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ABSTRACT 

Hydrogenation reactions can be used to store energy in chemical bonds, and if these 

reactions are reversible that energy can be released on demand. A new bidentate chelating ligand 

was designed and synthesized for this project, using an N-heterocyclic carbene ring bound 

directly to a pyridinol ring (NHC-pyOR). This new ligand was used to make iridium complexes 

that were studied as catalysts for the hydrogenation of CO2 and dehydrogenation of formic acid. 

For comparison, analogous bipy derived iridium and ruthenium complexes were also tested. In 

general, the NHC-pyOR complexes demonstrated modest activity, where hydroxyl-pyridines 

found in the bipy derived systems are more active for CO2 hydrogenation under basic conditions. 

However, the trends were quite different for formic acid dehydrogenation reaction which will be 

discussed in Chapter 2.  

Other ruthenium (II) and iridium (III) complexes of the NHC-pyOR ligand with difference 

counter anions from above complexes were also synthesized. The ruthenium complexes were 

tested for their ability to accelerate CO2 (de)hydrogenation, but our studies show that these 

complexes all undergo transformations in solution and thus they are not true catalysts, but rather 

pre-catalysts.  

The use of new tridentate pincer ligands derived from NHC and pyridinol is also 

described. A new ligand containing (NHC-pyOR-NHC) rings binding to a metal with the 

pyridinol derivative were synthesized. A series of metal complexes of the type LnM were 

synthesized (n = 1 and 2; M = Fe2+, Co3+, and Ru2+). Preliminary results of photocatalytic 
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reduction of CO2 to CO show that ruthenium complexes are the most active catalysts followed 

by cobalt and iron, respectively. 

The activation of carbon dioxide and nitrite utilizing bio-inspired and proton responsive 

catalysts were also studied with tris(triazolyl)hydroborate (Ttz) complexes of zinc(II) and 

copper(II).  

For the biomimetic zinc complexes for CO2 activation, the synthetic result was found to 

be greatly depend on the steric bulk of Ttz ligand which will be discussed in detail in Chapter 6. 

Moreover, the electrochemical reduction of Ttz-Cu(II) complexes in the presence and absence of 

a proton source shows processes that are relevant to enzymatic nitrite reduction which also will 

be studied in Chapter 7.  
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PART I 

CO2 REDUCTION OF METAL CATALYSTS SUPPORTED BY N-HETEROCYCLIC 

CARBENE AND PYRIDINOL BASED LIGANDS 

 

CHAPTER 1 

INTRODUCTION 

 Energy is essential for modern life. It allows us to perform many day-to-day activities, 

enables development, and enhances the quality of our lives. Currently, the dominant energy 

sources that make up 82% of global energy consumption come from fossil fuels such as coal, oil, 

and natural gas.1 Unfortunately, these sources are non-renewable and limited because it takes 

millions of years for organic organisms to break down into fossil fuels.2-4 Altogether, with a 

growing world population and an increase in our standard of living, energy sources are in high 

demand which has led to increased fossil fuel combustion.5-6 The worldwide increase in fuel 

combustion has caused greenhouse gases such as CO2 to reach unprecedented atmospheric levels 

and this has already impacted our environment.1, 7-9 Furthermore, increasing energy consumption 

has led to fuel depletion.8 Therefore, alternative energy that is safe, clean, and exhibits less 

negative impact toward our environment is greatly desirable.10-11  

Unarguably, the largest renewable energy is provided by the sun. One hour of sunlight 

strike the earth can provide more energy (4.3 x 1020 J) than all of the energy consumed by human 

in one year (4.1 x1020 J). However, utilizing solar energy requires solar capture, conversion, and 
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storage which is still a huge challenging problem even in this most technologically advance 

society.1 

Currently, one of the most ideal alternative energy sources is hydrogen gas.12 It possess a 

high energy density by weight (Table 1.1) and it is a cleaner fuel since the by-product of 

hydrogen combustion is water. However when used in large scale, storage, transport, and 

distribution of H2 (g) is still one of the most challenging problems we still have yet to solve.13-14 

In terms of storage, although H2 (g) have a great density by weight, it became poor by volume 

which make it difficult to store and transport with the current technologies. Additionally because 

of its extremely low in density, under typical conditions hydrogen gas requires much more space 

to store for the same amount of energy compare to gasoline and other fuel sources (Table 1.2).15-

16  

There are many processes and different types of materials being studied for hydrogen 

storage, but the current preferred method is by compressing the gas in a high pressure tanks or in 

liquid form in cryogenic tanks. This technique, however is not cost effective, inefficient, and 

there are safety issues associate with this method.13, 17-18  

 

Table 1.1: Energy content of different fuel.18 
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Table 1.2: The properties of hydrogen compared to those of other fuel.13 

Developing technologies that can be cost effective and minimized safety hazard in order 

to store and transport hydrogen fuel in a larger scale is an immediate problem that needed to be 

solve.  

There has been an extensive research on utilizing metals-organic frameworks, metal 

hydride, and other chemicals hydrogen sources for hydrogen storage.19-24 Recently, formic acid 

and formate have gained a lot of attention as renewable hydrogen storage materials due to their 

non-toxic properties and ease of handling.10, 25-26 The questions are, how could CO2 be utilized as 

H2 storage and how could H2 be released?  

One of the most promising routes is to reduce CO2 to hydrocarbon fuel like CH3OH or 

CH4 (Scheme 1.1) by utilizing organometallic catalysts to assist in this process. The first step in 

CO2 reduction (Scheme 1.1) is the formation of formic acid or formate. This step typically is 

done under basic conditions.7  

By capturing the excess CO2 from the atmosphere and in the present of CO2 

hydrogenation catalyst, hydrogen can be stored in simple organic compound like formic acid or 

formate, then it can be released with the assistance of formic acid dehydrogenation catalyst 

(Figure 1.1).27 This strategy allows the excess CO2 be removed from the atmosphere while H2 

gas can be stored in a more environmental-friendly manner. 
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Scheme 1.1: Three step reduction of CO2 to methanol. 

 

 

Figure 1.1: Catalytic cycle of interconversion between CO2 hydrogenation and formic acid 

dehydrogenation. Redrawn base on reference 27. 

 

Since catalysts are the key in this process, being able to obtain a stable and effective 

catalyst is crucial. Until recently, most homogenous hydrogenation and dehydrogenation 

homogenous catalysts were supported by tertiary phosphine ligands. The first example of 

homogenous catalysts of CO2 hydrogenation to formate using triphenylphosphine (PPh3) 

complexes of Ru, Rh, and Ir was published by Inoue and co-workers in 1976.28 Since then, 
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extensive efforts have been focus on developing homogenous catalysts, and several papers as 

well as reviews were published.3, 29-36    

Recently, incorporating proton responsive organic compound as a supporting ligand such 

as bipyridine with Ir (III) and Ru(II) toward interconversion between CO2 hydrogenation and 

formic acid dehydrogenation have been intensively investigated by our group and others 

including Fukuzumi, Himeda and Fujita.27, 37-42 Previously designs include the 6,6’-

dihydroxybipyridine (6,6’-dhbp) ligand (Figure 1.2), which displays many important advantages 

in term of structure and electronic properties.  One unique property of dhbp is that it is a proton 

responsive ligand. Upon (de)protonation of the hydroxyl group, the polarity and electron-

donating ability of the ligand can be tuned. Thus, this pH-switchable property can affect the 

catalytic activity and water-solubility of the complexes containing this ligand. In addition, dhbp 

offers hydrogen bonding near the metal center which have been shown to have a great impact 

toward reaction rate.43-45 In many cases, the deprotonated metal complexes of 6,6’-dhbp have the 

ability to facilitate various catalytic reactions including transfer hydrogenation and water 

oxidation (Figure 1.3, a).43, 46 However, in some cases 6,6’-dhbp ligand can be labile especially 

when bound to a first row transition metal (Figure 1.3, b).47 
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Figure 1.2: Acid-base equilibrium of 6, 6’-dihydroxy-2, 2’-bipyridine (6, 6’-dhbp) complexes 

(a). Hydrogen bonding system of the hydroxyl group near the metal center (b).  

 

 

 

Figure 1.3: Ru-dhbp complex stable toward transfer hydrogenation (a). Cu-dhbp complex that 

the ligand can be labile under water oxidation condition.   

 

In parallel, N-heterocyclic carbenes have been shown to be useful as stabilizing ligands in 

homogenous transition metal catalysts in many transformations including hydrogenation and 

dehydrogenation.48-54  The stability of NHC ligands is derived from it being a strong -donor that 

can generate a robust M-C bond. Through synthesis, NHCs are readily modified to tune the steric 

and electronic properties of the ligands.55-58 Our former graduate student Jose DePasquale has 

designed catalysts containing NHC ligand which showed good activity toward transfer 

hydrogenation reaction (Figure 1.4).59 Consequently, we envisioned that by combining an NHC 
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ring with a pyridinol ring, we should be able to confer greater stability to metal complexes in a 

wide variety of conditions.  

 

Figure 1.4: Ru (II) catalyst supported by bidentate N-heterocyclic carbene ligand for transfer 

hydrogenation.  

 

The work described herein will discuss the synthesis of NHC-pyridinol based ligands and 

their catalytic reactivity of their metal complexes toward CO2 hydrogenation and formic acid 

dehydrogenation. Chapter 2 describes the synthesis of N-heterocyclic carbene-pyridinol (NHC-

pyOR) ligand and Ir (III) complexes supported by these ligands, the use of these metal complexes 

as pre-catalysts towards the (de)hydrogenation reactions, the role of alkaline metal toward the 

CO2 hydrogenation, and computational DFT study to investigate the mechanism of both 

reactions. Chapter 3 describes the synthesis of Ru complexes supported by NHC-pyOR with two 

different counter anions namely OTf and PF6, and the use of these complexes as pre-catalyst for 

both CO2 hydrogenation and formic acid dehydrogenation. Finally Chapter 4 will be focused on 

a new direction toward pincer supported by NHC-pyridinol chelates derived ligands, the 

synthesis of a (NHC-pyOR-NHC) ligand and their metal complexes. Also, the difficulty of 

obtaining 1:1 ratio of L:M will also be discussed here in this chapter as well as future direction 

toward this project.    
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CHAPTER 2 

IRIDIUM AND RUTHENIUM COMPLEXES OF NHC AND PYRIDINOL DERIVED 

CHELATES AS CATALYSTS FOR AQUEOUS CARBON DIOXIDE HYDROGENATION 

AND FORMIC ACID DEHYDROGENATION: THE ROLE OF THE ALKALI METAL 

 

(Adapted with permission from Siek, S., Papish, E.T. Iridium and ruthenium complexes of NHC 

and pyridinol derived chelates as catalysts for aqueous carbon dioxide hydrogenation and formic 

acid dehydrogenation: The role of the alkali metal. Organometallics, 2017; Ahead of print) 

2.1 Introduction 

Ligands that contain protic functional groups near the metal center can accelerate proton 

transfer events in many different types of reactions. Our research groups1-4 and others5-6 have 

pioneered the use of 6,6’-dihydroxybipyridine (6,6’-dhbp) ligands (Chart 2.1) for the formation 

of metal complexes that catalyze both oxidative and reductive reactions. The hydroxy groups 

near the metal center lead to a change in ligand charge upon deprotonation, and thereby the 

electron density at the metal is altered. The ability to instantly modulate the character of the 

ligands and change from L2 (6,6’-dhbp, neutral) to LX (monoanionic) and to X2 (dianionic) can 

explain the catalytic rate enhancements that are seen upon deprotonation of the metal 

complexes.2 Under oxidizing conditions, our group and other groups have shown that both 

iridium (e.g. 4Ir,2 and its Ir-aqua analog, Chart 2.1)7-8 and copper complexes of 6,6’-dhbp 

undergo decomposition reactions in solution.4 Furthermore, we have also shown that Cu(II) 

complexes of 6,6’-dhbp undergo ligand loss at both high (>13) and low (<4) pH in aqueous 

solution.4 Therefore, we had a strong interest in affixing a strong donor to the pyridinol ring to 

counteract the labile nature of the 6,6’-dhbp ligand. 
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Carbon dioxide hydrogenation is studied here because 6,6’-dhbp complexes and other 

pyridinol based complexes of Ir(III) are especially effective at promoting this reaction and 

(de)hydrogenation in general.6, 9-11 Other highly efficient CO2 hydrogenation homogeneous 

catalysts include several different iridium pincer complexes from Nozaki;12 Brookhart and 

Meyer;13 Bernskoetter, Hazari and Palmore,14 and others.15 For formic acid dehydrogenation, a 

reusable highly active iridium catalyst with a P,N ligand was reported by Williams;16 other 

groups have performed formic acid dehydrogenation in the course of methanol 

dehydrogenation.17-18 Most of these (de)hydrogenation catalysts perform ionic hydrogenation, 

which is the sequential transfer of H+ and H-; other transition metal based catalysts for ionic 

hydrogenation have been reported.19-27  

The iridium(III) complexes based on 6,6’-dhbp and related ligands are noteworthy for 

how rapidly they catalyze both CO2 hydrogenation and the reverse reaction.6, 11 The rate 

accelerations seen with 6,6’-dhbp have been attributed to electron donor ability which is 

enhanced upon deprotonation and proximal OH/O- groups facilitating the transfer of H+ via a 

metal-ligand bifunctional catalysis mechanism.1, 28-31 However, herein we have found that in 

some cases methoxy substituents are as effective as hydroxy groups at enhancing 

dehydrogenation rates. This is evident from comparing 6,6’-dhbp and 6,6’-dimethoxybipyridine 

(6,6’-dmbp) complexes of iridium and ruthenium. In addition, importantly, the role of alkali 

metals in hydrogenation reactions is elucidated for the first time with the 6,6’-dhbp scaffold. 

N-Heterocyclic carbene (NHC) ligands are strong sigma donors that form stable metal-

carbon bonds.32-34 NHCs have been used in chelates before with pyridine rings (e.g. A, Chart 

2.1),35-37 including in Re, Mn, and Ni catalysts for electrochemical CO2 reduction,38-41 but never 

with pyridinol as a protic ligand. We reasoned that a bidentate ligand containing an NHC and a 
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pyridinol ring could offer a protic group on the metal center in the presence of a strong donor 

ligand (Chart 2.1, NHC-pyOH). These ligands could be tuned by deprotonation (producing OH/O- 

variants) while also containing strong metal carbon bonds. Herein we report the NHC-pyOH 

ligand and related ethers, the Ir(III) complexes thereof, and the use of these new metal 

complexes towards the catalysis of CO2 hydrogenation and the reverse dehydrogenation reaction.  

 

 

Chart 2.1: Bidentate ligands with proximal protic functional groups and similar metal 

complexes in the literature. 

 

2.2 Results and Discussion 

2.2.1 Synthesis and Characterization of the Ligands and the Metal Complexes 

The N-heterocyclic carbene-pyridinol derived ligands (NHC-pyOR) are easily synthesized 

as the OR = OtBu, OH or OMe derivatives wherein OtBu serves as a protected form for making 

the OH derivatives. After chelation with the desired metal, moderate heat can drive the 

deprotection of the t-butyl group to produce the hydroxy-substituted ligand with the elimination 

of isobutene. OR = OMe is a control for comparison of hydrogen bond donor (OH) vs. hydrogen 

bond acceptor (OMe) properties of the ligand. 
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Treating 2,6-difluoropyridine with excess of sodium alkoxide (NaOtBu or NaOMe)42-44 

afforded 2-fluoro-6-alkoxypyridines with replacement of only one fluoride (Scheme 2.1). Further 

reaction with sodium imidazolate replaced the remaining fluoride to yield 2-alkoxy-6-(N-

imidazolyl)pyridines (Im-pyOR). Alkylation with methyl triflate generated the imidazolium 

precursors to the NHC ligands, (ImMe-pyOR)OTf. 

 

Scheme 2.1: The synthesis of the imidazolium precursors to the NHC-pyOR ligands (R = tBu, 

Me) 

 

 

The carbene ligand was conveniently formed by deprotonation of the imidazolium salt 

precursor. This deprotonation is readily achieved with mild base, and the acidity of the C-2 

proton is evident by observing H/D exchange in the 1H-NMR spectra in deuterated protic 

solvent. Silver bis(carbene) complexes (6 and 7) were formed quantitatively through reaction of 

the imidazolium salts with Ag2O and NaOH (Scheme 2.2) (see Chart 2.2 for our numbering 

scheme, and the tBu and hydroxyl derivative compounds were synthesized by Deidra Gerlach).45 

The crystal structures of [Ag(NHC-pyOtBu)2]OTf (6) and [Ag(NHC-pyOMe)2]OTf (7) (Figure 2.1) 

show that the two NHC-pyOR ligands are monodentate with the pyridinol nitrogen atoms not 

coordinated. The silver ions are two-coordinate with two carbene ligands arranged with 

approximately linear C-Ag-C angles (172-174). Interestingly, in the crystal phase, the 

orientation of the unbound pyridines of the two ligands differs in the two structures. For 6, the 

pyridine rings orient to one side of the Ag and the bulky tBu groups are both above the general 
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plane of the NHC and Py rings. The packing of these complexes is dominated by the 

accommodation of the bulky tBu groups. For 7, the methoxy substituted pyridinol rings are 

oriented away from each other with out-of-plane rotation of the bond between the NHC and Py 

rings observed such that one pyridine is pointed in toward the Ag and one is pointed away from 

the Ag. With little steric hindrance, the crystal packing (Figure 2.1b) of these complexes is 

predominantly due to pi-stacking between NHC moieties. 

Chart 2.2: The numbering scheme for the compounds herein.a 

Compound Formula 

1 [Cp*IrCl(NHC-pyOtBu)]OTf 

2 [Cp*IrCl(NHC-pyOH)]OTf 

3 [Cp*IrCl(NHC-pyOMe)]OTf 

4Ir [Cp*IrCl(6,6’-dhbp)]OTf 

5Ir [Cp*IrCl(6,6’-dmbp)]OTf 

4Ru [(p-cymene)RuCl(6,6’-dhbp)]OTf 

5Ru [(p-cymene)RuCl(6,6’-dmbp)]OTf 

6 [Ag(NHC-pyOtBu)2]OTf 

7 [Ag(NHC-pyOMe)2]OTf 
aNote that ′ designates the corresponding metal-aqua complex; e.g. 3′ = [Cp*Ir(OH2)(NHC-

pyOMe)]2+ as formed in solution by adding AgOTf to 3. 
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Figure 2.1a: The ORTEP diagrams of the cations of 6 (top) and 7 (bottom) with hydrogen atoms 
and counter anions omitted for clarity. Structural parameters are included in the Spectra and 

Supporting Information. 
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Figure 2.1b: The packing diagrams of the cations of 6 (top) and 7 (bottom) with counter anions 

omitted for clarity. Structural parameters are included in the Spectra and Supporting Information. 

 

 

 

Scheme 2.2: The synthesis of NHC-pyOR metal complexes 1, 2, 3, 6 and 7. 

Transmetallation of the silver bis(carbene) complexes 6 and 7 with the iridium dimer 

[Cp*IrCl2]2 and one equivalent of AgOTf afforded the chelate complexes 

[Cp*IrCl(NHCMe-pyOR)]OTf, complexes 1 and 3 with R = tBu and Me, respectively (Scheme 

2.2). The hydroxyl derivative (NHC-pyOH in 2) was synthesized by deprotection of complex 1 

via superheating a CH2Cl2 solution or reflux of a MeCN solution. Similar to the synthesis of 1 

and 3, the complex [Cp*IrCl(6,6’-dmbp)]OTf (5Ir) was obtained by adding two equivalents of 

free 6,6’-dmbp ligand and AgOTf to one equivalent of [Cp*IrCl2]2. All of these complexes are 
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yellow and readily recrystallize by evaporation of acetonitrile or by diffusion with diethyl ether. 

The crystal structures of these complexes are shown in Figure 2.2 for 1 and 2 and Figure 2.3 for 

3 and 5I 

 

 

Figure 2.2: The ORTEP diagrams of the cations of 1 (top) and 2 (bottom) with hydrogen atoms 

and counter anions omitted for clarity. These structures are oriented such that the chloride is 

forward from the plane of the NHC-pyOR ligand. Structural parameters are included in the 

Supporting Information. 
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Figure 2.3: The ORTEP diagrams of the cations 3 (top) and 5Ir (bottom) with hydrogen atoms 

and counter anions omitted for clarity. These structures are oriented such that the chloride is 

forward from the plane of the bidentate ligand. Structural parameters are included in the 

Supporting Information. 

 

Complexes 2, 3, and 5Ir identically pack in the P21/c space group such that the chloride of 

one cation orients above the Cp* ring of an adjacent cation forming chains along the a axis with 
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similar distances of 3.438, 3.678, and 3.646 Å, respectively, from Cl1 to the centroid of Cp*. 

With the bulky tert-butyl group, complex 1 packs in the P-1 space group. The 6,6’-dmbp 

complex, [(p-cym)RuCl(6,6’-dmbp)]Cl (5Ru), was synthesized previously by us1 but the single 

crystal structure was obtained for this paper and belongs to space group P21/n. Selected 

dimensions are included in Table 2.1 for 1, 2, 3, 5Ir, and 5Ru and previously reported complexes 

[Cp*IrCl(6,6’-dhbp)]Cl (4Ir) and [(p-cym)RuCl(6,6’-dhbp)]Cl (4Ru).1-2 These complexes all 

display similar coordination geometries, bond lengths, and angles. 

Complex 2 displays a strong, linear hydrogen bond between the OH group and the O- of 

the triflate counterion (O1 to O4 = 2.638(3) Å, O1-H1-O4 = 173(4)°). Similarly, hydrogen 

bonding interactions that range from strong to weak have been observed in 6,6’-dhbp complexes 

of Cu(II),4, 46 Ru(II),1 and Ir(III).2 Inspecting the C-N and C-O distances near the OH/OR group 

shows that these values are similar in the NHC-pyOH, NHC-pyOtBu ligands of 1 and 2, as well as 

in 6,6’-dhbp and 6,6’-dmbp complexes (4Ir and 5Ir and others in the literature that are not 

deprotonated). 

The bite angle of the two bidentate ligand types, NHC-pyOR and dmbp, is nearly identical 

where the bite angles are within the range of 75-76° for the N-Ir-C or N-Ir-N angles, respectively 

(Table 2.1). It is not surprising that the bite angle is retained for the two types of ligands since 

both form five-membered chelate rings and the coordination environments around Ir(III) are 

similar. Contrary to what is expected from the van der Waal radii of the donor atoms (N < C), the 

Ir-C distances are slightly shorter than the Ir-N distances (Ir-Navg = 2.10(1) Å and Ir-Cavg = 

2.04(1) Å for 1, 2, and 3). This can be rationalized in terms of the strong -bond donor character 

of the carbene and also Ir to C back bonding is frequently present in NHC complexes.32 One 

would expect the Ir-N distance to increase as the bulk of the OR group increases, and this is true 
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for OMe and OtBu species 3 and 1 [Ir-N 2.07(1), 2.144(1), respectively]. Note that to 

compensate, the Ir-C distance adjusts so that the sum of the Ir-N and Ir-C distances remains 

constant.47 The OH species 2 shows Ir-N and Ir-C distances between the other two, perhaps 

because of hydrogen bonding of triflate to the OH, yet the sum of the Ir-N and Ir-C distances 

remains equal to those of 1 and 3. 

Table 2.1: Selected bond lengths and angles of the complexes [Cp*IrCl(NHC-pyOR)]OTf (1-3), 

[Cp*IrCl(6,6’-dxbp)]+ (4Ir, 5Ir), and [(p-cym)RuCl(dxbp)]+ (4Ru, 5Ru). 

Compound 
Bite angle 

(°)a 

Bond lengths (Å) 

Ir1-Cl1 Ir1-N3 Ir1-C4 
Ir1-N1 

or N2 

1 76.00(5) 2.416(4) 2.144(1) 1.997(2) -- 

2 75.82(9) 2.4143(7) 2.116(2) 2.014(2) -- 

3b 
76.1(6) 

75(1) 

2.389(7) 

2.43(1) 

2.07(1) 

2.07(2) 

2.06(2) 

2.09(3) 
-- 

4Ir
c 75.92(8) 2.415(7) -- -- 2.10 (2) 

5Ir 75.71(6) 2.399(5) -- -- 
2.117(2) 

2.108(1) 

 Ru1-Cl1 Ru1-N3 Ru1-C4 
Ru1-N1 

or N2 

4Ru
c 76.52(5) 2.3899(4) -- -- 

2.125(1) 

2.116(1) 

5Ru 76.22(9) 2.3925(9) -- -- 
2.123(2)

2.119(2) 
aFor the bidentate ligand – C, N or N, N. 
bPositional disorder in the bidentate ligand (NHCMe-pyOMe) for 3 leads to two sets of metrical 

parameters. The second set is shown in italics. 
cThese crystal structures (for 4Ir and 4Ru) were previously reported.1-2 

 

Characterization of complexes 1, 2, and 3 by 1H NMR spectroscopy displays the 

shielding effect on the protons of the pyridine ring with removal of the protecting group from the 

ligand NHC-pyOR to form the hydroxy group (Figure S2.45). All of the protons of the pyridine 

ring are shifted upfield by 0.1-0.2 ppm for complex 2 compared to complex 1 with the hydroxy 

protected by tBu and by 0.05-0.15 ppm comparing complex 2 to 3, hydroxy vs. methoxy. 
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Complex 2 is protic and has a pKa value of 4.9(1) which is similar to the values of 4.6 and 

5 previously measured for 4Ir and 4Ru with the diprotic 6,6’-dhbp ligand bound to Ir(III) and 

Ru(II), respectively (Table 2.2).1-2 As is typically seen, complexation to the metal lowers the pKa 

value by several units (6,6’-dhbp has a pKa value of approximately 8.5).48  

Table 2.2: Thermodynamic acidity (pKa) values for the protic metal complexes (2, 4Ru, 4Ir)  

studied herein and the free ligand, 6,6’-dhbp.  

Compound pKa Reference 

2 4.9(1) this work 

4Ir 4.6(1) 2 

4Ru 5 1 

6,6’-dhbp 8.5 48 

 

The yellow Ir(III) complexes 2 and 4Ir have similar absorption features in the UV-visible 

spectrum, as seen in Figure 2.4, with the majority of absorption occurring in the UV region by π 

to π* transitions of the aromatic groups of the ligands, and weaker charge transfer (CT) and d-d 

transitions between 300 and 400 nm. The electronic state of complexes 1 and 3 are shown to be 

nearly identical by UV-vis whereas deprotection of the OtBu to give OH in complex 2 introduces 

a second CT absorption feature at ~355 nm comparable to the CT absorption features observed 

for complex 4Ir. There is little change in the absorption features of the halide bound complex 3 

vs. the aqua bound complex 3′ (Figure S2.50) suggesting that the Ir(NHC-pyOR) complexes have 

similar electronic properties, regardless of whether a halide or aqua ligand fills the coordination 

sphere. 
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Figure 2.4: The aqueous UV/visible absorption spectra of the yellow complexes 1, 2, 3, 4Ir  

and 5Ir show absorptions primarily in the UV region. 

 

The similarity of the electronic states of these complexes is again found through the 

electrochemical investigation of non-aqueous solutions by cyclic voltammetry (Figures S2.46-

S2.49). For all of the complexes 1, 2, 3, 4Ir, and 5Ir an initial irreversible reduction event is 

observed below -1 V (all values are reported vs. SCE) forming some complex that has a return 

oxidation event at a more positive potential which is only observed if the initial complex first 

undergoes the irreversible reduction event. Aprotic complexes 1 and 3 have nearly identical 

irreversible reduction events at approximately -1.60 V; on scanning to more positive potentials, 

new irreversible oxidation events at -0.90 V in MeCN were seen (Figure S2.46). Complex 5Ir 

with a 6,6’-dmbp ligand exhibits similar behavior, with initial reduction at -1.25 V and, on return 

to more positive potential, a new oxidation at -0.83 V (Figure S2.47). However, when the OR 

group of the pyridine is deprotected to form the protic hydroxyl group, as in the case of 

complexes 2 and 4Ir, the return oxidation events occur at a much larger difference in potential 
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than for the complexes in which the hydroxyl group is protected. Due to the lower solubility of 

complex 4Ir, the CV was performed in DMF (Figure S2.48). The initial irreversible reduction 

event occurred at -1.60 V in MeCN and -1.55 V in DMF for complex 2 and at -1.40 V in DMF 

for complex 4Ir whereas the return oxidation events occur at 0.36 V, 0.33 V and 0.95 V, 

respectively. The corresponding Δp between the irreversible reduction and oxidation events are 

1.96 V in MeCN and 1.88 V in DMF for complex 2 and 2.35 V for complex 4Ir. Recently, Re 

complexes with aprotic NHC-py ligands have been reported which similarly show a large 

difference in the initial irreversible reduction event followed by a “delayed” irreversible 

oxidation event; the reduction was ascribed to pyridyl ligand forming a radical anion (Py·-).38 In 

the case of both complex 2 and 4Ir, the addition of base forced reduction to occur at more 

negative potentials, as could be expected from formation of an alkoxide substituent, and 

diminished the current of the return irreversible oxidation event (Figure S2.49) 

2.2.2 Catalytic CO2 Hydrogenation: Enhancing Activity 

The new NHC-pyOR complexes along with bipy complexes were tested for the catalysis 

of the hydrogenation of CO2 to formate (Table 2.3). Here we only report the TON value after 18 

h for catalysts 1-5, but in the spectra and supporting information we report the pressure drop 

(studied by graduate student Dalton Burks) as a function of time for these catalysts (Figures 

S2.59 - S2.79). The rate of pressure drop is approximately constant over the course of the 18 h 

for all of these catalysts (Figure S2.80). A control reaction was performed with [Cp*IrCl2]2 (0.15 

mM of dimer, or 0.30 mM in iridium) tested as a catalyst and this produced 0.686 mmol of 

formate, corresponding to 180 TON (entry 1, Table 2.3). Hence [Cp*IrCl2]2 is 11.2-12.6 times 

less active than the most active catalysts tested 3 (TON = 2020) and 4Ir (TON = 2270) 
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implicating a significant role of the organic ligands. No other CO2 reduction products besides 

formate were observed in these reactions. 

Table 2.3: Catalytic hydrogenation of CO2 with 1-5.a 

  Catalyst used as is Cl- removed in situ 

Entry Catalyst TON TOF (h-1) TON TOF (h-1) 

1 [Cp*IrCl2]

2 

180 (20) 10 --  

2 1 1090 (20) 60.6 740 (30) 41 

3 2 910 (60) 51 860 (100) 48 

4 3 2020 (90) 112 2090 (60) 116 

5 4Ir 2270 (90) 126 2400 (70) 130 

6 5Ir 410 (220)b 29 290 (60) 16 

7 4Ru 1070 (20) 59.4 2270 (100) 126 

8 5Ru 890 (330) b 49 1220 (30) 67.8 

aConditions: The reactions were performed in 25 mL of an aqueous solution of 0.3 mM catalyst 

and 1 M NaHCO3 at 115 C and 300 psig of H2/CO2 (1:1). All TON are calculated after 18 hours 

and are an average of at least 3 experiments (estimated standard deviations are in parentheses). 

TOF values are for the full 18-hour period (TOF = TON/18h). Data are reported to at most three 

significant figures based on the measurements. Shaded cells indicate the studies done with OH 

containing catalysts (2 with NHC-pyOH and 4Ir, 4Ru with 6,6’-dhbp). The non-shaded cells used 

alkoxy-substituted catalysts (1 with NHC-pyOtBu, 3 with NHC-pyOMe, or 5Ir, 5Ru with 6,6’-dmbp). 
b Gave highly variable TON; may be forming nanoparticle. 

 

For the new NHC-pyOR derivatives, the order of activity is 3 > 1 ≈ 2, with 3 being almost 

twice as active as either 1 or 2. Compounds 1, 2, and 3 are best considered to be pre-catalysts, as 

they all undergo significant transformations in solution (see below). 

The trend is different with complexes of the dxbp type ligands. The hydroxy dxbp 

complexes (4Ir or 4Ru) are more active than the methoxy complexes (5Ir or 5Ru). These 

hydrogenation experiments were run in 1 M NaHCO3, under basic conditions (pH = 8.5) where 

the hydroxy groups are deprotonated to give the more electron-donating oxyanions that are 

proposed to enhance catalysis.49 Comparing metals, in literature examples, iridium complexes 
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are generally more active than ruthenium complexes, and this trend holds true here for dhbp 

complexes (4Ir > 4Ru) but not for the dmbp analogs (5Ir < 5Ru). However, the results for both 5Ir 

and 5Ru were inconsistent and suggest catalyst modification (further discussed in the Spectra and 

Supporting Information). 

Comparing monodentate ligands (chloride, triflate, water) at the catalyst active site, it has 

been shown that the presence of halide can poison a (de)hydrogenation catalyst, presumably by 

favorable binding to the active site.17 Therefore, we removed the chloride by adding silver triflate 

to the catalyst solution; the precipitated silver chloride was easily removed by filtration. The 

filtrate was then used directly for catalysis without isolation (in situ halide removal in Table 2.3). 

For pre-catalysts 1, 2, and 3, the removal of the chloride does not increase the catalytic activity; 

silver-triflate-treated 1 and 2 even decrease slightly in activity. However, when treated, 4Ru (with 

6,6’-dhbp bound to Ru) shows a large increase in activity, which more than doubles with the 

removal of the chlorides (to 95% of the activity of 4Ir, the Ir analog). Notably, ruthenium is 10 

times cheaper than iridium, and although Ru complex 4Ru was reported in 20111 it had not 

previously been used for CO2 hydrogenation. 

The base used in CO2 hydrogenation, NaHCO3, provides a Lewis acid (Na+), which can 

potentially impact the rate of the reaction. To test this hypothesis (studied by Dalton Burks), we 

varied the base and used KHCO3, CsHCO3 and (NH4)HCO3, which were chosen as 

commercially available bicarbonate salts (Table 2.4). The K+ and Cs+ salts give similar or higher 

pH values for the resulting solution (see third column of Table 2.4), but the pH does drop slightly 

with the NH4
+ salt (pH = 7.8). The Na, K, and Cs bicarbonate salts all gave similar TON values 

with 4Ir, while the ammonium bicarbonate salt gave a significantly lower TON. Similarly, when 

we monitor the pressure with time (Figures S2.81 – S2.84), the rate of pressure drop is similar 
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with the alkali metals over the entire course of the reaction; it is much slower with NH4
+. In 

Table 2.4, the almost 3-fold greater TON seen in entries 1-3 than in entry 4 is a fact whose 

mechanistic implications will be discussed in the section below on computations. 

Table 2.4: Effect of the Lewis acid on CO2 hydrogenation with 4Ir.a 

Entry M+ pH TON 

1 Na+ 8.1 1430 (70) 

2 K+ 8.3 

 

1410 (50) 

3 Cs+ 8.4 1390 (50) 

4 NH4
+ 7.8 500 (80) 

aConditions: The reactions were performed in 25 mL of an aqueous solution of 0.3 mM catalyst 

and 0.5 M MHCO3 (M = Na, K, Cs, or NH4) at 115 C and 300 psig of H2/CO2 (1:1). All TON 
are calculated after 18 hours and are an average of at least 3 experiments (estimated standard 

deviations are in parentheses). 

 

2.2.3 Catalytic CO2 Hydrogenation: Pre-Catalyst Transformation 

Interestingly, UV-vis absorption spectroscopy of complex 4Ir shows that the catalyst 

remained mostly unchanged after hydrogenation, yet for 5Ir significant bleaching of the CT 

features was observed (Figure S2.52). In short, the robust nature of 4Ir as compared to 5Ir is a 

main factor for the higher TON observed in Table 2.3. Significant color changes were observed 

visually for the NHC-pyOR complexes 1-3 after hydrogenation, which was quantitated by 

measuring UV-vis absorption (Figure S2.51). The CT absorption features for the starting 

complexes bleached leaving only significant absorption in the UV range. 

We were able to elucidate transformations of complex 3 (full details, Spectra and 

Supporting Information pp. S2.34 – S2.43). 1H NMR spectral evidence after hydrogenation (Fig. 

S2.53) shows that some 3 remains, but some has been converted into a cyclometallated product, 

3′′, as shown in Scheme 2.3. Complex 3′′ is formed by treating 3 with our hydrogenation 

conditions, or by heating 3 in an inert solvent with base (e.g. treating 3 with Na2CO3 in CH2Cl2 ). 
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Scheme 2.3: Top: the formation of the cyclometallated 3′′ and further products under 

hydrogenation conditions. Bottom: when 3 is treated with dichloroethane and base the product 

3SP results. 

 

While we were unable to recrystallize 3′′, we did trap a cyclometallated species by 

treating 3 with triethylamine in dichloroethane. The resulting product 3SP was isolated in 48% 

yield, characterized by 1H-NMR and MS methods (Figure S2.54 – S2.55), and recrystallized by 

slow diffusion of ether into acetonitrile. A crystal structure is shown in Figure S2.91 in the 

Spectra and Supporting Information. As shown in Scheme 2.3, the product 3SP appears to result 

from an SN2 reaction between 3′′ and dichloroethane, along with the loss of the methyl group 

from the methoxy substituent. In 3SP, the bidentate CC ligand (bite angle = 77.4(3)°) is best 

described as a zwitterion with a cationic N and an anionic C of the C-bound pyridyl ligand. The 

metal is still Ir(III) and the complex is cationic. The metrical parameters including Ir-C(NHC) = 

1.996(5) Å and Ir-C(Py) = 2.054(7) Å are similar to those in Table 2.1 and analogous Ir(III) 

complexes in the literature.21 Although 3SP is not the same as the cyclometallated product 3′′ 
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obtained under hydrogenation conditions, the pattern of signals in 1H NMR spectra of 3′′ and 3SP 

does confirm that the transformation of 3 involves cyclometallation of the pyridine ring. 

There is precedent in the literature for cyclometallation of bidentate NHC-pyridine 

ligands on iridium37 and rhodium.51 Cyclometallation has also been reported for 6,6’-dmbp 

complexes of gold, palladium and platinum,51-52 but we have not observed cyclometallation of 

the dxbp complexes herein. 

After 18 h under basic CO2 hydrogenation conditions, 3 is converted to a blue solid 

mixture that appears to contain 3′′ (see Figure S2.53) and new, unidentified products. The 

elemental makeup of this water-soluble blue solid is described in the Spectra and Supporting 

Information from XPS (done by professor Szulczewski’s group) and EDS data (Figures S2.56 – 

S2.58); reduced C and loss of Cl, F, and S but retention of Ir, N and O suggest that perhaps Cp* 

loss occurs from 3′′ after cyclometallation.50 

2.2.4 Formic acid dehydrogenation 

Dehydrogenation of formic acid was performed with complexes 1-5 with the assistance 

from undergraduate Courtney Thompson and Jamie Tesh. In each trial, 1.02 M formic acid with 

0.29 mM of catalyst was heated at 60 °C for 3 h (Table 2.5). 
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Table 2.5: Dehydrogenation of formic acid by catalysts 1-5.a 

  Catalyst used as is Cl- removed in situ 

Entry Catalyst TON TOF (h-1) TON TOF (h-1) 

1 1 130 (30) 44 200 (40) 66 

2 2  90 (50) 31 140 (30) 47 

3 3 180 (60) 59 80 (20) 27 

4 4Ir >3500b 1200 >3500b 1200 

5 5Ir >3500b 1200 >3500b 1200 

6 4Ru 45 (12) 15 46 (6) 15 

7 5Ru 140 (10) 45 16 (2) 5 
aConditions: Aqueous formic acid (1.02 M) was treated with catalysts 1-5 (0.29 mM) at 60 °C 

for 3 h. In the right two columns, chloride was removed by treating with silver salts in situ. See 

the experimental section for further details. Turnover numbers (TON) and turnover frequency 

(TOF) values were calculated to two significant figures at the end of the three hour period by 

measuring the gas generated (assuming 1:1 of CO2 : H2). TON values are an average of at least 3 

experiments (estimated standard deviations are in parentheses). Shaded cells indicate the studies 

done with OH containing catalysts (2 with NHC-pyOH and 4Ir, 4Ru with 6,6’-dhbp). The non-

shaded cells used alkoxy-substituted catalysts (1 with NHC-pyOtBu, 3 with NHC-pyOMe, or 5Ir, 

5Ru with 6,6’-dmbp).bThese experiments went to 99.8-100% conversion of formic acid to 

gaseous products; in addition to measuring gas formation we also double checked these values 

by 1H NMR spectroscopic analysis of an aliquot of the solution phase and these reactions only 

leave 0 to 0.2% of formic acid unconsumed. 

All three iridium complexes of the new NHC-pyOR ligands (1, 2 and 3) were found to be 

active precatalysts (Entries 1-3). These precatalysts can also be compared to iridium and 

ruthenium complexes of 6,6’-dhbp and 6,6’-dmbp (entries 4-7), of which the iridium complexes 

of 6,6’-dxbp are by far the most active. We also note that the estimated standard deviations in 

TON values are higher for 1-3 (as compared with 4 and 5) and may reflect variables related to 

the transformation of the NHC-pyOR complexes 1-3 (see the Spectra and Supporting Information 

for further details). Since the complexes 4 and 5 appear to be robust catalysts, we focus on them 

here. 
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Notably, when we replace 6,6’-dhbp with 6,6’-dmbp in [Cp*Ir(6,6’-dmbp)Cl]OTf (5Ir) 

we see that the catalyst has comparable activity (Entry 5). Significantly, the literature on 4Ir 

describes  how hydroxy groups are needed for a metal-ligand bifunctional mechanism,9 but the 

similar reactivity of 5Ir and 4Ir suggests that other effects are at work. Our groups provided 

evidence from X-ray crystallography and reactivity studies of the dmbp complex 

[(terpy)Ru(6,6’-dmbp)(H2O)](OTf)2 that the methoxy group can accept a hydrogen bond from 

the coordinated aquo ligand,3 and thus hydrogen bond acceptance by the oxygenated substituents 

of 5Ir and 4Ir during catalysis may play a role. Formic acid dehydrogenation is performed under 

acidic conditions (pH = 1.9); hence, none of the OH groups are deprotonated (pKa = 4.6 and 5 for 

4Ir, and 4Ru, respectively)1-2 and may behave similar to methoxy groups as hydrogen bond 

acceptors and electron-donating groups. Upon replacing the iridium with ruthenium in 4Ru (with 

6,6’-dhbp) and 5Ru (with 6,6’-dmbp), we see that the resulting catalysts are far less active 

(Entries 6 and 7).  

The shaded cells in Table 2.5 show the reactivity of OH substituted catalysts, from which 

it is readily apparent (Entries 2 and 4) that 6,6’-dhbp ligated catalysts are far more active than the 

complexes of the NHC-pyOH ligand. The lesser reactivity may be caused by transformation(s) of 

the NHC-pyOR ligated complexes. 

The catalyst [Cp*IrCl(6,6’-dmbp)]OTf (5Ir) was further studied over a longer time course 

as a highly active species of novel structure. Table S2.19 (in the Spectra and Supporting 

Information) shows the longevity of 5Ir by adding substrate (formic acid) after each reaction 

cycle was complete (every 3 h). UV-vis absorption spectra of the catalytic mixtures before and 

after dehydrogenation show that the complexes are unaltered (Figure S2.87). Complete 

conversion of formic acid to gaseous products occurs quantitatively (~100% yield) for five 
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cycles run over 3 d. Only after gentle heating at 60 ºC for 3 d without added substrate does 

catalyst deactivation occur. Thereafter when formic acid is added a decrease in TOF was 

observed. A maximal TON of 21,000 was observed at this point (after 8 d) but the ultimate value 

would be higher because the catalyst is still active. A 1H NMR spectrum acquired after 

concentrating the same reaction mixture shows that the major component is still the original 

catalyst (Figure S2.88). 

