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ABSTRACT

INVESTIGATIONS OF PINCER IRIDIUM COMPLEXES FOR GLYCEROL DEOXYGENATION

AND FOR ALKANE DEHYDROGENATION

Byongjoo Bark

Karen |. Goldberg

Green chemistry is being paid increased attention with the growing awareness of the environmental
impact of the chemical industry. Catalysis is important in the development of green processes as it
reduces the waste that is generated and lowers the energy required. Abundant feedstocks such as
natural gas or biomass can be catalytically converted to value-added chemicals. Catalysts are
employed in a wide range of applications, and innovations in green catalysis are crucial to achieve
sustainability. To reduce the dependency on the unsustainable petroleum feedstock, biodiesel has
been recognized as an effective, sustainable alternative. During biodiesel production, by-product
glycerol is generated in a large amount. Catalyst development for the deoxygenation of low-cost
glycerol to value-added 1,3-propanediol is discussed in Chapter 2.

Alkane dehydrogenation to olefin is energy-intensive due to the endothermic nature of the reaction.
A selective, energy-efficient catalyst is essential for sustainability. Immobilization of a
homogeneous catalysts on heterogeneous supports can provide active, selective catalysts with
robustness and recyclability. The immobilization enables the implementation of gas-phase
continuous-flow reaction design. In the flow system, the by-product Hz can be effectively removed
to achieve higher TON. Chapter 3 demonstrates catalytic dehydrogenation and hydrogenation
reactions by an immobilized (POCOP)Ir complex on silica. Since homogeneous (Phebox)Ir and
(CCQ)Ir complexes have been demonstrated to activate C-H bonds, immobilization of those
complexes on silica were attempted. The synthesis of Phebox and CCC ligands with functional

groups to allow immobilization to silica are outlined in Chapter 4.
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Chapter 1: Introduction

1.1 Introduction

The modern world has undoubtedly benefited from the growth and advancement of the
chemical industry. Chemical products can be found in many different areas of life from clothing to
food additives, to electronic devices. The expansion of the chemical industry has also resulted in
negative impacts on humans and the environment. Some chemical processes generate toxic waste
and leave soil, water, and air polluted. In response to the negative consequences of such chemical
processes, the chemistry field has accepted the idea of Green Chemistry. Green chemistry focuses
on the prevention of any hazardous impact on human health and the environment by carefully
planning, with the goal of sustainability.! The following are the twelve principles of green chemistry,
introduced by Anastas and Werner in 1998, as design criteria or guidelines, to provide a framework

for green chemistry design:?

1. Waste prevention

2. Atom economy

3. Less hazardous chemical synthesis

4, Designing safer chemicals

5. Safer solvents and auxiliaries

6. Design for energy efficiency

7. Use of renewable feedstocks

8. Reduce derivatives

9. Catalysis

10. Design for degradation

11. Real-time analysis for pollution prevention
12. Inherently safer chemistry for accident prevention



The design of a process that fulfills all twelve criteria is not trivial. However, a catalytic
process may meet several criteria by avoiding the use of stoichiometric amounts of reagents,
restricting the waste generated, and lowering the energy required for a transformation. A selective
catalyst may avoid sequential reaction steps, minimizing derivatization. Moreover, catalysis may
be key in promoting some very challenging chemical transformations such as the partial oxidation
of methane or the selective reduction of carbon dioxide. Innovations in catalysis are essential to
achieve sustainability.

As a society, we are highly dependent on fossil feedstocks for energy, with 79% of total
US energy production in 2020 being derived from fossil fuels.2 To reduce the dependency on
unsustainable petroleum feedstock, biodiesel has been recognized as an effective alternative.
Biodiesel is made from renewable feedstocks such as vegetable oil and animal fat.® The use of
renewable feedstock is in accordance with green chemistry principles, but a major concern for
biodiesel industry is the major byproduct of biodiesel production, glycerol, generated in 10 wt%.4
The increase in biodiesel production provides enough glycerol to saturate the market demand.®
The excess glycerol is now considered waste and becomes a financial and environmental burden.
It is critical to develop new technologies to utilize the excess glycerol for sustainability and
economic viability of the biodiesel industry. One of the attractive chemical transformations of
glycerol is a selective deoxygenation to 1,3-propanediol. 1,3-propanediol is mainly used in the
production of polytrimethylene terephthalate polymer, and the market for 1,3-propanediol is
expected to reach over $600 million by 2021.6 Chapter 2 describes the synthesis and
characterization of a new pincer (POCOP)Ir(CO) catalyst that can be used to convert glycerol to
1,3-propanediol. The activity of this catalyst is compared to related known catalysts, and
investigations to understand and improve the observed poor mass balance in glycerol
deoxygenation reactions are presented.

Olefins are essential chemical building blocks used to make a wide variety of commodity
chemicals. The development of shale fracking has made light alkanes (C1-Cs) more available.

Catalytic dehydrogenation processes of these alkanes have been implemented industrially to make

2



light olefins.” Due to the inert nature of alkanes, these cracking processes are carried out at high
temperatures. At those temperatures, unwanted coke formation is favored and leads to catalyst
deactivation and low selectivities.® A selective, energy-efficient catalytic system is desired to make
olefin production greener and more sustainable.

Promising alkane dehydrogenations have been demonstrated with homogeneous,
transition-metal catalysts at milder temperatures,® but their activities were too low to be industrially
relevant.’® Homogeneous catalysts generally exhibit better activity and selectivity, whereas product
separation and catalyst recycle are advantageous aspects of heterogeneous catalysis.
Homogeneous and heterogeneous catalysis each fulfill some green chemistry criteria, but a
combination of the advantageous features of both homogeneous and heterogeneous catalysis has
the potential to result in a novel catalytic system that better accommodates the principles of green
chemistry. This new catalyst system may be achieved by immobilizing a homogeneous catalyst on
a heterogeneous support. The immobilization enables the implementation of gas-phase
continuous-flow reaction design. In the flow system, the by-product Hz can be effectively removed
to achieve higher TON. Chapter 3 describes the investigations of the immobilized (POCOP)Ir(CO)
complex as a catalyst for dehydrogenation and hydrogenation reactions in gas-phase flow
conditions.

Alkane dehydrogenation is not thermodynamically favored due to the endothermic nature
of the reaction. The utilization of a hydrogen acceptor such as a sacrificial olefin may overcome the
unfavorable thermodynamics, but this action results in poor atom economy and waste. Instead of
sacrificial olefins, cofeeding of molecular oxygen as a hydrogen acceptor makes the reaction
thermodynamically favorable, reduces coke deposition, and generates environmentally benign H20
as the byproduct. Our group has demonstrated the activation of the C-H bond of alkanes by
(Phebox)Ir(OAc)2(OH2) and (CCC)Ir(OAc)2(OHz2) via a concerted metalation deprotonation
mechanism. A B-hydride elimination reaction then releases olefin and forms an Ir-hydride complex.
Stoichiometric reaction of the Ir-hydride with O2 and acetic acid regenerates the Ir-bisacetate

complex that activates alkane, suggesting that there is the potential to use molecular oxygen as a

3



hydrogen acceptor in a catalytic system. Chapter 4 discusses the attempted functionalization of

Phebox and CCC ligand and their Ir complexes to allow for their immobilization on a solid support.
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Chapter 2: Glycerol Deoxygenation by (POCOP)Ir(CO)

Complexes

2.1 Introduction

2.1.1 Glycerol as Chemical Feedstock

Alternative energy sources are being sought to replace traditional petroleum fuels.
Biodiesel is an attractive alternate fuel because it can be easily obtained through transesterification
of triglycerides (Scheme 2-1), which themselves can be obtained from various feedstocks such as
vegetable oil and animal fat.® Biodiesel can also be directly used in conventional diesel engines
with limited modifications and without loss in engine performance.* The biodiesel industry has
grown rapidly over the last decade with an anticipated worldwide production of 40 billion liters
annually.* One major concern in the biodiesel industry is the by-product, glycerol, generated in 10
wt% during biodiesel production. Although glycerol is used in cosmetics, food additives, and
pharmaceuticals, the increasing supply has saturated the market demand and caused a significant
drop in the price of crude glycerol.> For the biodiesel industry to be both sustainable and

economically viable, it is critical to develop new technologies to use or functionalize glycerol.

Scheme 2-1. Transesterification of triglyceride.
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2.1.2 Glycerol to 1,3-Propanediol
Numerous chemicals can be derived from glycerol and used in a wide range of

applications. In fact, glycerol has been identified as one of the top twelve platform chemicals



Scheme 2-2. Potential commodity chemicals derived from glycerol via various transformations.
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derived from biomass.’2 Among the many commodity chemicals derived from glycerol (Scheme
2-2), one attractive target is 1,3-propanediol (1,3-PD) because it is used in the production of
polytrimethylene terephthalate (PTT, Figure 2-1), a polymer made into a fiber for carpeting, textiles,
and apparel. This polymer is marketed and sold as Sorona by Dupont and Corterra by Shell. The
market for 1,3-PD is expected to reach $621.2 million by 2021 with the annual growth rate of 10.4%
between 2014 and 2021.5 Because of the high demand for 1,3-PD and its large-scale use in the
production of PTT, an efficient synthesis of 1,3-PD from glycerol would provide the biodiesel

industry a market for their major byproduct, leading to improved economic viability.

O

O _~or
O

— n
Figure 2-1. Polytrimethylene terephthalate (PTT).

Current production of 1,3-PD is through chemical or biological transformations. Traditional
chemical transformations consist of the hydration and subsequent reduction of acrolein or the
hydroformylation of ethylene oxide and subsequent hydrogenation of the formed aldehyde
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Scheme 2-3. Traditional production of 1,3-propanediol through hydration of acrolein (top) and
hydroformylation of ethylene oxide (bottom).
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(Scheme 2-3).13 Since these two processes are both based on petroleum feedstocks, an alternative
pathway was sought using renewable resources. Dupont and Genencor International, Inc.
genetically modified E. coli to produce 1,3-PD through fermentation of glucose and successfully
commercialized this process.'* Glycerol can be an alternative renewable feedstock for 1,3-PD. In
addition, the utilization of surplus glycerol from the biodiesel industry for 1,3-PD production would

increase the economic incentive for biodiesel production.

While the conversion of glycerol to 1,3-PD using natural or modified bacterial species has
been developed, this process suffers from several major drawbacks including: the formation of
byproducts, inhibition at high substrates/products concentration, the requirement of expensive
coenzyme vitamin Bi2, and potential pathogenicity.>1° We are interested in homogeneous
transition-metal catalysts for this transformation due to their robust nature and their ability to be
easily modified to achieve optimal rates and selectivities. Schlaf envisioned that the selective
deoxygenation of glycerol can be achieved via a dehydration-hydrogenation process. An acid-
catalyzed dehydration of glycerol is followed by transition-metal catalyzed hydrogenation to
produce 1,3-PD (Scheme 2-4).20 This strategy requires an efficient, selective hydrogenation

catalyst that is stable to water and acid.

Scheme 2-4. Two-step process of conversion of glycerol to 1,3-propanediol.
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2.1.3 Catalytic Conversion of Glycerol to 1,3-Propanediol

The catalytic conversion of glycerol to 1,3-PD has been achieved using both
heterogeneous and homogeneous catalysts. There are many heterogeneous catalysts with
transition metals such as Pt, Pd, Ir, Ru, Cu, and Ni (both monometallic and bimetallic) which have
been used for the conversion of glycerol to 1,3-PD.?! The most active and selective heterogenous
systems for 1,3-PD production use Pt nanoparticles supported on WOx boehmite materials and
achieved 66% yield of 1,3-PD along with the formation of 1,2-propanediol (1,2-PD, 2%), 1-propanol

(1-PO, 11%), and 2-propanol (6%).22

There are also several examples of homegeneous systems that catalyze the
deoxygenation of glycerol or 1,2-PD, a model substrate for glycerol. Che reported an early example
of glycerol deoxygenation yielding 21% 1,3-PD along with 23% 1,2-PD and 3.6% 1-PO using
Rh(CO)z(acac)2 and H2WO4 as the catalysts.?® This study achieved a moderate yield and selectivity
for 1,3-PD. Drent and Jager used Pd(OAc):, 1,2-bis(1,5-cyclooctylenephosphino)ethane, and
methansulfonic acid for glycerol deoxygenation and converted 7.4% of the glycerol with product
selectivity of 31% 1,3-PD, 22% 1,2-PD, and 47% of 1-PO using Pd(OAc)2, 1,2-bis(1,5-
cyclooctylenephosphino)ethane, and methansulfonic acid.2* Braca reported a system using
Ru(CO)4l2 and HI to deoxygenate neat glycerol producing 1,3-PD in 9.8% selectivity while 1-PO
and its ether derivatives were produced with high selectivity (70%). Diluting glycerol with water
increased selectivity for 1-PO and its ether derivatives to >90%.25 Furthermore, Schlaf examined
several Ru complexes for glycerol deoxygenation reactions, but analysis of the reaction mixture
revealed no 1,3-PD formation under various conditions investigated.26-286 While these examples
provide insight into the glycerol deoxygenation reactions, catalysts that enable high selectivity for

1,3-PD remain elusive.



Scheme 2-5. 1,2-Propanediol deoxygenation reaction.
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Previously, the Goldberg and Heinekey groups examined iridium pincer complexes for the
deoxygenation of glycerol. First the deoxygenation of 1,2-PD, a model substrate for glycerol, was
examined using (BYUPOCOP)Ir(H)2 (1) (RPOCOP = x3-CeHz-2,6-(OPR2)2) and triflic acid (Scheme
2-5).2° This iridium pincer complex is thermally stable®® and known to be active for transfer
dehydrogenation of cyclooctane.3! Using 1 as the catalyst, 1,2-PD was successfully converted to
1-PO and its ether derivative in 95% vyield using aqueous p-dioxane as solvent at low acid
concentrations. After the reaction, two Ir species were identified: (B“POCOP)Ir(CO) (2) and
(BUPOCOP)Ir(CO)(H)2 (3). Complex 2 is also active for deoxygenation and is air- and water-stable,
while complex 1 decomposes in air. Complex 2 was proposed to be generated by decarbonylation
of the aldehyde intermediate. A water-assisted oxidative addition of hydrogen to complex 2 then
generates complex 3 (Scheme 2-6). Separate experiments verified that acid addition to 2 led to the

formation of 3 under Hz atmosphere.

Scheme 2-6. Proposed water-assisted hydrogen addition to complex 2.
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2 3

Subsequent work from Goldberg and Heinekey demonstrated that the same catalyst
system converted glycerol to 1-PO and 1,3-PD (Scheme 2-7).32 A dimethylamino group was
introduced into the para position of the aryl backbone of (BuPOCOP)Ir(CO) complex (4) to increase

the solubility in the aqueous dioxane media. Using 1 mol% sulfuric acid (relative to glycerol) and
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Scheme 2-7. Glycerol deoxygenation reaction.
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complex 4, 45% conversion to 1-PO and 1,3-PD in 4:1 ratio was observed after 48 h. To study the
effect of acid, the glycerol deoxygenation reactions were carried out with 4 and increasing acid
concentration from 0.25% to 4.0% (relative to glycerol), and the results after 24 h showed that ratio
of 1-PO: 1,3-PD increased from 1:2 to 4:1 with the increased conversion from 8% to 38%.
Interestingly, 1,2-PD was observed in the product mixture at the lowest acid concentration (0.25%
relative to glycerol) in the same amount as 1-PO while no 1,2-PD was observed at higher acid
concentrations. Generally, decreasing acid concentration lowers the glycerol conversion but
increases the 1,3-PD selectivity. Post-reaction analysis of the catalyst revealed the presence of 4
and the dimethylamino-substituted (B'“POCOP)Ir(CO)(H), likely formed by the same mechanism
as 3. Based on knowledge of (B“POCOP)Ir chemistry and the observations above, the mechanism
for the glycerol deoxygenation as shown in Scheme 2-8 was proposed. Initially, protonation of
(BUPOCOP)Ir(CO) (2) occurs, leading to the five-coordinate species [(BYPOCOP)Ir(CO)(H)]* (5).
Under a hydrogen atmosphere, dihydrogen binds to 5, forming the dihydrogen complex 6. The
dihydrogen of complex 6 or an external acid can then protonate glycerol, leading to formation of
the aldehyde intermediate and 3. The aldehyde can be easily protonated, and susequent hydride
transfer by species 3 forms 1,3-PD and regenerates 5. The acid-assisted hydrogen addition to form
3 was previously reported and the protonated species 5 has been characterized.3? The dihydrogen
species is not observed at room temperature, but at low temperature (-80 °C) under 40 atm H: it

was detected by *H NMR spectroscopy with distinct signals for metal-bound dihydrogen and a
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Scheme 2-8. Proposed mechanism of glycerol deoxygenation with ((B“POCOP)Ir(CO).
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hydride.3* In the same study, isotope exchange between H> and CD3OD was observed with

complex 2 or 4, further supporting the protonation of glycerol by 6.

2.2 Synthesis and Reactivity of (‘B“POCOP)Ir(CO) Complexes

2.2.1 Synthesis and Characterization of (B“POCOP)Ir(CO) Complexes

Crude glycerol from the biodiesel production contains water, and glycerol itself is highly
hygroscopic. Additionally, water is produced as a byproduct in the glycerol deoxygenation via
dehydration-hydrogenation pathway. Thus, it is desirable to carry out the glycerol deoxygenation
reaction in aqueous media to be economically viable and environmentally friendly. For a
homogeneous system, in which the metal complex needs to be soluble in polar solvents, it is often
functionalized with groups such as sulfonate3> 3¢ or ammonium.3” For example, a water-soluble
pincer Ir complex has been synthesized by Brookhart and coworkers for electrocatalytic reduction

of carbon dioxide. In their prior work, an iridium complex (7, Figure 2-2) with the B"“POCOP ligand
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Figure 2-2. Ir complexes for electrocatalytic reduction of CO2.3"

was shown to be an effective catalyst in organic solvents, but this complex is not soluble in water.38
Subsequently, a new (BuPOCOP)Ir complex (8, Figure 2-2) was prepared with an ammonium
functional group in the ligand backbone, enabling dissolution of this complex in agueous media. It
is also shown that the triflate counterions are important for solubility in water as the complexes with

iodide or PFs anions are poorly soluble in water.%”

Inspired by Brookhart and coworkers, we sought to prepare a complex analogous to
complex 2 with an ammonium moiety. The piperazine-substituted ®B'POCOP ligand was
synthesized, following the reported procedure,?” and was metalated with Ir(CO)2(Cl)(pyr) (pyr =
pyridine) in presence of base to prepare the Ir complex (9) as yellow solid (first reaction of Scheme
2-9). Complex 9 has 3P{*H} NMR signal at 200 ppm (singlet), comparable to that of complex 4 (at
200 ppm). *H NMR spectrum shows a virtual triplet at 1.34 ppm assigned to the tert-butyl groups
coupled to two magnetically inequivalent phosphorus and two multiplets at 2.47 and 3.15 ppm and
a singlet at 2.27 ppm, assigned to the methylene protons and the methyl group on the piperazinyl
moiety, respectively. The virtual triplet signal for tert-butyl groups of complex 4 shows up at 1.36
ppm. The CO stretching frequencies in pentane are 1949 cm-! for 2,32 1941 cm for 4,32 and 1943

cm for 9. These IR data show that the piperazinyl group is an electron-donating group like the

Scheme 2-9. Synthesis of complex 9 and 10.
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dimethylamino group. The similarities in 3*P{*H} NMR signals, virtual triplet *H NMR signals, and
CO stretching frequencies indicate that Ir centers of complex 4 and 9 are in similar chemical
environments. Another complex with a triflate anion (10), analogous to complex 8, was prepared
by reacting complex 9 with methyl iodide, followed by salt metathesis using NaOTf to exchange the
anion from the iodide precursor (second reaction of Scheme 2-9). This complex 10 has a 3'P{1H}
NMR signal at 201 ppm, very close to the parent complex 9. The 'H NMR signals from the
piperazinyl group shifted from 2.47, 3.15, and 2.27 ppm to 3.50, 3.76 and 3.52 ppm, respectively.
The singlet signal at 3.52 pm is assigned to the two methyl groups on the nitrogen atom (6H). There
was no change in H NMR spectrum noted for salt metathesis reaction (exchange of iodide for

triflate), but 1°F{*H} NMR of 10 showed one singlet at -79.1 ppm assigned to the triflate anion.

