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Abstract 

Chemical targets produced by transformations of organic molecules are valuable, serving 

as building blocks for the agrochemical, pharmaceutical and polymer industries. These 

transformations may be carried out catalytically or stoichiometrically, but catalysts are used 

in the synthesis of 80-90 percent of all industrially manufactured products, demonstrating 

the indispensable role catalysts play in industry. Several organic transformations ranging 

from cross-coupling to hydrofunctionalization to oxidation or reduction reactions are 

typically catalyzed by precious metals like iridium (Ir), palladium (Pd), platinum (Pt), 

rhodium (Rh) etc. These ‘noble’ metals have revolutionized synthetic organic chemistry, 

allowing chemists to build novel molecules and functional materials with high selectivity, 

atom economy, and versatility by using mild reaction conditions facilitated by these 

catalysts. 

Density Functional Theory (DFT) is a computational method used to study the electronic 

structures of molecules and materials. These methods can inform and guide catalysis 

research by providing valuable insights into the molecular-level mechanisms of catalytic 

reactions. DFT can predict the electronic and structural properties of molecules, which can 

help to identify the key steps and intermediates involved in catalytic reactions. DFT can 

also be used to design and optimize catalysts for specific reactions, comprehend the role of 

solvents and other environmental factors in catalytic reactions, and predict the behavior of 

catalytic systems under different conditions. Overall, DFT has proven itself to be a critical 

tool in catalysis research, assisting in the optimization of reaction conditions and 

improvement of reaction efficiency. 

The first chapter of this dissertation describes a recyclable catalytic system which has 

applications in both Suzuki-Miyaura (SM) and Negishi coupling reactions. We investigated 

the nature of active species catalyzing the reaction – a controversial topic in light of recent 

research which has suggested ‘metal–free’ coupling chemistry and in the fundamental 

nature of the catalyst, whether the system is heterogeneous or homogeneous. We utilized 

the commercially available cyclohexyldiphenyl phosphine oxide ligand and Pd(OAc)2 

(palladium acetate) to catalyze coupling reactions and concluded the catalytic system to be 

‘pseudo homogeneous’. All the substrates studied afforded good to excellent reaction 

yields and the catalyst system could be reused in up to ten cycles. 

In the second chapter of this dissertation, the synthesis, characterization, and ligand 

exchange studies of iridium-based pincer complexes is reported. The iridium complex 

(tBuPOCOP)Ir(PPh3) (tBuPOCOP = 2,6-bis(di-tert-butylphosphonito)benzene) acts as a 

convenient source of latent Ir(I), a 14e- species [(tBuPOCOP)Ir]; which is susceptible to 

ligand exchange chemistry. The reactions with acetonitrile and pyridine afford the 

corresponding (tBuPOCOP)Ir(NCMe) and (tBuPOCOP)Ir(Py) complexes, respectively. 

NMR, UV-vis spectroscopy, and density functional theory (DFT) calculations were used to 

evaluate the key equilibria and determine the kinetic and thermodynamic parameters of the 

ligand exchange process between (tBuPOCOP)Ir(PPh3) and L (L = MeCN or pyridine). 

These studies provided experimental and computational support of the proposed pathway 

of phosphine displacement, i.e., it occurs either via an associative or a dissociative pathway. 

In the third chapter of this dissertation, the electrochemical reduction of captured carbon 

dioxide using an iridium pincer complex was studied. Recently, the reactive capture of 
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carbon dioxide, (i.e., capturing CO2 and reducing it directly) has garnered a lot of interest. 

Amines have been used most extensively for carbon dioxide capture. Amines react with 

dilute CO2 in a 2:1 ratio to form the corresponding ammonium carbamate. We utilized 

commercially available ammonium carbamate with the highly selective and robust CO2 to 

formate reduction catalyst 10 [Ir(POCOP)]. When ammonium carbamate was used as the 

substrate instead of CO2, only hydrogen was produced. An equivalent electrolysis with 

ammonium hexafluorophosphate also resulted in only hydrogen. These results indicate that 

the use of amine-captured CO2, which generates an equivalent of ammonium, modifies the 

H+ activity in solution, which can lead to hydrogen production for catalysts that have high 

selectivity when CO2 is the substrate. The fourth chapter of this dissertation discusses the 

utilization of DFT calculations to study the chemistry of elements from the pnictogen 

family, i.e., arsenic tautomerization chemistry and supramolecular assembly of antimony 

and bismuth. Unlike arsenic’s analog phosphorus, arsenic doesn’t have an extensive 

synthetic literature to rely upon. To study arsenic in depth and help biologists by providing 

them with CRM’s we decided to synthesize As-HCs/ As-sugars using a proposed synthetic 

strategy with a SAO key intermediate. Because of the scarce literature precedent, we 

decided to probe the route computationally, deducing the stability of the AsIII or AsV states. 
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1. Recyclable Palladium Catalysts – Application in Suzuki Miyaura and Negishi

Coupling reactions.

Modified with permission from RSC. 

Aneelman Brar, Andrew K King, Michael Findlater 

https://pubs.rsc.org/en/Content/ArticleLanding/2023/CY/D2CY01734B 

1.1. Introduction 

      Palladium-catalyzed cross coupling reactions between an aryl halide electrophile and 

an organoboron nucleophile are a clean and efficient strategy for the formation of biaryls; 

which facilitates a myriad of applications in the synthesis of pharmaceutical precursors, 

agrochemicals, and high-tech materials.1-4 The cross-coupling reaction using boronic 

acid/esters, known as the Suzuki-Miyaura coupling reaction5 (SM) has been investigated 

extensively because of  the broad availability and relative air and moisture stability of 

boronic acids and their derivatives. 6 In parallel, the development of other cross coupling 

methodology has resulted in several different strategies. For example, the Negishi coupling 

is a valuable alternative due to fast transmetalation of organozinc reagents to palladium in 

comparison with boronic acid. 7 

Catalysis plays a crucial role in cross-coupling reactions by enhancing the reaction rate and 

selectivity. The palladium complex catalyst facilitates the formation of reactive 

intermediate and stabilizes them, promoting the formation of the new carbon -carbon bond. 

It could be homogeneous or heterogeneous catalysis depending upon the phase of the 

catalyst with respect to reactants and products. 

Most coupling reactions employ palladium catalysts which are highly reactive but 

expensive due to their scarcity.3, 8, 9 Palladium is a non-abundant platinum group metal, as 

such palladium salts are expensive and natural deposits will eventually be depleted.10, 11 In 

an effort to improve the sustainability of palladium-catalyzed cross coupling reactions and 

make the reactions more environmental friendly, ideally the palladium content should be 

recovered at the end of the reaction.12 Henceforth making recyclability, a crucial part of 

cross coupling reactions. Also, it significantly reduces the cost of the reaction, minimizes 

waste production, and improves efficiency. Reduction in waste generated also makes the 

reaction/catalytic system more environmentally friendly and sustainable. 

1.2. Phosphine oxide catalyzed Suzuki miyaura reaction 

Generally, the Suzuki–Miyaura coupling reaction is performed using palladium catalysts 

in the presence of ancillary ligands, most often N-heterocyclic carbenes or tertiary 

phosphines.13 Phosphine oxides have also seen widespread application as ligands for cross-

coupling reactions arising from their pentavalent nature, which provides air and moisture 

stability.14-16 Denmark and co-workers employed triphenyl phosphine oxide as a ligand in 

the cross-coupling of arylsilanolates with aryl bromides; where they described phosphine 

oxide as a ‘buffering ligand’ that stabilizes the highly active palladium nanoparticles 

formed in situ which govern catalysis.17 Later, Ackermann reported the first use of 

secondary phosphine oxides in the arylation of α C–H acidic compounds.18  

The dominant role palladium plays in cross-coupling reactions presents a sustainability 

issue as palladium is a non-abundant metal. In developing more sustainable approaches to 

https://pubs.rsc.org/en/Content/ArticleLanding/2023/CY/D2CY01734B
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chemical synthesis, it would be desirable to either replace or, at least, recycle palladium 

catalysts over multiple catalytic runs.10, 11 Different approaches to catalyst reuse have 

previously been reported, including work by Fan and co-workers where a 

palladium/phosphine dendrimer system was successfully re-used up to 9 times in SM cross-

coupling reactions.19 Impressively, only 0.2 mol% of Pd catalyst is required to reach full 

conversion, however reaction conditions are rather forcing – heating at reflux in dioxane. 

A report by Afewerki et al. described the use of a Pd heterogeneous catalyst derived from 

rice husk waste which could be reused in up to 6 cycles in SM chemistry.20 Ye and co-

workers reported the recyclability of a Pd-based electride material Y3Pd2; which was 

recycled 20 times. The catalyst recyclability is excellent but 40 mol% of catalyst was 

required.21 In any attempt to make a more cost-effective and sustainable catalytic system 

the importance of palladium recovery and reuse is integral to newly developed methods.22, 

23  

Recent work by Ananikov and co-workers introduced the concept of “cocktail” catalysis.24-

29 The Ananikov group demonstrated that rather than being homogenous or heterogenous 

the nature of the metal catalyst can be mixed, with a “cocktail” of metal species responsible 

for driving reactions. Hence a dynamic metal catalyst system can contain multiple species 

which are key to catalytic activity with nanoparticle and molecular catalysts both present. 

Leaching of heterogenous species can occur giving the same phenomena observed with 

pseudo-homogenous catalysis. These systems then comprise potentially reusable and 

recyclable catalysts. 

Thus, we sought a simple approach to palladium recycling which employs inexpensive and 

readily available ligands under ambient conditions; we investigated the use of tertiary 

phosphine oxides as ligands in palladium-catalyzed SM and Negishi coupling reactions. 

The coupling reaction between iodotoluene and phenylboronic acid (Scheme 1.1) was 

chosen as a model reaction with which to study the effectiveness of our catalytic system.  

 

 
 

Scheme 1.1. Model Reaction for tertiary phosphine oxide (L) palladium catalyzed SM 

Reaction 

Different commercially available phosphine oxide ligands were screened (Table 1.1) and 

the use of cyclohexyl diphenylphosphine oxide (L1) as ligand and THF as solvent were 

found to provide optimal reaction conditions. Although the goal of our work was to 

investigate recyclable palladium catalysts, we considered it important to demonstrate that 

a robust SM catalyst had been achieved. Thus, we explored a limited scope of substrates.   
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Table 1.1. Optimization of reaction parameters with various phosphine oxide ligands 

Reaction Conditions: a) 4-Iodotoluene (0.3 mmol), KOtBu (0.6 mmol), Phenyl boronic acid 

(0.6 mmol), Pd (OAc)2 (5 mol%), Phosphine Oxide (10 mol%), THF (3ml), R.T., 24 h. b) 

PdCl2 (5 mol%). The spectroscopic conversion was calculated using 1H NMR spectroscopy 

using tetramethyl silane as an internal standard 

To demonstrate the further utility of this system we ran a series of coupling reactions 

between aryl halides or aryl triflates and phenyl boronic acid. As summarized in Table 1.2, 

our catalytic system demonstrated a respectable reactivity profile and good functional 

group tolerance under mild reaction conditions. Most functional groups investigated were 

well tolerated, and isolated biphenyls were obtained in good to excellent yields. An 

unsuccessful attempt was made to effect sp2 - sp3 couplings with cyclic alkyl bromides. 

Additional experiments were carried out with 4-iodopyridine and 2-iodopyridine, 

spectroscopic conversion of the starting materials proved to be poor (26% and 13% 

respectively). We hypothesize that this is due to the coordination of the pyridine moiety to 

the Pd nanoparticles thus hindering catalytic turnover. When the solvent system is changed 

to a mixture of ethanol and water the reaction exhibits full conversion and 2-phenylpyridine 

(1s) was isolated in good yield. 

 

 

 

 

 

 

 

 

Spectroscopic Conversion (%)Ligand (L)Entry

35Without Ligand1

92Tricyclohexyl phopshine oxide2

96Tri-octyl phosphine oxide3

>99Cyclohexyl diphenylphosphine oxide4

91Triphenyl phosphine oxide5

97Triphenyl phosphine oxideb6

89Diphenyl (2,4,6-trimethyl benzoyl) phosphine oxide7

863-methyl-2-phenyl-2-phospholene oxide8

71,2-bis diphenylphosphinoethane monoxide9
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Table 1.2. Substrate Scope in SM Coupling Reaction 

 

 

Reaction Condition a) Halide substrate (0.3 mmol), KOtBu (0.6 mmol), Phenyl boronic 

acid (0.6 mmol), Pd(OAc)2 (5 mol%), Phosphine Oxide (10 mol%), THF (3ml), R.T., 24 

h. b) temperature = 70 ᵒC, c) Solvent  Toluene, temperature = 100 ᵒC. [] denotes the 

conversions reported by Gas chromatography and (Isolated Yields). 

 

1.2.1. Recycling Studies  

We investigated the recyclability of Pd(OAc)2 with cyclohexyl diphenylphosphine oxide 

for Suzuki-Miyaura coupling. As illustrated in Table 1.3, the catalyst system could be 

recycled through 10 consecutive coupling reactions without any loss of activity and good 

yields of the coupled product in each run were obtained. Catalyst and product were readily 

separable in hexane, and the recovered (precipitated) catalyst was re-used directly in 
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subsequent catalytic cycles. Separation was achieved via a simple filtration operation akin 

to a heterogeneous process. 

 

Table 1.3. Recyclability Study of Suzuki-Miyaura Catalyst 

Reaction conditions- Recyclability studies with PCyPh2, Pd(OAc)2 . [a] Pd(OAc)2 (0.015 

mmol), Ligand (0.03 mmol), Iodotoluene (0.3 mmol), Phenylboronic acid (0.6 mmol), 

Potassium tert-butoxide (0.6 mmol), Solvent = 2 mL, Reaction time = 24 h. Spectroscopic 

yield calculated with tetramethylsilane as an internal standard. Ratio of heterocoupled 

product 4-methyl-1,1-biphenyl (1a) to homocoupled product 4,4-dimethyl-1,1-biphenyl 

(1a´). 

 

 1.3. Negishi Coupling  

To further explore potential applications of our catalytic system, we decided to investigate 

the Negishi coupling. The coupling reaction between iodotoluene and tolylzinc iodide 

(Scheme 1.2) was performed and was found to proceed cleanly and in good to excellent 

yield.  
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Scheme 1.2. Model Reaction for tertiary phosphine oxide palladium-catalyzed Negishi 

coupling cross coupling. 

Substrate scope and recyclability were subsequently explored in a manner consistent with 

earlier Suzuki-Miyaura studies. (Table 1.4) Once more, the catalyst and product were 

readily separable via hexane addition to spent reaction mixture; simple filtration allowing 

reclamation of catalyst. The recovered catalyst was re-used in subsequent catalytic cycles 

after recharging with reagents. The palladium catalyst could be re-used up to ten times 

without significant loss of yields (Table 1.5). The scope of our Negishi coupling chemistry 

was explored using phenyl zinc bromide and a total of eight substrates and isolated yields 

of up to 85 % were obtained. 

 

Table 1.4. Substrate scope in Negishi Coupling Reaction 

 

 
 

Table 1.5. Recyclability of Negishi Catalyst 
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Reaction conditions: Recyclability studies w/ O=PcyPh2, Pd(PPh3)4. [a] Pd(PPh3)4 

(0.015mmol),Ligand (0.03mmol), 4-Iodoanisole (0.3 mmol), Tolylzinc iodide (0.6mmol), 

Solvent=2ml, reaction time = 24 hrs. Spectroscopic yield calculated with tetramethylsilane 

as an internal standard. Ratio of heterocoupled product 4-methoxy-4’-methyl-1,1’-

biphenyl (2c) to homocoupled product 4,4’- dimethoxy-1,1’-biphenyl (2c’). [b] Reaction 

time = 36 hrs. [c] Reaction time = 48 hrs. 

