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Abstract

The quest for multiple bonds between group 13 and group 15 elements has been pursued
for decades due to their applications for materials with optoelectronic and
semiconducting properties. This Thesis aims at finding new synthetic routes for the
stabilization of Al=P bond. Our synthetic approach relies on an aluminium (III)
precursor stabilised with a monoanionic NacNac ligand and different phosphorus(I11)
building blocks. We demonstrate that aluminium borohydrides are suitable synthons for
nucleophilic substitutions, allowing the preparation of a new library of
phosphanylalumanes. The isolated compounds are tested for f-elimination reaction
aiming at the formation of the Al=P bond. We rationalize the role of the leaving group on
aluminium to direct the synthesis towards the phosphaalumene.

Finally, we demonstrate that magnesium borohydrides are reagents for salt metathesis
reactions to prepare phospha-Grignard reagents. We investigate the reactivity towards
benzophenone, exploring the reaction mechanism by experimental and computational
techniques.

Overall, in this Thesis, we introduce a new category of building blocks for main-group
chemistry. We showcase that aluminium and magnesium borohydrides are suitable
synthons for nucleophilic substitutions, particularly for the preparation of synthetically
challenging bonds such as Al-P and Mg-P. The synergy between experimental and
computational chemistry allowed us to direct the synthetic strategies to targeted motifs.
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Zusammenfassung

Die Suche nach Mehrfachbindungen zwischen Elementen der Gruppen 13 und 15 hat die
Aufmerksamkeit der anorganischen Chemie auf sich gezogen. Ihre isoelektronischen
Verhiltnisse zu Kohlenstoffverbindungen hat zur Herstellung von Materialien mit
optoelektronischen und halbleitenden Eigenschaften gefiihrt. Das Ziel dieser Arbeit ist
es, Herstellung der neuen synthetischen Methoden, um die Al=P Doppelbindungen zu
stabilisieren. Der synthetischer Ansatz beruht auf einer Aluminium(III)-Vorstufe, die
durch einen monoanionischen NacNac-Liganden stabilisert ist und mit verschiedenen
Phosphor(I1I)-Bausteinen substituiert ist. Zu Beginn wurde der Fokus auf die Synthese
von Phosphanylalumanen gelegt, die durch B-Eliminierung zur Bildung einer Al=P
Doppelbindung fiihrt.

SchlieBlich zeigen wir die Herstellung von Phospha-Grignard-Reagenzien von
Magnesiumborhydride Reagenzien. Wir untersuchen die Reaktivitat und erforschen den
Reaktionsmechanismus mit experimentellen und theoretischen Methoden.

In dieser Arbeit, zeigen wir dass Aluminium- und Magnesiumborhydride geeignete
Synthone fiir nukleophile Substitutionen sind, insbesondere fiir die Herstellung der
Bindungen wie Al-P und Mg-P. Die Entwicklung dieser Synthesewege erfolgt auf
synergetischer Weise, indem sowohl experimentelle als auch theoretische Bereiche der
Chemie miteinander verkniipft werden.

XII



XIII



Resum

La recerca dels enllacos multiples entre els elements de grup 13 i grup 15 és d’interes per
a les aplicacions per materials amb propietats optoelectroniques i semiconductores.
L’objectiu d’aquesta Tesis és trobar noves rutes sintétiques per estabilitzar I’enllag¢ Al=P.
L’estrategia sintetica es basa en sintons d’alumini(III) i diverses fosfines. Primerament,
demostrem que els borhidrurs d’alumini s6n bons sintons per a addicions nucleofiles,
permetent preparar una nova llibreria de fosfanilalumans. Els compostos aillats sén
sotmesos a 3-eliminacions per generar I'enllag Al=P, racionalitzant el rol del grup sortint.
Finalment demostrem que els borhidurs de magnesi també poden ser reactius per a
reaccions de metatesis salina per preparar reactius de fosfa-Grignard. També
investiguem la reactivitat amb la benzofenona explorant el mecanisme de reacci6 tant
experimental com computacionalment.

En conjunt, aquesta Tesi introdueix un nou grup de sintons per a la quimica de grups
principals. Demostrem que els borhidrurs d’alumini i magnesi es poden funcionalitzar
amb nucleofils neutres i anionics, especialment per formar enllacos Al-P i Mg-P. La
sinergia entre la quimica experimental i computacional ens ha permes dirigir i entendre
les rutes sintetiques per aconseguir els estructures moleculars desitjades.
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CHAPTER 1 - Introduction

The constant development of electronic devices requires materials featuring properties
such as electronic conduction and/or photophysical activity. The semiconductors fulfil
these demands being, for instance, the key component on transistors or light-emitting
diodes (LEDs). The group 14 elements, such as silicon or germanium, have shown
effective semiconducting properties, and given their natural abundance, they are the first
choice for production. As a drawback, however, the effective conduction sharply depends
on the temperature. The preparation of semiconductors follows the Czochralski or
Bridgman methodology, which is time-consuming and expensive mainly due to the
crystal size used (bigger than 30cm).! The synthesis of these materials is currently
performed by the Chemical Vapor Deposition (CVD) method. This technique consists of
growing a thin layer of crystal from the vapor deposition of the semiconducting material
onto a substrate, resulting more economical and faster method than the Czochralski or
Bridgman methods. The Metal-Organic Chemical Vapor Deposition (MOCVD) is a
variant of CVD that uses organometallic sources for the synthesis of the crystal. 24 The
CVD technique allows the synthesis of semiconductors composed of two elements
(binary semiconductors). The main advantage of binary material over non-binary
materials, such as GaAs, is the nature of the band gap. The Si or Ge-based
semiconductors present an indirect band gap, while GaAs possess a direct band gap with
proven efficient optoelectronic properties. Moreover, binary semiconductors display
better thermal stability than Si or Ge semiconductors.
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Figure 1. 1. The periodic table “Semiconducting-Forming” Elements. Figure from ref.!

Figure 1.1 depicts all the possible combinations of elements that produce a
semiconducting material. Most of the group 13 (G;3) and group 15 (Gi5) element
combinations, except thallium and bismuth, can take part in binary semiconductors. The
GaAs has enhanced properties over silicon semiconductors such as electron mobility.
However, gallium is an expensive material due to its low abundance and arsenic is highly
toxic, being not the most convenient combination. Although the semiconducting
properties of other Gi3-G;5 combinations are worse than GaAs, they might satisfy the
actual needs. Aluminium is the most abundant group 13 element in the earth's crust and
the third in the p-block elements. Due to its high abundance, it represents an eco-friendly
option for semiconducting materials. The AIN have already shown applications for opto-
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electronics or transistors.5> However, the synthesis of these materials requires harsh
conditions.

The preparation of binary semiconductors with CVD brings difficulties in
controlling the reaction stoichiometry of the two reactant sources. The single source
precursors, which are molecules containing a pre-established combination of both
elements, can overcome this problem. However, the substituents must be selected
thoroughly to avoid carbon contamination. Species with a lower number of substituents
inherently lead to multiple bonded species (Figure 1.2).¢ However, the multiple bonded
units featuring heavier elements are highly reactive, bringing about challenges in the
preparation. In particular, the synthetic strategies to prepare aluminium-group 15
genuine multiple bonds are very limited. Up to today, there is only one synthetic pathway
to prepare the heavier congeners (Al=P and Al=As). Thus, there is still the need to find
new strategies to prepare them.

Bond multiplicity
L- + >
R R
\ -2R -2R
—Gy —» R—AI—G, —» Gy
/ \ \
R R R

Carbon content
Figure 1. 2. Schematic representation along the bond multiplicity with the carbon content.

The following sections describe the state of the art of aluminium hydrides and
halides chemistry, which are the archetypical synthons in aluminium chemistry. Stress
on the stabilization approaches and their reactivity, especially focusing on the chemistry
with phosphorus, will be addressed. Then, a summary of the more relevant multiple
bonds will be briefly introduced, particularly describing the synthesis of group 13 and
group 15 multiple bounded compounds. Finally, the main electronic structure methods
and chemical bonding tools used in this thesis will be described.

1.1 Synthesis and reactivity of molecular alumanes

In the last decades, the chemistry of molecular main group elements has experienced
exponential growth, enclosing a wide variety of applications in catalysis and material
science.” 8 The constant seek to improve their properties or activity needs the
rationalization of physicochemical properties origin. Different approaches can be
number as gas phase studies, low temperature matrix trapping experiments and
chemical control.9 The gas phase experiments allow the study of species generated by
thermal or discharge reactions which are too reactive to be studied in condensed phase.
The analysis of their spectroscopic fingerprint enables the assessment of their physical
properties. The trapping experiments consist of generating the reactive target molecule
in cold matrixes, being trapped in a low-temperature inert solid. Finally, the chemical
control approach uses ligands to provide kinetic and thermodynamic stability to unstable
motifs. The resulting compounds are stable, facilitating the study of their chemistry. The
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use of Schlenk techniques for sensitive chemistry has led to countless main group
compounds with unexpected chemical properties and applications. The following
sections will describe the different approaches to stabilize aluminium hydrides and
halides. They are an important family of aluminium compounds because they are
common building blocks to introduce molecular complexity to any aluminium complex.

1.1.1 Aluminium hydrides

Metal hydrides are compounds with applications in the field of material science and
catalysis. The capacity to release H. under certain conditions has triggered the interest
in developing materials based on metal hydrides for solid-state hydrogen storage.*° The
s- and p-block hydrides possess good volumetric and gravimetric hydrogen storage
capacities, making them promising candidates for developing efficient hydrogen storage
materials. The chemistry of main group hydrides has expanded not only given the
discoveries on unusual bonding situations but also the effective catalysis for the
reduction of organic substrates. In this vein, molecular aluminium hydrides can take part
in non-redox catalytic cycles for hydroboration of ketones and aldehydes or
dehydrocoupling of boranes with amines, thiols or phenols.! 12

The aluminium hydride was early described by Wiberg and co-workers in 1942.13
The solid-state structure is polymeric forming up to 6 different polymorphic phases
obtained from different crystallization conditions.’4 The naked monomeric AlH; has
been only characterized in matrix isolation experiments.’s 6 The diborane analogue
Al:H¢ could also be detected in hydrogen matrixes. Its instability became evident
polymerizing above 6.8K.”7 The polymeric nature of the aluminium hydride faces
synthetic difficulties such as uncontrollable reaction stoichiometry. The stabilization of
the monomeric AlH; can be achieved by forming adducts with neutral Lewis bases,
bringing better control of the reactivity. Depending on the steric and electronic
properties of the Lewis base, the alanes can form different types of adducts (Figure 1.3).
Strong o-donors or sterically demanding Lewis bases, such as NHC, cAAC or bulky
phosphines, tend to form monomeric alanes (Type C). However, weak o-donors and low
steric hindered Lewis bases promote the formation of penta-coordinated alane (Type A)
or dimeric structures (Type B) bearing Al-H-Al bridges.

H {'\ /H \\H H
Li— Al = :L . N | —=H L:— /
4 - H ¢\, -~ \ \IH
H H H H 2 H
Type A Type B Type C

Figure 1. 3. Selected type of alane adducts with mono-dentate Lewis bases (L:).

The chemistry of Type C adducts has been mostly explored with NHC or cAAC
Lewis bases. The NHC-AlH; have shown ring opening and ring expansion reactions
towards NHCs meanwhile the cAAC is inserted into the Al-H bond.8 19 The reduction of
NHC alanes yields unprecedented products. For instance, Bonyhady et al. considered the
p-diketiminate magnesium(I) dimer as a plausible reducing candidate. The equimolar
reaction of NHC AlH; adduct with S-diketiminate magnesium(I) yields Al-Al bond
formation (1) and the f-diketiminate magnesium hydride dimer.2c The NHC alane
adducts also react with hydride abstractors yielding monomeric and dimeric aluminium
hydride dications (2 and 3). Mellerup et al. isolated the monomeric aluminium (I)
hydride (4), which is isostructural to 3. The enhanced o-donor and m-acceptor properties
of cAAC allowed the stabilization of the Al(I)-H motif. Compound 4 is obtained from the
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reduction of the cAAC stabilised haloalane with KCg.2* Unlike most aluminium
compounds, compound 4 exhibits nucleophilic reactivity, which agrees with the
aluminium (I) description. However, quantum chemical calculations suggest a non-

negligible bi-radical aluminium (III) character.
2

Dip-~ N/w ® ®
H Dlp DlpI H . H
| Dip |

Hi. WHo. N W ! : )
Dip\ P [>—> . | <—<N] N7/ \ /—Ph N L \.‘ NlDlp
N‘\.' H H H ./ <\—N
&N D1p Dip N\/)
Dip PH Pl"l/
1 2 4

3
Figure 1. 4. Selected examples of aluminium hydride compounds supported by NHC and cAAC ligands. (Ph=
phenyl, Dip= 2,6-iso-propylphenyl).

Another common approach to stabilize aluminium hydrides is by introducing
anionic substituents to aluminium. The DIBAL-H (di-iso-butylaluminium hydride) is
one of the most well-known compounds of this family, being a classic reductive reagent
in organic synthesis. The arylalanes are typically dimeric in solid state, even with very
bulky substituents. For instance, Power and co-workers prepared the hydro arylalane 5.
Even though the huge steric hindrance of the Arri8ligand, compound 5 was determined
to be dimeric in the solid state. However, there are some examples that can be in
equilibrium with the monomer species in solution.2> 23 The reactivity of 5 was explored
towards alkenes and alkynes (Figure 1.5). The Al-H inserts towards terminal alkynes and
alkenes under mild conditions, resulting in the hydroalumination product 6.24

Ph
H . II — —
Hiw,” O\ WArPT8 4 — o ArP—AI"" ArPriS =
. B -
orin H H pentane N—=
Ph
5 6

Figure 1. 5. Hydroalumination of phenylacetylene with 5 (iPr=iso-propyl).

The aryl substituents cannot effectively prevent the formation of Al-H-Al bridges.
A common approach to avoid the dimerization is the anchoring of a Lewis base to the
ligand. The Lewis base stabilizes the empty p-orbital of aluminium, preventing the
formation of the Al-H-Al bridge (see examples in Figure 1.6). Alan Cowley and co-
workers stabilised a monomeric aluminium hydride through the intramolecular
stabilization of a Lewis base, forcing the aluminium into a trigonal bipyramidal geometry
(7).2s Nowadays, this approach is repeatedly found in monomeric aluminium hydrides.2¢
There is a plethora of different ligand systems developed to stabilize the monomeric
aluminium hydrides, such as aminidate, troponiminate (8)27 and B-diketiminate (9),
among others.
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Figure 1. 6. Selected examples of monomeric aluminium hydride compounds stabilised by anchored Lewis
base (Me= Methyl, iPr=iso-propyl).

1.1.2 The NacNac aluminium hydrides

The B-diketiminate, commonly known as NacNac, is one of the most well-known ligands
within the anchoring Lewis base stabilization approach. It was introduced by Holm in
1968 for the synthesis of nickel complexes.28 The NacNac gained interest given the easy
preparation and versatile electronic and steric properties changes. A myriad of NacNac
compounds from along the periodic table have been reported, finding applications in
metal-mediated catalysis for different types of chemical transformations.29-3:

The NacNac ligand is a common choice in aluminium chemistry. It stabilizes
aluminium with a broad scope of functionalities and different oxidation states. The most
common synthetic route to prepare the NacNac aluminium hydride is through the
dehydrogenation reaction of NacNac-H with AlH; NH; or LiAlH, (Figure 1.7).32 33
Although not for preparative proposes, the NacNacAlH. can be synthesised by reacting
the NacNac aluminium carbenoid with molecular dihydrogen.34 35

_Ar LiAlH, Ar Dip,
NH AIH,NH, =N H H, | AR
\ N/ \ N' ",H N_
\ \ ./
Ar Ar Dip
9 10

Figure 1. 7. Synthesis of NacNacAlH. (Dip=2,6-iso-propylphenyl).

The synthesis of mono-substituted NacNac aluminium hydrides can be achieved
via the dehydrogenation of protic substrates with 9. The electronegativity difference
between aluminium and hydrogen (x(Al)=1.613 and x(H)=2.300) makes the Al-H bond
highly polarized towards hydrogen. This feature renders a highly hydric character to
hydrogen and readily reacts with protic substrates. There are many examples of
stoichiometric dehydrogenation reactions of NacNacAlH. with protic substrates (Figure
1.8). It reacts with half equivalent of water releasing two equivalents of dihydrogen,
forming the y-oxo hydroalumoxane (11).3¢ The reactivity towards N-H and S-H bonds is
exemplified with the dehydrogenation of 2-aminobenzenethiol, forming the 5-member
ring 12.37
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Figure 1. 8. Selected examples of stoichiometric reactions of NacNacAlH. (Dip=2,6-di-iso-propylphenyl,
Mes= 2,4,6-tri-methylphenyl, Ph=phenyl, BArF,=tetrakis-(perfluorophenyl)borate).

The dehydrogenation reactions are limited to protic substrates. Roesky and co-
workers investigated the Al-H insertion chemistry of NacNacAlH. to different substrates,
an alternative pathway to increase molecular complexity. They explored the insertion of
Al-H bonds into diazo derivatives, which display different reactivity patterns depending
on the nature of the substrates. For instance, the diazobenzylethane reacts with
NacNacAlH. through the insertion of the diazo group into the Al-H bond. It further
reacts with the sodium tosylate activation of the S=0 forming the compound 13.38 The
NacNacAlH; can also activate elemental chalcogens under mild conditions. It reacts with
elemental selenium in toluene at room temperature, yielding the terminal selenol, which
was elusive in main group chemistry.32 Similarly, the terminal thiol (14) is synthesised
by reacting NacNacAlH. with elemental sulphur in the presence of the catalytic amount
of tri(di-methylamino) phosphine, which is proposed to react as sulfur transfer reagent.39
Roesky and co-workers found that NacNacAlH. can undergo hydrogen abstraction with
MeOTf forming the NacNacAlH(OTf) complex, which is an active catalyst for
hydroboration reactions.4° Similarly, Nikonov and co-workers reacted the NacNacAlH,
with trityl cation [CPhs][BArf,.], forming the cationic hydroalumane 15. It has shown
catalytic activity towards hidrosilylation of olefins.4

The synthesis of mono-functionalized NacNac aluminium hydrides can also be
achieved via the oxidative addition of the NacNacAl(I) carbenoid to different substrates

18



Chapter 1 - Introduction

(Figure 1.9). This approach might not be the most synthetic appealing because of the low
isolation yields of the NacNacAl(I). However, its high reactivity allows the incorporation
of unusual substituents into the aluminium atom. Chu et al. explored the oxidative
addition of different types of o-bonds, assessing novel NacNac aluminium hydride
derivatives (16) such as (hydrido)phosphanylalumanes, (hydrido)borylalumane or
(hydrido)silylalumane.35s Moreover, they observed the equilibrium between NacNacAl(I)
and NacNacAlH. with the hydridodialumane 17. This is a very rare case of an equilibrium
between oxidative addition and reductive elimination in aluminium chemistry.42
Similarly, Harder and co-workers explored the insertion of NacNacAl(I) towards other
metallic hydrides, namely Zn-H and Mg-H, yielding the bimetallic compounds 18 and
19.43
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Figure 1. 9. Selected examples of oxidative additions of aluminium (I) towards different type of substrates
(Dip=2,6-di-iso-propylphenyl, X=SiHPhMe, BPin, Cp*, NHMe, PPh., OiPr).

The coordination chemistry of NacNacAlH. has been explored during the last
decades. The resulting compounds bear interesting bonding situations and have found
applications for bond activation (see examples in Figure 1.10).44 Aldridge and co-workers
introduced the first examples of o-alanes complexes between NacNacAlH. with
transition metals. The photolysis of transition metal carbonyl complexes in the presence
of NacNacAlH. yields the formation of compounds such as 20.45 Alternative to
photolytic decarbonylation, the bimetallic aluminium-TM complexes can also be
accessed through [M(CO),COD] starting materials.4¢ Crimmin and co-workers have
described several examples of bimetallic systems featuring bond activation chemistry.47
They explored the cooperativity between NacNacAlH. with Pd(PCys); to activate C-H
and C-F bonds.48:49 In 2012 they reported the thermolysis of [Cp*Rh(H).(SiEt;).] in the
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presence of NacNacAlH., obtaining the bimetallic complex 22.5° The Al-Rh bond length
is in the range of single bond (Al-Rh= 2.4527(8) A) with weak interactions with the Al-H
bond. The partial dehydrogenation of NacNacAlH. was achieved by coordinating
palladium complexes.5* Recently, the same group isolated the hexacoordinated
compound 23 by reacting the NacNacAlH, and FeBr, in the presence of PMe;. The
reduction of 23 with Mg yields the formation of 24, which is characterized by an Al-Fe
single bond. Compound 24 has shown bimetallic cooperativity for ortho C-H bond
activation of pyridine or dehydrogenation of acetonitrile.52 53
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VN H Mo N H Mon N e P Ny e
\ \ \
Dip co Mes ‘Ar Me; Ar Me,
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Figure 1. 10. Selected examples of bimetallic complexes of NacNacAlH. (Ar=Aryl, Dip=2,6-di-iso-
propylphenyl, Mes= 2,4,6-tri-methylphenyl, Et=Ethyl).

1.1.3 Aluminium Borohydrides

Most of the d- and f- block borohydrides are known with a diverse types of
ancillary ligands.5+ 55 The coordination chemistry of these complexes is very rich due to
the polyhapto nature of [BH,]~ and the accessibility to the d- and f- orbitals. The [BH,]
~ can coordinate by one (x*), two (x2) or three (x3) hydrogens in monomeric complexes
(Figure 1.11). In dimeric or trimeric complexes, the [BH,] ~can bridge the metals
increasing its coordination number. Since the hydrogen atoms have difficulties to be
located in X-ray diffraction, the metal-boron distance serves as an indicator of the
coordination number of the borohydride ligand. The shorter is the metal-boron distance,
the higher is the coordination number. The third-row transition metal complexes have
the tendency to display lower denticity than first-row metals.5¢ The nature of the ancillary
ligands, the steric properties and the ligand field splitting can tune the denticity of
borohydride ligand. This family of complexes have found applications in catalysis 57-59
and they have served as a model to study C-H activation of methane.%° Interestingly, the
f-block borohydrides are important synthons to prepare more complex entities where the
[BH,] ligand behaves as a pseudo-halide.*!

M—H, M M MHCB-H
B M/~ NS
g H H H
k!-coordination «>-coordination k3-coordination
Figure 1. 11. Schematic representation of the coordination modes of [BH4]™ .

The molecular aluminium borohydrides have been well-established for many
years. Figure 11 depicts some relevant examples reported in the literature. The first
description of an aluminium borohydride was described by Burg and co-workers in
1939.92 63 The reaction of trimethylaluminium with diborane furnished the formation of
compound 24. Unlike f~ and d-block analogues, such as Y(BH,);, Ce(BH,); or La(BH,),
to name a few, compound 24 is described as a highly reactive pyrophoric liquid. In fact,
the solid state structure could not be determined after 50 years later.®4 The crystal
structure refinement shows two different polymorphic phases (a- and S- phase),
obtained from different crystallization temperatures. Compound 24 readily
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dehydrogenates with water and hydrogen chloride and slowly polymerizes at room
temperature. It has been tentatively suggested the metathesis reaction of compound 24
towards ethyl-lithium, forming of LiBH,; and unidentified products. Moreover,
compound 24 has found applications as a reducing and dehydrogenative reagent.os 6

Similar to AIH;, compound 24 possesses a Lewis acid character. Wallbridge and
co-workers prepared a palette of Lewis base stabilised Al(BH,); in order to prevent the
oligomerization process.®” %8 The solid-state structure resulted to be monomeric and the
aluminium adopts a tetrahedral geometry where each [BH,] is coordinated in a k2
fashion. The coordination of a [BH,]™ to form a tetrakis-borohydridealumane (26) was a
sought-after at that time. Titov and Noth groups described the formation of 26 but its
full characterization was not possible due to the equilibria with LiBH, and Al(BH,);.69-7°
Two decades later, Dou et al. achieved the solid-state structure of 26 by using the
trimethylphosphonium counterion.” The X-Ray structure reveals that aluminium adopts
a tetrahedral geometry where all the [BH,]~ are in a k2 coordination. Years later,
Filinchuk achieved the synthesis of 26 with potassium counterion.”> Compound 26
represents a rare example of aluminium in dodecahedral coordination, which has found
applications for energy production.”3

The introduction of anionic organic ligands generally increases the stability of
aluminium borohydrides. For example, Bissinger et al. reported the first substituted
aluminium borohydride by introducing trimethysiloxyl groups (27), which was
determined to form a four-membered ring in the solid state.” It was prepared via salt
metathesis between the aluminium dihalide analogue and LiBH,. Similarly, Franz et al.
reported the imidazoline-2-imidato analogue of 27 by reacting the dihydride analogue
with DMS-BH,.75 The dimerization process can be blocked by anchoring of a Lewis base
to the ligand. Harder and co-workers prepared the monomeric aluminium borohydride
29 by reacting NacNacAlH. with a bulky primary boramine via Sx2 reaction.”® They
observed that low sterically hindered ammonia-boranes (i.e. NH;BH;, MeNH.BH; and
iPrNH;BH;) undergo a dehydrogenation pathway, however, the bulky ammonia-borane
DipNH.BH; transfers the BH; to the Al-H bond, forming the aluminium borohydride.
Following the same synthetic strategy, Less et al. reacted a low sterically hindered
NacNac with tert-butyl ammonia- borane isolating the NacNacP?Al(H)BH, (30).77 This
compound has been postulated to be catalytically active towards the dehydrocoupling of
ammonia-boranes. Aldridge and Goicoechea groups obtained 31 as a minor product
from the reduction of NacNacAl(Et)(OC(H)O) with DMS-BH,.78
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Figure 1. 12. Selected examples of aluminium borohydride compounds (Dip=2,6-di-iso-propylphenyl;
Dmp=2,6-di-methyphenyl, Et=Ethyl, X=Li,K, PMesPh, NBuy).
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1.2 The NacNac aluminium halides

The synthetic pathways to prepare the NacNac aluminium halides depends on
the nature of the halide atom (Figure 1.13). In the case of chlorine and bromine, the
synthesis is undertaken via salt elimination from the lithiated NacNac with the
corresponding aluminium halide.” In the case of iodide, the synthesis is obtained by
reacting the NacNacAlMe, with elemental iodine.34
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Figure 1. 13. Synthesis of NacNac aluminium halides (Dip=2,6-di-iso-propylphenyl).

The functionalization of aluminium halides is typically performed via salt
metathesis or reduction reactions. Compounds 32, 33 and 34 undergo salt elimination
with anionic nucleophiles such as LiNMe, (35),%° LiNEt.(36),8t AgOTf,82 lithiated
phenylacetylene (37) or tert-butylacetylene (38).83 Aldridge group explored the
reactivity of NacNac aluminium halides with strong bases. The equimolar reaction of
NacNacAlCl; with tert-butyl lithium yields the backbone deprotonation, obtaining the
anionic compound 39.834 Roesky and co-workers showed that the reduction of
NacNacAll, with potassium yields the aluminium (I) carbenoid 4o0.
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Figure 1. 14. Reactivity of NacNac aluminium halides (Me=methyl, Et=ethyl, Dip=2,6-di-iso-propylphenyl,
Ph= phenyl, tBu=tert-butyl).

1.3 Synthesis of phosphanylalumanes

The synthesis of monomeric compounds bearing aluminium and phosphorus bonds can
be synthetically challenging. The weak nature of the Al-P and its tendency to oligomerize
complicates the stabilization of the Al-P motif.85 Over the years, different synthetic
strategies have been reported in the literature. The most common routes are the
dehydrogenation or the salt metathesis reactions.

In 1942, Davidson and Brown studied the polymerization of trimetlhylaluminium
with dimethylamine and dimethylphosphine, among other substrates.8¢ In the case of
dimethylphosphine, they observed the methane release at high temperatures (215°C)
yielding the trimeric compound 41. The methane exclusion with dimethylamine
undergoes at 90°C isolating the aminoalumane in dimeric form. After two decades, Fritz
and co-workers reported the synthesis of phosphanyalumanes in milder conditions.8” By
heating an equimolar mixture of lithium-diethylphosphide with aluminium trichloride
in diethylether led to the trimeric phosphanylalumane 42 and the LiCl elimination.
Similarly, the reaction of H,AICI with lithium triethylphosphide yielded the formation of
43.88 The tuning of the steric properties of the aluminium and phosphorus building
blocks permits the control of the oligomerization process. Paine and co-workers reported
dimeric phosphanylalumanes by reacting the ethereal tris-trimethlysilylalumane
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(TMS;Al-Et,O) with different primary and secondary phosphines.89 In the case of
secondary phosphines, the dimeric phosphanylalumanes 44 and 45 were isolated while
primary phosphine forms the trimeric phosphanylalumane. Power and co-workers
envisioned that extremely bulky substituents in both aluminium and phosphorus
synthons could yield a monomeric phosphanylalumane.?© The equimolar mixture of
Tip.AlBr with LiPAdSiPh; or LiPMesSiPh; undergoes salt metathesis reaction yielding
the monomeric 46 and 47 phosphanylalumanes and LiBr. The X-ray diffraction
determined an Al-P distance of 2.342(2) A, which is shorter than the dimeric and trimeric
analogues, e.g. Al-P=2.446 A and Al-P=2.458 A in 44.

R, R,
Rog o Re R
N - \ A 4
Ra | | & Rl\ / \ 'Rl Tip_ AR
Rl-:, . .~ -\”Rl Rl\\' AN / ‘Rl Tlp/ \SiPh3
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41 (R;=R,=Me) 44 (R,=TMS ; R,=Ph) 46 (R,=Ad)
42 (R,=Et; R,=Cl) 45 (R,=TMS ; R,=Ph,TMS) 47 (R,=Mes )

43 (R=Et; R,=H)
Figure 1. 15. Selected examples of trimeric, dimeric and monomeric phosphanylalumanes (Me=Methyl,
Et=Etyl, TMS=tri-methylsilyl, Ph= phenyl, Ad= adamantly, Mes=mesityl).

The incorporation of a Lewis acid or/and Lewis base to the Al-P motif is an
alternative strategy to prevent the oligomerization reaction. Initial studies considered
the use of only a Lewis base with unprotected aluminium synthons, yielding different
aggregates. For example, Driess and co-workers explored the dehydrogenation reaction
of NMe;-AlH; with the primary phosphine iPr;SiPH., obtaining the hexameric cluster
48.9! Following a similar synthetic approach, von Hanisch and co-workers reacted a
bulky primary phosphine (tBuPh.SiPH.) with NMe;-AlH; obtaining the dimers 49. 92
The substitution of the NMe; by an NHC was not sufficient to monomerize 49, isolating
the four-membered rings 50 and 51. The same group isolated the dimer 52 by reacting
a ladder-shaped polycyclic aluminium phosphorus compound with pyridine.
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Figure 1. 16 Lewis base stabilised cyclic phosphanylalumanes (R:=iPr3Si, R.=tBuPh.Si).
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The first indications of monomeric Lewis-base stabilised phosphalumanes were
reported by Fritz and co-workers.8” 8 They explored the ring-opening reaction of
compound 43 with three equivalents of trichlorophosphate (P(O)Cl;). The lone pair of
the oxygen displaces the phosphorus coordination, yielding a red-orange viscous oil
identified as 53. Unfortunately, no structural data of 53 has been reported to date.
Twenty years later, Beachley and Rowen groups isolated and fully characterized the
Lewis acid/base stabilised phosphanylalumane 54.9 This compound is prepared by
reacting the phosphanylalumane Me;SiCH.AIPPh, with Cr(CO);NMe; in benzene. The
lone pair of the phosphorus displaces the trimethylamine from the chromium complex,
which rebounds to the aluminium. The solid-state structure of 54 features an Al-P bond
length of 2.485(1) A, in the range of dimeric and trimeric phosphanylalumanes.
Interestingly, the Al-P distance is longer (c.a. 0.14 A) than monomeric
phosphanylalumanes (46 and 47). In 2001, Scheer and co-workers demonstrated that
the Lewis acid/base approach can stabilize low steric hindered phosphanylalumanes.
The dehydrogenation of NMes-AlH; adduct with [W(CO)sPH;s] complex yielded the
formation of 55.94 The solid-state structure shows a dimer with long hydride bridges,
similarly found in Lewis base stabilised aluminium hydrides type B (vide supra). The
same group reported the synthesis of phosphanylalumanes only stabilised by an NHC
(56).95 The synthesis can be undertaken via salt metathesis between NHC-AIH.X (X= Cl,
I) adduct and DME-LiPH. or through dehydrogenation of NHC-AlH; and phosphine gas
(PH,). The AI-P distance of 56 (2.3131(10) A) is shorter than other Lewis acid/base
stabilised compounds. Recently, Haider et al. reported a palette of Lewis-base stabilised
phosphanylalumanes (57).9¢ They reacted different types of o-donor ligands, including
DMAP, NHCs or cAAC, to a trimeric phosphanylalumane yielding the monomeric Lewis
base stabilised phosphanylalumanes. The isolated compounds presented reactivity
towards CO. activation. Tokitoh and co-workers isolated the Lewis base stabilised
phosphanylalumane (58) which bears an a-proton on the phosphine and a halide on the
aluminium atom.%” This compound was prepared with the aim to prepare the Al=P bond
but it was unsuccessful.
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Figure 1. 17. Phosphanylalumanes stabilised by donor-acceptor interactions (L:= DMAP, NHCs or cAAC,
Dip=2,6-di-iso-propylphenyl, Ph=Phenyl, Mes=Mesityl).

The use of ligands featuring an anchoring Lewis base can also stabilize
monomeric phosphanylalumanes. As mentioned above, one of the most popular ligands
for this type of stabilization is the NacNac. However, only few examples are described in
the literature (Figure 1.18). The first one was reported by Nikonov and co-workers. The
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oxidative addition of NacNacAl(I) carbenoid to diphenylphosphine (PHPh,) yields the
formation of the (hydrido)phosphanylalumane 59.35 The Al-P bond length is in the range
of aforementioned phosphanylalumanes (2.3971(6) A). The same group reported the
oxidative addition of NacNacAl(I) to diphosphide Ph.P-PPh,, isolating the compound
60. The Al-P bond lengths in the equatorial position (2.3775(5) A) is slightly shorter than
the axial position (2.3979(5) A). Alternative to oxidative addition, the NacNac
phosphanylalumanes can also be prepared via salt metathesis. Scheer group reported the
synthesis of 61 via reacting NacNacAll. with DME.:LiPH..9% Analogously to 60, the
equatorial and axial positions of aluminium display different Al-P distances (2.3474(5)
A and 2.3718(5) A, respectlvely)

Dlp Ph
z ~ /Ph i . /Ph z

59 60 61
Figure 1. 18. NacNac stabilised phosphanylalumanes (Ph=Phenyl, Dip=2,6-di-iso-propylphenyl).

1.4 Multiple bonds in p-block chemistry

The interest in p-block multiple bonds has exponentially grown during the last
decades. The stabilization approaches and synthetic pathways are quite diverse. In this
section, we aim to summarize the different types of homo- and hetero-atomic multiple
bonds in p-block elements together with their synthetic methods and bonding models.

1.4.1 Homo-atomic multiple bonds

Molecular oxygen and nitrogen are textbook examples of homo-diatomic p-block
multiple bonds found in nature. However, their heavier analogues are remarkably more
reactive. It was long believed that heavier multiple bonds are synthetically inaccessible.
Mulliken99 and Pitzerte® formalized the so-called double bond rule, which asserted the
impossibility of main group elements with a principal quantum number higher than 2 to
form stable multiple bonds. Those studies only considered electronic effects, ignoring
the role of steric protection as a stabilizing source. Jutzi conceived the idea to kinetically
stabilize heavier multiple main group compounds with bulky substituents.’** The Sn=Sn
isolated by Lappert and co-workers,°2 or the isolation of disilene (62) and diphosphane
(63) by West'os and Higuchi,'o4 respectively, break down the double bond rule, proving
the relevance of the steric hindrance in the stabilization of heavier multiple bonds. With
the same idea, Power and Sekiguchi groups completed the series of the heavier group 14
alkynes.105-108 Their geometry is distinct from acetylene. Instead, heavier alkynes adopt a
trans-bent conformation which increases along the group. Those differences can be
rationalized by the increase of the s-character along the group (inner pair effect) and the
weakening of the sr-stabilization. 09

A complementary way to assess multiple bonds is through the stabilization with
Lewis bases. This approach has been particularly useful in isolating p-block multiple
bonded species in low oxidation states. This idea was based on low-temperature matrix
experiments. Knight and co-workers detected the HBBH molecule in argon and neon
matrixes in 1995. This molecule was determined to be in triplet state and predicted to be
highly reactive.”” Robinson and co-workers envisioned that the exceptional o-donor
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properties of NHC might be appropriate to stabilize the HBBH. The reduction of the
NHC-BBr; adduct with KCs yields the neutral diborene (64).1% 12 Following the similar
synthetic approaches, heavier bis-tetrylenes and bis-pnictenes analogues have also been
reported.t3116 Tt is noteworthy to mention that the NHCs permit the stabilisation of
multiple bonds which are unstable even with huge steric protection. That is the case for
the isolation of neutral dialumene. Initial attempts were made by Power and co-workers
to stabilize the neutral Al=Al moiety with bulky aryl substituents. However, it was
unsuccessful, undergoing to [4+2] cycloaddition with benzene, which was used as a
solvent.”” Instead, Inoue and co-workers achieved the stabilization of neutral Al=Al by
reducing an NHC stabilised dibormoalane with KCs.18

The same logic and development occurred to the isolation of the first boron-
boron triple bond. In 2002, Zhou and co-workers detected the OC-BB-CO molecule in
argon matrix.m9 Braunschweig group foresee that by exchanging the CO ligands by NHC,
the diboryne could be isolable. Upon reduction of the bis-NHC tetrabromodiborane
furnished the diboryne (65), which is stable at ambient temperature.'2° The geometry
was found to be linear, being isolobal to acetylene.
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Figure 1. 19. Selected examples of homo-atomic p-block multiple bounded compounds (Mes=mesityl,
Tip*=2,4,6-tri-tert-butylpenyl, Dip=2,6-di-iso-propylphenyl).

A bonding model for 65 was proposed by Frenking and co-workers, analysing the
electronic structure of the isolated B. moiety. The B. molecule has a triplet ground state
(3%7), which the 17, orbitals are partially occupied leading to a low triple bond character
(Figure 1.20, left). The promotion of the 10,* electrons to the 1m, orbital yields the
genuine triple bond in the excited state 12 (Figure 1.20, right). The NHCs stabilize the
empty 10,* orbitals, stabilizing the B, motif in the 12 state.'>!
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Figure 1. 20. On the left, molecular orbital diagram of 3% triplet ground state of B.. On the right, molecular
orbital diagram of 127 singlet excited state of B..
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1.4.2 Heteroatomic multiple bonds

Heteroatomic multiple bonds of p-block elements are ubiquitous in nature. Most of the
functional groups in organic chemistry possess a hetero atomic multiple bonds such as
acids, esters, imines, enamines or ketenes, to name a few. The development of heavier
heteronuclear multiple bonds grew in parallel with their homoatomic analogues. In 1983,
Alan Cowley and co-workers reported the synthesis of phosphorus-arsenic double bond
(66).122 Tt represents the first example of a p-block heteroatomic double bond between
elements with a principal quantum number higher than two. Since then, most of the
combinations within p-block elements have been reported in the literature.:3

As mentioned above, there is a special interest on multiple bonds between group
13 and group 15 elements due to their isolobal analogy with alkenes and their potential
application in MOCVD process. Albeit multiple bonds between group 13 and group 15
elements are well-established in Zintl anions, their insolubility in common organic
solvents makes them inconvenient synthons for practical proposes. There are two types
of bonding scenarios which can be found in doubly bounded G,; and G,; elements (Figure
1.21). A partial double bond, which bears a o covalent interaction and a m-donation
interaction from the lone pair on the G,; element to the G,; atom. In the case of boron,
this m-interaction is strong for nitrogen, phosphorus and arsenic. In aluminium, gallium,
indium and thallium, the m-stabilization is rather weak (around 10 kcal/mol),
questioning the multiplicity of the bond.**9 The genuine double bond is characterized to
have covalent o- and m-interactions, isolobal to phosphalkenes.’24+ Since G;; elements
have three valence electrons, a Lewis base is needed to stabilize the G,; element. Note
that the G5 element has a lone pair which is non-bonding.

Double bond Genuine

Character double bond
G13 G15 G13 G15

Figure 1. 21.. Plausible bonding interactions between group 13 - group 15 elements.

The synthesis of these multiple bonds in the condensed phase is challenging due
to weak m-stabilization. Additionally, the presence of an adjacent Lewis acid and Lewis
base entities prone these compounds to oligomerization reactions. Starting from boron
chemistry, Alan Cowley and co-workers detected the phosphaborene formation by
pyrolyzing a cyclo-diphosphaboretane, but could not be isolated.'?5 In 1983, Power and
co-workers obtained the first structural characterized anionic phosphaborene (67) by a
deprotonation reaction of a phoshaborane.’2¢ Years later, the anionic ansaborene
analogue was isolated from the salt metathesis of Mes,BF and Li,AsPh.’2? The
stabilization of neutral phosphaborenes was achieved by Noth co-workers by making use
of Lewis acids.?8 They trapped the phosphaborene by reacting a cyclo-diphosphaborane
with chromiumhexacarbonyl (68). Alternatively, Power and co-workers isolated neutral
phosphaborenes and arsaborenes employing a Lewis base such as DMAP (69)29: 13° or
NHC.:3 Recently, Liu group has reported the synthesis of a free phosphaborene, which
displays a m push-pull stabilization.’32 There are other examples of phosphaborenes
reported in the literature. A detailed description of them is out of the scope of this Thesis,
but they are reviewed elsewhere.®

28



Chapter 1 - Introduction

. Tip* Mes R, R, N R
s = . B: .-\ N_B: - B:
Li(Et,0), *Cr(C0o),

Tip* / 1
P Mes DMAP
66 67 68 69

Figure 1. 22. Selected examples of hetero-atomic p-block multiple bounded compounds (Mes=mesityl,
Tip=2,4,6-tri phenyl, Ri=mesityl, cylcohexyl, R.=tri-ethylmethyl, R3=C¢Hjs-2,6-(CsH2-2,4,6-1Pr3).

Recently, the chemistry of heavier pnictagallenes has notably expanded. Albeit
the beginning of this chemistry is not clear,® the first structural characterization of a
gallium—pnictogen multiple bond was reported by von Hanishch and co-workers.'33 The
salt metathesis of GaCl; with 2 equivalents of in-situ prepared Li»AsSiiPr; resulted in the
formation of compound 70. The employment of NacNac ligand has boosted the
chemistry of neutral pnicatgallenes. Schulz and co-workers reacted 2 equivalents of
NacNacGa carbenoid with Cp*AsCl. obtaining the monomeric gallaarsene (771), using
one equivalent as sacrificial oxidant.’3+ The Ga-As distance is 2.267(1) A, which is shorter
than the anionic 70 (Ga-As=2.318(2) A). Shortly after, the stibagallene was isolated by
reducing the [NacNacP*Ga]Sb radical with KCg.135 Two years later, Wilson et al. reported
the first example of a phosphagallene. The reaction of a phosphaketene with
NacNacP?Ga (I) promotes the exclusion of carbon monoxide forming 72.:3¢ The
reactivity of compound 772 has been explored for bond activation of different types of
substrates, such as H,, CO., NH;, among others. 137 Since then, Schulz and Goicoechea
groups achieved different phosphagallenes with different phosphorus synthons, having
in common the use on NacNacP?Ga(I) as gallium synthon.® Recently, Hering-Junghans
reported the reversible formation of phosphagallene.’38 The combination of GaCp*
(Cp*=tetramethylcycopentadienyl) with phospha-Witting reagent (Ar*PPMes) in the
presence of light undergoes PMe; exclusion, forming the phosphagallene 73. In the
absence of light, the nucleophilic addition of PMe; to the Ga=P moiety occurs, reverting
the equilibrium towards starting materials. In solid-state, compound 778 displays a Ga-P
distance of 2.2104(5) A and 2.2176(5) A, which is remarkably longer than 73 (Ga-P
=2.1650(7) A and 2.1766(3) A). Those differences suggest a weaker bonds, which explains
the reversibility of 78 with starting materials in solution.
‘T".fPr3 Li(TH),

ProSiy Dlp )
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Figure 1. 23.. Selected examples of pnictagallenes. (Dip=2,6-di-isopropylphenyl, iPr=iso-propyl, Ar*=2,6-
(di-2,6-iso-propylphenyl)phenyl or 2,6-(tri-2,4,6-iso-propylphenyl)phenyl).

D1p

The examples of heavier pnictalenes are scarcer than boron and gallium
analogues. Hering-Junghans and Braunschweig groups published together the isolation
of the first phospha- and arsaalumenes (74).13% 14°© The synthesis consists on reacting
(AlCp*), (Cp*=pentamethylcycopentadienyl) equimolarly with high steric protected
Ar*PnPMe; phospha- or arsa-Witting reagents (Pn=P,As; Ar*=2,6-Dip.penyl (P,As) or
2,6-Tip.penyl (P)). Upon heating at 80°C, the release of PMe; is promoted forming the
pnictaalene. The distance between of Al-P is 2.2113(6) A (Ar*=PirTer) and 2.2022(6) A
(Ar*=TirTer), remarkably shorter than the phosphanylalumanes (c.a. 0.1 A). Note that
the Al=P distance is shorter with bulkier substituents which can be regarded to the
stronger steric interactions. The reactivity changes with the steric hindrance on the
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aluminium cyclopentadienyl compound. The equimolar AlCp3t with the phospha-Witting
reagent yielded the cyclic structure 775. The authors proposed the formation of 75 by,
firstly, forming the transient Cp3stAl=PMesTer. Secondly, a [2+1] cycloaddition of
CpstAl=PMesTer with an additional equivalent of Cp3tAl. Similarly, half equivalent of the
(Cp*Al), with MesTerPPMe; yielded compound 75. Interestingly, DFT calculations
supported that compound 75 is 2m-Hiickel aromatic.
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Figure 1. 24. Synthesis of phosha- and arsa-alumenes (Cp*=Cp* or Cp3?).

Hering-Junghans and Braunschweig groups explored further the chemistry of
phospha-Witting reagents with aluminium(I) cyclopentadienyl compounds, isolating a
palette of cyclo-diphosphalanes (Figure 1.25).14t The alternating rings 776 are isolated by
using small substituents on the phosphorus and aluminium synthons. Interestingly, the
head-to-head isomers (777) are favoured with sterically demanding substituents on the
aluminium and phosphorus building blocks. Attempts to obtain the monomeric Al=P
with NHC failed. Upon the coordination of NHC to aluminium, the cyclopentadienyl
ligand changes the hapticity from n5 to 1, isolating the butterfly-shaped dimeric
structure 78.
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1'{1 1|{2 Bu 1ghiPr/ N\/
76 77 78

Figure 1. 25. Selected examples of cyclo-diphosphalenes.(CpX=Cp* or Cp3t)

The same groups attempted to stabilize the phosphaalumene by making use of
the NacNac ligand. The equimolar reaction of NacNacAl(I) carbenoid with the phospha-
Witting reagent Tip*PPMe; (Tip*=2,4,6-tris-tert-butylphenyl) undergoes PMe; release
and a subsequent C-H activation of a methyl from the ortho-tert-butyl group (79).142 The
authors propose the transient formation of NacNacAl=PTip* (80), but the C-H
activation occurs due to the huge thermodynamic stability of 79 with respect to 80.
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Figure 1. 26. Attempted synthesis of phosphaalumene stabilised by NacNac ligand.

In 2022, Hering-Jughans and Braunschweig groups explored the reactivity of
phosphaalumene towards alkynes and alkanes. Disubstituted alkynes undergo [2+2]
cycloaddition forming the 1,2-phosphaalumetes (81) while terminal alkynes or acetylene
undergo threefold insertion to form barrelene-like structure 82. Similar reactivity is
observed with alkenes. The treatment of phosphaalumene with an excess amount of
styrene forms the 1,2-phosphaalumate (83). Longer reaction times promote the twofold

insertion forming the 6-membered ring 1,4-aluminophosphorinane (84).
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Figure 1. 27. Selected examples of [2+2] cycloaddition reaction of phosphaalumene.

1.5 Electronic Structure and Quantum Chemical
Bonding Tools

Electronic structure methods help to understand or predict unusual molecular
structures, spectroscopic features or reaction mechanisms of molecular systems. These

methods represent the application of quantum mechanics to chemical systems
(Quantum Chemistry) and are theoretically sound. On the other hand, over the years
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(and way before the advent of Quantum Mechanics), chemists have built empirical
models and come up with concepts that have been proven to be extremely useful to
systematize and rationalize all types of chemical phenomena. Chemical concepts like
oxidation state, aromaticity, steric repulsion, covalence or even the chemical bond, are
not observables in the Quantum Mechanical sense, which opens the door to multiple
approaches to quantify them, leading to controversy in some cases.

This section aims at exposing the different electronic structure methods, namely
Hartree-Fock, post-Hartree-Fock and Density Functional Theory, with their strengths
and drawbacks. Then, the different state-of-the-art chemical bonding tools employed in
this Thesis will be described.

1.5.1 Electronic structure methods

In the stationary state, the energy of a quantum state i (g;) is given by the time-
independent Schrodinger equation

HY;(q,R) = &%:(q,R), (1)

where ¥;(q,R) is the wavefunction which describes the quantum state i and H is the
Hamiltonian operator which account for the kinetic and Coulomb interactions between
the electrons and the nuclei. The r represents the set of all spatial (r;) and spin
coordinates (o;) of the electrons (q ={r;,0;},vi) and R represents the nuclear
coordinates. Unfortunately, the Schrodinger can only be analytically solved for one-
electron systems, i.e. for hydrogen or hydrogenoid molecules. Approximations are
needed to assess bigger systems, in particular molecules. The most common is the Born-
Oppenheimer approximation, which decouples the movement of the electrons with the
movement of the nuclei. Since the mass of the electron is much smaller than the mass of
the nucleus, the movement of the electron can be considered independent of the nuclear
motion. In practice, this means one can try to solve the Schrodinger Eq. 1 for the
electronic motion by fixing the nuclear coordinates at a given position. Then, the nuclear
motion can be captured by solving the Schrédinger equation for the nuclei in the
presence of the potential created by the electrons. Thus, by fixing the nuclear coordinates
R one obtains the following equation-from

ﬁeleCtl{/ieleCt(q; R) — sielect(R)llyielect(q; R) ) (2)
where Wt (q; R) is the electronic wavefunction, A¢*“* is the electronic Hamiltonian,
and 2! (R) is the electronic energy on the state i. The A%*“* gathers all contributions
except for the kinetic energy of the nuclei. This energy depends, of course, on the position
of the nuclei, and it is often referred to as the potential energy surface for state i. From
now on, ¥t = Y, and A**“* = A to simplify the notation.

