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 ABSTRACT 

This work reports a family of iminophosphonamido Rh and Ir cyclooctadiene 

(COD) complexes, [Ph2P(NR)2]M(COD), where the substituents on nitrogen vary, R = 

2,4,6-trimethylphenyl (Mes) or adamantyl (Ad). The reaction chemistry of the 

iminophosphonamido Rh and Ir COD complexes was probed. This work also 

demonstrates the synthetic route to and of a family of azidophosphonamide Rh and Ir 

phosphazide containing ligand cyclooctadiene (COD) complexes, 

[Ph2P(N3R)(NR])M(COD). The unusual ligand linkage isomerism of said species is 

discussed. Preliminary results pertaining to bis(cyclooctene) (COE) complexes bearing 

both ligand types are also reported. 
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CHAPTER 1: INTRODUCTION  

1.1 General Introduction 

One of the greatest challenges in synthetic chemistry still consists of inventing new 

reactions to construct and modify carbon molecular architectures. Accordingly, synthetic 

chemistry has evolved to a state where it is commonly believed that a large amount of 

molecules can be synthetically produced, albeit given enough time and resources. 

Remarkable work done by several synthetic research groups in the 1990s led to the 

completion of the total synthesis of several natural products of great complexity; however, 

the synthetic routes were typically lengthy (30 to 60 steps).1 For example, akuammiline 

alkaloid (±)-vincorine (part of the indole alkaloid family and used in a variety of biological 

applications) was originally generated via a 31-step process with an overall yield of 1%.2 

Parallel to total synthesis advances, the field of transition metal catalysis has 

undergone remarkable developments, particularly over the last 40 years.1 Employing 

transition metals as catalysts expedites the reaction via lowering the energy barrier between 

products and reagents, facilitating chemical transformations that would not normally occur, 

at least at an appreciable rate, when mixing said reagents together without the catalyst. The 

addition of a metal catalyst can yield pure or enantiopure products, instead of a difficult-

to-separate mixture. Implementing catalytic steps in a synthesis may reduce the number of 

total reactions, as one catalyst can impart several formal transformations in a single 

operation. A modern total synthetic route to akuammiline alkaloid (±)-vincorine has 

employed several catalytic steps including intramolecular oxidative coupling, Pd-catalyzed 
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direct C–H functionalization and an organocatalyzed asymmetric Michael addition, 

thereby, reducing the number of steps from 31 to 18 and increasing the overall yield (5%).3 

Similarly, employing asymmetric catalysis in the total synthesis of various indole alkaloids 

(±) has yielded enantiopure products while increasing overall yields (ranging from 13-

45%) and decreasing the number of steps (ranging from 7-12 steps).4 

1.2 Introduction to Metals and Ligands 

A metal complex is a species in which a metal atom is bound to one or more ligands 

(a molecule or ion that binds to a central atom).5 The binding ligands can affect the 

geometric environment and electronic properties at the metal center, thereby influencing 

its reactivity. A subset of metal complexes that contain, at minimum, one C–M bond are 

given the moniker organometallic and the prefix organo- (e.g. organorhodium is used to 

describe an organometallic rhodium species). 

1.3 Noble Metal Catalysts 

Homogeneous catalysis, featuring ligand-supported transition metal complexes, is 

now an indispensable tool for modern chemical transformations. Materials such as plastics 

and pharmaceuticals, which are essential to our standard of living, are generated by carbon-

heteroatom and carbon-carbon bond-forming reactions, often catalyzed by noble transition 

metal (Ru, Os, Rh, Ir, Pd, Pt, and Au) complexes.6-9 

Two-electron reactions are common steps within a catalytic cycle; specific 

reactions, namely, reductive elimination and oxidative addition, are often the rate-

determining step of a catalytic process. Oxidative addition to a metal complex most 
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frequently raises the coordination number and oxidation state of the transition metal centre 

by 2, and reductive elimination is the reverse (Scheme 1.1). Noble transition metal 

complexes (Ru, Os, Rh, Ir, Pd, Pt, and Au) exhibit increased stability under various reaction 

conditions and tend to perform two-electron transformations, unlike first-row transition 

metals.6 Thus, noble transition metals have been employed in various catalytic processes; 

well-known examples of such catalytic transformations include ruthenium-catalyzed 

alkene cross-metathesis,7 rhodium-catalyzed asymmetric hydrogenations,8 and palladium-

catalyzed cross-coupling reactions.9 

 

Scheme 1.1 Oxidative addition (forward reaction) and reductive 

elimination (reverse reaction) of X–Y bond toward a metal complex MLn 

1.4 Importance of Rhodium and Iridium in Catalysis 

Group 9 metal rhodium has been employed for a broad range of chemical 

transformations, making it one of the more essential metals for catalysis.10 The origin of 

homogeneous rhodium catalysis can be traced back to Wilkinson’s 

chloridotris(triphenylphosphine)rhodium(I), [RhCl(PPh3)3], in the mid-60s:11 wherein the 

complex was employed for the hydrogenation of olefins (Scheme 1.2).12 Vaska’s complex 

IrCl(CO)(PPh3)2 provided the conceptual framework for homogenous catalysis in 

reversibly activating O2;
13 however, it is Crabtree's organoiridium hydrogenation catalyst 

[(COD)Ir(PCy3)(Py)]PF6 that is attributed to sparking modern iridium homogeneous 
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catalysis.14 Since then, numerous rhodium, and heavier group 9 element iridium, 

complexes have been prepared and applied to several catalytic hydrofunctionalization 

reactions such as alkene hydroformylation,15 hydroboration,16 and hydrosilylation17 

(Scheme 1.2).10,18  

 

Scheme 1.2 General reaction schemes for most common Rh or Ir catalyzed processes18 

Rhodium, and to a lesser extent iridium, provide unmatched levels of chemo-, 

regio-, and stereoselectivity for cycloaddition, alkene addition, C−H insertion, and 

hydrofunctionalization reactions. Rhodium and iridium generally operate between the MI 
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and MIII oxidation states within catalytic cycles, while other metals (Pt, Pd, Ni, or Ru) 

shuttle between the M0 and MII states.19 Fundamentally MII (M = Pt, Pd, Ni or Ru) and RhI-

catalysed reactions share some similarities as most elementary steps in various catalytic 

processes follow two-electron transfer mechanisms. For example, Heck coupling (Scheme 

1.3) can employ either PdII or RhI catalysts.20  

 

Scheme 1.3 Example of Rh-catalyzed Heck coupling, the initial mechanism proposed 

by Hartwig and Ishiyama.21
 

In 2012, Wu et al. found that the termination of Heck coupling of α,β-unsaturated 

carbonyls involved two competitive steps; β-hydride elimination and protonolysis.22 The 

PdII-catalyzed process generated Heck-type products (Scheme 1.4, right), while an 

isoelectronic RhI catalyst yielded unsaturated β-hydride elimination products (Scheme 1.4, 

left).22  
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Scheme 1.4 PdII and RhI-catalysed conjugate addition model proposed by Wu et al22
 

Further investigations into C−H bond functionalization of the analogous RhI and 

PdII complexes suggested that formyl C−H bond cleavage is more facile for rhodium 

species due to lower energy pathways, lending to milder reaction conditions.23 A similar 

RhIII complex was also shown to perform C−H transformations while maintaining redox 

neutrality, as internal oxidants are involved as reactants, which has yet to be demonstrated 

for any PdII species.23  

1.5 Principles of Ligand Design: A Historical Perspective  

Enormous numbers of reported transition metal catalysis have examined various 

ligands and donor atoms to discover the optimal catalyst for any given reaction, or niche 

substrate in terms of selectivity, and activity. The bound ligands strongly affect the 

electronic and geometric environment at, or around the metal centre; therefore, systematic 

modification of a ligand’s steric or electronic properties necessarily influences the catalytic 

intermediates, products, and rates of reactions. For example, sterically bulky ligands 

prevent substrates above a specific size from coordinating to the metal centre. Excessively 

stable metal-to-substrate bonding interactions can retard or prohibit further reactivity of the 

complex  
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1.5.1 Metal Carbonyls and Other π-Acceptor Ligands 

An essential and versatile ligand throughout transition metal chemistry has been 

carbon monoxide (CO).24 Historically, metal complexes bearing CO ligands, metal 

carbonyls, have played a vital role in the chemical industry. The homoleptic nickel 

tetracarbonyl complex Ni(CO)4
25 was applied to the preparation of ultrapure nickel in 

1890.26 Numerous industrial processes also employ carbon monoxide as a reactant, and 

various metal catalysts involve metal carbonyl intermediates.13,27,28 Other π-acceptor 

ligands, such as cyanide, ethylene, and isocyanides also have historical significance. The 

earliest known synthetic complexes Prussian blue Fe4[Fe(CN)6]3,
29 and Turnbull’s blue, 

Fe3[Fe(CN)6]2,
30 features cyano ligands.31 The first organometallic complex, discovered in 

1827, K[PtCl3(C2H4)], better known as Zeise’s salt,32 features an ethylene ligand. However, 

the exact bonding mode of the olefin was not confirmed until 1969.33 More recent 

developments in the chemistry of metal carbonyls include highly-reduced metal carbonyl 

anions,34,35 and the first f-block carbonyl complexes [(C5Me4H)U(CO)].36 Notably, alkaline 

earth metal37 and metalloidal38 carbonyl complexes demonstrate that CO can bind to a 

central atom incapable of π-backdonation interactions (due to the lack of d-electrons); 

however, these complexes employ sterically bulky and stabilizing 

pentamethylcyclopentadienyl (Cp*) ligands.  

The binding mode of carbon monoxide is typically terminal; however, CO can 

bridge between multiple metal centres as exhibited in numerous metal complexes and 

clusters. Metal-to-carbonyl bonding involves synergistic σ-donor and π-backbonding 

interactions. The HOMO of CO donates a lone pair to an empty metal orbital; 
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simultaneously, electron density from a filled d-metal orbital is backdonated into the 

LUMO of CO (Figure 1.2). The backdonation into the two degenerate CO π*-antibonding 

orbitals weakens the C≡O triple bond, while increasing the M=C double bond character. 

This weaker C≡O bond exhibits less C≡O triple bond character with increased 

backdonation, a phenomenon which can be directly observed via the decreasing νCO stretch 

in a complex’s IR spectrum.39  

 

Figure 1.1 Metal-to-ligand orbital interaction of CO ligands, σ-donation (left) and π- 

backdonation (right). Note, only one of the two degenerate CO LUMO π*-antibonding 

orbitals is depicted 

1.5.2 Monodentate and Bidentate Phosphines: Controlling Ligand Properties  

Phosphine ligands are ubiquitous throughout coordination chemistry and 

catalysis.40 Metal–phosphine coordination complexes such as the Grubbs’ catalyst 

[(PCy3)2RuCl2(CHC6H5)],
7 Crabtree's catalyst [(COD)Ir(PCy3)Py][PF6],

14 Vaska's 

complex [IrCl(CO)(PPh3)2],
13 and Wilkinson’s complex [RhCl(PPh3)3],

11 underpin 

modern-day transition metal catalysis. The propensity for phosphines to adopt the role of 

spectator ligand boosts their catalytic applications; however, on rare occasions, phosphines 

can also act as reactive ligands to give cyclometallation41 or P–R bond cleavage products.42 
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Like any ligand, the substituents of a phosphine govern the ligand’s reactivity and 

behaviour, wherein a substituent is defined as a particular feature of a ligand that can be 

exchanged for alternate groups (e.g. R groups in the general phosphine PR3). The relative 

ease by which one can fine-tune a phosphine's steric and electronic properties through 

alteration of its substituents is a critical factor in the prevalence of phosphines throughout 

homogeneous catalysts.43  

Initially, the effect of phosphine substituents was primarily rationalized in terms of 

electronic effects via the Tolman electronic parameter (TEP).44 TEP directly measures the 

decrease in the infrared-stretching frequencies of CO ligands in the metal complex 

[LNi(CO)3], thereby indirectly evaluating the donor abilities of a given ligand (L). The 

stronger the σ-donating abilities of L, the greater the electron density at the metal centre, 

which amplifies π-backdonation to CO, thereby lowering the frequency of the C≡O stretch 

(νCO) in the IR spectrum (Figure 1.2).44,45 In contrast, if L is a poor σ-donor and a strong π-

acceptor, then the phosphine competes with CO for π- backdonation, resulting in less 

lowering of the νCO stretching frequencies.44,45 For example, alkyl groups on phosphorus 

lead to a strongly σ-donating ligand,44,45 while aryl groups on P generate a stronger π-

accepting phosphine.44,45 Controlling electron density about the metal centre directly 

influences catalysis, as oxidative addition is facilitated best by electron-rich metal centres 

possessing low oxidation states due to the increased electron density at the metal centre. 
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Figure 1.2 Influence of a σ-donating phosphine on π-backbonding 

The term cone angle was introduced in 1977 to quantify the steric impact of a given 

ligand in a metal complex.44 A cone angle encloses the van der Waals surfaces of all 

ligand’s atoms and is measured at a set metal-to-phosphorus distance of 2.28 Å (Figure 

1.3).44 A larger cone angle is a consequence of more sterically bulky substituents. The 

tunability of the steric bulk is critical; larger ligands favour processes like reductive 

elimination, but sterically encumbering substituents inhibit substrate coordination. In 

cross-coupling reactions, phosphine ligands must be both sufficiently sterically 

encumbered and electron-rich.44 

 

Figure 1.3 Visual representation of the definition of cone angle 

The propensity of monodentate phosphines to dissociate yields a vacant 

coordination site which is often essential for stochiometric or catalytic reactions; however, 

unwanted side reactions, such as β-hydride elimination, can also occur upon phosphine 
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dissociation.44 Bidentate phosphines have been extensively explored as a potential solution 

to maintain the benefits of partial phosphine dissociation (e.g. one of the phosphine groups 

decoordinates) while mitigating unwanted side reactions as the dissociated phosphine can 

readily re-coordinate to the metal centre due to the chelate effect.46 The chelate effect is 

the greater affinity of chelating ligands for a metal center than that of similar nonchelating 

(monodentate) ligands for the same metal; it is driven by entropy.47 

Electronic and steric modifications of bidentate phosphines can be extended to 

include the backbone; in particular, altering the bite angle can have powerful implications 

for catalysis.48 The bite angle of a bidentate, chelating ligand is defined at the ligand-metal-

ligand angle (Figure 1.4).48 Many catalytic processes have reported optimal bite angles, 

which correlate with improved regio- or stereo-selectivity.48 

 

Figure 1.4 Visual representation of the definition of bite angle 

The main drawback of most phosphine ligands is their sensitivity towards oxidation 

and, therefore, the requirement that they are handled under an inert atmosphere. In fact, 

many trialkylphosphines are pyrophoric. Accordingly, the generation of new phosphines 

via traditional synthetic routes can be fraught with toxic and highly reactive reagents; 

however, some synthetic approaches to new phosphines have been reported.49 In contrast, 

PPh3 does not readily oxidize when stored under ambient conditions and thus has been 
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utilized in various catalysts, for example, Vaska's [IrCl(CO)(PPh3)2],
13 and Wilkinson’s 

[RhCl(PPh3)3]
11 complexes. 

1.5.3 Cp Ligands and Their Derivatives: The Start of Ancillary Ligand Design 

A metallocene [MII(C5H5)2] is an organometallic complex typically consisting of 

two parallel η5-monoanionic cyclopentadienyl ligands (C5H5
−, abbreviated to Cp) bound to 

a metal centre (Figure 1.5, left). A subset of metallocenes, wherein the rings bound to the 

metal are tilted at an angle instead of parallel, are denoted as bent metallocenes, and often 

feature additional ligands coordinated to the metal centre (Figure 1.5 right).  

 

Figure 1.5 Visual representation of non-bent (left) and bent (right) 

metallocenes 

Simultaneously discovered in 1951 by Kealy and Pauson,50 and Miller et al.51, 

ferrocene [FeCp2], the first metallocene, expanded the idea of ligands involving more 

intricate chemical structures.52,53 Three years later, in 1954, Wilkinson and Birmingham 

synthesized [Cp2TiCl2],
54 the first bent metallocene applied to the catalytic polymerization 

of α-olefins. In 1960, high-activity homogenous Ziegler-Natta catalysts (Figure 1.6) 
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produced polyethylene and polypropylene inexpensively and efficiently, later earning 

Ziegler and Natta the 1963 Nobel prize for their work.55  

 

Figure 1.6 Example of an activated Ziegler-Natta catalyst 

The Ziegler-Natta system sparked investigations into ancillary ligand design via 

tuning the substituents of cyclopentadienyls and observing the influence each modification 

had on olefin polymerization, e.g. tacticity (stereochemical control) and activity.56 The 

success of Cp ligands in catalysis can be traced to several key factors; the large M–Cp bond 

dissociation energy, the ligand’s ability to occupy several coordination sites, the ligand’s 

tendency to adopt the role of ancillary ligand,57 and their electronic and steric tunability. 

Pentamethylcyclopentadienyl ligand, C5(CH3)5
– designated as Cp*–, is a Cp's common and 

more sterically demanding analogue of Cp.58 An unintended advantage of methyl 

substituents on the Cp is their use to form catalytic intermediates wherein a methyl group 

is deprotonated and the resulting methylene binds to the metal forming a tuck-in complex.58 

The increased steric bulk of methyl substituents on Cp* has allowed for the isolation of 

metallocene complexes for which the analogous Cp species was kinetically unstable or 

unknown. An equivalent to the Tolman method of ligand classification has yet to be 

adopted for Cp ligands, as trends in substituent alteration are less predictable. Exchanging 

cyclopentadienyl with indenyl or fluorenyl group further modifies the ligand’s architecture 
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with the additional fused benzo rings; this modification both increases the steric bulk 

around the metal centre and had yielded complexes with multiple accessible binding modes 

(η5, η3 and η1) achieved via ring slippage.59 ansa-Metallocenes contain a one or multi-atom 

linker (ansa-bridge) between the two Cp, indenyl or fluorenyl ligands forcing a bent 

geometry about the metal centre (Figure 1.7). Group 4 ansa-bridged complexes have 

proved beneficial in olefin polymerization, namely due to their ability to impart direct 

control over the generated polymer properties (Figure 1.7).60,61 Disadvantages of Group 4 

metallocene systems is the high oxophilicity of said metals and significant consumption of 

expensive activators, as the neutral bent metallocenes require activation to form the open 

coordination site on the activated catalyst (Figure 1.7) which is required for olefin 

polymerization.62  

 

Figure 1.7 Three examples of activated ansa-zirconocene catalysts 

directing the polymerization of propene to isotactic, syndiotactic, and 

atactic polypropylene 
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The limitation of cyclopentadienyl ligands lie in their synthesis as cyclopentadiene 

readily dimerizes to dicyclopentadiene, typically necessitating cracking of the dimer at 

approximately 180 °C to form the monomer, which must be used soon thereafter. The steric 

bulk of pentamethylcyclopentadiene prevents rapid dimerization but requires a more 

complex and costly synthesis.63 An exhaustive multitude of functionalized 

cyclopentadienyl complexes have been reported,63 prompting the search for more effective 

catalysts using other ligand scaffolds and applications beyond olefin polymerization. 

1.6 Principles in Ligand Design: Current Trends in Ligand Design 

Classical ligands, such as phosphines, Cp, and Cp* derivatives, have been used 

extensively in the brief history of metal-catalyzed reactions and are still much used today. 

As previously stated, ancillary ligand design aims to control the metal centre’s formal 

oxidation state, geometry, and coordination number, while influencing steric bulk about 

the active site to modulate selectivity. Over the last 20–30 years, a wide assortment of other 

tuneable ligand systems has been published and demonstrated to form selective and 

efficient transition metal species for various catalytic processes. The bridged Cp-

containing ligands were first explored in the search for a new generation of olefin 

polymerization catalysts, often referred to as constrained geometry catalysts (CGC, Figure 

1.8).64 
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Figure 1.8 An example of a constrained geometry catalyst (CGC) 

More recently, in the last 15–20 years, the metal–nitrogen bond, as opposed to the 

metal–carbon bond, has been utilized in various chelating ligand systems. The reactivity of 

the resultant transition metal complexes can be modified towards specific applications in 

areas such as organic synthesis,65 homogeneous catalysis66 or small molecule activation.67 

Similarly, the novel class of N-heterocyclic carbenes (NHC, see section 1.6.4) developed 

in the ’90s and early 2000s, also referred to as “phosphine mimics”, were investigated to 

improve upon traditional phosphines. NHCs have since become a pervasive new class of 

compounds in both metal and non-metal catalysts. 

Apart from early transition metals utilized throughout olefin polymerization and 

other catalytic processes, late transition metal catalysts (Ni, Pd, Fe, Ru, Co, Rh, and Cu) 

have gained popularity due to their higher oxidation resistance. Although general trends in 

the reactivity of specific metal complexes are identifiable, no metal nor ligand has universal 

catalytic application. Discovering the optimal combination of reaction conditions, 

substrate, metal centre and ligand is often a matter of exhaustive efforts in systematic 

alterations. 
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1.6.1 β-Diketiminate ‘NacNac’ Ligands 

The ‘NacNac’ ligand class, better known as monoanionic β-diketiminates (BDI), 

has the general form RC(R1C=NR2)2]
–, where R, R1, and R2 are H or aryl or alkyl groups. 

The bonding mode of NacNac ligands typically affords a six-membered metallacyclic ring 

via κ2-N,N′ bidentate coordination (Figure 1.9, top left); however, many other less common 

coordination modes are known (Figure 1.9). These N,N′-chelating ligands have supported 

various transition metals across the periodic table.68 

  

Figure 1.9 Diversity of coordination modes of NacNac ligands in 

mononuclear coordination compounds69 

NacNac ligands offer a vast range of possible electronic and steric modifications 

compared to Cp ligands. Most commonly, the N–R substituents are altered, affecting both 

electronic and steric properties of the ligand;70 however, modifying the ligand backbone 

has also been reported.71-73 Due to the versatility of the β-diketiminates, several s-, p-, d, 

and f-block compounds bearing NacNac ligands have been reported.68,73 However, much 
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work has focused on ligand modification and stoichiometric transformations, while their 

catalytic applications are limited.74 The NacNac motif has been employed in first-row 

transition metals for hydrofunctionalization and ring-opening polymerization reactions.74 

1.6.2 Amidinate and Guanidinate Ligands 

Amidinates and guanidinate ligands (Figure 1.10) are highly accessible and 

versatile. These ligands can formally be regarded as the combination of an amido, and an 

imine donor with the general formula RC(NR1)2 and R2NC(NR1)2, where R is alkyl or aryl 

(Figure 1.10). However, the general ligand systems can be modified in many ways; for 

example, the imine moiety of the amidinate ligand can also be part of an aromatic system, 

such as a pyridine resulting in the well-established aminopyridinate anions.75 

 

Figure 1.10 General structures of amidinate (left) and guanidinate (right) 

ligands 

Both amidinate and guanidinate ligands display three coordination modes. The 

chelating binding mode κ2-N,N’ is the most common, typically exhibiting small bite angles 

around 64° (Figure 1.11, left). Rare examples of κ1-N coordination are known in the 

literature, typically resulting from steric crowding of bulky nitrogen substituents (Figure 

1.11, middle). Amidinate and guanidinate ligands have a propensity for the bridging 

coordination mode when bound to group 11 and divalent metals (Figure 1.11, right).76 



 

19 

 

 

Figure 1.11 Coordination modes of amidinate and guanidinate ligands 

The readily manipulable substituents at carbon and nitrogen allow for tuning of 

steric hindrance and electron density about the metal centre, akin to NacNac ligands. 

However, the impact of a bulky group on the central carbon atom can directly affect the 

metal atoms’ coordination sphere via smaller N–C–N bond angles. Structural modification 

of the carbon and nitrogen substituents to include additional chelating donors has lead to 

diverse coordination of the resultant chelating arm, called hybrid amidinate and 

guanidinates (Figure 1.12).77 Metal complexes bearing hybrid amidinate or guanidinate 

ligands have been applied to various catalytic transformations.77 

 

Figure 1.12 General structures of hybrid amidinate and guanidinate 

ligands 

Due to their accessibility and versatility, amidinate and guanidinate ligands have 

been employed in combination with most periodic table metals. These ligands have been 

commonly used to stabilize higher oxidation states exhibited by early transition metals78 
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and lanthanides.78,79 The most prominent application of amidinates and, to a lesser extent, 

guanidinates, has been to support various group 3 polymerization catalysts.80,81 Amidinate 

ligands have been used to prepare remarkable examples of group 1–2 and main group 

(group 13-15) complexes, typically in the +1 oxidation state. More recently, a large body 

of fascinating research has evolved around amidinate-based cyclic silylenes and 

interconnected bis-silylenes.82  

1.6.3 Pincer Ligands 

Chelating ligands that bind to three coplanar sites on a metal centre meridionally 

are given the moniker “pincer” (Figure 1.13). Pincer ligands can be given the abbreviation 

ECE, where E is the flanking two-electron donor atom, and C is the central anchoring donor 

atom, historically an ipso-carbon atom hence the C notation. However, the ECE notation 

can vary depending on the identity of the central and donor atoms (e.g. CCP, NCN, NNN, 

or CPC).83 The ECE pincer platform provides ample variation of the ligand architecture 

via modification of the E and C donors and the organic linkers between donor atoms.84 

Therefore, systematic manipulation of the electronic and steric properties of the pincer 

ligand architecture can impart a degree of control over the metal centre in the resultant 

complex.83 In homogenous catalysis, pincer ligands have aided in understanding numerous 

catalytic processes,84 yielded complexes with enhanced chemical and thermal stability, as 

well as minimized metal leaching during catalytic transformations.84-86  
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Figure 1.13 General representation of a pincer ligand 

1.6.4 N-Heterocyclic Carbenes 

N-Heterocyclic carbenes (NHCs) have been thoroughly investigated over the last 

two decades due to their strong σ-donating abilities, surpassing phosphine ligands.43 The 

structure of NHCs, most commonly a 5-membered diazaheterocyclic system (Figure 1.14), 

yields numerous structural modification possibilities, thereby allowing for precision 

control of the ligand’s properties towards the metal centre. The nitrogen atoms adjacent to 

the central carbenic atom stabilize this structure by donating electron density into the 

vacant orbital on the carbenic atom (Figure 1.14), a phenomena that is enhanced via the 

use of electron-withdrawing nitrogen substituents.45,87 When the backbone of an NHC 

features an alkene, the carbene is also stabilizes via aromatic electron stabilization (6π–

electron delocalization) and favours the singlet state as it is forced into a planar, more sp2–

like arrangement.45,87  

 

Figure 1.14 Structure of an NHC (left) and bonding diagram (right) to explain the 

stabilizing effect of the adjacent nitrogen atoms 
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Originally NHCs were referred to as phosphine mimics, but they have since 

outmatched phosphines in numerous key areas beyond σ-donation, such as steric bulk and 

tunability. The wedge-shaped steric demand of NHCs minimizes clashing with other bulky 

ligands and provides more shielding around the metal centre, unlike the cone-shaped bulk 

of phosphine ligands.43,45 The steric and electronic properties of NHCs are independently 

varied through modification of the nitrogen substituents, backbone functionality or 

heterocycle class (5, 6, 7 or 8 membered ring) via numerous well-established synthetic 

routes, whereas varying the substituents on a phosphine ligand inevitably affects both the 

steric and electronic parameters.43,45 For example, numerous substituted, chelating, pincer 

NHC complexes have been reported and employed as ancillary ligands for a variety of late 

and heavy transition metals for multiple chiral and non-chiral catalytic transformations 

such as cycloisomerization, hydrosilylation, cyclopropanation, enol-ester synthesis, C–C 

alkyne coupling, allylation and desilylation.88 

1.7 Applications of Ligand Design: Phosphorus–Nitrogen Units 

Research in the last 30 years has heavily focused on the design and application of 

amido-based ligands and complexes thereof.64,89,90 In the last 15 years, the incorporation of 

phosphorus into ancillary ligands via phosphinimine moieties (R2P=NR1) has grown 

substantially, yielding diverse coordination modes and reactivity.91 Examples of such 

ligands are phosphoraneiminates [R3P=N]–,92 phosphinimines (R2P=NR1),93 

bis(phosphinimino)methanides [CH(Ph2P=NR)2]
–,94 bis(phosphinimino)methanediides 

[C(Ph2P=NR)2]
2–,94 and iminophosphonamides [(R2P(NR1)2]

–.95  
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1.7.1 Imines (C=N) Versus Phosphinimines (P=N)  

Although structurally analogous to imines (R2C=NR1), phosphinimines, also 

known as iminophosphoranes (R3P=NR1, see Figure 1.15), are much stronger electron 

donors96 due to enhanced ylidic character. These functional groups can be depicted as 

lacking a formal P=N double bond, where instead, formal charges are placed on the P and 

N atoms (Figure 1.15). Within this thesis, however, phosphinimines will be portrayed akin 

to imines (Figure 1.15, middle structure), since P=N multiple bond character has been 

shown to exist.96 

 

Figure 1.15 Comparison of the resonance structure(s) of imine and 

phosphinimines 

Generally, phosphinimines are not π-accepting, unlike their imine analogous. 

Instead, they act as both σ and π donors via the lone pair(s) on nitrogen.97 Compared to 

imines, phosphinimines are typically stable under strongly reducing conditions and less 

prone to nucleophilic attack.97 The phosphorus atom in a phosphinimine moiety is sensitive 

to changes within its chemical environment, akin to phosphine ligands, meaning that 31P 

NMR spectroscopy (spin ½, 100% abundant nucleus) is a vital tool to determine when the 

phosphinimine is coordinated to a metal centre, via significant shifts observed in the 31P 
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NMR spectrum. 31P NMR spectroscopy can also be used to gain insights into catalytic 

mechanisms via spectroscopically observable catalytic intermediates.91 

1.7.2 The Syntheses of Phosphinimines 

1.7.2.1.1 Kirsanov Synthesis 

One synthetic route to a phosphinimine is the Kirsanov reaction,98 which involves 

the addition of a phosphine to elemental bromine, forming a bromide salt ([R3PBr][Br]). 

Excess primary amine is added to the bromide salt, forming the target phosphinimine and 

ammonium salt byproduct (Scheme 1.5). Isolation of the phosphinimine is achieved 

through standard filtration techniques. 

 

Scheme 1.5 An example of a Kirsanov reaction that generates a 

phosphinimine 

1.7.2.1.2 Staudinger Synthesis 

The Staudinger reaction99 employs an organic azide and phosphine to generate the 

desired phosphinimine (Scheme 1.6).100,101 The phosphazide (R3P–N3–R1) intermediate is 

generated in the first step of the Staudinger reaction in the absence of water. The 

phosphazide then rapidly cyclizes to extrude dinitrogen (N2) gas to form a phosphinimine 

(Scheme 1.6). This highly selective process requires minimal to no purification, as the only 

byproduct is N2 gas. Since organic azides are continuously becoming more synthetically 
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viable with more cost-effective reagents and increasingly safer reaction conditions, the 

Staudinger reaction has become the more favoured of the two synthetic routes. However, 

the Kirsanov reaction is employed when no organic azide is on hand, or the phosphine is 

too sterically hindered to form the 4-membered cyclic phosphazide intermediate required 

to extrude N2 (Scheme 1.6). 

 

Scheme 1.6 An example of a Staudinger reaction that generates a 

phosphinimine 

Phosphinimine moieties can also be attached to larger ligand scaffolds by 

substituting one R group on phosphorus or nitrogen with an organic linker, thus having the 

phosphinimine employed as a chelating donor arm. If the phosphinimine is bound to the 

linker at the phosphorus atom, the ligand is given the moniker endo; otherwise, the linking 

fragment is bound to the nitrogen and classified as exo (Figure 1.16). However, most 

literature publications have focused on endo-phosphinimines.91  

 

Figure 1.16 General structural examples of endo (left) and exo (right) phosphinimines 
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1.7.3 [CH(Ph2P=NR)2]– and [C(Ph2P=NR)2]2– Ligands 

The deprotonated derivatives of the common class of bisphosphinimines, 

CH2(PPh2NR2)2, the monoanionic bis(phosphinimine)methanides [CH(Ph2P=NR)2]
– and 

the dianionic bis(phosphinimine)methanediides [C(Ph2P=NR)2]
2– have drawn the attention 

of several research groups due to their unusual coordination modes (Figure 1.17).102,103  

 

Figure 1.17 Primary coordination modes of [CH(Ph2P=NR)2]
– (left), and 

[C(Ph2P=NR)2]
2– (right) to a metal centre 

The monoanionic methanide species has been employed as a ligand with various 

transition and main group metals.104 The implementation of these ligands in catalysis is 

sparse, with examples of lanthanide complexes acting as precatalysts for intramolecular 

hydroamination reactions.102 However, direct comparison to the carbon analogue, NacNac 

[H2C(RCNR1)2]
–, is difficult due to the coordination mode of 

bis(phosphinimino)methanides having increased metal-to-central carbon atom interactions 

(Figure 1.17, left). The central carbon atom is deprotonated to generate the 

bis(phosphinimine)methanide ligand salt, thereby leading to stronger carbon-to-metal 

interactions. In contrast, the NH of a neutral NacNac (H2C(RC=NR1)(RC–NHR1)) 

undergoes deprotonation to generate the ligand salt, resulting in minimal to no carbon-to-

metal interaction. The dianionic methanediides have the propensity to form stable carbene-
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like complexes with numerous transition metals and actinides (Figure 1.17, right).105 

Methanediides complexes are known to undergo stoichiometric 1,2-addition or [2+2] 

cycloadditions across the M=C carbene-like bond, thereby reducing the M–C bond order. 

Notably, there are no reports of any methanediides species applied to a catalytic process.94 

1.7.4 Metal-Ligand Cooperation of Phosphinimine Ligands 

Work from the Hayes group has employed tridentate NNN-pincer ligands bearing 

multiple phosphinimine groups, where the phosphinimine nitrogen atoms aid the metal 

centre through metal-ligand cooperation. The strongly donating phosphinimine ligands 

help dehydrogenate primary and secondary silanes at rhodium, generating an isolable base-

stabilized rhodium silylene (Scheme 1.7).106 Further studies by the group revealed similar 

reactivity prevails with MesBH2.
107  

 

Scheme 1.7 Formation of rhodiumI silylenes by a dehydrogenative process 

1.7.5 Phosphazides (R3P=N3–R1) 

The intermediate phosphazide (R3P=N3–R1) generated in the Staudinger reaction is 

prone to eliminating dinitrogen (N2) gas. As a result, phosphazides are often thought of as 

transient species.108 The extrusion of N2 is a highly favoured process requiring the 
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phosphazide to adopt a cis conformation, which then cyclizes, generating a four-membered 

transition state that can release N2 (Scheme 1.8). Most reported phosphazides in the 

literature adopt the trans conformation, as the energy barrier to dinitrogen elimination is 

substantially higher.109-112 

 

Scheme 1.8 An example Staudinger reaction showing the two conformers 

of a phosphazide  

Reported cases of stabilized phosphazides have utilized sterically bulky 

substituents on both phosphorus and nitrogen to hinder cyclization (Scheme 1.8).111 

Additional methods of phosphazide stabilization have sought to favour the trans isomer 

over the cis by including electron-donors on P and electron-withdrawing groups on N.111 

However, a more common method of stabilization is coordination of the phosphazide 

nitrogen atom(s) to a metal centre or Lewis acid.113 Phosphazide ligands are quite scarce 

in the literature, only gaining some popularity in the past ten years.114-116 The ability of 

these ligands to adopt one of several coordination modes, due to the three different 

coordinating nitrogen atoms, could lead to diverse and intriguing reactivity in transition 
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metal chemistry and catalysis. There has yet to be a reported case of phosphazide ligands 

applied to a catalytic process. Recently, the Hayes group demonstrated the ability of a 

phosphazide-supported thorium complex to capture and functionalize CO2 via a stepwise 

process,117 thereby exhibiting the promising applications of phosphazide ligands. 

1.8 Iminophosphonamide Ligands 

Iminophosphonamide ligands are the phosphorus analogue of amidinate ligands 

described in section 1.6.2. These ligands can formally be regarded as a combination of an 

amido and a phosphinimine donor with the general formula R1
2P(NR)2, R1 is almost 

exclusively aryl, and R is alkyl or aryl (Figure 1.18). Akin to phosphinimines, the 

phosphorus atom in iminophosphonamides serves as a spectroscopic marker, allowing for 

convenient monitoring of reactions. At a glance, the coordination of these 

iminophosphonamides can be expected to be similar to amidinates. However, the 

respective E–N bond lengths and N–E–N bite angles where E = C or P differ substantially, 

impacting the chemical behaviour of the corresponding coordination compounds. The 

iminophosphonamide ligand system has two resonance forms. The negative charge of the 

ligand can be delocalized between the N atoms, similar to amidinate ligands (Figure 1.18, 

middle). Iminophosphonamides are also known to exhibit formal amido and 

phosphinimine behaviour (Figure 1.18, right).118 
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Figure 1.18 Structure of amidinates and iminophosphonamides and their resonance 

forms 

Iminophosphonamides exhibits two degenerate HOMO orbitals with 

either C2 or Cs symmetry (Figure 1.19, top).119 Akin to β-diketiminate complexes; the Cs 

HOMO of iminophosphonamides can effectively donate π-electron density from N towards 

the dxz-orbital on the metal (Figure 1.19, top and middle). In contrast, the C2 symmetric 

orbitals only allow for lateral metal coordination, as observed with amidinate ligands 

(Figure 1.19, bottom). The lateral coordination of amidinate ligands weakens the M–N σ-

bond and thus inefficiently stabilizes 16e–, MII divalent complexes, explaining the ligand’s 

propensity to form stable bimetallic bridging-amidinate complexes wherein one ligand 

binds κ1-N to each metal centre (Figure 1.11, right).119 



 

31 

 

 

Figure 1.19 Schematic drawing of the HOMO orbitals of iminophosphonamides (top), 

β-diketiminate (middle), and amidinate (bottom) ligands π-bonding with a metal dXZ 

orbital  

The iminophosphonamide ligand framework has been utilized to generate various 

transition metal and main group element compounds. Catalytic investigations of 

iminophosphonamido complexes have been mainly limited to the polymerization of 

various olefins with lanthanide, group 3–4 metals and select first-row transition metals.120-

124 The Kalsin group has begun to investigate half-sandwich RuII iminophosphonamido 

complexes for transfer hydrogenation.125 
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1.9 Project Aims 

1.9.1 Chapter 2 Goals and Accomplishments 

No reports of a rhodium or iridium complex bearing an iminophosphonamido 

ligand are known; despite the heavier group 9 metals forming important complexes used 

in various catalytic processes. This chapter aimed to generate IrI, and RhI complexes 

bearing iminophosphonamide ligands (Scheme 1.9), and scope their reactivity towards the 

activiation of small molcules. The common Mes and the yet-to-be-reported adamantyl (Ad 

or C10H15) substituted iminophosphonamide ligands were chosen to generate the target IrI, 

and RhI complexes; thereby, allowing for some insight into the electron impact of the 

ligand’s nitrogen substituents on the resultant IrI, and RhI complexes reactivity. The metal 

dimer [MCl(COD)]2 was utilized as it was both readily available in the lab and is 

commonly used as a starting metal source for in situ preparation of many RhI catalysts.18  

 

Scheme 1.9 Proposed general synthesis for iminophosphonamido bearing RhI and IrI 

COD complexes 
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The resultant RhI and IrI complexes, with the general formula 

[Ph2P(NR)2]M(COD), were then reacted stoichiometrically to exchange the COD group on 

the metal centre for various other ligands. Initially carbon monoxide was chosen to probe 

the viability of replacing the COD ligand, and to scope the electron-donor properties of the 

iminophosphonamide via measuring and comparing the Tolman electronic parameter 

(TEP) of the resultant dicarbonyl species [Ph2P(NR)2]M(CO)2. The reaction chemistry of 

the RhI and IrI iminophosphonamido complexes was then probed via stoichiometric 

reactions with H2 in an attempt to generate a corresponding dihydride [Ph2P(NR)2]M(H)2, 

an intermediate of hydrogenation. The iminophosphonamido complexes were also reacted 

with various silanes in attempts to form a silyl hydride species [Ph2P(NR)2]MH(SiR3), an 

intermediate in Chalk-Harrod hydrosilylation. 

1.9.2 Chapter 3 Goals and Accomplishments 

Recent work by Hayes et al. demonstrated a stepwise synthetic cycle of CO2 

functionalization mediated by a diphosphazide-supported thorium complex. Partial 

dissociation of the phosphazide moieties within the trialkyl ThIV complex, from a κ2-Nα,Nγ 

to a κ1-Nα coordination mode, is vital to the insertion of CO2 (Scheme 1.10).117 Despite this 

recent insight from the Hayes group, phosphazide ligands have yet to be applied to any 

catalytic processes. It is postulated that the unique coordinative versatility of phosphazides, 

and their ability to access a variety of coordination modes, due to the three donor nitrogen 

atoms, could prove beneficial in catalytic transformations where dissociation or association 

of a ligand (an N atom in this case) is important in the catalytic cycle.117 
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Scheme 1.10 Stepwise functionalization of CO2 mediated by a diphosphazide-

supported thorium complex117 

An azidophosphonamide, [R2P(N3R
1)(NR1)]– ligand, the phosphazide analogue of 

an iminophosphonamide ligand (R2P(NHR1)(NR1)), wherein the phosphazide group 

(PN3R
1) is retained from an arrested Staudinger reaction, was reported by the Stasch group 

in 2015, albeit as a minor co-crystallized impurity (Figure 1.20).127  

  

Figure 1.20 Structure of co-crystallized azidophosphonamido and 

iminophosphonamido lithium salt127
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This chapter aimed to generate IrI, and RhI complexes bearing 

azidophosphonamido ligands [Ph2P(N3R)(NR)]M(COD) (M = Rh or Ir), analogous to the 

iminophospohnamido spcies [Ph2P(NR)2]M(COD) isolated in chapter 2. The effect of the 

phosphoazide functional group on the reaction chemistry of the resultant 

azidophosphonamido complex was then examined.  