A lower loading of catalyst 5Ir (0.0028 mole % catalyst or 10 times lower relative to the 

conditions of Table 2.5) was also investigated (Table S2.20 in the Spectra and Supporting 

Information). Here, the TOF is ~2.8 times faster at ~3300 h-1 with only 29% conversion at 3 h. 

For comparison, the TOF values over 3 h are ~1200 h-1 at 0.028 mole % of 5Ir. A tenfold 

increase in turnover frequency was anticipated with dropping the catalyst loading, but it appears 

that at the low catalyst loading the reaction occurs more slowly due to the saturation of all the 

catalyst sites, or that catalyst decomposition interferes. At 0.0028 mole % of catalyst 5Ir loading, 

the reaction does go to 94% conversion (TON = 33,000) after 24 h; thus, if given enough time 

the yield of product is nearly quantitative, even at very low catalyst loadings. 

2.2.5 Computational Study of Catalytic CO2 Hydrogenation  

Computational study of catalytic CO2 hydrogenation was in collaboration with Professor 

Webster at Mississippi State University. Hydrogenation reactions described herein using 6,6’-

dhbp are proposed to proceed via a metal-ligand bifunctional mechanism. We expect that the 

OH/O- groups will play a role in transferring protons. This mechanism will be illustrated using 

4Ir, which was the most active catalyst for hydrogenation. We will compare 4Ir computationally 

with 5Ir, the 6,6’-dmbp complex, which was considerably less active. The anionic oxygen of the 

deprotonated 6,6’-dhbp ligand can bind Na+ to activate CO2 and hold substrate near the metal 
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center. Interactions between alkali metals and substrates have literature precedent and the 

identity of the alkali metal can greatly impact the rates.53-58 While [Cp*Ir(OH2)(6,6’-dhbp)]2+, 

4Ir′, has been computationally studied for CO2 hydrogenation,59 our mechanism is unique in 

describing the role of the alkali metal and in contrasting dxbp complexes 4Ir and 5Ir. Under our 

typical hydrogenation conditions (Table 2.3), [Na+] = 1 M and [H+] = 3.2×10-9 M at pH 8.5. 

Thus, we invoke the use of Na+ rather than H+ (as used by Ertem et al.59) under basic conditions. 

The computed mechanisms of CO2 hydrogenation catalyzed by 4Ir and 5Ir with and 

without the assistance of Na+ ion are shown in Figures 2.5 and 2.6, respectively. Hydrogenation 

reactions were run in aqueous base (pH = 8.5), and thus for 4Ir, the 6,6’-dhbp ligand will first be 

deprotonated to form the species with the dianionic ligand (6,6'-bobp, 6,6'-bis-O--bipyridine). 

The activation of dihydrogen leads to Ir-H2, a  complex, as the first intermediate. The acidic 

dihydrogen complex can transfer a proton two ways. With 5Ir, proton transfer to solvent occurs 

directly leading to Ir-H. With 4Ir, the O of the dianionic ligand can be protonated to give the Ir-

H-OH species before loss of a proton and formation of Ir-H (water may assist this process).59 The 

formation of a protonated pyridine species (Ir-H-NH) is energetically unfavorable for both 4Ir 

and 5Ir (17.7 and 18.6 kcal/mol, respectively). After the formation of Ir-H, one CO2 molecule 

could be involved with the assistance of Na+ ion to form the Ir-H-CO2 species (Figure 2.5). The 

Ir-H-CO2-Na species could then be converted to the Ir-formate species (Ir-OCHO-Na), which 

then would generate the final product HCOO-. The species thus formed would be lower-energy 

with the Na+ interacting with the dianionic 6,6'-bobp ligand as compared with the dmbp ligand 

(for 4Ir and 5Ir respectively: Ir-H-CO2-Na at -5.7 and -3.4 kcal/mol, Ir-OCHO-Na at -9.8 and -5.0 

kcal/mol). The weaker stabilization of Na+ ion with 5Ir as compared to 4Ir was also confirmed by 

the longer Na-OMe distances in the Ir-H-CO2-Na (2.40 vs 2.17 Å) and Ir-OCHO-Na species 
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(2.36 vs 2.20 Å). Thus, 4Ir is predicted to have better catalytic activity than 5Ir in CO2 

hydrogenation with alkali metals present, as is experimentally observed.  

 

Figure 2.5: Diagram of minima with relative energies (solvent corrected energies in kcal/mol) of 

CO2 hydrogenation catalyzed by 4Ir and 5Ir with the assistance of Na+ ion. The blue bar with 

blue solid line represents the pathway of 4Ir and red bar with red solid line represents the 

pathway of 5Ir. The dashed line represents the pathway via the Ir-hydride with protonated 

pyridine species. 

 

Without Na+ ion (Figure 2.6), a much higher-energy intermediate is observed (Ir-OCHO 

at 18.8 and 12.4 kcal/mol for 4Ir and 5Ir, respectively, Figure S2.85). This shows the importance 

of the Lewis acid (Na+) in CO2 hydrogenation. 
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Figure2.6: The free energy diagram (solvent corrected energies in kcal/mol) of CO2 insertion 

into the iridium hydride of 4Ir and 5Ir with and without the assistance of a Na+ ion. The blue bar 

with solid line represents the pathway of 4Ir and red bar with solid line represents the pathway of 

5Ir. The dashed line represents the pathways without the assistance of Na+ ion. 

 

The related transition states (proceeding from Ir-H-CO2 to Ir-OCHO) were located in 

Figure 2.6 to verify the importance of Na+ ion in the CO2 insertion step of the hydrogenation 

reaction. The transition state free energies are much higher without the assistance of a sodium 

ion (22.8 and 25.6 kcal/mol for 4Ir and 5Ir, respectively). With Na+ ion present, CO2 insertion 

into the Ir-H of 4Ir was achieved by two lower-energy intermediate Na+-ion stabilized species (Ir-

HCOO-Na at 0.7 kcal/mol with a weak Ir--H interaction and Ir-HCOO-Na at -7.9 kcal/mol with 

no Ir to H interaction, Figure 2.6). The turnover-limiting step in CO2 insertion process catalyzed 

by 4Ir with the assistance of Na+ ion gave a much lower Gibbs free energy compared to that 

without the assistance of Na+ ion (3.2 vs 22.8 kcal/mol). Similar results were also observed for 

the 5Ir (6.1 vs 25.6 kcal/mol). These related transition states during the CO2 hydrogenation 

reaction catalyzed by 4Ir and 5Ir show the important role of Na+ ion in the stabilization of 
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reaction intermediates and also demonstrate that 4Ir is predicted to have better catalytic activity 

than 5Ir in CO2 hydrogenation. We propose that the use of NH4
+ would give activation barriers 

slightly higher than that observed for Na+ based upon Table 2.4; we note that ammonium can still 

donate hydrogen bonds but it is a weaker Lewis acid than Na+. 

The H2 cleavage process catalyzed by 4Ir (Figure S2.86) demonstrates that the pathway 

from Ir-H2  complex to Ir-hydride with hydroxy group species (Ir-H-OH) was more favorable 

than the pathway from Ir-H2  complex to Ir-hydride with protonated pyridine species (Ir-H-NH) 

(11.0 vs 28.7 kcal/mol). It is worth noting that an Ir-dihydride species (Ir-2H) was observed for 

the H2 cleavage process catalyzed by 5Ir (Figure S2.86). The transition state of the conversion 

between the Ir-H2  complex and Ir-2H dihydride species has not yet been located; however, this 

process will be facile. The free energy of activation for the conversion between Ir-2H dihydride 

and Ir-hydride with protonated pyridine species (Ir-H-NH) of 5Ir was much higher than that of 4Ir 

(33.9 vs 28.7 kcal/mol). Computations of the CO2 insertion process with the assistance of Na+ 

ion and H2 cleavage process were consistent with the experimental observation that 4Ir has better 

catalytic activity than 5Ir in CO2 hydrogenation. 

In summary, our computed mechanism invokes a role for the oxyanion of dhbp and 

explains why the dhbp complexes are more active than the dmbp complexes for CO2 

hydrogenation at basic pH. Remarkably, the important role of the secondary coordination sphere 

in hydrogenation may help explain why the activity of 4Ru is 95% of that seen with 4Ir. In this 

manner, a less expensive metal (ruthenium) can work nearly as well as iridium when paired with 

an appropriate ligand. 
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2.2.6 Computational Study of Formic acid Dehydrogenation 

Computational study of catalytic formic acid dehydrogenation was also in collaboration 

with Professor Webster at Mississippi State University (Figure 2.7 and 2.8). Recall that OH and 

OMe groups in dxbp complexes (4Ir and 5Ir) produced similar rates of dehydrogenation. Under 

acidic conditions (pH = 1.9 for dehydrogenation of aqueous formic acid) the OH groups in dhbp 

will not be deprotonated and will behave similarly to OMe groups. Again, the dehydrogenation 

of formic acid has been studied previously with 4Ir′,59 but our study is unique in comparing the 

role of OH vs. OMe groups. 

 

 

 

Figure 2.7: Diagram of minima with relative energies (solvent corrected energies in kcal/mol) of 

intramolecular proton transfer involved formic acid dehydrogenation catalyzed by 4Ir and 5Ir. 

The blue bar with solid line represents the pathway of 4Ir and red bar with solid line represents 

the pathway of 5Ir. 
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Figure 2.8: Diagram of minima with relative energies (solvent corrected energies in kcal/mol) of 
intermolecular proton transfer involved formic acid dehydrogenation catalyzed by 4Ir and 5Ir. 

The blue bar with solid line represents the pathway of 4Ir and red bar with solid line represents 

the pathway of 5Ir. 

 

The possible mechanisms of formic acid dehydrogenation catalyzed by 4Ir and 5Ir with 

intramolecular or intermolecular proton transfer (Figures 2.7 and 2.8) were also explored. Formic 

acid can first bind to Ir via the hydroxyl group (Ir-HOCHO) under acidic aqueous conditions. 

Then, a lower energy species is formed by conversion to the species (Ir-HCOOH) with formic 

acid’s OH hydrogen bonded species to the OH or OMe of the dxbp ligand. The hydrogen bonds 

between OH of Ir-HCOOH and N of the dxbp and the following intramolecular proton transfer 

lead to the formation of an Ir-formate species with protonated pyridine (Ir-HCOO-NH). 

Subsequent -hydride elimination produces CO2 and the Ir-hydride species with protonated 

pyridine (Ir-H-NH). The iridium hydride can be protonated intra-molecularly by the NH to form 

an 2-H2  complex (Ir-H2), which finally releases an H2 molecule. The relatively small 

differences of the values of reaction energies in formic acid dehydrogenation process catalyzed 
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by 4Ir and 5Ir with intramolecular proton transfer is consistent with the observed similar catalytic 

activities. Figure 2.8 focuses on intermolecular proton transfers, for example that of HCOOH 

directly to solvent as it binds to Ir to give the Ir-formate species (Ir-OCHO). Here, the dhbp 

analog is stabilized relative to the dmbp complex by intramolecular hydrogen bonds. In contrast, 

subsequent minima in Figure 2.8 differ by no more than 3.5 kcal mol-1 as a function of bipy 

substituent, consistent with operation of intermolecular proton transfer pathways in formic acid 

dehydrogenation process catalyzed by 4Ir and 5Ir. 

2.3 Conclusions 

In summary, we have synthesized a new bidentate ligand with an NHC ring bound to a 

pyridinol ring. The resulting NHC-pyOR complexes of iridium(III) are moderately active 

precatalysts for the hydrogenation of CO2. Low activity is observed when these NHC-pyOR 

complexes (1-3) are used for formic acid dehydrogenation. The NHC-pyridinol derived ligands 

appear to undergo a cyclometallation reaction under basic conditions, and we have trapped a 

cyclometallated product. 

In contrast, the 6,6’-dhbp ligands and complexes thereof are more stable and products of 

further transformations are not observed. The iridium 6,6’-dhbp complexes have been used for 

CO2 hydrogenation in the literature,6, 9 and similarly we observe that these are highly active 

catalysts for both hydrogenation and dehydrogenation. However, we have extended this work 

towards ruthenium and 6,6’-dmbp ligands. Our groups and others have described the secondary 

coordination sphere influence of 6,6’-dhbp and its benefits towards reductive catalysis, 

specifically CO2 reduction.1, 6, 9, 53, 60-61 Not surprisingly, under basic conditions, catalysts for 

hydrogenation with the diprotic ligand 6,6’-dhbp are 5 to 8 times more active than catalysts using 

the aprotic analog 6,6’-dmbp. Remarkably, ruthenium (4Ru) is nearly (95%) as active as iridium 
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(4Ir) with 6,6’-dhbp, and this can be rationalized in terms of the secondary coordination sphere 

having a big impact on catalysis despite the difference in metal. Computationally, this assertion 

is supported by observing how binding Na+ near the metal (in 4Ir) serves to lower the free energy 

barriers for CO2 hydrogenation. 

However, we see the secondary coordination sphere is not as important for 

dehydrogenation under acidic conditions. Here, iridium is more active than ruthenium and 

methoxy and hydroxy perform similarly (in 5Ir and 4Ir, respectively). Thus the nature of x in dxbp 

does not matter if the pH is such that the OH groups are not deprotonated. Electronically, OH 

and OMe groups are similar and both can accept hydrogen bonds.3 Computationally we can 

explain this similarity in terms of similar energy barriers for dehydrogenation of formic acid with 

4Ir and 5Ir. 

In summary, we have determined how subtle ligand changes can influence reactivity and 

stability of iridium catalysts for CO2 hydrogenation and formic acid dehydrogenation. We have 

also determined when the secondary coordination sphere influences the activity of the catalysts 

(and when it does not). With iridium complexes of dxbp-type ligands as (de)hydrogenation 

catalysts, hydroxy groups perform better than methoxy groups when the oxyanions can form, but 

when hydroxy groups remain neutral they behave similar to methoxy substituents. 

2.4 Experimental Section 

2.4.1 General procedures 

All ligand and metal complex syntheses were performed under a nitrogen atmosphere in a 

glove box or by utilizing standard Schlenk line techniques with oven dried glassware. 1H-, 13C- 

NMR spectra were acquired at room temperature on a Bruker AV360 360 MHz or AV500 500 

MHz spectrometer, as designated, and referenced to the solvent peak. Mid-IR spectra were 
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collected on a Bruker Alpha ATR-IR spectrometer. Mass spectrometric data were collected on a 

Waters AutoSpec-Ultima NT spectrometer with electron ionization method. Elemental analyses 

were performed by NuMega Resonance Labs, Inc., San Diego, CA. Electronic spectra were 

measured on a Perkin Elmer Lambda 35 UV-visible spectrometer. Cyclic voltammetry 

experiments were conducted in a 0.1 M solution of Bu4NPF6 in acetonitrile (MeCN) or 

N,N’-dimethylformamide (DMF) with a glassy carbon working electrode, a Pt counter electrode 

and a Ag/AgCl reference electrode on a CHI760C Potentiostat. The redox potentials are 

calibrated to Fc/Fc+ and reported vs. SCE. A Fisher Scientific accumet glass electrode calibrated 

with standard buffer solutions was used to measure pH values. Pressurized gas reactions were 

performed in a Parr reaction vessel. SEM data were collected with a JEOL 7000F Field Emission 

Gun (FEG) for secondary and backscattered electron images. EDS data were collected using an 

Oxford system with Silicon Drift Detector (SDD) with Aztec software. XPS data were collected 

using a Kratos AXIS 165 XPS with a Mono (A1)(144W) anode, 50.0 meV step, 1000 ms dwell 

time, and hybrid lens mode with resolution of pass energy 20. 

2.4.2 Materials 

Dry solvents were obtained via the Glass Contour Solvent System built by Pure Process 

Technology, LLC. All reagents were used as purchased and degassed under vacuum as needed. 

The compounds 6,6’-dmbp,62 6,6’-dhbp,62 [(p-cym)RuCl(6,6’-dmbp)]Cl (5Ru),1 [(p-

cym)RuCl(6,6’-dhbp)]Cl (4Ru),1 [Cp*IrCl(6,6’-dhbp)]Cl (4Ir),2 and [Cp*IrCl(6,6’-dmbp)]Cl2 

were prepared according to previously published procedures. High purity grade (> 97%) formic 

acid was used as purchased from AMRESCO, Inc. The compressed gases CO2 and 50/50 vol 

CO2/H2 were purchased from Airgas and used without further purification. 

 



 

43 
 

2.4.3 XRD Structure Determination of 1, 2, 3, 3SP, 5Ir, 5Ru, 6, and 7 

Single crystal samples of complexes 1, 2, 3, 3SP, 5Ir, 5Ru, 6, and 7 were mounted on glass 

filament on a Bruker Apex2 CCD-based X-ray diffractometer63 equipped with an Oxford N-

Helix Cryosystem at -100 °C and fine focus Mo-target X-ray tube (λ = 0.71073 Å) operated at 

2000 W power (50 kV, 40 mA). The X-ray intensities were measured at 294(2) K; the detector 

was placed at a distance 6.000 cm from the crystal. The collected frames were integrated with the 

Saint64 software package using a narrow-frame algorithm. Data were corrected for absorption 

effects using the multi-scan method in SADABS65. The space group was assigned using XPREP 

of the Bruker ShelXTL66 package, solved with ShelXT66 and refined with ShelXL66 and the 

graphical interface ShelXle67. All non-hydrogen atoms were refined anisotropically. H atoms 

attached to carbon were positioned geometrically and constrained to ride on their parent atoms. 

Specific structure determination details are included in the Supporting Information. 

2.4.4 Synthesis of 2-(tert-butoxy)-6-(1H-imidazol-1-yl)pyridine, (pyOtBu-Im). 

A Schlenk flask with stir bar was loaded with KOtBu (1.485 g, 13.2 mmol, 1.2 equiv) in 

a glovebox, sealed with a rubber septum, and THF (20 mL) was added via cannula. Under N2(g) 

atmosphere, 2,6-difluoropyridine (1.00 mL, 11.0 mmol, 1.00 equiv) was added dropwise to the 

stirring solution via syringe to form 2-(tert-butoxy)-6-fluoropyridine. This reaction was stirred 

for 2 h. A separate Schlenk flask with stir bar was charged with powdered sodium hydride (0.292 

g, 12.2 mmol, 1.1 equiv) and anhydrous DMF (30 mL) and then sealed with a rubber septum. 

This reaction flask was attached to the Schlenk line and, with a positive flow of nitrogen solid 

imidazole (0.8257 g, 12.1 mmol, 1.1 equiv) was slowly added to the stirring suspension to form 

sodium imidazolate. The reaction was stirred one hour under nitrogen until hydrogen gas ceased 

to evolve. The THF reaction solution prepared previously was transferred via cannula to the 

DMF reaction solution with stirring. With positive nitrogen flow, a reflux condenser was 
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attached and the flask was heated to 70 °C overnight with stirring. The reaction mixture was 

cooled to room temperature, the THF was removed from the mixture via a rotary evaporator, and 

the remaining reaction mixture was transferred to a separatory funnel with DI H2O (300 mL). 

The product was extracted with CH2Cl2 (40 mL x 3). The organic phase was washed with brine 

(80 mL), dried over MgSO4, filtered, and the filtrate concentrated to dryness on a rotary 

evaporator, and the residue dried under high vacuum to afford a honey colored oil identified as 

desired product pyOtBu-Im (2.287 g, 10.5 mmol, 95.5%). 1H NMR (360 MHz, CDCl3, ppm): δ 

8.18 (s, 1H, Im-CH (N-CH-N)), 7.49 (t, 3JHH = 8.3 Hz, 1H, Py-CH), 7.45 (t, 3JHH = 1.2 Hz, 1H, 

Im-CH), 7.05 (t, 3JHH = 1.2 Hz, 1H, Im-CH), 6.74 (d, 3JHH = 7.8 Hz, 1H, Py-CH), 6.45 (d, 3JHH = 

8.1 Hz, 1H, Py-CH), 1.51 (s, 9H, OC(CH3)3) (see Figure S2.1). 13C {1H}NMR (125.76 MHz, 

CDCl3, ppm): δ 163.02 (CPy (tBuO-C=N)), 146.21 (CPy (N-C-N)), 140.54 (CPy), 134.77 (CIm (N-

CH-N)), 130.19 (CIm), 115.99 (CIm), 110.91 (CPy), 102.84 (CPy), 80.28 (OC(CH3)3), 28.41 

(OC(CH3)3) (see Figure S2.2). FT-IR (ATR, cm-1): 3114 (w), 2976 (w), 2931 (w), 1673 (m), 

1603 (m), 1571 (s), 1478 (m), 1445 (vs), 1382 (m), 1364 (m), 1323 (m), 1277 (m), 1247 (m), 

1232 (s), 1158 (m), 1132 (m), 1103 (m), 1056 (s), 1013 (m), 930 (m), 910 (m), 841 (m), 792 (s), 

730 (m), 653 (s), 609 (w), 469 (w), 406 (w) (see Figure S2.4). EI-MS (EI+): m/z found 

(expected): 217.1 ([pyOtBu-Im]+ = [C12H15N3O]+, 217.12), 161.0 ([pyOH-Im]+ = [C8H7N3O]+, 

161.06) (see Figure S2.3). 

2.4.5 Synthesis of 2-methoxy-6-(1H-imidazol-1-yl)pyridine, (pyOMe-Im). 

A Schlenk flask with stir bar was loaded with NaH (1.377g, 57.4 mmol, 1.1 equiv) and 

THF (250 mL) in a glove box then sealed with a rubber septum. Under nitrogen, anhydrous 

MeOH (4.23 mL, 104.4 mmol, 2.0 equiv) was added dropwise to the NaH suspension with 

stirring at 0 °C for 30 min until the bubbling had stopped. 2,6-difluoropyridine (4.732 mL, 52.2 
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mmol, 1.0 equiv) was added dropwise to the reaction mixture via syringe. The reaction was 

stirred for 12 h under nitrogen at room temperature. The solvent was removed under reduced 

pressure. To the Schlenk flask containing crude 2-(methoxy)-6-fluoropyridine was added 

anhydrous DMF (250 mL) via cannula transfer. With a positive flow of nitrogen, solid imidazole 

(4.265 g, 62.64 mmol, 1.2 equiv) was added to the DMF solution. The reaction mixture was 

stirred at 0 °C for 15 min, then with positive flow of nitrogen, NaH (1.378 g, 57.42 mmol, 1.1 

equiv) was added to the reaction flask and stirred at 0 °C until the bubbling ceased. The reaction 

flask was allowed to warm up to room temperature, a reflux condenser was attached, and the 

flask was heated overnight at 80 °C open to air. The reaction mixture was cooled to room 

temperature, the DMF was removed from the mixture via a rotary evaporator, and DI water (400 

mL) was added into the remaining reaction mixture then transferred to a separatory funnel. The 

organic phase was extracted with DCM (80 mL x 4), dried over MgSO4, and filtered. The filtrate 

was concentrated to dryness on a rotary evaporator, and the residue dried under high vacuum to 

afford a honey colored oil identified as the desired product pyOMe-Im (6.003 g, 34.29 mmol, 65% 

yield). 1H NMR (500 MHz, CDCl3, ppm): δ 8.18 (s, 1H, Im-CH (N-CH-N)), 7.48 (t, 3JH, H = 7.9 

Hz, 1H, Py-CH), 7.44 (t, 3JH,H = 1.3Hz, 1H, Im-CH), 7.02 (t, 3JH,H = 1.1Hz, 1H, Im-CH), 6.71 (d, 

3JH, H = 7.7 Hz, 1H, Py-CH), 6.48 (d, 3JH, H = 8.2 Hz, 1H, Py-CH), 3.79 (s, 3H, OCH3) (see 

Figure S2.5). 13C{1H}NMR (125.76 MHz, CDCl3, ppm): δ 163.49 (CPy
 (MeO-C=N)), 146.80 

(CPy), 140.81 (CPy), 134.77 (CIm (N-CH-N)), 130.27 (CIm), 115.92 (CIm), 108.47 (CPy), 103.39 

(CPy), 53.43 (OCH3) (see Figure S2.6). FT-IR (ATR, cm-1): 3111 (w), 2982 (w), 2951 (w), 1612 

(m), 1599 (m), 1578 (s), 1471 (m), 1445 (s), 1417 (m), 1376 (m), 1320 (m), 1262(m), 1247 (m), 

1233 (s), 1155 (m), 1130 (m), 1102 (m), 1056 (s), 1027 (m), 990 (m), 902 (m), 855 (m), 829 (s), 
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788 (m), 727 (s), 671 (m), 652 (m), 608 (m), 475 (w), 449 (w) (see Figure S2.8). EI-MS (EI+): 

m/z found (expected): 175.1 ([pyOMe-Im]+ = [C9H9N3O]+, 175.07) (see Figure S2.7). 

2.4.6 Synthesis of (ImMe-pyOtBu)OTf. 

Dry DMF (30 mL) was added via cannula to an evacuated flask containing 2-(tert-

butoxy)-6-(1H-imidazol-1-yl)pyridine (2.287 g, 10.5 mmol, 1 equiv) and a stir bar. Methyl 

trifluoromethanesulfonate (MeOTf) (1.31 mL, 11.6 mmol, 1.1 equiv) was added dropwise with 

stirring at 0 °C. White solid gradually formed with stirring. The reaction mixture was stirred for 

12 h under nitrogen at room temperature. The white solid product was collected by suction 

filtration and washed with Et2O. More product precipitated from the filtrate with the addition of 

Et2O which was also collected by filtration. The white solid was combined and dried under 

vacuum to yield the product (ImMe-pyOtBu)OTf (3.0098 g, 7.892 mmol, 75% yield). 1H NMR 

(360 MHz, CD3OD, ppm): δ 9.58 (broad s, 1H but integrates low due to H/D exchange with 

CD3OD, Im-CH (N-CH-N)), 8.24 (d, 3JHH = 2.0 Hz, 1H, Im-CH), 7.90 (t, 3JHH = 8.3 Hz, 1H, Py-

CH), 7.78 (d, 3JHH = 2.0 Hz, 1H, Im-CH), 7.37 (d, 3JHH = 7.9 Hz, 1H, Py-CH), 6.87 (d, 3JHH = 8.3 

Hz, 1H, Py-CH), 4.07 (s, 3H, NCH3), 1.66 (s, 9H, OC(CH3)3) (see Figure S2.9). 13C {1H} NMR 

(125.76 MHz, CD3OD, ppm): δ 164.83 (CPy (tBuO-C=N)), 145.20 (CPy), 143.11 (CPy), 136.26 

(CIm (N-CH-N)), 125.91 (CIm), 121.77 (q, 1JCF = 319.5 Hz, CF3 of triflate), 120.49 (CIm), 115.85 

(CPy), 106.24 (CPy), 82.56 (OC(CH3)3), 37.08 (NCH3), 28.88 (OC(CH3)3) (see Figure S2.10). FT-

IR (ATR, cm-1): 3160 (w), 3141 (w), 3119 (w), 2987 (w), 1627 (w), 1614 (w), 1565 (m), 1544 

(m), 1453 (m), 1441 (m), 1368 (m), 1343 (s), 1309 (s), 1253 (s), 1220 (s), 1153 (s), 1097 (m), 

1028 (s), 985 (m), 931 (m), 911 (m), 855 (m), 838 (m), 796 (m), 772 (m), 757 (m), 726 (w), 697 

(w), 634 (s), 612 (m), 572 (m), 516 (s), 485 (w), 464 (w) (see Figure S2.12). EI-MS (EI+): m/z 
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found (expected): 232.1 ([ImMe-pyOtBu]+ = [C13H18N3O]+, 232.14), 176.1 ([ImMe-pyOH]+ = 

[C9H10N3O]+, 176.08) (see Figure S2.11). 

2.4.7 Synthesis of (ImMe-pyOMe)OTf. 

Dry DMF (150 mL) was added via cannula to an evacuated flask containing 2-

(methoxy)-6-(1H-imidazol-1-yl)pyridine (6.003 g, 34.28 mmol, 1 equiv) and a stir bar. Methyl 

trifluoromethanesulfonate (MeOTf) (4.27 mL, 37.72 mmol, 1.1 equiv) was added dropwise with 

stirring at 0 °C. The reaction mixture was stirred for 12 h under nitrogen at room temperature. 

DMF was removed via rotary evaporator to afford a honey colored oil which then solidified with 

agitation. The honey colored solid was collected by suction filtration and washed with Et2O (60 

mL) to obtain a white solid. The solid was further dried under vacuum to yield the product 

(ImMe-pyOMe)OTf (12.79 g, 37.72 mmol, 72% yield). 1H NMR (500 MHz, CDCl3, ppm): δ 9.83 

(s, 1H, Im-CH (N-CH-N)), 8.11 (t, 3JHH = 2.0 Hz, 1H, Im-CH), 7.80 (t, 3JHH = 8.0 Hz, 1H, Py-

CH), 7.58 (t, 3JHH = 2.0 Hz, 1H, Im-CH), 7.41 (d, 3JHH = 7.8 Hz, 1H, Py-CH), 6.85 (d, 3JHH = 8.3 

Hz, 1H, Py-CH), 4.12 (s, 3H, NCH3), 3.98 (s, 3H, OCH3) (see Figure S2.13). 13C{1H} NMR 

(125.76 MHz, CDCl3, ppm): δ 163.93 (CPy (MeO-C=N)), 143.69 (CPy), 142.06 (CPy), 134.62 (CIm 

(N-CH-N)), 124.76 (CIm), 120.63 (q, 1JCF = 320.1 Hz, CF3 of triflate) 119.17 (CIm), 112.64 (CPy), 

105.31 (CPy), 54.33 (OCH3), 36.93 (NCH3) (see Figure S2.14). 19F NMR (338.86 MHz, CDCl3, 

ppm): δ -78.59 (s, CF3 of triflate). FT-IR (ATR, cm-1): 3135 (w), 3102 (w), 1626 (m), 1575 (m), 

1543 (w), 1486 (m), 1448 (m), 1431 (m), 1368 (m), 1250 (s), 1223 (s), 1152 (s), 1101 (s), 1026 

(s), 988 (w), 856 (w), 804 (w), 746 (w), 636 (s), 613 (m), 572 (m), 516 (m), 484 (w) (see Figure 

S2.16). EI-MS (EI+): m/z found (expected): 190.1 ([ImMe-pyOMe]+ = [C10H12N3O]+, 190.10), 

175.1 ([ImMe-pyOMe – CH3]
+ = [C9H9N3O]+, 175.08) (see Figure S2.15). 
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2.4.8 Synthesis of [Ag(NHCMe-pyOtBu)2]OTf (6). 

An oven dried round-bottomed Schlenk flask with stir bar was loaded with (ImMe-

pyOtBu)OTf (2.007 g, 5.25 mmol, 1 equiv) and Ag2O (0.622 g, 2.68 mmol, 0.5 equiv) in a 

glovebox and sealed with a rubber septum. Dry CH2Cl2 (45 mL) was added via cannula at the 

Schlenk line to make a black slurry. The flask was covered in foil to block light. Aqueous NaOH 

(1.3 mL, 2.6 mmol, 0.5 equiv) was added dropwise via syringe with stirring. The reaction 

mixture was stirred for 24 h at RT. Excess Ag2O was removed by suction filtration over Celite, 

which was washed with CH2Cl2 (80 mL). The organic phase of the filtrate was washed with DI 

water (x 3), dried over MgSO4, filtered, and the filtrate concentrated to dryness. The resulting 

slightly colored, viscous oil was further dried under high vacuum to yield an airy white solid 

identified as the desired product (1.828 g, 2.54 mmol, 96.8% yield). 1H NMR (360 MHz, CDCl3, 

ppm): δ 7.67 (broad s, 1H, CH of the NHC), 7.55 (t, 3JH,H = 8.1 Hz, 1H, Py-CH), 7.44 (d, 3JH,H = 

7.5 Hz, 1H, Py-CH), 7.31 (d, 3JH,H = 15.4 Hz, 1H, CH of the NHC), 6.69 (d, 3JH,H = 8.0 Hz, 1H, 

Py-CH), 4.02 (s, 3H, NCH3), 1.57 (s, 9H, OC(CH3)3) (see Figure S2.17). 13C{1H} NMR (125.76 

MHz, CDCl3, ppm): δ 179.30 (CNHC (carbene bound to Ag)), 163.08 (CPy (MeO-C=N)), 148.44 

(CPy), 140.70 (CPy), 123.55 (CNHC), 120.84 (q, 1JCF = 321.4 Hz, CF3 of triflate), 120.43 (CNHC), 

113.27 (CPy), 107.14 (CPy), 80.80 (OC(CH3)3), 39.39 (NCH3), 28.53 (OC(CH3)3) (see Figure 

S2.18). FT-IR (ATR, cm-1): 3143 (w), 3126 (w), 3084 (w), 2977 (w), 2933 (w), 1626 (w), 1607 

(m), 1567 (m), 1451 (s), 1403 (m), 1403 (w), 1386 (w), 1361 (m), 1302 (w), 1257 (s), 1235 (s), 

1158 (s), 1140 (s), 1029 (s), 988 (m), 927 (m), 913 (m), 844, (m), 809 (m), 794 (m), 743 (m), 

636 (s), 572 (m), 516 (m), 469 (w). (see Figure S2.20). EI-MS (EI+): m/z found (expected): 

569.2 ([Ag(NHCMe-pyOtBu)2]
+ = [C26H34AgN6O2]

+, 569.18), 512.1 ([Ag(NHCMe-pyOtBu)(NHCMe-

pyO)]+ = [C22H25AgN6O2]
+, 512.11) (see Figure S2.19). Anal. Calcd. for [C27H34N6O5F3SAg] = 

(6): C, 45.07%; H, 4.76%; N, 11.68%. Found: C, 44.84%; H, 4.75%; N, 11.41%. 
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2.4.9 Synthesis of [Ag(NHCMe-pyOMe)2]OTf (7). 

In a glovebox, an oven dried Schlenk round-bottomed flask with stir bar was loaded with 

(ImMe-pyOMe)OTf (3.162 g, 9.33 mmol, 1 equiv), Ag2O (1.081 g, 4.66 mmol, 0.5 equiv), and dry 

CH2Cl2 (15 mL) forming a black slurry. The flask was covered in foil to block light. The flask 

was attached to the Schlenk line and under nitrogen, aqueous NaOH (3.0 mL, 4.66 mmol, 0.5 

equiv) was added dropwise via syringe with stirring. The reaction mixture was stirred for 24 h at 

RT. Excess Ag2O was removed by suction filtration over Celite, which was washed with CH2Cl2 

(30 mL). The filtrate organic phase was washed with DI water (3 times), dried over MgSO4, 

filtered, and the filtrate concentrated to dryness. The resulting slightly gray colored solid was 

further dried under high vacuum and identified as the desired product (2.25 g, 3.55 mmol, 76.1% 

yield). 1H NMR (360 MHz, CD3CN, ppm): δ 7.77 (d, 3JHH = 1.8 Hz, 1 H, CH of the NHC), 7.74 

(t, 3JHH = 7.9 Hz, 1H, Py-CH), 7.37 (d, 3JHH = 1.8 Hz, 1H, CH of the NHC), 7.33 (d, 3JHH = 7.6 

Hz, 1H, Py-CH), 6.80 (d, 3JHH = 8.0 Hz, 1H, Py-CH), 3.94 (s, 3H, NCH3), 3.75 (s, 3H, OCH3) 

(see Figure S2.21). 13C{1H}NMR (125.76 MHz, CDCl3, ppm): δ 180.30 (CNHC (carbene bound to 

Ag), 163.90 (CPy (MeO-C=N)), 149.08 (CPy), 141.44 (CPy), 123.69 (CNHC), 121.14 (q, 1JCF = 

320.5 Hz, CF3 of triflate), 120.65 (CNHC), 110.75 (CPy), 107.68 (CPy), 54.13 (OCH3), 39.87 

(NCH3) (see Figure S2.22). 19F NMR (338.86 MHz, CDCl3, ppm): δ -78.16 (s, CF3 of triflate) 

(see Figure S2.23). FT-IR (ATR, cm-1): 3155 (w), 3131 (w), 3107 (w), 3012 (w), 2957 (w), 1602 

(3), 1583 (m), 1472 (s), 1435 (m), 1270 (s), 1237 (s), 1146 (s), 1027 (s), 980 (m), 858, (m), 791 

(m), 739 (m), 717 (m), 634 (s), 571 (m), 516 (m), 469 (w). (see Figure S2.25). EI-HRMS (EI+): 

m/z found (expected): 485.1 ([Ag(NHCMe-pyOMe)2]
+ = [C20H22AgN6O2]

+, 485.09), 189.1 

([NHCMe-pyOMe]+ = [C10H11N3O]+, 189.09) (see Figure S2.24). Anal. Calcd. for 

[C21H22N6O5F3SAg] = (7): C, 39.70%; H, 3.49%; N, 13.23%. Found: C, 39.66%; H, 3.49%; N, 

13.24%. 
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2.4.10 Synthesis of [Cp*IrCl(NHCMe-pyOtBu)]OTf (1). 

An oven dried Schlenk flask with stir bar was loaded with [Cp*IrCl2]2 (0.5344 g 0.670 

mmol, 1 equiv), AgOTf (0.1787 g, 0.695 mmol, 1.04 equiv), and [Ag(NHCMe-pyOtBu)2]OTf 

(0.5006 g, 0.696 mmol, 1.04 equiv) under N2(g). Dry CH2Cl2 (50 mL) was dispensed via cannula. 

An immediate color change from orange to yellow was observed. The reaction mixture was 

stirred protected from light for 18 h resulting in the accumulation of a tan precipitate (AgCl). The 

reaction mixture was filtered over Celite with suction, which was washed with CH2Cl2 (10 mL). 

The product was crystalized by layering the filtrate with Et2O (80 mL). The resulting yellow, rod 

crystals were collected by suction filtration and washed with ether yielding the desired product 

[Cp*IrCl(NHCMe-pyOtBu)]OTf (0.9341 g, 1.257 mmol, 93.7% yield). Pure microcrystalline 

product could also be collected by quickly adding Et2O to the filtrate. 1H NMR (360 MHz, 

CDCl3, ppm): δ 8.14 (d, 3JH,H = 2.4 Hz, 1H, CH of the NHC), 8.01 (t, 3JH,H = 8.0 Hz, 1H, Py-

CH), 7.77 (d, 3JH,H = 8.2 Hz, 1H, Py-CH), 7.34 (d, 3JH,H = 2.2 Hz, 1H, CH of the NHC), 7.03 (d, 

3JH,H = 8.5 Hz, 1H, Py-CH), 4.02 (s, 3H, NCH3), 1.73 (s, 15H, CH3 of Cp*), 1.58 (s, 9H, 

(CH3)3C) (see Figure S2.26). 13C{1H}NMR (125.76 MHz, CD3CN, ppm): δ 167.88 (CNHC 

(carbene bound to Ir), 164.92 (CPy (tBuO-C=N)), 152.28 (CPy), 144.35 (CPy), 126.64 (CNHC), 

122.15 (q, 1JCF = 321.3 Hz, CF3 of triflate), 118.85 (CNHC), 112.84 (CPy), 105.35 (CPy), 93.27 

(ring C of Cp*), 87.45 (s, OC(CH3)3), 37.95 (NCH3), 29.28 (OC(CH3)3), 9.93 (CH3 of Cp*) (see 

Figure S2.27). FT-IR (ATR, cm-1): 3118 (w), 2985 (w), 1619 (m), 1575 (w), 1480 (m), 1444 (m), 

1399 (m), 1374 (m), 1301 (m), 1258 (s), 1222 (m), 1136 (s), 1028 (s), 910 (m), 823 (w), 800 (m), 

763 (m), 717 (w), 694 (m), 636 (s), 569 (m), 514 (m), 454 (w) (see Figure S2.29). ESI-MS: m/z 

found (expected) 594.1 ([Cp*IrCl(NHCMe-pyOtBu)]+ = [C23H32ClIrN3O]+, 594.19), 538.0 

([Cp*IrCl(NHCMe-pyOH)]+ = [C19H24ClIrN3O]+, 538.12), 502.1 ([Cp*Ir(NHCMe-pyOH)]+ = 
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[C19H23IrN3O]+, 502.15) (see Figure S2.28). Anal. Calcd. for [C24H32N3O4F3SClIr] = (1): C, 

38.75%; H, 4.34%; N, 5.65%. Found: C, 38.57%; H, 4.69%; N, 5.59%. 

2.4.11 Synthesis of [Cp*IrCl(NHCMe-pyOMe)]OTf (3). 

The same procedure was followed as for the synthesis for [Cp*IrCl(NHCMe-pyOtBu)]OTf 

with the following differences. The reagents and amounts used were [Cp*IrCl2]2 (0.200 g 0.261 

mmol, 1 equiv), AgOTf (0.0671 g, 0.261 mmol, 1 equiv), and [Ag(NHCMe-pyOMe)2]OTf (0.1652 

g, 0.261 mmol, 1 equiv). A color change of orange to yellow occurred with the addition of 

solvent. The resulting crystals grown were yellow, rods of the pure product (0.2737 g, 0.390 

mmol, 75.0% yield). 1H NMR (500 MHz, CDCl3, ppm): δ 8.08 (d, 3JHH = 2.3 Hz, 1H, CH of the 

NHC), 8.04 (t, 3JHH = 8.2 Hz, 1H, Py-CH), 7.70 (d, 3JHH = 7.8 Hz, 1H, Py-CH), 7.33 (d, 3JHH = 

2.3 Hz, 1H, CH of the NHC), 6.91 (d, 3JHH = 8.2 Hz, 1H, Py-CH), 4.13 (s, 3H, OCH3), 4.03 (s, 

3H, NCH3), 1.78 (s, 15H, CH3 of Cp*) (see Figure S2.35). 13C{1H}NMR (125.76 MHz, CDCl3, 

ppm): δ 166.90 (CNHC (carbene bound to Ir), 164.43 (CPy (MeO-C=N)), 151.21 (CPy), 145.21 

(CPy), 125.91 (CNHC), 121.03 (q, 1JCF = 320.8 Hz, CF3 of triflate), 118.38 (CNHC), 104.75 (CPy), 

104.66 (CPy), 92.61 (ring C of Cp*), 58.35 (OCH3), 37.77 (NCH3), 10.02 (CH3 of Cp*) (see 

Figure S2.36). 19F NMR (338.86 MHz, CDCl3, ppm): δ -78.13 (s, CF3 of triflate) (see Figure 

S2.37). FT-IR (ATR, cm-1): 3107 (w), 2918 (w), 1620 (m), 1580 (w), 1488 (m), 1454 (m), 1385 

(m), 1360 (m), 1299 (m), 1260 (s), 1223 (m), 1144 (s), 1058 (s), 974 (m), 794 (m), 753 (w), 694 

(m), 602 (s), 571 (m), 516 (m), 479 (w) (see Figure S2.39). EI-MS (EI+): m/z found (expected): 

551.1 ([Cp*IrCl(NHCMe-pyOMe)]+ = [C20H25ClIrN3O]+, 551.13), 516.2 ([Cp*Ir(NHCMe-pyOMe)]+ 

= [C20H25IrN3O]+, 516.16) (see Figure S2.38). Anal. Calcd. for [C21H26N3O4F3SClIr·2H2O] = 

(3·2H2O): 34.21%; H, 4.10%; N, 5.70%. Found: C, 33.93%; H, 3.92%; N, 5.68%. 
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2.4.12 Synthesis of [Cp*IrCl(NHCMe-pyOH)]OTf (2). 

