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Abstract

The synthesis of uranium(I'V) and thorium(IV) phosphazide complexes is described
herein. Two new series of ancillary ligands featuring phosphazide groups are presented,
leveraging potassium ion stabilization of the phosphazides to facilitate salt metathesis
transfer of the ligands to uranium and thorium. These complexes and their precursors were
prepared and characterized by multi-nuclear ('H, *C and *'P) NMR spectroscopy, single
crystal X-ray diffraction experiments and elemental analysis.

Step wise N2 elimination from the diphosphazide ligands was observed and, in some
cases, the asymmetric mixed phosphazide/phosphinimine system was isolated and
characterized. The complexes bearing diphosphazide ligands were compared to the
analogous complexes containing phosphinimines, and, in the pyrrole-based system, the
phosphazides were shown to allow for reactivity that is not available to their phosphinimine

counterparts.
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1. Introduction®b=<

1.1. Actinides

1.1.1. Properties of the Actinides

Chemistry with actinide metals has historically been underdeveloped due to the
inherent difficulties in handling molecular actinide complexes. Actinide chemistry is
generally only practiced with thorium and uranium for reasons of cost and availability, as
well as radioactivity. While all the actinide elements are radioactive, thorium and uranium
have extremely long half-lives compared to most other metals in the actinide series.
Thorium-232 is an a-emitter with ti2 > 14 billion years. Depleted uranium is primarily
U-238, which also emits an a-particle when it decays and has a half-life of more than 4
billion years. For these reasons, uranium and thorium are generally considered weakly
radioactive [1,2]. Despite the associated complications, actinide chemistry is of great
fundamental interest, and has thus blossomed into a rapidly emerging subfield of both
inorganic and organometallic chemistry.

The actinide metals are similar to the lanthanides in size but have access to a greater
number of oxidation states, a trait more commonly shared with transition metals. The
actinide elements are also recognized for their ability to form complexes with high
coordination numbers (>6) which can lead to unique chemical transformations. Such

reactivity is also often attributed to the large, diffuse f~orbitals which participate much more

2 Coord. Chem. Rev. reference style used throughout this chapter

® Adapted with permission from C. S. MacNeil, T. K. K. Dickie, P. G. Hayes, Actinide
Pincer Chemistry: A New Frontier, in: D. Morales-Morales (Ed.), Pincer Compounds:
Chemistry and Applications, Elsevier, Amsterdam, Netherlands, 2018, pp. 133—-172.

¢ Adapted from T. K. K. Dickie, P. G. Hayes. Phosphazides as Ligands in Coordination
Chemistry. In preparation.



in covalent bonding than their lanthanide counterparts [3,4]. Notably, computational
investigations have shown that the actinide 5f orbitals provide access to chemical
transformations which are not possible with transition metals because of their ability to
hybridize and stabilize transition states that would normally be inaccessible [5,6]. In June
of 2017, a 60-year-old debate sparked by Glenn Seaborg on the covalent nature of the
actinide—chlorine bond [7] may have been resolved experimentally [8]. Compelling
evidence for 5/-3p orbital mixing in AmCls’~ was obtained using X-ray absorption
spectroscopy (XAS). Covalency in actinide—ligand bonding is also relevant to nuclear
waste management, where the topic is hotly debated.

Although uranium and thorium are both actinide metals, each display markedly
different reactivity. Thorium can generally only access the 4+ oxidation state, while
uranium complexes in the 3+ to 6+ oxidation states are commonly reported [1]. The
enhanced reactivity of An(IIl) ions comes at a cost; the negative reduction potential (E® —
0.6 V (U), =3.7 V (Th) for the M"Y redox couple in MXs ions) [9] discourages redox
cycles needed in certain catalytic reactions. Nevertheless, the greater range of readily
available oxidation states avails a wide realm of potential chemistry, but it can also lead to
additional decomposition pathways, particularly for species in solution. Tetravalent
uranium, the most common oxidation state for that metal, is also paramagnetic, which can
present challenges regarding characterization via NMR (nuclear magnetic resonance)
spectroscopy, such as line broadening, loss of coupling, and huge chemical shift ranges
[10].

Organoactinide chemistry traces its roots to heteroleptic m-complexes (e.g.,
(Cp*/Cp)2AnX, Cp* = CsMes™ ; Cp = CsHs; X = I, CI), much in the same way

organotransition metal chemistry became popularized by discrete single-metal
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n-complexes and the metallocene class, CpoM (M = transition metal) [11]. Early
publications highlighted the successful pairing of carbocyclic ligands and actinide metals;
Marks [12-14], Evans [8,15-17], Ephritikhine [18-21], and others have contributed
pioneering work in this respect (Figure 1.1). Notably, as the structural diversity of available
ancillary ligands has increased considerably over the past several decades, exciting and
unprecedented reaction chemistry and catalysis involving d-block, lanthanide, and actinide
metals has been reported at a continuously accelerating rate. In a 2015 annual survey of the
organometallic chemistry of lanthanides and actinides, Edelmann remarks that
“approximately 20% of the papers published in 2015 were in the area of organoactinide
chemistry” [4].

Hybrid ligands that incorporate both soft and hard donors can engender reactivity
not available to the metallocenes. The development of meridionally coordinating pincer
ligands has been a watershed moment in this respect and has contributed to the

advancement of knowledge insofar that entirely new fields have evolved. For example,



David Milstein has published a substantial body of work that enhances our understanding
of how pincer ligands and metals cooperate in chemical transformations, particularly with
respect to the lofty goal of catalytically functionalizing unactivated hydrocarbons and
simple diatomics (N2, CO, CHa4) [22]. Redox-active pincer ligands capable of multielectron
transformations have conferred noble metal reactivity to first-row d-block elements (Fe,
Co, Ni, Mn). As a whole, actinide chemistry continues to be dominated by sterically
demanding carbocyclic ligand sets, a consequence of large ionic radii and preference for
high coordination numbers. Herein lies the main challenge of actinide chemistry, the
delicate balance between stabilizing the reactive metals without rendering them inert. To

this end, rational ligand design has been a huge boon to the area of actinide chemistry.

1.1.2. General Synthetic Strategies for Preparing Actinide Complexes

The comparatively slow progression of actinide chemistry is due in part to the
geopolitical and logistical constraints placed on the acquisition and transport of radiotoxic
metals. A compounding effect of this reality is that viable actinide starting materials are
less common than for rare earth and transition metals, which are not typically under such
strict regulations. Despite these challenges, actinide halide complexes have become
available by operationally simple protocols, and a handful of reports outlining the
preparation of valuable uranium and thorium halide solvento adducts (UBr3(THF)4 [23],
UI(THF)4 [23], UI3(DME)2 [23], Uls(py)s [23], Ul4(OEt2)2 [24], Ul4(NCMe)s [25],
UL4(NCPh)4 [26], ThCl4(THF)3.5 [27], ThBra(THF)4 [28], ThBra(py)4 [28], ThBra(NCMe)4
[28], Thl«(THF)4 [29], ThCla(1,4-dioxane)2 [27], ThCla(DME)2 [27], Thla(DME)2 [29];

DME = 1,2-dimethoxyethane, py = pyridine) have been disclosed. The stability of these



starting materials allows for reliable preparation and handling, which is crucial for any
synthetic campaign. Given that actinide complexes often suffer from thermal instability, it
should come as no surprise that cases of decomposition have been observed in solvated
actinide species, and thus, such reactivity must be kept in mind. For example, Thl4(DME)2
is robust whereas Thl4(THF)s wundergoes ring-opening of THF to afford
ThI3[O(CH2)4I(THF)3s [29]. Furthermore, Uls(1,4-dioxane) demonstrates substantial
thermal stability and is resistant to deleterious pathways that plague the analogous THF
adducts. While uranium and thorium are the primary metals for which actinide complexes
have been reported, neptunium and plutonium starting materials are available as solvated
trivalent iodide complexes Npl3(THF)4 [23], Puls3(THF)4 [23], Puls(py)4 [23], Pul3(Et20)x
[30] and, and more recently, as tetravalent chloride species, NpCls(DME). and
PuCls(DME): [31]. From the availability of these complexes, significant potential for
coordination chemistry with transuranic elements exists. Given that salt metathesis
protocols represent the predominant entry point for ancillary ligand-supported actinide
chemistry, any improvement upon the synthesis of actinide halides is noteworthy.

Alkane elimination has been used to generate coordination complexes from proteo
ligands and solvated trialkyl rare earth compounds [32,33]. In contrast, examples where
favorable alkane elimination has resulted in complex formation are not as common for the
actinides. A glaring absence in the availability of stable organoactinide reagents capable of
alkane elimination pathways has undoubtedly slowed progress in this area. A 2015 report
on the improved and new syntheses of various homoleptic U(IV) benzyl derivatives by Bart
and co-workers could represent a turning point in the practicality of using alkane
elimination strategies to generate well-defined organoactinide complexes (Scheme 1.1)

[12,34]. Arnold and co-workers [35] recently added to this discussion by providing details
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Scheme 1.1. Synthesis of tetrabenzyluranium derivatives.

on the formation of the homoleptic U(III) aryl complex U[2,6-(4-'BuCsH4)2CsH3]3, which
contains reactive U-C bonds and facilitates the double insertion of ‘PrN=C=NPr. Thus,
there is clearly growing potential for alkane elimination routes as diverse avenues into
actinide coordination chemistry. Finally, amine elimination methods, though even less
common, have been explored using U(NEt2)4 [36]. The availability of An(N(SiMe3))s (An
= U, Np, Pu) [25,32] will likely also prove useful for generating An(III) complexes bearing

amido functionalities.

1.2. Phosphazides
1.2.1. Introduction to Phosphazides and the Staudinger Reaction
The Staudinger reaction, introduced in 1919, has been utilized across the chemical

sciences for the formation of phosphinimines (or “iminophosphoranes”) from tertiary

phosphines (PR3) and organic azides (R’-N3) [37]. The phosphinimine (R3P=N-R’)
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Scheme 1.2. Reaction mechanism of the
infrequent isolation is often unintended. The Staudinger reaction
mechanism of the Staudinger reaction has been thoroughly examined computationally
(Scheme 1.2) [39-42]. These studies have revealed that of the two phosphazide isomers, cis
and frans, the cis arrangement is generally the more stable due to electrostatic interactions
between phosphorus and the gamma (y) nitrogen [42]. The cis phosphazide can cyclize to
form the four-membered transition state which readily releases dinitrogen, a process that is
highly favoured. Accordingly, the vast majority of isolated phosphazides have been

characterized in the solid state as the frans isomer, as the barrier to isomerization can

prevent dinitrogen loss.



1.2.2. Characterization of Phosphazides

Phosphazides can be characterized in many ways, but simple "H NMR spectroscopy
is rarely helpful in distinguishing phosphinimines from phosphazides. Conversely, 3'P
NMR spectroscopy is immensely valuable for identifying phosphazides, and the P=N3
resonance is almost always found 10-20 ppm downfield of the corresponding P=N signal.
Elemental analysis is also useful for confirming phosphazide complexes, as they often
contain very high nitrogen content. Infrared spectroscopy was often used before the advent
of modern-day X-ray crystallography; however, the requisite P=N and N=N stretches can
overlap with other signals, making them difficult to locate. When identifiable, a
phosphazide P=N3 stretch is often found at a higher wavenumber than the corresponding
P=N stretch in a phosphinimine. For example, the simple cobalt phosphazide complex
CoBr[furN3=P(CsH11)3]*Et20 displayed a P=N3 stretch of 1223 cm™! and an N-N stretch
of 970 cm™!, and can be compared to the P=N stretch in CoBr2[furN=P(Ce¢H11)3]2 at 1096
cm’! [43]. Finally, X-ray crystallography is invaluable for identifying phosphazides, and
the recent increase in reported azides is undoubtedly due to the rapid advancement of this
technology. Phosphazides in the solid state often display bond lengths that support a
somewhat delocalized bonding representation. The mean N-N distances, in all
crystallographically-characterized coordinated phosphazides is 1.355 A (No—Np), and 1.267
A for Ng-N,¢, which can be compared to standardized N-N single bonds 1.454 (A) and

N=N double bonds 1.245 (A) [44].

4 The No—Ngand Ng—N, distances for all metal- and boron-phosphazides with reported X-ray crystal
structures from 1978-2022 was collected and the mean was calculated (52 in total).
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1.2.3. Methods of Phosphazide Stabilization
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Figure 1.2. Methods of phosphazide stabilization

Phosphazides can be stabilized by one or more different factors [45]. Figure 1.2
depicts a general overview of these methods. Most systems involve disfavouring the trans
to cis isomerization by lowering the ground state energy of the trans isomer. For example,
strong electron donors on phosphorus, as well as electron withdrawing groups on nitrogen,
have been shown to stabilize the trans isomer [5]. Interaction of a lone pair on one of the
nitrogen atoms in an H-bonding interaction can also result in an isolated phosphazide.
Valasco et al. isolated the phosphazide o-(Ph3PN3)CsH4[(CO)NH(CO)-p-tolyl)] (1) upon
reaction of N-(4-Methylbenzoyl)-0-azidobenzamide with triphenylphosphine at 0 °C in
diethylether (Scheme 1.3) [46]. An intermolecular H-bonding interaction from a
neighbouring NH is the likely source of the stability of phosphazide 1. A solid-state
structure of 1 was not obtained; however, the significant downfield shift of the NH signal
in the "H NMR spectrum (from 10.54 ppm to 13.98 ppm) suggests an interaction between

the NH and the phosphazide. Upon heating 1 to reflux in toluene for 6 hours, 2-(4-
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Scheme 1.3. An H-bonding stabilized phosphazide and its decomposition via
intramolecular aza-Wittig reaction [46].

methylphenyl)-3H-quinazoline-4-one was isolated. This product is the result of initial N2
loss to produce a phosphinimine, followed by an immediate intramolecular aza-Wittig
reaction, along with concomitant production of Ph3P=0.

Sterically demanding groups on either the N or P atoms can hinder the formation of
the cyclic transition state and prevent liberation of dinitrogen gas. A report by R. D.
Kennedy describes two phosphazides with large dicarbadodecaboranes 1-(N3PPh3)-2-Me-
closo-1,2-C2B10Hi10 (2) and 1-(N3PPh=)-2-Ph-closo-1,2-C2B10Hio (3) (Scheme 1.4) [47].
Intriguingly, in the solid state, compound 2 contains a phosphazide in the cis-form, whereas
3 contains a frans-phosphazide. The phenyl group on the borane cluster in 3 likely prevents
cis-isomerization, and the borane cluster itself provides sufficient steric bulk to disfavour

the four-membered transition state required for N2 extrusion.
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Scheme 1.4. Synthesis of cis- and trans-phosphazides featuring a bulky
dicarbadodecaborane. Unlabelled vertices are B—Cl. [47] .

1.2.4. Phosphazides as Ligands in Coordination Chemistry

Coordination of the phosphazide unit to a metal or metalloid centre has been shown
in many instances; however, it is rarely intentional, and very few examples of reaction
chemistry have been reported. A summary of the crystallographically confirmed
coordination and bonding modes of phosphazides is given in Figure 1.3 and will be referred
to throughout the chapter. It should be noted that these coordination modes are established
by X-ray crystallography, and the solution-state structure could differ. What constitutes an
interaction between the metal and the phosphazide donor can be ambiguous, depending on
the metal-nitrogen distance. The significance of these interactions is not always clear-cut,
and can only be implied using coordination geometry, reaction chemistry and van der
Waals radii. Phosphazides are generally considered neutral, L-type ligands, regardless of
the bonding mode. I have depicted all examples of phosphazides with localized multiple
bonding; however, it could be argued that the bonding in the phosphazide is delocalized,

and the reality is likely somewhere in-between.
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Figure 1.3. Bonding modes of coordinated phosphazides.

Phosphazide complexes have been reported for metals from across the periodic
table. They can be separated into group 1 [48-50], groups 3-7 [51-57] , groups 8-12 [58-
64], groups 13-14 [65-74], and actinides and lanthanides [75-78].

The first transition metal phosphazide, CoBr2[furN3P(CsHi1)3]*Et20O (4; fur = 2-
COC4H30), was described by Kirmaier and colleagues in 1977 [43]. Complex 4 was
prepared by reaction of CoBr2[P(CsHi1)3]2 with FurN3, as well as preformed phosphazide
FurN3P(C¢Hi1)3 with CoBr2 at low temperature (>0 °C). Unfortunately, no solid-state
structure was obtained; however, IR and EA analysis substantiated the presence of a
phosphazide moiety.

Another early example of transition metal phosphazides was published by Haymore
et al. in 1978, wherein they explored the reaction of Ph—N3 and p-tol-N3 (p-tol = 4-
MeCsHs) with various phosphine complexes of tungsten and molybdenum [51,52]. In 1982,

they were able to obtain the first X-ray crystal structure of a metal phosphazide,
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Scheme 1.5. Some examples of phosphazides stabilized by group 1 metals [48,49].

WBrr2(CO)s3(p-tolN3PPhs) (coordination mode A) (5) [52]. Complex 5, as well as one
equivalent of free p-toIN=PPhs, was formed upon combination of WBr2(CO)3(PPhs)2 with
two equivalents of p-tolNs. This reaction was unfortunately complicated by the fact that
WBr2(CO)3(PPh3)2 and RN=PPhs exist in equilibrium with WBr2(CO)2(RN=PPh3)> and
free PPhs. Notably, compound 5 is stable in refluxing benzene for 2 hours. Intriguingly, the
analogous reaction between dicarbonyl WBr2(CO)2(PPhs)2 and two equivalents of p-tolN3
was accompanied by rapid loss of N2, giving WBr2(CO)2(tolN=PPh3)2. Finally, reaction of
Re(III) phosphine complexes with azides only resulted in oxidation of the metal to Re(IV),
with no evidence of rhenium phosphazides.

The first example of a group 1 stabilized phosphazide was reported by Lavallo and
co-workers [48]. A lithium salt of an azido carboranyl cluster was reacted with PPhs to
produce the lithium stabilized phosphazide [PhiP=N3CB11Clii]Li(THF)2 (6). X-ray
crystallography revealed that the lithium cation is bound to both Nu and Ny of the
phosphazide (coordination mode A, Scheme 1.5, top), as well as two THF molecules, in

the solid state. This phosphazide was determined to be surprisingly thermally robust, with
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no loss of N2 even upon heating for 24 hours at 150 °C in FC¢Hs. However, in THF an
equilibrium exists between PPh3 and the free azide vs. compound 6. At 60 °C, only PPhs is
visible in the *'P{'H} NMR spectrum, suggesting complete dissociation from the
phosphazide. Conversely, when the sample was cooled to —35 °C the equilibrium shifted
completely to 6. This is likely due to THF solvation of the Li ion, disrupting the formation
of the phosphazide. In CH2Cl: this equilibrium does not exist; a single *'P NMR resonance
for compound 6 was observed at 25 °C.

Unlike the aforementioned examples where the phosphazide was generated in the
presence of a metal, the Fryzuk group reported the synthesis of a metal-free phosphazide,
which was subsequently coordinated to potassium [49]. The metal-free phosphazide was
prepared by reaction of the cyclopentylidene-based phosphine-imine (2,6-
Pr2CsH3)N=CsH7(2-P'Pr2) with one equivalent of xylyl azide (2,6-Me2CsH3-N3) in THF.
(Scheme 1.5, bottom). The N-H interaction (2.046(16) A), along with the steric bulk
imparted by the xylyl group, are likely reasons for the stability of the resultant enamine-
phosphazide ~HEpN:P*™™Me (7, EpNiP*Me = (2, 6-PryCsH3)N=CsHe[2-P'Pr2N3(2,6-
Me2C6H3)]). Upon addition of KH, the amine was deprotonated, leading to a slight upfield
shift in the 3'P{'H} NMR resonance (8 50.9 to & 49.0). Solid-state experiments revealed a
K" ion bound in coordination mode A, the first example of a potassium-bound phosphazide
[K(EpN3'P"Me)(THF)] (8). Notably, the phosphazide was transferred intact from potassium
to iron upon reaction with FeBrao(THF)2, affording the unusual iron complex
[FeBr(EpN3P"Me)(THF)] (9) (coordination mode B; Fe-No.=2.039(7) A, Fe-Ny =2.710(8)
A). Given the utility of salt metathesis reactions as a common route to prepare metal

complexes, such chemistry is particularly intriguing.
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Scheme 1.6. Coordination of a pre-formed, metal-free phosphazide to a molybdenum
centre [54].

Bertrand et al. successfully characterized the metal-free cyclic cis-phosphazide
(‘PraN)2PN3[CH(CO2Me)]2 and attempted to coordinate the pre-formed phosphazide to
several metal centres (Scheme 1.6) [54]. Surprisingly, only the molybdenum phosphazide
[(‘PraN)2PN3 {CH(CO2Me)}2]Mo(CO)4(pip) (10) was isolable. Addition of either
PdCl2(PhCN)2 or W(CO)s(THF) to (‘Pr2N)2PN3[CH(CO2Me)]2 prompted the loss of N2 and
formation of a four-membered, heterocyclic phosphinimine which coordinates to both Pd
and W (Scheme 1.6). Meanwhile, the analogous reaction with Mo(CO)4(pip)2 (pip =
(CH2)sNH) afforded complex 10, wherein molybdenum is bound by the Ng nitrogen of the
cis-phosphazide. To our knowledge, this is the only known example of coordination mode
F. The large No—Np—Ny angle of 124.2(3)° is enforced by the cyclical nature of the
phosphazide and is unchanged from the free molecule (124.0(3)°) [78]. As expected, the
phosphazide ring maintains its planarity, and the geometry about molybdenum approaches

ideal octahedral.
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Scheme 1.7. Isomerization of a borane-stabilized phosphazide using UV irradiation [71].

In a groundbreaking report from Bourissou in 2007, a borane-stabilized
phosphazide cis-ortho-('Pr2P=N3Ph)CsHs(BMes:2) (11) was found to change coordination
mode upon irradiation with UV light [71]. Compound 11 is extremely thermally stable and
exhibits only 10% conversion to the phosphinimine when heated to reflux in toluene for 18
hours; as a consequence, photolysis experiments were pursued. When a THF solution of 11
was irradiated for 4 hours (A=312 nm), the cis-Nq-coordinated phosphazide (coordination
mode E) undergoes photo-isomerization to a trans-phosphazide coordinated through the -
nitrogen (trans-ortho-("Pr2P=N3Ph)CsHa(BMes2), 12, Scheme 1.7). This represents yet
another new phosphazide coordination mode, G. The previously planar 11 changes to a
boat conformation; however, the B-N distance is not altered drastically (c.f. 11: 1.649(2)
A vs. 12: 1.684(7) A). At 120.4(2)° the No—Np—Ny angle in 11 is markedly larger and sits
between the average values for non-cyclic coordinated phosphazides (110.6°) and the

cyclic phosphazide 10 (124.2(3)°). Similarly, Slootweg et al. were able to completely
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Scheme 1.8. Three different coordination modes of phosphazides stabilized by nearby
boranes [72].

isomerise cis-(‘Bu2P=N3Mes)CH2(BPh2) (13) to trans-('‘Bu2P=N3Mes)CH2(BPh2) (15) by
heating at 75 °C in toluene for 3 days (Scheme 1.8) [72]. Alternately, when PhN3 was used
instead of  BuNj3 or  MesNs, y-nitrogen coordinated  phosphazide
trans-("Bu2P=N3Ph)CH2(BPh2) (16) (coordination mode G) was isolated.

The chemistry of the lanthanides is far less developed than that of the transition
metals, but the field is quickly growing, and that trend is also evident in the number of
recently published lanthanide phosphazide complexes. Cui and co-workers isolated the first
rare-earth phosphazide complexes upon the addition of three equivalents of MesNs to Sc
and Lu phosphine dialkyl complexes LM(CH2SiMes3)2(THF) (M = Sc, Lu; L = (2,6-
CesH3Me2)NCH2C¢H4PPhy) [75]. Complexes [LNMeSIM[(k**-MesN3CH2SiMes)]2 (M = Sc
(14), Lu (15); LNMes = (2,6-CsH3Me2)NCH2CsHaPPhaN3Mes) are the result of azide
insertion into the metal-P and two metal-C bonds (Scheme 1.9). The two complexes are
isostructural and display coordination mode A; the metal-Nq distances are shorter than the

metal—Ny distances (Sc—Nqo= 2.276(2) A, Sc-Ny = 2.528(2) A; Lu-No = 2.367(7) A, Lu—

17



N\ N
Ph,P N"\ N AN
2 \M/ 3 MesN; v\ ‘@S. PhC=ZCH v\ SiM
— Mes—N—\. iMe s e
_/ O e Mz, luNn\/ Mes” \\\LU\
Me;Si » Mes, NN/ TN hl
MesSi N Ny I N=f NN
lSiMe')j MeSi \ Mes
M = Sc, Lu Mes Mes
M = Sc (14), Lu (15) 16
i) 2 PhC=CH
M =L
”l ii) 3 MesNj
Ph,
Ph Ph d
A _/.. Ph,P 3Mosn; MO N\’ N
AN —_—
thP\ PPh '-6\0 HN—LU
Lu\N 2 Dipp~N” % Dipp &
Ns M =t N A o
Med || ved Dlpp oep
Ph Ph Dlpp = 2,6- Pr206H3 17

18

Scheme 1.9. Isolation of the first scandium phosphazide, and the reaction chemistry of
lutetium phosphazides [75].

Ny=2.566(6) A). Lutetium phosphazide 15, in the presence of phenylacetylene, undergoes
isomerization of the triazenide ligand to form [LN*M®]Lu[(k*-MesN3CH2SiMes)]2 (16)
(Scheme 1.9) [75]. The phosphazide P-N and N-N bond lengths in 16 are essentially
unchanged relative to 15. Since compound 15 is the result of inserting one equivalent of
azide into each of the two Lu—C bonds, the Cui and colleagues replaced the -CH2SiMes
groups with NHDipp moieties, as the azide is unlikely to insert into a Lu—-N bond. As
anticipated, when 3 equivalents of MesN3 were added to LLu(NHDipp)2(THF), only one
azide insertion occurred, generating a single phosphazide functionality in
LNMesy(NHDipp)2 (complex 17, coordination mode A). Finally, when phenylacetylene
was added before the azide, the dimeric lutetium phosphazide, (LN*M*Lu(C=CPh)2):, (18,
coordination mode A), that bears bridging acetylide ligands, formed. Presumably the first

step in this transformation is the generation of LLu(C=CPh): and SiMes, via a ¢-bond
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Scheme 1.10. Thermal decomposition of a cerium(IV) diphosphazide complex [76].

metathesis process. This compound must then react with mesityl azide, creating the
phophazide groups.

The cerium diphosphazide complex [Fc(N¢O2)]Ce(O'Bu): (Fc = 1,1'-ferrocenylene;
Fc(N6O=) = «*-1,1'-[(N3)PPh2(2-O-3-BuCsHa4)]2Fc) (19, Scheme 1.10), that features a
ferrocene backbone, was isolated by Diaconescu and co-workers [76]. The ferrocenium
group precludes the possibility of a k>-coordinated phosphazide due to the constricted
ligand binding pocket. Correspondingly, complex 19 exhibits coordination mode B,
wherein only the a-nitrogens of the ligand are coordinated to cerium, at distances of
2.5523(36) A and 2.5355(37) A. The 6-coordinate cerium centre is best described as
distorted square pyramidal. Heating complex 19 at 85 °C in toluene afforded the
corresponding phosphinimine complex, along with concomitant liberation of 2 equivalents
of dinitrogen.

CeN[CH2CH2N(AdN3=PPr2)]3 (20), synthesized by Zhu and colleagues, is not only
one of the few lanthanide phosphazide complexes, it is also the only example of a
triphosphazide metal complex [77]. Complex 20, which was prepared by reaction of three
equivalents of adamantyl azide with the cerium complex [CeN{CH2CH2N(P'Pr2)}3]2
(Scheme 1.11), exhibits a single resonance (& 29.5 in benzene-ds) in its *'P{'H} NMR

spectrum, and surprisingly, does not decompose when heated in toluene at 80 °C for 12
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hours. When three equivalents of Me3SiN3 was added to [CeN{CH2CH2N(P'Pr2)}3]2 instead
of AdN3, immediate N2 loss occurred, suggesting that the steric bulk of the adamantyl group
is essential for phosphazide stabilization. Intriguingly, the neutral triphosphine ligand
N[CH2CH2NH]3 is completely unreactive toward azides, indicating that the cerium centre
is necessary for facilitating phosphine attack on the azide. Solid-state analysis reveals that
the heptacoordinate cerium is bound only by the a-nitrogens of the three trans phosphazides
2

(coordination mode B), and the crowded metal centre cannot accommodate a k-

phosphazide.

20



1.3. Thesis Goals and Outcomes

The interest in phosphazides is rapidly growing. Of the 72 metal-coordinated
phosphazides that have been reported, 60 have been published after 2006, and
approximately half were reported in the past 5 years. While phosphazides can vary
incredibly in thermal stability, their ability to access 8 different coordination modes
provides a niche in the maturing fields of coordination and organometallic chemistry,
especially since the discovery of new functional groups is uncommon. Before the
publications featured in this dissertation, there were no reported phosphazide complexes of
actinides. Actinide complexes are particularly suited to achieve the potential of
phosphazides as ligands, as their high coordination numbers and affinity for hard nitrogen
donors is ideal for accommodating multiple phosphazide units. Recognizing this, it was the
goal of this thesis to synthesize ligands containing stabilized phosphazides, coordinate
these ligands to uranium and thorium, and investigate the stability and reactivity of the
resulting actinide complexes.

First, a derivative of the phosphasalen ligand featuring two phosphazides is
described in Chapter 2. This phosphazidosalen ligand was coordinated to uranium and step-
wise N2 elimination was observed from the resulting uranium complex L"UCl2 (2-1).

Using the knowledge obtained from Chapter 2, a related diphosphazide ligand, Len3,
was made, taking inspiration from the pyrrole-based phosphinimine ligand Lp-n. This
system allowed for the isolation of a rare trialkyl thorium complex Lpn3Th(CH2SiMes)s
(3-4) as described in Chapter 3.

Chapter 4 showcases the reaction chemistry of the thorium diphosphazide trialkyl
species Lpn3Th(CH2SiMes)s and its derivatives with CO2 to make carbamates and

carboxylates.
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Finally, Chapter 5 provides preliminary results for other related projects. These
include the exploration of U(VI) chemistry with phosphasalen and phosphazidosalen ligands,
titanium(III) and (IV) chloride complexes with the Lens ligand, uranium and thorium cations
and metal-free phosphazide compounds. I endeavoured to provide all of the necessary

information so that the projects could be continued by future students.
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2. Consecutive Nz Loss from a Uranium Diphosphazide
Complex®f

2.1. Abstract
A new ‘diphosphazidosalen’ ligand was synthesized and successfully transferred to
uranium using salt metathesis strategies. The resultant 8-coordinate uranium(IV)
diphosphazide complex [«°-1,2-{(N3)PPh2(2-O-CsH4)}2CsH4]UCl> (2-1) is unstable to
consecutive Nz loss, affording the asymmetric species [«>-1-{(N3)PPh2(2-O-CsH4)}-2-
{N=PPh2(2-O-CsH4)} CcH4)|UCI2 (2-2), defined by a phosphazide-phosphinimine mixed-
ligand framework, and ultimately, the uranium(IV) phosphasalen complex [k*-1,2-

{N=PPh2(2-O-CsH4) } 2C¢H4]UCl2(THF) (2-3).

2.2. Introduction

In forming ‘aza-ylides’ (iminophosphoranes or phosphinimines) from organic
azides and tertiary phosphines, the phosphazide intermediate, a neutral analogue of the
triazenide (R—(N3) —R) moiety, has the potential for rich coordination chemistry as a k-
N,N or n’-N,N,N chelate, but is rarely isolated. Mechanistic studies have shown that the
Staudinger reaction (PR3 + R—N3 — R3P=N-R + N2) proceeds through a cis-phosphazide
(R3P—(N3)-R) intermediate, which readily eliminates dinitrogen gas and phosphinimine
(R3P=N-R).! However, the trans-isomer, which is resistant to N2 loss, can be stabilized by

H-bonding,” as well as coordination to main group Lewis acids® and transition metals.'*

¢ Dalton Transactions reference style used throughout this chapter
fReprinted with permission from Dickie, T. K. K., MacNeil, C. S. and Hayes, P. G.,
Dalton Trans., 2020, 49, 578.
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Scheme 2.1. Some examples of stabilized phosphazides.