Electronic factors, such as strong electron donors on phosphorus or electron-

withdrawing groups on nitrogen have been shown to destabilize the cyclization of a 

phosphazide, thereby preventing N2 extrusion to the phosphinimine while increasing the 

likelihood of stabilizing a phosphazide in the trans conformation.111 Therefore, relatively 

more electron-donating isopropyl phosphorus substituents (instead of phenyl groups) were 

chosen to generate this new family of azidophosphonamide ligands. The proposed 

synthetic route to azidophosphonamide ligands is analogous to the synthesis of aryl-

substituted iminophosphonamides, where the R-substituted phosphonamide is reacted with 

an organic azide via an arrested Staudinger reaction (Scheme 1.11). It was postulated that 

access to an iminophosphonamide would be readily achieved via extrusion of N2 upon 

heating of the azidophosphonamide (Scheme 1.11). Both the neutral iminophosphonamide 

and azidophosphonamide would then undergo deprotonation with nBuLi to yield lithium 

salts of said ligands (Scheme 1.11). 
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Scheme 1.11 Proposed synthetic route to alkyl-substituted azido- and imino-

phosphonamide ligands 

The resultant azidophosphonamides or azidophosphonamido-metal salts, however, 

were proven to be remarkably thermally robust, showing no sign of N2 loss when heated 

to 100 °C for numerous days. Thus, only the azidophosphonamide RhI and IrI complexes 

[iPr2P(N3R)(NR)]M(COD) were generated via salt metathesis reactions (Scheme 1.12).  

 

Scheme 1.12 Proposed general synthesis for alkyl-substituted azido- and 

imino-phosphonamido RhI and IrI COD complexes 
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1.9.3 Chapter 4 Goals and Accomplishments 

The mesityl-substituted azidophosphonamide RhI and IrI species 

[iPr2P(N3Mes)(NMes)]M(COD) obtained in chapter 3 demonstrated interesting thermally 

or photochemically-induced linkage isomerization of the phosphazide functionality 

(Scheme 1.13), a remarkably rare phenomenon in the literature. 

 

Scheme 1.13 Thermally or photochemically induced linkage isomerism of the 

phosphazide moiety exhibited by the mesityl-substituted azidophosphonamido 

complexes 

The substitution of the COD ligands within the azidophosphonamido RhI and IrI 

complexes [iPr2P(N3R)(NR)]M(COD) was demonstrated via generation of the dicarbonyl 

species [iPr2P(N3R)(NR)]M(CO)2, allowing for direct comparison with the 

iminophosphonamido species in chapter 2 [Ph2P(NR)]M(CO)2 to the azidophosphonamide 

via the change in the infrared C≡O stretching frequency. The azidophosphonamido 

complexes were then reacted with H2 and various silanes in an attempt to generate 

dihydride [iPr2P(N3R)(NR)]M(H)2 and silyl hydride species [iPr2P(N3R)(NR)]MH(SiR3), 

respectively. 
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CHAPTER 2: INVESTIGATIONS INTO IMINOPHOSPHONAMIDE Rh 

AND Ir COMPLEXES 

2.1 Overview: Iminophosphonamide Ligands  

Iminophosphonamides are the phosphorus analogous of the well-known amidinate 

ligand family (Figure 2.1, left).128 Also referred to as NPN ligands, iminophosphonamides 

have the general formula R2P(NR1)2, where R is almost exclusively aryl, and R1 can be an 

alkyl or aryl group. These ligands formally contain both an amido and phosphinimine 

donor, exhibiting two key resonance structures due to the polarizable P=N moiety (Figure 

2.1, right).118 The substitution of carbon (in amidinates) for phosphorus (in 

iminophosphonamides) yields considerably longer bond lengths and larger bite angles. 

However, iminophosphonamido ligands have only been studied sporadically, and catalytic 

investigations have been limited to lanthanide, group 3-4 metals and select first-row 

transition metals.120-124,129 

  

Figure 2.1 Resonance forms of amidinate and iminophosphonamide ligands 

The phosphorus atom in iminophosphonamides also serves as a spectroscopic 

“marker” due to the spin ½, 100% abundant 31P nucleus. The 31P nucleus is sensitive to 
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changes in its environment, exhibiting large changes in chemical shifts upon coordination 

of the nitrogen atom to a metal centre.91 Therefore, 31P NMR spectroscopy can be 

conveniently used to monitor chemical transformations and is helpful when identifying 

reaction intermediates and products.  

2.1.1 Group 1 and 2 Metal Iminophosphonamido Complexes 

Treatment of a neutral iminophosphonamide with an alkali metal base, such as 

nBuLi, NaH, NaHMDS, KH, or KHMDS, leads to the corresponding alkali metal complex. 

Structural investigation of reported group 1 iminophosphonamido complexes demonstrates 

that the aggregation state of said metal species depends on the N-substituents and ionic 

radius of the central metal atom. For example, the potassium salt [K(Ph2P(NDipp)2)]n is 

polymeric while the lithium analogue (THF)Li[(Ph2P(NDipp)2)] is monomeric.127 Alkali 

metal iminophosphonamide species are useful precursors for salt metathesis reactions, 

which transfer the ligand to another central atom (Figure 2.2, left).130 However, the group 

2 species themselves, for example, the enantiopure calcium iminophosphonamido 

complexes [Ph2P(N-R-CHMe(naphthyl))2]2Ca, have exhibited rich photoluminescence 

properties and have been employed as hydroboration catalysts (Figure 2.2, right).131  
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Figure 2.2 Salt metathesis reaction using an alkali metal iminophosphonamide 

species130 (left); an enantiopure calcium complex131 (right) 

2.1.2 Early Transition Metal and Lanthanide Iminophosphonamido Complexes  

Iminophosphonamido lanthanide and group 3-4 metals complexes are more scarce 

in the literature than analogous amidinate species.118 Lanthanide iminophosphonamido 

complexes, where M = Y, Sm, Ho, Yb and Lu, have mainly been investigated as catalysts 

in olefin polymerization (Figure 2.3, left).120 These complexes, due to their different and 

sterically demanding nitrogen substituents, favour high 3,4-regio- and stereoselectivity and 

trans-selective isoprene polymerization.120 Group 4 half-sandwich complexes bearing 

iminophosphonamide ligands have also been employed for ethylene polymerization 

(Figure 2.3, right).124  

 

Figure 2.3 Group 3 and 4 iminophosphonamide polymerization catalysts120,124 
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2.1.3 First Row Transition Metal Iminophosphonamido Complexes  

Investigations into the catalytic activity of iminophosphonamido complexes have 

been mostly limited to first-row transition metals, including chromium (Figure 2.3, left),121 

nickel (Figure 2.3, top right),122 and copper (Figure 2.3, bottom right).123 Such species have 

found application in olefin oligomerization,121 polymerization122 and cyclopropanation.123  

 

Figure 2.4 First-row transition metal iminophosphonamide catalysts121-123 

2.1.4 Late Transition Metal Iminophosphonamido Complexes  

A few iminophosphonamido complexes featuring heavier metals, such as 

palladium132,133 and ruthenium,119 have been reported by the Kalsin group. Initially, in 

2014, their investigations focused on the palladium complex [(Ph2P(N-4-

COOEtC6H4)2)PdC3H5], shown to be active for Tsuji-Trost and Suzuki-Miyaura reactions 

(Figure 2.5, left).133 Later, in 2016, Kalsin et al. changed tactics, reporting the half-

sandwich 16e– RuII complex [(Ph2P(NTol)2)RhCpCl] (Figure 2.5, right). The ruthenium 

complex was employed as a catalyst for ring-opening polymerization,119 and later for 

transfer hydrogenation.125 Further computational mechanistic studies of the transfer 
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hydrogenation catalytic cycle suggested two distinct pathways; the route the RuII catalyst 

employs depends on the basicity of the nitrogen atoms, controlled by altering the N–

substituents (R = Tol or Me).134 Despite the recent insights provided by the Kalsin group 

into late transition metal iminophosphonamido complexes, the literature reveals a distinct 

lack of Rh and Ir complexes bearing said ligands. 

 

Figure 2.5 Late transition metal iminophosphonamido complexes reported 

by Kalsin et al.125,132,134 

The lack of heavy group 9 iminophosphonamido complexes is surprising given the 

ubiquity of rhodium and, to a lesser extent, iridium, in various catalytic processes, namely, 

cycloaddition, C−H insertion, hydrogenation and hydrofunctionalization reactions.19 

Access to a low-coordinate 14-electron metal species is key to many catalytic processes, 

including hydrosilylation and hydrogenation. In olefin metathesis, alkene dissociation is a 

key step in generating the reactive 14-electron catalytic intermediate. Therefore, a square 

planar RhI or IrI complex bearing an alkene ligand was targeted, as the alkene was predicted 

to be labile. The metal dimers [MCl(COD)]2 (COD = cyclooctadiene, M = Rh, Ir) are 

commonly used starting materials and are readily available.18 The COD ligand can often 

be replaced by other donors. 
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2.2 Synthetic Routes to [Ph2P(NR)2]– Ligands 

Much like phosphinimines, iminophosphonamides can be generated by Kirsanov 

and Staudinger protocols.118 The latter route is more prevalent in the literature, as it allows 

for greater versatility in altering the substituents on nitrogen.  

The 2,4,6-trimethylphenyl (Mes) substituted iminophosphonamide ligand I 

Ph2P(NHMes)(NMes) was chosen as the only reported group 9 iminophosphonamido 

complex, Co[Ph2P(NMes)2]2,
126 bears the same Mes-substituted ligand and therefore 

allows for some comparison of metal-to-ligand metrical parameters. The route to generate 

the Mes-substituted neutral ligand I [Ph2P(NMes)(NHMes)] and the lithium salt II 

Li[Ph2P(NMes)2],
127 have been reported by Stasch et al.127 (Scheme 2.1).  

 

Scheme 2.1 Synthesis of Mes-Substituted iminophosphonamido lithium salt 

Li[Ph2P(NMes)2]
127 

In line with the principles of ligand design, alkyl substituents on nitrogen were also 

targeted to vary the electronic properties of the metal centre and observe any impacts this 

change may have on the reactivity of the resultant iminophosphonamido complexes. 

However, using ubiquitous groups, such as tBu and SiMe3, requires the organic azides 

tBuN3 and Me3SiN3 (also known as TMSN3).
118 Organic azides are especially sensitive to 

violent, potentially explosive decomposition caused by external energy sources, including 
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light, heat, friction, and pressure.135,136 These two organic azides (tBuN3 and Me3SiN3) have 

low C:N ratios (see note in section 6.1.3) that render them potentially hazardous and 

impractical for large-scale synthesis.135 Instead, adamantyl (Ad, C10H15) azide was chosen 

because of its higher C:N ratio of 3.4. Adamantyl groups exhibit similar steric bulk and 

electronic influence to tBu, as demonstrated through model phosphine ligands PR3 where 

R = Ad or tBu.137 An analogous synthetic route to Scheme 2.1 was therefore proposed to 

generate the yet-to-be-reported Ad-substituted iminophosphonamide 1, 

Ph2P(NHAd)(NAd), and the corresponding iminophosphonamide lithium salt 2, 

Li[Ph2P(NAd)2] (Scheme 2.2).  

 

Scheme 2.2 Synthesis of 1 and 2 

Note: The roman numerals I and II are used to describe the known mesityl-

substituted iminophosphonamide compounds I [Ph2P(NMes)(NHMes)] and II 

Li[Ph2P(NMes)2] which were prepared according to literature procedures,127 while the 

analogous adamantyl-substituted ligands 1, Ph2P(NHAd)(NAd), and 2, Li[Ph2P(NAd)2] 

are denoted with Arabic numerals as their isolation and characterization are discussed 

within this work. 
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2.2.1 Synthesis of Ph2P(NHAd)(NAd), (1) 

The Staudinger reaction, to generate the neutral iminophosphonamide 1, 

Ph2P(NHAd)(NAd)), required heating for 16 h at 70 °C to reach completion, presumably 

due to the steric bulk and electronic impacts of the Ad groups, compared to the planar, 

electron-withdrawing Mes substituents in I, Ph2P(NHMes)(NMes), which only required 1 

h at 60 °C.127 The 31P{1H} NMR chemical shift of 1, Ph2P(NHAd)(NAd), at δ –22.4, is 

lower in frequency than that observed for I, Ph2P(NHMes)(NMes), δ –16.7.127 This 

difference is attributed to the electron-donating adamantyl substituents on the nitrogen 

atoms. In the 1H NMR spectrum of 1, Ph2P(NHAd)(NAd), the Ad–CH and Ad–CH2 

protons are magnetically inequivalent, displaying several overlapping resonances ranging 

from δ 2.16 to δ 1.45. Light yellow crystalline needles of 1 were grown over 3 days from 

a saturated benzene solution at ambient temperature. The iminophosphonamide neutral 

ligand was found to crystallize within the common P–1 space group (Figure 2.6). 

 

Figure 2.6 X-ray crystal structure of 1 depicted as 50% displacement ellipsoids. 

Hydrogen atoms (except H1) are omitted for clarity 
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The bulk of the Ad groups pushes the two phenyl substituents on phosphorus 

together as indicated by the Ph–P–Ph bond angle of 1, 102.58(9)° in Table 2.1, which is 

much smaller than that in I, 108.19(3)°.127 However, the N1–P–N2 bond angle is mainly 

unaffected (1, 121.926(9)° vs I, 120.87(2)).127 

Table 2.1 Selected bond distances (Å) and angles (°) for compound 1 

Atoms Distance (Å) Atoms Angle (°) 

P–N1 1.6158(17) P–N1–C1 126.16(13) 

P–N2 1.6064(17) C1–N1–H1 116.9(2) 

N–C1 1.479(2) H1–N1–P 116.9(2) 

N–C11 1.479(2) C11–N2–P 127.57(13) 

P–C21 1.819(2) N1–P–N2 121.96(9) 

P–C27 1.8199(19) C21–P–C27 102.58(9) 

 

2.2.2 Synthesis of Li[Ph2P(NAd)2], (2) 

The conversion of 1, Ph2P(NHAd)(NAd), to the lithium salt 2, Li[Ph2P(NAd)2], 

required the use of tBuLi to deprotonate the N–H bond. Complex 2 exhibits chemical 

inequivalence of the adamantyl methylene and methine protons on the 1H NMR timescale. 

The lithium salt 2 exhibits a similar chemical shift to Mes-substituted II, 

Li[Ph2P(NMes)2],
127 in both the 31P{1H} (2 δ –2.3 and II δ –3.0)127 and 7Li NMR spectra 

(2 δ 0.9 and II δ 2.9)127. Complex 2, Li[Ph2P(NAd)2], is only isolable as a THF adduct; 
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coordinated THF is observed in the 1H and 13C{1H} NMR spectrum. Numerous attempts 

to crystallize the salt 2 have proven unsuccessful.  

2.3 Synthesis of Iminophosphonamido RhI Complexes 

The desired RhI cyclooctadiene (COD) complexes 3, [Ph2P(NMes)2]Rh(COD), and 

4, [Ph2P(NAd)2]Rh(COD), were generated via a salt metathesis reaction between the 

lithium iminophosphonamide salts II, Li[Ph2P(NMes)2]
127 and 2, Li[Ph2P(NAd)2] and half 

an equivalent of [ClRh(COD)]2 (Scheme 2.3). The mesityl-substituted complex 3, 

[Ph2P(NMes)2]Rh(COD), can be readily generated in aromatic solvent within 5 min. The 

adamantyl complex 4, [Ph2P(NAd)2]Rh(COD), requires heating at 60 °C for 1 h; further 

heating results in a slow decomposition to Rh black and the degradation product 1, 

Ph2P(NHAd)(NAd) as indicated via 31P{1H} NMR spectroscopy. Removing benzene in 

vacuo affords the target complexes as bright yellow powders in 90% (3) and 61% (4) yield. 

 

Scheme 2.3 Synthesis of iminophosphonamido-rhodium COD complexes 3 and 4 
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2.3.1 Characterization of [Ph2P(NR)2]Rh(COD) where R = Mes (3) and R = Ad (4) 

The Mes complex 3, [Ph2P(NMes)2]Rh(COD) exhibits a notably more upfield 

signal in the 31P{1H} NMR spectrum (δ 24.5) than the Ad analogue 4, 

[Ph2P(NAd)2]Rh(COD), (δ 50.0). As expected, all 31P resonances display coupling to 

103Rh, 2JRhP = 13.8 Hz (3) and 2JRhP = 11.8 Hz (4). In the 1H NMR spectra of both 

complexes, the substituents on nitrogen display one set of resonances. Similarly, the COD 

ligand exhibits a single methine (CH) resonance (δ 3.52 (3) and 4.95 (4)) in the 1H NMR 

spectrum, and two distinct methylene (CH2) signals at δ 2.38 and 1.63 for complex 3, and 

at 2.59 and 1.73 for complex 4. 

2.3.1.1 X-ray Crystal Structure of [Ph2P(NMes)2]Rh(COD), (3) 

Yellow plates of 3, [Ph2P(NMes)2]Rh(COD), were grown over 16 h from a 

saturated pentane solution stored at –30 °C. The structure of 3 was confirmed via single-

crystal X-ray diffraction analysis (Figure 2.7). 
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Figure 2.7 X-ray crystal structure of 3 depicted as 50% displacement ellipsoids. 

Hydrogen atoms are omitted for clarity 

The coordination environment about Rh is predictably distorted square planar, τ4 = 

0.27, attributed to the small N–Rh–N bite angle of 71.72(8)°. By comparison, the 

aforementioned CoII complex, Co[Ph2P(NMes)2]2,
126 adopts a distorted tetrahedral 

geometry (τ4 = 0.76). The two P–N bond distances in 3, [Ph2P(NMes)2]Rh(COD)) are 

similar to each other, 1.606(2) and 1.603(2) Å (Table 2.2), indicating delocalization of the 

ligand’s anionic charge (left resonance structure in Figure 2.1). By contrast, the P–N bond 

lengths in Co[Ph2P(NMes)2]2 are distinctly different (1.657(1) and 1.536(1) Å),126 

suggesting localization of the ligands charge on one nitrogen atom (right resonance 

structure in Figure 2.1). Expectedly, the Rh–N bond distances (2.106(2) and 2.0814(19) Å) 

are longer in 3 by 0.5 Å than the Co–N bonds (2.015(4)-2.038(3) Å) in 

Co[Ph2P(NMes)2]2,
126 due to the larger atomic radius of Rh (1.83 Å) compared to Co (1.67 

Å).  
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Table 2.2 Selected bond distances (Å) and angles (°) for compound 3 

Atoms Distance (Å) Atoms Angle (°) 

Rh–N1 2.106(2) N1–Rh–N2 71.72(8) 

Rh–N2 2.0814(19) C32–Rh–N2 96.79(9) 

N1–C1 1.415(3) C35–Rh–N1 97.91(9) 

N2–C22 1.412(3) C31–Rh–N2 101.88(9) 

P–C10 1.821(2) C32–Rh–N1 101.88(9) 

P–C16 1.807(3) C36–Rh–C31 82.19(10) 

P–N1 1.606(2) C35–Rh–C32 82.60(10) 

P–N2 1.603(2) N1–P–N2 99.72(11) 

Rh–C31 2.120(2) C10–P–C16 103.89(12) 

Rh–C32 2.106(3)   

Rh–C35 2.122(2)   

Rh–C36 2.114(2)   

 

2.3.1.2 X-ray Crystal Structure of [Ph2P(NAd)2]Rh(COD)•1.5C6H6 (4) 

Crystals of 4, [Ph2P(NAd)2]Rh(COD)•1.5C6H6, suitable for X-ray 

diffraction analysis, were grown over one week from a saturated 1:1 solution of 

benzene and pentane at ambient temperature. The asymmetric unit contains one and 

a half solvent molecules of benzene and one molecule of 4 (Figure 2.8). Akin to 3, 

[Ph2P(NMes)2]Rh(COD), complex 4 exhibits distorted square planar geometry (τ4 
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= 0.25) and a small bite angle (71.71(6)°). The box-like steric impact of the 

adamantyl groups was observed through larger R–N bond distances in 4 where R = 

Ad (1.478(2) and 1.482(2) Å, Table 2.3) compared to 3 where R = Mes in (1.415(3), 

1.412(3) Å, Table 2.2), a difference of ~0.06 Å. As a result, the adamantyl 

substituents in 4 are held further away from the nitrogen they are directly bound to, 

which allows for an increase in the Ph–P–Ph angle in 4, [Ph2P(NAd)2]Rh(COD), 

(108.51(8)°) compared to 3, [Ph2P(NMes)2]Rh(COD), (103.89(12)°). 

 

Figure 2.8 X-ray crystal structure of 4•1.5C6H6 depicted as 50% displacement 

ellipsoids. Hydrogen atoms and solvent molecules are omitted for clarity 
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Table 2.3 Selected bond distances (Å) and angles (°) for compound 4 

Atoms Distance (Å) Atoms Angle (°) 

Rh–N1 2.1273(14) N1–Rh–N2 71.71(6) 

Rh–N2 2.1176(15) C40–Rh–N2 99.44(6) 

N1–C1 1.478(2) C36–Rh–N1 97.93(6) 

N2–C23 1.482(2) C33–Rh–N2 101.53(6) 

P–C11 1.8220(18) C37–Rh–N1 102.02(6) 

P–C17 1.8259(18) C36–Rh–C33 80.35(7) 

P–N1 1.6157(15) C37–Rh–C40 81.17(7) 

P–N2 1.6103(15) N1–P–N2 100.69(8) 

Rh–C33 2.1256(17) C11–P–C17 108.51(8) 

Rh–C36 2.1104(18)   

Rh–C37 2.1219(18)   

Rh–C40 2.1084(17)   

 

2.4 Reactivity of RhI Iminophosphonamido Complexes Toward Small Molecules 

As complexes 3, [Ph2P(NMes)2]Rh(COD), and 4, [Ph2P(NAd)2]Rh(COD), 

represent a new class of organorhodium iminophosphonamide species, their reactivity 

toward small molecules was investigated. 
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2.4.1 Reactions of RhI Iminophosphonamido Complexes with CO 

Incorporating a CO ligand into a metal complex can help gauge the electronic 

impact of ligand variation on the metal centre, e.g. different N-substituents on the 

iminophosphonamide. A change in the νCO frequency in the IR spectrum of a complex 

paints a picture of the electronic environment around the metal, where an electronic-rich 

metal centre yields more π backdonation to CO and, consequently, a lower νCO frequency 

stretch. 

Complexes 5 [Ph2P(NMes)2]Rh(CO)2 and 6 [Ph2P(NAd)2]Rh(CO)2 were generated 

via the addition of one atmosphere of CO to a J. Young NMR tube containing the Rh(COD) 

precursor 3 or 4 in benzene-d6 (Scheme 2.4). While the mesityl complex 5 was readily 

generated at ambient temperature within 2 minutes, the adamantyl complex required 20 

minutes to achieve complete conversion. The solutions were then filtered to remove 

insoluble particles, and the residual solvent was removed in vacuo to afford the products 

as brown powders in 91% (5) and 87% (6) yield. 

 

Scheme 2.4 Synthesis of RhI carbonyl complexes 5 and 6 
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The Mes complex 5, [Ph2P(NMes)2]Rh(CO)2, exhibits a significantly more upfield 

signal in the 31P{1H} NMR spectrum (δ 39.8) than the adamantyl analogue 6, 

[Ph2P(NAd)2]Rh(CO)2, δ 49.8. All resonances exhibit coupling to 103Rh, 2JRhP = 15.1 Hz 

(5) and 2JRhP = 10.0 Hz (6). Expectedly, the mesityl-substituted iminophosphonamido 

dicarbonyl complex 5 is shifted further downfield by 15 ppm (δ 39.8) than its COD 

precursor 3, [Ph2P(NMes)2]Rh(COD), (δ 24.5). The adamantyl carbonyl complex 6 

exhibits a minimal downfield chemical shift of 0.2 ppm (δ 49.8) compared to the 31P{1H} 

resonance of the COD precursor 5, [Ph2P(NAd)2]Rh(COD), at δ 50.0. In the 1H NMR 

spectrum, the substituents on nitrogen are magnetically equivalent, displaying a single set 

of resonances. In the 13C{1H} NMR spectra, a doublet (1JRhC = 69.8 Hz for 5 and 1JRhC = 

67.4 Hz for 6) attributed to C≡O was observed for each complex (δ 187 (5) and δ 189 (6)). 

Both complexes exhibit two νCO stretches in their respective IR spectra; 2053, 1996 cm–1 

for 5, [Ph2P(NMes)2]Rh(CO)2 and 2033, 1957 cm–1 for 6, [Ph2P(NAd)2]Rh(CO)2. The 

lower νCO stretching frequency exhibited by 6 indicates that the Rh centre is more electron-

rich due to Ad being more electron-donating than Mes.  

2.4.1.1 X-ray Crystal Structure of [Ph2P(NMes)2]Rh(CO)2, (5) 

Light yellow rectangular crystals of 5 suitable for X-ray diffraction were grown 

over one week from a saturated benzene solution stored at ambient temperature. Two 

independent molecules of 5 are contained within the asymmetric unit; however, only one 

is depicted in Figure 2.9. 
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Figure 2.9 X-ray crystal structure of 5 depicted as 50% displacement ellipsoids. 

Hydrogen atoms and one of the two independent molecules of 5 in the unit cell are 

omitted for clarity 

The geometry at Rh is approximately square planar (τ4 = 0.13) and, notably, less 

distorted than its COD precursor 5, [Ph2P(NMes)2]Rh(CO)2. All P–N bond lengths exhibit 

less phosphinimine-like character, with similar bond distances (1.609(2)-1.614(2) Å), 

indicative of delocalized anionic charge (Figure 2.1). The short carbonyl bond distances 

(1.135(4) and 1.143(4) Å) are diagnostic of a formal C≡O triple bond. Additional bond 

lengths and angles are similar between 5 (see Table 2.4) and the COD complex 3, 

[Ph2P(NMes)2]Rh(COD) (see Table 2.2). 
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Table 2.4 Selected bond distances (Å) and angles (°) for compound 5 

Atoms Distance (Å) Atoms Angle (°) 

Rh–N1 2.085(2) N1–Rh–N2 71.50(9) 

Rh–N2 2.082(2) C1–Rh–N1 98.80(11) 

Rh–C1 1.852(3) C2–Rh–N2 100.76(11) 

Rh–C2 1.863(3) C1–Rh–C2 88.94(13) 

C1≡O1 1.143(4) N1–P–N2 97.12(12) 

C2≡O2 1.138(4) C12–P–C18 101.26(12) 

P–C12 1.811(3)   

P–C18 1.809(3)   

P–N1 1.609(2)   

P–N2 1.614(2)   

N2–C3 1.425(3)   

N1–C24 1.418(3)   

 

2.4.1.2 X-ray Crystal Structure of [Ph2P(NAd)2]Rh(CO)2, (6) 

Crystals of 6, [Ph2P(NAd)2]Rh(CO)2 suitable for X-ray diffraction analysis were 

grown from a saturated benzene solution at ambient temperature. Complex 6 crystallizes 

in the orthorhombic space group Pbca (Figure 2.10), whereas the previous complexes 3-5 

crystallize in the P–1 space group. 
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Figure 2.10 X-ray crystal structure of 6 depicted as 50% displacement ellipsoids. 

Hydrogen atoms are omitted for clarity 

Complex 6 exhibits the least distorted square planar geometry about Rh (τ4 = 0.12) 

of all the iminophosphonamido rhodium structures discussed thus far. Akin to 5, 

[Ph2P(NMes)2]Rh(CO)2, the similar P–N bond lengths (1.6090(16)-1.6102(16) Å) lie 

somewhere between a single and double bond, suggesting delocalization of the ligand’s 

anionic charge (Figure 2.1). Key bond distances, such as C≡O, and bond angles, such as 

N–P–N, are nearly identical between the adamantyl complex 6 [Ph2P(NAd)2]Rh(CO)2 (see 

Table 2.5) and 5 [Ph2P(NMes)2]Rh(CO)2, (see Table 2.4). 
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Table 2.5 Selected bond distances (Å) and angles (°) for compound 6 

 

Atoms Distance (Å) Atoms Angle (°) 

Rh–N1 2.0780(15) N1–Rh–N2 71.21(6) 

Rh–N2 2.0716(16) C1–Rh–N1 102.12(7) 

Rh–C1 1.847(2) C2–Rh–N2 101.66(7) 

Rh–C2 1.847(2) C1–Rh–C2 85.39(9) 

C1≡O1 1.144(3) N1–P–N2 97.27(8) 

C2≡O2 1.146(2) C13–P–C19 106.58(9) 

P–C13 1.823(2)   

P–C15 1.8212(19)   

P–N1 1.6090(16)   

P–N2 1.6102(16)   

N1–C19 1.473(2)   

N2–C3 1.472(3)   

 

The Tolman electronic parameter (TEP)44 employs the model complexes 

[Ni(CO)3(L)] or cis-[RhCl(CO)2(L)]. The average of the νCO stretches is used to compare 

the electron-donating ability of various ligands (L).138,139 TEP directly measures the 

decrease in the IR stretching frequencies of CO ligands in the metal complex; meaning that 

the stronger the σ-donating abilities of neutral donor ligand L, the greater the electron 

density at the metal centre which amplifies π-backdonation to CO, thereby lowering the 

frequency of the C≡O stretch (νCO) in the IR spectrum.44,45 In contrast, if L is a poor σ-

donor, the ligand competes with CO for π-backdonation (only if L can participate in such 

bonding), which results in less lowering of the νCO stretching frequency.44,45
 In the IR 
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spectrum of 5, [Ph2P(NMes)2]Rh(CO)2, the νCO stretching frequencies 2053, 1996 cm–1 

exhibit a TEP of 2025 cm–1, similar to the eight-membered-ring NHCs (2025 cm–1)140 and 

1,2,3-triazolylidene-based NHCs (2015 cm–1).140 However, the TEP is designed for neutral 

monodentate ligands (L) in the model system, cis-[RhCl(CO)2(L)]; thus, comparison 

between bidentate anionic ligands (iminophosphonamide) and neutral monodentate ligands 

(NHCs) is not necessarily appropriate. Evaluating a more precise picture of the ligand 

electronic influence is best done with analogous literature complexes. The lack of reported 

carbonyl iminophosphonamido complexes is disappointing; however, there are several 

known rhodium dicarbonyl compounds supported by other bidentate monoanionic ligands, 

namely, disubstituted acetylacetonato (acac) (Table 2.6, 1st row, left),141 bridging 

diaryltriazenido (Table 2.6, 2nd row, left),142 and bridging amidinate (Table 2.6, 3rd row, 

left) ligands,143 which all have reported TEP values for comparison with 5, 

[Ph2P(NMes)2]Rh(CO)2, and 6, [Ph2P(NAd)2]Rh(CO)2. However, there are also several 

calculated TEP values for ligands similar to iminophosphonamides [R2P(NR1)2], such as 

NacNacs (Table 2.6, 3rd row, right), bis(phosphinimine)methanides (Table 2.6, 2nd row, 

right), and most importantly, a rhodium amidinate complex [HC(NDipp)2]Rh(CO)2 (Table 

2.6, 4th row, right).144 The adamantyl-substituted ligand in 6 is predictably less electron-

donating than both the electron-rich acac complex [H2C=CHC(COMe)2]Rh(CO)2 and the 

bridging amidinate species [MeC(NPh)2]Rh(P(OPh)3)2(CO)2. This difference is attributed 

to the additional phosphine donors in the bridging amidinate complex, as the 

phosphinimine containing bis(phosphinimine)methanide species 

[CH2(Me2P=NDipp)]Rh(CO)2 exhibits a lower TEP value than the imine (NacNac) 
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analogue [CH2(MeC=NDipp)]Rh(CO)2 (Table 2.6), presumably due to the more donating 

P=N moiety.97 As expected, both complexes 5, [Ph2P(NMes)2]Rh(CO)2 (TEP value 2025 

cm–1) and 6, [Ph2P(NAd)2]Rh(CO)2 (TEP value 1995 cm–1) display lower TEP values than 

the rhodium amidinate complex [HC(NDipp)2]Rh(CO)2.
144  
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Table 2.6 TEP values for known NHC complexes and compound 5-6 

Complex TEP (cm–1) Complex TEP (cm–1) 

 

1713141 

 

2025 

 

1973142 

 

*2097144 

 

1993143 

 

*2104144 

 

1995 

 

*2109144 

* Indicates calculated CO stretching frequencies of L bound to a Rh(CO)2 

fragment at the b3-lyp/def-TZVP level of theory,144 as no experimental values 

have been measured 

 

2.4.2 Reactions of RhI Iminophosphonamido COD Complexes with Silanes and H2 

Hydrosilylation and hydrogenation of alkenes are mechanistically similar, 

commercially relevant processes, and given the prevalence of Rh species as effective 
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hydrosilylation and hydrogenation catalysts,145 it seemed a natural choice to scope the 

capabilities of the newly prepared RhI iminophosphonamido species. Complexes 3 

[Ph2P(NMes)2]Rh(COD), 4 [Ph2P(NAd)2]Rh(COD), 5 [Ph2P(NMes)2]Rh(CO)2, and 6 

[Ph2P(NAd)2]Rh(CO)2. 

Before catalytic scoping reactions were conducted, the RhI complexes (3-6) were 

reacted with one equivalent of either a primary, secondary, or tertiary silane (H3SiPh, 

H2SiPh2, and HSiEt3) in benzene-d6 in an attempt to isolate the corresponding silyl hydride 

complex (Scheme 2.5), an intermediate in Chalk-Harrod hydrosilylation. At ambient 

temperature in benzene-d6, no reactions occurred within 16 h. Heating the reaction mixture 

to 70 °C or using THF-d8 or CDCl3 also yielded no reaction. Attempts to induce loss of the 

COD ligand by placing the reaction vessel under a static vacuum, wherein the reaction 

mixture was degassed by two freeze-pump-thaw cycles, resulted in no reaction. Given that 

stoichiometric reactions were unsuccessful, it was expected that catalytic scoping reactions 

would be unsuccessful, and indeed, reacting the COD complexes (3 

[Ph2P(NMes)2]Rh(COD), and 4 [Ph2P(NAd)2]Rh(COD)) with excess silane and 

dimethylacetylene (2-butyne) yielded no conversion.  

 

Scheme 2.5 Attempted synthesis of RhIII silyl iminophosphonamido complexes 
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Alternatively, in an attempt to generate the Rh hydrides [Ph2P(NMes)2]Rh(H)2, and 

[Ph2P(NAd)2]Rh(H)2, an intermediate in hydrogenation processes, the COD complexes (3 

and 4) were placed under an atmosphere of H2 (Scheme 2.6). No reaction was observed 

after 16 h in benzene-d6 at ambient temperatures. Variation of reaction conditions via 

elevated temperatures (70 °C), longer reaction times (2 weeks) and solvent (THF-d8 or 

CDCl3) did not lead to consumption of the starting Rh COD complex (3 or 4). 

 

Scheme 2.6 Attempted synthesis of RhIII dihydride iminophosphonamido complexes 

2.4.3 Attempted Reaction of RhI Iminophosphonamido complexes with Phosphines 

It was postulated that the COD group of 3 [Ph2P(NMes)2]Rh(COD), 4 

[Ph2P(NAd)2]Rh(COD) could be replaced with two phosphine ligands, thus generating 

bisphosphine iminophosphonamido complexes [Ph2P(NR)2]Rh(PR1
3)2 (Scheme 2.7); 

which, could then react with various silanes and H2 after dissociation of the phosphine 

ligands. However, 2:1 stoichiometric additions of numerous phosphines (PPh3, 
iPr2PCl, 

(iPr2N)2PCl) to the COD complexes (3 and 4) yielded no reaction at ambient or elevated 

temperatures (70 °C), regardless of solvent (benzene-d6, THF-d8 or CDCl3). 
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Scheme 2.7 Attempted synthesis of RhI phosphine iminophosphonamido complexes 

2.4.4 Reactivity of RhI Iminophosphonamido Complexes with 2,6-Me2C6H3N≡C 

The COD group in the complexes 3 [Ph2P(NMes)2]Rh(COD), and 4 

[Ph2P(NAd)2]Rh(COD), can be readily substituted by CO but is inert towards displacement 

by silanes, phosphines and H2. Hence, it was deemed likely that a COD group could be 

easily substituted by a ligand isolobal with CO, such as the isocyanide 2,6-

dimethylphenylisocyanide (CN(2,6-Me2C6H3)). Two and a third equivalents of 2,6-

dimethylphenylisocyanide were required to fully consume 3, [Ph2P(NMes)2]Rh(COD) at 

ambient temperature in benzene-d6. Two product signals were observed in the 31P{1H} 

NMR spectrum (Figure 2.11) at δ 15.2 (s) and δ 25.1 (2JRhP = 13.7 Hz). The latter doublet 

(δ 25.1) was attributed to the target bis(2,6-dimethylphenylisocyano) complex 7, 

[(Ph2P(NMes)2]Rh[C≡N(2,6-Me2C6H3)]2, while the former singlet (δ 15.2) was later found 

to correspond to the bis(2,6-dimethylphenylisocyano)2,6-dimethylphenylimine species 8, 

[N,C-Ph2P(NMes)(MesNC=N(2,6-Me2C6H3))]Rh[C≡N(2,6-Me2C6H3)]2 (see section 

2.4.5).  
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Figure 2.11 31P{1H} NMR spectrum of the 2 (2,6-Me2C6H3N≡C) + 3 reaction mixture: 

δ 25.1 (d, 2JRhP = 13.7 Hz, 68%, 7), 15.2 (32%, 8) 

Cold pentane (–35 °C) was added to a mixture of 2,6-dimethylphenylisocyanide 

and complex 3; after which, the solution was kept at –35 °C to minimize the formation of 

the tris-isocyano side product 8. After 16 h, benzene was added to the reaction mixture, the 

solution filtered, and left to crystallize for 3 days at ambient temperature, resulting in 

yellow cube-shaped crystals of 7 (Figure 2.12). 
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2.4.4.1 X-ray Crystal Structure of [Ph2P(NMes)2]Rh[C≡N(2,6-Me2C6H3)]2, (7) 

 

Figure 2.12 X-ray crystal structure of 7, depicted as 50% displacement ellipsoids. 

Hydrogen atoms are omitted for clarity 

The complex 7, [Ph2P(NMes)2]Rh[C≡N(2,6-Me2C6H3)]2 crystallized in the P–1 

space group, with distorted square planar geometry around rhodium (τ4 = 0.12), akin to the 

dicarbonyl complex 5, [Ph2P(NMes)2]Rh(CO)2 (τ4 = 0.13). The C≡N bond distances in 7 

(1.173(2) and 1.169(2) Å) are diagnostic for a triple bond and comparable to the C≡O 

lengths in the dicarbonyl complex 5 (1.135(4) and 1.143(4) Å). The P–N lengths are similar 

to each other (1.6086(14) and 1.627(14) Å) and indicative of charge delocalization. Other 

metrical parameters (see Table 2.7) are similar to those in complexes 3 

[Ph2P(NMes)2]Rh(COD), 4 [Ph2P(NAd)2]Rh(COD), 5 [Ph2P(NMes)2]Rh(CO)2, and 6 

[Ph2P(NAd)2]Rh(CO)2).  
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Table 2.7 Selected bond distances (Å) and angles (°) for compound 7 

Atoms Distance (Å) Atoms Angle (°) 

Rh–N1 2.1140(14) N1–Rh–N2 71.04(5) 

Rh–N2 2.1146(14) C10–Rh–N1 98.20(6) 

Rh–C10NAr 1.8817(18) C19–Rh–N2 104.47(6) 

Rh–C19NAr 1.862(18) C10–Rh–C19 86.51(7) 

C10≡N3 1.169(2) N1–P–N2 99.82(7) 

C19≡N4 1.173(2) C37–P–C43 103.34(8) 

P–C37 1.8186(17)   

P–C43 1.8166(17)   

P–N1 1.6086(14)   

P–N2 1.6027(14)   

N–C1 1.418(2)   

N–C28 1.418(2)   

 

 

In the 1H NMR spectrum of 7, [Ph2P(NMes)2]Rh[C≡N(2,6-Me2C6H3)]2, one set of 

resonances was observed for each of the isocyano, phosphorus and nitrogen alkyl and 

phenyl substituents. Similarly, in the 13C{1H} NMR spectrum, a single C≡N resonance was 

observed at δ 161.97. The 31P{1H} resonance, at δ 25.1, displays coupling to 103Rh (2JRhP 

= 13.7 Hz), is barely shifted from the COD precursor 3, [Ph2P(NMes)2]Rh(COD), which 

resonates at δ 24.5. Complex 7, [Ph2P(NMes)2]Rh[C≡N(2,6-Me2C6H3)]2, and exhibits a 
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substantially more upfield 31P{1H} NMR signal than the carbonyl complex 5 

[Ph2P(NMes)2]Rh(CO)2, which resonates at δ 39.8. The bis(2,6-dimethylphenylisocyano) 

complex 7 exhibits two νCN stretches in the IR spectrum at 2035 and 1964 cm–1 (νaverage = 

2000 cm–1) that are, as expected, lower in frequency than that of uncoordinated 2,6-

dimethylphenylisocyanide (2119 cm–1), suggesting π-backdonation into the LUMO of the 

isocyano ligand. For reference, 5 [Ph2P(NMes)2]Rh(CO)2 displays two νCO triple bonding 

stretching frequencies of 2053, 1996 cm–1. 

2.4.5 Synthesis of [N,C-Ph2P(NMes)(MesNC=N(2,6-Me2C6H3))]Rh[C≡N(2,6-

Me2C6H3)]2 (8) 

The addition of another equivalent of 2,6-dimethylphenylisocyanide to 

[Ph2P(NMes)2]Rh[C≡N(2,6-Me2C6H3)]2 led to complete consumption of 7; however, 

neutral iminophosphonamide ligand I, Ph2P(NHMes)(NMes) is observed as a 

decomposition product in the 31P{1H} NMR spectrum (δ –16.7, 10%), presumably due to 

excess isocyanide sequestering the Rh centre. The major product in the 31P{1H} NMR 

spectrum (δ 15.2, 90%) is attributed to the complex 8, [N,C-Ph2P(NMes)(MesNC=N(2,6-

Me2C6H3))]Rh[C≡N(2,6-Me2C6H3)]2 (Scheme 2.8), which was later found to contain a 5-

membered metallocycle wherein an isocyanide is inserted (1,1 insertion) into the 

iminophosphonamide Rh–N bond, confirmed by X-ray diffraction (Figure 2.13). 
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Scheme 2.8 Synthesis of 7 and 8 

2.4.5.1 X-ray Crystal Structure of [N,C-Ph2P(NMes)(MesNC=N(2,6-

Me2C6H3))]Rh[C≡N(2,6-Me2C6H3)]2)•1.5C6H6 (8) 

 

Figure 2.13 X-ray crystal structure of 8•C6H6 depicted as 50% displacement ellipsoids. 