. Thus, the electronic Hamiltonian is written as

—~

H= T, + Uen + ﬁee + Unn (3)

where T, is the kinetic energy of the electrons, U,,is the electron-nuclei attraction, U,,is
the electron-electron repulsion and U,,,, is the nuclei-nuclei repulsion.

The electronic wavefunction must ensure the Pauli’s antisymmetry principle. It
guarantees that the wavefunction is antisymmetric
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¥Yi(91, 92,93, -, qn) = —¥i(q2,91, 93, .-, qN) 4)

The simplest way is to rely on the orbital approximation which treats each
electron q; individually. In a molecular system, these orbitals are known as spin
molecular orbitals (¢, (q; )). The typical way to construct ¢, (q; ) is by making use of
Lineal Combination of Atomic Orbitals (MO-LCAO) approximation,

Nao

9= ) Cuuu 5)
u
here {x,} is a set of functions centred on the atoms that play the role of the Atomic
Orbitals (AO) of the isolated atoms. Then, the molecular orbital coefficients {c;,} are
usually variationally determined to minimise the total energy of the system. In order to
build an antisymmetric wavefunction, the molecular orbitals used to construct the so-
called Slater determinant,

P (fh) (Pn(fh)

Yi(qn) = 7 ) (6)

(Pl(.qn) (pn(.qn)

1 . . .
where s the normalization factor.

1.5.1.1 Hartree-Fock and post-Hartree-Fock methods

Solving the electronic Schrodinger equation (Eq. 2) has been one of the most important
tasks for quantum chemistry. Let’s consider the electronic Hamiltonian written as

M M 7.7 N 1 N MZ N N 1
I T3 AR
T hsa 4B 7 gt ST

Within the Born-Oppenheimer approximation, the nuclear repulsion is a constant (first
term of Eq.7), so it can be simply added to the electronic energy at each nuclear
configuration. The kinetic energy and electron-nuclear attraction are one electron
operators (second and third terms of Eq.7), which means that only depend on one
electron coordinate r;. The electron-electron repulsion (last term of Eq. 7) is a two-
electron operator which depends on two electron coordinates (r;and 7;). The latter term
makes the problem not solvable (many-body problem), hence we need to introduce
approximations. The Hartree-Fock (HF) method constitutes the first attempt
approximate the Schrodinger equation. The variational principle states that the best
wave function, Slater determinant in orbital approximation, is the one which yields the
lowest energy

Eq = (Womw’o)- 3)

Constraining the molecular orbitals {¢;} to be orthogonal, one obtains the following one-
electron equation

F(ry) ¢;(ry) = g¢i(ry), 9)

where F(r) is the Fock operator and ¢; is the orbital energy of ¢; The Fock operator
accounts the energy of one electron written as
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F(ry) = h(ry) + 975 (ry), (10)
where A(r,) accounts for all the one-electron operators,

~ 1 Z
A(r)=—-SVE- ) =

: (1D

—iT14
and V¥F (r,) is the Fock potential, which approximates the electron-electron repulsion as
an average potential produced by the N-1 electrons. The ¥ (r,) is constructed from

Coulomb (¥¢ (7)) and the Exchange (V5% (r,)) potentials,
V@) = 96 @) — 95 (ry). (12)

The Coulomb potential accounts the average classical electron-electron repulsion and the
exchange potential is a quantum effect arising from the antisymmetry principle, that
leads to a decrease in the electron-electron repulsion for same spin electrons. These
operators are built from contributions from the remaining occupied spin orbitals that
enter in the Slater Determinant

96(r) = Y () (13)
J#i
95 (ry) = Y Ry, (14)
TEi
defined as
. 1
HirD ey = ([ -=eie,0dr) o) (15)
- 1
Bireir) = ([ @i — it drs) ¢,) (16)

The HF method is nowadays mostly used as reference of the so-called post-
Hartree-Fock methods (vide infra) but it is not employed for quantitative purposes. The
main disadvantage of HF method is the underestimation of the interaction between
electrons with opposite spin. In 1959, Lowdin defined the so-called electron correlation

energy (Eorr) as

Ecorr = Eexact — Enr» (17)

were E,...: 1s the exact energy and Ey is the energy obtained from the HF method. 43
Most, but not all, of the correlation energy comes from the description of repulsion
between odd spins. This energy contribution has often named as chemical glue, having
a vital influence for chemical modelling.44

The electron correlation has different flavours. Among them, the dynamic and
static correlation are the most popularly known. The dynamic correlation is due to the
influence of the motion of one electron with the rest of the electrons. This type of
correlation is important to properly model, for instance, dispersion interactions. The
static correlation is related with long range electron interactions, which becomes
important when a system presents MOs degeneracies in the HOMO orbital. The
introduction of static correlation is not plausible by making use of one Slater
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determinant. A combination of them is needed to properly describe this type of
correlation.

The ab-initio or post-Hartree-Fock (post-HF) approaches are a family of
methods which improve the HF wavefunction by introducing electron correlation. The
most natural method is the Configuration Interaction (CI), which consists of
constructing the wavefunction by a lineal combination of Slater determinants

— T,,T rl 1l rit . rit
Yer = CoPur + § Caa + § CapWab T § CabcWabe t (18)
ar a<b a<b<c
r<li r<i<t

and obtaining variationally the expansion coefficients. The HF wavefunction () is
generally used as reference and the rest of Slater determinants are constructed by
exchanging (excitations) occupied (a,b,c) and virtual (r,L,t) MOs from the HF calculation.
The mono excitations ( y}) involve the excitation of the a-th occupied orbital to the r-th
orbital, the biexcitations (y}) correspond to the simultaneous excitations of a->r and
b->1, and so on. The Full Configuration Interaction (FCI) includes all the possible
excitations, achieving the exact solution within the non-relativistic Born-Oppenheimer
approximation, and the chosen one-electron AO basis. However, the computational cost
of FCI is enormous, only being accessible for small systems and minima basis with the
actual computational power. An option is to restrict the number of excitations in eq. 9,
leading to the truncated-CI methods. The inclusion of excitation decreases the energy,
mostly through the biexcitations which recover the dynamic correlation.

For molecules where the HOMO present orbital degeneracies, the inclusion of CI
excitations does not improve the energy. In these cases, one Slater determinant is not
enough to model the system. One needs to assess a linear combination of Slater
determinants (Multireference methods). The most popular one is the Complete Active
Space Self Consistent Field (CASSCF) which has broadly used to model systems with high
amount of static correlation. Within this method, one needs to select a priori the
electrons and MO which belong to the internal, active and external spaces. External MOs
are not used at all, and internal MOs are always present on the Slater determinants.
Then, one generates all possible configurations of the active electrons among the active
orbitals (according to the specified spin state). Then, the CASSCF wavefunction is
constructed as a linear combination of all Slater determinants associated to the
configurations. In the CASSCF procedure, both the occupied orbitals and the expansion
coefficients are simultaneously optimized (often to the ground state, but also to any
desired excited state). In Figure 1.28 is represented the of CASSCF subspaces calculation
of simple example which 2 electrons and 2 MO are selected in the active space
(CASSCF(2,2)).
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Figure 1. 28. Schematic representation of the Slater determinants in a CASSCF (2,2) calculation.

In 1966, Cizek and co-workers introduced the Coupled Cluster (CC) theory, a very
accurate method which includes dynamic correlation. The CC wavefunction is expressed
as

Wee = e Yyr, (19)
where T is the Cluster operator. It is written as
TET1+T2+T3+“'+TN, (20)

which generates all the Slater determinants form the reference wavefunction. The T, is
the single excitation operator. When it acts on ¥, generates all the single excitation
determinants from the HF wavefunction with their expansion coefficients (t}), known as
amplitudes. The T,is the is the double excitation operator which generates all the double
excitation determinants and so on to the N-th excitation operator. In practice, the CC
operator is typically truncated to a single (CCS) or double (CCSD) excitation degree.

Talur >= ) > 1 > 6 1)

a

T
Toltpur >= D > 105 > (22)

a<b s<r

The CC operator can be expressed in Taylor series,

|~

el =1+T+=T24+=73+ ., (23)

N =
w

!
Inserting equation 20 to 23, we obtain the following expression,
- PN 1. . . 2 1 . 3
el =1+ (T +T+Ts+) +§(T1 + T+ T3+ ) +g(T1 +T+T+-), (24)
which can be sorted by type of excitations as

; I N7 U
e =1+T1+<T2 +§T1 >+(T3 +8T1 +T1T2)+"' (25)
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Because of the exponential nature of the operator, one always gets all the excited
determinants in the wavefunction. For instance, if the CC operator is truncated to the
single excitations, one obtains the CC operator expression

p a1z 13

e —1+T1 +ET1 +€T1 + .- (26)
The CCSD(T) is the most popular method, truncating the CC operator up to double
excitations. The single and double excitations are computed iteratively meanwhile the
triply excitations are perturbationally introduced, which reduces the computational cost
without significantly losing accuracy. The CCSD(T) is generally considered as the golden
standard in computational chemistry, being used as true reference. However, it is
important to mention that CCSD(T) poorly introduces the static correlation.

1.5.1.2 Density Functional Theory

Albeit wavefunction methods can provide a high accurate estimation of energy, the
computational cost can be prohibitively high. Nowadays, the Density Functional Theory
(DFT) has become a very appealing method for computational chemists, being able to
model reaction mechanisms or spectroscopic data, of relatively big systems. These
methods provide good compromise between computational cost and accuracy.

The most important ingredient of DFT methods is the one-electron density p(r4).
It is described as

p(ry) = Nfdal quzqus fdrzv ¥1q1,92, 93, .. qnl* . (27)

For restricted single determinant wavefunctions, the p(r;) can be constructed
from the doubly occupied molecular orbitals as

N/2

pIr) =2 Gireury). 28)

Hohenberg and Kohn elaborated two theorems which are crucial for DFT. The
first one stands that the energy can be determined by an energy functional

Eexact = E[pexact )] (29)

The second theorem says that the minimum energy is reached when the exact
energy is considered. Therefore, the variational principle can be applied within DFT
framework.45

The total energy functional is composed by kinetic (T[p(r)]), electron-nuclei
attraction (V,,[p(r)]) and electron-electron (V,.[p(r)]) energy functionals

Eexact[p(r)] = T[p(r)] + Ven[p(r)] + Vee [p(r)] (30)

Unfortunately, the exact expression of the universal energy functional is not
known, which implies the use of approximations. The Kohn and Sham DFT (KS-DFT) is
a popular (if not the most) DFT methodology. It considers a fictitious model system of
non-interacting electrons (pg(r)) which have the same density for the system of
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interacting electrons.'4¢ Since the fictitious system has no electron-electron interaction,
the exact solution can be expressed with an Slater determinant. Then, a potential
V,.[p(r)] must be introduced to obtain the real density. The V,_[p(r)] is composed by the
electron-electron repulsion functional (J[p(7)]) and the Exchange-Correlation functional
(Exc[p(r)]), which encompass all the energy differences between the Kohn-Sham energy
and the exact energy and the electron correlation. The Kohn-Sham energy functional
(Egslp(1)]) is written as

EKS[p(r)] = Ty [ps(r)] + Ver [p(r)] + Vee [,D(T)] (31)

Note that the Exs[p(r)] expression has similarities with the Hartree-Fock
equations (vide supra), which the exchange contribution is substituted by the Exchange-
correlation functional. The expression of the E,.[p(r)] remains unknown to the date.
Nowadays, a plethora of approximations of the E,..[p(r)] expression has been developed,
such as Local Density Approximation (LDA), Generalized Gradient Approximation
(GGA), Meta-generalized Gradient Approximation (meta-GGA) or Hybrid Functional
Approximation. Those methodologies are based on an exact solution of a system in
certain conditions or based on experimental/computational observations. One of the
bottlenecks of DFT is the underestimation of the dispersion energy. Grimme and co-
workers introduced an effective semi-empirical method (DFT-D) to correct the energies
with a very low computational cost.47148

1.5.2 The atomic definition — Hilbert and Real space
approaches

The Greek philosopher and scientist Democritus conceptualized a theory which
described the matter as an ensemble of individual entities, baptized as atoms. This name
remained along the centuries, being adopted by the modern atomic theories, going from
Dalton to Schrodinger. From a chemical perspective, the atoms interact by electron pairs
forming chemical bond. The classification of the chemical bonds helps chemists to
understand the structure and reactivity of molecules. The nature of the interactions is
rationalized with the so-called chemical bonding tools, which extract information of the
physical origin of the chemical interaction. Accordingly, the chemical bonds are classified
building chemical bonding models such as ionic, donor-acceptor or covalent bonds.
Nowadays, most of (if not all) the chemical bonding tools need to use a definition of the
atom in the molecule (AIM). Since the atom is not an observable, several AIM definitions
have been developed along the years, aiming to provide a consistent interpretation with
the experimental observables or chemical intuition. The AIM definition is attached to an
atomic partition. They can be divided in two families, namely Hilbert and Real space. In
the following section will be described the different AIM used in this Thesis, providing
insights of their pros and cons.

1.5.2.1 The Hilbert-space analysis

Hilbert-space analyses consider that the atom is formed by its nucleus and the set of
atomic orbitals attached to it, {)(#(rl)}ﬂeA. Then, for a restricted single determinant

wavefunction, the one-electron density can be written as
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N Nao Nao
paD) =D Y i XD = ) Dy 5D, (32)
i upv uv

where D, is the so-called density matrix in the AO basis. The total number of electrons
is recovered upon integration of equation 32 as

Nao Nao
N = fp(rl) drl = z D,uv J-X;(rl))(,u(rl)drl = Z D;w S;w , (33)
uv uv

where S, is the overlap integral of the AOs, written as

S = f X)) dry (34)

The summation of equation 33 can be systematized accordingly to the Hilbert-subspaces
obtaining the Mulliken net atomic populations (Nj¥*) and the overlap populations

(N34

Nat Nao Nao Nt Ngt
V=D D D DwSw= ) N ) NG G9)
AB |I€EA uEB A AB%A

If on instead decomposes N into only atomic contributions, the gross atomic populations
are obtained

Nao Nao Nat
N = 2 E(DS)W =2 NITOSS, (36)
A ued A

The Mulliken analysis has two main drawbacks. On the one hand, it is basis set
dependent. It means that atomic populations varies with the type of underlying AO basis
used in the calculation.’s° The employment of large basis set yields unphysical results.
On the other hand, the atomic populations do not converge to a value at the basis set
limit. By increasing the basis set size, the atomic population does not converge to a
discrete value.s!

Several schemes have been developed to overcome the Mulliken weaknesses. A
convenient approach is to apply an orthogonalization of the AO basis by introducing a
matrix transformation. Lowdin suggested U = S ~%/2 as a plausible option.’s2 This
transformation allows to construct a set of orthogonalized orbitals (Lowdin basis) from
the original AOs,

1
Ixtowd >=|y>S"2 . (37)

Since there is no overlap in the orthogonal basis, there is no overlap population. Then,
the gross and net atomic populations are equivalent. The molecular quantities (e.g. the
electron density) expressed in terms of the Lowdin basis have been shown to be more
robust with respect to the original AO basis used. Moreover, the generalized Lowdin
schemes are an extension of the Lowdin orthogonalization, where an additional unitary
matrix is introduced

|xtovd > = |y > S§ 12 . (38)
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1
Alternatively, in the so-called weighted-Lowdin schemes, Sz is replaced by the
following matrix

1
Sz > wWwTsw)-v/z, (39)

where use a weighting matrix W is introduced.

During the last years, different ways to construct matrix W have been developed.
One of the most popular ones are the Natural Atomic Orbitals (NAO),s3 which is broadly
use for analysing charge distribution of a molecule (Natural Population Analysis) or to
build Natural Bond Orbitals (NBO).

1.5.2.2 The Real-space partition

In the real space analysis, the atom is formed by its nucleus and a region of the
space assigned to it. This region is known as the atomic domain. Within this formalism,
any molecular quantity described by a one-electron density function f(ry) can be
decomposed into atomic contributions (F,) by restricting the integration over the atomic
domains (£4) or by weight function (w,) as

Fo=[ farodr = f wa (r)f (ry) dry . (40)

24

A molecular quantity described by a two-electron function (f(r4,73)) can be
decomposed into mono and diatomic terms, F,, and F,z, respectively.

FAAzf
0
FABzf

0

The atomic domains can be disjoint or can be allowed to overlap. In the case of
disjoint domains, the most popular model is given by Quantum Theory of Atoms in
Molecules (QTAIM). In QTAIM the atom domains (Bader basin) are constructed

accordingly to the zero-flux surface or separatrix (S(r)) condition

f(ryrs) drydry = f f Wa W) f(ry)drydr,  (41)

A Y024

f(ryrs) drydr, = f f Wa rWp () f(ryr)drdry  (42)

A V0B

Vp(r) -#(r) = 0 ; vr € S(r), (43)

where 71(r) is the unit vector perpendicular to t he S(r). Each point of the density belongs
to only one atom. Thus, the weight function is either w, = 1, for the regions which belong
to atom A, or w, = 0, for regions which do not belong A. The gradient of the electron
density, Vp(r), gives a set of critical points (CP), which are categorized accordingly to
their second derivative, the so-called Hessian matrix H[p(r)],
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0%p(r) 9*p(r) 0%p(r)
0x? 0xdy  0x0z
a%p(r) 9*p(r) 0%p(r)
0yox dy? 0x0z
\azp(r) a%p(r) 9*p(r)
0zox  0yoz 0z2

H[p(r)] =

(44)

Upon diagonalization of H[p(r)], the sign of the eigenvalues 1,, 1,and A;
describes the curvature of the electron density. Accordingly, the CPs are categorized as:
- Attractor: all the eigenvalues are negatives, indicating a maximum of the
electron density. The position of the attractor coincides with the position of
the nuclei. In some cases, this is not fulfilled known as Non-Nuclear attractors
(NNA).
- Bond critical point (BCP): two eigenvalues are negative and one is positive.
The BCP is found between two nuclear attractors.
- Ring critical point (RCP): One negative and two positive eigenvalues.
- Cage critical point (CCP): Three positive eigenvalues indicating a minimum
of the electron density. This CCPs are typically found in cage-like structures.
The gradient line which connects two attractors is called bond path (BP).
According to the QTAIM theory, if two atoms are connected though a BP indicates that
there is a chemical bond. This condition is fulfilled for most of the chemical but does not
always an signifies the existence of an strict chemical bond.*54 155 Pendas and co-workers
referred to the BP as “Privileged Exchange-Correlation channels”.'5° They demonstrated
that the existence of a BP indicates an stabilizing interaction, lowering the energy of the
system.

Figure 1. 29. Representation of the electron density (blﬁe line), separatrix (green line), bond path (black line)
and the bond critical point (black dot).

The Laplacian of the electron density (V2p(r)),

azp(r)+62p(r)+52p(r)
0x2 y? 0z% '’

72p(r) = (45)

is a function used for chemical bond analysis. If the V2p(r) < 0 indicates electron
accumulation, and if V2p(r) > 0 there is charge depletion. It is very useful to understand
the polarization of a bond or to identify lone pairs in the electron density chart. From
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QTAIM analysis, there are other descriptors such as ellipticity o non-covalent index
(NCI) which can be useful for chemical bond analysis, but they are out of scope of this
Thesis.

The AIM definitions which w, = [0,1] are called fuzzy or overlapping schemes. In
these cases, the atomic domains are overlapped with each other. Consequently, a point
of the space can be shared within different atoms. There are several ways to construct
the w, () in the fuzzy schemes. For example, the Hirshfeld partition, sometimes named
stockholder partition, constructs the weight function w, as the ratio between the isolated
atom A density (pJ(r)) respect to the promolecular density (p2(r)) as

0
pa(T)
wu(r) =——. (46
S T .
Thus, the atomic population of A in the molecule is introduced as
0
pa(r)
N, = | =222 p@r) . (47)
A Lxpy (™)

The Hirshfeld partition has been successfully applied to extract many chemical
properties, such as partial charges or dipole moment, showing good coherence with the
chemical knowledge. The main weak point of the Hirshfeld partition is rooted on the
arbitrary definition of the promolecular density. To overcome this problem, different
atomic partitions have been developed, such as iterative-Hirshfeld or Topological Fuzzy
Voronoi Cells (TFVC).

1.5.3 Modern Chemical Bonding Tools

The chemical bonding tools help chemists to analyse and understand the nature of a
chemical bond in a molecule. The chemical bond is a fundamental chemical concept used
to rationalize any chemical phenomena. For instance, the Lewis structures are molecular
models based on the chemical bonds, or a reaction mechanism is rationalized by
chemical bond breaking/formation processes. Since there is not a direct experimental
way or operator to measure a chemical bond, there are different approaches to reveal the
physical/chemical origin of a chemical bond from different perspectives. In this section
is aimed to describe the different chemical bonding tools used in this Thesis.

1.5.3.1 Partial charges and bond orders

The atomic or partial charge (Q,) quantifies the average number of electrons associated
to an atom A. They are defined as

Qa =2y~ Ny, (48)

where N, is the electron population and Z, is the atomic number of A. Obviously, the N,
can be extracted from any type of AIM definition. The most sophisticated AIM
definitions, such as NAOs or QTAIM, yield consisted partial charges with the basis set
and the method used. The partial charges are generally used to understand charge
distribution of a molecule or bond.

The strength or the distance of a bond can be rationalized by the bond
multiplicity. The single bond is expected to be weaker than double or triple bonds, albeit
there are some exceptions. In computational chemistry, the bond multiplicity is
extracted with the so-called bond order (BO), which approximates the bond multiplicity.
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For instance, a single and triple bond should give a BO=1 and BO=3, respectively.
Initially, Pauling proposed an empirical method which stated that the bond order should
depend exponentially with the bond length.'57. 158 Coulson proposed a more elaborated
method based on coefficients of the MO from Hiickel molecular orbital theory.'s° Wiberg
defined a BO for orthogonal AO basis in the context of semiempirical methods. Later on,
Mayer generalized the BO for any atomic basis.'¢° ¢ Nowadays, Mayer Bond Order
(MBO) is the most common in the literature, applicable to any type of wavefunction. The
exchange density (p*(ry,1,)) is the element for the MBO. For a single determinant
wavefunction, the integration of p*(ry, r,) yields, in AO basis,

Nao

1
[ [rrouradndr, =2 (09)0®S)0 + 0*9)u@S0] (49

uv

Then, by grouping the basis orbitals to the atoms which are centred, the MBO
between atom A and B is written as

Ngo Nao

MBOs5 = D" [(DS) (DS + (DS (DS (50)

UEA VEB

where D is the density matrix and D* is the spin-density matrix, which are defined as

D = D%+ D# (51)
DS = D% —DF (52)
Obviously, for a restricted molecule, D* vanishes yielding the left-hand side of equation
50. In real space analysis, Bader and Stephans introduced the electron pair concept
within the QTAIM theory, distinguishing the electron pairs localized in the atom A or

shared between atom A and B.1%2 The main ingredient is the exchange-correlation density
(p*¢(rq,13)), which is written in general as

p*c(ry,r2)=pr)p(ry) — pa(ry,72) (53)

where p(ry,13) is the pair density. The integration of the two-electron function
p*¢(rq,12) naturally decomposes into atomic and diatomic terms (Eq 41 and Eq. 42).
The one-center term is known as Localization index,

LIA = f f pxc(rl, rz)drldrz, (54)
024704
and the two-center term is named as Delocalization Index,

Diyy = f f P (ry, r2)drydry + j j p¥e(ry,r)drdry . (55)
24 70p Np 7024

For single determinant wavefunctions, the exchange-correlation density and the
exchange density coincide. The delocalization index in this case is fully analogous to the
MBO of Eq 50 but in the framework of real space analysis.'®3 In AO basis one obtains
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Nao

Dlip = ) [(DS4)up (DS + (D54 (D°SP),y (56)
wv
where the atomic orbital overlap matrix elements (Sj,) in real space are obtained by
restricting the integration on the domain 0,,

%=memmwn 57)

A

1.5.3.2 Energy Decomposition Analysis

The Energy Decomposition Analysis (EDA) schemes are a family of chemical bonding
tools which split the interaction energy of two (or more) fragments/molecules into
chemically meaningful contributions. Since the chemical bond is not an observable, there
are several approaches to assess them. They can be divided in two classes. On the one
hand, the energy partitioning or Interactive Quantum Atoms (IQA),*¢4 which decompose
the molecular electronic energy into atomic (¢,) and diatomic (¢45) contributions,

E=ZSA+Z Eap (58)
A

AB>A

On the other hand, there are plenty of approaches which consider the formation
of the molecule from different fragments, which can be atoms, molecular entities or
molecules. Considering an AB molecule which is formed by A and B fragments, the
stabilization energy (4E;,;) is calculated as the energy difference between the energy of
the AB molecule (E,5) and the energy of the A and B fragments,

AEgtqp = Eqp — E4 — Ep, (59)

neglecting the Basis Set Superposition Error (BSSE). The AE;;,;, is split into preparation
energy (AE,,.,) and interaction energy (AE;,,),

AEgtqp = AEprep + AEjp;. (60)

The AE,,., is obtained as the energy difference between the fragments in the

geometry and electronic state in the bonding situation (Ef'® and E4?) and the fragments
in the ground state,

AE, ep = ERB —Ep + EF® — Ep = AEpyop 4 + AEprep p. (61)

The AE,,, accounts for the geometric and electronic effects. By definition, it is
always positive magnitude (destabilizing). The stabilizing energy upon the interaction of
the fragments or molecules is included in the AE;,;. It can divide into different
contributions by making use of intermediate (pseudo)-states, capturing different
flavours of the chemical bond. Since there is not a unique way to decompose AE;,;, there
are many ways to split the AE;,;,'%5 leading to different decomposition schemes. The
Morokuma-Kitaura*® and Ziegler-Rauk'®” scheme is one of the most popular EDA
approach, which is available for molecular and periodic systems.’8 It decomposes the
AE;,; into electrostatic (AE,..¢), Pauli repulsion (AEp,,,;;), orbital (AE,,,) and dispersion
(AEg;sp) energy contributions,
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AEin;: = AEgiect + AEpgyii + AEgrp + (AEdisp)- (62)

A series of intermediate (pseudo)-states are constructed in order to get the
different energy terms. Firstly, one constructs the pseudo-state (E(A U B)) by
superposing the frozen of fragments A and B (p$ and p3, respectively). The E(4 U B) is
referred as pseudo-state because it does not fulfil the antisymmetry principle (vide
supra). The energy difference between E (A U B) and E, and Ej is written as

AE(AUB) = E(AUB) —E, — Eg = AEgject + AEyc. (63)

The AE,;..; accounts for the Coulomb interaction between the frozen densities of
A with nucleus (or nuclei) of B and vice versa, the repulsion between nucleus (or nuclei)
of A and B and the electrostatic repulsion between the frozen densities.
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The second step consist of antisymmetrizing the E(A U B). By applying Lowdin
orthogonalization of the occupied MO to E(A4 U B) is constructed the E(AB') state, which
fulfils the antisymmetry principle. The energy difference between E(AB") and E(A U B),
one obtains the AEp,,,;; energy contribution as

AEpqyi(AB") = E(AB") — E(AU B) = AEpgy; + AExc (65)

The AEp4,; repulsion is generally positive and has been shown to be an important
component in the course of catalytic reactions, such as Lewis acid catalyzed Diels-Alder
reactions, dihalogen catalysed aza-Michael addition reactions or hydrogen bonded
assisted catalysis.'®9 It can also be found in the literature the steric interaction (AEteric)
which is the sum of the electrostatic and Pauli repulsion contributions,

AEgteric = AEgiect + AEpgayi;- (66)

The last step consists of relaxing the densities to the ground state. It is simply
obtained from the difference between E(AB") and E,p,

AEOTb = EAB - E(ABI) (67)

The AE,,}, is generally negative and it has been a very relevant term to understand
the nature of a chemical bond. It is important to note that the AE,,, has different
flavours. It accounts for polarization, electron-pairing and charge transfer effects, which
are not dividable within this scheme.7° Other EDA approaches such as ALMO-EDA split
the orbital stabilization into polarization and charge transfer contributions.'7 172
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Figure 1. 30. Schematic representation of the different intermediate (pseudo) — states and its energy
components in the Morokuma-Kitaura and Ziegler-Rauk scheme.

Finally, the dispersion stabilization energy is obtained independently of the
intermediates process. It can only be obtained by using energy correction schemes, such
as DFT-D3, which are out of the functional formula. It is obtained as

AEdisp = Edisp,AB - Edisp,A - Edisp,B- (68)

The EDA is a very powerful chemical bonding tool to understand the nature of a
chemical bond, however, it has its own limitations. Firstly, the different energy
components are path dependent.7375 This means that the energy components will
depend on the nature of the fragments employed. This is a consequence of using non-
interacting intermediate states. Secondly, the charge and electronic state of the
interacting fragments is arbitrarily selected. The energy components of EDA in an ionic
fragmentation (A*+ and B-) of the AB molecule will yield different results than the neutral
fragmentation (A°and B°). Frenking and co-workers proposed a criterion which helps to
select which is the most adequate fragmentation to study a bond. It stands that the best
fragment representation in a molecule is the one which lowers the AE,,;, in absolute
value. It has been broadly applied to understand the chemical bond of main group
compounds in an exotic bonding situation.7

1.5.3.3 Combining Energy and Charge Decomposition
Analysis

The EDA provides a comprehension on the different energy components involved during
the bond formation. However, the description on how the fragment electron densities
rearrange is lost. For instance, the charge transfer and polarization of a given fragment
or molecule have a thermodynamic cost, but they are also related with inter- and inter-
fragment density rearrangement, respectively. The quantification from both perspectives
is desirable to deeply understand the nature of the chemical bond.

There are some methods which compact both perspectives in one analysis,
providing a very detailed information during the bond formation. For instance, Head-
Gordon and co-workers combined the ALMO-EDA together with a complementary
occupied-virtual orbital pairs (COVP-ALMO-EDA),77 which provides the charge transfer
description with few localized orbitals. In the Morokuma-Kitaura and Ziegler-Rauk
scheme, Mitoraj et al. proposed a combined energy and charge decomposition by making
use of the Natural Orbitals for Chemical Valence (EDA-NOCYV).78 This scheme is based
on the deformation density (Ap(r)), which is the density difference between the final
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molecule AB (p,5(r)) and the sum of fragment densities in the optimized geometry
(p4(r) and pg(r)). It is written as

Ap(r) = pap(r) — pa(1) — pp(r). (69)

The NOCVs (6,) are the orbitals which diagonalize the deformation density
matrix. Therefore, the deformation density can be expressed in terms of NOCVs. The n
non-zero eigenvalues (v, ) have the “pairing property”, which means that they appear by
pairs with opposite sign (+v, —vy). The chemical interpretation is that each pair of v
conform a bonding channel k which a donor-NOCV (6_},) loses —v;, electrons and an
acceptor-NOCV (6,) receives +v; electrons. It allows to rewrite the equation into k
bonding channels Ap, (1), written as

n/2 n/2

8p(@) = ) Tol(~6() @) e +6@ROMID = ) M@ . (70)
k k

The |vg| is the total electron flow associated to the k-th bonding channel. The
frcan be expanded into orthonormalized symmetry adapted fragment orbitals (SFO).
Upon integration of the deformation density of a bonding channel, one obtains

[ apey ar = wollet | = ool 1)
u

where cf are the coefficients of the NOCV in the SFO basis. The energy associated to each

deformation density can be obtained, fulfilling that the sum over the n/2 bonding

channels is the AE, .
n/2

AE,p = Z AEorb,k (72)
k

1.5.4 Assessing the oxidation and valence state

The Oxidation State (OS) is a chemical concept which has been broadly used to
rationalize chemical properties or reactivity. It measures the degree of oxidation of an
atom or fragment respect to the elemental state. Originally, the OS was termed as
“oxydationsstufe”, introduced to understand the products formed in the reactions with
oxygen. Nowadays, this concept has a broader scope, having a vital importance in red-ox
process. For instance, the cross-coupling reactions catalysed by transition metal
complexes occur in three elemental reactions: oxidative addition, transmetallation and
reductive elimination. Two of these steps are rationalized by the change of the oxidation
state of the metal. The OS is not only narrowed in transition metal chemistry. During the
last decades, the research on the synthesis and reactivity of compounds bearing s- and
p- block elements with low OS has exponentially increased. The unusual electronic
structure and reactivity have attracted the interest of the inorganic community, finding
similarities with transition metal chemistry and discovering new chemical spaces.
Albeit OS is popularly employed in different types of chemistries, its definition
has remained unclear for many years. The most recent definition provided by IUPAC’s
Golden Book says that the OS is the “atom’s charge after ionic approximation of its
heteronuclear bonds”.?79 In the case of homonuclear bonds, the electrons are assigned
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equally. Apart from the OS definition, they provided an algorism to assign OS in
molecular compounds. It consists of firstly drawing the Lewis structure of the studied
system and assign the electron pairs to the most electronegative atom/fragment. The
resulting atom/fragment charge corresponds to the OS. The electronegativity has
multiple definitions which Allen’s atomic electronegativities is recommended.

The IUPAC definition and algorithm has successfully worked for many types of
systems but it has several exceptions. One of the main drawbacks is that Allen’s
electronegativity is an atomic property of the uncombined atom. Thus, it does not take
into account the chemical environment of the atom or fragment. Additionally, the ionic
approximation does not distinguish the o and m electrons which do not necessarily need
to be assigned in equal footing. Those discrepancies can be pictured by considering the
different type of transition metal-carbene complexes (Figure 1.31). They can be classified
as Fischer carbenes, where the o-electrons are assigned to the CR, fragment and the -
electrons to the metal, Schrock carbenes, which assign both o- and m- electrons are
assigned to CR, fragment, and Radical carbenes, where the o-electrons are assigned to
the CR. and 7- electrons are equally assign to the metal and CR. fragment. According to
the ionic approximation, the distinction of the different type of carbenes is blurred. The
four bonding electrons of the M=CR. bond are always assigned to the CR. fragment
because carbon is more electronegative (xc = 2.544) than any transition metal. Thus,
according to the ionic approximation, all the carbenes should be characterized as Schrock
carbenes.

/— Fischer carbene % /— Schrock carbene ﬁ ﬁ Radical carbene ﬂ
R

R R
R\ . R
Sigma Cj(b —@>cC Sigma ( :é)j <> C! ~ Sigma ( i': )<— > C
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L M(0) and CR,(0) —/L M(2+) and CR,(2-) —/ L M(1+) and CR,(1-) —/

Figure 1. 31. Schematic representation of the orbital interactions of TM carbene complexes together with
their OS.

During the las decades, several computational tools have been designed or
adapted to elucidate oxidation states. They can be divided by density-based methods,
which analyse the molecular wavefunction, and energy-based approaches, which extract
the OS from an energy component. The density-based methods have a common
ingredient: the localized molecular orbitals (LMO). These orbitals are obtained by
applying a unitary transformation to the canonical molecular orbitals. The LMOs are
restricted in a region of the space, which helps for the chemical interpretation. Some
authors have proposed to analyse the position of the centroid of a LMO to assign OS.
Even though it works for some systems, it fails on the assignation of trivial molecules
such as H,0.18° Alternatively, the LMOs can be coupled with a population analysis to
assign OS. That is the case of Localized Orbitals Bonding Analysis (LOBA) or Oxidation
State Localized Orbitals (OSLO).18t 182 These methodologies are restricted to single
determinant wavefunctions, thus, not applicable to multideterminant wavefunctions.
Salvador and co-workers introduced the Effective Oxidation State (EOS) analysis which
is, to the date, the only methodology which can be applied to any type of wavefunction.83
It has been successfully applied to a broad type of transition metal complexes, including
transition metal carbenes.!84
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The EOS is based on the effective atomic orbitals (eff~AQ) obtained from the
diagonalization of the net atomic density.85 8¢ Following similar procedure, one can
obtain the Effective Fragment Orbitals (EFOs), constructed from a priori fragmentation
pattern. Moreover, the EFOs can be constructed with any type of AIM definition (Hilbert
and Real space). The general procedure to extract OS from EOS analysis is depicted in
Figure 1.32.

Obtain molecular - Calculate MOs and » Define
structure occupations Fragments/Ligands

Assign electrons to « Sort EFOs by decreasing
fragments and obtain EOS occupation number

. Calculate EFOs

Figure 1. 32. Workflow chart of EOS procedure.

Firstly, one needs to obtain the molecular orbitals and its occupations. Then, the
fragments are defined from which the EFOs will be constructed. The EFOs are calculated
within an AIM definition together with their occupancies. Afterwards, the EFOs are
sorted by decreasing number of occupations which integer electrons are assigned to the
atom/fragment obtaining the OS. The assignation comes with a Reliability index (R(%)).
It is constructed from the occupancies (1) of last occupied EFO (LO), which an electron
is assigned, and the first unoccupied (FU) EFO as

R(%) = 100 min (1, max(0, (A7y — A%y) + 1/2)). (73)

The most clear assignation (ionic compounds, highly polarized bonds) exhibit R(%)
values close to 100, while the most unclear scenarios (strong covalency, apolar bonds)
corresponds to a R=50% value.

From the energy-based methods, the EDA-NOCV analysis is the most common
chemical bonding tool to assign OS and valence states. Albeit EDA-NOCV was not
designed to assign OS, the interpretation of the energy components has been adapted to
assign OS. Based on the maxima the fragmentation which minimizes the AEqs
interaction is the one which better represents molecular system (vide supra), the OS of
the fragments are extracted. Within this approach, one needs to consider a set of
fragmentations with different OS and valence state combinations of isolated fragments.
The fragmentation which minimizes the AE,, corresponds to the OS and valence state in
the molecular system. Probably, the carbones are the most paradigmatic systems which
the OS has been characterized through EDA-NOCV analysis. These compounds are
characterized by a divalent carbon atom in the OS of 0. Tonner et al. thoroughly analysed
the electronic structure of series of carbodiphosphoranes by means of different chemical
bonding tools.187:188 In the EDA, they tested several fragmentation patterns considering
the carbon atom in different electronic states, being the carbon in !D state the best
representation for the carbon atom. From that, they suggested that the carbon has an OS
of o stabilised by donor-acceptor interaction from the phosphine ligands. However, this
bonding model is still under debate. 189 190

49



50

Chapter 2 - Objectives



Chapter 2 - Objectives

CHAPTER 2 - Objectives

The synthesis and isolation of compounds exhibiting hitherto unknown chemical bonds
are leading quests in chemistry. The discovery of new bonding motifs opens the door to
unexplored chemistry, which might flourish in materials with interesting properties. The
modern chemistry is evolving in great harmony with computational chemistry.
Therefore, the combination of experiments with molecular modelling has led to a
detailed understanding structure-activity relationship.

In this context, we undertake a synergistic approach involving both computational and
synthetic chemistry to develop new synthetic strategies and to isolate new molecules.
Our main goal is the synthesis of phosphaalumene. The high reactivity of the
Al=P bond precludes its isolation. The synthetic protocols for the preparation of
phosphaalumenes are scarce and only known via unstable low-valent reagents. We
target the synthesis with the premise of using more stable AI(III) and P(III)
derivatives as starting materials.

The first specific target of this Thesis is to develop a synthetic route
towards compounds with the Al=P motif. Our hypothesis is that the Al=P motif
could be achieved via the p-elimination reaction of the corresponding
phosphanylalumane. Such a reaction can be induced from a H,halide-functionalized
phosphanylalumane building block. Thus, the first specific goal was set as the
preparation of phoshanylalumanes bearing H, halide- functionalities as it is
outlined in Figure 2.1.

? ?
Dip Dip Dip
=N X = =N X =N .
H —_— =P’
. + , . }
YN % R Yy R Yy R
Dip DipH Dip

Figure 2. 1. Proposed synthetic strategy to prepare a phosphaalumene (X=Leaving group).

To the intended extension towards other main group elements whose protocols
are limited has been set as the second goal. Thus, we target to prepare a compound
with the Mg-P motif based on the methodology developed in aluminium chemistry.
The reactivity of the new compounds is explored towards ketone substrates,
characterizing the reaction mechanism through a combined approach of experimental
and computational chemistry.

The Energy Decomposition Analysis is a recurrent chemical bonding tool in main-group
chemistry. Within this method, the understanding of the chemical bond nature is based
on considering the interaction between fragments. It is somewhat well-established that
the fragmentation pattern which minimizes the AE,; in absolute value better represents
the bonding situation. Following this criterion, OS assignations have been proposed
pointing to unprecedented low-valent species. Conversely, no systematic study has ever
been performed to validate such energetic criterion. In this context, another aim of this
Thesis is to put the lowest AE,,; criterion to the stringent test. Our hypothesis is
that the reference states for charged fragmentations, because of the gas-phase ionization
energies, are far too high in energy, making AE,, too large as compared to neutral
fragmentations. Also, the usual procedure in EDA typically involves two interacting
fragments. Grouping different sets of non-interacting atoms/ligands into a unique
fragment may lead to intra-fragment reorganization energy that can have a significant
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effect in the AE,» term. We will seek more appropriate and robust criteria in the context
of EDA-NOCYV, focusing on the charge displacement among different fragments, rather
than on energetics.
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CHAPTER 3 — A new criterion to settle
fragment reference states for EDA schemes

Let the record shows [ took all the blows and did it my way
Frank Sinatra

The EDA-NOCV is a well-established and powerful analysis tool to shed light on the
nature of chemical bonds or intermolecular interactions. It is a method that falls in the
generic category of energy decomposition schemes. In EDA, the dissociation/formation
energy of a molecular system builds up from two or more fragments is dissected into
chemically sound contributions. The relative magnitude and sign of these contributions
has been extensively used to rationalize and categorize a wide number of molecular
systems and interactions.91193

Molecular fragments (e.g. functional groups, ligands, etc) are often defined to
group atomic (and diatomic) contributions obtained by analysis tools such as atomic
populations, IQA or even for methods to assign oxidation states like EOS. In EDA,
however, one must specify not just the atoms that form a given molecular fragment but
also the electronic state. Then, the energy components obtained in EDA are dependent
on the nature of the defined fragments. For the study of inter-molecular or non-covalent
interactions, such as hydrogen bonds or mt-7t stacking,94 the selection of the fragments is
straightforward because each fragment belongs to a molecule in its ground state. In the
case of intra-molecular interactions, such as electron-sharing or dative bonds, the
definition of the charge and electronic state of the fragments is not an easy task and
sometimes can be controversial. The interacting fragments do not need to be in their
ground state, opening the door to a large number of plausible fragmentations. For
example, let us suppose the study of the C=C bond in an N-heterocyclic olefin through
EDA-NOCV (Figure 3.1). One has the freedom to place the four bonding electrons in
different orbitals of the fragments. For instance, one can consider two closed-shell singlet
fragments bearing a o-lone pair on the carbenic carbon. (Fragmentation A, Figure 3.1).
Alternatively, one can examine the fragments in their triplet state (Fragmentation B,
Figure 3.1) or open-shell singlet (Fragmentation C, Figure 3.1). The fragmentation
employed in the examination of the chemical bond is relevant for two reasons. On the
one hand, the energetic components of the EDA-NOCV are dependent on the type of
fragmentation. Therefore, a fragmentation which does not adequate to the actual
bonding situation can yield misleading results. On the other hand, the fragmentations
are typically tagged in a bonding model. For instance, Fragmentation A will consider C=C
to be donor-acceptor while Fragmentation B and C will categorize the C=C bond as
electron-sharing.
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Figure 3. 1. Plausible fragmentations for an N-heterocyclic olefin.
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In Table 3.1 we show the EDA-NOCYV results of the C=C bond in NHO in different
fragmentations. Except for the AEp:p, all the energy components are substantially
different within the tested fragmentations. In this context, there is the need to have a
criterion to guide the user to faithfully select the fragmentation which captures the
nature of the chemical bond. Frenking and co-workers introduced a criterion based on
the AE,, component (see Section 1.8.2). The fragmentation that has the lowest AEo
absolute value is considered the best fragment representation of the bonding situation.9s:
196 This criterion is rooted on “the least alteration of the electronic charge distribution is
required to yield the electronic structure of the molecule”.*87 In the former example, the
fragments in the triplet state give the lowest |AE,|. Thus, this fragmentation will be the
most adequate to analyse the nature of the chemical bond. The C=C bond would be

covalent, in agreement with the chemical intuition.
Table 3. 1 The EDA-NOCV results of the N-heterocyclic olefin at the BP86-D3(BJ)/TZ2P// BP86-
D3(BJ)/def2-TZVPP. The lowest AEorb is highlighted in bold. The energies are given in kcal/mol.

Fragmentation A Fragmentation B Fragmentation C
AEint -357-4 -194.6 -212.4
AEpauii 564.8 316.0 313.3
AEgistat -312.6 -209.1 -209.1
AEpisp -10.1 -10.1 -10.1
AEow, -599.6 -291.4 -306.5

In main group chemistry, the EDA-NOCV has been broadly used to discern
between an electron-sharing to a donor-acceptor interaction. This distinction has been
applied to different types of systems.192 197.198 In a typical EDA-NOCYV, the electron-
sharing bond minimizes the |AE,s| in the homolytic fragmentation. When the
heterolytic fragmentation minimizes the |AEo|, the interaction is categorized as dative-
acceptor. In Figure 3.2 we show the AE,s of in the homolytic and heterolytic
fragmentation of ammonia-borane and ethane molecules, which are archetypical
examples of dative and covalent bonds, respectively. In ethane the |AE,| is minimized
for the homolytic fragmentation while ammonia-borane displays the lowest |AE,| in
the heterolytic fragmentation.
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Figure 3. 2. AEob values of the homolytic and heterolytic fragmentations of ethane and ammonia-borane at
the B3LYP-D3(BJ)/TZ2P//B3LYP-D3(BJ)/def2-TZVPP level of theory.

Interestingly, the obtained fragmentations have been coined as a plausible way
to assign oxidation and valence states. It is considered that the oxidation/valence state
of the isolated fragments corresponds to the same in the molecular system. Although this
interpretation is somewhat extended in the community, some authors have pointed out
the mismatch with chemical bonding tools which analyse the molecular wavefunction.
For instance, Landis et al. analysed the chemical bond of TM(cAAC), (TM=Cu, Ag, Au)
complexes which the AE,; criterion resulted to be not satisfactory.'99

3.1 Shortcomings of the AEop criterion to assign
oxidation/valence states

During the last decades, the chemistry of low-valent main group compounds has raised
the interest of the inorganic community.?92. 198, 200, 201 Their reactivity showcases
similarities to transition metal complexes and the exotic bonding situations triggered the
research in this field. The EDA-NOCV has been a recurrent chemical bonding tool to
rationalize the nature of the chemical bond and, furthermore, the OS of the main group
elements. Many compounds have been characterized in low-oxidation states stabilised
by donor-acceptor interactions based on the AE, criterion. That is the case of the
landmark Be(cAACPP), complex reported by Braunschweig and co-workers.202 They
tested a series of different fragmentations including Be(II), Be(I) and Be(0). The
fragmentation corresponding to the Be in the excited state 'D (1s22s5°2p2) together with
the cAACP® in the ground state yielded the lowest |AE,| (See Supplementary Table S1
of ref 202), Thus, the authors described Be(cAACPP), as beryllium (0) stabilised by the o-
interaction from the lone pair of the cAACP together with a t-backdonation from the p-
orbital of beryllium to the cAACPP® ligand (Figure 3.3, left), similarly to Dewar-Chatt-
Ducanson bonding model applied to TM complexes.
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Figure 3. 3. Schematic representation of two plausible bonding situations in Be(cAACPP)..

Recently, Gimferrer et al. proposed an alternative oxidation state assignation in
Be(cAACPP), and related Be and Mg compounds.2°3 The two m-electrons are assigned to
the cAACPP ligands (Figure 3.3, right), thus leading to a more conventional Be(2+)
picture. Indeed, cAACP ligands are known to have strong m-acceptor properties. The
non-innocence of cAACPP has been proposed in analogous complexes such as
Zn(cAACPP),, which is characterized as a Zn(II) singlet biradical compound.2°4 The
bonding model proposed by Gimferrer et al. goes in this direction, supported by state-
of-the-art wavefunction analysis tools using both DFT and CASSCF wavefunctions.

A remarkable finding is the stability analysis of the DFT wavefunctions. The
Closed Shell Singlet (CSS) solution of Be(cAACP®),, which is considered in the original
work, was only found to be stable for BP86 functional. However, the Open-Shell Singlet
(OSS) solution for more elaborated functionals, namely B3LYP, PBEo, M06-2X and
®B97XD, was found to be lower in energy than the CSS solution (from 5.2 kcal/mol to
11.5 kcal/mol). In the case of B3LYP, the CSS solution is not stable. Thus, the OSS
wavefunction must be used to perform chemical bond analysis (see Table Si in
Supporting Information in ref 203). The EOS analysis on the OSS wavefunction (B3LYP-
D3(BJ)) yields the Be(II) assignation, in odds with the original assignment. Different
AIM definitions, namely Léwdin, NAO, QTAIM and TFVC, converge on the Be(II). These
results show the robustness of the EOS procedure to the AIM partition. On the contrary,
the partial charges bear a huge dependency on the AIM employed. They range from -0.07
e (Lowdin) to +1.56 e (QTAIM). The Be(cAACPP), system reflects that the partial charges
can yield a misleading OS assignment.

