
ABSTRACT 

 

LEHMAN, MATTHEW C.   Cp*Ir Complexes Relevant to C-H Activation and Oxidation 

Reactions. (Under the direction of Elon A. Ison.) 

 

 This dissertation focuses on the synthesis and reactivity of Cp*Ir complexes towards 

C-H bond activation and oxidation.    Transition metal complexes incorporating the Cp*IrIII 

framework are known to be some of the best activators of C-H bonds.  For this reason a variety 

of these complexes were synthesized and their reactivity was studied.  

 In Chapter 2, the reactivity and mechanism of C-H bonds activation was explored 

through hydrogen/deuterium exchange between benzene and a variety of deuterated solvents. 

Cp*IrIII catalysts were used for this study with different strongly and weakly electron donating 

ligands.   From these studies, it was shown that the mechanism of C-H activation varied 

dramatically based on the nature of the ancillary ligand as well as the solvent/deuterium source.  

When reactions were run in strongly acidic solvents, such as trifluoroacetate, a nucleophilic 

aromatic substitution mechanism was operative and did not show a strong dependence on the 

ancillary ligand.  The reactivity in acetic acid also showed no dependence on the nature of the 

ancillary ligand.  Acetate containing catalysts were synthesized and shown to have similar 

reactivity regardless of the electron donating ability of the ancillary ligand.  For this reason a 

well know acetate assisted sigma bond metathesis mechanism is proposed for C-H activation 

in this solvent.   However, when methanol was used as the deuterium source, strongly electron 

donating groups afforded the highest reactivity.  This reactivity was attributed to the ability of 

these complexes to form iridium-hydride intermediates. 

 In Chapter 3, the reactivity of Cp*Ir(NHC)Me(L)+ complexes were synthesized and 

studied for oxyfunctionalization towards  methanol production under dioxygen pressure.  

Methanol production was achieved with these complexes in D2O solvent when heated to 100 



˚C. Isotope labeling studies confirmed the oxygen atom in the methanol product originated 

from the O2 atmosphere.  A strong dependence of the ability to dissociate a ligand from the 

coordination sphere was determined through kinetic studies.  Based on this result, in Chapter 

4, a Cp*Ir(NHC)Me complex was synthesized in situ in the absence of a coordinating ligand. 

This complex produced methanol in quantitative yields at ambient temperature and pressure. 

A bimetallic IrIV complex with a bridging oxo was identified and characterized as a kinetically 

competent intermediate.  In both systems the Ir-Me bond is being oxidized and an iridium 

product containing the Cp* and NHC ligands was observed and quantified.   

 In Chapter 5, catalytic aerobic oxidations of alcohols were studied.  The best conditions 

found for this reaction were with Cp*IrIII complexes incorporating a NHC ligand in basic 

conditions.  Dioxygen was needed for catalytic turnovers.  Iridium-hydride complexes were 

identified as possible reaction intermediates.   
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1.1 Background 

Organometallic compounds are defined as complexes that contain a metal-carbon bond.  

More generally, organometallic chemistry describes organic fragments bound to a metal center, 

whether bound through carbon or through a heteroatom.  Combining these two fragments has 

proven to have dramatic differences in reactivity for both.  Earliest examples of organometallic 

compounds were from s and p group metals such as lithium, magnesium, and aluminum.  These 

complexes have shown the ability to stabilize carbanions that can react as nucleophiles. 

Incorporation of transition metals into organometallic complexes has allowed for various 

catalytic organic transformations.1, 2   

The ability of transistion metal compounds to break and form C-H, C-C, and C-O bonds 

have led to their use is fine chemical and pharmaceutical synthesis.  One example of the impact 

organometallic complexes have made in these fields can be found in catalytic reactions, such 

as cross coupling.3-7  Cross-coupling is a catalytic C-C bond forming reaction in which 

primarily halogenated alkyl or aryl substrates are activated by a palladium metal center to form 

metal carbon and metal halogen bonds (Scheme X).  A subsequent transmetalation step results 

in a second metal carbon bond.  Reductive elimination of these two carbon fragments leads to 

the newly formed C-C bond.  While this reaction has a wide application in fine chemical 

synthesis, the need to start with activated alkyl and aryl substrates has limited the overall scope.  

For this reason, the field has focused on forming metal carbon bonds through C-H bond 

activation of simple alkanes and arenes.8-29  
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Scheme 1.1. General mechanism for Pd catalyzed cross-coupling reactions 

 

 

 

 

C-H activation has been studied over the years for various transition metal complexes.  

These studies have led to a mechanistic understanding of how C-H bonds are broken and 

identification of organometallic frameworks that allow this transformation. Bergman and 

coworkers identified Cp*IrIII compounds containing electron donating phosphine ligands as 

some of the best activators of C-H bonds.30-43  

 One of the largest current sources of hydrocarbons is petroleum.  Petroleum contains a 

complex mix of hydrocarbons that can be separated by distillation. While liquid fuels are by 

far the most abundant products from this distillation other synthetically useful compounds such 
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as alkenes and aromatics can also be found.44  These compounds can be transformed into value 

added petrochemicals which exceed the value of the liquid fuels.  Currently these 

petrochemicals represent much of the chemical feedstocks that produce products such as 

plastics, fabrics, and pharmaceuticals.  As petroleum resources are depleted, new chemical 

feedstocks and fuel sources are needed.  Natural gas reserves are projected to larger than 

petroleum and could serve as a replacement to petroleum if the technology to convert natural 

gas to value added chemicals and fuels can be found. 

 One of the main components of natural gas is methane. As methane is a gas, the 

transportation of methane is one issue that must be overcome in order from methane and natural 

gas to be a useful carbon feedstock.  However, the partial oxidation of methane to methanol 

would provide a transportable liquid that could be used as a fuel or a feedstock chemical.  There 

are heterogenous processes for the conversion of methane to methanol such as steam reforming 

but such processes are energy intensive and ultimately inefficient.  Due to this an efficient 

process for the conversion of methane to methanol is needed.  Homogeneous organometallic 

catalysts offer one potential solution to this problem.   

 Efforts have been made to identify potential catalysts for this transformation. Shilov 

published the first known report of homogeneous organometallic methane to methanol 

catalyst.45, 46 Shilov’s system involves a PtII catalyst capable of activating methane under 

strongly acidic conditions.  Following the C-H activation of methane, the catalyst is oxidized 

with an equivalent of a PtIV oxidant.  Methanol is then released as a product and the catalyst is 

regenerated. The acidic conditions are needed to protect the methanol product from being over-

oxidized by the catalyst.  While this system provides an example of methane to methanol 
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conversion, the stoichiometric amounts of PtIV oxidant and the highly acidic conditions limit 

the scale at which the reaction can be run.  Periana reported a similar system in which sulfuric 

acid serves as a solvent and oxidant.46-49  Again this reaction needs to be run under strongly 

acidic conditions which ultimately make this system unreasonable for bulk scale processes.   

 The methane to methanol process occurs by two major steps.  First, is the C-H 

activation of methane to form and metal-methyl bond.  This is followed by an 

oxyfunctionalization step in which the metal-methyl bond is oxidized to form a carbon-oxygen 

bond.  The goal of this project is investigate the ability of Cp*IrIII complexes to activate and 

oxidize C-H bonds with the aim of developing a catalytic system for methane to methanol 

conversion.  These complexes were targeted based on the work from Bergman that identified 

this class of compounds to be among the best activators of C-H bonds.   

A detailed mechanistic look at the mechanism of C-H activation for a variety of Cp*IrIII 

compounds will be discussed first.  This is followed by a study of Cp*IrIII(NHC)Me(L)+ 

complexes towards stochiometric oxidation of the iridium methyl bonds by O2.  The results of 

this study led to an improved catalytic system and mechanistic understanding of the oxidation 

step which will then be described.  The final chapter will discuss the ability of Cp*IrIII 

complexes to activate O2 in catalytic aerobic oxidations of alcohols.   
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Scheme 1.2. Proposed mechanism for catalytic methane to methanol conversion with Cp*IrIII 

 

 

 

1.2 Scope 

 The first chapter in this dissertation focuses on the ability of Cp*IrIII compounds with 

various ancillary ligands to activate benzene C-H bonds.  Benzene was selected as a model 

substrate for methane and efficiency of the catalysts was studied by H/D exchange between 

benzene and various deuterated solvents.  While our group and others have examined the 

capability of such catalysts for C-H activation with success, IrIII compounds are notably rare 

in the C-H bond functionalization literature.50-52  Therefore, a systematic study of the factors 

that govern the ability of such catalysts to activate C-H bonds was warranted.   The results of 

this study led to an understanding of the different mechanisms that are operative when strongly 
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electron donating ligands are bound to the metal center versus weakly donating ligands.  In 

addition the solvent/deuterium source was found to play a significant role in the mechanism of 

the C-H activation step.   

 The next project covers two chapters in which the oxyfuctionalization step was 

investigated with Cp*Ir(NHC)Me+ complexes towards the production of methanol.  Air stable 

complexes with coordinated solvent molecules, Cp*Ir(NHC)Me(L)+ (L = pyridine and 

DMSO), were examined first.  Methanol formation was observed by heating these complexes 

in D2O solvent while pressurizing with O2.  Isotope labeling studies revealed that the oxygen 

atom in the product originates from the O2 atmosphere and not the D2O solvent.  Importantly, 

it was established the Ir-Me bond is oxidized.  Kinetic studies led to an understanding of a 

strong dependence on the dissociation of the ligand to open up a coordination site presumably 

for O2 binding. 

 The high temperatures and pressures needed for methanol production in the previous 

system did not allow for an investigation of the elementary steps involved in 

oxyfunctionaliztion.  Specifically, the details surrounding the mechanism of the carbon oxygen 

bond formation remained elusive.  In order identify reactive intermediates, a complex without 

a strongly bond coordinating ligand, Cp*Ir(NHC)Me+ was synthesized and studied for 

methanol production.  Starting from this complex methanol yields were achieved at room 

temperature and open to air under ambient pressure.  A rare example of an IrIV, bimetallic, 

bridging oxo species was identified as an intermediate in this study.  

 Cp*IrIII catalyzed aerobic alcohol oxidations are studied in the final chapter.  This 

system operates under basic conditions with O2 as the oxidant.  Through mechanistic studies, 
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iridium hydride complexes have been identified as intermediates.  A mono-hydride complex 

is hypothesized to be the active intermediate and a related mono-hydride has been synthesized.   
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CHAPTER 2 

 Part 1: EFFECT OF SOLVENT AND ANCILLARY LIGANDS ON 

THE CATALYTIC H/D EXCHANGE REACTIVITY OF Cp*IrIII(L) 

COMPLEXES. 

 

Part 2:  CATALYTIC ALKANE H/D EXCHANGE STUDIES WITH 

Cp*IrIII COMPLEXES 
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Part 1: Effect of Solvent and Ancillary Ligands on the Catalytic H/D Exchange Reactivity 

of Cp*IrIII(L) Complexes. 

 

2.1.1 Abstract 

 The reactivity of a series of Cp*IrIII(L) complexes that contain a diverse set of ancillary 

ligands, L, (L = PMe3, N-heterocyclic carbene, NHC = 1,3-dimethylimidazol-2-ylidene, aqua, 

4-t-butylpyridine, and 4-(2,4,6-tris-(4-t-butylphenyl)-pyridinium)pyridine tetrafluoroborate) 

has been examined in catalytic H/D exchange reactions between C6H6 and a series of 

deuterated solvents (methanol-d4, acetic acid-d4 and trifluoroacetic acid-d1). These studies 

demonstrate that: (1) The mechanism of catalytic H/D exchange is significantly influenced by 

the nature of the solvent; (2) Electron-donating ligands (PMe3, NHC) promote the formation 

of Ir hydrides in methanol-d4, and these are critical intermediates in catalytic H/D exchange 

processes; and (3) Weak/poorly donating ligands (4-t-butylpyridine, 4-(2,4,6-tris-(4-t-

butylphenyl)-pyridinium)pyridine tetrafluoroborate and aqua) can support efficient H/D 

exchange catalysis in acetic acid-d4. 

2.1.2 Introduction 

Iridium complexes have been shown to be highly effective for the stoichiometric 

activation of C-H bonds. In particular, extensive work by Bergman and coworkers has 

provided a detailed mechanistic picture of stoichiometric C-H activation reactions at Cp*Ir(I) 

and Cp*Ir(III) complexes.1  Despite these pioneering studies, it has, until recently, remained 
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challenging to exploit the facile C–H activation abilities of Cp*Ir complexes in catalytic C–H 

functionalization reactions.  In contrast, [Cp*Rh] complexes have been shown to catalyze a 

wide variety of different ligand-directed C–H functionalization reactions.2 For example, 

Glorius et al recently demonstrated [Cp*RhCl2]2-catalyzed C–H activation/halogenation 

sequences.2c To date, C–H functionalization of arenes and alkanes with the Cp*Ir fragment 

remains underdeveloped. 

 Some of us have recently reported the Ir-catalyzed synthesis of benzochromenones 

from benzoic acids and alkynes.3 In addition, Crabtree and coworkers have demonstrated the 

hydroxylation of C-H bonds catalyzed by a series of Cp*Ir complexes.4 The mechanisms for 

many of these transformations are still not established. Further, a detailed understanding of the 

factors that lead to efficient catalytic C-H functionalization with Cp*Ir complexes is needed in 

order to rationally design new catalysts and catalytic transformations.  

 H/D exchange reactions between C6H6 and deuterated solvents have been utilized 

recently to study C-H activation.5 This method has the advantage that it does not depend on 

the isolation of transient organometallic complexes; furthermore, the reaction is believed to 

proceed via intermediates that are directly relevant to catalytic C-H functionalization reactions. 

In this chapter, we compare the reactivity of a series of Cp*IrIII(L) complexes that contain a 

diverse set of ancillary ligands, L, (L = PMe3, N-heterocyclic carbene, NHC = 1,3-

dimethylimidazol-2-ylidene, aqua, 4-t-butylpyridine, and 4-(2,4,6-tris-(4-t-butylphenyl)-

pyridinium)pyridine   tetrafluoroborate) in catalytic H/D exchange reactions between C6H6 and 

a series of deuterated solvents (methanol-d4, acetic acid-d4 and trifluoroacetic acid-d1). These 

studies lead us to three key conclusions about C–H activation at Cp*Ir complexes: 1) The 
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mechanism of catalytic H/D exchange is significantly influenced by the nature of the solvent; 

2) Electron-donating ligands (PMe3, NHC) promote the formation of Ir hydrides in methanol-

d4, and these species serve as intermediates in catalytic H/D exchange reactions; and (3) 

Weak/poorly donating ligands (4-t-butylpyridine, 4-(2,4,6-tris-(4-t-butylphenyl)-

pyridinium)pyridine tetrafluoroborate and aqua)6 can support efficient H/D exchange catalysis 

in acetic acid-d4. Overall, this work shows that by controlling the reaction conditions and the 

ancillary ligands coordinated to the metal we can dramatically influence C-H activation 

reactivity. Since complexes featuring the Cp*Ir(L) motif have been shown to be among the 

most effective in stoichiometric C-H activation reactions, the results presented here have 

significant potential implications for the development of C-H functionalization catalysts. 

 

2.1.3 Results and Discussion 

2.1.3.1 Synthesis of Cp*Ir(III) Complexes 

The Cp*IrIII(L) complexes that were examined in the current study are depicted in 

Figure 2.1. The catalysts can be broadly separated into two categories: 1) Complexes 

incorporating strong donor ligands (PMe3 and NHC); and 2) Complexes incorporating weak 

donor ligands (H2O, pyridine derivatives). Notably, the diiridium hydride (5) was obtained by 

heating 4 in MeOH and was characterized by NMR spectroscopy and X-ray crystallography 

(Figure 2.1). The structure of 5 is similar to a related complex reported by Yamaguchi and 

coworkers, where the tetramethyl-substituted NHC ligand was utilized (NHC = 1,3,4,5-

tetramethylimidazol-2-ylidene).7 The bond distance between the two Ir centers in 5 is 

2.7118(6) Å. The geometry at each metal center is best described as a three-legged piano stool.  
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Figure 2.1.  Cp*IrIII catalysts used in this study 
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Figure 2.2. X-ray crystal structure of complex 5. Ellipsoids are at the 50% probability level. 

Hydrogen atoms and triflate counterions were omitted for clarity. Selected bond lengths 

(Å)Ir1-Ir2, 2.7118(6); Ir1-C1, 2.0266(18); Ir2-C6, 2.0238(18). 

 

The syntheses of all of the catalysts utilized in this work are described in detail in the 

experimental section. Complexes 1-4 were previously examined as catalysts for H/D exchange 

reactions but have not been compared under the same conditions or studied mechanistically.8 

Further, while many of these complexes have been examined for H/D exchange, the 

mechanisms of these reactions have not been systematically investigated. In particular, the role 

of solvents and ancillary ligands on catalytic H/D exchange reactivity has not been probed. 

  

2.1.3.2 H/D Exchange Reactions.  

Deuterium incorporation into C6H6 was examined for complexes 1-7.  A general 

reaction is shown in Scheme 2.1 with methanol-d4, acetic acid-d4, and trifluoroacetic acid-d1 
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chosen as solvents and deuterium sources. Deuterium incorporation and turnover numbers 

(TONs) were determined by GC/MS utilizing a quantitative assay.5d 

 

Scheme 2.1. Ir-catalyzed H/D exchange  

 
 

Reactions in Methanol-d4. The results of studies with methanol-d4 are shown in Table 

2.1. Catalyst 1 when treated with AgOTf (entry 2), 4 (entry 6), and 5 (entry 7), showed the 

highest activity for H/D exchange. When 3 was treated with AgOTf (entry 5), the activity 

increased approximately five-fold compared to the reaction of 3 without additive (entry 4). 

This suggests that AgOTf abstracts the chloride ligands in 3 to generate a more active catalyst. 

This effect is even more pronounced for 1, as the TONs increase by more than an order of 

magnitude upon addition of AgOTf (entries 1 and 2). It is also important to note that in this 

solvent H/D AgOTf does not catalyze exchange, and H/D exchange does not take place without 

an Ir catalyst.  
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Table 2.1. Results for catalytic H/D exchange reactions with complexes 1-7 in methanol-

d4.
a 

Entry Catalyst Additive TONb 

1 1 None 11(3) 

2 1 AgOTfc 179(3) 

3 2 None 16.5(2) 

4 3 None 9.3(4) 

5 3 AgOTfc 44(9) 

6 4 None 79(5) 

7 5 None 76(6) 

8 6 None NDd 

9 6 AgOTfc 3(0) 

10 7 None 7(3) 

11 7 AgOTfc 3(2) 

aReactions were run for 24 h with 25 equivalents of deuterium source to C6H6.
b Reported 

turnover numbers are the average of at least three trials and error is reported as the standard 

deviation of the mean. Turnover numbers (TONs) are calculated as moles of D incorporated 

per mole of catalyst. Conditions: Benzene-d6 (42 μL, 0.475 mmol), methanol-d4 (11.9 mmol), 

and the respective iridium(III) catalyst (0.0095 mmol). cTwo equivalents of AgOTf were 

added. dNo deuterium incorporation was detected. 

  

The TONs achieved with catalysts 4 and 5 (entries 6 and 7) are comparable. This is 

consistent with the observation that 5 is the major species in methanol when 4 is employed as 

the catalyst in H/D exchange reactions. Notably, complexes that contain moderate/weak donor 

ligands (H2O, 2; pyridine, 6; pyridinium, 7) exhibit poor reactivity in methanol-d4 (entries 3, 

8-11). 
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Reactions in Trifluoroacetic Acid-d1. H/D exchange reactivity in trifluoroacetic acid-

d1 is shown in Table 2.2. Catalysts 1 (PMe3), 3 (NHC), and 4 (NHC) show similar TONs in 

trifluoroacetic acid-d1 compared to the corresponding reaction in methanol-d4. In contrast, 

complex 2, which contains weakly donating aqua ligands, exhibits poor activity in methanol-

d4 (TON = 16.5(2)) but improved reactivity in trifluoroacetic acid-d1 (TON = 105(8), entry 3). 

