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Abstract 

 

Expanding on the work of previously reported amidophosphine ligand frameworks, novel 

coordination chemistry and dinitrogen functionalization of transition metal complexes was 

pursued, utilizing both early and late transition-metals. A variety of group 5 (V, Nb, Ta) and 

group 9 (Co, Rh) amidophosphine complexes are described and characterized using NMR 

spectroscopy and X-ray crystallography.  

A tantalum dinitrogen complex containing a modified amidophosphine ligand was used 

to examine further functionalization of the dinitrogen unit. Hydrosilylation of the modified 

tantalum dinitrogen complex generated a novel dinitrogen-functionalized tantalum species. 

Dinitrogen functionalization of amidophosphine complexes of niobium and vanadium 

was explored via treatment with various electrophiles and oxidants. The formation of numerous 

paramagnetic niobium and vanadium complexes are described, although the desired outcome of 

producing oxidized dinitrogen species or cleavage and functionalization of the dinitrogen moiety 

was often challenged by loss of the dinitrogen unit entirely. Reactivity of a paramagnetic 

niobium dinitrogen complex with an oxygen-containing radical reagent resulted in generation of 

a novel diamagnetic niobium dinitrogen complex, incorporating a bridging oxo ligand and 

altered binding of the dinitrogen unit.  

Paramagnetic amidophosphine cobalt complexes were examined for reactivity, in relation 

to previously reported work with paramagnetic cobalt species, leading to formation of an 

oxidized-phosphine species and a cobalt iodide complex. Synthesis of cobalt alkyl complexes 

was accomplished via treatment of a cobalt iodide complex with alkyllithium and Grignard 
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reagents. Attempts to generate a cobalt hydride complex yielded regeneration of the antecedent 

amidophosphine cobalt complex.  

The synthesis of diamagnetic amidophosphine complexes of rhodium was investigated 

and the reactivity of these novel rhodium complexes with alkyl halides and H2 was explored, in 

order to observe their ability to undergo oxidative addition. Several rhodium iodide and rhodium 

hydride species are described. Synthesis of rhodium carbonyl complexes was accomplished via 

ligand exchange using CO gas.  
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Lay Summary 

 

Researchers are continually developing and refining processes that are designed to further 

benefit society. Some processes involve the use of remarkable chemicals that not only improve 

the efficiency, but also moderate the amount of energy and resources expended in these 

practices. Metal complexes (chemicals that contain a scaffold of atoms that are anchored to a 

central metal atom) are a notable category of chemicals that can be used for such purposes. 

Similar to how astronomers observe matter in outer space to gain knowledge outside the 

understanding of our regular environment, scientists explore chemical space to better understand 

how chemical systems behave. Continuing to build on this information allows for the prospect of 

formulating enhanced chemicals and improved processes.   

The research presented in this thesis describes the creation and study of a variety of metal 

complexes and the surrounding foray deeper into chemical space.   
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Chapter 1: Ligand design and dinitrogen activation:  Transition-metal 

complexes supported by phosphine-amido containing ligands 

1.1 Dinitrogen activation and functionalization 

Efficient catalytic reduction-functionalization of molecular nitrogen (N2) represents an as 

yet unsolved synthetic challenge inspired by nature.
1-4

 Nitrogen is an essential element for all 

living systems. While abundant in the atmosphere, the intrinsic inertness of N2 limits its entry 

into the biosphere to just two processes. Biologically, the nitrogenase enzyme carries out the 

difficult catalytic transformation of N2 into ammonia (NH3) by the use of the iron-molybdenum-

sulfur protein known as the FeMo-cofactor,
5-6

 although the operative mechanism of nitrogen 

fixation is still a matter of conjecture.
7-10

 Industrially, the extremely energy-intensive
11

 Haber-

Bosch process produces ammonia from N2 and H2.
12-13

 Despite being perfected over a hundred 

years ago, this is still the only known industrial process that uses molecular nitrogen as a 

feedstock.  

The discovery of the first dinitrogen complex, [Ru(NH3)5N2]
2+

,
14

 was an inspiration for 

numerous research groups to study the coordination chemistry of molecular nitrogen
15-20

 with the 

ultimate goal to discover systems that can functionalize the N2 unit.
21-22

 However, even with 

more than 50 years of research invested, a new, efficient catalytic transformation of this 

unreactive small molecule remains elusive.
23-25

 Dinitrogen complexes of many metals across the 

periodic table have been reported,
26-28

 and with each advancement, the importance of the ligands 

that surround the metal centre becomes increasingly apparent.
29

 What has also become evident is 

that small changes in ligand designs can effect large changes in the outcome of the reactions of 

metal complexes, particularly in dinitrogen activation.
30

 While this has made predictability of 
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matching new ligand designs with anticipated outcomes difficult, it has not slowed creative 

attempts to discover new combinations of ligands and metals that can activate and functionalize 

one of the most inert small molecules, dinitrogen. 

This thesis has two main foci: dinitrogen coordination chemistry by group 5 elements, 

and the coordination chemistry of group 9 elements Co and Rh using a macrocyclic ligand. 

Although dinitrogen activation and functionalization is a key theme, ligand design is also an 

important strategy that has evolved in the Fryzuk group.
31

 The design of ancillary ligands 

incorporating phosphine and amido donors and their subsequent coordination chemistry with the 

early transition elements, titanium, zirconium, niobium and tantalum will be discussed. While a 

number of successes have been achieved, several ligand systems have failed to generate desired 

outcomes, illustrating the unpredictability of ligand changes on the reactivity of the resultant 

metal complexes. As an aside from dinitrogen activation, alternative coordination chemistry to 

the late transition metals cobalt and rhodium is also presented. Chart 1.1 illustrates the generic 

ancillary ligand-metal complexes focused on with respect to Fryzuk group dinitrogen chemistry.  

 

Chart 1.1 Five ligand manifolds explored in Fryzuk Group dinitrogen chemistry. 
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1.2 The [PNP] ligand system: M[N(SiMe2CH2P
i
Pr2)2]  

The design of tridentate meridional, monoanionic ancillary ligands with bulky flanking 

phosphines (so called pincer ligands) comprises a large field of study in organometallic 

chemistry.
32

 While the extent of pincer-complex catalysis is beyond the scope of this work, the 

regularity with which pincer-ligated transition metal systems mediate difficult bond 

transformations is well known.
33-36

 The synthesis of [PNP] and subsequent coordination 

chemistry with late metals was first reported in the early 1980ôs.
37-38

 While there was interest in 

the coordination chemistry of this ligand with early metals, as described elsewhere,
39

 its use in 

dinitrogen activation was serendipitous.
37

 The synthesis of the lithium salt of the [PNP] ligand, 

shown in Equation 1.1, is straightforward and utilizes commercially available starting 

materials.
38

   

 

 

1.2.1 Zirconium  [PNP] complexes 

After the success of the [PNP] system in late transition-metal chemistry,
40

 a lack of early 

transition metal coordination chemistry involving phosphine donors as ancillary ligands was 

noticed.
41-42

 Consequently, investigation of zirconium PNP complexes, starting with the 

preparation of [PNP]ZrCl3 (1.1) and subsequent reduction chemistry under N2 was pursued. As 

shown in Scheme 1.1, reaction of 1.1 with sodium-amalgam under dinitrogen generated the side-

on dizirconium dinitrogen complex ([PNP]ZrCl)2(ɛ-ɖ
2
:ɖ

2
-N2) (1.2), with an activated N2 unit as 

evidenced by the very long NïN bond length of 1.548(7) Å.
43

 

[1.1] 
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Scheme 1.1 

 

Prior to this discovery, the few reports of characterized zirconium N2 complexes showed 

end-on bonding.
14

 The measured NïN bond distance of 1.548(7) Å was the longest reported at 

that time, and is typical of an NïN single bond similar to hydrazine (H2NNH2). Subsequent 

reports have shown that the NïN bond can vary in length from unactivated N2 (1.088(12) Å)
44

 to 

significantly activated (1.635(5) Å), as reported for a dihafnium dinitrogen complex.
45

 

The very activated, side-on bridging bonding mode observed in 1.2 prompted further 

computational
46

 and spectroscopic (Resonance Raman)
47

 studies to provide baseline data on this, 

1.1 

1.2 

1.3 

1.4 

1.5 

1.6 
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at the time, rare interaction. Replacement of one of the chlorides with a cyclopentadienyl unit 

(1.3) and subsequent reduction resulted in formation of the dinuclear end-on bridging dinitrogen 

complex ([PNP]ZrCp)2(ɛ-N2) (1.4) (Scheme 1.1); the observed NïN bond distance  of 1.301(3) 

Å is long when compared with other end-on bridging N2 units.
46

 Computational and orbital 

analysis suggested that the presence of pi-donor ligands would promote the side-on mode of 

bonding, confirmed by the synthesis of the aryloxy derivative [PNP]Zr(OAr)Cl2 (OAr = 2,6-

dimethylphenoxy) (1.5). Upon reduction, the side-on dinitrogen complex ([PNP]ZrOAr)2(ɛ-

ɖ
2
:ɖ

2
-N2) (1.6) is generated (Scheme 1.1) that displays a very long NïN bond distance of 

1.528(7) Å. 

 

1.2.2 Titanium  [PNP] complexes 

Expansion of [PNP] chemistry to the lighter group 4 metal titanium was investigated.  

Synthesis of an analogous precursor complex using Li[PNP] and TiCl4 resulted in isolation of 

[PNP]TiCl3 (1.7) in very good yield.  Upon reduction with excess elemental magnesium under 

N2, the dititanium dinitrogen complex ([PNP]TiCl)2(ɛ-N2) (1.8) was obtained as shown in 

Scheme 1.2.
48

 In this complex, the N2 unit is end-on bound to the two titanium centres with an 

NïN bond distance of 1.275(7) Å, consistent with a significantly less activated N2 molecule, as 

compared to the analogous side-on dizirconium congener 1.2. Nevertheless, this end-on bridging 

dinitrogen is considered to be formally N2
4ï

, even though the NïN bond lengths of 1.8 and 1.2 

are quite different. Treatment of 1.8 with hydrochloric acid resulted in hydrazine production, 

albeit in low yield.
48

 End-on bound dinitrogen complexes have proven to engage in considerably 

less reaction chemistry than related side-on coordinated complexes; for example, there was no 

reaction with H2 or silanes.  As such, the titanium [PNP] chemistry was not pursued further. 
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Scheme 1.2 

 

The efforts invested in the coordination chemistry of the [PNP] ligand on zirconium led 

to fruitful results in terms of dinitrogen chemistry. Furthermore, ligand modification by 

replacement of the flanking phosphines with dimethylamine donors resulted in formation of 

HN(SiMe2CH2NMe2)2, which was subsequently investigated in complexes of group 4 metals (Ti, 

Zr, Hf). Unfortunately, reduction under N2 did not lead to tractable materials.
49

  

 

1.3 The [P2N2] ligand system: M[PhP(CH2SiMe2NSiMe2CH2)2PPh]  

The discovery of side-on N2 binding to zirconium with [PNP] as the ancillary ligand was 

the starting point for a longstanding interest in dinitrogen activation and functionalization. While 

1.2 was very reactive to added reagents such as H2, silanes, and other small molecules, pure 

materials eluded isolation. Itôs probable that the phosphine arms of the [PNP] system readily 

dissociate from Zr(IV) causing undesired side reactions to ensue. In an effort to mitigate 

1.7 

1.8 
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phosphine dissociation, pursuing the synthesis of a macrocyclic system should, by virtue of the 

macrocyclic effect,
50-51

 reduce the tendency for phosphine dissociation.   

The synthesis of [P2N2]Li 2 (Scheme 1.3) utilizes the same chloromethylene silyl amine 

starting material used in the preparation of Li[PNP] (Equation 1.1).  Issues normally associated 

with macrocycle syntheses, such as high dilution and formation of different ring sizes, were not 

encountered, likely due to the templating effect of the lithium ions present.
52

 The formation of 

two diastereomers of the dilithium salt, syn- and anti-[P2N2]Li 2, occurs when the reaction is 

carried out in THF; the syn form can be favoured by the choice of solvent and lower 

temperatures.
52

  

 

Scheme 1.3 

 

1.3.1 Zirconium  [P2N2] complexes   

Initial investigations of the macrocyclic [P2N2] ligand involved complexation with 

zirconium. Reaction of syn-[P2N2]Li 2 with ZrCl4(THT)2 (THT = tetrahydrothiophene) resulted in 
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quantitative formation of [P2N2]ZrCl2 (1.9). Analogous to that described above for 1.1, reduction 

of 1.9 with KC8 under N2 resulted in the formation of the corresponding bimetallic side-on bound 

N2 complex ([P2N2]Zr)2(ɛ-ɖ
2
:ɖ

2
-N2) (1.10).

53-54
 While this dinitrogen complex bears a slightly 

shorter NïN bond length of 1.465(19) Å as compared to the [PNP] supported zirconium 1.2 

(1.548(7) Å), the electronic and steric environment offered by the macrocyclic [P2N2] ligand 

results in the formation of the same side-on bound N2
4ï

 ligand.  More importantly, the added 

stability of the macrocycle enabled further reactivity of the coordinated dinitrogen unit, as 

described below.  

Hydrogenation of the side-on N2 unit was accomplished by addition of H2 to 1.10,
53

 

(Scheme 1.4), which resulted in the formation of ([P2N2]Zr)2(ɛ-ɖ
2
-N2H)(ɛ-H) (1.11). 

Observation of the NïH functionality marked the first report of such a transformation by addition 

of H2 to a dinitrogen complex.
53

 Further stoichiometric functionalization of coordinated 

dinitrogen led to a variety of transformations involving heterolytic bond cleavage, as illustrated 

in Scheme 1.4.  For example, addition of n-butylsilane resulted in the formation of an NïSi bond, 

as found in ([P2N2]Zr)2(N2Si
n
BuH2)(H) (1.12).

53
 This complex was characterized by X-ray 

crystallography and bears a long NïN bond distance of 1.530(4) Å (Scheme 1.4). The formation 

of an NïC bond was discovered by treatment of 1.10 with alkynes. Crystalline materials were 

isolated from the reaction of terminal aryl acetylenes with 1.10.  The resulting crystal structure 

showed ([P2N2]Zr)2(N2(H)C=CArH)(CCAr) (1.13) (Scheme 1.4) in which the NïN bond is 

1.457(4) Å (for Ar = 4-methylphenyl) and bears an E-alkene at one nitrogen atom.  A bridging 

acetylide is also present and provides evidence for a [2+2] mechanism that involves 

cycloaddition of the alkyne unit to a ZrïN bond, followed by protonation of the newly formed 

ZrïC unit by the second alkyne.
55
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Scheme 1.4 

 

The side-on dinitrogen unit in 1.10 is quite basic, as evidenced by reactions with water 

and hydrazine: deprotonation of H2O generates the ɛ-oxo derivative ([P2N2]Zr)2(N2H2)(O) 

(1.14), while deprotonation of N2H4 results in the formation of ([P2N2]Zr)2(N2H2)2 1.15, 

containing two N2H2
2ï

 units (unpublished results).
54

 

 

1.10 

1.11 

1.12 

1.13 

1.14 1.15 
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1.3.2 Titanium [P 2N2] complexes 

Since the dinitrogen functionalization chemistry with the zirconium [P2N2] system was so 

rich, the analogous chemistry with the lighter group 4 congener titanium was explored.  Salt 

metathesis of syn-[P2N2]Li 2 with TiCl4 afforded [P2N2]TiCl 2 (1.16) in excellent yield. Reduction 

of 1.16 with 2 equivalents of KC8 under an N2 atmosphere resulted in formation of 

([P2N2]Ti)2(ɛ-N2) 1.17 (Scheme 1.5). X-ray diffraction analysis showed end-on coordination 

with an NïN bond length of 1.255 (7) Å,
56

 typical of moderately activated coordinated N2 in the 

end-on bridging mode. Similar to the [PNP] analogue, the dinitrogen moiety in 1.17 is formally 

assigned as an N2
4ï

 unit. The lack of reactivity of this dinitrogen complex with H2, silanes or 

alkynes is further evidence that the end-on bridging mode of N2 is less reactive than the side-on 

bridging mode.  

 

Scheme 1.5 

1.3.3 Zirconium and titanium [As2N2] complexes 

The macrocyclic arsine analogue [As2N2] was also examined as a ligand framework. 

Scheme 1.6 shows the synthesis of [As2N2], utilizing PhAsHLi in place of PhPHLi, however, in 

1.16 

1.17 
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the case of arsenic, only the syn isomeric form of the dilithium species could be detected.
57

 

Reaction of syn-[As2N2]Li 2 with Ti(IV) and Zr(IV) chloride complexes resulted in the formation 

of the desired precursors for reduction. Unfortunately, all attempts to reduce [As2N2]MCl 2 (M = 

Ti, Zr) under dinitrogen yielded intractable materials.
57

 

 

Scheme 1.6 

 

1.3.4 Tantalum [P2N2] complexes 

Expansion of the coordination chemistry of [P2N2] to tantalum uncovered new 

challenges. Attempts to prepare a [P2N2] bound Ta(V) trihalide complex by reaction of [P2N2]Li 2 

with TaCl5 resulted in complex mixtures of products that resisted purification.
58

 However, 

reaction of [P2N2]Li 2 with Me3TaCl2 generated [P2N2]TaMe3 (1.18), which was subsequently 

hydrogenated to generate the ditantalum tetrahydride species ([P2N2]Ta)2(ɛ-H)4 (1.19) as shown 

in Scheme 1.7. Attempts to replace the bridging hydrides with halides by reaction with alkyl 

halides failed; with methyl iodide, oxidation of the formally Ta(IV)-Ta(IV) tetrahydride led to 

the cationic mixed oxidation state Ta(V)-Ta(IV) tetrahydride 1.20, as shown in Scheme 1.7.
59
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Although 1.19 was not disposed to small molecule activation, it did serve as impetus to design 

less sterically and electronically saturated ligand systems (see Section 1.4.2).  

