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New Electron-Rich Diketiminate Ligands: An Experimental and Computational

Investigation on the Isolation of Reactive Species

Michael Alexander Land

Abstract

Boron analogues of NHCs have long eluded detection, likely due to their predicted low
singlet-to-triplet energy gap. Two new N,N’-chelating ligands have been prepared and
investigations into their reactivity and coordinative properties have started. A boron
carbenoid that incorporates one of the new ligands has been probed computationally using
both DFT and second-order Mgller-Plesset methods. It has been found that the singlet state
of this carbenoid is between 13.98 and 36.85 kJ mol™* more stable than its triplet state. To
date, this is the only computationally investigated ligand system that stabilizes a neutral,
six-membered heterocyclic, ground state singlet boron carbenoid. Attempts to prepare, and
isolate, this compound have been unsuccessful, however, experimental evidence suggests
further investigations should be made.

Organometallic complexes of the two new ligands have also been prepared and present
interesting structural features. Rhodium carbonyl compounds have been synthesized with
each ligand and these were studied to determine the ligands’ electronic features, in
comparison to each other and to the common 1,3-diketiminate (nacnac) ligand. It was found
that one was experimentally identical to nachac and the other had increased donor
capabilities. A dimethylaluminum complex has also been prepared and both X-ray and
DSC studies suggest that it assumes different solid state morphologies at various
temperatures. Additionally, a long, Zn---C =z-type interaction was observed in the
corresponding ethylzinc complex.

April 21, 2016
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Chapter 1 — Introduction

1.1 Ligands and Coordination Complexes

In chemistry, metal cations are generally considered to be Lewis acids. This means
that they can accept a pair of electrons from a Lewis base, resulting in the formation of a
Lewis adduct. In organometallic chemistry, this product is referred to as a coordination
complex as the metal centre forms coordinate bonds with a Lewis base (Scheme 1).! The
coordinating Lewis bases that will be discussed herein are also known as ligands, a word
which comes from the Latin verb, ‘igare’ meaning ‘to bind’.! A majority of the ligands
generally found in inorganic chemistry are neutral, such as water, phosphines, ethers,
amines, and carbenes, which will be discussed later. While the neutral ligands listed are
some of the most common, they are not the only type of ligand. Ligands can also be anionic,
which may be the type that are most commonly found in coordination complexes. Although
much less common, ligands can also be cationic, such as the bis(arylamino)phosphenium
cations reported by Baker et al.23 Other than by charge, ligands can also be classified by
how many atoms they contain that are capable of forming a coordinate bond. Ligands that
coordinate to a metal centre through only a single atom are termed monodentate, while
ligands that are bi- and tridentate chelate through two and three atoms, respectively. It

should also be noted that charge does not dictate denticity.

@ Q H,0
FeC|3 + 3)% ‘:*_5
H;0
H H

Scheme 1: Formation of the coordination complex, tris(acetylacetonato)iron (111).



1.2 Anionic N,N’-Chelating Ligands
As previously mentioned, some of the most studied ligands are anionic. The
chloride anion is such an anionic ligand as it occupies a coordination site, however,
compared to other ligands discussed herein, it is not very interesting. Since the end of the
metallocene era, bulky nitrogen chelating ligands have replaced the common #°-
cyclopentadienyl ligand for the stabilization of reactive species. One type of N, N -chelating
ligand which has been investigated, although not the focus of this thesis, are the guanidinate
ligands, I. Guanidinates are monoanionc ligands that can chelate through both nitrogen
atoms; they are capable of forming either bidentate or bridging structures.* While it has
been shown that guanidinate ligands have applications for the stabilization of low-valent
species, which will be described in a later section, the ligands themselves do not directly
relate to the discussions presented later in this thesis and therefore the structural
characteristics of these ligands will not be discussed in further detail.
R\ R

’ Ar_ _Ar R:, R
AL M e N Nﬂ
R AN R — Jed e
NN o JV/LO
| m vV

Il
Figure 1: Structures of the N,N -chelating ligands discussed herein (R, R’ = aryl, alkyl).

Another common reagent that has been widely used as an N,N’-chelating ligand
over the last 40 years is 1,4-diaza-1,3-butadiene (DAB), 11.> Generally, this is a dianionic
ligand that can easily form five-membered ring systems. The two most common
substituents found on DAB are t-butyl and 2,6-diisopropylphenyl (Dipp). These bulky
substituents form a “bowl-shaped” pocket that is capable of providing an unique environ
(Figure 2),° which can facilitate novel chemistry by the stabilization of reactive species.

One of the notable features of DAB is that it has the same structural back-bone (NCCN) as



N-heterocyclic carbenes, which will be discussed in detail in the following section. It is
because of this feature that this ligand is even described in this thesis, however, as will also

be described later, the employment of a dianionic ligand is not always ideal.

Figure 2: Space-filling model of 1,3-bis(2,4,6-trimethylphenyl)imidazole-2-ylidene as an
example for the “bowl-shaped” pocket described above. Adapted from Ref. 6 with
permission from The Royal Society of Chemistry.

In 1997 Feldman et al.” reported a new ligand (Scheme 2) which has since been
extensively used in a wide range of applications. This ligand, that the authors called nacnac
due to its similarity to the common acac ligand, is also a bidentate, N, N’-chelating ligand
with bulky Dipp substituents. Generally, the term NacNac (or HNacNac) is used to describe
the ligand precursor, whereas the deprotonated 1,3-diketiminate ligand, 111, is known as
nacnac. This ligand has been shown to be REDOX active,® and has been incorporated into
many organometallic complexes.® Complexes of nacnac have been shown to be effective
for: the catalysis of ethene polymerization,®!! the isolation of biomimetic intermediates,*2
and for the catalytic reduction of CO,,'3 where it forms a derivative of methanol. These are
just a few, of the many, examples in which nacnac has been used; see the accompanying
references for full reviews on the topic.®® The reactivity of the ligand precursor is likely

driven by the presence of its tautomeric form; similar to keto-enol tautomerization, NacNac

can undergo imine-enamine tautomerization, with the enamine being favoured (Scheme 2).



NH, . . . .
Di Di Di H Di
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I = —
2)N32CO3

H H H
Imine Enamine
Scheme 2: Synthesis of the 1,3-diketiminate, NacNac, and its enamine tautomer.

The nacnac ligand, and variations of it, have been implemented into many
organometallic complexes, with a wide array of applications, especially in the field of
catalysis. Many catalytic reactions, primarily those involved in the formation of carbon-
carbon bonds, require relatively harsh conditions. Due to this, it is important to use robust
ligands when preparing catalysts, such that, the catalysts do not undergo degradation. It has
been shown that nacnac is a non-innocent ligand,* and it can undergo deprotonation at the
S-position in the presence of a strong Branstead base (Scheme 3).1*% This results in the
formation of a methylene carbon whose negative charge is then delocalized throughout the
entire framework of the ligand. This is not a desirable characteristic of a catalyst as it can
deactivate it, effectively rendering it useless. There is another N,N’-chelating ligand whose
substitution prevents this deprotonation from occurring. The bis(oxazoline) (BOX) ligands,
IV, have an alkoxy group in the -position which increases their stability, compared to
nacnac, under harsh conditions. One of the main applications of BOX type ligands is for
asymmetric catalysis in Diels-Alder reactions.?! Since BOX ligands can form chiral

molecules, the aryl substituents cannot assume the correct geometry to form the desired

“bowl-shaped” pocket.

Ar _M_ _Ar Ar M Ar
B/\ N|) N -BH \N/ \N/
H _—
\/9\)\ )\@\‘%K
K
H

Scheme 3: Deprotonation at the s-position of nacnac in the presence of a strong base (M
= metal centre, B = Brgnstead base).



1.3 N-Heterocyclic Carbenes

The benzoin condensation reaction, first reported by Wéhler and Liebig in 1832,%2
is similar to a key biological process in which two aromatic aldehydes are combined to
form aromatic acyloins. Wohler and Liebig employed cyanide as a catalyst; however, the
coenzyme thiamine (vitamin Bi) is responsible for the generation of acyloin-like
compounds in many biochemical systems (Scheme 4).% In 1958 Breslow proposed that the
catalyst responsible for the biosynthesis of furoin, from furfural, was a nucleophilic carbene
derivative, formed from thiamine during the catalytic cycle;?* this “Breslow-intermediate”

was not isolated in the solid state until 2012.%°

NH,

H
NENEN
—
N| N S o
/k —~ — Cl
N
Thiamine

OH
l- H®

R1 o

Furom
Furfural
Cataly’ncall
Active Carbene

Furfural —
"Breslow-Intermediate”

Scheme 4: The biosynthesis of furoin from furfural, a component of vanilla.
One of the goals of synthetic main group chemists is to isolate highly reactive

compounds by preparing novel bonding frameworks to stabilize these species. A class of



these highly reactive species, which has had a significant impact on the fields of organic
and inorganic chemistry since one was first prepared as an isolable solid in 1991 by
Arduengo et al.,?®?7 is the N-heterocyclic carbene (NHC).? Carbenes are neutral molecules
that contain an electron deficient, divalent carbon atom, making them some of the most
(Branstead) basic compounds known.?®2° Highly reactive alkyl carbenes have traditionally
been used in organic chemistry, however, these are generated in situ, and have not been
isolated in the solid state. This high reactivity results because the triplet state is favoured,
and therefore carbenes eluded isolation for many years as it requires a combination of steric
and electronic effects to stabilize them in the solid state.?®?” The first NHC was prepared
by the deprotonation of the corresponding imidazolium salt which was substituted with
adamantyl groups to provide sufficient steric hindrance to protect the reactive carbene

centre (Scheme 5).2° It should also be noted that NHCs generally favour the singlet state.

)H\@CI 3 :
R."\. _R R\, _R
RoN"SN-R Nan/mie N N7 aey  TNCON
_ -NaCl/-H, >:< - >—<
H H H H
H H Singlet Triplet

Scheme 5: Synthesis of an N-heterocyclic carbene. The closed-shell singlet and the
diradical (triplet) states are shown (R = alkyl, aryl, etc,).

The backbone of NHCs generally contain an electron-rich z-framework, which
promotes electron donation into the carbon’s out-of-plane p-orbital. Additional electronic
stability is achieved from the o-electron-withdrawal effects, caused by the electronegative
nitrogen atoms, reducing the nucleophilicity of the carbene centre. This combination of z-
and o-effects increases the singlet-triplet gap, favouring the singlet state, by stabilizing the
lone pair on the carbene centre.?2"3 Triplet states tend to be highly reactive as they are

biradicaloid systems. They can rapidly react with the solvent and excess reagents, whereas



in the singlet state the two electrons are paired. This same carbene has also been substituted
with aryl groups, and although the steric hindrance was decreased, they were still isolable.?’
This study showed that the electronic effects are just as important as the sterics; when
substituted with a p-tolyl substituent a z-effect was observed as the rings assumed a planar

arrangement, causing conjugation with the carbene centre.?’

1.4 Main-Group Carbenoid Complexes

Since the first carbene was isolated in 1991 there has been an effort to isolate their
main-group analogues, also known as carbenoids. The Group 14 carbene analogues have
been studied extensively,>* and a considerable number of investigations have been
performed for the Group 15 analogues.®*° The discussion presented within this thesis will
focus on the Group 13 analogues as there is still a lot to study in regards to their reactivity.
Additionally, a neutral boron analogue has, to date, eluded detection both
spectroscopically, and in condensed media.®? In 1998, carbene analogues containing Group
13 elements were still unknown; quantum chemical studies were performed to investigate
the stability of these proposed compounds.®® It was predicted that gallium-containing
species would likely form stable compounds with sizeable singlet-triplet energy gaps.®
The year after this study, the first Group 13 analogue of a carbene was reported as a
gallium(l) complex containing a bulky diazabutadiene ligand (Figure 3, E = Ga).%’ This
was achieved by preparing the corresponding gallium dichloride, which was subsequently
reduced with potassium metal in the presence of 18-crown-6. As predicted,®’ this species
contains a formally negative charge and was isolated in the solid state as its {K[18-crown-
6](thf)2} salt. This anion is a true analogue of a carbene, meaning that they are

isoelectronic.



pC) Di X Di
E R pp\N/ \N/ pp

N N~
\:/ M\
(E =B, Ga) (X = Al Ga, In, Tl) Dipp

Figure 3: Group 13 carbene analogues isolated to date and the structure of the Dipp
substituent (R = t-Bu or Dipp).