 

1.4. Homogenous, Heterogenous and pseudo-Homogenous catalysis 

To determine the nature of the active catalytic species, present in solution, several test 

reactions were carried out. In testing catalyst homogeneity, a mercury drop test is typically 

employed, however this can often lead to inconclusive results due to the fact that mercury 

only forms amalgams with certain metals.30 A Suzuki-Miyaura reaction between 4-

iodotoluene and phenylboronic acid was conducted under standard conditions and allowed 

to stir for three hours, the reaction was then filtered and allowed to stir for a further 21 

hours (24 hours total).31 From the precipitate, black palladium species were observable 

suggesting the formation of nanocomposites, surprisingly the reaction still proceeded to 

completion suggesting that even after filtration catalytically active Pd species remain 

present in solution (i.e. homogenous reactivity).19, 32 

 Recent reports suggest that many supposed heterogenous systems actually operate in a 

pseudo-homogenous regime in which the heterogeneous species acts as a “well” of active 

Pd species which can ‘break off’ and be catalytically active in solution.33, 34 To probe for 
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such behavior, further tests were then performed in an effort to “trap” nanocomposite 

palladium structures. Thus, poly(vinylpyridine) was added to a standard Suzuki-Miyaura 

reaction (7.5 mol% polymer); the polymer acts to suppress heterogeneous catalysis by 

nanocomposites. The reaction mixture was allowed to stir at room temperature for 24 

hours. The reaction proceeded to completion, further suggesting that the catalytically active 

Pd species are homogeneous in nature. Analogous tests were carried out for Negishi 

coupling reactions. Previous reports have demonstrated the use of heterogenous catalysts 

in palladium-catalyzed Negishi couplings.35, 36 

To further characterize the palladium nanostructures formed during the reaction, 

transmission electron microscope (TEM) imaging was used to explore heterogeneous 

structural details. As evidenced by TEM imaging the recovered Pd catalyst is 

nanoparticulate in nature (Figure 1.1).  

 

 

Figure 1.1. TEM images of Pd nanocomposites generated in catalytic SM reactions at 100, 

50 and 20 nm magnification. 

Given the evidence, we propose that the active palladium species responsible for SM 

coupling are homogenous in nature but are sourced from a heterogeneous palladium 

nanocomposite; our catalyst is pseudo-homogenous. To further interrogate the nature of the 

catalytically relevant species, 31P NMR was carried out in both the solid-state (SSNMR) 

(Figure 1.2) and in the solution state. Analysis of the catalyst both before and after 

precipitation from solution affords a signal in the 31P NMR at 35.9 ppm consistent with the 

phosphine oxide being present in both solution and the solid-state.  

1.5. Pd-GAP catalyzed Suzuki Miyaura Cross coupling reaction 

Homogenous catalysis is widely used due to the abundance of compounds and complexes 

that are soluble in organic solvents.37 A key drawback for this approach is separability, with 

catalysts typically being lost to waste at the end of a reaction as the recovery process is 

simply not cost effective.38As an alternative, heterogeneous catalysts can be employed, as 

the catalyst and products are in different phases and are easily separated; this allows 

reclamation of the catalyst to be reused in subsequent reactions, increasing the overall 

efficiency of the catalytic system.39 In contrast to homogeneous systems, heterogeneous 

catalysts typically operate under more extreme reaction conditions (elevated temperature, 

pressure etc.) and are often less selective as a result.40 By making homogenous catalysts 
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recyclable or by designing systems that facilitate better separability this key advantage of 

heterogeneous catalysis can be incorporated into homogenous systems. Inspired by group-

assisted purification (GAP)41 chemistry and the recently reported metalla-GAP (m-GAP)42, 

43 chemistry we sought to expand the use of ligands which contain a phosphoramide motif 

in homogenous catalysis and to further explore their potential as recyclable catalytic 

systems. This represents an alternative and, perhaps, complementary approach to the 

phosphine oxide chemistry described above. 

Extensive work has focused on methods recovering palladium content from spent catalysts 

to reduce the excessive costs.12 Catalyst recycling methodologies have the potential to 

improve the sustainability of palladium-catalyzed reactions and make the processes 

“greener”.22 Recycling of palladium catalysts is highly desirable as “active” Pd species can 

be recovered and re-used and previous reports have described separable heterogeneous and 

immobilized SM catalysts.44 Recent work in our group has focused on the use of GAP, 

initially reported by Li and co-workers as ligand architectures for metal catalysts42 We 

hypothesized that this could provide an alternative to fully heterogeneous or immobilized 

catalysts as the transformation occurs in a homogeneous manner with all the advantages 

associated with homogeneous catalysis. In our efforts to further extend the use of m-GAP 

ligands we applied the approach to palladium-catalyzed SM cross couplings. We also 

sought to determine if the presence of the GAP group would have any deleterious impact 

on catalytic behaviour i.e., would this be an effective homogeneous catalyst regardless of 

any catalyst recycling? 

 

Scheme 1.3. Pd GAP catalyzed SM coupling reaction. 

In our initial experiments 4-Iodotoluene and phenylboronic acid were used for substrate 

screening with m-GAP ligands and palladium acetate, to determine the optimal reaction 

conditions (Scheme 1.3 and Table 1.6).  
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Table 1.6. Optimization of Suzuki-Miyaura cross-coupling with m-GAP complexes. 

Reaction Conditions – a Pd(OAc)2 (0.015 mmol), Ligand (0.015 mmol), Iodotoluene (0.3 

mmol), Phenylboronic acid (0.6 mmol), Potassium tert-butoxide (0.6 mmol), Solvent = 2 

ml, Reaction time = 24 hours. bCatalyst prepared via overnight stirring. c48 hours   
dSpectroscopic yield calculated with tetramethylsilane as an internal standard. eRatio of 

heterocoupled product (4-methyl-1,1-biphenyl (1a)) to homocoupled product (4,4-

dimethyl-1,1-biphenyl (1a’)). 

GAP ligands L2 and L3 were screened under various conditions in the presence of 

palladium acetate and potassium tert-butoxide as base in an effort to optimize reaction 

conditions42, 43 Under ambient temperature and using THF as a solvent, the catalyst system 

derived from L2 was found to afford both slightly higher conversion and higher selectivity 

for cross- vs. homo-coupling products than the catalyst system derived from L3 (Table 1.6, 

Entries 1 and 2). Raising the temperature to 60 °C resulted in lower overall conversion 

albeit with an improved product selectivity (Table 1.6, Entry 3). Improved results could be 

obtained using L3 if the reaction time was extended to 48 h and the catalyst mixture was 

allowed to stir overnight prior to use in the coupling chemistry (Table 1.6, entry 6). 

Reactions without the use of exogenous ligands were also found to effectively catalyze the 

reaction, albeit with diminished conversion. After consideration of the reaction time, 

solvent employed and temperature, we selected L2, THF and room temperature as perfectly 

cromulent reaction conditions. Our catalytic conditions are comparable in performance to 

Selectivity

(1a:1a’)Yield (%)dTemperatureSolventLigandEntrya

7:153R.T.THFL2b1

6:148R.T.THFL32

30:12660THFL23

105:1921001,4-

Dioxane

L24

7:145R.T.1,4-

Dioxane

L35

8:1>99R.T.THFL3b,c6

12:132R.T.THFN/A7



11 

 

 

other well-established SM protocols employing PdCl2(dppf), although much lower 

loadings are possible employing current state of the art methodology.45-50 

 

Table 1.7. Substrate Scope for Pd GAP catalyzed SM. 

 

 

Reaction Conditions- aPd(OAc)2 (0.015 mmol), Ligand L2 (0.015 mmol), Aryl 

halide/triflate (0.3 mmol), Phenylboronic acid (0.6 mmol), Potassium tert-butoxide (0.6 

mmol), Solvent = 2 ml, Reaction time = 24 hours, Temperature = 50 °C. [Spectroscopic 

yield] (Isolated yield). Catalyst prepared via overnight stirring. Spectroscopic yield 

calculated with tetramethylsilane as an internal standard. bTemperature = 70 °C. 
cTemperature = 90 °C. 

The substrate scope was explored to ensure that our m-GAP palladium complex would 

exhibit comparable performance to other SM catalyst. Thus, L2/Pd system was deployed 

as a catalyst for several SM couplings with a broad range of aryl halide and pseudo-
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halide substrates (Table 1.7). As expected, aryl iodide substrates (28-33) tended to 

afford good to excellent yields in coupling reactions with phenylboronic acid; the 

use of substrates with a second halogen atom (not iodine) (31-33) delivered excellent 

chemo selectivity as C-C bond formation occurs exclusively at the C-I bond of the 

substrate, with no evidence for “double coupling” observed.51, 52 To probe the limits 

of our system, we challenged the catalyst with substrates with functional groups 

often found to be incompatible with Suzuki conditions. Substrates containing 

alcohol, primary amine and indole groups (34, 35, 38) were poor coupling partners. 

This is likely a result of amino group coordination and N-H oxidative addition at 

palladium.53-55Poor reactivity is also observed with iodophenols under the 

previously optimized reactions conditions, however increasing the reaction 

temperature to 70 °C gave full conversion. To our delight the Pd-GAP catalyst 

afforded excellent conversion of the heterocycle 2-iodothiophene (36) to coupled 

product under our optimized conditions. Having investigated the scope of SM 

coupling reactions with aryl iodides we then turned our attention to aryl bromides 

(28-30, 31, 39-42). To facilitate catalytic turnover the reaction temperature was 

increased to 70 °C. Functional group tolerance of the aryl bromides was consistent 

with the results obtained for aryl iodides (28-30) and good to excellent yields were 

obtained. 4-bromoacetophenone (39) proved to be a competent substrate, efficient 

and highly selective C-C bond formation occurred with no undesired reaction of the 

ketone group observed.56 No reaction was observed with 2-bromoacetophenone 

which is nominally an sp3-sp2 coupling reaction.572-bromopyridine, 2,6-

dibromopyridine and 4-tbutylbromobenzene (40-42) gave good conversion with 

modest yields. The suitability of aryl chloride substrates was examined, which 

required more forcing conditions to promote catalytic activity (90 °C) (28, 30, 32, 

34, 43). Functional group tolerance remained consistent with the observed reactivity 

of aryl iodides and bromides. Full conversion was observed with a variety of 

substrates with the products obtained in good yields (28, 30, 32, 43). Coupling 

reactions between sp3 and sp2 centres (44-47) were unsuccessful. After exploring the 

substrate scope the recyclability of catalytic system was studied. The catalyst was 

reused nine times (ten catalytic cycles in total) which is excellent for a homogenous 

catalyst and activity remains consistent and comparable to previously reported 

heterogeneous SM catalysts.56 It is possible that the first catalytic cycle serves to 

attenuate the precatalyst or convert the system into a more active form of the catalyst 

(see discussion below) which results in both higher conversion and increased 

selectivity for cross-coupled (versus homo-coupled) product. The importance of the 

GAP ligand to recyclability was probed by attempting a “ligand free” recycling 

experiment. Surprisingly, a catalytic system simply employing palladium acetate 

and potassium tert-butoxide did exhibit limited recyclability. However, elevated 

temperatures were required, and the system exhibited limited recyclability before 

becoming inactive (5 catalytic cycles were observed at 70 ᵒC). This demonstrated 

the superiority of the m-GAP system for recyclability applications. Moreover, the 

nature of the catalyst system was not entirely clear, though strong evidence suggests 

it is homogeneous in nature. On the homogeneity of the species present in the 

reaction it can be remarked that recent literature studies suggest that the active 
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catalytic species present in SM coupling reactions are homogenous in nature, even 

if nanocomposite structures form in situ.31, 33, 34 Palladium and other platinum group 

metals are route-dependent human toxicants and limits for these metals are as low 

as 10mg g-1 (10 ppm). Inductively coupled plasma-mass spectroscopy (ICP-MS) 

analyses were carried out to assess residual Pd in the organic compounds using an 

aqua regia digest protocol. Levels of residual Pd were found to be in the range of 

~0.21 ppm which demonstrates that our Pd-GAP complexes are robust and may be 

applied in active pharmaceutical ingredient synthesis. Further mechanistic 

investigations into these reactions are currently underway and will be reported in 

due course.   

Despite repeated attempts, we were unable to obtain crystals of suitable quality to 

study using X-ray diffraction experiments. Thus, we chose to study the Pd-GAP 

complexes computationally via Density Functional Theory (DFT) to determine their 

optimized structures and hence the coordination chemistry of the complexes.58 

Geometries and free enthalpy for the complexes were calculated using exchange 

correlation functional PBE with zeroth-order regular approximation (ZORA).59 The 

geometric parameters of the optimized structure were compared to the structures of 

analogous palladium complex 1. 

All the calculated distances matched the crystallographic distances within three 

significant figures (Table 1.8). Spin restricted Kohn-Sham determinants were 

chosen to describe the closed shell wavefunctions, employing the RI approximation 

and the tight SCF convergence criteria provided by the ORCA.60Atom-pairwise 

dispersion correction with Becke-Johnson damping scheme (D3) were utilized for 

the calculation, and the def2-TZVP, def2-TZVPP basis set and SARC/J auxiliary 

basis set were used for all the atoms.61-64 Frequency calculations confirmed that the 

structures are energetic minima and allowed for the calculation of free energies. The 

predicted structures of 2 and 3 are four coordinate square planar structure with the 

coordination shell composed of a tridentate GAP ligand and an acetate ligand. The 

structures were optimized as Pd (II) with a singlet ground state.     

1.6. Conclusion 

In conclusion, we have developed a highly recyclable catalyst system for both Suzuki-

Miyaura and Negishi couplings. The robust nature of both catalytic systems, (one 

developed from commercial sources) is demonstrated via recycling experiments which 

deliver high yields in up to 10 catalysis cycles. The GAP and phosphine oxide ligand-based 

palladium catalysts are excellent for coupling different aryl halides with boronic acids. 

Finally, investigation of the nature of the active catalyst species of phosphine oxide based 

catalytic system was done via TEM, poisoning experiments and both solution and solid-

state NMR analysis; strongly supporting a pseudo-homogenous catalytic system. 

1.7. Experimental Section  
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1.7.1. General Considerations 

Reagents were purchased from Sigma Aldrich or Alfa Aesar and used without further 

purification. Laboratory grade Tetrahydrofuran (THF) was purchased from Fisher 

Scientific and dried over sodium/benzophenone and distilled prior to use. NMR data was 

collected at 400 or 500 MHz on Jeol or Varian instruments in CDCl3 at 298 K and 

referenced to tetramethylsilane. Gas Chromatography-Mass Spectrometry (GC-MS) data 

was collected using Thermo Scientific ISQ Single Quadrupole system. All the phosphine 

and phosphine oxide ligands were purchased from Sigma Aldrich or Alfa Aesar and used 

without further purification. Ligands L2 and L3 were prepared according to the literature 

procedures.42 Heated and anhydrous reactions were performed in screw cap vials or Teflon-

sealed reaction tubes. All manipulations were carried out under an inert atmosphere using 

standard Schlenk and glovebox techniques, unless otherwise stated. 

 

1.7.2. General procedure for palladium-catalyzed Suzuki Miyaura coupling:  

Using phosphine oxide as ligand- 

Inside an argon-atmosphere glovebox, a borosilicate glass vial was charged with Pd(OAc)2 

(3.2 mg, 0.015 mmol), cyclohexyldiphenyl phosphine oxide L1(8.5 mg, 0.03 mmol) with 

anhydrous THF (3 mL) as solvent. Subsequently, 4-Iodotoluene (65 mg, 0.3 mmol) was 

added followed by potassium tert-butoxide (67.6 mg, 0.6 mmol) and phenylboronic acid 

(73.16 mg, 0.6 mmol). The reaction mixture was removed from the glovebox and stirred at 

RT under an argon atmosphere for 24 hours. The reaction solvent was removed under 

reduced pressure and the resulting residue was extracted with hexane and dried in vacuo to 

afford the product (1) as a white powder.  

Using-1,3-Dibenzyl-2-((2-(I-(14yridine-2-ylmethylene) amino) phenyl) amino)octahydro-

1H-ben zo[d][1,3,2]diazaphosphole 2-oxide as ligand-  

Inside an argon-atmosphere glovebox, a borosilicate glass vial was charged with Pd(OAc)2 

(3.2 mg, 0.015 mmol) and L2 (8.1 mg, 0.015 mmol) with anhydrous THF (3 mL) as 

solvent. Subsequently, 4-Iodotoluene (65 mg, 0.3 mmol) was added followed by potassium 

tert-butoxide (67.6 mg, 0.6 mmol) and phenylboronic acid (73.16 mg, 0.6 mmol). The 

reaction mixture was removed from the glovebox and stirred at 50 ºC under an argon 

atmosphere for 24 hours. The reaction solvent was removed under reduced pressure and 

the resulting residue was extracted with hexane and dried in vacuo to afford the product 

(28) as a white powder. 

