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Abstract

This thesis discusses the effects of ligand design on the chemistry of heavy Group
15 elements. The correlation of molecular geometry with frontier molecular orbital
energies is a well-known principal. This principle was exploited to systematically
tune the frontier molecular orbitals in heavy Group 15 amides. The geometry of an-
timony and bismuth complexes tethered with a N,N,N-triamido ligand deviate from
idealized pyramidal geometries and showed planar metal centers. These compounds
were examined in the solid, solution, and gas-phase. Gas-phase calculations were
used to assess the change in properties of the bismuth compound upon planariza-
tion, such as the lower LUMO energies, and increased Lewis acidity, for which both
steric and electronic effects were examined.

A new class of antimony hydrides that participate in the first example of additive-
free hydrostibanation of C=C, C=C, C=0, and N=N bonds was developed. These

hydrometallation reactions were unlocked through changing the geometry of the lig-

and, and consequently tuning the energy of the[Frontier Molecular Orbitals| (FMOs|).

The careful choice of a bis(silylamino)naphthalene ligand accomplished the desired
outcome and provides a second example of frontier molecular orbital engineering in
this work. Mechanistic studies suggest that hydrostibanation proceeds via a radi-
cal mechanism. Recycling of the stinbinyl hydride during the hydrostibanation of
terminal alkynes to yield the Z-olefin product was also achieved.

A one-step, high yield synthesis of thermally-robust bismuthanylstibanes pro-
vided the first examples of neutral Bi-Sb o-bonds in the solid-state. The reaction
chemistry of the Bi—Sb bond was debuted by showing the insertion of a sulfur atom,
providing the first documented example of a Bi-S—Sb bonding moiety. DFT calcula-
tions indicated that the bis(silylamino)naphthalene scaffold is particularly efficient
in increasing interaction energies through a combination of inductive effects and dis-
persion donor effects, foreshadowing the use of this ligand in the isolation of other
labile bonding environments, such as bismuth carbamates.

These studies reveal design rules for the rational pursuit of catalytically relevant

systems, and seamlessly connect the realms of fundamental and applied chemistry.
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CHAPTER 1

Introduction

A quickly-evolving area of main-group chemistry is the investigation into the synthe-
ses, bonding properties and reactivity of low/mid-valent compounds featuring the
heaviest of the main group elements (5" and 6" row) I These compounds have stark
reactivity differences compared with their lighter counterparts, and often contain
very reactive centers that exhibit properties typical of transition metals® Isolating
these reactive species involves a combination of kinetic stabilization through the use
of sterically demanding ligands and thermodynamic stabilization via coordination
of the central atoms by Lewis bases or acids® The heavy Group 15 elements often
form neutral, monomeric compounds with suitable choice of substituents, making

them attractive in this field of chemistry.

1.1 Light and Higher-row p-Block Elements

The elements of the p-block were long considered to be very similar due to the
structure and reactivity of known compounds. The isolation of new and “unusual” p-
block compounds over the past few decades has changed that notion and highlighted

stark differences between light (rows 1 and 2) and higher-row (rows 3-6) main-group

4D ()

elements. The ability to synthesize compounds that were previously thought to
be unisolable points towards a different narrative; one where the first and second row

elements can in fact be considered anomalous and the higher-row elements behave



as expected @ Many higher-row p-block elements behave in a fashion similar to that

of transition-metal elements, which has been a topic of recent reviews T2

1.1.1 General Properties

The most fundamental difference between the light (e.g. B, C, N, O) and higher-
row main-group elements is the large jump (~%50) in the covalent radius between
the second and third rows of the periodic table (principle quantum number 2 to
3). The “size” of an atom has a direct impact on its reactivity, and the larger the
distance of the valence electrons from the nucleus, the larger the covalent radius.
This increase gives rise to hypervalent species when the principle quantum number

of the central element is greater than or equal to 313

The s- and p-valence
electrons in the second row atoms occupy roughly the same region of space, whereas

p-type valence electrons in higher-row atoms are considerably more diffuse than the

corresponding s-type [Atomic Orbitall (AO)s™ Extreme increases in diffuseness is

observed in sixth row elements, which is a direct consequence of relativistic effects

and has major consequences for the chemical behaviour of very heavy elements ™

To describe the difference in the valence of elements of the second and higher-

rows (i.e. hypervalency), two different models have been proposed:

e The formation of three-center, four-electon bondsIZ

e The involvement of d-AOs, leading to hybridsI@

A three-center, four-electron bond negates the requirement for an explicit hyper-

valent bonding description at the central atom and can be explained using[Molecular]
(MQ) theory (Figure 1.1) or [Valence Bond Theory] (VBT)) (Figure 1.2). Ac-

cording to Figure 1.1, three MOs can be constructed as linear combinations of the

p-valence AOs of the central atom and two external atoms. Bonding, nonbonding,
and antibonding MOs result from the combination of three relevant atomic orbitals,
with the four electrons occupying the bonding MO delocalized across all three cen-

ters and a nonbonding orbital. This effectively forms a bonding orbital that consists



of two two-center-one-electron bonds. VBT describes the bonding in a hypervalent
molecule, such as XeFsy, as a resonance averaged combination of three ionic struc-
tures (Figure 1.2). In the case of XeFs, this is described through the combination of
XeF*™ 0-MOs and a fluoride lone pair. The F~ lone pair acts as a 2-electron donor,
while the XeF™ o*-antibonding orbital acts as a 2-electron acceptor. Overall, VBT
justifies this bonding situation as favourable because of the small ionization potential

of the central Xe atom and the high electronegativity of the outer atoms®

Y5 antibonding

=S S ‘H V', nonbonding

o oo oo 4{— P, bonding
Figure 1.1: Molecular orbitals for a three-center four-electron o-bond.

XeF; = Fr—Xe'F «—> FXe*+—F «— FXe?*F

Figure 1.2: Valence bond theory explanation for the hypervalent bonding observed
in XeF,.

The other explanation for hypervalency in higher-row element compounds is the
bonding contributions of d-orbitals. However, this is often wrongly stated as the
reason why some higher-row element compounds are stable and isolable whereas
others are not. Overall, Rundle’s model (three-center, four-electron bond X reflects
the true situation more accurately than Pauling’s model (e.g. sp>d™ hybridization),
because the population required by the hybridization model is in fact much lower ™
Additionally, d-AOs are often involved in more complicated multi-center bonds,
such as m-backbonding™ For example, the molecule PH5F, is a known and stable
compound whereas NH3F5 is not. The N-F bonds in the Dg, structure are very
long and weak, presumably due to the small atomic radius of N and the inability to
accommodate five atoms in its covalent shell (unlike phosphorous). The population
of the d-AOs in NH3F,(Dgy) is negligible (0.05), whereas the population of the d-
AOs in PH3F, (Dsy) is more substantial (0.27)@ However, the value of 0.27 is
ultimately significantly lower than what’s required by Pauling’s sp3d hybridization

model (1-electron).



There are also stark geometric differences between the compounds of the ele-
ments of the second and higher rows, such as, the bond angles within the HyE (E
=0, S, Se, etc.) and EH; (E = N, P, As, etc.) class of compounds. The valence
angles in H,O and NHj are ca. 104°, whereas the angles in HyS, HsSe, PH;, and
AsH;, are closer to 90°Z@ This is often understood as a result of hybridization,
where s- and p-orbital sizes differ more dramatically progressing from NHj to PH;
and higher-row element hydrides2! The poorer s- and p-orbital overlap decreases
orbital mixing and hybridization, giving rise to 90° bond angles, characteristic of
pure p-character. However, these geometric differences can also be explained using
the [Ligand Close Packing] (LCP)) model (Figure 1.3), which was introduced nearly
50 years after [Valence Shell Electron Pair Repulsion| (VSEPR)) theory. Gillespie et.
al. introduced the complimentary LCP theory (also abbreviated VSEPR-LCP) to
explain almost all of the exceptions to the VSEPR model 2 VSEPR-LCP attributes
the observed 90° angles to inter-ligand repulsions, where the bond angles are deter-

mined by the “ligand radii” of the different E-H bonds involved. In this model, the

lone pair of electrons take up as much space as possible, and it is the inter-ligand
repulsions that are responsible for pushing the observed H-E-H angles out from

90°~ Unfortunately, the VSEPR-LCP model is not widely used today, although it

is not clear why23

O
@I |l

F" PQG ppm F" P{Szl ppm

109. SOK'F

238 ppm 101.1° K'F 238 ppm

Figure 1.3: The molecular structures of PF;" and PF;0. The P-F-P bond angles
are shown in pink; the F-F inter-ligand distance is shown in blue; and the P-F
bond length is shown in red.The PF;" ion has the VSEPR expected F-P-F bond
angle of 109.5°, whereas the related PF30O molecule has a smaller F-P—F bond angle
of 101.1°. Despite these dramatic differences in bond angles, both molecules have
identical F-F inter-ligand distances of 238pm.

Lastly, multiple bonding must be discussed in order to fully comprehend the
differences between light and higher-row main-group elements. The strength of -

bonds is often incorrectly thought to decrease with higher rows of the periodic table.



An energy decomposition analysis was used to analyze the bonding contributions
of Group 15 homonuclear diatomic molecules. This analysis demonstrated that an
assumingly weak m-bond in multiple bonds between higher-row element molecules
is not the reason they are much less stable than those of the first row of the periodic
table (Table 1.1)2 In fact, the small bond dissociation energy is the reason that
sterically unprotected bonds often display high reactivity and low stability. The
percentage contributions by AFE, to the orbital interactions in Py, Asy, and Sh,, are
even slightly higher than in Ny, whereas the AE, contribution in Bij, is slightly less
than that in Ny. Ultimately, the contributions from electrostatic attraction to the
bonding interactions in Sby and Bi, is larger than the covalent bonding contributions,
and the much stronger multiple bond of N, is caused by the relatively large o-

interactions, and not by a particularly strong m-interaction.

1.1.2 Comparison of p-Block Elements to Transition-metal
Elements

The difficulty in stabilizing low-valent main-group compounds was often given as
the reason main-group elements did not display reactivity analogous to that of

transition-metal elements. The kinetic instability of the desired main-group com-

pounds meant that open coordination sites and small [Highest Occupied Molecular]
[Orbitall (HOMO)-{Lowest Unoccupied Molecular Orbitall (LUMO|) gaps (< 4eV) —

two properties characteristic of transition-metal compounds — were hard to achieve I

It was eventually realized that extremely bulky ligands could prevent decomposi-
tion to oligomeric and polymeric derivatives, allowing for the isolation of several

new classes of compounds that had energetically accessible frontier MOsB

Multiple bonded higher-row main-group compounds were realized as one of these
new classes that resemble transition-metal complexes because they contain energet-

ically accessible frontier MOs ZIRE2ET

These species have the potential to enable
facile redox processes (i.e. oxidative addition, reductive elimination) through acti-
vation of small molecules and cleavage of strong o-bonds. The first example of this

was reported in 2005, when it was shown that a Ge alkyne analogue (Ar'GeGeAr’;
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Ar’ = CgH3-2,6-Dipp,, Dipp = CgH3-2,6-iPry) could split Hy under ambient condi-
tions to give the corresponding hydrogenated products via a synergistic interaction
of FMOsB Donation from the o-orbital of Hs into the LUMO of Ar'GeGeAr’ is
accompanied by a synergistic electron donation from the 7-HOMO orbital of the ger-
manium species into the o*-orbital of Hy. This clearly demonstrates a mechanism
of H, activation similar to that of transition-metal complexes. Since then, several

other unsaturated higher-row main-group molecules have been shown to react with

120030 115 245 33483515 0

H, and other small molecules! The past two decades has seen an
increase in main-group reactivity that mimics that of transition-metal complexes,

including the development of Frustrated Lewis Pair chemistry for small molecule

33O T 2]

activation B30 Mg(I) compounds as soluble and selective reducing agents,
homogeneous catalysis of group 2 elements® and the stabilization of unusual low-

valent or biradical p-block species

Many main-group research programs try to achieve catalytic redox cycling that
is typically observed with precious transition-metal elements™ However, unlike
transition-metals, reductive elimination at main-group elements is more challenging
due to the high stability of the M**2 stateld Organopnictogens are emerging as a
class of compounds that readily cycle various oxidation states and are viable targets
for catalytic redox cycles. As a recent review on this topic existsE3 emphasis will
be placed on organoantimony and organobismuth redox catalysis, which has been

explored to a significantly lesser extent than that of the lighter elements.

Only one example of organo-antimony redox catalysis is currently known. Triph-
enylantimony dibromide was shown to catalytically oxidize a-hydroxyketones to a-
diketonesEd The same transformation can be achieved through the use of triphenyl-
stibane as the catalyst under aerobic oxidation conditions (i.e. Oy) (Figure 1.4)H0
Interestingly, the analogous stoichiometric transformation with PPhs or BiPhs does
not occur, presumably due to the chemical inertness of the P(V) and Bi(IIl) oxida-

tion states.

Organobismuth redox catalysis is dominated by the inert pair effect, which makes
oxidation from the +3 to +5 states very challenging™ The +1/+3 redox couple of-

fers the opposite challenge, with reductive elimination being the most difficult step.



The first example of a catalytic cycle involving a Bi(I)/Bi(III) redox couple was un-
known until recently® Cornella et. al. demonstrated transfer-hydrogenation with
ammonia-borane and a NCN-chelated Bi(I) catalyst that was originally synthesized
by Dostal #kkdd This cycle presumably proceeds through an unstable Bi(III)-

dihydride intermediate, although the only spectroscopic evidence of its formation

was the detection of its protonated cation by [High-Resolution Mass Spectrometry]|

(HRMS]). Cornella later demonstrated reductive deoxygenation of NoO by the same
NCN-chelated Bi(I) catalyst. The mechanistic pathway in this transformation is

clearer, with an unstable Bi(III)-oxide serving as the catalytic intermediate2d

The first report of organopnictogen redox catalysis was surprisingly that of Bar-
ton et. al., who reported the oxidative cleavage of a-glycols using triphenylbismuth
and either N-bromosuccinidmide or tert-butyl hydrogen peroxide as a stoichiomet-
ric oxidant B3 This transformation proceeded via a Bi(V) intermediate with catalyst
loadings as low as 1%. Coles et. al. demonstrated radical-mediated organobismuth
oxdiative coupling of TEMPO with phenylsilane (Figure 1.4). This transformation
was accompanied by the loss of Hy and was suspected to proceed via a Bi(III)-
TEMPO radical oxidate and a Bi(III)-hydride. Earlier last year, Litchenberg et. al.
reported a series of diorgano(bismuth)chalcogenides that underwent a similar trans-
formation - namely the homogeneous photochemically-induced radical coupling of

silanes with TEMPOEd

Cornella et. al. reported transition-metal like behaviour at a catalytically active
bismuth center for the fluorination of aryl boronic esters via a redox cross-coupling
reaction (Figure 1.4). The ligand framework utilized provided an intramolecular
sulfoximine moiety as part of a bidentate diaryl ligand that stabilized the highly

oxidizing +5 oxidation state ED
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1.2 Heavy Group 15 Elements and Their
Derivatives

1.2.1 Elemental Properties

The chemistry of antimony is much better explored than that of bismuth. Antimony
is the fourth member of the pnictogen family and has a valence shell configuration
of 5s5p3. The chemistry of Sb is dominated by the +3 and +5 oxidation states;
however, the -3 to +5 states are known. Sb(III) and Sb(V) often act as strong Lewis

acids and display very weak Lewis base character BRI

Bismuth has a valence shell configuration of 6s?6p® and is of particular inter-
est because of its position as the heaviest nonradioactive element. Although there
are numerous similarities between bismuth and its lighter counterparts, significant
differences exist, arising from the low energy of the 6s? electrons and the large coor-
dination sphere of the metal @ Because the chemistry of bismuth is often dominated
by relativistic and dispersion effects, it is a valuable element for testing predictions
that cannot be tested using lighter elements that do no experience such electronic
effects TEIEA The 45 oxidation state is found less often and is less stable for Bi than
P, As, and SbE Tts chemistry is therefore dominated by the +3 oxidation state,
which demonstrates both Lewis acidity® and Lewis basicity® Examples featuring

oxidation states spanning —3 to +5 are known &

1.2.2 Hydrides

Antimony hydrides have been studied more extensively than their bismuth counter-

(635 616 (6l 633 638, @ i) 2 1B !

parts! Stibane, SbHj, is an extremely toxic gas formed from the
reaction of ShCl; and NaBH, & Dimerization with Sb-Sb bond formation and the
release of Hy is frequently observed for Sbh-H compounds, including derivatives of

RoSbH, which yields distibanes RoSbSbRs or metallic antimony.

Me,BiH and MeBiH, are formed from the reaction of the corresponding organobis-
muth halides with reducing agents such as LiAlH,. Redox disproportionation at —45

°C gives bismuthane, BiHj; a thermally unstable compound which decomposes above

10



—45 °CEI The only example of a room-temperature stable bismuth hydride, {2,6-

[CeHo(CHj)o]H3Cg }oBiH, was isolated through the use of bulky organic protecting

groups (Figure 1.5)E] No other molecular bismuth hydrides have been isolated,

A4S A5 A4

although such hydrides have been proposed as intermediates.

Figure 1.5: 2,6-[C¢Ha(CHj)a]H3C6}2BiH; the only known example of an isolable
bismuth hydride.

1.2.3 Complexes with Group-15 Based Ligands

Many compounds where antimony is exclusively bonded to nitrogen atoms are
known. Homoleptic tris-amido species, such as Sb(NRy)3, are formed through the
reaction of SbCl; with secondary amines of alkali metal amidesB3 A limited number
of Sb(V) amides have been prepared. The only known synthetic pathway towards
such species is the conversion of Ph3SbCly to PhySb(NMey)s. Neutral molecular
compounds with Sb—P bonds are quite rare, but several anionic compounds have

been reportedB8 Organophosphine-stabilized cationic antimony compounds have

RAO0)

also been prepared £E3

Bi(III) readily forms complexes with a wide range of nitrogen bases."@ Amido
complexes of bismuth are often synthesized by the reaction of BiCl; with the appro-

priate lithium dialkyl amideE2

Bismuth amides have evolved as useful reagents in
C-H bond activation and reduction of carbon monoxideEZ The chemistry of bis-
muth with macrocyclic N-donor ligands is not extensive, but some compounds such

as bismuth octaethylporphyrin nitraté®® and bismuth tetraolylporphyrin nitratd®

11



have been prepared. Phosphines can also complex bismuth halides to form simple
adducts 281

1.3 Geometric Tuning

The physical and chemical properties of main-group compounds is in part dictated
by the geometry and frontier molecular orbital arrangements of a molecule. VSEPR
theory predicts and rationalizes the shapes (geometries) of molecules based on the
electronic geometry (i.e. lone pairs on central atom, steric number). Nevertheless,
many exceptions to the model exist. The majority of the exceptions to the VSEPR
model for molecules with non-metal central atoms can be explained if ligand-ligand
respulsions, which are not explicitly considered in the VSEPR model, are taken into
account 2 Deviation from the VSEPR model is expected to give new electronic
structures and reactivities, making strategic geometric tuning an attractive and

emerging area of main-group chemistry.

Pincer ligands bind tightly to coplanar sites, providing an inflexible ligand frame-
work that allows for tuning of bond angles and effectively gives rise to non-VSEPR
structures. Pincer complexes often show exceptional thermal stability, aiding high-
temperature applications® It has also been shown that many geometry-constrained
compounds of p-block elements are capable of redox cycling catalysis ™ This strat-
egy has been exploited for accessing geometrically constrained Group 13, 14, and 15

compounds.