Similarly, the pyridine and pyridinium containing catalysts 6 and 7, when treated with AgOTf, 

exhibit improved reactivity in trifluoroacetic acid-d1 (TON = 95(5) and 57(2) respectively) 

compared to in methanol-d4 (TON = 3(0) and 3(2) respectively). It is also noteworthy that in 

trifluoroacetic acid-d1, there is significant H/D exchange when AgOTf is employed as a 

catalyst (44% deuterium incorporation after 24 h) and a small background reaction with the 

solvent in the absence of a metal (6% deuterium incorporation after 24 h). This is not the case 

in methanol-d4 or acetic acid-d4.
9  

 

 

 

 

 

 

 



 

22 

Table 2.2 Results for catalytic H/D exchange reactions with complexes 1-7 in trifluoroacetic 

acid-d1. 

Entry Catalyst Additive TONb 

1 1 None 159(2) 

2 1 AgOTfc 146(2) 

3 2 None 105(8) 

4 3 None 18(2) 

5 3 AgOTfc 51(1) 

6 4 None 70(4) 

7 6 None 7(3) 

8 6 AgOTfc 95(5) 

9 7 None 10(3) 

10 7 AgOTfc 57(2) 

aReactions were run for 24 h with 25 equivalents of deuterium source to C6H6. 
bReported 

turnover numbers are the average of at least three trials and error is reported as the standard 

deviation of the mean. Turnover numbers (TONs) are calculated as moles of D incorporated 

per mole of catalyst. Conditions: Benzene-d6 (42 μL, 0.475 mmol), trifluoroacetic acid-d1 (11.9 

mmol), and the respective iridium(III) catalyst (0.0095 mmol). cTwo equivalents of AgOTf 

were added. 

 

 

Reactions in acetic acid-d4. The data presented above shows that the ancillary ligand 

(L) in the Cp*Ir(L) fragment significantly affects the TONs for catalytic H/D exchange 

reactions in trifluoroacetic acid-d1 and methanol-d4. In marked contrast, this is not the case in 

acetic acid-d4. Independently synthesized complexes 8-11 that incorporate acetate ligands in 

the primary coordination sphere are depicted in Figure 2.3 with the X-ray structure of 10 shown 
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in Figure 2.4. As shown in Figure 2.5, regardless of the ancillary ligands, all catalysts afforded 

approximately the same activity (TONs between 30 and 40) and complexes 8-11 performed as 

effectively as complexes 1, 4, 6 and 7. 

 

 

Figure 2.3 Acetate Containing Catalysts (8-11) 
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Figure 2.4. X-ray crystal structure of complex 10. Ellipsoids are at the 50% probability level, 

hydrogen atoms and PF6 counter anions were omitted for clarity. Selected bond lengths (Å) 

and angles (degrees):  Ir1-C1, 2.043(11); Ir1-O1, 2.173(7); Ir1-O2, 2.162(8); O2-C6-O1, 

115.9(10).  

 

 

 

 

 
Figure 2.5. Catalytic H/D exchange reactions with complexes 1, 4, 6, 7, 8, 9, 10 and 11 in 

acetic acid-d4. Conditions: Reactions were run for 24 h with 25 equivalents of deuterium source 

to C6H6.
 The reported turnover numbers are the average of at least three trials and error is 

reported as the standard deviation of the mean. * 2 equivalents of AgOTf were added to the 

complex. 
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2.1.3.3 Mechanism for Catalytic H/D Exchange. 

  The H/D exchange data presented above suggests that different mechanisms for C-H 

activation may be operational when different solvents/deuterium sources are employed, as well 

as when the ancillary ligand L is varied. To investigate this possibility further, we examined 

the mechanism of the catalytic H/D exchange reaction with catalyst 4. This catalyst was chosen 

because: 1) its activity was amongst the highest of all the catalysts studied, 2) H/D exchange 

proceeded with this catalyst without the need for activation with AgOTf, and 3) high TONs 

were achieved with this catalyst in all three deuterium sources. 

a. Isotope Effects. The effect of isotopic substitution on the catalytic H/D exchange 

reactions was first investigated.  Isotope effects were determined by comparing the turnover 

numbers for deuterium exchange into C6H6 (C-H activation) to turnover numbers for proton 

incorporation into C6D6 (C-D activation).10 Turnover numbers were obtained by GC/MS 

analysis of isotopologue concentrations. As shown in Table 2.3, the isotope effect varies 

significantly as a function of the solvent/deuterium source.   When the deuterium 

source/solvent is methanol-d4 or acetic acid-d4, a primary isotope effect is observed (entries 1 

and 2). In contrast, trifluoroacetic acid-d1 affords an inverse isotope effect (entry 3).   
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Table 2.3 Isotope effects for the catalytic deuterium exchange into benzene with a variety of 

solvents for catalyst 4 

Entry Solventa Isotope Effectb 

1 methanol 3.8(2) 

2 acetic acid 6.7(4) 

3 trifluoroacetic acid 0.80(9) 

a 25 equivalents of deuterium source to C6H6. 
b Reported isotope effects were determined 

by dividing the TON listed in Table 2 by the TON for the incorporation of protons into 

C6D6.  All TONs were determined by GC/MS. 
 

 

 

b. Mechanism of H/D exchange in methanol-d4. The kinetics of the reaction 

catalyzed by 4 in CD3OD was next examined in more detail. As shown in Figure 3, the reaction 

shows a 1st order dependence on the Ir catalyst 4 (Figure 2.6a) and saturation kinetics in [C6H6] 

(Figure 2.6b).11 A general mechanism that is consistent with the data is presented in Scheme 

2.2 with the corresponding rate expression (assuming Michaelis Menten-type kinetics) 

depicted in equation 1. For this mechanism, benzene, Ph-H, is activated by a transition metal 

complex, M, to generate an Ir-phenyl complex, Ir-Ph. The Ir-Ph complex then reacts with the 

solvent, ROD, to form deuterated product, Ph-D, and regenerate the starting Ir complex, M.12 

 

 

 

Rate = 
k1k2[Ph-H][M]T

k -1[H +] + k 2 + k 1[Ph-H]
     (1) 
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Figure 2.6. a) Plot of initial rate of deuterium incorporation versus [4] in methanol-d4 b) Plot 

of turnover frequency versus [benzene] in methanol-d4.  Conditions: (a) Ir catalyst (0.0024, 

0.0028, 0.0095, 0.019 mmol), benzene (0.475 mmol), methanol-d4 (11.9 mmol) at 150 ºC for 

0.5 h. (b) Ir catalyst (0.0095 mmol), benzene (0.238, 0.475, 0.950, 1.68 mmol), methanol-d4 

(11.9 mmol) at 150 ˚C for 0.5 h. Data are fit with nonlinear least-squares fitting to an equation 

describing saturation in [benzene]: kobs = k2[benzene]/k´+[benzene] where k´ = (k-1[H
+] + k2)/k1. 

Turnover frequencies were determined by GC/MS. 
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Scheme 2.2. Proposed mechanism for the H/D exchange reaction of benzene in weakly and 

moderately acidic solvents. 

 
  

a. Mechanism of H/D exchange in trifluoroacetic acid-d1.  A different 

mechanism appears to be operational in trifluoroacetic acid-d1. This hypothesis is based on the 

following experimental observations:  

1) Catalytic H/D exchange reactivity for complexes with weak/poor donor ligands is 

enhanced in trifluoroacetic acid-d1.  

2) Primary isotope effects are observed when the reactions are performed in methanol-

d4 and acetic acid-d4, while inverse isotope effects are observed in trifluoroacetic acid-d1.  

3) Reactions performed in methanol-d4 incorporate deuterium at a significantly faster 

rate than those performed in trifluoroacetic acid-d1. The reaction in methanol-d4 showed an 

exponential appearance of the deuterated products and achieved the maximum turnovers in 

approximately 600 min.13 In contrast, the turnover numbers for the catalytic reaction performed 

in trifluoroacetic acid-d1 increased at a significantly slower rate, and maximum turnovers were 

not achieved even after 4 d. The reaction without a catalyst progressed at an even slower rate 

and again maximum turnovers were not reached after 4 d. These results clearly demonstrate 

that H/D exchange proceeds in trifluoroacetic acid-d1 without the need for a catalyst. However, 

the rate of H/D exchange appears to be enhanced in the presence of 4.  
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Figure 2.7. Plot of initial rate of deuterium incorporation versus [4] in trifluoroacetic acid-d1 
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Figure 2.8. Plot of initial rate of deuterium incorporation versus [benzene] in trifluoroacetic 

acid-d1 

  

In trifluoroacetic acid-d1, the order with respect to the concentration of 4 was 0.49(4) 

(Figure 2.7),14 while the order with respect to the concentration of benzene was 0.88(9) (Figure 

2.8).  A proposed mechanism for H/D exchange in trifluoroacetic acid-d1 that is consistent with 

all of this data is depicted in Scheme 3. Interaction of the solvent with the transition metal 

center results in the species M(TFA) and D+. In a second step, D+ interacts with benzene by 

an electrophilic aromatic substitution (Ar-SE) mechanism with rate-determining formation of 

an arenium cation, followed by loss of H+ and the formation of the deuterated product. 

According to this mechanism, the role of the transition metal is to increase the Brønsted acidity 

of the solvent.  
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Scheme 2.3. Proposed mechanism for H/D exchange in CF3CO2D 

 
  

In order to further test the plausibility of an Ar-SE mechanism we examined the site-

selectivity of D incorporation into t-butyl benzene via 1H NMR spectroscopy (Scheme 2.4).   

If the H/D exchange reaction proceeds by an Ar-SE mechanism, then preferential deuterium 

incorporation at the ortho and para carbons should be observed because the t-butyl group is an 

ortho and para director.   Deuterium incorporation was determined by 1H NMR spectroscopy 

of the crude reaction mixture in utilizing 4 as a catalyst in CF3CO2D and CD3OD.    

 

Scheme 2.4. Ir-catalyzed H/D exchange in tert-butylbenzene 
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As shown in Table 2.4 when the reaction is performed in trifluoroacetic acid-d1 in the 

absence of a catalyst (Entry 1), the site selectivity for deuterium incorporation into the ortho 

and para positions of t-butyl benzene was consistent with an Ar-SE mechanism.  When the 

reaction is performed with catalyst 4, comparable site selectivity was observed (Entry 2). In 

contrast, when the reaction was performed with 4 in methanol-d4 preferential deuterium 

incorporation into the meta position was observed.15  

 

 

 

Table 2.4. Site-selectivity of deuterium incorporation (%) into the ortho, meta, and para 

positions of t-butyl benzene. 

 

Entry Catalyst Solvent 
Selectivitya 

(ortho/meta/para) 

1 N/A CF3CO2D 2.0/1.0/2.3 

2 4 CF3CO2D 2.3/1.0/2.8 

3 4 CD3OD 0.42/1.0/0.42 

aDeuterium incorporation (%) was determined by 1H NMR spectroscopy with a 0.1 M DSS 

internal standard in D2O (DSS = Sodium 4,4-Dimethyl-4-silapentane-1-sulfonate) 

 

 

d. Mechanism of H/D exchange in acetic acid-d4.  As discussed above, when acetic 

acid-d4 was used as a solvent, TONs for the various catalysts were essentially the same, 

regardless of the ancillary ligand. We hypothesize that this is because, in all cases, the 

catalytically active species has incorporated an acetate ligand from the acetic acid solvent. 

Importantly, the mechanism for C–H activation with complexes incorporating acetate ligands 



 

33 

has been extensively studied.2q, 2u, 16 In many of these cases, the rate determining step for C–H 

activation is not C–H bond cleavage, but binding of the substrate to the metal complex.17 This 

is because the acetate ligand has a strong propensity to coordinate to the metal center in a 

bidentate fashion. Thus, C–H activation reactivity in these systems represents a subtle balance 

between (i) the equilibrium constant for η2 to η1 isomerization of the acetate ligand (which 

opens a site at the metal for C–H σ-complex formation) and (ii) the ability of the carbonyl 

oxygen to deprotonate the coordinated C–H bond. We propose that these acetate ligand effects 

are the predominant factor that affects catalyst activity in acetic acid-d4, and thus the ancillary 

ligand L has minimal influence on extent of H/D exchange. This proposal is supported by the 

H/D exchange reactivity described above (Figure 2.5) for IrIII acetate complexes 8-11 (Figure 

2.3).18 Significantly, catalysts 8-11 provided nearly identical results to catalysts 1, 4, 6 and 7 

with TONs between 30 and 40.19  

 

2.1.4 Conclusions 

In summary, this study has important implications for the design of Cp*IrIII(L) 

complexes for C-H activation/functionalization. First, the solvent dramatically influences the 

mechanism of H/D exchange. We believe that organometallic mechanisms are occurring in 

acetic acid-d4 and methanol-d4, while an Ar-SE mechanism is operating in trifluoroacetic acid-

d1. The evidence supporting these proposals is: 

 a) Primary isotope effects are observed in methanol-d4 and acetic acid-d4, while inverse 

isotope effects are observed in trifluoroacetic acid-d1 (Table 2.3). 
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 b) The rate of incorporation of deuterium is faster in methanol-d4 than in trifluoroacetic-d1. 

H/D exchange in methanol-d4 resulted in maximum turnovers after ~ 600 min (kobs = 1.7(5) × 

10-3 min-1). In contrast deuterium incorporation for the H/D exchange reaction in trifluoroacetic 

acid-d1 did not achieve maximum turnovers even after 4 d (kobs = 3.3(7) × 10-4 min-1). 

Furthermore, reactions performed without a catalyst displayed a similar time profile (kobs = 

1.7(5) × 10-4 min-1).  

 Second, the ancillary ligand, L, also influences H/D exchange reactivity. The most 

active catalysts in methanol-d4 contain strong donor ligands (PMe3 and NHC). For complexes 

with this class of ligand, hydride species have been identified in catalytic H/D exchange 

reactions in this solvent. In contrast, for complexes with moderate to weak donor ligands (aqua, 

pyridine, pyridinium) no evidence for the formation of hydrides was observed. This difference 

in reactivity may be due to the ability for the complex to form a hydride by β-hydride 

elimination from an Ir-methoxy intermediate.   

 In acetic acid-d4 the ancillary ligand L appears to have a minimal impact on H/D 

exchange reactivity, as TONs of 30-40 are observed regardless of the ligand. In this solvent, 

C-H activation is proposed to proceed by an acetate-assisted sigma bond metathesis 

mechanism. As a result, we hypothesize that H/D exchange reactivity is influenced most 

significantly by the η2 to η1 isomerization of the acetate ligand and the ability of the carbonyl 

oxygen to deprotonate the coordinated C–H bond. 

 The results presented herein suggest that the proper choice of solvent and ancillary 

ligand could result in the rational design of new C-H functionalization catalysts that 

incorporate the Cp*Ir(L) motif. The observation that complexes with strong donor ligands 
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result in the formation of Ir hydrides and that these species enable C-H activation in weakly 

acidic polar solvents such as methanol-d4, is particularly intriguing and suggests that catalysts 

may be developed that take advantage of these propensities.  
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2.1.5 Experimental 

General Considerations. The complexes 1, 2, 3, 9, and 11 were prepared according to 

published procedures.18, 20 Other reagents were purchased from commercial sources and used 

as received. 1H and 13C NMR spectra were recorded on a Varian Mercury 400 MHz or a Varian 

Mercury 300 MHz spectrometer at room temperature. 1H and 13C NMR chemical shifts are 

listed in parts per million (ppm) and are referenced to residual protons or carbons of the 

deuterated solvents, respectively. Mass spectrometry was performed by the North Carolina 

State University Mass Spectroscopy Facility using an Agilent Technologies 6210LC-TOF 

mass spectrometer (GC/MS). Elemental analyses were performed by Atlantic Microlabs, Inc. 

X-Ray crystallography was performed at the X-Ray Structural Facility of North Carolina State 

University by Dr. Paul Boyle.  

 

H/D Exchange Reactions. Benzene (42 μL, 0.475 mmol), deuterated solvent (11.9 mmol), 

and the respective iridium(III) catalyst (0.0095 mmol) were added to a ~3 mL Teflon sealed 

storage tube.  The Schlenk tube was placed in a temperature controlled oil bath set to 150 °C 

for 24 h. The reaction mixture was then cooled to room temperature and filtered through Celite.  

Reactions in acidic solvents were quenched with sodium bicarbonate and filtered through 

Celite.  The resulting solution was then analyzed by GC/MS. 

 

Isotope Effect Studies. Benzene-d6 (42 μL, 0.475 mmol), solvent (11.9 mmol), and the 

respective iridium(III) catalyst (0.0095 mmol) were added to a ~3 mL Teflon sealed storage 

tube.  The Schlenk tube was placed in a temperature controlled oil bath set to 150 °C for 24 h. 
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The reaction mixture was then cooled to room temperature and filtered through Celite.  

Reactions in acidic solvents were quenched with sodium bicarbonate and filtered through 

Celite.  The resulting solution was then analyzed by GC/MS. 

 

Time Profile Studies.  Benzene (42 μL, 0.475 mmol), solvent (11.9 mmol), and the respective 

iridium(III) catalyst (0.0095 mmol) were added to a ~3 mL Teflon sealed storage tube.  The 

Schlenk tube was placed a temperature controlled oil bath set to 150 °C.  Aliquots were 

removed from reaction mixture after various time intervals and analyzed by GC/MS. 

 

Kinetic Studies in Methanol-d4.  Benzene (10.5 μL, 0.119 mmol; 21 μL, 0.238 mmol; 42 μL, 

0.475mmol; 84 μL, 0.950  mmol), methanol-d4 (480 μL, 11.9 mmol), and the respective 

iridium(III) catalyst (0.0095 mmol) were added to a ~3 mL Teflon sealed storage tube.  The 

Schlenk tube was placed in a temperature controlled oil bath set to 150 °C for 0.5 h. The 

reaction mixture was then cooled to room temperature and filtered through Celite.  The 

resulting solution was then analyzed by GC/MS. 

 

Kinetic Studies in Acetic Acid-d4.  Benzene (21 μL, 0.238 mmol; 42 μL, 0.475 mmol; 63 μL, 

0.713 mmol; 84 μL, 0.950 mmol), acetic acid-d4 (680 μL, 11.9 mmol), and the respective 

iridium (III) catalyst (0.0095 mmol) were added to a ~3 mL Teflon sealed storage tube.  The 

Schlenk tube was placed in a temperature controlled oil bath set to 150 °C for 0.5 h. The 

reaction mixture was then cooled to room temperature, quenched with sodium bicarbonate, 

and filtered through Celite.  The resulting solution was then analyzed by GC/MS. 
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Kinetic Studies in Trifluoroacetic Acid-d1.  Benzene (21 μL, 0.238  mmol; 42 μL, 0.475 

mmol; 84 μL, 0.950 mmol; 126 μL, 1.43  mmol), trifluoroacetic acid-d1 (680 μL, 11.9 mmol), 

and the respective iridium (III) catalyst (0.0095 mmol) were added to a ~3 mL Teflon sealed 

storage tube.  The Schlenk tube was placed in a temperature controlled oil bath set to 150 °C 

for 0.5 h. The reaction mixture was then cooled to room temperature, quenched with sodium 

bicarbonate, and filtered through Celite.  The resulting solution was then analyzed by GC/MS. 

 

Initial Rate of Deuterium Incorporation as a Function of [4] in Methanol-d4.  Benzene (42 

μL, 0.475 mmol), methanol-d4 (480 μL, 11.9 mmol), and 4 (1.8 mg, 0.0024 mmol; 3.6 mg, 

0.0048 mmol; 7.2 mg, 0.0095 mmol; 14.4 mg, 0.019 mmol) were added to a ~3 mL Teflon 

sealed storage tube.  The tube was placed in a temperature controlled oil bath set to 150 °C for 

15 min.  The reaction was then cooled to room temperature and filtered through Celite.  The 

resulting solution was then analyzed by GC/MS.  Initial rate data were obtained by dividing 

the TONs obtained from the assay by time (15 min). A plot of log (initial rate) versus the log 

[4] was linear (R2 = 0.99) 

 

Initial Rate of Deuterium Incorporation as a Function of [4] in Trifluoroacetic Acid-d1.  