 

Scheme 1.7 

 

1.3.5 Niobium [P2N2] complexes 

Although a lack of access to low-valent tantalum starting materials prevented facile 

synthesis of reduced [P2N2] derived complexes, the ready availability of the niobium(III) reagent, 

NbCl3(DME) (DME = 1,2-dimethoxyethane),
60

 allowed us to explore dinitrogen activation with 

this second row group 5 metal. The reaction of syn-[P2N2]Li 2 with NbCl3(DME) results in the 

formation of [P2N2]NbCl (1.21).
60

 Reduction of 1.21 using KC8 under N2 generates the 

paramagnetic bimetallic dinitrogen complex ([P2N2]Nb)2(ɛ-N2) (1.22) (Scheme 1.8).
61

 X-ray 

crystallographic data shows that the NïN bond length of 1.22 is 1.272(5) Å, similar to other end-

1.18 

1.19 1.20 
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on bridging N2 units; EPR data and variable-temperature magnetic studies are consistent with the 

presence of a formal hydrazido N2
4ï

 unit bridging between two Nb(IV) centres.
61

   

 

Scheme 1.8 

 

Stable niobium alkyl complexes were also discovered upon exposure of 1.21 to 

alkyllithium reagents. In particular, the paramagnetic methyl complex [P2N2]NbMe (1.23), 
60, 62

  

prepared by reaction of 1.21 with MeMgCl, coordinates dinitrogen to generate the diamagnetic 

dinuclear derivative 1.24, which also reverts back to the starting species 1.23 when heated under 

partial vacuum (Scheme 1.8).
62

 Although the NïN bond length of 1.280(7) Å in 1.24 is similar to 

other end-on bridging units, the lability of the coordinated N2 fragment suggests that it is only 

weakly activated.
62

 Interestingly, exposure of the methyl complex 1.24 to H2 generates the 

previously described complex 1.22.
62

 Lastly, addition of CO to 1.24 results in loss of N2 to 

1.21 

1.22 

1.23 

1.24 

1.25 
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produce [[P2N2]Nb]2(ɛ-ɖ
2
-COCH3)2 (1.25), a bimetallic Nb species bridged by acyl groups 

bound in an ɖ
2
 fashion (Scheme 1.8).

62
  

 

1.4 The [NPN
Si

] ligand system: M[PhP(CH2SiMe2NPh)2] 

The progression from monoanionic [PNP] to the dianionic macrocyclic [P2N2] system 

allowed for new kinds of transformations involving coordinated N2. The observed reactivity 

patterns were partially attributed to the stability imparted by the macrocycle, preventing 

phosphine dissociation. This design feature was extended into an acyclic tridentate ligand system 

by positioning a single phosphine donor between two formally anionic amido donors, which 

should also prevent phosphine dissociation. The synthesis of the [NPN
Si

] donor set is shown in 

Scheme 1.9.
63

 Treatment of ClSiMe2CH2Cl with 1 equivalent of lithium anilide results in the 

formation of chloromethyldimethylsilyl aniline. Subsequent addition of n-butyllithium and 

PhPH2 in a 4:1 ratio provides good yields of the dilithio diamidophosphine, [NPN
Si
]Li 2 (Scheme 

1.9).   

 

Scheme 1.9 
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1.4.1 Zirconium  and titanium [NPN
Si

] complexes 

The Zr(IV) starting material [NPN
Si

]ZrCl2 (1.26) was prepared via the treatment of 

[NPN
Si
]Li 2 with ZrCl4(THF)2. As described for related zirconium systems, reduction of 1.26 

with KC8 under dinitrogen (in the presence of THF) results in the formation of the dinuclear 

dinitrogen derivative ([NPN
Si

]ZrTHF)2(ɛ-ɖ
2
:ɖ

2
-N2) (1.27) in which a side-on N2 bridges the two 

Zr(IV) centres with a NïN bond distance of 1.503(3) Å (Scheme 1.10).
56

 Both 1.10 (Section 

1.3.1) and 1.27 have similar coordination geometries in that two amido and two neutral donors 

coordinate to each Zr(IV) centre. However, attempts to replicate the reactivity of 1.10 by 

addition of H2, silanes and alkynes were not successful, highlighting the unpredictability of 

ligand changes on the reactivity of metal complexes. No reaction was observed upon addition of 

H2 to 1.27, even after extended reaction times. In contrast, the addition of alkynes and silanes to 

1.27 led to multiple products that could not be identified or separated.
64

  

 

Scheme 1.10 

1.26 

1.27 

1.28 

1.29 
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As shown in Scheme 1.10, the analogous treatment of [NPN
Si
]Li 2 with TiCl4(THF)2 

provided good yields of [NPN
Si

]TiCl 2 1.28, which was then reduced with 2 equivalents of KC8 

under dinitrogen. However, the final product was not the putative dinitrogen complex but rather 

the diphosphinimido complex ([NP(N)N
Si

]Ti)2 (1.29). Each phosphine has been oxidized to a 

phosphinimide and the titanium centres have been formally reduced to Ti(III). A proposed 

mechanism involves an intermediate bimetallic Ti(IV) dinitrogen complex that is over-reduced 

to generate a bimetallic Ti(IV) species with two bridging nitrides, undergoing nucleophilic attack 

by the ligand phosphine; subsequent electron transfer reduces Ti(IV) to Ti(III).
56

 The 

accessibility of  the Ti(III) oxidation state could account for the difference in overall reduction 

pathways between the Zr and Ti complexes stabilized by the NPN
Si

 ligand.   

 

1.4.2 Tantalum [NPN
Si

] complexes 

As a result of the study of [P2N2] tantalum complexes that led to tetrahydride 1.19, 

exploration of the coordination chemistry of the [NPN
Si

] ligand toward tantalum, with the 

presumption that complexes of [NPN
Si
] would be more reactive by virtue of being coordinatively 

less saturated than the [P2N2] systems. The reaction of TaMe3Cl2 and [NPN
Si

]Li 2 produces 

[NPN
Si
]TaMe3 (1.30), which upon hydrogenation yields the corresponding ditantalum 

tetrahydride ([NPN
Si

]Ta)2(ɛ-H)4 (1.31) (Scheme 1.11).
63, 65

 Unexpectedly, it was found that a 

solution of 1.31 reacts spontaneously with dinitrogen via elimination of H2 to generate the side-

on end-on bound N2 complex ([NPN
Si
]Ta)2(ɛ-ɖ

1
:ɖ

2
-N2)(ɛ-H)2 (1.32). Not only was the bonding 

mode unique, the overall formation of an activated dinitrogen complex without the addition of 

strong reducing agents such as Na/Hg or KC8 was an important breakthrough.
63, 65

 The NïN 
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bond length is 1.319(4) Å, consistent with a strongly activated N2 moiety assigned a formal N2
4ï

 

oxidation state.
63, 65

 

The reactivity of 1.32 is extremely rich, as the dinitrogen unit can be functionalized and 

the bridging hydrides can also undergo reactivity independently.
66

 For example, the reaction of 

propene with 1.32 results in isomerization of the N2 unit to generate the end-on bridging 

dinitrogen derivative ([NPN
Si

]Ta(CH2CH2CH3))2(ɛ-N2) (1.33) (Scheme 1.11), highlighting the 

requirement of bridging hydrides to enforce the side-on end-on bonding mode.
65

  

 

Scheme 1.11 

 

Examining the treatment of 1.32 with a variety of neutral group 13 Lewis acids revealed 

that the exposed nitrogen of the side-on end-on N2 unit readily forms Lewis acid adducts.
67

 

Specifically, trimethylaluminum (1.34), trispentafluorophenylborane (1.35) and trimethylgallium 

1.30 
1.31 

1.32 1.33 
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(1.36) adducts were synthesized and characterized (Scheme 1.12). X-ray crystallographic data 

indicate a slight elongation of the NïN bond in each adduct compared to the parent species 1.32, 

suggestive of some small further activation of the N2 moiety.
67

 The range of adducts possible 

illustrates the accessibility of the terminal nitrogen in the side-on end-on unit, which was 

explored further in [2+2] cycloadditions.   

 

Scheme 1.12 

 

In the interest of forming new NïC bonds towards functionalization of coordinated N2, 

the possibility of cycloadditions using reagents with cumulated X=C=Y double bonds (where X, 

Y = S, N, O) was evaluated.  Initial attempts with oxygen-containing 1,2-heterodienes X=C=O 

(where X = RN, S, O) resulted in complex mixtures and/or intractable solids.
68-69

 However, 

reaction of 1.32 with the CO2 analogue, N,Nô-diphenylcarbodiimide, resulted in the clean 

1.34 

1.35 1.36 

1.32 



19 

 

formation of the cycloaddition product ([NPN
Si
]Ta)2(ɛ-H)2(ɛ-ə

3
-PhNC(NPh)N2) (1.37), shown 

in Scheme 1.13.
69

 While no further chemistry was observed with this species, the formation of 

the [2+2] cycloadduct with a new N-C bond is noteworthy and provided the crucial underpinning 

for the reactions with other heterodienes.
69

 In the reaction of 1.32 with phenylisothiocyanate 

(PhN=C=S) sulfur migration, H2 elimination and NïN bond cleavage occurs to generate 

([NPN
Si

]Ta)2(ɛ-S)(ɛ-N)(NCNPh) (1.38). A similar reaction is observed between 1.32 and tert-

butylisothiocyanate (1.39), however, the final product is more complicated due to ligand 

rearrangement (1.40) (Scheme 1.13).   

 

Scheme 1.13 

 

1.37 

1.38 

1.39 
1.40 

1.41 1.42 1.32 
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The reaction of 1.32 with carbon disulfide generated two different products (1.41 and 

1.42, shown in Scheme 1.13) in variable yields depending on specific reaction conditions.
68-69

  

Addition of CS2 at low temperatures favours the product of sulfur migration, that is the 

isothiocyanato derivative ([NPN
Si

]Ta)2(ɛ-S)(ɛ-N)(NCS) (1.41) bearing bridging sulfide and 

nitride moieties, similar to that found for the reaction of phenylisothiocyanate. Changing the 

reaction conditions to higher temperatures appears to favour a different product that involves N2 

dissociation and complete disassembly of the CS2 molecule to generate methylene and two 

bridging sulfides in ([NPN
Si

]Ta)2(ɛ-S)2(ɛ-CH2) (1.42). Recently, this reaction was revisited, 

revealing that CS2 concentration, not temperature, is the important parameter in determining 

which product forms.
70

  

Further modification of [NPN
Si

] was undertaken in the interest of changing the 

phosphorus donor to arsenic to observe the effect on the reactivity pattern. The synthesis of the 

diamido-arsine adaptation [NAsN
Si

] was carried out in an analogous manner and treated with 

TaMe3Cl2 to form the corresponding [NAsN
Si

]TaMe3 complex.
71

 However, hydrogenation of this 

complex does not lead to the desired tetrahydride, but instead yields only protonated ligand 

precursor.
71

 X-ray crystallography and DFT studies indicate that the arsine donor does not 

interact with tantalum, perhaps rationalizing the unproductive reactivity with dihydrogen.
71

   

 

1.4.3 Niobium [NPN
Si

] complexes 

Concurrent with research involving the [NPN
Si

] ligand system and tantalum, coordination 

of [NPN
Si

] to niobium was explored. The reaction between [NPN
Si

] and NbCl3(DME) in the 

presence of N2 results in the direct formation of a diamagnetic dinitrogen complex 
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([NPN
Si

]NbCl)2(ɛ-N2) (1.43) (Equation 1.2) under ambient conditions.
65

 In comparison to 1.32, 

the N2 moiety of 1.43 is bound end-on with a short NïN bond length of 1.237(4) Å.  

 

 

In an effort to replicate the method used to generate the tantalum tetrahydride and 

subsequent dinitrogen species of [NPN
Si

], the corresponding NbMe3Cl2 starting material was 

reacted with [NPN
Si

] to form the analogous [NPN
Si

]NbMe3, a highly light- and thermally-

sensitive compound.
72

 Attempts to hydrogenate [NPN
Si

]NbMe3 led to decomposition, suggesting 

that this complex is too unstable to withstand the hydrogenation process.
72

   

 

1.5 The [
Mes

NPN*] ligand system: M[[(2,4,6-Me3C6H2)N-2-(5-MeC6H3)]2PPh]  

The discoveries made possible by the coordination environment of [NPN
Si

] illustrated the 

potential of this diamido-phosphine ligand set to facilitate dinitrogen activation and 

functionalization when coordinated to early transition metals.  However, non-productive ligand 

rearrangements involving NïSi bond cleavage and phosphine oxidation
73

 suggested that 

synthesis of a similar array of donors with increased thermal and kinetic stability could prevent 

these undesired rearrangements and perhaps allow release of a functionalized nitrogen fragment. 

To that end, the CH2SiMe2 linkers were replaced with ortho-phenylene linkers, reasoning that 

the basicity of the amine unit should not change too much; the known pKa values of diaryl amine 

[1.2] 

1.43 
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(Ph2NH = 24.95) and disilylamines ((Me3Si)2NH = 25.8) are similar enough to suggest that 

substitution of an aryl for a silyl substituent would be appropriate.
44

 Synthetic routes to these 

new [NPN*] systems have been reported; Scheme 1.14 summarizes the preparation of 

[
Mes

NPN*]H2, the diamine-phosphine derivative in which the amine and phosphine donors are 

linked by ortho-phenylene units. 

 

Scheme 1.14 

 

Using N-mesityl-4-toluamine, the bromination occurs at the 2-position of the p-tolyl 

group in high yield.  Subsequent lithium halogen exchange and amine deprotonation by n-

butyllithium followed by dichlorophenylphosphine quench resulted in the desired lithiated ligand 

[
Mes

NPN*]Li 2 in two steps from commercially available starting materials (Scheme 1.14).
74

 The 

synthesis of [
Mes

NPN*] was also modified by replacement of the mesityl groups on the amido 

donors with less sterically encumbering aryl groups such as N-p-Me-phenyl and N-p-isopropyl-

phenyl to generate [
tol

NPN*] and [
iPr

NPN*].
75
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1.5.1 Zirconium  [
Mes

NPN*] complexes 

Early studies with the [
Mes

NPN*] ligand initially focused on zirconium chloride 

precursors as a means to evaluate the similarities with [NPN
Si
]. Direct salt metathesis with ZrCl4 

resulted in complex mixtures rather than the desired complex. To circumvent this, the protonated 

ligand, [
Mes

NPN*]H2, was treated with Zr(NMe2)4, resulting in quantitative formation of 

[
Mes

NPN*]Zr(NMe2)2. Subsequent treatment with excess Me3SiCl 
74

 generated the dichloro 

complex [
Mes

NPN*]ZrCl2 (1.44), which was reduced with 2 equivalents of KC8 under excess N2 

in THF (Scheme 1.15) to generate the side-on dinitrogen complex ([
Mes

NPN*]ZrTHF)2(ɛ-ɖ
2
:ɖ

2
-

N2) (1.45).
76

 Complex 1.45 displays a long NïN bond length of 1.503(6) Å, consistent with other 

side-on NPN-stabilized zirconium dinitrogen complexes.
44, 56, 76

 

The THF ligands of 1.45 can be displaced by pyridine to generate the bis(pyridine) 

complex ([
Mes

NPN*]Zrpy)2(ɛ-ɖ
2
:ɖ

2
-N2) (1.46), and by PMe2Ph to produce the unsymmetrical 

monophosphine derivative ([
Mes

NPN*]Zr)2PMe2Ph(ɛ-ɖ
2
:ɖ

2
-N2) (1.47) (Scheme 1.15). This latter 

monophosphine derivative 1.47 adds H2 similar to that found for complex 1.10
53

 to generate Nï

H bearing ([
Mes

NPN*]Zr)2PMe2Ph(ɛ-ɖ
2
-N2H)(ɛ-H) (1.48).  To date, N-H bond formation in this 

manner has only been observed at zirconium supported by [P2N2] and [
Mes

NPN*] demonstrating 

the rare and challenging nature of this transformation. 
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Scheme 1.15 

 

In unpublished work, other ortho-phenylene tethered NPN ligands that have less bulky 

N-aryl substituents such as 4-isopropylphenyl have been explored, resulting in the [
iPr

NPN*] 

donor set and 4-methylphenyl, represented as [
tol

NPN*]; these are prepared via modifications of 

the route shown in Scheme 1.14.  The zirconium dichloride complex [
iPr

NPN*]ZrCl2 (1.49) was 

1.44 1.45 

1.46 

1.47 

1.48 
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synthesized in an identical manner to 1.44 (Scheme 1.16).
75

  Reduction under excess N2 (in THF) 

resulted in the formation of the expected bimetallic, side-on N2 bridged complex 

([
iPr

NPN*]ZrTHF)2(ɛ-ɖ
2
:ɖ

2
-N2) (1.50) (Scheme 1.16).  Similar to 1.45, the THF donors of 1.50 

are labile and the NïN bond is comparable in length (1.542(4) Å).
75

 

 

Scheme 1.16 

 

1.5.2 Titanium  [
tol

NPN*] complexes 

Coordination of [
tol

NPN*] to titanium was achieved by treatment of Ti(NMe2)2Cl2 with 

protonated proligand [(4-MeC6H4)NH-2-(5-MeC6H3)]2PPh for concomitant release of Me2NH.  

Reduction of the resulting titanium dichloride complex [
tol

NPN*]TiCl 2 (1.51) under excess N2 

generated end-on dinitrogen bridged bimetallic ([
tol

NPN*]TiTHF)2(ɛ-N2) (1.52) in moderate 

yield (Scheme 1.17). The solid-state structure of this dititanium N2 complex revealed an end-on 

bridging dinitrogen moiety. An observed NïN bond length of 1.260(4) Å is typical for end-on 

bridging N2 units implying an N2
4ï

 moiety.
75

 Beyond ligand substitution reactions replacing the 

supporting THF ligands with pyridine and bipyridine bases, the reactivity of 1.52 was not 

explored.  It should also be noted that ligand substitution in this manner has little to no effect on 

the NïN bond distance.
75

 

1.49 

1.50 
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Scheme 1.17 

 

1.5.3 Tantalum [
Mes

NPN*] complexes   

As mentioned above, the syntheses of the ortho-aryl linked NPN donor systems was 

developed to explore the formation of tantalum dinitrogen complexes via the ñhydride routeò, 

analogous to the preparation of 1.32 via reaction of N2 with 1.31 (Scheme 1.11). To that end, the 

corresponding [
Mes

NPN*] bound trimethyl derivative [
Mes

NPN*]TaMe3 (1.53) was prepared and 

exposed to 4 atm of H2 to generate the ditantalum tetrahydride complex ([
Mes

NPN*]Ta)2(ɛ-H4) 

(1.54) with no detectable intermediates (Scheme 1.18).
77

 Unfortunately, activation of dinitrogen 

by 1.54 was not observed even under forcing conditions.
77

  

1.51 

1.52 
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Scheme 1.18 

 

1.6 The [NPN
S
] and [NPN

cp
] ligand systems: M[[(2,4,6-Me3C6H2)N-2-(C4H2S)]2PPh] and 

M[[(2,6-Me2C6H3)N-2-(C5H6)]2PPh] and coordination to zirconium(IV)  

Given that the change to ortho-phenylene linkers (shown in Schemes 1.14 to 1.16) still 

allowed access to activated dinitrogen complexes via reduction under N2, variants of unsaturated 

two-carbon backbones between the amido and phosphine donors in NPN arrays were examined.  

A natural extension of the aryl linker to a thiophenyl unit was explored as well as simplifying to 

an alkenyl linker.  

