
ABSTRACT 

FRASCO, DANIEL ANTHONY. Synthesis and Characterization of Iridium Acetate 

Complexes for the Activation and Functionalization of C-H Bonds. (Under the direction of 

Elon A. Ison.) 

 

 This document will focus on the synthesis of iridium acetate complexes and their 

reactivity toward C-H bond activation and functionalization reactions. Cp*Ir complexes are 

well known for their ability to break C-H bonds, and acetate ligands have been shown to 

further facilitate this process. The ability to subsequently functionalize these activated C-H 

bonds is of great interest to the production of fuels, chemical feedstocks, and 

pharmaceuticals.  

In Chapter 2 we examine the ability of Cp*Ir(III) complexes to catalyze the oxidative 

coupling of benzoic acids with alkynes to form isocoumarins. This reaction was successful 

using AgOAc as an oxidant at 60 °C in methanol after 24 h. Combined mechanistic and 

computational studies revealed C-H activation occured via an acetate-assisted mechanism, C-

H activation was not turn-over limiting, and the oxidant oxidized the reduced form of the 

catalyst via an Ir(I)-Ir(II)-Ir(III) sequence. 

 In Chapter 3 Cp*Ir(Me2SO)(OAc)2 was shown to activate an ortho-C-H bond of 

thiobenzoic acid in methanol at 100 ºC to form the novel iridium complex 

(Cp*Ir(S(O)CC6H4))2. This complex was found to react with CO as well as the electrophilic 

methyl reagents methyl iodide and methyl triflate to form new iridium species. Attempts at 

insertion reactions with olefins and alkynes with (Cp*Ir(S(O)CC6H4))2 were not successful.  

In Chapter 4 Cp*Ir(Me2SO)(OAc)2 was found to activate neat benzene at 60 °C over 

24 h with KHCO3 base to form Cp*Ir(Me2SO)(Ph)(OAc). Experimental and computational 

work investigating the mechanism revealed the lowest energy pathway was an acetate-



assisted mechanism. Studies revealed a weakly coordinating ligand like DMSO was needed 

to facilitate activation, and electron donating carboxylates ligands increased reactivity. 

Activation of a second equivalent of benzene was also observed under more forcing 

conditions by heating Cp*Ir(Me2SO)(OAc)2 to form Cp*Ir(Me2SO)(Ph)2.  

Cp*Ir(Me2SO)(Ph)2was examined in Chapter 5 and was found to produce biphenyl 

using oxygen as an oxidant. AgTFA was also an effective oxidant to produce biphenyl and 

quantitatively regenerated an Ir(III) carboxylate complex at the end of the reaction. The 

regeneration of an active iridium complex can potentially lead to the development of a 

system for catalytic biphenyl formation.      

We showed the ability of Cp*Ir(Me2SO)(OAc)2 to activate a C-H bond in furan and 

2-methylfuran to form Cp*Ir(Me2SO)(furyl)2 and Cp*Ir(Me2SO)(2-methylfuryl)2 

respectively in Chapter 6. We investigated Cp*Ir(Me2SO)(2-methylfuryl)2 for its ability to 

facilitate C-C bond forming reactions with the activated 2-methylfuran, but no successful 

catalytic systems were developed.  

In Chapter 7 the complexes Cp*Ir(Me2SO)(Me)(OAc), Cp*Ir(Me2SO)(Me)(TFA), 

and Cp*Ir(allyl)(OAc) were synthesized, but were found to be ineffective toward 

intramolecular C-O bond forming reductive elimination. The catalytic acetoxylation of 

benzene was studied but only marginal turnovers were accomplished. 

In Chapter 8 Cp*Ir(Me2SO)(OAc)2 was found to catalyze the oxidation of 

cyclooctane to cyclooctyl acetate by heating cyclooctane to 100 °C with PhI(OAc)2 as the 

oxidant in acetic acid/acetic anhydride solvent. This reaction resulted in up to 43% yield of 

cyclooctyl acetate and TONs of 22. Further studies have shown that cyclooctanol was formed 

as an intermediate by a metal-catalyzed process and cyclooctyl acetate subsequently formed 



through an acid catalyzed reaction with the acetic acid solvent. Investigations of the oxidant 

in the reaction revealed the likely active oxidant was PhIO which can form from PhI(OAc)2 

reacting with H2O. Similar to previously reported work, the active catalyst was likely an Ir
IV

-

O-Ir
IV

 oxo dimer containing stabilizing acetate ligands.  
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1.1 Background 

Organometallic chemistry is the field at the interface of inorganic and organic 

chemistry. It involves the interaction of a metal center and an organic ligand to generate an 

organometallic complex. While early examples of organometallic complexes were generated 

with s- and p-block elements like Li, Mg, and Al, new developments throughout the 20
th

 

century incorporated transition metals into organometallic complexes. Transition metal 

complexes often have partially filled d-orbitals, which enable ligands to coordinate to them 

and impart new properties that determine the complex’s reactivity. Many transition metal 

complexes have shown enhanced selectivity and new reaction pathways previously 

inaccessible by organic or main group organometallic methods. In addition, many of these 

complexes were advantageous in that they acted as catalysts, which enabled them to be used 

in substoichiometric quantities.
1
 

With an increasing global population and diminishing energy resources, finding the 

most efficient uses of remaining energy sources is desirable. Currently, petroleum oil is the 

most widely used hydrocarbon source for energy and the generation of raw materials.
2
 

However, due to its decreasing availability, selective locations of oil reserves, and high 

pollution output, it would be desirable to decrease the consumption of this fossil fuel source. 

Current United States projections show petroleum oil taking up a smaller share of domestic 

energy production in the future (Figure 1.1). Natural gas production and consumption 

however, is projected to increase during this period, which could result in the United States 

exporting excess natural gas. Developing new chemistries to both more effectively utilize 



 

3 

petroleum as well as to exploit the increased availability of natural gas would be 

advantageous. 

 

Figure 1.1. U.S. petroleum and natural gas production. 

 

Currently, alkanes are the most abundant and least expensive hydrocarbon resource 

for the formulation of bulk chemicals. However, there are many difficulties in using them 

efficiently. Although they have shown promising reactivity with various transition metal 

complexes, many advantageous reactions are not thermodynamically favorable. The 

conversion of hydrocarbons to fuels and useful products also requires harsh reaction 

conditions and produces a significant amount of waste emissions. More significantly, the 

major obstacle in converting alkanes to useful products is often the reaction selectivity. Using 

current methods, many alkane reactions tend to become overoxidized and the alkane is 

converted to carbon dioxide and water.
3
 One way to avoid many of these restrictions is 



 

4 

through the use of homogeneous catalysts to produce useful chemicals and natural products 

which limit the drawbacks found in the current methods. 

Homogeneous catalysts are a promising option for generating useful chemicals from 

carbon feedstocks, as they have been shown to catalyze reactions with outstanding 

selectivity. Homogeneous catalysts are soluble in solution, which makes them easier to study 

experimentally using spectroscopic methods. Details about catalytic processes employing 

homogeneous catalysts can be obtained, which can then be applied to developing industrial 

scale homogeneous catalysts or new, more efficient industrial heterogeneous catalysts.
1
 

 

 

Figure 1.2. Pathways to fuel and chemical production. 
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The simplest hydrocarbon is methane, which is currently obtained from the earth as 

natural gas. One of the main disadvantages with methane as a bulk fuel source is the 

difficulty associated with its transportation. It would be desirable to transform methane into 

methanol, which is a liquid and easily transported (Figure 1.2). Methanol has the ability to be 

used as an alternative liquid fuel source, either by itself or blended with gasoline. In addition 

to this, methanol is much more useful as a starting material in the synthesis of bulk chemicals 

than methane. Notable examples of the conversion of methanol into useful chemicals include 

the Monsanto acetic acid process, the formation of methyl acetate, and the Tennessee 

Eastman acetic anhydride process.
2-4

 Synthesis gas, which is a mixture of carbon monoxide 

and hydrogen gas, is curently the major route for the production of methanol (Figure 1.2). A 

far more favorable reaction would be the direct oxidation of methane to methanol. To this 

end, the cleavage of alkane C-H bonds with transition metal catalysts and the subsequent 

oxidation of those bonds is of great interest.  

The oxidation of methane to methanol was first observed by Shilov and co-workers in 

1972 using a platinum catalyst (Scheme 1.1). Unfortunately, there were a number of 

drawbacks to this reaction. In order to regenerate the platinum catalyst, a stoichiometric 

amount of Pt(IV) as an oxidant was required, which would limit any possible industrial 

application. The alcohol product generated was also more reactive with the starting platinum 

catalyst than the alkane, which limited catalytic turnover. Finally, the reaction occurred under 

harsh acidic conditions.
5
 
6,7

 

In addition to Shilov’s work, Periana developed two different systems for methane 

oxidation using either mercury or platinum catalysts. Both systems occurred under strongly 



 

6 

acidic conditions and the methanol derivative generated was stabilized from further 

oxidation. 
5,8-10

 

 

Scheme 1.1. Shilov’s cycle. 

 

 

 

A number of advances have been made in C-H activation using iridium in the last two 

decades.
11-14

 The first observation of oxidative addition of a C-H bond from a saturated 

hydrocarbon was reported by Bergman in 1982 using a Cp*Ir dihydride complex. Since then, 

a number of C-H activation reactions with hydrocarbons have been reported using iridium. 

5,10,15-17
 Our recent efforts have been directed toward the breaking of C-H bonds in aromatic 

substrates like benzene and benzoic acid using (Cp*IrCl2)2 and other Cp*Ir complexes.
18

 The 
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H/D exchange of benzoic acid in deuterated methanol and toluene with (Cp*IrCl2)2 indicated 

the addition sodium acetate increased deuterium incorporation into the aromatic ring in either 

solvent.
19

 In previous C-H activation studies with (Cp*IrCl2)2 and an acetate source by Jones 

et al., it was proposed that the active catalyst was an iridium acetate complex.
20

 Furthermore, 

studies of these systems indicated the C-H activation was facilitated by an acetate-assisted 

type mechanism.
21-24

 

With the ability of acetate complexes to facilitate C-H activation and other reactions, 

we desired to synthesize a variety of Cp*Ir(III) acetate complexes to examine their reactivity 

toward activation and functionalization of  aliphatic and aromatic substrates. A stable 

Cp*Ir(III) acetate complex was synthesized is Chapter 2, and this complex was found to be 

the active species in the catalysis of isocoumarins from the coupling of benzoic acids and 

alkynes. This reaction highlights the importance of the acetate ligands in C-H activation as 

no reaction occurred between iridium and benzoic acid in the absence of acetate. Notably, 

experimental and computational studies revealed alkyne insertion and not C-H activation was 

the rate-limiting step of the reaction.  

In Chapter 3, C-H activation and functionalization reactions with 

Cp*Ir(Me2SO)(OAc)2 and thiobenzoic acid, the sulfur analogue of benzoic acid was 

explored. C-H activation was again found to occur through an acetate-assisted mechanism, 

but in this case a bridging sulfur dimer complex was isolated. Due to the formation of strong 

Ir-S bonds, reactions with alkenes and alkynes were not observed. However, the new iridium 

thiobenzoate complex was found to be reactive toward electrophilic methyl reagents to 

generate ligands with methyl thioester groups.   
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Chapter 4 examines the ability of iridium acetate complexes to C-H activate benzene. 

This project was a collaboration including both experimental and computational work. 

Cp*Ir(Me2SO)(OAc)2 was shown to C-H activate benzene to form an iridium phenyl 

complex. Further studies indicated a labile ancillary ligand and electron donating carboxylate 

ligands were required for benzene activation. Increasing the temperature of the reaction 

resulted in the activation of a second equivalent of benzene to generate Cp*Ir(Me2SO)(Ph)2. 

In Chapter 5, Cp*Ir(Me2SO)(Ph)2 is shown to be effective in the reductive elimination 

of biphenyl. This reaction, using O2 as an oxidant, gave high stoichiometric yields of 

biphenyl. Further studies revealed that reductive elimination likely occurred through a 

mechanism where oxygen first oxidized Ir(III) to Ir(V) which was the active species. Other 

oxidants were also effective in facilitating biphenyl formation. AgTFA was found to not only 

give the highest yields of biphenyl, but also regenerate a stable Ir(III) complex. This reaction 

in the presence of NaOAc resulted in ligand exchange to reform an iridium acetate complex 

which could potentially restart the catalytic cycle.  

The applicability of furans as substrates toward C-H activation and subsequent 

functionalization reactions with Cp*Ir(Me2SO)(OAc)2  is examined in Chapter 6. Furan and 

2-methylfuran could be activated to form Cp*Ir(III) difuran complexes at 25 °C over 1 h. It 

was proposed that these complexes could possibly be intermediates in catalytic furan 

functionalization reactions. The ability of iridium acetate complexes to facilitate new 

catalytic C-C bond forming functionalization reactions of furans was also explored. 

Chapter 7 involves the synthesis of Cp*Ir(III) acetate complexes which also contain 

an alkyl or aryl ligand. These complexes were examined for their ability to directly form C-O 



 

9 

bonds by coupling the acetate ligand with the alkyl or aryl ligand by reductive elimination. 

Although a number of new complexes were successfully synthesized, they were not effective 

in C-O bond forming reactions.  

The final chapter of this work examines the use of Cp*Ir acetate pre-catalysts along 

with the oxidant PhI(OAc)2 to facilitate alkane oxidation reactions. Specifically, the 

acetoxylation of cyclooctane to cyclooctyl acetate was achieved in acetic acid solvent at 100 

°C over 24 h. Further studies revealed the hydroxylation of cyclooctane to cyclooctanol was 

the iridium catalyzed reaction and acetoxylation was mediated by the acid solvent. 

Examination of the active catalyst for the reaction revealed a blue Ir(IV) bridging oxo dimer 

species containing acetate ligands was likely facilitating catalysis.     
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2.1 Abstract 

        Cp*Ir(III) complexes have been shown to catalyze the oxidative coupling of benzoic 

acids with alkynes in methanol at 60 ºC 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 turn-over limiting and 3) The oxidant oxidizes the reduced form of the 

catalyst via an Ir(I)-Ir(II)-Ir(III) sequence. 

 

2.2 Introduction 

Isocoumarins are important components in many natural products. They show a broad 

range of biological activity including antifungal
1
, antiulcer

2
, anti-inflamatory

3
, antibacterial

4
, 

herbicidal
5
, cytotoxic

6
, and antiangiogenic

7
 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, isocoumarins 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.
3,8–13

 Some of 

these reactions also result in a number of undesired side products and many show poor atom 

economy.
8–11
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 In recent years there has been significant interest in the transition-metal catalyzed 

oxidative annulations
14–17

 of alkynes with carboxylic acids. For example, Ackermann and 

coworkers have recently shown that cationic ruthenium(II) catalysts enabled the synthesis of 

isocoumarins through the oxidative coupling of alkynes with benzoic acids.
14

 In addition, 

Jeganmohan and coworkers 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 derivatives.
18

  

In addition to catalysis with ruthenium(II) complexes,
19–35

 Miura, Satoh and 

coworkers have pioneered catalysis with rhodium and iridium.
36–40

 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 isocoumarins were 

not formed. Instead, the oxidative annulation reaction lead to the formation of substituted 

napthalenes.
41

 In previous work from our lab, we showed that Cp*Ir
III

 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.
42

  

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
III

 complexes have been among the most effective 

in stoichiometric C-H activation reactions,
43

 catalytic oxyfunctionalization with these species 

has been much less developed.
44–49

 Further, the tendency of 3
rd

 row transition metals to form 
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complexes that are more stable than their 1
st
 and 2

nd
 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: (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 and, (3) what is the role of 

the external oxidant in these reactions? Our 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. 

 

2.3 Results and Discussion 

2.3.1 Reaction Optimization and Substrate Scope 

 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.
41,50

 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-diphenylisocoumarin, 1a, from 

benzoic acid and diphenylacetylene in methanol are shown in Table 2.1, Entry 16. Reaction 

yields were determined by 
1
H NMR spectroscopy with an internal standard.  
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Table 2.1. Optimization of the reaction conditions. 

 

Entry
a
 Catalyst % Catalyst Oxidant t (°C) Time (h) %Yield 1a 

1
b
 (Cp*IrCl2)2 10 Ag2CO3 80 24 60 

2
b
 (Cp*IrCl2)2 10 Ag2CO3 60 24 85 

3
b
 (Cp*IrCl2)2 10 Cu(OAc)2 60 24 13 

4 (Cp*IrCl2)2 5 Ag2O 60 24 25 

5
b
 (Cp*IrCl2)2 10 AgNO3 50 24 31 

6 (Cp*IrCl2)2 5 AgTFA 60 24 32 

7 (Cp*IrCl2)2 5 Ag2CO3 60 24 82 

8 (Cp*IrCl2)2 5 AgOAc 60 24 82 

9 [Cp*Ir(H2O)3]SO4 5 AgOAc 60 24 83 

10 2 Cp*Ir(Me2SO)Cl2 5 AgOAc 50 24 80 

11
c
 3 Cp*Ir(Me2SO)(OAc)2 2.5 AgOAc 60 24 79 

12
c
  22 Cp*Ir(Me2SO)(O2CCF3)2 2.5 AgOAc 60 24 46 

13 4a Cp*Ir(Me2SO)(O2CC6H4) 5 AgOAc 50 24 78 

14
c
 4a Cp*Ir(Me2SO)(O2CC6H4) 2.5 AgOAc 60 16 78 

15
c
 (Cp*IrCl2)2 2.5 AgOAc 60 24 75 

16
c
 (Cp*IrCl2)2 2.5 AgOAc 60 16 76 

a
Reaction conditions: benzoic acid (0.3 mmol), diphenylacetylene (0.3 mmol), catalyst (0.015 

mmol), oxidant (0.6 mmol), solvent (4 mL), under air, in triplicate, percent yield determined 

by crude NMR versus an internal standard. 
b
benzoic acid (0.15 mmol), diphenylacetylene 

(0.15 mmol), oxidant (0.3 mmol). 
c
benzoic acid (0.6 mmol), diphenylacetylene (0.6 mmol), 

oxidant (1.2 mmol), solvent (8 mL). 
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A variety of oxidants were investigated for their compatibility in this reaction 

including AgOAc, Cu(OAc)2, AgNO3, Ag2O, AgTFA, and Ag2CO3. 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*IrCl2)2 (Table 2.1).  

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 2.1. Substrates with substituents in the para position of benzoic acid, 

as well the para position of diphenylacetylene are tolerated in this reaction.  

 

Scheme 2.1. Synthesis of isocoumarins from aryl alkynes. 

. 
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When alkyl-alkynes were used instead of the more sterically hindered aryl-alkynes 

yields significantly increased (Scheme 2.2). 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 

isocoumarin formation was observed when 1-phenyl-1-propyne and 1-phenyl-1-pentyne were 

employed as substrates (Scheme 2.3). 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 coworkers.
18
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Scheme 2.2. Synthesis of isocoumarins from alkyl alkynes. 
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Scheme 2.3. Synthesis of isocoumarins with unsymmetrical alkynes. 

 

 

 

2.3.2 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(Me2SO)Cl2, 2,  was synthesized as 

shown in Scheme 2.4.
51

 This catalyst exhibited similar reactivity to (Cp*IrCl2)2.  
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Scheme 2.4. Synthesis of complexes 2 and 3. 

 

 

Treatment of 2 with AgOAc in dry benzene for 2 h afforded the bis-acetate complex 

Cp*Ir(Me2SO)(OAc)2, 3 (Scheme 2.4). The 
1
H NMR of 3 revealed the DMSO signal 

resonated 2.64 ppm, the acetate signal resonated at 1.98 ppm and the Cp* signal was 

observed at 1.66 ppm.  

X-ray quality crystals were obtained by slow diffusion of pentane into a concentrated 

solution of 3 in dichloromethane (Figure 2.1). The geometry about the metal center can be 

described as a piano stool with two equivalent mono-dentate acetate ligands. 
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Figure 2.1. X-ray crystal structure of 3. Ellipsoids are at the 50% probability level. Hydrogen 

atoms were omitted for clarity. Selected bond lengths (Å) and angles (deg). Ir1-O2, 2.098 

(12); Ir1-O4, 2.089 (11); Ir1-S1, 2.332 (6); O2-C3, 1.298 (19); O4-C5, 1.287 (18); O3-C3, 

1.224 (19); O5-C5, 1.231 (19); O4-Ir1-O2, 79.19 (4); C5-O4-Ir1, 123.53 (10); O5-C5-O4, 

126.19 (14); O4-C5-O6, 112.86 (14). 

 

 Cp*Ir(Me2SO)(OAc-d3)2, 3’, the deuterated acetate analogue of 3 was also 

synthesized using AgOAc-d3 as shown in Scheme 2.5. As expected, 3’ had identical signals 

to 3 by 
1
H NMR spectroscopy but with the acetate signal missing. The 

2
H NMR spectrum of 

3’ revealed a singlet resonating at 0.87 ppm corresponding to the deuterated methyl ligands 

from acetate.  

 

Scheme 2.5. Synthesis of complexe 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.
52–56

 A similar mechanism 

may be proposed for the C-H activation step in this catalytic cycle (Scheme 2.6). In this 

mechanism, complex 3 reacts with benzoic 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. 

Scheme 2.6. Proposed mechanism for isocoumarin formation. 
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1. C-H Activation. The stoichiometric reaction at room temperature of 3 with one 

equivalent benzoic acid for 24 h resulted in the formation of the cyclometalated benzoate 

complex, Cp*Ir(Me2SO)(O2CC6H4), 4a. Under conditions similar to the catalytic reaction, 

(60 °C), complex 4a was formed in approximately one hour (Scheme 2.7).  

When similar reactions were attempted with (Cp*IrCl2)2 and Cp*Ir(Me2SO)Cl2, 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. 

 

Scheme 2.7. Reaction for the formation of 4. 

 

 

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 
1
H, 

13
C NMR spectroscopy, IR spectroscopy, Elemental 
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analysis and X-ray crystallography. The representative crystal structures of 4e and 4f are 

shown in Figures 2.2 and 2.3.  

 

Figure 2.2. X-ray crystal structure of 4e. Ellipsoids are at the 50% probability level. 

Hydrogen atoms were omitted for clarity. Selected bond lengths (Å) and angles (deg). Ir1-

C1, 2.054 (2); Ir1-O1, 2.094 (14); Ir1-S1, 2.255 (6); O1-C7, 1.310 (3); O2-C7, 1.226 (2); C7-

C2, 1.490 (3); C5-Cl1, 1.743 (2); C1-Ir1-O1, 79.07 (7); O1-C7-O2, 123.0 (2) Ir1-C1-C6, 

128.44 (15); Ir1-C1-C2, 113.15 (14). O1-Ir1-S1, 90.12 (5); C1-Ir1-S1, 90.71 (6). 

 

 

 

 

Figure 2.3. X-ray crystal structure of 4f. Ellipsoids are at the 50% probability level. 

Hydrogen atoms were omitted for clarity. Selected bond lengths (Å) and angles (deg). Ir1-

C1, 2.052 (12); Ir1-O1, 2.088 (9); Ir1-S1, 2.273 (4); O1-C7, 1.308 (15); O2-C7, 1.225 (16); 

C7-C2, 1.494 (18); C5-N1, 1.475 (17); N1-O4, 1.2237 (15); N1-O3, 1.227 (15); C1-Ir1-O1, 

79.02 (4); O1-C7-O2, 123.01 (12) Ir1-C1-C6, 129.08 (9); Ir1-C1-C2, 113.66 (8). O1-Ir1-S1, 

89.43 (3); C1-Ir1-S1, 90.67 (3). 
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The facile formation of 4 from 3 at mild conditions and in high yields suggest that C-

H activation is not turnover limiting 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*IrCl2)2, 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*IrCl2)2 

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 2.6.  

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 
1
H NMR spectrum at 7.20 (dd, 1H), 6.92 (dd, 

1H), 6.88 (ddd, 1H), and 6.63 ppm (ddd, 1H) (Figure 2.4b). After 24 hours, these resonances 

increased and the peaks for 4a decreased (Figure 2.4c). Small peaks corresponding to the 

final product 3,4-dipropylisocoumarin were also observed at 8.23 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 2.4: the alkyne complex Cp*Ir
III

(C8H14)(O2CC6H4), 5l, with 4-octyne 

replacing DMSO as the neutral ligand coordinated to the metal,  Cp*Ir
III

(O2CC6H4C8H14), 6l, 

where the alkyne inserted into the Ir-C bond in 4a, or Cp*Ir
I
(O2CC6H4C8H14), 7l, where 

reductive elimination of a C-O bond results in an Ir(I) complex  (Scheme 2.8). It should be 
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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. 

 

 

Figure 2.4. 
1
H NMR spectrum (aromatic region) for the reaction of 4-octyne with 4a at 60 

ºC: (a) 4a and 4-octyne at rt; (b) 4a and 4-octyne after heating at 60 ºC for 2 h; (c) 4a and 4-

octyne after heating at 60 ºC for 24 h. 

 

 

 

Scheme 2.8. 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 6l or 7l 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 (Figure 2.5). 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 5l as 

the observed intermediate.  

 
Figure 2.5. The HMBC spectrum for the intermediate in the reaction of 4a with 4-octyne at 

60 ºC from 51 ppm – 101 ppm. 
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3. Oxyfunctionalization. The effect of an oxidant in the stoichiometric insertion of 

an alkyne with 4a and subsequent oxyfunctionalization to form 1a was examined (Table 2.2). 

Minimal product formation was observed for the reaction of diphenylacetylene with 4a in the 

absence of an additive, (Entry 1). However, when two equivalents of AgOAc were added to 

the reaction, 1a 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 3-4). Neither of these produced a significant amount of 1a. The oxidants Ag2CO3 

and Ag2O were also used and resulted in 54% and 16% yields respectively (Entries 5-6).  

 

Table 2.2. Stoichiometric reactions of 4a with diphenylacetylene and a variety of additives. 

 

Entry Additive % Yield 1
a
 

1 None 5(1) 

2 AgOAc 75(1) 

3 NaOAc ND
b 

4 HOAc 12(1) 

5 Ag2CO3 54(1) 

6 Ag2O 16(3) 
a
Reaction Conditions: 26 mg (0.05 mmol) of 4a, 9 mg (0.05 mmol) of diphenylacetylene, and 

(0.10 mmol) of an additive in 1 mL methanol under air, in triplicate. Errors are standard 

deviations of the mean. Percent yield determined by crude NMR versus an internal standard. 
b
No product was detected. 
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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 
1
H NMR spectrum.  

In a storage tube, 4a and 4-octyne were heated at 60 ºC for 4 h in methanol. The 

expected mixture of 4a and the previously observed intermediate was observed. 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 2.9). The only other significant aromatic peaks remaining in the spectrum 

were from unreacted 4a.  

 

Scheme 2.9. Sequential reactions of 4a with 4-Octyne and AgOAc.
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When 4a and AgOAc were heated at 60 ºC for 4 h; no obvious intermediate was 

observed and it appeared that 4a remained unreacted. Upon addition of 4-octyne, the 

production of 1l was sluggish; after 1 hour, the aromatic region was primarily composed of 

unreacted 4a and a minimal amount of 1l (Scheme 2.9). When this reaction mixture was 

allowed to stir for 24 h, significant peaks for 1l 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 coworkers
57

 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 2.9 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 2.6. The role of the oxidant in the oxyfunctionalization step 

was further examined computationally. 
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2.3.3 Computational Mechanistic Analysis 

 DFT calculations (BP86) were conducted in order 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.   

1. C-H activation. Two mechanisms were considered for the C-H activation step: an 

oxidative addition mechanism and an acetate assisted mechanism (Scheme 2.10). The 

mechanism for C–H activation with complexes incorporating acetate ligands has been 

extensively studied.
52,58–61

 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.   
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Scheme 2.10. DFT(BP86) computed pathways for C-H activation. 

 
All energies are relative to Cp*Ir(OAc)2 + benzoic acid + DMSO + Ag2(OAc)2 which was set to 0.0 kcal/mol. 

Values in parentheses are gas phase energies. 

 

Oxidative addition of the C-H bond at the Ir center to form an Ir(V) hydride complex 

proceeds through TS-2 to INT-5 with an activation barrier of 27.2 kcal/mol. The reaction is 

endergonic overall (ΔGº = 25.6 kcal/mol). The high energy of this Ir(V) intermediate 

suggests that the oxidative addition pathway is unlikely.  

An acetate-assisted mechanism was also considered. Loss of DMSO is shown in 

Scheme 2.11. Scheme 2.12 shows the formation of INT-1 (ΔGº = -1.3 kcal/mol) after the 

addition of benzoate and loss of HOAc. Rotation of the benzoate ligand and κ
2 

to κ
1 
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displacement of the acetate ligand gives INT-2 (ΔGº = 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 Å. Activation of the C-H bond occurs via TS-1 (ΔG
‡
 = 18.2 kcal/mol) whose 

structure and selected bond lengths are depicted in Figure 2.6. 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 coworkers reported similar bond lengths for the transition 

state for acetate-assisted C-H activation with an (acac)2Ir(OAc) complex.
62

  

 

Scheme 2.11. Equilibrium between 3 and 3.1. 

 

Scheme 2.12. Equilibrium between κ
1
 and κ

2 
benzoate and acetate species. 
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Figure 2.6. Structure for TS-1. Selected bond lengths in Å. 

 

Proton transfer to the acetate ligand results in INT-3 (ΔGº = 9.8 kcal/mol). This is 

followed by loss of acetic acid to produce INT-4 (ΔGº = 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. The C-H activation pathway with coordinated DMSO with an acetate 

counter ion (Scheme 2.13) was also considered, however, this pathway proved to be 

experimentally inaccessible.    
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Scheme 2.13. Oxidative addition C-H activation pathway with coordinated DMSO. 

 

2. Insertion.  The mechanism for the insertion of alkynes into INT-4 is depicted in 

Scheme 2.14. The insertion step was analyzed with 3 different alkynes: 2- butyne, 4-octyne, 

and diphenylacetylene. Coordination of the alkyne proceeds through TS-3 (ΔG
‡
 = 17.7 

kcal/mol, 2-butyne; 18.5 kcal/mol, 4-octyne; 21.9 kcal/mol, diphenylacetylene), to produce 5, 

(ΔGº = 11.3 kcal/mol, 2-butyne; 11.3 kcal/mol, 4-octyne; 13.8 kcal/mol, diphenylacetylene). 

This is followed by insertion of the alkyne through TS-4 (ΔG
‡
 = 28.4 kcal/mol, 2-butyne; 

29.6 kcal/mol, 4-octyne; 30.1, kcal/mol, diphenylacetylene) to produce 6 (ΔGº = -0.2 

kcal/mol, 2-butyne; 0.0 kcal/mol, 4-octyne; 1.5 kcal/mol, diphenyl acetylene). 
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Scheme 2.14. DFT(BP86) computed pathways for insertion. 

 

 
All energies are relative to Cp*Ir(OAc)2 + benzoic acid + DMSO + Ag2(OAc)2 which was set to 0.0 kcal/mol. 

Values in parentheses are gas phase energies. 

 

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 5 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 due to the steric interaction between the R group and 

benzoic acid phenyl ring in the transition state (Figure 2.7).  
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Figure 2.7. Space filled diagrams for TS-4, the insertion of 2-butyne (left), 4-octyne 

(middle), and diphenylacetylene (right). 

 

3. Oxyfunctionalization. A number of computational pathways were analyzed for the 

oxyfunctionalization step (Scheme 2.15). We first considered a mechanism where the Ir(III) 

complex 6 was first oxidized with two equivalents of AgOAc to the Ir(V) complex, INT-9. 

The direct oxidation with silver acetate to Ir(V) is extremely endergonic (ΔGº = 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 (Scheme 2.16). The stepwise oxidation 

from Ir(III) to Ir(IV) was also considered, but this also resulted in the unfavorable formation  

INT-10 (ΔGº = 35.6 kcal/mol). The cationic isomer of this complex was also calculated and 

found to be less stable than INT-10 (Scheme 2.17). 

In contrast, the reductive elimination from Ir(III) to Ir(I) followed by oxidation of 

Ir(I) to Ir(III) by AgOAc proved to be the most likely pathway. Reductive elimination from 6 

proceeds through TS-5, (ΔG
‡
 = 23.6 kcal/mol), to produce 7, (ΔGº = -3.2 kcal/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).  
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Scheme 5.15. DFT(BP86) computed pathways for oxyfunctionalization. 

 

All energies are relative to Cp*Ir(OAc)2 + benzoic acid + DMSO + Ag2(OAc)2 which was set to 0.0 kcal/mol. 

Values in parentheses are gas phase energies. 
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Scheme 2.16. a.) Pathway for oxidation from Ir(III) to Ir(V) with coordinated DMSO. b.) 

Pathway for oxidation from Ir(III) to Ir(V) without coordinated DMSO an acetate counter 

ion.  

a) 

 

b) 
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Scheme 2.17.  Oxidation of Ir(III) to Ir(IV) to form a cationic iridium complex. 

 

 

 

The oxidation of the Ir(I) complex, 7, with AgOAc to regenerate the Ir(III) catalyst 

was examined next. The oxidation of 7 with two equivalents of AgOAc to produce INT-11 

was found to be unfavorable (ΔGº = 40.8 kcal/mol). Neither the cationic (INT-11.1) nor the 

dicationic (INT-11.2) were favorable (Scheme 2.18). 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, (ΔGº = 19.5 kcal/mol). The formation of the 

cationic isomer of INT-6 was less favorable (Scheme 2.19). INT-6 then loses the 

isocoumarin product, 1g, through TS-6 (ΔG
‡
 = 27.1 kcal/mol) to produce INT-7 (ΔGº = 5.3 

kcal/mol). This is followed by the oxidation of INT-7 with an equivalent of AgOAc to 

generate INT-8 (ΔGº = -0.7 kcal/mol). The reductive elimination pathway with coordinated 

DMSO was also considered but resulted in an unreasonable energy value (Scheme 2.20). 
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Scheme 2.18. Oxidation from Ir(I) to Ir(III) to form a monocationic or dicationic complex. 

 

 

 

Scheme 2.19. Reductive elimination followed by one electron oxidation to form a cationic 

Ir(II) species. 
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Scheme 2.20. Reductive elimination pathway with coordinated DMSO. 

 

 

The overall energy diagram for the catalytic reaction using benzoic acid and 2-butyne 

as a substrates is depicted in Scheme 2.21. 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.  

 

Scheme 2.21. Calculated (BP86) pathway for the catalytic formation of 1g. 

 

 

All energies are relative to Cp*Ir(OAc)2 + benzoic acid + DMSO + Ag2(OAc)2 which was set 

to 0.0 kcal/mol. Values in parentheses are gas phase energies. 
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2.4 Conclusions 

In this paper, we have found conditions for the successful synthesis of isocoumarins 

from alkynes and benzoic acids using Cp*Ir
III

 catalysts. The reaction occurs at relatively mild 

conditions (60 ºC, 24 h in CH3OH), 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
14

 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(II) to Ir(III).  

In recent years Cp*Ir
III

 complexes have become popular as catalysts for a variety of 

oxidation
44–46

 and hydroxylation reactions.
47–49

 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.
63

 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.
46,64

 Here we have shown that under mild 

conditions, Cp*Ir
III

 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
III

 motif.  
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2.5 Experimental 

Computational Studies. Theoretical calculations have been carried out using the 

Gaussian09
65

 implementation of BP86 density functional theory.
66 

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.
67,68

 The LANL2DZ effective 

core basis set (ECP)
69–71

 was used for silver.  The 6-31G(d,p) basis sets were used for all 

other atoms. Cartesian d functions were used throughout, i.e., 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,
72

 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 coworkers’ SMD 

solvation model.
73

 In this manuscript energies are reported in kcal/mol with gas phase 

energies in parentheses and solvation energies without parentheses. For the calculations with 

silver, Ag2(OAc)2 was used as a model for AgOAc.
74

 Ag was modeled as Ag2 by removing 

the OAc ligands from Ag2(OAc)2. Ag2 is clearly not an accurate representation for elemental 

Ag; as a result, the absolute values for ΔG°rxn for steps involving AgOAc are too high and 

represent an upper limit for the free energy. However, since this model was used for all steps 
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involving AgOAc, the error associated with this model is systematic; therefore the relative 

trends in the energies are accurate. 

 

General Considerations. IrCl3·3H2O was purchased from Pressure Chemical Company. 

(Cp*IrCl2)2,
75

 [Cp*Ir(H2O)3]SO4, and Cp*Ir(Me2SO)Cl2
51

 2 were prepared as previously 

reported. All other reagents were purchased from commercial sources and used as received. 

All reactions were performed under air and using non-dry solvents unless otherwise noted. 