1.7.3. General procedure for palladium-catalyzed Negishi coupling: 

 Inside an argon-atmosphere glovebox, a borosilicate glass vial was charged with Pd(PPh3)4  

(17.3 mg, 0.015 mmol) and cyclohexyldiphenyl phosphine oxide (L1) (8.5 mg, 0.03 mmol) 

with anhydrous THF (3 mL) as solvent. Subsequently, 4-Iodotoluene (65 mg, 0.3 mmol) 

was added followed by Tolylzinc iodide (1.2 ml, 0.6 mmol, 0.5 M in THF). The reaction 

mixture was removed from the glovebox and stirred at RT under an argon atmosphere for 

24 hours. The reaction solvent was removed under reduced pressure and the resulting 

residue was extracted with hexane and dried in vacuo to afford the product (20) as a white 

powder (83 % yield).  
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1.7.4. General procedure for Pd catalyst recycling:  

Following the end point of the reaction, the solvent was evaporated in a vacuum and the 

resulting residue was extracted with hexane. The precipitate was re-dissolved in THF, and 

the reagents were added. This methodology was repeated for each subsequent catalytic 

cycle. Procedure for Pd catalyst recycling with aqueous work-up: Following the end point 

of the reaction the solvent was evaporated in vacuum and the resulting residue was 

extracted with hexane. The precipitate was then washed with de-ionized water, filtered, and 

subsequently dried in a vacuum oven overnight (30 mmHg, 120 °C). The precipitate was 

re-dissolved in THF, and the reagents were added. This methodology was repeated for 

subsequent catalytic cycles.  

1.7.5. Active catalyst studies:  

Homogenous catalysis test: Pd(OAc)2 (5 mol%) and cyclohexyldiphenyl phosphine oxide 

(L1) (10 mol%) were stirred under the reaction conditions with KotBu (5 mol%) and 4-

Iodotoluene (5 mol%) for 3 hours, filtered, and the filtrate was used as catalyst in the test 

reaction. High reactivity was observed providing completion of the reaction under the 

standard conditions (24 hrs). Pd black was observed as a precipitate, however the reaction 

proceeded to completion suggesting a homogenous Pd active species. 

1.8. Appendix 

Figure 1.2. Solid state 31P NMR to confirm the presence of L1. 
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Table 1.8. Comparison between optimized and crystallographic bond parameters of 

analogous complex Pd 1 as shown below the table. 
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Pd Complex 1 

 

Table 1.9. The energies associated with the Pd complexes 2 and 3. 

 

 

Energy (E)DispersionEnthalpy 

(H)

Gibb’s free 

Energy(G)

Basis 

Set

Entry

-7262.726-0.13211-7262.057-7262.166TZVPPd complex 

2

-7262.482-0.13222-7262.072-7262.181TZVPP

-6957.663-0.11596-6957.307- 6957.407TZVPPd complex 

3

-6957.68-0.11608-6957.322-6957.422TZVPP
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 Palladium Complex 2                                           Palladium Complex 3 
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2. Experimental and Computational Studies of Phosphine Ligand Displacement in 

Iridium–Pincer Complexes Employing Pyridine or Acetonitrile 

Modified with the permission of the ACS 

https://doi.org/10.1021/acs.organomet.0c00202 

Aneelman Brar, Sara Shaeifi Haghighi, Michael Findlater, Anthony F. Cozzolino, Daniel 

K Unruh 

 2.1. Introduction 

Group 9 metal–pincer complexes of general formula [(pincer)–M(L)] (L = weakly bound 

ligand) can be used to prepare reactive 14-electron species, which are widely applied in a 

variety of catalytic transformations.1, 2 Among the numerous available ligand backbones 

known to support iridium–pincer complexes, POCOP has received sustained interest 

arising from both facile and highly modular syntheses.3-9 Moreover, the iridium complexes 

of POCOP ligands have found application in numerous catalytic transformations.2, 10-16 As 

a fundamental transformation in coordination/catalysis chemistry, the displacement of 

labile donor ligands from iridium and other metal centers has been studied by many groups. 

In 1976, Garrou and Hartwell reported an intermolecular ligand exchange between a halide, 

CO, and organophosphine ligand in the four-coordinate M(CO)(X)L2 [M = Rh, Ir; X = Cl, 

Br; L = PPh3 and others] complexes. It was proposed that exchange between CO and X 

occurs via a four-center associative process while the organophosphine exchange takes 

place through a dissociative pathway.17 Later, Atwood described a ligand-exchange process 

between the trans-Ir(CO)L2X (L = P(p-tolyl)3 and PMePh2, X = Cl, Me, or OMe). Three 

species were observed: trans-Ir(CO)(P(p-tolyl)3)2X, trans-Ir(CO)(PMePh2)2X, and trans-

Ir(CO)(PMePh2)(P(p-tolyl)3)X upon reaction between trans-Ir(CO)(P(p-tolyl)3)2X 

and trans-Ir(CO)(PMePh2)2X.18 The Oro group prepared cationic iridium complexes, 

[IrClH(PiPr3)(NCCH3)3]BF4 and [IrH2(P
iPr3)(NCCH3)3]BF4, and studied the rates of 

exchange between free and bound acetonitrile using NMR spectroscopy. Oro and co-

workers proposed fluxional five-coordinate intermediates to be involved in this exchange, 

arising from dissociation of one acetonitrile ligand trans to hydride in both complexes.19 

Milstein and co-workers reported an exchange study at a PyrPCP-based rhodium(I) center. 

It was demonstrated that treatment of either RhI(PyrPCP)PPh3 or RhI(PyrPCP)PPyr3 (Pyr = 

pyrrolyl, NC4H4) with an equivalent of PPyd3 (Pyd = pyrrolydinyl, NC4H8) led to the 

formation of RhI(PyrPCP)PPyd3 with release of either PPh3 or PPyr3, respectively. 

However, addition of either 1 equiv of PPyr3 to RhI(PyrPCP)PPh3 or 1 equiv of PPh3 to 

RhI(PyrPCP)PPyr3 afforded an equilibrium between two complexes, shifted toward 

formation of RhI(PyrPCP)PPyr3 at 295 K.20 One year later, the Brookhart group 

demonstrated ligand interchange of N2 with small molecules (CO, NH3, C2H4, H2, and O2) 

could occur within single crystals of the POCOP–IrI–(N2) complex. Significantly, an 

associative mechanism was observed, and exchange occurred with no apparent loss of 

crystallinity.21Later, Weller and co-workers prepared a series of cationic 

[(PNPR)Rh(PCy3)]
+ (R = Ph, Cy, Mes, tBu; Mes =2,4,6-Me3C6H2) complexes and studied 

the displacement of the PCy3 ligand from the rhodium center by using CO, CH2CH2, 

MeCN, acetone, H2, and N2, resulting in a suite of new Rh(I)–pincer complexes.1 In a 

related study, Fujita’s group reported on the equilibrium and kinetics of the coordination of 

https://doi.org/10.1021/acs.organomet.0c00202
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several small molecules (N2, H2, D2, and C2H4) to PCP rhodium(I) complexes in different 

organic solvents by a combination of kinetic flash photolysis methods, NMR equilibrium 

studies, and density functional theory (DFT) calculations.22 In 2015, the Zargarian research 

group synthesized a range of nickel–pincer complexes of type [(R-

POCOPR′)Ni(NCMe)][OSO2CF3] and investigated the effect of R and R′ groups on 

equilibrium constants for ligand exchange reactions in both ionic and neutral bromo 

complexes. It was shown that nickel-bound acetonitrile can be easily displaced by bromide 

and triflate anions, especially for the more electrophilic (cationic) Ni center.23 

More recently, the MacLachlan group synthesized a square-planar pincer macrocyclic 

palladium complex and its corresponding open form, in which the palladium center is 

coordinated to a tridentate, NNN pincer bis(amido)pyridine and the final coordination site 

is occupied by an acetonitrile ligand. Acetonitrile exchange was studied by using six 

different ligands in which kinetic studies revealed that ligand substitution follows an 

associative pathway. Thus, an increase in steric bulk near the palladium center could 

prevent the ligand exchange reaction.24  

Surprisingly, given their popularity in organometallic chemistry, to the best of our 

knowledge there is still a lack of comparable ligand exchange studies employing iridium–

pincer complexes.21 Previously, our group has reported the synthesis of (tBuPOCOP)Ir(L) 

(L = MeCN (5), pyridine (6)) complexes ( Scheme 2.1 ),25 which we viewed as excellent 

test beds for such fundamental ligand exchange studies. Herein, we report on our 

experimental and computational studies of ligand exchange chemistry between 

(tBuPOCOP)Ir(PPh3) (7) and exogenous ligand, L (L = MeCN, pyridine). 

Scheme 2.1. Synthesis of complexes 5-7 

2.2. Ligand-Exchange Studies by Spectroscopy and DFT calculation 

2.2.1. By NMR Spectroscopy 

Our group25 demonstrated that addition of CO or C2H4 to 7 resulted in the formation of the 

known complexes (tBuPOCOP)Ir(CO) (8)26 and (tBuPOCOP)Ir- (C2H4) (9)27 at room 

temperature and 75 °C, respectively, and 1 equiv of free PPh3.
25  In the present work, we 

attempted to displace PPh3 with both acetonitrile and pyridine under ambient conditions. 

However, at room temperature no reaction was observed even after addition of 2 equiv of 

https://pubs.acs.org/doi/full/10.1021/acs.organomet.0c00202#sch1
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exogenous lewis base and extended reaction times (∼1 week). Subsequently, we decided 

to warm the reaction mixtures to 75 °C, which led to the generation of an equilibrium 

mixture of 7 with 5 or 7 with 6, respectively. These results suggested, somewhat to our 

surprise, that coordination of CO and C2H4 to the iridium center is thermodynamically 

more favored than coordination of either MeCN or pyridine. With these results in hand, we 

further studied the exchange of PPh3 by pyridine or MeCN at differing concentration of 

incoming ligand in an effort to more fully understand the underlying ligand substitution 

mechanism. The exchange of phosphine can occur via dissociative or associative pathways. 

Thus, to gain insight into the mechanism of the ligand substitution, NMR and UV studies 

were performed to evaluate the effects of concentration on the equilibrium and the time 

required to reach equilibrium (Figure 2.1). Upon using 2 equiv of either acetonitrile or 

pyridine at 75 °C, we observed the formation of a mixture of 7:6/5 in a 1:1 ratio after the 

reaction reached equilibrium. Increasing the amount of added base to 4, 8, and 16 equiv 

shifted the equilibrium to the product side and afforded mixtures of complex 7 with either 

complex 6 or 5 in a 1:2, 1:4, or 1:8 ratio, respectively (Scheme 2.2 and Figure 2.1). The 
31P and 1H NMR spectra for displacement of PPh3 with MeCN are as shown in Figure 2.6 

and 2.7 respectively. 

 

 

 
 

Scheme 2.2. Displacement of PPh3 with the exogenous ligand (top) pyridine and (bottom) 

acetonitrile. 
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Figure 2.1. Stacked 1H NMR spectra of (a) (tBuPOCOP)Ir(PPh3) and (tBuPOCOP)Ir(Py) at 

75 °C obtained in situ by addition of 2 equiv. pyridine in toluene-d8, (b) 

(tBuPOCOP)Ir(PPh3) and (tBuPOCOP)Ir(Py) at 75 °C obtained in situ by addition of 4 equiv. 

pyridine in toluene-d8, (c) (tBuPOCOP)Ir(PPh3) and (tBuPOCOP)Ir(Py) at 75 °C obtained in 

situ by addition of 8 equiv. pyridine in toluene-d8, (d) (tBuPOCOP)Ir(PPh3) and 

(tBuPOCOP)Ir(Py) at 75 °C obtained in situ by addition of 16 equiv. pyridine in toluene-d8.  

From our in-situ NMR measurements (performed by former group member Dr. Sara 

Shafiei), the kinetic profile of the displacement of PPh3 with MeCN or Py was generated 

by plotting the initial rate of product formation versus concentration of exogenous base; 

the reaction is clearly dependent on the concentration of Py or MeCN but appears to be less 

than first order (Figure 2.2).  
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Figure 2.2. Plot of (a) [Py] and (b) [MeCN] vs reaction rate (Kinitial); reaction follows first 

order dependance upon exogeneous base. 

Because changing the concentration of pyridine or MeCN shows an increase in initial rate 

of reaction, this strongly implies that the rate of the reaction is dependent on concentration 

of added ligand; hence, the substitution displays characteristics of an associative pathway.20 

To provide further support that an associative mechanism is at play, the displacement of 

PPh3 was attempted by using sterically encumbered 2,6-lutidine (Scheme 2.3). In this case, 

even after prolonged reaction times, no phosphine displacement was observed. We attribute 

this lack of reactivity to the increase in steric hindrance, arising from methyl substitution 

in the ortho-positions of 2,6-lutidine which would preclude an associative pathway. 

Furthermore, we probed the effects of addition of free phosphine on the position of the 

equilibrium. 

 
 

Scheme 2.3. Displacement of PPh3 with 2,6- Lutidine. 

Addition of excess PPh3 shifted the equilibrium to the reactant side, confirming the 

presence of an equilibrium. Based upon the NMR spectroscopic data for complexes 5 – 7, 

the coordination environment around the iridium center is consistent with pseudo-square-

planar geometry with time averaged C2v symmetry.25 The associative mechanism is 

considered to be more common in 16e, d8 square-planar complexes and is more likely to 

occur for electron-deficient metal centers; this mechanism therefore avoids formation of 

electron-deficient 14e species.20 However, in 2002, Goldman and co-workers, showed that 

because of repulsive interactions between the HOMO of the complex and the HOMO of 

an incoming ligand in square-planar d8 ML4 iridium complexes, the addition of a fifth 

ligand is not favored.28 Previous theoretical studies by the Hoffmann group revealed that 

the addition of a fifth ligand can happen if it occurs through a bent ML4 geometry.29 
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Moreover, this effect will be enhanced by the presence of π-accepting ligands which 

facilitate the coordination of the fifth ligand.30 The equilibrium constant and Gibb’s free 

energy were measured experimentally using NMR spectroscopy. To measure the 

concentration of the complexes 6 and 7, tetraethylsilane was used as an internal standard 

when reaction reached equilibrium 24 hr. Knowing the total concentration of starting 

complex and added ligands, the relative concentrations of free ligands (Py, MeCN) were 

also measured. The average equilibrium constant value when Py is used as incoming ligand 

is determined to be 0.32 and 0.45 in the case of MeCN as incoming ligand (Eq.1). It should 

be noted that the free energy change of the reaction is equivalent to the difference in the 

free energies of binding of the incoming ligand Py/MeCN and the PPh3 ligand to POCOP–

Ir–PPh3.
22 

 

               Keq = [(POCOP)-Ir(L)][PPh3]/[(POCOP)-Ir(PPh3)][L]                          (Eq.1) 

 

Finally, the reverse reaction, displacement of pyridine and acetonitrile with PPh3, was 

investigated by using 1 equiv of PPh3 in combination with either complex 5 or 6 (Scheme 

2.4).  

 

 

 
 

Scheme 2.4. Displacing Py and Acetonitrile with PPh3. 

The Keq values for displacement of pyridine or acetonitrile with PPh3 are both >1 and are 

therefore fully consistent with the conclusion that addition of PPh3 to POCOP–Ir–L (L = 

MeCN or Py) is thermodynamically favored. 
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2.2.2.DFT calculations 

DFT calculations (PBE, ZORA, CPCM) were performed to gain insight into the reaction 

mechanism for the ligand exchange reaction with 7. The geometric parameters of the 

optimized structures were compared with the experimentally determined values.31 The 

geometry of the coordination sphere was well-reproduced, with bond distances within 0.04 

Å and bond angles within 1° (Table 2.1) by using the TZVP basis set. Frequency 

calculations confirmed that the structures are energetic minima and allowed for the 

calculation of free energies. The Gibbs free energy values for the replacement of 

triphenylphosphine with acetonitrile or pyridine were calculated to be 3.3 and 5.8 kcal mol–

1, respectively. These values suggest that acetonitrile binding is more favorable than 

pyridine, and this is consistent with the relative ordering of the binding constants obtained 

from the solution NMR study, although the absolute values appear to underestimate the 

free energy of the product. To elucidate the mechanism, both associative and dissociative 

pathways were explored (Scheme 2.5). The dissociative pathway was modeled by 

elongating the Ir–Pphosphine distance. The energy reached a maximum upon complete 

dissociation to give three coordinated iridium (path I), the presumed transition state for this 

pathway. The free energy barrier for this pathway is estimated as 42.2 kcal mol–1, too high 

to proceed at room temperature. 