Starting from commercially available 3,4-dibromothiophene, Hartwig-Buchwald 

amination with mesitylamine resulted in exclusively mono NïC coupling. As shown in Scheme 

1.19, the remaining synthetic steps are in line with previous related ligand syntheses involving 

lithium halogen exchange followed by a PhPCl2 quench for the desired NPN array; however, as 

1.53 

1.54 
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previously reported, there is a clean rearrangement that occurs from the expected 3,4-substitution 

to generate the 2,3-pattern found in the [
Mes

NPN
S
] ligand.

78
 Protonolysis and reaction with 

Zr(NMe2)4 followed by treatment with excess Me3SiCl resulted in the formation of the zirconium 

dichloride complex [
Mes

NPN
S
]ZrCl2 (1.55). Unfortunately, while reduction did result in 

consumption of complex 1.55, intractable mixtures resulted.  

 

Scheme 1.19 

 

A condensation, deprotonation sequence to assemble a related NPN donor set was also 

investigated. Deprotonation of N-2,6-dimethylphenylcyclopentylidene imine by LDA followed 

by quenching with 0.5 equiv PhPCl2 resulted in a mixture of imine-enamine tautomers 

[
xyl

NPN
cp

]H2 that reacted smoothly with Zr(NMe2)4.  As before, reaction with excess Me3SiCl 

provided the dichloride derivative [
xyl

NPN
cp

]ZrCl2 (1.56).
79

 In this case, reduction under 

dinitrogen did result in the formation of a dinuclear side-on bridging N2 complex [
xyl

NPN
cp

]Zr(ɛ-

1.55 
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ɖ
2
:ɖ

2
-N2) (1.57) (Scheme 1.20).  An observed NïN bond distance of 1.508(5) Å shows 

considerable N2 activation, comparable to the zirconium chemistry demonstrated with the 

[NPN
Si
] and [

Mes
NPN*] ligands.

79
 In this particular context, functionalization of the hydrazido 

ligand was not explored.  

 

Scheme 1.20 

 

1.7 Cobalt and rhodium coordination chemistry  

While interest in ligand design and coordination to early metals towards dinitrogen 

activation is a principal focus, late metal coordination chemistry using the group 9 metals cobalt 

and rhodium continues to be an important endeavour in the Fryzuk lab. Previous reports show 

the synthesis of an alternate [PNP] ligand containing phenyl substituents on the phosphorus 

donors, generating the lithium salt of [
Ph

PNP] (where [
Ph

PNP] = [N(SiMe2CH2PPh2)2]) in an 

1.56 

1.57 
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analogous manner to Li[PNP], using lithium diphenylphosphide.
37

 Early work examined the 

coordination of [PNP] ligands to rhodium,
80-82

 followed by investigation of paramagnetic 

[
Ph

PNP] cobalt complexes.
83

 Later work on the [
xyl

NPN
cp

] ligand explored coordination 

chemistry with rhodium.
84

 More recently designed ligand scaffolds have also been utilized to 

investigate paramagnetic cobalt complexes.
85-86

  

 

1.7.1 Cobalt and rhodium [
Ph

PNP] complexes 

Synthesis of various rhodium [
Ph

PNP] complexes was accomplished by reaction of 

Li[
Ph

PNP] with a number of rhodium starting materials, as shown in Scheme 1.21.
80-81

   

  

 

Scheme 1.21 

 

The Rh(I) complexes [
Ph

PNP]Rh(COE) (1.58), [
Ph
PNP]Rh(ɖ

2
-C2H4) (1.59), 

[
Ph

PNP]Rh(CO) (1.60), [
Ph

PNP]Rh(PPh3) (1.61) and [
Ph

PNP]Rh(PMe3) (1.62) were generated 

1.58 1.59 

1.60 

1.61 

1.62 
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and subsequent reactivity was explored.
81-82

 The labile cyclooctene ligand in 1.58 is easily 

displaced by other neutral ligands, such that complexes 1.59ï1.62 can be also be formed via 

treatment of 1.58 with the appropriate donor reagent (Scheme 1.22).  

 

 

Scheme 1.22 

 

Paramagnetic cobalt complexes of [
Ph

PNP] were later synthesized and studied, more than 

a decade after the [PNP] rhodium chemistry was initiated. The cobalt halide complex 

[
Ph

PNP]CoCl (1.63) was prepared via addition of Li[
Ph

PNP] to a suspension of CoCl2 in THF 

(Scheme 1.23).
83

 Complex 1.63, a high-spin tetrahedral Co(II) species, undergoes reactivity with 

organolithium and potassium reagents to generate low-spin square planar Co(II) alkyl species.
83

 

Scheme 1.23 shows the formation of [
Ph

PNP]CoMe (1.64), [
Ph

PNP]CoCH2SiMe3 (1.65) and 

[
Ph

PNP]CoCH2Ph (1.66) via the treatment of 1.63 with MeLi, LiCH2SiMe3 and KCH2Ph 

respectively. Addition of excess benzyl chloride (PhCH2Cl) to 1.63 results in a one-electron 

oxidation to produce the paramagnetic Co(III) dichloride species [
Ph

PNP]CoCl2 (1.67).
83

 

Reduction of complex 1.63 was not explored.  

1.58 
1.59 

1.60 

1.61 

1.62 
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Scheme 1.23 

 

1.7.2 Rhodium [
xyl

NPN
cp

] complexes 

Coordination of rhodium to [
xyl

NPN
cp

] has also been investigated, producing 

[
xyl

NPN
cp

]RhCl(COE) (1.68) via reaction of [
xyl

NPN
cp

]H2 of with [Rh(COE)2Cl]2 (Scheme 

1.24).
84

 While both of the ligand arms in 1.68 have assumed the imine tautomeric form, only one 

of the imine nitrogen donors is coordinated to rhodium, leaving an open site for coordination of a 

COE ligand. Displacement of the COE occurs upon exposure of 1.68 to CO, generating the Rh(I) 

monocarbonyl complex [
xyl

NPN
cp

]RhCl(CO) (1.69),
84

 as shown in Scheme 1.24. Reaction of 

1.68 with H2 leads to the formation of a Rh(III) monohydride species [
xyl

NPN
cp

]Rh(H)Cl2 (1.70), 

with both nitrogen donors coordinated to rhodium from the meso-diimine form of the ligand.
84

  

1.63 

1.64 

1.65 

1.66 
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Scheme 1.24 

 

1.7.3 Cobalt complexes with alternative ligand scaffolds 

More recently reported work explored the coordination chemistry of ligands containing 

phosphinoamide donors with no linker between the amido and phosphine donor.
86-88

 Utilizing a 

ferrocene diamine scaffold, synthesis of a diphosphinoamido ligand, [fc(NP)2] (where NP = 

NP
i
Pr2) was accomplished. The polymeric dipotassium salt of [fc(NP)2], K2[fc(NP)2], is formed 

from deprotonation of 1,1ǋ-ferrocene bis(diisopropylphosphinoamine) with potassium hydride 

(KH), shown in Scheme 1.25.
86

 The salt metathesis reaction of K2[fc(NP)2] with CoCl2(py)4 

results in the formation of a paramagnetic, dimeric cobalt complex ([fc(NP)2]Co)2 (1.71),
86

 as 

shown in Scheme 1.25. The geometry about the Co(II) centres of 1.71 is square planar, due to 

weak but significant FeïCo interactions with the ferrocene backbone, as evidenced by X-ray 

crystallography, Mºssbauer spectroscopy, VT-magnetometry and DFT studies.
86

 

1.68 1.69 

1.70 
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Scheme 1.25 

 

Other recent work details the synthesis of the enamido-phosphinimine ligands 

[NNpN
DIPP

] and [NNpN
TMS

] (where NNpN = Et2NCH2CH2N-2-(C5H6)P(
i
Pr2)NR; R = DIPP, 2,6-

diisopropylphenyl; R = TMS, trimethylsilyl) and their subsequent coordination chemistry with 

cobalt.
85

 The lithium salt Li[NNpN
DIPP

] undergoes salt metathesis with CoCl2 to produce the 

cobalt chloride species ə
3
-[NNpN

DIPP
]CoCl (1.72), shown in Scheme 1.26. The cobalt alkyl 

complex ə
3
-[NNpN

DIPP
]CoCH2SiMe3 (1.73) was also generated via metathesis of 1.72 with 

LiCH2SiMe3 (Scheme 1.26). With the aim of producing a dinitrogen complex, 1.72 was reduced 

with KC8 under N2 atmosphere, resulting in formation of the ˊ-arene complex 1.74, ə
2
:ɖ

6
-

[NNpN
DIPP

]Co (Scheme 1.26).  

In an effort to avoid the arene coordination that occurs upon reduction of 1.72, 

replacement of the DIPP substituent with a TMS substituent was examined.
85

 Metathesis of the 

lithium salt Li[NNpN
TMS

] with CoCl2THF1.5 resulted in the formation of ə
3
-[NNpN

TMS
]CoCl 

(1.75), shown in Scheme 1.26. The reaction of 1.75 with LiCH2SiMe3 also generated the 

analogous complex 1.76, ə
3
-[NNpN

TMS
]CoCH2SiMe3 (Scheme 1.26). However, treatment of 

1.75 with KC8 under N2 failed to generate a dinitrogen complex, instead producing the CïH 

activated complex ə
4
-[NNpNSiMe2CH2]Co (1.77), as shown in Scheme 1.26. The formation of 

1.71 
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1.74 and 1.77 instead of the desired N2 complexes underlines the unpredictability of pursuing 

dinitrogen activation chemistry.  

 

 

Scheme 1.26 

 

1.8 Scope of thesis 

The lofty goal of catalytic dinitrogen reduction/functionalization continues to be an 

important focus of the Fryzuk lab, even after more than 25 years of research, spanning numerous 

transition metals and uncovered novel N2 bonding modes and new reactivity patterns for 

coordinated dinitrogen. Although the design and synthesis of new ligand arrays continues, there 

is still much to be learned from existing systems. The work in this thesis is focused on 

exploration of novel coordination chemistry and dinitrogen functionalization of transition metal 

1.72 1.73 

1.74 

1.75 1.76 

1.77 
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complexes, using the previously described ligand frameworks with group 5 (V, Nb, Ta) and 

group 9 (Co, Rh) metals. 

Chapter 2 details the hydrosilylation of a tantalum dinitrogen complex, an analogue of 

complex 1.32 that contains a modified [NPN
Si

] ligand framework. Chapter 3 examines the 

reactivity of paramagnetic [P2N2] niobium and vanadium dinitrogen complexes with 

electrophiles and oxidants. Chapter 4 describes the synthesis and reactivity of paramagnetic 

cobalt complexes containing the [P2N2] ligand. Chapter 5 explores the synthesis and reactivity of 

[P2N2] complexes of rhodium. Chapter 6 provides an overview of the work presented in this 

thesis, as well as briefly mentioning alternate projects that were pursued and suggestions for 

future work.  
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Chapter 2: Hydrosilylation of side-on end-on coordinated dinitrogen 

2.1 Introduction  

One of the ñblue-skyò goals in chemistry is to discover a homogeneous catalyst that can 

convert molecular nitrogen into a high value nitrogen-containing material.
1, 31, 89

 While some 

interesting results have been achieved with systems that produce ammonia (NH3) using soluble 

transition metal complexes and various sources of protons and electrons, the turnovers have been 

disappointing and extension to large-scale processes is not realistic.
23, 25, 90

 Nevertheless, these 

systems represent remarkable synthetic achievements that help further understanding of the 

necessary requirements.
2
 

The Haber-Bosch process of ammonia production utilizes N2 and H2 to form NH3 at high 

pressures and temperatures.
13

 It is estimated that the whole process consumes more than 1% of 

the total energy produced globally.
11, 91

 Such an investment in energy is considered essential, as 

the ammonia produced is used to increase agricultural production.
92

 Because of the huge energy 

cost, it is desirable to find ways to improve the efficiency of this process; for this reason, 

developing a homogeneous nitrogen fixation catalyst is of interest.
93

  

Previous work towards finding a catalytic system for the functionalization of N2 

originated from the discovery that an [NPN
Si

] supported ditantalum tetrahydride species (1.31) 

reacts spontaneously with N2 to generate a reactive ditantalum dinitrogen complex (1.32).
65

 

Perhaps this transformation could be the first step in a potential catalytic cycle, whereby multiple 

additions of the ideal elementïhydride (EïH) reagent would form NïE bonds and release a 

functionalized N2E4 moiety, with concomitant regeneration of 1.31 (Scheme 2.1).
73
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Scheme 2.1 

 

Unfortunately, this potential catalytic cycle was not realized, but in the process of this 

investigation, the extraordinary reactivity of 1.32 with EïH reagents was revealed. For example, 

previous reports show that 1.32 is capable of undergoing hydroboration,
94-95

 hydroalumination,
96

  

hydrosilylation,
97-99

 and zirconocene insertion
100

 reactions, all of which result in new NïE bond 

formation.
44, 73, 101

  An overview of the reactivity of 1.32 towards these reagents is illustrated in 

Scheme 2.2. Although NïN bond cleavage and NïE bond formation was accomplished, further 

reactivity was eventually negated by ancillary ligand rearrangements, hindering the liberation of 

any dinitrogen-derived products. The limitations of the [NPN
Si

] ligand system in these reactions 

prompted investigation of further ligand modifications.
101

   

 

1.31 1.32 
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Scheme 2.2 

 

In the previously reported hydrosilylation of ([NPN
Si

]Ta)2(ɛ-ɖ
2
:ɖ

1
-N2)(ɛ-H)2 (1.32) with 

butylsilane (BuSiH3),
97-98

 one of the isolated products is the disilylimido-bridged ditantalum 

complex 2.1, when strict control of stoichiometry (2 equivalents of BuSiH3) is maintained 

(Scheme 2.3). The mechanism of the formation of 2.1 has been proposed
98

 on the basis of 

variable temperature NMR studies and labeling experiments, and further supported by DFT 

evaluation.
99

 The possibility that the addition of excess butylsilane could result in the elimination 

1.32 
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of tris(butylsilyl)amine and the formation of a silylhydride derivative of tantalum was also 

investigated. Upon addition of more BuSiH3 to 2.1, an unusual transformation was observed that 

involves one ancillary ligand rearrangement and loss of H2, as shown in Scheme 2.3. The 

mechanism of this transformation remains elusive, as no intermediates were observed; however, 

it is noteworthy that the reaction is promoted by the presence of excess BuSiH3 regardless of the 

fact that the excess silane is not incorporated into the product. 

 

Scheme 2.3 

 

Given that the P-phenyl substituent of the [NPN
Si
] ligand orthometallates to generate a 

bridging interaction between the two central tantalum atoms, a modified [NPN
Si

] ligand 

containing a different substituent on phosphorus could preclude cyclometallation and ideally 

push the reaction forward to the desired outcome of tris(butylsilyl)amine elimination. 

1.32 

2.1 

2.2 
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Modification of [NPN
Si

] to include P-cyclohexyl as a replacement for the P-phenyl substituents 

has previously been reported.
102

 In this chapter, the synthesis and hydrosilylation of the P-

cyclohexyl analogue of ([NPN
Si
]Ta)2(ɛ-ɖ

2
:ɖ

1
-N2)(ɛ-H)2 is examined.  

 

2.2 Synthesis and molecular structure of (
Cy

[NPN
Si

]Ta)2(ɛ-ɖ
2
:ɖ

1
-N2)(ɛ-H)2  

The preparation of the P-cyclohexyl ditantalum tetrahydride, (
Cy

[NPN
Si

]Ta)2(ɛ-H)4 (2.3) 

(where Cy denotes the P-cyclohexyl substituent) was previously reported.
102

 In analogy to the 

formation of 1.32, reaction of 2.3 with molecular nitrogen results in the formation of the 

analogous side-on end-on dinitrogen complex, (
Cy

[NPN
Si
]Ta)2(ɛ-ɖ

2
:ɖ

1
-N2)(ɛ-H)2 (2.4) (Equation 

2.1).
103

  

 

Although the solid-state molecular structure of this dinitrogen complex was previously 

determined,
103

 the bridging hydrides were not located. During this investigation, single crystals 

of 2.4 were obtained and the structure is included here for completeness; the bridging hydrides 

were located in the difference map. Figure 2.1 shows the molecular structure of 2.4 and relevant 

bond lengths are shown in Table 2.1. The overall metrical parameters are very similar to the P-

phenyl dinitrogen complex 1.32; in particular the N1ïN2 bond length is 1.328(7) Å in 2.4 as 

compared to 1.319(2) Å in 1.32, and the Ta1···Ta2 separation is largely unchanged at 2.8333(4) 

in 2.4 and 2.830(4) in 1.32. It is curious to note that the TaïP bond lengths do not vary much 

[2.1] 

2.3 2.4 
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from the P-phenyl upon introduction of the more electron-rich cyclohexyl substituent: in 2.4, 

Ta1ïP1 and Ta2ïP2 are 2.5956(19) and 2.609(2) Å, respectively, compared to 2.573(5) and 

2.596(5) Å in 1.32.   

 

Figure 2.1 ORTEP depiction (ellipsoids at 50 % probability) of (
Cy

[NPN
Si
]Ta)2(ɛ-ɖ

2
:ɖ

1
-N2)(ɛ-H)2 (2.4). Silyl methyl 

and N-phenyl ring carbons other than ipso are omitted for clarity.  

Table 2.1 Selected bond distances (Å) of 2.4 

Atoms Distance Atoms Distance 

N(1)ïN(2) 1.328(7) Ta(1)
é

Ta(2) 2.8333(4) 

Ta(2)ïN(1) 2.144(5) Ta(1)ïH(1T) 1.87(6) 

Ta(2)ïN(2) 1.987(6) Ta(1)ïH(2T) 1.76(7) 

Ta(1)ïN(1) 1.880(6) Ta(2)ïH(1T) 1.85(7) 

Ta(1)ïP(1) 2.5956(19) Ta(2)ïH(2T) 1.92(7) 

Ta(2)ïP(2) 2.609(2)   

Ta1 Ta2 

N1 

N2 

H1T 

H2T 

P1 

P2 

N5 

N6 

N4 

N3 

Si3 

Si4 

Si1 

Si2 

C1 

C25 
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The formation of 2.4 is also supported by NMR spectroscopy. Diagnostic resonances in 

the 
1
H NMR spectrum include a singlet at ŭ 10.5 that integrates to 2H, corresponding to two 

hydrides bridging the two tantalum centres, as well as four silyl methyl resonances at ŭ ï0.03, 

0.11, 0.14 and 0.19, supporting the expected lack of symmetry in this side-on end-on dinitrogen 

complex. In the 
31

P{
1
H} NMR spectrum there are two resonances: a doublet at ŭ 27.9 that is 

coupled to the second 
31
P environment and a broad multiplet at ŭ 15.8 that is coupled to an 

14
N 

quadrupolar nucleus. Tracking these characteristic resonances via NMR spectroscopic studies 

has proven useful in examining the reactivity of this dinitrogen complex.        

