-assisted mechanism was also considered. Addition
of benzoic acid and loss of DMSO and HOACc results in the
formation of INT-1 (AG® = —1.3 kcal/mol). Rotation of the
benzoate ligand and x> to «' displacement of the acetate ligand
gives INT-2 (AG® = 15.6 kcal/mol). In this intermediate, the
ortho hydrogen atom on the benzoate ring interacts with the
acetate ligand with a bond distance of 1.74 A. Activation of the
C—H bond occurs via TS-1 (AG* = 18.2 kcal/mol) whose
structure and selected bond lengths are depicted in Figure 2.
The bond lengths in TS-1 are similar to Ir(III) complexes that
have been reported to operate by an acetate-assisted
mechanism. For example, Ess and co-workers reported similar
bond lengths for the transition state for acetate-assisted C—H
activation with an (acac),Ir(OAc) complex.66

Proton transfer to the acetate ligand results in INT-3 (AG® =
9.8 kcal/mol). This is followed by loss of acetic acid to produce

2425

Figure 2. Structure for TS-1. Selected bond lengths in A.

INT-4 (AG°® = 3.2 kcal/mol). These results suggest that the
overall pathway for C—H activation via an acetate-assisted
mechanism is significantly lower than the oxidative addition
pathway. Importantly, these results are consistent with
experimental observations that acetate ligands are important
for significant catalytic turnover.

Insertion. The mechanism for the insertion of alkynes into
INT-4 is depicted in Scheme 10. The insertion step was

Scheme 10. DFT(BP86) Computed Pathways for Insertion®
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“All energies are relative to Cp*Ir(OAc), + benzoic acid + DMSO +
Ag,(OAc), which was set to 0.0 kcal/mol. Values in parentheses are
gas phase energies.

analyzed with 3 different alkynes: 2-butyne, 4-octyne, and
diphenylacetylene. Coordination of the alkyne proceeds
through TS-3 (AGF = 17.7 keal/mol, 2-butyne; 18.5 kcal/
mol, 4-octyne; 21.9 kcal/mol, diphenylacetylene), to produce $,
(AG® = 11.3 kcal/mol, 2-butyne; 11.3 keal/mol, 4-octyne; 13.8
kcal/mol, diphenylacetylene). This is followed by insertion of
the alkyne through TS-4 (AG* = 28.4 kcal/mol, 2-butyne; 29.6
kcal/mol, 4-octyne; 30.1, kcal/mol, diphenylacetylene) to
produce 6 (AG®° = —0.2 kcal/mol, 2-butyne; 0.0 kcal/mol, 4-
octyne; 1.5 kcal/mol, diphenyl acetylene).

These results are consistent with the observation that alkyl
alkynes resulted in higher yields of isocoumarins after 24 h than the
corresponding aryl alkynes. The barriers for the coordination and
insertion of diphenyl acetylene are the highest for the three
alkynes considered. In addition, the formation of § and 6 is the
most endergonic for this alkyne. These results would seem to
indicate that smaller alkynes are better substrates for this
reaction than larger alkynes, likely because of the steric
interaction between the R group and benzoic acid phenyl
ring in the transition state (Supporting Information, Figure S8).

Oxyfunctionalization. A number of computational path-
ways were analyzed for the oxyfunctionalization step (Scheme
11).” We first considered a mechanism where the Ir(III)

dx.doi.org/10.1021/cs400656q | ACS Catal. 2013, 3, 2421-2429
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Scheme 11. DFT(BP86) Computed Pathways for Oxyfunctionalization”
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Scheme 12. Calculated (BP86) Pathway for the Catalytic Formation of 1g“
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complex 6 was first oxidized with 2 equiv of AgOAc to the
Ir(V) complex, INT-9. The direct oxidation with silver acetate
to Ir(V) is extremely endergonic (AG® = 73.2 kcal/mol) and as
a result, this pathway is unlikely to be valid. Other Ir(V)
pathways were considered, but these pathways were also
endergonic (See Supporting Information).

The stepwise oxidation from Ir(IIl) to Ir(IV) was also
considered, but this also resulted in the unfavorable formation
INT-10 (AG® = 35.6 kcal/mol).

In contrast, the reductive elimination from Ir(III) to Ir(I)
followed by oxidation of Ir(I) to Ir(Ill) by AgOAc proved to be
the most likely pathway. Reductive elimination from 6 proceeds
through TS-5, (AG* = 23.6 kcal/mol), to produce 7, (AG®
—3.2 keal/mol). These results are also consistent with our proposal
that 7 is the most likely intermediate that was observed when 4a
was reacted with an alkyne in the absence of AgOAc (vide supra).