2.2.2 Protonation of Complex 9 with [H(OEt,)]BF4

Because complex 9 contained multiple basic sites, protonation studies in CD2Cl2 were
undertaken by titrating with [H(OEt2)|BF4 to understand the nature of the protonated species. As
shown in Figure 2-3, the reaction of 9 with 1 equiv. [H(OEt2)]BF4 resulted in a narrow signal at 201
ppm in the 31P{*H} NMR spectrum, replacing the signal for complex 9 (200 ppm). This species was
assigned as complex 11 with the protonation at the nitrogen atom distal to the aryl ring since the
31P{1H} NMR signal is comparable to complex 10 (Scheme 2-10). When 2 equiv. [H(OEt2)|BF4 were
added, two signals at 203 and 194 ppm appeared. Upon the addition of the third equivalent of
[H(OEL)]BF4, the signal at 203 became sharper and shifted to 205 ppm. The resonance at 205
ppm was assigned as complex 12 (Scheme 2-10) with the protonation at both nitrogen atoms,
supported by the chemical shift of the complex 4 with N-protonation (205 ppm).34 The broad signal

at 194 ppm became narrow and shifted to 196 ppm with the addition of >3 equiv. of the acid,
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Scheme 2-10. Sequential addition of acids to complex 9.
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Figure 2-3. Stacked 3!P{*H} NMR spectra of the protonation of 9 with sequential addition of acids in
CD2Cla.

indicative of tri-cationic species 13. Since [(BUPOCOP)Ir(CO)(H)]BArF2o has a 3'P{*H} NMR signal
reported at 191.8 ppm and complex 9 has a signal at 196 ppm, we propose another species is

present to account for the broad signal at 194 ppm. This species is proposed to be a di-cationic Ir-
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hydride species (14), where the second protonation occurred at the Ir center instead of the nitrogen
atom proximal to the aryl ring, also supported by the presence of a Ir-H H NMR signal at -34.3
ppm. This Ir-H signal shifted to -35.2 ppm and narrowed to form a triplet signal of complex 13 with
8 equiv. of acid. Based on the observation that 4 and 9 were not soluble in neutral aqueous media,
these complexes may form the protonated species in situ and dissolve in acidic aqueous media,

but no solubility of 4 and 9 were observed in acidic agueous media.

2.3 Deoxygenation of Glycerol

2.3.1 Deoxygenation of Glycerol with (‘B“ePOCOP)Ir(CO) Complexes

A typical catalytic experiment was conducted in acidic aqueous p-dioxane solution with
glycerol (3.61M), 0.125 mol% Ir cat. (relative to glycerol), and 1 mol% H2SO4 (relative to glycerol)
at 200 °C under 80 bar Hz (Scheme 2-11). The reaction mixture was added to a glass liner, capped
by a Teflon lid with a small hole, allowing gas to diffuse into the reaction mixture. The liner was
inserted into a pressure reactor, which was heated in an aluminum block for 24 h. After heating, an
aliquot was taken from the reaction mixture, diluted with D20, and filtered to remove precipitates,
mainly Ir complex. The conversion of glycerol and the yields of 1-PO and 1,3-PD were analyzed by
guantitative 13C{*H} NMR spectroscopy of reaction mixture aliquots in D20 (see experimental

Scheme 2-11. Glycerol deoxygenation reaction.

Ir cat.
OH H,S0y4, H,

HO\/J\/OH > ~LOH O HO o~ _OH
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Table 2-1. Glycerol deoxygenation reactions with different Ir complexes.?2

1-PO 1,3-PD Mass

0,
IrCat.  Conv. (%) vio1q (%) Yield (%) Balance (%)®

2 76.9 15.0 1.1 21
4 74.3 15.9 1.4 23
9 73.4 154 1.3 23

2Reaction conditions: 0.0065 mmol Ir complex, 5.2 mmol glycerol, and 0.052 mmol
H,SO, in water (0.249 mL) and p-dioxane (1.19 mL) under 80 bar H,. Heated to
200 °C. ®Mass balance = (Sum of product yields) / (Conversion of glycerol).
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section for details). The results of catalytic deoxygenation of glycerol are summarized in Table 2-1.

The glycerol deoxygenation reactions with different Ir complexes gave about 75%
conversion of glycerol. The yield of 1-PO was around 15% while the yield for 1,3-PD was low (~1%).
The mass balance from deoxygenation reactions was quite poor (20%), meaning the majority (80%)
of the converted glycerol was not accounted for. Incomplete mass balance is also recorded by
Schlaf without any quantitative data.?® One possible explanation for this mass balance issue is that
there are undesired side reactions via secondary condensation or dehydration (Scheme 2-12).
Ahmed Foskey observed the formation of various side products, including ethers and cyclic ethers,
during the deoxygenation of 1,2-PD.?° Schlaf claims that the largest energetic barrier for this
reaction is the first dehydration of glycerol, and the energy barriers for any subsequent acid-
catalyzed pathways are lower.28 |t is notable that the successful deoxygenation of 1,2-PD to 1-PO
can be carried out at 125 °C,2° while it requires at least 150 °C to dehydrate glycerol.28 Glycerol or
any intermediate generated in-situ through dehydration can condense with each other, leading to
high conversion of glycerol but low yields of the diols or 1-PO. Hence, the rate of hydrogenation

should be improved in order to be competitive with the secondary dehydration/condensation

Scheme 2-12. Potential side products formed by dehydration, condensation, and hydrogenation.
Reproduced from Ref. 20 with permission from the Royal Society of Chemistry.
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pathways. Another explanation for mass balance issue is that the deoxygenated products (1,3-PD
and 1-PO) may undergo further reactions, lowering the yields of products and selectivities

(discussed in section 2.3.3).

Despite the poor mass balance, the deoxygenation reaction results were similar between
Ir complexes. The substitution on the BUuPOCOP ligand was done to increase the solubility in polar
media, but it would also have an effect on the electronics of these complexes. The dimethylamino
group is electron-donating (ocp = -0.83), and the protonation causes a drastic change for the
dimethylamino group to become electron-withdrawing (cp = 0.60-0.83).4° The CO stretching
frequency of complex 9 (1943 cm-t), compared to that of complex 2 (1949 cm-?), suggests that the
piperazinyl group is an electron-donating group and expected to go through similar change in
electronics as complex 4 (1941 cm) upon protonation. The incorporation of these electron-
withdrawing protonated groups should make the iridium center less basic. The altered electronics
at the metal center should affect the activity of hydrogenation reaction. However, the similar results
of the deoxygenation reactions with different Ir complexes may suggest that the change in the rate
of hydrogenation is less influential in determining the overall reactivity and that understanding and

controlling acid-catalyzed pathways is more important.

Additionally, weaker acids such as acetic acid (pKa"2° = 4.76), formic acid (pKa"2° = 3.77),
or phosphoric acid (pKa1H?° = 2.12) were explored, but no reaction occurred. *C NMR spectra after
the samples were heated to 200 °C under 80 bar Hz showed only signals for p-dioxane and glycerol.

These results suggests that the added acid must be sufficiently strong to initiate deoxygenation.

2.3.2 Improving Mass Balance of Glycerol Deoxygenation

To minimize undesired side pathways of condensation or dehydration, we tested three
conditions: 1) lowering the acid concentrations, 2) lowering the concentrations of all reagents by
diluting the reaction mixture, and 3) increasing water concentrations. Both condensation and

dehydration steps are catalyzed by acid, and lowering its concentration should slow down both
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these steps. However, decreasing acid concentration is known to lead to lower glycerol
conversion.®? Diluting the reaction mixture by adding more solvents would lower the concentrations
of glycerol, Ir complex, and the acid, and thus also reduce overall reactivity, but it could change
selectivity. Water is formed as a byproduct from condensation or dehydration, and adding water to

the reaction mixture would limit the equilibrium position of those reactions.

Glycerol deoxygenation reactions were carried out with complex 2, 4, and 9 and with
varying equivalents of acid. Generally, glycerol conversion and 1-PO vyield increased with higher
acid concentrations, but the yield of 1,3-PD had an inverse relationship to the acid concentration.
Interestingly, 1,2-PD was observed at low acid concentration, and 1,2-PD vyield also increased with
decreasing acid concentration (Table 2-2, entry 2 vs. 3, 5 vs. 6). Decreasing glycerol conversion at
lower concentraion of acid is expected because there was less acid available to catalyze the
dehydration step. Simutaneously, the rate of hydrogenation to form the dexoygenated products
became more competitve with the rate of acid-catalyzed side pathways. This effect is seen by the
improved mass balance of up to 48% with 4 and 1 equivalent of acid (Table 2-2, entry 6). It is

interesting that the result of glycerol deoxygenation with 2 and 1 equivalent of acid (Table 2-2, entry

Table 2-2. Glycerol deoxygenation with varying Ir complexes and acid concentrations.2

Ir Acid  Conv. 1PO  13-PD  12-PD Mass
BNty ot Equive (%) Yield  Yield Yield Balance*
(%) (%) (%) (%)
1 2 8 76.9 15.0 1.1 0 21
2 2 2 53.5 1.5 18 0.7 26
3 2 1 39.0 7.4 25 0.8 27
4 4 8 743 15.9 14 0 23
5 4 2 37.0 9.4 2.1 0.7 33
6 4 1 14.3 3.8 22 0.8 48
7 9 8 734 15.4 13 0 23
8 9 2 40.1 8.9 2.1 0.8 29

aReaction conditions: 0.0065 mmol Ir complex, 5.2 mmol glycerol, and H,SO, in water (0.249 mL) and p-dioxane
(1.19 mL) under 80 bar H,. Heated to 200 °C. ® Acid Equivalents per Ir atom. ¢ Mass balance = (Sum of product
yields) / (Conversion of glycerol).
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3) is comparable to the results with 4 or 9 and 2 equivalents of acid (Table 2-2, entry 5, 8). Higher
conversion of glycerol and higher 1-PO yield and lower 1,3-PD yield were observed with 2 and 2
equivalents of acid (Table 2-2, entry 2). Complex 4 or 9 has basic sites (one or two, respectively)
on the ligand backbone, unlike complex 2. Due to the interaction of the acid with the basic sites,

there may be less acid available to catalyze the dehydration.

Glycerol deoxygenation reactions were carried out with more solvent to reduce the
concentrations of reagents by half and to slow down the catalysis. The decline in both glycerol
conversion and product yields demonstrates the diminished overall reactivity (Table 2-3, entries 1,
2). As observed with low acid concentrations, 1,2-PD also appeared. While the concentrations of
reagents were lowered, the concentration of hydrogen remained the same in the reaction mixture.
This steady concentration of hydrogen may have led to a better rate of hydrogenation relative to

competing condensation pathways and the slightly improved mass balance.

Glycerol deoxygenation reactions were also carried out varying the water concentration.
Previously, deoxygenation of 1,2-PD was reported with a selectivity up to 95% of 1-PO and n-propyl

ether when the acid loading was reduced and the water concentration increased.?® The effect of

Table 2-3. Glycerol deoxygenation with varying solvent volumes and water concentrations.?

Ir p-Dioxane:H,O Conv. 1-.PO 1’§-PD 1’2.-PD Mass
Entry Cat. (% viv) (%) Ylneld Ylneld Ylneld Balince"

(%) (%) (%) (%)

1 4 83:17 743 15.9 1.4 0 23
2¢ 4 83:17 51.7 12.2 0.8 0.3 26
3 9 83:17 734 15.4 1.3 0 23

4 9 65:35 69.9 17.8 24 04 29

5 9 48:52 56.8 17.7 2.8 04 37
6ed 4 48:52 9.1 4.1 0.6 0 51
7ed 9 48:52 7.3 32 0.7 0 53

2Reaction conditions: 0.0065 mmol Ir complex, 5.2 mmol glycerol, and 0.052 mmol H,SO, in aqueous dioxane
solution under 80 bar H,. The total volume of solvent mixture was 1.439 mL. Heated to 200 °C. " Mass balance =
(Sum of product yields) / (Conversion of glycerol). ¢ The total volume of solvents doubled. ¢ Amount of H,SO,
changed to 0.013 mmol.
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water concentration was not yet studied with glycerol as substrate. At high water concentration (52%
viv) (Table 2-3, entry 5), the conversion of glycerol decreased to 56.8% and 1-PO yield slightly
increased to 17.7%. The yield of 1,3-PD doubled from 1.3% to 2.8% as more water was added. A
concurrent decrease in glycerol conversion and increased product yields led to an improvement in
mass balance to 37%. The added water not only inhibited the first dehydration of glycerol, leading
to lower catalytic activity and conversion, but also suppresed other dehydration and condensation
pathways. Schlaf observed the concentration of glycerol was the same before and after the
deoxygenation reaction at 150 °C with at least 20% water, indicating that the condensation
pathways are suppressed when the water concentration is sufficiently high.28 Increasing water
concentration made the hydrogenation step relatively faster and improved the overall product yield
and mass balance. Interestingly, 1,3-PD yield increased monotonically with the increasing % water,
but unfortunately a deoxygenation of glycerol in pure water was not feasible due to insolubility of Ir

complexes in water.

Lastly, we examined the deoxygenation reaction under the combined modified reaction
conditions (lower acid conc., dilute conditions, high water conc.). The conversion of glycerol
drastically dropped to 7-9% because the low concentration of acid and high concentration of water
inhibited dehydration of glycerol. Notably, the mass balance improved to over 50% (Table 2-3,
entries 6, 7). The rate of deoxygenation of glycerol is dependent on the dehydration of glycerol, but
increasing the rate of dehydration is detriemental to mass balance and 1,3-PD selectivity. Slowing

down the dehydration improves the yield and selectivity of 1,3-PD by making the rate of

hydrogenation more competitive than condensation or dehydration reactions.

2.3.3 Control Reactions

To further understand the mass balance issue, we examined whether the deoxygenated
products are stable to the reaction conditions. Deoxygenation reactions with 1-PO, 1,2-PD, and

1,3-PD were carried out with complex 4 at 200 °C under 80 bar H: in acidic aqueous dioxane
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solution. At high acid concentration, 1-PO was recovered in only 45% yield and 1,3-PD in only 51%
yield (Table 2-4, entry 1, 2). Thus the deoxygenated products are undergoing further reactions to
form other products, worsening the mass balance. When the acid concentration was lowered, the %
recovery for 1-PO improved to 51% and to 72% for 1,3-PD (Table 2-4, entry 3, 4). With 1,2-PD as
substrate, almost full conversion (95%) was observed with the formation of 1-PO in 56% yield.
However, 1-PO was not observed when 1,3-PD was a substrate, and this observation is consistent
with previous reports.?8 32 Based on the succuessful deoxygenation of 1,2-PD to 1-PO and no
observation of 1-PO from 1,3-PD, it is reasonable to suggest that, if the initial dehydration of glycerol
occurs at the primary OH group, then it forms 1,2-PD, followed by an activation of the secondary
OH group, eventually leading to the formation of 1-PO. On the other hand, if the initial dehydration

occurs at the secondary OH group, then it leads to the formation of 1,3-PD.

Furthermore, another set of control reactions were carried out to examine whether poor
mass balance was due to any mechanical loss of the deoxygenated products. Glycerol and 1,3-PD
were recovered quantitatively, but 1-PO was only accounted for 76% when these substrates were
subjected to the reaction conditions without Ir complex and acid. Based on the observation of liquid
between outside of the glass liner and inside the reactor well when 1-PO was a substrate, it
suggests that 1-PO, which is more volatile than glycerol or 1,3-PD, vapourizes out of the glass liner
and condenses inside the reactor well. In this control reaction, the initial amount of 1-PO was much

greater than the amount formed in the glycerol deoxygenation reactions, so the % recovery value

Table 2-4. Control reactions using the deoxygenated products as substrates.?

Acid %

Entry  Substrate Equiv. Recovery

1 1-PO 8 45
2 1-PO 2 51
3 1,3-PD 8 40
4 1,3-PD 2 72

2Reaction conditions: 0.0065 mmol Ir complex 4, 2.6 mmol substrate, and H,SO, in water
(0.249 mL) and p-dioxane (1.19 mL) under 80 bar H,. Heated to 200 °C. ® Acid equivalents
per Ir atom.
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(76%) could not be directly applied to account for the mass balance from glycerol reactions.
Nonetheless, it is likely that some 1-PO escapes the glass liner during the glycerol deoxygenation

reactions.

2.3.4 Examination for Nanoparticle Formation

Recently, the in-situ generation of nanoparticles from 1 during the deoxygenation of 1,2-
octanediol was reported.** Nanoparticles, isolated by centrifugation, revealed a diffraction pattern
that resembles metallic iridium. The nanoparticles adhered to the liner surface in the reactor or the
surface of the stirbar were active for the deoxygenation of 1,2-octanediol, although this reactivity
faded over the repeated experiments. While such particles were not obvious in the reaction mixture
for our system, dark deposits were observed on the PTFE stirbars. We examined the possibility of
nanoparticle formation in the glycerol deoxygenation reactions. For each experiment, the reactor
was charged with 5.2 mmol glycerol and 0.013 mmol (0.250 mol% relative to glycerol) H2SO4 in
aqueous p-dioxane. In Run 1 (Table 2-5), with a brand new glass liner and stirbar and without any
iridium complex, the conversion of glycerol was 54.1% with the total product yield of 0.5% (1-PO
and 1,3-PD) at 200 °C after 24 h. The initially colorless reaction mixture appeared dark brown with
some visible particles after the reaction. In Run 2 (Table 2-5), using the same liner and stirbar, now
with 4 added, the conversion of glycerol dropped to 35.0% and 1-PO was observed in 8.0% and

1,3-PD in 2.2%. The same reactions were repeated twice again with the same liner and stirbar

Table 2-5. Examination for possible Ir nanoparticles.?