To date, there have only been two examples of phosphazides coordinated to group

1 metals: Lavallo and co-workers reported an anionic azido carboranyl cluster with a
lithium counterion which, when reacted with PPhs, produced a lithium stabilized
phosphazide (Scheme 2.1, top).” In the solid state, the lithium cation is bound by N and Ny
of the phosphazide and two THF molecules. Intriguingly, this species does not release Na,
even upon heating at 150 °C in C¢HsF. In addition, Fryzuk prepared a sterically encumbered
organic azide supported by hydrogen bonding with a nearby NH group.*" Upon NH

deprotonation with KH, a potassium stabilized phosphazide can participate in a salt
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metathesis reaction with FeBr2(THF)2 to produce an iron(Il) phosphazide (Scheme 2.1,
middle). Interestingly, this species undergoes an unusual radical process when exposed to
the hydride KBEtsH wherein nitrogen gas is liberated and an anionic phosphinimide
generated. Notably, this is the only previously published example of intentional transfer of
a stabilized phosphazide.

As potential chelating ligands, phosphazides provide an opportunity to introduce
functionality and coordinative-flexibility to a variety of metals, yet are seldom discussed
or targeted in coordination chemistry.!® Phosphinimines, in contrast, are established
components in ligand design.” Isostructural variants of the ubiquitous ‘salen’ ligand have
recently been developed that feature phosphinimine donors in place of the conventional
Schiff base (R2C=N-R).® These phosphasalen ligands, reported by Auffrant and Williams,
have demonstrated exceptional stability when supporting reactive metals, notably serving
as an ancillary scaffold for a highly active ring-opening polymerization yttrium catalyst.’
The synthesis of such phosphasalen ligands has thus far been largely limited to the Kirsanov
reaction,”® which generates the phosphinimine fragment from triarylphosphine, Br2, and
diamine over a number of steps and days (Scheme 2.2a). Although diamine starting
materials are attractive from a practical standpoint, diazides provide access to
diphosphazides, species which are not accessible via the Kirsanov reaction.

To our knowledge, the Staudinger reaction has not been utilized for the preparation
of entirely organic phosphasalen ligands. However, a ferrocene-based variant reported by
Diaconescu and co-workers has been disclosed, whereby 1,1'-diazidoferrocene Fc(N3)2 was
reacted with a bulky phosphinophenol.!” Notably, the cerium complex

[Fc(N6O2)]Ce(OBu): (Fc =I1,1'-ferrocenylene; Fc(NsO2) = «*-1,1'-[(N3)PPh2(2-O-3-

31



a) Kirsanov reaction
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Br Br
PPh, Ph2P NH HN— PPh2 Ph,P= N n= PPh,
OH HO OK KO
>16 h 16 h
R=H (i) Bry, CH,Cl, (i) ((CHs)sSi),NK (4 equivalents),
R=/Bu ethylenediamine, NBug THF

b) Staudinger reaction (this work)

OK ©/ s o o
_ K N= Ph,P=N _ N=PPh
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Scheme 2.2. Comparison of phosphasalen ligand synthesis by the Kirsanov reaction (a)’?
and by the Staudinger reaction (this work) (b).

‘BuCsH4)]2Fc) was isolated in the reaction, wherein the distal N atoms of a phosphazide
ligand were bound to the cerium center (Scheme 2.1, bottom). Thus far,
[Fc(N6O2)]Ce(OBu):2 appears to be the only example of a ligand featuring two phosphazide
subunits coordinated to a metal, and aside from thermally promoted N2 loss, its
reaction/coordination chemistry has not been studied.

Herein, we provide details on the one-step synthesis and characterization of new
phosphasalen and phosphazidosalen ligands and describe the conversion of phosphazide to

phosphinimine at a single uranium center.
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2.3. Synthesis and Characterization of Uranium Phosphazidosalen and

Phosphasalen Complexes

A phosphasalen ligand featuring a rigid benzene backbone was targeted wherein
1,2-diazidobenzene would be reacted with an appropriate phosphine (Scheme 2.2b).
Although the requisite 1,2-(N3)2-CsHs was previously reported,'! it had been generated in
situ and used without characterization. In an effort to isolate this diazide, it was prepared
by stepwise diazotization of 2-nitroaniline. Low-temperature analysis by an X-ray
diffraction study revealed a near linear arrangement of the azide functional groups with
extended conjugation in the aromatic bridge [NI-N2-N3 = 173.6(2)°, N4-N5-N6 =
171.7(2)°].

Initial attempts at reacting 1,2-diazidobenzene with Ph2P[(2-OH)CsH4] produced
insoluble byproducts, presumed to be the result of acidic —OH protons interfering with
phosphazide cyclization and subsequent N2 loss. Therefore, to mitigate this issue, and to
directly prepare phosphasalen salts suitable for subsequent salt metathesis reactions, the
OH group of PhoP[(2-OH)CsH4] was deprotonated with KH prior to reaction with 1,2-
diazidobenzene.

Dropwise addition of 0.5 equivalents of 1,2-(N3)2-CeHa to a stirring solution of
Ph2P[(2-OK)CsHa4] in toluene resulted in immediate precipitation of a bright yellow solid
that exhibits a *'P NMR resonance at § 28.4 in [Ds]THF. When combined with UCls, a
rapid change from yellow to orange was observed, along with a new signal in the *'P NMR
spectrum at 8 49.6. An X-ray crystallographic study confirmed the reaction product to be
L"UCl, (L" = k%1,2-[(N3)PPh2(2-O-CsHa4)]2Ce¢Ha) (2-1), a uranium dichloride complex
supported by a symmetric diphosphazide ligand. Both of the phosphazide P(N3) units

coordinate to the metal center via a x*-N,N bonding mode, with anionic phenoxide-O and
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Figure 2.1. X-ray crystal structures of 2-1, 2-2 and 2-3 with thermal ellipsoids drawn at
30% probability. Hydrogen atoms, P-phenyl groups, except for the ipso carbons,
coordinated THF C atoms and solvent molecules of recrystallization (benzene, THF) are
omitted for clarity. Selected bond distances (A) and angles (°), 2-1: U-N1 = 2.589(3), U-
N3 =2.586(2), U-N4 = 2.641(2), U-N6 = 2.613(2), U-O1 = 2.203(2), U-02 = 2.221(2),
U-CI1 = 2.6424(8); CI1-U-CI2 = 163.08(3), O1-U-02 = 79.68(8), NI-N2-N3 =
103.7(2), N4-N5-N6 = 104.1(2); P1-N1-N2-N3 = 175.1(2), P2-N4-N5-N6 = —-173.8(2);
2-2: U-N1=2.55(1), U-N2 =2.52(1), U-N4 =2.44(1), U-O1 = 2.18(1), U-02 =2.185(9),
U-CI1 =2.640(3), U-CI2 = 2.603(5), P1-N1 =1.61(1); Cl11-U-CI2 = 168.1(1), O1-U-02
=99.1(4), N2-N3-N4 = 104(1); P2-N2-N3-N4 = 165(1); 2-3: connectivity structure of
2-3.

CI ligands completing the coordination sphere of the paramagnetic uranium(IV) center
(Figure 2.1). Notably, the N-N-N angles in the phosphazide subunits [103.7(2) and
104.1(2)°] are substantially smaller than those observed in a previously reported metal-free
phosphazide [116.55(14)°].*! The geometry about the eight-coordinate uranium center is
best described as distorted hexagonal bipyramidal with a C11-U—CI2 angle of 163.08(3)°.
The diphosphazide ligand is remarkably planar, with only the O2 atom sitting out of the
plane defined by Ul-O1-N1-N3-N6-N4 (by 0.545 A). In addition, the phosphazides
coordinate in a markedly different manner (>-N,N) than those in the cerium diphosphazide
complex [Fc(NsO2)]Ce(O'Bu)2, wherein each phosphazide unit adopts an n'-N bonding
mode.!® When heated, two equivalents of N2 were liberated from [Fc(NeO2)]Ce(O'Bu)2,
along with quantitative conversion to the analogous phosphinimine-bound complex.

Similar to [Fc(Ne6O2)]Ce(O'Bu)2, both phosphazide donors in 2-1 display a trans-

configuration with varying N-N bond lengths [N1-N2 =1.356(4), N2-N3 = 1.266(3), N5—
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Scheme 2.3. Synthesis of uranium complexes 2-1 and 2-3.
N6 =1.273(3), N4-N5 = 1.358(3) A]. Complex 2-1 is the first example of the phosphazide
functionality bound to an actinide metal; as uranium can accommodate high coordination
numbers, it is an ideal candidate for supporting multiple phosphazide groups.

Complex 2-1 is unstable to slow elimination of 1 equivalent of N2 at ambient
temperature in THF. After 12 hours, two new *'P NMR resonances of equal intensity (&
104.1 and 71.2) had completely supplanted the resonance attributed to complex 2-1 (&
49.6). X-ray quality crystals grown from a concentrated benzene solution at ambient
temperature permitted a study that identified the asymmetric decomposition product as
L'UCly, (L' = °-1-[(N3)PPh2(2-O-CeH4)]-2-[N=PPh2(2-O-CsH4)]CcH4) (2-2), the result of
singular N2 loss from the diphosphazide ligand in 2-1 (Figure 2.1). Intriguingly, one P(N3)
phosphazide unit, which remains x*> bound to uranium, was conserved. The new
phosphinimine donor is also coordinated to the metal, resulting in distorted pentagonal
bipyramidal geometry at the seven-coordinate uranium(IV) center. Upon monitoring by *'P
NMR spectroscopy, a [Ds]THF solution of 2-2, heated at 135 °C for 5 days, was observed

to gradually convert into a single product (2-3, 6 —56.4).
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Scheme 2.4. Reaction of phosphazidosalen ligand KzL'" with 18-crown-6.

To confirm the identity of complex 2-3 as the product of a second consecutive N2
elimination from 2-1, the putative phosphasalen complex was targeted for independent
synthesis by reaction of KoL (L = «*-1,2-[N=PPh2(2-OK-CsH4)]']2CsH4) with UCls. To
generate KsL, 1,2-(N3)2-CeéHa was added to an in situ generated THF solution of (2-OK-
CesH4)PPh2 (2 equiv.). Immediate yellow colouration occurred, followed by formation of a
fine suspension, and ultimately, after one hour, a clear yellow solution. The *'P{'H} NMR
spectrum of K;L in [Ds]THF exhibits a broad peak at 6 11.4, a considerable upfield shift
compared to the phosphazidosalen ligand (6 28.4), thus suggesting formation of the desired
phosphasalen ligand (Scheme 2.2). When K:;L was combined with UCl4, a resonance was
observed at § —56.4 in the *'P NMR spectrum, which is consistent with that obtained when
complex 2-1 was heated (Scheme 2.3, right). Crystals grown from THF provided a low-
quality X-ray structure that served to establish atom connectivity within the THF-
coordinated uranium phosphasalen complex LUCIL(THF), (L = «*1,2-[N=PPhx(2-O-
CeéHa)]2CéHa) (2-3) (Figure 2.1). To the best of our knowledge, the only other
phosphasalen-supported actinide complexes were reported by the Auffrant group,'?
rounding out diverse coordination chemistry involving transition, rare earth, and actinide
metals.®>*!3 Notably, in the work by Auffrant, the phosphasalen ligand possessed a pyridine

backbone and sterically demanding tert-butyl groups.
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Figure 2.2. Solid-state structure of complex 2-4 with thermal ellipsoids shown at 30%
probability. Hydrogen atoms, except for H1, P(CsHs)2 groups excluding ipso-C, and solvent
molecules of recrystallization (benzene) are omitted for clarity. The position of H1 was
located directly in the difference map. Selected bond distances (A) and angles (°) are given:
U-N2 = 2.479(3), U-O1 = 2.214(2), U-02 = 2.214(2), U-CI1 = 2.6465(9), U-CI2 =
2.6547(9), U-CI3 = 2.6517(9), P1-N1 = 1.641(3), H1---O1 = 2.18(6); N2-N3-N4 =
109.9(3).

The potassiated diphosphazide ligand K,L'' was postulated to contain N---K
interactions that prevent frans-cis isomerization. To confirm this formulation, 1 equivalent
of 18-crown-6 was added to sequester K' ions, resulting in immediate dissolution of the
yellow solid along with concomitant production of a clear yellow solution and gas evolution
(Scheme 2.4). The appearance of a new resonance at & 4.25 in the *'P{'"H} NMR spectrum
accompanied this visible change; an asymmetric intermediate with two peaks at & 12.79
and 0 —13.45 (1:1) was also observed. Rapid N2 loss upon addition of 18-crown-6 suggests
that the phosphazide subunits in K;L'’ are indeed stabilized by coordination to the large K
ions.

When complex 2-1 was heated in THF during the preparation of 2-3, and the

product extracted into benzene, a small amount of highly crystalline impurity (2-4) was
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obtained. A uranium(IV) complex (H)L'UCI3 (2-4) bearing three chloride ligands and a
protonated phosphinimine, which presumably formed via reaction of K,L'" with THF
solvent or trace quantities of adventitious moisture, was identified by X-ray diffraction
studies. The presence of a R3P=NH" was supported by the elongated P-N distance of
1.641(3) A which is in agreement with similar species in the literature (Figure 2.2).'*
Solution-state NMR spectroscopy identified an asymmetric complex with *'P chemical
shifts of & 88.9 and § —38.2, and 17 paramagnetically shifted 'H resonances ranging from &
61.6 to & —21.3. In the solid state, the protonated phosphinimine nitrogen sits 4.319(3) A
from the uranium(IV) center. The phosphazide unit, in contrast to 7-coordinate complex
2-2, is k! bound. Complex 2-4, while only isolable in small amounts, demonstrates the
variable coordination of the phosphazide group in this system. The remaining phosphazide
unit is coordinated through only the a-N of the phosphazide, similar to the n'-N bonding

mode in Diaconescu's cerium diphosphazide.'”

2.4. Conclusions

As demonstrated, the Staudinger reaction, in combination with appropriate choice
of solvent, provides convenient and selective routes to phosphazidosalen and phosphasalen
ligands. The corresponding group 1 phosphazidosalen species affords a unique opportunity
to explore phosphazides as a ligand in coordination chemistry using simple and versatile
salt metathesis strategies. The ease with which pendant groups can be fine-tuned, the
observed coordinative versatility, and the ability for intentional conversion into
phosphinimines, suggest that phosphazides offer great potential as ligands in inorganic

chemistry and homogeneous catalysis.
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2.5. Experimental Details for Chapter 2

2.5.1. Laboratory Equipment and Apparatus

An argon filled MBraun glove box was employed for manipulation and storage of all
oxygen and moisture sensitive compounds. All thermally unstable compounds were stored
ina—35 °C freezer within the glove box. All reactions were performed on a double manifold
high vacuum line using standard techniques or in a glove box under an atmosphere of
argon.'> Commonly utilized specialty glassware includes the swivel frit assembly, needle
valves, and thick walled (5 mm) glass bombs equipped with Kontes Teflon stopcocks.!> All
glassware was stored in a 110 °C oven for a minimum of 12 hours, or flame-dried before
immediate transfer to the glove box antechamber or assembled on the vacuum line and

evacuated while hot.

2.5.2. Solvents

Toluene, pentane, and tetrahydrofuran (THF) solvents were dried and purified using
the Grubbs/Dow purification system and stored in evacuated 500 mL bombs over
titanocene'® (toluene and hexanes) or sodium/benzophenone ketal (THF).!” Diethyl ether,
pentane, heptane, benzene, benzene-ds, toluene-ds, and THF-ds were dried and stored over
sodium/benzophenone ketal in glass bombs under vacuum. Unless otherwise noted,
solvents were introduced via vacuum transfer with condensation at —78 °C. Liquid nitrogen
(=196 °C), liquid nitrogen/pentane (—130 °C), dry ice/acetone (—78 °C), dry ice/acetonitrile
(—45 °C) and water/ice (0 °C) baths were used for cooling receiving flasks and to maintain

low temperature conditions.
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2.5.3. Instrumentation and Details for NMR Experiments

All NMR spectra were recorded at ambient temperature, except where noted, with
a Bruker Avance I NMR spectrometer (300.13 MHz for 'H, 75.47 MHz for 1*C and 121.48
MHz for *'P) or Avance III NMR spectrometer (700.13 MHz for 'H, 176.05 MHz for *C,
and 283.54 MHz for *'P) NMR spectrometer. All 'H NMR spectra were referenced to
SiMes through the residual 'H resonance(s) of the employed solvent; benzene-ds (7.16
ppm), toluene-ds (2.09, 6.98, 7.02 and 7.09 ppm), chloroform-di (7.26 ppm) or THF-ds
(1.73 and 3.58 ppm). '*C NMR spectra were referenced relative to SiMes through the
resonance(s) of the employed solvent; benzene-ds (128.0 ppm), toluene-ds (20.4, 125.2,
128.0, 128.9, 137.5 ppm), chloroform-di (77.16 ppm) or THF-ds (25.4, 67.6 ppm). 'H
NMR data for diamagnetic compounds are reported as follows: chemical shift, multiplicity
(s = singlet, d = doublet, t = triplet, q = quartet, quint = quintet, sp = septet, br = broad, m
= multiplet, app = apparent, obsc = obscured, ov = overlapping), coupling constants (Hz),
integration, assignment. '3*C NMR data for diamagnetic compounds are reported as follows:
chemical shift, assignment. Assignment of resonances were supported by 'H-'H COSY,
BC{'H} APT, 'H-'3C{'H} and HSQC/HMBC experiments. All uranium compounds in
this paper are paramagnetic. For paramagnetic compounds, w12 denotes width at half height

in hertz.

2.5.4. Additional Instrumentation
Elemental analyses (%CHN) were conducted at the University of Lethbridge by
Jackson Knott or Dylan Webb on an Elementar Americas Vario MicroCube Analyzer (C,

H, N, O, S capabilities).
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2.5.5. Additional Safety Considerations

Organic azides are both toxic and explosive. Care should be taken while handling
azides, particularly if they are solvent free and/or at elevated temperatures. Phosphines are
toxic and care should be taken while handling. 2*®U is a weak o-emitter with a half-life of

4.47 x 10° years.

2.5.6. Synthetic Methods

Ny 1,2-diazidobenzene: A solution comprised of 35 mL of 1M HCl and 30 mL
@: of distilled H2O was added to 2-azidoaniline? (0.510 g, 3.80 mmol) in a 250

Ns mL round-bottomed flask equipped with a Teflon® coated stir bar. The
solution was stirred at ambient temperature until the solid dissolved, after which the
mixture was cooled to —5 °C using an ice/salt water bath. Solid NaNO2(0.500 g, 7.25 mmol)
was added to the flask and the reaction mixture was stirred at —5° C for 1 hour. The solution
was treated with a 5 mL of aqueous solution of NaN3 (470 mg, 7.23 mmol) and stirred for
2 hours, after which a light orange solid was isolated by cold filtration. The resulting
product was a red oil at ambient temperature. Yield: 0.523 g (85.9%). Single crystals
suitable for X-ray diffraction were obtained from a solution of petroleum ether at —35 °C.
'"H NMR (chloroform—di, 300.13 MHz): § 7.07 (ov m, 4H, Ph CH). BC{'H} NMR
(chloroform—d1, 75.47 MHz): 6 131.22 (s, CN3), 126.02 (s, Ph CH), 120.30 (s, Ph CH). IR
(neat): vmax (cm') 2089 (vw), 1589 (s), 1488 (s), 1448 (s), 1297 (w), 1273 (w), 1154 (s),

1145(s), 1085 (s), 744 (s), 697 (s), 647 (s), 527 (s).
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PPh, (2-OK-C¢H4)PPhz: In an inert atmosphere glove box, 2-
E:[ OK (diphenylphosphino)phenol (0.118 g, 0.426 mmol) and KH (0.0188 g,
0.468 mmol) were combined in a 20 mL scintillation vial equipped with a Teflon® coated
stir bar. The solids were dissolved in 8 mL of THF and gas evolution was observed from
the cloudy solution. The reaction mixture was stirred for 15 minutes at ambient temperature
until gas evolution ceased and the solution became clear and colourless. The reaction was
stirred for another 18 hours and the solvent was removed in vacuo to produce a white solid
(0.130 g, 96.2% yield) '"H NMR (THF-ds, 300.13 MHz): § 7.25-7.16 (m, 10H, Ar CH),
6.87 (td, 1H, *Jun = 7.5 Hz, “Jun = 1.9 Hz, Ar CH), 6.41 (ddd, 1H, *Jup = 6.3 Hz, *Jun =
7.5 Hz, *Jun=1.9 Hz, Ar CH), 6.03 (m, 2H, Ar CH). *C {'"H} NMR (THF-ds, 75.47 MHz):
8 174.63 (d, 'Jcp = 19.2 Hz), 140.63 (d, 'Jep = 10.3 Hz), 134.77 (d, *Jcp = 18.8 Hz), 134.39
(s), 131.69 (s), 129.11 (d, *Jcp = 6.7 Hz), 128.80 (s), 123.39 (d, *Jcp = 7.7 Hz), 118.32 (s),

111.33 (s). 3'P{'H} (THF—ds, 121.49 MHz) 5 —19.14 (s). Anal. Calcd. (%) for C1sH14KOP:

C: 68.33; H: 4.46. Found C: 68.09; H: 4.61.

K;L: In an inert atmosphere glove box, 1,2-

diazidobenzene (0.0544 g, 0.339 mmol) was dissolved in 1
Ph,P=N N=PPh,

mL of THF in a 20 mL scintillation vial. The 1,2-
@OK KO . | .

diazidobenzene solution was added to a stirring THF (8
mL) solution of (2-OK—CsH4)PPh2 (0.215 g, 0.678 mmol). The reaction mixture was
stirred at 50 °C for 8 hours to ensure full conversion to KL resulting in a clear, orange
solution. The THF was removed in vacuo to give a bright yellow solid (0.250 g, 99.8%

yield). 'H NMR (THF-ds, 300.13 MHz): 5 7.86-7.78 (ov m, 8H, Ar CH), 7.42-7.33 (ov

m, 14H, Ar CH), 7.00-6.85 (m, 4H, Ar CH), 6.58 (br s, 2H, Ar CH), 6.15-6.07 (m, 4H, Ar
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CH). 3C{'H} NMR (THF-ds, 75.47 MHz): & 176.19 (d, 'Jep = 4.8 Hz), 147.6 (d, 'Jcp =
23.0 Hz), 136.66 (s), 136.08 (d, 2Jcr = 9.0 Hz), 135.24 (s), 134.43 (s), 132.43 (d, 2Jcp = 9.4
Hz), 130.94 (s), 128.78 (d, 3Jcr = 11.6 Hz), 121.16 (s), 119.34 (s), 119.19(s), 116.54 (s),
109.77 (s), 109.61 (s). 3'P{'H} (THF—ds, 121.49 MHz) & 11.42 (s). Anal. Calcd. (%) for

C42H32KoN202P2: C: 68.46; H: 4.38; N: 3.80. Found C: 67.83; H: 5.12; N: 3.90.

KoL': In an inert atmosphere glove box, 1,2-

diazidobenzene (0.0579 g, 0.362 mmol) was dissolved

N=N N=pN

! I in 2 mL of toluene and added to a stirring toluene (8 mL)
Ph,P=N N=pph,
©/OK KO solution of (2-OK—CsH4)PPh2 (0.229 g, 0.723 mmol). A

bright yellow precipitate formed immediately upon
addition of the diazide. The reaction mixture was stirred at ambient temperature for 15
minutes. The solution was decanted from the precipitate and the remaining solvent removed
in vacuo to afford a bright yellow solid. The resulting product was washed with pentane (3
x 1 mL) (0.214 g, 75% yield). '"H NMR (THF-ds, 300.13 MHz): § 7.77-7.71 (ov m, 6H, Ar
CH), 7.60-7.54 (m, 2H, Ar CH), 7.36-7.34 (m, 4H, Ar CH), 7.24-7.07 (ov m, 10H, Ar
CH), 7.02-6.94 (m, 2H, Ar CH), 6.87-6.84 (m, 2H, Ar CH), 6.60-6.49 (m, 2H, Ar CH),
6.20-6.15 (m, 2H, Ar CH), 5.94-5.92 (m, 2H, Ar CH). *'P{'H} (THF-ds, 121.49 MHz) &
28.34 (br s). °C data is unavailable due to decomposition in solution and low solubility in
common organic solvents. Anal. Calcd. (%) for C42H32K2N6O2P2: C: 63.62; H: 4.07; N:

10.60. Found C: 62.73; H: 4.41; N: 10.73.
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Q Complex 2-1: In an inert atmosphere glove box, solid

KaL"” (0.0443g, 0.0559 mmol) and UCls (0.0212g,
N=N, G N=N
N——U=——N

Ph,P? o ! o =Pph, 0.0558 mmol) were added to a 20 mL scintillation vial

Cl containing 3 mL of THF. The mixture was agitated for

30 seconds until the all K;L'’" had been consumed and a

dark orange solution prevailed. Toluene (3 mL) was added to the solution to precipitate
KCl and the THF/toluene solution was filtered quickly through Celite®. The solvent was
removed in vacuo to afford an orange-brown solid (0.0377g, 66.0% yield). Suitable crystals
for X-ray diffraction were obtained in benzene—ds by leaving the solution at ambient
temperature for 6 hours. Due to decomposition of 2-1 to 2-2 in solution, NMR spectra of
compound 2-1 contain an impurity of 2-2. '"H NMR (THF—ds, 300.13 MHz): § 24.55 (w12
=16.2 Hz), 19.88 (wi2=11.6 Hz), 16.89 (w12=27.0 Hz), 14.07 (w12= 16.1 Hz), 12.81
(w12=11.4 Hz), 12.52 (w12=15.7 Hz), 12.02 (w12=24.1 Hz), 7.55 (w12=10.8 Hz), 7.31
(wi2=16.8 Hz). 3'P{'H} NMR (THF-ds, 121.49 MHz): § 49.61 (s, 2P, PN3). Anal. Calcd.

(%) for C42H32N6O2P2U: C: 49.28; H: 3.15; N: 8.21. Found C: 49.17; H: 3.39; N: 8.22.

Complex 2-2: Synthesis 1- In an inert atmosphere glove
Q box, solid KzL" (0.010 g, 0.013 mmol) and UCls(dme)2

=N Cl N=
PhyP “ |8 N (0.0073 g, 0.013 mmol) were added to a J. Young NMR

U N:pph,
7 .. .
o”| o tube containing 0.5 mL of THF-ds. The mixture was

Cl
agitated for 2 minutes during which all K;L'" had been

consumed and a dark orange solution prevailed. The solution was heated for 12 hours at 45
°C to ensure full conversion of 2-1 to 2-2. Crystals suitable for X-ray diffraction were

obtained at ambient temperature from benzene after 24 hours. An isolated yield could not
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be determined due to persistent impurities (complex

2-4). Synthesis 2- In an inert atmosphere glove box,

PRaP==N_ Gl N=RPhy  jig Complex 21 (0.0377g, 0.0369 mmol) was

o7 -0
T\ added to a 20 mL scintillation vial containing 3 mL
(@
Cl Q of THF and a Teflon® coated stir bar. The dark orange

solution was stirred at 80 °C for 2 hours to ensure full
conversion of 2-1 to 2-2. The solvent was removed in vacuo to afford a brown solid and
the product was washed with heptane (3 x 1 mL) (0.0299 g, 81.5% crude yield). An isolated
yield could not be obtained due to impurities of 2-4. '"H NMR (THF-ds, 300.13 MHz): §
29.29 (w12=29 Hz), 26.62 (w12=29 Hz), 23.45 (w12=26 Hz), 23.19 (w12=20 Hz), 21.08
(wi12=25 Hz), 18.75 (w12=17 Hz), 17.21 (w12= 13 Hz), 14.53 (w12=19 Hz), 11.26 (W12
= 18 Hz), 11.07 (w12= 16 Hz), 9.81 (w12= 18 Hz), 9.46 (wi12= 17 Hz), -3.06 (wi2= 14
Hz).3'P{'H} NMR (THF-ds, 121.49 MHz): 104.07 (s, 1P), 71.15 (s, 1P). Anal. Calcd. (%)
for C42H32C12N4O2P2U: C: 50.67; H: 3.24; N: 5.63. Found C: 50.21; H: 3.41; N: 5.71.
While this compound could not be separated from small impurities of complex 2-4, the
obtained elemental analysis data is within acceptable standards, likely due to the similarity

of the chemical composition of complexes 2-4 and 2-2.

Complex 2-3: In an inert atmosphere glove box, solid KoL (0.0200 g, 0.0271 mmol) was
added to a 20 mL scintillation vial containing UCl4(dme)2 (0.0152 g, 0.0272 mmol) and a
Teflon® coated stir bar. To this mixture, 6 mL of THF was added and the cloudy green
solution was stirred for 4 hours. The solution was then filtered through Celite® and the

solvent was removed in vacuo to afford a pale green solid (0.0164 g yield, 62.4%). Crystals
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suitable for X-ray diffraction were obtained from a saturated solution of THF at ambient
temperature after 12 hours. 'H NMR (THF-ds, 300.13 MHz): & 32.27 (w12 = 121 Hz),
25.86 (w12 =146 Hz), 20.64 (w12=93 Hz), 17.99 (w12 =113 Hz), 13.48 (w12 = 1123 Hz),
10.34 (w12 =255 Hz), 9.59 (w12 = 239 Hz), 8.02 (w12 = 78 Hz), 7.82 (w12 = 31 Hz), 5.37
(w12 = 67 Hz), 5.20 (w12 = 57 Hz), —1.41 (w12 = 165 Hz), —5.84 (w12 = 69 Hz) *'P{'H}
NMR (THF-ds, 121.49 MHz): 6 -56.40 (br s, 2P, P=N). Anal. Calcd. (%)

Cg4He4ClaN4O4P4U2: C: 53.14; H: 3.88; N: 2.69. Found C: 53.53; H: 3.98; N: 3.19.

Complex 2-4: In an inert atmosphere glove box, solid

K>L" (0.0114 g, 0.0144 mmol) was added to a vial

Ph,P=N. ., cI N=N
l;‘ | containing UCls4 (0.0053 g, 0.014 mmol). To this
OI"U"""“N:PPhZ

ME
cl

mixture, 6 mL of THF was added and the dark orange
solution was agitated until the KL’ had been
completely consumed, about 2 minutes. The THF solution was heated at 50 °C for 10
minutes. The solvent was removed in vacuo and the compound was extracted with 2 mL of
benzene and filtered through Celite®. Crystals suitable for X-ray diffraction were obtained
from benzene at ambient temperature after 24 hours (Yield 0.0019 g, 12% yield). '"H NMR
(THF-ds, 300.13 MHz): 6 61.57 (w12=26 Hz), 50.28 (w12=98 Hz), 38.75 (w12= 48 Hz),
34.15 (w12=30 Hz), 33.62 (w12= 18 Hz), 28.65 (w12=29 Hz), 26.67 (w12= 16 Hz), 25.71
(wi2=21Hz), 25.14 (w12= 21 Hz), 15.35 (wi12= 15 Hz), 8.60 (wi2= 19 Hz), 7.68 (Wi2=
18 Hz), 6.37 (w12=16 Hz), 6.17 (w12=26 Hz), 5.41 (wi12=17 Hz), —1.72 (w12= 16 Hz),
—21.33 (w12= 13 Hz). *'P{'H} NMR (THF-ds, 121.49 MHz): 88.93 (d, *Jpu = 13.4 Hz, 1P,
doublet is due to incomplete 'H decoupling), —38.16 (s, 1P). This product is a minor

impurity and has eluded preparation on a large scale. As a consequence, only small
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quantities of non-analytically pure material were available for combustion analysis, and

repeated attempts failed to provide acceptable data.