 

2.3 Hydrosilylation  of (
Cy

[NPN
Si

]Ta)2(ɛ-ɖ
2
:ɖ

1
-N2)(ɛ-H)2 with BuSiH3  

2.3.1 Monitoring hydrosilylation by 
31

P{
1
H} and 

1
H NMR spectroscopy 

The reaction of BuSiH3 with 2.4 was monitored by 
31

P{
1
H}  NMR spectroscopy in an 

effort to detect intermediates and compare this process to the hydrosilylation of the P-phenyl 

analogue with BuSiH3. Upon treatment of 2.4 with excess BuSiH3, the slow formation of several 

new species can be observed in the 
31

P{
1
H} NMR spectra, resulting in clean conversion to a 

single complex over a 72 hour period. (Figure 2.2). This reaction proceeds through two 

intermediates, as evidenced by the appearance of two new doublet signals at ŭ 16.5 and 30.8 , 

and two small resonances at ŭ 1.8 and ï0.4 in the 
31

P{
1
H} NMR spectrum after 48 h. These 

signals correspond to two different species due to the inequivalent phosphorus donors on the 

ligands. After 72 h, both the starting material and intermediate species resonances disappeared 

and two new resonances at ŭ 27.8 and 22.1 were observed. By analogy to the P-phenyl system, 

the first intermediate is likely the monosilylated N2 complex (2.5). Figure 2.3 shows the hydride 

region in the 
1
H NMR spectrum, providing evidence of two signals that can be assigned as two 
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inequivalent bridging hydrides (multiplet signals at ŭ 11.0 and 11.1) and a third signal indicative 

of a terminal hydride (ŭ 14.3 ppm). These resonances are in agreement with the assignment of 

2.5 as the first intermediate. Another signal at ŭ 16.8 in the 
1
H NMR spectrum can be assigned to 

a terminal tantalum hydride, belonging to the other intermediate species. The second 

intermediate is proposed to be the imide-nitride species 2.6, on the basis of its similar spectral 

parameters to the previously reported analogue.
97

  

 

 

 

Figure 2.2 
31

P{
1
H} NMR spectra (121.4 MHz, C6D6) recorded after treatment of 2.4 with excess BuSiH3.  

 

2.4 
2.5 

2.5 2.5 

2.6 

2.7 

Initial 

72 h 

48 h 

2.7 
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Figure 2.3 Stack plot of 
1
H{

31
P} NMR spectra (300 MHz, C6D6) in the Ta hydride region, during the reaction of 2.4 

(yellow) with excess BuSiH3 in C6D6 over the course of 72 h. The hydrides of the two reaction intermediates, 2.5 

(green) and 2.6 (blue) are observed, as well as the final product, 2.7 (purple).  

 

Reaction of 2.6 with excess BuSiH3 was expected to produce the disilylimide analogue of 

2.1 (Scheme 2.3).
98

 However, while in situ evidence for 2.5 and 2.6 was observed, the analogous 

disilylimide species with P-cyclohexyl substituents was not detected. The final complex (2.7) 

gives rise to two doublet signals in the 
31

P{
1
H}  NMR spectrum at ŭ 22.1 and 27.8 ppm, and three 

hydride multiplet signals in the 
1
H NMR spectrum at ŭ 8.4, 9.7 and 18.0. These hydride 

resonances clearly suggest that a different species is being formed for the P-cyclohexyl analogue, 

compared to compound 2.2 in the P-phenyl reaction (Scheme 2.3). Complex 2.7 was isolated as 

 

 

 

 

 

 

  

 

 

Initial 
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single crystals, and its solid-state molecular structure determined. The overall reaction outcome 

is shown in Scheme 2.4.  

 

 

 

Scheme 2.4 

 

In an effort to further explore the mechanism and develop a reaction timeline to aid in 

isolation of the intermediates, a series of consecutive timed 
31

P{
1
H} NMR experiments were 

conducted. Figure 2.4 shows a stacked plot of 
31

P{
1
H}  NMR spectra recorded during the reaction 

of 2.4 with four equivalents of BuSiH3 over the course of 46 h. The resonances of 2.4 (yellow) 

slowly disappear as resonances of the first intermediate species 2.5 (green) appear, but remain 

minor, suggesting that this species is undergoing further reactivity shortly after being produced. 

2.4 2.5 

2.6 2.7 
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Resonances of the second intermediate species 2.6 (blue) appear soon after, followed by the 

resonances of the final product 2.7 (purple), confirming that there are three species present for 

several hours during the course of the reaction. Attempts to isolate and further characterize these 

intermediates proved challenging and were ultimately unsuccessful. Characteristic NMR 

resonances for 2.4, 2.5, 2.6 and 2.7 are summarized in Table 2.2.  

 

   

Figure 2.4 Stack plot of 
31

P{
1
H} NMR spectra (161.9 MHz, C6D6) during reaction of 2.4 (yellow) with four 

equivalents of BuSiH3 in C6D6 over the course of 46 h. The two reaction intermediates, 2.5 (green) and 2.6 (blue) are 

observed, as well as the final product, 2.7 (purple). 
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Table 2.2 Selected 
31

P{
1
H} and 

1
H NMR spectroscopy chemical shifts for 2.4, 2.5, 2.6 and 2.7. 

Nuclei Chemical Shift (d) Structure 

31P 

 

1H 

27.9 

15.8 

10.5 (Hb) 

 

31P 

 

1H 

30.8 

16.5 

11.0 (Hb) 

11.1 (Hb) 

14.2 (Ht) 

 

31P 

 

 

1H 

1.8 

-0.4 

 

16.8 (Ht) 

 

31P 

 

1H 

27.8 

22.1 

8.4 (Ht) 

9.7 (Hb) 

18.0 (Hb) 

 

2.4 

2.5 

2.6 

2.7 
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2.3.2 Molecular structure of 
Cy

[NPN
Si

]TaH(BuSiN-ɛ-Si(H)Bu-ɛ-N)(ɛ-H)2Ta[NPN
Si

]
Cy

 

X-ray quality crystals were grown from slow evaporation of a hexane solution of 

Cy
[NPN

Si
]TaH(BuSiN-ɛ-Si(H)Bu-ɛ-N)(ɛ-H)2Ta[NPN

Si
]
Cy

 (2.7) and the solid-state molecular 

structure was determined. In Figure 2.5, the molecular structure of 2.7 is shown; although related 

to the structure of the P-phenyl reaction product 2.2, the structure of 2.7 exhibits some striking 

differences.  

 

Figure 2.5 ORTEP depiction (ellipsoids at 50 % probability) of 2.7. Silyl methyl and N-phenyl ring carbons other 

than ipso are omitted for clarity.  
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Table 2.3 Selected bond distances (Å) and angles (°) of 2.7. 

Atoms Distance Atoms Distance 

Ta(1)ïN(1) 2.096(3) Ta(1)
é

Ta(2) 2.9667(4) 

Ta(1)ïN(2) 2.044(3) Ta(1)ïH(1T) 2.14(4) 

Ta(2)ïN(2) 1.976(3) Ta(1)ïH(2T) 1.98(4) 

Ta(1)ïN(3) 2.056(3) Ta(2)ïH(1T) 1.78(4) 

Ta(1)ïN(4) 2.105(3) Ta(2)ïH(2T) 1.77(5) 

Ta(2)ïN(5) 2.074(3) Ta(2)ïH(3T) 1.69(4) 

Ta(2)ïN(6) 2.051(3) N(1)ïSi(1) 1.710(3) 

Ta(1)ïP(1) 2.6624(10) N(1)ïSi(2) 1.713(3) 

Ta(2)ïP(2) 2.6288(10) N(2)ïSi(2) 1.721(3) 

Atoms Angle Atoms Angle 

Si(1)ïN(1)ïSi(2) 129.24(19) N(1)ïTa(1)ïN(2) 74.98(12) 

N(1)ïSi(2)ïN(2) 94.38(15) Ta(1)ïN(2)ïTa(2) 95.10(12) 

Ta(2)ïTa(1)ïP(1) 91.64(2) Ta(1)ïTa(2)ïP(2) 125.35(2) 

 

 

The most obvious feature is that neither of the P-cyclohexyl substituents is cyclometalated or in 

any way altered in 2.7. In addition, there are hydrides that have been located that bridge the two 

central tantalum atoms and one terminal hydride is also present. The silylimido-amido unit that 

results from a rearrangement of the putative bridging imides of the unobserved analogue of 2.1 

remains unchanged. Selected bond lengths and angles of 2.7 are shown in Table 2.3. A 

comparison of the two structures (2.2 and 2.7) shows that most of the metrical parameters in the 

silylimido-amido unit are virtually identical in both structures. Most diagnostic is the Ta1···Ta2 

separation in the P-phenyl cyclometalated product 2.2 is 2.9511(5) Å, which is similar to that 

found in the dihydride bridged structure 2.7, where the Ta···Ta2 distance is 2.9667(4) Å.  
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2.3.3 Characterization of 
Cy

[NPN
Si

]TaH(BuSiN-ɛ-Si(H)Bu-ɛ-N)(ɛ-H)2Ta[NPN
Si

]
Cy

 

Further NMR spectroscopic characterization of 2.7 was carried out to substantiate the 

molecular structure determined by X-ray crystallography. Assignment of the three hydride 

resonances of 2.7 was made by a series of NMR experiments. Numerous 2D NMR experiments 

(
1
Hï

1
H COSY, 

1
Hï

13
C HSQC and 

1
Hï

29
Si HSQC ) confirmed that the hydride resonances all 

correlate to each other and do not correlate to carbon or silicon, suggesting that they are hydrides 

bound to tantalum. Critical analysis of a 
1
H ï 

31
P HMBC experiment provided insight into the 

assignment of the hydride resonances as bridging or terminal, based on their coupling to 

phosphorus. Both phosphorus resonances correlate to the bridging hydrides as expected, while 

the unique terminal hydride correlates to only one of the phosphine donors (Figure 2.6). The 
1
H 

NMR chemical shifts of the two bridging hydrides are quite disparate, at ŭ 9.7 and 18.0, and the 

assignment of the terminal hydride resonance at ŭ 8.4 is somewhat counterintuitive; the terminal 

TaïH resonances in 2.5 and 2.6  (as well as their P-phenyl analogues) are typically the furthest 

downfield. However, the coupling patterns are consistent with these assignments. Although there 

is some asymmetry in the bonding of the bridging hydrides in the X-ray structure, this is not 

conclusive enough to rationalize the disparate chemical shifts.  
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Figure 2.6 Analysis of the 
1
H ï 

31
P HMBC spectrum (400 MHz, 

1
H and 161.9 MHz, 

31
P external projections) of 2.7 

(in C6D6).   

 

The presence of six silicon atoms in 2.7 was confirmed by 
29

Si NMR spectroscopy; the 

1
Hï

29
Si HSQC experiment correlated two silicon atoms to their corresponding SiïH resonances 

in the silylimido-amido unit and the other four silicon atoms correlated to the eight silyl methyl 

environments of the ligands (Figure 2.7).  

H1/2T H1/2T H3T 

P1 

P2 
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Figure 2.7  
1
Hï

29
Si HSQC spectrum (400 MHz, 

1
H and 79.5 MHz, 

29
Si external projections) of 2.7 in C6D6. The 

cross peak at 0.29 in 
1
H and ï28.5 in 

29
Si is due to a silicone grease impurity. 

 

 

2.3.4 Synthesis of (
Cy

[NPN]Ta)2(ɛ-ɖ
2
:ɖ

1
-N2)(ɛ-D)2 and 

2
H NMR spectroscopic studies 

Given that the presence of the tantalum hydrides are a defining feature of 2.7 in 

comparison to the structure of the P-phenyl analogue 2.2, determining the origin of these 

hydrides was of great interest. Prior to assigning the identity of the second intermediate as the 

imide-nitride species 2.6, a key observation was made that aided this determination. When the 

hydrosilylation experiment is carried out in a sealed J. Young NMR tube, a singlet at ŭ 4.47 is 

observed in the 
1
H NMR spectra, which is the characteristic chemical shift for H2. This indicated 
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that reductive elimination of the bridging hydrides as H2 does occur, forming 2.6 as the second 

intermediate species. While this says little about where the bridging hydrides in 2.7 originate 

from, it gave rise to the idea of tracking the hydrides through deuterium labelling studies. 

Synthesis of the deuterated dinitrogen complex (
Cy

[NPN
Si

]Ta)2(ɛ-ɖ
2
:ɖ

1
-N2)(ɛ-D)2, 2.4-d2 was 

proposed as a means to track the deuterium atoms via 
2
H NMR spectroscopy. Analogous to 

formation of (
Cy

[NPN
Si

]Ta)2(ɛ-H)4 (2.3), synthesis of (
Cy

[NPN
Si

]Ta)2(ɛ-D)4 (2.3-d4) was 

accomplished via treatment of 
Cy

[NPN
Si

]TaMe3 with D2 gas. Reaction of 2.3-d4 with N2 results 

in the formation of the analogous dinitrogen complex 2.4-d2, containing bridging deuterides 

instead of hydrides. 

The reaction of 2.4-d2, with excess BuSiH3 was examined through sequential 
2
H and 

1
H 

NMR spectroscopic studies. In the 
2
H NMR spectra, the signal corresponding to the bridging 

deuterides (ŭ 10.4) slowly diminished into the baseline as the reaction progressed. However, the 

elimination of the bridging deuterides as D2 was not observed as predicted; there was no trace of 

a signal corresponding to D2 present in any of the 
2
H NMR spectra recorded over the course of 

the reaction. Instead, a new peak at ŭ 3.6 was observed that was attributed to BuSiD3, indicating 

there is some deuterium exchange with the excess BuSiH3 present. Furthermore, the 
1
H NMR 

spectra showed the presence of H2 (ŭ 4.47), suggesting that H2 is eliminated instead of D2, as a 

result of H/D exchange between 2.4-d2 and butylsilane. As a complimentary experiment, the 

reaction of trideuterobutylsilane, (BuSiD3) with 2.4 was also investigated. In this case, the 

presence of D2 was observed in the 
2
H NMR spectra, but there was no evidence of H2 found in 

the 
1
H NMR spectra, suggesting D2 is eliminated instead of H2 as a result of H/D exchange 

between 2.4 and BuSiD3. Signals observed in the hydride region of the 
2
H NMR spectra 

correspond to the known chemical shifts of the tantalum hydrides of 2.5, 2.6 and 2.7, confirming 
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the presence of tantalum deuterides. In the hydride region of the 
1
H NMR spectra, only trace 

signals of the tantalum hydrides are observed. Although the process is complicated by fast 

exchange between the butylsilane hydrides and the tantalum hydrides early in the reaction, the 

evidence suggests that the hydrides present in 2.7 arise from the excess butylsilane present. 

 

2.4 Hydrosilylation of (
Cy

[NPN]Ta)2(ɛ-ɖ
2
:ɖ

1
-N2)(ɛ-H)2 with PhSiH3   

Since isolation and characterization of the intermediates in the reaction between 2.4 and 

BuSiH3 proved challenging, the reaction between 2.4 and excess phenylsilane (PhSiH3) was 

investigated in order to gain understanding of the mechanism by which 2.4 reacts with silanes. 

Initial 
31

P{
1
H} NMR studies indicated that 2.4 reacts rapidly with PhSiH3 to form the analogous 

monosilylated species 2.8 (Scheme 2.5), as evidenced by the appearance of two new doublets at 

ŭ 29.7 and 15.5 and the complete disappearance of the resonances of 2.4. In the 
1
H NMR 

spectrum, there are two new hydride resonances at ŭ 14.3 and 11.0 which integrate to 1H and 2H 

respectively, corresponding to one terminal hydride and two bridging hydrides. This is consistent 

with the spectral properties of the analogous P-phenyl monosilylated species found in the 

reaction between 1.32 and one equivalent of PhSiH3.
98

 A second intermediate species is also 

rapidly formed, giving rise to a broad resonance at ŭ -1.0 in the 
31

P{
1
H} NMR spectrum and a 

signal at ŭ 16.5 in the 
1
H NMR spectrum that could correspond to a tantalum hydride. In all 

likelihood, this second intermediate is the imide-nitride (2.9) that forms analogously to 2.6. The 

presence of a peak at ŭ 4.47 in the 
1
H NMR spectrum suggests that H2 has been eliminated, 

(arising from conversion of 2.8 to 2.9), further supporting the assignment of 2.9 as the analogous 

imide-nitride species (Scheme 2.5). Within several hours, two new singlets at ŭ 22.0 and ï4.9 

appear in 
31

P{
1
H} NMR spectrum, suggesting a third species in the reaction mixture. During the 
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reaction, all three species are present simultaneously for some time, eventually leading to 

complete conversion into the third species within 16 hours. The 
1
H NMR spectrum for the final 

product (2.10) is quite messy and complicated; peaks that are suggestive of eight silyl methyl 

environments indicate this complex has C1 symmetry in solution. The spectral properties of this 

complex are reminiscent of the product of the reaction between the P-phenyl dinitrogen complex 

1.32 and 2 equivalents of PhSiH3, resulting in migration of one of the amido donors of the [NPN] 

ligand.
98

 The structure of 2.10 is proposed on the basis of similar spectral parameters to the 

previously reported P-phenyl analogue. Scheme 2.5 shows the overall reaction of 2.4 with excess 

phenylsilane. Attempts to isolate the intermediate species were unsuccessful and crystals suitable 

for X-ray diffraction experiments were elusive, so this study was not pursued further.  

  

 

Scheme 2.5 

2.8 2.4 

2.9 2.10 
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2.5 Conclusions 

The P-cyclohexyl dinitrogen complex 2.4 was prepared and its reaction with excess 

butylsilane was explored. Upon monitoring the reaction by multinuclear NMR spectroscopy, a 

number of intermediate species were observed. The final product is a hydride-bridged imido-

amido silylated species (2.7) that has the imido bridging between the two central tantalum atoms. 

The origin of the bridging hydrides in the product is proposed to arise from the excess silane 

present, on the basis of deuterium labelling studies. The reaction of 2.4 with excess PhSiH3 was 

also examined and monitored via 
31

P{
1
H} and 

1
H NMR spectroscopy. This process appears to 

proceed similarly to the reaction between the P-phenyl dinitrogen complex 1.32 and PhSiH3, 

producing analogous species. 