Reactions involving oxidants were covered in tin foil.  
1
H and 

13
C spectra were obtained at 

room temperature on a Varian Mercury 400 MHz or a Varian Mercury 300 MHz 

spectrometer. Chemical shifts are listed in parts per million (ppm) and referenced to their 

residual protons or carbons of the deuterated solvents.  2D NMR analysis was done on a 

Bruker 500 MHz spectrometer. Gas Chromatography/Mass Spectrometry analysis was 

performed on a GC/MS HP-G1800A using an Agilent HP-5MS (30m x 0.25mm x 0.55μm) 

column. Infrared spectrums were obtained in KBr thin films on a JASCO FT/IR-4100 

instrument.  X-ray crystallography was performed at the X-ray Structural Facility of North 

Carolina State University by Dr. Paul Boyle. High resolution ESI mass spectrometry was 

performed at the North Carolina State University Mass Spectroscopy Facility using an 

Agilent 6210 LC-TOF. Column chromatography was performed with a silica gel column 

using Kiesel Gel 0.063-0.200mm (70-230) mesh ASTM. 

 

General Procedure for Iridium Catalyzed Isocoumarin Formation. 73.2 mg of benzoic 

acid (0.6 mmol), 108 mg of diphenylacetylene (0.6 mmol), 12 mg of (Cp*IrCl2)2 (2.5%, 
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0.015 mmol), and 200.5 mg of silver acetate (1.2 mmol) were placed in a 25 mL storage tube 

covered in foil with a stir bar and 8 mL of methanol. The storage tube was heated in an oil 

bath for 24 h with a bath temperature of 60°C. After cooling, the solution was filtered 

through celite with additional dichloromethane to prevent loss of product. The solvent was 

removed and the crude mixture was purified by column chromatography using silica gel 

(hexanes/ethyl acetate mixtures) and dried with Na2SO4 to yield 143.9 mg (80%) as a white 

solid. 

 

3,4-diphenylisocoumarin. 1a. The general reaction conditions were followed using 73.2 mg 

of benzoic acid (0.6 mmol), 108 mg of diphenylacetylene (0.6 mmol), 12 mg of (Cp*IrCl2)2 

(2.5%, 0.015 mmol), and 200.5mg of silver acetate (1.2mmol.) The product was purified 

using silica gel (20/1-10/1 hexanes/ethyl acetate) to give 143.9 mg (80%) of the product as a 

white solid. 
1
H NMR δ = 8.40 (d, J = 7.5, Hz, 1H), 7.68-7.60 (m, 1H), 7.56-7.48 (m, 1H), 

7.46-7.37 (m, 3H), 7.37-7.30 (m, 2H), 7.31-7.16 (m, 6H). 
13

C NMR: δ = 162.4 (Cq), 151.1 

(Cq), 139.0 (Cq), 134.8 (CH), 134.5 (Cq), 133.1 (Cq), 131.5 (CH), 129.7 (CH), 129.4 (CH), 

129.3 (CH), 129.2 (CH), 128.4 (CH), 128.3 (CH), 128.1 (CH), 125.6 (CH), 120.7 (Cq), 117.3 

(Cq). IR (KBr): νCO 1733.7 cm
-1

. 

 

6-methyl-3,4-diphenylisocoumarin. 1b. The general reaction conditions were followed 

using 82.0 mg of p-toluic acid (0.6 mmol), 108 mg of diphenylacetylene (0.6 mmol), 12 mg 

of (Cp*IrCl2)2 (2.5%, 0.015 mmol), and 200.5mg of silver acetate (1.2mmol.) The product 

was purified using silica gel (20/1-10/1 hexanes/ethyl acetate) to give 122 mg (65%) of the 
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product as a white solid. 
1
H NMR: δ = 8.28 (d, J = 8.0 Hz, 1H), 7.44-7.37 (m, 3H), 7.34-7.28 

(m, 3H), 7.27-7.13 (m, 5H), 2.35 (s, 3H). 
13

C NMR: δ = 162.5 (Cq), 151.2 (Cq), 146.0 (Cq), 

139.1 (Cq), 134.7 (Cq), 133.3 (Cq), 131.5 (CH), 129.8 (CH), 129.7 (CH), 129.5 (CH), 129.3 

(CH), 129.0 (CH), 128.3 (CH), 128.0 (CH), 125.5 (CH), 118.3 (Cq), 117.1 (Cq), 22.5 (CH3). 

IR (KBr): νCO 1733.7 cm
-1

. 

 

6-chloro-3,4-diphenylisocoumarin. 1c. The general reaction conditions were followed using 

94.0 mg of 4-chlorobenzoic acid (0.6 mmol), 108.0 mg of diphenylacetylene(0.6 mmol), 12 

mg of (Cp*IrCl2)2 (2.5%, 0.015 mmol), and 200.5mg of silver acetate (1.2mmol.) The 

product was purified using silica gel (20/1 hexanes/ethyl acetate) and recrystallized to give 

84 mg (42%) of the product as a yellow solid. 
1
H NMR: δ = 8.32 (d, J = 8.5 Hz, 1H), 7.48-

7.41 (m, 4H), 7.34-7.31 (m, 2H), 7.26-7.15 (m, 6H). 
13

C NMR: δ = 161.7 (Cq), 152.5 (Cq), 

141.8 (Cq), 140.6 (Cq), 133.8 (Cq), 132.7 (Cq), 131.5 (CH), 131.3 (CH), 129.6 (CH), 129.5 

(CH), 129.4 (CH), 128.8 (CH), 128.7 (CH), 128.1 (CH), 125.2 (CH), 118.9 (Cq), 116.3 (Cq). 

IR (KBr): νCO 1733.7 cm
-1

. 

 

6-tert-butyl-3,4-diphenylisocoumarin. 1d. The general reaction conditions were followed 

using 107.0 mg of 4-tert-butylbenzoic acid (0.6 mmol), 108 mg of diphenylacetylene (0.6 

mmol), 12 mg of (Cp*IrCl2)2 (2.5%, 0.015 mmol), and 200.5mg of silver acetate (1.2mmol.) 

The product was purified using silica gel (20/1 hexanes/ethyl acetate) to give 172 mg (81%) 

of the product as a white solid. 
1
H NMR: δ = 8.33 (d, J = 8.4 Hz, 1H), 7.57 (d, J = 8.4 Hz, 

1H), 7.44-7.34 (m, 3H), 7.32 (d, J = 8.0 Hz, 2H), 7.27 (d, J = 7.4 Hz, 2H), 7.22-7.15 (m, 4H), 
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1.21 (s, 9H). 
13

C NMR: δ = 162.49 (Cq), 158.8 (Cq), 151.1 (Cq), 138.9 (Cq), 134.7 (Cq), 133.3 

(Cq), 131.4 (CH), 129.6 (CH), 129.4 (CH), 129.2 (CH), 129.0 (CH), 128.3 (CH), 128.0 (CH), 

126.2 (CH), 121.9 (CH), 118.2 (Cq), 117.5 (Cq), 35.7 (Cq), 31.12 (CH3). IR (KBr): νCO 

1733.7 cm
-1

. 

 

3,4-bis(4-methylphenyl)isocoumarin. 1e. The general reaction conditions were followed 

using 73.2 mg of benzoic acid (0.6 mmol), 123.8 mg of 1,2-dip-tolylethyne (0.6 mmol), 12 

mg of (Cp*IrCl2)2 (2.5%, 0.015 mmol), and 200.5mg of silver acetate (1.2mmol.) The 

product was purified using silica gel (20/1 hexanes/ethyl acetate) and recrystallized to give 

115 mg (59 %) of the product as a white solid. 
1
H NMR: δ = 8.39 (dd, J = 7.9, 1.0 Hz, 1H), 

(dd, J = 7.9, 1.0 Hz, 1H), 7.61 (ddd, J =8.0, 7.5, 1.5 Hz, 1H), 7.49 (ddd, J =8.0, 7.0, 1.1 Hz, 

1H), 7.28-7.18 (m, 5H), 7.14 (d, J =7.9 Hz, 2H), 7.00 (d, J =8.2 Hz, 2H), 2.42 (s, 3H), 2.28 

(s, 3H). 
13

C NMR: δ = 162.6 (Cq), 151.2 (Cq), 139.4 (Cq), 139.2 (Cq), 138.0 (Cq), 134.7 (CH), 

131.6 (Cq), 131.3 (CH), 130.4 (Cq), 130.1 (CH), 129.7 (CH), 129.3 (CH), 128.8 (CH), 128.1 

(CH), 125.6 (CH), 120.6 (Cq), 116.53 (Cq), 21.6 (CH3), 21.5 (CH3). IR (KBr): νCO 1726.0 cm
-

1
.HR-MS (ESI): m/z calcd for C23H18O2 [M

+
] 327.1380, found 32.1377. 

 

3,4-bis(4-methoxyphenyl)isocoumarin. 1f. The general reaction conditions were followed 

using 73.2 mg of benzoic acid (0.6 mmol), 143.0 mg of 1,2-bis(4-methoxyphenyl)ethyne (0.6 

mmol), 12 mg of (Cp*IrCl2)2 (2.5%, 0.015 mmol), and 200.5mg of silver acetate (1.2mmol.) 

The product was purified using silica gel (20/1 hexanes/ethyl acetate) and recrystallized to 

give 60 mg (28 %) of the product as a white solid. 
1
H NMR: δ =  8.37 (d, J = 7.8 Hz, 1H), 
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7.61 (dd, J = 8.7, 7.6 Hz, 1H), 7.48 (dd, J = 8.7, 7.8 Hz, 1H), 7.32-7.13 (m, 5H), 6.97 (d, J = 

8.5 Hz, 2H), 6.72 (d, J = 9.0 Hz, 2H), 3.86 (s, 3H), 3.76 (s, 3H). 
13

C NMR: δ = 162.7 (Cq), 

160.1 (Cq), 159.5 (Cq), 151.1 (Cq), 139.7 (Cq), 134.8 (CH), 132.6 (CH), 130.9 (CH), 129.7 

(CH), 127.9 (CH), 126.8 (Cq), 125.7 (Cq), 125.4 (CH), 120.4 (Cq), 115.6 (Cq), 114.8 (CH), 

113.5 (CH), 55.5 (CH3), 55.4 (CH3). IR (KBr): νCO 1740.4 cm
-1

. 

 

3,4-dimethylisocoumarin. 1g. The general reaction conditions were followed using 73.2 mg 

of benzoic acid (0.6 mmol), 47 μL of 2-butyne (0.6 mmol), 12 mg of (Cp*IrCl2)2 (2.5%, 

0.015 mmol), and 200.5mg of silver acetate (1.2mmol.) The product was purified using silica 

gel (20/1 hexanes/ethyl acetate) to give 70 mg (87%) of the product as a white solid. 
1
H 

NMR: δ = 8.23 (d, J = 8.0 Hz, 1H), 7.68 (dd, J = 8.0, 8.5  Hz, 1H), 7.46-7.38 (m, 2H), 2.26 

(s, 3H), 2.12 (s, 3H). 
13

C NMR: δ = 163.0 (Cq), 150.2 (Cq), 138.8 (Cq), 134.8 (CH), 129.7 

(CH), 127.3 (CH), 122.6 (CH), 120.6 (Cq), 107.9 (Cq), 17.5 (CH3), 12.4 (CH3). IR (KBr): νCO 

1719.2 cm
-1

. 

 

3,4-diethylisocoumarin. 1h. The general reaction conditions were followed using 73.2 mg 

of benzoic acid (0.6 mmol), 69 μL of 3-octyne (0.6 mmol), 12 mg of (Cp*IrCl2)2 (2.5%, 

0.015 mmol), and 200.5mg of silver acetate (1.2mmol.) The product was purified using silica 

gel (50/1 hexanes/ethyl acetate) to give 111 mg (91%) of the product as a white solid. 
1
H 

NMR: δ = 8.24 (d, J = 7.2 Hz, 1H), 7.66 (dd, J = 8.8, 7.2 Hz, 1H), 7.47 (d, J = 8.1 Hz, 1H), 

7.38 (dd, J = 7.2, 8.4 Hz, 1H), 2.62-2.51 (m, 4H), 1.27-1.09 (m, 6H). 
13

C NMR: δ = 163.1 
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(Cq), 155.1 (Cq), 137.9 (Cq), 134.8 (CH), 130.0 (CH), 127.2 (CH), 122.7 (CH), 121.0 (Cq), 

113.2 (Cq), 24.3 (CH2), 19.5 (CH2), 14.5 (CH3), 12.7 (CH3). IR (KBr): νCO 1712.5 cm
-1

. 

 

3,4-diethyl-6-methylisocoumarin. 1i. The general reaction conditions were followed using 

82.0 mg of p-toluic acid (0.6 mmol), 69 μL of 3-hexyne (0.6 mmol), 12 mg of (Cp*IrCl2)2 

(2.5%, 0.015 mmol), and 200.5mg of silver acetate (1.2mmol.) The product was purified 

using silica gel (20/1 hexanes/ethyl acetate) to give 121mg (94%) of the product as a white 

solid. 
1
H NMR: δ = 8.14 (d, J = 8.3 Hz, 1H), 7.27 (s, 1H), 7.21 (d, J = 8.3 Hz, 1H), 2.57 (m, 

4H), 2.45 (s, 3H), 1.24 (t, J = 7.5 Hz, 3H), 1.15 (d, J = 7.5 Hz, 3H). 
13

C NMR: δ = 164.0 

(Cq), 155.2 (Cq), 145.7 (Cq), 138.0 (Cq), 130.0 (CH), 128.6 (CH), 122.7 (CH), 118.6 (Cq), 

113.1 (Cq), 24.3 (CH3), 22.5 (CH2), 19.4 (CH2), 14.6 (CH3), 12.8 (CH3). IR (KBr): νCO 

1719.2 cm
-1

. 

 

6-tert-butyl-3,4-diethylisocoumarin. 1j. The general reaction conditions were followed 

using 107.0 mg of 4-tert-butylbenzoic acid (0.6 mmol), 69 μL of 3-hexyne (0.6 mmol), 12 

mg of (Cp*IrCl2)2 (2.5%, 0.015 mmol), and 200.5mg of silver acetate (1.2mmol.) The 

product was purified using silica gel (50/1 hexanes/ethyl acetate) to give 158 mg (99%) of 

the product as a clear liquid. 
1
H NMR: δ = 8.20 (d, J = 8.6 Hz, 1H), 7.50-7.44 (m, 2H), 2.68-

2.53 (m, 4H), 1.34 (s, 9H) 1.25-1.15 (m, 6H). 
13

C NMR: δ = 163.1 (Cq), 158.5 (Cq), 155.1 

(Cq), 137.7 (Cq), 129.9 (CH), 125.0 (CH), 118.9 (CH), 118.6 (Cq), 113.5 (Cq), 35.7 (Cq), 

31.27 (CH3), 24.31 (CH2), 19.5 (CH2), 14.5 (CH3), 12.82 (CH3). IR (KBr): νCO 1726.0 cm
-1

. 

HR-MS (ESI): m/z calcd for C17H22O2 [M
+
] 259.1693, found 259.1689. 
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6-chloro-3,4-dipropylisocoumarin. 1k. The general reaction conditions were followed 

using 94.0 mg of 4-chlorobenzoic acid (0.6 mmol), 88 μL of 4-octyne (0.6 mmol), 12 mg of 

(Cp*IrCl2)2 (2.5%, 0.015 mmol), and 200.5mg of silver acetate (1.2mmol.) The product was 

purified using silica gel (50/1 hexanes/ethyl acetate) to give 129 mg (81%) of the product as 

a white solid. 
1
H NMR: δ = 8.17 (d, J =  8.0 Hz, 1H), 7.41 (d, J =  1.6 Hz, 1H), 7.35 (dd, J = 

8.0, 1.6 Hz, 1H), 2.60-2.47 (m, 4H), 1.78-1.65 (m, 2H), 1.60-1.49 (m, 2H), 1.04-0.93 (m, 

6H). 
13

C NMR: δ = 162.2 (Cq), 155.8 (Cq), 141.6 (Cq), 139.7 (Cq), 131.7 (CH), 127.7 (CH), 

122.7 (CH), 119.3 (Cq), 111.7 (Cq), 33.0 (CH2), 28.3 (CH2), 23.0 (CH2) 21.3 (CH2), 14.3 

(CH3), 14.0 (CH3). IR (KBr): νCO 1719.2 cm
-1

.HR-MS (ESI): m/z calcd for C15H17ClO2 [M
+
] 

265.0990, found 265.0988. 

 

3,4-dipropylisocoumarin. 1l. The general reaction conditions were followed using 73.2 mg 

of benzoic acid (0.6 mmol), 88 μL of 4-octyne (0.6 mmol), 12 mg of (Cp*IrCl2)2 (2.5%, 

0.015 mmol), and 200.5mg of silver acetate (1.2mmol.) The product was purified using silica 

gel (50/1 hexanes/ethyl acetate) to give 138mg (99%) of the product as a colorless oil. 
1
H 

NMR: δ = 8.11 (d, J = 7.9, Hz, 1H), 7.55 (dd, J = 7.9, 8.5 Hz, 1H), 7.35 (d, J = 7.9,  Hz, 1H), 

7.26 (dd, J = 7.9, 8.5 Hz, 1H), 2.45-2.37 (m, 4H) 1.65-1.53 (m, 2H), 1.48-1.56 (m, 2H) 0.91-

0.82 (m, 6H). 
13

C NMR: δ = 162.8 (Cq), 154.13 (Cq), 138.0 ( Cq), 134.6 (CH), 129.7 (CH), 

127.1 (CH), 122.8 (CH), 120.8 (Cq), 112.3 (Cq), 32.7 (CH2), 28.21 (CH2), 23.0 (CH2), 21.2 

(CH2), 14.2(CH3), 13.9 (CH3). IR (KBr): νCO 1733.7 cm
-1

. 
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6-tert-butyl-3,4-dipropylisocoumarin. 1m. The general reaction conditions were followed 

using 107.0 mg of 4-tert-butylbenzoic acid (0.6 mmol), 88 μL of 4-octyne (0.6 mmol), 12 mg 

of (Cp*IrCl2)2 (2.5%, 0.015 mmol), and 200.5mg of silver acetate (1.2mmol.) The product 

was purified using silica gel (50/1 hexanes/ethyl acetate) to give 172 mg (99%) of the 

product as a white solid. 
1
H NMR: δ = 8.20 (d, J =  8.9 Hz, 1H), 7.49-7.45 (m, 2H), 2.63-

2.50 (m, 4H), 1.77-1.53 (m, 4H), 1.36 (s, 9H), 1.04-0.93 (m, 6H). 
13

C NMR: δ = 163.1 (Cq), 

158.4 (Cq), 154.3 (Cq), 138.0 (Cq), 129.8 (CH), 125.1 (CH), 119.2 (CH), 118.6 (Cq), 112.6 

(Cq), 35.7 (Cq), 32.9 (CH2) 31.3 (CH3) 28.3 (CH2), 23.1 (CH2) 21.4 (CH2), 14.4 (CH3), 14.0 

(CH3). IR (KBr): νCO 1719.2 cm
-1

.HR-MS (ESI): m/z calcd for C19H26O2 [M
+
] 287.2006, 

found 287.2003. 

 

6-methoxy-3,4-dipropylisocoumarin. 1n. The general reaction conditions were followed 

using 91.2 mg of p-anisic acid (0.6 mmol), 88 μL of 4-octyne (0.6 mmol), 12 mg of 

(Cp*IrCl2)2 (2.5%, 0.015 mmol), and 200.5mg of silver acetate (1.2mmol.) The product was 

purified using silica gel (50/1-20/1 hexanes/ethyl acetate) to give 149 mg (95 %) of the 

product as a white solid. 
1
H NMR: δ = 8.20 (d, J = 8.7 Hz, 1H), 6.96 (d, J = 8.7 Hz, 1H), 

6.90 (s, 1H), 3.89 (s, 3H), 2.60-2.48 (m, 4H), 1.77-1.67 (m, 2H), 1.62-1.52 (m, 2H), 1.05-

0.92 (m, 6H).
 13

C NMR: δ = 164.7 (Cq), 162.8 (Cq), 154.9 (Cq), 140.4 (Cq), 132.3 (CH), 114.3 

(CH), 114.2 (Cq), 112.2 (Cq), 106.4 (CH), 55.7 (CH3), 32.9 (CH2), 28.4 (CH2), 22.9 (CH2), 

21.4 (CH2), 14.4 (CH3), 14.0 (CH3). IR (KBr): νCO 1712.5 cm
-1

. 
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6-methyl-3,4-dipropylisocoumarin. 1o. The general reaction conditions were followed 

using 82.0 mg of p-toluic acid (0.6 mmol), 88 μL of 4-octyne (0.6 mmol), 12 mg of 

(Cp*IrCl2)2 (2.5%, 0.015 mmol), and 200.5mg of silver acetate (1.2mmol.) The product was 

purified using silica gel (50/1 hexanes/ethyl acetate) to give 138mg (94%) of the product as a 

white solid. 
1
H NMR: δ = 8.18 (d, J = 7.9 Hz, 1H), 7.28-7.24 (m, 2H), 2.59-2.52 (m, 4H), 

2.49 (s, 3H), 1.79-1.52 (m, 4H), 1.06-0.95 (m, 6H). 
13

C NMR: δ = 163.1 (Cq), 154.3 (Cq), 

145.6 (Cq), 138.2 (Cq), 129.9 (CH), 128.5 (CH), 122.9 (CH), 32.9 (CH2), 28.2 (CH2), 23.1 

(CH2), 22.5 (CH3), 21.3 (CH2), 14.4 (CH3), 13.9 (CH3). IR (KBr): νCO 1726.0 cm
-1

. 

 

6-chloro-3,4-diethylisocoumarin. 1p. The general reaction conditions were followed using 

94.0 mg of 4-chlorobenzoic acid (0.6 mmol), 69 μL of 3-hexyne (0.6 mmol), 12 mg of 

(Cp*IrCl2)2 (2.5%, 0.015 mmol), and 200.5mg of silver acetate (1.2mmol.) The product was 

purified using silica gel (50/1 hexanes/ethyl acetate) to give 120 mg (84%) of the product as 

a yellow solid. 
1
H NMR: δ = 8.17 (d, J = 8.4 Hz, 1H), 7.43 (d, J = 1.6 Hz, 1H), 7.35 (dd, J = 

1.6, 8.4 Hz, 1H), 2.65-2.52 (m, 4H), 1.30-1.11 (m, 6H). 
13

C NMR: δ = 162.2 (Cq), 156.7(Cq), 

141.7 (Cq), 139.5 (Cq), 131.7 (CH), 127.7 (CH), 122.5 (CH), 119.4 (Cq), 112.6 (Cq), 24.4 

(CH2), 19.5 (CH2), 14.4 (CH3), 12.6 (CH3). IR (KBr): νCO 1719.2 cm
-1

. 

 

5,7-dimethyl-3,4-dipropylisocoumarin. 1q. The general reaction conditions were followed 

using 90.1 mg of 3,5-dimethylbenzoic acid (0.6 mmol), 88 μL of 4-octyne (0.6 mmol), 12 mg 

of (Cp*IrCl2)2 (2.5%, 0.015 mmol), and 200.5mg of silver acetate (1.2mmol.) The product 

was purified using silica gel (50/1-20/1 hexanes/ethyl acetate) to give 133 mg (86 %) of the 
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product as a clear oil. 
1
H NMR: δ = 7.98 (s, 1H), 7.24 (s, 1H), 2.68-2.60 (m, 2H), 2.59 (s, 

3H), 2.52-2.47, (m, 2H), 2.30 (s, 3H), 1.73-1.63 (m, 2H), 1.49-1.37 (m, 2H), 0.98-0.92 (t, 

6H). 
13

C NMR: δ = 163.7 (Cq), 153.0 (Cq), 140.7 (CH), 137.0 (Cq), 134.5 (Cq), 133.5 (Cq), 

128.6 (CH), 122.5 (Cq), 113.6 (Cq), 33.2 (CH3), 30.1 (CH3), 24.8 (CH2), 23.7 (CH2), 21.7 

(CH2), 20.8 (CH2), 14.1 (CH3), 14.0 (CH3). IR (KBr): νCO 1719.2 cm
-1

. HR-MS (ESI): m/z 

calcd for C17H22O2 [M
+
] 259.1693, found 259.1690. 

 

8-methyl-3,4-dipropylisocoumarin. 1r. The general reaction conditions were followed 

using 81.7 mg of o-toluic acid (0.6 mmol), 88 μL of 4-octyne (0.6 mmol), 12 mg of 

(Cp*IrCl2)2 (2.5%, 0.015 mmol), and 200.5mg of silver acetate (1.2mmol.) The product was 

purified using silica gel (50/1-20/1 hexanes/ethyl acetate) to give 147 mg (99 %) of the 

product as a clear oil. 
1
H NMR: δ = 7.51 (dd, J = 7.7, 7.8 Hz, 1H), 7.31 (d, J = 7.9 Hz, 1H), 

7.19 (d, J = 7.2 Hz, 1H), 2.78 (s, 3H), 2.54-2.49 (m, 4H), 1.76-1.65 (m, 2H), 1.59-1.48 (m, 

2H), 1.02-0.94 (m, 6H).
 13

C NMR: δ = 162.3 (Cq), 154.0 (Cq), 143.8 (Cq), 139.6 (Cq), 133.9 

(CH), 130.3 (CH), 120.8 (CH), 119.5 (Cq), 112.3 (Cq), 32.8 (CH2), 28.7 (CH2), 23.9 (CH3), 

23.0 (CH2), 21.3 (CH2), 14.4 (CH3), 14.0 (CH3). IR (KBr): νCO 1719.2 cm
-1

. 

 

4-methyl-3-phenylisocoumarin. 1s. The general reaction conditions were followed using 

73.2 mg of benzoic acid (0.6 mmol), 75 μL of 1-phenyl-1-propyne (0.6 mmol), 12 mg of 

(Cp*IrCl2)2 (2.5%, 0.015 mmol), and 200.5mg of silver acetate (1.2mmol.) The product yield 

was determined to be 86% by 
1
H NMR analysis of the crude reaction mixture versus and 
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internal standard run in triplicate. The identity of this compound was confirmed by 

comparison to the spectroscopic data reported by Miura.
3
  

 

3-methyl-4-phenylisocoumarin. 1s´. The general reaction conditions were followed using 

73.2 mg of benzoic acid (0.6 mmol), 75 μL of 1-phenyl-1-propyne (0.6 mmol), 12 mg of 

(Cp*IrCl2)2 (2.5%, 0.015 mmol), and 200.5mg of silver acetate (1.2mmol.) The product yield 

was determined to be 6% by 
1
H NMR analysis of the crude reaction mixture versus and 

internal standard run in triplicate. The identity of this compound was confirmed by 

comparison to the spectroscopic data reported by Miura.
3
  

 

4-propyl-3-phenylisocoumarin. 1t. The general reaction conditions were followed using 

73.2 mg of benzoic acid (0.6 mmol), 96 μL of 1-phenyl-1-pentyne (0.6 mmol), 12 mg of 

(Cp*IrCl2)2 (2.5%, 0.015 mmol), and 200.5mg of silver acetate (1.2mmol.) The product yield 

was determined to be 87% by 
1
H NMR analysis of the crude reaction mixture versus and 

internal standard run in triplicate. The identity of this compound was confirmed by 

comparison to the spectroscopic data of the very similar 4-butyl-3-phenylisocoumarin 

compound reported by Miura.
41

  

 

3-propyl-4-phenylisocoumarin. 1t´. The general reaction conditions were followed using 

73.2 mg of benzoic acid (0.6 mmol), 96 μL of 1-phenyl-1-pentyne (0.6 mmol), 12 mg of 

(Cp*IrCl2)2 (2.5%, 0.015 mmol), and 200.5mg of silver acetate (1.2mmol.) The product yield 

was determined to be 14% by 
1
H NMR analysis of the crude reaction mixture versus and 
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internal standard run in triplicate. The identity of this compound was confirmed by 

comparison to the spectroscopic data of the very similar 3-butyl-4-phenylisocoumarin 

compound reported by Miura.
3
  

 

Cp*Ir(Me2SO)(OAc)2. 3.   Cp*Ir(Me2SO)Cl2 (900 mg, 1.89 mmol) and silver acetate (788 

mg, 4.72 mmol) were placed in a foil covered round bottom flask with 20ml of dry benzene. 

The solution was stirred for 2 h at room temperature. The mixture was then filtered through 

celite, and solvent was removed to give 874 mg (88%) of the product as a yellow solid. 
1
H 

NMR (CDCl3): δ = 2.64 (s, 6H, Me2S), 1.98 (s, 6H, OAc), 1.66 (s, 15H, Cp*).  
13

C NMR 

(CDCl3): δ = 181.3 (Cq), 83.7 (Cq), 41.5 (CH3), 24.4 (CH3), 9.8 (CH3). IR (KBr): νCO 1573.6 

cm
-1

. Anal. calcd for C16H27IrO5S: C, 36.70; H, 5.20. Found: C, 36.67; H, 5.24. 

 

Cp*Ir(Me2SO)(OAc-d3)2. 3’.  Cp*Ir(Me2SO)Cl2 (100.0 mg, 0.21 mmol) and silver acetate-

d3 (89.1 mg, 0.52 mmol) were placed in a foil covered round bottom flask with 10 mL of dry 

benzene. The solution was stirred for 2 h at room temperature. The mixture was then filtered 

through celite, and solvent was removed to give the product (100.0 mg, 90%) as a yellow 

solid. 
1
H NMR (CDCl3): δ = 2.64 (s, 6H, Me2SO), 1.65 (s, 15H, Cp*). 

13
C NMR (CDCl3): δ 

= 181.8 (Cq), 82.5 (Cq), 41.3 (CH3), 23.7 (CD3), 9.8 (CH3). 
2
H NMR (CDCl3): δ = 0.87 (s, 

6D, OAc). IR (KBr): νCO 1555.3 cm
-1

. Anal. calcd for C16H21D6IrO5S: C, 36.28; H, 5.14. 

Found: C, 36.42; H, 5.24. 
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Cp*Ir(Me2SO)(O2CC6H4). 4a. Cp*Ir(Me2SO)(OAc)2 (52.3 mg, 0.1 mmol) and benzoic acid 

(12 mg, 0.1 mmol) were placed in a storage tube with 2 mL of methanol. After stirring for 1 

h at 60 °C, the solvent was removed. The crude mixture was dissolved in dichloromethane, 

washed with a saturated sodium bicarbonate solution, and stirred in sodium sulfate to give 41 

mg (78%) of the product as a yellow solid 
1
H NMR (CD3OD):   = 7.65 (d, 1H), 7.47 (d, 1H), 

7.31 (dd, 1H), 7.12 (dd, 1H), 2.82 (s, 3H), 2.67 (s, 3H), 1.75 (s, 15H). 
13

C NMR (CD3OD): δ 

= 186.9 (Cq), 153.6 (Cq), 139.4 (Cq), 136.7 (CH), 133.8 (CH), 131.1 (CH), 125.5 (CH), 96.0 

(Cq), 44.8 (CH3), 42.4 (CH3), 9.5 (CH3).  

 

Cp*Ir(Me2SO)(p-Me O2CC6H3). 4b.  Cp*Ir(Me2SO)(OAc)2 (52.3 mg, 0.1 mmol) and p-

toluic acid (13.6 mg, 0.1 mmol) were placed in a storage tube with 2 mL of methanol. After 

stirring for 1 h at 60 °C, the solvent was removed. The crude mixture was dissolved in 

dichloromethane, washed with a saturated sodium bicarbonate solution, and stirred in sodium 

sulfate to give 56.7 mg (99%) of the product as a yellow solid 
1
H NMR (CD2Cl2): δ = 7.33 

(d, 1H), 7.31 (s, 1H), 6.89 (d, 1H), 2.86 (s, 3H), 2.49 (s, 3H), 2.36 (s, 3H), 1.74 (s, 15H). 
13

C 

NMR (CD2Cl2): δ = 183.1 (Cq), 150.7 (Cq), 142.5 (Cq), 136.9 (Cq), 135.7 (CH), 130.1 (CH), 

125.1 (CH), 94.5 (Cq), 44.1 (CH3), 42.5 (CH3), 21.6 (CH3), 8.97 (CH3). IR (KBr): νCO 1627.6 

cm
-1

.Anal. calcd for C20H27IrO3S: C, 44.51; H, 5.04. Found: C, 44.25; H, 4.99. 

 

Cp*Ir(Me2SO)(p-
t
BuO2CC6H3). 4c.  Cp*Ir(Me2SO)(OAc)2 (52.3 mg, 0.1 mmol) and 4-tert-

butylbenzoic acid (18 mg, 0.1 mmol) were placed in a storage tube with 2 mL of methanol. 

After stirring for 1 h at 60 °C, the solvent was removed. The crude mixture was dissolved in 
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dichloromethane, washed with a saturated sodium bicarbonate solution, and stirred in sodium 

sulfate to give 59.5 mg (99%) of the product as a yellow solid. 
1
H NMR (CD2Cl2): δ = 7.56 

(s, 1H), 7.34 (d, 1H), 7.11 (d, 1H), 2.81 (s, 3H), 2.49 (s, 3H), 1.74 (s, 15H), 1.34 (s, 9H). 
13

C 

NMR (CD2Cl2): 183.6 (Cq), 155.4 (Cq), 150.3 (Cq), 137.1 (Cq), 132.9 (CH), 129.6 (CH), 

121.3 (CH), 94.7 (Cq), 44.7 (CH3), 42.4 (CH3), 31.8 (CH3), 9.05 (CH3). IR (KBr): νCO 1627.6 

cm
-1

.Anal. calcd for C23H33IrO3S: C, 47.48; H, 5.72. Found: C, 47.20; H, 5.67. 

 

Cp*Ir(Me2SO)(p-OMeO2CC6H3). 4d. Cp*Ir(Me2SO)(OAc)2 (104.7 mg, 0.2 mmol) and p-

anisic acid (30.4 mg, 0.2 mmol) were placed in a storage tube with 2 mL of methanol. After 

stirring for 1 h at 60 °C, the solvent was removed. The crude mixture was dissolved in 

dichloromethane, washed with a saturated sodium bicarbonate solution, and stirred in sodium 

sulfate to give 55.3 mg (99%)  the product as a yellow solid 
1
H NMR (CD2Cl2): δ = 7.39 (d, 

1H), 7.04 (s, 1H), 6.62 (d, 1H), 3.83 (s, 3H), 2.87 (s, 3H), 2.54 (s, 3H), 1.74 (s, 15H). 
13

C 

NMR (CD2Cl2): 182.7 (Cq), 162.5 (Cq), 152.1 (Cq), 132.4 (Cq), 131.3 (CH), 120.4 (CH), 

109.5 (CH), 94.5 (Cq), 55.6 (CH3), 44.1 (CH3), 42.3 (CH3), 9.08 (CH3). IR (KBr): νCO 1627.6 

cm
-1

. Anal. calcd for C20H27IrO4S: C, 43.23; H, 4.90. Found: C, 43.39; H, 4.87. 

 

Cp*Ir(Me2SO)(p-ClO2CC6H3), 4e.  Cp*Ir(Me2SO)(OAc)2 (52.3 mg, 0.1 mmol) and 4-

chlorobenzoic acid (16 mg, 0.1 mmol) were placed in a storage tube with 2 mL of methanol. 

After stirring for 1 h at 60 °C, the solvent was removed. The crude mixture was dissolved in 

dichloromethane, washed with a saturated sodium bicarbonate solution, and stirred in sodium 

sulfate to give 62.1 mg (99%) of the product as a yellow solid 
1
H NMR (CD2Cl2): δ = 7.49 
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(s, 1H), 7.40 (d, 1H), 7.07 (d, 1H), 2.88 (s, 3H), 2.53 (s, 3H), 1.74 (s, 15H). 
13

C NMR 

(CD2Cl2): 182.1 (Cq), 152.3 (Cq), 138.1 (Cq), 137.6 (Cq), 134.8 (CH), 131.3 (CH), 124.4 

(CH), 94.9 (Cq), 44.6 (CH3), 42.8 (CH3), 9.19 (CH3). IR (KBr): νCO 1635.3 cm
-1

. Anal. calcd 

for C19H24IrClO3S: C, 40.74; H, 4.32. Found: C, 40.70; H, 4.38.  

 

Cp*Ir(Me2SO)(p-NO2O2CC6H3). 4f.  Cp*Ir(Me2SO)(OAc)2 (52.3 mg, 0.1 mmol) and 4-

nitrobenzoic acid (16.7mg, 0.1 mmol) were placed in a storage tube with 2 mL of methanol. 