The most desirable method to model diradicals is by using multireference
approaches such as CASSCF (See section 1.5.2). This method avoids the spin
contamination problem found in broken-symmetry DFT (BS-DFT). The EOS obtained
from the CASSCF wavefunction assigns a Be(II) with an R(%)=78.9%. In Figure 3.4 we
show the frontier EFOs with their occupations. The EFO corresponding to the p-orbital
on the cAAC ligand is more occupied (0.435) than the EFO of the s-orbital on the
beryllium (0.175), yielding a clear picture of Be(II). The diradicaloid character of the
Be(cAACPP), complex was supported with the Local Spin Analysis (LSA).205 This is a
chemical bonding tool which quantifies the local spins on atoms or fragments and their
couplings. It can be applied to single determinant to multireference methods. The LSA
of Be(cAACPP), at the CASSCF level of theory points to an unpaired electron in the
cAACPP ligand (<S2>caac=+0.39).
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Figure 3. 4. Frontier EFOs with their corresponding gross occupancies for Be(cAACPP), at the CASSCF/cc-
pVDZ//B3LYP-D3(BJ)/def2-SVP level of theory. Image extracted from ref 203,
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The elucidation of the beryllium OS extracted from the EOS analysis differs from
the EDA-NOCV assignation (vide supra). In order to decipher the origin of these
differences, one can analyse the charge decomposition of the EDA-NOCV. The OS is a
property that depends on the electronic distribution of the molecule. Hence, the charge
decomposition is a prior more appropriate to assign the OS than the energy
decomposition itself. There are different approaches to assess charge decomposition. For
instance, the Charge Displacement Function (CDF) introduced by Belpassi and co-
workers allows to analyse the electron flow for the different bonding channels.2°¢ The
CDF measures the charge fluctuation along an intermolecular axis (z'),

[oe] [o0] zZ
CDF(z) =f dxf dyj Ap(x,y,z")dz'. (74)

Within this approach, two coordinates of the space are arbitrarily ignored, and
the interpretation relies on the visual inspection of the CDF shape. Alternatively, one can
analyse the contributions of the fragment orbitals to the NOCVs as
i (75)

[ a0y dr = Y ik = ol
u

Gimferrer et al. thoroughly analysed the charge decomposition in the Be (0) and
Be (+2) fragmentations using the OSS molecular wavefunction (<S2>=0.571). The
inspection of the contribution of the molecular fragments allowed us to rationalize the
differences between the EOS and EDA-NOCYV assignations. In Figure 3.5 we depict the
deformation densities corresponding to the m-bonding channel in the D Be(0) (Figure
3.5, A) and the 'S Be(+2) (Figure 3.5, B) fragmentations together with associated energy
associated (AEom-x) and electron flow (veg).
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(A) Deformation density p-orbital of Be p-orbital of (cCAACPP),

AE, .= -150.7 kcal /mol V=-0.75; Vg=-0.74 V=+0.49; Vp=-0.44
IUGBI =15
(B) Deformation density p-orbital of Be p-orbital of (cCAACPP),

AE = -221.6 kcal/mol V,=+0.20; Vg=+0.22 V,=-0.84; vg=-0.84
|U<‘B| =18

Figure 3. 5. (A) Plot of the deformation densities of between Be(0) (*D, 1s22s°2p2?) and (cAACPP), in singlet
state at the B3LYP-D3(BJ)/TZ2P//B3LYP-D3(BJ)/def2-SVP level of theory. (B) Plot of the deformation
densities of between Be(+2) (1S, 1s22s°2p°) and [(cAACDip)-]2 in singlet state at the B3LYP-
D3(BJ)/TZ2P//B3LYP-D3(BJ)/def2-SVP level of theory. The red color shows the charge outflow, whereas
blue shows charge density accumulation. The occupied fragment molecular orbitals are shown in blue and
yellow, while virtual orbitals are cyan and pale yellow. Hydrogens are omitted for clarity. Figure adapted
from ref 203,

In the Be(0) fragmentation, the Be p, orbital transfers the 0.75 a and 0.74 8
electrons to the (cAACPr), fragment. The energy associated with the m-bonding channel
is -150.7 kcal/mol. In the Be(+2) fragmentation, the p, orbital receives 0.20 a and 0.24
B electrons with an energy associated with -221.6 kcal/mol. It seems contradictory that
the fragmentation with smaller charge transfer to the beryllium atom yields higher
energy values. There are two reasons which explain it. On the one hand, the AE,,,
considers the charge transfer, polarization and electron pairing energies.”7”° Thus, the
energy associated with the charge transfer is not possible to neatly obtain within the
Morokuma-Kitaura scheme. Other EDA schemes, such as ALMO-EDA, can dissect the
AE,,, to polarization and charge transfer energies which would be more faithful to OS.
Nevertheless, IUPAC recommendations never suggest an energetic-based criterion.207
On the other hand, the ionic molecules are less stable than the neutral in the gas phase.
Thus, ionic fragments tend to give numerically higher energy components than neutral
fragments.208

Another drawback of the EDA-NOCYV is that the energy components are not
sensible to the nature of the wavefunction. For example, the CaCO. compound is
characterized by singlet diradical.2°9 The energy components of the EDA-NOCV are
almost identical yielding the interpretation (see Table 2 in ref?©). In the same vein,
Salvador et al. revealed that the AE,,,;, criterion cannot distinguish between an electron-
sharing from a spin-polarized bond in the [NaBH;]- system.>"* The energy differences
between the CSS (AE,,,=-16.6 kcal/mol) and OSS (AE,,,=-19.2 kcal/mol) are very small.
Note that the reference states, the AE,;..; and AEp,,;; values are equal for CSS and OSS
wavefunctions. The associated (pseudo)-states are identical because, by construction,
they are independent of the nature of the final wavefunction. Only the orbital relaxation
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AE,,, depends on the nature of the molecular wavefunction, but the energy differences
are too small to recognize a bonding model.

The charge decomposition provides more evident differences within different
wavefunctions. Considering the CaCO. example, we analysed the o-interaction between
the Ca and the CO. molecule with the CCS and OSS wavefunctions (Figure 3.6). The
energy associated with the o-bonding channel is almost the same in the CCS and OSS
solutions. However, the electron flow differences (|vqs|) are up to 0.60 e. In the CSS
wavefunction, the electron flow (|vap|=1.26 e) is higher than the OSS (|vp|=0.60 e).
These results suggest that the charge decomposition might be a better indicator of the
best fragmentation than the AE,,,.

Closed-shell singlet (CSS)
Deformation density Orbitals of the fragments
CO21(D) Ca'(4s')

AEorh=-25.4; [vepl=1.26 SOMO (g=2.81 eV) SOMO (e=-8.96 ¢V)
V= -0.46; vp = +0.54 V= +0.46; vp = -0.54
Open-shell singlet (OS5)
Deformation density Orbitals of the fragments
CO2(D) Ca'(4s")

AEort=-26.9 ; [ugp|=0.60 SOMO (e=2.81 eV) SOMO (e=-8.97 V)
va=-0.14; vp = +0.17 Vo= +0.13; vp =-0.24

Figure 3. 6. The plot of the deformation densities of the CaCO- complex in the closed-shell singlet (CCS) and
open-shell singlet (OSS) wavefunctions. The fragments are Ca* (4s!) and CO- in a doublet spin state. Image
from ref 210,

3.2. Design of a criterion based on electron flow for
EDA schemes

In the former section, we have disclosed the weaknesses of the AE, to assign oxidation
states. Given the coherence of the charge decomposition with the OS, we were prompted
to design a new criterion based on the electron flow instead of relying on an energy
component of the EDA. In this section, we design simple indexes to measure the net
charge transfer within the fragments. Several examples will be presented comparing the
new index with the established one.

The EDA-NOCV method can be disclosed into two independent decomposition
schemes (Figure 3.7). On the one hand, the Energy Decomposition builds different
intermediate (pseudo)-states whose energy differences result in AEprep, AEEiect, AEpauii
and AE,, energy components. On the other hand, the Charge Decomposition analyses
the electron flow during the bond formation. The Ap(#) is the main ingredient of the
charge decomposition which, in EDA-NOCYV, is analysed through the NOCVs. These
orbitals are very appealing to understand the electron flow from a chemical perspective.
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They are coupled by pairs which allows to describe an interaction by donor and acceptor
NOCV orbitals building bonding channels. Ziegler and co-workers applied the Extended-
Transition State (ETS) formalism to express the AE,, as a sum of the contributions from
different bonding channels obtained from NOCV pairs.'78 This approach unified both
worlds, obtaining a very detailed picture of the bonding situation.

The AE,+is the energy associated with the orbital relaxation of the fragments. In
fact, it is the energy difference between the electronic energy of the intermediate state
AB’ and the electronic energy of the molecular system AB (Figure 3.7). The intermediate
state AB’ is constructed independently of the nature of the final wavefunction. Thus, the
valence or the OS of the AB molecule is not encoded in the AB”intermediate state. On the
contrary, the Ap(r) is directly constructed from the density difference between the
molecular density (pas(r)) and the fragment’s densities pa () and pg(1), which do depend
to some extent on the chosen fragment valence state.

Ap(r)
NOCV

___________________________________________________________________________________________

Flgure 3. 7. Schematic representation of the (ETS)-EDA-NOCV method.

Previous work by Schwarz and Ayers have pointed out the need to minimize the
p(r) to maximally transfer information from pag(r) to pa (r) and pg(r).2:> 213 Utilizing
NOCYVs, each bonding channel should minimize the electron flow. Ideally, the donor and
acceptor NOCVs would be located in different fragments. However, the NOCVs are
typically spread over the molecule. This is a consequence of the coexistence of two types
of electron transfer: the intra-fragment charge transfer, associated with the electron
reorganization in the fragment during the bond formation, and the inter-fragment
charge transfer, which accounts for the electrons moving from fragment to fragment.
From the OS point of view, only the latter is relevant. In the inter-fragment charge
transfer, one fragment is oxidized while the other gets reduced. But, in the intra-
fragment charge transfer occurs within the fragment, not affecting the OS. Thus, our
index should only account for the inter-fragment charge transfer of the bonding
channels. Technically, there are two plausible ways to proceed depending on the type of
AIM employed, namely Hilbert and real-space. In Hilbert space, the coefficients of the

SFO (c,f‘k) need to be grouped by fragments for each bonding channel k. Over the
summation, the intra-fragment contributions will be cancelled obtaining the inter-
fragment charge transfer for each fragment (5 ) (Equation 76).

N N
[ oz =373 gle i - elieg ™ = . agt 76)
A uUEA A
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In real-space, one needs to restrict the integration of the Apyg () over the
atom/fragment domains. This can be accomplished in the most general way by
introducing atomic/fragment weight functions (w,(r)) and integrating over the whole

space to obtain the corresponding atomic/fragment contribution 6}1"" as

o7 = [warspgar. (77)

To account for the overall inter-fragment charge transfer of fragment A,
Fragment Electron Flow (FEF,), one can sum the k —th §; * in each spin o. The sum

needs to be in absolute value because the 7% can be positive or negative. Otherwise, the
different contributions will vanish.

n/2

FEF, = Z z|5j{"‘| (78)

o=a,f k

Then, the sum over the N fragments yields the total inter-Fragment Electron Flow
(iFEF) (Equation 78). A factor of Y2 is introduced to avoid the double counting of the
electrons:

iFEF =Y., FEF, (79)

It might be interesting to analyse the electron flow of different bonding channels
separately. For instance, when multiple bonding channels have relevant contributions,
one might want to detect the bonding channel where the electron flow is more
prominent. We designed the inter-fragment charge transfer of a bonding channel
(iFEF¥), which is obtained as Equation 80

iFEF¥ = z Z 5%, wesk >0 (80)

o=a,ff A

The sum of the k-th iFEFk values yields the total iFEF (Equation 81).

iFEF = Z iFEF* (81)
k

3.2.1 Validation of the iFEF index and comparison with the
AEorp criterion

Firstly, we tested the iFEF with systems in which OS assignation is straightforward. We
selected a set of small molecules (AH,) bearing hydrides (KH, NaH, LiH, CaH,, MgH.,
BH;) and protons (H.Se, H.S, H.O, HBr, HCI, HF and NH;). We computed the EDA-
NOCYV and compared the obtained assignation from the iFEF and AE,-, minimization. It
is important to note that the AE,; criterion was established ad-hoc which, to the best of
our knowledge, lacks a systematic evaluation. Both criteria were evaluated with different
fragmentation patterns, namely atomic, H-AH,., and A-H, fragmentations, to check how
robust are towards the fragmentation pattern. The numerical values of AE,, and iFEF
index are gathered in Table A-I.7 of Appendix I. The iFEF distinguishes the hydride to
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proton assignations, while the AE, criterion assigns hydrogens for some of the tested
systems. Moreover, the iFEF assignation does not change with the fragmentation pattern
while AE,» shows dependency.

We evaluated the tendency of the criteria along the electronegativity differences.
The ratio between the electronegativity of atom A (xa) with the hydrogen (xu) dictates the

hydride (;—A > 1) and proton (;—A < 1) character. Since iFEF and AE,. are extensive
H H

indexes, they will increase with the number of atoms of the AH,. Thus, the comparison
of iFEF and AE,,, among systems with different numbers of atoms is not fair. We
converted them into intensive values by normalizing them with the number of hydrogens
in the system.

In Figure 3.8 is depicted the normalized iFEF (iFEF-norm) and |AEos| (|AEor|-

norm) along the ;(—A values in different reference states, namely hydride (H(1-)), proton
H

(H(14)) and hydrogen (H(0)). One can readily observe that the iFEF-norm lines
crossover close to the point (1,1). When ;‘—A = 1, the ionic approximation is not valid and
H

yields an iFEF-norm=1 for all the reference states. The line concerning the homolytic
splitting (H(0)) is almost constant along the series but always higher than either H(1+)
or H(1-) reference states, assigning the expected OS. The |AE,|-norm has three crossing
points. The H(0) reference state line stands lower than H(1+) or H(1-) reference states

in, approximately, the range of ;(—A =0.5 to )’:—A =1.3. It evidences that the |AE,|-norm
H H

tends to favour the neutral fragmentations unless the electronegativity differences are

big (highly polarized bonds). In this regard, the iFEF criterion is more faithful and robust

to OS than the AE, criterion. Moreover, the iFEF agrees with the IUPAC’s ionic
approximation.

Atomic frag. H-AH, , frag. A-H, frag.
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Figure 3. 8. Normalized iFEF (top) and AEo (bottom) of AHn systems in different fragmentation patterns.

Most of the A-H bonds of the AH, systems are highly ionic and OS is
straightforward. We have considered the halomethane series CH;X (X= F, Cl, Br, I)
where the interaction C-X is electron-sharing. In those systems, there are three plausible
fragmentations. Two heterolytic fragmentations, X- + CH;* and X* +CHj3-, and one
homolytic fragmentation X« + «CHj. Table 3.2 gathers the AE,;, and iFEF values of the
different fragmentation patterns. The AE,» criterion favours the homolytic
fragmentation with the exception of CH;F, in which the X-+ CH3* minimizes the |AE,|.
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On the contrary, the iFEF index exhibits lower values in the heterolytic fragmentation X-
+ CH3* whose values increase from 0.60 (CH3F) to 0.92 (CH,I) in the Lowdin partition.
The i{FEF in the Hirshfeld partition displays lower values than Lowdin, 0.43 (CH;F) to
0.70 (CH;I), but exhibits the same trend. The X+ +CHj fragmentation is discarded for
both criteria.

Table 3. 2. AEor» and iFEF in Lowdin (Low) and Hishfeld (Hirsh) partition of CH5X (X=F, Cl, Br, I) in BP86-
D3(BJ)/TZ2P//BP86-D3(BJ)/def2-TZVPP level of theory. The lowest |AEos| and iFEF are highlighted in
bold. Energy values are given in kcal/mol.

Homolytic X(0) Heterolytic X(1-) Heterolytic X(1+)
iFEF 1FEF i1FEF
ALors Low Hirsh ALors Low Hirsh ALors Low Hirsh

CHs;F | -289.0 | 1.11  0.82 | -205.4 | 0.60 0.43 | -703.3 | 1.57 1.22
CH,Cl | -171.9 | 1.05 0.76 | -208.3 | 0.82 0.57 | -383.4 | 1.27 0.94
CH3Br | -139.5 | 1.08 0.76 | -204.2 | 0.85 0.62 | -305.1 | 1.40 0.86
CH,;I | -112.2 | 1.03 0.76 | -200.5 | 0.94 0.70 | -233.9 | 1.22  0.78

It is interesting to analyse the differences in the chemical bond interpretation
between the heterolytic splitting CH;(1+) and X(1-) and the homolytic splitting CH;(0)
and X(0). We focused our analysis on the o-bonding channel, which is the major
contribution to the AEy. In the heterolytic fragmentation, the o-interaction in CH3X
becomes more stabilizing (more negative) along the group, ranging from -162.6 kcal/mol
(CH,F) to -183.6 kcal/mol (CH3l). Similarly, the C-X MBO ranges from 0.81 (CH;F) to
1.24 (CH;3l). Therefore, the stronger o-orbital interaction can be regarded as an increase
in covalence. The iFEF also increases along the group (0.51 for CH3F and 0.88 for CH;I),
indicating a decrease in the C-X bond for heavier elements. In the homolytic splitting,
the energy associated with the o-bonding channel decreases along the group, from -162.5
kcal/mol (CH;F) to -103.0 keal/mol (CH,I) (Table 3.3). This trend is opposed to the AEo»
in the heterolytic splitting and the MBOs. Interestingly, the iFEF® is almost constant
along the series, bearing values close to 1, similarly found in AH, systems (vide supra).

Table 3. 3. AEob-c and iFEF° of CH3X (X=F, Cl, Br, I) in Lowdin partition at BP86-D3(BJ)/TZ2P//BP86-
D3(BJ)/def2-TZVPP. Energies are given in kcal/mol.

o-bonding channel

Heterolytic (CH3(1+) and X(1-)) Homolytic (CH3(0) and X(0))

AEorb- AEorb- AEorb- AEorb- AEorb- AEorb-
o ofa) afp) a ofa) a(p)

iFEF° 6% 857 iFEF 887 8b¢

CHj

CH;F  -162.5 -81.3 -81.3 0.51 0.26 0.26 | -266.1 -219.4 -46.8 1.00 -0.74 0.27
CH5Cl -181.2 -90.6 -90.6 0.76 0.38 0.38 | -156.6  -106.6 -49.9 0.99 o._6o 0.39
CH3;Br -181.7 -90.8 -90.8 0.78 0.39 0.39 | -127.4 -80.3 -47.1 1.00 o._60 0.40
CH;I  -183.6 -01.8 -91.8 0.88 044 0.44 102),.0 -57.2 -45.8 0.99 -0.54 0.45

We inspected the a- and p- charge transfer (55‘;,‘2 and (Scﬁig, respectively) to
rationalize the differences. The f-electron is located in the CH; fragment and the a-
electron in the halide atom. The (Sf};,‘; increases along the series, displaying similar values
to the heterolytic fragmentation (Table 3.3). On the contrary, the 63‘;; in lighter halides

undergo strong charge transfer, e.g. -0.74 (X = F), diminishing for heavier analogues, e.g.
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-0.54 (X =1I). The high charge transfer goes along with an energy cost, increasing (more
negative) the AE,rp-o(0), blurring the analysis of the o-bond interaction.

3.2.2 Dependency of iFEF index with the number of
fragments

So far, we have only considered simple systems with one relevant bonding channel per
interaction, namely one main o-bonding channel. Let us analyse the CO. molecule, where
both o- and m-bonding channels are relevant for the bonding. CO. represents a simple
textbook example, where straightforward application of the ionic approximation leads to
the expected -2 OS for each oxygen atom and +4 for carbon. We performed EDA-NOCV
calculations using atomic fragments and different valence electronic states, as shown in
Figure 3.9. In particular, we considered the neutral carbon atom (C(0)) in the 5F
(2s2psi2p,i2p,t) electronic state, the C(2+)) in the 3P electron configuration
(2s2pyi2p,22p,°) and the C(4+)) in the 'S (2s°2p°2p,°2p,°) state.

zw
X
AE,,;,= -1084.9 kcal/mol
iFEF(L6W) = 4.05
{FEF(Hirsh) = 2.78

AE,,,= -1049.5 kcal/mol
IFEF(Low) = 3.70
iFEF(Hirsh) = 1.71

AE,,;,= -1462.7 kcal/mol
IFEF(Low) = 3.11
1FEF(Hirsh) = 0.32

Figure 3. 9. AEo» and iFEF values with different fragmentation of the CO. system at the BP86-
D3(BJ)//BP86-D3(BJ)/def2-TZVPP level of theory. (A) Schematic representation of the 5F C(0)
fragmentation; (B) Schematic representation of the 3P C(+2) fragmentation: (C) Schematic representation
of the 'S C(+4) fragmentation.

The 3P fragmentation yields the lowest |AEos| (1049.5 kecal/mol), which is ca. 40
kcal/mol lower than the 5F fragmentation (AE,» = -1083.5 kcal/mol). The |AE,m| in 1S
fragmentation is 400 kcal/mol above the 3P and 5S fragmentations (AE. = -1463.4
kcal/mol), being the worst fragment representation according to the energetic criterion.
Hence, CO. is best characterized as a formally C(+2) and two oxyl O(1-) centres, at odds
with the notion of OS. The iFEF values obtained using both Loéwdin and Hirshfeld
partitions follow the opposite trend, as shown in Figure 3.9. The 5F fragmentation
presents the highest iFEF values (4.05e¢ and 2.78e for Lowdin and Hirshfeld,
respectively) and it is minimal in the 'S fragmentation (3.11e and 0.32e for Lowdin and
Hirshfeld, respectively). Hence, the iFEF minimization recovers the expected C(4+) and
O(2-) picture.

Taking into consideration the simple illustrative systems discussed thus far, it is
apparent that the lowest AE, criterion is clearly biased towards neutral fragmentations,
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and hence to low oxidation states. Except for rather clear donor-acceptor situations or
extremely polarized covalent bonds, the energetic criterion does not follow IUPAC’s ionic
approximation, so it should not be used in general to determine oxidation states. The
|AE,| values are also strongly affected by the number of fragments defined. Artificially
grouping atoms into a given fragment (e.g. the two O atoms in CO.) leads to lower (more
negative) AE,s contributions. For instance, the orbital relaxation energy in SF
fragmentation differs by 67 kcal/mol between the two fragmentation patterns. The fact
that |AE,»| values significantly increase for highly charged fragments should not be
surprising. High-order ionization potentials and electron affinities of atoms can be very
large, which makes the intermediate reference states much higher in energy with respect
to the final ground state of the molecule.

The iFEF values in the 2-fragments pattern are lower than the atomic
fragmentation. Those differences can be rationalized by inspecting the shape of the
NOCVs. Let us consider a m-bonding channel of the CO. molecule (Figure 4). In the
atomic fragmentation (3-Fragments), the donor-NOCV is mainly located in one carbon
and oxygen while the acceptor-NOCV basically lies in one oxygen (right). Thus, each
fragment is either donating or receiving electrons suggesting a small intra-fragment
charge transfer. In the 2-fragments pattern, the donor-NOCYV is spread over the CO.
molecule while the acceptor —-NOCYV is located on the oxygen atoms. It indicates that the
oxygen atoms are both donating and receiving electrons, revealing intra-fragment charge
transfer within O, fragment. The iFEF index cancels the intra-fragment electron flow,
reducing the iFEF". The energy associated with the m-bonding channel (AEs4¢,)) in the
atomic fragmentation is less stabilizing than the 2-fragments pattern. Those differences
can be regarded as a higher intra-fragment charge transfer.

2 — Fragments
Donor-NOCV Acceptor-NOCV

AE yr.0) = -194.0 keal/mol
IFEF2(Low)= 0.56
iFEF<(Hirsh)=0.36

v=-1.0 v=+1.0

3 — Fragments
Donor-NOCV Acceptor-NOCV

AEorl)(:l,u) = '134-8 kCal/mol

IFEF(Low)= 0.79
iFEF©a(Hirsh)=0.61
v=-0.80 v=+0.80

Figure 3. 10. 1-NOCVs and the associated AEorb-z and iFEF” values with the different fragmentation patterns
of CO2 at the BP86-D3(BJ)/TZ2P//BP86-D3(BJ)/def2-TZVPP level of theory. Isovalue=0.03 a.u.

3.2.3 Applied examples of the iFEF indexes

Most of the evaluated systems already revealed that the AE,, tends to be higher
for ionic fragmentations. Consequently, the AE,; minimization biases the
characterizations towards low OS fragmentations for very trivial systems. To increase the
molecular complexity, we decided to analyse the OS of low-valent main group
compounds. We selected the N-heterocyclic ylidenes (1E, Figure 3.11), typically
described as a divalent tetrel atom (E) with an OS of +2 bearing a o-lone pair. We
characterized these compounds through EDA-NOCYV calculations under the AE,» and
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iFEF criteria. Additionally, the EDA-NOCV assignations are compared with EOS and
OSLO procedures.

We considered three reference states owning different valence and OS states
(Figure 3.9). The E atom in the 3P (ns2np.! np|* np1°) configuration, which has two o-
type electron sharing bonds and one formally empty p, orbital stabilised by st-donation
from the nitrogen atoms, the 'D (ns2 np,° np||° np12) state represents the coordinative
bonding situation where E has two lone pairs and the nitrogen atoms are stabilizing via
donor-acceptor interaction, and in the charged 'S (ns? np,° np° np1°) state two o-
interactions and mt-donation of donor-acceptor nature are present. The E presents a 2+
OS in the 'S state while neutral fragmentations an E(0) for both 3P and 'D reference
states.

A) (B) ©

n-donation n-donation n-donation n-donation n-donation n-donation

Figure 3. 11. Schematic representation of the major orbital interactions between groups 14 and E with the
neighbor atoms. (A) The 3P electronic state; (B) the 1D electronic state; (C) the 1S electronic state.

The EDA-NOCYV results are collected in Table 3.4 together with the iFEF values
and OS obtained with EOS and OSLO. According to EDA-NOCYV, the 'D fragmentation
minimizes AE,; along the 1E series. Therefore, the tetrel atom is characterized with an
OS of 0. On the contrary, the iFEF is minimal for the 'S fragmentation, which leads to
the E(+2) assignment independently of the AIM employed. The assignation obtained
from the |AE,+»| minimization is at odds with the well-accepted E(+2) in the inorganic
community.24 Again, these results reflect that EDA-NOCV tends to provide lower |AE,|
values for the neutral fragmentations, leading to the wrong OS assignments. The E(+2)
is obtained by minimizing the iFEF in agreement with the EOS and OSLO methods, as
both procedures undoubtedly assigned the +2 OS for all 1E compounds independently
of the AIM definition employed.
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Table 3. 4. iFEF and AEor values of compounds 1E evaluated ate the BP86-D3/TZ2P//BP86-D3(BJ)/def2-
TZVPP level of theory. EOS and OSLO analysis are performed at BP86-D3(BJ)/def2-TZVPP level of theory.

The values in brackets indicate the Reliability index (R(%) for EOS and A-FOLI for OSLO.

Frag Criterion C Si Ge Sn Pb
S AE o -1128.6 -500.3 -424.9 -336.9 -207.4
(E(+2)) iFEF (Low)® 2.19 1.74 1.83 1.55 2.06
iFEF(Hirsh)® 1.23 1.02 1.08 1.10 1.12
D AE o -672.6 -327.7 -259.1 -199.0 -165.8
(E(0)) iFEF (Low)® 2.80 2.52 2.46 2.19 2.06
{FEF(Hirsh)® 1.87 1.83 1.81 1.76 1.70
sp AEom -686.1 -444.9 -377.1 -323.1 -200.2
(E(0)) iFEF (Low)® 2.88 2.85 2.091 2.83 2.84
1FEF(Hirsh)® 1.73 1.81 1.94 2.06 2.15
+2 +2 +2 +2 +2
EOS®
(100) (100) (97.9) (91.9) (86.4)
+2 +2 +2 +2 +2
EOS@
(79.9) (97.3) (93.3) (86.8) (81.7)
+2 +2 +2 +2 +2
OSLO®©
(0.15) (1.50) (1.09) (0.95) (0.84)

@Low=Lowdin ®Hirsh=Hirshfeld ©@TFVC AIM @ NAO AIM

The iFEF* provides the electron flow for each k bonding channel. Together with
their associated energy (AE.r-«), one obtains a deep understanding of the interaction
arising from the fragments. Figure 3.12 depicts the AEy 4« and iFEF* values from the
main bonding channels on 1E in the 'S reference state. One can readily observe that the
o(+,+) and o(+,-) bonding channels display similar trends. The AEorp-o(+,+) and AEorp-o(+,-)
of 1C are significantly lower (more stabilizing) which increases for heavier analogues.
Accordingly, iFEF°+*) and {FEF’(+) are maximal for 1C and minimal for 1Pb. The 1Si
displays lower iFEF°(++ and iFEF°+”) values than 1Ge. It is regarded to the lower
electronegativity of silicon (x(Si)= 1.916) with respect to germanium (x(Ge)= 1.994). The
features of the n-bonding channel are different than the o-bonding channels. While the
AE,b- follows a similar trend as o(+,+), o(+,-) interactions, the iFEF~ is different. The
1Si shows the lowest iFEF" value (0.61) while 1Pb has the highest (0.74). Thus, the
charge transfer of the m-interaction reduces the stabilization of heavier yilidenes. In
contrast, the o-bonding charge transfer favours the interaction.

o(+,+)

o(+,-) 7T

030 02
Ge sn o Ge ) Ge n b

Figure 3. 12. AEorp-k (blue line) and iFEF* (green line) of the o(+,+), o(+,-) and m bonding channels of
compounds 1E (E=C, Si, Ge, Sn, Pb).

We decided to test the iFEF index with a more challenging system such as the
well-discussed [NaBH;]-.25-222 The nature of the Na-B bond has been analysed through
different chemical bonding tools, but, to date, none of them addresses it from the OS
perspective.29 Additionally, it represents an adequate example to test the ability of iFEF
towards the nature of the wavefunction. In Table 3.5 are gathered the EDA-NOCYV results
together with the iFEF values considering the CSS and OSS wavefunctions. Two different
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reference states are considered. The heterolytic splitting, in which Na and BH; have an
OS of -1 and 0, respectively, and homolytic splitting is represented by a Na(0) and a BH;(-
1). According to the AE, criterion, the [NaBH;]- features a Na(o) and a BH; (-1),
independently of the nature of the wavefunction. Instead, the iFEF gives different
assignations for OSS and CSS solutions. Considering the CSS wavefunction, the iFEF is
minimized in the heterolytic splitting while the OSS solution yields lower iFEF values in
the homolytic splitting. Thus, the iFEF index assigns a Na(-1) in the CCS solution and a
Na(o) in the OSS wavefunction. It is important to note that the AEq1, values do not
significantly change with the nature of the wavefunction. For instance, in the homolytic
splitting, the AE, values differ for approximately 2 kcal/mol, while the iFEF differs for
0.6 e.

Table 3. 5. EDA-NOCYV and iFEF values of the [NaBH3]- at PBE0-D3BJ/TZ2P//CCSD(T)/aug-cc-pVTZ level
of theory.

Wavefunction CCS 0SS
Splitting Heterolytic Homolytic Heterolytic Homolytic
OS Fragments Na(1-)/BH3(0) Na(o)/BHj(-1) Na(1-)/BH5(0) Na(o)/BHj(-1)
AEin: -18.6 -31.3 -21.0 -33.7
AEpquii 32.9 24.8 32.9 24.8
AEeistat -17.0 -38.1 -17.0 -38.1
AEgisp -0.7 -0.7 -0.7 -0.7
AEqp -33.7 -17.3 -36.1 -19.7
AEorp-ur 0.0 0.0 0.0 0.0
AEorb-corr -33.7 -17.3 -36.1 -19.7
<S2> 0.00 0.00 0.54 0.54
iFEF (Low) 0.63 1.08 0.70 0.44
iFEF (Hirsh) 0.44 0.66 0.56 0.24

The assignations obtained from the EDA-NOCV were contrasted with the EOS
method. In Figure 3.11 is depicted the EOS assignations with CSS and OSS together with
their frontier EFOs. For the CSS wavefunction, the EOS assigns a Na(-1) and a BH;(0)
with an R(%)=69.4. Inspecting the occupations of the EFOs (Figure 3.11, (B)), the
occupation of the s-orbital (0.562) of sodium fragment is higher than the p-orbital on
BH; (0.368), assigning the two o-electrons to the sodium atom. In the case of the OSS
wavefunction, the EOS assigns Na(o) and BH;(-1) with an R(%)=93.5. Since the OSS
wavefunction is unrestricted, the a and f EFOs need to be analysed separately. The last
a electron is assigned to the s-orbital of the sodium atom and the last B electron is
assigned to the p-orbital of the BH;. Therefore, the two o-electrons are homolytically
assigned, in perfect agreement with the diradicaloid character of the [NaBH;]- molecule.
Again, the EOS assignations are in perfect agreement with the iFEF minimization
criterion, proving its robustness towards biradical systems and the type of wavefunction.
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(A) EOS assignation with CSS and 0SS WF (B) Frontier EFOs in CSS WF (C) Frontier EFOs in 0SS WF
& B O ;
= ¢ W
CSS 0SS 4
Na -1 0
Occ = 0.562 Occ(a) = 0.843 Occe(B) = 0.248
BH. [}] -1

3
R(%)  69.4 93.5

c B il <l

Oce = 0.368 Occ(a) = 0.105 Occe(B) = 0.684

Figure 3. 13. (A) EOS analysis of the [NaBH3]- at PBE0-D3(BJ)/def2-TZVPP//CCSD(T)/aug-cc-pVTZ level
of theory using OSS and CSS wavefunctions. (B) Frontier EFOs using CSS wavefunction. (C) Frontier EFOs
using OSS wavefunction. The occupied EFOs are highlighted in bold.
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CHAPTER 4— Aluminium borohydrides as
versatile building blocks

The synthesis of phosphaalumenes is one of the goals of this Thesis. To date, there is only
one synthetic protocol to prepare the Al=P bond, reported in the course of this Thesis.!39
In Scheme 4.1 is represented the synthesis of phosphaalumene 74, which consists of
reacting the (AlCp*), with a phopha-Witting reagent at 70°C in benzene.'3° The release

of trimethylphosphine (PMe;) yields the formation of the Al=P bond.
1/4 ( CP*)4 + AI‘*—“ . 70°C, CgDg - /AI‘

\ _ 4
Me, Me, Cp*

74
Scheme 4. 1. Reported synthesis of phosphaalumene 74.

Our synthetic strategy is based on the use of AI(IIT) and P(III) reagents, given
their easy accessibility and diversity of structures. In Figure 4.2 we show our initial
retrosynthetic analysis. We hypothesized that the p-elimination of a H, halide-
functionalized phosphanylalumane (86) could yield the Al=P bond (85). This type of
phosphanylalumanes bear a proton in the a-position of the phosphine and a halide on
the aluminium atom. Unfortunately, there are no synthetic procedures for synthesizing
this type of phosphanylalumanes supported with NacNac ligand. However, they are
known with other ligand systems.97-223 The synthesis involves a salt metathesis between
an alkali phosphide and a haloalumane. In this context, we rationalized that a salt
metathesis might be a good strategy to prepare 86 derivatives, using NacNacAlX. (X=Cl,
Br, I) and a primary boraphosphine (R.PH.BH;) as building blocks.

target molecule building blocks
Dip &7 Dip nucleophilic Dip BH,
_N/\ -./% felimination N\ / /Q& substitition —NI\ /X 4
A= — Al p— Al + '~
YN R “N TR, YN xR
Dip DipH Dip
85 86

Scheme 4. 2. Retrosynthetic analysis of targeted 85 (Ri=Aryl, alkyl, amine; Dip=2,6-di-iso-propylphenyl).

The first step consists of achieving the mono-substitution reaction using a
phosphorus nucleophile to isolate 86. To the date, the reported salt metathesis reactions
to prepare NacNac phosphanylalumanes undergo double substitution reaction (see
section 1.3). This is not exclusively happening with phosphorus nucleophiles. In Section
1.2, we have shown that most of the salt metathesis reactions undergo double
substitution (see Section 1.2). However, some of them can be controlled to mono-
substitution product. For instance, the salt elimination reaction between LiNMe, and
NacNacAlX, (X=Cl, Br, I) leads to the mono-substitution. Therefore, one might consider
adjusting the steric properties of the nucleophile to achieve the mono-substitution.
Alternatively, one may explore the tunning of the stereoelectronic properties of the
aluminium building blocks. The NacNac ligand offers the flexibility to modify the a- and
pB-positions with diverse types of substituents. Moreover, this ligand stabilizes
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aluminium with distinct types of functionalities, making it possible to evaluate different
types of aluminium building blocks.

In a salt metathesis reaction, the halides are the most common choice for leaving
group. However, one can consider other leaving groups such as pseudo-halides. In this
Chapter, we propose aluminium borohydrides as suitable building blocks for aluminium
chemistry. We demonstrate a good lability of the [BH,]- towards different types of
nucleophiles, including anionic and neutral. This synthetic route allows to control the
mono-substitution for most nucleophiles, having a vital relevance for the synthesis of the
H,X-functionalized phosphanylalumanes.

4.1 Synthesis and characterization of mono-
substituted boralumanes

The pseudo-halides refer to organic or inorganic substituents that exhibit reactivity akin
to halides. In a salt metathesis reaction, the pseudo-halides might function as a leaving
group. In some cases, the use pseudo-halides might afford better control in a substitution
reaction instead of halides.224 The aluminium pseudo-halides have been known for many
decades, however, they have been barely used for preparative proposes. We explore the
possibility of using pseudo-halides as leaving groups in salt metathesis reactions in
NacNac-supported alumanes. Our motivation was rooted in the serendipitous formation
of NacNac aluminium borohydride which presented metathetic reactivity towards
anionic phosphorus nucleophiles (see Chapter 5).

Firstly, we computationally scrutiny the leaving group quality of different halides
and pseudo-halides, namely triflate (TfO-), isocyanate (NCO-), isothiocyanate (NCS-)
and borohydride ([BH,]-). The latter is not a common pseudo-halide in organic or d-
block chemistry, but it is frequently used for salt metathesis reactions in f-bock
elements.®! Brook and co-workers described the metathetic reaction between Al(BH,);
and ethyl-lithium (see section 1.1.3), supporting the potential pseudo-halide behaviour
of [BH,]- in alumanes. Ayers and co-workers computationally examined the leaving
group quality of halogens in alkyl halides.225 They identified that the enthalpy of the
carbon-halide bond serves as an indicator to determine the leaving group quality.
Considering that the salt elimination reaction undergoes through a dissociative
mechanism, we examined the bond enthalpy (AH) of NacNacAlHX into the electrophile
[NacNacAlH]* (or electrofugal) and the leaving group X- (or nucleofugal) (Scheme 4.3).

/Dlp /Dip
—N H —N

\ AH, [ ®

—> —H +

N\ N

N N

\ \

Dip Dip

Electrofugal Nucleofugal

Scheme 4. 3. Model charge disproportion reaction of NacNacAlHX (X=H-, Cl, Br, I, TfO-, NCO-, NCS-,
[BH,]-, Dip=2,6-di-iso-propylphenyl).

Table 4.1 gathers the AH, considering different leaving groups. The pseudo-
halides TfO-, NCO- and NCS- display the highest AH. values (93.8 kcal/mol (X-=TfO-),
124.1 kcal/mol (X-=NCO-) and 109.7 kcal/mol (X-=NCS-)). These values are remarkably
higher than halides, which range from 68.7 kcal/mol (Cl-) to 51.6 kcal/mol (I-). The bond
enthalpy of X=Cl- and X=Br- are smaller than the C-X bond reported by Ayers et al. but
the X=I-is higher than C-I. Interestingly, the [BH,]- has the lowest AH, within the
pseudo-halides series (56.2 kcal/mol), aligning between bromine and iodine AH,. Thus,
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according to the AH. values, the [BH,]-is a promising leaving group in a salt metathesis
reaction. Remarkably, the dissociation enthalpy of [BH,]- is notably smaller than X=H-
(88.3 kcal/mol), predicting the enhanced lability of a borohydride with respect to the
hydride.

Table 4. 1. Reaction enthalpy (AH;) and vertical electron affinity (EA) of the nucleofugal X- at the B3LYP-
D3(BJ)/def2-TZVPP//B3LYP-D3(BJ)/def2-SVP level of theory. The energies are given in kcal/mol.

X AH,
H- 88.3
Cl- 68.7
Br- 59.0

I- 51.6

TfO- 93.8
NCO- 124.1
NCS- 109.7
[BH,]- 56.2

We explored the salt metathesis reaction between NacNacAl(BH,). (29) and
different type of anionic nucleophiles (Scheme 4.4). We started testing O-donor anionic
nucleophiles such as sodium tert-butoxide (NatBuO) and sodium 2-phosphaethynolate
(NaPCO). These nucleophiles form stable compounds with aluminium given the intrinsic
strength of the aluminium-oxygen bond. Therefore, they are a good starting point to
prove the pseudo-halide behaviour of borohydride in alumanes. The equimolar reaction
of 29 with NatBuO and NaPCO in diethylether at room temperature resulted in the
formation of a white precipitate identified as NaBH, (8(*'B)=-41.56 ppm). Upon filtration
and crystallization, the mono-substituted NacNac aluminium borohydride 87 and 88
are isolated in acceptable yields.

NaOtBu Di
2 hours P
Et,O, RT \
2 N AL (62%)
-NaBH, N ©
\
Dip
87
Dip Na(dioxan.e)z5 CO Dip
N BH, overnight N o0—C=
. 7 Et,0, RT S v (51%)
/o, /o,
8 BH, -NaBH, N\ BH,
Dip Dip
88
29
NaNC . Z /
D . 4
overnight N/ P N//C /Dlp //C
DME, RT N\ A 7N\ /N
-NaBH, \ N/ .‘.//BH + \ /e,
N N N\ AN
Dip Dip Cs
89 90

Scheme 4. 4. Salt metathesis reaction of 29 with NaOtBu, Na(dioxane).sPCO and NaNCS nucleophiles (Dip=
2,6-di-iso-propylphenyl, tBu = tert-butyl).

The compounds 87 and 88 were analysed by multinuclear NMR, FT-IR and SC-
XRD techniques (see Appendix IT). The *H-NMR spectrum of 87 exhibits two septets at
3.37 ppm (3Ju-u=6.27 Hz) and 3.50 ppm (3Ju-u=6.81 Hz) assigned to the methine protons
from the iso-propyl substituents from the Dip group. It agrees with the inequivalent
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substituents on axial and meridional positions of aluminium. We identify a singlet at
6=0.90 ppm corresponding to the magnetically equivalent methyl group from tert-butyl
group. The “B-NMR shows a well-resolved quintuplet resonance at §=-37.12 ppm (*J-
1=86.09 Hz), in agreement with a [BH,]- group. The chemical shift is slightly shifted
towards high field respect to 29 (§=-36.6 ppm).7®

Compound 88 displays similar *H-NMR features to 87. The coordination of PCO
was confirmed by 3'P-NMR featuring a singlet at 6=-319.4 ppm. It is in the range of
previously reported O-coordinated PCO alumane.22¢ Additionally, in 3C{*H}—-NMR is
identified a doublet signal at 148.9 ppm (*Jcp=3.16 Hz ), assigned to the quaternary
carbon of the PCO motif. The coupling constant *Jcp is similar to the salen-supported Al-
OCP (*Jcr =4.7 Hz) but smaller than to other main group and transition metal O-
bounded PCO compounds, which range from Jcp=9.8 Hz to *Jcp=17.6 Hz.2?7 In the FT-
IR spectrum is identified an absorption band at 1693.0 cm?, assigned to the C-O
stretching mode of the PCO motif. The “B-NMR spectrum displays a well-resolved
quintuplet signal at §=-44.37 ppm (*Jg-u=86.06 Hz) in agreement with a [BH,]- moiety.
The chemical shift is remarkably up-fielded, similar to ionic borohydrides species such
as [Na(15-crown-5)][BH,] (6=-43.7 ppm).228 The 7Al-NMR features a broad singlet at
0=+66.83 ppm (see Figure 4.1), which is more high fielded than 29 (§=+110.7 ppm).229

@«
N
O

10 100 9% 8 70 60 50 40 30 20 10 O -10 -20 -30 -40 -50 -60 -70 -80 -90 -100
Figure 4. 1. 27A1-NMR (104.3 MHz,293 K) of compound 88 in CsDs in the range of 110 ppm to -110 ppm.
Single crystals suitable for XRD of compounds 87 and 88 were obtained from
saturated solutions in diethylether. The structures showed a tBuO and PCO substituent
on the aluminium atom (Figure 4.2). In both complexes, the aluminium adopts a
distorted tetrahedral geometry (for 87, N2-Al1-N1=96.1(6)° and O1-Al1-B1=115.4(7)°;
for 91, N2-Al1-N1=98.8(4)° and O1-Al1-B1=111.7(7)°). The tBuO group occupies the
equatorial position while PCO is O-coordinated on the axial site. Those differences are
presumably regarded to steric hindrance. The Al-O distance in compound 87 (Al1-
01=1.696(2) A) is marginally shorter than reported Al-O distances in S-diketiminate
alumanes.2s° Notably, the Al-O distance (Al-O=1.781(6) A) of compound 88 is
remarkable longer than 87, exhibiting a difference of 0.14 A. The distance between Al---B
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ranges from 2.158 A (87) to an extremely short 2.064 A (88). The latter distance aligns
in the range of single (Al-B = 2.11 A) and double bond (Al=B =1.91 A ).23t.232 Interestingly,
it is close to the B=Al double bond length (Al-B=2.069(2) A) of the compound
[(CAACPP)PhB=AICps!] reported by Braunschweig and co-workers.233

The [BH,]- has a very rich coordination chemistry, displaying !, k2 and «3
coordination modes. In TM borohydride chemistry, the TM:--B distance is related with
the coordination number of the BH,.234 In general, the short TM---B are related with
higher coordination number. The good quality of the crystals allowed to allocate the
hydrides of the BH, moiety on the electron density Fourier map, enabling the
characterization of the hapticity type. Compound 87 revealed a k2 coordination towards
aluminium bearing identical Al-H distances (Al1-H1D=1.732(6) A and Al1-H1C=1.732(6)
A). The %2 coordination is typically found in other aluminoborates.?s 77 229 It calls our
attention that the BH, coordination in 88 has a k3 mode. It bears two almost equivalent
Al-H distances (Al1-H1=1.813(4) A and Al-H2=1.850(1) A) and a longer Al-H distance
(Al-H3=1.969(8) A). The x3 coordination is not common in aluminium chemistry.
However, some examples are found in s-block, such as [Na(15-crown-5)][BH,],
(TMEDA)Mg(BH,). or [Ca(BH4)(THF);]BPh,,228 235 236 and early transition metal
complexes.5°

Figure 4. 2. Solid state structure of 87 (left) and 88 (right). Thermal ellipsoids set to 50% probability.
Selected experimental bond lengths in A and angles in degrees. Compound 87: Al1-01=1.6962(15), Ali-
B1=2.158(3), Al1-H1D= 1.7327(537), Al1-H1C= 1.7327(537), B1-H1D=1.1110(592), B1-H1C=1.1110(592), Al1-
N1=1.89926(11), Al1-N2=1.8276(11), B1-Al1 = 2.158(3), B1-Al1-O1=115.48(11), N1-Al1-O1=112.16, N2-Al1-
01=112.16, N1-Al1-B1=109.60(7), N2-Al1-B1=109.61(7); Compound 88: P1-C30 1.549(1), C30-01=1.256(6),
0O1-Al1= 1.781(6), Al1-B1 2.064(3), Al1-N2 1.876(9), Al1-H1 1.813(4), Al1 —H2 1.850(1), Al1-H3 1.969(8), B1-
H3=1.028(4), B1-H2=1.157(2); B1-H1=1.166(4); B1-H4=1.018(6); C30-01-Al1=141.3(6); Al1-N11.870(9) , O1
—Al1 — B1=111.7(6), O1-Al1-N2=103.6(4) , O1- Al1-N1=105.12.

The FT-IR spectroscopy is an important technique to characterize transition
metal borohydrides. Due to the difficulties in locating the hydrogen atoms in X-ray
diffraction, the FT-IR analysis has been useful to determine the coordination number of
[BH,]- in monomeric transition metal borohydrides.5¢ The bridging hydrogens (Hp)
weaken the B-H bond while the terminal (H;) B-H bond is strengthened. Therefore, the
B-H stretching bands help to determine the hapticity of the [BH,]- group (Scheme 4.5).
The k*-coordination displays two bands in the region of 2300-2450 cm™ assigned to the
stretching of B-H; while B-Hjy, stretching absorbs at 2000 cm. The k2-coordination mode
can be identified as doublet from the B-H}, stretching between 1650-2150 cm™ and the B-
H; at the region of 2400-2600 cm. Finally, the x3-coordination is identified by an
absorbance between 2450-2600 cm, which is assigned to the B-H; stretching and a
doublet between 2100-2200 cm™, assigned to B-Hjy, stretching.
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k!-coordination k2-coordination i>-coordination
H H
— H; H, 7t b,
M HbB/\ M (B\H M Hy>B—H,
Ht/ H; Hb t H;
v(B-H;)=2300-2400 cm™ v(B-Hp)=2400-2600 cm v(B-Hp)=2450-2600 cm™
v(B-Hp)=2000 cm™ v(B-H},)=1650-2150 cm’* v(B-Hp)=1650-2150 cm™

Scheme 4. 5. Coordination modes of [BH,4] ~ and the B-H stretching modes (M=transition metal).

In Figure 4.3 are plotted the FT-IR spectra of 87 and 88 (black lines) together
with the simulated IR spectra (red lines). The FT-IR of 87 reveals two signals at 2195.7
and 2277.9 cm?, assigned to the B-H; stretching, and another doublet at 2404.8 cm™ and
2477.1 cm™, assigned to the B-H; stretching. In the case of 88, we can identify three bands
at 2498.8 cm?, 2318.6 cm* and 2169.5 cm™. We computed the IR spectrum at the
B3LYP/def2-SVP level of theory. The obtained geometries reveal a k2-coordination for
87 and x3-coordination for 88, in agreement with the SC-XRD analysis. The simulated
spectra are in good agreement with the experimental ones. In the case of 87, the bands
at 2404.8 cm™ and 2477.1 cm™ are assigned to the symmetric and asymmetric stretchings
of the B-Hy, while the signals at 2404.8 cm™ and 2477.10 cm™ correspond to the B-H;
stretchings. In the case of 88, the simulated spectrum assigns the band at 2498.8 cm™to
the stretching of B-H; bond. One B-Hj, stretching is assigned to the signal at 2318.6 cm™
and symmetric and antisymmetric stretchings of the B-Hy, bonds are assigned to the band
at 2169.5 cm™. The B-Hy, stretching bands can be distinguished from those of B-H:.
However, the differences are not as pronounced as those found in TM borohydrides. In
compound 87, the band at 2404.8 cm™ is assigned to the terminal B-H. In compound
88, one of this bands is shifted to 2318.6 cm, reflecting the bridging configuration of
the B-H bond.

87 88
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Figure 4. 3. Experimental and simulated FT-IR of compound 87 (left) and 88(right). The computed spectra
(red line) are at the B3LYP-D3(BJ)/def2-SVP level of theory. The blue lines indicate the vibrational mode.