Synthetically, it would have been ideal if a neutral analogue of a carbene could have
been isolated. Even though it would not be anionic, its reactivity should more closely
resemble that of a dicoordinate carbene. For this to be achieved, research had to move away
from the employment of the dianionic DAB ligand, and towards investigations of a
monoanionic ligand. In the year 2000, the first monomeric aluminum(l) compound was
prepared and this was also shown to be the first neutral, Group 13 carbene analogue ever
isolated (Figure 3, X = Al).3® In this study, the authors used the then recently reported,’
sterically crowded, bidentate p-diketiminate ligand (nacnac) to stabilize the reactive
compound. First, the corresponding dimethylaluminum complex was formed by treating
the ligand with trimethylaluminum, followed by the addition of two equivalents of iodine,
I>. Upon reduction with potassium the desired compound was obtained after three days
(Scheme 6).%8 The solid state structure shows that the monomers are well separated without
any close inter-molecular contacts between the aluminum centre and other atoms. The
aluminum and ligand backbone form an essentially planar six-membered ring (Figure 4).
This compound is analogous to a carbene as there is a nonbonded lone pair of electrons

located on the aluminum centre and it is a neutral species.®

\/
Dlpp\ \ _Dipp Dlpp\ _Al \ /Dlpp Dlpp\ _A \ Dlpp Dlpp\ /AI\ _Dipp
AIMe3

Scheme 6: Synthe5|s of the first neutral, Group 13 carbene analogue.
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Figure 4: Solid state structure of the aluminum carbene analogue reported by Roesky et
al.® Crystal structure obtained from the CSD (CCDC# 144530).%° Thermal ellipsoids are
drawn at the 50% probability level.

During the early 2000s, neutral carbene analogues of the remaining Group 13
elements, excluding boron, were reported; in 2000, Power reported the gallium analogue
(Figure 3, X = Ga),*® and Hill reported the indium analogue in 2004 (Figure 3, X = In).*
The first thallium analogue, with a modified diketiminate ligand, was isolated by Lappert
in 2005, then Hill isolated a second, later that year, with the traditional ®Pnacnac group
(Figure 3, X = TI).*® These three carbene analogues were prepared by first generating the
Group 1 salt of the nacnac ligand, followed by the addition of the corresponding Group 13
halide (Gal, Inl, or TI).%%4143 |t should also be noted that the gallium analogue was
prepared in the presence of potassium to reduce any l,Ga(nacnac) that formed.*° Similar to
the aluminum analogue,®® the six-membered heterocycles formed from gallium, indium,
and thallium are also essentially planar.*%44® This is not the case for the first reported
thallium analogue as it contains a trimethylsilyl group, bound to the chelating nitrogen
atoms, instead of an aryl group.*? This causes the six-membered heterocycle to take on a
boat conformation and is likely due to the lack of a rigid, “bowl-shaped” pocket, which

aryl substituents would provide.
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To date, all of the Group 13 elements have been isolated as neutral carbene
analogues, except for boron. A computational study performed in 2006 showed that nacnac
IS not capable of stabilizing a singlet boron species; it was predicted to favour the triplet
state by 14.50 kJmol,** however, no explanation of this preference was stated. The other
Group 13 carbenoids have much higher singlet-triplet gaps, which likely contributed to
their isolation while the boron analogue has eluded detection (Table 1). This same study
also modeled three chemical reactions to investigate the reactivity of the Group 13
carbenoids.** A boron carbenoid of nacnac was shown to readily undergo C—H bond
insertion and cycloaddition, in the presence of methane and ethene, respectively. The
computations showed that there is no energy barrier for the dimerization of the boron
analogue, as the reaction is thermodynamically favoured (Table 1).** Due to the boron
analogue’s predicted high reactivity, it would be surprising if nacnac was capable of
stabilizing it in condensed media.

Table 1: Calculated singlet-triplet energy gaps and the relative energies for the

dimerization process for the Group 13 carbenoids of nacnac at the B3LYP/LANL2DZ level
of theory.

Element (E) AEg (kJ mol1)* AHp (kJ mol?t) AGp (kJ mol?)
B -14.50 -295.47 -227.19
Al 191.33 1.85 62.26
Ga 227.86 14.41 76.65
In 230.41 11.30 73.72
Tl 226.27 3.76 44.22

Earlier in this section, it was stated that to prepare a true carbene (i.e. neutral)
analogue, a monoanionic ligand would have to be utilized. Since it was predicted that this
would likely be impossible,** Nozaki et al. reinvestigated the employment of DAB, with
Dipp substituents, and they successfully isolated a boryllithium compound, isoelectronic

with an NHC (Figure 3, E = B).*® This was achieved by preparing the corresponding boron
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bromide species, followed by its reduction with lithium napthalenide. This compound
could only be isolated in the solid state when dimethoxyethane (DME) was used as the
reaction solvent. This resulted in a dimeric structure (Figure 5) that was thermally unstable
above -45 °C.** Due to the anionic nature of this compound, the B—Li bond length is
2.291(6) A.*5 Even though this compound contains bulky aryl substituents, which should
prevent its dimerization, the long B—Li bond extends the dimerization environment outside

of this “steric pocket”, with DME molecules linking the two monomer units.
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Figure 5: Crystal structure of the boryllithium-DME dimer reported by Nozaki et al.®
Thermal ellipsoids are drawn at the 50% probability level. Hydrogen atoms have been
omitted for clarity (CCDC# 604926).

If a neutral, singlet, boron carbenoid could be prepared, it should not contain ionic
B—Li interactions that are present in the above. Another ligand which has been investigated
for the stabilization of a neutral boron carbene analogue is the guanidinate ligand. It has
been shown that this ligand is capable of stabilizing gallium and indium carbenoids,*® and
Cowley et al. have investigated its potential for the isolation of a boron analogue.*’ This
study suggested that a combined DFT and MP2 approach should be used when studying
this type of system, due to the overemphasis of triplet state stability in DFT calculations;

this would result in the singlet-to-triplet energy gap (AEst) being computed significantly
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lower than the MP2 result. The MP2 approach may, more accurately, represent the energy
gap that would be found experimentally, due to limitations with DFT. Cowley et al. also
prepared two (guanidinate)boron dichlorides and the corresponding parent carbenoid was
computationally modeled using DFT(B3LYP) and MP2 methods; AEst of 25.10 and 42.26
kJ mol™ were reported, respectively.*” Although this predicted energy gap is much higher
than the -26.06 (B3LYP) and 3.02 kJ mol™* (MP2) calculated for the nacnac analogue,*
attempts to reduce the (guanidinate)boron dichlorides were unsuccessful. Decomposition
products were not reported and therefore, it is possible that this ligand might be capable of
facilitating the isolation of a boron carbenoid, if alternative experimental methods were
investigated.

To date, neutral boron analogues of a carbene remain elusive, likely due to their
low singlet-triplet gaps and predicted high reactivities;** even evidence of them being
generated in situ is rare. Instead of trying to overcome AEs, trapping methods may be used
to stabilize diradical (triplet) boron carbenoids, utilizing low-lying, ligand based, n*
orbitals.*** Very recently, a (formazanate)boron difluoride compound was prepared and
treated with sodium amalgam, resulting in novel chemistry (Scheme 7).°° A series of
products were isolated, each of which were believed to incorporate a boron carbenoid
fragment. An accompanying computational study suggested that a relatively stable boron
diradical intermediate was being formed, and when two of the products, shown below, were
treated with xenon difluoride, the (formazanate)boron difluoride was regenerated.>® Even
though the desired carbene analogue was not isolated, this is the first evidence that

suggested that a neutral boron carbenoid can exist.>® It was shown that boron diradical
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species can be trapped, and can retain their carbenoid character even after being trapped,
which could lead to “bottle-able,” boron based carbene reagents.
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Scheme 7: Synthesis of the boron-containing products that incorporated a “trapped” boron
carbenoid, reported by Chang and Otten.*

1.5 The Importance and Implications of a Boron-Based Carbene Analogue

If a boron based carbenoid could be prepared, it should exist as an analogue to an
NHC, and therefore might present similar reactivity. It has been shown that other Group
13 carbene analogues can be used in lieu of NHCs as ligands as they can also form adducts
with metals centres.>2 These heavier (Al, Ga, In, TI) carbene analogues have also been
used for the oxidative addition of C—F,*® C—Br,>* C-1% C—0,% and C—In®® bonds to the
Group 13 elements. If isolated, the boron analogue should exhibit similar coordinating and
oxidative properties. It has also been suggested that a low-valent boron-containing
compound could be used for the efficient synthesis of haloalkanes from alkanes.>®
Currently, one of the only methods for this transformation (from general organic chemistry)
is by radical halogenation, a reaction which offers poor control. This chemical

transformation might be achieved by C—H bond activation, followed by cyclization, to
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yield 1-bromopentane (Scheme 8).°° Computations have already shown that a boron

carbenoid can undergo C—H bond insertion.**

CsHq4-H
o CSH11-H Br2 iy C5H11BI'
B > Base 8 * HBr

Scheme 8: Theoretical C—H bond activation of pentane via low-valent boron (the semi-
circle represents the “bowl-shaped” pocket created by the aryl substituents).

Trivalent boron compounds are generally electrophilic, and therefore behave as
Lewis acids, due to their empty p-orbital.>” Boron reagents that exhibit nucleophilicity are
rare and are persistent only at low temperatures. As previously mentioned, the boryllithium
species is one of the only isolable nucleophilic boron reagents.*® To accompany the
isolation and characterization of this boron reagent, Nozaki et al. also studied its reactivity
as a boryl anion. The boryllithium was treated with several electrophiles, such as
benzaldehyde, chlorobutane or methyl triflate, resulting in the formation of borylbenzyl
alcohol, butylborane or methylborane compounds, respectively.*® This boryllithium
compound could be used for the preparation of other synthetically important boron-
containing molecules, however, it was thermally unstable above -45 °C.%* Due to this
thermal instability, it is not synthetically convenient, and is not truly a “bottle-able”
nucleophilic boron reagent. The preparation of other boron carbenoids should be
investigated.

NHCs are reactive towards carbon dioxide, forming zwitterionic carboxylate
compounds (Scheme 9).%8°° These carboxylate compounds can also decarboxylate, upon
heating, to regenerate CO- and the carbene starting material,®® as they have small bond

dissociation energies.>® The regenerative property of these adducts means that they can be
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used as “catch and release” materials for CO2 capture and storage.®® Kuhn et al. prepared
an NHC-carboxylate that reacted with thionyl chloride, forming a cationic NHC-acid
chloride, which could be converted to the corresponding methyl ester.>® A boron carbenoid
should exhibit similar reactivity, and as previously mentioned, could be a valuable

precursor for the synthesis of boron-containing compounds.

Scheme 9: The preparation of the first imidazol-2-carboxylate (left)*® and the theorized
boron carbenoid reactivity with CO; (right).

1.6 Aim of this Thesis

The heavy Group 13 (Al to Tl) carbene analogues have been isolated, characterized,
and investigation into their reactivity has begun. A neutral boron analogue has eluded
detection both in the solid state and in situ. It has been suggested that a boron based carbene
analogue would have unique reactivity, which could lead to the preparation of synthetically
valuable boron-based reagents, and which could also have application in catalysis. A new
ligand will be designed, after computational optimization, for the stabilization of low-
valent boron. The ligand itself will then be experimentally prepared, and its structural
properties will be characterized. The reactivity, as well as the coordinating properties of
this ligand will be investigated, and compared to the industry benchmark, 1,3-diketiminate,

the nacnac ligand.



16

Chapter 2 — Results & Discussion

2.1 Computational Optimizations of a New Ligand Designed for the Stabilization of a
Carbene Analogue of Boron

As previously stated, neutral boron carbenoids have never been isolated in the solid
state, and their generation in situ has not been unequivocally proven. The lack of reported
boron-based carbenes has been attributed to their low singlet-triplet energy gap, which is
predicted to favour the triplet state, leading to high reactivities. If this functionality could
be isolated, boron carbenoids could be invaluable reagents for inorganic and organic
syntheses. To be isolated in the solid state, the carbenoid would likely have to be in a
closed-shell singlet state, with the electron pair being located in an sp? orbital of boron. For
this to be achieved, a new ligand would have to be designed, one capable of stabilizing a
singlet state boron. As previously stated, a monoanionic ligand is preferred as this would
lead to a neutral carbenoid. The previously discussed nacnac ligand was chosen as the
starting point for this investigation. As can be seen in Figure 6, nacnac can be optimized in

three symmetrically different locations, denoted here as R, R? and R®.