After stirring for 1 h at 60 °C, the solvent was removed. The crude mixture was dissolved in 

dichloromethane, washed with a saturated sodium bicarbonate solution, and stirred in sodium 

sulfate to give 48.7 mg (85%) of the product as a yellow solid 
1
H NMR (CD2Cl2): δ = 8.36 

(s, 1H), 7.91 (d, 1H), 7.61 (d, 1H), 2.91 (s, 3H), 2.53 (s, 3H), 1.74 (s, 15H). 
13

C NMR 

(CD2Cl2):   = 181.1 (Cq), 151.5 (Cq), 150.2 (Cq), 145.4 (Cq), 130.6 (CH), 129.2 (CH), 119.5 

(CH), 94.85 (Cq), 44.6 (CH3), 42.4 (CH3), 9.1 (CH3). IR (KBr): νCO 1642.1 cm
-1

.Anal. calcd 

for C19H24IrNO5S: C, 33.99; H, 4.24; N, 2.45. Found: C, 39.98; H, 4.30; N, 2.45. 

 

Cp*Ir(Me2SO)(O2CCF3)2. 22. Cp*Ir(Me2SO)Cl2 (50 mg, 0.10 mmol) and silver 

trifluoroacetate (58 mg, 0.26 mmol) were placed in a foil covered round bottom flask with 

2ml of dry benzene. The solution was stirred for 2 h at room temperature. The mixture was 

then filtered through celite, and solvent was removed to give 49.3 mg (78%) of the product as 

a yellow solid. 
1
H NMR (CDCl3): δ = 3.02 (s, 6H, Me2S), 1.76 (s, 15H, Cp*).  

13
C NMR 

(CDCl3): δ = 161.6 (Cq), 115.2 (Cq), 91.4 (Cq), 41.2 (CH3), 9.4 (CH3), 
19

F NMR (CDCl3): δ = 

-75.2.  
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Figure 2.8. X-ray crystal structure of Cp*Ir(Me2SO)(O2CCF3)2 22. Ellipsoids are at the 50% 

probability level. Hydrogen atoms were omitted for clarity. Selected bond lengths (Å) and 

angles (deg). Ir1-O2, 2.106 (3); Ir1-O4, 2.114 (2); Ir1-S1, 2.328 (11); O2-C3, 1.273 (5); O4-

C5, 1.255 (4); O3-C3, 1.206 (19); O5-C5, 1.223 (5); O2-Ir1-O4, 79.06 (10); C5-O4-Ir1, 

120.5 (2); O5-C5-O4, 130.2 (4); O4-C5-C6, 113.1 (4). 

 

X-ray Experimental for Cp*Ir(Me2SO)(OAc)2 3. 

Data Collection and Processing. All X-ray measurements were made on a Bruker-Nonius 

Kappa Axis X8 Apex2 diffractometer at a temperature of 110 K. The unit cell dimensions 

were determined from a symmetry constrained fit of 9952 reflections with 5.22° < 2q < 

75.64°. The data collection strategy was a number of w and j scans which collected data up to 

85.5° (2q). The frame integration was performed using SAINT.
76

 The resulting raw data was 

scaled and absorption corrected using a multi-scan averaging of symmetry equivalent data 

using SADABS.
77

  

Structure Solution and Refinement. The structure was solved by direct methods using the XS 

program.
78

 All non-hydrogen atoms were obtained from the initial solution. The hydrogen 
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atoms were introduced at idealized positions and were allowed to ride on the parent atom. 

The structural model was fit to the data using full matrix least-squares based on F2. The 

calculated structure factors included corrections for anomalous dispersion from the usual 

tabulation. The structure was refined using the XL program from SHELXTL,
79

 graphic plots 

were produced using the NRCVAX crystallographic program suite. Additional information 

and other relevant literature references can be found in the reference section of the Facility's 

Web page (http://www.xray.ncsu.edu). 

 

X- ray Experimental for Cp*Ir(Me2SO)(p-ClO2CC6H3), 4e 

Data Collection and Processing. All X-ray measurements were made on a Bruker-Nonius 

Kappa Axis X8 Apex2 diffractometer at a temperature of 110 K. The unit cell dimensions 

were determined from a symmetry constrained fit of 9945 reflections with 5.24° < 2q < 

75.52°. The data collection strategy was a number of w and j scans which collected data up to 

77.7° (2q). The frame integration was performed using SAINT.
76

 The resulting raw data was 

scaled and absorption corrected using a multi-scan averaging of symmetry equivalent data 

using SADABS.
77

  

Structure Solution and Refinement. The structure was solved by direct methods using the XS 

program.
78

 The structure crystallizes with 2 symmetry independent molecules in the 

asymmetric unit. These were designated by 'appending an A' or 'B' to the atom naming and 

numbering scheme. All non-hydrogen atoms were obtained from the initial solution. The 

hydrogen atoms were introduced at idealized positions and were allowed to ride on the parent 

atom. The structural model was fit to the data using full matrix least-squares based on F2. 
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The calculated structure factors included corrections for anomalous dispersion from the usual 

tabulation. The structure was refined using the XL program from SHELXTL,
79

 graphic plots 

were produced using the NRCVAX crystallographic program suite. Additional information 

and other relevant literature references can be found in the reference section of the Facility's 

Web page (http://www.xray.ncsu.edu). 

 

X-ray Experimental for Cp*Ir(Me2SO)(p-NO2O2CC6H3), 4f 

Data Collection and Processing. All X-ray measurements were made on a Bruker-Nonius 

Kappa Axis X8 Apex2 diffractometer at a temperature of 110 K. The unit cell dimensions 

were determined from a symmetry constrained fit of 9851 reflections with 6.86° < 2q < 

79.34°. The data collection strategy was a number of w and j scans which collected data up to 

80.34° (2q). The frame integration was performed using SAINT.
76

 The resulting raw data 

was scaled and absorption corrected using a multi-scan averaging of symmetry equivalent 

data using SADABS.
77

  

Structure Solution and Refinement. The structure was solved by direct methods using the XS 

program.
78

 All non-hydrogen atoms were obtained from the initial solution. The hydrogen 

atoms were introduced at idealized positions and were allowed to ride on the parent atom. 

The structural model was fit to the data using full matrix least-squares based on F2. The 

calculated structure factors included corrections for anomalous dispersion from the usual 

tabulation. The structure was refined using the XL program from SHELXTL,
79

 graphic plots 

were produced using the NRCVAX crystallographic program suite. Additional information 
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and other relevant literature references can be found in the reference section of the Facility's 

Web page (http://www.xray.ncsu.edu). 

 

X-ray Experimental for Cp*Ir(Me2SO)(O2CCF3)2, 22 

Data Collection and Processing. All X-ray measurements were made on a Bruker-Nonius 

Kappa Axis X8 Apex2 diffractometer at a temperature of 173 K. The unit cell dimensions 

were determined from a symmetry constrained fit of 9829 reflections with 5.2° < 2q < 

59.08°. The data collection strategy was a number of w and j scans which collected data up to 

79.06° (2q). The frame integration was performed using SAINT.
76

 The resulting raw data 

was scaled and absorption corrected using a multi-scan averaging of symmetry equivalent 

data using SADABS.
77

  

Structure Solution and Refinement. The structure was solved by direct methods using the XS 

program.
78

 All non-hydrogen atoms were obtained from the initial solution. The hydrogen 

atoms were introduced at idealized positions and were allowed to ride on the parent atom.  

The structural model was fit to the data using full matrix least-squares based on F2. The 

calculated structure factors included corrections for anomalous dispersion from the usual 

tabulation. The structure was refined using the XL program from SHELXTL,
79

 graphic plots 

were produced using the NRCVAX crystallographic program suite. Additional information 

and other relevant literature references can be found in the reference section of the Facility's 

Web page (http://www.xray.ncsu.edu). 
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3.1 Abstract 

        Cp*Ir(Me2SO)(OAc)2 3 has been shown to activate an ortho-C-H-bond of thiobenzoic 

acid in methanol at 100 ºC to form the novel iridium complex (Cp*Ir(S(O)CC6H4))2 9. 

Unlike the similar reaction with benzoic acid, this new iridium complex exists as a dimer 

with bridging sulfurs. To our knowledge, this is the first example of metal facilitated C-H 

activation of thiobenzoic acid. Complex 9 reacted with CO to form Cp*Ir(CO)(S(O)CC6H4), 

10. Complex 9 was also shown to react with the electrophilic methyl reagents, methyl iodide 

and methyl triflate. The reaction with methyl iodide resulted in the formation of 

Cp*Ir(I)(SMe(O)CC6H4), 11, while the reaction with methyl triflate resulted in the bimetallic 

complex, [(Cp*Ir(SMe(O)CC6H4)(Cp*Ir(S(O)CC6H4)][OTF], 12. The order of reactivity 

with electrophilic methyl reagents was MeOTf>MeI>MeOAc which reflects the nucleophilic 

character of the sulfoxyl group of the cyclometalated thiobenzoate ligand. Attempts at 

cyclization with complex 9 and olefins and alkynes were not successful. In Addition, C-I 

reductive eliminaiton reactions of 11 to form S-methyl 2-iodobenzothioate were not 

observed.  

 

3.2 Introduction 

Benzoic acids have emerged as important directing groups for selective catalytic C-H 

functionalization reactions.
1
 Miura, Satoh, and others have pioneered various catalytic 

cyclization reactions of benzoic acids with rhodium and iridium,
2
 while Yu and coworkers 

have developed the weak coordination of benzoic acids with palladium catalysts as a 

powerful strategy in organic chemistry.
3
 In previous work from our lab, the mechanism for 
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the Cp*Ir
III

 catalyzed oxidative coupling of benzoic acids with alkynes to form 

isocoumarins.
4
 In this system, the active catalyst was most likely Cp*Ir(Me2SO)(OAc)2, 3, 

which reacted in 1 hour with benzoic acids in near quantitative yields to generate the iridium 

metallacycle, Cp*Ir(Me2SO)(O2CC6H4) 4a (Scheme 3.1).  

 

Scheme 3.1. Synthesis of 4a. 

 

 

Complex 4a was shown to react with a variety of substrates (Scheme 3.2). Heating 4a 

for example, resulted in the insertion of alkynes into the Ir-C bond to produce 6, which in the 

presence of an oxidant resulted in cyclized organic products. Additionally, it was shown in 

previous work by Maitlis and coworkers
5
 that the reaction of 4a with methyl iodide resulted 

in the formation of the metallacycle 8.  
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Scheme 3.2. Reactivity of 2 with alkynes and methyl iodide. 

 

 

Although ortho-C-H functionalization reactions have been well developed with 

carboxylic acids and their derivatives such as benzoic acids,
2a, 4, 6

 which contain an O-H 

group and benzamides which contain an N-H group,
7
 the utilization of carboxylates with 

other groups is not well developed. In particular, few studies have been done to examine the 

C-H activation of thiobenzoic acid, which contains a thiol (S-H) rather than an alcohol (O-

H). Sulfur ligands as directing groups in C-H activation reactions are rare,
8
 but in some 

representative examples sulfoxides,
9
 thioethers

10
 and other directing groups have been shown 

to be effective.
11

 To our knowledge, thiobenzoic acid has not been used as a directing group 

for catalysis. However, thiobenzoic acids have been shown to have a number of biological 

applications including the synthesis of steroids,
12

 natural products,
13

 antibacterial
14

 and 

antimicrobial
15

 compounds, and as inhibitors of metalloenzymes.
16

  

A number of complexes have been reported containing thiobenzoate ligands with a 

variety of metals including Fe, Ru, Os, Ir, Cu, Zn and others.
 14-15, 17

 Recently, the synthesis of 

Ni(II) thiobenzoate complexes
17

 was reported by Bhattacharya and Joshi. However, of all the 

thiobenzoate complexes reported, the ligands were coordinated to the metal center through 
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the sulfur atom, the oxygen atom, or both. To the best of our knowledge, there are no 

reported examples of a complex with a cyclometalated thiobenzoate ligand. These types of 

complexes may be important intermediates in catalytic cycles for the orthofunctionalization 

of thiobenzoic acids. In this work the stoichiometric C-H activation of thiobenzoic acid with 

3 to produce a novel iridium dimer (Cp*Ir(S(O)CC6H4))2 9 is demonstrated. In addition, 

subsequent reactions with this dimer have been investigated. 

 

3.3 Results and Discussion 

3.3.1 C-H Activation of Thiobenzoic Acid 

The reaction of thiobenzoic acid with 3 in methanol for 4 hours at 100 °C resulted in 

the formation of 5 as an orange solid in 54% yield (Scheme 3.3). Based on our previous work 

with benzoic acids, a monomeric species analogous to 4a was expected.
4
 Instead, the dimeric 

species 9, which can be described as two of the expected cyclometalated monomers bridged 

through the thiobenzoate sulfur atom was acquired.  

 

Scheme 3.3. Activation of thiobenzoic acid to form 9. 
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The chemical environment around each iridium center is identical, thus 5 signals were 

observed in the 
1
H NMR spectrum of 9. The Cp* ligand was observed as a singlet at 1.23 

ppm, which was significantly upfield from 4a, whose Cp* signal was observed at 1.75 ppm. 

The four aromatic protons were observed as doublets and multiplets at 7.09, 7.20, 7.51, and 

7.78 ppm.  

X-ray quality crystals were obtained by the slow diffusion of pentane into a 

concentrated solution of 9 in dichloromethane (Figure 3.1). Each metal center adopts a three-

legged piano stool geometry. In addition, each iridium center had two different Ir-S bond 

lengths, 2.34 Å and 2.40 Å. This is consistent with a covalent bond from the sulfoxyl atom of 

the thiobenzoate ligand to one Ir atom while a second thiobenzoate ligand is involved in a 

dative bond to the Ir atom. Complex 9 is the first example, to the best of our knowledge, of 

the C-H activation of thiobenzoic acid.  
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Figure 3.1. X-ray crystal structure of 9. Ellipsoids are at the 50% probability level. Hydrogen 

atoms were omitted for clarity. Selected bond lengths (Å) and angles (deg). Ir1-S1, 2.344 

(11); Ir1-S1a, 2.402 (11); S1-C7, 1.827 (5); Ir1-C1, 2.052 (5); C7-O1, 1.212 (5); C2-C7, 

1.465 (6); Ir1-S1-C7, 99.10 (15); S1-C7-O1, 120.4 (4); S1-C7-C2, 133.0 (3); Ir-S1-Ir1a, 

98.16 (4); S1-Ir1-C1, 82.37 (13); S1a-Ir1-Cl, 82.35 (12); S1-Ir1-S1a, 81.84 (4). 

 

 

3.3.2 Reactions with Alkynes and Olefins 

Insertion reactions with 9 were examined. When 9 was heated in the presence of 4-

octyne and cis-4-octene in 1,2-dichloroethane, no insertion products were observed. This 

result was initially surprising and we hypothesized that the lack of reactivity with alkynes 

may be due to the strength of the Ir-S bonds in 9. Therefore the reaction of 9 with a stronger 

ligand, CO, was examined. When 9 was heated with CO (40 psi) at 100 °C in 1,2-

dichloroethane for 24 hours the new complex 10 was formed in quantitative yields (Scheme 

3.4). Complex 10 contained a new Cp* signal at 1.94 ppm and aromatic signals at 7.11, 7.20, 

7.37, and 7.52 ppm. Two carbonyl stretches were observed in the IR spectrum for 10: one at 
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1613 cm
-1

, which
 
corresponds to the thiobenzoate carbonyl, and another at 2001 cm

-1
,
 
which 

corresponds to the carbon monoxide ligand.  

 

Scheme 3.4. Reactivity of 9 to form 10. 

 

X-ray quality crystals were obtained by slow diffusion of pentane into a concentrated 

solution of 10 in dichloromethane (Figure 3.2). Iridium adopts a three-legged piano stool 

geometry in this structure. The Ir-S bond in 10, 2.35 Å is almost identical to the 

corresponding bond in the dimer 9, 2.34 Å.  
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Figure 3.2. X-ray crystal structure of 10. Ellipsoids are at the 50% probability level. 

Hydrogen atoms were omitted for clarity. Selected bond lengths (Å) and angles (deg). Ir1-S1, 

2.351 (3); Ir1-C11, 2.070 (10); Ir1-C18, 1.860 (13); C18-O2, 1.137 (15); S1-C17, 1.762 (13); 

C17-O1, 1.217 (13); C17-C12, 1.488 (17); S1-Ir1-C18, 96.7 (4); S1-Ir1-C11, 82.7 (3); C18-

Ir1-C11, 87.1 (5), S1-C17-O1, 122.0 (10); S1-C17-C12, 114.2 (8); Ir1-C11-C12, 199.7 (8).  

  

 

3.3.3 Reactions with Electrophiles 

The reactions of 9 with electrophilic methyl substrates were examined. The reaction 

of excess methyl iodide (60 equiv) with 9 in benzene for 48 hours at 100 °C resulted in the 

new iridium complex Cp*Ir(I)(SMe(O)CC6H4), 11, which contained a methyl thioester group 

and iodide coordinated to iridium (Scheme 3.5). Complex 11 was isolated as an orange solid 

in 80% yield. A similar reaction was shown by Maitlis and coworkers to occur between 4a 

and methyl iodide to produce 8 (See Scheme 3.2).
5
 Unlike 8, where the carbonyl oxygen was 

coordinated to iridium, the sulfur atom from the thioester group was bound to iridium in 11. 

This can be attributed to the stronger nucleophilicity of the thioester sulfur atom, compared 

to the alkoxide oxygen atom from the carboxylate group in 8. A singlet for the Cp* ligand 

was observed at 1.87 ppm, and a singlet for the methyl group was observed at 2.84 ppm in 
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the
 1

H NMR spectrum of 11.  The aromatic protons were observed at 6.90, 7.26, 7.55, and 

7.58 ppm.   

 

Scheme 3.5. Reaction of 9 with methyl iodide. 

 

 

X-ray quality crystals were obtained by the slow diffusion of pentane into a 

concentrated solution of 11 in dichloromethane (Figure 3.3). The metal center adopts a three-

legged piano stool geometry. The Ir-S bond length in 11 (2.31 Å) was comparable to the 

corresponding Ir-S bond in 9 (2.34 Å) and 10 (2.35 Å).  
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Figure 3.3. X-ray crystal structure of 11. Ellipsoids are at the 50% probability level. 

Hydrogen atoms were omitted for clarity. Selected bond lengths (Å) and angles (deg). Ir1-I1, 

2.6834 (2); Ir1-S1, 2.3068 (7); Ir1-C11, 2.058 (3); S1-C18, 1.806 (3); S1-C17, 1.826 (3); 

C17-O1, 1.210 (4); S1-Ir1-I1, 93.22 (2); S1-Ir1-C11, 81.92 (9); I1-Ir1-C11, 86.34 (9); C18-

S1-C17, 98.79 (17); Ir1-S1-C18, 117.73 (13); Ir1-S1-C17, 102.37 (11); S1-C17-O1, 119.9 

(3); Ir1-C11-C12, 122.2 (2); S1-C17-C12, 111.5 (2). 

 

The reaction of 9 with methyl triflate required milder conditions than with methyl 

iodide. The treatment of 9 with excess methyl triflate (7 equiv) resulted in the formation of  

[(Cp*Ir(SMe(O)CC6H4)(Cp*Ir(S(O)CC6H4)][OTf], 12, after 16 hours at 25 °C (Scheme 3.6). 

In this case, the reaction with methyl triflate resulted in the cationic dimer, 12, where only 

one sulfur atom had been methylated. Two Cp* singlets were observed at 1.37 ppm and 1.39 

ppm in the 
1
H NMR spectrum for 12. A methyl singlet was observed at 2.67 ppm, and signals 

corresponding to the 8 inequivalent aromatic protons were found between 7.31ppm and 7.98 

ppm.  
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Scheme 3.6. Reaction of 9 with methyl trifluoromethane sulfonate. 

 

X-ray quality crystals were obtained by slow diffusion of pentane into a concentrated 

solution of 12 in dichloromethane (Figure 3.4). Each metal center adopts a three-legged 

piano stool geometry. Like 9, each iridium center had two different Ir-S bonds: Ir1, (2.31 and 

2.42 Å), Ir2, (2.31 and 2.36 Å). 

 

 

 

 

 

 



 

82 

 

Figure 3.4. X-ray crystal structure of 12. Ellipsoids are at the 50% probability level. 

Hydrogen atoms were omitted for clarity. Selected bond lengths (Å) and angles (deg). Ir1-S1, 

2.3073 (3) Ir1-S2, 2.4154 (3); Ir2-S1, 2.3140 (3) ; Ir2-S2, 2.3551 (3); Ir1-C11, 2.0730 (14); 

Ir2-C29, 2.0646 (14); S1-C18, 1.7967 (15); S1-C17, 1.8787 (15); S2-C35, 1.8247 (15); O1-

C35, 1.2101 (19); O2-C17, 1.1960 (18); S1-Ir1-S2, 78.747 (12); S1-Ir2-S2, 79.864 (12); Ir1-

S1-Ir2, 102.823 (15); Ir1-S2-Ir2, 98.429 (12); Ir1-S1-C18, 123.28 (6); Ir2-S1-C18, 117.76 

(5); S1-Ir1-C11, 79.69 (4); Ir1-C11-C12, 120.89 (10); Ir1-S1-C17, 99.31 (5); S2-Ir2-C29, 

82.50 (4); Ir2-C29-C30, 119.66 (10); Ir2-S2-C35, 105.10 (5).  

 

The reaction of 9 with methyl acetate was also examined. No reaction was observed 

when 9 was heated with methyl acetate at 100 °C for 48 hours. These results demonstrate a 

clear trend for the reactivity of 9 with electrophilic methyl reagents that is based on the 

strength of leaving group, where the observed order of reactivity was: MeOTf > MeI > 

MeOAc. This trend is consistent with the nucleophilic attack of the sulfur atom from the thiol 

ligand on the electrophilic methyl reagents. The preference for the monomeric species 11 

rather than the dimer 12 may be explained by the weaker nucleophilicity of the triflate anion 

compared to iodide. As shown in Scheme 3.7, coordination of the outer sphere iodide to one 

iridium atom in 12’ would generate 11 and the complex, Cp*Ir(S(O)CC6H4), 13. This 
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molecule can subsequently react with a molecule of methyl iodide to generate another 

equivalent of 11.  

 

Scheme 3.7. Proposed mechanism for the formation of 11. 

 

 

3.3.4 Attempts at Reductive Elimination with 11 

 The potential for 11 to reductively eliminate a C-I bond to form S-methyl 2-

iodobenzothioate was examined (Scheme 3.8).  Complex 11 was heated to 100 °C in a 

variety of solvents for at least 3 days, but no evidence for C-I bond formation was observed 

by GC/MS. Potential reductive elimination was also examined in the presence of external 

oxidants, but neither silver triflate nor O2 facilitated C-I bond formation.  
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Scheme 3.8. Attempted reductive elimination with 11.  

 

 

3.4 Conclusions 

Thiobenzoic acid has been activated by 3 in methanol at 100 °C for 4 hours to form a 

novel iridium complex, 9, with bridging thiobenzoate ligands. This is a rare example of C-H 

activation facilitated by sulfur directing groups, and the first, to the best of our knowledge, 

known example of metal facilitated ortho-C-H activation of thiobenzoic acid. Reactions of 9 

with alkenes and alkynes did not lead to insertion products. However, monomeric species 

such as 10 or 11 could be isolated from the reaction of 9 with CO and methyl iodide 

respectively. The reaction of 9 with the electrophilic methyl reagents, methyl iodide, methyl 

triflate and methyl acetate followed the order: MeOTf > MeI > MeOAc. This trend reflects 

the nucleophilic character of the thiol group of the cyclometalated thiobenzoate ligand. These 
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new cyclometalated sulfur ligands have been relatively unexplored. Efforts are underway to 

examine their reactivity in other potential catalytic reactions.  

 

3.5 Experimental  

General Considerations. IrCl3·3H2O was purchased from Pressure Chemical Company. 

(Cp*IrCl2)2,
18

 Cp*Ir(Me2SO)Cl2 2, Cp*Ir(Me2SO)(OAc)2 3 and Cp*Ir(Me2SO)(O2CC6H4) 4a 

were prepared as previously reported.
5
 All other reagents were purchased from commercial 

sources and used as received. All reactions were performed under air and using non-dry 

solvents unless otherwise noted. 
1
H and 

13
C spectra were obtained at room temperature on a 

Mercury 300 MHz or 400 MHz, or a DRX 500 MHz spectrometer. Chemical shifts are listed 

in parts per million (ppm) and referenced to their residual protons or carbons of the 

deuterated solvents.  Infrared spectrums were obtained in KBr thin films on a FT/IR-4100 

instrument.  X-ray crystallography was performed at the X-ray Structural Facility of North 

Carolina State University by Dr. Roger Sommer.  

 

(Cp*Ir(S(O)CC6H4))2. 9. Cp*Ir(Me2SO(OAc)2 (200.0 mg, 0.382 mmol) and thiobenzoic 

acid (60mg, 0.434 mmol) were placed in a 25 mL storage tube with 5 mL of methanol. The 

reaction was stirred for 4 h at 100 °C during which an orange solid crashed out of solution. 

The solid was deposited on filter paper by filtering with methanol. The filter paper was 

subsequently washed with dichloromethane to collect the dissolved solid in a flask which 

was stirred in sodium sulphate. The solution was filtered and solvent was removed in a vial 

to give 95.0 mg (54%) of the product as an orange solid. 
1
H NMR (CD2Cl2): δ = 7.78 (d, 
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2H), 7.51 (d, 2H), 7.20 (m, 2H), 7.09 (m, 2H), 1.23 (s, 30H). 
13

C NMR (CD2Cl2): δ = 201.3 

(Cq), 157.9 (Cq), 141.6 (Cq), 140.9 (CH), 132.5 (CH), 128.2 (CH), 122.8 (CH), 90.8 (Cq), 7.6 

(CH3). IR (KBr): νCO 1654.6 cm
-1

.Anal. calcd for C34H38Ir2O2S2: C, 44.04; H, 4.13. Found: 

C, 43.07; H, 4.05; crystalized with 1/3 equivalent of CH2Cl2. 

 

Cp*Ir(CO)(S(O)CC6H4). 10. (Cp*Ir(S(O)CC6H4))2 (50.0mg mg, 0.054 mmol) was placed in 

a 25 mL storage tube with 2 mL of 1,2-dichloroethane. After 3 freeze-pump-thaw cycles, the 

reaction was pressurized with 40 psi CO and stirred for 24 h at 100 °C. Midway through the 

reaction, the tube was represurized with 40 psi CO to ensure a consistint atmosphere.  After 

cooling, the solvent was removed to give 50.7 mg (96%) of the product as a yellow solid. 
1
H 

NMR (CD2Cl2): δ = 7.52 (d, 1H), 7.37 (d, 1H), 7.20 (m, 1H), 7.11 (m, 1H), 1.94 (s, 15H). 
13

C 

NMR (CD2Cl2): δ = 208.6 (Cq), 168.6 (CO), 144.5 (Cq), 140.0 (CH), 136.5 (Cq), 132.7 (CH), 

127.6 (CH), 124.6 (CH), 101.2 (Cq), 9.2 (CH3). IR (KBr): νCO 1613.2 cm
-1

, νCO 2000.8 cm
-1

. 

Anal. calcd for C18H19IrO2S: C, 43.98; H 3.90. Found: C, 43.73; H, 3.80. 

 

Cp*Ir(I)(SMe(O)CC6H4). 11. (Cp*Ir(S(O)CC6H4))2 (47.0 mg, 0.051 mmol) and 

iodomethane (187 μL, 3.00 mmol) were placed in a 25 mL storage tube with 3 mL of 

benzene. The reaction was stirred for 48 h at 100 °C under nitrogen after 3 freeze-pump-thaw 

cycles. After cooling the solvent was removed and the crude solid was extracted by 

dcm/water. The solution was then stirred in sodium sulfate, filtered, and solvent was removed 

to give 48.4 mg (80%) of the product as an orange solid. 
1
H NMR (CD2Cl2): δ = 7.58 (d, 

1H), 7.55 (d, 1H), 7.26 (m, 1H), 6.90 (m, 1H), 2.84 (s, 3H), 1.87 (s, 15H). 
13

C NMR 
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(CD2Cl2): δ = 197.8 (Cq), 153.4 (Cq), 142.0 (CH), 134.7 (Cq), 134.4 (CH), 128.0 (CH), 123.3 

(CH), 93.4 (Cq), 18.9 (CH3), 9.4 (CH3). IR (KBr): νCO 1688.4 cm
-1

. Anal. calcd for 

C18H22IIrOS: C, 35.70; H, 3.66. Found: C, 35.97; H, 3.77. 

 

[(Cp*Ir(SMe(O)CC6H4)(Cp*Ir(S(O)CC6H4)]
-
OTf. 12. (Cp*Ir(S(O)CC6H4))2 (45 mg, 

0.0485 mmol) and methyl trifluoromethanesulfonate (37 μL, 0.339 mmol) were placed in a 

25 mL storage tube with 5 mL of benzene. The reaction was stirred for 16 h at 25 °C under 

nitrogen. After cooling, the solvent was removed and the solid was crashed out in 

dcm/pentane. Filtering of the solution gave 39.1 mg (74%) of the product as an yellow solid. 

1
H NMR (CD2Cl2): δ = 7.98 (d, 1H), 7.89 (d, 1H), 7.83 (d, 1H), 7.71 (d, 1H), 7.53 (m, 2H), 

7.39 (m, 1H), 7.31(m, 1H), 2.67 (s, 3H), 1.39 (s, 15H), 1.37 (s, 15H). 
13

C NMR (CD2Cl2): δ = 

196.2 (Cq), 185.8 (Cq), 157.4 (Cq), 148.4 (Cq), 141.8 (CH), 141.1 (CH), 140.9 (Cq), 136.8 

(CH), 135.1 (CH), 131.3 (CH), 130.1 (CH), 127.8 (Cq), 126.8 (CH), 125.6 (CH), 95.5 (Cq), 

94.8 (Cq), 16.1 (CH3), 8.5 (CH3), 8.4 (CH3). 
19

F NMR (CD2Cl2): δ = -79.5 (s, 3F). IR (KBr): 

νCO 1670.05 cm
-1

.Anal. calcd for C36H41F3Ir2O5S3: C, 39.62; H, 3.79. Found: C, 39.36; H, 

3.83. 

 

X-Ray Structural Determination of (Cp*Ir(S(O)CC6H4))2. 9. 

A clear orange block-like specimen of C34H38Ir2O2S2, approximate dimensions 0.180 mm 

x 0.220 mm x 0.280 mm, was used for the X-ray crystallographic analysis. The X-ray 

intensity data were measured. The total exposure time was 4.29 hours. The frames were 

integrated with the Bruker SAINT software package using a narrow-frame algorithm. The 
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integration of the data using a triclinic unit cell yielded a total of 13645 reflections to a 

maximum θ angle of 30.00° (0.71 Å resolution), of which 4338 were independent (average 

redundancy 3.145, completeness = 99.0%, Rint = 3.71%, Rsig = 3.72%) and 4064 (93.68%) 

were greater than 2σ(F2). The final cell constants of a = 8.7597(3) Å, b = 9.5564(3) Å, c = 

10.3206(4) Å, α = 66.309(2)°, β = 77.213(2)°, γ = 72.572(2)°, volume = 749.76(5) Å3, are 

based upon the refinement of the XYZ-centroids of 9706 reflections above 20 σ(I) with 

4.339° < 2θ < 69.13°. Data were corrected for absorption effects using the multi-scan method 

(SADABS). The ratio of minimum to maximum apparent transmission was 0.585. The 

calculated minimum and maximum transmission coefficients (based on crystal size) are 

0.1864 and 0.2931. 

The structure was solved and refined using the Bruker SHELXTL Software Package, using 

the space group P -1, with Z = 1 for the formula unit, C34H38Ir2O2S2. The final anisotropic 

full-matrix least-squares refinement on F2 with 186 variables converged at R1 = 3.81%, for 

the observed data and wR2 = 9.58% for all data. The goodness-of-fit was 1.035. The largest 

peak in the final difference electron density synthesis was 5.328 e-/Å3 and the largest hole 

was -4.542 e-/Å3 with an RMS deviation of 0.320 e-/Å3. On the basis of the final model, the 

calculated density was 2.053 g/cm3 and F(000), 444 e-. 

 

X-Ray Structural Determination of Cp*Ir(CO)(S(O)CC6H4). 10. 

A pale yellow plate-like specimen of C18H19IrO2S, approximate dimensions 0.099 mm x 

0.179 mm x 0.245 mm, was used for the X-ray crystallographic analysis. The X-ray intensity 

data were measured. The total exposure time was 6.04 hours. The frames were integrated 
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with the Bruker SAINT software package using a narrow-frame algorithm. The integration of 

the data using a monoclinic unit cell yielded a total of 39252 reflections to a maximum θ 

angle of 35.12° (0.62 Å resolution), of which 39252 were independent (average redundancy 

1.000, completeness = 99.8%, Rint = 4.10%, Rsig = 5.48%) and 37195 (94.76%) were greater 

than 2σ(F
2
). The final cell constants of a = 8.3288(2) Å, b = 15.1784(4) Å, c = 13.2998(4) Å, 

β = 101.672(2)°, volume = 1646.57(8) Å
3
, are based upon the refinement of the XYZ-

centroids of 351 reflections above 20 σ(I) with 5.974° < 2θ < 68.42°. Data were corrected for 

absorption effects using the multi-scan method (SADABS). The ratio of minimum to 

maximum apparent transmission was 0.398. The calculated minimum and maximum 

transmission coefficients (based on crystal size) are 0.2370 and 0.4960.  

The final anisotropic full-matrix least-squares refinement on F
2
 with 205 variables converged 

at R1 = 3.94%, for the observed data and wR2 = 9.35% for all data. The goodness-of-fit was 

1.030. The largest peak in the final difference electron density synthesis was 3.279 e
-
/Å

3
 and 

the largest hole was -2.249 e
-
/Å

3
 with an RMS deviation of 0.153 e

-
/Å

3
. On the basis of the 

final model, the calculated density was 1.983 g/cm
3
 and F(000), 944 e

-
. 

 

X-Ray Structural Determination of Cp*Ir(I)(SMe(O)CC6H4). 11. 

A orange block-like specimen of C18H22IIrOS, approximate dimensions 0.240 mm x 0.240 

mm x 0.280 mm, was used for the X-ray crystallographic analysis. The X-ray intensity data 

were measured. The total exposure time was 1.99 hours. The frames were integrated with the 

Bruker SAINT software package using a narrow-frame algorithm. The integration of the data 

using an orthorhombic unit cell yielded a total of 32798 reflections to a maximum θ angle of 
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33.73° (0.64 Å resolution), of which 7300 were independent (average redundancy 4.493, 

completeness = 100.0%, Rint = 2.69%, Rsig = 4.05%) and 7155 (98.01%) were greater than 

2σ(F
2
). The final cell constants of a = 8.6278(3) Å, b = 13.2227(4) Å, c = 16.0076(5) Å, 

volume = 1826.19(10) Å
3
, are based upon the refinement of the XYZ-centroids of 9960 

reflections above 20 σ(I) with 5.363° < 2θ < 70.38°. Data were corrected for absorption 

effects using the multi-scan method (SADABS). The ratio of minimum to maximum 

apparent transmission was 0.705.  

The structure was solved and refined using the Bruker SHELXTL Software Package, using 

the space group P 21 21 21, with Z = 4 for the formula unit, C18H22IIrOS. The final 

anisotropic full-matrix least-squares refinement on F
2
 with 205 variables converged at R1 = 

1.55%, for the observed data and wR2 = 3.30% for all data. The goodness-of-fit was 1.054. 

The largest peak in the final difference electron density synthesis was 1.309 e
-
/Å

3
 and the 

largest hole was -0.716 e
-
/Å

3
 with an RMS deviation of 0.106 e

-
/Å

3
. On the basis of the final 

model, the calculated density was 2.202 g/cm
3
 and F(000), 1136 e

-
. 

X-Ray Structural Determination of [(Cp*Ir(SMe(O)CC6H4)(Cp*Ir(S(O)CC6H4)]
-
OTf. 

12. 

A yellow block-like specimen of C36H41F3Ir2O5S3, approximate dimensions 0.132 mm x 

0.213 mm x 0.326 mm, was used for the X-ray crystallographic analysis. The X-ray intensity 

data were measured. The total exposure time was 9.62 hours. The frames were integrated 

with the Bruker SAINT software package using a narrow-frame algorithm. The integration of 

the data using a triclinic unit cell yielded a total of 141954 reflections to a maximum θ angle 
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of 36.49° (0.60 Å resolution), of which 17908 were independent (average redundancy 7.927, 

completeness = 99.9%, Rint = 2.99%, Rsig = 1.89%) and 15677 (87.54%) were greater than 

2σ(F
2
). The final cell constants of a = 10.4451(3) Å, b = 11.2528(3) Å, c = 16.5796(5) Å, α = 

91.642(2)°, β = 106.9960(10)°, γ = 100.0630(10)°, volume = 1828.34(9) Å
3
, are based upon 

the refinement of the XYZ-centroids of 9162 reflections above 20 σ(I) with 4.676° < 2θ < 

72.88°. Data were corrected for absorption effects using the multi-scan method (SADABS). 