2.5.7. Crystallographic Details

All structures were collected on a Rigaku SuperNova diffractometer equipped with
a Dectris Pilatus 3R 200K-A hybrid-pixel-array detector, a four-circle goniometer, sealed
graphite-monochromated Mo Ka (A = 0.71073 A) and Cu Ka (A = 1.54178 A) X-ray
sources, and an Oxford cryostream-cooling device fixed at 100 K. Single crystals suitable
for X-ray diffraction studies were mounted on a MiTiGen cryo-loop using desiccated
Paratone—N oil stored in a glove box. Data reduction was accomplished by the CrysAlis™™
(version 1.171.38.43) software package. Absorption corrections were applied by multi-scan
techniques and empirical absorption correction using spherical harmonics, implemented in
SCALE3 ABSPACK scaling algorithm. Structures were solved in the Olex2'® environment
using intrinsic phasing and refined by full-matrix least squares method on F? using the
SHELX software suite.!”2° All non-hydrogen (except N-H) atoms were refined
anisotropically, C—H hydrogens were calculated and refined isotropically as a riding model.
N-H hydrogens were located by the Fourier difference maps and refined isotropically. All
measurements were performed at the University of Lethbridge. The data for 1,2-

diazidobenzene was collected by C. S. MacNeil. A summary of the crystallographic data

can be found below in Table 2.1.
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Single crystals of 1,2-diazidobenzene were grown in a —35 °C freezer from
petroleum ether and were kept cold while mounting using a steel trough with a cold nitrogen
stream. Compounds 2-1, 2-2, and 2-4 were grown from a saturated solution of benzene.
Unfortunately, single crystals of 2-3 grown from THF succumb to rapid decomposition
upon removal from the mother liquor, resulting in the crystals becoming covered with
amorphic material. However, inner portions of the crystals remain intact, allowing for
modest diffraction of X-ray radiation, despite interference from the polycrystalline
material. The data is not ideal and therefore discussions of the metrical parameters are not
included. The data set does, however, allow for qualitative discussions associated with the
connectivity of atoms, and thus, the geometry of complex 2-3. Therefore, these structures

will be referred to within this thesis as “connectivity structures”.
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Table 2.1. Crystallographic details for complexes discussed in Chapter 2.

1,2-diazidobenzene 2-1 «(C6Hp) 2-2
CCDC # 1533034 1533036 1942135
Empirical formula CsHaNs CagH33CIoN6O2P2U - C42H32C1aN4O2P2U
Formula weight/g mol ™! 160.15 1101.71 995.58
Temperature/K 100 100 100
Crystal system monoclinic triclinic orthorhombic
Space group P2i/c P-1 Pca2,
alA 6.7390(4) 10.72961(8) 20.8270(3)
b/A 20.3245(11) 11.58355(6) 11.8420(2)
c/A 5.2307(3) 19.45445(11) 15.7786(3)
a/° 90 103.8451(5) 90
/e 95.700(5) 95.7658(6) 90
v/° 90 102.8388(6) 90
Volume/A? 712.88(7) 2258.65(2) 3891.53(11)
Z 4 2 4
Pealeg/cm’ 1.492 1.620 1.699
wmm'! 0.887 12.240 14.116
F(000) 328.0 1080.0 1936.0
Crystal size/mm? 0.2x0.2x0.15 0.5x0.1x0.1 0.1x0.05x0.01
Radiation (A) CuKo (A=1.54184)  CuKa (A=1.54184) CuKa (A =1.54184)

20 range for data collection/°

13.204 to 160.6

8.13 to 160.384

7.466 to 133.99

Index ranges -6<h<8 -13<h<13 -24<h<24,-13<k<
-25<k<25 -13<k<14 14,-17<1<18
-6<1<6 -24<1<24

Reflections collected 7702 87431 20838

Independent reflections 1543 9778 6585
Rine=10.0679 Rine = 0.0408 Rint = 0.0596, Rigma =
Rsigma = 00336 Rsigma = 00188 0.0573

Data/restraints/parameters 1543/0/109 9778/0/551 6585/19/478

Goodness-of-fit on F? 1.044 1.122 1.001

Final R indexes [[>=2c (I)] R; =0.0552 Ry =0.0234 R1=0.0336, wRo =
wR2 =0.1445 wR> = 0.0574 0.0802

Final R indexes [all data] Ry =0.0644 Ry =0.0242 R1=0.0373, wRo =
wR2 =0.1537 wR> =0.0577 0.0817

Largest diff. peak/hole /e A3 0.27/-0.26 1.24/-1.54 1.76/-1.63

Programs for diffractometer operation, data collection, data reduction, and absorption correction were
those supplied by Rigaku.
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2-3 2-4 - 2(CeHp)
CCDC # N/A 1533037
Empirical formula C46H40C1bN2O3P2U Cs4H45CI3N4O2P2U
Formula weight/g mol™! 1039.67 1188.26
Temperature/K 112.1(7) 100
Crystal system triclinic monoclinic
Space group P-1 P2i/c
alA 10.5372(2) 13.79440(10)
b/A 10.7422(2) 17.44271(12)
c/A 21.1847(5) 20.42070(16)
a/° 101.388(2) 90
pre 94.545(2) 94.9425(7)
v/° 115.774(2) 90
Volume/A3 2079.53(8) 4895.19(6)
Z 2 4
Pealeg/cm’® 1.660 1.611
wmm! 13.239 11.821
F(000) 1020.0 2340.0
Crystal size/mm’ 0.3x0.2x0.05 0.3x03x0.3
Radiation (A) CuKo (A =1.54184) CuKo (A =1.54184)

20 range for data collection/°

Index ranges

Reflections collected

Independent reflections

Data/restraints/parameters

Goodness-of-fit on F2

Final R indexes [[>=2c (I)]

Final R indexes [all data]

Largest diff. peak/hole / e A

8.668 to 160.642

-10<h<13
-12<k<13
-27<1<26

46261

9068
Rin = 0.0645
Rigma = 0.0435

9068/0/500
1.158

R;=0.1064, wR> =0.2949
R;1=0.1076, wR> = 0.2952

11.78/-8.77

6.674 to 159.382

-17<h <17
-13<k<22
-24<1<26

55054

10594
Rin = 0.0315
Ryigma = 0.0217

10594/0/596
1.119

R1=0.0290, wR; = 0.0804
R;=0.0300, wR; = 0.0812

1.30/-1.24

Programs for diffractometer operation, data collection, data reduction, and absorption correction were

those supplied by Rigaku.
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3. Diphosphazide-Supported Trialkyl Thorium(IV) Complex#"

3.1. Abstract

The potassium salt of a new ligand, KLp-x3 (3-2, Lp-n3 = x°-2,5-[(4-
PrCsH4)N3=P'Pr2]aN(C4H2)"), that features two units of the rare phosphazide (RN3=PR3)
functionality, was synthesized via an incomplete Staudinger reaction between K][2,5-
('PraP)2N(C4H2)] (3-1) and 4-PrCsH4N3. The diphosphazide ligand was transferred to a
thorium(I'V) metal center using salt metathesis strategies, yielding Lr-n3ThCls (3-3), which
contains two intact and coordinated phosphazides. Reaction of complex 3-3 with 3 equiv
of LiCH2SiMes resulted in formation of the trialkyl thorium species Lp-n3Th(CH2SiMes)s
(3-4). In contrast, attempts to synthesize an organothorium complex supported by the
previously — reported  bisphosphinimine  ligand Lp—~ (Lp-x = %-2,5-[(4-
PrCsH4)N=PPr2]2N(C4sH2)")  afforded the cyclometalated dialkyl complex
Lp-NTh(CH2SiMe3)2 (3-6, Lp—N = «*-2-[(4-"PrCeH3)N=P'Pr2]-5-[(4-

'PrCsH4)N=P'Pr2]N(CsH2)*") and 1 equiv of free tetramethylsilane.

3.2. Introduction
The Staudinger reaction, discovered in 1919,! introduced the formation of a
phosphinimine group (R3P=NR’) via the reaction of a tertiary phosphine (R3P) with an
organic azide (N3R'), resulting in concomitant loss of Nz. Since its discovery, the

phosphinimine functionality has been extensively utilized in coordination chemistry,

¢ Organometallics reference style used throughout this chapter

h Reprinted with permission from Dickie, T. K. K.; Aborawi, A. A.; Hayes, P. G.
Diphosphazide-Supported Trialkyl Thorium(IV) Complex, Organometallics 2020, 39,
2047-2052.
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PR; + N3R'

HO l

N N — =
R RTSNTSPR, == r—N' B,

hydrogen bonding |7 trans phosphazide cis phosphazide
! MLXl l—Nz
R = bulky group i L
| X
L R N=PR N=PR,
N N W R7
steric bulk E metal coordination phosphinimine

Scheme 3.1. Phosphinimine formation and methods of
phosphazide stabilization.

largely due to the ease by which the steric and electronic properties can be fine-tuned by
varying the phosphine? and/or azide® reactants. Notably, phosphinimines have been useful
for supporting early transition metal olefin polymerization* and rare earth metal ring-
opening polymerization catalysts.’

The Staudinger reaction proceeds via an intermediate phosphazide (R3PNNNR’)
(Scheme 3.1).° Until recently, such phosphazides were largely considered transient species,
due to the facile loss of N2, and accordingly, were overlooked as viable functional groups
in ligand design. Since Staudinger’s original work, multiple methods have been developed
to stabilize phosphazides and inhibit N2 loss, including the use of tertiary phosphines and
azides with bulky R groups,” H-bonding® and the coordination of phosphazides to rare-
earth®® and transition metals.% %> 10
It was recently demonstrated that phosphazide coordination to an alkali metal

permits isolation of a “phosphazidosalen” ligand system.!! Such alkali metal-stabilized

phosphazides proved sufficiently stable for transfer to uranium via a simple salt metathesis
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protocol. More specifically, the dipotassium salt of the phosphazidosalen ligand K2L" [L"
= k%-1,2-{(N3)PPh2(2-O—CsH4) } 2C¢Ha] reacted with UCl4 to afford the first example of an
actinide-stabilized phosphazide, L"UCl.. In the solid-state structure of L"UCI, both
phosphazide functionalities were coordinated to uranium; consecutive N2 loss from the
ligand phosphazides was documented.

Organothorium chemistry has been largely dominated by complexes stabilized by
carbocyclic ligands.!? The development of noncarbocyclic scaffolds has contributed to the
diversification of thorium chemistry,'3"!¢ though, most ancillary ligands employed with
actinide metals are either di- or trianionic. As a consequence, thorium (I'V) trialkyl species,
which necessarily require a single monoanionic supporting ligand, are rare. To the best of
our knowledge, aside from tribenzyl variants of cyclopentadienyl CpRThBn3,'”!® the only
trialkyl thorium complexes have been reported by Cheng and colleagues.!” Cheng’s
complexes, [PhC(NDipp)2]Th(CH2SiMes)3 (Dipp = 2,6-Pr2CeH3)),
[Ph2P(NDipp)2] Th(CH2SiMes)s, [Ph2P(NDipp)]Th(p-CH2CsHaMe)s and
Me2TpTh(CH2SiMes)s (M°Tp = B((CH3)2C3N2H)37), when combined with 2 equiv of
[CPhs3][B(CcFs)4], catalyze the polymerization of isoprene. In general, thorium species
bearing non-carbocyclic monoanionic ancillary ligands are uncommon, and they typically

contain more than one such ligand.?%->*

3.3. Synthesis of Thorium Phosphazide and Phosphinimine Complexes
It was hypothesized that the previously reported NNN-scaffold, Lp=n (Lp=n = k3-2,5-
[(4-PrCsH4)N=P'Pr2]2N(CsH2)"), which features two phosphinimine groups, could be
modified to generate a monoanionic diphosphazide ligand. This ligand framework was

targeted because it was anticipated to provide access to a wide array of metal phosphazide
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Scheme 3.2. Synthesis of compound 3-2.
complexes, thereby shedding light upon the viability of phosphazides to serve as useful
donors in coordination and organometallic chemistry.

Alkali salts of HLp-n have been previously prepared by reaction of the requisite
group I metal hydride with the product of 2 equiv of para-isopropylphenyl azide (PippN3)
and 2,5-(‘Pr2P)2NH(C4Hz) (Scheme 3.2, left).? In this work, however, the pyrrole nitrogen
was deprotonated to give K[2,5-('Pr2P)2N(CsH2)] (3-1) prior to introduction of the azide,
as the presence of potassium was deemed necessary to stabilize the resultant phosphazides
in KLp-N3 (3-2, Lp-N3 = K>-2,5-[(4-"PrCsH4)N3=P'Pr2]2N(C4H2)", Scheme 3.2).

Diphosphazide 3-2 exhibits a diagnostic downfield singlet at § 44.7 in the 3'P{'H}
NMR spectrum (c.f. 6 —4.9 for compound 3-1). A low-quality solid-state structure obtained
via X-ray diffraction studies served to establish the atom connectivity within compound
3-2, confirming two intact phosphazide units. Upon heating a sample of 3-2 at 55 °C for 24

hours in benzene-ds, the *'P{'H} NMR spectrum revealed the signal at & 44.7 had been
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completely supplanted by an upfield-shifted resonance at 6 22.7, which closely matches
that observed for NaLp—~.* This information suggests the loss of 2 equiv of N2 from
diphosphazide 3-2 to afford KLp=n (Scheme 3.2, bottom).

Due to the success of stabilizing two phosphazides in a phosphazidosalen complex
of uranium,'! thorium was selected as an appropriate candidate for this system considering
their similar ionic radii (1.05 A for Th(IV) vs. 1.00 A for U(IV), C.N. 8).2¢ Additionally,
the pentadentate, monoanionic ligand Lpn3 was anticipated to sufficiently sterically saturate
the thorium centre so as to provide access to unusual trialkyl species.

Reaction of ThCla(dme)z with 1 equiv of compound 3-2 in THF at 35 °C yielded
an off-white solid which gave rise to a >'P{'H} NMR signal at & 63.0 (Scheme 3.3, top).
The atom connectivity of thorium diphosphazide Lp-N3ThCl3 (3-3) was revealed by a low-
quality solid-state structure. Complex 3-3 contains three chloride ligands, as well as two
phosphazide groups that are bound to the thorium centers in a k? fashion via the o- and y-
nitrogen atoms. Notably, 'H and *'P{'H} NMR studies indicate that complex 3-3 is
remarkably robust in solution, with no appreciable decomposition or loss of N2 after 24
hours at 55 °C in benzene-ds. Such thermal stability lies in stark contrast to L"”"UCIl> which
readily loses 1 equiv of N2 at ambient temperature, and a second equivalent upon heating.'!

Addition of 3 equiv of LiCH2SiMes to thorium trichloride 3-3 gave rise to a new
resonance (8 59.4) in the 3'P{'"H} NMR spectrum, along with concomitant disappearance
of the resonance attributed to 3-3 (8 63.0). The '"H NMR spectrum exhibited a sharp singlet

(6 0.34,27H) and a broad resonance (6 0.15, 6H), consistent with chemical shifts for known

organothorium complexes (8 —0.58 to 0.51, SiMes; § —0.43 to 0.50, Th—CH>;),'>?’ and
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Scheme 3.3. Synthesis of compounds 3-3 to 3-6.
hence, indicative of three Th—CH2SiMes alkyl groups that are chemically equivalent on the
NMR timescale. In addition, the observed CH2SiMes *C{'H} NMR resonance (& 85.4)
falls within the range reported (6 70.7—102.7) for published thorium complexes that bear at
least one CH2SiMes substituent. !>’
The X-ray crystal structure of Lr=n3Th(CH2SiMes)s (3-4) (Figure 3.1, left) confirms
that both phosphazide groups remain intact with slightly strained N-N-N angles of

108.9(3)° and 109.4(3)°, when compared to the average N-N-N angle of metal-free and

uncoordinated phosphazides (112.2°). The geometry at thorium is best described as
distorted hexagonal bipyramidal with the five coordinated nitrogen atoms and C35
comprising the meridional plane (N7 lies 1.031(4) A out of the N&-N2-N1-N5-C35 plane)

and C36 and C37 occupying the axial sites (C36—Th—C37: 157.5(1)°). Notably, one of the

Th—C bonds (Th1-C37: 2.581(4) A) is substantially longer than the other two (Th1-C35:
2.519(4) A, Th1-C36: 2.513(4) A). Although these distances are amongst the more

elongated of reported Th—CH2SiMes lengths, they still fall within the range of thorium—
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Figure 3.1. Left: X-Ray crystal structure of complex 3-4. Thermal ellipsoids are
represented at 50% probability. Hydrogen atoms have been omitted for clarity. Selected
bond distances (A) and angles (°): Th1-N1 = 2.709(3), Th1-N2 = 2.570(3), Th1-N4 =
2.888(3), Th1-N5 = 2.551(3), Th1-N7 = 2.910(3), Th—C35 = 2.519(4), Th1-C36 =
2.513(4), Th1-C37 = 2.581(4), N2-N3 = 1.350(5), N3-N4 = 1.277(4), N5-N6 = 1.363(4),
N6-N7 = 1.268(4), P1-N2 = 1.648(3), P2-N5 = 1.658(3), N2-N3-N4 = 108.9(3), N5-
N6-N7 = 109.4(3). Right: X-ray crystal structure of 3-6. Thermal ellipsoids are
represented at 50% probability. Hydrogen atoms have been omitted for clarity. Selected
bond distances (A) and angles (°): Th1-N1 = 2.483(4), Th1-N2 = 2.577(3), Th1-N3 =
2.508(3), Th1-C31 = 2.531(4), Th—C35 = 2.509(4), Th1-C36 = 2.477(5), P1-N1 =
1.601(3), P2-N2 = 1.619(3).

alkyl distances in the chemical literature (2.433(4)-2.598(3) A).!">?” The anionic pyrrole
nitrogen—thorium distance (Th-N1 = 2.708(3) A) is long, which we attribute to the
propensity for thorium to sit in the centre of the pentadentate ligand binding pocket. The
N3-N4 (1.277(4) A), N6-N7 (1.268(4) A), P1-N2 (1.648(3) A) and P2-N5 (1.658(3) A)
distances are more consistent with somewhat localized double bonds, thus supporting the
motif of alternating double (P=N), single (N-N) and double (N=N) bonds in the
phosphazide unit. Surprisingly, complex 3-4 displays significant stability at ambient

temperature in solution, with no change observed after 24 hours in benzene-ds. At 55 °C,

however, decomposition into an intractable mixture occurs in 2 hours.
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Given the relative dearth of chemistry featuring metal-coordinated phosphazides,
we aimed to compare the chemistry of related phosphazide and phosphinimine complexes.
Since pincer ligands have been previously employed to support actinide complexes,® and
the pyrrole-based bisphosphinimine analogue (Lp=N) of Lr=n3 has been used in conjunction
with metals across the periodic table (e.g. Sc, Lu, and Rh),?>° we thereby endeavoured to
prepare thorium complexes thereof.

Reaction of NaLp-Nn with ThCls(dme)2 in dme afforded Lp-NThCI3 (3-5) as an off-
white solid in 89.4% yield (Scheme 3.3, bottom). The formation of complex 3-5 was
supported by the emergence of a new resonance (6 56.1), along with simultaneous
disappearance of the signal attributed to NaLp-x (8 28.0), in the *'P{'H} NMR spectrum.?
Notably, the *'P NMR chemical shift for bisphosphinimine 3-5 appears 7.1 ppm upfield of
complex 3-3 (& 63.0), which matches the empirical trend that phosphazides generally
resonate between 7 and 20 ppm downfield of their phosphinimine congeners.!! An X-ray
crystal structure of complex 3-5¢C7Hg revealed the geometry at thorium to be pseudo-

octahedral, with a CI-Th—CI angle of 174.34(3)°. However, thorium sits slightly outside

the typical bonding pocket of the ligand causing the small Nphosphinimine—Th—Nphosphinimine

angle (135.2(1)°) and long Th—Npyrrole distance (2.474(4) A; c.f. 2.394(4) A and 2.378(3) A

for Th—Nphosphiniminc). The P=N lengths (1.634(4) A) are on the long end for coordinated
phosphinimines in this ligand system. For example, the P=N bonds in the rhodium
complexes Lp=~xRh(CO) and Lp=xRh(CO): are 1.629(3) and 1.612(2) A, respectively.?
Upon addition of 3 equiv of LiCH2SiMes to a toluene solution of complex 3-5, two
new 3'P NMR resonances (5 47.7, § 49.5) of equal intensity, as well as two P’Pr methine

"H NMR signals, were observed, suggesting the formation of a Cs-symmetric product.
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Furthermore, 1 equiv of SiMes ("H NMR: & 0.00) was generated and only two Th—
CH:zSiMes groups were present. The Th—CH2 methylene protons appear as two doublets
(®Jun = 11.5 Hz) due to geminal coupling, (confirmed by a 2D 'H-'H COSY experiment)
though both CH2>—SiMes groups are chemically equivalent on the NMR timescale, giving
rise to one singlet at 6 0.33 which integrates as 18H. Examples in the literature which also
exhibit geminal Th-CH>SiMes coupling have 2/un values (10.2 Hz, 12 Hz) that agree well
with these findings.?’®2% In the '*C{'H} NMR spectrum, the Th—~CH2SiMe3 resonance was
located at o 87.3, similar to complex 3-4 (6 85.4). A diagnostic signal indicative of a
cyclometalated Th—Caryt was found at 6 203.5. Altogether, these data strongly imply that
the putative organothorium product, Lp-nTh(CH2SiMes)s, readily decomposed via
cyclometalation of an N-aryl substituent.

The solid-state structure of Lp—~Th(CH2SiMes3)2 (3-6, Lp-x = 2-[(4-
"PrCsH3)N=P'Pr2]-5-[(4-"PrCsHa)N=P'Pr2]N(C4H2)*") was confirmed by X-ray diffraction
studies (Figure 3.1, right). The 6-coordinate thorium(IV) center exhibits pentagonal
pyramidal geometry; the two phosphinimine nitrogen donors, the anionic pyrrole nitrogen,
the cyclometalated aryl substituent (C31) and one CH2SiMes group (C35) comprise the
pyramid base, while the remaining CH2SiMes (C36) occupies the apical site. Thorium sits
0.581(2) A above the N1-N2-N3—-C31-C35 plane. Notably, the Th—C distances in complex
3-6 (Th1-C35: 2.509(4) A, Th1-C36: 2.477(5) A, Th1-C31: 2.531(4) A) are similar to
those in 8-coordinate trialkyl 3-4 (2.513(4)-2.581(4) A).

Although intramolecular C—H activation of Lp-N is not common, it appears to be
more prevalent for large metals, such as samarium.*’ The enhanced thermal stability of

diphosphazide 3-4 relative to complex 3-6 is likely a consequence of the pentadentate
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bonding mode of Lp-n3, which more completely coordinatively and electronically saturates
the metal center, thereby mitigating the propensity for cyclometalation. In addition, the
phosphazide groups necessarily enforce a larger distance between the N-aryl ortho-CHs
and the metal center.
3.4. Conclusions
By a straightforward modification to the synthetic protocol for Lp-N, a versatile and
robust diphosphazide ancillary ligand, Lp-n3, was prepared. Actinide complexes thereof,
which can be generated via standard salt metathesis routes, are resistant to N2 loss at
ambient temperature and display different chemistry than their bisphosphinimine
analogues. As the chemistry of this oft overlooked functionality continues to be developed,
its incorporation into new ligand designs will continue to reveal its under-realized value to

the fields of coordination and organometallic chemistry.

3.5. Experimental Details for Chapter 3

3.5.1. Laboratory Equipment and Apparatus

An argon filled MBraun glove box was employed for manipulation and storage of
all oxygen and moisture sensitive compounds. All thermally unstable compounds were
stored in a —35 °C freezer within the glove box. All reactions were performed on a double
manifold high vacuum line using standard techniques or in a glove box under an
atmosphere of argon.’! Commonly utilized specialty glassware includes the swivel frit
assembly, needle valves, and thick walled (5 mm) glass bombs equipped with Kontes

Teflon stopcocks.?! All glassware was stored in a 110 °C oven for a minimum of 12 hours,
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or flame-dried before immediate transfer to the glove box antechamber or assembled on the

vacuum line and evacuated while hot.

3.5.2. Solvents

Toluene, pentane, and tetrahydrofuran (THF) solvents were dried and purified using
the Grubbs/Dow purification system and stored in evacuated 500 mL bombs over
titanocene®? (toluene and hexanes) or sodium/benzophenone ketal (THF).** Diethyl ether,
pentane, heptane, benzene, benzene-ds, toluene-ds, and THF-ds were dried and stored over
sodium/benzophenone ketal in glass bombs under vacuum. Unless otherwise noted,
solvents were introduced via vacuum transfer with condensation at —78 °C. Liquid nitrogen
(=196 °C), liquid nitrogen/pentane (—130 °C), dry ice/acetone (—78 °C), dry ice/acetonitrile
(—45 °C) and water/ice (0 °C) baths were used for cooling receiving flasks and to maintain

low temperature conditions.

3.5.3. Instrumentation and Details for NMR Experiments

All NMR spectra were recorded at ambient temperature, except where noted, with
a Bruker Avance I NMR spectrometer (300.13 MHz for 'H, 75.47 MHz for 1*C and 121.48
MHz for *'P) or Avance III NMR spectrometer (700.13 MHz for 'H, 176.05 MHz for 1°C,
and 283.54 MHz for 3'P) NMR spectrometer. All 'TH NMR spectra were referenced to
SiMes through the residual 'H resonance(s) of the employed solvent; benzene-ds (7.16
ppm), toluene-ds (2.09, 6.98, 7.02 and 7.09 ppm), chloroform-di (7.26 ppm) or THF-ds
(1.73 and 3.58 ppm). '*C NMR spectra were referenced relative to SiMes through the
resonance(s) of the employed solvent; benzene-ds (128.0 ppm), toluene-ds (20.4, 125.2,

128.0, 128.9, 137.5 ppm), chloroform-di (77.16 ppm) or THF-ds (25.4, 67.6 ppm). 'H
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NMR data for diamagnetic compounds are reported as follows: chemical shift, multiplicity
(s = singlet, d = doublet, t = triplet, q = quartet, quint = quintet, sp = septet, br = broad, m
= multiplet, app = apparent, obsc = obscured, ov = overlapping), coupling constants (Hz),
integration, assignment. '3C NMR data for diamagnetic compounds are reported as follows:
chemical shift, assignment. Assignment of resonances were supported by 'H-'H COSY,

BC{H} APT, '"H-*C{'H} and HSQC/HMBC experiments.

3.5.4. Additional Instrumentation
Elemental analyses (%CHN) were conducted at the University of Lethbridge by
Dylan Webb on an Elementar Americas Vario MicroCube Analyzer (C, H, N, O, S

capabilities).

3.5.5. Additional Safety Considerations

Organic azides are both toxic and explosive. Care should be taken while handling
azides, particularly if they are solvent free and/or at elevated temperatures. Phosphines are
toxic and care should be taken while handling. Natural thorium (primary isotope 2*>Th) is
a weak o-emitter (4.012 MeV) with a half-life of 1.41 x 10'* years; manipulations and

reactions should be carried out in a fume hood or in an inert atmosphere glove box.

3.5.6. Synthetic Methods

Synthesis of 2,5-bis(diisopropylphosphino)-N-K-pyrrole, (3-1).
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K In an inert atmosphere glove box, 2,5-(P'Pr2)2NH(C4H2)

u- -u< (49.8 mg, 0.167 mmol)* and potassium hydride (9.7 mg,
\@/ 0.24 mmol, 1.4 equiv) were added to a 100 mL RBF with a
Teflon® coated stir bar. The reaction vessel was attached to a double manifold vacuum line
and 10 mL of THF was transferred to the flask at —78 °C. Evolution of H2 gas was observed
upon gradual warming to ambient temperature. The reaction mixture was then heated while
stirring under argon at 45 °C for 2 hours. The solvent was removed in vacuo leaving an off-
white solid. The product was extracted into benzene (1 x 1.5 mL) and the solution was
filtered through Celite® to remove excess KH. After filtration, benzene was removed in
vacuo, affording a white solid. Yield: 42.1 mg, 74.6%. 'H NMR (C¢Ds, 300.13 MHz): &
1.16 (m, 24H, CH(CH3)2), 2.06 (sp, *Jun = 6.7 Hz, 4H, CH(CH3)2), 6.70 (s, 2H, pyrrole-
CH). BC{'H} NMR (CsDs, 75.47 MHz): § 20.2 (d, 2Jcp = 6.7 Hz, CH(CH3)2), 21.4 (d, Jcp
=19.0 Hz, CH(CH3)2), 24.6 (d, 2Jcp = 9.1 Hz, CH(CH3)2), 115.5 (s, 3,4-pyrrole CH), 135.02
(dd,'Jep = 15.9 Hz, *Jcp = 12.6, 2,5-pyrrole C). *'P{'H} NMR (Ce¢Ds, 121.49 MHz): § 4.9
(s). Anal. Calcd. (%) for Ci6H30KNP2: C: 56.95; H: 8.96; N: 4.15. Found: C: 56.98; H:

8.97; N: 4.30.

Synthesis of KLp-n3, (3-2).

In an inert atmosphere glove box, compound 3-1 (175.3

Ar
\N\ mg, 0.5195 mmol) was added into a 20 mL scintillation
N// Il(\\/ \\ . . . . .
N Ar T | =N ," vial and dissolved in toluene (3 mL). Pipp azide (167.0 mg,
’PrzP N P'Pr,

1.036 mmol, 2 equiv), diluted in toluene (1 mL) was added

AV

dropwise to the vial containing 3-1, resulting in a clear
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dark yellow solution. The solution was stirred for two minutes with a Teflon® coated stir
bar and the solvent was removed in vacuo. The product was washed with pentane (3 X 2
mL) and dried in vacuo resulting in a pale yellow solid. Yield: 0.1753 g, 61.25%. '"H NMR
(CsDs, 300.13 MHz): & 1.02 (dd, *Jup = 14.9 Hz, *Juu= 6.9 Hz, 24H, P-CH(CH3)2), 1.23
(d, 3Jun = 6.9 Hz, 12H, Ar—CH(CHx)2), 2.44 (dsp, *Jun = 6.9 Hz, 2Jup = 2.4 Hz, 4H, P—
CH(CH3)2), 2.81 (sp, *Juu = 6.9 Hz, 2H, Ar-CH(CH3)2), 6.88 (d, *Jup = 2.2 Hz, 2H, pyrrole-
CH), 7.19 (d, *Jun = 8.4 Hz, 4H, meta-aromatic CH), 7.59 (d, *Jun = 8.4 Hz 4H, ortho-
aromatic CH). *C{'H} NMR (C¢Ds, 75.47 MHz): § 16.0 (d, 2Jcp = 2.8 Hz, P-CH(CH3)2),
16.8 (d, 2Jcp = 1.9 Hz, P-CH(CH3)2), 24.2 (d, 'Jcp = 54.8 Hz, P-CH(CH3)2), 24.8 (s, Ar—
CH(CHs)2), 34.5 (s, Ar—CH(CH3)2), 118.0 (dd,?Jcp = 27.5 Hz, *Jcp = 10.5 Hz, 3,4-pyrrole
CH), 121.5 (s, aromatic CH), 127.3 (s, aromatic CH), 125.0 (dd, 'Jcp = 134.1 Hz, 3Jcp =
20.8 Hz, 2,5-pyrrole C), 145.7 (s, aromatic ipso-C), 152.04 (s, aromatic ipso-C). *'P{'H}
NMR (CsDs, 121.49 MHz): 6 44.7 (s). Anal. Calcd. (%) for C34Hs2KN7P2: C: 61.89; H:

7.94; N: 14.86. Found: C: 61.85; H: 7.98; N: 14.76.

Synthesis of Lp-n3ThCl; (3-3).

ipr In an inert atmosphere glove box, compound 3-2

Q I cl Q (31.2 mg, 0.0455 mmol) and ThCls(dme)2 (26.1 mg,

// \ / \\ 0.0455 mmol) were weighed into a 20 mL

/
/ | scintillation vial with a Teflon® coated stir bar. THF
N

‘\I lII
\@/ cooled to —35 °C was added (3 mL) to the vial and

the cloudy solution was kept cold (35 °C) and stirred with a Teflon® coated stir bar for 5

minutes. The solution was then quickly filtered through Celite® to remove salts and the
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THF was removed in vacuo. The product was washed with pentane (3 x 3 mL) and dried
in vacuo. The resulting product was an off-white solid. Yield: 38.6 mg, 85.1%. '"H NMR
(THF-ds, 300.13 MHz): § 1.27 (d, *Juu = 6.9 Hz, 12H, Ar—CH(CH3)2), 1.34 (m, 24H, P—
CH(CH3)2), 2.97 (ov sp and dsp, 6H, P-CH(CH3)2 and Ar—CH(CH3)2), 7.0 (dd, 2Jup = 2.4
Hz, 3Jup = 1.2 Hz, 2H, pyrrole-CH), 7.27 (d, *Jun= 8.4 Hz, 4H, meta-aromatic CH), 7.93
(d, *Juu= 8.4 Hz, 4H, ortho-aromatic CH). '*C{'H} NMR (CsDs, 75.47 MHz): & 15.9 (s,
P-CH(CH3)2), 16.2 (s, P-CH(CH3)2), 24.4 (s, Ar—CH(CH3)2), 26.0 (d,'Jcp = 50.7 Hz, P—
CH(CHs)2), 34.6 (s, Ar—CH(CHs)2), 118.8 (s, 3,4-pyrrole CH), 123.0 (s, aromatic CH),
126.6 (d, 'Jcp = 15.7 Hz, 2,5-pyrrole C), 127.5 (s, aromatic CH), 147.4 (s, aromatic ipso-
C), 149.8 (s, aromatic ipso-C). *'P{'H} NMR (CsDe, 121.49 MHz): & 63.0(s). Anal. Calcd.

