Rare Earth Metal Boryl and Gallyl Compounds:
Synthesis and Reactivity

Liban Mohamoud Ali Saleh MChem

DOMI | MINA
NVS TIO0

ILLV § MEA

Thesis submitted to the University of Oxford for the degree of
Doctor of Philosophy.



The work described in this Thesis was carried out in the Chemistry Research
Laboratory, University of Oxford from October 2009 to August 2014 under the
supervision of Professor Philip Mountford. All work is my own unless stated to the
contrary, and has not previously been submitted for any degree at this or any other
university.

Liban Mohamoud Ali Saleh

August 2014



Abstract

Liban Mohamoud Ali Saleh Trinity 2014
New College D.Phil. Thesis

This Thesis describes the syntheses, characterisation and reactivity of rare earth metal
boryl and gallyl compounds. Experimental and computational studies were performed

to investigate the structure and bonding in these compounds.

Chapter 1 introduces key metal-boryl and metal—gallyl compounds of the s, p, d and

f-blocks via literature review.

Chapter 2 describes the syntheses, structures and bonding analyses of rare earth

metal boryl compounds. A short introduction to rare earth metal cations is given.

Chapter 3 describes the syntheses, structures and bonding analyses of rare earth
metal gallyl compounds. The preparation of a new class of rare earth metal cations

will also be reported. A short introduction to rare earth metal amidinates is given.

Chapter 4 presents reactivity studies of the rare earth metal gallyl compounds
described in Chapter 3. To facilitate a direct structure and reactivity comparison, the
corresponding boryl compounds were also synthesised. The results of a
comprehensive DFT computational study to investigate the structure and bonding in
these compounds are also presented. A short introduction to metal—-element and

metal-metal bond reactivity is given.

Chapter 5 presents full experimental procedures and characterising data for the new

compounds reported.
Appendix

CD Appendix contains .cif files for all new crystallographically characterised

compounds described.
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Chapter One

1.1 General Introduction

The unique properties of rare earth metals® 2 have made possible the huge
technological advances that have been seen over the last decade. Technologies in
which rare earth metals play a critical role include: wind turbines, electric vehicles,
solar cells, energy-efficient lighting, flat screen displays, smartphones, medical
imaging, and fibre optics. Their heavy use in clean energy applications has led the US
Department of Energy to develop a “Critical Materials Strategy” to safeguard supply
of rare earth metals for the immediate future.® Despite this explosion in interest,
fundamental research and industrial processes involving rare earth metals continues to
lag behind the more traditional transition metals. Any new advances in the
understanding of rare earth metals and their physical and chemical properties are of
paramount importance. Due to their high Lewis acidity, rare earth metals prefer
ligands that contain hard Lewis bases as donors, which has led to the coordination
chemistry of rare earth metals being dominated by oxygen and nitrogen based ligand

sets.

This Thesis describes efforts to go beyond these limitations, involving the synthesis of
novel rare earth metal-element bonds between the metals and non-conventional
elements (i.e. not C, N or O). The investigation focuses on bonds between rare earth
metals and the elements of Group 13, in particular boron and gallium of the type
(LM-EX; (where E = B or Ga). To probe their structure and reactivity it was
necessary during this investigation to synthesise several new rare earth metal starting
compounds, and these are also reported. Parts of this work have been published.*

This Chapter introduces the chemistry of compounds featuring bonds between the
transition, alkaline earth and rare earth metals and boron and gallium. Due to the vast
number of existing metal-element bonds, only those bonds involving a boron or
gallium heterocycle are included, save for exceptional examples. The metals of Group
3 will be included with the f-block metals, as they have similar chemical and physical

properties.
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1.2 Metal-Boron Bond Types

Compounds featuring bonds between a metal and boron generally fall under one of
five coordination modes according to the number of bonds between the metal and

boron, and the coordination number of the boron atom (Figure 1.1).

B (L)M=BX
(LM —=BX;  (L)M—BX, (L)M{————M(L) (LM —=BX  (L)M=B—M'(L)

A B C D E

Figure 1.1. Metal-boron coordination modes.

Borane-type compounds (A, Figure 1.1) comprise of a dative bond from a metal to a
BX3 molecule to form Lewis base/Lewis acid adducts featuring four-coordinate boron
atoms. Boryl-type compounds (B) comprise of a single bond between a metal and
BX, fragment, featuring a three-coordinate boron atom. Borylene-type compounds
can comprise of two subsets: bridging (C) or terminal (D). Here, a BX fragment can
bridge between two metal fragments, or form a two-coordinate boron centre by being
terminally bound to one metal fragment, featuring either a formal double bond or a
dative bond between the metal and boron. Finally, metallaborylene-type compounds
(E) feature a ‘naked’ boron atom between two metal centres. This review will concern
itself with type B compounds, featuring metals singly bonded to three-coordinate

boron atoms, and their gallium analogues (i.e. gallyl compounds).
1.3 s-block
1.3.1 Group 1

The lithium salts of the second row p-block elements are well established anionic
nucleophiles in organic and inorganic syntheses. However, the corresponding lithium

salt of boron had remained an elusive species despite decades of research.

There have been three examples of alkali metal salts of boron being proposed as an
intermediate (Scheme 1.1). In 1952, Auten and Kraus reported the reduction of
"Bu,BCl using a Na/K alloy to generate the corresponding boryl salt 1.1, which could
be trapped with Mel to form "Bu,BMe.> In 1976, Smith and Swaminathan showed
that the boryl anion in fact rearranges to form a boron-stabilised carbanion (1.2),

3
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followed by aggregation to form a cyclic trimer, as characterised by IR spectroscopy.®
In 1967, Williams and co-workers proposed the formation of a diphenylboryl anion
(1.3) from the photolysis of sodium tetraphenylborate, based on the formation of
biphenyl.” However, it was shown by Schuster that irraditation of tetraphenylborate
produces a biradical species, which rearranged to a cyclic borate possessing a three-
membered ring (1.4).% Most recently in 2001, Weber and co-workers proposed that
the intermediate of the reduction of bromodihydrodiazaborole would either be a boryl
radical (1.5) or a boryl anion (1.6).°

Year Proposed Boryl Anion Intermediate
Na/K Mel n
1952 "Bu,BCI — [Bu,B] ——— > "BuBMe
1.1
H Bu
l "Pr \B/ H

"p H
' H © "Pr
1976 © - .
-

1.2 "Pr H
hv
1967 [Ph4BT [PhoB] + Ph-Ph
1.3
Ph
Na
Ph
\%/Ph o
’ “ “ . 1.4
[\ Na/K N_ N N.O N
N N — |Bu— "~_"T"Bu BuT NI TBu
2001 Bu— g ~1Bu 15-crown-5 B B
Ll% O and/or @
r
1.5 1.6

Scheme 1.1'° Time-line of reported attempts at the isolation of a boryl anion. Metal

counterions omitted for clarity.
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The conventional methods of generating organolithium compounds via reductive
dehalogenation and deprotonation of C—X or C-H, respectively, are difficult with
boron. Deprotonation of B—H with a base is difficult as the lower electronegativity of
boron compared to hydrogen confers hydridic character upon hydrogen. In addition to
that, the boron centre, with its vacant 2p-orbital, favours formation of a Lewis acid-
base adduct over deprotonation. One-electron reduction of a B—X bond (X = halogen)
generates a boryl radical, which rapidly dimerises to form the diborane(4) species
before any second electron transfer can occur to form the boryl lithium.

In 2006, Yamashita, Nozaki and co-workers isolated the first structurally
characterised lithium salt of boron, Li{B(NArCH),}(THF), (1.7), a boron containing
NHC analogue (Scheme 1.2).! In this molecule, the B—Li bond is highly polarised,
with the boron centre having anionic character. The use of the N-heterocyclic
framework provided key structural and electronic features that helped aid isolation.
The nitrogens in the heterocycle help to stabilise the vacant 2p-orbital in 1.7 and
inductively withdraw the negative charge, whilst the N-bound aryl substituents

provide steric protection from potential formation of the diborane(4) dimer.

/7 \ 2 Li (s) [\

_N N—_ _N N—_
Ar \B/ Ar C1oHs Ar \B/ Ar 1.7
| THF
Br -40°C,15h Li(THF),
/ \ 2 Li(s
—N N— © > —N N— 1.8
Ar \B/ Ar CioHs Ar \B/ Ar .
| THF _
Br -40°C,35h Li(THF),

Scheme 1.2. By-products omitted for clarity. Ar = 2,6-CgHs Pr».

The saturated version of 1.7, Li{B(NArCH),}(THF), (1.8), was also eventually
synthesised, but required a considerably longer reaction time for complete reduction
(Scheme 1.2).%° The structure of 1.7 revealed a lithium-boron bond length of 2.276(5)
A, longer than the sum of the respective covalent radii (2.12 A).*? A full discussion of
the structural features of the heterocycle will be presented in Chapter 4. The !B NMR
spectrum of 1.7 shows a downfield shifted signal at 45 ppm in THF-dg, typical of
metal-coordinated boryls, and 'H NMR studies show that the molecules of THF

coordinated to lithium remain coordinated in solution.

5
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Reactions with organic electrophiles were carried out, producing 1.9-1.22 (Scheme

1.3), confirming the nucleophilic nature of 1.7.1%**
[Ll”] [B]
Ve [B]
1 22 e
[B] 1. 1%
| MeOTf ”B Cl
Ar Et,0 B] [B]

o

Ar = Ph (1.20) BnCI ol
Ar = CeFs (1.21) =\ / 111 1412
1) CO —~N_ N—
) 2 Ar B Ar "BuBr or BnBr
|

/[1 [B] y [ \ [B] 1 1

. ) PhCHO
OH e
HO o Boc,0 or \
1.18 1.19 B]  (Ph0),CO|PhcoX (Bl
/& X =Cl )\
RO o 8Eh Ph OH
z
R ='Bu (1.16) 114
R =Ph (1.17) [B]
Ph/go
1.15

Scheme 1.3. See ref for details. [B] = B(NArCH)..

Liddle and co-workers reported the lithium boryl Li{B(PDA)}(THF), (PDA =
phenylenediamine), featuring bulky 2,4,6-triisopropylphenyl groups coordinated to
the ring nitrogens.** Use of high-sodium content lithium powder (0.5 % Na) was

essential to avoid formation of borylated naphthalene by-products.

The isolation of the corresponding gallyl anion had preceded that of 1.7 by nearly a
decade. Schmidbaur and co-workers synthesised and structurally characterised the
potassium salt of the gallium heterocycle (1.24, Scheme 1.4), featuring tert-butyl
groups coordinated to nitrogen.** Reduction of the digallane(4) precursor (1.23) led to
low yields of 1.24. Jones and co-workers then produced a high yielding route to their
gallyl anion (1.26), featuring diisopropylphenyl groups coordinated to nitrogen, by

reduction of the heterocyclic gallium diiodide precursor 1.25 (Scheme 1.4)."

Fedushkin and co-workers later isolated a series of Group 1 metal salts of their gallyl

compound featuring an acenaphthene backbone via reductive cleavage of the gallyl
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dimer 127 with a wvariety of metals to produce the compounds
M{Ga(NArCsHs),2}2(L)n (M = Li (1.28), L = Et,0, n = 3; Na (1.29), L = Et,0, n = 3;
K (1.30), L = THF, n = 5).26./

/tBu tBu\
[ R

NN 2 K(18-crown-6) NN
‘ Ga—Ga ‘ Bu— e ~'Bu
/ N THF

©

\ / [K(1 8—crown—6)]@
‘Bu 'Bu
1.23 1.24
<\ =\ ©
N N \ i) 3K, THF N \
A NGy Ar o LA Ar
s ii) Et,O/TMEDA 2a
b [K(18-crown-6)|®
1.25 1.26

Scheme 1.4. By-products omitted for clarity. Ar = 2,6-CgH3'Pr».
1.3.2 Group 2

Reaction of one or two equivalents of 1.7 with MgBr,(Et,0) produced the magnesium
mono- (1.31) and bis(boryl) (1.32) compounds in poor isolated yields (17 % and 19
%, respectively).’® 1.31 crystallised along with the “ate”-complex
Mg{B(NArCH),}(THF)(u-Br),Li(THF), (1.33), but could be manually separated,
allowing 1.31, 1.32 and 1.33 to all be crystallographically characterised (Scheme 1.5).
The Mg-B bond lengths of 1.31 and 1.33 are identical within standard uncertainty,
whilst there are significantly longer Mg—B bonds in 1.32. When 1.31 and 1.33 are
dissolved in THF-dg, they produce the same *H and *'B NMR spectra, indicating that
in solution LiBr is non-coordinating. Compound 1.31 can be also be thought of as a
boron analogue of a Grignard reagent; reaction with varying equivalents of
benzaldehyde led to a number of products, but the authors noted that no
borylbenzylalcohol was produced. In contrast, reaction of 1.7 with one equivalent of
benzaldehyde produced borylbenzylalcohol in good vyields. Compound 1.31 did
produce the first fully characterised acylborane (1.15) via reaction with 1-3

equivalents of benzaldehyde, but in low yields (18-34 %). Reaction of 1.7 with
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benzoyl chloride produced 1.15 in better yield (74 %, Scheme 1.3). The authors

conclude that the change in metal results in a significant change in reactivity.®

[T\

Ar/N\B/N\Ar
0.5 MgBr,(Et,0) :
1.7 THF ~Mg—THF
THF :
Ar—_ /B\ _Ar
MgBr,(Et,0)| THF N N
1.32
Ar/N\B/N\Ar Ar/N\B/N\Ar
y ' ¥
g THF 9B
B\ THF™ N
THF Br—Li(THF),
1.31 1.33

Scheme 1.5. By-products omitted for clarity. Ar = 2,6-CgH3'Pr».

A series of Group 2 metal bis(gallyl) compounds were synthesised by Jones and co-
workers Addition of 1.26 to Ml, (M = Mg or Ca) did not produce the corresponding
bis(gallyl) compound, only intractable mixtures. M{Ga(NArCH),}»(THF), (M = Mg,
n=3(1.34); M =Ca, n =4 (1.35)) was eventually isolated via reaction of 1.25 with a
large excess of the corresponding metal amalgam.™ It is believed that the reaction
proceeds via reduction of 1.25 by the amalgam to form the digallane(4)
{Ga(NArCH),}, (1.36) in situ, followed by oxidative insertion of the metal into the
Ga—Ga bond of 1.36 to form the final products. Ca{Ga(NArCMe),},(THF), (1.38)
was also isolated from the reaction of Gal,(NArCMe), (1.37) and calcium amalgam
and structural analyses of 1.34, 1.35 and 1.38 were carried out. The magnesium centre
in 1.34 was found to have a distorted trigonal bipyramidal geometry, with both gallyls
and one THF in the equatorial plane, and two THF molecules in the axial positions.
Both 1.35 and 1.38 had similar structures in which the calcium centres possessed
octahedral geometry, where both gallyls occupy the axial positions and the four THF
molecules occupy the equatorial positions. The M—Ga bond lengths for 1.34, 1.35 and
1.38 (2.7174(15), 3.1587(6) and 3.1988(12) A, respectively) are all slightly longer

than the sum of the respective covalent radii. In a later report,”® Jones and co-workers
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showed that bis(gallyl) compounds of Group 2 were indeed accessible from reaction
of 1.26 and the corresponding metal diiodides. Addition of an excess of TMEDA to
the reactions of 1.26 and MI, (M = Ca, Sr, Ba) allowed isolation of the bis(gallyl)
compounds M{Ga(NArCH),}>(TMEDA), (M = Ca (1.39), Sr (1.40) and Ba (1.41)) in
low to good yields. It was found that as the size of the metal increased, the yield of the
bis(gallyl) compounds decreased. This was attributed to the increasing weakness of
the M-Ga bond with the larger metals. Attempts at synthesising the heteroleptic
MI{Ga(NArCH),} compounds did not succeed, producing only 50:50 mixtures of
1.39-1.41 and unreacted Ml,. This was a rather unsurprising result, as heteroleptic
compounds of the larger Group 2 metals are known to readily undergo redistribution
reactions to form more stable homoleptic compounds. Use of the magnesium
compound Mg(NacNac)l(Et,0), which features the bulky NacNac ligand, in a
reaction with 1.26 resulted in the heteroleptic magnesium gallyl compound
Mg(NacNac){Ga(NArCH),}(n'-TMEDA) (1.42) in low yield, featuring an n'-
coordinated molecule of TMEDA (Scheme 1.6).%°

/N\ /N\Ar
Ar Ga
Me2 ‘ Mez
Ml,, TMEDA  _—N.., A
21.26 > ‘M
N~ | N
M62 M62
/Ga\ Ar
2 Mg(NacNac)I(Et,0) Ar—N N~

M = Ca (1.39), Sr (1.40) or Ba (1.41)

Scheme 1.6. By-products omitted for clarity. Ar = 2,6-CgH3'Pr.
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Fedushkin and co-workers also reported a series of Group 2 metal gallyl compounds,
but featuring a gallyl heterocycle with an acenaphthene backbone. Reductive cleavage
of the gallyl dimer 1.27 with a Group 2 metal led to the synthesis of the Group 2
bis(gallyl) compounds M{Ga(NArCsHs),}2(THF), (M = Mg (1.43), n = 3; Ca (1.44),
n = 4; Sr (1.45), n = 4; Ba (1.46), n = 5) (Equation 1.1).*’

,?\r ,?\r /?\r
O SO (O

‘ Ga—Ga ' .] ‘Gat-M(THF),
Y W ATV S
Ar Ar '

1.27

M = Mg, n =3 (1.43)
Ca, n=4(1.44)
Sr, n=4(1.45)
Ba, n=5 (1.46)

Ar = 2,6-CgH3'Pr,

Equation 1.1
1.4 d-block
1.4.1 Group 4

The report in 2009 by Yamashita and Nozaki represents the first structurally
authenticated Group 4 metal boryl compounds containing a two-centre, two-electron
o-bond between a Group 4 metal and boron (Scheme 1.7).? Reaction of the
commercially available Ti(O'Pr), with one equivalent of the boryl anion
Li{B(NArCH),}(THF), (1.7) resulted in the titanium boryl compound
Ti{B(NArCH);}(O'Pr); (1.47). It has been shown elsewhere that 1.47 can also be
accessed from reaction of 1.7 and TiCI(O'Pr)s.?? Reaction of Cp*HfCl; with one
equivalent of 1.7, followed by two equivalents of KCH,Ph resulted in the
corresponding hafnium boryl compound Cp*Hf{B(NArCH),}(CH,Ph), (1.48).
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Ar—N\ /N—Ar
(THF)

i
Li(THF), THF :
1. Cp*HfCl,
1.7 2.2 KCH,Ph Ar

|
H

Hf
PhH,C" | >Sp—N
PhH,C \
2 N\}
/
Ar
1.48

Scheme 1.7

Treatment of the titanium imido compound Cp*Ti(N'Bu)Cl(py) (1.49) with 0.5
equivalent of [K{Ga(NArCH),}(TMEDA)]. (1.26) produced the titanium gallyl
compound Cp*Ti{Ga(NArCH),}(N'Bu)(py) (1.50) in 74% yield. The corresponding
reaction with 1.7 resulted only in the dearomatization of pyridine to form a pyridyl
borane ligand, which then went on to form Cp*Ti(NCsHs{B(NArCH),})(N'Bu)(py)
(1.51, Scheme 1.8).%

With 1.36, Jones and co-workers were able to successfully synthesise a zirconium
gallyl compound via oxidative insertion of “Cp,Zr” (made in situ from a mixture of
Cp2ZrCl, and an excess of "BuLi) into 1.36, forming the ion npair
[Li(THF),][Cp2Zr{Ga(NArCH),},] (1.52, Equation 1.1).” The Zr-Ga bonds are
appreciably longer (average length 2.738 A) than in Cp,Zr{Ga(C¢Hs-2,6-(2,4,6-C¢H,
'Pr),)} (2.6350(8) A), where the formally Ga(l) species forms a dative bond to

zirconium.

11
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0.5 [K{Ga(NArCH),}(TMEDA)], (1.26)

N/TI\C| N/Tl ,,,,,,,, Ga/N
W NN L
Bu Py Bu Py /
/
Ar
1.49 1.50

\Li{B(NArCH)Z}(TH F), (1.7)

H
Ti..,, <« N i, N
/N/ \ ,,,,,,, N Ar t /N/ B
tBU py \ Bu py \N /
\
_ A
1.51 Not Observed
Scheme 1.8. Ar = 2,6-CgH3'Pr;
/Ar Ar
\ .
C [Li(THF),]
N N 1."Cp,Zr", THF P\
‘ /Ga—Ga ‘ Zr
N\ n ;
N\ /N 2. "BulLi Cp/ GalL)
Ar Ar Ar = 2,6-CgH3'Pr,
136 L = (NArCH), 152
Equation 1.2
1.4.2 Group 5

In a report by Hartwig and co-workers, Cp,NbH3; was reacted with catecholborane,
HB(0,Cg¢H,4), at 55 °C for two hours to produce, upon elimination of dihydrogen, the
boryl compound Cp,NbH,{B(0,C¢H,)} (1.53a). X-ray structural and spectroscopic
analysis, however, reveal that although the compound remains predominantly in its
boryl form, the presence of the hydrides allow for the formation of the bridging
hydridoborate compound Cp,Nb{(p-H2)B(0.CsH4)} (1.53b, Equation 1.3).%

12
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1
CpoNbH; +  HB(

o)

i sz

1.53a 1.53b

Equation 1.3

The tantalocene dihydride boryl Cp,TaH2{B(0,CsH4)} was prepared by Smith and
co-workers via another route (Equation 1.4). Reaction of the anionic tantalum
compound Li[Cp,TaH,] with chlorocatecholborane produced Cp,TaH,{B(0O,CsH,)}
in both endo (1.54a) (isostructural to the niobium boryl) and exo (1.54b) forms, both
of which were crystallographically characterised.?

o)
/

CI=B_ j@ o)
o) \ H

\

o
Li[Cp,TaH,] Ta\— S j@ + Ta— H
- LiCl % % B0
i
1.54a 1.54b

Equation 1.4

A trio of neutral and ionic vanadium gallyl compounds were synthesised by Jones and
co-workers (Scheme 1.9).2° Reaction of CpV(CO). with 0.5 eq of 1.26 produced the
vanadium gallyl salt [K(TMEDA)][CpV(CO)s:{Ga(NArCH),}] (1.55) with
elimination of one equivalent of CO. Repeating the reaction with an excess of 1.26
produced only 1.55, with the extra equivalents of 1.26 remaining unreacted. Oxidative
insertion of Cp’,V into the Ga—Ga bond of 1.36 resulted in low yields of the neutral
gallyl compound Cp',V{Ga(NArCH),} (1.56). It was postulated that the initial
oxidative insertion resulted in a bis(gallyl) compound, which then comproportionates
with Cp',V to produce 1.56. In line with this hypothesis, when reactions were
repeated with a 1:0.5 ratio of metal to 1.36, good yields of 1.56 were obtained.
Finally, reaction of 1.56 with 1 equivalent of 1.26 produced the vanadium bis(gallyl)

13
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salt [K(TMEDA)(Et20)][Cp'.V{Ga(NArCH),}.] (1.57), which is closely related to

the zirconium compound, 1.52.

Ar Ar .
/ \ Cp Ga(lL)
N A4
\ / Cp'oM M
‘ Ga—Ga ‘ E—— 7
/ \ Et,O Cp Ga(lL)
L)
Ar Ar Proposed intermediate, not observed
1.36 Cp',M
Ar
\N
Cp' L Cp'
p\ /Ga( ) 1.26 \ /
M—Ga ‘
/M",, Et,0 / \
cp' ‘Ga(L) Cp /N
Ar
[K(TMEDA)(Et,0)]
M=V (1.57) M=V (1.56)
Cr (1.63)

Scheme 1.9. Cp' = CsHsMe; Ar = 2,6-CH3'Pry; L = (NArCH)s.
1.4.3 Group 6

There are no reported chromium boryl compounds. Braunschweig and co-workers
isolated and structurally authenticated the first base-free, three-coordinate
molybdenum boryl compound 1.59 via an unprecedented rearrangement of the pre-
formed dinuclear boryloxycarbyne 1.58 (Equation 1.5).*” Formation of 1.58 was
kinetically favourable, but rearrangement to 1.59 was possible as it is

thermodynamically more favourable.

Mo=C—O O—C=Mo Mo O—C=Mo
oc \ \ 'cO 7 d TN/ \ 'cO
oc B—B co ocC - co
MezN NMez MezN NMez
1.58 1.59

Equation 1.5

The salt metathesis reaction of the tungstenocene hydride salt {Li[Cp,WH]}; with
chlorocatecholborane produces the tungstenocene boryl hydride Cp,WH{B(O,CsH,)}
(1.60, Equation 1.6).%8
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D ﬁ

Equation 1.6

0.25 {Li[Cp,WH]}4

Irradiation of the tungstenocene dihydride Cp,WH, delivers the highly reactive
intermediate [Cp,W], which is known to oxidatively add C—H bonds of arenes.
Generation of this intermediate in the presence of B(4-CsH30.'Bu); produces the
bisboryl tungstenocene Cp,W{B(4-C¢Hs0,'Bu)}, (1.61, Scheme 1.10). The W-B
bond lengths in 1.60 (2.190(7) A) and 1.61 (2.19(19) and 2.23(1) A) were found to be

similar.?®

Bu
?
hv B,(4-CgH30,'Bu), N\ .Bro
Cp,WH; — [Cp,W] > /W\
- 2 B\ ‘O
1
o)
By
1.61
Scheme 1.10

The tungsten boryl compound Cp*W(CO)3{B(3,5-CsH.0,Me,)} (1.62, Scheme 1.11)
has been shown to engage in the remarkable selective functionalization of alkanes at
the terminal position. Irradiation of solutions of 1.62 in the presence of alkanes
produces the corresponding terminally borylated alkanes in moderate to excellent

yields.®
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Cp* O/Q hv
OC"'-Vl\/n---B‘,IO [B]
oc” co

Cyclohexane

1.62
Pentane
: —[B]

74 %

22 %

CsHq4—[B]

85 %

Scheme 1.11. Compound 1.62 and selected products of alkane activation with yields.
[B] = B(3,5-C5H202M€2).

The only known Group 6 metal gallyl compound was produced in a reaction identical
to that which produced 1.56. Oxidative insertion of Cp',Cr into the Ga—Ga bond of
1.36 resulted in the formation of Cp',Cr{Ga(NArCH),} (1.63, Scheme 1.9).%°

1.4.4 Group 7

Salt metathesis was again employed to synthesise the Group 7 boryls
M(CO)s{B(0.CeHs)} (M = Mn (1.64) or Re (1.65)).*" Thus, reaction of the
carbonylate salt Na[M(CQ)s] with chlorocatecholborane resulted in the formation of
1.64 and 1.65 in moderate to good yields. These compounds were also shown to

activate arene and alkene C—H bonds, producing the boryl alkanes in good yields.

Irradiation and subsequent reaction of a mixture of Cp'Mn(CO)s; and 1.26 in THF
resulted in the half-sandwich manganese gallyl compound
[K(TMEDA)][Cp'Mn(CO),{Ga(NArCH),}] (1.66, Equation 1.7), with the reaction
stoichiometry mirroring that of the synthesis of 1.55.° The solid state structure
revealed a cyclic dimer, featuring isocarbonyl bridging from the carbonyl groups to a

potassium that is nz-coordinated to the arene of the heterocycle.
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B Ar 1@

== -\
| hv \ /

Mnico o+ 126 — “Mn—Ga l
oc” \ oc"'/ \
co oc N

L Ar

1.66

Ar = 2,6-CgH3'Pr,
Equation 1.7

Reactions of Cp',Mn with 1.26 failed to produce gallyl compounds in the manner of
1.56 and 1.63. However, use of the manganese dialkyl compound Mn{CH(SiMe3),},
produced the corresponding manganese gallyl compound
[K(TMEDA)][Mn{CH(SiMe3),}.{Ga(NArCH),}] (1.67) in moderate yields. The
molecular structure revealed an additional n’-interaction between the TMEDA-

chelated potassium cation and the anionic gallyl heterocycle.?®
1.4.5 Group 8

Due to the vast number of known Group 8 metal boryl compounds, only leading
examples will be discussed. More detailed accounts are provided in several excellent

reviews in the area, 3>

The first structurally characterised examples of compounds featuring an Fe—B bond
were isolated by Hartwig and Huber. The iron boryls CpFe(CO){B(0,CsH4)} (1.68)
and CpFe(CO),(BPh,) (1.69) were the products of salt metathesis reactions between
NaFp (Fp = CpFe(CO),) and CIB(0,CsHa) and Ph,BBr, respectively (Scheme 1.12).%

@)

ci—g/ @
- 0
\ \ /
O wFe—B 1.68
NaFp - oc'/ N
oc

BrBthl - NaBr

Scheme 1.12
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It was noted that the **B NMR chemical shift for 1.69 (& 121 ppm) did not correspond
to that which had been reported by No6th and Schmid (6 37 ppm) for a compound
assigned a similar structure. In their review of transition metal boryl compounds,®
Marder and co-workers concluded that, due to the weight of evidence of recent
results, many of the compounds formulated by No&th and Schmid based on

spectroscopic studies alone should be treated with caution.

Of particular interest was the difference in Fe—B bond lengths in 1.68 and 1.69, which
are 1.959(6) A and 2.034(3) A respectively. A combined crystallographic,
spectroscopic and chemical investigation led to the conclusion that 1.68 had a weak
(but significant) w-bond which was a result of the boryl ligand being orientated in
such a way as to allow overlap of the HOMO of Fp™ and the boron 2p-orbital.* This
n-interaction geometry is typical for Fp and metal fragments isoelectronic with Fp,*®
37 and results in a shorter than expected Fe—B bond length for 1.68. However, for 1.69
the steric effect of the bulky phenyl groups overcomes the preference for the usual
geometry, resulting in the absence of an interaction with the Fp-HOMO, producing a
longer bond length. Subsequent theoretical studies by Braunschweig and Aldridge and
Willock have shown that such r-interactions only occur weakly in very specific cases
where conditions are favourable (such as in 1.68).%® Due to the vacant boryl-centred
n-orbital being high in energy, boryl ligands are strong o-donors, but weak =-

acceptors.

Whilst Roper and Wright synthesised the first ruthenium boryl compounds,®
Braunschweig and co-workers reported the first crystallographically characterised
example, CpRu(CO),{B(NMe){B(NMe;)Br}} (1.70, Equation 1.8) which features a
diborane(4)yl ligand.*

@ Na ;]
\ B2(NMe;),Br, \ .NMe,

OC\‘\\RU —»NaBr OC“}RU_B\\B
OC/ ) ocC \B\rNMez
1.70
Equation 1.8

As with 1.69, it was noted that the non-conventional geometry of the ligand

coordinated to the Rp fragment (Rp = CpRu(CO),) indicated the absence of a Ru-B
18
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n-interaction. Compound 1.70 shows remarkable stability, with solutions in hexane
and benzene showing no decomposition after several days under ambient conditions,

and can even be handled in air for short periods of time.

Roper and Wright reported the first crystallographically characterised osmium boryl
compounds,*! two of which will be described. The previously reported® compound
OsCI(CO){B(0,CsH4)}(PPhs), (1.71) was found to have a square-based pyramidal

geometry, with the boryl ligand in the apical position.

B PPhs |1SbFel
PheP 1. AgSbFe MeCN//,,O| .CO
I S
gg“_B/OD ik MeCN™ | g0
% i
oc” | 2.2 MeCN PPhs &
PhsP
1.71 1.72

Equation 1.9

Chloride abstraction, followed by addition of acetonitrile produced the six-coordinate
cationic compound [Os(CO){B(0,CsH4)}(PPhs)2(MeCN),][SbFs] (1.72, Equation
1.9), with a molecule of acetonitrile coordinated trans to the boryl ligand. This, along
with possible effects of the overall positive charge on the complex, was the proposed
by the authors as a reason for the observed increase in the Os—B bond length in 1.72
(2.094(5) A) compared to 1.71 (2.019(3) A).

Whilst it was shown that 1.68 could react under photolytic conditions with arenes and
alkenes to produce their borylated counterparts, it remained unreactive towards
alkanes. It was proposed by Hartwig that the lack of reactivity of 1.68 towards alkanes
was due to irradiated 1.68 preferentially reacting with another molecule of 1.68 at its
sp?-hybridized positions. Therefore, replacing Cp and B(O.CgHs) with Cp* and
B(3,5-0,CsH,Me;) to produce Cp*Fe(CO){B(3,5-0,CsH2Mez)} (1.73) ensured
methyl groups were positioned on the sp>hybridized carbon atoms in place of
hydrogen, and allowed the selective functionalisation of alkanes in a manner similar

to that of 1.62, albeit with significantly reduced yields.*

Power and co-workers synthesised an iron gallyl compound Fe(CO)4{Ga(NacNac)}
(1.74, Fig. 1.2) by reacting a neutral, six-membered gallium(l) heterocycle with
Fe(CO)s at room temperature.** In the same year, Jones and co-workers reported the
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synthesis of the iron gallyl salt [K(TMEDA)][Fe(CO).{Ga(NArCH),}] (1.75).®
Compound 1.75 forms a polymeric structure in the solid state, with isocarbonyl
bridging to a potassium that is coordinated to a molecule of TMEDA and to one of the
arenes of the heterocycle through an ninteraction. In both 1.74 and 1.75, the authors

conclude that there is very little iron to gallium back-bonding involved.

Ar i Ar |9 Ar
\

C|)O cO N C|)O ,L
OC—/FQ—Ga OC—Fe—Ga j OC—Fe—Ga >7NCy2
L L ,,’, \ g W,
oc Cco N oo/ co /N oc CoO T

Ar L Ar Ar
1.74 1.75 1.76

Figure 1.2. Iron gallyl compounds (Ar = 2,6-CgHg'Pr2). [K(TMEDA)]" for 1.75

omitted for clarity

Jones and co-workers have also isolated an iron gallyl derivative similar to 1.74,
replacing the six-membered gallium heterocycle with a four-membered gallium
heterocycle to form Fe(CO).{Ga(NAr),C(NCy-)} (1.76).** The compound is neutral
as the four-membered gallium heterocycle is not anionic, forming a dative bond

between iron and gallium.
1.4.6 Group 9

The first cobalt boryl compound to be structurally authenticated was reported by
Marder and Norman. Oxidative addition of {B(O,CsH,s)}. to the Co(0) compound
Co(PMejs), results in the cobalt(I1) bis(boryl) species Co(PMes)s{B(0,C¢H4)}» (1.77,
Figure 1.3).°

Me3P

N S

=
()
w
2
@)
/

@55

Me3P

1.77

Figure 1.3
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In their structural analysis, the authors argue that 1.77 could be described as either a
distorted square-based pyramid, or, because of the close approach of the two boron
atoms (B1-B2 (1.77) = 2.185 A, cf. B1-B2 ({B(0:,CsH4)},) = 1.678(3) A%), a
distorted tetrahedron in which the two boryl ligands occupy one coordination site. The
authors conclude that, due to the unknown degree of B—B interaction, 1.77 lies part

way along an oxidative addition reaction pathway.*

The rhodium(111) boryl compound RhHCI(P'Pr3),{B(0,CsH.)} (1.78) was isolated by
Marder and Norman after reacting RhCI(N2)(P'Prs), and catecholborane (Equation
1.10).%

P'Prs

. HB(O,CgHs)  Cl-, o
RhCI(N)(PPrs), —————— > Rh—B? :©
H/| O
PPrs
1.78

Equation 1.10

In attempting the synthesis of a rhodium(l) boryl compound, the reaction of
Rh{(PiPr2CH2)2}(1‘|3-2-C3H4Me) with catecholborane resulted in the formation of a
[B(O,CsHa)2]” anion, which then coordinates in an n° fashion to the rhodium centre
via one of the arene rings to form 1.79.® In a later report by the same authors,
oxidative addition of {B(O,CsHs)}. to RhMe(PMes), resulted, after rapid reductive
elimination of MeB(0,Cg¢H,), in the formation of the rhodium(l) boryl compound
Rh(PMe3)3{B(0,CsHa4)} (1.80, Figure 1.4).*

0] :
== %% Pieq
o\ ‘ o
@ o) MegP.., / j@

ipr Rh_ pr ‘Rh—B
MesP” |

iP - \iPr (@)
r \ / PMe, O—B/ H

’
=
1.79 1.80

Figure 1.4

Hartwig and co-workers reported an in situ generated rhodium bis(boryl) compound
Cp*Rh(H){B(0,C,Me,)}, (1.81, Figure 1.4) that behaves as a catalyst for the

borylation of alkanes.* In a later report, they were able to structurally characterise
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this species, finding it adopts a trans, four-legged piano stool structure in the solid
state, matching that deduced from multinuclear NMR spectroscopy. A number of
structural and spectroscopic features led to the conclusion that 1.81 contains
significant B-H bonding.*

The first structurally authenticated transition metal-boron bonds were those featuring
iridium-boron interactions. Merola reported the oxidative addition reaction of
HB(O,CsHa) to IrCI(COE)(PMes)s to produce IrHCI(PMes)s{B(0O,CeH.)} (1.82),>*
whilst Baker and Marder prepared Ir(H),(PMes)3{B(CgH14)} (1.83) from IrH(PMe3),4
and 9-BBN dimer, eliminating Me;P—BCgH, in the process (Figure 1.5).%

H
Me3P,, | 0
C|—’|r\—B:O:© Me3P—Ir— >
‘ PM93 PMe3
PMe3 PMes
1.82 1.83
Figure 1.5

The difference in Ir-B bond length between 1.82 (2.023(10) A) and 1.83 (2.500(2) A)
can be explained by analysing the structural features of both. Compounds 1.82 and
1.83 both adopt distorted octahedral arrangements in the solid state, with the
trimethylphosphines arranged meridionally and facially in 1.82 and 1.83 respectively.
For 1.82, this means that a chloride lies trans to the boryl, whereas a
trimethylphosphine lies trans to the boryl in 1.83. The greater trans influence of PMe3

results in bond lengthening in 1.83.

The cobalt gallyl compound [K(TMEDA)][CpCo(CO){Ga(NArCH),}] (1.84, Figure
1.6) was prepared in a similar fashion to 1.55 and 1.66. Figure 1.6 shows 1.84 as a
monomer with the metal counterion omitted, but the solid state structure of 1.84 is a
cyclic dimer, featuring a n>-interaction between potassium and a carbonyl coordinated
to cobalt.?