The ratio of minimum to maximum apparent transmission was 0.347. The calculated 

minimum and maximum transmission coefficients (based on crystal size) are 0.1940 and 

0.4380.  

The final anisotropic full-matrix least-squares refinement on F
2
 with 453 variables converged 

at R1 = 1.65%, for the observed data and wR2 = 3.71% for all data. The goodness-of-fit was 

1.019. The largest peak in the final difference electron density synthesis was 1.753 e
-
/Å

3
 and 

the largest hole was -0.858 e
-
/Å

3
 with an RMS deviation of 0.111 e

-
/Å

3
. On the basis of the 

final model, the calculated density was 1.982 g/cm
3
 and F(000), 1052 e

-
. 
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CHAPTER 4 

 

 

C-H ACTIVATION OF BENZENE WITH Cp*Ir(III) ACETATE 

COMPLEXES: AN EXPERIMENTAL AND COMPUTATIONAL 

STUDY 

 

 

This chapter includes computational studies performed by Sriparna Mukherjee of the 

Jakubikova Lab and is presented here in its entirety for clarity and to avoid fragmentation  
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4.1 Abstract 

Cp*Ir(Me2SO)(OAc)2 3 was found to C-H activate neat benzene at 60 °C over 24 h 

with KHCO3 base to form Cp*Ir(Me2SO)Ph(OAc) 14. Kinetic data revealed a first order 

dependence on iridium, an inverse dependence on DMSO, a zero order dependence on base 

and a kinetic isotope effect, kH/kD = 10.0 (0.6) indicating a primary isotope effect with 

benzene. Computational studies (DFT) revealed the lowest energy pathway for C-H 

activation was an acetate-assisted mechanism. The rate limiting step for the reaction was 

found to occur with an energy of 28.1 kcal/mol which was within error of the experimentally 

determined value of 26.6 (2.0) kcal/mol. The effect of the ligands on C-H activation were 

also examined. Studies revealed a weakly coordinating ligand like DMSO was needed to 

facilitate C-H activation, and electron donating carboxylates increased reactivity. Additional 

computations revealed both electron donating and withdrawing functional groups on benzene 

increased the reaction rate. Activation of a second equivalent of benzene was also observed 

under more forcing conditions by heating 1 to 100 °C in neat benzene to form 

Cp*Ir(Me2SO)(Ph)2 15. 

 

4.2 Introduction 

There is significant literature precedence for the ability of iridium complexes to 

activate the strong C-H bonds in hydrocarbons.
1-7

 Additionally, Cp*Ir(III) complexes have 

been shown to be excellent catalysts for reactions involving the ortho-C-H activation and 

functionalization of aromatic compounds containing directing groups.
8-13

 Previous work in 

our lab has focused on the ortho-C-H activation of benzoic acids and further 
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functionalization by coupling with alkynes or benzoquinone.
14,15

 The C-H activation of 

benzene, which lacks a directing group, has also been demonstrated in literature.
16-18

 Our lab 

has shown that Cp*Ir complexes can catalyze the H/D exchange of benzene with a variety of 

deuterated solvents.
19,20

 In numerous literature examples, the activated proton from benzene 

is transferred to a methyl ligand on the complex to generate a phenyl complex and methane. 

This resultant complex may not be able to activate methane. As a result, this will inhibit the 

ability to develop a catalytic cycle.
2,21-27

 It would therefore be advantageous to develop 

complexes that contain ligands which could be easily regenerated to facilitate a catalytic 

reaction.    

There are 3 general mechanisms for C-H activation: σ-bond metathesis, oxidative 

addition, and acetate-assisted pathways.
28

 Early transition metal complexes containing 

hydride or alkyl groups commonly undergo σ-bond metathesis with benzene.
29

 Experimental 

and theoretical studies have shown that this involves an intermediate with a σ-interaction 

between the C-H bond and the metal that facilitates the C-H activation via a 4-center 

transition state.
30

 Direct oxidative addition has been shown extensively with late transition 

metals such as Ru, Rh, Ir, Pt, and Pd.
31-33

 These reactions can occur as a one or two step 

process, where an ƞ
2
-arene intermediate can often be identified prior to oxidative addition.

34-

39
 The acetate-assisted pathway monitoring dimethylbenzylamine cyclometalation with Ir, 

Pd, Ru, and other metal complexes has been studied extensively by Davies, Macgregor and 

coworkers.
40-43

 These studies showed that transition metals and acetate play a role in the C-H 

activation process through the electrophilic activation of the C-H bond and the intramolecular 

hydrogen bonding and deprotonation respectively.  
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In this work, we show that Cp*Ir carboxylate complexes effectively activate a C-H 

bond in benzene. We also examined the mechanism of activation experimentally and 

computationally and have determined ways to optimize the reaction by altering the ligands 

and substrates.  

 

4.3 Results and Discussion 

4.3.1 C-H Activation of Benzene to Form Cp*Ir(L)(Ph)(OAc) Complexes 

Cp*Ir(Me2SO)(OAc)2 3 was examined for its reactivity with benzene to form an 

iridium phenyl complex Cp*Ir(Me2SO)Ph(OAc), 14 in Table 4.1. With no base, 14 was 

formed in 49% yield with 36% of 3 remaining in solution (Entry 1). The addition of a base 

was shown to increase the yield in some cases with KHCO3 giving the best results (Entries 2-

5). When the reaction was heated at longer times, in increased yields of 14 were observed. 

For example when the reaction was heated for 48 h and 72 h respectively, yields of 73% and 

82% were observed (Entries 6-7). At 48 h and 72 h, a minor amount of the second benzene 

activation product Cp*Ir(Me2SO)(Ph)2 15 also formed in ~3% yield which was not observed 

at shorter reaction times.  
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Table 4.1. Activation of benzene by complex 3.  

 

Entry
 a

 Base Time (h) 3 (%) 14 (%) 

1 none 24 36 (6) 49 (2) 

2 5 eq Ag2CO3 24 33 (5) 49 (1) 

3 5 eq NaOAc 24 49 (2) 57 (2) 

4 5 eq Et3N 24 24 (4) 55 (2) 

5 5 eq KHCO3 24 27 (4) 62 (3) 

6
b
 5 eq KHCO3 48 21 (6) 73 (5) 

7
b
 5 eq KHCO3 72 13 (2) 82 (2) 

a 
3 (13 mg, 0.025 mmol) and base (0.125 mmol) were added to a 3 mL storage tube with 1 

mL of benzene and stirred for 24-72 h at 60 °C. Yields are the average of at least three trials 

and were obtained by 
1
H NMR spectroscopy with an internal standard. Error is reported as 

the standard deviation of the mean. 
b
Some 15 also formed at longer times in 3 (2) %. 

 

The effect of the atmosphere on the reaction for the formation of 14 was also 

examined (Table 4.2).  Similar results for the formation of 14 were observed whether the 

reaction was conducted under air, nitrogen, or oxygen pressure.   
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Table 4.2. Effect of reaction atmosphere on benzene activation. 

 

Entry
 a

 Atm 3 (%) 14 (%) 

1 Air 27 (4) 62 (3) 

2 N2 16 (2) 63 (1) 

3 O2
 b
 16 (3) 57 (2) 

a
3 (13 mg, 0.025 mmol) and KHCO3 (12.5 mg, 0.125 mmol) were added to a 3 mL storage 

tube with 1 mL of benzene and stirred for 24 h at 60 °C. The reactions under nitrogen were 

added in the glovebox. The reactions under oxygen first underwent 3 freeze-pump-thaw 

cycles and were then pressurized with oxygen. Yields are the average of at least three trials 

and were obtained by 
1
H NMR spectroscopy with an internal standard. Error is reported as 

the standard deviation of the mean.
 b

10 psi oxygen.  

 

Although 14 could be formed in reasonable yields in situ after 24 h, isolation proved 

problematic. The C-H activation of benzene from 3 to 14 was found to be a reversible 

process as the addition of acetic acid to 14 resulted in the protonation of benzene to reform 3. 

Since the general conditions to form 14 results in the stoichiometric formation of acetic acid 

from protonation of an acetate ligand of 3, the reverse reaction could occur during workup. In 

order to isolate 14 in respectable yields, excess base was required to limit the acetic acid in 

solution at the end of the reaction (Scheme 4.1). The reaction time was extended to 48 h to 

ensure a significant amount of 14 formed, but not long enough that further C-H activation 



 

100 

took place to form 15. These modifications enabled the isolation of 14 in 60% yield as a 

yellow powder. The 
1
H NMR spectrum of 14 revealed the characteristic splitting pattern of a 

phenyl ligand in the aromatic region with signals at 7.57, 7.07 and 6.96 ppm integrating to 5 

protons. The DMSO methyl signals appear as two singlets at 3.62 and 2.51 ppm because 

these protons occur in different chemical environments. The acetate signal was observed at 

2.05 ppm and the Cp* signal was found at 1.60 ppm (Figure 4.1). 

Scheme 4.1. Reaction of 3 with benzene to form 14. 
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7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5  

Figure 4.1.  
1
H NMR spectrum of 14. 

 

X-ray quality crystals were obtained by layering pentane onto a concentrated solution 

of 14 in toluene and allowing the solution to stand at -20 °C for 3 d (Figure 4.2). The 

geometry about the metal center can be described as a piano stool octahedral complex. The 

asymmetric unit consisted of two chemically equivalent but crystallographically independent 

complexes with one being presented below.  The only difference between the two complexes 

was the orientation of the acetate ligand. The Ir-C bond of the phenyl ligand was 2.066 (3) 

and the Ir-O bond of the acetate ligand was 2.108 (2).    

 

5H, Ph 6H, DMSO 3H, OAc 

15H, Cp* 
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Figure 4.2. X-ray crystal structure of 14. Ellipsoids are at the 50% probability level. 

Hydrogen atoms were omitted for clarity. Selected bond lengths (Å) and angles (deg). Ir1-S1, 

2.2685 (8); Ir1-O2, 2.108 (2); Ir1-C5, 2.066 (3); O2-C3, 1.306 (4); C3-C4, 1.511 (3); C3-O3, 

1.221 (4); S1-Ir1-O2, 77.92 (6); S1-Ir1-C5, 88.11 (8); O2-Ir1-C5, 91.4 (1); Ir1-O2-C3, 129.2 

(2); O2-C3-O3, 126.3 (3); O2-C3-C4, 111.9 (2). 

 

With DMSO being a relatively labile ligand, it was discovered that it could be 

replaced in 14 with the introduction of a stronger ligand like carbon monoxide (Scheme 4.2). 

When a balloon of carbon monoxide was added to a stirring solution of 14 in 

dichloromethane for 30 min, 16 was isolated in 57% yield. The formation of 16 resulted in a 

shift in the Cp* signal to 1.69 ppm and the DMSO signal was not observed by 
1
H NMR 

spectroscopy. The coordination of CO could be identified through IR spectroscopy with a 

carbon monoxide stretching frequency at 2004.6 cm
-1

 along with the acetate carbonyl stretch 

at 1639.2 cm
-1

 (Figure 4.3). 
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Scheme 4.2. Reaction of 14 with CO to form 16. 

 

 

 

Figure 4.3. Comparison of the IR spectra of 14 (in blue) and 16 (in green). 

 

4.3.2 Kinetic Experiments Examining the C-H Activation of Benzene With 3 

With the activation of benzene by 3 to form 14 established, the mechanism of the 

reaction was examined both experimentally and computationally. A time profile plot was 

constructed for the reaction of 3 with benzene to form 14 over the course of 53 h (Figure 

4.4). Because KHCO3 was minimally soluble in benzene at 60 °C, it was not compatible for 
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kinetic studies. Therefore Et3N  was used as it was previously shown to be effective as a base 

and is soluble in benzene (Table 4.1). A pseudo-first order rate constant of 6.6 (0.7) x 10
-5

 s
-1 

was obtained from this plot. This data revealed maximum formation of 14 at ~7 h after which 

equilibrium occurred.    

 

Figure 4.4. Time profile plot of concentration of 14 vs time. Formation of 14 was determined 

over 53 h with 25 mM 3, 125 mM Et3N and 1 mL benzene at 60 °C. Results were obtained 

by 
1
H NMR analysis of the crude reaction mixture using mesitylene as an internal standard. 

 

Further kinetic experiments were undertaken to determine the mechanism for the 

reaction. The dependence on the concentration of 3, DMSO, and base was examined for the 

formation of 14 in neat benzene. Increasing the concentration of 3 from 12.5-50 mM resulted 

in an increase in the formation of 14 over ~4 h (Figure 4.5). The addition of DMSO to the 

reaction resulted in a decrease in formation of 14 (Figure 4.6). Reactions without exogenous 

DMSO in solution produced a much higher concentration of 14 than reactions where DMSO 
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was added. Changing the concentration of Et3N showed no change in concentration of 14 

after ~4 h (Figure 4.7). 

 

Figure 4.5. Plot of concentration of 14 vs time using different concentrations of 3. Initial 

rates were determined with 3 at 12.5, 25, 37.5 and 50 mM with 5 eq Et3N with respect to 3 

and 1 mL benzene at 60°C. Results were obtained in at least triplicate by 
1
H NMR analysis of 

the crude reaction mixture using mesitylene as an internal standard.  
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Figure 4.6. Plot of concentration of 14 vs time using different concentrations of DMSO.  

Initial rates were determined with DMSO at 25, 125, and 250 mM, 25 mM 3, 125 mM Et3N 

and 1 mL benzene at 60°C. Results were obtained in at least triplicate by 
1
H NMR analysis of 

the crude reaction mixture using mesitylene as an internal standard. 

 

Figure 4.7. Plot of concentration of 14 vs time using different concentrations of Et3N. Initial 

rates were determined with Et3N at 62.5, 125, and 187.5 mM, 25 mM 3 and 1 mL benzene at 

60°C. Results were obtained in at least triplicate by 
1
H NMR analysis of the crude reaction 

mixture using mesitylene as an internal standard. 
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Kinetic studies were also performed to determine the order of the reaction with 

respect to 3, DMSO, and base. The log-log plot of iridium dependence (slope = 0.96(0.11)) 

suggested a first order dependence in iridium (Figure 4.8). The initial rate vs concentration of 

DMSO plot was also obtained (Figure 4.9). This data gave a negative slope of -0.27(0.01) 

indicating an inverse dependence on the rate of the formation of 14. The log-log plot of initial 

rate vs base gave a slope of -0.08(0.04) indicating a zero order dependence of base in the 

reaction (Figure 4.10).   

 

Figure 4.8. Plot of log(initial rate) vs log([Ir]). Initial rates were determined with 3 at 12.5, 

25, 37.5 and 50 mM with 5 eq Et3N with respect to 3 and 1 mL benzene at 60°C. Results 

were obtained in at least triplicate by 
1
H NMR analysis of the crude reaction mixture using 

mesitylene as an internal standard.  
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Figure 4.9. Plot of log(initial rate) vs log(DMSO). Initial rates were determined with DMSO 

at 25, 125, and 250 mM, 25 mM 3, 125 mM Et3N and 1 mL benzene at 60°C. Results were 

obtained in at least triplicate by 
1
H NMR analysis of the crude reaction mixture using 

mesitylene as an internal standard. 

 

 

 

Figure 4.10. Plot of log(initial rate) vs log(base). Initial rates were determined with Et3N at 

62.5, 125, and 187.5 mM, 25 mM 3 and 1 mL benzene at 60°C. Results were obtained in at 

least triplicate by 
1
H NMR analysis of the crude reaction mixture using mesitylene as an 

internal standard. 
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The kinetic isotope effect for the reaction was also examined using deuterated 

benzene (Figure 4.11). A KIE of kH/kD = 10.0 (0.6) was found indicating a primary isotope 

effect for the C-H activation of benzene. This would indicate the cleavage of a C-H bond 

occurred in the rate limiting step of the reaction  

 

Figure 4.11. Plot of concentration of 14 vs time using benzene or benzene-d6. Initial rates 

were determined with 25 mM 3, 125 mM Et3N and 1 mL benzene or benzene-d6 at 60 °C. 

Results were obtained in at least triplicate by 
1
H NMR analysis of the crude reaction mixture 

using mesitylene as an internal standard. 

 

The activation parameters for the C-H activation of benzene by 3 to form 14 were 

then determined. An Eyring plot was constructed for the reaction at 50, 60, 65 and 70 °C 

(Figure 4.12). At 60 °C the reaction was found to have the following parameters: ΔH
‡ 

= 10.3 

(1.0) kcal/mol, ΔS
‡ 

= -0.049 (0.003) kcal/mol K and ΔG
‡ 

=
 
26.6 (2.0) kcal/mol. A negative 

entropy was found indicating an ordered transition state in the rate determining step.  
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Figure 4.12. Eyring plot of ln(Initial Rate/T) vs 1/T. Initial rates were determined with 25 

mM 3, 125 mM Et3N and 1 mL benzene or at 50, 60, 65 and 70 °C. Results were obtained in 

at least triplicate by 
1
H NMR analysis of the crude reaction mixture using mesitylene as an 

internal standard. 

 

4.3.3 Computational Studies Examining the Mechanism of Benzene C-H Activation 

To further establish a mechanism for C-H activation of 3 to form 14, computations 

(DFT) were undertaken to examine possible reaction pathways. The calculated potential 

energy surfaces were used to model σ-bond metathesis, oxidative addition and acetate-

assisted pathways (Figures 4.13-4.15). In all three cases, C-H activation was the rate-limiting 

step of the reaction. The energies of activation (ΔE
‡
) for the σ-bond metathesis, oxidative 

addition and acetate-assisted pathways were determined to be 51.9, 47.9, and 34.3 kcal/mol 

respectively. This would indicate the acetate assisted pathway was kinetically the most 

accessible mechanism for C-H activation.  
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Figure 4.13. σ-bond metathesis pathway. Relative electronic energies of the intermediates 

and transition states along the C-H sigma-bond metathesis pathway from 3 to 14 are shown. 

All optimizations were done using B3PW91-D3 functional with SDD+f for Ir and 6-31g* for 

C, H, O, S in vacuum 
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Figure 4.14. Oxidative addition pathway. Relative electronic energies of the intermediates 

and transition states along the oxidative addition pathway from 3 to 14 are shown. All 

optimizations were done using B3PW91-D3 functional with SDD+f for Ir and 6-31g* for C, 

H, O, S in vacuum. 
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Figure 4.15. Acetate-assisted pathway. Relative free electronic energies of the intermediates 

and transition states along the acetate-assisted pathway from  3 to 14 are shown in black, and 

the relative free energies of the intermediates and transition states are shown in red. All 

optimizations were done using B3PW91-D3 functional with SDD+f for Ir and 6-31g* for C, 

H, O, S in vacuum. The free energies were obtained from single point calculations using 

B3PW91-D3 with SDD+f for Ir and 6-311+++g(d,p) for C, H, O, S in benzene (PCM model), 

and thermal corrections from optimized geometries. 

 

The structures of the transition states involved in the highest energy steps of the three 

pathways are shown in Figure 4.16. The transition state for the σ-bond metathesis pathway 

features a 4-membered ring (Ir-O3-H-C1) while the acetate-assisted pathway features a 6-

membered ring (Ir-O2-C2-O1-H-C1). This stable six-membered ring of the transition state in 

the acetate-assisted pathway accounts for the low energy pathway. The oxidative addition 

transition state results in a high energy Ir(V) intermediate that is not favorable. 
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Figure 4.16. Transition state of the rate determining step of the three mechanisms (a) TS of 

σ-bond metathesis, (b) TS of oxidative addition and (c) TS of acetate-assisted.  

 

Having shown that the acetate-assisted pathway results in the lowest activation energy 

(34.4 kcal/mol), the Gibbs free energy for this pathway was also calculated (Figure 4.15 in 

red). The use of a solvent model and triple-zeta basis sets along with the thermal corrections 

in the ΔG calculations significantly stabilized the energies of all the intermediates with 

respect to the energy of complex 3. In this pathway, 3 first gave two uphill intermediates 

resulting from the loss of DMSO, followed by the addition of benzene to the reaction sphere 

to form INT-2a. The highest energy TS corresponded to the 6-membered ring facilitating C-

H activation. This TS leads to INT-3 which contains acetic acid bound to Ir. Loss of acetic 

acid and coordination of DMSO leads to 14. This plot gave a free energy of activation of 28.1 

kcal/mol which was within error of the experimentally determined value of 26.6 (2.0) 

kcal/mol. The potential energy surface based on ΔG values was thus in good agreement with 

experiment and a good starting point for further calculations. 
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4.3.4 Determining the Ancillary Ligand Effect on Benzene Activation 

With the conditions developed to form 14, and experimental and computational data 

establishing the mechanism, we investigated the effect of the ligands on 3 to determine if the 

reaction could be further optimized. An effort was first made to synthesize new Cp*Ir acetate 

complexes with ―L‖ type ligands other than DMSO. It was found that morpholine could react 

with (Cp*IrCl2)2 to form complex 17 (Scheme 4.3) The 
1
H NMR spectrum showed the four 

morpholine methylene signals from 3.85 to 3.00 ppm, but the secondary amine proton was 

not observed. The Cp* signal was observed at 1.67 ppm.  

 

Scheme 4.3. Reaction of (Cp*IrCl2)2 with excess morpholine to form 17. 

 

 

X-ray quality crystals were obtained by slow diffusion of pentane into a concentrated 

solution of 17 in dichloromethane (Figure 4.17). The geometry about the metal center can be 

described as a piano stool octahedral complex. The crystal structure confirmed coordination 

of the nitrogen to iridium rather than oxygen.   
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Figure 4.17. X-ray crystal structure of 17. Ellipsoids are at the 50% probability level. 

Hydrogen atoms were omitted for clarity. Selected bond lengths (Å) and angles (deg). Ir1-

Cl1, 2.4082 (4); Ir1-Cl2, 2.4207 (4); Ir1-N1, 2.167 (2); N1-C14, 1.485 (2); N1-C11, 1.483 

(3); Cl1-Ir1-Cl2, 87.92 (2); Cl1-Ir1-N1, 79.37 (5); Cl2-Ir1-N1, 82.54 (5); C14-N1-Ir1, 119.2 

(1); C11-N1-Ir1, 115.8 (1). 

 

Complex 17 was treated with silver acetate in benzene at room temperature to form 

18 (Scheme 4.4). The four morpholine methylene signals were observed by 
1
H NMR 

spectroscopy between 3.79 and 3.01 ppm, but unlike 17, the secondary amine proton was 

observed as a broad multiplet at 6.97 ppm. The acetate signal was found at 2.07 ppm and the 

Cp* ligand resonated at 1.53 ppm. 
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Scheme 4.4. Reaction of 17 with silver acetate to form 18. 

 

 

Diphenylacetylene, 4-octyne, ethylene, furan, thiophene and tetrahydrofuran were all 

considered as possible ancillary ligands, but they did not react with (Cp*IrCl2)2 after stirring 

for 30 min at room temperature. Pyridine, dimethyl sulfide and carbon monoxide were able 

to react with (Cp*IrCl2)2 to make chloride complexes, but we were unable to make stable 

acetate complexes with these ligands. The pyridine acetate complex specifically was unstable 

because of the slow decoordination of pyridine. We hypothesized that a more donating 

pyridine ligand would result in a stable complex, so 4-tert-butylpyridine was considered. 

Starting from the previously synthesized complex Cp*Ir(tBu-Py)(Cl)2 19, a new iridium 

acetate complex Cp*Ir(tBu-Py)(OAc)2  20 with a 4-tert-butylpyridine ligand was synthesized 

using silver acetate in 87% yield (Scheme 4.5).
20
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Scheme 4.5. Formation of 20 with silver acetate. 

 

 

The synthesis of these new iridium acetate complexes along with the previously 

reported Cp*Ir(NHC)(OAc)2 21 enabled the investigation of the affect the ancillary ligand on 

C-H activation (Table 4.3).
20

 Only DMSO was found to an effective ligand for benzene 

activation, as no definitive activated phenyl signals were observed by 
1
H NMR spectroscopy 

at the end of the reaction for the other complexes. Computational studies suggest the loss of 

DMSO is the first step in the C-H activation mechanism. Therefore the lack of reactivity with 

moderate to strongly binding ancillary ligands compared to DMSO can be explained by the 

inability of the ligands to dissociate from Ir for benzene activation.  
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Table 4.3. Effect of the ancillary ligand on the C-H activation of benzene 

 

Entry
 a

 Ligand 3a (%) 14a (%) 

1 DMSO 3 27 (4) 62 (3) 

2 Morpholine 18 68 (3) ND
b
 

3 4-tBu-Pyridine 20 81 (6) ND 

4 NHC 21 71 (4) ND 

a
Ir Complex (0.025 mmol) and KHCO3 (12.5 mg, 0.125 mmol) were added to a 3 mL storage 

tube with 1 mL of benzene and stirred for 24 hours at 60 °C. Yields are the average of at least 

three trials and were obtained by 
1
H NMR spectroscopy with an internal standard. Error is 

reported as the standard deviation of the mean
 b

Not detected. 

 

The effect of the ancillary ligand was also examined computationally in Figure 4.18. 

The results correspond to experimental observations in that DMSO was the most effective 

ligand for C-H activation. Pyridine, 4-tert-Butylpyridine, and morpholine resulted in 

intermediates 1-3 kcal/mol higher than DMSO. CO and NHC were even less effective 

ligands with NHC being significantly disfavored.   
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Figure 4.18. C-H activation pathway with different ancillary ligands. Relative free energy for 

intermediates and transition states of the acetate-assisted pathway shown. All optimizations 

were done using B3PW91-D3 functional with SDD+f for Ir and 6-31g* for C, H, O, S in 

vacuum. The free energies were obtained from single point calculations using B3PW91-D3 

functional with SDD+f for Ir and 6-311+++g(d,p) for C, H, O, S in benzene (PCM model), 

and thermal corrections from optimized geometries. 

 

4.3.5 Determining the Effect of Carboxylate Ligand on Benzene Activation 

In addition to examining the effect of the ancillary ligand, we also investigated the 

effect of the carboxylate ligand on C-H activation. With the acetate complex 3 and more 

withdrawing trifluoroacetate complex Cp*Ir(Me2SO)(O2CCF3)2 22 having been reported 

previously, we desired to synthesize a more donating carboxylate ligand to compare a range 

of electronic effects.
14,44

 Using silver pivalate, which contains the electron donating tert-butyl 
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functional group, Cp*Ir(Me2SO)(O2C
t
Bu)2 23 was synthesized after stirring in benzene for 2 

h at room temperature with 2 and silver pivalate (Scheme 4.6). 

 

Scheme 4.6. Formation of 23 from reacting 2 with silver pivalate. 

 

 

Complex 23 was found to have similar chemical shifts to 3 with its DMSO signal 

resonating at 2.65 ppm and the Cp* ligand resonating at 1.66 ppm by 
1
H NMR spectroscopy. 

The 
t
Bu group was found upfield at 1.14 ppm in the alkyl region. X-ray quality crystals were 

obtained by stirring 23 in pentane, filtering the solution, and allowing the solution to sit at 0 

°C for 2 d (Figure 4.19). The geometry about the metal center can be described as a piano 

stool octahedral complex.  
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Figure 4.19. X-ray crystal structure of 23. Ellipsoids are at the 50% probability level. 

Hydrogen atoms were omitted for clarity. Selected bond lengths (Å) and angles (deg). Ir1-S1, 

2.3041 (4); Ir1-O2, 2.0711 (8); Ir1-O4, 2.105 (1); O2-C13, 1.299 (1); O4-C18, 1.294 (1); O3-

C13, 1.230 (2); O5-C18, 1.225 (2); S1-Ir1-O2, 91.38 (2); S1-Ir1-O4, 99.28 (3); O2-Ir1-O4, 

79.82 (3); Ir1-O2-C13, 123.53 (7); Ir1-O4-C18, 129.21 (8); O2-C13-O3, 125.5 (1); O4-C18-

O5, 125.7 (1). 

 

Having obtained crystal structures of the carboxylate complexes 3 (Figure 4.2), 22 

(Figure 2.8) and 23, their bond lengths were examined to observe any trends based on the 

electronics of the ligands (Table 4.4). The Ir-O bonds lengths in 22 were slightly longer than 

the corresponding bonds in 3 and 23 due to the electron withdrawing nature of the 

trifluoroacetate ligands.  The two Ir-O bonds in 3 were similar lengths to each other, but in 23 

they were different lengths. No clear electronic trend was observed when examining the Ir-S 

bond lengths.  

 

 

 

 



 

123 

Table 4.4. Comparison of the bond lengths of complexes 22, 3 and 23 

 

Entry
a
 Bond 22 3 23 

1 Ir-O2 2.106(3) 2.098(12) 2.071(8) 

2 Ir-O4 2.114(2) 2.089(11) 2.105(8) 

3 Ir-S1 2.328(11) 2.332(6) 2.304(3) 

a
Bond lengths obtained from crystal structures of each compound. 

 

These complexes were analyzed (Table 4.5) for their ability to activate benzene. No 

reactivity was observed without a carboxylate ligand as shown in Entry 1 where chloride 

ligands were present in 2. The trifluoroacetate ligands in complex 22 were also not effective 

in the C-H activation of benzene as no phenyl complex was observed (Entry 2). No 

remaining starting material was found in entry 2, but 41% of a new Cp* complex was 

observed. This appeared to be an interaction with the base, as without the added base only 

starting material was found in solution. The acetate and pivalate ligands in complexes 3 and 

23 respectively gave similar results with acetate giving slightly higher yields of the C-H 

activation complex 14b (Entries 3-4). These results suggest that an electron donating 

carboxylate ligand is important to facilitate C-H activation of benzene 
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Table 4.5. Examination of the effect of carboxylate ligand on C-H activation 

 

Entry
 a

 X 3b (%) 14b (%) 

1 Cl 2 90 (7) ND
b
 

2
c
 O2CCF3 22 ND ND 

3 O2CCH3 3 27 (4) 62 (3) 

4 O2C
t
Bu 23 51 (7) 54 (4) 

a
Ir Complex (0.025 mmol) and KHCO3 (12.5 mg, 0.125 mmol) were added to a 3 mL storage 

tube with 1 mL of benzene and stirred for 24 hours at 60 °C. Yields are the average of at least 

three trials and were obtained by 
1
H NMR spectroscopy with an internal standard. Error is 

reported as the standard deviation of the mean
 b

Not detected. 
c
41 (7) of a new Cp*Ir complex 

formed. No reaction was observed when no base was added.   

 

This data was supported by computations as shown in Figure 4.20 where ΔG
‡
 was 

plotted vs pKa. The electron withdrawing group CF3 significantly slowed the rate of the 

reaction, while the electron donating group 
t
Bu gave similar results to acetate (Figure 4.20). 

However a variety of o-xylyl benzoates were included in the plot and indicated there was no 

correlation between pKa and the free energy of activation for the formation of an iridium 

phenyl complex. Although there was no correlation between pKa, the computational results 

indicated o-xylyl benzoates may be better carboxylate bases for C-H activation then acetate. 
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These and other carboxylate type bases will need to be further explored experimentally for 

the C-H activation of benzene.   

 

Figure 4.20. Plot of ΔG
‡
 vs the pKa of the carboxylate base. Free energy of activation for the 

acetate-assisted pathway shown. All optimizations were done using B3PW91-D3 functional 

with SDD+f for Ir and 6-31g* for C, H, O, S in vacuum. The free energies were obtained 

from single point calculations using B3PW91-D3 functional with SDD+f for Ir and 6-

311+++g(d,p) for C, H, O, S in benzene (PCM model), and thermal corrections from 

optimized geometries. 

 

Further examination of the effect of the carboxylate base is shown in Figure 4.21 

where the free energy of intermediates and transition states were calculated. An electron 

withdrawing group (CF3) on the carboxylate base results in higher energy intermediates and 

transition states with a rate determining step of 32.5 kcal/mol compared to 28.1 kcal/mol for 

acetate. This can be attributed to the reduced σ interaction between the carboxylate ligand 

and iridium. The electron donating 
t
Bu did not show a significant change from acetate with 
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most intermediates and transition states having similar energies. The rate determining step 

with 
t
Bu was slightly lower than acetate at 27.7 kcal/mol but the overall reaction is slightly 

more endergonic at 6.3 kcal/mol vs. 5.3 kcal/mol.     

 

Figure 4.21. Relative free energy for intermediates and transition states of the acetate-

assisted C-H activation pathway with different carboxylate bases. All optimizations were 

done using B3PW91-D3 functional with SDD+f for Ir and 6-31g* for C, H, O, S in vacuum. 

The free energies were obtained from single point calculations using B3PW91-D3 functional 

with SDD+f for Ir and 6-311+++g(d,p) for C, H, O, S in benzene (PCM model), and thermal 

corrections from optimized geometries. 

 

4.3.6 Determining the Effect of Benzene Functional Group on C-H Activation 

The influence of functional groups on the arene substrate toward C-H activation with 

3 was also investigated computationally. The arene ring was substituted with an electron 
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donating group (EDG) or an electron withdrawing group (EWG). The substituents were 

positioned at the para position of benzene (in the metal complex) in order to understand the 

role of the electronic effects (inductive and resonance) on the change in enthalpy of 

activation ΔΔH
‡
 (Figure 4.22). Interestingly, the energy barrier for C-H activation was higher 

for benzene than with any functionalized benzene. According to calculations, both EDGs and 

EWGs at the para position of benzene should result in faster C-H activation. A correlation 

with EDGs was obtained (ρ = 1.93) indicating more electron donating groups decreased the 

barrier for C-H activation. Although EWGs showed no correlation according to calculations, 

they should still be faster toward C-H activation than unsubstituted benzene.  
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Figure 4.22. The change in enthalpy of activation (ΔΔH
‡
) for the acetate-assisted pathway vs 

the Hammett parameter of substituent Y in para-functionalized benzene. Linear fit with 

coefficient of determination (R
2
) are shown for both EDG. No fit was observed for EWG. 

Change in the enthalpy of activation (ΔΔH
‡
) is the enthalpy of activation of functionalized 

benzene relative to the unsubstituted benzene. All optimizations were done using B3PW91-

D3 functional with SDD+f for Ir and 6-31g* for C, H, O, S in vacuum. The enthalpies were 

obtained from single point calculations using B3PW91-D3 functional with SDD+f for Ir and 

6-311+++g(d,p) for C, H, O, S in benzene (PCM model), and thermal corrections from 

optimized geometries.  

 



 

129 

The potential energy surfaces for acetate-assisted C-H activation of para-substituted 

benzene with substituents NH2 and NO2 as well as unsubstituted benzene are shown in Figure 

4.23. These substituents were chosen because they belong to the two extremes of the range of 

Hammett parameters. As seen in Figure 4.23, ΔG
‡ 

decreases in both cases. Since ΔG
‡ 

is 

defined as the difference in the free energies of 3 and the rate determining transition state, the 

changes in the magnitude of ΔG
‡ 

can be fully attributed to the structural changes in the 

transition state.      

 

Figure 4.23. Relative free energy for intermediates and transition states of the acetate-

assisted C-H activation pathway with substituted arenes. All optimizations were done using 

B3PW91-D3 functional with SDD+f for Ir and 6-31g* for C, H, O, S in vacuum. The free 

energies were obtained from single point calculations using B3PW91-D3 functional with 

SDD+f for Ir and 6-311+++g(d,p) for C, H, O, S in benzene (PCM model), and thermal 

corrections from optimized geometries. 
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Differences in the bond lengths of TS 2a-3 (Figure 4.24) with EDGs and EWGs at the 

para position of benzene are summarized in Figure 4.25 using selected bond distances. In 

Figure 4.25a, the C-H bond that is broken from the substituted benzene is examined. This 

bond becomes longer with more electron donating functional groups. This increased bond 

length indicates an increased rate of C-H bond breaking in the TS with EDGs. This accounts 

for the trend of EDGs increasing the rate of C-H activation over unsubstituted benzene. In 

Figure 4.25b the Ir-C bond lengths in TS 2a-3 are examined. Shorter Ir-C bond lengths are 

observed with electron donating substituents. This indicates the increased ability of EDGs to 

facilitate Ir-C bond formation over unsubstituted benzene.  

 

Figure 4.24. The structure of TS 2a-3 in the acetate-assisted pathway. 
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(a) 

 

(b) 

 

Figure 4.25. Plot of bond lengths from TS 2a-3 vs σ
+
 a) C-H bond lengths of benzene bond 

being broken b) Ir-C bond lengths of iridium phenyl complex being formed 
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The ability for EWGs to increase the rate of C-H activation is likely due to the weak 

stabilization of Int-2a in Figure 4.23. This could be due to the ability of EWGs to facilitate 

an electrostatic interaction between iridium and the C-H bond that will be activated in 

benzene. With the EWG NO2 in Int-2a, the bond lengh between iridium and the carbon from 

the C-H bond being broken is 3.675 Å. Comparing this to the EDG NH2, a longer bond 

length of 3.722 Å was observed. This corresponds to the increased interaction between the 

aromatic ring and iridium with electron withdrawing groups in Int-2a. However this is a 

weak affect which would account for the poor correlation in Figure 4.22.  