Benzene (42 μL, 0.475 mmol), trifluoroacetic acid-d1 (0.911 μL, 11.9 mmol) and 4 (1.8 mg, 

0.0024 mmol; 3.6 mg, 0.0048 mmol; 7.2 mg, 0.0095 mmol; 14.4 mg, 0.019 mmol) were added 

to a ~3 mL Teflon sealed storage tube.  The tube was placed in a temperature controlled oil 

bath set to 150 °C for 7 h.  The reaction mixture was quenched with sodium bicarbonate and 

filtered through Celite.  The resulting solution was analyzed by GC/MS. Initial rate data were 
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obtained by dividing the TONs obtained from the assay by time (420 min). A plot of log (initial 

rate) versus log [4] was linear. 

 

Synthesis of [(Cp*Ir(NHC)H)2][(OTf)2], 5.  Complex 4 (113mg, 0.132 mmol) was dissolved 

in CH2Cl2.  H2 was then bubbled through the solution for 1 h.  The solvent was removed under 

reduced pressure and the resulting precipitate was identified as 5 (106mg, 62%). X-Ray quality 

crystals were obtained by slow diffusion of pentane into a concentrated methylene chloride 

solution of 5.  1H NMR ((CD3)2CO, δ) :  1.5 (s, 30H, Cp*), 3.9 (s, 12H, N-CH3), 7.5 (s, 4H, 

CH), and -17.5 (s, 2H, Ir-H). Anal. Calcd for C32H48N4F6O6S2Ir2: C, 33.50; H, 4.22; N, 4.88. 

Found: C, 33.15; H, 4.06; N, 4.81. 

 

Synthesis of Cp*Ir(NHC)(OAc)2, 9. Complex 3(250 mg, 0.505 mmol) and 2.5 eq AgOAc 

(211 mg, 1.26 mmol) were dissolved in ~50 mL of benzene and allowed to stir for 2 h in a 

flask covered in foil.  The resulting solution was filtered through Celite and the solvent was 

removed under reduced pressure to yield 9 (245 mg, 89%). 1H NMR (CD2Cl2, δ): 1.65(s, 15H, 

Cp*), 1.88(s, 6H, OAc), 3.80(s, 6H, N-Me), 7.0(s, 2H, CH). 13C NMR (CD2Cl2, δ): 176.1, 

156.0, 123.0, 87.4, 37.4, 23.7, 10.3. IR (KBr, thin film, vC=O) : 1654, 1639, 1566, and 1412 cm-

1. 

 

Synthesis of [Cp*Ir(NHC)OAc][PF6], 12. Complex 9(100 mg, 0.183 mmol) and 2.2 eq of 

KPF6 (74 mg, 0.40 mmol) were added to ~10 mL of H2O and allowed to stir for 1 h.  The 

product was extracted with CH2Cl2 and the solvent was removed under reduced pressure to 



 

40 

yield 12 (85 mg, 74%).  X-Ray quality crystals were obtained by slow diffusion of pentane 

into a concentrated methylene chloride solution of 12. 1H (CD2Cl2, δ): 1.67(s, 15H, Cp*), 

1.73(s, 3H, OAc), 3.70(s, 6H, N-Me), 7.16(s, 2H, CH). 13C NMR (CD2Cl2, δ): 189.3, 164.1, 

124.5, 88.4, 38.0, 25.5, 10.2.  Anal. Calcd for C17H26N2F6O2PIr: C, 32.53; H, 4.18; N, 4.46. 

Found: C, 32.77; H, 4.18; N, 4.49. IR (KBr, thin film, vC=O) : 1573, 1463, and 1406 cm-1. 

 

Synthesis of 4-(2,4,6-tris-(4-t-butylphenyl)-pyridinium)pyridine tetrafluoroborate. 9.00 g 

2,4,6-tri-(4-t-butylphenyl)pyrylium tetrafluoroborate (15.9 mmol, 1.50 eq.), 1.00 g 4-

aminopyridine (10.6 mmol, 1.00 eq.), and 12.55 g sodium acetate (153 mmol, 14.4 eq.) were 

added to a 1 L round bottom flask.  400 mL absolute ethanol was added and the reaction was 

heated to reflux under nitrogen for 20 hours.  After the reaction was cooled, all volatiles were 

removed by rotary evaporation and the residue was suspended in 200 mL water.  The 

suspension was filtered and the resulting solid was washed with 3x20 mL water.  The solid 

was then dissolved in methylene chloride and dried with MgSO4.  The solid was filtered away 

and volatiles were removed by rotary evaporation.  The residue was stirred with Et2O resulting 

in a white precipitate which was collected by vacuum filtration resulting in 5.63 g product 

(83% yield).  1H NMR (CD3CN, 500.099 MHz): δ 8.39 (d, J = 5.9 Hz, 2H), 8.35 (s, 2H), 8.06 

(d, J = 8.3 Hz, 2H), 7.69 (d, J = 8.8 Hz, 2H), 7.40 (d, J = 8.3 Hz, 4H), 7.31 (d, J = 8.3 Hz, 4H), 

7.23 (d, J = 5.8 Hz, 2H), 1.38 (s, 9H), 1.25 (s, 18H).  13C NMR (CDCl3, 125.762 MHz): δ 

157.6, 156.2, 156.0, 154.0, 150.7, 146.5, 131.5, 129.6, 129.5, 128.2, 126.7, 125.7, 125.5, 123.4, 

35.1, 34.8, 31.1, 31.0.  19F NMR (CD3CN, 470.520 MHz): δ -152.9 (10B), -153.0 (11B).  HRMS 
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electrospray (m/z) : [M-BF4]
+ calcd. for [C40H45N2]

+ 553.3577; found 553.3581.  Anal. calcd. 

for C40H45N2BF4: C, 75.00; H, 7.08; N, 4.37. Found: C, 74.55; H, 7.16; N, 4.37. 

 

Synthesis of Cp*IrCl2(4-Ar), 6. 4-(2,4,6-tris-(4-t-butylphenyl)-pyridinium)pyridine 

tetrafluoroborate (322 mg, 503 μmol, 2.00 eq.) and [Cp*IrCl2]2 (200 mg, 251 μmol, 1.00 eq.) 

were dissolved in CH2Cl2 (10 mL) separately and mixed in a round bottom flask.  After 1 hour 

of stirring at room temperature the volatiles were removed by rotary evaporation.  Pentane (10 

mL) was added to the resulting waxy solid and the mixture was sonicated for 5 minutes.  The 

pentane was removed by rotary evaporation resulting in a yellow powder.  The desired product 

was collected and dried in vacuo to give 474 mg (91% yield).  1H NMR (CDCl3, 500.096 

MHz): δ 8.77 (d, J = 5.8 Hz, 2H), 7.89 (s, 2H), 7.64 (d, J = 8.3 Hz, 2H), 7.46 (d, J = 8.6 Hz, 

2H), 7.40 (d, J = 5.9 Hz, 2H), 7.34 (m, 8H), 1.35 (br, 15H), 1.32 (s, 9H), 1.23 (s, 18H).  13C 

NMR (CDCl3, 125.762 MHz): δ 157.9, 156.7, 156.0, 154.5, 154.4, 147.7, 131.1, 129.6, 129.2, 

128.3, 126.8, 126.0, 125.9, 125.1, 85.9, 35.1, 34.9, 31.0 (2 signals), 8.5.  19F NMR (CD3CN, 

470.520 MHz): δ -152.5 (10B), -152.6 (11B).  Anal. calcd. for IrC50H60N2Cl2BF4: C, 57.80; H, 

5.82; N, 2.70. Found: C, 57.51; H, 5.90; N, 2.65. 

 

Synthesis of Cp*IrCl2(py-tBu) , 7.  [IrCp*Cl2]2 (250 mg, 314 μmol, 1.00 eq.) was dissolved 

in CH2Cl2 (10 mL) in a round bottom flask and 4-t-butylpyridine (92.7 μL, 627 μmol, 2.00 eq.) 

was added by syringe.  After 1 hour of stirring at room temperature the volatiles were removed 

by rotary evaporation.  Pentane (10 mL) was added to the resulting waxy solid and the mixture 

was sonicated for 5 minutes.  The pentane was removed by rotary evaporation resulting in a 
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yellow powder.  The desired product was collected and dried in vacuo to give 291 mg (78% 

yield).  1H NMR (CDCl3, 500.096 MHz, δ): 8.80 (d, J = 6.4 Hz, 2H), 7.28 (d, J = 6.6 Hz, 2H), 

1.52 (s, 15H), 1.28 (br, 9H).  13C NMR (CDCl3, 125.762 MHz, δ): 162.5, 152.7, 122.6, 85.5, 

34.9, 30.3, 8.53.  Anal. calcd. for IrC19H28NCl2: C, 42.77; H, 5.29; N, 2.63. Found: C, 42.64; 

H, 5.31; N, 2.59. 

 

General procedure for X-Ray Determination.  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 Bruker-Nonius Kappa Axis X8 Apex2 diffractometer at a temperature of 110 K. 

The frame integration was performed using SAINT.1 Unless otherwise noted, the resulting raw 

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

data using SADABS.2 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,3 

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 structural determination for C18H29Cl2F6IrN2O8S2 (4). The structure was solved by 

direct methods using the SIR97 program. Most non-hydrogen atoms were obtained from the 

initial solution.  The remaining non-hydrogen atomic positions were obtained from subsequent 

difference Fourier maps.  The hydrogen atoms were introduced at idealized positions and were 

http://www.xray.ncsu.edu/
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allowed to ride on the parent atom.  The structure shows some disorder in the Cp* ligand. 

However, not all the atomic positions for the alternative orientation of the ligand could be 

found, and the disorder was neglected in the final refinements.  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, 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 Structural Determination for C32H50F6Ir2N4O7S2 (5).  The structure was solved by 

direct methods using the DIRDIF99 program. All non-hydrogen atoms were obtained from the 

initial solution. The hydrogen atoms treated in a variety of ways.  The C bound atoms were 

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

hydrogens on the water of solvation were placed at probable hydrogen bond positions and the 

O—H and the 1,3 H···H distances were restrained to 0.86Å and 1.36 Å respectively.  The 

hydride ligand positions were obtained from a difference Fourier map and were allowed to 

refine isotropically.  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, 

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). 

http://www.xray.ncsu.edu/
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X-ray Structural Determination for C18H28Cl2F6IrN2O2P (10). It was apparent from the 

initial indexing that the sample crystal was a non-merohedral twin.  The twin is given below: 

Twin Law, Sample 1 of 1 

   Transforms h1.1(1)->h1.2(2) 

    -0.99994 -0.00063 -0.12495 

     0.00056 -1.00000  0.00006 

    -0.00099  0.00006  0.99994 

This corresponds to a 180º rotation approximately about [001].  The twin fraction was refined 

during the structure refinement. The structure was solved by a Patterson search method using 

the DIRDIF99 program. Most non-hydrogen atoms were obtained from the initial solution.  

The remaining non-hydrogen atomic positions were recovered from subsequent difference 

Fourier maps.  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 twin fraction refined to a value of 0.5026(15) – almost a perfect 

50:50 twin.  The calculated structure factors included corrections for anomalous dispersion 

from the usual tabulation. The structure was refined using the XL 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). 

 

 

 

http://www.xray.ncsu.edu/
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Part 2.  Catalytic Alkane H/D Exchange Studies with Cp*IrIII Complexes 

2.2.1 Introduction 

To follow up on the observations from the first part of this chapter, H/D exchange 

reactivity was investigated for a series of alkyl substituents including linear and cyclic alkanes.  

Complex 4 was found to be the most promising complex for catalytic H/D exchange forming 

the dimeric complex 5 in situ. This catalyst was tested for a variety of alkanes and compared 

to some of the acetate containing catalysts discussed in part 1 of this chapter.  Site selectivity 

was examined to look for preferential C-H activation in either the internal or terminal positions 

of linear alkanes.  The results point to a similar conclusion as was observed previously; C-H 

activation with Cp*IrIII(L) complexes is more facile in a polar solvent in which Ir-H 

compounds are formed in situ. 

2.2.2 Results and Discussion 

2.2.2.1 Deuterium Incoporation with CD3OD.  

Due to the success of incorporation deuterium into benzene through H/D exchange a 

few linear and cycloalkanes were examined for catalytic deuterium incorporation. 4 was 

utilized as a catalyst in this study and methanol was the first solvent examined.   Due to the 

difficulty associated with resolving the internal and external peaks in the 1H NMR spectra these 

values were grouped together in Table 2.5.  As can be seen in Table 2.5 above 30% deuterium 

incorporation was observed in both the internal and external positions of the octane substrate 

after 18 h (Entries 1 and 2).  Control reactions confirm a metal mediated C-H activation event 

as no H/D exchange is observed in the absence of a catalyst. (Entries 3 and 4).     
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Table 2.5. Deuterium incorporation into octane with 4.  

 

Entry   Deuterium Incorporation (%)a 

1  Internal 33(6) 

2  Terminal 39(5) 

3  Internal* <1 

4  Terminal* 5(2) 

aDeuterium incorporation was determined by 1H NMR spectroscopy with 1,3,5-

trimethoxybenzene as an internal standard. Conditions: 0.0095 M [4], 0.095 M octane with 

480 uL of CD3OD. *No catalyst was used for these runs.    

  

 

Deuterium incorporation in cyclooctane with 4 was examined next (Table 2.5).  The 

percent deuterium incorporation mirrors that seen with the linear octane with ~40% 

incorporation observed after 18 h (Entry 1).  A small background reaction was observed for 

this substrate (Entry 2).   
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Table 2.6. Deuterium incorporation into cyclooctane with 4. 

 

 

 

Entry  Deuterium Incorporation (%)a 

1 Catalyst 38(6) 

2 No Catalyst 6.3 

aDeuterium incorporation was determined by 1H NMR spectroscopy with 1,3,5-

trimethoxybenzene as an internal standard. Conditions: 0.0095 M [4], 0.095 M cyclooctane 

with 480 uL of CD3OD. *No catalyst was used for these runs.    

 

  

Based on the results shown above other linear and cyclic alkanes were examined for 

deuterium incorporation with 4 as a catalyst and CD3OD as the deuterium source. When 

cyclohexane was utilized as a substrate <5% deuterium incorporation was observed.   However, 

hexane afforded slightly higher reactivity than octane (Entries 1 and 2, Table 2.7) with a larger 

background reaction (Entries 3 and 4, Table 2.7). 
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Table 2.7. Deuterium incorporation into hexane with 4. 

 

Entry  Deuterium Incorporation (%)a  

1 Internal  61(13)  

2 Terminal  56(19) 

3 Internal*  14(6) 

4 Terminal*  4(4) 

aDeuterium incorporation was determined by 1H NMR with 1,3,5-trimethoxybenzene as an 

internal standard. Conditions: 0.0095 M [4], 0.095 M hexane with 480 uL of CD3OD. *No 

catalyst was used for these runs.    

 

 

 

2.2.2.2 Reactions CD3CO2D. 

 While 4 showed promising reactivity for C-H activation of alkanes in methanol the 

acetate containing complexes discussed in part 1 with CD3CO2D as a deuterium source 
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incorporated <5% deuterium in octane, cyclooctane and octane (Scheme 2.5).  This result 

agrees well with the limited deuterium incorporation observed for benzene with these catalysts.   

 

Scheme 2.5  

 

 

2.2.3 Conclusions. 

 In conclusion, reactions performed with CD3OD provided deuterium incorporation of 

up to ~60% at 10 mol% Ir for linear alkanes.  Cyclooctane incorporation was also observed 

but little to no reactivity was observed when cyclohexane was used as a substrate.  Reactions 

in CD3CO2D with the acetate containing catalysts proved to be ineffective catalysts for C-H 

activation of alkyl substrates. 

 This result reinforces the prior conclusions from part 1 where the compounds capable 

of forming hydride intermediates were the most effective at C-H bond activation.  For Cp*Ir 
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complexes with strongly donating ligands, C-H activation is proposed to be more facile via an 

oxidative addition pathway rather than by a base assisted deprotonation pathway 
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2.2.4 Experimental 

Deuterium Incorporation with CD3OD. Alkane (0.095 mmol), methanol-d4 (480 μL, 11.9 

mmol), and 4 (1.8 mg, 0.0024 mmol; 3.6 mg, 0.0048 mmol; 7.2 mg, 0.0095 mmol; 14.4 mg, 

0.019 mmol) were added to a ~3 mL Teflon sealed storage tube.  The tube was placed in a 

temperature controlled oil bath set to 150 °C for the appropriate time.  Deuterium incorporation 

was determined by 1H NMR of the crude reaction mixture vs. 1,3,5-trimethoxybenzene and an 

internal standard.   

Deuterium Incorporation with CD3CO2D. Alkane (0.095 mmol), acetic acid-d4 (680 μL, 

11.9 mmol), and the appropriate Ir catalyst (0.0095 mmol) were added to a ~3 mL Teflon 

sealed storage tube.  The tube was placed in a temperature controlled oil bath set to 150 °C for 

the appropriate time.  Deuterium incorporation was determined by 1H NMR of the crude 

reaction mixture vs. 1,3,5-trimethoxybenzene and an internal standard.   
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CHAPTER 3 

 

OXYFUNCTIONALIZATION OF Cp*IrIII(NHC)(Me)L 

COMPLEXES WITH O2 IN WATER 
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3.1 Abstract: 

A series of mono-methyl Cp*Ir(III) complexes were synthesized and studied for the 

formation of methanol in water.  Methanol yields of 75(4)% in the presence of O2 were 

obtained.  From isotope labeling studies, it was determined that O2 is the source of the oxygen 

atom in the product.  From kinetic studies, oxyfunctionalization proceeds by dissociation of an 

L-type ligand followed by O2 binding and insertion. 

 

3.2 Introduction: 

Developing homogeneous catalytic systems that result in the selective oxidation of 

saturated hydrocarbons remains a great challenge.1 In recent years soluble transition-metal 

complexes have been utilized to achieve two steps that are critical for this transformation: 1) 

C-H activation to form a metal-carbon bond, and 2) C-O bond formation (oxyfunctionalization) 

to form functionalized hydrocarbons.  The two most prominent examples in the field of 

homogeneous catalysis remains the Shilov system2 (Scheme 3.1) and the Catalytica system. In 

both systems PtII catalysts are utilized however their wide scale implementation has not been 

realized because of the requirement for expensive PtIV oxidants (Shilov) and highly acidic 

conditions (Catalytica).2-3   
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Scheme 3.1.  Shilov cycle 

 

 

 

 

 

 

 

 

 

 

 

 

 

Much of the research effort in the field over the last four decades has been devoted to 

the development of transition metal systems that can selectively activate C-H bonds.4 These 

studies have resulted in a thorough understanding of the mechanisms of C-H activation, and 

several classes of complexes have been shown to be effective at this transformation. 

Particularly noteworthy, are a series of Cp*IrIII(L) complexes reported by Bergman and 

coworkers (where L is a PR3 ligand) which have been reported to perform C-H activation 

reactions at or below room temperature (Scheme 3.2).4-10  
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Scheme 3.3. Bergman’s system for C-H activation of methane  

 

 

In contrast, the understanding of the factors that lead to effective oxyfunctionalization 

is much less developed, although these studies are critical in order to design catalytic systems 

for the selective oxidation of hydrocarbons. While there have been examples of complexes that 

react with oxygen atom donors,11-19 and in some cases dioxygen itself, in a stoichiometric 

fashion, none of these complexes utilize a framework activates C-H bonds.20-23 Thus we sought 

to investigate the oxyfunctionalization of an M-CH3 bond, in a system, (Cp*IrIII(L)), that has 

been shown to be effective at C-H activation (Scheme 3.3).  

