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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 transitimetals. A variety of group 5 (V, Nb, Ta) and
group 9 (Co, Rh) amidophosphine complexes are described and characterized using NMR
spectroscopy and-¥ay crystallography.

A tantalum dinitrogen complex contaigi modified amidophosphine ligand was used
to examine further functionalization of the dinitrogen unit. Hydrosilylation of the modified
tantalum dinitrogen complex generated a novel dinitréfgentionalized tantalum species.

Dinitrogen functionalizatiomf 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 oxidizedlinitrogen 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 oxygeontaining radical reagent resulted in getiereof
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 witharamagnetic cobalt species, leading to formation of an
oxidizedphosphine species and a cobalt iodide complex. Synthesis of cobalt alkyl complexes

was accomplished via treatment of a cobalt iodide complex with alkyllithium and Grignard



reagents. Attempt® 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 alkidésiand Hwas 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.



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 androesoexpended 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 itepgpace 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 emicals 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 ativation: Transition-metal

complexes supported by phosphinamido containing ligands

1.1 Dinitrogen activation and functionalization

Efficient catalytic reductiotiunctionalization of molecular nitrogen gNrepresents an as
yet unsolved synthetic challenge inspired by natdeitrogen is an essential element for all
living systems. While abundant in the atmosphere, the intrinertness of Mlimits its entry
into the bosphere to just two processB®logically, the nitrogenase enzyme carries out the
difficult catalytic transformation of Ninto ammonia (NH) by the use of the iremolybdenum
sulfur protein known as the FeMmfactor>® although he operative mechanism of nitrogen
fixation is still a matter of conjectur@® Industrially, the extremely energytensivé® Haber
Bosch process produces ammonia frograhd H.*?*® Despite being perfected over a hundred
years ago, this is still the only known industrial process that uses molecular nitrogen as a
feedstock.

The discoery of the first dinitrogen complex, [Ru(N}dN2]?*,** was an inspiration for
numerous research groups to study the coordination chgmistrolecular nitrogelt?° with the
ultimate goal to discover systems that can functionalize thenl**?> However, even with
more than 50 years of research invested, a new, efficient catalytic transformation of this
unreactive small molecule remains elusiV&. Dinitrogen complexes of many metals across the
periodic talle have been reportéfi?® and with each advancement, the importance of the ligands
that surround the metal centre becomes increasingly appawhat has also become evident is

that small changes in ligand designs can effect large changes in the outcoeneattions of

metal complexes, particularly in dinitrogen activatidfVhile this has made preditidity of



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 desigiaral
important strategy that has evolved in the Fryzuk gfddjnedesign of ancillary ligands
incorporating phosphine and amido donamsl their subsequent coordination chemistry with the
early transition elements, titanium, zirconiumgbium and tantalurwill be discussedWhile a
number of successes haween achieved, several ligasystemshave failed to gnerate desired
outcomes, illustratinghe unpredictability of ligand changes the reactivity of the resultant
metal complexesAs an aside from ditrogen activation, alternative coordination chemistry to
the late transition metals cobalt and rhodium is also preseditedt 11 illustrates the generic

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

Ty vy oY

|
'Pr,p—>M=—PPr,  Ph=—P—>M-=—R—=Ph R—P—>l\l/|
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M[PNP] Si Si Si Ph
Me,  Me; Me,
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e
T e/ N
Ph—P—>l\|/I Ph—-P—>l\|/|
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M[A"NPN*] M[NPNS/eP]
R =Ph, Cy
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Ar = Ph, Mes (2,4,6-MesPh), tol (4-MePh), xyl (2,6-Me,Ph), iPr (4-PrPh)
E = S (thiophene), cp (cyclopentenyl)

Chart 1.1 Five ligand manifolds explored in Fryzuk Group dinitrogen chemistry.



1.2 The[PNP] ligand system: M[N(SiMe,CH.P'Pr»),]
The design of tridentate meridional, monoanioniciléary ligands with bulky flanking
phosphines (so called pincer ligands) comprises a large field of study in organometallic
chemistry** While the extent of pincezomplex catalysigs beyond the scope of this worthe
regularity with which pinceligated transition metal systems mediate difficult bond
transformations is well knowit.2° The synthesif [PNP]andsubsequentoordinatio
chemistrywith late metalsvas f i r st r epor t"&Whiletmerewidsénteresa r | y 1 9 ¢
the coordination chemistry of this ligand with early metals, as described elséliterese in
dinitrogen activation was serendipitolsThe synthesis of the lithium salt of tfeNH ligand,

shown inEquationl.1, is straightforward and utilizes commercially available starting

materials®
~v 3 LiP'Pr, ~NT
0 — | (1]
cl 'PryP—>Li<~—P'Pr,
Li[PNP]

1.2.1 Zirconium [PNP] complexes

After the success of tHENH system in late transitiemetal chemistry® alack of early
transition metal coordination chemistry involving phosphine donors as ancillary ligasds
noticed*"*? Conseqently, investigation ofirconium PNP complexestarting with the
preparation of [PNP]ZrGl(1.1) and subsequen¢duction chemistry under,Nvas pursuedAs
shown in Schemg.1, reaction ofl.1 with sodiumamalgam under dinitrogen generated the-side
on dzirconium dinitrogen complex ([PNP]ZrGE-d% %N.) (1.2), with an activated Nunit as

evidenced by the very longiN bond length of 1.548(7) &
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Schemel.1l

Priorto thisdiscovery the few reports of characterized zirconiumddmplexes showed
endon bonding'* The measured NN bond distance of 1.548(7) A was the longest reported at
that time, and is typical of aniNl single bond similar to hydrazine {NNH.). Subsequent
reports have shown that thé Nlbond can vary in length from unactivateg (.088(12) A}*to
significantly activated (1.635(5) A), as reported for a dihafnium dinitrogen corfiplex.

The very activated, siden bridging bonding mode observedli2 prompted further

computationdf and spectroscopidResonance Ramdhstudies to provide baseline data on this,
4



at the time, rare interaction. Replacement of one of the chlorides with a cyclopentadienyl unit
(1.3) and subsequen¢duction resulted in formation of the dinuclear-emdoridgirg dinitrogen
complex([PNP]ZrCp(e-N>) (1.4) (Scheme 1.1)he observed NN bond distance of 1.301(3)

A is long when compared with other ead bridging N units*® Computational and orbital
analysis suggested that the presence-dbpor ligands would promote thedsion mode of
bonding,confirmed by the synthesis of the aryloxy derivative [PNP]Zr(OArfOAr = 2,6
dimethylphenoxy) 1.5). Upon reduction, the siden dinitrogen complex ([PNP]ZrOA4(e-

d% %N.) (1.6) is generatedcheme 1)ithat displays a very longit bond distance of

1.528(7) A.

1.2.2 Titanium [PNP] complexes

Expansion of PNH chemistry to the lighter group 4 metal titanium was investigated.
Synthesis of an analogous precursor caxpising Li[PNP] and TiGlresulted in isolation of
[PNP]TICl; (1.7) in very good yield. Upon reduction with excess elemental magnesium under
N>, the dititanium dinitrogen complex ([PNP]Ti@g-N,) (1.8) was obtained as shown in
Scheme 1.2% In this complex, the Nunit is endon bound to the two titanium centres with an
Ni N bond dstance of 1.275(7) Agonsistent with a significantly less activategiriblecule, as
compared to the analogosisleon dizirconium congenel.2. Neverthelesghis endon bridging
dinitrogenis consideredo be formally N*, even though the NN bond lengths of.8 and1.2
are quite different. Treatment b8 with hydrochloric acid resulted in hydrazine production
albeit in low yield?® End-on bound dinitrogen complexes have proven to engage in considerably
less reaction chemistry than related satbecoordingéed complexedpr example, there was no

reaction with H or silanes. As such, the titaniJANF chemistry was not pursued further.
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Schemel.2

The efforts invested in the coordination chemistry of{NéH ligand on zirconium led
to fruitful results in terms of dinitrogen chemistry. Furthermore, ligand modification by
replacement of the flanking phosphines with dimethylamine domesulted in formation of
HN(SiMe,CH;NMe,),, which was subsequently investigataccomplexes of group 4 metdli,

Zr, Hf). Unfortunately, reduction under.Mid not lead to tractable materiéFs.

1.3 The[P2Ny] ligand system: M[PhP(CH,SiMe;NSiMe,CH,),PPh]

The discovery of siden N, binding tozirconium with[PNH as the ancillary ligandias
the starting point for bongstanding interest in dinitrogen activation and functionalizatémile
1.2 was very reactive to added reagents suchyasildnes, and othhemall moleculespure

materialseluded isolationl t 6 s phatdhle phbsphene arms of tfiRNH system readily

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



phogphine dissociation, pursuirtbe syntheis of a macrocyclic systeshould, by wtue of the
macrocyclic effect®>! reduce the tendency for phosphine dissociation.

The synthesis of [[N;]Li, (Scheme 1.3)tilizes the same chloromethylene silyl amine
starting material used in the preparation of Li[PNRjyationl.1). Issues normally associated
with macrocyle syntheses, such as high dilution and formation of different ring sizes, were not
encounteredikely due to the templating effect of the lithium ions preséithe formation of
two diagereomers ofhe dilithium saltsyn andanti-[PoN;]Li», occurs when the reaction is

carried out in THF;He syn forncan be favouretly the choice of solvent and lower

temperatured’
'\éfez Me, Me,  Me,
i _Si Si si
N W (S \N/
cH o] ‘*ﬁ\
Phe==P—— Li"P—Ph
i (A
2
_PH si” s
Ph Cl |I| Cl M62 M82
Ve, e, s s syn-PoNlLiz
1 | M
N7 €2 Mep + S =THF
PH H wp 4 "Buli
Ph” “pPh Me,  Me,
THF si_ _Si
N
s, ¢
Ph=P—>Lj Li=<—P-Ph
i s
N
si” Osi
Mez Mez
anti-[PzNz]Liz
Schene 1.3

1.3.1 Zirconium [P,N,] complexes
Initial investigations of the macrocycli®;N] ligand involvel complexation with

zirconium.Reaction osyn[P,Ny]Li, with ZrCly(THT), (THT = tetrahydrothiophene) resuitén

7



guantitative formation of [[N,]ZrCl, (1.9). Analogous to that described above Idt, reduction
of 1.9 with KCg under N resulted in the formation of the corresponding bimetallic-erd&ound
N, complex ([BN2]Zr)2(e-d% @Ny) (1.10).°*>* While this dinitrogen complex bears a slightly
shorter N'N bond length of 1.4@39) A as compared to tH@NF supported zirconiuri.2
(1.5447) A), the electronic and steric environmerfeoéd by the macrocyclid,N,] ligand
results in the formation of the same sifebound N* ligand. More importantlythe added
stability of the macrocycle enabled further reactivity of the coordinated dinitrogen unit, as
described below.

Hydrogenatio of the sideon N, unit was accomplished by addition of té 1.10,>
(Scheme 1 which resulted in the formation of gR.]Zr)2(e-d*-N2H)(e-H) (1.11).
Observation of the NH functionality marked the first report of such a transformation by addition
of H; to a dinitrogen compleX Further $oichiometric functionalizationf coordinated
dinitrogen led to a variety of transformations involving heterolytic bond cleavage, as illustrated
in Scheme 1.4 For example, addition ofbutylsilane resulted in the formation of ain$i bond
as found in ([BN]Zr)2(NoSi"BuH,)(H) (1.12).%° This complex was characterized byray
crystallography and bears a longMWbond distance of 1.530(4) S¢heme 14 The formation
of an N C bond was discovered by treatmenfdfOwith alkynes. Crystalline materials were
isolated fran the reaction of terminal aryl acetylenes withQ The resulting crystal structure
showed ([RN2]Zr)2(N2(H)C=CArH)(CCAr) 1.13 (Scheme 1 4in which the NN bond is
1.457(4) A (for Ar = 4methylphenyl) and bears &alkene at one nitrogen atom. Adging
acetylide is also present and provides evidence for a [2+2] mechanism that involves
cycloaddition of the alkyne unit to aidy bond, followed by protonation of the newly formed

Zri C unit by the second alkyrte.
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Schemel.4

The sideon dinitrogen unit irl.10is quite basicas evidenced by reactions with water
and hydrazine: deprotonation of®l generates the-oxo derivative ([EN2]Zr)2(N2H2)(O)
(1.14), while deprotonation of M, results in the formation of (PR2]Zr)2(N2oH2), 1.15

containingtwo NoH.* units (unpublished results}f



1.3.2 Titanium [P 2N5] complexes

Since the dinitrogen functionalization chemistry with the zirconiBsi,] system was so
rich, the anebgous chemistry wittthe lighter group 4 congener titanium was explorgdlt
metathesis o$yn[P,N,]Li, with TiCl, afforded [BN]TiCl, (1.16) in excellent yeld. Reduction
of 1.16with 2 equivalents of Kgunder an N atmosphere resulted farmationof
([P2N2]Ti) 2(e-N2) 1.17 (Scheme 1.b X-ray diffraction analysis showed ewth coordination
with an N'N bond length of 1.255 (7) & typical of moderately activated coordinategliiNthe
endon bridging mode. &iilar to thefPNH analogue, the dinitroganoiety in1.17is formally
assigned as ax," unit. The lack of reactivity of this dinitrogen complex with, ldilanes or
alkynes is further evidence that the emdbridging mode of plis less reactive than tlsgdeon
bridging mode.

Mez M€2
Si Si

"y
Phe—P——3 | j<—R—=Ph

! S=THF Moz I\sll'ez
AN B , E'STN’ S\~
Si Si syn-[P,N,]Liy § \\'N/ :
Mez Mez Ph/ T":/P\Ph
||
TiCl, l\ll
2KCg /Ny r\ll
M?z M.ez -I-I
G el el
Si<y. =\= v _INC
Ph T/ Ph Si Si
/ I\ M92 Me2
Cl Cl ([PaNoITi)p(u-Np)  1.17

[PoN,ITiCl, 1.16 N-N = 1.255(7) A

Schemel.5
1.3.3 Zirconium and titanium [As;N,] complexes
The macrocyclic arsine analogifs;N,] was also examineals a ligand framework.

Scheme 1.6 shes the synthesisf [As,N;], utilizing PhAsHLI in place of PhPHLhowever, in
10



the case of arsenic, only the syn isomeric form of the dilithium species could be d&tected.
Reactionof syn[As,N,]Li, with Ti(IV) and Zr(1V) chloride complexes resulted in the formation
of the desired precursors fimduction.Unfortunately, all attempts to reduce pAS]MCl, (M =

Ti, Zr) under dinitrogen yielded intractable materils.