We also explored the equimolar reaction between 29 and NaNCS nucleophile,
obtaining a mixture of compounds. The 'H-NMR revealed to singlets at §=4.77 ppm and
6=4.67 ppm corresponding to the proton in y-position of the NacNac backbone in a ratio
of 8:2. The major product displayed two septets at §=3.48 ppm and §=3.02 ppm,
consistent two different substituents on aluminium, and the minor product presented a
one septet at =3.17 ppm, in agreement with two identical substituents on aluminium.
Thus, the 'H-NMR data suggests the formation of the mono- and di-substitution
products (89 and 90). Additionally, the *'B-NMR shows high field quintuplet resonance
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at -42.26 ppm, similar to the chemical shift of 88 (6=-44.37 ppm). The incorporation of
NCS-of 89 and 90 is further supported by FT-IR. The two absorption bands at 2068.70
and 2050.83 cm™ are assigned to the NCS- stretching vibrational modes, which are blue-
shifted with respect to NaNCS (v=2074 cm® and v=2057 c¢m™).237 Unfortunately,
compound 89 could not be isolated presumably due to the similar solubility with 9o. In
order to confirm the formation of the di-substituted product, we reacted 29 with an
excess of NaNCS in DME (Scheme 4.6). The *H-NMR showed one singlet resonance at
8=4.67 ppm, assigned to the proton in y-position of the NacNac backbone, and a septet
resonance at 6=3.17 ppm (Ju.u =6.72 Hz), assigned to the methine proton from iso-
propyl substituents from Dip group. Additionally, the *B-NMR is silent supporting the
double salt metathesis reaction. The chemical shifts are in agreement with the ones
reported by Roesky and co-workers, who synthetized 90 by reacting NacNacAl(I)
carbenoid with two equivalents of AgNCS.238 Compound 90 was isolated in 53% yield,
which is lower than the one reported by Roesky and co-workers.238

. exc. NaNC . 7%

Pip 12 hours pip C

—N ,BH —N

\ / 4 DME, RT \ 2/ (53%)
N B 537%

VAR /0,

\ N BH -2 NaBH, \ N N

\ 4 N

Dip Dip C\

29 90

Scheme 4. 6. Synthesis of compound 90 (Dip= 2,6-di-iso-propylphenyl).

The reactivity of [BH,]- as leaving group was also examined with neutral
nucleophiles such as NHCs. Compound 29 was reacted with two equivalents of NHCMeiPr
in diethylether at 40°C in a pressure tube (Scheme 4.7). We observed the immediate
formation of a white precipitate which we identified as a carbene-borane adduct 92
(6(*B)=-34.86 ppm, Jpu=87.8 Hz), featuring similar “B-NMR with analogous
compounds.239 After workout, the Lewis base stabilised aluminoborate 91 was obtained
as white solid in 55% yields. The *H-NMR spectrum agrees with the inequivalent
substituents on aluminium. We identified two doublets are at 3.99 ppm (*Ju-u=1.03 Hz)
and 3.23 ppm (*Ju-n=1.02 Hz), suggesting the —CH. group in the NacNac backbone.24°:
241 The latter is supported by BC{*H}-NMR and 3C-DEPT135 (6=83.64 ppm) (See
Appenix I, Figure A-I1.26 and Figure A-II.28). “"B-NMR features a broad signal at -36.28
ppm with an insignificant shifting respect to the starting material 29 (6=-36.6 ppm).7°
The coordination of the NHCMeiPr was confirmed by 3C{*H}-NMR. The carbenic carbon
is identified at +165 ppm, which is slightly low-field shifted compared to the free carbene

(160.7 ppm).242
iPr~NJ\/

i w
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Scheme 4. 7. Synthesis of compound 91 (Dip=2,6-di-iso-propylphenyl, iPr=iso-propyl).

Single crystals of 91 were obtained in diethylether at -30 °C. In Figure 4. 4 is
depicted the crystal structure of 91. The aluminium adopts a distorted tetrahedral
coordination (N1-Al1-N2=102.4(1)° and C30-Al1-B1=105.9(3)°) where NHCMeiPr jg
placed on the axial position. The distance between aluminium and carbenic carbon (Al1-
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C30=2.061(4) A) in the expected range of NHC stabilised alumanes.243 The [BH,]- is
located at the equatorial position bearing a Al-B distance of 2.243(6) A. Interestingly, it
is drastically longer than the Al---B distance of 87 (2.158(3) A),and 88 (2.064(3) A). The
asymmetric Al-H distances (Al1-H1=1.876(6); Al-H2 1.728(2)) and the long Al---B
distance suggest a k* coordination. The Al-N distances are almost equal (Al1 — N2
=1.842(8) A and Al-N1 = 1.843(8) A) similar to the hydride analogues.24! The terminal C-
C bonds of the NacNac backbone are inequivalent, 1.502(3) A and 1.358(3) A, which
confirms a single and double bond, respectively.

Figure 4. 4. Solid state structure of 91 Thermal ellipsoids set to 50% probability. Selected experimental and computational
[B3LYP-D3(BJ)/def2-SVP] bond lengths [A] and bond angles [°]:Al1-C30 2.061(4) [2.065], Al1-N2 1.842(8) [1.857], Al1-N2
1.843(8) [1.865], Al1 — B1 2.243(6) [2.216], Al1-H1 1.876(6) [1.884], Al1-H2 1.728(2) [1.823], Al1-H3 2.754(4) [2.278], C30-Al1-
N2 116.9(9) [115.3], C30- Al1-N1105.9(3) [103.7], C30-Al1-B1 108.8(2) [109.5].

4.2 Mechanistic insights on the formation of 91

The NHCs are known to be good nucleophiles but they can also react as a Bransted-bases.
For instance, Schulz and co-workers reacted 2 equivalents of NHC with NacNacGaCl.
yielding NacNacGa(NHCP™e¢)C] (Scheme 4.8). The NHC®™™e reacts both as a Brensted
and Lewis base.244

ipp cr
Dip Dip N\ H |
N a : N b ® K
-\ /A 2 NHC!PrMe i I\{ + lPr\N/ N/‘Pr
. e . ip
N N “a v a7 H
\
Dip Dip

Scheme 4. 8. Synthesis of NacNacGa(NHCP*™e)C] (Dip=2,6-di-iso-propylphenyl, iPr=iso-propyl).

In this context, we decided to decipher whether the NHCP™e reacts as a Bronsted-
base or Lewis-base (or both) with 29. We started monitoring the reaction in CsDs at 40°C
with NMR spectroscopy. In Figure 4.5, we show the *H-NMR along different reaction
times. After 10 min of reaction, we can clearly identify the starting materials. For
instance, at 6=3.95 ppm, one can identify the septet signal of the methine proton from
the NHCP*™™e_ or the singlet signal from the C,-H of the NacNacAl(BH,). at 6=4.94 ppm.
Those signals decrease the intensity along reaction time while the signals assigned to
compound 91 increase, such as the singlet at 6=5.52 ppm assigned to the C,-H proton or
the two doublets at 6=3.27 ppm and 6=3.99 ppm assigned to the methylene group. At
the range of §=2.7 ppm to 6= -1.7 ppm, we observed a broad quadruplet consistent with
a compound bearing a BH; moiety. Additionally, we observed the formation of another
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compound (marked with a yellow star in the Figure 4.5), which has a similar spin pattern

as o1.
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Figure 4. 5. tH-NMR (400.1 MHz) along different reaction times between NacNacAl(BH4). and two
equivalents of NHC!P*™™e in Cg¢De.

We depict the “B{*H}-NMR at different reaction times in Figure 4.6. At 10 min.
of reaction time, we observed the singlet signal from 29 (§=-36.6 ppm) which decreased
along time. We observed the formation of two new boron species over the reaction time.
A broad signal at approximately 6=-36.5 ppm is assigned to 91, and the singlet at §=-
34.86 ppm is assigned to the carbene-borane 92. Those observations are consistent with
the *H-NMR. Additionally, there is the formation of one intermediate (marked with a
yellow star in Figure 4.6) which we could not determine its nature.
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Figure 4. 6. "B{*H}-NMR (128.4 MHz) along different reaction times between NacNacAl(BH,). and two
equivalents of NHC!P™e in Cg¢De.
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From the spectra presented in Figure 4.5 and Figure 4.6, we speculated the
formation of one intermediate and two side products. However, due to the overlap with
other species, we were not able to determine the nature of these compounds or gain an
understanding of the reaction mechanism. Thus, we considered performing blank
reactions to get a clearer picture on how the reaction proceeds. We started to evaluate if
the NHCPr™™e can deprotonate the methyl of the NacNac ligand. We thought of blocking
the nucleophilic substitution by decreasing the leaving group quality of the substituents
bonded to the aluminium atom. For example, the hydride is significantly worse leaving
group than [BH,]- (see Table 4.1). Thus, the nucleophilic substitution of NHCP™™e on
NacNacAlH. (9) is expected to be less prominent than with NacNacAl(BH,)..

On the course of the equimolar reaction of NacNacAlH, with NHCP™e in
diethylether at 40°C, we did not observe the formation of a white precipitate. In the 'H-
NMR of the crude, we did not evidence the deprotonation product (see Appendix II,
Figure A-11.45). The same observations was reported by Hill and co-workers.245 They
reacted NacNacAlH, with NHCP™e in toluene for 8 days at 80°C without noticing any
reaction.

/Dip

—N\ ,H NHCiPrMe

\ N, ~/H m’ No reaction
\Dip 40°C
9

Scheme 4. 9. Equimolar reaction of 9 with NHCP*™Me (Dip=2,6-di-iso-propylphenyl).

To comprehend the role of the [BH,]- in the nucleophilic substitution, we
considered reacting NHCP™e with NacNacAlH(BH,) (92). This reaction ensures the
involvement of only one [BH,]- unit in the reaction. Unfortunately, the synthesis of
NacNacAlH(BH,) is not reported to the date. Crimmin and co-workers prepared series
of NacNacAlHX (X=halide) by exchange reaction between NacNacAlH. and
NacNacAlX,.24¢ By following similar protocol, the NacNacAlH. and NacNacAl(BH,).
were reacted in benzene at 70°C for 3 hours obtaining the NacNacAlH(BH,) (93) in 87%
yield (Scheme 4.10). The *H-NMR of 93 displays two overlapped septets at 3.34 ppm and
3.27 ppm which indicates the inequivalent substituents on aluminium. In the FT-IR, we
observed two broad bands at 2453 cm™ and 2178.6 cm, assigned to the B-H stretching
modes, and the band at 1890.3 cm™ assigned to the Al-H stretching.

Dip Dip Dip
/ / N/ H
——N\ ,BH4 —N\ ,H 3 hours R 4
. 2 -
\ /Y + \ /o, \ /o
N BH, N H 70°C, benzene N BH,
Dip Dip Dip
29 9

93

Scheme 4. 10. Synthesis of 93 compound (Dip=2,6-di-iso-propylphenyl).

Single crystals of 93 were grown at -30°C in diethylether. The crystal structure of
93 is depicted in Figure 4.8. The aluminium presents a distorted tetrahedral geometry
(N1-Al1-N2=96.4(4)° and H1-Al1-B1=107.1(4)°). The [BH,]~ is bounded to the equatorial
position of aluminium. The aluminium-boron distance is 2.200(7) A in the range of x>-
coordination. The hydrides could be located on the electron density map. The Al-H1
distance (1.480(1) A) is shorter than Ali-H4 and Al-H3 (1.760(2) A and 1.756(8) A,
respectively). The bridging hydrides present longer B-H distances (B1-H4=1.599(8) A
gnd B1-H3=1.119(5) A) than the terminal B-H (B1-H6=1.117(7) A and B1-H5=0.995(2)

).

79



Chapter 4 — Aluminium borohydrides as versatile synthons

Figure 4. 7. Solid state structure of 93. Thermal ellipsoids set at 50% probability. Selected experimental and
computational [B3LYP-D3(BJ)/def2-SVP] bond lengths [A] and bond angles [°]: Ali-N1=1.890(2), Al1-
N2=1.891(8), Al-B=2.200(7), Al1-H1=1.480(1), Al1-H4=1.760(2), Al1-H3=1.756(8), B1-H4=1.599(8), B1-
H3=1.119(5), B1-H6=1.117(7), B1-H5=0.995(2), N1-Al1-N2=96.4(4), H1-Al1-B1=107.1(4)).

We proceeded to equimolarly react NHCP™e with 93 for two hours at 40°C in
diethylether. We observed the formation of compound 94, which was previously
reported by Roesky and co-workers.2#

Dip Pr=N"Y Dip
___N/ H ) /Dip "Ll\{ N/ H
\ / NHCPrMe N ¥ i N\ /
\ e TEom % () fos
N BH, 2% /o, §
N 40°C N H N\ BH,
Dip Dip Dip
93 94 93

Scheme 4. 11. Blank reaction of compound 96 with one equivalent of NHC®™Me (iPr=iso-propyl, Dip=2,6-di-
iso-propylphenyl).

In Figure 4.9, we show the :H-NMR of the reaction crude from Scheme 4.11 (red
spectrum) together with tH-NMR of the starting material NHC!P™e (green spectrum) and
93 (blue spectrum). The septet at §=3.95 ppm of the methine protons of the iso-propyl
groups from NHCP™e js not identified in the reaction crude after two hours of reaction.
However, we identified the singlet at 6=4.88 ppm assigned to the proton on y-position
of the NacNac ligand, indicating the presence of unreacted 93. At §=3.98 ppm and
6=3.31 ppm, two doublets (*Ju.n=1.16 Hz) are recognized, similar to 91 (6=3.99 ppm (*Ju-
1=1.03 Hz) and 6=3.23 ppm (Jun=1.02 Hz)). Those signals are assigned to the
methylene group of the backbone. Surprisingly, we did not observe the formation of
carbene borane adduct (92) which is observed in the reaction from Scheme 5.7.
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Figure 4. 8. Stacked 'H-NMR (400 MHz,297 K) of the reaction crude, NHC*™e and 93 in benzene-de.

To confirm that nucleophilic addition proceeds with two equivalents of NHCiPrMe,
we reacted 93 to two equivalents 2.1 equivalents of NHCP™™e (Scheme 4.12).

DI PPr—=N"
_N\ /H > NHCiPrMe N\ iPr
\ Ni ’,BH4 Et,0, 10 min \ Ni .//H
(e}
Dip 40°C Dip
93 94

Scheme 4. 12. Blank reaction of compound 93 with one equivalent of NHC!P™e (iPr=iso-propyl, Dip=2,6-di-
iso-propylphenyl).

In Figure 4.10, we depict the stacked 'H-NMR spectra of the reaction crude of
Scheme 4.11 (red spectrum), NHC®™e (turquoise spectrum), NacNacAlH. (green
spectrum) and 93 (purple spectrum). We could not identify the signals of 92, indicating
the full consumption of the reagent. The doublets at 6= 3.98 ppm and 6= 3.31 ppm
suggest the presence of the methylene group, exactly found in Figure 4.9. The formation
of carbene-borane adduct was not detected by *H-NMR or “B{*H}-NMR. Therefore, it is
exclusively formed when two units of BH, coordinated to aluminum.
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Figure 4. 9. Stacked *H-NMR (400 MHz,297 K) of the reaction crude, NHC™e and 93 in benzene-ds.

In Figure 4.10, we stacked the *H-NMR of the reaction crude from Scheme 4.7
(turquoise spectrum) and Scheme 4.11 (red spectrum). We realized that the signals from
compound 94 can be identified in the crude of Scheme 4.8. For instance, the region
between 6 ppm and 5.5 ppm can be identified the C,-H from compound 91 but also the
Cy-H from 93 compound. Similarly, in the region between 0 ppm and 1 ppm we can
identify the doublets from 93 in the crude of Scheme 4.8. This implies that 93 is a by-
product during the synthesis of 94.

m A

T

80 75 70 65 60 55 50 45 40 35 30 25 20 L5 10 05 o
Figure 4. 10. Stacked *H-NMR (400 MHz,293 K) from the reaction crudes of 20 (turquoise spectrum) and
96 (red spectrum) with two equivalents of NHCiPrMe,
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Based on the blank reactions, we confirmed that the nucleophilic addition
requires two equivalents of NHC™™e to proceed. The minor product observed on the
reaction crude is assigned to 94 and the formation of the carbene-borane adduct 92 is
only observed in the reaction of NacNacAl(BH,). with two equivalents of NHCPrMe, A]]
in all, we suggest the reaction mechanism plotted in Scheme 4.13, which explains the
formation of 91, 92 and 94. On the one hand, the NHC™e could be inserted to the
aluminium forming a pentavalent aluminium complex. Then, a second molecule of
NHCiP™Me could deprotonate this intermediate yielding 91. Alternatively, a BH, could be
displaced through the nucleophilic insertion of NHCP™e which might further
dehydrogenate the methyl on the backbone forming the carbene borane adduct. The
latter pathway seems improbable because the signal of H, (6=4.47 ppm)247 was not
identified in the reaction crude (Figure 4.5). The formation of the carbene-borane adduct
might also stem from an Sx2 reaction between NHCP™e and 29 forming the compound
93 and carbene borane adduct. Subsequently, compound 93 might undergo nucleophilic
substitution with 2 equivalents of NHC!P™e resulting in the formation of compound 94.
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Scheme 4. 13. Plausible mechanisms on the formation of 91 and 94.

The viability of the proposed mechanism was explored through quantum
chemical calculations. The Gibbs energy profile is plotted on Scheme 4.14 at
(CPCM:Et.O)-DLPNO-CCSD(T)/cc-pVTZ//B3LYP-D3(BJ)/def2-SVP level of theory
(see Appendix II, Table A-II.7). We considered the front side approximation of NHCPrMe
towards 29 to form the Van der Waals complex RC1 (AG,=+11.5 kcal/mol). On the one
hand, it can undergo nucleophilic attack on the aluminium (TS1, AG*=18.4 kcal/mol) to
obtain a pentacoordinated aluminium INT1 (AG= +3.7 kcal/mol). The formation of
INT1 is only speculative since we could not detect by spectroscopic techniques. During
the insertion of NHCP™e_ 3 rotation of apical [BH,4]- takes place, changing from x2 to k-
coordination, while the [BH,] - in equatorial position remains in k2 coordination mode.
On the other hand, RC1 can proceed to BH; transfer (TS3, AG*=+24.5 kcal/mol),
leading to the carbene borane complex and 96 (AG.= -26.5 kcal/mol). The insertion of
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the NHCiP™Me js kinetically more favoured than the BH; transfer. Therefore, the
nucleophilic addition is predicted to be the most preferred path.

From the INT1, we have considered the deprotonation and dehydrogenation
pathways according to Figure 4.13. In the dehydrogenation pathway, we initially take
into account the detachment of [BH,]- in apical position of aluminium, forming INT2 in
an endergonic process (AG =+9.9 kcal/mol). Then, the dehydrogenation occurs (TS2,
AG= 29.9 kcal/mol) forming compound 94 and the release of H. and BH; (AG:= -32.4
kcal/mol). The BH; is trapped by a second molecule of NHCP™™e, In the deprotonation
pathway, a second molecule of NHC?™e deprotonates the INT1 through the TS6
(AG=28.2 kcal/mol) forming 94 and the imidazolium salt [NHC*M¢]BH, (AG: =-8.6
kcal/mol). The Gibbs activation energy for the dehydrogenation pathway (TS2,
AG*=26.6 kcal/mol) is higher than the deprotonation pathway (TS6, AG*=24.5
kcal/mol), suggesting that the deprotonation reaction is more prominent than the
dehydrogenation pathway. This agrees with the experimental observations where H, was
not identified in the reaction crude.

The activation energy of the deprotonation pathway (TS6, AG*=24.5 kcal/mol)
is the same as the BH; transfer reaction (TS3, AG*=+24.5 kcal/mol). Therefore, it
suggests that both reactions are in competition, supporting the formation of the carbene
borane adduct as a side product. The resulting compound 96 can also react with two
equivalents of NHCP™™e  as shown in Scheme 4.12, in agreement with the identification
of 91 in the reaction crude (Figure 4.5). As the nucleophilic insertion is more favoured
over the BH; transfer, the formation of 94 is less prominent than the formation of 91.

We also computed the deprotonation of the backbone with NHCP™e, Firstly, the
NHCPP™™e agpproximates to 29 from the back side to form RC2. Then, the deprotonation
occurs through TS4 (AG*=+21.2 kcal/mol) forming the imidazole salt. We also
considered the dehydrogenation of the imidazole, but it occurs with an unreachable TS5
(AG*=+63.3 kcal/mol) at 40°C. Thus, this pathway is discarded.
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Scheme 4. 14. Gibbs energy profile at (CPCM:diethylether)-DLPNO-CCSD(T)/cc-pVTZ//B3LYP-
D3(BJ)/def2-SVP level of energy. Relative energies are in kcal/mol. (iPr=iso-propyl).

4.4 Chemical bonding analysis of mono-substituted
boralumanes.

We observed that the substituent on aluminium influences the spectroscopic and
structural features of the [BH,]- (Figure 4.12). For instance, the B-NMR chemicals
shifts (6=-44.37 ppm (88) < 6=-37.71 ppm (93) < 6=-37.12 ppm (87) < 6=-36.28 ppm
(91)) appear more high-fielded when the Al---B distance is shorter (2.064 A (88) < 2.201
A (93) < 2.158 A (87) < 2.244 A (91)). Compound 88 attracted our interest because, on
the one hand, the [BH,]- displays a 3 coordination. To the best of our knowledge, this
coordination mode remained elusive in aluminium chemistry. However, Pozodeey and
Boldyrev predicted a k3 coordination of BH,in AIBH, model by means of DFT and ab
inito methods.248 On the other hand, the Al-B distance in 88 is remarkably short, in the
range of the B=Al distance (vide supra). Typically, the short distances are found in
multiple bonds. In the field of transition metal complexes, the multiple bonds have
attracted the attention for unusual bonding situations and their application for small
molecule activation or catalysis.249 The close proximity between two atoms is not always
an indication of multiple bond. Several systems bearing short distances between
beryllium atoms have been theoretically addressed.2so: 25t They are particularly
interesting because there is no formal Be-Be bond albeit the considerable proximity of
the beryllium atoms. In the case of beryllium hydrides, the bridging hydrogens push the
beryllium nuclei together, yielding a short atomic distance. Recently, Handlington
reported an anionic beryllium hydride dimer featuring remarkably short beryllium
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distances (Be--Be=1.836(4)A),25> which is shorter than the reported Be-Be bond
(2.0545(18) A). 253

/ 1 Al - B distance
{_ short long ‘

‘ 1B — NMR Chemical shift

; £
w s
W
¢ ¢
8('B)=-44.37 ppm 8(*'B)=-37.71 ppm 8('B)=-37.12 ppm 8(*1B)=-36.28 ppm
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Al-B (B3LYP-D3(BJ))=2.022 A Al-B (B3LYP-D3(BJ))=2.177 A Al-B (B3LYP-D3(BJ))=2.148 A Al-B (B3LYP-D3(BJ))=2.216 A

Figure 4. 11. "B-NMR resonances, X-Ray and computed Al---B distances of mono-substituted NacNac
boralumanes. The chemical shifts are in ppm and the distances are in A.

We firstly benchmark the geometries obtained from different levels of the theory,
namely BP86-D3(BJ), B3LYP-D3(BJ), M06-2X and wB97XD, in combination with def2-
SVP basis set. (See selected bond and angles in Appendix II, Tables A-II.2-5). Most of the
functionals converge to similar geometries but in compound 87 only the B3LYP-D3(BJ)
yields the proper coordination (k2) of the [BH,]- according to the SC-XRD data. The
BP86-D3(BJ), M062X and wB97XD underestimate the Al-B distance, which induces a
k3 coordination of the [BH,]-. Thus, we selected the B3LYP-D3(BJ) functional for further
analysis. We applied different chemical bonding tools, namely partial charges, bond
orders/delocalization index, 3c-electron-sharing index (3c-ESI), topological analysis,
and EDA-NOCV.

The partial charge of [BH,]- fragment is similar for all the considered compounds
and consistent with different AIM definitions (NAOs, QTAIM and TFVC). (see Appendix
II, Tables A-II.7-14). The bond orders and delocalization indexes suggest a low-covalent
character between Al and [BH,]-. Several authors have addressed the description of TM-
H-B bonds bearing a [BH,]- ligand with three-centre bond models.248. 254 In this context,
in Scheme 4.15 we show the three plausible bonding situations for the description of the
Al-H-B bond. The half-arrow notation was coined by Green et al. to distinguish between
the donation of a bond pair (half-arrow) to a lone pair (full-arrow).254 The first plausible
bonding scenario is the 3c-2e bond, which consists of two bonding electrons shared
among the three atoms. The diborane (B.Hs) is the archetypical molecule described with
this type of interaction. The second feasible bonding situation is the agostic or anagostic
interaction. The agostic bond was introduced by Brookhart and co-workers to explain the
coordination of a C-H bond to transition metals.255 This type of interaction is
experimentally characterized by a reduction of the *Jc.i in the coordination complex (*Jc-
1=70-100 Hz) respect with the free C-H (*Jc-u=125 Hz). If the 1Jc.u does not substantially
change, the interaction is considered anagostic. In the latter case, the interaction is
dominated by electrostatic interactions with a low covalent character. The last plausible
situation is the hydrogen bond which is unlikely to happen with the considered
aluminium borohydrides since the aluminium is in the oxidation state of +3.
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Scheme 4. 15. Schematic representation of the plausible bonding situations in Al-H-B bond.

The chemical bonding tools to characterize three-center bonds are quite diverse,
i.e. Natural Bond Orbitals (NBO), Adaptative Natural Density Partitioning (AANDP),
Electron Localization Function (ELF), among others. Recently, Garcia-Rodeja et al.
categorize the interactions of C-H bond with different transition metal complexes
applying the three-centre electron index (3c-ESI).25¢ For single determinant
wavefunction, the 3c-ESI is computed as

3¢~ ESI =4 ) ninymSyy (A1) (42)S i (43), (82)
i,j,k

where n;is the occupation of the i-th spin-orbital and S;;(4,) is the overlap between i and

J spin-orbitals in the A;.domain. The resulting values allow to distinguish between
agostic (3c-ESI>0.040), anagostic (0.040<3c-ESI<0.005) and hydrogen bond (3c-
ESI<0.005) interactions.

The 3¢-ESI values of Al-H-B from compounds 87, 88, 91 and 93 are gathered in
Table 4.2. We can clearly differentiate the bridging Al-H-B interaction, ranging from
0.025 10 0.029, from the non-bonding interaction, featuring values from 0.003 to 0.006.
In the case of 88, we identify three bridging interactions, which agrees with the «3-
coordination experimentally characterized, while 87, 91 and 93 we identify two bridging
interactions. According to the thresholds proposed by Garcia-Rodeja et al., the 3c-ESI
suggests that the interaction between aluminium and borohydride is anagostic,
independently to the coordination mode and the Al-B distance. As abovementioned, this
type of interaction is characterized with a discrete variation of the coupling constants
between the free and coordinated form. This is in agreement with the analysed systems
since Yp.n ({Jp-u =86.09 Hz (87), WJp.n =86.06 Hz (88); Jp.n=83.80 Hz (96)) do not
significantly change respect to the free [BH,]- ([Na(15-crown-5)] [BH,], Jg-u =77Hz).228
It is noteworthy that the thresholds proposed by Garcia-Rodeja et al. are based on the
interaction between a C-H bond and a TM. Thus, the anagostic assignation is a bit
speculative because the Al-H-B interaction might have different thresholds. As a
comparison, we computed the 3c-ESI of B.Hg. The 3c-ESI values of the B-H-B bond are
0.066, almost three times higher than the Al-H-B. Therefore, the 3c-ESI suggests that
the interaction between aluminium and the borohydride is far from the covalent

situation.
Table 4. 2. 3¢-ESI of Al-H-B of compounds 87, 88, 91 and 96 using QTAIM atomic definition at the B3LYP-
D3(BJ)/def2-TZVPP//B3LYP-D3(BJ)/def2-SVP level of theory.

87 88 91 93
Al-H,-B 0.027 0.029 0.029 0.029
Al-H,-B 0.028 0.029 0.025 0.029
Al-H;-B2 0.006 0.024 0.003 0.004

aIn the case of 91, it should be considered as Al-Hyp-B.

We decided to inspect the bonding situation from an energetic perspective by
making use of EDA-NOCYV. The energy components are gathered in Table 4.3 considering
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the [NacNacAIR]* (R=0tBu, OCP, H, NHCi’e) and [BH,]- as reference states. The
dissociation energy (-D.) of 88 is approximately 20 kcal/mol higher than the rest of the
compounds. Even though 88 suffers a higher preparation energy (AE,.p) penalty, it is
compensated with a stronger interaction energy (AEi:). The electrostatic energy (AEeicct)
is the main stabilizing contribution (c.a. 60%), expected for an anagostic interaction.2s
Interestingly, the magnitude of the AE...: is almost constant within the considered
systems. We observed noticeable differences in the Pauli repulsion (AEpwui) and the
orbital relaxation (AE,) energies. As a general trend, we observed that the short Al-B
distances are due to a low AEpui and a more stabilizing AE, while the long Al-B
distances bear higher AEp..;;i and weaker AE,.

Table 4. 3. EDA-NOCYV of compounds 87, 88, 91 and 93 at B3LYP-D3(BJ)/TZ2P//B3LYP-D3(BJ)/def2-
SVP level of theory. All energies are given in kcal/mol.

87 88 91 93
AEin -159.0 -194.1 -157.1 -157.7
AEpquii 119.5 109.4 126.9 116.4
AE -173.2 -177.6 -173.1 -170.6
elect (62.2%) (58.5%) (60.9%) (62.2%)
AE s -11.4 -10.1 -12.9 -9.4
dsp (4.1%) (3.3%) (4.6%) (3.4%)
AEqp -03.8 -115.8 -97.9 -04.1
AEqp-corr -0.1 0.0 -0.1 0.0
ABorpcom -93.9 -115.8 -08.0 -04.1
oro-eerr (33.7%) (38.2%) (35.5%) (34.3%)
AE. b -44.7 -54.6 -48.2 -47.7
orb-4p) (47.7%) (47.2%) (49.2%) (50.7%)
AE b -17.4 -19.0 -17.2 -18.1
orb-4p(2) (18.6%) (16.4%) (17.6%) (19.3%)
AE b -8.0 -16.2 -7.4 -7.6
orb-4p(3) (8.5%) (14.0%) (7.6%) (8.1%)
AE b -23.7 -26.0 -25.1 -20.6
orb-rest (25.3%) (22.5%) (25.7%) (21.9%)
AEprep 28.7 42.1 32.1 20.3
-D. -130.3 -152.0 -125.1 -137.4

The orbital relaxation is the second most stabilizing contribution, encompassing
40% of the stabilizing energy. The splitting of AE,+ into NOCV bonding channels
contributions reveals three main orbital interactions: AEorb-ap), AEorb-ap(2) and AEorb-ap(s).
Together, these interactions account for 75% of the orbital interaction (Table 4.4).
Analysing the shape of the deformation densities of each bonding channel, we can
categorize the interaction according to their symmetry (see Appendix I1, Figures A-I1.49-
52). We identify two o- interactions, arising from the interaction of [BH,]- with the p-
orbital from aluminium (AEorb-ap)) and the o*(Al-R) orbital (AEorb-ap9), and a m-
interaction originated from the out-of-phase combination of the 6*(Al-N) orbitals (AE,+-
2p(2) (See Figure 4.8). The o-interaction between the p-orbital of aluminium with [BH,]-
is the most stabilizing bonding channel, accounting for approximately 50 % of the AE+.
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Figure 4. 12. Main fragment orbitals involved in the interaction with [BHy4]-.

We analysed the fragment orbital energies to rationalize the differences in the
obtained bonding channels (Figure 4.16). The interacting orbitals from the [BH,]-
fragment do not substantially change among the tested complexes (Figure 16,B). The free
[BH,]- has a Tq symmetry, in which the three t. orbitals are degenerated. However, the
degeneracy is lost because the [BH,]- is distorted upon coordination to aluminium. We
found that the orbitals of the [NacNacAlR]* fragment are more informative in
understanding the AE,; of the different bonding channels (Figure 14, A). The energy of
the empty p-orbital of aluminium, ranging from -8.00 eV to -6.27 eV, is lower than the
0*(Al-R) and 0*(Al-N), ranging from -4.11 eV to -2.26 eV. We observed that the 6*(Al-R)
and 0*(AI-N) orbital energies do not follow a clear trend with the Al-B distance while the
energy of the empty p-orbital of aluminium follows a trend with the Al-B distance. For
shorter Al-B distances, the empty p-orbital of aluminium is more stabilised, whereas
longer Al-B distance leads to higher energies of this orbital.

(A) Molecular orbitals for [NacNacAlIX]* fragment (B) Molecular orbitals for [BH, 4] fragment
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Figure 4. 13. (A) Main fragment orbitals diagram of the [NacNacAIX]* fragment; (B) Main fragment orbitals
diagram of [BH,]- fragment.

4.4 Synthesis and characterization di-substituted
alumanes

We also explored functionalization of mono-substituted NacNac boralumanes.
Since these molecules bear a [BH,]- moiety, they can be potentially functionalized with
nucleophiles. We attempted to functionalize 90 with an excess of NaPCO.
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Scheme 4. 16. Nucleophilic substitution of 87 with NaPCO. (Dip=2,6-di-iso-propylphenyl)

The incorporation of the PCO anion was supported by NMR spectroscopy. On the
one hand, 3'P-NMR reveals a singlet at §=-321.72 ppm which is slightly high-field shifted
with respect to 91 (§=-319.36 ppm). The chemical shift indicates that the PCO is bound
through the oxygen atom. On the other hand, “B-NMR is silent suggesting that the salt
metathesis has occurred. The FT-IR reveals an absorption band at 1715 cm* (Appenix I,
Figure A-11.40) assigned to the CO stretching from PCO. Moreover, we could determine
an impurity of approximately 20% accordingly to NMR data which we could not replace
(Appenix II, Figure A-I1.36).

We attempted to crystalize the major product via slow evaporation in
diethylether. Compound 95 was identified in the in the crystal lattice together with 96.
This data confirms the nucleophilic substitution of NaOCP. As predicted in the 3'P-NMR,
the OCP is bounded through the oxygen on the axial place of aluminium. The Al-O
distances (Al1-02=1.732(6) A and Al1-O1=1.677(4) A) are slightly shorter than the
boralumanes analogues 87 (Al-0=1.696(2) A) and 88 (1.781(6) A). The OCP is placed in
an slightly bent coordination (Al-O-C=162.4(1)°) which clearly differs from 88, where
the coordination is more angular (Al-O-C= 143.3(6)°). In gas phase DFT calculations
revealed that Al-O-C angle is around 140° which slightly differs depending on the
functional used (see Appendix II, Table A-II.6). The obtuse Al-O-C angle might be
attributed to the intermolecular interactions in the crystal lattice. The OCP moiety is
almost perfectly lineal (O-C-P=178.8(2)°). The O2-C20 distance (1.210(0) A) is shorter
than C-O in 88 (1.256(6) A), meanwhile C20-P1 (1.560(8) A) is elongated respect to the
C-P in 88 (1.549(1) A). The linear coordination of PCO is not common in p-block
elements since they tend to bound in a bent fashion.

Figure 4. 14. Solid state structure of 95. Thermal ellipsoids set to 50% probability. Selected experimental
bond lengths [A] and angles [°]: Al1-01=1.677(4), Al1-O2=1.732(6), Al-N1=1.874(4), Al-N2=1.874(4), C20-
02=1.210(0), C20-P1=1.560(8), 01-C16=1.413(6), Al1-0O2-C20=162.4(1), 02-C20-P1=178.6(9), Al1-O1-
C16=140.8(9).
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CHAPTER 5 — Tailoring phosphanylalumanes
towards the synthesis of phosphaalumene

The synthesis of H, halide-functionalized phosphanylalumanes compounds is of
high interest because the phosphorus and aluminium atoms bear a substituent that
enables subsequent functionalization. For our propose, they serve as building blocks for
synthetizing the Al=P bond via f-elimination reaction. The synthesis of H, halide
phosphanylalumanes supported by a NacNac ligand has not been reported to the date.
However, these types of compounds have been reported with different ligand systems.
For instance, Tokitoh and co-workers prepared H, halide-functionalized
phosphanylalumanes via salt metathesis of the corresponding phosphine and aluminium
halide (see Section 1.3). In this context, we hypothesized that the salt metathesis of the
NacNacAlX, (X=Cl, Br and I) and the lithiated boraphosphines (RPHLiBH;) would yield
the desired phosphanylalumane (Scheme 5.1). The NacNacAlX. have been
functionalized by many types of anionic nucleophiles including phosphines (See sections
1. 2 and 1. 3), and the lithiated boraphosphines are easily accessible.25® In this Chapter,
we focus on the synthesis of NacNacAIXPHR (X=halogen, pseudo-halide) compounds,
which is the required synthon to prepare the targeted phosphaalumene through S-
elimination. Afterward, we explore the -elimination reaction for the different types of
phosphanylalumanes.

Dip Dip
; BH ;
3
7N\ ;X f 7N\ )X
AL + [ 7 I e—— S, R
\ N X R \HLI _LiX \ N - -
N e H 3
Dip Dip
97

Scheme 5. 1. Proposed synthetic pathway to prepare H,halide-phosphanylalumanes (R=aryl, alkyl, amine;
X=Cl, Br or I). (Dip=2,6-di-iso-propylphenyl).

We tested the salt metathesis between aluminium halides (X=I,Br,Cl) and
lithiated boraphosphines in different conditions, but none of them lead to the desired
product. We were obtaining unidentified products or the RPH.BHj starting material. We
also considered the dilithated phosphides but did not achieve the targeted molecule.
Instead, we isolated solvent activation products or the primary phosphine. For example,
we attempted the salt metathesis of NacNacAll, with (iPr).NPLi,BH;, which is generated
in-situ -75°C in THF (Scheme 5.2). We observed the formation of a precipitate from the
reaction crude, presumably due to the salt elimination. In the tH-NMR, the broadness of
the signals did not allow us to identify the nature of the products, but, in 3*P-NMR a broad
singlet signal at 64.13 ppm. The chemical shift was too low-field shifted with respect to
other reported phosphanylalumanes, such as NacNacAl(H)(PPh.). (6(3'P)=-67.9 ppm)*
or NacNacAl(PPh,). (6(3'P)=-36.8 and -50.0 ppm),*° suggesting that the reaction
product does not bear the Al-P motif. The SC-XRD analysis displayed the 24-membered
ring as a product of the THF activation (98). Such reactivity has already been reported
in intramolecular Al/P Frustrated Lewis Pairs (FLP).2¢© The refinement of 98 could not
be completed due to the bad quality of the crystals. Thus, we could not make a proper
analysis of the structure. However, it was sufficient to prove that Lil elimination occurs,
suggesting the Al-P is eventually formed but it further reacts with THF through a ring-
opening reaction.
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Scheme 5. 2. THF activation during salt metathesis reaction (Dip=2,6-di-iso-propylphenyl).

Figure 5. 1. X-ray structure of compound 98.

Considering these outcomes from the salt metathesis reaction, we explored
dehydrogenation pathway as a suitable strategy to synthesize mono-substituted
phosphanylalumane. In section 1.1.2, we have exposed the ability NacNacAlH. to
undergo dehydrogenation reaction towards different types of protic substrates.
Moreover, in section 1.3, we have showcased the dehydrogenation reaction between
aluminium hydrides and primary phosphines is a plausible synthetic pathway for the
synthesis of phosphanylalumanes. Therefore, the dehydrogenation reaction is a priori a
good candidate to prepare the desired mono-substituted phosphanylalumanes. As a
drawback, it generally requires elevated temperatures or high pressures to promote the
hydrogen release. For instance, Scheer and co-workers synthesised the
NMe;AlH.PH.WCO; by refluxing in n-hexane (~70°C) an equimolar mixture of
NMe;AlH; with [W(CO);PH;].94

Our exploration of the dehydrogenation strategy started by reacting NacNacAlH,
with the PhPH,BH; in toluene (Figure 5.3, top). Remarkably, we observed the immediate
conversion of the starting materials at room temperature. The PhPH.BH; (§=-58.1 ppm)
is progressively consumed forming PhPH, (6=-126.3 ppm) with no indications of
dehydrogenation products (Figure 5.4, bottom-left). Additionally, in “B-NMR we
identified the formation of 93 (6=-37.71 ppm). These data suggests that PhPH,BH,
transfers the BH; to the NacNacAlH.. The deprotection of boraphosphines is well-known
but it is typically conducted nucleophiles such as secondary or tertiary amines.2¢* The
nucleophilic character of the Al-H bond is well-known in the literature (See Sections 1.1.1
and 1.1.2). For instance, Harder and Spielmann reported the double “BH;” transfer of a
sterically hindered primary boramine (DipNH.BH;) to NacNacAlH. yielding
NacNacAl(BH,).. More recently, a work led by Aldridge and Goicoechea showed the
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reversible formation of borohydride using {H(9-BBN)}. (9-BBN=9-bora bicyclo
(3.3.1)nonane) with series of NacNac aluminium hydrides. (See section 1.1.3 for further

details).
BH,
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Figure 5. 2. BH; transfer reaction of PhPH-BH; to NacNacAlH.. On the bottom left, 3'P{*H}-NMR in
different reaction times. On the bottom right, temporal conversion of the PhPH.BH;3based on 3'P{*H}-NMR
(Dip=2,6-di-iso-propylphenyl).

5.1 Synthesis and characterization of
(hydrido)phosphanylalumanes

In Chapter 4, we have demonstrated that borohydrides are good leaving groups for salt
metathesis reactions. In this context, we envisioned that we could take advantage of the
BH; transfer to prepare phosphanylalumanes. The NacNacAlH(BH,) could undergo salt
metathesis with an in-situ generated phosphide [RPH]- yielding the
phosphanylalumanes. We equimolarly reacted NacNacAlH. with different alkyl and aryl
boraphosphines in diethylether at room temperature. The reaction mixture was stirred
for 2 hours to ensure the complete BH; transfer. Then, the reaction mixture is treated
with one equivalent of NaHMDS leading to imminent colour change of the reaction crude
from colourless to yellow and the formation of a white precipitate. After filtration and
crystallization in diethylether, we isolated the (hydrido)phosphanylalumanes 99-102 in

good to acceptable yields (Figure 5.5).
. BH

/Dlp 3 . /Dip
N H 0 }.) Et,0, 2h, RT ¥ =
\ "y i) NaHMDS, 2h, RT \ 7
\1\1’"H + RN\ - N\ _/ xR
L H ‘NaBH, N H
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99 (R=Ph, 78%)

100 (R=Mes, 28%)

101 (R=Tip, 63%)

102 (R='Bu, 40%)

Figure 5. 3. Synthesis of phosphanylalumanes 99-102 (Dip=2,6-di-iso-propylphenyl, Ph=phenyl,
Mes=mesityl, Tip=2,4,6-tris-iso-propylphenyl, tBu=tert-butyl).
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The spectroscopic data is consistent with the formation of 99-102. The 3:P-NMR
displays a high fielded doublet signal at -155.32 ppm (99), -191.11 ppm (100) -192 ppm
(101), and -115 ppm (102). The chemical shifts are similar to other phosphanylalumanes
bearing an a-proton on the phosphine, such as Mes*(Cl)Al-PHMes* (6(3'P)=-133 ppm)
or NHCMe4(Bbp)(Br)Al-P(H)Mes (58) (6(3*P)=-157 ppm), but more shielded than the
NacNacAlH(PPh,) analogue reported by Nikonov and co-workers (8(3'P)=-67.85
ppm).2%2 The Jp. coupling constants range from Jp.u =182.7 Hz (102) to Jp.u =206.5
Hz (101), aligning well with other related compounds (*Jp.x =220 Hz (Mes*(CDAI-
PHMes*); Jp.u =206 Hz (NHCMe4(Bbp)(Br)Al-P(H)Mes)). The *H-NMR of compounds
99-102 revealed two septets corresponding to the methine proton of the iso-propyls
substituents from the Dip group. It is consistent with the inequivalent substituents on
the equatorial and axial positions of the aluminium. The hydride on aluminium could
not be unambiguously identified in the *H-NMR spectra due to the coupling with 27Al
nucleus. This phenomenon has already been observed with similar compounds.23 The
presence of the hydrides is confirmed by FT-IR where the typical Al-H stretching is
assigned (99: 1802.4 cm?; 100:1785.1 cm™; 101: 1822.3 cm™?, 102: 1793.3 cm™).262, 263

The 'H-NMR of 99 shows broad signals presumably due to the flexibility of the
NacNac ligand. The dynamic behavior of NacNac ligand has already been studied by
different authors. For instance, Hayes et al. studied the dynamic process of different
NacNac dialkyl scandium in toluene solution.264 They proposed that two out-of-plane
conformers interconvert in solution through a planar transition state (See Scheme 5.3).
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Scheme 5. 3. Schematic representation of the dynamic process of NacNac ligand (Dip=2,6-di-iso-
propylphenyl).

To explore the dynamic process of 99 in solution, we employed variable
temperature (VT) 'H-NMR. This experiment allows us to understand the dynamic
behavior of a molecule or to simplify the spectra if different conformers are present.
Moreover, the activation energy (AG*) to interconvert conformers can be approximated
with the VT— 'H-NMR. The exchange rate (ke.) is approximated using the equation

kexe = \/_ " where Av is the maximum split of the chemical shifts. By solving the Eyring

equation, one can obtain the AG* of the process (see Appendix III for further details).
Using this methodology, Hayes et al. reported the energy barriers of the different
NacNac dialkylscandium, ranging from AG*=8.2 kcal/mol to AG*=13.7 kcal/mol at the
coalescence temperatures between -60°C to 30°C. Nikonov and co-workers observed
similar dynamism for NacNacAl(PPh.). in toluene solution. They obtained an energy
barrier of AG*=17.0 kcal/mol at the coalescence temperature of 70°C.259

Figure 5.5 displays the :H-NMR spectra within the 4.0 ppm to 2.5 ppm range
across different temperatures spanning from 223K to 333K. (see Appendix III for the full
spectrum). Within this region, we identify the septet signals assigned to the methine
proton of the iso-propyl substituents from the Dip group. At slow exchange regime (low
temperature), we can identify two septets at 3.56 ppm and 3.11 ppm, and a multiplet
arising from two overlapped septets. Upon heating, the three septet signals collapse into
two, consistent with the interchange of two conformers of 99. The energy barrier was
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approximated to AG*=12.2 kcal/mol at a coalescence temperature of 253K. It is nearly 5
kcal/mol lower than the reported barrier of NacNacAl(PPh.). (AG*=17.0 kcal/mol),
presumably due to the lower steric hindrance imposed by the substituents of the
phosphine.
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Figure 5. 4. 'H-NMR spectra (300 MHz) in the region of 4.0 ppm to 2.5 ppm in toluene-ds.

To confirm the isomeric exchange of 99, we explored the mechanism using
quantum chemical calculations. We considered two isomers: one with the phosphine
situated in the equatorial position (99) and the other in the axial position (99’). The
energy difference between 99 and 99 ” is AG,=+10.9 kcal/mol, indicating that the isomer
99 is the ground state in agreement with the SC-XRD data (vide infra). To model the
kinetics of the reaction, we initially attempted to locate a planar transition state, as
postulated for other NacNac complexes. However, we could not find a converged
transition state geometry. Obviously, we discarded the barrierless process because the
experimental data evidences a barrier of 12.2 kcal/mol. We inspected for alternative
pathways to convert both isomers. We realized that, besides the relative positions of the
phosphine, the main difference between 99 and 99~ is the orientation of the phenyl
group form the phosphine. In the case of 99, the phenyl is coplanar with the Dip group
while in 99’ it points towards the NacNac ligand (see Figure 5.5). Therefore, a rotation
of the Al-P bond must take place during the isomerization. We examined the Potential
Energy Surface (PES) along the rotation of the Al-P bond. We could locate a transition
state (TS1) bearing an activation energy barrier of AG*=12.5 kcal/mol, in perfect
agreement with the experimental energy barrier. The aluminium in the TS1 is not planar
to the NacNac ligand (see Figure 5.5, right). The rotation of the Al-P bond occurs
together with the shortening of the Al1-N1 distance, from 1.924 A (99) to 1.914 A (TS1),
and an elongation of the Al-N2 bond, from 1.924 A (99) to 1.961 A (TS1). This enables
the rotation of the phenyl group under the Dip substituent.
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Figure 5. 5. Gibbs energy profile of the Al-P rotation at the B3LYP-D3(BJ)/def2-TZVPP//B3LYP-
D3(BJ)/def2-SVP level of theory.

The SC-XRD confirmed the molecular structure of 99-102 (Figure 5.6). In all
cases, the phosphine is located on the equatorial position of aluminium as other related
compounds such as NacNacAl(H)(PPh.).35 The Al-P bond distances range from 2.358(5)
A (99) to 2.389(2) A (102), which are slightly shorter than similar neutral and anionic
(hydrido)phosphanylalumanes (Al-P=2.3971(6) A (NacNacAl(H)(PPh,)) and Al-
P=2.409(8) A ((NONP»)AI(H)(PHMes))).26> 263 The phosphanylalumanes bearing a
triagonal planar aluminium exhibit slightly shorter Al-P bonds than 99-102, presumably
due to the enhanced interaction between the lone pair of phosphorus with the empty p-
orbital of aluminium.%- % The Al-P-Ci,s, angle is more obtuse with more sterically
hindered phosphines (98.05°(99) <100.28°(100) <105.76°(101) <106.09°(102)). The
good quality of the crystals allowed us to allocate the hydrogens on the aluminium and
phosphorus atoms, in good agreement with the abovementioned spectroscopic data.

oA

101 102

Figure 5. 6. Solid state structure of phosphanylalumanes 99-102 in the solid state. Displacement ellipsoids
at 50% of probability level. Hydrogens attached to carbon are omitted for clarity. Selected experimental bond
lenghts in A and angles in degrees: 99: Al2-P1=2.358(2)), Al-N4=1.893(2), Al-N3=1.891(2), Al-H=1.833(2);
100: Al1-P1= 2.369(4), Al-N1=1.903(6), Al1-N2=1.910(1), Al1-H=1.509(2); 101: Al1-P1=2.372(8), Al1-
N1=1.910(6), Al1-N2=1.905(7), Al1-H=1.546(3), 102: Al1-P1=2.389(3), Al1-N1=1.897(6), Al1-N2=1.897(7),
Al1-H=1.5671(3).
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The synthesis of the (hydrido)phosphanylalumanes 99-102 involves three
reagents capable of reacting in a different manner. We decided to get insights into the
reaction mechanism to elucidate the respective role of each reagent. We arbitrarily
selected the synthesis of 99. Scheme 5.3 outlines the potential reaction mechanisms. On
the one hand, the NaHMDS reacts as a nucleophile towards 96, leading to the NacNac
hexamethyl silyl amino intermediate (103) and the NaBH, elimination. Compound 103
has previously been proposed as a reaction intermediate. Harder and co-workers
computationally explored the reaction mechanism of the NacNac aluminium carbenoid
with KHMDS to form the NacNac aluminyl derivative.24° They proposed the initial
formation of [NacNacAIN(SiMe;).]K which further deprotonates the NacNac backbone.
Therefore, the 103 could activate the P-H bond of the phosphine, yielding 99 and H-
HMDS. On the other hand, the NaHMDS might function as a base. Firstly, it
deprotonates the phosphine forming the sodium phosphide 104. Then, the salt
metathesis reaction between NacNacAlH(BH4) and 104 forms 99 and NaBH,.

g /TMS PhPH,
NaBH,
TMS
H-HMDS
NaHMDS

Dip
/ /
=N H i_py NaHMDSEtO /=N ,H/@
. + AN —_— DU
/o H /o
) N BH ©/ » N g
\ \
Dip Dip

NaHMDS NaBH,
H-HMDS> p2
©/ —H, NacNacAlH(BH,)
Na

104

Scheme 5. 4. Plausible reaction mechanisms on the formation of phosphanylalumanes (Dip=2,6-di-iso-
propylphenyl, TMS=tri-methylsilyl).