(%) for C34Hs2Cl3N7P2Th: C: 42.58; H: 5.46; N: 10.22. Found: C: 41.81; H: 5.04; N: 10.02.

Synthesis of Lp-x3Th(CH2SiMe3)3sLiCl, (3-4-LiCl).
ipr In an inert atmosphere glove box, complex 3-3

Me;Si
@\M%s.es ' /@ (34.8 mg, 0.0363 mmol) and LiCHaSiMes (11.3

- mg, 0.120 mmol, 3.3 equiv) were weighed into a 20

\/Q\/

-SlM ea\\ mL scintillation vial and dissolved in 2 mL of

“‘ Pv "I toluene. The solution was agitated for 2 minutes

and the cloudy solution was filtered through Celite®

yielding a clear dark orange solution. The toluene was removed in vacuo, resulting in an
orange oil. Pentane (2 mL) was added to the oil, and the solution was cooled to —35 °C for
15 minutes resulting in the formation of X-ray quality crystals. Yield: 30.2 mg, 71.9%. 'H

NMR (Ce¢Ds, 300.13 MHz): 6 0.15 (br s, 6H, Th—CH>), 0.34 (s, 27H, Si(CH3)3), 1.01 (m,
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24H, P-CH(CH3)2), 1.12 (d, *Jun = 6.9 Hz, 12H, Ar—CH(CH3)2), 2.31 (dsp, *Jun = 7.0 Hz,
2Jup = 3.6 Hz, 4H, P-CH(CH3)2), 2.71 (sp, *Jun= 6.9 Hz, 2H, Ar—-CH(CH3)2), 2.44 (d, *Jup
= 6.6 Hz, 2H, pyrrole-CH), 7.30 (d, *Jun = 8.4 Hz, 4H, meta-aromatic CH), 8.13 (d, *Juu =
8.4 Hz, 4H, ortho-aromatic CH). *C{'H} NMR (CsDs, 75.47 MHz): & 5.6 (s, Si(CH3)3),
16.7 (s, P-CH(CH3)2), 16.8 (s, P-CH(CH3)2), 24.4 (s, Ar—CH(CHs)2), 27.0 (d, 'Jcp = 49.9
Hz, P-CH(CH3)2), 34.51 (s, Ar—CH(CH3)2), 85.4 (br s, Th—-CH2), 119.2 (dd,2Jcr = 25.9 Hz,
3Jcp = 10.4 Hz, 3,4-pyrrole CH), 122.60 (s, aromatic CH), 126.0 (dd, 'Jcp = 133.3 Hz, *Jcp
= 16.3 Hz, 2,5-pyrrole C), 127.6 (s, aromatic CH), 148.6 (s, aromatic ipso-C), 149.3 (s,
aromatic ipso-C). *'P{'H} NMR (CeDs, 121.49 MHz): § 59.4 (s). Anal. Caled. (%) for
Ca6HssN7P2S13TheLiCl: C:47.76; H: 7.41; N: 8.48. Found: C: 47.74; H: 7.46; N: 8.48. The
presence of LiCl was confirmed by "Li{'H} NMR: "Li{'H} NMR (D:20, 272.22 MHz): §

0.1 (s).

Synthesis of Lp-~nThCls, (3-5).

[ CI mmol) were added to a 20 mL scintillation vial with a

\|| lll
\@/ Teflon® coated stir bar. To this mixture, 5 mL of dme

was added and the solution was stirred for one hour. The solution was filtered through

ipr In an inert atmosphere glove box, NaLp-x (111.2 mg,

~° Q 0.1892 mmol)* and ThCls(dme)2 (104.8 mg, 0.1891

Th
/ \N

Celite® to remove salts, and the solvent was removed in vacuo. The product was washed
with pentane (2 x 2 mL) and dried in vacuo resulting in an off-white solid. Yield: 151.7
mg, 89.4%. 'H{*'P} NMR (C¢Ds, 300.13 MHz): § 1.01 (m, 24H, P-CH(CH3)2), 1.09 (d,

3Jun = 7.0 Hz, 12H, Ar-CH(CH3)2), 1.97 (m, 4H, P-CH(CH3)2), 2.64 (sp, *Jun = 7.0 Hz,
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2H, Ar-CH(CHas)2), 6.54 (s, 2H, pyrrole-CH), 7.11 (d, *Juu = 8.4 Hz, 4H, meta-aromatic
CH), 7.75 (d, *Juu = 8.4 Hz, 4H, orth-aromatic CH). *C {'H} NMR (CsDs, 75.47 MHz): &
16.4 (d, 2Jcp = 45.4 Hz, P-CH(CH3)2), 24.4 (s, Ar—CH(CH3)2), 27.7 (d, 'Jcp = 53.4 Hz, P—
CH(CH3)2), 34.2 (s, Ar—CH(CH3)2), 116.6 (dd, 2Jcp = 25.8 Hz, *Jcp = 9.9 Hz, 3,4-pyrrole
CH), 129.7 (s, aromatic CH), 130.0 (d,*Jcp = 5.2 Hz aromatic CH), 135.6 (s, aromatic ipso-
(), 148.2 (s, aromatic ipso-C). The 2,5-pyrrole C resonance overlapped with the benzene-
ds solvent, but was observed using ds-THF: 130.2 (dd, 'Jcp = 132.1 Hz, *Jcp = 14.3 Hz, 2,5-
pyrrole C). *'P{'H} NMR (CeDs, 121.49 MHz): § 56.1(s). Anal. Calcd. (%) for

C34H52N3P2Th: C: 45.22; H: 5.80; N: 4.65. Found: C: 45.16; H: 5.89; N: 4.42.

Synthesis of Lp—x*Th(CH,SiMe3)2*2LiCl, (3-6°2LiCl).

i . In an inert atmosphere glove box, complex 3-5 (29.8 mg,
Pry MesSi_  sime, ipr phete s P ( 8

@ 0.0330 mmol) and LiCH2SiMes (9.3 mg, 0.099 mmol, 3

equiv) were weighed into a 20 mL scintillation vial and
>\|--I!‘l N \é’--u< dissolved in toluene (2 mL). The vial was agitated for 2
minutes and the cloudy solution was quickly filtered
through Celite® to remove salts. The toluene was removed in vacuo yielding an off-white
sticky solid. The product was washed with pentane (3 x 1 mL), cooled to —35 °C and dried
in vacuo to yield a crystalline white solid. X-ray quality crystals were grown from pentane
at —=35 °C in 15 minutes. Yield: 18.8 mg, 54.0%. 'H{*'P} NMR (CsDs, 700.44 MHz): &
0.02 (d, 2Jun = 11.5 Hz, 2H, Th-CH>), 0.29 (d, 2Jun = 11.5 Hz, 2H, Th-CH>), 0.33 (s, 18H,
Si(CH3)3), 0.90 (ov m, 24H, P-CH(CHs)2), 1.22 (d, *Juu = 6.9 Hz, 6H, Ar-CH(CH:)2), 1.44

(d, 3Jun = 6.9 Hz, 6H, Ar—CH(CH5)2), 1.99 (sp, *Jun = 7.1 Hz, 2H, P-CH(CH3)2), 2.20 (sp,
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3Jun = 7.1 Hz, 2H, P-CH(CH3)2), 2.79 (sp, *Jun = 6.9 Hz, 1H, Ar—-CH(CHs)2), 3.00 (sp,
3Jun= 6.9 Hz, 1H, Ar-CH(CH3)2), 6.42 (d, *Jun= 3.3 Hz, 1H, pyrrole-CH), 6.49 (d, *Jun =
3.3 Hz, 1H, pyrrole-CH), 6.54 (d, *Jun = 7.8 Hz, 1H, ortho-cyclometallated Ar—CH ), 7.13
(dd, *Juu = 7.8 Hz, “Jun = 2.0 Hz, 1H, meta-cyclometallated Ar—CH), 7.28 (d, *Juu = 8.2
Hz, 2H, meta-aromatic CH), 7.46 (d, *Jun = 8.2 Hz, 2H, ortho-aromatic CH), 8.30 (d, *Juu
=2.1 Hz, 1H, meta-cyclometallated Ar—CH). "*C{'H} NMR (CsDs, 176.13 MHz): § 4.4 (s,
Si(CH3)3), 15.9 (d, 2Jcp = 2.3 Hz P-CH(CH3)2), 16.3 (d, 2Jcp = 1.8 Hz, P-CH(CH3)2), 16.4
(d, 2Jcr = 2.0 Hz, P-CH(CH3)2), 16.8 (d, 2Jcp = 2.3 Hz, P-CH(CH3)2), 24.7 (s, Ar—
CH(CHs)2), 25.5 (s, Ar—CH(CH3)2), 26.8 (d, 'Jcp = 53.3 Hz, P-CH(CH3)2), 26.9 (d, 'Jcp =
53.3 Hz, P-CH(CH3)2), 34.2 (s, Ar—CH(CH3)2), 35.3 (s, Ar—CH(CH3)2), 87.3 (s, Th—-CH>),
116.9 (s, aromatic CH), 117.4 (dd, %Jcp = 25.6 Hz, 3Jcp = 10.4 Hz, 3 4-pyrrole CH), 119.2
(dd, 2Jcp = 24.4 Hz, *Jcr = 10.4 Hz, 3,4-pyrrole CH), 125.0 (s, aromatic CH), 128.7 (s,
aromatic CH), 128.8 (d, *Jcp = 6.4 Hz, aromatic CH), 130.3 (dd, 'Jcp = 136.4 Hz, *Jcp =
14.4 Hz, 2,5-pyrrole C), 132.3 (dd, 'Jep = 139.4 Hz, *Jcp = 13.5 Hz, 2,5-pyrrole C), 135.8
(d, *Jcp = 5.0 Hz, aromatic CH), 140.8 (s, aromatic ipso-C), 143.8 (d, 2Jcp = 4.7 Hz,
aromatic ipso-C), 145.0 (d, >Jcp = 3.6 Hz, aromatic ipso-C), 150.8 (d, 2Jcp = 3.7 Hz,
aromatic ipso-C), 203.5 (br s, cyclometallated Th-C). *'P{'H} NMR (CsDs, 283.54 MHz):
S 47.7 (s), 49.5 (s). Anal. Calcd. (%) for C42H73N3P2Si2The2LiCl: C: 47.82; H: 6.97; N:
3.98. Found: C: 47.81; H: 6.97; N: 4.00. The presence of LiCl was confirmed by "Li{'H}

NMR: "Li{'H} NMR (D20, 272.22 MHz): 5 0.1 (s).
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3.5.7. Crystallographic Details

All structures were collected on a Rigaku SuperNova diffractometer equipped with
a Dectris Pilatus 3R 200K-A hybrid-pixel-array detector, a four-circle goniometer, sealed
graphite-monochromated Mo Ka (A = 0.71073 A) and Cu Ka (A = 1.54178 A) X-ray
sources, and an Oxford cryostream-cooling device fixed at 100 K. Single crystals suitable
for X-ray diffraction studies were mounted on a MiTiGen cryo-loop using desiccated
Paratone—N oil stored in a glove box. Data reduction was accomplished by the CrysAlis"™
(version 1.171.38.43) software package. Absorption corrections were applied by multi-scan
techniques and empirical absorption correction using spherical harmonics, implemented in
SCALE3 ABSPACK scaling algorithm. Structures were solved in the Olex2** environment
using intrinsic phasing and refined by full-matrix least squares method on F? using the
SHELX software suite.>>* All non-hydrogen atoms were refined anisotropically, C—H
hydrogens were calculated and refined isotropically as a riding model. All measurements
were performed at the University of Lethbridge.

Single crystals of complexes 3-4 and 3-6 were grown from pentane/toluene at —35
°C, and single crystals of 3-5¢C7Hsg were grown from a saturated solution of toluene at —35
°C. Unfortunately, single crystals of 3-2 grown in toluene, and 3-3 grown in benzene-ds,
succumb to rapid decomposition upon removal from the mother liquor, resulting in the
crystals becoming covered with amorphic material. However, inner portions of the crystals
remain intact, allowing for modest diffraction of X-ray radiation, despite interference from
the polycrystalline material. The data is not ideal, however, and therefore discussions of
the metrical parameters are not included in the thesis. The data set does, though, allow for

qualitative discussions associated with the connectivity and geometry of complexes 3-2 and

71



3-3. Therefore, these structures will be referred to within this thesis as “connectivity

structures”. Summary of the crystallographic data can be found below in Table 3.1.
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Table 3.1. X-ray Crystallographic data and structure refinement for complexes 3-2, 3-3,

3-4, 3-5 and 3-6.

3-2 3-3 3-4
CCDC # N/A N/A 1973166
Empirical formula C67H97K2N14P4 C34H51C13N7P2Th C46H35N7pzsi3Th
Formula weight/g mol ™! 1300.66 1916.29 1114.45
Temperature/K 145(1) 120.01(10) 99.9(4)
Crystal system monoclinic orthorhombic monoclinic
Space group P2i/c Pna2, C2/c
alA 25.756(8) 12.3671(2) 38.1800(2)
b/A 13.402(3) 26.5522(5) 12.01066(7)
c/A 24.793(8) 26.8457(6) 24.88322(15)
a/° 90 90 90
p/e 106.25(3) 90 101.1728(6)
y/° 90 90 90
Volume/A? 8216(4) 8815.4(3) 11194.37(12)
Z 4 4 8
Pealeg/cm’ 1.051 13.717 1.323
w/mm'! 2.085 128.268 10.010
F(000) 2780.0 36100.0 4576.0
Crystal size/mm’ 0.2 x0.1 x0.02 0.2 x0.2 x0.02 0.35 x0.31 x0.25
Radiation (A) CuKa (A= CuKoa (A =1.54184) CuKa (A =1.54184)

1.54184)

20 range for data collection/°

Index ranges

7.504 to 103.954

8.548 to 160.35

-25<h<26,-7<k -15<h<15,-33<k<

7.242 to 160.772
-48<h<4§,-14<k<

<10,-25<1<21 24,-34<1<34 14,-31<1<24
Reflections collected 14731 23685 65766
Independent reflections 6994 [Rin = 8689 [Rint=0.1012, 12093 [Rint = 0.0393,
0.2942, Rgigma = Rsigma = 0.0667] Rigma = 0.0242]
0.4697]
Data/restraints/parameters 6994/0/322 8689/1/81 12093/6/577
Goodness-of-fit on F? 1.185 6.696 1.177
Final R indexes [[>=20 (I)] R;=0.1711 R;=0.4198 R; =0.0300
wR, =0.3425 wR> =0.7399 wR> = 0.0805
Final R indexes [all data] R =0.3966 R; =0.4403 R;=0.0315
wR, =0.4213 wR, =0.7622 wR,=0.0813
Largest diff. peak/hole / ¢ A3 0.82/-0.42 65.17/-14.62 1.14/-1.68

Programs for diffractometer operation, data collection, data reduction, and absorption correction were
those supplied by Rigaku.
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3-5 - (C7Hy) 3-6

CCDC # 1973168 1973167
Empirical formula C41H60C13N3P2Th C42H73N3P28i2Th
Formula weight/g mol ™! 995.25 970.19
Temperature/K 100.01(17) 100.00(10)
Crystal system monoclinic monoclinic
Space group P2i/c P2i/c
a/A 11.44990(10) 12.25321(8)
b/A 23.70340(10) 19.54444(14)
c/A 17.73280(10) 20.87594(14)
a/° 90 90
/e 108.7210(10) 97.9130(6)
v/° 90 90
Volume/A3 4558.08(6) 4951.81(6)
4 4 4
Pealcg/cm’ 1.450 1.301
wmm'! 13.051 10.989
F(000) 1992.0 1976.0
Crystal size/mm’ 0.4 x0.2 x0.05 0.15 x 0.1 x 0.02
Radiation (A) CuKa (A =1.54184) CuKa (A =1.54184)
20 range for data collection/®°  6.45 to 160.4 7.284 to 160.65
Index ranges -13<h<14,-28<k<30,-22<1 -15<h<14,-22<k<24,-26<
<22 1<26
Reflections collected 28177 56770
Independent reflections 8728 [Rint = 0.0235, Rsigma = 10779 [Rine = 0.0494, Ryigma =
0.0214] 0.0340]
Data/restraints/parameters 8728/0/464 10779/4/477
Goodness-of-fit on F2 1.072 1.156
Final R indexes [[>=2c (I)] Ry =0.0248 R;=0.0328
wR, = 0.0655 wR, =0.0885
Final R indexes [all data] R; =0.0259 R =0.0362
wR> =0.0679 wR> =0.0901
Largest diff. peak/hole /e A®  0.81/-1.17 1.15/-1.71

Programs for diffractometer operation, data collection, data reduction, and absorption correction were
those supplied by Rigaku.
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4. Thorium(IV) Diphosphazide Complexes: CO; Insertion Into
Th—C and Th-N Bonds'

4.1. Abstract

A thorium(IV) trialkyl complex, Lpn3Th(CH2SiMes)s (Lenz = «°-2,5-[(4-
PrCsH4)N3=P'Pr2]2N(C4H2)"), readily inserts carbon dioxide into the three Th—C bonds to
afford LpnaTh(k?-O2CCH2SiMes)s  (4-1). A new thorium triamido complex,
LpensTh(NHAGd)3 (4-2) was synthesized and inserts CO2 into the Th—N bonds to form the
tricarbamate species Lpn3Th(k>-O2CNHAJ)3 (4-3). In situ heating experiments revealed
that the supporting diphosphazide ligands in complexes 4-1 and 4-3 liberate two
equivalents of N2 to form the corresponding diphosphinimine-supported complexes
Lp-NTh(1>-O2CCH2SiMe3)s (4-4, Lp=n = «3-2,5-[(4-PrCsH4)N=P'Pr2]:N(CsH2)") and
Lp=NxTh(1>-O2CNHAJ)3 (4-5), respectively. Conversely, only one unit of N2 was released
from 4-2, affording the asymmetric phosphazide/phosphinimine Lr=x/pn3Th(NHAJ)3 (4-6,
Lp=x/pN3 = k3-2-[(4-PrCsH4)N=P'Pr2]-5-[(4-'PrCsH4)N3=P'Pr2]N(C4H2)"). Addition of three
equivalents of either Cl1SiMes or Lil to complex 4-1 generated Len3ThX3 (X = Cl, I) and
the carboxylate by-products Me3SiO2CCH2SiMes and LiO2CCHSiMes, respectively.
Addition of LiCH2SiMes completed the stepwise synthetic cycle of thorium-mediated CO2

functionalization.

'Organometallics reference style used throughout this chapter

I Reprinted with permission from Dickie, T. K. K.; Hayes, P. G. Thorium(IV)
Diphosphazide Complexes: COz Insertion Into Th—C and Th—N Bonds. Organometallics
2022, 41, 278-283.
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4.2. Introduction

Actinides have many properties that provide unique reactivity among the periodic
table, including large ionic radii, high coordination numbers and involvement of f-orbitals
in bonding. These properties have inspired the quest for new actinide-mediated
stoichiometric and catalytic reactions.! While small molecule actinide chemistry is not as
well developed as that of the transition metals, the field is growing rapidly, especially with
respect to the activation of carbon oxygenates (CO and COz).2

When exposed to CO2, An(IIl) (An = Th and U) complexes can facilitate reductive
coupling to form valuable C—C bond-containing products, such as oxalates.>*® While
An(III) allows for intriguing small molecule reactivity,” strong reducing agents, such as
KCs, are generally required for An(III) generation, and the desired reactivity may arrest
upon metal oxidation, which tends to be highly facile. Conversely, An(IV) compounds
primarily undergo COz insertion into An—E bonds to produce carboxylates (E = C)!*!! and
carbamates (E = N).!? A recent example of CO: insertion into hard-soft mismatched An—P
bonds was reported by Walensky and co-workers.!”> While stoichiometric
functionalizations of CO2 by Th and U species have been reported,'*!” to our knowledge,
catalytic conversion of COz using an actinide complex has not yet been achieved.

The few reported examples of organoactinide mediated CO2 transformation have
been achieved by utilizing XSiMes (X = Cl, I) to regenerate an An—X bond, along with
concomitant formation of a silyl ester. The synthetic cycle can then be completed using a
salt metathesis reaction to install an alkyl group at the metal centre.'®!” Recently, the Meyer
group reported the anionic U(IV) oxo complex [(2,6-Ad2-4-Me-CsH20)3U(O)] (Ad = 1-
adamantyl) which inserts CO2 into U-O bonds to form carbonates.!® The corresponding

carbonates can be removed upon reaction with ISiMes. Reduction to U(III) using KCs,
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Figure 4.1. Ligand systems that support actinide-stabilized phosphazides.
subsequent oxidation to U(V) with N20, and a final KCs reduction back to the anionic
U(IV) complex are required to complete the synthetic cycle. Additionally, Mazzanti and
co-workers observed the formation of [Th2Cl(*®"Latan)2(p-n'm!-02CCH2SiMe3)2(u-n'm?-
02CCH2SiMes)] (B'Lsatan = N,N'-bis(2-hydroxybenzyl-3,5-di-tert-butyl)-1,2-
dimethylaminomethane) from the dicarboxylate dimer in the presence of trace amounts of
LiCl, cementing the theory that the driving force for removal of the carboxylate group from
the metal centre is the resultant Th—halide bond."”

We previously reported actinide complexes supported by two ligand systems that
contain the unusual phosphazide (R3P=N-N=N-R) functionality (Figure 4.1). The
‘phosphazidosalen’ U(IV) diphosphazide complex LpnzsalenUCl2 (LpN3salen = &°—1,2-
[N3=PPh2(2-O-C¢H4)]2C¢H4) features the first example of an actinide-stabilized
phosphazide.'® The monoanionic, pyrrole-based diphosphazide scaffold made it possible to
isolate a rare trialkyl thorium complex, Lpen3Th(CH2SiMes)s (Lens =
°-2,5-[(4-PrCsH4)N3=P'Pr2]2N(C4H2)").!" Notably, only a handful of other trialkyl

2022 several of which are active isoprene polymerization

thorium species are known,
catalysts when combined with [Ph3C][B(CeFs)s].2° A trialkyl complex such as
LensTh(CH2SiMes)s could potentially demonstrate high catalytic functionalization of CO2

because it has three sites where insertion can occur. Herein we describe the reactivity of

82



LpnsTh(CH2SiMes)s towards CO2, as well as the related reaction chemistry of the new

triamide complex Len3Th(NHAd)3 (4-2).

4.3. CO; Insertion into Th—C and Th—N Bonds

A solution of the trialkyl complex Len3Th(CH2SiMes)s in benzene-ds, when placed
under an atmosphere of CO2, rapidly turns from bright orange to pale-yellow upon vigorous
mixing for a period of 5 minutes (Scheme 4.1). The *'P{'H} NMR spectrum exhibits a
change from a single resonance at 6 59.4 to two peaks at 6 54.7 and 6 55.4. The signal at 6
55.4 subsequently converts slowly to 6 54.7, and after 24 hours, the pale yellow colour
gives way to a colourless solution with only the peak at 6 54.7 remaining. The identity of
Len3Th(k2-02CCH2SiMes)s (4-1), the product of CO2 insertion into all three Th—C bonds,
is supported by 'H and *C{'H} NMR data. Complete supplantation of the broad Th—
CH2SiMes resonance at & 0.15 in the '"H NMR spectrum by a sharp signal at & 1.77
integrating as 6H is consistent with three chemically equivalent Th—-O2CCH2SiMes groups.
Furthermore, a peak in the *C{'H} NMR spectrum at § 188.3 indicates the presence of a
new carbonyl functionality. The complex giving rise to the *'P{'H} NMR chemical shift
of § 55.4 is proposed to be the intermediate Lpn3Th(CH2SiMes)(k>-02CCH2SiMes)s, the
product of only two COz insertions.

Colourless X-ray quality crystals of complex 4-1 (Figure 4.2, left) were grown from
a concentrated pentane solution at —35 °C. Notably, the structure appears to be an average

of two different coordination isomers in the lattice, with one of the phosphazide groups

83



Me3SI
LPN3Th(CstiMe3)3 4-1
3 H,N-Ad
-3 SiMe,
Ad
/ Ad
HN 00 \NH
Pipp ;
H . ~ = Pipp
R NG b’k\:’/l"‘f\/
7 \Thp‘ W XS CO, \N//T _\ON,N
\N/4| ~\7 > ) | i\
HNJ_ P 20
Il TAd Y
5 "= A \“\/ —
4-2 4-3

Scheme 4.1. Synthesis of complexes 4-1, 4-2 and 4-3.

positionally disordered. One isomer contains both phosphazide groups coordinated to
thorium in a x” fashion, and the other has one phosphazide bound only by the a-nitrogen,
resulting in an unusual cis-phosphazide. The «!-cis coordination mode is the major
component in the structure and refines to an occupancy ratio of 71.9/28.1, suggesting a
possible Z’ = 4 with one frans-component to every three cis-molecules. Cis-coordinated
phosphazides are far less common than their trans-counterparts.®® In fact, this is the first
example of a structurally characterized cis-phosphazide within this ligand framework—it
features alternating N-N distances consistent with single and double bond character (N4—
N5 =1.365(18) A, N5-N6 = 1.298(18) A). In addition, the three O2CCH2SiMes moieties

are bound to thorium via a «? interaction involving both oxygen atoms (Th—Oave = 2.50 A).
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Figure 4.2. Left: X-ray crystal structure of complex 4-1 with thermal ellipsoids drawn at
30% probability. Hydrogens have been removed for clarity. Only the major component of
the disorder model is shown. Selected bond distances (A) and angles (°): P1-N1 =
1.627(9), N1-N2 = 1.344(12), N2-N3 = 1.296(12), N7-Thl = 2.652(10), Th1-N3 =
2.728(10), P2-N4 = 1.687(12), N4-N5 = 1.365(18), N4-N5B = 1.29(4), N5-N6 =
1.298(18), NSB-N6B = 1.26(7), Th1-02 = 2.469(10), Th1-O1 = 2.445(10), Th1-03 =
2.582(10), Th1-O4 = 2.518(8), O5-Thl = 2.512(9), Th1-0O6 = 2.504(7), C45-06 =
1.273(13), C45-05 = 1.238(13), O3—C40 = 1.239(16), C40-04 = 1.294(17), C35-02 =
1.277(19), C35-01 = 1.202(18), N1-N2-N3 = 106.8(8), N4-N5-N6 = 105.9(13), O1-
C35-02 =116.9(14), 03—C40-04 = 123.3(14), O5-C45-06 = 121.8(11), N7-Th1-0O3 =
171.2(3). Right: Connectivity structure of complex 4-3. Non-NH hydrogen atoms have
been omitted for clarity.

As expected, delocalized C—O bonding is observed, giving rise to an average length of 1.25
A.

Unlike the solid-state, in benzene-ds solution complex 4-1 exhibits C2v symmetry
on the NMR timescale (vide supra). Hence, the two different phosphazide coordination
modes observed by X-ray crystallography are either a solid-state phenomenon or are
rapidly exchanging at ambient temperature in solution. Although the k'-bonding mode may
not dominate in solution, it is important to recognize that the system possesses coordinative
isomerism which could prove valuable for accessing reactive intermediates.

Since Th—N bonds are prone to CO: insertion in the same manner as thorium alkyls,

a thorium triamido complex was targeted for comparison purposes. When
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Figure 4.3. X-ray crystal structure of complex 4-2 with thermal ellipsoids drawn at 30%
probability. Non-NH hydrogens have been removed for clarity. Only the major component
of the disorder model is shown. Only one of the two independent molecules in the
asymmetric unit is depicted. Selected bond distances (A) and angles (°): N1IA-P1A =
1.642(3), NIA-N2A =1.354(4), N2A-N3A =1.268(4), P2ZA-N4A = 1.646(3), NAA-NSA
= 1.352(4), NSA-N6A = 1.270(4), Th1A-N7A = 2.770(3), Th1A-N8A = 2.332(3),
Th1A-N9A = 2.289(3), Th1A-N10A = 2.327(4), NIA-Th1A = 2.596(3), Th1A-N3A =
2.944(3), Th1A-N4A = 2.583(3), Th1A-N6A = 3.080(3), NIA-N2A-N3A = 108.8(3),
N4A-NSA-N6A = 110.1(3), Th1IA-N8A-C35A = 143.5(2), Th1A-N9A-C45A =
152.7(3), Th1A-N10A—C55A = 148.0(3), N9A-Th1A-N7A = 168.6(1), N10OA-Th1A—
N8A =160.1(1).

LensTh(CH2SiMes)s was mixed with three equivalents of 1-adamantylamine in toluene, the
orange solution immediately turned bright yellow. Upon washing the residue with pentane,
small crystalline yellow needles were obtained. The '"H NMR spectrum of the crystals in
benzene-ds revealed multiple broad adamantyl signals between & 1.50 and o 2.50.
Additionally, two broad N-H peaks at & 3.58 and & 2.87, integrating to 1H and 2H
respectively, suggested the presence of 3 NH-adamantyl groups, two of which are
equivalent on the NMR timescale. A lone singlet was observed in the *'P{'H} spectrum at
0 53.0.

X-ray diffraction experiments confirmed the identity of Len3Th(NHAd); (4-2)

indicated spectroscopically (Figure 4.3). Notably, both phosphazides are in the trans-
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orientation, unlike that observed in complex 4-1. Furthermore, the phosphazide y-nitrogens
reside quite far from the thorium centre (Th1A-N3A =2.944(3) A, Th1A-N6A = 3.080(3)
A c.f. Th1-N3 = 2.73(1) A in complex 4-1), and accordingly, the nature of the Th-N,
interaction, if significant, is unclear. The N-N-N angles (NIA-N2A-N3A = 108.8(3)°,
N4A-N5A-N6A = 110.1(3)°) within the trans-phosphazide moieties are comparable to
those in both complex 4-1, (N1-N2-N3 = 106.8(8)°) and Len3Th(CH2SiMes)3 (N2—N3—-N4
=108.9(3)°)." The Th-Nadamantyl distances range from 2.289(3) A to 2.332(3) A.

Upon addition of an atmosphere of CO2to a solution of bright yellow 4-2, the colour
lightened immediately, implying the formation of LensTh(ic>-O2CNHAJ)3 (4-3). A change
in the *'P{'H} NMR spectrum (benzene-ds) from & 53.0 to § 54.4 was observed. The broad
"H NMR NH signals in 4-2 (8 3.58 and § 2.87) collapsed into a single sharp peak at § 3.99
that integrates to 3H. Additionally, the number of adamantyl environments was reduced
from five in 4-2 to three in complex 4-3.

A low-quality connectivity X-ray structure of tricarbamate 4-3 revealed an
exceedingly rare 11-coordinate thorium(IV) centre,®* with three x?-bound O2CNHAd
ligands (Figure 4.2, right). In contrast to complex 4-1, both phosphazide groups are clearly
coordinated to thorium via the a- and y-nitrogen atoms. While thorium can access
coordination numbers as high as 15, the most common for thorium(IV) is 82*%° and the vast
majority of complexes that feature coordination numbers in excess of 10 are comprised of
very small ligands, such as nitrates and oxides.”* The geometry about thorium is best
described as a distorted edge-coalesced icosahedron, with N1, N4, O1 and O6 forming the
4 vertices of the square plane, 02, N6, N3, O5, and O3 comprising the pentagonal plane

and O4 and N7 serving as capping atoms.
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4.4. N; Loss from Phosphazide Ligands

Phosphazide groups stabilized by metal-coordination, H-bonding and sterically
demanding groups are often heat sensitive and will decompose with the loss of N2 gas,
forming the corresponding phosphinimine (P=N). For example, the previously reported
phosphazidosalen ligand releases N2 from the two ligand phosphazides. Specifically,
LpnssalenUCl2 readily loses one equivalent of N2 at ambient temperature, but loss of the
second N2, to form the diphosphinimine complex Lp-NsalenUCl2 (Lp=Nsalen = K*-1,2-
[N=PPh2(2-O-CsH4)]2CsHa4), requires extensive heating at 155 °C.!® The related pyrrole-
based diphosphazide-supported complex Lpn3Th(CH2SiMes)s decomposes into an
intractable mixture after heating at 55 °C in hydrocarbon solvents for 24 hours.! This
decomposition is likely due to the highly reactive Th—C bonds, as well as the potential for
cyclometallation of a para-isopropylphenyl (Pipp) C—H.