Although the strategy to change the substituent on the phosphine from phenyl to 

cyclohexyl did not result in release of tris(butylsilyl)amine, cyclometallation of the phosphine 

substituent was circumvented. Nevertheless, both of the final products display the same 

rearranged silylimido-amido unit, which suggests that this bonding arrangement is the 

thermodynamic sink in this system, as it forms in two separate reactions. While understanding 

the operative mechanism for both processes would be of interest, the fact that in neither case the 

cleaved and functionalized dinitrogen fragment can be eliminated from the ditantalum core is 

disappointing. Although both of these processes get us close to the lofty goal of converting 

dinitrogen to a higher value organonitrogen product with the potential for turnover, it is clear that 

these systems are flawed. Elimination via hydrolysis
104

 is an additional method that could lead to 

liberation of a desirable product. 
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Chapter 3: Reactivity of paramagnetic niobium and vanadium dinitrogen 

complexes 

3.1 Introduction  

Dinitrogen complexes are commonly accessed via reduction of a metal complex with a 

strong reducing agent in the presence of molecular nitrogen. Previously reported work has 

demonstrated that numerous early transition metal dinitrogen complexes can be obtained using 

this method (see Chapter 1). The reduction of [P2N2]NbCl (1.21) using KC8 in the presence of N2 

lead to formation of a paramagnetic end-on bridged dinitrogen complex ([P2N2]Nb)2(ɛ-N2) 

(1.22).
61

 Similarly, the reduction of [P2N2]VCl under the same conditions generated the 

analogous paramagnetic dinitrogen complex ([P2N2]V)2(ɛ-N2).
105

 It is worth noting that the use 

of strong reducing agents in these systems does not always lead to formation of a dinitrogen 

complex. For example, the reduction of [P2N2]NbCl using KC8 in the presence of aromatic 

substrates has generated some interesting arene complexes.
106-107

 Under an H2 atmosphere, 

toluene or benzene solutions of [P2N2]NbCl and KC8 undergo hydrogenation of the respective 

aromatic solvent to produce [P2N2] niobium cyclohexadienyl complexes
106

 (Scheme 3.1). 

Reduction of [P2N2]NbCl with  KC8 under argon resulted in phosphorus-phenyl group 

activation,
107

 shown in Scheme 3.1. Although there was a deliberate absence of N2 in both of 

these systems, they still serve to demonstrate the complex reactivity that can arise when 

generating highly reduced complexes supported by P- and N- containing arrays.   
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Scheme 3.1 

 

While the N2 complexes ([P2N2]Nb)2(ɛ-N2) and ([P2N2]V)2(ɛ-N2) have previously been 

reported,
61, 105

 exploration of reactivity studies are limited. Treatment of ([P2N2]Nb)2(ɛ-N2) with 

H2 and primary silanes was previously examined, however no reactivity was observed.
61

 When 

([P2N2]Nb)2(ɛ-N2) was exposed to phenylacetylene, formation of an alkyne complex 

[P2N2]Nb(ɖ
2
ïHCCPh)

61
 occurred via displacement of the coordinated dinitrogen (Scheme 3.2). 

Cleavage of the N2 unit via nitride formation was also previously investigated; as each Nb(IV) 

center in ([P2N2]Nb)2(ɛ-N2) is formally d
1
, each metal could theoretically supply one electron to 

further reduce the hydrazido N2
4ï

 to two nitrido N
3ï

 species. Previous reports show that the 

thermolysis of a toluene solution of ([P2N2]Nb)2(ɛ-N2) resulted in formation of the paramagnetic, 

bimetallic bridging-nitride complex, [P2N2]Nb(ɛ-N)Nb[PN3] (3.1), where [PN3] = 

PhPMe(CHSiMe2NSiMe2CH2P(Ph)CH2SiMe2NSiMe2N) (Scheme 3.2). A single nitride bridges 

the two Nb centers, while the other nitrogen atom of the hydrazido ligand has been incorporated 

1.21 
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into the backbone of the P2N2 macrocycle.  Despite the complications of a ligand rearrangement, 

this result is significant in that it demonstrates not only the formation of N2 derived nitrides, but 

also nitride functionalization, as evidenced by NïP and NïSi bond formation. 

 

Scheme 3.2 

 

In an attempt to trap the potential niobium nitride intermediate species, the thermolysis of 

([P2N2]Nb)2(ɛ-N2) in the presence of Lewis acids was proposed. Prior examination using two 

equivalents of trimethylaluminum (AlMe3) revealed that AlMe3 does not act as a Lewis acid; 

instead, loss of a methyl group occurred to form a bis(organo)aluminum imide species
108

 

([P2N2]NbN)2(AlMe2)2 (3.2) (Scheme 3.3). The N2 unit was cleaved and the formation of NïAl 

bonds indicates functionalization of the coordinated dinitrogen. The observation of 1,2-

diphenylethane in the 
1
H NMR spectrum is suggestive of a radical mechanism, whereby a methyl 

radical abstracts a proton from toluene to form CH4 and 1,2-diphenylethane.
108

  

3.1 1.22 
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Scheme 3.3 

 

In this chapter, the thermolysis of ([P2N2]Nb)2(ɛ-N2) in the presence of Lewis acids is 

further investigated and novel reactivity of ([P2N2]Nb)2(ɛ-N2) and ([P2N2]V)2(ɛ-N2) with 

electrophiles/oxidants is also explored. 

 

3.2 Reactivity of ([P2N2]Nb)2(ɛ-N2) with Lewis acids  

The thermolysis of ([P2N2]Nb)2(ɛ-N2) in the presence of various Lewis acids was 

explored in an effort to determine if similar reactivity to that of the AlMe3 example could be 

observed (forming species analogous to 3.2). Initially, the reproducibility of 3.2 from the 

reported reaction between AlMe3 and ([P2N2]Nb)2(ɛ-N2)
108

 was examined. When a toluene 

solution of ([P2N2]Nb)2(ɛ-N2) and AlMe3 was heated at 110 °C overnight, a colour change from 

dark brown to maroon was observed, consistent with the previous report.
108

 A maroon 

paramagnetic material was isolated, showing broad resonances in the paramagnetic 
1
H NMR 

spectrum at differing chemical shifts from the starting ([P2N2]Nb)2(ɛ-N2) complex. The previous 

report stated that a large crop of green crystalline material was isolated; despite numerous 

3.2 1.22 
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attempts, only a few green crystals suitable for X-ray diffraction were obtained. Figure 3.1 shows 

the molecular structure determined from these crystals, confirming 3.2 as a product of this 

reaction.  

 

Figure 3.1 ORTEP depiction (ellipsoids at 50 % probability) of ([P2N2]NbN)2(AlMe2)2 (3.2). Silyl methyl and P-

phenyl ring carbons other than ipso are omitted for clarity. 

 

The thermolysis of ([P2N2]Nb)2(ɛ-N2) in the presence of triethylaluminum (AlEt3) was 

examined next, in order to observe the effect of using an organoaluminum reagent with bulkier 

alkyl groups. Upon heating a toluene solution of ([P2N2]Nb)2(ɛ-N2) and AlEt3 overnight, a 

colour change from dark brown to maroon was observed. The resultant maroon compound is 

tentatively assigned as ([P2N2]NbN)2(AlEt2)2 (3.3), formed analogously to complex 3.2. A 

Nb1 

Nb2 

N2 

N1 

Al1 

Al2 
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comparison of the paramagnetic 
1
H NMR spectra of 3.2 versus 3.3 is shown in Figure 3.2. 

Similar resonances are observed at relatively similar chemical shifts in the spectra of both 

compounds. Unfortunately, the structure of 3.3 is unsubstantiated, due to failure to obtain X-ray 

quality crystals of this material.  

 

Figure 3.2 Comparison of the paramagnetic 
1
H NMR (400 MHz, C6D6) spectra of 3.2 (bottom) versus 3.3 (top).  

 

In contrast, thermolysis of ([P2N2]Nb)2(ɛ-N2) in the presence of triethylborane (BEt3) did 

not lead to N2 functionalization. A colour change from dark brown to dark blue was observed 

after heating a toluene solution of ([P2N2]Nb)2(ɛ-N2) and BEt3 overnight, reminiscent of the 

thermolysis of ([P2N2]Nb)2(ɛ-N2) that forms the nitride species 3.1. Formation of 3.1 was 

confirmed by comparative paramagnetic 
1
H NMR spectra, in addition to single crystal X-ray 

3.2 

3.3 
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diffraction studies (Figure 3.3). No interaction with BEt3 was observed, even when the 

experiment was conducted with excess (8 equivalents) BEt3 present.  

 

Figure 3.3 Comparison of the paramagnetic 
1
H NMR (400 MHz, C6D6) spectrum of 3.1 (bottom) to that of the 

material isolated from the thermolysis of ([P2N2]Nb)2(ɛ-N2) in the presence of BEt3 (top). ORTEP depiction 

(ellipsoids at 50 % probability) of the material, verified as 3.1. Silyl methyl and P-phenyl ring carbons other than 

ipso are omitted for clarity.  

 

When a toluene solution of ([P2N2]Nb)2(ɛ-N2) was thermolyzed in the presence of 

tris(pentafluorophenyl)borane [B(C6F5)3], a colour change from dark brown to dark red was 

observed. A dark red paramagnetic material was isolated, displaying very broad, unresolved 

peaks in the paramagnetic 
1
H NMR spectrum. Attempts to grow X-ray quality crystals from this 

3.1 

3.1 
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material were ultimately unsuccessful, thus the structure and identity of the product remains 

elusive.  

Similar to the above reaction, the thermolysis of ([P2N2]Nb)2(ɛ-N2) with 

bis(pentafluorophenyl)borane (Piersô borane, HB(C6F5)2) yields a dark red paramagnetic material 

that shows broad peaks in the paramagnetic 
1
H NMR spectrum. In an effort to observe the effect 

of reduced temperature, a toluene solution of ([P2N2]Nb)2(ɛ-N2) and HB(C6F5)2 was left to stir at 

room temperature overnight. The resulting dark red solution also yielded a dark red paramagnetic 

material, showing broad peaks in the paramagnetic 
1
H NMR spectrum. A small amount of single 

crystals suitable for X-ray diffraction were isolated and the solid-state molecular structure was 

determined. Initially, the structure was assigned as the starting materials, ([P2N2]Nb)2(ɛ-N2) and 

Piersô borane, co-crystallized with diethyl ether. However, after further scrutiny of the 

crystallographic data, two hydrides associated with the borane moiety were located and the CïBï

C bond angle was more acute than the expected 121.6(4) Á seen in the starting Piersô borane.
109

 

Hydridoborate formation suggests a novel complex, [([P2N2]Nb)2(ɛ-N2)][H2B(C6F5)2] (3.4), was 

formed, as shown in Figure 3.4. The C49ïB1ïC55 bond angle of 114.7(4) ° in 3.4 is consistent 

with complexes containing the H2B(C6F5)2 anion.
110-111

 The counter cation must then be the 

[([P2N2]Nb)2(ɛ-N2)] fragment, indicating a loss of one or two electrons has occurred. The 

metrical parameters for the [([P2N2]Nb)2(ɛ-N2)] fragment in 3.4 are essentially the same as the 

parent ([P2N2]Nb)2(ɛ-N2) species. The N1ïN2 bond length of 1.265(4) Å in 3.4 is slightly 

contracted compared to the ([P2N2]Nb)2(ɛ-N2) complex at 1.272(5) Å. 
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Figure 3.4 ORTEP depiction (ellipsoids at 50 % probability) of [([P2N2]Nb)2(ɛ-N2)] [H2B(C6F5)2] (3.4). Silyl 

methyl and P-phenyl ring carbons other than ipso are omitted for clarity. Significant bond length (Å) and angle (°): 

N1ïN2, 1.265(4); C49ïB1ïC55, 114.7(4).  

 

The overall summary of the thermolysis of ([P2N2]Nb)2(ɛ-N2) in the presence of various 

Lewis acids is shown in Scheme 3.4. With the exception of triethylborane, some indication of 

reactivity of ([P2N2]Nb)2(ɛ-N2) with each Lewis acid was observed, although several of the 

products eluded characterization. Investigating the reactivity of ([P2N2]Nb)2(ɛ-N2) with Lewis 

acids provided the inspiration for exploring the treatment of ([P2N2]Nb)2(ɛ-N2) with other 

electrophiles and oxidants.  

Nb1 

N1 

N2 

Nb2 

O1 

C55 
C49 

B1 

114.7 °
 

1.265 Å
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Scheme 3.4 

 

3.3 Reactivity of ([P2N2]Nb)2(ɛ-N2) with electrophiles and oxidants  

In order to generate the positively charged [([P2N2]Nb)2(ɛ-N2)] fragment in complex 3.4, 

it was postulated that the electron loss could occur as a result of oxidation of the N2 unit. While 

this particular reaction pathway is an imprecise example of how to accomplish this, it has served 

as a stepping stone for considering oxidation reactions of ([P2N2]Nb)2(ɛ-N2). Treatment of N2 

complexes with chemical oxidants is known to produce oxidized N2 species that are salts of the 

reagent anion.
112-114

 Commonly used oxidants include silver salts, ferrocenium salts, halogens 

and diphenyliodonium salts.
115

 Some of these reagents can act as either an electrophile or 

oxidant, dependent on the chemical environment and species involved.
115

 In this section, 

treatment of ([P2N2]Nb)2(ɛ-N2) with a variety of electrophiles/oxidants is discussed.   

 

3.1 

3.2, 3.3 

3.4 
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3.3.1 Treatment of ([P2N2]Nb)2(ɛ-N2) with iodine-containing reagents 

The reactivity of ([P2N2]Nb)2(ɛ-N2) with different iodine containing reagents was first 

explored. Diphenyliodonium salts can act as oxidants towards transition metal complexes, 

although they are typically used in electrophilic arylation reactions.
115-116

 Addition of a toluene 

solution of diphenyliodonium triflate ([Ph2I][OTf]) to a toluene solution of ([P2N2]Nb)2(ɛ-N2) 

resulted in a colour change from dark brown to clear yellow within 30 minutes. The isolated 

yellow paramagnetic material showed broad resonances in the paramagnetic 
1
H NMR spectrum 

at differing chemical shifts from the starting ([P2N2]Nb)2(ɛ-N2) complex (Figure 3.5). 

Crystallization efforts were ultimately unsuccessful; the identity of this material remains elusive 

due to failure to determine the solid-state molecular structure.  

 

Figure 3.5 Comparison of the paramagnetic 
1
H NMR (400 MHz, C6D6) spectrum of ([P2N2]Nb)2(ɛ-N2) (bottom) to 

that of the material isolated from the reaction of ([P2N2]Nb)2(ɛ-N2) with [Ph2I][OTf] (top). 
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In addition to possessing electrophilic character, alkyl halides act as weak one-electron 

oxidants.
115

 A gradual colour change from dark brown to clear yellow was observed upon 

addition of methyl iodide (MeI) to a toluene solution of ([P2N2]Nb)2(ɛ-N2). The dark yellow 

material showed broad resonances in the paramagnetic 
1
H NMR spectrum. The material resisted 

all crystallization attempts, thus crystals suitable for X-ray diffraction studies were not accessible 

and the structure remains undetermined.   

The reaction of 1,2-diiodoethane with ([P2N2]Nb)2(ɛ-N2) yields a dark yellow-brown 

paramagnetic material (3.5), showing broad peaks in the paramagnetic 
1
H NMR spectrum. Single 

crystals of 3.5 were obtained and the solid-state molecular structure was determined. Figure 3.6 

illustrates the structure of 3.5 as ([P2N2]NbI)2(ɛ-N2). The N2 unit remains intact, with an N1ïN1ô 

bond distance of 1.09(2) Å, considerably shorter than the parent ([P2N2]Nb)2(ɛ-N2) NïN bond 

length of 1.272(5) Å. The Nb1ïN1 bond length of 1.943(12) Å is longer than the NbïN bond 

lengths (1.853(4), 1.850(4) Å) in ([P2N2]Nb)2(ɛ-N2). In contrast to the distorted trigonal 

bipyramidal geometry around the niobium centres in ([P2N2]Nb)2(ɛ-N2), both niobium atoms in 

3.5 have formed a NbïI bond, generating a distorted octahedral geometry about each niobium 

centre. The [P2N2]NbI units are staggered with respect to each other along the NbïN2ïNb axis, 

such that the niobium iodides are rotated about 45° from one another. The magnetic moment of 

3.5 was found to be 2.99 ɛB (indicating 2 unpaired electrons) consistent with the presence of two 

d
1
 Nb(IV) centres. Accordingly, the dinitrogen moiety in 3.5 can be considered a diazenido type 

N2
2ï

 unit.  
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Figure 3.6 ORTEP depiction (ellipsoids at 50 % probability) of ([P2N2]NbI)2(ɛ-N2) (3.5). Silyl methyl and P-phenyl 

ring carbons other than ipso are omitted for clarity. Selected bond lengths (Å) and angles (°): NïNô, 1.09(2); Nb1ï

N1, 1.943(12); Nb1ïI1, 2.835(2); Nb1ïN1ïN1ô, 175.9(14); N1ïNb1ïN2, 169.6(5); N3ïNb1ïI1, 175.5(4); P1ïNb1ï

P2, 157.84(15). 

 

3.3.2 Treatment of ([P2N2]Nb)2(ɛ-N2) with silver salts and ferrocenium salts  

Silver (I) salts are broadly used as oxidants with transition metal complexes,
115

 in 

addition to acting as halide abstraction agents. The reactivity of ([P2N2]Nb)2(ɛ-N2) with silver 

tetraphenylborate (AgBPh4) and silver triflate (AgOTf) was studied in order to determine if 

oxidation of ([P2N2]Nb)2(ɛ-N2) would take place. The addition of a THF solution of AgBPh4 to a 

solution of ([P2N2]Nb)2(ɛ-N2) in THF produced a colour change from dark brown to dark red. 
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N2 

N3 
P2 

P1 



71 

 

Red needle crystals were isolated, showing broad peaks in the paramagnetic 
1
H NMR spectrum 

(Figure 3.7). Although the red crystalline product could be consistently isolated, single crystals 

suitable for X-ray diffraction studies remain elusive; the solid state molecular structure is 

undetermined and thus the identity of the product is unknown.  

 

Figure 3.7 Paramagnetic 
1
H NMR (400 MHz, THF-d8) spectrum of red needle crystals isolated from the reaction 

between AgBPh4 and ([P2N2]Nb)2(ɛ-N2).  

 

Upon addition of a THF solution of AgOTf to a solution of ([P2N2]Nb)2(ɛ-N2) in THF, a 

colour change from dark yellow-brown to dark red-brown was observed. The dark brown residue 

isolated was extracted into minimal toluene and filtered to remove some insoluble dark solids, 

likely Ag
0
 produced from the reaction. Broad peaks were visible in the paramagnetic 

1
H NMR 

spectrum. Slow evaporation of a toluene solution yielded a small amount of crystals that were 

suitable for X-ray diffraction studies. The solid-state molecular structure obtained from these 

crystals is shown in Figure 3.8. Complex 3.6 demonstrates that loss of the N2 unit and 

coordination of a toluene solvent molecule has occurred to form a niobium arene complex. The 

coordinated toluene appears to be slightly distorted from planarity, bound ɖ
6
 to the niobium 



72 

 

centre. Two triflate molecules are also present in the structure (one triflate is incompletely 

modelled due to disorder). This is consistent with the formal assignment of a Nb(IV) centre.  