An associative mechanism is more complicated to model as various angles of approach can 

be considered. Furthermore, an isomerization step is necessary, so the reaction can proceed 

by association, then isomerization or isomerization, and then association. Following 

pathway II, the ligand was stepped in at a right angle to the CP2IrP plane to give a pseudo-

square-pyramidal geometry. It was found that this pathway encounters a reaction barrier of 

50.2 kcal mol–1, effectively ruling it out as a viable alternative to a dissociative pathway. 

Assuming that both ligands follow the same mechanism, we also ruled out this pathway 

for the acetonitrile ligand. Considering an isomerization-first pathway (path III), the 

potential energy surface for the isomerization of the C–Ir–Pphosphine bond from 170° to 90° 

was mapped. A potential energy surface was then mapped out by varying the Ir–N and Ir–

P distances while fixing the C(39)–Ir(1)–P(3) angle at 120°. A transition state search was 

performed starting near the saddle point on this surface, and a geometry with a single 

imaginary vibrational mode was found. This transition state occurred at a calculated energy 

barrier (Figure 2.2) of 26.04 and 20.95 kcal mol–1 for pyridine and acetonitrile, 

respectively. These barriers, which are less than that calculated for the dissociative 

pathway, appear to support the ligand exchange occurring through an associative 

mechanism. 
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Scheme 2.5. Possible Pathways for Ligand Exchange Reaction 

 

2.2.3. By UV–Vis Spectroscopy 

It proved possible to also monitor ligand exchange processes employing UV–vis 

spectroscopy. The changes observed in the UV−vis spectra were monitored as a function 

of time while varying the temperatures (65, 75, or 85 °C) and concentrations of pyridine or 

acetonitrile. Figure 2.3. represents the changes observed in absorbance as the pyridine or 

acetonitrile reacts with 7 in toluene. The change in absorbance at ∼515.505 nm was found 

to be the greatest in both reactions and was chosen as a wavelength to monitor to evaluate 

the kinetics.  

 

 

7

7

7

6

6
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Figure 2.3. Plot of change in absorption with a) pyridine and b) acetonitrile as exogeneous 

ligand. 

 

The molar absorptivity values (Figure 2.3) of 1670, 492, and 450 M–1 cm–1 were acquired 

for 7, 5, and 6, respectively. Both the DFT calculations and the absence of an observable 

exchange reaction with lutidine (discussed previously) were consistent with an associative 

mechanism. However, when a solution of 7 was heated in toluene and monitored by UV–

vis spectroscopy, it became clear that phosphine ligand dissociation from 7 was occurring 

even in the absence of exogenous ligand, strongly indicating the presence of a dissociative 

mechanism (Figure 2.15). Notably, the intensity increased toward the original value once 

the heating was turned off, suggesting a return to the original complex 7. Given the 

apparently conflicting results, we opted to fit the ligand exchange data with two models: 

(1) dissociative (first order in complex concentration with forward and reverse rate 

constants) and (2) associative (first order in all species with forward and reverse rate 

constants. Fitting the data by using the first kinetic model resulted in different initial rates 

being obtained, and overall, this model provided a poor fit for the data (Figure 2.14). 

Fitting the data with the second kinetic model led to a better fit, but with some residual 

negative dependence on the concentration of incoming ligands. The inability to obtain a 

perfect fit with either model leads us to believe that at elevated temperatures it is possible 

to access both associative and dissociative pathways. The rate constants from the second 

kinetic model obtained by fitting the data at three different temperatures (Table 2.1) 

afforded a linear Eyring plot (Figure 2.4), and a Gibbs free energy of activation of 24.5 

and 24.0 kcal mol–1 was determined for pyridine and acetonitrile, respectively.  

 

Table 2.1. The forward rate constants (k1) for pyridine and acetonitrile at different 

temperatures are calculated using Eq. 5 (Associative mechanism) 
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Figure 2.4. The eyring plot for kinetic run a) Py (left) and b) acetonitrile (right) 

The entropy of activation was determined to be positive which is consistent with a 

dissociative process. We attribute the seemingly at odds positive enthalpy of activation and 

exogenous ligand dependence in the rate law to a mixture of associative and dissociative 

pathways being accessible under these conditions. This sheds some light on the disparate 

results from the previously reported CO and C2H4 exchange with PPh3. The ability of CO 

to displace PPh3 at room temperature suggests that the small size and high nucleophilicity 

of the CO allow for an associative pathway. Heating is required for the replacement of 

PPh3 with C2H4. This suggests that a higher energy dissociative pathway needs to be 

accessed in order for the exchange to take place. 

 

2.3. Conclusion 

We have conducted equilibrium and kinetic studies for the ligand exchange of pyridine and 

acetonitrile with triphenylphosphine from complex 7 by NMR and UV–vis spectroscopy. 

The equilibrium (NMR) and DFT studies are consistent with an associative mechanism for 

the displacement of PPh3 by these ligands, but reaction kinetics as monitored by UV–vis 

spectroscopy revealed that both associative and dissociative mechanisms are viable and 

likely taking place. 

 

2.4. Experimental Section 

2.4.1. General Considerations 

All manipulations were performed by using standard Schlenk, high-vacuum, and glovebox 

techniques. Argon was purified by passage through columns of BASF R3-11 (chemalog) 

and 4 Å molecular sieves. Anhydrous benzene and toluene were purchased from Sigma-

Aldrich. Proton and carbon nuclear magnetic resonance spectra (1H NMR and 13C NMR 
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spectra) were recorded on a Jeol 400 MHz spectrometer with Me4Si or solvent resonance 

as the internal standard (1H NMR, Me4Si at 0 ppm, CHCl3 at 7.24 ppm; 13C NMR, Me4Si 

at 0 ppm, CDCl3 at 77.0 ppm). The relaxation delay time was set to 5s, and the initial wait 

was 1s in 1H NMR of all the equilibria. All reagents, unless otherwise noted, were 

purchased from commercial vendors, and used without further purification. The syntheses 

of the phosphinite complexes, (tBuPOCOP)Ir(H)(Cl)26 and (tBuPOCOP)Ir(PPh3),
31 have 

been previously described in the literature. 

 

2.4.2. Computational Method 

Density functional theory (DFT) calculations were performed by using the ORCA 4.1.0 

quantum chemistry program package from the development team at the Max Planck 

Institute for Bioinorganic Chemistry.32 All calculations were performed by using the 

exchange correlation functional proposed by Perdew, Becke, and Ernzerhof (PBE)33 with 

the zeroth-order regular approximation (ZORA).34, 35 Spin-restricted Kohn–Sham 

determinants were chosen to describe the closed shell wave functions, employing the RI 

approximation and the tight SCF convergence criteria provided by ORCA.36 The atom-

pairwise dispersion correction with the Becke–Johnson damping scheme (D3) were 

utilized for all calculations,37, 38 and the def2-SVP, def2-TZVP, and SARC/J auxiliary basis 

sets were used for all atoms.39-43 The effect of solvent were also included by employing the 

conductor-like polarizable continuum model (C-PCM).44 The energetics were calculated 

by the equation 

∆𝑮 =  ∆𝑯 − 𝑻∆𝑺 + 𝒁𝑷𝑬 + 𝑩𝑺𝑺𝑬 +  ∆𝑬(𝒔𝒐𝒍𝒗) 

 

The ZPE is the zero-point energy, BSSE is the basis-set superposition error which was 

evaluated by the method given by Boys and Bernardi,45 and ΔEsolv is the energy change 

associated with the C-PCM calculation. Analytical frequency calculations were performed 

on all low-energy conformations and revealed no negative frequencies. The entropy, ZPE, 

and BSSE values obtained from the gas-phase calculations were used for all reported 

values. 

 

2.4.3. UV-Vis Kinetics 

The control experiments were run where we heated the (tBuPOCOP)Ir(PPh3) complex in 

toluene for the duration of kinetic experiments at 75 and 85 °C to observe any background 

reactivity or changes. At the end of the time heat was turned off to reduce temperature back 

to 25 °C, and subsequent changes were monitored (Figure 2.15). To study the kinetics of 

ligand exchange, stock solutions of (tBuPOCOP)Ir(PPh3) (0.020 M), pyridine (5.00 M), and 

acetonitrile (5.00 M) were prepared. The exchange was monitored at three different 

temperatures with three (100, 200, and 300) equivalents of ligand. Inside the glovebox, the 

cuvette was charged with 2.00 mL of toluene, (25.00 μL, 0.020 M) of (tBuPOCOP)Ir(PPh3), 

and pyridine (10.00 μL, 100 equiv; 20.00 μL, 200 equiv; 30.00 μL, 300 equiv) from the 

prepared stock solution of 5.00 M. A similar procedure was followed for kinetic run with 

acetonitrile. The reaction mixture was heated to temperature (65, 75, and 85 °C) with the 

stirring speed of 1200 rpm. The relevant spectra(s) were recorded over the range of 400–
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800 nm wavelength. The wavelength of 515.505 nm was chosen as the optimal wavelength 

for the investigation of kinetics of reaction between (tBuPOCOP)IrPPh3 and incoming 

ligand. After the solution reached equilibrium the intensity data extracted at ∼515.505 nm 

was fit to a calculated intensity by varying the rate constant for the particular integrated 

rate law by using the solver function in excel. From these rate constants, the Gibbs free 

energy of activation was determined by using the Eyring equation. 

 

2.5. Appendix 

2.5.1 Spectral data for displacement of PPh3 with pyridine 

Equilibrium between (tBuPOCOP)Ir(PPh3) and (tBuPOCOP)Ir(Py) using 2 equiv of 

Pyridine: δH (400 MHz; toluene-d8): δ 9.10 (d, J= 5.2 Hz, 1H, Ir-py), 8.45 (brs, 4H, py), 

8.02 (t, J= 8.0 Hz, 3H, Ir-PPh3), 7.32 (m, 3H, PPh3), 7.12 (m, 1H, Ir-PP3), 7.03-7.00 (m, 

9H, Ir-PPh3, PPh3, Ir-py, py), 6.83 (t, J= 8.0 Hz, 1H, Ir-PPh3), 6.73-6.70 (m, 4H, py), 6.67-

6.65 (m, 1H, Ir-py), 6.43 (t, J= 6.4 Hz, 1H, Ir-py), 1.29 (t, J= 6.4 Hz, 18H, Ir-py), 1.04 (t, 

J= 6.4 Hz, 18H, Ir-PPh3). 31P {1H} (162 MHz, toluene-d8): δ 180.6 (d, J= 6.5 Hz, 2P, Ir-

PPh3), 172.6 (s, 2P, Ir-py), 15.64 (t, J= 5.8 Hz, 1P, Ir-PPh3), 4.69 (s, 1P, PPh3). 

  

Equilibrium between (tBuPOCOP)Ir(PPh3) and (tBuPOCOP)Ir(Py) using 4 equiv of 

Pyridine: δH (400 MHz; toluene-d8): δ 9.06 (d, J= 4.8 Hz, 1H, Ir-py), 8.49 (d, J= 4.0 Hz, 

8H, py), 8.06 (t, J= 8.4 Hz, 2H, Ir-PPh3), 7.34-7.30 (m, 4H, PPh3), 7.10 (s, 1H, Ir-PPh3), 

7.07-7.00 (m, 11H, Ir-PPh3, PPh3, Ir-py, py), 6.94-6.90 (m, 1H, Ir-py), 6.82 (dd, J= 7.6 Hz, 

1H, Ir-PPh3), 6.79-6.77 (m, 1H, Ir-py), 6.69-6.66 (m, 8H, py), 6.33 (dq, J= 6.4 Hz, 1H, Ir-

py), 1.30 (t, J= 6.4 Hz, 24H, Ir-py), 1.04 (t, J= 6.4 Hz, 12H, Ir-PPh3). 31P {1H} (162 MHz, 

toluene-d8): δ 180.6 (d, J= 6.5 Hz, 2P, Ir-PPh3), 172.6 (s, 1P, Ir-py), 15.64 (t, J= 5.7 Hz, 1P, 

Ir-PPh3), 4.69 (s, 1P, PPh3). 

  

Equilibrium between (tBuPOCOP)Ir(PPh3) and (tBuPOCOP)Ir(Py) using 8 equiv of 

Pyridine: δH (400 MHz; toluene-d8): δ 9.04 (d, J= 4.8 Hz, 1H, Ir-py), 8.48 (d, J= 4.0 Hz, 

20H, py), 8.04 (t, J= 9.2 Hz, 1H, Ir-PPh3), 7.34-7.30 (m, 4H, PPh3), 7.13 (s, 1H, Ir-PPh3), 

7.07-7.02 (m, 15H, Ir-PPh3, PPh3, Ir-py, py), 6.94-6.90 (m, 1H, Ir-py), 6.82 (dd, J= 8.0 Hz, 

1H, Ir-PPh3), 6.78-6.77 (m, 1H, Ir-py), 6.69-6.66 (m, 20H, py), 6.34 (dq, J= 6.2 Hz, 1H, Ir-

py), 1.30 (t, J= 6.4 Hz, 27H, Ir-py), 1.04 (t, J= 6.4 Hz, 9H, Ir-PPh3). 31P {1H} (162 MHz, 

toluene-d8): δ 180.6 (d, J= 5.7 Hz, 1P, Ir-PPh3), 172.6 (s, 4P, Ir-py), 15.62 (t, J= 5.5 Hz, 1P, 

Ir-PPh3), 4.69 (s, 2P, PPh3).  

 

Equilibrium between (tBuPOCOP)Ir(PPh3) and (tBuPOCOP)Ir(Py) using 16 equivalents 

of Pyridine: δH (400 MHz; toluene-d8): δ 9.04 (d, J= 4.8 Hz, 1H, Ir-py), 8.48 (d, J= 4.0 

Hz, 32H, py), 8.04 (t, J= 8.0 Hz, 1H, Ir-PPh3), 7.34-7.30 (m, 5H, PPh3), 7.13 (s, 1H, Ir-

PPh3), 7.07-7.00 (m, 21H, Ir-PPh3, PPh3, Ir-py, py), 6.93-6.89 (m, 1H, Ir-py), 6.82 (dd, J= 

7.6 Hz, 1H, Ir-PPh3), 6.78-6.76 (m, 1H, Ir-py), 6.68 (dq, J= 7.8 Hz, 32H, py), 6.35 (dq, J= 

6.4 Hz, 1H, Ir-py), 1.30 (t, J= 6.4 Hz, 32H, Ir-py), 1.04 (t, J= 6.4 Hz, 4H, Ir-PPh3). 31P 

{1H} (162 MHz, toluene-d8): δ 180.6 (d, J= 6.0 Hz, 1P, Ir-PPh3), 172.6 (s, 8P, Ir-py), 15.60 

(t, J= 5.8 Hz, 1P, Ir-PPh3), 4.69 (s, 4P, PPh3). 
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2.5.2 Spectral data for Displacement of PPh3 by acetonitrile  

Equilibrium between (tBuPOCOP)Ir(PPh3) and (tBuPOCOP)Ir(NCCH3) using 2 equiv of 

acetonitrile: δH (400 MHz; toluene-d8): δ 8.04 (t, J= 9.2 Hz, 3H, Ir-PPh3), 7.34-7.30 (m, 

3H, PPh3), 7.13 (s, 1H, Ir-PPh3), 7.08-7.01 (m, 9H, Ir-PPh3, PPh3), 6.88-6.84 (m, 1H, Ir-

NCCH3), 6.82 (dd, J= 7.6 Hz, 1H, Ir-PPh3), 6.77-6.75 (m, 1H, Ir-NCCH3), 1.45 (t, J= 6.8 

Hz, 18H, Ir-NCCH3), 1.04 (t, J= 6.8 Hz, 18H, Ir-PPh3), 0.68 (s, 7H, NCCH3). 31P {1H} 

(162 MHz, toluene-d8): δ 180.6 (d, J= 6.0 Hz, 2P, Ir-PPh3), 179.5 (s, 2P, Ir-NCCH3), 15.62 

(t, J= 5.7 Hz, 1P, Ir-PPh3), 4.68 (s, 1P, PPh3).  