The oxidation of the Ir(I) complex, 7, with AgOAc to
regenerate the Ir(III) catalyst was examined next. The oxidation
of 7 with 2 equiv of AgOAc to produce INT-11 was found to
be unfavorable (AG® = 40.8 kcal/mol). In contrast, the
stepwise oxidation of 7 using sequential equivalents of AgOAc
was found to be more favorable. This pathway proceeds from 7
to the Ir(II) complex, INT-6, (AG® = 19.5 kcal/mol). This
complex then loses the isocoumarin product, 1g, through TS-6
(AG* = 27.1 keal/mol) to produce INT-7 (AG® = 5.3 keal/
mol). This is followed by the oxidation of INT-7 with an
equivalent of AgOAc to generate INT-8 (AG®° = —0.7 kcal/
mol). Various other reductive elimination pathways were also
considered but resulted in unreasonable energy values
(Supporting Information).

The overall energy diagram for the catalytic reaction using
benzoic acid and 2-butyne as a substrate is depicted in Scheme
12. The turnover-limiting step is the insertion of 2-butyne. This
is consistent with experimental observations as bulkier aryl-
alkynes were shown to result in lower yields of isocoumarins

than the corresponding alkyl-alkynes after 24 h.

B CONCLUSIONS

In this paper, we have found conditions for the successful
synthesis of isocoumarins from alkynes and benzoic acids using
Cp*Ir'™ catalysts. The reaction occurs at relatively mild
conditions (60 °C, 24 h in CH;0H), and requires AgOAc as
an oxidant. We were able to determine through a series of
experimental and computational studies that (1) C—-H
activation in this catalytic system most likely proceeds by an
acetate-assisted mechanism, with the acetate ligand playing a
critical role in cleaving the C—H bond in benzoic acid; (2) the
turn over limiting step for the catalytic reaction is alkyne
insertion and not C—H activation as proposed in some other
systems;'* and (3) oxyfunctionalization in this catalytic system
is facile and the oxidant regenerates the active catalyst to its
active oxidation state Ir(III). Interestingly, the oxidant does this
in a stepwise manner by first oxidizing Ir(I) to Ir(II) followed
by the oxidation of Ir(Il) to Ir(III).

In recent years Cp*Ir'" complexes have become popular as
catalysts for a variety of oxidation®™* and hydroxylation
reactions.**~>° These systems often require large equivalents of
harsh oxidants and are often performed under forcing
conditions. Recently, many of these systems have been shown
to involve nanoparticles or other colloidal species.”® In other
cases, the generation of high-valent Ir species results in the
displacement or transformation of the Cp* ligand to generate
new catalytic species.*”*” Here we have shown that under mild
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conditions, Cp*Ir'"" complexes are effective catalysts for
oxyfunctionalization reactions, albeit with a substrate, benzoic
acid, that contains a directing group that facilitates C—H
activation. It is our hope that the mechanistic insights provided
by this work will result in the development of new catalysts for
the functionalization of C—H bonds with the Cp*Ir'™ motif.

B EXPERIMENTAL SECTION

Computational Studies. Theoretical calculations have
been carried out using the Gaussian09’® implementation of
BP86 density functional theory.”" All calculations were
conducted with the same basis set combination. The
Stuttgart-Dresden (SDD) relativistic effective core potential
(RECP) basis set was used for iridium.”*”® The LANL2DZ
effective core potential and basis set (ECP)"*"7® was used for
silver. The 6-31G(d,p) basis sets were used for all other atoms.
Cartesian d functions were used throughout, that is, there are
six angular basis functions per d function. All structures were
fully optimized and analytical frequency calculations were
performed on all structures to ensure either a zeroth-order
saddle point (a local minimum) or a first-order saddle point
(transition state: TS) was achieved. The minima associated
with each transition state was determined by animation of the
imaginary frequency and, if necessary, with intrinsic reaction
coordinate (IRC) calculations. Solvation energies were
computed geometries optimized in the gas phase using the
SMD method,”” with methanol as the solvent, as implemented
in Gaussian 09. In this method an IEFPCM calculation is
performed with radii and electrostatic terms from Truhlar and
co-workers’ SMD solvation model.”® In this manuscript
energies are reported in kcal/mol with gas phase energies in
parentheses and solvation energies without parentheses.

B ASSOCIATED CONTENT

© Supporting Information

Experimental procedures for all catalytic reactions. Synthesis
and characterization of all complexes. X-ray experimental
procedures and data tables. Cartesian coordinates for all
optimized complexes, as well as, the full Gaussian 09 reference.
This material is available free of charge via the Internet at
http://pubs.acs.org.
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