1.3.1 Geometry Constrained Group 13 Compounds

Group 13 complexes typically adopt a trigonal planar geometry. These complexes
are typically Lewis acidic, with the degree of acidity being dependent on structure
and the use of electronegative substituents. However, pincer ligands have been used
to isolate “T-shaped” Group 13 compounds that are useful in exploring structure-

reactivity relationships 20

Braunschweig et. al. isolated T-shaped AX3 complexes through the coordination
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of three transition metal atoms (Figure 1.6) ™ Metal-boron dative interactions and

m-backbonding stabilized this unusual class of compounds. Martin et. al. utilized a

100

triamido (NNN-?) ligand to also give a T-shaped geometry at boron™ Other exam-

ples of geometrically distorting pincer ligands to give distorted T-shaped geometries

at boron are present in the literature [
a * b Au
) CP\ FCys ) |
OC‘FIe—I?—Fl’t’Br OC\Mn'B\Mn/Cp
OC-Pd—Br 06 Ly ™

Figure 1.6: Non-VSEPR T-shaped boron compounds.

More recently, macrocyclic ligands have been employed to achieve geometrically
constrained environments similar to what is observed with pincer ligands. In 2019,
Greb et. al utilized a calix[4]pyrrole ligand to enforce a planar geometry at a tetra-
coordinate aluminum(I1I) anion (Figure 1.7)M Upon geometric deformation from
VSEPR predicted T4 geometry to planar Dyq geometry, the LUMO energy dra-
matically decreased. The LUMO became localized at the central atom with almost
pure p-character, giving rise to metal-centered Lewis acidity that unlocked bond

activation reactions inaccessible to classical aluminate anions 3D

| |
Al =) —Al—
7\ |

tetrahedral planar

tetrahedral; Ty — -
planar; Dq

Figure 1.7: Geometric deformation from VSEPR predicted T4 geometry to planar
Dyq geometry at an aluminum(I1T) anion.
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1.3.2 Geometry Constrained Group 14 Compounds

Limited examples of geometrically constrained Group 14 compounds have been re-
ported. Ardugeno et al. reported one of the first compounds in 1988; a discrete
stannylene Sn(IT) complex supported by a diketoimine-enolate (ONO3) ligand (Fig-
ure 1.8a). This discrete pseudo-trigonal-bipyramidal tin(II) species was amenable to

0]

oxidation by SO2Cl; to give the corresponding Sn(IV) dichloride™® An analogous

Ge(IT) complex was postulated by Driess et. al., although the presence of such an

intermediate was only supported by secondary reaction products (Figure 1.8b) I

Recently, Greb and co-workers reported a variety of geometrically constrained
Si(IV) compounds supported by triamido (NNN-?) and amido diphenolato (ONO™)
ligands (Figure 1.8¢) ™M The monomeric derivatives show significant Lewis acid-
ity at the silicon center due to distortions from tetrahedral towards planar geome-
tries I Roesky and co-workers isolated a geometrically constrained four coordinate
chloro-stannylene stabilized by a chelating NCN ligand that was capable of activat-

O This provided a rare example of phosphorous

ing P, under ambient conditions
activation by a Sn(I) compound at room temperature, mimicking reactivity typically

observed for transition metal complexes.

a b
) Q Cl ) o R c)
O/VS{I\O tBU—<\O'SlI
N
tBu<>N
N N\
tBu)v \/\tBu
Arduengo Driess

Figure 1.8: Geometrically constrained group 14 compounds based on the
HN[CH,(O)TBul, ligand (a, b); geometrically constrained Si(IV)-NNN and -ONO
compounds.

1.3.3 Geometry Constrained Group 15 Compounds

The use of pincer ligands in stabilizing geometrically constrained compounds is most

prevalent for the Group 15 elements. As such, only key examples will be discussed,
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and more emphasis will be placed on compounds containing a heavy Group 15

element as the central atom.

Arduengo and co-workers isolated the first 10-electron 3-coordinate pnictogen
compounds (10-Pn-3 species); T-shaped pnictogen (P, As, Sb) complexes stabilized
by a 5-aza-2,8-dioxa-3,7-di-tert-butyl-1-bicyclo[3.3.0]octa-3,6-diene ligand (ONO3) LA
The 10-Pn-3 designation is due to significant contribution of resonance form III
(Figure 1.9)'333I to the overall electronic structure. Surprisingly, efforts towards the
analogous bismuth complex gave a nine-coordinate 20-electron (20-Bi-9) complex .8
Radosevich and co-workers later investigated the unusual electronic properties of
10-Pn-3 (Pn = P), which was shown to have significant electrophilic character at
phosphorous - an uncommon property of tricoordinate phosphines™™ This served
as a platform for the catalytic reduction of azobenzene via a P(III)/P(V) redox
cycle, and later the transition-metal like reactivity in N-H bond oxidative addition

reactions!

- "ﬁ‘i e

Q0

L.

Figure 1.9: Resonance structures of Arduengo’s 10-Pn-3 electron compounds (E =
P, As, Sb).

In 2015, the research groups of Goicoechea and Aldridge reported a geometri-
cally constrained phosphorous (IIT) compound using a N,N -bis(3,5-di-tert-butyl-2-
phenoxy)amine ligand ™ The molecular structure differs from the planar geometry
observed in the analogous 10-P-3 species, and instead contains Cg symmetry. The
resulting complex is capable of activating the polar E-H bonds in water and ammo-
nia; a desirable reaction for the transformation of inexpensive small molecules into
value-added products. The ambiphilic nature of this P(III) compound was shown
through reactions with both nucleophilic (*BuOK) and electrophilic (MeOTT) sub-
strates (Figure 1.10) 0

The group of Wang reported on the synthesis and structures of a family of
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—*
Figure 1.10: Single-crystal X-ray structure (thermal ellipsoids shown at 50% prob-
ability level) and reactivity of a geometrically constrained phosphorous (III) com-
pound with a ONO-ligand towards nucleophilic (*BuOK) and electrophilic (MeOTY)
substrates.

10-Pn-3 molecules (Pn = P, As, Sb) with a tethered tris-amide ligand (Figure
1.11) T Importantly, the Bi derivative was not synthesized. Each compound has
a planar T-shaped N3 Pn core with shortened C-N bond lengths consistent with
increased double bond character and the resonance structures shown in Figure 1.11.
Reduction to the radical anions was accomplished using potassium in the presence
of 2,2 2-cryptand.

00 00 0 vacant p-orbital

©)
Dipp~ ﬁ/IIE\N,Dlpp Dipp~ N/E\N/Dlpp Dipp~ N/E\N,Dlpp
|

_N N\
e, T e O O S
tBu

Figure 1.11: Resonance structures of the nontrigonal pnictogen compounds isolated
by Wang et. al. (E = P, As, Sb).

In 2019, the Chitnis group reported on the synthesis of a redox confused Bis-
muth(I/II1) triamide with a T-shaped planar ground stateT Its isolation was per-
mitted through the use of a tethered triamide ligand, and its ambiphilic behaviour
was demonstrated by coordination with an electrophilic (WCO3) and nucleophilic

(pyridine N-oxide) substrate.

Dostal and coworkers utilized a bulky N,C,N-chelating ligand to stabilize monomeric
stibinidenes Sb(I) and bismuthinidenes Bi(I)E® They were synthesize from the re-
spective E(III) dichlorides that underwent reaction with K[B-(*Bu)sH] to form the
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corresponding E(III) dihydride intermediates (E = Sb, Bi). These intermediates
were susceptible to spontaneous reductive elimination of dihydrogen, yielding the
targeted stibinidenes and bismuthinides. Dostdl later achieved reversible C=C acti-
vation using the Sb(I) compound via a Sb(I)/Sb(III) redox couple (Figure 1.12)A3
As mentioned in section 1.1.2, Cornella later used the Bi(I) compound to catalyze
the hydrogenation of azoarenes and nitroarenes using ammonia-borane B It is worth
emphasizing the importance in careful tuning of the constraining ligand to enable
facile redox catalysis. The Cornella group demonstrated this with bismuth catalysts
based on the tethered bis-anionic aryl ligands (Section 1.1.2, Figure 1.4)EEd The
tethered ligand assisted in stabilizing the geometry of the pentavalent intermediate
by reducing the pseudorotational behaviour. The sulfonyl/sulfoximine group in the
ligand backbone provided stabilizing Bi—O/N interactions for the Bi(V) interme-

diates.

Figure 1.12: Stibinidene prepared by Dostél ef. al. that is capable of reversible
C=C bond activation through the reaction with methyl-maleimide.

1.4 Thesis Goals

The overall goal of this research is to extend and deepen our knowledge of the fun-
damental chemistry of antimony and bismuth. This was accomplished by examining
the effects of ligand design on the structure and reactivity of higher-row Group 15
amides. These studies revealed reactivity patterns that contrast their lighter Group

15 counterparts, and complement what is typically observed with boranes.

Expanding on the principle publication by the Chitnis group, which documented

the first example of a planar bismuth amide, Chapter 2 comprises a systematic
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study that investigates periodic trends within a class of Group 15 amides, with
the overarching goal of understanding how structure modulates reactivity at heavy
centers. Antimony and bismuth centers constrained with a N,N,N-triamido ligand
display significant Lewis acidity that is not observed with their lighter counterparts.
The observed Lewis acidity is comparable to what is commonly seen with boranes -
prototypical main-group Lewis acids that contain a vacant p-orbital perpendicular
to the central atom. We subsequently sought to establish several pieces of work
that contrast the Lewis acidity, and therefore the reactivity of boranes, stibanes,

and bismuthanes.

First, we examined the effects of ligand design on the Lewis acidity of a planar
bismuth triamide. The Lewis acidity of these bismuth Lewis acids was evaluated
through a combination of experimental and computational methods. This work
provides users with a framework to systematically tune the Lewis acidity of bismuth
Lewis acids, and a quantitative comparison of the strength of boron and bismuth

Lewis acids.

We then aimed to impart reactivity that is classical of lighter p-block elements
at heavy Group 15 centers. The frontier molecular orbital energies of a new class
of stibanes was tuned to achieve additive-free hydrostibination. The electrophilicity
of the stibane is central to engaging unsaturated substrates. In a fashion comple-
mentary to hydroboration, anti-Markovnikov addition across a C=C bond yields
z-olefins. We explored the mechanism of this novel reaction and its use in the stoi-

chiometric synthesis of z-olefins.

The last goal of this work was to create new and novel bonding at heavy Group
15 centers. Despite the isolation of a double bond between antimony and bismuth
several decades ago, a single bond had yet to be isolated. Efforts towards isolating
such a bonding motif, a bismuthanylstibane, were successful utilizing the napthyl-
diamino ligand framework. We were also successful in utilizing this ligand framework

to isolate bismuth carbamates.

To summarize, the main objective of this report is to discuss the effects of lig-

and design on the chemistry of higher-row Group 15 elements, specifically antimony
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and bismuth. Frontier molecular orbital engineering through strategic geometry
deformation, developing new modes of reactivity, and achieving new bonding envi-
ronments are the underlying themes of this report. These studies will reveal the

design rules for rational pursuit of catalytically relevant systems.

19



CHAPTER 2

Investigations into the Structure,
Bonding, and Reactivity of Group
15 Complexes Bearing a
Geometry-Constraining Triamide
Ligand

Portions of this work have appeared in K. M. Marczenko, J. A. Zurakowski, M.
B. Kindervater, S. Jee,! T. Hynes," N. Roberts,” S. Park," U. Werner-Zwanziger, M.
Lumsden, D. N. Langelaan, S. S. Chitnis, Chem. Eur. J., 2019, 25, 8865-8874 (Full
Paper; DOI: 10.1002/chem.201904361).

Contributions to the manuscript: KMM completed most of the experimental
synthesis, all the X-ray crystallography, and some computational work. SSC com-
pleted most of the computational work and some experimental synthesis. KMM
and JAZ completed NMR studies. JAZ and MKB completed UV-Vis spectroscopy
studies. SJ conducted reactivity studies. TH, NR, and SP contributed to ligand
synthesis. UWZ completed SS-NMR studies. ML provided input on 2D-NMR ex-
periments. DNL provided access to a diffractometer. SSC supervised the project

and wrote the manuscript. T denotes undergraduate author.
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2.1 Introduction

A significant goal of electronic structure tuning in main group chemistry is the search
for bond activation and catalysis that is similar to transition metals. Several recent
examples demonstrate that tridentate ligands can distort classical VSEPR struc-
tures by creating a planar environment around the central element. Dutton and
Martin used tethered triamide ligands to imposed a T-shaped planar geometry at
boron (Figure 2.1) M Greb achieved a severely distorted tetrahedral arrangement at
silicon that demonstrated novel dimerization modes (Figure 2.1) I Other mem-
bers of the Chitnis group recently showcased a bismuth complex of a triamide pincer
ligand that has a planar geometry around BilZ2 This compound displayed reactivity
patterns of both Bi(I) and Bi(IIl) oxidation states. Importantly, a closely related
phosphorus analogue (R = Me) was shown to be bent (Figure 2.1)M2 Tridentate-
ligand bound planar Bi(I) compounds have recently emerged as catalysts in work by
Cornella® which demonstrates the importance of orbital engineering with pincer

ligands to provoke nonclassical reactivity.

C D (planar)

Figure 2.1: Select examples of main group elements within geometry-confining tri-
dentate pincer ligands.

The literature currently contains several different classes of ligands that impose
non-VSEPR geometries at various element centres; however, most of the efforts have

focused on the lighter elements (B, Si, P, Al)MALALIEZE We decided that a sys-

tematic study examining how a geometry-constraining ligand changes the structure,
electronics, and reactivity at the central element within a periodic group would be
instructive. For this work, experimental data for novel complexes (E = Sbh, Bi) will

be discussed, and theoretical calculations involving the entire group are presented.
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2.2 Results and Discussion

Lithiation of the triamide ligand followed by quenching with SbCl; failed to form
compound 2.1-Sb and instead led to reaction mixtures from which no pure mate-
rial could be isolated. Instead, an aminolysis reaction between Sb(NMes); and the
triamide ligand afforded compound 2.1-Sb in 67% yield (Figure 2.2a). As shown
later, this compound is dimeric in the solid-state (2.1-Sbdim) and monomeric in
solution (Figure 2.2b). Ligand coordination is a common strategy used to stabi-
lize monomeric analogues of otherwise multimeric heavy main group element com-
pounds™@ We used this strategy to trap monomeric 2.1-Sb in the solid-state.
Repeating the aminolysis reaction in a sealed flask and cooling the resulting reac-
tion mixture yielded the bis-dimethylamine adduct 2.1-Sb-(dma),. This species is
fragile and susceptible to amine loss under a stream of nitrogen or under vacuum to
give dimeric, 2.1-Sbgim,. Because of the volatile nature of the coordinated amines,
no reproducible spectroscopic analysis could be performed on samples of 2.1-Sb-
(dma)y. Compounds 2.1-Sb, 2.1-Bi and 2.1-Sb-(dma). are air-sensitive but
stable under an atmosphere of dry nitrogen as solids and in hydrocarbon solutions.

They decompose in halogenated solvents over a span of a few days.

; SiMe;

SiMes p . .

Q\N/ NMe,H QNH i) E(NMey), Me3S|\ E, /SlMe:g
\ g Sb{NMe,}s ii) 10 mbar N-E-N

K N "I NMeH NH ~3 NMie,H |

N NMe,H ~ NMe;H 2 N

“SiMe, NH

SiMes E =Sb, 2.1-Sb
2.1-Sb(dma), NH; E = Bi, 2.1-Bi
l— 2NMe,H
2.1-Sb

solution | solid

Me;Si .. SiMes @N @

N-Sb-N

i ~N—g&p--N
b) | Mea?/'l s '.?b | ~SiMe,
N €3 I\N___Slb;N/SlMe3
<9 A 5

2.1-Sb

2.1-Sbyim

Figure 2.2: (a) Synthesis of compounds 2.1-Sb, 2.1-Sb-(dma), and 2.1-Bi, and
(b) structure of 2.1-Sb in solution and the solid-state.
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2.2.1 Solid-State Structures

Solid-state [Cross-Polarization] (CP)) [Magic Angle Spinning] (MAS]) [Nuclear Magnetid]
[Resonance] (NMR]) spectroscopy and single-crystal X-ray diffraction were used to

study the structures of compounds 2.1-Sb, 2.1-Bi, and 2.1-Sb-(dma), in the

solid-state (Figure 2.3). Compound 2.1-Bi is monomeric, while single-crystal X-ray
diffraction revealed that 2.1-Sb is dimeric in the solid-state (2.1-Sbgiy,) with two
tetracoordinate antimony centers within a centrosymmetric molecule. Two modified
monomeric units are horizontally displaced with respect to each other, forming Sb,N,
rings as the central motif (N-Sb—N angle 80.55°). The coordination geometry around
Sb is best described as distorted seesaw with the outer N-Sb bonds occpuying
the axial positions. The inversion center lies in the center of the planar SbyNy
ring. The shortest Sb-N bonds involve the Sh-N1 (2.053(5) A), Sh-N2 (2.075(4)
A), and Sbh-N3’ (2.136(5) A) atoms, whereas the Sbh-N3 distnce (2.633(4) A) is
significantly elongated. Thus, compound 2.1-Sb is best described as an extended
dinuclear compound, featuring bent Sb centers engaged in two intramolecular dative
interactions rather than a donor-acceptor dimer assembled by dative interaction
between two plaran SbNj cores. Such dimerization has also been observed by Greb
with silicon analogues of constrained triamides, although in the silane case, the
central rather than external nitrogen atoms acts as the bridging site The 3C
CP/MAS NMR spectrum of solid 2.1-Sbgim, is consistent with its low symmetry
and showed a complex superposition of lines arising from 12 independent aromatic
carbon atoms per dinuclear molecule and the presence of two independent molecules
in the unit cell (Figure A.11). In contrast, the *C CP/MAS NMR spectrum of
solid 2.1-Bi is expectedly very simple due to the twofold symmetry and a single

independent molecule in the unit cell (Figure A.12).

Compound 2.1-Sb(dma), represents a ligand-stabilized version of monomeric
2.1-Sb and its formation is understood in terms of the metal-centered LUMO of
2.14im (Figure A.14) being antibonding with respect to the Sb-N3’ bond and the
LUMO of the hypothetical monomer 2.1-Sb being a p-type orbital at a planar
antimony center. Consequently, the N3Sb core involving the tridentate ligand in

2.1(dma), is also planar (179.10(1)°), providing the first example of planar Lewis
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acidity at neutral Sb(III) centers, which generally coordinate Lewis bases through
Sb—X o*-antibonding orbitals around a pyramidal SbX; molecule. The Sb-N1 bond
length in 2.1-Sb(dma), (2.069(2) A) is essentially unchanged from its value in
2.1-Sbgjm whereas the Sb-N2/3 lengths are comparable to the Sb-N2 length in
2.1-Sbgim, and nearly 0.5 Ashorter than the value for Sb-N3 in the dimer (Figure
2.3a/b).

Analogous phosphorus and arsenic derivatives were shown to be monomeric in
the solid-state I These lighter derivatives adopt bent configurations around the
central pnictogen, whereas 2.1-Bi is planar (Figure 2.3c). Although monomeric
planar 2.1-Sb could not be isolated, the planar core of 2.1-Sb-(dma), provides a

model for the expected monomeric structure of 2.1-Sb in the solid-state.

Figure 2.3: Views of the solid-state molecular structure of 2.1-Sbgjm (a), 2.1-Sb-
(dma)2 (b), and 2.1-Bi (c¢). Nonessential hydrogen atoms have been omitted, and
the silane groups are shown in wireframe for clarity. Thermal ellipsoids are drawn
at the 50% probability level.