To elucidate the reaction mechanism, we selected LIHMDS as a base in order to
decelerate the kinetics of the reaction (Scheme 5.4). After the addition of LIHMDS, the
reaction mixture turns yellow, and it is stirred for 2 hours.

/ BH, i) 2 h, Et,O, RT / /
3
—N H T 11) LiHMDS, 2h, RT . .
N/ + \ / \ / - \_H + e \_H
\ S, . _ LIBH \ / ., /Ph \ / Ph H Ph Li
N H Ph N H
\ L -H-HMDS \ H \
Dip
9 99 96

Scheme 5. 5. Synthesis of phosphanylalumane 99 employing LIHMDS as a base (Ph=phenyl, Dip=2,6-di-
iso-propylphenyl).

The crude was analysed by multinuclear NMR in benzene-ds, where different
species could be identified (Figure 5.8). Firstly, we inspected the reaction crude by
31P{*H}-NMR. We identified three distinct species: the PhPH, (6= -125 ppm), [PhPH]Li
(6= -135 ppm) and NacNacAIHPHPh (6= -155 ppm). Accordingly, the 3'P-NMR reveals
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a doublet signal at -135 ppm and -155 ppm and a triplet at -125 ppm. The detection of
[PhPH] Li+* strongly supports the Bronsted base reactivity of LIHMDS. Thus, we ruled
out the formation of NacNac aluminium hexamethylsilyl intermediate. Finally, we
examined the “B{*H}-NMR. We identified a main broad singlet at §=-39.87 ppm
assigned to LiBH, (see Appendix III, Figure A-III.63 for “B{*H}-NMR).

— 31P{*H}-NMR — 31P-NMR —— uB{1H}-NMR —

Dip Dip

{ /

;CN\ M =N_ H
¢ “o-Ph Al
N H YN 7p-Ph

Dip

Ph™ Y

o
Ix

Ph™ \;'L\

— T
00 -110 -120 -130 -140 -150 -160 -170 -105  -115  -125 -135 -145 -155 -165 1 25 -30 -35 -40 -45 -50

Figure 5. 7. 3'P{"H}-NMR, 3:P-NMR and *B-NMR of the reaction crude (Dip=2,6-di-iso-propylphenyl)

. *Unidentified product.

5.1 Towards the synthesis of phosphaalumene

We have proposed the -elimination as a plausible strategy to prepare the Al=P
bond. This reaction is ubiquitous in organic chemistry to increase the bond multiplicity.
It consists of cleaving two o-bonds to form a new n-bond (Figure 5.8, top). For instance,
the alkyl halides in the presence of a base can undergo f-elimination forming the
corresponding alkene, with the exception for methane derivatives as they lack a proton
in B-position.

The S-elimination has reached a broader scope beyond organic chemistry. Some
main group multiple bonds, such as phosphasilenes, have been prepared with this
synthetic approach. For instance, Driess and co-workers prepared a phosphasilene
supported by a NacNac ligand via p-elimination of the corresponding NacNac-
phosphasilane (Figure 5.8, bottom).265 The reaction consists of reacting NacNacSiCIPH,
with LDA yielding the formation of a Si=P motif. Inspired by this methodology, we aimed
to prepare the Al=P bond through a f-elimination of an H,halide-functionalized
phosphalumane.
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B- Elimination Reaction
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Figure 5. 8. On the top, a schematic representation of S-elimination; on the bottom, synthesis of NacNac-
supported phosphasilene (Dip=2,6-di-iso-propylphenyl).

The compounds 99-102 bear an adjacent hydride and acidic proton suitable for
the thermally induced H. elimination to obtain the Al=P motif. In this vein, von Hanisch
and co-workers achieved alkane elimination of NHC-stabilised phosphanylalumanes.92
However, the high temperatures required for this reaction (165°C) induced the
separation of NHC from aluminium forming an heterocubane structure.2¢¢ We attempted
the dehydrogenation at 120°C in toluene but no indication of the phosphaalumene
formation was detected. We also attempted the equimolar reaction of 99 with KHMDS,
seeking for the B-elimination. Upon addition of the KHMDS to a solution of 99, we
observed the formation of a solid (Scheme 5.5). Despite our attempts to dissolve in
common organic solvents, none of them were effective, suggesting the ionic nature of the
compound. To enhance the solubility, we decided to react the solid with 18-crown-6
obtaining compound 107. While 107 has a very poor solubility in aromatic solvents, it is
soluble in THF, albeit accompanied by decomposition. Nevertheless, it was sufficient for
multinuclear NMR characterization. The *H-NMR displays two doublet signals at 6=2.98
(*Ju-n=2.20Hz) and 6=2.29 ppm (*Ju-n=2.42 Hz) assigned to the methylene group. The
assignment is supported by 3C{*H}-NMR and 3C-DEPT135, showcasing a singlet at
06=75.23 ppm that features a negative peak in 3C-DEPT135. The signal is in the same
range as the methylene group of 91 (§=83.64 ppm), albeit slightly deshielded compared
to 107. In 3'P-NMR we identify a doublet at §=-139.19 ppm with a *Jp.z = 185.1 Hz. The
NMR data strongly suggests that the deprotonation occurs on the methyl group of the
NacNac backbone, yielding the anionic phosphanylalumane 107.

i) KHMDS (1 eq), 4 h K(18-crown-6)

. -75°C to RT .
Jip Toluene Dip
—N H . N H
\ / ii) 18-crown-6 (1 eq) \ /
., Ph > i
N /v \ /' ,Ph
N -H-HMDS N
. H o
Dip Dip
99 107

Scheme 5. 6. Synthesis of compound 107 (Dip=2,6-di-iso-propylphenyl).

Single crystals suitable for X-ray diffraction were isolated from the reaction crude
in toluene at room temperature. The SC-XRD confirmed the backbone deprotonation in
full agreement with the spectroscopic data (Figure 5.9, A). The inequivalent distances
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between C1-C5 (1.421(1) A) and C3-C4 (1.447(2) A) point to a C=C and C-C bonds,
respectively. The Al1-N1 (1.857(02) A) and Al1-N2 (1.850(9) A) are almost equivalent but
shorter than neutral analogues 99-102. The Al-P distance (2.409(1) A) is considerably
elongated with respect to the Al-P of 99. However, it is in the range of the Al-P distance
(2.4039(8) A) of the anionic phosphanylalumane K[(NONP»)AI(H)(PHMes)] reported
by Coles and co-workers.2¢7 Interestingly, the different units of 107 are entangled in the
crystal lattice. The interaction of potassium with the lone pair of the phosphorus
(P---K=3.401(6) A) and the methyl from iso-propyl groups (C:--K=3.225(5)) arrange a 1D
coordination polymer (Figure 5.9, B).
1 (B)

Figure 5. 9. (A) Molecular structure of 107 in the solid state. Displacement elhps01ds at 50% probablhty
level. Hydrogens attached to carbon are omitted for clarity. Selected experimental bond lengths in A and
angles in degrees: Al1-P1=2.409(1), Al1-N2=1.851(1), Al1-N1=1.856(7), C1-C5=1.447(2), C1-C2=1.395(8),
1.427(1), C3-C4= 1.421(1), C3-N1=1.389(4), P1-K1=3.401(6), H1-Al1-P1=105.2(9); (B) Packaging of 107 in
the crystal lattice.

We applied quantum chemical calculations to understand the underlying
physical factors contributing to the Al-P bond distance differences between 99 and 107.
We studied the series of neutral phosphanylalumanes 99-102 and the ionic 107. In the
analysis of the frontier Kohn-Sham Molecular Orbitals of 90-102, the HOMO has a high
contribution from the o Al-P bond. In contrast, the HOMO of 107 is located on the n-
system of the NacNac ligand. The molecular orbital assigned to the Al-P o-bond is
located on the HOMO -2, which is slightly higher in energy (0.09 eV) than 99.

LUMO LUMO+1
e= -1.66 eV e=-0.53 eV

b

HOMO-1 HOMO LUMO LUMO
e=-5.35eV e=-3.78 eV e= -0.65eV e= -0.30eV

Figure 5. 10. Frontier Kohn-Sham molecular orbitals of 99 (top) and 107 (bottom) at the B3LYP-
D3(BJ)/def2-TZVPP//B3LYP-D3(BJ)/def2-SVP level of theory. Isovalue = 0.05 a.u.
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The natural population analysis revealed similar charge distribution along the Al-
P bond, being highly positive aluminium (c.a. Q(Al) = 1.50 e and Q(P) = -0.20 e) (See
Table A-III.3 in the Appendix III). The Al-P bond order of 107 (BO(Al-P)=0.59) is
substantially lower than 99-102, ranging from 0.72 to 0.71. We applied EDA-NOCV to
get a deeper insight into the nature of the Al-P bond. Initially, we assessed whether the
homolytic or heterolytic fragmentation of the Al-P bond better represents the bonding
situation. We evaluated the iFEF index, using Hirshfeld and Lowdin AIM definition (see
Chapter 3 for further details), and AE.+ for both fragmentations. The fragmentation
which yields the lowest iFEF or |AE.w| will correspond to the best fragment
representation. In Table 5.1 are collected the numerical values for compounds 99 to 102
and 107. The iFEF index is minimized for the heterolytic fragmentation independently
to the AIM definition. In the same direction, the |AEorb-corr| is minimized for the
heterolytic fragmentation. Thus, we selected the heterolytic fragmentation of the Al-P

bond to analyze the nature of the Al-P bond.

Table 5. 1. iFEF in Lowdin (Low) and Hirshfeld (Hirsh) AIM definition and AEob values of compounds 99,
100, 101, 102 and 107 at the B3LYP-D3(BJ)/TZ2P//B3LYP-D3(BJ)/def2-SVP level of theory.

iFEF (LOW) iFEF (HlI'Sh) AEorb-corr
Homolytic Heterolytic | Homolytic Heterolytic | Homolytic Heterolytic
99 1.24 0.85 0.70 0.40 -127.9 -106.7
100 1.27 0.93 0.70 0.41 -128.4 -111.0
101 1.28 0.94 0.71 0.41 -129.8 -110.4
102 1.24 0.95 0.66 0.38 -120.6 -111.7
107 1.28 0.74 0.71 0.34 -156.9 -72.9

The EDA-NOCYV results are gathered in Table 5.2. The interaction energies (AEns
of neutral phosphanylalumanes range from AE;,; = -176.1 kcal/mol (99) to AE: = -188.4
kcal/mol (102), which is notably lower (more stabilizing) than 107 (AEy: = -85.1
kcal/mol). The electrostatic interaction (AEg.) in neutral phosphanylalumanes is more
stabilizing than 107, expectable for charged fragments. The orbital interaction (AE,) in
neutral phosphanylalumanes ranges from -111.8 kcal/mol (102) -106.7 (99), which are
higher than 107 (-72.9 kcal/mol).

Table 5. 2. EDA-NOCYV of 99, 100, 101, 102 and 107 at B3LYP-D3(BJ)/TZ2P//B3LYP-D3(BJ)/def2-SVP
level of theory. Energies are given in kcal/mol.

99 100 101 102 107
AEint -176.1 -178.5 -177.9 -188.4 -85.1
AEpaui 118.4 121.8 131.6 140.6 115.2
AEgad -167.3 -166.2 -169.3 -198.4 -01.9

- (56.8%) (55.4%) (54.7%) (60.3%) (45.9%)
A 2 -20.5 -23.02 -20.9 -18.9 -35.6
PP (7.0%) (7.7%) (9.6%) (5.7%) (17.8%)
AEom -106.7 -111.1 -110.5 -111.8 -73.0
AEnr-corr 0.0 0.1 0.1 0.0 0.1
AE a -106.7 -111.0 -110.4 -111.7 -72.9
orb-eorr (36.2%) (37.0%) (35.7%) (34.0%) (36.4%)
AEqrbaon? -76.2 -79.0 -77.6 -78.4 -50.3
orb(Ap1) (71.4%) (71.2%) (70.3%) (70.2%) (69.0%)
AEqrbrest? -30.5 32.0 -32.8 -33.3 -22.6
orbirest) (28.6%) (28.8%) (29.7%) (29.8%) (31.0%)

aThe value in parenthesis gives the percentage contribution to the total attractive interactions AEeistat + AEorb-corr+ AEDisp.
b The value in parenthesis gives the percentage contribution to the AEom-corr.

101



Chapter 5 — Synthesis of phosphanylalumanes

The breakdown of the AE,, term into bonding channels contributions reveals
that the o bonding channel (AEor,p1) is the most stabilizing contribution, accounting
for approximately 70% of the AE,». We evaluated the iFEF’ which is the charge transfer
in the Al-P o bonding channel (See Chapter 3 for further details). In neutral
phosphanylalumanes, the iFEF is above 0.30 e but in 107 the iFEF’ is below 0.30 e
indicating a lower charge transfer. Therefore, the Al-P bond in 107 is more polarized
towards phosphorus than 99-102. The energy associated to the Al-P o-bonding channel
is about 30 kcal/mol more stabilizing in neutral phosphanylalumanes (ranging from -
78.4 kcal/mol (102) to -76.2 kcal/mol (99)) than 107 (-50.3 kcal/mol). Molecular
Orbital Theory can explain those differences. The Al-P o-bond of 99 and 107 arises from
the interaction between the occupied p-orbital of the phosphine and the empty p-orbital
of the NacNacAlH fragment. The energy difference between those orbitals is higher in
99 (6.61 €V) than in 107 (0.14 eV), yielding a stronger o-interaction in the neutral
phosphanyalumane 99.

(A) o-bonding channel [PHPh] [NacNacAIH]*

AE,5=-76.2 5 |V44/=0.84 HOMO (e= +0.44¢€V) LUMO (g=-7.05¢€V)
iFEF°=0.34

(B) o-bonding channel PHPh-K(18-Crown-6) [NacNacAlH]

AEq6=-50.3; |Vqg|=0.68 HOMO (g= -2.91€V) LUMO (e= -3.05 V)
iFEF° =0.27
Figure 5. 11. Deformation densities associated with the o-bonding channel of compound 99 (A) and 107 (B)
(isovalue 0.003 a.u.) at B3LYP-D3(BJ)/TZ2P//B3LYP-D3(BJ)/def2-SVP level of theory. The associated
energies AEob-o are in kcal/mol and v in a.u. The iFEF° values are extracted using the Hirshfeld Atom in
Molecules definition. The red color shows the charge outflow while blue shows charge density accumulation.

The shape of the most important interacting occupied and vacant orbitals of the fragments are depicted
(isovalue 0.05 a.u.). Hydrogens are omitted for clarity.

The synthetised (hydrido)phosphanylalumanes are not convenient synthons to
prepare phosphaalumenes through f-elimination reaction because of the deprotonation
on the NacNac backbone. We speculated two hypotheses to reason for the unsuccessful
synthesis of phosphaalumene from (hydrido)phosphalumanes. On the one hand, the
KHMDS tends to deprotonate the backbone because of the strength of the P-H bond. In
this vein, Tokitoh and co-workers have already reported the difficulties to deprotonate
the P-H bond in different type of H,X-functionalized phosphanlyalumanes (Scheme 5.7).
For example, they attempted the f-elimination of Mes*(Cl)Al-PHMes* or NHCMe4(Br)Al-
P(H)Mes with strong bases such lithiated alkanes or aryls. No reaction was observed for
NHCMe4(Br)Al-P(H)Mes while Mes*(CI)Al-PHMes* yields the formation of
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Mes*Al(PHMes).. The deprotonation attempts using neutral bases such as DBU or
NHCMe4 also were unsuccessful.

DBU . _
D RT complicated mixture
66
H H
Mes* H i or TipLi P pu
\ .. MesLi or TipLi Mes*~'\_  _ "~Mes*
ar’ \1\/[es* CeDg, 70°C |
Mes*
nBulLi or tBuLi JH H
C¢Dg, RT Mes™ '\ ' ~Mes*
Mes*

tBuLi, MesLi

NHCMe4 or KH .
> no reaction
Mes? . CeHg, 1t
es®
Br~ N
7
\N"\' Mes DBU Mes*  H

N N\ > BI" - \/
CeHg, 1t ./ Mes
_N
N

Scheme 5. 7. Selected examples of attempted S-elimination in H,halide-functionalized phosphanylalumanes.

On the other hand, the S-elimination in (hydrido)phosphanylalumanes might be
disfavoured because the hydride is not a sufficiently good leaving group. We
hypothesized that the -elimination might be promoted by enhancing the leaving group
quality. In Chapter 4, we proved that the [BH,]- is a good leaving group in aluminium
chemistry. It allows the functionalization of aluminium with a variety of anionic
nucleophiles via salt metathesis, including the preparation of Al-P motifs. Additionally,
the mono-substituted NacNac boralumanes can be further functionalized with other
nucleophiles (See Chapter 4, Figure 4.16), supporting the feasibility of -elimination
reaction. Based on these evidences, we prompted to explore the [-elimination of a
boraphosphanylalumane to isolate the targeted NacNac supported phosphaalumene
(Scheme 5.7). Unfortunately, the synthesis of boraphosphanylalumanes remain elusive
requiring to develop a synthetic strategy to prepare them. In Chapter 4, we described that
NacNacAl(BH,). allows a good control to the mono-substituted product in salt
metathesis reactions. In this context, we presumed that phosphanylboralumanes could
be obtained from a salt metathesis between 29 and an in-situ prepared phosphide
[RPH]-.

Dip o Dip Dip
N . A- Elimination N BH, Salt metathesis N _BH, .
N,y TN LA AN
— — H
\ ‘ N AN [— \ AN + - 2
N R » N pR N ‘pg, R
Dip Dip H Dip
29

Scheme 5. 8. New retrosynthetic analysis for phosphaalumene.
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The boraphosphanylalumanes were prepared by treating an equimolar mixture
of NacNacAl(BH,). and RPH. (R=Ph or Mes) in diethylether at 0°C with NaHMDS
(Scheme 5.9). Upon crystallization, compounds 108 and 109 are isolated in moderate to
low yields. The 'H-NMR of these compounds bear two septets and four doublets in
agreement with the inequivalent substituents on aluminium. The 3:P-NMR displays a
doublet at -149.3 ppm (108) and -191.1 ppm (109) which indicates the Al-P bond
formation and the presence of an a-proton on the phosphorus atom. The 3:P-NMR
chemical shifts of 108 and 109 are very similar to the hydride analogues (6=-155 ppm
(99) and 6=-191 ppm (100)). The Jp.z coupling constants are 197.14 Hz (108) and
201.88 Hz (109), which are larger than the hydride analogues (*Jr-u =189.77 Hz (99) and
1Jp.u =196.5 Hz (100)) In “B-NMR we identify a quintuplet at -35.9 ppm (108) and -35.2
ppm (109) supporting the coordination of a [BH,]- on the aluminium atom.

. NaHMDS
D i
/ P 2h, Et20 /Dlp BH
=N ,BH, 0 N 4
\ 2 - 0°C to RT -\ /7
\ S, + Rl/ \H \ S
N BH, -NaBH, N R
. \  H
Dip -H-HMDS Dip
29 R,=Ph (108), 42%

R,=Mes (109), 28 %
Scheme 5. 9. Synthesis of boraphosphanylalumanes 108 and 109. (Ph=Phenyl, Mes=Mesityl)

The molecular structures of compounds 108 and 109 were confirmed by X-ray
diffraction (Figure 5.13). They display similar structural features to
(hydrido)phosphanylalumanes 99-102. The aluminium presents a distorted tetrahedral
geometry (N-Al-N =96.5(2)° (108) and N-Al-N=96.2(9)°; B-Al-P =114.5(7)° (108) and
113.3(2)° (109)). The Al-N distances in 108 and 109 (in 108, Al1-N1=1.896(6)A and Al1-
N2=1.901(8) A; in 109, Al1-N1=Al1-N2=1.902(5) A), similar to the neutral
(hydrido)phosphanylalumanes (vide supra). The phosphine is bind in the equatorial
position of aluminium. The Al-P bond distance is 2.352(2) A in 108 and 2.350(6) A in
109, within the same range of the Al-P bond in (hydrido)phosphanylalumanes 99-102.
The borohydrides are coordinated on the axial position of aluminium, bearing an Al-B
distance of 2.164(7) A (108) and 2.155(2) A (109). The good quality of the crystals
allowed to locate the hydrides of [BH,]-, revealing a k2 -coordination mode.

108 109

Figure 5. 12. Molecular structure of 108 and 109 in solid state. Displacement ellipsoids at 50% probability
level. Hydrogens attached to carbon are omitted for clarity. Selected experimental bond lengths in A and
angles in degrees: 108: Al1-P1=2.352(2), Al1-N1=1.896(6), Al1-N2=1.901(8), Al1-B1=2.164(7), B1-Al1-
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P1=114.5(7); 109: Al1-P1=2.350(6), Al1-N1=1.902(5), Al1-N2=1.902(5), Al1-B1=2.155(2), Bi1-Al1-P1=
113.3(2).

Compounds 108 and 109 are a versatile building blocks which allow to increase
the molecular complexity to phopsphanylalumanes. The aluminium bears a [BH,]-
substituent, which is a good leaving group that can be functionalized with different
nucleophiles, and the phosphine bears a P-H functionality which might allow further
functionalization on the a-position of the phosphine. This type of compound opens the
door to increase the library of functionalized phosphanylalumanes. For our purpose, they
represent promising starting materials to prepare NacNac supported phosphaalumene.
We explored the f-elimination reaction treating compound 109 with KHMDS in benzene
at room temperature (Scheme 5.10). Upon the addition of KHMDS, the reaction mixture
turns to dark-red and forms a precipitate. The 3'P-NMR reveals the formation of several
compounds in which a broad singlet at -115 ppm is identified. The *B-NMR s silent,
suggesting that the S-elimination has proceeded.

Dip KHMDS Di D
N ,BH, 2 hs, RT P le
—\/ Benzene _N -

/o, 0.5
) N ._H/Ph -KBH, \

Dip -H-HMDS Dlp l Dlp
108 110
/Dlp

—N
\ —
- N\ 7 Sphl dimerizati
=P N Ph| dimerization
formation \
Dip

111
proposed intermediate

Scheme 5. 10. Synthesis of the cyclodiphosphalane 110.

We isolated in poor yields (24%) the compound 110 as an orange solid,
corresponding to the singlet at -115 ppm in 3:P-NMR. The *H-NMR spectrum at room
temperature shows broad signals, presumably due to the dynamic behavior of 110. We
performed VT '*H-NMR in toluene to get a better resolution of the tH-NMR of 110. In
Figure 5.13 we depict the *H-NMR of 110 at different temperatures ranging from -30°C
to 90°C. At -30°C we identify the typical resonance of the NacNac ligand. Two septets at
6=3.00 ppm and §=3.76 ppm assigned to the methine protons of the isopropyl groups
and four doublets from the methyl substituents from the Dip group at §=1.47 ppm, 6=1.11
ppm, §=1.00 ppm and §=0.25 ppm. When the temperature is raised, these resonances
collapse into one septet. A similar pattern have been reported in NacNacAl(PPh,). by
Nikonov and co-workers.259 The dynamic process is assigned to the interconversion of
the two out-of-plane conformers (vide supra). This process occurs with an energy barrier
of AG=17.0 kcal/mol at the coalescent temperatures of 70°C.259 In the case of 110, the
exchange has an energy barrier of AG = 14.5 kcal/mol at the coalescence temperature of
30°C (see Appendix III section AIIL.10.2).
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Figure 5. 13 'H-NMR spectra (300 MHz) of 110 at different temperatures of compound in toluene-ds.

Single crystals suitable for X-Ray diffraction were obtained in benzene at room
temperature (Figure 5.13). The Al-P bond distances are different depending on the
relative position of aluminium. At the equatorial position, the Al-P is 2.334(2) A while in
the axial position is 2.324(7) A. The Al-N bonds are asymmetric (Al1-N1= 1.941(3) A and
Al1-N2= 1.927(2) A) but longer than the precursor 109. The ALP, scaffold is planar
where phenyl rings are disposed in trans-conformation. The structural features are
similar to the cyclodiphospalane [Cp3tAl(p-PPh)]. reported by Hering-Junghans and
Braunschweig groups (See section 1.4.2), bearing slightly shorter Al-P distances (c.a. 0.01
R).

We propose that 110 is formed from a [2+2] cycloaddition of two transient
phosphaalumene 111. Similarly, Douglas and co-workers isolated [NacNacFe(PPh)].
bearing a Fe,P. four-membered ring, which is proposed to form via cycloaddition of two
Fe=P transient species.2®8 Hering-Junghans and co-workers have also postulated the
Al=P transient species but, in their case, it undergoes to C-H of the Tip* substituent from
the phosphine ligand.
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Figure 5. 14. Molecular structure of 110 in the solid state. Displacement ellipsoids at 50% probability level.
Hydrogens attached to carbon are omitted for clarity. Selected experimental bond lengths in A and angles in
degrees: Al1-N2= 1.9272(3), Al1-N1=1.941(3), Al1-P1= 2.324(7), Al1-P2=2.334(2), P1-Al1-P2=85.6(3).

We recorded the UV-Vis spectra of 110 in toluene (Figure 5.14). It shows a
maximum absorbance at 348 nm (3593+83 M-cm™) and two shoulders at 310 nm and
369 nm. We performed TD-DFT in order to assign the transitions. The computed
spectrum is in good agreement with the experimental one (Figure 5.15, right). The
maximal absorbance at 348 nm is assigned to the n > * transition corresponding to the
transition of HOMO-2 to LUMO+7 (see Figure A-111.57).
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Figure 5. 15. On the left, UV-Vis spectrum of 110 in toluene with different concentrations. On the right,
computed spectrum at the TD(PCM:toluene)/B3LYP-D3(BJ)/def2-TZVPP//B3LYP-D3(BJ)/def2-SVP level
of theory.

The electronic structure of 110 was analysed by DFT calculations. The geometry
at B3LYP-D3(BJ)/def2-SVP level of theory agrees with the solid-state structure. In
Figure 5.16 are depicted the frontier Kohn-Sham molecular orbitals. The HOMO-1 and
HOMO correspond to the in-phase and out-of-phase combination of the lone pairs on
the phosphorus, respectively. The LUMO and LUMO+1 are located in the m-system on
the NacNac ligand. The Intrinsic Atomic Orbitals (IBO)29 locates four o-bonding
orbitals between Al-P highly polarized towards P and two m-orbitals associated to the
lone pair on the phosphorus (see Appendix I1I, Figure A-II1.70) .
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HOMO-1 HOMO LUMO LUMO+1
e=-4.64 eV €= -4.46 eV e=-1.48 eV e=-1.47 eV

Figure 5. 16. Frontier Kohn-Sham Molecular Orbitals at B3LYP-D3(BJ)/def2-TZVPP//B3LYP-D3(BJ)/def2-
SVP level of theory.

In order to rationalize the reactivity differences of 99 and 108 towards KHMDS,
we modelled the corresponding NacNac deprotonation (purple line) and the S-
elimination (turquoise line) pathways (Figure 5.17). In the case of 99 (Figure 5.17, top),
the backbone deprotonation (TS1, AG=+13.6 kcal/mol) is more favored than the [-
elimination (TS2, AG=+15.1 kcal/mol). However, in the case of 108 (Figure 5.17,
bottom), this is reversed. The f-elimination (TS3, AG=+9.9 kcal/mol) is more favored
than the backbone deprotonation (TS4, AG=+13.2). We realized that the backbone
deprotonation pathway exhibits similar reaction barriers for 99 and 108 (AG*=16.3
kcal/mol (99) and AG*=+13.8 kcal/mol (108)) while the f-elimination is notably
reduced for 108 (AG'= 16.9 (99) and AG*= 10.9 kcal/mol (108)). Thus, the S-
elimination is substantially dependent on the leaving group quality while the
deprotonation pathway is practically not affected.
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Figure 5. 17.Gibbs energy profile of the NacNac deprotonation and S-elimination of compounds 99 (top)
and 110 (bottom) at PBE0-D3B(BJ)/def2-TZVPP//PBE0-D3(BJ)/def2-SVP level of theory.

The relative energies of [-elimination transition states TS2 and TS3 are
substantially different (AG=+15.1 kcal/mol (TS2) and AG=+9.9 kcal/mol (TS3)). One

109



Chapter 5 — Synthesis of phosphanylalumanes

plausible explanation lies on the interaction between potassium and hydride (Figure
5.17). In TS2 the distance between the potassium and the hydride (2.696 A) is
substantially longer than TS3 (2.688 A). This suggests that the interaction between
potassium and the leaving group is stronger for the TS3, which stabilizes the transition
state.

TS2 TS3

Figure 5. 18. Molecular structures of TS2 (left) and TS3 (right) at PBEo-D3(BJ)/def2-SVP level of theory.
Distances are given in angstroms (A).
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CHAPTER 6 - Synthesis and reactivity of
phospha-Grignard reagent

The Grignard reagents are a type of organomagnesium compounds with a general
formula of RMgX, where R is an organic group and X is a halide. These compounds are
textbook reagents to prepare secondary and tertiary alcohols from ketones and
aldehydes. Besides their strong nucleophilic character, these reagents are very basic. In
the case of substrates bearing acidic protons in -position, the nucleophilic addition and
the B-deprotonation reactions might compete. In these cases, the selectivity is improved
towards the nucleophilic insertion with the addition of inorganic additives, such as ZnCl
or LaClze2LiCl.270. 22 The incorporation of organic ligands to organomagnesium
compounds allows the isolation of well-defined magnesium species, which could help to
control the reactivity and selectivity of the Grignard reaction. The chemistry
organomagnesium compounds supported by the NacNac ligand has attracted the
interest of the inorganic community. This ligand stabilizes the magnesium with diverse
types of functionalities and unusual oxidation states, i.e. Mg(I) or Mg(0).272 273 Moreover,
it has found applications in catalysis. For instance, the NacNacMg(THF)Me has shown
to be a precatalyst for the intramolecular cyclization of aminoalkenes.2”4+ The NacNac
magnesium compounds bearing a Mg-heteroatom have been proposed as nucleophilic
reagents to prepare C-heteroatom bonds. However, they have shown unexpected or
undesired reactivity patterns. For instance, Hill and co-workers explored the
nucleophilic addition of the magnesium silanide NacNacMgSiMe.Ph towards a variety
of ketones with different electronic properties.27s The reactions are substrate-dependent
but none of the isolated products corresponds to the nucleophilic addition into the
carbonyl carbon of the ketone. For instance, the treatment of two equivalents of 4-
fluorobenzophenone to NacNacMgSiMe.Ph undergoes nucleophilic addition of the
SiMe,Ph group on the ortho-position of the aryl group (112). In the reaction with
acetophenone, the NacNacMgSiMe.Ph deprotonates the methyl in a-position yielding
the dimer 113 and SiHMe,Ph.

Di

p/

/\/\

Dip Dlp
_N’\ PhMe Si
\ —SiMe,Ph  —
N
\ .
Dip

HQ\MeQPh

113
Figure 6.1. Selected reactions of magnesium silanide with ketones.

The magnesium amines (R.N-MgX), also known as Hauser bases, are also very
useful reagents in organic chemistry.27¢ One of the drawbacks of these compounds is their
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poor solubility even in THF solutions. The incorporation of LiCl improves their activity
and solubility (Turbo Hauser bases).2”? The NacNac ligand supporting magnesium
amines helps to increase the solubility and also to control the reactivity. For instance,
Hevia and co-workers explored the reactivity of NacNacMg(TMP) (TMP=2,2,6,6-
tetramethylpiperidine) towards different organic substrates. It can deprotonate the
benzoxazole, yielding the magnesium a-isocyanophenolate, or benzothiazole.2”8 The
NacNacMg(TMP) regioselectively deprotonates the para-position of pyridine
derivatives which subsequently undergoes a 1,2-addition yielding a diverse type of
bipyridines.279 Besides the Bronsed-base reactivity, Mulvey and co-workers have shown
that NacNacMg(TMP) can also react as a nucleophile, activating tert-BuNCO and tert-
BuNCS.280

The magnesium phosphides, sometimes named phospha-Grignards, are the
heavier analogues of magnesium amines. These compounds have been known for many
decades and they have been characterized in different aggregation states such as
monomer, dimer, oligomer, cluster or polymer (Figure 6.2).281-284 The reactivity of
phospha-Grignards has been explored in field of phosphido group transfer towards
transition metal complexes. Hey et al. reacted (TMEDA)Mg(PHPh). with
NiCl,(PCy.CH.). which unexpectedly yield the diphosphane complex Ni(n-Ph-P=P-
Ph)(PCy.CH.,)..28* Coles and co-workers studied the phosphide transfer of [Mg(u-
P(SiMe;).Br(THF)]. towards Cp.MCl, (M=Ti, Zr) complexes.285 In the case of Cp.TiCl.
they observed the formation of (SiMe;).P-P(SiMes). and the cluster Cp.TiMgX;(thf),
(X=halogen), while Cp.ZrCl. undergoes to the mono and di-substitution. The synthetic
routes to prepare phospha-Grignards stabilised by NacNac ligand are very limited. To
the best of our knowledge, only Coles and co-workers reported the synthesis of
NacNacMg(Et,O)PR, (R=Ph, Cy) through the methane release reaction of
NacNacMgMe with PHPh, and PHCy..286
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R H R R ]i R
H— / / Ph e H R \ 5 4 R
\ W \. /N / \. /NN /
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Figure 6. 2. Selected phospha-Grignard compounds in different aggregation states.

In Chapter 5, we have shown that the use of aluminium borohydrides as starting
materials to prepare of Al-P motifs through salt metathesis reaction. The s-block
elements typically display ionic bonds (with few exceptions) similar to
aluminiumborohydrides. In this context, we envisioned that magnesium borohydrides
could serve as synthons for salt metathesis reactions. In this chapter, we aim to explore
the synthesis phospha-Grignards supported by NacNac ligand by making use of
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magnesium borohydrides as synthons and study the reactivity of the isolated
compounds.

6.1 Synthesis of phospha-Grignard

We designed the synthesis of NacNac phospha-Grignards inspired by the
synthesis of boraphosphalumanes 108 and 109 (see Chapter 5 for further details). We
mixed NacNacMg(Et.O)(BH,) with phenylphospine in equimolar amounts in diethyl
ether. The reaction mixture was cooled down to -78°C and treated with one equivalent of
NaHMDS. The reaction mixture is stirred for 2 hours allowing it to reach room
temperature. Upon filtration, the solution is concentrated and kept at -50°C,
precipitating compound 115 as a colorless solid in acceptable yields. The 3:P-NMR
reveals a doublet of triplets signal at -151.7 ppm (*Jp-u=175.03 Hz,3Jp.u=5.89 Hz) and the
uB-NMR is silent, suggesting that the salt metathesis reaction has proceed. The tH-NMR
of compound 115 reveals one septet (3Ju.u=6.57 Hz) assigned to the methine proton of
the iso-propyl substituents. It is consistent with the equivalent substituents in the axial
and equatorial sides of magnesium. Compound 115 is soluble in ethereal solvents,
partially soluble in aromatic organic solvents, and poorly soluble in hexane of pentane.
Moreover, we observed that long exposure to vacuum leads to decomposition, yielding
PhPH. and unidentified compounds. Additionally, we tested the synthesis of 115 with
NacNacMg(Et,O)I starting material resulting in similar yields (57%).

Dip NaHMDS Dip Dip
/ \/ 2 h, Et,0 N/ H_ \N
=N_ O PH, -78°C>RT TN 2N N\
+ . .
N\ NaBH \ N e =
N BH, 4 ~
\ A\ H ./
Dip Dip Dip
114 115 (62%)

Scheme 6. 1. Synthesis of phospha-Grignard 115.

The crystal structure of 115 is depicted in Figure 6.3. The molecular structure is
dimeric bearing a Mg.P, ring. The magnesium presents a distorted tetrahedral
environment, bearing N1-Mg1-N2=93.7(4)° and P1-Mg1-P2= 75.2(4)°. The Mg-P bonds
are slightly inequivalent (Mg1-P2=2.622(8) A and Mg1-P2=2.615(2) A) and longer than
other cyclic unsupported phospha-Grignards.2%5 The proton of the phosphine could be
assigned in the electron density map, in agreement with the 3'P-NMR.
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Figure 6. 3. Molecular structure of 115 in the solid state. Displacement ellipsoids at 50% of probability.
Selected experimental bond lengths in A and angles in degrees: Mgi1-P1=2.622(8), Mg1-P2=2.615(2), Mg1-
N1=2.508(6), Mg1-N2=2.049(4).

6.2 Nucleophilic addition of phospha-Grignard

The reactivity of phospha-Grignards has been mainly explored as phosphide transfer
reagent (vide supra). Inspired by the aforementioned work from Hill and co-workers, we
decided to explore the nucleophilic addition of 115 to benzophenone. In fact, some
transition metal-phosphorus bonds have already activated benzophenone (Figure 6.4).
For instance, Breen and Stephan studied the insertion of benzophenone towards
Cp.ZrMe(PHMes*), yielding the compound 116.287 Similarly, Walensky and co-workers
explored the double insertion of benzophenone towards the Th-P bond, isolating the

thorium-diphosphalcoholate 117.288
&/ ﬁ? R
“Me P \\\Ph ‘Bu “\\\\O
Zr\o/\
H/ Bu
< Q Phy

116

R

||l.’3“

Stephan, 2018 Walensky, 2018
Figure 6. 4. Reported metal-phosphalcoholates (R=iPr or Mes).

Triel-phosphorus bonds can also activate the benzophenone. For instance,
phosphaborenes can easily undergo [2+2] cycloaddition to benzophenone (Figure 6.5).
Lerner and co-workers described the addition of a phosphaboradibenzofluvene to
benzophenone yielding compound 118.289 The authors suggested that the addition
undergoes thourgh a cyclic phosphaboraoxetane four-membered ring intermediate.
Similar reactivity was observed for phosphinoborinium cation but the
phosphaboraoxetane four-membered ring could be isolated. This chemistry has recently
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flourished to the bora-phospha Witting reaction, a novel route to prepare
phosphaalkenes from ketones, aldehydes, esters or amides.29° In aluminium chemistry,
Tokitoh and co-workers have tested the activation of benzophenone with
phosphanylalumane 119. However, they observe the formation of diphosphane Mes,P-
PMes. and the ketyl radical 120. They propose that the diphosphane was formed via

homo-coupling of Mes.P* radical.
— Lerner, 2013
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Figure 6. 5. Selected examples of benzophenone activation w1th triel-phosphorus bonds.

The activation of benzophenone has also been explored with s-block phosphides.
Breen and Stephan attempted nucleophilic addition of LiPHMes* towards
benzophenone, but no addition product was observed.28” Barozzino et al. studied the
phosphination of carbonyl derivatives with lithiated borodiphenylphosphine
(Ph.P(BH3)Li).29t They find out that Ph.P(BH3)Li has a ditopic character. The reactivity
changes depending on the coordination side of lithium cation. At low temperatures (-
78°C), the lithium is vicinal to the hydride yielding the phosphination reaction. At high
temperatures (60°C), the lithium cation is neighbouring to the phosphorus resulting in
the reduction reaction. The phosphination is postulated to undergo through lithium
phosphalcoholate intermediate.

We reacted 4 equivalents of benzophenone with 115 in toluene at room
temperature in the absence of light (Scheme 6.2). After the addition of benzophenone,
the solution turns red and is stirred for 30 min to ensure complete conversion. The
solution is dried under vacuum obtaining a red oil. It is re-dissolved in pentane and kept
overnight at -35°C isolating 121 as an orange crystalline solid in acceptable yields (44%).
The 3'P-NMR reveals a doublet signal at 10.35 ppm (*Jp.u=220.70 Hz), clearly shifting
towards low-field with respect to 115 (6(3'P)=-151.7 ppm, *Jp-u=175.03 Hz). The chemical
shift is more deshielded respect to the transition metal analogues with similar P-H
coupling constants (8(3'P)=-8.6ppm (Jr.u=244.1 Hz) (115), 8(3'P)=-15.76 ppm (*Jp-
n=222 Hz) (116, R=Me), 6(3'P)=-27.38 ppm (}Jpr.u=224 Hz)) Compound 121 is stable in
the solid state but in solution decomposes, especially in the presence of light (vide infra).
Moreover, the overnight exposure to vacuum decomposes compound 121 to an identified
white solid.
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Scheme 6. 2. Synthesis of 121 through benzophenone activation with phospha-Grignard 115.

Single crystals of 121 suitable for XRD were grown in pentane in the absence of
light. The solid-state structure reveals a monomeric magnesium complex bound to a
phosphalcoholate group. Additionally, a second molecule of benzophenone is
coordinated to the axial position of magnesium. The Mg-O distances are different. The
Mg1-01 (1.995(4) &) of the coordinated benzophenone (Mg1-O1 = 1.995(4) A) is shorter
than the Mg1-O2 bond (1.840(2) A) of from the phosphalcoholate ligand. The C43-02
distance (1.381(2) A) is longer than the free benzophenone (1.23 A),292 expected for C=0
activation. The C43-P1 (1.927(1) A) is remarkably long for a C-P single bond according to
the covalent radii (C-P=1.86 A).293 This feature is common in metal phosphalcoholates
such as 116 and 117, displaying similar bond distances (C-P=1.99 A (116), C-P= 1.922 A
(117, R=Tip) and C-P=1.938 A (117,R=Mes)).

Figure 6. 6. Molecular structure of 121 in the solid state. Displacement ellipsoids at 50% of probability.
Selected experimental bond lengths in A and angles in degrees: Mg1-01=1.995(4), Mg1-O2=1.840(2), C43-
02=1.381(2), C43-P1=1.927(1).

6.2.1 Mechanistic insights on the benzophenone activation

The isolation of compound 121 is an important outcome from the mechanistic point of
view of the Grignard reaction. It is well-established that the nucleophilic addition of
traditional Grignard reagents proceeds through the magnesium alcoholate intermediate
122 (Scheme 6.3). However, no structural characterization has been determined to the
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date. Compound 121 bears the nucleophile bounded to the electrophilic carbon of the
benzophenone, being iso-structural to the postulated magnesium alcoholate 122.

O
e H
R HX ;
REvex — N2 RRIO— X iRl + MgX,
=Y R/ R
R 2
122 123

Scheme 6. 3. Mechanism of the Grignard reaction (Ri=aryl, alkyl or H; Ri=aryl, alkyl or H; X=halide).

The mechanism elucidation on the formation 122 is especially complex because
of the presence of multiple Grignard species (Schlenk equilibrium), the involvement of
coordinating solvent and the substrate/reagent dependence. The interest on revealing
the reaction mechanism of this reaction is rooted to understand their selectivity. The
formation of compound 122 might occur in two plausible pathways, namely the pairwise
(polar) or radical mechanism (Figure 6.7). On the one hand, the polar or pairwise
mechanism considers that the heterolytic cleavage of the Mg-R yields the formation of
R-C bond. On the other hand, the radical mechanism, which proposes the homolytic
cleavage of the Mg-R bond forming the magnesium ketyl radical and R* which rebound
to form the R-C bond.

Polar Mechanism of alcoholate
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R/ Ry R Ry
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Radical Mechanism of alcoholate
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Figure 6. 7. Schematic representation of the reaction steps on Grignard reaction and plausible reaction
mechanism of magnesium alcoholate (R;=aryl, alkyl or H; Ri=aryl, alkyl or H; X=halide).

The radical mechanism was initially postulated by Blomberg and Mosher who
explored the reaction of neopentyl Grignard to benzophenone.294 They observed that the
neopentyl is not inserted to the benzophenone reagent. Instead, they detected the
formation of the benzopinacole presumably from the homocoupling of two ketyl radicals.
The formation of radical intermediates was further supported by F. Bickelhaupt and co-
workers who reported the formation of radicals in the reaction of phenylmagnesium
bromide with phenanthrenequinone.2% Along the years, different experiments have been
designed in order to prove the formation of radical intermediates. For example, Ashby et
al. explored the Grignard reaction mechanism of different reagents.29¢ They analysed the
products formed in the reactions of different Grignard reagents to benzophenone to get
insights of the reaction mechanism. These experiments revealed the dependency of the
Grignard reaction mechanism with the nature of the nucleophile and the ketone. The
substrates with low reduction potential facilitate the Single Electron Transfer (SET),
resulting in the radical mechanism.29¢ In 2020, Peltzer et al. explored in-depth the
reaction mechanism of Grignard reaction by quantum-chemical calculations and ab-
initio dyamics.29” They find out that the substrates with a low-lying n* C-O orbital
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undergo through radical mechanism, while the others proceed through polar
mechanism.

The nature of the Mg-P bond is different than Mg-C bond. For example, the
electronegativity difference between magnesium and carbon (x(C)=2.544 and
x(Mg)=1.293) is higher than magnesium and phosphours (x(P)= 2.253), yielding a less
polarized bond. Thus, the reaction mechanism to form 121 might occur in a different
mechanism than traditional Grignards. We followed the reaction by 3'P{*H}-NMR
during 30 min where we only observed the formation of 121 (6=10.35 ppm) (Scheme
6.4). After 30 min, no more conversion is observed indicating that the reaction has
finished. Bickelhaupt and co-workers detected ketyl radicals in the reaction crude, which
supported the radical mechanism pathway. We monitored the reaction with EPR
spectroscopy to detect the formation of radicals on the course of the reaction. We
observed the formation of a one radical specie with a g-factor of 2.0029. The hyperfine
coupling could not be determined due to the broadness of the signal (see Scheme 6.4).
The detection of radical species in the reaction crude might suggest the radical
mechanism.
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Scheme 6. 4. On the left, 3'P{*H}-NMR (121.4 MHz, 293 K) of the reaction crude after different reaction
times. On the right, EPR of the crude at different reaction times.

In this context, we decided to examine the reaction mechanism on the formation
of 121 with quantum chemical calculations (Figure 6.8). In the first step of the reaction,
we considered that two equivalents of benzophenone monomerize compound 115 into
two INT1 molecules (AG=-11.3 kcal/mol). From INT1, we examined two pathways to
activate benzophenone, namely polar mechanism and radical addition though homolytic
splitting of the Mg-P bond. The polar mechanism firstly undergoes through a rotation of
the phenylphosphine group (INT2, AG=-8.3 kcal/mol) to accommodate the lone pair of
phosphorus pointing to the benzophenone. Then, the nucleophilic attack undergoes
through a four-membered ring transition state (TS1, AG=+2.3 kcal/mol) with a Gibbs
activation energy barrier of AG*=+13.6 kcal/mol. Then, a second molecule
benzophenone coordinates to INTg yielding compound 121 (AG=-14.3 kcal/mol). The
homolytic cleavage of the Mg-P bond requires a AG= +29.4 kcal/mol, which is about 16
kcal/mol higher than the activation energy for polar mechanism.
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Figure 6. 8. Gibbs Energy profile on the formation of 121 at (PCM:toluene)-B3LYP- D3(BJ)/def2-

TZVPP//B3LYP-D3(BJ)/def2-SVP
The DFT calculations point towards the polar mechanism pathway. However, it
does not explain the formation of radicals in the reaction crude. We realized that the
formation of radical species persists even after the reaction is complected (see Scheme
6.4). We hypothesized that the radical compound could be formed from the
decomposition product of 117. In the absence of light, 3'P-NMR did not evidence any
decomposition (Figure 6.9). However, the EPR showed the formation of the radical

which with a broad signal with a g-factor of 2.0029, similar observed in the reaction
crude. In Figure 6.9, there is the temporal evolution of the double integral of the EPR

signal which increases along time. We only detect the radical in a pM concentration

which indicates that the radical evolution is very slow

120



Chapter 6 — Synthesis and reactivity of phospha-Grignard reagent

ﬁ #P{*H}-NMR ﬂ / CW-EPR \
[
I

025

T y 020

i

Time

l ’
v o 25 0 75 100 15 150 15 200
% Eoe) e T T e Time (min
%0 70 S0 30 10 -0 30 A d 1107 130" 150 170 190 210 332 334 336 338 340 342 (min)
Chemical Shift (ppm) Magnetic Field (mT)

Figure 6. 9. Decomposition of 121 in the absence of light. On the left side, 3'P{*H}-NMR (121.5 MHz, 293 K)
of 117 in toluene (1.09 mM) at different interval times. On the right side, CW-EPR spectra of 121 (1.09 mM)
in toluene at different interval times.

The feasibility of the C-P homolytic splitting was explored with quantum
chemical calculations. We examined the dissociation mechanism of 121 within the DFT
framework. In the left side of Figure 6.10 is depicted the PES corresponding to the
dissociation of C34-P1 in the singlet (green) and triplet (blue) electronic states. In the
singlet curve, from 1.966 A to 2.716 A the CSS was found the ground state. However, from
2.866 A to 3.116 A the broken-symmetry solution (OSS) is slightly lower in energy than
CSS wavefunction, which is consistent with homolytic cleavage of the C-P bond. The
dissociation process rises to 27.7 kcal/mol, in agreement with the slow kinetics observed
by EPR. The PES of the triplet state is dissociative from 2.116 A, however it does not cross
with the singlet curve in the computed C-P range. To deeply understand the dissociation
process, we inspected the charge rearrangement along the C-P dissociation by analysing
the fragment partial charges. In the right side of Figure 6.10 is depicted the partial
charges of the different fragments, namely PHPh, reduced benzophenone
(benzophenone 1), coordinative benzophenone (benzophenone 2) and NacNacMg, along
the C-P dissociation. In the ground state, the activated benzophenone (red curve) is
significantly more charged than the coordinating benzophenone (cyan curve). Upon C-P
bond elongation, a charge transfers from the activated benzophenone to [PHPh], while
the rest of the fragments remain innocent along the scan. At 2.866 A, the trend is reverted
yielding a small charge transfer from [PHPh] to the benzophenone. It coincides with the
change of the electronic structure, which switches from CCS to a broken symmetry
solution. The spin populations in the PHPh and activated benzophenone fragments are
+0.39 e and -0.38 e, respectively, indicating the radical character on these fragments.
The spin polarization along the C-P bond increases for longer distances, reaching a spin
population of +0.70 e on [PHPh] and -0.69 e to benzophenone. These results indicate
that, along the C-P bond dissociation process, compound 107 prefers to decouple the o-
bonding electrons of the C-P bond rather than transferring them to the [PHPh] fragment.
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Figure 6. 10. On the left, singlet and triplet potential energy surface (PES) along the C-P bond cleavage at
(CPCM:toluene)-uwb9g7XD/def2-TZVPP//uwB97XD/def2-SVP level of theory. On the right, fragment
partial charges in singlet state along the C-P bond cleavage at (CPCM:toluene)-uwb9g7XD/def2-
TZVPP//uwB97XD/def2-SVP level of theory.
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6.2.2 Photodissociation of 121

We observed that 121 is light sensitive. Over 30 minutes, we observed how the
solution turns from orange to deep blue (Figure 6.11).