An oven dried round-bottomed flask with stir bar was charged with [Cp*IrCl(NHCMe-

pyOtBu)]OTf (0.1008 g, 0.136 mmol) and dry MeCN (20 mL). The solution was refluxed 

overnight under nitrogen. The solution was brought to room temperature and layered with dry 

Et2O (100 mL). Yellow crystals were collected via suction filtration yielding the desired product 

[Cp*IrCl(NHCMe-pyOH)]OTf (0.0525 g, 0.0763 mmol, 56.0% yield). 1H NMR (360 MHz, 

CD3CN, ppm): δ 10.3 (broad s, 1H, OH), 7.91 (t, 3JH, H = 7.9 Hz, 1H, Py-CH), 7.80 (d, 3JHH = 2.2 

Hz, 1H, CH of the NHC), 7.38 (d, 3JHH = 2.0 Hz, 1H, CH of the NHC), 7.31 (d, 3JHH = 7.7 Hz, 

1H, Py-CH), 6.94 (d, 3JHH = 8.5 Hz, 1H, Py-CH), 3.96 (s, 3H, NCH3), 1.74 (s, 15H, CH3 of Cp*) 

(see Figure S2.30). 13C{1H}NMR (125.76 MHz, CD3CN, ppm): δ 168.19 (CNHC (carbene bound 

to Ir), 165.00 (CPy (HO-C=N)), 151.66 (CPy), 144.71 (CPy), 126.70 (CNHC), 122.03 (q, 1JCF = 

321.0 Hz, CF3 of triflate), ~118.31 (CNHC peak appears to be under the solvent peak), 109.02 

(CPy), 103.34 (CPy), 93.49 (ring C of Cp*), 38.41 (NCH3), 10.17 (CH3 of Cp*) (see Figure 

S2.31). 19F NMR (338.86 MHz, CD3CN, ppm): δ -79.34 (s, CF3 of triflate). FT-IR (ATR, cm-1): 

3101 (w), 2917 (w), 2799 (w),1626 (m), 1582 (m), 1485 (m), 1472 (m), 1400 (w), 1323 (w), 

1294 (m), 1229 (s), 1213 (m), 1176 (m), 1151 (m), 1020 (s), 884 (w), 804 (m), 745 (m), 719 (m), 

693 (m), 633 (s), 604 (m), 514 (m), 486 (w), 436 (w) (see Figure S2.33). EI-MS (EI+): m/z found 

(expected): 537.1 ([Cp*IrCl(NHCMe-pyOH)]+ = [C19H23ClIrN3O]+, 537.12), 501.1 

([Cp*Ir(NHCMe-pyOH)]+ = [C19H23IrN3O]+, 501.15), 651.2 ([Cp*Ir(NHCMe-pyOH)(OTf)]+ = 

[C20H23F3IrN3O4S]+, 651.10) (see Figure S2.32). Anal. Calcd. for [C20H24N3O4F3SClIr·H2O] = 

(2·H2O): C, 34.06%; H, 3.72%; N, 5.96%. Found: C, 34.42%; H, 3.79%; N, 5.91%. 

2.4.13 Synthesis of [Cp*IrCl(6,6’-dmbp)]OTf (5Ir). 

A similar procedure was followed as for the synthesis for [Cp*IrCl(NHCMe-pyOtBu)]OTf 

with the following differences. The regents and amounts used were [Cp*IrCl2]2 (0.1416 g 0.178 
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mmol, 1 equiv), AgOTf (0.0951 g, 0.370 mmol, 2.08 equiv), and 6,6’-dmbp (0.0801 g, 0.370 

mmol, 2.08 equiv). A color change of orange to yellow occurred with the addition of solvent. 

The reaction mixture was concentrated to dryness after filtering and the desired product was 

collected as a yellow powder, which was recrystallized from MeCN solution, layered with dry 

Et2O (0.2458 g, 0.338 mmol, 94.9% yield). 1H NMR (360 MHz, CD3CN, ppm): δ 8.12 (t, 3JH,H = 

8.4 Hz, 2H, Py-CH), 7.95 (d, 3JH,H = 7.7 Hz, 2H, Py-CH), 7.26 (d, 3JH,H = 8.5 Hz, 2H, Py-CH), 

4.10 (s, 6H, OCH3), 1.53 (s, 15H, CH3 of Cp*) (see Figure S2.40). 13C{1H}NMR (125.76 MHz, 

CD3CN, ppm): δ 165.43 (CPy (MeO-C=N)), 155.55 (CPy), 144.02 (CPy), ~118 (peaks for CF3 

carbon are very weak), 117.65 (CPy), 110.91 (CPy), 90.01 (ring C of Cp*), 58.65 (OCH3), 9.75 

(CH3 of Cp*) (see Figure S2.41). 19F NMR (338.86 MHz, CD3CN, ppm): δ -79.33 (s, CF3 of 

triflate) (see Figure S2.42). FT-IR (ATR, cm-1): 441 (w), 463 (w), 515 (m), 570 (m), 634 (s), 681 

(w), 711 (w), 743 (w), 797 (s), 814 (w), 1028 (s), 1074 (m), 1142 (s), 1194 (w), 1222 (m), 1255 

(s), 1276 (m), 1303 (w), 1349 (w), 1425 (w), 1484 (m), 1572 (m), 1603 (m), 2856 (w), 3075 (w). 

(see Figure S2.44). ESI-MS: m/z found (expected): 579.1 ([Cp*IrCl(6,6’-dmbp)]+ = 

[C22H27ClIrN2O2]
+, 579.14), 543.1 ([Cp*Ir(6,6’-dmbp)]+ = [C22H26IrN2O2]

+, 543.16) (see Figure 

S2.43). Anal. Calcd. for [C23H27N2O5F3SClIr] = (5Ir): C, 37.91%; H, 3.74%; N, 3.85%. Found: 

C, 37.95%; H, 3.81%; N, 3.77%. 

2.4.14 Procedure for Catalytic Hydrogenation of CO2 

Catalyst solution (0.3 mM, 25 mL) in 1 M NaHCO3(aq) were added to a Parr high-pressure 

vessel. The vessel was purged at least 3 times and then pressurized to 300 psig with 50/50 

CO2/H2. The vessel was heated at 115 °C, while stirred, for 18 h. After the reaction time, the 

vessel was cooled to room temperature and the pressure was released. The amount of formate 
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produced was determined by 1H NMR spectroscopy in D2O with isonicotinic acid as an internal 

standard. 

Halide removal in situ for hydrogenation: Silver triflate (1 equiv for catalysts of formula 

[Cp*IrCl(L)]OTf and 2 equiv for catalysts with formula [Cp*IrCl(L)]Cl and 

[(p-cym)RuCl(L)]Cl) was added to the freshly prepared stock solution of aqueous catalyst (0.3 

mM, 50 mL) and allowed to stir at room temperature in the absent of light for at least 6 h The 

reaction mixture was filtered over Celite with suction. A 25 mL portion of the filtrate was used 

without further characterization according to the catalytic hydrogenation procedure previously 

stated.  

2.4.15 Procedure for Catalytic Dehydrogenation of Formic Acid 

A stock solution of catalyst (0.3 mM, 100 mL) was freshly prepared in water. Three 

simultaneous trials were run by transferring 25 mL (0.075 mmol, ~0.003 mole % catalytic 

loading) of stock solution to three separate 100 mL Schlenk flasks each with tubing to an 

upturned water filled graduated cylinder in a water basin. The reaction flasks were heated to 

constant temperature of 60 °C with stirring, and high purity formic acid (1.00 mL, 26.5 mmol) 

was added to each reaction flask. The dehydrogenation reactions were monitored for 3 h for all 

reactions and for longer times as indicated. The evolved gas was measured, and the TON was 

calculated based on the number of moles of the catalyst used divided by the moles of CO2 

produced (calculated as one half of the total volume of gas generated and assuming the ideal gas 

law).  

Halide removal in situ for dehydrogenation: Silver triflate (1 equiv for catalysts of formula 

[Cp*IrCl(L)]OTf and 2 equiv for catalysts with formula [Cp*IrCl(L)]Cl and 

[(p-cym)RuCl(L)]Cl) was added to the freshly prepared stock solution of aqueous catalyst (0.3 
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mM, 100 mL) and allowed to stir at room temperature in the absent of light. After 12 h of 

stirring, the reaction mixture was filtered over Celite with suction and used without further 

characterization according to the catalytic dehydrogenation procedure previously stated. 

2.4.16 Computational Methods 

The mechanisms were proposed via DFT computations using Gaussian 09 (Revision E01).68 

Gas phase geometry optimizations were carried out with PBEPBE69-70 functional and basis set 1 

(BS1). In BS1, iridium utilized the Couty and Hall modified-LANL2DZ71-73 basis set and the 

associated LANL2DZ effective core potential, and all other atoms (C, O, N, Na, and H) used the 

6-31G (d')74-76, 77 basis sets. Harmonic vibrational frequency computations were performed to 

verify the nature of all stationary points. In order to approximate the solvation effect in aqueous 

condition, the self-consistent reaction field (SCRF) single-point computations with the SMD 

solvation model78 on gas-phase optimized geometries were performed. Non-default self-

consistent field (SCF) convergence (10-6) and density fitting approximation (with AUTO 

keyword)79-80 were used in geometry optimizations and single-point SMD solvation 

computations. Spherical harmonic 5d and 7f functions and a pruned integration grid containing 

75 radial shells and 302 angular points per shell were used for all computations. Free energy 

corrections were determined at 1 atm and 298.15 K. The experimental value of proton solvation 

energy in water (-265.9 kcal mol-1)81-82 and experimental Gibbs free energy of proton (-6.28 kcal 

mol-1)83-84 were used to calculate the relative reaction energy of the proposed mechanisms. 
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2.6 Spectra and Supporting Information 

Characterization of Compounds and Complexes 

Characterization of Im-pyOtBu__________________________________________ 

Figure S2.1. 1H-NMR (500 MHz) of Im-pyOtBu in CDCl3. 
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Figure S2.2. 13C-NMR (125.76 MHz) of Im-pyOtBu in CDCl3. 

 

Figure S2.3. EI-MS (EI+) of Im-pyOtBu where [M] is C12H15N3O and C4H8 is the loss of 

isobutylene. 
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Figure S2.4. FT-IR (ATR) of the compound Im-pyOtBu. 
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Characterization of Im-pyOMe____________________________________________ 

 

Figure S2.5. 1H-NMR (500 MHz) of Im-pyOMe in CDCl3 

 

Figure S2.6. 13C-NMR (125.76 MHz) of Im-pyOMe in CDCl3 
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Figure S2.7. EI-MS (EI+) of Im-pyOMe. 

 

Figure S2.8. FT-IR (ATR) of the compound Im-pyOMe. 

 

  



66 
 

Characterization of (ImMe-pyOtBu)OTf____________________________________ 

Figure S2.9. 1H-NMR (500 MHz) of the preligand (ImMe-pyOtBu)OTf in CD3OD. 
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Figure S2.10. 13C-NMR (125.76 MHz) of the preligand (ImMe-pyOtBu)OTf in CD3OD. 

 

Figure S2.11. EI-MS (EI+) of the preligand (ImMe-pyOtBu)OTf where [M]+ is (C13H18N3O)+ and 

C4H8 is isobutylene. 
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Figure S2.12. FT-IR (ATR) of the preligand (ImMe-pyOtBu)OTf. 
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Characterization of (ImMe-pyOMe)OTf_____________________________________ 

 

Figure S2.13. 1H-NMR (500 MHz) of the preligand (ImMe-PyOMe)OTf in CDCl3. 

 

Figure S2.14. 13C-NMR (125.76 MHz) of the preligand (ImMe-pyOMe)OTf in CDCl3.  
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Figure S2.15. EI-MS (EI+) of the preligand (ImMe-pyOMe) OTf where [M]+ is (C10H12N3O) +. 

 

 

Figure S2.16. FT-IR (ATR) of the preligand (ImMe-pyOMe)OTf. 
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Characterization of Complex 6________________________________________________ 

 

Figure S2.17. 1H-NMR (500 MHz) of 6 in CDCl3. 

 

Figure S2.18. 13C-NMR (125.76 MHz) of 6 in CDCl3. 
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Figure S2.19. EI-MS (EI+) of 6 where [M]+ is [C26H34N6O2Ag]+ and C4H8 is isobutylene. 

 

 

Figure S2.20. FT-IR (ATR) of the complex 6. 
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Characterization of Complex 7___________________________________________________ 

 

Figure S2.21. 1H-NMR (500 MHz) of 7 in CD3CN. 

 

 

Figure S2.22. 13C-NMR (125.76 MHz) of 7 in CDCl3.  
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Figure S2.23. 19F-NMR (338.86 MHz) of 7 in CDCl3. 

 

 

Figure S2.24. EI-MS (EI+) of 7. 
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Figure S2.25. FT-IR (ATR) of complex 7. 
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Characterization of Complex 1___________________________________________________ 

 

Figure S2.26. 1H-NMR (500 MHz) of complex 1 in CDCl3. 

 

Figure S2.27. 13C-NMR (125.76 MHz) of complex 1 in CDCl3. 
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Figure S2.28. ESI-MS of complex 1 where [M]+ is [C23H32N3OClIr]+ and C4H8 is isobutylene. 

The top pane is positive mode, the middle pane is negative mode, and the bottom pane is MS/MS 

on peak with m/z of 594. 

 

 

Figure S2.29. FT-IR (ATR) of the complex 1. 
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Characterization of Complex 2________________________________________________ 

Figure S2.30. 1H-NMR (500 MHz) of complex 2 in CD3CN. 

 

Figure S2.31. 13C-NMR (125.76 MHz) of complex 2 in CD3CN. 
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Figure S2.32. EI-MS (EI+) of complex 2 where [M]+ is [C19H24N3OClIr]+. 

 

 

Figure S2.33. FT-IR (ATR) of the complex 2. 

 [M-Cl+OTf]+  [M]+ 
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Figure S2.34. Potentiometric titration curve for the pKa determination of complex 2. Complex 2 

(10.1 mg, 14.7 mol) was dissolved in 15 mL of 2.8 mM HCl (aq). To this solution, 0.01 M 

NaOH (aq) was added in 50 or 100 L amounts. The pH was measured after each addition. The 

first sharp increase in the graph is the neutralization of the excess HCl. The second is at the 

equivalence point. 
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Characterization of Complex 3___________________________________________________ 

Figure S2.35. 1H-NMR (500 MHz) of 3 in CDCl3. 

 

Figure S2.36. 13C-NMR (125.76 MHz) of 3 in CDCl3.  
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Figure S2.37. 19F-NMR (338.86 MHz) of 3 in CDCl3. 

 

Figure S2.38. EI-MS (EI+) of 3 where [M]+ is [C20H26N3OClIr]+. 
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Figure S2.39. FT-IR (ATR) of complex 3. 
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Characterization of Complex 5Ir__________________________________________________

Figure S2.40. 1H-NMR (500 MHz) of complex 5Ir in CD3CN. 

 

Figure S2.41. 13C-NMR (125.76 MHz) of complex 5Ir in CD3CN. 
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Figure S2.42. 19F-NMR (338.86 MHz) of complex 5Ir in CD3CN. 

 

Figure S2.43. ESI-MS of complex 5Ir where [M]+ is [C22H27N2O2ClIr]+. The top pane is positive 

mode, the middle pane is MS/MS on the peak with m/z of 579, and the bottom pane is negative 

mode. 
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Figure S2.44. FT-IR (ATR) of the complex 5Ir. 
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Comparison of Complexes (NMR, Cyclic Voltammetry, UV/vis)

 

Figure S2.45. Comparison of the aromatic region of the 1H-NMR (360 MHz) spectra for complexes 1, 2, and 3 (top to bottom, respectively) in 

CD3CN.  
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 Cyclic Voltammetry of [Cp*IrCl(L)]+ Complexes 

 

 

Figure S2.46. CV plots of complex 1 (left) and 3 (right) at scan rates of 500 mV/s (green), 200 mV/s (blue), and 100 mV/s (red) at concentration 

of ~4 mM in MeCN with 0.1 M Bu4NPF6 electrolyte, glassy carbon working electrode, Pt counter electrode, Ag/AgCl wire reference electrode 

(calibrated by Fc/Fc+). Multiple scan cycles are chronologically numbered. The decreased current between the first and second cycles for 1 and 3 

indicates that the reduction event is more susceptible to diffusion rate than the oxidation event. Due to the high purity of samples used in the 

experiments, the minor reduction and oxidation events observed are suspected to be the result decomposition of the complexes under study likely 

the result of ligand loss and/or nanoparticle formation at the Nernst diffusion layer. 
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Figure S2.47. CV plots of complex 2 (left) and 5Ir (right) at scan rates of 200 mV/s (blue) and 100 mV/s (red) at concentration of ~3-3.5 mM in 

MeCN with 0.1 M Bu4NPF6 electrolyte, glassy carbon working electrode, Pt counter electrode, Ag/AgCl wire reference electrode (calibrated by 

Fc/Fc+). Multiple scan cycles are chronologically numbered. No significant decrease of current occurs between the first and second cycles for 2. 

Due to the high purity of samples used in the experiments, the minor reduction and oxidation events observed are suspected to be the result 

decomposition of the complexes under study likely the result of ligand loss and/or nanoparticle formation at the Nernst diffusion layer. 
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Figure S2.48. CV plots of complex 2 (left) and 4Ir (right) at scan rates of 200 mV/s (blue), 100 mV/s (red), and 50 mV/s (black) at concentration 

of ~3-3.3 mM in MeCN with 0.1 M Bu4NPF6 electrolyte, glassy carbon working electrode, Pt counter electrode, Ag/AgCl wire reference electrode 

(calibrated by Fc/Fc+). Due to the high purity of samples in the experiments, the minor reduction and oxidation events observed are suspected to be 

the result decomposition of the complexes under study likely the result of ligand loss and/or nanoparticle formation at the Nernst diffusion layer as 

well as particles in suspension due to poor solubility. 
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Figure S2.49. CV plots of complex 2 (left) and 4Ir (right) with base added to deprotonate the pyridinol ligands at scan rates of 200 mV/s (blue), 

100 mV/s (red), and 50 mV/s (black) at concentration of ~3-3.3 mM in MeCN with 0.1 M Bu4NPF6 electrolyte, glassy carbon working electrode, 

Pt counter electrode, Ag/AgCl wire reference electrode (calibrated by Fc/Fc+). Due to the high purity of the samples in the experiments, the minor 

reduction and oxidation events observed are suspected to be the result decomposition of the complexes under study likely the result of ligand loss 

and/or nanoparticle formation at the Nernst diffusion layer as well as particles in suspension due to poor solubility. 
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UV/vis of [Cp*IrX(NHCMe-pyOR)]OTf Complexes 

 

 

Figure S2.50. Comparison of aqueous UV/vis absorption spectra of complexes 1-3 to the in situ 

generation of the aqua bound complexes 1’-3’ with AgOTf shows only minor changes in the 

absorption spectra with halide removal.
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Catalysis Data 

Hydrogenation Discussion: Evidence of Catalyst Transformations 

 

Visually, a blue solid was formed from 3 by the end of the reaction time. This blue solid 

dissolves in water. 

The blue solid from hydrogenation with 3 was isolated by centrifugation and tested for catalysis. 

After a catalytic reaction with 22.6 mg of 3, 10 mg of blue solid were isolated. All 10 mg were 

used for catalysis and resulted in 17.7 mmol of formate produced (1.77 mol of formate per g of 

catalyst). Although this blue solid has some activity, this is about 61% of the activity seen by 

starting with 3 (by comparing moles of formate per gram of blue solid or per gram of catalyst). 

Under hydrogenation conditions, a blue solid is eventually formed for complexes 1, 2, and 3. 

Isolated solid (from hydrogenation with 3) has been studied by scanning electron microscopy 

(SEM), which shows particle sizes that typically range from 1-3 µm (Figure S2.56). These 

particles are simply precipitated compound and do not necessarily indicate a heterogeneous 

material; the compound does re-dissolve in water. These particles contain iridium as well as 

lighter elements, C, N, and O, as determined by EDS spectroscopy (Figure S2.57). However, this 

blue solid dissolves in water after brief sonication of the solution and shows several weak and 

broad signals in the 1H NMR in D2O. The structure of this product is uncertain; studies are 

ongoing and will be reported separately. 

XPS analysis (Figure S2.58) shows that this blue solid has increased oxygen content, 

reduced carbon and chlorine content, and no sulfur and fluorine content as compared to 3. The 

loss of sulfur and fluorine content indicates that the blue solid has lost the triflate anion. The blue 

solid has a similar XPS binding energy and integrated intensity for both iridium and nitrogen as 

compared to 3. This indicates that when 3 forms a blue solid it has not undergone any changes in 
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the oxidation state of iridium and it still contain N donor ligands. This is consistent with further 

changes to the ligand coordination environment after cyclometallation. We suggest that the blue 

solid may involve loss of the Cp* ligand.1 
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Figure S2.51. UV/vis absorption spectra of aqueous [Cp*IrCl(NHCMe-pyOR)]OTf complexes 

before and after hydrogenation. The spectra before hydrogenation are represented with solid 

lines, and the spectra after hydrogenation are represented with dash-dot lines. All three 

complexes have similar absorption spectra after hydrogenation (complex 3’ affords the same 

absorption spectra as complex 3). 

 

Figure S2.52. UV/vis absorption spectra of aqueous [Cp*IrCl(dxbp)]OTf complexes before and 

after hydrogenation. The spectra before hydrogenation are represented with solid lines, and the 

spectra after hydrogenation are represented with dash-dot lines. Complex 4Ir shows little change 

whereas complex 5Ir has significant change. 
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Study of CO2 hydrogenation catalyst 3 and transformation to 3” 

 

Figure S2.53a. Overlay of 1H-NMR spectra of the post CO2 hydrogenation reaction (red) and the separate reaction to generate complex 3′′ (reflux 

in CH2Cl2 with Na2CO3) (blue) in CD3CN. The blue spectrum contains 3 and 3′′ in a 1:1 mixture. Enlarged regions of Figure S53a are given in 

Figures S53b, c, and d (below). Peaks in these spectra are labeled with yellow boxes to highlight the similar peaks between the two spectra which 

correspond to the cyclometallated product 3′′. 
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Figure S2.53b. Enlarged spectra of the aromatic region of Figure S53a. Overlay of 1H-NMR spectra of the post CO2 hydrogenation reaction (red) 

and the separate reaction to generate complex 3′′ (reflux in CH2Cl2 with Na2CO3) (blue) in CD3CN; complex 3′′ is highlighted in yellow.
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Figure S2.53c. Enlarged spectra of the mid field region from 4.10 – 3.30 ppm of Figure S53a. Overlay of 1H-NMR spectra of the post CO2 

hydrogenation reaction (red) and the separate reaction to generate complex 3′′ (reflux in CH2Cl2 with Na2CO3) (blue) in CD3CN; complex 3′′ is 

highlighted in yellow. 
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Figure S2.53d. Enlarged spectra of the up field region from 2.35 – 1.15 ppm of Figure S53a. Overlay of 1H-NMR spectra of the post CO2 

hydrogenation reaction (red) and the separate reaction to generate complex 3′′ (reflux in CH2Cl2 with Na2CO3) (blue) in CD3CN; complex 3′′ is 

highlighted in yellow.   
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Alternative Route to Synthesize the Cyclometallated Product 

Cyclometallated product was also intentionally synthesized by refluxing 3 in 

dichloroethane (DCE) in the presence of triethylamine. The product (3SP) was isolated and 

characterized by NMR, MS, and XRD. The 1H-NMR shows the disappearance of the triplet on 

the pyridine ring which is consistent with the cyclometallated product obtained under CO2 

hydrogenation conditions. In addition, an SN2 reaction of triethylamine and DCE and an 

alkylation of the N-pyridine ring were also observed as evidenced by the crystal structure. 

Product 3SP is not what was formed under hydrogenation conditions but provides additional 

evidence for the course of the cyclometallation of 3 forming 3”. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S2.54. 1H-NMR (500 MHz) of complex 3SP in CD3CN. 
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Figure S2.55. MALDI-MS of compound 3SP where [M]+ is [C21H26N3OClIr]+ and other 

fragment include [[M]+ − CH3−2H] and [[M]+ + Cl]. 
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Particle Analysis by EDS and XPS 

  

 
Figure S2.56. SEM image of the blue solid isolated after the hydrogenation reaction with catalyst 3. 

 

Figure S2.57. EDS analysis spectrum of the blue solid isolated after the hydrogenation reaction 

with catalyst 3 (a) and the elemental composition result (b) taken of the indicated particle 

marked in pink in Figure S56. 
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Figure S2.58: XPS analysis of compound 3 (blue) and the blue solid formed after hydrogenation 

(red). The analysis was done on all possible elements in the complex including C, Cl, Ir, N, O, S, 

and F.   
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Quantitative Poisoning During CO2 Hydrogenation 

Starting with 3, we set out to investigate whether the active catalyst was homogeneous or 

heterogeneous. Various tests have been reported in the literature to probe this issue. As mercury 

does not form an amalgam with Ir, adding mercury would not be a useful test here.2 Therefore, 

quantitative poisoning with 1,10-phenanthroline was utilized.3,4 A quantitative poison binds 

strongly to the free sites on the nanoparticle or metal complex and prevents catalysis from 

occurring.3 If a catalyst is heterogeneous, there are less metal sites on the surface performing 

catalysis, so only a small amount of 1,10-phenanthroline (< 1 equiv) is necessary to completely 

poison the catalyst.3 For a homogeneous catalyst, there are many more metal sites available to 

perform catalysis, so more 1,10-phenanthroline (typically 1-5 equiv) is necessary to negatively 

impact the catalyst.3 The results of the quantitative poisoning with catalyst 3 are shown in Table 

S2.1. There was a slight decrease in activity with 1 equiv of 1,10-phenanthroline (Entry 2), 

which is inconsistent with a heterogeneous catalyst that would be completely poisoned. Five 

equivalents of 1,10-phenanthroline cause a large decrease in catalytic activity (Entry 3), 

consistent with a homogeneous catalyst. Thus, the catalytically active species here appears to be 

a molecular species in homogeneous solution. The active catalyst is 3 and/or a molecular species 

derived from 3. 

As phenanthroline is a bidentate ligand which may not bind effectively to one small free 

site, different poisons were explored. Quantitative poisoning attempts with several small, 

monodentate ligands resulted in varying TON with high standard deviations but very little 

poisoning (Table S2.2). The data are inconclusive as to whether the active catalyst is 

homogeneous or heterogeneous. The poisoning ability of pyridine was tested with 4Ir, a known 

homogeneous catalyst. At the CO2 hydrogenation reaction conditions, pyridine was unsuccessful 
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as a poison with this homogenous catalyst even at 20 equivalents (Table S2.2, Entries 5 & 6). We 

suggest that these poisons listed in Table S2.2 may impact the rate of decomposition for catalyst 

3. Perhaps these poisons have little impact on 4Ir because it does not undergo transformation 

since 4Ir is stable under hydrogenation conditions. 

Table S2.1. Quantitative poisoning of 3 during CO2 hydrogenation.a 

Entry 1,10-phenanthroline : 3 TON 

1 0:1 2020 (90) 

2 1:1 1690 (320) 

3 5:1 320 (310) 
aConditions: The reactions were performed in 25 mL of an aqueous solution of 0.3 mM catalyst 

and 1 M NaHCO3 at 115 C and 300 psig of H2/CO2 (1:1). All TON are calculated after 18 hours 

and are an average of at least 3 experiments (estimated standard deviations are in parentheses). 

 

 

Table S2.2. Quantitative poisoning attempts during CO2 hydrogenation.a 

 

Entry Catalyst Additive Equivalents TON 

1 3 None 0 2020 (90) 

2 3 Pyridine 20 1550 (640) 

3 3 Dimethylaminopyridine (DMAP) 20 1620 (540) 

4 3 Thiophene 20 1670 (480) 

5 4Ir None 0 2270 (90) 

6 4Ir Pyridine 20 2090 (90) 
aConditions: The reactions were performed in 25 mL of an aqueous solution of 0.3 mM catalyst 

and 1 M NaHCO3 at 115 C and 300 psig of H2/CO2 (1:1). All TON are calculated after 18 hours 

and are an average of at least 3 experiments (estimated standard deviations are in parentheses). 
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Pressure vs. Time Data For Real Time Rates From Parr High-Pressure Vessel During CO2 

Hydrogenation 

 

 

Figure S2.59. Plots of pressure vs time (grey) and temperature vs time (crimson) for 1 over the 

18 h reaction period of CO2 hydrogenation, under the standard reaction conditions as listed in the 

experimental section of the manuscript. The initial sharp increase in temperature and pressure 

(from 0 to ~1 h) is the vessel heating up to the reaction temperature (115 C). 

 

Figure S2.60. Plot of pressure vs time for 1 from 1-18 h with a linear fit of the curve. The 

equation and R2 value of the linear fit are shown on the plot. 
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Time (h) kobs (psi/h) 

2 3 

3 4 

4 4 

5 4 

6 3 

7 4 

8 3 

9 4 

10 5 

11 2 

12 4 

13 2 

14 4 

15 3 

16 2 

17 4 

average 3.4375 

slope 3.509 

Table S2.3. Table of the calculation of kobs for 1 during CO2 hydrogenation from the pressure vs 

time data. Each time point is calculated as the change of pressure in the hour centered at the time 

point (e.g. the 2 h kobs is calculated as the change in pressure from 1.5 h to 2.5 h). The average is 

the average kobs of the 16 time points, and the slope is the slope of a linear fit of the pressure vs 

time plot (Figure S2.60). 
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Figure S2.61. Plots of pressure vs time (grey) and temperature vs time (crimson) for 2 over the 

18 h reaction period of CO2 hydrogenation, under the standard reaction conditions as listed in the 

experimental section of the manuscript. The initial sharp increase in temperature and pressure 

(from 0 to ~1 h) is the vessel heating up to the reaction temperature (115 C). 

 

 

Figure S2.62. Plot of pressure vs time for 2 from 1-18 h with a linear fit of the curve. The 

equation and R2 value of the linear fit is shown on the plot. 
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Time (h) kobs (psi/h) 

2 9 

3 9 

4 8 

5 8 

6 7 

7 7 

8 7 

9 7 

10 6 

11 7 

12 6 

13 6 

14 5 

15 5 

16 6 

17 5 

average 6.75 

slope 6.6795 

Table S2.4. Table of the calculation of kobs for 2 during CO2 hydrogenation from the pressure vs 

time data. Each time point is calculated as the change of pressure in the hour centered at the time 

point (e.g. the 2 h kobs is calculated as the change in pressure from 1.5 h to 2.5 h). The average is 

the average kobs of the 16 time points, and the slope is the slope of a linear fit of the pressure vs 

time plot (Figure S2.62). 
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Figure S2.63. Plots of pressure vs time (grey) and temperature vs time (crimson) for 3 over the 

18 h reaction period of CO2 hydrogenation, under the standard reaction conditions as listed in the 

experimental section of the manuscript. The initial sharp increase in temperature and pressure 

(from 0 to ~1 h) is the vessel heating up to the reaction temperature (115 C). 

 

 

Figure S2.64. Plot of pressure vs time for 3 from 1-18 h with a linear fit of the curve. The 

equation and R2 value of the linear fit is shown on the plot. 
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Time (h) kobs (psi/h) 

2 5 

3 8 

4 7 

5 6 

6 9 

7 5 

8 6 

9 6 

10 6 

11 6 

12 6 

13 5 

14 4 

15 6 

16 6 

17 3 

average 5.875 

slope 6.0191 

Table S2.5. Table of the calculation of kobs for 3 during CO2 hydrogenation from the pressure vs 

time data. Each time point is calculated as the change of pressure in the hour centered at the time 

point (e.g. the 2 h kobs is calculated as the change in pressure from 1.5 h to 2.5 h). The average is 

the average kobs of the 16 time points, and the slope is the slope of a linear fit of the pressure vs 

time plot (Figure S2.64). 
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Figure S2.65. Plots of pressure vs time (grey) and temperature vs time (crimson) for 4Ir over the 

18 h reaction period of CO2 hydrogenation, under the standard reaction conditions as listed in the 

experimental section of the manuscript. The initial sharp increase in temperature and pressure 

(from 0 to ~1 h) is the vessel heating up to the reaction temperature (115 C). 

 

 

Figure S2.66. Plot of pressure vs time for 4Ir from 1-18 h with a linear fit of the curve. The 

equation and R2 value of the linear fit is shown on the plot. 
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Time (h) kobs (psi/h) 

2 9 

3 8 

4 7 

5 8 

6 6 

7 7 

8 7 

9 6 

10 7 

11 5 

12 6 

13 6 

14 4 

15 7 

16 4 

17 4 

average 6.3125 

slope 6.3467 

Table S2.6. Table of the calculation of kobs for 4Ir during CO2 hydrogenation from the pressure 

vs time data. Each time point is calculated as the change of pressure in the hour centered at the 

time point (e.g. the 2 h kobs is calculated as the change in pressure from 1.5 h to 2.5 h). The 

average is the average kobs of the 16 time points, and the slope is the slope of a linear fit of the 

pressure vs time plot (Figure S2.66). 
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Figure S2.67. Plots of pressure vs time (grey) and temperature vs time (crimson) for 5Ir over the 

18 h reaction period of CO2 hydrogenation, under the standard reaction conditions as listed in the 

experimental section of the manuscript. The initial sharp increase in temperature and pressure 

(from 0 to ~1 h) is the vessel heating up to the reaction temperature (115 C). 

 

 

Figure S2.68. Plot of pressure vs time for 5Ir from 1-18 h with a linear fit of the curve. The 

equation and R2 value of the linear fit is shown on the plot. 

 

 

 

 

 

 

20

40

60

80

100

120

140

250

300

350

400

450

0 2 4 6 8 10 12 14 16 18

T
em

p
er

at
u
re

 /
 °

C

P
re

ss
u
re

 /
 p

si

Time / h

5Ir

Pressure

Temperature

y = -6.6913x + 419.41

R² = 0.9983

250

300

350

400

450

1 3 5 7 9 11 13 15 17

P
re

ss
u
re

 /
 p

si

Time / h

5Ir



115 
 

Time (h) kobs (psi/h) 

2 8 

3 7 

4 8 

5 7 

6 7 

7 7 

8 7 

9 6 

10 8 

11 6 

12 7 

13 5 

14 6 

15 6 

16 7 

17 4 

average 6.625 

slope 6.6913 

Table S2.7. Table of the calculation of kobs for 5Ir during CO2 hydrogenation from the pressure 

vs time data. Each time point is calculated as the change of pressure in the hour centered at the 

time point (e.g. the 2 h kobs is calculated as the change in pressure from 1.5 h to 2.5 h). The 

average is the average kobs of the 16 time points, and the slope is the slope of a linear fit of the 

pressure vs time plot (Figure S2.68). 
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Figure S2.69. Plots of pressure vs time (grey) and temperature vs time (crimson) for 4Ru over the 

18 h reaction period of CO2 hydrogenation, under the standard reaction conditions as listed in the 

experimental section of the manuscript. The initial sharp increase in temperature and pressure 

(from 0 to ~1 h) is the vessel heating up to the reaction temperature (115 C). 

 

 

Figure S2.70. Plot of pressure vs time for 4Ru from 1-18 h with a linear fit of the curve. The 

equation and R2 value of the linear fit is shown on the plot. 
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Time (h) kobs (psi/h) 

2 8 

3 8 

4 9 

5 8 

6 8 

7 7 

8 7 

9 6 

10 8 

11 7 

12 6 

13 6 

14 6 

15 6 

16 5 

17 6 

average 6.9375 

slope 6.9389 

Table S2.8. Table of the calculation of kobs for 4Ru during CO2 hydrogenation from the pressure 

vs time data. Each time point is calculated as the change of pressure in the hour centered at the 

time point (e.g. the 2 h kobs is calculated as the change in pressure from 1.5 h to 2. hr). The 

average is the average kobs of the 16 time points, and the slope is the slope of a linear fit of the 

pressure vs time plot (Figure S2.70). 
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Figure S2.71. Plots of pressure vs time (grey) and temperature vs time (crimson) for 5Ru over the 

18 h reaction period of CO2 hydrogenation, under the standard reaction conditions as listed in the 

experimental section of the manuscript. The initial sharp increase in temperature and pressure 

(from 0 to ~1 h) is the vessel heating up to the reaction temperature (115 C). 

 

 

Figure S2.72. Plot of pressure vs time for 5Ru from 1-18 h with a linear fit of the curve. The 

equation and R2 value of the linear fit is shown on the plot. 
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Time (h) kobs (psi/h) 

2 7 

3 9 

4 8 

5 8 

6 7 

7 7 

8 7 

9 8 

10 6 

11 7 

12 5 

13 6 

14 7 

15 3 

16 7 

17 5 

average 6.6875 

slope 6.6916 

Table S2.9. Table of the calculation of kobs for 5Ru during CO2 hydrogenation from the pressure 

vs time data. Each time point is calculated as the change of pressure in the hour centered at the 

time point (e.g. the 2 h kobs is calculated as the change in pressure from 1.5 h to 2.5 h). The 

average is the average kobs of the 16 time points, and the slope is the slope of a linear fit of the 

pressure vs time plot (Figure S2.72). 
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Catalyst kobs / psi/h 

1 3.51 

2 6.68 

3 6.02 

4Ir 6.35 

5Ir 6.69 

4Ru 6.94 

5Ru 6.69 

Table S2.10. The kobs, calculated as the slope a linear fit of pressure vs time for hours 2-18, for 

all 7 catalysts. 
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TON Calculated from Pressure Data 

Time (h) TON 

2 402 

3 453 

4 521 

5 573 

6 642 

7 713 

8 766 

9 839 

10 912 

11 986 

12 1042 

13 1099 

14 1157 

15 1215 

16 1273 

17 1332 

18 
1412 

Experimental TON 1090 

Table S2.11. TON of 1 calculated from the pressure data collected during a standard 

hydrogenation reaction. TON were calculated using the van der Waals equation and the pressure 

at each hour. The experimental TON is as calculated in the manuscript after 18 h. 
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Figure S2.73. Plot of the pressure-estimated TON (from Table S2.11) vs time for 1. 
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Time (h) TON 

2 555 

3 713 

4 875 

5 1005 

6 1176 

7 1293 

8 1453 

9 1597 

10 1744 

11 1851 

12 2005 

13 2140 

14 2255 

15 2396 

16 2492 

17 2663 

18 2788 

Experimental TON 
910 

Table S2.12. TON of 2 calculated from the pressure data collected during a standard 

hydrogenation reaction. TON were calculated using the van der Waals equation and the pressure 

at each hour. The experimental TON is as calculated in the manuscript after 18 h. 
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Figure S2.74. Plot of the pressure-estimated TON (from Table S2.12) vs time for 2. 
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Time (h) TON 

2 470 

3 590 

4 713 

5 820 

6 967 

7 1099 

8 1195 

9 1313 

10 1453 

11 1555 

12 1659 

13 1787 

14 1917 

15 2005 

16 2118 

17 2255 

18 2325 

Experimental TON 
2020 

Table S2.13. TON of 3 calculated from the pressure data collected during a standard 

hydrogenation reaction. TON were calculated using the van der Waals equation and the pressure 

at each hour. The experimental TON is as calculated in the manuscript after 18 h. 

 



126 
 

 

Figure S2.75. Plot of the pressure-estimated TON (from Table S2.13) vs time for 3. 
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Time (h) TON 

2 695 

3 839 

4 1005 

5 1137 

6 1273 

7 1433 

8 1555 

9 1701 

10 1830 

11 1939 

12 2073 

13 2209 

14 2325 

15 2468 

16 2589 

17 2713 

18 2839 

Experimental TON 
2270 

Table S2.14. TON of 4Ir calculated from the pressure data collected during a standard 

hydrogenation reaction. TON were calculated using the van der Waals equation and the pressure 

at each hour. The experimental TON is as calculated in the manuscript after 18 h. 
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Figure S2.76. Plot of the pressure-estimated TON (from Table S2.14) vs time for 4Ir. 
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Time (h) TON 

2 436 

3 555 

4 660 

5 802 

6 930 

7 1061 

8 1195 

9 1332 

10 1473 

11 1638 

12 1744 

13 1873 

14 2005 

15 2163 

16 2279 

17 2444 

18 2540 

Experimental TON 
410 

Table S2.15. TON of 5Ir calculated from the pressure data collected during a standard 

hydrogenation reaction. TON were calculated using the van der Waals equation and the pressure 

at each hour. The experimental TON is as calculated in the manuscript after 18 h. 
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Figure S2.77. Plot of the pressure-estimated TON (from Table S2.15) vs time for 5Ir. 
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Time (h) TON 

2 453 

3 625 

4 748 

5 893 

6 1061 

7 1215 

8 1352 

9 1494 

10 1638 

11 1765 

12 1917 

13 2050 

14 2186 

15 2349 

16 2468 

17 2589 

18 2713 

Experimental TON 
1070 

Table S2.16. TON of 4Ru calculated from the pressure data collected during a standard 

hydrogenation reaction. TON were calculated using the van der Waals equation and the pressure 

at each hour. The experimental TON is as calculated in the manuscript after 18 h. 
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Figure S2.78. Plot of the pressure-estimated TON (from Table S2.16) vs time for 4Ru. 
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Time (h) TON 

2 555 

3 695 

4 839 

5 1005 

6 1118 

7 1273 

8 1433 

9 1535 

10 1701 

11 1851 

12 1961 

13 2118 

14 2232 

15 2373 

16 2492 

17 2614 

18 2738 

Experimental TON 
890 

Table S2.17. TON of 5Ru calculated from the pressure data collected during a standard 

hydrogenation reaction. TON were calculated using the van der Waals equation and the pressure 

at each hour. The experimental TON is as calculated in the manuscript after 18 h. 
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Figure S2.79. Plot of the pressure-estimated TON (from Table S2.17) vs time for 5Ru. 
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Figure S2.80. Overlayed plots of the pressure-estimated TON vs time for 1-5 (Figures S2.73-S2.79).
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Experimental From Pressure Data 

Catalyst TONa TONb % Diff.c 

1 1090 1412 30% 

2 910 2788 206% 

3 2020 2325 15% 

4Ir 2270 2839 25% 

5Ir 410 2540 520% 

4Ru 1070 2713 154% 

5Ru 890 2738 208% 

 

Table S2.18. The experimental TON and pressure-estimated TON at 18 h for 1-5. aExperimental 

TON calculated from NMR of reaction mixture after 18 h with an internal standard, as calculated 

in the manuscript. bTON calculated from the pressure data after 18 h. cPercent difference between 

the experimentally determined TON and the TON calculated from the pressure data. We note 

that the method of determining TON from formate concentration by 1H-NMR (2nd column) is 

much more accurate than the method of using pressure changes (3rd column). We suspect that the 

pressure reading is not sensitive enough. 
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Figure S2.81. Plot of pressure (crimson) and temperature (grey) vs reaction time for CO2 

hydrogenation reaction with 4Ir in 0.5 M NaHCO3. The reaction conditions are the same as the 

standard conditions reported in the manuscript, except with 0.5 M NaHCO3 (aq) instead of 1 M 

NaHCO3 (aq). 

 

Figure S2.82. Plot of pressure (crimson) and temperature (grey) vs reaction time for CO2 

hydrogenation reaction with 4Ir in 0.5 M KHCO3. The reaction conditions are the same as the 

standard conditions reported in the manuscript, except with 0.5 M KHCO3 (aq) instead of 1 M 

NaHCO3 (aq). 
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Figure S2.83. Plot of pressure (crimson) and temperature (grey) vs reaction time for CO2 

hydrogenation reaction with 4Ir in 0.5 M CsHCO3. The reaction conditions are the same as the 

standard conditions reported in the manuscript, except with 0.5 M CsHCO3 (aq) instead of 1 M 

NaHCO3 (aq). 