 

Scheme 3.3.   Proposed Oxyfunctionalization  

 

 



61 

While the PR3 containing complexes have shown the best activity for the activation of 

C-H bonds, the easily oxidizable nature of the phosphine ligand makes these complexes 

unsuitable for further oxyfunctionalization (See Supporting Information). Replacing the PR3 

ligand with an N-heterocyclic carbene ligand results in Ir complexes that are as electron rich 

as the analogous phosphine complexes, however, NHC complexes should be more compatible 

with oxidizing conditions.  Several groups have synthesized Cp*IrIII(NHC) complexes and 

shown their ability to catalytically activate C-H bonds.24-28  However, there has been little work 

focused on the C-O bond-forming step with these systems.29-30 

A series of [Cp*IrIII(NHC)Me(L)][OTf] complexes have been synthesized (L = DMSO, 

CO, and pyridine), and their ability to produce methanol in the presence of O2 in water has 

been demonstrated. The data obtained suggest that methanol is produced by oxidation of the 

Ir-Me bond with O2 as the source of oxygen in the product.  

 

3.3 Results and Discussion: 

3.3.1 Synthesis of Cp*IrIII(NHC)(Me)(L) Complexes 

A series of mono-methyl Cp*IrIII complexes were synthesized (Scheme 3.4).  All three 

complexes incorporated an NHC ligand (NHC = 1,3,-dimethylimidazol-2-ylidene) along with 

a ‘labile’ L-type ligand (L = CO, DMSO, pyridine).  
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Scheme 3.4. Syntheses of complexes 12-14 

 

 

 

Complex 13 is similar to a complex reported by Heinekey and coworkers differing only 

in the nature of the counter-ion.  Complexes 12 and 14 are unique to this study and have been 

fully characterized by 1H (Figure 3.1) and 13C NMR spectroscopy, as well as, elemental 

analysis.  X-ray quality crystals of 12 were obtained by slow diffusion of pentane into a 

concentrated solution of 12 in CH2Cl2 (Figure 3.2). 
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Figure 3.2. X-ray crystal structure of complex 12.  Thermal ellipsoids are at 50%.  H atoms 

and the  triflate anion have been omitted for clarity.  Selected bond lengths (Å): Ir1-C1A, 

2.142(3); Ir1-S1A, 2.2618(10); Ir1-C2A, 2.045(3); S1A-O1A, 1.478(3); S1A-C7A, 1.788(3); 

S1A-C8A, 1.790(4).  

 

 

3.3.2 Initial Studies with 12 

Initial studies were focused on the formation of methanol from complex 12 in the 

presence of O2 (20 psi), water (0.5 mL), and 5 equivalents of a NaOAc additive over 16 h 

(Scheme 3.5).   
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Scheme 3.5. Methanol formation from 12.  

 

 

The crude reaction mixture was analyzed and quantified by 1H NMR spectroscopy with 

the results summarized in Table 3.1. GC-MS analysis of the crude reaction mixture was also 

used to verify methanol formation. Initially, the best yields for this reaction were obtained at 

100 °C (Entry 3).  The effect of NaOAc can be observed in Entry 4 where the yield of methanol 

decreases as the additive was removed.  It is also important to note that when the reaction was 

performed under an N2 atmosphere, no methanol formation was observed (Entries 5 and 6). 

Also no decomposition of 1 is observed when this complex is heated under N2 for 16 h. 
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Table 3.1. Initial methanol formation studies with 12. 

 

3.3.3 Isotope Labeling Studies with 12 

Though the yields for this reaction were modest, isotope-labeling studies were 

undertaken to determine the source of the ‘O’ and ‘H’ atoms in the methanol product (Scheme 

3.6).  When H2
18O was employed as the solvent, no CH3

18OH was observed by GC-MS.  

However, when the reaction was pressurized with 18O2, CH3
18OH was detected.  This suggests 

that the source of ‘O’ in the methanol product is O2. 

 

 

 

Entry Additive 

(5 equivs.) 

atm T (˚C) Methanol %a 

1 NaOAc O2 rt NDb 

2 NaOAc O2 80 27(4) 

3 NaOAc O2 100 45(1) 

4 None O2 100 25(1) 

5 NaOAc N2 80 NDb 

6 None N2 80 NDb 

aComplex 1 was added to 0.5 mL solution of a 0.03 M NaDSS (DSS = 4,4-

dimethyl-4-silapentane-1-sulfonate) and 0.075 mmol additive (NaOAc) in D2O in 

a 3 mL Schlenk flask equipped with a magnetic stirrer. After 3 freeze-pump-thaw 

cycles the reaction vessel was pressurized with O2 or N2 (20 psi).  The reaction 

was then placed in a temperature controlled oil bath set to the appropriate 

temperature and stirred.  After 16 h the reaction was removed from the bath and 

allowed to cool to room temperature.  The crude reaction mixture was then 

transferred to an NMR tube for 1H NMR analysis. bNo methanol detected.  
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Scheme 3.6. Isotope labeling experiments with 12 

 

*Product was determined by GC/MS analysis of crude reaction mixture.  

 

3.3.4 Reactions with Radical Traps 

Direct O2 insertion into the Ir-Me bond is consistent with the data and has been 

proposed for other metal-alkyl and hydride complexes.31 Some precedence has been 

established for a radical mechanism for the insertion of O2 into M-methyl bonds.31b  Therefore, 

in order to determine if a radical mechanism was operative in this system, TEMPO was added 

as a radical trap.  After 16 h, methanol formation was observed with yields comparable to 

reactions performed in the absence of TEMPO (36(5)% vs. 45(1)%) (Scheme 3.7).  Because 

TEMPO can also serve as an oxidant, reactions with TEMPO were also performed under N2 

but no methanol formation was observed by 1H NMR spectroscopy. This result suggests that 

a radical mechanism is not operative in this system. 
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Scheme 3.7.  Reactions with 12 in the presence of TEMPO 

 

 

3.3.5 Kinetic and Mechanistic Studies with [Cp*Ir(NHC)(Me)(DMSO)][OTf], 12  

The reaction of 12 (0.03 M) with O2 (20 psi) at 100 °C to produce methanol over the 

course of 1 h was examined by 1H NMR spectroscopy (Figure 3.3). Under these conditions, 

the rate of the reaction is limited by the concentration of O2 in solution due to the low solubility 

of dioxygen in water at 100 °C. Clean first order kinetics for the formation of methanol was 

observed over more than 3 half-lives (Figure 3.3).   
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Figure 3.3. Plot of [Methanol] vs. time for the formation of methanol from 12, showing overall 

first-order kinetics: kobs = 7.7(6) x 10-4 s-1. Data are fit with nonlinear least-squares fitting to an 

equation describing exponential growth in [Methanol] = a + b(1-e-k
obs

t). Conditions pO2 = 20 

psi; [Ir] = 0.03 M; [NaOAc] = 0.15 M at 100 ºC in 0.5 mL of H2O. 

 

  

The kinetics of the reaction with 12 was then examined measuring the relative observed 

rate constants at 10, 20, and 30 psi O2.  As the O2 pressure was increase the expected increase 

in yield was observed from 10-30 psi (Figure 3.4).  Surprisingly, the rate constant for this 

reaction did not increase with increasing O2 pressure (Figure 3.5).  This will be explained in 

more detail later in the chapter but this observation led to the development of a simplistic 

mechanism for this reaction (Scheme 3.8).   
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Figure 3.4. Plot of [Methanol] vs. time for increased O2 pressure. Data are fit with nonlinear 

least-squares fitting to an equation describing exponential growth in [Methanol] = a + b(1-e-

k
obs

t). Conditions pO2 = 10, 20, and 30 psi; [Ir] = 0.03 M; [NaOAc] = 0.15 M at 100 ºC in 0.5 

mL of H2O. 
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Figure 3.5. Plot of kobs vs. [O2] for the formation of methanol. Conditions pO2 = 10 (kobs = 

0.025(2) min-1), 20 (kobs = 0.046(4) min-1), and 30 psi (kobs = 0.038(2) min-1); [Ir] = 0.03 M; 

[NaOAc] = 0.15 M at 100 ºC in 0.5 mL of H2O. 

 

 

Scheme 3.8.  Proposed mechanism for the formation of methanol from 1 
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As depicted in Scheme 3.8 the mechanism is proposed to proceed by two steps.  First, 

there is a ligand dissociation step in which free ligand is released from the metal center to form 

a 16e- intermediate.  This step is followed by an oxyfunctionalization step in which O2 oxidizes 

the intermediate to form methanol. While this is a simplistic model of the reaction it does 

explain the observed kinetics with respect to O2 pressure.  If ligand dissociation is rate 

determining then the rate would not be dependent on O2 pressure.  While there is not enough 

data to make this claim it is apparent that ligand dissociation may play a key role in methanol 

formation.  

To investigate this further multiple studies were also performed to examine the effect 

of the L-type ligand on this reaction. First, the reaction with 12 was doped with various 

equivalents of DMSO.  Under standard reaction conditions no methanol product was observed 

when 20, 10, 5, 1, and 0.5 equivalents of DMSO were added to the reaction after an hour.  

Methanol formation was only observed when 0.1 equivalents of DMSO were added and under 

these conditions, the yield of methanol dropped to (19(2)%) i.e. approximately half the yield 

for the reaction performed in the absence of added DMSO (38(3)%).  

Second, high temperature 1H NMR experiments were also performed in an attempt to 

determine the energy required to liberate DMSO from 12.  Heating 12 in a J-Young tube under 

N2 for an hour revealed that even up to 80 ̊ C, DMSO was not dissociated from the metal center 

as no free DMSO was observed (Figure 3.6). This suggests that the activation barrier for 

DMSO dissociation is large, even at 80 ºC.  
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Figure 3.6. VT 1H NMR spectra of 12 

 

 

Third, the CO analog of complex 12, 13, was synthesized and its reaction with O2 in 

water was examined. Not surprisingly, when 13 reacted under optimized reaction conditions 

25 ˚C 

80 ˚C for 1 h 

 

No free DMSO Bound DMSO N-Me 

60 ˚C 

 

80 ˚C 
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no methanol product is observed because CO forms a stronger bond to the iridium than DMSO 

(Scheme 3.9, Figure 3.7). 

 

Scheme 3.9. Reactions with 13  
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Figure 3.7. Representative 1H NMR spectra of reactions with 13 in D2O 
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Ir-Me, 3 H 

N-Me, 6 H CH, 2 H 

No methanol observed 
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3.3.6 Improved Reactivity with [Cp*Ir(NHC)Me(Py)][OTf], 14 

When reactions were performed with complex 14 (L = pyridine), improved reactivity 

was observed. Further optimization of the reaction conditions with 14 revealed that replacing 

the NaOAc additive with NaCl and increasing the O2 pressure to 60 psi resulted in a 75(4)% 

yield of methanol by 1H NMR spectroscopy.  It should be noted that when 12 was reacted 

under these new conditions, yields of 49(1)% were obtained. Since it was apparent that higher 

reactivity was obtained with 12, further mechanistic and kinetic studies were performed with 

this complex. 

 

3.3.7 Isotope Labeling Studies with [Cp*Ir(NHC)Me(Py)][OTf], 14 

Isotope-labeling studies were undertaken with 14 as was done previously with 12 to 

determine the source of the oxygen atom in the methanol product (Scheme 3.10).  When H2
18O 

was employed as the solvent, no CH3
18OH was observed by GC-MS.  However, when the 

reaction was pressurized with 18O2, CH3
18OH was detected.  This suggests that as was the case 

with 12 that the source of the oxygen atom in the methanol product is O2.  

 

Scheme 3.10. Isotope labeling studies with 14. 

 

 *Product was determined by GC/MS analysis of crude reaction mixture.  
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The stability of the ligands under the reaction conditions were examined, as Crabtree 

and coworkers have recently shown that substitution of the Cp* ligand can occur for similar 

Ir(III) complexes under oxidizing conditions.32,33  In addition, work by Meyer and coworkers 

suggests that methyl groups on the Cp* ligand can be oxidized to form C-O bonds in the 

presence of PhI(OAc).34  In order to establish that the methyl in the methanol product originates 

from the Ir-Me fragment, a CD3 analog of 14, (14-CD3), was synthesized and its oxidation was 

examined (Scheme 3.11). Analysis of the 2H NMR spectrum revealed CD3OH production only 

when 14-CD3 was used, suggesting that the methyl group in the product comes directly from 

the Ir-Me and not from oxidation of either the Cp* or NHC ligands (Figure 3.8). 

 

 

Scheme 3.11.  Methanol production form 14-CD3 

 

*Product was determined by 1H and 2H NMR spectroscopy and GC/MS analysis of crude 

reaction mixture.  
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Figure 3.8. Comparison of 2H NMR spectra for the reactions with 14-CD3(bottom) and 

14(top) 

 

 

3.3.8 Reactions with [Cp*Ir(PMe3)(Me)(Py)][OTf], 14-PMe3 

The N-heterocyclic carbene ligand was utilized in this reaction as it should be less 

reactive towards oxidative degradation than the PMe3 analogue.  To test this hypothesis the 

PMe3 substituted complex 14-PMe3 was synthesized and subjected to the reaction conditions.  

No methanol formation was observed by 1H NMR spectroscopy and evidence of PMe3 

CD3OD 

14-CD3 

14 
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oxidation to OPMe3 was observed by 31P NMR spectroscopy (Figure 3.9).  This result 

highlights the importance of the NHC ligand in stabilizing the metal center under oxidizing 

conditions.  

 

Figure 3.9. 1H and 31P NMR spectra for the reaction of [Cp*Ir(PMe3)(Py)Me][OTf] with O2 

at 100 °C in D2O. No Methanol product is observed after 1 h and OPMe3 is observed (Insert). 

 

 

 3.3.9 Kinetic Studies with [Cp*Ir(NHC)Me(Py)][OTf], 14 

The reaction with 14 exhibits first order kinetics for O2 pressures of 20, 40 and 60 psi 

over at least 3 half-lives (Figure 3.10).  The fit of the experimental data to a first-order 
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exponential curve suggests that the reaction is first order in the [O2].   First order rate constants 

were determined from nonlinear least-squares fitting describing exponential growth.  

Interestingly the calculated kobs value does not change as function of increasing O2 pressure.  

This result suggests that O2 is the limiting reagent in this reaction, as overall first order kinetics 

was observed for this reaction.  To test this hypothesis detailed kinetic studies were performed.        
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Figure 3.10. Plot of [Methanol] vs. time for 14 under various O2 pressures: kobs (s
-1) 20 psi = 

9.1(9) × 10-4, 40 psi = 8.2(1) × 10-4, 60 psi = 8.3(7) × 10-4. Data are fit with nonlinear least-

squares fitting to an equation describing exponential growth in [Methanol] = k1 + k2(1-e-k
obs

t). 

Conditions: [14] = 0.03 M; [NaCl] = 0.15 M at 100 ºC in 0.5 mL of H2O. 

 

 

To unambiguously determine the order with respect to dioxygen, initial rate 

experiments were performed with O2 pressures of 10, 20 and 30 psi. As shown in Figure 3.11, 

a plot of the log (initial rates) versus log (pO2) afforded a slope of 1.0(1) (R2 = 0.99) confirming 

the first order dependence on [O2].  
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Figure 3.11.  Plot of log(initial rate) vs. log(pO2).  Initial rates were determined over the first 

900 s of the reaction at O2 pressures of 10, 20, and 30 psi. Conditions: [14] = 0.03 M; [NaCl] 

= 0.15 M at 100 ºC in 0.5 mL of D2O. 

 

 

In addition, a first order dependence on the concentration of iridium was established 

from a plot of kobs versus [Ir] (Figure 3.11).  In this plot the kobs value increases linearly with 

increasing concentration of 14 suggesting that 14 is in excess and that the reaction is first order 

with respect to 14.   

Slope = 1.0(1) 

R2 = 0.99 
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Figure 3.12. Plot of kobs vs [14] for methanol formation. Conditions: pO2 = 60 psi; [14] = 

0.015, 0.03, 0.06 M; [NaCl] = 0.15 M at 100 ºC in 0.5 mL of D2O. 

 

 

Further, reactions with added equivalencies of pyridine were examined to determine 

the rate dependence on ligand dissociation. As shown in Figure 3.13, the kobs values decreased 

linearly with respect to added pyridine, suggesting that ligand dissociation is required for 

methanol production.  Finally, the rate dependence on the NaCl additive was investigated.  As 

can be seen in Figure 3.14 there is no dependence on NaCl concentration on the observed rate 

constant.  
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Figure 3.13. Plot of kobs vs added [Py] for methanol formation from 14. Conditions: pO2 = 60 

psi; [14] = 0.03 M; [NaCl] = 0.15 M at 100 ºC in 0.5 mL of D2O. 
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Figure 3.14. Plot of kobs vs added [NaCl] for methanol formation from 14. Conditions: pO2 = 

60 psi; [14] = 0.03 M; [NaCl] = 0, 0.075, and 0.15 M at 100 ºC in 0.5 mL of D2O. 

 

 

 

3.3.10 Proposed Mechanism with [Cp*Ir(NHC)(Me)(Py)][OTf], 14 

With this kinetic data in a hand a mechanism for the formation of methanol from 14 

was proposed (Scheme 3.12).  The proposed mechanism involves two steps.  First pyridine is 

dissociated from the metal to form the active 16 e- intermediate.  This is followed by an 

oxyfunctionalization step with O2 to produce the methanol product.   
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Scheme 3.12.  Proposed mechanism for the formation of methanol from 14  

 

 

 A rate law assuming a steady state concentration of the 16 e- intermediate ([Ir]) is 

shown below in equation 1.  The rate expression is in agreement with the experimental kinetic 

work showing a first order dependence in Ir and O2 and an inverse dependence on pyridine 

concentration.    

 A steady approximation for the 16 e- intermediate gives an expression in which 

methanol formation is dependent on [Ir], [O2], and [L] (L = DMSO, pyridine).  The equation 

as written suggests saturation kinetics with respect to O2 but under the conditions the reaction 

is run saturation is not observed and O2 is limiting as it’s solubility in D2O is low relative to Ir.  

This approximation gives a rate expression in which the observed rate constant is dependent 

on Ir and ligand (DMSO or pyridine) and the rate is dependent on O2 as the limiting reagent.  
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3.3.12 Identity of the Iridium Product 

While this system allowed for analysis of the methanol product, the identity of the 

iridium complex formed in the reaction remained elusive.  In order to identify the Ir product 

following oxidation, the reaction conditions were adjusted. After a variety of additives and 

reaction conditions were considered it was found that by replacing NaCl with 1 equivalent of 

HCl and adding 10 equivalents of pyridine, an Ir species was identified as Cp*Ir(NHC)PyCl, 

(15) (Scheme 3.13) and characterized by 1H and 13C NMR spectroscopy, X-ray crystallography 

(Figure 3.15) and elemental analysis. 
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Scheme 3.13. Generation of [Cp*Ir(NHC)PyCl][OTf], 15. 

 

 

 

 

Figure 3.15. X-ray crystal structure of complex 15.  Thermal ellipsoids are at 50%.  H atoms 

and the triflate anion have been omitted for clarity.  Selected bond lengths (Å): Ir1-C1A, 

2.142(3); Ir1-S1A, 2.2618(10); Ir1-C2A, 2.045(3); S1A-O1A, 1.478(3); S1A-C7A, 1.788(3); 

S1A-C8A, 1.790(4). 
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As implied by the kinetic studies above, the addition of pyridine slows the rate of the 

reaction significantly, however, reaction yields of 60(2)% were obtained after five hours and 

is comparable to the previous conditions where a maximum yield of 75(4)% after an hour was 

observed. When the crude reaction mixture was analyzed after 1 h by ESI-MS 14, and 

[Cp*Ir(NHC)PyCl][OTf], (15) were observed.35  When the reaction was analyzed after 5 h, 

significant Ir black formation was observed and peaks for 14 and 15 were significantly 

attenuated.  