 

 

Figure 3.8 ORTEP depiction (ellipsoids at 50 % probability) of 3.6. Silyl methyl and P-phenyl ring carbons other 

than ipso are omitted for clarity. One triflate molecule is missing an oxygen atom (incomplete model due to 

disorder).   

 

Unfortunately, it is unclear if 3.6 is the major product in the reaction between AgOTf and 

([P2N2]Nb)2(ɛ-N2). Upon repeating the reaction, paramagnetic 
1
H NMR spectra matching that of 

3.6 failed to be obtained. In addition, crystals of 3.6 were never isolated again. The experiment 

was also repeated in the absence of aromatic solvents, in an effort to observe how the reaction 

outcome would differ. After filtering out the insoluble solids (Ag
0
), crystal growth was observed 

upon concentrating a THF solution of the reaction mixture. However, when the crystals were 
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taken for X-ray diffraction studies, the solid-state molecular structure showed ([P2N2]Nb)2(ɛ-N2) 

co-crystallized with THF. The remaining dark red-brown material (isolated from the mother 

liquor) shows broad peaks in the paramagnetic 
1
H NMR spectrum. Figure 3.9 shows a 

comparison of the paramagnetic 
1
H NMR spectra of 3.6 to that of the dark red-brown material 

produced in this reaction. Repeated attempts to produce crystals from the reaction of AgOTf and 

([P2N2]Nb)2(ɛ-N2) in the absence of aromatic solvent failed, thus the identity of any new species 

remains undetermined.  

 

Figure 3.9 Comparison of the paramagnetic 
1
H NMR (400 MHz) spectrum of 3.6 (top, C6D6) to that of the dark red-

brown material isolated from the reaction of AgOTf and ([P2N2]Nb)2(ɛ-N2) in the absence of aromatic solvent 

(bottom, THF-d8).  

 

Ferrocenium salts are considered mild one-electron oxidants that are easily handled. The 

ferrocene (FeCp2) byproduct (observed in 
1
H NMR spectroscopy as a singlet at 4.0 ppm) can be 

3.6 
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removed by simply washing the product with nonpolar solvent such as hexane. Treatment of 

([P2N2]Nb)2(ɛ-N2) with oxidants such as ferrocenium tetraphenylborate ([FeCp2][BPh4]) and 

ferrocenium tetrafluoroborate ([FeCp2][BF4]) was explored. After stirring a THF solution of 

([P2N2]Nb)2(ɛ-N2) and [FeCp2][BPh4] for 20 hours with no obvious colour change observed, the 

mixture was heated to 90 °C for 12 h. The presence of ferrocene in the 
1
H NMR spectrum of the 

reaction mixture indicated that some oxidation/reduction occurred. The isolated maroon solid 

showed broad resonances in the paramagnetic 
1
H NMR spectrum. The structure and identity of 

this material was not realized due to failure to obtain crystals for X-ray diffraction studies. 

The reaction between ([P2N2]Nb)2(ɛ-N2) and [FeCp2][BF4] produced a dark yellow-

brown solid that showed broad peaks in the paramagnetic 
1
H NMR spectrum. The resulting solid 

residue was washed with hexane and yellow solid isolated from the hexane wash was assigned as  

ferrocene on the basis of 
1
H NMR spectroscopy. Crystals isolated from a THF/hexane solution of 

the remaining material were subjected to X-ray diffraction studies (Figure 3.10). Loss of 

coordinated N2 has occurred to form [([P2N2]Nb)2((ɛ-F)3)][BF4] (3.7), with three fluorides 

bridging the two Nb centres. Each Nb centre is seven-coordinate, displaying a distorted, capped 

trigonal prismatic geometry. This structural motif has been observed in NbF7
2ï

 complexes.
117-118

 

The NbïF bond lengths in 3.7 are comparable to those observed for a dinuclear niobium oxide 

NHC complex containing two bridging fluorides (NbïF bonds of 1.9952(12), 2.3193(12), 

1.9915(12) and 2.3632(13) Å),
119

 one of the few crystallographic examples of a complex with a 

related bonding arrangement. Both Nb centres in 3.7 are formally assigned as Nb(IV), each 

having one unpaired d electron, supporting the spectroscopically observed paramagnetic nature 

of this complex. 
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Figure 3.10 ORTEP depiction (ellipsoids at 50 % probability) of [([P2N2]Nb)2(ɛ-F)3][BF4] (3.7). Silyl methyl and P-

phenyl ring carbons other than ipso are omitted for clarity. Selected bond lengths (Å) and angles (°): Nb1ïF1, 

2.144(4); Nb1ïF2, 2.133(4); Nb1ïF3, 2.153(4); Nb2ïF1, 2.175(4); Nb2ïF2, 2.172(3); Nb2ïF3, 2.143(4); F1ïNb1ï

F2, 69.91(13); F1ïNb1ïF3, 69.47(13); F2ïNb1ïF3, 65.78(13); F1ïNb2ïF2, 68.62(13); F1ïNb2ïF3, 69.08(14); F2ï

Nb2ïF3, 65.28(13); Nb1ïF1ïNb2, 99.11(14); Nb1ïF2ïNb2, 99.52(14); Nb1ïF3ïNb2, 99.82(14).  

 

3.3.3 Treatment of ([P2N2]Nb)2(ɛ-N2) with oxygen-containing reagents 

Investigation into the reactivity of ([P2N2]Nb)2(ɛ-N2) toward oxygen-containing oxidants 

was also pursued. Pyridine N-oxide is a known oxidizing agent that has shown utility in organic 

synthesis reactions.
120-121

 Upon addition of a THF solution of pyridine n-oxide to a solution of 
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([P2N2]Nb)2(ɛ-N2) in THF, a colour change from dark brown to dark blue was observed. Upon 

removal of the volatiles, a dark blue solid was isolated, exhibiting broad resonances in the 

paramagnetic 
1
H NMR spectrum. Crystals isolated from a hexane solution of the blue material 

were subjected to X-ray diffraction studies, revealing a disordered structure of the starting 

([P2N2]Nb)2(ɛ-N2). Given the failure to produce other crystalline material and identify the 

structure of a new product, this experiment was not pursued further.  

DMSO is another commonly known oxidant that is also often employed as an oxygen 

donor.
121-123

 Addition of a THF solution of DMSO to a solution of ([P2N2]Nb)2(ɛ-N2) in THF 

produced a colour change from dark brown to dark magenta. Broad peaks were observed in the 

paramagnetic 
1
H NMR spectrum of the dark magenta material isolated. Multiple repetitions of 

this reaction and various crystallization strategies failed to produce X-ray quality crystals, thus 

the structure and identity of this material remains elusive. 

The free radical 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO) is broadly utilized in a 

number of organic oxidation reactions.
124

 Transition metal TEMPO complexes are known, 

including one derived from treatment of an N2 complex with TEMPO.
125-126

 Treatment of 

([P2N2]Nb)2(ɛ-N2) with TEMPO generated a dark red-brown material that was found to be 

diamagnetic. A very broad resonance at ŭ 11.5 was observed in the 
31

P{
1
H} NMR spectrum. The 

1
H NMR spectrum showed eight silyl methyl resonances, indicating this species has low 

symmetry. Slow evaporation of a THF solution of this material yielded a small amount of 

crystals suitable for X-ray diffraction studies; the solid state molecular structure was determined 

(Figure 3.11). The bonding arrangement of the N2 unit has changed from bridging end-on to 

bridging side-on in ([P2N2]Nb)2(ɛ-ɖ
2
:ɖ

2
-N2)(ɛ-O) (3.8), with the addition of an oxo ligand 

bridging the two niobium centres. The N5ïN6 bond length of 1.352(5) Å in 3.8 is elongated 
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from the NïN bond length of 1.272(5) Å in ([P2N2]Nb)2(ɛ-N2). The Nb1···Nb2 distance of 

2.9673(4) Å is outside the bonding range that is typically observed in complexes containing Nbï

Nb bonds,
127-128

 indicating that a NbïNb bond in 3.8 is unlikely. The N2 moiety can be 

considered a N2
4ï

 unit, consistent with the formal assignment of each niobium centre as Nb(V).  

 

 

Figure 3.11 ORTEP depiction (ellipsoids at 50 % probability) of ([P2N2]Nb)2(ɛ-ɖ
2
:ɖ

2
-N2)(ɛ-O) (3.8). Silyl methyl 

and P-phenyl ring carbons other than ipso are omitted for clarity. Selected bond lengths (Å) and angles (°): 

Nb1···Nb2, 2.9673(4); N5ïN6, 1.352(5); Nb1ïN5, 2.123(4); Nb1ïN6, 2.137(4); Nb2ïN5, 2.140(3); Nb2ïN6, 

2.128(4); Nb1ïO1, 1.957(3); Nb2ïO1, 1.950(3); Nb1ïO1ïNb2, 98.82(13); Nb1ïN5ïNb2 88.22(14); Nb1ïN6ïNb2, 

88.18(15).  
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The bonding parameters in the Nb(ɛ-ɖ
2
:ɖ

2
-N2)(ɛ-O)Nb unit of 3.8 are comparable to those 

observed in a Nb calix[4]arene complex that contains a similar bridging side-on N2 and bridging 

oxo bonding arrangement (NīN bond length, 1.424(5) ¡; NbĿĿĿNb separation, 2.876(9) ¡; 

NbīN bond lengths, average 2.058(7) ¡; NbīO(oxo) bond lengths, 1.961(3) and 1.909(4) ¡; 

NbīOīNb angle, 96.0(1)°).
129

 Comparatively, pyridine N-oxide is the source of the oxo ligand in 

the analogous Nb calix[4]arene complex, which is also derived from a bridging end-on N2 

complex similar to ([P2N2]Nb)2(ɛ-N2). 

 

3.4 Synthesis of ([P2N2]V)2(ɛ-N2) 

In a similar fashion to the preparation of ([P2N2]Nb)2(ɛ-N2), the vanadium analogue 

([P2N2]V)2(ɛ-N2) has previously been synthesized.
105

 The synthesis of ([P2N2]V)2(ɛ-N2) and the 

antecedent [P2N2]VCl is reported here with accompanying crystallographic data as supporting 

evidence that these paramagnetic complexes are isolable. Treatment of syn-[P2N2]Li 2 with 

VCl3(THF)3 afforded [P2N2]VCl as an orange crystalline solid in good yield. Broad resonances 

were observed in the paramagnetic 
1
H NMR spectrum. Single crystals of [P2N2]VCl were 

obtained and the structure was confirmed via X-ray diffraction studies. The solid state molecular 

structure of [P2N2]VCl (not previously reported) is illustrated in Figure 3.12. The structure of 

[P2N2]VCl displays a distorted trigonal bipyramidal geometry about the vanadium centre.   



79 

 

 

Figure 3.12 ORTEP depiction (ellipsoids at 50 % probability) of [P2N2]VCl. Silyl methyl carbons are omitted for 

clarity. Selected bond lengths (Å) and angles (°): V1ïCl1, 2.2945(6); V1ïN1, 1.9731(18); V1ïN2, 1.9755(17); V1ï

P1, 2.4907(7); V1ïP2, 2.4578(7); N1ïV1ïCl1, 124.54(6); N2ïV1ïCl1, 119.00(6); N1ïV1ïN2, 116.39(8); P1ïV1ï

P2, 161.45(2); N1ïV1ïP1, 82.07(6); N2ïV1ïP1, 89.17(5); N1ïV1ïP2, 87.01(5); N2ïV1ïP2, 82.29(5); P1ïV1ïCl1, 

100.88(2); P2ïV1ïCl1, 97.66(2).  

 

Reduction of [P2N2]VCl with KC8 under 4 atm of N2 generates ([P2N2]V)2(ɛ-N2) as a 

purple solid in good yield (Scheme 3.5). The paramagnetic 
1
H NMR spectrum of ([P2N2]V)2(ɛ-

N2) displays broad resonances. The solid state molecular structure of ([P2N2]V)2(ɛ-N2) was 

verified by X-ray diffraction studies (Figure 3.13). The bonding parameters of ([P2N2]V)2(ɛ-N2) 

are analogous to those seen in ([P2N2]Nb)2(ɛ-N2) and similar to observed metrics in a previously 

obtained structure of ([P2N2]V)2(ɛ-N2).
105

 The NïN bond length (1.206(14) Å) and VïN bond 

lengths (1.793(10) and 1.790(10) Å) in ([P2N2]V)2(ɛ-N2) are consistent with those seen in 

dinuclear vanadium complexes containing an end-on bridging N2 unit.
130-135
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Figure 3.13 ORTEP depiction (ellipsoids at 50 % probability) of ([P2N2]V) 2(ɛ-N2). Silyl methyl and P-phenyl ring 

carbons other than ipso are omitted for clarity. Selected bond lengths (Å) and angles (°): N1ïN2, 1.206(14); V1ïN1, 

1.793(10); V2ïN2, 1.790(10); V1ïN1ïN2, 175.2(9); N1ïN2ïV2 172.9(9).  

 

 

Scheme 3.5 
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3.5 Reactivity of ([P2N2]V)2(ɛ-N2) with electrophiles and oxidants 

By way of comparison, the thermolysis of ([P2N2]V)2(ɛ-N2) was tested in the same 

manner as the thermolysis of ([P2N2]Nb)2(ɛ-N2) that produces complex 3.1, in an effort to 

observe the analogous vanadium nitride species. Upon heating a toluene solution of 

([P2N2]V)2(ɛ-N2) overnight at 110 °C, the solution appeared to change colour from dark purple 

to dark brown. However, upon cooling, the solution appeared dark purple once again. The 

resonances in the paramagnetic 
1
H NMR spectrum of the isolated dark purple material matched 

that of the starting ([P2N2]V)2(ɛ-N2) species. Given that ([P2N2]V)2(ɛ-N2) did not prove reactive 

under these conditions, the thermolysis of ([P2N2]V)2(ɛ-N2) in the presence of Lewis acids was 

not investigated. In analogy to the reactivity of ([P2N2]Nb)2(ɛ-N2) with various 

electrophiles/oxidants, concurrent reactivity studies of ([P2N2]V)2(ɛ-N2) with similar reagents 

was pursued.  This section focuses on the treatment of ([P2N2]V)2(ɛ-N2) with selected 

electrophiles/oxidants. 

 

3.5.1 Treatment of ([P2N2]V) 2(ɛ-N2) with 1,2-diiodoethane 

Treatment of ([P2N2]V)2(ɛ-N2) with 1,2-diiodoethane (I-CH2CH2-I) was hypothesized to 

afford the vanadium analogue of 3.5, ([P2N2]VI )2(ɛ-N2). Addition of I-CH2CH2-I to a toluene 

solution ([P2N2]V)2(ɛ-N2) resulted in a slow colour change from dark purple to clear orange-

pink. A light pink paramagnetic solid was isolated; crystals of this material were subjected to X-

ray diffraction studies. Figure 3.14 shows the solid state molecular structure of this material as 

[P2N2]VI (3.9). In contrast to the Nb congener 3.5, N2 loss has occurred to simply generate the 

vanadium iodide species 3.9 (Scheme 3.6). The bonding in 3.9 is similar to [P2N2]VCl, showing 

a distorted trigonal bipyramidal geometry around the vanadium centre. The magnetic moment of 
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3.9 (ɛeff = 2.64 ɛB) indicates the presence of 2 unpaired electrons, consistent with the formal 

assignment of a d
2
 V(III) species.  

 

Figure 3.14 ORTEP depiction (ellipsoids at 50 % probability) of [P2N2]VI (3.9). Silyl methyl carbons are omitted 

for clarity. Selected bond lengths (Å) and angles (°): V1ïI1, 2.6788(12); V1ïN1, 1.965(6); V1ïN2, 1.966(5); V1ï

P1, 2.4874(19); V1ïP2, 2.4624(19); N1ïV1ïI1, 115.96(16); N2ïV1ïI1, 128.43(17); N1ïV1ïN2, 115.5(2); P1ïV1ï

P2, 163.90(7); N1ïV1ïP1, 90.73(17); N2ïV1ïP1, 82.25(16); N1ïV1ïP2, 82.79(16); N2ïV1ïP2, 87.25(16); P1ï

V1ïI1, 100.06(5); P2ïV1ïI1, 96.02(5). 

 

 

Scheme 3.6 
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3.5.2 Treatment of ([P2N2]V) 2(ɛ-N2) with silver tetraphenylborate  

Addition of AgBPh4 to ([P2N2]Nb)2(ɛ-N2) consistently produced crystalline material, 

although the structure and identity of this material remains elusive. The treatment of 

([P2N2]V)2(ɛ-N2) with AgBPh4 was investigated in an effort to produce some oxidized dinitrogen 

species such as [([P2N2]V)2(ɛ-N2)][BPh4] that could be easily crystallized. The reaction of 

AgBPh4 with ([P2N2]V)2(ɛ-N2) in THF produced a cloudy green-brown solution. Removal of the 

insoluble solids (Ag
0
) via filtration gave a clear green solution, affording isolation of a green 

paramagnetic solid in excellent yield. Green crystals of this material were obtained and X-ray 

diffraction studies revealed loss of the N2 unit and coordination of two THF molecules to form 

[([P2N2]V)(THF)2][BPh4] (3.10) (Equation 3.1).  

 

Similar reactivity has previously been observed with a dinuclear yttrium N2 complex that showed 

loss of N2 and coordination of THF upon reaction with AgBPh4.
125

 The solid state molecular 

structure of 3.10 is shown in Figure 3.15. Complex 3.10 has a distorted octahedral geometry 

about the vanadium centre. The N1ïV1ïO2, O1ïV1ïN2, and P1ïV1ïP2 bond angles 

(166.91(18)°, 167.78(18)° and 171.08(6)° respectively) demonstrate the distortion from idealized 

octahedral symmetry. The magnetic moment of 2.64 ɛB is consistent with the formal assignment 

of 3.10 as a d
2
 V(III) species.  

 [3.1] 

3.10 
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Figure 3.15 ORTEP depiction (ellipsoids at 50 % probability) of [([P2N2]V)(THF)2][BPh4] (3.10). Silyl methyl and 

P-phenyl ring carbons other than ipso are omitted for clarity. Selected bond lengths (Å) and angles (°): V1ïN1, 

2.008(5); V1ïN2, 1.987(5); V1ïP1, 2.5460(17); V1ïP2, 2.5283(17); V1ïO1, 2.194(4); V1ïO2, 2.165(4); N1ïV1ï

O2, 166.91(18); O1ïV1ïN2, 167.78(18); P1ïV1ïP2, 171.08(6).  