R2 N~ R2 R2 R2
R3 R3
Singlet Triplet

Figure 6: General structure of the boron carbenoind to be optimized. Both the singlet and
triplet states are shown.

A computational study was performed, using DFT methods, to determine which
substituents in each of the designated positions would give rise to the highest AEs, and

which would also favour the singlet state. While it was previously stated that DFT,
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specifically the B3LYP hybrid-functional, over-emphasizes triplet state stability, for the
purpose of this section this was determined to be unimportant. This is because the purpose
of this portion of the study was not to quantify the singlet-triplet gap, but to observe the
substituents that provided the largest singlet-triplet gap. After substituents had been chosen,
for further investigations, a combined DFT and MP2 approach was employed. For
computational efficiency, a hydrogen atom was used for the positions not currently being
investigated. In the interest of time, the R® position was not optimized within this thesis.
The data presented in the followed tables was calculated at the B3LYP/6-31G* level of
theory, using the Spartan ’14 software package.’! AEs was determined by separately
optimizing both the singlet and triplet state carbenoids and calculating their energy
difference (Equation 1); it should also be noted that a negative value implies that the triplet
state is the ground state electronic structure.
AEst = Eriplet — Esinglet (1)
The first position optimized was the one located on the chelating nitrogen atoms,
denoted as R. The data are presented in Table 2. For this position, only sterically bulky
groups, such as various aryl substituents, were chosen for investigation. This is because the
steric protection afforded by the bulky groups should prevent dimerization of the
carbenoid. It had previously been shown that electron donating groups increase the singlet
state stability of carbenes,?” and therefore one would have suspected that the mesityl (Mes)
substituent should give the largest singlet-triplet gap. This was not the case, however, as it
was shown that the para-tolyl substituent favours the singlet state by over 13 kJ mol?,
compared to Mes. This has been attributed to the n-effect that Arduengo et al. reported for

NHCs.?” As can be seen in Figure 7, the aryl substituents assume an almost planar
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arrangement with the six-membered heterocycle. This leads to conjugation between the
aromatic rings and the out-of-plane p-orbital on boron, stabilizing the singlet state. This is
not observed when R is substituted with Mes, as the presence of substituents in the ortho-
positions of the aryl groups, cause them to rotate out of the plane.

Table 2: Modifications of R? to obtain the largest singlet-triplet gap at the B3LYP/6-31G*
level of theory (R?, R® = H).

Entry R! AEs (kJ mol?)
1 Mes -18.88
2 Dipp -15.07
3 t-Bu -6.90
4 Ph -5.96
5 p-tol -5.41

Figure 7: Graphical representations of the singlet states of Entry 1 (left) and Entry 5 (right)
from Table 2.

After optimizing the R? position, the same method was used for the optimization of
R?. Even though the R! position was already optimized, for computational efficiency,
hydrogen atoms were used for both R and R®. Since it had already been shown that the 7-
effect has a considerable effect on the stabilization of these systems, substituents that were
known to be good z- and/or o-donors were chosen for this investigation. To emphasize this
donation effect, the trifluoromethyl (CFs3) substituent, a known electron-withdrawing
group, was also investigated, and it was shown to greatly favour the triplet state. The
dimethylamino substituent is generally considered to be more electron donating than

ethoxy,®? however, the calculations presented in Table 3 suggest that the oxygen-based
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substituents are more stabilizing. This may be because oxygen is more electronegative than
nitrogen, as it has been shown that inductive effects stabilize carbenoid character by
reducing the nucleophilicity. This same explanation was used to explain why CF3
destabilized this system, however, ethoxy substituents contain z-electrons, and it is a
combination of z-donation and o-withdrawing effects that stabilize carbenes.?” From this
study, it was found that the ethoxy substituent provided the highest AEs, and therefore it
was chosen for further investigations.

Table 3: Modifications of R? to obtain the largest singlet-triplet gap at the B3LYP/6-31G*
level of theory (R, R® = H).

Entry R? AEq (kJ mol?)
1 CFs -34.15
2 Ph -28.37
3 Me -18.80
4 NMe; 13.09
5 OMe 22.39
6 OEt 23.12

2.2 Computational Investigations of the Optimized Boron Carbenoid

After individually optimizing the designated substituent positions, a full
computational study was performed on the optimized, theoretical compound (R* = p-tol,
R? = OEt, R® = H). For simplicity, the optimized singlet state boron carbenoid will be
referred to as 1s, and the triplet state as 11. The computations showed that, for this ligand
system, 1s is the favoured ground-state electronic configuration, and it assumes Ci point
group symmetry (Figure 8). For computational efficiency, when calculating singlet
systems, the electronics are restricted, and therefore a closed-shell singlet state always
results. To ensure that the ground-state singlet was not open-shell (broken-symmetry), the
singlet state calculations were repeated, unrestricting the SCF by allowing the « and g

electrons to mix; the electronic configuration converged to 1s. Computationally it was
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found that this system has a AEs; of 13.98 kJ mol™ at the B3LYP/6-31G* level of theory;
this is 40.04 kJ mol™? greater than that of the nacnac analogue.*® As stated above, this
compound was also studied by second-order Mgller-Plesset methods and was it was found
to have a AE« of 36.85 kJ mol™ at the MP2/6-31G* level of theory. For computational
efficiency, the p-tolyl substituents were replaced with phenyl groups for the calculations

performed at the MP2 level of theory.

Figure 8: Graphical representations of 1s at the B3LYP/6-31G* (left) and MP2/6-31G*
(right) levels of theory.

The predicted electronic nature of 1s is consistent with those reported for the Group
13 analogues of nacnac.%® The lone-pair of electrons is located on boron, and occupies the
HOMO of 1s; the LUMO of this compound is also predominantly located on boron (Figure
9). Due to the locations of the HOMO and LUMO, this compound will likely exhibit both
nucleophilic and electrophilic character at boron, which could potentially result in its
dimerization. Since the bulky substituents were specifically chosen to prevent
dimerization, the two molecules would have to align orthogonally to each other for this to
occur. The dimer of this compound, 1p, was optimized at the B3LYP/6-31G* level of
theory (Figure Al) and its thermodynamics were also computed at the same level of theory.
The enthalpy and Gibbs free energy of dimerization were determined according to

Equations 2 and 3, respectively. Similar to the findings reported by Chen et al.,** it was
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found that the dimerization of 1sis thermodynamically favoured at room temperature (AHp
= -305.19 kJ mol, AGp = -229.05 kJ mol™). Although the computations show that it is
thermodynamically favourable for 1s to dimerize, experimentally, the presence of the aryl
substituents should prevent self-oligomerization. The difference between the findings
presented here, and those reported for nacnac, is that for the new boron carbenoid, the
singlet state should be stable. It could potentially be synthesized, possibly as its dimer.
AHp = AHs {dimer} — 2-AHs {singlet carbenoid} 2

AGp = AG {dimer} — 2-AG {singlet carbenoid} (3)

Figure 9: HOMO (left), LUMO (middle), and the electrostatic potential map (right) of 1s.
Calculations performed at B3LYP/6-31G* level of theory.

2.3 Experimental Ligand Preparation and Structural Investigations

Following the computational investigations, a retrosynthetic analysis was devised
in an attempt to prepare 1s. It was decided that a ligand would be prepared followed by its
treatment with a boron-containing compound. The ligand, of the same general structure as
that shown for 1s, was synthesized by first preparing its neutral, precursor. One of the
readily available starting materials, chosen for the synthesis of the ligand precursor, was
diethyl malonimidate dihydrochloride (DEMHCI) (Scheme 9). This was a commercially
available product, however, upon spectroscopic investigation it was found to contain a
large amount of unidentified impurities. Literature preparations of this compound were

thus investigated,®* and it was found that the best method for preparing DEMHCI does not
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follow most of the principles of Green Chemistry.®® This is because every synthesis
involves the use of hydrogen chloride gas, and a substantial amount of solvent for a
relatively small scale reaction (ca. 800 mL of solvent for 10 g of starting material).®%5’
Since DEMHCI is used as a starting material for many BOX-type ligands,®® a greener
method was developed and is reported herein. Malononitrile was treated with excess
ethanol in the presence of anhydrous hydrogen chloride (Scheme 10). Hydrogen chloride
gas had previously been used, as it could be readily dried, and DEMHCI is susceptible to
hydrolysis; the use of traditional aqueous HCI was not appropriate. To replace HCI gas,
anhydrous HCI was added as a solution in 1,4-dioxane and the resulting suspension stirred
overnight in an ice bath; DEMHCI was isolated in a 46 % yield. It was also found that
adding an extra 30 mL of 1,4-dioxane, increased the yield to 86 %, which is comparable to
that reported in the literature.%®®” Even though DEMHCI is insoluble in organic solvents,
other than DMSO, this dilution likely reduced the likelihood of multiple ethanol additions
to the electrophilic iminium, leading to an increased yield of the desired product. The total
amount of solvent used for this reaction is only about 10 % of the amount that is used in

current literature procedures.
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Scheme 10: Gaseous HCI-free synthesis of diethyl malonimidate dihydrochloride.

After preparing the starting material, the ligand precursor, diethyl-N, N -bis(p-
tolyl)malonimidate (2) was prepared by mixing DEMHCI and p-toluidine at a THF reflux
(Scheme 11). The ligand precursor was isolated as a pale yellow oil, in a 30 % yield, after

purification by column chromatography. For simplicity, this ligand precursor will be
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referred to as NocNoc, and its corresponding anionic ligand as nocnoc. Although
mechanistic studies were not performed on this reaction (Scheme 12), it is believed that the
nitrogen atom in p-toluidine, undergoes nucleophilic addition to the electrophilic carbon of
the imine followed by a deprotonation/protonation step resulting in the evolution of

ammonia; there was also evidence of ammonium chloride in the NMR of the crude product.
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2
Scheme 11: Synthesis of diethyl-N, N -bis(p-tolyl)malonimidate, 2, NocNoc.
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Scheme 12: Proposed mechanism for the formation of DEMHCI and NocNoc (B =
Branstead base).

For most of this work, it was believed that NocNoc was a room temperature liquid,
and therefore crystallization was not expected to occur. However, upon sitting at 5 °C for
one week, clear, colourless, crystals were obtained. The X-ray structural analysis was
consistent with the results from other spectroscopic techniques (Figure 10). It was also

found that the aromatics exhibited z-stacking interactions (Figure A3). The melting point
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of the crystals was determined to be slightly above room temperature, at 42 °C. It likely
remained in the liquid state for so long due to strong interactions with trace amounts of a

coordinating solvent.
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Figure 10: Solid state structure of NocNoc, 2. Thermal ellipsoids are drawn at the 50%
probability level.

Although it wasn’t investigated computationally in any depth, the dimethylamino
derivative was also prepared, to add to the toolbox of anionic N,N’-chelating ligands.
Following a procedure similar to that reported by Lee,*® Viehe's salt®® was treated with
dimethylacetamide, resulting in an intermediate, malonyl cyanine hydrogen dichloride (3’),
which had previously been isolated and characterized (Scheme 13).%° After the addition of
p-toluidine and basic workup, 1,3-bis(dimethylamino)-N, N -bis(p-tolyl)propanediimidate
(3) was isolated as an orange solid in a 55 % yield. Since this compound has the same
structural backbone as Lee’s ligand precursor,®® 3 will be referred to as KnicNac, and its
corresponding anionic ligand as knicnac, as originally termed by Lee. Orange, needle-
shaped crystals of KnicNac were obtained, via the slow evaporation of a saturated diethyl
ether solution (Figure 11). The AEst of a boron carbenoid supported by knicnac was

calculated to be 12.63 kJ mol™ at the B3LYP/6-31G™ level of theory.