Jones and co-workers isolated the Group 9 gallyl compounds
M(COD){C(NAr'CH),}{Ga(NArCH),} (M = Rh (1.85) or Ir (1.86), Figure 1.6) in
moderate to good yields from the reaction of 1.26 with MCI(COD){C(NAr'CH),}.
Compounds 1.85 and 1.86 are monomeric and isostructural, each having a distorted

square planar metal centre.*®

22



Chapter One

AT Are
~ _ / N’ N \
a 5[ ‘ /LN
N _~Ga \
\ NN
Co—Ga l Ar M
oc/ \N //
/ \ \
L Ar _
1.84 M = Rh (1.85) or Ir (1.86)

Figure 1.6. Ar = 2,6-C6H3iPr2 and Ar' = 2,4,6-C¢H,Mes. [K(TMEDA)]" omitted for

clarity.
1.4.7 Group 10

The outstanding significance of the Suzuki coupling in organic synthesis has led to an
explosion of interest in the boryls of Group 10. The first structurally authenticated
nickel boryl compound was synthesised by Mindiola and co-workers in 2007.
Reaction of the ‘PNP’ supported nickel hydride NiH{N(ArP'Pr,),} with
catecholborane resulted in the elimination of H, and the formation of the nickel boryl
compound Ni{N(ArP'Pr,),H{B(0,CsHa)} (1.87, Ar = 4-C¢HsMe, Scheme 1.13).%*

NaBr + BH H,
NaBH, N PP 187
/@Q NI\ -0 ’
- 7P B

PPrz %
=N
iPr7P Br PhBr

Scheme 1.13
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Compound 1.87 was then shown to engage in the borylation of bromobenzene, with
the resultant NiBr{N(ArP'Pr,),} reacting with NaBH, to regenerate
NiH{N(ArP'Pr,),}, formally completing the cycle. However, the process was found
not to be catalytic, as the addition of 10-20 mol% NiBr{N(ArP'Pr,),}, catecholborane
and NaBH, in the presence of bromobenzene did not produce the borylated product
PhB(O,CsH4) and NiH{N(ArP'Pr,),}, but instead reformed NiBr{N(ArP'Pr,),} and
benzene. It was proposed that the rate of reaction of NiH{N(ArP'Pr,),} with
bromobenzene is comparable with that of the borylation reaction to form 1.87
(Scheme 1.13).>

The palladium boryl Pd(DMPE),(SnMe3){B(NMeCH,),} (1.88, Equation 1.12) was
prepared by adding multiple equivalents of the tin(IV) boryl compound
SnMez{B(NMeCH,),} to Pd(DMPE),Me, under forcing conditions.>® The compound
served as a model for the suspected intermediate in the catalytic synthesis of
(stannylalkenyl)boranes from a mixture of a Pd(0) pre-catalyst, the tin(1V) boryl and
an alkyne. It was found that use of 1.88 as a catalyst does indeed form the desired
(stannylalkenyl)boranes in good yields.*®

Pd(CHszez)zMez |\/|e2
SnMe
+ CgHe, 130 °C \ 3
Me
\N
/ Me‘N\>
Me3Sn—B\ j (2.6 eqv) 92
/N
Mé 1.88

Equation 1.12. By-products omitted for clarity.

The most extensively studied boryl compounds of Group 10 involve platinum, with
the method of choice in preparing these compounds involving oxidative addition of a
B—X bond into a low oxidation state platinum compound. The first structurally
authenticated platinum bis(boryl) was Pt(PPh3).{B(0,CsH4)}. (1.89, Equation 1.13)
synthesised by Iverson and Smith, via the oxidative addition of {B(0,CgH,)} to the
‘masked’ platinum(0) compound Pt(PPhg)z(T]Z-CzH4) and concomitant release of
ethylene.”® Care had to be taken in the choice of olefin used in the platinum precursor
as some coordinated olefins were found to be non-innocent and reacted with

{B(0,CsH,)}- rather than behaving as innocent leaving groups.
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Q
PhsP,
Ph3P"'pt\““‘| {B(02CqHa)}2 o B0
PhsP” - CoHy / g0
PhsP i
O
1.89

Equation 1.13

The group of Braunschweig has, in particular, advanced the chemistry of platinum
boryl compounds. Amongst many remarkable compounds, the synthesis of a cationic
three-coordinate platinum boryl compound, [Pt(PCys).{BBr(Fc)}][B(CsFs)s] (1.90,
Equation 1.14) was particularly impressive as the low-coordinate platinum centre did
not require any additional solvent or anion coordination to stabilise it, either in the
solution or solid states. Upon addition of the neutral base 4-methylpyridine to 1.90,
transfer of the bromide from the boryl moiety to the platinum metal centre occurred,
with 4-methylpyridine coordinating to boron to produce the base-stabilised borylene
1.91 (Equation 1.14).”"

PCy, |[B(CéFs)al PCy; |[B(CsFs)al
Fc., | Fc., |
_B—Pt NCsHiMe . B=Pt—Br
Br | CD,Cl, =N |
PCys | _Z PCys;
1.90 1.91

Equation 1.14

A series of Group 10 metal gallyl compounds have been synthesised by Jones and co-
workers, some of which will be described here. The salt metathesis reactions of 1.26
with MCI,(PEt;),  produced the  corresponding  gallyl compounds
M(PEts)2{Ga(NArCH,).}> (M = Ni (1.92), Pd (1.93) or Pt (1.94), Equation 1.15). All
of the compounds are isostructural, and have the gallyl ligands trans to each other in a

slightly distorted square planar arrangement.*®
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/Ar Ar\
N PEt; N
1.26 \ | /
MCI,(PEty), — = ‘ Ga—M—Ga ‘
THF / | ¥
N PEt,
\ /
Ar Ar

M = Ni (1.92), Pd (1.93) or Pt (1.94)
Ar = 2,6-CgH3'Pr,

Equation 1.15

Fischer and co-workers isolated a series of Group 10 gallyl compounds featuring
dative bonds between Group 10 metals and the neutral gallium(l) compound

%9, 60 \whilst Jones and co-

Ga(NacNac) and a variety of olefins as supporting ligands,
workers synthesised similar Group 10 compounds with the neutral gallium(l)

guanidinate Ga(NAr),C(NCy:) species.®
1.4.8 Group 11

It was only within the last decade that the boryl chemistry of the Group 11 metals
could be explored. The first structurally authenticated example of a Group 11 boryl
compound was isolated by Sadighi and co-workers in 2005, with the use of an N-
heterocyclic carbene (NHC) stabilised copper(l) alkoxide, Cu(O'Bu){C(NArCH),}.
Reaction with {B(0,C,Me4)}, results in the formation of the copper(l) boryl
compound Cu{C(NArCH),}{B(0,C,Me,)} (1.95) and '‘BuOB(0,CsH,).%? Subsequent
studies showed remarkable reactivity. Addition of CO, at atmospheric pressure
resulted in rapid oxygen abstraction and concomitant release of CO, as confirmed by
13C labelling studies. The resultant copper compound was revealed to be the borate
Cu{C(NArCH),}{OB(0,C,Me,)} (1.96, Equation 1.16). Addition of {B(0O,C.Mes)}.

regenerates 1.95 and eliminates O{B(O.C.Me,)},, closing the formal catalytic

cycle.®
Ar Ar
| N 0
N @) " o
/ N CO,, RT, 1 atm / X
| >—cu—s8 | }Cu—o—s
e _co N
N O N (e}
\ THF-dg \
Ar Ar
1.95 1.96

Equation 1.16
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With the isolation of the boryl anion 1.7,%% ™ a new route to the synthesis of Group 11
boryls was available. Segawa, Yamashita and Nozaki showed that simple salt
metathesis of the NHC or phosphine stabilised Group 11 metal(l) chlorides could
produce the corresponding Group 11 metal(l) boryls M{C(NAr'CH)}{B(NArCH),}
(M = Cu (1.97), Ag (1.98) or Au (1.99)) and Au(PPh3){B(NArCH),} (1.100, Scheme
1.14).%% In order to establish whether or not the o-donor ability of the boryl would be
affected by changing to a saturated version of 1.7, 1.8 was also used with the same
starting materials to  produce the Group 11  metal(l)  boryls
M{C(NAr'CH);}{B(NArCH,),} (M = Cu (1.101), Ag (1.102) or Au (1.103)) and
Au(PPh3){B(NArCH,).} (1.104, Scheme 1.8). It was found that the c-donor ability of
the boryl did not change significantly.®®

[ e 2 | [H S j [H 1 ]

Ar' Ar' Ar Ar Ar
M = Cu (1.97) M = Cu (1.101)
Ag (1.98) Ag (1.102)
Au (1.99) Au (1.103)
Ar Ar
\ \
1.70r 1.8 /N /N
PhgP—Au—Cl —— > PhzP—Au—B ‘ or PhsP—Au—B
- LiCl \ \
/N /N
Ar Ar
1.100 1.104

Scheme 1.14. Ar' = 2,4,6-CgH,Me;z and Ar = 2,6-CgH3'Pr.

In synthesising Group 11 metal gallyls, Jones and co-workers took a similar approach
to the group of Yamashita and Nozaki and used the same starting compounds to effect
a salt metathesis with 1.26 and produce the corresponding metal(l) gallyl compounds
M{C(NAr'CH);}{Ga(NArCH);} (M = Cu (1.105), Ag (1.106) or Au (1.107),
Equation 1.17).>
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Ar' Ar' Ar

/ / \

N 1.26 N N
‘ >7M—CI —»‘ >7M—Ga\ ‘

N -KCl N N

\ \ /

Ar' Ar' Ar

M = Cu (1.105), Ag (1.106) or Au (1.106)

Ar' = 2,4,6-CgH,Me; and Ar = 2,6-CgH5'Pr,
Equation 1.17
1.4.9 Group 12

The first structurally authenticated Group 12 boryl compounds were zinc derivatives
reported by Yamashita and Nozaki and co-workers, producing a mono(boryl)
bromozincate Zn{B(NArCH,),}(THF)(u-Br),Li(THF), (1.108) and the bis(boryl)
zinc compounds Zn{B(NArCH),}, (1.109) and Zn{B(NArCH,),}, (1.110) upon
reaction of the appropriate equivalents of 1.7 and 1.8 with ZnCl, and ZnBr;, (Scheme
1.15).%4

/Ar
N Br )Ll(THF)Z
1.8 \ S _Br
ZnBr, - B—zZn—
/ \
N THF
\
Ar
1.108
Ar Ar
ZnCl N ArS N Ar{
2 2170r18 \ _N \ N
or > , B—Zn—B, || or B—Zn—B,
- 2LiCI (for 1.109) —_/ N \ N
ZnBr2 o Ligr (for 1.110) '\ Ar \ Ar
Ar Ar
1.109 1.110

Scheme 1.15. Ar = 2,6-C¢H5'Pro.

Aldridge, Jones and co-workers isolated the first cadmium and mercury boryl
compounds (Scheme 1.16).%° Reaction of varying equivalents of 1.7 resulted in either

mono- or bis-boryl compounds of both metals, whilst addition of one equivalent of
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1.26 to the mono-boryl compounds 1.112 and 1.115 resulted in the mixed boryl-gallyl
compounds 1.113 and 1.116.

Ar
/
N |
1.7 \ R
Cdl,(TMEDA) > ‘ /(.?'EJ\*?CI\[\“\Ae2
or N Me,N
CdBr2 Ar
1.112
21.7
11.26
/Ar Ar
N Ar\ N/ Ar\
[ B—Cd—B, | [ B—Ca-Gd' | ]
N A’ N /
\ \ Ar
Ar Ar
1.111 1113
Ar Ar
/ \
N Br N
1.7 N\ N /
HgBr, ] /B—Hg\ Hg—B_ ‘
N\ Br /N
217 Ar Ar
1.115
Ar
/ 1.26
N Ar l
] \B H B’N |
/ 9 ;N Ar
N\ Ar N/ Ar\
Al AN _N
r E B—Hg—Ga j
/ N
1.114 N Y
\ Ar
Ar
1.116

Scheme 1.16. Ar = 2,6-C¢H3'Prs.
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Ar

l Ar
N \

. :// \ /N
NIF)r2 (\ Zn_Ga‘ j
i e N
ZnCK(N'Pry)C(NAr),} N /
Ar

1.26

\ AI'/N\G /N\Ar
0.5 ZnCl,(TMEDA) a Ar
N

1.118

Scheme 1.17. By-products omitted for clarity. Ar = 2,6-CsHs'Pr.

In 2007, Jones and co-workers reported the isolation of the zinc gallyl compounds
Zn{(N'Pr)C(NAr}{Ga(NArCH),} (1.117) and Zn{Ga(NArCH);},(TMEDA)
(1.118, Scheme 1.17).%° In a later report, Jones and co-workers isolated two more zinc

gallyl compounds, and a cadmium gallyl compound.?®

1.5 p-block
151 Group13

Anwander and co-workers isolated aluminium boryl compounds from the reaction of
either excess AlMes with 1.7 to produce the unsolvated dimer 1.119, or a 4:1 mixture
of AIMe; with 17 to produce the monomeric aluminium boryl
AlMex{B(NArCH),}(THF) (1.120).%” Compound 1.119 was then used to synthesise
the rare earth metal heteroaluminates 1.121 and 1.122, which were not accessible
from 1.120 (Scheme 1.18).°" In a later report, the same authors isolated the
corresponding gallium boryl compounds via reaction of either an excess or three
equivalents of GaMe; with 1.7 to produce GaMey{B(NArCH),} (1.123) or
GaMe{B(NArCH),}(THF) (1.124) respectively (Scheme 1.19).%
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excess AlMe; \

17 2 TPRS _
A?‘ B\Al‘\\\\l\/le,,,,“ _Me 1.119
/0N A Ar
Me Me B—N
4 AMe; Y \>
Ar” 7
[LnMes],

B
l <\N/Ar
Al ive \
THE™ \ N-B._ Me
Me Al Al
1.120 M/ "f,M
e e
M. Ar,
Me'" 'V',,\Me\ N
Me—_ . B~
SAl——=Me MerAIT N
A/I Ar
Ar_ _B €
N \N/Ar

—

M =Y (1.121) or Lu (1.122)

Scheme 1.18. By-products omitted for clarity. Ar = 2,6-CsHs'Pr».

N N
excess GaMe; A~ g7 TAr
|
Ga
Me/ AN
3 GaMe; Me
1.123

Ar/N\B/N\Ar

Ga'l/M
THE™ \ V¢
Me

1.124

Scheme 1.19. By-products omitted for clarity. Ar = 2,6-CgHs'Pr».
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Aldridge, Jones and co-workers synthesised a series of Group 13 metal bis(boryl)
compounds of the type M{B(NArCH),}, (M = Ga (1.125), In (1.126) or TI (1.127)
Figure 1.7) from either M(1) or M(lII) starting compounds.®® The high steric loading
and strong o-donating properties of the boryl ligand allowed the isolation of these
compounds as stable radicals, with the Group 13 metal having a formal oxidation state
of Il. Structural authentication of these compounds showed the size of the B-M-B
angle changes with the metal, in the order Tl > Ga > In. DFT calculations replicated
the trend, in which the B-M-B angle becomes more acute as the metal s-orbital

contribution to the SOMO increases.

Ar\ . /’Ar Ar\ . /Ar /Ar Ar\
N g—Ca—g " N\B/In\B/N EN\B—T[_B/NI\
<\/N/ LJ \_n L\) N hY
Nar A Sar a7 \Ar Ar/
1.125 1.126 1.127

Figure 1.7. Ar = 2,6-CgH3'Pr>.

Reaction of two equivalents of 1.26 with either GaHs(quinuclidine) or InH3;(NMes)
produced the anionic aluminium and gallium bis(gallyl) dihydrides
[K(TMEDA),][GaH{Ga(NArCH).},] (1.128) and
[Li(TMEDA),][InH{Ga(NArCH).},] (1.129).” The source of the lithium counter-
ion in 1.129 was believed to have originated from the synthesis of InH3z(NMes) where
LiBr is an inseparable by-product. Structural analysis revealed that 1.128 forms a

contact ion pair, with an interaction between the cation and the hydride ligands.”
152 Group 14

Aldridge, Jones and co-workers reported the remarkable ambient temperature
isolation of a two coordinate acyclic silylene, Si{NAr(SiMe3)}{B(NArCH),} (1.130,
Scheme 1.20).* The compound was arrived at by reaction of SiBrs{NAr(SiMes)}
with two equivalents of 1.7, in which the boryl anion behaves as both reducing agent
and ligand. Unlike N-heterocyclic silylenes, 1.130 can activate dihydrogen, even at
temperatures as low as 0 °C. DFT calculations suggested that dihydrogen approaches
1.130 in a side-on fashion, donating electron density from its HOMO into the LUMO

of 1.130, behaviour reminiscent of transition metal activation of dihydrogen. In the
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same report, the germanium (1.131) and tin (1.132) analogues were isolated via
reaction of the metal(ll) precursors GeCI{NAr*(SiMes3)} and SnCI{NAr(SiMes)}
with one equivalent of 1.7 (Scheme 1.20). It was notable that the germanium boryl
analogue could only be isolated with the very bulky Ar* silylamido substituent
developed by Jones (Ar* = 2,6-(Ph,CH),-4-C¢H,Me)."

Ar
Me3Si— "
. _ 21.7 \
SIBF3{NAI’(SIMG3)} —_— Si: 1.130
Ar /
N\ —E
N—5
QN\N
Ar* Ar
Me3Si— Me3Si—
GeCH{NAr*(SiMe3)} \ \
1.7
or Ge: or Sn:
Ar Ar
SnCKNAr(SiMes)} \N/B/ \N/B/
\ \
K/N\Ar &/N\Ar
1.131 1.132

Scheme 1.20. By-products omitted for clarity. Ar = 2,6-CgHs'Pra; Ar* = 2,6-
(thCH)2-4-C6H2Me.

Jones and co-workers also isolated a series of Group 14 metal gallyl compounds. 2:1
reactions of 1.26 with the heavy alkene analogues M,{CH(SiMe3),}4 (M = Ge or Sn)
led to the anionic metal gallyl compounds
[K(TMEDA)][M{CH(SiMe3),},{Ga(NArCH).}] (M = Ge (1.133) or Sn (1.134)) in
moderate to good yields. Addition of another equivalent of 1.26 to 1.134 produces,
after  elimination of K{CH(SiMe3),}, the  tin bis(gallyl) salt
[K(TMEDA)][Sn{CH(SiMe3),}{Ga(NArCH),},] (1.135) in low yields. The reduced
Lewis acidity and smaller ionic radius of germanium ensures the same reaction does
not occur with 1.133. Structural analyses of 1.133-1.135 found an n’-interaction
between a metal-bound potassium and one of the aryl groups of the gallyl in all cases
(Scheme 1.21).”
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/Ar--—K(TMEDA) /Ar---K(TMEDA)
N N
R.M=MR 21.26 ‘ \G v 1.26 + 1.134 ‘ \G <
= JEE—— - a—Sn
’ ’ ;o / SR Ar
N - R N . Y.
\ R \ Ga—N
Ar Ar N/\)
M = Ge (1.133) or Sn (1.134) Ar NS
1.135

Scheme 1.21. By-products omitted for clarity. R = CH(SiMe3),; Ar = 2,6-CsHs Pr».

Replacing Mx{CH(SiMe3),}4 with M,Ar'y (M = Sn or Pb, Ar' = 2,4,6-C6H2iPr3) and
repeating the reaction with two equivalents of 1.26 results in the formation of
[K(TMEDA)][SnAr',{Ga(NArCH),}] (1.136) or the precipitation of metallic lead and
the gallium aryl compound Ar'Ga(NArCH), (1.137). As with 1.133-1.135, 1.136
exhibits an n’-interaction between a metal-bound potassium and one of the aryl
groups of the gallyl. In the same report, neutral Group 14 metal gallyl compounds
were also accessed via reaction of the very bulky guanidinate metal precursors
MCI{(N'Pr)C(NAr),} (M = Ge or Sn) with one equivalent of 1.26, producing
M{(N'Pr,)C(NAr),}{Ga(NArCH),} (M = Ge (1.138) or Sn (1.139)) in good yields
(Scheme 1.22)."

/Ar- - -K(TMEDA)

N
21.26 N
Ar,M=MAr, —— ‘ Ga—sn  1.136
/ N
N = CAr
M = Snor Pb \ Ar'

21.26 Ar
- Pb (m) /Af
N
\
[ /Ga—Ar' 1.137

N
\
Ar
Ar
l Ar\
: 1.26 ] RN _N
MCHK(N'Pry)C(NAr),} — N'Pr24< M—Ga' j
- KCl Y e N
| Ar
Ar

M = Ge (1.138) or Sn (1.139)
Scheme 1.22. Ar = 2,6-CeH3'Prz; Ar' = 2,4,6-CsH,'Pra.
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1.6 Group 3 and f-block

Prior to the work reported in this Thesis, there were no known Group 3 or f-block
boryl compounds. The synthesis and characterisation of metal boryl compounds
featuring metals from Group 3 and the f-block will therefore be discussed in
forthcoming Chapters. As such, this part of the introduction concerns itself only with

metal gallyl compounds featuring those metals.
1.6.1 Group3

The only known Group 3 gallyl compounds were synthesised by Jones and Liddle in
2009 and Fedushkin in 2011. Jones and Liddle isolated an yttrium gallyl compound
Y{C(PPh,NSiMe3),}{Ga(NArCH),}(THF), (1.140, Equation 1.18) featuring a
carbene phosphinimine supporting ligand.” Simple salt metathesis of an in situ
generated yttrium precursor with 1.26 produced 1.140 in low isolated vyield.
Crystallographic characterisation of 1.140 revealed an octahedral geometry, distorted
by the bite angle of the supporting ligand. The Y—-Ga bond length, at 3.1757(4) A, is
longer than the sum of the covalent radii (3.12 A), and DFT calculations revealed that

this linkage is best described as a highly polarised covalent bond.

SIMe3

1) KCHzPh >i
YI,{HC(PPh,NSiMe3),}(THF) —————
2)1 -

\_</

SIMe3

1.140
Ar = 2,6-CgH3'Pr,

Equation 1.18

Fedushkin and co-workers utilised 1.27 and the metallocene “ate” compound
[K(THF),][Cp",LaCl;] to produce Cp",La{Ga(NArCgHs).}.(THF) (1.141, Equation
1.19) in good isolated yield. 1.141 was structurally authenticated and showed a typical
bent metallocene structure, with a La—Ga bond length of 3.0134(8) A that is shorter
than the sum of the respective covalent radii (3.29 A), and is considerably shorter than

the other known f-element gallium bonds.”
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Cp
1.27 \ WTHF  Ap
[K(THF),][Cp",LaCly] ——— La’ /
/" Ga-N
Cpll ‘a
N
1.141

Cp" = CsMeyEt; Ar = 2,6-CgHgPr,
Equation 1.19

1.6.2 f-block

The first f-element-gallium bonded compound to be structurally authenticated was
isolated by Arnold and Jones and co-workers in 2007.”° Reaction of
[NdI{N(SiMe3),}{C(N'Bu(CHCSiMez)N(CH,);N'Bu}], with 1.26 leads to the
neodymium gallyl compound Nd{N(SiMe3),}{C(N'Bu(CHCSiMe3)N(CH,),N'Bu}-
{Ga(NArCH),}(THF) (1.142, Equation 1.20). The Nd—Ga bond length (3.2199(3) A)
was found to be longer than the sum of the respective covalent radii (2.89 A). 1.142
was also found to be stable in solution, in contrast to comparable lanthanide metal-
Group 13 metal(l) adducts, which dissociated upon solvation. DFT studies revealed a
bond energy that was an order of magnitude greater than that for the comparable
adducts. The authors attribute the relative strength of the Nd—Ga bond to charge

transfer from the more polarizable gallium(l) to the more polarizing neodymium(lIl)

Ar— N/ﬁ
Bu \

Py /o GaTN

/ ;
N N(SiMes), (\ N\ Ar
1, \Nd:/g/ 1.26 N Nd— THF
\I \

centre.”

1.142
Ar = 2,6-CgH3'Pr,

Equation 1.20

In 2009, Jones and co-workers isolated a series of divalent lanthanide gallyl

compounds. Reaction of the divalent metal iodides Ml, (M = Sm, Eu or Yb) with two
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equivalents of 1.26 and an excess of TMEDA (cf. Group 2 gallyls, vide supra) led to
low to moderate vyields of the divalent lanthanide metal gallyl compounds
M{Ga(NArCH),}>,(TMEDA), (M = Sm (1.143), Eu (1.144) or Yb (1.145), Equation
1.21).7 1.143-1.145 were all crystallographically characterised and were found to be
isostructural, with distorted octahedral geometry and the gallyl compounds trans to
each other in the apical positions and the two TMEDA ligands occupying the
equatorial coordination sites.

a
MeZ M62
MI,, THF, excess TMEDA Now, e N M= Sm (1.143)
21.26 > M Eu (1.144)
Toluene N N Yb (1.145)
M62 MeZ i
. Ar = 2,6-CgH3Pr,
SUONG
AF\N N Ar

Equation 1.21

Attempting the same reaction with Tml,(THF)s reproducibly resulted only in low
yields of the thulium(lll) gallyl compound 1.146 (Equation 1.22). An X-ray crystal
structure revealed a Tm—Ga bond, with the rest of the metal coordination sphere being
taken up by a molecule of TMEDA and a doubly reduced diazabutadiene ligand

cooridinated in an n*-fashion to the metal centre.”®

Ar 7
Tmly(THF)5, excess TMEDA <N N
21.26 > Me, 'Tm\/ ~
Toluene N/ Ar
T
Mez
1.146

Ar = 2,6-CgHg'Pr,
Equation 1.22

Finally, in 2009, reaction of the well-known uranium tren compound
UCI{N((CH2),NSiMe3)s}(THF) with one equivalent of 1.26 produced the uranium
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gallyl compound U{N((CH;),NSiMe3)s}{Ga(NArCH),}(THF) (1.147, Equation 1.23)
in high yields.”” Compound 1.147 was structurally characterised, exhibiting a uranium
metal centre in a distorted octahedral geometry. The authors report that the unit cell
contained two crystallographically unique molecules that had very similar metric
parameters. It was, however, noteworthy that whilst the molecules were very similar,
the U-Ga bond lengths were significantly different (3.2115(8) A vs. 3.2983(9) A).
The authors attributed this to crystal packing forces having a greater effect than
normal on the mainly electrostatic (and therefore ‘soft’) U-Ga bond. DFT
calculations revealed a remarkable instance of Group 13 metal/f-element n-donation,

with n-donation from a filled r-orbital in the gallium heterocycle to the 5f orbital of

uranium.’’
SiMe; SiMez
] . I\i SiMe;
(N/\N/SIMG:; <’ \/\\N AI"\
/ \ / 1.26 / N
N - Nu—ea |
\
N THF ‘THF N
N_ Ar
SIMe3 SiMe3
1.147
Ar = 2,6-CgH3'Pr,
Equation 1.23
1.7 Outlook

There is much work still to be done in the chemistry of metal boryl and gallyl
compounds. The remarkable compounds that have been made have only scratched the
surface of this chemistry; for example, the early transition and rare earth metal boryl
and gallyl compounds have only very recently been isolated and their vast potential
remains untapped. Of the compounds already made, some have shown astonishing
reactivity, such as the compounds capable of selective alkane C—H activation
pioneered by Hartwig. The rest of this Thesis is concerned with expanding this
chemistry for the rare earth metals.
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Chapter Two

2.1 Overview

The traditional synthetic routes for constructing the vast majority of M—B bonds
consist of oxidative addition or salt metathesis with an anionic metalate salt, and are
not suitable for the synthesis of Ln—B bonds. Anionic metalate salts of the rare earths
are not accessible, whilst the narrow range of oxidation states for the rare earths rules
out oxidative addition as a synthetic tool. This Chapter describes the synthesis and
isolation of rare earth metal boryl compounds, utilising cationic rare earth metal alkyl
compounds and the salt of the boryl anion Li{B(NArCH)},(THF), (1.7). The
attempted synthesis of a uranium boryl compound will also be described. A short
introduction on cationic rare earth metal compounds and their chemistry will precede
the presentation of results, as will the Schlenk-based synthesis of the boryl anion, as,
to date, this has not been reported. Parts of this work have been published.

2.2 Introduction

Initial attempts at the synthesis of a rare earth metal boryl compound centred around
the use of classical rare earth metal compounds as starting materials such as LnCls,
Lnls, Cp.LnCl and CpLnCl,, as the use of 1.7 opens up salt metathesis routes.
However, all of these attempts ended in either decomposition of 1.7 to the
corresponding borane HB(NArCH), via some redox process (1.22, Figure 2.1),
decomposition of any products or produced intractable mixtures. Rather than
attempting to effect simple salt metathesis, “charge neutralisation”, in which a
cationic metal species is quenched by an anionic species to produce the final neutral

product, was proposed as a more controlled route to the desired target compounds.

/ \ various (L)LnX,, reagents / \

Ar—N\ /N—Ar —_ > Ar—N\ /N—Ar
B - > B
Il_i(THF)Z decomposition |L
1.7 1.22

Figure 2.1

2.2.1 Rare Earth Metal Alkyl Compounds

Before discussing the chemistry of cationic alkyl compounds of the rare earths, it is

important to discuss their neutral rare earth metal alkyl precursors. By way of context,
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a series of lanthanide tris(cyclopentadienyl) compounds, LnCps (Lh = Sc (2.1), Y
(2.2), La (2.3), Ce (2.4), Pr (2.5), Nd (2.6), Sm (2.7) and Gd (2.8), Equation 2.1) were
reported by Birmingham and Wilkinson in 1954.% These were the first rare earth metal
organometallic compounds, isolated more than a century after Frankland’s dialkyl

zinc compounds.’

LnCly
3NaCp —— LnCps
THF Ln =Sc (2.1), Y (2.2), La (2.3), Ce (2.4),

Pr (2.5), Nd (2.6), Sm (2.7) or Gd (2.8)

Equation 2.1

For this work, the compounds reported by Lappert more than 40 years ago were used
as starting materials.* The synthesis of these compounds require tight control of the
stoichiometry to avoid the formation of ‘ate’ compounds, and even tighter control of
the thermal conditions to avoid decomposition of the final products. Reaction of the
THF-solvated rare earth metal chlorides LnCI3(THF)x (Ln =Sc, x = 3; Y, x = 3.5; Lu,
x = 3) with three equivalents of LiCH,SiMes at 0 °C in pentane, followed by cold (0
°C) filtration and removal of volatiles under reduced pressure produces white powders
of the desired tris(alkyl) compounds Ln(CH,SiMe3)3(THF), (Lh = Sc (2.9), Y (2.10)
and Lu (2.11), Equation 2.2). Working up the reaction at 0 °C is critical to the

successful isolation of these compounds.

3 LiCH,SiMe;
LnCl3(THF), > Ln(CH,SiMe3)3(THF),
Pentane, 0 °C
Lh=S8Sc,x=3,Y,x=3.50rLu,x=3 1h Ln =Sc (2.9), Y (2.10) or Lu (2.11)
Equation 2.2

2.2.2 Rare Earth Metal Alkyl Cations

A review by Okuda et al. provides a comprehensive account of the chemistry of rare
earth metal cations.® This introduction will provide information on pertinent examples

relating to the chemistry that will be presented later in this Chapter.

The first example of a cationic lanthanide alkyl compound was reported by

Schaverian in 1992.° Reaction of the lanthanum half-sandwich compound
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Cp*La{CH(SiMe3s),}» (2.12, Scheme 2.1) with one equivalent of [PhMe,NH][BPhg]
produced the cationic half-sandwich alkyl compound Cp*La{CH(SiMe3)}{(u-
Ph),BPhy)} (2.13-BPh,, Scheme 2.1). Elemental analysis and multinuclear NMR
confirmed the composition of 2.13-BPh,, with the **C NMR shifts of the ipso carbons
of the borate anion providing evidence of a weak m-interaction of the phenyl rings
with the metal centre, as compared to the free borate anion. Addition of THF to 2.13-
BPhy irreversibly produced the solvent-separated ion pair
[Cp*La{CH(SiMes),}(THF)3][BPh,] (2.14-BPh,, Scheme 2.1), with the *C shifts of

the ipso carbons this time matching those of the free borate anion.

[PhMe,NH][BPh,]

Cp*La{CH(SiMej3),},
Toluene

212

B - [BPhy]

(Me3Si)2CH“ """ La W THF

THF THF
2.14-BPh,
Scheme 2.1. By-products omitted for clarity.

Reaction of 2.13-BPh, with LICH(SiMes), regenerated 2.12, whilst reaction with
Li(0-2,6-CsHs'Buy)(Et,0)  produced the mixed alkyl-alkoxide compound
Cp*La{CH(SiMe3),;}(0-2,6-CsH3'Buy) (2.15, Equation 2.3).
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LiCH(SiMes), ‘

or

La' tB
Li[O-2,6-CgH3tBu,](Et,0) 5 u
2.13-BPh, >~ 212 or  (Me;Si),HC
CeHe
Bu
2.15
Equation 2.3

Okuda et al. isolated a series of di- and mono-alkyl mono- and di-cations featuring a
variety of neutral ligands and non-coordinating anions.” Starting with 2.9-2.11,
addition of one equivalent of the desired Brgnsted or Lewis acid produced the di-alkyl

mono-cations 2.16—-2.25 (Equation 2.4).

CH,SiMe, AT
Bronsted/ THE
Ln(CH,SiMe3)3(THF), Lewis Acid | =" ", Ln CH,SiMe;
THE=
Ln = Sc (2.9), Y (2.10) or Lu (2.11) THF
(THF),

Ln =Sc, n = 1, A = BPhy (2.16-BPhy)

Y,n=1or2, A=BPhy (2.17-BPhy)

A= B(CGF5)4 (2.18)

A = BPh3CH,SiMe; (2.19)

A = B(C¢F5)3CH,SiMe; (2.20)

A = AI(CH,SiMe3), (2.21)
Lu,n=1, A=BPh, (2.22-BPhy)

A= B(C6F5)4 (2.23)

A = BPh;CH,SiMe; (2.24)

A = B(CgF5)sCH,SiMes; (2.25)

Equation 2.4

Addition of 12-crown-4 to 2.9-2.11 to create 2.26-2.28, followed by the addition of
the same variety of Brensted or Lewis acids produced the supported di-alkyl mono-
cations 2.29-2.39 (Scheme 2.2).
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ST
Ln(CH,SiMes)(THF), _12-crown4 =4
Pentane o """'CH,SiMe3
Ln = Sc (2.9), Y (2.10) or Lu (2.11) Me3SiCH, \CHQSiMeg,

Ln = Sc (2.26), Y (2.27) or Lu (2.28)

Ln=Sc, n =1, A =BPhy (2.29) frznsgqu THE
n =0, A= BPh3CH,SiMe; (2.30) ewis Acl
Y,n=1 A=BPh,(2.31)

A= B(06F5)4 (2.32)
A = BPh,CH,SiMe; (2.33)

-
A = B(C4Fs5)sCH,SiMes (2.34) iod/j\?

(Al

A = Al(CH,SiMe3), (2.35)

Lu,n =1, A =BPh, (2.36) N s
A = B(CqFs)s (2.37) Lre,
A = BPh3CH,SiMe; (2.38) (THF)H/ \|/CHzSiMe;

A= B(C6F5)3CH28iMe3 (239) CH2SiM63 |

Scheme 2.2. By-products omitted for clarity.

Addition of 2.5 equivalents of [PhMe,;NH][BPhy] to 2.10 and 2.11 produced the
mono-alkyl dications 2.40 and 2.41, whilst starting from 2.27 and 2.28 and addition of

two equivalents of Brensted or Lewis acid produces the supported mono-alkyl di-
cations 2.42—2.45 (Scheme 2.3).

2.5 eq [PhMe,NH][BPhy] _
2.10 or 2.11 ~  [Ln(CH,SiMe3)(THF),J[BPhyl,
THF

Ln =Y, n=5(2.40)
=Lu,n=4(2.41)

B [\ [Al2
2 eq Bronsted/ 0} QO
Lewis Acid RO/—‘\ O
2270r228 —M> \
THF L
(THF)n/ \CHZSiMe3

Ln=Y,n=2 A=BPh,(2.42)
A = B(C4Fs), (2.43)
n=3 A=BPhyCH,SiMe; (2.44)
Lu,n=2, A=B(CgFs), (2.45)

Scheme 2.3. By-products omitted for clarity.
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Following the same procedure, but including addition of another equivalent of 12-
crown-4 produced the THF-free mono-alkyl di-cations 2.46—-2.49 (Equation 2.5). All
of the alkyl cations synthesised show remarkable thermal stability, in contrast to the

neutral starting compounds 2.9-2.11.

[\ 1AL
i) 2 eq Bregnsted/ o) OO
Lewis Acid i /——4\0

ii) 12-crown-4 :

2270r228 —

THF o 2stn

Ln=Y, A= B(CgFs)s (2.46)
A = BPh3CH,SiMe; (2.47)
Lu, A = BPh, (2.48)
A = B(CgFs), (2.49)

Equation 2.5
2.2.3 Schlenk-line Synthesis of LI{B(NArCH)}(THF); (1.7)

The synthesis of Li{B(NArCH),}(THF), (1.7) was originally reported by Yamashita
and Nozaki in 2006,% with an improved preparation reported in 2008.° However, in
both instances the final reductive dehalogenation of the bromoborane precursor 2.53
was carried out in a glovebox freezer under an argon atmosphere, and after filtration
the resulting solution of 1.7 in THF was used without further purification as a stock
solution for further reactivity. In order to control the reactivity of 1.7, which is known
to be strongly reducing and an extremely powerful nucleophile, an isolable crystalline
starting compound of known purity and mass would be preferable to a stock solution.

With that in mind, a reliable, Schlenk-line based synthesis of 1.7 was sought.

Reduction of the easily synthesised diazabutadiene 2.50 with pieces of lithium wire in
Et,0 produced 2.51 as a light yellow-brown solution after two days. To the solution
of 2.51 in Et,O was added [EtsNH]CI, producing the protonated form of 2.51, namely
2.52, and concomitant precipitation of LiCl. Filtration and removal of volatiles from
the filtrate under reduced pressure produced 2.52 as a light yellow powder. To a
solution of 2.52 in CH,CI; cooled to 0 °C was added boron tribromide, immediately

eliminating hydrogen bromide. After reacting overnight, the resulting dark brown
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solution was cooled to 0 °C and Hiinig’s base (EtN'Pr,) was slowly added to quench
any remaining HBr. After removal of all volatiles under reduced pressure, the
resulting brown solid was extracted into hexane. Upon reducing the volume of
hexane, a light brown precipitate of the bromoborane heterocycle (2.53) formed. The
supernatant was decanted and the solid dried in vacuo to yield pure 2.53 (Scheme
2.4).

H H
2 H,NAr /7 \
N N
o) e EtOH | |
cat. HCOOH Ar Ar
2d 2.50
| En,0
2 Li (wire) 5 d
2 [EtsNHICI
Ar—N N—Ar = AF—T T—Ar
Et,O
H H 2 Li Li
2.52 2.51

i) BBr; (16 h)

CHzCl i) 2 EtN'Pr,

2,53

Scheme 2.4. By-products omitted for clarity. Ar = 2,6-CgHs3 Pr».