 

Figure S2.84. Plot of pressure (crimson) and temperature (grey) vs reaction time for CO2 

hydrogenation reaction with 4Ir in 0.5 M NH4HCO3. The reaction conditions are the same as the 

standard conditions reported in the manuscript, except with 0.5 M NH4HCO3 (aq) instead of 1 M 

NaHCO3 (aq). 
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Computational Study of Catalytic CO2 Hydrogenation 

 

 

Figure S2.85. Diagram of minima with relative energies (solvent corrected energies in kcal/mol) 

of CO2 hydrogenation catalyzed by 4Ir and 5Ir without the assistance of Na+ ion. The blue bar 

with solid line represents the pathway of 4Ir and red bar with solid line represents the pathway of 

5Ir. The dashed line represents the pathway via the Ir-hydride with protonated pyridine species. 
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Figure S2.86. The free energy diagram (solvent corrected energies in kcal/mol) of H2 cleavage 

catalyzed by 4Ir. The blue bar with solid line represents the pathway from Ir-H2 -

hydride with hydroxyl group species (Ir-H-OH) and red bar with solid line represents the 

pathway from Ir-H2 -hydride with protonated pyridine species (Ir-H-NH). 
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Further Studies of the Dehydrogenation of Formic Acid 

 

 

Cycle TON TOF (h-1) number of days 
1 3517 1172 

1 2 7034 1172 
3 10551 1172 
4 14068 1172 2 
5 17553 1162 3 

6* 19415 621 7 
7* 20978 521 8 

 

Table S2.19. Catalyst performance of 5Ir towards formic acid dehydrogenation. During each 

cycle, the reaction was allowed to go to completion or until gas evolution stopped before another 

equivalent of formic acid (1.00 mL, 26.5 mmol) was spiked into the catalyst solution. Each TOF 

value is the TOF observed during that cycle. Each TON is the sum of the TON from time zero 

through that cycle. The reaction went to completion during each cycle through cycle 4. The 

reaction conditions are the same as the standard conditions reported in the manuscript, with the 

exception of spiking in the same amount of formic acid as the initial amount at the beginning of 

each cycle. 

 
 3 h Reaction Time 24 h Reaction Time 

Trial TON % Conversion TOF (h-1) TON % Conversion TOF (h-1) 
1 9173 26.35 3058 32966 93.30 1374 
2 10207 29.28 3402 33656 95.26 1402 
3 10759 30.84 3586 33518 94.87 1397 

Average 10046 28.82 3349 33380 94.48 1391 
 

Table S2.20. Formic acid dehydrogenation using 5Ir with a lower catalytic loading of 0.0028% 

mole at 3 h and 24 h reaction times. All other reaction conditions are as the standard conditions 

reported in the manuscript. 
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Dehydrogenation Discussion: Evidence of Catalyst Transformations for 1-3 

The fate of complexes 2 and 3 under catalytic conditions was studied by using a higher 

concentration of each catalyst. The reactions yielded metal complex products that were 

characterized by 1H-NMR, MS, UV-vis, and IR spectroscopies. All three NHC-pyOR complexes 

(1, 2, and 3) show little change in the overall absorption spectrum before and after catalytic 

formic acid dehydrogenation with similar features between the three (Figure S2.87). The 1H-

NMR spectrum for 2 shows the presence of mostly catalyst (2) with some decomposition 

products (Figure S2.89). In contrast, the 1H-NMR spectrum of 3 after dehydrogenation shows a 

small amount of the catalyst and a large amount of a new species (Figure S2.90). This residual 

material shows a weak band in the IR at 2038 cm-1 which strongly suggests an Ir-CO species 

(Figure S2.90c). Catalysis under an argon atmosphere was performed, and GC-MS of both the 

headspace and the collected gas were tested for the presence of carbon monoxide. The amount of 

CO present in the gas mixture was 8.6 % of the amount of CO2 during the first hour of the 

reaction (Figure S2.90d-e). A control experiment was performed using the same conditions but 

without the presence of catalyst. Although a detectible amount of CO and CO2 were observed by 

GC-MS (Figure S2.90f-g) due to formic acid decomposition when heated, the amount is less than 

that observed when the catalyst is present. The carbonyl decomposition products appear to occur 

uniquely for the NHC-pyOR catalysts (2 and 3) and may explain why these catalysts are less 

active than the dhbp and dmbp analogs (4Ir and 5Ir). Species 5Ir is intact after catalysis (Figures 

S2.87 and S2.88). 
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Figure S2.87. UV-vis absorption spectra of aqueous reaction solutions of 1-3 and 5Ir before and 

after dehydrogenation of formic acid. The spectra before dehydrogenation are represented with 

solid lines, and the spectra after dehydrogenation are represented as dash-dot-dot lines. 

Complexes 1 and 2 have similar absorption spectra before and after the reaction, whereas 

complex 3 has a significant change in absorption features. The absorption spectrum of 5Ir is 

nearly unchanged after dehydrogenation. 
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Transformation Studies of Catalysts During Formic Acid Dehydrogenation 

 

Figure S2.88. 1H-NMR (500 MHz) of 5Ir in CD3CN after 8 days of dehydrogenation reaction. 

The spectrum shows that the major component matches the starting catalyst (labeled peaks). 

There is a small amount of another species also observed (unlabeled peaks). The unknown 

species or multiple species are presumed to be inactive or less active toward catalysis of formic 

acid dehydrogenation based on the lower TON and TOF in Table S2.22. 
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Transformation of Complexes 2 and 3 During Formic Acid Dehydrogenation at Higher 

Concentration 

The dehydrogenation reaction using complex 2 at 4 times the standard catalyst loading 

yielded a total volume of 140 mL for the first 3 hours where the TON and TOF are 61 and 20 h-1, 

respectively. The reaction was allowed to continue until all of the formic acid was consumed; 

however, the evolution of CO2 and H2 stopped after 1 more hour with an additional volume of 63 

mL of gas collected. In contrast, the reactivity after 3 hours reaction time of complex 3 at higher 

catalyst concentration was quite slow, with TOF of 5.28 h-1 and the reaction had not yet gone to 

completion after 98.67 hours. 

 

Figure S2.89a. 1H-NMR (360 MHz) of 2 in CD3CN after 3 h of formic acid dehydrogenation. 

The dehydrogenation reaction was run for 3 hours using catalyst 2 at a 4 times the standard 

concentration (i.e. 1.2 mM). The unlabeled peaks are presumed to be the decomposition 

product(s). The reaction conditions, except for catalyst concentration, are the same as the 

standard conditions reported in the manuscript. 
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Figure S2.89b. 1H-NMR (360 MHz) of 2 in CD3CN after 5 h of formic acid dehydrogenation. 

The dehydrogenation reaction was run using catalyst 2 at 4 times the standard concentration (i.e. 

1.2 mM). The reaction was allowed to continue until all the formic acid was consumed (5 h). The 

unlabeled peaks are presumed to be the decomposition product. These peaks have increased 

slightly in intensity compared to the 3 h reaction spectrum (Figure S2.89a). The reaction 

conditions, except for catalyst concentration and reaction time, are the same as the standard 

conditions reported in the manuscript. 
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Figure S2.89c. EI-MS (EI+) of 2 after the dehydrogenation reaction conditions listed in Figure 

S2.89b. [M]+ is [C19H24N3OClIr]+. The reaction conditions are as the standard conditions 

reported in the manuscript, except the catalyst concentration is 1.2 mM and the reaction time is 5 

h. 
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Figure S2.90a. 1H-NMR (360 MHz) of 3 in CD3CN after 98.67 h of formic acid 

dehydrogenation. The dehydrogenation reaction was performed using catalyst 3 at 4 times the 

standard catalyst concentration (i.e. 1.2 mM). After 98.67 h, the reaction still has not gone to 

completion. The new species (red dots) is presumed to be a carbonyl bound complex (vide infra). 

The reaction conditions, except for catalyst concentration and reaction time, are the same as the 

standard conditions reported in the manuscript. 

 

 

Figure S2.90b. IR-ATR of solid collected after formic acid dehydrogenation with 3. The CO 

band observed at 2038.13 cm-1 suggests that the new species observed in the NMR (Figure 
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S2.90a) is a carbonyl bound complex. The reaction conditions are as reported in the caption of 

Figure S2.90a. 

 

 
Figure S2.90c. EI-MS (EI+) of solid collected after formic acid dehydrogenation with 3 as 

catalyst. The cation fragment of 3 is observed at 551.2 m/z ([M]+ is [C20H26N3OClIr]+). 

However, the CO bound complex is not observed; this is most likely due to the CO fragment 

being lost under vacuum of the mass spectrometer. The reaction conditions for formic acid 

dehydrogenation are as reported in the caption of Figure S2.90a. 
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Figure S2.90d. GC-MS (EI+) of argon background sample. The background sample was 

collected at the end of the purging of the reaction flask and setup. The HCl is an impurity from 

the argon tank.  
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Figure S2.90e. GC-MS (EI+) of gas collected at the head space during formic acid 

dehydrogenation using 3 as the catalyst. The full spectrum is shown on the top, and the enlarged 

spectrum is shown on the bottom. The spectrum shows a small amount of CO is produced. The 

reaction flask and setup were purged with argon for 15 minutes to remove any N2, which has the 

same m/z as CO. The gas produced during the reaction was collected and used for GC-MS 

analysis. The reaction conditions are the same as the standard reaction conditions reported in the 

manuscript, except under argon atmosphere.  
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Figure S2.90f. GC-MS (EI+) of the argon background sample collected during the purging 

process for the experiment described in the caption of Figure S2.90g. The full spectrum is shown 

on the top, and the enlarged spectrum is shown on the bottom. The spectrum shows only minor 

contaminants from the Ar. 
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Figure S2.90g. GC-MS (EI+) of gas collected at the head space during formic acid 

dehydrogenation without catalyst. The full spectrum is shown on the top, and the enlarged 

spectrum is shown on the bottom. The reaction was performed at the standard reaction 

conditions reported in the manuscript but without a catalyst present.
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Crystallographic Data 

XRD Structure Determination of 1, 2, 3, 3SP, 5Ir, 5Ru, 6, and 7. Single crystal samples 

of complexes 1, 2, 3, 3SP, 5Ir, 5Ru, 6, and 7 were mounted on glass filament on a Bruker Apex2 

CCD-based X-ray diffractometer5 equipped with an Oxford N-Helix Cryosystem at -100 °C and 

fine focus Mo-target X-ray tube (λ = 0.71073 Å) operated at 2000 W power (50 kV, 40 mA). 

The X-ray intensities were measured at 173 (2) K; the detector was placed at a distance 6.000 cm 

from the crystal. The collected frames were integrated with the Saint6 software package using a 

narrow-frame algorithm. Data were corrected for absorption effects using the multi-scan method 

in SADABS or TWINABS7 as designated. The space group was assigned using XPREP of the 

Bruker ShelXTL8 package, solved with ShelXT8 and refined with ShelXL8 and the graphical 

interface ShelXle9. All non-hydrogen atoms were refined anisotropically. H atoms attached to 

carbon were positioned geometrically and constrained to ride on their parent atoms. Specific 

structure determination details are included in Table S2.21 for complexes 1, 2, and 3, Table 

S2.22 for complexes 5Ir and 5Ru, Table S2.23 for complexes 6 and 7, and Table S2.24 for 

complex 3SP. 

 The structure determined for complex 3 was found to contain a "flip" disordered NHC-

pyridyl ligand of ~61% occupation. The two moieties were restrained to have similar geometries 

(SAME in Shelxl). The pairs of metal coordinated atoms (N3 and C4B, C4 and N3B) were 

constrained to have identical ADPs (EADP in Shelxl). All disordered ligand atoms were 

subjected to a rigid bond restraint (RIGU in Shelxl). The distances between Ir1, C4, and N3 were 

set as the same as Ir1, C4B, and N3B (SADI in Shelxl) to ensure similar bite angle for the two 

disordered ligands. Additionally, the SO3 group of triflate was modelled with rotational disorder 

using rigid bond restraint (RIGU in Shelxl). Large residual densities near to Ir1 remained after 

exhaustive attempts to compensate with absorption techniques. This residual density likely was 
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caused by Fourier truncation of the Ir1 atom which does not arise from unaccounted residual 

twinning. 

 The structure of complex 5Ru was found to have occupationally disordered solvent 

molecules where methanol occupies the position ~77% and two water molecules the remaining. 

The hydrogen atoms of the disordered methanol, C24 and O4, and two water molecules, O5 and 

O6, placed using DFIX and EQIV (Shelxl) with resonable H-bonding interactions. 

 The crystal of complex 7 was found to be non-merohedrally twinned. The orientation 

matrices for the two components were identified using the program Cell_Now8, with the two 

components being related by a 5 degree rotation around the two axes. The two components were 

integrated using Saint. 56913 reflections (9967 unique) involved component 1 only (mean 

I/sigma = 33.3), 56407 reflections (9972 unique) involved component 2 only (mean I/sigma = 

19.4), and 3733 reflections (1172 unique) involved both components (mean I/sigma = 42.7). The 

exact twin matrix identified by the integration program was found to be 0.995 -0.051 -0.021, 

0.168 1.037 0.039, 0.023 -0.018 1.000. The data were corrected for absorption using 

TWINABS7, and the structure was solved using direct methods and refined with only the non-

overlapping reflections of component 1 with a resolution better than 0.62 Å. 

The structure for complex 3SP was found to be highly disordered. Therefore, solvents 

were “SQUEEZED” out using the PLATON program. The solvent accessible volume was found 

to be 123 Å3. The number of electrons found in S.A.V is 45, which corresponds to 2 water 

molecules (H2O = 10 electrons; 45/Z/10 = 2.25). The structure 3SP is in the process of final 

refinement of the disordered solvent molecules. The connectivity of the iridium complex will not 

change in the final refinement. 
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Figure S2.91. The ORTEP diagram of the cations 3sp with hydrogen atoms and the chloride 

counter anion omitted for clarity. The structure is oriented such that the chloride is forward from 

the plane of the bidentate ligand. Structural parameters are included below. 
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Table S2.24. Single crystal X-ray diffraction experimental details for complexes 1, 2, and 3. 

Table S2.22. Single crystal X-ray diffraction experimental details for complexes 5Ir and 5Ru. 

 Complex 1 Complex 2 Complex 3 

Crystal data    

  Chemical formula [C23H32ClIrN3O](CF3O

3S) 
[C19H24ClIrN3O](CF3O

3S) 
[C20H26ClIrN3O](CF3

O3S) 
  Mr 743.23 687.13 701.16 
  Space group Triclinic, P1 Monoclinic, P21/c Monoclinic, P21/c 
  Temperature (K) 173 (2) 173 (2) 173 (2) 

  Unit cell dimensions 

a = 8.5383 (2) Å 
b = 12.3100 (3) Å 

c = 13.8040 (4) Å 
α  = 100.745 (1)° 
β = 101.927 (1)° 
γ  = 93.806 (1)° 

a = 7.1356 (2) Å 
b = 15.6052 (4) Å 
c = 21.4625 (5) Å 
α  = 90° 
β = 93.488 (1)° 
γ  = 90° 

a = 7.3609 (3) Å 
b = 15.3328 (6) Å 
c = 22.3550 (9) Å 
α  = 90° 
β = 97.709 (2)° 
γ  = 90° 

  V (Å3) 1386.35 (6) 2385.48 (11) 2500.25 (17) 
  Z 2 4 4 
  Radiation type Mo Kα Mo Kα Mo Kα 
  µ (mm−1) 5.04 5.85 5.59 
  Crystal size (mm) 0.21 × 0.09 × 0.06 0.37 × 0.18 × 0.15 0.41 × 0.28 × 0.19 

Data collection    

  Diffractometer AXS SMARTAPEX2 C

CD 
AXS SMART APEX2 C

CD 
AXS SMART APEX2C

CD 

  Absorption corr. Multi-scan 

SADABS 
Multi-scan 

SADABS 
Multi-scan 

SADABS 
  Tmin, Tmax 0.490, 0.747 0.400, 0.747 0.184, 0.288 
  No. of measured, 
  independent and 
  observed [I > 2σ(I)]    
  reflections 

71432 
12079 
11186 

57650 
10507 

9398 

63707 
11027 
9310 

  Rint 0.032  0.033 0.036 
  (sin θ/λ)max (Å−1) 0.807 0.807 0.808 
Refinement    

  R[F2 > 2σ(F2)] 
  wR(F2) 
  S 

0.019 
0.044 
1.04 

0.031 
0.059 
1.24 

0.046 
0.089 
1.28 

  No. of reflections 12079 10507 11027 
  No. of parameters 343 306 468 
  No. of restraints 0 0 249 

  H-atom treatment constrained 
mixture of independent 

and constrained 

refinement 
constrained 

  Δρmax, Δρmin (e Å−3) 1.40, −0.69 1.94, −4.27 2.72, −5.13 
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 Complex 5Ir Complex 5Ru 

Crystal data   

  Chemical formula [C22H27ClIrN2O2](CF3O3S) [C22H26ClN2O2Ru]Cl 

·1.773(CH4O) ·0.454(H2O) 

  Mr 728.17 587.41 
  Space group Monoclinic, P21/c Monoclinic, P21/n 
  Temperature (K) 173 (2) 173 (2) 

  Unit cell dimensions 

a =  7.3686 (3) Å 
b =  15.6037 (6) Å 
c =  23.0349 (8) Å 

α  = 90° 
β = 98.661 (2)° 
γ  = 90° 

a = 14.1820 (3) Å 
b = 14.0104 (3) Å 
c = 14.2635 (3) Å 
α  = 90° 
β = 109.272 (1)° 
γ  = 90° 

  V (Å3) 2618.29 (17) 2675.28 (10) 
  Z 4 4 
  Radiation type Mo Kα Mo Kα 
  µ (mm−1) 5.34 0.82 
  Crystal size (mm) 0.39 × 0.10 × 0.06 0.26 × 0.16 × 0.07 

Data collection   

  Diffractometer AXS SMARTAPEX2 CCD AXS SMART APEX2 CCD 

  Absorption corr. Multi-scan 

SADABS 
Multi-scan 

SADABS 
  Tmin, Tmax 0.375, 0.747 0.662, 0.745 
  No. of measured, 
  independent and 
  observed [I > 2σ(I)]    
  reflections 

63478 
11265 
9891 

40954 
5442 
4596 

  Rint 0.030  0.046 
  (sin θ/λ)max (Å−1) 0.802 0.624 

Refinement   

  R[F2 > 2σ(F2)] 
  wR(F2) 
  S 

0.023 
0.050 
1.03 

0.035 
0.073 
1.07 

  No. of reflections 11265 5442 
  No. of parameters 332 338 
  No. of restraints 0 8 

  H-atom treatment constrained mixture of independent and 

constrained refinement 
  Δρmax, Δρmin (e Å−3) 1.58, −1.45 0.39, −0.41 
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Table S2.23. Single crystal X-ray diffraction experimental details for complexes 6 and 7. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 Complex 6 Complex 7 

Crystal data   

  Chemical formula [C26H34AgN6O2](CF3O3S) [C20H22AgN6O2](CF3O3S) 
  Mr 719.53 635.37 
  Space group Triclinic, P1 Triclinic, P1 
  Temperature (K) 173 (2) 173 (2) 

  Unit cell dimensions 

a =  11.8359 (3) Å 
b =  11.9882 (3) Å 
c =  12.8751 (4) Å 
α  = 70.365 (1)° 

β = 81.733 (1)° 
γ  = 63.219 (1)° 

a = 7.2377 (2) Å 
b = 12.3949 (4) Å 
c = 14.7323 (5) Å 
α  = 72.946 (1)° 
β = 77.672 (1)° 

γ  = 77.664 (1)° 
  V (Å3) 1536.01 (7) 1218.15 (7) 
  Z 2 2 
  Radiation type Mo Kα Mo Kα 
  µ (mm−1) 0.79 0.98 
  Crystal size (mm) 0.28 × 0.19 × 0.08 0.40 × 0.27 × 0.23 

Data collection   

  Diffractometer AXS SMARTAPEX2 CCD AXS SMART APEX2 CCD 

  Absorption corr. Multi-scan 
SADABS 

Multi-scan 
TWINABS 

  Tmin, Tmax 0.676, 0.747 0.575, 0.747 
  No. of measured, 
  independent and 
  observed [I > 2σ(I)]    

  reflections 

79146 
13333 
11613 

10381 
10381 
9865 

  Rint 0.031  -- 
  (sin θ/λ)max (Å−1) 0.807 0.803 

Refinement   

  R[F2 > 2σ(F2)] 
  wR(F2) 
  S 

0.028 
0.071 
1.02 

0.022 
0.064 
1.11 

  No. of reflections 13333 10381 
  No. of parameters 396 340 
  No. of restraints 0 0 

  H-atom treatment constrained constrained 

  Δρmax, Δρmin (e Å−3) 0.49, −0.42 0.66, −0.59 
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Table S2.24. Single crystal X-ray diffraction experimental details for complexes 3SP 

 

   Complex 3SP 

Crystal data  

  Chemical formula [C21H26IrN3O]Cl2 

  Mr 599.55 

  Space group Triclinic, P-1 

  Temperature (K) 223 (2) 

  Unit cell dimensions 

a = 7.9111 (5) Å 

b = 8.4077 (4) Å 

c = 17.5316 (10) Å 

α  = 94.062(3)° 

β = 93.152 (3)° 

γ  = 95.603(3)° 

  V (Å3) 1155.36 (11) 

  Z 2 

  Radiation type Mo Kα 

  µ (mm−1) 6.02 

  Crystal size (mm) 0.10 × 0.10 × 0.06 

Data collection  

  Diffractometer AXS SMART APEX2 CCD 

  Absorption corr. 
Multi-scan 

TWINABS 

  Tmin, Tmax 0.584, 0.714 

  No. of measured, 

  independent and 

  observed [I > 2σ(I)]    

  reflections 

28481 

4527 

4403 

  Rint 0.0305 

  (sin θ/λ)max (Å−1) 0.6199 

Refinement  

  R[F2 > 2σ(F2)] 

  wR(F2) 

  S 

0.0324 

0.0768 

1.219 

  No. of reflections 4527 

  No. of parameters 260 

  No. of restraints 0 

  H-atom treatment constrained 

  Δρmax, Δρmin (e Å−3) 1.538, −1.605 
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CHAPTER 3 

RUTHENIUM (II) AND IRIDIUM (III) COMPLEXES OF N-HETEROCYCLIC CARBENE 

AND PYRIDINOL DERIVED BIDENTATE CHELATES: SYNTHESIS, 

CHARACTERIZATION, AND REACTIVITY 

 

3.1 Introduction 

 

Molecular ruthenium based compounds have been instrumental in advancing many fields 

including medicine and catalysis. Ruthenium is used in medicinal research because many 

ruthenium complexes are cytotoxic and have anti-proliferative properties. Ruthenium complexes 

can bind to iron transporters (which are up regulated in cancer cells) to enhance drug uptake.1 

Thus far, three ruthenium complexes have entered clinical trials and some ruthenium complexes 

are cytotoxic towards cisplatin resistant cell lines.2-7  

Ruthenium based metal complexes are also known for light harvesting properties. 

O’Regan and Grӓtzel pioneered the use of ruthenium complexes as photosensitizers in dye-

sensitized solar cells.8 Ru based sensitizers have also been used for artificial photosynthesis, as 

luminescent molecular probes, as photo responsive molecular devices, and for photo catalysis.9-17  

Furthermore, molecular ruthenium compounds are also catalysts for the olefin metathesis 

and hydrogenation reactions. Grubbs et al. developed one of the most useful catalysts for olefin 

metathesis by using a ruthenium-carbene complex.18-20 The success of this catalyst is due to its 

air stability and ability to tolerate a wide range of substrates.18 Similarly, ruthenium complexes 

have also been used to support many active catalysts for hydrogenation and dehydrogenation 

reactions.21-22   
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 Papish’s group and others have previously designed the ligand 6,6’-dihydroxybipyridine 

(6,6’-dhbp) (Scheme 3.1) which displays many unique advantages.26,28 Dhbp is a proton 

responsive ligand, and upon deprotonation of hydroxyl group the electron-donating ability of the 

ligand is increased. Thus, the catalytic activity of dhbp metal complexes can be tuned with 

changes in pH.23-25 Frequently, the deprotonated metal complexes of 6,6’-dhbp have an enhanced 

ability to catalyze various reactions including transfer hydrogenation and water oxidation.23, 26 

Ruthenium complexes of 6,6’-dhbp can allow for cancer selective cytotoxicity by low pH 

triggered photo-dissociation in acidic regions of cancer cells.27 Thus, in some cases, 6,6’-dhbp 

ligand can be labile especially when bound to a first row transition metal (e.g. Cu) and under 

very acidic or basic conditions.28  

 

 

Scheme 3.1: Acid-base equilibrium of 6, 6’-dihydroxy-2, 2’-bipyridine (6, 6’-dhbp) complexes. 

Likewise, N-heterocyclic carbenes (NHC) form a well-known ligand class that has been 

used to support many successful homogenous catalysts.29-34 The stability of the NHC ligand 

derives from it being a strong -donor that can generate a robust M-C bond. Through synthesis, 

NHCs are readily modified to tune the steric and electronic properties of the ligands. 35-38 

Previously, Paish’s group designed catalysts containing NHC ligands which catalyzed transfer 

hydrogenation reactions.39-40  

Many ruthenium complexes for the above applications have included pyridine or N-

heterocyclic carbene ligands (NHCs). Also, some bidentate and tridentate ligands have combined 



164 
 

NHC and pyridine rings on one scaffold.41-55 However, prior to our recent work, no ligands have 

combined NHC and pyridinol rings in a chelate.56 As a result, we envision that by combining an 

NHC ring with a pyridinol ring, we would introduce a new ligand class that would combine the 

strong donor properties of the NHC with the proton responsive pyridinol. Recently, our group 

has reported new NHC-pyOR ligands and Ir complexes thereof which serve as pre-catalysts for 

CO2 (de)hydrogenation.56 This chapter will discuss the synthesis and characterization of the Ru 

(8-13) and Ir (14-15) analogues supported by (NHCR’-pyOR) ligands (OR =  OMe, OtBu, OH; R’ 

= Me, Et) with different counter anions, (PF6)
- and (OTf)-. The reactivity of these Ru complexes 

will also be described.  

 

Scheme 3.2: General structure of complexes 8-15. 

3.2 Results and Discussion  

3.2.1 The Synthesis of the Compounds (1-15). 

The N-heterocyclic carbene and pyridinol derived ligand precursors (ImR’-pyOR)X (Table 

3.1, 1-4) were readily synthesized by displacement of one ortho-fluorine from 2,6-

difluoropyridine with NaOR followed by the substitution of the second ortho-fluorine with 

imidazole from sodium imidazolate.57 The alkylation of the (Im-pyOR) compound with CH3I, 

CH3OTf, or CH3CH2Br resulted in the formation of (ImR-pyOtBu)X type ligand precursors. These 

ligand precursors differ in terms of the R’ and OR groups on the imidazole and pyridine ring, 



165 
 

respectively, where R’ = Me, Et and OR = OtBu, OMe (Table 3.1). Variation in the counter 

anion provides four compounds: (ImMe-pyOtBu)I (1), (ImMe-pyOtBu)PF6 (2), (ImEt-pyOMe)Br (3), 

and (ImMe-pyOtBu)OTf (4) (Table 3.1). The purpose of the pyOtBu derivatives was to serve as a 

protected form for obtaining the OH derivative in the metal complexes. Counter anion exchange 

was achieved readily by stirring the halide salt (1) in AgPF6 solution to form 2 (Scheme 3.3). 

These procedures were designed by modifying literature procedures.41 

 

Table 3.1: A numbering scheme for the compounds studied here. aThese compounds were 

synthesized in our previous work in reference 56. 
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Scheme 3.3: The synthesis the ligand precursors (1-4), (ImR’-pyOR). OR = tBu, Me; R’ = Me, Et; 

[X]- = [I]-, [Br]-, [OTf]-, [PF6]
-.  The first two steps were reported previously.56 

 

The synthesis of NHCR’-pyOR metal complexes 5-15 is shown in Scheme 3.4. The 

imidazolium C2 position is readily deprotonated to generate an NHC. Upon treatment of the 

ligand precursors 1-4 with Ag2O and NaOH in the absence of light, silver bis(carbene) 

complexes were formed as [Ag(NHCMe-pyOtBu)2]PF6 (5) [Ag(NHCMe-pyOtBu)2]OTf  (6), and 

[Ag(NHCMe-pyOMe)2]OTf  (7). The crystal structures of (6) and (7) have been reported 

previously, and we believe that (5) has a similar geometry based upon similar spectral features.56  

Transmetallation of the silver bis(carbene) complex 5, 6, and 7 with the chloro-bridged 

dimeric ruthenium precursors [(p-cym)RuCl2]2 and one equivalent of AgX afforded the chelate 

complexes [(p-cym)Ru(NHCMe-pyOMe)Cl]OTf (8), [(p-cym)Ru(NHCMe-pyOtBu)Cl]OTf (9), and 

[(p-cym)Ru(NHCMe-pyOtBu)Cl]PF6 (11) by use of X = [OTf]- or [PF6]
- as appropriate. The 

complex [(p-cym)Ru(NHCEt-pyOMe)Cl]PF6 (12) was made similarly, but in this case we did not 

isolate the silver carbene complex. Note that compound 3 and 12 were synthesized by former 

graduate student Nick White. The de-protection of 9 to form [(p-cym)Ru(NHCMe-pyOH)Cl]OTf 

(10) was achieved by superheating a CH2Cl2 solution or reflux of a CH3CN solution. The driving 

force for the deprotection reaction is the decomposition of the tBu group to eliminate isobutene. 

Note that all of the ruthenium and some of the iridium complexes with the PF6
- counter anions 

were done by Deidra Gerlach. Similar to the synthesis of 8-13, [Cp*IrCl2]2 was used as our 
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iridium source to obtain [Cp*Ir(NHCMe-pyOtBu)Cl]PF6 (14) (synthesized by Robert Vasquez at 

San Diego State University).  

However, attempts to de-protect complex 11 by a similar procedure led to the isolation of 

[(p-cym)Ru(NHCMe-pyOH)Cl]PO2F2 (13) (see Figure S3.27 for synthetic details and spectra). The 

formation of [PO2F2]
- counter anion appears to be due to the hydrolysis of the [PF6]

-
 anion using 

adventitious water or the in situ formed OH group as a proton source (eq. 1). The hydrolysis of 

PF6 was also observed when 14 was de-protected to form [Cp*Ir(NHCMe-pyOH)Cl]PO2F2 (15). 

[PF6]
-  +  2H2O  [PO2F2]

- + 4 HF           (1) 

The literature shows that [PF6]
- can be thermally decomposed to PF5 and F-, and PF5 can 

be further transformed to O=PF3 in the presence of water.58-60 In our case, it is possible that the 

O=PF3 is formed in situ and reacts further with water to form [PO2F2]
- and HF. While we did not 

characterize any HF formed in this reaction, we did note that the glassware appeared to etch after 

running these reactions. Due to the hydrolysis of the [PF6]
- anion, we have preferred to use the 

[OTf]- salts for reactivity studies.  
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Scheme 3.4: The synthesis of NHC-pyOR metal complexes 5-15 

3.2.2 NMR spectroscopy of ruthenium and iridium complexes  

The protons of the aromatic cymene ligand in complexes 8-13 are shifted due to the 

chelation of the NHC-pyOR group. The methyl groups of the isopropyl substituent on cymene are 

inequivalent by 1H-NMR, indicating that rotation of the isopropyl group is slower than the NMR 

timescale and each methyl group is in a unique environment. The protons of pyridine ring in 

complexes 8-10 are sensitive to the deprotection that converts pyOtBu to pyOH (Figure S3.20). 

These protons are shifted upfield by as much as 0.22 ppm by 1H NMR when comparing 10 (OH 

group) to its methoxy (8) and t-butoxy (9) analogs. Complexes 9 and 11 only differ in counter 

anion, and there are no significant changes in 1H-NMR spectra for these complexes (Figure 

S3.28).  

3.2.3 Crystal Structures of the complexes 8-15. 

The crystal structures of the complexes 8-12 and 14-15 are shown as molecular diagrams 

in Figures 3.1, 3.2, and 3.3 with bond lengths and angles in Table 3.2. Pure form for all of the Ru 

and Ir complexes were able to obtained via recrystallization, except for [(p-cym)Ru(NHCMe-
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pyOH)Cl]PO2F2 (13). Crystals suitable for X-ray diffraction were typically obtained by layering a 

solution of dichloromethane with ether. All of the Ru-complexes 8-12 display piano stool 

structures with the cymene ligand 6 coordinated to the Ru(II) center. The Ru-Ccarbene, Ru-N, and 

Ru-Cl bond distances are all quite similar to each other and to similar complexes in the 

literature.61-66 The C-Ru-N bite angles are all similar and range from 75.44 to 76.53.  

Both complexes 14 and 15 feature a half sandwich structure with the Cp* ligand 5 

coordinated to the Ir(III) metal center.  The bond lengths and angles of these complexes are 

similar to each other (Table 3.2) and to other Ir(III) complexes including those in our recently 

published work.56 The average M-Ccarbene distance are shorter than the M-N bond (despite N (75 

pm) having a smaller covalent radius than C (77 pm)) for all of the complexes (8-15) due to the 

strong  donating and  accepting properties of the NHC ligand.67  
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Figure 3.1: The ORTEP diagrams with 50% probability ellipsoids of [(p-cym)Ru(NHCMe-

pyOMe)Cl]OTf  8 (top), [(p-cym)Ru(NHCMe-pyOtBu)Cl]OTf  9 (middle), and [(p-cym)Ru(NHCMe-

pyOH)Cl]OTf  10 (bottom). Hydrogen atoms (except for the H of the OH group in 10) and 

counter anions are omitted for clarity. Atom color codes are carbon (gray) and oxygen (red). 

These structures are oriented such that the chloride is forward from the plane of the bidentate 

ligand. Complex 8 and 10 are disordered with regards to the position of NHC and pyridine rings, 

and that disorder is omitted here for clarity.  
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Figure 3.2: The ORTEP diagrams with 50% probability ellipsoids of [(p-cym)Ru(NHCMe-

pyOtBu)Cl]PF6 11 (top) and [(p-cym)Ru(NHCEt-pyOMe)Cl]PF6  12 (bottom). Hydrogen atoms and 

counter anions are omitted for clarity. Atom color codes are carbon (gray) and oxygen (red). 

These structures are oriented such that the chloride is forward from the plane of the bidentate 

ligand. Complex 12 is disordered with regards to the position of the NHC and pyridine rings, and 

that disorder is omitted here for clarity. 
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Figure 3.3: The ORTEP diagrams with 50% probability ellipsoid of [Cp*Ir(NHCMe-

pyOtBu)Cl]PF6 14 (top) and [Cp*Ir(NHCMe-pyOH)Cl]PO2F2 15 (bottom). Hydrogen atoms (except 

for the H of the OH group in 15) and counter anions are omitted for clarity. Atom color codes are 

carbon (gray) and oxygen (red). These structures are oriented such that the chloride is forward 

from the plane of the bidentate ligand.  
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Table 3.2: Selected bond lengths and angles of the complexes 8-15. 

 

3.2.4 Reactivity 

Ruthenium complexes are known to catalyze many reactions including hydrogenation 

and dehydrogenation.68-69 The reactivity of the ruthenium complexes were explored towards the 

hydrogenation of CO2 and the dehydrogenation of formic acid. Complexes 8 and 9 were chosen 

as pre-catalysts because the triflate counter anion is stable and does not undergo unwanted 

transformations. 

CO2 hydrogenation was studied by dissolving the pre-catalysts 8 or 9 (at 0.3mM) in 1.0 

M aqueous NaHCO3 and then pressurizing the vessel with 300 psi of 1:1 CO2:H2 for 18 h at 115 

C. The extent of sodium formate production was measured by 1H-NMR with an internal 

standard. This allowed use to calculate turnover numbers (TON) and turnover frequency (TOF) 

(Table 3.3). 

For formic acid (FA) dehydrogenation, the reaction was done by heating 1.02 M formic acid 

with 0.29 mM of the pre-catalyst 8 or 9 at 60C for 3 hours. The extent of reaction was 
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determined by measuring the gas collected over water and using the ideal gas law to determine 

TON and TOF by assuming that the products formed are 1:1 CO2 and H2 (Table 3.3). 

The order of reactivity for both reactions is that complex 8 is more active than 9. Both 

complexes are best considered pre-catalysts as there were significant color changes and a small 

amount of brown precipitate observed at the end of the reaction. This observation indicates 

decomposition, which may involve de-coordination of the cymene ligand from the complex.40, 70-

71  

Table 3.3: Catalytic CO2 hydrogenation and FA dehydrogenation of complex 8 and 9.a  

 

aReaction conditions: All TON were calculated for 18 hours for CO2 hydrogenation and 3 hours 

for FA dehydrogenation, and are an average of at least 2 trials. For hydrogenation, the reaction 

were performed in 25 mL of an aqueous solution of 0.3 mM pre-catalyst and 1 M Na2CO3 at 115 

C and 300 psi of H2/CO2 (1:1). For dehydrogenation, aqueous formic acid (1.02 M) was treated 

with 0.29 mM of pre-catalyst at 60 C.  
 

3.3 Conclusion 

In summary, new NHCR’-pyOR complexes of Ru(II) and Ir(III) with various substituents 

on the pyridine and NHC rings with two different counter anions, [OTf]- and [PF6]
- were 

synthesized. [(p-cym)Ru(NHCMe-pyOR)Cl]+ (8-13) and [Cp*Ir(NHCMe-pyOR)Cl]+ (14-15) were 

synthesized in good yields by transmetallation of the bidentate ligand from [Ag(NHCMe-pyOR)2]
+ 

at room temperature. The de-protection reaction of the t-butoxy group to form the hydroxy group 

shows that the [PF6]
- is unstable under the reaction conditions. The formation of [PO2F2]

- is most 

likely due to the thermal decomposition of [PF6]
- by hydrolysis with adventitious moisture. A 
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preliminary catalytic reactivity screening indicates that the ruthenium complexes 8 and 9 

undergo further transformations when heated.  

3.4 Experimental Sections 

3.4.1 General Procedures 

All ligand and metal complex were synthesized under nitrogen atmosphere in a glove box 

or by utilizing standard Schlenk line techniques with oven dried glassware. 1H-, 13C- and 19F-

NMR spectra were acquired at room temperature on a Bruker AV360 360 MHz or AV500 500 

MHz spectrometer, as designated, and referenced to the solvent. Mid-IR spectra were collected 

on a Bruker Alpha ATR-IR spectrometer. Mass spectrometric data were collected on a Waters 

AutoSpec-Ultima NT spectrometer with electron ionization method. Elemental analyses were 

performed by NuMega Resonance Labs, Inc., San Diego, CA. Electronic spectra were measured 

on a Perkin Elmer Lambda 35 UV-visible spectrometer. Pressurized gas reactions were 

performed in a Parr reaction vessel.  

3.4.2  Materials 

Dry solvents were obtained via the Glass Contour Solvent System built by Pure Process 

Technology, LLC. All reagents were used as purchased and degassed under vacuum as needed. 

The compounds NHC-PyOR (R = Me, tBu), [ImMe-PyOtBu]OTf (4), [Ag(NHCMe-pyOtBu)2]OTf (6), 

and [Ag(NHCMe-pyOMe)2]OTf (7) were prepared according to previously published procedures.56 

High purity grade (> 97%) formic acid was used as purchased from AMRESCO, Inc. The 

compressed gases CO2 and 50/50 vol CO2/H2 were purchased from Airgas and used without 

further purification. 

3.4.3 Synthesis of (ImMe-pyOtBu)I (1).  

Dry THF (20 mL) was added via cannula to an evacuated flask containing 2-(methoxy)-

6-(1H-imidazol-1-yl)pyridine (1.054 g, 4.85 mmol, 1 equiv) and a stir bar. Methyl iodide (MeI) 
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(1.2 mL, 19.28 mmol, 4 equiv) was added dropwise with stirring at 0 °C. The reaction mixture 

was stirred for 12 h under nitrogen at room temperature. Some solid precipitated out after 12 h, 

and upon addition of Et2O more solid precipitated. The solid was collected over frit with suction 

and washed with more Et2O. The white solid was further dried under vacuum to yield the 

product (ImMe-pyOMe)I (1.2477 g, 3.47 mmol, 71.7%). 1H NMR (360 MHz, CDCl3, ppm): δ 

10.95 (s, 1H), 8.01 (t, 1 H, 3JHH = 2.0 Hz), 7.79 (t, 1 H, 3JHH = 8.0 Hz), 7.66 (t, 1 H, 3JHH = 2.0 

Hz), 7.74 (d, 1 H, 3JHH = 7.7 Hz), 6.78 (d, 1 H, 3JHH = 7.9 Hz), 4.31 (s, 3 H), 1.61 (s, 9 H). 

3.4.4 Synthesis of (ImMe-pyOtBu)PF6 (2). 

An aqueous solution of NH4PF6 (6.001g, 36.82 mmol) was added to 300 mL aqueous 

solution of  (ImMe-pyOtBu)I (8.7433 g, 24.34 mmol) to produce some precipitate. The precipitate 

solid was collected on a fine frit, washed with Et2O, and then further dried under vacuum to 

obtain an off-white solid (8.039 g, 21.31 mmol, 87.58%). Note that, the (ImMe-pyOtBu)I solution 

required some heat to enhance the solubility of the solid, and this solution needed to be cooled 

prior to addition of the NH4PF6 solution in order to avoid oiling. All the characterization data 

was similar to the previously reported (ImMe-pyOtBu)OTf.56 

3.4.5 Synthesis of (ImEt-pyOMe)Br (3). 

A schlenk flask with a stir bar was loaded with NaOMe (4.7g, 87 mmol) and sealed with 

a rubber septum, and THF (200 mL) was added via cannula. Under N2(g) atmosphere,  2,6-

difluropyridine (5.0g, 43 mmol) was added dropwise to the stirring solution via syringe to form 

2-(methoxy)-6-fluoropyridine. This reaction was stirred overnight (approximately 12 hrs) then 

THF was removed under reduced pressure. The flask containing crude product was evacuated 

and under positive N2(g), approximately 100 mL of  DMF was added, followed by the addition 

of imidazole (3.575g, 52.5 mmol) and NaH (1.9g, 160 mmol) at 0 C. The flask was allowed to 
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warm to room temperature and with positive nitrogen flow, a reflux condenser was attached and 

the flask was heated to 80 C overnight with stirring. The reaction flask was cooled to room 

temperature, the DMF was removed from the mixture via rotary evaporator, and the remaining 

reaction mixture was transferred to a separatory funnel with 25 mL CH2Cl2. The organic phase 

was washed with water (25 mL x 3), dried over MgSO4, filtered, and the filtrate was 

concentrated to dryness via rotary evaporator.  

The crude Im-pyOMe was dissolved in 200 mL of DMF and ethyl bromide (5.2g, 48 

mmol) was added dropwise with stirring. Under positive pressure of N2(g), a reflux condenser 

was attached and the flask was heated to 120 C overnight. The reaction flask was cooled to 

room temperature and the red oily product was obtained after solvent removal. Upon column 

chromatography purification with 90:10 ratio of MeOH : CH2Cl2, 42% (5.233g, 18.4 mmol) of 

product was obtained. 1H NMR (360 MHz, CDCl3, ppm): δ 11.60 (s, 1H), 8.16 (t, 1H, Im), 7.88 

(t, 1H, py), 7.46 (t, 1H, Im), 7.93 (d, 1H, py), 6.86 (d, 1H, py), 4.67 (q, 2H, CH2CH3), 1.73 (t, 

3H, CH2CH3), 4.03 (s, 3H, OCH3). 
13C{1H} NMR (125.76 MHz, CDCl3, ppm): δ 164.26, 144.11, 

142.64, 135.10, 123.12, 119.50, 112.35, 106.58, 54.91, 46.51, 35.23, 30.10. ESI-MS (EI+): m/z 

176.1 (Im-pyOMe)+.  