 

By 1H NMR spectroscopy, mass balance was observed for the reaction up to 2 h (Figure 

3.16) with 14 being converted to 15 at comparable rates to methanol formation. Catalyst 

decomposition is observed at reaction times longer than 2 h with the observed formation of Ir 

black.    
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Figure 3.16. Reaction profile for the reaction of 14 with O2, according to Scheme 4.  Legend: 

red triangle = [Ir]total; green diamonds = 14; blue squares = 15 and black circles = CH3OH. 
Reactions were performed [14] and HCl = 0.03 M; [Pyridine]= 0.30 M at 100 ºC in 0.5 mL of 

D2O. Yields for methanol and 15 were determined by 1H NMR analysis of the crude reaction 

mixture with NaDSS added as an internal standard.  Yields for 14 were determined by 1H NMR 

analysis after solvent was removed in vacuo and dissolved in CD2Cl2 with ferrocene added as 

an internal standard. Time profile for the reaction after 5 h. The vertical black line occurs at 

the 2 h time point for the reaction. 

 

 

The rates within the first hour of the reaction for the formation of 15 (1.7(1) mM/s), the 

disappearance of 14 (1.9(2) x 10-3 mM/s), and the formation of methanol (1.7(1) x 10-3 mM/s) 

were the same within error (Figure 3.17).  This data strongly suggests that during the first 2 h 

of the reaction, 14 is converted to 15 directly as methanol is formed and the balanced equation 

for this reaction can be depicted in Scheme 3.13.  
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Figure 3.17. Reaction profile for the reaction of 14 with O2, according to Scheme 4.  Legend: 

red triangle = [Ir]total; green diamonds = 14; blue squares = 15 and black circles = CH3OH. 
Reactions were performed [14] and HCl = 0.03 M; [Pyridine] = 0.30 M at 100 ºC in 0.5 mL of 

D2O. Yields for methanol and 15 were determined by 1H NMR analysis of the crude reaction 

mixture with NaDSS added as an internal standard.  Yields for 14 were determined by 1H NMR 

analysis after solvent was removed in vacuo and dissolved in CD2Cl2 with ferrocene added as 

an internal standard. Time profile for the reaction after 1 h 

 

 

 

 

3.3.12 Kinetic Studies under New Conditions  

 With this new system in hand kinetic studies were performed in order to compare to 

the previous system and to establish the order of the reaction with respect to 14, O2, and 

pyridine.  The studies were done by the method of initial rates by first looking at the reaction 

with respect to 3 (Figure 3.18).  Rates were obtained at [14] = 22.5, 30, 45, and 60 mM which 
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were then used to get a log-log plot (Figure 3.19).  A slope of 1.0(2) was obtained for the log-

log plot indicating a first order dependence on 3. 
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Figure 3.18. Plot [Methanol](mM)  vs. time(s) for increasing 14. Initial rates were 

determined 22.5, 30, 45 and 60 mM [14]. Conditions: pO2 = 60 psi; [HCl] = 1 equiv to [14]; 

[pyridine] = 10 equiv to 3 at 100 ºC in 0.5 mL of D2O. 
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Figure 3.19.  Plot of log(initial rate) vs. log([14]).  Initial rates were determined 22.5, 30, 45 

and 60 mM [14]. Conditions: pO2 = 60 psi; [HCl] = 1 equiv to [14]; [pyridine] = 10 equiv to 

14 at 100 °C in 0.5 mL of D2O.   

 

 

 Similar plots were obtained for both O2 pressure and pyridine concentration (Figures 

3.20-3.23).  Due to the fact that our reaction conditions did not allow for pressures higher than 

60 psi the initial rates plots were obtained for 60, 50, 40 and 20 psi O2.   

 

Slope = 1.0(2) 

R2 = 0.96 



93 

0

1

2

3

4

5

6

7

8

0 1000 2000 3000 4000 5000 6000

60 psi

20 psi

40 psi

50 psi

M
e
th

a
n
o

l 
(m

M
)

Time (s)
 

Figure 3.20. Plot [Methanol](mM)  vs. time(s) for increasing O2 pressure. Initial rates were 

determined at O2 pressures of 20, 40, 50 and 60 psi. Conditions: [14] = 0.03 M; [HCl] = 0.03 

M; [pyridine] = 0.03 M at 100 ºC in 0.5 mL of D2O. 
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Figure 3.21. Plot of log(initial rate) vs. log(pO2).  Initial rates were determined at O2 

pressures of 20, 40, 50 and 60 psi. Conditions: [14] = 0.03 M; [HCl] = 0.03 M; [pyridine] = 

0.03 M at 100 °C in 0.5 mL of D2O. 

 

 

The slope of the log-log plot for O2 was 1.2(1) which demonstrates a first order 

dependence on O2.  The order with respect to pyridine was established by changing the pyridine 

concentration but keeping the pyridine to HCl ratio at 1:10.  This was done because at higher 

acid concentrations protonation of the Ir-Me bond was observed.  This ratio allowed for the 

most reproducible kinetics at pyridine concentrations of 15, 22.5, 30, and 45 mM.  A slope of 

-1.0(1) was obtained from this plot indicating an inverse first order dependence on [pyridine].  

With the order of the reaction established for 14, O2, and pyridine a rate law consistent with 

the data is shown in equation 2.  Unsurprisingly, this is the same rate law obtained for the 

previous system with a first order dependence on both 14 and O2 and an inverse dependence 

on [pyridine].  

Slope = 1.2(1) 

R2 = 0.99 
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Figure 3.22. Plot [Methanol](mM) vs. time(s) for increasing [pyridine]. Initial rates were 

determined at [pyridine] of 0.15, 0.225, 0.3 and 0.45 M. Conditions: pO2 = 60 psi; [14] = 30 

mM; [HCl] = [pyridine] / 10 M at 100 ºC in 0.5 mL of D2O 
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Figure 3.23.  Plot of log(initial rate) vs. log([pyridine]). Initial rates were determined at 

[pyridine] of 0.15, 0.225, 0.3 and 0.45 M.Conditions: pO2 = 60 psi; [14] = 30 mM; [HCl] = 

[pyridine] = 10 M at 100 °C in 0.5 mL of D2O 

 

 

𝑅𝑎𝑡𝑒 =  
𝑘1 [𝐼𝑟][𝑂2]

𝑘−1[𝐿]
                                      (2) 

 

 

3.3.13 Proposed Mechanism 

Based on the observed data, a mechanism for the formation of methanol from 

[Cp*Ir(NHC)L][OTf] species is proposed in Scheme 3.13. In this mechanism, where L = 

pyridine, pyridine dissociates from 14 to form a 16-electron intermediate. Dioxygen then 

interacts with this intermediate, ultimately resulting in insertion into the Ir-Me bond to form 
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an Ir-OOMe species. In the presence of HCl and pyridine, this Ir-OOMe species oxidizes an 

Ir-Me species to form 2 equivalents of MeOH and 15. Treatment of 14 in an N2 atmosphere 

with t-BuOOH under identical conditions results in the formation of methanol in 41(5)% yield. 

This suggests that peroxy species are capable of oxidizing Ir-Me bonds. Work is ongoing to 

understand the intimate details of the mechanism of the oxyfunctionalization step, which will 

be important in determining ways to increase complex stability and reaction rates.   

 

Scheme 3.13. Proposed mechanism for methanol formation from 14.  

 

   

3.4 Conclusions 

In this work a rare example of oxyfunctionalization to produce methanol from an Ir-

methyl bond is described.  Isotope labeling experiments suggests that the oxygen atom in the 

product originates from O2, presumably via an oxygen insertion mechanism.  Kinetic studies 
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suggest that the mechanism for the reaction proceeds by ligand dissociation of an L-type ligand 

to form a 16-electron intermediate, followed by O2 binding and functionalization.  The 

evidence for this is the following: 1) When the ancillary DMSO ligand is replaced by pyridine, 

yields of up to 75(4)% were observed and 2) From kinetic experiments, the reaction rate was 

found to be 1st order in iridium and dioxygen and inversely proportional to the concentration 

of pyridine. When the reaction conditions were slightly altered an Ir product (15) was identified 

retaining both NHC and Cp* ligands.  

Significantly, the Cp*IrIII(L) fragment is among the most effective motifs for the 

activation of C-H bonds. In this work, we show that the critical oxyfunctionalization step can 

also be achieved with these complexes without initial ligand decomposition. As a result, this 

work provides important implications for the development of catalytic systems for the selective 

oxidation of saturated hydrocarbons. Future work will involve a detailed study to understand 

the mechanism, as well as, the exploration of these complexes as catalysts for the oxidation of 

saturated hydrocarbons.  
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3.5 Experimental 

General Considerations. Reagents were purchased from commercial sources and used as 

received. 1H and 13C NMR spectra were recorded on a Varian Mercury 400 MHz or a Varian 

Mercury 300 MHz spectrometer at room temperature. 1H and 13C NMR chemical shifts are 

listed in parts per million (ppm) and are referenced to residual protons or carbons of the 

deuterated solvents, respectively. Elemental analyses were performed by Atlantic Microlabs, 

Inc. X-Ray crystallography was performed at the X-Ray Structural Facility of North Carolina 

State University by Dr. Paul Boyle and Dr. Roger Summer. 

 

 [Cp*Ir(NHC)(DMSO)Me][OTf], 12.   In a round bottom flask Cp*Ir(NHC)Cl2 (NHC = 1,3,-

dimethylimidazol-2-ylidene) (250 mg, 0.505 mmol) was added to AgOTf (130 mg, 0.505 

mmol) and DMSO (1.80 mL, 25.3 mmol) in CH2Cl2 and allowed to stir for 2 h.  The crude 

reaction mixture was filtered through Celite and solvent was removed in vacuo to leave a 

yellow oil.  Subsequent addition of diethyl ether afforded a yellow powder of 

[Cp*Ir(NHC)(DMSO)Cl][OTf] (289 mg, 83% yield). This yellow powder was then transferred 

into a Schlenk tube and ~5 mL of THF was added.  The solution was cooled in a liquid 

N2/acetone bath and 0.6 equivalents of dimethyl zinc (1.2 M in ether, 211 μL) was added under 

a stream of N2.  The reaction vessel was then sealed and allowed to stir for 30 min.  The reaction 

was then quenched with DI water and the product was abstracted with CH2Cl2.  Solvent was 

concentrated in vacuo and pentane was added.  An off-white powder resulted and was collected 

via vacuum filtration. The product was identified as 1 (182 mg, 65% yield). X-Ray quality 

crystals were obtained by slow diffusion of pentane into a concentrated methylene chloride 
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solution of 1.  1H NMR (400 MHz, CD2Cl2, δ): 1.75(s, 15H, Cp*), 0.51(s, 3H, Ir-Me), 2.74(s, 

3H, DMSO), 3.11(s, 3H, DMSO), 3.62(s, 3H, N-Me), 3.95(s, 3H, N-Me), 7.18(d, JHH = 2.4Hz, 

1H, CH), 7.27(d, JHH = 2.4Hz, 1H, CH). 13C NMR (400 MHz, CD2Cl2, δ): 125.8, 124.4, 96.3, 

45.8, 43.9, 39.5, 38.2, 8.7, -20.2.   Anal. Calcd for C19H32N2F3O4S2Ir: C, 34.27; H, 4.84; N, 

4.21. Found: C, 34.20; H, 4.91; N, 4.26.  

 

 [Cp*Ir(NHC)(CO)Me][OTf], 13.  In a Schlenk tube Cp*Ir(NHC)Cl2 (NHC = 1,3,-

dimethylimidazol-2-ylidene) (250 mg, 0.505 mmol) was added to AgOTf (130 mg, 0.505 

mmol) and pressurized with CO (1 atm) in CH2Cl2 and allowed to stir for 2 h.  The crude 

reaction mixture was filtered through Celite and solvent was removed in vacuo to leave a 

yellow oil.  Subsequent addition of diethyl ether afforded a yellow powder of 

[Cp*Ir(NHC)(CO)Cl][OTf] (273 mg, 85% yield). This yellow powder was then transferred 

into a Schlenk tube and ~5 mL of THF was added.  The solution was cooled in a liquid N2 bath 

and 0.6 equivalents of dimethyl zinc (1.2 M in ether, 215 μL) was added under a stream of N2.  

The reaction vessel was then sealed and allowed to stir for 30 min.  The reaction was then 

quenched with DI water and the product was abstracted with CH2Cl2.  Solvent was 

concentrated in vacuo and pentane was added.  An off-white powder resulted and was collected 

via vacuum filtration. The product was identified as 2 (182 mg, 65 % yield). 1H NMR (300 

MHz, CD2Cl2, -33 ˚C): δ 1.92(s, 15H, Cp*), 0.72(s, 3H, Ir-Me), 3.54(s, 3H, N-Me), 3.72(s, 

3H, N-Me), 7.17(d, JHH = 5Hz, 1H, CH), 7.27(d, JHH = 5Hz, 1H, CH). IR (KBr, thin film, vC=O) 

: 2027 cm-1 
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 [Cp*Ir(NHC)(pyridine)Cl][OTf], 15.  In a round bottom flask Cp*Ir(NHC)Cl2 (NHC = 1,3,-

dimethylimidazol-2-ylidene) (250 mg, 0.505 mmol) was added to AgOTf (130 mg, 0.505 

mmol) and pyridine (2.03 mL, 25.3 mmol) in CH2Cl2 and allowed to stir for 2 h.  The crude 

reaction mixture was filtered through Celite and solvent was removed in vacuo to leave a 

yellow oil.  Subsequent addition of diethyl ether afforded a yellow powder of 4 (313 mg, 90% 

yield).  1H NMR (400 MHz, CD2Cl2, δ): 1.67(s, 15H, Cp*), 3.72-3.40(bs, 6H, N-Me), 7.15(s, 

2H, CH), 7.28(t, 2H, m-Py), 7.84(t, 1H, p-Py), 8.02(d, 2H, o-Py). 13C NMR (400 MHz, CD2Cl2, 

δ): 154.9, 154.2, 139.0, 127.1, 124.9, 91.7,  9.4.   Anal. Calcd for C21H28ClN3F3O3SIr: C, 36.70; 

H, 4.11; N, 6.11. Found: C, 36.48; H, 4.07; N, 6.06. 

 

 [Cp*Ir(NHC)(pyridine)Me][OTf], 14. 15 (313 mg, 0.455 mmol) was transferred into a 

Schlenk tube and ~5 mL of THF was added.  The solution was cooled in a liquid N2/acetone 

bath and 0.6 equivalents of dimethyl zinc (1.2 M in ether, 228 μL) was added under a stream 

of N2.  The reaction vessel was then sealed and allowed to stir for 30 min.  The reaction was 

then quenched with DI water and the product was abstracted with CH2Cl2.  Solvent was 

concentrated in vacuo and pentane was added.  An off-white powder resulted and was collected 

via vacuum filtration. The product was identified as 3 (204 mg, 67 % yield). 1H NMR (400 

MHz, CD2Cl2, δ): 1.66(s, 15H, Cp*), 0.76(s, 3H, Ir-Me), 3.65-3.30(bs, 6H, N-Me), 7.14(s, 2H, 

CH), 7.28(t, 2H, m-Py), 7.84(t, 1H, p-Py), 8.02(d, 2H, o-Py). 13C NMR (400 MHz, CD2Cl2, δ): 

154.4, 137.1, 127.3, 123.9, 90.9, 37.4, 8.9, -11.   Anal. Calcd for C22H31N3F3O3SIr: C, 39.63; 

H, 4.69; N, 6.30. Found: C, 39.58; H, 4.64; N, 6.19.  
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 [Cp*Ir(NHC)(pyridine)CD3][OTf], 14.  14-CD3. In a Schlenk tube Cp*Ir(NHC)Cl2 (NHC 

= 1,3,-dimethylimidazol-2-ylidene) (265 mg, 0.535 mmol) was added to CD3MgI (1 M in 

ether, 5.35 mmol) and allowed to stir for 1 h in 10 mL THF .  The reaction was quenched with 

water and the product was extracted with methylene chloride.  Solvent was removed in vacuo 

and Cp*Ir(NHC)(CD3)2 was isolated as a yellow powder (138 mg, 68 % yield).   In a 

subsequent reaction a round bottom flask was charged Cp*Ir(NHC)(CD3)2 (50 mg, 0.109 

mmol), pyridinium triflate (24.9 mg, 0.109 mmol), and methylene chloride and allowed to stir 

for 30 minutes.  The resulting solution was filtered through celite, concentrated in vacuo, and 

pentane was added.  A yellow powder resulted and was collected via vacuum filtration. The 

product was identified as 3-CD3(58 mg, 79 % yield). 1H NMR (400 MHz, CD2Cl2, δ): 1.66(s, 

15H, Cp*), 3.53-3.33(bs, 6H, N-Me), 7.13(s, 2H, CH), 7.26(t, 2H, m-Py), 7.84(t, 1H, p-Py), 

8.02(d, 2H, o-Py). 13C NMR (400 MHz, CD2Cl2, δ): 156.9, 154.5, 137.1, 127.3, 123.4,  90.9, 

37.4, 8.9.   Anal. Calcd for C22H28D3N3F3O3SIr: C, 39.45; H, 5.12; N, 6.27. Found: C, 39.13; 

H, 4.56; N, 6.29. 

 

General Procedures for Methanol Formation:  In a ~3 mL Schlenk tube 0.015 mmol Ir 

(Complex 1, 2, or 3) was added to 0.5 mL of 0.03 M NaDSS (DSS = 4,4-dimethyl-4-

silapentane-1-sulfonate) in D2O and 0.075 mmol additive (NaOAc or NaCl).  After 3 freeze-

pump-thaw cycles the reaction vessel was pressurized with O2 (up to 60 psi).  The reaction was 

then placed in a temperature controlled oil bath set to the appropriate temperature.  After an 

allotted amount of time the reaction was removed from the bath and allowed to cool to room 
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temperature.  The crude reaction mixture was then transferred to an NMR tube for 1H NMR 

analysis.   

 

Isotope Labelling Studies.   

 

a) Procedure with H2
18O:  The experimental procedure for this reaction is identical to the 

procedure outlined above, with H2
18O replacing the D2O solvent.  After the reaction 

was cooled to room temperature the crude reaction mixture was injected directly in the 

GC/MS for analysis.   

 

b) Procedure with 18O2:  The experimental procedure for this reaction is identical to the 

procedure outlined above, except in this case the reaction was pressurized with a 25 

mL break seal flask of 18O2. In addition, the reaction was performed in 0.5 mL DI H2O.  

After the reaction was cooled to room temperature the crude reaction mixture was 

injected directly in the GC/MS for analysis.   

 

Kinetic Studies with NaCl additive 

a) General procedure. In 3 mL storage tube, 0.03 M of the appropriate Ir complex was 

added to 0.5 mL of a 0.03 M NaDSS in D2O solution.  NaCl, (4.4 mg,  0.075 mmol) or 

NaOAc, (6.3 mg, 0.075 mmol) was then added to the vessel.  After 3 freeze-pump-thaw 

cycles the reaction was pressurized with O2 (60 psi) and placed in a temperature 

controlled oil bath.  Separate reactions were set up for the different time points of the 
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study.  After the allotted time, the reaction was removed from the oil bath and allowed 

to cool in the refrigerator.  The reactions were then analysed by 1H NMR spectroscopy. 

b) Pyridine dependence studies. In 3 mL storage tube, 0.03 M of complex 3 was added 

to 0.5 mL of a 0.03 M NaDSS in D2O solution.  NaCl, (4.4 mg, 0.075 mmol) was then 

added to the vessel.  Reactions were performed with pyridine concentrations of (0 M, 

0.15 M, 0.3 M). After 3 freeze-pump-thaw cycles the reaction was pressurized with O2 

(60 psi) and placed in a temperature controlled oil bath.  Separate reactions were set up 

for the different time points of the study.  After the allotted time, the reaction was 

removed from the oil bath and allowed to cool in the refrigerator.  The reactions were 

then analysed by 1H NMR spectroscopy. 

c) Ir dependence studies. In 3 mL storage tube, complex 3 (0.015 M, 0.03 M, 0.06 M) 

was added to 0.5 mL of a 0.03 M NaDSS in D2O solution.  NaOAc, (4.4 mg, 0.075 

mmol) was then added to the vessel. After 3 freeze-pump-thaw cycles the reaction was 

pressurized with O2 (60 psi) and placed in a temperature controlled oil bath.  Separate 

reactions were set up for the different time points of the study.  After the allotted time, 

the reaction was removed from the oil bath and allowed to cool in the refrigerator.  The 

reactions were then analysed by 1H NMR spectroscopy. 

d) O2 dependence studies. In 3 mL storage tube, 0.03 M of complex 3 was added to 0.5 

mL of a 0.03 M NaDSS in D2O solution.  NaCl, (4.4 mg, 0.075 mmol) was then added 

to the vessel.  After 3 freeze-pump-thaw cycles the reaction was pressurized with O2 

(10, 20, 30 psi) and placed in a temperature controlled oil bath.  Separate reactions were 

set up for the different time points of the study.  After the allotted time, the reaction was 
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removed from the oil bath and allowed to cool in the refrigerator.  The reactions were 

then analysed by 1H NMR spectroscopy. 