In the original preparation, lithium dispersion is used to achieve the final reductive
dehalogenation of 2.53 (Equation 2.6). Lithium dispersion is difficult to handle
without access to gloveboxes operating with non-nitrogen inert atmosphere, and so
lithium wire was employed instead. On the bench top, pieces of wire approximately 5
mm in length and coated in mineral oil were rolled out into a thin foil. These were
placed directly into a pre-dried Schlenk flask under argon, and washed with
anhydrous pentane and dried in vacuo. A catalytic amount of naphthalene was then
added to the flask containing the freshly prepared lithium foil. The flask was then

exposed to vacuum for a short period of time to remove any remaining air and
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moisture from the lithium foil/naphthalene solid mixture. To this solid mixture was
added THF, with the resulting green solution cooled to -40 °C, and to this stirring,
cooled solution was added a THF solution of 2.53. The resulting dark green solution
was then allowed to react for 15 h at -40 °C, producing a dark brown solution and
with the surface of the pieces of lithium foil taking on a shiny, clean look. All the
volatiles were removed, leaving a dark brown solid which was extracted into pentane
and filtered. The filtrate was cooled to -30 °C overnight to allow any excess lithium
bromide to precipitate. After the dark brown solution was filtered away from lithium
bromide, crystallisation was induced via multiple freezing and thawing of the
solution, and cooled to -30 °C overnight. Dark yellow crystals of 1.7 were produced
in 40 % vyield, and repeating the above procedure with the mother liquor allowed
isolation of a further crop of crystalline 1.7 for a total isolated crystalline yield of 60
%. Crystals of 1.7 can be stored for ca. 1 month under inert an atmosphere at -30 °C,
and can also be handled at room temperature for considerable periods of time.
Solutions of 1.7 have variable stability depending upon the type of solvent used and
the thermal conditions. At room temperature in benzene, THF, hexane or pentane, 1.7
is stable for a few hours, and at -30 °C in THF, hexane and pentane is stable for
weeks. However, at room temperature in toluene or Et,O 1.7 is relatively unstable,

forming HB(NArCH), (1.22) within 0.5 h via a recently resolved redox process.°

[\ THF [\

~g7 C1oHg ~g7
| 2 Li(s) _
Br -40°C,15h Li(THF),
2.53 1.7
Equation 2.6
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2.3 Rare Earth Metal Boryl Compounds®

2.3.1 Synthesis

As mentioned in the introduction to this Chapter, initial reactivity studies carried out
by Dr Andrey Protchenko in the Aldridge and Mountford groups revolved around
classical rare earth compounds featuring halide or cyclopentadienyl ligands. For the
“charge neutralisation” approach, the cationic rare earth metal dialkyl compounds of
the type [Ln(CH,SiMe3),(THF)s][BPh,] (Ln = Sc (2.16-BPhy), Y (2.17-BPhy) or Lu
(2.22-BPh,) were believed to be suitable precursors to boryl compounds. 2.16-BPhy,
2.17-BPh; and 2.22-BPh, respectively were reacted with one equivalent of
Li{B(NArCH),}(THF), (1.7) in THF-dg on the NMR tube scale at -40 °C. Using the
consumption of 1.7 as a guide, the reactions involving 2.16-BPh, and 2.22-BPh,
required approximately 9 h to reach completion, whilst the reaction involving 2.17-
BPh, required approximately 2 h. Approximately 10 % of 1.22 formed during the
course of the reaction, indicating that the majority product was a metal boryl
compound of some description. The *'B{*H} NMR showed a broad, downfield shifted
resonance for each of the test reactions, which is a reliable indicator of a metal boryl
compound. These promising early results led to attempting the reactions on a
preparative scale. Addition of a cold (-40 °C) solution of 1.7 in THF to cold solutions
of either 2.16-BPhy, 2.17-BPhy or 2.22-BPh, in THF led to the formation of a pale
yellow solution, which was allowed to react overnight at -40 °C. Following this, the
reaction mixture was allowed to warm to room temperature, and upon work up and
isolation from either hexane or pentane led to the formation of
Ln(CH,SiMe3),{B(NArCH),}(THF), (Lh =Sc,n =1 (1); Y,n =2 (2); Lu, n =2 (3),
Equation 2.7) as extremely air and moisture sensitive compounds. Compounds 1-3
are the first rare earth metal boryl compounds featuring 2-centre, 2-electron Ln-B o-

bonds.
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CH28IM63 AF_N\ /N—Ar
B

THF..,,, ‘ ® 1.7

"'Ln CH,SiMe; ——— »
THE™ THF,-40°C . Ln

16 h Me3SiCH,™ \
(THF), (THF),
Me3SiCH2
Ln=Sc,n=1(2.16%) Ln=Sc,n=1(1);Y,n=2(2); Lu,n=2(3)

Y,n=1or 2 (217"
Lu, n =1 (2.22%)

Equation 2.7. By-products omitted for clarity. Ar = 2,6-CsHs'Pr».
2.3.2 NMR Spectroscopy

Crystals of 1-3 were analysed by multinuclear NMR spectroscopy in CgDs. In the *H
NMR of all three compounds, the vinyl backbone protons of the metal-coordinated
boryl heterocycle produce a diagnostic sharp, downfield shifted resonance at 6.24 (1),
6.26 (2) and 6.33 (3) ppm, respectively. However even after crystallisation a small
amount (ca. 5-10 %) of 1.22 was still present, producing a signal at 6.18 ppm.
Residual 1.22 is seen in previously reported examples of metal boryl compounds
derived from 1.7 and from the isolation of 1.7 itself.” The *B{*H} NMR spectra of
1-3 featured broad, downfield-shifted peaks, with the presence of 1.22 producing a
relatively sharp peak at 23 ppm. Compounds 1 and 2 have resonances at 38 and 45
ppm, respectively, whilst 3 shows a considerably more downfield-shifted peak at 62
ppm. These are consistent with a significantly deshielded three-coordinate boron
atom, which is the most characteristic spectroscopic feature that all boryl compounds
have in common.™ They also compare well with their Group 4 counterparts, with the
UB{H} NMR spectrum of 1 matching that of Ti(O'Pr)s{B(NArCH),} (1.47, 38
ppm)*? and 3 closely matching that of Cp*Hf{B(NArCH),}(CH,Ph), (1.48, 70

ppm).*
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2.3.3 Solid State Structures

Cooled (-30 °C) saturated solutions of pentane (1) or hexane (2 and 3) produced
diffraction quality crystals, enabling the elucidation of the solid state structures of

1-3. These structures confirm that 1-3 are rare earth mixed boryl dialkyl compounds.

Compound 1 has a distorted tetrahedral structure, analogous to that of 1.47, with one
coordinated molecule of THF (Figure 2.2). The Sc—B bond distance in 1 was found to
be 2.422(2) A, within the sum of the respective covalent radii (2.54(10) A).*®* The
bond distance found in 1 is considerably longer than that found in the Ti—B bond of
the similarly four-coordinate 1.47 (2.258(2) A) and the Mg-B bond in
MgBr{B(NArCH),}(THF), (1.31) (2.281(6) A),** but this can be rationalised by
taking into account the differences in covalent radii for scandium, titanium and
magnesium (Sc = 1.70 A ; Ti = 1.60 A; Mg = 1.41 A). Interestingly, the four
coordinate compound Sc(CH,SiMe3)s{C(NArCH),} (2.54, Figure 2.3), featuring a
neutral N-heterocyclic carbene (NHC) analogous to 1.7, has a Sc—Cyuc bond length
of 2.412(5) A, strikingly similar to that found in 1.

ci37 C136) M y@ C132)

Ci33)
C(34)

Figure 2.2. Displacement ellipsoid plot (20 % probability) of
Sc(CH,SiMes){B(NArCH),}(THF) (1). H atoms omitted for clarity.
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Table 2.1. Selected distances (A) and angles (°) for 1.

Sc(1)-B(1) 2.422(2) B(1)-N(2) 1.454(3)
Sc(1)-C(31) 2.171(3) N(1)-C(1) 1.396(3)
Sc(1)-C(35) 2.174(2) N(2)-C(2) 1.401(3)
Sc(1)-0(1) 2.1180(17) C(1)-C(2) 1.342(3)
B(1)-N(1) 1.458(3)

N(1)-B(1)-N(2)  101.18(18) B(1)-Sc(1)-C(35) 106.30(9)
B(1)-Sc(1)-C(31)  105.21(10) B(1)-Sc(1)-0(1) 111.49(8)

Compound 2 possesses a distorted trigonal-bipyramidal structure, in which the two
coordinated THF molecules are in the axial position (Figure 2.4). The Y-B bond
distance was found to be 2.696(4) A, within the sum of the respective covalent radii
(2.74(10) A).*® The Ln-B bond found in 2 is (as with 1 and 3) without precedent, but
a comparison may be made with the corresponding yttrium gallyl compound,
Y{C(PPh,NSiMes),{Ga(NArCH),}(THF), (1.140).* Compound 1.140 features a
Y—Ga bond measuring 3.1757(4) A, considerably longer than that found for 2.
However, this difference in bond length can almost entirely be explained by the
difference in the respective covalent radii of boron and gallium (0.84(3) and 1.22(3) A
respectively), the difference in coordination number in 1.140 and 2, and the lower

nucleophilicity of the gallyl anion.*’

Ar—N N—Ar Ar—N N—Ar'
N C/ N
\\\\\ Ln wLn
Me3SiCH,™ Me3SiCHy™ \
CstiMe3 CstiMeg,
Me3SiCH2 Me3SiCH2
Ln (Ar) = Sc (2.54) or Y (2.55) Ln (Ar') = Lu (2.56)

Figure 2.3. Ar = 2,6-CgHs3'Pry; Ar' = 2,4,6-CgHsMes.

Compound 2 also has a related NHC compound Y (CH,SiMe3);{C(NArCH),} (2.55,
Figure 2.3)."® A Y—Cync bond length of 2.555(2) A was found, considerably shorter
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than that found in 2, which can be explained by the NHC being able to approach the
less crowded metal centre more closely due to the lower coordination number of 2.55

compared to 2.

C(14)

%) cl2)
\ Cl)
——a % Cis)

Ci6!

C(37) @/ &
C381 41 C(4N

Cl40)

Figure 2.4. Displacement ellipsoid plot (20 % probability) of
Y (CH,SiMe3){B(NArCH),}(THF), (2). H atoms omitted for clarity.

@z/ % .

Figure 2.5. Displacement ellipsoid plot (20 % probability) of
Lu(CH,SiMe3){B(NArCH),}(THF), (3). H atoms omitted for clarity.
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Table 2.2. Selected distances (A) and angles (°) for 2.

Y(1)-B(1) 2.696(4) B(1)-N(1) 1.456(6)
Y(1)-C(35) 2.424(4) B(1)-N(2) 1.467(5)
Y(1)-C(36) 2.394(6) N(1)-C(1) 1.401(5)
Y(1)-0(1) 2.350(3) N(2)-N(2) 1.397(5)
Y(1)-0(2) 2.370(3) C(1)-C(2) 1.335(6)
N(1)-B(1)-N(2)  100.3(3) B(1)-Y(1)-O(1) 93.94(13)
B(1)-Y(1)-C(35)  114.26(15) B(1)-Y(1)-0(2) 106.33(13)
B(1)-Y(1)-C(36)  109.8(2) 0(1)-Y(1)-0(2) 159.71(11)
C(35)-Y-C(36) 135.8(2)

Table 2.3. Selected distances (A) and angles (°) for 3.

Lu(1)-B(1) 2.555(8) B(1)-N(1) 1.490(9)
Lu(1)-C(35) 2.354(7) B(1)-N(2) 1.487(9)
Lu(1)-C(36) 2.352(8) N(1)-C(1) 1.399(9)
Lu(1)-O(1) 2.316(6) N(2)-C(2) 1.371(10)
Lu(1)-0(2) 2.314(5) C(1)-C(2) 1.339(11)
N(1)-B(1)-N(2)  98.3(6) B(1)-Lu(1)-0(1) 105.3(2)
B(1)-Lu(1)-C(35)  104.5(3) B(1)-Lu(1)-0(2) 105.9(2)
B(1)-Lu(1)-C(36)  106.3(3) 0(1)-Lu(1)-0(2) 148.9(2)
C(35)-Lu-C(36)  149.2(3)

Compound 3 exhibits a more square-based pyramidal structure than that found for 2,
in which the boryl is in the axial position and the other ligands forming the base of the
pyramid (Figure 2.5). The Lu—B bond length was found to be 2.555(8) A, within the
sum of the respective covalent radii (2.71(11) A).*®* The related NHC compound
Lu(CH,SiMe3)3{C(NAr'CH),} (2.56, Figure 2.3), featuring the less bulky 2,4,6-
Me3CsHs as the flanking N-bound aryl groups on the NHC, is four coordinate and as

with the yttrium example shows a shorter Lu—Cypc bond length of 2.488(3) A.*
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2.3.4 Comparison of Ln(CH,SiMes3){B(NArCH),}(THF), Compounds

For 1-3, the geometries and Ln—C and Ln—-O bond lengths are unremarkable with
respect to boryl compounds, as there is a precedent for four and five-coordinate boryl
systems for d-block metals,*® and the Ln—C and Ln—O bond lengths come within the
expected ranges and are comparable to the corresponding homoleptic tris(alkyls)
2.9-2.11. The square-based pyramidal geometry of 3 is unusual with respect to rare
earth metals, as five-coordinate compounds of the small to mid-size rare earth metals
commonly adopt trigonal bipyramidal geometries. Further discussion of this
observation can be found in Chapter 4.

As expected,® all of the metal-ligand bond lengths follow the periodic trend Sc—X <
Y-X > Lu—X, and it can be inferred that there is an appreciable covalent contribution
to the Ln—-B bond because the Ln—-B bond lengths all lie within the sum of the
respective covalent radii.'®. The increased number of THF molecules going from 1 to
2 and 3 can be attributed to the larger covalent radii of yttrium and lutetium compared

to scandium.?*

In solution, 1-3 all follow a similar decomposition pathway. At first, all three
compounds appear to form a new boryl compound, with new peaks being seen in the
'H NMR spectra. There is no change in the *B{*H} NMR spectra indicating that
although the supporting ligand environment may have changed, the boron
environment has essentially stayed the same. These unknown compounds then rapidly
decompose to form 1.22 and several unidentifiable products. Further work to identify
these intermediates is ongoing. In the solid state, 1-3 are stable under inert
atmosphere at -30 °C for several weeks, and stable for days at a time in ambient

conditions under inert atmosphere.
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2.3.5 DFT Computational Analysis of Ln(CH,SiMe3){B(NArCH),}(THF),

Scalar relativistic, gradient-corrected density functional theory calculations were
carried out by Ms Krishna H. Birjkumar and Prof. Nikolas Kaltsoyannis at University
College London to further investigate the structure and bonding in 1-3. There is good
agreement between the geometry-optimised computed structures (denoted 1C—3C,
Figure 2.6) and the solid state structures of 1-3. Table 2.4 presents some selected
results from these calculations. The Ln—B bond lengths were reproduced quite well
compared to those derived from the solid state structures, with a slightly worse
agreement with experiment with the Lu-B example, where the bond length was

somewhat overestimated.

\ °
o 9
29
° éi ° P ":‘:a é
¢ eﬂ Q e
&

%,0 o" \\g °! 0/
> f

Figure 2.6. Ball and stick plot (arbitrary radius) of the calculated structure of
Lu(CH,SiMe3){B(NArCH),}(THF), (3C). H atoms omitted for clarity.

The potential energy surface of the Ln—B bonds were probed by varying the Ln-B
bond distances for 1C-3C and calculating the energy at various points. The Ln-B
bonds were shown to have very shallow potential energy surfaces, meaning that small
shifts in bond length induce only a small energy change. For example, for Lu-B in

3C, a 0.1 A elongation about the equilibrium distance requires a 2.8 kJ mol™
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Table 2.4. Selected DFT computational results for Ln(CH,SiMes)>{B(NArCH),}(THF),. Ln = Sc (1C), Y (2C) and Lu (3C).%

r(Ln-B) (A)

r(Ln-C) (mean A)

r(Ln—O) (mean for 2C and 3C A)
N-B-N (°)

C-Ln-C (°)

O-Ln-0 (°)

Ln—B interaction energy

Pre-relaxation (“‘steric’) energy

orbital energy

Aq (Ln—B) (Hirshfeld Charge Difference)
Aq (Ln—Boryl) (Hirshfeld Charge Difference)
p (electron density)

V?p (electron density Laplacian)

H (energy density)

Normalised Ln/B Mulliken contributions
to the HOMO (%)

1C

2.458
2.194
2.193
100.3
117.2

-346.6
316.4
-663.0
0.55
0.69
0.052
-0.020
-0.012
38/62

2C
2.692
2.412
2.439
99.5
130.2
165.3
-359.4
352.2
-711.6
0.64
0.82
0.046
0.040
-0.009
30/70

3C
2.633
2.372
2.404
99.6
130.9
165.9
-375.1
386.0
-761.2
0.65
0.82
0.050
0.050
-0.011
34/66

a. All energies in k] mol™. AIM data (atomic units) obtained at the Ln—B bond critical point
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increase in energy, and shortening it by 0.1 A costs only 3.8 kJ mol™?, with the
remaining Ln—B bonds behaving in a similar manner. These results indicate that the
relatively soft nature of the bonds can account for the overestimation found for the
Lu-B bond length in 3C. The Ln-B interaction energies increase steadily from
scandium to lutetium, and the Ziegler-Rauk breakdown indicates that this occurs
because the increased stabilisation energy of the favourable orbital term outweighs
that of the unfavourable pre-relaxation (“steric”) term. However, the orbital term can
involve electron-pair, charge-transfer and/or donor-acceptor interactions, with the
orbital term arising from the relaxation of the molecular fragments (in this case the
two neutral Ln- and B-containing units) due to the mixing of occupied and
unoccupied orbitals. Therefore, the ionic/covalent nature of the Ln—B bond could not
readily be inferred from the orbital term, so other analysis tools were used to probe
the bonding further. The Hirshfeld charges were calculated for 1C-3C. The positive
charge on the metal increases from scandium to lutetium, whilst the boron maintains
similar Hirshfeld charges throughout. The charge differences between Ln and B
(Ag(Ln—B)) and Ln and the boryl molecule (Aq(Ln—Boryl)) were calculated, with the
significant Aq(Ln—Boryl) indicating that the bond is significantly ionic. The
Aq(Ln—Boryl) for 1C was the smallest value for the three calculated compounds,

indicating that the Sc—B bond is the least ionic.

The B chemical shifts for 1C-3C were also calculated. The calculations all
underestimate the experimental values (31, 37 and 45 ppm vs 38, 45 and 62 ppm),
with the maximum deviation being seen for lutetium. However, the downfield shift of
the B chemical shift going from Sc to Lu is reproduced by the calculations. It is
believed that the significantly downfield shifted signal for lutetium is due to the filled
4f orbitals leading to poorer shielding of the outer valence electrons.

To assess the character of the Ln—B bond, the Kohn-Sham molecular orbital approach
was applied. For the Ln—B bonds, the bonding orbital is the HOMO and is dominated
by a c-orbital. As expected, there is no evidence of any m-bonding. The normalised
contributions (i.e. neglecting all contributions from atoms other than Ln or B) to the
o-bonding HOMO were also calculated. In all cases, boron is found to be the major
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contributor, again indicating significantly ionic bonds. The Sc—B HOMO showed the
largest degree of mixing between the two atoms, in agreement with the result from the
Hirshfeld charge difference suggesting that the Sc—B bond is the least ionic of the
three. At the same time, the Y-B HOMO showed the lowest degree of mixing, and it

can be concluded that this is the most ionic bond.

o

Figure 2.7. Three-dimensional representation of the HOMO of the calculated
structure of Y (CH,SiMes3),{B(NArCH),}(THF), (2C). H atoms omitted for clarity.

Atoms-in-Molecules (AIM) analysis was carried out and generated values for the
electron density (p), the energy density (H) and the electron density Laplacian (V2p)
at the Ln—B bond critical point. All the values support the conclusion inferred from
the Hirshfeld charge calculations, that the bonds are predominantly ionic.?? The Sc-B
bond has the largest p, the most negative H and a Vzp < 0, all indicating that of the
three Ln—B bonds it is the least ionic, which is also supported by the relatively small
Hirshfeld charge difference, whilst the Y-B bond was found to be the most ionic.
With these analyses in hand, the most appropriate bonding description of Ln-B was

found to be that of an ionic bond with a highly polarised covalent contribution
concentrated in the HOMO.
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2.3.6 Other Reported Compounds

After reporting 1-3, a publication by Hou and co-workers detailed the independent
isolation of 1-3, as well as the gadolinium and erbium analogues,
Ln(CH,SiMes){B(NArCH),}(THF), (Ln = Gd (2.57) or Er (2.58)).2 For the
independently isolated versions of 1-3, the characterising data and solid state

structures matched what had been reported.
2.4 Attempted Synthesis of a Uranium Boryl Compound

A natural progression after the isolation of lanthanide boryl compounds is to compare
them to their actinide counterparts. The early metals of the actinide series are
particularly interesting due to the extent to which the 5f orbitals radially extend,
allowing them to potentially be involved in covalent bonding interactions. Of the
early metals in the actinide series, only thorium and uranium occur naturally in any
great quantity, and uranium has a greater number of available oxidation states and
starting compounds reported in the literature. With that in mind, uranium was chosen

as the actinide of choice to prepare an actinide boryl compound.

Due to security and environmental controls enforced by national and international
authorities, uranium based compounds are not easily commercially available.
Procurement of uranium as the metal and as the oxides (UOs or UsOg) can only
realistically be achieved via national laboratories or organisations such as Springfields
Fuels Ltd, with the resulting uranium compounds being logged and reported to
various authorities, including the University safety office. In addition, the research
teams and associated departments then become subject to audits administered by the
Environment Agency, with stock, usage and waste disposal checks being carried out

and safety protocols being tested.
2.4.1 Starting Materials

The ideal starting materials for the organometallic chemistry of uranium are the
halides, which are available in multiple oxidation states. However, as stated earlier,
1.7 is extremely reducing and a powerful nucleophile. In order to avoid reduction of
the metal centre, the higher oxidation states of uranium were avoided, and starting

compounds with uranium in the 3+ and 4+ oxidation states were sought.

63



Chapter Two

It has been known since the late 1950’s that the radical initiated reaction of UO3 with
hexachloropropene at ca 220 °C produces, after work up, uranium tetrachloride (2.59,
Scheme 2.5).* Improvements to the safety of the reaction were reported by Kiplinger
et al., and a modified version of this preparation was used to synthesise 2.59.°> The
reaction is carried out in a 2 L three-necked round-bottomed flask, with three stacked
reflux condensers to control the large exotherm that occurs upon initiation. Slowly
heating the reaction mixture to ca 200 °C with stirring allows the reaction to be
controlled somewhat, until the initiation occurs. After initiation, the reaction is
allowed to stir with heating overnight, producing emerald green 2.59 in good yields.

Cl,C=C,Cl,

Zn
Ul (2.61) ——— Ul; (2.60)
600 °C
151, 21,
Ul3(THF), (2.62) <—— Ul; (2.60) U (m) —— Ul (Et,0), (2.63)
THF Et,O Et,O

Scheme 2.5. By-products omitted for clarity.

Synthesis of uranium triiodide (2.60) and tetraiodide (2.61) is much simpler.
Historically, the synthesis of 2.60 involved the reduction of 2.61 with zinc metal in
sealed silica tubes at 600 °C, whilst the synthesis of 2.61 was laborious and readily
decomposed to 2.60 and I,. In 2008, Arnold et al. reported the solution based
syntheses of 2.60 and the solvated version of 2.61, Ul4(Et,0), (2.63), both from
sonication and stirring of uranium metal and the appropriate quantity of I, in Et,0.%
For the purposes of reactivity, the THF-solvated version of 2.60, Ul3(THF), (2.62),
was desirable and is easily accessed by repeated extraction of 2.60 into THF (Scheme
2.5). Test reactions of 2.62 and 2.63 with 1-4 equivalents of 1.7 led only to formation
of 1.22 in all cases, consistent with results of other reactions with early transition and

rare earth metal halides.
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2.4.2 Permethylcyclopentadienyl (Cp*) Compounds

The Cp* ligand is ubiquitous in transition and rare earth metal chemistry as a
supporting ligand due to its excellent steric and electronic properties. With that in
mind, U*" and U* Cp* compounds were targeted as precursors for reactions with 1.7,
in particular the landmark compounds reported by Marks et al. and Burns and Clark et
al. Cp*,UCI, (2.65) can be isolated in good vyields via reaction with 2.59 and
Cp*MgCI(THF) (2.64).*” Compound 2.64 is used in place of the usual LiCp*
compounds as it was found to reproducibly achieve higher pure yields of 2.65. The
uranium (111) Cp* compounds, Cp*Ul,(THF); (2.66) and Cp*,UI(THF) (2.67), were
accessible by reaction of either one (2.66) or two (2.67) equivalents of KCp* and
2.62, also in good yields (Scheme 2.6).® Reactions of 2.65-2.67 with 1.7 again

produced only 1.22 and intractable mixtures.

*
2 Cp*MgCI(THF) \

(2.64)

\
ot
\
\
W

2.59 \ﬁu\m

W
\
\
’ \
’ \w
/////
’

Scheme 2.6. By-products omitted for clarity.
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Salt metathesis did not appear to be a good method of generating the desired uranium
boryl compound, and so derivatives of 2.65-2.67 featuring alkyl and amide ligands
were synthesised, and these are summarised in Scheme 2.7. Addition of two
equivalents of MeLi to 2.65 yielded, after recrystallisation from toluene, Cp*,UMe;
(2.68) as orange needles.?” Reaction of one or two equivalents of {KN(SiMes);} with
either 2.66 or 2.67 produced Cp*U{N(SiMes).}. (2.69) or Cp*,U{N(SiMes3).}
(2.70).%% In keeping with the recurring theme, addition of varying equivalents of 1.7

with 2.68-2.70 produced only 1.22.

\
\\‘\
\
W

2.65 2.68
. 0.5 2.66 2.67 \ ,
U ~——— [KN(SiMes),} U—N(SiMe3),
(Me3S|)2N\ N(SiMe3), \ﬁ
2.69 2.70

Scheme 2.7. By-products omitted for clarity.
2.4.3 Tripodal Ligands

The lack of success with the Cp*-based systems led to the use of the well know tren-
based ligand types, featuring a tripodal N3~ donor (Scheme 2.8). The uranium tren
compound UCI{N((CH,):N(SiMe3))s}(THF) (2.71) was synthesised from 2.59 and
{N((CH.),N(SiMes))s}Lis, as reported by Scott?® (structure elucidated later by Liddle
et al.).¥ Reaction of 2.71 or its associated iodide, UI{N((CH,),N(SiMe3))s}(THF)
(2.72),*" with 1.7 produced only 1.22.
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{N((CH2)2N(SiMe3))s}L iz

'
:::::::::

2,72

Scheme 2.8. By-products omitted for clarity.
2.4.4 Cationic Compounds and Transfer Agents

Returning to the previously successful synthetic methodology that led to 1-3, cationic
compounds of uranium in both the 3+ and 4+ oxidation states were employed.
Addition of [NH4][BPhs;] to 2.70 produced the cationic sandwich compound
[Cp*,U(THF),][BPh,] (2.73-BPh,).*? The uranium tetraamide, U(NEt,), (2.74), was
synthesised from the reaction of 2.59 with four equivalents of LiNEt, and purification
via high-vacuum sublimation.®® Reaction of 2.74 with one equivalent of
[EtsNH][BPh4] led to the isolation of the cationic uranium (IV) compound,
[U(NE,)s][BPhs] (2.75-BPh,, Scheme 2.9).** Unfortunately, reactions of 2.73-BPh,
and 2.75-BPh, with 1.7 again produced 1.22, as did a reaction with 2.74.
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Scheme 2.9. By-products omitted for clarity.
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[(BPhy]

With the failure of a series of starting compounds, 1.7 was deemed to be too reactive

and a milder way of transferring the boryl anion was sought. There is precedent in

rare earth metal chemistry of using mercury or tin compounds as mild transfer agents

for ligands. Jones, Mountford and Aldridge et al. have reported the isolation of the
tin(11) boryl compound Sn{NAr(SiMes)H{B(NArCH),} (1.132).** The bis(boryl)
version of that compound, Sn{B(NArCH),}, (2.76), was also reported and it was this

compound that was reacted with 2.59 to effect the transfer of two boryl ligands and
form UCI,{B(NArCH),},. However, rather than form UCI,{B(NArCH),},, chloride
transfer from 2.59 to, and oxidation of, 2.76 occurred, producing SnCl,{B(NArCH),}-

(4, Figures 2.8 and 2.9).

Figure 2.8
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Figure 2.9. Displacement ellipsoid plot (20 % probability) of SnCI,{B(NArCH),}-

(4). H atoms and minor disorder omitted for clarity.

Table 2.5. Selected distances (A) and angles (°) for 4.

Sn(1)-B(1)
sn(1)-B(2)
Sn(1)-Cl(1)
Sn(1)-CI(2)
B(1)-N(1)
B(1)-Sn(1)-B(2)
CI(1)-Sn(1)-CI(2)

2.250(3)
2.252(2)
2.3531(7)
2.3579(8)
1.428(3)
136.28(10)
100.93(4)

B(1)-N(2)
B(2)-N@3)
B(2)-N(4)
C(1)-C(2)
C(27)-C(28)
N(1)-B(1)-N(2)
N(3)-B(2)-N(4)

1.426(3)
1.435(3)
1.425(3)
1.329(4)
1.346(4)
105.7(2)
106.01(19)
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2.5 Conclusions

The work presented in this Chapter has introduced the Schlenk-line synthesis of the
boryl anion, 1.7. Rare earth metal alkyls and their cationic counterparts were also
introduced. The synthesis of the first rare earth metal boryl compounds of the type
Ln(CH,SiMes){B(NArCH),}(THF),, featuring a 2-centre, 2-clectron c-bond between
a rare earth metal and boron was then reported, with the “charge neutralisation”
approach providing a way to control reactivity of the strongly reducing and
nucleophilic boryl anion. Their solid state structures were established, and their
structure and bonding were probed by DFT studies. The scandium dialkyl boryl
compound, 1, was found to form a four-coordinate compound, not unlike that of
Ti(O'Pr)s{B(NArCH),} (1.47), and was found to have the least ionic Ln—B bond. The
yttrium (2) and lutetium (3) analogues formed five-coordinate compounds, each with
two molecules of THF, and form the more ionic Ln—B bonds. It was concluded that
the most appropriate bonding description of the Ln—B bond was found to be that of an
ionic bond with a highly polarised covalent contribution concentrated in the HOMO.
Attempts at synthesising a uranium boryl compound were also reported, with all
attempts ending in failure. It is believed that the choice of a suitable supporting ligand
set and suitable form of the boryl anion will enable the isolation of these species in the

future.
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Chapter Three

3.1 Overview

This Chapter describes the synthesis and isolation of cationic rare earth metal
bis(amidinate) compounds and their use in the synthesis of rare earth metal gallyl
compounds. A short introduction to the amidinate ligand and its suitability as a stable,
generally innocent supporting ligand set for rare earth metals, as well as providing

pertinent examples, will precede the presentation of results.
3.2 Rare Earth Metal Amidinates
3.2.1 Introduction

Rare earth metal N,N'-disubstituted amidinates (and the closely related N,N'-
disubstituted guanidinates) are a relatively new class of compounds, coming into
existence in the early 1990°s. The increased use of the amidinate ligand coincided
with the need to diversify the well-known rare earth metal cyclopendienyl compounds
and their chemistry, with the amidinate ligand being regarded as “steric
cyclopentadienyl equivalents”, a concept developed by Wolczanski and co-workers in
connection with a series of tri-tert-butylmethoxide (tritox) compounds® and associated
with amidinates by Edelmann and co-workers.? This steric equivalency is especially
important when considering reactivity with rare earth metals, as steric saturation of
the coordination sphere is more important than the number of valence electrons. In
general, metal amidinates are accessible via several synthetic routes, the most

important of which for rare earth metals include:
i) Insertion of carbodiimides (RNCNR') into a metal-carbon bond
i) Deprotonation of an amidine using a metal alkyl compound
Iii) Salt metathesis reactions between a metal halide and alkali metal amidinate

Metal guanidinates are accessible via analogous routes, with insertion of
carbodiimides into metal-nitrogen bonds being used for (i) and guanidines and alkali

metal guanidinates being used for (ii) and (iii), respectively.
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Figure 3.1 The most common N,N'-disubstituted amidinate coordination modes.

The coordination chemistry of these ligands is varied, with monodentate, chelating
and bridging coordination modes possible. The most common coordination mode is
the chelating type (A, Figure 3.1). The monodentate coordination mode (B) is rare,
with only a few examples known. The bridging coordination mode (C) is well known
for transition metals, often forming dinuclear compounds featuring short metal-metal
distances, the sort that are completely unknown for rare earth metals. The ease with
which the substituents at carbon and nitrogen can be varied to tune the steric and (to a
lesser extent) electronic properties of the ligands allows these ligands to fit across the
entire size range of the rare earth metals, from the smaller scandium to the very large

lanthanum.

A series of reviews by Edelmann provide a comprehensive account of the chemistry
of rare earth metal amidinates.®® The rest of this introduction will provide information
on key compounds relevant to the chemistry that will be presented later in this
Chapter.

3.2.2 Neutral Compounds

The first lanthanide metal amidinates were isolated by Edelmann and co-workers in
1990.” Addition of two equivalents of the sodium amidinates NaJArC(NSiMes),] (Ar
= CgHs, 4-CsH4OMe or 4-CgH4Ph) to YDbIo(THF), produced the dark red divalent
ytterbium bisamidinates Yb{ArC(NSiMes3).}2(THF), (Ar = CgHs (3.1), 4-CsH,OMe
(3.2) or 4-C¢H4Ph (3.3), Equation 3.1). An X-ray diffraction study of 3.1 showed a
distorted octahedral structure with the two amidinate ligands coordinated in a
chelating fashion trans to each other. Compound 3.1 also showcases the classic

“cone-like” shape of the amidinate ligands when featuring these subsituents. This is
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due to the large dihedral angle between the phenyl ring and the amidinate NCN unit,

which precludes any conjugation between the two m-Systems.

Me3Si SiMe3
L TTF N
2 Na[ArC(NSiMez),]  New, | o |
Ybly(THF), [ArC 32l C e Y—Ar
Ar W W
THF, - 2 Nal N e N
Me;Si SiMe;

Ar = Ph (3.1), 4-CgH,OMe (3.2) or
4-C¢H,4Ph (3.3, no THF)

Equation 3.1

Edelmann and co-workers then reported the synthesis of the first trivalent lanthanide
amidinates, synthesising a series of homoleptic tris(amidinates) with different aryl
groups on the carbon atom.? These are outlined in Equation 3.2, with those containing

Ar = Ph (3.4-3.12) being presented as typical examples.

3 Na[PhC(NSiMej3),](Et,0)o5 R — R

LnCl, > 2
THF, - 3 NaCl \N ......... Lno,,,, N/
/N
Ph” N
R R

Ln = Sc (3.4), Ce (3.5), Pr (3.6), Nd
(3.7), Sm (3.8), Eu (3.9), Gd (3.10),
Yb (3.11), Lu (3.12),

R = SiMe;
Equation 3.2

Trivalent rare earth metal bis(amidinates) were attractive targets as they could be
compared to the analogous rare earth metal metallocene compounds. Amongst the
first to be isolated was the neodymium bis(amidinate) “ate”
Nd{ArC(NSiMez).}2(u-Cl),Li(THF), (Ar = 2,4,6-C¢H2(CF3)s (3.13), Scheme 3.1),

with the very bulky amidinate ligand required to stabilise the large Nd metal centre.?

compound

This compared favourably with the well-known metallocene equivalent, Cp*,Nd(u-
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CI),Li(THF),. Teuben and co-workers showed that for the smaller yttrium, salt-free
compounds of rare earth bis(amidinates) could be accessed. Reaction of YCI3(THF)35
with two equivalents of the less sterically demanding amidinate, Li[PhC(NSiMes),],
leads to excellent vyields of the yttrium bis(amidinate) compound
YCI{PhC(NSiMes);}»(THF) (3.14, Scheme 3.1).°

Li(THF),
cl
R / R
2 Li[ArC(NSiMes3),] \ .Nd.. /
NdC|3(THF)2 N “““ \' :::::: IN
THF, - LiCl Jk\\ / ,J\
Ar N N Ar
\ /
R
3.13
R R
Lok
2 Li[PhC(NSiMe3),] Now, T .
YCly(THF)3 5 - P PN
THF, - 2 LiCl
e N\ THF 7‘
R R
3.14

Scheme 3.1. Ar = 2,4,6-CgH,(CF3)3. R = SiMes.

Having demonstrated that rare earth metal bis(amidinate) and bis(guanidinate)
compounds could be isolated in a similar manner to the rare earth metal metallocenes,
it was further demonstrated that bis(amidinate) and bis(guanidinate) alkyl, amide and
hydride species could be isolated using techniques analogous to those used for
metallocene compounds. Trifonov and co-workers isolated a lutetium bis(guanidinate)
chloride “ate” compound, Lu{(N(SiMes)2)C(N'Pr).}.(H-Cl),Li(THF), (3.15, Scheme
3.2), and subsequently reacted it with one equivalent of LiCH,SiMe; to produce the
alkyl compound Lu{(N(SiMes),)C(N'Pr),},(CH,SiMe3) (3.16). Reaction of 3.16 with
PhSiH; produced the bridging hydride compound, [Lu{(N(SiMe3),)C(N'Pr),}-(pu-H)]2
(3.17).%°
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In keeping with the metallocene analogy, 3.17 was found to have an Lu,(u-H), core
featuring similar Lu—H and Lu—Lu distances to those containing cyclopentadienyl

supporting ligands.**

'Pr 3 'Pr
2 Li[(N(SiMe3),)C(NiPr)o] \ ..... LU, /

LUC|3 N'“‘ \ IIII |N
THF L ,)\

ipr  'Pr
3.15
Toluene | LICH,SiMes
R IPr iPr\ R

>;\_N/ N=— CH,SiMe;

Tz ' Pr 'Pr

NG L oxane AN
iPr\N/::‘ H \ _'pr PhSiHs /lk\\N N—J\

Scheme 3.2. By-products omitted for clarity. R = N(SiMej)s.