Me;  Me,
Sl\N/S| [ASzNz]MClZ
1
Cl H
cl MCI4(THF)Z[ M = Ti, Zr
L
_AsH
" L J
Me,  Me, s s SN
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|l| > Ph’AS\»’__ LiA——AS"Ph
AsH HAS 4 BuLi 3
Ph” P THF N
si si
Mez Me2
S =THF

syn-[As,No]Lis

Schemel.6

1.3.4 Tantalum [P2N;] complexes

Expansion of the coordination chemistry{ BfN,] to tanalum uncovered new
challengesAttempts to prepare[@,N,] bound T4V) trihalide complex by reaction of §R2]Li»
with TaCk resulted in complex mixtures of products that resisted purificatiblowever,
reaction of [BNy]Li, with MesTaCl, generatd [P,N;]TaMe; (1.18), which was subsequently
hydrogenated to generate the ditantalum tetrahydride specibs]{[®).(e-H)4 (1.19) as shown
in Scheme 1.7Attempts to replace the bridging hydrides with halidgsdaction with alkyl
halides failed; with methyl iodide, oxidation of the formally TaflVg(IV) tetrahydride led to

the cationic mixed oxidation state Ta(Va(IV) tetrahydridel.20 as shown irscheme 1.7°
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Althoughl1.19was not disposetb small molecule activation, it did serve as impetus to design

less sterically and electronicabaturated ligand systems (sesxttonl.4.2).
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([P2No]Ta) o(1-H)y

Schemel.7

1.3.5 Niobium [P2N;] complexes

Althougha lack ofaccess to lowalent tantalum starting materials prevented facile
synthesis of reducegdP,N,] derived complexes, the ready availability of the niobium(lll) reagent,
NbCl(DME) (DME = 1,2dimethoxy¢hane)*® allowed us to explore dinitrogen activation with
this second row group 5 metal. The reactiosysf[P,N;]Li , with NbChL(DME) results in the
formation of [RN2]JNbCI (1.21).%° Reduction ofL.21 using KG under N generates the
paramagnetic bimetallic dinitrogen complexfINb).(e-N>) (1.22) (Scheme 1.8 X-ray

crystallographic data shows that theNNbond length ofl.22 is 1.272(5) A similar to other end
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on bridging N units; EPR data and variakiemperature magnetic studies are consistgth the

presence of a formal hydrazideNunit bridging between two Nb(1V) centrés.
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N-N = 1.272(5) A
N-N = 1.280(7) A
Schemel.8
Stable niobium alkyl coplexes were also discovered upon exposufiezifto
60, 62

alkyllithium reagentslin particular, the paramagnetic methyl complexX\iINbMe (1.23),
prepared by reaction af21 with MeMgCl, coordinates dinitrogeilo generate the diamagnetic
dinuclear derivativd.24, which also reverts back to the starting spetiZ3when heated under
partial vacuum$cheme 1.8% Although the NN bond length of 1.280(7) A ih.24 is similar to
other eneon bridging units, the lability of the coordinated fkhgment suggests that it is only
weakly activaed®? Interestingly, exposure of the methyl comple®4 to H, generates the

previously described compldx22.°? Lastly, addition of CO td.24results inloss of N to

13



produce [[BN2]Nb]2(e-d?>~-COCHs), (1.25), a bimetallic Nb species bridged by acyl groups

bound in arg? fashion Scheme 1.8%

1.4 The [NPN®] ligand system: M[PhP(CHSiMe,NPh),]

The progression from monoaniorileNH to the dianionic macrocyclid,N,] system
allowed for new kinds of transformations involving coordinatedTie observed reactivity
paternswere partiallyattributedto the stability inparted by the macrocycle, preventing
phosghine dissociation. fis design featureas extendedhto an acyclic tridentate ligand system
by positioning a single phosphine donor between two formally aniongioagionors, which
should also prevent phosphine dissociation. The synthesis [{EM¢] donor set is shown in
Scheme 1.8° Treatment of G3iMe,CH,CI with 1 equiwalentof lithium anilide results in the
formation of chleomethyldimethylsilyl anilineSubsequent addition otbutyllithium and

PhPH in a 4:1 ratio provides good yields of the dilithio diamidophosphine, f§JBIN(Scheme

1.9.
M62
Si
cl
Cl Li
l H']l/
Ph Me,
Si /F)I"I
M92 N

Si_ _Ph PhPH, =
—> Ph=P—[j li

H 4 "BuLi :
(¢]] N
SiT Npp
Mez
[NPNSiLI,
Schemel.9
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1.4.1 Zirconium and titanium [NPNSi] complexes

Thezr(IV) starting material [NPN]ZrCl, (1.26) was prepared via thteeatmenpf
[INPN®|Li, with ZrCl,(THF),. As descitied for related zirconium systems, reductiér.26
with KCg under dinitrogerfin the presence of THFgsults in the formation of the dinuclear
dinitrogen derivative ((NPRIZITHF),( &> FN.) (1.27) in which a sideon N, bridges the two
Zr(IV) centres with a NN bond distance of 1.503(3) A¢heme 1.10°° Both 1.10 (Section
1.3.1) andl.27 have similar coordination geometries in that twaddo and two neutral donors
coordinate to eacBr(IV) centre. Fbwever, attempts to replicate the reactivityldfO by
addition of H, silanes ad alkynes were not successful, highlightinguheredictability of
ligand changes on the reactivity of metainplexes. No reaction was observed upon addition of
H, to 1.27, evenafter extended reaction timds.contrast, the addition of alkynes and silanes to

1.27led to multiple products that could not be identified or sepafated.
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Schemel.10
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As shown inScheme 1.10the analogouseatment of NPN*|Li, with TiCl4(THF),
provided good yields of [NPNTICl, 1.28, which was then reduced with 2 equivalents o§KC
under dinitrogenHowever, the final product was not the putative dinitrogen complex but rather
the diphosphinimido complex ([NP(NFTi)2 (1.29). Each phosphine has been oxidized to a
phosphinimide adh the titanium centres havedseformally reduced to Ti(lll). A proposed
mechanismnvolves an intermediate bimetallic Ti(IV) dinitrogen complex that is eregfuced
to generate a bimetallic Ti(IV) speciesth two bridging nitrides, undergoingicleophilc attack
by the ligand phosphine; subsequent electron transfer reduces Ti(IV) to *fiflHe
accesmility of the Ti(lll) oxidation state could accoufdr the difference in overall reduction

pathways between é¢Zr and Ti complexes stabilized by the NiPllgand.

1.4.2 Tantalum [NPN®] complexes

As a result ofhe study of[P,N;] tantalum complexes that led to tetrahydrddE9,
exploration ofthe coordination chemistry of tfislPN®] ligand toward tantalum, witthe
presumption that complexes [MPN°] would be more reactive by virtue of being coordinatively
less saturated than tfigN.] systems. The reaction of Tap@, and [NPN']Li , produces
[INPN®|TaMe; (1.30), which upon hydrogenation yields the correspogdiitantalum
tetrahydride (INPN]Ta)x(e-H). (1.31) (Scheme 1.11°% ®>Unexpectedly, it was found that a
solution ofl.31reacts spontaneously with dinitrogen via elimination gfddgenerate the side
on endon bound N complex ([NPNTa)x(e-d": N)(e-H), (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 o #@&s an impttant breakthrough® ® The N'N

16



bond length is 1.319(4) A, consistent with a strongly activateahdiety assigned a formalf
oxidation staté® °°

The reactivity ofl.32is extremely rich, as the dinitrogen unit can be functiaedliand
the bridging hydrides can also undergo reactivity independ&iiyr example, the reaction of
propene withl.32results in isomerization of the;Nnit to generate the erah bridging
dinitrogen derivative ([NPRI]Ta(CI—IZCHZCHg))Z(s-NZ) (1.33) (Scheme 1.1 highlighting the

requirementf bridging hydrides to enforce the sida endon bonding mod&>
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Schemel.11

Examining thetreatmenbf 1.32with a variety ofneutral group 13 Lewis acidevealed
thattheexposed nitrogen of the sid& endon N, unit readily forms Lewis acid adduct.

Specifically, trimethylaluminum1(34), trispentafluorophenylboran&.85) and trimethylgallium
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(1.36) adducts were synthesized afdhracterizedScheme 1.12)X-ray crystallographic data
indicate a slight elongation of tha N bond in each adduct compared to the parent spe&2s
suggestive of some small further activation of thendiety’’ The range of adducts possible
illustrates the accessibility of the terminal nitrogenhi@ sideon endon unit, which was

explored further in [2+2] cycloadditions
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Schemel.12

In the interest of forming newiNC bonds towards functionalization of coordinateg N
the possibility of cycloadditions using reagents with cumulated X=C=Y double bonds (where X,
Y =S, N, O) was evaluated. Initial attempts with oxygentining 1,2heterodienes X=C=0
(where X = RN, S, O) resulted in complex mixtures and/or intractable §&fftidowever,

reaction ofL..32withthe CQa n a | o g udghenyNarbddimide, resulted in the clean
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formation of the cycloaddition product (NPT a),(e-H).(e-°-PhNC(NPh)N) (1.37), shown

in Scheme 1.18° While no further chemistry was observed with this species, the formation of
the [2+2] cycloadduct with a new-8 bond is noteworthy and provided the crucial underpinning
for the reactions with other heterodiefigh the reaction ol.32with phenylisothiocyanate
(PhN=C=3 sulfur migration H, elimination and NIN bond cleavageccurs to generate
(INPN>Ta)(e-S)-N)(NCNPh) (L.38). A similar reaction is observed betwekB2andtert-
butylisothiocyanatel(39), however, the final product is more complicated due to ligand

rearrangementl(40) (Scheme 1.13
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The reaction ofL.32with carbon disulfidegenerated two different products41 and
1.42, shown in Scheme 1.18 variable yields depending on specific reaction conditidfis.
Addition of CS at low temperatures favours the product of sulfur migration, that is the
isothiocyanato derivative ([NP?]Ta)z(s-S)(s-N)(NCS) @.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 inyolves N

dissociatiorand complete disassembly of the,@®lecule to generate methylene and two
bridging sulfides in ((NPN]Ta)x(e-S)(e-CH,) (1.42. Recentlythis reactionwas revisited,
revealingthatCS; concentration, nademperaturgis the important parameter in detening
which product formg°

Further modification ofNPN®| was undertaken in the interest of changing the
phosphorus donor to arsenic to observe thecetin the reactivity patterithe synthesis of the
diamidoarsine adaptatiofiNAsN>] was carried out in an analogous mannertaeatedwith
TaMe;Cl; to form the orresponding [NAsﬁ]TaMeg complex’* However, hydrogenation of this
complex does not lead to the desired tetrahydhdeinstead yields only protonated ligand
precursor* X-ray crystallography and DFT studies indicate that the adsiner does not

interact with tantalum, perhaps rationalizing the unproductive reactivity with dihydfbgen.

1.4.3 Niobium [NPN>] complexes
Concurrent withresearch involving thENPN®] ligand system and tantalum, coordination
of [NPN®] to niobium was explored:he reaction betwediNPN] and NbC}DME) in the

presence of Nresults in the direct formation of a diamagneiititrogen complex

20



(INPN>]NbCI)»(e-Ny) (1.43) (Equation 1.2 under ambient conditior’s.In comparison td.32,

the N, moiety of1.43is bound engbn with a short NN bond length of 1.237(4) A.
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'\g.ez _Ph Me, si. /M ph
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NbCl(DME) < ! | Ph
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—N Ph 3 )
o ph cl /N:\Ns\i\&
©2 PH PR MeMe2
INPNS|LI, (INPNSINbCI),(u-N,)
1.43

N-N = 1.237(4) A

In an effort to replicate the method used to generate the tantalum tetrahydride and
subsequent dinitrogen specieg PN, the corresponding NbMEl, starting material was
reacted witfNPN®] to form the analogoUsNPN>]NbMes, a highly light and thermally
sensitive compountf. Attempts to hydrogenate [NPiNbMe; led to decomposition, suggesting

that this complex is too unstable to withstand the hydrogenation précess.

1.5 The [V**NPN*] ligand system: M[[(2,4,6-Me3sCsH2)N-2-(5-MeCgH3)].PPh]

The discoveries made possible by the coordination environmdhtri®] illustrated the
potential of this diamidghosphine ligand set to facilitate dinitrogen activation and
functiondization when coordinated ®arly transition metals. However, nproductive ligand
rearrangements involvingil$i bond cleavage and phine oxidatioff suggested that
synthesis o& similar array of donomwith increased thermal and kinetic stability could prevent
these undesired rearrangements and perhaps allow release of a functionatiged friagment.
To that endthe CHSiMe; linkerswerereplacedwith ortho-phenylene hkers, reasoninghat

the basicity of the amine unit should mbange too muchhe known pK values of diaryl amine
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(PheNH = 24.95) and disilylamines ((M8i),NH = 25.8) are similar enough to suggest that
substitution of an aryl for a silyl substituent woblel appropriaté? Synthetic routes to these
new[NPN*] systemdhave been reporte@chemel.14summarizes the preparation of
[MSNPN*]H,, the diaminephosphine derivative in which the aminalghosphine donors are

linked byortho-phenylene units.
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Schemel.14

Using N-mesityl4-toluamine, the bromination occurs at thpdxsition of thep-tolyl
group in high yield.Subsequent lithium halogen exchange and amine deprotonatien by
butyllithium followed by dichlorophenylphosphine quench resulted in the desired lithiated ligand
[MENPN*]Li, in two steps from commercially available starting materials (ScHet®.”* The
synthesis of "*NPN*] wasalso modifiecby replacement of the mesityl groups on the amido
donors with less sterically encumbering aryl groups sucha$/M¢-phenyl aad N-p-isopropy}t

phenyl to generatt”NPN*] and["'NPN*].”
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1.5.1 Zirconium [V*SNPN*] complexes

Early studies with the'f*NPN*] ligand initially focused on zirconium chiiole
precursors as a means to eeséuthe similarities withNPN>]. Direct salt metathesis with Zrgl
resulted in complex mixtures rather than the desiretpbex. To circumvent this, the protonated
ligand, [V'eSNPN*]Hz, was treatedvith Zr(NMe,)4, resultngin quantitative formation of
[MeNPN*|Zr(NMe,),. Subsequent treatment with excessSIEl " generated the dichloro
complex ["*NPN*]ZrCl, (1.44), which was reducedith 2 equivalents of Kgunder exceshl,
in THF (Schemd..15) to generate the siden dinitrogen complex YENPN*]ZrTHF)(e-d%
N) (1.45.”® Complex1.45displays a long NN bondlength of 1.503(6) Aconsistent with other
sideon NPNstabilized zirconium dinitrogen complex#s>® "

The THF ligands ol.45can be displaced by pyridine to generate the bis(pyridine)
complex (["®NPN*Zrpy).(e-d* EN5) (1.46), and by PMgPh to produce the unsymmetrical
monophosphine derivative{'NPN*]Zr),PMePhe-d*: d*-N>) (1.47) (Scheme 1.15 This latter
monophosphine derivativie47 adds H similar to that found focomplex1.10°*to generate N
H bearing ('**NPN*]Zr),PMePh-d*N,H)(e-H) (1.48). To date, NH bond formation in this

manner has only been observed at zirconium supportgebly] and[V**NPN*] demonstrating

the rare and dilenging nature of this traformation
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Schemel.15

In unpublished workptherortho-phenylene tethered NPN ligands that have less bulky
N-aryl substituents such asgbpropylphenyhave been expred,resultingin the["'NPN?*]
donor set and-thethylphenyl,represented g&'NPN*]; these are prepared via modificatiais

the route shown in Scheme 1.1%he zirconium dichloride compleX'NPN*]ZrCl, (1.49) was
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synthesized in an identical mannerl.44(Scheme 1.16™ Reduction under excess kin THF)
resulted in the formation of the expected bimetallic,-sidé\; bridged complex
((P'NPN*ZITHF)a(e-d* EN,) (1.50 (Scheme 1.16). Similar th45 the THF donorsf 1.50

are labile and the \N bond is comparable in length (1.542(4)A).

0 B

ﬂ Zr(NMe,), \
Ph—P /
H 2) Me,SiCl ﬂ’\‘ 2 ﬂN \/\\‘
N
\/j R 1.49
[P'NPN*JH, [F'NPN*ZrCl, ([P"NPN*]ZITHF)o(1-N2)
N-N = 1.542(4) A 1.50
Schemel.16

1.5.2 Titanium [*'NPN*] complexes

Coordination of NPN*] to titanium was achieved by treatment of Ti(NJJAEL, with
protonated proligand [¢(MeCsH4)NH-2-(5-MeCsH3)].PPh for concomitant rease of Mg\ H.
Reduction of the resulting titanium dichloride complBNPN*]TiCl, (1.51) under excess N
generated endn dinitrogen bridged bimetallic'{NPN*]TiTHF)(e-N,) (1.52) in moderate
yield (Schemd..17).The solidstate structure of thistitianium N, complex revealed an erah
bridging dinitrogen moietyAn observed NN bond length of 1.260(4) A is typical for end
bridging N units implying an M moiety.”® Beyond ligand substitution reactions replacing the
supporting THF ligands with pyridine and bipyridine bases, the reactivitypdfvas not
explored. It should also be noted that ligand substitution in this manner has little to no effect on

the N' N bond distancé®
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Schemel.17

1.5.3 Tantalum [V**NPN*] complexes

As mentioned abovehe syntheses of thertho-aryl linked NPN donor systenmgas
developed o expl ore the formation of tantalum dini
analogous to the preparationlo82via reaction of Mwith 1.31 (Scheme 1.1). To that end, the
correspading["*NPN*] bound trimethyl derivative"F"NPN*]TaMe; (1.53 waspreparedand
exposedo 4 atm of H to generate the ditantalum tetrahydride compl¥N(PN*]Ta)a(e-H.)
(1.54 with no detectable intermediates (Scheird.”” Unfortunately, activation of dinitrogen

by 1.54was not observed even under forcing conditigns.
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Schemel.18

1.6 The [NPN% and [NPN] ligand systems: M[[(2,4,6MesCgH2)N-2-(C4H,S)L,PPh] and
M[[(2,6-Me,CgH3)N-2-(CsHg)].PPh] and coordinationto zirconium(IV)

Given that the change totho-phenylene linkergshown in Schemek.14 to 1.163}till
allowed access to activated dinitrogen complexes via reduction updearints of unsaturated
two-carbon backbones between the amido and phosphnoesim NPN arraysere 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 3gdbromothiophene, Hartwiguchwald
amination with mesitylammresulted irexclusively mono NC 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 PhPgtlench for the desired NPN array; however, as
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previously reported, there is a clean rearrangement that occurs from the expectgisBtdtion
to generate the 2@attern found in thg"*NPN7] ligand.”® Protonolysis and reaction with
Zr(NMey)4 followed by treatment with excess bBCI resulted in the formation dii¢ zirconium
dichloride complex{*NPN®|ZrCl, (1.55. Unfortunately, while reductiodid result in

consumption of complek.55 intractable mixtures resulted.