When a solution of 4-1 in benzene-ds was heated at 65 °C, a new dominant peak
appeared in the *'P{'H} NMR spectrum at § 48.7. In addition, signals at § 57.0 and & 48.3,
due to low concentration intermediates, were also observed. After heating for 4 days, full
conversion to Lp-nTh(x?-O2CCH2SiMe3)s (4-4), the expected product of sequential loss of
two molecules of N2, was complete (Scheme 4.2). The resonances in the 'H NMR spectrum
attributed to complex 4-4 are shifted upfield from those in 4-1, and the methylene peak is
substantially broadened. Furthermore, the ortho-CH Pipp protons appear as a doublet of
doublets (*Jun = 8.4 Hz, “Jup = 2.1 Hz), as the six bond separation between these atoms and
the phosphazide phosphorus in 4-1 has been reduced to four.

Notably, complex 4-4 is inaccessible from the addition of CO2 to a diphosphinimine
complex. As previously established, the diphosphinimine trialkyl Lp-NTh(CH2SiMes3)3

cannot be isolated as it rapidly undergoes cyclometallative decomposition to afford
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Scheme 4.2. Synthesis of complexes 4-4, 4-5 and 4-6.
Lp-~*Th(CH2SiMes)2 (Lp=n* = «*-2-[(4-"PrCsH3)N=PPr2]-5-[(4-

PrCsH4)N=P'Pr2]N(C4H2)*)." When the cyclometallated dialkyl complex
Lp-N*Th(CH2SiMes)2 was exposed to an atmosphere of CO: in benzene-ds solution,
immediate decomposition into an intractable mixture occurred. Intriguingly,
cyclometallation of the diphosphinimine ligand in complex 4-4 appears to be wholly
disfavoured, presumably because such a process would generate the acid HO2CCH2SiMes.
Heating complex 4-3 in the same manner as that described above produces the
diphosphinimine complex Lp-xTh(x*-O2CNHAGJ)3 (4-5), which exhibits a *'P{'H} NMR
resonance at & 47.2 (Figure 4.4). Prior to complete conversion to complex 4-5, signals

attributed to an asymmetric intermediate were observed at 6 56.3 and 6 47.3. As in complex
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Figure 4.4. Stacked *'P{'"H} NMR spectra of a sample of complex 4-3 in benzene-ds
heated in a J. Young NMR tube.

4-4, *Jup coupling between the ortho-CH Pipp protons and the phosphinimine phosphorus
atom was observed (*Juu = 8.4 Hz, “Jup = 2.0 Hz). Unfortunately, exhaustive attempts to
isolate pure samples of complexes 4-4 and 4-5 were unsuccessful. Nonetheless, in situ
NMR experiments unambiguously established liberation of N2 gas afforded the expected
phosphinimine-containing products.

Surprisingly, heating triamide 4-2 at 65 °C in benzene-ds for 72 hours permitted
isolation of the asymmetric phosphazide/phosphinimine complex Lp=nx/pn3Th(NHAJ)3 (4-6,
Le-npNs = «-2-[(4-PrCsH4)N=P'Pr2]-5-[(4-PrCsH4)N3=P'Pr2]N(CsH2)"). The 3'P{'H}

NMR spectrum of complex 4-6 contains two resonances of equal intensity at 6 49.7 and 6
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46.1 (*Jrp = 2.1 Hz). The number of 'H environments has doubled relative to the triamide
starting material, and the Pipp group bound to the phosphinimine nitrogen exhibits the
familiar doublet of doublets common to complexes 4-4 and 4-5 (°Jun = 8.3 Hz, “Jup = 2.1
Hz). As in the '"H NMR spectrum of 4-2, one of the NH—adamantyl groups is distinct; two
sharp NH signals integrate in a 1:2 ratio. It is not known why this asymmetric species is
stable in solution at 65 °C while the intermediates en route to complexes 4-4 and 4-5 are
not. Presumably the difference in stability is due to steric protection exerted by the bulky
adamantyl groups which raise the energy barrier for accessing the y-nitrogen dechelated
intermediate necessary for isomerization to the cis-phosphazide, and ultimately, loss of No.
X-ray diffraction experiments on complex 4-6 revealed a 7-coordinate distorted pentagonal
bipyramidal thorium centre (Figure 4.5). The intact cis-phosphazide is coordinated through
both a- and y-nitrogen atoms. The phosphinimine and pyrrole nitrogens, as well as one of
the NH—Ad groups (N7), comprise the pentagonal plane. The N6—Th—N8 angle is nearly
linear (171.3(3)°) and the N7 adamantyl group is positionally disordered across two sites.
The three Th—N amide distances (Th1-N6 = 2.337(6), Th1-N7B = 2.29(3), Th1-N8 =
2.338(7) A) are similar to those found in complex 4-2. The phosphinimine P1=N1 length
of 1.610(9) A is comparable to the coordinated phosphinimine in Lp=x*Th(CH2SiMe3)2

(1.601(3) A) and slightly shorter than that in Lr-xThCls (1.634(4) A).'

91



Figure 4.5. X-ray crystal structure of 4-6 with thermal ellipsoids drawn at 30%
probability. Non-NH hydrogens have been removed for clarity. Only the major
component of the disorder model is shown. Selected bond distances (A) and angles (°):
P1-N1=1.610(9), P2-N2 = 1.64(1), N5-Th1 =2.633(9), Th1-N6 = 2.337(6), Th1-N7B
=2.29(3), Th1-N8 = 2.338(7), Th1-N4 = 2.775(7), Th1-N2 = 2.59(1), Th1-N6-C33 =
152.7(6), Th1-N7B—C43B = 142(2), Th1-N8-C53 = 148.5(7), N2-N3-N4 = 108.0(8),
N1-Th1-N4 = 174.6(2), N8&-Th1-N6 = 171.3(3).
4.5. Reaction Chemistry of Complex 1
Preliminary experiments indicate that combination of 4-1 with excess Ha, HSiEts,
ZnMe2 or B[N(SiMes3)2]s in benzene-ds affords no reaction at ambient temperature.
Meanwhile, addition of AlMes resulted in rapid decomposition of the thorium complex.
Reaction of CISiMes with 4-1 produced the previously characterized compounds
Len3ThCls and MesSiOCOCH:2SiMes. When combined with the stepwise addition of
alkyllithium, a closed synthetic cycle that transforms CO2 and LiR into silyl esters is
possible. Unfortunately, since ClSiMe3 and LiCH2SiMes are incompatible reagents, this

cycle requires stepwise stoichometric addition for each transformation, making it

impossible to complete the process catalytically.
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When excess Lil was added to a solution of 4-1 in benzene-ds at ambient
temperature, immediate yellow colouration occurred and a *'P{'H} signal at § 57.0
dominated the spectrum. This data, as well as that obtained from 'H NMR spectroscopy,
are consistent with Lpn3Thlz. For example, the Th-k?>-O2CCH2SiMes methylene peak
disappeared, and an extremely broad resonance (6 0.00 to 0.70) attributed to
LiO2CCH2SiMes was observed. The success of this reaction implies that a catalytic
transformation of LiCH2SiMes to LiO2CCH2SiMes using Lil, CO2 and LensThCH2SiMes
is possible. However, LiCH2SiMes reacts with CO: under these conditions to form
LiO2CCH2SiMes, rendering this actinide-catalyzed CO2 conversion impractical.

4.6. Conclusions

The monoanionic diphosphazide ligand Lpn3 stabilizes both trialkyl and triamido
thorium(I'V) complexes that undergo rapid and clean insertion of CO2 into Th—C and Th—N
bonds. The resulting tricarboxylate and tricarbamate species are a result of the pentadentate
diphosphazide ligand framework, as these types of complexes are not accessible using their
P=N ligand counterparts. The phosphazide moieties in this unique ligand system exhibit
coordinative versatility (i.e., cis-, trans-, x!- and x*-bonding modes), providing further
evidence that phosphazides are underutilized functional groups in organometallic
chemistry. Combination of Len3Th(x>-02CCH2SiMes)s with CISiMes or Lil removes the
carboxylate groups completing a synthetic CO2 conversion cycle; however, further work is

needed to achieve catalysis with an actinide complex.
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4.7. Experimental Details for Chapter 4

4.7.1. Laboratory Equipment and Apparatus

An argon filled MBraun glove box was employed for manipulation and storage of
all oxygen and moisture sensitive compounds. All thermally unstable compounds were
stored in a —35 °C freezer within a glove box. All reactions were performed on a double
manifold high vacuum line using standard techniques or in a glove box under an atmosphere
of argon.?® Commonly utilized specialty glassware included the swivel frit assembly,
needle valves, and thick walled (5 mm) glass bombs equipped with Kontes Teflon
stopcocks.?® All glassware was stored in a 110 °C oven for a minimum of 12 hours, or
flame-dried before immediate transfer to the glove box antechamber or assembled on the

vacuum line and evacuated while hot.

4.7.2. Solvents

Toluene, pentane, and tetrahydrofuran (THF) solvents were dried and purified using
the Grubbs/Dow purification system and stored in evacuated 500 mL bombs over
titanocene?’ (toluene and hexanes) or sodium/benzophenone ketal (THF).?® Diethyl ether,
pentane, heptane, benzene, benzene-ds, toluene-ds, and THF-ds were dried and stored over
sodium/benzophenone ketal in glass bombs under vacuum. Unless otherwise noted,
solvents were introduced via vacuum transfer with condensation at —78 °C. Liquid nitrogen
(=196 °C), liquid nitrogen/pentane (—130 °C), dry ice/acetone (—78 °C), dry ice/acetonitrile
(—45 °C) and water/ice (0 °C) baths were used for cooling receiving flasks and to maintain

low temperature conditions.
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4.7.3. Instrumentation and Details for NMR Experiments

All NMR spectra were recorded at ambient temperature, except where noted, with
a Bruker Avance I NMR spectrometer (300.13 MHz for 'H, 75.47 MHz for 1*C and 121.48
MHz for *'P) or Avance III NMR spectrometer (700.13 MHz for 'H, 176.05 MHz for *C,
and 283.54 MHz for *'P). All '"H NMR spectra were referenced to SiMes through the
residual 'H resonance(s) of the employed solvent; benzene-ds (7.16 ppm), toluene-ds (2.09,
6.98, 7.02 and 7.09 ppm), chloroform-di (7.26 ppm) or THF-ds (1.73 and 3.58 ppm). °C
NMR spectra were referenced relative to SiMes through the resonance(s) of the employed
solvent; benzene-ds (128.0 ppm), toluene-ds (20.4, 125.2, 128.0, 128.9, 137.5 ppm),
chloroform-di (77.16 ppm) or THF-ds (25.4, 67.6 ppm). 'H NMR data for diamagnetic
compounds are reported as follows: chemical shift, multiplicity (s = singlet, d = doublet, t
= triplet, q = quartet, quint = quintet, sp = septet, br = broad, m = multiplet, app = apparent,
obsc = obscured, ov = overlapping), coupling constants (Hz), integration, assignment. *C
NMR data for diamagnetic compounds are reported as follows: chemical shift, assignment.
Assignment of resonances were supported by 'H-'H COSY, *C{!H} APT, '"H-*C{'H}

and HSQC/HMBC experiments.

4.7.4. Additional Instrumentation

Elemental analyses (%CHN) were conducted at the University of Lethbridge by
Dylan Webb on an Elementar Americas Vario MicroCube Analyzer (C, H, N, O, S
capabilities). Infrared spectroscopy was conducted on a Thermo-Nicolet iS10 FT-IR

spectrometer using bulk recrystallized compounds; s = strong, m = medium, w = weak, br

= broad.
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4.7.5. Additional Safety Considerations

Organic azides are both toxic and explosive. Care should be taken while handling
azides, particularly if they are solvent free and/or at elevated temperatures. Phosphines are
toxic and care should be taken while handling. Natural thorium (primary isotope >**Th) is
a weak a-emitter (4.012 MeV) with a half-life of 1.41 x 10'° years; manipulations and

reactions should be carried out in a fume hood or in an inert atmosphere glove box.

4.7.6. Synthetic Methods

Synthesis of LexsTh(k2-0,CCH,SiMes)s (4-1)

SiMes SiMe In an inert atmosphere glove box, Len3Th(CH2SiMes)s
3

P'pp‘ I to (31.4 mg, 0.0282 mmol) was added to a J. Young NMR

’/ o>, Pipp

/ ~ / \ 4 . .
/ \ tube and dissolved in 0.5 mL of benzene-ds. The J. Young
OJ°

/K\K\ _7 P NMR tube was attached to a double manifold vacuum line

Me;Si and the solution was degassed by one freeze—pump—thaw

cycle. A CO2 atmosphere (1 atm) was applied to the tube. The bright orange colour of the
starting material solution immediately lightened and changed to colourless upon agitation.
The progress of reaction was monitored by multinuclear NMR spectroscopy. When the
reaction was complete, the vessel was degassed and brought into a glove box. The solution
was transferred into a vial and the solvent was removed in vacuo leaving an off-white solid.
Yield: 27.8 mg, 79.2%. IR: (vco, cm™") 2959 (m), 2985 (w), 2875 (w), 1527 (m), 1506 (m),
1433 (s), 1394 (m), 1373 (s), 1280 (w), 1246 (s), 1138 (s), 1099 (m), 1041 (s), 952 (m),
840 (s). "H NMR (CsDs, 300.13 MHz): & 8.26 (d, *Jun= 8.1 Hz, 4H, meta—aromatic CH),

7.28 (d, *Juu= 8.1 Hz, 4H, ortho—aromatic CH), 6.72 (d, *Jup = 2.1 Hz, 2H, pyrrole-CH),
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2.75 (sp, *Jun = 6.8 Hz, 2H, Ar—~CH(CH3)2), 2.32 (spd, *Jun = 7.6 Hz, 2Jup = 2.0 Hz, 4H,
P-CH(CHas)2), 1.76 (s, 6H, OCOCH:SiMe3), 1.15 (ov dd, dd and d, 36H, P-CH(CH3)2 and
Ar-CH(CH3)2), 0.16 (s, 27H, Si(CHz)3). BC{'H} NMR (CsDs, 75.47 MHz): 5 188.6 (s,
Th—OCO), 147.9 (s, aromatic ipso-C), 147.8 (s, aromatic ipso-C), 126.9 (s, aromatic CH),
124.2 (dd, 'Jcp = 136.3 Hz, “Jcr = 16.7 Hz, 2,5-pyrrole C), 122.1 (s, aromatic CH), 117.3
(dd,Jcp = 26.2 Hz, *Jcr = 10.6 Hz, 3,4-pyrrole CH), 34.3 (s, Ar—CH(CH3)2), 31.5 (s,
OCOCH:SiMe3), 25.7 (d, 'Jep = 50.6 Hz, P-CH(CH3)2), 24.3 (s, Ar—CH(CH3)2), 16.2 (s,
P-CH(CH3)2), —0.63 (s, Si(CH3)3). *'P{'H} NMR (CsDe¢, 121.49 MHz): § 54.7 (s). Anal.
Calcd. (%) for Ca9HgsN7P206S13Th: C: 47.22; H: 6.87; N: 7.87. Found: C: 48.18; H: 6.88;

N: 7.88.

Synthesis of LpnsTh(NHAd); (4-2)
In an inert atmosphere glove box, LensTh(CH2SiMes)s (28.8 mg,

0.0258 mmol) and 1-adamantylamine (11.7 mg, 0.0773 mmol, 3

Pipp_  Adj- ,Pipp . . . e .
/N\ SN equiv) were weighed into a 20 mL scintillation vial and
N. _Th N
N N dissolved in 2 mL of pentane and 0.5 mL of toluene. The solution

Il HNN\Ad \

ti\@/ P>:< was agitated for 2 minutes and the solvent removed in vacuo to
leave a yellow oil. The yellow oil was dissolved in 1 mL of pentane and the solution cooled
to —35 °C for 15 minutes resulting in the formation of yellow needles. The supernatant was
removed and the yellow solid dried in vacuo. Yield: 23.1 mg, 68.5%. IR: (vco, cm™) 2959
(W), 2923 (m), 2895 (s), 2841 (m), 1605 (w), 1448 (w), 1434 (w), 1390 (w), 1301 (w), 1259
(W), 1244 (s), 1131 (s), 1093 (m), 1052 (s), 1033 (m), 1021 (w), 939 (m), 834 (s). '"H NMR

(CeDs, 300.13 MHz): & 8.09 (d, 3Jun = 8.3 Hz, 4H, meta-aromatic CH), 7.31 (d, *Jun= 8.3
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Hz, 4H, ortho-aromatic CH), 6.75 (d, *Jup = 2.3 Hz, 2H, pyrrole-CH), 3.58 (br s, 1H, Ad—
NH), 2.87 (br s, 2H, Ad-NH), 2.74 (sp, >Jun = 6.9 Hz, 2H, Ar—-CH(CH3)2), 2.46 (ov m,
10H, P-CH(CH3)2 and Ad—CH), 2.27 (br s, 3H, Ad—CH), 2.12 (br s, 6H, Ad—CH>), 1.77
(br ov m, 30H, Ad—CH>), 1.13 (ov dd, dd and d, 36H, P-CH(CH5)2 and Ar—CH(CH5)z).
BC{'H} NMR (CsDs, 75.47 MHz): § 149.1 (s, aromatic ipso-C), 147.3 (s, aromatic ipso-
(), 126.7 (s, aromatic CH), 125.2 (dd, 'Jep = 134.3 Hz, *Jcp = 16.4 Hz, 2,5-pyrrole C),
121.8 (s, aromatic CH), 117.9 (dd, %Jcp = 26.5 Hz, *Jcpr = 10.3 Hz, 3,4-pyrrole CH), 55.5
(s, Ad—C), 50.0 (s, Ad—CH>), 37.3 (s, Ad—CH2), 33.9 (s, Ar—CH(CH3)2), 31.0 (s, Ad—CH),
26.5 (d, 'Jcp = 49.5 Hz, P-CH(CH3)2), 23.7 (s, Ar—-CH(CH3)2), 16.5 (d, 2Jcp = 24.3 Hz, P—
CH(CH3)2). *'P{'"H} NMR (CsDs, 121.49 MHz): § 53.0 (s). Anal. Calcd. (%) for

CesHi00N10P2Th: C: 58.97; H: 7.73; N: 10.75. Found: C: 58.80; H: 7.82; N: 10.80.

Synthesis of Lpn3Th(k>-O,CNHAd); (4-3)

Ad Ad In an inert atmosphere glove box, LensTh(NHAd)3 (37.1 mg,
P'pp\ 7"’\ \r /P'PP 0.0285 mmol) was added to a J. Young NMR tube and

N o§
/ | \\ dissolved in 0.5 mL of benzene-ds. The J. Young NMR tube

/ -7/ was attached to a double manifold vacuum line and the
/\T@

solution was degassed by one freeze—pump—thaw cycle. A
COz2 atmosphere (1 atm) was applied to the tube. The bright yellow colour immediately
lightened and changed to colourless upon agitation. The progress of reaction was monitored
by multinuclear NMR spectroscopy. When the reaction was complete, the vessel was
degassed and brought into a glove box. The solution was transferred into a vial and the

solvent was removed in vacuo leaving an off-white solid. Yield: 30.1 mg, 73.4%. IR: (vco,

98



cm™') 3437 (br), 2959 (w), 2904 (s), 2847 (m), 2141 (w), 2111 (w), 1655 (w), 1557 (m),
1486 (s), 1376 (m), 1356 (m), 1306 (m), 1275 (w), 1144 (s), 1098 (m), 1041 (s), 954 (w),
881 (w), 839 (m). 'H NMR (CsDs, 300.13 MHz): § 8.30 (d, *Juu = 8.4 Hz, 4H, meta-
aromatic CH), 7.31 (d, *Jun= 8.4 Hz, 4H, ortho-aromatic CH), 6.76 (d, *Jupr = 2.0 Hz, 2H,
pyrrole-CH), 3.99 (s, 3H, OCONHAA), 2.78 (sp, *Juu = 6.5 Hz, 2H, Ar—-CH(CH3)2), 2.43
(spd, 3Jun = 6.9 Hz, 2Jup = 3.7 Hz, 4H, P-CH(CH3)2), 1.88 (br s, 9H, Ad—CH), 1.81 (br s,
18H, Ad—CH>), 1.52 (br s, 18H, Ad—CH>), 1.22 (ov dd, dd and d, 36H, P-CH(CH3)2 and
Ar-CH(CHs)2). *C{'H} NMR (CeDs, 75.47 MHz): & 167.9 (s, Th-OCO), 148.3 (s,
aromatic ipso-C), 147.3 (s, aromatic ipso-C), 126.6 (s, aromatic CH), 124.3 (dd, 'Jcp =
138.1 Hz, *Jcp = 17.4 Hz, 2,5-pyrrole C), 122.2 (s, aromatic CH), 116.7 (dd, %Jcp = 27.7
Hz, *Jcp = 11.5 Hz, 3,4-pyrrole CH), 49.3 (s, Ad-C), 42.6 (s, Ad—CH>), 36.9 (s, Ad—CH>),
34.3 (s, Ar—CH(CH3)2), 30.1 (s, Ad—CH), 25.7 (d, "Jcp = 49.7 Hz, P-CH(CH3)2), 24.4 (s,
Ar-CH(CH3)2), 16.3 (s, P-CH(CH3)2). *'P{'H} NMR (CsDs, 121.49 MHz): § 54.5 (s).
Anal. Calcd. (%) for Ce7H100N1006sP2Th: C: 56.06; H: 7.02; N: 9.76. Found: C: 56.07; H:

6.97; N: 9.76.

In Situ Synthesis of Lp-xTh(kx2-02,CCH,SiMe3); (4-4)

MouSi SiMes  In an inert atmosphere glove box, LenaTh(k?-02CCH2SiMes)3
3

00
Pipp_ o\TIh;(l) _pipp (5.0 mg, 0.0042 mmol) was added to a J. Young NMR tube and
/| o \\ dissolved in 0.5 mL of benzene-de. The J. Young NMR tube
17 )/
was heated in an oil bath at 65 °C for 4 days. The progress of

Me;Si

reaction was monitored by multinuclear NMR spectroscopy. 'H NMR (CsDs, 300.13

MHz): § 7.58 (dd, *Jun= 8.2 Hz, “Jup= 2.1 Hz, 4H, ortho-aromatic CH), 7.21 (d, *Juu= 8.2
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Hz, 4H, meta-aromatic CH), 6.52 (d, *Jup = 1.7 Hz, 2H, pyrrole-CH), 2.80 (sp, *Juu = 6.9
Hz, 2H, Ar-CH(CHz)2), 2.15 (dsp, *Jun = 7.0 Hz, 2Jup = 2.5 Hz, 4H, P-CH(CH3)2), 1.78
(br s, 6H, OCOCH:SiMe3), 1.22 (d, *Jun = 6.9 Hz, 12H, Ar—CH(CH3)2), 1.14 (dd, *Jup =
15.8 Hz, *Jun= 7.0 Hz, 12H, P-CH(CH)2), 1.03 (dd, *Jup = 15.2 Hz, *Jun= 7.0 Hz, 12H,
P-CH(CH3)2). *'P{'H} NMR (C¢Ds, 121.49 MHz): & 48.7 (s). Multiple attempts at
purification to obtain isolated material of sufficient quality for *C NMR spectroscopy and

combustion analysis were unsuccessful.

In Situ Synthesis of Lp-NTh(k2-0.CNHAd); (4-5)

f‘d Ad In an inert atmosphere glove box, LPN3Th(K2-02CNHAd)3 (6.7
PippHN o\_g\,/ mg, 0.0046 mmol) was added to a J. Young NMR tube and
\ :/Tl\ AT dissolved in 0.5 mL of benzene-ds. The J. Young NMR tube
]0/ was heated in an oil bath at 65 °C for 3 days, followed by an

additional 2 days at 80 °C (required for complete conversion).
The progress of reaction was monitored by multinuclear NMR spectroscopy. '"H NMR
(CsDs, 300.13 MHz): § 7.77 (dd, *Jun = 8.2 Hz, *Jur= 2.0 Hz, 4H, ortho-aromatic CH),
7.29 (d, *Jun = 8.2 Hz, 4H, meta-aromatic CH), 6.57 (d, *Jur = 1.8 Hz, 2H, pyrrole-CH),
4.00 (s, 3H, OCONHAA), 2.85 (sp, *Jun = 6.5 Hz, 2H, Ar-CH(CH3)2), 2.22 (dsp, *Jun =
6.9 Hz, 2Jup = 2.6 Hz, 4H, P-CH(CH3)2), 1.98 (br s, 9H, Ad—CH), 1.85 (br s, 18H, Ad—
CHz), 1.60 (br s, 18H, Ad—CH2), 1.16 (ov dd, d and d, 36H, P-CH(CH3)2 and Ar—
CH(CH3)2). *'P{'H} NMR (C¢Ds, 121.49 MHz): § 47.2 (s). Multiple attempts at
purification to obtain isolated material of sufficient quality for '3C NMR spectroscopy and

combustion analysis were unsuccessful.
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Synthesis of Lp-npn3Th(NHAd); (4-6)

In an inert atmosphere glove box, LensTh(NHAd)s (9.7 mg,

Ad 0.0074 mmol) was added to a J. Young NMR tube and dissolved
Pipp NH
NH
N//N \Tlh > pipp 11 0.5 mL of benzene-ds. The J. Young NMR tube was heated in
N ﬁ‘l ~.
i TAd |\ an oil bath at 65 °C for 4 days. The progress of reaction was

CUR
//\ \_/ >\ monitored by multinuclear NMR spectroscopy. When the

reaction was complete, the tube was brought into a glove box. The solution was transferred
into a vial and the solvent was removed in vacuo leaving a yellow/orange solid. The solid
was washed with 0.5 mL of cold Me3SiOSiMes. The orange solid was dissolved in 0.5 mL
of pentane and cooled to —35 °C for 24 hours resulting in the formation of yellow/orange
needles. The supernatant was removed and the yellow/orange solid dried in vacuo. Yield:
8.4 mg, 88%. 'H NMR (CsDs, 300.13 MHz): § 8.27 (d, *Jun = 8.2 Hz, 2H, Ar-CH), 7.49
(dd, *Jun = 8.2 Hz, “Jup= 2.1 Hz, 2H, Ar—CH), 7.32 (d, *Juu = 8.2 Hz, 2H, Ar-CH), 7.21
(d, *Jun = 8.2 Hz, 2H, Ar-CH ), 6.73 (t, *Jun= *Jup = 3.5 Hz, 1H, pyrrole-CH), 6.58 (t,
3Jun=3Jur = 3.5 Hz, 1H, pyrrole-CH), 3.03 (br s, 1H, Ad-NH), 2.86 (sp, *Jun = 6.8 Hz,
1H, Ar-CH(CH3)2), 2.70 (sp, *Jun= 6.9 Hz, 1H, Ar—-CH(CH3)2), 2.56 (br s, 2H, Ad-NH),
2.38 (spd, *Jun = 7.2 Hz, 2Jup = 3.2 Hz, 2H, P-CH(CH3)2), 2.23 (br s, 3H, Ad-CH), 2.11
(ov sp and s, 8H, P-CH(CH3s)2and Ad—CH), 1.86 (br s, 18H, Ad—CHz), 1.68 (br ovm, 18H,
Ad-CH>), 1.15 (ov dd, dd and d, 36H, P-CH(CH3)2 and Ar-CH(CHz)2). 3C{'H} NMR
(CsDs, 75.47 MHz): & 149.1 (d, >Jcp = 1.95 Hz, aromatic ipso-C), 147.7 (s, aromatic ipso-
C), 146.7 (d, 2Jcp = 5.2 Hz, aromatic ipso-C), 143.6 (d, 2Jcp = 3.8 Hz, aromatic ipso-C),
131.2 (dd, 'Jep = 135.0 Hz, *Jcp = 15.1 Hz, 2,5-pyrrole C), 129.7 (d, *Jcp = 6.0 Hz, aromatic

CH), 127.0 (d, *Jcp = 2.5 Hz, aromatic CH), 126.8 (s, aromatic CH), 123.3 (dd, 'Jcp = 140.4
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Hz, 3Jcp = 17.1 Hz, 2,5-pyrrole C), 122.2 (s, aromatic CH), 117.6 (dd, 2Jcp = 27.0 Hz, *Jcp
= 10.2 Hz, 3,4-pyrrole CH), 116.5 (dd, 2Jcp = 26.2 Hz, *Jcp = 11.3 Hz, 3,4-pyrrole CH),
56.6 (s, Ad-C), 57.4 (s, Ad—C), 50.5 (s, Ad—CH>), 49.6 (s, Ad—CH>), 37.7 (s, Ad—CH>),
37.6 (s, Ad—CH>), 34.2 (s, Ar—-CH(CH3)2), 33.9 (s, Ar—CH(CH3)2), 31.4 (s, Ad—-CH), 31.3
(s, Ad-CH), 27.7 (d, 'Jcp = 54.4 Hz, P-CH(CH3)2), 27.0 (d, 'Jepr = 48.9 Hz, P-CH(CH3)2),
24.5 (s, Ar—CH(CHs)2), 24.1 (s, Ar—-CH(CHs)2), 17.0 (d, 2Jcp = 2.4 Hz, P-CH(CHs)2), 16.9
(d, 2Jcp = 2.6 Hz, P-CH(CH3)2), 16.5 (d, 2Jcp = 1.4 Hz, P-CH(CH3)2), 16.4 (d, 2Jcp = 2.6
Hz, P-CH(CH3)2). *'P{'"H} NMR (Ce¢Ds, 121.49 MHz): & 49.7 (br s), 46.1 (d, *Jep = 2.1
hz). Anal. Calcd. (%) for CeaH100NsP2Th: C: 60.26; H: 7.90; N: 8.78. Found: C: 58.05; H:

7.90; N: 8.58.

4.7.7. Crystallographic Details

All structures were collected on a Rigaku SuperNova diffractometer equipped with
a Dectris Pilatus 3R 200K-A hybrid-pixel-array detector, a four-circle goniometer, sealed
graphite-monochromated Mo Ka (A = 0.71073 A) and Cu Ko (A = 1.54178 A) X-ray
sources, and an Oxford cryostream-cooling device fixed at 100 K. Single crystals suitable
for X-ray diffraction studies were mounted on a MiTiGen cryo-loop using desiccated
Paratone—N oil stored in a glove box. Data reduction was accomplished by the CrysAlis™™
(version 1.171.38.43) software package. Absorption corrections were applied by multi-scan
techniques and empirical absorption correction using spherical harmonics, implemented in
SCALE3 ABSPACK scaling algorithm. Structures were solved in the Olex2?’ environment
using intrinsic phasing and refined by full-matrix least squares method on F? using the

SHELX software suite.>**! All non-hydrogen atoms were refined anisotropically, C—H
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hydrogens were calculated and refined isotropically as a riding model. All measurements
were performed at the University of Lethbridge.

Single crystals of complexes 4-1, 4-2 and 4-6 were grown from pentane/toluene at
—35 °C. Single crystals were coated in dry Paratone® oil under an inert argon atmosphere.
Unfortunately, single crystals of 4-3 grown from pentane succumb to rapid decomposition
upon removal from the mother liquor, resulting in the crystals becoming covered with
amorphic material. However, inner portions of the crystals remain intact, allowing for
modest diffraction of X-ray radiation, despite interference from the polycrystalline
material. The data is low quality, and therefore, metrical parameters are not included, or
discussed, in the body of the manuscript. The data set does, though, allow for qualitative
discussion associated with atom connectivity and geometry. Therefore, these structures will
be referred to within this thesis as “connectivity structures”. Summary of the

crystallographic data can be found below in Table 4.1
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Table 4.1. X-ray crystallographic data and structure refinement for complexes 4-1, 4-2, 4-

3 and 4-6.