The two steps of arene C-H activation are summarized in Scheme 4.8. In Step 1, an 

arene adduct is formed in a reversible process. In Step 2, C-H activation results in the 

formation of a phenyl complex and the loss of an acetic acid molecule. The substituents on 

benzene influence Step 1 and 2 differently. EWGs have a bigger influence on Step 1 where 

the withdrawing nature of the substituent facilitates adduct formation. EDGs have a larger 

influence on Step 2, where the donating substituent facilitates C-H bond breaking.   

 

Scheme 4.8. Two step C-H activation of benzene.  
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4.3.7 The Activation of Two Equivalents of Benzene to Form 15 

With the activation of one benzene molecule to form 14, further reactivity with an 

additional benzene molecule was considered. It was found that 3 could form 15 presumably 

from 14 as an intermediate. Stronger conditions were needed than in Scheme 4.1 to see 

significant formation of 15. When 3 was heated to 100 °C for 24 h, a mixture of 45% 14 and 

55% 15 was obtained (Scheme 4.9). Additional amounts of base and higher temperatures and 

reaction times did not give larger yields of 15. Unlike with 14, this reaction was conducted 

under nitrogen as 15 was susceptible to oxidation at higher temperatures.  

 

Scheme 4.9. C-H Activation of two equivalents of benzene to form 15. 

 

 

Complex 15 was also synthesized independently using an improved method than 

previously reported in literature (Scheme 4.10).
23

 The reaction proceeded quickly in 30 m in 

a dichloromethane/THF solution using diphenyl zinc as the phenyl source to give the 

yellow/brown solid in 87% yield. The previously unreported crystal structure of 15 was also 

obtained to both confirm its structure and enable comparisons of its bond lengths and angles 

to the DFT calculated structure. The slow evaporation of benzene from a solution of 15 
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resulted in X-ray quality crystals of 15 (Figure 4.26). The geometry about the metal center 

can be described as a piano stool octahedral complex. Compared with the Ir-C bond of 2.066 

(3) in the phenyl ligand of 14, 15 contained slightly longer Ir-C bonds of 2.083 (1) and 2.099 

(2).   

Scheme 4.10. Formation of 15 with diphenyl zinc.  

 

 

Figure 4.26. X-ray crystal structure of 15. Ellipsoids are at the 50% probability level. 

Hydrogen atoms were omitted for clarity. Selected bond lengths (Å) and angles (deg). Ir1-S1, 

2.2156 (3); Ir1-C11, 2.083 (1); Ir1-C17, 2.099 (2); S1-Ir1-C11, 90.20 (4); S1-Ir1-C17, 87.87 

(4); C11-Ir1-C17, 91.91 (5). 
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The full mechanism for activation of two molecules of benzene is shown in Figure 

4.27. The activation of a second equivalent of benzene was found to proceed through an 

acetate-assisted pathway similar to the first activation. The oxidative addition pathway was 

also calculated but resulted in an energy barrier of 36.3 kcal/mol relative to 14 compared to 

33.9 kcal/mol for the acetate-assisted pathway. The free energy of activation of 39.2 kcal/mol 

for the C-H activation of a second molecule of benzene was higher than that required for the 

first activation which was 28.1 kcal/mol. This correlated well with experimental results as the 

reaction temperature need to be increased from 60 °C to 100 °C in order to see significant 

formation of 15. 
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Figure 4.27. Relative free energy for intermediates and transition states of the acetate-

assisted C-H activation pathway with activation of two benzene molecules. All optimizations 

were done using B3PW91-D3 functional with SDD+f for Ir and 6-31g* for C, H, O, S in 

vacuum. The free energies were obtained from single point calculations using B3PW91-D3 

functional with SDD+f for Ir and 6-311+++g(d,p) for C, H, O, S in benzene (PCM model), 

and thermal corrections from optimized geometries. 

 

With the experimental and computational data obtained in the activation of benzene 

with 3, further work will focus on developing a better complex for C-H activation. Weakly 

coordinating ancillary ligands and more basic carboxylate ligands were found to increase 

reactivity. Additionally, other group 9 metals could be examined for increased reactivity 

compared to iridium. Substituted benzenes will also be explored experimentally as they are 

predicted computationally to be more reactive then benzene. The substrate scope of the 

reaction could also be expanded to incorporate aromatic heterocycles. Finally, possible 
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catalytic reactions can be developed to functionalize the activated benzene molecules found 

in complexes 14 and 15.    

  

4.4 Conclusions 

The iridium acetate complex Cp*Ir(Me2SO)(OAc)2 3 was found to C-H activate neat 

benzene at 60 °C for 24 h with KHCO3 base to form Cp*Ir(Me2SO)Ph(OAc) 14. A variety of 

kinetic experiemnts were undertaken which showed a first order dependence on iridium, an 

inverse dependence on DMSO and a zero order dependence on base.  Examination of the 

reaction with benzene-d6 resulted in a kinetic isotope effect  of kH/kD = 10.0 (0.6) indicating a 

primary isotope effect. DFT omputations were used to analyze the mechanism of C-H 

activation. σ-Bond metathesis and oxidative addition both resulted in high energies of 

activation, but the acetate-assisted mechanism proved reasonable resulting in a free energy of 

activation of 28.1 kcal/mol. This coresponded well with the experimentally determined value 

of 26.6 (2.0) kcal/mol. Examinations of the ancillary ligands of 3 and newly synthesized 

complexes 18 and 20 revealed a weakly coordinating ligand like DMSO was required in 

order for benzene to coordinate to iridium. The iridium pivalate complex 23 was also 

synthesized and showed similar reactivtiy to 3. DFT calculations indicated electron donating 

carboxylate ligands facilitate reactivity, while electron withdrawing ligands would inhibit the 

reaction.  Computations also revealed both electron donating and withdrawing functional 

groups on benzene would increase the rate of C-H acitvation.  When 3  was heated to 100 °C 

a second equiv of benzene could be activated to form the iridium diphenyl complex 15. The 

free energy of activation for this process from 14 was found to be 33.9 kcal/mol, which 
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explains the higher temperature required to facilitate the reaction. Further work is ongoing to 

optimize new complexes for C-H activation, expand the substrate scope to functionalized 

benzene and heterocycles and develop catalytic reactions to functionalize aromatics.  

 

4.5 Experimental  

General Considerations. IrCl3·3H2O was purchased from Pressure Chemical Company. 

(Cp*IrCl2)2,
45

 Cp*Ir(Me2SO)Cl2 2, Cp*Ir(Me2SO)(OAc)2 3, Cp*Ir(Me2SO)(O2CCF3) 22, 

Cp*Ir(NHC)(OAc)2 21 were prepared as previously reported. All other reagents were 

purchased from commercial sources and used as received. All reactions were performed 

under air and using non-dry solvents unless otherwise noted. 
1
H, 

13
C, and 

19
F spectra were 

obtained at room temperature on a Varian Mercury 400 MHz, a Varian Mercury 300 MHz 

spectrometer, or a Bruker 500 MHz spectrometer. Chemical shifts are listed in parts per 

million (ppm) and referenced to their residual protons or carbons of the deuterated solvents.  

Infrared spectra were obtained in KBr thin films on a JASCO FT/IR-4100 instrument.  X-ray 

crystallography was performed at the X-Ray Structural Facility of North Carolina State 

University by Dr. Roger Sommer and at The Center for X-Ray Crystallography by Dr. Khalil 

Abboud of The University of Florida.  

 

Cp*Ir(Me2SO)Ph(OAc) 14. Cp*Ir(Me2SO)(OAc)2 (200 mg, 0.38 mmol) and KHCO3 (1.9g, 

19 mmol) were placed in a 25 mL storage tube with 8 mL of dry benzene. The solution was 

stirred for 48 h at 60 °C. After cooling, the solution was filtered through celite with dry 

benzene, and was extracted once with 5 mL H2O. The solution was then stirred in sodium 
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sulfate and solvent was removed to give the product (124 mg, 60%) as a yellow solid. 
1
H 

NMR (CDCl3): δ  = 7.57 (d, 2H, Ph), 7.07 (m, 2H, Ph), 6.96 (m, 1H, Ph), 3.62 (s, 3H, 

Me2SO), 2.51 (s, 3H, Me2SO), 2.05 (s, 3H, OAc), 1.60 (s, 15H, Cp*). 
13

C NMR (CDCl3): δ = 

177.5 (Cq), 142.5 (CH), 141.5 (Cq), 127.0 (CH), 122.5 (CH), 92.5 (Cq), 48.0 (CH3), 42.0 

(CH3), 24.0 (CH3), 8.0 (CH3). IR (KBr): νCO 1623.8 cm
-1

. Anal. calcd for C20H29IrO3S: C, 

44.34; H, 5.40. Found: C, 44.05; H, 5.49. 

 

Cp*Ir(CO)Ph(OAc) 16. Cp*Ir(Me2SO)Ph(OAc) (41.3 mg, 0.076) was placed in a vial with 

10 mL of dichloromethane and stirred while bubbling with a balloon of carbon monoxide. 

After 30 min, solvent was removed and the sample was filtered with cold hexanes to give the 

product (21.5 mg, 57%) as a yellow solid. 
1
H NMR (CD2Cl2): δ  = 7.19 (d, 2H, Ph), 7.00 (m, 

2H, Ph), 6.94 (m, 1H, Ph), 2.04 (s, 3H, OAc), 1.69 (s, 15H, Cp*). 
13

C NMR (CD2Cl2): δ = 

176.3 (Cq), 172.5 (Cq), 137.4 (CH), 134.0 (Cq), 128.2 (CH), 123.8 (CH), 98.8 (Cq ) 21.5 

(CH3), 8.9 (CH3). IR (KBr): νCO 2004.6 cm
-1

, νCO 1639.2 cm
-1

. Anal. calcd for C19H23IrO3: C, 

46.42; H, 4.72. Found: C, 46.56; H, 4.73. 

 

Cp*Ir(HN(CH2CH2)2O)(Cl)2 17. (Cp*IrCl2)2 (300.0 mg, 0.38 mmol) was placed in a round 

bottom flask with 30 mL of THF and morpholine (433 μL, 5.32 mmol) was added while 

stirring. After 30 min, solvent was removed and the solid was then crashed out with 

dichloromethane and hexanes. Filtering gave the product (350.2 mg, 96%) as a yellow solid. 

1
H NMR (CDCl3): δ  = 3.85 (d, 2H, CH2), 3.17(d, 2H, CH2), 3.55 (m, 2H, CH2), 3.00 (m, 2H, 

CH2),  1.67 (s, 15H, Cp*). 
13

C NMR (CDCl3): δ = 84.5 (Cq), 68.3 (CH2), 51.0 (CH2), 
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8.7(CH3). IR (KBr): νCOC 1074.2 cm
-1

. Anal. calcd for C14H24Cl2IrNO: C, 34.64; H, 4.98; N, 

2.89. Found: C, 34.73; H, 5.09; N, 2.89. 

 

Cp*Ir(HN(CH2CH2)2O)(OAc)2 18. Cp*Ir(HN(CH2CH2)2O)(Cl)2 (337.0 mg, 0.69 mmol) 

and silver acetate (298 mg, 1.73 mmol) were placed in a foil covered round bottom flask with 

30 mL of dry benzene. The solution was stirred for 2 h at room temperature. The mixture was 

then filtered through celite, and solvent was removed to give the product (282.0 mg, 77%) as 

a yellow solid. 
1
H NMR (CDCl3): δ  = 6.97 (m, 1H, NH), 3.79 (d, 2H, CH2), 3.56 (m, 2H, 

CH2), 3.12 (m, 2H, CH2), 3.01 (d, 2H, CH2), 2.07 (s, 3H, OAc), 1.53 (s, 15H, Cp*). 
13

C 

NMR (CDCl3): δ = 178.0 (Cq), 82.0 (Cq), 68.0 (CH2), 50.5 (CH2), 24.5 (CH3), 8.5 (CH3). IR 

(KBr): νCO 1572.7 cm
-1

. Anal. calcd for C18H30IrNO5: C, 40.59; H, 5.68; N, 2.63. Found: C, 

40.33; H, 5.78; N, 2.64. 

 

Cp*Ir(tBu-Py)(Cl)2 19. (Cp*IrCl2)2 (200.0 mg, 0.25 mmol) was placed in a round bottom 

flask with 25 mL of THF and 4-tert-Butylpyridine (514 μL, 3.51 mmol) was added while 

stirring. After 30 min, solvent was removed and ether was added to the crude solid. Filtering 

gave the product (254.4 mg, 94%) as a yellow solid. 
1
H NMR (CDCl3): δ  = 8.84 (d, 2H, Py), 

7.32 (d, 2H, Py), 1.57 (s, 15H, Cp*), 1.32 (s, 9H, tBu). 
13

C NMR (CDCl3): δ = 162.6 (CH), 

152.8 (Cq), 122.7 (CH), 85.6 (Cq), 35.0 (Cq), 30.4 (CH3), 8.7 (CH3).  

 

Cp*Ir(tBu-Py)(OAc)2 20. Cp*Ir(tBu-Py)(Cl)2 (543.5 mg, 1.02 mmol) and silver acetate (425 

mg, 2.54 mmol) were placed in a foil covered round bottom flask with 30 mL of dry benzene. 
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The solution was stirred for 2 h at room temperature. The mixture was then filtered through 

celite, and solvent was removed to give the product (512.7 mg, 87%) as a yellow solid. 
1
H 

NMR (CDCl3): δ  = 9.06 (d, 2H, Py), 7.30 (d, 2H, Py), 2.10 (s, 6H, OAc), 1.51 (s, 15H, Cp*), 

1.28 (s, 9H, tBu). 
13

C NMR (CDCl3): δ = 177.8 (Cq), 162.4 (Cq), 153.8 (CH), 123.0 (CH), 

84.1 (Cq), 35.1 (Cq), 30.5 (CH3), 25.3 (CH3), 10.0 (CH3). IR (KBr): νCO 1566.9 cm
-1

. Anal. 

calcd for C23H34IrNO4: C, 47.57; H, 5.90; N, 2.41. Found: C, 47.47; H, 6.07; N, 2.43. 

 

Cp*Ir(Me2SO)(O2C
t
Bu)2 23. Cp*Ir(Me2SO)Cl2 (200.0 mg, 0.41 mmol) and silver acetate 

(217.3 mg, 1.04 mmol) were placed in a foil covered round bottom flask with 20 mL of dry 

benzene. The solution was stirred for 2 h at room temperature. The mixture was then filtered 

through celite and solvent was removed to give the product (191.0 mg, 75%) as an orange 

solid. 
1
H NMR (CDCl3): δ = 2.65 (s, 6H, Me2SO), 1.66 (s, 15H, Cp*), 1.14 (s, 18H, 

O2CtBu). 
13

C NMR (CDCl3): δ = 179.5 (Cq), 82.2 (Cq), 40.4 (CH3), 39.8 (Cq), 27.5 (CH3), 

9.2 (CH3). IR (KBr): νCO 1544.7 cm
-1

. Anal. calcd for C22H39IrO5S: C, 43.47; H, 6.47. Found: 

C, 42.82; H, 6.35. 

 

Cp*Ir(Me2SO)(Ph)2 15. In the glove box, ZnPh2 (221.0 mg, 1.00 mmol) was dissolved in 2 

mL of THF in a vial. Cp*Ir(Me2SO)Cl2 (400.0 mg, 0.84 mmol) was dissolved in 3 mL 

dichloromethane in a vial and the ZnPh2 solution was added to the stirring iridium solution 

very slowly dropwise. After 30 min, the solution was removed from the glove box and 5 mL 

water was added and stirred for 5 min. The solution was then extracted with dichloromethane 

and water. The solution was then stirred in sodium sulfate, filtered, and solvent was removed 
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to give the product (407.6 mg, 87%) as a brown/orange solid. 
1
H NMR (CDCl3): δ = 7.53 (m, 

4H, Ph), 6.95 (m, 6H, Ph), 2.81 (s, 6H, Me2SO), 1.62 (s, 15H, Cp*). 

 

General Procedure for the Activation of Benzene by 3: 3 (13 mg, 0.025 mmol) and base 

(0.125 mmol) were added to a 3 mL storage tube with 1 mL of benzene and stirred for 24-72 

h at 60 °C. After cooling, solvent was removed and the crude reaction mixture was analyzed 

by 
1
H NMR spectroscopy with mesitylene as an internal standard. 

 

General Procedure for Monitoring the Activation of Benzene Over Time: 3 (13 mg, 

0.025 mmol) and Et3N (17.4 μL, 0.125 mmol) were added to a 3 mL storage tube with 1 mL 

of benzene and stirred for 24 h at 60 °C. The reaction was set up multiple times and stopped 

at appropriate time points. After cooling, solvent was removed and the crude reaction mixture 

was analyzed by 
1
H NMR spectroscopy with mesitylene as an internal standard. 

 

Initial Rates of Benzene Activation With Added DMSO: 3 (13 mg, 0.025 mmol) and Et3N 

(17.4 μL, 0.125 mmol) were added with DMSO (0.025 mmol-0.250 mmol) to a 3 mL storage 

tube with 1 mL of benzene and stirred at 60 °C in triplicate. The reaction was set up multiple 

times and stopped at appropriate time points. After cooling, solvent was removed and the 

crude reaction mixture was analyzed by 
1
H NMR spectroscopy with mesitylene as an internal 

standard. 
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Initial Rates of Benzene Activation With Varying Et3N: 3 (13 mg, 0.025 mmol) and 

varying amounts of Et3N (0.0625 mmol – 0.1875 mmol) were added to a 3 mL storage tube 

with 1 mL of benzene and stirred at 60 °C in triplicate. The reaction was set up multiple 

times and stopped at appropriate time points. After cooling, solvent was removed and the 

crude reaction mixture was analyzed by 
1
H NMR spectroscopy with mesitylene as an internal 

standard. 

 

Eyring Plot of Benzene Activation: 3 (13 mg, 0.025 mmol) and Et3N (17.4 μL, 0.125 

mmol) were added to a 3 mL storage tube with 1 mL of benzene and stirred at 50, 60, 65, and 

70 °C in triplicate. The reaction was set up multiple times and stopped at appropriate time 

points. After cooling, solvent was removed and the crude reaction mixture was analyzed by 

1
H NMR spectroscopy with mesitylene as an internal standard. 

 

General Procedure for the Activation of Two Benzene Molecules: 3 (13 mg, 0.025 mmol) 

and KHCO3 (62.5 mg, 0.625 mmol) were added to a 3 mL storage tube with 1 mL of benzene 

and stirred for 24 h at 100 °C under nitrogen. After cooling, solvent was removed and the 

crude reaction mixture was analyzed by 
1
H NMR spectroscopy with mesitylene as an internal 

standard. 

 

X-Ray Structural Determination of Cp*Ir(Me2SO)(Ph)(OAc) 15 

X-Ray Intensity data were collected at 100 K on a Bruker DUO diffractometer using MoK 

radiation ( = 0.71073 Å) and an APEXII CCD area detector. Raw data frames were read by 
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program SAINT
1
 and integrated using 3D profiling algorithms.  The resulting data were 

reduced to produce hkl reflections and their intensities and estimated standard deviations.  

The data were corrected for Lorentz and polarization effects and numerical absorption 

corrections were applied based on indexed and measured faces.   

The structure was solved and refined in SHELXTL6.1, using full-matrix least-squares 

refinement.  The non-H atoms were refined with anisotropic thermal parameters and all of 

the H atoms were calculated in idealized positions and refined riding on their parent atoms.  

The asymmetric unit consists of two chemically equivalent but crystallographically 

independent complexes.  The only difference between the two complexes is the orientation of 

the acetate ligand.  In the final cycle of refinement, 9231 reflections (of which 8246 are 

observed with I > 2 (I)) were used to refine 467 parameters and the resulting R1, wR2 and S 

(goodness of fit) were 2.20%, 6.12% and 1.019, respectively.  The refinement was carried out 

by minimizing the wR2 function using F
2
 rather than F values. R1 is calculated to provide a 

reference to the conventional R value but its function is not minimized.   

 

X-Ray Structural Determination of Cp*Ir(HN(CH2CH2)2O)(Cl)2. 17 

A yellow block-like specimen of C14H24Cl2IrNO, approximate dimensions 0.090 mm x 0.130 

mm x 0.250 mm, was used for the X-ray crystallographic analysis. The X-ray intensity data 

were measured. The total exposure time was 7.16 hours. The frames were integrated with the 

Bruker SAINT software package using a narrow-frame algorithm. The integration of the data 

using a monoclinic unit cell yielded a total of 32594 reflections to a maximum θ angle of 

33.25° (0.65 Å resolution), of which 6023 were independent (average redundancy 5.412, 
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completeness = 99.9%, Rint = 2.81%, Rsig = 2.06%) and 5480 (90.98%) were greater than 

2σ(F
2
). The final cell constants of a = 15.4301(5) Å, b = 7.6155(3) Å, c = 14.5741(5) Å, β = 

114.0590(10)°, volume = 1563.79(10) Å
3
, are based upon the refinement of the XYZ-

centroids of 9901 reflections above 20 σ(I) with 5.604° < 2θ < 66.47°. Data were corrected 

for absorption effects using the multi-scan method (SADABS). The ratio of minimum to 

maximum apparent transmission was 0.644.  

The structure was solved and refined using the Bruker SHELXTL Software Package, using 

the space group P 1 21/c 1, with Z = 4 for the formula unit, C14H24Cl2IrNO. The final 

anisotropic full-matrix least-squares refinement on F
2
 with 181 variables converged at R1 = 

1.70%, for the observed data and wR2 = 4.24% for all data. The goodness-of-fit was 1.026. 

The largest peak in the final difference electron density synthesis was 1.999 e
-
/Å

3
 and the 

largest hole was -0.894 e
-
/Å

3
 with an RMS deviation of 0.132 e

-
/Å

3
. On the basis of the final 

model, the calculated density was 2.062 g/cm
3
 and F(000), 936 e

-
. 

X-Ray Structural Determination of Cp*Ir(Me2SO)(O2C
t
Bu)2 23 

A yellow plate-like specimen of C22H39IrO5S, approximate dimensions 0.144 mm x 0.314 

mm x 0.336 mm, was used for the X-ray crystallographic analysis. The X-ray intensity data 

were measured. The total exposure time was 3.13 hours. The frames were integrated with the 

Bruker SAINT software package using a narrow-frame algorithm. The integration of the data 

using a triclinic unit cell yielded a total of 105563 reflections to a maximum θ angle of 

36.38° (0.60 Å resolution), of which 12020 were independent (average redundancy 8.782, 
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completeness = 99.9%, Rint = 3.18%, Rsig = 1.83%) and 11385 (94.72%) were greater than 

2σ(F
2
). The final cell constants of a = 8.8769(3) Å, b = 9.5555(3) Å, c = 14.9869(4) Å, α = 

85.124(2)°, β = 84.523(2)°, γ = 78.209(2)°, volume = 1235.93(7) Å
3
, are based upon the 

refinement of the XYZ-centroids of 239 reflections above 20 σ(I) with 6.935° < 2θ < 68.99°. 

Data were corrected for absorption effects using the numerical method (SADABS). The ratio 

of minimum to maximum apparent transmission was 0.476. The calculated minimum and 

maximum transmission coefficients (based on crystal size) are 0.2590 and 0.5040.  

 

The final anisotropic full-matrix least-squares refinement on F
2
 with 306 variables converged 

at R1 = 1.45%, for the observed data and wR2 = 3.19% for all data. The goodness-of-fit was 

1.062. The largest peak in the final difference electron density synthesis was 0.980 e
-
/Å

3
 and 

the largest hole was -0.715 e
-
/Å

3
 with an RMS deviation of 0.093 e

-
/Å

3
. On the basis of the 

final model, the calculated density was 1.633 g/cm
3
 and F(000), 608 e

-
. 

 

X-Ray Structural Determination of Cp*Ir(Me2SO)(Ph)2 15 

A pale yellow block-like specimen of C24H31IrOS, approximate dimensions 0.122 mm x 

0.256 mm x 0.294 mm, was used for the X-ray crystallographic analysis. The X-ray intensity 

data were measured. The total exposure time was 7.87 hours. The frames were integrated 

with the Bruker SAINT software package using a narrow-frame algorithm. The integration of 

the data using a triclinic unit cell yielded a total of 52898 reflections to a maximum θ angle 

of 34.33° (0.63 Å resolution), of which 8848 were independent (average redundancy 5.979, 
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completeness = 100.0%, Rint = 2.88%, Rsig = 5.54%) and 8455 (95.56%) were greater than 

2σ(F
2
). The final cell constants of a = 8.5113(4) Å, b = 8.6231(4) Å, c = 15.1870(7) Å, α = 

105.5950(18)°, β = 99.6670(17)°, γ = 90.6800(18)°, volume = 1056.44(9) Å
3
, are based upon 

the refinement of the XYZ-centroids of 399 reflections above 20 σ(I) with 5.611° < 2θ < 

67.14°. Data were corrected for absorption effects using the multi-scan method (SADABS). 

The ratio of minimum to maximum apparent transmission was 0.651. The calculated 

minimum and maximum transmission coefficients (based on crystal size) are 0.2540 and 

0.5080.  

The structure was solved and refined using the Bruker SHELXTL Software Package, using 

the space group P -1, with Z = 2 for the formula unit, C24H31IrOS. The final anisotropic full-

matrix least-squares refinement on F
2
 with 251 variables converged at R1 = 1.50%, for the 

observed data and wR2 = 3.42% for all data. The goodness-of-fit was 1.033. The largest peak 

in the final difference electron density synthesis was 1.077 e
-
/Å

3
 and the largest hole was -

0.737 e
-
/Å

3
 with an RMS deviation of 0.099 e

-
/Å

3
. On the basis of the final model, the 

calculated density was 1.760 g/cm
3
 and F(000), 552 e

-
. 

Computational  

Structure Optimizations  

Crystal structures of complexes 3, 14 and 15 were used as references to determine the 

most appropriate model chemistry for calculation of structures of intermediates and transition 

states along the reaction pathway. A variety of DFT functionals (BP86
46-48

, BPW91
49,50

, 
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B3LYP
48,51,52

, B3PW91
53-55

, M06L
56

 and M06
57

), basis sets for C, H, O and S (6-31G*
58,59

, 

6-311G*
60

, 6-31+G*
58,60-63

), and basis sets for Ir (SDD
64

, SDD+f
65

) were explored. The use 

of Grimme’s dispersion correction with and without the Becke and Johnson damping (GD3
66

 

and GD3BJ
67

) was also tested.  

The BPW91+D3/6-31G* (C, H, O and S), SDD+f (Ir) model chemistry was 

determined to be the most appropriate for structure optimizations using ultrafine grid in 

vacuum. Transition states were optimized by means of Berny optimization
68

 to a first order 

saddle point. Gaussian09, Revision D.01
69

 was employed in all electronic structure 

calculations.   

Immediate coordination environment around the central metal is more important for 

the reactivity of the complex than the periphery. Therefore, lower error in RMSE (vs. RMSD) 

is given more importance for determining the most appropriate functional for estimating 

structure.  

Free Energy Calculations 

The model chemistry for free energy calculations was decided by comparison of the 

calculated free energy of activation, G
‡

, for the lowest energy pathway to the experimental 

G
‡ 

(26.7 ± 2 kcal/mol).
70

 

The B3PW91 functional was used for all the free energy calculations. Use of 

polarizable continuum model
71-73

 (PCM for benzene) and influence of the basis set choice for 

C, H, O, S on the calculated G
‡
 were explored. The 6-31G(d,p),

58,59
 6-311G(d,p),

60
 6-

311++G(d,p),
61,74

 6-311+G(2df,p),
60,61,63,75

 6-311++G(2d,2p),
60,61,76

 and  6-

311++G(3df,2pd)
60,61,63,75

 basis sets were employed in the calculations.  
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Finally, the free energies (G) were obtained by single point calculations on the 

previously optimized structures using the B3PW91-D3 functional, SDD+f basis set for Ir and 

6-311++G(d,p) basis set for all other atoms. The PCM (benzene) was used to account for 

solvent effects. Thermal data were obtained at 298.15 K and 1 atmosphere using unscaled 

vibrational frequencies from the fully optimized structures.   
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CHAPTER 5 

 

 

REDUCTIVE ELIMINATION FROM Cp*Ir(L)(Ph)2 COMPLEXES TO 

FORM BIPHENYL 
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5.1 Abstract 

Heating Cp*Ir(Me2SO)(Ph)2 15 under nitrogen was found to be relatively inert toward 

biphenyl formation even up to 100 °C. However when X was heated at 100 °C in air, 

biphenyl formation was observed. The use of deuterated benzene as the solvent gave 

identical results as benzene, confirming the biphenyl was originating from the iridium 

complex itself. The importance of the ancillary ligand was examined and Cp*Ir(CO)(Ph)2 and 

Cp*Ir(NHC)(Ph)2 were synthesized to examine this. With a strongly binding ligands like CO 

and NHC, little biphenyl was observed indicating the need for a vacant coordination site to 

facilitate elimination. Kinetic studies revealed a first order dependence on 15 and a fractional 

order dependence on oxygen in biphenyl formation with a free energy of activation of 26.2 

(2.6) kcal/mol. AgTFA was also an effective oxidant that not only produced biphenyl in high 

yields, but quantitatively regenerated an Ir(III) carboxylate complex. Experiments starting 

from Cp*Ir(Me2SO)(OAc)2 also resulted in stoichiometric biphenyl formation which can lead 

to the development of catalytic biphenyl formation.      

 

5.2 Introduction 

The coupling of aryls to biaryls has a number of relevant industrial applications like 

the production of heat transfer fluids
1
, high performance polymers

2,3
, and additional uses in 

the pharmaceutical, agrochemical, and fine chemical industries.
4-6

 Current industrial 

processes for biphenyl production involves free radical formation by pyrolysis of benzene at 

high temperatures (>700 °C) which often gives an isomeric product distribution with low 

selectivity.
7,8

 The expansion of this work to include the use of homogeneous complexes is 
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desirable to increase the reaction yield and selectivity as well as to examine key mechanistic 

details of the C-H activation, metal complex oxidation, and C-C bond formation steps.  

An example of oxidative homocoupling of benzene to form biphenyl with 

homogeneous complexes was first reported in literature by van Helden and Verberg with 

stoichiometric PdCl2 and NaOAc in acetic acid solvent.
9
 Although examples using 

Au(III)
10,11

, Ce(IV)
12

 and Rh(I)
13

 complexes have been reported, most catalytic 

homocoupling reactions of arenes in the literature have been developed with palladium 

catalysts.
14-17

 Significantly, many of these examples have used O2 as the oxidant, which is 

both cost effective and limits the production of wasteful byproducts.
18-23

 A catalytic Pd 

system utilizing O2 as the oxidant gave TONs of 13 and 89% yield of biphenyl with Zr, Mn, 

and Co co-catalysts.
23

 Recent work by the Stahl group showed the Pd catalyzed 

homocoupling of o-xylene with TONs of 80 and high chemo- and regioselectivity but yields 

of only 8%.
19,24

    

Although the homocoupling of benzene to biphenyl has been established with other 

metals, limited work has been done with iridium, which is known to be effective at C-H 

activation and C-C bond forming reactions. Only a few examples of stoichiometric biphenyl 

formation from iridium diphenyl complexes have been reported the literature.
25,26

 To date, no 

catalytic reactions with iridium for biphenyl formation from unactivated benzene have been 

reported. In this work, we will establish the ideal conditions to stoichiometrically produce 

biphenyl from iridium diphenyl complexes and investigate the applicability of Cp*Ir 

complexes as catalysts for biphenyl formation from benzene.  
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5.3 Results and Discussion 

5.3.1 Reductive Elimination of Biphenyl From 15 In Air 

Complex 15 was examined for its ability to reductively eliminate biphenyl. When 15 

was headed in nitrogen to 60, 80 or 100 °C in benzene in the absence of an oxidant, little 

biphenyl formation was observed (Table 5.1). At 60 °C, 15 remained essentially unreacted, 

but higher temperatures led to minimal decomposition in a pathway that did not lead to 

biphenyl formation (Entries 1-3). When the same reactions were performed in air rather than 

nitrogen, vastly different results were observed. At 60 °C, biphenyl was produced in 28 % 

yield and only 40 % of 15 remained (Entry 4). No iridium complex was observed at the end 

of the reaction other than unreacted 15. With biphenyl formation accounting for only 28% of 

the 60% of 15 that had been consumed, an additional decomposition pathway must exist that 

was also consuming 15. Increasing the temperature of the reaction led to slightly higher 

yields of biphenyl but significantly less 15 at the end of the reaction (Entries 5-6). This 

indicated that the decomposition of 15 in a non-favorable pathway increased at higher 

temperatures with only a marginal increase in biphenyl yield.       
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Table 5.1. Reductive elimination of biphenyl by complex 15. 

 

Entry
 a

 atm Temp (°C) 15 (%) 24 (%) 

1 N2 60 100 (3) 7 (3) 

2 N2 80 83 (2) 7 (1) 

3 N2 100 84 (1) 4 (1) 

4 Air 60 40 (5) 28 (1) 

5 Air 80 37 (1) 33 (1) 

6 Air 100 17 (4) 38 (1) 

a  
15 (10 mg 0.0178 mmol) was added under N2 or air to a 3 mL storage tube with 1 mL of 

benzene and stirred for 24 h at 60, 80 or 100 °C. Yields are the average of at least three trials 

and were obtained by 
1
H NMR spectroscopy with an internal standard. Error is reported as 

the standard deviation of the mean.  

 

In order to confirm that biphenyl formation in the reactions of Table 5.1 was the 

result of the elimination of the phenyl ligands in 15 and not from the coupling of benzene 

solvent molecules, similar reactions were performed using deuterated benzene as the solvent 

(Table 5.2). Identical results in C6D6 were obtained indicating biphenyl was formed directly 

from the phenyl ligands in 15.  
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Table 5.2. Elimination of biphenyl by 15 with deuterated benzene. 

 

Entry
 a

 Solvent 15 (%) 24 (%) 

1 benzene 40 (5) 28 (1) 

2 benzene-d6 46 (7) 26 (3) 

a  
15 (10 mg 0.0178 mmol) was added to a 3 mL storage tube with 1 mL of benzene or 

benzene-d6 and stirred for 24 h at 60, 80 or 100 °C. Yields are the average of at least three 

trials and were obtained by 
1
H NMR spectroscopy with an internal standard. Error is reported 

as the standard deviation of the mean.  

 

The effect of the concentration of 15 in solution was also monitored for the formation 

of biphenyl (Table 5.3). It was observed that increasing the concentration of 15 resulted in 

lower yields of biphenyl, and a lower rate for the decomposition of 15.  
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Table 5.3. Reductive elimination of biphenyl with various concentrations of 15. 

 
Entry

 a
 Concentration 15 (%) 24 (%) 

1 8.9 mM 40 (2) 36 (2) 

2 17.8 mM 40 (5) 28 (1) 

3 35.6 mM 64 (5) 18 (1) 

a  
15 (5, 10 or 20 mg 0.0089 mmol, 0.0178 mmol or 0.0356 mmol) was added to a 3 mL 

storage tube with 1 mL of benzene and stirred for 24 h at 60 °C. Yields are the average of at 

least three trials and were obtained by 
1
H NMR spectroscopy with an internal standard. Error 

is reported as the standard deviation of the mean.  

 

 

5.3.2 Effect of the Ancillary Ligand on the Reductive Elimination of Biphenyl From 

Cp*Ir(L)(Ph)2  

In order to study the effect of the identity of the ancillary ligand ―L‖ on the biphenyl 

coupling reaction, two additional complexes were synthesized. Although the known complex 

Cp*Ir(CO)(Ph)2 25 had previously been reported, it was only obtained as a reaction 

byproduct and required separation from 2-4 other complexes with yields of 11-18 %.
26

 A 

new synthesis was developed where Cp*Ir(CO)(Cl)2 was treated with 1.2 equiv of diphenyl 

zinc to give 25 as the only product in 60% yield (Scheme 5.1).   
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Scheme 5.1. Formation of 25 with diphenyl zinc.  

 

The new complex Cp*IrNHC(Ph)2 26 was also synthesized by the reaction of 

Cp*IrNHC(Cl)2 with 8 equiv of 2.8 M PhMgBr in dichloromethane to give 26 in 83 % yield 

(Scheme 5.2). Characteristic phenyl signals of 26 were observed by 
1
H NMR spectroscopy at 

6.96 ppm and 6.58-6.71 ppm. The NHC signals resonated at 7.02 ppm and 3.49 ppm and the 

Cp* signal was found at 1.69 ppm.  