25

9
@ _ 0 cl ¢l HCl  1)25 ptoluidine
N™ o CH,Cl, L. CH,Cl, / 6 hours / 50°C
2 cr o+  FToue e SN RN N N
PI§ N~ Bhours/50°C. N N 2) KOH / H,0 | |
cl cl | | 3 | ~ )\)\ ~
N N
3

Scheme 13: Synthesis of 1,3-bis(dimethylamino)-N, N -bis(p-tolyl)propanediimidate, 3,
KnicNac.
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Figure 11: Solid state structure of KnicNac, 3. There are two non-equivalent molecules in
the unit cell. Thermal ellipsoids are drawn at the 50% probability level.

Both NocNoc and KnicNac are nitrogen-based analogues of a malonic ester. Due
to this 1,3- substitution pattern, both 2 and 3 are predicted to have acidic a-protons. To
show that these positions are, in fact, acidic, a deuterium exchange study was performed.
Individually, each ligand precursor was dissolved in 3 mL of a 2:1 mixture of D;0O: 1,4-
dioxane. These mixtures were stirred overnight, with mild heating, in the presence of a
catalytic amount of hydroxide. It was concluded that both 2 and 3 underwent 100 %
deuterium exchange at the a-position. In the *H NMR, the singlets corresponding to the a-
protons were no longer present, and the other chemical shifts were all experimentally
identical, suggesting that it was not just a deprotonated species. The Kinetics of this reaction
were not studied; however, the fact that these ligands have acidic properties will be

exploited in a later section.
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Scheme 14: Determination of the relative acidity of the ligand precursors at the a-position
via deuterium exchange.

If the R® (a-) position of these ligands were to be functionalized, experimentally it
would be achieved using a method similar to a malonic ester synthesis. Since deuterium
exchange showed that this position is acidic, it would be deprotonated, followed by
treatment with an electrophile, such as an alkyl halide. Since these ligands are predicted to
coordinate as anionic ligands, they will first have to be deprotonated, resulting in the

delocalization of the negative charge on the NCCCN backbone (Figure 12).
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Figure 12H: Resonance structure: of the anionic N,N’ chelatlng ligands. The resonance
hybrid is explicitly shown on the right.
2.4 Experimental Investigations of the Isolation of a Boron Carbenoid

After preparing the computationally modeled ligand, several synthetic methods
were tried in attempts to isolate the elusive boron-based carbene analogue. The
retrosynthetic analysis of 1s, which was pursued in this study, is shown below (Scheme
15). It was believed that the best way to prepare this compound was by a method similar
to that attempted by Cowley et al.*” First the corresponding boron dihalide complex would
be prepared, followed by the application of reductive methods. Attempted syntheses of the
boron dihalide complexes were begun by first treating NocNoc with potassium hydride,

which resulted in the evolution of gas (presumed to be Hy). The in situ potassium salt was

then treated with a boron trihalide (BFs, BClz or BBr3) in either ethereal or hydrocarbon
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solvent. Unfortunately, there was no definitive spectroscopic evidence of such species
actually being generated. No method could be found to isolate X-ray quality crystals, and
NMR proved to be inconclusive, since no protons are associated with the boron centre, and
there is boron-hydrogen coupling in the *H NMR. The !B NMR contained a new signal,
that did not correspond to starting material or boric acid; while not a conclusive

characterization, this was enough evidence to proceed forward in an attempt to isolate 1s.
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Scheme 15: Retrosynthetic analysis of the boron carbenoid, 1s (X = F, Cl or Br).

After possibly preparing a series of boron dihalides, the purported products were
treated with several reducing agents, which included potassium metal, lithium
naphthalenide, and potassium-graphite (KCsg).”® None of the tests with potassium resulted
in any conclusive evidence for the desired reaction having occurred. Lithium naphthalenide
is a stronger reducing agent than potassium, as lithium, in ethereal solvents, can be
activated by a catalytic amount of naphthalene, and this aromatic radical is the active
reducing agent. The reaction between the boron dibromide and lithium naphthalenide
showed evidence of a REDOX reaction. Crystals were isolated from this reaction mixture,
however, these were determined to be the previously reported LiBr-DME.”* These crystals
were present in a near stoichiometric amount (i.e. 2 molar equivalents) and, therefore, this
suggests that the lithium had been oxidized, and therefore something had to have been
reduced. In addition, the two bromide anions had to have been abstracted from somewhere.

Combined, this is good evidence to support the idea that, at some point, the boron
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carbenoid, either singlet or triplet, may have been present in solution. However, no
evidence of it, or any degradation products, was obtained.

Another interesting finding came from the boron dichloride reaction. When treated
in THF with two equivalents of potassium-graphite, followed by filtration, a dark yellow,
slightly opaque, solution resulted. Again, characterization was inconclusive, and therefore
it was decided that the reactivity would be studied in an attempt to “trap” the carbenoid.
Following standard Schlenk techniques,’? the solution was opened to a flow of CO>, and
the solution immediately turned clear and colourless. To reduce the likelihood that this
observation did not arise from a reaction with residual water, the CO> was passed through
two drying tubes prior to it entering the reaction vessel. Again, spectroscopic evidence did
not yield any significant insight into the observed reactivity. However, it is possible that
the corresponding boron carboxylate, shown in Scheme 9, was prepared. From the findings
presented herein, there is no experimental or spectroscopic evidence supporting the
preparation of a boron-based carbenoid. However, these observations, combined with the
accompanying computational study, do suggest that this ligand system should be further

investigated. It is still possible that a neutral boron carbene analogue could be isolated.

2.5 Experimental Determination of the Electronic Donating Abilities of nocnoc and
knicnac: The Preparation and Structural Investigation of Rhodium Carbonyl
Complexes

Unfortunately, a boron carbenoid was not successfully prepared in the present
study; however, the reactivity and coordination of the ligands were further investigated.
Both nocnoc and knicnac have substitution patterns similar to those of BOX ligands, and

therefore could prove to be useful on the frontier of organometallic research. The first step
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in this process was to determine the electronic donating properties of the ligands. One
method often used to determine this property is to prepare, and study, metal carbonyl
complexes that incorporate the ligand of study. This is based on the concept known as z-
backbonding, in which filled d-orbitals of the metal donate electron density into empty z*-
orbitals on the carbonyl ligand (Figure 13). The addition of electron donor ligands to metal
carbonyl compounds increases the electron density of the d-orbitals and therefore, also
increases the d-z* backbonding into the carbonyl. This effectively reduces the C—O bond-

order, which can be studied spectroscopically to compare the effects of the donor ligands.

d-z * backbonding

N M\

9 Q00

N M—C=
o-donation 0 O
(A 4

r-donation

® 0O

Figure 13: d-z* backbonding in a metal carbonyl compound containing a nitrogen donor
ligand (M = metal centre).

For this study, rhodium was chosen as the metal centre to study. Rhodium(l) is not
paramagnetic, and therefore can be studied by NMR. Also, the rhodium(l) dicarbonyl of
nacnac had previously been prepared,”® and studied,’* and therefore was available for direct
comparison to the similar N,N’-chelating ligands reported herein. The rhodium dicarbonyl
compounds of nocnoc (4) and knicnac (5) were prepared under the same set of conditions,
as illustrated in Scheme 16. First, their corresponding potassium salts were generated in
situ, by treatment of the ligand precursor with potassium hydride, followed by the dropwise

addition of a chlorodicarbonylrhodium(l) dimer solution. Upon purification and
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crystallization, compounds 4 and 5 were isolated as orange/yellow, cubic crystals (Figure

14).

\©\ /©/1) KH / THF / 2 hours / -H, \©\OC CO/©/
2) 0.5 (Rh(CO),Cl),
THF / 18 hours / -KClI

EDG EDG  EDG = OEt (2,4), NME, (3,5) EDG EDG
4 &5

Scheme 16: Synthetic route to the rhodium dicarbonyl compounds, 4 and 5.
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Figure 14: Solid state structures of the rhodium dicarbonyl compounds 4 (left) and 5
(right). Thermal Ellipsoids are drawn at the 50% probability level.

The solid state structures present some insights into the structural and bonding
features of these ligands. As predicted, the aryl groups rotate out of the plane, forming a
“bowl-shaped” pocket around the rhodium centre, in 4. The ethoxy groups of nocnoc also
behave as would be expected, pointing away from the aryl substituents to reduce steric
interactions. Finally, the six-membered heterocycle present in 4 is essentially planar. The
structure of 5, on the other hand, is far from what was expected a priori. The C carbon
atom, as well as the rhodium atom, pucker out of the plane,” resulting in the six-membered
ring assuming a boat-type conformation (Figure 15). Also observed in the structure of 5 is
that the dimethylamino substituents are almost co-planar with the six-membered ring,
suggesting sp? hybridization of the dimethylamino nitrogen atoms. This would result from

an increase in bond-order of the C—N bonds, indicating a high degree of electron donation
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into the six-membered ring. Additionally, the co-planarity of these dimethylamino
substituents sterically clash with the p-tolyl groups, causing them to rotate further

backwards than anticipated. This “steric clash” likely explains the observed ring puckering.

Figure 15: Graphical representation of the “puckering” observed in 5. Some substituents
have been omitted for clarity.

After preparing the rhodium carbonyl compounds, three quantitative methods were
chosen to investigate the carbonyl groups.! The first was to measure the carbonyl
symmetric and asymmetric stretching frequencies in the infrared (IR) spectra. Ligands that
have greater donor properties will shift both frequencies to a lower wavenumber. The
second method is to measure the C—O bond lengths obtained from the solid state structure.
Finally, the carbonyl chemical shift in the *C NMR spectra can be observed. However,
this is not usually an accurate method of quantification as the chemical shift is quite
fluxional depending on the chemical environment and can mask information about the
carbonyl.? The observed results, from all of these three methods, arise from the reduction
of the C—O bond-order.

The IR spectra of all three compounds were obtained as KBr pellets, and the
BC{*H} NMR data was collected in CsDs. The IR stretching frequencies, as well as the
C—0 bond lengths were also computed at the B3LYP/LAN2DZ level of theory, using the
solid state structures for the starting geometries. The data obtained from the experimental
and computational studies for the two structures reported above, 4 and 5, as well as the

structurally similar (nacnac)Rh(CQO)2, are summarized in Table 4.
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Table 4: Experimentally determined, and calculated, spectroscopic values corresponding
to the carbonyl groups.

Experimental 7 Calculated
Structure vco C-0 dco vco Cc-0
(cm™?) (A) (ppm) (cm™?) A)
OC\ /CO
Dipp  .RN. _Dipp 2055, 1.142(3), 184.9 2016, 1.171,
UL 1988 1.142(3) ' 1959 1171
OC\ /CO
prol, R _po 2056, 1.142(2), 1851 2025, 1.170,
AL | 1088 1.137(2) 1962 1.170
OC\ CO
POt Ry - P10 2049, 1.143(2), 187.9 2016, 1.172,
A - 1977 1.142(2) ' 1951 1172
| |

* Experimental data for (nacnac)Rh(CO). was reported by Masuda et al.”

It was found that nocnoc exhibits similar electronic properties to nacnac and that
the knicnac ligand is a better donor than both nacnac and nocnoc. Computational results
suggest nacnac is a better donor than nocnoc, however, experimentally they were found to
be identical. Prior to this investigation, it was predicted that nocnoc would be a better donor
than nacnac due to the presence of the electron donating ethoxy substituents. While nocnoc
may be a better z-donor, the mesomeric electron-withdrawing effect of oxygen likely
reduces its o-donor properties. Therefore, it is believed that the increased z-effect is
negated by the s-withdrawing effect of nocnoc. Dimethylamino and the ethoxy substituents
have similar donating effects, and therefore, knicnac should have similar a z-donating
ability relative to nocnoc. As can be seen in Table 4, knicnac is overall a better donor than
nocnoc. This can be explained by the facts that dimethylamino is a slightly better donor
compared to ethoxy, and, the mesomeric electron-withdrawing effect is not as strong for
the less electronegative nitrogen atom. It has been shown, by both experimental and

computational methods, that nocnoc has similar donor abilities to nacnac, and that, knicnac
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may be a better donor ligand than both nacnac and nocnoc. However, since 5 is structurally

different from 4 and (nacnac)Rh(CO)2 direct comparisons cannot be made.