4-1 4-2
CCDC # 2108094 2108093
Empirical formula C49H85N706P23i3Th C64H 100N 10P 2Th
Formula weight/g mol ! 1246.48 1303.51
Temperature/K 100.1(5) 103(8)
Crystal system monoclinic monoclinic
Space group P2i/n P2i/c
alA 18.3001(3) 13.00230(10)
b/A 13.2301(2) 22.2683(2)
c/A 26.1455(3) 43.6139(4)
a/° 90 90
/e 106.0010(10) 91.0650(10)
v/° 90 90
Volume/A? 6084.89(16) 12625.75(19)
V4 4 8
Pealcg/cm’ 1.361 1.372
w/mm’! 9.345 8.447
F(000) 2552.0 5392.0

Crystal size/mm’
Radiation (A)
20 range for data collection/°

Index ranges

Reflections collected
Independent reflections

Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>=2c (I)]

Final R indexes [all data]

Largest diff. peak/hole / e A~

0.2 x 0.096 x 0.081
CuKa (A= 1.54184)
5.278 to 150.164

-18<h<22,-16<k<15,-32
<1<32

36694

12187 [Rint = 0.0308, Ryjgma =
0.0321]

12187/1073/776
1.061
R1=0.0880, wR, =0.2289

R;=0.1001, wR> = 0.2404
5.48/-3.40

0.174 x 0.119 x 0.085
CuKa (A= 1.54184)
4.052 to 150.302

-16<h<14,-27<k<27,-54<1<
54

121073

25395 [Rint = 0.0484, Ryigma =
0.0409]

25395/1642/1510
1.048
R1=0.0322, wR> =0.0701

R =0.0435, wR> =0.0753
1.21/-1.34

Programs for diffractometer operation, data collection, data reduction, and absorption correction were

those supplied by Rigaku.
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4-3

4-6

CCDC #

Empirical formula
Formula weight/g mol ™!
Temperature/K

Crystal system

Space group

alA

b/A

c/A

o/°

pr°

v/°

Volume/A?

Z

Pealcg/cm?
w/mm’!

F(000)

Crystal size/mm’

Radiation (A)

20 range for data
collection/®

Index ranges

Reflections collected
Independent reflections

Data/restraints/parameters

Goodness-of-fit on F?

Final R indexes [[>=2c (I)]

Final R indexes [all data]

N/A
Cs7H100N1006P2Th
1435.54

179(110)
monoclinic

P21/C

15.7123(13)
14.2863(5)
34.165(3)

90

98.595(7)

90

7582.9(9)

4

1.257

7.143

2960.0

0.174 x 0.119 x 0.085

CuKa (A= 1.54184)
5.232 to 155.754

-19<h<15,-14<k<17,-39<1

<42
21352

11563 [Rint=0.1103, Rgigma =

0.1370]

11563/206/357
2.398

R;=0.2834, wR> = 0.6266
R1=0.3258, wR>=0.6388

Largest diff. peak/hole /e A~ 15.67/-11.44
3

2108092
C64H99N8P2Th
1274.49
99.9(4)
triclinic

P-1
12.5298(4)
12.7021(3)
22.4177(4)
104.163(2)
94.301(2)
114.430(3)
3086.33(15)

2

1.371

8.616

1318.0

0.133 x 0.119 x 0.026

CuKa (A= 1.54184)
4.148 to 151.526

-15<h<15,-14<k<15,-27<1<
28

28184

11220 [Rin = 0.0580, Ryigma =
0.0517]

11220/1103/845
1.028
R;=0.0573, wR> = 0.1406

R;=0.0634, wR>=0.1436
3.34/-1.83

Programs for diffractometer operation, data collection, data reduction, and absorption correction were

those supplied by Rigaku.
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5. Preliminary Results and Future WorkX

5.1. U(VI) Oxo Complexes

5.1.1. Background

The focus of the research in this thesis features primarily thorium and uranium in
the 4+ oxidation state. However, as stated in Chapter 1, uranium can access oxidation states
ranging from +3 to +6. Uranium(VI) is often accompanied by an “oxo” ligand, and the
uranyl functionality (O=U=0) is a common motif in U(VI) chemistry, especially in
aqueous environments. The uranyl dication [UO2]*" is water soluble and is the primary
form of uranium in the environment, leading to a search for a method to functionalize the
effectively inert U=0 bond. Activation of U=O can be achieved through multiple methods,
including reductive silylation from U(VI) to U(V) or U(IV).®> The Arnold group
successfully silylated U=O by employing supporting macrocyclic ligands in an anaerobic
environment. They observed a single electron reduction of the uranyl to [O=U-OR]" in the
presence of other transition metal ions.* Additionally, Mazzanti and co-workers have used
salen ligands to support reactive pentavalent uranium oxo species, a system which is similar
to our phosphasalen and phosphazidosalen ligand systems.® Thus, preliminary reactions to
synthesize U(VI) uranyl complexes featuring our phosphazidosalen and phosphasalen

ligand were attempted and are described below.

5.1.2. U(VI) Oxo Phosphasalen and Phosphazidosalen Complexes

The potassiated phosphasalen ligand KoL" was combined with U(O)2Cl2(THF)s in

k Organometallics reference style used throughout this chapter
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Scheme 5.1. Synthesis of U(VI) phosphazidosalen and phosphasalen complexes.

THF and the bright red solution was monitored by *'P{'H} NMR spectroscopy (Scheme
5.1, top). Several resonances suggesting formation of a diamagnetic metal complex were
observed between 6 24.2 and 6 29.9 in THF-ds. A small batch of crystals grown in benzene
gave rise to an X-ray crystal structure featuring two different U(VI) metal centres (Figure
5.1, Table 5.1). Within the structure, one U(VI) centre is distorted hexagonal bipyramidal
and isostructural with L"UClz; the oxo ligands occupy the axial sites, mirroring the chloride
ligands in L"UCl2. The other uranium(VI) centre features a distorted pentagonal
bipyramidal coordination environment, with the two oxygen atoms of the ligand bridging
between the two metal centres. A chloride and a PhaP[(2-O)CsH4]™ group are bound to
uranium, likely the result of PhoP[(2-OK)CsHa4] contamination. While this is not the ideal
L"U(O)z2 structure, the L"U(O)2 fragment can still be compared to L"UCIlz; notably the two
systems are essentially isostructural (Figure 5.2). The N1-N2-N3 angles of the
phosphazides of “L"U(0)2” and L"UCI2 are comparable with values of 104.6(5)° and

103.7(2)°, respectively. Both axial ligand angles are somewhat similar (C11-U1-CI2 =
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L””U(0),U(0),CI[Ph,P[(2-0)CH,]

Figure 5.1. X-ray crystal structure of L"U(O)U(O)Cl[Ph2P[(2-O)CsH4]. Thermal
ellipsoids are drawn at 30% probability. Hydrogens have been removed for clarity.

Table 5.1. Selected bond distances (A) and angles (°) for L"U(O)2U(O)2CI[Ph2P[(2-O)CsHa].

Parameter L’*U(0)2U(0):Cl[Ph2P[(2-0)CsHy]
Bond Distance (A)
P1-N1 1.639(5)
U1-01 1.779(5)
U1-04 2.418(5)
U2-Cl1 2.685(2)
U2-07 2.272(5)
U2-P3 2.960(2)
U2-04 2.487(5)
Bond Angle (%)

N1-N2-N3 104.6(5)

03-U1-04 68.2(2)

01-U1-02 178.4(2)

05-U2-06 177.4(2)

111



L”UVCl, L’UY(0), fragment

Figure 5.2. X-ray crystal structures of L"UCl2 (left) and L"U(O).U(O)2CIl[Ph2P[(2-
0)CsHa] fragment (right). Thermal ellipsoids are drawn at 30% probability. Hydrogens
have been removed for clarity. Only the L"U(O)2 fragment of L"U(O)U(O)2CI[Ph2P[(2-
0)CsHa] 1s shown for comparison purposes.

163.08(3)°; O1-U1-02 =178.4(2)°), though the uranyl O=U=O0 is, unsurprisingly, much
closer to the ideal value of 180°. The U-N lengths in the U(VI) fragment are marginally
shorter than in the U(IV) complex (UY'-N1 =2.555(6) A ; UY'-N3 =2.557(8) A; UV-N1
=2.589(3) A ; UV-N3 =2.586(2) A). As expected for a uranium-oxygen double bond, the
U—Ooxo distances are substantially shorter than the U-O ligand contacts (UY'-01 = 1.779(5)
A; UV-03 =2.443(5) A).

Upon close inspection of the signals in the 3'P{'H} NMR spectrum, 3 distinct
complexes can be identified, two symmetric complexes and one asymmetric intermediate.
A peak at 6 29.9 in THF-ds is postulated to be the U(VI) phosphazidosalen complex
L"U(O)2, as it is the most downfield resonance, and the intermediate signals likely
correspond to the mixed phosphazide/phosphinimine complex L'U(O)2 at 8 29.5 and & 25.3
(1:1 ratio).

A final symmetric complex at 6 24.2 is postulated to be the U(VI) phosphasalen

complex LU(O)2(THF), the result of loss of two equivalents of N2 loss from the
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phosphazidosalen ligand and THF solvento adduct. To verify the assignment of 6 24.2, KoL
was combined with UO2Clx(THF)3 in THF-ds (Scheme 5.1, bottom). The *'P{'H} NMR
spectrum indeed showed the expected resonance at § 24.2, as well as two resonances in a
1:1 ratio (6 23.0 and o 25.4) that are presumably due to an asymmetric product. X-ray
crystallography performed on crystals grown in acetonitrile confirmed the structure of the
U(VI) phosphasalen complex as a dimer wherein one of the oxygen atoms of the ligand
bridges the two 7-coordinate metal centres (Figure 5.3). The complex observed in the solid
state, if it maintained its structure in solution, would likely exhibit two slightly different *'P
resonances due to the asymmetry of the ligand oxygens. Thus, this structure is tentatively
assigned to the signals observed at 6 23.0 and o6 25.4. As presented in chapter 2, the
uranium(I'V) complex can be isolated as the THF adduct LUCI2(THF). Therefore, the signal
at § 24.2 in THF-ds is likely LU(O)2(THF). A dimeric complex similar to [LUY/(O)2]> was
obtained upon heating LU'"VCIl2(THF) to reflux in benzene, which afforded LU CI(p—Cl)]2,
along with concurrent loss of THF (Figure 5.3). The two dimeric phosphasalen complexes
[LUV(0)2]2 and [LUYCI(u—Cl)]2 share many similarities (Figure 5.3, Table 5.2). In both
complexes, the uranium atoms exhibit distorted pentagonal bipyramidal geometry. The
difference between the coordinated phosphinimine P—N distances is not statistically
significant (([LUVCI(u—C1)]2: P1-N1=1.619(6) A; [LUY(O)2]2: P1-N1=1.612(5) A). The
uranium—uranium distance in [LU"YCl(u—Cl)]2is 4.4929(4) A, compared to 3.9674(5) A in
[LUY(0)2]2 and the U"V—C1-U" angle of 105.83(4)° is slightly smaller than the UY'-O-UY!
angle of 108.4(2)°. Therefore, with both the phosphasalen and phosphazidosalen ligand
systems we see direct structural analogies between the U(IV) dichloride species and U(VI)

oxo complexes.
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[LUVCI(p-CI)], . && [LUYY(O)],
Figure 5.3. X-ray crystal structures of [LUCI(u—Cl)]2, [LU(O)2]2 and LUCIl2(THF). The
LUCI(THF) structure is not of sufficient quality to discuss metrical parameters and is

only used to determine atom connectivity. Thermal ellipsoids are drawn at 30%
probability. Hydrogens have been removed for clarity.

Table 5.2. Selected bond distances (A) and angles (°) for [LUY(0)2]2 and [LUYCI(p—CI)]2

Parameter [LYIU(0),] [LUNVCI(p—CD)],
Bond Distance (A)
Ul1-01 1.793(4) 2.197(4)
Uul-02 1.780(5) 2.160(4)
Ul-ClI - 2.630(2)
Ul-Cl2 - 2.809(1)
Uu1-07 2.457(5) -
Ul-N1 2.486(5) 2.452(5)
P1-N1 1.612(5) 1.619(6)
Bond Angle (°)
01-U1-02 178.1(2) 86.9(1)
Ul1-03-02 108.4(2) -
03-U1-04 145.6(2) -
Cl1-Ul-CI2 - 74.17(4)
Cl1-U1-02 - 166.4(1)
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5.1.3. Future Work — Towards U(VI) Oxo Chloride Complexes

Intriguingly, the presence of LU(O)2(THF) in the THF-ds solution of L"U(O)2
suggests that N2 loss from the U(VI) phosphazidosalen complex is faster than in the L"UCl2
analogue. The difference in ionic radii between the two oxidation states (6-coordinate
U(IV) = 0.89 A; 6-coordinate U(VI) = 0.73 A)%, as well as the effect of the oxo vs. chloro
ligands, should impact the ability of the phosphazide groups to cis-isomerize, which is
required for N2 extrusion. An in-depth study of the stability of the two complexes, with
respect to nitrogen evolution, should be pursued in the future with an expert computational
collaborator.

The addition of U(O):Cl2(THF)3 to KLen3 would give a U(VI) oxo chloride
complex within our pyrrole-based diphosphazide ligand system. A complex such as
Lpn3U(O)2C1 would be an interesting candidate to explore for chemical reduction to U(V)
species with a reagent such as KCs, as the chloride ligand would permit facile elimination

of KCI and Cs to provide the 7-coordinate U(V) complex Len3UY(O)2 (Scheme 5.2).
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Scheme 5.2. Proposed synthesis of a U(V) diphosphazide complex
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5.2. Cationic Thorium Alkyl Complexes

5.2.1. Background

Cationic metal centres have been shown to display greater reactivity than their
neutral counterparts, as they are often more electrophilic and contain an open site for a
molecule/ion to coordinate.” Cationic metal centres can mediate polymerization of alkenes
and heterocyclic ethers.®® Alkyl group abstraction, by way of reaction with a Lewis acid,
such as B(CcFs)3, or by cation exchange with a reagent such as [CPh3][B(CesFs)4], are
common methods for the production of metal cations.” While cationic transition metal

COI’I’lplGXGS arc COl’Ill’IlOl’l,10

non-aqueous actinide cations are rare. The Cheng group reported
a series of trialkyl thorium species similar to Lpn3Th(CH2SiMes)s that are active isoprene
polymerization catalysts upon the addition of 2 equivalents of [CPhs][B(CesFs)4].!! The
active species were not isolated, but were presumed to be monoalkyl dicationic thorium
species. Additionally, the Emslie group has made a series of cationic thorium complexes
featuring their dianionic xanthene-based ligand XA: [XA2 = 4,5-bis(2,6-
diisopropylanilido)-2,7-di-tert-butyl-9,9-dimethylxanthene].'>!* Reaction of (XA2)Th(R)2
(R = CH2SiMes or CH2Ph) with [CPh3][B(CeFs)4] in benzene or toluene allowed for the
isolation of arene-coordinated cations, such as [(XA2)Th(CH2SiMes)(n®-arene)][B(CsF5)4]
(arene = CsHs and toluene) and [(XA2)Th(n?>-CH2Ph)(n°-CsHsMe)][B(CsFs)4].!* In
contrast, reaction of [(XA2)Th(CH2Ph)2] with 2 equivalents of B(CsFs)3 resulted in, to my
knowledge, the only example of an isolated non-aqueous thorium dication
[(XA2)Th][PhCH2B(C6Fs)3]2."* Unfortunately, these large ion-pairs can be difficult to

characterize, as they often tenaciously retain solvent, rendering them oily in nature. In

addition, they typically have low solubility in common hydrocarbon and aromatic solvents.
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Scheme 5.3. Synthesis of a thorium diphosphazide cation
Furthermore, the open coordination site generated by ligand abstraction can increase
fluxionality in solution resulting in broad NMR signals. This open coordination site

78,14 50 the

promotes high catalytic activity by allowing easier coordination of the substrate,
use of Lewis basic solvents (such as THF, dme and acetonitrile) can be deleterious to this
chemistry. With this in mind, it was postulated that the numerous nitrogen donors of the

Lpns diphosphazide ligand system might render it possible to isolate a soluble, base-free

alkylthorium cation, and potentially an alkylthorium dication.

5.2.2. Synthesis of Alkylthorium Cations and Evidence for a Thorium Dication
Addition of B(CsFs)3 to LenaTh(CH2SiMes)s in benzene-de resulted in a shift in the
single *'P{'H} NMR resonance from & 49.4 to § 66.1. Noteably, while the *'P{'H} NMR
spectrum indicated a single product, the alkyl region had many peaks that do not correlate
with the predicted product [Len3Th(CH2SiMes)2][(MesSiCH2)B(CeFs)s]. It 1s possible that
a single methide group was abstracted instead of the entire CH2SiMes group. Methide
abstraction from a CH2SiMes group is not unfounded, and usually leads to silyl group

migration, creating a CH2SiMe2CH2SiMes substituent.!>!” However, the alkyl region did
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not match up predictably with a CH2SiMe2CH2SiMes group, so the product cannot be
clearly assigned at this stage. However, it appears that reaction of Lpn3Th(CH2SiMes3)s with
[CPhs3][B(C¢Fs)4] or [CPh3][B(CecH3(CF3)2)4] allowed for complete abstraction of the entire
CH:zSiMes group (Scheme 5.3). The complex [Len3Th(CH2SiMes)2][B(CeFs)4] is stable at
ambient temperature in benzene-ds or toluene for several days and can be isolated as an
oily solid when taken into Et20 and the volatiles removed. The '"H NMR spectrum shows
the expected cationic resonances for [Len3Th(CH2SiMes)2]", with the signals at  —0.17 and
0 0.39 assigned to Si(CH3)3 and Th—CH: respectively. There does not appear to be tight
coordination of a solvent toluene molecule, as there are no resonances associated with a
coordinated arene. Residual peaks assigned to Me3SiCH2CPhs can be seen in the 'H NMR
spectrum, which presumably was not fully removed with multiple heptane washes.
Unfortunately, neither crystals of [LenaTh(CH2SiMes):2][B(CsH3(CF3)2)4]  nor
[LenaTh(CH2SiMes)2][B(CsF5)4] were obtained.

Upon addition of 2 equivalents of [CPh3][B(CsH3(CF3)2)4] to LensTh(CH2SiMes)3
in benzene-ds, the NMR spectra revealed only [Len3Th(CH2SiMes3)2][B(CeH3(CF3)2)4] in
solution after 2 hours. However, after 24 hours, all of the signals in the '"H NMR spectrum
had become extremely broad, and a *'P NMR chemical shift could not be found. This
suggests that a fluxional thorium dication could exist; however, characterization of this
species would likely prove quite difficult. Intruigingly, these broad resonances do not
appear when only 1 equivalent of [CPhs3][B(CcH3(CF3)2)4] is employed, lending further

evidence to a dication.
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5.2.3. CO: Insertion into a Thorium Alkyl Cation

When a solution of [LensTh(CH2SiMes)2][B(CesFs)4] in benzene-ds was exposed to
CO», the *'P{'H} NMR resonance at  64.0 was supplanted by a new signal at § 63.3. The
CH: resonance moved downfield from 6 0.42 to & 1.51, as expected upon CO2 insertion
into each of the remaining two Th—CH2SiMes bonds. Overall, the NMR spectra of
[LpnsTh(k2-02CCH2SiMes)2][B(C6Fs)s] is  highly similar to that of LpnaTh(i?-

02CCHaSiMe3)s.

5.2.4. Future Work — Towards Cationic Thorium Polymerization Catalysts

The structural characterization of the ion pairs [Len3Th(CH2SiMes)2][B(CeFs)4] and
[Len3Th(CH2SiMes)2][B(CsH3(CF3)2)4] is of fundamental interest. Therefore, further
attempts to crystallize these complexes is needed, perhaps using different crystallization
methods and mixed solvent systems. Additionally, the formation of these cations in Lewis
basic solvents (THF or pyridine) could be explored, to see if the phosphazide groups would
prevent exogenous base coordination.

When one equivalent of an amine such as HoNAd is added to the cation, it is
hypothesized that one of four things will occur: 1) the neutral amine would coordinate to
the cationic centre creating [LenaTh(CH2SiMes)2(NH2Ad)]"; 2) one equivalent of SiMes
would eliminate, leaving a mixed alkyl amido system, [Lpn3Th(CH2SiMe3)(NHAd)]'; 3)
the mixed alkyl amido system would then spontaneously eliminate a second equivalent of
SiMes, resulting in a thorium imide, [LensTh=NAd]"; or 4) the alkyl amido cations could
comproportionate leading to the diamido cation and dialkyl cations, [LensTh(CH2SiMes)2]"

and [LenaTh(NHAd)2]". Preliminary results indicate that a single product is produced upon
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the addition of either 1 or 2 equivalents of H:NAd to [Len3Th(CH2SiMes)2][B(CsFs)4];
however, more experiments are required to unambiguously establish the identity of the
product in this reaction.

Finally, polymerization experiments using these cations and potential dications
should be investigated. It is advised to begin with isoprene polymerization in the same
manner that the Cheng group reported, as there is precedent for high activity and their

performance can be directly compared to those alkylthorium cations and dications.

5.3. Th(IV) and U(IV) Pincer Complexes with a Bisphosphinimine Pyrrole Ligand

5.3.1. Background

The Hayes group has employed NNN-monoanionic pyrrole-based ligands as a
supporting scaffold for a number of different metals. Notably, base-stabilized rhodium
silylenes Lp=xRh(SiPh2)(CO) and Lr=nRh(SiHPh)(CO), and borylene Lr-xNRh(BMes)(CO),
were isolated.'®!? In each of these species one of the phosphinimine donors stabilized the
Lewis acidic silicon or boron atom in excellent examples of metal-ligand cooperation.'®1?
The ligand Lp-n contains Pipp groups on nitrogen and isopropyl substituents on
phosphorus, but these can be easily fine-tuned to alter the electronic and steric properties
of the ligand. For example, a series of aluminum, indium and gallium complexes bearing
Lp-n ligand variants that feature Mes and Dipp groups on nitrogen were synthesized.?’
Finally, a rhodium(I) complex capable of alkene hydrogenation used a variant of Lp-~ that
contained phenyl units on phosphorus; this proved to be advantageous as a stabilizing
interaction exists between one of the phenyl rings and the two rhodium atoms in the

t.21

dinuclear resting state of the catalyst.” Therefore, a series of thorium and uranium
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Scheme 5.4 Synthesis of a series of uranium(I'V) and thorium (IV) pincer complexes
complexes with variation of the substituents at nitrogen and phosphorus were prepared, and
their structural and spectral differences assessed. For clarity, for the remainder of this
chapter, the ligands will be referred to as [RL""], with R indicating the functional groups at

phosphorus and Ar representing those on nitrogen.

5.3.2. Synthesis of Th(IV) and U(IV) Pincer Complexes

The ligands RL”" (R = Ph, ‘Pr; Ar = Pipp, Dipp) were used to create five uranium(IV)
and thorium(IV) complexes, including [iprL"PP]ThCl3, as featured in chapter 3 (Scheme
5.4). The sodium salts Na[rLA"] were utilized to transfer the ligand to an actinide metal via
a salt metathesis reaction with either ThClsa(dme)2 or UCls(dme)x (x = 0 or 2). This process
afforded five different 6-coordinate uranium and thorium trichloride pincer complexes. The
complexes are all thermally stable for days at ambient temperature in solution. The
uranium(IV) complexes [iprL"PPJUCIs, [phL"PPJUCIs and [ipLPPPJUCI3 cannot be
reasonably assigned a trend in *'P NMR chemical shift, as the three paramagnetically
shifted 3'P{'"H} NMR resonances are expectedly varied (§ —81.0, & —127.4, & —83.2,
respectively in THF-ds). The 3'P{'H} and 'H resonances for [iprL.PPPJUCI; are extremely

broad in comparison to the other uranium complexes. Such broadness may be due to
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[pnL"PPIThCI, [ie:LPPP]ThCl,

Figure 5.4 X-ray crystal structures of uranium(IV) and thorium(IV) pincer complexes.
Thermal ellipsoids are drawn at 50% probability. Hydrogens have been removed for clarity.

dechelation of the phosphinimine nitrogens in solution. The 3'P{'H} chemical shift for
[hLPPPIThCls is § 35.8 which is upfield of that found for [p:LPP]ThCl3 (8 54.3 in THF-ds),

and consistent with the trend observed for PPhz vs. P'Pr2 groups in *'P NMR spectroscopy.
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5.3.3. X-Ray Crystal Structure Comparisons

Table 5.3 Selected bond distances (A) and angles (°) for [ilL""PPJUCL, [pLPPPJUCL,
[ipeLPPPJUCI3, [puLP"PP]ThCl3 and [ip:L?"PP]ThCl3

Parameter  [PrLPPPJUCL, [phLPPP]UCL, [ip:LPPP]UCL, [psLP#P]ThCl; [e-LPPP]ThCI,

Space Group P2)/e Peal, P21.-"'n Peal, le.-"lc
Bond Distance
(A)
M-Cl11 (A) 2.6172(9) 2.623(2) 2.6117(7) 2.685(3) 2.687(1)
M-CI2 (A) 2.632(1) 2.623(2) 2.6263(8) 2.688(2) 2.699(1)
M-CI3 (A) 2.6286(9) 2.611(2) 2.5969(7) 2.673(2) 2.689(1)
M-N1(A) 2.344(3) 2.327(5) 2.441(2) 2.364(5) 2.378(3)
M-N3 (A) 2.415(3) 2.404(6) 2.365(2) 2.481(9) 2.474(4)
P1-N1(A) 1.626(3) 1.627(5) 1.649(2) 1.623(6) 1.635(4)
Bond Angle (%)
Cl1I-M—CI3 (%) 175.72(3) 175.00(6) 175.42(3) 173.89(7) 174.34(4)
NI-M-N2 (®) 138.32(9) 138.5(2) 142.82(7) 135.5(2) 135.2(1)

X-ray crystal structures were collected for [ipL"PPJUCIs, [pnLPPPJUCI:,
[ipLPPPJUCI; and [phL"PPJThCls and compared to the previously reported [iprL"PP]ThCl3
(Figure 5.4). The complexes are isostructural, but they crystallized in different space
groups, depending on the ligand that was present (Table 5.3). The complexes all feature
pseudo-octahedral geometry, with the N3—-M—CI2 and Cl11-M—CI3 angles close to 180°.
The Th—N and Th—Cl bond lengths are consistently longer than the U-N and U—CI bonds,
in accordance with the difference in ionic radii of the two metals (6-coordinate Th(IV) =
0.94 A; 6-coordinate U(IV) =0.89 A).% Notably, [ip-LPPPJUCI3 is the only complex in which
the M—N1 and M—N2 bonds are longer than the distance between uranium and the central
pyrrole nitrogen (M-N3). Additionally, the phosphinimine P-N bonds in [ir:L°PPJUCI3 are
longer than in the other complexes by about 0.2 A. The ligands all provide a planar
coordination environment, with the metal, pyrrole ring, P1, P2, N1, N2 and CI2 forming a

plane.
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5.3.4. Cationic Pincer Complexes

As mentioned in section 5.2, cationic complexes contain an open coordination site
that is often filled when the cation is exposed to a Lewis-basic solvent. When Na[BArF>*]
or [CPhs][BArF?*] was added to [ir:L"PP]ThCl3 in dme or [ip:L"PPJUCI3 in THF, the cationic
complexes  [(ipr[LPPP)ThClo(dme)][BArF?*]  and  [(irLPPP)UCL(THF)][BArF?],
respectively, were produced, as confirmed by X-ray crystallography (Scheme 5.5, Figure
5.5). The structure of [(irrL"PP)UCI(THF)][BArF?*] is of too poor quality to discuss
metrical parameters; however, [(iprL"P?)ThCl2(dme)][BArF?*] is similar to [ip:L"PP]ThCls.
The solid-state structure reveals [(iprL"PP)ThCl2(dme)][BArF?*] has a 7-coordinate thorium
centre with a dme molecule coordinated to thorium through both oxygens (Figure 5.5,
right). The Th-N1 distance in [(ip:.LPPP)ThCl2(dme)][BArF**] (Th-N1 = 2.421(8) A) is
longer than that in [iprL"PPJThCl3 (Th-N1 = 2.378(3)A); however, the Th-N3 distance is
shorter (2.433(6) vs. 2.474(4) A). The Th-Cl bond lengths are similar between
[(iprL"PP)ThCl2(dme)][BATF?*] and [iprL"PP]ThCls (Table 5.4).

When either [(ip:L"PP)ThCl2(dme)][BArF?*] or [(iplLPPP)UCL(THF)][BArF?] is left
in THF-ds at ambient temperature for more than 12 hours, the solvent in the NMR tube

polymerizes. Unsurprisingly, the solubility of these complexes in non-Lewis basic solvents

Cla sol
Aln‘\ ®p )
— \N

N~ ¢] F N— /"
el N ”i 1 eq. Na[BAr" 4] i Il o N ||i
'PryP P'Pr > Pro,P P'Pr
—NaCl E 1
An =Thand U [BAr54]

sol = THF or dme
BArF?4 = B(CgH3(CF3),)4

Scheme 5.5 Synthesis of a uranium(IV) and thorium(IV) pincer cation
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[(ipLFiPP)UCI,(THF)][BArF,,]

[Ge LPPP)ThCl,(dme)][BAr",,]

Figure 5.5 X-ray crystal structures of [(ipLPPP)UCI2(THF)][BArF?*]  and
[(ipeLPPP)ThCl2(dme)][BArF?*]. Thermal ellipsoids are drawn at 50% probability.
Hydrogens have been removed for clarity.

Table 5.4 Selected bond distances (A) and angles (°) for [(irrL""?)ThCl2(dme)][BArF**] and
[iprLPPP]ThCl3

Parameter [(ip:LFiPP) ThCl2(dme)] [BArF*| [ip-LFiPP] ThCl,
Space Group P-1 P,/ec
Bond Distance (A)
Th—Cl1 (A) 2.680(2) 2.687(1)
Th-Cl2 (A) 2.679(2) 2.699(1)
Th—CI3 (A) . 2.689(1)
Th-N1 (A) 2.421(8) 2.378(3)
Th-N3 (A) 2.433(6) 2.474(4)
P1-N1 (4) 1.624(7) 1.635(4)
Th-01 (A) 2.639(8) -
Th-02 (A) 2.599(6) -
Bond Angle (%)
Cl1-Th—CI3 (®) - 174.34(4)
Cl1-Th—CI2 (®) 173.19(9) 87.02(4)
N1-Th-N2 (%) 136.6(2) 135.2(1)

is minimal and they are oils in aromatic hydrocarbon solvents. Unfortunately, attempts to

crystallize these complexes in bromobenzene, benzene or toluene were unsuccessful. The
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Scheme 5.6 Synthesis of a uranium(IV) and thorium(I'V) complex with internal lewis-
bases

solution state NMR spectra exhibit extremely broad peaks when [CPh3][B(CeF5)4] is added
to [ip[LPPP]ThCl3 or [ip[LPPPJUCI3 in benzene-ds or bromobenzene-ds. Future investigations

are needed to determine if there is solvent arene coordination.

5.3.5. Future Work — Towards Base-free Cationic Actinide Complexes

It was theorized that internal Lewis bases incorporated into the ligand could allow
for solvent-free cation formation, even when such cations are formed in Lewis basic
solvents, such as THF or dme. Therefore, a ligand previously synthesized in the Hayes lab
that features 2,5-dimethylpyrimidine groups at nitrogen®? was considered for complexation
with uranium and thorium. The complexes [ip[L”"JUCIs and [ip:L"¥"]ThCl3 were made in the
same manner as the previously described pincer complexes (Scheme 5.6). X-ray
crystallography revealed 8-coordinate actinide complexes with the two pyrimidine groups
coordinated to the metal through one nitrogens from each pyrimidine (Figure 5.6). The M—
Cl bonds in [iprL™"IMCl3 are longer than those in [iprL"PPJMCl3 and [pnLPPP]MCl3 (M = Th
and U) (c.f Table 5.3 and Table 5.5). Structurally, the pyrimidine ligand [ipL™] is
comparable to Lpns as they are both pentadentate ligands with all nitrogen donors.