Run  Conv. (%) Yil]:?%) Y‘li;?;;ll’(?/o) Tota;!% Y)ield
1 54.1 0.4 0.1 05
2 35.0 8.0 22 10.2
3 50.3 5.3 0.3 56
4 60.8 12 0.1 13

2Reaction conditions: 5.2 mmol substrate, and 0.013 mmol H,SO, in
water (0.249 mL) and p-dioxane (1.19 mL) under 80 bar H,. Heated to
200 °C. ®0.0065 mmol Ir complex 4 added.
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(Table 2-5, run 3-4) and without any Ir catalyst added. The conversion of glycerol returned to above

50%, and the yields of 1-PO and 1,3-PD decreased significantly.

Total yield of the products (1-PO and 1,3-PD) in Run 3 (Table 2-5) was reduced by about
half from Run 2, and this reduction is comparable to the results reported for the 1,2-octanediol
deoxygenation.*? The continued, albeit decreased, reactivity suggests the presence of
nanoparticles participating in the catalysis. Intriguingly, the % vyield difference between Run 2 and
3 is much greater for 1,3-PD than 1-PO, where the difference between two runs is the presence of
molecular Ir complex. The nanoparticles may favor activation of terminal OH groups since they are
sterically more accessible and lead to the formation of 1,2-PD, which turns into 1-PO as observed
in the control reaction. Because the post-reaction analysis by NMR spectroscopy confirms the
presence of molecular Ir complex, the in-situ generated nanopoarticles and molecular complex
must coexist in the reaction mixture, and it cannot be conclusively determined which is catalyzing
the reaction. Rather than one or the other being responsible for all the catalysis, it is possible that
heterogeneous nanoparticles favor the activation of terminal OH groups leading to 1,2-PD and later
1-PO while the homogeneous complex is the catalyst to produce 1,3-PD. This possibility is
intriguing and in need of further investigation as it implies that a more robust homogeneous catalyst

may allow for greater selectivity in the production of 1,3-PD from glycerol.

Previously, to improve the robustness of pincer complex, tert-butyl groups on phosphorus
atoms of (BUPCP)Ir(H)2 (RPCP = «3-CsHs-2,6-(CH2PR2)2) (17, Figure 2-4) were substituted with
adamantyl groups (18, Figure 2-4), and this substitution increased thermal robustness to 250 °C

while providing a similar steric and electronic environment around Ir center and a comparable

P('Bu), P(Ad),
| H | H
/ 7/
Ir\ Ir\
| H | H
P('Bu), P(Ad)s
17 18

Figure 2-4. Ir complexes with different alkyl groups used for alkane dehydrogenation.
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Scheme 2-13. Hydrogen addition to pincer-ligated Ir complexes.

X—P(‘Bu), X—P(‘Bu)s,
| H*, Ho | H
I‘r*CO _— |‘r;co
H
X—P('Bu), X—P(‘Bu);
2(X=0) 3(X=0)
15 (X = CHy) 16 (X = CH,)
P(Ad),
\
N Ir—CO
/
P(Ad),
19

Figure 2-5. Proposed Ir complex for future study.

catalytic activity for alkane dehydrogenation.#? In addition to the increased robustness of the
catalyst, a faster rate of hydrogenation is desired because the faster incorporation of hydrogen to
the catalyst would enhance the rate of the hydrogenation and improve 1,3-PD selectivity. In the
study of hydrogen addition to pincer complexes, (®BUPOCOP)Ir(CO) (2) converted to
(BUPOCOP)Ir(CO)(H)2 (3) only in 14% over 6 days in presence of acid under hydrogen atmosphere.
However, (BUPCP)Ir(CO) (15) resulted in (B'PCP)Ir(CO)(H)2 (16) immediately and quantitative yield
under the same conditions as 2 (Scheme 2-13).43 Based on the prompt hydrogen addition of a PCP
ligand and the thermal stability of adamantyl groups, it's possible that new complex (19) can be

prepared to increase 1,3-PD yield and minimize catalyst decomposition to nanopatrticles.

2.4 Conclusions

A new derivative of (BUPOCOP)Ir(CO) complex (9) was synthesized with a piperazinyl
group at para position of ligand backbone. A protonation study revealed the sequential addition of
protons and eventual formation of tri-cationic species. While it was anticipated that the protonation
of complex 9 would enhance its solubility in aqueous solution, it was found that complex 9 was not
soluble in neutral or acidic aqueous media. The results from glycerol deoxygenation reactions with
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three Ir complexes with different substituents on the ligand backbone were similar affording only a
very small yield of 1,3-PD. They also showed poor mass balance of 20%. The poor mass balance
and low 1,3-PD vyield are similar to the results reported by Schlaf with Ru catalysts, where no 1,3-
PD was observed and incomplete mass balance was recorded.?”- 28 The mass balance improved
when (1) the acid concentration was lowered, (2) the entire reaction mixture was diluted, or (3) the
water concentration increased. These modifications to the reaction conditions also confirmed that
the conversion of glycerol is related directly to the acid concentration and inversely to the water
concentration while 1,3-PD yield has the opposite relationships to them. The inverse relationship
of 1,3-PD and water contradicts the observation by Braca using Ru(CO)al2, where the addition of
water shifted the product distribution away from 1,3-PD towards 1-PO.25 The lowest conversion
and the best mass balance were observed when all three modified conditions were applied together.
Control reactions revealed the formation of 1-PO from 1,2-PD, not 1,3-PD. Control reactions also
showed that 1-PO and 1,3-PD were not fully recovered, indicating that they react further under the
reaction conditions. In order to determine whether nanopatrticles had formed in the reaction mixture,
a series of experiments were performed using the same glass liner and sitrbar. The continued
reactivity in absence of molecular Ir complex suggests the formation of Ir nanoparticles. A more
drastic drop in 1,3-PD yield than 1-PO yield without any molecular catalyst after nanoparticle
formation seems that a molecular catalyst is required for selective formation of 1,3-PD. To increase

1,3-PD production, a more robust homogeneous catalyst is likely required.

2.5 Experimental

All experiments and manipulations were performed using standard Schlenk techniques
under an argon atmosphere or in a nitrogen-filled glovebox unless otherwise specified. CH2Cl:
(DCM), benzene, pentane, CH3CN and toluene were passed through columns containing activated
alumina and molecular sieves. p-Dioxane (stabilized with BHT) and all other reagents were used
as received. CD2Cl> was dried over CaH.. 'H, 3P{*H}, °F{*H}, and *C{H} NMR spectra were

recorded on Bruker AV300, AV500, DRX500 or NEO600 instruments at ambient temperature and
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referenced to the residual solvent peak (*H, 13C{*H}).44 31P{*H} NMR shifts were referenced to 85%
D3PO4(0 ppm). **F{*H} NMR shifts were not referenced. Elemental analyses were performed by
the CENTC Elemental Analysis Facility at the University of Rochester. Samples were weighed with
a PerkinElmer Model AD6000 Autobalance and their compositions were determined with a
PerkinElmer 2400 Series Il Analyzer. IR spectra were recorded on a Bruker Tensor 27 FT-IR
spectrometer. X-ray crystal structures were collected at -173 °C on a Bruker APEX Il single crystal

X-ray diffractometer, Mo-radiation.

2.5.1 Synthesis
(BUPOCOP)IF(CO),3°  (p-NMe2-BuPOCOP)Ir(C0O),32  [Ir(CO)Cl(pyn)],*s and (5-(1-

methylpiperazinyl)- B'POCOP)37 were synthesized according to literature procedures.

Synthesis of (p-(1-methylpiperazinyl)- B“POCOP)Ir(CO) (9)

In a nitrogen-atmosphere glovebox,a flask with a Teflon stopcock was charged with 0.490
g (0.99 mmol) of 5-(1-methylpiperazinyl)- ®"POCOP, 0.362 g (1.0 mmol) of Ir(CO)Cl(pyr), and
0.113g (1.0 mmol) of KO'Bu in 30 mL of toluene. Bubbling was observed upon mixing of these
reagents, due to CO dissociation. The flask was sealed with a Teflon stopcock, removed from the
glovebox, and heated to 130 °C in an oil bath for 18 h. After cooling the mixture, toluene was
evaporated under vacuum. The residue was dissolved in pentane and filtered to yield a yellow
filtrate. The pentane was evaporated from the filtrate to isolate 9 as a yellow solid. Yield: 0.591 g
(84% vyield). Crystals suitable for X-ray diffraction were grown by slow evaporation of a DCM

solution at room temperature.

1H NMR(CD2Cl2, 600 MHz): 5 6.20 (s, 2H; Ar-H), 3.15 (m, 4H; N(CH2CH>)2N-), 2.47 (m,

4H; CHsN(CH2CHz2)2N-), 2.27 (s, 3H; NCHs3), 1.34 (vt, 3Jpu+5JpH = 7.2Hz, 36H; Bu).

31p{1H} NMR (CD:Cls, 202 MHz): & 200 (s)

13C{tH} NMR (CD2Clz, 150 MHz): § 199.7 (t, 2Jrc = 5 Hz), 170.6 (vt, Jec = 8 Hz), 153.5 (s),
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139.8 (t, 2Jpc = 9 Hz), 91.6 (vt, Jpc = 6 Hz), 55.4 (s), 48.9 (s), 46.0 (s), 40.8 (vt, Jrc = 12.3

Hz), 28.2 (vt, Jec = 3.3 H2)

IR (solution, cm1): v(CO) 1943 (pentane)

Elemental Analysis (calculated): C 47.26 (46.98), H 6.77 (6.90), N 3.83 (3.91)

Synthesis of [(p-(1,1-dimethylpiperazinyl)- B2 POCOP)Ir(CO)][OTf] (10)

In a nitrogen-atmosphere glovebox, 9 (26 mg, 0.036 mmol) was dissolved in benzene (2
mL). Mel (40 uL, 0.64 mmol) was added to the benzene solution of 9 with a micropipettor in the
dark. After stirring for 46 h at room temperature, a yellow precipitate was collected by filtering
through a pad of celite. The yellow solid was dissolved in DCM, and the DCM was evaporated
under reduced pressure to yield a yellow solid. This solid was dissolved in CH3CN (2 mL). After
addition of NaOTf (15.4 mg, 0.090 mmol), the solution was allowed to stir for 17 h at room
temperature. After stirring, the CH3CN was evaporated under vacuum, and the product was
extracted with DCM, filtered through a pad of Celite, and dried under vacuum to give a yellow solid

(27 mg, 88% vyield).

1H NMR(CD2Clz, 300 MHz): & 6.25 (s, 2H; Ar-H), 3.76 (m, 4H; N-CHz), 3.50 (m, 4H; N-

CH2), 3.52 (s, 6H; N(CHs)2), 1.35 (vt, 3Jpu+5JpH = 7.2Hz, 36H; 'Bu)

31p{1H} NMR (CD:Clz, 121 MHz): § 201 (s)

19F{1H} NMR (CD2Cl2, 470 MHz): § -79.1

2.5.2 Protonation Studies of Complex 9

In a nitrogen-atmosphere glovebox, a J. Young NMR tube was charged with complex 9
(20.6 mg, 0.029 mmol) and CD2Cl2 (0.5 mL). Then, 8 equivalents of [HEt2O][BF4] were added
successively one equiv. at a time with a micropipettor. The reaction progress was monitored using

1H and 3'P{*H} NMR spectroscopy after each addition.

27



C Gas inlet

\

Figure 2-6. Photos of the HEL reactor assembly. A: reactor bottom, glass liner equipped with a spin
vane, and gas-diffusing PTFE cap. B: gas-diffusing PTFE cap. C: reactor top.

2.5.3 General Procedures for Glycerol Deoxygenation Reactions

All deoxygenation reactions were conducted in a custom-made HEL DigiCAT high
pressure system in 16 mL Hastelloy autoclaves equipped with glass liners, PTFE spin vanes and
gas-diffusing PTFE caps (Figure 2-6). The reaction temperatures and stirring speed (300 rpm) were
controlled using the HEL software interface. Hz2 (Research 6.0 grade) was purchased from Airgas
and used as received. Catalytic solutions were prepared on benchtop and sealed in Hastelloy
reactors before connecting to the HEL DigiCAT system. Reactions were analyzed by quantitative

13C{1H} NMR spectroscopy using reaction aliquots diluted with D20.

In a typical reaction, glycerol (5.2 mmol), Ir catalyst (0.0065 mmol), and H2SO4 (1M in H20,
0.052 mmol) were added to a glass liner, followed by water (0.249 mL) and p-dioxane (1.19 mL).
The glass liner was equipped with a spin vane, stopped with PTFE cap, sealed inside a Hastelloy
reactor, and connected to the HEL DigiCAT system. The reactor was pressurized with N2 (20 psi)
and purged three times, then with Hz (500 psi) and purged three times, and finally pressurized with
H2 (1160 psi). The reactor was heated to 200 °C in an aluminum block while stirring. After 24 h, the

reactor was cooled to warm temperature (30-35 °C), further cooled in an ice bath for 40 min, and

28



depressurized while cold to minimize loss of material in the vapor phase. The reactor was then
opened, and dimethylsulfone (45-50 mg) was added as an internal standard. Once dimethylsulfone
was dissolved in the reaction mixture, an aliquot was taken out for quantitative 13C{*H} NMR.
Specific reaction conditions were listed under Table 1-3. After each experiment, the used reactors

and stirbars were washed with acetone and air-dried.

The aliquot (300 uL) from the reaction mixture was diluted with DO (400 uL), usually
resulting in cloudy mixture. This mixture was filtered through PTFE syringe filter, and the filtrate
was added to a NMR tube with GdCls (7.5 mg/mL in D20, 20 uL) as a relaxation agent. A
guantitative 13C{*H} spectrum was obtained by collecting inverse-gated decoupled NMR spectrum
to avoid NOE enhancement. For reactions with larger volume of solvents, an aliquot (400 uL) was
diluted with D20 (300 uL). All spectra were referenced to p-dioxane (67.19 ppm) in D20.4* Figure
2-7 shows a representative *C{*H} NMR spectrum. The following are the 2C{*H} NMR signals

used for quantification:

Glycerol: 6 63.19 (2C)

1-PO: § 10.34 (1C)

1,3-PD: § 59.19 (2C)

1,2-PD: § 18.82 (1C)

Dimethylsulfone (internal standard): 5 42.24 (2C)
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Figure 2-7. Representative 13C{*H} NMR from deoxygenation of glycerol.

2.5.4 Control Reactions

Following a similar procedure for deoxygenation of glycerol, control reactions were
performed with 1-PO or 1,3-PD instead of glycerol. Specific reaction conditions are listed under

Table 4. Aliquots were taken out for quantitative 13C{*H} NMR in D20.

2.5.5 Examination for Potential Nanoparticle Formation

Following a similar procedure for deoxygenation of glycerol, Run 1 was carried out with a
brand new PTFE stirbar and glass liner but without any Ir catalyst. After Run 1, the PTFE stirbar
and glass liner were washed with acetone, then water, then acetone again, and dried in the over
for at least 24 h. Run 2 was performed with complex 4 added following a similar procedure for
deoxygenation of glycerol. Before each run after Run 2, the same washing and drying of the stirbar
and glass liner was done. Run 3 and 4 were continued using the same stirbar and glass liner as in
Run 1 or 2 but no Ir catalyst was added. A similar procedure for deoxygenation of glycerol was

followed. Specific reaction conditions are listed under Table 5. Aliquots were taken out for
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quantitative *C{*H} NMR in D20.
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Chapter 3: Investigations of Immobilized (‘|®"POCOP)Ir(CO) as a

Catalyst for Dehydrogenation and Hydrogenation Reactions

3.1 Introduction

3.1.1 Production of Light Olefins

Light olefins (C2-Ca) are versatile building block chemicals used to produce a wide range
of chemicals, including polymers (polyethylene, polypropylene) and oxygenates (ethylene glycol,
propylene oxide).”-46.47 Annual global demand of light olefins exceeds hundreds of millions of
tons.*% 4851 The leading technology for light olefin production is steam cracking of naphtha, a
flammable hydrocarbon mixture that originates from distillation of crude oil. In the steam cracking
process, naphtha feedstock, mixed with steam, is cracked, or broken down, at high temperature
(775 — 950 °C).52 Steam cracking of a typical naphtha mix produces approximately 18% methane,
34% ethylene, 14% propylene, and 8% C4gases, and Cs+ hydrocarbons constitute the rest.
Product separation increases the overall cost of the process. Recent developments in shale
fracking and the large availability of natural gas drove a feedstock change for many new crackers
from naphtha to ethane, the second largest component of natural gas.” 3° The steam cracking of
ethane yields ethylene with 80% selectivity, while other olefins are produced in low amounts.8 48.
53 The chemical industry is searching for new methods to produce propylene and several highly
selective (90%) catalytic propane dehydrogenation processes have recently been implemented
industrially: Catofin by Lummus, Oleflex by UOP, STAR by Uhde, and Fluidized Bed
Dehydrogenation (FBD) by Yarsintez-Snamprogetti.”- 8 49.50. 54 Because dehydrogenation of
alkanes is an endothermic and equilibrium-limited reaction, these processes require high
temperature operation (500 — 700 °C). Coke formation is favored at high temperatures, and this
leads to catalyst deactivation and low selectivities. Catalyst regeneration, to remove unwanted

coke, necessitates significant down time of the reactors. Therefore, a selective, low temperature,
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Figure 3-1. Ir Pincer complexes examined for (transfer) dehydrogenation of alkanes.

energy-efficient catalytic system for alkane dehydrogenation is sought.