Hydrogen atoms and the solvent molecule are omitted for clarity  
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Yellow rectangular crystals of complex 8, [N,C-Ph2P(NMes)(MesNC=N(2,6-

Me2C6H3))]Rh[C≡N(2,6-Me2C6H3)]2), were grown from a saturated benzene solution 

stored in a sealed 20 mL scintillation vial at ambient temperature over 3 days. The 5-

membered metallocycle in 8 increased the iminophosphonamide bite angle from 71.04(5)° 

in 7, [Ph2P(NAd)2]Rh[C≡N(2,6-Me2C6H3)]2 to 83.63(5)° in 8, N,C-

Ph2P(NMes)(MesNC=N(2,6-Me2C6H3))]Rh[C≡N(2,6-Me2C6H3)]2. The geometry at 

rhodium is square planar (τ4 = 0.03) and far less distorted than all other 

iminophosphonamido complexes discussed thus far. The two C≡N bond distances are 

consistent with C≡N triple bonds (1.166(2) and 1.172(2) Å). In contrast, the C=N bond 

distance of the inserted 2,6-dimethylphenylimine N,C-Ph2P(NMes)(MesNC=N(2,6-

Me2C6H3))]Rh[C≡N(2,6-Me2C6H3)]2, resembles a typical C=N double bond (1.276 Å). 

The Rh–C28 and Rh–C19 bond distances of the isocyano moieties (1.989(16) and 

1.8689(16) Å, Table 2.8) are shorter than Rh–C≡O in 5 (1.135(4) and 1.143(4) Å) due to 

π-backdonation into the C≡N antibonding π* orbitals. The C10–N2 distance (1.4575(18) 

Å) is indicative of a single bond. 
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Table 2.8 Selected bond distances (Å) and angles (°) for complex  8 

Atoms Distance (Å) Atoms Angle (°) 

Rh–N1 2.1269(12) N3–C10–N2 111.54(13) 

C19≡N4 1.172(2) N2–C10–Rh 112.19(10) 

C28≡N5 1.166(2) Rh–C10–N3 136.22(11) 

C10=N3 1.276(2) C10–N2–P 116.84(10) 

Rh–C28 1.9589(16) N2–P–N1 104.80(6) 

Rh–C19 1.8689(16) C28–Rh–N1 86.19(6) 

Rh–C10 2.0666(15) N1–Rh–C10 83.63(5) 

C10–N3 1.4575(18) C10–Rh–C19 94.07(6) 

P–C46 1.8142(16) C19–Rh–C28 86.19(6) 

P–C52 1.8159(15) C28–Rh–N1 96.08(5) 

P–N1 1.5902(12) C46–P–C52 105.26(7) 

P–N2 1.6679(13)   

N2–C1 1.4479(18)   

N1–C37 1.4248(18)   

 

The 1H NMR spectrum of 8 contains several overlapping aromatic resonances, 

ranging from δ 8.21–6.40, attributed to two magnetically equivalent phosphorus 

substituents, two magnetically inequivalent mesityl groups and three magnetically 

inequivalent 2,6-dimethylphenyl moieties. The IR spectrum exhibits three distinct CN 
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stretches, two in the predicted νC≡N stretching frequency range at 2106 and 2044 cm–1, and 

a lower frequency signal (1566 cm–1) attributed to the C=N of the inserted “isocyano” 

group N,C-Ph2P(NMes)(MesNC=N(2,6-Me2C6H3))]Rh[C≡N(2,6-Me2C6H3)]2. 

2.4.6 Attempted Reactivity of Isocyano Complexes (7) and (8)  

Much like the RhI iminophosphonamido complexes (3 [Ph2P(NMes)2]Rh(COD), 4 

[Ph2P(NAd)2]Rh(COD), 5 [Ph2P(NMes)2]Rh(CO)2, and 6 [Ph2P(NAd)2]Rh(CO)2), the 

isocyano RhI species (7 [Ph2P(NAd)2]Rh[C≡N(2,6-Me2C6H3)]2, and 8 N,C-

Ph2P(NMes)(MesNC=N(2,6-Me2C6H3))]Rh[C≡N(2,6-Me2C6H3)]2) were found to be inert 

toward both silanes and H2. Interestingly, the isocyano groups could not be exchanged for 

carbon monoxide upon exposure to an atmosphere of CO. 

2.5 Synthesis of Iminophosphonamido IrI Complexes 

Given the limited reactivity of the RhI complexes (3 [Ph2P(NMes)2]Rh(COD), 4 

[Ph2P(NAd)2]Rh(COD), 5 [Ph2P(NMes)2]Rh(CO)2, and 6 [Ph2P(NAd)2]Rh(CO)2), 7 

[Ph2P(NAd)2]Rh[C≡N(2,6-Me2C6H3)]2, and 8 N,C-Ph2P(NMes)(MesNC=N(2,6-

Me2C6H3))]Rh[C≡N(2,6-Me2C6H3)]2), it was postulated that the heavier metal IrI might 

exhibit increased activity towards H2 as iridium is the more prevalent of the two metals in 

hydrogenation processes.146 

The generation of the IrI species 9, [Ph2P(NMes)2]Ir(COD) and 10, 

[Ph2P(NAd)2]Ir(COD) was readily achieved via a salt metathesis reaction, wherein a 

benzene solution of the iminophosphonamido lithium salts (II, Li[Ph2P(NMes)2] and 2, 

Li[Ph2P(NAd)2]) were added to the iridium dimer [ClIr(COD)]2 to generate the desired IrI 
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COD complexes 9 and 10 (Scheme 2.9). The mesityl-substituted species 9, 

[Ph2P(NMes)2]Ir(COD), can be prepared at ambient temperature, while the adamantyl 

derivative 10, [Ph2P(NAd)2]Ir(COD), requires heating at 60 °C for 1 h in benzene. Further 

heating of the reaction mixture results in slow decomposition to the neutral 

iminophosphonamide ligand 1, Ph2P(NHAd)(NAd), indicated by 31P{1H} NMR 

spectroscopy.  

 

Scheme 2.9 Synthesis of iminophosphonamido-IrI COD complexes 9 and 10 

2.5.1 Characterization of [Ph2P(NR)2]Ir(COD) where R = Mes (9) and R = Ad (10) 

The substitution of rhodium by the heavier metal iridium in complexes 9, 

[Ph2P(NMes)2]Ir(COD), and 10 [Ph2P(NAd)2]Ir(COD), yields significantly higher 

frequency 31P{1H} NMR signals. Complex 9 is shifted by 26 ppm (δ 40.9) from the 

analogous Rh complex 5 [Ph2P(NMes)2]Rh(COD) (δ 24.5), while 10 is further downfield 

(δ 66.7) than the Rh species 6 [Ph2P(NAd)2]Rh(COD) (δ 50.0). Both iridium complexes 9 

and 10 contain broad resonances throughout the 1H NMR spectra, unlike the analogous Rh 

complexes (3 [Ph2P(NMes)2]Rh(COD) and 4 [Ph2P(NAd)2]Rh(COD)), attributed to some 
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dynamic process occurring in in the solution state. Notably, the adamantyl substituted 

iridium complex 10, [Ph2P(NAd)2]Ir(COD), contains a more deshielded COD methine 

resonance (CH) (δ 4.72) than the corresponding mesityl complex 9, 

[Ph2P(NMes)2]Ir(COD) (δ 3.42), attributed to the more electron-donating nature of the 

adamantyl substituents on nitrogen, as demonstrated in Section 2.4.1.  

2.5.1.1 X-ray Crystal Structure of [Ph2P(NMes)2]Ir(COD), (9) 

From a saturated pentane solution of 9, [Ph2P(NMes)2]Ir(COD), stored at ambient 

temperature, yellow plate-shaped crystals were grown. The structure of 9, depicted in 

Figure 2.14, contains slightly distorted square planar geometry about the metal centre (τ4 = 

0.28), akin to the analogous mesityl-substituted Rh complex 3, [Ph2P(NMes)2]Rh(COD) 

(τ4 = 0.27). 

 

Figure 2.14 X-ray crystal structure of 9 depicted as 50% displacement ellipsoids. 

Hydrogen atoms are omitted for clarity  
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The Ir–COD and Ir–N bond distances (~2.11 and ~2.08 Å, respectively) in 9, 

[Ph2P(NMes)2]Ir(COD) are comparable to the Rh–COD and Rh–N bond lengths (~2.10 

and ~2.09 Å, respectively) in the analogous Rh complex 3, [Ph2P(NMes)2]Rh(COD), 

attributed to the nearly identical atomic radii of iridium and rhodium.147 Similarly, other 

key bond distances and angles, such as the P–N bond distances and the N–M–N bite angle, 

in complex 9 (Table 2.9), are also unchanged when compared to the RhI analogue 3, 

[Ph2P(NMes)2]Rh(COD) (Table 2.2). 

Table 2.9 Selected bond distances (Å) and angles (°) for complex  9 

Atoms Distance (Å) Atoms Angle (°) 

Ir–N1/N2 2.074(2), 2.095(2) N1–Ir–N2 71.55(9) 

N1–C1 1.413(3) C31–Ir–N1 97.31(10) 

N2–C22 1.414(3) C35–Ir–N2 98.01(10) 

P–C10 1.813(3) C38–Ir–N1 101.70(10) 

P–C16 1.802(3) C34–Ir–N2 101.34(10) 

P–N1 1.614(2) C34–Ir–C31 81.45(11) 

P–N2 1.614(2) C35–Ir–C38 82.29(10) 

Ir–C31 2.102(2) N1–P–N2 98.01(10) 

Ir–C34 2.114(3) C10–P–C16 104.28(12) 

Ir–C35 2.103(2)   

Ir–C38 2.124(2)   
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2.5.1.2 X-ray Crystal Structure of [Ph2P(NAd)2]Ir(COD) )•1.5C6H6 (10) 

Colourless blocks of 10, [Ph2P(NAd)2]Ir(COD), were grown from a saturated 

benzene solution stored in a sealed 20 mL scintillation vial at ambient temperature for 3 

days. One and a half benzene molecules were found in the asymmetric unit but are not 

depicted in Figure 2.15. 

 

Figure 2.15 X-ray crystal structure of 10•1.5C6H6 depicted as 50% displacement 

ellipsoids. Hydrogen atoms and solvent molecules are omitted for clarity  

The square planar geometry at Ir is distorted (τ4 = 0.26) in a manner similar to other 

structures described in this chapter. All key bond distances and angles in 10 (Table 2.10) 

are unaffected by the change in ligand or metal centre when compared to the mesityl IrI 

species 9, [Ph2P(NMes)2]Ir(COD) (Table 2.9), or the adamantyl RhI complex 4, 

[Ph2P(NAd)2]Rh(COD (Table 2.2). 
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Table 2.10 Selected bond distances (Å) and angles (°) for compound 10 

Atoms Distance (Å) Atoms Angle (°) 

Ir–N1 2.1082(18) N1–Ir–N2 71.62(7) 

Ir–N2 2.1047(17) C38–Ir–N1 99.40(8) 

N1–C1 1.481(3) C33–Ir–N2 98.09(8) 

N2–C23 1.483(3) C37–Ir–N1 102.16(8) 

P–C11 1.819(2) C34–Ir–N2 101.87(8) 

P–C17 1.821(2) N1–P–N2 99.15(9) 

P–N1 1.6243(18) C11–P–C17 109.37(10) 

P–N2 1.6135(19)   

Ir–C33 2.119(2)   

Ir–C34 2.113(2)   

Ir–C37 2.120(2)   

Ir–C38 2.112(2)   
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2.6 Reactivity of IrI Iminophosphonamido Complexes Toward Small Molecules 

2.6.1 Reactions of IrI Iminophosphonamido COD Complexes with CO and H2 

Like the previously discussed rhodium species, iridium carbonyl complexes of the 

general form cisoid-[IrCl(CO)2(L)] have also been employed to evaluate the 

donor/acceptor properties of a given ligand L via the Tolman electronic parameter (TEP). 

In 2003, Crabtree et al. first employed the model iridium complex to measure the TEP of 

NHC ligands and proposed an interconversion equation between IrI and RhI values: TEPRh 

= 0.8475[νav (Ir)] + 336.2 cm–1
.
148 Thus, measuring the νCO stretching frequencies of the 

same ligand in two model complexes is not necessary, but for comparison sake, the TEP 

values of 9, [Ph2P(NMes)2]Ir(COD) (2052 cm–1) and 10, [Ph2P(NAd)2]Ir(COD) (2027 cm–

1) were easily calculated from the measured Rh TEP values in section 2.4.1. Generation of 

an iridium carbonyl target complex would allow an Ir TEP value to be measured and one 

to compare and contrast the reaction chemistry of these iminophosphonamido complexes 

with strong π-acceptor ligands within group 9. 

When placed under an atmosphere of CO and warmed to ambient temperature in 

benzene-d6, the iridium COD complexes 9 [Ph2P(NMes)2]Ir(COD) and 10 

[Ph2P(NAd)2]Ir(COD) were predicted to form the dicarbonyl species 

[Ph2P(NMes)2]Ir(CO)2 and [Ph2P(NAd)2]Ir(CO)2 (Scheme 2.10). Instead, there is evidence 

in the 31P NMR spectra that suggest decomposition of 9 and 10 in the presence of 1 CO 

atm, as the only peaks observed can be attributed to neutral iminophosphonamide ligands 

Ph2P(NHMes)(NMes) and Ph2P(NHAd)(NAd). In addition, free COD was observed in the 

1H NMR spectrum. Exchanging the aromatic benzene-d6 solvent for THF-d8, thereby 
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allowing the reaction to proceed at cooler temperatures of –35 °C, did not prevent 

decomposition. The exact decomposition pathway is unknown. 

 

Scheme 2.10 Attempted synthesis of IrI carbonyl and IrIII dihydride 

iminophosphonamido complexes 

In an attempt to generate [Ph2P(NMes)2]IrH2 and [Ph2P(NAd)2]IrH2 (Scheme 2.10), 

the COD complexes 9 and 10 were placed under an atmosphere of H2 in benzene-d6 at 

ambient temperature; however, no new resonances were observed in the 31P NMR spectrum 

over 72 h. Elevating the reaction temperature to 60 °C for 16 h or attempting the reaction 

in THF-d8 only afforded unchanged COD complexes 9 and 10. Attempted catalytic scoping 

reactions, wherein 10 equivalents of 2-butyne were added to 1 equivalent of an iridium 

complex (9 or 10) in benzene-d6 and an atmosphere of H2, also failed to lead to any 

reactions.  
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2.6.2 Reactivity of IrI Iminophosphonamido Complexes Towards 2,6-Me2C6H3N≡C  

Preliminary scoping reactions between two equivalents of 2,6-

dimethylphenylisocyanide and the iridium complex 9 [Ph2P(NMes)2]Ir(COD) indicate 

generation of complexes 11 [Ph2P(NAd)2]Ir[C≡N(2,6-Me2C6H3)]2 (Figure 2.16 left) and 12 

N,C-Ph2P(NMes)(MesNC=N(2,6-Me2C6H3))]Ir[C≡N(2,6-Me2C6H3)]2 (Figure 2.16 right); 

the iridium analogous of the Rh complexes 7, [Ph2P(NAd)2]Rh[C≡N(2,6-Me2C6H3)]2, and 

8, N,C-Ph2P(NMes)(MesNC=N(2,6-Me2C6H3))]Rh[C≡N(2,6-Me2C6H3)]2, see section 

2.4.4. 

 

Figure 2.16 Proposed structures of 2,6-Me2C6H3N≡C iridium complexes 11 and 12 

The 31P{1H} NMR spectrum of the reaction mixture of two 2,6-Me2C6H3N≡C + 

9 (Figure 2.17) contains a resonance at δ 37.7 (21%) which is attributed to the desired 

bis(2,6-dimethylphenylisocyano) iridium species 11, [Ph2P(NAd)2]Ir[C≡N(2,6-

Me2C6H3)]2. The chemical shift of 11 is downfield compared to the analogous Rh 

complex 7, [Ph2P(NAd)2]Rh[CN(2,6-Me2C6H3)]2 (δ 25.1). However, 11 is not the major 

product in the mixture's 31P{1H} NMR spectrum (Figure 2.17). Another signal (δ 23.0) 
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equates to 56%, and is attributed to the bis(2,6-dimethylphenylisocyano)2,6-

dimethylphenylimine complex 12, N,C-Ph2P(NMes)(MesNC=N(2,6-

Me2C6H3))]Ir[C≡N(2,6-Me2C6H3)]2 (Figure 2.16 right). The 31P{1H} NMR signal of 12 

(δ 23.0) is 16 ppm upfield of bis(2,6-dimethylphenylisocyano) iridium complex 11 (δ 

37.7) which correlates well with the difference in chemical shift observed between the 

analogous Rh complexes 7 ([Ph2P(NAd)2]Rh[C≡N(2,6-Me2C6H3)]2, δ 25.1) and 8 (N,C-

Ph2P(NMes)(MesNC=N(2,6-Me2C6H3))]Rh[C≡N(2,6-Me2C6H3)]2, δ 15.2). Hence, 12 

is anticipated to be isostructural with 8, with an isocyanide inserted into the Ir–N 

iminophosphonamide bond. The 1H NMR spectrum of the mixture contains several 

distinct CH3 signals attributed to the mesityl and dimethylphenyl groups present in both 

11 and 12. 

 

Figure 2.17 31P{1H} NMR spectrum of the 2:1 2,6-Me2C6H3N≡C to 9 reaction 

mixture: δ 40.9 (17%, 9), 37.7 (21%, 11), 23.0 (26%, 12), –15.4 (6%, I) 
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The 31P{1H} NMR spectrum of the reaction mixture of two 2,6-Me2C6H3N≡C + 

9 (Figure 2.17) also exhibits a peak at δ –15.4 (6%) indicative of neutral 

iminophosphonamide ligand I (Ph2P(NHMes)(NMes)), and a signal at δ 40.9 (17%) 

attributed to unreacted COD complex 9, [Ph2P(NMes)2]Ir(COD). The presence of 

unreacted COD precursor 9 suggests that 2,6-Me2C6H3N≡C reacts preferentially with 

11, [Ph2P(NAd)2]Ir[C≡N(2,6-Me2C6H3)]2 over 9. Variation of reaction conditions, for 

example, temperature and rate of addition, had little impact on product distribution. 

Attempts to isolate pure 11 or 12 via crystallization have proven fruitless.  

2.6.3 Reactions of IrI Iminophosphonamido COD Complexes with Silanes  

Addition of stoichiometric quantities of silanes (H3SiPh, H2SiPh2, and HSiEt3) to 

the COD complexes 9 [Ph2P(NMes)2]Ir(COD), and 10 [Ph2P(NAd)2]Ir(COD), in benzene-

d6 at ambient temperature was anticipated to generate the iridium silyl complexes 

[Ph2P(NR)2]Ir(H)(SiR3) (Scheme 2.11). Unfortunately, no reaction was indicated by either 

the 31P{1H} or 1H NMR spectra. Elevated temperatures (60 °C and 100 °C) and the use of 

polar solvent CDCl3 did not lead to consumption of 9 or 10. Similarly, scoping reactions 

with 10 equivalents of a silane, 2-butyne, and 9 or 10 in benzene-d6 at ambient temperature 

for 60 °C did not result in a discernable reaction.  
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Scheme 2.11 Attempted synthesis of IrIII silyl iminophosphonamido complexes 

2.7 Towards a More Active RhI Iminophosphonamido Species 

The COD complexes developed throughout this chapter, [Ph2P(NMes)2]M(COD) 

where M = Rh (3) or Ir (9) and [Ph2P(NAd)2]Rh(COD) where M = Rh (4) or Ir (10), are 

more inert than hoped. Since it is difficult to displace COD, related COE complexes, which 

were expected to be more reactive, were targeted. 

2.7.1 Synthesis of [Ph2P(NMes)2]Rh(COE)2, (13) 

Cyclooctadiene (COD) is a bidentate, κ2 ligand meaning any possible dissociation 

of an alkene could be counteracted by the chelate effect. As COE is not tethered to another 

coordinating ligand (no chelate effect), the likelihood of rapid re-coordination after 

dissociation decreases compared to COD. 

The COE analogue [RhCl(COE2)]2 of the dimer [RhCl(COD)]2, which contains two 

equivalents of COE per metal, was prepared according to literature methods.149 This 

material was then allowed to react with the lithium salt II, Li[Ph2P(NMes)2], to generate 

the desired RhI COE complex 13, [Ph2P(NMes)2]Rh(COE)2 (Scheme 2.12). However, 

when the reaction was conducted at ambient temperature in benzene-d6, rapid 
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decomposition of the target complex 13 to neutral iminophosphonamide ligand I, 

Ph2P(NHMes)(NMes), was observed within 5 minutes in the 31P{1H} NMR spectrum. A 

chilled (–35 °C) 1:1 pentane:THF solution (to ensure solubility of II) was added to a vial 

containing a 1:1 ratio of II, Li[Ph2P(NMes)2], and [RhCl(COE)2]2. The mixture was stirred 

for one minute and stored at –35 °C for one week, during which yellow-orange blocks of 

13 formed. The crystals, much like 13, are sensitive to reduced pressure, rapidly 

decomposing to I Ph2P(NHMes)(NMes). Accordingly, crystals of 13 were dried by flowing 

argon over the material for 5 minutes. 

 

Scheme 2.12 Synthesis of the RhI COE complex 13 

The two broad peaks observed at δ 3.28 and 2.97 in the 1H NMR spectrum, assigned 

as the COE methine (CH) protons, as well as the myriad of COE methylene (CH2) 

resonances in the alkyl region, suggest chemical inequivalence of the two COE ligands 

(Figure 2.18 right). It is postulated that the COE groups restrict the free rotation of the 

mesityl groups, hence the observed chemical inequivalence for both the ortho and para 

mesityl-methyl groups and the COE ligand’s protons in the 1H NMR spectrum (Figure 
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2.18). In contrast, the aryl phenyl substituents in the iminophosphonamide ligand only 

exhibit a single set of signals (Figure 2.18).  

  

Figure 2.18 Aromatic and aliphatic regions of the 1H NMR spectrum of complex 13 

The 31P{1H} NMR resonance attributed to 13, [Ph2P(NMes)2]Rh(COE)2, is a 

doublet with coupling to 103Rh (2JRhP = 9.6 Hz). At δ 27.5, the 31P chemical shift of 13 is 

slightly more downfield than its COD analogue 3, [Ph2P(NMes)2]Rh(COD), which 

resonates at δ 24.5. Complex 13 is unstable in solution at ambient temperature, 

decomposing to the neutral ligand I and Rh black within 6 h. Accordingly, 13C NMR 

experiments of 13 were not attempted. However, a high-quality 13C{1H} NMR spectrum 

of 13 could likely be obtained from a concentrated sample of 13 at low temperatures, 
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thereby decreasing the rate of decomposition; however, due to time constraints this was not 

pursued.  

2.7.1.1 X-ray Crystal Structure of [Ph2P(NMes)2]Rh(COE)2)•1.5C6H6 (13) 

X-ray diffraction experiments confirmed the structure of 13, 

[Ph2P(NMes)2]Rh(COE)2)•1.5C6H6 depicted in Figure 2.19. Crystals of 13 were grown 

over one week from a solution of II, Li[Ph2P(NMes)2], and [RhCl(COE)2]2 in a 1:1 

pentane/THF mixture stored at –35 °C. 

 

Figure 2.19 X-ray crystal structure of 13•1.5C6H6 depicted as 50% displacement 

ellipsoids. Hydrogen atoms and solvent molecules are omitted for clarity  

The L–Rh–L angles range from 89.67(7)° to 103.57(7)° (Table 2.11) and are larger 

than in the analogous organorhodium COD complex 3 [Ph2P(NMes)2]Rh(COD) (C–Rh–C 

= 82.19(1) and 82.61(10)°). The N–Rh–N bite angle (69.99(6)°), however, is attributed as 

the cause of the distorted square planar geometry around Rh (τ4 = 0.20), akin to 3. 
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Additional bond lengths and angles in 13 remain unchanged relative to complex 3 (Table 

2.2). 

Table 2.11 Selected bond distances (Å) and angles (°) for complex  13 

Atoms Distance (Å) Atoms Angle (°) 

Rh–N1 2.1199(15) N1–Rh–N2 69.99(6) 

Rh–N2 2.1198(16) C31–Rh–N1 92.73(7) 

N1–C13 1.421(2) C32–Rh–N1 89.67(7) 

N2–C23 1.423(3) C39–Rh–N2 96.84(7) 

P–C1 1.814(2) C40–Rh–N2 103.57(7) 

P–C7 1.827(2) C31–Rh–C40 91.09(7) 

P–N1 1.6015(16) C32–Rh–C39 91.04(7) 

P–N2 1.6073(16) N1–P–N2 100.47(8) 

Rh–C31 2.1594(19) C1–P–C7 101.87(9) 

Rh–C32 2.1425(18)   

Rh–C39 2.1691(18)   

Rh–C40 2.1433(18)   

 

2.7.2 Future Directions for [Ph2P(NMes)2]Rh(COE)2, (13)  

Exchanging COD for two COE moieties generated complex 13, 

[Ph2P(NMes)2]Rh(COE)2), which is prone to decomposition during isolation. In situ 
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generation of 13 for subsequent reactions with a range of small molecules, such as H2, PR3, 

and HSiR3, was not examined due to time constraints; however, it is postulated to be a 

viable avenue for further investigation. 

2.8 Concluding Remarks 

A new family of organorhodium and iridium iminophosphonamido complexes has 

been prepared and characterized by multinuclear NMR spectroscopy and X-ray 

crystallography. The COD ligand has proven convenient for facile generation, isolation 

and characterization. However, these species are relatively inert complexes, with the 

exception that COD can be substituted by strong π-acceptor ligands (e.g. carbon monoxide 

and isocyanides). Preliminary work substituting COD for COE has demonstrated that the 

resultant species is inherently unstable and prone to rapid decomposition. Future work 

investigating in situ generation of the COE-containing species may render it easier to probe 

the potentially rich reactivity of this new class of complex. 
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CHAPTER 3: SYNTHESIS OF AZIDOPHOSPHONAMIDE RH 

AND IR COMPLEXES 

3.1 Overview  

3.1.1 Phosphazides and Stabilization Methods 

Initially considered transient in nature until the 1980’s,108 phosphazides (R3P=N3–

R1 (the intermediate of the Staudinger reaction) are prone to the rapid elimination of N2 to 

form the corresponding phosphinimine (Scheme 3.1). 

 

Scheme 3.1 The Staudinger reaction 

Most known phosphazides assume the trans form, which must first isomerize to the 

cis-conformation to eliminate dinitrogen (Scheme 3.1).112 Steric factors, namely bulky 

groups on both N and P atoms, hinder cyclization of the cis conformer. Electronic factors, 

such as strong electron donors on phosphorus or electron-withdrawing groups on nitrogen, 

have been shown to help stabilize the trans isomer.111 The most common stabilization 

method, however, is coordination to a Lewis acid or metal.113 Despite advances in 
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phosphazide stabilization reported in the early 2000’s,108 it has been only in the past decade 

that they have garnered substantial interest. Phosphazides have been used as transient 

protecting groups for organic azides in click reactions, applicable to various organic and 

biochemical applications,150 though only a limited number of main group, transition metal, 

and f-block complexes which contain a phosphazide ligands are known.114-116 

3.1.2 Binding Modes 

Phosphazides exhibit a unique ability to access eight different coordination modes 

via three potential donor nitrogens, the Nα, Nβ and Nγ, where the Nα is directly bound to P 

(Figure 3.1). Sporadic reports of phosphazides as ligands yield no insight into predicting 

which coordination mode any given complex will adopt. Phosphazides, have been shown 

to change coordination modes, namely from κ2-Nα,Nγ to κ1-Nα (Figure 3.1) induced by 

steric crowding around the metal centre, thereby allowing for additional ligands to 

coordinate to a metal centre.117  
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Figure 3.1 The phosphazide N atom naming convention used throughout this work and 

coordination modes displayed by metal-coordinated phosphazides151 

3.1.3 Potential Catalytic Applications of Phosphazides 

In January 2022, Hayes et al. demonstrated a stepwise synthetic cycle of CO2 

functionalization mediated by a diphosphazide-supported thorium complex (Scheme 

3.2).117  
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Scheme 3.2 Stepwise functionalization of CO2 mediated by a diphosphazide-

supported thorium complex117 

The complex III, κ5-[(para-iPrC6H4)N3P
iPr2NC4H2]Th(CH2SiMe3)3,

 was shown 

to capture and insert CO2 into the three Th–C bonds to afford the tricarboxylate species 

IV, κ3-[(para-iPrC6H4)N3P
iPr2NC4H2]Th(CO2CSiMe3)3.

117 The phosphazide moieties 

within the ligand partially dissociate, from a κ2-Nα,Nγ coordination mode in III to a κ1-Nα 

coordination mode in IV, which is vital to the insertion of CO2 to form the triscarboxylate 

species IV.117 Complex IV was then reacted with either ClSiMe3 or LiI to form the ester 

products Me3SiO2CCH2SiMe3 and LiO2CCHSiMe3, regenerating the trihalide complex 

V, κ5-[(para-iPrC6H4)N3P
iPr2NC4H2]ThX3, X = Cl or I.117 The addition of LiCH2SiMe3 

to the trihalide species III completes the synthetic cycle; however, this process has yet to 

be made catalytic.117 Despite this recent insight from the Hayes group, phosphazide 

ligands have yet to be applied to any catalytic processes. The unique coordinative 
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versatility of phosphazides could prove beneficial, as the three donor nitrogen atoms 

allow for many accessible coordination modes (Figure 3.1), which may play a key role in 

catalytic transformations where dissociation or association of an N atom is a critical step 

in the catalytic cycle.117 

3.1.4 Synthetic Routes to Phosphazide Ligands and Complexes 

There are two known preparative routes to phosphazide complexes. Predictably, 

one method is the coordination of a pre-formed phosphazide to a metal centre (Scheme 3.3, 

top).152,153 Formation of a phosphazide can also occur within a metal’s coordination sphere, 

wherein a metal complex containing a phosphine is reacted with an organic azide, creating 

a coordinated phosphazide. This process was first reported by Haymore et al. (Scheme 3.3, 

bottom).154  

 

Scheme 3.3 Two synthetic routes to metal phosphazide complexes152-154 

3.1.5 Synthesis of Phosphazide Ligand Salts 

Fryzuk et al. reported the first example of a potassium phosphazide complex 

K[(2,6-iPr2C6H4N=C5H6)
iPr2PN3(2,6-Me2C6H4)], formed by reacting the neutral 

phosphazide [(2,6-iPr2C6H4NH–C5H6)
iPr2PN3(2,6-Me2C6H4)] with KH (Scheme 3.4).155 A 
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salt metastasis reaction of the ligand salt with FeBr2(THF)2 generated the complex κ2-N,Nα-

[(2,6-iPr2C6H4N=C5H6)
iPr2PN3(2,6-Me2C6H4)]FeBr•THF (Scheme 3.4) from which 

further reaction chemistry was explored.155 

 

Scheme 3.4 Synthesis of the first K-stabilized phosphazide and subsequent salt 

metathesis reaction to afford κ2-N,Nα-[(2,6-iPr2C6H4N=C5H6)
iPr2PN3(2,6-

Me2C6H4)]FeBr•THF155 

Hayes et al. later published two separate diphosphazide ligand architectures 

stabilized by K+, suggesting potassium is the ideal group 1 metal to prepare phosphazide 

scaffolds due to the K+ ion’s larger atomic radius relative to Li or Na;115,156 however, a few 

Li phosphazide salts are known.127,157 Unlike the work reported by Fryzuk,155 Hayes et al. 

generated the phosphazide moieties within the coordination sphere of potassium 

(K2[C6H4(Ph2PN3(ortho-OC6H4))2, Scheme 3.5).115,156 Subsequent reactions of the 

phosphasalen-type potassium salt with 18-crown-6 sequestered one of the K+ ions resulted 

in rapid N2 evolution (Scheme 3.5, top right).156 The other ligand scaffold reported by 

Hayes et al., a dipotassium diphosphazide pincer-like ligand salt (K2[C2NH2(
iPr2PN3(para-

iPrC6H4))2, Scheme 3.5, bottom),115 has also exhibited loss of N2 at elevated temperature 

(>60 °C) in solution. Both potassium ligand salts were further reacted, via salt metathesis 

reactions, with lanthanide and actinide metals.115,156  
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Scheme 3.5 Synthesis of phosphazide-containing ligands115,156 

3.1.6 Towards RhI and IrI Phosphazide complexes 

The only known group 9 phosphazide complex, Br2Co[Cy3PN3(CO(C4H3O))]•Et2O 

(Figure 3.2), was also one of the first transition metal phosphazide complexes. However, 

the structure of the complex was not confirmed by X-ray diffraction, and no reaction 

chemistry of the species was attempted.158 

 

Figure 3.2 Proposed structure of the first transition metal phosphazide complex158 
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Given the ubiquity of rhodium, and to a lesser extent iridium, throughout various 

catalytic processes, it is expected that Rh or Ir phosphazide complexes would be the most 

likely species to display catalytic activity; however, there is a dearth of reported Rh and Ir 

phosphazide-containing complexes.19 A key intermediate in many catalytic cycles is a 14-

electron, low-coordinate metal species. For example, in olefin metathesis, alkene 

dissociation is a crucial step in generating the vital 14-electron intermediate. A square 

planar RhI or IrI complex bearing an alkene ligand was therefore targeted as the alkene is 

likely to be coordinatively labile. The metal dimer [RhCl(COD)]2 is a commonly used 

starting material, so it was chosen as an appropriate source of Rh. 

It is postulated that a ligand which includes a phosphazide functionality may 

display increased rates of substrate coordination and product dissociation due to the ability 

of phosphazides to fluctuate between the κ2-Nα,Nγ and κ1-Nα coordination modes, which 

can serve to relieve steric strain around the metal centre, as observed by Hayes et al.117 A 

monoanionic phosphazide-containing ligand was targeted to avoid dissociation of the 

entire phosphazide ligand during chemical transformations. 

3.1.7 Literature Precedents for an “Azido”phosphonamide 

In 2015, the Stasch group was able to co-crystallize two dimers that featured 

lithium-coordinated “azido”phosphonamido ligands [R2P(N3R
1)(NR1)]– (Figure 3.3).127 

An azidophosphonamide is the phosphazide analogue of an iminophosphonamide ligand 

(R2P(NHR1)(NR1)), wherein the phosphazide group (PN3R
1) is retained from an arrested 

Staudinger reaction, which would typically extrude N2 to form the corresponding 

phosphinimine (P=N). 
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Figure 3.3 Structure of co-crystallized azidophosphonamido lithium salts127
 

The azidophosphonamido lithium salts Li[Ph2P(NDipp)(N3Dipp)]2 VI and 

Li[Ph2P(NDipp)(N3Dipp)][Ph2P(NDipp)2] VII, were impurities crystallized from the 

deprotonation of Ph2(NHDipp)(NDipp).127 Stasch et al. concluded that the neutral 

azidophosphonamide, (Ph2(NHDipp)(N3Dipp), is a minor impurity formed from an 

arrested Staudinger reaction (Scheme 3.6). 
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Scheme 3.6 Complete Staudinger reaction forming an iminophosphonamide (top, 

green box) and the azidophosphonamide isomers VIII, IX, and X (middle, purple 

box), which eventually form the azidophosphonamido impurities VI and VIII127
 

       The cisoid VIII isomer is the only tautomer which can readily cyclize to extrude 

N2 and form the iminophosphonamide ligand (Ph2P(NDipp)(NHDipp), Scheme 3.6, top). 

The two other tautomers, IX and X, would hinder cyclization of the phosphazide and 

extrusion of N2. Isomer IX requires H migration before a (Dipp)N–PPh2 bond can form to 

eliminate N2, and tautomer X bears an H atom on the N2 fragment (which is to be extruded, 
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Scheme 3.6, middle). Depending on the equilibria between the tautomers in solution, some 

molecules form IX or X preferentially, preventing N2 extrusion and yielding 

azidophosphonamide species, especially if heating is required to eliminate N2. In this case, 

the small amount of azidophosphonamide impurity reacts with nBuLi to form the 

azidophosphonamidolithium salts VI and VII (Scheme 3.6, bottom).127 Stasch et al. found 

that the ligand adopts the tautomer X conformation (Scheme 3.6) before deprotonation, as 

indicated by the P–N bond distances in the azidophosphonamidolithium salts VI and VII 

(Figure 3.3).127 Interestingly, the P=N double bond does not formally exist between Nα and 

phosphorus of the phosphazide moiety. Instead, the P–Nα bond of the phosphazide is 

elongated to a single bond (1.661(3) Å), suggesting the anionic charge of the ligand is 

formally resting on Nα (Figure 3.3). A double bond exists between the phosphorus and 

phosphonamido nitrogen (1.580(3) Å, Figure 3.3).  

Stasch et al. also reported attempts to isolate a less sterically bulky Mes (2,4,6-

MeC6H2) substituted azidophosphonamidolithium salt Li[Ph2P(NMes)(N3Mes)2]2; 

however, they only reported the non-phosphazide containing iminophosphonamidolithium 

salts Li[Ph2P(NMes)2]2.
127 Therefore, the equilibria between the tautomers, and 

consequently the isolation of a stable azidophosphonamide, can be affected by factors such 

as the steric bulk of the nitrogen substituents. 

Alkali metal iminophosphonamide species are useful precursors for salt metathesis 

reactions, wherein the alkali complex (LiL or KL) is reacted with a metal halide (MX) as 

a means to attach the desired ligand L to the metal centre M.127 This methodology has been 

employed by Fryzuk et al.155 and Hayes et al.115,156 as protocols to bind their phosphazide-
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containing ligands to transition metals. Despite the ubiquity of salt metathesis as a ligand 

attachment protocol, no further investigations involving the salts VI and VII, or isolation 

of neutral azidophosphonamide ligands, have been reported. 

3.2 Synthesis of Azidophosphonamide Ligands 

3.2.1 From Iminophosphonamides to Azidophosphonamides 

A great advantage of iminophosphonamides [R2P(NR1)2]
–, and their carbon 

analogous, amidinates [RC(NR1)2]
–, is the wide range of steric tunability via facile 

variation of the N-substituents. Exchanging the phosphinimine moiety (in an 

iminophosphonamide ligand ([R2P(NHR1)(NR1)]) with a phosphazide generates a neutral 

azidophosphonamide [R2P(NHR1)(N3R
1)], a compound that has yet to be reported in the 

literature.127 

 

Figure 3.4 Resonance forms of amidinate and iminophosphonamide ligands 

The work reported by Stasch et al.127 suggests that azidophosphonamides, 

(R2P(NHR1)(N3R
1)), may not have the same versatility as iminophosphonamides 

(R2(NHR1)(NR1)), instead requiring sterically encumbering groups on nitrogen (such as 

Dipp) for azidophosphonamide stabilization, as they were not able to isolate the less 

sterically bulky Mes-substituted azidophosphonamide-containing complex. Aside from 



 

101 

 

steric factors, namely large groups on both N and P atoms hindering cyclization of the cis 

phosphazide conformer, electronic factors, such as strong electron donors on phosphorus 

or electron-withdrawing groups on nitrogen, have been shown to stabilize the trans 

phosphazide isomer.111 Alkyl phosphorus substituents will not always yield an 

azidophosphonamide (R2P(NHR1)(N3R
1)); for example, the tBu substituted 

iminophosphonamide tBu2P(NHSiMe3)(NSiMe3) is known,159-161 yet there are no reports 

of the azidophosphonamide species tBu2P(NHSiMe3)(NSiMe3). Incorporating relatively 

more electron-donating isopropyl groups on phosphorus in iminophosphonamide ligands 

has yet to be reported and could potentially lead to an azidophosphonamide.  

3.2.2 Synthesis of K[iPr2P(NMes)(N3Mes)] (14) 

As Statch et al. could not isolate a mesityl-subtitled azidophosphonamide 

species,127 mesityl groups were selected to demonstrate the isolation of an 

azidophosphonamide could be attributed to the electronic influence of isopropyl groups on 

phosphorus rather than the steric bulk on nitrogen. The proposed route to the desired 

azidophosphonamide iPr2P(NMes)(N3Mes) is analogous to the synthesis of 

iminophosphonamides wherein the Mes-substituted phosphonamide (iPr2PNHMes) is 

reacted with an organic azide (MesN3) (Scheme 3.7). The neutral azidophosphonamide 

ligand iPr2P(NMes)(N3Mes) would be deprotonated with base (KH) to generate the 

potassium salt 14, K[iPr2P(NMes)(N3Mes)], which can be used for salt metathesis 

protocols. KH was chosen due to the larger ionic radius of K+ compared to Li+, which in 

the literature has been better at stabilizing phosphazides.115,155,156 
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Scheme 3.7 Attempted synthesis of K[iPr2P(NMes)(N3Mes)], 14 

The reaction between iPr2PNHMes and MesN3 yielded a myriad of resonances, 

ranging from δ 65 to 0 in the 31P{1H} NMR spectrum. Heating the reaction mixture at 60 

°C for 48 h reduced the number of 31P{1H} NMR resonances from 12 to 10, but did not 

yield a single product. Attempts to isolate any of the major products from the mixture 

proved unsuccessful. Reacting the mixture of products with KH, in an attempt to generate 

the potassium salt 14, K[iPr2P(NMes)(N3Mes)], only resulted in the appearance of several 

additional signals in the 31P{1H} NMR spectrum.  

An alternative method to generate phosphazide ligands is to form the PN3 group 

within the coordination sphere of the metal. Hayes et al. first deprotonated the NH or OH 

to form the potassium salts K[2,5-(iPr2P)2C4NH2] and K[ortho-(Ph2P)(O)C6H4], which 

were then reacted with an organic azide to form the phosphazide moiety within the K+ ions 

coordination sphere (Scheme 3.4).115,156 Therefore, an alternative synthetic route to the 

azidophosphonamido potassium salt 14 K[iPr2P(NMes)(N3Mes)] was pursued. 

Specifically, KH was used to deprotonate N–H (of iPr2PNHMes) prior to adding the azide 

(Scheme 3.8).  
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Scheme 3.8 Synthesis of K[iPr2P(NMes)(N3Mes)], 14 

Deprotonation of iPr2PNHMes with KH to yield K[iPr2PNMes] required heating at 

60 °C in THF for 12 h. Similarly, the azidophosphonamido salt 14, 

K[iPr2P(NMes)(N3Mes)] was generated by heating of the reaction mixture of MesN3 and 

K[iPr2PNMes] to 60 °C in THF for 10 h; confirmed through the loss of the 31P1{H} NMR 

signal attributed to K[iPr2PNMes] (δ 72.3 in THF-d8). Heating compound 14 at 60 °C in 

benzene-d6 for 2 weeks at 100 °C in toluene-d8 for 1 week resulted in no observable 

changes in the 31P{1H} NMR spectrum, indicating the robustness of the phosphazide 

moiety within 14. 