 

Equilibrium between (tBuPOCOP)Ir(PPh3) and (tBuPOCOP)Ir(NCCH3) using 4 

equivalents of acetonitrile: δH (400 MHz; toluene-d8): δ 8.06-8.01 (m, 2H, Ir-PPh3), 7.34-

7.30 (m, 4H, PPh3), 7.13 (s, 1H, Ir-PPh3), 7.09-7.03 (m, 9H, Ir-PPh3, PPh3), 6.88-6.84 (m, 

1H, Ir-NCCH3), 6.81 (dd, J= 7.8 Hz, 1H, Ir-PPh3), 6.76-6.74 (m, 1H, Ir-NCCH3), 1.44 (t, 

J= 6.8 Hz, 24H, Ir-NCCH3), 1.04 (t, J= 6.4 Hz, 12H, Ir-PPh3), 0.69 (s, 16H, NCCH3). 31P 

{1H} (162 MHz, toluene-d8): δ 180.5 (d, J= 5.7 Hz, 1P, Ir-PPh3), 179.4 (s, 2P, Ir-NCCH3), 

15.48 (t, J= 5.8 Hz, 1P, Ir-PPh3), 4.8 (s, 1P, PPh3).  

 

Equilibrium between (tBuPOCOP)Ir(PPh3) and (tBuPOCOP)Ir(NCCH3) using 8 equiv of 

acetonitrile: δH (400 MHz; toluene-d8): δ 8.03 (t, J= 9.4 Hz, 1H, Ir-PPh3), 7.34-7.30 (m, 

4H, PPh3), 7.13 (s, 1H, Ir-PPh3), 7.07-7.02 (m, 9H, Ir-PPh3, PPh3), 6.87-6.83 (m, 1H, Ir-

NCCH3), 6.80 (dd, J= 8.0 Hz, 1H, Ir-PPh3), 6.76-6.74 (m, 1H, Ir-NCCH3), 1.44 (t, J= 6.8 

Hz, 27H, Ir-NCCH3), 1.04 (t, J= 6.4 Hz, 9H, Ir-PPh3), 0.71 (s, 30H, NCCH3). 31P {1H} 

(162 MHz, toluene-d8): δ 180.63 (d, J= 6.0 Hz, 1P, Ir-PPh3), 179.54 (s, 4P, Ir-NCCH3), 

15.55 (t, J= 5.7 Hz, 1P, Ir-PPh3), 4.71 (s, 2P, PPh3).  

 

Equilibrium between (tBuPOCOP)Ir(PPh3) and (tBuPOCOP)Ir(NCCH3) using 16 

equivalents of acetonitrile: δH (400 MHz; toluene-d8): δ 8.0 (t, J= 8.2 Hz, 1H, Ir-PPh3), 

7.31-7.27 (m, 4H, PPh3), 7.11 (s, 1H, Ir-PPh3), 7.05-7.0 (m, 9H, Ir-PPh3, PPh3), 6.83-6.80 

(m, 1H, Ir-NCCH3), 6.76 (dd, J= 8.0 Hz, 1H, Ir-PPh3), 6.71-6.69 (m, 1H, Ir-NCCH3), 1.41 

(t, J= 6.8 Hz, 32H, Ir-NCCH3), 1.01 (t, J= 6.0 Hz, 4H, Ir-PPh3), 0.73 (s, 52H, NCCH3). 31P 

{1H} (162 MHz, toluene-d8): δ 180.54 (d, J= 6.1 Hz, 1P, Ir-PPh3), 179.47 (s, 8P, Ir-

NCCH3), 15.44 (t, J= 5.7 Hz, 1P, Ir-PPh3), 4.81 (s, 4P, PPh3). 
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Figure 2.5. The crystal structure for (tBuPOCOP)Ir-MeCN (left) and (tBuPOCOP)Ir-Py 

(right). 

 

Figure 2.6. 31P NMR of (tBuPOCOP)Ir(PPh3) and (tBuPOCOP)Ir(NCCH3) equilibrium after 

24h, using 2 equivalents of  MeCN. ( ) represents (tBuPOCOP)Ir(PPh3) , (   ) represents 

(tBuPOCOP)Ir(NCCH3) and (    ) represents PPh3. 
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Figure 2.7. 1H NMR of (tBuPOCOP)Ir(PPh3) and (tBuPOCOP)Ir(NCCH3) equilibrium after 

24h, using 2 equivalents of  MeCN. ( ) represents (tBuPOCOP)Ir(NCCH3),(   ) represents 

(tBuPOCOP)Ir(PPh3) and (  ) represents internal standard.    

 

 

Table 2.1. Comparison of experimental and DFT calculations in terms of bond 

parameters and energy a is for [(tBuPOCOP)Ir(NCCH3)] and b is for [(tBuPOCOP)Ir(Py)]. 
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Table 2.2. Energy Values for Reaction w.r.t. SVP, TZVP, TZVPP basis set (in kcal.mol-1) 

 

∆G (TZVPP)∆G (TZVP)∆G (SVP)Reaction

4.2313.2952.294Displacement of PPh3 with MeCN

6.0605.7884.695Displacement of PPh3 with pyridine 
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Figure 2.8. Calculated Energy barriers (∆E and ∆G) for pyridine and acetonitrile. The 

dotted lines were added for visual aid. 

2.5.3. UV-Vis Kinetic Data Collection and Fitting 

Data Collection: 

UV-vis spectra were collected on Silver-Nova Super Range TEC spectrometer, with SL1 

Tungsten Halogen Lamp (visible and near-IR region) as the light source. The spectrometer 

was equipped with a CUV-TEMP cuvette holder (qpod 2e) with a path length of 1.0 cm. 

The spectra were collected at three different temperatures (65 ᵒC, 75 ᵒC, 85 ᵒC) with a stir 

rate of 1200 rpm. 

Before each kinetic run, a dark spectrum, and a blank spectrum (of toluene) were collected. 

Inside a glove box, the cuvette was charged with 2.00 mL of the (tBuPOCOP)IrPPh3 solution 

and appropriate amounts of pyridine or acetonitrile stock solutions to achieve the desired 

concentrations. The cuvettes had a Chemglass stopper with an o-ring to ensure air-free 

conditions over the course of the experiments. The (tBuPOCOP)IrPPh3 stock solutions were 

prepared at concentrations of 0.020 M or 0.004225 M for the pyridine or acetonitrile 

experiments, respectively. The stock solutions of Pyridine and Acetonitrile were prepared 

in toluene at a concentration of 5.00 M. For the kinetic run, each time cuvette was charged 
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with 25 µL of (tBuPOCOP)IrPPh3 in 2 ml Toluene followed by 10.00 µL (100 eq), 20.00 µL 

(200 eq), 30.00 µL (300 eq) of pyridine and acetonitrile stock solution. 

 

 
 

 

Figure 2.9. Plot of Absorbance Vs Wavelength for a) (tBuPOCOP)Ir(Py), b) 

(tBuPOCOP)Ir(NCCH3), c) (tBuPOCOP)Ir(PPh3) 

Data Fitting 

The intensity data at 515.505 nm was extracted and plotted as a function of time. Kinetic 

rate laws were used to fit the intensity data by adjusting the value of the rate. For the fit, 

we chose the time frame where continuous smooth decrease was observed. The employed 

models are discussed below and correspond to the following equilibrium: 

ML + L´   ⇌   ML´ + L 

1. Dissociative Mechanism; Reversible reaction with 1st order dependence on metal 

complexes only: In this reaction we assume that forward and reverse reaction have no 

dependence on the concentration of exogenous ligand. The differential equation expressing 

this model is as follow: 

                     
𝑑𝑥(𝑡)

𝑑𝑡
=  𝑘1[𝐶𝑀𝐿 − 𝑥(𝑡)] −  𝑘2[𝐶𝑀𝐿´ + 𝑥(𝑡)]                                      [Eq. 2] 

The following integrated rate law was determined using MathCAD: 

                         𝑥(𝑡) =  [
(𝑘1𝐶𝑀𝐿+𝑘2𝐶𝑀𝐿´)

𝑘1+𝑘2
 ] [1 −  𝑒−(𝑘1+𝑘2)]                                     [Eq. 3] 

 

2. Associative Mechanism; Reversible reaction with 1st order dependence on all species: 

The reversible bimolecular transformation above could have the following rate law where 

k1 and k2 are the forward and backward rate constants, respectively. The value x(t) 

represents the change as a function of time.  

      
𝑑𝑥(𝑡)

𝑑𝑡
= 𝑘1[𝐶𝑀𝐿 − 𝑥(𝑡)][𝐶𝐿´ − 𝑥(𝑡)] −  𝑘2[𝐶𝑀𝐿´ + 𝑥(𝑡)][𝐶𝐿 + 𝑥(𝑡)]               [Eq.4] 

The integrated rate law was determined using the Maple software package and it was 

simplified further by symbols: 

                            𝑥(𝑡) = 2 tan(𝜆𝑡/2) [
𝛿

𝜆+(𝛾.tan(𝛾𝑡/2))
]                                           [Eq. 5] 

where β = k1 – k2; δ= k1CMLCL´ – k2CML´CL; γ = k1 (CML + CL´) + k2 (CML´ + CL) and λ = 

√4βδ – γ2 
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Figure 2.10. Kinetic run plot for a) 100 eq b) 200 eq, c) 300 eq of Acetonitrile at 65 ᵒC. 
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Figure 2.11. Kinetic run plot for a) 100 eq b) 200 eq, c) 300 eq of Acetonitrile at 75 ᵒC. 
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Figure.2.12. Kinetic run plot for a) 100 eq b) 200 eq, c) 300 eq of Acetonitrile at 85 ᵒC. 
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 Figure 2.13.  Kinetic run plot for a) 100 eq b) 200 eq, c) 300 eq of Pyridine at 65 ᵒC. 
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Figure 2.14.  Kinetic run plot for a) 100 eq b) 200 eq, c) 300 eq of Pyridine at 75 ᵒC. 
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Figure 2.15.  Kinetic run plot for a) 100 eq, b) 200 eq, c) 300 eq of Pyridine at 85 ᵒC. 
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Figure 2.16. Kinetic run plot of acetonitrile according to Dissociation model at 75 ᵒC 

Determination of rate constants 

Absorbance = εCl, where ε is molar absorptivity, C is concentration and l is path length of 

the cuvette. In this, UV-Vis path length is 1 cm. 

Absorbanceobs =ƐML[ML] + ƐML´[ML´] 

ƐML is the molar absorptivity of the (tBuPOCOP)Ir(PPh3) 

ƐML´ is the molar absorptivity of (tBuPOCOP)Ir(L) where L is pyridine or acetonitrile) 

Activation Parameters  

The enthalpy of activation and the entropy of activation were determined by evaluating the 

rate constants at different temperatures and plotting the data according to the Eyring 

equation:  

𝑙𝑛 (
𝑘

𝑇
) =  −

Δ𝐻‡

𝑅𝑇
+ 𝑙𝑛

𝑘´

ℎ
+  

Δ𝑆‡

𝑅
 

k is rate constant, T is temperature in K, R is molar gas constant (8.314 J K-1 mol-1), k´ is 

Boltzmann Constant (1.381*10-23 J K-1), h is planck constant (6.626* 10-34 J s). The Gibbs 

energy of activation was obtained using 

𝛥𝐺‡  =  𝛥𝐻‡ –  𝑇𝛥𝑆‡. 
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Figure 2.17. Plot of Absorbance vs Time for (tBuPOCOP)Ir(PPh3) at a) 75 oC and b) 85 oC 
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3. Examining the reactivity of pincer-based iridium hydride complexes for reduction 

of carbamates 

Aneelman Brar, Michael Findlater 

3.1. Introduction 

Carbon dioxide is the major greenhouse gas emitted by human activities.1 When CO2 is 

released into the atmosphere due to the consumption of fossil fuels from  

industrial/residential emissions, it traps the heat and warms the Earth surface, i.e., global 

climate change. It is known that global warming leads to a range of negative impacts such 

as rising sea levels, intense heat waves, droughts, flood and severe weather events.2 It is 

imperative that measures be enacted to reduce these emissions.  Two approaches to 

reducing CO2 levels which have been explored are – carbon capture and sequestration 

(CCS) and carbon capture and utilization (CCU). Where CCS involves the capture of CO2 

and storage in underground geological formations or in the deep oceans, alternatively CCU 

involves capturing and converting CO2 into valuable products. Alongside the advantages 

associated with CCS and CCU, they both suffer from problems and the relative value of 

such approaches has become a  topic for debate. For example, there are problematic factors 

inherent to storage solutions such as a limitation to suitable areas where CO2 can be stored 

underground, the cost associated with building the massive steel pipeline network for 

transportation and storage and requirement of substantial thermal energy to release carbon 

dioxide from capture agents associated with the CCS and CCU technology respectively.3-5 

Despite the technology’s advanced stage of  readiness, extensive research is still being 

conducted to improve its economic feasibility and to reduce the environmental footprint of 

such technology.  An alternative approach to this energy intensive process would be direct 

reaction of the captured CO2. The process of direct reaction of captured carbon dioxide to 

produce a valuable added chemicals/products or fuels has been termed asreactive capture 

of carbon dioxide (RCC).6 For example, theoretical calculations of the energy costs for 

electrochemical CO production through RCC predicted an energy savings of 146kJ per 

mole of product, or 20 % in comparison to sequential CCU.7 However, both RCC and 

sequential CCU costs are understated because this estimate relies on a pure stream of 

concentrated CO2. Hence, there are significant knowledge gaps that must be filled to 

accelerate RCC technology. 

On an academic level, where many different approaches such as photo-, thermo- and 

electrochemical catalysts have been employed to reduce CO2 into chemical targets such as 

formic acid (FA), methanol and acrylic acid, only a handful of reports exist describing 

thermal routes for RCC. 8-19 The electrochemical reduction of CO2 is in principal a clean 

and efficient route for carbon dioxide utilization because of mild operating conditions and 

the possibility of developing tailored reaction pathways. There has been a wealth of 

research on the electrocatalytic reduction of pure and concentrated carbon dioxide to 

chemical feedstocks or fuels and one of the most promising approaches for conversion of 

carbon dioxide is via the use of transition metal catalysts.8, 10 When carbon dioxide binds 

to many transition metals, in some cases the coordination of carbon dioxide weakens the 

strong C=O double bond and helps to facilitate further transformation.15 Another approach 
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for activating and reducing carbon dioxide; mostly driven by thermodynamic factors is 

insertion of carbon dioxide into metal-element σ bonds (such as M-H, M-OR, M-NR2 and 

M-CR3 bonds).20, 21  In this project, the insertion of carbon dioxide into late transition

metal-hydride σ bond will be explored, as it plays a vital role in the catalytic cycle for

converting CO2 into products such as CO, formate, methanol and ethylene, which are

critical feedstocks for the chemical and fuel industries.

3.2. Translating the electrochemical reduction of CO2 chemistry to carbamate 

chemistry 

Carbon dioxide is naturally only available in dilute streams and most methods of capture 

and concentration are inefficient. Direct electrocatalytic reduction of absorbed CO2 has 

energetic advantages compared to sequential capture and concentration followed by 

reduction. At this point, only a few studies have been performed that examine how our 

understanding of CO2 reduction translates when captured CO2 is used as the substrate. 

However, of note is a   report from Saouma and coworkers that described a change in 

product selectivity when an amine-captured CO2 was reduced by a Mn electrocatalyst that 

has high selectivity for CO2 reduction to CO.22 The most heavily studied homogeneous 

CO2 sorbent for capture from flue gas (5 - 15% CO2) are amines. The familiarity with the 

properties of amines such as binding constants, solubility and impurity tolerance provides 

leverage over the possible  capture agents. We can tailor the amines for RCC without the 

requirement of high temperature stability. Amines react with CO2 in a 2:1 stoichiometry to 

form the corresponding carbamates as shown in Scheme 3.1. There are several routes for 

the production of carbamates, but we chose commercially available carbamates as our 

model substrates, i.e., ammonium carbamate (AC) and dimethyl ammonium dimethyl 

carbamate (DMADMC). 

Scheme.3.1. CO2 captured by amine to form the carbamate salt. 

AC and DMADMC are obtained from the reaction of CO2 with two equivalents of 

ammonia and dimethyl amine respectively. To better understand the factors involved in 

selective ammonium carbamate reduction, we explored its use as a substrate with pincer 

ligand-based iridium metal complexes. Pincer ligands are extensively employed in modern 

organometallic chemistry and for good reason, they yield highly robust and modular 

coordination complexes capable of catalyzing the wide range of organic transformations. 