3.1.2 Pincer Complexes as Dehydrogenation Catalysts

In the search for selective catalytic dehydrogenation systems, homogeneous, transition-
metal complexes have shown significant promise. An initial report by Crabtree demonstrated that
cyclopentane and cyclooctane were dehydrogenated by [IrH2(acetone)2(PPhs)2][BF4] to yield the
corresponding cyclic olefin bound Ir species in the presence of 3,3-dimethyl-1-butene (tert-
butylethylene, TBE) as a sacrificial hydrogen acceptor.5® This reaction represents a transfer
dehydrogenation reaction wherein the Hz produced from dehydrogenation of a alkane substrate
hydrogenates a sacrificial olefin. Following this work by Crabtree, -catalytic transfer
dehydrogenation by monodentate phosphine-ligated Re or Ir complexes were reported with low
activity by Felkin and Crabtree.5¢ 57 Remarkable progress was made with the discovery of
(BUPCP)Ir(H)2 (RPCP = x3-CeH3-2,6-(CH2PR2)2) (17) as a catalyst for transfer dehydrogenation of
cyclooctane by Kaska and Jensen (Scheme 3-1).58 In the presence of TBE, a TOF of 12 min-! was
achieved at 200 °C and the catalyst was stable for up to one week at this temperature. The catalytic
activity was limited by the hydrogen acceptor TBE, and incremental additions of TBE during the
reaction enabled up to 1000 TON to be realized. Brookhart found that, when the ligand was

changed to phosphinite-based (BYPOCOP)Ir(H)2 (RPOCOP = x3-CeH3-2,6-(OPRz2)2) (1), in the

Scheme 3-1. Catalytic transfer dehydrogenation of cyclooctane.
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presence of TBE, the catalytic transfer dehydrogenation of cyclooctane occurred with an initial TOF
of 115 min-* and TON of up to 3000.5°

The thermal stability of pincer complexes also allowed the catalytic dehydrogenation of
alkane without any sacrificial olefin. This acceptorless dehydrogenation requires high reaction
temperatures due to the unfavorable thermodynamics. For efficient acceptorless dehydrogenation,
Hz is removed from the reaction mixture to drive the reaction forward. Jensen and Goldman
reported the dehydrogenation of cyclodecane (Scheme 3-2) catalyzed by 17 with TON of 170 and
360 after 4 and 24 h, respectively, at refluxing temperature (201 °C).5° Goldman discovered that
the less sterically bulky iso-propyl derivative of PCP complex, (P'PCP)Ir(H)2 (20), was more active
for the acceptorless dehydrogenation of cyclodecane. After 1 h, 406 TONs were observed, and the
TOF increased by an order of magnitude compared to 17.5 In the same report, an acceptorless
dehydrogenation of n-undecane catalyzed by 20 was observed for the first time.! Interestingly,
Krogh-Jespersen and Goldman demonstrated that (F"fPCP)Ir(C2Ha) (21) is an active heterogeneous
catalyst for gas-phase pentane/propene transfer dehydrogenation with an initial TOF of 3780 h-! at
240 °C and that heterogeneous dehydrogenation yielded greater a-olefin selectivity compared to
the homogeneous solution-phase system.®2 While the pincer-ligated Ir complexes are catalytically
active for alkane dehydrogenation reactions under milder conditions than current industrial

processes, their activities are too low (TON <1000) to be useful in industrial applications.1°

Scheme 3-2. Acceptorless dehydrogenation of cyclodecane.
Ir cat.

3.1.3 Immobilization of Homogeneous Catalysts

Despite the advances in homogeneous catalysts, industrial catalytic processes mostly
use heterogeneous catalysts (80%).5 Heterogeneous catalysts have a significant advantage in
that they, by definition, are easily separated from the reaction mixture and can be recycled or

used in continuous systems. Another advantage of heterogeneous catalysts is that they often are
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more robust and can be utilized under forcing conditions (high temperature, high pressure).
Although these advantages enable their use in industrial settings, drawbacks to heterogeneous
catalysts also exist. Because the reaction occurs at the reagent/catalyst interface (usually
gas/solid or liquid/solid), only a fraction of metals near the surface are actively involved in
catalysis. Furthermore, the presence of multiple active sites both leads to unselective reactions
and complicates mechanistic studies.

Homogeneous catalysts, on the other hand, hold some advantages over heterogeneous
ones. They can be highly active and selective under mild reaction conditions and can be
systematically tuned to improve activity and selectivity. Catalyst optimization typically occurs
through modifications to the ligand framework. Since homogeneous catalysts can be
characterized by solution-phase techniques such as NMR, IR, or UV-Vis spectroscopies, along
with other methods, their structures can be well-defined and we can develop good understanding
of the active species. Based on the understanding of the active species and mechanisms, the
ligand can be finely tuned to achieve the desired activity and selectivity. The major drawbacks of
homogeneous catalysts are their inefficient separation from reaction mixtures and difficulty of
catalyst recycling.

A new approach has been taken to develop a supported catalyst, which leverages the
advantages of both homogeneous and heterogeneous catalysts. These supported catalysts are
prepared by immobilizing homogeneous catalysts on heterogenous support materials, with the
aim to achieve highly selective, robust, and easily separated catalysts.

3.1.4 Complicating Issues of Immobilization

There are consistently questions regarding the nature of immobilized catalysts. One key
issue is that the molecular complex can detach from the support and leach into the reaction
mixture. For an active catalytic system, it must be considered whether the active catalytic species
is on the support (heterogeneous) or is detached from the support (homogeneous). In examples

of immobilized catalysts for cross-coupling reactions, Pd complexes frequently leach from the
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support and became homogeneous, catalytically active Pd species.®* Specifically, Richardson
and Jones prepared a mercaptopropyl-modified mesoporous silica, and they found that this
modified silica can be used as not only the support material for immobilization but also a poison
for any detached Pd species during catalysis.5 Hot filtration and poisoning tests suggest that the
cross-coupling reaction is not catalyzed by the immobilized Pd complex, but instead by soluble
Pd species homogeneously. Additionally, leaching can cause deactivation of the catalysis through

intermolecular interactions between homogeneous metal species.

Although leaching is against the initial purpose of immobilization, some groups decided
to take advantage of leaching, especially for olefin metathesis reactions.%%-%8 In a proposed
‘release-return’ mechanism, the immobilized complex is a precatalyst or a reservoir of the active
species, which are released during the reaction and re-captured by the support. This type of
release and recapture provides efficient homogeneous catalysis with the ability to recover and re-
use the catalyst. While this approach is quite interesting, much of the focus in the field is on the

minimization of catalyst leaching.

Another key issue to consider in supported catalysis is how the support itself affects the
overall reactivity. Despite some examples exhibiting improved activities over their homogeneous
counterparts,%9-7* immobilization often lowers the catalytic activity, rendering the immobilized
catalyst difficult to be adopted industrially.”2 Other reports have demonstrated that the support
material offers significant benefits in catalysis. For example, when the homogeneous catalysts
are site-isolated on the surface of the support, reactive or coordinatively unsaturated species are
physically separated and this separation prevents some deactivation pathways such as
dimerization.”375 In addition, multiple functionalities can co-exist, even if they may not be
compatible with each other in solution. For example, sulfonic acid groups and amine groups have
been co-immobilized on silica by Davis.”® In solution, sulfonic acids would protonate the amine
leading to precipitation out of solution; the physical separation imparted by immobilization enables

these functional groups to be used in the same reaction. Metal complexes can also be co-

38



immobilized with acid””: 78 or base.”®: 80

Immobilization in the pores of the support often affects the activity, selectivity, or
stereoselectivity due to confinement effects. Mesoporous silica-supported Pd catalysts were
prepared with various pore sizes by Motokura.8! During Pd-catalyzed allylation (Scheme 3-3),
optimal catalytic activity was achieved using a pore size of 23 A, while smaller or larger pore sizes
led to decreased activity. Additionally, Fan and Li demonstrated that encapsulation of a
homogeneous complex can have a beneficial impact on catalysis and that the uniform pore size
provided size-selectivity.®? When tris(1,10-phenanthroline) Cu complex encapsulated in MIL-
100(Al) materials was subjected to cyclohexane oxidation reactions (Scheme 3-4), the catalytic
activity of the confined catalyst was higher than its free homogeneous counterpart or the Cu
precursor alone. Encapsulation was achieved by assembling the Cu complex inside the pores of
the support material. Once assembled, this complex became too large to escape and was
trapped inside the pore (encapsulation). Interestingly, the catalytic activity decreased with

increasing substrate size from cyclohexane to cycloheptane and cyclooctane, while the

Scheme 3-3. Pd-catalyzed allylation of ethyl acetoacetate with DBU.
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homogeneous complex gave comparable results for all three substrates.

To develop a robust immobilized catalyst, a sufficiently strong interaction between the
homogeneous catalyst and the support material is required to minimize leaching of metal species.
This interaction/attachment may be accomplished by including chelating ligands and/or utilizing a
covalent tethering method. Additionally, a good understanding of both the homogeneous catalyst
and support material is helpful in selecting the combination of the catalyst and the support for a

specific reaction.

3.1.5 Immobilized Pincer Complexes

The immobilization of transition-metal pincer complexes has been attempted previously
and these attempts were reviewed in detail.83 For transfer dehydrogenation of cyclooctane,
(tBu2PO-BUPOCOP)Ir(C2Ha4) (22) was immobilized on y-Al203. At 200 °C with TBE as hydrogen
acceptor, a TON over 4000 was achieved, which was higher than that using the homogeneous
counterpart (2660 TON).8 This immobilized catalyst was recycled once but with diminished TON
of 1520. The alumina support catalyzed the isomerization of TBE to 2,3-dimethyl-2-butene
(DM2B) and 2,3-dimethyl-1-butene (DM1B), which are both poor hydrogen acceptors compared
to TBE. When the alumina was modified with Na20, the isomerization was reduced to 1-2%.
Minimal leaching (0.007%) was observed during the reaction. A follow-up study confirmed that 22
was immobilized with a simultaneous loss of phosphine oxide and the covalent tethering at the
ligand backbone (Scheme 3-5, top).8 In contrast, Mezzetti observed that unfunctionalized 1 was
bound to the surface through the Ir atom when reacted with surface hydroxyl group (Scheme 3-5,
bottom).86

To improve the atom economy and lower the cost of dehydrogenation, acceptorless
dehydrogenation is desired instead of using sacrificial olefins. However, acceptorless
dehydrogenation reactions in sealed vessels, similar to the gas-phase transfer dehydrogenation of

pentane reported by Krogh-Jespersen and Goldman,5? are limited by thermodynamics.
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Scheme 3-5. Immobilization of (BY“POCOP)Ir via the ligand backbone (Top) or the metal center
(Bottom).
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Immobilization of 22 enabled the development of continuous-flow system. Complex 22 and
(tBu2PO-B'POCOP)Ir(CO) (23) were immobilized on mesoporous silica by covalent tethering and
were active for dehydrogenation of n-butane up to 340 °C.8” Catalyst deactivation was observed at
temperatures above 340 °C. Gas-phase reaction and the covalent tethering method of
immobilization minimized leaching of the catalyst. This report demonstrated that the immobilization
increased the thermal stability of the catalyst while the decomposition of molecular pincer Ir
complexes is known to occur above 200 °C.3° Furthermore, other support materials (y-Al20s,

Mg(Al)O) were examined but had no impact on the catalytic activity of n-butane dehydrogenation.

3.2 (De)Hydrogenation Reactions by Immobilized (‘B"“POCOP)Ir(CO)

3.2.1 Dehydrogenation of Propane by Immobilized (®“POCOP)Ir(CO)

We first reproduced the results from Goldman and Celik by synthesizing and immobilizing
complex 23, an attractive starting point due to the expertise in the synthesis of pincer complexes
in the Goldberg group and the known stability of similar complexes to oxygen and moisture.
Complex 23 was successfully synthesized following a modified literature procedure.3® 87 |n the H

NMR spectrum, two types of tert-butyl groups were observed. A virtual triplet at 1.31 ppm is from
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Ir-bound P(‘Bu)z groups and a doublet signal at 1.08 ppm is from the free P(‘Bu)zgroup in the ligand
backbone. In the 31P{*H} NMR spectrum, two signals were observed in a 2:1 ratio from these two
types of P('Bu)2 groups. A CO stretching frequency of 23 was observed at 1928 cm?® (ATR),
consistent with the reported values at 1932 cm! (ATR)8” or 1934 cm! (nujol).8*

Immobilization was performed by dissolving 23 in benzene, toluene, or pentane and
stirring vigorously with silica. The silica turned from white to yellow upon immobilization. The initial
attempt of immobilization by stirring for two hours in benzene resulted in two signals in CO
stretching frequency region: 1955 and 2050 cm-! by Diffuse Reflectance Infrared Fourier-Transform
Spectroscopy (DRIFTS). When the stirring period was extended to at least 16 hours, the signal at
2050 cm disappeared and only the signal at 1955 cm- remained. The signal at 1955 cm?
corresponds to 23 anchored through the ligand backbone (23-SiO,), (the reported IR stretching
frequency is 1945 cm).8” A possible species for the signal at 2050 cm™ is 23 grafted on the silica
through the metal center (23-SiOH) by oxidatively adding a surface hydroxyl group (Scheme 3-6).
When the unsubstituted variant, (B"“POCOP)Ir(CO) (2) was grafted on silica through the metal
center, 2-SiOH had a CO stretching frequency at 2026 cm! (Scheme 3-6) and could return to the
molecular complex 2 by reductive elimination, indicated by solid-state H and 3P NMR and IR
spectroscopies.® The grafted complex 23-SiOH may be an intermediate that eventually converts

to the anchored complex 23-SiO.. The immobilization was also analyzed with ICP-OES, and the Ir

Scheme 3-6. Immobilization of (‘B“POCOP)Ir(CO) by oxidative addition of surface

silanol.
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loading of 23-SiO, was determined to be 0.77+0.02 wt%. The theoretical loading of Ir is 0.8 wt%
based on the amount of 23 (50 mg) used for immobilization on silica (150 mg).

To assess the reactivity of 23-SiO, it was screened for propane dehydrogenation at
elevated temperatures (left graph in Figure 3-2). Propane was dehydrogenated above 320 °C, and
the activity was stable up to 400 °C for two hours with rates as high as 363 h-1. Above 400 °C, the
activity started to decline, although the initial rate was faster at higher temperatures. The initial rate
was 636 hl at 440 °C and 927 h! at 480°C, and then the rates after two hours at the same
temperature dropped by 10 %. The color of the catalyst was yellow initially but turned grey after the
reaction at elevated temperatures, indicating the decomposition of 23-SiO,. Goldman and Celik
determined the catalyst was stable up to 340 °C and noted a similar color change and
decomposition of the catalyst above 340 °C.8” The origin of the enhanced stability observed for 23-
SiO2 in our system may be due to a discrepancy in the location of the thermocouple. The recorded
temperature for our system was the temperature reading of the heating unit whereas the
temperature was measured directly at the catalyst bed in Goldman and Celik’'s system. When the
mesoporous silica was replaced by amorphous silica (right graph in Figure 3-2), the reaction rates
were comparable to those with mesoporous silica, and a decline in catalyst activity was also
observed above 400 °C. These data revealed that the dehydrogenation of propane is not

dependent on the morphology of the support, verifying that the support does not influence the
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Figure 3-2. Propane dehydrogenation by 23-SiO2 with mesoporous silica (left) or amorphous
silica (right). Conditions: Viota = 20 mL/mint, Ppropane = 0.25 atm, Pre = 0.75 atm, Pt = 1 atm,
Temp = 280 — 520 °C (green line).
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activity of the catalyst. Analysis of 23-SiO, by DRIFTS at varying temperature revealed that the CO
stretching frequency at 1955 cm-! disappeared at 250 °C or higher. The loss of the CO stretching
frequency is consistent with the formation of the three-coordinate, open-site (B“POCOP)Ir species,
formed after the dissociation of CO ligand proposed to be the active catalyst in dehydrogenation
reactions.8’

The immobilized complex 23-SiO, was examined for the hydrogenation of toluene, a
commonly studied reaction in heterogeneous catalysis (Figure 3-3). While Ir nanoparticles
supported on silica catalyzed the complete hydrogenation of toluene to methylcyclohexane at 200
°C, 23-SiO, showed no catalytic activity at the same temperature based on GC-MS analysis. Based
on the observation that the molecular catalyst 2 is also not active for toluene hydrogenation, this
result demonstrates the reactivity of 23-SiO, more closely resembles that of the homogeneous

complex.
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Figure 3-3. Toluene hydrogenation by 23-SiO2 (Red) and IrOx-SiOz2 (Black). Conditions: 1 bar
(3% toluene, 97% Hz); preheated under He flow at 340 °C prior to reaction.
3.2.2  Selective Hydrogenation of Mesityl Oxide
We explored the feasibility of selective hydrogenation of unsaturated carbonyl compounds
to unsaturated alcohols by 23-SiO,. Unsaturated alcohols are used as fragrances and

pharmaceuticals, and green approaches to synthesis of these compounds are desired.® Instead

of using stoichiometric amounts of hydride-donor reagents such as LiAlH4 or NaBH4, a catalytic
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system is desired for greener process. The selective hydrogenation of C=0 bond in an a,3-
unsaturated ketone is difficult because the C=C bond could be hydrogenated instead or both C=0
and C=C bond can be hydrogenated to yield a saturated alcohol.8®

To investigate the reactivity of our supported Ir catalyst for hydrogenation, we chose a
simple unsaturated ketone, mesityl oxide (MO), as a substrate (Scheme 3-7). First, the
homogeneous complex 2 was tested for hydrogenation of MO in solution-phase and found to
hydrogenate the C=0O bond selectively to yield 4-methyl-3-penten-2-ol (MP-en-ol) with 2.9%
conversion after 20 h at 60 °C. The slow rate of MP-en-ol formation may be attributed to the slow
reaction of hydrogen with 2 to form the active species (POCOP)Ir(CO)(H)2 (3 in Scheme 3-8A),
presumably assisted by adventitious HCI or H20 present in CDCls. In a continuous-flow system,
the hydrogenation of MO was catalyzed by 23-SiO, to yield methyl isobutyl ketone (MIBK)
exclusively. The switch in selectivity from MP-en-ol to MIBK likely results from different operative

mechanisms in the homogeneous vs heterogeneous systems.

Scheme 3-7. Selective hydrogenation of MO.