2.6 Structural Investigation into the Reactions of NocNoc with Low-Coordinate
Organometallic Reagents

To further study the reactivity of nocnoc, 2 was treated with a variety of low-
coordinate organometallic reagents. The low-coordinate organometallics chosen for this
study are also Lewis acids. For this reason, the neutral ligand precursor, NocNoc, could be
treated directly with the organometallic reagent, without first having to generate the anionic
ligand. This is because the “carbanion” ligands of the organometallic are capable of
deprotonating the a-protons of 2 (Scheme 17). This results in the generation of a
thermodynamically stable, small molecule. For the reagents investigated within, this small
molecule was a hydrocarbon gas. Computationally, in the gas-phase, it was found that the
imine tautomers of NocNoc and KnicNac are favoured over the enamine by 15.49 and
34.89 kJ mol? respectively, at the B3LYP/6-31G* level of theory. Therefore, their

reactions with Lewis acids likely proceed as outlined in Scheme 15.

® p-tol /p -tol p-tol /p -tol
M—CHyR <=—> M=—: CH2 T»
/%%\ )\@(k
H
@
M
p-toI\N/M\N/p-toI ptol\ M /ptol ptoI /ptol

Scheme 17: Resonance structure of the Lewis aC|d explicitly showing its carbanlon. This
is utilized for the deprotonation of the ligand precursor’s a-protons, resulting in the
evolution of a small molecule, and the formation of the corresponding metal complex (M
= metal centre, R = short-chained alkyl).
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The first organometallic reagent studied was trimethylaluminum (AlMes). A
solution of AlMes in hexanes was slowly added to a solution of 2 (Scheme 18). This
resulted in the immediate evolution of gas, as well as the formation of a white precipitate.
This gas was later confirmed to be methane from an NMR scale experiment which showed
a new singlet at 0.16 ppm, in CsDs, characteristic of methane.’® Further investigations, via
real-time analysis with a ReactIR spectrometer, found that the reaction was complete in
less than one minute; indicative of an acid-base reaction. After recrystallization from THF,
the solid state structure of 6 was obtained (Figure 16). From the solid state structure, it can
be seen that the coordination of nocnoc is consistent with what is observed in 4. When X-
ray crystallographic data was collected at room temperature (298 K), the structure proved
to be slightly different than that observed at low temperature (125 K) as emphasized in
Figure 16. The ethoxy substituent in the structure obtained at 125 K has rotated out of the
plane, and the low temperatures effectively “locked” this substituent in the observed
position. However, at room temperature, a sufficient amount of thermal energy has been
added for 6 to have undergone a phase change, causing the same substituent to rotate back
into the plane of the six-membered ring. The thermal ellipsoids are larger for the room
temperature structure due to the increased thermal motion at higher temperatures. It should
also be noted that, surprisingly, this compound is air and moisture stable; crystals have

been found unchanged after eight months of exposure to ambient conditions.

|
Al

A4
N/AI\N
Heptane / 1 min / -CH,
A~ A~
6
Scheme 18: Synthesis of the dimethylaluminum complex of nocnoc, 6.
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Figure 16: Solid state structure of the dimethylaluminum complex of nocnoc, 6, at 125 K.
Thermal ellipsoids are drawn at the 50% probability level.

' c12
I g P\ N[ A
| \-" . c22 .e"cn «
LS [N X3
P o v
I
L | L\
s a Do
L TN -
a /\\ “’ v 2 !
1.;,5’:‘@ ke &’;.&.Qi{
! \‘,./ ~Z2 §_ 511 /

Figure 17: Solid state structures of 6 at 125 K (left) and 298 K (middle), as well as an
overlay of both structures (right).

To further investigate the thermal behaviour of 6, it was studied by differential
scanning calorimetry (DSC). The DSC curve of 6, Figure 18, collected with a heating rate
of 10 °C min'%, offers some evidence to support the phase change, the results of which are
shown in Figure 17. There was an observed endothermic transition with an onset
temperature of -72 °C. The enthalpy, AH, associated with this transition is 0.55 kJ mol™.
An exothermic transition was also observed at -20 °C; AH = 0.97 kJ mol™. While these
values are quite low, they can clearly be seen on the DSC curve. The transition that appears

between 0 and 20 °C likely results from the loss of residual water, and the region between
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45 and 145 °C is characteristic of oil impurities;’” a pale orange oil impurity did coat the
crystal sample. The sample was heated slightly above its onset melting temperature of 152
°C, to 170 °C, and was then cooled to -80 °C at a rate of 10 °C min™. The exothermic
transition at 130 °C (freezing) was determined to be 0.85 kJ mol? lower than the
endothermic transition (melting), possibly due to the oil impurity being incorporated into
the sample upon recrystallization. This recrystallized material was likely amorphous,
because it crystallized rapidly, whereas the original sample of 6 had been crystallized by
slow evaporation. Upon reheating the sample, the solid-solid transitions were not observed,
additional evidence that the recrystallized material was less ordered, and therefore did not
revert to the original morphology.
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Figure 18: DSC curve of 6 collected with a heating/cooling rate of 10 °C min. Positive
heatflow indicates endothermic transitions. (a) solid-solid transition, (b) solid-solid
transition, (c) melting point, (d) freezing point. The heating curve is shown in red and the
cooling curve in blue.
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The DSC curve showed two solid-solid transitions, and there could be more, but,
the range between -148 and -80 °C was not probed. It would be expected that a third
morphology would be observed if an X-ray analysis was performed on 6 between -72 and
-20 °C. However, when data collection of 6 was performed at -50 °C the unit cell matched
the room temperature structure. X-ray data of 6 was also collected at -100 °C and the unit
cell was found match the 125 K structure. From this evidence it can be concluded that the
observed phase transition likely happens at -72 °C as an endothermic transition; it would
be expected that this transition would require energy. The nature of the exothermic
transition at -20 °C remains a mystery, however, this does not result in a
crystallographically observable transition; powder diffraction may give insight into this
transition.

During the standard characterization of 6, it was discovered that the methyl groups
on the aluminum centre are highly shielded; they have a chemical shift of -0.25 ppm in the
'H NMR, when run in Ce¢Ds. To further investigate this compound, the dipole was
calculated from its optimized structure; geometry optimizations were performed at the
B3LYP/6-31G™* level of theory, using the crystallographic results for the initial geometries.
It was found that 6 is a highly polar molecule with a dipole of 5.98 Debye. The dipole
points from the C4 atom, through the Al atom (Figure A2). For comparison, water has a
dipole of 2.09 Debye, when calculated at the same level of theory. The packing in this
molecule’s unit cell shows short contacts show that there are z-type interactions, causing 6
to pack with a modified herringbone motif (Figure 19). The crystalline material of this

product was isolated as a single, large, crystal, with an approximate dimension of 15 x 5 x
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2 mm?, for only 180 mg of material (Figure A4). This vast crystal network is most likely

due to the strong intermolecular interactions found within its solid state structure.
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Figure 19: Solid state packing of 6, viewed down the X-axis, showing the modified
herringbone motif.

Another low-coordinate organometallic reagent investigated was diethylzinc
(Et2Zn). A solution of EtoZn in hexanes was slowly added to a solution of NocNoc, but no
immediate change was observed (Scheme 19). This solution was not stirred, and the solvent
was removed by slow evaporation resulting in large, block-like crystals of 7 (Figure 20).
The small molecule (gas) evolved was confirmed to be ethane by NMR analysis; a new
singlet was observed at 0.80 ppm, in CeDs, in the *H NMR."® Upon further experimentation,
stirring this solution did not yield 7. There is NMR evidence suggesting that this resulted
in the formation of Zn(nocnoc)., however it has not successfully been isolated in the solid
state. This observed reactivity could be a simple kinetic vs thermodynamic control
situation; however, the bis complex was not investigated further. The elemental analysis
(EA) of this compound was collected three times, and in each run the carbon-count was
low. When recalculated, accounting for the loss of ethane gas from the complex, the

previously obtained EA’s were all within accepted experimental error for all three elements



39

(C, H, & N). This proposed decomposition is supported by the observation that a gas was
evolved during the melting point acquisition. To date, the decomposition products have not
been studied. Similar to 6, this compound also appears to be air stable for at least two

weeks.
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Scheme 19: Synthesis of the ethylzinc complex of nocnoc, 7.
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Figure 20: Solid state structure of the ethylzinc complex of nocnoc, 7. Thermal ellipsoids
are drawn at the 50% probability level.

Upon investigation of the structure of 7, it was found that this ethylzinc complex
dimerizes in a face-to face conformation in the solid state. X-ray crystallographic analyses
of 7 shows that there are close contacts (2.594(2) A) between the C4 and Zn atoms of
separate monomer units (Figure 21 & Figure A5). These atoms slightly “pucker” from
planarity; however, it is not as extensive as that shown in Figure 15 for the Rh carbonyl
compound of 5. To probe the nature of the Zn---C interaction between the monomer units

of 7, a QTAIM™" analysis was performed at the B3LYP/6-31G* level of theory. It has
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been well established that the electron density and the Laplacian of the electron density at
the bond critical point (BCP) correlate well with bond character.”®”® Covalent bonds
generally display electron density values greater than 0.20 au with negative Laplacian
values, and closed-shell interactions generally exhibit electron density values less than 0.10
au and positive values for the Laplacian. The electron density and Laplacian values for the
BCP corresponding to the Zn---C4 interaction in 7 are 0.035 au and 0.109 au, respectively.
This clearly suggests the presence of a weak closed-shell interaction with little to no
electron sharing, one which is primarily electrostatic in nature. In addition, the calculated
number of electrons shared between Zn and C4 is 0.203, which indicates a low bond order.
A similar Zn---C interaction has been reported in a zinc-alkyne dimer, with electron density
and Laplacian values of 0.037 and 0.095 au, respectively.®’ The values for the zinc-alkyne
dimer, and those of 7 are surprisingly similar, suggesting the z-system of 7 is very electron-
rich. Although this interaction has a low bond order, it is still an important interaction in
the structure since two of them are sufficient to hold the dimer together in the solid state.
Another diketiminate zinc dimer has been reported,®* however, to the author’s knowledge,
this is the first computationally investigated interaction of this type for an N,N’-chelating

system.
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Figure 21: Bond critical points in the dimeric structure of 7 calculated at the B3LYP/6-
_316* level of theory. The image was generated with AIMAII,2? and the BCPs are shown
in green.

Another Lewis acid chosen for investigation was methylmagnesium bromide
(MeMgBr). Initially, it was thought that this would react in a similar fashion to what is
shown in Scheme 17. Upon the addition of MeMgBr to a THF solution of NocNoc, gas
was immediately evolved. This was assumed to be methane, however, it was not
spectroscopically confirmed. Small, clear, crystals of material were isolated, and both
NMR and X-ray analyses suggested it was magnesium bromide, solvated with THF
(BroMg-THFy). To date, the BrMg(nocnoc) compound has not been successfully isolated,

however, further investigations should be conducted employing non-coordinating solvents.

This would be to ensure that the solvent does not displace the desired ligands of interest.