Intriguingly, the N1-C17-N5 angle in [ L""JUCI3 of 110.7(3)° is similar to the
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Lip L?"IThCI; LipLPY*]UCI;

Figure 5.6 X-ray crystal structures of [ip.L"™"]ThCls and [ip:L"¥"JUCI3. Thermal ellipsoids
are drawn at 50% probability. Hydrogens have been removed for clarity.

Table 5.5 Selected bond distances (A) and angles (°) for [iprL.™"]ThCl3 and [ip:L?Y"JUCIs.

Parameter [ie,LP*]ThClI, [ie, L]UCI,
Space Group P-1 P2y/c
Bond Distance (A)
M-CI1 (&) 2.7277(7) 2.6399(9)
M-CI2 (&) 2.7073(9) 2.6993(8)
M-CI3 (&) 2.7148(8) 2.6766(9)
M-N1 (A) 2519(2) 2.463(3)
M-N3 (&) 2.578(3) 2.515(3)
P1-NI (A) 1.626(3) 1.632(3)
M-N5 (A) 2.707(3) 2.629(2)
Bond Angle (°)
CII-M—CI3 (°) 169.68(3) 165.82(3)
NI1-M-N2 (°) 128.02(9) 131.57(9)
NI-C17-N5 (°) 111.1(3) 110.7(3)

phosphazide N1-N2—-N3 angle of 107.1(3)° in Lpn3UCI3. An ambient temperature solution
state 'H NMR spectum of [ip,LP"]ThCl3 exhibited two distinct broad pyrimidine methyl
resonances at 6 2.74 and o 2.34, confirming that the pyrimidine nitrogens remain

coordinated in solution. The reaction chemistry of these complexes should be studied in the
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future by adding Na[BArF?*] to them in THF or dme to see if the coordinated pyrimidine

nitrogens preclude the coordination of a solvent molecule.

5.4. Titanium(III) Coordination Complexes with Phosphazide Ligands

5.4.1. Background

Titanium as an element has many things in common with thorium. Both metals are
earth abundant and are most commonly found in the +4 oxidation state.”®> Low valent
titanium(I11), however, behaves quite differently than either Th(IV) or Ti(IV). Titanium
(IIT) is paramagnetic and readily undergoes 1-electron oxidation to return to Ti(IV).
Nevertheless, the increased reactivity of the low-valent metal allows for diverse reaction
chemistry. Homogeneous titanium catalysts have been shown to reduce N2 to ammonia,
usually by way of a Ti(IlI)-Nz or in situ prepared Ti(I)-N2 intermediate.** Titanium(III)
complexes often bridge N2 end-on when exposed to an atmosphere of dinitrogen.”> When
metal-coordinated phosphazides lose N2, the nitrogen must necessarily do so within the
coordination sphere of the metal. To date, there have been no examples of N2 capture by a
metal from the decomposition of a phosphazide complex. A stable Ti(III) phosphazide
might provide an avenue for this unprecedented process, or at least a starting material for

further reduction to Ti(Il), if necessary.

5.4.2. Titanium(IIl) and U(IV) Diphosphazide Complexes
When TiCl3(THF)3s was combined with Kipns in dme, a dark green/blue solution
was visible (Scheme 5.7). When left to crystallize from dme at —35 °C, X-ray quality

crystals were obtained; diffraction experiments confirmed the identity of Len3TiClz (Figure
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Scheme 5.7. Synthesis of a titanium(III) diphosphazide complex and its decomposition

5.7). Additionally, Len3UCIls crystals were also obtained in the same manner, and can be
compared to Len3TiClz, as well as previously characterized Len3ThCls (see chapter 3)
(Figure 5.7). All three complexes, Lpn3TiClz, Len3UCIls and LensThCls, contain two
phosphazide units coordinated to the metal centre via both the a- and y-nitrogens. While
the isostructural Len3UCI3 and LensThCls contain three chloride ligands which yields
pseudo-hexagonal bipyramidal geometry at the metal centre, the seven-coordinate
LensTiClz possesses a distorted pentagonal bipyramidal titanium. The N1-N2-N3 angles
in Lpn3TiCl2 (105.1(4)°) and LenaUCI3 (107.1(3)°) are similar, but the N1-Ti—N6 angle of
104.3(2)° 1s significantly smaller than N1-U1-N6 (129.0(1)°), as there is one less chloride
ligand, allowing the phosphazide y-nitrogens to sit closer together (Table 5.6). The shorter
metal-N1 and metal-N7 distances in LensTiClo (N1-Til = 2.114(5) A, N7-Til = 2.168(5)
A;N1-U1=2.452(3) A,N7-U1 =2.562(3) A) are likely a result of the smaller ionic radius
of titanium compared to uranium (6-coordinate Ti(IIT) = 0.67 A; 6-coordinate U(IV) = 0.89
A; 8-coordinate U(IV) = 1.00 A)%. The metal-N3 distance of 2.737(5) A in Len3TiCla,
however, is quite long and might not represent a meaningful interaction.

Notably, the titanium(III) centre does not have a coordinated dme or THF molecule,

despite an excess of both in solution. This implies that the 7-coordinate environment around
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LonsTiCl, LpnsUC,

Figure 5.7 X-ray crystal structures of Lpn3TiCl2 and Len3sUCI3. Thermal ellipsoids are
drawn at 50% probability. Hydrogens have been removed for clarity.

Table 5.6 Selected bond distances (A) and angles (°) for Len3TiCl2 and Lpn3UCls.

Parameter LrwaTiClz LensUCD
Bond Distance (A)
NIM 2.114(5) 2.452(3)
N3-M 2.737(5) 2.760(3)
N7T-M 2.168(5) 2.562(3)
Bond Angle (%)
N1-N2N3 105.1(4) 107.1(3)
N3-M-N6 104.3(2) 120.0(1)

titanium might only allow for ligands that are smaller than THF to fit in the binding pocket
of the complex, such as N2 or acetonitrile. An initial experiment in which an atmosphere of
N2 was added to a degassed solution of Lpn3TiClz in dme caused an immediate colour
change from blue/green to orange. Additional experiments (such as X-ray or IR analysis)

are needed to confirm that this was due to N2 complex formation and not accidental

introduction of air or moisture. Unfortunately, NMR analysis of these titanium(III)
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[LPNS/PN-TiC|2]2

Figure 5.8 X-ray crystal structure of [Len3/pN-TiClz2]2. Thermal ellipsoids are drawn at 50%
probability. Hydrogens have been removed for clarity.

complexes is exceedingly difficult due to their paramagnetism, and the spectra obtained
were broad and uninformative. However, if multiple spectra of confirmed products were
collected, a database of the paramagnetic spectra could be created to monitor changes in

the composition of products in solution.

5.4.3. N:loss from Titanium(III) Diphosphazide Complex

A solution of Len3TiCl2 in dme was heated at 80 °C for 10 minutes with stirring.
The solution was then placed in a —35 °C freezer. X-ray diffraction studies on the resulting
yellow/orange crystals revealed the structure as the Ti(IV) dimer [Len3z/pN-TiCl2]2 (LpNz/en-
= 2-[(4-"PrCsH4)N3=P'Pr2]-5-(N=P'Pr2)N(C4H2)2*") (Figure 5.8). Unfortunately, the X-ray
data was not of sufficient quality to permit a detailed discussion of metrical parameters;

however, atom connectivity can still be assessed. One of the aromatic groups on each ligand
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has been lost, leaving an anionic phosphinimide. Hence, 1¢” oxidation from Ti(III) to Ti(IV)
has occurred (Scheme 5.7). This conversion from phosphazide to phosphinimide is the first
example of such a transformation by our group, and to our knowledge, has only been
reported in one other instance.?® Fryzuk and co-workers introduced KBEt:H to their Fe(II)
phosphazide [FeBr(EpN3""M¢)(THF)] (EpN3P*M¢ = (2,6-ProCsH3)N=CsHg[2-P'Pr2N3(2,6-
Me2C6H3)]) in an attempt to make an iron(II) hydride, but instead isolated a dinuclear
complex with bridging phosphinimido units [Fex(EpN')2] (EpN' = (2,6-
"ProCsH3)N=CsHg[2-P'Pr2N"]).26 Deuterium labelling experiments performed by Fryzuk et
al. revealed that the elimination of N2 and xylene (1,3-Me2CsH4) likely proceeded via a
radical pathway. It is currently unknown how the decomposition process that created
[Lens/pN-TiCl2]2 occurred as there are no obvious hydride sources present. Accordingly,
investigation into this mechanism is warranted for future studies, as this will provide
valuable information on N2 loss from phosphazides in these systems. The two remaining
intact phosphazide groups in the structure are coordinated in a k' fashion to titanium; one

1s in the cis conformation and the other is #rans in the solid state.

5.4.4. Future Work — Towards N, Capture from a Coordinated Phosphazide
Unwanted oxidation of Ti(III) to Ti(IV) is an obstacle in the goal of N2 capture from
a coordinated phosphazide. Therefore, a milder method of inducing N2 loss might be
required, such as lower temperatures or UV irradiation. Additionally, reduction of
Len3TiClz2 with KCs might provide a better path to an N2 complex via transient Ti(II). The
ideal conditions for this unprecedented reactivity will likely require highly precise

investigations (i.e. low temperature, mixed-solvent systems etc.).
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5.5. Group 1 Phosphazide Complexes and Other Phosphazides

5.5.1. Background

Though metal-coordinated phosphazides are heavily featured in this thesis, they are
only one of the many known effective phosphazide isolation strategies. Sterics, electronic
effects, hydrogen bonding and cyclization have also been demonstrated to produce stable
phosphazides, although it can be difficult to determine whether it is one or several of these
factors that contribute to the overall stability of a given phosphazide.?’” Therefore, a
systematic study of simple phosphazides, in which each of these variables can be
independently assessed, is warranted. Notably, the phosphazide ligands in this thesis use
potassium ions to stabilize the phosphazide. The large group 1 ion appears to be well-suited
to stabilizing multiple phosphazides (vide supra). It is my hypothesis that the large ionic
radius of the potassium ion (4-coordinate K™ = 1.37 A)® is a contributing factor to the
stability of the group 1 phosphazide; therefore, a comparative study of isostructural K*, Na*
(4-coordinate Na"= 0.99 A) and Li* (4-coordinate Li* = 0.59 A) phosphazides, and their

corresponding relative thermal stabilities, is of interest.®

5.5.2. Cis and Trans Aryl Phosphazides

In order to ascertain whether nearby hydrogen bonding would aid the isolation of a
phosphazide in a simple system, a solution of Ph2P[(2-OH)CeH4] in toluene was added to
a separate solution of Pipp—Ns. The *'P{'"H} NMR spectrum of the reaction contained 3
resonances: one that corresponded to a small quantity of residual phosphine, a large signal
at 0 18.59 (P=N) and a small peak at 6 28.88 (P=N3). The integration of the resonances

indicate a 3:1 ratio of phosphinimine to phosphazide. This large initial quantity of
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Scheme 5.8 Synthesis of cis and trans aryl phosphazides
phosphinimine implies that N2 loss is facile in this system. Moreover, Ph2P[(2-NH2)CsH4]
and Pipp—Ns afforded similar results. The isolation of phosphazides in this system is likely
to be difficult and would require low temperature, if it is indeed possible at all. These results
imply that hydrogen bonding alone may be insufficient to produce a stable phosphazide.
In order to determine if increased steric bulk allows for phosphazide isolation, a
phosphine containing ‘Bu groups in the meta-positions of an aromatic substituent, Ph2P[(2-
OH)(3,5-'Bu)C¢H2], was added to Pipp—N3 (Scheme 5.8, right). Colourless crystals grew
within 16 hours from pentane at —35 °C. The *'P{'H} NMR spectrum exhibited one major
peak at 6 30.7, along with a few minor by-products. A broad OH resonance was observed
at § 15.00 in the "TH NMR spectrum, which is far downfield for an alcohol, suggesting the
existence of contact with the phosphazide moiety. X-ray data was collected on a poor-
quality crystal, which established atom connectivity of this cis-phosphazide (Figure 5.9,
left). For comparison purposes, ‘Pr2P[(2-OH)(3,5-'Bu)CsH2] was reacted with Pipp—N3 in
order to see if the steric bulk at phosphorus would affect the formation of the phosphazide
(Scheme 5.8, left). Crystals grown from this reaction showed 95% purity by NMR

spectroscopy: a >'P{'H} NMR resonance was observed at & 59.8. The OH proton appears
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Figure 5.9 X-ray crystal structures of Ph2P[(2-OH)(3,5-Bu)C¢H2] and ‘Pr2P[(2-OH)(3,5-
‘Bu)CeHz2]. Thermal ellipsoids are drawn at 50% probability. Hydrogens, except for H1,
have been removed for clarity.

Table 5.7 Selected bond distances (A) and angles (°) for ‘Pr2P[(2-OH)(3,5-Bu)CsH2] and
cyclopyrrolazide.

Parameter Pr2P[(2-OH)(3,5-'Bu)CsHz] Cyclopyrrolazide
Bond Distance (A)
NI-N2 1.362(2) 1.327(4)
N2-N3 1.271(2) 1.281(3)
P1-N1 1.648(2) 1.657(3)
Bond Angle (%)
NI1-N2-N3 113.4(2) 117.4(2)

as a broad singlet in the 'H NMR spectrum at & 14.81 (Figure 5.9). The X-ray structure
revealed a trans-phosphazide with an N1-N2-N3 angle of 113.4(2)° (Table 5.7). The
intriguing change from a cis-phosphazide in [(2-OH)(3,5-Bu)CsH2]Ph2P=N3(Pipp) to a
trans-phosphazide in [(2-OH)(3,5-Bu)CsH2]'Pr2P=N3(Pipp) is likely a consequence of
either an electronic effect or steric effect imposed by the phenyl vs. the isopropyl groups

on phosphorus.

5.5.3. Group 1 Phosphazides
Addition of LiCH2SiMes, NaH or KH to ‘Pr2P[(2-OH)(3,5-'Bu)CsH2] in THF

resulted in deprotonation of the OH group and production of a series of group 1 metal salts.
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Scheme 5.9 Synthesis of a cyclic cis-diphosphazide

When ‘Pr2P[(2-OK)(3,5-'Bu)CsH2] was added to N3—Pipp in pentane, crystals grew from
the cold (=35 °C) yellow solution over the course of 16 hours. The *'P{!H} NMR spectrum
contained a single peak at 6 51.8. While an X-ray crystallography study has yet to be
conducted, the similar *'P NMR resonance to that of [(2-OH)(3,5-Bu)CsH2]'Pr2P=N3(Pipp)
suggests that the product is indeed a stabilized phosphazide. Combination of one equivalent
of 18-crown-6 with [(2-OK)(3,5-'Bu)CsH2]'"Pr2P=N3(Pipp) resulted in immediate
effervescence. The *'P{'H} NMR spectrum broadened dramatically and shifted to § 52.7.
The ‘Pr methine resonance shifted downfield from & 2.84 to § 3.67 in the 'H NMR spectrum.
Intriguingly, despite the confidence with which this *'P{'H} resonance has been assigned
to the phosphinimine (due to the vigorous bubbling observed) this is the only example in
which the phosphinimine resonance has been observed at a frequency that is downfield of

the analogous phosphazide. If the series of group 1 phosphazides can be isolated, a study

of their solution-state stability is warranted.

5.5.4. Cyclopyrrolazide Ligand
In order to make a cyclic phosphazide, 1,2-diazidobenzene was coupled with
diphosphine 2,5-("Pr2P)2NH(CsH>) in toluene (Scheme 5.9). No bubbling was observed and

small yellow needles immediately precipitated from solution. The NH '"H NMR resonance
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Figure 5.10 X-ray crystal structure of cyclopyrrolazide. Thermal ellipsoids are drawn at
50% probability. Hydrogens, except for H7, have been removed for clarity.

was remarkably downfield at § 14.90 and the *'P{'H} NMR spectrum exhibited a signal at
d 25.0, which is downfield shifted from & —11.1 in 2,5-(‘Pr2P)NH(CsHz). X-ray
crystallography revealed a 13-atom macrocycle with two cis-phosphazides (Figure 5.10,
Table 5.7). The N1-N2-N3 angle is 117.4(2)°, which is larger than the average metal-

coordinated phosphazide angle of 111.3°, but smaller than that of the cyclic metal-free

phosphazide (‘Pr2N):PN3[CH(CO2Me)]z isolated by Bertrand and colleagues (124.0(3)°).28

The N1, N2, N4 and N5 atoms lie outside of the plane defined by P1-P2-N3-N6-N7 by
0.693 A (N1-plane), 0.677 A (N4—plane), 0.587 A (N2-plane), and 0.576 A (N5-plane).
Heating this ‘cyclopyrrolazide’ compound in benzene-ds caused decomposition to multiple

unidentified products.

' The No—Np—N, angle for all metal- and boron-phosphazides with reported X-ray crystal structures from
1978-2022 was collected and the mean was calculated (52 in total).
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5.5.5. Future Work — Towards A Systematic Comparison of Stabilized

Phosphazides

The next stage of this study would be to assess the stability differences between
these phosphazides in solution, by heating them and monitoring their decomposition via
3IP NMR spectroscopy. In addition, further studies regarding steric and electronic effects
should be investigated. By using NMe2 groups on phosphorus, instead of ‘Pr groups, the
electronic effect of enhanced electron donation could be determined without a large change
to the steric environment.

The ‘cyclopyrrolazide’ compound could be used as a planar macrocyclic ligand to
support a small metal in the centre. For example, addition of AlMes could allow for
elimination of methane and formation of a dimethyl aluminum complex. Furthermore, the
use of furan-based 2,5-(‘Pr2P)2NH(C4sH2) could determine if the NH bond is necessary for
stabilizing the cyclic diphosphazide, as well as creating a neutral planar ligand similar to

‘cyclopyrrolazide’.
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5.6. Experimental Details for Chapter 5

5.6.1. Laboratory Equipment and Apparatus

An argon filled MBraun glove box was employed for manipulation and storage of all
oxygen and moisture sensitive compounds. All thermally unstable compounds were stored
ina—35 °C freezer within the glove box. All reactions were performed on a double manifold
high vacuum line using standard techniques or in a glove box under an atmosphere of
argon.?’ Commonly utilized specialty glassware includes the swivel frit assembly, needle
valves, and thick walled (5 mm) glass bombs equipped with Kontes Teflon stopcocks.?’ All
glassware was stored in a 110 °C oven for a minimum of 12 hours, or flame-dried before
immediate transfer to the glove box antechamber or assembled on the vacuum line and

evacuated while hot.

5.6.2. Solvents

Toluene, pentane, and tetrahydrofuran (THF) solvents were dried and purified using
the Grubbs/Dow purification system and stored in evacuated 500 mL bombs over
titanocene™ (toluene and hexanes) or sodium/benzophenone ketal (THF).>! Diethyl ether,
pentane, heptane, benzene, benzene-ds, toluene-ds, and THF-ds were dried and stored over
sodium/benzophenone ketal in glass bombs under vacuum. Unless otherwise noted,
solvents were introduced via vacuum transfer with condensation at —78 °C. Liquid nitrogen
(=196 °C), liquid nitrogen/pentane (—130 °C), dry ice/acetone (—78 °C), dry ice/acetonitrile
(—45 °C) and water/ice (0 °C) baths were used for cooling receiving flasks and to maintain

low temperature conditions.
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5.6.3. Instrumentation and Details for NMR Experiments

All NMR spectra were recorded at ambient temperature, except where noted, with
a Bruker Avance I NMR spectrometer (300.13 MHz for 'H, 75.47 MHz for 1*C and 121.48
MHZz for *'P) or Avance III NMR spectrometer (700.13 MHz for 'H, 176.05 MHz for *C,
and 283.54 MHz for *'P) NMR spectrometer. All 'H NMR spectra were referenced to
SiMes through the residual 'H resonance(s) of the employed solvent; benzene-ds (7.16
ppm), toluene-ds (2.09, 6.98, 7.02 and 7.09 ppm), chloroform-di (7.26 ppm) or THF-ds
(1.73 and 3.58 ppm). '*C NMR spectra were referenced relative to SiMes through the
resonance(s) of the employed solvent; benzene-ds (128.0 ppm), toluene-ds (20.4, 125.2,
128.0, 128.9, 137.5 ppm), chloroform-di (77.16 ppm) or THF-ds (25.4, 67.6 ppm). 'H
NMR data for diamagnetic compounds are reported as follows: chemical shift, multiplicity
(s = singlet, d = doublet, t = triplet, q = quartet, quint = quintet, sp = septet, br = broad, m
= multiplet, app = apparent, obsc = obscured, ov = overlapping), coupling constants (Hz),
integration, assignment. '3*C NMR data for diamagnetic compounds are reported as follows:
chemical shift, assignment. Assignment of resonances were supported by 'H-'H COSY,
BC{'H} APT, 'H-'3C{'H} and HSQC/HMBC experiments. All uranium compounds in
this paper are paramagnetic. For paramagnetic compounds, w12 denotes width at half height

in hertz.

5.6.4. Additional Instrumentation
Elemental analyses (%CHN) were conducted at the University of Lethbridge by
Jackson Knott or Dylan Webb on an Elementar Americas Vario MicroCube Analyzer (C,

H, N, O, S capabilities).
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5.6.5. Additional Safety Considerations

Organic azides are both toxic and explosive. Care should be taken while handling
azides, particularly if they are solvent free and/or at elevated temperatures. Phosphines are
toxic and care should be taken while handling. 2*®U is a weak o-emitter with a half-life of
4.47 x 10° years. Natural thorium (primary isotope >**Th) is a weak a-emitter (4.012 MeV)
with a half-life of 1.41 x 10'° years; manipulations and reactions should be carried out in a

fume hood or in an inert atmosphere glove box.

5.6.6. Synthetic Procedures

Synthesis of L'"U(0),U(0):CI1[Ph,P[(2-O)CsHa]:

In an argon-filled glove box, a 5 mL shell vial was
o) charged with KoL" (8.6 mg, 0.011 mmol) and
N= N~ =N UO:CI(THF); (6.0 mg, 0.011 mmol). To this

Ph,P=N— / \ —N=PPh,

o\ /

mixture 2 mL of THF was added. The solution

\U\_OC turned red immediately. The solution was agitated

oyl

\ for 2 minutes and the THF was removed in vacuo.
PPh,

The product was extracted into C¢Ds and filtered
through Celite® (to remove salts) into an NMR tube. Red crystals grew over 16 hours in
the NMR tube at ambient temperature. "H NMR (C¢Ds, 300.13 MHz): Multiple overlapping
signals from & 6.3 to 8.6, resulting from several products, were observed. *'P{'H} NMR

(CeDs, 121.49 MHz): 6 75.48 (s), 38.48 (s, signal for L"U(O)2), 37.07 (s)..
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Synthesis of [LU(O):]2:

In an argon-filled glove box, an NMR tube was
Ph,oP Q ©\Pph2 charged with KzoL (4.1 mg, 0.0056 mmol) and
II
\,, i \\,, g j@ UO2CI(THF); (3.1 mg, 0.0056 mmol) and
/
/ II\\O ”\ dissolved in THF-ds. The solution turned red

II
Ph; \© PPh2 immediately and red crystals crashed out of

solution after 10 minutes at ambient temperature.
'H NMR (CsDs, 300.13 MHz): Multiple overlapping signals were observed between § 5.8
and § 8.2, arising from two different products. *'P{'H} NMR (C¢Ds, 121.49 MHz): § 25.48

(s), 24.23 (s, LU(O)2(THF)), 23.06 (s).

Synthesis of [LUCI(p—Cl)]2:

In an inert atmosphere glove box, a solution of

pth‘© Q\Pph2 LUCL in 5 mL of benzene (16.4 mg, 0.0169
@ \ 3 /Cl U ]@ mmol) and heated to reflux in a sealed 2 mL screw
N U\\ -~ / \N cap vial for 10 minutes. The solution was left at
thp\© ©,||3|Ph2 ambient temperature for 16 hours. Bright green
crystals formed on the surface of the solvent. The

solvent was decanted and the crystals dried in vacuo.
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In situ synthesis of [Lpn3Th(CH,SiMes):][BArF?|:

[BArF24] In an inert atmosphere glove box, an NMR tube
Me3Si SiMe3 |

Plpp\N |/ N — Pipp was charged with LensTh(CH2SiMes)s (10.3
N// \’. / \\N
\N/@Tlh\N' mg, 0.0092 mmol) and [CPhs][BArF**] (9.2

i N \ .
>’ P P —< mg, 0.0092 mmol). To the solids, 2 mL of C¢Ds

was added and a yellow oil formed. 'H NMR
(CsDs, 300.13 MHz): & 8.41 (s, 8H, anion ortho-CH), 7.82 (d, *Jun = 8.4 Hz, 4H, aromatic
CH), 7.70 (s, 4H, anion para-CH), 7.19 (d, *Juu = 8.4 Hz, 4H, aromatic CH), 6.50 (s, 2H,
pyrrole-CH), 2.64 (sp, >Jun = 6.8 Hz, 2H, Ar—CH(CH3)2), 2.06 (m, 4H, P-CH(CH3)2), 1.06
(d, *Jun = 6.9 Hz, 12H, Ar—-CH(CH3)2), 0.81 (m, 24H, P-CH(CH3)2), 0.39 (br s, 4H, Th—
CH>), —0.17 (s, 12H, Si(CH3)3). "B{'H} NMR (C¢Ds, 96.29 MHz): & —5.88 (s). °F{'H}

NMR (CsDs, 282.40): & —62.1 (s). *'P{'H} NMR (C¢Ds, 121.49 MHz): 8 63.6 (s).

In situ synthesis of pnLFPPThCl;:

In an inert atmosphere glove box an NMR tube was

Clg
P l‘:‘ Pipp charged with NappLPP (3.9 mg, 0.0054 mmol) and
PP, _—Th—_ -~
N A ThCla(dme)2 (3.0 mg, 0.0054 mmol). To this mixture, THF-

Ph,P PPh,
U ds was added. Colourless crystals grew in the NMR tube

over 16 hours at ambient temperature. '"H NMR (THF-ds, 300.13 MHz): & 7.72 (m, 8H,
aromatic CH), 7.55 (m, 4H, aromatic CH), 7.43 (m, 8H, aromatic CH), 6.96 (m, 4H,
aromatic CH), 6.85 (m, 4H, aromatic CH), 6.51 (ov dd, 2H, pyrrole-CH), 2.74 (sp, *Jun =
7.0 Hz, 2H, Ar—-CH(CH3)2), 1.14 (d, *Jun = 6.9 Hz, 12H, Ar—CH(CHj3)2). *'P{'H} NMR

(THF-ds, 121.49 MHz): 8 35.8 (s).
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Synthesis of ip LYPPUCl3:
Clg In an inert atmosphere glove box, NaipLPPP (120.0 mg,
Pipp\N /U“\\N,Pipp 0.203 mmol) and UCls(dme)2 (114.0 mg, 0.204 mmol) were
/ Przg\C@/ Il:ii Pro  added to a 20 mL scintillation vial with a Teflon® coated stir
bar. To this mixture, 5 mL of dme was added and the solution
was stirred for one hour. The solution was filtered through Celite® to remove salts, and the
solvent was removed in vacuo. The product was washed with pentane (2 x 2 mL) and dried
in vacuo resulting in a light green solid. Yield: 153 mg, 82.7%. 'H NMR (C¢Ds, 300.13
MHz): § 0.21 (s, 2H, pyrrole-CH), —0.68 (dd, *Jup = 16.8 Hz, *Jun = 7.0 Hz, 12H, P—
CH(CHS3)2), —2.14 (dd, *Jup = 16.0 Hz, *Jun= 7.0 Hz, 12H, P-CH(CH3)2), —4.24 (d, *Juu =
6.6 Hz, 12H, Ar—CH(CH53)2), —4.79 (d, *Jun = 7.5 Hz, 4H, aromatic CH), —5.11 (sp, *Juu =
6.8 Hz, 2H, Ar-CH(CH3)2), —11.89 (m, 4H, P-CH(CH3)2), —12.38 (d, *Jun = 7.5 Hz, 4H,
aromatic CH). *C{'H} NMR (CsDs, 75.47 MHz): § 130.5, 126.0, 107.1, 73.2, 28.6, 15.6,

13.7,9.2, 8.3,-149.4. 3'P {{H} NMR (CsDs, 121.49 MHz): § —64.8 (s)

Synthesis of pnLFPPUCI3:
Cl Cl In an inert atmosphere glove box, NapnLPPP (64.0 mg,

Pipp\N /U‘\N/ Pipp  (.089 mmol) and UCl4(dme)2 (50.0 mg, 0.089 mmol) were

Ph 2||3| \C@/ ||3|Ph 5 added to a 20 mL scintillation vial with a Teflon® coated

stir bar. To this mixture, 5 mL of dme was added and the
solution was stirred for one hour. The solution was filtered through Celite® to remove salts,
and the solvent was removed in vacuo. The product was washed with pentane (2 x 2 mL)

and dried in vacuo resulting in a light green solid. Yield: 98.0 mg, 104.7% (the product
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contained residual dme). '"H NMR (THF-ds, 300.13 MHz): § 7.33 (m, 4H, aromatic CH),
7.49 (m, 8H, aromatic CH), 4.04 (m, 8H, aromatic CH), —0.50 (d, *Jun = 6.5 Hz, 4H,
Aromatic—-CH), —1.83 (s, 2H, pyrrole-CH), —2.21 (sp, *Jun = 6.9 Hz, 2H, Ar—CH(CH3)2), —
2.87 (d, 3Jun = 6.9 Hz, 12H, Ar—CH(CH3)2), —4.18 (d, 3Jun = 6.5 Hz, 4H, Aromatic—CH).

3Ip{'H} NMR (THF-ds, 121.49 MHz): & —127.4 (s).

Synthesis of ip LPPPUClI;:

In an inert atmosphere glove box, NaipLP™P (112.6 mg, 0.167 mmol) and UCla(dme)2 (93.8

Cl
~\C | _ mg, 0.168 mmol) were added to a 20 mL scintillation vial
Dipp. ___uU—___.Dipp
H ol Il\f with a Teflon® coated stir bar. To this mixture, 5 mL of
N

ProP P'Pr, , ,
U toluene was added and the solution was stirred for 16

hours. The solution was filtered through Celite® to remove salts, and the solvent was
removed in vacuo. The product was washed with pentane (2 x 2 mL) and dried in vacuo
resulting in a light green solid. Yield: 94.3 mg, 55.9 %. '"H NMR (THF-ds, 300.13 MHz):
510.24,-1.18,-1.47,-2.15,-4.47,-7.26,-11.99. *'P{'H} NMR (THF-ds, 121.49 MHz):

5-83.7 (s).

Synthesis of ip LPY"UCl3:
In an inert atmosphere glove box, Naip:L"¥" (96.8 mg, 0.171
e
\ N | mmol) and UCls (65.2 mg, 0.172 mmol) were added to a
I 250 mL round-bottom flask with a Teflon® coated stir bar,

connected to a swivel frit and attached to a double manifold

vacuum line. THF (20 mL) was condensed into the flask at —78 °C and warmed to ambient
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temperature while stirring. The purple solution turned orange over 10 minutes and the
solution was left to stir at ambient temperature for one hour. The THF was removed in
vacuo and CHCIs (20 mL) was condensed into the flask at —78 °C. The solution was filtered
to remove salts. The CHCls was removed in vacuo. The orange solid was washed with
pentane (2 x 5 mL). To this residue, 5 mL of dme was added and the solution was stirred
for one hour. The solution was filtered through Celite® to remove salts, and the solvent
was removed in vacuo. The product was washed with pentane (2 x 2 mL) and dried in
vacuo resulting in an orange solid. Yield: 131.0 mg, 86.4%. 'H NMR (THF-ds, 300.13
MHz): § 10.75, 1.28, 0.86, —0.23, —0.66, —4.70, —6.59. >'P{'H} NMR (THF-ds, 121.49

MHz): § —54.6 (s).