3.4.6 Synthesis of [Ag(NHCMe-pyOtBu)2]PF6 (5). 

An oven dried round-bottom Schlenk flask with stir bar was loaded with (ImMe-

pyOtBu)PF6 (1.5001 g, 3.976 mmol, 1 equiv) and Ag2O (0.464 g, 2.00 mmol, 0.5 equiv) in a 

glovebox and sealed with a rubber septum. Dry CH2Cl2 (25 mL) was added via cannula at the 

Schlenk line to make a black slurry. The flask was covered in foil to block light. Aqueous NaOH 

(1.0 mL, 2.00 mmol, 0.5 equiv) was added dropwise via syringe with stirring. The reaction 

mixture was stirred for 24 hr. at room temperature. Excess Ag2O was removed by suction 
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filtration over celite, which was washed with CH2Cl2 (40 mL). The organic phase of the filtrate 

was washed with DI water 3 times, dried over MgSO4, filtered, and the filtrate concentrated to 

dryness. The resulting white solid was further dried under high vacuum to yield 1.3751 g of 5 

(1.92 mmol, 96.43% yield). 1H NMR (360 MHz, CDCl3, ppm): δ 7.66 (t, 1 H, 3JHH = 1.8 Hz), 

7.56 (t, 1 H, 3JHH = 7.8 Hz), 7.39 (d, 1 H, 3JHH = 7.8 Hz ), 7.28 (t, 1 H, 3JHH = 1.8 Hz ), 6.71 (d, 1 

H, 3JHH = 7.8 Hz ), 3.99 (s, 3 H), 1.56 (s, 9H).13C{1H} NMR (125.76 MHz, CDCl3, ppm): δ 

178.68, 163.37, 148.65, 140.88, 123.57, 120.67, 113.52, 107.30, 81.05, 39.54, 28.75. FT-IR 

(ATR, cm-1): 3187 (w), 3153 (w), 2979 (w), 2927 (w), 1601 (w), 1566 (m), 1453 (s), 1393(m), 

1366 (w), 1297 (m), 1227 (w), 1165 (m), 1096 (m), 1044(m), 983 (m), 938 (m), 834 (s), 730 (m), 

547 (m).   

3.4.7 Synthesis of [(p-cym)RuCl(NHCMe-pyOMe)]OTf (8). 

In a glovebox, an oven dried Schlenk flask with stir bar was loaded with [(p-cym)RuCl2]2 

(0.1932 g 0.315 mol, 1 equiv.), AgOTf (0.0809 g, 0.315 mmol, 1 equiv.), [Ag(NHCMe-

pyOMe)2]OTf (0.2001 g, 0.315 mmol, 1 equiv.), and dry CH2Cl2 (20 mL). An immediate color 

change from orange to yellow was observed. The reaction mixture was protected from light and 

stirred for 18 hours resulting in the accumulation of a tan precipitate (AgCl). The reaction 

mixture was filtered over celite with suction and was washed with 10 mL of CH2Cl2. The 

product was recrystallized by layering the filtrate with Et2O. The resulting orange block crystals 

were collected by suction filtration and washed with ether yielding the desired product [(p-

cym)RuCl(NHCMe-pyOMe)]OTf (7) (0.329 g, 0.540 mmol, 85.8% yield). 1H NMR (500 MHz, 

CD3CN, ppm): δ 8.06 (t, 1 H, 3JHH = 8.3 Hz ), 7.82 (d, 1 H, 3JHH = 2.3 Hz), 7.42 (d, 1 H, 3JHH = 

2.4 Hz ), 7.37 (d, 1 H, 3JHH = 7.8 Hz ), 7.00 (d, 1 H, 3JHH = 8.4 Hz), 6.18 (dd, 2 H), 5.94 (d, 1 H, 

3JHH = 6.6 Hz), 5.41 (d, 1 H, 3JHH = 5.9 Hz), 4.22 (s, 3 H), 4.06 (s, 3H), 2.33 (m, 1 H), 2.15 (s, 3 
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H), 0.91 (d, 3H, 3JHH = 7.2 Hz), 0.85 (d, 3H, 3JHH = 6.9 Hz).13C{1H} NMR (125.76 MHz, 

CD2Cl2, ppm): δ 184.95, 165.91, 151.25, 144.24, 126.63, 121.46 (q, 1JCF = 317.08 Hz), 117.14, 

110.14, 106.24, 105.00, 104.30, 92.14, 88.82, 87.66, 80.09, 58.30, 38.76, 31.58, 22.71, 22.34, 

19.40. 19F NMR (338.86 MHz, CD3CN, ppm): δ -78.77. FT-IR (ATR, cm-1): 3100 (w), 2968 (w), 

2324 (w), 1619 (m), 1579 (w), 1487 (w), 1391 (m), 1258 (m), 1148 (w), 1029 (m), 975 (m), 866 

(w), 791 (m), 738 (w), 688 (w), 636 (s), 571 (m), 516 (m). ESI-MS (EI+): m/z 460 [(p-

cym)RuCl(NHCMe-pyOMe)]+, 422 [(p-cym)Ru(NHCMe-pyOMe)]+. Anal. Calcd. for 

C21H25N3O4F3SClRu: C, 41.38; H, 4.14%; N, 6.89%. Found: C, 40.98%; H, 4.50%; N, 6.85%. 

3.4.8 Synthesis of [(p-cym)RuCl(NHCMe-pyOtBu)]OTf (9). 

An oven dried Schlenk flask with stir bar was loaded with [(p-cym)RuCl2]2 (0.4261 g 

0.695 mol, 1 equiv.), AgOTf (0.1786 g, 0.695 mmol, 1 equiv.), and [Ag(NHCMe-pyOtBu)2]OTf 

(0.5003 g, 0.695 mmol, 1 equiv.) under N2(g). Dry CH2Cl2 (50 mL) was dispensed via cannula. 

An immediate color change from orange to yellow was observed. The reaction mixture was 

stirred for 18 hours resulting in the accumulation of a tan precipitate (AgCl). The reaction 

mixture was filtered over celite with suction and then was washed with 10 mL of CH2Cl2. The 

product was recrystallized by layering the filtrate with 80 mL Et2O. The resulting orange crystals 

were collected by suction filtration and washed with ether yielding the desired product [(p-

cym)RuCl(NHCMe-pyOtBu)]OTf (9) (0.6143 g, 0.943 mmol, 96.5 % yield). Pure microcrystalline 

product was also collected by quickly adding Et2O to the filtrate. 1H NMR (360 MHz, CD3CN, 

ppm): δ 7.97 (t, 1 H, 3JHH = 7.9 Hz), 7.79 (d, 1 H, 3JHH = 2.3 Hz), 7.42 (d, 1 H, 3JHH = 2.3 Hz), 

7.34 (d, 1 H, 3JHH = 8.0 Hz), 7.18 (d, 1 H, 3JHH = 8.1 Hz), 6.11 (m, 2 H), 5.94 (d, 1 H, 3JHH = 5.3 

Hz), 5.53 (d, 1 H, 3JHH = 5.4 Hz), 4.05 (s, 3 H), 2.22 (m, 1 H), 2.14 (s, 3 H), 1.69 (s, 9 H), 0.85 

(d, 3H, 3JHH = 7.1 Hz), 0.79 (d, 3H, 3JHH = 7.0 Hz). 13C{1H} NMR (125.76 MHz, CD3CN, ppm):  
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δ 185.68, 165.66, 152.12, 143.75, 127.32, 122.22 (q, 1JCF = 320.50 Hz), 117.71, 111.49, 109.14, 

105.45, 103.46, 94.29, 93.00, 87.04, 86.91, 80.81, 38.84, 31.81, 29.49, 22.66, 22.27, 19.18. FT-

IR (ATR, cm-1): 3115 (w), 2977 (w), 1615 (m), 1572 (w), 1563 (w), 1473 (m), 1458 (m), 1397 

(w), 1372 (m), 1275 (m), 1260 (s), 1223 (m), 1146 (s), 1028 (s), 908 (m), 846 (m), 822 (m), 757 

(m), 739 (m), 716 (m), 691 (m), 634 (s), 571 (m), 515 (m), 453 (w). ESI-MS (EI+): m/z 502.1 

[(p-cym)RuCl(NHCMe-pyOtBu)]+, 446.0 [(p-cym)RuCl(NHCMe-pyOH)]+, 410.0 [(p-

cym)Ru(NHCMe-pyOH)]+. Anal. Calcd. for C24H31N3O4F3SClRu·H2O: C, 43.04%; H, 4.97%; N, 

6.28%. Found: C, 42.23%; H, 4.73%; N, 6.08%. 

3.4.9 Synthesis of [(p-cym)RuCl(NHCMe-pyOH)]OTf (10). 

An oven dried 25 mL Schlenk tube with Teflon plug was loaded with crystalline solid 

[(p-cym)RuCl(NHCMe-pyOtBu)]OTf (9) (0.5037 g, 0.774 mmol) and 10 mL of dry CH2Cl2. The 

atmosphere of the flask was removed by three cycles of freeze-pump-thaw. The evacuated flask 

was super-heated at 90 °C for 3 days. The resulting solution was micro-filtered to remove 

insoluble black precipitate and layered with dry Et2O to give orange crystals. The 

recrystallization is sensitive to the conditions and occurs best when kept air and moisture free. 

Alternatively, the product can be dried to a powder or a residue if the solid crashes out quickly. 

1H NMR (360 MHz, CD3CN, ppm): δ 10.48 (s, 1H), 7.89 (t, 1 H, 3JHH = 7.9 Hz), 7.77 (d, 1 H, 

3JHH = 2.4 Hz), 7.41 (d, 1 H, 3JHH =  2.3 Hz), 7.24 (d, 1 H, 3JHH = 8.9 Hz), 6.96 (d, 1 H, 3JHH = 

8.9 Hz), 6.17 (dd, 2 H), 6.03 (d, 1 H, 3JHH = 6.2 Hz), 5.41 (d, 1 H, 3JHH = 6.3 Hz), 4.06 (s, 3 H), 

2.32 (m, 1 H), 2.15 (s, 3 H), 0.89 (d, 3H, 3JHH = 6.9 Hz), 0.84 (d, 3H, 3JHH = 6.9 Hz). 

3.4.10 Synthesis of [(p-cym)RuCl(NHCMe-pyOtBu)]PF6 (11). 

The same procedure was followed as for the synthesis of [(p-cym)RuCl(NHCMe-

pyOtBu)]OTf with the following differences. The reagents and the amounts used were 
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[Ag(NHCMe-pyOtBu)2]PF6 (0.500 g, 0.696 mmol, 1 equiv), [(p-cym)RuCl2]2 (0.427 g, 0.697 

mmol, 1 equiv), and AgPF6 (0.176 g, 0.697 mmol, 1 equiv). A color change of orange to light 

orange occurred with the addition of solvent. Orange crystals were grown from CH2Cl2 layered 

with ether yielding 10 (0.833g, 1.29mmol, 92.4% yield). 1H NMR (360 MHz, CD3CN, ppm): δ 

7.97 (t, 1H, 3JHH = 8.5 Hz), 7.81 (d, 1 H, 3JHH = 2.0 Hz), 7.34 (d, 1 H, 3JHH = 8.0 Hz), 7.17 (d, 1 

H, 3JHH = 8.2 Hz), 6.11 (t, broad, 2H), 5.94 (d, 1H, 3JHH = 6.2 Hz), 5.53 (d, 1H, 3JHH = 5.4 Hz), 

4.05 (s, 3H), 2.14 (s, 3H), 1.69 (s, 9H), 0.84 (d, 3H, 3JHH = 6.8 Hz), 0.79 (d, 3H, 3JHH = 6.8 Hz). 

13C{1H} NMR (125.76 MHz, CD3CN, ppm): δ 185.61, 165.62, 152.10, 143.67, 127.30, 117.70, 

111.42, 109.09, 105.41, 103.40, 94.25, 93.11, 86.98, 86.89, 80.84, 38.77, 31.78, 29.41, 22.58, 

22.20, 19.12. FT-IR (ATR, cm-1): 3100 (w), 2969 (w), 2870 (w), 1629 (w), 1569 (w), 1485 (m), 

1447 (w), 1399 (w), 1363 (w), 1291 (m), 1243 (w), 1135 (m), 1025 (w), 906 (w), 833 (s), 723 

(w), 663 (w), 556 (m), 484 (m).  

3.4.11 Synthesis of [(p-cym)RuCl(NHCEt-pyOMe)]PF6 (12). 

[ImEt-pyOMe]Br (0.100g, 0.352 mmol) was added to Ag2O (0.260g, 1.12 mmol) in 15 mL 

of water and allowed to stir at room temperature for 30 minutes in the absence of light.  The 

solution was filtered and NH4PF6 (1.00 g, 6.13 mmol) was added and allowed to stir. A brown 

precipitate quickly forms and was collected by filtration.  The resulting solid was washed twice 

with 20 mL of diethyl ether.  The presumably [Ag(NHCEt-pyOMe)2]PF6 (crude, 0.0795 g, 0.174 

mmol, 27%) was dissolved in 10 mL of dichloromethane and [(p-cymene)RuCl2]2 (0.050g, 

0.0813 mmol) was added and allowed to stir at room temperature for 18 h.  The solvent was 

removed under vacuum to yield product (0.048 g, 0.0943 mmol, 58%). An orange block crystal 

was grown from methanol and diethyl ether. 1H NMR (360 MHz, CDCl3, ppm): δ 7.50 (d, 1 H, 

NHC), 7.25 (t, 1 H, py), 6.95 (d, 1 H, NHC), 6.85 (d, 1 H, py), 6.25 (d, 1 H, py), 5.41 (m, 2 H, 
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Ar-cym), 5.20 (d, 1 H, Ar-cym), 4.65 (d, 1 H, Ar-cym), 3.60 (q, 2 H, CH2CH3), 3.40 (s, 3 H, 

OCH3), 1.49 (m, 1 H, CH(CH3)2-cymene), 1.35 (s, 3H, CH3-cymene), 0.70 (t, 3H, CH2CH3), 

0.05 (m, 6H, CH(CH3)2-cymene). 13C{1H} NMR (90 MHz, CDCl3, ppm): δ 182.5, 165.0, 151.1, 

144.0, 124.1, 116.5, 104.0, 103.1, 91.0, 87.5, 76.5, 58.2, 58.0, 49.5, 47.0, 41.0, 31.0, 22.5, 22.0, 

18.0, 16.1. ESI-MS (EI+): m/z 474.1 [M-Cl]+ (match with expected isotopic pattern). 

3.4.12 Synthesis of [Cp*IrCl(NHCMe-pyOtBu)]PF6 (14). 

An oven dried Schlenk flask with stir bar was loaded with [Cp*IrCl2]2 (0.535g, 0.672 

mmol, 1 equiv), AgPF6 (0.1766 g, 0.698 mmol, 1.04 equiv), and [Ag(NHCMe-pyOtBu)2]PF6 

(0.4996 g, 0.696 mmol, 1.04 equiv) under N2(g). Dry CH2Cl2 (40 mL) was dispensed via cannula. 

An immediate color change from orange to yellow was observed. The reaction mixture was 

stirred and protected from light for 18 h resulting in the accumulation of a tan precipitate (AgCl). 

The reaction mixture was filtered over celite with suction, which was washed with CH2Cl2 (10 

mL). The product was recrystallized by layering the filtrate with Et2O. The resulting yellow 

crystals were collected by suction filtration and washed with ether yielding the desired product 

[Cp*IrCl(NHCMe-pyOtBu)]PF6 (14) (0.8087 g, 1.09 mmol, 81.4% yield). 1H NMR (360 MHz, 

CDCl3, ppm): δ 8.05 (d, 1H, 3JHH = 2.4 Hz), 8.00 (t, 1H, 3JHH = 8.1 Hz), 7.67 (d, 1H, 3JHH = 8.0 

Hz), 7.33 (d, 1H, 3JHH = 2.3 Hz), 7.03 (d, 1H, 3JHH = 8.4 Hz), 4.02 (s, 3H), 1.72 (s, 15H), 1.57 (s, 

9H). 13C{1H} NMR (125.76 MHz, CDCl3, ppm): δ 166.49, 163.92, 151.42, 143.79, 125.71, 

118.32, 111.48, 104.80, 92.29, 86.84, 37.25, 29.19, 9.68. FT-IR (ATR, cm-1): 3092 (w), 2983 

(w), 1623 (m), 1562 (m), 1472 (m), 1400 (w), 1378 (w), 1293 (m), 1249 (w), 1149 (m), 1120 

(m), 1026 (w), 909 (w), 880 (w), 824 (s), 735 (m), 685 (m), 674 (w), 562 (s), 500 (m). 

3.4.13 Synthesis of [Cp*IrCl(NHCMe-pyOH)]PO2F2 (15). 

An oven dried heavy wall schlenk tube with stir bar was charged with [Cp*IrCl(NHCMe-

pyOtBu)]PF6 (14) (0.2003g , 0.271 mmol). The tube was evacuated and 6 mL of dry CH2Cl2 was 
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added via cannula. The tube containing the mixture was subjected to 3 cycles of freeze-pump-

thaw to remove O2 and then heat to 80 C. After 4 days, the solution was brought to room 

temperature and recrystallization was done by slow diffusion of Et2O into the NMR sample in 

CD3CN. 1H NMR (360 MHz, CD3CN, ppm): δ 7.87 (t, 1H, 3JHH = 8.1Hz), 7.78 (d, 1H, 3JHH = 

2.0 Hz), 7.37 (d, 1H, 3JHH = 2.2 Hz), 7.23 (d, 1H, 3JHH = 8.1 Hz), 6.97 (d, 1H, 3JHH = 8.1 Hz), 

3.95 (s, 3H), 1.74 (s, 15H).  
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3.6 Spectra and Supporting Information  

Characterization of (ImMe-pyOtBu)I (1). 

 

 

Figure S3.1: 1H-NMR (360 MHz) of the preligand (ImMe-pyOtBu)I in CDCl3. 
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Characterization of (ImMe-pyOtBu)PF6 (2). 

 

Figure S3.2: FT-IR (ATR) of the complex 2. 
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Characterization of (ImEt-pyOMe)Br (3). 

 

Figure S3.3: 1H-NMR (360 MHz) of the preligand (ImEt-pyOMe)Br (3) in CDCl3. 

 

Figure S3.4: 13C-NMR (125.76 MHz) of the preligand (ImEt-pyOMe)Br (3) in CDCl3. 
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Figure S3.5: ESI-MS (EI+) of 3.  
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[Ag(NHCMe-pyOtBu)2]PF6 (5). 

 

Figure S3.6: 1H-NMR (360 MHz) of 5 in CDCl3. 

 

Figure S3.7: 13C-NMR (125.76 MHz) of 5 in CDCl3. 
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Figure S3.8: FT-IR (ATR) of the complex 5.  
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[(p-cym)Ru(NHCMe-pyOMe)Cl]OTf (8). 

 

 

Figure S3.9: 1H-NMR (500 MHz) of 8 in CD3CN. 

 

Figure S3.10: 13C-NMR (125.76 MHz) of 8 in CD2Cl2. 
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Figure S3.11: 19F-NMR (338.86 MHz) of 8 in CD3CN. 

 

Figure S3.12: ESI-MS of 8. 
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Figure S3.13: FT-IR (ATR) of the complex 8.  
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[(p-cym)Ru(NHCMe-pyOtBu)Cl]OTf (9). 

 

Figure S3.14: 1H-NMR (360 MHz) of 9 in CD3CN. 

 

Figure S3.15: 13C-NMR (125.76 MHz) of 9 in CD3CN. 
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Figure S3.16: 19F-NMR (338.86 MHz) of 9 in CD3CN. 

 

Figure S3.17: FT-IR (ATR) of the complex 9. 
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Figure S3.18: ESI-MS of 9. 
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[(p-cym)Ru(NHCMe-pyOH)Cl]OTf (10). 

 

Figure S3.19: 1H-NMR (360 MHz) of 10 in CD3CN. 
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1H-NMR Comparison of complex 8-10 

 

Figure S3.20: Comparison of the aromatic region of the 1H-NMR for complexes 8, 9, and 10 in 

acetonitrile.   
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[(p-cym)Ru(NHCMe-pyOBu)Cl]PF6 (11). 

 

Figure S3.21: 1H-NMR (360 MHz) of 11 in CD3CN. 

 

 

Figure S3.22: FT-IR (ATR) of the complex 11. 
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Figure S3.23: 13C-NMR (125.76 MHz) of 11 in CD3CN.  
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[(p-cym)Ru(NHCEt-pyOMe)Cl]PF6 (12). 

 

Figure S3.24: 1H-NMR (360 MHz) of 12 in CDCl3. 

 

Figure S3.25: 13C-NMR (90 MHz) of 12 in CDCl3. 
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Figure S3.26: ESI-MS of 12. 
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[(p-cym)Ru(NHCMe-pyOH)Cl]PO2F2 (13). 

An oven dried heavy wall schlenk tube with stir bar was charged with [(p-

cym)RuCl(NHCMe-pyOtBu)]PF6 (0.2000g , 0.309 mmol). The tube was evacuated and 6 mL of dry 

CH2Cl2 was added via cannula. The tube containing the mixture was freeze-pump-thaw (x 3) to 

remove O2 then allowed to heat to 80 C. After a few days, brown solution with some brown 

solid were observed. The solution was brought to room temperature and filtered to receive 

yellow filtrate. Attempted to synthesize for reproducibility was unsuccessful due to the desire 

product fail to go to completion.   

 

Figure S3.27: 1H-NMR (360 MHz) of 13 in CD3CN. 
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1H-NMR comparison of complex 9 and 11. 

 

Figure S3.28: Comparison of 1H-NMR of complex 9 and 11 showing the entire region (top) and 

aromatic region only (bottom). There are no significant change between the two different counter 

ions.   
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[Cp*Ir(NHCMe-pyOtBu)Cl]PF6 (14). 

 

Figure S3.29: 1H-NMR (360 MHz) of 14 in CDCl3. 

 

 

 

Figure S3.30: FT-IR (ATR) of complex 14.  
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[Cp*Ir(NHCMe-pyOH)Cl]PO2F2 (15). 

 

 

Figure S3.31: 1H-NMR (360 MHz) of 15 in CD3CN. 
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CHAPTER 4 

FIRST AND SECOND LATE ROW TRANSITION METAL COMPLEXES OF NHC AND 

PYRIDINOL DERIVED PINCER LIGANDS: SYNTHESIS, CHARACTERIZATION AND 

PHOTOCATALYTIC REDUCTION OF CO2 TO CO. 

4.1 Introduction 

Pincer ligands refer to tridentate chelating agent that bind meridionally to a metal.1-2 

Generally, these type of ligands are characterized by the nature of donor atoms along the ligand 

scaffold. They are generally abbreviated by DXD, where X is the central anchoring donor and D 

is the flanking donor atoms (Figure 4.1).1-3 Metal-pincer complexes are typically robust with 

high thermal stability and have drawn a lot of attention from many researchers. Currently, pincer 

complexes are being investigated in various applications from homogeneous catalysis to the 

development of chemical sensors and switches.2 The high level of interest toward such 

complexes is in part due to the flexibility of the DXD platform that allow ample opportunity to 

fine tune the steric and electronic properties and thus the reactivity of the complexes.4    

 

 

Figure 4.1: General representation of a pincer ligand. M is metal center. X and D are donor 

atoms including N, C, P, O, S. The figure is adapted from literature.1-2, 4 
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Pincer phosphine and amine PNP, CNN, and NPN chelate ligands have been well 

studied.5 Since the seminal work of Arduengo’s isolation of the first stable N-heterocyclic 

carbene (NHC), substitution of carbenes for phosphines have yielded a significant number of 

catalysts stabilized through NHC-pincer ligands. The excellent ability of NHC-pincer ligands to 

stabilize metal centers has allowed them to become superior alternatives to phosphine and amine 

based ligands in homogeneous catalysis.6 In addition, these NHC-pincer complexes are more 

thermally stable as well as more air and moisture tolerant than their phosphine-based 

counterpart.7-9 Although, pincer carbene containing CNC or CCC are rare, they offer a better 

advantages over N- or P- donors and are more tightly bound to metal centers. 10-12  

CNC pincer ligands such as those in Figure 4.2 support many active homogeneous 

catalyst including olefin hydrogenation, C-H bond activation, polymerization of ethylene, Heck, 

Suzuki, Kumada-Tamao-Corriu coupling, and photocatalytic reduction of CO2 to CO.13-23 For 

example, a series of lutidine and polyannulated bis-N-heterocyclic carbene palladium pincers 

(Figures 4.3) studied by Patrick et al showed great reactivity and selectivity toward 

electrocatalytic CO2 reduction to CO.24-25  

As discussed in chapter 2, metal complexes supported by bidentate N-heterocyclic 

carben-pyridinol (NHC-pyOR) show moderate catalytic activity, however they are sensitive to 

alkaline conditions. The observed change in the ligand is due to the rotation of the pyridine ring 

to form a carbon-bound pyridine ring as a product of intramolecular C-H bond activation. 

Subsequently, we envision that by utilizing the rigid framework of a pincer ligand, we should be 

able to prevent the rotation of the pyridine ring and thus may avoid the decomposition of the 

catalysts.26-28  
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Figure 4.2: Complexes of CNC pincer based on pyridine with pendant NHC donors.15, 23, 29   

 

 

Figure 4.3: Lutidine and polyannulated bis-NHC palladium complexes studies by Patrick’s 

group. The structure adapted from Therrien et al.25   

 

Our goal in designing new pincer ligands is to preserve the beneficial features of 

pyridinol rings for metal-ligand bifunctional catalysis. Additionally, it was desirable to retain the 

NHC functionality on the pincer to prevent lability and due to the strong donor properties of the 

NHC. In terms of the metal chosen, it is desirable to move away from precious metals and focus 

on first row transition metals as an alternative since they are abundant, cheap, and less toxic. The 
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general structure of the new pincer we designed is shown in Figure 4.4a. Note that with the 

pyridine ring being unsubstituted (replacing OR by H) in the para position this pincer (Figure 

4.4b) is well known in the literature.13, 30-34    

 

 

Figure 4.4: General structure of (NHCMe-pyOMe-NHCMe)M pincer studied in this chapter (a) and 

general structure of CNC pincer known in literatures (b). 

 

This chapter will be focused on the synthesis and characterization of the pincer ligands 

and their metal complexes. Thus far, first row transition metal complexes have been studied 

including Fe2+, Co3+, and Ni2+ as well as Ru2+ which were used to compare iron and ruthenium 

catalytic activity. Preliminary results of photocatalytic reduction of CO2 to CO using the pincer 

complexes will also be discussed briefly in this chapter.  

4.2 Results and Discussion 

4.2.1 The synthesis and reactivity of pincer-metal complexes 

4.2.1.1 Synthesis and Characterization 

The synthesis route to a class of bis-imidazolium pyridine ligands [ImMe-pyOMe-

ImMe][2X], where X = -I (1) and –OTf (2) was previously developed by a former post-doc in our 
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group, Deidra Gerlach, (Scheme 4.1) via use of published procedures with modifications.35 

Treatment of 2,4,6-trifluropyridine with sodium methoxide afforded 2,6-difluro,4-

methoxypyridine. Further nucleophilic aromatic substitution of 2,6-difluro,4-methoxypyridine 

with two equivalents of freshly prepared sodium imidazolide yields 4-methoxy-2,6-(N-

imidazolyl)pyridine (Im-pyOMe-Im). Alkylation with methyl iodide (MeI) or methyl triflate 

(MeOTf) provides the ligand precursor 1 or 2.10, 36-37  

 

Scheme 4.1: The synthesis of imidazolium precursor. 

The synthetic route for bis-NHC derived iron and cobalt pincer complexes is shown in 

Scheme 4.2 and Scheme 4.3.  The free carbene 3 was readily afforded in situ by deprotonation of 

C2 proton of the imidazolium rings in 1 with KOtBu, and subsequent reaction of 3 with FeBr2 or 

[Co(CH3CN)6][2(BF4)] yielded the desired complexes [Fe(NHCMe-pyOMe-NHCMe)2][2Br] (4) and 

[Co(NHCMe-pyOMe-NHCMe)2][2(BF4).X] (5). Notice that the synthesis of complex 5 was done in 

inert atmosphere (glove box). Thus far, the source of the oxidant converting Co2+ to Co3+ is 

unclear and further investigation is ongoing. 4 and 5 were originally synthesized by Deidra 

Gerlach. In contrast, [RuCl(NHCMe-pyOMe-NHCMe)(CH3CN)2][OTf] (6) was synthesized from a 
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one pot reaction by following a literature procedure with some modification.38 A mixture of the 

ligand precursor 2 was treated with Cs2CO3 and the ruthenium source [(p-cym)RuCl2]2 were 

allowed to heat at 50 oC for 2 hours then allowed to stir at room temperature for 12 hours 

(Scheme 4.4a).38  

 

 

Scheme 4.2: The synthesis of [Fe(NHCMe-pyOMe-NHCMe)2][2Br] complex.  

 

 

Scheme 4.3: The synthesis of [Co(NHCMe-pyOMe-NHCMe)2][2(BF4
-).X] complex. 
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Scheme 4.4a: The synthesis of [RuCl(NHCMe-pyOMe-NHCMe)(CH3CN)2][OTf] (6) complex and 

the single crystal structure of the complex. 

All three complexes were air stable and were characterized by standard spectroscopic 

techniques and analytical methods (1H- and 19F-NMR, mass spectrometry, and cyclic 

voltammetry). The spectral data confirmed the structure of 4-6. The electrochemical properties of 

4 and 5 were studied by Deidra Gerlach using cyclic voltammetry (CV) techniques in non-

aqueous solution, under N2 (g) atmosphere.  

1H-NMR of 4-6 indicated the loss of the C2 imidazolium protons. The signals of the iron 

complex 4 were surprisingly well resolved ( 6.98 – 8.05) and may indicate that the spin state is 

low spin with a 2+ oxidation state which was further confirmed by CV measurements (Figure 

S4.8 and S4.10).  

[Co(NHCMe-pyOMe-NHCMe)2][2(BF4).X] complex (5) was characterized by both cyclic 

voltammetry and 1H-NMR. Cyclic voltammetry data of 5 suggested that the oxidation state of 

cobalt is Co (III) (Figure S4.14). The 1H-NMR signals of 5 were also well resolved with some 

broadening ( 7.21 – 8.10) which agreed that the complex is likely diamagnetic (Figure S4.11).  

The NMR of complex 6 shows expected pattern around the aromatic region (7.14 – 

7.94) with coupling constant of 3JH-H = 2.18 Hz corresponding to the protons of the carbene back 

bone (Figure S4.15). Note that complex 6 was initially thought to be a 2:1 ligand-to-metal 

complex (Scheme 4.4b). However, upon attaining a single crystal structure (by Chance 
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Boudreaux) and other standard spectroscopy techniques, it is clearly show that 6 is the 1:1 

complex.  

The mass spectrometry also confirmed the cation complexes contain a 2:1 ligand to metal 

ratios for complex 4 and 5 (Figure S4.9 and S4.13). For complex 6, the mass spectrometry data is 

ambiguous (Figure S4.16), and contains evidence of both 1:1 and 2:1 products. However, the x-

ray diffraction and the NMR data suggests that the 2:1 species forms only in the mass 

spectrometry experiment. The integration ratios in the NMR show that the acetonitrile to pincer 

ligand ratio is as expected for our assigned formula. A mixture of 2:1 and 1:1 in the NMR would 

lead to a greater integration signal for the pincer ligands, and multiple peaks for the pincer.  

 

Scheme 4.4b: Structure of [Ru(NHCMe-pyOMe-NHCMe)2][2OTf] complex. 

4.2.1.2 Photocatalytic reduction of CO2 to CO of 4-6 

The photocatalytic reduction of CO2 to CO using bis-pincer complexes of Fe(II) (4), 

Co(III) (5), and Ru(II) (6) were studied and they show some reactivity (equation 1).39-45 This 

work was in collaboration with professor Jared Delcamp’s group at University of Mississippi.   

 

A solution of each catalyst (4, 5, and 6) in acetonitrile was vigorously bubbled in CO2 for 

15 minutes in the presence of dimethylphenylbenzimidazoline (BIH) as a sacrificial electron 

donor and Ir(PPy)3 as a photosensitizer. The solution mixture was then irradiated for 4 hours with 
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a solar stimulator (150 W, Xe lamp, AM1.5 filter). The catalytic turn over number vs. time is 

shown in Figure 4.6 and 4.7 along with other control experiments. Note that the nickel complex 

[Ni(NHCMe-pyOH-NHCMe)X]X (X = Cl, I) (7) is a one ligand-to-one pincer complex synthesized 

by graduate student Dalton Burks was also tested (Figure 4.5).  

 

Figure 4.5: Structure of [Ni(NHCMe-pyOH-NHCMe)X]X (7) where X = I or Cl synthesized by 

Dalton Burcks. 

 

The order of activity of the pincer complexes is 6 > 7 > 5 > 4 (TON = 54, 1.6, 1.3, 

respectively). Complex 6 continues its high activity for 22 hours, with TON = 215 (Figure 4.7). 

Complex 6 and 7 are significantly higher in reactivity compare to 5 and 4. This result is not 

surprising since 6 and 7 are 1:1 L-to-M, thus provide more open coordination sites. Despite the 

low catalytic turn over number of 4 and 5, this result is interesting because any catalytic activity 

for coordinative saturated metal complexes is rare.46 Other group members and collaborators are 

working on an explanation for this unexpected activity. 
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Figure 4.6: Catalytic turn over number versus time of complex 4-6 toward photocatalytic 

reduction of CO2 to CO and other control studies with 4 hours irradiation time. 

 

 

 
 

Figure 4.7. Catalytic turn over number versus time of complex 4-6 toward photocatalytic 

reduction of CO2 to CO and other control studies with 22 hours irradiation time. 
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4.2.2 The synthesis attempt of 1:1 pincer-to-metal complexes 

Based on the preliminary catalytic result of the bis-pincer complexes discussed above, we 

envision that the reactivity can be significantly improved with catalyst containing iron or cobalt 

with at least one open coordination site. Our first couple of attempts to obtain the 1:1 ratio of 

metal to ligand using similar synthetic routes to that as for the bis-pincer complexes were 

ineffective. For instance, every attempt to react one equivalent of the generated carbene 3 with 

one mole equivalent of the metal source (FeBr2 and [Co(CH3CN)2][(BF4)2]) led to isolation of 

the bis-pincer complexes 4 and 5. Consequently, a silver bis(carbene) complex (8) was 

synthesized with the purpose of utilizing the transmetalation route to obtain the desired product 

(Scheme 4.5). Complex 8 was formed through a reaction of the pre-ligand with Ag2O and KOtBu 

(or NaOH).  

 

Scheme 4.5: The synthesis of [Ag(NHCMe-pyOMe-NHCMe)]2[2OTf] complex 

Efforts to obtain the 1:1 pincer-to-Ru2+ 47-48 and Ni2+ 9, 33, 49-51 complexes using various 

conditions including the transmetalation route proved to be unsuccessful (Scheme 4.6 and 4.7). 

For example, when reacting [ImMe-pyOMe-ImMe)](2I) (1) or [ImMe-pyOMe-ImMe)][(2(OTf)] (2) 

with ruthenium source (PPh3)Ru(CO)HCl in the presence of KOtBu or Verkade’s base (Scheme 

4.6), unidentifiable decomposition products were observed via 1H-NMR.  
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Scheme 4.7 shows various efforts at obtaining the 1:1 pincer-to-nickel complex. 

Similarly, complicated 1H-NMR spectra indicates mixed and unidentifiable by products. 

 

 

Scheme 4.6: The synthetic attempts of the monomeric Ru-pincer complex with various 

conditions.  

 

Scheme 4.7: The synthetic attempts of the monomeric Ni-pincer complex with various 

conditions. 

Our next approach to obtain the target molecule is to utilize 1,3-dimesitylimidazolidinium 

chloride (IMes.HCl) as co-ligand precursor. We anticipated that the sterically demanding N-
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substituent mesityl could increase the steric-crowding around the metal center and thus prevent 

the second pincer from binding to the metal. Dimesitylimidazole-2-ylidene was isolated 

according to published work in 98% yield (Scheme 4.8).52 The mesityl carbene (IMes) was 

allowed to react with the metal halide (FeBr2 and CoCl2) to generate presumably halide-bridged 

metal mesityl [(IMes)MX2]2 (M = Fe, Co and X = Br, Cl).53-54 Upon further reaction with the 

carbene-pincer (3), the corresponding mesityl-imidazolium salt and [M(NHCMe-pyOMe-

NHCMe)2]
2+ complexes were isolation instead of the desired product [(IMes)M(NHCMe-pyOMe-

NHCMe)X]+ (Scheme 4.9). Published work by Matsumoto and Kawata showed that only 31-48% 

yield of the dimeric Co analogue were isolated which then further transform to monomeric form 

upon addition to pyridine (Figure 4.8).53, 55 Thus, the failed attempts might be due to the poor 

formation of the dimeric [(IMes)MX2]2 intermediate generated in situ. 

 

 

Scheme 4.8: The synthesis of dimesityleimidazole-2-ylidene (IMes).  

 



223 

 

 

Scheme 4.9: The synthetic attempts to obtain the monomeric Co-pincer complex with co-ligand 

IMes.  

 

Figure 4.8: Structure of dimeric Co(II) halide of bulky NHC where Ar = 2, 6-diisopropylphenyl 

(left) and the formation of the monomeric complex upon addition of pyridine (right). The 

structure is adapted from Matsubara et al.53  

As a result, our final attempt to utilized the less bulky substituents of the carbene-pincer 

and co-ligand was to isolate the monomeric-metal precursor from its dimeric form [(IMes)MX2]2 

starting with cobalt (Scheme 4.10). [CoCl2(py)2]n was synthesized via published work with some 

modification by refluxing CoCl2 anhydrous with dried pyridine (distilled over CaH2) to obtain a 

blue-purple solid which was characterized by NMR, MS, and XRD (Figure S4.20 to S4.22).56 

The isolated [CoCl2(py)2]n was allowed to react with the mesityl carbene to generate presumably 

the desired monomeric form [(IMes)Cl2Co(py)] which was characterized by UV-visible 
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spectrum (Figure S4.23) and melting point. The electronic spectra of the monomeric Co-

precursor was taken in toluene which the three absorption bands at  = 576, 623, and 654 nm 

were assigned to d-d transitions. The unsymmetrical structure of this monomeric complex along 

with the possible spin-orbit coupling give rise to the three separated bans observed in the UV-vis 

spectrum.55 The melting point analysis was performed under N2(g) using a sealed glass pipette 

where the melting temperatures ranged from 220–240 oC and appeared to be a decomposition 

temperature. The [(IMes)Cl2Co(py)] was subsequently allow to react with carbene-pincer (3) in 

THF, however the desired molecule was not obtained and again the bis-pincer complex was still 

the dominant product (Scheme 4.11). 

.       

 

Scheme 4.10: Synthesis of [(IMes)Cl2Copy] where [CoCl2(py)2]n was synthesized via published 

procedure reported by Gill et al.56 
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Scheme 4.11: Synthesis attempted to obtain the [(IMes)Co(NHCMe-pyOMe-NHCMe)Cl]+ lead to 

the isolation of [Co(NHCMe-pyOMe-NHCMe)2]
2+.  

The challenge of pursuing the one-to-one complexes can be explained by the low steric 

demands of the carbene terminal N-methyl in our pincer system.57-59 Based on these result, our 

group has shifted directions by concentrating on designing a series of high sterically demanding 

N-substituted carbenes including mesityl and other bulky aryl group. This project is recently just 

started by two new graduate students in the group, Chance Boudreaux and Sanjit Das.  

4.3 Conclusion 

In summary, a new pincer ligand with two NHC rings bound to a pyridinol derived ring 

was successfully synthesized. The resulting NHCMe-pyOMe-NHCMe complex of ruthenium(II), 

iron(II) and cobalt(III) exhibited low to excellent activity toward photocatalytic reduction of CO2 

to CO.  

For iron and cobalt 2:1 complexes of low catalytic activity, any catalytic activity of 

saturated metal complexes is rare and thus the mechanism is of fundamental interest. We 

extended this work by attempting to improve the catalytic turnover by synthesis the one pincer to 

one metal complexes with iron and cobalt. Unfortunately, the one-to-one ratio of the ligand and 

the metals using this particular pincer with less bulky N-substituent proved to be unsuccessful. 



226 

 

However, we are optimistic that this problem can be solved by utilizing a high sterically 

demanding N-substituent of the NHC ring.  

With ruthenium, the 1:1 complex readily results even without steric bulk. This complex is 

highly active for photocatalytic CO2 reduction to form CO, and we aim to publish these results 

shortly.  

4.4 Experimental Sections 

4.4.1 General Procedure  

All ligand and metal complex synthetises were performed under nitrogen atmosphere in a 

glove box or by utilizing standard Schlenk line techniques with oven dried glassware. 1H-, and 

13C-NMR spectra were acquired at room temperature on a Bruker AV360 360 MHz or AV500 

500 MHz spectrometer, as designated, and referenced to the solvent. Mass spectrometric data 

were collected on a Waters AutoSpec-Ultima NT spectrometer with electron ionization method. 

Elemental analyses were performed by NuMega Resonance Labs, Inc., San Diego, CA. Cyclic 

voltammetry experiments were conducted in a 0.1 M solution of Bu4NPF6 in acetonitrile 

(MeCN) with a glassy carbon working electrode, a Pt counter electrode and a Ag/AgCl reference 

electrode on a CHI760C Potentiostat. The redox potentials are calibrated to Fc/Fc+ and reported 

vs. SCE. Irradiation for photocatalytic experiments were performed with a 150W Sciencetech 

SF-150C Small Collimated Beam Solar Simulator equipped with an AM1.5 filter. Headspace 

analysis was performed using a gastight syringe with stopcock and Agilent 7890B Gas 

Chromatograph (column, Agilent PorapakQ 6 ft, 1/8 OD). Quantitation of CO and CH4 were 

made using an FID detector, while H2 was quantified using a TCD detector (all calibrated using 

standards purchased from BuyCalGas.com).  
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4.4.2 Materials 

Dry solvents were obtained via the Glass Contour Solvent System built by Pure Process 

Technology, LLC. All reagents were used as purchased and degassed under vacuum as needed.  

4.4.3 Synthesis of 2,6-difluoro-4-methoxy pyridine 

NaH (1.295 g, 53.96 mmol, 0.96 eq) was loaded into an oven dried RB flask in the 

glovebox. About 50 mL anhydrous MeOH was added in the glovebox, stoppered with a septum 

with the flask valve open and the glovebox purge running let the reaction stir until bubbling 

ceased. On the Schlenk line, an oven dried addition funnel was evacuated (with a stand-in RB 

attached on the addition end). An oven dried RB was stoppered with a septum, evacuated, and 

loaded with 2,4,6-trifluoropyridine (5 mL, 56.32 mmol, 1 equiv.) and 10 mL anhydrous MeOH 

(sure-seal bottle) via syringe and needle for both. This pyridine solution was transferred to the 

addition funnel via syringe, and the funnel was placed under N2 atmosphere. The freshly prepare 

NaOMe solution prepared in the glovebox was transferred to the Schlenk line and with positive 

N2 flow the addition funnel was connected to the Schlenk flask. The pyridine solution was added 

dropwise with stirring. Once all pyridine was added, the solution was left to stir for 3 hours. 