X N Q
Br cat [Pd] NH 1) 2 BuLi Ph—-P->Lli :l-i
@/Br MesNH, 7 / Br 2)0.5 PhPCl, Q L
t S
S NaO'Bu 5 _
[MeSNPNS]L,

>2Me3NHCIl
S Ph
Sr/) / — ﬁ
NZ P
KCsg \‘ 1) Zr(NMey), SQ\N
......... Zr__Cl B ——— H
=0 2)Messicl PP
N, 3=l
I/ cl H
§7T NN
155 =
[MeSNPNS]ZrCl, [MeSNPNS]H,

Schemel.19

A condensation, deprotonation sequence to assemble a related NPN dorer alsb
investigated Deprotonation oN-2,6-dimethylphenylcyclopentylidene imine by LDA followed
by quenching with 0.5 equiv PhB@eésulted in a mixture of imirenamine tautoms
Y'NPN|H, that reacted smoothly with Zr(NM). As before, reaction with excess M%CI
provided the dichloride derivativ&NPN|ZrCl, (1.56).”° In this case, reduction under

dinitrogen did result in the formation of a dinuclear sitiebridging N complex [¥'NPNP|Zr(e-
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d% AN,) (1.57 (Schemel.20. An observed NN bond distance of 1.508(5) A shows
considerable Plactivation,comparable téhe zirconium cbmistry demonstrated with the
[NPN®] and[M**NPN*] ligands’® In this particular context, functionalization of the hydrazido

ligand was not expkred.

Ph

ﬁ /X'“"'P/
b 1) Zr(NM \ \‘
N 1)LDA H ) Zr(NMez), N

205PhPC, P N/\
)0. 2 f . 2)Mesicl [ £ iy
s 1.56
PYNPNCPIH, KCs PYNPNCPIZrCl,
N2

(PY'NPNPIZFTHF)p(1-n?m?-No)
N-N = 1.508(5) A

1.57

Schemel.20

1.7 Cobalt and rhodium coordination chemistry

While interest in ligand design and coordination to early metals towards dinitrogen
activation is a principal fo@j late metal coordination chemistry using the group 9 metals cobalt
and rhodium continues to be an important endeavour in the FryzuRkr@abous reports show
the synthesis of an alternate [PNP] ligand containing phenyl substituents on the phosphorus

dorors, generating the lithium salt SYPNP] (where TPNP] = N(SiMe,CH,PPhy),]) in an
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analogous manner to Li[PNP], using lithium diphenylphospfidgarly work examined the
coordination of [PNP] ligands to rhodiutfi®* followed by investigation of paramagnetic
[P"PNP] cobalt complexé¥.Later work on thg'NPN] ligand explored coordination
chemistry with rhodiuni More recently designed ligand scaffolds have also been utilized to

investigate paramagnetic cobalt compleXés.

1.7.1 Cobalt and rhodium [""PNP] complexes
Synthesis of various rhodiuriPNP] complexes was accomplishedrbaction of

Li[ ""PNP] with a number of rhodium starting materials, as shown in Schem&#1'21.

Ph,
Mezsi
Ph,
Me-Si Me,Si
e NP 1.61
\ Ph, N—Rh—PMe;
N—Rh—CO on
["PNP]Rh(PPh3) MeZSi\/
Me,Si P
oo 162
. o [PPPNP]Rh(PMes)
[""PNPIRN(CO) RhCI(PPhs),
1/2 [Rh(CO),Cl], Rh(PMej),* CI
Ph, Ph, Ph,
P
Me.Si : Me,Si
©2 '\ ¢ 1/2 [Rh(n2-C,H,4)oCll, Mezs'\ ‘ 1/2 [Rh(COE),Cl], > I\ ¢
N—Rh—| = N—Li > N—Rh—
MezSi/\/i MBZSi/ i MezSi/\/i
Ph, \/Ph2 Ph,
[P"PNPIRh(n2-CoH,) 1.59 Li""PNP] 1.58  {"PNPIRN(COE)
Schemel.21

The Rh(l) omplexes PNP]Rh(COE) 1.58, [P N P ] R@,.H(1.59,

[P"PNP]Rh(CO) 1.60, [""PNP]Rh(PP}) (1.61) and ["PNP]Rh(PMe) (1.62 were generated
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and subsequent reactivity was explotet. The labile cyclooctene ligand h58is easily
displacedy other neutral ligands, such that complek&® 1.62can be also be formed via
treatment ofL.58with the appropriate donor reagent (Scheme 1.22).

[F"PNPIRh(PMe;) 1.62

PM%} [P"PNPIRh(PPh;) 1.61
PPV
Ph
VT
MGZS|\ ¢ co
N—RH— —> [P"PNP]Rh(CO) 1.60
ws! 1O
NP
Ph, CoH,
[P"PNP]Rh(COE) \
1.58 [P"PNPIRh(n*-C,Hy) 1.59

Schemel.22

Paranagnetic cobalt complexes SfPNP] were later synthesized and studied, more than
a decade after the [PNP] rhodium chemistry was initiated. The cobalt halide complex
[PPNP]CoCI (.63 was prepared via addition of EJPNP] to a suspension of Co@h THF
(Scheme 1.23% Complex1.63 a highspin tetrahedral Co(ll) species, undergoes reactivity with
organolithium and potassium reagents to generatespirvsquare planar Co(ll) alkyl speci&s.
Scheme 1.23 shows the formation ‘dPNP]CoMe (.64, [("PNP]CoCHSiMe; (1.65 and
[PPNP]CoCHPh (1.66) viathe treatment of.63with MeLi, LICH,SiMe; and KCHPh
respectively. Addition of excess benzyl chloride (PhChito 1.63results in a onelectron
oxidation to produce the paramagnetic Co(lll) dichloride speBiE&P]CoC} (1.67).2%

Reduction of compleg.63was not explored.
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Schemel.23

1.7.2  Rhodium [Y'"NPN’] complexes

Coordination of rhodium t§*NPN®] has also been investigated, producing
[Y'NPNP|RhCI(COE) (.69 via reaction of ' NPN®|H of with [Rh(COE)CI], (Scheme
1.24)% While both d the ligand arms id.68have 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 exposur&8fo CO, generatinthe Rh(l)
monocarbonyl compleR’'NPN|RhCI(CO) (.69,%* as shown in Scheme 1.24. Reaction of
1.68with H. leads to the formation of a Rh(lIl) monohydride speffésIPN|Rh(H)Ch (1.70),

with both nitrogen donors coordinated to rhodium fromriesediimine form of the ligand?
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1.7.3 Cobalt complexes with alternative ligand scaffolds
More recently reported work exploréiie coordination chemistry of ligands containing
phosphinoamide donors with no linker between the amido and phosphiné&ndiilizing a
ferrocene diamine scaffold, synthesisafliphosphinoamido ligand, [fc(NPXwhere NP =
NPPr,) was accomplishedhe polymeric dipotassium salt of [fc(NP)K2[fc(NP)], is formed
from depr ot-ermeehebisgdisopoopylpiosphimfdgamina)ith potassium hydride
(KH), shown in Scheme 1.#8The salt metathesis reactionkf[fc(NP),] with CoCh(py)s
restts in the formation of a paramagnetic, dimeric cobalt complex ([fc{i8B), (1.71),%°
shown in Scheme 1.25. The geometry about the Co(ll) centfegldE square planar, due to
weak butsign f i ci@rot ifhd eracti ons with the f-eayocene |

crystallography, MP-rmagretanesyrandDplestudigs.os copy,
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Schemel.25

Other recent work details the synthesis of the enaipieisphinimine ligands
INNpNP®P and [NNpN™S] (where NNpN = EINCH,CH;N-2-(CsHe)P(Pr)NR; R = DIPP 2,6-
diisopropylphenyl; R = TMStrimethylsilyl) and their subsequent coordination chemistry with
cobalt®® The lithium salt LiNNpN'""] undergoes salt metathesis with Co®l praduce the
cobal t chl BNKNpN"EF|Ce@ (&.22, shavn ia Scheme 1.26. The cobalt alkyl
c o mp P-pNXpNYF|CoCH,SiMe; (1.73 was also generated via metathesis.@2with
LiCH,SiMe; (Scheme 1.26). With the aim of producing a dinitrogen compl&2was reduced
with KCgunderNat mospher e, r esul tarenegonmplet.74 F:ddmat i on of
[INNpNPPP|Co (Scheme 1.26).
In an effort to avoid the arene coordination that occurs upon reductiof2> f
replacement of the DIPP substituentiwét TMS substituent was examirf@dvietathesis of the
lithium salt LINNpN™9] with CoCLTHFisr esul t ed i n %MNeN™ €sCmat i on o
(2.79, shown in Scheme 1.26. The reactiori awith LiCH,SiMe; also generated the
analogous complex.76, 3-[NNpN™%]CoCH,SiMe; (Scheme 1.26). However, treatment of
1.75with KCg under N failed to generate a dinitrogen complex, instead produttie GH

activat e &NNpbiWelCELICO (4.77), as shown in Scheme 1.26. The formation of
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1.74and1.77instead of the desired,domplexes underlines the unpredictability of pursuing

dinitrogen activation chemistry.
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1.8 Scope of thesis

The lofty goal of catalytic dinitrogen reduction/functionalization continues to be an
important focus of the Fryzuk labyen after more than 25 years of researcmripgnumerous
transition metals and uncovered novelddénding modes and new reactivity patterns for
coordinated dinitrogerAlthoughthe design and synthesis of new ligand arcyginuesthere
is still much to be learned from existing systems. Thekwothis thesis is focused on

exploration of novel coordination chemistry and dinitrogen functionalization of transition metal
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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 detbs the hydrosilylation of a tantalum dinitrogen complex, an analogue of
complex1.32that contains a modified [NP ligand framework. Chapter 3 examines the
reactivity of paramagnetic jR,] niobium and vanadium dinitrogen complexes with
electrophiles ad oxidants. Chapter 4 describes the synthesis and reactivity of paramagnetic
cobalt complexes containing the;M2] ligand. Chapter 5 explores the synthesis and reactivity of
[P2N2] complexes of rhodium. Chapter 6 provides an overview of the work prdsarttes
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 -shgofibbaks in chemistusgatalyssthatcan di sc o
convert molecular nitrogen into a high value nitrogentaining material. > #**while some
interesting results have been achieved with systems that produce ammaog)iagiNgl soluble
transtion metal complexes and various sources of protons and electrons, the turnovers have been
disappointing and extension to largeale processes is not realisiié> “Nevertheless, these
systems represent rankable syntheti achievements that help furtherderstanding of the
necessary requiremerts.

The HaberBosch process of ammonia production utilizesaNd H to form NH; at high
pressures and temperatut@d.is estimated that the whole process consumes more than 1% of
the total energy produced globalfy® Such arinvestment in energy is considered essential, as
the ammonia produced is used to increase agricultural proddtBecause of the hugmergy
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 int&rest.

Previous workowards findinga catalytic gstem for the functionalizatioof N,
originatedfrom the discovery that an [NPiNsupported ditantalum tetrahydride specie81)
reacts spontaneously with, kb generate a reactive ditantalum dinitrogen comple32).®
Perhapghis transformationcould be the first step in a potential catalytic cycle, wherebliple
additions of the iddalement hydride (B H) reagentvould form N E bondsandreleasea

functionalized NE, moiety, with concomitant regenerationi81 (Scheme 2.1}
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Unfortunately, tis potential cataltyc cycle was not realized, bint the process ahis
investigatian, the extraordinary reactivityf 1.32 with Ei H reagents wasevealed. For example,
previous reports shothat1.32is capéle of undergoing hydroboratidi®® hydroaluminatior??

9799 andzirconocene insertidf reactbns, all of which result in newiNE bond

hydrosilylation
formation?* "> 1°* An overview ofthe reactivityof 1.32 towards these reagents is illustrated in
Scheme 2.2. AlthougNi N bond cleavagand N E band formation was accomplishddyther
reactivity was eventually negated by ancillary ligand rearrangements, hindering the liberation of

any dinitrogerderived products. The limitations of the [NENigand system in these reactions

prompted investigation of further ligand modificatidfis
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In the previously reported hydrosilylation of ((NPNa)( &« &N2) (H), (1.32 with
butylsilane (BuSiH),” 8 one of the isolated products is the disilylimididdged ditantalum
complex2.1, when strict control of stoichiometry (2 equivalents of Buspisl maintained
(Scheme 2.3). The mechanism of the formatio®.bhas beemproposed on the basis of
variable temperature NMR studies and labeling experiments, and further supported by DFT

evaluation’® The possibility that the addition of excess butylsilane could result in the elimination
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of tris(butylsilyl)amine and the formation of dysihydride derivative of tantalum was also
investigated. Upon addition of more BuSQitd 2.1, an unusual transformation was observed that
involves one ancillary ligand rearrangement and loss,pésishown in Scheme 2.3. The
mechanism of this transformati remains elusive, as no intermediates were observed; however,
it is noteworthy that the reaction is promoted by the presence of excess;Beggittlless of the

fact that the excess silane is not incorporated into the product.
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Scheme2.3

Given that the fphenyl substituent of the [NPHlligand orthometallates to generate a
bridging interaction between the two central tantaitoms a modified [NPN'] ligand
containing aifferent substituent on phosphorus could preclude cyclometallation and ideally

push the reaction forward to the desired outcome of tris(butylsilyl)amine elimination.
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Modification of [NPN®] to include Pcyclohexyl as a replacement for theRenyl substiients
has previously been report&d.n this chapter, the synthesis and hydrosilylation of the P

cyclohexyl analogue of {PN>|Ta)( & §N.) (H),is examined.

2.2 Synthesisand molecular structure of (YINPN|Ta),( &% HN») (H).

The preparation che Rcyclohexyl ditantalum tetrahydride€?’[NPNS|Ta)( ). (2.3
(where Cy denotes thedyclohexyl substituent) wasreviously reported®® In analogy to the
formation of1.32 reaction of2.3with molecular nitrogen results in the formatiof the

analogous siden endon dinitrogen complex“{INPNS|Ta),( &> &N,) (H), (2.4) (Equation

2.1)13
Cy, Cy.

Ph, \ /\ Ph \P
Ph\/N : / \\'S.IMeZ N Ph\N H / SiMe,
MeZSi/N\T i ) N;suwez 2 " H\ ;&Mez

. s~ N

Me;,Si k \:/ \N\”’ph (- Hy) Me SI( / \\ / \ [2.1]
F)\ Ph i g \Ph
Cy 2.3 cy 2.4

Although the soliestake molecular structure diis dinitrogen complewas previously
determined® the bridging hydrides were not located. During this investigatinglescrystals
of 2.4wereobtained and the structure is included here for completeness; the bridging hydrides
were located in the difference map. Fig@ré shows the molecular structure2o4 and relevant
bond lengths are shown in Table 2.1. The overall metrical parameteeraemilar to the P
phenyl dinitrogen complek.32 in particular the NIN2 bond length is 1.328(7) A ih4as
compared to 1.319(2) A ih.32 and the Tat-Ta2 separation is largely unchanged at 2.8333(4)

in 2.4and 2.830(4) irl.32 It is curious to nte that the TaP bond lengths do not vary much
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from the Pphenyl upon introduction of the more electiroch cyclohexyl substituent: iB.4,

Tali P1 and TaRP2 are 2.5956(19) and 2.609(2) A, respectively, compared to 2.573(5) and

2.596(5) A in1.32

C25

Figure 2.1 ORTEP depiction (ellipsoids at 50 fobability) of C[NPN¥|Ta),( &f: &N,) (H),(2.4). Silyl methyl
and Nphenyl ring carbons other than ipso are omitted for clarity.

Table 2.1 Selected bondistancegA) of 2.4

Atoms Distance Atoms Distance
N(1)IN(2) 1.328(7) Ta(lf Ta(2) 2.8333(4)
Ta(2) N(1) 2.144(5) Ta(1) H(AT) 1.87(6)
Ta(2) N(2) 1.987(6) Ta(1ly H(2T) 1.76(7)
Ta(1)y N(1) 1.880(9 Ta(2) H(1T) 1.85(7)
Ta(1l) P(1) 2.5956(19) Ta(2) H(2T) 1.92(7)
Ta(2)i P(2) 2.609(2)

42



The formation oR.4is also supported by NMR spectroscopy. Diagnostic resonances in
the'lHNMRspeat um i nc | ude ahatsniegratds ® 2H, eotrespondihdto tho
hydrides bridging the two tantalum ¢t0b8tres, a
0.11, 0.14 and 0.19, supporting the expected lack of symmetry in thisrseledon dinitrogen
complex. Inthé'’P{{H} NMR spectrum there are two resonar
coupledtothesecof® envi ronment and a broad miNtiplet
guadrupolar nucleus. Tracking these characteristic rasesasia NMR spectroscopic studies

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

2.3 Hydrosilylation of (Y[NPN3]Ta)o( &> HN2) (H), with BuSiH3
2.3.1 Monitoring hydrosilylation by **P{*H} and *H NMR spectroscopy

The reactiorof BuSiH; with 2.4was monitored by'P{*H} NMR spectroscopy in an
effort to detect intermediates and compare this process to the hydrosilylation gfltbayP
analogue with BuSikl Upon treatment o2.4 with exces8BuSiHs, the slow formation ofseveral
newspeciean be observed the*'P{*H} NMR spectra, resulting in clean conversion to a
single complex over a 72 hour period. (Figure ZTA)s reaction proceeds through two
intermediates, as evidenced by the appearance of two new doublet sigrissaand 30.8
and two small resonancestat 1 . 80.4 i the®’P{*"H} NMR spectrumafter 48 h. These
signals correspond to two different speaes to the inequivalent phosphorus donors on the
ligands. After 72 h, both the starting material andrmtliate species resonances disappeared
and two newesonanceatli 27 . 8 and 2 2Byhnalagy to the pherylesysteng d .
the first intermediate is likely the monosilylated ddmplex @.5). Figure 2.3 shows the hydride

region in theH NMR spectum, providing evidence of two signals that can be assigned as two
43



inequivalent bridging hydrides (multiplet signaldidtl.0 and 11.1) and a third signal indicative
of a terminal hydridet{14.3 ppm). These resonances are in agreement with the assigfiment
2.5as the first intermediate. Another signatidi6.8 in the'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 imrdeide specie?.6, on thebasis of its similar spectral

parameters to the previously reported analdgue.