2.2.2 Solution-Phase Structures

The 'H NMR spectra of 2.1-Sb and 2.1-Bi at 298 K in CgDg exhibit four reso-
nances in the aromatic region and a single resonance for the SiMes group. Although
this description is expected for 2.1-Bi based on its Co-symmetric solid-phase struc-
ture, it is inconsistent with the dimeric structure of 2.1-Sb observed through X-ray
crystallography and CP/MAS NMR spectroscopy. A [Variable Temperaturd (VT))
'H NMR study was used to understand the solution phase dynamics of 2.1-Sb and
2.1-Bi.

Upon cooling to 193 K in toluene-dg, the 'H NMR spectrum of 2.1-Bi showed no
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Figure 2.4: Variable temperature "H NMR spectra (aromatic region) for 2.1-Sbgim-

change in its spectrum suggesting a lack of monomer-dimer equilibria on the NMR
timescale 2 In contrast, the 'H NMR spectrum of redissolved crystals of 2.1-Sbgim
showed three species upon cooling, with the composition of the sample varying as
a function of temperature (Figure 2.4, 2.5). The lack of signal decoalescence as a
function of temperature, together with the appearance and disappearance of dis-
tinct signals upon cooling, allowed us to rule out a dynamic side-to-side motion in
2.1-Sbgim as the origin of the highly symmetric resonances observed at room tem-
perature. Instead, the appearance of only four aromatic resonances at room temper-
ature in solution is likely due to the conversion of formally covalent bonds to dative
bonds, followed by dissociation to give a symmetric planar monomeric form (Figure
2.6). We propose temperature-dependent equilibria involving 2.1-Sb, 2.1-Sbgjm,
and 2.1-Sbg;y,’ rather than an intermediate-free “side-to-side” dynamic process.
[Exchange Spectroscopy] (EXSY]) (Figure A.9) produced cross peaks between the
[Trimethyl Silyl] (TMS]) protons of 2.1-Sb and 2.1-Sbgim, also confirming an equi-
librium process. A [Nuclear Overhauser Effect Spectroscopy] [NOESY)) experiment of
2.1-Sbgim at 208 K confirmed the spatial proximity of one set of Si(CHjs)3 protons

to the aromatic protons ortho to the central nitrogen atom (Figure A.10), and the

spatial proximity of the other set of Si(CH3)3 protons to the aromatic protons ortho
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Figure 2.5: Variable temperature 'H NMR spectra (TMS region) for 2.1-Sbgim
(“2.1-Sb” abbreviated as “3” for space constraints).

to the external nitrogen atoms. The Si(CHj)s signal assigned to monomeric 2.1-Sb

does not show proximity to the protons ortho to the central nitrogen atoms.

Conversion of the observed intensities to mole fractions (Figure 2.7) and con-
struction of a van’t Hoff plot (Figure 2.8) yielded thermodynamic parameters as-
sociated with the monomer-dimer equilibria (Table A.1). Our proposed sequence
of events agrees with these parameters. Dimerization of 2.1-Sb to give 2.1-Sbgjm’
and the rearrangement of 2.1-Sbgjn to 2.1-Sbgj, shows a sizeable negative en-
tropy change. The reversible formation of covalent N-Sb bonds studied in these
experiments provide rare quantitative thermodynamic data for dynamic covalent

chemistry involving antimony centres 3

Further insight into the solution phase structures was obtained by comparison
of the experimental and [Time-Dependent Density Functional Theory] (TD-DFT)
calculated [Ultraviolet Visible Spectroscopy] (UV-Vis]) spectra of compounds 2.1-Sb
and 2.1-Bi (Figure 2.9). At 298 K, the spectra of 2.1-Sb and 2.1-Bi in pentane

exhibit two absorptions in the visible range, and their relative positions agree with
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Figure 2.6: Proposed equilibria between 2.1-Sb, 2.1-Sbgin, and 2.1-Sbgin, (top).
Equilibria explaining a potential “side-to-side” motion between 2.1-Sbgjyn* and 2.1-
Sbgim that was ruled out experimentally (bottom).

TD-DFT predictions for the monomeric planar forms. The calculated spectra for
monomeric bent models or dimers 2.1-Sbg;,, and hypothetical 2.1-Big;n, differ sig-
nificantly. Cooling a solution of 2.1-Sb in pentane to 193 K (Figure 2.10), gave
experimental data that is in agreement with conclusions from NMR spectroscopy
that upon cooling a solution of 2.1-Sb appreciable amounts of 2.1-Sbgjm, (calcu-
lated A4 = 407 nm from TD-DFT) or 2.1-Sbgim, (calculated A0 = 395 nm from
TD-DFT) are formed. Thermodynamic parameters could not be obtained quantita-
tively from UV-VIS spectra due to substantial overlap between absorbance maxima

for the three species.

To summarize, 2.1-Sb exists as one planar monomeric and two dimeric species
in solution, with the planar monomeric species being dominant at 298 K. Upon
cooling, this species dimerizes first via weak dative bonds to give dimer 2.1-Sbgjn

which subsequently rearranges to the more strongly bound (via covalent bonds) bent
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form 2.1-Sbgim, at the lowest temperatures studied. Crystallographic studies at 100
K show only the 2.1-Sbgj, form. Compound 2.1-Bi exists as a planar monomer
in solution and solid states and shows no temperature-dependent dynamics. This

diversity led to the investigation of the underlying electronic causes through [Density]
[Functional Theory] (DFT)) calculations.
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Figure 2.8: van’t Hoff plot constructed with the mole fraction data.
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Figure 2.9: Experimental (left) and calculated (right) UV-Vis spectra of 2.1-Sb
(top) and 2.1-Bi (bottom) in pentane at 298 K.
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Figure 2.10: Variable temperature UV-Vis spectra of 2.1-Sb in pentane. Bands
assigned to the planar monomeric form decrease in intensity with temperature.
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2.2.3 Gas-Phase Structures

The monomeric forms of compounds 2.1-P, 2.1-As, 2.1-Sb, 2.1-Bi were first con-
sidered, for which the optimized ground-state geometries are shown in Figure 2.11.
Comparison of the calculated bond lengths and angles with the available structural
data show good agreement with experimental lengths being within 0.05 A.The op-
timized structures of monomeric 2.1-Sb and 2.1-Bi are planar with Cy symmetry.
Comparing the same bond length and angle parameters in monomeric 2.1-Sb with
the structure of 2.1-Sb-(dma), showed minimal deviation. This suggests that de-
spite the coordination of two ligands, 2.1-Sb-(dma), provides an accurate model
for the otherwise unisolable monomeric, planar 2.1-Sb. The optimized ground state
geometries for the monomeric forms of the phosphorus, PN3TMS, (2.1-P), and ar-
senic, AsN,TMS, (2.1-As), analogues were also computed. The calculations agree
with crystallographic resultdf3 and reproduce a bent, rather than planar geometry,

as the most stable configuration of 2.1-P and 2.1-As.

As-N1:1.870 T BNt 2173
As-N2: 1.861 Bi-N2: 2274
P-N3: 1773 As-N3: 1.814 Sb-N3: 2.162 Bi-N3: 2.274
«N2-P-N3: 110.8 <N2-As-N3: 110.0 <N2-Sb-N3: 152.4 <N2-Bi-N3: 147.2
<N2-As-P-N3: 1106 <N2-As-N1-N3: 110.2 <N2-Sb-N1-N3: 179.9 <N2-Bi-N1-N3: 180.0

Figure 2.11: Calculated minima and selected metric parameters for the optimized
structures of EN3TMS, (E = P, As, Sb, Bi) at the PBE0-D3/def2{Valence Triple-|
[Zeta Polarization with Diffuse Functions (TZVPD) level. Hydrogen atoms have
been omitted for clarity.

Plots of the electron-density gradients within the two distinct EN,Cy rings for
each compound (Figure A.16) are suggestive of a bonding situation where one of the
rings expresses N-heterocyclic pnictenium cation like features - high planarity and

high ellipticity (e) at the E-N3 bond critical point (bcp) - whereas the other ring
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contains an anionic amido substituent and exhibits reduced planarity and low € at
the EsNy bep. For example, the ellipticity at the P-N3 bep is 0.21 and comparable
to the value for the P-N1 bep (0.19), but € for the P-N2 bep is only 0.06. The ring
comprised of P-N1-C—-C-N2 atoms is consistently substantially planar compared
to the ring comprised of the P-N1-C-C-N3 atoms. This partial phosphenium-like
character results in high P-N bond polarity,and is fully consistent with the reported
facility of P-N bond heterolysis in analogues of 2.1-P IZ0

The [Natural Bond Order] (NBOJ]) and [Atoms in Molecules| (AIM]) analyses for
2.1-Sb and 2.1-Bi support the more ionic E-N bonding in these compounds, which
leads to lower values for the [Wiberg Bond Index] (WBI)s for E-N bonds (E = Sb,
Bi) (Figure A.17). The ellipticity at the E-N2 and E-N3 bcps are on average higher
than those found in 2.1-P and 2.1-As (0.19 for E = Sb, 0.18 for E = Bi) and the €
at the E-N1 bcps are the highest amongst all calculated values (0.25 for E =Sb, 0.23

for E= Bi). These data indicate greater p-delocalization over the planar heteroatom
framework in 2.1-Sb and 2.1-Bi than in 2.1-P and 2.1-As.The NBOs of 2.1-Sbgim
support the presence of three covalent N-Sb bonds in a bent arrangement and one
dative N—Sb bond with the WBI for the latter (0.16) being significantly smaller
than the values for the former (0.44-0.54).

We then used an [Energy Decomposition Analysig (EDA]) scheme to investigate

this system. This is a quantitative interpretation of bonding that allows the instan-
taneous interaction energy between two fragments to be expressed in three major
terms: Pauli repulsion (AEpqy;), orbital (AE,,, i.e. covalent) interactions, and
electrostatic (AFgsiat, 1.6. ionic) interactions (Figure 2.12). The sum of these
terms is the interaction energy (AFE;,;) which is not experimentally observable as it
is based on the fragments being frozen in the same geometry that they held in the
full molecule (Figure 2.11; A* and B*). The classical bond dissociation energy (D)
allows for relaxation of fragments to their equilibrium geometries and is an experi-
mentally observable. The advantage of considering AFE;,; is that it reduces bonding
down to purely electronic factors enabling easier comparison without contamination

from fragment deformation energies (AE,,.,). The AAE values in Table 2.1 repre-
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AE;
A_B int A* + B*

e
De
A-B—— A+B

AEint = AEelestat + AEorbital + AEPauIi

Figure 2.12: Energy decomposition analysis of molecule AB. Molecular fragments
A* and B* have the same geometry that they held in the molecule, and molecular
fragments A and B are relaxed to their equilibrium geometries.

Term ‘ P ‘ As ‘ Sb ‘ Bi
AAE;,; 6.1 | -1.6 | -5.4 | -9.6
AAFEpg; | 28.1 | 181 | 45.9 | 50.4
AAFE ;g0 | 39.0 | 37.0 | 26.3 | 24.3
AAE,., |-63.5|-59.5|-81.1|-88.5
AAEgis 1.7 1.8 1.9 1.8
AAGqgr | 15.1 | 6.5 0.8 | -2.4

Table 2.1: Energy decomposition analysis for transforming the bent conformations
of 2.1(P-Bi) into the planar conformations as per Figure 2.13. All energies are in
kcal/mol. The AAFE label is used because EDA results presented using AE refer
to the decomposition of a molecule into its atomic constituents. In this table, the
values refer to the difference between AFE values for two molecules.

sent the instantaneous energy changes — broken down into the Pauli, orbital, elec-
trostatic, dispersion, and solvation contributions — that accompany a change from
the bent to the planar geometry for EN3TMS, (E = P, As, Sb, Bi). The results
capture the increased favourability of planarization going down the group (Figure
2.13). Orbital interactions are a significant stabilizing component in achieving the
planar geometries, with the values increasing down the group (see AAE,;). The
destabilizing electrostatic interactions are also less for the heavier pnictogens (see
AAFEqsq). The stabilizing orbital interactions ultimately outweigh the destabiliz-
ing electrostatic and Pauli repulsion leading to the experimentally observed trend
that the preference for adopting a planar geometry increases in the order P < As <
Sb < Bi.

The above trend is also observed when thermally corrected Gibbs energies (at 298
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Me3Si\N/E\N’SiMe3 Me3si\N__E_N,SiME3

free 5 N - free

atoms AE éj/ \Q AAE @N@ AE  atoms

bent planar

Figure 2.13: Conversion of the bent conformation into the planar conformation used
for the energy decomposition analysis in Table 2.1.

K) are considered (see AAG 298K values in Table 2.1). For compounds EN3TMS,
(E = P, As, and Sb), the planar structure models the transition state for edge-
inversion and is uphill. This is reflected in the positive AAG 298K values. The
bismuth derivative is an exception, with its planar structure being the ground rather
than the transition state, and consistently 2.1-Bi is found to be planar in all phases.

The decrease in energy for this inversion going down the group has been theoretically

predicted before for the series EF5 (E = N-Bi) ZE2IED

Why does 2.1-Sb dimerize to give 2.1-Sbdim in the solid-state while
2.1-Bi does not? The gas-phase structures of 2.1-Sbg;,, and the hypothetical
compound 2.1-Big;y, were optimized. The EDA results for the 2.1-Sb—2.1-Sbgim
and 2.1-Bi—2.1-Bigj, dimerizations (Table 2.2) show that dispersive forces play a
significant role (ca. 22 kcal mol ') in both cases. The dimerization process is more
favourable for the antimony analogue (AEj;,; = —60.2 kcal mol!) than bismuth
(AE;; = —47.9 kcal mol™). The significant difference in the stability of the two
dimers is the destabilizing Pauli repulsion (AEpy,;), which is higher in 2.1-Sbgjm,-
However, the stabilizing electrostatic and orbital energies are also more significant
in 2.1-Sbgim, leading to an overall more favourable interaction energy. The longer
Bi-N3’ bond in 2.1-Bi may reduce the Pauli repulsion and electrostatic and orbital
stabilization. The more diffuse valence orbitals of Bi compared with Sb will result in
poorer overlap and contribute negatively to the stabilization of 2.1-Bi. Considering
these stabilizing and destabilizing factors for 2.1-Bigim, together with the higher
preference of planarity for monomeric 2.1-Bi (shown in Table 2.1), accounts for the
experimental observations that 2.1-Sbgim is accessible at 193 K in solution, but

2.1-Big;m, is not detected.
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Term ‘ 2-1'deim ‘ 2-1'Bidim
AAE;p -60.2 -47.9
AAEp i 431.6 336.7
AAFEqsq | -261.1 (53.1%) | -210.7 (54.7%)
AAE,;, |-206.3 (41.9%) | -149.7 (38.9%)
AAEgisy 22.8 (4.6%) -22.1 (5.8%)

AAE,;, | -1.6 (0.3%) 2.1 (0.5%)
r 2.147 2.204
D, 12.6 11.3

AAGaos i 7.4 5.9

Table 2.2: Energy decomposition analysis for the formation of 2.1-Sbgjy, from 2.1-
Sb and hypothetical molecule 2.1-Bigjy, from 2.1-Bi. All energies are in kcal/mol.
Percentages denote the fraction of attractive forces represented by each component.
The value r denotes the distance between the monomers and is given in A. D, is
the sum of AE;, and AE,., and represents the true dimer dissociation energy
(including geometric relaxation of monomers).

2.2.4 Implications for Reactivity

To assess whether the structural trends described above modulate the reactivity
of this series of compounds, we analyzed their frontier orbital manifolds in both
geometries (Figure A.15). All three p-orbitals are engaged in E-N o-bonding in the
bent case. In contrast, the planar geometry only engages two of three p-orbitals by
virtue of 3-center-4-electron bonds involving the external E-N bonds. Consequently,
in the planar geometry, a vacant p-orbital remains available perpendicular to the
molecular plane at the central element and it is the LUMO in each case. Ligand
oxidation transfers two electrons into this LUMO and was found to be responsible
for the Bi(T) like reactivity reported for 2.1-BiZ2 The LUMO in the bent geometry
is E-N ¢* in nature and appears trans to the central E-N bond as expected for the

+1I1I oxidation state of pnictogen amides.

Although the HOMO energies (Figure 2.14) are essentially unaltered by geomet-
ric perturbation, the LUMO energies are significantly lowered (approx. 1eV) upon
planarization. The closing of the HOMO-LUMO gap is consistent with experimen-
tal UV /Vis spectra, where the calculated and observed HOMO-LUMO excitation

bands are uniformly red shifted upon descending the group.
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Figure 2.14: HOMO and LUMO energies for bent and planar derivatives of 2.1-P
(1), 2.1-As (2), 2.1-Sb (3), and 2.1-Bi (4).

Given that the exceptional reactivity of geometrically constrained phosphorus
complexes is thought to be initiated through a nucleophilic attack by substrate (e.g.
amines, alcohols, water) upon the electrophilic phosphorus, we were particularly in-
terested in implications of the above frontier orbital considerations on Lewis acidity
at the central pnictogen. No reaction was observed between pyridine N-oxide or
4-di-methylamino pyridine and either 2.1-P or 2.1-As (Figure 2.15a). In contrast,
2:1 adducts 2.1-Sb-(pyo), and 2.1-Bi-(pyo)2s were readily isolated from reactions
involving pyridine N-oxide and 2.1-Sb or 2.1-Bi, evidencing the increasing Lewis
acidity of the predominantly planar compounds relative to their bent analogues
(Figure 2.15b). Both compounds have been isolated and structurally characterized
by crystallography (vide infra; Figure 3.12). Next, the Gutmann—Beckett method
was used to experimentally compare the Lewis acidity of 2.1-Sb and 2.1-Bi. In
the presence of excess Lewis acid, the 3'P NMR chemical shift of triethylphosphine
oxide is shifted to more downfield values in 2.1-Bi relative to 2.1-Sb (Figure 2.16).
Conversion of the chemical shifts to acceptor numbers gives values of 15 and 28
for the antimony and bismuth derivatives, respectively, evidencing the higher Lewis
acidity for the heavier analogue. Solvent-corrected DFT calculations of the
lon Affinity] (FTA]) and [Global Electrophilicity Index] (GEI)ET (Equation 2.1) also
confirm that 2.1-Bi (FIA: 33kcal mol!, GEI: 2.70 V) is more acidic than 2.1-Sb
(FTA: 28 keal mol™',GEI: 2.50 V). The GEI provides an indication of the propensity

of electron acceptors to acquire additional electronic charge. This electrophilicity
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assessment is free from steric considerations and is solely dependent upon the elec-
tronic structure of the Lewis acid. FIAs are based on reaction enthalpies and were
calculated by considering the sum of the reactions:

LA + COFg_ — LAF- + COF2

COF,; + F- — COF5

LA + F — LAF

[0.5(Eromo + Frumo)]?