!
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Figure 6. 11. Colour evolution of a solution of 121 under the ambient light at room temperature.

The UV-vis spectrum of compound 121 displays a maximum absorbance in the
UV region at Amax(Toluene)=321 nm with a medium extinction coefficient (emax=1996142
Lemoltecm™) (See Appenix IV, Figure A-IV.10). Exposing 121 in toluene under UV
irradiation (A=365 nm), the solution rapidly turns from orange to deep blue (See Figure
6.12). The blue colour of the solution suggests the formation of a ketyl radical 125.298 The
UV-vis spectrum of the irradiated sample shows a new absorbance at A=608 nm. It is
blue-shifted respect to transition metal ketyls, such as K[Fe(Ph.CO)N(SiMes).]
(A(Et.0)=581 nm) or K[Co(Ph.CO)N(SiMe;).] (A(Et.0)=563 nm), but red-shifted respect
to (K[COPh:])4 (A(THF)=656 nm).299- 300 We computed UV-Vis spectra of ketyl radical
125 showing an absorption maxima at 562 nm corresponding to a t>7* transition. The
computed spectrum is in good agreement with the experimental one, supporting the
formation of 125 upon irradiation of 121.
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Figure 6. 12 On the left, UV-vis spectra of 121 before (orange line) and after (blue line) UV-irradiation (1
min) and simulated spectra at the PCM:toluene-TD-B3LYP-D3(BJ)/def2-TZVPP//B3LYP-D3(BJ)/def2-
SVP. On the right, spin density of 125 at the B3LYP-D3(BJ)/def2-TZVPP//B3LYP-D3(BJ)/def2-SVP.

We qualitatively examined the photolysis of 121 by EPR spectroscopy along 80
min (Figure 6.13, right). The spectra reveal one absorption following a similar profile to
the thermal decomposition (Figure 6.13). From 0 min to 50 min, we observed a rapid
increase of the radical concentration. Then, from 50 min to 80 min, the radical
concentration remains constant. Notably, the radical concentration increases faster than
the decomposition in the absence of light (Figure 6.13, right). We examined the 3'P-NMR
of the crude after 80 min of irradiation (Figure 6.13, left). We observed the resonance of
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121 at 6=10.34 ppm and two new resonances assigned to the meso- and rac- P.H,Ph,
diphosphane (6=-66.38 ppm and -69.69 ppm, respectively).3°* We speculated that they
could be formed from the homo-coupling of two phosphanyl radicals (PhPH*).
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Figure 6. 13 Decomposition of 121 in toluene (1.09 mM) under UV irradiation at room temperature. On the
left side, 3'P{*H}-NMR (121.4 MHz, 293 K) after 80 min of UV irradiation. On the right side, CW-EPR spectra
of 121 in toluene at different interval times.

The photodissociation reaction of 121 was analysed by TD-DFT. We computed
the excitation energies to several excited states along the dissociation path from a model
system of 121, where we replaced the Dip substituents of NacNac ligand by methyl
groups. In Figure 6.14 we show the PES along the C-P bond of the model system (black
line) and 121 (dashed grey line). Both curves are almost identical, indicating a good
representability of the model system (Figure 6.14). We started analysing the singlet and
triplet excited states in the ground state geometry. The transitions are characterized with
the oscillator strength (f), which measures the probability of the transition, and the
contributions of each single excitation (c};), which is the contribution of a pair of orbitals
contributes to a given transition. The a index refers to the occupied orbital while r refers
to the empty orbital in their ground state. We examined 25 singlet excited states and 25
triplet excited states. We identified a singlet excited state S,, dominated by the transition
of HOMO-1 to the LUMO+5 (c5%}%* =0.58) with an oscillator strength of f=0.2350. The
involved orbitals are shown in Figure 6.14. The HOMO-1 is mainly located on the o bond
with some m-contribution of the aryls, while LUMO+5 is located on 7t system of the aryl
substituents and bears antibonding character to the C-P bond. The triplet exited state Ts
possess similar single excitation contributions to S,o. It is also dominated by the
transition of HOMO-1 to the LUMO+5 (cfYM%t>=0.38) but it is a spin-prohibited
transition (f =0). Since the T; is lower in energy than S,, an intersystem crossing (ISC)
might occur from S,, 2Ts. In fact, the benzophenone is known to undergo S, to T; ISC
very efficently,3°2 which it would not be surprising to occur in 121. The excited state T;
exhibits a clear dissociative pathway, consistent with the homolytic splitting of the C-P
bond.
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Figure 6. 14 On the left, PES of the (CPCM:toluene)-uwbg7XD/def2-TZVPP//unwB97XD/def2-SVP level of
theory. On the right, main orbital contributions to the inspected excited states.
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All in all, we propose that 121 reaches a triplet state a-cleavage homolytically
cleaving the C-P bond, yielding ketyl and phosphanyl radicals (Figure 6.15). The

123



Chapter 6 — Synthesis and reactivity of phospha-Grignard reagent

photolysis of 121 has analogies with the photoinitiators (PI). These molecules feature
efficient absorption of light generating reactive species such as radicals. The archetypical
examples are the acyldiphenylphosphine oxides (ADPO). The irradiation of these
molecules undergo triplet state a-cleavage to produce the benzoyl and phosphinoyl
radicals.3°3 Acylgermanes have shown analogous reactivity to ADPO yielding benzoyl and
germanium-centred radical.304

_— Magnesium phosphalcoholate 121

/ 0 _5.
=N - N, .
\ N\/ '0/<Ph \ NG /Ph @

Dip Di

\

121 125

Phosphorus based PI

Germanium based PI

R
|

hv I|{
Ar\n/(':\o ~R Ar\I ot Gew R
R | N
(e} (0]

Figure 6. 15 Selected examples of a-cleavage of phosphorus and germanium based PI and 121.
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CHAPTER 7 — Conclusions

The following conclusions stem from this thesis:

In Chapter 3 we provide compelling evidence that the lowest AE, criterion in the context
of EDA calculations should not be used in general to establish the best fragmentation
and infer from formal oxidation states from it. We show that this criterion cannot
properly distinguish proton and hydride character of the simplest 27 and 3 row AH,
compounds. It also fails to categorize the oxygen atoms in CO. as formally oxo (2-). We
show that the energetic criterion is strongly biased towards low oxidation states, because
of the high energy of the reference fragments in ionized states.

We introduce a new indicator, namely the inter-Fragment Electron Flow (iFEF), making
use of the EDA-NOCV orbitals and occupations. We propose the minimization of the
iFEF index as a much more appropriate and robust criterion to establish the best
fragmentation pattern, and hence formal oxidation states. The iFEF index can be
decomposed by contributions from the different bonding channels in the EDA-NOCV
calculation, and it is shown to better account for the electron flow between the fragments
than the NOCV eigenvalue itself. The new criterion shows an excellent behaviour in the
systems tested, in line with the OS assignations obtained with other state-of-the-art
density-based approaches.

In Chapter 4 we introduce the aluminium borohydrides as new building blocks in
aluminium chemistry. The NacNacAl(BH,). resulted to be good synthon for salt
metathesis reactions or nucleophilic additions. We show that we can control the mono-
substitution for most of the tested nucleophiles, which has barely been reported with
NacNac haloalumanes. We also explored the nucleophilic addition with an NHC, which
displaces the [BH,]- and deprotonates the NacNac backbone. The reaction mechanism
was elucidated by blank reactions and quantum chemical calculations. State-of-the-art
chemical bonding tools were employed to examine the interaction between aluminium
and the BH, group. The p-orbital energy of aluminum is modulated by the nature of the
substituent. This modulation results in varied coordination modes of BH, and influences
the strength of the interaction between aluminum and BH,.

Given the proved lability of the BH, group, we also developed a route to prepare
(hydrido)phosphanylalumanes. The reaction of NacNacAlH. with boraphosphines yields
the formation of the borohydride group though BH; transfer. Then, the in-situ formation
of the phosphide with a base promotes the salt metathesis reaction, leading to the
formation of the desired Al-P motif. This route was tested for aryl and alkyl primary
phosphines with good to acceptable yields. Unfortunately, the synthetized
(hydrido)phosphanylalumanes were not suitable synthons for p-elimination reaction
with KHMDS. Instead of activating the P-H bond, we observed the NacNac
deprotonation, probably because of the poor leaving group quality of the hydride.

We prepared boraphophanylalumanes, where the hydride is replaced by a much better
leaving group like BH,. We demonstrate that the NacNacAl(BH,)PHPh undergoes the
desired p-elimination reaction with KHMDS. We were able to isolate a
diphosphadialane, which we propose that is formed from a [2+2] cycloaddition of two
transient phosphaalumenes.

On the other hand, in this Thesis we uncover that the magnesium borohydrides are also
good synthons for salt metathesis reactions, leading to the formation of Mg-P bonds. We
achieved the synthesis of a NacNac phospha-Grignard reagent using the
NacNacMg(Et.O)BH, as starting material. Alternatively, we also prepared the phospha-
Grignard from the NacNacMg(Et.O)I starting material.
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The reactivity of the isolated phospha-Grignard was explored towards benzophenone.
We observed the nucleophilic addition towards the electrophilic carbon of the ketone,
yielding the corresponding magnesium phosphaalcoholate. The reaction was monitored
by spectroscopic techniques and the reaction mechanism was elucidated by
computational techniques. The analysis of the reaction crude by EPR indicated the
formation of an organic radical, but the DFT calculations strongly supported a pairwise
pathway over a radical mechanism.

Experimental evidences indicate that the phosphaalcoholate is unstable in solution and
it is light sensitive. Monitoring the decomposition in the dark indicate a slow formation
of a magnesium ketyl radical, arising from the homolytic splitting of the C-P bond. The
photodissociation of the phosphaalcoholate in the presence of UV-light was much faster
than in the dark. DFT calculations indicate that the aforementioned homolytic cleavage
of the C-P bond can proceed via excitation to a dissociative triplet state.
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CHAPTER 8 — Experimental and
computational details

All manipulations were carried out under argon atmosphere (Argon 5.0) using Schlenk
line techniques or glovebox. The NacNacAlH,, Na(dioxane).;PCO, PhPH.BH,,
MesPH,.BH,, TipPH.BHs,, tBuPH.BH,, MesPH., NacNacMg(Et.O)I,
NacNacMg(Et,O)BH, were synthetized following the established procedures.33258. 305, 306
NMR-spectra were recorded on a Bruker Avance III 400 and 300 spectrometer. *H and
13C NMR were referenced using benzene, toluene or THF solvent peaks. 27Al, 3P and B
spectra were referenced with external standards (627Al(AICl; in D.O) = 0 ppm, & 3'P (85%
H3;PO, in D.O)=0 ppm, & “B(Et.O-BF;)= 0 ppm). CsDs and toluene-ds were dried over K
and vaccum-destilled before storage in the glovebox. The THF-ds was dried over CaH.
and vaccum-destilled before storage in the glovebox. Fourier transformed infrared
spectra (FT-IR) were recorded with a Bruker Vertex 70 spectrometer. Elemental analysis
was performed on an Elementar vario Micro cube ®. Single crystal X-ray diffraction was
carried out on Bruker AXS X8 Apex CCD and Bruker AXS D8 Venture diffractometers.

The geometry optimizations were performed using the Gaussian16.Co1 software.3°7 The
stationary points were located with the Berny algorithms°8 using redundant internal
coordinates. Analytical Hessians were computed to determine the nature of stationary
points (one and zero imaginary frequencies for transition states and minima,
respectively). Unscaled zero-point energies (ZPEs) and thermal corrections and entropy
effects were computed using standard statistical-mechanics relationships for ideal gas.
The atomic/fragment charges and bond orders were obtained using Topological Fuzzy
Voronoi Cells (TFVC) 3D-space atomic definition, using 40 X 146 atomic grid for
numerical integration with APOST-3D program,3°% and Natural Atomic Orbitals (NAO)
with NBO.6 softwares© and QTAIM with AIMALL program.3** The EDA-NOCV analysis
was carried out using ADF 2019.103,3'2 incorporating the scalar relativistic effects using
Zeroth-Order Regular Approximation (ZORA). The Hirshfeld analysis of the NOCVs
densities is called through the command “print NOCVHirshfeld”.

The atomic/fragment charges and bond orders were obtained using Topological Fuzzy
Voronoi Cells (TFVC) 3D-space atomic definition, using 40 x 146 atomic grid for
numerical integration with APOST-3D program,3°% and Natural Atomic Orbitals (NAO)
with NBO.6 software. 31 The topological analysis of the electron density and the
delocalization indexes were done with AIMALL program.3®* The EOS analysis is
performed with APOST-3D program. The simulation of UV-Vis spectra was carried out
with ORCA software.

In Chapter III, all the optimizations were carried out at the BP86-D3(BJ)/def2-TZVPP
level of theory. The chemical bond analysis was performed at the BP86-D3(BJ)/def2-
TZVPP and BP86-D3(BJ)/def2-TZ2P level of theory. In the EDA-NOCYV calculations, no
frozen core approximation is applied. In the NOCV analysis the thresholds are set to
RHOKMIN=0.0, EKMIN=0.0 and ENOCV=0.0.

In Chapter IV, all optimizations were computed with BP86,313. 314, B3JLYP,315 316 M06-
2X,37 @Bg7X-D338 functionals with the def2-SVP basis set.3:9. For BP86 and B3LYP
functionals, Grimme dispersion correction D332° in combination with the Becke-Jonson
damping function32! were applied. The chemical bond analysis was performed at the
B3LYP-D3(BJ)/def2-TZVPP and B3LYP-D3(BJ)/def2-TZ2P level of theory using the
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geometries obtained from B3LYP-D3(BJ)/def2-SVP. The energies of the reaction
mechanism were corrected CPCM:diethylether-DLPNO-CCSD(T)/cc-pVTZ using
“NormalPNO” settings and RI approximation with def2/J and cc-pVTZ/C auxiliary basis
set.322325 The solvation Gibbs energies were computed at B3LYP-D3BJ/def2-TZVPP
using Conductor-like Continuum Polarization Model (CPCM) solvent model.326

In Chapter V, all the optimizations were carried out at the B3LYP-D3(BJ)/def2-SVP level
of theory. The chemical bond analysis was performed at the B3LYP-D3(BJ)/def2-TZVPP
and B3LYP-D3(BJ)/TZ2P level of theory using the geometries at the B3LYP-
D3(BJ)/def2-SVP level of theory. The reaction mechanism was computed at the PBEo-
D3(BJ)/def2-TZVPP//PBE0-D3(BJ)/def2-SVP  using Conductor-like Continuum
Polarization Model (CPCM) solvent model.

In Chapter VI, all the optimizations were carried out at the B3LYP-D3(BJ)/def2-SVP
level of theory and wB97X-D3/def2-SVP level of theory. The time-dependent DFT
calculations were performed at the ®B97X-D3/def2-TZVPP//wB97X-D3/def2-SVP level
of theory.
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Al.1 Amonia-borane (NH;BH3)

Appendix I

Table A-I. 1 EDA-NOCV of NH,BH, at the BP86-D3(BJ)/TZ2P//BP86-D3(BJ)/def2-
TZVPP level of theory. The lowest AE,» and iFEF are highlighted in bold. Energy values

are given in kcal/mol.

NH; (singlet); [NH;]* (doublet);
BH; (singlet) [BH;] (doublet)
AEin; -46.5 -288.4
AEPpauii 109.2 204.9
AEispl] -77.3 (49.7%) -239.0 (48.5%)
AEistad -1.6 (1.1%) -1.6 (0.3%)
AE el -76.7 (49.3%) -252.6 (51.2%)
AEop-ott] -66.5 (86.7%) -238.2 (94.3%)
AEorp-rest?! -10.2 (13.3%) -14.5 (5.7%)
iFEFy 39 (Lowdin) 0.57 1.12
iFEF,;39 (Lowdin) 0.57 112
iFEFTOT (Lowdin) 0.57 1.12
iFEFy 39 (Hirsh) 0.27 0.71
iFEFy;99 (Hirsh) 0.27 0.71
iFEFTT (Hirsh) 0.27 0.71

[a] The value in parenthesis gives the percentage contribution to the total attractive

interactions AEeistat + AEory + AEqisp. [b] The values in parenthesis gives the percentage

contribution to the total orbital interaction AE,+.
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AIlL.2 AHn systems

Table A-I1. 2 EDA-NOCV of AH,, systems in the atomic heterolytic fragmentation (H(-1))
fragmentation the BP86-D3(BJ)/TZ2P//BP86-D3(BJ)/def2-TZVPP level of theory.

Energy values are given in kcal/mol. iFEF values obtained using Lowdin AIM definition.

AEorb iIFEFHn IFEFx iIFEF

KH -15.9 0.62 0.62 0.62
NaH -16.1 0.60 0.60 0.60
LiH -23.0 0.40 0.40 0.40
CaH. -73.7 0.57 1.14 1.14
MgH. -100.3 0.71 1.41 1.41
BeH. -684.3 0.69 1.38 1.38
BH,4 -770.9 0.84 2.42 2.43
H.Se -572.0 1.11 2.21 2.21
H.S -697.4 1.14 2.28 2.28
HBr -3390.8 1.28 1.28 1.28
HCI -424.0 1.37 1.37 1.37
NH;3 -1835.5 1.14 3-43 343
H.O -1324.6 1.43 2.86 2.86
HF -720.1 1.67 1.67 1.67

158



Appendix I

Table A-I. 3 EDA-NOCYV of XH, systems in the atomic heterolytic fragmentation (H(+1))
fragmentation the BP86-D3(BJ)/TZ2P//BP86-D3(BJ)/def2-TZVPP level of theory.

Energy values are given in kcal/mol. iFEF values obtained using Lowdin AIM definition.

AEorb IFEFH iIFEFx IFEF

KH -277.1 1.39 1.39 1.39
NaH -266.1 1.42 1.42 1.42
LiH -285.1 1.61 1.61 1.61
CaH, -506.1 1.44 2.89 2.89
MgH. -620.2 1.30 2.61 2.61
BeH. -206.2 1.31 2.63 2.63
BH, -9062.6 1.19 3.58 3.58
H.Se -437.4 1.06 2.12 2.12
H.S -437.9 1.05 2.11 2.11
HBr -186.8 0.96 0.96 0.96
HCI -179.9 0.88 0.88 0.88
NH, -576.0 0.96 2.89 2.89
H.O -320.4 0.75 1.49 1.49
HF -139.7 0.56 0.56 0.56
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Table A-1. 4 EDA-NOCYV of XH, systems in the atomic homolytic fragmentation (H(0))
fragmentation the BP86-D3(BJ)/TZ2P//BP86-D3(BJ)/def2-TZVPP level of theory.

Energy values are given in kcal/mol. iFEF values obtained using Lowdin AIM definition.

AEqr iFEFu iFEFx iFEF
KH -43.7 1.01 1.01 1.01
NaH -42.9 1.01 1.01 1.01
LiH -56.0 1.01 1.01 1.01
CaH, -154.2 1.01 2.02 2.02
MgH. -113.8 1.00 2.01 2.01
BeH. -143.9 1.00 2.00 2.00
BH, -341.8 1.02 3.00 3.01
H.Se -223.8 1.11 2.23 2.23
H.S -268.7 1.13 2.26 2.26
HBr -133.3 1.13 1.13 1.13
HCI -165.0 1.14 1.14 1.14
NH; -560.6 1.11 3.34 3.34
H-O -449.0 1.12 2.24 2.24
HF -273.8 1.14 1.14 1.14
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Table A-I. 5 EDA-NOCV of XHu systems for the X—Hn fragmentation at the BP86-D3(BJ)/TZ2P//BP86-
D3(BJ)/def2-TZVPP level of theory. Energy values are given in kcal/mol. iFEF values obtained using Lowdin

AIM definition.
H(1-) H(1+) H(o)

AEom iFEF AEom iFEF AEorm iFEF

KH -15.9 0.62 -277.1 1.39 -43.7 1.01
NaH -16.1 0.60 -266.1 1.42 -42.9 1.01
LiH -23.0 0.40 -285.1 1.61 -56.0 1.01
CaH. -88.4 1.14 -506.1 2.89 -127.1 2.02
MgH. -127.2 1.41 -620.2 2.61 -113.8 2.01
BeH. -266.3 1.38 -684.3 2.63 -144.3 2.00
BH,4 -1073.4 2.42 -816.0 3.58 -273.5 3.00
H.Se -638.5 2.21 -437.4 2.12 -223.0 2.22
H.S -782.4 2.27 -437.9 2.11 -268.2 2.25
HBr -3390.8 1.28 -186.8 0.96 -133.3 1.13
HCl -424.0 1.37 -179.9 0.88 -165.0 1.14
NH; -2331.1 3.20 -576.0 2.89 -590.9 3.25
H.O -1503.5 2.78 -320.4 1.49 -461.7 2.14
HF -720.1 1.67 -139.7 0.56 -273.8 1.14
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Figure A-I. 1 Correlation between iFEF and electronegativity ratio (yx/yu) in X-Hy
fragmentation employing Lowdin AIM definition at the BP86-D3(BJ)/TZ2P//BP86-
D3(BJ)/def2-SVP level of theory.
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Figure A-I. 2 Correlation between normalized |AEq.| and electronegativity ratio (yx/yu)
in X-H, fragmentation at the BP86-D3(BJ)/TZ2P//BP86-D3(BJ)/def2-SVP level of
theory.
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Table A-I. 6 EDA-NOCV of XH, systems for the H-AH,., fragmentation at the BP86-
D3(BJ)/TZ2P//BP86-D3(BJ)/def2-TZVPP level of theory. Energy values are given in
kcal/mol. iFEF values obtained using Lowdin AIM definition.

H(1-) H(1+) H(o)

AEom iFEF AEom iFEF AEom, iFEF

KH -15.9 0.62 -277.1 1.39 -43.7 1.01
NaH -16.1 0.60 -266.1 1.42 -42.9 1.01
LiH -23.0 0.40 -285.1 1.61 -56.0 1.01
CaH. -38.2 0.59 -287.7 1.44 -64.3 1.03
MgH. -54.5 0.73 -245.7 1.30 -61.2 1.02
BeH. -98.0 0.69 -237.2 1.31 -74.7 1.01
BH,4 -225.2 0.84 -214.0 1.24 -104.4 1.06
H.Se -269.8 1.17 -201.7 1.06 -114.8 1.13
H.S -320.2 1.23 -201.3 1.05 -137.9 1.15
HBr -339.8 1.28 -186.8 0.96 -133.3 1.13
HCl -424.0 1.37 -179.9 0.88 -165.0 1.14
NH; -473.6 1.69 -183.2 1.00 -218.6 1.35
H.O -571.1 1.64 -163.5 0.77 -236.6 1.27
HF -720.1 1.67 -139.7 0.56 -273.8 1.14
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Figure A-I. 3 Correlation between iFEF and electronegativity ratio (yx/yxu) in H-AH,
fragmentation employing Lowdin AIM definition at the BP86-D3(BJ)/TZ2P//BP86-
D3(BJ)/def2-SVP level of theory.
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Figure A-I. 4 Correlation between |AEq1| and electronegativity ratio (yx/yn) in H-AH,
fragmentation employing Lowdin AIM definition at the BP86-D3(BJ)/TZ2P//BP86-
D3(BJ)/def2-SVP level of theory.
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Table A-I. 7 AEon, and iFEF values for XH, systems in all the fragmentation patterns at the BP86-D3(BJ)/TZ2P//BP86-D3(BJ)/def2-TZVPP level
of theory. The lowest AE,, and iFEF are highlighted in bold. Energy values are given in kcal/mol.

Atomic Fragmentation H-XHn-; Fragmentation X-H» Fragmentation

AEorb iFEF AEorb iFEF AEorb iFEF

H(1-) H@+) H() H@-) H@+) H(o) | H@-) H@+) H() H@-) H@+) HO | ga)  H@s)  H) | H@) H@+) H)

KH -15.9 -2771 437 | 0.62 139 101 | 159 o771 437 | 0.62 139 101 ] 159 o1 437 | 0.62 139 101

NaH  -16.1  -2661 429 | 0.60 142 101 | 101 5661 429 | 0.60 142 101 | 101 9661 429 | 0.60 142 101

LiIH -23.0 -2851 -56.0 | 0.40 161 101 | 2309 5851 560 |0.40 161 101 | 230 5851 -56.0 |0.40 1.61 101
CaH. -73.7 -506.1 -154.2 1.14 2.89 2.02 -38.2 -287.7 -64.3 0.59 1.44 1.03 -88.4 -506.1 -127.1 1.14 2.89 2.02
MgH. -100.3 -620.2 -113.8 | 1.41 261 201 | 945 .2457 -612 | 0.73 130 102 | 1272 _.620.2 -113.8 | 1.41 261 2.01
BeH. -206.2 -684.3 -143.9 | .38 263 200 | 980 o370 747 | 0.69 131 101 | 5900 6843 -144.3  1.38 263 2.00

BH; -770.9 -962.6 -341.8 | 2.43 358 3.01 ] 2252 9140 -104.4 | 0.84 124 106 | 19734 8160 -273.5 | 2.42 358 3.00
H.Se -572.0 -437.4 -223.8 | 221 2.2 223 | 2098 5017 1148 | 117 1.06 113 | 0385 4374 -223.0 | 221 =212 222

HsS  -697.4 -437.9 -268.7 | 228 211 226 | 3292 5013 -137.9 | 123 1.05 115 | 7824 4379 -268.2 | 227 =211 2.5
HBr -339.8 -186.8 -133.3 | 1.28 0.96 113 | 3398 _186.8 -133.3 | 1.28 0.96 113 | 3398 1868 -133.3 128 0.96 1.13
HCl -424.0 -179.9 -165.0 | 1.37 0.88 114 | 4240 _1799 -165.0| 137 0.88 114 | 4240 _1799 -165.0 | 1.37 0.88 114
NH; -18355 -576.0 -560.6 | 3.43 2.89 334 | 4730 1832 2186 | 1.69 100 135 | 23341 5960 -500.9 | 320 2.89 3.25

H.O0 -1324.6 -320.4 -449.0 | 2.86 1.49 =224 | 5711  _163.5 -2366 | 1.64 o0.77 127 | 15035 _3204 -4617 | 278 1.49 214

-720.1 -720.1

HF -720.1  -139.7 -273.8 1.67 0.56 114 -139.7 -273.8 1.67 0.56 114 -139.7  -273.8 1.67 0.56 114
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Al.3 Halomethanes (X-CHj3)

Appendix I

Table A-1. 8 EDA-NOCV of CH,X (X=F, Cl, Br, I) at the BP86-D3(BJ)/TZ2P//BP86-D3(BJ)/def2-TZVPP level of theory. The lowest |AEqs| and
iFEF are highlighted in bold. Energy values are given in kcal/mol.

F Cl Br I

F(1-) F(o) F(1+) Cl(1-) Cl(o) Cl(z+) Br(1-) Br(o) Br(1+) I(1-) I(0) I(1+)
AEin: -303.0 -127.8 -615.0 -264.5 -97.0 -440.7 -253.8 -85.9 -398.3 -245.2 -74.4 -350.9
AEpaquii 195.6 275.2 473.2 156.8 175.9 331.9 141.3 150.5 301.3 124.0 125.6 266.1
AEeistat -292.8 -113.6 -384.6 -211.7 -99.6 -387.9 -189.2 -05.1 -392.8  -166.5 -85.6 -380.9

AEdgisp -0.4 -0.4 -0.4 -1.4 -1.4 -1.4 -1.7 -1.7 -1.7 -2.2 -2.2 -2.2
AEor -205.4 -289.0 -703.3 -208.3 -171.9 -383.4 -204.2 -139.5 -305.1 -200.5 -112.2 -233.9

iFEF (Lowdin) 0.60 1.11 1.57 0.82 1.05 1.27 0.85 1.08 1.40 0.94 1.03 1.23

iFEF (Hirshfeld) 0.43 0.82 1.22 0.57 0.76 0.94 0.62 0.76 0.86 0.70 0.76 0.78
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Table A-1. 9 AE,, and iFEF values of o-bonding channel of CH;X (X=F, Cl, Br, I) in the X(1-) fragmentation at the BP86-D3(BJ)/TZ2P//BP86-
D3(BJ)/def2-TZVPP level of theory. Energy values are given in kcal/mol.

Lowdin Hirshfeld
AEorb-o AEorb-0(@) AEorp-08) 5?1'103 55 I’L,: IFEF? 51(:1}103 0 g 1'10; iFEF°
F -162.5 -81.3 -81.3 0.26 0.26 0.51 0.19 0.19 0.37
Cl -181.2 -90.6 -90.6 0.38 0.38 0.76 0.26 0.26 0.52
Br -181.7 -90.8 -90.8 0.39 0.39 0.78 0.29 0.29 0.58
I -183.6 -01.8 -01.8 0.44 0.44 0.88 0.32 0.32 0.64
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Table A-I. 10 AE,r, and iFEF values of o-bonding channel CH;X (X=F, Cl, Br, I) in the X (0) fragmentation at the BP86-D3(BJ)/TZ2P//BP86-

D3(BJ)/def2-TZVPP level of theory. Energy values are given in kcal/mol.

Lowdin Hirshfeld
AEorb-o  AEorb-o@  AEorb-o(p) Scty Sty IFEF? Sct, 8o iFEF®
F -266.1 -219.4 -46.8 -0.74 0.27 1.00 -0.50 0.22 0.72
Cl -156.6 -106.6 -49-9 -0.60 0.39 0.99 -0.43 0.29 0.72
Br -127.4 -80.3 471 -0.60 0.40 1.00 -0.41 0.32 0.73
I -103.0 -57.2 -45.8 -0.54 0.45 0.99 -0.39 0.35 0.74
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Table A-I. 11 AEy4 and iFEF values of o-bonding channel CH;X (X=F, Cl, Br, I) in the X (1+) fragmentation at the BP86-D3(BJ)/TZ2P//BP86-

D3(BJ)/def2-TZVPP level of theory. Energy values are given in kcal/mol.

Lowdin Hirshfeld
AEorb-o  AEorb-o@  AEorb-o(p) Scty Sty IFEF? Sct, 8o iFEF®
F -665.0 -332.5 -332.5 0.72 0.72 1.44 0.49 0.49 0.98
Cl -352.5 -176.3 -176.3 0.59 0.59 1.18 0.40 0.40 0.80
Br 279.0 -139.5 -139.5 0.58 0.58 1.16 0.38 0.38 0.76
I -211.3 -105.7 -105.7 0.53 0.53 1.06 0.36 0.36 0.72
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Al.4 Carbon dioxide (CO.)

Table A-I. 12 EDA-NOCV of CO, at the BP86-D3(BJ)/TZ2P//BP86-D3(BJ)/def2-TZVPP level of
theory employing 3 atomic fragments. The lowest AEq+ and iFEF are highlighted in bold. Energy
values are given in kcal/mol.

C(o) (5F) C(2+) (3P) C(4+) (0S)
AEint -514.9 -1323.7 -4189.3
AEpauti 986.0 793.6 506.6
AEeistat -415.0 -1066.9 -3232.3
AEdisp -0.9 -0.9 -0.9
AEorb -1084.9 -1049.5 -1462.7
1FEF (Lowdin) 4.50 3.70 3.11
iFEF (Hirshfeld) 2,78 1.71 0.30
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Table A-I. 13 iFEF* of the four main bonding channels of CO. at the BP86-D3(BJ)/TZ2P//BP86-
D3(BJ)/def2-TZVPP level of theory employing 3 atomic fragments. Energy values are given in

kcal/mol.

Fragmentation  C(0) (5F) C(2+) (3P) C(4+) (*S)

Spin a B a B a B
AEorb-m -134.8 -42.5 | -104.2 -91.4 | -155.5 -155.5
1FEF 1 (Low) 079 037 | 0.37 0.37 | 0.37 0.37

iFEF 7 (Hirs) 0.61 0.26 | 0.19 0.19 | 0.04 0.04

AEorb-n2 -134.8 -42.5 | -104.2 -91.4 | -155.5 -155.5
1FEF 72(Low) 079 0.37 | 037 0.37 | 0.37 0.37

iFEF 72(Hirs) 0.61 0.26 | 0.19 0.19 | 0.04 0.04

AEorb-o(+,-) -392.9 -87.6 | -267.7 -119.9 | -195.3 -195.3
IFEF o+ (Low) 0.62 0.35 | 0.64 0.34 | 0.33 0.33
iFEF o+ (Hirs) 0.29 0.16 | 0.32 0.16 | 0.05 0.05
130.5 -130.5

IFEF o+%) (Low) 0.64 0.35 | 0.65 0.38 | 0.38 0.38

AEorb-o(+,+) -154.0 -87.6 | -116.7 -76.1

iFEF o++%) (Hirs) 0.30 0.20 | 0.25 0.15 | 0.03 0.03

AEorb-rest -8.3 -77.8 -189.2

171



Appendix I

Table A-I. 14 EDA-NOCV of CO. at the BP86-D3(BJ)/TZ2P//BP86-D3(BJ)/def2-TZVPP level of
theory employing 2 fragments (C and O.). The lowest AE., and iFEF are highlighted in bold.

Energy values are given in kcal/mol.

C(o) (5F) C(2+) (3P) C(4+) (*S)
AEint -519.8 -1451.8 -4710.3
AEpauii 1082.6 701.4 267.7
AEelstat -406.9 -1067.5 -3232.6
AEdisp -0.6 -0.6 -0.6
AEorb -1194.9 -1085.1 -1744.8
1FEF (Lowdin) 4.08 3.69 3.11
iFEF (Hirshfeld) 2.25 1.52 0.37
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Table A-I. 15 EDA-NOCYV of CO. at the BP86-D3(BJ)/TZ2P//BP86-D3(BJ)/def2-TZVPP level of
theory employing 2 fragments (C and O.). The lowest AE., and iFEF are highlighted in bold.

Energy values are given in kcal/mol.

Fragmentation C(o) (5F) C(2+) (3P) C(4+) (*S)
Spin a B a B a B
AEorb-m -194.0 -41.4 | -109.0 -95.9 | -175.1 -175.1

1FEF 1(Low) 056 047 | 037 037 | 0.37 0.37
1FEF 7(Hirs) 036 0.26 | 0.20 0.20 | 0.05 0.05
AEorb-n2 -194.0 -41.4 | -109.0 -95.9 | -175.1 -175.1
1FEF 72(Low) 056 0.37| 037 037 | 0.37 0.37
1FEF m2(Hirs) 036 0.26 | 0.20 0.20 | 0.05 0.05
AEorb-o(+,-) -382.1 -89.9 | -250.3 -132.4 | -239.7 -230.7
IFEF o+7) (Low) 0.62 0.35 | 0.64 0.34 | 0.32 0.32
iFEF o+-) (Hirs) o0.29 0.6 | 0.32 0.6 | 0.05 0.05
AEorb-o(+,+) -156.8 -44.1 | -114.9 -82.6 | -154.4 -154.4
IFEF ot++%) (Low) o0.64 0.38 | 065 0.38 | 0.38 0.38
IFEF o+%) (Hirs) 0.30 0.20 | 0.26 0.16 | 0.04 0.04

AEorb-rest -51.1 -95.1 -256.4
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AIl.1 Synthesis of 29:
Dip Dip
—~N H 4
\/ Et,0,RT =N_ )
N + 4BH; Me, ——— N\
N\ H 2 hs N\ 'BH4
Dip Dip
29

Procedure: An overnight dried 100 mL Schlenk flask was charged 1.140 g (0.255 mmol,1
eq) and dissolved in 50 mL of Et-0. At room temperature, 0.97 mL of DMS.BH; (1.021
mmol, 4 eq) are added dropwise to the stirring solution. The reaction mixture is stirred
for 3 hours. The solvent is removed under vacuum to obtain compound 29 as a white solid
(1.128g, 93%).

1tH-NMR (300.13 MHz, 298 K, benzene-ds): 6(ppm) = 1.06 (d, 3Ju-u= 6.76 Hz,
12H,Cipr-Me»), 1.40 (d, 3Ju-u= 6.69 Hz, 12H,Cipr-Me>), 1.51 (s, 6H, Me(NacNac)), 3.28
(sept, 3Ju-u= 6,74 Hz, 4H, Cipr-H), 4.92(s, 1H,Cy-H), 7.09(m,6H,Ar-H). The BH, could not
be determined due to the broadness of the signal. *B-NMR (96.29 MHz, 298 K,
benzene-ds): 5(ppm)=-36.57 (quint, 1Js-u =86.67 Hz).
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Figure A-I1. 1 'H-NMR (300.13 MHz, 298 K, benzene-ds) of compound 29.
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Figure A-I1. 2 “B-NMR (96.29 MHz, 298 K, benzene-ds) of compound 29.

AIl.2 Synthesis of NacNacAl(t-BuO)(BH,) (87)

Dip Dip
—N BH
V2 Et,0 =N
\ © 4+ 'BuONa ——0—> NaBH
! BH 2 hours N\ /e, + NabHy
\ 4 N BH,
. RT \
Dip Dip
29 87

Procedure: An overnight oven dried 25mL Schlenk tube was charged with 100 mg of 29 (1 eq,
0.211 mmol) and 24 mg (1 eq, 0.211mmol) of tBuONa. Then, 5 mL of Et20 are added to form a
white slurry solution. It is stirred for 2 hours at room temperature. The slurry solution is filtered
off and the filtrated is dried under vaccum to obtain a pale yellow oil. It is triturated with hexane
to obtain a pale-yellow solid. The solid is redissolved in Et.O and kept at -35°C freezer overnight
to yield colorless crystals. (69 mg, 62%).

'H-NMR (400.13 MHz, 298 K, benzene-d¢): 56(ppm)= 0.89 (s, 9H, Ci.g-Mes), 1.03 (d, 3Ju-
= 6.93 Hz, 6H,Ci,r-Me,), 1.15 (d, 3Ju-u= 6.93 Hz, 6H, Cipr-Me,), 1.48 (dd, 3Ju-u= 6.93 Hz, 12H Cjp,-
Me.), 1.59 (s, 6H, Me(NacNac)), 3.50 (sept,3Ju-u= 6.27 Hz, 2H, Ci,-H), 3.73 (sept, 3Ju-u= 6.81 Hz,
2H, Ci--H), 4.90 (s, 1H,C,-H). (Aromatic protons are overlapped with the solvent peak). The BH,
could not be determined due to the broadness of the signal. 3C{*H} (100.61 MHz, 298 K,
benzene-ds): §(ppm)=23.77(backbone-CHj), 23.86(Cip-CHj), 24.82(Cipr-CHj3),25.13(Cipr-CHj),
26.75 (Cipi-CHj), 28.81(Cipr-CH3), 29.01(Cip-CHj), 32.52 (Ci-pi-CH3), 69.00 (Cepu-Mes), 97.30 (Cy-
backbone), 123.95 (C-Ar), 125.23(C-Ar), 139.90(C-Ar),144.80(C-Ar), 145.74(C-Ar), 170.84(Cs-
backbone). “B-NMR (128.3MHz, 298 K, benzene-ds): §(ppm)= -37.12 (quint, Jg-u =86.09
Hz). 27A1-NMR (104.26 MHz, 272 K, benzene-ds): 5(ppm)= silent in the range of 190 to -
190 ppm. IR: v(ecm™) =2485.7 (br, B-H), 2404.3 (br, B-H), 2281.8 (br, B-H), 2195.7 (br, B-H).
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Elemental analyisis (%): calc for 87: C: 74.42, H: 10.22, N:5.26; found: C: 73.80, H: 9.41,

N:4.85. Melting point: 198°C
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Figure A-11. 3 'H-NMR (400.13 MHz, 298 K, benzene-ds) of compound 87.
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Figure A-II. 4 'H-'H COSY NMR (400.13 MHz, 298 K, benzene-ds) of compound 87.

25 20 15 10 5 0 -5 -10 -15 -20 -25 -30 -35 -40 -45 -50 -55 -60 -65 -70 -75 -80 -85 -90
Figure A-11. 5 “B-NMR (128.4 MHz, 298 K, benzene-ds) of compound 87.
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Figure A-11. 6 3C{*H} (100.61 MHz, 298 K, benzene-ds) of compound 87.
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Figure A-11. 7 27Al-NMR (104.26 MHz, 272 K, benzene-ds) of compound 87.
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Figure A-II. 8 FT-IR spectrum of compound 87.

AIL.3 Synthesis of NacNacAl(OCP)(BH,) (88):

Dip Jbip
/ —
=N ,BH4 overnight =N /O_ =
A + Na(dioxane), sPCO ———> A + NaBH,4
N BH, RT, Et,0 N, BH,
\Dip Dip
29 88

Procedure: In the glovebox, 200 mg (1 eq, 0.422 mmol) of NacNacAl(BH,). and 127 mg (1eq,
0.422 mmol) of NaPCO(dioxane). 5 are placed in a 25 ml Schlenk tube. Then, 4 mL of Et.O are
added and the reaction mixture is stirred overnight at room temperature. The solution is filtered
off to obtain an orange solution. Then, the solution is concentrated until incipient precipitation.
Then, compound 88 is crystallized at -35°C overnight. 113 mg (51.6%) of 88 are collected. Single
crystals suitable for X-Ray diffraction were obtained from Et.O at -30 °C overnight.

'H-NMR (400.13 MHz, 298 K, benzene-ds): 5(ppm)=0.99 (d, 6H, 3Ju-u= 6.83 Hz, Cipr-Me,),
1.28 (d, 6H, 3Ju.u = 6.80 Hz, Cin-Me,), 1.32 (d, 6H, 3Ju.u = 6.80 Hz, Cip-Me,), 1.51 (s, 6H,
Me(NacNac)), 1.53 (d, 6H, 3Ju-u =6.64Hz, Cipr-Me,), 3.03 (sept, 2H, 3Ju-u=6.83 Hz, Cip-H), 3.72
(sept, 2H, 3Ju.u=6.85 Hz, Ci,-H), 4.98 (s, 1H, C,-H), 7.01 (m, 2H,Ar-H), 7.10 (d, 4H, 2Ju-n=4.62
Hz, Ar-H). The BH, could not be determined due to the broadness of the signal. 3C{*H} (100.61
MHz, 298 K, benzene-ds) 6= 23.50 (backbone-CH;), 24.03(Cipr-CHs), 24.32(Cip-CHj),
24.42(Cip-CHj3), 25.03(Cipr-CHj), 27.86(Cipi-H), 28.79(Cip-H), 100.58 (Cy-H), 124.19 (C-Ar),
125.13 (C-Ar), 138.10 (C-Ar), 143.23(C-Ar), 145.88(C-Ar), 149.23 (d, Jprc = 3.16 Hz, PCO),
173.29(Cs-H). 3'P{*H}-NMR (161.98 MHz, 298 K, benzene-ds): S(ppm)= -319.36 (s).
(161.98 MHz, 298 K, benzene-ds): 6(ppm)=-319.36 (s). *“B-NMR (128.38 MHz, 298 K,
benzene-ds): 5(ppm)= -44.37 (quint, Jg.u =86.06 Hz). 27A1-NMR (104.28MHz, 298 K,
benzene-ds): 6(ppm)=68.04 (bs). IR: v(cm*)= 2493.0 (br,B-H), 2296.8 (br,B-H), 2157 (br,B-
H),1693.0(C-0,s). Melting point: 198°C (decomposition to complex mixture of compounds).
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Elemental analysis: calc for 88: C: 69.50 % H: 8.75 % N: 5.40%; found: C:69.30%, H: 8.00%,

N:5.03%.
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Figure A-II. 9 *H-NMR (400.13 MHz, 298 K, benzene-ds) of compound 88. *1,4-dioxane
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Figure A-II. 10 'H-'"H COSY NMR (400.13 MHz, 298 K, benzene-ds) of compound 88.
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Figure A-I1. 11 33C{*H} (100.61 MHz, 298 K, benzene-ds) of compound 88.
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-319.45
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Figure A-I1. 12 3:P{*H}-NMR (161.98 MHz, 298 K, benzene-ds) of compound 88.
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Figure A-I1. 13 3'P-NMR (161.98 MHz, 272 K, benzene-ds) of compound 88.
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Figure A-II. 14 *B-NMR (128.4 MHz, 298 K, benzene-ds) of compound 88.
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Figure A-I1. 15 27Al-NMR (104.26 MHz, 293 K, benzene-ds) of compound 88.
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Figure A-II. 16 FT-IR spectrum of compound 88.
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AIl.4 Attempted Synthesis of NacNacAI(NCS)(BH,) (89):

. DME . .
Dip 12 hours Pip Pip
—N\ /BH4 RT _N\ )N:Cz _N\ rN:CZ
Al + NaNC S, + S, + NaBH
) N BH, N N BH, \ N 'N=C= 4
Dip Dip Dip
29 89 90

Procedure: 100 mg of NacNacAl(BH,). and 18 mg of NaNCS are charged in an overnight dried
25 mL Schlenk tube in 10 mL of DME. The reaction mixture is stirred for 12 hours at room
temperature. The solvent is removed under vacuum to obtain a white solid. 3 mL of Et,O are
added to form a white slurry solution. The mixture is stirred for 30 min and then it is filtered off.
The solid is washed several times with Et,O.
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Figure A-II. 17 *H-NMR (400.13 MHz, 298 K, benzene-ds) of compounds 89 (blue) and 9o (green).
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Figure A-I1. 18 *H-'H COSY NMR (400.13 MHz, 272 K, benzene-ds) of compounds 89 and 90.
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Figure A-11. 19 3C{*H} (100.61 MHz, 298 K, benzene-ds) of compound 89 and 9o0.
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Figure A-11. 20 “B-NMR (128.4 MHz, 298 K, benzene-ds) of compounds 89 and 90.
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Figure A-II. 21 27Al1-NMR (100.61 MHz, 272 K, benzene-d6) of compounds 89 and 90.
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Figure A-II. 22 FT-IR spectrum of compound 89 and 9o0.

AIlL 5 Synthesis of NacNacAl(NCS)- (90)

/Dlp /Dip
=N M DME, RT =N N=e=
\ N/ .”/BH4 + 2 NaNC overnight > A N—C—
Dip Dip
29 90

500

+  2NaBH,

Appendix IT

Procedure: 101 mg (0.213 mmol,1 eq) of NacNacAl(BH,). and 43 mg of NaNCS (2.5eq) are
charged in an overnight dried 25 mL Schlenk tube. Then, 2 mL of DME are added and stirred
overnight. The solvent is removed under vacuum to obtain a white solid. Around 8 mL of Et.O are
added to form a white slurry solution. The mixture is stirred for 30 min and then it is filtered off.
The solid is washed several times with Et.O. The filtrate is dried under vacuum to obtain a white

solid (62 mg, 53%).

'H-NMR (400.13 MHz, 272 K, benzene-de): 1.70 (d,2Ju-u= 6.97 Hz, 12H, Ci,--Me.), 1.36 (s, 6H,
Me-(NacNac)), 1.50 (d,2Ju-u= 6.46 Hz, 12H, Ci,--Me,), 3.17 (sept, 2Ju-u= 6.46 Hz, 4H, Cip-H), 4.66
(s, Cy —-H), 7.07(m, 6H, m-, p-, Ar-H). ®The NMR matches with the one reported in the

literature.238
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Figure A-11. 23 *H-NMR (400.13 MHz, 298 K, benzene-ds) of compound 90.2

AIIL.6 Synthesis of NacNacAI(NHCiPrMe)(BH4) (91)

ne

N
i . -
/Dlp )\ A~ J\ pip N BH,
—N BH, N_N N J )\ A
) / N )\ 2 J\
. N
\ /v, _— ., N N
N BH, Et,0 \ N “BH, * )=
Dip 2hs \Dip
40°C
29 91

Procedure: An overnight dried Schlenk tube was charged with 50 mg (0.105 mmol, 1 eq) of 29
and dissolved 2 mL of Et.O. A solution of 38 mg (0.216 mmol, 2.05 eq) of NHCMe2ir jn 4 mL of
Et.O is added dropwise. Then, the solution is stirred for 2 hours in a sand bath at 40°C.
Afterwards, a white turbulent solution is obtained. It is cooled down to room temperature. The
white precipitate is filtered off and the solution is dried under vacuum. Then, the white solid is
dissolved in the minimal amount of Et,O and kept at -30°C overnight for crystallization to isolate
compound 91 as colorless crystals. The mother liquors are concentrated and kept at -30°C to
obtain different batches of crystals (Total: 39 mg, 55%).