O OH 0
—_— or
MO MP-en-ol MIBK

The homogeneous catalyst 2 is proposed to operate via mechanism A (Scheme 3-8)
demonstrated by the CO ligand remaining intact throughout the reaction. The complex is protonated
in solution and the cationic Ir center binds Hz. A proton and hydride are then transferred to the
substrate sequentially. For the heterogenous catalyst 23-SiO,, mechanism B (Scheme 3-8) is
proposed. Before the reaction, 23-SiO, was pretreated at high temperatures (340 °C) where CO
ligand dissociation occurs to generate the reactive three-coordinate, open-site Ir(l) species. This
three-coordinate, 14-electron intermediate readily undergoes oxidative addition with Hz. The Ir(H)2

species then binds alkene, and subsequent insertion and reductive elimination yield the
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Scheme 3-8 A: Outer-sphere ionic hydrogenation mechanism; B: Inner-sphere oxidative

addition mechanism.
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hydrogenated product. The hydrogenation of MO was also examined with heterogeneous catalyst

IrOx-SiO, resulting in MIBK exclusively but at a faster rate than with 23-SiO; (Figure 3-4).
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Figure 3-4. MO hydrogenation by 23-SiOz and IrOx-SiOz to MIBK. Conditions: 1 bar
(5% MO, 95% Hy); preheated under He flow at 340 °C prior to reaction.
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We chose to implement two major changes to the catalyst preparation and reaction
conditions in an attempt to enable mechanism A with the supported catalyst 23-SiO,. First was to
pretreat 23-SiO either at room temperature or at 150 °C to retain CO bound to Ir during the
reaction. The bound CO ligand should inhibit the mechanism B as the reactive, open-site Ir(l)
species would not be accessible. A second change was to add water to the reaction mixture.
Previously, water has been proposed to promote the formation of (B“POCOP)Ir(CO)(H)2 (3) in the
presence of Hz by acting as a proton source.?® With these changes, the hydrogenation reactions
were conducted, and water was introduced at two different concentrations. There was no effect of
water addition on activity and selectivity, and MIBK was still the only observed product (Figure 3-5).
The activity increased significantly above 200 °C as the dissociation of CO ligand occurs more
readily at higher temperatures. To determine if 23-SiO, can hydrogenate C=0 bonds at all, other
carbonyl compounds were hydrogenated. 5-methyl furfural resulted in 5-methyl furfuryl alcohol
selectively (Scheme 3-9, top). Sulcatone (6-methyl-5-hepten-2-one) gave a mixture of products
with 37% selectivity of the C=0 hydrogenated product (Scheme 3-9, bottom). These results

suggest that 23-SiO; is capable of hydrogenating C=0 bonds and that the tautomerization of MP-
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Figure 3-5. MO hydrogenation to MIBK with added water. Conditions: 1 bar (5% MO,
95% H>), Pretreated at RT (No H20); 1 bar (5% MO, 5% H20, 90% H:), Pretreated
with 5% H20 at 150 °C (5% H20); 1 bar (5% MO, 20% H20, 75% H2), Pretreated with
20% H20 at 150 °C (20% H20).
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Scheme 3-9. Hydrogenation of carbonyl substrates.
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en-ol to MIBK may occur after the initial hydrogenation of the C=0O bond in MO. The
tautomerization, or isomerization, of enol to ketone is well documented.*®

Additionally, we explored the possibility of increasing the rate of hydrogenation. It is known
that (BYPOCOP)Ir(CO)(H)2 (3) cannot be formed from (BUPOCOP)Ir(CO) (2) without an acid,
indicating that the formation of 3 is more facile from (B“POCOP)Ir(CO)(H)* (5).#® Similarly, an
immobilized, cationic Ir(CO)(H) species (analogous to 5 in Scheme 3-8) may incorporate H: faster,
leading to the improved rate of hydrogenation. This immobilized, cationic species can be prepared
either by protonating 23 and then supporting on the silica or by protonating already-immobilized
23-SiOo. In a preliminary study, HNTfz (1 or 2 equiv.) was added to the suspension of 23-SiO; in
pentane. Although HNTfz was not soluble in pentane, the color change from yellow to light orange
was observed, consistent with the color change of 2 upon protonation, while no change was
observed based on IR spectroscopy. Based on the spectroscopic observation, the protonation of
23-Si02 by HNTf2 was inconclusive. When this acid-treated 23-SiO, was tested for the
hydrogenation of MO, 87% conversion to MIBK was achieved at 300 °C while neutral 23-SiO; gave
30% conversion (Figure 3-6). The origin of the accelerated rate with the acid-treated 23-SiO, was

not understood yet.

33 Conclusion

Synthesis and immobilization of 23 on silica were successfully reproduced. Propane was
catalytically dehydrogenated by 23-SiO, at the rate of 363 h'! at 400 °C. Comparable rates were
observed when the support material was changed from mesoporous silica to amorphous silica,

demonstrating no dependence on the morphology of silica. Toluene hydrogenation was examined
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Figure 3-6. MO hydrogenation to MIBK catalyzed by neutral 23-SiO2 (Light Blue) or acid-
treated 23-SiO2 (Dark Blue). Conditions: 1 bar (5% MO, 95% Hz), Pretreated at RT.

with molecular catalyst 2, immobilized catalyst 23-SiO, and Ir nanopatrticle catalyst IrOx-SiO,. No
activity was observed with 2 and 23-SiO; while toluene was fully hydrogenated to
methylcyclohexane with IrOx-SiO», indicating that 23-SiO2is more akin to the homogeneous form
of the catalyst.

The feasibility of selective hydrogenation by 23-SiO, was examined with mesityl oxide
(MO) as a substrate. In a homogeneous system with 2, mesityl oxide was hydrogenated at the C=0
bond, resulting in 4-methyl-3-penten-2-ol (MP-en-ol) exclusively. In a continuous-flow system with
23-Si0y, the only observed product was methyl isobutyl ketone (MIBK). The selectivity switch was
attributed to different active species and different mechanisms. The pretreatment of 23-SiO; at 340
°C promoted dissociation of the CO ligand, leading to the three-coordinate, open-site Ir(l) species.
To direct the selectivity towards to MP-en-ol, pretreatment at low temperature and cofeeding of
water were implemented. However, MIBK was still the sole observed product. Unfortunately, MO
was hydrogenated to MIBK with IrOx-SiO; at a faster rate than with 23-SiO,. To test whether 23-
SiOzis capable of the hydrogenation of C=0 bonds, 5-methyl furfural and sulcatone were employed
as a substrate. With the furfural substrate, 5-methyl furfuryl alcohol was observed as the only
product, and sulcatone was hydrogenated at the C=0 bond at 37% selectivity. Because the ketone
product is generally more thermodynamically favorable than the unsaturated alcohol obtained upon

hydrogenation of the carbonyl, it is possible that isomerization of MP-en-ol to MIBK occurs under
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the reaction conditions eroding any potential selectivity of this reaction, though this remains to be

tested.

3.4 Experimental

All experiments and manipulations were performed using standard Schlenk techniques
under an argon atmosphere or in a nitrogen-filled glovebox unless otherwise specified. Benzene,
pentane, and toluene were passed through columns containing activated alumina and molecular
sieves. CsDs was dried over Na’/benzophenone. 1H, 3'P{*H} NMR spectra were recorded on Bruker
UNI400 instrument at ambient temperature and referenced to the residual solvent peak (*H).*4
S1P{*H} NMR shifts were referenced to 85% D3PQO4 (0 ppm). IR measurements were recorded on
Mattson Galaxy 2020 with DiffusIR (Pike Technologies) accessory (DRIFTS), Perkinelmer
Spectrum Two (ATR), and Perkinelmer Spectrum 2000 with a Perkinelmer IR NaCl liquid cell

(pentane solution). Ir loading on the silica was measured with Spectro Genesis ICP-OES.

3.4.1 Synthesis

(tBu2PO-BUPOCOP)Ir(H)(CI)8” was synthesized according to literature procedures.
Synthesis of (tBu,PO-B'POCOP)Ir(CO) (23)8"

In a nitrogen-atmosphere glovebox, a flask with a Teflon stopcock was charged with 750.8
mg (0.95 mmol) of (tBu2PO-B'POCOP)Ir(H)(CI) in 50 mL of toluene. The flask was sealed with a
Teflon stopcock, and removed from the glovebox. The flask was cycled and charged with CO (1
atm) and shaken vigrously. The toluene solution rapidly changed color from deep red to golden
yellow. After the color change, the flask was degassed (freeze, pump, thaw x 3) and brought into a
nitrogen-atmosphere glovebox where KIOBu (110 mg, 0.98 mmol) was added. The flask was then
sealed, removed from the glovebox, and the toluene solution was heated to reflux (120 °C) for 16
h. After cooling the mixture, toluene was evaporated under vacuum. The product was extracted
with pentane and filtered through a pad of celite to yield a yellow filtrate. The pentane was
evaporated to isolate 23 as a yellow solid. Yield: 608 mg (82% yield).
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1H NMR(CsDs, 400 MHz): & 7.00 (s, 2H; Ar-H), 1.31 (vt, 3Jpr+5JpH = 7.1Hz, 36H, 4x 'Bu),

1.08 (d, 3Jpn = 11.8 Hz, 18H, OP'Bu).

31p{1H} NMR (CeDs, 162 MHz): & 200 (s), 152 (s)

IR (cm™): v(CO) 1928 (ATR), 1946 (pentane)

3.4.2 Preparation of Immobilized Complex 23-SiO;

Mesoporous silica (Sigma-Aldrich) and amorphous silica (Degussa) were obtained
commercially. Silica was packed between glass wool plugs in a quartz tube with 0.25-in. ID.
Calcination was carried out with dry air (100 mL min=1) using a 2 °C min~! temperature ramp to 550
°C, held for 3 h, and cooled to room temperature at 2 °C min=1.

To prepare 23-SiO,, 5 mg of catalyst 23 was immobilized onto 150 mg of silica by
dissolving the catalyst in benzene or toluene (2 mL), or pentane (5 mL) and stirring vigorously. The
theoretical catalyst loading supported on silica is approximately 0.8 wt % based on iridium from the
amount of metal complex immobilized on the support. After stirring for at least 16 h, yellow solid
was dried under vacuum and stored in the glovebox prior to packing in the gas-phase flow reactor.

To prepare the heterogeneous IrOx-SiOg, Ir metal was deposited onto silica surface by
incipient wetness impregnation. Aqueous solution of iridium trichloride hydrate was added to the
silica powder to prepare the catalyst with Ir metal loading of 5 wt%. After impregnation of the Ir salt,
the solid was dried overnight at 60 °C and calcined under air at 500 °C for 1 h.

Dispersion measurements can provide estimations on metal particle sizes. Metal
dispersions were estimated using CO chemisorption at room temperature, assuming a
stoichiometry of one CO per metal. Within the adsorption system, the samples were reduced in 400
Torr Hz for 30 min at 473 K to remove any oxide formed. Dispersion measurement indicated Ir

particle size to be 5 nm.
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3.4.3 Propane Dehydrogenation

Reactions were carried out in 0.25-in. ID quartz, tubular-flow reactor. The reactor was
packed with the supported catalyst 23-SiO; (50 mg) with glass wool plugs on both ends. The reactor
was placed inside a furnace with external temperature control. Propane (Airgas, 99.99%) and
helium (Airgas, 99.99%) were used as received. The reaction product was analyzed using a GC
(SRI 8610C) with a thermal conductivity detector (TCD). The total gas flow rate was maintained at

20 mL min1, and the total pressure was kept at 1 atm with 25% propane and 75% helium.

3.4.4 Toluene Hydrogenation

Reactions were carried out in 0.25-in. ID quartz, tubular-flow reactor. The reactor was
packed with the supported catalyst 23-SiO2 (50 mg) with glass wool plugs on both ends. The reactor
was placed inside a furnace with external temperature control. Toluene and hydrogen (Airgas,
99.999%) were used as received. The reaction product was analyzed using a GC with a quadrupole
mass spectrometer (SRS RGA-100). The total gas flow rate was maintained at 20 mL min~1, and

the total pressure was kept at 1 atm with 3% toluene and 97% hydrogen.

3.4.5 Hydrogenation of Mesityl Oxide

The reactor was a 200-mm long stainless-steel tube with a 4.6-mm ID. The reactor was
packed with the supported catalyst 23-SiO (50 mg) or IrOx-SiO; (50 mg) with glass wool plugs on
both ends, and the catalyst bed was held in place by inserting a solid stainless-steel rod into the
end of the tube. The rod also reduced the empty volume in the reactor, decreasing the hold-up of
products. The substrate was fed to the reactor using syringe pumps (PHD 2000 Infusion, Harvard
Apparatus) with hydrogen as a carrier. Mesityl oxide was used as received. All the reaction lines
were wrapped with heating tape and held at a temperature at least 50 °C higher than the
condensation temperature of the substrate. The products were measured using an on-line GC-MS

(QP5000, Shimadzu) equipped with a capillary column (HP-INNOWAX, Agilent Technologies). The
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total gas flow rate was maintained at 20 mL min~1, and the total pressure was kept at 1 atm. The

specific conditions for catalyst pretreatment and gas mixtures are listed under Figure 4-6.

3.4.6 Hydrogenation of 5-Methyl Furfural and Sulcatone

Following a similar procedure for hydrogenation of mesityl oxide, the reactor was packed
with the supported catalyst 23-SiO; (50 mg). 5-methyl furfural and sulcatone (6-methyl-5-hepten-
2-one) were used as received. The products were measured using an on-line GC-MS (QP5000,
Shimadzu) equipped with a capillary column (HP-INNOWAX, Agilent Technologies). The total gas
flow rate was maintained at 20 mL min~1, and the total pressure was kept at 1 atm with 2% substrate

and 98% hydrogen.
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Chapter 4: Functionalization of Phebox and CCC Ligands for

Immobilization on Silica

4.1 Introduction

In recent years, the development of shale fracking has provided an abundance of light
alkanes and drove the shift away from naphtha-based cracking processes to ethane-based
processes. This shift has resulted in a significant decrease in the production of light olefins other
than ethylene.8 %3 In addition, the global demand for light olefins is over hundreds of millions of tons
annually,>! pushing the industry to implement alternative technologies for the production of light
olefins such as the direct production of olefins from alkanes via dehydrogenation.®! Alkane
dehydrogenation, however, has an inherent drawback. The reaction requires high temperatures,
low pressure, or constant removal of Hz to drive the reaction forward due to the endothermic nature
of the reaction. To overcome the unfavorable thermodynamics, a hydrogen acceptor such as a
sacrificial olefin is employed. The use of a sacrificial olefin, however, results in poor atom economy.
One strategy to circumvent this drawback is the use of molecular oxygen as the hydrogen acceptor.
Cofeeding of the oxygen makes the reaction exothermic, prevents the build-up of coke, and
generates environmentally benign H20 as the byproduct. The development of oxygen-tolerant
transition-metal catalysts for aerobic alkane dehydrogenation is of interest.

Over the past few decades, numerous homogeneous catalytic systems for transfer or
acceptorless alkane dehydrogenation with a wide range of pincer ligands were developed.® 3% PCP
(RPCP = x3-CeHs-2,6-(CH2PR2)2) or POCOP (RPOCOP = x3-CsH3-2,6-(OPRz2).) ligated complexes
were studied extensively for Ir-catalyzed dehydrogenation of alkanes. As depicted in Scheme 4-1,
it is proposed that PCP- or POCOP-ligated Ir complexes generate a catalytically active 14-electron
Ir(I) species, which undergoes oxidative addition of the alkane substrate to form an Ir(H)(alkyl)

species. The Ir(H)(alkyl) species undergoes B-hydride elimination to yield the desired olefin product
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Scheme 4-1. Transfer or acceptorless alkane dehydrogenation via oxidative addition mechanism.

Ha
\/Z x—llrFa2
\/Z Q—T—N:N

X—PRy
Ny
X—PR, X—PRy

acceptorless

X-PRy transfer
alkene

| H,0 | H
p-hydride Ir Iry
elimination | | OH
R=Pr,'Bu  X-PR, - R X=PRy
X =CH,, O
X-PR»
X—PR; oxidative Ilrf |
‘ Lalkyl additon alkane | |\R
Ir '
“H X-PRg
X—PR,

and Ir(H)2 species. Then the Ir(H)2 species transfers Hz to a sacrificial olefin (transfer, shown with
tert-butyl ethylene in Scheme 4-1) or releases Hz as a gas (acceptorless) with the regeneration of
the 14-electron Ir(l) species. The 14-electron species is very reactive, and its catalytic activity can
be inhibited by N2%8 9293 H>09%, and the sacrificial olefin or olefin products® %8.5° by forming an off-
cycle species. Furthermore, the binding of Oz to (BYPCP)Ir species was demonstrated, giving
another off-cycle species.®® The reactivity of the 14-electron Ir(l) intermediate to those off-cycle
species rendered the PCP- or POCOP-ligated Ir complexes unsuitable for aerobic alkane
dehydrogenation.

Our group focused on the oxazoline-based Ir complex, proposed to undergo a concerted
metalation deprotonation (CMD) mechanism, in which the oxidation state of Ir(lll) is maintained
throughout the dehydrogenation reaction. (“mPhebox)Ir(OAc)2(OH2) (Phebox = 2,6-bis(4,4-
dimethyl-oxazolinyl)phenyl) (24) was reported for C-H activation of n-octane at 160 °C in presence
of base, resulting in the formation of acetic acid (HOAc) and ("Phebox)Ir(OAc)(octyl) (25).%
Complex 24 was demonstrated to form (9mPhebox)Ir(OAc)(H) (26) and octene quantitatively at 200
°C without any base.%’. In contrast to PCP or POCOP complexes, n-octane activation by 24 was
uninhibited by presence of N2, H20, or a-olefin.®” The hydride complex 26 converted back to
(“mPhebox)Ir(OAc)2(OHz) when allowed to react with O2 and HOAc.% n-Octane activation by 24, B-
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hydride elimination from 25 to form octene, and aerobic oxidation of 26 constitute a potential
catalytic cycle for the dehydrogenation of alkane with Oz as a hydrogen acceptor (Scheme 4-2).
However, the realization of the catalysis was not achieved because 24 decomposed under O:
atmosphere at 200 °C. In addition, there was unselective reaction of n-octane with O in absence
of catalyst.®® To complete the catalysis, all the steps must occur at lower temperatures.

Gao et al. found that the addition of Lewis acid lowered the temperature required for j3-
hydride elimination down to 55 °C and the reaction of B-hydride elimination from 25 to form 26
reached the equilibrium at 42% conversion after 3 hours.1% |n the same report, n-dodecane was
catalytically dehydrogenated by 26 to form dodecenes and H: at reflux temperature (bp = 216 °C).
The TON with 26 was only 3 after 1 h, but a significant rate enhancement was observed with the
addition of NaBArF24, increasing TON to 24 under the same conditions. In contrast, after 72 h, the
activity leveled off, yielding 78 TON with or without NaBAr™24. This result is comparable to the results
obtained with (*YPCP)Ir(H)2, the most effective type of homogeneous catalysts for acceptorless
alkane dehydrogenation reported to date, which achieves a TON of 71 after 72 h. The similar TONs

with these catalysts are attributed to the ineffective removal of H2 during the reaction. Furthermore,

Scheme 4-2. Stepwise n-octane dehydrogenation with Oz as the hydrogen acceptor.
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the isomerization of olefin products competes with the dehydrogenation of alkane as the
concentration of olefin builds up.42 190

Additionally, the n-heterocyclic carbene based (CCCMes)lr (CCCMes = bis(mesityl-
benzimidazol-2-ylidene)phenyl) complexes were examined for alkane dehydrogenation. The CCC-
ligated Ir complexes were studied extensively by Chianese and coworkers.101-103
(CCCMes)Ir(H)(CI)(NCMe) (27) was found to be a reasonable precatalyst for both transfer and
acceptorless dehydrogenation of cyclooctane (Scheme 4-3).101 |t was proposed that added base
(NaOtBu) promoted the elimination of HCI from 27 to generate a reactive Ir(I) species. An oxidative
addition mechanism of C-H activation, analogous to (PCP)Ir or (POCOP)Ir complexes (Scheme
4-1) then occurs.193 The high thermal stability and air-tolerance indicate that (CCC)Ir complexes
may be promising catalysts for aerobic alkane dehydrogenation. Several (CCC)Ir bis-carboxylates
were synthesized and examined for activation of C-H bonds. C-H activation for the (CCC)Ir
complexes occur by concerted metalation deprotonation (CMD) pathways. (CCCMes)Ir(OAc)2(OHz)
(28) was revealed to be highly active for C-H activation of n-octane, compared to its Phebox
analogue 24. For example, heating complex 28 in neat n-octane at 85 °C resulted in Ir(OAc)(octyl)
complex with 45% yield after 22 h while the Phebox analogue 24 required a higher reaction
temperature (160 °C) and longer period of heating (70 h) to form the Phebox analogue of Ir(octyl)
complex 25 in 78% yield (Scheme 4-4).%. 104 Similarly, 28 reacted with benzene to generate
Ir(phenyl) product at the rate six times faster than that with the Phebox analogue 24. Based on the

hypothesis that the decrease in steric bulk around the metal center would facilitate faster interaction