 

 

Kinetic Studies with HCl and Pyridine.  

a) General procedure. A ~3mL schlenk flask was charged with the appropriate amount 

of 3 and a stir bar.  A standard solution (0.5 mL) of D2O with sodium 4,4-dimethyl-4-

silapentane-1-sulfonic acid(NaDSS), hydrochloric acid, and pyridine was added to the 

flask. After three freeze-pump-thaw cycles the reaction was pressurized with the 

appropriate pressure of O2.  The flasks were then placed in a temperature controlled oil 

bath set to 100 ˚C and allowed to stir for the duration the reaction.  The flasks were 

then placed in a cold bath and allowed to cool to room temperature.  The crude reaction 

mixture was then transferred into an NMR tube for 1H NMR analysis.  Each data point 

is the average of three runs. Error bars are the standard deviation. 

 

b) Pyridine dependence studies. In 3 mL storage tube, 0.03 M of complex 3 was added 

to 0.5 mL of a 0.03 M NaDSS in D2O solution.  Reactions were performed with pyridine 

concentrations of 0.15, 0.225, 0.3 and 0.45 M with [HCl] = [pyridine]/10 M. After 3 

freeze-pump-thaw cycles the reaction was pressurized with O2 (60 psi) and placed in a 

temperature controlled oil bath.  Separate reactions were set up for the different time 

points of the study.  After the allotted time, the reaction was removed from the oil bath 

and allowed to cool in the refrigerator.  The reactions were then analysed by 1H NMR 

spectroscopy. 
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c) Ir dependence studies. In 3 mL storage tube, complex 14 (0.0225M, 0.03 M, 0.045M 

,0.06 M) was added to 0.5 mL of a 0.03 M NaDSS, 0.3 M pyridine, and 0.03M HCl in 

D2O solution.  After 3 freeze-pump-thaw cycles the reaction was pressurized with O2 

(60 psi) and placed in a temperature controlled oil bath.  Separate reactions were set up 

for the different time points of the study.  After the allotted time, the reaction was 

removed from the oil bath and allowed to cool in the refrigerator.  The reactions were 

then analysed by 1H NMR spectroscopy. 

d) O2 dependence studies. In 3 mL storage tube, 0.03 M of complex 14 was added to 0.5 

mL of a 0.03 M NaDSS, 0.3 M pyridine, and 0.03M HCl in D2O solution.    After 3 

freeze-pump-thaw cycles the reaction was pressurized with O2 (20, 40, 50, 60 psi) and 

placed in a temperature controlled oil bath.  Separate reactions were set up for the 

different time points of the study.  After the allotted time, the reaction was removed 

from the oil bath and allowed to cool in the refrigerator.  The reactions were then 

analysed by 1H NMR spectroscopy.  

 

General Procedure for X-Ray Determination. 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 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 9978 reflections 

with 5.34° < 2 < 65.5°. The data collection strategy was a number of  and  scans which 

collected data up to 73.1° (2). The frame integration was performed using SAINT.  The 

resulting raw data was scaled and absorption corrected using a multi-scan averaging of 



107 

symmetry equivalent data using SADABS. 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, 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 structural determination of 12. The unit cell dimensions were determined from a 

symmetry constrained fit of 9978 reflections with 5.34° < 2 < 65.5°. The data collection 

strategy was a number of  and  scans which collected data up to 73.1° (2). The structure 

was solved by direct methods using the SIR2011 program. The iridium atomic positions were 

obtained from the initial solution.  All other atomic positions were obtained from subsequent 

difference Fourier maps.  The structure contains two molecules in the asymmetric unit and the 

cations were designated A and B in this analysis.  The hydrogen atoms were introduced at 

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

 

X-ray Experimental for 15. A yellow needle-like specimen of C21.50H29Cl2F3IrN3O3S, 

approximate dimensions 0.070 mm x 0.080 mm x 0.270 mm, was used for the X-ray 

crystallographic analysis. The X-ray intensity data were measured. The total exposure time 

was 9.15 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 

40354 reflections to a maximum θ angle of 36.56° (0.60 Å resolution), of which 12586 were 

http://www.xray.ncsu.edu/
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independent (average redundancy 3.206, completeness = 98.9%, Rint = 3.28%, Rsig = 3.63%) 

and 11507 (91.43%) were greater than 2σ(F2). The final cell constants of a = 8.6215(3) Å, b = 

12.0541(4) Å, c = 12.7969(4) Å, α = 75.660(2)°, β = 87.416(2)°, γ = 87.231(2)°, volume = 

1286.22(7) Å3, are based upon the refinement of the XYZ-centroids of 9990 reflections above 

20 σ(I) with 4.733° < 2θ < 71.60°. Data were corrected for absorption effects using the multi-

scan method (SADABS). The ratio of minimum to maximum apparent transmission was 0.679. 

The calculated minimum and maximum transmission coefficients (based on crystal size) are 

0.3170 and 0.6980.  

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, C21.50H29Cl2F3IrN3O3S. The final anisotropic 

full-matrix least-squares refinement on F2 with 329 variables converged at R1 = 2.40%, for the 

observed data and wR2 = 5.23% for all data. The goodness-of-fit was 1.020. The largest peak 

in the final difference electron density synthesis was 1.318 e-/Å3 and the largest hole was -

1.319 e-/Å3 with an RMS deviation of 0.144 e-/Å3. On the basis of the final model, the 

calculated density was 1.884 g/cm3 and F(000), 714 e-. CCDC 998475 contain the 

supplementary crystallographic data for this structure. These data can be obtained free of 

charge from The Cambridge Crystallographic Data Centre via 

www.ccdc.cam.ac.uk/data_request/cif.  

 

 

 

 

http://www.ccdc.cam.ac.uk/data_request/cif
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CHAPTER 4 

OXYFUNCTIONALIZATION WITH Cp*IrIII(NHC)(Me)(Cl) 

WITH O2: IDENTIFICATION OF A BIMETALLIC IrIV μ-oxo 

INTERMEDIATE 
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4.1 Abstract 

 Mono-methyl Cp*Ir(NHC)MeCl has been synthesized and studied for methanol 

formation.  By utilizing NaBArF
4 to abstract the chloride ligand a mono-cationic IrIII complex 

is formed in situ that can be oxidized in the presence of air to form methanol in quantitative 

yields with ethanol as a proton source.  An intermediate has been identified and characterized 

as  [(Cp*Ir(NHC)Me)2(μ-O)][(BArF
4)2].  This rare example of a bridging oxo iridium species 

is catalytically competent towards methanol production. Isotope labeling studies have 

confirmed the source of the methyl group in the methanol product originates from the Ir-Me 

bond.   

4.2 Introduction 

 The importance and potential impact of selectively oxidizing C-H bonds is outlined in 

the introduction to the previous chapter.  While that system provided a nice example that the 

oxyfunctionalization of iridium methyl bonds was possible, many questions still remained.  

Most importantly, the nature of the oxidation step remained elusive due to the high 

temperatures and pressures of O2 needed to observe methanol yields. 

 The ability of O2 to insert into transition metal carbon and hydrogen bonds to form 

peroxy species has been studied for Pt and Pd complexes.1-7 Mechanistic studies of the 

reactions involving PtIV hydride complexes revealed that O2 insertion occurs via a radical 

chain pathway. However, O2 insertions into PdII hydride bonds showed no rate dependence of 

radical traps or initiators and clean first order kinetics with respect to the metal.  In this case 
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O2 coordination and hydrogen/methyl abstraction were postulated as possible mechanistic 

pathways.  Computational analysis of these two pathways indicated that atom abstraction was 

the operative mechanism for O2 insertion. In the case of insertions into both PdII and PtII 

methyl complexes a radical chain pathway is proposed.   

There is also  recent example of O2 insertion into an IrIII-H bond but the mechanism 

of this reaction is unclear.8 While there are no known examples of O2 insertion in iridium 

alkyl bonds, O2 promoted reductive elimination of R-H bonds has been observed.9, 10  Iridium 

complexes with O2 bound to the metal center were isolated and characterized following the 

reductive elimination.  While not observed, it is proposed that O2 binding occurs prior to 

reductive elimination as reductive elimination is not observed in the absence of O2.
11, 12  

  Removing the need to thermally dissociate a ligand to open up a coordination site 

would potentially allow the reaction to proceed at more mild conditions allowing for the 

identification of reactive intermediates. This strategy has proven to be effective for 

Bergman’s C-H activation IrIII complexes.13-16   This intermediate was proposed in the 

previous chapter and is shown in Scheme X as a 16 e- complex (outlined in red).  
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Scheme 4.1. Proposed mechanism for methanol formation  

       

  

There are a number of ways one could envision the synthesis of this intermediate. 

Starting with the known Cp*Ir(NHC)Me2 complex, protonolysis of one the methyl ligands 

with a strong acid such as triflic acid could result in the cationic intermediate.  Lewis acid 

abstraction of the methyl group offers another strategy.  This was been accomplished by the 

Heinekey group by abstracting one methyl group with with B(C6F5)3 to form 

[Cp*Ir(NHC)Me][MeB(C6F5)3] (Scheme 4.2).17   
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Scheme 4.2. Synthesis of [Cp*Ir(NHC)Me][MeB(C6F5)3] 

 

 

Another possible strategy would be to utilize a Cp*Ir(NHC)MeCl precursor in which 

the chloride ligand could dissociate from the metal center in highly polar solvents such as 

water forming the cationic compound with a chloride counterion (Scheme 4.3, top).  This 

dissociation could also be assisted with a salt such as NaBArF
4 forming the cationic complex 

and an equivalent of NaCl (Scheme 4.3, bottom).    This strategy was shown to be successful 

and will the subject of the following study.  
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Scheme 4.3. Potential synthetic pathways to a cationic mono-methyl complex 

 

 

4.3 Results and Discussion 

4.3.1 Synthesis of Cp*Ir(NHC)MeCl, 16, and Production of Methanol in D2O.  

Complex 16 was synthesized from the reaction of Cp*Ir(NHC)Cl2 (NHC = 1,3,-

dimethylimidazol-2-ylidene) with 0.6 equiv of dimethyl zinc and characterized by 1H and 13C 

NMR spectroscopy (Scheme 4.4). 
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Scheme 4.4. Synthesis of 16  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1. 1H NMR spectrum of 16 
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The reactivity of 16 towards methanol formation was first tested under the reaction 

conditions outlined in the previous chapter.  It was proposed that the water solvent would be 

polar enough to form a cationic iridium intermediate releasing a chloride anion from the 

coordination sphere to open up a site for O2 binding. Without the need to release a ligand 

such as pyridine or DMSO the reaction may proceed at room temperature.  Therefore, the 

reaction was performed in the absence of the NaCl additive and at O2 pressures of 60 psi at 

room temperature.  As can be seen in Scheme 4.5 methanol yields of 55(2)% were observed 

over the course of an hour with Cp*Ir(NHC)Cl2 observed as an iridium containing product in 

38% yield.   

 

Scheme 4.5.  Reactivity of 16 in D2O towards methanol formation 

 

  

To support the hypothesis that chloride was being dissociated from the coordination 

sphere, reactions were performed in the presence of pyridine as an additive.  When pyridine 

was added the reactivity was completely shut down at room temperature which corresponds 

to what was observed previously (Chapter 3).   
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 Due to the observed decomposition that was observed in this system lower 

temperatures were examined.  As can be seen in Table 4.1 lowering the temperature and 

increasing reaction times did not result in increased methanol yields.  Other additives such as 

NaOAc, KOTf, and KPF6 were also examined with no increase in methanol yield.     

 

Table 4.1.  Methanol formation from 16 at 10 ˚C 

Entry Time (h)  Methanol Yield (%)a 

1 1  28(2) 

2 3  35(6) 

3 16  39(1) 

a16 (0.015 mmol) was added to 0.5 mL solution of a 0.03 M NaDSS (DSS = 4,4-dimethyl-4-

silapentane-1-sulfonate)in D2O in a 3 mL Schlenk flask equipped with a magnetic stirrer. 

After 3 freeze-pump-thaw cycles the reaction vessel was pressurized with O2.  The reaction 

was then placed in a temperature controlled bath set to 10 ˚C using a mixture of 1,4-dioxane 

in liquid N2.  After the appropriate time elapsed the reaction was removed from the bath. The 

crude reaction mixture was then transferred to an NMR tube for 1H NMR analysis. 

 

4.3.2 Reactivity of Cp*Ir(NHC)MeCl in CD2Cl2  

Next, the reaction was attempted in CD2Cl2 solvent with varying salt additives to 

increase the polarity of the solvent to dissociate the chloride anion from the complex.  
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Additives such as KOTf and KPF6 resulted in recovery of the starting material in quantitative 

yields under O2 pressure at room temperature. However, when NaBArF
4 was used a color 

change from yellow to blue was observed and new complex was observed by 1H NMR 

spectroscopy (Figure 4.2) in the presence of ferrocene as an internal standard.   

 

Figure 4.2. 1H NMR spectrum of the new observed complex  

Starting material (16) 

Reaction after 16 h Loss of Ir-Me 

signal 
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The identity of this “new” complex will be discussed later in the chapter but this as 

observed by 1H NMR there is a reaction between 16, NaBArF
4, and O2 at room temperature.  

While no methanol formation was observed during the reaction, the addition of a proton 

source could facilitate the release the methanol product.  Methanol production with 16 was 

attempted with acetic acid, ethanol, and phenol as proton sources (Table 4.2).  No methanol 

product was observed with acetic acid (Entry 1) but the addition of both phenol (Entry 2) and 

ethanol (Entry 3) resulted in methanol formation as observed by 1H NMR spectroscopy with 

ethanol giving quantitative yields of methanol in an hour. Importantly, no methanol 

formation was observed with acetic acid as the proton source as the equivalences were 

adjusted (1 to 20 equiv) and the reaction time was increased (up to 16 h).  A more through 

study on the effects of the proton source will be discussed later in this chapter.   
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Table 4.2. Methanol formation with added proton source 

 

 

 

 

 

aMethanol yield was determined by 1H NMR analysis of crude reaction mixture with 1,3,5 

tri-methoxybenzene as an internal standard. Conditions: 1 (15 mmol, 7.1 mg); O2 (60 psi) 

NaBArF
4 (30 mmol, 26.6 mg); additive (75 mmol) in 0.5 mL CD2Cl2 at room temperature.  

bNo methanol was detected. 

  

With both NaBArF
4 and ethanol identified as the ideal additives for methanol 

production from 16 the reaction was optimized for time and O2 pressure. The pressure of O2 

was decreased systematically while yields remained constant. Quantitative methanol yields 

could be observed with the reaction flask open to air in 30 minutes.  These will serve as the 

optimized conditions (2 equiv NaBArF
4, 5 equiv C2H5OH, open to air, room temperature) for 

Entry Additive  Methanol Yield (%)a 

1 Acetic acid  NDb 

2 Phenol  12(6) 

3 Ethanol   98(9) 
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the mechanistic studies that will follow. NaBArF
4, ethanol, and O2 were all required for 

methanol production as shown in Table 4.3.   

Table 4.3. Methanol production from 16 

 

Entry NaBArF
4 C2H5OH Aira yieldb 

1 X X X 91(3) 

2 X X  NDc 

3 X  X NDc 

4  X X NDc 

aMethanol yield was determined by 1H NMR analysis of crude reaction mixture with 1,3,5 

tri-methoxybenzene as an internal standard. bReactions were run open to air (Entry 2 = 1 atm 

N2). Conditions: 16 (15 mmol, 7.1 mg); NaBArF
4 (30 mmol, 26.6 mg);  C2H5OH (75 mmol, 

4.4 uL) in 0.5 mL CD2Cl2 at room temperature.   
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4.3.3 Identification of Intermediates 17 and 18 

Initial studies focused on the reaction of 16 with NaBArF
4 (sodium tetrakis[3,5-

(trifluoromethyl)phenyl]borate) in CD2Cl2 at room temperature to form a proposed cationic 

intermediate.  Under these conditions, the formation of 17 was observed and characterized by 

1H NMR spectroscopy (Scheme 4.6).  While many conditions were considered for this 

reaction, it was found that the addition of 2 equivalents of NaBArF
4 (attributed to the relative 

insolubility in methylene chloride) was required to fully convert 16 to 17. This reaction 

occurs almost immediately with full conversion observed in a few minutes (Figure 4.3). The 

conversion of 16 to 17 occurs in the absence of any observable intermediates with a 

downfield shift of the methyl protons bound to the iridium center.  

 

Scheme 4.6. Synthesis of 17 
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Figure 4.3. 1H NMR of 17 compared to 16 

 

When 17 was exposed to air an immediate color change from a yellow-brown to a 

deep blue solution was observed.  This new complex was identified as [(Cp*Ir(NHC)Me)2(u-

O)][(BArF
4)2], 18, by 1H, and 13C NMR spectroscopy, and elemental analysis (Figure 4.4).  

Formally 18 is a rare example of an IrIV bimetallic complex with a λmax of 650 nm.  
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Figure 4.4. 1H NMR spectrum of 18 

 

Kinetic analysis of the transformation from 17 to 18 was performed by 1H NMR 

spectroscopy. Importantly, no other iridium species were observed in this reaction as 17 was 

converted directly to 18 (Figure 4.5).   A second order rate constant of 8.3(3) x 10-6 s-1 mM-1 

was obtained for this reaction (Figure 4.6).  
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Figure 4.5. Plot of the conversion of 17 to 18 vs time. Conditions: 17(15 mmol) in 0.5 mL 

CD2Cl2 in an NMR tube.  The solution is exposed to air at time 0 and the reaction is 

monitored by 1H NMR with 1,3,5-trimethoxybenzene as an internal standard.   
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Figure 4.6. Second order fit of the consumption of 17 vs time. Conditions: 17(15 mmol) in 

0.5 mL CD2Cl2 in an NMR tube.  The solution is exposed to air at time 0 and the reaction is 

monitored by 1H NMR with 1,3,5-trimethoxybenzene as an internal standard. 

 

4.3.4 Kinetic Studies 

The addition of 5 equivalents of ethanol to 18 led to quantitative methanol yields (> 

90%) in 30 minutes as observed by 1H NMR spectroscopy. Ethanol and air were both 

required to observe methanol yields from 18 as shown in Table 4.4.  
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Table 4.4.  Methanol production from 18 

 

Entry C2H5OH Airb Yielda 

1 X X 91(3) 

2 X  NDc 

3  X NDc 

 aMethanol yields were determined by 1H NMR analysis of crude reaction mixture with 1,3,5 

tri-methoxybenzene as an internal standard. bReactions were run open to air(Entry 2 = 1 atm 

N2). Conditions: 18(7.5 mmol, 19.7 mg); C2H5OH (75 mmol, 4.4 μL) in 0.5 mL CD2Cl2 at 

room temperature.   