GEI =
2(Erumo — Enomo)

(2.1)

37



Me3Si\ §|M63 0
N-g-N N
a) N + 2 | S ——— no reaction
[
E=P,1
E=As, 2
. . SlMe3
Me38§ §|Me3 0
N-g-N !
b) E + 2 NS
N |
/
©/ SIME‘3
E=Sb,3
E=Bi 4 E = Sb, 3(OPy),
E = Bi, 4(OPy),

Figure 2.15: The reaction of pyridine N-oxide with 2.1-P (1), 2.1-As (2), 2.1-Sb
(3), and 2.1-Bi (4).

a0 B &0 20 [ppm]

Figure 2.16: >'P NMR spectra of a 3:1 mixture of 2.1-Sb and Et3PO (top), 2.1-Bi
and EtzPO (middle), and uncoordinated EtsPO in CgDs.
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2.3 Conclusion

An investigation into the dynamic structure and bonding of antimony and bismuth
triamides ligated by a geometry-constraining tridentate substituent was completed.
These compounds were examined in the solid, solution, and gas-phase. Gas-phase
calculations were also used to assess the geometric preference of phosphorus and ar-
senic derivatives. The fifth-row element antimony is identified as an inflection point
between the behavior of the lighter pnictogens and bismuth. It exhibits a structural
promiscuity that is unique amongst the studied compounds as shown by the equi-
libria involving 2.1-Sb, 2.1-Sbgjn’, and 2.1-Sbgin,. By carefully studying these
equilibria, we determined rare quantitative thermodynamic data for dynamic cova-
lent chemistry involving antimony compounds. Compound 2.1-Bi stands out due
to its planar ground state and exhibits no dimerization due to large Pauli repulsion
between the subunits as well as poor orbital overlap due to the long Bi-N bonds.
The preference for adopting a planar geometry was found to increase descending
the group (P, As < Sb < Bi). The main factor contributing to these trends was
shown to be the electronegative difference across the E-N bond, which influences
the electrostatic and orbital components of bonding. Structural preferences in this
homologous series have consequences for reactivity. The Lewis acidity was experi-
mentally found to increase in the order 2.1-P, 2.1-As < 2.1-Sb < 2.1-Bi, which is
predicted by considerations of their ground-state geometries and LUMO levels (the

HOMO levels are unaltered by geometric deformation).

2.4 Experimental

2.4.1 General

Synthetic Procedures. All manipulations were performed using standard Schlenk
and glovebox techniques under an atmosphere of dry nitrogen. Solvents were dried
over Na/benzophenone (tetrahydrofuran, pentanes, hexanes, diethyl ether, toluene,

benzene-dg) or over calcium hydride (dichloromethane, acetonitrile, 1,2-difluorobenzene,
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dichloromethane-ds, acetonitrile-ds, chloroform-d) and distilled prior to use. Reac-
tion glassware was baked in a 130 °C oven for at least 1 h prior to use and assembled

under nitrogen while hot.

Solution NMR Spectroscopy. Nuclear magnetic resonance spectra are refer-
enced to tetramethylsilane (*H, 3C), 85% H3PO, (3'P), CFCl3 (*F), or B(OMe)3
(1'B) on a Bruker AV-300 spectrometer or a Bruker AV-500 spectrometer with resid-
ual solvent used for chemical shift calibration. Samples for NMR spectroscopy were
prepared and sealed inside the glovebox with Parafilm before removal into ambi-
ent atmosphere. Heteronuclear NMR experiments were run using a sealed capillary

containing benzene-dg placed within the NMR tube for solvent locking.

Solid-state NMR Spectroscopy. The 'H and ¥C cross-polarization (CP) /
Magic Angle Spinning (MAS) NMR experiments were carried out on a Bruker
Avance DSX NMR spectrometer with a 9.4 T magnet (400.24 MHz 'H, 100.64
MHz 3C, Larmor frequencies) using a probe head for rotors of 4 mm diameter. The
sample was packed into the rotor inside the glovebox and removed from the Parafilm

sealed vial shortly before conducting the experiments.

Vibrational Spectroscopy. Infrared spectra were obtained on an Agilent Tech-
nologies CARY 630 [Fourier Transform| (FT)) [nfrared] instrument equipped with
a ZnSe ATR module. Raman spectra were obtained on a Thermo Scientific Nicolet

NXR 9650 FT-Raman Spectrometer instrument equipped with a 1064 nm Nd:YVO,

laser and InGaAs detector.

UV-Vis Spectroscopy. UV-VIS spectra were obtained on an Agilent CARY 100
spectrometer. Samples were prepared inside the glovebox in quartz cuvettes sealed
with a Teflon plug prior to removal into the ambient atmosphere. Background cor-
rection was performed using a cuvette containing the analysis solvent. Variable
temperature UV-Vis spectra were obtained on a portable Vernier SpectroVis spec-
trometer inside the glovebox. A cuvette containing the dissolved sample in pentane
was cooled to ca. -100 °C using a cold port filled with copper beads. A thermocouple
tip was placed in the cooled solution to provide real-time in-situ temperature mea-

surements. The cuvette was removed from the beads and placed in the spectrometer
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cavity. Spectra were obtained as the sample warmed to ambient temperature.

Melting Points. Melting points were obtained for samples sealed in glass capillaries

and are uncorrected.

Crystallography. Single crystal diffraction experiments were performed on a
Bruker D8-Quest Photon II diffractometer. The data was processed using the APEX
IIT GUI software The XPREP program was used to confirm unit cell dimensions and
crystal lattices. All calculations were carried out using the SHELXTL-plus and the
Olex2 software packages for structure determination (ShelXT/Intrinsic phasing),
solution refinement (ShelXL/Least squares), and molecular graphics. Space group
choices were confirmed using Platon. The final refinements were obtained by in-
troducing anisotropic thermal parameters and the recommended weightings for all
atoms except the hydrogen atoms, which were placed at locations derived from
a difference map and refined as riding contributions with isotropic displacement
parameters that were 1.2 times those of the attached carbon atoms. Details for

individual compounds are given with their characterization data.

Mass Spectrometry. Electro-Spray lonization (ESI) and Atmospheric Pressure
Chemical Ionization (APCI) spectra were obtained on a Bruker micrOTOF.

Commercial Reagents. 2-nitroaniline, 1-fluoro-2-nitrobenzene, pentafluorophe-
nol: Oakwood Chemicals, used as received. Bismuth(III) chloride: Oakwood Chem-
icals, purified by vacuum sublimation (102 mbar, 200 °C). Chlorotrimethylsilane,
triethylamine: Millipore Sigma, used after distillation under nitrogen. Phospho-
rus(III) chloride, nBuLi (1.6M/hexanes), lithium dimethylamide: Millipore Sigma,

used as received.

Starting Materials. SM1: prepared by literature procedurd®? and purified by
crystallization from DCM and washing with cold methanol. SM2: prepared by
literature procedure™ Crude product was sufficiently pure for subsequent usage.

N3H;: prepared by literature procedure =

Crude product was sufficiently pure
for subsequent usage. SM3: prepared by literature procedurd®¥ and purified by

sublimation. Caution: this compound is highly sensitive to temperature, light, and
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moisture. We prepare it in the dark under rigorously anhydrous conditions, sublime
it using the apparatus described in the cited reference, and immediately transfer it
to a —30 °C freezer where it is stable for months in the dark. SM4: prepared by

literature procedurd™ and purified by vacuum distillation.

™S
@z’\'”? + ©/' I NH @& — NH . NH
o Com O
™S
SM1 SM2 N3H,
CI“Bi’Cl . Llw,NMez MeZN'E?i'NMEE
¢l NMes, NMe,
SM3
- Li. .NMe MesMN._ _NMe
Cl SlbGI F h.'l 2 2 S.b 2
Cl NMe; Nie,
SM4

Due to the air-sensitive nature of the amides, elemental analyses were not ob-
tained. However, bulk spectroscopic purity is clearly indicated by the spectra given

for each compound.

2.4.2 Computational Methods

Geometry optimizations and frequency calculations for compounds 2.1P, 2.1As,
2.1Sb, 2.1Bi (bent and planar geometries) were carried out at the PBE0-D3/def2-
tzvpd level in Gaussian 16. NBO calculations were performed on structures opti-
mized at the PBE0-D3/def2-tzvpd level for monomers and PBE0-D3/def2-tzvp level

for dimers.

EDA calculations were performed using geometries optimized at the PBEO-
D3/def2- tzvp//SCRF(Toluene) level in Gaussian 16. These geometries were ex-
ported to the Amsterdam Density Functional (ADF) suite where energy calculations

were done at the PBE1-D3/TZ2P//COSMO(Toluene) level with scalar relativistic
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correction. No significant difference was observed between small-core and large-
core calculations and therefore, all calculations were performed using the large-core

approximation for time efficiency.

UV-VIS calculations were performed using geometries optimized at the PBEO-
D3/def2-tzvp//SCRF (Toluene) level in Gaussian 16. These geometries were ex-
ported to the Amsterdam Density Functional (ADF) suite where energy calculations
were done using TDDFT at the BLYPD3(BJ)/TZ2P//COSMO(Toluene) level with
scalar relativistic correction and large-core approximation. Davidson method was

used and with 10 singlet-triplet excitations were calculated.

NMR calculations were performed using geometries optimized at the PBEO-
D3/def2- tzvp//SCRF (Toluene) level in Gaussian 16. These geometries were ex-
ported to the Amsterdam Density Functional (ADF) suite where energy calcula-
tions were done using TDDFT at the BLYP-D3(BJ)/TZ2P-J//COSMO(Toluene)

level with scalar relativistic correction and large-core approximation.

2.4.3 Synthesis and Characterization Data

Synthesis of 2.1-Sb

A solution of N3Hj3 (0.3439 g, 1 mmol) and Sb(NMey); (0.2540 g, 1 mmol) were
separately dissolved in ca. 4 mL n-hexane and cooled to —30 °C. The solution of
Sb(NMe,); was dropwise added to the N3Hj solution over 1 minute to obtain a
clear pale yellow-orange solution. The reaction was warmed to room temperature
and stirred for 24 h to obtain a clear orange-red solution. Solvent and coordinated
dimethylamine were removed under dynamic vacuum (10 mbar) over 20 h. Re-
crystallization of the resulting yellow powder from hexane yielded pure 2.1-Sbgim
as pale-yellow crystals. As described in the manuscript, this compound is dimeric

in the solid state and exists (predominantly) as a monomer in solution.
Yield: 0.3331 g, 72%

Melting point: 112 °C, decomposes
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"H NMR (500 MHz, benzene-dg): § 7.86 (d, J = 7.9 Hz, 2 H, CAr-H), 6.99 (d, J
— 7.8 Hz, 2 H, CAr-H), 6.93 (t, J = 7.6 Hz, 2 H, CAr-H), 6.82 (t, J = 7.9 Hz, 2
H, CAr-H), 0.27 (s, 18 H, Si(CHy)s) ¥C NMR (126 MHz, chloroform-d): § 147.78
(CAr), 143.25 (CAr), 123.26 (CAr), 121.70 (CAr), 118.32 (CAr), 116.77 (CAr), 2.06
(Si(CHs)s)

Raman (cm !(int.)): 76(92), 98(86), 136(48), 187(53), 262(29), 289(26), 331(97),
377(24), 437(14), 485(15), 582(14), 607(33), 629(16), 664(22), 682(16), 712(16)
748(14), 793(14), 840(17), 876(16), 905(14), 1053(57), 1058(44), 1156(34), 1177(30)
1194(55), 1245(86), 1269(41), 1279(38), 1302(39), 1316(41), 1478(36), 1574(57),
1584(100), 2074(15), 2158(15), 2895(56), 2951(32), 3066(39), 3084(26).

Y

Y

HRMS (APCI-MS): calculated for [M+1]* = 462.0776 m/z for ?!Sbh, observed =
462.0758 m/z for 19,Sb, error = 3.96 ppm

X-ray for 2.1-Sbgim: CigHysN3SbSiy (M =462.35 g/mol): triclinic, space group Pj
(no. 2), a = 9.7953(4) A, b = 10.9903(4) A, ¢ = 20.8263(8) A, o = 95.4660(10)°,
5 = 99.2360(10)°, v = 112.3310(10)°, V = 2016.80(14) A%, Z = 4, T = 100.03 K,
p(CuKa) = 12.018 mm™, Deye = 1.523 g/cm?, 54619 reflections measured (4.362°
< 20 < 148.96°), 8170 unique (Rin, = 0.0345, Rgjgma = 0.0215) which were used in
all calculations. The final Ry was 0.0515 (I > 20(I)) and wR2 was 0.1199 (all data).
CCDC No. 1949725.

Synthesis of 2.1-Sb(dma),

This compound is unstable above =30 °C and cannot be isolated in pure form. It was
prepared by reacting N3Hs and Sb(NMe,)s in hexane as described for the synthesis
of 2.1-Sb. However instead of removing volatiles under vacuum, the crude reaction
solution was cooled to —30 °C for several days to obtain crystals of 2.1-Sb(dma),
that immediately begin to lose the amine ligands when removed from the mother
liquor. Therefore, the crystals must be kept cold (-30 °C), selected quickly before
they warm up on the microscope slide (not precooled), and immediately mounted on
the goniometer head bathed in a stream of cold nitrogen. Attempts to dry crystals

of 2.1-Sb(dma), either under vacuum or a stream of nitrogen gives a mixture of
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2.1-Sb and 2.1-Sb(dma), due to uncontrolled loss of the weakly bound ligands.
Compound 2.1-Sb(dma), disintegrated to 2.1-Sb under the conditions used in

electrospray ionization precluding accurate mass determination in the gas phase.

X-ray: CyoHyoN5SbSiy (M =552.52 g/mol): monoclinic, space group P2;/c (no.
14), a = 9.7184(14) A, b = 10.1220(14) A, ¢ = 27.102(4) A, B = 96.704(2)°, V =
2647.8(6) A%, Z =4, T = 125.01 K, u(MoKa) = 1.151 mm™!, Dy = 1.386 g/cm?,
32576 reflections measured (3.026° < 20 < 58.368°), 6793 unique (R, = 0.0895,
Rsigma = 0.0814) which were used in all calculations. The final Ry was 0.0454 (I >
20(I)) and wRy was 0.0976 (all data). CCDC No. 1949726

Synthesis of 2.1-Sb(pyo),

Compound 2.1-Sb (0.0390 g, 0.09 mmol) and pyridine N-oxide (0.0160 g, 0.18 mmol)
were added to a vial and toluene (ca. 2 mL) was added at ambient temperature.
The reaction was stirred for an hour to obtain a dark red solution. The solution
was concentrated under vacuum, layered with pentane and stored at —30 °C to yield

crystalline 2.1-Sb(pyo)a.
Yield: 0.028 g, 50 %
Melting point: 98-102 °C

'H NMR (500 MHz, benzene-dg): 8 7.85 (dd, J = 8.0 Hz, 1.1 Hz, 2 H, CAr-H), 7.72
(m, 4H, CAr-H), 6.99 (dd, J = 7.9, 1.2 Hz, 2H, CAr-H), 6.93 (td, J = 8.2 Hz, 1.2 Hz,
2H, CAr-H), 6.81 (t, J = 7.5 Hz, 2 H, CAr-H), 6.09 (m, 6 H, CAr-H), 0.29 (s, 18 H,
Si(CHy);). C NMR (126 MHz, benzene-d6): ¢ 147.07 (CAr), 143.81 (CAr), 139.25
(CAr), 125.45 (CAr), 122.92 (CAr), 122.71 (CAr), 121.12 (CAr), 118.29 (CAr),
116.89 (CAr), 1.91 (Si(CHy),).

ESI-MS: (positive ion mode, [M+1]"): The product from loss of two ligands was
observed — 462.1 amu for *!Sb and 464.1 amu for 1?3Sb.

X-ray: CygHzsN5O9SbSi, (M =652.55 g/mol): monoclinic, space group C2/c¢ (no.
15), a = 13.3092(12) A, b = 10.4889(10) A, ¢ = 21.660(2) A, 3 = 100.107(2)°, V =
2976.8(5) A%, Z = 4, T = 100.0 K, u(CuKa) = 8.392 mm™, Deye = 1.456 g/cm?,
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18652 reflections measured (10.8040 <20 < 144.3140), 2930 unique (Riy; = 0.0310,
Rsigma = 0.0194) which were used in all calculations. The final R; was 0.0324 (I >
20(I)) and wRy was 0.0856 (all data). CCDC No. 1949722.

Synthesis of 2.1-Bi(pyo)2

Compound 2.1-Bi (0.2748 g, 0.50 mmol) and pyridine N-oxide (0.0951 g, 1.0 mmol)
were added to a vial and toluene (5 mL) was added at ambient temperature. The
reaction was stirred for an hour to obtain a dark red solution. Volatiles were re-
moved under vacuum to give a red-brown powder, which was recrystallized from
THF /hexanes at —30 °C to yield 2.1-Bi(pyo).-THF, which was characterized crys-
tallographically. Removal of all solvent under dynamic vacuum yielded solvent-free
2.1-Bi(pyo)2. The 'H and 3C NMR spectra of this compound vary with concen-
tration, presumably due to some degree of reversible coordination. Data given below

are for a 0.125 M solution in CgDg.
Yield: 0.321 g, 69 %
Melting point: 139-140 °C, decomposes.

'"H NMR (500 MHz, benzene-d): § 7.43 (m, 6 H, Cp,-H), 7.01 (d, J = 7.8 Hz, 2H,
Cai-H), 6.71 (t, J = 7.6 Hz, 2H, Co,-H), 6.34 (, J = 7.2 Hz, 2 H, Ca,-H), 6.06 (t, J
— 7.6 Hz, 2 H, Ca,-H), 5.91 (¢, J = 6.5 Hz, 4 H, Ca,-H), 0.62 (s, 18 H, Si(CHy)s) 13C
NMR (126 MHz, benzene-d6): 6 149.69 (Ca,), 148.63 (Ca,), 139.45 (Ca,), 127.63
(Car), 124.80 (Cay), 120.50 (Car), 119.45 (Cay), 117.90 (Cay), 114.19 (Car), 2.35

(Si(CHs)s))

FT-IR (ATR, ZnSe crystal): 469 (w), 548 (w), 627 (m), 676 (m), 734 (s), 825 (vs),
879 (m), 927 (s), 1017 (w), 1045 (w), 1119 (w), 1155 (m), 1244 (s), 1282 (m), 1330,
(w), 1445 (m), 1460 (s), 1475 (m), 1572 (m), 2891 (w), 2939 (m), 3046 (w)

ESI-MS: (positive ion mode, [M+1]%): The product from loss of two ligands was

observed — 550.2 amu

X-ray: CgoHgoBisN1gO5Si, (M =1551.66 g/mol): monoclinic, space group P2;/c
(no. 14), a = 21.581(3) A, b = 15.625(2) A, ¢ = 20.225(3) A, B = 108.420(2)°, V =
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6470.5(14) A%, Z = 4, T = 124.97 K, u(MoKy) = 5.560 mm™, Dege = 1.593 g/cm?,
80958 reflections measured (1.988° < 260 < 58.578°), 16659 unique (Rj,; = 0.0834,
Rigma = 0.0754) which were used in all calculations. The final R; was 0.0392 (I >
20(I)) and wRy was 0.0747 (all data). CCDC No. 1949724
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CHAPTER 3

Lewis Acidity of a Vacant
p-orbital Perpendicular to a
Planar, Trivalent, Electropositive,
and Neutral Main Group Element

Portions of this work have appeared in K. M. Marczenko, S. Jee,! S. S. Chitnis,
Organometallics, 2020, 39, 4287-4296 (Full Paper; DOI: 10.1021/acs.organomet.0c00378).

Contributions to the manuscript: KMM and SJ completed DFT calculations.
KMM completed ADF calculations. SSC assisted with calculations, wrote the

manuscript, and supervised the project. t denotes undergraduate author.