 

3.5.3 Treatment of ([P2N2]V) 2(ɛ-N2) with other oxidants 

Exploration into the reactivity of ([P2N2]V)2(ɛ-N2) with other oxidants proved largely 

unfruitful. Upon addition of a suspension of [FeCp2][BF4] in THF to a THF solution of 

([P2N2]V)2(ɛ-N2), a colour change from dark purple to dark yellow-green was observed. The 

green material isolated showed broad peaks in the paramagnetic 
1
H NMR spectrum, differing 
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from the resonances of the starting ([P2N2]V)2(ɛ-N2) (Figure 3.16). Attempts to grow crystals of 

this material were ultimately unsuccessful, thus the identity and structure remains undetermined.  

 

Figure 3.16 Comparison of the paramagnetic 
1
H NMR (400 MHz, C6D6) spectrum of the material isolated from the 

reaction of ([P2N2]V) 2(ɛ-N2) with [FeCp2][BF4] (top) to that of the starting ([P2N2]V) 2(ɛ-N2) (bottom). 

 

Treatment of ([P2N2]V)2(ɛ-N2) with pyridine N-oxide did not yield an obvious colour change, 

suggesting no reactivity occurred. However, the paramagnetic 
1
H NMR spectrum of the dark 

purple material shows the appearance of different resonances from the starting ([P2N2]V)2(ɛ-N2) 

(Figure 3.17). The identity of this material remains unverified, leaving the outcome of this 

experiment unclear. Futhermore, unlike the reaction of ([P2N2]Nb)2(ɛ-N2) with TEMPO that 

produced complex 3.8, the analogous ([P2N2]V)2(ɛ-N2) showed no reaction when treated with 

TEMPO, even upon heating. 
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Figure 3.17 Comparison of the paramagnetic 
1
H NMR (400 MHz, C6D6) spectrum of the dark purple material 

isolated from the treatment of ([P2N2]V) 2(ɛ-N2) with pyridine N-oxide (top) to that of the starting ([P2N2]V) 2(ɛ-N2) 

(bottom).  

 

3.6 Synthesis of [P2N2]VMe  

Previously reported work showed that [P2N2]NbCl undergoes reactivity with 

methylmagnesium chloride (MeMgCl) to form the Nb methyl species [P2N2]NbMe.
62

 Under 

dinitrogen atmosphere, [P2N2]NbMe spontaneously reacts with N2 to form the corresponding 

dinuclear niobium complex ([P2N2]NbMe)2(ɛ-N2) (1.24) containing an end-on bridging N2 unit 

(Scheme 3.7).
62

 The formation of the analogous vanadium methyl species was investigated in an 

effort to determine if an oxidized vanadium N2 species could be accessed by this method. 
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Scheme 3.7 

 

The reaction of [P2N2]VCl with MeMgCl under N2 generated an olive green 

paramagnetic material. Single crystals suitable for X-ray diffraction studies were isolated from a 

hexamethyldisiloxane (HMDSO) solution of this material and the structure was confirmed as 

[P2N2]VMe (3.11) (Scheme 3.7). The solid state molecular structure of 3.11 is illustrated in 

Figure 3.18. Complex 3.11 displays a distorted trigonal bipyramidal geometry around the 

vanadium centre, demonstrated by the P1ïV1ïP2 bond angle (162.956(16)°). The V1ïC1 bond 

length of 2.1053(16) Å in 3.11 is consistent with other vanadium methyl species.
136-137

 Magnetic 

moment measurements (ɛeff = 2.69 ɛB) indicate the presence of 2 unpaired electrons, supporting 

the formal assignment of 3.11 as a d
2
 V(III) species. Although the [P2N2]VMe complex can be 

formed, spontaneous reactivity with N2 was not observed. Exactly why [P2N2]-coordinated 

vanadium forms a stable methyl complex whereas the [P2N2] niobium methyl complex is labile 

remains unclear.  

3.11 

1.24 
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Figure 3.18 ORTEP depiction (ellipsoids at 50 % probability) of [P2N2]VMe (3.11). Silyl methyl carbons are 

omitted for clarity. Selected bond lengths (Å) and angles (°): V1ïC1, 2.1053(16); V1ïN1, 2.0018(12); V1ïN2, 

2.0047(12); V1ïP1, 2.4770(4); V1ïP2, 2.4913(4); P1ïV1ïP2, 162.956(16);  N1ïV1ïC1, 122.72(6); N2ïV1ïC1, 

119.60(6); N1ïV1ïN2, 117.66(5); N1ïV1ïP1, 87.76(4); N2ïV1ïP1, 82.68(4); N1ïV1ïP2, 82.23(4); N2ïV1ïP2, 

89.77(4); P1ïV1ïC1, 97.84(5); P2ïV1ïC1, 99.17(5).  

 

3.7 Conclusions 

The goal of this chapter was to explore reactivity of the paramagnetic niobium and 

vanadium dinitrogen complexes ([P2N2]Nb)2(ɛ-N2) and ([P2N2]V)2(ɛ-N2). Investigation of the 

thermolysis of ([P2N2]Nb)2(ɛ-N2) in the presence of assorted Lewis acids has produced a variety 

of deeply coloured paramagnetic materials. Outcomes range from no reactivity with the Lewis 

acid (observed with BEt3) to oxidation (found with Piersô borane) to NïN bond cleavage and 

functionalization, as seen with the organoaluminum reagents. Treatment of ([P2N2]Nb)2(ɛ-N2) 

and ([P2N2]V)2(ɛ-N2) with other electrophiles and oxidants also produced a variety of colourful 

paramagnetic materials. Reaction with I-CH2CH2-I led to the formation of a new niobium N2 

complex ([P2N2]NbI)2(ɛ-N2), in contrast to the formation of [P2N2]VI in the case of vanadium. 
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Oxidation with silver salts generated a niobium arene complex 3.6 and a V(III) THF adduct 

[([P2N2]V)(THF)2][BPh4]. The ferrocenium salt [FeCp2][BF4] reacts with ([P2N2]Nb)2(ɛ-N2), 

displacing N2 to produce a dinuclear Nb(IV)-Nb(IV) species (3.7) bridged by three fluorides. A 

vanadium methyl species (3.11) was produced in the pursuit of forming a new vanadium N2 

complex; however, no such N2 species was realized. Affirming the identity of the products in 

these reactions has proven challenging and no discernible pattern of reactivity has emerged. Loss 

of the N2 unit was commonly observed, far from the idealized outcome of observing oxidized N2 

species or cleavage and functionalization of the N2 moiety as a result of further reactivity.  

Treatment of ([P2N2]Nb)2(ɛ-N2) with the oxygen-containing radical TEMPO resulted in a 

new diamagnetic niobium N2 complex (3.8) whereby the N2 unit is bound side-on, in addition to 

containing a bridging oxo ligand. While most single electron oxidants proved unfruitful or 

engaged in undesirable ligand exchange reactions, the 2 electron oxidant TEMPO achieved the 

desired goal of altering the electronic structure of the N2 complex. 
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Chapter 4: Synthesis and reactivity of paramagnetic [P2N2] cobalt complexes 

4.1 Introduction  

Increasing interest in the chemistry of cobalt complexes can be attributed to the emergent 

focus on finding sustainable catalysts that incorporate earth-abundant base metals (such as Fe, 

Co, or Ni).
138

 As an alternative to catalyst systems utilizing expensive precious metals (such as 

Ir, Ru, Rh, Pd, and Pt), base metals are more desirable from a sustainability perspective due to 

their abundance and effective low cost. Large-scale industrial applications of catalysis could thus 

benefit greatly from base-metal options, considering the low abundance and high cost associated 

with precious metals is ultimately prohibitive at that scale. In addition, differing electronic 

structural properties of base-metal complexes compared to precious metal complexes could 

prove advantageous and potentially lead to novel reactivity.
139-140

  

Recent exploration into base metal catalysis has shown that cobalt complexes can be 

employed in a variety of catalytic transformations. For example, cobalt pyridine-diimine (PDI) 

complexes are active catalysts in olefin hydrogenation.
141

 In particular, asymmetric 

hydrogenation of alkenes has been observed using PDI cobalt alkyl and cyclometalated 

complexes (Chart 4.1).
142

  

 

Chart 4.1 PDI cobalt precatalysts employed in asymmetric hydrogenation of alkenes.
142
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Catalytic alkene hydrogenation is also observed in a series of bis(phosphine)cobalt dialkyl 

complexes.
143

 Hydrogenation of alkenes, ketones, aldehydes, and imines has been accomplished 

with cobalt alkyl and hydride complexes coordinated to a diphosphinoamine ligand (Chart 

4.2).
144-145

  

 

 

Chart 4.2 Diphosphinoamine cobalt alkyl and hydride complexes utilised as precatalysts.
144-145

 

 

In addition to the hydrogenation of aldehydes and ketones,
146

 a series of cobalt complexes 

stabilized by pincer ligands has proven active in the catalytic alkylation of aromatic amines and 

unactivated amides and esters by alcohols (Chart 4.3).
147-148

 Lastly, a ɓ-diketiminate cobalt(II) 

alkyl complex has been reported to selectively catalyze the isomerization of terminal alkenes to 

2-alkenes with Z-stereochemistry, a rare transformation.
149

 

 

 

Chart 4.3 Cobalt dichloride precatalysts applied in hydrogenation and alkylation reactions.
146-148
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While these examples highlight success towards active cobalt catalyst systems, they also 

represent the challenges that one must overcome in pursuing base-metal research. Precious metal 

catalyst systems typically rely on two-electron oxidative addition and reductive elimination 

processes, which are less commonly observed using base-metals.
140

 Furthermore, cobalt and iron 

complexes are frequently paramagnetic in nature,
83, 86, 150-151

 introducing potential difficulties in 

the identification and characterization of active and intermediate species. In this respect, it is of 

interest to explore chemical space by pursuing the synthesis and characterization of novel 

paramagnetic cobalt complexes.  

Although the exploration of catalytic processes utilizing cobalt was never a goal of this 

work, one-electron processes involving cobalt complexes was of interest. Investigation of 

paramagnetic cobalt complexes containing amidophosphine ligand sets has previously been 

pursued.
83, 152

  Scheme 4.1 shows the synthesis of a [PNP] cobalt chloride complex and 

subsequent reactivity, generating [PNP] cobalt alkyl complexes and [PNP] cobalt halide 

complexes. One-electron oxidation of Co(II) to Co(III) by alkyl halides was observed, such as in 

the reaction of a [PNP] cobalt(II) chloride complex with benzyl chloride (PhCH2Cl) that forms a 

[PNP] cobalt(III) dichloride complex.
83

 In contrast, treatment of a [PNP] cobalt(II) methyl 

species with methyl iodide results in the formation of a [PNP] cobalt(II) iodide complex.
83

 

Reduction of Co(III) to Co(II) was also achieved via treatment of a [PNP] cobalt(III) dichloride 

complex with alkyllithium reagents, regenerating the antecedent [PNP] cobalt(II) chloride 

complex.
83
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Scheme 4.1 

 

The syntheses of syn-[P2N2]Co and anti-[P2N2]Co (Chart 4.4) were previously 

accomplished and some preliminary reactions involving anti-[P2N2]Co were explored, although 

never published in the literature.
152

 Reactivity of anti-[P2N2]Co with iodine (I2) and oxygen (O2) 

has been investigated, yielding new anti-[P2N2]Co complexes.
152

 The focus of this chapter is to 

follow up on these findings by exploring the synthesis and reactivity of syn-[P2N2]Co complexes. 

 

Chart 4.4 Structure of syn-[P2N2]Co compared to anti-[P2N2]Co 
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4.2 Synthesis and reactivity of syn-[P2N2]Co 

In the previously described synthesis,
152

 syn-[P2N2]Co was isolated as a paramagnetic 

solid and the solid-state molecular structure was not reported. In this work, treatment of syn-

[P2N2]Li 2 with CoCl2(THF)1.5 afforded syn-[P2N2]Co (4.1) as an orange solid (Equation 4.1). 

 

Orange crystals suitable for X-ray diffraction were isolated from a hexane solution of 4.1 and the 

solid-state molecular structure is shown in Figure 4.1. Complex 4.1 shows a distorted square 

planar geometry around the cobalt centre. The N1ïCo1ïN2 and P1ïCo1ïP2 bond angles 

(165.65(12)° and 176.82(4)° respectively) demonstrate the distortion from idealized square 

planar symmetry. The magnetic moment of 4.1 (ɛeff = 1.96 ɛB) indicates the presence of 1 

unpaired electron, consistent with the formal assignment of a low-spin d
7
 square planar Co(II) 

species.  

4.1 

[4.1] 
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Figure 4.1 ORTEP depiction (ellipsoids at 50 % probability) of syn-[P2N2]Co (4.1). Silyl methyl carbons are 

omitted for clarity. Selected bond lengths (Å) and angles (°): Co1ïN1, 1.934(3); Co1ïN2, 1.933(3); Co1ïP1, 

2.1958(11); Co1ïP2, 2.2087(10); N1ïCo1ïN2, 165.65(12); P1ïCo1ïP2, 176.82(4); N1ïCo1ïP1, 91.27(10); N1ï

Co1ïP2, 89.19(10); N2ïCo1ïP2, 91.32(10); N2ïCo1ïP1, 89.01(10). 

 

The treatment of anti-[P2N2]Co with oxygen has previously been described,
152

 but the 

solid-state molecular structure of the proposed product, anti-[(P=O)2N2]Co, was not confirmed.  

Exposure of a solution of the syn isomer 4.1 to oxygen results in oxidation of the ligand 

phosphines, generating syn-[(P=O)2N2]Co (4.2) as a purple solid (Equation 4.2).  

  

Co1 

N1 

N2 

P1 
P2 

[4.2] 

4.2 4.1 
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Purple crystals of 4.2 were isolated from a diethyl ether solution cooled to ï40 °C. X-ray 

diffraction studies confirmed the solid-state molecular structure of 4.2 (Figure 4.2). Addition of 

oxygen has changed the geometry about the Co(II) centre from distorted square planar in 4.1 to 

slightly distorted tetrahedral symmetry in 4.2. High-spin tetrahedral d
7
 Co(II) species (such as 

4.2) contain 3 unpaired electrons, yet the magnetic moment of  4.2 (ɛeff = 4.49 ɛB) was found to 

be significantly higher than the expected ɛ(spin only) value of 3.87 ɛB for 3 unpaired electrons; This 

can be attributed to a second-order orbital angular momentum contribution.
152

 Complex 4.2 

contains an interesting heterocyclic bonding arrangement in the ligand backbone, now comprised 

of four fused 6-membered rings (vs 5-membered rings in 4.1), where every atom in the 6-

membered ring is a different element.
153-154

 A comparable bonding arrangement has previously 

been observed in oxidized cobalt complexes containing a similar PNP ligand.
155

 Equation 4.3 

illustrates the synthesis of a reported Co(II) compound with a similar molecular geometry and 

magnetic moment value (ɛeff = 4.50 ɛB) compared to 4.2 (ɛeff = 4.49 ɛB).
155

 The PïO and CoïO 

bonds lengths (1.5277(15), 1.5210(16) and 1.9965(15), 2.0284(15) Å respectively) of 4.2 are 

comparable to those reported for similar complexes containing oxidized phosphines coordinated 

to cobalt.
150, 155

 

 

 

[4.3] 
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Figure 4.2 ORTEP depiction (ellipsoids at 50 % probability) of syn-[(P=O)2N2]Co (4.2). Silyl methyl carbons are 

omitted for clarity. Selected bond lengths (Å) and angles (°): Co1ïN1, 1.9695(18); Co1ïN2, 1.9707(18); Co1ïO1, 

1.9965(15); Co1ïO2, 2.0284(15); P1ïO1, 1.5277(15); P2ïO2, 1.5210(16); O1ïCo1ïO2, 109.71(6); N1ïCo1ïO1, 

102.70(7); N1ïCo1ïO2, 108.92(7); N1ïCo1ïN2, 121.38(8); N2ïCo1ïO1, 109.38(7); N2ïCo1ïO2, 104.52(7).  

 

In an effort to pursue broader reactivity, oxidation to generate Co(III) bearing a formerly 

anionic ligand (such as a halide) was investigated. Previous work showed that treatment of the 

isomeric anti-[P2N2]Co with a stoichiometric amount of iodine (I2) resulted in the formation of 

anti-[P2N2]CoI.
152

 Synthesis of the analogous syn-[P2N2]CoI complex (4.3)  was investigated by 

treating 4.1 with I-CH2CH2-I (Equation 4.4). 

 

Co1 

N1 

N2 

P1 P2 

O1 O2 

[4.4] 

4.3 4.1 
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Dark maroon paramagnetic material was isolated in excellent yield. The magnetic moment of 4.3 

is 2.81 ɛB (comparable to 3.0 ɛB for the anti-[P2N2]CoI isomer), indicating the presence of 2 

unpaired electrons, consistent with the formal assignment of 4.3 as an intermediate-spin d
6
 

Co(III) species with 5-coordinate trigonal bipyramidal geometry. Crystals suitable for X-ray 

diffraction studies were examined, confirming the formation of syn-[P2N2]CoI (4.3). The solid-

state molecular structure of 4.3 is shown in Figure 4.3. The geometry about the cobalt centre in 

4.3 is slightly distorted from idealized trigonal bipyramidal symmetry. In comparison, the 

geometry of the solid-state molecular structure of the isomeric anti-[P2N2]CoI complex could be 

considered either distorted square pyramidal (with the iodine in the apical position) or distorted 

trigonal bypyramidal. The N1ïCo1ïN2 bond angle of 147.12(13)° for anti-[P2N2]CoI is much 

greater than the N1ïCo1ïN2 bond angle of 118.5(3)° observed for syn-[P2N2]CoI (4.3). 

Similarly, the N1ïCo1ïI1 and N2ïCo1ïI1 bond angles (110.70(9)° and 101.57(9)°, respectively) 

for anti-[P2N2]CoI are much lower than the expected 120° for idealized trigonal bypyramidal 

symmetry, whereas the N1ïCo1ïI1 and N2ïCo1ïI1 bond angles for 4.3 (115.9(2)° and 

125.5(2)°, respectively) are less distorted from idealized trigonal bypyramidal symmetry. The 

P1ïCo1ïP2 bond angles for the anti-[P2N2]CoI and syn-[P2N2]CoI (4.3) isomers are comparable 

at 171.46(5)° and 171.09(11)°, respectively. The Co1ïI1 bond length of 2.6107(13) Å in 4.3 is 

consistent with CoïI bond distances reported for similar cobalt iodide complexes,
155

 compared to 

the unusually long Co1ïI1 bond length of 2.7048(7) Å seen in the anti-[P2N2]CoI isomer.
152
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Figure 4.3 ORTEP depiction (ellipsoids at 50 % probability) of syn-[P2N2]CoI (4.3). Silyl methyl carbons are 

omitted for clarity. Selected bond lengths (Å) and angles (°): Co1ïI1, 2.6107(13); Co1ïN1, 1.953(8); Co1ïN2, 

1.958(7); Co1ïP1, 2.231(3); Co1ïP2, 2.238(3); P1ïCo1ïP2, 171.09(11); N1ïCo1ïN2, 118.5(3); N1ïCo1ïI1, 

115.9(2); N2ïCo1ïI1, 125.5(2). 