Two sets of mesityl aromatic and aliphatic resonances (N3–Mes and N–Mes) were 

observed in the 1H NMR spectrum of 14. The 31P{1H} NMR spectrum contains one singlet 

attributed to 14 at δ 19.0 in THF-d8 and δ 22.9 in benzene-d6. Both resonances are upfield 

shifted from K[iPr2PNMes] (δ 72.3 in THF-d8) and iPr2PNHMes (δ 57.7 in benzene-d6). 

Two separate sets of mesityl aromatic and aliphatic signals in the 1H NMR spectrum and 

the 31P{1H} NMR chemical shift corroborate that 14, K[iPr2P(NMes)(N3Mes)], retains the 

phosphazide moiety. Unfortunately, attempts to obtain a solid-state structure have proven 

unsuccessful. The percentage of nitrogen (N%) in 14 determined by elemental analysis 

(11.88%) closely matched the calculated N% of K[iPr2P(NMes)(N3Mes)] 14 (12.01%) 
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(K[iPr2P(NMes)2] N% = 5.75%). Unambiguous confirmation that 14 contains a 

phosphazide came via the X-ray crystal structure of [iPr2P(N3Mes)(NMes)]Rh(COD) 20 in 

section 3.3. 

3.2.3 Synthesis of Adamantyl-Substituted Azidophosphonamido Ligands 

Alkyl substituents on nitrogen are predicated to subtly change the electronic 

properties of the azidophosphonamido ligand. However, substitution of the mesityl 

nitrogen substituents with ubiquitous tBu or TMS groups involves the reagents tBuN3 and 

Me3SiN3 to generate the phosphazide moiety.162 Adamantyl groups were selected as an 

alternative to tBu and SiMe3 substituents due to the similar steric influence of Ad compared 

to tBu groups,137 and the higher C:N ratio of 3.4 of AdN3 (1 (tBuN3) and 1.3 (SiMe3N3)). 

Despite unsuccessful attempts at generating the neutral azidophosphonamide 

iPr2(N3Mes)(NHMes), directly reacting the yet-to-be-reported phosphonamide 15, 

iPr2(NHAd), with AdN3 to afford the neutral azidophosphonamide 16, iPr2(N3Ad)(NHAd)) 

was proposed (Scheme 3.9). 

 

Scheme 3.9 Synthesis of iPr2P(NHAd)(N3Ad), 16 
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3.2.4 Synthesis of iPr2P(NAd) (15) 

Deprotonation of HNAd by nBuLi in diethylether at –94 °C, followed by a 

subsequent salt metathesis reaction of Li[NAd] with ClPiPr2, readily afforded the 

phosphonamide 15, iPr2P(NHAd). The beige liquid 15 solidifies at –35 °C; however, 

recrystallization has proven unsuccessful. One set of adamantyl alkyl and isopropyl 

resonances were observed in the 1H NMR spectrum of 15 ranging from δ 2.0-1.0, and one 

singular NH signal at δ 0.93 was also identified. In the 31P{1H} NMR spectrum, one 

resonance was observed at δ 38.5. 

3.2.5 Synthesis of iPr2P(N3Ad)(NHAd) (16) 

The adamantyl-substituted azidophosphonamide 16, iPr2P(NHAd)(N3Ad), was 

readily generated via an arrested Staudinger reaction between phosphonamide 15, 

iPr2PNHAd, and AdN3 in toluene, after heating at 70 °C for 16 h. The product readily 

precipitated out of solution upon cooling to ambient temperature. Characterization of 16 

was conducted in CDCl3 due to poor solubility in both benzene-d6 and THF-d8. Extensive 

heating of 16 at 60 °C in CDCl3 for 2 weeks yielded no change in the 31P{1H} NMR 

spectrum, indicating the phosphazide moiety does not easily extrude N2. It is originally 

postulated that hydrogen bonding from the amine nitrogen in 16 stabilized the phosphazide 

functional group, however the lack of crystallographic evidence seen in seen in section 

3.2.5.1. suggests the robust nature of phosphazide is due to the steric and electronic 

influences of the adamantyl groups on nitrogen. 

Two sets of broad adamantyl resonances were observed in the 1H NMR spectrum 

of 16, one for each N3–Ad and HN–Ad. The singlet at δ 50.7 (in CDCl3) in the 31P{1H} 
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NMR spectrum is shifted substantially (12 ppm) to a higher frequency compared to the 

precursor 15, iPr2P(NAd) at δ 38.5 in benzene-d6. X-ray diffraction experiments confirmed 

that 16, iPr2P(NHAd)(N3Ad) contained a phosphazide functionality (Figure 3.5).  

3.2.5.1 X-ray Crystal Structure of iPr2P(N3Ad)(NHAd) (16) 

Light-yellow needles of 16 were grown from a saturated CH2Cl2 solution left at 

ambient temperature for 3 days. 

 

Figure 3.5 X-ray crystal structure of 16 depicted as 50% displacement ellipsoids. 

Hydrogen atoms (except H1) are omitted for clarity  

The P1=N2–N3=N4 torsion angle of the phosphazide within 16, 

iPr2P(NHAd)(N3Ad), 178.7(4)° indicated the functional group adopts a transoid 

conformation in the solid state. Interestingly, both P–Nα (of the phosphazide) and P–N1 

display single bond character with elongated P–N distances of 1.643(5), 1.652(5) Å, 

respectively, suggesting δ– on the N atoms and δ+ on P. 
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The phosphazide moiety removes some of the steric bulk at phosphorus. As a direct 

consequence, the C21–P–C24 angle between the phosphorus substituents increased 

(114.3(3)°) relative to the iminophosphonamido ligand 2, Ph2P(NAd)(NHAd) in section 

2.2.1 (102.58(9)°). The N1–P–N2 bond angle (118.5(2)°) is also impacted, compared to 

the iminophosphonamido ligand 2, which displays a larger N–P–N angle (121.96(9)°, 

Table 3.1) due to steric crowding around phosphorus (two Ph and two N–Ad substituents). 

Table 3.1 Selected bond distances (Å) and angles (°) for compound 16 

Atoms Distance (Å) Atoms Angle (°) 

N1–C1 1.477(8) P–N1–C1 127.7(4) 

N4–C11 1.485(7) C24–P–C21 114.3(3) 

P–C21 1.830(6) N1–P–N2 118.5(2) 

P–C24 1.827(6) P–N2–N3 109.3(4) 

P–N1 1.652(5) N2–N3=N4 113.2(4) 

P–N2 1.643(5) N3=N4–C11 111.9(4) 

N2–N3 1.368(6)   

N3=N4 1.256(7)   

 

3.2.6 Synthesis of Li2[iPr2P(N3Ad)(NAd)]2 (17) 

Deprotonation of 16, iPr2P(NHAd)(N3Ad), was attempted using KH in THF; 

however, no conversion was observed even with heating the reaction to 60 °C for 16 h. 

Instead, 16, iPr2P(NHAd)(N3Ad)) was suspended in THF, and a solution of tBuLi in 

hexanes was added to deprotonate the N–H and generate the lithium salt 17, 

Li2[
iPr2P(NAd)(N3Ad)]2. Compound 17 was found to be highly soluble in THF, and thus 
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the characterization of 17 is reported in THF-d8 (due to the poor solubility of 17 in CDCl3). 

Inequivalence of the adamantyl methylene and methine proton signals was observed in the 

1H NMR spectrum. The 31P{1H} NMR chemical shift of 17 is downfield (δ 41.7) compared 

to the mesityl-substituted potassium salt 14, K[iPr2P(NMes)(N3Mes)], at δ 19.0. 

Loss of the N–H resonance in the 1H NMR spectrum and the appearance of a 7Li 

NMR signal (δ 1.5) confirm the deprotonation of 16, iPr2P(NHAd)(N3Ad). However, the 

31P{1H} chemical shift and inequivalence in the 1H NMR spectrum do not unambiguously 

indicate retention of the phosphazide moiety, as hydrogen bonding from OH or NH protons 

can stabilize a phosphazide.108 It is therefore possible that the azidophosphonamide 17, 

iPr2P(NHAd)(N3Ad)), could have spontaneously extruded N2 upon loss of the NH to form 

the iminophosphonamido lithium salt, Li[iPr2P(NAd)2].  

3.2.6.1 X-ray Crystal Structure of Li2[iPr2P(N3Ad)(NAd)]2)•C2Cl2 (17) 

Light yellow diamonds of 17•C2Cl2 were grown from a 1:1 THF:CH2Cl2 solution 

left at ambient temperature for 1 week. The X-ray crystal structure (Figure 3.6) confirms 

that the lithium salt 17, Li2[
iPr2P(NAd)(N3Ad)]2, indeed retained the phosphazide group. 
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Figure 3.6 X-ray crystal structure of 17•CH2Cl2 depicted as 50% displacement 

ellipsoids. Hydrogen atoms and the solvent molecule (CH2Cl2) are omitted for clarity  

Compound 17 was found to crystallize as a dimer (Li2[
iPr2P(NAd)(N3Ad)]2) Figure 

3.6), which echoes that reported by Stasch et al.127 The dimer lies on the Wyckoff special 

position a in the highly symmetric orthorhombic space group Fdd2, with the other half of 

the dimer (not in the asymmetric unit) being generated through the 2-fold rotation axis, 

hence, why only half an equivalent is observed in the asymmetric unit. 

The phosphazide functionality assumes the transoid-conformation, akin to its 

precursor 16, iPr2P(NHAd)(N3Ad), (P1–N2–N3=N4 = 178.7(4)°), albeit with a smaller P1–

N2–N3=N4 torsion angle (172.4(2)°, 17) attributed to coordination of the ligand to lithium. 

The geometry about lithium is severally distorted τ4 =0.52 (with τ′4 =0.48) and lies 

somewhere between tetrahedral and seesaw. The P–Nα bond is close to a typical single 

bond length (1.669(2) Å, Table 3.2). In contrast, the phosphonamido nitrogen (N1) to 
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phosphorus bond distance exhibits double bond character (1.573(2) Å), suggesting the 

ligand’s anionic charge primarily resides on Nα (Figure 3.7, left).  

 

Figure 3.7 Two possible azidophosphonamide resonance structures placing the 

anionic charge of the ligand on the Nα (left) or the phosphonamido nitrogen (right) 

 

Table 3.2 Selected bond distances (Å) and angles (°) for compound 17 

Atoms Distance (Å) Atoms Angle (°) 

Li–N1 1.972(5) N1–Li–N2 75.17(16) 

Li–N2 2.104(4) N2–Li–N21 101.76(18) 

Li1–N2 2.113(5) N2–Li1–N41 62.38(14) 

Li1–N4 2.048(5) N41–Li–N1 139.1(2) 

N2–N3 1.350(3) P=N1–C1 134.66(16) 

N3–N4 1.266(3) P–N2–N3 115.92(15) 

N1–C1 1.481(3) N2–N3=N4 110.90(18) 

N4–C11 1.481(3) N3=N4–C11 114.13(19) 

P–C21 1.836(3) N1–P–N2 100.26(10) 

P–C24 1.835(3) C21–P–C24 106.29(13) 

P–N1 1.573(2)   

P–N2 1.669(2)   

Notes: 1 = An atom on the monomeric unit of 17 that is generated through symmetry (i.e. does not exist 

in the asymmetric unit) 
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3.3 Towards RhI and IrI Azidophosphonamido Complexes 

The readily available starting metal sources [MCl(COD)]2 (M = Rh, Ir) were used 

to generate Rh and Ir COD complexes. Upon coordination of the ligand to Rh or Ir, it was 

unknown if the ligand would exhibit a κ3-N,Nα,Nγ coordination mode, where one COD 

alkene ligand is dissociated, or a κ2-N,Nα coordination, akin to 17, Li2[
iPr2P(NAd)(N3Ad)]2 

and could later be induced to bind κ3.  

3.3.1 Synthesis of RhI and IrI Adamantyl-Substituted Azidophosphonamido Species 

In generating the neutral azidophosphonamide 16, [iPr2P(N3Ad)(NHAd)], and the 

azidophosphonamidolithium salt 17, Li2[
iPr2P(NAd)(N3Ad)]2, it was expected that the 

synthesis of 18, [iPr2P(N3Ad)(NAd)-κ2-N,Nα]Rh(COD), and 19, [iPr2P(N3Ad)(NAd)-κ2-

N,Nα]Ir(COD) would incur similar solubility problems. Reaction of 17 with half an 

equivalent of the metal dimers [MCl(COD)]2 (M = Rh or Ir) in benzene readily afforded 

the RhI and IrI complexes 18 after 16 h at ambient temperature (Scheme 3.10).  

 

Scheme 3.10 Synthesis of [iPr2P(N3Ad)(NAd)-κ2-N,Nα]M(COD), M = Rh (18) and Ir 

(19) 
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The 31P{1H} NMR spectra of 18 and 19 each contain one resonance (δ 24.5 and δ 

111.0, respectively). X-ray diffraction experiments confirmed that the phosphazide group 

was retained (Figure 3.8). Attempts to crystallize the Ir analogue 19 were unsuccessful; 

however, corroboration that 19 keeps the PN3 groups and adopts the κ2-N,Nα coordination 

mode came via the solid-state structure of [iPr2P(N3Ad)(NAd)-κ2-N,Nα]Ir(CO)2, 25 (see 

section 4.3.2).  

3.3.1.1 X-ray Crystal structure of [iPr2P(N3Ad)(NAd)-κ2-N,Nα]Rh(COD) (18) 

 

Figure 3.8 X-ray crystal structure of 18 depicted as 50% displacement ellipsoids. 

Hydrogen atoms are omitted for clarity  

The phosphazide functionality in complex 18 adopts the more stable transoid-

conformation, akin to its precursor 17, Li2[
iPr2P(NAd)(N3Ad)]2. Complex 18 exhibits a 

smaller than ideal P–N–N=N torsion angle of 170.8(2)°, attributed to the steric bulk of the 

COD ligand. The κ2-N,Nα bonding mode of the ligand can be explained through 

examination of the P–N distances, where the ligand’s anionic charge is presumed to reside 



 

113 

 

on the alpha-phosphazide nitrogen (Nα), as the P–Nα distance approaches single bond 

length (1.652(3) Å; Table 3.3); a typical P–N distance ranges from 1.67 to 1.77 Å.163 The 

other phosphonamido nitrogen (N1) exhibits a shorter P=N distance suggestive of double 

bond character (1.607(3) Å, a typical P=N distance ranges from 1.47 to 1.62 Å.163), similar 

to the two known azidophosphonamidolithium salts.127 The geometry about Rh is distorted 

square planar (τ4 = 0.27) attributed to the small N–Rh–N bite angle (70.20(10)°) which is 

similar to the angles observed for the iminophosphonamide species [Ph2(NR)2M(COD)] in 

chapter 2 (τ4 = 0.2-0.3 and N–M–N = 70-80°). 
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Table 3.3 Selected bond distances (Å) and angles (°) for compound 18 

Atoms Distance (Å) Atoms Angle (°) 

Rh–N1 2.181(3) N1–Rh–N2 70.20(10) 

Rh–N2 2.053(3) C31–Rh–N1 99.43(12) 

N1–C1 1.475(4) C32–Rh–N1 106.88(12) 

N4–C17 1.480(5) C27–Rh–N2 96.32(12) 

P–C12 1.838(4) C27–Rh–N2 99.96(13) 

P–C15 1.834(3) C27–Rh–C32 81.77(13) 

Rh–C27 2.132(3) C28–Rh–C31 89.44(14) 

Rh–C28 2.126(3) C12–P–C15 107.21(17) 

Rh–C31 2.121(3) N1=P–N2 96.77(15) 

Rh–C32 2.139(3) P=N1–C1 128.0(2) 

P–N1 1.607(3) P–N2–N3 116.0(2) 

P–N2 1.652(3) N2–N3=N4 114.0(3) 

N2–N3 1.362(4) N3=N4–C17 112.8(3) 

N3=N4 1.250(4)   

The broad resonances in the 31P{1H} NMR spectra for both 18 [iPr2P(N3Ad)(NAd)-

κ2-N,Nα]Rh(COD)], and 19 [iPr2P(N3Ad)(NAd)-κ2-N,Nα]Ir(COD)), suggest a fluxional 

process in solution (κ2-N,Nα ↔ κ3-N,Nα,Nγ), which broadens the peak. A κ3-N,Nα,Nγ 

coordinated azidophosphonamido complex ([iPr2P(N3Ad)(NAd)-κ3-N,Nα,Nγ]M(κ1-COD)) 

could have only one coordinated and an uncoordinated COD alkene moiety to retain a 16-

electron metal center; however, methylene and methine signals attributed to an unbound 

COD alkene are not observed in both the 1H and 13C{1H} NMR spectra. Another possibility 

could be the formation of an 18-electron, 5 coordinate species ([iPr2P(N3Ad)(NAd)-κ3-
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N,Nα,Nγ]M(κ2-COD)), which would possess a COD ligand with two chemically 

inequivalent alkene moieties; however, a κ2-N,Nα complex ([iPr2P(N3Ad)(NAd)-κ2-

N,Nα]M(κ2-COD)) would also exhibit unsymmetric COD coordination. Two different 

methine (CH) COD resonances were observed for both 18 and 19 in the 1H NMR spectra 

(δ 5.45, 4.64 (18) and δ 5.17, 4.49 (19)) and corroborated by the 13C{1H} NMR spectra; 

thereby, implying non-symmetric coordination of COD ligand. The solid-sate structure of 

18 exhibits the κ2-N,Nα coordination mode, although it is unclear if this is the coordination 

mode observed in the solution-state.  

3.3.2 Synthesis of RhI and IrI Mesityl-Substituted Azidophosphonamido Complexes 

Akin to the synthesis of the adamantyl complexes 18, [iPr2P(N3Ad)(NAd)-κ2-

N,Nα]Rh(COD)) and 19, [iPr2P(N3Ad)(NAd)-κ2-N,Nα]Ir(COD), the analogous mesityl 

complexes, RhI and IrI COD complexes 20, [iPr2P(N3Mes)(NMes)-κ2-N,Nα]Rh(COD)], and 

21, [iPr2P(N3Mes)(NMes)-κ2-N,Nα]Ir(COD)], were prepared via a reaction between 

[MCl(COD)]2 (M = Rh or Ir) and 14, Li[iPr2P(N3Mes)(NMes)], at ambient temperature in 

benzene-d6 (Scheme 3.11).  

 
Scheme 3.11 Synthesis of [iPr2P(N3Mes)(NMes)-κ2-N,Nα]M(COD)], where M = Rh 

(20), Ir (21) 
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Monitoring the synthesis of the Rh complex 20, [iPr2P(N3Mes)(NMes)-κ2-

N,Nα]Rh(COD), via 31P{1H} NMR spectroscopy, revealed that complete consumption of 

the lithium salt 14, Li[iPr2P(N3Mes)(NMes)], occurs within minutes yielding two 

resonances at δ 84.1 (91%) and 64.9 (9%). The smaller upfield signal (δ 64.9) was initially 

assigned as the N2 extrusion product, [iPr2P(NMes)2]Rh(COD). Similarly, synthesis of the 

Ir complex 21, [iPr2P(N3Mes)(NMes)-κ2-N,Nα]Ir(COD)], yielded two resonances in the 

31P{1H} NMR spectrum at δ 105.7 (86%) and 77.0 (14%), where the sharper, upfield signal 

(δ 77.0) was attributed to [iPr2P(NMes)2]Ir(COD). Isolation of the major product in both 

reactions was achieved by two or more successive recrystallizations. Unambiguous 

confirmation of the identity of the species as the proposed azidophosphonamido complexes 

20, [iPr2P(N3Mes)(NMes)-κ2-N,Nα]Rh(COD)], and 21, [iPr2P(N3Mes)(NMes)-κ2-

N,Nα]Ir(COD)], was provided by X-ray diffraction experiments. 

3.3.2.1 X-ray Crystal Structure of [iPr2P(N3Mes)(NMes)-κ2-N,Nα]Rh(COD)] (20) 

The phosphazide functionality in complex 20, [iPr2P(N3Mes)(NMes)-κ2-

N,Nα]Rh(COD)], adopts the transoid-conformation (torsion angle = (171.6(1)°), and an E 

N=N bond configuration (N2–N3=N4–C16 = 179.7(2)°), to minimize steric interaction of 

the mesityl substituent and the COD ligand.  
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Figure 3.9 X-ray crystal structure of 20 depicted as 50% displacement ellipsoids. 

Hydrogen atoms are omitted for clarity 

The azidophosphonamide ligand in 20 binds to Rh in a κ2-N,Nα fashion, akin to that 

observed in the azidophosphonamido complexes 18 and 19. The geometry at Rh is distorted 

square planar, τ4 = 0.28, and overall, quite similar to the adamantyl-substituted analogue 

18, [Ph2P(NAd)(NAd)]Rh(COD) (τ4 = 0.27). The small N–Rh–N bite angle of 70.65(6)° 

(Table 3.4) is similar to the adamantyl-substituted complex 18 (70.20(10)°).  
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Table 3.4 Selected bond distances (Å) and angles (°) for complex  20 

Atoms Distance (Å) Atoms Angle (°) 

Rh–N2 2.1217(15) N1–Rh–N2 70.65(6) 

Rh–N2 2.0840(17) C31–Rh–N1 99.45(7) 

N1–C1 1.419(2) C32–Rh–N1 96.03(7) 

N4–C16 1.427(3) C27–Rh–N2 104.51(7) 

P–C10 1.826(2) C28–Rh–N2 99.89(7) 

P–C13 1.820(2) C10–P–C13 108.02(10) 

Rh–C27 2.1253(19) N1=P–N2 96.13(8) 

Rh–C28 2.1125(19) P=N1–C1 132.10(14) 

Rh–C31 2.1263(19) P–N2–N3 117.59(13) 

Rh–C32 2.112(2) N2–N3=N4 112.94(16) 

P–N1 1.6052(17) N3=N4–C11 113.29(17) 

P–N2 1.6635(16)   

N2–N3 1.355(2)   

N3=N4 1.271(2)   

 

3.3.2.2 X-ray Crystal Structure of [iPr2P(N3Mes)(NMes)-κ2-N,Nα]Ir(COD) (21) 

As in 20, [iPr2P(N3Mes)(NMes)-κ2-N,Nα]Rh(COD)], the phosphazide functionality 

in 21, [iPr2P(N3Mes)(NMes)-κ2-N,Nα]Ir(COD)], is transoid-disposed (P1–N2–N3=N4 = 

172.0(2)°), and the E configuration was observed about the N=N bond (N2–N3=N4–C16 

= 179.7(2)°). The Rh and Ir complexes 20 and 21 crystallize with very similar unit cells 

(i.e. nearly identical a, b, c, α, β, and γ dimensions, volume (~3050 Å3) and space group 

(P21/c)). 
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Figure 3.10 X-ray crystal structure of 20 depicted as 50% displacement ellipsoids. 

Hydrogen atoms are omitted for clarity 

Many metrical parameters are statistically indistinguishable between the two 

complexes 20 [iPr2P(N3Mes)(NMes)-κ2-N,Nα]Rh(COD) (see Table 3.5), and 21 

[iPr2P(N3Mes)(NMes)-κ2-N,Nα]Ir(COD) (see Table 3.4). For instance, the N–M–N bite 

angles (20 = 69.94(9)°, and 21 = 70.65(6)°) and M–N bond distances (20 = 2.1217(15) Å, 

and 21 = 2.110(2) Å) are alike. Similarly, both 20 and 21 display the distorted square planar 

geometry, τ4 = 0.28 (20) and τ4 = 0.28 (21). 
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Table 3.5 Selected bond distances (Å) and angles (°) for compound 21 

Atoms Distance (Å) Atoms Angle (°) 

Ir–N1 2.110(2) N1–Ir–N2 69.94(9) 

Ir–N2 2.077(2) C29–Ir–N1 96.36(10) 

N1–C1 1.425(3) C30–Ir–N1 99.74(9) 

N4–C11 1.428(4) C25–Ir–N2 100.87(10) 

P–C10 1.817(3) C26–Ir–N2 105.00(10) 

P–C13 1.827(3) C25–Ir–C30 81.57(11) 

Ir–C25 2.097(3) C26–Ir–C29 81.64(11) 

Ir–C26 2.119(3) C10–P–C13 108.45(13) 

Ir–C29 2.101(3) N1=P–N2 94.29(11) 

Ir–C30 2.118(3) P=N1–C1 132.17(18) 

P–N1 1.606(2) P–N2–N3 117.59(18) 

P–N2 1.667(2) N2–N3=N4 112.6(2) 

N2–N3 1.359(3) N3=N4–C11 112.7(2) 

N3=N4 1.267(3)   

 

The 31P{1H} NMR resonances for 20 and 21 (δ 84.1 and 105.7) are broad, 

suggesting a fluxional process on the NMR timescale (κ2-N,Nα ↔ κ3-N,Nα,Nγ), akin to 18, 

[iPr2P(N3Ad)(NAd)-κ2-N,Nα]Rh(COD)) and 19, [iPr2P(N3Ad)(NAd)-κ2-N,Nα]Ir(COD). 

The two distinct methine COD resonances observed in the 1H NMR spectrum of both 20 

(δ 5.42 and 3.36) and 21 (δ 4.74 and 2.22) are suggestive of two chemically inequivalent 

COD alkene moieties, rather than an uncoordinated COD alkene group (methine signal of 

δ 5.6). Overall, the X-ray crystal structures of 20 and 21 were confirmed to contain the 
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azidophosphonamido ligand [iPr2P(N3Mes)(NMes)]– bound to the metal in the κ2-N,Nα 

mode. In solution, the non-symmetric COD ligand could be suggestive of a 4-coordinate, 

16e– compound (κ2-N,Nα), a 5-coordinate, 18e– complex (κ3-N,Nα,Nγ), or rapid conversion 

between the two species. 

3.4 Concluding Remarks 

A new family of azidophosphonamide transition metal complexes has been 

synthesized and characterized. The COD complexes [iPr2P(N3R)(NR)-κ2-N,Nα]M(COD) 

(R = Mes, Ad and M = Rh, Ir) were readily generated at ambient or elevated temperatures 

(60 °C) within 16 h and purified by crystallization. The reactivity of the 

azidophosphonamide RhI and IrI complexes toward various small molecules to substitute 

the COD ligand is discussed in Chapter 4. 
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CHAPTER 4: REACTIVITY OF AZIDOPHOSPHONAMIDE Rh 

AND Ir COMPLEXES 

4.1 Overview  

4.1.1 Phosphazides 

The phosphazide (R3P=N3–R1) is an uncommon species in the literature and often 

only discussed in the context of the Staudinger reaction (Scheme 3.1), wherein a 

phosphazide is the intermediate species. Phosphazides are inherently unstable and prone to 

release N2 gas when in the cis conformation (Scheme 3.1).108 Many phosphazide 

stabilization techniques involve favouring the trans conformation via steric factors, such 

as bulky groups on both N and P atoms, and electronic factors, including strong electron 

donors on phosphorus or electron-withdrawing groups on nitrogen.111 A more common 

technique involves coordinating one or more of the phosphazide nitrogen atoms to a metal 

or Lewis acid;113 however, a limited number of main group, transition metal, and f-block 

complexes which contain phosphazide ligands are known.114-116 

4.1.2 Phosphazide Linkage Isomerism 

Linkage isomerism is a phenomenon that can occur with ambidentate ligands that 

are capable of more than one coordination mode. Thiocyanate is a well-known example, 

as the ligand can coordinate at either the sulfur (M–S–C≡N) or the nitrogen atom (M–

N=C=S).  

Due to the three possible donor nitrogens present in a phosphazide (Nα, Nβ and Nγ), 

numerous phosphazide coordination modes are known and have been shown to undergo 



 

123 

 

linkage isomerism (from κ2-Nα,Nγ to κ1-Nα) due to steric crowding.117 More interestingly, 

frustrated Lewis pairs (FLPs) containing a phosphazide have exhibited thermally or 

photochemically induced linkage isomerism from the κ1-Nα to the κ1-Nβ coordination mode 

(see section 4.1.3 and 4.1.4).116,164  

4.1.3 Photochemically Induced Phosphazide Linkage Isomerism 

Bourissou et al. were the first to report phosphazide isomerization using a 

phosphazide borane FLP (XII, ortho-[(iPr2PN3Ph)C6H4(BMes2)]), which was generated 

via an arrested Staudinger reaction.164  

 
Scheme 4.1 Photochemically induced linkage isomerism of a phosphazidoborane164  

The high thermal stability of XII, ortho-[(iPr2PN3Ph)C6H4(BMes2)] meant that 

harsh conditions were required to promote N2 elimination and yield the desired 

phosphiniminoborane XIII, ortho-[(iPr2PNPh)C6H4(BMes2)].
164 Bourissou et al. 
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postulated that photochemical irradiation could induce N2 extrusion, akin to that observed 

for azides and diazo-species in the literature,165 thereby negating the need for high 

temperature and low pressure. Instead, the phosphazidoborane was found to undergo 

unprecedented and irreversible photoisomerization wherein the borane (BMes2) ends up in 

a κ1-Nβ→BMes2 coordination mode (of the beta-phosphazide nitrogen), increasing the size 

of the “chelate ring” to a 6-membered B–Nβ–Nα–P–C–C heterocycle (XII → XIV, Scheme 

4.1).164 The isomerization also changed the phosphazide conformation from cisoid (XII) 

to transoid (XIV) and the N=N bond configuration from E (XII) to Z (XIV), which reduces 

steric crowding around B.164 Attempts to reverse the linkage isomerization were 

unsuccessful, yielding complex mixtures.  

Bourissou et al. also reported an analogous phosphazinoborane XV, ortho-

[(iPr2P=N–N=C–Ph)C6H4(BMes2)], which was found to undergo the same 

photochemically induced linkage isomerism (Nα→B in XV to Nβ→Bin XVI). However, 

this process can be reversed if the compound is left in solution at ambient temperature for 

16 h (Scheme 4.2). 

 

Scheme 4.2 Photochemically induced linkage isomerism of a phosphazinoborane164  
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4.1.4 Thermally-Induced Linkage Isomerism of Phosphazides 

In 2019, Slootweg et al. reported thermally-induced phosphazide linkage 

isomerism of another phosphazide-containing FLP.116 The work published by Slootweg et 

al. demonstrated that the ability to isolate a phosphazide without N2 extrusion partially 

depends on the phosphazide nitrogen substituent.116 In this case, when Me3SiN3 was 

employed, only the phosphinimine XVIII, (tBu2PNSiMe3)CH2BPh2, was obtained. 

Conversely, when the same phosphine was allowed to react with PhN3, the phosphazide 

species XIX, (tBu2PN3Ph)CH2BPh2, was reported (Scheme 4.3). Phosphazide XIX 

displayed κ1-Nγ→B coordination to the borane in the solid state with a six-membered 

heterocycle (Scheme 4.3). The κ1-Nγ→B coordination mode exhibited in XIX was 

computationally determined to be the lowest energy linkage isomer when compared to κ1-

Nα→B or κ1-Nβ→B.116 

 

Scheme 4.3 Formation of various phosphazide-containing FLPs116 
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Bulkier nitrogen substituents, namely tBu or Mes, yielded κ1-Nα→B species (XX, 

κ1-Nα(tBu2PN3R)CH2BPh2, R = tBu or Mes) (Scheme 4.3). Slootweg et al. proposed that 

the Nα→B isomer (XX) is the kinetic product which can rearrange to the 

thermodynamically more stable κ1-Nβ→B isomer. Notably, the tBu substituted species 

exhibited no signs of rearrangement; however, the mesityl-substituted XX was found to 

undergo thermally-induced linkage isomerization. The kinetic Nα→B isomer XX, when 

heated to 75 °C for 3 days, converted into the κ1-Nβ→B coordination compound XXI, κ1-

Nβ(tBu2PN3Mes)CH2BPh2. DFT calculations established the five-membered heterocycle in 

XXI to be the thermodynamic product. The phosphazide in XX κ1-

Nα(tBu2PN3Mes)CH2BPh2 adopts a cisoid-conformation and E N=N bond configuration. 

In contrast, the κ1-Nβ→B linkage isomer XXI, κ1-Nβ(tBu2PN3Mes)CH2BPh2) exhibits a 

transoid phosphazide conformation (P=N–N=N = 178.4°) and Z N=N bond configuration 

which minimizes the steric impact of the phosphazide mesityl substituent. The work by 

Bourissou et al.164 and Slootweg et al.116 reports the only known examples of both 

phosphazide linkage isomerization and the Nβ→B coordination mode. 

4.2 Linkage Isomerism of RhI and IrI Azidophosphonamido Complexes 

4.2.1 Linkage Isomerism of Mesityl-Substituted RhI and IrI Complexes (20 and 21) 

The reaction to generate the complexes 20 [iPr2P(N3Mes)(NMes)-κ2-

N,Nα]Rh(COD), and 21 [iPr2P(N3Mes)(NMes)-κ2-N,Nα]Ir(COD), yielded minor impurities 

observed as sharp singlets in the 31P{1H} NMR spectra at δ 64.9 (impurity in 20) and δ 

77.0 (impurity in 21) (section 3.3.2). These minor products were first postulated to 
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correspond to the iminophosphonamido complexes, [(iPr2P(NMes)2)M(COD)], where N2 

extrusion has occurred. Alternatively, based on the few reports in the literature (vide 

infra),164,116 the impurities could be attributed to Nβ–M or Nγ–M linkage isomers yielding 

larger metal chelate rings (Scheme 4.4). 

 

Scheme 4.4 Possible structures of the minor impurities observed during the synthesis 

of complexes 20 and 21 
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Nearly complete conversion of 20, [iPr2P(N3Mes)(NMes)-κ2-N,Nα]Rh(COD), to the 

resonance at δ 64.9 in the 31P{1H} NMR spectrum was readily achieved when 20 was 

heated to 60 °C for 2 days in benzene-d6. Alternatively, irradiating a sample of 20 with a 

black light (λ = 365 nm) for 16 h also led to the product observed at δ 64.9 in the 31P{1H} 

spectrum. The lack of obvious gas (N2) evolution from the reaction vessel suggested that 

the new compound might be a linkage isomer; however, NMR spectroscopy alone was 

insufficient to confirm the product's identity. X-ray diffraction experiments unequivocally 

established the solid-state structure of 22, [iPr2P(N3Mes)(NMes)-κ2-N,Nβ]Rh(COD), as the 

Nβ–M linkage isomer (Figure 4.1). 

4.2.1.1 X-ray Crystal Structure of [iPr2P(N3Mes)(NMes)-κ2-N,Nβ]Rh(COD) (22) 

 

Figure 4.1 X-ray crystal structure of 22 depicted as 50% displacement ellipsoids. 

Hydrogen atoms are omitted for clarity. Only one of the two independent molecules of 

22 in the unit cell is shown 
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Dark yellow rectangular crystals of 22 were grown from a saturated benzene 

solution stored in a sealed 20 mL scintillation vial at ambient temperature for 4 days. The 

square planar geometry (τ4 = 0.20) is slightly less distorted than the precursor 20, 

[iPr2P(N3Mes)(NMes)-κ2-N,Nα]Rh(COD)], (τ4 = 0.28), as the 5-membered metallocycle 

relieves strain at the metal centre via increasing the ligand bite angle (N–P–N) from 

70.65(6)° in 20 to 83.25(7)° and 83.11(7)° in 22.  

Unlike the linkage isomerization reported by Bourissou164 and Slootweg et al.116, 

who reported a change of the phosphazide conformation from cisoid to transoid upon 

(Nα→B to Nβ→B) isomerization, the phosphazide moiety in 22, [iPr2P(N3Mes)(NMes)-κ2-

N,Nβ]Rh(COD), retains the transoid conformation as evidenced by the P–N–N=N torsion 

angles of 176.8(2) and 178.4(2)°. However, the linkage isomerization did change the N=N 

bond configuration from E in 20 (N2–N3=N4–C16 = 179.7(2)°) to Z in 22 (N–N=N–C = 

2.7(3) and 3.8(3)°) which minimizes steric interactions between the Mes group and COD 

ligand, and mimics the same behaviour observed by Bourissou164 and Slootweg116 (see 

Scheme 4.5). 
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Scheme 4.5 Phosphazide linkage isomerism of the Nα→B to the Nβ→B coordination 

mode; as reported by Bourissou (top left),164 Slootweg (top right)116 and exhibited by 

RhI and IrI azidophosphonamido complexes 20 and 21 

The P–Nα distance in 22, [iPr2P(N3Mes)(NMes)-κ2-N,Nβ]Rh(COD), is reflective of 

a single bond (1.6578(19), 1.6522(19) Å), while the phosphonamido (N1) nitrogen-to-

phosphorus bonds are shorter (1.6132(19), 1.612(2) Å), more akin to a typical P=N bond 

1.47-1.62 Å.163 Thus, Nα in 22, formally bears the anionic charge, as observed in the pre-

isomerized Rh complex 20, [iPr2P(N3Mes)(NMes)-κ2-N,Nα]Rh(COD). The geometry at Nβ 

is unaffected by this isomerization and the Nα–Nβ and Nβ=Nγ distances are statistically 

indistinguishable between the linkage isomers 20 (1.355(2) and 1.272(2) Å) and 22 

(1.341(3) and 1.275(3) Å). Most key bond lengths and angles observed in 22 (Table 4.1) 

Nβ–Rh) do not vary substantially from the Nα–Rh isomer 20 (Table 3.4). 
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Table 4.1 Selected bond distances (Å) and angles (°) for compound 22 

Atoms Distance (Å) Atoms Angle (°) 

Rh–N1 2.1006(19) N1–Rh–N3 83.25(7) 

Rh–N3 2.0964(18) C29–Rh–N1 95.43(9) 

N1–C1 1.428(3) C30–Rh–N1 95.24(8) 

N4–C16 1.445(3) C25–Rh–N3 92.35(8) 

P–C10 1.827(2) C26–Rh–N3 94.42(8) 

P–C13 1.832(2) C29–Rh–C26 81.73(10) 

Rh–C25 2.110(2) C30–Rh–C25 82.43(9) 

Rh–C26 2.129(2) N1–P–N2 110.61(10) 

Rh–C29 2.127(2) N2=N3–Rh 119.92(14) 

Rh–C30 2.149(2) P=N1–Rh 108.86(9) 

P=N1 1.6132(19) P=N1–C1 125.34(16) 

P–N2 1.6578(19) P–N2–N3 111.93(15) 

N2–N3 1.341(3) N2–N3=N4 119.52(19) 

N3=N4 1.275(3) N3=N4–C16 117.79(19) 

  C10–P–C13 104.81(11) 

 

The 31P{1H} NMR signal attributed to 22, [iPr2P(N3Mes)(NMes)-κ2-

N,Nβ]Rh(COD)), a sharp singlet at δ 64.9, more upfield than its precursor 20, 

[iPr2P(N3Mes)(NMes)-κ2-N,Nα]Rh(COD) (δ 84.1). This change agrees well with that 

reported by Bourissou et al. (δ 61 and 35 for Nα→B and Nβ→B, respectively).164 

Presumably, no low energy fluxional processes exist for the Nβ–M isomer 22. In the 1H 
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and 13C{1H} NMR spectra of 22, two sets of signals were observed for both the Mes 

substituents and COD ligands. 

4.2.2  Linkage Isomerism of [iPr2P(N3Mes)(NMes)-κ2-N,Nα]Ir(COD)] (23) 

Given the linkage isomerism displayed by complex 20, [iPr2P(N3Mes)(NMes)-κ2-

N,Nα]Rh(COD) (“Nα–M”) similar reactivity was expected with the iridium analogue 21, 

[iPr2P(N3Mes)(NMes)-κ2-N,Nα]Ir(COD). Heating 21 at 60 °C in benzene-d6 for 72 h did 

not lead to complete conversion of 21 (δ 105.7) to the putative linkage isomer 23, 

[iPr2P(N3Mes)(NMes)-κ2-N,Nβ]Ir(COD). However, when 21 was irradiated (λ = 365 nm) 

in benzene-d6 for 30 h, 80% conversion to 23 was observed by 31P{1H} NMR spectroscopy 

(23: δ 77.0). Isolation of isomer 23 was achieved by two successive recrystallizations from 

pentane, providing a low but reproducible isolated yield of 48%. The solid-state structure 

confirmed the identity of 23 as the anticipated linkage isomer, [iPr2P(N3Mes)(NMes)-κ2-

N,Nβ]Ir(COD) (Figure 4.2). The significant upfield shift of the 31P{1H} resonance of 23 (δ 

77.0) compared to its precursor 21 (δ 105.7) by ~29 ppm is similar to the difference 

between the Nα–M and Nβ–M isomers for the analogous Rh complexes 20 (Nα–M, δ 64.9) 

to 22 (Nβ–M, δ 84.1) and the compounds described by Bourissou et al. (Nα→B at δ 61, to 

Nβ→B at δ 35).164  
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Scheme 4.6 Thermally or photochemically induced linkage isomerism of complexes 

20 and 21 

4.2.2.1 X-ray Crystal Structure of [iPr2P(N3Mes)(NMes)-κ2-N,Nβ]Ir(COD) (23) 

 

Figure 4.2 X-ray crystal structure of 23 depicted as 50% displacement ellipsoids. 

Hydrogen atoms are omitted for clarity. Only one of the two independent molecules of 

23 in the unit cell is shown 

Complexes 22 (Nβ–Rh) and 23 (Nβ–Ir) are isostructural, exhibiting the same κ2-

N,Nβ azidophosphonamido coordination mode. The Nβ–M azidophosphonamido ligand 

bonding mode in 23 increases the N–M–N bite angle to 83.16(17)° (Table 4.2) compared 
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to 69.94(9)° in 21 (Table 3.5). The isomerization expands the metal chelate ring (4 to 5 

atoms), thereby relieving strain and improving the square planar geometry about iridium 

(τ4 = 0.21 in 23) compared to τ4 = 0.28 in 21. As with 21, the phosphazide functionality in 

23 retains the transoid conformation (P–N–N=N = 176.3(4)° and 178.1(4)°); the N=N bond 

configuration changes from E to Z upon linkage isomerization (N–N=N–C = 0.4(7)° and 

6.1(6)°). 