3.1 Introduction

The use of main group compounds as Lewis acid catalysts, such as prototypical

boranes, rely on the ability to easily tune the p-orbital (LUMO) energy (and there-

101 Al ST ST 4

fore its Lewis acidity) through substituent variation! U2 As previously
discussed, the electronic structure of 2.1-Sb and 2.1-Bi shows a vacant p-orbital
(LUMO) perpendicular to the molecular plane at the central element (Figure 3.1).
Whereas the HOMO energies are essentially unchanged upon planarization, the

LUMO energies are significantly lowered (ca. 1 eV), leading to increased Lewis
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acidity at the planar centers. Experimental data further proved the presence of a

vacant p-orbital available for coordination. A 2:1 adduct between pyridine N-oxide

Figure 3.1: Bonding schemes for planar geometries (a). LUMOs of 2.1-Sb (b), and
2.1-Bi (c¢) in their minimum geometries.

and 2.1-Bi, which was characterized by single-crystal X-ray diffraction, contains
two molecules of base coordinating through the vacant p-orbital 28 Additional 2:1
adducts of 2.1-Bi and trimethylamine oxide or triethyl phosphine oxide were syn-
thesized. Due to the weak interactions in these adducts, characterization was only
completed using single-crystal X-ray crystallography (Figure 3.2). The crystal struc-
tures of 2.1-Bi(TMAO); and 2.1-Bi(OPEt3), clearly show a distorted trigonal
bipyramidal geometry around the Bi atom where two molecules of an oxygen base
are coordinated to the bismuth atom through dative Bi—O bonding interactions
(TMAO: 2.378(7), 2.386(8) A; OPEts: 2.468(4), 2.466(4) A). More importantly,
the O-Bi-O angles span 166.0(3)-175.3(1)°, close to the idealized angle of 180°,
indicating bonding through the vacant 6p-valence orbital at the metal center. The
similarity in electronegativity of boron (2.04) and bismuth (2.02), and the experi-
mentally verified presence of a vacant p-orbital, allows one to envision the use of
planar BiN3Ry; compounds in Lewis acid catalysis and achieve similar applications
with these planar Bi compounds to what is commonly observed with boron com-
pounds ™2 However, in order to fully realize their potential, we must first understand
the influence of ligand design on Lewis acidity at the metal center & This next sec-
tion aims to use DF'T calculations to observe the effect of tuning the ligand structure

on the Lewis acidity of 2.1-Bi. This will be addressed in terms of electronic and
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steric effects. Once the influence of substitution on Lewis acidity is understood, fu-
ture work can focus on applying it to creating new Lewis acid catalysts for synthetic

organic transformations.

Figure 3.2: Single-crystal X-ray structures of 2.1-Bi(PNO),, 2.1-Bi(TMAO),
and 2.1-Bi(Et2PO),. Thermal ellipsoids are shown at the 50% probability level,
and hydrogen atoms have been removed for clarity.

3.2 Results and Discussion

3.2.1 Methods

All geometries were optimized in Gaussian 1672 using the PBEO functionaZidd
with D3(Becke-Johnson| (BJ))) dispersion correctiof@IH and the def2-TZVPE ba-

sis set containing a relativistic small-core pseudopotential (ecp—46). Frequency

calculations were performed to confirm structures as true minima.

EDA calculationdIEAED were performed using the [Amsterdam Density Func

(ADF)) (2017)%2 package using the hybrid PBEO functional, D3(BJ) disper-
sion correction, scalar relativistic correction TP and the AUG/ADZPIED basis

set. Closed shell neutral fragments were used in EDA calculations.

FIA calculations were performed using geometries optimized using the
[B-Parameter Exchange and Lee-Yang-Parr Correlation Hybrid Functional (B3LYP))

functional with D3(BJ) dispersion correction. The cc-pVDZ basis set was used for
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light atoms, and the aug-cc-pVDZ-PPIH basis set was used at bismuth.

3.2.2 Origins of Lewis Acidity in X-Bi—Y

The electronic properties of 2.1-Bi was varied by changing the substituents at the X
and Y positions (Figure 3.3). The LUMO and HOMO of representative compound
Me-Bi-H shows combinations of Bi 6p and N 2p atomic orbitals, reminiscent of
m-bonding and 7 -antibonding interactions. This interaction is best considered as a
“charge-shift bond”; where molecular stability is due to a combination of multiple
ionic resonance forms rather than covalent sharing of electrons. Poor orbital overlap
ultimately minimizes the electron density between the bonding centers. Regardless,
the MO visualizations show a metal-based LUMO that was unchanged with sub-

stituent variation, indicating metal-based Lewis acidity in all examined derivatives.

Y

N
Ej'\‘ \[5 "X-Bi-Y"
Y

Figure 3.3: Substituent labelling of 2.1-Bi acids.

3.2.3 Electron Affinity: Global Electrophilicity Index (GEI)
and 1-Electron Reduction Energies

The metal based Lewis acidity was investigated using GEI calculations, which pro-
vide an indication of the propensity of 2.1-Bi to acquire additional electronic charge.
A plot of LUMO energies and GEI values (Figure 3.4) of the studied set of com-
pounds shows that these parameters vary smoothly, with more Lewis acidic centers
containing a lower LUMO energy and higher GEI value. The ability of electroneg-
ative substituents to lower the LUMO energy and boost the GEI is demonstrated
when X = CF3 > TMS Me (see CF3-Bi-H, TMS-Bi-H, and Me-Bi-H) and/or Y
= CF3 > Br > H > Me > OMe (see Me-Bi—CF3, Me-Bi-Br, Me-Bi-H, Me-Bi—Me,
and Me-Bi-OMe).
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These trends are understood in terms of electronegativity effects, with more
electronegative substituents increasing the Lewis acidity of the metal center. The
position of the Y substituent on the aryl ring was also shown to influence the GEI
and LUMO energies, with TMS-Bi-Br showing a lower LUMO energy and higher
GEI than TMS-Bi—Br;,. This indicates that substituents meta to the internal
nitrogen have a less profound influence on the Lewis acidity of the metal center
than substituents meta to the external nitrogen atoms. It was also shown that
substitution at the X position (N atoms) has a larger influence than substitution at
the Y position (aryl ring) through comparison of the GEI and LUMO energies of
CF3-Bi-Me and Me-Bi-CF; (Figure 3.4).
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Figure 3.4: LUMO energies and GEI values for derivatives of selected bismuth and
boron Lewis acids at the PBEO(D3(BJ))def2-TZVP level in the gas phase.

The observed difference is presumably due to the substituent proximity to the
site of Lewis acidity (the vacant p-orbital on the metal center). Notably several
derivatives of X-Bi-Y are found by this measure to be stronger Lewis acids than

the commonly employed borane Lewis acid, B(CgF5)3 (Figure 3.4).

The electron affinities of this group of Lewis acids was estimated by calculat-
ing the energy change upon addition of one electron with and without geometric

relaxation. Minor geometric changes occur upon the addition of one electron; the
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Bi—Ninternar and Bi—Negyiernal distances are elongated by approximately 0.05 and 0.02
A, respectively. The minor geometric changes compliment the small energy differ-
ences observed between frozen and optimized geometries upon reduction (Figure
3.5). The reduction energies align with the trend predicted for LUMO energies and
GEI values, and together, these calculated values demonstrate that it is possible
to tune the Lewis acidity of 3.1-Bi through careful ligand choice. These calcula-
tions also demonstrate that some derivatives are more Lewis acidic or comparable

to calculated values for polyfluorinated boranes (see values for B(CgF5)3).

mgeometry frozen @ geometry optimized

&
o
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B(2,2-F2C6H3)3
Me-Bi-Br

TMS-Bi-OMe
B(2,4,6-F3C6H2)3
TMS-Bi-H
TMS-Bi-Br(int)
Me-Bi-CF3
TMS-Bi-Br
CF3-Bi-Me
C6F5-Bi-H
CF3-Bi-H
B(C6F5)3
CF3-Bi-Br
CF3-Bi-CF3

Figure 3.5: One electron reduction energies with and without geometry optimization
for selected bismuth and boron Lewis acids at the PBEO(D3(BJ))/def2-TZVP level
in the gas phase.

3.2.4 Ligand Affinity: Ligand Coordination Energies, Fluo-
ride Ion Affinities (FIAs) and HSAB Considerations

While the previous section considered the intrinsic electronic properties of 2.1-

Bi with different ligand substituents, section 3.2.4 aims to consider ligand binding
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affinity, which is the primary experimental consideration in the context of catalysis.
We chose to examine the binding affinity of 2.1-Bi towards trimethylamine oxide (a
relatively small ligand) to minimize steric effects. Upon coordination of 2.1-Bi to
TMAO, the LUMO remains metal-centered and is a partially filled p-orbital (Figure
3.6). In contrast, the LUMO of the 1:1 adducts of Me3NO with triarylboranes lie on
the aryl rings and does not allow coordination of a second ligand. The coordination
of a second molecule of TMAO to 2.1-Bi is exothermic and of equal energy to the

addition of the first ligand (Figure 3.7).
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G O
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” X,,Ozp L II

B-X ——» NOLN
X8 X7 X
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Figure 3.6: Orbital availability for (a) ligand coordination in planar bismuth com-
pounds and (b) boranes.

This indicates a degree of unquenched Lewis acidity at the metal center and
demonstrates that the origin of the Lewis acidity in this system is partially depen-
dent on orbital availability. In contrast, boranes are small and the second lobe of the
p-orbital is unavailable for addition of a second ligand to a ligand-borane adduct.
This was further investigated using an energy decomposition analysis (EDA) in-
volving the 1:1 and 1:2 adducts between CF3-Bi~CF3 and ONMes (Table 3.1). The
AFE;,; values confirm that the addition of the second ligand is as favorable as the
first one in CF3-Bi-CF3. The AFE,,;, term is the stabilizing factor in both 1:1 and
1:2 adducts, accounting for > 65% of the contributions to the total attractive inter-

actions. The analogous EDA results for B(CgF5)3 show a larger relative contribution
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Figure 3.7: Calculated reaction energies for addition of one or two Me3sNO ligands
to bismuth and boron-based Lewis acids.

from orbital interactions (ca. 75%), presumably due to the similar sizes and bet-
ter overlap of the 2p—2s bonding orbitals than the 6p—2p orbitals in the bismuth
derivative. The dominance of orbital interaction contrasts the long-established his-
tory of noncovalent metal-oxygen interactions in hypervalent bismuth complexedI=3
and further highlights the unique origins of Lewis acidity in X-Bi—Y compounds
(via a vacant 6p orbital, not a o-hole interaction), furthering validating the analogy
to triarylboranes. As expected, dispersion plays a minor role, consisting of only 3%
of the favorable bonding interactions. Although Pauli repulsive forces increase as
a second ligand is coordinated, the electrostatic and orbital contributions increase
in magnitude to overcome the Pauli repulsive forces, with the relative contributions

remaining approximately equivalent to what is observed in the 1:1 adducts.

Fluoride ion affinites were calculated for derivatives of 2.1-Bi in the gas-phase.
Although our previous work has demonstrated the need for a solvent model when
considering the absolute Lewis acidity in the gas-phase ™ FIA calculations without
a solvent model are still valid as long as relative trends and not absolute values are
discussed. The Lewis acidity trends observed with LUMO energies and GEI values

are well aligned with calculated FIA values (Figure 3.8). Electonegative substituents
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in the X position have a more significant impact on the FIA than electronegative
substituents in the Y position. The FIA of TMS-Bi—Br is within error of the FIA
of TMS—Bi—Brj,, indicating that the placement of substituent meta to the internal
or external nitrogen atoms may have a smaller influence on the overall Lewis acidity
than predicted by GEI and LUMO energy values. Small differences exist within the
relative Lewis acidities of perfluorinated boranes and derivatives of 2.1-Bi when

compared to predictions based on GEI and LUMO energy values.

FLUORIDE ION
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Me-Bi-OMe
Me-Bi-H
TMS-Bi-OMe
TMS-Bi-H
Me-Bi-Br
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Me-Bi-CF3
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CF3-Bi-Me
B(2,2-F2C6H3)3
CF3-Bi-H
c6f5-Bi-h
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CF3-Bi-CF3
B(C6F5)3

Figure 3.8: FIA values for derivatives of selected bismuth and boron Lewis acids at

the PBEO(D3(BJ))/def2-TZVP level in the gas phase.

For example, FTA values predict B(CgF5)3 (FIA 456 kJ mol™) to be a stronger
Lewis acid than CF3-Bi~CF3 (FIA 424 kJ mol '), whereas the GEI predicts B(CgF5)3
(GEI 3.42 V) to be a weaker Lewis acid than CF3-Bi—CF3 (GEI 4.65 eV). Because
overall Lewis acidity trends are maintained, small differences in the specific ordering

of Lewis acid strength are not discussed at length.

We also attempted to classify the acidity of 2.1-Bi using Pearson’s Hard and
Soft Acid and Base (HSAB) principle® Because all experimental efforts towards
isolating adducts between 2.1-Bi and soft donors (i.e. Me3PS) failed, we turned to
DFT methods. The coordination strength of CF3-Bi—CF3 towards MesPS (-106.1
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kJ mol™) is slightly less than the coordination strength towards MesPO (-127.4 kJ
mol ). Analogous calculations towards B(CgF5); show significantly different coor-
dination preferences (MesPS —69.2 kJ mol™; Me3PO —~123.7 kJ mol!). We therefore
conclude that unlike the computationally and experimentally verified classification
of perfluorinated boranes as a hard acceptor ™2 derivatives of 2.1-Bi lie on the bor-
der between hard and soft and do not show a preference in their interactions with

hard or soft acids.

3.3 Conclusion

An assessment of the Lewis acidity of the planar bismuth Lewis acid was completed
using DFT methods. The effects of sterics and electronics (electron-donating and
electron-withdrawing substituents on the ligand) indicate that CF3-Bi—CF3 has the
strongest Lewis acidity and is comparable in strength to perfluorinated boranes such
as B(CgF5)3. Unlike boranes, however, the bismuth derived Lewis acids can readily
coordinate more than one ligand (potentially setting the stage for future ligand

coupling reactions) and show no preference for hard or soft Lewis base interactions.
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CHAPTER 4

Synthesis and Reactivity of
Antimony and Bismuth Hydrides

Portions of this work have appeared in K. M. Marczenko, J. A. Zurakowski,’ K.
L. Bamford, J. W. M. MacMillan," S. S. Chitnis, Angew. Chem. Int. Ed., 2019,
58, 18096-18101 (Full Paper; DOI: 10.1002/anie.201911842), and J. M. MacMillan,|
K. M. Marczenko, E. R. Johnson, S. S. Chitnis, Chem. FEur. J., 2020, 26,
17134-17142 (Full Paper; DOI: 10.1002/chem.202003153).

Contributions to the manuscript: KMM completed all X-ray crystallography.
KMM and JAZ completed synthetic work and reactivity studies. KLB and SSC
conceived the original idea. JMM completed mechanistic studies. SSC super-
vised the project. EJ and SSC performed the computational studies and wrote

the manuscripts. { denotes undergraduate author.

4.1 Introduction

Diagonal relationships are often found between pairs of adjacent atoms in the 279
and 3" rows of the periodic table. These pairs exhibit similar properties and can
be used as a predictor of reactivity™ For example, carbon and phosphorus both

have similar electronegativities, exhibit allotropes, and can form strong double and
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triple bonds. Chapter 2 discussed bismuth and antimony complexes within a con-
strained triamide environment, whose molecular and electronic structures are similar
to boranes. Each featured a neutral, planar, trivalent p-block element with a va-
cant p-orbital perpendicular to the molecular plane ZZZ Given the similarity in
the Pauling electronegativity of boron (2.04), bismuth (2.02), and antimony (2.03),
we were interested in investigating the potential of a diagonal relationship between
light Group 13 elements and heavy Group 15 elements. We recognized that the
LUMO of binary halides SbX3 and BiX3 consists of two E-X ¢* orbitals that are of
similar symmetry to the vacant p-orbital of boranes (Figure 4.1). As a result, SbX3
and BiX3 exhibit Lewis acidic behaviour to a variety of ligands and participate in

metathesis chemistry — both classic features of boranes -eALoAGACAI]

X/,'K\X X\ \\X
e ®EO
X X
LUMO LUMO
2x E-X o* p-orbital

Figure 4.1: Similarity of LUMOs of Group 15 and Group 13 elements.

However, spontaneous and catalyst-free hydroboration (another classical reaction
of boranes) has no counterpart in antimony or bismuth chemistry, although examples
of hydrophosphanation and hydroarsanation are known. The low kinetic stability of
bismuth hydrides has allowed for the isolation of a single example in the solid-state,

preventing the development of hydrobismuthanation reactivity Bl

In contrast, antimony hydrides are relatively stable, and several examples have
been isolated BIAAMAGATEATNITT  Preyious work by Breuing™@ and Huang™™®

showed overall hydrostibanation of C=C and C=0 bonds with diphenylstibane.

Importantly, this required radical initiators, transition metal catalysts, and /or main-
group Lewis acid mediators. Nesmeyanov and Brandt also reported that they ob-
served hydrostibanation of azobenzene and phenylacetylene. However, evidence
for this reaction was based on infrared and mass spectrometric analyses of reac-
tion mixtures and the scope and mechanism of the reaction was not explored IHE

Therefore, catalyst and additive-free hydrostibanation has not yet been established.
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We hypothesized that Breunig and Huang did not observe hydrostibanation un-
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Figure 4.2: a) Significant LUMO contributions, LUMO eigenvalues (eV), and NBO
partial charges (gold font) for Sb atoms in the considered stibanes and Ph,BH, b)
calculated LUMO and HOMO for 4a.

der catalyst-free conditions with PhoSbH due to i) extensive delocalization of the
LUMO over the adjacent phenyl rings and ii) the high energy of the LUMO (-0.71
eV, PBE1/def2-TZVP level). The diffuse nature and high energy of the LUMO ren-
der the stibane incapable of engaging unsaturated substrates. Amino substituents
increase the Sh—X bond polarity resulting in less mixing of the atomic orbitals and
a metal centered LUMO. Natural bond orbital (NBO) partial charges (Figure 4.2)

indicate that amino groups also increase electropositivity at the Sb center.

However, because N(lone pair)—Sb(c*) back donation (curly arrows in Figure

4.2a) is possible from the amino substituents to the Sb center, the LUMO energy is
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not significantly lowered, and gives a high energy of —0.42 eV in (MeyN)oSbH. Our
chosen diamino naphthalene ligand framework requires a distortion of the amines
to fit the antimony atom within the NC5N bayME causing the N lone pairs to
twist away from the plane of the Sb-N ¢* LUMO, lowering the LUMO energy to
—1.34 eV (Figure 4.2b). The silyl group on the amino substituents are easily varied
using different silane precursors, providing steric protection against bimolecular H,
loss MEIAEN Therefore, the use of a fused naphthyl substituent that provides i) a
sterically shielded metal hydride, and ii) a metal-centred LUMO that is significantly
lower in energy than in PhySbH.

4.2 Hydrostibanation

4.2.1 Synthesis and Characterization

Lithiation of 1,8-naphthalene diamine followed by quenching with the appropriate
chlorosilane yielded ligands 4.1(a—c) in high yields (Figure 4.3a). Chlorostibanes
4.2(a—c) were obtained in 52-69% yields by lithiating the respective ligand and
quenching with SbCl;. X-ray crystallography was used to establish the solid-state
structures of the chlorosilanes. Each derivate features a three-coordinate pyrami-
dal antimony center coordinated to a chloride atom and a bidentate ligand. The
structural aspects of the chlorostibanes (i.e. bond lengths and angles) do not vary

significantly.