 

To unambiguously indentify 18 as an intermediate, the kinetics for the formation of 

methanol from complexes 16 and 18 were compared.  Methanol production from 16, over the 

course of 30 minutes, followed first order kinetics in which a first order rate constant of 

1.1(2) x 10-3 s-1 was obtained (Figure 4.7).  In comparison, methanol formation from 18, 

resulted in a first order rate constant of 1.7(2) x 10-3 s-1 (Figure 4.8).  While there is a small 

difference in the observed rate constants for these two complexes the numbers suggest that 

18 is a kinetically competent intermediate in this reaction. 
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Figure 4.7. Plot of methanol production from 16 vs time. Conditions: 16 (15 mmol, 7.1 mg); 

NaBArF
4 (30 mmol, 26.6 mg); C2H5OH (75 mmol, 4.4 μL) in 0.5 mL CD2Cl2 open to air at 

room temperature. Reactions were monitored by 1H NMR with 1,3,5-trimethoxybenzene as 

an internal standard.   
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Figure 4.8. Plot of methanol production from 18 vs time. Conditions: 18 (7.5 mmol, 19.7 

mg); C2H5OH (75 mmol, 4.4 μL) in 0.5 mL CD2Cl2 open to air at room temperature. 

Reactions were monitored by 1H NMR with 1,3,5-trimethoxybenzene as an internal standard.   

 

 

The intermediacy of 18 was investigated further by obtaining activation parameters 

for the production of methanol from both 16 and 18 by Eyring analysis.  Reactions were 

performed at 0, 10, and 25 ˚C with observed rate constants obtained from each set of 

experiment (Figures 4.9 and 4.10).  Calculated activation parameters are shown in Table 4.5.  
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Figure 4.9.  Eyring plot of 16 at 273, 283, and 298 K. Conditions: 16 (15mmol, 7.1 mg); 

NaBArF
4 (30 mmol, 26.6 mg); C2H5OH (75 mmol, 4.4 μL) in 0.5 mL CD2Cl2 open to air at 

room temperature. Reactions were monitored by 1H NMR with 1,3,5-trimethoxybenzene as 

an internal standard.   
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Figure 4.10. Eyring plot of 18 at 273, 283, and 298 K. Conditions: 18 (7.5 mmol, 19.7 mg); 

C2H5OH (75 mmol, 4.4 μL) in 0.5 mL CD2Cl2 open to air at room temperature. Reactions 

were monitored by 1H NMR with 1,3,5-trimethoxybenzene as an internal standard.   

 

Entropically, the formation of methanol from both 16 and 18 is unfavorable (S‡ = -

46(11) and -37(9) eu respectively).  The enthalpic component of the activation energies are 

small and positive for both complexes (H‡ = 8(2) and 10(3) kcal/mol respectively) are also 

within error and are consistent with the observed room temperature reactivity for both 

complexes.  When combined with the observed rate constants discussed previously, the 

relative activation energies provide sufficient evidence for the intermediacy of complex 18.  
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Table 4.5. Activation energies for methanol production from 16 and 18 

Entry Ir Complex ∆H‡a ∆S‡a 

1 1 8(2) -46(11) 

 

2 

 

3 

 

10(3) 

 

-37(9) 

 

 

4.3.5 Studies with Radical Traps.  

To determine if the formation of methanol occurs via a radical pathway, reactions 

were performed in the presence of radical traps.  When 16 reacts under the conditions 

outlined in Table with 1 equivalent of TEMPO (2,2,6,6’-tetramethylpiperadin-1-yl) no 

methanol was observed after 1 h.  The equivalences of TEMPO were reduced to 0.1 

equivalents before methanol production was observed (Table 4.6).  An observed rate constant 

was obtained for the reaction of 16 with 0.1 equivalents of TEMPO taking two hours to reach 

completion at ~40% yield (Figure 4.11). The rate constant obtained for this reaction was 

7.5(5) x 10-4 s-1 which is significantly lower than the 1.1(2) x 10-3 s-1 rate constant obtained in 

the absence of the TEMPO radical trap.  This data suggests that a radical pathway is 

operative for methanol formation from 16.  
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Table 4.6. Methanol yields for 16 in the presence of TEMPO as a radical trap.  

 

 

 

 

 

aMethanol yield was determined by 1H NMR analysis of crude reaction mixture with 1,3,5 

tri-methoxybenzene as an internal standard. bReactions were run for 1 h. Conditions: 16 (15 

mmol, 7.1 mg); C2H5OH (75 mmol, 4.4 μL); TEMPO(15 mmol, 7.5 mmol, 1.5 mmol) in 0.5 

mL CD2Cl2 at room temperature.   

 

 

 

Entry TEMPO (equiv) Methanol yielda 

1 1 ND 

2 1 NDb 

3 0.5 ND 

4 0.1 28(4) 



 

138 

0

2

4

6

8

10

12

14

0 2000 4000 6000 8000

[M
e
th

a
n

o
l]
 (

m
M

)

Time (s)  

Figure 4.11.  Methanol yield vs. time with 16 and 0.1 equiv of TEMPO. Methanol yield was 

determined by 1H NMR analysis of crude reaction mixture with 1,3,5 tri-methoxybenzene as 

an internal standard. Conditions: 16 (15 mmol, 7.1 mg); NaBArF
4 (30 mmol, 26.6 mg); 

C2H5OH (75 mmol, 4.4 μL); TEMPO(1.5 mmol) in 0.5 mL CD2Cl2 at room temperature.   

 

Similar reactivity was observed for 18. Methanol yields were not observed until only 

0.1 equivalents of TEMPO were added to the reaction.  An observed rate constant of 5(1) x 

10-4 s-1 was obtained for this reaction.  This value is comparable to the 7.5(5) x 10-4 s-1 rate 

constant observed for 16 and significantly less than the 1.7(2) x 10-3 s-1 observed rate 

constant for the reaction in the absence of TEMPO (Figure 4.12). As was the case for 16 

there is a significant decrease in the rate when TEMPO is added to the reaction. 
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Figure 4.12. Methanol yield vs. time with 18 and  0.1 equiv of TEMPO. Methanol yield was 

determined by 1H NMR analysis of crude reaction mixture with 1,3,5 tri-methoxybenzene as 

an internal standard. Conditions: 18 (7.5 mmol, 19.7 mg); C2H5OH (75 mmol, 4.4 μL); 

TEMPO(1.5 mmol) in 0.5 mL CD2Cl2 at room temperature.   

 

1,4-cyclohexadiene was also examined as a radical trap with with 18 as the starting 

material.  When 0.5 equivalents of 1,4-cyclohexadiene were added the observed rate constant 

for methanol production from 3 is reduced from 1.7(2) x 10-3 s-1 to 7(2) x 10-5 s-1 (Figure 

4.13).  This result along with the reactions run in the presence of TEMPO suggests that a 

radical pathway is operative for methanol formation from 18.  
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Figure 4.13. Methanol yield vs. time with 18 and 0.5 equiv of 1,4-cyclohexadiene. Methanol 

yields were determined by 1H NMR analysis of crude reaction mixture with 1,3,5 tri-

methoxybenzene as an internal standard. Conditions: 18 (7.5 mmol, 19.7 mg); C2H5OH (75 

mmol, 4.4 μL); TEMPO (3.75 mmol) in 0.5 mL CD2Cl2 at room temperature.   

 

Interestingly, the formation of 18 from 17 was not affected by TEMPO as a second 

order rate constant for this transformation of 12(4) x 10-6 s-1 mM-1 was observed when 1 

equivalent of TEMPO was added (Figures 4.14 and 4.15).  This value is within error of the 

rate constant observed for the conversion of 17 to 18 in the absence of TEMPO (8.3(3) x 10-6 

s-1 mM-1).  These data suggest that the formation of 18 does not follow a radical pathway.  
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Figure 4.14. Conversion of 17 to 18 with 1 equivalent of TEMPO. Conditions: 17(15 mmol) 

and TEMPO (15 mmol) in 0.5 mL CD2Cl2 in an NMR tube.  The solution is exposed to air at 

time 0 and the reaction is monitored by 1H NMR with 1,3,5-trimethoxybenzene as an internal 

standard.   
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Figure 4.15. Second order fit for the consumption of 17 in the presence of 1 equivalent of 

TEMPO. Conditions: 17(15 mmol) and TEMPO (15 mmol) in 0.5 mL CD2Cl2 in an NMR 

tube.  The solution is exposed to air at time 0 and the reaction is monitored by 1H NMR with 

1,3,5-trimethoxybenzene as an internal standard.   

  

The formation of methanol from 16 and 18 is inhibited by the addition of TEMPO 

and 1,4-cyclobutadiene but the transformation from 17 to 18 is not.  This suggests a radical 

pathway from 18 to form methanol and that the formation of 18 from 16 follows a non-

radical pathway (Scheme 4.7). 
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Scheme 4.7. Summary of radical trap data 

 

Proceeds via a non-radical pathway 

 

 

Proceeds by a radical pathway 

 

4.3.6 Isotope Labeling Experiments.  

Recent reports involving the Cp*Ir(III) framework have suggested that the Cp* ligand 

can undergo oxidative decomposition under strongly oxidizing conditions.18   To determine if 

this was occurring in this system it was necessary to establish the origin of the methyl 

fragment in the methanol product as well as the iridium product following the reaction.  

Isotope labeling studies were undertaken in which the methyl group bound to the iridium was 
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labeled with deuterium.  Formation of the deuterio-methyl complexes followed the procedure 

outlined for the formation of 16 where CD3MgBr was utilized as the methyl source, which 

resulted in the product 16-CD3 (Figure 4.16).   

 

Figure 4.16. 1H NMR comparison of 16 and 16-CD3 

 

The presence of an Ir-CD3 bond in 16-CD3 was confirmed by 2H NMR spectroscopy.  

Exposure of 16-CD3 to NaBArF
4 and air resulted in the formation of 16-CD3 by 1H, 2H, and 

13C NMR spectroscopy (Figure 4.17).  When 1-CD3 was reacted with NaBArF
4 and ethanol 

16 

16-CD3 

Cp*, 15 H 

N-Me, 6 H CH, 2 H Ir-Me 
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in the presence of air (Scheme 4.8) CD3OH was observed by 2H NMR spectroscopy (Figure 

4.18).   This data is in support of a direct oxidation of the Ir-Me bond to form methanol.   

 

Figure 4.17. 1H NMR spectra comparison of 18 and 18-CD3 

 

 

 

 

18 

18-CD3 

Cp*, 30 H 

N-Me, 6 H 

N-Me, 6 H 

CH, 2 H 

Ir-Me, 6 H 
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Scheme 4.8. Methanol formation from 16 and 16-CD3 

 

 

Figure 4.18.  2H NMR spectra comparison of methanol formation from 16(bottom) and 16-

CD3(top) 

 

 

CD3OH 
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4.3.7 Role of Ethanol as a Proton Source.  

The role of ethanol as an additive was explored.  Ethanol could potentially act as a 

proton source resulting in an Ir-OEt complex from a proposed Ir-OMe intermediate, which 

should be observable by 1H NMR spectroscopy.  However, acetaldehyde is observed by 1H 

NMR spectroscopy quantitative yields (Figure 4.19) suggesting an alkoxide exchange 

followed by β-hydride elimination (Scheme 4.9).   
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Figure 4.19. Identification of acetaldehyde as a product by 1H NMR spectroscopy 

 

 

 

 

CH3OH = 96(7)% yield 

CH3COH = 98(4)% yield 
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Scheme 4.9. Role of ethanol and mechanism of alkoxide exchange 

 

  

Several alcohols were screened to determine if beta-hydride elimination following an 

alkoxide exchange was necessary to drive the reaction towards the methanol product.  

Secondary and tertiary alcohols were studied and compare to the primary alcohol, ethanol 

(Table 4.7).  As can be seen in entries 1-3, reactions with tert-butanol afforded significantly 

reduced yields even as equivalences and reaction times were increased. Similar reactivity 

was observed with phenol (Entry 7) as yields were attenuated by addition of alcohols without 

beta hydrogens. Secondary alcohols (Entries 4-6), provided increased yields relative to tert-

butanol but much lower than those observed under the optimized conditions.  Taken together, 

these data are in agreement with the hypothesis that beta-hydride elimination is a critical 

driving force towards methanol production from 18.  

 

 

 



 

150 

Table 4.7.  Alcohols studied for methanol production from X 

 

aMethanol yields were determined by 1H NMR spectroscopy of the crude reaction mixture.  

1,3,5-trimethoxybenzene was used as an internal standard. Conditions: Conditions: 18 (7.5 

mmol, 19.7 mg); ROH (75 or 150 mmol,); in 0.5 mL CD2Cl2 at room temperature.   

 

 

 

Entry ROH X t(min) methanol yield (%)a 

1 t-BuOH 5 30 15(3) 

2 t-BuOH 5 120 20(4) 

3 t-BuOH 10 30 13(1) 

4 i-PrOH 5 30 33(7) 

5 i-PrOH 10 30 41(6) 

6 BnOH 5 30 53(2) 

7 PhOH 5 30 12(6) 
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4.3.8 Identification of the Iridium Product. 

Oxidative decomposition of the Cp* ligand, however, is still a possibility under the 

reaction conditions.  In order to determine whether or not the Cp* ligand was oxidized during 

the course of the reaction the iridium product was identified. When the reaction conditions in 

Scheme 4.10 were utilized complex 19, [(Cp*Ir(NHC)Cl)2][(BArF
4)2], was identified in near 

quantitative yield (89(3)%) by 1H NMR spectroscopy.  X-ray quality crystals were obtained 

and are in agreement with the spectroscopic assignment of 4 as the iridium product for this 

reaction (Figure 4.20).  Importantly, both the Cp* and NHC ligands remain intact suggesting 

that this framework could have potential towards catalytic C-H bond oxidation and that air is 

not strong enough of an oxidant to oxidize the Cp* ligand as opposed to other systems that 

employ stronger oxidants.   

 

Scheme 4.10. Identification of 19 
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Figure 4.20. Thermal ellipsoid plot of complex 19.  Thermal ellipsoids are at 50%.  H atoms 

and the  BArF
4 anions have been omitted for clarity.   

 

4.3.9 Proposed Mechanism. 

A mechanism consistent with all of the data is shown below (Scheme 4.11) . Chloride 

abstraction from 16 by NaBArF
4 leads to 17.  Exposure of two equivalents of 17 to O2 results 

in the formation of 18 which subsequently reacts with another equivalent of O2 and 2 

equivalents of ethanol to produce 2 equivalents of methanol and 2 equivalents of the ethoxide 

complex.  β-hydride elimination from the ethoxide fragment leads to 2 equivalents of the 

hydride complex and 2 equivalents of acetaldehyde. Two equivalents of the newly formed 

hydride complex react with O2 and the CD2Cl2 solvent resulting in 19.   
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Scheme 4.11.  Proposed mechanism for methanol formation 

 

 

 

The mechanism presented above includes the observed iridium intermediates 17, 18, 

and the product 19.  While the ethoxide and hydride complexes are not directly observed 

their presence is strongly suggested by the acetaldehyde product.  Importantly, 18 was 

identified as an intermediate in this reaction through kinetic studies.  Isotope labeling 

experiments confirm that the Ir-Me bond is oxidized to form the methanol product.  The Cp* 

and NHC ligands are not being oxidized as 19 was identified as the product of this reaction.   
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4.4 Conclusions. 

Complex 16 was shown to be effective for methanol production at more mild 

conditions than those shown in for the pyridine containing catalyst 14.  Importantly, it was 

shown that methanol could be produced quantitatively with air as an oxidant at room 

temperature.  An intermediate (18) was identified and shown to be kinetically competent 

through kinetic studies.  Isotope labeling studies confirmed the origin of the methyl group in 

the methanol product is the iridium-methyl bond.   

The iridium product, 19, was identified and characterized by 1H NMR spectroscopy 

and X-Ray analysis.  The Cp* and NHC ligands remain bound to the iridium which suggests 

that this process might be further developed into a catalytic cycle for the partial oxidation of 

hydrocarbons.   
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4.5 Experimental Section 

General Considerations. Reagents were purchased from commercial sources and used as 

received. 1H and 13C NMR spectra were recorded on a Varian Mercury 400 MHz or a Varian 

Mercury 300 MHz spectrometer at room temperature. 1H and 13C NMR chemical shifts are 

listed in parts per million (ppm) and are referenced to residual protons or carbons of the 

deuterated solvents, respectively. Elemental analyses were performed by Atlantic Microlabs, 

Inc. X-Ray crystallography was performed at the X-Ray Structural Facility of North Carolina 

State University by Dr. Paul Boyle and Dr. Roger Summer. 

 

Cp*Ir(NHC)MeCl, 16.   In a 25 mL schlenk flask Cp*Ir(NHC)Cl2 (NHC = 1,3,-

dimethylimidazol-2-ylidene) (250 mg, 0.505 mmol) was allowed to stir in THF for 10 min.  

This solution was frozen in liquid N2 bath under a stream of N2.  Zn(Me)2 (252 uL, 1.2 M in 

toluene) was added to the flask under a stream of N2.  The flask was sealed and the solution 

was allowed to stir for 20 minutes. Solvent was removed in vacuo to leave a yellow oil.  

Subsequent addition of pentane afforded a yellow powder of Cp*Ir(NHC)MeCl (184 mg, 

79% yield). 1H NMR (400 MHz, CD2Cl2, δ): 1.61(s, 15H, Cp*), 0.81(s, 3H, Ir-Me), 3.53(bs, 

3H, N-Me), 3.94(bs, 3H, N-Me) 6.98(bs, 2H, CH). 13C NMR (100 MHz, CD2Cl2, δ): 161.2, 

122.3, 87.9, 8.8, -16.2.   

 

[(Cp*Ir(NHC)Me)2(μ-O)][(BArF
4)2], 18. In the glove box 16(25 mg, 0.053 mmol) and 

NaBArF
4 (94 mg, 0.11 mmol) were added to ~20 mL scintillation vial with 5 mL of CH2Cl2.  
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The solution was allowed to stand for 30 minutes.  10 mL of pentane were then added to the 

vial and the sample was sealed and removed from the glove box.  The vial was then opened 

to the air, immediately sealed, and left in the freezer at -30 ˚C for at least 5 h.  The blue 

crystalline product is removed from the vial, washed with excess pentane, and dried in vacuo.  

The remaining crystals were collected as [(Cp*Ir(NHC)Me)2(μ-O)][(BArF
4)2] (98 mg, 71 % 

yield). 1H NMR (400 MHz, CD2Cl2, δ): 2.11(s, 15H, Cp*), 3.13(s, 3H, Ir-Me), 2.96(s, 3H, N-

Me), 3.63(s, 3H, N-Me), 7.91(d, JHH = 4Hz, 1H, CH), 7.88(d, JHH = 4Hz, 1H, CH). 13C NMR 

(100 MHz, CD2Cl2, δ): 135, 126.2, 123.4, 117.7, 110.8, 8.3. Anal. Calcd for 

C96H76B2F48O4Ir2N4O: C, 44.01; H, 2.92; N, 2.14. Found: C, 43.20; H, 2.90; N, 2.15. 

 

Cp*Ir(NHC)CD3Cl, 16-CD3.   In a Schlenk tube Cp*Ir(NHC)Cl2 (NHC = 1,3,-

dimethylimidazol-2-ylidene) (250 mg, 0.505 mmol) was added to CD3MgI (1 M in ether, 

0.5.35 mmol) and allowed to stir for 1 h in 10 mL THF .  The reaction was quenched with 

water and the product was extracted with methylene chloride.  Solvent was removed in vacuo 

to leave a yellow oil.  Subsequent addition of pentane afforded a yellow powder of 

Cp*Ir(NHC)CD3Cl (165 mg, 69 % yield). 1H NMR (400 MHz, CD2Cl2, δ): 1.72(s, 15H, 

Cp*), 3.61(s, 3H, N-Me), 3.89(s, 3H, N-Me), 7.00(bs, 1H, CH), 6.84(bs, 1H, CH). 13C NMR 

(100 MHz, CD2Cl2, δ): 158.7, 122.2, 88.6, 9.3. 