The last group of rare earth metal amidinate and guanidinates to be synthesised were
the singly substituted compounds. In a landmark report by Hessen, a specially
designed bulky amidine was used to isolate rare earth metal mono(amidinate) dialkyl
compounds across the entire size range of the rare earths, from scandium to
lanthanum.*® ** Reaction of Ln(CH,SiMes)s(THF),, either generated in situ (Sc, Nd,
Gd and La) or from isolated examples (Sc, Y and Lu), with the amidine
PhC(NHAR(NAr) (Ar = 2,6-CeHs'Pr) produced, upon elimination of
tetramethylsilane, the rare earth  metal = mono(amidinate)  dialkyls,
Ln{PhC(NAr),}(CH,SiMe3),(THF), (Lh =Sc,n=1(3.18); Y,n=2(3.19); Gd,n =2
(3.20); Lu, n =1 (3.21); La, n = 2 (3.22); Nd, n = 2 (3.23), Scheme 3.3). An X-ray
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diffraction study of 3.23 revealed a structure that is essentially isostructural to the
previously reported 3.19,* with the alkyl groups axial to the amidinate ligand.
LnX3(THF), + 3 LiCH,SiMe3
Ln(CH,SiMe3)3(THF),
Ln=Sc, Nd,Gd; X=Cl;n=3
Ln=La; X=Br;n=4

Ln=Sc, Y, Lu

\ PhC(NHAr)(NAr)

Ph
Ar/N/ /N\Ar
Ln.,
/ \"CHZSiMe3

THF  'CH,SiMes

Ln=Sc,n=1(3.18); Y, n =2 (3.19); Gd, n = 2 (3.20);
Lu, n=1(3.21); La, n =2 (3.22); Nd, n = 2 (3.23)

Scheme 3.3. By-products omitted for clarity. Ar = 2,6-'Pr,CgHs.
3.2.3 Cationic Compounds

In the same communication that reported the isolation of 3.18-3.23, Hessen and co-
workers also reported the synthesis and isolation of their cationic counterparts,
3.24-3.29-BPh,."® Reaction of one equivalent of [PhMe,NH][BPh,] with 3.18-3.23
produces the cationic rare earth metal mono(amidinate) alkyl compounds,
[Ln{PhC(NAI),}(CH,SiMe3)(THF),][BPh4] (Ln = Sc, n = 2 (3.24-BPhy); Y, n =3
(3.25-BPhy); Gd, n = 3 (3.26-BPhy); Lu, n = 3 (3.27-BPhy); La, n = 4 (3.28-BPhy);
Nd, n = 4 (3.29-BPhy), Equation 3.3). Compounds 3.24-3.29-BPh, were tested for
their catalytic activity in the polymerisation of ethane. It was found that catalytic
activity was strongly dependent on metal ionic radius, with the smallest and largest
metals, scandium and lanthanum, showing very low activity, and the intermediate

metals, yttrium and gadolinium, showing the highest activity.
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Ph B Ph “|[BPhy]
a—N N—ar ar— N N—ar
[PhMe,NH][BPh,]
Ln., . Ln
7\ "CH,SiMes - SiMe,
THF,  CH,SiMe, _ THFR, CH,SiMes |
Ln=Sc,n=1(3.18); Y, n =2 (3.19); Ln = Sc, n =2 (3.24-BPhy,); Y, n = 3 (3.25-BPh,);
Gd, n = 2 (3.20); Lu, n = 1 (3.21); Gd, n = 3 (3.26-BPhy); Lu, n = 3 (3.27-BPhy);
La, n =2 (3.22); Nd, n =2 (3.23) La, n =4 (3.28-BPh,); Nd, n = 4 (3.29-BPhy,)
Equation 3.3

3.3 Rare Earth Metal Bis(amidinate) Cations
3.3.1 Introduction

The synthesis of  the rare earth metal boryl compounds
Ln(CH,SiMe3){B(NArCH),}(THF), (1-3) prompted an attempt at extending the
“charge neutralisation” approach towards synthesising the analogous gallyl
compounds. If the gallyl compounds could be isolated, unprecedented structural and
reactivity comparisons between the rare earth metal boryl and gallyl compounds could
be made, and would, in fact, constitute the first direct comparison of metal boryl and
metal gallyl compounds featuring identical supporting ligand sets. However, use of
the cationic rare earth metal compounds [Ln(CH,SiMes),(THF)3][BPh,] (2.16-2.17-
BPh, and 2.22-BPh,) with the salt of the gallyl anion [K{Ga(NArCH),}(Et,O)].
(3.30), where the cation is solvated by diethyl ether, did not result in the expected rare
earth metal gallyl compounds, with decomposition of the cation and formation of the
known digallane(4) [Ga(NArCH2);]. (1.36) being observed. It was hypothesised that
the dialkyl ligands could not offer sufficient steric protection for any corresponding
gallyl compound, and a more sterically encumbered supporting ligand set that could
provide access to both stable cationic precursors and stabilise the desired gallyl
compound was required. Additionally, it was highly desirable that the ligands selected
could provide a platform for isolating the resulting Ln—Ga bond for reactivity. With
those criteria in mind, bis(amidinate) cationic compounds of the rare earth metals

were targeted.
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3.3.2 Synthesis

As mentioned in section 3.2.1, there are three important synthetic routes to metal
amidinate compounds, all of which could be employed in the synthesis of cationic
rare earth metal bis(amidinate) compounds. The only known rare earth metal cationic
compounds with an amidinate ligand, 3.24-3.29-BPh, (Scheme 3.3 and Equation
3.3), employed route (ii) (see page 74 and Figure 3.2) to ligate the amidinate prior to
deprotonation with [PhMe,NH][BPh,] to form the separated ion pair.* Use of route
(iii) could be envisaged, reacting an alkali metal amidinate of choice with a rare earth
metal halide, followed by alkylation and deprotonation. However, these routes were
deemed to be circuitous, and it was concluded that route (i), insertion of a
carbodiimide into a metal-carbon bond, would provide the best access to cationic rare

earth metal bis(amidinate) compounds (Figure 3.2).

(-i'HF)n
| R ® R \
N (ii) \ Lo / (iii) N
V4 E—— NN N - N\ R'
R - )
< LN

RNCNR

Figure 3.2. Routes to bis(amidinate) cations.

Addition of two equivalents of carbodiimide, RNCNR (R = 'Pr, Cy or Tol), to the
cationic rare earth metal dialkyls [Ln(CH,SiMes),(THF);][BPh,] (2.16-2.17-BPh,
and 2.22-BPh,), produced the cationic rare earth metal bis(amidinate) compounds
[Ln{(Me3SiCH,)C(NR).}2(THF),][BPhs] (5-13-BPhy4, Scheme 3.4) in yields from
55-62%. Starting from the rare earth metal trialkyls 2.9-2.11, and carrying out the
subsequent deprotonation and addition of carbodiimide in a “one-pot” fashion,
produced 5-13-BPhy in significantly higher yields, 80-87%. Compounds 5-13-BPh,
constitute the first cationic rare earth metal bis(amidinate) compounds, and are stable

in the solid state at room temperature, as well as stable in solutions of THF and
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dichloromethane for extended periods of time under an inert atmosphere. As with
most cationic rare earth metal compounds, 5-13-BPh, are completely insoluble in
hydrocarbons, and sparingly soluble in arene solvents. The cyclohexyl derivatives 6-
BPhy, 9-BPh, and 12-BPh, showed lower solubilities in THF and CH,CI, than their

iso-propyl and tolyl counterparts.

[Ln(CH,SiMe3)o(THF)3][BPh,] Ln(CH,SiMes)3(THF),
Sc (2.16-BPhy), Y (2.17-BPh,) and Lu (2.22-BPh,) Sc (2.9), Y (2.10) and Lu (2.11)

1) [EtzNH][BPh,]
THF, -78°C to RT

2lRNCNR THF, RT 1 h (Y, Lu), 15 h (Sc)
R ='Pr, Cy, Tol 2) 2 RNCNR
R = Pr, Cy, Tol
THF, RT
1h
(THF),
R ‘ ®
\ |||||| Ln..,,, /

N / \ Ty
] I
Lo _d

/k NS

\ /
Me;Si R R SiMe;

Ln=Sc,R='Pr,n=2(5%; Sc,R=Cy,n=2 (6%
Sc,R=Tol,n=2(7*); Y,R='Pr,n=3(8%
Y,R=Cy,n=2(9%; Y,R=Tol, n=2(10%
Lu, R="Pr,n =3 (11*);Lu, R=Cy, n =2 (12%)

Lu,R=Tol,n=2 (13%)

Scheme 3.4. Synthesis of bis(amidinate) cations. [BPh4]" anion omitted for clarity.

Compounds 5-13-BPh, show similar *H NMR spectroscopic features in CD,Cl,. A
sharp singlet resonance for the SiMes; group is found in the range -0.40 and +0.20
ppm, whilst a singlet resonance for the CH, group is found at approximately 2 ppm,
considerably shifted from the related alkyl cations 2.16%, 2.17" and 2.22" as the
carbon atom changes coordination from the metal to an sp®-hybridised carbon. The
three multiplets associated with the non-coordinated [BPh,] anion are also found in
the expected range for these anions in *H NMR spectra. Compounds 8-BPh, and 11-
BPh, diverge from the other cationic compounds as they show two, broad resonances
for inequivalent a-protons of THF. The reduced steric bulk of the N-bound 'Pr groups,

when compared to Cy and Tol, allows for an extra molecule of coordinated THF for
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8-BPh, and 11-BPh,, although not for the smaller scandium in 5-BPh,. The “'B{*H}
NMR resonances for 5-13-BPh, were also in the expected range, with sharp
resonances at approximately -6 ppm indicating the presence of four-coordinate boron.
This data supports the expected structure for the cationic rare earth bis(amidinate)

compounds depicted in Scheme 3.4.
3.3.3 Solid State Structure

A cooled (-30 °C) saturated solution of 9-BPh, in THF produced diffraction-quality
crystals, enabling the elucidation of the solid state structure of 9-BPh, (Figure 3.2).
The structure confirms that 9-BPh, is a cationic rare earth metal bis(amidinate) with a
non-coordinating tetraphenylborate anion, which matches its *H NMR resonances and
other characterising data (see Chapter 5), and, by analogy, it can be assumed that 5-8-

BPh, and 10-13-BPh, contain cationic rare earth metal bis(amidinate) compounds.

Figure 3.2. Displacement ellipsoid plot (20 % probability) of
[Y{(Me3SiCH,)C(NCy),}>(THF),]" (9). H atoms, minor disorder and [BPh,]
omitted for clarity. Atoms carrying the suffix ‘A’ are related to their counterparts by
the symmetry operator 1-x, y, */»-z.

Table 3.1 lists selected important bond lengths and angles. Compound 9 has a
distorted six-coordinate octahedral structure, with two molecules of coordinated THF.

The THF molecules occupy one equatorial and one axial position, with the remaining
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positions occupied by the amidinate nitrogens. The N-Y—-N bite angle of 57.9° is
close to the range of bite angles (51.2-65.3 °) seen for yttrium N,N'-disubstituted
amidinates and guanidinates,™* and contribute to the distortion of the octahedron. The
Y-N bond distances are also within the range for yttrium N,N'-disubstituted
amidinates and guanidinates (2.28-2.60 A),'* but the bond lengths appear to be
affected by a small but significant trans influence. The Y—N(1) bond found trans to
an amidinate nitrogen has a longer bond distance than Y—N(2) bond, which is found
trans to the neutral THF. This observation for rare earth metals is not unknown, and
has been noted in compounds reported by Deacon,™ Rabe® and Brennan,*"™° but is

unusual as the electronic properties of the metal are independent of the coordination

sphere.
Table 3.1. Selected distances (A) and angles (°) for
[Y{(Me3SiCH;)C(NCy).}2(THF),]" (9").
Y(1)-N(2) 2.3432(19) Y(1)-0(2) 2.3444(18)
Y(1)-N(2) 2.310(2) N(1)-Y(1)-N(2) 57.94(7)
N(1)-C(1)-N(2) 114.5(2) O(1)-Y(1)-0O(1A) 79.90(10)

3.4 Rare Earth Metal Gallyl Compounds
3.4.1 Synthesis

With the isolation of cationic rare earth metal bis(amidinate) compounds, the “charge
neutralisation” approach utilised for the synthesis of the boryl compounds
Ln(CH,SiMe3){B(NArCH),}(THF), (1-3) could be extended to the synthesis of rare
earth metal gallyl compounds. The conditions that were successful for the synthesis of
the rare earth metal boryl compounds 1-3 were therefore employed.”> Having
elucidated the molecular structure of 9-BPhy, initial attempts at isolating rare earth
gallyl compounds began with this compound. It was hoped that the lower solubility of
the cyclohexyl derivatives would also aid crystallisation of the final gallyl
compounds, since the 2,6-CsHs'Pr, groups on the gallyl are very lipophilic. Addition
of a cooled (-40 °C) solution of 0.5 eq of [K{Ga(NArCH),}(Et,0)]. (3.30) in THF to

a cooled, stirring solution of 9-BPh, in THF resulted in an orange solution that was
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allowed to react overnight at -40 °C. After work-up, a *H NMR spectrum of the crude
product revealed that only a small amount of a new compound had formed, with
starting materials and formation of the known digallane(4) (1.36) making up the rest
of the sample. The low temperature had appeared to slow the formation of the
purported product, and so the reaction was repeated under ambient conditions. The *H
NMR spectrum of the crude product after workup showed only formation of 1.36,
from which it was concluded that allowing the reaction to run for a lengthy period of
time gives decomposition of the desired product to the more favourable 1.36.
Reduction of the reaction time to 2 h resulted in the formation of what appeared to be
the desired product, but with concomitant formation of 1.36, unreacted 3.30 and
unknown by-products. The use of THF as the reaction solvent appeared to have an
adverse effect on the reaction. It was noted that there had been some success in the
literature in using aromatic solvents where potassium salts had been involved.?
Addition of toluene to a cooled (-78 °C) solid mixture of 9-BPh, and 0.5 eq of 3.30
resulted in a bright orange solution which was allowed to warm to room temperature
and react for 2 h. The resulting red solution was filtered, and all the volatiles removed
under reduced pressure leaving a bright orange solid. The solid was extracted into
pentane and filtered, with all the volatiles being removed from the filtrate. The *H
NMR spectrum of this sample showed the formation of what appeared to be the
desired yttrium gallyl compound (15, Equation 3.4), with a singlet resonance for the
vinyl protons seen upfield shifted from where 3.30 is found (6.30 ppm for 15 vs 6.48
ppm for 3.30).%

\ THF 0.53.30 \ THF

. .
@ - — > _N..,, o
\\\\\\\\\\
AN 1 \

2 . e’ ' C
R-<\ /Ln\N/Cy TOIUene, R—<’\ /Ln\N/ y

N ‘ f -78°C to RT N | !
/ NEE 2h / N=—===
Cy / Cy /
R R

Cy Cy
Ln=Sc (6*), Y (9") or Lu (12%) Ln = Sc (14), Y (15) or Lu (16)
R = CstiMe3 R = CstiMe3
Equation 3.4
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The reaction was repeated with the scandium and lutetium analogues (6-BPh, and 12-
BPh, respectively), each producing an analagous bright orange powder, but, as with
the boryl examples, differing singlet resonances for the vinyl protons of the gallyl
corresponding to the desired scandium and lutetium gallyl compounds
Ln{(Me3sSiCH,)C(NCy)2}.{Ga(NArCH),}(THF) (Ln = Sc (14) and Lu (16)). In each
case, a small impurity in the form of 1.36 would always be present (c.a. 10 %), with
an additional unknown impurity found in 15. The scale of these impurities is
dependent upon the amount of time spent in solution during the reaction and during
work-up. Therefore reaction conditions must be strictly adhered to so that the reaction
time and time taken during work-up is limited so as to avoid the undesirable
formation of 1.36 and other unknown impurities. A reaction time of two hours was
sufficient to produce, after work up, analytically pure 14-16 (see Chapter 5 for
details). Allowing NMR tube scale solutions of 14—-16 in C¢Dg to stand for several
days resulted in decomposition, with the main decomposition products being 1.36,
gallium metal and diazabutadiene (NArCH), from the gallyl ligand.

The *H NMR spectra of 14-16 in C¢Dg showed diagnostic singlet resonances of the
vinyl protons at 6.27 (14), 6.30 (15) and 6.32 (16) ppm respectively, mirroring the
increasing downfield shift as the metal changes from scandium to yttrium to lutetium.
By way of comparison, the only previously isolated example of an yttrium gallyl
compound, 1.140 (page 35, Chapter 1), was reported to have a resonance at 6.53 ppm
for the gallyl vinyl protons.”® In all examples, resonances corresponding to one
molecule of bound THF are seen, as well as broad resonances ranging from 1.20 to
1.90 ppm corresponding to the cyclohexyl protons overlapping with the resonances
associated with iso-propyl methyl protons and the methylene protons of the alkyl.
Compounds 14 and 16 show similar resonances for the a-proton of THF (3.97 ppm),
and are found downfield shifted from the resonance corresponding to the methine
proton of the iso-propyl groups on the gallyl. The resonance for the a-proton of THF
in compound 15 is upfield shifted from the resonance corresponding to the methine
proton of the iso-propyl groups on the gallyl, which is observed in the reported *H
NMR of compound 1.140.% The resonances for the B-protons of THF for 14-16 are
within 0.07 ppm of each other and overlap with the resonances for the cyclohexyl
protons of the amidinate. This data supports the expected structure for the

bis(amidinate) gallyl compounds depicted in Equation 3.4.
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3.4.2 Solid State Structure

Crystallisation of 14-16 was difficult due to the high solubility of all three
compounds in all solvents and the instability in solution of 15 and 16 over the time
periods required for crystallisation. However, slow evaporation of a hexane solution
of the most stable of the gallyl compounds, 14, resulted in diffraction-quality crystals,
enabling the elucidation of its solid state structure. This structure confirms that 14 is a
bis(amidinate) supported scandium gallyl compound, and completes the Group 3 triad
for structurally authenticated Ln—-Ga bonds.?* ** Compound 14 has a six-coordinate
distorted octahedral  structure, comparable to that of the cation
[Y{(Me3SiCH,)C(NCy).}2(THF),]" (9%), with one coordinated molecule of THF
(Figure 3.3). The Sc—Ga bond length was found to be 3.0365(3) A, which lies outside
the sum of the respective covalent radii (2.92(10) A).? The Sc-Ga bond is
unprecedented, but it is noteworthy that while it is significantly shorter than the Y-Ga
bond in Y{C(PPh,NSiMes),}{Ga(NArCH),}(THF), (1.140, 3.1757(4) A), it is
slightly longer than the La—Ga bond in Cp",La{Ga(NArCe¢Hs) }(THF) (1.141,
3.0134(8) A), featuring the larger, four coordinate lanthanum metal ion.?* 2* Whilst
the lower coordination number of lanthanum in 1.141 may be expected to furnish a
shorter Ln—Ga bond, it has been observed in other metal-gallyl compounds that
changes in coordination number do not follow the expected changes in bond distance,
i.e. lower coordination number, shorter bond distance. For example, five-coordinate
Mg{Ga(NArCH),},(THF); (1.34) has shorter Mg—Ga bond distances (2.722 A
(mean)) than four-coordinate Mg(NacNac){Ga(NArCH),}(n'-TMEDA) (1.42)
(2.7470(7) A).
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Figure 3.2. Displacement ellipsoid plot (20 % probability) of
Sc{(Me3SiCH2)C(NCy),}{Ga(NArCH),}(THF) (14). H atoms and hexane of

crystallisation omitted for clarity.

The bite angle of the amidinate ligands is more obtuse than those of the yttrium cation
9%, but falls in line with the average bite angle (61.2 °) for scandium metal
coordinated N,N'-disubstituted amidinates and guanidinates.** One of the amidinate
ligands occupies two equatorial sites of the octahedron, whilst the other occupies one
equatorial and one axial site. As with 97, there is an apparent trans influence affecting
the metal-amidinate bond lengths. Table 3.2 highlights selected bond distances and
angles for 14, and it can be seen that the amidinate nitrogen N(3) trans to the THF
oxygen O(1) has a shorter Sc—N bond length when compared to those trans to either
another amidinate nitrogen (i.e. N(4) or N(5)) or trans to the gallyl anion (i.e. N(6)).
The gallyl ligand itself has been shown to have a significant trans influence,? but in
14 the Sc—N(6) bond maintains the same bond distance as Sc—N(5) despite being
positioned trans to the gallyl. This indicates that for this system the trans influence of
the gallyl ligand compares favourably with the trans influence of the amidinate. It is
important to note at this point that this influence can have a ‘structural effect’, i.e.
affect the bond length of the trans substituent, or a ‘kinetic effect’, i.e. affect the

lability of the trans substituent.”” The structural effect can be seen with the relatively
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short Sc—N(3) bond distance, as the neutral THF has a weaker trans influence than the

amidinate, but the labilising effect is not clear.

Table 3.2. Selected distances (A) and angles (°) for 14.

Sc(1)-Ga(l) 3.0365(3) Ga(1)-N(1) 1.9419(12)
Sc(1)-N(3) 2.1554(11) Ga(1)-N(2) 1.9569(12)
Sc(1)-N(4) 2.1815(11) N(1)-C(1) 1.397(2)
Sc(1)-N(5) 2.1976(11) N(2)-C(2) 1.3951(19)
Sc(1)-N(6) 2.1910(11) C(1)-C(2) 1.341(2)
Sc(1)-0(1) 2.2442(10)

N(1)-Ga(1)-N(2)  83.66(5) N(5)-Sc(1)-N(6) 61.16(4)

N(3)-Sc(1)-N(4)  62.23(4) Ga(1)-Sc(1)-0(1) 87.31(3)

There are also structural changes observed in the gallyl heterocycle upon change in
coordination from potassium to scandium. The potassium gallyl precursor
[K{Ga(NArCH),}(Et,0)], (3.30) features an ionic K—Ga bond,? and it has been
observed that upon coordination to atoms where a more covalent bond is formed, the
Ga—-N bond distances in the heterocycle become shorter and the N-Ga—N angle
becomes more obtuse.? In 14, the scandium bound gallyl heterocycle shows a more
obtuse N-Ga—N angle (83.7 ° vs 81.9 ° for 3.30)* and shorter Ga—N bonds (1.949 A
(mean) vs 2.007 A (mean) for 3.30),%? suggesting some covalency in the Sc—Ga bond.
A useful way of rationalising the changes in the heterocycle would be to invoke
Bent’s rule. Bent’s rule is predicated on highly electronegative substituents
“attracting” p-character. As the electronegativity of the atom coordinated to gallium
increases (from potassium to scandium), the ionic nature of the interaction decreases.
As a result of this, less 4s character on the gallium atom will be directed towards the
newly formed Sc—Ga bond, resulting in the Ga—N bonds shortening. With the
remaining bonds in the heterocycle largely unchanged, the N—-Ga—N angle becomes
more obtuse to accommodate the change in Ga—N bond distance. Evidence for M—-Ga
covalency and change in electronegativity of metals affecting the bond distances and
angles in the gallyl heterocycle can be found in surveying the Cambridge Structural

Database.'*
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Figure 3.3. Ga—N bond distance vs N-Ga—N bond angle for compounds with
M—-Ga(NArCH);, bonds.

Figure 3.3 shows a plot of Ga—N bond distances against the N-Ga—N bond angle for
all compounds featuring an unsupported metal-gallium bond, with the source of
gallium coming from the gallyl anion. There is a clear relationship where the bond
distances become progressively shorter as the bond angles become progressively more
obtuse, and they do so as the metals bound to the heterocycle form progressively more
covalent bonds, with some examples highlighted. In order to further elucidate the
bonding and structure of 14-16, computational analyses of these compounds were

sought.

3.5 DFT Computational Analysis of
Ln{(Me3SiCH;)C(NCy),}.{Ga(NArCH),}THF

Scalar relativistic, gradient corrected density functional theory calculations using the
PBE functional were carried out by Ms Abigail Mountain and Prof. Nikolas
Kaltsoyannis at University College London to further investigate the bonding and

structure of 14-16. The geometry optimised structures for
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Ln{(Me3SiCH,)C(NCy),}{Ga(NArCH),}(THF) (Ln = Sc (14C), Y (15C) or Lu
(16C), Figure 3.4) were calculated with dispersion corrections applied. Table 3.3
shows selected calculated bond distances and angles, with the calculated structures
showing the expected periodic trend Sc-Ga < Y—-Ga > Lu-Ga in Ln-Ga bond
distance. The Sc—N amidinate bond lengths were reproduced well in 14C, showing
excellent agreement with 14. The trans influence affecting bond distances in 14 is
replicated in 14C, with the Sc—N bond trans to THF approximately 0.05 A shorter
than those of the Sc—N bonds trans to an amidinate nitrogen (2.153 A vs 2.201 A
(mean)), approximating the difference seen in 14 (2.1154(11) A vs 2.1896(16) A
(mean)). The calculated values for Ln—N trans to THF in both 15C and 16C are
consistently around 0.05 A shorter than those found for Ln—-N trans to another
amidinate nitrogen in those optimised structures. Whilst the solid state structure of 14
suggested a roughly equal trans influence for the gallyl ligand and the amidinate
nitrogen trans to it, the calculated structure 14C suggests that the amidinate nitrogen
may have a slightly stronger trans influence than expected, greater than that of the
gallyl ligand, as a shorter Sc—N bond distance trans to the gallyl is seen. The Sc—-Ga
bond distance of 2.886 A for 14C underestimates by 0.152 A the bond distance found
for 14. As with the boryl examples 1C-3C, the potential energy surface of the Ln—Ga
bonds were probed by incrementally varying the Ln—Ga bond distances of 14C-16C

about their equilibrium values and optimising all other geometric parameters.
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Figure 3.4. Ball and stick plot (arbitrary radius) of the calculated structure of
Sc{(Me3SiCH)C(NCy).}{Ga(NArCH),} THF (14C). H atoms omitted for clarity.
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During initial calculations, unfavourable steric interactions between the aryl rings of
the gallyl heterocycle and the amidinate cyclohexyl and trimethylsilyl groups played a
significant role in the overall geometry and energy of the system, such that
information about the Ln—Ga interaction was masked. In order to eliminate these
undesirable steric effects and focus more on the Ln—Ga interaction, the calculations
were repeated on models of 14C-16C, Ln{MeC(NMe),},{Ga(NXylCH).}(THF) (Ln
= Sc (14SC) or Lu (16SC)) where the cyclohexyl and trimethylsilyl groups on the
amidinate were replaced with methyl groups, and the di-iso-propylphenyl groups on
the gallyl were replaced with ortho-xylyl groups. The calculated models of 14SC
(2.770 A) and 16SC (2.839 A) display shortened Ln-Ga bonds compared to the
optimised full structures, but adopt the same distorted octahedral geometry and bond
distances that are affected by a trans influence, and so offer good approximations of
the optimised full structures. The results visualised in Figure 3.5 show the Sc-Ga
bond as an example, and, as with the Ln—B bonds described in Chapter 2, the Ln—-Ga
bonds in general have very shallow potential energy surfaces, with significant changes
in bond length inducing only small energy changes. For example, displacing the
scandium-gallium bond in 14SC by +0.1 A from its equilibrium value destabilises the
molecule by only 3.8 kJ mol™ (Figure 3.5). The results of the potential energy surface
calculations on the model system 14SC suggest that the Sc—Ga bond distance in 14C

offers a reasonable approximation of the Sc—Ga bond distance in 14.
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Figure 3.5. Relative change in energy with respect to change in Sc—Ga bond distance
from the optimised value in Sc{MeC(NMe).}.{Ga(NXyICH),}(THF) (14SC).

Returning to the geometry optimised full structures 14C-16C, the Hirshfeld charge
differences between the metals and the gallyl fragment Aq(Ln—Gallyl) were calculated
and the results presented in Table 3.3. In all cases, the charge differences were large,
indicating that all of the Ln—Ga bonds are predominantly ionic. Compound 14C
possesses the smallest charge difference, indicating that the scandium-gallium bond is
the least ionic of the three rare earth metal-gallium bonds, whilst 15C and 16C had
significantly larger charge differences. To further probe the nature of the bonding, the
canonical Kohn-Sham molecular orbitals were analysed. However, this method could
not clearly identify the Ln—Ga o-bonding orbital due to significant delocalization, and
so the Boys-Foster localized orbitals (LO), which are found by unitary
transformations of the canonical functions in order to minimize the spatial extent of
the resultant orbitals, were calculated. With this method, the Ln—Ga bonding orbital
was identified as the highest occupied localized orbital (HOLO), as visualised in
Figure 3.6, and is a predominantly o-orbital. Four gallyl-based LOs were also

identified, and these are visualised in Figure 3.7.

93



Chapter Three

Figure 3.6. Three-dimensional representation of the HOLO for the calculated
structure of Sc{(Me3SiCH;)C(NCy).}.{Ga(NArCH),}(THF) (14C). H atoms omitted
for clarity.

The normalised contributions to the o-bonding HOLO were calculated, with the
results shown in Table 3.3. In all cases, the gallyl anion is found to be the major
contributor, again indicating predominantly ionic bonds. The Sc-Ga and Lu-Ga
HOLOs showed the largest degree of mixing between the two atoms, whilst the Y-Ga
HOLO showed the lowest degree of mixing. Taking into account the conclusion
reached with the Hirshfeld charge difference analysis, the Sc—Ga bond can be
considered the least ionic of the three, whilst the Y—Ga bond is the most ionic. Atoms-
in-Molecules (AIM) analysis was carried out and generated values for the electron
density (p), the energy density (H) and the electron density Laplacian (V?p) at the
Ln—Ga bond critical point. The small values for p and H, coupled with the small,
positive V2p reinforce the conclusions reached from analysis of the Hirshfeld charge
differences and the Boys-Foster Localized orbitals, that the Ln—Ga bond is
predominantly ionic. The Lu—Ga bond has marginally the largest o and H values
suggesting that it is the least ionic of the three bonds, in agreement with the HOLO
data though not with the Hirshfeld Ag. Overall, however, the AIM, HOLO
composition and Hirshfeld data are in agreement in suggesting that the Y—Ga bond is

the most ionic.
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Table 3.3. Selected DFT computational results for Ln{(Me3SiCH;)C(NCy),}{Ga(NArCH),}(THF) (Ln = Sc (14C), Y (15C) or Lu (16C)).2

14C
r(Ln-Ga) (A) 2.886
Ln—N trans to THF (A) 2.153
Ln—N trans to Ga (A) 2.189
Ln—N trans to N (mean (A)) 2.201
N-Ga—N angle (°) 82.8
Ln—Ga interaction energy -479.7
Pre-relaxation (“steric”) energy 332.2
orbital energy -688.9
Aq (Ln—Gallyl) (Hirshfeld Charge Difference) 1.27
p (electron density) 0.033
V?p (electron density Laplacian) 0.027
H (energy density) -0.006
Normalised Ln/Ga Mulliken contributions 19/81

to the highest occupied localized orbital (HOLO) (%)

15C
3.036
2.311
2.340
2.365
82.8
-492.1
421.0
-795.6
1.42
0.030
0.031
-0.005
11/89

16C
2974
2.268
2.296
2.322
83.0
-505.2
487.8
-873.5
1.42
0.034
0.028
-0.007
19/81

a. All energies in k) mol™. AIM data (atomic units) obtained at the Ln-Ga bond critical point.
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Figure 3.7. Three-dimensional representations of gallyl-based LOs of
Sc{(Me3SiCH,)C(NCy),}{Ga(NArCH),}(THF) (14C). H atoms omitted for clarity.

3.6 Conclusions

In this Chapter, the N,N'-disubstituted amidinate ligand was introduced as a “steric
cyclopentadienyl equivalent”, imparting a high level of stability through steric bulk
and the ability to tune the steric and electronic properties via changes to the ipso C-
bound and N-bound substituents. The facile and high-yielding syntheses and
characterisation of a series of novel cationic rare earth metal bis(amidinate)
compounds  were described, and the molecular  structure of
[Y{(Me3SiCH,)C(NCy).}.(THF),][BPh4] (9-BPh,) confirmed the proposed structural
composition of these compounds. The molecular structure of the cation 9" reveals the
adoption of a distorted octahedral geometry, with the Y-N and N-Y-N bond

distances and angles corresponding to those normally found for yttrium N,N'-
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disubstituted amidinates.* Upon closer inspection of the molecular structure of 9*, a
small, but significant trans influence can be seen affecting the metal-nitrogen bond

distances. This is an unusual observation for rare earth metals, but is not unknown.!”
19

In an extension of the successful synthetic approach that resulted in the boryl
compounds 1-3, reaction of [Ln{(Me3SiCH;)C(NCy)2}2(THF),][BPh4] (Ln = Sc (6-
BPh,), Y (9-BPhy) or Lu (12-BPh,)) with 0.5 eq. of 3.30 resulted in the isolation and
characterisation of the rare earth metal gallyl compounds
Ln{(Me3SiCH,)C(NCy),}-{Ga(NArCH),}(THF) (Ln = Sc (14), Y (15) and Lu (16)),
with the molecular structure of 14 also detailed. Compound 14 is the first structurally
authenticated compound featuring a direct Sc—Ga bond, and completes the Group 3
triad for structurally authenticated compounds with Ln—Ga bonds.? * The molecular
structure of 14 matches its characterising data (see Chapter 5 for details), and those of
the analogous yttrium and lutetium compounds, and it can be assumed that they too
adopt similar structures in the solid state. Compound 14, like the cation 9, adopts a
distorted octahedral geometry, with the Sc—N and N-Sc—N bond distances and angles
now corresponding to those normally found for scandium N,N'-disubstituted
amidinates.'* As with 9%, the molecular structure of 14 also reveals a small, but
significant, trans influence affecting the metal-nitrogen bond distances. Evidence of
some covalency in the Sc-Ga bond can be found in inspecting the Ga—N and
N-Ga—N bond distances and angles of the gallyl heterocycle. There is excellent
evidence to suggest that as covalency of the M-Ga bond increases, the Ga—N bonds
shorten, which then leads to the N-Ga—N angle becoming more obtuse in response
(Figure 3.3). The gallyl heterocycle in 14 has both shorter Ga—N bond distances and a
more obtuse N—Ga—N angle than the heterocycle in the potassium bound heterocycle
3.30. DFT computational analysis of 14-16 were then carried out to further elucidate
their structure and bonding. The majority of calculations were carried out on the full
geometry optimised structures 14C-16C, with the exception being the potential
energy surface calculations, which were carried out on models of the full structures
Ln{MeC(NMe),}.{Ga(NArCH),}(THF) 14SC-16SC. The optimised full structure
14C matched the experimentally observed structure of 14, with the bond distances

showing the same trans influenced differences. Potential energy surface calculations
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showed that the Ln—Ga bond is ‘soft’, with a displacement of the Sc—Ga bond by +0.1
A from its equilibrium value destabilises the molecule by only 3.8 kJ mol™. Hirshfeld
charge difference calculations suggest that the Ln—Ga bonds are predominantly ionic,
with the Sc—Ga bond being the least ionic and the Y—Ga bond the most ionic. Boys-
Foster localized orbital (LO) analysis identified the Ln—Ga bonding orbital as the
highest occupied localized orbital (HOLO), which is a o-bonding orbital. The
normalised contributions to the o-bonding HOLO were also calculated, and these
show the gallyl anion to be the major contributor in all cases, again indicating a
predominantly ionic interaction. Finally, Atoms-in-Molecules (AIM) analysis found
that the Lu—Ga bond was the least ionic, in agreement with the HOLO data though not
with the Hirshfeld, whilst the Y—-Ga bond was found to be the most ionic, in
agreement with both the Hirshfeld and HOLO data.
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Chapter Four

4.1 Overview

This Chapter describes reactivity studies of the rare earth metal bis(amidinate) gallyls
Ln{(Me3SiCH,)C(NCy).}{Ga(NArCH),}(THF) (Ln = Sc (14), Y (15) or Lu (16))
with unsaturated molecules, and the synthesis of rare earth metal bis(amidinate) boryl
compounds featuring the same ligand set. A full structure and reactivity comparison
between the rare earth metal gallyl and boryl compounds will be described. A short
introduction on the reactivity of compounds featuring M—-E (E = B or Ga) and
Ae/Ln—M (Ae = Alkaline earth metal; Ln = Group 3 or lanthanide metal) bonds will

precede the presentation of results.
4.2 M-E Bond Reactivity (E = B or Ga)

Reactivity studies of Group 13 elements coordinated to metals are dominated by
compounds featuring metal-boron bonds. When compared to traditional elements
involved in bonding with metals, the relatively high electropositivity of boron and the
existence of an empty p-orbital for three-coordinate boron indicates the potential for
metal-boryl compounds to undergo new transformations with small molecules or
undergo existing transformations by new mechanisms.' In addition, metal-boryl
compounds have outstanding significance in a variety of catalytic and stoichiometric
transformations, including the hydroboration and diboration of C—C © bonds and the

functionalization of alkane and arene C—H bonds.?
4.2.1 Transition Metal Catalysed Hydroboration

The formation of a transition metal-boryl as the key intermediate in the transition
metal-catalysed hydroboration of alkenes was invoked early on in catalysis involving
Wilkinson’s catalyst, RnCI(PPhs)s.® The favoured mechanism begins with the loss of
a molecule of PPhs, followed by oxidative addition of a borane to form the putative
metal-boryl intermediate. Insertion of an alkene into the Rh—H bond is then followed
by reductive elimination to form the desired alkylborane. Subsequent transition metal-
catalysed hydroboration studies featuring iridium,* palladium® and nickel® are
believed to proceed via similar mechanisms. The advantages of metal-mediated
processes such as these are that they are tolerant of boranes that are, for example,
generally unreactive or have poor thermal stability and are otherwise unsuitable for
non-catalysed hydroborations.’
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4.2.2 Transition Metal Boryl Reactivity

The availability of transition metal boryl compounds has allowed the probing of the
metal-boron bond directly, and the potential for these compounds to act as “drop in”
stoichiometric or catalytic borylating reagents. The metals of Group 10 in particular
are important due to their implication in Suzuki couplings in organic synthesis.
Chapter 1 highlighted some of the more important examples, which can be briefly
touched on here. The nickel boryl compound Ni{N(ArP'Pr,),}{B(02CsHa)} (1.87)
can borylate bromobenzene, with the resultant nickel bromide compound
NiBr{N(ArP'Pr,),} able to react with NaBHs to regenerate NiH{N(ArP'Pr,),},
completing a potential catalytic cycle (Scheme 4.1). However, addition of 10-20
mol% NiBr{N(ArP'Pr,),}, catecholborane and NaBH, in the presence of
bromobenzene did not produce the borylated product and NiH{N(ArP'Pr,),}, instead
producing NiBr{N(ArP'Pr,),} and benzene.?

NaBr + BH H,
NaBH, /©1:N Nl\ > 187
: 7P B‘O
lij>‘\PPrz %
=N
iPr7P Br PhBr

Scheme 4.1

The palladium boryl Pd(CH,PMe;),(SnMe3){B(NMeCH,),} (1.88) was synthesised
as a model for the suspected intermediate in the catalytic synthesis of

(stannylalkenyl)boranes from a mixture of a Pd(0) pre-catalyst, a tin(IV) boryl and an

102



Chapter Four

alkyne. It was found that use of 1.88 as a catalyst does indeed form the desired

(stannylalkenyl)boranes in good yields (Scheme 4.2).

Me
Pd(CHzPMez)zMez
SnMe
+ CeHs, 130 °C \ 3
Me
\N
/ Me’N\>
Me3;Sn—B (2.6 eqv)
\ Me2
/N
Me 1.88
1.88 CeHirs H
(0.05 mmol)
1-octyne — Me
8h,80°C Me,Sri B\N/

/
ot

Scheme 4.2. By-products omitted for clarity.

Platinum tends to form more robust metal-boron bonds than the other metals of Group
10, the result being the number of compounds featuring platinum-boron bonds and

their reactivity far outweighing those of palladium and nickel.*

Oxidative addition is
the preferred method of preparing platinum-boron bonds, with a huge variety of
boron-element bonds available, including B—H, B—X (X = halide) or B—E bonds (E =
B, C, Si, Ge and Sn). Ozawa and co-workers showed that oxidative addition of B—Si
bonds into Pt(0) compounds can produce the corresponding platinum boryl
compounds in a facile manner.® The silylborane Me,PhSi—-BO,C;Me, (4.1) was
reacted with Pt(COD), and two equivalents of an appropriate phosphine to produce
the platinum boryl compounds 4.2—4.4. In all cases, the boryl ligand was coordinated
cis to its silyl counterpart. Compounds 4.2—4.4 were then tested for their reactivity
towards phenylacetylene, as they are believed to be key intermediates in the
silylborylation of alkynes and alkenes. Compounds 4.2-4.4 reacted smoothly,
producing the insertion compounds 4.5-4.7. It was noteworthy that the insertions
selectively occurred at the Pt—B bond, and not the Pt—Si bond. Heating 4.5 and 4.6 led
to the reductive elimination of the desired silylborylated products, whilst reductive
elimination of the silylborylated product from 4.7 occurred at room temperature
(Scheme 4.3).
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Et,0, RT ‘ N
Pd(COD), +2L L—F|’t—B\ ‘
o)
L

+ Me,PhSiBO,C,Me, (4.1)

L = PMes (4.2)
PMe,Ph (4.3)
PEt, (4.4)
PhCCH | CD,Cl,, RT
60 °C (4.5, 4.6)
— L—Pt
PhMe,Si B—o RT (4.7) I\

O/ L
0—B
&\
’ / o)

L = PMes (4.5)
PMe,Ph (4.6)
PEt, (4.7)

Scheme 4.3. By-products omitted for clarity.