 

4.3 Reactivity of syn-[P2N2]CoI  

Cobalt halide complexes often serve as precursors to cobalt hydride and alkyl species.
83, 

85, 156
 Furthermore, cobalt hydride species have been reported to react with N2 to produce cobalt 

dinitrogen complexes.
157

 A common method of preparing cobalt hydride species involves 

treatment of the cobalt halide complex with a hydride reagent, such as sodium or potassium 

triethylborohydride (NaBEt3H or KBEt3H).
85, 156-158

 In an effort to generate a [P2N2]Co hydride 

species, a solution of syn-[P2N2]CoI in THF was treated with a THF solution of KBEt3H. The 

dark maroon solution changed colour to cloudy orange over the course of reaction. A dark 

orange paramagnetic material was isolated, showing broad peaks in the paramagnetic 
1
H NMR 

spectrum that matched those of the syn-[P2N2]Co complex. Orange crystals were obtained and 

the structure of this material was confirmed as the syn-[P2N2]Co complex, via X-ray diffraction 

Co1 

N1 
N2 

P1 P2 

I1 
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studies. Equation 4.5 shows the overall transformation of syn-[P2N2]CoI to syn-[P2N2]Co upon 

treatment with KBEt3H. It is not uncommon for reduction to occur from the use of hydride 

reagents; although the hydride complex forms, immediate reduction follows, liberating H2 and 

preventing isolation of the desired hydride complex.
85, 156, 158

  

 

 

4.3.1 Synthesis of syn-[P2N2]Co alkyl complexes 

Cobalt alkyl complexes are generally prepared via treatment of a cobalt halide species 

with an alkylithium or Grignard reagent.
83, 85, 142, 156, 158

 Upon treatment of syn-[P2N2]CoI with 

one equivalent of methyllithium (MeLi), the anticipated syn-[P2N2]CoMe species was not 

isolated. A combination of paramagnetic and diamagnetic species was observed via 
1
H NMR 

spectroscopic studies of the reaction mixture. A diamagnetic species observed in the 
1
H NMR 

spectrum displayed a resonance in the alkyl region that integrated to 6H (relative to the silyl 

methyl resonances), suggesting two methyl substituents are coordinated to cobalt (Figure 4.4). 

Crystals suitable for X-ray diffraction studies were obtained, yet produced poor quality data that 

generated an incomplete structure. Surprisingly, a lithium atom coordinated to the ligand was 

observed in the model, although the presence of two methyl groups on cobalt was undetermined. 

[4.5] 

4.3 4.1 
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Figure 4.4 
1
H NMR (400 MHz, C6D6) spectrum of the material isolated from the reaction of syn-[P2N2]CoI with one 

equivalent of MeLi, showing a mixture of diamagnetic (strong, sharp signals) and paramagnetic (broad, weak 

signals) species. Integration of an alkyl resonance at -0.4 ppm (6H) relative to a silyl methyl resonance at 0.4 ppm 

(12H) suggests the presence of two methyl substituents. 

 

Upon addition of two equivalents of MeLi to syn-[P2N2]CoI, resonances in the 
1
H NMR 

spectrum indicated the presence of a mixture of paramagnetic and diamagnetic species, but with 

differing chemical shifts from the previous reaction. Attempts to isolate the supposed cobalt 

dimethyl species resulted in partial decomposition. It is plausible that the dimethyl species is 

stabilized by solvent coordinating to lithium, such that the absence of coordinating solvent (after 

removal under vacuum) could cause decomposition. Acetonitrile was added to a hexane solution 

of the crude material, in order to provide a strongly coordinating solvent. A mixture of orange 

and pink crystals was isolated, and the paramagnetic 
1
H NMR spectrum of the crystals indicated 

the presence of the syn-[P2N2]Co complex as a decomposition product (Figure 4.5).  
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Figure 4.5 Comparison of the paramagnetic 
1
H NMR (400 MHz, C6D6)  spectra of the material isolated from the 

reaction of two equivalents of MeLi with syn-[P2N2]CoI (top) and the crystal mixture isolated after the addition of 

acetonitrile (middle) to the aforementioned material. Compared to the (bottom) spectrum of syn-[P2N2]Co, there is 

evidence of signals corresponding to syn-[P2N2]Co observed in the crystal mixture (middle spectrum).  

 

X-ray diffraction studies of a single pink crystal revealed the solid-state molecular structure of 

4.4-MeCN (Figure 4.6). The reaction was also performed using 1,4-dioxane, yielding crystals 

suitable for X-ray diffraction; the solid-state molecular structure of 4.4-dioxane was determined 

(Figure 4.6). Selected bond lengths and angles for 4.4-MeCN and 4.4-dioxane are shown in Table 

4.1. The structures of both 4.4-MeCN and 4.4-dioxane are only slightly distorted from idealized 

octahedral symmetry, with PïCoïP and NïCoïC bond angles close to 180° (Table 4.1). The Coï

C bond lengths (2.005(5), 2.004(5) Å for 4.4-MeCN and 1.999(2), 2.005(3) Å for 4.4-dioxane) are 

comparable with CoïC bond distances reported for cobalt methyl complexes.
156, 159

 The CoïN 

bond distances (2.222(4), 2.229(4) Å for 4.4-MeCN and 2.241(2), 2.240(2) Å for 4.4-dioxane) are 

elongated from the CoïN bond lengths observed in the antecedent syn-[P2N2]CoI (1.972(15) and 

1.953(15) Å) and syn-[P2N2]Co (1.935(4) and 1.913(3) Å).  
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Figure 4.6 ORTEP depiction (ellipsoids at 50 % probability) of 4.4-MeCN (left) and 4.4-dioxane (right). Silyl methyl 

carbons are omitted for clarity. 

 

Table 4.1 Selected bond lengths (Å) and angles (°) of 4.4-MeCN and 4.4-dioxane  

4.4-MeCN 4.4-dioxane 

Atoms Distance Atoms Distance 

Co1ïC1 2.005(5) Co1ïC1 1.999(2) 

Co1ïC2 2.004(5) Co1ïC2 2.005(3) 

Co1ïN1 2.222(4) Co1ïN1 2.241(2) 

Co1ïN2 2.229(4) Co1ïN2 2.240(2) 

Co1ïP1 2.1957(15) Co1ïP1 2.2004(9) 

Co1ïP2 2.1934(15) Co1ïP2 2.2108(9) 

N1ïLi1 1.986(10) N1ïLi1 1.994(5) 

N2ïLi1 1.969(10) N2ïLi1 1.994(5) 

Li1ïN3 2.026(10) Li1ïO1 1.990(5) 

Atoms Angle Atoms Angle 

P1ïCo1ïP2 178.04(5) P1ïCo1ïP2 176.82(8) 

N1ïCo1ïC1 177.9(2) N1ïCo1ïC1 177.08(9) 

N2ïCo1ïC2 178.2(2) N2ïCo1ïC2 178.65(9) 
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N2 

Co1 

N1 

N2 

P1 P2 

C1 C2 
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The diamagnetic nature of 4.4-dioxane is consistent with a low-spin d
6
 Co(III) species, 

further supported by the octahedral geometry and coordinated lithium observed in the solid-state 

molecular structure. The 
31

P{
1
H} NMR spectrum of 4.4-dioxane  displays a very broad resonance 

at 33.5 ppm (Figure 4.7). A singlet (ŭ 1.18) is observed in the 
7
Li NMR spectrum of 4.4-dioxane, 

supporting the presence of lithium. In the 
1
H NMR spectrum of 4.4-dioxane (Figure 4.7), the cobalt 

methyl resonance at ŭ -0.40 integrates to 6H, relative to the silyl methyl signals at ŭ 0.13 (12H) 

and ŭ 0.40 (12H), supporting the presence of two methyl substituents bonded to cobalt. 

 

 

Figure 4.7 
31

P{
1
H} NMR (161.9 MHz) spectrum (inset) and 

1
H NMR (400 MHz) spectrum of 4.4-dioxane (in C6D6). 

 

Synthesis of a syn-[P2N2] cobalt ethyl complex was also examined. Treatment of syn-

[P2N2]CoI with one equivalent of ethylmagnesium chloride produced an orange paramagnetic 

material. Equation 4.6 shows the proposed transformation, producing a syn-[P2N2] Co(III) ethyl 

species (syn-[P2N2]CoEt). The paramagnetic 
1
H NMR spectrum displays broad peaks with 

31
P{

1
H}  

1
H 

4.4-dioxane 
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differing chemical shifts from both the preceding syn-[P2N2]CoI species and the syn-[P2N2]Co 

complex (Figure 4.8). Attempts to grow crystals from this material (suitable for X-ray diffraction 

studies) were ultimately unsuccessful, thus the structure and identity of the product was not 

confirmed via X-ray crystallography. 

 

 

Figure 4.8 Comparison of the paramagnetic 
1
H NMR (400 MHz, C6D6) spectra of the material generated from the 

treatment of syn-[P2N2]CoI with ethylmagnesium chloride (top spectrum), and the preceding syn-[P2N2]CoI species 

(middle spectrum) and syn-[P2N2]Co complex (bottom spectrum). 

 

[4.6] 

4.3 
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The treatment of syn-[P2N2]CoI with one equivalent of isopropyllithium was examined 

and proved unsuccessful in producing a stable syn-[P2N2] cobalt alkyl complex. Instead, the 

paramagnetic 
1
H NMR spectrum of the final product matches that of the syn-[P2N2]Co complex. 

Crystals suitable for X-ray diffraction studies were also isolated and confirmed the presence of 

syn-[P2N2]Co. The formation of a syn-[P2N2] cobalt isopropyl complex is not observed during 

this transformation. 

The reactivity of syn-[P2N2]CoI with (trimethylsilyl)methyllithium (LiCH2SiMe3) was 

explored in the interest of observing the effect of installing a bulkier alkyl substituent. Treatment 

of syn-[P2N2]CoI with LiCH2SiMe3 generated a dark green paramagnetic material. Single 

crystals suitable for X-ray diffraction studies were isolated and the solid-state molecular structure 

of syn-[P2N2]CoCH2SiMe3 (4.5) was confirmed (Figure 4.9). The structure of complex 4.5 shows 

a distorted trigonal bipyramidal geometry about the cobalt centre. The C1ïCo1ïN2 and N1ï

Co1ïN2 bond angles (132.82(6)° and 108.18(5)° respectively) illustrate the distortion from 

idealized trigonal bipyramidal symmetry. The Co1ïC1 bond length of 2.0320(16) Å is consistent 

with CoïC bond distances reported for cobalt complexes containing a CH2SiMe3 group.
85, 144, 159

  

The magnetic moment of 4.5 (ɛeff = 2.91 ɛB, indicating the presence of 2 unpaired electrons) 

supports the formal assignment of 4.5 as an intermediate-spin d
6
 Co(III) species with 5-

coordinate trigonal bipyramidal geometry. 
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Figure 4.9 ORTEP depiction (ellipsoids at 50 % probability) of syn-[P2N2]CoCH2SiMe3 (4.5). Ligand silyl methyl 

carbons are omitted for clarity. Selected bond lengths (Å) and angles (°): Co1ïC1, 2.0320(16); Co1ïN1, 2.0193(12); 

Co1ïN2, 2.0137(13); Co1ïP1, 2.3051(4); Co1ïP2, 2.2471(4); P1ïCo1ïP2, 177.096(16); C1ïCo1ïN1, 118.96(6); 

C1ïCo1ïN2, 132.82(6); N1ïCo1ïN2, 108.18(5). 

 

Reactivity of CoCH2SiMe3 complexes with H2 is reported to generate cobalt hydride 

complexes.
144, 156, 159

 Exposure of a toluene solution of syn-[P2N2]CoCH2SiMe3 to H2 resulted in 

a colour change from dark green to light orange. The paramagnetic 
1
H NMR spectrum of the 

orange material isolated matched that of the syn-[P2N2]Co complex. Crystals suitable for X-ray 

diffraction studies were isolated and the structure of syn-[P2N2]Co was confirmed. Formation of 

a syn-[P2N2]Co hydride species was not observed, analogous to the reaction between KBEt3H 

and syn-[P2N2]CoI that also generated syn-[P2N2]Co as the final product. The formation of 4.5 

and subsequent transformation to syn-[P2N2]Co upon exposure to H2 is shown in Scheme 4.2.  

Co1 

N1 

N2 

P1 P2 

C1 
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Scheme 4.2 

 

4.4 Conclusions 

The paramagnetic syn-[P2N2]Co complex (4.1) was synthesized and further reactivity was 

explored. Exposure of syn-[P2N2]Co to oxygen results in oxidation of the ligand phosphines, 

forming syn-[(P=O)2N2]Co (4.2). Treatment of syn-[P2N2]Co with the oxidant I-CH2CH2-I 

generated the syn-[P2N2]CoI species (4.3). Reactivity of syn-[P2N2]CoI with alkyllithium and 

Grignard reagents was examined in an effort to generate syn-[P2N2]Co alkyl species. 

Interestingly, treatment of syn-[P2N2]CoI with methyllithium produced  a diamagnetic syn-

[P2N2]Co dimethyl species (4.4-dioxane). A new paramagnetic species was generated upon 

treatment of syn-[P2N2]CoI with ethymagnesium chloride, although the identity of the proposed 

syn-[P2N2]CoEt species remains unconfirmed by X-ray crystallography. The formation of a syn-

[P2N2]Co isopropyl species was not observed during the reaction between isopropyllithium and 

syn-[P2N2]CoI; instead, syn-[P2N2]Co proved to be the final product. When the bulkier 

LiCH2SiMe3 was used, formation of the paramagnetic syn-[P2N2]CoCH2SiMe3 complex (4.5) 

was observed. Attempts to synthesize a syn-[P2N2]Co hydride species resulted in regeneration of 

the syn-[P2N2]Co complex. Both the treatment of syn-[P2N2]CoI with KBEt3H and the exposure 

4.3 4.1 4.5 
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of syn-[P2N2]CoCH2SiMe3 to H2 gave rise to syn-[P2N2]Co as the final product. Scheme 4.3 

summarizes the syn-[P2N2]Co complexes synthesized in this chapter. 

 

 

Scheme 4.3 

 

  

4.3 4.1 

4.5 

4.2 

4.4-dioxane 
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Chapter 5: Synthesis and reactivity of [P2N2] rhodium complexes 

5.1 Introduction  

Exploration of chemistry involving rhodium is dominated by the design and study of 

rhodium complexes with respect to catalytic processes.
160

 A large number of pincer complexes of 

rhodium have been developed, containing a variety of mixed-donor ligand arrays.
161-163

 Several 

rhodium pincer complexes have proven useful in catalytic transformations, such as dimerization 

of terminal alkynes
164-165

 and alkane transfer-dehydrogenation.
166

 Other interesting 

transformations of PNP pincer rhodium complexes include CïH activation, addition of MeI and 

activation of H2, N2 and CO (Scheme 5.1).
167

 In addition, a PNP rhodium hydride complex has 

been reported to cleave CO2 to form a rhodium CO complex.
168

 Upon subsequent UV irradiation, 

this rhodium CO complex CïH activates benzene to form a benzoyl complex, liberating 

benzaldehyde upon protonation.
168

 Various catalytic transformations have also been observed 

with non-pincer rhodium complexes, such as hydrogenolysis of a titaniumïamide bond yielding 

ammonia,
169

 catalytic hydrogenation of CO2
170

 and intermolecular hydroalkoxylation of 

alkynes.
171

  

 

Scheme 5.1 
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A recurring characteristic amongst the aforementioned rhodium complexes is the use of 

P- and/or N-containing ligands. The synthesis of a number of rhodium complexes employing 

phosphorus- and/or nitrogen-containing ligand arrangements has previously been reported by the 

Fryzuk group.
80, 84, 172-175

 In particular, early work focused on amidophosphine complexes of 

rhodium utilizing the [PNP] ligand framework.
81-82, 176

 The synthesis of a [PNP] rhodium 

cyclooctene (COE) complex and subsequent reactivity with MeI,
81

 CO
81

 and H2
82

 is shown in 

Scheme 5.2. Although numerous group 9 (Co and Rh) metal complexes of the [PNP] and related 

[P2N2] ligand set are known, the synthesis of rhodium complexes of [P2N2] was not previously 

explored.  

 

Scheme 5.2 
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Given the challenges presented in the synthesis and characterization of paramagnetic 

[P2N2] cobalt complexes seen in Chapter 4, pursuit of diamagnetic [P2N2] rhodium complexes 

that could be more reliably characterized using NMR spectroscopy was a logical avenue. The 

100% abundant 
103

Rh isotope has the same nuclear spin (S = ½) as that of protons and 

phosphorus, such that Rh coupling with these nuclei can be observed, proving advantageous for 

characterization via multinuclear NMR spectroscopic techniques. In this chapter, the synthesis 

and reactivity of [P2N2] rhodium complexes are investigated; exploration of the ability of these 

systems to undergo oxidative addition with alkyl halides and H2 is of particular interest. Such 

studies would set the stage towards utilizing these macrocyclic rhodium derivatives in catalytic 

processes.  

 

5.2 Synthesis and reactivity of [P2N2][Rh(COD)] 2  

Initial exploration into coordinating [P2N2] to rhodium began with treatment of syn-

[P2N2]Li 2 with half an equivalent of the readily available Rh(I) starting material [Rh(COD)Cl]2, 

anticipating the formation of a Rh(I) species such as Li[P2N2]Rh. Surprisingly, upon examination 

of the 
31

P{
1
H} NMR spectrum of the reaction mixture, peaks corresponding to unreacted syn-

[P2N2]Li 2 were observed along with a new doublet at ŭ 20.0 indicating a new complex was 

generated. The RhïP coupling (143 Hz) observed in the 
31

P{
1
H}NMR spectrum is indicative of a 

Rh(I) species.
177

 The 
1
H NMR spectrum of the material isolated from the reaction also revealed 

resonances suggestive of two coordinated COD molecules (via integration relative to the silyl 

methyl protons). As a result, it was proposed that the new species contains two rhodium COD 

units per [P2N2] ligand. Treatment of syn-[P2N2]Li 2 with one equivalent of [Rh(COD)Cl]2 

afforded yellow crystalline material, giving rise to the same resonances observed in the previous 


































































































































