2.7 Structural Investigation into the Reactions of KnicNac with Low-Coordinate

Organometallic Reagents

Since knicnac had previously been reported by Lee, its reactivity was not

investigated in as great a depth as that of nocnoc was. Additional reactivity of knicnac can
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be found in the thesis entitled: Synthesis, Functionalization, and Coordination of Bulky m-
Terphenyls and B-Diketiminates.®® Since interesting interactions were observed in in the
zinc complex, 7, attempts to prepare its knicnac analogue were investigated. Due to time
constraints, the ethylzinc complex of knicnac has not been successfully isolated. However,
upon the addition of diethylzinc to KnicNac, crystals of a bis(knicnac) zinc complex, 8,
were isolated after it sat at -15 °C for one week (Scheme 20 & Figure 22). To date, this
structure has not been fully interpreted. Interestingly, the complexed zinc is
tetracoordinate, incorporating two equivalents of knicnac. The P*nacnac analogue has
been previously reported,® and it is structurally similar to 8 in the solid state.®* While the
bonding observed in 8 is not novel, this structure serves as an example to showcase the

reactivity and coordination of knicnac.
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Scheme 20: Synthesis of bis(knicnac)zinc, 8.
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Figure 22: Solid state structure of bis(knicnac)zinc, 8. Only the atoms that are
crystallographically unique have been labeled; the other half of the molecule is generated
by rotation about a two-fold axis. Thermal ellipsoids are drawn at the 50 % probability
level. Hydrogen atoms have been omitted for clarity.
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Chapter 3 — Summary & Conclusions

Two, new, electron-rich 1,3-diketiminate ligands have been prepared and fully
characterized. Although the desired boron carbenoid was not produced in the reactions of
nocnoc and a variety of boron-containing species, DFT and MP2 calculations predicted
that the ground state of such a complex is a singlet. The singlet-to-triplet energy gap may
be sufficiently large enough for the isolation of a low-valent boron analogue. Further
investigations into the reactivities of these ligands have also been started. The study of their
coordination complexes will add to the fundamental understanding of such inorganic
systems. A “steric clash” has also been identified and shown to cause a boat-type
conformation being adopted in some inorganic heterocycles. It has also been proven that
these ligands can stabilize reactive species for long periods of time, even preventing
hydrolysis. This is likely due to their “bowl-shaped” pocket, as well as their strong donor
properties to the metal centre. Finally, z-type Zn---C interactions, which are likely weak

and electrostatic in nature, but may be structurally important, have been identified.
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Chapter 4 — Future Work

Both ligands reported in this work should be investigated further in attempts to
prepare a boron analogue of a carbene. Although computations indicated that the p-tolyl
substituent should have provided the largest singlet-to-triplet energy gap, attempts should
be made to prepare either the 2,6-diisopropylphenyl or 2,4,6-trimethylphenyl substituted
ligand species. Both of these substituents may offer a better “bowl-shaped” pocket to
prevent self-oligomerization and may assist with solid state stabilization. 4-methoxyphenyl
or 4-aminophenyl substituents should also be investigated as possible ligand side chains;
their increased donation abilities may increase the stabilization of the singlet state. Varying
the substitution at the R® (a-) position should also be investigated computationally, to
determine if strategic functionalization at this position can yield a large singlet-to-triplet
energy gap. Finally, future attempts to prepare boron analogues should use cyclohexane as
the reaction solvent since it has been shown, computationally, that they can undergo C—H
bond insertion; it should be thermodynamically unfavourable to break the cyclic ring of
cyclohexane.

The work presented here is only a brief introduction to the potential reactivity of
these ligands. Ideally, these ligands should be reacted with other transition metal and main-
group complexes to truly study their properties. It would also be interesting to prepare a
lanthanoid complex to determine the ligand’s bite angle. Finally, both of these ligands’
substitution patterns are similar to BOX-type ligands, and therefore their organometallic
complexes should be stable in the presence of strong bases. If this could be proven to be

true, then catalysts that incorporate these ligands should be prepared and studied.
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Chapter 5 — Experimental

5.1 General Procedures

All preparations were performed under an inert nitrogen atmosphere in either an
mBraun glove box or using standard Schlenk line techniques,’? unless otherwise stated.
Nitrogen (>99.998%) and carbon dioxide (50% in nitrogen) were provided by Praxair Inc.
Diethyl malonimidate dihydrochloride, p-toluidine (99.6%), malononitrile (>99%),
dichloromethylene-dimethyliminium chloride (Viehe’s salt,®® technical grade), potassium
hydride, potassium hydroxide, ethanol (<0.003% H20), anhydrous 1,4-dioxane (99.8%),
1,2-dimethoxyethane (99.5%), anhydrous diethyl ether (>99.0%), deuterium oxide (D:
99.9%), boron trifluoride diethyl etherate, boron tribromide (>99.99%), hydrogen chloride
solution (4.0 M in 1,4-dioxane), trimethylaluminum solution (2.0 M in heptane),
diethylzinc solution (1.0 M in hexanes), boron trichloride solution (1.0 M in hexanes) and
methylmagnesium bromide solution (3.0 M in diethyl ether) were purchased from Sigma-
Aldrich and were used without further purification. Hyflo Super Cel® (Celite) and
naphthalene (99%) were also purchased from Sigma-Aldrich and were dried in a vacuum
oven prior to use. Granular lithium (99%) and potassium (98.5%) were purchased from
Sigma-Aldrich, and were finely divided and rinsed with dry hexanes prior to use. The
chlorodicarbonylrhodium(l) dimer was purchased from Strem Chemicals Inc. Reagent
grade ethylacetate, hexanes, heptane, toluene, dichloromethane and THF were supplied by
Caledon Laboratory Chemicals. Heptane, hexanes, toluene and THF were purified using
an mBraun MB-SPS-800 solvent purification system and were stored over 4 A molecular
sieves prior to use. Silica gel (60-200 mesh), magnesium sulfate, and potassium bromide

(infrared grade) were purchased from Fisher Scientific, the silica was used as received



47

without drying, and the KBr and MgSO4 were dried/stored in an oven prior to use.
Benzene-Ds (D: 99.5%) and DMSO-D¢ (D: 99.9%) were purchased from Cambridge
Isotope Laboratories, Inc. and were opened/stored under nitrogen. Potassium-graphite was

prepared following a known literature method.™

5.2 Spectroscopic & Characterization Techniques

The infrared spectra of 2 and 8 were obtained using an attenuated total reflection
(ATR) adapter on a Bruker Alpha Spectrometer. All other infrared spectra were collected
as KBr pellets using a Bruker Vertex 70 Infrared Spectrometer. Data processing was
completed using OPUS 6.0 software suite.

The NMR experiments were carried out on either a Bruker Ultrashield 300 MHz
NMR spectrometer with a 7.05 Tesla magnet. The NMR data for 5 was collected on a
Bruker AV 500 MHz Spectrometer, with an 11.74 Tesla magnet, at the Nuclear Magnetic
Resonance Research Resource (NMR-3) facility at Dalhousie University in Halifax, Nova
Scotia. The samples were prepared by dissolving a small amount of the compound into an
aliquot of the deuterated solvent under an inert atmosphere. *H and 3C{*H} spectra were
referenced to residual solvent downfield of trimethylsilane. Peaks were assigned by
considering results from COSY, HSQC and DEPTQ experiments, as well as by relative
integration in the *H spectra. The data was processed using Bruker TOPSIN 1.3.

Elemental analyses (EA) were performed on a Perkin ElImer CHN Analyzer 2400
Series Il. Prior to data acquisition standard calibration was conducted with acetanilide
supplied by Perkin Elmer. High resolution mass spectrometry (positive mode) analysis was
performed on a Bruker microTOF Focus Mass Spectrometer by the method of atmospheric-

pressure chemical ionization in methanol. All EA data acquisition was obtained by Patricia
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Granados of the Centre for Environmental Analysis and Remediation at Saint Mary’s
University. The HRMS data was collected by Xiao Feng of the Maritime Mass
Spectrometry Laboratories at Dalhousie University in Halifax, Nova Scotia.

The melting points were measured using a Mel-Temp melting point apparatus (with
a heating rate of ~5 °C min) and are uncorrected. The samples were prepared by filling a
capillary tube with few milligrams of sample material and sealing the tube under an inert
atmosphere.

The real-time analysis of 6 was performed using a Mettler-Toledo ReactIR 15
spectrometer equipped with a silicon-tipped probe. To accurately monitor the rate of a
reaction, the reagents and products must be fully soluble in the reaction solvent; for this
reason, DCM was chosen as the solvent. NocNoc (0.13 g, 0.38 mmol) was dissolved in 3
mL of DCM in a 20 mL Schlenk tube equipped with a stir bar and the ReactIR probe. The
flask was continuously purged with nitrogen as the trimethylaluminum solution (0.50 mL,
2.0 M in heptane) was added to the flask. Caution! Trimethylaluminum is pyrophoric and
appropriate procedures must be followed when handling outside of a glove box. The C=N
absorption of NocNoc, at 1667 cm™, immediately disappeared, and the C—N absorption of
6, 1436 cm™, appeared within 15 seconds. The reaction was monitored for 10 minutes, with
the absorption peak at 1436 cm™ reaching a maximum by 1 minute. The volatiles were
removed in vacuo and NMR analysis confirmed the identity of 6. The spectra were
recorded at 15 s intervals and iC.IR 4.3 software was used for data processing.

The phase transitions in 6 were determined by differential scanning calorimetry
using a TA Instruments’ DSC Q100. The DSC was calibrated at the melting point of indium

metal (156.6 °C), for both heating rates used. A few crystals of 6 (4.7 mg) were placed in
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an aluminum pan which was hermetically sealed. The sample was held isothermally at -80
°C for 5 minutes, then the sample was heated to 170 °C at a rate of 10 °C min’. The sample
was then held for a second isotherm of 170 °C for 3 minutes before being cooled to -80 °C
at 10 °C min™. It was found that the sample’s thermal history had an effect on its thermal
behaviour. After being held at -80 °C for 3 minutes, the sample was then reheated to 170
°C at a rate of 20 °C min, followed by cooling back to -80 °C at the same rate. The
enthalpies of the transitions were output in units of J g, however, for consistency, these
were converted to units of kJ mol?, using the molar mass of 6, and Equation 4. TA
Universal Analysis 2000 was used for data processing and the DSC curve was plotted with
Microsoft Office Excel 2013. Instrumentation was provided by Dr. Kathy Singfield of the
Department of Chemistry at Saint Mary’s University.

1J g =0.3940 kJ mol: (4)

5.3 Gaseous HCI-free Synthesis of Diethyl Malonimidate Dihydrochloride
Malononitrile (7.35 g, 0.11 mol), anhydrous ethanol (13.5 mL, 0.23 mol), and 30
mL of 1,4-dioxane were added to a 250 mL Schlenk flask which was fully submerged in
ice. A solution of hydrogen chloride (56.0 mL, 4.0 M in 1,4-dioxane) was slowly added to
the flask and it was left to stir for 18 hours between 0 and 5 °C. After stirring, the off-white
suspension was filtered through a sintered glass frit and the solids were rinsed with ca. 10
mL of cold diethyl ether. The resulting beige powder was collected and dried under vacuum
for 12 hours. Yield = 21.97 g (86 % based upon consumption of malononitrile).
Spectroscopic data is consistent with that found in the literature.®®%” mp = 122 °C. *H (300
MHz, DMSO-Dg, ppm): 1.28 (t, 6H, 3Jcn = 7.11 Hz, -OCH2CHa), 4.12 (q, 4H, 3Jch = 7.12

Hz, ~OCH,CHs), 4.22 (br s, 2H, HCI), 4.52 (br s, 2H, CHy), 7.51 (t, 2H, XJnn = 50.78 Hz,
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=NH). BC{*H} (75 MHz, DMSO-Ds, ppm): 14.07 (s, -OCH2CHz), 42.40 (s, CH>), 60.82
(s,—~OCH2CHjs), 169.11 (s, N=C). IR (KBr, cm™): 3000 (vs, br), 1736 (vs), 1672 (vs), 1575
(m), 1445 (vs), 1405 (vs), 1364 (s), 1300 (m), 1206 (w), 1136 (m), 1093 (m), 1032 (w),
1004 (m), 950 (m), 901 (m), 868 (w), 823 (m), 808 (w), 634 (m), 447 (w).
5.4 Synthesis of NocNoc, 2

Diethyl malonimidate dihydrochloride (2.5 g, 10.8 mmol) and excess p-toluidine
(3.5 g, 32.7 mmol) were added to ca. 50 mL of THF and it was set to reflux for 18 hours,
under nitrogen, resulting in a yellow suspension. (Note: the following steps were performed
on the benchtop, not under an inert atmosphere). The precipitate was removed by vacuum
filtration and the filtrate was collected. The supernatant was removed by vacuum resulting
in an orange oil. This was subsequently purified by passing it through a silica packed
column with a 20:1, hexanes: ethylacetate, solution as the eluent. The first fraction was
collected and the solvent was removed under vacuum resulting in a pale yellow oil. Yield
= 1.1 g (30 % based upon consumption of DEMHCI). Clear, colourless, crystals were
obtained from the oil after letting it sit at 5 °C for one week. mp = 42 °C. *H (300 MHz,
CeDs, ppm): 1.16 (t, 6H, 3Jck = 7.09 Hz, -OCH>CHs3), 2.15 (s, 6H, —~ArCHs), 3.09 (s, 2H,
CHy), 4.21 (q, 4H, 3Jcn = 7.10 Hz, ~OCH,CHs), 6.67 (d, 4H, 3Jch = 8.21 Hz, Ar), 6.95 (d,
4H, 3Jch = 7.91 Hz, Ar). BC{*H} (75 MHz, C¢Ds, ppm): 14.24 (s, -OCH,CHs), 20.85 (s,
—ArCHjz), 31.67 (s, CH,), 61.95 (s, ~OCH2CHj), 121.41 (s, Ar), 129.87 (s, Ar), 132.23 (s,
Ar), 146.68 (s, Ar), 157.66 (s, N=C). IR (ATR, cm®): 2978 (w), 2940 (w), 2926 (w), 2900
(w), 1660 (vs), 1612 (w), 1507 (m), 1311 (m), 1222 (s), 1171 (m), 1038 (s), 864 (m), 831
(m), 804 (m), 534 (m). EA calcd. [%]: C, 74.52; H, 7.74; N, 8.28; found [%]: C, 74.07; H,