Whilst Group 10 metal-boryl reactivity has received the most attention during the past
decade, there have been notable examples of Group 11 metal-boryl compounds
engaging in striking reactivity. As mentioned in Chapter 1, Sadighi and co-workers
isolated the first Group 11 metal-boryl compound, the copper(l) boryl
Cu{C(NArCH),}{B(0,C,Me,)} (1.95).2% Addition of CO, at atmospheric pressure to
1.95 resulted in rapid oxygen abstraction and concomitant release of CO, as
confirmed by C labelled studies. The resultant copper compound was revealed to be
the borate Cu{C(NArCH),}{OB(0,C;Me,;)} (1.96). Addition of B,(0,C,Mey,),
regenerates 1.95 and eliminates OB2(0,C,Mey),, closing the catalytic cycle. In two
subsequent publications,** Sadighi and co-workers also show that alkenes and
aldehydes can insert into the Cu—B bond in 1.95, forming metal-carbon bonds in each
case to produce the corresponding [-borylalkyl compound 4.8 and (o-
boroxy)benzylcopper compound 4.9 respectively (Scheme 4.4). It was further shown
that by reducing the steric bulk of the nitrogen bound substituents on the n-
heterocyclic carbene in 1.95 from 2,6-CgHs'Pr, to cyclohexyl groups, catalytic 1,2-

diboration of aldehydes could be achieved.
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Scheme 4.4. Ar = 2,6-CgH3'Pry; Ar' = 2,4,6-CgH,Mes.
4.2.3 Transition Metal Gallyl Reactivity

Jones et al. carried out reactivity studies on the platinum bis(gallyl) compound
Pt(PPh,CH,).{Ga(NArCH),}, (4.10) and the copper gallyl compound
Cu{C(NArCH),}{Ga(NArCH),} (4.11)."? Reactions of both compounds with a series
of alkenes and alkynes led to no clean reaction at the M—Ga bond, with either
intractable mixtures or compounds with substrates coordinated to the metals being
formed. The reaction of 4.10 with the phosphaalkyne '‘BuCP to produce compound
4.12 (Scheme 4.5) is noteworthy due to the fact that rapid insertion of 'BuCP into one
of the gallium heterocycles occurs with no cleavage of the Pt—Ga bond. Furthermore,
it was found that the insertion is reversible, with addition of '‘BUNC rapidly
regenerating the phosphaalkyne and produces the platinum bis(gallyl) compound
Pt(‘BuNC),{Ga(NArCH),}, (4.13, Scheme 4.5).
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413
Scheme 4.5. Ar = 2,6-CgH3'Pr».
4.3 Ae/Ln—M Bond Reactivity

Reactivity studies on compounds featuring alkaline earth or Group 3 and lanthanide
metals bonded to other metals are scarce due to the paucity of compounds of this type,
with no examples known in the literature for Ln—M bonded compounds. Mountford et
al. reported the isolation of a compound featuring an unsupported Mg—Fe bond.
Addition of KFp to Mg(NacNac)I(THF) in THF produced Mg(NacNac)Fp(THF)
(4.14) in 78 % vyield. Reaction of 4.14 with 1,3-di-p-tolylcarbodiimide produced
Mg(NacNac){FpC(NTol),} (4.15) via net insertion into the Mg—Fe bond, and is the
first example of an insertion of an unsaturated substrate into an Ae—M bond (Scheme
4.6). Compound 4.14 was also shown to react with iodomethane to quantitatively
produce Mg(NacNac)I(THF) and FpMe.
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KFp
Mgl(NacNac)(THF) >
THF, 16 h

414

ToINCNTol \ CeHg, 16 h

Scheme 4.6. Ar = 2,6-CgHs'Prs.

Jones et al. prepared a magnesium compound featuring an unprecedented Mg—Mg
bond, with both magnesium atoms having a formal oxidation state of +1.* The
compound is prepared in a facile manner, via reduction of Mgl(NacNac)(Et,0) with
potassium, forming [Mg(NacNac)], (4.16). Reaction of 4.16 with NN’-
dicyclohexylcarbodiimide resulted in the double reduction of the carbodiimide and the
formation of Mg(NacNac){(MgNacNac)C(NCy).} (4.17, Scheme 4.7). In addition,
the strongly reducing nature of compound 4.16 and its less bulky analogue
[Mg(M*NacNac)], (4.18), as well as their high solubility in organic solvents, has led
to these magnesium dimers being employed as bespoke reducing agents in the
synthesis of unusual main group and transition metal compounds. Power et al.
employed 4.18 for the reduction of the dibromosilane precursor 4.19 to prepare a
stable acyclic silylene (4.20, Scheme 4.8),** whilst Braunschweig et al. used 4.18 to
effect the reduction of the platinum compound PtBr(PEt;).{B.Br(Ar"),} (4.21) to
produce the first example of a metal diborene compound, Pt(PEts).{B(Ar")}, (4.22,
Scheme 4.8).% In each case, two equivalents of MgBr(™®*NacNac) were eliminated.
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Scheme 4.8. Ar' = 2,4,6-CgH>Mes; Ar' = 2,3,5,6-CeHMey;
Ar* = 2,6-C6H3(2,4,6-C6H2M83)2.
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4.4 Ln—E Bond Reactivity (E = B or Ga)
4.4.1 Introduction

The chemistry of rare earth metal boryl and gallyl compounds remains almost entirely
unexplored due to the dearth of compounds featuring these bonds. Of the compounds
that are available, few have the suitable supporting ligand platforms required to
investigate the Ln—E bond. In Chapter 3, rare earth metal gallyl compounds featuring
the amidinate moiety as innocent supporting ligands were introduced, with the

intention of investigating their reactivity with small molecules.
4.4.2 Ln—Ga Bond Reactivity
4.4.2.1 Reactions with Carbodiimides

Studies involving compounds 14-16 (Figure 4.1) began by investigating their
reactivity with carbodiimides, as they have been extensively used as CO, surrogates.*®
NMR tube scale reactions of 14 with one equivalent of RN=C=NR (R = Cy, 'Pr or
Tol) in CgDs led to a rapid change in colour from the bright orange-red of 14 to an
orange-yellow of the putative products of insertion into the Sc-Ga bond,
Sc{(MesSiCH,)C(NCy),}{(Ga(NArCH),)C(NR),} (R = Cy (17), 'Pr (18) or Tol (19),
Equation 4.1).

\
\\\
\\\\
" W

Ln=Sc (14), Y (15) or Lu (16)
R = CH,SiMeg; Ar = 2,6-CgH4'Pr;

Figure 4.1

The 'H NMR spectrum of the NMR tube scale reaction in C¢Dg showed quantitative
conversion of 14 to 17-19, with an upfield shift from the resonance found in 14 for
the singlet resonance associated with the vinyl protons of the gallyl heterocycle

indicating a change in gallium coordination from metal to sp?-carbon. As an example,
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the singlet resonance for 17 comes at 6.13 ppm, closely matching that of the
resonance for the sp>carbon bound gallyl heterocycle in {Ga(NArCH),}(2,4,6-
CeH2'Prs), which appears at 6.14 ppm.'” Also seen in the ‘H NMR spectrum was non-
coordinated THF, consistent with the formation of a sterically saturated metal centre.
The *C{*H} NMR showed two peaks in the region associated with the quaternary
carbon of the amidinate, with one corresponding to that of the ligand amidinates (175
ppm) and the more downfield shifted peak corresponding to that of the galla-
amidinate (179 ppm). The reactions were repeated on the preparative scale in hexane,
with similarly fast reaction times (ca. 5 minutes), and the products isolated in
reasonable yields (60-62 %) as yellow-orange powders. Compounds 17-19 are all
stable in solutions of C¢Ds for days in ambient conditions without significant
decomposition. These results constitute the first insertion reactions with Ln—-Ga
bonded compounds and unsaturated substrates, and indeed the first successful

reactions of any type at an unsupported metal-gallium bond.

— Ar—N N—Ar
\G /S
Ar—N N—Ar 2
\G % J\
a
Cy N SN
/ - \
N ‘ \\\\\ THE RNCNR A )
R—L _Se— © >
N ‘ / CeDe \ \\\\\ S /
Cy/ N J\ / \ ol
/ Lo ’A\
Cy R R N\ N R

R =Cy (17), 'Pr (18) or Tol (19)
R' = CH,SiMegs; Ar = 2,6-CgH3'Pr,

Equation 4.1

The yttrium (15) and lutetium (16) analogues of 14 exhibited similar reactivity.
Addition of one equivalent of CyNCNCYy to solutions of either 15 or 16 in CsDg 0On
the NMR tube scale resulted in rapid and quantitative conversion to the insertion
products Ln{(Me3SiCH2)C(NCy).}.{(Ga(NArCH),)C(NCy),} (Ln =Y (20) or Lu
(21), Equation 4.2), with the 'H NMR spectra showing similar upfield shifted
resonances for the vinyl protons of the heterocycle. It is noteworthy that the resonance
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associated with 20 (6.18 ppm) matches that of an impurity found when synthesising
15, indicating that some formation of 20, via an as yet unknown mechanism, occurs
during the reaction that produces 15. Repeating the reactions on a preparative scale in
hexane produced 20 and 21 as pale orange powders in 65 % and 72 % vyields

respectively.

—_— Ar—N N—Ar
\G/
Ar—N N—Ar a
I
a
cy N7 SN
_—— M —
\N,', ‘ \\\\\\ THFC CyNCNCy C / c
R—L  ~Lh— Cy Cy
N e N LT
[ | AW
Cy / S /J\
Cy R R N\ N R
c
Ln =Y (15) or Lu (16) Cy M
R = CH,SiMeg; Ar = 2,6-CgHsiPr, Ln =Y (20) or Lu (21)

R= CstiMe3; Ar = 2,6-CGH3iPr2
Equation 4.2

An attempt to slow the rapid rate of reaction to identify any reaction intermediates
was unsuccessful. An NMR tube scale reaction of 14 and 'PrNCN'Pr in toluene-dsg
at -78 °C, and followed by *H NMR spectroscopy at that temperature saw formation
of 18 during the time taken to go from mixing of reactants to viewing the resultant
NMR spectrum (ca. 5 minutes). The rapid rate of reaction is quite surprising and will

be investigated later in this Chapter.
4.4.2.2 Solid State Structures

Crystals of 18-20 suitable for X-ray diffraction were grown from either slow
evaporation of a concentrated hexane solution (18 and 19) or cooling of a
concentrated hexane solution to -30 °C (20). The structures confirm that 18 and 19
(Figures 4.2 and 4.3) are products of insertion of a carbodiimide into the Sc—Ga bond
of 14, whilst 20 (Figure 4.4) shows the product of insertion into the Y—Ga bond of 15.
Compounds 18-20 have distorted octahedral structures, with two amidinate ligands

and a galla-amidinate bound through chelating nitrogens to the Ln metal centres.
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Figure 4.2. Displacement ellipsoid plot (20 % probability) of
Sc{(MesSiCH2)C(NCy)2}{(Ga(NArCH),)C(N'Pr).} (18). H atoms omitted for
clarity. Atoms carrying the suffix ‘A’ are related to their counterparts by the

symmetry operator 1-X, y, */»-z.

Table 4.1. Selected distances (A) and angles (°) for 18.

Sc(1)-N(2)
Sc(1)-N(3)
Sc(1)-N(4)
N(3)-Sc(1)-N(4)

2.2407(11) Ga(1)-N(1)
2.1782(11) Ga(1)-C(14)
2.2278(11) N(1)-Ga(1)-N(1A)
60.87(4) N(2)-Sc(1)-N(2A)

1.8537(12)
1.9939(17)
89.72(7)
60.61(5)

Whilst the galla-amidinate Ln—N bond distances are slightly longer, the amidinate

Ln—N bond distances fall in line with the averages found for scandium (2.203 A) and

yttrium (2.385 A) bound N,N'-disubstituted amidinates and guanidinates. Compounds

18 and 19 have amidinate bite angles around the average for N,N'-disubstituted

amidinates and guanidinates bound to scandium (61.2 °), whilst 20 exhibits N-Y—-N

bond angles expected for yttrium bound examples (56.5 °).'®

Compound 19 has a

slightly more acute than average bite angle for the galla-amidinate (58.9 °), perhaps to

better accommodate the bulkier N,N'-bound tolyl groups. For 18, the Sc—N bonds of
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the amidinates that are trans to the Sc—N bonds of the galla-amidinate are appreciably
shorter than those trans to other amidinates. Although it is tempting to attribute this
observation to evidence of trans influence producing a difference in bond lengths, it is
not likely in this instance to be a factor as neither 19 or 20 show the same differences
in bond length seen in 18.

\ ca
4 G—4
) ""v N(2)
\f,é—‘)
£ Gal)
‘13 P
o) \
,, = Lc27 ‘\\‘ \“‘"
0(35) \ C(28) \_%\
“‘V Ni41 /‘\’ \
Ng) _3—=4)
"" ) Scii & o oY
\~
% C59) cieo
C(42N(6) /9
ci43) \

Figure 4.3. Displacement ellipsoid plot (20 % probability) of
Sc{(Me3SiCH;)C(NCy)2}{(Ga(NArCH),)C(NTol),} (19). H atoms and other

molecule in asymmetric unit omitted for clarity.

Table 4.2. Selected distances (A) and angles (°) for 19.

Sc(1)-N(3) 2.2595(12) Sc(1)-N(8) 2.1782(12)
Sc(1)-N(4) 2.2662(13) Ga(1)-N(1) 1.8590(12)
Sc(1)-N(5) 2.1972(12) Ga(1)-N(2) 1.8648(12)
Sc(1)-N(6) 2.1693(13) Ga(1)-C(27) 2.0088(14)
Sc(1)-N(7) 2.1759(12)

N(1)-Ga(1)-N(2)  90.31(5) N(5)-Sc(1)-N(6) 61.27(5)
N(3)-Sc(1)-N(4)  58.97(5) N(7)-Sc(1)-N(8) 61.57(5)
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Figure 4.4. Displacement ellipsoid plot (20 % probability) of
Y{(Me3SiCH2)C(NCy),}-{(Ga(NArCH),)C(NCy),} (20). H atoms and other

molecule in asymmetric unit omitted for clarity.

Table 4.3. Selected distances (A) and angles (°) for 20.

Y(1)-N(3) 2.378(4) Y (1)-N(8) 2.357(4)
Y(1)-N(4) 2.379(4) Ga(1)-N(1) 1.863(4)
Y(1)-N(5) 2.351(4) Ga(1)-N(2) 1.868(4)
Y(1)-N(6) 2.358(3) Ga(1)-C(27) 1.997(5)
Y(1)-N(7) 2.329(4)

N(1)-Ga(1)-N(2)  89.78(18) N(5)-Y (1)-N(6) 56.61(13)
N@3)-Y(1)-N(4)  56.60(14) N(7)-Y(1)-N(8) 57.14(15)

The change in N,N'-bound substituents from iso-propyl to p-tolyl from 18 to 19 results
in a more obtuse angle between the supporting amidinate ligands in 19 compared to
18, as the ligands rearrange to accommodate the bulkier p-tolyl substituents and their

longer Sc—N bond distances (Figure 4.5).
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Figure 4.5. Amidinate core for 18 (left) and 19 (right).

Chapter 3 introduced Bent’s rule as a way of rationalising the changes seen in the
gallyl heterocycle when changing the atom the heterocycle is coordinated to. Upon
change in coordination from potassium in [(K{Ga(NArCH),}(Et,O)]. (3.30) to
scandium in Sc{(Me3SiCH2)C(NCy),}.{Ga(NArCH),}THF (14), we see a shortening
in the Ga—N bond distances, and a more obtuse N—Ga—N angle. Upon change in
coordination from scandium to an sp-carbon atom in 18 and 19, we see further
shortening of the Ga—N bonds, and an even more obtuse N-Ga—N angle, reflecting
the increased covalency of the Ga—C bond. These changes are summarised in Figure
4.6. The N-Ga—N angles for 18 (89.7 °) and 19 (90.3 °) correspond well to that found
in {Ga(NArCH),}(2,4,6-CsH2'Prs) (89.7 ©).%'

/81.8 °\ / 83.7 °\ /89.7 °\
Ar—NQN—Ar Ar—NQN—Ar Ar—NQN—Ar
Gr G‘a G‘a

K Sc C
3.30 14 18
Figure 4.6

4.4.3 Ln—-B Bond Reactivity
4.4.3.1 Literature Examples

Hou and co-workers reported the synthesis and isolation of a scandium boryl
compound featuring a bis(amidinate) supporting ligand set,
Sc{(MesSiCH,)C(N'Pr)-}{B(NArCH);} (4.23), via addition of two equivalents of
'PrNCN'Pr to the scandium boryl compound 1.1° The synthetic protocol utilised by
Hou and co-workers presented in Scheme 4.9 is intriguing, as it implies the Sc—B

bond is relatively unreactive under ambient conditions. Indeed, addition of one
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equivalent of 'PrNCN'Pr to 4.23, or three equivalents to 1, required heating at 60 °C
for five hours Dbefore insertion into the Sc-B bond occurred, forming
Sc{(MesSiCH2)C(N'Pr)}{(B(NArCH),)C(N'Pr),} (4.24, Scheme 4.9). The contrast
with the reactivity of 14 is striking, and prompted an investigation into the structure
and bonding of the boryl analogues of 14-16, featuring the same bis(amidinate)
ligands. This would constitute the first full structure and bonding comparison of a

metal-boryl and metal-gallyl compound with the same supporting ligand sets.

Ar—N\B/N—Ar AF—N\B/N——Ar
2 'PrNCN'Pr .
. — > 'Pr ‘ Pr
. THF \N ,,,,,,,,,,,,,,, /
Me3S|CH2\“ \ ' |
/e RAN/ \N_A\
Me3SiCH, N R
Pr 'Pr
1
4.23
. . i i
3 PINCNPr \ 60 °C 60°c/ ©TNCNPr
THF THF
Ar—N\B/N—Ar

ey

Scheme 4.9. R = CH,SiMes; Ar = 2,6-CgH3'Pr,.
4.4.3.2 Ln—B bis(amidinate) Compounds

Initial attempts at synthesising Ln{(Me3SiCH,)C(NCy).}.{B(NArCH),} (Ln = Sc
(22), Y (23) or Lu (24)) centred around the use of the cationic bis(amidinate)
compounds [Ln{(Me3SiCH;)C(NCy)2}.(THF),][BPhs] (Ln = Sc (6-BPhy), Y (9-
BPh,) or Lu (12-BPhy)). Reaction of 6-BPh, or 12-BPh, with one equivalent of
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Li{B(NArCH).}(THF), (1.7) failed to produce the desired boryl compounds, instead
producing HB(NArCH), (1.22). Employing a slightly modified version of the method
of Hou and co-workers, a cooled (-30 °C) solution of two equivalents of CyNCNCy in
THF were added to cooled (-30 °C) solutions of 1-3, producing the desired rare earth
metal bis(amidinate) boryl compounds 22—-24 as white microcrystalline solids
(Scheme 4.10). Cooling the reaction mixtures is important as it minimises the
formation of 1.22. Once isolated, 22—-24 are insoluble in pentane and sparingly

soluble in hexane and aromatic solvents.

THF
Cy
\N- ® \\‘\THF
/ “‘J A N N—A
r— —Ar
Cy \\/\ NS
B
Ln=Sc (6") or Lu (12%) I Cy
““““““ Lno,,,, /
k. / N
l |
e g
N R
Ar—N\ N—Ar 2 CyNCNCy Cy{
Ln = Sc (22) Y (23) or Lu (24)
\\\\ Ln
Me;SiCH,™' \
(THF)
Me3SiCH2

Ln=Sc(n=1,1),YorLu(n=2,20r3)
Scheme 4.10. R = CH,SiMes; Ar = 2,6-CgHs Pr».

The 'H NMR spectra of 22—24 in Cg¢Dg reveal an absence of coordinated THF, as in
the case of compound 4.23. The singlet resonance for the vinyl protons of the boryl
heterocycle are slightly upfield shifted from where they are found for 1-3 (e.g. 6.24
ppm (1) vs 6.18 ppm (22)). The B NMR resonances of 22—-24, however, closely
match those found for 1-3, and remain unaffected by the change in ligands around the
metal centre. As with the bis(amidinate) compounds described in Chapter 3, the
singlet resonance for the methylene protons of the CH,SiMe; group in 22-24 are
considerably downfield shifted from where they are found for 1-3 (e.g. 0.10 ppm (1)
vs 1.88 ppm (22)).
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Crystals of 22-24 suitable for X-ray diffraction were grown from either slow
evaporation of a concentrated hexane solution (22 and 23) or cooling of a
concentrated pentane solution to -30 °C (24). The structures are shown in Figures 4.7-
4.9, and confirm that 22—24 are rare earth metal (bis)amidinate boryl compounds of
the type Ln{(Me3SiCH,)C(NCy).}:{B(NArCH),}. The Ln—B bond distances follow
the expected periodic trend Sc < Y > Lu. The Sc-B (2.4981(9) A) and Lu-B
(2.620(5) A) bond distances in 22 and 24 are longer than those found in 1 (2.422(2)
A) and 3 (2.555(8) A), whereas the Y-B (2.6616(14) A) bond distance in 23 is
slightly shorter than that found for 2 (2.696(4) A). The structures for 22 and 23 are
isomorphous, and all three compounds adopt a distorted square-based pyramidal
(SBP) geometry, with the amidinate ligands occupying the base of the pyramid, and
the boryl occupying the apical position. The Ln—N bond distances in 22—24 follow a
pattern in which the two Ln—N bond distances found on the same amidinate ligand
(e.g9. N(3) and N(4) in 22) are not equal, with one being approximately 0.05 A longer
than the other in all cases. The origin of this difference is likely due to sterics, with
the amidinate ligand adjusting to accommodate the sterically demanding boryl ligand,
rather than electronics, as the C—N bond distances for the amidinate are nearly equal
for 22—-24, indicating that the m-electrons are delocalised evenly across the N-C—N

backbone.
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Figure 4.7. Displacement ellipsoid plot (20 % probability) of
Sc{(Me3SiCH,)C(NCy)2}{B(NArCH),} (22). H atoms omitted for clarity.

Five-coordinate compounds of the small to mid-size rare earth metals commonly
adopt trigonal bi-pyramidal (TBP) geometries, and so the observed SBP geometry for
22-24 is unusual. It is known that boryl ligands are powerful c-donors and exhibit a
very strong trans influence, with examples in the literature of this influence affecting
the geometry adopted by transition metal complexes. Compound 14 (and other
literature compounds)® has provided evidence that trans influence can have a small,
but significant effect on the structure of rare earth metal compounds. The SBP
geometry adopted by compounds 3 and 22-24, as well as the compounds
independently reported by Hou and co-workers, appears to suggest that this geometry

is preferred for five-coordinate rare earth metal boryl compounds.
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Table 4.4. Selected distances (A) and angles (°) for 22.

Sc(1)-B(1) 2.4981(9) B(1)-N(1) 1.4713(11)
Sc(1)-N(3) 2.2127(7) B(1)-N(2) 1.4751(11)
Sc(1)-N(4) 2.1616(7) N(1)-C(1) 1.4018(11)
Sc(1)-N(5) 2.1648(7) N(2)-C(2) 1.3991(11)
Sc(1)-N(6) 2.2216(7) C(1)-C(2) 1.3356(14)
N(1)-B(1)-N(2)  100.05(7) N(5)-Sc(L)-N(6) 61.40(3)

N(3)-Sc(1)-N(4)  61.46(3)

As with the gallyl heterocycles described earlier in this Chapter and in Chapter 3,
there are structural changes observed in the boryl heterocycle upon change in
coordination from lithium to scandium. The lithium boryl starting material
Li{B(NArCH),}(THF), (1.7) features an ionic Li-B bond. Using the scandium
compound 22 as an example, upon coordination to scandium, the boryl heterocycle
shows a more obtuse N-B—N angle (ca. 100.1 ° vs 98.6 ° for 1.7)** with roughly
equal B-N bonds (1.473 A (mean) vs 1.478 A (mean) for 1.7)%, suggesting some
covalency in the Sc—B bond.

Using Bent’s rule,?

as the electronegativity of the atom coordinated to boron
increases (from lithium to scandium), the ionic nature of the interaction decreases. As
a result of this, less 2s character on the boron atom will be directed towards the newly
formed Sc—B bond, in principle resulting in the B—N bonds shortening. With the
remaining bonds in the heterocycle largely unchanged, the N-B—N angle becomes
more obtuse to accommodate the change in B—N bond distance. As with the gallyl
examples in Chapter 3, evidence for M—B covalency and change in electropositivity
of metals affecting the bond distances and angles in the gallyl heterocycle can be

found in surveying the Cambridge Structural Database.®

120



Chapter Four

Figure 4.8. Displacement ellipsoid plot (20 % probability) of

Y{(Me3SiCH2)C(NCy),}{B(NArCH),} (23). H atoms omitted for clarity.

Table 4.5. Selected distances (A) and angles (°) for 23.

Y(1)-B(1) 2.6616(14) B(1)-N(1) 1.4653(18)
Y(1)-N(@3) 2.3638(11) B(1)-N(2) 1.4660(18)
Y (1)-N(4) 2.3179(11) N(1)-C(1) 1.3989(18)
Y(1)-N(5) 2.3125(11) N(2)-C(2) 1.3986(17)
Y (1)-N(6) 2.3507(11) C(1)-C(2) 1.339(2)
N(1)-B(1)-N(2)  100.43(11) N(5)-Y(1)-N(6) 57.57(4)

N@3)-Y(1)-N@4)  57.41(4)
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Figure 4.9. Displacement ellipsoid plot (20 % probability) of
Lu{(Me3SiCH,)C(NCy),}{B(NArCH),} (24). H atoms and pentane of
crystallisation omitted for clarity.

Table 4.6. Selected distances (A) and angles (°) for 24.

Lu(1)-B(1) 2.620(5) B(1)-N(1) 1.486(7)
Lu(1)-N(3) 2.267(3) B(1)-N(2) 1.448(6)
Lu(1)-N(4) 2.307(4) N(1)-C(1) 1.396(6)
Lu(1)-N(5) 2.337(4) N(2)-C(2) 1.423(6)
Lu(1)-N(6) 2.279(4) C(1)-C(2) 1.326(7)
N(1)-B(1)-N(2)  101.2(4) N(5)-Lu(L)-N(6) 58.68(13)

N(3)-Lu(1)-N(4)  58.95(13)

Figure 4.10 shows a plot of B—N bond distances against the N-B—N bond angle for
all compounds featuring an unsupported metal-boron bond, with the source of boron
coming from the boryl anion. There is a clear relationship where the bond distances

become progressively shorter as the bond angles become progressively more obtuse,
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and they do so as the metals bound to the heterocycle form progressively more

covalent bonds, with some examples highlighted.
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Figure 4.10. B—N bond distance vs N—-B—N bond angle for compounds with
M-B(NArCH), bonds.

As with the rare earth metal gallyl compounds, carbodiimides were chosen to
investigate the reactivity of the Ln—B bond. Addition of one equivalent of RNCNR (R
='Pr or Cy) to 22 in CsDs at ambient temperature led to no reaction, with warming to
60 °C also resulting in no reaction. Changing the solvent to THF-dg and repeating the

reaction under the same conditions also led to no products being formed.
4.4.4 Sc-B vs Sc—Ga: Structural Comparison

The lack of reactivity at the Sc—B bond of 22 compared to that of the Sc—Ga bond of
14 may be attributed to the structures of 14 and 22 differing significantly despite the
identical supporting ligand sets. Compound 22 does not coordinate THF despite the
reaction being performed in THF. Conversely, 14 retains a molecule of coordinated
THF from the starting reagent 6-BPh, even after reaction in toluene and extraction

with pentane. The requirement of THF to saturate the coordination sphere in 14 is a
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result of the significant difference in Sc—E bond lengths. Compound 22 has a Sc-B
bond length of 2.4981(9) A, whilst 14 has a Sc—Ga bond length of 3.0365(3) A, a
difference of 0.5384 A. This difference can be rationalised by considering the
covalent radii for the larger gallium (1.22(3) A) vs the smaller boron (0.84(3) A),*
and the less nucleophilic nature of the gallyl anion compared to the boryl anion.**
These contribute to a more crowded scandium metal centre for 22. Based upon
existing studies,” insertion of carbodiimides into the Ln—E bond would be expected
to follow the path outlined in Scheme 4.11, whereby coordination of the carbodiimide
to the metal centre occurs prior to insertion. The lack of available coordination sites

on 22 contributes to the observed lack of reactivity.

— — Ar—N N—Ar
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Scheme 4.11. Proposed insertion reaction pathway.

As mentioned in Chapter 3, there is a small but significant trans influence affecting
the bond lengths in 14. This influence can have a ‘structural effect’, i.e. affect the
bond length of the trans substituent, or a ‘kinetic effect’, i.e. affect the lability of the
trans substituent.® The structural effect can be seen in 14, where the amidinate Sc—N

bond trans to THF is significantly shorter than those of the other amidinate Sc—N
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bonds, as expected for substituents trans to neutral donor ligands, but the Kinetic

effect is less clear.

The rapid nature of the carbodiimide insertion reaction suggests that there may be a
labilising effect for both the Sc—O bond of the coordinated THF and the Sc—Ga bond,
both of which are trans to anionic Sc—N bonds. A labile THF would allow for facile
displacement and coordination of the carbodiimide, whilst a relatively labile Sc—Ga
bond would accelerate insertion. Whilst no significant difference was observed in the
amidinate Sc—N bond distance trans to the gallyl ligand of the experimentally derived
molecular structure when compared to Sc—N bonds trans to nitrogen, the very same
bond in the computationally derived geometry optimised structure of 14, 14C, was
slightly shorter than those found trans to nitrogen. This could suggest that the trans
influence of amidinate nitrogen is greater than that of the gallyl, and may be labilising
the Sc—Ga bond.

4.5 DFT Computational Analysis

DFT computational analysis was sought to elucidate the bonding and structural
features of the bis(amidinate) compounds. There will first be a discussion of the
structural features of the boryl compounds 22-24 and how they relate to the
corresponding gallyl compounds 14-16. Hypothetical compounds will be calculated
to help aid the discussion. A discussion of the electronic structure and bonding
features of these systems will then follow. This section will conclude with a
discussion of the energetics of the insertion reactions that produced compounds
17-21.

4.5.1 Geometry Optimised Structures
4.5.1.1 Five-coordinate Ln—B Structures

Scalar relativistic, gradient corrected density functional theory using the PBE
functional was carried out in collaboration with Ms Abigail Mountain and Prof.
Nikolas Kaltsoyannis at University College London. The geometry optimised
structures for Ln{(Me3SiCH,)C(NCy).}.{B(NArCH),} (Ln = Sc (22C), Y (23C) or
Lu (24C), Figure 4.11) were calculated with dispersion corrections applied, as are all
subsequent models. Selected results are presented in Table 4.7. The calculated

structures show excellent agreement with those found experimentally, with the
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unusual distorted SBP geometry being adopted in all three cases and exhibiting the

expected periodic trend Sc—B < Y-B > Lu-B in Ln-B bond length.

Figure 4.11. Ball and stick plot (arbitrary radius) of the calculated structure of
Sc{(Me3SiCH2)C(NCy).}{B(NArCH),} (22C). H atoms omitted for clarity.

The calculated structures 22C-24C accurately recreate the trends seen in the
experimentally derived molecular structures with regards to the amidinate ligands.
The two Ln—N bond distances found on the same amidinate ligand do not match, with
one being approximately 0.07 A longer than the other in all cases (ca. 0.05 A for
22-24). As with the real structures 22—24, the C—N bond distances for the amidinate
are virtually equal for 22C-24C indicating that the m-electrons are delocalised evenly
across the N—C—N backbone. This again suggests that steric effects are most likely the
source of this difference in bond lengths, as the amidinate ligands twist out of their
preferred positions to accommodate their bulky N- and C-bound substituents.

126



Chapter Four

Table 4.7. Selected DFT computational results for Ln{(Me3SiCH,)C(NCy).}.{E(NArCH),}
(Ln = Sc, E = Ga (14C_tnf) or B (22C); Y, E = Ga (15C_twg) or B (23C); Lu, E = Ga (16C_14F) or B (24C)), and Ge-Ga.*

14C_tur 15C_the 16C_thHE 22C 23C 24C Ge-Ga

r(Ln-E) or r(Ge-Ga)(A) 2.726 2.800  2.825 2473 2638 2574  2.416
N—E—-N angle (°) 83.9 83.6 83.9 99.9 998  99.9 86.7
Ln—E interaction energy b b b -555.2 -556.1 -620.6 -377.83
Pre-relaxation (“steric”) energy b b b 4985 559.9 6256  549.06
orbital energy b b b -688.9 -795.6 -8735  -895.86
Aq (Ln—E(NArCH)) (Hirshfeld Charge Difference) 0.73 0.88 0.87 0.70 0.84 0.84 0.37

p (electron density) 0.044 0.039 0.044 0.058 0.051 0.057 0.077
V?p (electron density Laplacian) 0.026 0.029 0.026 0.028 0.033 0.035 -0.044
H (energy density) -0.010  -0.008  -0.012 -0.014 -0.012 -0.016 -0.033

Normalised Ln/E & Ge/Ga Mulliken contributions 22/78 19/81 26/74 28/72 26/74 31/69 45/55
to the highest occupied localized orbital (HOLO) (%)
Delocalisation index 0.463 0.447 0.481 0.516 0.495 0.518 0.792

a. All energies in kJ mol™. AIM data (atomic units) obtained at the Ln—E or Ge—Ga bond critical point.
b. Values could not be obtained.
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In order to further investigate this and to elucidate the electronically preferred
geometric structure, model structures of 22C-24C, Ln{MeC(NMe),}{B(NXyICH),}
(Ln = Sc (22SC), Y (23SC) or Lu (24SC), Figure 4.12), were calculated, with the
cyclohexyl and trimethylsilyl groups on the amidinate being replaced with methyl
groups, and the di-iso-propylphenyl groups on the boryl replaced with ortho-xylyl
groups. Removal of these sterically demanding groups and geometry optimisation of
the resultant structure lead to a less distorted SBP structure, where the Ln—N bond

distances are now virtually equal.
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Figure 4.12. Ball and stick plot (arbitrary radius) of the calculated structure of
Sc{MeC(NMe),}{B(NXyICH),} (22SC). H atoms omitted for clarity.

The calculated compound 22SC (Figure 4.12) has a self-consistent field (SCF) energy
associated with its geometry optimised form. To elucidate the energy associated with
the adoption of a TBP geometry, the ligands were fixed such that the ligands in the
equatorial plane maintain B—Sc—N and N—-Sc—N angles of 116 °, whilst the N—Sc—N
axial angle is fixed at 148 ° to accommodate this. With these angles fixed, the
structure was then optimised, and it was found that the TBP form is disfavoured by
+16.5 kJ mol™ relative to the SBP form. This might suggest that the electronically
preferred geometry for five-coordinate rare earth metal boryl compounds is SBP.
However, the constrained nature of the amidinate ligands may be imposing adoption
of a SBP geometry. In order to eliminate both steric bulk and any ligand imposed
constraints, another model system was calculated, Sc(H){B(NArCH),}(OMe,),
(1Cy, Figure 4.13). This MX3L, arrangement closely resembles that of the five-
coordinate boryl compounds Ln(CH,SiMe3){B(NArCH),)}(THF), (Ln = Lu (3), Gd
(2.57) or Er (2.58)), reported earlier in this Thesis and by Hou and co-workers™® (see
Chapter 2), with the highlighted metals adopting SBP geometries. The di-iso-
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propylphenyl groups of the boryl are replaced with ortho-xylyl groups, the alkyl
groups with hydrides and THF with dimethyl ether.
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Figure 4.13. Ball and stick plots (arbitrary radius) of the calculated structure of
Sc(H)2{B(NArCH),}(OMe,),, 1Cy. View on right, Ar and Me groups omitted for

clarity.

After optimisation 1Cy adopts a TBP geometry with both neutral ligands occupying
the trans coordination sites, as expected for five-coordinate small to mid-size rare
earth metal compounds of the type MX3L,. The O-Sc-0O angle is 173.7 °, with both
H-Sc-B (117 °) angles and the H-Sc—H (126 °) angle all close to ideal for TBP. With
the results observed in the model systems 22SC and 1Cy, the earlier suggestion can
now be modified. It is more accurate to say that the electronically preferred geometry
for five-coordinate rare earth metal boryl compounds featuring non-constrained
ligands (such as 3) is TBP, but due to steric considerations adopt SBP geometries. The
electronically preferred geometry for five-coordinate rare earth metal boryl
compounds featuring bis(amidinate) ligands is SBP, with some distortion of that
geometry dependent upon the steric demands of the N- and C-bound substituents and
the bite angle of the amidinate. These observations also preclude the notion that the
strong trans influence of the boryl has a decisive effect on the geometry adopted by

these systems.
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4.5.1.2 Hypothetical Six-coordinate Ln—B Structures

The boryl compounds 22—-24 are isolated as five-coordinate, THF-free compounds. In
an effort to elucidate the underlying reasons for this, and to provide a more direct
comparison with the gallyl compound,
Sc{(MesSiCH)C(NCy),}{Ga(NArCH),}(THF) (14), hypothetical six-coordinate
versions of 22C-24C featuring an extra molecule of coordinated THF,
Ln{(Me3SiCH2)C(NCy),}{B(NArCH),}(THF) (Ln = Sc (22Ctnf), Y (23Ctne) and
Lu (24Ctur)), were calculated, with selected results presented in Table 4.8. The
geometry optimised structures of 22Cynr—24Crne (6.9. 22Ctne, Figure 4.14)
resemble those of the calculated structures of 14C-16C, forming six-coordinate
distorted octahedral structures. The increase in coordination number from five in
22C-24C to six in 22Ctur—24Cryr is reflected in longer Ln—B bond distances for all
three metals in 22Ctnr—24Ctnr, With the Ln—B bond distances for 22Ctnr—24Crne
being ca. 0.1 A longer than for those found in 22C—-24C. Of note is a slight decrease
(ca. 1 °) of the N-B—N angle in 22Ctye—24Crnr, indicating a slightly more ionic
Ln—B interaction for all three rare earth metal-boryl bonds. The amidinate ligands
occupy three equatorial sites and one axial site, with the four amidinate nitrogens
arranged such that one amidinate nitrogen is found trans to THF, one is found trans to
the boryl ligand, and the remaining two trans to each other. One of the more striking
structural features of the scandium gallyl compound 14 are the bond distances that are
affected by a small, but significant trans influence. This unusual detail was also
observed in the geometry optimised calculated structure 14C (see Chapter 3 for
complete discussion). This provides confidence that any unusual structural features
found in 22Ctyr—24Crye would also be observed, if isolable, in an experimentally

derived structure.
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Table 4.8. Selected DFT computational results for Ln{(Me3SiCH,)C(NCy)2}.{E(NArCH),}(THF)
(Ln = Sc, E= Ga (14C) or B (22Ctng); Y, E= Ga (15C) or B (23CtnE); Lu, E= Ga (16C) or B (24CthE)).?

14C

r(Ln-E) (A) 2.886
Ln—N trans to THF (A) 2.153
Ln—N trans to E (A) 2.189
Ln—N trans to N (mean (A)) 2.201
N-E-N angle (°) 82.8
Ln—E interaction energy -479.7
Pre-relaxation (“steric”) energy 332.2
orbital energy -688.9
Aq (Ln—E(NArCH)) (Hirshfeld Charge Difference) 1.27
p (electron density) 0.033
V?p (electron density Laplacian) 0.027
H (energy density) -0.006
Normalised Ln/E Mulliken contributions 19/81
to the highest occupied localised orbital (HOLO) (%)
Delocalisation Index 0.334

15C
3.036
2.311
2.340
2.365
82.8
-492.1
421.0
-795.6
1.42
0.030
0.031
-0.005
11/89

0.326

16C
2.974
2.268
2.296
2.322
83.0
-505.2
487.8
-873.5
1.42
0.034
0.028
-0.007
19/81

0.345

22CTHr
2.589

2.171
2.281
2.239
99.1
-552.4
450.9
-865.9
1.23
0.048
0.026
-0.010
26/74

0.440

23CtHr
2.745

2.335
2.434
2.386
99.1
-554.6
534.9
-963.8
1.38
0.043
0.034
-0.008
23/77

0411

24CThF
2.672

2.292
2.388
2.345
99.4
-574.4
634.4
-1077.7
1.37
0.048
0.037
-0.012
28/72

0.432

a. All energies in kJ mol™. AIM data (atomic units) obtained at the Ln—E bond critical point.
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Figure 4.14. Ball and stick plot (arbitrary radius) of the calculated structure of
Sc{Me3SiCH;)C(NCy)2}{B(NArCH),}(THF) (22C+nE). H atoms omitted for clarity.