Scheme 4-3. Transfer and acceptorless dehydrogenation of cyclooctane by (CCCMes)Ir(H)(Cl)
27).
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Scheme 4-4. n-Octane activation by (CCC)Ir(OAc)z2 and (Phebox)Ir(OAc).
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with benzene, another (CCC)Ir complex was prepared with methyl groups on the benzimidazole
rings, (BUCCCMe)Ir(OC(O)Hex)2(OHz) (29). Consistent with the hypothesis, the benzene activation
by 29 proceeded three times faster than the same reaction by 28.104 (CCC)Ir complexes were also
shown to have reactivities that make up a potential cycle of aerobic alkane dehydrogenation,
analogous to the (Phebox)Ir complexes in Scheme 4-2.105

The immobilization of (mPhebox)Ir(OAc)2(OHz2) 24 or (CCCMes)Ir(OAc)2(OH2) 28 is
attractive because the heterogenized catalyst can be used in continuous-flow system, which would
alleviate the ineffective removal of Hz and the isomerization of olefin products. For immobilization
of Phebox or CCC complexes, a covalent tethering on silica via trialkoxysilane linker is envisioned
because 1) silica is commercially available in various pore sizes and surface areas, 2) silica is
superior to titania, magnesia, and alumina in minimizing leaching when bonded with
trialkoxysilane,1% and 3) trialkoxysilane bonds covalently with silica via Si-O-Si linkage, which is
superior to C-O-Si linkage.%7 In addition, the chelating nature of Phebox and CCC ligands should
reduce leaching of metal. Functionalization of Phebox and CCC ligands with trialkoxysilane is

explored in this chapter.
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4.2 Synthesis and Functionalization of Phebox Ligands

4.2.1 Attempted Functionalization of “"Phebox

The reactivity of 2-(o-tolyl)oxazoline with n-butyllithium (n-BuLi) and chlorotrimethylsilane
(CISiMes) was reported (Scheme 4-5).108.109 Since 2-(o-tolyl)oxazoline resembles half of 9mPhebox
ligand, the methyl groups on the ligand backbone of 9mPhebox may undergo similar silylation
(Scheme 4-6). Silane reagents used for the functionalization of d9™Phebox were
chlorotri(ethoxy)silane (CISi(OEt)s) or tetramethoxysilane (Si(OMe)a), both of which were used
previously to prepare trialkoxysilyl compounds.11% 111 When n-BuLi was added to 9"Phebox at 0 °C,
a deep red color was observed, consistent with previous observations.108 109. 112 However, there
was no reactivity with silane reagents, indicated by *H NMR spectrum showing only 9"Phebox. To
ensure that H20 was not present to quench the lithiated species, silane reagents were dried over
molecular sieves for two days but experiments still resulted in 9"Phebox solely. The reactivity of
unfunctionalized HPhebox with lithium reagents was reported by Harris and coworkers.113 In their
report, HPhebox was treated with n-BuLi, followed by addition of Mel, to yield a mixture of

compounds, including dihydrobenzene as shown in Scheme 4-7 (detailed procedure not reported).

Scheme 4-5. Silylation of 2-(o-tolyl)oxazoline.08: 109
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Scheme 4-6. Proposed synthetic plan to functionalize 9"Phebox wih trialkoxysilane.
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Scheme 4-7. Reactivity of Phebox with different lithium reagents.13
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On the other hand, when Phebox reacted with lithium diisopropylamide (LDA) and N,N,N’,N’-
tetramethylethylenediamine (TMEDA), followed by addition of Mel, the substitution occurred
between two oxazolines. In the reactions of 9"Phebox, no substitution on the benzene ring was

observed at all, suggesting that the lithiated species is not very reactive.

4.2.2  Synthesis of >*B'Phebox

Since the functionalization of methyl groups of ™Phebox was not successful, a method to
functionalize the phenyl ring was sought. A selective substitution of bromine-substituted Phebox, 4
BrPhebox, was reported by Sunbul and Jaschke (Scheme 4-8).114 In this reaction, tert-butyl lithium
activated C-Br bond and the resulting lithiated species underwent a nucleophilic substitution at
carbonyl compound. Inspired by this report, the synthesis of bromine-substituted Phebox ligands
and functionalization of them were carried out. Adapting literature procedures,4 115 Phebox
ligands with bromine substituted at 4- or 5-position of the benzene ring were synthesized from 4-
or 5-bromoisophthalic acid (Scheme 4-9). 4B'Phebox was isolated as a yellow oil and its *H NMR
matched well with the reported *H NMR.11* The reaction product from 5-bromoisophthalic acid was
also isolated as a yellow oil. *H NMR spectrum (Figure 4-1) showed two aromatic proton signals at

8.39 and 8.19 ppm in 1:2 ratio appeared for two ortho and one para protons to bromine. One

Scheme 4-8. Substitution of #8'Phebox.114
1.t-BuLi, THF, -78 °C
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Scheme 4-9. Synthesis of bromine-substituted Phebox ligands.
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Figure 4-1. 'H NMR spectrum of 5-B'Phebox in CDCls.

methylene proton signal and one methyl proton signal from oxazolines were observed at 4.11 and
1.37 ppm respectively. Mass spec analysis showed signals at 351 and 353 for [M(7°Br)+H]* and

[M(®1Br)+H]*. These NMR and mass spec data verified that the product was 58Phebox.

4.2.3 Attempted Functionalization of >*B'Phebox with Trimethoxysilane
Under an Ar atmosphere, 5®Phebox was treated with n-BuLi at cold temperatures,
followed by addition of trimethoxysilane (Scheme 4-10). The aromatic region of the 'H NMR

spectrum was the best indicator to determine the number and type of Phebox species. For
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Scheme 4-10. Functionalization of B'lPhebox with trimethoxysilane.
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symmetric 5B'Phebox, three aromatic protons show up as two signals in 2:1 ratio. For asymmetric
4-BrPhebox, three aromatic protons result in a total of three signals, one for each proton. The
dehalogenated product, 1,3-bis(4,4'-dimethyl-2-oxazolinyl)benzene ("Phebox), has four aromatic
protons that show up as three signals in 1:2:1 ratio. The addition of n-BuLi at -78 °C to >B'Phebox
resulted in a deep red solution. The color change likely indicates the activation of the C-Br bond of
5BrPhebox and formation of a new lithium species. After the reaction with 3-
chloropropyltrimethoxysilane, analysis of crude reaction mixture by *H NMR spectrum showed
HPhebox, matching well with the reported 'H NMR spectral data.!16 To ensure complete reaction of
the n-BuLi and formation of the lithiated intermediate, the temperature of n-BuLi addition was
increased to 0 °C, resulting in a deep red solution again. However, the analysis of the reaction
mixture after the addition of silane by 'H NMR revealed that "Phebox was again the major product.
Similarly, when the n-BulLi addition at -78 or 0 °C to “B'Phebox was carried out, after the reaction
with 3-chloropropyltrimethoxysilane, "Phebox was again determined to be a major product by H
NMR spectroscopy. The observation of HPhebox product suggests that n-BulLi activated C-Br bond
of both 4BPhebox and 5BPhebox but the lithiated intermediate did not react with 3-
chloropropyltrimethoxysilane.

To promote the reactivity of the lithiated intermediate with trimethoxysilane, chloride was
replaced with iodide, a better leaving group than chloride.''” The lithiated intermediate from
5-BrPhebox was treated with 3-iodopropyltrimethoxysilane, but again the reaction resulted in
predominantly HPhebox and no desired product. It is possible that the dehydrohalogenation
reaction (Scheme 4-11) occurred with 3-iodopropyltrimethoxysilane to quench the lithiated

intermediate and that the dehydrohalogenated product, allyltrimethoxysilane (b.p. = 136 °C)18, was
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Scheme 4-11. Potential dehydrohalogenation of 3-iodopropyltrimethoxysilane.
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not observed in 'TH NMR spectrum because allyltrimethoxysilane evaporated under reduced
pressure during work-up.

To examine whether dehydrohalogenation occurred, methyl iodide was employed
because dehydrogenation is not feasible for methyl iodide. >®"Phebox was treated with n-BuLi at -
78 °C, resulting in a deep red solution, and Mel was added to the red solution. After deep red color
dissipated, 'H NMR of the crude reaction mixture revealed HPhebox as a major product. These
experiments suggest that the lithiated intermediate is not very reactive. Previous study by Harris
and coworkers showed that the identity of lithium reagent gave different outcomes (Scheme 4-7)113
and may suggest that the desired lithium intermediate forms only when tert-butyl lithium is used as

in the study by Sunbul and Jaschke (Scheme 4-8).114

4.3 Synthesis and Functionalization of CCC Ligands and CCC(Ir)

Complexes

4.3.1 Synthesis and Metalation of @keCCCMe

A different approach was taken for CCC ligand immobilization, using covalent linkage
between azide-functionalized support materials and alkyne-functionalized molecular complexes via
click chemistry.119 120 Since (BUCCCMe)Ir(OC(O)Hex)2(OH2) (29) activated benzene three times
faster than (CCCMes)Ir(OAc)2(OHz) (28),1%4 we sought to functionalize CCCMe ligand and support
the (CCCMe)Ir complex. Adapting from literature procedures,?t: 122 BfCCC precursor was

synthesized (Scheme 4-12). Its identity was verified by 'H NMR spectroscopy, consistent with the
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Scheme 4-12. Synthesis of B'CCC precursor.?1. 122
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literature,'?? and MS, showing a mono-brominated compound with the signals at 389 and 391 for
[M(7°Br)+H]* and [M(81Br)+H]".

Sonogashira cross-coupling between B'CCC and trimethylsilylacetylene (TMS-acetylene),
followed by desilylation with K2COs, yielded alkyne functionalized HCCC, indicated by the
appearance of acetylene proton at 3.40 ppm in the *H NMR spectrum (top pathway in Scheme
4-13). The alkylation of benzimidazole arms was also successful in the reaction with Mel. The
product HCCCMe had a poor solubility in CDCls and was characterized by 'H NMR spectroscopy in
DMSO-ds. 'H NMR signals at 4.23 ppm for two methyl groups and at 10.3 ppm for carbene protons
were present. The metalation of HCCCMe ligand with [Ir(u-OMe)(COD)]2 gave a light brown solid
with no solubility in CDCls in disagreement with the observations of the related complex, which
exhibited an orange color and was soluble in CDCls. The metalation is supposed to activate C-H
bonds of carbene and ipso-protons, but the HCCCMe ligand contains an acidic acetylene proton,
apparently complicating the metalation reaction. This proposal led us to consider protecting the
acetylene group until the CCCMeligand is metalated.

A trimethylsilyl (TMS) group improved the solubility of TMSCCCMe ligand in the chlorinated
solvents, enabling direct comparisons of 'H NMR spectral data. Upon methylation of benzimidazole
arms, the *H NMR spectrum of "™MSCCCMe presented a signal at 4.28 ppm for two methyl groups
and downfield shift of carbene protons from 8.18 to 11.19 ppm (bottom pathway in Scheme 4-13) .

A metalation reaction of ™SCCCMe with [Ir(u-OMe)(COD)]2 resulted in an orange solid, but it was
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Scheme 4-13. Synthesis of alkyne-functionalized CCCM¢ ligands.
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not soluble in CDCls. Assuming the orange solid was the dimer product, it was heated in refluxing
MeCN to break up a dimer, a procedure that was performed for a related complex to afford a
monomeric complex.1?® After heated in refluxing MeCN overnight, much of the solid was left
undissolved. In 'H NMR spectrum, a broad feature in the aromatic region restricted the identification
of number of aromatic *H NMR signals. However, most important is that an intense signal (9H) from
the TMS group was not observed, which was expected if the metalation was successful. The TMS
protecting group is highly labile in presence of acid or base, and the metalation reaction of
TMSCCCMe with [Ir(u-OMe)(COD)]2 contains a methoxide anion that might interact with TMS group,
potentially leading to the deprotection of alkyne group.

Instead of TMS group, triisopropylsilyl (TIPS) group was utilized due to its much higher
stability to acid and base.'?* Sonogashira cross-coupling reaction between B'CCC and TIPS-
acetylene afforded TPSCCC cleanly. In the 'H NMR spectrum, an intense signal at 1.16 ppm
appeared for the 21 protons of TIPS group. Methylation of the benzimidazole arms generated

TIPSCCCMe with H NMR signals at 4.28 ppm for the methyl groups and 11.10 ppm for the carbene
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protons, comparable to those of ™SCCCMe (Scheme 4-13). The metalation reaction with [Ir(u-
OMe)(COD)]z (Scheme 4-14) afforded an orange solid which was soluble in chlorinated solvents.
In the *H NMR spectrum (CDClIz), there were no longer signals for two carbene protons and one
ipso-proton disappeared, as would be consistent with the formation of pincer-ligated Ir complex. *H
NMR spectrum showed five signals in the aromatic region, one from phenyl-H and four from
benzimidazole, a signal for methyl groups at 4.16 ppm and a signal for TIPS at 1.24 ppm. Based
on 'H NMR data, the orange solid was determined to be the desired dimer 30 (Scheme 4-14).
Dimer 30 was treated with silver acetate (AgOAc) to afford (TPSCCCMe)Ir(OAc)2(OH2) (31),

confirmed by appearance of a signal for the acetate groups at 1.46 ppm in IH NMR spectrum.

Scheme 4-14. Metalation of @kyneCCCMe ligand with [Ir(u-OMe)(COD)]2 and synthesis of Ir(OAc):
complex.
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4.3.2 Attempted Desilylation of TIPS Group of Complex 31

Desilylation of the TIPS group in complex 31 was attempted with tetrabutylammonium
fluoride (TBAF) in chloroform or dichloromethane. The reaction was monitored by *H NMR
spectroscopy (Figure 4-2). A signal for the TIPS protons at 1.19 ppm disappeared, suggesting that
desilylation occurred. Signals for aromatic protons of 31 at 8.09, 7.66, 7.54 and 7.44 ppm
disappeared, and a new set of signals at 8.04, 7.69, 7.54 and 7.40 ppm were observed. The
observation of a precipitate in the reaction mixture suggested that the desilylated product has lower
solubility in chloroform than the starting material 31. A similar solubility difference was observed

with akyneCCCMe ligands, where deprotected "CCCMe ligand had poor solubility in chlorinated
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Figure 4-2. Desilylation reaction progress of 31 monitored by *H NMR.

solvents and required DMSO for solution-phase characterization, while ™SCCCMe or TPSCCCMe
ligands were soluble and could be characterized in chlorinated solvents.

In a separate experiment, 31 was treated with TBAF in CDCIz at 60 °C for 24 h, resulting
in a darker yellow solution and white precipitate. The chloroform solution was decanted, and the
ppt was washed with ethyl acetate. The white ppt did not dissolve in H20 but was soluble enough
in CDCIs to record *H NMR spectrum (Figure 4-3). The number (10H) and splitting patterns of
aromatic signals, along with methyl and acetate signals at 4.50 and 1.59 ppm, resembled
(CCCMe)Ir(OAc)2 species, similar to 31, and a signal for TIPS was not observed (Figure 4-3). To
remove residual TBAF observed in 'H NMR of the ppt, a DCM-aqueous extraction was performed,
but the organic extract resulted in a messy 'H NMR spectrum. The aromatic region showed new
signals that were broad and overlapping each other, making it difficult to accurately determine the
number and identity of species in the solution. An optimization of the work-up procedure is likely
necessary to isolate the desired product.

A different approach can also be considered to make an immobilized (CCC)Ir complex.
The desilylated precursor HCCC can be immobilized on azide-functionalized silica via click

chemistry. Then the (CCC)Ir complex can be constructed on the surface of silica. This method
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Figure 4-3. *H NMR spectrum in CDCls of white ppt from desilylation reaction. Residual TBAF denoted
with *,

would avoid the complications with desilylation of TIPS group. The silver salt from iodide abstraction
is problematic because of its low solubility in organic solvents, but the use of soluble halide

abstraction reagents on immobilized complexes have been reported.125 126

4.4 Conclusion

In order to immobilize Phebox or CCC complexes, we sought to install a trialkoxysilyl
group on the ligand backbone as the covalent tethering between trialkoxysilyl group and silica via
Si-O-Si bridge should be effective in minimizing leaching of the metal complex. The reaction of
dmPhebox with n-BuLi and silane reagents did not yield any silyl functionalized product. To directly
functionalize the phenyl ring of Phebox, 5B'Phebox was synthesized and characterized with 1H
NMR spectroscopy and MS. When 5>8'Phebox was treated with n-BulLi, followed by the reaction
with silane reagents or Mel, the major product was dehalogenated product "Phebox, indicating that
the C-Br bond of >B'Phebox was activated but the lithiated intermediate was not reactive. The study
by Harris and coworkers showed that the identity of lithium reagents gave different outcomes

(Scheme 4-7),113 suggesting that the desired reaction may only occur with a specific lithium reagent.
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For CCC system, a different approach via click chemistry was taken using covalent linkage
between azide-functionalized support materials and alkyne-functionalized molecular complexes.
The metalation of the akneCCCMe ligand with [Ir(u-OMe)(COD)]2 and formation of
(CCO)Ir(OAC)2(OH2) with AgOAc were demonstrated when alkyne group on CCC ligand was
protected with TIPS group. In the reaction of (T"PSCCCMe)Ir(OAc)2(OH2) with TBAF to desilylate
TIPS group, disappearance of TIPS group was observed. 'H NMR spectrum of crude product
resembled that of (CCC)Ir(OAc)2 complex (Figure 4-3). These preliminary observations were
promising, and it is possible that a better work-up procedure can lead to the isolation of the desired

complex, (FCCCMe)Ir(OACc)2(OHy).

4.5 Experimental

All experiments and manipulations were performed using standard Schlenk techniques
under an argon atmosphere or in a nitrogen-filled glovebox unless otherwise specified. THF, diethyl
ether, toluene, DCM, MeOH, MeCN and DMF were passed through columns containing activated
alumina and molecular sieves. 2-ethoxyethanol was dried over 4A sieves and sparged with Ar. All
other reagents were used as received. For the purpose of characterization, CDCls and CD2Cl. were
used as received. 'H and 13C{*H} NMR spectra were recorded on Bruker AVII500, UNI500 or
NEOG600 instruments at ambient temperature and referenced to the residual solvent peak (H,
13C{'H}).** Nominal mass accuracy ESI-MS data were obtained by use of a Waters Acquity UPLC
system equipped with a Waters TUV detector (254 nm) and a Waters SQD single quadrupole mass
analyzer with electrospray ionization. Samples were taken up in CH3CN and introduced via loop
injection (0.1% v/v formic acid MeCN carrier). 9"Phebox,1®> 3-iodopropyltrimethoxysilane,'?” and

[Ir(L-OMe)(COD)]21?8 were synthesized according to literature procedures.