 

Scheme 5.2. Formation of 26 with phenyl magnesium bromide. 

 

Complexes 25 and 26 were then compared to 15 to examine the effect of the ancillary 

ligand on biphenyl elimination (Table 5.4). When DMSO was replaced with the more 

strongly binding NHC ligand, only 7% biphenyl was formed and most of 26 remained 
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unreacted. The strongly binding CO had an even more dramatic effect as biphenyl formation 

was completely inhibited and 25 remained unreacted. These results would indicate that a 

labile ligand like DMSO is required to facilitate reductive elimination. 

 

Table 5.4. Reductive elimination of biphenyl from 15, 25 or 26. 

 

Entry
 a

 L 15, 25, or 26 (%) 24 (%) 

1 DMSO 40 (5) 28 (1) 

2 NHC 90 (3) 7 (2) 

3 CO 103 (5) ND
 b
 

a  
The iridium complex (0.0178 mmol) was added to a 3 mL storage tube with 1 mL of 

benzene and stirred for 24 h at 60 °C. Yields are the average of at least three trials and were 

obtained by 
1
H NMR spectroscopy with an internal standard. Error is reported as the standard 

deviation of the mean. 
b
 Not detected.  

 

The importance of an open coordination site for biphenyl elimination was further 

confirmed by examining the addition of DMSO to 15 at 60 °C (Table 5.5). When 5 and 10 

equiv of DMSO were added to the reaction, biphenyl production was significantly inhibited 

and most of 15 remained unreacted at the end of the reaction (Entries 2-3). The added DMSO 
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would presumably bind to iridium to generate a saturated 18-electron complex, thus 

inhibiting biphenyl formation.  

 

Table 5.5. Elimination of biphenyl from 15 with added DMSO. 

 

Entry
 a

 DMSO 15 (%) 24 (%) 

1 0 40 (5) 28 (1) 

2 5 96 3 

3 10 98 (1) 2 (1) 

a  
15 (10 mg 0.0178 mmol) was added to a 3 mL storage tube with X equivalents DMSO and 

1 mL of benzene and stirred for 24 h at 60 °C. Yields are the average of at least three trials 

and were obtained by 
1
H NMR spectroscopy with an internal standard. Error is reported as 

the standard deviation of the mean.  

 

5.3.3 Kinetic Studies Examining Biphenyl Formation In Air 

A dependence on solvent was also observed in the formation of biphenyl from 15 

(Table 5.6). With less polar solvents like hexanes and benzene, biphenyl was observed in 

marginal yields and a significant amount of 15 remained unreacted at the end of the reaction 

(Entries 1-2). More polar solvents including 1,2-dichlorethane, acetonitrile and methanol 
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gave biphenyl yields around 50 % (Entries 3-5). With more polar solvents, most if not all of 

15 was also consumed over the course of the reaction. The diminished reactivity of 15 in less 

polar solvents cannot be explained by decreased solubility, as 15 is very soluble in benzene 

and soluble in hexanes when heated.  

 

Table 5.6. Elimination of biphenyl from 15 in various solvents. 

 

Entry
 a

 Solvent Polarity 15 (%) 24 (%) 

1 hexanes 0.01 77 (5) 11 (1) 

2 benzene 0.11 40 (5) 28 (1) 

3 1,2-dichloroethane 0.33 ND
b
 48 (3) 

4 acetonitrile 0.46 9 (3) 53 (4) 

5 methanol 0.76 ND 49 (2) 

a  
15 (10 mg 0.0178 mmol) was added to a 3 mL storage tube with 1 mL of solvent and stirred 

for 24 h at 60 °C. Yields are the average of at least three trials and were obtained by 
1
H NMR 

spectroscopy with an internal standard. Error is reported as the standard deviation of the 

mean. 
b
 Not detected.  
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 To elucidate the mechanism of biphenyl formation, various kinetic studies were 

conducted. Initially, the observed rate constant of biphenyl formation and consumption of 15 

in different solvents was examined (Figure 5.1-5.2). The observed rate constant for the 

consumption of 15 in benzene (kobs = 0.35 (0.14) x 10
-4 

s
-1

) was found to be significantly 

slower than in acetonitrile (kobs = 2.29 (0.53) x 10
-4 

s
-1

). Additionally, the observed rate 

constant for biphenyl formation was also shown to be slower in benzene (kobs = 0.52 (0.22) x 

10
-4 

s
-1

) than in acetonitrile (kobs = 3.54 (0.50) x 10
-4 

s
-1

). These results correspond well to 

what was shown previously where more polar solvents resulted in a greater yield of biphenyl 

with less 15 remaining in solution.   

 

Figure 5.1 Plot of concentration of 15 and biphenyl vs time in benzene. Results were 

monitored over 24 hours with 17.8 mM Cp*Ir(DMSO)(Ph)2 and 1 mL benzene at 60°C. 

Results were obtained by 
1
H NMR analysis of the crude reaction mixture using mesitylene as 

an internal standard. 
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Figure 5.2 Plot of concentration of 15 and biphenyl vs time in acetonitrile. Results were 

monitored over 24 hours with 17.8 mM Cp*Ir(DMSO)(Ph)2 and 1 mL acetonitrile at 60°C. 

Results were obtained by 
1
H NMR analysis of the crude reaction mixture using mesitylene as 

an internal standard. 

 

To determine the energy barrier for biphenyl elimination, a plot examining biphenyl 

formation from 15 at various temperatures was constructed (Figure 5.3). This plot contains 

data at 60, 70, 80, 90 and 100 °C and shows the yield and observed rate constant of biphenyl 

increases with increasing temperature.  
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Figure 5.3 Plot of concentration of biphenyl vs time at different temperatures. Results were 

monitored over 24 hours with 17.8 mM Cp*Ir(DMSO)(Ph)2 and 1 mL benzene at 60, 70, 80, 

90 and 100 °C. Results were obtained by 
1
H NMR analysis of the crude reaction mixture 

using mesitylene as an internal standard. 

 

This pseudo-first order rate constants obtained from Figure 5.3 were then used to 

construct an Eyring plot (Figure 5.4). This plot revealed the following parameters at 60 °C: 

ΔH
‡ 

= 8.5 (1.3) kcal/mol, ΔS
‡ 

= -0.053 (0.004) kcal/mol K and ΔG
‡ 

=
 
26.2 (2.6) kcal/mol.  
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Figure 5.4. Eyring plot of ln(kobs/T) vs 1/T. Observed rates were determined over 24 hours 

with 17.8 mM Cp*Ir(DMSO)(Ph)2 and 1 mL benzene at 60, 70, 80, 90 and 100 °C. Results 

were obtained by 
1
H NMR analysis of the crude reaction mixture using mesitylene as an 

internal standard. 

 

 

5.3.4 Reductive Elimination of Biphenyl from 15 In Oxygen 

The formation of biphenyl from 15 under nitrogen and air gave drastically different 

results. While under nitrogen negligible biphenyl was observed and 15 remained essentially 

unreacted. The reaction under air gave 28 % yield of biphenyl and only 40 % of 15 remained 

in solution. This change under air would indicate the presence of oxygen was significantly 

affecting the reaction. The elimination of biphenyl was monitored when the reaction was 

pressurized with various atmospheres of oxygen (Table 5.7). Compared to in air, pressurizing 

the reaction with 10 psi O2 gave an increase in biphenyl yield of 58% (Entries 1-2). 

Increasing the reaction pressure to 40 psi increased the yield to 73% (Entry 3). In both of 

these cases, minimal 15 remained at the end of the reaction.  
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Table 5.7. Reductive elimination of biphenyl from 15 in O2 atmosphere. 

 

Entry
 a

 O2 (psi) 15 (%) 24 (%) 

1 air 40 (5) 28 (1) 

2 10 9 (3) 58 (2) 

3 40 3 (1) 73 (3) 

a 
15 (10 mg 0.0178 mmol) was added to a 3 mL storage tube with 1 mL of solvent. The 

reaction was pressurized with X psi O2 and stirred for 24 h at 60 °C. Yields are the average of 

at least three trials and were obtained by 
1
H NMR spectroscopy with an internal standard. 

Error is reported as the standard deviation of the mean.  

  

With oxygen being shown to facilitate biphenyl elimination which is not observed to 

a significant extent without an oxidant, we envisioned a mechanism where oxygen oxidized 

the Ir(III) complex 15 to an Ir(V) intermediate (Scheme 5.3). This Ir(V) intermediate would 

then reductively eliminate biphenyl and form an Ir(III) complex. This complex, lacking 

adequate ligands to stabilize it, would then decompose which would explain the absence of 

an iridium complex at the end of the reaction. Precedence for the oxidation of an Ir(III) 

phenyl complex by molecular oxygen to form an Ir(V) species which then reductively 

eliminated the phenyl ligand as benzene has been reported by Goldberg et al.
27
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Scheme 5.3. Proposed Mechanism of Biphenyl Formation from 15.  

 

 

According to Scheme 5.3, an Ir(III) species should be present after biphenyl 

formation which then decomposes. This decomposition was likely due to the lack of 

stabilizing ligands present in solution at the end of the reaction. Even dimethyl sulfoxide 

which could theoretically rebind to an Ir(III) species was unavailable as no free DMSO was 

observed at the end of the reaction having been oxidized to dimethyl sulfone. The addition of 

various additives to the reaction in Table 5.7 was examined in order to determine if any of 

these additives could stabilize an Ir(III) complex after biphenyl formation. The addition of 10 

psi CO or 5 equiv PPh3 to a reaction of  15 in air at 60 °C for 24 h only resulted in the 

quantitative replacement of DMSO in 15 by the stronger binding CO and PPh3 and no 

biphenyl formation. The reactions of 15 at 60 °C for 24 h under 10 psi O2 with NaOAc or 

NaTFA as additives at both 5 and 50 equiv resulted in yields similar to the reactions without 

the additive and continued to show no observed iridium complex at the end of the reaction.  
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5.3.5 Kinetic Studies Examining Biphenyl Formation In Oxygen 

With evidence that oxygen was interacting with 15, additional kinetic experiments 

were performed to further elucidate the mechanism. A time profile plot for biphenyl 

formation monitored over 24 h was constructed for the reaction in air and in O2 (40 psi) 

(Figure 5.5). However, little difference was found in the observed rate constant between the 

different conditions. The reaction in air showed an observed rate constant of 0.52 (0.22) x 10
-

4 
s

-1 
while the reaction in O2 (40 psi) gave an observed rate constant of 0.39 (0.15) x 10

-4 
s

-1
. 

An explanation for this could be the relatively fast consumption of the oxygen in the reaction 

in air which inhibits further product conversion.  

 

Figure 5.5. Plot of concentration of biphenyl vs time in air or oxygen atmosphere. Results 

were monitored over 24 hours with 17.8 mM Cp*Ir(DMSO)(Ph)2 and 1 mL benzene at 60 °C 

under either air or 40 psi O2. Results were obtained by 
1
H NMR analysis of the crude 

reaction mixture using mesitylene as an internal standard. 
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Because of the difficulty of retaining oxygen pressure at higher psi over long periods 

of time, the dependence of iridium and oxygen on the biphenyl elimination reaction was 

examined by the method of initial rates. The dependence of iridium on the reaction in oxygen 

was first monitored at 9, 13 and 18 mM concentrations at 10 psi O2 at 60 °C over the course 

of an hour (Figure 5.6). Increasing reaction rates were observed as the oxygen concentration 

increased giving 3.54 (0.93) x 10
-7 

M/s, 5.64 (1.51) x 10
-7 

M/s and 7.38 (1.76) x 10
-7 

M/s 

respectively. 

 

Figure 5.6. Plot of concentration of biphenyl vs time at various iridium concentrations. 

Results were monitored over 1 hour with 9, 13 and 18 mM Cp*Ir(DMSO)(Ph)2 and 10 psi O2 

in 1 mL benzene at 60 °C. Results were obtained by 
1
H NMR analysis of the crude reaction 

mixture using mesitylene as an internal standard. 

 

 

The initial rate values determined in Figure 5.6 were then used in a log-log plot to 

determine the dependence of iridium in the reaction under oxygen (Figure 5.7). The log of 

the initial rates of biphenyl formation at various concentrations was plotted against the log of 
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iridium concentration to give a line with a slope of 1.07 indicating a first order dependence 

on iridium in the reaction.  

 

Figure 5.7. Plot of log(initial rate) vs log([Ir]). Initial rates were determined over 1 hour with 

9, 13 and 18 mM Cp*Ir(DMSO)(Ph)2 and 10 psi O2 in 1 mL benzene at 60 °C. Results were 

obtained by 
1
H NMR analysis of the crude reaction mixture using mesitylene as an internal 

standard. 

 

The reaction dependence on oxygen was also investigated by first monitoring 

biphenyl formation over 1 h under 5, 10, 25 and 40 psi oxygen (Figure 5.8). The results 

revealed increasing rates as the oxygen concentration was increased. The initial rates from 5-

40 psi O2 were 6.26 (2.25) x 10
-7 

M/s, 7.38 (1.76) x 10
-7 

M/s, 9.06 (2.45) x 10
-7 

M/s and 9.90 

(2.39) x 10
-7 

M/s respectively. Plotting the log of the initial rate values from Figure 5.9 versus 

the log of oxygen pressure gave a line with a slope of 0.22. This would indicate a fractional 

dependence on oxygen in the reaction. 
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Figure 5.8. Plot of concentration of biphenyl vs time at various oxygen pressures. Results 

were monitored over 1 hour with 17.8 mM Cp*Ir(DMSO)(Ph)2 and 5, 10, 25 and 40 psi O2 in 

1 mL benzene at 60 °C. Results were obtained by 
1
H NMR analysis of the crude reaction 

mixture using mesitylene as an internal standard. 

 

 

Figure 5.9. Plot of log (initial rate) vs log (O2). Initial rates were determined over 1 hour 

with 17.8 mM Cp*Ir(DMSO)(Ph)2 and 5, 10, 25 and 40 psi O2 in 1 mL benzene at 60 °C. 

Results were obtained by 
1
H NMR analysis of the crude reaction mixture using mesitylene as 

an internal standard. 
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The formation of biphenyl from 15 was found to be first order in iridium and 

fractional order in oxygen. It was also revealed that the reaction was inhibited by replacing 

DMSO with a stronger coordinating ligand as by as with adding additional equiv of DMSO 

to the reaction. This would indicate the requirement of opening a coordination site for 

biphenyl formation. This open coordination site would likely be occupied by oxygen which 

would oxidize the metal to Ir(V) and then lead to biphenyl formation as observed in Scheme 

5.3. Combining the rate information with our proposed mechanism resulted in equation 1 

shown below.  

 (1) 

Solving equation 1 to propose a rate equation results in equation 2 using a pre-

equilibrium approximation. This equation agrees with the experimental results as it is first 

order in iridium, fractional order in oxygen, and inhibited by DMSO or a more strongly 

binding ligand. Solving equation 1 by a steady-state approximation resulted in an equation 

where oxygen was first order which was not in agreement with the kinetic data.   

               

(2)    
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5.3.6 Reductive Elimination of Biphenyl From 15 Using Other Oxidants 

Having shown oxygen could be used as an oxidant in the formation of biphenyl from 

15, other possible oxidants were also investigated (Table 5.8). Compared to oxygen, nitrous 

oxide proved to be a less effective oxidant in producing biphenyl and most of 15 remained 

unreacted at the end of the reaction (Entries 2-3). tert-Butyl hydroperoxide and iodobenzene 

diacetate were both marginally effective oxidants giving yields of 34 % and 39 % of biphenyl 

effectively (Entries 4-5). A number of potassium oxidants as well as ceric ammonium nitrate 

(CAN) were also examined, but did not give significant amounts of biphenyl (Entries 6-10). 
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Table 5.8. Elimination of biphenyl from 15 with different oxidants. 

 

Entry
 a

 Oxidant 15 (%) 24 (%) 

1 - 100 (3) 7 (3) 

2 O2 5 (1) 57 (5) 

3 N2O 75 (2) 12 (1) 

4 
t
BuOOH 26 (1) 34 (2) 

5 PhIOAc2 ND
 b
 39 

6 KMnO4 55 18 

7 K2S2O8 78 10 

8 K2CrO4 93 10 

9 K2Cr2O7 83 8 

10 CAN ND 1 

a  
15 (10 mg 0.0178 mmol) and oxidant (~0.089 mmol or 10 psi gas) were added under N2 to 

a 3 mL storage tube with 1 mL of benzene and stirred for 24 h at 60 °C. Yields are the 

average of at least three trials and were obtained by 
1
H NMR spectroscopy with an internal 

standard. Error is reported as the standard deviation of the mean. 
b
 Not detected.   
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Additionally silver and copper oxidants were screened for the reaction (Table 5.9). 

Silver salts have previously been shown in our lab to be effective in releasing organic 

products and regenerating stable Ir(III) complexes.
28

 Neither copper nor silver acetate were 

effective oxidants in biphenyl formation (Entries 1-2). Interestingly, while most of 15 

remained unreacted with silver acetate, a significant amount of Cp*Ir(Me2SO)(Ph)(OAc) 14 

formed with copper acetate. Silver carbonate gave similar results to copper acetate, but in this 

case Cp*Ir(Me2SO)(Ph)(X) formed with X likely being a bicarbonate ligand (Entry 3). Silver 

pivalate and silver nitrate were slightly more effective oxidants producing biphenyl in 25 % 

and 34 % respectively (Entries 4-5). Silver triflate gave biphenyl in 60 % yield, but with no 

observed iridium complex remaining in the reaction (Entry 6). The most effective oxidant for 

the reaction proved to be silver trifluoroacetate which not only gave a biphenyl yield of 82 % 

but stabilized almost all of the iridium product in the reaction by forming 

Cp*Ir(Me2SO)(TFA)2 22 in 92 % yield (Entry 7). 
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Table 5.9. Elimination of biphenyl from 15 with silver and copper oxidants. 

 

Entry
 a

 Oxidant Ir(X)2 (%) Ir(Ph)(X) (%) 15 (%) 24 (%) 

1 AgOAc ND 
b
 18 (2) 71 (3) 13 (2) 

2 CuOAc2·H2O ND 56 28 ND 

3 Ag2CO3 ND 55 24 7 

4 AgPiv ND 57 (3) 17 (2) 25 (5) 

5 AgNO3 ND ND 52 34 

6 AgOTf ND ND ND 60 

7 AgTFA 92 (3) ND ND 82 (2) 

a  
15 (10 mg 0.0178 mmol) and oxidant (0.089 mmol) were added under N2 to a 3 mL storage 

tube with 1 mL of benzene and stirred for 24 h at 60 °C. Yields are the average of at least 

three trials and were obtained by 
1
H NMR spectroscopy with an internal standard. Error is 

reported as the standard deviation of the mean. 
b
 Not detected.   

 

With the promising result from AgTFA as an oxidant, further reactions were 

performed to optimize the reaction (Table 5.10). Adding additional oxidant to the reaction in 

the form of air and oxygen resulted in similar biphenyl yields as with AgTFA in nitrogen, but 

Cp*Ir(Me2SO)(TFA)2 22 formation decreased in the presence of oxygen (Entries 1-3). 

Increasing the reaction temperature from 60 °C to 100 °C gave only a slight decrease in 
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biphenyl yield, but decreased the amount of 22 formed at the end of the reaction (Entry 4). 

Increasing the amount of AgTFA from 5 equivalents to 10 equivalents gave a slightly 

increased biphenyl yield of 88 % and essentially quantitative formation of 22 (Entry 5). 

 

Table 5.10. Elimination of biphenyl from 15 with AgTFA as an oxidant. 

 

Entry
 a

 Equiv TFA atm Temp (°C) 22 (%) 24 (%) 

1 5 N2 60 92 (3) 82 (2) 

2 5 Air 60 79 84 

3 5 O2 60 66 81 

4 5 N2 100 57 76 

5 10 N2 60 107 (5) 88 (2) 

a  
15 (10 mg 0.0178 mmol) and AgTFA (0.089 or 0.178 mmol) were added under N2 or air or 

pressurized with 10 psi O2 to a 3 mL storage tube with 1 mL of benzene and stirred for 24 h 

at 60 or 100 °C. Yields are the average of at least three trials and were obtained by 
1
H NMR 

spectroscopy with an internal standard. Error is reported as the standard deviation of the 

mean.  

 

Although regeneration of an Ir(III) complex after biphenyl reductive elimination was 

an encouraging step for developing a future catalytic cycle, 22 was not an ideal complex for 
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further reactivity. As shown previously, electron withdrawing carboxylate ligands like 

trifluoroacetate were not capable of activating benzene. With this information, we examined 

ligand exchange reactions to determine if trifluoroacetate ligands could be exchanged with an 

electron donating carboxylate like acetate which was shown to be effective in C-H activation 

(Table 5.11). When 5 equiv of NaOAc were added to the reaction, similar yields of biphenyl 

were observed as when only AgTFA was used (Entry 1). Unlike the reaction with AgTFA 

alone, Cp*Ir(Me2SO)(Ph)(X) 27 was formed along with 3 where X was likely 

trifluoroacetate. This would indicate the trifluoroacetate ligands in Cp*Ir(Me2SO)(TFA)2 22 

which forms upon reductive elimination were then replaced by acetate ligands. These acetate 

ligands were then able to facilitate the C-H activation of benzene to make 

Cp*Ir(Me2SO)(Ph)(OAc) 14 which then had its acetate ligand replaced by trifluoroacetate. In 

Entry 2 the use of 10 equiv of NaOAc gave similar results to Entry 1 but 

Cp*Ir(Me2SO)(OAc)2  was found instead of Cp*Ir(Me2SO)(TFA)2 giving further evidence of 

ligand exchange. Similar reactivity was observed using excess NaOAc where 

Cp*Ir(Me2SO)(Ph)(OAc) 14 formed in higher yields and the excess acetate in solution 

prevented trifluoroacetate from rebinding (Entries 3-4). In these cases, 15 was also observed 

indicating reaction inhibition by excess NaOAc which corresponded to lower biphenyl 

yields. 
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Table 5.11. Elimination of biphenyl from 15 with AgTFA and NaOAc. 

 

Entry
 a

 Equiv NaOAc 14 or 27 (%)
c
 3 (%) 15 (%) 24 (%) 

1 5 35 (2) 41 (2)
d
 ND 

b
 79 (7) 

2 10 38 (3) 36 (2) ND 
b
 89 (9) 

3 50 64 (4) 20 (9) 8 (1) 62 (12) 

4 100 51 (1) 16 (7) 20 (1) 48 (11) 

a 
15 (10 mg 0.0178 mmol),  AgTFA (0.089 mmol) and NaOAc (0.089 – 1.78 mmol) were 

added under N2 with 1 mL of benzene and stirred for 24 h at 60 °C. Yields are the average of 

at least three trials and were obtained by 
1
H NMR spectroscopy with an internal standard. 

Error is reported as the standard deviation of the mean. 
b
 Not detected. 

c
 With 5-10 equiv 

NaOAc, X is likely TFA. With 50-100 equiv NaOAc, X is OAc. 
d 

 Complex 22 formed 

instead of 3.  

 

The evidence suggests that acetate ligands replaces trifluoroacetate ligands to form 

Cp*Ir(Me2SO)(OAc)2 which would regenerate our most active catalyst available for 

stoichiometric benzene activation. We now propose the following catalytic cycle in which all 

of the steps have been experimentally observed in stoichiometric reactions (Scheme 5.4). 

Starting from Cp*Ir(Me2SO)(OAc)2, heating in neat benzene with a base results in the 

formation of the iridium phenyl complex Cp*Ir(Me2SO)(Ph)(X). This complex can then 

undergo activation of a second equivalent of benzene to form the diphenyl complex 
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Cp*Ir(Me2SO)(Ph)2. Heating in the presence of AgTFA results in the formation of biphenyl 

and Cp*Ir(Me2SO)(TFA)2 which with excess NaOAc added to the reaction will exchange 

ligands to form Cp*Ir(Me2SO)(OAc)2 which can restart the catalytic cycle.  

 

Scheme 5.4. Proposed Catalytic Cycle of Biphenyl Formation with 15 and AgTFA. 

 

 

5.3.7 Stoichiometric Biphenyl Formation From 3 

Having shown the viability of a catalytic cycle based on stoichiometric reactions from 

X, further experiments were conducted to stoichiometrically produce biphenyl starting from 

Cp*Ir(Me2SO)(OAc)2 rather than 15 (Table 5.12). At 100 °C in air for 24 h, biphenyl was 

formed in 18% yield with some 14 and 15 (Entry 1). Increasing the reaction time to 48 hours 
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gave a slightly increased biphenyl yield of 20% (Entry 2). The highest yield of biphenyl was 

found with O2 as the oxidant which gave 31% yield. However, no iridium complex was 

observed at the end of the reaction (Entry 3). In an effort to reform iridium complexes after 

biphenyl elimination, sodium acetate was added. Similar yields of biphenyl were found but a 

significant increase in stable iridium complexes were not observed (Entries 4-6).  

 

Table 5.12. Formation of biphenyl from complex 3.   

 

Entry
 a

 Equiv NaOAc Time (h) Atm 14 (%) 15 (%) 24 (%) 

1 - 24 Air 16 (3) 17 (1) 18 (1) 

2 - 48 Air 23 (1) 12 (1) 20 (1) 

3 - 24 O2 ND
 b
 ND 31 (3) 

4 5 24 Air 38 15 25 

5 10 24 Air 33 22 27 

6 5 24 O2 0 0 29 

a 
3 (10 mg 0.0178 mmol),  KHCO3 (8.9 mg 0.089 mmol) and NaOAc (0.089 – 0.178 mmol) 

were added under air or O2 with 1 mL of benzene and stirred for 24 or 48 h at 100 °C. Yields 

are the average of at least three trials and were obtained by 
1
H NMR spectroscopy with an 

internal standard. Error is reported as the standard deviation of the mean. 
b
 Not detected.  
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Having shown that biphenyl can be stoichiometrically produced from both 15 and 3, 

further experiments will focus on catalytic biphenyl formation. Oxygen and AgTFA have 

been shown to be effective oxidants for biphenyl formation. With these oxidants as well as 

other silver salts, biphenyl formation will be investigated at higher temperatures and longer 

times with more base added to achieve catalysis.      

 

5.4 Conclusions 

Although 15 was found to be relatively stable in the absence of an oxidant, the 

reaction under air and oxygen resulted in significant biphenyl formation along with 

decomposition of any Cp*Ir complexes. Cp*Ir(CO)(Ph)2 and Cp*Ir(NHC)(Ph)2 were both 

synthesized to examine the effect of a strongly binding ligand on the reaction. Biphenyl 

formation was limited with both of these complexes as well as with the addition of DMSO to 

the reaction with 15. This would indicate the lack of an open coordination site inhibits 

reactivity which would suggest O2 binds to iridium in the reaction. Kinetic studies revealed a 

first order dependence on 15 and a fractional order on oxygen in biphenyl formation. This 

data is consistent with a rate law solved with a prior-equilibrium approximation. A free 

energy of activation of 26.2 (2.6) kcal/mol was found for the reaction which is reasonable 

based on the time of the reaction. A number of other oxidants were examined and AgTFA 

gave the best results. Optimization with AgTFA gave 88% yield of biphenyl and quantitative 

formation of Cp*Ir(Me2SO)(TFA)2. Although Cp*Ir(Me2SO)(TFA)2 was previously found to 

be inert for the C-H activation of benzene, ligand exchange with NaOAc was found to be 

effective in replacing the trifluoroacetate ligands with acetate ligands which facilitated 
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further C-H activation. These results along with continued studies utilizing oxygen can 

ideally lead to a catalytic cycle Cp*Ir(Me2SO)(OAc)2 as the active catalyst for producing 

biphenyl. 

 

5.5 Experimental 

General Considerations. IrCl3·3H2O was purchased from Pressure Chemical Company. 

(Cp*IrCl2)2, Cp*Ir(Me2SO)Cl2 2, Cp*Ir(CO)Cl2, and Cp*Ir(NHC)Cl2 were prepared as 

previously reported. All other reagents were purchased from commercial sources and used as 

received. All reactions were performed under air and using non-dry solvents unless otherwise 

noted. 
1
H, 

13
C, and 

19
F spectra were obtained at room temperature on a Varian Mercury 400 

MHz, a Varian Mercury 300 MHz spectrometer, or a Bruker 500 MHz spectrometer. 

Chemical shifts are listed in parts per million (ppm) and referenced to their residual protons 

or carbons of the deuterated solvents.  Infrared spectra were obtained in KBr thin films on a 

JASCO FT/IR-4100 instrument.   

 

Cp*Ir(CO)(Ph)2 25. In the glove box, Cp*Ir(CO)Cl2 (65.0 mg, 0.15 mmol) was dissolved in 

2 mL dichloromethane in a vial and ZnPh2 (40.0 mg, 0.18 mmol) was was added slowly. 

After 30 min, the solution was removed from the glove box and 5 mL water was added and 

stirred for 5 min. The solution was extracted with dichloromethane and water and then stirred 

in sodium sulfate, filtered, and solvent was removed to give the product (46.8 mg, 60%) as a 

pale yellow solid. 
1
H NMR (CD2Cl2): δ = 7.26 (m, 4H, Ph), 6.90 (m, 6H, Ph), 1.80 (s, 15H, 

Cp*). 
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Cp*Ir(NHC)(Ph)2 26. In the glove box, Cp*Ir(NHC)Cl2 (100.0 mg, 0.20 mmol) was 

dissolved in 7 mL dichloromethane in a vial and PhMgBr 2.8 M in diethyl ether (0.58 mL, 

1.61 mmol) was added drop wise. After 30 min, the solution was removed from the glove 

box and 5 mL water was added and stirred for 5 min. The solution was extracted with 

dichloromethane and water and then stirred in sodium sulfate, filtered, and solvent was 

removed to give the product (96.5 mg, 83%) as a yellow/brown solid. 
1
H NMR (CDCl3): δ = 

7.02 (s, 2H, NHC), 6.96 (d, 4H, Ph), 6.71-6.58 (m, 6H, Ph), 3.49 (s, 6H, CH3), 1.69 (s, 15H, 

Cp*). 
13

C NMR (CDCl3): δ = 160.5 (Cq), 140.8 (CH), 127.4 (Cq), 126.4 (CH), 122.2 (CH), 

119.2 (CH), 93.9 (Cq), 39.6 (CH3), 9.4 (CH3). Anal. calcd for C27H33IrN2: C, 56.13; H, 5.76; 

N, 4.85. Found: C, 58.09; H, 5.92; N, 4.51. Co-crystalized with half an equivalent of 

benzene. 

 

General Procedure for Biphenyl Elimination from 15: Cp*Ir(Me2SO)(Ph)2 (10 mg, 

0.0178 mmol) was added to a 3 mL storage tube under nitrogen or air with 1 mL of solvent 

and was heated for 24 h.  After cooling, solvent was removed and the crude reaction mixture 

was analyzed by 
1
H NMR spectroscopy using mesitylene as an internal standard.  

 

General Procedure for Biphenyl Elimination from 15 under O2: Cp*Ir(Me2SO)(Ph)2 (10 

mg, 0.0178 mmol) was to a 3 mL storage tube with 1 mL of benzene. After 3 freeze-pump-

thaw cycles, the reaction was pressurized with O2. The reaction was then heated behind a 
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blast shield for 24 h.  After cooling, solvent was removed and the crude reaction mixture was 

analyzed by 
1
H NMR spectroscopy using mesitylene as an internal standard.  

 

General Procedure for Biphenyl Elimination from with different oxidants: 

Cp*Ir(Me2SO)(Ph)2 (10 mg, 0.0178 mmol) and oxidant (0.089) were added to a 3 mL storage 

tube under nitrogen with 1 mL of benzene. The reaction was then heated behind a blast shield 

for 24 h.  After cooling, solvent was removed and the crude reaction mixture was analyzed by 

1
H NMR spectroscopy using mesitylene as an internal standard.  

 

General Procedure for Biphenyl Formation from 15: Cp*Ir(Me2SO)(OAc)2 (10 mg, 

0.0178 mmol), KHCO3 (8.9 mg 0.089 mmol) and NaOAc (0.089 – 0.178 mmol) were added 

under air or O2 with 1 mL of benzene and stirred for 24 or 48 h at 100 °C. After cooling, 

solvent was removed and the crude reaction mixture was analyzed by 
1
H NMR spectroscopy 

using mesitylene as an internal standard.  
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CHAPTER 6 

 

 

SYNTHESIS AND REACTIVITY OF Cp*Ir(III) FURAN COMPLEXES 

TOWARD C-C FUNCTIONALIZATION REACTIONS 
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6.1 Abstract 

Cp*Ir(Me2SO)(OAc)2 3 was shown to activate a C-H bond in furan and 2-

methylfuran to form Cp*Ir(Me2SO)(furyl)2 28 and Cp*Ir(Me2SO)(2-methylfuryl)2 29 

respectively. The coupling of furans with alkynes using (Cp*IrCl2)2 as a catalyst was 

investigated, but the reaction was only effective with the alkyne ethyl phenylpropiolate. The 

reductive elimination of bifurans was observed by heating Cp*Ir(Me2SO)(2-methylfuryl)2 in 

the presence of an oxidant, and experiments were attempted to expand this reactivity to 

catalytically couple furans.  

 

6.2 Introduction 

Aromatic heterocycles are important structural components of natural products and 

pharmaceuticals.
1,2

 The catalytic C-H activation of bonds in these aromatic heterocycles can 

lead to many useful reactions such as C-C coupling.
3-6

 Catalytic C-H activation routes would 

also eliminate the need for prefunctionalization of heterocycles. The oxygen containing 

heterocycle furan is a key structural component in many biologically active compounds.
7-10

 

The functionalization of furans using simple and efficient systems with high selectivity is of 

great interest, particularly pertaining to C-C bond forming reactions.
11-14

 Although the 

coupling of arenes with olefins using Pd complexes has been established, few examples have 

been reported for C-C coupling reactions between alkynes and furans.
3,4,15,16

 A report by 

Fujiwara et al. displayed an example of 2-methylfuran coupling with the alkyne ethyl 

phenylpropiolate using Pd(OAc)2 (Scheme 6.1).
17
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Scheme 6.1. Pd-Catalyzed Reaction of 2-Methylfuran with Ethyl Phenylpropiolate. 

 

 

Additionally, C-C functionalization reactions could be achieved through the 

homocoupling of heteroarenes.
6,18-20

 Although multiple examples of the homocoupling of 

heterocycles has been reported with compounds like thiophenes,
21-23

 indoles,
24-26

 and 

pyridines,
27-29

 only one example of catalytic homocoupling of furans with direct C-H 

functionalization has been reported (Scheme 6.2).
30

 

 

Scheme 6.2. Pd-Catalyzed Coupling of Furans.  

 

 

Here we present the synthesis of novel Cp*Ir furan complexes and their role as 

possible intermediates in catalytic C-C coupling reactions.  
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6.3 Results and Discussion 

6.3.1 Synthesis and Characterization of Cp*Ir(III) Furyl Complexes 

Having shown reactivity with other aromatic substrates, the reaction of 3 with neat 

furan at 25 °C for 1 h was examined (Scheme 6.3). The complex Cp*Ir(Me2SO)(furyl)2 28 

was isolated in 73% yield as a yellow/orange solid. Furan was activated exclusively at the 2 

position and was more reactive with 3 than benzoic acids, thiobenzoic acid, and benzene. 

Benzoic acids required heating to 60 °C to achieve full conversion in 1 h and thiobenzoic 

acid required heating to 100 °C for 4 h. In addition, activation of benzene occurred after 

heating to 60 °C for 24 h. The reactivity with furan was somewhat unique in that two 

equivalents of furan were activated. With benzene, one equivalent was activated first to form 

the phenyl acetate complex 14 (Scheme 4.1). An increase in temperature was required to 

achieve the second benzene activation. With furan, no mono-furyl activation was observed.  

 

Scheme 6.3. C-H Activation of furan by 3. 

 

 

Analysis of the 
1
H NMR spectra of 28 revealed 5 signals (Figure 6.1). In the aromatic 

region, 3 signals were observed at 7.57 ppm, 6.29 ppm and 6.09 ppm. These signals each 
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integrated to 2 protons and correspond to the furyl ligand. The integrations and appearance of 

3 signals rather than 2 (from free furan) indicated C-H activation was accomplished. The 

characteristic DMSO singlet was observed at 2.93 ppm and the Cp* signal resonated at 1.76 

ppm. 

 

Figure 6.1. 
1
H NMR spectrum of 28. 