Indeed, a trans influence is observed affecting bond distances in the structures of
22C1yr—24C1Hr, With the Ln—N bond trans to THF up to 0.08 A shorter than the
Ln—N bonds trans to an amidinate nitrogen. More interestingly, whereas the Sc—N
bond trans to the gallyl ligand in 14C was found to be shorter than the Sc—N bonds
trans to an amidinate nitrogen (see Table 3.3, page 94), in the case of 22C+yr the
Sc—N bond trans to the boryl is longer than that of the Sc—N bonds trans to an
amidinate nitrogen. This confirms the strength of the boryl trans influence, and that it
exceeds that of the corresponding gallyl and that of the amidinate, a conclusion that is
in line with that found in literature.?” This result is replicated for 23Ctwr and 24Cthp,
where the Ln—N bond trans to the boryl is ca. 0.04 A longer than the Ln-N bonds

trans to nitrogen.

As mentioned, the Ln-B bond distances in 22C—24C increase by ca. 0.1 A upon
coordination of THF to produce 22CtHr—24Crre. The scandium (2.589 A), yttrium
(2.745 A) and lutetium (2.672 A) bond distances come above (Sc = 2.54(10) A), at (Y
= 2.74(10) A) or just below (Lu = 2.71(11) A) the sum of their respective covalent
radii. All of the Ln—B bond distances for the compounds featuring this bond described
in this Thesis, and those reported by Hou and co-workers, come comfortably under
the sum of their respective covalent radii. The Ln—Ga bond distance in 14 is different,
with the larger, less nucleophilic gallyl anion forming a bond with the rare earth metal
that exceeds the sum of their respective covalent radii (see Chapter 3) and yet are still
isolable, a trend replicated in the literature for early transition, rare earth and alkaline
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earth metal gallyl compounds.?® The boryl anion also forms a more covalent bond
than the gallyl anion, as evidenced by larger N-E-N angles (see Bent’s rule
discussion, page 89) and increased metal contributions to the Ln—E bond when E = B
(see Chapter 2, Table 2.4) compared to E = Ga (see Chapter 3, Table 3.3). Taking into
account the precedent set by those reported boryl compounds, the Ln—B bond
distances in 22Cynr—24Cyne can be considered outliers. Addition of THF may have a
destabilising effect on the compound by forcing the Ln—B bond to lengthen, which

would be more unfavourable than for the Ln—Ga bond (see section 4.5.4 vide infra).

Ar—N N—Ar Ar—N N—Ar
N, N,
B Cy B
Cy ‘ /Cy THF N | THFC
\ wLne, ~ R M Ly
J VAN Vg
! I
S /J\ ===
R N R Cy/ 5\'
) / Cy R
Cy Cy
Ln = Sc (22C), Y (23C) or Lu (24C) Ln = Sc (22C1yE), Y (23Cryf) or Lu (24C1yE)
R = CH,SiMe;
Equation 4.3

To help quantify this, a study was initiated to assess computationally the reaction of
THF and 22C-24C to form the hypothetical compounds 22C+nr—24Crur (Equation
4.3), with the results summarised in Table 4.9. In all cases, the calculated AH values
indicate that formation of 22Ctnr—24Crne is favourable, with coordination of THF
becoming more favourable as the size of the metal covalent radius increases.
However, the TA,S values are significant, and result in positive values for A;G to
make the addition of THF in all cases unfavourable, with the formation of
22C1HF—24Crpr becoming more unfavourable as the size of the metal covalent radius
decreases. The results of this study are in agreement with the observed structural
features in 22Ctyr—24Cryr and the experimental findings described in section

4.4.3.2, that 22Cry—24Cryr are not isolable compounds.
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Table 4.9. Calculated values for the reaction of THF and 22C-24C.2

Ln AH TAS® AG

Sc (22CthE) -16.00 -42.28 26.27
Y (23Cthr) -44.62 -56.33 11.72
Lu (24CrhE) -34.73 -49.64 14.91

a. All values in kJ mol™; b. T=298.15 K

Structural analysis of the hypothetical compounds 22C+yr—24Cryr has provided an
insight into how the boryl ligand affects the structure of the bis(amidinate) framework
in a six-coordinate system, and has allowed easy comparison with the calculated
models of the isolable six-coordinate gallyl systems 14C-16C. Certain structural
features, such as bond distances affected by trans influence, are similar, but the
individual properties of the boryl and gallyl ligands, such as difference in strength of

trans influence and trends in Ln—E bond distance, can still be identified.

4.5.1.3 Hypothetical Five-coordinate Ln—-Ga Structures

Thus far, the computational study has provided insight into six-coordinate rare earth
metal boryl and gallyl systems. The same insight was required for five-coordinate rare
earth metal boryl and gallyl systems, and so would require computational studies on
hypothetical THF-free versions of 14C-16C,
Ln{Me3SiCH,)C(NCy),}{Ga(NArCH),} (Ln = Sc (14C_tue), Y (15C_the) or Lu
(16C_tnF)), so as to facilitate a comparison with the isolable five-coordinate Ln—B
compounds 22C-24C.

The calculated, geometry optimised structures of 14C_tyr—16C_te (e.9. 14C_thr,
Figure 4.15) resemble those of the calculated structures of 22—24, 22C-24C, forming
five-coordinate distorted SBP structures, with the amidinate ligands forming the base

of the pyramid and the gallyl coordinated in the apical position.
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Figure 4.15. Ball and stick plot (arbitrary radius) of the calculated structure of
Sc{Me3SiCH2)C(NCy)2}{Ga(NArCH),} (14C_tur). H atoms omitted for clarity.

The calculated structures 14C_tue—16C_tne match the trends observed in the
computationally derived molecular structures of 22C-24C with regards to the
amidinate ligands. The two Ln—N bond distances found on the same amidinate ligand
do not match, with one being ca. 0.04 A longer than the other in all cases (cf. 0.07 A
for 22C-24C). The C-N bond distances for the amidinate are virtually equal for
14C_tu—16C_tyF, indicating that the m-electrons are delocalised evenly across the
N-C—-N backbone. This compares well with the observed bond distances in the
N-C-N backbone for 22C-24C, suggesting that steric effects are again the source of

the difference in bond lengths.

However, whilst the decrease in coordination number from six in 14C-16C to five in
14C_tur—16C_tf is reflected in shorter Ln—Ga bond distances for all three metals in
14C_tpe—16C_tre (ca. 0.15 A shorter than for those found in 14C—-16C), the larger,
less nucleophilic gallyl forms a longer Ln—-E bond than its boryl counterpart in
22C-24C. This longer bond opens up the coordination sphere around the metal,
providing more room for the bulky amidinate ligands to coordinate in such a way as
to equalise the Ln—N bond distances, and results in a smaller difference in bond
distances for the amidinate ligands in 14C_tnr—16C_tr compared to 22C—-24C. The
aforementioned shortening of the Ln—Ga bond in 14C_rr—16C_twe is accompanied
by a small increase (ca. 1 °) of the N-Ga—N angle, indicating a slightly more covalent
Ln—Ga interaction for all three rare earth metal-gallyl bonds. There is a pleasing

symmetry in this observation, as it is almost exactly the opposite observed for the
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changes in Ln—B bond distance and N-B—N angle in 22Cte—24Crhe. As mentioned
in section 4.5.1.2, the hypothetical six-coordinate boryl compounds are not isolable
species due in part to this resulting in an unfavourable lengthening of the Ln—B bond.
The hypothetical five-coordinate gallyl compounds are also not isolable species, but
in their case the larger, less nucleophilic gallyl cannot form an Ln—Ga bond that is

short enough to form a stable five-coordinate compound.

Ar—N N—Ar Ar—N N—Ar
AN NS
Ga Cy Ga
Cy ‘ /Cy THF \N,, . \\\\\ THFC
\ ||\‘Lnlll R < III//Ln\\\ pd y
Nt TN N \N/ \/N
P / \ ’J\ / N2
R N R Cy /
\ &,
cy Cy
Ln = Sc (14C_14e), Y (15C_1ue) Or Lu (16C 1) Ln = Sc (14C), Y (15C) or Lu (16C)
R = CH,SiMe;
Equation 4.4

The addition of THF to the boryl analogues 22C-24C to form the hypothetical
compounds 22Ctyr—24Cryr Was probed computationally and revealed that in spite of
favourable AH values, the large TAS values made the THF addition reaction
unfavourable (Table 4.9). The same computational assessment of that reaction for the
gallyl systems (Equation 4.4) could provide an insight into why 14C_tye—16C_1He
are not isolable, even with the reaction and work-up being performed in the absence
of THF.

The results of the computational assessment of the reaction of THF and
14C_tu—16C_tr are presented in Table 4.10. As with the boryl examples, in all
cases the calculated AH values indicate that formation of 14C-16C is favourable,
with coordination of THF becoming more favourable as the size of the metal covalent
radius increases. In addition, the AH values for the gallyl examples are 2-5 times
larger than those of the corresponding boryl examples, whilst the TAS values remain
roughly the same, indicating little difference in reaction entropy change going from
the boryl systems to the gallyl systems. This large difference in the AH values leads

to favourable A;G values, making the addition of THF in all cases favourable, with the
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formation of 14C-16C becoming more favourable as the size of the metal covalent
radius increases. The results of this study are in agreement with the experimental
findings described in section 3.4.1 (Chapter 3, page 84), where 14-16 are isolable

compounds.

Table 4.10. Calculated values for the reaction of THF and 14C_tr—16C_1ur.?

Ln AH TAS® A/G

Sc (14C) -87.18 -41.39 -45.78
Y (15C) -104.69 -44.87 -59.81
Lu (16C) -103.30 -50.97 -52.33

a. All values in kJ mol™; b. T =298.15 K
4.5.1.4 Summary

The geometry optimised structures of five and six-coordinate boryl and gallyl
compounds featuring bis(amidinate) supporting ligand sets have been discussed.
Hypothetical five-coordinate gallyl (14C_tne—16C_tne) and six-coordinate boryl
(22CtHr—24C1nE) systems were calculated to facilitate comparisons with the isolable
five-coordinate boryl (22C-24C) and six-coordinate gallyl (14C-16C) systems. The
higher coordination number for the gallyl systems results in a more ionic Ln—-Ga
interaction, whilst the lower coordination number for the boryl systems results in a
more covalent Ln-B interaction. The THF addition reactions to produce the
hypothetical six-coordinate boryl and isolable six-coordinate gallyl compounds were
computationally assessed. It was found that the AH values for the both the boryl and
gallyl systems suggested a favourable reaction, but while the TA,S values disfavour
the reaction for the boryl systems, the significantly larger AH values favour the

reaction for the gallyl systems by overcoming the TA,S values.
4.5.2 Ln-E Electronic Structures
4.5.2.1 Comparison of Six-coordinate Ln-B and Ln-Ga

The electronic structure of the six-coordinate gallyl compounds 14C-16C were

discussed in detail in Chapter 3. Here, the electronic structure of the hypothetical six-
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coordinate boryl compounds 22C+tur—24Crye Will be presented and compared to
14C-16C.

The Hirshfeld charge differences between the metals and the boryl fragment
Ag(Ln—Boryl) in 22Ctyr—24Crnr Were calculated and the results presented in Table
4.8 (p. 129). In all cases, the charge differences are large, indicating that all of the
Ln—B bonds are predominantly ionic. The charge differences are slightly lower than
those found for 14C-16C, as expected for the less ionic Ln—B interaction. The
scandium example, 22Cyyr, possesses the smallest charge difference, continuing the
trend observed that the scandium-element bond is the least ionic of the three rare earth
metal-element bonds. Compounds 23Ctnr and 24Cyne have significantly larger
charge differences than 22C+ng, as observed for the other reported Y-E and Lu-E
bonds. To probe the nature of the bonding in 22C+—24Cryr, the canonical Kohn-
Sham molecular orbitals were analysed. However, as with 14C-16C, this method
could not clearly identify the Ln-B o-bonding orbital due to significant
delocalization, and so the Boys-Foster localized orbitals (LO), which are found by
unitary transformations of the canonical functions in order to minimize the spatial
extent of the resultant orbitals, were calculated. With this method, the Lnh—B bonding
orbital was identified as the highest occupied localized orbital (HOLO), as visualised

in Figure 4.16 for 22Ctyf, and is a predominantly c-orbital.

Figure 4.16. Three-dimensional representation of the HOLO of the calculated
structure of Sc{Me3SiCH,)C(NCy),}{B(NArCH),}(THF) (22C+ug). H atoms
omitted for clarity.
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The normalised contributions to the o-bonding HOLO were calculated, with the
results shown in Table 4.8. As with all Ln—E examples, the boryl anion is found to be
the major contributor in all cases, indicating predominantly ionic bonds, but the boryl
anion contributes less to the Ln—E bond than the corresponding gallyl. The Lu-B
HOLO showed the largest degree of mixing between the two atoms, followed closely
by the Sc—B HOLO, whilst the Y-B HOLO showed the lowest degree of mixing. This
compares favourably with the relative degrees of mixing seen in the HOLOs of
14C-16C, where Y < Sc = Lu. Taking into account the conclusion reached with the
Hirshfeld charge difference analysis, the Sc—B bond can be considered the least ionic
of the three, whilst the Y—B bond is the most ionic. Atoms-in-Molecules (AlM)
analysis was carried out and generated values for the electron density (p), the energy
density (H) and the electron density Laplacian (V2p) at the Ln—B bond critical point
for 22Ctur—24Ctye. The small values for p and H, coupled with the small, positive
V?p reinforce the conclusions reached from analysis of the Hirshfeld charge
differences and the Boys-Foster Localized orbitals, that the Ln-B bond is
predominantly ionic. The Lu—-B bond has marginally the largest A value, whilst the
Sc-B bond has marginally the largest p value, whereas for the gallyl examples
14C-16C the Lu—Ga bond had marginally larger values for both. Overall, these small
margins, as well as the marginal difference observed for the degree of mixing in the
Sc-B and Lu-B HOLOs suggest that these are equally the least ionic of the three
Ln—B bonds. In contrast, the AIM, HOLO composition and Hirshfeld data are in
agreement in suggesting that the Y—B bond is the most ionic, as observed for the Y-B

bond for 2C and the Y—Ga bond of 15C.

4.5.2.2 Comparison of Five-coordinate Ln—-B and Ln-Ga

The Hirshfeld charge differences between the metals and the gallyl fragment
Ag(Ln—Boryl) were calculated and the results presented in Table 4.7 (p. 126). In all
cases, the charge differences were large, indicating that all of the Ln—B bonds are
predominantly ionic. Compound 22C possesses the smallest charge difference,
indicating that the Sc—B bond is the least ionic of the three rare earth metal-boron
bonds, whilst 23C and 24C had significantly larger charge differences. To further

probe the nature of the bonding, another attempt was made to analyse the canonical
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Kohn-Sham molecular orbitals, but significant delocalization again obscured any
information about the Ln-B o-bond, and so the Boys-Foster localized orbitals (LO)
were again calculated. With this method, the Ln—B bonding orbital was identified as
the highest occupied localized orbital (HOLO), as visualised in Figure 4.17 for 22C,

and is a predominantly c-orbital.

The normalised contributions to the o-bonding HOLO were calculated, with the
results shown in Table 4.7. In all cases, the boryl anion is found to be the major
contributor, indicating predominantly ionic bonds. The Lu-B HOLO showed the
largest degree of mixing between the two atoms, followed by the Sc—B HOLO, whilst
the Y-B HOLO showed the lowest degree of mixing. Taking into account the
conclusion reached with the Hirshfeld charge difference analysis, the Sc—B bond can

be considered the least ionic of the three, whilst the Y—B bond is the most ionic.

Figure 4.17. Three-dimensional representation of the HOLO of the calculated
structure of Sc{Me3;SiCH,)C(NCy),}.{B(NArCH),} (22C). H atoms omitted for

clarity.

AIM analysis was carried out and generated values for the electron density (o), the
energy density (H) and the electron density Laplacian (Vzp) at the Ln—B bond critical
point. The small values for pand H, coupled with the small, positive Vzp reinforce the
conclusions reached from analysis of the Hirshfeld charge differences and the Boys-

Foster localized orbitals, that the Ln—B bond is predominantly ionic. The Lu-B bond
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has marginally the largest A value, whilst the Sc—B bond has marginally the largest p
value. Overall, these small margins, as well as the marginal difference observed for
the degree of mixing in the Sc—B and Lu—B HOLOs suggest that these are equally the
least ionic of the three Ln—B bonds. In contrast, the AIM, HOLO composition and
Hirshfeld data are in agreement in suggesting that the Y—B bond is the most ionic, as
observed for the Y-B bond for 2C and 23Ctng, and the Y—Ga bond of 15C.

The Hirshfeld charge differences between the metals and the gallyl fragment
Aq(Ln—Gallyl) in 14C_tu—16C_tyr were calculated and the results presented in
Table 4.7. As expected, the charge differences were large in all cases, indicating that
all of the Ln—Ga bonds are predominantly ionic. The charge differences are slightly
greater than those found for 22C-24C, as seen for the six-coordinate Ln—E
interactions. The scandium example, 14C_tyr, possesses the smallest charge
difference, with 15C_rye and 16C_tnr having significantly larger charge differences
than 14C_tyr, as observed for the other reported Ln—E bonds. To probe the nature of
the bonding in 14C_tu—16C_tyr, the Boys-Foster localized orbitals (LO) were
calculated. With this method, the Ln—Ga bonding orbital was identified as the highest
occupied localized orbital (HOLO), as visualised in Figure 4.18 for 14C_tyr, and is a

predominantly c-orbital.

Figure 4.18. Three-dimensional representation of the HOLO of the calculated
structure of Sc{Me3;SiCH,)C(NCy),}.{Ga(NArCH),} (14C_tuF). H atoms omitted for

clarity.

141



Chapter Four

The normalised contributions to the o-bonding HOLO were calculated, with the
results shown in Table 4.7. As with all Ln—E examples, the gallyl anion is found to be
the major contributor in all cases, indicating predominantly ionic bonds. The gallyl
anion contribution to the Ln—E bond is greater than the corresponding boryl,
continuing the observed trend. The Lu—Ga HOLO showed the largest degree of
mixing between the two atoms, followed by the Sc—Ga HOLO, whilst the Y-Ga
HOLO showed the lowest degree of mixing. This compares well with the relative
degrees of mixing seen in the HOLOs of 22C-24C, where Y < Sc < Lu. Taking into
account the conclusion reached with the Hirshfeld charge difference analysis, the
Sc—Ga bond can be considered the least ionic of the three, whilst the Y—Ga bond is
the most ionic. AIM analysis was carried out and generated values for the electron
density (p), the energy density (H) and the electron density Laplacian (V2p) at the
Ln—Ga bond critical point for 14C_tyr—16C_te. The small values for p and H,
coupled with the small, positive V2p reinforce the conclusions reached from analysis
of the Hirshfeld charge differences and the Boys-Foster localized orbitals, that the
Ln—Ga bond is predominantly ionic. The Lu—Ga bond has marginally the largest H
and p values, whereas for the boryl examples 22C-24C the Lu-B bond had
marginally larger values for H only. This suggests that, according to the HOLO data,
the Lu—Ga bond is the least ionic of the three Ln—Ga bonds, which disagrees with the
Hirshfeld Aq data. In contrast, the AIM, HOLO composition and Hirshfeld data are in
agreement in suggesting that the Y—Ga bond is the most ionic, as observed for the

Y-B bond for 2C and 23C.

In general, increasing the coordination number of bis(amidinate) Ln—E compounds
from five to six leads to more ionic Ln—E interactions for both boryl and gallyl
examples, with significant increases in Hirshfeld charge differences, and lower
degrees of mixing in the HOLOs. Whilst there is a difference in the degree of mixing
in the HOLO between five-coordinate Sc—Ga and Lu—Ga, upon increase in
coordination number that difference disappears, with the degree of mixing in the
HOLO now equal for both scandium and lutetium. For the boryl examples, the degree
of mixing is always greatest for lutetium. The AIM data at the Ln—E bond critical
point for both the five and six-coordinate gallyl examples produce values for the

energy density (H) and the electron density (p) that suggest that the Lu—Ga bond is
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the least ionic, whereas the AIM data for the five and six-coordinate boryl examples
are less clear, with values for H indicating Lu—B as least ionic and the values for p
suggesting Sc—B. However, the AIM data suggest that the yttrium examples for both
five and six-coordinate bis(amidinate) boryl and gallyl examples are the most ionic in
all cases. The AIM calculations also produce a value for the delocalisation index,
which is a measure of the bond order in the Ln—E interaction. The more ionic Ln—Ga

interactions produce smaller values than the more covalent Ln—B interaction.
4.5.2.3 Ln—E Bond lonicity

It has been established that the Ln—E interaction is predominantly ionic in character.
In order to provide context to the nature of the Ln—E bond, calculations on a system
that would be expected to produce a less ionic (or more covalent) M—E (M = metal)
interaction was sought. Therefore, DFT computational studies were carried out on the
model compound, GeMez{Ga(NArCH),} (Ge-Ga, Figure 4.19), and the results of

these calculations are presented in Table 4.7.

@ o o 9

4

O o d &

Qo O Q o

Figure 4.19. Ball and stick plot (arbitrary radius) of the calculated structure of
GeMez{Ga(NArCH),} (Ge—Ga). H atoms omitted for clarity.

As previously discussed, certain structural features of the main group heterocycle can
provide information as to the nature of the M—E bond. For Ge-Ga, the N-Ga—N
angle of the heterocycle is found to be 86.7 °, considerably more obtuse than the
corresponding angle for 14C-16C (82.8 ° (mean)) and indicates a less ionic (or more
covalent) M-E interaction for Ge-Ga than for 14C-16C. The calculated M-E bond
distance in Ge-Ga (2.416 A) is shorter than those calculated for both the five-
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coordinate (14C_tnr, 2.726 A) and six-coordinate (14C, 2.886 A) scandium gallyl
compounds, but compares favourably with the M—-E bond distance in the four-
coordinate scandium boryl compound, Sc(CH,SiMes){B(NArCH).}(THF) (1C),
which has a calculated bond distance of 2.458 A.

For comparison of electronic structures with the compounds discussed in this Chapter
and Chapter 3, the Boys-Foster localized orbitals (LO) for Ge—Ga were calculated,
and identified the M—E bond of Ge—Ga as the highest occupied localized orbital
(HOLO). The degree of mixing in the M—E HOLO is significantly higher for Ge-Ga
than for those found for 14C-16C, with the non-gallium metal contribution rising
sharply from 19 % in 14C, to 45 % for Ge—Ga. This result is in agreement with the
structurally observed evidence for a less ionic M—E bond, and demonstrates the utility
of studying changes in the structure of the main group heterocycle to gain information
on the ionicity (or covalency) of the M—E bond. The greater covalency of the Ge-Ga
interaction is also reflected in a much larger value for the delocalisation index than

that found for the more ionic Ln—E interaction (0.792 vs. (e.g.) 0.334 for 14C).
4.5.2.4 Ln—E Bond Energy

The bond dissociation energy (BDE) of the Ln—E bond was calculated for 22C-24C,
22Ct1Hr—24Crhe and 14C-16C, with the results presented in Table 4.11. The results
show that the Ln—Ga bond has a lower BDE than that of the Ln—B bond, which
correlates with the interaction energies obtained for these compounds (see Tables 4.7
and 4.8). Upon change in coordination number for the boryl examples from five
(22C-24C) to six (22Ctur—24CthE), the lengthening of the Ln-B bond results in a
lower BDE for the 22Ctnr—24CrHE.
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Table 4.11. Bond dissociation energies (BDES) for 22C-24C, 22Ctyr—24Crne and

14C-16C.?
Ln Bond BDE
Sc (22C) Sc-B 499.5
Y (23C) Y-B 513.4
Lu (24C) Lu-B 536.0
Sc (22Ctur)  Sc-B 433.2
Y (23Crur)  Y-B 477.1
Lu (24Cthe)  Lu-B 487.3
Sc (14C) Sc-Ga 411.0
Y (15C) Y-Ga 432.0
Lu (16C) Lu-Ga 4422

a. All values in kJ mol?
4.5.3 E-N Bonding

Thus far, the geometry optimised structures of five and six-coordinate compounds
containing Ln—E bonds and the composition of those bonds have been discussed, and
related to changes observed in the main group heterocycle. A discussion of the
composition of the E—N bonds, which are critical to the structural features observed in

the heterocycle, follows.

Section 4.5.2 discussed the calculation of the Boys-Foster localized orbitals (LO) for
14C_typ—16C_1hF, Whilst the LOs of 14C-16C were calculated in Chapter 3 (see p.
94). In addition to identifying the Ln—-Ga HOLO, four gallyl-based LOs were
identified for each of the compounds in 14C_tx—16C_tyr and 14C-16C. The s and
p-orbital contributions to the Ga—N bond are of interest, as it is their relative
contributions that dictate the structural features of the heterocycle. To compare how
the orbital composition of the Ga—N bond relates to the orbital composition of the
Ln—-Ga bonds, and how this composition changes upon increasing the coordination

number, the s and p-orbital contributions to the Ln—Ga bond were also determined.
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Table 4.12 presents the results of the calculations for 14C_tyr—16C_the and
14C-16C. It was observed structurally that increasing the coordination number from
five (14C_tur—16C_tHe) to six (14C-16C) results in longer Ga—N bonds and a more
acute N—Ga—N angle. The normalised gallium-centred s and p contributions to the
Ga—N bond can provide further information. For example, the gallium in the Ga—N
bonds in 14C_ryr contributes 26.1% s-character, whilst the same atom in the Ga—N
bonds in 14C contributes 22.2 % s-character. This decrease leads to the lengthening
of the Ga—N bonds observed in 14C-16C.

The Boys-Foster LO calculations were also carried out on the germanium system,
GeMez{Ga(NArCH),} (Ge-Ga), with the results of the calculations presented in
Table 4.12. The more covalent Ge—Ga bond (see section 4.5.2.3) has a gallyl
heterocycle with shorter Ga—N bonds and a more obtuse N—Ga—N angle than those
found for both five coordinate (14C_tnr—16C_tre) and six coordinate (14C—-16C)
rare earth metal gallyl compounds. It was expected that the gallium-centred s-
contribution to the Ga—N bonds would be larger than with the rare earth examples.
Indeed, the gallium contribution in the Ga—N bonds of the heterocycle in Ge-Ga was
found to be 31 % s-character, a 5-12 % increase in s-character compared to the

gallium contribution in the rare earth metal gallyl compounds.

Finally, the Boys-Foster LO calculations were then extended to the boryl heterocycles
in 22C-24C and 22Ctur—24CtnE, With the results of the calculations presented in
Table 4.13. Four boryl-based LOs were identified for each of the compounds in
22C-24C and 22Cty—24Cryre. The boron s-contribution in the B—N bond is larger
than that of the corresponding gallyl, with the smaller boron atom producing shorter
E—N bonds that produce a more obtuse N—-E—N angle. It was observed structurally
that increasing the coordination number from five (22C-24C) to six
(22CtHFr—24CtnF) results in longer B—N bonds and a more acute N-B—N angle. The
normalised boron-centred s and p contributions to the B—N bond can provide further
information. For example, the boron in the B—N bonds in 22C contributes 28.0 % s-
character, whilst the same atom in the B—N bonds of 22C+we contributes 26.7 % s-
character. This decrease leads to the lengthening of the B—N bonds observed in

22CTE—24CTHE.
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Table 4.12. Selected DFT computational results for Ln{(Me3SiCH,)C(NCy),}.{Ga(NArCH),}(THF),
(Lh=Sc, n=0 (14C_thr), n =1 (24C); Y, n =0 (15C_tHr), N =1 (15C); Lu, n =0 (16C_tnE), n =1 (16C) and GeMez{Ga(NArCH),}

(Ge-Ga).

14C_1uF 15C_tuF 16C_tuF 14C 15C 16C Ge-Ga
r(M-Ga) (A) 2.726 2.890 2.825 2.886 3.036 2.974 2.416
r(Ga—N) (mean (A)) 1.935 1.929 1.926 1.979 1.968 1.968 1.881
N-Ga—N angle (°) 83.9 83.6 83.9 82.8 82.8 82.9 86.7
Normalised M/Ga Mulliken contributions 22/78 19/81 26/74 19/81 11/89 19/81 45/55
to the highest occupied localized orbital (HOLO) (%)
Normalised Gallyl s/p contributions 73127 73127 74/26 77/23 76/24 77/23 67/33
to the M—Ga highest occupied localized orbital (HOLO) (%)
Normalised Gallyl s/p contributions 26/74 24/76 25/75 22/78 19/81 21/79 31/69
to the Ga—N localized orbital (LO) (%)
Net Hirshfeld Charge at Gallyl 0.23 0.19 0.20 0.21 0.19 0.19 0.35
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Table 4.13. Selected DFT computational results for Ln{(Me3SiCH,)C(NCy),}{B(NArCH),}(THF),
(Ln =Sc, n=0 (22C), n=1 (22CTHF); Y,n=0 (23C), n=1 (23CTHF); Lu,n=0 (23C), n=1 (23CTHF)-

Chapter Four

22C
r(Ln-B) (A) 2.473
r(B-N) (mean (A)) 1.477
N-B-N angle (°) 99.9
Normalised Ln/B Mulliken contributions 28/72
to the highest occupied localized orbital (HOLO) (%)
Normalised Boryl s/p contributions 56/44
to the Ln—B highest occupied localized orbital (HOLO) (%)
Normalised Boryl s/p contributions 28/72
to the B—N localized orbital (LO) (%)
Net Hirshfeld Charge at Boryl -0.05

23C
2.638
1.471
99.8
26/74

57/43

27173

-0.07

24C
2.574
1.471
99.9
31/69

57/43

29/71

-0.06

22CTHE
2.589
1.496
990.1
26/74

59/41

27173

-0.05

23CtHE
2.745
1.487
990.1
23/77

59/41

24/76

-0.07

24CthF
2.672
1.488
994
28/72

60/40

29/71

-0.07
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4.5.4 Ln—E Potential Energy Surfaces

The potential energy surface of the Ln—B bonds were probed by incrementally
varying the Ln—B bond distances of 22C-24C about their equilibrium values and
optimising all other geometric parameters. However, as with the gallyl examples
14C-16C, unfavourable steric interactions between the aryl rings of the boryl
heterocycle and the amidinate cyclohexyl and trimethylsilyl groups had a
disproportionately large effect on the overall geometry and energy of the system such
that information about the Ln—B interaction was masked. Calculations were repeated
on models of 22C-24C, Ln{MeC(NMe),},{B(NXyICH),} (Ln = Sc (22SC), Y
(23SC) or Lu (24SC), Figure 4.12) featured in Section 4.5.1.1. The results show that,
as with previous examples of Ln—E bonds, the Lh—B bonds have very shallow
potential energy surfaces, with small shifts in bond length inducing only a small
energy change. For example, the scandium-boron bond in 22SC requires
approximately 4.5 kJ mol™ for a +0.1 A change about the equilibrium distance.

This compares well with the boryl and gallyl compounds introduced in the preceding
Chapters. Whilst the potential energy surfaces remain shallow for both the boryl and
gallyl examples, a comparison of the potential energy surfaces of the boryl (22SC
and 24SC) and gallyl (14SC and 16SC) compounds, as highlighted in Figure 4.20,
shows the boryl examples require more energy overall to lengthen the bond past the

equilibrium distance.
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Figure 4.20. Relative changes in energy with respect to changes in Ln—E bond
distance from their optimised values in Ln{MeC(NMe),},{Ga(NXyICH),}(THF)
(14SC and 16SC) or Ln{MeC(NMe),}{B(NXyICH),} (22SC and 24SC).

4.5.5 Computational Assessment of Carbodiimide Insertion into the Ln—E Bond

The addition of one equivalent of the carbodiimide CyNCNCYy to the rare earth metal
bis(amidinate) gallyl compounds Ln{(Me3SiCH,)C(NCy).}.{Ga(NArCH),}(THF)
(Ln = Sc (14), Y (15) or Lu (16)) resulted in the products of insertion into the metal-
gallium bond, Ln{(Me3SiCH,)C(NCy),}{(Ga(NArCH),;)C(NCy).} (Ln = Sc (17), Y
(20) or Lu (21)). On the NMR tube scale in CgDg, these reactions were quantitative
and virtually instantaneous. The corresponding reaction with the rare earth metal
bis(amidinate) boryl compounds Ln{(Me3;SiCH,)C(NCy),}{B(NArCH),} (Ln = Sc
(22), Y (23) or Lu (24)) resulted in no reaction. This difference in reactivity is
attributed to the steric saturation of the rare earth metal centre in the boryl compounds
22-24 that hinders pre-coordination of the carbodiimide, and the higher bond
dissociation energy (BDE) of the Ln—B bond compared to the Ln—Ga bond.

In order to further probe the reaction and to quantify the observed results, a study was
initiated to assess computationally the carbodiimide insertion reaction into the Ln—Ga

bond of the bis(amidinate) gallyls 14C-16C and the hypothetical insertion reaction

150



Chapter Four

into the Ln—-B bond of the bis(amidinate) boryls 22C-24C. For a more authentic
comparison to the reaction involving 14C-16C, the assessment also included the

hypothetical six-coordinate bis(amidinate) boryls 22C1yr—24Cryr.

4.5.5.1 Reactions involving Ln—-Ga (14C-16C) and Ln-B (22C-24C)

Ar—N N—Ar
N_S
E
Ln{(Me3SiCH)C(NCy),}{B(NArCH),} NJA\\N
Ln = Sc (22C), Y (23C) or Lu (24C . _ in,—N —i
(Ln=Sc(22C), Y (23C)orLu (24C) i Pr—"% Pr
or I Y B Cy
-THF 3
\ ,,,,,,, Ln...,, /
Ln{(Me3SiCH,)C(NCy),},{Ga(NArCH),}(THF) N \ "N
(Ln = Sc (14C), Y (15C) or Lu (16C)) /(k\\ / J\
R N N R
\
Cy GCy

Ln = Sc, E =Ga (17C) or B (25C)
Y, E = Ga (20C) or B (26C)
Lu, E=Ga (21C) or B (27C)

R = CH,SiMes; Ar = 2,6-CgH3iPr
Figure 4.21. Representative carbodiimide insertion reactions.

The reaction outlined in Figure 4.21 was assessed and produced results that are
presented in Table 4.14. The AH values for the reaction involving the six-coordinate
gallyl model systems 14C-16C are approximately 2.5 times lower than those
involving the boryl model systems 22C—-24C. The origin of the relatively low change
in reaction enthalpy for the gallyl examples may be attributed to the loss of THF, a
requirement for the reaction to proceed, being disfavoured for the gallyl compounds
(see Section 4.5.1.3). The lack of coordinated THF in 22C—-24C results in the reaction
of carbodiimide and 22C-24C producing only one product from two reactants, which
results in more negative A,S values than for the corresponding reaction of
carbodiimide with 14C-16C. Whilst the change in reaction entropy may be more
unfavourable for the reactions involving 22C-24C, the large and favourable change
in reaction enthalpy overcomes the TA,S term to produce values for A,;G that favour
the insertion into the Ln—-B bond to form the hypothetical products of insertion
25C-27C, and suggests that this reaction is more favourable than the insertion into

the Ln-Ga bond of 14C-16C. Since experiment shows no reaction involving
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compounds 22—-24, the large negative values for AlH and A,G in the hypothetical
reactions involving 22C-24C must have a different origin. It was postulated that,
rather than insertion into the Ln—B bond, formation of a B—C bond was the driving

force for the reactions.

The expected outcome would see the B—C BDE being greater than that of the Ga-C
bond, as the orbital overlap and energy difference between the respective orbitals will
decrease down the group. This is supported by experimentally derived BDEs for both
X,B—C (376 ki mol™) and X,Ga—C (245 kJ mol™).?° However, the data available are
derived from E—C(sp®) bonds, whilst the carbodiimide insertion reactions form
products featuring E—C(sp?) bonds. Calculations were therefore carried out on model
systems {Ga(NArcH),}Ph (Gaph) and {B(NArcH),}Ph (Bpp) to assess the relative
strengths of the E-C bonds. Phenyl groups that form E—C(sp?) bonds in the model
systems would provide a more accurate estimation for the E-C(sp?) bond strength in
the full systems. The B—C bond distance in the geometry optimised structure of Bpp,
(1.558 A) closely matched that of the molecular structure of {B(NArcH),}Ph (1.579
A, see compound 1.20, Chapter 1) as reported by Yamashita and Nozaki,?* whilst the
Ga—C bond distance in the geometry optimised structure of Gapp, (1.910 A) closely
matches that reported for the molecular structure of {Ga(NArcH),}(2,4,6-CsH,'Pr)
(1.936(3) A) by Jones and co-workers.'” These results provide confidence in the
quality of the calculated structures of Gapy, and Bpy,.

The BDEs were calculated for the geometry optimised structures of Gapp, and Bpy,
producing values of 377 kJ mol™ and 666 kJ mol™ respectively. Whilst the higher
BDE for B—C(sp?) bonds compared to Ga—C(sp?) bonds matches the expected trend
for bonds featuring these elements, the BDEs for the E—C(sp®) are higher in energy

than those obtained experimentally for the corresponding E—C(sp®) bonds.
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Table 4.14. Calculated values for the reaction of Ln{(Me3SiCH;)C(NCy),}.{E(NArCH),}(THF)
(Ln =Sc, E= Ga (14C) or B (22Ctne); Y, E= Ga (15C) or B (23Ctwf); Lu, E= Ga (16C) or B (24CtwE)) Or
Ln{(MesSiCH,)C(NCy),}{B(NArCH),} (Ln = Sc (22C), Y (23C) and Lu (24C)) with 'PrNCN'Pr.2

Chapter Four

14C 15C 16C 22C 23C 24C 22CTHE
ArH  -137.43 -125.56 -130.97 -307.21 -320.08 -308.17 -291.20
ArS  -0.039 -0.044 -0.017 -0.175 -0.203 -0.155 -0.033
AG  -125.75 -112.45 -126.04 -255.06 -259.48 -261.98 -281.34

23Crhr
-275.46
-0.014

-271.20

24Crhr
-276.42
-0.018

-271.07

a. All values in kJ mol?
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4.5.5.2 Reactions involving Ln-Ga (14C-16C) and Ln-B (22Cynr—24CryE)

As mentioned, whilst the computational study of the insertion reactions involving the
calculated five-coordinate boryl compounds 22C-24C gave additional information
into the behaviour of the real compounds 22—-24, a more useful comparison would
involve the calculated hypothetical six-coordinate boryl compounds 22Ctpr—24Crwr.

The results of the computational assessment are presented in Table 4.14.

As with the five-coordinate boryl examples, the change in reaction enthalpy for
22CtHr—24Cre is much larger than that found for 14C-16C, but now the presence
of THF creates an additional barrier not present before. Loss of THF is still
unfavourable (see Section 4.5.1.2), but far less so than that for the gallyl examples
14C-16C. This results in a small increase in AH for 22Ctyr—24Crne compared to
22C-24C.