Table 4.2 Selected bond distances (Å) and angles (°) for complex  23 

Atoms Distance (Å) Atoms Angle (°) 

Ir–N1 2.079(4) N1–Ir–N3 83.16(17) 

Ir–N3 2.104(4) C29–Ir–N1 94.52(19) 

N1–C1 1.429(6) C30–Ir–N1 95.42(19) 

N4–C16 1.447(7) C25–Ir–N3 92.8(2) 

P–C10 1.828(5) C26–Ir–N3 95.4(2) 

P–C13 1.825(5) C25–Ir–C30 81.6(2) 

Ir–C25 2.102(5) C26–Ir–C29 81.5(2) 

Ir–C26 2.121(5) N1–P–N2 110.1(3) 

Ir–C29 2.120(5) N2=N3–Ir 119.5(3) 

Ir–C30 2.146(5) P–N1–Ir 108.9(2) 

P=N1 1.621(5) P=N1–C1 125.2(3) 

P–N2 1.648(4) P–N2–N3 111.6(3) 

N2–N3 1.355(6) N2–N3=N4 119.8(4) 

N3=N4 1.274(6) N3=N4–C16 116.7(4) 

  C10–P–C13 105.9(3) 
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Complexes 22, [iPr2P(N3Mes)(NMes)-κ2-N,Nβ]Rh(COD), and 23 

[iPr2P(N3Mes)(NMes)-κ2-N,Nβ]Ir(COD), are the first transition metal species produced by 

thermally or photochemically induced phosphazide linkage isomerization. Both 22 and 23 

are also the first transition metal complexes crystallographically confirmed to exhibit the 

Nβ→M phosphazide coordination mode, albeit, in 1996, Bertrand et al. reported an 

intermediate Zr complex that purportedly adopted the Nβ→M bonding mode; however, the 

compound in question was not isolated.166 

4.2.3 Lack of Thermally- or Photochemically-Induced Coordinative Isomerism  

Given the thermally and photochemically induced linkage isomerism between Nα–

M and Nβ–M observed in complexes 20, [iPr2P(N3Mes)(NMes)-κ2-N,Nα]Rh(COD), and 21 

[iPr2P(N3Mes)(NMes)-κ2-N,Nα]Ir(COD), it seemed apparent to attempt to induce such 

isomerism in the adamantyl complexes 18, [iPr2P(N3Ad)(NAd)-κ2-N,Nα]Rh(COD)], and 19 

[iPr2P(N3Ad)(NAd)-κ2-N,Nα]Ir(COD). Efforts to promote linkage isomerization in either 

18 or 19 via heating the complexes in benzene-d6 at 60 °C for 72 h, or irradiation at 365 

nm in benzene-d6 for 72 h, yielded no changes in the 31P{1H} NMR spectra suggesting 

these κ2-N,Nα complexes are both the kinetic and thermodynamic products, similar to the 

work reported by Slootweg et al.116 The Slootweg group found that only the mesityl 

substituted phosphazide-containing FLP XX, (tBu2PN3Mes)CH2BPh2, forms an initial 

kinetic product (Nα→B) that undergoes thermally-induced linkage isomerism to the Nβ→B 

borane XXI (Scheme 4.3).116 Slootweg also reported a tert-butyl substituted phosphazide 

FLP which remained in the Nα→B mode, as said conformation is purportedly both the 

kinetic and thermodynamic product (Scheme 4.5).116 The adamantyl complexes 18 and 19 
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mimic the tert-butyl substituted borane (XX, Scheme 4.3),116 wherein the Nα→M species 

initially formed is the thermodynamic product and does not rearrange to another linkage 

isomer (Nγ→B or Nβ→B). 

4.3 Reaction Chemistry of RhI and IrI Azidophosphonamido Complexes 

The azidophosphonamide COD complexes 18, [iPr2P(N3Ad)(NAd)-κ2-

N,Nα]Rh(COD)], 19 [iPr2P(N3Ad)(NAd)-κ2-N,Nα]Ir(COD), 20, [iPr2P(N3Mes)(NMes)-κ2-

N,Nα]Rh(COD), and 21 [iPr2P(N3Mes)(NMes)-κ2-N,Nα]Ir(COD), have demonstrated great 

stability of the phosphazide moiety; however, it was uncertain if stoichiometric reactions 

of said complexes would promote N2 loss. Given the ubiquity of Rh and Ir complexes 

throughout various hydrofunctionalization (E–H) reactions, probing the reactivity of 

compounds 18–21 towards hydrosilylation and hydrogenation (two types of H–E 

activation) was of interest.18 

4.3.1 Reactions of [iPr2P(N3Ad)(NAd)-κ2-N,Nα]M(COD)], M = Rh (18), Ir (19), with 

CO 

Carbon monoxide was chosen as a potent σ-donor, and π-accepting ligand that 

would readily displace COD in complexes 18–21, thereby demonstrating that substitution 

of the COD ligand is possible without N2 elimination from the azidophosphonamido ligand. 

The decrease in the IR νCO stretching frequency of the CO ligand in the resultant 

azidophosphonamido mono-, di- or tri- carbonyl complexes ([iPr2P(N3R)(NR)]M(CO)1-3, 

R = Ad, Mes; M = Rh, Ir) can help gauge the electronic impact that the N-substituents have 

on the metal centre, otherwise known as the Tolman electronic parameter (TEP). The νCO 

for Nα–M and Nβ–M carbonyl complexes could be used to gauge the isomerization impact 
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via the electron richness of the metal. The TEP, however, is designed for neutral 

monodentate ligands (L) in the model system, cis-[RhCl(CO)2(L)],44 thus it is mor 

appropriate to compare any isolated mono-, di- or tri- carbonyl complexes 

([iPr2P(N3R)(NR)]M(CO)1-3 to with analogous [LRh(CO)2] literature complexes featuring 

other bidentate monoanionic ligands. 

Upon exposure to an excess of CO at ambient temperature, the COD ligand in the 

adamantyl complexes 18, [iPr2P(N3Ad)(NAd)-κ2-N,Nα]Rh(COD)], and 19 

[iPr2P(N3Ad)(NAd)-κ2-N,Nα]Ir(COD), was readily displaced without rapid N2 extrusion, 

affording the carbonyl-containing species 24, [iPr2P(N3Ad)(NAd)-κ2-N,Nα]Rh(CO)2) and 

25, [iPr2P(N3Ad)(NAd)-κ2-N,Nα]Ir(CO)2 (Scheme 4.7). 

  

Scheme 4.7 Synthesis of [iPr2P(N3Ad)(NAd)-κ2-N,Nα]M(CO)2, M = Rh (24), Ir (25) 

Loss of the COD methine and methylene resonances in the 1H NMR spectrum of 

24 and 25, and the appearance of two CO signals in the 13C{1H} NMR spectrum (24 = δ 
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191.20 and 188.87 (1JRhC = 69.7 Hz and 1JRhC = 70.2 Hz), and 25 = δ 180.03 and 175.71), 

corroborate the displacement of COD by CO. The 31P{1H} NMR resonance of the rhodium 

carbonyl complex 24 (δ 99.7) is largely shifted downfield from the Rh–COD precursor 18 

(δ 24.5). In contrast, the Ir-carbonyl species 25 (δ 108.1) is minimally shifted upfield from 

the Ir–COD analogue 19 (δ 111.0), suggesting that 25 may have lost N2 to generate a more-

upfield, phosphinimine-analogue [iPr2P(NAd)2]Ir(COD). However, the solid-state 

structure of both complexes 24 (Figure 4.3) and 25 (Figure 4.4) confirm retention of the 

phosphazide functionality and the κ2-N,Nγ coordination mode of the azidophosphonamido 

ligand. Thus, it is unknown why the 31P{1H} NMR signals for the Ir-carbonyl complex 25 

(δ 108.1) is shifted upfield relative to 19 (δ 111.0). The carbonyl species 24 and 25 are also 

highly robust, showing no signs of N2 extrusion or linkage isomerism when heated (60 °C 

in benzene-d6 or 100 °C in toluene-d8 for 1 week) or upon irradiation with UV light (λ = 

365 nm in benzene-d6) for 1 week. 

4.3.1.1 X-ray Crystal structure of [iPr2P(N3Ad)(NAd)-κ2-N,Nα]Rh(CO)2 (24) 

The adamantyl carbonyl complexes 24 and 25 readily crystallized from saturated 

pentane solutions to afford yellow plates.  
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Figure 4.3 X-ray crystal structure of 24 depicted as 50% displacement ellipsoids. 

Hydrogen atoms are omitted for clarity 

Complex 24 retains the κ2-N,Nα binding of the azidophosphonamide ligand with 

minimal distortion from square planar geometry (τ4 = 0.14). The phosphazide P–N–N=N 

torsion angle of 168.8(2)° indicates retention of the transoid-conformation. Two distinctly 

different P–N bond distances, where the P–Nα bond (1.633(18) Å) is the longer of the two 

(N1=P of 1.6515(18) Å, Table 4.3), suggesting localization of the ligand’s anionic charge 

on Nα. 
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Table 4.3 Selected bond distances (Å) and angles (°) for compound 24 

Atoms Distance (Å) Atoms Angle (°) 

Rh–N1 2.1067(17) N1–Rh–N2 70.02(7) 

Rh–N2 2.0456(18) C1–Rh–N1 101.77(8) 

N1–C19 1.470(3) C2–Rh–N2 98.46(9) 

N4–C3 1.491(3) C1–Rh–C2 89.94(10) 

P–C13 1.825(2) C13–P–C16 106.31(10) 

P–C16 1.824(2) N1=P–N2 93.73(9) 

Rh–C1 1.850(2) P=N1–C19 132.91(15) 

Rh–C2 1.863(2) P–N2–N3 121.81(14) 

C1=O1 1.147(3) N2–N3=N4 112.46(18) 

C2=O2 1.140(3) N3=N4–C3 113.14(18) 

P–N1 1.6133(18)   

P–N2 1.6516(18)   

N2–N3 1.366(3)   

N3=N4 1.248(3)   
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4.3.2 X-ray Crystal structure of [iPr2P(N3Ad)(NAd)-κ2-N,Nα]Ir(CO)2 (25) 

 

Figure 4.4 X-ray crystal structure of 25 depicted as 50% displacement ellipsoids. 

Hydrogen atoms are omitted for clarity 

Like 24, the solid-state structure of 25 also confirms retention of the κ2-N,Nα 

azidophosphonamido binding mode and (τ4 = 0.14), and the transoid phosphazide 

conformation (P–N–N=N = 170.5(1)°). The short carbonyl bond distances (1.149(3) and 

1.144(3) Å) are diagnostic for a triple bond C≡O, while the two different P=N and P–Nα 

bond lengths (1.6515(18) and 1.6220(18) Å, respectively), echo that observed in all of the 

κ2-N,Nα azidophosphonamide structures reported thus far. Overall, the bond distances and 

angles do not vary substantially between 25 (Table 4.4) and the Rh analogue 24, 

[iPr2P(N3Ad)(NAd)-κ2-N,Nα]Rh(CO)2 (Table 4.3). 
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Table 4.4 Selected bond distances (Å) and angles (°) for compound 25 

Atoms Distance (Å) Atoms Angle (°) 

Ir–N1 2.1047(17) N1–Ir–N2 69.51(7) 

Ir–N2 2.0529(17) C1–Ir–N1 101.79(8) 

N1–C19 1.468(3) C2–Ir–N2 99.01(8) 

N4–C3 1.498(3) C1–Rh–C2 89.83(9) 

P–C13 1.822(2) C13–P–C16 106.72(9) 

P–C16 1.817(2) N1=P–N2 92.81(9) 

Ir–C1 1.848(2) P=N1–C19 132.57(14) 

Ir–C2 1.859(2) P–N2–N3 121.74(14) 

C1=O1 1.149(3) N2–N3=N4 112.06(17) 

C2=O2 1.144(3) N3=N4–C3 113.11(17) 

P–N1 1.6220(18)   

P–N2 1.6512(17)   

N2–N3 1.371(2)   

N3=N4 1.251(2)   

 

4.3.3 Reactions of [iPr2P(N3Mes)(NMes)-κ2-N,Nα]M(COD)], M = Rh (20), Ir (21), 

with CO 

The mesityl-substituted complexes 26, [iPr2P(N3Mes)(NMes)-κ2-N,Nα]Rh(CO)2, 

and 27, [iPr2P(N3Mes)(NMes)-κ2-N,Nα]Ir(CO)2, were generated via the addition of CO (1 

atm.) to a J. Young NMR tube containing the appropriate COD precursor (20 or 21), 

(Scheme 4.8). 
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Scheme 4.8 Synthesis of [iPr2P(N3Mes)(NMes)-κ2-N,Nα]M(CO)2, M = Rh (26), Ir (27) 

The rhodium complex 26 formed quantitatively in 5 minutes, while the iridium 

complex 27 required 20 minutes for complete conversion. The 31P{1H} NMR signals 

attributed to carbonyl complexes 26 (δ 95.2) and 27 (δ 104.1) are shifted slightly from their 

precursors 20 (δ 84.1) and 21 (δ 105.7). In both the 1H and 13C{1H} NMR spectra of 26 

and 27, two separate sets of mesityl resonances were observed. Attempts at crystallizing 

26 and 27 to obtain a solid-state structure to confirm preservation of the phosphazide 

moiety have proven unsuccessful. Elemental analysis was instead utilized to support that 

26 and 27 indeed contain the phosphazide group, as N% found in both species 26 (9.06% 

and 27 (7.82%) closely matched the calculated N% values 26→8.83% and 27→7.74% (c.f. 

[iPr2P(NMes)2-κ
2-N,Nα]M(CO)2, where M = Rh → 4.62%) and M = Ir → 4.03%). Whether 

or not 26 and 27 adopt Nα–M coordination (as depicted in Scheme 4.8) or an alternate 

bonding mode (e.g. Nβ–M or Nγ–M) has not been determined.  
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The disappearance of the COD resonances in both the 1H and 13C{1H} NMR spectra 

of 26 [iPr2P(N3Mes)(NMes)-κ2-N,Nα]Rh(CO)2, and 27, [iPr2P(N3Mes)(NMes)-κ2-

N,Nα]Ir(CO)2, indicate loss of the COD ligand. In addition, the CO signals observed in the 

13C{1H} NMR spectrum of 26 (δ 188.48 and 188.34) exhibit diagnostic coupling to 103Rh 

(1JRhC = 69.5 and 70.7 Hz). The C≡O resonances from 27 (δ 177.22 and 175.06), as 

expected, are singlets.  

The linkage isomers Nβ–M 22 [iPr2P(N3Mes)(NMes)-κ2-N,Nβ]Rh(COD) and 23 

[iPr2P(N3Mes)(NMes)-κ2-N,Nβ]Ir(COD) are unreactive towards CO both at ambient and 

elevated temperatures (60 °C) in benzene-d6. Complexes 26 and 27 are also highly robust, 

showing no signs of N2 extrusion or linkage isomerism in solution (benzene-d6) when 

heated to 60 °C or irradiated at 365 nm. 

4.3.4 Comparison of Carbonyl-Azidophosphonamido complexes (24-27) 

All four carbonyl complexes 24, [iPr2P(N3Ad)(NAd)-κ2-N,Nα]Rh(CO)2, 25 

[iPr2P(N3Ad)(NAd)-κ2-N,Nα]Ir(CO)2, 26 [iPr2P(N3Mes)(NMes)-κ2-N,Nα]Rh(CO)2, and 27 

[iPr2P(N3Mes)(NMes)-κ2-N,Nα]Ir(CO)2, exhbit two νCO stretches in their respective IR 

spectra (Table 4.5). In 2003, Crabtree et al. first employed the model iridium complex to 

measure the TEP of NHC ligands. They proposed an interconversion equation between IrI 

and RhI values: TEPRh = 0.8475[νav (Ir)] + 336.2 cm–1.148 Thus, the TEPIr values for 25 

[iPr2P(N3Ad)(NAd)-κ2-N,Nα]Ir(CO)2, and 27 [iPr2P(N3Mes)(NMes)-κ2-N,Nα]Ir(CO)2) 

have been converted into TEPRh values and are listed in Table 2.6. There is some 

discrepancy between the measured TEPRh value for the rhodium species 24 (2012 cm–1) 

and 26 (2021 cm–1) compared to the calculated TEPRh values for the iridium complexes 25 
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(2028 cm–1) and 27 (2028 cm–1), suggesting that the TEPIr to TEPRh conversion provided 

by Crabtree, originally intended for neutral monodentate ligands, is not applicable to 

monoanionic bidentate ligands. 

Comparing the TEP of like structures would give the best indicator of the ligand’s 

electronic influence, yet there is a lack of analogous azidophosphonamide-carbonyl 

complexes in the literature. Instead, several known rhodium dicarbonyl compounds are 

supported by bidentate monoanionic ligands, namely bridging diaryltriazenido (Table 4.5, 

1st row, left),142 including bridging amidinate (Table 4.5, 2nd row, left) ligands,143 which 

have reported TEP values for comparison. There are also a few calculated TEP values for 

ligands similar to azidophosphonamides [R2P(NR1)(N3R
1)], such as 

bis(phosphinimine)methanides (Table 4.5, 4th row, right) and a single amidinate ligand 

(Table 4.5, 5th row, right).144 Most relevant are the Rh dicarbonyl iminophosphonamido 

complexes reported in chapter 3; 5, [Ph2P(NMes)2]Rh(CO)2 (Table 4.5, 1st row, right), and 

6, [Ph2P(NAd)2]Rh(CO)2 (Table 4.5, 3rd row, left); as the impact of the phosphazide group 

on the electronic richness of the metal center can be gauged by the difference in TEP 

between 5-6 and 24-27. 
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Table 4.5 TEPRh values (cm–1) for known κ2-N,N’ monoanionic complexes and 

complexes 5, 6, and 24-27 

Complex TEP (cm–1) Complex TEP (cm–1) 

 

1973142 

 

2025 

 

1993143 

 

2028 (TEPIr 1996) 

 

1995 

 

2028 (TEPIr 1996) 

 

2012 

 

*2097144 

 

2021 

 

*2109144 

* Indicates calculated CO stretching frequencies of L bound to a Rh(CO)2 fragment 

at the b3-lyp/def-TZVP level of theory144 
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The adamantyl-substituted azidophosphonamido complex 24, [iPr2P(N3Ad)(NAd)-

κ2-N,Nα]Rh(CO)2, exhibits a TEP value (2012 cm–1) 17 cm–1 higher than the 

iminophosphonamide Rh complex 6 ([Ph2P(NAd)2]Rh(CO)2, TEP = 1995cm–1). A higher 

TEP value exhibited by 24 suggests that the azidophosphonamide ligand 

(iPr2P(N3Ad)(NAd)-κ2-N,Nα) is less electron-donating than the iminophosphonamide 

analogue (Ph2P(NAd)2). The mesityl-substituted azidophosphonamido species 26, 

[iPr2P(N3Mes)(NMes)-κ2-N,Nα]Rh(CO)2 displays a TEP value (2021 cm–1) similar to the 

phosphinimine-containing 5 ([Ph2P(NMes)2]Rh(CO)2, TEP = 2025 cm–1); thereby, 

indicating that the mesityl-substituted azidophosphonamide and iminophosphonamide 

ligands have similar donor properties. Direct comparison of the rhodium mesityl 24 (2012 

cm–1) and adamantyl 26 (2021 cm–1) substituted complexes demonstrates the minimal 

impact (9 cm–1) the nitrogen substituents have on the overall donor capacity of the ligand. 

Similarly, the adamantyl iminophosphonamide ligand in complex 6, 

[Ph2P(NAd)2]Rh(CO)2, in section 2.4.1 was found to be more-electron donating (TEP = 

1995 cm–1) than its mesityl analogue 5 [Ph2P(NMes)2]Rh(CO)2, 2025 cm–1) as evidenced 

by lower νCO stretching frequencies of 30 cm–1.  

Notably, using an azidophosphonamide ligand, in the Ir species 25 and 27 aids in 

the stabilization of an iridium carbonyl species, as attempts to generate an 

iminophosphonamide iridium dicarbonyl complex in section 2.6.1 were unsuccessful. 

Complexes 25 [iPr2P(N3Ad)(NAd)-κ2-N,Nα]Ir(CO)2, and 27 [iPr2P(N3Mes)(NMes)-κ2-

N,Nα]Ir(CO)2, exhibit the same TEPIr value (1996 cm–1), and consequently the TEPRh value 

(2028 cm–1); as calculated using the formula proposed by Crabtree et al. (TEPRh = 
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0.8475[νav (Ir)] + 336.2 cm–1).148 The caveat of TEPIr to TEPRh interconversion, as it 

provides additional mathematical uncertainties,148 is exhibited through the discrepancies in 

the calculated TEPRh values of 25 (2028 cm–1) and 27 (2028 cm–1), compared to the 

measured TEPRh values of 24 (2012 cm–1) and 26 (2021 cm–1). However, a more accurate 

explanation is that conversion provided by Crabtree was originally intended for neutral 

monodentate ligands and therefore is not applicable to monoanionic bidentate ligands. 

4.3.5 Reactivity of RhI and IrI Azidophosphonamido Complexes Toward Small 

Molecules 

The catalytic processes of hydrosilylation and hydrogenation of alkenes are 

mechanistically similar and commercially relevant, as they produce valuable silanes and 

alkanes, both of which are important in organic synthesis. Given the prevalence of group 

9 species as hydrogenation167 and hydrosilylation catalysts,145 the ability of the described 

RhI and IrI azidophosphonamido complexes 18, [iPr2P(N3Ad)(NAd)-κ2-N,Nα]Rh(COD), 19 

[iPr2P(N3Ad)(NAd)-κ2-N,Nα]Ir(COD), 20 [iPr2P(N3Mes)(NMes)-κ2-N,Nα]Rh(COD), 21 

[iPr2P(N3Mes)(NMes)-κ2-N,Nα]Ir(COD), 22 [iPr2P(N3Mes)(NMes)-κ2-N,Nβ]Rh(COD), 

and 23 [iPr2P(N3Mes)(NMes)-κ2-N,Nβ]Ir(COD), to mediate hydrosilylation and 

hydrogenation was probed. 

4.3.5.1 Reactions of RhI and IrI Azidophosphonamido COD Complexes with Silanes 

One stoichiometric equivalent of the described complex, 18–23, was reacted with 

one equivalent of a silane (e.g. H3SiPh, H2SiPh2, and HSiEt3) in benzene-d6 in an attempt 

to isolate a silyl complex [iPr2P(N3R)(NR)]M(H)(SiR3) (an intermediate of most 
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hydrosilylation processes). No reactions were observed at ambient temperature, and 

systematic variation of reaction conditions, namely elevated temperatures (to 70 °C), and 

different solvents (benzene, THF-d8), yielded similar results. Catalytic scoping reactions, 

wherein an equivalent of the COD complexes 18-23 was added to a vessel containing 10 

equivalents of primary silane (H3SiPh) and 10 equivalents of 2-butyne, also afforded no 

reaction.  

4.3.5.2 Reactions of RhI and IrI Azidophosphonamido COD Complexes with H2 

In an attempt to generate dihydride species [iPr2P(N3R)(NR)]M(H)2 (an 

intermediate in catalytic hydrogenation), the complexes 18-23 were introduced to an 

atmosphere of H2 in an NMR tube equipped with a J-Young valve. No reaction was 

observed at ambient temperature in aromatic solvent (benzene-d6). Elevating the 

temperature of the reaction to 70 °C or replacing benzene-d6 with the more polar solvent 

THF-d8 elicited no change. Similarly, adding 10 equivalents of 2-butyne to the J-Young 

NMR tube prior to exposure of an atmosphere of H2 afforded no reaction. 

4.3.5.3 Reactions of RhI and IrI Azidophosphonamido CO Complexes with Small 

Molecules 

Unsurprisingly, the carbonyl complexes 24, [iPr2P(N3Ad)(NAd)-κ2-N,Nα]Rh(CO)2, 

25 [iPr2P(N3Ad)(NAd)-κ2-N,Nα]Ir(CO)2, 26 [iPr2P(N3Mes)(NMes)-κ2-N,Nα]Rh(CO)2), and 

27 [iPr2P(N3Mes)(NMes)-κ2-N,Nα]Ir(CO)2) were also unreactive towards H2 and silanes 

(H3SiPh, H2SiPh2, and HSiEt3) in benzene-d6. Presumably, dissociation of either a CO or 
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COD ligand is a high-energy process. Irradiation (λ = 365 nm) of the aforementioned 

dicarbonyl and COD complexes in the presence of silanes or H2 at 365 nm for 1 week did 

not afford any changes. 

4.4 Towards a More Reactive Azidophosphonamido Rh1 Complex 

4.4.1 Substituting COD with COE  

The azidophosphonamide COD complexes 18-23 are limited in terms of their 

reactivity, as they appear to be inert to substitution. Accordingly, it was decided to target 

species that contain two cyclooctene (COE) ligands instead of the chelating COD, which 

was anticipated to render the resultant complexes more reactive. Substitution of 

[RhCl(COD)]2 by the COE dimer [RhCl(COE2)]2, in the salt-metathesis reaction with 14, 

K[iPr2P(N3Mes)(NMes)], generated the corresponding RhI COE complex 28, 

[iPr2P(N3Mes)(NMes)]Rh(COE)2 (Scheme 4.9).  

  

Scheme 4.9 Synthesis of [iPr2P(N3Mes)(NMes)]Rh(COE)2 28 
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4.4.1.1  X-ray Crystal Structure of [iPr2P(N3Ad)(NAd) )-κ2-N,Nα]Rh(COE)2, (28) 

Crystals of 28 were grown from a pentane solution of [RhCl(COE2)]2 and 14, 

K[iPr2P(N3Mes)(NMes)], stored at –35 °C for 4 days. The identity of 28 was confirmed via 

X-ray diffraction experiments.  

 

Figure 4.5 X-ray crystal structure of 28 depicted as 50% displacement ellipsoids. 

Hydrogen atoms are omitted for clarity 

Intriguingly, the phosphazide functionality assumes a cisoid conformation, P–N–

N=N = 3.0(2)°. Complex 28 is the first azidophosphonamide species to adopt the less stable 

conformation in the solid state, suggesting this species may be more susceptible to N2 

extrusion. The N=N bond is a nearly ideal E configuration, with an N2–N3=N4–C16 

torsion angle of 179.3(1)°, to position the steric bulk of the mesityl substituent far from the 

isopropyl groups on P. As with the other azidophosphonamido complexes, the P–N bonds 

show distinct localization (1.6736(16) and 1.6167(16) Å). Additional bond lengths and 
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angles in 28 (Table 4.6) are largely unchanged compared with the analogous COD complex 

20, [iPr2P(N3Mes)(NMes)]Rh(COD) (Table 3.4). 

Table 4.6 Selected bond distances (Å) and angles (°) for compound 28 

Atoms Distance (Å) Atoms Angle (°) 

Rh–N1 2.1142(15) N1–Rh–N2 69.94(6) 

Rh–N2 2.0921(15) C33–Rh–N1 96.37(6) 

N1–C1 1.428(2) C34–Rh–N1 90.38(7) 

N4–C16 1.437(2) C25–Rh–N2 96.50(7) 

P–C10 1.8272(19) C26–Rh–N2 100.42(7) 

P–C13 1.838(2) C25–Rh–C33 90.67(7) 

Rh–C25 2.1342(18) C26–Rh–C34 91.47(7) 

Rh–C26 2.1317(17) C10–P–C13 106.60(9) 

Rh–C33 2.1753(18) N1=P–N2 94.22(8) 

Rh–C34 2.1344(18) P=N1–C1 127.85(12) 

P–N1 1.6167(16) P–N2–N3 125.01(12) 

P–N2 1.6736(16) N2–N3=N4 114.87(15) 

N2–N3 1.338(2) N3=N4–C16 112.80(15) 

N3=N4 1.275(2)   

 

The crystals of 28 were found to be stable under reduced pressure for short periods 

(e.g., 5 minutes). However, decomposition in solution occurs at ambient temperature to 

give another product that gives rise to a 31P{1H} NMR signal at 64.0. This new compound 

is suspected to be the iminophosphonamide species [iPr2P(NMes)2]Rh(COE)2, wherein N2 
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extrusion from the phosphazide functionality has occurred. Alternatively, perhaps linkage 

isomerization to an Nβ–M or Nγ–M conformation occurs. Similarly to most of the 

azidophosphonamide species reported thus far, the 31P{1H} resonance is quite downfield, 

(δ 99.55, br s) (c.f. 20, [iPr2P(N3Mes)(NMes)]Rh(COD, δ 84.1). In both the 1H and 13C{1H} 

NMR spectra of 28, two sets of COE resonances were observed, as the two ligands are not 

chemically equivalent. The two sets of methine and methylene COE signals (δ 3.28, 2.97 

and 1.64, 1.09) were found far from free COE, suggesting both COE ligands are 

coordinated to the metal in solution; however, a small amount of free COE is observed and 

attributed to the slow degradation of 28 in solution. The azidophosphonamide likely 

exhibits the κ2-N,Nα binding mode in solution, as no evidence for κ3-N,Nα,Nγ coordination 

(such as a broad 31P{1H} resonance) was observed in solution. 

In an attempt to quantitatively convert complex 28 into the unknown compound 

that resonates at δ 64.0 in the 31P{1H} spectrum, a benzene-d6 solution of 28 was heated to 

70 °C. Under these conditions, 18% conversion to a product that resonates at δ 64.0 in its 

31P{1H} NMR spectrum was observed after 16 h. Upon irradiating a separate solution of 

28 at 365 nm for 1 h, complete loss of the 31P{1H} NMR resonance attributed to 28 was 

observed. During this period, several new signals appeared at δ 64.0 (s, 29%), 61.1 (s, 

28%), 51.7 (s, 26%), and 11.8 (s, 16%); the percent conversions are relative to each other 

(a total of 100%). Yellow/orange plates of 29 [iPr2P(NMes)2]Rh(COE)2 (δ 64.0) grew from 

this mixture over one week at ambient temperature. X-ray diffraction experiments 

confirmed the identity of 29 as the iminophosphonamide species [iPr2P(NMes)2]Rh(COE)2 
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(Scheme 4.10). The identity of the other products in the 31P{1H} NMR spectrum (δ 61.1, 

51.7, and 11.8) has not been established. 

 

Scheme 4.10 Synthesis of [iPr2P(NMes)2]Rh(COE)2 29 

4.4.1.2 X-ray Crystal Structure of (Ph2P(NAd)2)Rh(COE)2, (29) 

Complex 29, [iPr2P(NMes)2]Rh(COE)2, crystallizes in the tetragonal space group 

I41/a, as one independent molecule contained within the unit cell (Figure 4.6). The P–N 

distances in 29, [iPr2P(NMes)2]Rh(COE)2, are different compared to the Rh 

azidophosphonamide precursor 28, [iPr2P(N3Mes)(NMes)]Rh(COE)2. Specifically, both 

the P–N lengths in 29 are similar (1.615(3) and 1.624(3) Å), indicating delocalization 

within the iminophosphonamide ligand, echoing the iminophosphonamido Rh and Ir 

complexes reported through chapter 2. Key bond angles and distances observed in 29 

(Table 4.7) are similar to those in 28 (Table 4.6), such as the N–M–N bond angles, 

70.36(11)° (29), and 69.94(6)° (28), and square planar geometric distortion, τ4 = 0.26 (29), 
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and τ4 = 0.25 for (28), suggesting that loss of N2 does not dramatically affect geometry at 

the metal centre.  

 

Figure 4.6 X-ray crystal structure of 29 depicted as 50% displacement ellipsoids. 

Hydrogen atoms are omitted for clarity 
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Table 4.7 Selected bond distances (Å) and angles (°) for compound 29 

Atoms Distance (Å) Atoms Angle (°) 

Rh–N1 2.106(3) N1–Rh–N2 70.36(11) 

Rh–N2 2.193(3) C33–Rh–N1 106.06(14) 

N1–C1 1.426(5) C34–Rh–N1 99.40(14) 

N2–C16 1.406(5) C25–Rh–N2 87.35(14) 

P–C10 1.841(4) C26–Rh–N2 91.64(14) 

P–C13 1.844(4) C25–Rh–C33 90.65(17) 

P–N1 1.615(3) C26–Rh–C34 89.36(16) 

P–N2 1.624(3) N1=P–N2 99.83(16) 

Rh–C25 2.164(4) C10–P–C13 106.70(18) 

Rh–C26 2.199(4) P–N1–C1 125.3(3) 

Rh–C33 2.151(4) P–N2–C16 128.7(2) 

Rh–C34 2.138(4)   

 

The crystals of 29 were found to be unstable under vacuum; thus, argon was blown 

over the crystals to remove any volatiles such as pentane. 31P{1H} NMR spectroscopy 

confirmed the identity of the crystals as the resonance previously observed at δ 64.0. 

Despite the flowing argon, the sample contained a large quantity of pentane, rendering it 

impossible to identify the resonances correlating to 29 in the 1H NMR spectrum. 31P{1H} 

NMR spectroscopy was used to monitor the decomposition of 29 to a resonance observed 

at δ 11.8, tentatively attributed to the neutral iminophosphonamide ligand 

iPr2P(NMes)(NHMes), as the chemical shift is similar to the decomposition product 
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(Ph2P(NMes)(NHMes), 31P{1H} δ 15.4) observed from 13, [Ph2P(NMes)2]Rh(COE)2 

(31P{1H} δ 27.5).  

4.4.2 Synthetic Challenges that Arise from COE Groups 

Replacement of the COD ligand by two COE moieties generated complex 28, 

[iPr2P(N3Mes)(NMes)]Rh(COE)2, which was less stable in solution compared to its COD 

analogue 13, [iPr2P(N3Mes)(NMes)]Rh(COD), as 28 slowly eliminates N2 at ambient 

temperature, (a process that is expedited by UV irradiation) to form the 

iminophosphonamide COE complex 29, [iPr2P(NMes)2]Rh(COE)2. Complex 29 itself 

decomposes in solution, presumably releasing neutral ligand iPr2P(NMes)(NHMes), which 

makes isolation of the compound difficult. Due to time constraints, scoping of the reactivity 

of complexes 28 and 29 was not undertaken. 

4.5 Concluding Remarks 

The mesityl-substituted azidophosphonamido complexes 20, 

[iPr2P(N3Mes)(NMes)-κ2-N,Nα]Rh(COD), and 21, [iPr2P(N3Mes)(NMes)-κ2-

N,Nα]Ir(COD), are the first transition metal complexes to undergo thermally or 

photochemically induced linkage isomerism of a phosphazide. The resultant “Nβ–M” 

species 22, [iPr2P(N3Mes)(NMes)-κ2-N,Nβ]Rh(COD), and 23, [iPr2P(N3Mes)(NMes)-κ2-

N,Nβ]Ir(COD), were highly thermally stable. The adamantyl analogous 18, 

[iPr2P(N3Ad)(NAd)-κ2-N,Nα]Rh(COD), and 19, [iPr2P(N3Ad)(NAd)-κ2-N,Nα]Ir(COD), 

however, did not undergo similar linkage isomerism. 
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The COD complexes 18-21 were inert to H2 and silanes; however, the COD ligand 

can be displaced with CO. Preliminary work substituting COE for COD has afforded 28, 

[iPr2P(N3Mes)(NMes)]Rh(COE)2, which retains the phosphazide functionality. Complex 

28 represents the first azidophosphonamide species to exhibit N2 extrusion upon exposure 

to UV light (365 nm), giving the isopropyl-substituted iminophosphonamido complex 29, 

[iPr2P(NMes)2]Rh(COE)2. The rapid decomposition of 29 in solution is considered a 

promising sign that the COE ligands can be readily substituted. Future work investigating 

in situ generation of the COE species 28 and 29 could lead to various applications not 

possible with the COD complexes 18-21. 
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CHAPTER 5: SUMMARY, CONCLUSION AND FUTURE 

WORK AVENUES 

5.1 Summary of Chapter 2 

The second chapter of this thesis describes the development of a new family of RhI 

and IrI iminophosphonamido complexes (Scheme 5.1).  

 

Scheme 5.1 General synthetic route to generate RhI and IrI imino- and 

azidophosphonamido complexes 3, 4, 9, and 10 

Only strong π-accepting ligands, namely CO and isocyanides, have been shown to 

displace the COD ligand (Scheme 5.2). 
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Scheme 5.2 Reaction of RhI iminophosphonamido complexes 3 and 4 towards strong π-

accepting ligands 

5.2 Summary of Chapter 3 

A neutral azidophosphonamide ligand and an azidophosphonamido potassium 

ligand salt were isolated (Scheme 5.3), from which a new family of RhI and IrI 

azidophosphonamido complexes was readily generated (Scheme 5.4). 

 

Scheme 5.3 Synthetic route to azidophosphonamide ligand salts 14, 17 
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Scheme 5.4 General synthetic route to generate RhI and IrI azidophosphonamido 

complexes 18-22 

 

5.3 Summary of Chapter 4 

Only a strong π-accepting ligand, namely CO, was shown to displace the COD 

ligand in the azidophosphonamido complexes 18-20 (Scheme 5.5). 

 

Scheme 5.5 Reaction of RhI iminophosphonamido complexes 18-20 towards CO 

Thermally and photochemically induced phosphazide linkage isomerism of the Nα–

M azidophosphonamide species 20 [iPr2P(N3Mes)(NMes)-κ2-N,Nα]Rh(COD), and 21 

[iPr2P(N3Mes)(NMes)-κ2-N,Nα]Ir(COD), formed the “Nβ–M” complexes 22 

[iPr2P(N3Mes)(NMes)-κ2-N,Nβ]Rh(COD), and 23 [iPr2P(N3Mes)(NMes)-κ2-
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N,Nβ]Ir(COD). The “Nβ–M” complexes 22 and 23 contain a 5-membered metallacycle 

(Scheme 5.6), which exhibits a larger ligand bite angles (N–M–N) 70°→83°. Both 22 and 

23 are postulated to be the thermodynamic product for the mesityl-substituted complexes; 

as the adamantyl analogous 18 [iPr2P(N3Ad)(NAd)-κ2-N,Nα]Rh(COD)], and 19 

[iPr2P(N3Ad)(NAd)-κ2-N,Nα]Ir(COD)], do not undergo similar linkage isomerism.  

 

Scheme 5.6 Linkage isomerism of mesityl-substituted azidophosphonamido complexes 

22 and 23 

5.4 Future Work Stemming from Chapter 4: Azidophosphonamide Isomerization 

Slootweg et al. demonstrated that the phosphazide adopts one of three different 

coordination modes (Nα→B, Nβ→B, and Nγ→B) depending on the nitrogen substituent, 

mesityl, phenyl or tert-butyl (Scheme 5.7). Akin to the work of Slootweg et al., the induced 

phosphazide linkage isomerism exhibited within this thesis (Nα–M to the Nβ–M) only 

employed the mesityl-substituted azidophosphonamide species [iPr2P(N3Mes)(NMes)-κ2-

N,Nα]M(COD) M = Rh (20), Ir (21) (Scheme 5.6). 
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Scheme 5.7 Phosphazide-containing FLP linkage isomers reported by Slootweg et al.116 

 

A continuation of the work contained within this thesis would be to explore the 

steric impact of nitrogen substituents on induced phosphazide linkage isomerism and which 

conformation (Nα–M, Nβ–M or Nγ–M) is favoured. The mesityl groups in complexes 20 

and 21 could easily be exchanged for different aromatic substituents, as the aliphatic 

adamantyl complexes [iPr2P(N3Ad)(NAd)-κ2-N,Nα]M(COD) M = Rh (22), Ir (23) solely 

favoured the Nα–M conformation. It is predicted that using a group with more bulk in the 

ortho position, such as Dipp, could favour the Nα–M or Nβ–M coordination mode, while 

using a Pipp-substituent may yield a Nγ–M complex. As both PippN3 and DippN3 are easily 

synthesized following literature procedures,168,169 generating the azidophosphonamido 

ligand salts (Scheme 5.8, top) and metal complexes should be facile (Scheme 5.8, bottom). 
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Scheme 5.8 Proposed synthesis and linkage isomerism of Pipp and Dipp 

substituted azidophosphonamido complexes 

 

5.5 Conclusions from Chapters 2 and 4 

The COD ligand on the metal centre in both the imino- and azidophosphonamide 

families has proven convenient for facile generation, isolation, and characterization. 

Examining the influence of phosphazide functional groups upon the reactivity of a metal 

complex, a major goal of this work, was not achieved as both the imino- and 

azidophosphonamido COD complexes were shown to be substitutionally inert towards H2 
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or silanes. Only strong π-accepting ligands, namely CO and isocyanides, were 

demonstrated to displace the COD ligand, with a few exceptions (Scheme 5.9). The chelate 

effect of the COD ligand, coupled with strong π-backdonation from either Rh or Ir are 

attributed as the main causes for the lack of reactivity of the imino- and 

azidophosphonamido COD complexes with small molecules (other than CO or CNR). 

Preliminary work substituting COD with two COE ligands was attempted in order to 

mitigate the chelate effect that COD possesses. 

 

Scheme 5.9 Complexes that are inert to an atmosphere of CO 

 

5.6 Towards Substituting COD for COE Chapters 2 and 4 

The bis(cyclooctene) complexes 13, [Ph2P(NMes)2]Rh(COE)2, and 28, 

[iPr2P(N3Mes)(NMes)]Rh(COE)2 were readily generated (Scheme 5.10). 
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Scheme 5.10 Synthesis of [Ph2P(NMes)2]Rh(COE)2 13, and 

[iPr2P(N3Mes)(NMes)]Rh(COE)2 28 

 

  Complex 28, [iPr2P(N3Mes)(NMes)]Rh(COE)2, is unusual, as it is the first 

azidophosphonamido complex to exhibit cisoid-conformation of the phosphazide moiety. 

Extrusion of N2 from complex 28 can be induced under either photochemical or thermal 

conditions, affording the isopropyl-substituted iminophosphonamido complex 29, 

[iPr2P(NMes)2]Rh(COE)2) (Scheme 5.11).  
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Scheme 5.11 Synthesis of [iPr2P(NMes)2]Rh(COE)2 29  

5.7 Conclusions from Preliminary Work Substituting COD with Two COE Ligands 

in Chapter 4 

Both 29, [iPr2P(NMes)2]Rh(COE)2, and the phenyl-substituted analogue 13, 

[Ph2P(NMes)2]Rh(COE)2, were found to rapidly decompose to neutral 

iminophosphonamide ligand R2P(NMes)(NHMs), R = iPr or Ph, and Rh black when at 

ambient temperature in solution, or when placed under vacuum. The instability of the COE 

complexes is thought to be a good indicator of facile substitution of the COE groups, 

wherein the COE complexes could be generated in situ and further reacted with small 

molecules such as H2 or various silanes. However, in situ generation and subsequent 

reaction chemistry of both 13 and 29 was not examined due to time constraints. 

5.8 Future Work Stemming from Chapters 2 and 4: COE Complexes and Catalysis 

Future avenues for this project include generation of a family of COE imino- and 

azidophosphonamido species [R2P(NR1)2]M(COE)2 (R = Ph, iPr; R1 = Mes, Ad; M = Rh, 

Ir) and [iPr2P(N3R)(NR)]M(COE)2 (R = Mes, Ad; M = Rh, Ir) as only the mesityl-
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substituted Rh COE complexes 13, [Ph2P(NMes)2]Rh(COE)2, 28 

[iPr2P(N3Mes)(NMes)]Rh(COE)2, and 29 [iPr2P(NMes)2]Rh(COE)2 were isolated.  