7.61; N, 8.25. HRMS calcd. [m/z]: 339.2028; found [m/z]: 339.2074.
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5.5 Synthesis of KnicNac, 3

Dimethylacetamide (2.25 g, 25.83 mmol) was added to a solution of Viehe's salt®
(8.40 g, 51.71 mmol) in ca. 75 mL of DCM and it was set to reflux for 3 hours, followed
by the dropwise addition of a p-toluidine (7.0 g, 65.33 mmol) solution in ca. 30 mL of
DCM. After refluxing for another 6 hours, the solution was transferred to a separatory
funnel with an additional 100 mL of water and 100 mL of DCM. The DCM layer was
drained and potassium hydroxide was added to the aqueous layer until a pH of ~12 was
reached. Three, 50 mL portions of DCM were added to the separatory funnel and the DCM
layer was collected after each addition. Magnesium sulfate was added to the collected DCM
extractions to remove residual water and the resulting suspension was filtered by gravity.
The volatiles of the filtrate were removed in vacuo, and the crude product was further
purified by column chromatography with a silica packed column. (Note: the silica was
rinsed with a hexanes solution containing 2% trimethylamine and 5% ethylacetate). A 20:1
hexanes: ethylacetate solution was used as the eluent until the first fraction passed through
the column, then ethylacetate was used to elute the second fraction, which was collected,
and placed under vacuum, resulting in the isolation of an orange solid. Yield = 4.78 g (55%
based upon consumption of dimethylacetamide). Orange, needle-shaped, crystals were
obtained by slow evaporation of a saturated diethyl ether solution. This synthesis was
achieved with considerable assistance from Bright Huo, Jetsuda Areephong, and Dr. Kai
Ylijoki of the Department of Chemistry at Saint Mary’s University. mp = 107 °C. *H (300
MHz, CsDs, ppm): 2.20 (s, 6H, —ArCHs), 2.70 (s, 12H, -NCHs), 3.56 (s, 2H, CHy), 6.64
(d, 4H, 3Jch = 8.15 Hz, Ar), 7.01 (d, 4H, 3Jcn = 7.94 Hz, Ar). BC{'H} (75 MHz, C¢Ds,

ppm): 20.87 (s, -NCHs), 28.98 (br s, CH>), 38.26 (s, ~ArCHs), 122.74 (s, Ar), 129.94 (s,
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Ar), 130.78 (s, Ar), 149.23 (s, Ar), 155.71 (s, N=C). IR (KBr, cm™): 3020 (w), 2917 (m),
1602 (vs), 1481 (m), 11411 (m), 1382 (s), 1293 (m), 1195 (m), 1168 (m), 1134 (m), 1106
(m), 1059 (m), 980 (w) 846 (w), 822 (w). HRMS calcd. [m/z]: 337.2348; found [m/z]:
337.2389.
5.6 Deuterium Exchange Study

A 0.05 M solution of potassium hydroxide was prepared by dissolving 0.0105 g of
KOH in 4.0 mL of deuterium oxide. A small amount of 2 (0.0175 g, 0.0518 mmol) was
dissolved in of mixture consisting of 2 mL of D20, 1 mL of 1,4-dioxane, and 60 uL of the
KOH/D>0 solution. The solution was stirred in a sand bath at 50 °C for 18 hours, resulting
in a pale yellow suspension. The supernatant was removed via vacuum filtration and an
off-white powder was isolated. The same process was repeated for KnicNac using 0.0189
g (0.0563 mmol) of 3.

2:D2: *H (300 MHz, CsDs, ppm): 1.15 (t, 6H, 3Jcn = 7.08 Hz, -OCH,CHa), 2.14 (s,
6H, —ArCHs), 4.25 (q, 4H, 3Jcn = 7.10 Hz, —-OCH,CHs), 6.76 (d, 4H, 3Jcr = 8.20 Hz, Ar),
6.97 (d, 4H, 3Jch = 7.92 Hz, Ar).

3-D2: 'H (300 MHz, CsDg, ppm): 2.20 (s, 6H, —~ArCHs), 2.70 (s, 12H, -NCHz), 6.65

(d, 4H, 3Jcw = 8.15 Hz, Ar), 7.02 (d, 4H, 3Jcn = 7.97 Hz, Ar).

5.7 Synthesis of the Rhodium Carbonyl Complex of nocnoc, 4

A suspension of potassium hydride (0.0306 g, 0.8976 mmol) in ca. 2 mL of THF
was slowly added to a solution of 2 (0.1046 g, 0.3091 mmol) in ca. 3 mL of THF and the
resulting solution was allowed to stir for 2 hours. After stirring, the orange solution was
filtered through Celite and a solution of chlorodicarbonylrhodium(l) dimer (0.0601 g,

0.1546 mmol) in ca. 2 mL of THF was added dropwise to the filtrate. After stirring for 18
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hours the supernatant was removed in vacuo and the solids were rinsed with ca. 8 mL of
toluene. The solution was filtered through Celite and placed in a -35 °C freezer for several
days resulting in the formation of a single orange crystal. Yield = 0.0450 g (70 % based
upon consumption of 2). mp = 158 °C. H (300 MHz, CsDs, ppm): 0.81 (t, 6H, 3Jcr = 6.97
Hz, -OCH,CHs3), 2.12 (s, 6H, ~ArCHs), 3.52 (q, 4H, 3Jcr = 6.97 Hz, -OCH,CHj3), 4.14 (s,
1H, CH), 7.01 (d, 4H, 3Jck = 7.89 Hz, Ar), 7.29 (d, 4H, 3Jcn = 8.16 Hz, Ar). BC{'H} (75
MHz, CeDs, ppm): 14.48 (s, -OCH2CHa), 20.94 (s, —ArCHa), 63.59 (s, CH), 64.83 (s, —
OCH,CHj3), 126.49 (s, Ar), 128.86 (s, Ar), 134.04 (s, Ar), 153.76 (s, Ar), 166.10 (s, N=C),
185.08 (d, YJrnc = 66.30 Hz, -RhCO). IR (KBr, cm™): 3414 (m, br), 2984 (w), 2056 (vs),
1988 (vs), 1573 (s), 1538 (s), 1503 (s), 1475 (s), 1425 (s), 1311 (s), 1297 (m), 1199 (s),
1118 (m), 1082 (m), 852 (m). EA cacld. [%]: C, 55.65; H, 5.08; N, 5.64; found [%]: C,

55.22; H, 4.83; N, 5.55.

5.8 Synthesis of the Rhodium Carbonyl Complex of knicnhac, 5

A solution of 3 (0.0431 g, 0.1281 mmol) in ca. 1 mL of THF was added to a
suspension of potassium hydride (0.0101 g, 0.2518 mmol) in ca. 2 mL of THF and the
resulting solution was left to stir for 2 hours. The orange solution was filtered through
Celite and a solution of chlorodicarbonylrhodium(l) dimer (0.0249 g, 0.0640 mmol) in ca.
2 mL of THF was added dropwise to the filtrate. The dark red solution was stirred for 18
hours before the volatiles were removed under vacuum, then ca. 4 mL of toluene was added
to the residual solids. The solution was filtered through Celite and the filtrate was placed
in a-35 °C freezer for 2 days. This gave small, yellow, cubic, crystals, which were isolated
by filtration. Yield = 0.0212 g (33 % based upon consumption of 3). *H (500 MHz, CsDs,

ppm): 2.08 (s, 6H, ~ArCHs), 2.35 (s, 12H, ~NCHs) 4.15 (s, 1H, CH), 6.90 (d, 4H, 3Jcn =
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7.55 Hz, Ar), 7.04 (d, 4H, 3Jch = 7.77 Hz, Ar). BC{*H} (125 MHz, CsDs, ppm): 20.77 (s,
—ArCHpa), 40.57 (s, -NCHs), 81.27 (s, CH), 123.95 (s, Ar), 124.43 (s, Ar), 129.43 (s, Ar),
130.16 (s, Ar), 165.97 (s, N=C), 187.24 (d, *Jrnc = 69.85 Hz, -RhCO). IR (KBr, cm™):
3020 (w), 2990 (w), 2918 (m), 2866 (w), 2049 (vs), 1977 (vs), 1607 (vs), 1526 (vs), 1502
(vs), 1420 (s), 1388 (s), 1326 (vs). 1261 (m), 1225 (w),1184 (m), 1159 (m), 1119 (w), 1034

(m), 820 (w).

5.9 Synthesis of the Dimethylaluminum Complex of nocnoc, 6

A solution of trimethylaluminium (0.65 mL, 2.0 M in heptane) was slowly added
to a solution of 2 (0.22 g, 0.65 mmol) in ca. 2 mL of heptane. The solution immediately
began to bubble and produce a white precipitate. After ca. 10 minutes the resulting yellow
supernatant was decanted and the precipitate was rinsed three times with 1 mL portions of
heptane. The precipitate was dissolved in ca. 3 mL of THF and was left to recrystallize by
slow evaporation. This gave a single colourless, large, block-shaped, crystal. Yield = 0.18
g (71 % based upon consumption of 2). A small amount (~10 mg) of 6 was removed from
an inert atmosphere and was left open to ambient conditions during the preparation of this
thesis (~8 months). After this exposure, the sample was determined to still be 6;
hydrolysis/degradation products were not observed. mp = 158 °C. *H (300 MHz, CsDs,
ppm): -0.25 (s, 6H, ~AICH3), 0.81 (t, 6H, *Jcn = 7.08 Hz, -OCH.CHs), 2.08 (s, 6H, —
ArCHs), 3.49 (q, 4H, 3Jcn = 7.08 Hz, ~OCH>CHs), 3.95 (s, 1H, CH) 6.99 (d, 4H, 3Jch =
8.01 Hz, Ar), 7.23 (d, 4H, 3Jck = 8.27 Hz, Ar). BC{'H} (75 MHz, CsDs, ppm): 14.22 (s, —
OCH;CHs), 20.95 (s, ~ArCHs), 61.89 (s, CH), 64.29 (s, ~OCH>CHs3), 121.48 (s, ~AICHs3),
126.95 (s, Ar), 129.69 (s, Ar), 134.57 (s, Ar), 140.65 (s, Ar), 168.41 (s, N=C). IR (KBr,

cm™): 3474 (w, br), 3029 (w), 2983 (m), 2919 (m), 1891 (w), 1677 (m), 1571 (vs), 1537
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(vs), 1506 (s), 1439 (vs), 1376 (m), 1319 (vs), 1209 (s), 1181(m), 1095 (m), 855 (m), 745
(m), 703 (m), 670 (m), 513 (m). EA calcd. [%]: C, 70.03; H, 7.92; N, 7.10; found [%]: C,

69.91; H, 7.74; N, 7.09.