 

Similar reactivity was also observed when 2-methylfuran was treated with 3. After 1 h 

at 25 °C, two equiv of 2-methylfuran were activated by X to form Cp*Ir(Me2SO)(2-

methylfuryl)2 29 in 83% yield as a yellow/orange powder (Scheme 6.4). The 
1
H NMR 

spectrum of 29 revealed 2 aromatic signals at 5.91 ppm (2H) and 5.81 ppm (2H). The 

presences of only 2 signals for the furan ligand suggested C-H bond activation. The 
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additional signals resonating at 2.93 ppm, 2.32 ppm and 1.75 ppm were indicative of the 

methyl signals from DMSO, 2-methylfuryl, and Cp* respectively. The analogous reaction 

with Cp*Ir(Me2SO)(TFA)2 22 was also examined with 2-methylfuran. Unlike with 3, no C-H 

activation was observed at 25 °C after 1 h. No iridium furyl complex was observed when the 

temperature was increased to 60 °C for 1 h, but a minimal amount of the coupled bifuran 

molecule was observed.   

 

Scheme 6.4. C-H Activation of 2-methylfuran by 3. 

 

 

X-ray quality crystals were obtained by the slow evaporation of diethyl ether from a 

concentrated solution of 29 at 25 °C over 3 days (Figure 6.2). The geometry about the metal 

center can be described as a piano stool octahedral complex. The Ir-C bonds of the 2-

methylfuryl ligands were nearly identical at 2.040 Å and 2.045 Å, however the bond angles 

between Ir-C-O were different with one ligand having an angle of 115.9 degrees and the 

other being 107.4 degrees. 
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Figure 6.2. X-ray crystal structure of 29. Ellipsoids are at the 50% probability level. 

Hydrogen atoms were omitted for clarity. Selected bond lengths (Å) and angles (deg). Ir1-S1, 

2.2338 (4); Ir1-C11, 2.0402 (11); Ir1-C16, 2.0452 (14); C16-O2, 1.3968 (17); C11-O1, 

1.4091 (18); S1-Ir1-C16, 87.66 (4); S1-Ir1-C11, 89.62 (4); C11-Ir1-C16, 89.74 (6); Ir1-C11-

O1, 115.89 (10); Ir1-C11-C12, 136.92 (11); Ir1-C16-O2, 107.40 (12); Ir1-C16-C17, 133.30 

(11). 

 

6.3.2 Ir-Catalyzed Reaction of 2-Methylfuran with Ethyl Phenylpropiolate 

Having shown that 3 can activate furans at room temperature, we attempted to 

functionalize the activated furan C-H bond. 2-Methylfuran was previously shown to couple 

with ethyl phenylpropiolate using Pd(OAc)2 as a catalyst (Scheme 6.1). A key intermediate in 

this reaction was a palladium 2-methylfuryl complex which was proposed to form from the 

C-H activation of 2-methylfuran by Pd(OAc)2.
17

 The use of a metal acetate complex to 

activate the C-H bond in 2-methylfuran was similar to the reaction in Scheme 6.4. Thus the 

ability of 29 to facilitate the insertion of alkynes or olefins to generate functionalized furans 

was investigated. The conditions previously developed for Pd were adapted for iridium 

catalysis (Scheme 6.5). (Cp*IrCl2)2 (5 mol%) was used as a catalyst in acetic acid which 
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could serve to form a Cp*Ir acetate complex in situ and protonate the inserted alkyne to 

liberate the final product. A higher reaction temperature (100 °C) was required than the Pd 

catalyzed reaction, but increasing the reaction time to 48 h was not necessary. An analysis of 

the crude reaction mixture by GC/MS revealed two isomers of the heteroarylalkene product 

with one isomer in significant excess. Two byproducts were also observed in minimal 

amounts which were identified as the product of nucleophilic addition of water to ethyl 

phenylpropiolate and the hydrogenation of ethyl phenylpropiolate to an alkene. Although the 

conditions could be optimized for 2-methylfuran and ethyl phenylpropiolate coupling, the 

reaction was minimally effective with other heterocycles and alkynes.   

 

Scheme 6.5. Ir-Catalyzed Reaction of 2-Methylfuran with Ethyl Phenylpropiolate. 

 

 

6.3.3 Reductive Elimination of Bifuran from Cp*Ir(Me2SO)(2-methylfuryl)2 

Having shown that the coupling of furans to alkynes was limited, other ways to utilize 

29 in furan functionalization reactions were considered. It was previously shown that 

Cp*Ir(Me2SO)Ph2 15 could produce biphenyl, thus we hypothesized that a similar reaction 
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may be possible with 29. Therefore the production of 5,5’-methyl-2,2’-bifuran 30 from 29 

was examined in different solvents in air (Table 6.1). Benzene was not effective as a solvent 

as only 3% yield of 30 was observed and 45% of 29 remained at the end of the reaction 

indicating significant starting material decomposition (Entry 1). The use of methanol resulted 

in a higher yield (22%) of 30, but only 22% of 29 remained. 1,2-Dichloroethane showed no 

improvement in yield when the temperature was increased from 25 °C to 60 °C (Entries 3-4). 

Acetonitrile was found to be the most effective solvent as 33% of 30 was observed when the 

temperature was increased to 60 °C (Entry 6). Besides unreacted 29, no new iridium 

complexs were observed in any of the reactions.        
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Table 6.1. Reductive elimination of 30 from complex 29. 

 

Entry
 a

 Solvent Temp (°C) 29 (%) 30 (%) 

1 Benzene 60 45 3 

2 Methanol 60 22 22 

3 1,2-dce 25 30 20 

4 1,2-dce 60 23 (2) 21 (3) 

5 Acetonitrile 25 43 (5) 15 (1) 

6 Acetonitrile 60 23 (4) 33 (1) 

a 
29 (8 mg, 0.0141 mmol) was added to a 3 mL storage tube with 1 mL of solvent. The 

reaction was stirred for 24 hours at 25 °C or 60 °C in air. Yields were obtained by 
1
H NMR 

spectroscopy with an internal standard. Error is reported as the standard deviation of the 

mean.  

 

 

The observation that in air the conversion of 29 occurred at a faster rate than the 

formation of bifuran suggested that under the reaction conditions, decomposition of 29 can 

occur. Therefore the reaction in the presence and absence of oxygen was examined to 

determine if oxidation was the cause for decomposition of 29 (Table 6.2). When the reaction 

vessel was pressurized with 10 psi O2, all of 29 decomposed and almost all formation of 30 
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was inhibited (Entry 2). In comparison, the reaction under N2 resulted in no formation of 30, 

but most of 29 remained unreacted (Entry 3). These results suggest O2 was facilitating 

bifuran formation, but only when in limited concentrations like in air. When excess O2 was 

added, it likely caused 29 to decompose too quickly to produce bifuran. Complex 29 could 

also decompose under N2, but this is likely due to excess heating. No bifuran was formed 

under nitrogen as an oxidant was likely required to facilitate this process.   

 

Table 6.2. Reductive elimination of 30 in acetonitrile under different atmospheres. 

 

Entry
 a

 Atm 29 (%) 30 (%) 

1 Air 23 (4) 33 (1) 

2 O2 ND
 b
 1 

3 N2 78 (4) ND 

a 
29 (8 mg, 0.0141 mmol) was added to a 3 mL storage tube with 1 mL of acetonitrile. The 

reaction was stirred for 24 hours at 60 °C under air, 10 psi O2 or N2. Yields were obtained by 
1
H NMR spectroscopy with an internal standard. Error is reported as the standard deviation 

of the mean. 
b
 Not detected.   
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Although yields of 30 of up to 33% have been obtained by heating 29 in air, no new 

iridium species had been observed at the end of the reaction. Having seen previous success 

using silver salts for biphenyl eliminations (Table 5.9), the reductive elimination of bifuran 

from 29 with either AgOAc or AgTFA was examined (Table 6.3). These reactions were 

conducted under nitrogen to examine the effectiveness of the silver salts without O2 present 

as an additional oxidant. With 1,2-dichloroethane as a solvent and AgOAc as the oxidant, 

only 31% bifuran was detected (Entry 1). However unlike the reaction previously described 

in air, a new iridium complex, 3, was observed in 61% yield. This would indicate after 

bifuran elimination, AgOAc reoxidized the Ir(I) intermediate to Ir(III). Changing solvents to 

acetonitrile gave worse results with AgOAc, but changing oxidants to AgTFA resulted in an 

increase in yield to 74% of the new Ir(III) species, this time corresponding to 22 containing 

TFA ligands (Entries 2-3). Changing solvents to benzene with AgTFA as the oxidant resulted 

in further improvements as 30 was detected in 55% yield and quantitative formation of 22 

was observed (Entry 5). Although Cp*Ir(Me2SO)(TFA)2 was  found to be minimally 

effective for C-H activation of 2-methylfuran, the possibility of ligand exchange with an 

acetate source as seen with the biphenyl system is potentially feasible.     
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Table 6.3. Reductive elimination of 30 with silver oxidants. 

 

Entry
 a

 Solvent Oxidant Temp (°C) 3 or 22 (%)
b
 30 (%) 

1 1,2-dce AgOAc 60 61 (13) 31 (4) 

2 Acetonitrile AgOAc 60 42 (6) 27 (4) 

3 Acetonitrile AgTFA 60 74 (6) 27 (2) 

4 Benzene AgTFA 25 90 (2) 53 (6) 

5 Benzene AgTFA 60 106 (1) 55 (1) 

a 
29 (8 mg, 0.0141 mmol) and oxidant (0.0705 mmol) was added to a 3 mL storage tube with 

1 mL of solvent while under nitrogen. The reaction was stirred for 24 hours at 25 °C or 60 

°C. Yields were obtained by 
1
H NMR spectroscopy with an internal standard. Error is 

reported as the standard deviation of the mean. 
b
 The X ligands in the new iridium complex is 

either OAc or TFA depending on the oxidant used.   

 

 

We have thus shown that 3 could C-H activate 2-methylfuran to form 29, and 29 

could couple its 2-methylfuryl ligands to form 5,5’-methyl-2,2’-bifuran 30 in the presence of 

silver salts while regenerating a Cp*Ir(III) complex. Having shown these steps are feasible 

stoichiometrically, we desired to develop a catalytic cycle with Cp*Ir complexes to facilitate 

the homocoupling of furans (Scheme 6.6).  
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Scheme 6.6. Conditions for Ir-Catalyzed Coupling of 2-Methylfuran.  

 

 

We examined the possible coupling reaction with 10 mol% 3 and various oxidants, 

solvents, and temperatures over 24 h. The oxidants AgOAc and AgTFA were examined as 

well as the reaction under air with added NaOAc. These oxidants were used with benzene, 

acetonitrile or 1,2-dichloroethane as solvents at 60 °C or 25 °C but no bifuran yields greater 

than 2% were observed with any conditions. Further work will be done to develop conditions 

to facilitate iridium catalyzed iridium coupling. 

 

6.4 Conclusions 

Cp*Ir(Me2SO)(furyl)2 28 and Cp*Ir(Me2SO)(2-methylfuryl)2 29 were formed by the 

reaction of Cp*Ir(Me2SO)(OAc)2 3 with different furans. With 29 being a possible 

intermediate in the homocoupling of 2-methylfuran and ethyl phenylpropiolate, we 

investigated this reaction with (Cp*IrCl2)2 as a catalyst. The reaction resulted in one major 

isomer of the product by GC/MS analysis and minimal side products. Unfortunately, 

expansion of this reaction to additional substrates was not effective. The reductive 

elimination of bifurans was observed when Cp*Ir(Me2SO)(2-methylfuryl)2 was heated in the 
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presence of an oxidant. AgTFA was shown to be the most effective oxidant. Thus far the 

expansion of this work to the catalytic coupling of furans has been unsuccessful.  

 

6.5 Experimental 

General Considerations. IrCl3·3H2O was purchased from Pressure Chemical Company. 

(Cp*IrCl2)2, Cp*Ir(Me2SO)Cl2 2, and Cp*Ir(Me2SO)(OAc)2 3 were prepared as previously 

reported. All other reagents were purchased from commercial sources and used as received. 

All reactions were performed under air and using non-dry solvents unless otherwise noted. 

1
H, 

13
C, and 

19
F spectra were obtained at room temperature on a Varian Mercury 400 MHz, a 

Varian Mercury 300 MHz spectrometer, or a Bruker 500 MHz spectrometer. Chemical shifts 

are listed in parts per million (ppm) and referenced to their residual protons or carbons of the 

deuterated solvents.  Infrared spectra were obtained in KBr thin films on a JASCO FT/IR-

4100 instrument.   

 

Cp*Ir(Me2SO)(furyl)2 28. Cp*Ir(Me2SO)(OAc)2 (100.0 mg, 0.19 mmol) was placed in a 25 

mL storage tube with 8 mL of furan. The solution was stirred for 1 h at room temperature and 

then extracted with dichloromethane and water. The solution was then stirred in sodium 

sulfate, filtered, and solvent was removed to give the product (75.7 mg, 73%) as a 

yellow/orange solid. 
1
H NMR (CDCl3): δ  = 7.57 (m, 2H, furyl), 6.29 (m, 2H, furyl), 6.09 (m, 

2H, furyl), 2.93 (s, 6H, Me2SO), 1.76 (s, 15H, Cp*). 
13

C NMR (CDCl3): δ = 144.4 (CH), 

141.9 (Cq), 115.2 (CH), 110.6 (CH), 96.8 (Cq), 43.6 (CH3), 9.0 (CH3). IR (KBr): νfuryl  719.3 

cm
-1

. Anal. calcd for C20H27IrO3S: C, 44.51; H, 5.04. Found: C, 44.34; H, 5.05. 
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Cp*Ir(Me2SO)(2-methylfuryl)2 29. Cp*Ir(Me2SO)(OAc)2 (200.0 mg, 0.38 mmol) was 

placed in a 25 mL storage tube with 10 mL of 2-methylfuran. The solution was stirred for 1 h 

at room temperature and then extracted with dichloromethane and water. The solution was 

then stirred in sodium sulfate, filtered, and solvent was removed to give the product (178.7 

mg, 83%) as a yellow/orange solid. 
1
H NMR (CDCl3): δ  = 5.91 (d, 2H, furyl), 5.81 (d, 2H, 

furyl), 2.93 (s, 6H, Me2SO), 2.32 (s, 6H, CH3), 1.75 (s, 15H, Cp*). 
13

C NMR (CDCl3): δ = 

153.4 (Cq), 139.7 (Cq), 116.0 (CH), 106.6 (CH), 96.9 (Cq), 46.5 (CH3), 13.8 (CH3), 9.2 

(CH3). IR (KBr): νfuryl 787.8 cm
-1

. Anal. calcd for C22H31IrO3S: C, 46.54; H, 5.50. Found: C, 

46.61; H, 5.67. 

 

General Procedure for 2-Methylfuran coupling with Ethyl Phenylpropiolate: 

(Cp*IrCl2)2 (20 mg, 0.025 mmol) was placed in a 3 mL storage tube with 1 mL of HOAc. 2-

methylfuran (133 μL, 1.5 mmol) and ethyl phenylpropiolate (83 μL, 0.5 mmol) were added 

and the reaction was stirred at 100 °C for 24 h. After cooling, the solution was extracted with 

dichloromethane/water, dried over NaSO4 and analyzed by GC/MS. 

 

General Procedure for elimination of bifuran from 3: Under nitrogen, Cp*Ir(Me2SO)(2-

methylfuryl)2 (8 mg, 0.0141 mmol) and oxidant (0.0705 mmol) were placed in a 3 mL 

storage tube with 1 mL of solvent and heated for 24 h. After cooling, solvent was removed 

and the reaction mixture was analyzed by 
1
H NMR using mesitylene as an internal standard.  
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General Procedure for catalytic bifuran coupling: Under nitrogen, Cp*Ir(Me2SO)(OAc)2 

(5.0 mg, 0.0095 mmol)  and oxidant (0.19 mmol) were placed in a 3 mL storage tube with 1 

mL of solvent.  2-Methylfuran (8.4 μL, 0.95 mmol) was then added and the reaction was 

heated for 24 h. After cooling, solvent was removed and the reaction mixture was analyzed 

by 
1
H NMR spectroscopy using mesitylene as an internal standard.  

 

X-Ray Structural Determination of Cp*Ir(Me2SO)(2-methylfuryl)2 29 

A clear pale yellow block-like specimen of C22H31IrO3S, approximate dimensions 0.260 mm 

x 0.280 mm x 0.300 mm, was used for the X-ray crystallographic analysis. The X-ray 

intensity data were measured. The total exposure time was 2.52 h. The frames were 

integrated with the Bruker SAINT software package using a narrow-frame algorithm. The 

integration of the data using a triclinic unit cell yielded a total of 30523 reflections to a 

maximum θ angle of 33.14° (0.65 Å resolution), of which 7958 were independent (average 

redundancy 3.836, completeness = 99.8%, Rint = 2.04%, Rsig = 1.88%) and 7728 (97.11%) 

were greater than 2σ(F
2
). The final cell constants of a = 8.3697(4) Å, b = 8.5886(4) Å, c = 

14.8490(7) Å, α = 99.260(2)°, β = 92.822(2)°, γ = 95.561(2)°, volume = 1046.25(9) Å
3
, are 

based upon the refinement of the XYZ-centroids of 9976 reflections above 20 σ(I) with 

4.832° < 2θ < 68.97°. Data were corrected for absorption effects using the multi-scan method 

(SADABS). The ratio of minimum to maximum apparent transmission was 0.721. The 

calculated minimum and maximum transmission coefficients (based on crystal size) are 

0.2460 and 0.2830.  
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The structure was solved and refined using the Bruker SHELXTL Software Package, using 

the space group P -1, with Z = 2 for the formula unit, C22H31IrO3S. The final anisotropic full-

matrix least-squares refinement on F
2
 with 253 variables converged at R1 = 1.51%, for the 

observed data and wR2 = 3.67% for all data. The goodness-of-fit was 1.083. The largest peak 

in the final difference electron density synthesis was 1.157 e
-
/Å

3
 and the largest hole was -

1.641 e
-
/Å

3
 with an RMS deviation of 0.103 e

-
/Å

3
. On the basis of the final model, the 

calculated density was 1.802 g/cm
3
 and F(000), 560 e

-
. 
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CHAPTER 7 

 

 

SYNTHESIS AND REACTIVITY OF Cp*Ir(III) COMPLEXES FOR 

INTRAMOLECULAR C-O BOND FORMING REDUCTIVE 

ELIMINATION 
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7.1 Abstract 

The new complex Cp*Ir(Me2SO)(Me)(OAc) 32 was synthesized along with its 

analogue Cp*Ir(Me2SO)(Me)(TFA) 33. Cp*Ir(Me2SO)(Me)(TFA) was examined for 

elimination reactions to form methyl trifluoroacetate, but was unsuccessful. 

Cp*Ir(allyl)(OAc) 35 was synthesized by heating Cp*Ir(allyl)(Cl) to 100 °C in benzene with 

AgOAc. Cp*Ir(allyl)(OAc) was also found to be ineffective toward C-O bond elimination to 

form allyl acetate. The catalytic acetoxylation of benzene was studied after having previously 

synthesized Cp*Ir(Me2SO)(Ph)(OAc) 14 which could be an intermediate in catalysis. 

Although turnovers up to 5 were accomplished, biphenyl was forming as a significant 

byproduct and further improvements were unsuccessful.       

 

7.2 Introduction 

Recent publications have showed the Pd-catalyzed acetoxylation of C-H bonds, 

which involved a C-O bond-forming reductive elimination from a Pd
IV

 species.
1-6

 These 

studies have often been difficult due to: (1) few examples of Pd
IV

 complexes with oxygen 

donor ligands having been reported; and (2) competing C-C coupling which results from the 

multiple σ-alkyl and aryl ligands that are frequently present.
7-10

 Often high valent metal 

species are required to achieve C-O reductive elimination. While C-O bond forming 

reductive elimination reactions have also been studied with Ni
III

,
11,12

 Pd
II
,
13-15

 and Pt
IV

,
16-18

 

more detailed studies of these reactions are needed.  

In previous work in our lab, it was shown that reductive elimination of a C-O bond 

from an Ir
III

 center to form isocoumarin could occur (Scheme 7.1).
19

 In this reaction, the 
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unstable 7-membered ring intermediate was formed which contained a chelating vinyl ligand 

and carboxylate ligand tethered to each other through a benzene ring. This intermediate 

coupled its vinyl and carboxylate ligands together to form a C-O bond. This generated an Ir
I
 

complex that was stabilized by coordination to the resulting isocoumarin heterocycle.     

 

Scheme 7.1. Reductive elimination of a C-O bond to form Isocoumarin. 

 

We desired to synthesize similar Ir
III

 complexes containing Ir-C and Ir-O bonds and 

examine the ability of these complexes to facilitate C-O bond-forming reductive elimination. 

While Scheme 7.1 contained a carboxylate ligand and a vinyl ligand that were tethered 

together, we desired to synthesize complexes containing a non-tethered carboxylate ligand, 

and ligands containing Ir-C bonds like alkyl or aryl ligands. Herein, we present the synthesis 

of Cp*Ir alkyl or aryl carboxylates and their ability to reductively eliminate C-O bonds. 
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7.3 Results and Discussion 

7.3.1 Synthesis and Reactivity of Cp*Ir(Me2SO)(Me)(X) Complexes 

We first attempted to synthesize a Cp*Ir(III) complex that contained an Ir-O bond 

from a carboxylate ligand and an Ir-C bond from an alkyl ligand. A possible route to an 

iridium complex containing an acetate and a methyl ligand was through the complex 

Cp*Ir(Me2SO)(Me)(Cl) 31. Although this complex had been synthesized previously, a more 

direct route is presented below (Scheme 7.2).
20

 Cp*Ir(Me2SO)(Cl)2 2 was treated with 0.72 

equivalents of ZnMe2 in a frozen THF solution. Cp*Ir(Me2SO)(Me)(Cl) 31 was isolated in 

79% yield as a yellow solid after a series of extractions. The 
1
H NMR spectrum corresponded 

to the previous report with the new methyl signal resonating at 0.87 ppm.  

 

Scheme 7.2. Formation of 31 from 2. 

 

Complex 31 was then used to synthesize Cp*Ir(Me2SO)(Me)(OAc) 32 by the reaction 

with of 3 equiv of AgOAc in benzene at room temperature over 3 h to give the product in 

62% yield as a yellow solid (Scheme 7.3). 
1
H NMR analysis of 32 revealed a methyl singlet 

at 0.82 ppm which was slightly shifted upfield from the methyl signal in 31 (Figure 7.1). The 

DMSO methyl signals resonated at different chemical shifts as a result of being in 
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inequivalent electronic environments and were observed as singlets at 3.41 ppm and 2.86 

ppm. The acetate methyl signal resonated at 2.00 ppm and the Cp* ligand resonated at 1.70 

ppm.   

 

Scheme 7.3. Formation of 32 from 31. 

 

 

Figure 7.1. 
1
H NMR spectrum of 32 
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X-ray quality crystals were obtained by slow diffusion of pentane into a concentrated 

solution of 32 in dichloromethane (Figure 7.2). The geometry about the metal center can be 

described as a piano stool octahedral complex. The Ir-C bond of the methyl ligand was 2.112 

Å. The Ir-O bond of the acetate ligand was 2.100 Å which was similar to the Ir-O bond in the 

phenyl analogue Cp*Ir(Me2SO)(Ph)(OAc) which was 2.108 Å.  

 

Figure 7.2. X-ray crystal structure of 32. Ellipsoids are at the 50% probability level. 

Hydrogen atoms were omitted for clarity. Selected bond lengths (Å) and angles (deg). Ir1-S1, 

2.2508 (6); Ir1-C1, 2.112 (2); Ir1-O1, 2.0999 (14); O1-C2, 1.287 (2); C2-O2, 1.220 (3); C2-

C3, 1.518 (3); S1-Ir1-C1, 90.29 (7); S1-Ir1-O1, 84.09 (5); C1-Ir1-O1, 83.12 (8); Ir1-O1-C2, 

123.64 (14); O1-C2-O2, 126.8 (2); O1-C2-C3, 120.3 (2).  

 

 

The TFA analogue of 32 was also synthesized as previously reported by the reaction 

of Cp*Ir(Me2SO)(Me)2 with 1 equiv of TFA in acetone to give Cp*Ir(Me2SO)(Me)(TFA) 

33.
20

 This complex was examined for its ability to form methyl trifluoroacetate by 

reductively eliminating a C-O bond from its methyl and trifluoroacetate ligands (Scheme 

7.4). This reaction was attempted by heating Cp*Ir(Me2SO)(Me)(TFA) 33 with 2 equiv of 
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AgOAc in acetonitrile for 16 h at 25 °C, 60 °C, and 100 °C, but no methyl trifluoroacetate 

was observed by 
1
H NMR spectroscopy. Even at 100 °C, as the starting material remained 

unreacted.  

 

Scheme 7.4. Formation of Methyl Trifluoroacetate from 33. 

 

 

7.3.2 Synthesis and Reactivity of Cp*Ir(allyl)(OAc) 

A route to an iridium complex containing both an allyl and acetate ligand was 

developed by first synthesizing the previously reported complex Cp*Ir(allyl)(Cl) 34.
21

 This 

complex was treated with 2.3 equiv of AgOAc over 2 h to give Cp*Ir(allyl)(OAc) 35 in 92% 

yield as an orange solid (Scheme 7.5). Unlike the other acetate complexes synthesized, this 

reaction required higher temperature (100 °C). Reaction at lower temperature (25 °C) 

resulted in a significant amount of Cp*Ir(allyl)(Cl) 34 in solution, which suggests a stronger 

Ir-Cl bond. 
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Scheme 7.5. Formation of 35 from 34. 

 
 

Analysis of the 
1
H NMR spectrum of 35 in benzene-d6 revealed 5 signals (Figure 

7.3). The Cp* signal was observed at 1.55 ppm along with the new acetate methyl signal at 

2.28 ppm. The allyl hydrogens appeared as two doublets and a multiplet with a A2B2X spin 

system. The α- syn and anti-allyl protons each appeared as doublets at 3.66 ppm and 2.32 

ppm with no geminal coupling between each other but coupling to the β-allylic proton. The 

β-allylic proton appeared at 4.06 ppm as a multiplet due to coupling to the α-protons.    
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Figure 7.3. 
1
H NMR Spectrum of 35. 

 

Attempts were made to form allyl acetate by reductive elimination from 35 to form a 

C-O bond between the acetate and allyl ligand (Scheme 7.6). 35 was treated with the 

oxidants PhI(OAc)2, KMnO4, or AgOAc in a variety of solvents for 24 hours at both 25 °C 

and 100 °C. The crude reaction mixtures were analyzed by 
1
H NMR spectroscopy and 

GC/MS, however no allyl acetate was observed, and in most cases only unreacted 35 was 

found at the end of the reaction. 
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Scheme 7.6. Formation of Allyl Acetate from 35. 

 

7.3.3 Acetoxylation of Benzene with Cp*Ir Complexes 

Having synthesized Cp*Ir(Me2SO)(Ph)(OAc) 14, we desired to investigate its ability 

to produce phenyl acetate by reductively eliminating a C-O bond from its phenyl and acetate 

ligands (Scheme 7.7).  

 

Scheme 7.7. Cp*Ir(Me2SO)(Ph)(OAc) 14. 

 

 

The catalytic acetoxylation of benzene to form phenyl acetate has been previously 

reported with palladium, and we proposed Cp*Ir(Me2SO)(Ph)(OAc) could act as a possible 



 

222 

intermediate in an iridium catalyzed system.
22-24

 Using conditions adapted from the 

palladium system, 2 mol% of iridium catalyst was used with the oxidant as the limiting 

reagent (Table 7.1). A solvent mixture of 1 mL 9:1 HOAc/OAc2 and 0.4 mL of benzene was 

used and the reactions were heated to 100 °C for 24 h. Using 3 as the catalyst and PhI(OAc)2 

as the oxidant resulted in 3 TONs of phenyl acetate (Entry 1). Biphenyl also formed as a 

byproduct in the reaction, but only in a ratio of 18/1 phenyl acetate/biphenyl. Changing the 

oxidant resulted in little or no phenyl acetate formation (Entries 2-3). Changing the catalyst 

to iridium aqua complexes gave slightly higher phenyl acetate TONs in some cases, but also 

resulted in increased biphenyl formation (Entries 4-5). 
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Table 7.1. Iridium catalyzed phenyl acetate formation. 

 

Entry
 a

 Catalyst Oxidant Biphenyl 

(TON) 

Phenyl Acetate 

(TON) 

Ratio 

PA/B 

1 Cp*Ir(Me2SO)(OAc)2 3 PhI(OAc)2 < 1 3 18/1 

2 Cp*Ir(Me2SO)(OAc)2 3 AgOAc < 1 ND - 

3 Cp*Ir(Me2SO)(OAc)2 3 K2S2O8 ND
 b
 < 1 - 

4 [Cp*Ir(H2O)3]OTf2 PhI(OAc)2 < 1 5 9/1 

5 [Cp*Ir(NHC)(H2O)2]OTf PhI(OAc)2 < 1 3 6/1 

a
 Catalyst (0.0095 mmol) and oxidant (0.475 mmol) were placed in a 3 mL storage tube with 

0.4 mL benzene and 1mL of 9:1 HOAc/OAc2 for 24 h. TONs were determined by 
1
H NMR 

spectroscpy versus an internal standard. 
b
 No product was detected. 

 

 

Although some phenyl acetate catalysis could be attained using Cp*Ir complexes, it 

was not an effective system as the maximum TONs achieved was 5. Significant formation of 

the side product biphenyl also occurred. Combined with the data collected from the failed C-

O bond-forming reductive elimination from Cp*Ir(Me2SO)(Me)(TFA) and Cp*Ir(Allyl)OAc, 

it would seem these types of elimination reactions are not favorable, at least under the 

reaction conditions examined. We previously showed the success of C-O elimination from a 

Cp*Ir complex which was an insertion intermediate proposed in the isocoumarin catalytic 



 

224 

cycle (Scheme 7.1). The difference between that reaction and the failed C-O reductive 

elimination reactions shown here is likely the strained 7-membered ring of the intermediate 

which would drive reductive elimination as opposed to the more stable allyl, methyl, and 

phenyl complexes shown here.  

 

7.4 Conclusions 

The complexes Cp*Ir(Me2SO)(Me)(OAc), Cp*Ir(Me2SO)(Me)(TFA),  

Cp*Ir(allyl)(OAc), Cp*Ir(Me2SO)(Ph)(OAc) were synthesized which contained an Ir-O bond 

from a carboxylate ligand and a Ir-C bond from alkyl or aryl ligands. The abilities of these 

complexes to reductively eliminate C-O bonds was analyzed, but was unsuccessful. Studies 

indicated these complexes are likely too stable to facilitate C-O bond eliminations under the 

reaction conditions examined. Further studies involving chelating ligands containing both a 

Ir-C and Ir-O bond with strained ring systems would be an appropriate target to facilitate C-

O bond formation from Cp*Ir complexes.     

 

7.5 Experimental 

General Considerations. IrCl3·3H2O was purchased from Pressure Chemical Company. 

(Cp*IrCl2)2, Cp*Ir(Me2SO)(Cl)2 2, Cp*Ir(Me2SO)(Me)2, Cp*Ir(Me2SO)(Me)(TFA) 33, 

Cp*Ir(Me2SO)(OAc)2 3,  Cp*Ir(Me2SO)(Ph)(OAc) 14,  [Cp*Ir(H2O)3]OTf2, 

[Cp*Ir(NHC)(H2O)2]OTf, and Cp*Ir(allyl)(Cl) 34 were prepared as previously reported. All 

other reagents were purchased from commercial sources and used as received. 
1
H, 

13
C, and 

19
F spectra were obtained at room temperature on a Varian Mercury 400 MHz, a Varian 
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Mercury 300 MHz spectrometer, or a Bruker 500 MHz spectrometer. Chemical shifts are 

listed in parts per million (ppm) and referenced to their residual protons or carbons of the 

deuterated solvents.  Infrared spectra were obtained in KBr thin films on a JASCO FT/IR-

4100 instrument.   

 

Cp*Ir(Me2SO)(Me)(Cl) 31. 0.72 equivalents of ZnMe2 (195 μL of 2.0M solution in toluene) 

was added to a storage tube of Cp*Ir(Me2SO)Cl2  (257mg, 0.55 mmol) in THF (10 mL) at -

80°C. After warming to room temperature, the solution was stirred for 30 min. Water was 

added to the solution (200 μL) and the solvent was removed. A pentane/water extraction was 

done with the product located in the water layer. The water was then extracted with 

dichloromethane, dried with sodium sulfate, and solvent removed to give the product (188 

mg, 79%) as a yellow solid. 
1
H NMR (CDCl3): δ  = 3.34 (s, 3H, Me2SO), 3.02 (s, 3H, Me2S), 

1.74 (s, 15H, Cp*), 0.87 (s, 3H, Me). 
13

C NMR (CDCl3): δ = 92.3 (Cq), 45.1 (CH3), 39.8 

(CH3), 8.4 (CH3), -13.1 (CH3). 

 

Cp*Ir(Me2SO)(Me)(OAc) 32. Cp*Ir(Me2SO)MeCl (187.7mg, 0.42 mmol) and silver acetate 

(210.4 mg 1.26 mmol) were placed in a foil covered round bottom flask with 20 mL of dry 

benzene. The solution was stirred for 3 h at room temperature. The mixture was then filtered 

through celite, and solvent was removed to give 125 mg (62%) yellow solid. 
1
H NMR 

(CDCl3): δ = 3.41 (s, 3H, Me2S), 2.86 (s, 3H, Me2SO), 2.00 (s, 3H, OAc), 1.70 (s, 15H, Cp*), 

0.82 (s, 3H, Me).  
13

C NMR (CDCl3): δ = 178.5 (Cq), 91.9 (Cq), 45.9 (CH3), 41.4 (CH3), 23.9 



 

226 

(CH3), 9.1 (CH3), -10.0 (CH3). IR (KBr): νCO 1633.1 cm
-1

. Anal. calcd for C15H27IrO3S: C, 

37.56; H, 5.67. Found: C, 37.58; H, 5.54. 

 

Cp*Ir(allyl)(OAc) 35. Cp*Ir(allyl)(Cl) (100.0 mg, 0.27 mmol) and silver acetate (103.0 mg, 

0.62 mmol) were placed in a 25 mL storage tube with dry benzene and heated at 100 °C for 2 

h. The solution was then filtered through celite and solvent was removed to give the product 

(96.9 mg, 92%) as an orange solid. 
1
H NMR (benzene-d6): δ = 4.06 (m, 1H, allyl), 3.66 (d, 

2H, allyl), 2.32 (d, 2H, allyl), 2.28 (s, 3H, OAc), 1.55 (s, 15H, Cp*). 
13

C NMR (benzene-d6): 

δ = 176.2 (Cq), 90.6 (Cq), 80.6 (CH), 48.3 (CH2), 23.8 (CH3), 9.0 (CH3). IR (KBr): νCO 

1627.6 cm
-1

. Anal. calcd for C15H23IrO2: C, 42.14; H, 5.42. Found: C, 42.02; H, 5.46.   

 

General Procedure for Iridium Catalyzed Phenyl Acetate Formation: The catalyst 

(0.0095 mmol) and oxidant (0.475 mmol) were placed in a 3 mL storage tube with 0.4 mL 

benzene and 1mL of 9:1 HOAc/OAc2. The reaction was stirred for 24 h at 100 °C. After 

cooling, 700 mg of NaHCO3 and 1 mL of dichloromethane were added to the storage tube 

and the solution was stirred for 5 minutes. The solution was filtered through a celite plug and 

diluted with 10 mL dichloromethane. Yields were obtained by GC using mesitylene as an 

internal standard. 

 

X-Ray Structural Determination of Cp*Ir(Me2SO)(Me)(OAc) 32. 

Data Collection and Processing. The sample was mounted on a Mitegen polyimide 

micromount with a small amount of Paratone N oil. All X-ray measurements were made on a 
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Bruker-Nonius Kappa Axis X8 Apex2 diffractometer at a temperature of 173 K. The unit cell 

dimensions were determined from a symmetry constrained fit of 9295 reflections with 5.54° 

< 2q < 68.2°. The data collection strategy was a number of w and j scans which collected 

data up to 77.42° (2q). The frame integration was performed using SAINT.   The resulting 

raw data was scaled and absorption corrected using a multi-scan averaging of symmetry 

equivalent data using SADABS.  

  

Structure Solution and Refinement. The structure was solved by direct methods using the XL 

program.  All non-hydrogen atoms were obtained from the initial solution. The hydrogen 

atoms were introduced at idealized positions and were allowed to ride on the parent atom.  