Dissolving the chlorostibanes in hexane and addition to a solution of LiHBEt;
in hexane/ THF at —30°C yielded antimony hydrides 4.3(a—c). Although these re-
actions proceeded in reasonable yields for hydrides 4.3b (77%) and 4.3c (58%),
hydride 4.3a was found to be a thermally unstable oil and was only characterized
spectroscopically as part of a reaction mixture. Hydrides 4.3b and 4.3c are air-
sensitive but indefinitely stable in the solid-state under an inert atmosphere of dry
nitrogen. They are not stable in halogenated solvents, insensitive to ambient light,
and slowly decompose to the respective ligand and metallic Sb upon heating above

50 °C. The hydride positions in the X-ray crystal structures of 4.3b and 4.3c were

62



RsSi< _SiR
NH, NH, p2mBuli ESSNH NS
ii) 2 R4SiCl 41a-¢
J0¢ - U
_ 2 "BuH
2 Licl
la b G ) 2 "BuLi, -2 "BuH
_ ii) SbCl, -2 LiCl
R| Me Et 'Pr
H i
RsSi<, Sb. _SiR; RsSi Sb _SiR
NN _LHBEy | ™ 4.2a (69%)

4.2b (74 %)

—L|CI - BEt, 4.2¢ (52%)

4.3a (in situ detection)
4.3b (77 %), 4.3c (58%)

SlM
b) 43a—> 1/2 ': Sb
SIMe 2

C) 4.3b/4.3¢ % 4.1b/41c

Figure 4.3: a) Synthesis of compounds 4.1, 4.2, and 4.3. b) Decomposition of 4.3a
to give 4.4. ¢) Thermal decomposition of 4.3b and 4.3c in CgDg.

unambiguously established using electron density found within the difference map.
The three-coordinate antimony centers have a pyramidal geometry with approxi-
mately equivalent Sb-N bond lengths (Figure 4.4). The Si-N-Sb—H dihedral angles
have values of 146.7(1)° in 4.3b and 143.9(1)° in 4.3c, which is comparable to the
value calculated for 4.3a (143.2°).

The 'H NMR spectra of the stibanes in CgDg show sharp resonances for the
Sb-H fragment with the chemical shift values increase with the steric bulk of the
N-silyl group (9.65 ppm for 4.3a, 9.88 ppm for 4.3b, and 10.04 ppm for 4.3c).
Infrared spectroscopy revealed Sb-H stretching frequencies of 1883 cm™ and 1863
cm * for 4.3b and 4.3c.
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Figure 4.4: Molecular structures of 4.2b (a), 4.3b (b), and dimer 4.4 (c) in the
solid-state as determined by X-ray crystallography. Thermal ellipsoids are drawn at
the 50% probability level. Nonessential hydrogen atoms have been omitted.

4.2.2 Reactivity

Hydride 4.3b was chosen to test hydrostibanation reactivity due to its high synthetic
yield and relatively low cost of the chlorosilane precursor. The hydridic nature of
the Sb-H bond was assessed by combining 4.3b with [Ph3C|[B(CgF5)s]. The 'H
NMR showed the disappearance of the hydride signal and appearance of Ph3CH,
demonstrating H™ transfer from 4.3b. Attempts to crystallize the stibenium cation

by-product have thus far failed.

Alkynes. The addition of phenylacetylene to 4.3b (Figure 4.5) in C¢Dg at room
temperature showed complete disappearance of the Sb—H and acetylene signals af-
ter 24 hours. The 'H NMR spectrum of the crude reaction mixture showed the
formation of a single product, 4.5, containing two olefinic resonances at 6.32 and
7.07 ppm (*Jgng = 12.4 Hz), indicating anti-Markovnikov addition and a single iso-
mer. Single-crystal X-ray diffraction unambiguously confirmed the formation of the
Z isomer (Figure 4.6). Similar results were observed for 4-methyl-phenylacetylene

and 4-trifluoromethyl-phenylacetylene.

Alkenes. Hydrostibanation of electron-rich and electron-poor alkenes was also
achieved (Figure 4.5). The reaction between 3-vinylanisole and 4.3b required 5
days to reach 60% product conversion to 4.6 at room temperature. The crude 'H
NMR spectrum showed two new methylene resonances, indicating the formation

of the desired hydrostibanation product. The reaction of 4.3b with acrylonitrile
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proceeded much faster and showed quantitative conversion after 24 hours, yielding
4.7. The 'H and two-dimensional COSY NMR spectra for this compound indi-
cate anti-Markovnikov addition (Figure B.28). This was also confirmed by X-ray
crystallography (Figure 4.6). The crystal structure shows intermolecular Sb—NCR
interactions comprising a dimer and indicating unquenched Lewis acidity at the

antimony center, as suggested by the LUMO being highly localized on the metal.

Aldehydes. No reaction was observed between 4.3b and benzaldehyde or p-
anisaldehyde over a 24-hour period at room temperature. However, when 4.3b was
added to p-trifluoromethyl benzaldehyde in hexane, conversion to the alkoxy stibane
4.8 was detected in 96% yield (Figure 4.5). The product could not be separated from
excess aldehyde due to the oily nature of the reactant. Still, HRMS and the appear-
ance of a methylene resonance at 4.48 ppm in the 'H NMR spectrum confirmed its
formation. DFT calculations indicate that hydrostibanation is favourable for both
electron-rich and electron-poor aldehydes (AGcqction P-anisaldehyde = —10.1 kecal
molt; AG eqction P-trifluoromethyl benzaldehyde = —14.8 kcal mol™!). Therefore, the
lack of a reaction involving electron-rich substrates is viewed as a kinetic obstacle,

suggesting that the aldehyde acts as an electrophile in the rate-limiting step.

Azobenzene. The addition of 4.3b to trans-azobenzene in CgDg resulted in
the formation of 4.9 in 94% yield, as indicated by the N-H resonance at 5.02
ppm in the 'H NMR spectrum, an N-H stretch in the infrared spectrum at 3353
cm ', and the single-crystal X-ray structure (Figure 4.6). A small amount (6%) of
diphenylhydrazine was detected by *H NMR spectroscopy, indicating hydrogenation
of azobenzene (Figure 4.5). The Sb-Sb bonded species 4.10 (trace amounts) was
also identified by X-ray crystallography, accounting for the observed redox chemistry.

Other Substrates. The attempted hydrostibanation of CO,, acetone, acetophe-
none, CO, or CH3CN was unsuccessful due to the multiple bond strength in these
substrates. The hydrostibanation of sterically hindered substrates such as 1,2-
diphenyl-acetylene and benzophenone was also unsuccessful. These observations
highlight the current limitations of hydrostibanation, which may be conquerable

with additional ligand tuning.
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Figure 4.5: Hydrostibanation reactivity of 4.3b. Yields are for isolated materials.
Yields in parentheses were determined from NMR spectroscopy.
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Figure 4.6: Single-crystal X-ray structures of 4.5 (a), 4.7 (b), and 4.9 (c). Ther-
mally ellipsoids are shown at the 50% probability level. Some hydrogen atoms have
been remove and silane substituents are shown in wireframe for clarity.

4.2.3 Mechanism

Kinetic experiments were conducted to determine if the hydrostibination of pheny-
lacetylene proceeded through a mechanism with ionic or radical based intermedi-
ates. Time-resolved 'H NMR spectroscopy was used to monitor the progress of
the reaction through the disappearance of the Sb—H resonance at 9.88 ppm. Con-
centration vs. time-plots showed that the hydrostibination of phenylacetylene pro-
ceeds via 2°¢ order kinetics, with a 1™ order dependence on each reactant (rate =
ky, [stibine|[acetylene]). We next investigated the influence of solvent polarity, alkyene
substitution, and radical based additives (Table 4.1). Two main observations were

gathered from this data:

e A dramatic increase in the reaction rate is observed when the solvent polarity

is reduced from CgDg to CgD1o (Table 4.1 (entry 2); Figure 4.7).

e A dramatic decrease in the reaction rate is observed when radical scavengers
(Oq, [(2,2,6,6-Tetramethylpiperidin-1-yl)oxyll (TEMPO|)) are present during
the reaction (Table 4.1 (entries 1, 4, and 5); Figures 4.8 and 4.9).

Combined, these observations indicate that a mechanism with radical intermediates

is more probable than a model with ionic species (Figure 4.10).
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Entry ‘ Arylacetylene ‘

Conditions

| kp[x102M 5]

1 ToTA ¢ CeDs, 300K, N, 0.436-£0.019
2 Tol A ¢ CeD1a, 300K, Ny 3.587-0.200
3 PhAc C¢Ds, 300K, Ny 0.900-20.080
4 PhAc C¢Ds, 300K, Ny, TEMPO | 0.060-0.008
5 Tol A ¢ CeDs, 300K, O, 0.030-0.002
6 Tol A ¢ CsDs, 300K, Ny, UV 0.639-0.026
7 FTol A ¢ CeDs, 300K, Ny 4.60-0.600
8 Tol A ¢ C¢Ds, 305K, Ny 0.677-0.003
9 Tol A ¢ C¢Dg, 310K, Ny 1.12540.023
10 Tol A ¢ C¢Ds, 315K, Ny 1.36540.033

Table 4.1: Bimolecular rate constants of arylacetylene hydrostibanation under
varying conditions. P?Ac=p-H-phenylacetylene, ™ Ac=p-CH;-phenylacetylene, and
FTol A c=p-CF3-phenylacetylene.
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Figure 4.7: Linearized rate data for the hydrostibanation of ¥T°'Ac with 4.2b in
CGDG and CGDlQ.
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Figure 4.9: Linearized rate data for the hydrostibanation of ¥T°!Ac with 4.2b with
or without added TEMPO.
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Comparison of the ky, for p-H-phenylacetylene, p-CHjs-phenylacetylene, and p-
CF3-phenylacetylene show clear evidence of an increased reaction rate as the elec-
tronegativity of the para substituent is increased. This observed trend (¥T'Ac >
> PhPhAc > TF!Ac) points to a rate determining step where the aryl acetylene
behaves as an electrophile (increased electron withdrawing ability correlates to in-

creased electrophilicity).
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Figure 4.10: The radical mechanism considered in this study.

We then turned towards DEFT calculations in collaboration with Prof. Erin R.

Johnson (Dalhousie University). The calculated [Potential Energy Surface (PES)

for the proposed mechanism (Figure 4.11) showed no prohibitive barriers. Transfer
of an H atom from 4.3b to PhAc gives PhAcH and Int1, which is 16.1 kcal mol*
uphill, and the rate limiting step. This step should exhibit bimolecular kinetics,
which is in good agreement with our experimentally observed second-order kinetics.
The stibinyl radical Int1 adds to an equivalent of PhAc in a stepwise fashion to give
stable intermediate Int2 (-0.9 kcal mol™ downhill), which undergoes rearrangement
to give Int3 via a 5.4 kcal mol! high transition state (T'S1). As these steps involve
coordination of radical Intl to PhAc, the presence of a donor solvent can compete

with PhAc for coordination and slow down the reaction, which is consistent with the
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observed relative reaction rates in CgDg and CgD12 (Figure 4.7). Once radical Int3
forms a stable adduct with 4.3b (Int4, 2.3 kcal mol™ downhill), H-atom transfer via
TS2 to Int5 occurs. The structure of T'S2 explains the observed Z-olefin selectivity
due to the ant: addition of the H atom. High steric bulk of the stibinyl fragments
makes it impossible to arrange in a syn configuration, which would be required for
formation of the E-alkene. The loosely bound (5.5 kcal mol?) adduct dissociates
to regenerate the stibinyl radical Int1 and yield the hydrostibanation product (®2).
It is also important to note that the calculated AG values for the H-atom transfer
from 4.3b to TolAc and FTolAc are 16.9 kcal mol! and 14.2 kcal mol™*, respec-
tively. There, electron deficient arylacetylenes are predicted to undergo more rapid

hydrostibanation, as is observed experimentally.
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Figure 4.11: DFT-calculated PES for the hydrostibanation of ¥T°!Ac with 4.2c as
per the proposed radical mechanism.

4.2.4 Efforts Towards Catalytic Applications

Hydroelementation of phenylacetylenes to give the z-olefin is a characteristic unique

to hydrostibanation. Attempts were made to establish step-wise regeneration of the
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stibnyl hydride from the iodination of the hydrostibanation product of phenylacetyl
(Figure 4.12). The ultimate goal of this part of the project is to achieve high-yield
synthesis of z-olefins with catalytic amounts of the stibanyl hydride.

H
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4.2b-l

LiEt,BH added Il

Figure 4.12: Proposed cycle for the generation of z-olefins from catalytic amounts
of 4.3b (left). 'H NMR spectroscopic evidence of one-pot synthesis of z-olefins
accompanied with regeneration of 4.3b (right).

The reaction of compound 4.5 with 1 molar equivalent of methyliodide, methyl
triflate, and molecular iodine was examined. Only I, was successful in oxidizing
4.5 to the corresponding z-iodo-olefin 4.5-1 and stibanyl iodide 4.2b-I. Complete
conversion was observed within ten minutes at room temperature. Reduction of
4.2b-1 to 4.2b was accomplished using a 1.0M solution of LiHBEt; in THF. Un-
fortunately, combination of phenylacetylene, Iy and milder reducing agents such as
9-BBN, resulted in the net addition of H-I across the phenylacetylene C=C triple
bond with formation of a-iodostyrene as the major product. This indicates that our
chosen oxidizing agent is not compatible with potential reducing agents, ultimately
hindering their combined use in a catalytic cycle. However, their compatibility in
a stoichiometric one-pot cycle was validated (Figure 4.12 - right), confirming step-
wise regeneration of the stibinyl hydride from the iodination of the hydrostibanation
products of phenylacetylene. Purification of the desired vinyl iodide product can be

accomplished via high-temperature (100 °C) distillation.
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4.3 Efforts towards Secondary Bismuthanes

Chlorobismuthanes 4.11(a—c) were obtained in moderate yields by lithiating the
respective ligand 4.1(a—c) and quenching with BiCls (Figure 4.11). X-ray crystal-
lography was used to establish the solid-state structures of the chlorobismuthanes
4.11a and 4.11b (Figure 4.12). All attempts to crystallize chlorobismuthane 4.11c
have thus far failed. Each derivative features a three-coordinate pyramidal bismuth
center coordinated to a chloride atom and a bidentate ligand. In a similar fash-
ion to the chlorostibanes, the structural aspects of the chlorobismuthanes do not
vary significantly and therefore are not discussed. Attempts to synthesize the di-
aminobismuthanes using the route described above for diaminostibanes 4.3(a—c)
were unsuccessful (Figure 4.11). Addition of LiHBEt3/ THF (1.0 M) to chlorobis-
muthanes at —30 °C afforded reaction mixtures containing free ligand, unreacted
chlorobismuthane, and an unidentified side product. Repeating the reaction at —70
°C afforded higher conversion to the free ligand and side product. Concentration of
the crude reaction mixture and storage in the freezer at —30 °C afforded crystals of
the side product which was identified by X-ray crystallography as the dibismuthane
4.12 (Figure 4.12). Attempts to rationally synthesize the dibismuthane by reduction

of the chlorobismuthane 4.11b with magnesium were unsuccessful.

Because all efforts to isolate a bismuth hydride were unsuccessful, a “surrogate”
approach for hydrobismuthanation was examined. Oestreich et al. established the
cyclohexa-2,5-dien-1-yl group as a leaving group at silicon to achieve formal SiH,
chemistry using stable and easy-to-handle surragatesIED  Attempts were made
to used the approach outlined by Oestreich to isolate the cyclohexadiene deriva-
tive 4.13 (Figure 4.11b) which could act as a source of Bi-H. Once isolated, a
catalytic amount of tris(pentafluoro)borane could catalyze hydride migration from
the CH, fragment of the cyclohexadiene substituent to the metal to generate the
bismuth hydride accompanied by the loss of benzene (Figure 4.11¢c). If completed
in the presence of unsaturated substrates, hydrobismuthanation may occur before
the decomposition of the transient bismuth hydride. 'H NMR spectroscopy of the
cyclohexadiene derivative showed a mixture of unconverted starting material and

the targeted product 4.13-Bi, which was identified by the distinct cyclohexadiene

73



olefin resonances (5.04, 5.11, 5.19 ppm). Attempts to crystallize cyclohexadiene
derivative 4.13-Bi have thus far failed, but the antimony derivative 4.13-Sb was
isolated (Figure 4.15). Heating the unpurified reaction mixture containing 4.13-Bi
to 50 °C for 2 hours gave the dibismuthane 4.12, Hy and benzene providing a proof-
of-concept that bismuth hydrides can be generated from a bismuth cyclohexadienyl

group (Figure 4.11d), even though they have not at present been trapped.
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Figure 4.13: a) Synthesis of compounds 4.11(a—c). b) Synthesis of 4.13-Bi. ¢)
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sient bismuth hydride.
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Due to difficulties synthesizing the cyclohexadiene derivatives, attempts were
made to generate a transient bismuth hydride in solution from a dibismuthane.
This could catalytically convert azobenzene to phenylhydrazine in the presence of
ammonia borane via a Bill/Billl redox couple (Figure 4.16). A 10 mol% loading
resulted in 20% conversion, which was determined to be within the error of the
methods used. We concluded that catalytic hydrogenation was not achieved, and
that stoichiometric conversion occurred (*H NMR spectra showed phenylhydrazine
and borazine). This proceeded via a transient bismuth hydride using a dibismuthane

initiator.

Bi
Bi

Bi
cl

Figure 4.14: Single-crystal X-ray structures of 4.11a, 4.11b, and 4.12. Thermal
ellipsoids are shown at the 50% probability level and hydrogen atoms are removed
for clarity.
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Figure 4.15: Single-crystal X-ray structure of 4.13-Sb. The distance between the
Sb atom and cyclohexadiene hydrogen atom is highlighted. Thermal ellipsoids are
shown at the 50% probability level and some hydrogen atoms are removed for clarity.
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Figure 4.16: Proposed catalytic cyclic for the transfer hydrogenation of azobenzene
using a dibismuthene based catalyst.
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4.4 Conclusions

In conclusion, this chapter highlighted a new class of antimony hydrides. These
stibanes provided access to the first example of additive-free hydrostibanation of
C=C, C=C, C=0, and N=N bonds in high yield. These hydrometallation reactions
were accessed through strategic ligand design choices, which involved the use of a
naphthalene diamine ligand framework. These results provide evidence for a nonin-
tuitive diagonal relationship between light Group 13 elements and heavy Group 15
elements. Mechanistic studies on the hydrostibanation of phenylacetylene revealed

a radical pathway.

Attempts to isolate bismuth hydrides using a 1,8-naphthalene diamine framework
have thus far been unsuccessful, with traces of free ligand and metallic bismuth being
the major products. The ligand framework has not provided enough steric bulk to
prevent dimerization and Hy elimination. The formation of Hy and benzene when a
cyclohexadiene substituted bismuth compound was heated provides proof-of-concept
that bismuth hydrides can be generated from a bismuth cyclohexadienyl group. This

is currently being investigated further.

4.5 Experimental

4.5.1 General

Synthetic procedures.All manipulations were performed using standard Schlenk
and glovebox techniques under an atmosphere of dry nitrogen. Solvents were dried
over Na/benzophenone (tetrahydrofuran, pentanes, hexanes, diethyl ether, toluene,
benzene-dg) or over calcium hydride (dichloromethane, acetonitrile, 1,2-difluorobenzene,
dichloromethane-d,, acetonitrile-ds, chloroform-d) and distilled prior to use. Reac-
tion glassware was baked in a 130 °C oven for at least 1 h prior to use and assembled

under nitrogen while hot.

Solution NMR Spectroscopy. Nuclear magnetic resonance spectra are refer-
enced to tetramethylsilane (*H, 1C), 85% H3PO, (3'P), CFCl; (*°F), or B(OMe)s3
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(1'B) on a Bruker AV-300 spectrometer or a Bruker AV-500 spectrometer with resid-
ual solvent used for chemical shift calibration. Samples for NMR spectroscopy were
prepared and sealed inside the glovebox with Parafilm before removal into ambi-
ent atmosphere. Heteronuclear NMR experiments were run using a sealed capillary

containing benzene-dg placed within the NMR tube for solvent locking.