5.10 Synthesis of the Ethylzinc Complex of nocnoc, 7

A solution of diethylzinc (1.06 mL, 1.0 M in hexanes) was slowly added to a
solution of 2 (0.18 g, 0.53 mmol) in ca. 3 mL of hexanes, without stirring. After addition,
the yellow solvent was removed by slow evaporation over several hours, giving large,
colourless, block-shaped, crystals. Yield = 0.20 g (87 % based upon consumption of 2). mp
=189-191 °C (dec). tH (300 MHz, CsDs, ppm): 0.51 (g, 2H, 3Jcr = 8.12 Hz, ~ZnCH>CH3),
0.93 (t, 6H, 3Jch = 7.02 Hz, ~OCH,CHs3), 1.22 (t, 3H, 3Jcn = 8.12 Hz, ~ZnCH2CH), 2.14
(s, 6H, —ArCHs), 3.64 (g, 4H, %Jcn = 7.02 Hz, -OCH,CH3), 4.12 (s, 1H, CH), 7.03 (d, 4H,
3Jch = 8.16 Hz, Ar), 7.11 (d, 4H, 3Jcw = 8.34 Hz, Ar). BC{*H} (75 MHz, CsDs, ppm): 12.73
(s, ~ZNCH2CHs), 14.82 (s, -OCH2CHs), 21.27 (s, —~ArCHs), 63.02 (s, CH), 64.40 (s, —
OCH>CH3), 126.13 (s, Ar), 129.60 (s, Ar), 132.14 (s, -ZnCH>CH3), 133.27 (s, Ar), 144.85
(s, Ar), 167.34 (s, N=C). IR (KBr, cm™): 3620 (w), 3021 (w), 2980 (m), 2927 (m), 2896
(m), 2850 (m), 1663 (m), 1577 (vs), 1526 (s), 1503 (vs), 1446 (vs), 1438 (vs), 1371 (s),
1286 (s), 1266 (s), 1201 (m), 1191 (s), 1113 (m), 1075 (s), 1017 (m), 985 (m), 848 (m),
809 (m), 742 (m), 583 (m), 518 (m), 510 (m). EA calcd. [%]: C, 63.96; H, 7.00; N, 6.49;

found [%]: C, 62.14; H, 6.70; N, 6.31.

5.11 Synthesis of Bis(knicnac)zinc, 8
A solution of diethylzinc (0.30 mL, 1.0 M in hexanes) was slowly added to a

solution of 3 (0.0664 g, 0.1976 mmol) in 5 mL of a 1:1 solution of hexanes and heptane.

The solution was briefly stirred by hand and the clear/colourless solution was then placed
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in a -15 °C freezer for one week. This resulted in the formation of pale yellow, needle-
shaped, crystals. Yield = 0.0480 g (66 % based upon consumption of 3). mp = 135 °C. 'H
(300 MHz, CeDs, ppm): 2.10 (s, 12H, —ArCHs), 2.46 (s, 24H, -NCH3), 4.14 (s, 2H, CH),
6.80 (d, 8H, *Jcn = 8.18 Hz, Ar), 6.92 (d, 8H, *Jcn = 8.28 Hz, Ar). BC{*H} (75 MHz, CéDs,
ppm): 20.87 (s, —ArCHz3), 40.95 (s, -NCHB3), 77.30 (s, CH), 122.72 (s, Ar), 123.75 (s, Ar),
129.14 (s, Ar), 126.62 (s, Ar), 166.61 (5, N=C). IR (ATR, cm™): 2919 (w), 2859 (W), 1594
(m), 1498 (vs), 1404 (vs), 1370 (s), 1320 (s), 1262 (m), 1169 (s), 1100 (m), 1024 (s), 805

(s), 497 (m).

5.12 Computational Details

All calculations/graphical images were performed/generated using the Spartan ’14
software package,®® unless otherwise stated. All ab initio computations performed by
Spartan were first drawn using the graphical interface, followed by computing the
equilibrium conformation via semi-empirical (PM3)% methods. The lowest energy
conformations were then used as the initial geometries for DFT calculations of the
equilibrium geometry at the B3LYP®®' level of theory, using the 6-31G* basis set.
Vibrational frequency calculations were performed on all structures to confirm that the
geometries were in fact a minimum (imaginary frequencies = 0). All second order Maller-
Plesset (MP2)%%° calculations were performed by first computing the equilibrium
conformation (PM3) in Spartan, as described above, followed by geometry optimizations
at the MP2/6-31G* level of theory using Gaussian 09 Rev. C.01.%° For computational
efficiency, aryl substituents for all MP2 level calculations were replaced with phenyls. The

singlet triplet energy gaps were determined using Equation 1. Computational facilities for
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all calculations performed with Gaussian were provided by ACEnet, the regional high
performance computing consortium for universities in Atlantic Canada.
AEst = Etriplet — Esinglet (1a)
1 Ha = 2625.5 kJ mol* (1b)

To determine if the ground-state singlet was open or closed-shell, the singlet-state
was recalculated using the unrestricted SCF (UB3LYP). The a and g electrons were
allowed to mix, and the optimized wavefunction converged to the same energy, and
electronic configuration, as computed for the closed-shell singlet; spin contamination, (S?)
=0.0001. The thermodynamics of the singlet state carbenoid (1s), and its dimer (1p), were
computed from their optimized wave-functions at the B3LYP/6-31G* level of theory.

The geometry optimizations for the rhodium carbonyl complexes were performed
at the B3ALYP/LANL2DZ level of theory, using the single crystal X-ray structures to
provide the initial geometries. The LANL2DZ basis set was chosen because rhodium is not
defined within the 6-31G* basis set. The theoretical infrared spectra for the optimized
structures were also generated at the same level of theory. The CIF for (nachac)Rh(CO):
was retrieved from the Cambridge Structural Database;*® CCDC# 814889.

The nature of the bond between the monomer units of 7 was probed via a
QTAIM™7 analysis. DFT geometry optimizations were performed at the B3LYP, M06,%*
and ®B97X-D% levels of theory with the 6-31G* basis set as implemented in Gaussian 09
using the single crystal X-ray structure to provide the initial geometry. The B3LYP/6-31G*
geometry best reproduced the crystal data, with M06 and ®B97X-D showing significant
distortions of the ethyl group on zinc. The optimized wavefunction was then subjected to

QTAIM analysis via the AIMAII software package.®? The computational investigation of
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7 was performed by Iffenna Mbaezue and Dr. Kai Ylijoki of the Department of Chemistry

at Saint Mary’s University.

5.13 X-ray Crystallographic Details

All X-ray crystallographic analyses were performed by Dr. Katherine Robertson at
Saint Mary’s University, and all crystallographic diagrams presented within were prepared
using Mercury CSD 3.6.%

The crystal chosen for each determination was attached to the tip of a 400 um
MicroLoop with paratone-N oil. Measurements were made on a Bruker APEXII CCD
equipped diffractometer (30 mA, 50 kV) using monochromated Mo Ka radiation (1 =
0.71073 A) at 125 K, except for the room temperature data collection which was carried
out at 26 °C.%* The initial orientation and unit cell were indexed using a least-squares
analysis of a random set of reflections collected from three series of 0.5° w-scans, 15
seconds per frame and 12 frames per series, that were well distributed in reciprocal space.
For data collection, four w-scan frame series were collected with 0.5° wide scans, 30
second frames and 366 frames per series at varying ¢ angles (¢ = 0°, 90°, 180°, 270°). The
crystal to detector distance was set to 6 cm and a complete sphere of data was collected.
Cell refinement and data reduction were performed with the Bruker SAINT software,®
which corrects for beam inhomogeneity, possible crystal decay, Lorentz and polarisation
effects. A multi-scan absorption correction was applied (SADABS).% The structures were
solved using either SHELXT-2014°%" or SHELXS-2014°%" and were refined using a full-
matrix least-squares method on F? with SHELXL-2014." All refinements were
unremarkable. The non-hydrogen atoms were refined anisotropically. Hydrogen atoms

bonded to carbon were included at geometrically idealized positions and were not refined.
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The isotropic thermal parameters of the hydrogen atoms were fixed at 1.2Ueq of the parent
carbon atom or 1.5Ueq for methyl hydrogens. In certain cases a disordered model was found
to be best for methyl groups showing rotational motion. Such groups were best defined
using an idealized disordered model with two sets of equally occupied positions, rotated
from each other by 60 degrees. Each hydrogen in a disordered group was thus given an
occupancy of 0.5.

The crystal used in the low temperature data collection of the dimethylaluminum
complex of nocnoc, 6, was found to be twinned. The initial unit cell determination located
an orthorhombic unit cell. When the cell was refined after data collection, a primitive
orthorhombic cell with dimensions, a = 8.701(8), b = 12.274(11) and ¢ = 21.910(19) was
obtained. The merging R value for the orthorhombic unit cell was 0.097, while the merging
R for a monoclinic unit cell with a Laue symmetry of (1 1 2/m) was only 0.059 (the merging
R values for the other two possible monoclinic orientations (2/m 1 1) and (1 2/m 1) were
0.095). Based on these results the unit cell appeared to truly be monoclinic (pseudo-
merohedral twinning with the monoclinic angle close to 90°, thus approximating an
orthorhombic unit cell) and the data was reprocessed as such. The data was then
transformed using the matrix [L0O0 00 1 0 1 0] to give a monoclinic unit cell with the
unique axis b and cell dimensions, a = 8.6122(12), b = 21.6550(29), ¢ = 12.1405(16) and
£ = 90.039(2). The systematic absences suggested the space group P2i/c (#14) and a
reasonable structure solution could be obtained in this space group. The statistics for the
data set were now as expected, 20max = 54.77°, R(int) = 0.0564 and R(sigma) = 0.0478.
TwinRotMax, as implemented in Platon,®® was used to find the twin law required to

complete the refinement, [-100 0-10 00 1]. Using an HKLF4 refinement in SHELXL
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the BASF parameter refined to a value of 0.429(1). The final R-factor refined to 0.0415
for 4076 observed reflections and to 0.0589 using all 5078 reflections, with wR2 = 0.0931

for all data and GoF = 1.033.
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Table Al: Energy output for the optimization of the R? position of the boron carbenoid at

the B3LYP/6-31G* level of theory (R? = R® = H).

R! Singlet State Triplet State AEst (Ha) AEst (kJ mol?)
Energy (Ha) Energy (Ha)
Mes -949.62742 -949.634612 -0.007192 -18.882596
Dipp -1185.490818 -1185.496559 -0.005741 -15.0729955
t-Bu -566.136033 -566.138661 -0.002628 -6.899814
Ph -713.734806 -713.737075 -0.002269 -5.9572595
p-tol -792.370778 -792.37284 -0.002062 -5.413781

Table A2: Energy output for the optimization of the R? position of the boron carbenoid at

the B3LYP/6-31G* level of theory (R* = R® = H).

R? Singlet State Triplet State AEst (Ha) AEst (kJ molt)
Energy (Ha) Energy (Ha)

CFs -925.702213 -925.715219 -0.013006 -34.147253

Ph -713.754058 -713.764865 -0.010807 -28.3737785

Me -330.267897 -330.275058 -0.007161 -18.8012055
NMe; -519.573465 -519.568481 0.004984 13.085492
OMe -480.682726 -480.674198 0.008528 22.390264

OEt -559.318577 -559.309772 0.008805 23.1175275

Table A3: Summary of computed energy data for the optimized boron carbenoid by both
DFT and Mgller-Plesset methods using the 6-31G™* basis set.

B3LYP MP2
Singlet State Energy (Ha) -1100.045152 -1018.1304503962
Triplet State Energy (Ha) -1100.039828 -1018.1164136363
AEst (Ha) 0.005324 0.0140367599
AEg (kJ mol™) 13.978162 36.85351311745
Singlet State HOMO (eV) -3.25 -5.43
Singlet State LUMO (eV) -0.83 3.02
Singlet State HOMO-LUMO gap (eV) 242 8.45
Singlet State Dipole Moment (Debye) 5.29 9.33
AHs {singlet carbenoid} (Ha) -1099.59856 --
AHs {dimer} (Ha) -2199.31336 --
AG {singlet carbenoid} (Ha) -1099.66689 ==
AG {dimer} (Ha) -2199.42102 -
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Figure Al: Graphical representation of 1p, calculated at the B3LYP/6-31G* level of
theory. Hydrogen atoms omitted for clarity. Calculated B—B bond length: 1.723 A.

¢

Figure A2: Graphical representation of the dipole in 6, calculated at the B3LYP/6-31G*
level of theory. The dipole vector is shown in yellow.
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6.2 Crystallographic Data

-

Finge A3: hing contacts present in the solid state structure of 2, showing the z-stacking
interactions.

Figure A4: Large, “block-like” crystal of 6, in the bottom of a 20 mL screw-cap vial (left),
and in a weight-boat (right). The image on the left has been recoloured to “grayscale” for
visual clarity.
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Figure A5: Solid state dimeric structure of 7. Thermal ellipsoids are drawn at the 50%
probability level.