 

Synthesis of 18-CD3. In the glove box 16-CD3 (25 mg, 0.052 mmol) and NaBArF
4 (94 mg, 

0.11 mmol) were added to ~20 mL scintillation vial with 5 mL of CH2Cl2. The solution was 

allowed to stand for 30 minutes.  10 mL of pentane were then added to the vial and the 
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sample was sealed and removed from the glove box.  The vial was then opened to the air, 

immediately sealed, and left in the freezer at -30 ˚C for at least 5 h.  The blue crystalline 

product is removed from the vial, washed with excess pentane, and dried in vacuo.  The 

remaining crystals were collected as [(Cp*Ir(NHC)CD3)2(μ-O)][(BArF
4)2] (85 mg, 62 % 

yield). 1H NMR (400 MHz, CD2Cl2, δ): 2.10(s, 15H, Cp*), 2.95(s, 3H, N-Me), 3.62(s, 3H, N-

Me), 7.91(d, JHH = 4Hz, 1H, CH), 7.88(d, JHH = 4Hz, 1H, CH). 13C NMR (100 MHz, CD2Cl2, 

δ): 135, 126.2, 123.4, 117.7, 110.8, 8.3. 

 

General Procedure for Methanol Formation in Water:  In a ~3 mL Schlenk tube 0.015 

mmol Ir (Complex 1 or 3) was added to 0.5 mL of 0.03 M NaDSS (DSS = 4,4-dimethyl-4-

silapentane-1-sulfonate) in D2O. After 3 freeze-pump-thaw cycles the reaction vessel was 

pressurized with O2 (up to 60 psi).  The reaction was then placed in a temperature controlled 

oil bath set to the appropriate temperature.  After an allotted amount of time the reaction was 

removed from the bath and allowed to cool to room temperature.  The crude reaction mixture 

was then transferred to an NMR tube for 1H NMR analysis.   

 

General Procedure for Methanol Formation in CD2Cl2 from 16:  In a ~3 mL Schlenk 

tube 1(7.1 mg, 0.015 mmol) was added to 0.5 mL of 0.03 M 1,3,5-trimethoxybenzene in 

CD2Cl2 and 0.15 M ethanol.  NaBArF
4 (26.6 mg, 0.03 mmol) was added to initiate the 

reaction.  The solution was allowed to stir open to air for the allotted amount of time. The 

reaction was then removed from the stir plate and the crude reaction mixture was then 

transferred to an NMR tube for 1H NMR analysis.   



 

158 

 

General Procedures for Methanol Formation in CD2Cl2 from 18:  In a ~3 mL Schlenk 

tube 1(7.1 mg, 0.015 mmol) was added to 0.5 mL of 0.03 M 1,3,5-trimethoxybenzene in 

CD2Cl2 and 0.15 M ethanol.  The solution was allowed to stir open to air for the allotted 

amount of time. The reaction was then removed from the stir plate and the crude reaction 

mixture was then transferred to an NMR tube for 1H NMR analysis.   

Kinetic Studies.  

General Conditions.  A ~3mL schlenk flask was charged with the appropriate amount of 16 

or 18 and a stir bar.  A standard solution (0.5 mL) of CD2Cl2 with 0.03 M 1,3,5-

trimethoxybenzenehydrochloric acid and 0.15 M ethanol was added to the flask. NaBArF
4 

(26.6 mg, 0.03 mmol) was added to initiate the reaction with 16.  The solution was allowed 

to stir open to air for the allotted amount of time. The reaction was then removed from the 

stir plate and the crude reaction mixture was then transferred to an NMR tube for 1H NMR 

analysis.  Each data point is the average of at least two runs. Error bars are represented as the 

standard deviation. 

Formation of 18.  In an NMR tube 16(7.1 mg, 0.015 mmol) was added to 0.5 mL of 0.03 M 

1,3,5-trimethoxybenzene in CD2Cl2 in the glove box. The reaction was allowed to stand for 

30 minutes before it was removed from the glove box.  The NMR tube was then exposed to 

air and immediately placed in the instrument.  The sample was analyzed utilizing an array to 

take spectra at continual points over the course of an hour.  The yields for 17, 18, and iridium 

total(17 + 18) were calculated vs. the 1,3,5-trimethoxybenzene internal standard. 
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Formation of 18 with Added TEMPO.  In an NMR tube 16 (7.1 mg, 0.015 mmol) was 

added to 0.5 mL of 0.03 M 1,3,5-trimethoxybenzene and 0.03 M TEMPO in CD2Cl2 in the 

glove box. The reaction was allowed to stand for 30 minutes before it was removed from the 

glove box.  The NMR tube was then exposed to air and immediately placed in the instrument.  

The sample was analyzed utilizing an array to take spectra at continual points over the course 

of an hour. The yields for 17, 18, and iridium total(17 + 18) were calculated vs. the 1,3,5-

trimethoxybenzene internal standard.  

Eyring Plots. To obtain Eyring plots reactions were run under the general conditions 

outlined above at 0, 10, and 25 ˚C.  At 0 ˚C the temperature was maintained by running the 

reactions in an ice bath. For the data at 10 ˚C a 1,4-dioxane/liquid N2 bath was used to 

maintain a constant temperature.  At the lower temperature the standard solutions were 

allowed to cool to the appropriate temperature before the reaction was initiated.   
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CHAPTER 5 

 

CATALYTIC AEROBIC OXIDATION WITH Cp*IrIII 

COMPLEXES 
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5.1 Abstract 

  [Cp*Ir(NHC)(OH2)2][OTf2] is shown to be an effective catalyst for the aerobic 

oxidation of alcohols.  The reactivity of this catalyst shows a clear dependence on the pH of 

the solution with basic conditions (pH = 12.5) provided the highest reactivity.  The iridium 

hydride dimer, 5(Chapter 2), was formed during the course of these reactions in polar solvents.  

The best conditions, however, involve a proposed mono-hydride complex in non-polar 

solvents.  A mono-hydride compound has been synthesized and will be examined as a catalyst 

for aerobic oxidations of alcohols.  

5.2 Introduction 

 The use of molecular oxygen as an oxidant in the catalytic oxidation of alcohols is 

appealing as it removes the need for stoichiometric amounts of environmentally harmful 

inorganic oxidants and harmful reaction conditions.1, 2 There are recent examples of palladium 

catalysts utilizing dioxygen in oxidase type chemistry.3-6 Oxidase chemistry involves 

molecular oxygen acting as an electron acceptor that gets reduced to water or hydrogen 

peroxide.  The limitation of the systems that employ palladium is the competing decomposition 

pathway to bulk metal.53  Due to this there is a need to design new catalyst systems for the 

“green” oxidation of alcohols. 

 Iridium catalysts have shown the ability to activate dioxygen and therefore offer 

opportunity to design new catalyst systems.7-9 Yamaguchi et al, have shown that Oppenhaur-

type oxidations of primary and secondary alcohols can be performed with irdium(III) catalysts 
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utilizing acetone as a sacrificial oxidant.10, 11  In this system they employ N-heterocyclic 

carbene ligands which exhibited enhanced reactivity.   

  [Cp*IrCl2]2 was shown by our group to be an effective catalyst in the aerobic oxidation 

of alcohols and the proposed mechanism is shown in Scheme 5.1.12  The alcohol binds to the 

metal center and is deprotonated with an equivalent of triethylamine.  A subsequent β-hydride 

elimination releases the oxidized product and forms an iridium hydride. This hydride complex 

then reacts with molecular oxygen to regenerate the catalyst. However, due to the moderate 

reactivity, and the difficulties associated with mechanistic studies for dimeric complexes, 

monomeric complexes with NHC ligands similar to Yamaguchi’s system of the type 

Cp*Ir(NHC)Cl2 and [Cp*Ir(NHC)(H2O)2][(OTf)2] have been synthesized. 

 

Scheme 5.1. Proposed mechanism for the aerobic oxidation of alcohols with [Cp*IrCl2]2 
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These complexes in a number of different solvents, including water, were tested for 

aerobic oxidations. Inorganic and organic bases were varied depending on the solvent and the 

reactions were also performed in acidic and neutral pH ranges.  The mechanism of this reaction 

was investigated by attempting to isolate key intermediates along the reaction pathway.   

5.3 Results and Discussion 

5.3.1 Aerobic Oxidation of Alcohols in Water. 

The water soluble catalyst [Cp*Ir(NHC)(H2O)2][(OTf)2] (4), was utilized for alcohol 

oxidations in water. Buffer solutions were prepared to determine the optimal pH for these 

reactions and the reaction was studied in basic, neutral, and acidic pH’s.  Previous studies 

showed that a pH of 12.5 allowed for the best reactivity and was therefore chosen as our basic 

pH.  This was compared to neutral and acidic conditions. A buffer solution of pH 1 was selected 

as our acidic solution and DI water represented a neutral pH.  By utilizing this water soluble 

catalyst alcohols were oxidized in water with molecular oxygen as the terminal oxidant.  Initial 

studies were done with cyclopentanol and 1-phenylethanol.  The results of these studies at 2.5 

mol % catalyst are shown in Table 5.1. 
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Table 5.1. Oxidations in Water with 4 

 

 

 

 

 

 

 

 

 

 

The data in Table 5.1 suggest that there is a small base dependence on the reaction.  It 

is apparent from the data that alcohol oxidations can be performed in acidic and neutral 

conditions as well. More studies are needed to fully understand these trends. 

 

 

 

Entry Alcohol pHa TONb 

1 cyclopentanol 1 15(2) 

2 cyclopentanol 7 18(4) 

3 cyclopentanol 12.5 32(4) 

4 1-phenylethanol 1 15(3) 

5 1-phenylethanol 7 24(2) 

6 1-phenylethanol 12.5 33(3) 

7 benzyl alcohol 1 8(2) 

8 benzyl alcohol 7 11(3) 

9 benzyl alcohol 12.5 16(1) 

    
aBuffer solutions where pH is DI water. bTON were determined 

by GC-FID 
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5.3.2 Aerobic Oxidations of 1-Phenylethanol with Catalysts 3 and 4 

 Catalyst 4 exhibited moderate reactivity in water under all pHs studied, therefore 

further investigations into this reaction were carried out with this complex. Various solvents 

were chosen for this reaction including toluene, pyridine, and water. In addition, the reactivity 

of 4 was compared to catalyst 3 with two equivalents of silver triflate. This reaction presumably 

results in the generation of the complex Cp*Ir(NHC)(OTf)2, in situ.  Initial results showed 

optimized reactivity with five equivalents of triethylamine. As a result, triethylamine was 

chosen as the base.  All reactions were carried out at 100 oC in 3 mL of solvent. The results of 

these studies are shown in Table 5.2. 

 

Table 5.2. Aerobic oxidations of 1-phenylethanol 

Entry Catalyst Solvent Conversion TONa 

1 3 + 2AgOTf toluene 100 40 

2 3 + 2AgOTf pyridine 43(1) 17(1) 

3 3 + 2AgOTf water 26(3) 10(1) 

4 4 water 67(4) 13(2) 

5 4 toluene 43(14) 17(7) 

 aTON were determined by GC analysis of crude reaction mixture 
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Catalyst 3 with 2 equivs of AgOTf gives the highest TON for this reaction with 

complete conversion to the oxidized product, acetophenone (Entry 1).  However, catalyst 4 

under the same conditions only achieves ~40% conversion (Entry 5).  Also of note, is the fact 

that when the oxidation with 3 with 2 equivs of AgOTf is performed in polar coordinating 

solvents such as water or pyridine, the TON are very similar to reactions performed with 

catalyst 4 in either water or toluene (Entries 2-5).  These results suggest that when two 

equivalents of silver triflate are added to catalyst 3 in polar coordinating solvents the active 

catalyst is similar to 4.  However, in non-polar solvents the data suggest that a different catalyst 

is formed in situ that is more active than catalyst 4.  

5.3.3 Iridium-Hydride Dimer, 5 

To test this hypothesis an intermediate of this reaction was isolated.  According to prior 

literature and work done previously reported in our group, an intermediate along the reaction 

pathway is an iridium-hydride complex.  The immediate formation of a new complex was 

observed when catalyst 4 was dissolved in neat isopropyl alcohol.  This complex was fully 

described in Chapter 2.  
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Scheme 5.2. Formation of Complex 5 

 

  

With complex 5 in hand its kinetic competence was investigated.  An aerobic oxidation 

of 1-phenylethanol was performed with 5 in both toluene and water.  The results of this study 

are shown in Table 5.3. 

 

Table 5.3.  Aerobic oxidation of 1-phenylethanol with 5. 

Entry Catalysta Solvent Conversion TONb 

1 5 Toluene 39(13) 16(5) 

2 5 Water 35(6) 14(2) 

      a2.5 mol % catalyst loading. bTON were determined by GC/MS 

  

The results in Table 5.3 indicate that TONs similar to 3 and 4 (Table 5.3) were observed 

in toluene and water for 5.  The data suggest that 5 is formed as an intermediate in the catalytic 
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cycle except in Entry 1, Table 5.2, where 3 was treated with 2 equivalents of AgOTf in toluene. 

To test this hypothesis the reaction was performed under the conditions outlined in Table 3 in 

order to detect the presence of 5.  Complex 5 was characterized by UV-Vis spectroscopy. As 

shown in Figure 1, the spectrum obtained for complex 5 exhibits a different absorption pattern 

from 4. 

 

 

Figure 5.1. UV-Vis spectrum of 5 and 4 at room temperature in water 

 

5 

4 
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The reaction conditions outlined in Table 2, entries 2-5 were repeated and the resulting 

reaction mixtures were analyzed by UV-Vis spectroscopy.  As expected, 5 was detected.  

However, for 3 with 2 equivalents of silver triflate in toluene, 5 was not detected.  This suggests 

that 5 is the active catalyst in all reaction conditions except entry 1 (Table 2). The results of 

these studies are summarized in Scheme 3. 

 

Scheme 5.3. Formation of 5 
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Scheme 5.4. Proposed hydride intermediate 

 

 

Our UV-Vis experiments suggest that 5 is formed under all conditions where the 

starting material is a dication or when the in situ formation of 4 was done in a polar solvent.  

This follows the bottom pathway in Scheme 5.3. The formation of a mono-hydride complex 

(Scheme 5.4) that readily dimerizes to 5 is our proposed intermediate along this pathway.  The 

top pathway (Scheme 5.3) is consistent with the conditions outlined in Entry 1, Table 5.1, 

where 5 was not observed during the course of the reaction.  Our working hypothesis is that 

the dimerization of a neutral catalyst to form a dication is unfavorable in a non-polar solvent.   

5.3.4 Synthesis of Mono-Hydride, 20. 

 A mono-hydride was synthesized to probe the reactivity of this possible intermediate.  

The reaction of [Cp*Ir(NHC)DMSO(Me)][OTf], 12, with CH3OH at 100 ˚C resulted in the 

formation of [Cp*Ir(NHC)DMSO(H)][OTf], 20 (Scheme 5.5).  This complex was 

characterized by 1H NMR (Figure 5.2) and X-Ray crystallography.  At this point alcohol 

oxidations have not been performed with this substrate. 
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Scheme 5.5. Synthesis of 20 

 

 

 

Figure 5.2. 1H NMR spectra of 20 

Cp*, 15 H 
Ir-H, 1 H 

N-Me, 6 H 

DMSO, 6 H 

CH, 2 H 
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5.3.5 Proposed Mechanism 

The proposed mechanism for the aerobic oxidation of 1-phenyl ethanol with catalyst 3 

in toluene is outlined in Scheme 5.6. Upon halide abstraction with 2 equivalents of silver 

triflate, a bis-triflate intermediate is form. Base assisted binding of the alcohol follows with the 

formation of an alkoxide-triflate complex.  β-hydride elimination to release the ketone and 

form a mono-hydide occurs next.  This is followed by molecular oxygen acting as a hydrogen 

acceptor and regenerating the catalyst to complete the cycle.    

 

Scheme 5.6 Proposed Mechanism  
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5.4 Conclusions 

 The ability to perform aerobic oxidations of alcohols with iridium(III) catalysts 

containing NHC ligands has been shown.  These oxidations have been performed in a variety 

of solvents such as toluene, water, and pyridine.   A number of bases have been utilized and 

the ability to catalytically oxidize alcohols in acidic and neutral solutions has been shown.   

 The best TON observed have been under basic conditions and the implications of doing 

this catalysis in acidic and neutral conditions is not completely understood at this time.  An 

intermediate iridium-hydride complex 7 has been isolated that is believed to be limiting the 

overall activity of this system.   

Under our optimized conditions, 7 is not detected by UV-Vis spectroscopy.  The 

hypothesis is that the formation of a dicationic complex in a non-polar solvent from a neutral 

starting material is unfavorable.  Therefore the active catalyst under our optimized conditions 

is not 7.    

   

 

 

 

 



 

176 

5.5 Experimetal Section 

General Considerations. Complexes 3 and 4 were prepared according to published 

procedures.  Other reagents were purchased from commercial sources and used as received. 1H 

and were recorded on a Varian Mercury 400 MHz or a Varian Mercury 300 MHz spectrometer 

at room temperature. 1H NMR chemical shifts are listed in parts per million (ppm) and are 

referenced to residual protons or carbons of the deuterated solvents, respectively. Gas 

chromatography was performed using an Varian 3800 gas chromatograph. X-Ray 

crystallography was performed at the X-Ray Structural Facility of North Carolina State 

University by Dr. Paul Boyle.  

pH 12.5 Buffer Solution.  40.8 mL of 0.2M NaOH was added to 50 mL of 0.2M NaCl. 

pH 1 Buffer Solution.  134 mL of 0.2M HCl was added to 50 mL of 0.2M NaCl. 

Aerobic Oxidations in Water.  4 (20 mg, 0.025 mmol) and alcohol (1.0 mmol) were added 

to 3 mL of buffer solution in a Teflon sealed Schlenk tube and heated to 100oC in a temperature 

controlled oil bath. After 24h the reaction was cooled to room temperature and a solvent 

abstraction with methylene chloride was performed. Sodium acetate was then added and the 

solution was filtered through Celite.  GC analysis was then performed on the resulting solution.  

Aerobic Oxidations in Toluene/Pyridine with 4. 4 (20 mg, 0.025 mmol), triethylamine (17.4 

μL, 0.125 mmol), and alcohol (1.0 mmol) were added to 3 mL of buffer solution in a Teflon 

sealed Schlenk tube and heated to 100oC in a temperature controlled oil bath. After 24h the 
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reaction was cooled to room temperature and the solution was filtered through Celite.  GC 

analysis was then performed on the resulting solution. 

Aerobic Oxidations in Toluene/Pyridine with 3. 3 (12.4 mg, 0.0250 mmol), silver triflate 

(12.9, 0.0500), triethylamine (17.4 μL, 0.125 mmol), and alcohol (1.04 mmol) were added to 

3 mL of buffer solution in a Teflon sealed Schlenk tube and heated to 100oC in a temperature 

controlled oil bath. After 24h the reaction was cooled to room temperature and the solution 

was filtered through Celite.  GC analysis was then performed on the resulting solution. 

[Cp*Ir(NHC)DMSO(H)][OTf], 20.  12 (50 mg, 0.075 mmol) was added to a 25 mL schlenk 

tube with ~ 5 mL of CH3OH.   The reaction was placed in a temperature controlled oil bath set 

to 100 ˚C oil bath.  After 1 h the reaction was allowed to cool and the solvent was removed in 

vacuo.  Excess hexanes was added to a concentrated solution in methylene chloride.  A red 

powder was collected by vacuum filtration and revealed to be X (38 mg, 78% yield). 1H NMR 

(300 MHz, CD2Cl2, δ): 1.95(s, 15H, Cp*), -15.7(s, 3H, Ir-H), 2.76(s, 3H, DMSO), 3.42(s, 3H, 

DMSO), 3.62(s, 3H, N-Me), 3.85(s, 3H, N-Me), 7.20(d, JHH = 2.4Hz, 1H, CH), 7.23(d, JHH = 

2.4Hz, 1H, CH). 
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