48 h

72 h

L B B B B B L L B B B B B e L B B B B B B B B B
3231 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0 -1 -
m

Figure 2.2 3'P{*H} NMR spectra (121.4 MHzCsDe) recorded after treatment B4 with excess BuSik
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Figure 2.3 Stack plot ofH{*'P} NMR spectra (300 MHzCsDs) in the Ta hydride region, during the reactior2ef
(yellow) with excess BuSikin C¢Dg over the course of 72 h. The hydrides of the two reaction intermedidies,

(green) an.6 (blue)are observed, as well as the final prod@ct,(purple).

Reaction of2.6 with excesBuSiH; was expected to produtige disilylimide analogue of
2.1(Scheme 2.3% However, while in situ evidence f@r5and2.6was observedhe analogous
disilylimide species with Ryclohexylsubstituentsvas not detected he finalcomplex(2.7)
gives rise to two doublet signals in tHe{*H} NMR spectrum ati 22.1 and 27.8 ppm, and three
hydride multiplet signals in thdd NMR spectrum afi 8.4, 9.7 and 18.0. These higtir
resonances clearly suggésat a different species is being fomifer the RPcyclohexyl analogue,

compared taompound.2in the Rpheny reaction (Scheme 2.3romplex2.7 was isolateas
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single crystals, and its solgtate molecular structure determined. The overaltimaoutcome

is shown in Scheme 2.4

Cy\
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o % P\
N, M. \\SlMe2
“ SSH, , BuSiH
MezsyN\Td/ NG ,N;S"V'ez 3
Me,Si \\ /\ N// o
~
W \
\ Ph
Cy
2.4
Ph y\P//\\SiMez
Ph :N H ISiMez
Mezsy \Ta"—H——'Ta"“N\
viezsi|_ / \N/ \N\ Ph
Lp\ el Tin
Cy | Bu
Bu
2.7
Scheme2.4

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

isolation of the intermediates, a series of consecutive tifRétH} NMR experiments were

conducted. Figurg.4shows a staadplot of *'P{*H} NMR spectra recorded during theaction

of 2.4with four equivalents of BuSifbver the course of 46 h. The resonancex fyellow)

slowly disappear as resonances of the first intermesieie.5 (green) appeabut remain

minor, suggesting that thispecies is undergoing further reactivity shortly after being produced
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Resonances of the second intermedsatrie.6 (blue) appeasoonafter, followed by the
resonances of thenal product2.7 (purple), confirming that there are three species ptésen
several hours during the coursetloé reaction. Attempts to isolate and further characténzse
intermediagés proved challenging and were ultimately unsuccessful. Characteristic NMR

resonances fdt.4, 2.5, 2.6 and2.7 are summarized in Table 2.2

2.7

3‘2 3IEI 2‘8 2‘6 2‘4 22 ZIEI IIB 16 14 lIZ 1‘El é 6 “1 IZ E‘l
f1 (ppm)
Figure 2.4 Stack plot of’P{*H} NMR spectra (161.9 MHzCsD¢) during reaction o2.4 (yellow) with four

equivalents of BuSiklin CsDg over the course of 46 h. The two reaction intermedi&t&ggreen) an®.6 (blue) are

observed, as well as the final prod&¥ (purple).
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Table 2.2 Selected'P{*H} and 'H NMR spectroscopy chemical shifts @#, 2.5, 2.6and2.7.

Nuclei | Chemical Shift (d) Structure
31
P 27.9 Cy.
Ph \
E P
15.8 AN H, / SiMe,
H 10.5 (Hp) Me s./ NS Ng /SiMe
2S)/ PN
mezsif_ /\ /N/ o
RN Ph
A, 24
31 C
P 30.8 Y
Ph \
P
16.5 Ph\N H, / SiMe,
4 11.0 (Hp) Mezsy H:Ta/ TaQ' ;SIMGZ
Me,Si K /\\N// oh
11.1 (Hp) \ 4 N \
| Ph
31
P 1.8 Cy
Ph \P
-04 Ph, % SiMe
\N.. N / \\ 2
SN N //SiMe,
Me,Si Ta Ta:wm N
1 Mezsi k / \ N "Ph
H 16.8 (Hy) \ 5 T
Ph
\C SiH,Bu 2.6
y
31
P 27.8 - y\P //\\\,‘%iMe2
22.1 Ph\‘N T l [\Il SiMe;
H 8.4 (Hy) Mezs?N&”Ta _:_Ta NG
. t
) Ph
Me,Si \\ \N/ \N\
9.7 (Ho) \,p\ Neil Tin
18.0 (Hp) Cy | Bu 2.7
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2.3.2  Molecular structure of [NPN>]TaH(BuSiN-g-Si(H)Bu-&-N)(e-H), Ta[NPNS]<Y
X-ray quality crystals were grown from slow evaporation of a hexane solution of
SYINPN®|TaH(BuSiN-e-Si(H)Bu-e-N)(e-H),Ta[NPN*]®¥ (2.7) and the soliestate molecular
structurewas determined. In Figu5, the molecular structuie 2.7is shown;althoughrelated
to thestructure of thé>-phenyl reaction produ@.2, the structure o2.7 exhibitssomestriking

differences.

R

Figure 2.5 ORTEP depiction (ellipsoids at 3% probability) of2.7. Silyl methyl and Nphenyl ring carbons other

than ipso are omitted for clarity.
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Table 2.3 Selected bondistancegA) and angles (°) o2.7.

Atoms Distance Atoms Distance
Ta(1) N(1) 2.096(3) Ta(lf Ta(2) 2.9667(4)
Ta(1) N(2) 2.044(3) Ta(l)y H(1T) 2.14(4)
Ta(2) N(2) 1.976(3) Ta(1) H(2T) 1.98(4)
Ta(1) N(3) 2.056(3) Ta(2) H(1T) 1.78(4)
Ta(1) N(4) 2.105(3) Ta(2) H(2T) 1.77(5)
Ta(2) N(5) 2.074(3) Ta(2) H(3T) 1.69(4)
Ta(2) N(6) 2.051(3) N(1)i Si(1) 1.710(3)
Ta(1y P(1) 2.6624(10) N(1)i Si(2) 1.713(3)
Ta(2) P(2) 2.6288(10) N(2)i Si(2) 1.721(3)

Atoms Angle Atoms Angle

Si(L)i N(1)i Si(2) 129.24(19) N(1)i Ta(1) N(2) 74.98(12)
N(1)i Si(2)i N(2) 94.38(15) Ta(1l) N(2)i Ta(2) 95.10(12)
Ta(2) Ta(1) P(1) 91.64(2) Ta(l) Ta@)i P(2) 125.35(2)

The most obvious feature is that neither of theyElohexyl substituents is cyclometalated or in

any way altered i2.7. In addition, there are hydrides that have been located that bridge the two

central tantalum atoms and one terrhimaride is also presenthé silylimido-amido unit that

results from a rearrangement of the putative bridging imides of the unobserved analdgue of

remains unchanged. Selected bond lengths and andeésarve shown in Table 2.2

comparison of théwo structures.2and?2.7) shows that most of the metrical parameters in the

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

separation in the-Phenyl cyclometalated produ2i2is 2.9511(5) A, which isimilar to that

found in the dihydride bridged structl2e7, where the Ta-Ta2 distance is 2.9667(4) A.
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2.3.3 Characterization of “/[NPN®]TaH(BuSiN-¢-Si(H)Bu-g-N)(e-H), Ta[NPNS]<Y

Further NMR spectroscopic characterizatior2dfwas carried out to substantiate the
molecular structure determined Kyray crystallography. Assignment of the three hydride
resonances df.7was madéy a series of NMR exgiments. Numerou8D NMR experiments
(*Hi *H COSY,™Hi **C HSQC andHi #°Si HSQC ) confirmed that the hydridesonances all
correlate to each other and do not correlate to carbon or silicon, suggesting that they are hydrides
bound totantalum Critical andysis of a'H i *'P HMBC experimenprovided insight into the
assignment of the hydride resonances as bridging or terhassd on thecoupling to
phosphorus. Both phosphomesonances correlate the bridging hydrides as expectedhile
the uniqueeminal hydride correlate® only one of the phosphine donors (FigRr@. The'H
NMR chemical shifts of the two bridging hydrides are quite disparaie9.@and 18.0, and the
assignment of the terminal hydride resonanae8att is somewhat countetinitive; the terminal
Tai H resonances iR.5and2.6 (as well as their phenyl analogues) are typically the furthest
downfield.However, the coupling patterns are consistent with these assignments. Although there
is some asymmetry in the bondinfgtioe ridging hydrides in th&-ray structure, this is not

conclusive enough to rationalize the disparate chemical shifts.
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Figure 2.6 Analysis of the'H i **P HMBC spectrum (400 MHZH and161.9 MHz,*'P externalprojections) oR.7

(in CeDe).

The presence of six silicon atoms2iiY was confirmed by°Si NMR spectroscopy; the
'Hi 2°Si HSQC experiment correlated two silicon atoms to their correspondikigr&onances
in the silylimido-amido unitand theother four silicon atoms correlated to the eight silyl methyl

environments of the ligands (Figure 2.7).
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Figure 2.7 Hi ?°Si HSQC spectrum (400 MHZH and 79.5 MHz?Si external projections) &.7in CsDs. The

cross peak at 0.29 fil andi 28.5 in?°Si is due to a silicone grease impurity.

2.3.4 Synthesis of [NPN]Ta)»( &% HN.) (-3¥),and?H NMR spectroscopic studies
Given that the presence of the tantalum hydrides are a defining feafurarof
comparison to the structure of thegpRenyl analogu@.2, determining the origin of these
hydrides was of great interest. Prior to assigning the identity ciett@ndntermediate athe
imide-nitride specief.6, a key observation was made that aideddeiermination. Wien the
hydrosilylatione x per i ment i1 s carried out in a sealed J

observed in théH NMR spectra, which is the characteristic chemical shift fofTHis indicated
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that reductive elimination of the bridging hydrides asibles occur, forming.6 as the second
intermediate species. While this says little about where the bridging hydrid&somginate
from, it gave rise to the idea of tracking the hydrides through deuterium labelling studies.
Synthesis ofhe deuterated dinitrogen compléNPN|Ta),( & &N,) (D)., 2.4d, was
proposed as a means to track the deuterium atonisl WAIR spectroscopy. Analogous to
formation of(“Y[NPN>|Ta),( )4 (2.3), synthesis of [NPN |Ta)y( ), (2.3-ds) was
accomplished via treatment 9{NPN>]TaMe; with D, gas. Raction of2.3-d, with N, results
in the formation of the analogous dinitrogen comgekd,, containing bridging deuterides
instead of hydrides.

The reaction oP.4-d,, with excess BuSitwas examined through sequentidland’H
NMR spectroscaip studies. In théH NMR spectra, the signabrresponding tthe bridging
deuterides({ 10.4) slowlydiminished intathe baselire as the reaction progressed. Howetrer,
elimination of the bridging deuterides as @as not observed as predicted; there was no trace of
a signal corresponding to;Present in any of theH NMR spectra recordeover the course of
the reaction. Instead, a new peaki 8t6 was observed that was attribute®tSiD3, indicating
there is somdeuterium exchange with the exc@sSiH; present. Furthermore, thiel NMR
spectra showed the presence e{i#4.47), suggsting that His eliminated instead of Das a
result of H/D exchange betwe8rd-d, and butylsilane. As a complimentary experiment, the
reaction of trideuterobutylsilan@BuSiDs;) with 2.4was also investigated. In this case, the
presence of Pwas obseved in the’H NMR spectra, but there was no evidence ofddnd in
the'H NMR spectra, suggesting 5 eliminated instead of +as a result of H/D exchange
betweer?.4 andBuSiDs. Signals observed in the hydride regiofthe?H NMR spectra

correspondd theknown chemical shifts of the tantalum hydsa 2.5, 2.6 and2.7, confirming
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the presece of tantalum deuterides. In the hydride region of th&IMR spectra, only trace
signals of the tantalum hydrides are observed. Although the process is ebaapliy fast
exchange between the butylsilane hydrides and the tantalum hydrides early in the reaction, the

evidence suggests that the hydrides presenhfiarise from the excess butylsilane present.

2.4 Hydrosilylation of (“Y[INPN]Ta)2( &% HN) (H),with PhSiH;

Sinceisolation and characterization of the intermediates in the reaction be2wiesd
BuSiH; provedchallenging the reaction betweeh4 and excesphenylsilane RPhSiH) was
investigated in order to gain understandofighe mechanism by which4 reacts with silanes.

Initial **P{*H} NMR studies indicatethat2.4reacts rapidly with PhSitto form the analogous
monasilylatedspecie.8 (Scheme 2.5)as evidenced by the appearance of two new doublets at
U 2 9. 75andthd conplete disappearance of the resonan@e4 dri the'H NMR

spectrumf her e are two new hydride resonances at
respectively, corresponding to one terminal hydridetawedbridging hydridesThis is casistent
with thespectral properties of the analogouphienylmongsilylatedspeciefoundin the

reaction betweeft.32and one equivalent of PhSiff A secondntermediate species is also
rapidly formed, giving rise to a broad resonance-at0 in the*'P{*H} NMR spectrum and a
signal atli 16.5 in the'H NMR spectrum that could correspond to a tantalum hydride. In all
likelihood, this second intermediatetie imidenitride (2.9) that forms analogously @.6. The
presence of a peak @#.47 in the'H NMR spectrum suggests thas ks been eliminated,

(arising from conversion &.8t0 2.9), further supporting the assignment2o® as the analogous
imide-nitride species (Scheme 2.5). Within several hours, two new singlé®2a0 and 4.9

appear ir'P{*H} NMR spectrum, suggesting a third species in the reaction mixture. During the
55

Cc



reaction, all three species are present simultaneously for some time, Bydsdidang to

complete conversion into the third species within 16 hours’ MR spectrum for the final

product .10 is quite messy and complicated; peaks that are suggestive of eight silyl methyl

environments indicate this complex hass§mmetry n solution. The spectral properties of this

complex are reminiscent of the product of the reaction betweengher®yl dinitrogen complex

1.32and 2 equivalents of PhSiHesulting in migration of one of the amido donors of the [NPN]

ligand® The structure 02.10is proposed on thieasis of similar spectral parameters to the

previously reported henyl analoguescheme 2.5 shows tlowerall reaction oR.4 with excess

phenylsilane. Attempts to isolate the intermedsgecies were unsuccessful and crystals suitable

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

2.10

PhSiH5

Scheme2.5

Me,Si
Mezél'( / \ / \N Ph
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2.5 Conclusions

The Rcyclohexyl dinitrogen compleR.4was prepared and its reaction with excess
butylsilane was explored. Upon monitoring the reaction by multinuclear NMR spectroscopy, a
numbe of intermediate species were observed. The final product is a hyutitied imide
amido silylated specig®.7) that has the imido bridging between the two central tantalum atoms.
The origin of the bridging hydrides in the product is proposed to faosethe excess silane
present, on the basis of deuterium labelling studies. The reacttbéwith excess PhSifvas
also examined and monitored Vi#{*H} and 'H NMR spectroscopy. This process appears to
proceed similarly to the reaction between thghenyl dinitrogen complek.32and PhSiHhj,
producing analogous species.