The various COE complexes [R2P(NR1)2]M(COE)2 (R = Ph, iPr; R1 = Mes, Ad; M 

= Rh, Ir) and [iPr2P(N3R)(NR)]M(COE)2 (R = Mes, Ad; M = Rh, Ir) could be readily 

synthetized via a salt metathesis reaction between the various imido and 

azidophosphonamido ligand salts (II Li[Ph2P(NMes)2], 2 [Ph2P(NAd)2], 14 

K[iPr2P(N3Mes)(NMes)] and 17 Li[iPr2P(N3Ad)(NAd)]) and the COE metal dimers 

[MCl(COE)2]2, M= Rh, Ir (Scheme 5.12). 

 

Scheme 5.12 Proposed synthetic route to COE imino- and azidophosphonamido 

species 

Given the inherent instability of the COE complexes in solution, in situ synthesis 

may be the best option to generate the COE species for immediate reaction of the COE 

ligands with H2 or a variety of silanes to isolate a dihydride, or silyl complex (intermediates 
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of hydrogenation and hydrosilylation respectively), expanding the family of known RhI 

and IrI imino and azidophosphonamido complexes (Scheme 5.13). 

 

Scheme 5.13 Example of proposed substitution reactions, replacing COD to generate 

dihydride and silyl complexes, expanding the family of imino- and azidophosphonamido 

complexes  

 

If substitution of the COE ligand proves viable, said complexes, 

[iPr2P(N3R)(NR)]M(COE)2 and [Ph2P(NR)2]M(COE)2, could be scoped for their activity 

towards hydrogenation and hydrosilylation. Similarly, a variety of other 

hydrofunctionalization catalytic reactions could be scoped, such as hydroformylation 
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(activation of CO2), hydroboration (activation of boranes), and hydroamination (reaction 

with amines). 

The N2 extrusion observed for the azidophosphonamido complex 28, 

[iPr2P(N3Mes)(NMes)]Rh(COE)2, to form 29, [iPr2P(NMes)2]Rh(COE)2) could be 

exploited to generate iminophosphonamido species with isopropyl groups on phosphorus 

purposely. Isopropyl substituents on phosphorus in iminophosphonamide ligands have yet 

to be reported in the literature. The effect this modification has on the electron donation 

capacity of the ligand is unknown and could yield more stable dihydride or silyl complexes 

or generate a catalytically active isopropyl-substituted iminophosphonamido complex. 
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CHAPTER 6: EXPERIMENTAL METHODS 

6.1 General Laboratory Equipment 

The manipulation of all oxygen and moisture-sensitive materials and reagents was 

conducted in the absence of moisture and air using either a double manifold vacuum line 

and with corresponding techniques,170 or in an argon-filled MBraun Labmaster 130 glove 

box, unless otherwise specified. An Edwards RV12 pump was used to evacuate the vacuum 

lines and glove box antechambers. Speciality thick-walled (5 mm) glass bombs with 

Kontes® Teflon valves and swivel frit glassware apparati were employed in this work. All 

glassware used was stored in an oven at 115 °C for a minimum of 16 h. The glass was 

either placed in the glove box antechamber, evacuated while hot and assembled in a glove 

box, or assembled on a vacuum line and evacuated for 1 h. 

6.2 Solvents 

All solvents used were obtained from either Millipore Sigma or an MBraun Solvent 

Purification System (SPS). Non-halogenated solvents (benzene, toluene, pentane, heptane, 

THF, and diethylether) were further dried over molecular sieves (3 Å) and degassed, then 

transferred to 500 mL glass bombs charged with Na/benzophenone for storage.2 

Halogenated solvents (chloroform and dichloromethane) were dried, degassed and stored 

over CaH2 in 500 mL bombs. When needed, solvents were transferred to the reaction vessel 

under reduced pressure and temperature (–94 °C, liquid nitrogen/acetone, unless otherwise 

stated). Solvents used for NMR spectroscopy were prepared as follows: benzene-d6 (C6D6) 
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was dried over Na/benzophenone, THF-d8 was dried over Na, while chloroform-d (CDCl3) 

was dried over CaH2. Deuterated solvents were degassed via three freeze-pump-thaw 

cycles, distilled into a glass bomb under reduced pressure and temperature (–78 °C), and 

stored under static vacuum over molecular sieves (3 Å). 

6.3 Chemical Materials 

The reagents: nBuLi (2.5 M in hexanes), tBuLi (1.7 M in hexanes), trichlorosilane, 

Li[HMDS], K[HMDS], KH, 1-adamantylamine, 1-mesitylamine chlorodiphenylphosphine 

and chlorodiisopropylphosphine were purchased from Sigma Aldrich and used without 

further purification. The following compounds: Ph2P(NHMes)(NMes),126 MesNHPiPr2,
171 

MesN3,
169

 Li[Ph2P(NMes)2],
127 AdNHPPh2,

172 AdN3
173 [Rh(Cl)(COD)]2,

174
 

[IrCl(COD)]2
175

 and [RhCl(COE)2]2
149 were prepared using literature procedures. All solid 

reagents used in air- and moisture-sensitive reactions were dried under vacuum for 48 h at 

ambient temperature and kept under an inert atmosphere before use. All liquid reagents 

were transferred via cannula to a glass bomb for storage and degassed via two freeze-pump-

thaw cycles. 

Chemical warning – Caution! The stability of an organic azide depends upon its 

chemical structure, mainly the carbon-to-nitrogen ratio (C:N). A C:N ratio between 1 and 

3 generally indicates that the material can be explosive.135,136 Organic azides should be 

handled in a fume hood behind a protective blast shield. Any reactions involving organic 

azides should not be conducted in a closed system as the reaction of azides to phosphines 

can rapidly eliminate N2 gas. Extra care should be taken involving reactions where the 
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organic azide is heated. The azides MesN3 and AdN3, C:N ratios of 3 and 3.4, make them 

less flammable and prone to combustion; nonetheless, care should be taken when handling 

these materials. MesN3, an orange liquid, is stored in a freezer (–35 °C), while AdN3 is a 

beige solid stored at ambient conditions; both azides are stable under ambient conditions 

for long periods.  

 

6.4 Instrumentation Details for NMR Experiments 

All NMR spectra (1H, 1H{31P}, 7Li, 7Li{1H}, 13C{1H}, 13C APT, 13C DEPT 135 

29Si, 29Si{1H}, 31P{1H}, 1H–1H COSY, 1H–31C HSQC, 1H–13C HMBC) were recorded 

using a Bruker Avance II 300 MHz spectrometer (300.13 MHz for 1H, 75.47 MHz for 13C, 

121.48 MHz for 31P, and 59.63 MHz for 29Si) or a Bruker Avance III HD 700 MHz 

spectrometer (700.13 MHz for 1H, 272.10 MHz for 7Li, 176.05 MHz for 13C, 283.54 MHz 

for 31P, and 139.09 MHz for 29Si) NMR spectrometer. Experiments were performed at 

ambient temperature unless otherwise stated. NMR spectroscopic data is reported in parts 

per million (ppm). The 1H and 13C{1H} shifts are referenced to SiMe4 through internal 1H 

and 13C{1H} resonance(s) of the employed solvent; benzene-d6 (7.16 and 128.0), THF-d8 

(1.73, 3.58 and 25.4, 67.6), or CDCl3 (7.27 and 77.4). 7Li NMR spectra were referenced to 

an external 1 M LiCl sample in D2O (δ 0.0). 31P{1H} spectra were referenced to an external 

85% H3PO4 sample in D2O (δ 0.0). The 1H NMR data for all compounds are reported as 

follows: chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, sp = 

septet, dsp = doublet of septets, br = broad, m = multiplet, ov = overlapping), coupling 

constant (Hz), integration, assignment. The assignment of 1H and 13C{1H} resonances was 
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supported by 1H–1H COSY, 13C{1H} APT, 13C{1H} DEPT 135, 1H–31C HSQC and 1H–

13C HMBC experiments. 

6.5 X-ray Crystallographic Details 

All crystallographic data was collected on a Rigaku SuperNova diffractometer. The 

diffractometer was equipped with an Oxford 800 cryo stream-cooling device,176 a Dectris 

Pilatus 3R 200K-A hybrid-pixel-array detector, and two sealed graphite-monochromated 

X-ray sources [molybdenum (NOVA) (K = 0.71073 Å) and copper (MOVA) (K = 

1.54178 Å)]. Crystals suitable for X-ray diffraction were coated in Paratone oil in a glove 

box, removed from the inert atmosphere and visually inspected by a polarizing light and a 

standard microscope on a glass slide under ambient conditions. The crystal selected for 

analysis was placed on a MiTeGen Dual Thickness MicroMount attached to a four-circle 

 goniometer head. CrysAlisPro software177 was used to determine unit cell parameters. 

The structures were solved using Intrinsic Phasing methods and refined using the least-

squares methods of the SHELXL-2014178,179 in Olex2-1.5 software.180 Molecular graphics 

were generated using Mercury 2020.2.0 software.181 

6.6 Elemental Analysis Details 

CHNS elemental analyses were performed at the University of Lethbridge by Dr. 

Dylan J. Webb using an Elementar America’s Vario. Vanadium oxide was used as a 

combustion agent in cases when only the carbon percentages were low (3% deviation from 

predicted values). 
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6.7 Additional Instrumentation 

Infrared spectroscopic analysis was conducted on bulk recrystallized compounds 

employing a Thermo-Nicolet iS10 FT-IR spectrometer under ambient atmospheric 

conditions. The remaining sample was then placed under vacuum, brought into a glove 

box, dissolved in the appropriate NMR solvent and then analyzed for decomposition due 

to the brief exposure to air.  

6.8 Naming Conventions of Adamantyl Groups  

Naming conventions for Adamantyl substituents: 

 

6.9 Synthetic Experimental Procedures Pertaining to Chapter 2 

Synthesis of Ph2P(NC10H15)(NHC10H15) (1)  

AdNHPPh2 (556 mg, 1.66 mmol) and AdN3 (294 mg, 1.66 

mmol) were weighed into a two-necked round bottom flask. 

Toluene (~40 mL) was transferred under reduced pressure to the 

flask. The yellow solution was heated to 70 °C for 16 h. The solvent 

was removed in vacuo, yielding a light brown solid. The solid was 

brought into a glove box and washed with pentane (4 × 2 mL). The remaining solvent was 

removed from the beige solid under vacuum. Light-yellow needles of 1 were grown from 
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a saturated solution of benzene stored at ambient temperature for 3 days. Yield: 714 mg, 

89%. 1H NMR (300 MHz, C6D6): δ 7.97 (ddd, 3JPH = 12.0, 2JHH = 7.7, 4JHH = 1.7 Hz, 4H, 

ortho-Ph), 7.22–7.11 (m, 4H, meta-Ph), 7.10–6.91 (m, 2H, para-Ph), 2.57 (d, 2JPH = 8.4 

Hz, 1H, NH), 2.16 (ov s, 6H, P=N-Ad-Hβ), 2.12 (ov s, 3H, P=N-Ad-Hγ), 1.93 (ov s, 6H, 

HN-Ad-Hβ), 1.86 (s, 3H, HN-Ad-Hγ), 1.75 (ov t, 3JHH = 11.7 Hz, 3H, P=N-Ad-Hδ), 1.67 

(ov t, 3JHH = 11.7 Hz, 3H, P=N-Ad-Hδ), 1.45 (br s, 6H, HN-Ad-Hδ). 1H{31P} NMR (300 

MHz, C6D6): δ 8.03 (dd, 2JHH = 7.7, 4JHH = 1.7 Hz, 4H, ortho-Ph), 7.28–7.17 (m, 4H, meta-

Ph), 7.15–6.97 (m, 2H, para-Ph), 2.63 (s, 1H, NH), 2.22 (ov s, 6H, P=N-Ad-Hβ), 2.18 (ov 

s, 3H, P=N-Ad-Hγ), 1.99 (ov s, 6H, HN-Ad-Hβ), 1.92 (ov s, 3H, HN-Ad-Hγ), 1.75 (ov t, 

3JHH = 11.7 Hz, 3H, P=N-Ad-Hδ), 1.67 (ov t, 3JHH = 11.7 Hz, 3H, P=N-Ad-Hδ), 1.52 (br s, 

6H, HN-Ad-Hδ). 13C{1H} NMR (75 MHz, C6D6): δ 140.59 (d, 1JHP = 125.0 Hz, ipso-Ph), 

132.86 (d, 2JHP = 9.5 Hz, ortho-Ph), 130.27 (d, 3JHP = 2.8 Hz, meta-Ph), 128.17 (s, para-

Ph), 53.11 (d, 2JPC = 2.0 Hz, HN-Ad-Cα), 52.56 (d, 3JPC = 4.1 Hz, P=N-Ad-Cα), 49.88 (d, 

3JPC = 11.0 Hz, P=N-Ad-Cβ), 46.10 (d, 3JPC = 3.0 Hz, HN-Ad-Cβ), 37.75 (s, P=N-Ad-Cδ), 

36.79 (s, HN-Ad-Cδ), 31.51 (s, P=N-Ad-Cγ), 30.58 (s, HN-Ad-Cγ). 31P{1H} NMR (122 

MHz, C6D6): δ –22.4 (s). Anal. Calcd. for C32H41N2P: C: 79.30 H: 8.53 N: 5.78%; found: 

C: 78.92 H: 7.66 N: 5.70%. 
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Synthesis of Li [Ph2P(NC10H15)2]∙THF (2)  

Complex 2 (211 mg, 0.435 mmol) was weighed into a two-

necked round bottom flask. The flask was cooled to –94 °C 

(liquid nitrogen/acetone), and THF (~30 mL) was transferred 

to the flask in vacuo. tBuLi (0.282 mL, 0.478 mmol, 1.7 M) 

was injected dropwise over 10 min. The yellow opaque solution was left in the cold bath 

to slowly warm to ambient temperature. After 12 h, the THF was removed under vacuum, 

resulting in a yellow solid. The solid was washed in a glove box with pentane (4 × 2 mL), 

and residual solvent was removed in vacuo, yielding a white solid. Yield: 224 mg, 84%. 

1H NMR (700 MHz, THF-d8): δ 7.94 (t, 3JPH = 8.2 Hz, 4H, ortho-Ph), 7.25–7.16 (m, 6H, 

meta- and para-Ph), 3.54 (s, 4H, coord. THF-CH2 (2,5)), 1.69 (s, 3H, coord. THF-CH2 

(3,4)), 1.64 (s, 6H, Ad-Hβ), 1.36 (s, 3H, Ad-Hγ), 1.35 (s, 6H, Ad-Hβ), 1.32 (s, 12H, Ad-Hδ), 

1.29 (s, 3H, Ad-Hγ). 1H{31P} NMR (700 MHz, THF-d8): δ 7.94 (br s, 4H, ortho-Ph), 7.24–

7.15 (m, 6H, meta- and para-Ph), 3.54 (s, 4H, coord. THF-CH2 (2,5)), 1.69 (s, 4H, coord. 

THF-CH2 (3,4)), 1.64 (br s, 6H, Ad-Hβ), 1.36 (s, 3H, Ad-Hγ), 1.35 (s, 6H, Ad-Hβ), 1.32 (s, 

12H, Ad-Hδ), 1.30 (s, 3H, Ad-Hγ). 7Li NMR (272 MHz, THF-d8): δ 0.9 (d, 2JLiP = 4.7 Hz). 

7Li{1H} NMR (272 MHz, THF-d8): δ 0.9 (d, 2JLiP = 4.7 Hz). 13C{1H} NMR (176 MHz, 

THF-d8) δ 145.85 (d, 1JHP = 75.4 Hz, ipso-Ph), 133.21 (d, 2JHP = 9.1 Hz, ortho-Ph), 128.36 

(d, 4JHP = 2.7 Hz, para-Ph), 127.10 (d, 3JHP = 9.7 Hz, meta-Ph), 68.03 (s, coord. THF-CH2 

(2,5)), 50.93 (s, Ad-Cβ), 49.76 (d, 2JPC = 9.9 Hz, Ad-Cα), 37.77 (s, Ad-Cδ), 31.52 (s, Ad-
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Cγ), 26.19 (s, coord. THF-CH2 (3,4)). 31P{1H} NMR (284 MHz, THF-d8): δ –2.3 (s). Anal. 

Calcd. for C36H48LiN2OP: C: 76.84 H: 8.60 N: 4.98%; found: C: 76.29 H: 8.60 N: 5.00%. 

 

Synthesis of [Ph2P(N(2,4,6-Me3C6H2))2]Rh(COD) (3) 

Li[Ph2P(NMes)2] (98.7 mg, 0.208 mmol) and 

[RhCl(COD)]2 (51.3 mg, 0.104 mmol) were weighed into a 

two-necked round bottom flask attached to a swivel frit 

apparatus. The flask was cooled to 0 °C (ice/sodium 

chloride), and benzene (~20 mL) was transferred to the flask 

under reduced pressure. The yellow solution was left to stir at ambient temperature under 

a positive Ar atmosphere. After 16 h, the solution was filtered through the frit, resulting in 

a transparent yellow solution. The solvent was removed under vacuum, yielding a yellow 

powder. Yellow plate-shaped crystals of 3 were grown from a saturated pentane solution 

stored at –30 °C for 3 days. Yield: 133 mg, 90%. 1H NMR (300 MHz, C6D6): δ 7.73–7.60 

(m, 4H, ortho-Ph), 7.02–6.87 (m, 6H, meta- and para-Ph), 6.85 (s, 4H, Mes-CH), 3.52 (s, 

4H, COD-CH), 2.53 (s, 12H, ortho-Mes-CH3), 2.38 (br s, 4H, COD-CH2), 2.17 (s, 6H, 

para-Mes-CH3), 1.63 (d, 3JHH = 8.0 Hz, 4H, COD-CH2). 
1H NMR (300 MHz, C6D6): δ 

7.67 (d, 3JHH = 6.8 Hz, 4H, ortho-Ph), 7.02–6.88 (m, 6H, meta- and para-Ph), 6.85 (s, 4H, 

Mes-CH), 3.52 (s, 4H, COD-CH), 2.53 (s, 12H, ortho-Mes-CH3), 2.38 (br s, 4H, COD-

CH2), 2.17 (s, 6H, para-Mes-CH3), 1.63 (d, 3JHH = 8.0 Hz, 4H, COD-CH2). 
13C{1H} NMR 

(75 MHz, C6D6): δ 141.82 (d, 2JPC = 3.5 Hz, ipso-Mes-C–P), 139.03 (d, 1JPC = 89.8 Hz, 

ipso-Ph), 136.35 (d, 3JPC = 5.0 Hz, ortho-ipso-Mes-C–CH3), 131.97 (d, 5JPC = 2.9 Hz, para-
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ipso-Mes-C–CH3), 131.28 (ov d, 3JPC = 2.4 Hz, meta-Ph), 131.20 (ov d, 2JPC = 9.2 Hz, 

ortho-Ph), 130.13 (d, 4JPC = 1.9 Hz, para-Ph), 128.18 (d, 4JPC = 11.2, Mes-CH, partially 

obscured by solvent resonance), 76.81 (d, 1JCRh = 13.3 Hz, COD-CH), 31.73 (s, COD-

CH2), 22.36 (d, 4JPC = 0.8 Hz, ortho-Mes-CH3), 21.22 (s, para-Mes-CH3). 
31P{1H} NMR 

(122 MHz, C6D6): δ 24.5 (d, 2JRhP = 13.8 Hz). Anal. Calcd. for C39H48PN2Rh: C: 69.02 H: 

7.13 N: 4.13%; found: C: 68.65 H: 6.88 N: 4.33%. 

 

Synthesis of [Ph2P(NC10H15)2]Rh(COD) (4) 

To a two-necked round bottom flask containing 2 

(53.8 mg, 0.0956 mmol) and [RhCl(COD)]2 (23.6 mg, 0.0478 

mmol), benzene (~20 mL) was transferred to the flask in 

vacuo resulting in a yellow solution. The flask was then 

warmed to 60 °C for 1 h under a positive Ar atmosphere. The 

solvent was removed in vacuo, resulting in a yellow/brown solid. The solid was brought 

into a glove box, dissolved in benzene (10 mL) and filtered through a Kimwipe (packed 

into pipette to act as a filter). The benzene was removed under vacuum, yielding a yellow 

solid. Complex 4 was crystallized as yellow rectangular crystals from a saturated 1:1 

benzene pentane solution stored in a sealed 20 mL scintillation vial at ambient temperature 

for 1 week. Yield: 45.2 mg, 61%. 1H NMR (300 MHz, C6D6): δ 8.64–8.44 (m, 4H, ortho-

Ph), 7.23–7.11 (m, 6H, meta- and para-Ph), 4.95 (br s, 4H, COD-CH), 2.59–2.40 (br m, 

4H, COD-CH2), 1.76 (s, 6H, Ad-Hγ), 1.73–1.67 (ov m, 4H, COD-CH2), 1.62 (s, 12H, Ad-

Hβ), 1.36 (s, 12H, Ad-Hδ). 1H{31P} NMR (300 MHz, C6D6): δ 8.53 (d, 3JHH = 6.9 Hz, 4H, 
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ortho-Ph), 7.24–7.12 (m, 6H, meta- and para-Ph 4.94 (br s, 4H, COD-CH), 2.64–2.38 (br 

m, 4H, COD-CH2), 1.75 (s, 6H, Ad-Hγ), 1.73–1.65 (m, 4H, COD-CH2), 1.61 (s, 12H, Ad-

Hβ), 1.35 (s, 12H, Ad-Hδ). 13C{1H} NMR (75 MHz, C6D6): δ 140.30 (d, 1JPC = 76.6 Hz, 

ipso-Ph), 132.97 (d, 2JPC = 9.0 Hz, ortho-Ph), 130.26 (d, 3JPC = 2.7 Hz, meta-Ph), 127.58 

(s, para-Ph), 70.66 (d, 2JRhC = 12.7 Hz, COD-CH), 55.67 (d, 2JPC = 8.7 Hz, Ad-Cα), 46.14 

(d, 3JPC = 2.0 Hz, Ad-Cβ), 36.34 (s, Ad-Cδ), 31.09 (s, COD-CH2), 30.41 (s, Ad-Cγ). 31P{1H} 

NMR (122 MHz, C6D6): δ 50.0 (d, 2JRhP = 11.8 Hz). Attempts to obtain high-quality 

elemental analyses (within 3% of computed values) for this compound have been 

unsuccessful. 

 

Synthesis of [Ph2P(N(2,4,6-Me3C6H2))2]Rh(CO)2 (5) 

Complex 3 (31.2 mg, 0.0413 mmol) was added to a J. 

Young NMR tube and dissolved in 0.5 mL of benzene-d6. The 

NMR tube was attached to a double manifold vacuum line 

and degassed by two freeze-pump-thaw cycles. An 

atmosphere of CO (1 atm) was applied to the tube, and the 

reaction was monitored by 31P{1H} NMR spectroscopy. The yellow solution turned brown 

and complete conversion of 3 to 5 occurred within 2 min at ambient temperature. The CO 

atmosphere and benzene-d6 were removed under vacuum. The brown solid was brought 

into a glove box, dissolved in pentane (~5 mL) and filtered through a Kimwipe (packed 

into pipette to act as a filter) (to remove any Rh black particles). The solvent was removed 

in vacuo, yielding a light brown powder. Light yellow rectangular crystals of 5 were grown 
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from a saturated benzene solution stored in a sealed 20 mL scintillation vial at ambient 

temperature for 3 days. Yield: 23.3 mg, 91%. 1H NMR (300 MHz, C6D6): δ 7.47 (dd, 3JPH 

= 11.6, 3JHH 7.3 Hz, 4H, ortho-Ph), 6.93 (t, 3JHH = 7.3 Hz, 2H, para-Ph), 6.83 (ov dt, 3JHH 

= 7.7, 3JPH = 2.6 Hz, 4H, meta-Ph), 6.80 (s, 4H, Mes-CH), 2.44 (s, 12H, ortho-Mes-CH3), 

2.13 (s, 6H, para-Mes-CH3). 
1H NMR (300 MHz, C6D6): δ 7.47 (d, 3JHH = 7.4 Hz, 4H, 

ortho-Ph), 6.93 (t, 3JHH = 7.3 Hz, 2H, para-Ph), 6.83 (d, 3JHH = 7.6 Hz, 4H, meta-Ph), 6.80 

(s, 4H, Mes-CH), 2.44 (s, 12H, ortho-Mes-CH3), 2.13 (s, 6H, para-Mes-CH3). 
13C{1H} 

NMR (75 MHz, C6D6): δ 187.21 (d, 1JRhC = 69.8 Hz, C≡O), 143.87 (s, ipso-Mes-C–P), 

136.98 (d, 1JPC = 90.6 Hz, ipso-Ph), 135.97 (d, 3JPC = 4.9 Hz, ortho-ipso-Mes-C–CH3), 

133.21 (d, 5JPC = 2.9 Hz, para-ipso-Mes-C–CH3), 132.01 (d, 4JPC = 2.7 Hz, meta-Ph), 

131.47 (d, 3JPC = 9.5 Hz, ortho-Ph), 130.26 (d, 5JPC = 1.9 Hz, para-Ph), 128.39 (d, 4JPC = 

11.6 Hz, Mes-CH, partially obscured by solvent resonance), 22.43 (s, ortho-Mes-CH3), 

21.15 (s, para-Mes-CH3). 
31P{1H} NMR (122 MHz, C6D6): δ 39.8 (d, 2JRhP = 15.1 Hz). IR 

νCO (cm–1): 2053, 1996. Anal. Calcd. for C33H26PN2O2Rh: C: 63.26 H: 5.76 N: 4.47%; 

found: C: 66.83 H: 5.53 N: 4.72%. 

 

Synthesis of [Ph2P(NC10H15)2]Rh(CO)2 (6) 

Complex 4 (44.7 mg, 0.0573 mmol) was added to a J. 

Young NMR tube and dissolved in 0.5 mL of benzene-d6. The 

NMR tube was attached to a double manifold vacuum line 

and degassed by two freeze-pump-thaw cycles. An 

atmosphere of CO (1 atm) was applied to the tube and 
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monitored by 31P{1H} NMR spectroscopy. The solution turned dark brown and reached 

complete conversion within 20 min at ambient temperature. The atmosphere of CO and 

benzene-d6 were removed under vacuum. The brown solid was brought into a glove box, 

dissolved in pentane (~5 mL) and filtered through a Kimwipe (packed into pipette to act as 

a filter) (to remove any Rh black particles). The pentane was removed under vacuum 

resulting in a brown powder. Complex 6 was crystallized as yellow rectangular crystals 

grown from a saturated benzene solution stored in a sealed 20 mL scintillation vial at 

ambient temperature for 1 week. Yield: 36.5 mg, 87%. 1H NMR (700 MHz, C6D6): δ 8.26 

(dd, 3JPH = 9.8, 3JHH = 8.5 Hz, 4H, ortho-Ph), 7.15–7.10 (m, 6H, meta- and para-Ph), 1.80 

(s, 6H, Ad-Hγ), 1.71 (s, 12H, Ad-Hβ), 1.34 (s, 12H, Ad-Hδ). 1H{31P} NMR (700 MHz, 

C6D6): δ 8.26 (t, 3JHH = 6.8 Hz, 4H, ortho-Ph), 7.16–7.10 (m, 6H, meta- and para-Ph), 1.80 

(s, 6H, Ad-Hγ), 1.71 (s, 12H, Ad-Hβ), 1.35 (s, 12H, Ad-Hδ). 13C NMR (176 MHz, C6D6): δ 

189.05 (d, 1JRhC = 67.4 Hz, C≡O), 137.54 (d, 1JPC = 83.3 Hz, ipso-Ph), 132.98 (d, 2JPC = 

9.5 Hz, ortho-Ph), 131.14 (d, 3JPC = 3.3 Hz, meta-Ph), 127.98 (s, para-Ph), 52.15 (s, Ad-

Cα), 47.30 (d, 3JPC = 7.3 Hz, Ad-Cβ), 36.06 (s, Ad-Cδ), 30.28 (s, Ad-Cγ). 31P{1H} NMR 

(122 MHz, C6D6): δ 49.8 (d, 2JRhP = 10.0 Hz). IR νCO (cm–1): 2033, 1957. Anal. Calcd. for 

C35H44PN2O2Rh: C: 63.83 H: 6.73 N: 4.25%; found: C: 63.47 H: 6.60 N: 4.48%. 
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Synthesis of [Ph2P(N(2,4,6-Me3C6H2))2]Rh(CNAr)2 (7) 

Complex 3 (57.1 mg, 0.0754 mmol) was 

added to a 20 mL scintillation vial containing 2,6-

dimethylphenylisocyanide (20.8 mg, 0.0158 mmol). 

The vial was then placed in the freezer (–35 °C), cold 

pentane (5 mL) was added and placed back into the 

freezer. An orange solution with an orange precipitate 

was observed after 16 h. Benzene (5 mL) was added, and the mixture was filtered through 

a Kimwipe (packed into pipette to act as a filter) to yield an orange solution. The solvent 

was removed under vacuum, resulting in a yellow solid. The solid was washed with cold 

pentane (4 × 2 mL), and residual solvent was removed in vacuo. Complex 7 was 

crystallized as yellow cubes from a saturated (1:1) benzene:pentane solution stored in a 

sealed 20 mL scintillation vial at ambient temperature for 3 days. Yield: 50.0 mg, 75%. 1H 

NMR (700 MHz, C6D6): δ 7.81–7.71 (m, 4H, ortho-Ph), 6.97 (t, 3JHH = 7.4 Hz, 2H, para-

Ph), 6.92 (td, 3JHH = 7.5, 4JPH 2.5 Hz, 4H, meta-Ph), 6.83 (s, 4H, Mes-CH), 6.68 (t, 3JHH = 

7.6 Hz, 2H, para-CH Ar–N≡C 6.59 (d, 3JHH = 7.5 Hz, 4H, meta-CH Ar–N≡C), 2.68 (s, 

12H, ortho-Mes-CH3), 2.18 (s, 6H, para-Mes-CH3), 1.93 (s, 12H, ortho-CH3 Ar–N≡C). 

1H{31P} NMR (700 MHz, C6D6): δ 7.81–7.73 (m, 4H, ortho-Ph), 6.97 (t, 3JHH = 7.4 Hz, 

2H, para-Ph), 6.92 (t, 3JHH = 7.6 Hz, 4H, meta-Ph), 6.83 (s, 4H, Mes-CH), 6.68 (t, 3JHH = 

7.6 Hz, 2H, para-CH Ar–N≡C), 6.59 (d, 3JHH = 7.5 Hz, 4H, meta-CH Ar–N≡C), 2.68 (s, 

12H, ortho-Mes-CH3), 2.18 (s, 6H, para-Mes-CH3), 1.93 (s, 12H, ortho-CH3 Ar–N≡C). 

13C{1H} NMR (176 MHz, C6D6): δ 161.97 (d, 1JRhC = 71.3 Hz, Ar–N≡C), 145.75 (d, 2JPC 
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= 2.1 Hz, ipso-Mes-C–P), 139.45 (d, 1JPc = 89.5 Hz, ipso-Ph), 136.67 (d, 3JPC = 5.0 Hz, 

ortho-ipso-Mes-C–CH3), 134.44 (s, ortho-ipso-C-CH3 Ar–N≡C), 131.51 (d, 3JPC = 9.2 Hz, 

ortho-Ph), 131.35 (d, 5JPC = 2.9 Hz, para-ipso-Mes-C–CH3), 131.05 (d, 2JPC = 2.5 Hz, 

para-Ph), 130.77 (s, ipso-C–N≡C), 129.82 (d, 4JPC = 1.8 Hz, Mes-CH), 128.68 (s, meta-

Ph, partially obscured by solvent resonance), 127.98 (s, para-CH Ar–N≡C), 126.56 (s, 

meta-CH Ar–N≡C), 22.86 (s, ortho-Mes-CH3), 21.20 (s, para-Mes-CH3), 18.86 (s, ortho-

CH3 Ar–N≡C). 31P{1H} NMR (284 MHz, C6D6): δ 25.1 (d, 2JRhP = 13.7 Hz). IR νCN (cm–

1): 2035 1964. Attempts to obtain high-quality elemental analyses (within 3% of computed 

values) for this compound have been unsuccessful. 

 

Synthesis of [Ph2P(N(2,4,6-Me3C6H2))2]Rh(CNAr)3 (8) 

Complex 3 (41.2 mg, 0.0607 mmol) and 

2,6-dimethylphenylisocyanide (15.9 mg, 0.121 

mmol) were added to a J. Young NMR tube and 

dissolved in 0.5 mL of benzene-d6. The reaction 

was monitored by 31P{1H} NMR spectroscopy, and 

consumption of (23) was observed within 1 h. 

Another equivalent of 2,6-dimethylphenylisocyanide (20.8 mg, 0.0158 mmol) was added, 

and complete consumption of 3 and 8 was observed within 15 min. The tube was placed 

under vacuum for 1 h, resulting in a yellow solid. Yellow rectangular crystals of 8 were 

grown from a saturated benzene solution stored in a sealed 20 mL scintillation vial at 

ambient temperature for 3 days. Yield: 39.8 mg, 69%. 1H NMR (700 MHz, C6D6): δ 8.21–
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8.11 (m, 4H, ortho-Ph), 6.97 (t, 3JHH = 6.9 Hz, 2H, para-Ph), 6.91 (td, 3JHH = 7.6, 4JHP = 

2.9 Hz, 4H), 6.88–6.84 (m, 2H, meta-CH Ar–N≡C), 6.83 (s, 1H, para-CH Ar–N≡C), 6.82–

6.73 (m, 3H, meta- and para-CH Ar–N≡C), 6.72 (s, 2H, Mes-CH), 6.60 (s, 2H, Mes-CH), 

6.52–6.47 (m, 2H, meta-CH Ar–N≡C), 6.44–6.40 (m, 1H, para-CH Ar–N≡C), 2.76 (s, 6H, 

ortho-CH3 Ar–N≡C), 2.57 (s, 6H, ortho-Mes-CH3), 2.39 (s, 6H, ortho-CH3 Ar–N≡C), 2.15 

(s, 6H, ortho-Mes-CH3), 2.08 (s, 3H, para-Mes-CH3), 2.03 (s, 3H, para-Mes-CH3), 1.81 

(s, 6H, ortho-CH3 Ar–N≡C). 13C{1H} NMR (176 MHz, C6D6): δ 153.99 (s, Ar–N≡C), 

147.99 (s, ortho-ipso-Mes-C–CH3), 145.06 (s, ipso-Mes-C–P), 138.95 (s, ipso-Ph), 136.66 

(s, ortho-ipso-C-CH3 Ar–N≡C), 135.97 (s, para-ipso-Mes-C–CH3), 135.80 (s), 134.37 (s, 

ortho-ipso-C-CH3 Ar–N≡C), 134.17 (s, ortho-ipso-C-CH3 Ar–N≡C), 133.70 (d, 2JPC = 9.2 

Hz, ortho-Ph), 131.40 (s, para-ipso-Mes-C–CH3), 131.10 (d, 3JPC = 2.1 Hz, meta-Ph), 

130.80 (s, ipso-C–N≡C), 130.65 (s, ipso-C–N≡C), 130.07 (s, ipso-C–N≡C), 129.15 (s, 

para-Ph), 128.91 (s, Mes-CH), 128.23 (s, para-CH Ar–N≡C), 127.98 (s, meta-CH Ar–

N≡C), 127.29 (s, meta-CH Ar–N≡C), 127.05 (s, Mes-CH), 126.98 (s, meta-CH Ar–N≡C), 

126.62 (s, para-CH Ar–N≡C), 120.42 (s, para-CH Ar–N≡C), 22.58 (s, ortho-Mes-CH3), 

21.02 (s, ortho-CH3 Ar–N≡C), 20.63 (s, para-Mes-CH3), 20.27 (s, para-Mes-CH3), 20.20 

(s, ortho-Mes-CH3), 19.02 (br s, ortho-CH3 Ar–N≡C), 18.36 (br s, ortho-CH3 Ar–N≡C), 

18.16 (s, ortho-CH3 Ar–N≡C). The resonance for Rh-C=N was not found or confirmed in 

the 13C{1H} NMR spectrum. 31P{1H} NMR (122 MHz, C6D6): δ 15.2 (s). IR νCN (cm–1): 

2106, 2044, 1566. Anal. Calcd. for C57H59PN5Rh: C: 72.22 H: 6.72 N: 7.39%; found: C: 

72.49 H: 6.47 N: 7.43%. 
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Synthesis of [Ph2P(N(2,4,6-Me3C6H2))2]Ir(COD) (9) 

Li[Ph2P(NMes)2] (73.9 mg, 0.167 mmol) and 

[IrCl(COD)]2 (56.1 mg, 0.0840 mmol) were weighed into a 

two-necked round bottom flask attached to a swivel frit 

apparatus. Benzene (~20 mL) was transferred under reduced 

pressure to the vessel. The bright orange solution was left to 

stir at ambient temperature under a positive Ar atmosphere. After 16 h, the mixture was 

filtered through the frit, and the solvent was removed from the transparent orange solution. 

Yellow plate-shaped crystals of 9 were grown from a saturated pentane solution stored in 

a sealed 20 mL scintillation vial at ambient temperature for 3 days. Yield: 123 mg, 90%. 

1H NMR (700 MHz, C6D6): δ 7.66–7.58 (m, 4H, ortho-Ph), 6.94 (td, 3JHH = 7.4, 6JPH = 1.2 

Hz, 2H, para-Ph), 6.86 (ov td, 3JHH = 7.8, 5JPH 2.8 Hz, 4H, meta-Ph), 6.84 (ov s, 4H, Mes-

CH), 3.41–3.31 (br m, 4H, COD-CH), 2.50 (s, 12H, ortho-Mes-CH3), 2.39–2.31 (br m, 4H, 

COD-CH2), 2.19 (s, 6H, para-Mes-CH3), 1.60–1.49 (m, 4H, COD-CH2). 
1H NMR (700 

MHz, C6D6): δ 7.63 (t, 3JHH = 8.1 Hz, 4H, ortho-Ph), 6.94 (ov dd, 3JHH = 7.4 Hz, 2H, para-

Ph), 6.87 (ov t, 3JHH = 7.3 Hz, 4H, meta-Ph), 6.85 (ov s, 4H, Mes-CH), 3.41–3.31 (br m, 

4H, COD-CH), 2.50 (s, 12H, ortho-Mes-CH3), 2.39–2.29 (br m, 4H, COD-CH2), 2.19 (s, 

6H, para-Mes-CH3), 1.60–1.49 (m, 4H, COD-CH2). 
13C{1H} NMR (176 MHz, C6D6): δ 

139.71 (d, 2JPC = 4.4 Hz, ipso-Mes-C–P), 137.79 (d, 1JPC = 88.4 Hz, ipso-Ph), 136.12 (d, 

3JPC = 4.6 Hz, ortho-ipso-Mes-C–CH3), 132.42 (d, 5JPC = 2.8 Hz, para-ipso-Mes-C–CH3), 

131.12 (d, 4JPC = 2.6 Hz, para-Ph), 130.55 (d, 2JPC = 9.3 Hz, ortho-Ph), 129.41 (d, 5JPC = 

1.6 Hz, meta-Ph), 128.32 (d, 4JPC = 10.5 Hz, Mes-CH, partially obscured by solvent 
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resonance), 58.24 (s, COD-CH), 32.12 (s, COD-CH2), 21.39 (d, 4JPC = 1.0 Hz, ortho-Mes-

CH3), 20.45 (s, para-Mes-CH3). 
31P{1H} NMR (284 MHz, C6D6): δ 40.9 (s). Anal. Calcd. 

for C39H48PN2Ir: C: 60.99 H: 6.30 N: 3.65%; found: C: 60.82 H: 6.17 N: 3.85%. 

 

Synthesis of [Ph2P(NC10H15)2]Ir(COD) (10) 

Compound 2 (97.1 mg, 0.198 mmol), and 

[IrCl(COD)]2 (66.3 mg, 0.099 mmol) were added to a 20 mL 

scintillation vial. Pentane (8 mL) was added, and the vial was 

placed in the freezer (–35 °C). After 16 h, the reddish-orange 

mixture was filtered through a Kimwipe (packed into pipette 

to act as a filter), removing the precipitate from the orange solution. Complex 10 was 

crystallized as colourless block crystals from a saturated benzene solution stored in a sealed 

20 mL scintillation vial at ambient temperature for 3 days. Yield: 136 mg, 78%. 1H NMR 

(300 MHz, C6D6): δ 8.50 (ov dt, 3JPH = 10.0, 3JHH = 6.7 Hz, 4H, ortho-Ph), 7.15–7.08 (m, 

6H, meta- and para-Ph), 4.72 (s, 4H, COD-CH), 2.53–2.38 (br m, 4H, COD-CH2), 1.76 (s, 

6H, Ad-Hγ), 1.67 (s, 12H, Ad-Hβ), 1.64–1.52 (ov m, 4H, COD-CH2), 1.34 (s, 12H, Ad-Hδ). 

1H{31P} NMR (300 MHz, C6D6): δ 8.63–8.37 (m, 4H, ortho-Ph), 7.16–7.06 (m, 6H, meta- 

and para-Ph), 4.72 (s, 4H, COD-CH), 2.57–2.35 (br m, 4H, COD-CH2), 1.76 (s, 6H, Ad-

Hγ), 1.67 (s, 12H, Ad-Hβ), 1.64–1.51 (ov m, 4H, COD-CH21.34 (s, 12H, Ad-Hδ). 13C{1H} 

NMR (75 MHz, C6D6): δ 140.26 (d, 1JPC = 77.8 Hz, ipso-Ph), 133.62 (d, 2JPC = 9.3 Hz, 

ortho-Ph), 131.53 (d, 3JPC = 2.8 Hz, meta-Ph), 128.73 (s, para-Ph, partially obscured by 

solvent resonance), 57.75 (d, 2JPC = 3.7 Hz, Ad-Cα), 53.45 (s, COD-CH), 46.63 (d, 3JPC = 
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2.0 Hz, Ad-Cβ), 36.90 (s, Ad-Cδ), 32.86 (s, COD-CH2), 30.98 (s, Ad-Cγ). 31P{1H} NMR 

(122 MHz, C6D6): δ 66.7 (s). Anal. Calcd. for C41H56PN2Ir: C: 61.55 H: 7.06 N: 3.50%; 

found: C: 61.55 H: 6.98 N: 3.26%. 