In situ synthesis of ip,L*Y"ThCl;:

In an inert atmosphere glove box an NMR tube was charged

N CIN with NaiplL™" (5.0 mg, 0.009 mmol) and ThCls(dme)2 (4.9

/ S —
N S =N
H / | 'I\f mg, 0.009 mmol). To this mixture, THF-ds was added and

Pr,p NS pPiPr, . .
U the solution turned orange. Orange crystals grew in the
NMR tube over 16 hours at ambient temperature. 'H{*'P} NMR (THF-ds, 300.13 MHz): §
6.77 (m, 2H, pyrimidine-aromatic CH), 6.74 (s, 2H, pyrrole-CH), 3.06 (dsp, *Jun = 7.0 Hz,
2Jup = 2.5 Hz, 4H, P-CH(CHz3)2), 2.74 (br s, 6H, pyrimidine-CH3), 2.34 (br s, 6H,
pyrimidine-CH3), 1.31 (ov m, 24H, P-CH(CHj3)2). 3'P{'H} NMR (THF-ds, 121.49 MHz):

5 58.3 (s).
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Synthesis of Lpn3UCls:

Method 1: In an inert atmosphere glove box, KLpn3 (20.0 mg,

N//N\Lljf/N\\N 0.030 mmol) and UCI3(THF)3s (contaminated with UCla)
AY // \ /
l\,l Cl | N (23.8 mg, 0.0399 mmol) were added to a 20 mL scintillation

/
L
W vial. To this mixture, 7 mL of THF was added and the

solution turned orange. The mixture was agitated for 2 minutes and then filtered through
Celite® to remove salts. The THF was removed in vacuo. A small amount of crystals were
grown from a concentrated solution in toluene at —35 °C. Method 2: In an argon-filled
glove box, an NMR tube was charged with KLpn3 (3.2 mg, 0.030 mmol) and UCl4 (3.1 mg,
0.0081 mmol) and dissolved in pyridine-ds. The solution turned reddish-brown. 'H NMR

(pyridine-ds, 300.13 MHz): & 11.40, 4.15, 2.25, 0.26, —0.10, —1.71, -2.65, —6.13. 3'P{'H}

NMR (pyridine-ds, 121.49 MHz): 5 14.1 (s).

Synthesis of Lpn3TiCly:
Ar\ Cl Ar In an inert atmosphere glove box, KLpn3 (21.3 mg, 0.0323
N _§ :
N 7 Cl"-l:l/ N\\N mmol) and TiCl3(THF)3 (12.0 mg, 0.032 mmol) were added
/ | ~
l:l to a 20 mL scintillation vial with a Teflon® coated stir bar.

m/ >\ To this mixture, 2 mL of dme was added and the solution was

stirred for 5 minutes. The solution was filtered through Celite® to remove salts, and the
solvent removed in vacuo. The product was washed with pentane (2 x 2 mL) to fully
remove dme. Yield: 18.4 mg, 77.0%. X-ray quality green/blue crystals grew from a

concentrated dme solution at —35 °C. NMR spectroscopy was attempted in pyridine-ds;
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however, only 3 extremely broad peaks were visible in the 'H NMR spectrum (8 9.2, 4.9

and 2.4)

Synthesis of [Lpn3pn-TiClz]2:

ﬁg% In an inert atmosphere glove box, crystals of Len3TiCl2 in 5

N\ 2

AI‘*NII 7\] — mL of dme (10.2 mg, 0.0144 mmol) were heated in a sealed
Nt _N s

/T' 2 mL screw cap vial at 80 °C for 10 minutes. The green/blue
TN\ A
.~ >— mixture turned brown. A small amount of orange crystals

grew in solution after 8§ months at —35 °C.

Synthesis of [(2-OH)(3,5-'Bu)C¢H2]Ph2P=N3(Pipp):
In an inert atmosphere glove box, a solution of N3—Pipp (8.3 mg, 0.051
mmol) in 1 mL of pentane was added dropwise to a solution of Ph2P[(2-

OH)(3,5-'Bu)C¢Hz2] in 2 mL of pentane (20.0 mg, 0.051 mmol). The

N
h '}l bright yellow mixture was agitated for 5 minutes and placed in a —35
N
/
PhZP/ °C freezer for 16 hours. Colourless block crystals grew in 1 hour. 'H

OH
/@[ NMR (CsDs, 700.44 MHz): § 15.00 (br s, 1H, OH), 7.76 (m, 4H, ortho-
t
Bu

aromatic phenyl-CH), 7.69 (d, “Jun = 2.2 Hz, 1H, para-aromatic CH),
7.59 (d, *Jun = 8.3 Hz, 2H, aromatic Pipp-CH), 7.08 (dd, *Jun = 2.2, 3Jup = 15.4 Hz, 1H,

ortho-aromatic CH), 7.00 (d, *Juu = 8.3 Hz, 2H, aromatic Pipp-CH), 6.95 (m, 2H, para-
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aromatic phenyl-CH), 6.88 (m, 4H, meta-aromatic phenyl-CH), 2.63 (sp, *Jun = 6.9 Hz,
2H, Ar-CH(CHs)2), 1.67 (s, 9H, ‘Bu), 1.10 (s, 9H, ‘Bu), 1.07 (d, 6H, *Juu = 6.9 Hz, Ar—

CH(CHj)2). *'P{'H} NMR (CsDs, 283.54 MHz): & 30.7 (s).

Synthesis of [(2-OH)(3,5-Bu)CsH,] Pr,P=N3(Pipp):
In an inert atmosphere glove box, a solution of Ns—Pipp (10.0 mg,
0.062 mmol) in 1 mL of pentane was added dropwise to a solution of

Pr2P[(2-OH)(3,5-Bu)CeHz] in 2 mL of pentane (20.0 mg, 0.062

/,N mmol). The bright yellow mixture was agitated for 5 minutes and
\
P P,/N placed in a =35 °C freezer for 16 hours. Colourless crystals grew
r2

OH during this period. "H NMR (CsDs, 700.44 MHz): & 14.82 (br s, 1H,
OH), 7.81 (d, *Juu = 8.3 Hz, 2H, aromatic Pipp-CH), 7.69 (d, *Jun =
2.2 Hz, 1H, para-aromatic CH), 7.21 (d, *Jun = 8.3 Hz, 2H, aromatic Pipp-CH), 6.88 (dd,
1H, “Jun = 2.3, 3Jup = 12.7 Hz, ortho-aromatic CH), 2.76 (sp, *Jun = 7.1 Hz, 1H, Ar-
CH(CH3)2), 2.46 (dsp, *Jun = 7.2 Hz, 2Jup = 2.5 Hz, 2H, P-CH(CHa)2), 1.60 (s, 9H, ‘Bu),
1.25 (s, 9H, ‘Bu), 1.18 (d, *Jun = 6.9 Hz, 6H, Ar—-CH(CH3)2), 1.03 (dd, *Jup = 15.8 Hz, *Juu
= 7.1 Hz, 6H, P-CH(CH5)2), 0.84 (dd, *Jup = 15.8 Hz, *Jun = 7.1 Hz, 6H, P-CH(CHj3)2).

3P {'H} NMR (CsDs, 283.54 MHz): § 59.8 (s).

Synthesis of Ph,P[(2-OLi)(3,5-'Bu)CsH:]:
pip In an inert atmosphere glove box, Ph2P[(2-OH)(3,5-Bu)CsH2] (47.8
r
OLi mg, 0.148 mmol) and LiCH2SiMes (14.0 mg, 148 mmol) were added

to a 20 mL scintillation vial with a Teflon® coated stir bar. To this

'Bu Bu
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mixture, 5 mL of toluene was added and the solution was stirred for 3 hours. The solvent
was removed in vacuo leaving a white solid. Yield: 50.9 mg, 104.5% (the final product
contained residual SiMes). 'H NMR (CsDs, 300.13 MHz): § 7.61 ( br s, 1H, aromatic CH),
7.21 (br s, 1H, aromatic CH), 2.01 (br sp, *Jun = 5.2 Hz, 2H, PCH(CH3)2), 1.65 (s, 9H,
‘Bu), 1.47 (s, 9H, ‘Bu), 1.03 (m, 12H, P-CH(CH3)2). *'P{'H} NMR (CsDs, 121.49 MHz):

8-6.7 ().

Synthesis of Ph,P[(2-ONa)(3,5-'Bu)CsH:]:
i In an inert atmosphere glove box, PhoP[(2-OH)(3,5-"Bu)CsH2] (63.0
i PI’QONa mg, 0.20 mmol) and excess NaH (5.1 mg, 0.21 mmol) were added
to a 20 mL scintillation vial equipped with a Teflon® coated stir bar.

Bu Bu

To this mixture, 5 mL of THF was added after which the solution bubbled vigorously and
the solution was stirred for 3 hours. The solution was filtered through Celite® to remove
excess NaH. The solvent was removed in vacuo and the white solid washed with cold
pentane (2 x 1 mL). Yield: 72.3 mg, 110.9% (the final product contained residual NaH).
"H NMR (CsDs, 300.13 MHz): § 7.58 (s, 1H, aromatic CH), 7.20 (s, 1H, aromatic CH),
2.10 (br m, 2H, P—CH(CHs)2), 1.66 (s, 9H, ‘Bu), 1.49 (s, 9H, ‘Bu), 1.12 (m, 12H, P-

CH(CHj3)2). *'P{'H} NMR (CsDs, 121.49 MHz): & -7.9 (s).

Synthesis of Ph,P[(2-OK)(3,5-Bu)CsH3]:
pip In an inert atmosphere glove box, Ph2P[(2-OH)(3,5-Bu)CsH2] (86.0
)
OK mg, 0.27 mmol) and excess KH (11.0 mg, 0.27 mmol) were added

to a 20 mL scintillation vial with a Teflon® coated stir bar. To this
Bu 'Bu
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mixture, 5 mL of THF was added after which the solution bubbled vigorously and the
solution was stirred for 3 hours. The solution was filtered through Celite® to remove excess
KH. The solvent was removed in vacuo and the white solid washed with cold pentane (2 x
1 mL). Yield: 115.1 mg, 119.7% (the final product contained residual KH). "H NMR (C¢De,
300.13 MHz): 6 7.56 (br s, 1H, aromatic CH), 7.19 ( br s, 1H, aromatic CH), 2.09 (br sp,
3Jun = 6.7 Hz, 2H, P-CH(CHs)2), 1.64 (s, 9H, ‘Bu), 1.53 (s, 9H, ‘Bu), 1.15 (m, 12H, P

CH(CHj3)2). *'P{'H} NMR (CsDs, 121.49 MHz): & -3.8 (s).

Synthesis of [(2-OK)(3,5-Bu)CsH:] Pr.P=N3(Pipp):
In an inert atmosphere glove box, a solution of N3—Pipp (10.7 mg, 0.066
mmol) in 1 mL of pentane was added dropwise to a solution of ‘Pr2P[(2-

OK)(3,5-Bu)CeHz2] in 1 mL of pentane (24.0 mg, 0.066 mmol). The

N
%
N, bright yellow mixture was agitated for 5 minutes and placed in a -35 °C
N
. /
'PrzP/ freezer for 16 hours. Colourless crystals grew over 30 minutes. The
OK
supernatant was removed and the remaining solvent was removed in
tBU {

vacuo. Yield: 23.1 mg, 66.6%. 'H NMR (CsDs, 700.44 MHz): § 7.67
(d, “Jun = 2.2 Hz, 1H, para-aromatic CH), 7.44 (d, 3Jun= 8.1 Hz, 2H, aromatic Pipp-CH),
7.21 (d, *Jun= 8.1 Hz, 2H, aromatic Pipp-CH), 7.14 (dd, 1H, 3Jup = 12.6 Hz, ortho-aromatic
CH), 2.84 (ov dsp and sp, 3H, P-CH(CH3)2 and Ar—CH(CHs)2), 1.55 (s, 9H, ‘Bu), 1.48 (s,
9H, ‘Bu), 1.27 (d, *Jun = 6.8 Hz, 6H, Ar—-CH(CH3)2), 1.16 (dd, *Jup = 15.2 Hz, *Jun= 7.3
Hz, 6H, P-CH(CH3)2), 1.10 (dd, *Jup= 14.3 Hz, *Jun= 7.3 Hz, 6H, P-CH(CH3)2). *'P{'H}

NMR (CéDs, 283.54 MHz): 8 51.8 ().
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In situ synthesis of [(2-OK)(3,5-Bu)CsH:|'Pr.P=N(Pipp)[18-crown-6]:
In an inert atmosphere glove box, an NMR tube was
charged with [(2-OK)(3,5-‘Bu)CeH2]'Pr2P=N3(Pipp)
(2.3 mg, 0.0044 mmol) and excess 18-crown-6. To
iPrzP//N K[18-crown-6] the solids 2 mL of CsD¢ was added and the solution
o bubbled vigorously. "H NMR (CsDs, 700.44 MHz):
‘Bu ‘Bu d 7.72 (ov doublet and singlet, 3H, aromatic Pipp-
CH and para-aromatic CH), 7.50 (dd, 1H, *Jup = 12.2 Hz, *Jun = 2.6 Hz, ortho-aromatic
CH), 7.24 (d, *Jun= 8.3 Hz, 2H, aromatic Pipp-CH), 3.67 (m, 2H, P-CH(CH3)2), 2.82 (sp,
3Jun = 6.9 Hz, 1H, Ar-CH(CHs)2), 1.99 (s, 9H, ‘Bu), 1.63 (dd, *Jup = 15.5 Hz, *Jun= 7.1
Hz, 12H, P-CH(CH3)2), 1.48 (s, 9H, ‘Bu), 1.42 (dd, *Jup= 14.6 Hz, Jun= 7.1 Hz, 12H, P—
CH(CH3)2), 1.23 (d, *Jun = 6.9 Hz, 6H, Ar—CH(CH3)2). 3'P{'H} NMR (CsDs, 283.54

MHz): § 52.7 (s).

Synthesis of cyclopyrrolazide:
In an inert atmosphere glove box, a solution of 1,2-diazidobenzene (37.1 mg, 0.231 mmol)
Q in 1 mL of toluene was added immmediately to a solution of

/N:N N=N 2,5-('Pr2P)2NH(C4H2) in 2 mL of toluene (69.3 mg, 0.231
\

H
N

\\P [\Ij mmol). The bright yellow mixture was agitated until small
\_/

N
Yy
/& >\ yellow needles precipitated (~30 seconds). The slurry was
placed in a —35 °C freezer for 2 minutes and then the supernatant was removed. The crystals
were washed with 0.5 mL of cold toluene and the solvent was removed in vacuo. Yield:

87.7 mg, 82.5%. 'H NMR (THF-ds, 700.44 MHz): & 14.90 (s, 1H, N-H), 7.38 (m, 2H,
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aromatic CH), 6.92 (m, 2H, aromatic CH), 6.66 (s, 2H, pyrrole-CH), 2.53 (dsp, *Jun = 7.0
Hz, 2Jup = 3.3 Hz, 4H, P-CH(CH3)2), 1.16 (dd, *Jup = 15.8 Hz, *Jun= 7.1 Hz, 12H, P—
CH(CHS3)2), 1.10 (dd, *Jup = 16.1 Hz, *Juun = 7.1 Hz, 12H, P-CH(CHj3)2). *C{'H} NMR
(THF-ds, 176.13 MHz): § 148.5 (s, aromatic ipso-C), 128.2 (d, 'Jcp = 135.6 Hz, 2,5-pyrrole
(), 125.1 (s, aromatic-CH), 118.0 (s, aromatic-CH), 117.3 (d, 2Jcp = 7.1 Hz, 3,4-pyrrole
CH), 16.8 (d, 2Jcp = 3.2 Hz, P-CH(CH3)2), 15.5 (d, 2Jcp = 3.5 Hz, P-CH(CH3)2). The
resonance for P-CH(CH3)2 could not be found and is likely coincident with the THF-ds

solvent. *'P{'"H} NMR (THF-ds, 283.54 MHz): § 25.0 (s).

5.6.7. Crystallographic Details

All structures were collected on a Rigaku SuperNova diffractometer equipped with
a Dectris Pilatus 3R 200K-A hybrid-pixel-array detector, a four-circle goniometer, sealed
graphite-monochromated Mo Ka (A = 0.71073 A) and Cu Ko (A = 1.54178 A) X-ray
sources, and an Oxford cryostream-cooling device fixed at 100 K. Single crystals suitable
for X-ray diffraction studies were mounted on a MiTiGen cryo-loop using desiccated
Paratone—N oil stored in a glove box. Data reduction was accomplished by the CrysAlis™™
(version 1.171.38.43) software package. Absorption corrections were applied by multi-scan
techniques and empirical absorption correction using spherical harmonics, implemented in
SCALE3 ABSPACK scaling algorithm. Structures were solved in the Olex23? environment
using intrinsic phasing and refined by full-matrix least squares method on F? using the

SHELX software suite.®3* All non-hydrogen (except N-H) atoms were refined

anisotropically, C—H hydrogens were calculated and refined isotropically as a riding model.
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The N-H hydrogen in cyclopyrrolazide was located by the Fourier difference maps and
refined isotropically. All measurements were performed at the University of Lethbridge.

Single crystals of LU(O)2]2 were grown from acetonitrile at —35 °C. Single crystals
of L"U(0)2U(0O)2CI[Ph2P[(2-0)CsHa], [LUCI(u—CD)]> and ip:LPPPUCI3 were grown from
benzene at ambient temperature. Single crystals of prL"PPUCI3, pnLPPPUCI3, pnL"PPThCl3,
LpnsUCIs, and cyclopyrrolazide were grown from toluene at —35 °C. Single crystals of
ireLP"UCI3 and ip:LPY"ThCl3 were grown from THF at ambient temperature. Single crystals
of [(ip:[LPPP)UCIL(THF)][BArF?*] and [(ip:L"PP)ThCl2(dme)][BArF?**] were grown from
toluene/pentane at —35 °C. Single crystals of Len3TiCl2 and [Lens/pn-TiCl2]2 were grown
from dme at —35 °C. Single crystals of ‘Pr2P[(2-OH)(3,5-'Bu)CsH2] and Ph2P[(2-OH)(3,5-
‘Bu)CeH2] were grown from pentane at —35 °C

A solvent mask for pL¥"UCIl3 was calculated and 288 electrons were found in a
volume of 1418/A3 in 1 void per unit cell. This is consistent with the presence of 1 [C4HsO]
per unit cell which accounts for 320 electrons per unit cell.

A summary of the crystallographic data can be found below in Table 5.8.
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Table 5.8. X-ray crystallographic data and structure refinement for the structurally
characterized complexes in Chapter 5.

[LU(O)2]2* 2(C2H3N) L'"U(0),U(O):CI[Ph,P [LUCI(u—Cl)],-

[(2-0)CeH4] - 3(C¢Hgs) 2(CeHs)
Empirical formula CssH70NsOgP4U> C78H4CINgO7P3U, CosH76C14N4O4P4U,
Formula weight/g mol ™! 1939.44 1801.77 2091.34
Temperature/K 152(70) 99.97(16) 100.00(10)
Crystal system triclinic monoclinic triclinic
Space group P-1 P2i/c P-1
a/lA 9.95200(10) 15.6035(2) 12.3118(4)
b/A 17.5338(2) 29.8749(3) 12.5650(3)
c/A 24.8207(3) 15.15470(10) 14.4556(4)
a/° 92.6390(10) 90 82.9507(19)
/e 90.8130(10) 92.2630(10) 74.380(3)
y/° 92.1660(10) 90 79.476(2)
Volume/A? 4322.89(8) 7058.90(12) 2111.03(10)
Z 2 4 1
Pealeg/cm’® 1.490 1.695 1.645
w/mm’! 11.610 14.286 13.030
F(000) 1896.0 3504.0 1024.0
Crystal size/mm’ 0.334 x 0.161 x 0.069 0.161 x 0.06 x 0.038  0.15 % 0.1 x 0.05
Radiation (A) CuKoa (A=1.54184) CuKoa(A=1.54184) CuKo (A=1.54184)

20 range for data collection/°

Index ranges

Reflections collected

Independent reflections

Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [[>=2c (I)]
Final R indexes [all data]

Largest diff. peak/hole / e A~

7.132 to 160.31

-12<h<9,-22<k<

22,-31<1<31
95740

18715 [Rine = 0.0661,

Ryigma = 0.0376]
18715/0/975

1.051

R;=0.0527, wRo =

0.1395

R;1=0.0571, wRo =

0.1431
4.62/-2.77

6.394 to 160.782

-19<h<19,-38<k<
32,-19<1<14

79422

15351 [Rine = 0.0682,
Riigma = 0.0448]

15351/0/874
1.050

R;=0.0440, wR> =
0.1076

R;=0.0520, wR> =
0.1120

3.71/-2.39

7.178 to 159.76

-15<h<15,-15<k
<16,-18<1<18

46159

9112 [Rint = 0.0566,
Ryigma = 0.0381]

9112/2/515
1.089

R;=0.0445, wRo =
0.1164

R1=0.0472, wRo =
0.1184

4.45/-2.73

Programs for diffractometer operation, data collection, data reduction, and absorption correction were

those supplied by Rigaku.
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irrLPPPUCI3 + (CeHe) ipLFPPUCI; - (C7Hg) pnLPPPUCI;3 - 2(C7Hs)

Empirical formula C46H70C13N3P2U C4 1H60C13N3P2U C60H60C13N3P2U

Formula weight/g mol™! 1071.37 1001.24 1229.43

Temperature/K 293.41(10) 100.00(10) 293.41(10)

Crystal system monoclinic monoclinic orthorhombic

Space group P2i/n P2i/c Pca2,

a/lA 10.3664(4) 11.4866(4) 20.6834(7)

b/A 21.5583(7) 23.6401(9) 13.3750(5)

c/A 21.8793(8) 17.6170(6) 19.8329(7)

a/° 90 90 90

p/° 97.444(4) 108.258(4) 90

v/° 90 90 90

Volume/A3 4848.4(3) 4543.03) 5486.6(3)

Z 4 4 4

Pealeg/cm® 1.468 1.464 1.488

w/mm’! 3.612 3.850 3.203

F(000) 2160.0 2000.0 2456.0

Crystal size/mm’ 0.2 x0.15 x 0.05 0.254 x 0.143 x 0.194 x 0.049 x 0.041

0.109
Radiation (A) Mo Ka (A=10.71073) Mo Ko (A= Mo Ka (A= 10.71073)
0.71073)

20 range for data collection/° 6.726 to 61.11 6.894 to 52.744 6.648 to 61.198

Index ranges -13<h<12,-27<k -13<h<14,-25<k -24<h<29,-16<k<
<28,-27<1<29 <29,-22<1<22 16,-24<1<22

Reflections collected 56564 38479 33688

Independent reflections 12157 [Rine = 0.0491, 9228 [Rint = 0.0484, 12220 [Rine = 0.0493,
Rgigma = 0.0447] Rigma = 0.0436] Rsigma = 0.0604]

Data/restraints/parameters 12157/0/515 9228/12/455 12220/16/623

Goodness-of-fit on F? 1.039 1.056 1.032

Final R indexes [[>=2c (I)] R;=0.0271,wR,= R;=0.0276, wR>= R;=0.0352, wR> =
0.0470 0.0555 0.0608

Final R indexes [all data] R;=0.0402, wRo = R;=0.0380, wR, = R;=0.0479, wR; =
0.0492 0.0578 0.0635

Largest diff. peak/hole /e A3 0.57/-0.55 0.89/-0.48 0.94/-0.67

Programs for diffractometer operation, data collection, data reduction, and absorption correction were
those supplied by Rigaku.
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PhLPippThCl3 * (C7H8)

e LPY'UCI; - (C4H30) i LPY'ThCl;3

Empirical formula
Formula weight/g mol !

Temperature/K
Crystal system
Space group
alA

b/A

c/A

a/°

pre

v/°

Volume/A3

Z

Pealcg/cm’
wmm'!

F(000)

Crystal size/mm’

Radiation (A)

20 range for data collection/°

Index ranges

Reflections collected

Independent reflections

Data/restraints/parameters

Goodness-of-fit on F?

Final R indexes [[>=2c (I)]
Final R indexes [all data]

Largest diff. peak/hole / ¢ A3

Cs3Hs,C13N3P,Th
1131.30

100.01(11)
orthorhombic
Pca2;
20.7213(2)
13.35470(10)
20.0055(2)
90

90

90
5536.06(9)

4

1.357

10.823
2248.0

0.1 x0.05 % 0.01

CuKa (A= 1.54184)
6.618 to 159.36

26 <h<25,-17<k<
15,-17<1<25

32443

8930 [Rine = 0.0382,
Rsigma = 00379]

8930/1/564
1.107

R;=0.0279, wR> =
0.0692

R =0.0309, wR> =
0.0761

0.65/-0.92

C32Cl3Hs52N70P2U
885.02

99.9(4)
monoclinic
P2i/c
17.6473(5)
24.8122(7)
18.0144(5)
90
91.653(3)
90
7884.7(4)
8

1.491
4.428
3472.0
0.172 x 0.131 x 0.08

Mo Ka (A =0.71073)
6.69 to 61.85

-23<h<25,-33<k
<35,-25<1<22

94577

20311 [Rin = 0.0481,
Ryigma = 0.0430]

20311/771/763
1.062

R1=0.0317, wR; =
0.0683

R1=0.0437, wR> =
0.0711

3.82/-1.15

Cy8H44N7P>C13Th
879.03

100.0(5)
triclinic
P-1
10.2844(4)
10.5437(4)
17.9141(7)
81.323(3)
77.394(3)
63.696(4)
1696.15(13)
2

1.721
4.757
864.0

0.149 % 0.055 %
0.034

Mo Ka (A =0.71073)
6.554 to 63.08

-14<h<14,-15<k
<14,-26<1<25

43226

9378 [Rint = 0.0549,
Ryigma = 0.0472]

9378/0/382
1.028

R1=0.0284, wRo =
0.0559

R;=0.0363, wR> =
0.0577

1.46/-1.11

Programs for diffractometer operation, data collection, data reduction, and absorption correction were

those supplied by Rigaku.
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[GeLP®P)UCL(THF)]
[BArF2]

[GprLPP?) ThCly(dme)]
[BArF] - (C;Hs)

LpnsUCl3
(C7Hs)

Empirical formula
Formula weight/g mol ™!

Temperature/K
Crystal system
Space group
a/A

b/A

c/A

o/°

p/°

/e
Volume/A?
Z

Pealcg/cm’
wmm'!

F(000)

Crystal size/mm’

Radiation (A)

20 range for data collection/°

Index ranges

Reflections collected

Independent reflections

Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [[>=2c (I)]
Final R indexes [all data]

Largest diff. peak/hole / ¢ A3

C70H7,BCl,F24N30P,U
1808.98

99.97(16)
triclinic

P-1
16.1350(4)
16.4818(5)
17.7430(3)
112.104(2)
98.3884(17)
113.978(3)
3737.29(18)
2

1.608

2.390
1796.0

0.2 x0.03 x 0.025

MoKa (1 = 0.71073)

6.764 to 61.048

-21<h<23,-20<k<
21,-25<1<24

86612

18447 [Rin = 0.0698,
Riigma = 0.0639]

18447/0/949
1.150

R;=0.0819, wR> =
0.2107

R;=0.0975, wR> =
0.2164

8.96/-3.30

C73Hg:BClLF24N30,P,Th

1943.39

100.0(2)
triclinic

P-1
15.7379(3)
16.8307(3)
19.3082(3)
114.8830(10)
113.958(2)
90.0890(10)
4147.14(14)
2

1.556

7.663

1941.0

0.02 x 0.02 x 0.02

CuKa (A= 1.54184)

6.282 to 155.398

-19<h<19,-20<k<
21,-24<1<24

81213

17308 [Rinc = 0.0637,
Riigma = 0.0471]

17308/6/1021
1.038

R;=0.0688, wR> =
0.1799

R1=0.0798, wR; =
0.1885

2.21/-3.46

CagHesCI3N7P,U
1149.41

100.00(10)
monoclinic
P21
12.5456(2)
14.7341(2)
14.8122(2)
90
109.432(2)
90
2582.04(7)
2

1.478
3.399
1156.0

0.401 x 0.312 %
0.303

Mo Ka (A=
0.71073)
5.2to0 61.542

-17<h <16, -21
<k<20,-19<1
<19

113979

13489 [Riy =
0.0533, Ryjgma =
0.0351]

13489/494/565
1.087

R, = 0.0244,
WR, = 0.0498

R1=0.0293,
wR2 = 0.0507

1.27/-0.57

Programs for diffractometer operation, data collection, data reduction, and absorption correction were

those supplied by Rigaku.
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LpnsTiCl,  (CsH1002) [Lensen-TiCly]2 Cyclopyrrolazide
Empirical formula C38H62C12N702P2Ti C50H82C14N10P4Ti2 C22H35N7P2
Formula weight/g mol™! 829.68 1184.73 457.51
Temperature/K 100.00(10) 99.9(4) 117.4(4)
Crystal system monoclinic trigonal orthorhombic
Space group P2i/c R-3 P21212;
alA 12.3009(4) 49.527(2) 12.5646(2)
b/A 22.1110(6) 49.527(2) 13.6404(2)
c/A 16.0546(5) 15.4636(9) 14.6243(2)
a/° 90 90 90
pre 97.647(3) 90 90
v/° 90 120 90
Volume/A? 4327.8(2) 32849(4) 2506.40(6)
zZ 4 18 4
Pealeg/cm® 1.273 1.078 1.212
wmm! 3.828 4.305 1.738
F(000) 1764.0 11232.0 980.0
Crystal size/mm’ 0.2 x0.1 x0.05 0.149 x 0.105 x 0.05 0.14 x 0.067 x 0.056
Radiation (A) CuKa (A=1.54184) CuKa(A=1.54184) CuKa (A=1.54184)

20 range for data collection/°

Index ranges

Reflections collected

Independent reflections

Data/restraints/parameters

Goodness-of-fit on F?

Final R indexes [[>=2c (I)]

Final R indexes [all data]

Largest diff. peak/hole / e A~

6.844 to 150.734

-9<h<15,-27<k<
26,-20<1<16

17397

8453 [Rine = 0.0678,
Rsiglna = 0.0647]

8453/7/480
1.097

R;=0.0803, wR> =
0.2613

R;=0.1082, wRo =
0.2874

1.13/-0.65

6.182 to 98.31

44<h<37,-45<k
<31,-13<1<12

5120

4159 [Rine = 0.0286,
stgma = 0.0416]

4159/656/639
1.621

R;=0.1213, wRo =
0.3584

R;=0.1365, wRo =
0.3685

1.70/-0.56

8.866 to 160.512

-15<h<16,-17<k
<17,-16<1<18

16170

5286 [Rine = 0.0368,
Rsig[na = 0.0389]

5286/0/289
0.982

R;=0.0391, wRo =
0.1038

R;=0.0422, wRo =
0.1058

0.67/-0.37

Programs for diffractometer operation, data collection, data reduction, and absorption correction were

those supplied by Rigaku.
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iPr,P[(2-OH)(3,5-Bu)CeHa]

Ph,P[(2-OH)(3,5-Bu)CeHa]

Empirical formula
Formula weight/g mol !

Temperature/K
Crystal system
Space group
a/lA

b/A

c/A

o/°

pr°

y/°

Volume/A?

Z

Pealcg/ cm’
w/mm’!

F(000)

Crystal size/mm’
Radiation (A)

20 range for data collection/°

Index ranges

Reflections collected

Independent reflections

Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>=2c (I)]
Final R indexes [all data]

Largest diff. peak/hole / e A~

C29H4sN;OP
483.66

100.01(10)

triclinic

P-1

13.4421(2)
15.9926(2)
18.7379(3)
66.8990(10)
86.2840(10
72.2040(10)
3520.89(9)

4

0.912

0.834

1056.0

0.32 x0.153 x 0.125
CuKa (A=1.54184)
6.92 to 160.72

-16<h<14,-20<k<20,-23<1<

23
61893

12565 [Rine = 0.0526, Rsigma =
0.0318]

12565/0/647

1.056

R1=0.0504, wR> = 0.1406
R =0.0564, wR> = 0.1449

0.51/-0.30

C35H4N;0P
551.68

169(90)
monoclinic

P21/C

15.9233(4)
11.1467(3)
18.5935(4)

90

108.429(2)

90

3130.95(14)

4

1.170

1.006

1184.0

0.21 x0.19 x 0.15
CuKa (A=1.54184)
9.386 to 162.578

20<h<20,-13<k<14,-23<

1<17
34506

6768 [Rint = 0.4919, Rsigma =
0.2217]
6768/0/370

1.535
R1=0.1142, wR, =0.2853
R;=0.1466, wR> = 0.3587

1.21/-1.68

Programs for diffractometer operation, data collection, data reduction, and absorption correction were

those supplied by Rigaku.
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