Althoughthestrategy to change the substituent on the phosphine from phenyl to
cyclohexyl did not result in release ofs{utylsilyl)amine cyclometallatiorof the phosphine
substtuent was circumventedlevertheless, both of the final products display the same
rearranged silylimidemido unit, which suggests that this bonding arrangemdéme is
thermodynamic sink in this systeasit forms in two separate reactions. érunderstading
the operative mechanisfor both processesould be of interest, the fact that in neither case the
cleaved and functionalized dinitrogen fragment can be eliminated from the ditantalum core is
disappointingAlthough both of thes processes get us sito thdofty goal of converting
dinitrogen to a higher value organonitrogen product with the potential for turnover, it ighelear
these systems are flawed. Elimination via hydrofy3is an additional method that could lead to

liberation of a desirable product.
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Chapter 3: Reactivity of paramagnetic niobium and vanadum 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. Bsgvreported worlkas
demonstrated that numerous early transitiotairginitrogen complexes can be obtained using
this method (see Chapter 1). The reduction gffNbCI (1.21) using KG in the presence of N
leadto formation of a paramagnetic end bridged dinitrogen complgiP.N2]Nb),( €\>)
(1.22.% Similarly, the reduction of [N2]VCI under the same conditions generatiee
analogous paramagnetic dinitrogen comp[@N,]V)o( €,)."* It is worthnoting that the use
of strong reducing agents in these systems does not always lead to formation of a dinitrogen
complex. For example, the reduction ofNINbCI using KG in the presence of aromatic
substrates has generated some interesting arene eesi3fé®’ Under an Hatmosphere,
toluene or benzene solutions ofB]NbCI and KG undergo hydrogenation of the respective
aromatic solvent to producef®] niobium cyclohexadienyl complex&¥ (Scheme 3.1).
Reduction of [N2]JNbCI with KCg under argon resultad phosphorugphenyl group
activation'®’ shown in Scheme 3.1. Although there was a deliberate absengéndidth of

these systems, they still serve to demonstrate the complex reactivity tlagsiseanhen

generating highly reduced complexes supported-tang N containing arrays.
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While the N complexeg[P2N2]Nb)>( €N2) and([P2N2]V)2( €\2) have previously been
reporte¢®™ *®exploration of reactivity studies are limited. Treatmenf@$N2]Nb)( €\2) with
H, and primary silanes was previoustyamined, however no reactivity was obserR‘at¢hen
([P2N2]NDb)2( 8N2) was exposed to phenylacetylene, formation of an alkyne complex
[P2N2]Nb( 4 HCCPh§* occurred via displacement of the coordinated dinitrogen (Scheme 3.2).
Cleavage of the Nunit via nitride formation was also previoushyvestigated; as each Nb(IV)
center in([P2N3]Nb),(e-N,) is formally d, each metatould theoreticallysupply oneelectronto
further reducehe hydrazido M to twonitrido N* speciesPrevious reports show that the
thermolysis of doluene solution of[P,N2]Nb).(e-N>) resulted in formation of thearamagnetic
bimetallic bridgingnitride complex[P>N2]Nb(e-N)Nb[PNg] (3.1), where [PN] =
PhPMe(CHSIMeNSiMe,CH,P(Ph)CHSiIMe;NSiMe;N) (Scheme3.2). A single ntride bridges
the two Nb centes; while the other nitrogen atom of the hydrazido ligand hasiheerporated
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into the backbone of the&,N, macrocycle.Despite the complications of a ligand rearrangement,
this result is significant in that it demonstrates not only the formatior deéNved nitrides, but

also nitride functionalization, as evidend®dNi P and N Si bond formation.
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In an attempt to trap the potential niobium nitride intermediate species, the thermolysis of
([P2N2]Nb)2( €N>) in the presence of ks acids was proposed. Priexamination using two
equivalents of trimethylaluminum (AIMgrevealed that AIMgdoes not act as a Lewis acid;
insteal, loss of a methyl group occurremiform a bis(organo)aluminum imide speciés
([P2N2]NbN)(AlIMe ), (3.2) (Scheme 3.3). TheNinit was cleaved and the formation of Al
bonds indicates functionalization of the coordinatettidigen. The observation of 1,2
diphenylethane in thtH NMR spectrum is suggestive of a radical mechanism, whereby a methyl

radical abstracts a proton from toluene to form,@rt 1,2diphenylethané®®
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In this chapter, the thermolysis @P2N2]Nb),( 8\>) in the presence of Lewis acids is
further investijated and novekactivity of ([P2N2]Nb)2( 8N2) and([P2N2]V)2( dN2) with

electrophiles/oxidants is also explored.

3.2 Reactivity of ([P2N2]Nb),( €\y) with Lewis acids

The thermolysis of ([fN2]NDb),( €\,) in the presence of various Lewis acids was
explored n an effort to determine if similar reactivity to that of the AfM&ample could be
observed (forming species analogou8.®). Initially, the reproducibility of3.2from the
reported reaction between Aliland([P-N2]Nb),( &\,)*°®was examined. When a toluene
solution of([P2N2]Nb),( €N2) and AlMe; was heated at 110 °C overnight, a colour change from
dark brown to maroon was observed, consistent with the previous f&pornaroon
paramagnetic material was isolated, showing broad resonances in the paramidgygtiz
spectrum at differing chemical shifts from the star{jigN2]Nb),( @\») complex. The previous

report stated that a large crop of green crystalline material was isolated; despite humerous
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attempts, only a fewyreen crystals suitable fo-ray diffraction were obtained. Figure 3.1 shows
the molecular structure determiniedm these crystals, confirmir®j2 as a product of this

reaction.

Figure 3.1 ORTEP depiction (ellipsoids at 3 probability) of ([BN2]JNbN),(AIMe,), (3.2). Silyl methyl and P

phenyl ring carbons ber than ipso are omitted for clarity.

The thermolysis of[P2N2]Nb),( €\,) in the presence dfiethylaluminum(AlEts) was
examined next, in order to observe the effect of using an organoaluminum reagent with bulkier
alkyl groups. Upon heating a toluene solutiorf[BEN2]JNb)( &N2) and AlEE overnight, a
colour change &m dark brown to maroon was observed. The resultant maroon compound is

tentatively assigned #F°,N2]JNbN)2(AlEt,), (3.3), formed analogously to compl&2. A
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comparison of the paramagnetit NMR spectra 0B.2 versus3.3is shown in Figure 3.2.
Similarresonances are observed at relatively similar chemical shifts in the spectra of both
compounds. Unfortunately, the structure8@is unsubstantiated, due to failure to obtéhnay

quality crystals of this material.
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Figure 3.2 Comparison of the paramagneti¢ NMR (400 MHz,C¢Ds) spectra 08.2 (bottom) versus.3 (top).

In contrast, thermolysis ¢fP2N2]Nb).( €\>) in the presence of triethylborane (BEtid
not leal to N, functionalization. A colour change from dark brown to dark blue was observed
after heating a toluene solution(@.N2]Nb),( €\,) and BEt overnight, reminiscent of the
thermolysis of[P2N2]Nb)»( €\>) that forms the nitride speci@sl Formationof 3.1was

confirmed by comparative paramagnettNMR spectra, in addition to single crysklray
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diffraction studies (Figure 3.3). No interaction with Btas observed, even when the

experiment was conducted with excess (8 equivalents)@B&sent.
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Figure 3.3 Comparison of the paramagnetit NMR (400 MHz,CsDs) spectrum oB.1 (bottom) to that of the
material isolated from the thermolysis of lB]Nb),( 8\,) in the presence of BEftop). ORTEP depiction
(ellipsoids at 50 % pr o b3disilylmethyand Phenyltritgearbores bteerthaa | , v er i

ipso are omitted for clarity.

When a toluene solution ¢fiP2N,]Nb),( €\2) was themolyzed in the presence of
tris(pentafluorophenyl)borane [B§Es)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 paramagnetid NMR spectrum. Attemts to growX-ray quality crystals from this
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material were ultimately unsuccessful, thus the structure and identity of the product remains
elusive.

Similar to the above reaction, the thermolysig[BsN,]Nb),( €\,) with
bi s(pentafl uor ophenylgshygields a dark (e® pammagrietic naterial n e ,
that shows broad peaks in the paramagrktidMR spectrum. In an effort to observe the effect
of reduced temperature, a toluene solutio(f4fN2]Nb),( €\,) and HB(GFs), 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 paramagnietiiMR spectrum. A small amount of single
crystals suitable foxX-ray diffraction were isolated and the sedithte molecular structure was
determined. Initially, the structure was assigned as the starting mai@fzis]Nb),( €\,) and
Pi er s 0 -brgstalbzedavjth diethyl ether. However, after further scpbhthe
crystallographic data, two hydrides associated with the borane moiety were located aiféiithe C
C bond angle was more acute than the ¥Xxpected
Hydridoborate formation suggests a novel compl@R,IN2]Nb)2( 8\2)][H2B(CsFs)7] (3.4), was
formed, as shown in Figure 3.4. The €BQi C55 bond angle of 114.7(4) ° &4 is consistent
with complexes containing the;B(CsFs), anion****** The counter cation must then be the
[([P2N2]Nb),( €Ny)] fragment, indicating a loss of one or two electrons has occurred. The
metrical parameters for thfP2N2]Nb)2( 8\2)] fragment in3.4 are essentially the same as the
parent([P.N2]Nb),( €\>) species. The NIN2 bond length of 1.265(4) A iB.4is slightly

contracted compared to tf{@:N2]Nb),( €\,) complex at 1.272(5) A.
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Figure 340RTEP depiction (el l i psHiNds €8)[HB(GF)E@@HHrSiybabi |l ity)
methyl and Ppheny ring carbons other than ipso are omitted for clarity. Significant bond length (A) and angle (°):

N1i N2, 1.265(4); C48B1i C55, 114.7(4).

The overall summary of tithermolysisof ([P.N2]Nb),( €\y) in the presence ofarious
Lewis acids is shown in Schen3.4.With the exception of triethylborane, some indication of
reactivity of ([P2N2]Nb),( €\,) with each Lewis acid was observed, although several of the
products eluded characterization. Investigating the reactivigyPe¥,]Nb),( -€\,) with Lewis
acidsprovided the inspiration for exploring the treatmen{[BEN2]Nb),( -8\2) with other
electrophiles and oxidants.
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3.3 Reactivity of ([P2N2]Nb),( €\2) with electrophiles andoxidants

In order to generate the positively charged JX\(ifNb).( €\.)] fragment in comple8.4,
it was postulated that the electron loss could occur as a result of oxidation gfuthie. M/hile
this particular reaction pathway is an impsecexample of how to accomplish this, it has served
as a stepping stone for considering oxidation reactions gMi{[IRb).( €\,). Treatment of K
complexes with chemical oxidants is known to produce oxidizespBcies that are salts of the
reagent anion™**** Commonly used oxidants include silver salts, ferrocenium salts, halogens
and diphenyliodonium salts> Some of hese reagents can act as either an electrophile or
oxidant, dependent on the chemical environment and species invbiWedhis section,

treatment of ([EN2]Nb)2( 8\,) with a variety of electrophiles/oxidantsdscussed
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3.3.1 Treatment of ([P.N2]JNb),( €N,) with iodine-containing reagents

The reactivity of([P2N2]Nb)»( €Ny) with different iodine containing reagents was first
explored.Diphenyliodonium salts carchas oxidants towards transition metal complexes,
although they are typically used in electrophilic arylation reactibiis® Addition of a toluene
solution of diphenyliodonium triflate ([BR[OTH]) to a toluere solution of([P-N2]JNb)2( -€\2)
resulted in a colour change from dark brown to clear yellow within 30 mintitessolated
yellow paramagnetic material showebad resonances in the paramagn#tiNMR spectrum
at differing chemical shifts from the starting {N3]Nb),( €\,) conplex (Figure 3.5).
Crystallization efforts were ultimately unsuccessful; the identity of this material remains elusive

due to failure to determine the seBthte molecular structure.

2 [Phyl][OTf] yellow
(P2N2INb)o(u-Np)  ——————>
Toluene paramagnetic solid

T T T T T T T T T T T T T T T T T T T T T T T
34 32 30 28 26 24 22 20 18 16 14 12 10 8 4 2 0 -2 -4 -6 -8 -10  -12  -14  -16
(ppm)

Figure 3.5 Comparison of the paramagneli¢ NMR (400 MHz,CyD¢) spectrum of ([EN,]Nb),( €\,) (bottom) to

that of the material isolated from the reaction o [fINb),( €\,) with [Phl][OTf] (top).



In addition to possessing electrophilic character, alkyl halides act as wealeotren
oxidants™*® A gradual colour change from dark brown to clear yellow was observed upon
addition of methyl iodide (Mel) to a toluene solution([éf.N,]Nb),( &\,). The dark yellow
material showetbroad resonances iha paramagnetitH NMR spectrum The material resisted
all crystallization attempts, thus crystals suitableery diffraction studies were not accessible
and the structure remains undetermined.

The reaction of 1;2liodoethane witl{[P,N2]Nb),( €\>) yields a dark yellowbrown
paramagnetic materiaB5), showing broad peaks in tharamagneti¢H NMR spectrumSingle
crystals of3.5were obtained and the solstlate molecular structure was determined. Figure 3.6
illustrates the structure @f5as([P.N2]Nbl)>( €N2). The N unit remains intact, with an NIN 1 6
bond distance of 1.09(2) A, considerably shorter than the p@ReNb]Nb),( 8N2) Ni N bond
length 0f1.272(5) A The Nbi N1 bond length of 1.943(13 is longer than the NN bond
lengths (1.853(4), 1.8%8) A) in ([P2N2]Nb)o( €\.). In contrast to the distorted trigonal
bipyramidal geometry around the niobium centre§RsN2]Nb),( €\,), both niobium atoms in
3.5have formed a Nl bond, generating a distorted octahedral geometry about each niobium
centre The [RN2]Nbl units are staggered with respect to each other along the NKb axis,
such that the niobium iodides are rotated about 45° from one another. The magnetic moment of
3.5was found to be 2.98s (indicating 2 unpaired electrons) consisterthvihe presence of two
d" Nb(IV) centres. Accordingly, the dinitrogen moietydrs can be considered a diazenido type

N2 unit.
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Figure 3.6 ORTEP depiction (elfisoids at 5@%6 probability) of [PoN,]JNbl),( €\,) (3.5). Silyl methyl and Fphenyl
ring carbons other than ipso are omitted for clarity. Selected bond lengths (A) and angléBl@);N 1. 019 ( 2) ; Nb 1
N1, 1.943(12); Nbill1, 2.835(2); NbIN1IiN 1 6, 1 7 57.NBI(NR,4169;6(5)NNBNb1i 11, 175.5(4); PLNb1i

P2, 157.84(15).

3.3.2 Treatment of ([P2N2]Nb),( €N>) with silver salts and ferrocenium salts

Silver (1) salts are broadly used as oxidants with transition metal compféies,
addition to acting as halide abstraction agents. The reactivifi?;]Nb),( €8\>) with silver
tetraphenylborate (AgBRhand silver triflate (AgOTf) was studied in order to determine if
oxidation of([PoN2]Nb),( €N) would take place. Tédaddition of a THF solution of AgBRIo a
solution of([P2N2]Nb)2( €N>) in THF produced a colour change from dark brown to dark red.
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Red needle crystals were isolated, showing broad peaks in the parama4)iNM& spectrum
(Figure 3.7. Although the redrystalline product could be consistently isolated, single crystals
suitable forX-ray diffraction studies remain elusive; the solid state molecular structure is

undetermined and thus the identity of the product is unknown.

AgBPh,
([P2NINb),(u-N;)  ————  red needle crystals
THF

9 8
(ppm)
Figure 3.7 ParamagnetitH NMR (400 MHz, THF-dg) spectrum of red needle crystals isolated from the reaction

between AgBPhand ([RN2]Nb),( -a\y).

Upon addition of a THF solution of AgOTf to a solution(f.N2]JNb),( €\,) in THF, a
colour change from dark yelletwrown to dark reébrown was observed. The dark brown residue
isolated was extracted into minimal toluene and filtered to renmmwe #nsoluble dark solids,
likely Ag® produced from the reaction. Broad peaks were visible in the paramagh&tdR
spectrum. Slow evaporation of a toluene solution yielded a small amount of crystals that were
suitable forX-ray diffraction studies. Theolid-state molecular structure obtained from these
crystals is shown in Figure 3.8. Compl&% demonstrates that loss of the iMit and
coordination of a toluene solvent molecule has occurred to form a niobium arene complex. The

coordinated tolueneappe s t o be sl ightl y di°tetheniobiiend fr om p

71



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 (eltisoids at 5@6 probability) of3.6. Silyl methyl and Fphenyl ring carbons other
than ipso are omitted for clarity. One triflate molecule is missing an oxygen(atoomplete model due to

disorder).

Unfortunately, it is unclear 8.6is the major product in the reaction between AgOTf and
([P2N2]Nb)2( €N5). Upon repeating the reaction, paramagrn#iéNMR spectra matching that of
3.6failed to be obtained. In addition, crystals3d® were never isolated again. The experiment
was also repeated in the absence of aromatic solvents, in an effort teedis&rthe reaction
outcome would differ. After filtering out the insoluble solids {Agrystal growth was observed

upon concentrating a THF solution of the reaction mixture. However, when the crystals were
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taken forX-ray diffraction studies, the solstate molecular structure show@e,N2]Nb),( €\>)
co-crystallized with THF. The remaining dark redbwn material (isolated from the mother

liquor) shows broad peaks in the paramagrfetillMR spectrum. Figure 3.9 shows a

comparison of the paramagnetit NMR spectra 08.6to that of the dark redrown material
produced in this reaction. Repeated attempts to produce crystals from the reaction of AQOTf and
([P2N2]NDb)2( 8N>) in the absence of aromatic solvent failed, thus the identity of any new species

remains undetermined.