Vibrational Spectroscopy. Infrared spectra were obtained on an Agilent Tech-
nologies CARY 630 FTIR instrument equipped with a ZnSe ATR module. Raman
spectra were obtained on a Thermo Scientific Nicolet NXR 9650 FT-Raman Spec-
trometer instrument equipped with a 1064 nm Nd:YVO4 laser and InGaAs detector.

Melting Points. Melting points were obtained for samples sealed in glass capillaries

and are uncorrected.

Crystallography. Single crystal diffraction experiments were performed on a
Bruker D8-Quest Photon II diffractometer. The data was processed using the APEX
[T GUI software The XPREP program was used to confirm unit cell dimensions and
crystal lattices. All calculations were carried out using the SHELXTL-plus and the
Olex2 software packages for structure determination (ShelXT/Intrinsic phasing),
solution refinement (ShelXL/Least squares), and molecular graphics. Space group
choices were confirmed using Platon. The final refinements were obtained by in-
troducing anisotropic thermal parameters and the recommended weightings for all
atoms except the hydrogen atoms, which were placed at locations derived from
a difference map and refined as riding contributions with isotropic displacement
parameters that were 1.2 times those of the attached carbon atoms. Details for

individual compounds are given with their characterization data.

Mass Spectrometry. Electro-Spray lonization (ESI) and Atmospheric Pressure
Chemical Ionization (APCI) spectra were obtained on a Bruker micrOTOF.

Commercial reagents. Naphthalene diamine was obtained from Oakwood Chem-
icals. Chlorosilanes were obtained from Alfa. nButylltihium (1.6 M in hexanes)
was obtained from Acros. SbCl; was obtained from Alfa and sublimed prior to use.

LiHBEt; (1.0 M in THF) was obtained from Alfa. All hydrostibanation substrates
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were obtained from Sigma and distilled prior to use.

Starting materials. Ligands 4.1a-c were synthesized according to the literature

procedure B2 Compound 4.11 was synthesized according to the procedure of Roesky
et. alEZ

4.6 Synthesis and Characterization Data

General synthetic procedure for 4.2a-c.  Naphthalene diamine (4.71 g, 10
mmol) was dissolved in THF (ca. 50 mL) and cooled to -89 °C (2-propanol and
liquid nitrogen). To this, 12.5 mL of a solution of n-Butyllithium (1.6 M in hexanes,
20 mmol) was slowly added, resulting in the formation of a dark brown to green
solution. The solution was warmed to room temperature and stirred for 18 hours.
Next, a solution of SbCl; (2.28 g, 10 mmol) in THF (ca. 50 mL) was prepared and
cooled to -89 °C. The solution of lithiated ligand was added dropwise to the cooled
flask containing the SbCl; in THF, which resulted in the formation of a dark brown
to red solution. The reaction was warmed to room temperature, wrapped in foil to
eliminate exposure to light, and stirred for 3 hours. The reaction was evaporated to
dryness and the residue dissolved in ca. 30 mL of pentane then filtered, yielding a
light-yellow solution. Recrystallization at —25 °C gave the respective chlorides as a

yellow powder.

Compound 4.2a:

Yield: 3.1719 g, 69%

Melting point: 66.3-69.1 °C, decomp.

'"H NMR (300 MHz, benzene-dg): ¢ 7.40 (dd, J = 8.2, 1.0 Hz, 2H, Ar-H), 7.17 (t,
J = 7.5 Hz, 2H, Ar-H), 7.05 (dd, J = 7.6, 1.2 Hz, 2H, Ar-H), 0.21 (s, 18H, 2 x
Si(CHy)s)

BC{'H} NMR (75 MHz, benzene-dg): § 143.2 (CAr), 137.6 (CAr), 125.9 (CAr),
124.6 (CAr), 123.2 (CAr), 118.4 (CAr), 2.59 (Si(CHy)s).
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FTIR (cm ! (relative int.)): 3056.2(2), 2952.3(1), 2939.4(16), 2888.6(1), 1958.8(1),
1922.1(2), 1607.2(4), 1563.6(21), 1501.4(1), 1442.4(1), 1426.4(5), 1405.9(1), 1373.9(9),
1334.9(7), 1321.4(2), 1274.8(6), 1264.5(4), 1248.4(42), 1173.7(4), 1061.1(31), 1041.6(18),
965.5(2), 893(14), 872.7(42), 836.4(100), 814.2(6), 784.7(2), 764.5(54), 676.4(9),
655.4(1), 637.6(2), 621.6(5), 605.3(9), 533.8(4), 516.8(1), 502.2(1), 477.8(5).

HRMS: The sample decomposed in the spectrometer precluding mass spectrometric

characterization.

X-ray: Crystals were grown from a saturated hexane solution. C;gHy,CIN,SbSi, (M
—=457.75 g/mol): monoclinic, space group P2;/c (no. 14), a = 8.8039(3) A, b =
9.0250(3) A, ¢ = 24.7328(7) A, B = 94.6200(10)°, V = 1958.76(11) A3 Z =4, T =
120.0 K, pu(CuKa) = 13.576 mm™, D¢, = 1.552 g/cm?, 46262 reflections measured
(7.172° < 20 < 144.8°), 3850 unique (Riny = 0.0358, Rgigma = 0.0155) which were
used in all calculations. The final Ry was 0.0220 (I > 20(I)) and wRs was 0.0570
(all data). CCDC No. 19578509.

Compound 4.2b:
Yield: 4.0335 g, 74%
Melting point: 95.0-98.0 °C

"H NMR (500 MHz, benzene-dg): ¢ 7.39 (dd, J = 8.1, 1.2 Hz, 2H, Ar-H), 7.17 (t,
J = 7.7 Hz, 2H, Ar-H), 7.08 (dd, J = 7.8, 1.1 Hz, 2H, Ar-H), 0.92 (t, J = 7.6 Hz,
12H, 2 x Et3Si), 0.85-0.72 (m, 18H, 2 x Et3Si).

BC{'H} (126 MHz, benzene-dg): ¢ 143.1 (CAr), 137.6 (CAr), 125.9 (CAr), 124.1
(CAr), 123.1 (CAr), 117.5 (2 x Et5Si), 7.3 (CAr), 6.4 (2 x Et;Si).

FTIR (cm! (relative int.)): 3054.8(10), 2954.2(59), 2933.4(1), 2909.6(10), 2873(21),
2800.1(1), 2732.4(1), 2028.9(2), 1958.8(7), 1899.6(2), 1609(1), 1562.8(76), 1511.6(
<1), 1459.5(22), 1429(16), 1422.5( <1), 1375.8(47), 1335(25), 1270.8(100), 1235.2(10),
1174.7(16), 1094.9(1), 1055.9(97), 1041.6(2), 1015.8( <1), 999.1(61), 960.3( <1),
887.8(9), 864.4(57), 821.5(48), 784.4(16), 767.6(90), 753.6(29), 719.9(7), 695.8(12),
625.1(7), 594.5( <1), 582.4(9), 534(16), 501.6(4), 480(15), 469.9( <1).
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HRMS (APCI, [M+1]%): calculated = 541.1222 m/z, observed = 541.1216 m/z,
error = (.05 ppm.

X-ray: Crystals were grown from a saturated hexane solution. CgyH35CIN,SbSi,
(M =541.91 g/mol): triclinic, space group PP; (no. 2), a = 8.2080(7) A, b =
11.0460(9) A, ¢ = 14.4920(12) A, o = 106.468(3)°, 8 = 93.127(4)°, v = 94.583(3)°,
V = 1251.89(18) A%, Z = 2, T = 100.0 K, p(CuKa) = 10.708 mm™, Deye = 1.438
g/cm?, 29786 reflections measured (6.38° < 2§ < 145°), 4914 unique (R, = 0.0466,
Rsigma = 0.0298) which were used in all calculations. The final Ry was 0.0342 (I >
20(I)) and wRy was 0.0999 (all data). CCDC No. 1954405.

Elemental analysis: Caled. C: 48.76, H: 6.70, N: 5.17; Expt. C: 48.43, H: 6.75, N:
5.02.

Compound 4.2c:
Yield: 3.1620 g, 52%
Melting point: 147.6-150.0 °C

"H NMR (500 MHz, benzene-dg): 6 7.37 (d, J = 7.9 Hz, 2H, Ar-H), 7.17 (t, J =
7.8 Hz, 2H, Ar-H), 7.08 (d, J = 7.6 Hz, 2H, Ar-H), 1.42 (sept, J = 7.6 Hz, 61,
Si(CH(CHj)y)s), 1.15 (d, J = 7.6 Hz, 18H, Si(CH(CHy),)s), 1.07 (d, J = 7.5 Hz,
18H, Si(CH(CHsy)s)3).

BC{'H} (126 MHz, benzene-dg): ¢ 142.95 (CAr), 137.55 (CAr), 125.52 (CAr),
124.39 (CAr), 123.17 (CAr), 118.07 (CAr), 19.06 (Si(CH(CHs),)s), 14.64 (Si(CH(CHj)s)s).

FTIR (cm ! (relative int.)): 2943.5(61), 2026.1( <1), 2888.9(5), 2865.8(39), 2028.8(6),
1958.8(24), 1606.5(1), 1563.3(50), 1463.2(31), 1427.9(9), 1390.2( <1), 1373.2(17),
1332.1(9), 1268(79), 1244.1( <1), 1174.9(5), 1099.3(1), 1050.6(70), 1040.7(1), 1016.6(11),
986.4(2), 919.1(7), 880.5(13), 856.9(45), 810.2(100), 784.6(5), 756.6(3), 744.9(74),
67.3(1), 652.9(34), 635.3(8), 623.6(1), 587.9(6), 535.5(2), 526.4(6), 515.9(2).

HRMS (ESI-MS, [M+1]"): calculated = 625.2155 m/z, observed = 625.2177 m/z,
error = 3.39 ppm.
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X-ray: For connectivity information only. Crystals were grown from a saturated
hexane solution. CygH gCINySbSiy (M =626.06 g/mol): monoclinic, space group
P2;/n (no. 14), a = 8.3167(4) A, b = 31.6223(16) A, ¢ = 11.9888(6) A, 3 =
104.415(2)°, V = 3053.7(3) A%, Z = 4, T = 99.95 K, 1(CuKa) = 8.851 mm™, Dy
= 1.362 g/cm?, 40672 reflections measured (5.59° < 20 < 112.18°), 3957 unique
(Rint = 0.0422, Rgigma = 0.0196) which were used in all calculations. The final R4
was 0.0436 (I > 20(I)) and wRy was 0.1071 (all data). CCDC No. 1954398.

Elemental analysis: Caled. C: 53.72, H: 7.73, N: 4.47; Expt. C: 54.10, H: 8.10, N:
4.47.

Compound 4.3a:

A cooled (-25 °C) solution of 4.2a (0.1360 g, 0.30 mmol) in hexanes (ca. 5 mL) was
added dropwise to a vigorously stirred cold (-25 °C) suspension of LiHBEt; (0.3
mL of a 1.0 M solution in THF) in ca. 5 mL hexanes. The reaction was allowed
to warm up to ambient temperature and stirred for 30 minutes to yield a yellow-
orange suspension with some black precipitate. The reaction mixture was dried
thoroughly, extracted with hexanes, filtered through a fine frit, and concentration
under vacuum. Attempts to isolate 4.3a in the solid state repeatedly gave mixtures
containing crystals of compound 4.4 due to thermal decomposition (see manuscript
for details). Therefore, this compound has only been characterized as a mixture

without isolation.

An updated procedure was later developed due to varying concentrations of LIHBEts.
With this procedure a titration of 4.2b with LiHBEt; was performed to determine
the accurate concentration of LiHBEt; in THF. A solution of 4.2b (0.2 mmol) in
hexanes was cooled to —25 °C. To this, 0.1 molar equivalents of LiHBEt3 (1.0 M
solution in THF) were slowly added with stirring. 'H NMR spectroscopy was used
to monitor the progress of the reaction after each addition. The solution of 4.2b
was considered fully titrated when the 'H NMR spectrum no longer revealed the
presence of 4.2b and solely contained 4.3b. The determined concentration was
used in the large-scale synthesis of 4.3b. A suspension of LiHBEt3 (0.52 mL of a
1.0 M solution in THF) was added to a cooled solution (-25 °C) of 4.2b (0.3253
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g, 0.52 mmol) in hexanes (ca. 10 mL). The reaction was allowed to warm up to
ambient temperature and stirred for 30 minutes to yield a yellow suspension with
white precipitate. The reaction mixture was filtered through a fine frit and concen-
trated under vacuum. Storage at —25 °C yielded 4.3b as yellow crystals, which were

isolated by decanting the mother liquor and drying under vacuum.

"H NMR (500 MHz, benzene-dg): ¢ 9.65 (s, 1H, Sb-H), 7.43 (d, J = 7.9 Hz, 2H,
Ar-H), 7.21-7.14 (m, 4H, Ar-H), 0.30 (s, 18H, 2 x SiMey).

BC{'H} (75 MHz, benzene-dg): ¢ 150.7 (CAr), 138.1 (CAr), 126.0 (CAr), 125.0
(CAr), 122.7 (CAr), 117.3 (CAr), 3.01 (SiMes).

FTIR (cm ™ (relative int.)): 2956.2(24), 1958.8(8), 1562.9(41), 1512.5(6), 1422.8(14),
1373.8(11), 1333.9(7), 1251.2(76), 1058.8(55), 876.1(18), 837.9(100), 758.8(38), 684.8(5),
532.7(8).

Compound 4.3b:

A cooled (—25 °C) solution of 4.2b (2.4458 g, 4.52 mmol) in hexanes (ca. 40 mL)
was added dropwise to a vigorously stirred cold (25 °C) suspension of LiHBEt;
(4.52 mL of a 1.0 M solution in THF) in ca. 20 mL hexanes. The reaction was
allowed to warm up to ambient temperature and stirred for 30 minutes to yield
a yellow suspension with some black precipitate. The reaction mixture was dried
thoroughly, extracted with hexanes, filtered through a fine frit, and concentration
under vacuum. Storage at —25 °C yielded 4.3b as yellow crystals over three crops,

which were isolated by decanting the mother liquor and drying under vacuum.
Yield: 1.7808 g, 77%
Melting point: 104.5-108 °C

'"H NMR (500 MHz, benzene-dg): & 9.88 (s, 1H, Sb-H), 7.40 (dd, J = 7.9, 1.4 Hz,
9H, Ar-H), 7.16 (t, J = 7.5 Hz, 2H, Ar-H), 7.13 (dd, J = 7.5, 1.4 Hz, 2H, Ar-H),
0.97-0.92 (m, 15H, 2 x SiEts), 0.92-0.76 (m, 12H, 2 x SiEts).

BC{'H} (126 MHz, benzene-dg): ¢ 150.7 (CAr), 138.2 (CAr), 126.5 (CAr), 125.0
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(CAr), 122.6 (CAr), 116.1 (CAr), 7.5 (SiEts), 6.6 (SiEts).

FTIR (cm ! (relative int.)): 2946.6(38), 2908.5(8), 2867.9(7), 1883.8(17), 1558.4(63),
1455.1(10), 1423(23), 1371.9(39), 1328.7(24), 1272.4(100), 1232.8(10), 1174.1(12),
1062.9(100), 1039.7(9), 1001.6(50), 897.2(42), 872.6(21), 816.6(35), 780.9(6), 771(39),
755.8(87), 719.3(27), 698.6(14), 671.9(8), 642.6(17), 531.3(20), 468.4(6).

HRMS (APCI-MS, [M+1]"): calculated = 507.1606 m/z, observed = 507.1605 m/z,
error = (.19 ppm.

X-ray: Crystals were grown from a saturated hexane solution. C,yH3;N,SbSi, (M
—=507.46 g/mol): monoclinic, space group P2; (no. 4), a = 7.2849(4) A, b =
21.5587(12) A, ¢ = 15.5806(9) A, B = 92.957(2)°, V = 2443.7(2) A3, Z = 4, T
= 100.0 K, p(MoKa) = 1.237 mm™, Deae = 1.379 g/cm?, 14278 reflections mea-
sured (5.236° < 26 < 80.398°), 14278 unique (Riy = 0.0446, Rggma = 0.0286) which
were used in all calculations. The final Ry was 0.0234 (I > 20(I)) and wRy was
0.0473 (all data). CCDC No. 1954397.

Elemental analysis: Caled. C: 52.07, H: 7.35, N: 5.52; Expt. C: 49.60, H: 7.01, N:
5.28.

Compound 4.3c:

A cooled (-25 °C) solution of 4.2¢ (0.3253 g, 0.52 mmol) in hexanes (ca. 10 mL)
was added dropwise to a vigorously stirred cold (25 °C) suspension of LiHBEt;
(0.52 mL of a 1.0 M solution in THF) in ca. 5 mL hexanes. The reaction was
allowed to warm up to ambient temperature and stirred for 30 minutes to yield
a yellow suspension with some black precipitate. The reaction mixture was dried
thoroughly, extracted with hexanes, filtered through a fine frit, and concentration
under vacuum. Storage at —25 °C yielded 4c as yellow crystals, which were isolated

by decanting the mother liquor and drying under vacuum.
Yield: 0.1770 g, 58%

Melting point: 134.7-138.1 °C
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"H NMR (500 MHz, benzene-dg): ¢ 10.04 (s, 1H, Sb-H), 7.39 (dd, J = 7.1, 2.6 Hz,
2H, Ar-H), 7.18-7.12 (m, 4H, Ar-H, overlaps with solvent signal), 1.51 (sept, J = 7.5
I_IZ7 HC(CHg)Q), 1]_8 (d, J = 75 HZ, HC(CHg)Q) 3 1.10 (d, J = 75 HZ, HC(CHg)Q)

BC{'H} (126 MHz, benzene-s): ¢ 150.7 (CAr), 137.9 (CAr), 126.2 (CAr), 124.3
(CAr), 122.3 (CAr), 115.9 (CAr), 18.9 (Si(CH(CHy)y)s), 18.8 (Si(CH(CHy)y)s), 14.4
(Si(CH(CHs)y)s).

FTIR: 3051.3, 2966.4, 2945.2, 2866.1, 2912.4, 2727.5, 1959.6, 1863.2, 1564.2, 1462.0,
1450.4, 1436.2, 1373.3, 1325.1, 1269.1, 1249.8, 1174.6, 1053.1, 1039.6, 1016.5, 1004.9,
991.4, 918.0, 875.9, 856.3, 812.0, 779.2, 758.0, 740.6, 680.9, 653.8, 640.3, 624.9, 561.3,
530.4, 514.9, 489.9, 482.2.

HRMS (APCI-MS, [M+1]"): calculated = 591.2545 m/z, observed = 591.2543 m/z,
error = (.33 ppm.

X-ray: Crystals were grown from a saturated hexane solution. C,ygHy4oN,SbSi, (M
—591.62 g/mol): monoclinic, space group P2;/c (no. 14), a = 11.4969(5) A, b =
14.0998(6) A, ¢ = 18.6866(8) A, B = 103.038(2)°, V = 2951.1(2) A%, Z =4, T =
100.0 K, p(CuKa) = 8.314 mm™, Dy = 1.332 g/cm?, 43969 reflections measured
(7.894° < 260 < 149.136°), 5921 unique (Riy = 0.0499, Rgigma = 0.0358) which were
used in all calculations. The final Ry was 0.0248 (I > 20(I)) and wRs was 0.0593
(all data). CCDC No. 1954401.