'H-NMR (400.13 MHz, 298 K, benzene-ds): 5= 0.48 (d, 3Ju-u= 6.92 Hz, 3H, Ci,,-Me), 0.67
(d, 3Ju-u= 7.06 Hz, 3H, Ci,--Me), 0.87 (d, 3Ju.u= 7.02 Hz, 3H, Cip-Me), 0.96 (d, 3Ju.u= 6.85 Hz,
3H, Cipr-Me), 1.16 (d, 3Ju-u= 6.85 Hz, 3H, Cipr-Me), 1.33 (d, 3Ju-u= 6.81 Hz, 3H, Ci,--Me), 1.38 (d,
3Juu= 6.72 Hz, 3H, Cip--Me»). 1.42 (s, 3H, NHC-Me), 1.51 (d, 3Ju-u= 6.81 Hz, 3H, Ci,--Me), 1.54 (d,
3Juu= 6.72 Hz, 3H, Cipr-Me), 1.61 (s, 3H, NHC-Me), 1.63 (d, 3Ju-u= 6.72 Hz, 3H, Ci,--Me), 1.66 (d,
3Juu= 6.72 Hz, 3H, Cip-Me), 1.68 (d, 3Ju-u= could not be determined due to overlapping, 3H),
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1.69 (s, 3H, Me(NacNac)), 3.07 (sept, 3Ju-u= 6.82 Hz, 1H, Ci,r-H), 3.23 (d, 3Ju-u= 1.03 Hz, 1H,
Cuethylene-H(NacNac)), 3.50 (sept, 3Ju-u=6.90 Hz, 1H, Cix-H), 3.99 (3Ju-u= 1.02 Hz, Cmethylene-
H(NacNac)), 4.15 (sept, 3Ju-u= 6.74 Hz, 1H, Cipr-H), 4.25 (sept, 3Ju-u= 6.78 Hz, 1H, Ci,-H), 5.05
(sept, 3Ju-.u= 7.00 Hz, 1H, Ci,-H), 5.53 (s, 1H, C,-H), 5.68 (sept, 3Ju.u= 6.87 Hz, 1H, Ci,r-H), 7.11
(dd, 3Ju-u= 7.50 Hz, 4Ju-u= 1.80 Hz, 1H, m-Ar-H), 7.17 (overlapping with benzene signal), 7.22 (t,
3Ju-u= 7.58 Hz, 1H, p- Ar-H), 7.28 (m, overlap of a t and a dd, 2H, m-, p-, Ar-H), 7.41 (dd, 3Ju.u=
7.65 Hz, 4Jy.u= 1.67 Hz, 1H, m- Ar-H). The BH, could not be determined due to the broadness of
the signal. 3C{*H} (100.61 MHz, 298 K, benzene-ds) 5= 10.14 (CH;-NHC™e) 21,02 (Cipr-
CH3), 21.64(Cip-CH3), 22.13 (Cipr-CHy), 23.45 (Cipi-CHy), 23.55 (Cipr-CHs), 24.70 (Cipi-CHs), 24.74
(Cipr-CHj3), 24.94 (Cipr-CH3), 25.31 (Cipr-CHj), 25.73 (Cip-CH3), 25.89 (Cipr-CH3), 27.20 (Cipy-CHy),
27.26 (Cipi-CH3), 27.53 (Cipi-CHj3), 27.66 (Cipr-CH3), 28.91 (Cipi-CH3), 28.98 (Cipr-CH3), 50.86 (Ciy-

H), 53.28 (Cipr-H), 83.64 (CH.-backbone), 106.52 (Cy-H), 123.22 (C-Ar), 123.67 (C-Ar), 124.77 (C-
Ar), 125.33 (C-Ar), 125.43 (C-Ar), 125.86 (C-Ar), 127.17 (Co-NHC), 127.48 (C,-NHC), 143.03 (C-
Ar), 144.44 (C-Ar), 145.33(Cg-backbone), 146.17(C-Ar), 147.04(C-Ar), 149.16 (C-Ar), 149.23 (C-
Ar), 154.48(Cg-backbone), 165.15(Ccar,-NHC). *B-NMR (128.38 MHz, 298 K, benzene-ds)
6=-36.28 (bs). 27A1-NMR (104.26 MHz, 272 K, benzene-d;) 6= silent in the range of 190 to
-190 pp Elemental analysis: Do not match after several attempts. Melting point: 180 °C
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Figure A-11. 24 *H-NMR (400.13 MHz, 298 K, benzene-ds) of compound 91.
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Figure A-11. 25 *H-*H COSY NMR (400.13 MHz, 298 K, benzene-ds) of compound 91.
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Figure A-II. 26 3C{'H} (100.61 MHz, 272 K, benzene-ds) of compound 91.
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Figure A-II. 27 13C-*H-HMBC of compound 91 in benzene-ds.
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Figure A-II. 28 3C-DEPT135 of compound 91 in benzene de.

-36.20

T T T T T T T T T T T T
5 0 -5 -10 -15 -20 -25 -30 -35 -40 -45 -50 -55 -60 -65 -70 -75 -80

Figure A-11. 29 "B-NMR (128.38 MHz, 272 K, benzene-ds) of compound 91.
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Figure A-I1. 30 27Al-NMR (104.26 MHz, 298 K, benzene-de) of compound 91.
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Figure A-II. 31 FT-IR spectrum of compound 91.
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AIL.7 Synthesis of NacNacAIH(BH,) (93):

Dip

/
—N H
\ / \ 3hours ) \ N4
, '-, /Y
\ 70°C, benzene N\ BH,
Dip

93
Procedure: 100 mg (0.244 mmol, 1eq) of NacNacAl(BH,). and 106.74 mg (0.244 mmol, 1eq) of
NacNacAlH, are placed in an Schlenk flask. Then, 2 ml of benzene are added, and the mixture is
stirred on a preheated oil-bath at 70°C for 3 hours. The reaction crude is dried under vacuum to
obtain a white-yellowish solid. Then, minimal amount of Et,O is added and left to crystallize
overnight at room temperature. The solution is decanted and after repeating the process twice
89.7 mg (87%) of compound 93 are obtained as yellowish crystals.
'H-NMR (400.13 MHz, 298 K, benzene-ds): §(ppm)=1.10 (d,2Ju-u= 6.85 Hz, 6H, Cipr-Me,),
1.13 (d,2Ju-u= 6.85 Hz, 6H, Cip--Me,), 1.36 (d,2Ju-u= 6.72 Hz, 3H, Cipr-Me»), 1.42 (d,2Ju-u= 6.81 Hz,
6H, Ci,--Me»), 1.52 (s,6H, Me-(NacNac)), 3.30 (two overlapped septets, 4H, Ci,--Me,), 4.88 (s,1H),
7.10 (m, 6H, m-, p-, Ar-H). 3C{*H} (100.61 MHz, 298 K, benzene-ds): 6(ppm)=23.80 (CH;-
backbone), 24.63 (Cipr-CHj), 24.75(Cipr-CHj), 24.89 (Cipr-CHs), 25.60 (Cipi-CH3), 28.59 (Cip-CH),
28.85(Cip-CH3), 97.52(Cy-H), 124.83 (C-Ar), 124.97(C-Ar), 139.43(C-Ar),144.11(C-Ar),144.88(C-
Ar), 171.26(Cg-backbone). "B-NMR (128.38 MHz, 298 K, benzene-dg): §(ppm)= -37.63
(quint, Jg.u =83.80 Hz) 27Al-NMR (104.26 MHz, 298 K, benzene-d¢): 5(ppm)= 105 (bs).
Elemental analysis: calc for 93: C: 75.64 % H: 10.17 % N: 6.08%; found: C:74.85%, H: 9.71%,
N:6.11%. Melting point: 191°C.
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Figure A-11. 32 *H-NMR (400.13 MHz, 298 K, benzene-ds) of compound 93.
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Figure A-II. 33 *H-'H COSY NMR (400.13 MHz, 298 K, benzene-ds) of compound 93.
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Figure A-II. 34 3C{*H} (100.61 MHz, 298 K, benzene-ds) of compound 93.
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Figure A-II. 35 “B-NMR (128.4 MHz, 298 K, benzene-ds) of compound 93.
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Figure A-II. 36 27Al-NMR (104.26 MHz, 298 K, benzene-ds) of compound 93.
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AIIL.8 Synthesis of NacNacAl(OCP)tBuO (95) and NacNacAl(H)tBuO (96):
Dip Dip
o 2 hours "N O C= =N H

\ + Na(dioxane), ;"CO NaBH,
N O RT, Et,O N 0 N O%
Dip

Procedure: In a 25 ml flask, 150 mg (1 eq, 0.281 mmol) of 87 are dissolved in 3 mL of Et.O. The
solution is stirred until the 87 is completely dissolved. Then, 89 mg of Na(dioxane).;PCO (1.05
eq, 296 mmol) are added slowly in the stirring solution. The flask is taken out from the glovebox
and connected to the Schlenk line. The solution is stirred for 2 hours at room temperature. The
solvent is removed under vacuum. Then, 5 mL of diethylether are added to yield a slurry solution.
It is filtered off and the solution obtained is dried under vacuum to obtain a pale-brown solid (105
mg).
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Figure A-11. 37 *H-NMR (400.13 MHz, 298 K, benzene-ds) of compound 95 (blue) and 96 (red).
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Figure A-11. 38 *H-'H COSY NMR (400.13 MHz, 298 K, benzene-ds) of compound 95 (blue) and 96 (red).
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Figure A-I1. 39 3'P-NMR (161.98 MHz, 298 K, benzene-ds) of compound compound 95 (blue) and 96 (red).
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Figure A-II. 40 27Al1-NMR (104.26 MHz, 298 K, benzene-ds) of compound 95 (blue) and 96 (red).
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Figure A-II. 41 FT-IR spectrum of compound 95 (blue) and 96 (red).
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AIlL.9 Crystallographic data

Refinement details for 87: All non H-atoms were located on the electron density maps
and refined anisotropically. C- and B- bound H atoms were placed in positions of
optimized geometry and treated as riding atoms. Their isotropic displacement parameters
were coupled to the corresponding carrier atoms by a factor of 1.2 (CH, CH2, all BH) or
1.5 (CH3).

Refinement details for 88: All non H-atoms were located on the electron density maps
and refined anisotropically. C- bound H atoms were placed in positions of optimized
geometry and treated as riding atoms. Their isotropic displacement parameters were
coupled to the corresponding carrier atoms by a factor of 1.2 (CH) or 1.5 (CH3). The B(1)
bonded hydrogen atoms Hia, H1b, Hic and Hid were located on the electron density
maps and their positional parameters were refined using isotropic displacement
parameters which were set at 1.5 times the Ueq value of B(1).
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Refinement details for 91: All non H-atoms were located on the electron density maps
and refined anisotropically. The C2, C4, and C5 bonded H-Atoms as well as the Al1 and
B1 bonded H-atoms were located on the electron maps. All other C-bound H atoms were
placed in positions of optimized geometry and treated as riding atoms. The isotropic
displacement parameters of all hydrogen atoms were coupled to the corresponding carrier
atoms by a factor of 1.2 (CH, CH2, BH, AlH) or 1.5 (CH3).

Refinement details for 93:

Refinement details for 95 and 96: All non H-atoms were located on the electron density
maps and refined anisotropically. C-bound H atoms were placed in positions of
optimized geometry and treated as riding atoms. Their isotropic displacement
parameters were coupled to the corresponding carrier atoms by a factor of 1.2 (CH) or
1.5 (CH3). Disorder: There seem to be two complexes A (C34 H50 Al N2 O2 P) and B
(C33 H51 Al N2 O) which are superimposed to 70 % of A and 30 % of B, respectively.
Whereas in A Al1 is coordinated to a OCP ligand (occupancy 0.7), in B Al1 is coordinated
to H1 (occupancy 0.3).
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Table A-II. 1 Crystal data for compounds 87, 88, 93, 95 and 96.

Appendix IT

Compound 87 88 93 91 95 and 96
CCDCcode 2268228 2268229 2068231 2268243 2268230
C33H54A1BN2 C30H45A1BN2 C40H64A1B 033,71H50.30A1N201_70
Formula 0 oP N CagH,6AIB N Po.;
4
Crystal . . .
S}fs};cem Monoclinic Monoclinic  Monoclinic Monoclinic Orthorhombic
Space
Group P 21/111 P 21/C P21/n P21/c ana
Vol
Ry 164814(13)  3u7.6701)  3956.8(2) 2903.17(13) 3362.27(17)
a 9.0777(4) 15.5308(3)  11.4737(4)  12.0580(3) 16.5923(5)
b 19.9593(9) 8.9216(2) 17.4734(5)  18.1134(4) 20.7328(5)
c 10.0318(4) 22.5631(4)  19.7414(6)  18.1134(4) 9.7739(3)
a 90 90 90° 90° 90
B 114.938(2) 04.266(1) 91.308(2)°. 105'4%‘.‘0(10) 90
Y 90 90 90 90° 90
Z 2 4 4 4 4
Formula
weight 532.57 518.44 638.74 460.47 559.60
(g/mol)
Density 1.073 1.105 1.072 1.053 1.105
(g/mL) . . . . .
Absorption
coefficient 0.087 0.140 0.666 0.088 0.123
(mm)
F(oo00) 584 1120 1400 1008 1215
T t
eUPEI 133(2) 133(2) 133(2) 133(2) 133(2)
re (K)
Total
numb. 20259 54952 46357 63275 65468
Reflections
Final R R=0.0450 R=0.0450 R=0.0530 R =0.0510 R=0.0445
indices wR2 = _ wR2 = wR2 = _
[I>20(D)] 0.1169 WR2=0.1149 0.1362 0.1269 WR2=0.1236
Largest
diff. Peack  0.345 and- o.303and- o0.559and- 0.393and - )
and hole 0.352 0.561 0.221 0.302 0.509 and -0.343
(e-A3)
GoF 1.065 1.033 1.024 1.027 1.044
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AIL.10 Mechanism elucidation of compound 91
AIl.10.1 Monitoring the synthesis of 91

iPr\N BH
/Dip /Dip L\ 1 ’

. PN . N N N .
=N B iPr— Sy —iPr \ K iPr— 7 —iPr
\ Al + 92 o \ S, iPr +
N BH, H CoDe, 40°C N BH, H
\ .
Dip Dip

Procedure: In an NMR tube, 10 mg of NacNacDipAl(BH,)- (0.022 mmol, 1 eq) are dissolved in
0.4 ml of C¢Ds. Then, 7 mg of NHCP™e (0.044mmol, 2eq) are added. The reaction is heated at
40°C and followed by 'H-NMR, “B-NMR and “B{'H}-NMR.

NacNac-CH, NHCIPVe > BH,
7NN
‘v oy X .
7h 40 min
MM 1h 40 min
ﬁu “ Mﬁ““{ Mﬁ\' A U\ I
m,n"\»‘f““L, e e e he e N WA U‘”MMM"‘LJU‘A»\A*A_ 40 min
1
| |
A -
| l ‘\\J I
||
. U” _ od ,w,u.,,,ﬂ\u-\ M_m,,,.u\/k’\_ ﬂﬂﬂﬂﬂﬂﬂﬂﬂ JH‘J M"‘ “‘U VL‘”Y\‘”‘ ‘~J‘J\~M~“J‘~J‘v‘Ju_ . 20 min
NHCP™e_CH(CHs),
NacNacAl(BH,),-C,H
( NacNacA/NHC’P’M"(BH4)z-g:H aeAlBHICy ¢ NUCNaCé/(BH4)z‘CH(CH3)z
: )
,_»«J AA_J. /Au_‘ LR O o S 10 min

80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 0
Figure A-11. 42 'H-NMR (400.13 MHz, 298 K, benzene-ds) of the crude.
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NHCP™Me > BH,
NacNacAINHCP™e(BH,)

J\/L 7h 40 min

v
*JL,/L 1h 40 min

o\ 40 min

__________________ * S\ 20 min

<~ NacNacAl(BH,),

% 10 min

23 24 -25 -26 -27 28 -29 -30 -31 -32 -33 -34 -35 -36 -37 -38 -390 -40 -41 -42 -43 -44 -45 -46 -47 -48 -49 -50

Figure A-II. 43 “B{*"H}-NMR (128.4 MHz, 298 K, benzene-ds) of the crude.
7h 40 min
1h 40 min
40 min
20 min
10 min

-21 -22 -23 -24 -25 -26 -27 -28 -29 -30 -31 -32 -33 -34 -35 -36 -37 -38 -39 -40 -41 -42 -43 -44 -45 -46 -47 -48 -49 -50 -51
Figure A-II. 44 *B-NMR (128.4 MHz, 298 K, benzene-ds) of the crude.
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AIlL.10.2 Blank reaction I

pip ,
=N /H iPr— "\ —iPr 2 hours
N N .
\ il + . No reaction
N H H Et,0, 30°C
\
Dip

Procedure: In an NMR tube, 10 mg of NacNacDipAlH. (1 eq, 0.022mmol) and 4 mg of NHCiPrMe
(1 eq, 0.022mmol) are dissolved in 0.5 mL of Et,O. The reaction mixture is heated at 30°C for 2
hours. The reaction crude is dried under vacuum and analysed by 'H-NMR.

Dip

iPr\N/\N/iPr

Reaction

crude | .

75 70 65 60 55 50 45 40 35 30 25 20 15 10 05
Figure A-II. 45 'H-NMR (400.13 MHz, 272 K, benzene-ds) of the crude. *Signals from NacNacDip-H.
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AIl.10.3 Blank reaction III

BH,
Dip . N,DipH .
—N H . . 2 hours — Py Ny —Di
\ 2, DipmyNyDip . 7, PPeNTONTPR L nidentified
N N BH, H Et,0, 30°C N H H products
\ \

Dip Dip
Procedure: In an NMR tube, 10 mg of NacNacDipAIHBH, (1 eq, 0.022mol) and 9 mg of
NHCPPMe (1 eq, 0.022mol) are dissolved in 0.5 mL of Et,O. The reaction mixture is heated at 30°C
for 2 hours. The reaction crude is dried under vaccum and analysed by ‘H-NMR.

Reaction

crude JJJ\L Al M

Dip~N~"N-Dip ‘

il A\ LY

Dip
\ e, J:M | i L

Dip

75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00
Figure A-11. 46 'H-NMR (400.13 MHz, 298 K, benzene-ds) of the crude.
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M“ - W

5 4 6 810 12 -14 -16 -18 20 22 24 26 28 -30 -32 -34 -36 -38 -40 42 -44 46 -48 50 -52 -54 -56 -58 -60 -62
Figure A-II. 47 "B-NMR (128.4 MHz, 272 K, benzene-ds) of the crude.

AIlL.11 Geometries benchmark with DFT

Table A-II. 2 Benchmark of functionals using def2-SVP basis set of compound 87. All distances are given in A and the

angles in degrees.

X-Ray B3LYP- wB97XD BP86- Mo62X
D3BJ D3BJ
B-Al 2.158 2.149 2.117 2.125 2.126
Al-H 1.845 1.841 1.861 1.874 1.842
Al-H 1.845 1.858 1.882 1.886 1.874
Al-H 2.479 2.525 2.376 2.396 2.397
B-H(al) 1.256 1.247 1.250 1.256 1.250
B-H(al) 1.256 1.246 1.249 1.256 1.248
B-H 1.075 1.205 1.205 1.213 1.203
B-H 1.153 1.219 1.227 1.232 1.223
0-Al 1.696 1.716 1.716 1.732 1.715
Al-N 1.893 1.914 1.908 1.919 1.902
Al-N 1.893 1.915 1.910 1.922 1.903
0-Al-B 115.47 119.3 119.7 120.7 120.6
Coordination " " " < @
BH,
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Table A-II. 3 Benchmark of functionals using def2-SVP basis set of compound 88. All distances are given in A and the
angles in degrees.

X-Ray B3LYP- wB97XD BP86- Mo62X
D3BJ D3BJ
B-Al 2.064 2.023 2.023 2.027 2.025
Al-H 1.813 1.906 1.912 1.926 1.903
Al-H 1.850 1.906 1.912 1.926 1.903
Al-H 1.969 1.996 1.998 2.001 1.977
B-H(al) 1.166 1.247 1.251 1.257 1.247
B-H(al) 1.157 1.247 1.251 1.257 1.247
B-H 1.019 1.197 1.198 1.206 1.195
B-H 1.028 1.234 1.240 1.246 1.239
0-Al 1.782 1.812 1.811 1.835 1.804
Al-N 1.877 1.893 1.889 1.898 1.886
Al-N 1.871 1.893 1.889 1.898 1.886
0-Al-B 111.8 111.7 111.9 111.1 111.8
Coorgﬁlftlon 3 3 3 3 3

Table A-II. 4 Benchmark of geometries using def2-SVP basis set of compound 91 All distances are given in A and the
angles in degrees.

X-Ray B3LYP- wB97XD BP86- Mo62X
D3BJ D3BJ

B-Al 2.244 2.216 2.213 2.198 2.201
Al-H 1.723 1.822 1.829 1.852 1.825
Al-H 1.877 1.884 1.895 1.893 1.887
Al-H 2.754 2.783 2.770 2.717 2.704
B-H(al) 1.142 1.257 1.260 1.266 1.259
B-H(al) 1.115 1.244 1.249 1.256 1.248
B-H 1.095 1.206 1.210 1.216 1.209
B-H 1.104 1.211 1.213 1.220 1.209
Ccarb-Al 2.061 2.066 2.074 2.058 2.075
Al-N 1.844 1.865 1.861 1.873 1.859
Al-N 1.844 1.857 1.850 1.868 1.850
Ccarb-Al-B 108.83 109.5 109.4 110.7 110.2

Coordination ) ) ) ) )

BH, K K K K K

212



Appendix IT

Table A-II. 5 Benchmark of geometries using def2-SVP basis set of compound 93. All distances are given in A and the
angles in degrees.

X-Ray B3LYP- wB97XD BP86- Mo62X
D3BJ D3BJ
B-Al 2.201 2.177 2.156 2.141 2.127
Al-H 1.760 1.843 1.855 1.883 1.879
Al-H 1.765 1.843 1.855 1.883 1.859
Al-H 2.687 2.663 1.584 1.594 1.579
B-H(al) 1.116 1.252 1.256 1.262 1.249
B-H(al) 1.120 1.252 1.256 1.262 1.252
B-H 0.995 1.217 1.222 1.230 1.224
B-H 1.118 1.208 1.208 1.214 1.202
Al-N 1.892 1.929 1.925 1.936 1.917
Al-N 1.890 1.929 1.925 1.936 1.916
Coordination ) ) ) ) )
BH, K K K K K

Table A-II. 6 Benchmark of geometries using def2-SVP basis set of compound 95. All distances
are given in A and the angles in degrees.

X-Ray B3LYP- wB97XD BP86- Mo62X
D3BJ D3BJ

O(tBu)-Al 1.678 1.704 1.701 1.717 1.699

0O(0CP)-Al 1.732 1.790 1.790 1.806 1.772

Al-N 1.875 1.885 1.880 1.890 1.882

Al-N 1.875 1.892 1.890 1.897 1.878

0-C (OCP) 1.210 1.259 1.254 1.266 1.254

C-P (OCP) 1.561 1.570 1.563 1.586 1.562

0-Al-O 118.2 116.1 115.9 117.1 118.1
Al-O-C

(OCP) 162.4 147.6 148.9 143.7 159.5
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Table A-II. 7 Absolute energies at different levels of theory. All the energies are given in Hartrees.
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Method B3LYP-D3(BJ)- Gas phase Dggg}fll’;cM CD(I:‘;)II;I(%S Gibbs energies
Basis set def2-SVP Def2-TZVPP Def2-TZVPP cc-pVIZ GOPBaLYP GPCM B3P AGagp BILYP @ GeospT e
TCE2 TCHP TCG® E[Ha] E [Ha] E[Ha] E [Ha] oV
NHCP*™Me.BH, 0.34464 0.34558 0.28403 -567.05092 -567.67649 -567.68613 -566.33894 -567.39245 -567.40210 -6.05049 -355211.16607
NHCiPrMe 0.31004  0.31098 0.25288 -540.35925 -540.95668 -540.96352 -539.70893 -540.70380 -540.71064 -4.29371 -338518.36471
29 0.75918 0.76013 0.65096 -1535.55488 -1537.05025 -1537.05810 -1533.48517 -1536.39929 -1536.40714 -4.92853 -961873.72665
96 0.72267 0.72267 0.61496 -1508.90212 -1510.36701 -1510.37361 -1506.89098 -1509.75205 -1509.75865 -4.13845 -945207.40628
91 1.01865 1.01960 0.88435 -2048.11519 -2050.17149 -2050.18246 -2045.45428 -2049.28714 -2049.29811 -6.88299 -1282994.95659
Hz2 0.01230  0.01324  -0.00159 -1.17393 -1.17994 -1.18007 -1.17230 -1.18153 -1.18167 -0.08347 -736.71366
BH3 0.02887 0.02981  0.00840 -26.59129 -26.62560 -26.62621 -26.53734 -26.61720 -26.61781 -0.38006 -16647.55686
RC1 1.07384 1.07478 0.92998 -2075.92741 -2078.02129 -2078.02900 -2073.20894 -2077.09131 -2077.09903 -4.84207 -1300380.61404
TS1 1.07332 1.07426 0.93341 -2075.92200 -2078.01413 -2078.02251 -2073.20068 -2077.08071 -2077.08910 -5.26060 -1300373.69626
INT1 1.07328 1.07422 0.93435 -2075.94309 -2078.03309 -2078.04486 -2073.22166 -2077.09874 -2077.11051 -7.39030 -1300388.39753
INT2 1.07232 1.07327 0.93020 -2075.92866 -2078.02196 -2078.05021 -2073.20160 -2077.09176 -2077.12001 -17.72827 -1300388.75596
TS2 1.06708  1.06802 0.92510 -2075.90053 -2077.99250 -2078.00534 -2073.16963 -2077.06740 -2077.08024 -8.05648 -1300362.22617
INT3 1.06969 1.07064 0.92567 -2075.90107 -2077.99430 -2078.00614 -2073.17550 -2077.06863 -2077.08047 -7.42903 -1300364.91776
TS3 1.07086 1.07180 0.92697 -2075.90633 -2077.99987 -2078.00859 -2073.18420 -2077.07290 -2077.08162 -5.47070 -1300367.60338
INT4 1.07236 1.07330 0.92819 -2075.96031 -2078.05213 -2078.06420 -2073.23701 -2077.12394 -2077.13601 -7.57371 -1300402.07930
RC2 1.07327 1.07422 0.92772 -2075.90892 -2078.02506 -2078.03724 -2073.20899 -2077.09734 -2077.10952 -7.64480 -1300384.86034
TS4 1.06758 1.06852 0.92290 -2075.93007 -2078.00071 -2078.01484 -2073.17990 -2077.07780 -2077.09194 -8.87161 -1300370.85811
INT5 1.07253 1.07348 0.92865 -2075.91834 -2078.01254 -2078.03473 -2073.19656 -2077.08389 -2077.10608 -13.92421 -1300382.76003
TS5 1.06796 1.06891 0.92153 -2075.83754 -2077.93370 -2077.94285 -2073.11655 -2077.01217 -2077.02133 -5.74322 -1300328.84101
INT6 1.38637 1.38637 1.20630 -2616.32181 -2619.00575 -2619.01812 -2612.94419 -2617.79946 -2617.81182 -7.76009 -1638899.40783
TS6 1.38100 1.38195 1.20628 -2616.30255 -2618.98318 -2618.99726 -2612.91519 -2617.77690 -2617.79097 -8.83167 -1638882.29149
INT7 1.38632 1.38726 1.21201 -2616.31836 -2619.00141 -2619.02021 -2612.93800 -2617.78940 -2617.80819 -11.79389 -1638895.96943
[NHCPMeH]BH,  0.36353 0.36448 0.29947 -568.19266 -568.82534 -568.84674 -567.47880 -568.52587 -568.54728 -13.43010 -355924.13638

aThermal Correction to Energy ® Thermal correction to Enthalpy ¢ Thermal correction to Gibbs free energy 4 AGgoly B3LYP= GPCM B3LYP . GGP-B3LYP e GCCSDT=ECCSDT L TCG+ AGsoly B3LYP
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AIl.13 Partial charges, bond orders and topological analysis

Table A-II. 8 Charges of compound 87 at B3LYP-D3(BJ)/def2-TZVPP//B3LYP-D3(BJ)/def2-SVP.
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Qamv Qrrve Qnra

Al 2.48 2.29 2.08
B 1.66 1.96 -0.75
H1 -0.67 -0.77 -0.03
H2 -0.67 -0.77 -0.03
H3 -0.59 -0.68 0.03
Hy4 -0.56 -0.60 0.07
BH, -0.83 -0.86 -0.73

Table A-II. 9 Bond orders of compound 87 at B3LYP-D3(BJ)/def2-TZVPP//B3LYP-D3(BJ)/def2-SVP.

6p1(A,B) BOrrvc BOnao
Al-B 0.04 0.04 0.24
Al-H1 0.11 0.13 0.11
Al-H2 0.10 0.14 0.11
Al-H3 0.02 0.03 0.03
B-H1 0.47 0.39 0.86
B-H2 0.47 0.39 0.86
B-H3 0.56 0.47 0.95
B-H4 0.58 0.47 0.97

Table A-II. 10 Charges of compound 88 at B3LYP-D3(BJ)/def2-TZVPP//B3LYP-D3(BJ)/def2-SVP.

Qarm Qrrve Qnra

Al 2.48 2.33 1.99
B 1.59 1.93 -0.81
Hi1 -0.63 -0.76 0.02
H2 -0.63 -0.76 0.02
H3 -0.62 -0.76 0.02
Hg -0.53 -0.58 0.10
BH, -0.82 -0.93 -0.65

Table A-II. 11 Bond orders of compound 88 at B3LYP-D3(BJ)/def2-TZVPP//B3LYP-D3(BJ)/def2-SVP.

Op1(A,B) BOrrvc BOnao
Al-B 0.06 0.05 0.32
Al-Hi1 0.09 0.12 0.11
Al-H2 0.09 0.12 0.11
Al-H3 0.03 0.10 0.09
B-H1 0.52 0.42 0.86
B-H2 0.52 0.42 0.86
B-H3 0.52 0.43 0.88
B-H4 0.61 0.50 0.96
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Table A-II. 12 Charges of compound 91 at B3LYP-D3(BJ)/def2-TZVPP//B3LYP-D3(BJ)/def2-SVP.
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Qamv Qrrve Qnra

Al 2.43 2.20 1.092

B 1.69 1.97 -0.71
Hi1 -0.69 -0.76 -0.04
H2 -0.67 -0.78 -0.03
H3 -0.58 -0.65 0.04
H4 -0.57 -0.63 0.04
BH, -0.82 -0.84 -0.86

Table A-II. 13 Bond orders of compound 91 at B3LYP-D3(BJ)/def2-TZVPP//B3LYP-D3(BJ)/def2-SVP.

6p1(A,B) BO1rvc BOnao

Al-B 0.04 0.04 0.23
Al-H1 0.12 0.17 0.13
Al-H2 0.10 0.14 0.11
Al-H3 0.01 0.02 0.01
B-H1 0.48 0.37 0.83
B-H2 0.46 0.39 0.85
B-H3 0.56 0.47 0.96
B-H4 0.58 0.46 0.97

Table A-II. 14 Charges of compound 93 at B3LYP-D3(BJ)/def2-TZVPP//B3LYP-D3(BJ)/def2-SVP.

Qamv Qrrve Qnra

Al 2.39 2.21 1.63

B 1.68 1.97 -0.69
Hi1 -0.68 -0.77 -0.03
H2 -0.68 -0.77 -0.03
H3 -0.60 -0.68 0.01

H4 -0.56 -0.61 0.05
BH, -0.84 -0.86 -0.69

Table A-II. 15 Bond orders of compound 93 at B3LYP-D3(BJ)/def2-TZVPP//B3LYP-D3(BJ)/def2-SVP.

Opi(A,B) BOrrvc BOnao

Al-B 0.04 0.04 0.27
Al-H1 0.12 0.15 0.14
Al-H2 0.12 0.15 0.14
Al-H3 0.01 0.02 0.01
B-Hi1 0.46 0.39 0.83
B-H2 0.46 0.39 0.83
B-H3 0.56 0.47 0.98
B-H4 0.58 0.47 0.98
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Table A-II. 16 ESI-3c of B.Hs using QTAIM partition at B3LYP-D3(BJ)/def2-TZVPP//B3LYP-D3(BJ)/def2-SVP level
of theory.

Centers B.Hs
B-H-B 0.066
B-H-B 0.066

87 88

p(r)gep=0.34 /A3 |

p(r)pcp= 0.38 e/A3
V2p(r)gcp= +3.72 e/AS C V2olr),

V2p(r)gcp= +4.68 e/AS

| p(r)gcr= 0.33 e/A° .
p()acp= 0.34 e/A3 V2p(r),cp= +3.35 e/AS

2 = A5 ] 8
V2p(r)gcp= +3.58 e/A | p(r)gep= 0.33 e/A3

V2p(r)gcp= +3.35 e/AS

Figure A-II. 48 Plot of the Laplacian electron density of compounds 87, 88, 91, 93 at the B3LYP-D3(BJ)/def2-
TZVPP//B3LYP-D3(BJ)/def2-SVP level of theory. The blue lines indicate positive V2p(r) region and red lines indicate
the negative V2p(r) region. The solid black lines indicate the bond paths, the black dots indicate Bond Critical Points
(BCP) and the red dots indicate Ring Critical Points (RCP).

Table A-II. 17 Electron density and Lapacian values at the bond critical point at B3LYP-D3(BJ)/def2-TZVPP//B3LYP-
D3(BJ)/def2-SVP level of theory. p(r)scp values are given in e/A3 and V2p(r)sce in e/As.

Compound p(1r)scp V2p(r)sce
87 0.34 3.72
88 0.38 4.68
91 0.34 3.58
0.33 3-35
23 0.33 3-35
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AIl.13 Deformation densities

Deformation densites [NacNacAlOtBu]+ [BH4]-

AEp)= -44.7; |vap|= 0.54 LUMO= -6.51 eV
Vap= 0.44 Vap=-0.22

AEp(2)= -17.4 ; |vag|= 0.29 LUMO+8=-2.26 eV
Vap=0.06 Vap=-0.20

AEp(3)=-8.0 ; |vap|=0.20 LUMO+6= -2.72 eV HOMO-2=-2.03 eV
Vap= 0.03 Vap= -0.03
Figure A-II. 49 Deformation densities Ap (isovalue 0.001 a.u.) of the pairwise orbital interactions between

[NacNacAltBuO]+ and [BH,4]- of compound 87. Associated energies AE (in kcal/mol) and eigenvalues v (in a.u.). The
red color shows the charge density accumulation.
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Deformation densites [NacNacAlIOCP]+

AEp(2)= -19.0; |vap|= 0.30 LUMO+9=-2.63 eV
Vap=0.09

AEp(3)=-16.2; |vap|=0.28 LUMO+8=-2.96eV HOMO= -1.54 eV
Vap= 0.06 Vap= -0.14

Figure A-II. 50 Deformation densities Ap (isovalue 0.001 a.u.) of the pairwise orbital interactions between
[NacNacAlOCP]* and [BH,4]- of compound 88. Associated energies AE (in kcal/mol) and eigenvalues v (in a.u.). The
red color shows the charge density accumulation.
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Deformation densites [NacNacAINHC]*

LUMO= -6.27 eV
Vap=0.44 Vap=-0.28

Vap=0.04 Vap=-0.21

AEp(3)= -7.4; |vap|=0.20 LUMO+8=-2.33 eV HOMO -2=-2.05 eV
Vap= 0.02 Vap= -0.03
Figure A-II. 51 Deformation densities Ap (isovalue 0.001 a.u.) of the pairwise orbital interactions between
[NacNacAINHC]* and [BH4]- of compound 91. Associated energies AE (in kcal/mol) and eigenvalues v (in a.u.). The
red color shows the charge density accumulation.
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Deformation densites [NacNacAlH]+

HOMO=-1.47 eV
Vap=-0.28

HOMO-1= -1.55 eV
Vap= 0.08 Vap=-0.23

AEp(3)= -7.6; |vap|= 0.20 LUMO+7=-2.83 eV HOMO-2= -2.05 eV
Vap= 0.01 Vap= -0.01
Figure A-II. 52 Deformation densities Ap (isovalue 0.001 a.u.) of the pairwise orbital interactions between
[NacNacAlH]* and [BH4]- of compound 93. Associated energies AE (in kcal/mol) and eigenvalues v (in a.u.). The red
color shows the charge density accumulation.
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AIIl.1 Synthesis of compound 99:
[s2]

: i) 2 h, Et,O, RT -
Di ) 2 h, ELO, Dip
N P H T i) NaHMDS, 2h,RT N
=\, 7 + 1 » / )H
\ N, "H Ph” \T—lH 'NaBH4 \ N, K -Ph
\ \
Dip -H-HMDS Dip !
9 99

Procedure: In an Schlenk flask, 0.191 g (1 eq, 0.473 mmol) of NacNacAlH. and 0.058 g of
PH,PhBH; (1.1 eq, 0.520mmol) are dissolved in 10 mL of diethylether. The reaction mixture is
stirred for 2 hours at room temperature. Then, a solution of NaHMDS (0.086 g (1.1 eq, 0.520
mmol) in 5mL) is added to the reaction crude dropwise yielding a slurry pale yellow solution. The
reaction mixture is stirred for 2h at room temperature. Then, the reaction mixture is filtered with
cannula and the resulting solution is concentrated until incipient precipitation kept in the freezer
(-24°C) overnight yielding a pale yellow crystals. The mother liquors are concentrated and kept
for crystallization obtaining a total 0.185 mg (78%).

'H-NMR (400.13 MHz, 298 K, toluene-ds): 5(ppm)= 1.01 (bs, 6H, Cipr-Me), 1.12 (d, 2Ju.u=
6.79 Hz, 6H,Ci,r-Me.), 1.54 (doublet and singlet overlapped, 12H, Me (NacNac) and Cip-Me,),
2.41 (d,Je-u= 189.77 Hz, 1H , P-H), 1.52 (s, 6H, Me(NacNac)), 3.27 (sept, 2H, Ci,r-H), 3.34 (sept,
2H, Cip-H), 4.88 (s, 1H, C,-H), 7.10 (m, 6H, m-, p-Ca-H).3C{*H} (100.61 MHz, 298 K,
toluene-ds) 6(ppm)= 22.93 (Ci-CH3), 24.49 (Cip-CHj), 24.91(Cipr-CH3), 25.68(Cipr-CHs),
28.15(Cipr-CH3), 29.26 (Cipr-CH3), 97.40(Cy-H), 124.26(C-Ar). 124.46(C-Ar), 127.54(C-Ar),
133.29(C-Ar), 133.43(C-Ar), 136.88 (d,'Jr-c=19.74 Hz, Cipso-Ar), 139.93(Cipso-Ar), 143.37(Ceta-Ar),
145.23(Crmeta-Ar), 170.58 (Cg-backbone). 3'P{*H}-NMR (161.98 MHz, 298 K, toluene-ds):
S8(ppm)= -155.32 (s). 3'P-NMR (161.98 MHz, 298 K, toluene-ds): 6(ppm)= -155.32 (d, Jp-n
=189.77). “B-NMR (128.38 MHz, 298 K, toluene-ds): §(ppm)= silent in the range of +50
ppm to -50 ppm.2’Al-NMR (104.26 MHz, 298 K, toluene-ds): 5(ppm)= silent in the range
of 190 to -190 ppm. Elemental analyisis (%): calc for 99: C: 75.78, H: 8.72, N: 5.05; found: C:
76.38, H: 8.87, N: 4.78. Melting point: 185°C.
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Figure A-III. 1. :1H-NMR (400.13 MHz, 298 K, toluene-ds) of compound 99. *Etzo
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Figure A-III. 2. '"H-'"H-COSY-NMR (400.13 MHz, 298 K, toluene-ds) of compound 99 in toluene-ds.
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Figure A-I11. 3. 3C{*H}-NMR (100.61 MHz, 298 K, toluene-ds) of compound 99 in toluene-ds.
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Figure A-III. 4. HMBC (298 K, toluene-ds) of compound 99.
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Figure A-I11. 5. 3'P{"H}-NMR (161.98 MHz, 298 K, toluene-ds) of compound 99.
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Figure A-IIL. 6. 3'P-NMR (161.98 MHz, 298 K, toluene-ds) of compound 99.
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Figure A-IIL. 7. IR spectrum of compound 99.
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AIII.2 Synthesis of compound 100:

Di = i)2h, Et,0, RT Dip
N Py © i) NaHMDS, 2h,RT \_/
N\, /2 f TN ;H
! + . -
\ N H Mes” -H -NaBH, \ N ‘p-Mes
\ H \
Dip -H-HMDS Dip 1

Procedure: In an Schlenk flask 0.053g (1 eq, 0.144 mmol) of NacNacAlH. and 0.019 g (1 eq,
0.114 mmol) MesPH.BH; are disposed. Then, 2 mL of Et.O are added and the reaction mixture is
stirred for 2 hours at room temperature. Then, a solution 0.021 g (1 eq, 0.114 mmol) of NaHMDS
in 2 mL of Et.O is added dropwise to the solution. Upon addition, the solution becomes yellow
and slurry. The solution is filtered off and concentrated in about 1 mL and kept at -35°C. The
obtained colorless crystals are washed with hexane and dried under vaccum. The mother liquors
are kept in the -35°C freezer for another batch of crystals. A total of 21 mg (28%) are collected.

'H-NMR (400.13 MHz, 298 K, toluene-ds): §(ppm)= 1.07 (d, 2Ju.u= 6.73 Hz,6H, Cip.-Me),
1.11 (two overlaped doublets, 12H,Ci,--Me), 1.55 (s, 6H, Me(NacNac)), 1.58 (d, 2Ju-u= 6.96 Hz,6H,
Cir-Me), 1.70(s, 6H, 0-Me-Mes), 2.06 (s, 3H, p-Me-Mes) 2.52, (d,"Jr-u= 196.5 Hz, 1H, P-H), 3.20
(sept,2Ju-u= 6.74 Hz, 2H, Ci,r-H), 3.33 (sept,2Ju-u= 6.88 Hz, 2H, C;,-H), 4.88 (s, 1H,C,-H), 6.61
(s, 2H, m-Cumes-H), 6.98 (bt,1H, m-Cpip-H), 7.02 (m-Cpip-H). The resonances in the aromatic region
could not be assigned due to overlap with toluene-ds.3C{*H} (100.61 MHz, 298 K, toluene-
ds) 8(ppm)=23.38(CH;, NacNac), 23.79 (d, CH;-Mes, Jc-p=11.91 Hz), 24.02 (d, CH;-Mes. *Jc-
p=11.91 Hz), 24.52(Cipr-CH3), 24.91(Cipr-CH3), 25.68 (Cipr-CH3), 28.18(Cip-CH3), 29.62(Cip-CH3),
29.66(s, Cipr-CH3), 97.50 (s, Cy-H), 124.47(s, C-Ar), 125.04 (s, C-Ar), 128.51 (s, C-Ar), 131.53 (d,
Jep=22.73 Hz, C-Ar), 133.16 (s, C-Ar), 140.45(d, Jc-p=7.69 Hz, C-Ar)), 140.61(s, C-Ar), 143.72(s,
C-Ar), 145.26 (s, C-Ar), 170.65 (s, Cg-NacNac).3'P-NMR (161.98 MHz, 298 K, toluene-dsc):
6(ppm)= -191.11 (s).3'P{*H}-NMR (161.98 MHz, 298 K, toluene-ds): &(ppm)= -191.11
(dd,Jr.u= 196.5 Hz, 3Jp.u= 19.35 Hz). 27A1-NMR (104.26 MHz, 272 K, toluene-ds): 6(ppm)=
silent in the range of 190 to -190 ppm. Melting point: 183°C
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Figure A-I11. 8. 'H-NMR (400.13 MHz, 298 K, toluene-ds) of compound 100.
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Figure A-III. 9. *H-'H -COSY-NMR(298 K, toluene-ds) of compound 100.
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Figure A-II1. 10. 3C{*"H}-NMR (100.61 MHz, 298 K, toluene-ds) of compound 100.
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Figure A-III. 11. HMBC (298 K, toluene-ds) of compound 100.
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Figure A-II1. 12. 3'P{'H}-NMR(161.98 MHz, 298 K, toluene-ds) of compound 100.
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Figure A-I11. 13. 3'P-NMR (161.98 MHz, 298 K, toluene-ds) of compound 100.
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Figure A-III. 14. IR spectrum of compound 100.
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AIIl. 3 Synthesis of compound 101:
= i)2h, Et,0,RT

Di Dip
N Py T i) NaHMDS, 2h,RT \_/
Y 4 + f > \_ \ 'H
\ 4 te. .'_ / % * 3
H ... H ~Tip
N Tip” "H N o n
Dip Dip

Procedure: In a 100 mL Schlenk flask, 200 mg of NacNacAlH, (1 eq, 0.448 mmol) are dissolved
in 10 mL of diethylether. Then, a solution of 123 mg of TipPH.BHj;(1.1 eq, 0.493 mmol) in 5 ml of
diethylether are added. The reaction mixture is stirred for 2 hours at room temperature. Then, a
solution of 90 mg NaHMDS (1.1 eq, 0.493 mmol) in 10 mL is added dropwise to the solution. The
solution turns to slurry and yellow and is stirred for 2 hours. The white solid is filtered off and the
resulting solution is concentrated until incipient precipitation. Then, it is kept at -30°C for
crystallization to isolate 101. Upon three crystallizations we isolate 0.235 g of 101. (77%)

1H-NMR (400.13 MHz, 298 K benzene-ds):[Mixture of conformers is found, only
the major one is informed] 6(ppm)= 1.07 (d, 2Ju-u= 2.96 Hz, 6H, Cipr-Me), 1.09 (d, 2Ju-u=
7.78 Hz, 12H,Cipr-Me), 1.11 (d, 2Ju-u= 6.58 Hz, 12H, Cipr-Me), 1.20 (d, 2Ju-5= 6.79 Hz,
12H,Cipr-Me), 1.51 (s, 6H, CH3-NacNac), 1.61 (d, 2Ju-u= 6.86 Hz, 12H,Cipr-Me), 2.39
(sept,2Ju-n= 6.66 Hz, 2H, Cipr-H), 2.76 (d, 1Jp-u= 201.96 Hz, 1H, Cipr-Me2), 3.27 (sept,2Ju-
H= 6.60 Hz, 2H, Cip-H), 2.76 (sept, 2Ju-u= 6.97 Hz, 1H, Cipr-H), 2.77 (d,1H, Jp-n=202.27
Hz, P-H), 3.22 (sept, 2Ju-u= could not be determined due to overlap with Et-O,2H, Cip-
H), 3.37 (sept, 2Ju-u= 6.75 Hz, 1H, Cipr-H), 4.89 (s, 1H, Cy-NacNac), 6.99 (d, 4Ju-n=2.01Hz
,2H, C-H(Ar)), 7.05 (dd, 2H 4Ju-n =6.12; 4Ju-u=2.97Hz, C-H(Ar)) 7.14 (m, 4H, C-
H(Ar)).8C{*H} (100.61 MHz, 298 K, benzene-ds) [Mixture of conformers is found,
only the major one is informed] 6(ppm)=23.45 (s, Me(NacNac)), 23.67 (s, Me-iPr), 23.85
(d, Jp-c=7.21 Hz, Me-iPr), 24.27 (s, Me-iPr), 24.43 (s, Me-iPr), 25.01 (s, Me-iPr), 26.22 (s,
C-H(iPr)), 28.20 (s, C-H(iPr)), 29.84 (d, Jp-c=5.13 Hz, C-H(iPr)), 33.05 (d, Jp-c=10.10Hz,
C-H(iPr)), 34.66 (s, C-H(iPr)), 97.60 (s, Cy-NacNac), 120.36 (s, C-H(Ar)), 124.48 (s, C-
H(Ar)), 125.08 (s, C-H(Ar)), 127.66 (s, C-H(Ar)), 130.04 (d, Jp-c=26.21 Hz, Cipso-Tip),
140.60 (s, Cipso-Dip), 143.68 (S, Cmeta-Dip), 145.10 (S, Cmeta-Dip), 145.43 (d, Jp-c=6.68 Hz,
Cmeta-Tip), 150.95(d, Jp-c=7.97 Hz, Cmeta-Tip), 170.84 (s, Cs-NacNac). 3'P-NMR (161.97
MHz, 298 K, benzene-ds): 5(ppm)= -194.61 (s). 3'P{*H}-NMR (161.97 MHz, 298
K, benzene-ds): 5(ppm)= -194.61 (dd, Jp-u= 206.47 Hz; 3Jp-u=19.98 Hz). 27Al1-NMR
(104.26 MHz, 298 K, benzene-ds): 5(ppm)= silent in the range of 190 to -190 ppm.
Elemental analyisis (%): calc. C:77.61%, H: 9.77%, N: 4.11%; found C:76.83%, H:
9.90%, N 4.11%. Melting point: 142°C

233



Appendix ITT

1385588 § 3IANMANARTARANANARREINSAIISARAR UEBIN2T385E
TREaRES 3 ISRRERUARINRZROCARRRANGRIITARRE 3Eanfaniaz
GLLLLLLEELE
N \ N A
[
i
!
T T L N U T T
58 g 225 5 %8 28 BH
58 g 83 3% § &8 2% &4

T T T T T T T T T T T T T
8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 15 1.0 0.5 0.C

Figure A-II1. 15. 'H-NMR (400 MHz, 298 K, benzene-ds) of compound 102 in benzene-ds. (*Diethylether)
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Figure A-I11. 16. *H-'H-COSY-NMR(298 K, benzene-ds) of compound 102 in benzene-ds.
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Figure A-III. 17.
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Figure A-III. 18

. HMBC (298 K, benzene-ds) of compound 102.
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Figure A-I11. 19. 3'P{*H}-NMR(161.98 MHz, 298 K, benzene-ds) of compound 102.
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Figure A-III. 20. 3'P-NMR (161.98 MHz, 298 K, benzene-ds) of compound 102.
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Figure A-III. 21. IR spectrum of compound 101.