] 0T,

;z\p/Ph 3 6

AgOTf dark red-brown
([PoN2INb)a(u-N3)  ——
THF only paramagnetic solid

20 19 18 17 16 15 14 13 12 1 10 e s 7 & 5 4 3 2 1 o 1 2 3 a4
(ppm)
Figure 3.9 Comparison of the paramagne'i¢ NMR (400 MHz)spectrum oB.6 (top, GDg) to that of the dark red
brown material isolated from the reaction of AgOTf angN[Nb),( €\,) in the absece of aromatic solvent

(bottom, THFdg).

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

ferrocene (FeGp byproduct (observed itH NMR spectroscopy as a singlet at 4.0 ppm) can be
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removed by simply washing tipgoduct with nonpolar solvent such as hexane. Treatment of
([P2N2]NDb)2( 8N>) with oxidants such as ferrocenium tetraphenylborate ([EE&Rh,]) and
ferrocenium tetrafluoroborate ([FegjBF4]) was explored. After stirring a THF solution of
([P2N2]NDb)2( 8N>2) and [FeCp][BPh,] for 20 hours with no obvious colour change obsdnthe
mixture was heated to 90 °C for 12 h. The presence of ferrocene'd Ni@R spectrum of the
reaction mixture indicated that some oxidation/reduction occurred. The isolated maroon solid
showed broad resonances in the paramagh¢tMR spectrumThe structure and identity of
this material was not realized due to failure to obtain crystals-f@y diffraction studies.

The reaction betwegfiP2N2]Nb),( €N2) and [FeCp|[BF4] produced a dark yellow
brown solid that showed broad peaks in the paramagi&titMR spectrum. The resulting solid
residue was washed with hexane and yellow solid isolated from the hexane wash was assigned as
ferrocene on the basbf'H NMR spectroscopy. Crystals isolated from a THF/hexane solution of
the remaining material were subjecteXtoay diffraction studies (Figure 3.10). Loss of
coordinated Mhas occurred to form([P2N2]Nb)2( (F3)][BF4] (3.7), with three fluorides
bridging the two Nb centres. Each Nb centre is seagmrdinate, displaying a distorted, capped
trigonal prismatic geometry. This structural motif has been observed iff NioBplexes '8
The N F bond length#& 3.7 are comparable to those observed for a dinuclear niobium oxide
NHC complex containing two bridging fluorides (Nbbonds of 1.9952(12), 2.3193(12),
1.9915(12) and 2.3632(14)),"*° one of the few crystallographic exrales of a complex with a
related bonding arrangement. Both Nb centrés Trare formally assigned as Nb(IV), each
having one unpaired d electron, supporting the spectroscopically observed paramagnetic nature

of this complex.

74



Figure 3.10 ORTEP depiction (elfisoids at 5@6 probability) of [([RN,]Nb),( €)s][BF.] (3.7). Silyl methyl and P
phenyl ring carbons other than ipso are omitted for clarity. Selected bond lengths (A) and angles F); Nb1
2.144(4); Nb1F2, 2.133(4); NbllF3, 2.153(4); NbRF1, 2.175(4); NbRF2, 2.172(3); NbRF3, 2.143(4); FANbIi
F2, 69.91(13); FINb1i F3, 69.47(13); FONb1i F3, 65.78(13); FilNb2i F2, 68.62(13); FINb2i F3, 69.08(14); F2

Nb2i F3, 65.28(13); NbilF1i Nb2, 99.11(%); Nb1i F2i Nb2, 99.52(14); NbilF3i Nb2, 99.82(14).

3.3.3 Treatment of ([P2N2]Nb),( €\,) with oxygencontaining reagents
Investigation into the reactivity ¢fP.N2]Nb),( €\,) toward oxygercontaining oxidants
was also pursued. Pyridinedxide is a known oxidizing agent that has shown utility in organic

synthesis reaction$*** Upon addition of a THF solution of pyridineaxide to a solution of
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([P2N2]Nb)2( &N2) in THF, a colour change from dark brown to dark blue was observed. Upon
removal of the volatiles, a dark blue solid was isolatedibéting broad resonances in the
paramagnetiéH NMR spectrum. Crystals isolated from a hexane solution of the blue material
were subjected t¥-ray diffraction studies, revealing a disordered structure of the starting
([P2N2]NDb)2( €N>). Given the failuréo 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?*23 Addition of a THF solution of DMSO to a solution @P2N2]Nb),( &\y) in THF
produced a colour change from dark brown to dark magenta. Broad peaks were observed in the
paramagnetiéH NMR spectrum of the dark magenta material isolated. Multiple repetitions of
this reaction and various crystallization strategies fadgoroduceX-ray quality crystals, thus
the structure and identity of this material remains elusive.

The free radical 2,2,6;&tramethyll-piperidinyloxy(TEMPO) is broadly utilized in a
number of organic oxidation reactiotf8 Transition metal TEMPO complexes are known,
including onederived from treatment of an,domplex with TEMPJ?°*?° Treatment of
([P2N2]JNb)2( 8N2) with TEMPO generated a dark redown material that was found to be
di amagnetic. A very br owedintheédR{nNNMR spectriant Thei 1 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 foX-ray diffraction studes; the solid state molecular structure was determined
(Figure 3.11). The bonding arrangement of theshit has changed from bridging end to
bridging sideon in ([PoN2]Nb)o( & dN)( €©) (3.8), with the addition of an oxo ligand

bridging the two nibium centres. The N6 bond length 01.352(5)A in 3.8is elongated
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from the N'N bond length ofl.272(5) Ain ([P.N2]Nb)s( 4N»). The Nb1---Nb2 distance of
2.9673(4)A is outside the bonding range that is typically observed in complexes contaitiing Nb
Nb bonds****# indicating that a NbNb bond in3.8is unlikely. The N moiety can be

considered a ' unit, consistent with the formal assignment of each niobium centre as Nb(V).

Figure 3.11 ORTEP depiction (elfisoids at 5@ probability) of ((RBNJNb),( & &N, Q) (3.8). Silyl methyl
and Pphenyl ring carbons other than ipso are omitted for clarity. Selected bond lengths (A) and angles (°):
Nb1---Nb2, 2.9673(4); NBN6, 1.352(5); NbILN5, 2.123(4); NbILN6, 2.137(4); NbEN5, 2.140(3); NbENS,
2.128(4) Nb1i O1, 1.957(3); NbRO1, 1.950(3); NbLO1i Nb2, 98.82(13); NbiIN5i Nb2 88.22(14); NbIN6i Nb2,

88.18(15).
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The bonding parameters in the (N&>: EN,)( €©)Nb unit of3.8are comparable to those

observed in a Nb calix[4]arene complex that contains aasifildging sideon N, and bridging

oxXxo bonding arrangement (NI N bond I ength, 1.4
NbT N bond | engt hs, average 2.058(7) i Nb1T O(o
Nbi Of Nb angle 96.0(1)°)*?° Comparatively, pyridine Mxide is the source of the oxo ligamd i

the analogous Nb calix[4]arene complex, which is also derived from a bridgirgnexd

complex similar tq[P2N2]Nb)2( €Ny).

3.4 Synthesis of ([BN2]V)2( €\)

In a similar fashion to the preparation(f?.N2]Nb),( €\>), the vanadium analogue
([P2N2]V)2( \>) has previously been synthesiZ8The synthesis ofP.N2]V )2 €\,) and the
antecedent [fN,]VCl is reported here with accompanying crystallographic data as supporting
evidence that these paramagnetimplexes are isolable. Treatmensgf[P,N]Li , with
VClI3(THF); afforded [BN2]VCI as an orange crystalline solid in good yield. Broad resonances
were observed in the paramagnélicNMR spectrum. Single crystals ofJ#]VCI were
obtained and the struose was confirmed viX-ray diffraction studies. The solid state molecular
structure of [EN2]VCI (not previously reported) is illustrated in Figure 3.12. The structure of

[P.N2]VCI displays a distorted trigonal bipyramidal geometry about the vanadiumecent
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Figure 3.12 ORTEP depiction (ellipsoids at 3@ probability) of [BN,]VCI. Silyl methyl carbons are omitted for
clarity. Selected bond lengths (A) and angles (°)i ®11, 2.2945(6); VIN1, 1.973(18); VIi N2, 1.9755(17); V1L
P1, 2.4907(7); VP2, 2.4578(7); NiV1i Cl1, 124.54(6); NRV1i Cl1, 119.00(6); NLV1i N2, 116.39(8); PiV1i

P2, 161.45(2); NilV1i P1, 82.07(6); NRV1iP1, 89.17(5); N1V1i P2, 87.01(5); NeV1i P2, 82.29(5); PivV1i Cl1,

100.88(2); PRV1i Cl1, 97.66(2).

Reduction of [PN,]VCI with KCg under 4 atm of blgenerate§[P.N2]V)2( €\, as a
purple solid in good yield (Scheme 3.5). The paramaghétMR spectrum of[PoN]V )a( €
N,) displays broad resonances. The solid state molecular stro€i{iraN,]V ).( €\,) was
verified byX-ray diffraction studies (Figure 3.13). The bonding parametgif@f,]V ).( €\y)
are analogous to those seerf[PpN,]NDb),( €\2) and similar to observed metrics in a previously
obtained structure @fP.N2]V)o( €N2).2%° The N'N bond length 1.206(14)A) and Vi N bond
lengths 1.793(10)and1.790(10)A) in ([PN,]V)( €\>) are consistent with those seen in

dinuclear vanadium complexes containing anrendridging N unit.3%13°
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Figure 3.13 ORTEP depiction (ellipsoids &0 % probability) of ([BN,]V),( €N,). Silyl methyl and Fohenyl ring

carbons other than ipso are omitted for clarity. Selected bond lengths (A) and angle$X?2; N206(14); VIN1,

1.793(10); VZN2, 1.790(10); VINLi N2, 175.2(9); NLN2i V2 172.9(9).
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3.5 Reactivity of ([P2N2]V)2( €\2) with electrophiles andoxidants

By way of comparison, the thermolysis(fP.N,]V)2( &\,) was tested in the same
manner as the thmolysis of([P2N2]Nb),( €Ny) that produces compleX 1, in an effort to
observe the analogous vanadium nitride species. Upon heating a toluene solution of
([P2N2]V)2( €\2) overnight at 110 °C, the solution appeared to change colour from dark purple
to dak brown. However, upon cooling, the solution appeared dark purple once again. The
resonances in the paramagnéticNMR spectrum of the isolated dark purple material matched
that of the starting[PoN2]V)2( €\2) species. Given thgfP.N,]V)2( €\») did notprove reactive
under these conditions, the thermolysig[BEN2]V )o( €\2) in the presence of Lewis acids was
not investigated. In analogy to the reactivity([#.N2]Nb),( €\,) with various
electrophiles/oxidants, concurrent reactivity studie§RyN,]V)2( €\2) with similar reagents
was pursued. This section focuses on the treatmég[R0f,]V ).( &\,) with selected

electrophiles/oxidants.

3.5.1 Treatment of ([P2N2]V)2( €N>) with 1,2-diiodoethane

Treatment of[P2N2]V)2( €\2) with 1,2diiodoethane CH,CH,-1) was hypothesized to
afford the vanadium analogue &5, ([P2N2]VI)2( €\,). Addition of FCH,CH,-I to a toluene
solution([P2N2]V)2( €\y) resulted in a slow colour change from dark purple to clear orange
pink. A light pink paramagnetic solid was is@df crystals of this material were subjecteXto
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 congerfeb, N, loss has occurred to simply generate the
vanadium ialide specie8.9 (Scheme 3.6). The bonding3®©is similar to [BN,]VCI, showing

a distorted trigonal bipyramidal geometry around the vanadium centre. The magnetic moment of
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3.9( & =26 4 ) iadicates the presence of 2 unpaired electrons, consistent with the formal

assignment of a?d/(lll) species.

Figure 3.14 ORTEP depiction (ellipsoids at 3% probability) of [BN,]V1 (3.9). Silyl methyl carbons are omitted

for clarity. Selected bond lengths (A) and angles (°) ¥12.6788(12); V1N1, 1.965(6); VIN2, 1.966(5); V1

P1, 2.4874(19); ViIP2, 2.4624(19); NIV1i11, 115.96(16); NRV1il1, 128.43(17); NLV1iN2, 115.5(2); PaV1i

P2, 163.90(7); NilV1i P1, 90.73(17); N@V1i P1, 82.25(16); NiV1i P2, 82.79(16); NeV1i P2, 87.25(16); Al

V1il1, 100.06(5); PRV1il1, 96.02(5).
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(_S_IST\N:/&&_ =
Ph/P\,X-E/P\Ph
[
I-CH,CH,-I

i
H B
N M = Nb

Me2 Mez
Sim_, _aSin
S—Si\ _N/Sl‘ =

P ! P.
P i e~ Pnh

Ph_

P/: \P/Ph

S\-si”_psi—
Si’N\Si)

M92 M62

i—z:z:z_—g

Scheme3.6

I-CH,CHy-|
—_—
M=V

82



3.5.2 Treatment of ([P.N2]V)2( €N,) with silver tetraphenylborate

Addition of AgBPh to ([P2N2]Nb),( €\y) consistently produced crystalline material,
although the structure and identity of this material remains elusive. The treatment of
([P2N2]V)2( €\2) with AgBPh, was investigted in an effort to produce some oxidized dinitrogen
species such agPN2]V)2( €N2)][BPhy] that could be easily crystallized. The reaction of
AgBPh, with ([P2N2]V)2( €Ny) in THF produced a cloudy gredmown solution. Removal of the
insoluble solids (&°) via filtration gave a clear green solution, affording isolation of a green
paramagnetic solid in excellent yield. Green crystals of this material were obtaingerand
diffraction studies revealed loss of the iit and coordination of two THF molales to form

[([P2N2]V)(THF),][BPh4] (3.10 (Equation 3.1

Me, Me,
SI\ /SI
( sicN _ -
\ [BPhy]
Ph \ O Q
” 2 AgBPh, e
N THF \v
| ——> 2 [ ph_ "~ _ph [3.]
N - N2 P"— -/I'N\ P’:
” —2Ag kgiS’IN\Sisd )
Ph Mez M62
LS' N S'— B 3.10 B
ez Me2

Similar reactivity has previously been observed with a dinuclear yttriyooiplex that showed
loss of N and coordination of THF upon reaction with AgBPH The solid state molecular
structure of3.10is shown in Figure 3.15. Compl@&x10has a distorted octahedral geometry
about the vanadium centrehd NI V1i O2, O1 V1iN2, and P1V1i P2 bond angles

(166.91(18), 167.78(18) and171.08(6j respectively) demonstrate the distortion from idealized
octahedral symmetry. The magnetic momer2.6f4 g isconsistent with the formal assignment

of 3.10as a 4 V(lll) species.
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Figure 3.15 ORTEP depiction (ellipoids at 56 probability) of [([BN.]V)(THF),][BPh,] (3.10. Silyl methyl and
P-phenyl ring carbons other than ipso are omitted for clarity. Seléied lengths (A) and angles (°): W1,
2.008(5); VIN2, 1.987(5); V1P1, 2.5460(17); VilP2, 2.5283(17); V101, 2.194(4); V102, 2.165(4); NLV1i

02, 166.91(18); O1vV1i N2, 167.78(18); PiIV1i P2, 171.08(6).

3.5.3 Treatment of ([P2N2]V)2( €N>) with other oxidants

Exploration into the reactivity dfP-N2]V)2( €\») with other oxidants proved largely
unfruitful. Upon addition of a suspension[6ECp][BF4] in THF to a THF solution of
([P2N2]V)2( €N2), a colour change from dark purple taldgellow-green was observed. The

green material isolated showed broad peaks in the paramathé&tMR spectrum, differing
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from the resonances of the start{ifig,N2]V)2( €d\,) (Figure 3.16). Attempts to grow crystals of

this material were ultimately unstessful, thus the identity and structure remains undetermined.

2 [FeCp,][BF4]
([P2NaIV)o(n-Ny)  ——— . .
THF paramagnetic material

%W

green

Me, Me,
(SIS\N/SIS
—SiJ —\z
b |V
ph” " “Ph

ZmmZe—< Z

Ph_ /\

\j' /N S'_

ez M62

T T T T T T T T T T T T T T T T T T
15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0 -1 -2
(ppm)

Figure 3.16 Comparison of the paramagnelit NMR (400 MHz,CsD¢) spectrum of the material isolated from the

reaction of ([BN,]V).( &\,) with [FeCp][BF,] (top) to that of the starting (BR,]V),( €\,) (bottom).