 

Synthesis of [Ph2P(N(2,4,6-Me3C6H2)]2Rh(COE)2 (13) 

A 20 mL scintillation vial containing 

Li[Ph2P(NMes)2] (108.2 mg, 0.236 mmol), and 

[RhCl(COE)2]2 (84.7 mg, 0.118 mmol) was placed in a 

freezer (–35 °C). A cold 1:1 solution of pentane and THF 

(8 mL) was added, and the vial was left in the freezer. After 

1 h, the dark brown solution was filtered through a Kimwipe (packed into pipette to act as 

a filter) (to remove any solid particles). Yellow-orange crystalline blocks were seen 

forming on the sides of the vial within one week at –35 °C. The crystals were vacuum 

sensitive and quickly decomposed to the neutral ligand [Ph2P(NMes)(NHMes)]. Argon was 

flowed over the crystals in an attempt to remove any volatile solvents. Yield: 35.1 mg, 

19%. 1H NMR (700 MHz, C6D6): δ 7.74–7.65 (m, 4H, ortho-Ph), 6.98–6.93 (m, 2H, para-

Ph), 6.92–6.89 (m, 4H, para-Ph), 6.86 (s, 4H, Mes-CH), 5.65 (m, 1H, non-coordinated 

COE), 3.58 (s, 4H, THF-CH2), 3.28 (br s, 2H, COE-CH), 2.97 (br s, 2H, COE-CH), 2.64 

(br s, 6H, ortho-Mes-CH3), 2.59 (br s, 3H, para-Mes-CH3), 2.39 (s, 6H, ortho-Mes-CH3), 

2.16 (br s, 3H, para-Mes-CH3), 2.13 (s, 4H, non-coordinated COE), 2.10–1.97 (m, 2H, 

non-coordinated COE), 1.64 (br s, 4H, COE-CH2), 1.53–1.44 (m, 4H, non-coordinated 

COE), 1.41 (s, 4H, THF-CH3), 1.40–1.27 (m, 4H, COE-CH2), 1.29–1.22 (m, 1H, pentane), 
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1.17 (br s, 8H, COE-CH2), 1.00 (br s, 4H, COE-CH2), 0.88 (t, J = 7.2 Hz, 1H, pentane). 

31P{1H} NMR (284 MHz, C6D6): δ 27.5 (d, 2JRhP = 9.6 Hz). 31C{1H} characterization of 

(13) is not reported at the complex is not stable in solution at ambient temperature, 

decomposing entirely to neutral ligand within 6 h. Attempts to obtain high-quality 

elemental analyses (within 3% of computed values) for this compound have been 

unsuccessful. 

6.10 Synthetic Experimental Procedures Pertaining to Chapter 3 

Synthesis of K[iPr2P(N(2,4,6-Me3C6H2))2] (14) 

Tetrahydrofuran (~40 mL) was transferred in vacuo to a two-

necked round bottom flask containing MesNHPiPr2 (686 mg, 2.73 

mmol), an off-white solid and KH (110 mL, 2.73 mmol), resulting 

in a light yellow solution and solid KH powder. The flask was then 

heated to 60 °C under a positive argon atmosphere for 16 h with 

constant stirring. Afterwards, MesN3 (440 mg, 2.73 mmol), an 

orange liquid, was injected into the flask rapidly within 2 min. The orange solution was 

then left stirring at 60 °C while remaining under an argon atmosphere for 16 h. THF was 

removed in vacuo, resulting in a light brown solid. The brown solid was washed with 

pentane (4 × 2 mL) in a glove box and dried in vacuo, yielding a beige powder. Yield: 1.06 

g, 86%. 1H NMR (300 MHz, C6D6): δ 6.87 (s, 2H, N–Mes-CH), 6.80 (s, 2H, N3–Mes-CH), 

2.30 (ov s, 3H, N3–para-Mes-CH3), 2.29 (ov s, 3H, N–para-Mes-CH3), 2.20 (s, 6H, N3–

ortho-Mes-CH3), 1.98 (s, 6H, N–ortho-Mes-CH3), 1.90 (ov sp, 3JHH = 7.1 Hz, 2H), 0.99 
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(ov dd, 2JPH = 14.0, 3J = 7.1 Hz, 12H, CH(CH3)2). 
13C{1H} NMR (75 MHz, C6D6): δ 149.43 

(s, N3–ipso-Mes-C–P), 147.80 (d, 3JPC = 4.1 Hz, N–ortho-ipso-Mes-C–CH3), 133.25 (s, 

N3–ortho-ipso-Mes-C–CH3), 131.67 (d, 2JPC = 7.0 Hz, N–ipso-Mes-C–P), 130.55 (s, N3–

para-ipso-Mes-C–CH3), 129.92 (s, N3–Mes-CH), 129.74 (s, N–Mes-CH), 126.70 (d, 3JPC 

= 2.2 Hz, N-para-ipso-Mes-C–CH3), 28.67 (d, 1JPC = 81.0 Hz, CH(CH3)2), 21.93 (s, N3–

ortho-Mes-CH3), 21.93 (s, N3–para-Mes-CH3), 21.44 (s, N–para-Mes-CH3), 19.07 (s, N–

ortho-Mes-CH3), 17.90 (d, 2JPC = 3.4 Hz, CH(CH3)2), 17.50 (d, 2JPC = 2.7 Hz, CH(CH3)2). 

31P{1H} NMR (122 MHz, C6D6): δ 22.9 (s). Anal. Calcd. for C27H48KN4P: C: 64.34 H: 

8.64 N: 12.01%; found: C: 64.89 H: 8.98 N: 11.88%. 

 

Synthesis of iPr2PNHC10H15 (15) 

AdNH2 (315 mg, 2.09 mmol) was weighed into a two-necked 

round bottom flask attached to a swivel frit apparatus. The flask was 

cooled to –94 °C (liquid nitrogen/acetone), diethylether (~60 mL) was 

transferred to the flask under reduced pressure, and nBuLi (0.92 mL, 2.23 mmol, 2.5M in 

hexanes) was injected dropwise over ~10 min. The opaque white mixture was then left in 

the cold bath to slowly warm to ambient temperature. After 1 h, the vessel was cooled to –

94 °C and chlorodiisopropylphosphine (0.33 mL, 2.09 mmol, 0.959 g/mL) was injected 

dropwise into the flask over two min. The solution was left to slowly warm to ambient 

temperature while remaining in the cold bath. After 16 h, the Et2O was removed in vacuo 

from the yellow opaque mixture resulting in a beige oily solid. Toluene (~20 mL) was then 

transferred to the flask under reduced pressure, resulting in a yellow solution with a white 
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precipitate. The mixture was filtered through the frit, yielding a transparent yellow solution. 

Residual solvent was removed under vacuum, resulting in a beige liquid; the liquid was 

found to solidify at –35 °C. Yield: 494 mg, 89%. 1H NMR (300 MHz, C6D6): δ 1.98 (br s, 

3H, (Ad-Hγ), 1.70 (d, 4JHH = 2.3 Hz, 6H, Ad-Hβ), 1.56 (d, 4JHH = 2.7 Hz, 6H, (Ad-Hδ), 1.40 

(dsp, 3JHH = 7.0, 2JHP = 2.0 Hz, 2H, CH(CH3)2), 1.13–0.97 (m, 12H, CH(CH3)2), 0.93 (d, J 

= 11.2 Hz, 1H, NH). 1H{31P} NMR (300 MHz, C6D6): δ 1.98 (br s, 3H, Ad-Hγ), 1.70 (d, 

4JHH = 2.8 Hz, 6H, Ad-Hβ), 1.56 (d, 4JHH = 2.7 Hz, 6H, Ad-Hδ), 1.40 (sp, 3JHH = 7.0 Hz, 

2H, CH(CH3)2), 1.07 (d, 3JHH = 7.1 Hz, 6H, CH(CH3)2), 1.01 (d, 3JHH = 6.9 Hz, 6H, 

CH(CH3)2), 0.93 (s, 1H, NH). 13C{1H} NMR (75 MHz, C6D6): δ 49.73 (d, 2JPC = 16.8 Hz, 

Ad-Cα), 47.34 (d, 3JPC = 7.5 Hz, Ad-Cβ), 37.14 (s, Ad-Cδ), 30.89 (d, 4JPC = 0.9 Hz, Ad-Cγ), 

26.78 (d, 1JPC = 12.4 Hz, CH(CH3)2), 20.20 (d, 2JPC = 21.6 Hz, CH(CH3)2), 17.81 (d, 2JPC 

= 7.9 Hz, CH(CH3)2). 
31P{1H} NMR (122 MHz, C6D6): δ 38.5 (s). Anal. Calcd. for 

C16H30NP: C: 71.87 H: 11.31 N: 5.24%; found: C: 71.94 H: 11.21 N: 5.04%. 

 

Synthesis of iPr2P(N3C10H15)(NHC10H15) (16)  

AdN3 (408 mg, 2.30 mmol) and 15 (617 mg, 2.30 mmol) 

were weighed into a two-necked round bottom flask. Toluene (~20 

mL) was added to the vessel under reduced pressure, yielding a 

transparent yellow solution and heated to 80 °C. After 16 h, the vessel 

was cooled to ambient temperature, and the solvent was removed in 

vacuo from the cloudy mixture, resulting in a beige solid. The solid 

was brought into a glove box, washed with pentane (4 × 2 mL), and any residual solvent 
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was removed under vacuum. The resultant off-white solid was insoluble in aromatic and 

aliphatic solvents. Compound 16 crystallized as yellow needles from a saturated CH2Cl2 

solution. Yield: 914 mg, 89%. 1H NMR (700 MHz, CDCl3): δ 2.33 (dsp, 2JPH = 14.4, 3JHH 

7.2 Hz, 2H, CH(CH3)2), 2.09 (br s, 3H, N3–Ad-Hγ), 2.03 (br s, 3H, NH–Ad-Hγ), 1.85 (d, 

3JHH = 2.4 Hz, 6H, NH–Ad-Hβ), 1.83 (d, 3JHH = 2.4 Hz, 3H, N3–Ad-Hβ), 1.69 (ov t, 3JHH = 

12.2 Hz, 6H, N3–Ad-Hδ), 1.64–1.56 (m, 3H, NH–Ad-Hδ), 1.29 (dd, 3JHH = 7.2, 3JPH = 2.2 

Hz, 12H, CH(CH3)2), 1.27 (dd, 3JHH = 7.2, 3JPH = 2.5 Hz, 6H, CH(CH3)2). NH resonance 

is not found in the spectrum. 1H{31P} NMR (700 MHz, CDCl3): δ 2.39–2.30 (m, 2H, 

CH(CH3)2), 2.09 (br s, 3H, N3–Ad-Hγ), 2.04 (br s, 3H, NH–Ad-Hγ), 1.85 (d, 3JHH = 1.8 Hz, 

6H, NH–Ad-Hβ), 1.83 (d, 3JHH = 2.0 Hz, 3H, N3–Ad-Hβ), 1.69 (ov t, 3JHH = 12.2 Hz, 6H, 

N3–Ad-Hδ), 1.65–1.54 (m, 6H, NH–Ad-Hδ), 1.33–1.20 (m, 12H, CH(CH3)2). NH 

resonance is not found in the spectrum. 13C{1H} NMR (176 MHz, CDCl3): δ 60.61 (s, N3–

Ad-Cα), 52.63 (s, NH–Ad-Cα), 45.69 (d, 3JPC = 2.3 Hz, NH–Ad-Cβ), 42.64 (s, N3–Ad-Cβ), 

37.18 (s, N3–Ad-Cδ), 36.21 (s, N3–Ad-Cδ), 30.06 (s, 4JPC = 18.1 Hz, NH–Ad-Cγ), 29.95 (s, 

N3–Ad-Cγ), 26.60 (d, 1JPC = 76.9 Hz, CH(CH3)2), 17.73 (d, 3JPC = 2.8 Hz, CH(CH3)2), 17.15 

(d, 2JPC = 2.5 Hz, CH(CH3)2). 
31P{1H} NMR (284 MHz, CDCl3): δ 50.7 (s). Anal. Calcd. 

for C26H45N4P: C: 70.23 H: 10.20 N: 12.60%; found: C: 69.95 H: 10.38 N: 12.64%. 
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Synthesis of Li2[iPr2P(N3C10H15)(NC10H15)]2 (17) 

THF (~50 mL) was transferred in vacuo to a two-

necked round bottom flask containing 16 (553 mg, 1.24 

mmol), resulting in a suspension. The flask was cooled to –

94 °C (liquid nitrogen/acetone), nBuLi (0.17 mL, 1.24 

mmol, 2.5M in hexanes) was injected dropwise over ~5 

min, and the mixture was left to slowly warm to ambient 

temperature while remaining in the cold. After 16 h, the THF was removed under vacuum, 

resulting in a beige solid, brought into a glove box, washed with pentane (4 × 2 mL), and 

removed any residual solvent under vacuum. The white solid was sparingly soluble in 

CDCl3; hence characterization is done in THF-d8. Slightly yellow diamond-like crystals of 

15 were grown from a 1:1 THF:DCM solution. Yield: 521 mg, 93%. 1H NMR (300 MHz, 

THF-d8): δ 2.40 (dsp, 2JPH = 14.5, 3JHH 7.2 Hz, 6H, CH(CH3)2), 2.05 (br s, 3H, N3–Ad-Hγ), 

1.99 (s, 3H, N–Ad-Hγ), 1.78 (s, 12H, N3– Ad-Hδ and N–Ad-Hδ), 1.64–1.55 (m, 6H, N3–

Ad-Hβ, partially obscured by solvent resonance), 1.62 (s, 6H, N–Ad-Hβ), 1.22 (dd, 3JPH = 

14.4, 3JHH 7.2 Hz, 6H, CH(CH3)2), 1.04 (dd, 3JPH = 13.9, 3JHH 6.9 Hz, 6H, CH(CH3)2). 

1H{31P} NMR (300 MHz, THF-d8): δ 2.40 (sp, 3JHH = 7.0 Hz, 6H, CH(CH3)2), 2.05 (s, 3H, 

N3–Ad-Hγ), 1.99 (s, 3H, N–Ad-Hγ), 1.78 (s, 12H, N3– Ad-Hδ and N–Ad-Hδ), 1.64–1.55 (m, 

6H, N3–Ad-Hβ, partially obscured by solvent resonance), 1.62 (s, 3H, N–Ad-Hβ), 1.22 (d, 

3JHH = 7.2 Hz, 6H, CH(CH3)2), 1.04 (d, 3JHH = 6.9 Hz, 6H, CH(CH3)2). 
7Li NMR (272 

MHz, THF-d8): δ 1.47 (s). 7Li{1H} NMR (272 MHz, THF-d8): δ 1.47 (s). 13C{1H} NMR 

(75 MHz, THF-d8): δ 58.79 (s, N–Ad-Cα), 50.76 (d, 3JPC = 7.4 Hz, N–Ad-Cβ), 50.41 (s, 
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N3–Ad-Cα), 43.89 (s, N3–Ad-Cβ), 37.93 (s, N3–Ad-Cδ), 37.82 (s, N–Ad-Cδ), 31.86 (s, N3–

Ad-Cγ), 31.00 (s, N–Ad-Cγ), 27.19 (d, 1JPC = 54.8 Hz, CH(CH3)2), 17.11 (s, CH(CH3)2), 

16.84 (d, 2JPC = 2.8 Hz, CH(CH3)2). 
31P{1H} NMR (122 MHz, THF-d8): δ 41.7 (s). Anal. 

Calcd. for C54H96Li2N8P2: C: 69.50 H: 10.37 N: 12.01%; found: C: 69.98 H: 10.18 N: 

11.91%. 

 

Synthesis of [iPr2P(N–C10H15)(N3–C10H15)-κ2-N,Nα]Rh(COD) (18) 

Compound 17 (88.4 mg, 0.189 mmol) and [RhCl(COD)]2 

(46.7 mg, 0.0947 mmol) were weighed into a 20 mL scintillation 

vial. Benzene (~10 mL) was added to the vial, and the reaction 

was left stirring at ambient temperature. After 16 h, the opaque 

yellow mixture was filtered through a Kimwipe (packed into 

pipette to act as a filter) yielding a yellow solution. Residual 

solvent was removed from the solution in vacuo, resulting in a yellow powder. Yellow 

crystalline blocks of 16 were grown from a saturated 1:1 benzene : pentane solution stored 

in a sealed 20 mL scintillation vial at ambient temperature for 1 week. Yield: 112 mg, 85%. 

1H NMR (300 MHz, C6D6): δ 5.45 (s, 2H, COD-CH), 4.64 (s 2H, COD-CH), 2.47–2.26 

(m, 4H, COD-CH2), 2.25–2.11 (m, 2H, CH(CH3)2), 2.06 (br s, 3H, N3–Ad-Hγ), 1.98 (s, 3H, 

N–Ad-Hγ), 1.90 (s, 6H, N–Ad-Hβ), 1.85–1.71 (m, 2H, COD-CH2), 1.65 (br s, 14H, COD-

CH2, N3–Ad-Hδ and N–Ad-Hδ), 1.54 (s, 6H, N3–Ad-Hβ), 1.49 –1.32 (dd, 3JPH = 14.3, 3JHH 

7.0 Hz, 6H, CH(CH3)2), 1.23 (dd, 3JPH = 14.7, 3JHH = 7.3 Hz, 6H, CH(CH3)2). 
1H{31P} 

NMR (300 MHz, C6D6): δ 5.45 (s, 2H, COD-CH), 4.63 (s, 2H, COD-CH), 2.47–2.25 (m, 
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4H, COD-CH2), 2.18 (sp, 3JHH = 7.4 Hz, 2H, CH(CH3)2), 2.06 (br s, 3H, N3–Ad-Hγ), 1.98 

(s, 3H, N–Ad-Hγ), 1.89 (s, 6H, N–Ad-Hβ), 1.76–1.69 (m, 2H, COD-CH2), 1.65 (br s, 14H, 

COD-CH2, N3– Ad-Hδ and N–Ad-Hδ), 1.54 (s, 6H, N3–Ad-Hβ), 1.32 (d, 3JHH = 7.0 Hz, 6H, 

CH(CH3)2), 1.24 (d, 3JHH = 7.2 Hz, 6H, CH(CH3)2). 
13C{1H} NMR (75 MHz, C6D6): δ 

74.74 (d, 1JRhC = 12.2 Hz, COD-CH), 72.41 (d, 1JRhC = 13.1 Hz, COD-CH), 61.22 (s, N3–

Ad-Cα), 53.27 (d, 2JPC = 2.2 Hz, N–Ad-Cα), 47.96 (d, 3JPC = 7.3 Hz, N–Ad-Cβ), 43.22 (s, 

N3–Ad-Cβ), 37.52 (s, N–Ad-Cβ), 37.03 (s, N3–Ad-Cδ), 31.12 (s, N–Ad-Cδ), 30.48 (s, COD-

CH2) 31.12 (s, COD-CH2), 30.48 (s, N3–Ad-Cγ), 29.30 (d, 1JPC = 46.1 Hz, CH(CH3)2), 

17.40 (d, 2JPC = 2.7 Hz, CH(CH3)2), 17.25 (d, 2JPC = 1.8 Hz, CH(CH3)2). 
31P{1H} NMR 

(112 MHz, C6D6): δ 24.5 (d, 2JRhP = 13.8 Hz). Anal. Calcd. for C35H60N4PRh: C: 62.67 H: 

9.02 N: 8.35%; found: C: 62.17 H: 8.92 N: 8.26% 

 

Synthesis of [iPr2P(N–C10H15)(N3–C10H15)-κ2-N,Nα]Ir(COD) (19) 

Compound 17 (60.3 mg, 0.129 mmol) and [RhCl(COD)]2 

(43.4 mg, 0.0646 mmol) were weighed into a 20 mL scintillation 

vial, after which benzene (~10 mL) was added. The solution was 

vigorously stirred at ambient temperature for 16 h. The opaque 

orange mixture was filtered through a Kimwipe (packed into 

pipette to act as a filter), resulting in a bright orange solution. The 

solvent was removed from the solution in vacuo, yielding 19 as an orange solid. Yield: 82.3 

mg, 80%. 1H NMR (300 MHz, C6D6): δ 5.17 (s, 2H, COD-CH), 4.49 (s, 2H, COD-CH), 

2.40–2.24 (m, 4H, COD-CH2), 2.19–2.08 (m, 2H, CH(CH3)2), 2.04 (s, 3H, N3–Ad-Hγ), 
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1.98 (s, 3H, N–Ad-Hγ), 1.89 (s, 6H, N3–Ad-Hβ), 1.70 (s, 6H, N–Ad-Hβ), 1.66–1.57 (m, 

10H, N3–Ad-Hδ, COD-CH2), 1.53 (s, 6H, N3–Ad-Hδ), 1.31–1.08 (m, 12H, CH(CH3)2). 

1H{31P} NMR (300 MHz, C6D6): δ 5.17 (s, 2H, COD-H), 4.48 (s, 2H, COD-CH), 2.46–

2.22 (m, 4H, COD-CH2), 2.09 (ov sp, 3JHH = 7.2 Hz, 2H, CH(CH3)2), 2.05 (s, 3H, N3–Ad-

Hγ), 1.97 (s, 3H, N–Ad-Hγ), 1.89 (s, 6H, N3–Ad-Hβ), 1.70 (s, 6H, N–Ad-Hβ), 1.68–1.56 

(m, 10H, N3–Ad-Hδ, COD-CH2), 1.53 (s, 6H, N–Ad-Hδ), 1.23 (d, 3JHH = 7.2 Hz, 6H, 

CH(CH3)2), 1.18 (d, 3JHH = 6.6 Hz, 6H, CH(CH3)2). 
13C{1H} NMR (75 MHz, C6D6): δ 

61.00 (s, N3–Ad-Cα), 56.49 (s, COD-CH), 54.55 (s, COD-CH), 54.20 (d, 2JPC = 4.1 Hz, N–

Ad-Cα), 46.91 (d, 3JPC = 6.7 Hz, N–Ad-Cβ), 42.34 (s, N3–Ad-Cβ), 36.74 (s, N–Ad-Cδ), 

36.23 (s, N3–Ad-Cδ), 32.38 (s, COD-CH2), 32.23 (s, COD-CH2), 30.37 (s, N–Ad-Cγ), 29.74 

(s, N3–Ad-Cγ), 29.42 (d, 1JPC = 47.0 Hz, CH(CH3)2), 16.40 (d, 2JPC = 2.4 Hz, CH(CH3)2), 

16.33 (d, 2JPC = 1.8 Hz, CH(CH3)2). 
31P NMR (112 MHz, C6D6): δ 111.0 (s). 

 

Synthesis of [iPr2P(N–2,4,6-Me3C6H2)(N3–2,4,6-Me3C6H2)-κ2- N,Nα]Rh(COD) (20) 

Complex 14 (92.8 mg, 0.181 mmol) and [RhCl(COD)]2 

(44.5 mg, 0.0903 mmol) were weighed into a 20 mL scintillation 

vial, and pentane (~10 mL) was added. The vial was then placed 

in a dark place (closed freezer at –35 °C) in the glove box. After 

16 h, the opaque yellow mixture was filtered through a Kimwipe 

(packed into pipette to act as a filter). Yellow crystalline blocks 

were grown from a pentane solution stored in a sealed 20 mL 

scintillation vial at ambient temperature for 5 days. Yield: 110 mg, 85%. 1H NMR (300 



 

197 

 

MHz, C6D6): δ 6.84 (s, 4H, Mes-CH), 5.42 (br dd, 2JRhH = 5.2, 3JHH = 2.4 Hz, 2H, COD-

CH), 3.36 (br dd, 2JRhH = 5.1, 3JHH = 2.3 Hz, 2H, COD-CH), 2.72 (s, 6H, N–ortho-Mes-

CH3), 2.52–2.40 (m, 2H, COD-CH2), 2.38 (s, 6H, N3–ortho-Mes-CH3), 2.34–2.26 (m, 2H, 

CH(CH3)2), 2.26–2.20 (m, 2H, COD-CH2), 2.18 (s, 3H, N3–para-Mes-CH3), 2.17 (s, 3H, 

N–para-Mes-CH3), 1.86–1.70 (m, 2H, COD-H2), 1.62–1.48 (m, 2H, COD-CH2), 1.18 (dd, 

2JPH = 15.1, 3JHH 7.2 Hz, 6H, CH(CH3)2), 1.08 (dd, 3JPH = 15.3, 3JHH 7.2 Hz, 6H, 

CH(CH3)2). 
1H{31P} NMR (300 MHz, C6D6): δ 6.85 (s, 4H, Mes-CH), 5.42 (br dd, 2JRhH = 

5.2, 3JHH = 2.4 Hz, 2H, COD-CH), 3.36 (br dd, 2JRhH = 5.1, 3JHH = 2.3 Hz, 2H, COD-CH), 

2.72 (s, 6H, N–ortho-Mes-CH3), 2.51–2.41 (m, 2H, COD-CH), 2.38 (s, 6H, N3–ortho-Mes-

CH3), 2.30 (ov sp, 3JHH = 7.3 Hz, 2H, CH(CH3)2), 2.27–2.20 (m, 2H, COD-CH2), 2.18 (s, 

3H, N3–para-Mes-CH3), 2.17 (s, 3H, N–para-Mes-CH3), 1.86–1.67 (m, 2H, COD-CH), 

1.62–1.47 (m, 2H, COD-CH), 1.18 (d, 3JHH = 7.2 Hz, 6H, CH(CH3)2), 1.09 (d, 3JHH = 7.2 

Hz, 6H, CH(CH3)2). 
13C{1H} NMR (75 MHz, C6D6): δ 148.55 (s, N3–ipso-Mes-C–P), 

141.57 (d, 2JPC = 2.1 Hz, N–ortho-ipso-Mes-C–CH3), 134.99 (d, 3JPC = 4.7 Hz, N–ipso-

Mes-C–P), 134.30 (s, N3–ortho-ipso-Mes-C–CH3), 131.89 (d, 5JPC = 3.0 Hz, N–para-ipso-

Mes-C–CH3), 130.43 (s, N3–para-ipso-Mes-C–CH3), 130.09 (s, N–Mes-CH), 130.04 (s, 

N3–Mes-CH), 78.53 (d, 1JCRh = 13.0 Hz, COD-CH), 74.24 (d, 1JCRh = 12.9 Hz, COD-CH), 

32.59 (s, COD-CH2), 30.79 (s, COD-CH2), 30.54 (d, 1JPC = 48.1 Hz, CH(CH3)2), 21.63 (d, 

4J = 0.8 Hz, N–ortho-Mes-CH3), 21.29 (s, N3-para-Mes-CH3), 21.16 (s, N-para-Mes-

CH3), 20.10 (s, N3–ortho-Mes-CH3), 16.87 (d, 2JPC = 2.5 Hz, CH(CH3)2), 16.61 (d, 2JPC = 

2.7 Hz, CH(CH3)2). 
31P{1H} NMR (122 MHz, C6D6): δ 84.1 (br s, 95.2%, 20), 64.9 (s, 
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4.8%, 22). Anal. Calcd. for C36H64RhN4P: C: 62.96 H: 9.39 N: 8.16%; found: C: 62.61 H: 

8.33 N: 8.79% 

 

Synthesis of [iPr2P(N–2,4,6-Me3C6H2)(N3–2,4,6-Me3C6H2)-κ2-N,Nα]Ir(COD) (21) 

Compound 14 (96.8 mg, 0.194 mmol) and [IrCl(COD)]2 

(65.2 mg, 0.0970 mmol) were weighed into a 20 mL scintillation 

vial. Pentane (~10 mL) was added to the vial. The vial was left in 

a dark place (closed freezer at –35 °C) within the glove box at 

ambient temperature. After 16 h, the dark yellow mixture was 

filtered through a Kimwipe (packed into pipette to act as a filter) 

twice. Yellow needles were grown from a pentane solution stored 

in a sealed 20 mL scintillation vial at ambient temperature in a dark location (closed freezer 

at –35 °C) for 3 days and contained mostly 21 with trace amounts of 23. Three consecutive 

recrystallizations from pentane were required to isolate pure 21 as yellow blocks. Yield: 

122 mg, 78%. 1H NMR (300 MHz, C6D6): δ 6.84 (s, 2H, N–Mes-CH), 6.83 (s, 2H, N3–

Mes-CH), 5.10–4.97 (m, 2H, COD-CH), 3.25–3.16 (m, 2H, COD-CH), 2.66 (s, 6H N–

ortho-Mes-CH3), 2.48–2.39 (m, 2H, COD-CH2), 2.37 (s, 6H, N3–ortho-Mes-CH3), 2.34–

2.29 (m, 2H, COD-CH2), 2.30–2.21 (m, 2H, CH(CH3)2), 2.19 (s, 3H, N3–para-Mes-CH3), 

2.17 (s, 3H, N3–para-Mes-CH3), 1.75–1.61 (m, 2H, COD-CH2), 1.56–1.43 (s, 2H, COD-

CH2), 1.07 (dd, 3JPH = 15.5, 3JHH 7.2 Hz, 6H, CH(CH3)2), 1.06 (dd, 3JPH = 15.7, 3JHH = 7.2 

Hz, 6H, CH(CH3)2). 
1H{31P} NMR (300 MHz, C6D6): δ 6.84 (s, 2H, N–Mes-CH), 6.83 (s, 

2H, N3–Mes-CH), 5.08–4.96 (m, 2H, COD-CH), 3.25–3.16 (m, 2H, COD-CH), 2.66 (s, 
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6H, N–ortho-Mes-CH3), 2.47–2.38 (m, 2H, COD-CH2), 2.37 (s, 6H, N3–ortho-Mes-CH3), 

2.35–2.27 (m, 2H, COD-CH2), 2.23 (ov sp, J = 7.2 Hz, 2H, CH(CH3)2), 2.19 (s, 3H, N3–

para-Mes-CH3), 2.17 (s, 3H, N–para-Mes-CH3), 1.77–1.60 (m, 2H, COD-CH2), 1.56–1.43 

(m, 2H, COD-CH2), 1.07 (d, 3JHH = 7.2 Hz, 6H, CH(CH3)2), 1.07 (d, 3JHH = 7.1 Hz, 6H, 

CH(CH3)2). 
13C{1H} NMR (75 MHz, C6D6): δ 147.65 (s, N3–ipso-Mes-C–P), 139.87 (d, 

3JPC = 3.5 Hz, N–ortho-ipso-Mes-C–CH3), 135.46 (d, 2JPC = 4.2 Hz, N–ipso-Mes-C–P), 

134.82 (s, N3–ortho-ipso-Mes-C–CH3), 133.10 (d, 5JPC = 2.7 Hz, N–para-ipso-Mes-C–

CH3), 130.60 (s, N3–para-ipso-Mes-C–CH3), 130.16 (s, N3–Mes-CH), 130.08 (d, 4JPC = 

1.8 Hz, N–Mes-CH), 61.66 (s, COD-CH), 56.73 (s, COD-CH), 33.71 (s, COD-CH2), 31.94 

(s, COD-CH2), 31.15 (d, 1JPC = 45.1 Hz, CH(CH3)2), 21.36 (s, N–ortho-Mes-CH3), 21.27 

(s, N3-para-Mes-CH3), 21.07 (s, N-para-Mes-CH3), 20.17 (s, N3–ortho-Mes-CH3), 16.65 

(d, 2JPC = 2.3 Hz, CH(CH3)2), 16.21 (d, 2JPC = 2.6 Hz, CH(CH3)2). 
31P{1H} NMR (122 

MHz, C6D6): δ 105.7 (br s, 96.1%, 21), 77.0 (s, 3.9%, 23). Anal. Calcd. for C36H64IrN4P: 

C: 55.71 H: 8.31 N: 7.22%; found: C: 55.60 H: 8.47 N: 7.44% 

 



 

200 

 

6.11 Synthetic Experimental Procedures Pertaining to Chapter 4 

Synthesis of [iPr2P(N–2,4,6-Me3C6H2)(N3–2,4,6-Me3C6H2)-κ2-N,Nβ]Rh(COD) (22) 

Complex 20 (41.7 mg, 0.0582 mmol) was added to a J. 

Young valve NMR tube, followed by benzene (0.5 mL). The 

vessel was irradiated with a black light (λ = 365 nm) for 16 h. 

Note that an alternate synthetic route to 22 involves heating the 

tube to 60 °C for 2 days. The tube was brought into a glove box, 

the solution transferred into a 20 mL scintillation vial, rinsed with 

benzene, and the solvent removed in vacuo. Pentane was added 

(10 mL) to the vial, and the yellow solution was filtered through a Kimwipe (packed into 

pipette to act as a filter) (to remove any Rh black particles). The remaining solvent was 

removed under vacuum yielding a dark yellow powder. Dark yellow rectangular crystals 

of 22 were grown from a saturated benzene solution that was stored at ambient temperature 

for 1 week. Yield: 38.4 mg, 92%. 1H NMR (700 MHz, C6D6): δ 6.86 (s, 2H, N–Mes-CH), 

6.84 (s, 2H, N3–Mes-CH), 4.74 (dd, 2JRhH = 4.8, 3JHH = 2.4 Hz, 2H, COD-CH), 3.55 (dd, 

2JRhH = 4.6, 3JHH = 2.4 Hz, 2H, COD-CH), 2.68 (s, 6H, N–ortho-Mes-CH3), 2.42–2.36 (m, 

2H, COD-CH2), 2.36 (s, 6H, N3–ortho-Mes-CH3), 2.20–2.16 (m, 2H, COD-CH2), 2.14 (s, 

3H, N3–para-Mes-CH3), 2.11 (s, 3H, N–para-Mes-CH3), 2.00–1.87 (m, 2H, COD-CH2), 

1.71 (dsp, 2JPH = 11.7 Hz, 3JHH = 7.2 Hz 2H, CH(CH3)2), 1.64–1.54 (m, 2H, COD-CH2), 

1.29 (dd, 3JPH = 14.4, 3JHH = 7.3 Hz, 6H, CH(CH3)2), 0.78 (dd, 3JPH = 15.1, 3JHH 7.0 Hz, 

6H, CH(CH3)2). 
1H{31P} NMR (700 MHz, C6D6): δ 6.86 (s, 2H, N–Mes-CH), 6.84 (s, 2H, 

N3–Mes-CH), 4.74 (2JRhH = 4.7, 3JHH = 2.3 Hz, 2H, COD-CH), 3.55 (2JRhH = 4.4, 3JHH = 
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2.2 Hz, 2H, COD-CH), 2.68 (s, 6H, N–ortho-Mes-CH3), 2.43–2.36 (m, 2H, COD-CH2), 

2.36 (s, 6H, N3–ortho-Mes-CH3), 2.24–2.15 (m, 2H, COD-CH2), 2.14 (s, 3H, N3–para-

Mes-CH3), 2.11 (s, 3H, N–para-Mes-CH3), 2.00–1.87 (m, 2H, COD-CH2), 1.71 (sp, 3JHH 

= 7.2 Hz 2H, CH(CH3)2), 1.64–1.54 (m, 2H, COD-CH2), 1.29 (d, 3JHH = 7.3 Hz, 6H, 

CH(CH3)2), 0.78 (d, 3JHH 7.0 Hz, 6H, CH(CH3)2). 
13C{1H} NMR (176 MHz, C6D6): δ 

149.18 (s, N3–ipso-Mes-C–P), 144.08 (d, 2JPH = 4.8 Hz, N–ipso-Mes-C–P), 135.79 (d, 3JPC 

= 4.0 Hz, N–ortho-ipso-Mes-C–CH3), 133.57 (s, N3–ortho-ipso-Mes-C–CH3), 132.20 (d, 

5JPC = 2.4 Hz, N–para-ipso-Mes-C–CH3), 130.11 (d, 4JPC = 1.7 Hz, N–Mes-CH), 128.93 

(s, N3–Mes-CH), 128.68 (s, N3–Mes-CH), 127.98 (s, N3–para-ipso-Mes-C–CH3), 83.82 (d, 

1JRhC = 12.0 Hz, COD-CH), 80.65 (d, 1JRhC = 12.9 Hz, COD-CH), 31.32 (s, COD-CH2), 

30.96 (s, COD-CH2), 26.16 (d, 1JPC = 68.9 Hz, CH(CH3)2), 21.73 (s, N–ortho-Mes-CH3), 

21.35 (s, N3-para-Mes-CH3), 21.21 (s, N-para-Mes-CH3), 18.36 (s, N3–ortho-Mes-CH3), 

17.32 (d, 2JPC = 3.3 Hz, CH(CH3)2), 16.72 (d, 2JPC = 2.7 Hz, CH(CH3)2). 
31P{1H} NMR 

(122 MHz, C6D6): δ 64.9 (s). Attempts to obtain high-quality elemental analyses (within 

3% of computed values) for this compound have been unsuccessful. 
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Synthesis of [iPr2P(N–2,4,6-Me3C6H2)(N3–2,4,6-Me3C6H2)-κ2-N,Nβ]Ir(COD) (23) 

Compound 21 (62.3 mg, 0.0802 mmol) was added to a J. 

Young valve NMR tube, followed by benzene (0.5 mL). The 

vessel was irradiated with a black light (λ = 365 nm). After 30 h, 

the solvent was removed, and the tube was brought into a glove 

box. The yellow solid was dissolved in pentane (~10 mL) filtered 

through a Kimwipe (packed into pipette to act as a filter) (to 

remove any Ir black particles), and residual solvent was removed 

in vacuo. 31P{1H} NMR analysis revealed that the powered product contained 25% 21. 

Three consecutive recrystallizations from pentane were required to isolate pure 23 as 

yellow-orange blocks. Yield: 29.8 mg, 49%. 1H NMR (300 MHz, C6D6): δ 6.86 (s, 2H, N–

Mes-CH), 6.84 (s, 2H, N3–Mes-CH), 4.58–4.35 (m, 2H, COD-H), 3.58–3.36 (m, 2H, COD-

CH), 2.61 (s, 6H, N–ortho-Mes-CH3), 2.34 (s, 6H, N3–ortho-Mes-CH3), 2.23–2.06 (m, 

10H, para-Mes-CH3 and COD-H2), 2.06–1.84 (m, 2H, CH(CH3)2), 1.78–1.44 (m, 4H, 

COD-CH2), 1.16 (dd, 3JPH = 14.6, 3JHH =7.2 Hz, 6H, CH(CH3)2), 0.73 (dd, 3JPH = 15.4, 3JHH 

= 7.0 Hz, 6H, CH(CH3)2). 
1H{31P} NMR (300 MHz, C6D6): δ 6.86 (s, 2H, N–Mes-CH), 

6.83 (s, 2H, N3–Mes-CH), 4.58–4.30 (m, 2H, COD-CH), 3.59–3.34 (m, 2H, COD-CH), 

2.61 (s, 6H, N–ortho-Mes-CH3), 2.36–2.26 (m, 6H, N3–ortho-Mes-CH3), 2.23–2.07 (m, 

10H, para-Mes-CH3 and COD-H2), 2.02–1.81 (m, 2H, CH(CH3)2), 1.60 (s, 4H, COD-

CH2), 1.16 (d, 3JHH = 7.0 Hz, 6H, CH(CH3)2), 0.73 (d, 3JHH = 6.7 Hz, 6H, CH(CH3)2). 

13C{1H} NMR (75 MHz, C6D6): δ 150.09 (s, N3–ipso-Mes-C–P), 143.79 (d, 3JPC = 3.4 Hz, 

N–ortho-ipso-Mes-C–CH3), 137.09 (d, 2JPC = 4.0 Hz, N–ipso-Mes-C–P), 134.86 (s, N3–
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ortho-ipso-Mes-C–CH3), 134.25 (d, 5JPC = 2.6 Hz, N–para-ipso-Mes-C–CH3), 131.60 (s, 

N3–para-ipso-Mes-C–CH3), 131.14 (d, 4JPC = 2.3 Hz, N–Mes-CH), 130.00 (s, N3–Mes-

CH), 69.48 (s, COD-CH), 63.92 (s, COD-CH), 34.71 (s, COD-CH2), 32.60 (s, COD-CH2), 

26.07 (d, 1JPC = 59.3 Hz, CH(CH3)2), 22.75 (s, N3–ortho-Mes-CH3), 22.37 (s, N3-para-

Mes-CH3,), 21.18 (s, N-para-Mes-CH3), 19.27 (s, N3–ortho-Mes-CH3), 18.17 (d, 2JPC = 

3.3 Hz, CH(CH3)2), 17.86 (d, 2JPC = 3.4 Hz, CH(CH3)2). 
31P{1H} NMR (122 MHz, C6D6): 

δ 77.0 (s). Anal. Calcd. for C36H64N4PIr: C: 55.71 H: 8.31 N: 7.22%; found: C: 55.35 H: 

8.18 N: 7.38%. 

 

Synthesis of [iPr2P(N–C10H15)(N3–C10H15)-κ2-N,Nα]Rh(CO)2 (24) 

Complex 18 (45.9 mg, 0.0655 mmol) was added to a J. 

Young NMR tube and dissolved in 0.5 mL of benzene-d6. The 

NMR tube was attached to a double manifold vacuum line, and 

the solution was degassed by two freeze-pump-thaw cycles. A 

carbon monoxide atmosphere (1 atm) was applied to the tube 

using a vacuum line to J. Young NMR tube adaptor, and the 

reaction was monitored by 31P{1H} NMR spectroscopy. After 20 min at ambient 

temperature, complete conversion was observed, and the yellow solution turned brown. 

The atmosphere of CO and benzene-d6 were removed in vacuo, yielding a brown solid. 