Figure 3.1 illustrates the diversity of ligand platforms and our ability to tailor the ligand at 

will. As an example, in tBuPOCOP ligand, the phosphorus atom participates in back 

bonding, hence stabilizing the metal in low oxidation state. The four bulky tert-butyl 

groups in these pincer ligands provide considerable amount of steric shielding that prevent 

the dimerization of the complex even when coordinatively unsaturated.  Finally, many 
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pincer complexes are efficient hydrogenation catalysts, making them plausible candidates 

for preliminary research into electrocatalytic reduction mechanisms.  

Figure 3.1. Pincer ligand anatomy 

In the literature, many pincer ligand based electrocatalysts have been reported for the 

conversion of CO2 into valuable products and fuels. Nozaki and coworkers (Scheme 3.2) 

reported the six coordinate 18e- Ir(III) pincer trihydride complex which reacts with THF at 

25 ᵒC yielding the formate complex.23 Later Hazari and coworkers (Scheme 3.2) disclosed 

a six-coordinate Ir(III) pincer trihydride complex reacts with CO2 to form an adduct, in 

which hydrogen bonding is the driving force for the formation of the adduct.24 The formate 

product was obtained in both the Nozaki and Hazari systems under basic conditions. Later 

Brookhart (Scheme 3.2) and coworkers reported the five-coordinate, 16e- Ir(III) pincer 

dihydride which readily inserts CO2 and selectively reduces the CO2 to formate or formic 

acid electrochemically.25 Given the long standing interest of our lab in pincer chemistry we 

decided to probe the reactivity of Brookhart’s catalyst, i.e. 

[(tBuPOCOP)Ir(H)(NCCH3)2][B(ArF)4](
tBu(POCOP) =  2, 6 bis(di-tert-butyl-phosphonito)) 

(10). 

Complex 10 exhibits high selectivity towards CO2 reduction in both acetonitrile and water, 

with 85% and 15% Faradaic efficiency for formic acid and hydrogen formation, 

respectively.25  In this work, the  complex (10) was selected among others to initiate the 

testing of  the electrochemical reduction of carbamates.  
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Scheme 3.2. CO2 insertion by iridium pincer hydrido complexes 

3.3. Results and Discussion 

Complex 10  was synthesized according to prior literature reports.25 The identity of the 

synthesized complex was established using 1H and 31P NMR spectroscopy (Figure 3.4). 

We subsequently investigated the electrocatalytic reduction of carbamate by cyclic 

voltammetry (CV) and controlled potential electrolysis (CPE) experiments. The catalytic 

reduction activity towards the reduction of our model substrate ammonium carbamate was 

performed in 95:5 CH3CN/H2O (0.1 M tetrabutylammonium hexafluorophosphate 

(TBAPF6)) employing 1mM 10 catalyst. The voltammograms were taken with and without 

substrate to explore any reaction between the carbamate and the electrocatalyst 10. From 

the cyclic voltammogram of 10 and AC, qualitative analysis was obtained by the observed 

change in catalytic current; suggesting catalytic reduction activity. To get quantitative 

analysis of reactivity and products formed, CPE was performed, and post electrolysis 

analyses were carried out using GC and NMR techniques. 
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In the absence of substrate AC, a two electron irreversible reduction wave at a cathodic 

peak potential (Ep,c) of -1.4 V Vs NHE was observed under Argon in acetonitrile (Figure 

3.2), in good agreement with the reported literature values of this catalyst.25  

Figure 3.2. Cyclic voltammetry of 10 under argon in CH3CN, 95:5 CH3CN: H2O, and in 

95:5 CH3CN: H2O with 10 mM ammonium carbamate.  

During the titration studies, a slight increase in current was observed with each added equiv 

of AC, until 15 equiv. of model substrate AC as shown in Figure 3.3. Later CPE (Figure 

3.5) was performed at -2.15 V (Vs Ag/AgNO3) in 95:5 CH3CN: H2O solvent system 

employing 1mM catalyst 10 (0.1M TBAPF6, 10 mM AC). 14.71C (Coulombs) of current 

were passed, (25 equivalents of electrons per iridium complex). The post electrolysis 

solution and headspace were analyzed for hydrogen and carbon-based products. However, 

this catalyst 10 is known for formate production with carbon dioxide, only H2 was detected 

in this system with the FE of 85-90 % 

When no reduced product was obtained and only hydrogen evolution was observed in the 

system, we began to speculate as to the cause (or causes) of the lack of desired reactivity. 

We formulated two plausible reasons to explain the decrease in selectivity for catalyst 10 

when AC was used as substrate instead of carbon dioxide. Firstly, the ammonium cation 

present in the system alters the selectivity of the reaction through modification of the proton 

activity. In the study by Brookhart and coworkers, a solution of 95:5 CH3CN:H2O under 1 

atm of carbon dioxide affords carbonic acid, which has a pKa of 23.4.26 The ammonium 

cation, formed by reaction of two equivalents of an amine with carbon dioxide, results in a 

solution that is significantly more acidic. Ammonium has a pKa of ~18 in acetonitrile and 

~9.25 in water. In the mixed solvent, the pKa is expected to be intermediate between these 

values, yielding the strongest acid in solution. 

Secondly, carbamate is a very challenging substrate to reduce as compared to carbon 

dioxide. Though perhaps controversial, the idea that Y-shaped conjugation in e.g. 

guanidine-type molecules is a new form of acyclic aromaticity, called Y-aromaticity, is four 

decades old now.27 Literature reports a few computational studies on this unusual 

stability.28, 29Whether this Y shaped aromaticity is really a new form of aromaticity, 

carbamates being a Y shaped and conjugated molecule is expected to be more difficult to 

reduce than carbon dioxide. 
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To dig deeper into the reactivity between the carbamates and catalyst 10, we attempted to 

perform stoichiometric studies between catalyst (10) and AC in acetonitrile and 95:5 

CH3CN: H2O systems. It is now well established that acetonitrile is an ancillary ligand that 

helps sustain the electrocatalysis and it supports both the regeneration of catalyst at the end 

of the catalytic cycle and dissociation of formate.25  

Figure 3.3. Cyclic voltammograms of  (10) with different equiv of AC under argon in 95:5 

CH3CN: H2O 

In NMR studies, it was observed that the acetonitrile ligand was playing an important role 

in the reactivity. The cis and trans acetonitrile peaks in catalyst 10 were observed at 2.15 

and 1.83 ppm respectively.30 During the course of the reaction, the intensity of the peak 

corresponding to the cis acetonitrile ligand diminished over time and eventually 

disappeared, creating a vacant coordination site around the octahedral iridium center. We 

hypothesize that carbamate binds to the vacant coordination site to maintain an octahedral 

geometry at the iridium center, and results in two triplets at -20.03 and -21.00 ppm, 

observed by NMR spectroscopy.  

Figure 3.4. Stoichiometric reaction of AC and [(tBuPOCOP)Ir(H)(NCCH3)2][B(ArF)4] in 

acetonitrile. 

Complex  

Complex + AC 30 min 

Complex + AC 40 min 

Complex + AC 50 min 

Complex + AC 60 min 

Complex + AC 4 hr 

Complex + AC 24 hr 
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To support our first supposition that ammonium ion generates a more acidic reaction 

medium and is solely responsible for hydrogen production, we performed the same 

controlled potential electrolysis using ammonium hexafluorophosphate under an 

atmosphere of carbon dioxide. After passing 63.7 C (100 equivalent per Ir catalyst), two 

products; H2 and formate were formed in 82% and 2% faradic efficiency respectively. The 

faradic efficiency was obtained from headspace and solution analyses. There was no 

observation of any other carbon-based product.  

Despite the presence of carbon dioxide in the catalytic system, the sole production of 

hydrogen suggests that addition of a stronger acid (ammonium) under electrolytic 

conditions promotes hydrogen evolution, compromising the selectivity for carbon-based 

products. One significant outcome which emerges from these studies is that employing a 

known CO2 reduction catalyst does not a priori mean it will be effective in the reduction 

of captured CO2; indeed, mechanistic studies using  catalyst (10) suggest unfavorable 

kinetics for hydrogen evolution.31 This experiment neither excludes nor quantifies the 

degree to which carbamate reduction is ‘more difficult’ than carbon dioxide reduction. Yet, 

from Scheme 3.1, using amines as capture agents for carbon dioxide will always produce 

an equivalent of ammonium acid. As a result, selectivity may be more difficult in general 

when carbon dioxide is substituted for amine-captured CO2 as the substrate for catalysts 

that are typically highly selective for CO2 reduction. Moreover, Saouma and coworkers 

described a recent study that in the presence of ammonium a change in product selectivity 

is observed. Additional strategies or modified complexes/clusters are required that favor 

carbamate reduction specifically. We intended to explore the possibility of other known 

(reduces CO2 efficiently) electrocatalyst for the electrochemical reduction of carbamates.   

3.4. Electrochemical reduction of carbamate with another established catalysts 

In 2015, Berben and coworkers32 reported that an iron carbonyl cluster [Fe4N(CO)12]
- 

selectively reduces carbon dioxide electrochemically  to formate in a CO2-saturated buffer 

water solution. In pure acetonitrile a mixture of hydrogen and formate was obtained, 

whereas formate product could be selectively obtained in 95:5 CH3CN:H2O mixture albeit 

at a slower rate. They rationalized the observed selectivity in both systems depending upon 

thermochemical data (hydricity). The small amount of hydrogen observed in the system 

was attributed as background hydrogen evolution taking place at glassy carbon electrode 

and not due to the cluster itself. In their subsequent reports, they outlined the modification 

of iron cluster by introducing neutral/charge ligands in the primary or secondary 

coordination sphere and studied the inductive vs electrostatic effects on the reactivity.33 

They attempted the synthetic modification of cluster complex through substitution of 

carbonyl ligands with various different phosphine and monitored the synthesis using 31P 

and IR spectroscopy. 33 They reported series of isoelectronic phosphine substituted cluster 

using the modified literature procedures.34 As expected, phosphine substitution tends to 

increase the cluster core electron density and decrease carbonyl stretching frequency.34 

Later on, Dmitry et al,35 mentioned the formation of sterically hindered carbonyl based 

complex, i.e. [N,N’- bid(2,6 diisopropylphenyl)-acenaphthene-1,2-diimine-1Ƙ
2N,N’]-

heptacarbonyl-1ƘC,2Ƙ
3C,3Ƙ

3C-di-μ3-tellurido-triiiron(II)(2 Fe—Fe). After reading through 

literature reports on substituted iron cluster, we learned that ligand substitution had an 
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effect on the reactivity towards electrochemical reduction. We intended to examine the 

reactivity of iron cluster after substituting the carbonyl with bulky redox active BIAN 

ligand, N,N'-bis-(2,6-diisopropylphenyl)acenaphthene-1,2-diimine  (Scheme 3.3). 

Scheme 3.3. Synthesis of BIAN substituted iron cluster. 

We hypothesize that coordination of dpp-BIAN will influence the iron-carbonyl core 

electronic properties (enhancing the electron density at one of the iron centers), altering its 

catalytical activity towards the electrochemical reduction of carbon dioxide and eventually 

could be employed for carbamate reduction. Following the literature procedure, an effort 

was made to synthesize the BIAN substituted iron carbonyl cluster. All the reactions were 

characterized using IR spectroscopy. When no reaction was observed between the iron 

carbonyl cluster and BIAN at room temperature then we investigated the thermochemical 

and photochemical approach. The reaction was heated at 60 ᵒC but no observable shift was 

seen in the carbonyl stretching frequency in the IR spectroscopy. Finally, switching to 

photochemical approach for substitution. After 3 hours of exposure of reaction mixture to 

light (370 nm), a shift was observed in the carbonyl stretching frequency from 1989 to 

1979 cm-1 (Figure 3.5) 
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Figure 3.5. Shift in stretching frequency of carbonyl observed by the IR spectroscopy. 

3.5. Future Directions 

When the well-established electrocatalyst for carbon dioxide reduction failed to yield the 

desired formate with carbamate reduction, then we decided to switch to other 

electrochemical systems. It would be interesting to study the behavior of electrocatalyst 

when carbamate will be utilized as substrate instead of carbon dioxide. Firstly, the 

synthesized carbonyl substituted cluster will be optimized electrochemically, and then test 

electrochemical reduction of carbon dioxide and eventually carbamate. Because of 

improved sterics and electron density at meal center, we aim better selectivity of carbon-

based products with carbon dioxide and carbamate. 

Iron cluster + BIAN in THF

Iron cluster + BIAN in THF (R.T.)

Iron cluster + BIAN in THF (Heating)

Iron cluster + BIAN in THF (Photo reactor)
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3.6. General Considerations 

All syntheses and manipulations were carried out under an inert Argon atmosphere in 

glovebox or using standard Schlenk techniques. Anhydrous organic solvents used during 

synthesis were purchased from Sigma and were degassed by sparging with argon and dried 

by passing through columns of neutral alumina or molecular sieves and stored over 

activated 3 Å molecular sieves. Water was obtained from a Barnstead Nanopure filtration 

system and was degassed under an active vacuum. Deuterated solvents were purchased 

from Sigma and Cambridge Isotope Laboratories, Inc. Deuterated solvents used for nuclear 

magnetic resonance (NMR) spectroscopic characterization were degassed via three freeze-

pump-thaw (FPT) cycles and stored over activated 3 Å molecular sieves prior to use. All 

solvents and reagents were purchased from commercial vendors (Sigma and Alfa aesar) 

and used without further purification unless otherwise noted. Electrochemical studies 

under pure CO2 atmospheres were performed using ultra high purity (99.999%) CO2 that 

was passed through a VICI carbon dioxide purification column to eliminate residual H2O, 

O2, CO, halocarbons, and sulfur compounds. 1H and 31P NMR were recorded on 400 MHz 

and 500 MHz Bruker and Varian instruments at 300K unless otherwise stated. 
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Figure3.6. 1H NMR of [(tBuPOCOP)Ir(H)(NCCH3)2][B(ArF)4] catalyst 

3.6.1. Electrochemistry set up for controlled potential electrolysis and cyclic 

voltammograms. 

All measurements were performed on a Pine Wavedriver 10 bipotentiostat. Cyclic 

voltammetry was performed with a 1 mm diameter glassy carbon disc working electrode, 

a glassy carbon rod counter electrode, and a Ag/AgNO3 reference electrode. All 

experiments were performed in degassed aqueous solutions with 1 mM catalyst and 0.1 M 

tetrabutylammonium hexafluorophosphate; as supporting electrolyte. Samples for 

electrochemical studies performed under CO2 atmosphere were prepared by sparging the 

analyte solution with solvent saturated carbon dioxide gas prior to measurement and the 

headspace above the solution was blanketed with CO2 during each measurement. 

Controlled potential electrolysis experiments were performed in a custom H-cell with the 

working and counter compartments (16.1 and 8.0 mL respectively) separated by a medium 

S4 porosity glass frit. The working and counter compartments were sealed with GL25 and 

GL18 open top caps with silicone/PTFE septa from Ace Glass. The working compartment 

contained: 1.0 mM catalyst, 10 mM Ammonium Carbamate, 0.1M TBAPF6, a glassy 

carbon cloth as working electrode, the Ag/AgNO3 reference electrode. The counter 

compartment contained an aqueous solution of 0.1 M TBAPF6 and a 1” x 2.25” piece of 

carbon fabric as the counter electrode. After the electrolysis period, the volume in the 

working compartment was measured. The formate concentration was determined by 1H 

NMR after addition of an internal standard (benzene) to a known volume of electrolysis 

solution. The headspace of the working compartment was sampled with a Restek A-2 Luer 
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lock gas-tight syringe. Headspace hydrogen was quantified by gas chromatography on an 

Agilent 7890B instrument with a HP-PLOT Molesieve column (19095P-MS6, 30m x 0.530 

mm, 25 mm) and TCD detector. 