237



Appendix ITT

AIIl.4 Synthesis of compound 102
= i)2h, Et,0, RT

Di Dip
N Py 2 ii) NaHMDS, 2h,RT \_/
N 4 + f > \_ \ 'H
\ / te .._ 4 S *‘tBu
I\I\ . H tBu/ \I—II_I I\I\ h
Dip Dip

Procedure: In a 100 mL Schlenk flask, 200 mg of NacNacAlH, (1 eq, 0.448 mmol) are dissolved
in 10 mL of diethylether. Then, a solution of 52 mg of tBuPH.BH4(1.1 eq, 0.493 mmol) in 5 ml of
diethylether are added. The reaction mixture is stirred for 2 hours at room temperature. Then, a
solution of 90 mg NaHMDS (1.1 eq, 0.493 mmol) in 10 mL is added dropwise to the solution. The
solution turns to slurry and yellow and is stirred for 2 hours. The white solid is filtered off and the
resulting solution is concentrated until incipient precipitation. Then, it is kept at -30°C for
crystallization to isolate 102. Upon three crystallizations we isolate 95 mg (40%) of 102.
1H-NMR (400.13 MHz, 298 K, benzene-ds): [Two conformers are found in a ratio
of 1:1] 8(ppm)= 1.03 (s, 6H, Me-tBu), 1.06 (s, 6H, Me-tBu), 1.11 (d,6H,3Ju-u=6.76 Hz, C-
H(iPr)), 1.14 (d, 12H, 3Ju-s=7.03 Hz, C-H(iPr)), 1.16 (d, 6H, 3Ju-u=7.30 Hz, C-H(iPr)),
1.40 (d, 6H, 3Ju-u=7.03 Hz, C-H(iPr)), 1.47 (d, 6H, 3Ju-u=7.03 Hz, C-H(iPr)), 1.55 (s, 6H,
Me-NacNac), 1.58 (s, 6H, Me-NacNac), 3.43 (sept,8H, the coupling constants could not
be determined due to signal overlap), 4.86 (s, 1H, Cy-H), 4.81 (s, 1H, Cy-H), 7.11(m,Ar-H,
the coupling constants could not be determined due to signal overlap).13C{*H} (100.61
MHz, 298 K, benzene-ds): [Mixture of conformers is found] S(ppm)=22.57(s,
Meas(NacNac)), 22.90 (s, Mes(NacNac)), 24.24, 24.61, 25.16, 25.95, 27.95, 28.17, 34.87,
34.90, 95.90 (s, Cy-NacNac), 96.86 (s, Cy-NacNac), 124.23, 124.45, 124.52, 138.99,
140.10, 143.43, 144.25, 144.76, 169.89(s, Cs-NacNac), 170.21(s, Cg-NacNac). 31P-NMR
(161.98 MHz, 298 K, benzene-ds): 6(ppm)= -116.58 (d, 1Jp-u=182.65 Hz).31P{*H}-
NMR (161.98 MHz, 298 K, benzene-ds): 5(ppm)= -116.48 (s).27A1-NMR (104.26
MHz, 272 K, benzene-ds): §(ppm)= silent in the range of 190 to -190 ppm. Elemental
analysis (%): calc for 102: C:74.12, H:9.80, N:5.24; found: C: 75.46, H: 9.66, N: 5.68.
Melting point: 146°C
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Figure A-I11. 22. tH-NMR (400.1 MHz, 298K, benzene-ds) of compound 102.
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Figure A-I11. 23. tH-*H-COSY-NMR(298K, benzene-ds) of compound 102.
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Figure A-IIL. 24. NOESY (298K, benzene-ds) of compound 102.
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Figure A-II1. 25. 3C{*H}-NMR (100.61 MHz, 298K, benzene-ds) of compound 102.
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Figure A-III. 26. 3'P{"H}-NMR (161.98 MHz, 298K, benzene-ds) of compound 102 in benzene-ds.
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Figure A-III. 27. 3'P-NMR (161.98 MHz, 298K, benzene-ds) of compound 102 in benzene-ds.
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Figure A-III. 28. IR spectra of compound 102 .
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AIIIL.6 Synthesis of 107
. K(18-crown-6)
Dip 1) KHMDS Dip
=N ,H ii) 18-crown-6 N ,H
\ N PHPh Toluene \ N 7 /O
Dip oh hours DipH

-78°Cto RT

Procedure: A Schlenk tube was charged with 52 mg (1eq, 0.094 mmol) of NacNacAIHPHPh and
dissolved in 2 mL of toluene and cold down to -78°C. A solution of KHMDS (19 mg, 1eq, 0.094
mmol) in 2 mL of toluene is added dropwise and stirred for 2 hours reaching room temperature.
The reaction crude turns to a slurry orange solution. Then, a solution of 18-crown-6 (25 mg, 1eq,
0.094 mmol) in 2 mL of toluene is added dropwise at room temperature. During the addition, the
solution turns to dark green and slowly becomes to yellow and slurry. The reaction crude is dried
under vacuum and the obtained oil is washed several times with hexane and Et.O to obtain a pale
yellow solid (32 mg, 39%).

tH-NMR (400.13 MHz, 298 K, benzene-ds): 5(ppm)= 0.86(d, 2Ju-u= 6.83 Hz, 3H, Cipr-
Me), 0.95 (d, 2Ju-u= 6.83 Hz, 3H, Cirr-Me), 1.13, 1.15, 1.17, 1.18, 1.19, 1.20, 1.21, 1.22, 1.25,
1.26, 1.33, 1.35, 1.37, 1.46 (s, 3H,CHs-NacNac), 1.89 (d, Jr-u= 184.89Hz, 1H,P-H), 2.30
(d, *Ju-n= 2.36 Hz, 1H, CH(CH-)), 2.97 (d, YJu-u= 2.20 Hz, 1H, CH(CH-)), 3.15 (sept, 2Ju-
u= 6.83 Hz, 1H, Ci,,-H), 3.84 15 (sept, 2Ju-u= 6.83 Hz, 1H, Ci,-H), 3.95 (two overlapped sept, the
coupling constant could not be determined, 2H, Ci,.-H), 4.69 (s, 1H, Cy-H), 6.27 (m, 2H, Ar-H),
6.50(m, 3H, Ar-H), 6.95. 3C{*H} (100.61 MHz, 272 K, benzene-ds) 5(ppm)=21.10, 23.66,
24.15, 16.44, 27.12, 28.03, 28.79, 29.23, 71.29, 75.23, 199.55, 122.11, 123.17, 133,62, 143,26,
144,88, 145.13, 155.53, 146.88, 148.34, 148.73, 149.19, 157.78. 3'P-NMR (161.96 MHz, 298 K,
benzene-ds): §(ppm)= -139.18 ppm (*Jp.u=180.18 Hz)3'P{*H}-NMR (161.96 MHz, 298 K,
benzene-ds): S(ppm)= -139.18 ppm2z’Al-NMR (104.26 MHz, 298 K, benzene-dg):
S6(ppm)= silent in the range of 190 to -190 ppm. Elemental analysis (%): Did not match after
several attempts. Melting point: 202°C
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Figure A-I11. 30 *H-*H-COSY-NMR(298K, THF-ds) of compound 107 in THF-ds.
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Figure A-II1. 31 3'P{*H}-NMR (161.98 MHz, 298 K, thf-d8) of compound 107.
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Figure A-II1. 32 3:P-NMR (161.98 MHz, 298 K, thf-d8) of compound 107.
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Figure A-I11. 34. 3C-DEPT135 (100.61 MHz, 298K, thf-ds) of compound 107.

AIIL.7 Synthesis of compound 108:
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Dip Dip
=N ,BH, . NaHMDS )=N_ ,PH4
Al + TH .
\ N BH4 ©/ Et20 \ I\I' ‘ @ * NaBH4
Dip 2 hours \DipH
0°C -->RT

Procedure: In a 100 mL Schlenk flask, 1g of NacNacAl(BH,)- (2.108 mmol,1eq) are dissolved in
40 mL of Et.O. Then, 2.43 mL of a 10 % solution of PH.Ph (2.108 mmol,1eq) in hexane is added.
The solution is cooled down to 0°C. Then, a solution of NaHMDS (0.405 g in 20 mL, 2.213mmol,
1.05eq) are added dropwise. During the addition, the solution becomes orange and slurry due to
the precipitation of NaBH,. Then, the solution is filtered off and washed with 10 mL of Et.O. The
obtained orange solution is concentrated under vacuum until incipient precipitation is observed.
Then, the solution is genteelly heated and it is kept at -20°C. After 2 hours, pale-yellow crystals
are formed. The solution is decanted and the mother liquid is concentrated and kept in the -20°C
freezer overnight for crystallization. This procedure is repeated 3 times (1%t crop=0.256g; 2rd
crop=0.216g; 3 crop= 0.027g). Total weight 0.499 g (41.6%).

'H-NMR (400.13 MHz, 298 K, benzene-ds): 5(ppm)=1.03 (d, 6H, 2Ju-u= 6.87 Hz, Cipr-Me»),
1.09 (d, 6H, 2Juu= 6.65 Hz, Cip-Me.), 1.23 (d, 6H, 2Ju.u= 6.26 Hz, Ci,-Me.), 1.56 (s, 6H,
Me;(NacNac)), 1.58 (d, 6H, 2Ju-u= 6.90 Hz, Cipr-Me,), 2.63 (d,1H, Jp.u= 194.04H, P-H), 3.21(sept,
2H, Cipr-H), 3.42 (sept, 2H, 2Ju.u= 5.70 Hz, Cipr-H), 4.94 (s, 1H Cy-H), 6.56 (m, 2H, Ar-H), 6.82
(m,3H, Ar-H), 7.14 (m, Ar-H).SC{*H} (100.61 MHz, 298 K, benzene-ds): 5(ppm)=
23.70(Me-(NacNac)), 24.03(Me-Dip), 24.10 (Me-Dip), 24.36 (Me-Dip), 25.08 (Me-Dip),25.17
(Me-Dip), 26.49 (Cier-Dip), 28.29(Cir-Dip), 29.87, 29.93, 98.29(C,-NacNac), 124.52 (Car-Dip),
124.87(C-HPh), 125.76 (Car-Dip), 133.62 (C-Ph,\Jp.c=14.33 Hz), 136.36 (C-Ph, *Jp.c=18.64 Hz,
139.57(C-Dip), 144.01(Car-Dip), 145.99 (Ca-Dip), 170.73 (Cg-NacNac).3'P{*H}-NMR (161.97
MHz, 298 K, benzene-ds): 5(ppm)= -149.29 (s). 31P-NMR (161.97 MHz, 298 K, benzene-
de): 8(ppm)= -149.29 (d, Jp.u =197.14 Hz). “B-NMR (128.38 MHz, 298 K, benzene-ds):
S8(ppm)= -35.97 (quint, Jp.u =85.13 Hz). 27Al-NMR (104.26 MHz, 298 K, benzene-ds):
S6(ppm)= silent in the range of 190 to -190 ppm. APPI-MS (toluene): calc. [M]*=568.369 ;
found. [M]*=568.370. Melting point:130°C
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Figure A-I11. 36. *H-*H-COSY-NMR (298 K, benzene-ds) of compound 108.

251



Appendix ITT

-149.24

T T T T T T T T T T T T T T T T T T
-85 -90 -95 -100 -105 -110 -115 -120 -125 -130 -135 -140 -145 -150 -155 -160 -165 -17¢

Figure A-III. 37.3'P{"H}-NMR (161.98 MHz, 298 K, benzene-ds) of compound 108.
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Figure A-I11. 38 "B-NMR (128.4 MHz, 272 K, benzene-ds) of compound 108.
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Figure A-III. 39. “C{'H}-NMR (100.61 MHz, 298 K, benzene-ds) of compound 108. *diethylether
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Figure A-III. 40. HMBC of compound 108 in benzene-ds.
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Figure A-III. 41. IR spectrum of compound 108.

254



Appendix ITT

AIIL. 8 Synthesis of 109:

,Dlp /Dip
=N_ ,BH, - NaHMDS )=N_ ,BHs
- ,
\_x ‘B, * Mes” ELO \  7,-Mes * NaBH,
\Dip 2 hours \DlpH
0°C -->RT

Procedure: In a 100 mL Schlenck flask, 0.308 g of NacNacAl(BH,). (0.649 mmol,1eq) are
dissolved in 20mL of Et,O. Then, 0.104g PH.Mes (0.649 mmol,1eq) in 10 mL of diethylether are
drop-wised added. The solution is cooled down to 0°C. Then, a solution of NaHMDS (0.125 g,
0.681 mmol,1.05eq) in 10 mL in diethylether are added dropwise. During the addition, the
solution becomes yellow and slurry due to the precipitation of NaBH,. Then, the solution is
filtered off and washed with 10 mL of Et,O. The obtained orange solution is concentrated under
vacuum until incipient precipitation is observed. Then, the solution is genteelly heated, and it is
kept at -20°C. After 2 hours, pale-yellow crystals are formed. The solution is decanted and the
mother liquid is concentrated and kept in the -20°C freezer for crystallization. This procedure is
repeated 2 times (15t crop=0.051g ; 2" crop= 0.060g , total=0.111g (28%)).

1H-NMR (400.13 MHz, 298 K, benzene-d¢): 6(ppm)= 1.03 (d, 6H, 2Ju.u=6.77Hz, Me-Dip),
1.10 (d, 6H, 2Ju.u=6.66Hz, Me-Dip), 1.34 (d, 6H, 2Ju.u=6.58Hz,_Me-Dip), 1.59 (s, 6H, Me-
NacNac), 1.63 (bs, 6H, Me-Dip), 1.70 (s, 6H, 0-Me-Mes), 2.03 (s, 6H, p-Me-Mes), 2.69 (d, 1H, P-
H, Jp.u=200.78 Hz), 3.19 (sept, 2H, C-H(iPr), 3Ju-u=6.63 Hz), 3.32 (bs, 2H, C-H(iPr)), 4.90 (s,
1H, C,-H), 6.72 (s, 2H, m-C-H(Mes)) 7.21 (m, 6H, m- and p-C-H(Dip)).:3C{*H} (100.61 MHz,
298 K, benzene-de): §(ppm)=21.03 (s, Me-Mes), 23.32(d, Me-Mes,Jcp=12.16 Hz), 23.65 (d,
Me-Mes,Jc-p=7.91 Hz), 24.05(CH;-NacNac), 25.16 (s, Me-Pr), 25.24 (s, Me-iPr), 26.40 (s, Me-Pr),
28.25(s, Cip-Dip), 30.48 (s, Cip-Dip), 30.54 (s, Cip-Dip), 97.93, 124.42, 125.77, 128.56 (d, Car
Mes, 3Jc-p=3.07 Hz), 131.26 (d, Ca-Mes, 3Jc.p=21.53Hz) 134.12, 140.00 (s, Ca-Dip), 140.39 (d, Car-
Mes, Jcp=10.32Hz), 144.36 (s, Ca-Dip), 146.06 (s, Ca-Dip), 170.49 (s, Cpg-NacNac).3'P{*H}-
NMR (161.97 MHz, 298 K, benzene-ds): 5(ppm)=-191.14 (s). 3*'P-NMR (161.97 MHz, 298
K, benzene-ds): 6(ppm)= -191.14 (d, Jr-u =201.88 Hz). “B-NMR (128.38, 298 K, benzene-
de): 8(ppm)= -35.26 (quint, Jg.u = Hz). 27’A1-NMR (104.26, 298 K, benzene-d¢): 5(ppm)=
silent in the range of 190 to -190 ppm. APPI-MS: calec. [M+H]* = 611.424 ; found.
[M+H]+*=611.423. Melting point: 170°C
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Figure A-IIL. 42. 'H-NMR (400.13 MHz, 298 K, benzene-ds) of compound 109.
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Figure A-I11. 43. *H-'H-COSY-NMR (400.13 MHz, 298 K, benzene-ds) of compound 109.
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Figure A-IIL. 44. 3'P{'H}-NMR(161.96 MHz, 298 K, benzene-ds) of compound 109.
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Figure A-III. 45.3'P- NMR(161.96 MHz, 298 K, benzene-ds) of compound 109.
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Figure A-II1. 46. “B-NMR (128.4 MHz, 298 K, benzene-ds) of compound 109.
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Figure A-I11. 47. 3C{*H}-NMR(100.61 MHz, 298 K, benzene-ds) of compound 109.
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Figure A-III. 48. HMBC of compound 109 in benzene-ds.

Figure A-I11. 49 Image of the crystals of compound 109.
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Figure A-III. 50. IR spectrum of compound 108.
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AIIL.g Synthesis of 110:

’DipBH D|p
=N_ )4 _KHMDS_ —N /\ N= . KeH
. 4
\ N 7 Benzene
‘ninH 2 hours D|p

Procedure: In a 100 mL Schlenk flask, 0.251 g (1 eq, 0.441 mmol) of NacNacAlBH,PHPh are
dissolved in 5 mL of benzene which is dropwise added to a solution of 0.144 g KHMDS (1.3 eq,
0.574 mmol) in 5 mL of benzene. The reaction mixture is stirred for 2 hours. The crude is
lyophilized for 2 hours and extracted several times with pentane. 59 mg (24%) are obtained as a
red solid. Single crystals are obtained from benzene solution at room temperature.

'H-NMR (400.13 MHz, 298 K, benzene-ds): 5(ppm)= 0.30 (b, 12 H, Me-Dip), 1.40 (s, 12 H,
Me-NacNac), 2.06 (bs, 4H, CHMe.), 3.77 (bs, 4H, CHMe.), 4.89 (s, 2H,C,-H), 6.88 (tt, 2H, 3Ju-
1=7.36 Hz, 4Ju.n=1.07 Hz, Ca-H), 7.02 (m, 24H, Ca-H), 7.40 (m, 4H, Ca-H).3'P{H}-NMR
(161.97 MHz, 298 K, benzene-ds): 5(ppm)= -115.26 (bs)3'P-NMR (161.97 MHz, 298 K,
benzene-ds): 6(ppm)= -115.21 (bs)*B-NMR (128.37 MHz, 298 K, benzene-ds): 5(ppm)=
silent in the range of +50 to -50 ppm.27’Al-NMR (104.26 MHz, 298 K, benzene-ds): 6(ppm)=
silent in the range of 190 to -190 ppm. UV/Vis (Toluene): Anx=348 nm (3593+83 M-cm™).
Elemental analysis: Did not match after several attempts. Melting point: 207°C.
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Figure A-IIIL. 51. 'H-NMR (400.13 MHz, 293 K, benzene-ds) of compound 110. *toluene ®unknown impurity.
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Figure A-I11. 52. 3'P{*H}-NMR (161.98 MHz, 298 K, benzene-ds) of compound 110.
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Figure A-III. 53. 3'P-NMR (161.98 MHz, 298 K, benzene-ds) of compound 110..
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Figure A-IIL. 54. UV-Vis spectra of compound 110 in toluene in different concentrations.
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Figure A-IIL. 55. Linear regression of compound 110 in toluene at A=348 nm.
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Figure A-III. 56. Simulated UV-Vis spectra of compound 110 at TD-PCM(toluene)/B3LYP-D3(BJ)/def2-
TZVPP//B3LYP-D3(BJ)/def2-SVP level of theory. The middle bandwith was arbitrary selected to 15 nm.

Table A-III. 1. Main absorption bands of 110 at TD-PCM(toluene)/B3LYP-D3(BJ)/def2-TZVPP//B3LYP-
D3(BJ)/def2-SVP level of theory.

Mnm) f Assignment®?
1 359.1 0.144883849 H->L+2 0.944042 (c=-0.97161809)
2 317.4 0.168008052 H-2>1+7 0.192504 (c=-0.43875259)
H-2 2149 0.658528 (c=-0.81149712)
3 301.3 0.159446172 H-3 5L 0.468093 (c=-0.68417347)
H-1 >L+13 0.362640 (c=-0.60219596)
4 299.6 0.245454088 H-3 =L 0.343919 (c=-0.58644581)

H-1 2 L+13 0.524479 (c= 0.72420940)
"H means HOMO and L means LUMO. ° corresponds to the coefficient of the excitation to the CI
wavefunciton.
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Figure A-III. 57. Selected MO transitions of TD-DFT of compound 108 at TD-PCM(toluene)/B3LYP-D3(BJ)/def2-
TZVPP//B3LYP-D3(BJ)/def2-SVP.
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AIIl.10 Variable Temperature (VI) NMR experiments
AIIlL.10.1 VT of compound 99
A Variation Temperature (VT) NMR experiment was elaborated to understand the dynamic behavior of Sa

in solution. The experiment was performed following the "TH-NMR spectra along the interval of 223 K to
333 K in toluene-ds. The obtained spectra are summarized in Figure A-II1.55.
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Figure A-III. 58. VT-'H-NMR (300.13 MHz, toluene-d8) of compound 99.
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Figure A-III. 59. Zoom-in on the range of 4.00 ppm to 2.65 ppm of VT-'H-NMR (300.13 MHz, toluene-ds) of compound
99.

266



Appendix ITT

Those differences are rooted on the exchange between the two diastereoiosomers which yield two sets of
septets. The exchange is explained through an in-plane to out-of-plane bending.

Di i
/ P k /DIp H
—N H exch —N

N\, 2 . N2 SPh

i >N
Dip Dip

We measure the exchange constant (k,,..j) of this processes following the Eq. 83
T (Av)
kex = NG ; Av=v; -y (83)

Where Av is the difference between the two resonances. In our case, we selected the chemical shifts of the
septets being v, = 3.56 ppm and v, = 3.34 ppm. Introducing these values in Eq 84 we obtain a k,,

146.52 Hz.
m (3.56 — 3.34)(300)

k = = 146.52 Hz
exch \/i
The activation energy AG T of this process is obtained with Eyring equation (Eq. 2):
kaC -AGt
Kexcnh = h e RTe (84)

The k, is the Boltzmann constant (k, = 1.381-1072 J/K), h is the Plank constant (h = 6.626 -
1073* J/Hz), R is the gas constant (R = 8.314 ] -mol™1- K~1) and T.is the coalescence temperature
(T, = 253 K). Isolating AG" from Eq 2, the AG' is obtained as:

146.52 - 6.626 - 10'34> Ji

=72106—
1.381-10723- 253 mol

Kexe h
AGt = —RT, ln( 2 ) = —8314 -253-1n<
kac

= 12.2 kcal/mol
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AIIl.10.2 VT of compound 110
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Figure A-I11. 60. VT-'H-NMR (300 MHz, toluene-ds) of compound 110.

We measure the exchange constant (k,,p) of this processes following the Eq. 83
i _ m (Av)

exch \/j
Where Av is the difference between the two resonances. In our case, we selected the chemical shifts of the

septets being v, = 3.76 ppm and v, = 3.00 ppm. Introducing these values in Eq 83 we obtain a k.=
226.57 Hz.

; Av=v, —1y (83)

7 (3.76 — 3.01)(300)

k = = 22657 Hz
exc \/i
The activation energy AG* of this process is obtained with Eyring equation (Eq. 84):
ky T, -AGt
kex = A e Rl (84)

The k; is the Boltzmann constant (k, = 1.381-10723J/K), h is the Plank constant (h = 6.626 -
1073* J/Hz), R is the gas constant (R = 8.314 ] -mol™1- K~1) and T.is the coalescence temperature
(T, = 303 K). Isolating AG" from Eq 2, the AG'is obtained as:

226.57 - 6.626 - 10734

1.381-10723-303

Kexcnh
AG' = —RT,In (ﬂ) = 8314 -303- ln(
kac

> = 14.5 kcal/mol
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AIIl.11 Mechanism elucidation of the synthesis of phosphalumane 99
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Figure A-III. 61. 'TH-NMR (400.13 Hz, 298 K, benzene-ds) of the reaction crude.
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Figure A-III. 62. 3'1P{"H}-NMR (161.98 MHz, 298 K, benzene-ds) of the reaction crude .
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Figure A-I11. 63. 3'P{*H}-NMR (161.98 MHz, 298 K, benzene-ds) of the reaction crude in benzene-ds.
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Figure A-III. 64. “B{*"H}-NMR (128.28 MHz, 293 K, benzene-d6) of the reaction crude in C¢Ds. *Unidentified
compound.
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Figure A-III. 65. "B{*H}-NMR (128.28 MHz, 293 K, benzene-ds) of the reaction crude in C¢Ds.
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Figure A-IIL. 66. “B{*H}-NMR (75.5 MHz, 293 K, CsDs/Et-0) of LiBH,.
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AIIl.12 X-Ray data
Table A-III. 2. Crystal data of 99, 100, 101, 102, 107, 108, 109 and 110.
Compound 99 100 101 102 107 108 109 110
Formula C35H48A]N2P C38H54A]N2P C48H76A1N20 P C33H52A1N2 P C47H71A]KN206P C35H51A1BN2P C38H57 AIBN. C82H104A12N4P2
Crystal system Triclinic Monoclinic Orthorhombic Monoclinic Monoclinic Triclinic Orthorhombic Monoclinic
P21 P21 P21
Space Group P-1 /n Poioia1 /n P-1 Pmn2, Cz2/c
/m
Volume (43) 3355.4(4) 3594.5(6) 4587.0(3) 1674.30(10) 4859.5(4) 1706.7(3) 1817.47(7) 7256.5(5)
A 12.3001(9) 13.8132(12) 12.5510(5) 8.9101(3) 11.1137(5) 10.3506(10) 20.3502(5) 19.3749(7)
B 18.1376(13) 14.5907(15) 14.6112(5) 19.7282(7) 19.8901(9) 12.2034(10) 8.7683(2) 17.6769(7)
C 18.2686(12) 17.8380(19) 25.0127(9) 10.3520(3) 22.1078(9) 14.3370(14) 10.1855(2) 21.4460(7)
A 118.462(2) 90 90 90 90 91.412(3) 90 90
B 93.192(2). 91.092(4). 90 113.0580(10) 96.077(2) 99.130(3) 90 98.9020(10)
r 106.135(2). 90 90 90 90°. 106.825(3) 90 90
Z 4 4 4 2 4 2 2 4
Formula weight (g/mol) 554.70 596.78 755.05 534.71 857.10 568.53 610.61 1261.59
Density (g/mL) 1.098 1.103 1.093 1.061 1.172 1.106 1.116 1.155
Absorption coefficient
A 0.132 0.128 0.114 0.130 0.206 0.131 0.127 0.130
(mm)
F(0o00) 1200 1296 1656 584 1848 616 664 2720
Temperature (K) 132(2) 153(2) 133(2) 133(2) 133(2) 153(2) 152(2) 153(2)
Total numb. Reflections 103068 86372 104106 25327 77605 63792 27568 83714
R1=0.0521, R1=0.0393, R1=0.0337, R1=0.0513, R1 = 0.0520, R1=0.0472, R1=0.0338, R1=0.0359,
. T wR2 = 0.1198 wR2 = 0.1046 wR2 = 0.0787 wR2 = 0.1410 wR2 = 0.0944 wR2 = 0.1152 wR2 = 0.0744 wR2 = 0.0882
Final R indices [I>20(1)] R1 = 0.0999, R1 = 0.0490, R1=0.0413, R1 = 0.0639, R1=0.1023, R1=0.0622, R1 = 0.0420, R1 = 0.0426,
wR2 = 0.1451 wR2 = 0.1125 wR2 = 0.0842 wR2 = 0.1525 wR2 = 0.1174 wR2 = 0.1258 wR2 = 0.0786 wR2 = 0.0932
Largest diff. Peack and 0.825 and - 0.249 and - 0.268 and - 0.783 and - 0.229 and - 0.351 and - 0.181 and - 0.318 and -
hole (e-A-3) 0.329 0.245 0.199 0.421 0.320 0.460 0.183 0.264
GoF 1.015 1.054 1.046 1.051 1.010 1.040 1.043 1.032
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Refinament details for 99: All non H-atoms were located on the electron density maps and
refined anisotropically. C- bound H atoms were placed in positions of optimized geometry and
treated as riding atoms. Their isotropic displacement parameters were coupled to the
corresponding carrier atoms by a factor of 1.2 (CH) or 1.5 (CH3). The hydrogen atoms bound on
Al1, Al2, P1 and P2 were located on the electron density maps. Their isotropic displacement
parameters were coupled by a factor of 1.2.

Disorder: The phenyl ring on P2 (C65C70), one isopropyl group (C44C46) and one methyl group
(C33) was split over two positions. For the refinement of the disorder some restraints were applied
in the refinement.

Refinament details for 100: All non H-atoms were located in the electron density maps and
refined anisotropically. C-bound H atoms were placed in positions of optimized geometry and
treated as riding atoms.Their isotropic displacement parameters were coupled to the
corresponding carrier atoms by a factor of 1.2 (CH) or 1.5 (CH3). The Al and P bonded H-atoms
were located in the electron density maps. Their positional parameters were refined using
isotropic displacement parameters which were set at 1.2 times the Ueq value of the parent atoms.
The P bonded H-atoms were split over two positions.
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Refinament details for 101: All non H-atoms were located on the electron density maps and
refined anisotropically. C-bound H atoms were placed in positions of optimized geometry and
treated as riding atoms. Their isotropic displacement parameters were coupled to the
corresponding carrier atoms by a factor of 1.2 (CH, CH2) or 1.5 (CH3). The Al1 and P1 bonded H
atoms were located on the electron density maps and their positional parameters were refined
using isotropic displacement parameters which were set at 1.5 times the Ueq value of the parent
atoms.

Refinament details for 102: All non H-atoms were located on the electron density maps and
refined anisotropically. C-bound H atoms were placed in positions of optimized geometry and
treated as riding atoms. Their isotropic displacement parameters were coupled to the
corresponding carrier atoms by a factor of 1.2 (CH) or 1.5 (CH3). Disorder: The Pi1-
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isopropylfragment is placed on a crystallographic mirror plane, and hence was refined each to a
occupancy of 0.5 using the PART -1 instruction of SHELX. The electron density of the hydrogen
atoms bound to Ali1(H1a) or P1(H2a) was found on the electron density maps. Their positional
parameters were refined using isotropic displacement parameters which were set at 1.2 times the
Ueq value ofthe corresponding parent atoms.

Refinament details for 107: All non H-atoms were located on the electron density maps and
refined anisotropically. C-bound H atoms were placed in positions of optimized geometry and
treated as riding atoms. Their isotropic displacement parameters were coupled to the
corresponding carrier atoms by a factor of 1.2 (CH, CH2) or 1.5 (CH3).

Disorder: The backbone of coordinated ligand shows resonance and no distinct sequence of single
and double bonds. So the methylene and methyl groups were refined as a disorder problem of 50
%. The aluminium bonded proton H1A and the phosphorus bonded protons H1P and H2P were
located on the electron density map. However, in the close proximity of P1 two electron density
peaks were found, which were set at a 50 % probability, each. Their isotropic displacement
parameters were coupled to the corresponding carrier atoms by a factor of 1.2 times the Ueq value
of the parent atom.
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Refinament details for 108: All non H-atoms were located in the electron density maps and
refined anisotropically. C-bound H atoms were placed in positions of optimized geometry and
treated as riding atoms.Their isotropic displacement parameters were coupled to the
corresponding carrier atoms by afactor of 1.2 (CH) or 1.5 (CH3). The boron bonded H atoms Hia,
H1b, Hic and Hid and theP bonded H atoms H2a and H2b were located in the electron density
maps. Their positional parameters were refined using isotropic displacement parameters which
were set at 1.2 times the Ueq value of the parent atoms. Disorder: The phenyl ring is split over two
positions. The P bonded H-atoms H2a and H2b were included into the split refinement. Their
occupancy factors refined to 0.75 for the major component.
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Refinament details for 109: All non H-atoms were located in the electron density maps and
refined anisotropically. C-bound H atoms were placed in positions of optimized geometry and
treated as riding atoms. Their isotropic displacement parameters were coupled to the
corresponding carrier atoms by a factor of 1.2 (CH) or 1.5 (CH3). The P1 and B1 bonded H atoms
H1P and Hia, Hib, Hic and Hid respectively, were located on the electron density maps. Their
positional parameters were refined using isotropic displacement parameters which were set at 1.2
times the Ueq value of the corresponding atoms.

Refinament details for 110: All non H-atoms were located in the electron density maps and
refined anisotropically. C-bound H atoms were placed in positions of optimized geometry and
treated as riding atoms. Their isotropic displacement parameters were coupled to the
corresponding carrier atoms by a factor of 1.2 (CH) or 1.5 (CH3).
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AIIlL.13 Electronic structure and Chemical Bonding

HOMO-1 HOMO LUmMmo LUMO+1
£=-6.05 eV e=-5.44 eV €=-1.66 eV €=-0.53 eV

Figure A-III. 677 Frontier Kohn-Sham Molecular Orbitals of 99 at B3LYP-D3(BJ)/def2-TZVPP//B3LYP-
D3(BJ)/def2-SVP level of theory. Isovalue=0.05 a.u.

HOMO-1 HOMO HOMO-1 HOMO-1
€=-5.99 eV €=-5.07 eV €=-1.58 eV €=-0.52 eV

Figure A-III. 68. Frontier Kohn-Sham Molecular Orbitals of 100 at B3LYP-D3(BJ)/def2-
TZVPP//B3LYP-D3(BJ)/def2-SVP level of theory. Isovalue=0.05 a.u.

HOMO-1 HOMO LUMO LUMO+1
€=-5.99 eV e=-5.13 eV e=-1.65eV e=-0.40 eV

Figure A-III. 69. Frontier Kohn-Sham Molecular Orbitals of 101 at B3LYP-D3(BJ)/def2-TZVPP//B3LYP-D3(BJ)/def2-SVP
level of theory. Isovalue=0.05 a.u.
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LUMO LUMO+1
e=-1.61eV €=-0.48 eV

HOMO-1
€=-5.96 eV

Figure A-III. 70. Frontier Kohn-Sham Molecular Orbitals of 102 at B3LYP-D3(BJ)/def2-
TZVPP//B3LYP-D3(BJ)/def2-SVP level of theory. Isovalue=0.05 a.u.

HOMO-2 HOMO LUMO LUMO+1
€=-5.35eV €=-3.78 eV €=-0.65eV €=-0.30 eV

Figure A-III. 71. Frontier Kohn-Sham Molecular Orbitals of 107 at B3LYP-D3(BJ)/def2-
TZVPP//B3LYP-D3(BJ)/def2-SVP level of theory. Isovalue=0.05 a.u.

HOMO -1 HOMO LUMO
€=-4.64 eV e=-4.46 €=-1.48

Figure A-III. 72. Frontier Kohn-Sham Molecular Orbitals of 110 at B3LYP-D3(BJ)/def2-TZVPP//B3LYP-D3(BJ)/def2-SVP level
of theory. Isovalue=0.04 a.u.

Table A-IIIL. 3. NPA Charges and WBI of compunds 99, 100, 101, 102, 107 and 110 at B3LYP-D3(BJ)/def2-TZVPP//B3LYP-
D3(BJ)/def2-SVP level of theory.

929 100 101 102 107 110

Q(AD 1.51 1.50 1.52 1.50 1.57 1.58

Q@) -0.15 -0.17 -0.18 -0.22 -0.21 -0.59
WBI (Al-P) 0.71 0.72 0.72 0.71 0.59 0.69/0.73
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Al: 0.37 ; P: 0.61 Al:0.37 ; P: 0.57 Al: 0.37 ; P: 0.57 Al:0.37 ; P: 0.61

Figure A-III. 73. Selected IBOs of 110 at B3LYP-D3(BJ)/def2-TZVPP//B3LYP-D3(BJ)/def2-SVP level
of theory. Isovalue=0.04 a.u.

Deformation density [PHPh] [NacNacAIH]*

AEorb—Ap(l):-76.2 5 |Du[3|:0.84
Aq(PHPh)=-0.34
Ag(NacNacAlH)= +0.34

HOMO (=+0.44 eV) LUMO (6=-7.05 eV)
Daﬁ:'0.63 UaB:+O.65

Figure A-III. 74. Deformation densities Ap (isovalue 0.003 a.u.) of the pairwise orbital interactions between [NacNacAIH]* and
[PHPh] of compound 99. Associated energies AE (in kcal/mol) and eigenvalues v (in a.u.). The red color shows the charge density
accumulation. Shape of the most important interacting occupied and vacant orbitals (isovlaue 0.05 a.u.) of fragments. Hydrogens
are omitted for clarity.
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[NacNacAIH]"

Deformation density

AEorb—Ap(l): -79.0 5 |U(xB|: 0.86 _ _
Aq(PHMes)=-0.34 HOMO (e= 0.28 eV) LUMO (g=-7.15 V)

=_(). =+0.
Ag(NacNacAlH)= +0.34 Vop=-0.65 Lop=+0.66
Figure A-II1. 75. Deformation densities Ap (isovalue 0.003 a.u.) of the pairwise orbital interactions between [NacNacAIH]* and
[PHMes] of compound 100. Associated energies AE (in kcal/mol) and eigenvalues v (in a.u.). The red color shows the charge

density accumulation. Shape of the most important interacting occupied and vacant orbitals (isovlaue 0.05 a.u.) of fragments.
Hydrogens are omitted for clarity.

Deformation density [PHTip] [NacNacAlIH]"

AEorb-Ap(l):'76.6 5 |1)u]3|: 0.86
Aq(PHTip)=-0.35
Ag(NacNacAlH)= +0.35

HOMO (e= +0.10 eV) LUMO (g=-7.02 eV)
Vep=-0.62 Vui=+0.66

Figure A-III. 76. Deformation densities Ap (isovalue 0.003 a.u.) of the pairwise orbital interactions between [NacNacAIH]" and
[PHPh] of compound 101. Associated energies AE (in kcal/mol) and eigenvalues v (in a.u.). The red color shows the charge density
accumulation. Shape of the most important interacting occupied and vacant orbitals (isovlaue 0.05 a.u.) of fragments. Hydrogens
are omitted for clarity.
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Deformation density [NacNacAlH]"

AEorb-Ap(l):'78.4 5 |Uu]3|: 0.79 _ _
Aq(PHtBu)= -0.32 HOMO (e=+1.03 eV) LUMO (e=-7.15eV)

Aq(NacNacAlH)= +0.32 Vop=-0.63 Vo= 0.71
Figure A-III. 77. Deformation densities Ap (isovalue 0.003 a.u.) of the pairwise orbital interactions between [NacNacAIH]" and
[PHPh] of compound 102. Associated energies AE (in kcal/mol) and eigenvalues v (in a.u.). The red color shows the charge density
accumulation. Shape of the most important interacting occupied and vacant orbitals (isovlaue 0.05 a.u.) of fragments. Hydrogens
are omitted for clarity.

Deformation density [PHPhK Crown] [NacNacAIH]

AEorb-ap(1y=-50.3 ; [vep|= 0.68 = =
Aq (PHPhKCrown)= - 0.27 HOMO (&= -2.91 V) FUMO (2305 V)

=-0. = +0.
Ag(NacNacAlH)= +0.27 Vop=-0.38 Vop=+0.37
Figure A-III. 78. Deformation densities Ap (isovalue 0.003 a.u.) of the pairwise orbital interactions between [NacNacAlH] and
[PHPhK Crown] of compound 107. Associated energies AE (in kcal/mol) and eigenvalues v (in a.u.). The red color shows the charge

density accumulation. Shape of the most important interacting occupied and vacant orbitals (isovlaue 0.05 a.u.) of fragments.
Hydrogens are omitted for clarity.
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APPENDIX IV- Supporting information of Chapter
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AIV.1 Synthesis of 115
Dip ( Dip Dip,
N, o~ 4, NaHMDS =N P N
/. * o 05 7 ~, . N\
\ N @ -78°C -->rt \ NT e NS
\ . 2h AL ./

Dip Et,0 Dip Dip
X=BH,4
X=I

Procedure 1: 200 mg of NacNacMg(Et.O)BH, are placed in a Schlenk flask and dissolved in 20
mL of Et.O. Then, 0.92 mL of PH.Ph (10% in hexanes) is added dropwise at room temperature.
The solution is cooled down to -78°C. Then, a solution of NaHMDS (0.073 g in 10 mL of Et.O) is
added dropwise. The solution is stirred for 10 min at -78°C and the Schlenk flask is taken out of
the cold bath. The reaction mixture is stirred for 2 hours until it reaches room temperature. The
solution is filtered off with a cannula to obtain a pale-yellow solution. The volume is reduced in
vacuum until incipient precipitation. The solution is cooled down to -50 °C for two hours where
colorless crystals are grown. The resulting solution is kept at -24°C overnight to get a new batch
of product (129 mg, 62%). Single crystals were grown from a concentrated solution in Et.O.
Procedure 2: 256 mg of NacNacMg(Et.O)I (0.422 mmol, 1eq) are placed in a Schlenk flask and
dissolved in 10 mL of Et.O forming a white slurry solution. Then 0.5 mL of PH2Ph (10% in
hexanes) is added dropwise at room temperature. The solution is cooled down to -78°C. Then, a
solution of NaHMDS (124 mg in 5mL of Et.O) is added dropwise. The solution is stirred for 10
min at -78°C and the Schlenk flask is removed from the cold bath. The reaction mixture is stirred
for 2 hours reaching room temperature. The solution is filtered off with a cannula to obtain a pale-
yellow solution. The volume is reduced until incipient precipitation and kept at -50°C for two
hours. Compound 115 precipitates as a white solid (126 mg, 57%).

tH-NMR (400.13 MHz, 298 K, THF-ds): 6(ppm)= 1.17 (t, 48H, Ci-Me), 1.69 (s, 12H,
Me(NacNac)), 3.18 (sept, 8H, 3Ju-u = 6.57 Hz, Cin-H), 4.91 (s, 2H, Cy-H), 6.42(m, 10H, P(H)CsHj),
7.15 (m, 12H, Ar-H). 8C{*H} (100.61 MHz, 298 K, THF-ds) 6(ppm)= 23.29 (s, CHj), 23.70
(s, CHs), 27.91 (s, Cipr), 94.23 (s, Cy), 120.24 (s, Ca-H), 123.48 (s,_Ca-H), 124.86 (s,_Car-H),
126.83(s,_Car-H), 126.80, 130.86 (d, Car-H, Jcp=14.71 Hz), 142.15 (S, Cipso-Ar), 146.30 (d, Jc-
p=30.21 Hz), 168.48 (s, Cg-NacNac). 3'P{*H}-NMR (161.97 MHz, 298 K, THF-ds): (ppm)=
-151.75 (s). 3'P-NMR (161.97 MHz, 298 K, THF-ds): -151.75 (dt, Jp.u=175.03 Hz, 3Jp.u=5.89
Hz). Elemental analysis: calc.: C: 76.29% H:8.60% N:5.08%, found; C: 76.19%, H: 9.14%,
N:5.95%. Melting point: >200°C

286



L

4.91

1.69
117

Appendix IV

|
1 Ay L

T I T an f s T ?

2 2 g ] 8 o8

IS ] ] & N

o o & @ S 4 & 5

T T T T T T T T T T T T T T T T
7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 2.5 2.0 15 1.0 0.5 0.C

Figure A-IV. 1. 'H-NMR (400.13 MHz, 298 K, thf-ds) of compound 115.
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Figure A-IV. 2. 3C{'"H}-NMR (100.61 MHz, 298 K, thf-ds) of compound 115.
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-151.75

140 120 100 80 60 40 20 O 20 40 -60 -80 -100 -120 -140 -160 -180 -200 -220 -240
Figure A-1IV. 3. 3'P{*H}-NMR (161.97 MHz, 272 K, thf-ds) of compound 115 in benzene-de.

-149 -150 -151 -152 -153 -154

140 120 100 80 60 40 20 0 20 -40 -60 -80 -100 -120 -140 -160 -180 -200 -220 -240
Figure A-IV. 4. 3'P-NMR (161.97 MHz, 272 K, thf-ds) of compound 115.
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AIV.2 Synthesis of 121

30 min

_N\ N + 4 \ N: *, D hPh
\ N/ toluene, RT \ O/i ,@
\ -Et, O Dip h

Procedure: In a vial, 40 mg of 110 (1 eq, 0.064 mmol) are dissolved in 2 mL of toluene to form
a white slurry solution. Then, a solution of 23 mg (2 eq, 0.128 mmol) in 2 mL of toluene is added
dropwise in the absence of light. The reaction crude immediately becomes orange and stirred for
30 min. The solvent is evaporated under vacuum to obtain an orange oil. It is triturated with
pentane or hexane to obtain an orange solid. It is filtered off and dried under vacuum. The mother
liquors are concentrated and kept in the freezer at -30°C to get another portion of 121. (26 mg,
44%). Single crystals are obtained from a saturated solution in hexane or pentane at -30°C to
obtain block shaped orange crystals.

'H-NMR (400.13 MHz, 272 K, benzene-ds): 5(ppm)= 0.70 (bs, 12H, Cip,-Me), 1.33 (bs, 12H,
Cir-Me), 1.74 (s, 6H, Me(NacNac)), 2.80 (bs, 2H, Ci,r-H), 3.72 (s, 1H, P-H), 3.78 (bs, 2H, Ci,-H),
5.12 (s, 1H, C,-H), 6.93 (m, Ca-H), 7.16 (m, Car-H), 7.45 (bs, 2H, Car-H), 7.84 (bs, 4H, Ca-H).
BC{*H} (100.61 MHz, 272 K, benzene-ds) 5(ppm)= 24.19 (s, CHs), 94.39 (s, C,), 123.67 (Car-
H), 124.94 (Car-H), 126.65 (Car-H), 135.20 (d, Car-H, Jcp=13.88 Hz), 138.36 (d, Car-H, Jcp=29.07
Hz), 146.12 (s,Cg-NacNac). 3'P{*"H}-NMR (161.97 MHz, 272 K, benzene-ds): 10.35 (s), 3'P-
NMR (161.97 MHz, 272 K, benzene-ds): 10.35 (d, *Jr.u=217.57 Hz). Elemental analysis:
calc : C:80.30 H:7.38 N:3.06; found: C: 79.40 H:7.46 N:3.08. Melting point: 138°C
(decomposes turning into blue solid).
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Figure A-IV. 5. 'tH-NMR (400.13 MHz, 293 K, benzene-ds) of compound 121.
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Figure A-IV. 6. 3C{tH}-NMR (100.61, 298K, benzene-ds) of compound 121.
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Figure A-1V. 7. 3'P{*H}-NMR (161.97 MHz, 293 K, benzene-ds) of compound 121.
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Figure A-IV. 8. 3'P-NMR (161.97 MHz, 293 K, benzene-ds) of compound 121.
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Figure A-IV. 9. UV-Vis spectra of compound 121 in toluene in different concentrations.
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Plot B
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Figure A-IV. 10. Linear regression of compound 121 in toluene at A= 321 nm.
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AIV.3 Crystal data

Table A-IV. 1. Crystal data of compounds 115 and 121.

Compound 115 121
Formula CyHi0:Mg-N,P.  Ce;Hs:MgN.O.P
Crystal system Triclinic Monoclinic
Space Group P-1 I;il
Volume (A3) 1738.25(19) 5861.7(3)
a 11.3979(7) 21.4905(7)
b 13.4553(8) 16.6324(5)
c 13.8842(9) 17.2806(5)
a 100.912(2) 90
B 114.038(2) 108.3800(10)
Y 107.101(2) 90
Z 1 4
Formula weight (g/mol) 1194.18 1001.61
Density (g/mL) 1.141 1.135
Absorption coefficient (mm-) 0.125 0.102
F(000) 646 2160
Temperature (K) 154(2) 143(2)
Total numb. Reflections 24430 2160
R1=0.0442, R1=0.0505,
Final R indices [I>20(1)] e Vgi—o%;gj‘
wR2 = 0.1126 wR2 =0.1318
Largest diff. Peak and hole (e-A3) 0.274 and -0.297  0.485 and -0.449
GoF 1.015 1.048
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Refinament details for 110: All non H-atoms were located in the electron density maps and
refined anisotropically. C-bound H atoms were placed in positions of optimized geometry and
treated as riding atoms. Their isotropic displacement parameters were coupled to the
corresponding carrier atoms by a factor of 1.2 (CH,) or 1.5 (CH3). The P bonded H-atom was
located on the electron density maps and its positional parameters were refined using isotropic
displacement parameters which were set at 1.2 times the Ueq value of the phosphorous atom.

Refinament details for 121: All non H-atoms were located in the electron density maps and
refined anisotropically. C-bound H atoms were placed in positions of optimized geometry and
treated as riding atoms. Their isotropic displacement parameters were coupled to the
corresponding carrier atoms by a factor of 1.2 (CH, CH,) or 1.5 (CH;). The P bonded H-atom was
located in the electron density maps. Its positional parameters were refined using isotropic
displacement parameters which were set at 1.2 times the Ueq value of P1.
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AIV.4 EPR studies
In an quartz tube, 4 mg of 121 are dissolved in 4 ml of toluene. Then, the decomposition is followed by *'P-

NMR and EPR in the absence of light and with UV-irradiation.
Table A-IV. 2 EPR data of the decomposition of 121 in the dark.

time (min) g Amplitude Width Double int [R] (uM)
0 2.0032 380.93 0.6423 157.2 10.2
5 2.0032 609.42 0.6473 255.3 16.6
10 2.0029 881.84 0.6283 348.1 22.6
20 2.0028 1219.78 0.6425 503.5 32.7
30 2.0028 1191.06 0.6528 507.6 32.9
50 2.0029 2457.12 0.635 090.8 64.3
60 2.0028 3017.42 0.6438 1250.7 81.1
8o 2.0029 3062.03 0.6335 1228.9 79.7
110 2.0029 5282.88 0.6421 2178.1 141.3
140 2.0029 6186.29 0.6393 2528.4 164.0
170 2.0029 7440.07 0.6348 2998.1 194.5
200 2.0029 7427.83 0.6358 3002.6 194.8
230 2.0029 9183.53 0.6328 3677.4 238.6

Table A-IV. 3. EPR data of the decomposition of 121 under UV light.

time (min) g Amplitude Width Double int [R] (mM)
o) 2.0033 124.45 0.6049 45.5 0.0
1 2.0032 08621.18 0.6255 38585.6 2.5
3 2.0029 212704.37 0.6250 83087.6 5.4
5 2.0029 373814.33 0.6085 138413.1 9.0

10 2.0029 577105.43 0.5920 202254.7 13.1
20 2.0029 810869.10 0.5745 267627.5 17.4
30 2.0029 939636.54 0.5690 304217.7 19.7
40 2.0029 997627.18 0.5490 300685.8 19.5
50 2.0029 1039045.25 0.5635 329930.4 21.4
60 2.0030 1069977.97 0.5515 325436.2 21.1
70 2.0029 1075424.05 0.5543 330422.4 21.4
80 2.0029 1044803.83 0.5515 317779.4 20.6
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AIV.5 Computational studies

Table A-IV. 4 Relative energies of the of the C-P scan in the singlet and triplet electronic states at the uwB97XD/def2-
TZVPP// unwB97XD/def2-SVP level of theory.

C-P Distance (A) AEsinglet (kcal /mol) AEtivlet (keal/mol)
1.966 0.0 45.2
2.116 3.1 49.3
2.266 8.0 46.8
2.416 13.1 44.1
2.566 17.7 41.4
2.716 21.4 38.7
2.866 24.4* (24.5)P 36.8
3.016 26.42 (26.9)b 34.1
3.166 27.72 (27.9)b 32.7

aEnergy of the Open Shell Singlet solution PEnergy of the Closed Shell Singlet solution.

Table A-IV. 5 Partial charges along the C-P scan in the singlet electronic state using TFVC atomic partition at the
uwB97XD/def2-TZVPP// uwB97XD/def2-SVP level of theory.

C-P Distance (&) Q(PHPh) Q(Benzophenone1) Q(benzophenone2) Q(NacNacMg)

1.966 0.22 -1.05 0.06 0.75
2.116 0.06 -0.90 0.06 0.75
2.266 -0.04 -0.81 0.06 0.75
2.416 -0.12 -0.73 0.06 0.76
2.566 -0.21 -0.65 0.07 0.75
2.716 -0.27 -0.58 0.07 0.76
2.866 -0.28: (-0.35)¢ -0.56: (-0.50)» 0.06: (0.06)b 0.762 (0.76)v
3.016 -0.242 (-0.42)® -0.612 (-0.43)® 0.06: (0.06)» 0.76:(0.76)°»
3.166 -0.192 (-0.31)® -0.65: (-0.54)» 0.06: (0.06)® 0.76:(0.76)®»

aEnergy of the Open Shell Singlet solution PEnergy of the Closed Shell Singlet solution.

Table A-IV. 6. Relative and absolute energies of the of the C-P scan in the singlet and triplet electronic states at the
uwB97XD/def2-TZVPP// uwB97XD/def2-SVP level of theory.

Singlet Triplet
C-P Distance (A) E(Ha) AE (kcal/mol) E(Ha) AE (kcal/mol)
1.938 -2309.156 0.00 -2309.09 40.17
1.988 -2309.155 0.31 -2309.09 40.58
2.088 -2309.152 2.35 -2309.09 40.58
2.138 -2309.149 3.83 -2309.09 43.17
2.188 -2309.147 5.48 -2309.08 44.70
2.238 -2309.144 7.23 -2309.07 53.14
2.288 -2309.141 9.05 -2309.07 52.35
2.338 -2309.138 10.90 -2309.07 51.55
2.388 -2309.135 12.74 -2309.07 50.70
2.438 -23009.132 14.64 -2309.08 49.80
2.488 -2309.129 16.39 -2309.08 47.87
2.538 -2309.127 18.07 -2309.08 46.88
2.638 -2309.122 21.22 -2309.08 49.80
2.738 -2309.117 24.06 -2309.08 47.87
2.838 -2309.113 26.63 -2309.08 46.88
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