The values for A;S for 22Ctyr—24Crne are now roughly equal to those found for
14C-16C, with both systems now involved in a two reactant-two product process.
The less negative AS values for 22Crye—24Crye result in a smaller TA(S term, which
compensates for the higher A/H values to produce A,G values that are lower than
those found for the reactions involving 22C-24C, but still higher than the values

found for 14C—16C, as B—C(sp®) bonds are formed.
4.6 Conclusions

In this Chapter, the reactivity of metal-boryl, metal-gallyl and metal-metal bonds was
introduced. The reactivity studies of the rare earth metal gallyl compounds
Ln{(Me3SiCH,)C(NCy).}{Ga(NArCH),}(THF) (Ln = Sc (14), Y (15) or Lu (16))
introduced in Chapter 3 towards carbodiimides were presented. Insertion of
carbodiimide (RNCNR, where R = Cy, 'Pr or Tol) into the Ln—-Ga bond afforded
Sc{(MesSiCH,)C(NCY),}{(Ga(NArCH),)C(NR).} (R = Cy (17), 'Pr (18) or Tol
(19)) and Ln{(Me3SiCH;)C(NCy).}{(Ga(NArCH),;)C(NCy);} (Ln = Y (20), Lu
(21)). These results constitute the first insertion reactions with Ln—Ga bonded
compounds and unsaturated substrates, and indeed the first successful reactions of any
type at an unsupported metal-gallium bond. The rare earth metal boryl compounds
Ln{(Me3SiCH,)C(NCy),}{B(NArCH),} (Ln = Sc (22), Y (23) or Lu (24)) were then
synthesised to allow for comparative reactivity studies. It was found, however, that
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compounds 22—24 would not react with carbodiimides in the manner observed with
14-16.

DFT computational analysis was sought to elucidate the bonding and structural
features of the bis(amidinate) compounds, and to probe the energetics of the insertion
reactions that produced compounds 17-21. A comprehensive computational study,
carried out in collaboration with Ms. Abigail Mountain and Prof. Nikolas
Kaltsoyannis (UCL), was presented. It was found that steric hindrance around the
Ln—B bond was the origin of the lack of reactivity for the boryl compounds 22—24,
whilst sterics and the constrained nature of the N,N'-disubstituted amidinate ligand
was the origin of the unusual square-based pyramidal geometry adopted by 22-24.
The insertion reactions into the Ln—Ga bond were computationally assessed, and
compared with the hypothetical insertion reactions into the Ln—-B bond. Although
insertion into the Ln—B bond of 22-24 was not possible experimentally, the
computational assessment of the reaction suggested that it should be more favourable
than the corresponding reaction with 14—16. This result was attributed to the fact that
insertion in the Ln—B bond would form a B—C(sp?) bond, which was found to be a

considerably stronger bond than a Ga—C(sp?) bond.

4.7 References

1 J. F. Hartwig, Accounts Chem. Res., 2012, 45, 864.

2 (@) G. J. Irvine, M. J. G. Lesley, T. B. Marder, N. C. Norman, C. R. Rice, E.
G. Robins, W. R. Roper, G. R. Whittell and L. J. Wright, Chem. Rev., 1998,
98, 2685; (b) S. Aldridge and D. L. Coombs, Coord. Chem. Rev., 2004, 248,
535; (c) H. Braunschweig, R. D. Dewhurst and A. Schneider, Chem. Rev.,
2010, 110, 3924; (d) I. A. 1. Mkhalid, J. H. Barnard, T. B. Marder, J. M.
Murphy and J. F. Hartwig, Chem. Rev., 2010, 110, 890.

3 (@ H. Kono, K. Ito and Y. Nagai, Chemistry Letters, 1975, 1095; (b) D.
Mannig and H. Noth, Angew. Chem. Int. Ed., 1985, 24, 878.

4 G. Lesley, P. Nguyen, N. J. Taylor, T. B. Marder, A. J. Scott, W. Clegg and N.
C. Norman, Organometallics, 1996, 15, 5137.

5 M. Satoh, Y. Nomoto, N. Miyaura and A. Suzuki, Tetrahedron Lett., 1989, 30,
3789.

6 I. D. Gridnev, N. Miyaura and A. Suzuki, Organometallics, 1993, 12, 589.

155



10
11

12

13

14

15

16

17

18

19

20

21

22
23

Chapter Four

H. Braunschweig and M. Colling, Coord. Chem. Rev., 2001, 223, 1.

D. Adhikari, J. C. Huffman and D. J. Mindiola, Chem. Commun., 2007, 4489.
T. Sagawa, Y. Asano and F. Ozawa, Organometallics, 2002, 21, 5879.

D. S. Laitar, P. Muller and J. P. Sadighi, J. Am. Chem. Soc., 2005, 127, 17196.
(@) D. S. Laitar, E. Y. Tsui and J. P. Sadighi, J. Am. Chem. Soc., 2006, 128,
11036; (b) Organometallics, 2006, 25, 2405.

(@) C. Jones, D. P. Mills, R. P. Rose and A. Stasch, Dalton Trans., 2008, 4395;
(b) C. Jones, D. P. Mills, R. P. Rose, A. Stasch and W. D. Woodul, J.
Organomet. Chem., 2010, 695, 2410.

S. P. Green, C. Jones and A. Stasch, Science, 2007, 318, 1754.

B. D. Rekken, T. M. Brown, J. C. Fettinger, H. M. Tuononen and P. P. Power,
J. Am. Chem. Soc., 2012, 134, 6504.

H. Braunschweig, A. Damme, R. D. Dewhurst and A. Vargas, Nat. Chem.,
2013, 5, 115.

M. Pasquali, S. Gambarotta, C. Floriani, A. Chiesivilla and C. Guastini, Inorg.
Chem., 1981, 20, 165.

S. P. Green, C. Jones, K. A. Lippert, D. P. Mills and A. Stasch, Inorg. Chem.,
2006, 45, 7242.

D. A. Fletcher, R. F. McMeeking and D. Parkin, J. Chem. Inf. Comput. Sci.,
1996, 36, 746 (The U.K. Chemical Database Service: CSD versions 5.34 and
5.35, updated May 2013 and November 2013 respectively).

S. H. Li, J. H. Cheng, Y. H. Chen, M. Nishiura and Z. M. Hou, Angew. Chem.
Int. Ed., 2011, 50, 6360.

(@) J. Lee, M. Brewer, M. Berardini and J. G. Brennan, Inorg. Chem., 1995,
34, 3215; (b) K. Norton, G. A. Kumar, J. L. Dilks, T. J. Emge, R. E. Riman,
M. G. Brik and J. G. Brennan, Inorg. Chem., 2009, 48, 3573; (c) K. Krogh-
Jespersen, M. D. Romanelli, J. H. Melman, T. J. Emge and J. G. Brennan,
Inorg. Chem., 2010, 49, 552.

Y. Segawa, Y. Suzuki, M. Yamashita and K. Nozaki, J. Am. Chem. Soc., 2008,
130, 16069.

H. A. Bent, Chem. Rev., 1961, 61, 275.

B. Cordero, V. Gomez, A. E. Platero-Prats, M. Reves, J. Echeverria, E.
Cremades, F. Barragan and S. Alvarez, Dalton Trans., 2008, 2832.

156



24

25

26
27

28
29

Chapter Four

A. V. Protchenko, L. M. A. Saleh, D. Vidovic, D. Dange, C. Jones, P.
Mountford and S. Aldridge, Chem. Commun., 2010, 46, 8546.

G. A. Pierce, S. Aldridge, C. Jones, T. Gans-Eichler, A. Stasch, N. D. Coombs
and D. J. Willock, Angew. Chem. Int. Ed., 2007, 46, 2043.

B. J. Coe and S. J. Glenwright, Coord. Chem. Rev., 2000, 203, 5.

S. P. Green, C. Jones, D. P. Mills and A. Stasch, Organometallics, 2007, 26,
3424,

M. Asay, C. Jones and M. Driess, Chem. Rev., 2011, 111, 354.

A. J. Downs and H.-J. Himmel, The Group 13 Metals Aluminium, Gallium,

Indium and Thallium: Chemical Patterns and Peculiarities Wiley, 2011.

157



Chapter Five

Experimental Details and Characterising Data



Chapter Five

5.1 General Methods and Instrumentation

All manipulations were carried out using standard Schlenk line or dry-box techniques
under an atmosphere of argon or dinitrogen. Solvents were degassed by sparging with
dinitrogen and dried by passing through a column of the appropriate drying agent.*
Toluene, THF and Et,O were pre-dried over activated 4 A molecular sieves, refluxed
over potassium or sodium/potassium alloy (Et,O) respectively and distilled. NMR
spectra were recorded in C¢Dg or CD,Cl, which were dried over potassium or P,0s
respectively, distilled under reduced pressure and stored under dinitrogen in Teflon
valve ampoules. NMR samples were prepared under dinitrogen in 5 mm Wilmad 507-
PP tubes fitted with J. Young Teflon valves. *H, *C{*H}, and "'B{*H} NMR spectra
were recorded on Varian Mercury-VX 300 MHz spectrometer, Bruker Avance 111 HD
Nanobay 400 MHz or Bruker Avance Il 500 MHz spectrometers at ambient
temperature unless stated otherwise and referenced internally to residual protio-
solvent (*H) or solvent (**C) resonances and are reported relative to tetramethylsilane
(6 = 0 ppm). B NMR spectra were referenced to Et,0-BFs. Assignments were
confirmed using two dimensional *H-'H and *C—*H NMR correlation experiments.
Chemical shifts are quoted in & (ppm) and coupling constants in Hz. IR spectra were
recorded on Nicolet Magna 560 E.S.P. or Thermo Scientific Nicolet iS5 FT-IR
spectrometers. Samples were prepared in a dry-box as Nujol mulls between NaCl
plates, and the data are quoted in wavenumbers (cm™). Elemental analyses were
carried out by Mr. Stephen Boyer of the Elemental Analysis Service at London
Metropolitan University or Elemental Analysis Ltd, Devon.

5.2 Literature Preparations

Unless stated, starting materials were purchased from Sigma Aldrich, Strem
Chemicals or Alfa Aesar and used without further purification. [EtsNH][BPh4] was
prepared from the reaction of NaBPh, and [EtsNH]CI in water. After reacting for 3 h,
the resultant precipitate was filtered, washed with hot (80 °C) water, washed three
times with diethyl ether and dried in vacuo overnight. Ln(CH,SiMe3)3(THF), (Ln =
Sc, Y or Lu),% [Ln(CH.SiMes),(THF),][BPh4] (Ln = Sc, Lu (n=3) or Y (n = 3 or 4)),}
[K{Ga(NArCH),}(Et,0)], and Li{B(NArCH).}(THF), were synthesised according to
published procedures.* N,N’-diisopropylcarbodiimide was purchased from Alfa
Aesar, N,N’-dicyclohexylcarbodiimide and 1,3-di-p-tolylcarbodiimide  were
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purchased from Sigma Aldrich and either sparged with argon (‘PrNCN'Pr), sublimed
prior to use (CyNCNCYy) or used without further purification (TOINCNTOol).

5.3 X-ray Data Collection and Processing Parameters

Crystals were mounted on glass fibres using perfluoropolyether oil and cooled rapidly
in a stream of cold N using an Oxford Cryosystems Cryostream unit. Diffraction data
were measured using either an Enraf-Nonius KappaCCD or Agilent Technologies
Supernova diffractometer using Mo-K, or Cu—K, radiation, respectively. As
appropriate, absorption and decay corrections were applied to the data and equivalent
reflections merged.® The structures were solved with SIR92° or Superflip” and further
refinements and all other crystallographic calculations were performed using the
CRYSTALS program suite.® Other details of the structure solution and refinements

are given in the CD Appendix.
5.4 DFT Computational Details

DFT computational studies were carried out by Dr Krishna H. Birjkumar (Chapter 2)
and Ms Abigail R. E. Mountain (Chapters 3 and 4) under the supervision of Prof.
Nikolas Kaltsoyannis at University College London. Scalar relativistic, gradient-
corrected density functional theory calculations were carried out using the Grimme
D3 dispersion correction® with the PBE functional,'® as implemented in Amsterdam
Density Functional 2009.01 and 2013.01 Rev. C (ADF)* and the Gaussian 09 Rev.
A02 and Rev. D.01 (G09)™ quantum chemistry codes. Atoms-in-molecules analyses
were performed using the AIMALL programme, using formatted G09 checkpoint files

as input.™®

Geometry optimisations were carried out in ADF, using the Zeroth Order Regular
Approximation (ZORA) Hamiltonian. Slater Type Orbital basis sets of triple zeta plus
double polarization function quality (TZ2P) ZORA basis sets were used for Sc, Y, Lu
and Ga, and the double zeta plus polarization (DZP) ZORA basis set was used for the
rest of the atoms. The frozen core approximation was incorporated for all atoms;
Sc(2p), Si(2p), Ga(3p), Y(3d), Lu(4d), and 1s for all the other atoms bar H. The
default SCF convergence criteria were used together with an integration grid of 4.5
and a geometry convergence energy gradient of 0.001 Hartree A™. Hirshfeld charge,**
Boys-Foster Localised Orbitals™ and Ziegler-Rauk bond energy decomposition®®

analyses were carried out. Bond energy decomposition data for 14C_tr—16C_tr
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could not be obtained owing to difficulties converging the gallyl fragments with

Aufbau orbital populations.

Grimme D3 dispersion corrected PBE single point calculations on optimized ADF
structures were carried out in G09, to produce formatted checkpoint files for use in
AIMALL. A segmented all-electron relativistically contracted basis set, of TZVP
quality for Lu,*” and relativistically recontracted variants of the Karlsruhe def2 TZVP
basis sets were used for all other atoms. Due to DIIS convergence difficulties, the
SCF for 1 was converged using the XQC setting. The Douglas-Kroll-Hess second

order Hamiltonian (DKH2) was employed in all G09 calculations.
5.5 Experimental Details and Characterising Data for Chapter 2

Sc(CH,SiMes),{B(NArCH),}(THF) (1). To a stirred solution of
[Sc(CH,SiMe3),(THF)3][BPh4] (280 mg, 0.371 mmol) in THF (15 mL) at -40 °C was
added a solution of Li{B(NArCH),}(THF), (200 mg, 0.371 mmol) in THF (15 mL) at
-40 °C. The resulting light yellow solution was stirred for 16 h at -40 °C and then
allowed to warm to RT. Volatiles were removed under reduced pressure and the
resulting solid was extracted into pentane (2 x 10 mL) and filtered. Removal of the
volatiles under reduced pressure yielded the title compound as a light brown solid
which was dried in vacuo. Yield: 162 mg (64 %). Diffraction-quality crystals were

grown from a concentrated pentane solution cooled to -30 °C.

'H NMR (CgDs, 299.9 MHz, 293 K): & 7.26 - 7.19 (6 H, overlapping 2 x m, m- and p-
CeH3'Pry), 6.24 (2 H, s, NCH), 3.52 (4 H, sept, 3J = 6.9 Hz, CHMe,), 3.48 (4 H, br. m,
OCH,), 1.41 (12 H, d, *J = 6.9 Hz, CHMe,), 1.24 (12 H, d, % = 6.9 Hz, CHMe,), 1.15
(4 H, br. m, OCH,CH,), 0.12 (18 H, s, SiMe3), 0.10 (4 H, s, CH,SiMes). *C{*H}
NMR (C¢Ds, 75.4 MHz, 293 K): & 146.8 (i-CgH3'Pr,), 143.9 (0-CsHs'Pr), 126.9 (p-
CsH3'Pry), 123.4 (m-CgH3'Pry), 118.7 (ArNCH), 69.8 (OCHy), 60.4 (CH,SiMes), 28.6
(CHMe,), 25.8 (CHMe,), 25.0 (OCH,CH,), 24.2 (CHMe,), 3.7 (SiMes). 'B{*H}
(CéDs, 96.2 MHz, 293 K): & 38 (br). IR (NaCl plates, Nujol mull, cm™): 1404 (m),
1361 (s), 1325 (m), 1250 (s), 1237 (s), 1217 (w), 1109 (w), 1058 (w), 1000 (w), 934
(w), 851 (s), 804 (s), 758 (s), 714 (m), 688 (s), 623 (W), 487 (s). Anal. found (calcd.
for CagHesBSc N2OSi,): C, 67.45 (67.23); H, 9.36 (9.80): N, 4.37 (4.13) %.

Y (CH,SiMe3){B(NArCH),}(THF), (2. To a stirred solution  of
[Y(CH,SiMe3)(THF)4][BPh4] (323 mg, 0.371 mmol) in THF (15 mL) at -40 °C was
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added a solution of Li{B(NArCH),}(THF), (200 mg, 0.371 mmol) in THF (20 mL) at
-40 °C. The resulting light yellow solution was stirred for 16 h at -40 °C and then
allowed to warm to RT. Volatiles were removed under reduced pressure and the
resulting solid was extracted into hexane (2 x 10 mL) and filtered. Removal of the
volatiles under reduced pressure yielded the title compound as a pale yellow
microcrystalline powder which was dried in vacuo. Yield: 204 mg (69 %).
Diffraction-quality crystals were grown from a concentrated hexane solution cooled to
-30 °C.

'H NMR (C¢Dg, 299.9 MHz, 293 K): & 7.25 - 7.16 (6 H, overlapping 2 x m, m- and p-
CeH3'Pr2), 6.26 (2 H, s, NCH), 3.66 (8 H, br. m, OCH,), 3.60 (4 H, sept, ®J = 6.9 Hz,
CHMey), 1.37 (12 H, d, % = 6.9 Hz, CHMe,), 1.34 (8 H, br. m, OCH,CH,), 1.23 (12
H, d, J = 6.9 Hz, CHMe,), 0.18 (18 H, s, SiMe3), -0.88 (4 H, d, 2Jyy = 2.5 Hz,
CH,SiMes). BC{"H} NMR (CgDg, 75.4 MHz, 293 K): & 146.8 (i-CeH3'Pr2), 146.2 (o-
CeHs'Pry), 126.5 (p-CsHs'Prp), 124.2 (m-CeH3'Pry), 120.3 (ArNCH), 70.0 (OCH,),
33.7 (d, Yyc = 35 Hz, CH,SiMe3), 28.7 (CHMey,), 25.7 (CHMe,), 25.4 (OCH,CH,),
23.9 ( CHMey,), 4.79 (SiMes). *B{*H} (CsDs, 96.2 MHz, 293 K): & 45 (br). IR (NaCl
plates, Nujol mull, cm™): 1933 (w), 1867 (w), 1581 (m), 1564 (m), 1361 (s), 1325 (s),
1296 (w), 1265 (s), 1236 (s), 1207 (m), 1175 (m), 1109 (m), 1056 (m), 1015 (m), 933
(m), 847 (s), 762 (s), 747 (s), 637 (w), 617 (w), 482 (s) . Anal. found (calcd. for
CsoH7BN,0,SiY): C, 61.52 (63.46); H, 8.95 (9.38); N, 3.62 (3.52) %. The lower
than expected %C is attributed to incomplete combustion as seen elsewhere for

related compounds.*®

Lu(CH,SiMe3),{B(NArCH),}(THF), (3). To a stirred solution of
[Lu(CH,SiMe3)>(THF)3][BPh4] (328 mg, 0.371 mmol) in THF (15 mL) at -40 °C was
added a solution of Li{B(NArCH),}(THF), (200 mg, 0.371 mmol) in THF (15 mL)
at -40 °C. The resulting light yellow solution was stirred for 16 h at -40 °C and then
allowed to warm to RT. Volatiles were removed under reduced pressure and the
resulting solid was extracted into pentane (2 x 10 mL) and filtered. Removal of the
volatiles under reduced pressure yielded the title compound as a light yellow
microcrystalline powder which was dried in vacuo. Yield: 229 mg (70 %).
Diffraction-quality crystals were grown from a concentrated hexane solution cooled to
-80 °C.
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'H NMR (CgDs, 299.9 MHz, 293 K): & 7.24- 7.18 (6 H, overlapping 2 x m, m- and p-
CeH3'Pry), 6.33 (2 H, s, NCH), 3.64 (8 H, m, OCH,), 3.56 (4 H, sept, *J = 6.9 Hz,
CHMey), 1.35 (12 H, d, 3J = 6.9 Hz, CHMe,), 1.32 (8 H, m, OCH,CH,), 1.22 (12 H,
d, 3J = 6.9 Hz, CHMe,), 0.15 (18 H, s, SiMe3), -1.08 (4 H, s, CH,SiMes). *C{*H}
NMR (CeDs, 75.4 MHz, 293 K): & 146.6 (i-CeH3'Pr,), 144.8 (0-CsHs'Pr), 126.6 (p-
CeHs3'Prp), 123.4 (m-CgH3'Pr,), 120.4 (ArNCH), 69.8 (OCHy), 53.4 (CH,SiMes), 28.6
(CHMe,), 25.9 (CHMe,), 25.3 (OCH,CH,), 23.9 (CHMe,), 4.8 (SiMes). *B{'H}
(CeDsg, 96.2 MHz, 293 K): & 62 (br). IR (NaCl plates, Nujol mull, cm™): 1404 (m),
1362 (s), 1326 (m), 1261 (s), 1237 (s), 1209 (w), 1177 (w), 1104 (s), 1016 (s), 853 (5),
805 (s), 762 (s), 747 (w), 690 (m), 670 (m), 495 (s). Anal. found (calcd. for
CuoH74BLUN,O,Siy): C, 53.04 (57.26); H, 7.46 (8.47); N, 3.41 (3.18) %. The lower
than expected %C and %H is attributed to incomplete combustion as seen elsewhere

for related compounds.*®

Isolation of SNCI{B(NArCH),}, (4). To a solution of UCl,; (20 mg, 52.6 pumol) in
THF-dg (0.25 mL) was added a solution of Sn{B(NArCH),}, (47 mg, 52.6 pumol) in
THF-dg (0.25 mL), producing a pale green solution that was allowed to react
overnight. All the volatiles were removed under reduced pressure leaving a yellow-
green residue which was extracted into hexane and filtered. Slow evaporation of the
hexane solution produced yellow crystals, which were determined by an X-ray
diffraction study to be SnCI{B(NArCH),}..

5.6 Experimental Details and Characterising Data for Chapter 3

[Sc{(MesSiCH,)C(N'Pr).}.(THF),][BPhs] (5-BPhs). To a stirred solution of
[Sc(CH,SiMes)2(THF)3][BPhs] (500 mg, 0.66 mmol) in THF (15 mL) was added
'PrNCN'Pr (205 pL, 167 mg, 1.32 mmol). The resulting solution was allowed to stir
for 1h at room temperature, following which the volatiles were removed under
reduced pressure and the resulting white solid was washed with diethyl ether (2 x 15
mL) and pentane (2 x 15 mL) and dried in vacuo to afford the title compound as a
white powder. Yield: 504 mg (76 %).

'H NMR (CD.Cly, 299.9 MHz, 293 K): & 7.31 (8 H, br. m, 0-C¢Hs), 7.03 (8 H, m, m-
CeHs), 6.88 (4 H, t, % = 7.2 Hz, p-CeHs), 4.03 (8 H, br. m, OCHy), 3.46 (4 H, sept, *J
= 6.4 Hz, N(CHMe,)), 2.03 (4 H, s, CH,SiMes), 1.98 (8 H, br. m, OCH,CH,), 1.13
(24 H, d, 3J = 6.4 Hz, N(CHMe,)), 0.17 (18 H, s, CH,SiMes). *C{*H} NMR (CD,Cl,,
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75.4 MHz, 293 K) 6 179.8 (PrNCN'Pr), 164.4 (q, “Jgc = 49.3 Hz, i-CsHs), 136.2 (o-
CeHs), 125.9 (m-CgHs), 122.1 (p-CeHs), 72.7 (OCH,), 48.0 (CHMe,), 25.8 (CHMey),
25.1 (OCH,CH,), 18.3 (CH,SiMes), 0.1 (CH,SiMe3). *B{*H} NMR (CD,Cl,, 96.2
MHz, 293 K) & -5.97. IR (NaCl plates, Nujol mull, cm™): 1579 (w), 1252 (w), 1209
(w), 1175 (w), 1141 (w), 1101 (w), 1013 (w), 848 (m), 731 (w), 703 (w). Anal. Found
(calcd. for CsgHgsBN4O,ScSiz) C 64.45 (70.85); H 9.05 (8.82); N 5.56 (5.70) %. The
lower than expected %C is attributed to incomplete combustion as seen elsewhere for
related compounds.'® The NMR spectrum shown in Figure 5.1 supports the bulk

purity of the compound.

[Sc{(Me3SiCH2)C(NCy),}.(THF),][BPhs;] (6-BPh;). To a solid mixture of
Sc(CH,SiMe3)3(THF), (500 mg, 1.11 mmol) and [EtsNH][BPhs] (467 mg, 1.11
mmol) at -78 °C was added THF (50 mL). The resulting suspension was allowed to
warm to room temperature and react overnight. To the now clear and colourless
solution was added a solution of CyNCNCy (457 mg, 2.22 mmol) in THF (10 mL).
The resulting solution was allowed to stir for 1 h at room temperature, after which the
volatiles were removed under reduced pressure. The resulting white solid was washed
with diethyl ether (2 x 15 mL) and pentane (2 x 15 mL) and dried in vacuo to afford
the title compound as a white powder. Yield: 1060 mg (87 %).

'H NMR (CD.Cly, 499.9 MHz, 293 K): & 7.34 (8 H, br. m, 0-C¢Hs), 7.04 (8 H, m, m-
CeHs), 6.89 (4 H, t, %] = 7.2 Hz, p-CHs), 4.01 (8 H, br. m, OCH,), 3.01 (4 H, br. m,
NCH (Cy)), 2.03 (4 H, s, CH,SiMe3), 1.95 (8 H, br. m, OCH,CH,), 1.79, 1.69, 1.30,
1.12 (40 H, br. m, NCy), 0.20 (18 H, s, CH,SiMes). *C{*H} NMR (CD.Cl,, 125.7
MHz, 293 K): & 179.9 (CyNCNCy), 164.6 (q, “Jsc = 49.3 Hz, i-CgHs), 136.4 (o-
CeHs), 126.1 (M-CgHs), 122.2 (p-CgHs), 72.9 (OCHy), 56.9 (CH of CH,C(NCy),)),
36.5 (NCy), 26.2 (NCy), 26.0 (NCy), 25.3 (OCH,CH,), 18.7 (CH,SiMes), 0.2
(CH3SiMes). *B{*H} NMR (CD,Cl,, 160.4 MHz, 293 K):  -6.55. IR (NaCl plates,
Nujol mull, cm™): 1579 (m), 1396 (w), 1363 (m), 1348 (w), 1259 (m), 1199 (m), 1185
(m), 1139 (m), 1123 (s), 1014 (m), 997 (w), 850 (s), 806 (W), 779 (W), 743 (w), 731
(s), 702 (s), 638 (w), 612 (m). Anal. Found (calcd. for CgsH102BN4O,ScSi,): C 72.28
(72.36); H 9.20 (9.38); N 5.02 (5.11) %.

[Sc{(Me3SiCH2)C(NTol).}2(THF),][BPhs] (7-BPhy). To a stirred solution of
[Sc(CH,SiMes),(THF)3][BPhs] (500 mg, 0.66 mmol) in THF (15 mL) was added
ToINCNTol (295 mg, 1.32 mmol). The resulting solution was allowed to stir for 1h at
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room temperature, following which the solution was filtered. The volatiles were
removed from the filtrate under reduced pressure and the resulting white solid was
washed with diethyl ether (2 x 15 mL) and pentane (2 x 15 mL) and dried in vacuo to
afford the title compound as a white powder. Yield: 575 mg (77 %).

'H NMR (CD,Cl,, 299.9 MHz, 293 K): & 7.33 (8 H, br. m, 0-CgHs), 7.14 (8 H, d, o-
CsHsMe) 7.04 (8 H, m, m-C¢Hs), 6.88 (4 H, t, °J = 7.2 Hz, p-CgHs), 6.70 (8 H, d, m-
CsHsMe), 3.86 (8 H, br. m, OCH,), 2.35 (12 H, s, C¢HsMe), 2.26 (4 H, s, CH,SiMe3),
1.77 (8 H, br. m, OCH,CH,), -0.27 (18 H, s, CH,SiMes). *C{*H} NMR (CD,Cl,,
75.4 MHz, 293 K) & 182.1 (ToINCNTol), 164.4 (g, "Jac = 49.3 Hz, i-CgHs), 143.8 (i-
CsHsMe), 136.3 (0-CgHs) 134.6 (p-CsHsMe), 130.3 (0-CsHsMe), 126.0 (m-CgHs),
125.1 (m-CgHsMe), 122.1 (p-CeHs), 72.7 (OCH,), 25.6 (OCH,CH,), 20.9 (C¢HsMe),
18.9 (CH,SiMes), -0.35 (CH,SiMes). *B{*H} NMR (CD.Cl,, 128.4 MHz, 298 K)
§ -6.58. IR (NaCl plates, Nujol mull, cm™): 1599 (m), 1579 (m), 1557 (m), 1505 (s),
1455 (s), 1377 (m), 1251 (s), 1226 (s), 1140 (m), 1099 (m), 1005 (m), 845 (s), 812
(m), 732 (s), 703 (s), 612 (m). Anal. Found (calcd. for C7oHgsBN4O2ScSi,) C 74.36
(74.57); H 7.56 (7.69); N 5.06 (4.97) %.

[Y{(MesSiCH,)C(N'Pr).}o(THF)s][BPhs] (8-BPhs). To a stirred solution of
[Y(CH,SiMe3)2(THF)4][BPhs] (500 mg, 0.57 mmol) in THF (15 mL) was added
'PrNCN'Pr (177 ul, 144 mg, 1.15 mmol). The resulting solution was allowed to stir
for 1h at room temperature, following which the volatiles were removed under
reduced pressure and the resulting white solid was washed with pentane (2 x 15 mL)
and dried in vacuo to afford the title compound a white powder. Yield: 366 mg (61
%).

'H NMR (CD.Cly, 299.9 MHz, 293 K): & 7.33 (8 H, br. m, 0-C¢Hs), 7.04 (8 H, m, m-
CeHs), 6.89 (4 H, t, % = 7.2 Hz, p-CeHs), 4.04 (6 H, br. m, OCH,), 3.83 (6 H, br. m,
OCH,), 3.43 (4 H, overlapping 2 x sept, 3] = 6.3 Hz, N(CHMe,)), 2.03 (4 H, s,
CH,SiMe3), 1.96 (12 H, br. m, OCH,CH,), 1.10 (24 H, d, ®J = 6.3 Hz, N(CHMe,)),
0.16 (18 H, s, CH,SiMes). *C{*H} NMR (CD,Cl,, 75.4 MHz, 293 K) & 179.3
(PrNCN'Pr), 164.4 (g, Jsc = 49.3 Hz, i-CeHs), 136.3 (0-CgHs), 126.1 (m-CgHs),
122.2 (p-CgHs), 72.3 (OCH,), 47.4 (CHMe,), 26.7 (CHMe,), 25.6 (OCH,CH,), 18.2
(CH,SiMes), 0.1 (CH,SiMes). *B{*H} NMR (CD,Cl,, 160.4 MHz, 293 K) & -6.58.
IR (NaCl plates, Nujol mull, cm™): 1599 (m), 1579 (m), 1557 (m), 1505 (s), 1455 (s),
1377 (m), 1251 (m), 1226 (m), 1140 (m), 1099 (m), 1005 (m), 845 (s), 812 (m), 732
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(s), 703 (s), 612 (m). Anal. Found (calcd. for CsgHgsBN4O3Si,Y): C, 66.09 (66.26); H,
8.95 (9.01); N, 5.25 (5.33) %.

[Y{(Me3SiCH2)C(NCy),}>(THF),][BPhs] (9-BPhs). To a solid mixture of
Y (CH,SiMes)3(THF), (500 mg, 1.01 mmol) and [EtsNH][BPh,] (426 mg, 1.01 mmol)
at -78 °C was added THF (50 mL). The resulting suspension was allowed to warm to
room temperature and react for 2 h. To the now clear and colourless solution was
added a solution of CyNCNCy (417 mg, 2.02 mmol) in THF (10 mL). The resulting
solution was allowed to stir for 1 h at room temperature, after which the volatiles were
removed under reduced pressure. The resulting white solid was washed with pentane
(2 x 15 mL) and dried in vacuo to afford the title compound as a white powder. Yield:
979 mg (85 %). Crystals suitable for X-ray diffraction were grown from a
concentrated THF solution cooled to -30 °C.

'H NMR (CD,Cly, 299.9 MHz, 293 K): & 7.35 (8 H, br. m, 0-C¢Hs), 7.06 (8 H, m, m-
CeHs), 6.90 (4 H, t, 3 = 7.2 Hz, p-CeHs), 4.03 (8 H, br. m, OCHy), 2.95 (4 H, br. m,
NCH (Cy)), 2.01 (4 H, s, CH,SiMe3), 1.97 (8 H, br. m, OCH,CH,), 1.77, 1.30, 1.11
(40 H, br. m, NCy), 0.18 (18 H, s, CH,SiMe;). *C{*H} NMR (CD,Cl,, 75.4 MHz,
293 K): & 178.8 (CyNCNCy), 164.3 (q, *Jsc = 49.3 Hz, i-CgHs), 136.2 (0-CgHs),
125.9 (M-CgHs), 122.1 (p-CgHs), 72.2 (OCH,), 56.0 (CH of CH,C(NCy),)), 37.6
(NCy), 26.1 (NCy), 26.0 (NCy), 25.3 (OCH,CH,), 18.2 (CH,SiMes), -0.12
(CH,SiMe3). *B{*H} NMR (CD,Cl,, 160.4 MHz, 293 K): & -6.59. IR (NaCl plates,
Nujol mull, cm™): 1579 (w), 1456 (s), 1377 (s), 1339 (m), 1318 (w), 1250 (m), 1206
(m), 1173 (m), 1138 (m), 1097 (m), 1032 (w), 1007 (m), 849 (s), 732 (s), 703 (s), 644
(w), 612 (m). (Anal. Found (calcd. for CggH102BN4O2Si,Y): C 69.23 (69.57); H 8.85
(9.02); N 4.71 (4.92) %.

[Y{(Me3SiCH,)C(NTol).}.(THF),][BPhs;] (10-BPh;). To a stirred solution of
[Y(CH,SiMes),(THF)4][BPhs] (500 mg, 0.57 mmol) in THF (15 mL) was added a
solution of ToOINCNTol (255 mg, 1.15 mmol) in THF (5 mL). The resulting solution
was allowed to stir for 1h at room temperature, following which the solution was
filtered. The volatiles were removed from the filtrate under reduced pressure and the
resulting white solid was washed with diethyl ether (2 x 15 mL) and pentane (2 x 15
mL) and dried in vacuo to afford the title compound as a pale yellow powder. Yield:
475 mg (67 %).
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'H NMR (CD.Cly, 299.9 MHz, 293 K): & 7.32 (8 H, br. m, 0-C¢Hs), 7.03 (8 H, m, m-
CeHs), 6.88 (4 H, t, °J = 7.2 Hz, p-C¢Hs), 6.87 (8 H, d, 0-CsHsMe), 6.42 (8 H, d, m-
CsHsMe), 3.88 (8 H, br. m, OCH,), 2.27 (12 H, s, C¢HsMe), 2.08 (4 H, s, CH,SiMes),
1.81 (8 H, br. m, OCH,CH,), -0.38 (18 H, s, CH,SiMes). *C{*H} NMR (CD,Cl,,
75.4 MHz, 293 K) 5 180.3 (ToINCNTol), 164.4 (q, *Jac = 49.3 Hz, i-C¢Hs), 145.6 (i-
CsHzMe), 136.2 (0-CsHs) 132.8 (p-CeHsMe), 129.7 (0-CsHsMe), 126.0 (m-CeHs),
125.2 (m-CgHsMe), 122.1 (p-CgHs), 71.4 (OCH,), 25.7 (OCH,CH,), 20.8 (CsHsMe),
18.9 (CH,SiMes), -0.15 (CH,SiMe;). *B{*H} NMR (CD.Cl,, 160.4 MHz, 293 K)
§ -6.56. IR (NaCl plates, Nujol mull, cm™): 1580 (m), 1505 (s), 1456 (s), 1377 (m),
1250 (m), 1228 (m), 1149 (w), 1105 (m), 1032 (w), 1014 (m), 968 (w), 844 (s), 808
(w), 732 (m), 637 (w), 624 (w), 612 (m). Anal. Found (calcd. for C7oHgsBN4O,Si,Y):
C 71.54 (71.78); H 7.51 (7.40); N 4.54 (4.78) %.

[Lu{(MesSiCH,)C(N'Pr).}.(THF)s][BPhs] (11-BPhs). To a stirred solution of
[Lu(CH,SiMe3),(THF)3][BPhs] (500 mg, 0.24 mmol) in THF (15 mL) was added
'PrNCN'Pr (175 pL, 60 mg, 0.47 mmol). The resulting solution was allowed to stir for
1h at room temperature, following which the volatiles were removed under reduced
pressure and the resulting white solid was washed with diethyl ether (2 x 15 mL) and
pentane (2 x 15 mL) and dried in vacuo to afford the title compound as a white
powder. Yield: 405 mg (59 %).

'H NMR (CD.Cly, 299.9 MHz, 293 K): & 7.34 (8 H, br. m, 0-C¢Hs), 7.05 (8 H, m, m-
CeHs), 6.90 (4 H, t, ®J = 7.2 Hz, p-CeHs), 4.06 (6 H, br. m, OCH,), 3.93 (6 H, br. m,
OCHy), 3.59 (4 H, sept, 3J = 6.3 Hz, N(CHMe,)), 2.06 (4 H, s, CH,SiMe3), 1.99 (12
H, br. m, OCH,CH,), 1.11 (24 H, d, *J = 6.3 Hz, N(CHMe,)), 0.18 (18 H, s,
CH,SiMes). C{*H} NMR (CDCl,, 75.4 MHz, 293 K) & 178.7 (PrNCN'Pr), 164.3
(0, e = 49.3 Hz, i-CgHs), 136.2 (0-CgHs), 125.9 (m-CgHs), 122.1 (p-CeHs), 72.5
(OCH,), 71.39 (OCH,) 47.3 (CHMe,), 26.3 (CHMe,), 25.7 (OCH,CH,), 25.3
(OCH,CH,), 18.6 (CH,SiMe3), 0.0 (CH,SiMes). *B{*H} NMR (CD,Cl,, 96.2 MHz,
293 K) & -6.59. IR (NaCl plates, Nujol mull, cm™): 1880 (w), 1818 (w), 1640 (s),
1579 (s), 1340 (w), 1260 (m), 1210 (W), 1174 (w), 1097 (w), 1013 (w), 914 (w), 800
(w), 731 (m), 702 (m), 645 (w), 624 (w), 611 (m). Anal. Found (calcd. for
CssHasBLUN4O3Siz): C 53.77 (61.25); H 7.05 (8.33); N 3.86 (4.93) %. This

compound was found to be particularly air and moisture sensitive, and did not provide
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satisfactory combustion data. The reported data are an average of six samples tested.

The NMR spectrum shown in Figure 5.2 supports the bulk purity of the compound.

[Lu{(Me3SiCH,)C(NCy)2}2(THF),][BPhs] (12-BPhg). To a solid mixture of
Lu(CH,SiMes)3(THF), (500 mg, 0.86 mmol) and [EtsNH][BPhs;] (363 mg, 0.86
mmol) at -78 °C was added THF (50 mL). The resulting suspension was allowed to
warm to room temperature and react for 2 h. To the now clear and colourless solution
was added CyNCNCy (355 mg, 1.72 mmol) in THF (10 mL). The resulting solution
was allowed to stir for 1 h at room temperature, after which the volatiles were
removed under reduced pressure. The resulting white solid was washed with diethyl
ether (2 x 15 mL) and pentane (2 x 15 mL) and dried in vacuo to afford the title
compound as a white powder. Yield: 880 mg (83 %).