The structural model was fit to the data using full matrix least-squares based on F2. The 

calculated structure factors included corrections for anomalous dispersion from the usual 

tabulation. The structure was refined using the XS program from SHELXTL,  graphic plots 

were produced using the NRCVAX crystallographic program suite. Additional information 

and other relevant literature references can be found in the reference section of the Facility's 

Web page (http://www.xray.ncsu.edu).  
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CHAPTER 8 

 

 

THE ACETOXYLATION OF CYCLOOCTANE TO FORM 

CYCLOOCTYL ACETATE WITH Cp*Ir PRECATALYSTS 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

231 

8.1 Abstract 

Cp*Ir(Me2SO)(OAc)2 3 was found to catalyze the oxidation of cyclooctane to 

cyclooctyl acetate by heating cyclooctane to 100 °C with PhI(OAc)2 as the oxidant in acetic 

acid/acetic anhydride solvent. This reaction resulted in up to 43 % yield of cyclooctyl acetate 

and TONs of 22. Further studies have shown that cyclooctanol is an intermediate in the 

reaction and the actual metal catalyzed product. Cyclooctyl acetate formed through an acid 

catalyzed reaction with the acetic acid solvent. The efficiency of the reaction was limited by 

the decomposition of PhI(OAc)2 at the high reaction temperatures, but adding sequential 

amounts of oxidant can continue to induce catalysis over longer times. Investigations of the 

oxidant in the reaction revealed the likely active oxidant was PhIO which can be formed by 

the reaction of PhI(OAc)2 with H2O. The identity of the iridium catalyst in the reaction was 

investigated by 
1
H NMR spectroscopy, UV-vis spectrscopy, and DLS and revealed the Cp* 

and DMSO ligands were oxidized off the metal center in the reaction. Similar to previously 

reported work, the active catalyst was likely an Ir
IV

-O-Ir
IV

 oxo dimer containing stabilizing 

acetate ligands.  

 

8.2 Introduction 

The selective oxidation of strong, unactivated C-H bonds in alkanes is an important 

goal in modern chemistry.
1,2

 The significance of this transformation is evident by the need to 

transform raw materials like natural gas and petroleum into fuels and chemical feedstocks.
3-7

 

Although this has been a challenging objective, progress has been made in the C-H oxidation 

of alkanes catalyzed by transition metal complexes.
8-12

 These reactions have often occurred 
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by utilizing high valent metal-oxo complexes as oxidizing agents.
13-19

 These complexes are 

often generated in situ with a sacrificial oxidant. Metal oxo compounds are often thought to 

be intermediates in enzymes that facilitate oxidation reactions like alkane hydroxylation, 

desaturation, and water splitting.
20-22

  

Recent work by the Crabtree group and others has focused extensively on Cp*Ir 

complexes as precatalysts for alkane hydroxylations and other C-H oxidations.
23-26

 Ir(V)=O 

compounds have often been proposed as intermediates in these oxygenation reactions.
27,28

 

However, only a few examples of iridium(V) oxo compounds have been discovered and they 

have only been shown to oxidize triphenylphosphine. The reaction of Cp*Ir complexes with 

ceric ammonium nitrate (CAN), which is a Ce(IV) one electron oxidant was found to be 

effective in the hydroxylation of cis-decalin with retention of stereochemistry as well as other 

alkane C-H oxidations and alkene epoxidations (Scheme 8.1).
23,25

  

 

Scheme 8.1. Cp*Ir-Catalyzed Hydroxylation of cis-Decalin. 
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This work was expanded by using the milder water soluble oxidant NaIO4 which 

achieved synthetically useful yields for methylene oxidation of substrates bearing phenyl, 

ketone, ester, or sulfonate groups.
24

 CAN and NaIO4 were shown to be capable of oxidizing 

cyclooctane, but in both cases the overoxidized ketone cyclooctanone was produced (Scheme 

8.2).
23,24

 

 

Scheme 8.2. Formation of Cyclooctanone with Cp*Ir Complexes and NaIO4. 

 

 

Further studies showed these strong oxidants facilitated the loss of the Cp* ligand of 

the Cp*Ir precatalyst under the reaction conditions.
29-31

 However, when utilizing oxidatively 

stable chelate ligands like pyalc (pyalc = 2-(2’-pyridyl)-2-propanolate) or 2,2’-bipyridine, 

this Cp* loss still resulted in a catalytically competent molecular species.
32

 These complexes 

were identified by their characteristic blue color in solution and specific UV-vis absorbance ~ 

600 nm. Dynamic light scattering (DLS) was also used to confirm the homogeneity of the 

catalytic species to differentiate from heterogeneous IrO2 nanoparticles.
32,33

 Rather than 

producing the expected Ir(V)=O complexes, these blue species have been identified as bis-μ-

oxo iridium(IV) dimers by a variety of characterization techniques. Several similar Ir
IV

 

compounds have been synthesized before and exhibit comparable properties.
34-37
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Further work examining these bis-μ-oxo iridium(IV) dimers and the reactions they 

facilitate is essential to develop effective systems for alkane oxidations. Here we present 

conditions utilizing Cp*Ir precatalysts and the mild oxidant PhI(OAc)2 to achieve the 

oxidation of cyclooctane without overoxidation to cyclooctanone. We also examine the 

mechanism for the reaction and its similarities and differences to previous oxidation 

reactions.  

 

8.3 Results and Discussion 

8.3.1 Reaction Optimization for the Acetoxylation of Cyclooctane 

Having been shown to be effective in oxidation reactions, cyclooctane was chosen as 

a test substrate for acetoxylation with Cp*Ir(Me2SO)(OAc)2 3 as a catalyst. The conditions 

for this reaction were adapted from those developed by Sanford et al. for the acetoxylation of 

benzene.
38

 Cp*Ir*Me2SO)(OAc)2 was used as a catalyst (2 mol%) with the oxidant 

iodobenzene diacetate (PhI(OAc)2) as the limiting reagent (Table 8.1). One equivalent of 

water was used based on the oxidant. A solvent mixture of 1 mL of neat cyclooctane and 1 

mL of acetic acid/acetic anhydride in a ratio of 9:1 resulted in the best condition. 

Cyclooctane was found to form cyclooctyl acetate 36 at 100 °C in 24 h with a turnover 

number (TON) of 14 when both the catalyst and oxidant were present (Entry 1). In the 

absence of the catalyst, oxidant or both, little or no catalysis of cyclooctyl acetate was 

observed (Entries 2-4). These results indicated the reaction was dependent on both the 

iridium catalyst and oxidant to produce cyclooctyl acetate. Having run these reactions under 

air, further experiments were also examined under N2 to confirm that the oxygen in air was 
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not affecting the reaction. Identical results were obtained under N2 to those with air 

confirming oxygen was not integral to the reaction.    

 

Table 8.1. Acetoxylation of cyclooctane control reactions. 

 
Entry

 a
 Catalyst Oxidant 36 (TON) 

1 Yes Yes 14 (1) 

2 No Yes 1 (1) 

3 Yes No ND
b
 

4 No No ND 

a  
3 (5 mg, 0.0095 mmol) and PhI(OAc)2 (153 mg, 0.475 mmol) were added to a 3 mL 

storage tube with 1 mL of 9:1 HOAc/OAc2. Water (4.2 μL, 0.2375 mmol) and then 1 mL 

cyclooctane were added. The reaction was stirred for 24 h at 100 °C. TONs are the average 

of at least three trials and were obtained by GC with an internal standard. Error is reported as 

the standard deviation of the mean. 
b
 Not detected.  

 

Optimization of these reaction conditions were undertaken to determine the ideal 

amount of reagents necessary to obtain high yields and TONs of 36. The amount of 

cyclooctane added to the reaction was first examined. It was found that an excess of 

cyclooctane was required to achieve reasonable yields. Anywhere from 0.8 mL – 1.5 mL of 

cyclooctane resulted in identical yields. Lowering the amount of cyclooctane to 0.2 mL 

decreased the yield by at least 10%. The ratio of HOAc/OAc2 was also found to be fairly 
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insensitive to adjustment. Anywhere from a 9:1 - 1:1 ratio of HOAc/OAc2 resulted in similar 

yields. However, removing OAc2 from the reaction entirely resulted in a 10 % decrease in 

yield. A change from using 2 mole% catalyst to using 4 mol% was made from the initial 

reaction conditions. Although the turnover numbers of the reaction decreased, this change 

resulted in higher yields because more of the oxidant was productive for the formation of 36. 

This change also decreased the background production of the byproduct cyclooctanone 37 by 

~ 5%.   

A variety of common oxidants for oxidation reactions were examined (Table 8.2). 

Sodium periodate, which was previously shown to be an effective oxidant for the oxidation 

of cyclooctane was inspected, but only gave 15% yield of 36 (Entry 1).
24

 Other oxidants were 

investigated, but cyclooctyl acetate was not detected (Entries 2-5). PhI(OAc)2 was found to 

be the most successful oxidant giving a TON of 9 and a yield of 38% (Entry 6). 
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Table 8.2. Acetoxylation of cyclooctane with various oxidants. 

 
Entry

 a
 Oxidant 36 (TON) 36 (%) 

1 NaIO4 4 15 

2 AgOAc ND
b
 ND 

3 CuOAc2 ND ND 

4 Ag2O ND ND 

5 K2S2O8 ND ND 

6 PhI(OAc)2 9 (1) 38 (1) 

a  
3 (5 mg, 0.0095 mmol) and oxidant (0.2375 mmol) were added to a 3 mL storage tube with 

1 mL of 9:1 HOAc/OAc2. Water (4.2 μL, 0.2375 mmol) and then 1 mL cyclooctane were 

added. The reaction was stirred for 24 h at 100 °C. Yields and TON are the average of at 

least three trials and were obtained by GC with an internal standard. Error is reported as the 

standard deviation of the mean. 
b
 Not detected.  

 

 

The ideal iridium complex for the reaction was also investigated (Figure 8.1). Most of 

the iridium complexes examined gave comparable yields of 36 (~38 %) as the original 

catalyst 3. Presumably the active catalyst in the reaction could be formed from any of these 

similar Cp*Ir precatalysts. Interestingly, the two complexes in the last row containing 2-

phenylpyridine and 1,10-phenanthroline only gave 18% and 19% yield respectively. These 

complexes were both shown to be highly effective toward alkane oxidation in previous 

work.
23-25

 Although these complexes are similar to the variety of effective Cp*Ir complexes 
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that gave near identical results, it is possible their chelating ligands were inhibiting oxidation 

in this system.     

 

 

Figure 8.1 Yield of cyclooctyl acetate with different Cp*Ir complexes. 
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8.3.2 Time Profile Kinetic Plot of Cyclooctane Acetoxylation 

Having established the optimal reaction conditions, the formation of 36 was 

monitored over time to determine the duration of product formation (Figure 8.2). With 3 

present as a catalyst in the reaction, a maximum yield of 36 of ~40% was obtained. This 

yield was achieved over 6.5 h, after which little 36 formed. In the absence of a catalyst, a 

minimal amount of 36 formed, but most of this 4% yield was a result of the long period of 

time (6 to 24 h) as the oxidant slowly reacted with cyclooctane. The reaction with the catalyst 

also generated the byproduct cyclooctanone 37 in 6% yield. However a significant portion of 

37 was generated directly from the oxidant interacting with cyclooctane. This is supported by 

the formation of 37 (4% yield) in the absence of a catalyst. Examining the rate of formation 

of 36 with a catalyst gave a pseudo-first order rate constant of kobs = 1.45 (7) x 10
-4 

s
-1

. 

 

Figure 8.2 Plot of yield of cyclooctyl acetate vs time. Results were monitored over 24 h at 

100 °C. 3 (5 mg, 0.0095 mmol or no catalyst) and PhI(OAc)2 (76.5 mg, 0.2375 mmol) were 

added to a 3 mL storage tube with 1 mL of 9:1 HOAc/OAc2. Water (4.2 μL, 0.2375 mmol) 

and then 1 mL cyclooctane were added. Yields were obtained by GC with an internal 

standard 
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8.3.3 Experimental Studies Toward Cyclooctanol Intermediate Formation 

A more detailed examination of the active period of the reaction (6.5 h) revealed that  

cyclooctanol 38 formed. Its formation was subsequently monitored over time (Figure 8.3). 

The observed rate constant for consumption of 38 (kobs = 1.3 (2) x 10
-4 

s
-1

) is within error for 

the formation of 36 (kobs = 1.39 (9) x 10
-4 

s
-1

). This would indicate 36 was formed at the same 

rate 38 was consumed. This confirmed that 38 was an intermediate in the formation of 36 

(Scheme 8.3). 38 achieved its maximum yield after 15 min and steadily decreased as the 

reaction proceeded. During this active time period, the solution turned from yellow to a deep 

blue color. After 15-20 min when the maximum amount of 38 was formed, the reaction 

turned back to a yellow brown color. This would indicate that the active part of the reaction 

corresponding to a blue colored solution coincided with iridium catalyzing the formation of 

38. Thus when iridium was not included in the reaction, neither 38 nor 36 was formed.  

The second half of the reaction where 38 formed 36 can be attributed to an acid 

catalyzed esterification type mechanism with acetic acid solvent. This process will occur in 

the absence of catalyst and oxidant and was confirmed by heating pure 38 in 9:1 

HOAc/OAc2. After only 1 hour, a 60 % yield of 36 was obtained.   
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Figure 8.3 Plot of yield of cyclooctyl acetate 36 and cyclooctanol 38 vs time. Results were 

monitored over 6.5 h at 100 °C. Cp*Ir(Me2SO)(OAc)2 (5 mg, 0.0095 mmol) and PhI(OAc)2 

(76.5 mg, 0.2375 mmol) were added to a 3 mL storage tube with 1 mL of 9:1 HOAc/OAc2. 

Water (4.2 μL, 0.2375 mmol) and then 1 mL cyclooctane were added. Yields were obtained 

by GC with an internal standard 

 

 

 

Scheme 8.3. Cyclooctanol as an intermediate in cyclooctyl acetate formation.  

 

 

 

Having shown the intermediate 38 forms 36 in an acid catalyzed process during the 

catalytic reaction, the importance of acetic anhydride as part of the solvent mixture was 
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considered. In Figure 8.4a, the formation of 36 and consumption of 38 were monitored over 

24 h using the normal solvent mixture of 1 mL 9:1 HOAc/OAc2. As shown previously, 38 

formed quickly in the reaction, and then slowly converted to 36 over ~6 h. When acetic 

anhydride was removed from the reaction and 1 mL of HOAc was used, the same initial 

amount of 38 was produced (Figure 8.4b). However a decreased rate of formation of 36 from 

38 was observed. When acetic anhydride was included in the reaction, 38 was completely 

converted in ~6 h. Without acetic anhydride, conversion was significantly slower. After 24 h, 

a significant amount of 38 remained in solution. This was rationalized by the ability of acetic 

anhydride to facilitate esterification reactions between alcohols and acids. Although acetic 

anhydride was able to increase the rate of esterification, the same initial amount of 38 formed 

at the beginning of the reaction, which indicates acetic anhydride had no effect on the metal 

catalyzed portion of the reaction.  

The ability of acetic anhydride to increase the rate of formation of 36 from 38 was 

further confirmed by heating pure 38 independently in acid solutions with no catalyst or 

oxidant. After heating to 100 °C in 9:1 HOAc/OAc2 for 1 h, 36 formed in 60% yield. When 

38 was heated in only acetic acid, the process was much slower, giving only 36 (9%) after 1 

h.  
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a) 

 

b) 

 

Figure 8.4 Plot of yield of cyclooctyl acetate 36 and cyclooctanol 38 vs time with and 

without acetic anhydride. a) Results were monitored over 24 h at 100 °C. 3 (5 mg, 0.0095 

mmol) and PhI(OAc)2 (76.5 mg, 0.2375 mmol) were added to a 3 mL storage tube with 1 mL 

of 9:1 HOAc/OAc2. Water (4.2 μL, 0.2375 mmol) and then 1 mL cyclooctane were added. b) 

Same conditions but with 1 mL of HOAc instead of 1mL HOAc/OAc2.Yields were obtained 

by GC with an internal standard 
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8.3.4 Examination of Oxidant Stability and Determination of the Active Oxidant 

In order to determine whether catalyst deactivation or oxidant consumption was 

responsible for the lack of product formation after 6.5 h, experiments were performed where 

additional equivalents of PhI(OAc)2 and H2O were added to the reaction (Figure 8.5). The 

line in blue shows data originally presented in Figure 8.5 where catalytic reactivity stops 

after ~6 h. When 1 additional equiv of PhI(OAc)2/H2O was added to the reaction after 5.75 h, 

formation of  36 resumed as shown with the green line. After another 5.75 h, another 1 

equivalent of PhI(OAc)2/H2O was added and again resulted in continued formation of 36. 

With this sequential addition of oxidant to the same reaction without a catalyst, a minimal 

background reaction of the production of 36 was observed, but it did not correspond to the 

increase in product formation observed with the catalyst present. These results indicated 

catalyst decomposition was not limiting production of 36 after 6.5 h, but rather the oxidant 

was decomposing at high reaction temperatures.   
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Figure 8.5 Plot of concentration of 36 vs time with added oxidant. Results were monitored 

over 24 h at 100 °C. 3 (5 mg, 0.0095 mmol) and PhI(OAc)2 (76.5 mg, 0.2375 mmol) were 

added to a 3 mL storage tube with 1 mL of 9:1 HOAc/OAc2. Water (4.2 μL, 0.2375 mmol) 

and then 1 mL cyclooctane were added. After 5.75 h, an additional 1 equivalent of oxidant 

and water were added to the reaction followed by an additional equivalent 5.75 after that. The 

same conditions were used on a reaction without adding catalyst at the beginning of the 

reaction. Yields were obtained by GC with an internal standard 

 

Having shown oxidant decomposition was likely limiting continued formation of 36, 

other conditions were considered to prevent decomposition. In Table 8.2 it was shown that 

PhI(OAc)2 was the only effective oxidant that facilitated significant yields of 36. With this in 

mind, other hypervalent iodine oxidants were examined (Figure 8.6). Some of these oxidants 

were also examined at lower temperatures in an attempt to prevent decomposition. 

Unfortunately no improvements were made as PhI(OAc)2 continued to be the most effective 

oxidant for the reaction. Of all the oxidants tested, only PhI(TFA)2 gave comparable yields. 

Not only were the other hypervalent iodine oxidants less effective than PhI(OAc)2, but 
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lowering the temperature to 80 °C further decreased the reaction yields rather than inducing 

increased oxidant stability.  

 

 

 
 

Figure 8.6 Yield of 36 with various hypervalent iodine oxidants. 
a
 80 °C. 

 

The importance of adding water to the reaction was also examined. In Figure 8.7, the 

addition of different equivalents of water from 0 to 4 was tested to determine how it affected 

the yield of 36. When either less or more than 1 equiv of water was used, product yields 

decreased. When no water was used in the reaction only 5 % yield was observed compared 
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with 28 % with one equivalent added. This would indicate the best reaction conditions 

involved a 1:1 ratio of water to oxidant. 

 

 

Figure 8.7 Plot of yield of 36 vs equivalents of water. Results were monitored over 24 h at 

100 °C. 3 (5 mg, 0.0095 mmol) and PhI(OAc)2 (153 mg, 0.475 mmol) were added to a 3 mL 

storage tube with 1 mL of 9:1 HOAc/OAc2. Water and then 1 mL cyclooctane were added. 

Yields were obtained by GC with an internal standard 

 

 

Because the optimal ratio of PhI(OAc)2 and H2O was 1:1, it was thought that 

PhI(OAc)2 was not the actual oxidant in the reaction, but was interacting with water to 

produce the active oxidant. It was previously established that PhI(OAc)2 will react with an 

equivalent of water to form iodosobenzene (PhIO) which is a known oxygen transfer agent 

(Scheme 8.4).
31,39

 PhIO has been shown previously to facilitate the oxidation of organic 

molecules utilizing Cp*Ir complexes.
40
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Scheme 8.4. Formation of PhIO from PhI(OAc)2.  

 

 

 

To determine if PhIO was acting as the oxidant in the reaction, experiments were 

conducted replacing the PhI(OAc)2/H2O mixture with PhIO (Table 8.3). PhIO was obtained 

as a white powder and had to be added to the reaction last as it violently reacted with 3 when 

interacting as a solid. These reactions were examined after 1 h in order to observe formation 

of 38 early in the reaction. Acetic anhydride was not included in the solvent mixture as it 

increased the rate of consumption of 38. Using PhIO as the oxidant in the absence of a 

catalyst showed it was not facilitating formation of 38 independently (Entry 1). When the 

catalyst was included, 17% yield of 38 was observed with 3% further converting to 36 (Entry 

2). The side product 37 also formed in ~6% yield with and without a catalyst indicating it 

formed from the oxidant reacting directly with cyclooctane. Using PhI(OAc)2/H2O as the 

oxidant resulted in 22% yield of 38 (Entry 3). The results with PhIO were comparable to 

those with PhI(OAc)2/H2O. This suggests that PhI(OAc)2 reacts with water to produce PhIO 

which is the active oxidant in the reaction.  
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Table 8.3. Acetoxylation of cyclooctane with PhIO and PhI(OAc)2. 

 

 
Entry

 a
 Oxidant Catalyst 37 (%) 38 (%) 36 (%) 

1 PhIO No 4 (1) ND
b
 1 (1) 

2 PhIO Yes 6 (1) 17 (1) 3 (1) 

    3 PhI(OAc)2 
c
 Yes 6 (1) 22 (1) 3 (1) 

a  
3 (5 mg, 0.0095 mmol) was added to a 3 mL storage tube with 1 mL of HOAc. Then 1 mL 

cyclooctane and oxidant (0.2375 mmol) were added. The reaction was stirred for 1 h at 100 

°C. Yields and are the average of at least three trials and were obtained by GC with an 

internal standard. Error is reported as the standard deviation of the mean. 
b
 Not detected. 

c
 

Water (4.2 μL, 0.2375 mmol) was also added to the reaction. 

 

 

8.3.5 Experimental Studies to Determine the Active Catalyst for Cyclooctane 

Hydroxylation 

Experiments were subsequently conducted to determine the identity of the active 

iridium catalyst in the reaction. The 
1
H NMR spectra of the reaction of 3 with PhI(OAc)2 or 

PhIO at 100 °C after 5 min in acetic acid-d4 are shown in Figure 8.8a-b. For both of these 

reactions, the solution turned from a bright yellow color to deep blue when heated with 

oxidant. Both experiments gave identical spectra with the most notable result being the 

complete loss of a Cp* signal after 5 min. In addition, the DMSO ligand was also lost and 



 

250 

was likely oxidized to dimethyl sulfone. In the aromatic region the only signals observed 

were the resonances matching PhI(OAc)2 and its decomposition product iodobenzene.  

Loss of Cp* ligands from a metal center is precedented in the literature by oxidation 

in the presence of a strong oxidant.
29-33

 In some cases, the Cp* ligand was oxidized to acetic 

acid, which in our system would be difficult to determine in acetic acid-d4. Although both 

Cp* and DMSO appear to be oxidized from the metal center, the formation of a stable 

iridium complex with multiple acetate ligands could be possible. This type of complex would 

not be observable in these spectra because deuterated acetate ligands from the solvent would 

generate a complex that was not visible by 
1
H NMR spectroscopy.      
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Figure 8.8 
1
H NMR spectra of 3 with oxidants. a) 

1
H NMR of 3 and 25 equivalents of 

PhI(OAc)2/H2O in acetic acid-d4 after 5 min at 100 °C. b) 
1
H NMR of 3 and 25 equivalents 

of PhIO in acetic acid-d4 after 5 min at 100 °C. c) 
1
H NMR of 3 in acetic acid-d4. 

 

 

In an attempt to further examine the decomposition of 3 in the presence of PhI(OAc)2, 

a reaction was conducted with a stoichiometric amount of oxidant. Previous work with 

similar Cp*Ir complexes and PhI(OAc)2 revealed the oxidation of one of the Cp* methyl C-H 

bonds to acetate. This reaction could be identified by a new methylene signal that appeared 

downfield as well as the remaining Cp* methyl signals which appeared as two singlets. 

These methyl singlets each correspond to two equivalent methyl signals and integrate to 6 

protons each.
31

 After heating 3 for 1 h at 100 °C with 1.16 equivalents of PhI(OAc)2, the 
1
H 
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NMR spectrum was examined (Figure 8.9). This spectrum revealed a significant amount of 3 

remained in solution. However new singlets were observed at 1.74 ppm, 1.87 ppm and 4.93 

ppm. These signals corresponded to the previously reported complexes as the two new Cp* 

signals at 1.74 ppm and 1.87 ppm integrated to six each and the methylene signal downfield  

at 4.93 ppm integrated to two.  

Therefore this experiment provided further evidence for the process of Cp* ligand 

decomposition. Even using minimal amounts of oxidant will begin to oxidize the methyl 

ligands and eventually lead to total oxidation of the Cp* ligand to acetic acid. Attempts to 

isolate the observed mono-acetoxylated Cp* complex were unsuccessful.      
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Figure 8.9 
1
H NMR of 3 and 1.16 equiv of PhI(OAc)2 in acetic acid-d4. Spectra taken after 

heating for 1 h at 100 °C.  

 

 

To further examine the state of the iridium complex in the reaction, UV-vis spectra 

were acquired of 3 in acetic acid, as well as after the reaction with 25 equiv of PhIO at 100 

°C for 5 min (Figure 8.10). When PhIO was added to 3, the solution turned blue and an 

absorbance was observed at 585 nm that was not found in the spectrum of 3. When the same 

reaction was performed with a solvent mixture of cyclooctane and acetic acid to better 
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replicate the general reaction conditions, a similar absorbance was observed at 574 nm which 

was likely only shifted due to the different solvent mixture.  

 

 

Figure 8.10 UV-vis of 3 and 25 equiv of PhIO in acetic acid after 5 min at 100 °C (blue) and 

of 3 in acetic acid (red). 

 

UV-vis absorptions with λmax 570-600 have been associated with both IrO2 

nanoparticles as well as homogeneous Ir
IV

 compounds.
33

 In particular, the Crabtree group 

identified bis-μ-oxo iridium(IV) dimers by reacting Cp*Ir complexes with strong oxidants. In 

the example below, the Cp*Ir hydroxo complex with a chelating pyalc ligand reacted with 

excess NaIO4 in water to form an Ir
IV

-O-Ir
IV

 oxo dimer 39 (Scheme 8.5).
32

 This complex was 

identified with a variety of techniques including UV-vis spectroscopy which gave a 

characteristic absorbance at 603 nm. Similarly, the active iridium catalyst in our cyclooctane 

oxidation system has a characteristic UV-vis absorbance at 585 nm, has lost its Cp* and 

DMSO ligands, and is blue in solution. These properties are not exclusive to either IrO2 
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nanoparticles or Ir
IV

-Ir
IV 

oxo dimers so further experiments were conducted to determine if 

the active Ir complex was heterogeneous IrO2 or a homogeneous Ir
IV

-Ir
IV

 complex.  

 

Scheme 8.5. Formation of Crabtree Iridium Oxo Dimer Complex 39.  

 

 

 

In order to determine the homogeneity of the solution, Dynamic Light Scattering 

(DLS) experiments were conducted as shown in Figure 8.11. Figure 8.11a shows the 

spectrum of 3 in acetic acid. This spectrum confirms that this complex is homogeneous in 

solution as shown by a linear correlation function in red indicating no exponential decay. 

Figure 8.11b shows the spectra of 3 after the reaction with 25 equiv PhI(OAc)2/H2O at 100 

°C in acetic acid for 5 min. This spectrum was essentially identical to that in Xa with both 

having linear correlation functions and only noise in the baseline. The lack on an exponential 

decay in the correlation function would indicate the reaction of 3  with an oxidant to form the 

blue solution corresponding to cyclooctane oxidation was homogeneous. This would rule out 

the presence of IrO2 nanoparticles acting as a heterogeneous catalyst in the reaction.  
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a) 

 

b) 

 

Figure 8.11 DLS spectra of complex 3. a) DLS spectra of 3 in acetic acid. b) 3 and 25 

equivalents of PhI(OAc)2/H2O in acetic acid after 5 min at 100 °C. The reaction was 

unfiltered. 

 

 

Recently, our lab has developed the synthesis of an Ir
IV

-O-Ir
IV

 complex 40 that was 

able to oxidize its methyl ligands to stoichiometrically produce methanol (Scheme 8.6). 
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Complex 40 utilized O2 as the oxygen source and ethanol was used as a proton source. This 

complex bears a number of similarities to the Ir(IV) complexes developed by Crabtree (39 is 

used here as an example). (1) It generates a characteristic deep blue solution; (2) it has 

specific UV-vis absorbances in the range of 580 nm – 670 nm; and (3) it is a cationic species. 

However, the unique nature of this compound is that it can be isolated as a solid and is air 

and moisture stable. This was most likely due to retention of the Cp* ligand which was not 

retained in Crabtree’s complexes. The iridium complex generated in situ in our cyclooctane 

oxidation system appears to be more closely related to Crabtree’s complexes.  

 

Scheme 8.6. Ison Lab Ir
IV

-O-Ir
IV

 Oxo Dimer Complex 40.  

 

 

Given the catalytic reaction of cyclooctane oxidation to form 38 along with the 
1
H 

NMR, UV-vis and DLS data investigating 3 reacting with oxidants, the active iridium 

catalyst of the reaction is likely an Ir
IV

-O-Ir
IV

 acetate complex. Based on the Crabtree group’s 

observations that chelating ligands were important to ensure a homogeneous complex rather 

than decomposition to IrO2 nanoparticles, it is likely that acetate is acting as a κ
2
 ligand in 

some cases. With the lack of Cp* and DMSO in the solution, we propose the active complex  
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would be similar to what is shown in Scheme 8.7. Additional work will be done to further 

elucidate the exact identity of this complex. 

 

Scheme 8.7. Formation of Proposed Ir
IV

-O-Ir
IV

 Dimer Complex 41. 

 

 

Iridium oxo dimers have been shown to be important complexes in hydroxylation and 

other oxygenation reactions with a variety of organic substrates. A variety of oxidants can be 

used to generate these complexes which can lead to unique reactivity. Further work is being 

done to develop these reactions and expand their reactivity to other organic substrates.  

 

8.4 Conclusions 

The oxidation of cyclooctane to cyclooctanol by heating 3 and PhI(OAc)2 to 100 °C 

has significant impact with regards to the conversion of alkanes to alcohols and the 

utilization of oxygenated hydrocarbons as fuels or chemical feedstocks. As shown 

previously, the oxidant and solvent have a significant impact on product formation as 

reactions with NaIO4 and H2O have resulted in the over oxidized product cyclooctanone 
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instead of cyclooctyl acetate. For this system only hypervalent iodine reagents have been 

found to be effective oxidants. The productivity of the reaction is limited by the 

decomposition of PhI(OAc)2 at high temperatures. As a result, additional improvements can 

be made by adding sequential amounts of oxidant over time. PhIO is likely the active oxidant 

in the reaction giving the same characteristic blue solution and fast reactivity as with 

PhI(OAc)2/H2O. Extensive studies have revealed the loss of the Cp* ligand which likely 

leads to the formation of a Ir
IV

-O-Ir
IV

 oxo dimer complex. DLS experiments have confirmed 

that at least during the catalytic portion of the reaction, no nanoparticles are observed 

indicating a homogeneous iridium complex is responsible for catalysis. Having identified a 

system for alkane hydroxylation using Cp*Ir precatalysts and hypervalent iodine oxidants, 

further substrates will be explored and the reaction conditions optimized to inhibit oxidant 

decomposition.      

 

8.5 Experimental 

General Considerations. IrCl3·3H2O was purchased from Pressure Chemical Company. 

(Cp*IrCl2)2, Cp*Ir(Me2SO)Cl2, Cp*Ir(Me2SO)(OAc)2, Cp*Ir(NHC)Cl2, Cp*Ir(Me2SO)(Me)2, 

Cp*Ir(NH(CH2CH2)2O)(OAc)2, Cp*Ir(allyl)(OAc), [Cp*Ir(H2O)3]OTf2, Cp*Ir(2-

phenylpyridine)Cl, and Cp*Ir(1,10-phenthroline)Cl were prepared as previously reported. All 

other reagents were purchased from commercial sources and used as received. All reactions 

were performed under air and using non-dry solvents unless otherwise noted. 99.9 % Glacial 

acetic acid stored under nitrogen was used for all experiments. 
1
H, 

13
C, and 

19
F spectra were 

obtained at room temperature on a Varian Mercury 400 MHz, a Varian Mercury 300 MHz 



 

260 

spectrometer, or a Bruker 500 MHz spectrometer. Chemical shifts are listed in parts per 

million (ppm) and referenced to their residual protons or carbons of the deuterated solvents.  

Infrared spectra were obtained in KBr thin films on a JASCO FT/IR-4100 instrument.   

 

General Procedure for Cyclooctyl Acetate Formation:  In a 3 mL storage tube 

Cp*Ir(Me2SO)(OAc)2 (5 mg, 0.0095 mmol) and PhI(OAc)2 (76.5 mg, 0.2375 mmol) were 

added with 1 mL of 9:1 HOAc/OAc2. Water (4.2 μL, 0.2375 mmol) and then 1 mL 

cyclooctane were added and the reaction was stirred at 100 °C for 24 h. After cooling, 700 

mg of NaHCO3 and 1 mL of dichloromethane were added to the storage tube and the solution 

was stirred for 5 minutes. The solution was filtered through a celite plug and diluted with 10 

mL dichloromethane. Yields were obtained by GC using mesitylene as an internal standard.  

 

General Procedure for Cyclooctyl Acetate Formation with Additional Oxidant Added:  

In a 3 mL storage tube Cp*Ir(Me2SO)(OAc)2 (5 mg, 0.0095 mmol) and PhI(OAc)2 (76.5 mg, 

0.2375 mmol) were added with 1 mL of 9:1 HOAc/OAc2. Water (4.2 μL, 0.2375 mmol) and 

then 1 mL cyclooctane were added and the reaction was stirred at 100 °C for 24 h. When 5.75 

h pass, 76.5 mg of PhI(OAc)2 and 4.2 μL of water were added to the reaction mixture. After 

5.75 h from this, the same amounts of PhI(OAc)2 and water were added again. After cooling, 

700 mg of NaHCO3 and 1 mL of dichloromethane were added to the storage tube and the 

solution was stirred for 5 min. The solution was filtered through a celite plug and diluted 

with 10 mL dichloromethane. Yields were obtained by GC using mesitylene as an internal 

standard.  
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General Procedure for Cyclooctane Oxidation with PhIO:  In a 3 mL storage tube 

Cp*Ir(Me2SO)(OAc)2 (5 mg, 0.0095 mmol) was added with 1 mL of HOAc. Then 1 mL 

cyclooctane and PhIO (52.2 mg, 0.2375 mmol) were added and the reaction was stirred at 

100 °C for 1 h. After cooling, 700 mg of NaHCO3 and 1 mL of dichloromethane were added 

to the storage tube and the solution was stirred for 5 min. The solution was filtered through a 

celite plug and diluted with 10 mL dichloromethane. Yields were obtained by GC using 

mesitylene as an internal standard.  

 

General Procedure for Cyclooctane Oxidation with PhIO:  In a 3 mL storage tube 

Cp*Ir(Me2SO)(OAc)2 (5 mg, 0.0095 mmol) was added with 1 mL of HOAc. Then 1 mL 

cyclooctane and PhIO (52.2 mg, 0.2375 mmol) were added and the reaction was stirred at 

100 °C for 1 h. After cooling, 700 mg of NaHCO3 and 1 mL of dichloromethane were added 

to the storage tube and the solution was stirred for 5 min. The solution was filtered through a 

celite plug and diluted with 10 mL dichloromethane. Yields were obtained by GC using 

mesitylene as an internal standard.  

 

General Procedure for 
1
H NMR studies with excess PhIO:  In a screw cap NMR tube 

Cp*Ir(Me2SO)(OAc)2 (5 mg, 0.0095 mmol) was added with 1 mL of acetic acid-d4. Then 

PhIO (52.2 mg, 0.2375 mmol) was added and the reaction was stirred at 100 °C for 5 min. 

After cooling, the reaction was analyzed by 
1
H NMR spectroscopy.  
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General Procedure for UV-vis studies with excess PhIO: In a 3 mL storage tube 

Cp*Ir(Me2SO)(OAc)2 (5 mg, 0.0095 mmol) was added with 1 mL of HOAc. Then PhIO 

(52.2 mg, 0.2375 mmol) was added and the reaction was stirred at 100 °C for 5 min. After 

cooling, the reaction was analyzed by UV-vis.  

 

General Procedure for DLS studies with excess PhI(OAc)2: In a 3 mL storage tube 

Cp*Ir(Me2SO)(OAc)2 (5 mg, 0.0095 mmol) and PhI(OAc)2 (76.5 mg, 0.2375 mmol) were 

added with 1 mL HOAc. Water (4.2 μL, 0.2375 mmol) was added and the reaction was 

stirred at 100 °C for 5 min. After cooling, the crude reaction mixture was analyzed by 

dynamic light scattering.  
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