After 3 hours, the MeOH was removed under reduced pressure (roto-evaporator) to give a 

solid/oil mixture. To this flask was added 150 mL Et2O, and the mix was agitated for several 

minutes. This yellowish mixture was filtered over Celite which was washed with Et2O to give 

clear, colorless filtrate. The Et2O was removed under reduced pressure (roto-evaporator) to give 

a clear oil as the desired product (6.060 g, 41.76 mmol, 77% yield, C6H5NOF2, mw: 145.11 

g/mol). This oil was stored in the refrigerator overnight before being reacted further. 1H-NMR 

(360 MHz, CDCl3, ppm) δ 6.30 (s, 2H, CH-py), 3.89 (s, 3H, OCH3). 
19F-NMR (338.86 MHz, 

CDCl3, ppm) δ -68.156 (s, 2F, CF-py).  
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4.4.4 Synthesis of 2,6-(bis-imidazolyl)-4-methoxypyridine (ImMe-pyOMe-ImMe) 

An oven dried 500 mL Schlenk flask was loaded with NaH (2.004 g, 83.52 mmol, 2 

equiv.) in the glovebox, stoppered with adapter for SPS, taken out of glovebox, attached to SPS, 

and dispensed about 150 mL dry DMF. The reaction flask was attached to the Schlenk line and 

with a N2 purge and stirring solid imidazole (5.6868 g, 83.53 mmol, 2 equiv.) was added using a 

wide stem funnel to prevent the solid from sticking to the walls of the flask neck. (Note: 

excessive bubbling occurs such that the solid should not be added all at once at risk of bubbling 

out.) The reaction flask was stoppered with a rubber septum and allowed to stir open the N2 line 

until all bubbling ceased and a clear solution remained. While stirring, the pyridine solution was 

prepared by directly using the collection RB flask from the previous reaction. This RB with 2,6-

difluoro-4-methoxypyridine (6.060 g, 41.76 mmol, 1 equiv.) was sealed with a rubber septum, 

evacuated, and added 50 mL dry DMF via cannula from the SPS. The resulting pyridine solution 

was added via cannula to the freshly prepared Na(Im) solution with stirring. A N2 purged 

Vigreux condenser was attached with a N2 purge on the flask, and the reaction flask was warmed 

to 70 °C by oil bath. The mixture was stirred under N2 at this temperature overnight to result in a 

cloudy, yellow tinted mixture. An aliquot of the reaction mixture was taken to dryness and 1H-

NMR (minor impurity peaks) and 19F-NMR (no organic F’s) in CDCl3 to show that the reaction 

had run to completion. The reaction mixture was removed from heat. To the DMF mixture was 

added 150 mL DI H2O. The compound was extracted with CHCl3 (70 mL x 3). The aqueous 

layer was noted to be pH ~10, so acetic acid was added to bring the pH to about 7 and extracted a 

last time with 80 mL CHCl3. The chloroform portions were combined and washed with brine, 

dried over MgSO4, filtered, and solvent removed under reduced pressure (roto-evaporator). The 

product was collected as a white solid (5.614 g, 23.27 mmol, 56% yield, C12H11N5O, mw: 

241.258 g/mol). Note for suggested improvement: start with less DMF, remove some or most of 
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the DMF before extraction; the product is water soluble and low yield is likely due to staying in 

the aqueous phase. When isolated this powder is not very soluble in CDCl3. 
1H-NMR (360 MHz, 

CDCl3, ppm) δ 8.34 (s, 2H, CH-Im (N-CH-N)), 7.61 (d, 2H, CH-Im), 7.21 (d, 2H, CH-Im), 6.75 

(s, 2H, CH-py), 4.01 (s, 3H, OCH3). 
1H-NMR (360 MHz, DMSO-D6, ppm) δ 8.74 (s, 2H, CH-Im 

(N-CH-N)), 8.13 (d, 2H, CH-Im), 7.35 (s, 2H, CH-py), 7.13 (d, 2H, CH-Im), 4.02 (s, 3H, OCH3). 

19F-NMR is blank. EI-MS: m/z= 241.1(Im-pyOMe-Im) = (M). HRMS: m/z= 241.0955 (M), 

242.9859 (M+H). 

4.4.5 Synthesis of (ImMe-pyOMe-ImMe)(2X) (X =  -I, -OTf) 

An oven dried RB flask was loaded with (Im-pyOMe-Im) (1.0093 g, 4.18 mmol, 1 equiv.), 

stoppered with a rubber septum, evacuated, and had added about 20 mL dry DMF from SPS 

transferred via cannula. The flask was put under N2 on the Schlenk line via a needle through the 

septum. This suspension was stirred vigorously until most of solid dissolved then MeI (2 mL, 

32.1 mmol, 7.7 equiv.) was added via syringe and needle. The reaction mixture was stirred 

overnight open to N2. The resulting mixture was a pale yellow tinted suspension. The solid 

product was collected by suction filtration using a Büchner funnel and filter paper, and the solid 

was washed with Et2O to yield white powdered product (0.7089 g, 1.35 mmol, 32.3% yield, 

C14H17N5OI2, mw: 525.126 g/mol). Most of the solid was too fine and passed through. The 

remaining solid was collected using a fritted funnel and suction which was washed with Et2O to 

yield slightly yellow tinted solid product (1.5310 g, “69.7% yield”). The second collection was 

found to contain ~1:1 DMF: product. 1H-NMR (360 MHz, DMSO-D6, ppm) δ 10.29 (s, 2H, CH-

Im (N-CH-N)), 8.75 (d, 2H, CH-Im), 8.05 (d, 2H, CH-Im), 7.83 (d, 2H, CH-py), 4.11 (s, 3H, 

OCH3), 4.01 (s, 6H, N-CH3). If 
1H-NMR is run using protic solvent the peak at 10.3 ppm will 
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H/D exchange and be absent. HRMS: (where (ImMe-pyOMe-ImMe)2+ = (M)) m/z= 270.1361 (M-

H), 271.1083 (M), 272.1385 (M+H). 

Synthesis for the triflate complex is analogous but with 2 equivalents of MeOTf used 

(DG136). The solvent used initially was THF and CH2Cl2 mix. Note: I would not recommend 

repeating this solvent choice since MeOTf can cause THF to ring open and polymerize. Final 

product collected as a white solid (1.8459 g, 3.24 mmol, 78% yield, C16H17N5O7F6S2, mw: 

569.48 g/mol). 

4.4.6 Synthesis of [Fe(NHCMe-pyOMe-NHCMe)2][2Br] 

An oven dried RB flask was loaded with the iodide salt of the pincer pre-ligand (ImMe-

pyOMe-ImMe)I2 (0.2994 g, 0.570 mmol, 1.9 equiv.) and taken into the glovebox. KOtBu (0.129 g, 

1.150 mmol, 3.8 equiv.) was massed and loaded into the RB flask with about 15 mL dry, FPT 

THF. This suspension was stirred about 2 hours. The suspension color should change from 

yellow to brown/orange. An oven dried Schlenk flask was taken into the glovebox and loaded 

with FeBr2 (0.066 g, 0.306 mmol, 1 equiv.) and 10 mL dry, FPT THF and stirred to dissolve. The 

pincer solution was filtered over Celite with suction into the iron solution with stirring. A pale 

solid (KI) was collected on the Celite and was washed with THF until the filtrate runs colorless. 

The resulting reaction mixture was stirred overnight. By morning an orange/red solid suspension 

had formed which was collected by suction filtration with a fine frit. This solid was washed with 

Et2O and dried on the frit with vacuum. The orange/red solid product was collected (0.180 g, 

0.239 mmol, 83.7 % yield, C28H30N10O2FeBr2, mw: 754.27 g/mol). Some finer solid passed 

through the frit to the filtrate which was layered with Et2O to achieve more precipitation. This 

solid can also be collected by suction filtration with a fine frit to yield product. 1H-NMR (360 

MHz, CD3CN, ppm) δ 8.05 (s, 2H, CH-Im), 7.43 (s, 2H, CH-py), 6.98 (s, 2H, CH-Im), 4.11 (s, 

3H, OCH3), 2.57 (s, 6H, N-CH3). EI-MS (where [M] is [C28H30N10O2Fe]): m/z= 297.1 [M]2+. 



231 

 

4.4.7 Synthesis of [Co(NHCMe-pyOMe-NHCMe)2][BF4]n (n = 2 or 3) 

Synthesis of this complex is analogous to the Fe(II) complex except for the use of 

[Co(MeCN)6](BF4)2 (0.139 g, 0.290 mmol, 1 equiv) as the metal source. The pink Co(II) solution 

immediately turns to a mossy green suspension with the filtration of the ligand solution to the 

metal solution. After stirring overnight, the mossy green solid was collected on a fine frit by 

suction filtration leaving a golden yellow filtrate. The solid was dried under vacuum and 

collected (0.146 g, Co2+: 65.3% or Co3+: 58.7% yield, C28H30N10O2CoB2F8, mw: 771.17 g/mol 

for Co(II) and C28H30N10O2CoB3F12, mw: 857.98 g/mol for Co(III)). The filtrate was taken to 

dryness to give an insignificant amount of yellow residue. CV data suggests the oxidation state 

of Co is actually Co(III). The 1HNMR spectrum, although the signals are broadened, agrees that 

the complex is likely diamagnetic, and MS confirms that the cation complex is 1 Co: 2 pincers. 

The counter ion is only assumed to be BF4
- but is not confirmed. Note: this low yield for this 

reaction is likely due to incomplete deprotonation of the imidazolium preligand as the color 

change was noted to be tan/brown instead of darker brown black. 1H-NMR (360 MHz, CD3CN, 

ppm) δ 8.10 (s, 2H), 7.58 (s, 2H), 7.21 (s, 2H), 4.22 (s, 3H), 2.81 (s, 6H). 19F-NMR (338.86 

MHz, CD3CN, ppm) δ -150.04 (s, BF4). EI-MS (where [M] = [C28H30N10O2Co]) m/z= 199.0 

[M]3+, 342.1 ([M]+BF4)
2+, 596.0 [M-H]+, 771.1 ([M]+(BF4)2)

+. 

4.4.8 Synthesis of [RuCl(NHCMe-pyOMe-NHCMe)(CH3CN)2][OTf] 

An oven dried schlenk flask was loaded with the triflate salt pincer precursor (ImMe-

pyOMe-ImMe)(OTf)2 (0.0500g, 0.0879 mmol, 1equiv.), Cs2CO3 (0.0573g, 0.175 mmol, 2equiv), 

and [(p-cym)RuCl2]2 (0.0270g, 0.0439 mmol, 0.5 equiv.). The flask was evacuated 3 times and 

9.0 mL of dry CH3CN (from SPS) was added via syringe to get an orange and slightly cloudy. 

Under positive N2(g), a reflux condenser was attached and the reaction mixture was heated at 60 
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C. After 2 hours of heating, the flask was cooled to room temperature and the reaction was 

continued to stir at this temperature under inert atmosphere. After 12 hours, a cloudy yellow-

brown solution was observed and upon filtration, dark-orange filtrate was obtained. This filtrate 

was concentrated to dryness by rotary evaporator yielding crude product (0.058g, 0.0911mmol). 

Small yellow crystal (0.007 g, 0.0110 mmol, 12.5%) was obtained by slow cooling of the 

concentrated crude solution. 1H-NMR (500 MHz, CD3CN, RT, ppm) δ 7.94 (d, 2H, CH-Im), 7.31 

(d, 2H, CH-Im), 7.14 (s, 2H, CH-py), 4.14 (s, 6H, N-CH3), 4.03 (s, 3H, OCH3), 2.57 (s, 3H, 

CH3CN-Ru), 1.89 (s, 3H, CH3CN-Ru). MALDI-M: m/z 406 [Ru(CNC)Cl]+, 639.4 

[Ru(CNC)2]
2+, 789.3 [Ru(CNC)2]+OTf, 625 [Ru(CNC)2]

2+-CH3-2H.  

4.4.9 Synthesis of [Ag(NHCMe-pyOMe-NHCMe])2][2OTf] 

An oven dried round bottom flask was loaded with the triflate salt pincer precursor 

(ImMe-pyOMe-ImMe)(OTf)2 (0.1002g, 0.1756 mmol, 1equiv.), Ag2O (0.081g, 0.3512 mmol, 2 

equiv.), stir bar, and 7 mL of CH3CN in Glove box and sealed with rubber septum. The flask was 

covered with aluminum foil, brought out from the Glove box, and stir under N2(g) at room 

temperature. After 12 hours of vigorous stirring, 1 mL of KOtBu (0.020g, 0.1756 mmol, 1 

equiv.) in THF was slowly added into the black slurry solution then continued to stir for another 

12 hours without the present of light. Excess Ag2O was removed by suction filtration over celite, 

which the clear pale-brown filtrate was concentrated to dryness by rotary evaporator. The 

resulting residue was further dried under high vacuum overnight to yield light-brown solid 

identified as the desired crude product (0.104g, 0.0990 mmol, 56%). 1H-NMR (500 MHz, 

CD3CN, RT, ppm) δ 7.82 (s, 2H, CH-Im), 7.26 (s, 4H, CH-Im and CH-py, see NOE experiment 

Figure S18), 4.09 (s, 3H, OCH3), 3.35 (s, 6H, N-CH3). EI-MS: m/z 376.0 [(C14H15N5O)Ag], 

903.0 [(C14H15N5O)Ag]2(CF3SO3). 
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4.9.10 Procedure for photocatalytic reduction of CO2 to CO 

A solution mixture of BIH (0.005g, 0.02 mmol), CH3CN (6 mL), catalyst (0.2 mL of a 1 

mM in CH3CN solution), and Ir(ppy)3 solution (0.2 mL of 1 mM in CH3CN) were loaded into a 

17 mL flask. The solution was then vigorously bubbled for at least 15 minutes, until the total 

volume reached 1.9 mL. At that time, degassed trimethylamine (0.1 mL) was added to the sealed 

flask via syringe. The sample were then irradiated with a solar simulator (150 W Xe lamp, 

AM1.5 filter).  
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4.6 Spectra and Supporting Information 

Characterization of 2,6-difluoro,4-methoxy pyridine 

 

 

Figure S4.1: 1H-NMR (360 MHz) of 2,6-difluoro,4-methoxy pyridine in CDCl3. 

 

Figure S4.2: 19F-NMR (360 MHz) of 2,6-difluoro,4-methoxy pyridine in CDCl3. 
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Characterization of ImMe-pyOMe-ImMe 

 

Figure S4.3: 1H-NMR (360 MHz) of ImMe-pyOMe-ImMe in DMSO-d6. 

 

Figure S4.4: ESI-MS (EI+) of ImMe-pyOMe-ImMe . 
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Characterization of [ImMe-pyOMe-ImMe][2I] 

 

 

Figure S4.5: 1H-NMR (360 MHz) of [ImMe-pyOMe-ImMe][2I] in DMSO-d6. 

 

Figure S4.6: ESI-MS (EI+) of [ImMe-pyOMe-ImMe][2I] . 
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Characterization of [ImMe-pyOMe-ImMe][(OTf)2] 

 

 

Figure S4.7: 1H-NMR (360 MHz) of [ImMe-pyOMe-ImMe][2OTf] in DMSO-d6. 
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Characterization of [Fe(ImMe-pyOMe-ImOMe)2][2Br] 

 

Figure S4.8: 1H-NMR (360 MHz) of [Fe(NHCMe-pyOMe-NHCMe)2][2Br] in CD3CN. 

 

Figure S4.9: EI-MS of [Fe(NHCMe-pyOMe-NHCMe)2]Br2 shows 2 ligand:1 Fe ratio. 
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 Non-aqueous CV was performed in the glovebox (under N2 atmosphere) in MeCN, with 

0.1 M Bu4NPF6 electrolyte, glassy carbon working electrode, Pt counter electrode, and Ag wire 

calibrated with Fc0/+ reference electrode. 1.0 mM solution of [Fe(NHCMe-pyOMe-NHCMe)2]Br2 

was found to not be concentrated enough, so solid was added to the stirring solution in the cell to 

make an unknown higher concentrated solution. 

 

 

Figure S4.10: Cyclic voltammetry of [Fe(NHCMe-pyOMe-NHCMe)2][2Br] scanning from -2.0 V to 

1.5V. 
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Characterization of [Co(ImMe-pyOMe-ImOMe)2][3(BF4)] 

 

Figure S4.11: 1H-NMR (360 MHz) of [Co(NHCMe-pyOMe-NHCMe)2][3BF4] in CD3CN. 

 

Figure S4.12: 19F-NMR (360 MHz) of [Co(NHCMe-pyOMe-NHCMe)2][3BF4] in CD3CN 
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Figure S4.13: EI-MS of [Co(NHCMe-pyOMe-NHCMe)2][3(BF4)] showing mass evidence for Co3+. 

Non-aqueous CV was performed in the glovebox (under N2 atmosphere) in MeCN, with 

0.1 M Bu4NPF6 electrolyte, glassy carbon working electrode, Pt counter electrode, and Ag wire 

calibrated with Fc0/+ reference electrode. 3.6 mM (31 mg in 10 mL) of [Co(NHCMe-pyOMe-

NHCMe)2](BF4)3 was adequate concentration for study. The open circuit resting potential was 

found to be ~5 mV, which is on the oxidized side of the quasi-reversible Co2+/3+ redox event seen 

at ~-664 mV, further lending to the evidence that the complex is Co3+. 
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Figure S4.14: Cyclic voltammetry of [Co(NHCMe-pyOMe-NHCMe)2][3BF4] scanning in various 

window between -2V to +2V (Top), and with multiple scan rate from -1 to 0 (bottome).  
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Characterization of [RuCl(ImMe-pyOMe-ImOMe)(CH3CN)2][(OTf)] 

 

 

Figure S4.15: 1H-NMR (125.73 MHz) of [RuCl(NHCMe-pyOMe-NHCMe)(CH3CN)2][OTf] in 

CD3CN 
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Figure S4.16: MALDI-MS of [RuCl(NHCMe-pyOMe-NHCMe)(CH3CN)2][OTf], top and bottom.  
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Characterization of [Ag(ImMe-pyOMe-ImMe)2][2(OTf)] 

 

 

 

Figure S4.17: 1H-NMR (125.73 MHz) of [Ag(NHCMe-pyOMe-NHCMe)]2[2OTf] in CD3CN. 

NOE experiment was performed to further confirm that the proton of the NHC back bone 

b is overlapped with the proton on the pyridine ring. When the peak at 7.26 ppm is irradiated, 

both peak of the N-Me and O-Me present which indicate that the peak at 7.26 ppm is belong to 

both the outer proton of NHC (b) and proton on the pyridine ring (d). Additionally, since the 

peak at 7.82 ppm also present upon irradiation of 7.26 ppm, it indicates that 7.82 is the inner 

NHC back bone proton.   
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Figure S4.18: 1H-NMR (125.73 MHz) (red) and the Nuclear Overhauser Effect (NOE) 

experiment (blue) of [Ag(NHCMe-pyOMe-NHCMe)]2[2OTf] in CD3CN.  

 

 

Figure S4.19: ESI-MS of [Ag(NHCMe-pyOMe-NHCMe)]2[2OTf].  
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Characterization of [CoCl2(py)2]n 

 

 

Figure S4.20: 1H-NMR (125.73 MHz) of [CoCl2(py)2]n in CDCl3. 

 

 

Figure S4.21: MALDI-MS of [CoCl2(py)2]n.  
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Figure S4.22: Preliminary XRD structure of [CoCl2(py)2]n. This structure is not fully refined 

since it has already been published.56  
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Characterization of [(IMes)PyCoCl2] 

 

 

Figure S4.23: UV-vis spectra of [(IMes)PyCoCl2] taken in toluene.  
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PART II 

BIOMIMETIC RELEVANT TO CARBONIC ANHYDRASE AND COPPER NITRITE 

REDUCTASE WITH TRIS(TRIAZOLYL)HYDROBORATE LIGANDS.  

 

CHAPTER 5 

INTRODUCTION  

“Biomimetic chemistry” is a term coined in 19721 by Ronald Breslow of Columbia 

University and it is one of the most important branch in chemistry field.1-4 This term is defined as 

“imitating the reaction process inspired by enzymes or protein in order to improve the power of 

organic chemistry”.3-4 The imitation of nature can be done by modelling and synthesizing smaller 

molecules that are structurally resemble the target enzymes or proteins.5 These small molecules 

are generally easier to handle and study than a much larger biomolecules.6 The synthetic 

analogue of the biological system along with the advanced technology have allowed scientists to 

understand biological process at the molecular level. When these techniques are paired with 

biological studies, this enables scientists to elucidate structural and functional information of 

several classes of enzymes and proteins. This information has led to an understanding of how 

important intermolecular forces, for example hydrogen bonding7-9 influence a biomolecule’s 

reactivity. As a result, numbers of effective catalysts have been extensively developed.10-15   

This part of the dissertation will focus on enzyme mimics that utilize scorpionate ligands 

with different amount of steric bulk (Figure 5.1). All of the tridentate ligand described in this part 

of the dissertation can be called scorpionates, a term coined by Swiatovslaw Trofimenko.16   
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Figure 5.1: Different steric bulk of Tris(triazole)hydroborate ligands.  

Tris(3-R-5-R’-1,2-pyrazolyl)hydroborate (TpR,R’) ligands (Figure 5.2b) are well-known 

and were first developed by Trofimenko.  TpR,R’ ligands have an ubiquitous present in literature 

with more than 2000 papers published.17-24 On the other hand, Tris(3-R-5-R’-1,2,4-

triazolyl)hydroborate (TtzR,R’) ligands (Figure 5.1 and 5.2a) have received significantly less 

attention than TpR,R’ ligands over the years.  

TtzR,R’ ligand (Figure 5.1 and 5.2a) is structurally analogous to the TpR,R’ ligand (Figure 

5.2b) in its ability to coordinate to a metal through three nitrogen atoms. However, they are 

significantly different in terms of the binding modes available and their electronic properties.25 

Ttz contains an extra nitrogen at the fourth position of the triazole ring that can bind to additional 

metal or an acidic hydrogen thereby creating a ditopic ligand with two unique binding sites 

(Figure 5.2). As a result, Ttz has the ability to create mononuclear or polynuclear complexes and 

coordination polymers with fundamentally different topologies than seen in Tp complexes.25 The 

exodentate nitrogen atoms (Figure 5.2) also create significant electronic differences. For 

example, Ttz is usually a weaker electron donor than the analogous Tp ligand.26 This can lead to 

significant reactivity differences if the chemistry is sensitive to these electronic alterations. 

Therefore, Ttz can play an important role in forming biomimetic structures and allowing studies 

of catalytic processes.  
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In addition to binding mode, steric bulk also plays an important role in the chemistry of 

Ttz ligands and can allow for the formation of structures resembling enzyme active sites. Figure 

5.1 displays three different Ttz ligands of varying relative steric bulk developed by Papish et al.  

namely Tris(3-phenyl-5-methyl-1,2,4-triazolyl)borate (TtzPh,Me) (small), Tris(3,5-diisopropyl, 

1,2,4-triazolyl)borate (TtziPr, iPr) (medium), and Tris(3-tBu-5-methyl, 1,2,4-triazolyl)borate (TtztBu, 

Me) (large). The small steric bulk TtzPh,Me ligand (Figure 5.1, left) has a tendency to form octahedral 

complexes which further enhanced with the divalent first row metals, specifically manganese 

through zinc. Regardless of the metal to ligand ratio used or the present of co-ligands, the 

stoichiometry of the major metal complex observed is always 1:2 metal-to-ligand.27-30  

The intermediate steric bulk TtziPr,iPr ligand (Figure 5.1, center) was developed by former 

graduate student Natalie Dixon, and has shown to have the ability to prevent the formation of 

bis(ligand) complexes. This medium steric bulk ligand can be significant for chemistry that is 

sensitive to steric effect of the ligand which will be discussed further in chapter 6.31  

The large steric bulk TtztBu,Me ligand (Figure 5.1, right) supports four and five coordinate 

complexes. Relative to other Ttz ligands, the steric bulk of TtztBu,Me serves to prevent the formation 

of coordination polymers and homoleptic bis ligand complexes.26, 32-35  
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Figure 5.2: An illustration of binding modes of Ttz (a) and Tp (b).  

Chapter 6 will discuss about the steric influence of Ttz toward the synthesis of 

biomimetic zinc complexes relevant to Carbonic Anhydrase (CA) for CO2 activation. Chapter 7 

will focus on the investigation of electrochemical behavior of Ttz Cu(II) complexes and how that 

relates to biomimetic studies relevant to Copper Nitrite Reductase (CuNiR).  
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CHAPTER 6  

SYNTHESIS OF BIOMIMETIC ZINC COMPLEXES FOR CO2 ACTIVATION AND THE 

INFLUENCE OF STERIC CHANGE IN THE Ttz LIGANDS [Ttz = Tris(triazolyl)borate] 

 

(Adapted with permission from Siek, S., and Papish, E.T. Synthesis of biomimetic zinc complexes 

for CO2 activation and the influence of steric change in the Ttz ligands [Ttz = 

Tris(triazolyl)borate]. European Journal of Inorganic Chemistry. 2016; 15-16:2495-2507. 

Copyright 2016, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim) 

6.1 Introduction  

Carbonic anhydrase (CA) performs the hydration of CO2 and is responsible for 

transporting CO2 through the blood stream in respiration. CA also helps to control the pH of 

blood by its buffering influence, as shown in Equation (1).1, 2 The active site of CA (Scheme 6.1, 

a) has a zinc(II) ion bound by three histidine residues and one hydroxide (or water) ligand in a 

predominantly hydrophobic pocket with nearby channels lined with hydrogen bonding groups 

for delivery of water to the active site.1 Thus near the active site there are both hydrophobic and 

hydrophilic regions. In the literature, most ligands for enzyme modeling utilize hydrophobic 

ligands, and very few ligands are capable of water solubility and modeling hydrophilic 

environments.3-7 

 



 261 

 

Scheme 6.1: (a) The active site of CA. (b) Diagram of the Ttz ligand class with numbering 

scheme. (c) Diagram of the Tp ligand class with numbering scheme. Substituents are commonly 

placed in the 3 and 5 positions in both Ttz and Tp ligands and are shown as superscripts [e.g. 

TtztBu,Me is tris(3-tert-butyl-5-methyl-1,2,4-triazolyl)borate]. 

 

Our work on zinc chemistry has been a long-term effort to model the active site in CA 

more effectively through the use of water-soluble ligands. We postulated that any enzyme that 

uses water in its reaction chemistry (such as CA) could be better modeled by incorporating 

ligands that promote water-solubility. Tris(triazolyl)borate (Ttz) complexes have improved 

water-solubility8, 9 relative to the more commonly used (in enzyme modeling) 

tris(pyrazolyl)borate (Tp) complexes (Scheme 6.1, b and c).10, 11 Ttz ligands typically bind to a 

metal center via endodentate binding (shown in red, Scheme 6.1, b). Additionally, Ttz metal 

complexes can bind protons12 or another metal ion13 via the exodentate nitrogen atoms in 

position four (in blue, Scheme 6.1, b). These exodentate binding sites enhance water solubility 

by accepting hydrogen bonds from water.9, 14 Exodentate protonation of the Ttz ligand [in 

(TtzR,R′)CuCO complexes] has been demonstrated to modulate the donor properties,12 and can 

change the metal binding modes (in zinc complexes).13 Thus, the CA enzyme seemed especially 

promising for modeling with tris(triazolyl)borate ligands (Ttz) because remote protonation sites 

(in blue Scheme 6.1, b)12 can allow for protonation triggered product release (and catalyst 

turnover).15 
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Despite these goals, the synthesis of (Ttz)Zn(OH) complexes for CO2 activation has been 

challenging and this target has been elusive until recently.13, 16 We have used three different Ttz 

ligands of varying relative steric profile: TtzPh,Me (small),8, 17 TtziPr2 (medium),12 and TtztBu,Me 

(large)9 (wherein the superscripts indicate the three and five position substituents on the triazole 

rings). A numbering scheme for the compounds described herein is presented in Table 6.1. In 

modeling CA, we have found that the steric bulk of the Ttz ligand is critical for reproducing 

geometric features of the active site. With a small steric profile in the ligand (TtzPh,Me), unwanted 

bis(ligand) zinc complexes were formed.17 A large steric profile in the ligand (TtztBu,Me) led to 

unreactive zinc complexes, except under forcing conditions which often led to decomposition.13 

Additionally, pronounced reactivity differences between tris(pyrazolyl)borate (Tp) and Ttz zinc 

complexes are described herein that are due to modest changes in electron donor ability12, 18 due 

to adding one N atom to each ring. Thus it is important to have a ligand of just the “right size” 

and of the right electronic properties. This work demonstrates that carbon dioxide activation can 

be achieved with a ligand of intermediate steric bulk, namely TtziPr2. 

 

Table 6.1: The complexes described in this work are organized by ligand type and a numbering 

scheme is presented. SP denotes side products. Complexes 1, 2a, and 2b are the focus of this 

work due to their use as CA models and are numbered first. The complexes 3,19 4,16 5,13 11,8 and 

1217 have been reported previously, but are used herein as synthons or for structural comparison. 
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6.2 Results 

6.2.1 Synthesis of (L)ZnOH with TtztBu,Me 

 

In the tris(pyrazolyl)borate (Tp) literature, (Tp)ZnOH complexes are made by two routes: 

1) treatment of Zn(ClO4)2·6H2O with KTp to form the proposed water bound complex20 which is 

in situ treated with base21, 22 and 2) treatment of TpZnLG (LG = leaving group = OAc, NO3, Cl, 

or Br) with hydroxide23 (Scheme 6.2). In our experience with bulky Ttz ligands, these routes 

have not produced (Ttz)ZnOH complexes. 

 

Scheme 6.2: The application of synthetic routes that are known in the literature to form TpZnOH 

leads to different results when applied to the formation of biomimetic Ttz zinc complexes. 

However, zinc hydroxide complexes of Ttz can be achieved in some cases. In this Scheme M = 

Na, K, NMe4 and L = Tp or Ttz of varied steric bulk (this work focuses on L = TtztBu,Me, TtziPr2, 

TtzPh,Me). 

 

For example, when (TtztBu,Me)ZnCl (3)19 is treated with NaOH (aq) in CH3CN, the 

isolated organic ligand containing product is (TtztBu,Me)NaOH2 (by undergraduate student 

Brittany Rowe) (SP-1, SP denotes side products) (Figure 6.1). This product has been 

characterized by 1H and 13C-NMR spectra, IR, and X-ray crystallography (Figure S6.1 and 6.2).  
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Figure 6.1: Products of the reactions shown in Scheme 6.2 with L = TtztBu,Me, (TtztBu,Me)NaOH2 

(SP-1)with solvent molecules omitted.  

 

The kinetic of the formation of SP-1 were also studied utilizing 1H-NMR spectroscopy 

(Figure S6.3). The other byproduct in this reaction is likely Zn(OH)2 (s) since a basic precipitate 

is formed which dissolves in either strong acid or strong base {likely forming [Zn(OH)4]
2– in the 

latter case}. Thus, Zn(OH)2 is a stable byproduct which provides a driving force for this reaction. 

An initial hypothesis was that increasing the size of the counter-cation (M+ = Na+) provided with 

the base may prevent formation of [M]+[Ttz]– complexes. Thus route 2 was attempted with both 

KOH and [NMe4]OH·5H2O as hydroxide sources. However, the evidence (1H, 13CNMR, and IR 

spectra) shows that the Ttz ligand containing product is [K][TtztBu,Me] or [NMe4][TtztBu,Me] (by 

undergraduate student Kristen Kehl) (Figure 6.2), thus formation of zinc hydroxide byproducts 

still determines the course of this chemistry. In support, we were able to obtain a crystal structure 

of [NMe4][TtztBu,Me] (SP-2) as the ·3H2O and 1CH2Cl2 solvate (Figure S6.4).  
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Figure 6.2: Products of the reactions shown in Scheme 2 with L = TtztBu,Me, [NMe4][TtztBu,Me] 

(SP-2) with solvent molecules omitted.  

The alternate route (route 1 in Scheme 6.2) uses Zn(ClO4)2·6H2O as the zinc source. This 

route was attempted with KTtztBu,Me and three separate bases (NaOH, KOH and 

[NMe4]OH·5H2O). With NaOH we again form (TtztBu,Me)NaOH2 (SP-1) as characterized 

spectroscopically. None of these efforts led to formation of (TtztBu,Me)ZnOH (1) as described in 

the Spectra and Supporting Information section.  

In our previous work with L = TtzPh,Me (by former post doc Kumar Mukesh), both routes 

shown in Scheme 6.2 have been attempted with more effort directed towards route 1. Instead of 

formation of (TtzPh,Me)ZnOH, the treatment of K(TtzPh,Me) with Zn(ClO4)2·6H2O followed by 

NaOH leads to the isolation of Zn(TtzPh,Me)2 (12) as the product.13,17 

The above experiments have led us to conclude that the Ttz ligands are bound less 

strongly to zinc than the Tp ligands. It also appears that strong bases, like hydroxide, should be 

avoided in the synthesis of (TtztBu,Me)ZnOH. The use of a Ttz zinc complex with a readily 

hydrolysable ligand appeared to be a promising route to (TtztBu,Me)ZnOH (1). Attempts to 

hydrolyse zinc alkyls, including (TtztBu,Me)ZnEt (4), yielded products other than 1 and are 

described in the Spectra and Supporting Information section and in our paper.13 

However, with a change in approach, the hydrolysis route is feasible (Scheme 6.3). The 

protonated Ttz ligand [H(TtztBu,Me) = 5] was used as a synthon and was made in 90 % yield from 
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K[TtztBu,Me] and HCl in ether. H(TtztBu,Me) reacts readily with Zn[N(SiMe3)2]2 to produce what is 

tentatively assigned to be (TtztBu,Me)Zn[N(SiMe3)2] (6) based on 1H-NMR and MS data. It is 

possible that this molecule has the Ttz κ3- or κ2-bound, as the latter would relieve steric 

congestion at the metal center and permit further reactivity. 1H-NMR spectra of the crude 

material are inconclusive with respect to Ttz hapticity and we have used this material in situ as 

purification attempts led to decomposition. Attempts to recrystallize this zinc amide complex 

yielded (TtztBu,Me)ZnOH (1) (Figure 6.3, Table 6.2), which was formed from hydrolysis of the Zn 

amide bond in the presence of adventitious moisture (single crystal of 1 was obtained by Kumar 

Mukesh).  

 

Scheme 6.3: Successful route to (TtztBu,Me)ZnOH (1) via Zn amide (6). Zn amide structure is 

tentatively assigned as κ3 or κ2. 

 

Figure 6.3: Molecular diagram of (TtztBu,Me)ZnOH (1), thermal ellipsoids (shown at 30 % 

probability) (left) and space-filling (right). Color code, Zn: purple, O: red, N: blue, B: pink, C: 

black and the hydroxyl hydrogen is shown in white. 
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Table 6.2: Selected bond lengths [Å] and bond angles [°] for (TtztBu,Me)ZnOH (1), (TtziPr2)ZnCl 

(7), [(TtziPr2)Zn(μ-CO3)Zn(TtziPr2)] (2b) and (TtziPr2)Cu(μ-OH)2Cu(TtziPr2) (9). Average values 

are reported in grey for bonds and angles that are relatively similar. 

 

This crystal structure for 1 can best be compared with the CA active site and other 

models. The geometry at the zinc ion in 1 is distorted tetrahedral with Zn–O 1.900(2) Å and Zn–

N average = 2.052(2) Å. The chelating Ttz ligand leads to large N–Zn–O angles and smaller N–
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Zn–N angles (τ4 = 0.78; τ4 is a geometry index where 1 is tetrahedral and 0 is square planar),24 as 

is typically seen with such chelates.9, 20 The structure of 1 is similar to (TptBu,Me)ZnOH with Zn–

O 1.850(8) Å and Zn–Navg 2.052(5) Å.21 The distances observed for 1 are similar to the Zn–O/N 

distances in CA determined by EXAFS recently (1.90 and 2.01 Å, respectively).25 The original 

structure of CA showed the (His)3Zn(OH2) protonation state26, 27 and is thus not the best point of 

comparison. However, a more recent structure at pH 10.0 should represent predominantly 

(His)3Zn(OH) [based upon pKa(Zn–OH2) = 6.9] and shows a Zn–O distance of 1.98 Å.28 This 

distance agrees with the computationally predicted values for (His)3ZnOH in CA showing Zn–O 

1.96 Å and Zn–N 2.1 Å.29 Similarly, angles computed for (His)3ZnOH in CA are 98–118°,29 and 

they are in agreement with angles in 1 that are ca. 92° and ca. 124°. Detailed studies of CA28 and 

its mutants30, 31 have shown that threonine-199 can hydrogen bond to the Zn bound OH2/OH and 

may serve to lengthen the Zn–O bond. Steric crowding around the zinc in 1 and a lack of co-

crystallized solvent molecules results in weak CH···(OH)Zn hydrogen bonds. These distances 

are 2.504(2) Å (O1···H15B) with a C–H bond in a neighboring molecule's methyl group and 

2.542(2) Å (O1···H14C) with a C–H bond in the same molecule's tert-butyl group (Figure 

S6.33). The upper limit for a hydrogen bonding interaction of this sort (C–H···O–) is 2.57 Å.32 

These interactions may hinder rotation about the Zn–O bond in the crystal phase. 

 Complex 1 has been treated with CO2 several times to attempt to isolate a carbonate 

complex. Complex 1 reacts readily with CO2 in the presence of water (as monitored by in situ IR 

spectroscopy) to form a species with vibrations at 1607 and 1717 cm–1 (which are consistent with 

C=O bonds in a zinc carbonate complex), but effort to isolate and further characterize this 

complex have been unsuccessful. We believe the product of the reaction of 1 with CO2 

decomposes (see Spectra and Supporting Information section for further detail).  
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Thus we have explored many different unique routes to synthesize (TtztBu,Me)ZnOH (1) 

starting from (TtztBu,Me)ZnCl (3), (TtztBu,Me)ZnEt (4), (TtztBu,Me)Zn[N(SiMe3)2] (6), or 

Zn(OH2)6·2ClO4 and KTtztBu,Me. Identifying only one successful route has revealed important 

differences between Tp and Ttz ligands. Ttz ligands seem to either readily coordinate with or 

form salts with mono-cationic ions, and the H+ salt of Ttz is quite stable. While we have found a 

multistep route to (TtztBu,Me)ZnOH, our studies suggest that (TtztBu,Me)ZnOH is a sensitive 

molecule. These results suggest the use of other ligands, perhaps of intermediate steric bulk, that 

can promote a more efficient route to (TtzR1,R2)ZnOH or its products. We now know this strategy 

works, as the use of TtziPr2 has successfully led to the isolation of zinc complexes that readily 

activate CO2 (vide infra). 

6.2.2 Synthesis of Zinc Hydroxide and Zinc Carbonate Complexes of TtziPr2 

The methods shown in Scheme 6.2 were next applied to a ligand of intermediate steric 

bulk, namely TtziPr2. This work was first initiated by former graduate student in our group, 

Natalie Dixon, and the ligand and its Cu(I) complexes were reported in 2013.12 (TtziPr2)ZnCl (7) 

was prepared in 56 % yield by a salt metathesis approach by combining KTtziPr2 with excess 

ZnCl2 (1:2 mol ratio) in methanol. After filtration in dichloromethane, (TtziPr2)ZnCl crystallized 

from hexane and dichloromethane into a monoclinic crystal system (Figure 6.4, Table 56.2). The 

zinc-center is in a distorted tetrahedral geometry with τ4 = 0.78.24 The structure is solvent free 

and is structurally very similar to (TpiPr2)ZnCl with nearly equivalent bond lengths, angles and 

dihedral angles.33 Bond lengths in 7 are similar to those in (TtztBu,Me)ZnCl,19 but slightly 

contracted (by ca. 0.02 Å) as reflects the lesser steric profile of TtziPr2. Similar to our studies with 

TtztBu,Me, the treatment of (TtziPr2)ZnCl (7) with NaOH (Route 2 in Scheme 6.2) led to formation 
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of [Na][TtziPr2] (SP-3) (from 1H-NMR and MS evidence), rather than the desired (TtziPr2)ZnOH 

complex. 

 

Figure 6.4: Molecular diagram of TtziPr2ZnCl (7), hydrogen atoms are omitted for clarity. 

Ellipsoids are shown at 30 % probability. 

(TtziPr2)ZnEt (8) was also synthesized as a starting material for hydrolysis reactions 

aimed at forming (TtziPr2)ZnOH or similar. (TtziPr2)ZnEt was made in 48 % yield from Tl(TtziPr2) 

and Zn(Et)2 using established procedures13, 16 (see experimental section). Again, as seen with 

TtztBu,Me, hydrolysis of (TtziPr2)ZnEt by water mixed with various organic solvents (CH2Cl2 and 

tetrahydrofuran were each tried) did not yield (TtziPr2)ZnOH but rather gave an intractable 

mixture of products. 

In contrast, Route 1 in Scheme 6.2 is successful with TtziPr2. KTtziPr2 was treated with 1) 

Zn(ClO4)2·6H2O in methanol, 2) KOH, and upon purification a zinc hydroxide complex, 

(TtziPr2)ZnOH (2a) was isolated and characterized by 1H-NMR, IR and MS experiments. The 

LIFDI MS studies suggest that the product is a monomer based upon m/z = 550.3156 with the 

expected isotopic pattern {cf. 550.3162 calculated for [(TtziPr2)ZnOH]·+}. The O–H stretch in the 
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IR (broad peak at 3544 to 3360 cm–1) for 2a is broad and weak [cf. (TpiPr2)ZnOH exhibits vOH = 

3668 cm–1].34 The characterization data for 2a required air free sample preparation and storage. 

Upon recrystallization of (TtziPr2)ZnOH (2a) from methanol in air the resulting crystalline 

product was the carbonate complex, [(TtziPr2)Zn(μ-CO3)Zn(TtziPr2)]·2MeOH (2b·2MeOH) 

(Figure 6.5). Thus, two equivalents of 2a goes to form 2b with water as a by-product 

(Scheme 6.4). The 1H- and 13C-NMR spectra, FAB-MS, and elemental analysis further support 

the structure and composition of 2b·2MeOH. Complex 2b·2MeOH crystallized as large plates in 

24 % yield (yield is calculated from KTtziPr2 starting material).  

 

Figure 6.5: Molecular diagram of [(TtziPr2)Zn(μ-CO3)Zn(TtziPr2)] (2b). Hydrogen atoms and 2 

methanol solvent molecules are omitted for clarity. Top shows entire molecule, and the bottom 

shows a view with isopropyl group omitted for clarity. Ellipsoids are shown at 30 % probability. 
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Scheme 6.4: Synthesis of the zinc hydroxide (2a) and zinc carbonate (2b) complexes. Two 

equivalents of 2a react with CO2 to eliminate water and form one equivalent of 2b. 

Note that while the crystal structure of 2b shows different zinc sites (vide infra), the 1H-

NMR shows only one type of zinc ion. To probe whether the inequivalent Zn ions in 2b undergo 

an exchange process in solution that is faster than the NMR time scale, a variable temperature 

NMR study of 2b was carried out in CD3OD (Figure 6.6). At high temperature, the exchange 

between the inequivalent Zn ions are faster than the NMR time scale which resulted in only one 

type of Zn ion observed. As the temperature is decreased, the peaks began to broaden and 

coalesce at 242K (Figure 6.6b, 6.6c) then peak separation was observed. We expect that the 

peaks would be further separated and clearer at a lower temperature. Unfortunately, our NMR 

spectrometer cannot be cooled below 197 K and at 175.6 K the solvent would freeze. Therefore, 

the variable temperature 1H-NMR experiment confirmed that 2b undergoes an exchange process 

in solution, and coalescence can be observed at low temperature. 
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Figure 6.6: Variable temperature 1H-NMR experiment of 2b in CD3OD in which the lowest 

temperature is at 197 K (a). The coalescence temperature of 2b is observed at 242 K at the CH-

iPr region (b) and CH3-iPr region (c).  
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The structure of 2b·2MeOH is further confirmed by IR spectroscopy that shows a broad, 

weak band at 1566 cm–1 in dichloromethane that could be assigned to bridging carbonate 

(Figure 6.7, a).34 This peak shifts to higher energy (a broad peak is centered at ca. 1650 cm–1) 

and becomes more pronounced upon the addition of water to a sample of 2b in dichloromethane 

(Figure 6.7, b). It seems likely that hydrogen bonding to the carbonate group perturbs these vCO 

values. 

 

Figure 6.7: (a) IR spectra of 2b are shown as monitored by ReactIR in dichloromethane 

solution. The triazole ring mode at 1499 cm–1 is constant in all spectra. Initial spectra in dry 

dichloromethane show a broad shoulder at 1566 cm–1 that represents the C=O groups of the 

carbonate. Upon addition of water, this peak shifts to form a broad peak centered at ca. 1650 cm–

1 (spanning from 1713 to 1599 cm–1). (b) The three-dimensional view of these ReactIR spectra of 

2b are shown [under the same conditions as in (a)], with time on the right hand axis. 