45.1 Attempted Functionalization of “"Phebox
n-BuLi was titrated against salicylaldehyde phenylhydrazone and its concentration was

determined to be 1.43 M in hexane.'?® imPhebox (50mg, 0.166 mmol) was dissolved in dry THF or
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diethyl ether (5 mL) and cooled to 0 °C (in ice-water bath) or -78 °C (in acetone-dry ice bath). n-
BuLi (0.429 mmol, 1.43 M in hexane, 300 uL) was added to the solution via a gas-tight syringe,
resulting in a deep red solution. After stirring for 1 h at cold temperatures, Si(OMe)4 or CISi(OEt)s
(2 equiv.) was added via a gas-tight syringe. The reaction mixture was warmed to room temperature
and stirred overnight, during which the color of the solution changed from deep red to yellow. The
reaction was quenched with H20 (5 mL), extracted with DCM (25 mL x 4), and dried over MgSOa.
The solvents were evaporated under vacuum to isolate a lightly colored solid, identified as

dmphebox based on the matching *H NMR data with the literature.11®

4.5.2 Synthesis of Bromine-Substituted Phebox

Synthesis of 2,2'-(5-Bromo-1,3-phenylene)bis(4,4-dimethyl-4,5-dihydrooxazole) (>B'Phebox)

This procedure was adapted from the literature.14 115 5-bromoisophthalic acid (2 g, 8
mmol) was added to a dry Schlenk flask and cycled with high vacuum/Ar atmosphere three times.
Toluene (30 mL) was cannula transferred to the flask, forming a colorless solution. Upon addition
of thionyl chloride (6 mL, 82 mmol) and DMF (5 drops) via a gas-tight syringe, a white cloudy
mixture formed. After heating at 110 °C for 2.5 h, the volatiles were evaporated under vacuum to
yield a yellow oil. This oil was dissolved in dry THF (25 mL). A THF (25 mL) solution of 2-amino-2-
methylpropan-1-ol (2 g, 22 mmol) and triethylamine (5 mL, 36 mmol) was cannula transferred at O
°C. After stirring at room temperature overnight, a THF (20 mL) solution of methanesulfony! chloride
(2 mL, 26 mmol) and triethylamine (5 mL, 36 mmol) was added to the mixture. After stirring further
at room temperature overnight, aqueous K>COs (1 M, 50 mL) was added, resulting in dissolution of
a white solid and formation of two layers. After extraction with ethyl acetate (50 mL x 3), the
combined organic layer was washed with H20 (100 mL) and sat. brine (100 mL), dried over MgSOa4,
and concentrated. The crude product was purified by column chromatography on silica gel and

eluted with hexane/EtOAc (50:50 v/v) to yield a light yellow oil (2.37 g, 83% yield).

H NMR (CDCls, 600 MHz): 6 8.39 (t, J = 1.5 Hz; 1H; Ar-H), 8.19 (d, J = 1.5 Hz; 2H; Ar-
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H), 4.11 (s, 4H; oxazoline), 1.37 (s, 12H; 4 Me).
13C{1H} NMR (CDClIs, 150 MHz): 6 160.5, 133.7, 130.3, 126.7, 122.5, 79.5, 68.1, 28.5.
Nominal mass ESI-MS m/z = 351.3 [M("°Br)+H]* (100%), 353.3 [M(8'Br)+H]* (98%).

Synthesis of 2,2'-(4-Bromo-1,3-phenylene)bis(4,4-dimethyl-4,5-dihydrooxazole)!* (*B'Phebox)
This synthesis followed a procedure of >8'Phebox synthesis except 4-bromoisophthalic
acid was used. “B'Phebox was isolated as a light yellow oil (1.5 g, 57% vyield). 'H NMR and MS

data matched the literature data.114

4.5.3 Attempted Functionalization of B'Phebox

4-BrPhebox or 58'Phebox (250mg, 0.71 mmol) was dissolved in dry THF or diethyl ether
(10 mL) and cooled to 0 °C (in ice-water bath) or -78 °C (in acetone-dry ice bath). n-BuLi (1.6 M in
hexane, 500 uL) was added to the solution via a gas-tight syringe, resulting in a deep red solution.
After stirring for 1 h at cold temperatures, 3-chloro or 3-iodopropyltrimethoxysilane (1 mmol) or
methyl iodide (0.80 mmol) was added via a gas-tight syringe. The reaction mixture was warmed to
room temperature and stirred for 24 h, during which the color of the solution turned from deep red
to yellow. The reaction was quenched with H20 (20 mL), extracted with DCM (50 mL x 3), and dried
over MgSOs4. The solvents were evaporated under vacuum to produce a yellow-brown oil. The
crude oil was analyzed with *H NMR spectroscopy, and 1,3-bis(4,4'-dimethyl-2-oxazolinyl)benzene

("Phebox) was identified as the major product.'16

4.5.4 Synthesis of Alkyne-Substituted CCC Ligands and Ir Complexes
Synthesis of 1,1'-(5-bromo-1,3-phenylene)bis(1-benzimidazole)!?? (B"*CCC)

This procedure was adapted from the literature.'?%. 122 A Schlenk flask was charged with
Cul (0.84 mmol), K2CO3s (16 mmol), 1,3,5-tribromobenzene (4 mmol), and benzimidazole (8 mmol),
and dry DMF (20 mL) was added. The suspension was heated at 150 °C for 17 h under an Ar
atmosphere. The reaction mixture was diluted with ethyl acetate (50 mL) and filtered. The ethyl

acetate solution was washed with sat. brine (100 mL x 5) to remove DMF and concentrated on the
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rotary evaporator to yield a yellow-brown oil. Column chromatography on silica gel, eluted with
0.5% methanol in DCM, separated mono-, di-, tri-substituted products. The desired disubstituted

product was washed with hexane and isolated as an off-white solid (359 mg, 23% yield).

1H NMR (CD2Cl2, 600 MHz): 5 8.18 (s; 2H; carbene-H), 7.88-7.84 (m; 2H; benzimidazole),
7.83 (d, J = 1.9 Hz; 2H; Ar-H), 7.72 (t, J = 1.9 Hz; 1H; ipso-H), 7.66-7.61 (m; 2H;

benzimidazole), 7.42-7.37 (m; 4H; benzimidazole).

13C{*H} NMR (CD2Clz, 150 MHz): § 144.4, 141.9, 139.0, 133.2, 125.9, 124.6, 124.2, 123.3,

120.8, 117.8, 110.2.

Nominal mass ESI-MS m/z = 389.3 [M("°Br)+H]* (100%), 391.3 [M(81Br)+H]* (90%).

Synthesis of 1,1'-(5-(trimethylsilylethynyl)-1,3-phenylene)bis(1-benzimidazole) (MSCCC)

A Schlenk flask with a Teflon stopcock was charged with B'CCC (195 mg, 0.5 mmol), Cul
(10 mg, 0.05 mmol), and PdCIz(PPhs)2 (17.9 mg, 0.025 mmol). In a nitrogen-atmosphere glovebox,
trimethysilylacetylene (100 mg, 1.01 mmol) and triethylamine (1.5 g, 15 mmol) were added with
THF (3 mL). The flask was sealed with a Teflon stopcock, removed from the glovebox, and heated
to 80 °C for 16 h. The reaction mixture darkened to an almost black color. After the volatiles were
evaporated under vacuum, the crude product was purified by column chromatography on silica gel

and eluted with 1% MeOH in DCM to yield a light brown solid (142 mg, 70% yield).

1H NMR (CD2Cl2, 600 MHz): 5 8.18 (s; 2H; carbene-H), 7.86-7.84 (m; 2H; benzimidazole),
7.73 (d, J = 1.9 Hz; 2H; Ar-H), 7.70 (t, J = 1.9 Hz; 1H; ipso-H), 7.65-7.63 (m; 2H;

benzimidazole), 7.41-7.35 (m; 4H; benzimidazole), 0.29 (s; 9H; TMS).

13C{IH} NMR (CD2Cl2, 150 MHz): & 144.8, 142.4, 138.5, 133.8, 127.6, 126.4, 124.5, 1235,

121.1, 119.5, 110.7, -0.23.

Synthesis of 1,1'-(5-(triisopropylsilylethynyl)-1,3-phenylene)bis(1-benzimidazole) (""PSCCC)
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A Schlenk flask with a Teflon stopcock was charged with BCCC (400 mg, 1 mmol), Cul
(23 mg, 0.12 mmol), and PdCIz(PPhz)2 (36 mg, 0.05 mmol). In a nitrogen-atmosphere glovebox,
triisopropylsilylacetylene (377 mg, 2.07 mmol) and triethylamine (437 mg, 4.3 mmol) were added
with THF (4 mL). The flask was sealed with a Teflon stopcock, removed from the glovebox, and
heated to 80 °C for 21 h. The reaction mixture darkened to an almost black color. After the volatiles
were evaporated under vacuum, the crude product was purified by column chromatography on

silica gel and eluted with 1% MeOH in DCM to yield a brown oil (515 mg, 76% yield).

1H NMR (CD2Cl2, 600 MHz): 5 8.19 (s; 2H; carbene-H), 7.86-7.84 (m; 2H; benzimidazole),
7.73 (d, J = 2.0 Hz; 2H; Ar-H), 7.71 (t, J = 2.0 Hz; 1H; ipso-H), 7.63-7.62 (m; 2H;

benzimidazole), 7.40-7.35 (m; 4H; benzimidazole), 1.16 (m; 21H; TIPS).
Synthesis of 1,1'-(5-ethynyl-1,3-phenylene)bis(1-benzimidazole) (FCCC)

In a nitrogen-atmosphere glovebox, ™SCCC (31 mg, 0.076 mmol) and K2CO3(94.7 mg,
0.685 mmol) were dissolved in DCM (2 mL) and MeOH (7 mL) in a vial. The reaction mixture was
stirred at room temperature for 20 h and filtered through a pad of celite and concentrated. The
product was extracted with DCM (15 mL), washed with H20 (10 mL x 4) and sat. brine (15 mL),

and dried over MgSQOs. Evaporation of solvents produced a white solid (16 mg, 63% vyield).

1H NMR (CD2Cl2, 500 MHz): 6 8.18 (s; 2H; carbene-H), 7.86-7.84 (m; 2H; benzimidazole),
7.77-7.75 (m; 3H; Ar-H), 7.65-7.63 (m; 2H; benzimidazole), 7.41-7.36 (m; 4H;

benzimidazole), 3.40 (s; 1H; acetylene-H).
Synthesis of 1,1'-(5-ethynyl-1,3-phenylene)bis(1-benzimidazolium) diiodide (HCCCMe)

In a nitrogen-atmosphere glovebox, a Schlenk flask with a Teflon stopcock was charged
with "CCC (117 mg, 0.35 mmol), Mel (240 mg, 1.69 mmol), and dry MeCN (4 mL) in the dark. The
flask was wrapped in aluminum foil and heated at 100 °C for 39 h. After the reaction mixture was

cool to room temperature, the volatiles were removed under vacuum. The product was washed
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with DCM (20 mL) and hexane (20 mL) and filtered to collect an off-white solid (93.8 mg, 43% yield).

IH NMR (dmso-ds, 600 MHz): & 10.28 (s, 2H, carbene-H), 8.44 (t, J = 2.0 Hz; 1H; Ar-H),
8.29 (d, J = 2.0 Hz; 2H; Ar-H), 8.20 (d, J = 8.3 Hz; 2H; benzimidazole), 8.06 (d, J = 8.3 Hz;
2H; benzimidazole), 7.86 — 7.74 (m, 4H; benzimidazole), 4.78 (s, 1H; acetylene-H), 4.23

(s, 6H; Me).

Synthesis  of  1,1'-(5-(trimethylsilylethynyl)-1,3-phenylene)bis(1-benzimidazolium)  diiodide

(TMSCCCMe)

In a nitrogen-atmosphere glovebox, a Schlenk flask with a Teflon stopcock was charged
with ™MSCCC (421 mg, 1.07 mmol), Mel (390 uL, 6.26 mmol), and dry MeCN (10 mL) in the dark.
The flask was wrapped in aluminum foil and heated at 100 °C for 20 h. After the reaction mixture
was cool to room temperature, the volatiles were removed under vacuum. The product was further

dried under vacuum to produce a light brown solid (483.9 mg, 43% yield).

1H NMR (CD:Clz, 500 MHz): § 11.19 (s; 2H; carbene-H), 8.96 (t, J = 2.0 Hz; 1H; Ar-H),
8.13 (d, J = 2.0 Hz; 2H; Ar-H), 8.07-7.99 (m; 2H; benzimidazole), 7.92-7.85 (m; 2H;

benzimidazole), 7.81 — 7.74 (m; 4H; benzimidazole), 4.28 (s; 6H; Me), 0.29 (s; 9H; TMS).

Synthesis of 1,1'-(5-(triisopropylsilylethynyl)-1,3-phenylene)bis(1-benzimidazolium) diiodide

(TIPSCCCME)

In a nitrogen-atmosphere glovebox, a Schlenk flask with a Teflon stopcock was charged
with TPSCCC (265 mg, 0.54 mmol), Mel (241 uL, 3.87 mmol), and dry MeCN (6 mL) in the dark.
The flask was wrapped in aluminum foil and heated at 100 °C for 20 h. After the reaction mixture
was cool to room temperature, the volatiles were removed under vacuum. The product was further

dried under vacuum to produce a light brown solid (403.9 mg, 97% yield).

IH NMR (CD2Cl2, 500 MHz): 6 11.39 (s; 2H; carbene-H), 8.93 (t, J = 2.0 Hz; 1H; Ar-H),

8.11 (d, J = 2.0 Hz; 2H; Ar-H), 8.08-8.05 (m; 2H; benzimidazole), 7.87-7.79 (m; 6H;

77



benzimidazole), 4.35 (s; 6H; Me), 1.17-1.16 (m; 21H; TIPS).

Synthesis of dimeric complex [(T"PSCCCMe)Ir(1),]2 (30)

This procedure was adapted from the literature.'?3 In a nitrogen-atmosphere glovebox, a
Schlenk flask with a Teflon stopcock was charged with "PSCCCMe ligand (100 mg, 0.129 mmol),
[Ir(L-OMe)(COD)]2 (44.5 mg, 0.067 mmol), Nal (116 mg, 0.773 mmol), and 2-ethoxyethanol (10
mL). The flask was sealed with a Teflon stopcock, removed from the glovebox, and heated at 140
°C for 24 h. An orange precipitate was observed during the reaction. The reaction mixture was
cooled to room temperature and diluted with MeOH (50 mL), and filtered through a medium frit.
The orange solid on the frit was washed with MeOH (50 mL) and hexane (20 mL). With a different
receiving flask, DCM was added to the orange solid on the frit until no more colored solution came
off. Evaporation of DCM on rotary evaporator resulted in dimeric complex 30 as an orange solid

(82 mg, 66% vyield).

1H NMR (CDCls, 500 MHz): 6 8.24 (d, J = 8.1 Hz; 4H; benzimidazole), 7.84 (s; 4H; Ar-H),
7.61-7.50 (m; 8H; benzimidazole), 7.45-7.42 (m; 4H; benzimidazole), 4.16 (s; 12H; Me),

1.24 (m; 42H; TIPS).

Synthesis of bis-acetate complex (T"PSCCCMe)Ir(OAc)2(0OH>) (31)

In a nitrogen-atmosphere glovebox, a Schlenk flask with a Teflon stopcock was charged
with dimer 31 (70 mg, 0.036 mmol), silver acetate (60 mg, 0.36 mmol), and 8 mL of CHCIz (dried
over CaHz, distilled and sparged with N2). The flask was sealed with a Teflon stopcock, wrapped
in aluminum foil, removed from the glovebox, and heated at 60 °C for 3 h. The reaction mixture
was cool to room temperature and filtered through a PTFE syringe filter on the benchtop.
Evaporation of solvent from the yellow filtrate resulted in a yellow oil, which solidified upon further

drying under vacuum. Yield: 59.3 mg (97% yield).

'H NMR (CD2Clz, 500 MHz): & 8.16 (d, J = 8 Hz; 2H; benzimidazole), 7.73 (s; 2H; Ar-H),
7.62 (d, J = 8 Hz; 2H; benzimidazole), 7.53-7.46 (m; 4H; benzimidazole), 4.49 (s; 6H; Me
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X 2), 1.46 (s; 6H; OAc x 2), 1.24 (m; 21H; TIPS).

455 Attempted Desilylation of Complex 31 with TBAF

This reaction was set up in a nitrogen-atmosphere glovebox. Complex 31 (5.8 mg, 0.007
mmol) was dispensed into an NMR tube with a J Young style cap. 0.6 mL of CDClz (dried over
CaH2) was added, making a homogeneous yellow solution. Outside the glovebox, under Ar funnel,
tetrabutylammonium fluoride (1M in THF, 70 uL, 0.07 mmol) was added via a gas-tight syringe.
The NMR tube was sealed and placed in a 60 °C-oil bath for 24 hours, during which the color of
the solution darkened, and a white precipitate was observed. The reaction mixture was cooled to
room temperature, and the solution was carefully decanted. The white ppt inside the NMR tube
was washed with ethyl acetate. This ppt partially dissolved in CDClsand an *H NMR spectrum was
recorded (Figure 4-2). The white ppt was then suspended in H20 (150 mL), extracted with DCM
(30 mL x 3), and dried over MgSOa4. Evaporation of solvent yielded a white solid, whose 'H NMR

spectrum in CDCls was messy and it was difficult to identify the species present in the solution.
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Appendix A: Crystallographic Information

Data was collected at -173 °C on a Bruker APEX Il single crystal X-ray diffractometer, Mo-radiation.
Solution by direct methods (SHELXS, SIR97130. 131) produced a complete heavy atom phasing
model consistent with the proposed structure. The structure was completed by difference Fourier
synthesis with SHELXL97.132134 Scattering factors are from Waasmair and Kirfel.13> Hydrogen
atoms were placed in geometrically idealized positions and constrained to ride on their parent
atoms with C---H distances in the range 0.95-1.00 Angstrom. Isotropic thermal parameters Ueq
were fixed such that they were 1.2Ueq Of their parent atom Ueq for CH's and 1.5Ueq of their parent
atom Ueq in case of methyl groups. All non-hydrogen atoms were refined anisotropically by full-

matrix least-squares.

A
PR =l

—N N Ir—CO

O—F‘>(tBu)2 e

Figure A-1. ORTEP of complex 9 with thermal
ellipsoids at the 50% probability level. The
dichloromethane molecule was removed for
clarity.
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Table A-1. Crystal data and structure refinement for complex 9.

Empirical formula C29 H51 CI2 Ir N2 O3 P2

Formula weight 800.76

Temperature 100(2) K

Wavelength 0.71073 A

Crystal system Orthorhombic

Space group Pbca

Unit cell dimensions a=11.5734(5) A o= 90°.
b = 15.6094(7) A B=90°.
¢ =38.1996(18) A y = 90°.

Volume 6900.9(5) A3

z 8

Density (calculated) 1.541 Mg/m3

Absorption coefficient 4.148 mm-1

F(000) 3232

Crystal size 0.15 x 0.08 x 0.05 mm3

Theta range for data collection 2.06 to 25.43°.