Treatment of[P2N2]V)2( €\2) with pyridine Noxide did not yield an obvious colour change,
suggesting no reactivity occurred. However, the paramagi&titMR spectrum oftte dark
purple material shows the appearance of different resonances from the §tashialy )o( €\2)
(Figure 3.17). The identity of this material remains unverified, leaving the outcome of this
experiment unclear. Futhermore, unlike the reactidififFoN,]Nb),( €\2) with TEMPO that
produced comple®.8, the analogougP.N2]V)2( d\2) showed no reaction when treated with

TEMPO, even upon heating.
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Figure 3.17 Comparison ofhe paramagnetitH NMR (400 MHz,CysDg) spectrum of the dark purple material

isolated from the treatment of gR,]V),( €\,) with pyridine Noxide (top) to that of the starting gR,]V) »( €\»)

(bottom).

3.6 Synthesis of PN,V Me

Previously reported workhowed that [fEN2]NbCl undergoes reactivity with

methylmagnesium chloride (MeMgCl) to form the Nb methyl specigsJRbMe.®? Under

dinitrogen atmosphere, {N;]NbMe spontaneously reacts with i form the corresponding

dinuclear niobium complefP.N2]NbMe),( €\2) (1.24) containing an endn bridging N unit

(Scheme 3.7’ The formation of the analogous vanadium methyl species was investigated in an

effort to determine if an oxidized vanadium $pecies could be accessed by this method.
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The reaction of [fN,]VCI with MeMgCl under N generated an olive green
paranagnetic material. Single crystals suitableXeray 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 structuBIdfis illustrated in
Figure 3.18. Compleg.11displays a distorted trigonal bipyramidal geometry around the
vanadium centre, demonstrated by the\Pli P2 bond anglel62.956(16)). The VI C1 bond
length 0f2.1053(16)A in 3.11is consistent with other madium methyl specigs®**” Magnetic
mo ment me a S{Fr2.69e indicate th{e presence of 2 unpaired electrons, supporting
the formal assignment &f11as a 4 V(l1l) species. Although the N,]VMe complex can be
formed, spontaneous reactivity with Was not observed. Extly why [RN,]-coordinated
vanadium forms a stable methyl complex whereas tid,[riobium methyl complex is labile

remains unclear.
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Figure 3.18 ORTEP depiction (ellipsoids at 50 % probabilitf)[B,N,]VMe (3.11). Silyl methyl carbons are
omitted for clarity. Selected bond lengths (A) and angles (°):041 2.1053(16); VIIN1, 2.0018(12); VIN2,
2.0047(12); V1P1, 2.4770(4); VP2, 2.4913(4); ANV1i P2, 162.956(16); NN1iC1, 122.72(6); NRV1i C1,
119.60(6); NIV1iN2, 117.66(5); NLV1iP1, 87.76(4); NeV1iP1, 82.68(4); N1V1i P2, 82.23(4); NRV1iP2,

89.77(4); PLV1i C1, 97.84(5); PRV1i C1, 99.17(5).

3.7 Conclusions
Thegoal of this chapter was to explore reactivity of the paramagnetic niobium and
vanadium dinitrogen complexe§P.N2]Nb),( &\2) and([P2N2]V)2( €\>). Investigatiorof the
thermolysis of ([EN2]Nb)2( €\>) 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 wWitBE)) t o oxi dati on ( f ouMlbndwleavadgeaRd er s 6 b
functionalization, as seen with the organoaluminum reagérgatment of[P.N2]Nb),( -€\2)
and([P2N2]V)2( €N2) with other electrophiles and oxidants also produced a varieylairful
paramagnetic materialReaction with4CH,CH,-1 led to the formation of a new niobiunm, N

complex([P-N2]Nbl)2( €\>), in contrast to the formation {#,N,]VI in the case of vanadium.
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Oxidation with silver salts generated a niobium arene congeand a V(Ill) THF adduct
[([P2N2]V)(THF),][BPhy]. The ferrocenium sa[fFeCp][BF 4] reacts with([P2N2]Nb)o( €Ny),
displacing N to produce a dinuclear Nb(IMyb(lV) species 3.7) bridged by three fluorides. A
vanadium methyl specie8.@1) was produced ithe pursuit of forming a new vanadium N
complex; however, no such,Npecies was realizedffirming the identity of the products in
these reactions has proven challenging and no discernible pattern of reactivity has dmesged.
of the N> unit was commoly observed, far from the idealized outcome of observing oxidized N
species or cleavage and functionalization of thenNiety as a result of further reactivity.
Treatment of[P.N2]Nb),( €\2) with the oxygercontaining radical TEMPO resulted in a
new diamagnetic niobiumAMtomplex B.8) whereby the Bunit is bound sid@n, in addition to
containing a bridging oxo ligand. While most single electron oxidants proved unfruitful or
engagedn undesirable ligand exchange reactions, the 2 electron oxidant TEMPO achieved the

desired goal of altering the electronic structure of thedwplex.
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Chapter 4: Synthesis and reactivity of paramagnetic [EN,] cobalt complexes

4.1 Introduction

Increasing interest in thehemistry of cobalt complexes can be attributed to the emergent

focus on finding sustainable catalysts that incorporate-aarthdant base metals (such as Fe,

Co, or Ni)!* As an alternative to catalyst systems utilizing expensive precious rfetelsas

Ir, Ru, Rh, Pd, and Btpase metals are more desirable from a sustaitygbdispective due to

their abundance and effective low cost. Lasgale industrial applications of catalysis could thus
benefit greatly from basmetal options, considering the low abundance and high cost associated
with precious metals is ultimately gnbitive at that scale. In addition, differing electronic
structural properties of bageetal complexes compared to precious metal complexes could
prove advantageous and potentially lead to novel reacti7its’

Recent exploration into base metal catalysis has shown that cobalt complexes can be
employed in a variety of catalgttransformations. For example, cobalt pyriddienine (PDI)
complexes are active catalysts in olefin hydrogenattbim particular asymmetric
hydrogenation of alkenes has been observed using PDI cobalt alkyl and cyclometalated

complexes (Chart 4.13?

Chart 4.1 PDI cobalt precatalysts efayed in asymmetric hydrogenation of alken®s.
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Catalytic alkene hydrogenation is also observed in a series of bis(phosphine)cobalt dialkyl
complexes** 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
I|4 BArf, Fli BAr%, l\lfle BArT,
Cy,P Co PCy, Cy,P Clo PCy, Cy,P Co PCy,
CH,SiMe, H CH,SiMe,

Chart 4.2 Diphosphinoamine cobadlkyl and hydride complexes utilised as precatal{éts?>

In addition to the hydrogenation of aldehydes and ketbfiesseries of cobalt complexes

stabilized by pincer ligands has proven active in the catalytic alkylation of ar@anaties and
unactivated amides and esters by alcohols (Chart43JL a s t |-diketiminate izobalt(1l)

alkyl complex has been reported to selectively catalyze the isomerization of terminal alkenes to

2-alkenes with Zstereochemistry, a rare transformattoh.

CF3

N
| | |
HN\XN/ " ““\/kT/ . HN\XTA’NH
(iPr),P——Co——P(Pr), (Pr)P——Co——P(Pr), (Pr),P——Co——P(Pr),
cr i o % i %

Chart 4.3 Cobalt dichloride precatalysts applied in hydrogenation and alkylation reat{ioffs.
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While these examples highlight success towards active cobalt catalyst systems, they also
represent the challenges that one must overcome in pursuinrgibtdeesearch. Precious metal
catalyst systems typically rely on tvabedron oxidative addition and reductive elimination
processes, which are less commonly observed usingnetsés'*° Furthermore, cobalt and iron
comgexes are frequently paramagnetic in nafiré® ***!introducing potential difficulties in
the identification and characterization of active and intermediate species. In this respect, it is of
interest to eglore chemical space by pursuing the synthesis and characterization of novel
paramagnetic cobalt complexes.

Although the exploration of catalytic processes utifizoobalt was never a goal of this
work, oneelectron processes involving cobalt complex@s of interestinvestigation of
paramagnetic cobalt complexes containing amidophosphine ligand sets has previously been
pursued®® *? Scheme 4.1 shows the synthesis of a [PNP] cobalt chloride complex and
subsegent reactivity, generating [PNP] cobalt alkyl complexes and [PNP] cobalt halide
complexes. Onelectron oxidation of Co(ll) to Co(lll) by alkyl halides was observed, such as in
the reaction of a [PNP] cobalt(Il) chloride complex with benzyl chloride (RRQHhat forms a
[PNP] cobalt(lll) dichloride comple¥ In contrast, treatment of a [PNP] cobalt(ll) methyl
species with methyl iodide results in fleemation of a [PNP] cobalt(ll) iodide complé&X.

Reduction of Co(lll) to Co(ll) was also achieved via treatment of a [PNP] cobalt(lll) dichloride
compkex with alkyllithium reagents, regenerating the antecedent [PNP] cobalt(Il) chloride

complex®®
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The synthessofsyn|[P,N;]Co andanti-[P.N;]Co (Chart4.4) werepreviously
accomplished and some preliminary reactions involeinii:[P.N2]Co were explored, although
never published in the literatut?® Reactivity ofanti-[P.N2]Co with iodine (b) and oxygen (¢
has beeinvestigated, yielding neanti-[P,N,]JCo complexe$> The focus of thé chapter is to

follow up on these findings by exploring the synthesis and reactiviyrefiP,N2]JCo complexes.

Me;  Me, Me, M,

| I | |

( \T/ V ( \T/ 7

Ph-P—->C|o<—P—-Ph F’h\F>—->C|o<-—F’ ------ Ph
k N ) k N )
si” s si” s
Mez Mez MeZ MeZ
syn-[P,N,]Co anti-[P,N5]Co

Chart 4.4 Structure okyn[P,N,]JCo compared tanti-[P,N,]Co
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4.2 Synthesisand reactivity of syn[P,N,]JCo
In the previously described synthe5issyn[P,N,]Co was isolated as a paramagnetic
solid and the soligtate molecular structure was not reportadhis work, treatment cfyn

[P2N2]Li 2 with CoCh(THF), 5 affordedsyn[P.N,]Co (4.1) as an orange solid (Equation 4.1).

S = 1,4-dioxane
Me,  Me, Me,  Me,
Si Si Si [
\N/ \N/ V
Sx\LT: \ COC|2(THF)15 |
Phe—P——[ j«—R—Ph » Ph=—p—>Co<—R—=Ph [4.1]
N N
Si/ \Si Si/ \Si
Me,  Me, Me, Me; 41
syn-[PoN]Lis syn-[PoN5]Co

Orange crystals suitable fXrray diffraction were isolated from a hexane solutiod.dfand the
solid-state molecular structure is shown in Figure 4.1. Compleghows a distorted square
planar geometry around the cobalt centre. TheQwlli N2 and P1Coli P2 bond angles
(165.65(12° and176.82(4)° respectively) demonstrate the distortion from idealisquare
planar symmetry. The magnetic momen#idf( & = 1.96¢g) indicates the presence of 1
unpaired electron, consistent with the formal assignment of -apiwd square planar Co(ll)

species.

94



N1

(S 7‘4 Col
|:)1\ E—
P2
o é&@}

Figure 4.1 ORTEP depiction (elisoids at 5@% probability) ofsyn[P,N,]Co (4.1). Silyl methyl carbons are
omitted for clarity. Selected bond lengths (A) and angles (°)i B&11.934(3); CollN2, 1.933(3); CollP1,
2.1958(11); CollP2, 2.2087(10); NilColi N2, 165.65(12); PlColi P2, 176.82(4); NilCoTi P1, 91.27(10); Nil.

Coli P2, 89.19(10); N2Coli P2, 91.32(10); NeColi P1, 89.01(10).

The treatment odinti-[P,N;]Co with oxygen has previously been describ®&dut the
solid-state molecular structure of the proposed prodcunti;[(P=0)N,]Co, was not confirmed.
Exposure of a solution of the syn isordet to oxygen results in oxidation of the ligand

phosphines, generatisgn[(P=0O)%N,]Co (4.2) asa purple solid (Equation 4.2).

'\8492 'gez
i i
\N/
O,
Ph O O
Phe—p—»Co<—P—Ph ——————> Np? Neo® N\
k I ) L | [4.2]
:_qi—NNL._[=
./N\ . .S}N\ SJ
Si Si 4.1 Si Si
Me, Me, . Me, Me, 4.2
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Purple crystals of.2were isolated from a diethyl ether solution cooled46 °C. Xray

diffraction studies confirmed the solgdate molecular structure 4f2 (Figure 42). Addition of

oxygen has changed the geometry about the Co(ll) centre from distorted square pldktar in
slightly distorted tetrahedral symmetry4r2. High-spin tetrahedral ‘dCo(ll) species (such as

4.2) contain 3 unpaired electrons, yet the magnetic monfeAt2y & = 4.49¢g) was found to

be significantl y Rphogyvadue of 8.8%a for 3urnparedelegrans, Thesd €
can be attributed to a seceartler orbital angular momentum contributiShComplex4.2

contains an interesting heterocyclic bonding arrangement in the ligand backbone, now comprised
of four fused Bmembered rings (vs-Benbered rings irl.1), where every atom in the 6

membered ring is a different eleménit->* A comparable bonding arrangement has previously
been observed in oxidized cobalt complexes containing a similar PNP.{fj&liation 4.3

illustrates the ynthesis of a reported Co(ll) compound with a similar molecular geometry and
magneti c modrednoss)campaned té 2 € & = 4.49¢s).">°The F O and CO

bonds lengthsl(5277(15) 1.5210(16) and 1.9965(15), 2.0284(15) A respectively) Dére
comparable to those reportimat similar complexes containing oxidized phosphines coordinated

to cobalt?®® *°

cl T'
'Bu),P——Co——R(Bu 0, o Go—q
(B, (Bu), — » (Bu),P? ‘ =P('Bu), [4.3]
N ‘\ N
si si SN
Me2 Me2 Me2 Me2

96



Figure 4.2 ORTEP depiction (ellipsoslat 50% probability) ofsyn[(P=0)}N,]Co (4.2). Silyl methyl carbons are
omitted for clarity. Selected bond lengths (A) and angles (°)i Bt11.9695(18); CailN2, 1.9707(18); ColO1,
1.9965(15); Col02, 2.0284(15); A101, 1.5277(15); 22, 1.5210(16)01i Coli O2, 109.71(6); NLCol O1,

102.70(7); N1Coli 02, 108.92(7); NColi N2, 121.38(8); NEColi O1, 1®.38(7); N2 Coli 02, 104.52(7).

In an effort to pursue broader reactivity, oxidation to generate Co(lll) bearing a formerly
anionic ligand (such as a hddi) was investigated. Previous work showed that treatment of the
isomericanti-[P,N2]Co with a stoichiometric amount of iodine)(tesulted in the formation of
anti-[P,N;]Col.**? Synthesis ofhe analogousyn[P.N;]Col complex 4.3) was investigated by

treating4.1 with I-CH,CH,-I (Equation 4.4).

Mez M32
Si i |
\N/
I-CH,CH,-|
s si s.’
Me, Me; 4.1 Me, Me2
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Dark maroon paramagnetic material was isolated in excellent yield. The magnetic mofant of
is 2.81ep (compaable to 3.¢g for theanti-[P,N,]Col isomer), indicating the presence of 2
unpaired electrons, consistent with the formal assignmehBefs an intermediatspin ¢

Co(lll) species with &oordinate trigonal bipyramidal geometry. Crystals suitabl&foay
diffraction studies were examined, confirming the formatiosyoif{ P,N,]Col (4.3). The solid

state molecular structure 4f3is shown in Figure 8. The geometry about the cobalt centre in
4.3is slightly distorted from idealized trigonal bipyraraidgymmetry. In comparison, the
geometry of the solidtate molecular structure of the isomexiti-[P,N,]Col complex could be
considered either distorted square pyramidal (with the iodine in the apical position) or distorted
trigonal bypyramidal. The NXColi N2 bond angle of 147.12(13)° fanti-[P.N,]Col is much
greater than the NColi N2 bond angle of 118.5(3)° observed $gri[P.N2]Col (4.3).

Similarly, the NI Co1i 11 and N2 Coli |11 bond angles (110.70(9)° and 101.57(9)°, respectively)
for anti-[P,N2]Col are much lower than the expected 120° for idealized trigonal bypyramidal

symmetry, whereas the NColi I1 and N2 Coli I11 bond angles fo4.3(115.9(2)° and
125.5(2Y, respectively) are less distorted from idealized trigonal bypyramidal symmetry. The

P1i Coli P2 bond angles for thanti-[P.N,]Col andsyn[P.N;]Col (4.3) isomers are comparable
at 171.46(5)° and 171.09(11)°, respectively. TheiCbhond length of 2.6107(13) A #3is
consistent with Cidl bond distances reported for similar cobalt iodide corgsE™ compared to

the unusuallydng Co1 11 bond length of 2.7048(7) A seen in #eti-[P,N;]Col isomer->?
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Figure 4.3 ORTEP depictiorfellipsoids at 5@6 probability)of syn[P,N,]Col (4.3). Silyl methyl carbons are
omitted for clarity. Selected bond lengths (A) and angles (°)i @p2.6107(13); CailN1, 1.953(8); CollN2,
1.958(7); ColP1, 2.231(3); ColP2, 2.238(3); PlColi P2, 171.09(11); NilColi N2, 118.5(3); N1Coli I1,

115.9(2); N2Coli 11, 125.5(2).