It appears that 2a reacted with CO2 from the air to form 2b. Attempts to crystallize 2a 

under nitrogen were unsuccessful. We have reproduced the synthesis of 2b from 2a in air several 

times, and each effort has led to identical spectra and consistent unit cell parameters for the 
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isolated crystals of 2b (described below). The fact that this reaction proceeded despite air being 

only 0.035 % CO2 suggests that the reaction is favorable. This synthesis of 2b is reproducible but 

irreversible; efforts to remove CO2 from 2b under vacuum in the presence or absence of water 

led to no change in 2b as monitored by IR and other methods. Thus 2a models some aspects of 

the chemical reactivity of CA, but it does not turnover. We monitored the reaction of 2a with 

CO2 to form 2b in dichloromethane solution by transient IR spectroscopy (using a ReactIR 

spectrophotometer). Dichloromethane was chosen due to a lack of vibrations in the region of 

interest, but initially bubbling CO2 into solution resulted in only slight spectral changes for 2a as 

a shoulder at ca. 1560 cm–1 grew in (Figure 6.8). The addition of a few drops of water led to 

more significant spectral changes that mark the conversion of 2a to 2b over one hour 

(Figure 6.8). The effect of water on the reaction may be due to three possible factors. (1) Water 

may cause a change in structure for 2a to enhance reactivity, (2) water may increase the 

solubility of CO2 in solution, or (3) water enhances the spectral features for 2b and so the 

production of 2b is more readily apparent. Item (3) is certainly true from Figure 6.7, but (1) and 

(2) may also contribute. It is clear from comparing Figures 6.7 and 6.8 that the product formed in 

situ from 2a and CO2 in the presence of water is clearly 2b, the zinc carbonate complex. We 

obtained unit cell data for crystals grown after this experiment, and confirmed that the unit cell 

matched that obtained above for 2b·2MeOH. Despite a difference in the solvents used, the 

molecular unit cell parameters are still the same with these crystals obtained from water and 

dichloromethane, perhaps because the volume occupied by solvent is small in each case. 
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Figure 6.8: (a) IR spectra of 2a are shown as monitored by ReactIR in dichloromethane solution 

after the introduction of CO2 and water. The triazole ring mode at 1499 cm–1 is constant in all 

spectra. Addition of CO2 leads to slight spectral changes in a shoulder at ca. 1560 cm–1. The 

spectra change more significantly after both CO2 and water are present. The peak that appears at 

1611 cm–1 represents the C=O groups of the carbonate from in situ formed 2b (spanning from 

1704 to 1594 cm–1). (b) The three-dimensional view of these ReactIR spectra tracking the 

conversion of 2a to 2b are shown [under the same conditions as in (a)], with time on the right 

hand axis. 

The crystal structure of 2b·2MeOH shows that Zn1 is five coordinate and Zn2 is four 

coordinate, and CO3
2– exhibits asymmetry with bidentate and unidentate binding to the zinc ions. 

Around Zn1 the tau (τ5) parameter, which measures distortion along the trigonal bipyramidal 

(tbp) to square pyramidal (sp) continuum,35 is τ5 = 0.43 and shows that Zn1 is between tbp and 

sp. The Zn1–O1 interaction is elongated, at 2.281(3) Å. Zn2 is a tetrahedral site with τ4 = 0.77.24 

Thus it appears that the size of isopropyl groups (in TtziPr2) is right for both synthetic reasons and 

for promoting biomimetic reactivity with CO2. Upon inspecting the structure of 2b, it becomes 



 278 

apparent that nearly all of the iPr groups are rotated such that the CH bond faces the zinc 

carbonate cluster, and the methyl groups point away from the cluster. This is especially true 

around the more crowded five-coordinate Zn1 ion. This suggests a potential reason for the lack 

of stability for zinc hydroxide complexes of TtztBu,Me. Our difficulty in isolating the 

[(TtztBu,Me)ZnOH] complex (1) suggests that it is of marginal stability and the synthetic 

difficulties stem from a combination of steric crowding and weak binding to Zn. These problems 

are avoided with TtziPr2. 

Complex 2b shows structural and spectroscopic similarities to Tp complexes of zinc 

carbonate. The structure of 2b is very similar to the [((TpiPr2)Zn)2(μ-η1-η2-OCO2)] complex 

described by Kitajima et al.23 It does contrast with the unidentate binding of carbonate as seen 

with bulkier ligands in [((TptBu,Me)Zn)2(μ-η1-η1-OCO2)].
34, 36, 37 Similarly, both hydrogen 

carbonate and carbonate zinc complexes have been crystallographically characterized by Parkin 

et al. using TptBu,Me and the tetradentate tripodal tris(2-pyridylthio)methyl [Tptm] ligand.38 Our 

structure for 2b·2MeOH resembles the asymmetric [((Tptm)Zn)2(μ-η1-η2-OCO2)] crystal 

structure, and interestingly Parkin et al. observed that the symmetric isomer was also 

crystallographically characterized thus illustrating that the two isomers can sometimes be close 

in energy to each other.38 The IR stretching frequencies for 2b are similar to the values observed 

for [((TptBu,Me)Zn)2(μ-η1-η1-OCO2)] (vCO = 1675 cm–1) and [((TpiPr2)Zn)2(μ-η1-η2-OCO2)] (vCO = 

1530 cm–1).34 

6.2.3 Analogous Copper Complexes of TtziPr2 

A common technique in bioinorganic chemistry is to substitute the diamagnetic d10 Zn-

center with a more spectroscopically active metal-center. Thus complex 9, the copper analog of 

(TtziPr2)ZnOH (2a), may prove useful. [(TtziPr2)Cu(μ-OH)2Cu(TtziPr2)] (9) was synthesized from 
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the reaction of [(TtziPr2CuCl)2] (10) with water and hydroxide (initial experiment were performed 

by Natalie Dixon). Complex 9 was then recrystallized from dichloromethane layered with 

hexanes to give blue crystals that were examined by X-ray crystallography (Figure 6.9, 

Table 6.2). This structure shows that TtziPr2 can support a M2(μ-OH)2 diamond core. 

 

Figure 6.9: Molecular diagram of [(TtziPr2)Cu(μ-OH)2Cu(TtziPr2)] (9). Other than in the bridging 

hydroxyl ligands, hydrogen atoms are omitted for clarity. Top shows entire molecule, and the 

bottom shows a view of just the first coordination sphere with the triazole rings omitted for 

clarity. Ellipsoids are shown at 30 % probability. 

Each Cu-center of complex (9) crystallized into a square-pyramidal geometry (τ5 = 

0.0092) bridged by two hydroxide ligands. The solid-state structure is similar to the analogous 

[(TpiPr2)Cu(μ-OH)2Cu(TpiPr2)] dimer.23 Bond lengths around the copper ions (Table 6.2) and the 

coordination geometry are generally very similar in both complexes, with the exception of one 

apical Cu–N distance in the Tp analog that is considerably longer at 2.64 Å [cf. apical Cu–N 

2.328(2) Å in 9]. In both the Tp and Ttz complexes, this apical distance reflects a tetragonal 

distortion that is quite common for CuII (cf. Cu–N/Cu–O distances are ca. 1.94–2.04 Å in the 
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plane). It does appear that 9 has a Cu2O2 diamond core that is more puckered relative to the Tp 

analog, with O–Cu–O angles that are smaller [74.9(1)° for 9 vs. 79.4°] and Cu–O–Cu angles that 

are larger 105.2(1)° for 9 vs. 98.5°. 

Complex 9 was further characterized by MS, IR and UV/Vis spectroscopic techniques 

(see Spectra and Supporting Information section). From the IR spectra, the B–H and O–H 

stretching modes were observed at 2537 cm–1 and 3344 cm–1, respectively; values of 2527 cm–1 

and 3645 cm–1, respectively, were reported for [(TpiPr2)Cu(μ-OH)2Cu(TpiPr2)].23 UV/Vis spectra 

showed a charge-transfer band at λ = 329 nm (ϵ = 1429.8 M–1 cm–1) and a weak LMCT band at λ 

= 676 nm. The latter value is shifted from that seen in the Cu-substituted CA enzyme, which has 

a monomeric copper site (λ = 750 nm).37, 39 

As observed for 2b, here again the isopropyl groups in 9 are all rotated such that the CH 

points toward the metal center, and the methyl groups are oriented away. This further suggests 

that less bulky ligands are needed for isolation of bimetallic Ttz complexes. However, complex 9 

appears to react more slowly with ambient CO2 (than 2a) given its stability and the ease of 

isolating this complex in the presence of air. 

Notably, [(TtziPr2CuCl)2] (10) (Figure 5-10) is dimeric unlike the monomeric structure of 

(TtziPr2)ZnCl (7); this reflects coordination number preferences and crystal field effects that favor 

tetragonal (Jahn Teller) elongation in copper(II) complexes [manifested in the apical N1–Cu 

distance of 2.243(4) Å vs. in plane Cu–N distances of 2.007(4) Å in 10]. Complex 10 has a 

square pyramidal CuII ion with τ5 = 0.073; this geometry is similar to 9, its hydroxy analog. The 

magnetic properties of 10 were also investigated. A small magnetic susceptibility (μeff) of 0.137 

μB was measured by the Evans 1H-NMR method at T = 298 K.40, 41 This complex is EPR silent 

and we presume that the unpaired spin density at T = 77 K is too small to give a detectable EPR 
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signal. It appears that the ground state of 10 involves antiferromagnetic coupling of the two CuII 

ions to give a diamagnetic ground state but at room temperature there is population of an excited 

state that has unpaired electron spin density. 

 

Figure 6.10: Molecular diagram of [(TtziPr2)Cu(μ-Cl)2Cu(TtziPr2)]·CH2Cl2·H2O (10). Hydrogen 

atoms and solvent molecules are omitted for clarity. Top shows entire molecule, and the bottom 

shows a view of just the first coordination sphere with the triazole rings omitted for clarity. 

Ellipsoids are shown at 30 % probability. 

6.3 Discussion 

6.3.1 Analysis of Steric Factor of TtzPh,Me, TtztBu,Me, TtziPr2 of Zinc Complexes 

Since sterics appear to play a large role in the synthesis of complexes suitable for CO2 

activation, we undertook an analysis of how much the steric shielding at the metal changes for 

various Ttz complexes. Computational methods were developed in 2006 for finding the steric G 

values for organometallic and coordination complexes, and we have used these methods to 

calculate steric parameters for our complexes (Table 6.3). This software is currently available for 

free on the internet.42, 43 The G(L) value is the percentage of the metal coordination sphere that is 

blocked by the ligand(s). It is visualized by placing a light source at the metal center, 
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surrounding the entire complex by a sphere, and computing what portion of the spherical surface 

would be shaded by the ligands. The portion of the sphere that is shaded is expressed as a 

percentage for each ligand, giving G(L) values. Gsum(all ligands) is the sum of all G(L) values, 

and it can be above 100 % if two ligands overlap and both block the metal center, and generally 

this occurs in relatively crowded complexes. G(complex) represents the portion of the sphere that 

is shaded by any ligand, and thus it is between 0 and 100 %.42, 43 

 

 

Table 6.3: Solid angle steric parameters from crystallography for various Ttz zinc complexes. a 

Equivalent cone angle [Ω], or solid angle, as reported in Solid G software,42, 43 this is not the 

same as Tolman's cone angle44 and it is usually smaller. b References are in this work (TtziPr2), 

Gardner et al. (TtzPh,Me),8 and Bongiovanni et al. (TtztBu,Me).19 c This work.  d Oseback et al.17 

The values in Table 6.3, when taken as a whole, indicate that steric bulk decreases in this 

order TtztBu,Me (G = 68–72 %) > TtziPr2 (G = 59–64 %) > TtzPh,Me (G = 55–64 %). Notably, 

TtzPh,Me is sterically quite flexible, based upon the variable twist angle of the phenyl ring relative 
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to the triazole ring. This twist angle is nearly coplanar (13–14°) for [(TtzPh,Me)2Zn] allowing 

phenyl rings to interdigitate in the six-coordinate complex [G(TtzPh,Me) = 55 %],17 but the twist 

angle is 42–52° in the less crowded four-coordinate (TtzPh,Me)ZnCl complex (11) [G(TtzPh,Me) = 

64 %].8 Basically, the TtzPh,Me ligands spread out when coordination geometry permits. The 

ability of TtzPh,Me to act a small ligand and interdigitate phenyl rings favors the formation of 

[(TtzPh,Me)2Zn] (12) in attempts to make (TtzPh,Me)ZnOH.17 The steric differences between the 

ligands are best visualized by comparing a space-filling diagram of 1, 3, 7 and 11 as shown in 

Figure 6.11. This Figure clearly shows that the TtztBu,Me ligand (in 1 and 3) causes the most steric 

crowding around the zinc ion. The steric bulk is less in 7 and 11 with TtziPr2 and TtzPh,Me, 

respectively, and clearly these ligands are shaped differently with 11 having space between the 

phenyl rings. 

 

Figure 6.11: A comparison of the space-filling diagrams for 1 (top left), 3 (top right),19 7 

(bottom left) and 11 (bottom right)8 looking down the (OH)–Zn or Cl–Zn bond. Complex 1 

contains some disordered atoms in one triazole ring as shown in the bottom left. The ability to 

clearly see the triazole nitrogens (in blue) in 7 and 11 reflects the decreased steric bulk. Color 

code, H: white, C: grey, N: blue, O: red, B: pink, Zn is not visible as it behind the anion (OH– or 

Cl–). 
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The G values for the carbonate ligand in 2b are 34 % (for η2-CO3) and 31 % (for η1-CO3). 

TtziPr2 is also flexible (like TtzPh,Me) and the angle of rotation can dictate the steric bulk at the 

metal center [G(TtziPr2) = 59 and 64 % for Zn1 and Zn2, respectively, which bind carbonate η2 

and η1, respectively]. A zinc carbonate complex with TtztBu,Me should be feasible based upon 

steric arguments. TtztBu,Me is sterically similar to TptBu,Me, and {[(TptBu,Me)Zn]2(μ-η1-η1-OCO2)}
34, 

36, 37 has been structurally characterized. Our best model for the steric environment of such a zinc 

carbonate complex is [(TtztBu,Me)Zn(OAc)], which shows a bidentate acetate, with one strong 

Zn–O bond and a weak Zn–O interaction.9 Thus, TtztBu,Me is not a strict tetrahedral enforcer. 

Therefore given steric similarities between TtztBu,Me and TptBu,Me, the cause of the 

differences in reactivity between Tp and analogous Ttz complexes is electronic. The CO stretch 

is well established in the literature as measuring electronic differences in N donor ligands which 

influence the extent of metal d to CO π* back-bonding. Ttz is a weaker electronic donor than Tp, 

as illustrated best by our studies of [(TtzR,R′)Cu(CO)] complexes.12, 18 The difference in 

electronics results in a greater tendency for Ttz to bind to +1 metal cations and protons,13 and in 

some cases this binding occurs at the four position nitrogen (Scheme 6.1, b).15 The differences 

between different classes of Ttz complexes are best explained by sterics, and within the Ttz 

ligand class only TtziPr2 has allowed facile synthesis of a zinc hydroxide (2a) and a zinc 

carbonate complex (2b). Since the CO stretch values of [(TtztBu,Me)Cu(CO)] and 

[(TtziPr2)Cu(CO)] are similar (difference: 4 cm–1),12 we must attribute reactivity differences in the 

synthesis of 1 (vs. 2a) to sterics. The steric features of TtziPr2 may permit easier endodentate 

access to the metal center and furthermore the iPr group at the fifth position may inhibit the 

binding of H+/MI exodentate at the fourth position nitrogen atom. 
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6.4 Conclusion 

This work has illustrated the key differences between Tp and Ttz complexes. While 

(TpPh,Me)ZnOH is readily isolated by the routes shown in Scheme 6.2, with relatively small steric 

bulk from TtzPh,Me these routes lead to the formation of bis(ligand) complexes, (TtzPh,Me)2M.13, 17 

This reflects the tendency of Ttz to favor formation of complexes with slightly higher 

coordination numbers15 and the fact that TtzPh,Me is sterically flexible. With bulky Ttz ligands, 

the tendency has been to form M(TtztBu,Me) (M = Na, K, NMe4) complexes by the routes in 

Scheme 6.2. This illustrates a preference for Ttz to bind to MI ions, in many cases. Other efforts 

have shown that the reaction of (TtztBu,Me)ZnEt was sluggish except under forcing conditions 

which led to side products.13, 19 However, (TtztBu,Me)ZnOH (1) was isolated by a route that 

avoided MI ions, strong Lewis acids, and the use of hydroxide. The synthetic efforts described 

herein highlight the fact that electronic differences between TptBu,Me and TtztBu,Me led to 

substantial reactivity differences. 

Despite these challenges, we have had success in CO2 activation by using a ligand of 

intermediate steric bulk, namely TtziPr2. This ligand prevents the formation of bis(ligand) 

complexes. It also appears that, largely due to steric factors, the synthesis and isolation of 

(TtziPr2)ZnOH (2a) has been feasible and reproducible. Complex 2a reacts readily with carbon 

dioxide in the air to yield [(TtziPr2)Zn(μ-CO3)Zn(TtziPr2)] (2b) in a reproducible and scalable 

synthetic route. Thus Ttz complexes are useful for biomimetic reactivity. Our future studies will 

explore the mechanism of CO2 hydration and further CO2 reactivity as catalyzed by TtziPr2 zinc 

complexes. The water solubility of the Ttz complexes can allow for mechanistic studies of CO2 

hydration under biomimetic aqueous conditions. This information could lead to a more 

hydrophilic representation of the CA catalytic cycle. 
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6.5 Experimental Sections 

6.5.1 General Methods 

Preparation of KTtziPr2, TlTtziPr2, 3, 4, 11, and 12 were prepared according to their 

literature procedures.8,12,16,17,19 All solvents were dried using an MBraun solvent purification 

system with alumina columns or were freshly distilled from CaH2 using standard methods. NMR 

spectra were recorded using either a 300 MHz (Varian Unity Inova) or a 500 MHz (Bruker) 

NMR spectrophotometer. EPR spectra were recorded at 77 K on a Bruker X-band EMX 

Spectrometer at the University of Michigan. Magnetic susceptibility (μeff) was recorded on a 360 

MHz Bruker NMR spectrophotometer using the Evans method.40,41 IR spectra were recorded on 

a Jasco FT-IR-4100 or a Perkin–Elmer Spectrum One Fourier-transform IR absorption 

spectrophotometer. IR kinetics were monitored in solution with a Mettler Toledo ReactIR 

Instrument equipped with a SiComp probe for solution phase studies. High-resolution mass 

spectrometry was performed on VG70SE double focusing, triple quadruple mass spectrometer 

equipped with CI ionization capability. Elemental analyses were performed by Robertson 

Microlit Laboratories and Atlantic Microlab, Inc. 

6.5.2 Synthesis of (TtztBu,Me)NaOH2 (SP-1) 

Made by Route 2 in Scheme 1: 

(TtztBu,Me)ZnCl1 (0.046 g, 0.087 mmol) was treated with NaOH (9 mL, 0.101 M) in 

acetonitrile (10 mL).  After 12 h, the solvent was removed and the residue was extracted with 

CH2Cl2 and filtered. This molecule was recrystallized from water for X-ray diffraction analysis 

(other solvents failed to yield crystals). The product was isolated in 47% yield (0.019 g, 0.041 

mmol). 1H-NMR (CD3CN, 400 MHz): δ 2.34 (s, 9H, Me), 1.28 (s, 27H, tBu). 13C-NMR 

(CD3CN, 100 MHz): δ 172.27 (C-tz), 158.40 (C-tz), 33.48 (CMe3 of tBu), 30.47 (Me at 5-tz), 

14.25 (C(CH3)3 of tBu). 1H, 13C-NMR spectra are shown in (Figure S6.2) and show that the 
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TtztBu,Me ligand is intact. IR (KBr pellet) (cm-1)): 3337 (O-H), 2965 (C-H), 2527 (B-H), 1653 

(C=N ring mode). The reaction was also monitored by 1H-NMR spectroscopy with different 

mole-to-mole ratios of 1:10, 1:2, and 1:1 between TtztBuMeZnCl and NaOH, and all of these 

experiments led to formation of SP-1 as the sole product. One of these experiments is shown 

below. 

Made by Route 1 in Scheme 1 as described in results and discussion: 

This procedure followed the method in the literature2 with K(TtztBu,Me) used in place of 

K(TptBu,Me). K(TtztBu,Me) was treated with 1 equiv. of [Zn(ClO4)2](H2O)6 and resulted in a 75 % 

yield of SP-1. Route 1 yielded SP-1 with 1H and 13C-NMR and IR spectra identical to SP-1 

prepared by Route 2 in Scheme 6.1 (described above).  

6.5.3 Synthesis of [NMe4][TtztBu,Me] (SP-2) as made by Route 2 in Scheme 1: 

As described in results and discussion, this molecule was recrystallized from 

dichloromethane open to air as the •3H2O and •1CH2Cl2 solvate. 1H-NMR (CDCl3, 400 MHz): δ 

3.333 (s, 12H, Me), 2.261 (s, 9H, Me), 1.337 (s, 27H, tBu). 13C-NMR (CDCl3, 100 MHz): δ 

170.41 (C-tz), 157.24 (C-tz), 32.59, 30.35, 12.92. IR (KBr pellet) (cm-1)): 3427 (O-H of 

water), 2966 (C-H), 2475 (B-H), 1503 (C=N).   

6.5.4 Synthesis of H(TtztBu.Me) 

The synthesis of H(TtztBu,Me) from (TtztBu,Me)ZnEt and NH4OH(aq.) in methanol is 

described in this reference13. Here we used a more direct route. K(TtztBu,Me) was treated with HCl 

in ether using a 1:1 molar ratio. The precipitate of KCl was separated by filtration. H(TtztBu,Me) 

was isolated in 90 % yield from the filtrate by removing the ether solvent under vacuum. It was 

found to be spectroscopically identical (by IR, 1H-NMR) to previously obtained H(TtztBu,Me)13. 
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6.5.5 Synthesis of [(TtztBu,Me)Zn(N(SiMe3)2)] 

H(TtztBu,Me) (0.054 g, 0.13 mmol) was treated with Zn[N(SiMe3)2]2 (from Aldrich, 0.0588 

g, 0.185 mmol) in tetrahydrofuran (THF) and stirred for ca. 12 h. Removal of the volatile 

components produced crude 6 (0.0598 g, 0.092 mmol, 73 % crude yield). Complex 6 was found 

to be very sensitive and prone to decomposition so it was used in situ without further purification 

or characterization. Efforts to further characterize this material by elemental analysis (off site) 

were hampered by decomposition. FAB-MS showed the presence of an ion at m/z = 580.3 

corresponding to [(TtztBu,Me)Zn(NHSiMe3) + 2H]+ and showed the expected isotopic pattern; thus 

it appears that the loss of SiMe3 occurs in the MS. 1H NMR (500 MHz, CDCl3) showed product 

peaks at δ = 2.57 (s, 9 H, Me on tz), 1.44 (s, 27 H, tBu on tz), 0.050 (s, 18 H, SiMe3), other peaks 

were also present that could be due to residual starting materials or may indicate some κ2-

TtztBu,Me is present. IR (KBr pellet): = 2960 (C–H), 2543 (B–H), 1494 (C=N ring mode), 1258, 

1195, 1064, 1023, 931, 800, 765, 660 cm–1. 

6.5.6 Synthesis of (TtztBu,Me)ZnOH 

Crude (TtztBu,Me)Zn[N(SiMe3)2] (51 mg, ca. 0.078 mmol) was treated with 77 μL of water 

in THF at room temperature. A white precipitate immediately formed upon the addition of water. 

The mixture was stirred for ca. 12 h, and then the solid was collected by filtration. 

Recrystallization from CH2Cl2 and hexanes produced (TtztBu,Me)ZnOH (27 mg, 0.053 mmol) in 

68 % yield. This procedure has been successfully done ca. 3 times but yielded X-ray quality 

crystals only once. Efforts to further characterize this material by elemental analysis (off site) 

were hampered by decomposition. 1H NMR (500 MHz, CDCl3) showed product peaks at δ = 

2.57 (s, 9 H, Me on tz), 1.46 (s, 27 H, tBu on tz), OH not observed. IR (KBr pellet): = 3421 (O–

H, broad), 2963 (C–H), 2543 (B–H), 1496 (C=N ring mode), 1259, 1197, 1064, 1014, 795, 766, 

661 cm–1. FAB-MS: m/z = 490.0 [(TtztBu,Me)Zn]+; all peaks showed the expected isotopic pattern. 
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6.5.7 Synthesis of (TtziPr2)ZnCl 

To a solution of KTtziPr2 (0.053 g, 0.10 mmol) in methanol was added ZnCl2 (0.023 g, 

0.17 mmol) in methanol. After stirring for 24 h, methanol was removed under reduced pressure. 

Recrystallization from dichloromethane and hexanes gave large, clear crystals (0.033 g, 0.058 

mmol, 56 % yield). 1H NMR (500 MHz, CDCl3): δ = 1.35, 1.33 (overlapping doublets, 36 H, Me 

of iPr), δ = 3.32 (m, 3 H, CH of iPr), δ = 3.43 (m, 3 H, CH of iPr). 13CNMR (75 MHz, CDCl3): δ 

= 21.55 (CH3-iPr), 21.95 (CH3-iPr), 26.70 (CH-iPr), 27.86 (CH-iPr), 166.59 (C-tz), 170.12 (C-

tz). IR (ATR): = 2974, 2934, 2870 (C–H, alkyl), 2547 (BH), 1495 (C=N) cm–1. CI-MS: m/z = 

568.2784 [M + H]+ (calcd. 568.279271). TtziPr2ZnCl: calcd. C 50.77, H 7.64, N 22.22; found C 

50.02, H, 7.46, N 21.68. 

6.5.8 Synthesis of (TtziPr2)ZnEt 

To a solution of TlTtziPr2 (0.0500 g, 0.0743 mmol) in dichloromethane was added 

Zn(CH2CH3)2 (0.0149 mL, 1.49 × 10–4 mol) in hexanes. After stirring for 24 h, the solution was 

filtered and the solvent was removed under reduced pressure. Recrystallization in 

dichloromethane produced a white solid (0.0200 g, 3.56 × 10–5 mol, 48 % yield). 1HNMR (500 

MHz, CDCl3): δ = 0.55 (q, 2 H, CH2 of Et), 1.29 (d, 3 H, one iPr on tz), 1.31 (d, 3 H, one iPr on 

tz), 1.425 (t, 3 H, CH3 of Et), 3.145 (m, 18 H, one iPr on tz), 3.451 (m, 18 H, one iPr on tz). 

13CNMR (75 MHz, CDCl3): δ = 13.03 (CH3-Et), 22.04 (CH3-iPr), 22.181(CH3-iPr), 26.59 (CH2-

Et), 26.71 (CH-iPr), 27.92 (CH-iPr), 13.03 (CH3-Et), 166.59 (C-tz), 169.63 (C-tz). IR (KBr 

pellet): = 2964, 2932, 2875 (C–H, alkyl), 2543 (BH), 1495 (C=N) cm–1. CI-MS: m/z = 

562.3476 [M + H]+ (calcd. 562.3495). TtziPr2ZnCH2CH3: C 55.58, H 8.62, N 22.45; found C 

54.66, H 8.24, N 21.63. 
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6.5.9 Synthesis of (TtziPr2)ZnOH 

To a solution of KTtziPr2 (0.0500 g, 0.0984 mmol) in methanol, Zn(ClO4)2·6H2O (0.0360 

g, 0.0985 mmol) in methanol was slowly added. After stirring for 1.5 h, a solution of KOH 

(0.00550 g, 9.85 × 10–5 mol) in methanol was added. After 1.5 h, the solution was filtered to 

remove KClO4 precipitate. The solution was concentrated and placed in the freezer where white 

solids formed. Recrystallization in dichloromethane (air free) produced small, white solids 

(0.042 g, 0.0765 mmol, 78 % yield). 1HNMR (500 MHz, CDCl3): δ = 1.18 (d, 36 H, CH3 of iPr), 

1.33 (d, 36 H, CH3 of iPr), 3.25 (m, 6 H, CH of iPr), 3.45 (m, 6 H, CH of iPr). 13CNMR (75 

MHz, CDCl3): δ = 21.94 (CH3-iPr), 22.01 (CH3-iPr), 26.68 (CH-iPr), 27.65 (CH-iPr), 166.35 (C-

tz), 170.12 (C-tz). IR (ATR taken in air): = 3544 to 3360 (broad and weak, μ-OH), 2974, 2931, 

2874 (C–H, alkyl), 2544 (BH), 1499 (C=N) cm–1. The Supporting Information shows an IR 

taken in a glovebox as well as the one taken in air (above peaks), and the peaks shift slightly 

under a pure N2 atmosphere. LIFDI-MS: m/z = 550.3156 (calcd. 550.3162) [TtziPr2ZnOH]+, the 

isotopic pattern fits the assignment and all major fragments have been assigned (see the 

Supporting Information). Efforts to further characterize this material by elemental analysis (off 

site) were hampered by reaction with CO2 from air. 

6.5.10 Synthesis of [((TtziPr2)Zn)2(µ-ƞ1-ƞ2-CO3)] 

A procedure analogous to that for 2a but scaled up 10 fold was performed. After removal 

of KClO4 by filtration, the solvent was removed from the filtrate and the material was dried 

under vacuum. A slow (ca. 3 weeks) recrystallization in methanol open to air resulted in clear-

large crystals of 2b·2MeOH in 24 % recrystallized yield (0.287 g, 0.242 mmol). 1HNMR (500 

MHz, C6D6): δ = 1.26 (d, 6 H, CH3 of iPr), 1.28 (d, 6 H, CH3 of iPr), 3.40 (m, 1 H, CH of iPr), 

3.68 (m, 1 H, CH of iPr). 13C NMR (125.76 MHz, C6D6): δ = 21.70 (CH3-iPr), 22.00 (CH3-iPr), 

26.69 (CH-iPr), 27.82 (CH-iPr), 166.42 (C-tz), 170.65 (C-tz), 172.09 (C-CO3). Note that we see 



 291 

greater symmetry than expected in the NMR spectra, and the variable temperature experiments 

(in the Supporting Information) suggest that this is due to an exchange process. FAB-MS: m/z = 

1124.2 [(TtziPr2Zn)2(μ-CO3)]
+, 1080.6 [(TtziPr2Zn)2O]+, 532.3 [TtziPr2Zn]+. IR (KBr pellet): = 

2973, 2932, 2872 (C–H, alkyl), 2547 (B–H), 1560 (C=O, carbonate, broad), 1497 (C=N, triazole 

ring) cm–1. C51H94N18Zn2B2O5 (2b·2MeOH, as in the crystal structure): C 51.40, H 7.97, N 

21.21; found C 51.37, H 7.57, N 21.82. 

6.5.11 Synthesis of [(TtziPr2)Cu(µ-Cl)]2 

To a solution of KTtziPr2 (0.300 g, 0.591 mmol) in methanol was added CuCl2·2H2O 

(0.151 g, 0.887 mmol) in methanol. After stirring for 48 h, methanol was removed under reduced 

pressure. Recrystallization from a dichloromethane solution layered with hexanes gave green 

crystals (0.196 g, 0.346 mmol, 59 % yield) that were analyzed by single-crystal X-ray 

diffraction. IR (ATR): = 2541 (BH) cm–1. UV/Vis (CH2Cl2): λ = 380 nm (ϵ = 1280 M–1 cm–1) 

and λ = 311 nm. EPR (CH2Cl2): inactive. μeffect = 0.137 μB (using benzene as an internal 

standard). High res. CI-MS: m/z = 567.2821 [(TtziPr2)CuCl + H]+ (calcd. 567.2797). 10·H2O: C 

50.00, H 7.69, N 21.87; found C 49.49, H 7.46, N 20.85. 

6.5.12 Synthesis of [(TtziPr2)Cu(µ-OH)]2 

Method A. Method A used [(TtziPr2)Cu(κ2-NO2)], for which the synthesis and 

characterization will be described in a future publication, but it was made in a manner similar to 

[(TtztBu,Me)Cu(NO2)].
45 To a solution of [(TtziPr2)Cu(κ2-NO2)] in dichloromethane and hexanes, 

water and base were added and led to the recrystallization of (TtziPr2Cu)2(μ-OH)2 (9) as blue 

crystals suitable for X-ray analysis. Method B. This complex was also made in a more straight-

forward manner. To a solution of 10 (0.031 g, 0.0273 mmol) in dichloromethane was added 

NaOH (0.0120 g, 0.300 mmol) in 2 mL of water. After stirring for 48 h, the solvent was removed 
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by rotary evaporation to give a blue solid in 33 % recrystallized yield for 9 (0.010 g, 0.0091 

mmol). 1HNMR (500 MHz, CDCl3): δ = 1.23 (d, 18 H, CH3 of iPr), 1.24 (d, 18 H, CH3 of iPr), 

3.282 (m, 3 H, CH of iPr), 3.426 (m, 3 H, CH of iPr). IR (ATR): = 3675(OH), 2538 (BH) cm–1. 

FAB-MS: m/z = 1098.6 [(TtziPr2CuOH)2 + 2H]+ and 530.3 [TtziPr2Cu – H]+. 

6.5.13 X-ray Crystallography 

Single crystal X-ray diffraction data for SP-1, SP-2, 1, 2b, 7, 9, and 10 were collected on 

a Bruker diffractometer equipped with a 3-circle PLATFORM goniometer and CCD camera46 

using graphite-monochromated Mo-Kα radiation with omega and phi scans. Crystals were cooled 

to 100 K (173 K for 2b) during collection under a cold nitrogen stream. Unit cell parameters 

were obtained from 36 data frames, 0.5° ω, from three different sections of the Ewald sphere. 

For each crystal a hemisphere of unique data was collected using a strategy of 0.5° scans about 

omega and phi. Data collection, unit cell determination, integration, data reduction, absorption 

correction, and scaling were performed using the Apex2 software suite from Bruker29, 47. The 

crystal under investigation for compound 1 was found to be non-merohedrically twinned. Data 

were again collected and integrated using the Apex2 software suite from Bruker. The unit cell 

was assigned using Cell Now48 and data were corrected for absorption using Twinabs.31 The 

structures were solved by direct methods and refined with full-matrix, least-squares procedures 

on F2.49 All non-hydrogen atoms were refined with anisotropic displacement parameters. 

Hydrogen atoms that were not located from the difference map were treated as idealized 

contributions with geometrically calculated positions and with Uiso equal to 1.2, or 1.5 for 

methyl, Ueq of the attached atom. Atomic scattering factors are contained in various versions of 

the SHELXTL program library.49 The CIF files have been deposited as Cambridge 

Crystallographic Data Centre. CCDC-1009571 (for SP-1), -CCDC-1009572 (for SP-2), -CCDC-
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1009573 (for 9), -CCDC-1009574 (for 7), -CCDC-1009575 (for 2b), -CCDC-1009576 (for 1), -

CCDC-1009577 (for 10) contain the supplementary crystallographic data for this paper. These 

data can be obtained free of charge from The Cambridge Crystallographic Data Centre via 

www.ccdc.cam.ac.uk/data_request/cif. Further details of the structure determinations can be 

found in the Supporting Information. 
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6.7 Spectra and Supporting Information 

 

Characterization and other studies of (TtztBu,Me)NaOH2 (SP-1)        

As made by Route 1 in Scheme 1 as described in results and discussion.  

This procedure followed the method in the literature2 with K(TtztBu,Me) used in place of 

K(TptBu,Me). K(TtztBu,Me) was treated with 1 equiv. of [Zn(ClO4)2](H2O)6 and resulted in a 75 % 

yield of SP-1. Route 1 yielded SP-1 with 1H and 13C-NMR and IR spectra identical to SP-1 

prepared by Route 2 in Scheme 6.1 (described above).  

Crystal structure discussion for SP-1.  

The structure of SP-1 (Figure S6.1) shows a four coordinate zinc ion in a distorted 

tetrahedral geometry wherein the distortion arises from the constraints of the chelate (τ4 = 0.68; 

τ4 is a geometry index where 1 is tetrahedral and 0 is square planar).3   

Figure S6.1.  Molecular diagram of TtztBu,MeNa(OH2) (SP-1) with hydrogen atoms except those 

on the aqua ligand omitted for clarity.  Ellipsoids are shown at 30% probability. 
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Figure S6.2:  Characterization of SP-1. Clockwise from top left: 1H-NMR (400MHz) in 

CD3CN, 13C-NMR (100 MHz) in CD3CN, IR (KBr pellet).  NMR key: A = CH3 of third position 

tBu on triazole, B = Me at fifth position on triazole, C = quaternary carbon on tBu, D and E are 

quaternary carbons on triazole ring. IR key: C=N marks the triazole ring vibrational mode. All 

other marked (O-H, C-H, B-H) vibrations are stretching modes. 

 

 
 

 

Kinetics of the formation of (TtztBu,Me)NaOH2 (SP-1).  

Monitoring the reaction via 1H-NMR has shown that compound  SP-1 forms quickly 

upon mixing reagents and no intermediates are observed (reaction is 50% complete after 

approximately 2 minutes with a 2:1 ratio of NaOH to (TtztBu,Me)ZnCl, see Figures S6.3a and 

S6.3b). The formation of product SP-1 occurs at various (TtztBuMe)ZnCl to NaOH ratios (1:1, 

1:10, and in between) from the NMR evidence. 
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Figure S6.3a: 1H-NMR (500 MHz, CD3CN) shows the progression of compound SP-1 

formation at the first 8 min, for the reaction of 1 equiv. of (TtztBu,Me)ZnCl to 2 equiv. NaOH. 

Note, that SM=starting material and Prod=product.  Monitoring the formation of compound SP-1 

show that SP-1 is formed very early and no intermediates are observed by 1H-NMR. The loss of 

TtztBuMeZnCl precursor occurs upon the addition of NaOH(aq). These values are shifted relative to 

Fig S6.1 due to increased water content due to adding the reactants in the acetonitrile solvent. 

 

 
 

Figure S6.3b: 1H-NMR (500 MHz, CD3CN) of compound SP-1 after 2 hr. The reaction went to 

completion. 

 

 

 
 

 

  



 300 

Characterization of [TtztBu,Me][NMe4] (SP-2) which crystallized as •3H2O and •1CH2Cl2. 

 

Figure S6.4.  Molecular diagram of [NMe4][TtztBu,Me] (SP-2) with hydrogen atoms and solvent 

molecules omitted for clarity.  Ellipsoids are shown at 30% probability. 

 

 
 

Figure S6.5:  Top: 13C-NMR in CDCl3.  Bottom: IR as KBr pellet. 
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Other Unsuccessful Attempts to Make (TtztBu,Me)ZnOH (1).  

 

Treatment of Zn(ClO4)2•6H2O with 1 equiv. K(TtztBu,Me) in methanol followed by 

treatment with 1 equiv. KOH or [NMe4]OH•5H2O does not yield compound 1. It appears that the 

ligand partially decomposes via B-N bond cleavage under these conditions (from 1H-NMR, 13C-

NMR, IR and FAB-MS data showing evidence of a 3-t-butyl-5-methyl-1,2,4-triazole zinc 

complex). Zinc (II) perchlorate is a powerful Lewis acid and has been shown to cleave B-N 

bonds in the Tp literature, similarly leading to pyrazole complexes.4 

The above experiments have led us to conclude that the Ttz ligands are bound less 

strongly to zinc than the Tp ligands. It also appears that strong bases, like hydroxide, should be 

avoided in the synthesis of (TtztBu,Me)ZnOH. Thus, we imagined that removal of halide from 

(TtztBu,Me)ZnCl in aqueous solution could result in [(TtztBu,Me)ZnOH2]
+ or (TtztBu,Me)ZnOH.  

However, treatment of (TtztBu,Me)ZnCl with Ag(SbF6) in water produced H(TtztBu,Me) as the only 

isolatable product (an insoluble material, presumably AgCl(s), was removed by filtration). Similar 

results were obtained with other silver salts (e.g. Ag(PF6) and Ag(BF4)). H(TtztBu,Me) was 

characterized as the resulting product by 1H-NMR and MS experiments. The protonated Ttz 

ligand can be made in a more straight forward fashion (and 90% yield) from K[TtztBu,Me] and 

HCl in ether (Scheme S6.1).  While these two routes constitute acidic conditions (using Lewis or 

Brønsted acids), in our prior work we have also formed H(TtztBu,Me) under basic conditions by 

treating (TtztBu,Me)ZnEt with NH4OH in water and methanol (Scheme S6.1). This route is 

reported in our recent paper,5 along with full characterization and crystallography on hydrated 

H(TtztBu,Me). The hydrogen bonding network present in H(TtztBu,Me)•H2O and the utility of this 

molecule as a synthetic starting material (see below), indicate that the chemistry of Ttz ligands 

has unique facets not available with Tp ligands. 
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Scheme S6.1.  Three unique routes to H(TtztBu,Me). 

 

 

 
 

The use of a Ttz zinc complex with a readily hydrolysable ligand appeared to be a 

promising route to (TtztBu,Me)ZnOH (Scheme S6.2). However, our prior work showed that 

(TtztBu,Me)Zn(alkyl) (alkyl = Me, Et) complexes cocrystallized with water and were unreactive, 

even after several weeks in contact with water.6  This appears to be a kinetic rather than 

thermodynamic stability, as the steric bulk around the zinc atom had made the metal 

inaccessible.  Zinc alkyls are known to react violently with water, when they are sterically 

accessible. With a smaller steric profile, our prior work also showed that (TtzPh,Me)ZnEt reacts 

with water to produce (TtzPh,Me)2Zn, and (TtzPh,Me)ZnOH is a plausible intermediate in this 

process that could undergo metathesis to give the observed product (Scheme S6.2, right).5  In 

prior studies,5 stronger acids (HCB, where CB is the conjugate base) reacted slowly with 

(TtzR,Me)ZnEt (R = tBu, Ph) complexes to give (TtzR,Me)Zn(CB) products. Many different acids 

were used,5 thus illustrating that Ttz ligands do support a wide variety of structures. Thus B-N 

bonds are generally acid stable, even for reactions occurring over several days.5  Prior studies 

showed only two cases where B-N bond cleavage products were observed yielding 3-t-butyl-5-

methyl-1,2,4-triazole: 1) treatment of (TtztBu,Me)ZnEt with HBF4 and 2) prolonged (or for shorter 
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time periods with an appropriate Lewis acid catalyst)7 heating of (TtztBu,Me)ZnEt in the presence 

of water (Scheme S6.2).5 

Scheme S6.2.  Attempted Hydrolysis of Organometallic Co-Ligands.5,7 

 

 

In many cases, the above attempts to form (TtztBu,Me)ZnOH (1) were followed by 

immediate treatment with CO2 (as dry ice), in an attempt to isolate a zinc carbonate complex that 

may be more stable than 1. These attempts were unsuccessful. 
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Characterization of (TtztBu,Me)Zn[(N(SiMe3)2] (6) (synthetic precursor to 1).   

 

Figure S6.6: Top: FAB-MS of (TtztBu,Me)Zn[(N(SiMe3)2] (6). Bottom: shows the isotopic 

pattern for m/z = 580.3 that corresponds to [(TtztBu,Me)Zn(NHSiMe3) + 2H]+ (loss of SiMe3 in the 

MS experiment). 
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Figure S6.7:  IR (KBr pellet) of (TtztBu,Me)Zn[(N(SiMe3)2] (6). 
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Characterization of (TtztBu,Me)ZnOH (1).   

 

Figure S6.8:  Top: FAB-MS for 1: m/z = 490.0 [(TtztBu,Me)Zn]+ shows loss of OH prior to 

reaching the detector.  Bottom: Shows that this peak shows the expected isotopic pattern.   
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Characterization of TtziPr2ZnCl  (7). 

 

Figure S6.9:  NMR of (7). Top: 13C-NMR (300 MHz) in CDCl3 solvent. Bottom: 1H-NMR (500 

MHz) in CDCl3 solvent. Minor impurities are grease and solvent. 
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Figure S6.10:  AT-IR of the TtziPr2ZnCl complex (7). The B-H stretch is shown at 2547 cm-1 and 

the triazole ring vibrational mode is at 1495 cm-1 
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Characterization of TtziPr2ZnEt (8). 