Figure 3.7. Controlled Potential Electrolysis - Ammonium Carbamate 

Figure 3.8. Controlled Potential Electrolysis - Ammonium hexafluorophosphate + CO2 

Synthesis of [Ir(tBuPOCOP)(H)(MeCN)2][B(ArF)4]and [(tBuPOCOP)Ir(H)(Cl)] was done 

following the published procedures.25 To a 10mL chlorobenzene solution of 

[(tBuPOCOP)Ir(H)(Cl)] (42mg) was added 1.1 eq. Na(BArF
4)and added 15-20 drops of 

MeCN slowly and the solution was stirred for 1h. The reaction mixture was passed through 

a Teflon syringe filter, and the solvent was then removed under vacuum, yielding a light-

yellow solid.  
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Synthesis of BIAN substituted iron cluster was done using the modified literature 

procedure.34 – Inside the globe box, Schlenk flask was charged with 1:1 ratio of 

[Fe4N(CO)12][Na(diglym)2] and BIAN ligand in THF. The reaction was monitored by IR 

spectroscopy and looked for changes associated with carbonyl stretching frequency. In 

absence of observed reaction at room temperature, the reaction was heated to 60 ᵒC or 

exposed to light (370nm) for 3 hours. Once the reaction was completed, the reaction 

mixture was through celite plug, followed by salt metathesis with 1 equiv of 

tetraethylammonium chloride at room temperature for 2 hours. 

3.7. Appendix 

Figure 3.9. Cyclic Voltammogram of [Ir(tBuPOCOP)(H)(MeCN)2][B(ArF)4] Complex 
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                                4. Theoretical Studies of pnictogen family chemistry

4.1. A computational chemistry approach to the study of arsenic tautomerization 

Arsenic is a toxic metalloid which is widely dispersed in the environment. It is a pollutant 

that is accessible to humans through the air, water, soil and food, owing to both natural and 

anthropogenic activities.1 Seafood is the main source of human exposure to arsenic.2 It 

enters the food chain through a process called bioaccumulation, i.e., over time in the marine 

environment it accumulates in the tissues of organisms such as fish and shellfish. The 

increasing demand for seafood consumption is driven by several factors which include both 

environmental and societal changes. Recent data shows that in 2019, consumption of 

seafood by the American populace was 19.2 pounds per capita.3 Given these toxicity 

concerns and the increasing prevalence of arsenic in diets, it is important to define the types 

of arsenic which pose the greatest exposure and toxicological risks. In the marine 

environment, arsenic exists in both inorganic and organic forms, including arsenate, 

arsenite and various arsenosugars and arsenolipids. Amongst these forms, 70% of arsenic 

occurs in the form of arsenolipids.4 Arsenohydrocarbons (As-HCs; e.g. As-HC332 and As-

HC360) (Figure 4.1) are a prevalent sub class of arsenolipid compounds and have been 

found in concentration ranges from 33 to 40 ppb in sea foods.5  

Figure 4.1. Structure of As-HC 332 and As-HC 360 with dimethyl -As group on one end 

and long hydrocarbon on another end. 

It is known that inorganic arsenic is the more toxic form of the element and is found in 

various compounds such as arsenite and dimethylarsinic acid (DMA) but the 

organoarsenical As-HC360 is 5 times more toxic than inorganic As (iAs), which is 

regulated in water at 10 ppb and in infant cereals at 100 ppb6-8 - As-HC332 is 3.7 times 

more toxic than iAs. Hence, due to their potential for bioaccumulation in the brain and the 

impairment of central nervous system function, As-HCs have become an emerging species 

of interest with respect to neurodevelopment disorders (NDs). 

Studies have shown that in Drosophila melanogaster,9 these As HCs can pass through 

physiological barriers including cell membranes and the intestinal and blood brain barriers, 

but similar research in a mammalian model system has yet to be performed. Results from 

in vitro research on human neuronal cells has shown that, As-HCs trigger apoptosis and 

disrupt the neuronal network. Numerous epidemiological studies have demonstrated a link 

between arsenic exposure and the manifestation of NDs; associations with attention-

deficit/hyperactivity disorder (AD/HD), autism spectrum disorder (ASD), obsessive 

compulsive disorders (OCD) and learning disabilities are consistently and frequently 

reported.10-14 It has also been proposed that As-HCs can be metabolized to dimethyl arsinic 
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acid (DMA(V)) which can cross the blood-brain barrier and, along with its metabolites, 

e.g., dimethylmonothioarsinic acid (DMMTA(V)), can result in oxidative stress,

inflammation, mitochondrial dysfunction, apoptosis and impaired protein degradation 15, 16

- causal mechanisms underlying NDs. Altogether, this data suggests that As HCs exposure

is responsible, at least in part, for the development of NDs.

A major constraint to the experimental investigation of As-HCs and their toxicity is a lack 

of standard and certified reference materials, which are required from an analytical 

perspective in the development of strategies for compound identification and 

quantification. References materials are also required, for assessment of toxicological 

endpoints, metabolic pathways, and toxicity mechanisms. Finally, from a regulatory 

perspective, the safe and effective monitoring of arsenic levels in food products requires 

accurate analytical standard materials. Several synthetic routes have been reported in the 

literature for the preparation of As-HCs, unfortunately they are both time and labor 

intensive and typically proceed in low to moderate overall yield.17 This results in the 

increased cost for purchasing As-HC standards; which are only available from a limited 

number of laboratories.  

The lack of efficient and robust synthetic procedures in the literature prompted us to 

propose two new methods for the preparation of As-HCs, involving fewer chemical steps 

and providing broader access to a range of As-HCs and their derivatives. Hydroarsinylation 

is an atom economical approach to the preparation of organoarsenic compounds (Route a; 

Scheme 4.1) in which the addition of an As-H bond across an unsaturated C=C double 

bond may occur, typically in the presence of a transition metal-based catalyst.18-20 

Alternatively, borrowing an approach from analogous phosphorus chemistry,21 a 

nucleophilic arsenic precursor (Route b; Scheme 4.1) can be employed to displace a 

bromide ion from an appropriate alkyl bromide to afford the desired As HC. It soon became 

readily apparent that a secondary arsine oxide (SAO) (shown below) intermediate was key 

to both synthetic strategies. 
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Scheme 4.1. Two proposed routes to access the targeted As-HCs. Route a) employs a 

metal-catalyzed hydroarsinylation strategy whilst route b) envisions a direct nucleophilic 

attack on an appropriate alkyl halide reagent. Key to both routes is the generation of a 

secondary arsine oxide (SAO) to be utilized as a starting material. 

 

The use of a SAO intermediate requires the preparation and isolation of an “AsV-H” moiety. 

Thus, this approach relies on the relative stability of AsIII versus AsV oxidation states and 

directly begs the question: will such species undergo tautomerization? Tautomerization is 

a rearrangement which involves the interconversion of constitutional isomers (tautomers). 

The very first tautomerization one learns in sophomore organic chemistry is keto-enol 

tautomerization, but prototropy is a common subclass, where a hydrogen atom moves from 

one atom to another. The SAO (1) shown below may undergo prototropic tautomerism to 

afford the “As-OH” species (1´). We hypothesize that if the As(III) oxidation state is 

accessible, this would open a second synthetic strategy to access As-HCs; tautomer 1’ 

features a nucleophilic lone pair at the As center which facilitates SN2-type reaction 

chemistry. This can be exploited in a simple displacement reaction of a C-X bond to furnish 

the targeted As-HCs from commercially available alkyl bromides. If feasible, an easy and 

high yielding synthetic approach to AsHCs via a secondary arsine oxide will facilitate 

access to an AsHCs compound library, which would be useful for biomedical researchers 

investigating the toxicological consequences in mammalian model systems. 

 

 

Scheme 4.2. Arsenic tautomerization from Asv to AsIII. 

 

In phosphorus chemistry, a lighter group 15 congener of arsenic, the equilibrium is 

expected to lie far towards the higher P(V) oxidation state. 22, 23 In contrast, the relative 

stability of As(III) means that it is likely the predominant species under equilibrium 

conditions. Before embarking on a lab-based, experimental campaign, we decided to 

explore the relative stability of a range of substituted SAOs using computational 

techniques. Our goal being to understand the influence of substituents on the position of 

the equilibrium i.e. can we control the tendency to form As(III) or As(V) species through 

manipulation of electron-donating or electron-withdrawing substituents. 

4.2 Results and Discussion 

Computational Method - Initial benchmark work was carried out by comparing three 

different functionals (B3LYP, M062X, and ωB97XD) and six basis sets [6-311G(d,p), cc-

pVDZ, cc-pVTZ, aug-cc-pVDZ, def2tzvp and def2tzvpp ], resulting in 18 different model 

chemistries.24-26 Results from these benchmark calculations are summarized in Table 4.1. 

Following a thorough examination of these results we determined that  ωB97XD/cc-pVTZ 
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model chemistry best reproduced the literature reported phosphorus results.21 We also ran 

additional augmented basis set to see if energy values are improved and make remarkable 

difference using bigger basis set as compared to cc-pVTZ, but since large difference was 

not observed so less expensive basis set was chosen for further calculations.  

With these findings in hand, we began by optimizing the geometry of the As=O and As-

OH tautomeric forms and subsequently probed their relative stability. As preliminary 

calculations, the energetics associated with R1R2As(O)H and R1R2As(OH) equilibrium was 

calculated in the gas phase as summarized in Figure 4.2. We determined the relative 

stability of the tautomer’s using the Gibb’s free energy difference between two species 

(Table 4.1). To explore the impact of substituents on the relative stability of the tautomeric 

forms, a wide range of stereo electronically differentiated groups were explored. Both 

electronically donating groups (R = methyl (Me), ethyl (Et), butyl (Bu), octyl (Oct), ethoxy 

(OEt)) and electronically withdrawing groups (R = phenyl (Ph), trifluoromethyl (CF3), 

cyanide (CN)) were selected for study. 
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Figure 4.2. ΔE values obtained for tautomeric equilibria associated with organoarsenical 

in the gas and solvent phases represented by blue and orange bars, respectively. . 



73 

 

 

In the gas phase calculations, it was found that when substituted with electron releasing 

groups, the equilibrium of tautomerization shifted toward the AsV form, although the AsIII 

oxidation state was still energetically preferred. In contrast, when electron withdrawing 

groups are used, the equilibrium favors the AsIII form even more strongly. To produce a 

more realistic dataset and possibly more relevant results to help guide future experimental 

work, we performed the calculations in a universal continuum solvation model (SMD) 

employing dichloromethane as solvent.  

Based upon our preliminary DFT work, it appears that no (reasonable) substitution patterns 

will overcome the inherent stability of AsIII. Thus, an AsV hydroarsinylation approach may 

not be feasible. With this conclusion in hand, we decided to explore the next steps in a 

putative ‘nucleophilic arsine’ approach. We subsequently performed calculations to 

estimate the energy associated with deprotonation (Figure 4.3) of the As-OH moiety. 

Dimethyl arsane was chosen as a model substrate for the calculations. We assumed that 

deprotonation would likely be an energetically demanding process and calculated an 

(energy difference) ΔE of 320 kcal/mol. We carried out a preliminary screen of substituent 

effects to explore their influence on the energy barrier in the hopes that more feasible 

experimental systems could be found which allow deprotonation to occur. When both 

substituents are electron releasing, the energy requirement increased (more positive ΔE 

was observed). In contrast, when electron withdrawing substituents were employed, a small 

lowering of the energy barrier was obtained, but still too large to be accessible under 

standard thermochemical conditions. Gibb’s free energy data is assembled in Table 4.2. 

While exploring possible routes to prepare As-HCs using SAOs we were intrigued by a 

recent publication by Lee and coworkers.27 Using an exogenous Lewis acid, this strategy 

allowed the authors to successfully alkylate a phosphine oxide and we were curious to learn 

if a similar approach could be deployed in the analogous arsenic chemistry. We chose BBr3 

as a starting point for our exploration of Lewis acid-assisted stabilization of AsV species 

(Figure 4.4). To our delight, when the AsV was trapped by the Lewis acid, the calculated 

energy difference was -45 kcal/mol, which is drastically lower than the ΔE requirement for 

deprotonation of AsIII. Once again, we decided to explore the role of substituents on the 

arsenic center by systematically varying the attached groups with both electron releasing 

and electron withdrawing moieties. Our calculated values revealed a trend in stability in 

which electron releasing groups would provide increased stabilization of an AsV species. 

We were encouraged by these results and that they, perhaps, point the way to a feasible 

synthetic method to in the laboratory. The corresponding ΔG values for this reaction are 

provided in Table 4.3. Overall, we conclude that to access the As-HC's Lewis acid-assisted 

strategy will be one we pursue in synthetic efforts moving forward.  
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Figure 4.3. ΔE values obtained for deprotonation of AsIII species in gas and solvent phase 

represented by blue and orange bars respectively. 
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Figure 4.4. ΔE values obtained for lewis acid association with AsV species in gas and 

solvent phase represented by blue and orange bars respectively. 
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Table 4.1. Gibb’s free energy obtained for tautomeric equilibria between AsV and AsIII 

species. 

a Gas Phase b Solvent Phase - DCM 

 

 

 

 

 

 

 

 

 

ΔGb (kcal/mol)bΔGa

(kcal/mol)a

R2R1Entry

-19.68-25.69MeMe1

-19.41-24.61EtEt2

-18.16-23.59BuBu3

-19.71-25.04OctOct4

-28.84-32.74OEtOEt5

-21.83-26.67PhPh6

-23.54-27.39PhOH7

-23.62-28.01PhOEt8

-20.04-24.58PhOct9

-23.08-26.44OctOH10

-22.79-27.20OctOEt11

-29.37-32.74OHOH12

-20.25-38.44HOH13

-33.38-36.77OPhOPh14

-27.11-31.20PhCF315

-25.95-31.18MeCF316

-30.79-31.46OMeCF317

-34.49-37.41CF3CF318

-38.46-40.98CNCN19

-25.20-32.68HH20
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Table 4.2. Gibb’s free energy required for deprotonation of AsIII species. 

a Gas phase b Solvent phase (DCM) 

 

Table 4.3. Gibb’s free energy obtained from stabilization of AsV species with lewis acid 

BBr3. 

ΔG 

(kcal/mol)b

ΔG 

(kcal/mol)a 

R2R1Entry

325.47371.83MeMe1

326.32370.72EtEt2

325.39369.38BuBu3

326.35366.84OctOct4

309.73351.01OEtOEt5

317.33356.70PhPh6

314.18355.33PhOH7

313.83354.81PhOEt8

320.43361.22PhOct9

318.38360.79OctOH10

318.67359.96OctOEt11

309.95367.81HOH12

301.72336.37OPhOPh13

310.83349.01PhCF314

314.74355.94MeCF315

304.76343.06OMeCF316

302.80339.16CF3CF317

292.67324.33CNCN18

336.47369.37HH19
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a Gas Phase b Solvent Phase - DCM 

4.3. Antimony Bismuth Host Guest Chemistry 

4.3.1. Pnictogen Bonding  

Pnictogen bonding is a type of non-covalent interaction that occurs between molecules 

containing an electrophilic region (or regions) on an element from group 15 (or pnictogens) 

of the periodic table (the PnB donor), including phosphorus (P), arsenic (As), antimony 

(Sb), and bismuth (Bi), and a suitable nucleophile (PnB acceptor). Triple pnictogen 

bonding is the capability of a pnictogen atom to participate in three pnictogen bonds 

simultaneously with a complementary partner through a single pnictogen atom. 28, 29 The 

strength of pnictogen bonding can be influenced by the geometry and electronic structure 

of the molecules involved.30 It can play a significant role in host guest chemistry (yielding 

supramolecular structures), which refers to the interaction between a molecule or ion (the 

“guest”) and a larger molecular structure (the “host”). The host can selectively bind specific 

guest molecules within the cavity of a host molecule.31 With pnictogen bond donors, this 

selectivity arises from the ability of pnictogen atoms to form directional interactions with 

ΔGb

(kcal/mol)b

ΔGa

(kcal/mol)a

R2R1Entry

-34.45-25.76MeMe1

-34.94-28.40EtEt2

-34.16-27.09BuBu3

-34.74-29.08OctOct4

-18.32-12.98OEtOEt5

-30.61-25.08PhPh6

-23.56-19.07PhOH7

-23.13-19.43PhOEt8

-33.01-25.68PhOct9

-29.58-21.87OctOH10

-25.17-20.51OctOEt11

-17.36-15.92OHOH12

-23.02-18.45HOH13

-13.89-8.21OPhOPh14

-18.51-13.82PhCF315

-22.37-17.75MeCF316

-16.55-11.76OMeCF317

-12.26-8.37CF3CF318

-7.00-5.07CNCN19

-30.06-18.76HH20
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lone pair electrons on the guest molecule, resulting in a specific orientation and positioning 

of the guest molecule within the host cavity. 