4.3 Reactivity of syn[P,N;]Col

Cobalt halide complexes often serve as precursors to cobalt hydride and alkyl Epecies.
8. 18 Eyrthermore, cobalt hydride species have been reptwrteeact with Mto produce cobalt
dinitrogen complexe¥.’ 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 (NaBEH or KBE&H).2% %8 |n an effort to generate[®,N,]Co hydride
species, a solution sin[P.N,]Col in THF was treated with a THF solution of KBBt The
dark maroon solution changed colour to cloudy orange over the course of reaction. A dark
orangeparamagnetic material was isolated, showing broad peaks in the paramadNVIR
spectrum that matched those of ya[P.N,]Co complex. Orange crystals were obtained and

the structure of this material was confirmed assiyreP,N,]Co complex, viaX-ray diffraction
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studies. Equation 4.5 shows the overall transformatiaym®fP,N,]Col to syn[P,N,]Co upon
treatment with KBE#H. It is not uncommon for reduction to occur from the use of hydride
reagents; although the hydride complex forms, immedéatection follows, liberatingH, and

preventing isolation of the desired hydride compfexc® 18

Me Me
| =2 =2
| SI\N/SI
KBEtsH
Ph\P/VCP\P/Ph ————————> Ph=—pP—>Co<—P—=Ph [4.5]
/N -1/2H, |
Q_Si/N- \Sﬁ‘: K N
Sim | si” s
Me, Me, 4.3 - BEt; Me, Me; 4.1

4.3.1 Synthesis ofsyn[P,N;]Co alkyl complexes

Cobalt alkyl complexes are geneyalirepared via treatment of a cobalt halide species
with an alkylithium or Grignard reagefit.?> 4% 156 *§)pon treatment asyn[P,N;]Col with
one equivalent of methyllithium (MeLi), the anticipat®di[P.N,JCoMe species was not
isolated. A combination of paramagnetic and diamagnetic species was observelM&
spectroscopistudies of the reaction mixture. A diamagnetic species observed'id kIR
spectrum displayed a resonance in the alkyl rediahihtegrated to 6H (relative to the silyl
methyl resonances), suggesting two methyl substituents are coordinated to cobalt (Figure 4.4).
Crystals suitable foX-ray diffraction studies were obtained, yet produced poor quality data that
generated an incgolete 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.
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Figure 4.4 'H NMR (400 MHz,C¢Ds) spectrum of the material isolated from the reactiosyof P,N,]JCol with one
equivalent of MeLi, showing a mixture of diamagnetic (strong, sharp signals) and paramagnetic (broad, weak
signals) species. Integration of an alkggonance ab.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 syn[P,N,]Col, resonances in tHél NMR

spectrum indicated the presence of atare 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 sobemixture of orange

and pink crystals was isolated, and the paramagh¢tdMR spectrum of the crystals indicated

the presence of theyn[P,N,]Co complex as a decomposition product (Figure 4.5).
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Figure 4.5 Comparison of the paramagnetit NMR (400 MHz,C¢Ds) spectra of the material isolated from the
reaction of two equivalents of MeLi wigyn[P,N,]Col (top) and the crystal mixture isolated after the addition of
acetonitrile(middle) to the aforementioned material. Compared to the (bottom) spectrsyn#,N,]Co, there is

evidence of signals correspondingsio[P,N,]Co observed in the crystal mixture (middle spectrum).

X-ray diffraction studies of a singlenk crystal revealed the solgtate molecular structure of
4.4vecn (Figure 4.6. The reaction was also performed usingdigkane, yielding crystals
suitable forX-ray diffraction; the soliestate molecular structure 44 gioxane Was determined
(Figure4.6). Selected bond lengths and angleséidfyecn and4.4-gioxane are shown in Table
4.1.The structures of boh.4-yiecn and4.4-gioxane are only slightly distorted from idealized
octahedral symmetry, withi2oi P and NICaoi C bond angles close to 180°adle 4.1). The Qo
C bond lengths (2.005(5), 2.004(5) A #ad-yecn and 1.999(2)2.005(3)A for 4.4-gioxane) are
comparable with CicC bond distances reported for cobalt methyl compléXe§°The Ca N
bond disances (2.222(4), 2.229(4) A f8r4-yecn and2.241(2) 2.240(2) A for 4.4-gioxand) are
elongated from the G&N bond lengths observed in the antecedgn{P,N,]Col (1.972(15) and
1.953(15) A) andyn[P.N,]Co (1.935(4)and1.913(3)A).
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Li1
Lil

4. 4nvecN 4.4 gioxane

Figure 4.6 ORTEP depiction (ellipsoidat 50% probability) of4.4-yecn (left) and4.4-gioxane (right). Silyl methyl

carbons are omitted for clarity.

Table 4.1 Selected bond lengths (A) and angles (3 @fyecn and4.4-gioxane

4-4’MeCN 4-4'dioxane
Atoms Distance Atoms Distance
ColiCi 2.005(5) ColiCl 1.999(2)
ColiC2 2.004(5) ColiC2 2.005(3)
ColiN1 2.222(4) ColiN1 2.241(2)
ColiN2 2.229(4) ColiN2 2.240Q)
ColiP1 2.1957(15) ColiP1 2.2004(9)
ColiP2 2.1934(15) ColiP2 2.2108(9)
NIV Li1 1.986(10) N1iLil 1.994(5)
N2i Lil 1.969(10) N2i Lil 1.994(5)
Li1i N3 2.026(10) LilTO1 1.990(5)
Atoms Angle Atoms Angle
P1i Coli P2 178.04(5) P1i Coli P2 176.82(8)
N1iColi C1 177.9(2) N1i Coli C1 177.08(9)
N2i Coli C2 178.2(2) N2i Coli C2 178.65(9)
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The diamagnetic nature 8f4gioxane is consistent with a lovepin & Co(lll) species,
further supported by the octahedral geometry and coordinated lithium observed in tHstaselid
modecular structure. ThEP{*H} NMR spectrum oft.4gioxane displays a very broad senance
at 33.5 ppm (Figure 4)7A singlet (1 1.18) is observed in tH&i NMR spectrum of.4gioxane,
supporting the presence of lithium. In & NMR spectrum of.4gioxane (Figure 4.7), the cobalt
methyl resonance &t-0.40 integrates to 6H, relative to the silyl methyl signals@i3 (12H

andu 0.40 (12H), supporting the presence of two methyl substituents bonded to cobalt.
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Figure 4.7 *'P{*H} NMR (161.9 MHz)spectrum (inset) antH NMR (400 MH2) spectrim of 4.4-goxane (in CsDg).

Synthesis of ayn[P.N,] cobalt ethyl complex was also examined. Treatmesnyof
[P.N2]Col with one equivalent of ethylmagnesium chloride produced an orange paramagnetic
material. Equation 4.6 shows the proposed transformgti@ducing ayn[P.N,] Co(lll) ethyl

speciesgyn|[P,N,]CoEt). The paramagnetiei NMR spectrum displays broad peaks with
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differing chemical shifts from both the precedmgt[P-N,]Col species and theyn[P.N,]Co
complex (Figure 4.8 Attempts to growcrystals from this materigsuitable forX-ray diffraction
studies)were ultimately unsuccessful, thus the structure and identity of the predsictot

confirmed viaX-ray crystallography.

| Et
Ph\P/VCQ\P/Ph EtMgCI, THF Ph\P/CP\P/Ph [4.6]
H : " —_— ) s 0
Q‘Si \Si;'L' Q—Si \Si}‘
sim N~ s; sim N ~g;
M62 M62 Mez Mez
4.3 syn-[P,N,]CoEt
EtMgCI, THF
syn-[P,NyJCol ——— = syn-[P,N,]CoEt QAJVJLLL

syn-[P,N5]Col

N T W S

L e e B o B B e B e L
30 28 26 24 22 20 18 16 14 12 10 8 6 4 2 0 -2 -4 -6 -8 -10
(ppm)

Figure 4.8 Comparison of the paramagne'it NMR (400 MHz,CyDy) spectra of the material generated from the
treatment osyn{[P,N,]Col with ethylmagnesium chloride (top spectrum), and the preceglimfiP,N,]Col species

(middle spectrum) ansyn[P,N,]JCo complex (bottom spectrum).
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The treatment asyn[P.N,]Col with one equivalent of isopropyllithium was examined
and proved unsuccessful in producing a stapigP,N,] cobalt alkyl complex. Insteathe
paramagnetiéH NMR spectrum of the final product matches that ofsyre[P,N,]Co complex.
Crystals suitable foX-ray diffraction studies were also isolated and confirmed the presence of
syn|[P2N,]Co. The formation of ayn[P.N;] cobalt isopropyl complex is not obserd during
this transformation.

The reactivity osyn[P.N;]Col with (trimethylsilyl)methyllithium (LICHSiMes) was
explored in the interest of observing the effect of installing a bulkier alkyl substituent. Treatment
of syn[P,N,]Col with LiCH,SiMe; generated a dark green paramagnetic material. Single
crystals suitable foX-ray diffraction studies were isolated and the setate molecular structure
of syn[P,N,]CoCH,SiMe; (4.5) was confirmed (Figure 4 9The structure of complek5shows
a distorted trigonal bipyramidal geometry about the cobalt centre. TiHéddiIN2 and N1
Coli N2 bond anglesl@32.8(6)° and10818(5)° respectively) illustrate the distortion from
idealized trigonal bipyramidal symmetry. TBe1i C1 bond length 02.0320(16) A is consistent
with Cai C bond distances reported for cobalt complexes containinggillies group®> 144 19
The magnetic mometf 4.5( & =291 g,dndicating the presence of 2 unpaired elecfrons

supportghe formal assignment df5 as an intermediatspin  Co(lll) species with 5

coordinate trigonal bipyramidal geometry.
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Figure 4.9 ORTEP depiction (ellipsoids &0 % probability) ofsyn[P,N,JCoCH,SiMe; (4.5). Ligand silyl methyl
carbons are omitted for clarity. Selected bond lengths (A) and angles (T)CCa2d.0320(16); CdIN1, 2.0193(12);
ColiN2, 2.0137(13); CalP1, 2.304(4); Col P2, 2.2471(4); RXColi P2, 177.096(16); G0l N1, 118.96(6);

C1i Coli N2, 132.82(6); NLColi N2, 108.18(5).

Reactivity of CoCHSIiMe; complexes with His reported to generate cobalt hydride
complexes?* 1 °Exposure of a toluene solution fn[P,N,]CoCH,SiMe; to H, resulted in
a colour change from dark green to light orange. The paramagAéiMR spectrum of the
orange material isolated matched that ofsyne[P,N;]Co complex. Crystals suitablerfX-ray
diffraction studies were isolated and the structurgyofP,N,]JCo was confirmed. Formation of
asyn[P:N;]Co hydride species was not observed, analogous to the reaction betwegH KBEt
andsyn|[P.2N,]Col that also generatexyn[P,N,]Co as the fial product. The formation &f.5

and subsequent transformatiorsym|[P,N,]Co upon exposure tois shown in Scheme 4.2.
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4.4 Conclusions

The paramagnetisyn[P.N,]Co complex @.1) was synthesized and further reactivity was
explored. Exposure ayn[P,N2]Co to oxygen results in oxidation of the ligand phosphines,
forming syn[(P=0O)xN]Co (4.2). Treatment osyn|[P,N,]Co with the oxidani-CH,CH,-I
generated theyn|[P,N;]Col species4.3). Reactivity ofsyn[P,N,]Col with alkyllithium and
Grignard reagents was examined in an effort to gensyatg,N,]Co alkyl species.
Interestingly, treatment ayn[P,N,]Col with methyllithium produced a diamagnesign
[P2N2]Co dimethyl speciesi(4gioxane)- A NEW paramagnetic species was generated upon
treatment obyn[P.N,]Col with ethymagnesium chloride, although the identity of the proposed
syn|[P2N,]CoEt species remains unconfirmed Kyray crystallography. The forrtian of asyn
[P.N2]Co isopropyl species was not observed during the reaction between isopropyllithium and
syn|[P2N]Col; instead syn[P.N;]Co proved to be the final product. When the bulkier
LiCH,SiMe; was used, formation of the paramagnstia[P,N,]CoCH,SiMe; complex 4.5)
was observed. Attempts to synthesizya[P.N,]Co hydride species resulted in regeneration of

thesyn[P.N,]Co complex. Both the treatment syn[P.N,]Col with KBEtsH and the exposure
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of syn[P.N,]CoCH,SiMe; to H, gave rise teyn[P.N;]Co as the final product

summarizes theyn[P,N,]Co complexes synthesized in this chapter.
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Chapter 5: Synthesis and reactivity of [BN;] rhodium complexes

5.1 Introduction

Exploration of chemistry involving rhodium is dominated by the design and study of
rhodium complexes with respect to catalytic proceS¥eslarge number of pirer complexes of
rhodium have been developed, containing a variety of miber ligand array®*'% Several
rhodium pincer complexes have proven useful in catalytic transformations, such as dimerization
of terminal alkyne$®**®° andalkane tansferdehydrogenatiof®® Othe interesting
transformations of PNP pincer rhodium complexes incluidé &ctivation, addition of Mel and
activation of H, N, and CO (Scheme 5.5’ In addition, a PNP rhodium hydride complex has
been reported to cleave G® form a rhodium CO compleX® Upon subsequent UV irradiation,
this rhodium CO complexiC activates benzene to form a benzoyl complex, liberating
benzaldehyde upon protonatitii Various catalytictansformations have also been observed
with nonpincer rhodium complexes, such as hydrogenolysis of a titdmiomede bond yielding
ammonia-®° catalytic hydrogenation of G&/° andintermolecula hydroalkoxylationof

alkynest’

t HL
P'Bu,

/ PBu, Mel R‘h_CI P Bu,
‘ ‘_/K| ¢ - KCI
/" \—rh—ci PBu, N—Rh—
_ ‘ \
Me

P'Bu, / _ K&‘ P‘Bu

P Bu, P Buy

/N
N—Rh—H N—Rh—N N
P'Bu P'Bu
Schemeb.1
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A recurring characteristic amongst the aforementioned rhodium complexes is the use of
P- and/or Ncontaining ligands. The synthesis of a number of rhodium complexes employing
phoghorus and/or nitrogercontaining ligand arrangements has poesgly been reported by the
Fryzuk groug™® 8 27 |n particular, early work focused on amidophosphine complexes of
rhodium utilizing the [PNPJigand framework®* 1"®The synthesis of a [PNP] rhodium
cyclooctene (COE) complex and subsequent reactivity with®@0™ and H* is shown in
Scheme 5.2. Although numerous group 9 (Co and Rh) metal complexes of the [PNP] and related

[P2N] ligand set are known, the synthesis of rhodium complexesNg[®as not previously

explored.
Ph,
/P
Me,Si ¢
\
/N—Rh—CO
Me,Si T
NP
co Ph,
Ph, Ph, - COE Phy
. P . P ) P
Me,Si Me,Si H Me,Si H
\ & 1/2 [Rh(COE),Cl], \ 2 Y Rhf )
N—-Li > N—Rh—;, - = —Rh—
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\/Ph2 \/Ph2 Ph,
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Given the challenges presented in the synthesis and characterization of paramagnetic
[P2N2] cobalt complexes seen in Chapter 4, pursuit of diamagneh&][fhodium complexes
that could be mearreliably characterized using NMR spectroscopy was a logical avenue. The
100% abundar®Rh isotope has the same nuclear spin (S = %) as that of protons and
phosphorus, such that Rh coupling with these nuclei can be observed, proving advantageous for
chaacterization 1a multinuclear NMR spectroscopiechniques. In this chapter, the synthesis
and reactivity of [EN;] rhodium complexes are investigated; exploration of the ability of these
systems to undergo oxidative addition with alkyl halides an@ Bif particular interest. Such
studies would set the stage towards utilizing these macrocyclic rhodiuratdessvin catalytic

processes.

5.2 Synthesisand reactivity of [P.N,][Rh(COD)],

Initial exploration into coordinating PR to rhodium began with tré@aent ofsyn
[P2N2]Li > with half an equivalent of the readily available Rh(l) starting material [Rh(COR)CI|
anticipating the formation of a Rh(I) species such as;NjfRh. Surprisingly, upon examination
of the®'P{*H} NMR spectrum of the reaction mixte, peaks corresponding to unreactgd
[P2N2]Li» were observed along with a new doublel 20.0 indicating a new complex was
generated. The R coupling (143 Hz) observed in tH®{*H}NMR spectrum is indicative of a
Rh(1) species!’ The'H NMR spectrum of the material isolated from the reaction also revealed
resonances suggestive of two coordinated COD molecules (via integration relatival{d the s
methyl protons). As a result, it was proposed that the new species contains two rhodium COD
units per [BN] ligand. Treatment asyn[P.N,]Li, with one equivalent of [Rh(COD)GlI]

afforded yellow crystalline material, giving risethe same resonarscebservedh the previous
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