 

Figure S6.11: 1H-NMR (500 MHz) of (8) in CDCl3 solvent. Minor impurities are grease and 

solvent. 

 

Figure S6.12:  AT-IR spectrum of TtziPr2ZnEt (8) 
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Figure S6.13: FAB-MS of TtziPr2ZnEt (8).  
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Characterization of (TtziPr2)ZnOH (2a).   

 

Figure S6.14: 1H-NMR (360 MHz) of (TtziPr2)ZnOH (2a) in C6D6 solvent was prepared in an air 

free environment (glove box). The presence of extra peaks suggests that this compound is 

fluxional.  
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Figure S6.15:  IR-ATR spectrum of (TtziPr2)ZnOH (2a) was taken in air.  

 

 
Figure S6.16: IR-ATR of (TtziPr2)ZnOH (2a) was taken on an air free sample in the glove box. 

The B-H peak is at 2540 cm-1 and the triazole ring mode is at 1495 cm-1. 

 

 
 

 

  

BH OH 
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Figure S6.17:  Zoom in LIFDI-MS of (TtziPr2)ZnOH (2a). Care was taken to exclude air and 

moisture in both the sample preparation, shipment to University of Delaware, and in the LIFDI 

sample preparation. 
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Characterization and other studies of [(TtziPr2Zn)2(µ-η1-η2-CO3)] (2b) 

 

Figure S6.18: 1H-NMR (500 MHz) of 2b in C6D6 solvent. 

 

 
 

Figure S6.19: 13C-NMR (125.76 MHz) of  2b in C6D6 solvent.  
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Figure S6.20: IR-KBr pellet of 2b shows the carbonyl of the carbonate group at 1560 cm-1 and 

the B-H stretch of the ligand at 2547 cm-1. The triazole ring vibrational mode (C=N) is at 1497 

cm-1. 
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Reaction of 2a with CO2 as monitored by IR  

Figure S6.21. A plot of absorbance vs. time was generated to extract an approximate rate 

formation of the C=O of carbonate absorbed at 1611 cm-1. This data are collected every 2 

minutes for 90 minutes after addition of CO2 (g) and water.  

 

 

Reaction of 1 with CO2 as monitored by IR 

 

Monitoring the reaction progression of 1 and CO2 in dried CH2Cl2 using ReactIR, C=N 

stretch of the triazole ring is observed at 1506 cm-1. Upon addition of several drops of water, a 

new peak presumably belong to the C=O stretch of the carbonate was observed at 1607 cm-1. A 

peak between 1711 and 1717 cm-1 is also observed when CO2 first introduced to the system 

(Figure S6.22). At this point, we are not certain what this peak belong to, but it might 

corresponds to C=O of another [Zn-CO3] species, since it is within the general C=O region. A 

plot of absorbance vs. time to generate an approximate rate formation of C=O carbonate shown 

that the maximum absorbance of 1607 cm-1 was observed within the first 8 minutes (Figure 

S6.23). It appears that the formation of this species is fast and is followed by a slow 

decomposition event, since this peak is gradually decreased in intensity.    
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Figure S6.22. Overall spectrum of the progression reaction between 1 and CO2 in dried CH2Cl2 

shows C=N stretch of the triazole ring at 1506 cm-1 (c). New peak between 1711 and 1717 cm-1 

was observed up on addition of CO2 (b). A presumably C=O of the carbonate was observed at 

1607 cm-1 as water is introduced to the system (c).  

 

 
 

Figure S6.23. A plot of absorbance vs. time was generated to extract an approximate rate 

information of the presumably C=O of carbonate absorbed at 1607 cm-1. This data was collected 

every 2 minutes for 112 minutes after CO2 and water were introduced to the system. 
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Figure S6.24. A plot of absorbance vs. time was generated to extract an approximate rate 

formation of the peak at 1717 cm-1. All data were collected every 2 minutes for 153 minutes after 

addition of CO2 and water.  
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Characterization of [(TtziPr2)Cu(µ-OH)]2 (9) 

 

Figure S6.25: 1H-NMR (500 MHz) of complex (9) in CDCl3.    

 

Figure S6.26: IR spectrum (ATR) of complex (9). 
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Figure S6.27: CI-MS of complex (9). The inset shows the experimental isotopic pattern, which 

matches the expected isotopic pattern. 
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Characterization of  [(TtziPr2)Cu(µ-Cl)]2 (10) 

 

Figure S6.28: CI-MS of  [(TtziPr2)Cu(µ-Cl)]2 (10).  It appears that this molecule fragments to 

form the monomer under the MS experimental conditions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S6.29: IR of [(TtziPr2)Cu(µ-Cl)]2 (10).  
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Figure S6.30:   UV-Vis spectrum of  [(TtziPr2)Cu(µ-Cl)]2 (10) in dichloromethane. 

 

 
 

 

 

Figure S6.31:  Beer’s law plot of the λmax corresponding to [(TtziPr2)Cu(µ-Cl)]2 (10) at 380 nm. 
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Figure S6.32: Magnetic susceptibility of [(TtziPr2)Cu(µ-Cl)]2 (10) using Evans method. 1H-NMR 

(300 MHz) in CDCl3 solvent and benzene as an internal standard at 298 K.  
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X-Ray Crystallography on  SP-1, SP-2, 1, 2b, 7, 9, 10 

 

Table 6.1 gives the experimental details for all of the X-Ray crystallography experiments. 

In complexes SP-1 and SP-2,t-butyl groups were found to be disordered over two positions, two 

for  SP-1 with a common occupancy ratio of 0.806(3) to 0.194(3), and one for SP-2 with a 

refined site occupancy ratio of 0.843(9) to 0.157(9). The disordered methyl carbon atoms in the 

t-butyl groups were constrained to have similar 1, 2 and 1, 3 distances with similar Ueq to each 

other and to the tertiary carbon atom. Three dimensional rigid bond restraints were applied to the 

disordered t-butyl group in SP-2 and to one t-butyl group in SP-1, for which equal atomic 

displacement parameter constraints were also applied between the disordered contributions. 

Boride and water H-atoms, initially, were located from the difference map. Subsequently, found 

and assigned water molecules were treated as idealized rigid groups.  

Several alternative positions for H9 were explored to model a reasonable H-bond 

geometry on water molecule O4 in SP-1 but only the reported position converges on refinement 

without causing close intermolecular H...H distances. 

After assigning the molecular ion species and two associated water molecules from the 

difference map in SP-2, several features remained that could not be modeled as chemically 

reasonable molecules. They were treated as diffuse contributions using back-Fourier transform 

methods as implemented in Squeeze/Platon.8 The resulting void space analysis is consistent with 

eight molecules of water per unit cell which were added to the empirical formula for SP-2. 

 In the structure of compound 1 one of the tert butyl groups is disordered over two 

positions with an occupancy ratio of 0.828(5) to 0.172(5). Equivalent bond distances in the 

disordered regions as well as anisotropic displacement parameter of neighboring atoms were 
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restrained to be similar (SADI, SIMU and DELU commands). Anisotropic displacement 

parameter of C18 and C18b were constrained to be the same. 

 2b: One of the triazole substituents is disordered over two positions, induced by inversion 

of one its isopropyl groups. The disorder extends to the zinc ion. Substantially overlapping 

disordered atoms were constrained to have identical anisotropic displacement parameter. The 

two disordered units were restrained to have similar geometries and the minor triazole 

substituent was restrained to be flat. Atoms C46B, C47B and C48B were subjected to a rigid 

bond restraint. Another isopropyl group is disordered. The two disordered units were again 

restrained to have similar geometries, and the atoms minor moiety atoms were subjected to a 

rigid bond restraint. A methanol molecule is disordered across a crystallographic inversion 

center. Its atoms were refined with partial occupancy and they were subjected to a rigid bond 

restraint. Another methanol molecule was refined as disordered over two positions. The atoms of 

both moieties were restrained to have similar anisotropic displacement parameter. Subject to 

these conditions, the occupancy of the molecules at the inversion center refined to 0.495(13). 

The ratio of the disordered moieties of the other molecule refined to 0.72(2) to 0.28(2).  

 The crystal under investigation for compound 9 was found to be non-merohedrally 

twinned. The orientation matrices for the two components were identified using the program 

Cell_Now, with the two components being related by a 180o rotation around the reciprocal b 

axis. The two components were integrated using Saint, resulting in a total of 77733 reflections. 

68169 reflections (11160 unique) involved component 1 only (mean I/sigma = 12.4), 67445 

reflections (11061 unique) involved component 2 only (mean I/sigma = 2.5), 9553 reflections 

(4512 unique) involved both components (mean I/sigma = 15.0), and 11 reflections (11 unique) 

had three components mean I/sigma = 21.7). The exact twin matrix identified by the integration 
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program was found to be -0.99634 -0.01372 0.02948, -0.07221 0.99107 0.26322, -0.06105 

0.06373 -0.99290.  

 The data were corrected for absorption using twinabs, and the structure was solved using 

direct methods and refined with only the non-overlapping reflections of component one with a 

resolution better than 0.75 Å. The total number of reflections given 

(diffrn_reflns_av_R_equivalents) is before the cutoff at 0.75 Å. The Rint value given is for these 

reflections and is based on agreement between observed single and composite intensities and 

those calculated from refined unique intensities and twin fractions before the cutoff at 0.75 Å. 

 Large areas of the structure were filled with ill-defined solvate molecules (crystallization 

solvents hexanes and CH2Cl2) and no suitable structural model for these regions could be found. 

The electron density within these areas was instead corrected for using back Fourier transform 

methods (see Squeeze report appended to the cif file). The copper ion was found to be disordered 

over two chemically equivalent positions in a refined ratio of 0.9815(9) to 0.0185(9). Despite the 

low occupancy of the second site inclusion of the disorder did drop the R value by nearly half a 

percent. The minor copper ion was constrained to have the same anisotropic displacement 

parameter as the major one. Two of the isopropyl groups were found to be disordered over each 

two sites with occupancy ratios of 0.639(17) to 0.361(17) and 0.834(7) and 0.166(7). Equivalent 

C-C distances in the disordered areas were restrained to be similar and atoms C11B and C12B 

were restrained to be approximately isotropic. 

 The copper complex in structure 10 exhibits whole molecule disorder with one dominant 

and one minor orientation. The minor moiety was restrained to have a similar geometry as the 

major one, and all equivalent atoms were constrained to have identical anisotropic displacement 

parameter. Subject to these conditions, the occupancy rates refined to 0.9447(17) and 
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0.0553(17). Omission of the disorder resulted in unacceptably high residual electron densities 

around the copper and chloride ions. Solvate methylene chloride molecules were refined as 

disordered. One molecule is located close to a two-fold crystallographic axis, and one chlorine 

atom is located in alternative positions close to the two-fold axis and thus disordered with an 

alternate position for the Cl without steric clash. Their atoms were restrained to have similar 

anisotropic displacement parameter. A second methylene chloride molecule was refined as 

disordered over two alternative positions. Their overlapping C atoms were restrained to have 

similar as anisotropic displacement parameter. The disordered CH2Cl2 molecules were refined to 

have each similar geometries. Subject to these conditions, the occupancy rates refined to 

0.427(15), 0.327(15), 0.553(6) and 0.358(6)
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Table S6.1: Experimental details. Experiments were carried out with Mo Kα radiation. 
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Computer programs: Bruker SMART, Apex2 v2008.2-4 (Bruker, 2008), Apex2 v2009.7-0 (Bruker, 2009), Bruker APEX2, Apex2 v2011.2-0 (Bruker, 2011), 

Apex2 v2008.2-4, SAINT V7.66A (Bruker, 2009), Bruker SAINT, Apex2 v2011.2-0, SAINT V7.66A (Bruker, 2011), SAINT V7.66A, Bruker SHELXTL, 

SHELXTL 6.14 (Bruker, 2000-2003; Sheldrick, 2008), SHELXS97 (Sheldrick, 2008), SHELXTL 6.14 (Bruker, 2003; Sheldrick, 2008), SHELXL2014 (Sheldrick, 

2014), SHELXL2013 (Sheldrick, 2013), SHELXLE Rev645 (Hübschle et al., 2011), SHELXTL 6.14, Shelxle (Hübschle et al., 2011). 
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Figure S6.33: An image showing the C-H to O- of ZnOH hydrogen bond in 1. The hydrogen 

bonds are to a C-H bond in a different molecules and within the same molecule. The image 

shows that two of the interactions are at 2.504(2) Å and 2.542(2) Å and these are within 

hydrogen bonding distance. The third interaction shown is too long to be a hydrogen bond. 
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CHAPTER 7 

 

ELECTROCHEMICAL REDUCTION OF Ttz COPPER(II) COMPLEXES IN THE 

PRESENCE AND ABSENCE OF PROTONS: PROCESSES RELEVANT TO ENZYMATIC 

NITRITE REDUCTION.  

 

(Adapted with permission from Siek, S., Papish, E. T. Electrochemical reduction of Ttz copper(II) 

complexes in the presence and absence of protons: Processes relevant to enzymatic nitrite 

reduction. Inorganica Chimica Acta. 2017; 459, 80-86. Copyright 2017, Elsevier.B.V. All rights 

Reserved)   

7.1 Introduction 

Denitrification is a key process in the global nitrogen cycle. Denitrification removes 

bioavailable nitrogen by converting nitrate and nitrite to nitrogen gas (eq. 1).1 Copper nitrite 

reductase (CuNiR)1 catalyzes the proton coupled one electron reduction of nitrite (NO2
-) to nitric 

oxide (NO) (step 2, eq. 1 and eq. 2).2 The reduction pathway to generate nitric oxide is one 

method of anaerobic respiration in bacteria.3 Furthermore, the generation of toxic NO in vivo 

allows bacteria to avoid our immune system, and thus is relevant to human health.4  

NO3
-  NO2

-  NO  N2O  N2       (1) 

NO2
- +1e- + 2H+  NO + H2O           (2) 

Figure 7.1 illustrates the catalytic cycle of CuNiR. It is proposed that a four coordinate 

Cu(II)-aqua complex binds nitrite and then is reduced to Cu(I). The resulting Cu(I)-NO2 complex 

can further reduced nitrite to form NO upon protonation.5-6 There have been many structural and 
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functional model compounds reported that are relevant to CuNiR and other copper enzymes.7-13 

Some of these studies have elucidated the pathways for nitrite reduction and also which 

processes compete.14-16 Since this paper is focused on electrochemical behavior, we focus on 

those studies here. Studies have shown that the redox potential of metal complexes, and 

spectroscopic features, can be influenced by the donor properties of the ancillary ligands.17-21 For 

instance, Dilworth et al. reported that LCu(II)NO2 complexes supported by the weak donor 

ligand, L1 = tris-[(benzimidazol-2-yl)methyl]amine, were more readily reduced than complexes 

of a stronger donor ligand, L2 = tris-(2-aminoethyl)]amine (E1/2 = -0.027 V and -0.375 V vs. SCE 

with L1 and L2, respectively).22-24 In contrast to altering the electronic properties by synthetic 

changes, our group has demonstrated that the electron donating properties of Ttz ligand can be 

tuned by protonation at the fourth position nitrogen atom of the triazole ring (Figure 7.2, right).25 

Thus, we predicted that the Cu-center should be easier to reduce upon protonation of Ttz.  

 

 

Figure 7.1: The key steps in enzymatic nitrite reduction by CuNiR 

Bulky tris(3,5-R,R’-1, 2, 4-triazolyl)borate (TtzR,R’) ligands support low coordinate 

metal-centers that are suitable for catalysis.5, 25-33 Ttz complexes of copper(I) show that 

electrophilic C-H activation reactions can be enhanced by ligand protonation.25 Ttz ligands offer 
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facial coordination and ease of steric modification at the metal center similar to the more 

commonly used tris(3-R-5-R’-1,2-pyrazolyl)hydroborate (TpR,R’) ligands (Figure 7.2).34-42 Unlike 

Ttz, Tp complexes have poor water solubility and are sensitive to acids, thus preventing their use 

as catalysts in water, alcohols, or acidic solutions. TtzR,R’ is a weaker electron donor compared to 

TpR,R’,31, 43 as evident from the difference in CO stretching frequencies (solid state) for 

(TtztBu,Me)CuICO (2080 cm-1) and (TptBu,Me)CuICO (2060 cm-1).26  

 

Figure 7.2: General structure of TpR,R’ (left) and TtzR,R’ (right). The dotted line shows how the 

fourth position nitrogen and can bind (exodentate) to protons, metal ions, or other Lewis acids. 

 

Uniquely for Ttz, the apical-nitrogen on the triazolyl (N4) can bind H+ or a metal ion as 

shown in Figure 7.2 (right) to alter the electronic properties in situ.25-27 In contrast, Tp ligands do 

not have remote site for binding acids, and thus they require multiple synthetic steps to modify 

their electronic properties, as do most organic ligands.33 Protonation of up to two triazolyl-N4 

atoms weakens the sigma electron donor ability; specifically the C-O stretch was shifted by 31-

39 cm-1 upon adding two equivalents of acid (e.g. from 2086 cm-1 to 2117 cm-1 for  = 31 cm-1 

for (TtztBu,Me)CuICO in solution and  = 39 cm-1 for (TtziPr,iPr)CuICO).25 

Previously, our group reported the successful biomimetic reduction of nitrite to NO(g) 

using [PPN]+[(TtztBu,Me)CuINO2]
- as a model (Figure 7.1).5 We started with copper(I) (bottom of 



336 
 

Figure 7.1) and performed nitrite reduction to form a stable by-product, 

[(TtztBu,Me)CuII(O2CCH3)]. This by-product is stable and is not easily reduced in situ, and this 

explains why we reported stoichiometric rather than catalytic nitrite reduction. After this paper 

was published, we began to wonder if ligand protonation could facilitate Cu(II) reduction to 

Cu(I) and allow for a complete catalytic cycle. It has been shown that redox potentials of a metal 

could be shifted by protonation or deprotonation of its supporting ligand.44-47 These ideas 

provided the motivation for the work herein.  

Here, we report the electrochemical behavior of (TtztBu,Me)CuX (1 and 2) under both 

neutral and acidic conditions. Furthermore, since there is precedence for redox non-innocence in 

triazole rings we aimed to investigate this point.48 Our prior study of Ttz complexes of Cu(II) 

(d9) showed by EPR that some of the unpaired electron density does delocalize on the triazole 

ring nitrogen atoms.5 Thus, we performed electrochemical experiments with several related 

compounds, including (TtztBu,Me)ZnCl (3), (TtztBu,Me)K (4), (TtztBu,Me)H (5), and HtztBu,Me (6) 

(Figure 7.3). Thus we aimed to determine whether redox non-innocence which has been 

described for other systems,48-52 can be extended to Ttz ligands and complexes. 
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Figure 7.3: Structure of compounds used in this study. 

7.2 Results and Discussion 

7.2.1 Synthesis  

The complexes used in this study have been made previously (by the routes in Scheme 

7.1) and were synthesized by known methods.5, 27, 30-31 These are copper and zinc complexes 

[(TtztBu,Me)CuCl (1), (TtztBu, Me)CuNO2 (2), (TtztBu,Me)ZnCl (3)] which allow us to contrast a 

redox active metal (copper) with a redox inactive metal (zinc). Furthermore, K(TtztBu,Me) (4), 

(TtztBu,Me)H (5), and HtztBu, Me (6) allow us to probe the electrochemical behavior of the more 

electron rich triazole rings which are not bound to a divalent transition metal.  
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Scheme 7.1: Synthetic routes to compounds 1 – 6, which are known in the literature. 

 

7.2.2 Electrochemistry 

To investigate the feasibility of reduction of CuII to CuI in our model, we first measured 

the reduction potential of a non-aqueous solution with (TtztBu,Me)CuIICl (1) as a control study 

since it does not contain nitrite. Under neutral conditions, reversible CuII to CuI reduction 

processes were observed (E1/2 = 0.27 V, Epc = 0.24 V, and Epa = 0.31V vs. SCE). When H+ (from 

HBF4•Et2O) was introduced to a solution of complex 1, new redox peaks corresponding to CuII 

conversion to CuI are detected. The reduction peaks shift more positive by ∆Epc = 290 mV for 

1.0 equiv. of acid (Figure 7.4, Table 7.1). Further shifts are seen ∆pc= 414 mV) as up to 2.5 

equiv. of acid are added (Figure S7.1). However, when 3 equiv. of H+ is added to 1, a brown 
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precipitate was observed in the solution, suggesting that decomposition has occurred (Figure 

S7.1). These results confirm that acid does shift the reduction of Cu(II) to Cu(I) with (1) in the 

expected direction (more positive) so long as excess acid is avoided. 

 

Figure 7.4: Cyclic voltammogram of TtztBu, MeCuCl (1) in CH2Cl2 containing 1.0 M [Bu4N][PF6] 

as a supporting electrolyte, at scan rate of 100 mV/s, glassy carbon working electrode. (a) 

Stacked voltammograms of the acid study up to 1.0 equivalent. (b) Voltammogram of 

HBF4.Et2O in 1.0 M [Bu4N][PF6] supporting electrolyte. 

 

Table 7.1. Summary of redox potential of complex TtztBu, MeCuCl (1) up to 1 mole equivalent of 

acid collected in 1.0 M [Bu4N][PF6] as a supporting electrolyte in CH2Cl2. Potential are vs. SCE 

(Fc/Fc+ couple in CH2Cl2, E1/2 = +0.46 V). 

 

HBF4 

(equivalent) 

Epc (V) Epa (V) E1/2 (V) 

A B A B A B 

0 0.24 - 0.31 - 0.27 - 

0.2 0.25 0.62 0.31 0.81 0.28 - 

0.4 0.27 0.51 0.34 0.78 0.31 - 

0.6 0.29 0.56 0.36 0.76 0.33 - 

0.8 0.34 0.52 0.39 0.73 0.36 - 

1.0 0.39 0.53 0.43 0.78 0.41 - 
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We postulated that the reduction potential from CuII to CuI of (TtztBu,Me)CuIINO2 (2) 

should similarly be sensitive to the addition of acid. The cyclic voltammogram of 

TtztBu,MeCu(II)NO2 (2) is shown in Figure 7.5 and the summary of the redox potentials are in 

Table 7.2. Under neutral conditions in CH2Cl2, a reduction from CuII to CuI is observed at E1/2 at 

0.18 V (Epc = 0.101V and Epa = 0.253 V vs. SCE). [For comparison, Hsu et al. observed an 

irreversible Epa = 0.08 V for CuI oxidation with [TpMe,MeCuI(NO2)]
-.23 The difference here is due 

to TtztBu,Me being a weaker electron donor vs. TpMe,Me.26 Notice that, this reduction potential is 

much higher than the value we previously reported for Epc of -1.45 V (vs. a non-aqueous 

Ag/Ag(ClO4), or -1.15 V vs. SCE reference electrode in CH2Cl2).
5, 53 We conclude that this 

reduction potential was in error due to the high resistivity of the solution (CH2Cl2) which was 

previously not accounted for using the Ohmic drop (iR) method. Also, previously we used 0.1 M 

of electrolyte.5 Here we corrected this value by increasing the electrolyte concentration to 1.0 M 

to improve solution conductivity and we corrected for the solution resistivity during each 

experiment. 

Upon introducing acid (HBF4•Et2O) into the solution of 2, the reduction peak is gradually 

shifted to more negative potential (Figure 7.5a), as summarized in Table 7.2. The direction of 

this shift was unexpected and contrasts with the electrochemical behavior of 1 in acid. 

Furthermore, with 2 and HBF4•Et2O, additional irreversible reduction peaks at Epc = -0.49 V and 

Epc = -0.73 V were also observed at 0.8 and 1.0 equivalent of H+, respectively (Figure 7.5b). 

Control experiments showed that these changes are not induced by the addition of ether. 

Different acids including trifluoroacetic acid (TFA) and formic acid (FA) were added to 2 to see 

if the direction of the shift in reduction potentials would vary with the acid used; however, the 

overall result was similar to that seen with HBF4•Et2O (Figure S7.3-S7.6).  
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Figure 7.5: Cyclic voltammogram of 2 in CH2Cl2 containing 1.0 M [Bu4N][PF6] as a supporting 

electrolyte, at scan rate of 100 mV/s, at glassy carbon working electrode. (a) Stacked 

voltammogram of the acid studies up to 1.0 equivalent. (b) Isolation of the voltammograms at 0.8 

and 1.0 equivalent. (c) Voltammogram of HBF4.Et2O in 1M [Bu4N][PF6] supporting electrolyte.  

 

HBF4 

(equivalent) 

Epc (V) Epa (V) 

A B A B 

0 0.101 - 0.253 - 

0.2 0.0325 - 0.253 - 

0.4 -0.0796 - 0.194 - 

0.6 -0.149 - 0.171 - 

0.8 -0.16 -0.493 0.131 - 

1 -0.208 -0.734 0.131 - 

Table 7.2. Electrochemical data for complex 2 collected in 1.0 M [Bu4N][PF6] as a supporting 

electrolyte in CH2Cl2. Potentials are vs. SCE (Fc/Fc+ couple in CH2Cl2, E1/2 = +0.46 V). 

There are a few possible explanations for the unexpected changes in the redox potentials 

of 2 with acid added. One possibility is that the irreversible cathodic waves could be due to the 

reduction potential of H(TtztBu,Me) (5) generated in situ upon addition of acid. This would only 

occur if complex 2 had its Ttz ligand de-coordinate from the Cu(II) with acid present. To 



342 
 

investigate this hypothesis, the reduction of H(TtztBu,Me) was studied using the same conditions 

and these CVs showed no redox activity within the region of interest (Figure S7.9 and S7.10). 

Thus, the reduction of H(TtztBu,Me) (5) is not involved and we have no evidence of 5 forming 

from 2 here. 

A second possible reason is that the shifting reduction potential in Figure 7.5 is due to the 

reduction of [(TtztBu,Me)CuINO2]
- generated in situ to produce NO(g) when enough acid is added. 

To probe this hypothesis, bis(triphenylphosphoranyledene)ammonium nitrite ([PPN][NO2]) was 

used to observed whether the second reduction wave is scan rate dependent in the presence of 

excess nitrite. A control experiment was also carried out with only the [PPN][NO2] salt and the 

acid. The reduction potentials of free NO2
- under both neutral and acidic conditions are shown in 

Figures 7.6 and S7.8. In this study, the reduction of nitrite of [PPN][NO2] salt is observed at Epc 

= -0.46 V (tentatively assigned) under neutral conditions, which is similar to the reduction peak 

at -0.49 V observed for (TtztBu,Me)CuNO2 (2) in the presence of 0.8 equiv. of acid. Similarly, 

when adding HBF4 up to 1.0 (eq) to the [PPN][NO2] solution, two reduction potentials observed 

at Epc1 = -0.48 V (already explained above) and Epc2 = -0.72 V. The second reduction at Epc2 = -

0.72 V (for the [PPN][NO2] salt) is similar to the reduction peak (Epc = -0.73 V) for complex 2 

protonated with 1 equiv. of acid. These results suggest that the new reduction peaks observed for 

2 in the presence of acid are due to free nitrite being reduced in solution. The anodic peaks on the 

oxidation side of the CV in Figure 6 seem to be more complex and may be due to the oxidation 

of the aromatic rings of the bis(triphenylphospine)iminium cation.   
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Figure 7.6: Voltammogram of PPNNO2 salt at 0 acid equivalent taken from -1.5 to 1.5 V 

potential window at 100 mV/s (left). Taken at shorter window (-1.5 to 0 V) at various scan rate; 

100, 250, and 500 mV/s (on the right, in the box). 

Other electrochemical studies were aimed at determining whether (or not) the Ttz ligand 

is redox non-innocent.48 Studies in the literature by Wieghardt and others have shown aromatic 

ligands can be redox active in some metal complexes.49-52 Specifically, for Ttz, we wondered if 

reduction (with 1 or 2, or their protonated analogs) may occur on the triazole ring rather than on 

the metal. Studies were conducted using a series of compounds including a simple triazole ring 

HtztBu,Me (6), the potassium salt of the ligand K(TtztBu,Me) (4), and a redox inactive metal 

(TtztBu,Me)ZnCl (3). Our rationale for comparing monovalent and divalent metal complexes with 

the free triazole ring was that metal coordination might make the triazole ring more electron poor 

and more vulnerable to reduction. No reduction peaks were observed in all three cases under 

both neutral and acidic conditions. Under acidic conditions, a reduction peak was observed near -

2.0V due to the reduction of H+ to H2(g) (Figure S7.11-S7.13). These studies have shown that the 

TtztBu,Me ligand is redox inactive under these conditions.  
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7.2.3 UV-Vis Spectroscopy 

We aimed to gather spectroscopic data on how protonation influences the structure of 1 

and 2. The UV-vis spectrum of 1 under neutral conditions shows two absorbance bands at 312 

nm (ε ~2703 M-1cm-1) and ligand to metal charge transfer (LMCT) band at 392 nm (ε~1916 M-

1cm-1) (Figure S7.2). The LMCT band shifted toward a higher wavelength by 11 nm upon 

increasing the concentration of acid (Figure 7.7). This experiment shows that complex 1 is stable 

towards protonation and the ligand to metal charge transfer band decreased in energy upon 

increasing acid concentration, which is consistent with the electrochemical experiments. 

The UV-vis of 2 show π to π* band at 310 nm ( = 2720 M-1cm-1) and a d-d band 

observed at 800 nm (Figure S7.7). This π to π* and d-d transition show a shift to higher energy 

(by 3 nm) upon protonation with up to 1.0 equivalent of HBF4•Et2O (Figure 7.8). Thus, complex 

2 shows no significant change in the UV-Vis upon the addition of acid. This suggests that the 

changes in the electrochemical reduction potentials observed for 2 upon adding acid have more 

to do with the decomposition of 2 at reducing potentials with acid (to produce free nitrite). The 

changes observed are not due to the impact of acid alone.    
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Figure 7.7: UV-vis spectrum of protonated TtztBuMeCuCl with HBF4 up to 1.0 equivalent. The 

LMCT band at 392 nm gradually shifted about 11 nm to lower energy as concentration of acid is 

increased.  

 

 

Figure 7.8: UV-vis spectrum in CH2Cl2 of protonated TtztBuMeCuNO2 with HBF4 up to 1.0 

equivalent. The π to π* band observed at 310 nm and d-d observed around 800 nm which both 

shows slight shifted that are negligible.   
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7.3 Conclusions 

Electrochemistry studies of a series of tris(triazolyl)borate ligands and metal complexes 

were carried out under both in neutral and acidic conditions. A positive shift in the redox 

potential for (TtztBu,Me)CuCl (1) complex was observed and suggests that the protonation of the 

complex facilitates reduction, presumably due to the resulting positive charge on the complex. In 

contrast, the redox behavior of (TtztBu,Me)CuNO2 (2) does not obey this same trend and is 

unexpected. It appears that complex 2 undergoes nitrite loss under reducing conditions in the 

presence of acid. The CV behavior matches that of free nitrite. Thus, due to the sensitive nature 

of complex 2, it appears that it is not possible here to tune the redox potential with H+, as we 

were able to do with 1. Thus catalytic schemes towards nitrite reduction (as in Figure 7.1) are 

unlikely to be achieved by using H+ to alter the redox potential in Ttz copper complexes. We 

have also learned that Ttz ligands are not redox active under the conditions we have studied 

using both free ligands and metal complexes under neutral and acidic conditions. 

7.4 Experimental Sections 

7.4.1 General: Instrumentation and Procedures.  

1H and 13C-NMR spectra were acquired at room temperature on a Varian 300 MHz and 

500 MHz spectrometer, as designated and referenced to the solvent. IR spectra were recorded on a 

Perkin-Elmer Spectrum One Fourier-transform IR absorption spectrophotometer. Electronic 

spectra were recorded on Perkin Elmer Lambda 35 UV-Vis spectrometer. High-resolution mass 

spectrometry was performed on VG70SE double focusing, triple quadruple mass spectrometer 

equipped with CI ionization capability. Cyclic voltammetry was performed using a CHI760C 

Potentiostat.  
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7.4.2 Materials.  

The syntheses of the complexes (1-6) in Figure 3 [HtztBu,Me, H(TtztBu,Me), K(TtztBu,Me), 

(TtztBu,Me)ZnCl, (TtztBu,Me)CuCl, and (TtztBu,Me)Cu(NO2)] were carried out according to literature 

procedures (Scheme 1).5, 27, 30-31 Dry solvents were obtained via the Glass Counter Solvent 

System built by Pure Process Technology, LLC. All reagents were used as purchased and 

degassed under vacuum as needed. Tetrabutylammonium hexafluorophosphate ([Bu4N][PF6]) 

(TCI, > 98.0%) was recrystallized from 50% mixture MeOH/H2O, filtered, washed with cold 

methanol, and dried under vacuum at 50 ºC for 24 h. Ferrocene (Fc) (Aldrich, 98%) was 

recrystallized from hexane, filtered, and further dry under vacuum. Tetrafluoroboric acid diethyl 

ether complex (Sigma Aldrich, 51-57% HBF4), trifluroacetic acid (Sigma Aldrich, 99 %), formic 

acid (Sigma Aldrich, > 95%), Bis(triphenylphosphoranylidene)ammonium nitrite [PPN][NO2] 

and NaNO2 (Sigma Aldrich) were used as received.  

 

7.4.3 Procedure for Electrochemical studies.  
 

Cyclic voltammetry of the TtztBu,Me complexes were conducted in a 1.0 M solution of 

Bu4NPF6 in dichloromethane with a glassy carbon working electrode, a Pt counter electrode, and 

a Ag/AgCl reference electrode. The redox potentials are calibrated to Fc/Fc+ and are reported vs. 

SCE. The working electrodes were polished with 0.5 µm alumina powder and 0.05 µm alumina 

powder, ultra-sonicated for at least 30 min, and rinsed with distill water before use.  

Electrochemical studied was performed under an inert atmosphere. Under neutral 

conditions, a desired amount of each different analyte was obtained to prepare a 6.7 mM stock 

solution in dichloromethane containing 1.0 M electrolyte [Bu4N][PF6] using volumetric flasks. 

Under acidic conditions (freshly prepared for each quantity of acid), a desired amount of 50 mM 
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acid in dichloromethane containing 1.0 M electrolyte was added into the analyte (2mL, 6.7 mM) 

via  glass syringe. The solutions were stirred between scans.  
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7.6 Spectra and Supporting Information 

Spectroscopic analysis of TtztBu,MeCuCl (1). 

 

Figure S7.1: An overlay and stacked cyclic voltammogram of TtztBu, MeCuCl (1) in CH2Cl2 

containing 1.0 M [Bu4N][PF6] as a supporting electrolyte with HBF4.Et2O up to 3 moles 

equivalent, at scan rate of 100 mV/s, glassy carbon working electrode. Scanned from -1.6 to + 

1.6 V (left) and from -0.5 to 1.4 V (right).  

 

HBF4 

(equivalent) 

Epc (V) Epa (V) 

- Shifted - Shifted 

0 0.330 - 0.447 - 

0.6 0.310 0.685 0.382 0.881 

0.8 0.315 0.6921 0.416 0.895 

1.0 0.317 0.6922 0.460 0.9012 

1.5 0.317 0.6181 0.448 0.8553 

2.0 0.397 0.6527 0.4746 0.8840 

2.5 0.634 0.7437 0.8834 - 

3.0 0.527 - 0.7712 0.9624 

Table S7.1: Summary of redox potential of complex TtztBu, MeCuCl (1) up to 3 mole equivalent 

of acid collected in 1.0 M [Bu4N][PF6] as a supporting electrolyte in CH2Cl2. Potential are vs. 

SCE (Fc/Fc+ couple in CH2Cl2, E1/2 = +0.46 V) 
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Figure S7.2: UV-visible absorption spectrum in CH2Cl2 and the extinction coefficient of 

TtztBuMeCuCl at neutral condition. 
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Spectroscopic analysis of TtztBu,MeCuNO2 (2). 

In trifluroacetic acid (TFA) study (Figure S7.3 and S7.4), the reduction potential of CuII 

to CuI shifted negative Epc = 320 mV when up to 1 equivalent of acid was added (-1 to 1 V 

window). Scanning from -2 to 2 V, the potential shifted more negative Epc = 342 mV. The 

direction of the shift is consistent with using HBF4.Et2O as a proton source, although HBF4.Et2O 

have a smaller shifted potential (up to 1 equiv. of acid, Epc = 310 mV).  

Formic acid (FA) was also used as a proton source. The reduction potential of CuII to CuI 

seem to be in consistent (Figure S7.5, and S7.6) however, the overall direction of the reduction 

potentials are shifted more positive when scanned between -1 to 1 V window. On the other hand, 

when scanning from -2 to 2 V, the shift became more consistent with other acid studied 

previously but the shifted potential is smaller (Epc = 214 mV). 

 

 

Figure S3: An overlay (left) and stacked (right) cyclic voltammogram scanned from -2 to 2 V of 

protonated TtztBuMeCuNO2
 (2) with trifluoroacetic acid (TFA) up to 1.0 mole equivalents in 

CH2Cl2 containing 1.0 M [Bu4N][PF6] as a supporting electrolyte, at scan rate of 100 mV/s, 

glassy carbon working electrode.  
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Table S7.2: Summary of redox potential of complex TtztBu, MeCuNO2 (2) up to 1 mole equivalent 

of TFA collected in 1.0 M [Bu4N][PF6] as a supporting electrolyte in CH2Cl2. Potential are vs. 

SCE (Fc/Fc+ couple in CH2Cl2, E1/2 = +0.46 V). 

 

 

Figure S7.4: Stacking voltammograms scanned from -1 to 1 V, of protonated TtztBuMeCuNO2
 (2) 

with TFA up to 1.0 equivalent in CH2Cl2 containing 1.0 M [Bu4N][PF6] as a supporting 

electrolyte, at scan rate of 100 mV/s, glassy carbon working electrode. Summary of redox 

potentials of the protonated complex 2 are shown in the table. Potential are vs. SCE (Fc/Fc+ 

couple in CH2Cl2, E1/2 = +0.46 V). 
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Figure S7.5: An overlay (left) and stacked(right) cyclic voltammogram scanned from -2 to 2 V 

of protonated TtztBuMeCuNO2
 (2) with formic acid up to 1.0 mole equivalents in CH2Cl2 

containing 1.0 M [Bu4N][PF6] as a supporting electrolyte, at scan rate of 100 mV/s, glassy 

carbon working electrode.  

 

Table S7.3: Summary of redox potential of complex TtztBu, MeCuNO2 (2) up to 1 mole equivalent 

of formic acid collected in 1.0 M [Bu4N][PF6] as a supporting electrolyte in CH2Cl2. Potential 

are vs. SCE (Fc/Fc+ couple in CH2Cl2, E1/2 = +0.46 V). 
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Figure S7.6: Stacked voltammograms scanned from -1 to 1 V, of protonated TtztBuMeCuNO2
 (2) 

with formic acid up to 1.0 equivalent in CH2Cl2 containing 1.0 M [Bu4N][PF6] as a supporting 

electrolyte, at scan rate of 100 mV/s, glassy carbon working electrode. Summary of redox 

potentials of protonated complex 2 are shown in the table. Potential are vs. SCE (Fc/Fc+ couple 

in CH2Cl2, E1/2 = +0.46 V). 

 

 

Figure S7.7: UV-visible absorption spectrum in CH2Cl2 and the extinction coefficient of 

TtztBuMeCuNO2 at neutral condition. 
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Control experiment with [PPN][NO2] salt. 

The values in red (at 0, 0.8, 1.0 equivalents of acid) are thought to be significantly related 

to the reduction of [(TtztBu, Me)CuINO2]
- as shown in Figure 5. 

 

Figure S7.8: Stacking voltammograms of PPNNO2 salt in various mole equivalents of HBF4 

scanned from -1.5 to 1.5 V and it shorter window from -1.5 to 0 V (boxed), in CH2Cl2 containing 

1.0 M [Bu4N][PF6] as a supporting electrolyte, at scan rate of 100 mV/s, glassy carbon working 

electrode. The reduction potential were summary in the table on the right. Potential are vs. SCE 

(Fc/Fc+ couple in CH2Cl2, E1/2 = +0.46 V).  

Note that, Experiments were also done with excess nitrite in the presence of 

TtztBu,MeCuNO2 (2) and acid These experiments were done at a constant concentration of 2 and 

acid (0.8 equiv of acid) and varied concentrations of [PPN][NO2] salt. However, these 

experiments led to inconsistent results and sometimes the reduction in the region of interest was 

not observed. 
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Other control experiments. 

 The reduction of H(TtztBu,Me) was studied using the same conditions as complex 1 and 2. 

The voltammorgarm shows no reduction peak observed at the first sweep, but at the second and 

the third sweep some redox activity are observed. The oxidation potential at the second sweep 

might belong to a new specie generated after a high potential (2 V) is applied, and its reverse 

peak is the reduction peak at the third sweep (Figure S9a). Further evidence is shown in Figure 

S9b, where the oxidation peak was not observed if the voltammogram scan positive direction 

first. In addition, even if the voltammogram scan cathodically first, there is no redox activity 

present if the potential window does not pass -1.5V. Adding acid up to 1.0 equivalent does not 

change the voltammogram of the HTtztBu, Me (Figure S10) other than the reduction of H+ to 

H2(g). In addition, the small oxidation peak present, again, its most likely belong to the new 

species generated after 2.0 V was applied to the solution. This study showed no redox activity of 

H(TtztBu,Me) (5) within the region of interest. Thus, the reduction of 5 is not involved and we 

have no evidence of 5 forming from 2 here. 

 

Figure S7.9: Cyclic voltammogram of HTtztBu, Me in CH2Cl2 containing 1.0 M [Bu4N][PF6] as a 

supporting electrolyte, at scan rate of 100 mV/s, at glassy carbon working electrode. -1.8 to 2.0 

V potential window (a). Potential window and the scanning direction are varied (b).  
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Figure S7.10: Stacking voltammograms of 5 studied in up to 1.0 equivalent of HBF4.Et2O(a) 

Voltammogram of the acid (b), in CH2Cl2 containing 1.0 M [Bu4N][PF6] supporting electrolyte, 

at scan rate of 100 mV/s, at glassy carbon electrode.  
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To investigate whether Ttz is redox non-innocent ligand, control experiments were studies 

on a series of compound including a simple triazole ring HtztBu, Me (6), the potassium salt of the 

ligand (TtztBu,Me)K (4), and a redox inactive metal (TtztBu,Me)ZnCl (3). Electrochemistry 

experiments of 6 (Figure S11), 4 (Figure S12), and 3 (Figure S13) were carried out in CH2Cl2 at 

neutral and acidic condition (up to 1 mole equivalent of HBF4.Et2O), in 1.0 M [Bu4NPF6] 

supporting electrolyte at 100 mV/s scan rate. In all three cases, there are no reduction peaks 

observed at the experimental potential window. The increasing of current observed with the 

concentration of the acid is due to the reduction of H+ to H2(g). These studies have shown that 

the TtztBu,Me ligand is redox inactive under these conditions. 

 

Figure S7.11: Cyclic voltammogram of HtztBu, Me (6) in CH2Cl2 containing 1.0 M [Bu4N][PF6] 

as a supporting electrolyte, at scan rate of 100 mV/s, at glassy carbon working electrode.  
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Figure S7.12: Cyclic voltammogram of (TtztBu, Me)K (4) in CH2Cl2 containing 1.0 M 

[Bu4N][PF6] as a supporting electrolyte, at scan rate of 100 mV/s, at glassy carbon working 

electrode.  
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Figure S7.13: Cyclic voltammogram of (TtztBu, Me)ZnCl (3) in CH2Cl2 containing 1.0 M 

[Bu4N][PF6] as a supporting electrolyte, at scan rate of 100 mV/s, at glassy carbon working 

electrode.  

 

 

 

   

 

 

 

 

 

 

  