 

4.3.2. Anion recognition  

Anion binding and recognition are two closely related and important concepts that garner 

much attention as s subfield of host-guest interactions. Anion binding refers to the ability 

of molecules to bind specifically to an anion through non-covalent interactions such as 

hydrogen bonding, halogen bonding and van der Waals forces. Anion recognition is the 

ability of a host to recognize an anion specifically (for example, in presence of a mixture 

of anions). Anion recognition is achieved through selective binding, undergoing physical 

and chemical changes in properties in the presence of the anion. Hydrogen and halogen 

bonding have played a large role in this field.32, 33 The chalcogens and pnictogens have had 

an emerging and leading role. For example, Gabbai and coworkers have employed a variety 

of Lewis acidic main group compounds as anion binding agents.34, 35 They utilized the 

highly Lewis acidic nature of antimony(V) complexes to design fluorescent and 

colorimetric sensors.36, 37 These anion binding studies form the basis of several applications 

such as metal free catalysis in organic synthesis, selective sensing of anions, drug design 

and crystal engineering or molecular templating.38-43 

4.3.2.1. Chalcogen and pnictogen bonding for anion binding and recognition. 

Analogous to chalcogen and halogen bonding, pnictogen bonding has also been utilized 

for the design of anion receptors. The use of weaker Lewis acidic Pn(III) and Te(II) has 

been explored because of their ability to form highly directional pnictogen or chalcogen 

bonds with no appreciable activation barrier; an advantage over the stronger Lewis acids 

(BX3, PnX5). The directionality comes from the localization of the lone pair(s) on the larger 

Pn(III) and Te(II), which creates an anisotropic charge distribution leading to precise 

positioning of binding sites. Matile demonstrated the PnB formed with 

tris(perfluorophenyl)stibane can be used for transmembrane anion transport.44, 45 It was 

found that directionality and hydrophobicity exceed all conventional interactions such as 

hydrogen bond donors and provide precision on molecular level. Cozzolino and coworkers 

reported the design of an oxo-bridged bis(antimony(III)) compound for anion binding 

which  suffered from self-recognition issues which decreased anion binding efficacy.46 

Computational (DFT) studies suggested that in the gas phase oxygen tends to form 

intramolecular interactions with adjacent antimony atoms. Although complexes proposed 

by the Matile and Cozzolino groups display amazing anion reception, they suffer from 

complicating steric hindrance and intramolecular interaction. These effects create obstacles 

for selective anion binding and convolutes attempts to study and understand the underlying 

phenomena. Later, Cozzolino and coworkers found an approach to tackle self-recognition. 

They proposed the tripodal antimony(III) triskatole complex47 (Figure 4.5), which includes 

nitrogen in the primary bond and thus ensures the bond polarity and supported pnictogen 

bonding without the deleterious effects described above. 
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Figure 4.5. Antimony (III) triskatyl complex47 

 

The design strategy includes a) using nitrogen (N) to support a polar primary bond in order 

to reduce the number of available lone pairs, b) incorporating the nitrogen into an indole 

ring in order to delocalize the remaining N lone pair and c) incorporating the pnictogen 

into a cage to ensure sufficient space for the formation of up to three PnBs and remove 

conformational flexibility. This system has been previously used to demonstrate triple 

pnictogen bonding for complementary molecular recognition.47, 48 A supramolecular 

building block that is complementary to a triple PnB donor must include three lone pairs 

in an arrangement that allows for alignment with the electrophilic regions. Building blocks 

for a functional PnB-based supramolecular cavitand should contain spacers that create an 

internal cavity and some level of preorganization favoring simultaneous PnB of three 

acceptor units. A complementary partner was found with a trispyridyl donor. Crystal 

structures with pyridine itself, only show two pnictogen bonds with the antimony system 

and all three with the bismuth system. Negative cooperativity, resulting from the increased 

stereochemical activity of the pnictogen lone pair with each subsequent PnB, was 

determined to account for these differences. So far, no studies have been performed to 

understand the anion binding behavior of PnB donors, i.e., antimony complex (11) and 

bismuth complex (12) (Figure 4.6) in the absence of complicating effects (steric hindrance, 

self-recognition and/or conformational flexibility).  
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Figure 4.6. Tripodal antimony and bismuth compound47 

 

We hypothesized that such Sb and Bi systems will circumvent these complications (vide 

infra) and provide important quantitative information and theoretical understanding of the 

anion binding ability (including cooperative effects) of the three PnB sites on the same PnB 

donor. This cooperativity stands in contrast to typical transition metal coordination 

chemistry where the metal is always coordinatively saturated in solution in the absence of 

steric hindrance. Density functional theory (DFT) calculations were used to gain insight 

into the anion binding ability of these systems and deduce whether it is 1:1 or 1:2 binding 

between the antimony/bismuth complex and incoming anion. The motivation for the anion 

binding capabilities came from literature precedents of strong PnBs with neutral 

molecules.34, 44 Earlier reports from the Cozzolino group and others have demonstrated that 

neutral PnB donors are also compatible with anion binding.46 The Matile group showed 

that PnB donors could be applied in the transportation of anions through cell membranes.44 

4.3.3. Methods 

The aim of this project is to investigate the interaction of anions with PnB donors such as 

antimony and bismuth complexes in the solution state and is carried out in collaboration 

with Dr. Cozzolino’s group at Texas Tech University. Preliminary UV-Vis titration studies 

of antimony complexes with different anions were initiated while I was still at Texas Tech 

but have subsequently been continued by members of the Cozzolino group and I pivoted 

to providing supporting DFT calculations to validate experimental results. The calculations 

were carried out to probe the ability of Sb (11) and Bi (12) to form PnBs in solution with 

tetrabutylammonium halides (Cl-, Br-, I-) and pseudo halides (CN-, OCN-, SCN-).  

An improved and accurate functional B97-D349 was employed along with slightly 

enhanced basis set def2-TZVPP to analyze main-group thermochemistry and non-covalent 

interactions.50 In the literature this method has accurately reproduced the free energy trends 

associated with the anion binding using chalcogen bonding.51 Firstly, the antimony 

complexes were optimized, and the molecular geometry was reproduced, in close 

approximation to crystal structures; validating the model chemistry to model anion binding 

for antimony and bismuth complexes (Appendix 4.5.1). With the optimized structures for 

Sb and Bi in hand, two binding modes were tested, i.e., 1:1 and 1:2 anion binding of 

Sb/Bi:X. To probe the effect of solvent, the conductor like polarizable continuum model 

(CPCM)52 was applied. The solvation correction and basis set superposition error (BSSE) 

were calculated and added to final Gibb’s free energy of complexes and anions and final 

Gibb’s free energy change for binding was calculated using the following equation.  

 

ΔG = ΔH – TΔS + BSSE + ΔEsolv 

 

The following discussion will use generic host/guest terminology where the pnictogen 

bond donor is the Host (H) and the anion is referred to as the Guest (G). The 1:1 and 1:2 

H:G binding models were used to obtain the binding constant for the supramolecular 

structures following the stepwise equilibra depicted in equations 6 and 7. 

H + G ⇌ H·G                         [Eq.6] 

                              H·G + G = H·G2                     [Eq.7] 
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4.4. Results and Discussion 

The electrostatic potential energy surface (ESP) of the antimony (11) and bismuth (12) 

hosts revealed three maxima in the potential energies (Vmax) on the 0.001 au surface with 

values of 147.3 kJ/mol and 185.8 kJ/mol, respectively. High positive Vmax values indicate 

sites that are attractive towards a nucleophile, in this case an anionic guest. The electrostatic 

potential values suggest the possibility of anion binding occurring at all three available 

sites (Figure 4.7). The ESP was calculated for the H·G and H·G2 (for G = Cl-). For H·G, 

the remaining sites had Vmax values of –167.2 kJ/mol and –113.7 kJ/mol for antimony and 

bismuth, respectively. These values are not directly comparable to those of the isolated host 

due to the presence of the negative charge. An important comparison is the change in values 

on Sb and Bi for H·G as compared with H. The ΔVmax (HBi – HSb) is 38.5 kJ/mol whereas 

the ΔVmax (HBi·G – HSb·G) is 53.5 kJ/mol. This much larger ΔVmax indicates that the second 

anion binding event will be far less likely for the HSb than for HBi. Calculation of the ESP 

for H·G2 reveals a further increase in ΔVmax to 80.1 kJ/mol. The similar binding trend was 

suggested by the changes in the calculated Hirshfield charges on different atoms in 

complex (Table 4.6 & Table 4.7) The Hirshfield charge on the pnictogen decrease with 

each chloride. Concurrent with this, the charge on the nitrogen atom opposite the PnB 

decreases. This is consistent with a model where the anion donates electron density into 

the Pn–N σ* orbital. The decrease in partial charge on the pnictogen is in agreement with 

the anticipated negative cooperativity as was observed with neutral nucleophiles. 

 

 

Figure 4.7. ESP mapped onto electron density plotted at 0.001 au for HSb, HSb:Cl- and 

HSb:Cl-. The black dot represents the location of Vmax at the pnictogen. 

147 kJ/mol

89 kJ/mola)

-167.2 

kJ/mol

b)

-484 

kJ/mol

c)

-50 +130
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Figure 4.8. ESP mapped onto electron density plotted at 0.001 au for HBi, HBi :Cl- and 

HBi:Cl-. The black dot represents the location of Vmax at the pnictogen. 

 

Both Eq.6 and Eq.7 were employed to obtain the Gibbs free energy (and binding constant) 

associated with binding of various anions to the hosts (Table 4.4). Generally, larger binding 

constants were calculated for bismuth as compared to antimony. This aligns with the ESP 

maps as well as the shorter PnB distances (and greater nuclearity) in the crystal structures 

of HBi with different anions as compared to the corresponding HSb structures. Preliminary 

solution titration data is also consistent with larger binding constants for HBi with a variety 

of anions. In most cases it was observed that the binding constants became smaller as 

anions became softer. The binding constant values depicted that antimony favors formation 

of 1:1 supramolecular structure whereas bismuth appears able to expand beyond 1:1. 

Among halides, the binding constant and bond distances support the following trend: Cl 

>Br >I. The PnB distance between HSb and the halides were 2.61, 2.80 and 3.01 Å for 

chloride, bromide, and iodide respectively. Among the pseudohalide ambidentate anions, 

it was found that binding is more favorable through nitrogen coordination as compared to 

other atoms (carbon, oxygen, or sulfur) in cyanide, cyanate and isothiocyanates 

respectively. In most cases, Gibbs free energy was found to be positive when binding was 

taking place through other atom than nitrogen (Table 4.5) All the binding and bond distance 

-50 +130

185 

kJ/mol

159 kJ/mola)

-113.7 

kJ/mol

b)

-404 

kJ/mol

c)
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reproduced from DFT aligned well with the crystal structures, validating our DFT results. 

The only notable difference was in the connectivity for the cyanate anion. Initial refinement 

of the structure was performed with it κ-O. These calculations resulted in a reassessment 

of the model to be κ-N. The binding constant values for different halides and pseudo halides 

were consistent with experimental work carried out in the Cozzolino group.53  

 

Table 4.4. The binding constant values calculated using Eq 6 and Eq 7 

 

 

 

4.4.Conclusions 

We have successfully employed computational chemistry to probe the behavior of two 

distinct systems in pnictogen chemistry. First, we explored an arsenic transformation which 

we hope to employ in future synthetic work to help assess reasonable pathways to access a 

key secondary arsine oxide intermediate and learned that such a species will likely undergo 

tautomerization to the corresponding As(III) species. Secondly, in a collaborative project 

with researchers at Texas Tech University, we examined pnictogen bonding and, in 

BismuthAntimonyAnions

K12K11K12K11

31.881661.722.35E-0413.33Chloride (Cl
-
)

0.521294.792.13E-053.46Bromide (Br
-
)

2.44128.591.89E-040.47Iodide (I
-
)

---0.12Isocyanide   

(NC
-
)

1.80E-02897.161.43E-0612.72Cyanide (CN
-
)

1.52E-026031.294.02E-0892.25Isocyanate

(NCO
-
)

-0.015-2.92E-04Cyanate (OCN
-
)

3.77E-0378.207.64E-070.38Isothiocyanate 

(NCS
-
)

-34.73-0.29Thiocyanate 

(SCN-)
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particular, the supramolecular properties of bismuth and antimony compounds which 

exhibit directional bonding with anions.  

4.5. Appendix 

 Table 4.1. Tautomerization energies are calculated using different model chemistries   

  employing dimethyl arsine oxide as model substrate. 

 

 4.5.1. The optimized geometry was well reproduced according to the crystal structures.  

 

wB97xD

(kcal/mol)

M062X

(kcal/mol)

B3LYP

(kcal/mol)

Model Chemistry

-26.80-29.32-27.70Basis1 (6-311g(dp)

-27.83-30.05-28.89Basis2 (cc-pvDZ)

-24.72-26.44-25.96Basis 3 (cc-pVTZ)

-26.93-28.94-28.19Basis 4 (aug-cc-pVDZ)

-29.63-33.49-28.72Basis5 (def2TZV)

-25.01-26.85-26.18Basis6 (def2TZVPP)

-24.51--Basis7(aug-cc-pvTZ)

Optimized 

geometry

Crystal 

structure

Bond Parameters

Sb:I

2.2472.135(2)Sb(1) - N(1)

2.1022.043(2)Sb(1) - N(2)

2.1032.059(2)Sb(1) - N(3)

3.1043.040(7)Sb(1) - I(1)

170.81167.44(1)N(1)-Sb(1)-I(1)

Optimized 

geometry 

Crystal 

structure

Bond Parameters

Sb:Br

2.2472.150(3)Sb(1) - N(1)

2.1052.047(2)Sb(1) - N(2)

2.1062.063(3)Sb(1) - N(3)

2.8092.877 (6)Sb(1) - Br(1)

169.73168.18(7)N(1)-Sb(1)-Br(1)
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Table 4.5. Gibb’s free energy associated with the 1:1 and 1:2 binding.  

 

Table 4.6. Changes observed in the Hirshfield charges of antimony complex after binding 

with incoming anion. 

 

Optimized 

geometry

Crystal 

structure

Bond Parameters

Sb:OCN

2.1912.190(2)Sb(1) - N(1)

2.0962.052(2)Sb(1) - N(2)

2.0922.047(2)Sb(1) - N(3)

2.3552.287(2)Sb(1) - O(1)

163.90161.87(8)N(1)-Sb(1)-O(1)

Optimized 

geometry

Crystal 

structure

Bond Parameters

Sb:CN

2.2802.197(5)Sb(1) - N(1)

2.1002.056(4)Sb(1) - N(2)

2.1002.056(4)Sb(1) - N(3)

2.3612.445(7)Sb(1) - C(1)

163.61162.05(2)N(1)-Sb(1)-C(1)

163.38172.93(6)Sb(1)-C(1)-N(4)

BismuthAntimonyAnions

ΔG (1:2) 

(kJ/mol)

ΔG (1:1) 

(kJ/mol)

ΔG (1:2) 

(kJ/mol)

ΔG (1:1) 

(kJ/mol)

-8.58-18.3820.72-6.42Chloride (Cl
-
)

1.63-17.7626.66-3.07Bromide (Br
-
)

-2.21-12.0421.251.86Iodide (I
-
)

---5.21Isocyanide   

(NC
-
)

9.95-16.8533.37-6.30Cyanide (CN
-
)

10.38-21.5742.21-11.21Isocyanate

(NCO
-
)

-10.42-20.17Cyanate (OCN
-
)

13.83-10.8134.912.38Isothiocyanate 

(NCS
-
)

-8.79-3.00Thiocyanate 

(SCN-)
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    Table 4.7. Changes observed in the Hirshfield charges of bismuth complex after      

    binding with incoming anion. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Hirshfield

SbCl1
- : Cl2

-

Hirshfield

Sb:Cl1
-

Hirshfield

Sb_complex

Atom in antimony 

complex

0.4720.4910.558Sb

-0.135-0.145-0.116N

-0.135-0.109-0.116N

-0.101-0.109-0.116N

-0.465-0.407-Cl1

-0.465--Cl2

Hirshfield

BiCl1
- : Cl2

-

Hirshfield

Bi:Cl1
-

Hirshfield

Bi_complex

Atom in bismuth 

complex

0.5640.5890.641Bi

-0.151-0.161-0.124N

-0.151-0.118-0.124N

-0.111-0.118-0.124N

-0.478-0.428-Cl1

-0.478---Cl2
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