Index ranges -13<=h<=13, -18<=k<=18, -46<=I<=46

Reflections collected 152176

Independent reflections 6355 [R(int) = 0.0824]

Completeness to theta = 25.00° 100.0 %

Absorption correction Semi-empirical from equivalents

Max. and min. transmission 0.8194 and 0.5750

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 6355/0/ 365

Goodness-of-fit on F2 1.073

Final R indices [I>2sigma(l)] R1 =0.0291, wR2 = 0.0532

R indices (all data) R1 =0.0431, wR2 = 0.0576

Largest diff. peak and hole 1.161 and -1.567 e.A-3
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Table A-2. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (Azx

103) for complex 9. U(eq) is defined as one third of the trace of the orthogonalized Uil tensor.

X y z U(eq)
Ir(1) 5148(1) 9578(1) 8304(1) 15(1)
P(1) 6571(1) 10276(1) 8599(1) 16(1)
P(2) 3812(1) 8542(1) 8197(1) 15(1)
Cl(1) 2694(1) 10437(1) 9458(1) 57(1)
0(1) 6752(2) 9762(2) 8975(1) 18(1)
cl(2) 3537(2) 9508(1) 10062(1) 79(1)
0(2) 3875(2) 7867(2) 8533(1) 17(1)
c(17) 8990(4) 10675(3) 8602(1) 28(1)
0(3) 4732(4) 10777(2) 7700(1) 63(1)
C(1) 5316(3) 8833(2) 8740(1) 16(1)
c(2) 6050(3) 9037(2) 9013(1) 18(1)
Cc(12) 6247(4) 11369(3) 8764(1) 26(1)
C(15) 7030(4) 11658(3) 9067(1) 36(1)
Cc(13) 5005(4) 11316(3) 8896(2) 42(1)
C(14) 6316(5) 12006(3) 8457(2) 40(1)
C(16) 8034(4) 10200(3) 8403(1) 21(1)
C(19) 7988(4) 10509(3) 8024(1) 34(1)
c(18) 8305(4) 9232(3) 8400(1) 30(1)
C(4) 6124(4) 8581(3) 9323(1) 18(1)
C(6) 5399(4) 7866(2) 9370(1) 17(1)
N(1) 5368(3) 7418(2) 9689(1) 23(1)
c(7) 6148(4) 7656(3) 9970(1) 28(1)
C(9) 5705(5) 7325(3) 10314(1) 45(1)
N(2) 5468(4) 6433(3) 10316(1) 40(1)
C(10) 4642(5) 6239(4) 10042(1) 43(1)
C(8) 5152(5) 6496(3) 9687(1) 43(1)
C(11) 5044(5) 6143(3) 10657(1) 40(1)
c(5) 4649(3) 7633(2) 9097(1) 17(1)
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C(3)

C(20)
C(23)
C(22)
c(21)
C(24)
C(26)
c7)
C(25)
C(28)
C(29)

4632(3)
2271(3)
1433(4)
2206(4)
1948(4)
4105(4)
3440(5)
5398(4)
3885(4)
4921(4)
3181(6)

8108(2)
8878(3)
8121(3)
9374(4)
9482(3)
7784(3)
6937(3)
7588(3)
8215(3)
10305(3)
9446(4)

8798(1)
8230(1)
8241(2)
8575(1)
7929(1)
7833(1)
7858(1)
7862(1)
7481(1)
7924(1)
9618(2)

14(1)
22(1)
49(2)
43(1)
30(1)
20(1)
44(2)
28(1)
34(1)
33(1)
63(2)
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Table A-3. Bond lengths [A] and angles [°] for complex 9.

Ir(1)-C(28) 1.862(5)
Ir(1)-C(1) 2.041(4)
Ir(1)-P(2) 2.2741(10)
Ir(1)-P(1) 2.2753(11)
P(1)-0O(1) 1.657(3)
P(1)-C(12) 1.855(4)
P(1)-C(16) 1.856(4)
P(2)-0(2) 1.664(3)
P(2)-C(24) 1.855(4)
P(2)-C(20) 1.863(4)
CI(1)-C(29) 1.756(6)
0O(1)-C(2) 1.401(5)
CI(2)-C(29) 1.750(7)
0(2)-C(3) 1.390(5)
C(17)-C(16) 1.534(6)
C(17)-H(17A) 0.9800
C(17)-H(17B) 0.9800
C(17)-H(17C) 0.9800
0(3)-C(28) 1.149(5)
C(1)-C(2) 1.382(6)
C(1)-C(3) 1.399(5)
C(2)-C(4) 1.385(6)
C(12)-C(13) 1.526(6)
C(12)-C(14) 1.537(7)
C(12)-C(15) 1.539(6)
C(15)-H(15A) 0.9800
C(15)-H(15B) 0.9800
C(15)-H(15C) 0.9800
C(13)-H(13A) 0.9800
C(13)-H(13B) 0.9800
C(13)-H(13C) 0.9800
C(14)-H(14A) 0.9800
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C(14)-H(14B)
C(14)-H(14C)
C(16)-C(19)
C(16)-C(18)
C(19)-H(19A)
C(19)-H(19B)
C(19)-H(19C)
C(18)-H(18A)
C(18)-H(18B)
C(18)-H(18C)
C(4)-C(6)
C(4)-H(4)
C(6)-C(5)
C(6)-N(1)
N(1)-C(7)
N(1)-C(8)
C(7)-C(9)
C(7)-H(7A)
C(7)-H(7B)
C(9)-N(2)
C(9)-H(9A)
C(9)-H(9B)
N(2)-C(10)
N(2)-C(11)
C(10)-C(8)
C(10)-H(10A)
C(10)-H(10B)
C(8)-H(8A)
C(8)-H(8B)
C(11)-H(11A)
C(11)-H(11B)
C(11)-H(11C)
C(5)-C(3)
C(5)-H(5)

0.9800
0.9800
1.526(6)
1.543(6)
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
1.408(6)
0.9500
1.404(6)
1.405(5)
1.450(6)
1.462(6)
1.502(7)
0.9900
0.9900
1.419(6)
0.9900
0.9900
1.452(6)
1.463(6)
1.532(7)
0.9900
0.9900
0.9900
0.9900
0.9800
0.9800
0.9800
1.363(5)
0.9500
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C(20)-C(23)

C(20)-C(22)

C(20)-C(21)

C(23)-H(23A)
C(23)-H(23B)
C(23)-H(23C)
C(22)-H(22A)
C(22)-H(22B)
C(22)-H(22C)
C(21)-H(21A)
C(21)-H(21B)
C(21)-H(21C)
C(24)-C(25)

C(24)-C(27)

C(24)-C(26)

C(26)-H(26A)
C(26)-H(26B)
C(26)-H(26C)
C(27)-H(27A)
C(27)-H(27B)
C(27)-H(27C)
C(25)-H(25A)
C(25)-H(25B)
C(25)-H(25C)
C(29)-H(29A)
C(29)-H(29B)

C(28)-Ir(1)-C(1)
C(28)-Ir(1)-P(2)

C(1)-Ir(1)-P(2)

C(28)-Ir(1)-P(1)

C(1)-Ir(2)-P(2)
P(2)-1r(1)-P(1)

1.529(6)
1.531(6)
1.533(6)
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
1.527(6)
1.531(6)
1.533(6)
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9900
0.9900

175.96(19)
101.37(13)
78.87(12)
101.38(13)
78.38(12)
157.23(4)
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O(1)-P(1)-C(12)
O(1)-P(1)-C(16)
C(12)-P(1)-C(16)
O(1)-P(1)-Ir(1)
C(12)-P(1)-Ir(1)
C(16)-P(1)-Ir(1)
0(2)-P(2)-C(24)
0(2)-P(2)-C(20)
C(24)-P(2)-C(20)
0(2)-P(2)-Ir(1)
C(24)-P(2)-Ir(1)
C(20)-P(2)-Ir(1)
C(2)-0(1)-P(1)
C(3)-0(2)-P(2)
C(16)-C(17)-H(17A)
C(16)-C(17)-H(17B)
H(17A)-C(17)-H(17B)
C(16)-C(17)-H(17C)
H(17A)-C(17)-H(17C)
H(17B)-C(17)-H(17C)
C(2)-C(1)-C(3)
C(2)-C(1)-Ir(1)
C(3)-C(1)-Ir(1)
C(1)-C(2)-C(4)
C(1)-C(2)-O(1)
C(4)-C(2)-O(1)
C(13)-C(12)-C(14)
C(13)-C(12)-C(15)
C(14)-C(12)-C(15)
C(13)-C(12)-P(1)
C(14)-C(12)-P(1)
C(15)-C(12)-P(1)
C(12)-C(15)-H(15A)
C(12)-C(15)-H(15B)

100.23(19)
101.85(17)
112.3(2)
106.82(10)
117.47(15)
115.39(14)
99.55(17)
99.67(17)
113.9(2)
106.33(10)
117.65(14)
116.01(14)
114.0(2)
114.8(2)
109.5
109.5
109.5
109.5
109.5
109.5
114.5(4)
122.9(3)
122.4(3)
124.4(4)
117.7(4)
117.9(4)
109.7(4)
108.7(4)
110.6(4)
104.7(3)
109.1(3)
113.9(3)
109.5
109.5
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H(15A)-C(15)-H(15B)
C(12)-C(15)-H(15C)
H(15A)-C(15)-H(15C)
H(15B)-C(15)-H(15C)
C(12)-C(13)-H(13A)
C(12)-C(13)-H(13B)
H(13A)-C(13)-H(13B)
C(12)-C(13)-H(13C)
H(13A)-C(13)-H(13C)
H(13B)-C(13)-H(13C)
C(12)-C(14)-H(14A)
C(12)-C(14)-H(14B)
H(14A)-C(14)-H(14B)
C(12)-C(14)-H(14C)
H(14A)-C(14)-H(14C)
H(14B)-C(14)-H(14C)
C(19)-C(16)-C(17)
C(19)-C(16)-C(18)
C(17)-C(16)-C(18)
C(19)-C(16)-P(1)
C(17)-C(16)-P(1)
C(18)-C(16)-P(1)
C(16)-C(19)-H(19A)
C(16)-C(19)-H(19B)
H(19A)-C(19)-H(19B)
C(16)-C(19)-H(19C)
H(19A)-C(19)-H(19C)
H(19B)-C(19)-H(19C)
C(16)-C(18)-H(18A)
C(16)-C(18)-H(18B)
H(18A)-C(18)-H(18B)
C(16)-C(18)-H(18C)
H(18A)-C(18)-H(18C)
H(18B)-C(18)-H(18C)

109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
110.1(4)
108.1(4)
109.2(4)
109.4(3)
115.2(3)
104.5(3)
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
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C(2)-C(4)-C(6)
C(2)-C(4)-H(4)
C(6)-C(4)-H(4)
C(5)-C(6)-N(2)
C(5)-C(6)-C(4)
N(1)-C(6)-C(4)
C(6)-N(1)-C(7)
C(6)-N(1)-C(8)
C(7)-N(1)-C(8)
N(1)-C(7)-C(9)
N(1)-C(7)-H(7A)
C(9)-C(7)-H(7A)
N(1)-C(7)-H(7B)
C(9)-C(7)-H(7B)
H(7A)-C(7)-H(7B)
N(2)-C(9)-C(7)
N(2)-C(9)-H(9A)
C(7)-C(9)-H(9A)
N(2)-C(9)-H(9B)
C(7)-C(9)-H(9B)
H(9A)-C(9)-H(9B)
C(9)-N(2)-C(10)
C(9)-N(2)-C(11)
C(10)-N(2)-C(11)
N(2)-C(10)-C(8)
N(2)-C(10)-H(10A)
C(8)-C(10)-H(10A)
N(2)-C(10)-H(10B)
C(8)-C(10)-H(10B)
H(10A)-C(10)-H(10B)
N(1)-C(8)-C(10)
N(1)-C(8)-H(8A)
C(10)-C(8)-H(8A)
N(1)-C(8)-H(8B)

118.7(4)
120.7
120.7
120.0(4)
118.6(4)
121.3(4)
119.9(3)
119.2(4)
111.3(4)
110.2(4)
109.6
109.6
109.6
109.6
108.1
114.2(4)
108.7
108.7
108.7
108.7
107.6
109.1(4)
112.0(4)
111.0(4)
109.3(4)
109.8
109.8
109.8
109.8
108.3
108.5(4)
110.0
110.0
110.0
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C(10)-C(8)-H(8B)
H(8A)-C(8)-H(8B)
N(2)-C(11)-H(11A)
N(2)-C(11)-H(11B)
H(11A)-C(11)-H(11B)
N(2)-C(11)-H(11C)
H(11A)-C(11)-H(11C)
H(11B)-C(11)-H(11C)
C(3)-C(5)-C(6)
C(3)-C(5)-H(5)
C(6)-C(5)-H(5)
C(5)-C(3)-0(2)
C(5)-C(3)-C(1)
0(2)-C(3)-C(1)
C(23)-C(20)-C(22)
C(23)-C(20)-C(21)
C(22)-C(20)-C(21)
C(23)-C(20)-P(2)
C(22)-C(20)-P(2)
C(21)-C(20)-P(2)
C(20)-C(23)-H(23A)
C(20)-C(23)-H(23B)
H(23A)-C(23)-H(23B)
C(20)-C(23)-H(23C)
H(23A)-C(23)-H(23C)
H(23B)-C(23)-H(23C)
C(20)-C(22)-H(22A)
C(20)-C(22)-H(22B)
H(22A)-C(22)-H(22B)
C(20)-C(22)-H(22C)
H(22A)-C(22)-H(22C)
H(22B)-C(22)-H(22C)
C(20)-C(21)-H(21A)
C(20)-C(21)-H(21B)

110.0
108.4
109.5
109.5
109.5
109.5
109.5
109.5
119.4(4)
120.3
120.3
118.2(3)
124.3(4)
117.4(3)
109.6(4)
110.0(4)
108.8(4)
113.1(3)
104.3(3)
110.8(3)
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
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H(21A)-C(21)-H(21B)
C(20)-C(21)-H(21C)
H(21A)-C(21)-H(21C)
H(21B)-C(21)-H(21C)
C(25)-C(24)-C(27)
C(25)-C(24)-C(26)
C(27)-C(24)-C(26)
C(25)-C(24)-P(2)
C(27)-C(24)-P(2)
C(26)-C(24)-P(2)
C(24)-C(26)-H(26A)
C(24)-C(26)-H(26B)
H(26A)-C(26)-H(26B)
C(24)-C(26)-H(26C)
H(26A)-C(26)-H(26C)
H(26B)-C(26)-H(26C)
C(24)-C(27)-H(27A)
C(24)-C(27)-H(27B)
H(27A)-C(27)-H(27B)
C(24)-C(27)-H(27C)
H(27A)-C(27)-H(27C)
H(27B)-C(27)-H(27C)
C(24)-C(25)-H(25A)
C(24)-C(25)-H(25B)
H(25A)-C(25)-H(25B)
C(24)-C(25)-H(25C)
H(25A)-C(25)-H(25C)
H(25B)-C(25)-H(25C)
0(3)-C(28)-Ir(1)
Cl(2)-C(29)-CI(1)
CI(2)-C(29)-H(29A)
CI(1)-C(29)-H(29A)
CI(2)-C(29)-H(29B)
Cl(1)-C(29)-H(29B)

109.5
109.5
109.5
109.5
108.3(4)
110.6(4)
108.3(4)
110.4(3)
104.6(3)
114.3(3)
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
176.0(5)
111.4(3)
109.3
109.3
109.3
109.3
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H(29A)-C(29)-H(29B)

108.0
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Table A-4. Anisotropic displacement parameters (A2x 103) for complex 9. The anisotropic

displacement factor exponent takes the form: -2n2[ h2a*2Ull + ... + 2 h k a* b* U12]

Ull U22 U33 U23 Ul3 U12
Ir(1) 17(1) 10(1) 18(1) 3(1) -3(1) -2(1)
P() 17(1) 8(1) 22(1) 1(1) -2(1) -1(1)
P(2) 15(1) 13(1) 17(1) 2(1) -1(1) -2(1)
Cl(1) 60(1) 46(1) 65(1) -12(1) 16(1) -4(1)
0(1) 24(2) 14(2) 17(2) 4(1) -4(1) -7(1)
cl(2) 84(1) 88(1) 66(1) -2(1) -18(1) -26(1)
0(2) 21(2) 14(1) 16(2) 6(1) -4(1) -6(1)
carn  17(2) 34(3) 34(3) 1(2) -1(2) -2(2)
0@3) 77(3) 51(2) 60(3) 43(2) -43(2) -39(2)
C(1) 17(2) 12(2) 19(2) 1(2) 0(2) 2(2)
c@) 17(2) 12(2) 24(3) 0(2) 2(2) -1(2)
c12)  22(2) 13(2) 43(3) 7(2) -4(2) 0(2)
c(15)  33(3) 21(2) 53(4) -16(2) -5(3) 0(2)
C(13)  25(3) 35(3) 66(4) -28(3) 3(3) 5(2)
Cc(4)  42(3) 14(2) 64(4) 1(2) -16(3) 1(2)
C(16)  23(2) 19(2) 23(3) 1(2) 0(2) 1(2)
c(19)  31(3) 38(3) 31(3) 42) 3(2) -10(2)
c(18)  32(3) 24(2) 35(3) -4(2) 3(2) 9(2)
C(4) 21(2) 17(2) 16(2) -1(2) -2(2) -2(2)
C(6) 23(2) 15(2) 14(2) 3(2) 1(2) 3(2)
N(L) 31(2) 17(2) 20(2) 2(2) 0(2) -5(2)
C(7) 38(3) 26(2) 19(3) 42) -5(2) 7(2)
C(9) 73(4) 42(3) 21(3) 0(2) -8(3) -8(3)
N(2) 49(3) 45(3) 27(2) 15(2) -5(2) -4(2)
C(10)  50(3) 46(3) 34(3) 19(3) -5(3) -19(3)
C(8) 62(4) 31(3) 35(3) 3(2) -6(3) -7(3)
C(11)  60(4) 37(3) 24(3) 13(2) 11(3) 9(3)
C(5) 20(2) 13(2) 18(2) 2(2) 0(2) -2(2)
C(3) 16(2) 14(2) 14(2) 0(2) 0(2) 2(2)
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C(20)
C(23)
C(22)
c(21)
C(24)
C(26)
c7)
C(25)
C(28)
C(29)

15(2)
14(2)
33(3)
26(2)
22(2)
55(4)
29(3)
35(3)
32(3)
79(5)

24(2)
38(3)
67(4)
25(2)
18(2)
34(3)
23(2)
43(3)
26(2)
49(4)

26(3)
94(5)
30(3)
37(3)
20(2)
41(3)
33(3)
24(3)
41(3)
62(5)

2(2)
27(3)
-5(3)
6(2)
-1(2)

-20(3)

-8(2)
-2(2)
9(2)

-16(3)

-1(2)
-3(3)
8(2)
-1(2)
2(2)
15(3)
-1(2)
-2(2)
-12(2)
8(4)

1(2)
-2(2)
19(3)
11(2)
-5(2)

-23(3)

7(2)
11(2)

-18(2)

6(3)
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