The solid was brought into a glove box, dissolved in pentane (~10 mL), filtered through a 

Kimwipe (packed into pipette to act as a filter) (to remove any Rh black particles) and 

residual solvent was removed under vacuum resulting in a brown solid. Yellow plates of 
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21 were grown from a saturated pentane solution stored in a sealed 20 mL scintillation vial 

at ambient temperature for 5 days. Yield: 30.8 mg, 72%. 1H NMR (300 MHz, C6D6): δ 

2.16–2.02 (m, 5H, N3–Ad-Hγ and CH(CH3)2), 1.99 (ov s, 3H, N–Ad-Hγ), 1.98 (ov s, 6H, 

N3–Ad-Hβ), 1.69 (ov s, 3H, N–Ad-Hβ), 1.68 (ov s, 3H, N–Ad-Hβ), 1.67–1.58 (m, 6H, N3–

Ad-Hδ), 1.55–1.45 (m, 6H, N–Ad-Hδ), 1.14 (dd, 3JPH =15.2, 3JHH = 7.0 Hz, 6H, CH(CH3)2), 

1.05 (dd, 3JPH = 15.6, 3JHH = 7.2 Hz, 6H, CH(CH3)2). 
1H{31P} NMR (300 MHz, C6D6): δ 

2.13–2.01 (m, 5H, N3–Ad-Hγ and CH(CH3)2), 1.99 (ov s, 3H, N–Ad-Hγ), 1.98 (ov s, 6H, 

N3–Ad-Hβ), 1.69 (ov s, 3H, N–Ad-Hβ), 1.68 (ov s, 3H, N–Ad-Hβ), 1.66–1.58 (m, 6H, N3–

Ad-Hδ), 1.55–1.45 (m, 6H, N–Ad-Hδ), 1.13 (ov d, 3JHH = 7.0 Hz, 3H, CH(CH3)2), 1.13 (ov 

d, 3JHH = 7.1 Hz, 3H, CH(CH3)2), 1.04 (ov d, 3JHH = 7.2 Hz, 3H, CH(CH3)2), 1.04 (ov d, 

3JHH = 7.3 Hz, 3H, CH(CH3)2). 
13C{1H} NMR (75 MHz, C6D6): δ 191.20 (d, 1JRhC = 69.7 

Hz, C≡O), 188.87 (d, 1JRhC = 70.2 Hz, C≡O), 61.04 (s, N3–Ad-Cα), 50.59 (d, 2JPC = 1.2 Hz, 

N–Ad-Cα), 48.76 (d, 3JPC = 6.2 Hz, N–Ad-Cβ), 43.05 (s, N3–Ad-Cβ), 37.39 (s, N3–Ad-Cδ), 

36.73 (s, N–Ad-Cδ), 30.98 (s, N–Ad-Cγ), 30.39 (s, N3–Ad-Cγ), 28.99 (d, 1JPC = 48.2 Hz, 

CH(CH3)2), 17.33 (d, 2JPC = 2.7 Hz, CH(CH3)2), 16.58 (d, 2JPC = 2.0 Hz, CH(CH3)2). 

31P{1H} NMR (112 MHz, C6D6): δ 99.7 (d, 2JRhP = 6.4 Hz). IR νCO (cm–1): 2050, 1974. 

Attempts to obtain high-quality elemental analyses (within 3% of computed values) for 

this compound have been unsuccessful. 
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Synthesis of [iPr2P(N–C10H15)(N3–C10H15)-κ2-N,Nα]Ir(CO)2 (25) 

Complex 19 (42.4 mg, 0.0537 mmol) was added to a J. 

Young NMR tube and dissolved in 0.5 mL of benzene-d6. The 

NMR tube was attached to a double manifold vacuum line, and 

the solution was degassed by two freeze-pump-thaw cycles. A 

carbon monoxide atmosphere (1 atm) was applied to the tube 

using a vacuum line to J. Young NMR tube adaptor, and the 

reaction was monitored by 31P{1H} NMR spectroscopy. After 20 

min at ambient temperature, complete conversion was observed, and the yellow solution 

turned brown. The atmosphere of CO and benzene-d6 were removed under vacuum, 

resulting in a reddish-brown solid. The solid was brought into a glove box, dissolved in 

pentane (~10 mL), filtered through a Kimwipe (packed into pipette to act as a filter) (to 

remove any Ir black particles), and residual solvent was removed in vacuo, yielding a deep 

reddish-brown solid. Slightly reddish plates of 25 were grown from a saturated pentane 

solution stored in a sealed 20 mL scintillation vial at ambient temperature for 4 days. Yield: 

34.0 mg, 86%. 1H NMR (700 MHz, C6D6): δ 2.04 (br s, 3H, N3–Ad-Hγ), 1.98 (ov s, 3H, 

N3–Ad-Hβ), 1.96 (ov s, 3H, N3–Ad-Hβ), 1.96–1.93 (m, 5H, N–Ad-Hγ and CH(CH3)2), 1.70 

(m, 3H, N–Ad-Hβ), 1.68 (ov s, 3H, N–Ad-Hβ), 1.63 (br s, 6H, N3–Ad-Hδ), 1.49 (br s, 6H, 

N–Ad-Hδ), 1.08 (dd, 3JPH = 15.7, 3JHH = 7.0 Hz, 6H, CH(CH3)2), 0.99 (dd, 3JPH = 16.0, 3JHH 

= 7.2 Hz, 6H, CH(CH3)2). 
1H{31P} NMR (700 MHz, C6D6): δ 2.04 (br s, 3H, N3–Ad-Hγ), 

1.98 (ov s, 3H, N3–Ad-Hβ), 1.97 (ov s, 3H, N3–Ad-Hβ), 1.96–1.91 (m, 5H, N–Ad-Hγ and 

CH(CH3)2), 1.69 (ov s, 3H, N–Ad-Hβ), 1.67 (ov s, 3H, N–Ad-Hβ), 1.63 (br s, 6H, N3–Ad-
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Hδ), 1.49 (br s, 6H, N–Ad-Hδ), 1.12–1.05 (m, 6H, CH(CH3)2), 1.03–0.95 (m, 6H, 

CH(CH3)2). 
13C{1H} NMR (176 MHz, C6D6): δ 180.03 (s, C≡O), 175.71 (s, C≡O), 61.24 

(s, N3–Ad-Cα), 51.85 (d, 2JPC = 2.0 Hz, N–Ad-Cα), 48.23 (d, 3JPC = 5.7 Hz, N–Ad-Cβ), 

42.86 (s, N3–Ad-Cβ), 37.31 (s, N–Ad-Cβ), 36.62 (s, N3–Ad-Cβ), 30.91 (s, N3–Ad-Cγ), 30.34 

(s, N–Ad-Cγ), 29.20 (d, 1JPC = 48.2 Hz, CH(CH3)2), 17.09 (d, 2JPC = 2.6 Hz, CH(CH3)2), 

16.28 (d, 2JPC = 2.1 Hz, CH(CH3)2). 
31P{1H} NMR (284 MHz, C6D6): δ 108.1 (s). IR νCO 

(cm–1): 2037, 1955. Anal. Calcd. for C31H56N4O2PIr: C: 50.32 H: 7.63 N: 7.57%; found: C: 

50.39 H: 7.57 N: 7.35% 

 

Synthesis of [iPr2P(N–2,4,6-Me3C6H2)(N3–2,4,6-Me3C6H2)-κ2-N,Nα]Rh(CO)2 (26) 

Complex 20 (55.6 mg, 0.0776 mmol) was added to a J. 

Young NMR tube and dissolved in 0.5 mL of benzene-d6. The 

NMR tube was attached to a double manifold vacuum line, and 

the solution was degassed by two freeze-pump-thaw cycles. A 

carbon monoxide atmosphere (1 atm) was applied to the tube 

using a vacuum line to J. Young NMR tube adaptor, and the 

reaction was monitored by 31P{1H} NMR spectroscopy. After 5 

min at ambient temperature, complete conversion was observed, and the yellow solution 

turned brown. The atmosphere of CO and benzene-d6 were removed in vacuo, yielding a 

brown solid. The tube was brought into a glove box, the solid dissolved in pentane (~10 

mL), filtered through a Kimwipe (packed into pipette to act as a filter) (to remove any Rh 

black particles) and residual solvent was removed under vacuum yielding a brown powder. 
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Yield: 39.6 mg, 80%. 1H NMR (300 MHz, C6D6): δ 6.83 (s, 2H, N–Mes-CH), 6.80 (s, 2H, 

N3–Mes-CH), 2.57 (s, 6H, N–ortho-Mes-CH3), 2.39 (s, 6H, N3–ortho-Mes-CH3), 2.23 (sp, 

J = 7.1 Hz, 2H, CH(CH3)2), 2.17 (s, 2H, N3–para-Mes-CH3), 2.14 (s, 2H, N–para-Mes-

CH3), 1.01 (dd, 3JPh = 15.5, 3JHH 7.2 Hz, 6H, CH(CH3)2), 0.90 (dd, 3JPH = 15.9, 3JHH = 7.2 

Hz, 6H, CH(CH3)2). 
1H{31P} NMR (300 MHz, C6D6): δ 6.83 (s, 2H, N–Mes-CH), 6.80 (s, 

2H, N3–Mes-CH), 2.57 (s, 6H, N–ortho-Mes-CH3), 2.39 (s, 6H, N3–ortho-Mes-CH3), 2.23 

(sp, 3JHH 7.1 Hz, 2H, CH(CH3)2), 2.17 (s, 3H, N3–para-Mes-CH3), 2.14 (s, 3H, N–para-

Mes-CH3), 1.01 (d, 3JHH = 7.2 Hz, 6H, CH(CH3)2), 0.90 (d, 3JHH = 7.2 Hz, 6H, CH(CH3)2). 

13C{1H} NMR (75 MHz, C6D6): δ 188.48 (d, 1JRhC = 69.5, C≡O), 188.34 (d, 1JRhC = 70.7 

Hz, C≡O), 146.73 (s, N3–ipso-Mes-C–P), 143.70 (s, N–ipso-Mes-C–P), 135.23 (s, N–

ortho-ipso-Mes-C–CH3), 134.55 (d, 3JPC = 4.5 Hz, N3–ortho-ipso-Mes-C–CH3), 133.05 (d, 

5JPC = 2.9 Hz, N–para-ipso-Mes-C–CH3), 130.84 (s, N3–para-ipso-Mes-C–CH3), 130.23 

(d, 4JPH = 2.2 Hz, N3–Mes-CH), 130.10 (s, N–Mes-CH), 30.53 (d, 1JPC = 48.7 Hz, 

CH(CH3)2), 21.84 (s, N-ortho-Mes-CH3), 21.29 (s, N3-para-Mes-CH3), 21.10 (s, N-para-

Mes-CH3), 19.69 (s N3-ortho-Mes-CH3), 16.50 (d, 2JPC = 2.3 Hz, CH(CH3)2), 16.33 (d, 2JPC 

= 2.8 Hz, CH(CH3)2). 
31P{1H} NMR (122 MHz, C6D6): δ 95.2 (d, 2JRhP = 8.5 Hz, 97.0%, 

26), 64.9 (s, 3.0%, 20). IR νCO (cm–1): 2054, 1987. Anal. Calcd. for C30H52N4O2PRh: C: 

56.78 H: 8.26 N: 8.83%; found: C: 56.68 H: 8.02 N: 9.06% 
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Synthesis of [iPr2P(N–2,4,6-Me3C6H2)(N3–2,4,6-Me3C6H2)-κ2-N,Nα]Ir(CO)2 (27) 

Complex 21 (48.3 mg, 0.0599 mmol) was added to a J. 

Young NMR tube and dissolved in 0.5 mL of benzene-d6. The 

NMR tube was attached to a double manifold vacuum line, and 

the solution was degassed by two freeze-pump-thaw cycles. A 

carbon monoxide atmosphere (1 atm) was applied to the tube 

using a vacuum line to J. Young NMR tube adaptor, and the 

reaction was monitored by 31P{1H} NMR spectroscopy. After 20 

min at ambient temperature, the yellow solution turned brown, and complete conversion 

was observed. The atmosphere of CO and benzene-d6 were removed under vacuum, 

resulting in a brown solid. The tube was brought into a glove box. The solid was dissolved 

in pentane (~10 mL), filtered through a Kimwipe (packed into pipette to act as a filter) (to 

remove any Ir black particles) and the remaining solvent was removed in vacuo resulting 

in a brown solid. Yield: 39.2 mg, 83%. 1H NMR (300 MHz, C6D6): δ 6.82 (s, 2H, N–Mes-

CH), 6.78 (s, 2H, N3–Mes-CH), 2.57 (s, 6H, N–ortho-Mes-CH3), 2.40 (s, 6H, N3–ortho-

Mes-CH3), 2.16 (s, 3H, N–para-Mes-CH3), 2.22–2.02 (m, 2H, CH(CH3)2), 2.14 (s, 3H, N3–

para-Mes-CH3), 0.94 (dd, 3JPH = 16.1, 3JHH = 7.2 Hz, 6H, CH(CH3)2), 0.86 (d, 3JPH = 16.2, 

3JHH = 7.2 Hz, 6H, CH(CH3)2). 
1H NMR (300 MHz, C6D6): δ 6.82 (s, 2H, N–Mes-CH), 

6.78 (s, 2H, N3–Mes-CH), 2.57 (s, 6H, N–ortho-Mes-CH3), 2.40 (s, 6H, N3–ortho-Mes-

CH3), 2.16 (s, 3H, N3–para-Mes-CH3), 2.25–2.04 (m, 2H, CH(CH3)2), 2.14 (s, 2H, N3–

para-Mes-CH3), 0.94 (d, 3JHH = 7.2 Hz, 6H, CH(CH3)2), 0.86 (d, 3JHH = 7.2 Hz, 6H, 

CH(CH3)2). 
13C{1H} NMR (75 MHz, C6D6): δ 177.22 (s, C≡O), 175.06 (s, C≡O), 146.05 
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(s, N3–ipso-Mes-C–P), 142.37 (s, N–ipso-Mes-C–P), 135.66 (s, N3–ortho-ipso-Mes-C–

CH3), 135.05 (d, 3JPC = 4.2 Hz, N–ortho-ipso-Mes-C–CH3), 134.12 (d, 5JPC = 2.7 Hz, N–

para-ipso-Mes-C–CH3), 130.97 (s, N3–para-ipso-Mes-C–CH3), 130.25 (d, 4JPC = 2.1 Hz, 

N–Mes-CH), 130.17 (s, N3–Mes-CH), 30.87 (d, 1JPC = 47.9 Hz, CH(CH3)2), 21.60 (s), 

21.28 (s), 21.02 (s), 19.74 (s), 16.14 (d, 2JPC = 1.8 Hz, CH(CH3)2). 
31P{1H} NMR (122 

MHz, C6D6): δ 104.1 (br s, 96.1%, 27), 76.95 (s, 3.9%, 21). IR νCO (cm–1): 2033, 1959. 

Anal. Calcd. for C30H52N4O2PIr: C: 49.77 H: 7.24 N: 7.74%; found: C: 49.41 H: 7.24 N: 

7.82% 

 

Synthesis of [iPr2P(N–2,4,6-Me3C6H2)(N3–2,4,6-Me3C6H2)-κ2-N,Nα]Rh(COE)2 (28) 

Compound 14 (73.9 mg, 0.167 mmol) and 

[RhCl(COE)2]2 (56.1 mg, 0.0840 mmol) were weighed into a 

20 mL scintillation vial and placed in a freezer (–35 °C) for 1 

h. Pre-chilled pentane (~10 mL) was added to the mixture, 

stirred for 30 seconds. The vial was then placed back into the 

freezer. After 16 h, the bright orange mixture was filtered 

through a Kimwipe (packed into pipette to act as a filter) twice 

(to remove KCl and undissolved particles). The orange solution was placed back in the 

freezer. After 4 days, orange-reddish plates of 28 were observed. Using X-ray diffraction 

experiments, the crystals were identified as complex 28. Complex 28 was found to be 

vacuum stable for short periods; however, when dissolved in C6D6, the crystals partially 

decomposed (14%) to iPr2P(N-2,4,6-Me3C6H2)2Rh(COE)2, 29, 31P{1H} NMR 64.0, at 
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ambient temperature within 72 h. Yield: 92.9 mg, 67%. 1H NMR (700 MHz, C6D6): δ 6.85 

(s, 2H, N–Mes-CH), 6.82 (s, 2H, N3–Mes-CH), 3.11 (br m, 2H, COE-CH), 2.90 (br s, 4H, 

COE-CH and COE-CH2), 2.75 (s, 6H, N–ortho-Mes-CH3), 2.55 (br m, 2H, COE-CH2), 

2.46 (br s, 2H, CH(CH3)2), 2.39 (s, 6H, N3–ortho-Mes-CH3), 2.17 (s, 3H, N–para-Mes-

CH3), 2.11 (s, 3H, N3–para-Mes-CH3), 1.96 (br m, 2H, COE-CH2), 1.70 (br s, 2H, COE-

CH2), 1.59 (br s, 2H, COE-CH2), 1.50 (br s, 2H, COE-CH2), 1.44 (br s, 4H, COE-CH2), 

1.28 (dd, 3JPH = 15.8, 3JHH = 7.0 Hz, 6H, CH(CH3)2), 1.24–1.18 (m, 4H, COE-CH2), 1.17 

(dd, 3JPH = 15.3, 3JHH = 7.1 Hz, 6H, CH(CH3)2), 1.09 (br s, 2H, COE-CH2), 0.99 (br s, 2H, 

COE-CH2). 
13C NMR (176 MHz, C6D6): δ 147.64 (s, N3–ipso-Mes-C–P), 139.61 (s, N–

ortho-ipso-Mes-C–CH3), 136.13 (s, N–ipso-Mes-C–P), 134.28 (s, N3–ortho-ipso-Mes-C–

CH3), 132.35 (s, N–para-ipso-Mes-C–CH3), 130.64 (s, N3–para-ipso-Mes-C–CH3), 

130.41 (s, N3–Mes-CH), 130.19 (s, N–Mes-CH), 73.07 (d, 1JRhC = 12.0 Hz, COE-CH), 

71.70 (d, 1JRhC = 11.9 Hz, COE-CH), 31.64 (br s, COE-CH2), 30.75 (br s, COE-CH2), 30.43 

(br s, COE-CH2), 29.87 (s, COE-CH2), 29.60 (br d, 1JPC = 44.7 Hz, CH(CH3)2), 27.74 (br 

s, COE-CH2), 27.46 (br s, COE-CH2), 26.80 (br s, COE-CH2), 26.76 (s, COE-CH2), 26.13 

(s, COE-CH2), 21.80 (s, N3–ortho-Mes-CH3), 21.20 (s, N3-para-Mes-CH3), 21.16 (s, N-

para-Mes-CH3), 20.50 (s, N3–ortho-Mes-CH3), 17.63 (s, CH(CH3)2), 16.13 (s, CH(CH3)2). 

31P{1H} NMR (284 MHz, C6D6): δ 99.6 (br s). Attempts to obtain high-quality elemental 

analyses (within 3% of computed values) for this compound have been unsuccessful. 
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Method to acquire crystals of iPr2P(N(2,4,6-Me3C6H2))2Rh(COE)2 (29) 

Complex 29 (32.2 mg, 0.0388 mmol) was added to a J. 

Young valve NMR tube, followed by benzene (0.5 mL), 

yielding an orange solution. The vessel was irradiated with a 

black light (λ = 365 nm) for 1 h. Afterwards several resonances 

were observed in the 31P NMR spectrum (31P{1H} NMR (284 

MHz, C6D6) δ 64.0 (s, 29, 29.4%), 61.1 (s, 27.9%), 51.7 (s, 

26.4%), 11.8 (s, 16.3%). The tube was brought into a glove box. The solution was then 

filtered through a Kimwipe (packed into pipette to act as a filter) (to remove any Rh black 

particles). A few yellow/orange plates of 29 were grown from the solution when left at 

ambient temperature for 1 week. The few crystals were “dried” by flowing argon over them 

through a pipette to evaporate residual pentane. 31P{1H} NMR analysis of the crystals 

revealed one resonance at δ 64.0 attributed to 29. The sample of 29 contained a large 

amount of residual pentane and was too dilute to observe any key resonances corresponding 

to 29 in the 1H NMR spectrum. 
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APPENDIX 1– CRYSTALLOGRAPHIC DATA TABLES 

Table A1.1 X-ray crystallography data of compounds (Ph2P(NAd)(NHAd) (2) and 

Ph2P(NMes)2Rh(COD) (3) 

 2 3 

Identification code PH21021_Refinalized PH21032 

Empirical formula C32H41N2P C38H44N2PRh 

Formula weight 484.67 662.63 

Temperature/K 101(1) 103.2(9) 

Crystal system triclinic Triclinic 

Space group P-1 P-1 

a/Å 6.4858(2) 9.1183(2) 

b/Å 12.7888(4) 9.6326(2) 

c/Å 16.1089(5) 19.8829(3) 

α/° 82.095(3) 95.4090(10) 

β/° 81.942(3) 98.877(2) 

γ/° 76.216(2) 108.400(2) 

Volume/Å3 1277.31(7) 1618.09(6) 

Z 2 2 

ρcalcg/cm3 1.2601 1.360 

μ/mm-1 1.116 4.941 

F(000) 525.9 692.0 

Crystal size/mm3 0.2 × 0.07 × 0.06 0.24 × 0.18 × 0.03 

Radiation Cu Kα (λ = 1.54184) Cu Kα (λ = 1.54184) 

2Θ range for data collection/° 7.16 to 150.1 4.552 to 150.738 

Index ranges 
-8 ≤ h ≤ 8, -15 ≤ k ≤ 16, 

 -19 ≤ l ≤ 18 

-11 ≤ h ≤ 11, -12 ≤ k ≤ 12,  

-24 ≤ l ≤ 24 

Reflections collected 24756 31451 

Independent reflections 
5142 [Rint = 0.0379, Rsigma = 

0.0270] 

6562 [Rint = 0.0548, Rsigma = 

0.0383] 

Data/restraints/parameters 5142/0/316 6562/0/385 

Goodness-of-fit on F2 1.029 1.083 

Final R indexes [I>=2σ (I)] R1 = 0.0490, wR2 = 0.1067 R1 = 0.0352, wR2 = 0.0920 

Final R indexes [all data] R1 = 0.0516, wR2 = 0.1079 R1 = 0.0378, wR2 = 0.0935 

Largest diff. peak/hole / e Å-3 0.38/-0.50 1.43/-1.24 
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Table A1.2 X-ray crystallography data of compounds Ph2P(NAd)2Rh(COD)•1.5C6H6 (4) 

and Ph2P(NMes)2Rh(CO)2 (5) 

 4a 5 

Identification code PH21038b PH21047 

Empirical formula C49H61N2PRh C32H32N2O2PRh 

Formula weight 811.92 610.47 

Temperature/K 100.02(10) 100.1(3) 

Crystal system triclinic triclinic 

Space group P-1 P-1 

a/Å 10.3047(1) 12.4860(2) 

b/Å 10.6941(1) 15.0637(2) 

c/Å 20.0564(1) 16.6788(2) 

α/° 98.612(1) 103.0550(10) 

β/° 97.210(1) 107.6730(10) 

γ/° 112.369(1) 94.9090(10) 

Volume/Å3 1980.18(4) 2871.29(7) 

Z 2 4 

ρcalcg/cm3 1.3616 1.412 

μ/mm-1 4.138 5.577 

F(000) 860.8 1256.0 

Crystal size/mm3 0.41 × 0.1 × 0.09 0.32 × 0.16 × 0.1 

Radiation Cu Kα (λ = 1.54184) Cu Kα (λ = 1.54184) 

2Θ range for data collection/° 4.54 to 150.2 5.768 to 150.162 

Index ranges 
-12 ≤ h ≤ 10, -13 ≤ k ≤ 13,  

-25 ≤ l ≤ 25 

-15 ≤ h ≤ 13, -18 ≤ k ≤ 18,  

-20 ≤ l ≤ 20 

Reflections collected 62066 76974 

Independent reflections 
8080 [Rint = 0.0296, Rsigma = 

0.0162] 

11603 [Rint = 0.0502, Rsigma = 

0.0282] 

Data/restraints/parameters 8080/0/478 11603/0/697 

Goodness-of-fit on F2 1.086 1.060 

Final R indexes [I>=2σ (I)] R1 = 0.0239, wR2 = 0.0591 R1 = 0.0354, wR2 = 0.0895 

Final R indexes [all data] R1 = 0.0253, wR2 = 0.0596 R1 = 0.0396, wR2 = 0.0932 

Largest diff. peak/hole / e Å-3 0.44/-0.58 1.19/-1.05 

Notes: a Crystallized with one and a half molecules of benzene in the asymmetric unit.  
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Table A1.3 X-ray crystallography data of compounds Ph2P(NAd)2Rh(CO)2 (6) and 

Ph2P(NMes)2Rh(CN(2,6-Me2C6H3))2 (7) 

 6 7 

Identification code PH2022002_1 PH2022002_1 

Empirical formula C34H40N2O2PRh C34H40N2O2PRh 

Formula weight 642.56 642.56 

Temperature/K 100.02(10) 100.02(10) 

Crystal system orthorhombic orthorhombic 

Space group Pbca Pbca 

a/Å 12.6612(2) 12.6612(2) 

b/Å 20.7651(3) 20.7651(3) 

c/Å 22.2704(3) 22.2704(3) 

α/° 90 90 

β/° 90 90 

γ/° 90 90 

Volume/Å3 5855.14(15) 5855.14(15) 

Z 8 8 

ρcalcg/cm3 1.458 1.458 

μ/mm-1 5.495 5.495 

F(000) 2672.0 2672.0 

Crystal size/mm3 0.67 × 0.18 × 0.12 0.67 × 0.18 × 0.12 

Radiation Cu Kα (λ = 1.54184) Cu Kα (λ = 1.54184) 

2Θ range for data collection/° 7.94 to 150.346 7.94 to 150.346 

Index ranges 
-14 ≤ h ≤ 15, -26 ≤ k ≤ 25,  

-27 ≤ l ≤ 26 

-14 ≤ h ≤ 15, -26 ≤ k ≤ 25,  

-27 ≤ l ≤ 26 

Reflections collected 30145 30145 

Independent reflections 
5896 [Rint = 0.0334, Rsigma = 

0.0231] 

5896 [Rint = 0.0334, Rsigma = 

0.0231] 

Data/restraints/parameters 5896/0/361 5896/0/361 

Goodness-of-fit on F2 1.087 1.087 

Final R indexes [I>=2σ (I)] R1 = 0.0280, wR2 = 0.0748 R1 = 0.0280, wR2 = 0.0748 

Final R indexes [all data] R1 = 0.0309, wR2 = 0.0763 R1 = 0.0309, wR2 = 0.0763 

Largest diff. peak/hole / e Å-3 0.74/-0.60 0.74/-0.60 
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Table A1.4 X-ray crystallography data of compounds and Ph2P(NMes)2Rh(CN(2,6-

Me2C6H3))3 (8) and Ph2P(NMes)2Ir(COD) (9) 

 8 9 

Identification code PH21040b_1 PH21045 

Empirical formula C63H65N5PRh C38H44IrN2P 

Formula weight 1026.08 751.98 

Temperature/K 100.00(13) 120(20) 

Crystal system triclinic triclinic 

Space group P-1 P-1 

a/Å 11.83260(10) 9.0929(1) 

b/Å 14.32790(10) 9.6410(1) 

c/Å 15.89910(10) 19.9481(1) 

α/° 94.3780(10) 95.844(1) 

β/° 93.3060(10) 98.856(1) 

γ/° 90.2760(10) 108.397(1) 

Volume/Å3 2683.02(3) 1618.35(3) 

Z 2 2 

ρcalcg/cm3 1.270 1.5431 

μ/mm-1 3.187 8.660 

F(000) 1076.0 749.4 

Crystal size/mm3 0.17 × 0.13 × 0.09 0.36 × 0.16 × 0.06 

Radiation Cu Kα (λ = 1.54184) Cu Kα (λ = 1.54184) 

2Θ range for data collection/° 5.584 to 150.566 4.54 to 150.06 

Index ranges 
-14 ≤ h ≤ 14, -17 ≤ k ≤ 17,  

-19 ≤ l ≤ 19 

-11 ≤ h ≤ 10, -12 ≤ k ≤ 12,  

-24 ≤ l ≤ 24 

Reflections collected 83528 48926 

Independent reflections 
10909 [Rint = 0.0378, Rsigma = 

0.0211] 

6543 [Rint = 0.0553, Rsigma = 

0.0249] 

Data/restraints/parameters 10909/0/643 6543/0/385 

Goodness-of-fit on F2 1.059 1.033 

Final R indexes [I>=2σ (I)] R1 = 0.0252, wR2 = 0.0616 R1 = 0.0233, wR2 = 0.0594 

Final R indexes [all data] R1 = 0.0271, wR2 = 0.0623 R1 = 0.0253, wR2 = 0.0602 

Largest diff. peak/hole / e Å-3 0.44/-0.38 1.15/-1.67 
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Table A1.5 X-ray crystallography data of compounds Ph2P(NAd)2Ir(COD)•1.5C6H6 (10) 

and Ph2P(NMes)2Rh(COE)2•0.5C6H6 (13) 

 10a 13b 

Identification code PH22008 PH22008 

Empirical formula C49H61IrN2P C49H61IrN2P 

Formula weight 901.16 901.16 

Temperature/K 100.00(10) 100.00(10) 

Crystal system triclinic triclinic 

Space group P-1 P-1 

a/Å 10.32870(10) 10.32870(10) 

b/Å 10.70080(10) 10.70080(10) 

c/Å 19.9937(2) 19.9937(2) 

α/° 98.5250(10) 98.5250(10) 

β/° 96.9650(10) 96.9650(10) 

γ/° 112.6530(10) 112.6530(10) 

Volume/Å3 1977.91(4) 1977.91(4) 

Z 2 2 

ρcalcg/cm3 1.513 1.513 

μ/mm-1 7.186 7.186 

F(000) 922.0 922.0 

Crystal size/mm3 0.11 × 0.08 × 0.05 0.11 × 0.08 × 0.05 

Radiation Cu Kα (λ = 1.54184) Cu Kα (λ = 1.54184) 

2Θ range for data collection/° 4.556 to 150.664 4.556 to 150.664 

Index ranges 
-12 ≤ h ≤ 12, -13 ≤ k ≤ 13,  

-24 ≤ l ≤ 25 

-12 ≤ h ≤ 12, -13 ≤ k ≤ 13,  

-24 ≤ l ≤ 25 

Reflections collected 78381 78381 

Independent reflections 
8041 [Rint = 0.0441, Rsigma = 

0.0222] 

8041 [Rint = 0.0441, Rsigma = 

0.0222] 

Data/restraints/parameters 8041/0/478 8041/0/478 

Goodness-of-fit on F2 1.045 1.045 

Final R indexes [I>=2σ (I)] R1 = 0.0199, wR2 = 0.0466 R1 = 0.0199, wR2 = 0.0466 

Final R indexes [all data] R1 = 0.0208, wR2 = 0.0471 R1 = 0.0208, wR2 = 0.0471 

Largest diff. peak/hole / e Å-3 1.10/-0.93 1.10/-0.93 

Notes: a Crystallized with one and a half molecules of benzene in the asymmetric unit.  
b Crystallized with a half molecule of benzene in the asymmetric unit. 
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Table A1.6 X-ray crystallography data of compounds iPr2P(N3Ad)(NHAd) (15) and 

[iPr2P)(N3Ad)(NAd)]Li•0.5CH2Cl2 (16) 

 15 16a 

Identification code PH21025 PH21026 

Empirical formula C26H45N4P C53H90Cl2Li2N8P2 

Formula weight 444.63 986.04 

Temperature/K 101.4(10) 102.0(9) 

Crystal system monoclinic orthorhombic 

Space group P21 Fdd2 

a/Å 6.38450(10) 39.1886(5) 

b/Å 10.1846(2) 25.6868(4) 

c/Å 18.9425(3) 11.18700(10) 

α/° 90 90 

β/° 95.269(2) 90 

γ/° 90 90 

Volume/Å3 1226.50(4) 11261.2(2) 

Z 2 8 

ρcalcg/cm3 1.204 1.163 

μ/mm-1 1.131 1.880 

F(000) 488.0 4272.0 

Crystal size/mm3 0.52 × 0.08 × 0.06 0.45 × 0.31 × 0.18 

Radiation Cu Kα (λ = 1.54184) Cu Kα (λ = 1.54184) 

2Θ range for data collection/° 4.684 to 150.046 8.232 to 149.898 

Index ranges 
-6 ≤ h ≤ 7, -12 ≤ k ≤ 12,  

-23 ≤ l ≤ 23 

-48 ≤ h ≤ 48, -31 ≤ k ≤ 24,  

-13 ≤ l ≤ 13 

Reflections collected 28554 24402 

Independent reflections 
4950 [Rint = 0.0549, Rsigma = 

0.0329] 

5481 [Rint = 0.0384, Rsigma = 

0.0256] 

Data/restraints/parameters 4950/1/284 5481/1/307 

Goodness-of-fit on F2 1.166 1.035 

Final R indexes [I>=2σ (I)] R1 = 0.0643, wR2 = 0.1835 R1 = 0.0401, wR2 = 0.1068 

Final R indexes [all data] R1 = 0.0653, wR2 = 0.1841 R1 = 0.0411, wR2 = 0.1078 

Largest diff. peak/hole / e Å-3 1.06/-0.38 0.42/-0.35 

Flack parameter 0.361(10) -0.021(8) 

Notes: a Crystallized with a half molecules of dichloromethane in the asymmetric unit.  
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Table A1.7 X-ray crystallography data of compounds [iPr2P(N3Ad)(NAd)-κ2-

N,Nα]Rh(COD) (18) and [iPr2P(N3Mes)(NMes)-κ2-N,Nα]Rh(COD) (20) 

 18 20 

Identification code PH22004 PH21042_1 

Empirical formula C28H44N4O2PRh C32H48N4PRh 

Formula weight 602.57 622.62 

Temperature/K 100.01(10) 100.00(10) 

Crystal system monoclinic monoclinic 

Space group P21/c P21/c 

a/Å 20.3871(3) 16.6189(2) 

b/Å 10.2202(1) 9.52490(10) 

c/Å 13.3986(2) 20.2559(2) 

α/° 90 90 

β/° 102.800(1) 108.0110(10) 

γ/° 90 90 

Volume/Å3 2722.36(6) 3049.25(6) 

Z 4 4 

ρcalcg/cm3 1.4701 1.356 

μ/mm-1 5.881 5.218 

F(000) 1268.7 1312.0 

Crystal size/mm3 0.12 × 0.07 × 0.04 0.55 × 0.29 × 0.23 

Radiation Cu Kα (λ = 1.54184) Cu Kα (λ = 1.54184) 

2Θ range for data collection/° 4.44 to 150.34 5.592 to 150.092 

Index ranges 
-21 ≤ h ≤ 25, -12 ≤ k ≤ 12,  

-16 ≤ l ≤ 15 

-20 ≤ h ≤ 20, -11 ≤ k ≤ 9,  

-25 ≤ l ≤ 25 

Reflections collected 27137 36471 

Independent reflections 
5505 [Rint = 0.0381, Rsigma = 

0.0266] 

6181 [Rint = 0.0282, Rsigma = 

0.0150] 

Data/restraints/parameters 5505/0/329 6181/0/353 

Goodness-of-fit on F2 1.020 1.129 

Final R indexes [I>=2σ (I)] R1 = 0.0265, wR2 = 0.0685 R1 = 0.0261, wR2 = 0.0606 

Final R indexes [all data] R1 = 0.0290, wR2 = 0.0697 R1 = 0.0270, wR2 = 0.0609 

Largest diff. peak/hole / e Å-3 1.02/-0.64 0.34/-0.78 
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Table A1.8 X-ray crystallography data of compounds [iPr2P(N3Mes)(NMes)-κ2-

N,Nα]Ir(COD) (21) and [iPr2P(N3Mes)(NMes)-κ2-N,Nβ]Rh(COD) (22) 

 21 22 

Identification code PH21049 PH21050 

Empirical formula C32H48IrN4P C32H48N4PRh 

Formula weight 711.91 622.62 

Temperature/K 100.0(2) 100.01(10) 

Crystal system monoclinic monoclinic 

Space group P21/c P21/c 

a/Å 16.6265(2) 18.4528(2) 

b/Å 9.54030(10) 15.92790(10) 

c/Å 20.2554(3) 21.1815(2) 

α/° 90 90 

β/° 108.204(2) 92.7750(10) 

γ/° 90 90 

Volume/Å3 3052.14(7) 6218.25(10) 

Z 4 8 

ρcalcg/cm3 1.549 1.330 

μ/mm-1 9.158 5.118 

F(000) 1440.0 2624.0 

Crystal size/mm3 0.52 × 0.12 × 0.08 0.24 × 0.16 × 0.1 

Radiation Cu Kα (λ = 1.54184) Cu Kα (λ = 1.54184) 

2Θ range for data collection/° 5.596 to 149.95 4.794 to 150.15 

Index ranges 
-20 ≤ h ≤ 20, -11 ≤ k ≤ 8,  

-24 ≤ l ≤ 25 

-22 ≤ h ≤ 17, -19 ≤ k ≤ 19,  

-26 ≤ l ≤ 26 

Reflections collected 30115 61570 

Independent reflections 
6140 [Rint = 0.0335, Rsigma = 

0.0229] 

12542 [Rint = 0.0328, Rsigma = 

0.0242] 

Data/restraints/parameters 6140/0/353 12542/0/705 

Goodness-of-fit on F2 1.073 1.041 

Final R indexes [I>=2σ (I)] R1 = 0.0221, wR2 = 0.0518 R1 = 0.0330, wR2 = 0.0839 

Final R indexes [all data] R1 = 0.0250, wR2 = 0.0530 R1 = 0.0374, wR2 = 0.0872 

Largest diff. peak/hole / e Å-3 0.71/-0.91 1.70/-0.77 
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Table A1.9 X-ray crystallography data of compounds [iPr2P(N3Mes)(NMes)-κ2-

N,Nβ]Ir(COD) (23) and [iPr2P(N3Ad)(NAd)-κ2-N,Nα]Rh(CO)2 (24) 

 23 24 

Identification code wit_PH21053 PH22004 

Empirical formula C32H48IrN4P C28H44N4O2PRh 

Formula weight 711.91 602.57 

Temperature/K 100.00(10) 100.01(10) 

Crystal system triclinic monoclinic 

Space group P-1 P21/c 

a/Å 8.22470(10) 20.3871(3) 

b/Å 18.4134(5) 10.2202(1) 

c/Å 20.6924(4) 13.3986(2) 

α/° 89.781(2) 90 

β/° 81.953(2) 102.800(1) 

γ/° 80.652(2) 90 

Volume/Å3 3061.12(11) 2722.36(6) 

Z 4 4 

ρcalcg/cm3 1.545 1.4701 

μ/mm-1 9.131 5.881 

F(000) 1440.0 1268.7 

Crystal size/mm3 0.12 × 0.07 × 0.05 0.12 × 0.07 × 0.04 

Radiation Cu Kα (λ = 1.54184) Cu Kα (λ = 1.54184) 

2Θ range for data collection/° 4.314 to 150.482 4.44 to 150.34 

Index ranges 
-10 ≤ h ≤ 10, -21 ≤ k ≤ 22,  

-25 ≤ l ≤ 25 

-21 ≤ h ≤ 25, -12 ≤ k ≤ 12,  

-16 ≤ l ≤ 15 

Reflections collected 41171 27137 

Independent reflections 
11996 [Rint = 0.0577, Rsigma = 

0.0555] 

5505 [Rint = 0.0381, Rsigma = 

0.0266] 

Data/restraints/parameters 11996/5/725 5505/0/329 

Goodness-of-fit on F2 1.065 1.020 

Final R indexes [I>=2σ (I)] R1 = 0.0428, wR2 = 0.1070 R1 = 0.0265, wR2 = 0.0685 

Final R indexes [all data] R1 = 0.0558, wR2 = 0.1143 R1 = 0.0290, wR2 = 0.0697 

Largest diff. peak/hole / e Å-3 1.66/-1.99 1.02/-0.64 
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Table A1.10 X-ray crystallography data of compounds iPr2P(N3Ad)(NAd)-κ2-

N,Nα]Ir(CO)2 (25) and [iPr2P(NMes)(N3Mes)-κ2-N,Nα]Rh(COE)2 (28) 

 25 28 

Identification code PH22009 PH21052a 

Empirical formula C28H44IrN4O2P C40H64N4PRh 

Formula weight 691.88 734.83 

Temperature/K 112(17) 100.00(10) 

Crystal system monoclinic monoclinic 

Space group P21/c P21/c 

a/Å 20.3459(2) 11.1367(2) 

b/Å 10.2319(1) 31.9151(5) 

c/Å 13.4483(1) 10.88390(10) 

α/° 90 90 

β/° 102.991(1) 99.0400(10) 

γ/° 90 90 

Volume/Å3 2727.97(4) 3820.40(10) 

Z 4 4 

ρcalcg/cm3 1.6845 1.278 

μ/mm-1 10.283 4.241 

F(000) 1378.7 1568.0 

Crystal size/mm3 0.14 × 0.12 × 0.05 0.29 × 0.17 × 0.07 

Radiation Cu Kα (λ = 1.54184) Cu Kα (λ = 1.54184) 

2Θ range for data collection/° 4.46 to 150.06 5.538 to 150.43 

Index ranges 
-25 ≤ h ≤ 25, -11 ≤ k ≤ 12,  

-16 ≤ l ≤ 16 

-13 ≤ h ≤ 13, -33 ≤ k ≤ 39,  

-13 ≤ l ≤ 13 

Reflections collected 54872 37489 

Independent reflections 
5587 [Rint = 0.0367, Rsigma = 

0.0171] 

7695 [Rint = 0.0350, Rsigma = 

0.0263] 

Data/restraints/parameters 5587/0/329 7695/0/425 

Goodness-of-fit on F2 1.035 1.063 

Final R indexes [I>=2σ (I)] R1 = 0.0173, wR2 = 0.0423 R1 = 0.0262, wR2 = 0.0637 

Final R indexes [all data] R1 = 0.0183, wR2 = 0.0428 R1 = 0.0295, wR2 = 0.0650 

Largest diff. peak/hole / e Å-3 0.83/-0.66 0.48/-0.38 

 

 

 



 

233 

 

Table A1.11 X-ray crystallography data of compounds iPr2P(NMes)2Rh(COE)2 (29) 

 29 

Identification code PH22013 

Empirical formula C40H64N2PRh 

Formula weight 706.81 

Temperature/K 100.01(10) 

Crystal system tetragonal 

Space group I41/a 

a/Å 35.2607(3) 

b/Å 35.2607(3) 

c/Å 11.7947(2) 

α/° 90 

β/° 90 

γ/° 90 

Volume/Å3 14664.6(4) 

Z 16 

ρcalcg/cm3 1.281 

μ/mm-1 4.382 

F(000) 6048.0 

Crystal size/mm3 0.15 × 0.11 × 0.05 

Radiation Cu Kα (λ = 1.54184) 

2Θ range for data collection/° 5.012 to 150.204 

Index ranges 
-43 ≤ h ≤ 42, -43 ≤ k ≤ 43,  

-11 ≤ l ≤ 14 

Reflections collected 59794 

Independent reflections 7480 [Rint = 0.0697, Rsigma = 0.0363] 

Data/restraints/parameters 7480/0/407 

Goodness-of-fit on F2 1.039 

Final R indexes [I>=2σ (I)] R1 = 0.0502, wR2 = 0.1202 

Final R indexes [all data] R1 = 0.0597, wR2 = 0.1255 

Largest diff. peak/hole / e Å-3 2.28/-1.66 

 