'H NMR (CD.Cly, 299.9 MHz, 293 K): & 7.34 (8 H, br. m, 0-C¢Hs), 7.05 (8 H, m, m-
CeHs), 6.90 (4 H, t, 3J = 7.2 Hz, p-CgHs), 4.03 (8 H, br. m, OCH,), 3.10 (4 H, br. m,
NCH (Cy)), 2.03 (4 H, s, CH,SiMe3), 1.98 (8 H, br. m, OCH,CH,), 1.76, 1.70, 1.29,
1.10 (40 H, br. m, NCy), 0.18 (18 H, s, CH;SiMe3). *C{*H} NMR (CD.Cl,, 75.4
MHz, 293 K): § 179.8 (CyNCNCY), 164.3 (q, “Jgc = 49.3 Hz, i-CgHs), 136.2 (o-
CeHs), 126.1 (m-CgHs), 122.1 (p-CgHs), 72.5 (OCHy), 55.9 (CH of CH,C(NCy),)),
26.3-25.6 (NCy), 25.2 (OCH,CH,), 18.7 (CH.SiMes), -0.09 (CHSiMes). “'B{'H}
NMR (CD,Cl,, 160.4 MHz, 293 K): 8-6.58. IR (NaCl plates, Nujol mull, cm™): 1578
(s), 1362 (w), 1347 (w), 1311 (w), 1258 (s), 1200 (s), 1184 (m), 1140 (w), 1122 (s),
1063 (w), 1033 (W), 1008 (s), 958 (w), 890 (w), 849 (s), 805 (w), 778 (w), 743 (m),
731 (m), 700 (s), 636 (m), 612 (m), 582 (w). Anal. Found (calcd. for
CesH102BLUN,O,Siy): C 59.44 (64.68); H 8.37 (8.39); N 4.51 (4.57) %. The lower
than expected %C is attributed to incomplete combustion as seen elsewhere for
related compounds.® The NMR spectrum shown in Figure 5.3 supports the bulk

purity of the compound.

[Lu{(Me3sSiCH,)C(NTol):}o(THF),][BPhs] (13-BPh;). To a solid mixture of
Lu(CH,SiMe3)3(THF), (500 mg, 0.86 mmol) and [EtsNH][BPhs;] (363 mg, 0.86
mmol) at -78 °C was added THF (50 mL). The resulting suspension was allowed to
warm to room temperature and react for 2 h. To the now clear and colourless solution
was added ToINCNTol (383 mg, 1.72 mmol) in THF (10 mL). The resulting solution
was allowed to stir for 1h at room temperature, following which the solution was

filtered. The volatiles were removed from the filtrate under reduced pressure and the
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resulting white solid was washed with diethyl ether (2 x 15 mL) and pentane (2 x 15
mL) and dried in vacuo to afford the title compound as a pale yellow powder. Yield:
920 mg (85 %).

'H NMR (CD.Cly, 499.9 MHz, 293 K): & 7.36 (8 H, br. m, 0-C¢Hs), 7.05 (8 H, m, m-
CeHs), 6.91 (4 H, t, (coupling could not be determined due to overlap with tolyl
doublet, p-C¢Hs), 6.89 (8 H, d, 0-CsHsMe), 6.47 (8 H, d, m-C¢H4Me), 4.02 (8 H, br.
m, OCH,), 2.30 (12 H, s, CsHsMe), 2.13 (4 H, s, CH,SiMes), 1.84 (8 H, br. m,
OCH,CH,), -0.35 (18 H, s, CH,SiMes). *C{*H} NMR (CD,Cl,, 125.7 MHz, 293 K) &
180.4 (ToINCNTol), 164.6 (q, *Jgc = 49.3 Hz, i-CgHs), 145.7 (i-CsHsMe), 136.4 (o-
CeHs) 132.8 (p-CsHsMe), 129.9 (0-CgHsMe), 126.2 (m-CeHs), 125.6 (m-CsHiMe),
122.3 (p-C¢Hs), 72.1 (OCH,), 259 (OCH.CH,), 21.0 (C¢HsMe), 195
(CH,SiMes), -0.09 (CH,SiMes). 'B{*H} NMR (CD,Cl,, 160.4 MHz, 293 K) & -6.55.
IR (NaCl plates, Nujol mull, cm™): 1942 (w), 1888 (w), 1812 (w), 1598 (w), 1580
(w), 1306 (w), 1259 (s), 1174 (w), 1106 (m), 1066 (w), 1018 (m), 970 (w), 916 (w),
843 (s), 731 (m), 702 (m), 637 (w), 624 (w), 612 (m). Anal. Found (calcd. for
CroHgsBLUN4O,SI,): C 61.98 (66.86); H 6.87 (6.89); N 4.58 (4.46) %. The lower than
expected %C is attributed to incomplete combustion as seen elsewhere for related
compounds.*® The NMR spectrum shown in Figure 5.4 supports the bulk purity of the

compound.

Sc{(Me3SiCH,)C(NCy).}A{Ga(NArCH) }(THF) (14). A solid mixture of
[Sc{(Me3SiCH,)C(NCyY),.}(THF) ][BPh,] (392 mg, 035 mmol) and
[KGa(NArCH),(Et,0)]. (200 mg, 0.35 mmol) was cooled to -78 °C. To this cooled
mixture was added, with stirring, toluene (20 mL). The resulting suspension was
allowed to warm to room temperature and react for 2 h. The reaction mixture was
filtered and the all the volatiles were removed from the filtrate. The resulting orange
solid was extracted into pentane, filtered, and all the volatiles removed from the
filtrate, resulting in a bright orange powder which was dried in vacuo to afford the
title compound. Yield: 274 mg (71 %). Crystals suitable for X-ray diffraction were

grown from slow evaporation of a hexane solution.

'H NMR (CgDg, 299.9 MHz, 293 K): & 7.30 - 7.28 (4 H, overlapping 2 x m, m-
CeH3'Pry), 7.22 - 7.19 (2 H, overlapping 2 x m, p-CeHs'Pr2), 6.27 (2 H, s, NCH), 3.97
(4 H, br. m, OCH,), 3.91 (4 H, br. m, CHMe,), 2.88 (4 H, br. m, NCH (Cy)), 1.86 (4
H, br. s, CH,SiMes), 1.86, 1.82, 1.65, 1.38, 1.21 (40 H, br. m, NCy), 1.47 (12 H, d, %J
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= 6.9 Hz, CHMe;), 1.46 (12 H, d, 3J = 6.9 Hz, CHMe,), 1.24 (4 H, br. m, OCH,CHy),
0.08 (18 H, s, CHySiMes). C{*H} NMR (C¢Ds, 75.4 MHz, 293 K): & 176.1
(C(NCy),), 152.8 (i-CgH3'Pry), 145.9 (0-CgHs'Pry), 123.6 (p-CeHs'Pry), 122.9 (m-
CsHs3'Pry), 122.9 (ArNCH), 72.6 (OCH,), 57.1 (CH of CH,C(NCy),)), 28.8 (CHMe,),
27.1-26.3 (br. m, overlapping resonances for NCy), 26.0 (CHMe,), 25.1 (OCH,CH,),
24.4 (CHMe,), 17.8 (CH,SiMes), 0.05 (SiMes). IR (NaCl plates, Nujol mull, cm™):
1624 (w), 1586 (w), 1397 (s), 1377 (w), 1362 (s), 1253 (s), 1200 (m), 1183 (w), 1122
(m), 1022 (w), 997 (w), 888 (w), 852 (s), 802 (w), 777 (m), 758 (m), 694 (m), 636
(m). Anal. Found (calcd. for Cg4H110GaNgOScSiy): C 66.66 (66.82); H 9.55 (9.64); N
7.41 (7.30) %.

Y{(Me3SiCH2)C(NCy),},{Ga(NArCH),}(THF) (15). A solid mixture of
[Y{(Me3SiCH,)C(NCy),}2(THF),][BPhy] (407 mg, 035 mmol) and
[KGa(NArCH),(Et,0)]2 (200 mg, 0.35 mmol) was cooled to -78 °C. To this cooled
mixture was added, with stirring, toluene (20 mL). The resulting suspension was
allowed to warm to room temperature and react for 2 h. The reaction mixture was
filtered and all the volatiles were removed from the filtrate. The resulting orange solid
was extracted into pentane, filtered, and all the volatiles removed from the filtrate,
resulting in a bright orange powder which was dried in vacuo to afford the title
compound. Yield: 184 mg (43 %).

'H NMR (CgDsg, 400.1 MHz, 300 K): 6 7.28 - 7.26 (4 H, overlapping 2 x m, m-
CeH3'Pry), 7.20 - 7.18 (2 H, overlapping 2 x m, p-CeHs'Pr2), 6.33 (2 H, s, NCH), 3.98
(4 H, br. m, CHMe,), 3.83 (4 H, br. m, OCH,), 2.85 (4 H, br. m, NCH (Cy)), 1.87 (4
H, br. s, CH,SiMes), 1.86, 1.80, 1.65, 1.35 (40 H, br. m, NCy), 1.45 (24 H, d, *J = 6.9
Hz, CHMe,), 1.46 (12 H, d, *J = 6.9 Hz, CHMe,), 1.24 (4 H, br. m, OCH,CHj), 0.08
(18 H, s, CH,SiMes). *C{*H} NMR (C¢Ds, 100.6 MHz, 300 K): 5 176.1 (C(NCy),),
152.8 (i-CgH3'Pr2), 146.0 (0-CsHs'Pr,), 123.4 (p-CeH3'Pry), 122.9 (m-CeH3'Pry), 122.9
(ArNCH), 71.8 (OCHy,), 56.6 (CH of CH,C(NCy),)), 28.8 (CHMe,), 26.7, 26.4, 26.3,
26.1 (NCy), 26.4 (CHMe,), 24.1 (OCH,CH,), 24.6 (CHMe,), 17.5 (CH,SiMes), 0.17
(SiMes). IR (NaCl plates, Nujol mull, cm™): 1588(w), 1543 (w), 1463 (s), 1377 (m),
1361 (m), 1254 (m), 1196 (w), 1181 (w), 1119 (m), 852 (s), 801 (w), 758 (w). Anal.
Found (calcd. for Cg4H110GaNgOSIi,Y): C 64.20 (64.36); H 9.18 (9.28); N 6.96 (7.04)
%.
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Lu{(Me3SiCH,)C(NCy),}.{Ga(NArCH),}(THF) (16). A solid mixture of
[Lu{(Me3SiCH,)C(NCy),}(THF),][BPhs] (438 mg, 035 mmol) and
[KGa(NArCH),(Et,0)]2 (200 mg, 0.35 mmol) was cooled to -78 °C. To this cooled
mixture was added, with stirring, toluene (20 mL). The resulting suspension was
allowed to warm to room temperature and react for 2 h. The reaction mixture was
filtered and the volatiles were removed from the filtrate. The resulting orange solid
was extracted into pentane, filtered, and all the volatiles removed from the filtrate,
resulting in a bright orange powder which was dried in vacuo to afford the title
compound. Yield: 272 mg (59 %).

'H NMR (CgDg, 299.9 MHz, 293 K): & 7.29 - 7.26 (4 H, overlapping 2 x m, m-
CeH3'Pr,), 7.20 - 7.18 (2 H, overlapping 2 x m, p-CeH3'Pr2), 6.34 (2 H, s, NCH), 3.97
(4 H, br. m, OCHy), 3.83 (4 H, br. m, CHMey), 2.90 (4 H, br. m, NCH (Cy)), 1.90 (4
H, br. s, CH,SiMejs), 2.00-1.51, 1.38-1.15 (40 H, br. m, NCy), 1.45 (24 H, d, %1 = 6.9
Hz, CHMe,), 1.46 (12 H, d, *J = 3.5 Hz, CHMe,), 1.31 (4 H, br. m, OCH,CHj), 0.08
(18 H, s, CH3SiMes). *C{*H} NMR (C¢Ds, 75.4 MHz, 293 K): & 174.4 (C(NCy)y),
152.2 (i-CeH3'Pr2), 145.9 (0-CgHs'Pr), 123.8 (p-CeHs'Pry), 123.2 (m-CeHs'Pry), 123.2
(ArNCH), 72.2 (OCHy,), 56.4 (CH of CH,C(NCy),)), 28.6 (CHMe,), 26.9, 26.7, 26.4,
26.1 (NCy), 26.7 (OCH,CH,, br. overlapping with NCy), 26.0 (CHMe,), 24.5
(CHMe,), 17.5 (CH,SiMej3), -0.03 (SiMes). IR (NaCl plates, Nujol mull, cm™): 1586
(w), 1548 (w), 1463 (s), 1396 (w), 1360 (m), 1321 (w), 1256 (s), 1199 (m), 1183 (w),
1121 (s), 1020 (w), 933 (w), 888 (w), 852 (s), 802 (m), 759 (m), 695 (w), 636 (w).
Anal. Found (calcd. for CgsH110GaLLuNgOSiy): C 59.85 (60.03); H 8.55 (8.66); N 6.60
(6.56) %.

5.7 Experimental Details and Characterising Data for Chapter 4

Sc{(Me3SiCH2)C(NCy).}{(Ga(NArCH),;)C(NCy).} (17). To a stirred solution of
Sc{(Me3SiCH,)C(NCy).}{Ga(NArCH),}(THF) (152 mg, 0.13 mmol) in hexane (2.5
mL) at room temperature was added a solution of CyNCNCy (27 mg, 0.13 mmol) in
hexane (2.5 mL). After 5 minutes, a yellow precipitate formed. The supernatant was
filtered away, and the remaining yellow solid was dried in vacuo to afford the title
compound. Yield: 102 mg (60 %).

'"H NMR (CgDs, 299.9 MHz, 293 K): & 7.30 — 7.20 (6 H, overlapping 2 x m, m- and p-
CeH3'Pr2), 6.13 (2 H, s, NCH), 3.61 (4 H, sept, 3J = 6.9 Hz, CHMey), 2.98 (6 H, br. m,
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(CH of CH,C(NCy),)), 2.07 (4 H, br. s, CH,SiMej), 2.04, 1.85 1.63, 1.32 (60 H, br.
m, NCy), 1.46 (12 H, dd, 3J = 6.9 Hz, CHMe,), 1.37 (12 H, dd, *J = 6.9 Hz, CHMe,),
0.08 (18 H, s, CHzSiMes). *C{*H} NMR (Ce¢Dg, 75.4 MHz, 293 K): & 178.2
(Ga(C(NCy),), 175.9 (C(NCy),), 146.7 (i-CeHs'Pr,), 145.7, 145.16 (0-CgHs'Pry),
125.9 (p-CeHa'Pry), 123.9, 1235 (m-CeHs'Pry), 122.5 (ArNCH), 67.2 (CH of
GaC(NCy),)), 57.2, 56.8 (CH of CH,C(NCy),)), 29.5, 28.9 (CHMe,), 26.8, 26.7, 26.6,
26.5 (NCy), 24.2, 23.3 (CHMey), 17.2 (CH,SiMes), 0.07 (SiMes). IR (NaCl plates,
Nujol mull, cm™): 2121 (m), 1641 (w), 1552 (w), 1401 (w), 1362 (m), 1316 (w), 1253
(m), 1197 (m), 1184 (w), 1166 (w), 1122 (m), 1075 (w), 996 (w), 887 (w), 852 (s),
797 (w), 753 (w), 697 (w), 634 (m). Anal. Found (calcd. for C73H124GaNgOScSiy): C
68.03 (68.25); H 9.67 (9.73); N 8.84 (8.72) %

Sc{(MesSiCH2)C(NCy)2}{(Ga(NArCH),)C(N'Pr),} (18). To a stirred solution of
Sc{(Me3SiCH2)C(NCy),}{Ga(NArCH),}(THF) (100 mg, 87 umol) in hexane (2.5
mL) at room temperature was added a solution of 'PrNCN'Pr (11 mg, 87 umol) in
hexane (2.5 mL). The red-orange solution immediately turned a dark yellow-brown,
indicating formation of the product. The volatiles were removed under reduced
pressure and the resulting yellow-brown powder was dried in vacuo to afford the title
compound. Yield: 65 mg (62 %). Crystals suitable for X-ray diffraction were grown

from slow evaporation of a concentrated hexane solution.

'"H NMR (CgDg, 400.1 MHz, 300 K): & 7.23 - 7.18 (6 H, overlapping 2 x m, m- and p-
CeH3'Pr2), 6.23 (2 H, s, NCH), 3.61 (4 H, br. m, CHMe,) 3.61 (4 H, sept, °J = 6.4 Hz,
CHMey), 3.30 (2 H, sept, %] = 6.4 Hz, CHMe,), 2.92 (4 H, br. m, NCH (Cy)), 1.94 (4
H, br. s, CH,SiMes), 2.01, 1.93, 1.81, 1.64, 1.57 (60 H, br. m, NCy), 1.40 (12 H, dd,
%) = 6.4 Hz, CHMe,), 1.33 (12 H, dd, %J = 6.4 Hz, CHMe,), 0.13 (18 H, s, CH,SiMej).
BC{*H} NMR (CgDs, 100.6 MHz, 300 K): § 179.4 (Ga(C(N'Pr),), 175.9 (C(NCy)y),
145.9 (i-CgH3'Pr2), 145.7 (0-CgHs'Pr), 126.1 (p-CeHs'Pro), 123.4 (m-CeHs'Pr), 121.9
(ArNCH), 67.2 (CH of GaC(NCy),)), 56.7 (CH of CH,C(NCy),)), 28.9 (CHMe,),
26.8, 23.8 (CHMe,), 26.4, 26.2, 26.0, 25.8 (NCy), 17.2 (CH,SiMes), 0.13 (SiMe3). IR
(NaCl plates, Nujol mull, cm™): 1651 (s), 1563 (m), 1450 (s), 1382 (m), 1363 (m),
1241 (s), 1156 (w), 994 (w), 890 (w), 832 (s), 748 (m). Anal. Found (calcd. for
Ce7H116GaNgOScSi,): C 66.67 (66.81); H 9.73 (9.71); N 9.26 (9.30) %

Sc{(Me3SiCH,)C(NCy).}{(Ga(NArCH),)C(NTol),} (19). To a stirred solution of
Sc{(Me3SiCH2)C(NCy)2}{Ga(NArCH),}(THF) (100 mg, 87 umol) in hexane (2.5
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mL) at room temperature was added a solution of ToOINCNTol (19 mg, 87 umol) in
CeHs (2.5 mL). The red-orange solution immediately turned a dark yellow-brown,
indicating formation of the product. The volatiles were removed under reduced
pressure and the resulting yellow-brown residue was dissolved in hexane (2 mL). The
volatiles were removed under reduced pressure and the resulting yellow-brown
powder was dried in vacuo to afford the title compound. Yield: 69 mg (61 %).
Crystals suitable for x-ray diffraction were grown from slow evaporation of a

concentrated hexane solution.

'H NMR (CgDg, 299.9 MHz, 293 K): & 7.34 (4 H, br. m, 0-C¢HsMe), 7.32 — 7.28 (6 H,
overlapping 2 x m, m- and p-CgHs'Pr), 7.27 (4 H, br. m, m-Ce¢HsMe), 6.12 (2 H, s,
NCH), 3.65 (4 H, sept, 3J = 6.9 Hz, CHMey), 2.60 (4 H, br. m, NCH (Cy)), 2.22 (6 H,
s, CeHsMe), 2.01 (4 H, br. s, CH,SiMe3), 1.97, 1.86 1.61, 1.16, 1.04, 0.97 (60 H, br.
m, NCy), 1.36 (12 H, br. dd, CHMe,), 1.23 (12 H, br. dd, CHMe,), 0.14 (18 H, s,
CH,SiMes). *C{*H} NMR (C¢Ds, 75.4 MHz, 293 K): 5 179.2 (Ga(C(NTol),), 176.4
(C(NCy),), 147.9 (i-CsHsMe), 146.3 (i-CgH3'Pr2), 145.6, 145.3 (0-CgHs'Pr,), 132.6 (p-
CsHisMe), 130.8 (m-CsHsMe), 125.6 (p-CeHs'Pro), 124.7, 123.1 (m-CsHs'Pry), 121.3
(ArNCH), 120.7 (0-CsH4Me), 57.1, 56.4 (CH of CH2C(NCy),)), 28.1 (CHMey), 37.4,
36.8, 36.5, 36.1 (NCy), 29.8 (N-CH), 26.2, 25.6, 25.3, 23.0 (NCy), 27.2, 24.2
(CHMe,), 21.2 (CgHsMe), 17.1 (CH,SiMe3), -0.1 (SiMes). IR (NaCl plates, Nujol
mull, cm™): 1641 (w), 1621 (w), 1596 (w), 1558 (w), 1505 (m), 1464 (m)m, 1379 (w),
1362 (m), 1253 (m), 1202 (m), 1183 (w), 1141 (w), 1121 (m), 1043 (w), 996 (w), 888
(w), 851 (s), 811 (w), 757 (m), 701 (m), 637 (m). Anal. Found (calcd. for
C5H116GaNgOScSiy): C 69.15 (69.26); H 9.14 (8.99); N 8.50 (8.62) %

Y{(Me3SiCH,)C(NCy),}{(Ga(NArCH),)C(NCy),} (20). To a stirred solution of
Y{(Me3SiCH2)C(NCy),}{Ga(NArCH),}(THF) (100 mg, 0.84 umol) in hexane (2.5
mL) at room temperature was added a solution of CyNCNCy (17 mg, 0.84 umol) in
hexane (2.5 mL). The red-orange solution immediately turned yellow, indicating
formation of the product. All the volatiles were removed under reduced pressure and
the resulting yellow-brown powder was dried in vacuo to afford the title compound.
Yield: 73 mg (65 %) Crystals suitable for X-ray diffraction were grown from a

concentrated hexane solution cooled to -30 °C.

'H NMR (CsDs, 299.9 MHz, 293 K): & 7.28 — 7.18 (6 H, overlapping 2 x m, m- and p-
CeH3'Pr2), 6.18 (2 H, s, NCH), 3.61 (4 H, sept, 3J = 6.9 Hz, CHMey), 2.92 (6 H, br. m,
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NCH (Cy)), 1.99, 1.82, 1.62, 1.30 (60 H, br. m, NCy), 1.96 (4 H, br. s, CH,SiMes),
1.46 (12 H, dd, *J = 6.9 Hz, CHMe,), 1.35 (12 H, dd, *J = 6.9 Hz, CHMe,), 0.14 (18
H, s, CH,SiMes). *C{*H} NMR (C¢Ds, 75.4 MHz, 293 K): & 177.6 (Ga(C(NCy)s),
175.5 (C(NCy),), 146.2 (i-CgH3'Pr,), 145.6, 145.2 (0-CgH4'Pry), 125.8 (p-CeHs'Pry),
124.0, 123.4 (m-CeH3'Pry), 122.2 (ArNCH), 67.2 (CH of GaC(NCy),)), 57.2, 56.8
(CH of CH,C(NCy),)), 29.3, 28.7 (CHMe,), 26.5, 26.2, 25.8, 25.6 (NCy), 24.2, 23.5
(CHMey,), 17.0 (CH,SiMe3), -0.07 (SiMe3). IR (NaCl plates, Nujol mull, cm™): 2121
(s), 1643 (w), 1557 (w), 1361 (w), 1253 (m), 1194 (w), 1182 (w), 1165 (w), 1148 (w),
1118 (m), 995 (m), 888 (m), 852 (s), 800 (m), 757 (m), 700 (m), 634 (m). Anal.
Found (calcd. for C73H124GaNgOSi,Y): C 65.88 (65.99); H 9.55 (9.41); N 8.37 (8.43)
%.

Lu{(Me3SiCH,)C(NCy).}{(Ga(NArCH),;)C(NCy),} (21). To a stirred solution of
Lu{(Me3SiCH,)C(NCy)2}{Ga(NArCH),}(THF) (100 mg, 78 umol) in hexane (2.5
mL) at room temperature was added a solution of CyNCNCy (16 mg, 78 umol) in
hexane (2.5 mL). The red-orange solution immediately turned a dark yellow-brown,
indicating formation of the product. The volatiles were removed under reduced
pressure and the resulting yellow-brown powder was dried in vacuo to afford the title
compound. Yield: 80 mg (72 %).

'H NMR (CgDg, 299.9 MHz, 293 K): & 7.26 — 7.18 (6 H, overlapping 2 x m, m- and p-
CeH3'Pr2), 6.16 (2 H, s, NCH), 3.60 (4 H, sept, 3J = 6.9 Hz, CHMe,), 3.07 (6 H, br. m,
NCH (Cy)), 2.02 (4 H, br. s, CH,SiMes), 1.97, 1.82, 1.63, 1.29 (60 H, br. m, NCy),
1.45 (12 H, dd, *J = 6.9 Hz, CHMe,), 1.35 (12 H, dd, *J = 6.9 Hz, CHMe,), 0.08 (18
H, s, CH,SiMes). *C{*H} NMR (C¢Ds, 75.4 MHz, 293 K): & 177.6 (Ga(C(NCy)s),
175.1 (C(NCy),), 146.7 (i-CeHs'Pr,), 145.7, 145.2 (0-CeHs'Pr,), 125.9 (p-CeHs'Pry),
123.8, 123.4 (m-CgH4'Pry), 122.3 (ArNCH), 66.7 (CH of GaC(NCy),)), 56.6, 56.3
(CH of CH,C(NCy))), 29.5, 28.9 (CHMe,), 26.5, 25.8, 25.7 (NCy), 24.2, 23.5
(CHMe,), 17.5 (CH,SiMe3), -0.04 (SiMes). IR (NaCl plates, Nujol mull, cm™): 1642
(m), 1558 (w), 1467 (s), 1378 (w), 1361 (m), 1252 (m), 1198 (w), 1183 (w), 1168 (w),
1150 (w), 1121 (m), 1078 (w), 995 (w), 852 (s), 797 (w), 753 (W), 698 (w), 633 (w).
Anal. Found (calcd. for C73H124GaLuNgOSiy): C 61.80 (61.98); H 8.92 (8.83); N 7.85
(7.92) %.

Sc{(Me3SiCH,)C(NCy),}{B(NArCH),} (22). To a cold (-30 °C) solution of
Sc(CH,SiMes3),{B(NArCH),}(THF) (280 mg, 0.414 mmol) in THF (2 mL) was added
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a solution of CyNCNCy (171 mg, 0.827 mmol) in THF (1 mL). The resulting yellow
solution was warmed to room temperature and stirred for 30 mins. The volatiles were
then removed under reduced pressure leaving a light brown solid. The solid was
redissolved in pentane (5 mL), and placed in a freezer at -30 °C overnight, whereupon
an off-white, microcrystalline solid had formed. The supernatant was filtered away,
and the solid washed with cold (-30 °C) pentane, filtered and dried in vacuo to afford
the title compound as an off-white solid. Yield: 176 mg (42 %). Crystals suitable for
X-ray diffraction were grown from slow evaporation of a concentrated hexane

solution.

'H NMR (C¢Ds, 400.1 MHz, 298 K): & 7.27 (6 H, overlapping 2 x m, m- and p-
Ceﬂgiprz), 6.17 (2 H, s, ArNCH), 3.70 (4 H, br. m, CHMe), 2.93 (4 H, br. m, NCH
(Cy)), 1.92 (4 H, br. s, CH,SiMe3), 1.80, 1.76, 1.68, 1.61 (40 H, br. m, NCy), 1.49 (12
H, d, J = 6.9 Hz, CHMe,), 1.27 (12 H, d, ] = 6.9 Hz, CHMe,), 0.05 (18 H, s,
CH,SiMes). *C{*H} NMR (CDs, 100.6 MHz, 298 K): § 177.8 (C(NCy),), 146.4 (o-
CeH3Pry), 146.2 (i-CeHs'Pry), 126.1 (p-CeHsPrp), 123.3 (m-CeHs'Pr), 120.5
(ArNCH), 57.3 (CH of CH,C(NCy),)), 36.0, 27.0, 26.4, 26.1 (NCy), 29.1 (CHMey,),
26.4 (CHMe,), 24.0 (CHMe,), 16.9 (CH,SiMes), 0.20 (SiMes). 'B{*H} NMR (C¢Ds,
128.4 MHz, 293 K): & 38 (br). IR (NaCl plates, Nujol mull, cm™): 1581(w), 1454 (s),
1393 (w), 1378 (w), 1360 (m), 1338 (w), 1323 (w), 1301 (w), 1252 (s), 1200 (m),
1180 (m), 1153 (w), 1143 (w), 1113 (s), 1049 (w), 995 (w), 886 (w), 843 (s), 804 (w),
799 (w), 775 (w), 753 (m), 707 (m), 695 (w), 687 (w). Anal. Found (calcd. for
CeoH102BNsScSiy): C 70.61 (70.69); H 10.21 (10.09); N 8.14 (8.24) %

Y{(Me3SiCH;)C(NCy),}{B(NArCH),} (23). To a cold (-30 °C) solution of
Y (CH,SiMes){B(NArCH),}(THF), (200 mg, 0.25 mmol) in THF (2 mL) was added
a cold (-30 °C) solution of CyNCNCy (104 mg, 0.50 mmol) in THF (1 mL). The
resulting yellow solution was warmed to room temperature and stirred for 15 mins.
The volatiles were then removed under reduced pressure leaving a light yellow/brown
solid. The solid was redissolved in pentane (5 mL), and placed in a freezer at -30 °C
overnight, whereupon a white, microcrystalline solid had formed. The supernatant
was filtered away, and the solid washed with cold (-30 °C) pentane, filtered and dried
in vacuo to afford the title compound as a white solid. Yield: 110 mg (41 %). Crystals
suitable for X-ray diffraction were grown from slow evaporation of a concentrated

hexane solution.
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'H NMR (C¢Dg, 400.1 MHz, 298 K): & 7.25 (6 H, overlapping 2 x m, m- and p-
CeH3'Pr2), 6.22 (2 H, s, NCH), 3.75 (4 H, sept, 3J = 6.9 Hz, CHMe,), 2.87 (4 H, br. m,
NCH (Cy)), 1.88 (4 H, br. s, CH,SiMes), 1.88, 1.76, 1.68, 1.61 (40 H, br. m, NCy),
1.44 (12 H, d, 33 = 6.9 Hz, CHMey), 1.28 (12 H, d, *J = 6.9 Hz, CHMe,), 0.06 (18 H,
s, CH3SiMes). *C{*H} NMR (CgDs, 100.6 MHz, 298 K): & 176.7 (C(NCy),), 146.4
(0-CeH3'Pry), 145.7 (i-CeHa'Pry), 126.2 (p-CeHa'Prn), 123.3 (m-CgHs'Prp), 120.5
(ArNCH), 56.9 (CH of CH,C(NCy),)), 36.8, 26.8, 26.3, 26.0 (NCy), 29.1 (CHMe,),
26.2 (CHMe;), 23.8 (CHMe;), 16.6 (CH,SiMes), 0.2 (SiMes). 'B{"H} NMR (C¢Ds,
128.4 MHz, 293 K): & 44. IR (NaCl plates, Nujol mull, cm™): 1568 (w), 1464 (s),
1403 (w), 1377 (m), 1363 (m), 1346 (w), 1329 (w), 1308 (w), 1259 (m), 1114 (w),
1090 (w), 851 (w), 802 (m), 757 (m), 720 (w), 686 (w), 668 (w). Anal. Found (calcd.
for CeoH102BNgSi,Y): C 67.91 (67.77); H 9.82 (9.67); N 8.05 (7.90) %

Lu{(Me3SiCH;)C(NCy),}.{B(NArCH),} (24). To a cold (-30 °C) solution of
Lu(CH,SiMe3){B(NArCH),}(THF), (100 mg, 0.11 mmol) in THF (2 mL) was added
a cold (-30 °C) solution of CyNCNCy (47 mg, 0.22 mmol) in hexane (1 mL). The
resulting yellow solution was warmed to room temperature and stirred for 15 mins.
The volatiles were then removed under reduced pressure leaving a light yellow/brown
solid. The solid was redissolved in pentane (5 mL), and placed in a freezer at -30 °C
overnight, whereupon a white, microcrystalline solid had formed. The supernatant
was filtered away, and the solid washed with cold (-30 °C) pentane, filtered and dried
in vacuo to afford the title compound as an off-white solid. Yield: 55 mg (42 %).
Crystals suitable for X-ray diffraction were grown from a concentrated pentane

solution cooled to -30 °C.

'"H NMR (CgDg, 499.9 MHz, 298 K): & 7.25 (6 H, overlapping 2 x m, m- and p-
CeH3'Pry), 6.28 (2 H, s, NCH), 3.75 (4 H, sept, ®J = 6.9 Hz, CHMe,), 3.02 (4 H, br. m,
NCH (Cy)), 1.89 (4 H, br. s, CH,SiMes), 1.87, 1.76, 1.67, 1.61 (40 H, br. m, NCy),
1.44 (12 H, d, %3 = 6.9 Hz, CHMe,), 1.28 (12 H, d, *J = 6.9 Hz, CHMe,), 0.06 (18 H,
s, CH3SiMes). *C{*H} NMR (CsDs, 125.7 MHz, 298 K): & 176.3 (C(NCy),), 146.4
(0-CeH3'Pr), 145.8 (i-CgHs'Pry), 126.2 (p-CeHs'Prp), 123.3 (m-CgHs'Pry), 121.4
(ArNCH), 57.1 (CH of CH,C(NCy),)), 36.5, 26.9, 26.3, 26.0 (NCy), 29.1 (CHMe,),
26.4 (CHMe,), 23.8 (CHMe,), 17.2 (CH,SiMes), 0.20 (SiMes). *'B{"H} NMR (C¢Ds,
160.4 MHz, 293 K): & 61. IR (NaCl plates, Nujol mull, cm™): 1642 (w), 1581 (w),
1566 (w), 1555 (W), 1465 (s), 1392 (w), 1378 (w), 1360 (s), 1324 (w), 1260 (s), 1254
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(s), 1200 (m), 1181 (m), 1152 (m), 1143 (m), 1114 (s), 1049 (w), 1028 (w), 995 (w),
958 (w), 934 (w), 920 (w), 843 (s), 803 (m), 753 (m), 702 (m), 688 (w), 634 (w).
Anal. Found (calcd. for CgoH102BLUNGSI,): C 62.52 (62.70); H 8.87 (8.94); N 7.20
(7.31) %

5.8 Supplementary Figures and Tables
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Figure 5.1. *"H NMR spectrum (CD,Cls, 299.9 MHz, 293 K) of
[SC{(M935|CH2)C(NIPF)2}2(THF)z][Bph4] (5-BPhy)
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Figure 5.3. '"H NMR spectrum (CD,Cls, 299.9 MHz, 293 K) of
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Figure 5.4. '"H NMR spectrum (CD,Cl,, 499.9 MHz, 293 K) of
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Table 5.1. X-ray data collection and processing parameters for Ln(CH,SiMes3),{B(NArCH),}(THF), (Ln=Sc (1,n=1), Y (2,n=2)or Lu (3, n
= 2)) and SNCI{B(NArCH).} (4) (a. Ry = 3||Fol-|Fcll / Z|Fol; Rw = V{ZW(|Fo|-|Fc|)? / Zw|Fo[*} for data with | > 35(1)).

compound
empirical formula
fw

temp / K
wavelength / A
space group

alA

b/A

cl/A

o / deg

B/ deg

v/ deg

VIA

Z

d (calcd) / Mg-m™

abs coeff / mm™

R indices: Ry =
Ry =

1
CssHesB1N201Sc;Si,
678.89
293
0.71073
Pn
11.4076(2)
15.0050(2)
12.8787(2)
90
102.091(2)
90
2155.55(7)
2

1.046
0.254
0.0714%
0.0625°

2
Ca2H74B1N20,Sip Y
794.95
150
0.71073

P 2:/n
21.3465(3)
10.3553(2)
23 5353(4)
90
113.890(1)
90
4756.7(1)
4

1.110
1.308
0.0835%
0.07812

180

3
CaoH74B1Lu;N,0,Si5
881.01

150
1.54184
P2
10.3787(3)
18.8034(4)
12.3583(3)
90
102.152(2)
90
2357.74(10)
2

1.241

4.730
0.0563"
0.0662°

4
CsoH72B2CloN4Sny
964.39

150

0.71073

P 2:2:2,
11.36740(10)
18.77150(10)
24.6570(2)

90

90

90

5261.39(7)

4

1.217

0.623

0.0328°

0.0340°
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Table 5.2. X-ray data collection and processing parameters for [Y{(Me3SiCH2)C(NCy),}.(THF),][BPhs] (9-BPhy),
Sc{(MesSiCH2)C(NCy),-}.{Ga(NArCH),}(THF) (14), Sc{(MesSiCH2)C(NCy).}{(Ga(NArCH),)C(N'Pr),} (18) and
Sc{(MesSiCH2)C(NCy),}{(Ga(NArCH),)C(NTol)2} (19) (a. Ry = Z||Fol-|Fcll / ZIFof; Rw = V{EW(|Fol|-|Fc])? / ZW|F,[*} for data with | > 3o(1)).

compound
empirical formula
fw

temp / K
wavelength / A
space group

alA

b/A

c/A

o / deg

B/ deg

v/ deg

VIA

Z

d (calcd) / Mg-m™

abs coeff / mm™

R indices: Ry =
Ry =

9-BPhy
Ce6H102B1N402Si2Y 1
1139.45
150
1.54180
Ccca
17.260(4)
40.837(8)
21.530(4)
90

90

90
15176(5)
8

0.997
1.665
0.04912
0.0563?%

14

Cr70H122Ga1NgO1Sc4Si

1234.63
150
1.54180
P 2:/n

13.18630(10)

23.2023(2)
24.3738(3)
90
99.2856(9)
90
7359.51(13)
4

1.114
1.867
0.0399°
0.0517°

181

18
Ce7H116Ga1NgSc1Siy
1204.53
150
1.54184
Pccn
13.8794(2)
17.5587(3)
29.2962(7)
90

90

90
7139.6(2)
4

1.121
1.911
0.05572
0.0166%

19
C75H116Ga1NgSc1Siy
1300.66
150

1.54184
P1
15.1147(2)
16.8868(3)
20.5114(4)
87.2141(12)
87.5152(12)
89.0047(14)
7515.6(2)

4

1.149

1.854
0.0355%
0.02002
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Table 5.3. X-ray data collection and processing parameters for Y{(Me3SiCH,)C(NCy),}.{(Ga(NArCH),)C(NCy).} (20) and
Ln{(MesSiCH,)C(NCy)-}{B(NArCH),} (Ln = Sc (22), Y (23) or Lu (24)) (a. Ry = Z||Fo|-IFc|l / Z|Fol; Rw = V{ZW(|Fo|-|Fc|)? / Zw|Fo|*} for data

compound
empirical formula
fw

temp /K
wavelength / A
space group

alA

b/A

c/A

o / deg

B /deg

v/ deg

VIA

Z

d (calcd) / Mg-m™
abs coeff / mm™

R indices: Ry =

20
C73H124Ga1NgSio Y1
1328.65
150
1.54184
P1
17.4044(6)
21.7307(9)
22.5363(9)
78.814(3)
67.479(3)
77.248(6)
7622.4(6)
4

1.158
2.071
0.0651%
0.0624%

with 1 > 35(1)).

22
CeoH102B1N6Sc1Si7
1019.45
150
1.54184
P1
12.8550(5)
13.3992(4)
19.9902(8)
87.800(3)
81.227(3)
66.092(3)
3109.9(2)
2

1.089
1.671
0.0304%
0.0401%

182

23
CeoH102B1N6Si2 Y1
1063.40

150

1.54184
P1
12.9008(4)
13.4345(3)
20.2583(6)
87.105(2)
82.129(3)
65.964(3)
3176.37(17)
2

1.112

1.938
0.0301%
0.0395%

24
CeoH102B1LU1N6Si>
1221.61
150
1.54184
P1
12.9210(4)
13.5834(4)
21.1203(9)
91.194(3)
92.334(3)
113.409(3)
3396.2(2)
2

1.195
3.412
0.0610%
0.0443%
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