Elemental analysis: Caled. C: 56.84, H: 8.35, N: 4.73; Expt. C: 56.74, H: 8.73, N:
4.74.

Compound 4.4:

Only a few crystals of this side-product were isolated from the thermal decomposi-

tion of 4.3a (see manuscript for details).

X-ray: C;gHouN,SbSiy (M =422.30 g/mol): monoclinic, space group P2;/n (no.
14), a = 10.7905(4) A, b = 12.2257(4) A, ¢ = 14.2711(5) A, B = 90.924(2)°, V =
1882.42(11) A%, Z = 4, T = 120.0 K, p1(CuKa) = 12.801 mm™, Deye = 1.490 g/cm?,
54660 reflections measured (9.526° < 20 < 144.966°), 3719 unique (R;,; = 0.0527,
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Rsigma = 0.0206) which were used in all calculations. The final Ry was 0.0375 (I >
20(I)) and wRy was 0.1164 (all data).

Compound 4.5:

Freshly distilled phenylacetylene (0.5 mmol) was added to a solution of 4.3b (0.2501
g, 0.5 mmol) in hexane (5 mL) and the resulting yellow solution stirred at ambient
temperature for 24 h. The resulting dark yellow solution was filtered and dried
thoroughly to obtain an oil. The oil solidified upon standing at —25 °C overnight to
give a fine yellow powder. Colourless blocks suitable for diffraction were obtained

by leaving the oil to stand at ambient temperature.
Yield: 0.2974 g, 97%
Melting point: 77.9-79.7 °C

"H NMR (500 MHz, C¢Dg): § 7.43 (dd, J = 6.7, 3.1 Hz, 2H, Ar-H), 7.24 (d, J = 5.1
Hz, 2H, Ar-H), 7.21 (d, J = 3.4 Hz, 2H, Ar-H), 7.20 (s, 2H, Ar-H), 7.15 (t, J = 6.2
Hz, 2H, Ar-H, overlap with solvent resonance), 7.07 (d, J = 12.7 Hz, 1H, C=C-H),
7.04, (tt, J = 7.4, 1.3 Hz, 1H, Ar-H), 6.32 (d, J = 12.7 Hz, 1H, C=C-H), 1.07-0.79
(m, 30H, 2 x SiEty).

BC{'H} (500 MHz, C¢Dg): 6 147.4 (C=C), 146.7 (C=C), 143.1 (CAr), 137.9 (CAr),
128.8 (CAr), 128.33 (CAr), 128.31 (CAr), 125.6 (CAr), 125.3 (CAr), 122.6 (CAr),
118.5 (CAr), 7.7 (SiEts), 6.9 (SiEts).

FTIR
2029.1

cm ! (relative int.)): 3053(13), 2952.4(75), 2908.2(8), 2874.4(21), 2730.9(1),
<1), 1958.7(2), 1902.1(1), 1808.9(1), 1561.8(77), 1491.9(7), 1458.1(11), 1442.2(1),
1425.2(23), 1374.4(41), 1330.2(26), 1271.8(101), 1236.8(14), 1174.5(10), 1058.7(94),
1040.1(10), 1001.9(42), 969.8(4), 878.1(1), 866(54), 816.2(49), 782.5(5), 765.7(89),
754.8(20), T04.1(17), 653.7(3), 628.2(5), 590.6(6), 533(12), 503.6(7), 486.8(16).

HRMS (APCI, [M+1]'): calculated = 609.2076 m/z, observed = 609.2068 m/z,
error = 1.26 ppm.

X-ray: Crystals were grown upon storage of the neat oil at room temperature.
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C3oHy3N,SbSiy (M =609.59 g/mol): monoclinic, space group P2;/n (no. 14), a =
18.7685(10) A, b = 8.6053(5) A, ¢ = 20.2990(11) A, g = 115.443(2)°, V = 2960.5(3)
A3, 7 =4, T = 1200 K, p(CuKa) = 8.311 mm", Dee = 1.368 g/cm?, 48265
reflections measured (5.37° < 20 < 141.228°), 5637 unique (R = 0.0629, Rygma =
0.0337) which were used in all calculations. The final R; was 0.0843 (I > 20(I)) and
wRy was 0.1836 (all data). CCDC No. 1954402.

Elemental analysis: Caled. C: 59.11, H: 7.11, N: 4.60; Expt. C: 57.65, H: 6.82, N:
4.67.

Compound 4.6:

3-vinylanisole was added to a solution of 4.3b (0.0500 g, 0.1 mmol) in C¢Dg) and
the resulting yellow solution monitored by 'H NMR spectroscopy. Even after >140
h, only ca. 50% conversion was observed. This compound was not isolated but

characterized spectroscopically as a mixture of reactants and products.

'H NMR (500 MHz, C¢Dg): & 7.39 (dd, J = 7.6, 1.6 Hz, 2H, Ar-H), 7.14, (dd, J =
5.5, 1.4 Hz, 1H, Ar-H), 7.05 (t, J = 7.8 Hz, 1H, Ar-H), 6.98 (d, J = 7.9 Hz, 1H,
Ar-H), 6.48 (d, J = 7.5 Hz, 1H, Ar-H), 6.39 (t, J = 1.6 Hz, 1H, Ar-H), 3.30 (s, 3H,
OMe), 2.58 (t, J = 8.3 Hz, 2H, CH2), 1.43 (t, J = 8.3 Hz, 2H, CH2), 0.94 (s, 15H,
2 x SiEty), 0.93-0.76 (m, 12H, 2 x SiEt;)

HRMS (APCI-MS, [M+1]!): calculated = 641.2338 m/z, observed = 641.2358 m/z,
error = 3.10 ppm

Compound 4.7:

Freshly distilled acrylonitrile (5 mL) was added to solid 4b (0.2501 g, 0.5 mmol)
and the resulting yellow solution stirred at ambient temperature for 24 h. A pale-
yellow suspension was obtained which was dried under vacuum. The pale-yellow
powder obtained was washed with cold (-30 °C) pentane (3 x 2 mL) and dried
thoroughly. Colourless blocks suitable for diffraction were obtained by cooling the

pentane pentane washes to —30 °C.

Yield: 0.2097 g, 75%
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Melting point: 94.7-95.9 °C

IH NMR (500 MHz, CgDg): 6 7.37 (dd, J = 7.8, 0.9 Hz, 2H, Ar-H), 7.14 (t, J = 7.9
Hz, 2H, Ar-H), 7.09 (dd, J = 7.6, 0.9 Hz, 2H, Ar-H), 1.64 (t, J = 7.4 Hz, 2H, CH2),
0.98-0.75 (overlapping m, 32H, 2 x SiEt3 and CH,).

BC{IH} (500 MHz, C¢Dg): & 145.3 (C=N), 137.7 (Ar-H), 125.6 (Ar-H), 124.1 (Ar-
H), 122.7 (Ar-H), 120.0 (Ar-H), 118.4 (Ar-H), 22.9 (CH2), 12.3 (CH2), 7.6 (SiEts),
6.7 (SiEts).

FTIR (cm™! (relative int.)): 3051(10), 3035(2), 2052(54), 2934(1), 2910(12), 2874(19),
2802(1), 2733(2), 2244(10), 2029(3), 1959(9), 1902(3), 1724(5), 1603(6), 1561(64),

1455(17), 1426(8), 1411(21), 1376(44), 1329(27), 1275(90), 1246(4), 1235(12), 1175(9),
1137(5), 1060(88), 1040(21), 999(38), 967(5), 903(7), 876(61), 817(74), 782(22),

769(34), 756(100), 735(4), 719(18), 694(28), 672(7), 629(8), 594(5), 580(11), 549(3),

531(14), 505(5), 482(14), 472(1).

HRMS (APCI-MS, [M+1]!): calculated = 560.1872 m/z, observed = 560.1877 m/z,
error = (.38 ppm.

X-ray: Crystals were grown from a saturated pentane solution. CaysH4oN3SbSiy (M
=560.53 g/mol): orthorhombic, space group Aea2 (no. 41), a = 21.5449(10) A,
b = 15.7690(8) A, ¢ = 16.0973(8) A, V = 5468.9(5) A®>, Z = 8, T = 100.0 K,
p(MoKa) = 1.113 mm™, Dy = 1.362 g/cm?®, 500488 reflections measured (5.166°
< 260 < 96.252°), 26229 unique (Riy, = 0.0493, Rgigma = 0.0206) which were used in
all calculations. The final Ry was 0.0257 (I > 20(I)) and wR, was 0.0585 (all data).
CCDC No. 1954404.

Elemental analysis: Caled. C: 53.57, H: 7.19, N: 7.50; Expt. C: 52.11, H: 8.35, N:
7.56.

Compound 4.8:

Freshly distilled p-trifluoromethyl benzaldehyde (2 mL) was added to a solution of
4.2b (0.2501 g, 0.5 mmol) in 5 mL hexane and the resulting yellow solution stirred

at ambient temperature for 24 h. A pale-yellow solution was obtained which was
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dried under vacuum to obtain an oil. The product was not isolated but characterized

spectroscopically in the presence of 6 equivalents of p-trifluoromethyl benzaldehyde.

' NMR (500 MHz, C¢Dg): 6 7.33 (d, J = 8.4, 2H, Ar-H), 7.15 (m, 2H, Ar-H),
713 (t, J = 7.8 Hz, 2H, Ar-H), 6.63 (d, J = 7.8 Hz, 2H, CH2), 4.48 (s, 2H, CH2),
0.95-0.73 (overlapping m, 30H, 2 x SiEt3)

HRMS (APCI-MS, [M+1]'): calculated = 681.1899 m/z, observed = 681.1921 m/z,
error = 3.29 ppm

Compound 4.9:

A solution of azobenzene (0.0911 g, 0.5 mmol) in hexane (2 mL) was added dropwise
to a solution of 4b (0.2501 g, 0.5 mmol) in hexane (2 mL). The resulting orange
solution was stirred for 24 h and then dried under vacuum. The resulting oil was
dissolved in a minimum amount of pentane and cooled to -25 °C for 48 h. This
yielded dark yellow crystals along with some light-yellow crystals. The dark yellow
crystals were manually separated from the lighter ones and washed with 3 x 0.5 mL

cold pentane. Drying the crystals under vacuum yielded the product.
Yield: 0.2031 g, 59%
Melting point: 95.5-98.2 °C

'H NMR (500 MHz, CgDg): 6 7.33 (d, J = 6.9 Hz, 2H, Ar-H), 7.09 (m, 1H, Ar-H),
7.04 (m, 3H, Ar-H), 7.01 (t, J = 7.9 Hz, 4H, Ar-H), 6.91 (dd, J = 8.5, 1.3 Hz, 2H,
Ar-H), 6.69 (tdt, J = 7.3, 3.3, 1.0 Hz, 2H, Ar-H), 5.02 (s, 1H, N-H), 1.06-0.0.68
(broad, 30H, 2 x SiEtj).

BC{'H} (500 MHz, CgDg): 8 152.7 (CAr), 149.7 (CAr), 144.3 (CAr), 137.4 (CAr),
129.4 (CAr), 129.3 (CAr), 125.9 (CAr), 123.6 (CAr), 123.0 (CAr), 119.4 (CAr),
119.3 (CAr), 114.1 (CAr), 112.7 (CAr), 117.8 (CAr), 7.7 (SiEts), 6.9 (SiEts).

FTIR (cm ! (relative int.)): 3353.6(8), 3052.7(12), 2954.7(61), 2908.2(6), 2875.3(25),
2732(1), 2028.9(1), 1958.7(4), 1912.7(1), 1820.4(1), 1597.4(38), 1561.7(69), 1493.4(64),
1461.9(2), 1425.7(12), 1414.7(1), 1373.7(31), 1331.8(11), 1306.4(3), 1271.1(100),
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1240.1(23), 1174.7(11), 1153.7(2), 1124(1), 1056.1(89), 1039.8(6), 1002.6(30), 854.8(52),
818(48), 783.3(10), 765.6(16), 752.1(97), 717.4(3), 691.1(32), 627.9(5), 573.5(4),
533.7(16), 504.9(4), 482.8(8).

HRMS (APCI, [M+1]"): calculated = 689.2450 m/z, observed = 689.2474 m/z,
error = 3.46 ppm.

Elemental analysis: Caled. C: 59.21, H: 6.87, N: 8.12; Expt. C: 58.82, H: 7.17, N:
8.19.

X-ray: Crystals were grown from a pentane solution. Cs4H,7N,4SbSi, (M =689.68
g/mol): monoclinic, space group P2;/c (no. 14), a = 16.2602(13) A, b = 12.5808(10)
A, ¢ =16.9219(13) A, B = 105.743(3)°, V = 3331.8(5) A3 Z = 4, T = 120.0 K,
p(CuKa) = 7.470 mm™, Dege = 1.375 g/cm3, 78853 reflections measured (5.646° <
260 < 144.976°), 6552 unique (Riy, = 0.0362, Rggma = 0.0157) which were used in all
calculations. The final Ry was 0.0346 (I > 20(I)) and wRy was 0.0922 (all data).
CCDC No. 1954400.

Compound 4.10:

A few crystals of this side-product were isolated from the reaction between 4.2b
and azobenzene. Crystallography identified it as a distibine believed to form from

hydrogenation of azobenzene.
Yield: 0.0474 g
Melting point: 165.0-170.0 °C decomp.

'H NMR (500 MHz, CgDg): & 7.36 (dd, J = 8.1, 1.1 Hz, 4H, Ar-H), 7.19 (dd, J
= 7.2, 1.1 Hz, 4H, Ar-H), 7.13 (t, J = 7.6 Hz, 4H, Ar-H), 0.92-0.69 (overlapping
multiplets, 60H, 4 x SiEt3)

BC{'H} (500 MHz, CgDg): 8 152.7 (CAr), 149.7 (CAr), 144.3 (CAr), 137.4 (CAr),
129.4 (CAr), 129.3 (CAr), 125.9 (CAr), 123.6 (CAr), 123.0 (CAr), 119.4 (CAr),
119.3 (CAr), 114.1 (CAr), 112.7 (CAr), 117.8 (CAr), 7.7 (SiEts), 6.9 (SiEts).

90



FTIR (cm ! (relative int.)): 3052(11), , 2051(68), 2915(5), 2873(23), 2728(1), 2366(2),

2342(1), 2028(3), 1958(10), 1601(3), 1582(2), 1560(63), 1516(1), 1457(15), 1417(26),

1371(34), 1328(23), 1269(98), 1234(20), 1171(4), 1096(4), 1057(82), 1040(6), 1000(56),
968(5), 878(24), 855(87), 805(73), 782(6), 751(100), 721(20), 692(24), 625(5), 591(5),

576(1), 530(17), 500(3) 478(7).

HRMS: The sample decomposed in the spectrometer precluding mass spectrometric

characterization.

X-ray: Crystals were grown from a pentane solution cooled to -25 °C. CyyH35N,SbSi,
(M =506.46 g/mol): monoclinic, space group P2,/c (no. 14), a = 10.4827(3) A, b
= 12.2446(3) A, ¢ = 19.3638(5) A, B = 102.0770(10)°, V = 2430.46(11) A3, Z =
4, T = 120.0 K, pu(CuKa) = 10.004 mm™, De,e = 1.384 g/cm?, 45100 reflections
measured (11.256° < 26 < 144.502°), 4759 unique (Riy, = 0.0353, Rgigma = 0.0188)
which were used in all calculations. The final Ry was 0.0258 (I > 20(I)) and wR»
was 0.0675 (all data). CCDC No. 1954399.

4.6.1 Computational Details

All calculations were performed with the Gaussian 0953 and postgE® programs,
using the B3LYPEEIED functional and the exchange-hole dipole moment (XDM)
dispersion correction B2 Geometry optimizations and frequency calculations used a
mixed basis set, consisting of 6-31G* for C, H, and Si, 6-31+G™* for N and F, and the
polarized SBKJC basis setl® and associated effective core potential (ECP)E2 for
Sb. Subsequent single-point energies were performed with the 6-3114+G(2d,2p) basis
set for all elements except Sb, for which def2-SVPDEIEI aq ysed. The XDM
damping function parameters were set to al = 0, a2 = 3.7737 A, and al = 0.4376,
a2 = 2.1607 A, for the geometry optimizations and single-point energy calculations,
respectively. Thermal free-energy corrections were evaluated assuming an ideal gas
with a molar volume of 1 L and a temperature of 298.15 K. To investigate possible
ionic intermediates, a polarizable continuum model (PCM)E of benzene solvent

was employed in the single-point energy calculations.
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CHAPTER 5

Bismuthanylstibanes

Portions of this work were adapted from Ref. 193 (K. M. Marczenko, S. S. Chitnis,
Chem. Comm., 2020, 50, 8015-8018) with permission from The Royal Society of
Chemistry (Communication; DOT: 10.1039/d0cc00254b) T4

Contributions to the manuscript: KMM completed all experimental work, all
X-ray crystallography, and wrote the first draft of the manuscript. SSC completed
computational work, wrote the final version of the manuscript, and supervised the

project.

5.1 Introduction

Multiple bonding between heavy p-block elements (principle number n>2) has been
a topic of much interest of the past several decades ™ Nymerous compounds
containing homo- and hetero-nuclear single and multiple bonds have been isolated,
giving way to new reactivity paradigms I Duyring our pursuit of fundamental
research in the area of heavy Group 15 chemistry, we were surprised to note that
although a Bi-Sb 7-bond is known I neutral compounds containing a o-bond in
an RyBiSbRs type species remain unisolated in the solid state. Such species were

hypothesized to exist in solution based on spectroscopic evidence ™ Specifically,
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Me,SbBiR; was presumed to undergo rapid scrambling in solution to give combi-
nations of dipnictanes at ambient temperature. This is likely due to the kinetic
lability of neutral Bi-Sb bonds, as the introduction of molecular charge has enabled
characterization of four charged compounds exhibiting Bi-Sb interactions (Figure
5.1) TR These ions are likely persistent due to stabilization from lattice en-
thalpy and the high barrier to scrambling. The successful isolation of these ionic
examples led us to seek the neutral o-bonded derivative that is known for most

element pairs in the p-block but remained unisolated between Bi and Sb centers.

| 130
Br, ?EBK ?I’ Br cl ©]
1 Sb7 , 40 L 120
Bbt Br. ' . Br ""Sb“‘ ./Sb NP Ph. /B|~ I Ph ;BI\
Sb=Bi BiTy, B Bl sp” C osb”T X
Bbt Br Sb| sb Ph by, P by
A B c D E

Figure 5.1: Isolated compounds containing Bi-Sb bonds. See text for references.
Bbt = 0,0—(CH(SiMe3)5)s—p—C(SiMes)—Ph.

We choose the naphthalene diamine substituent for this chemistry as it allows
for easy access to aminobismuthanes, chlorostibanes, and chlorobismuthanes, which
through careful combination with the Sb-H functional group, may provide access to
the first example of an isolable Bi—-Sb o-bond via dehydrohalogenation, reduction,
or aminolysis reactions. We therefore made several attempts to target this connec-
tivity™ Interestingly, the only know example of a Bi-Sb 7-bonded compound was

isolated through dehydrohalogenation reactivitions.

5.2 Results and Discussion

Attempts to form bismuthanylstibanes through traditional dehydrohalogenation re-
actions and magnesium reductiondI® failed (Figure 5.2a,b). Reaction mixtures con-
taining antimony and bismuth metal deposits, and traces of free ligand were formed.
We next imagined the reaction of a stibanide anion™2™ with chlorobismuthand®2
4.11a (Figure 5.2c), but all attempts to synthesize the deprotonated lithium salt of
4.3b with a strong base such as nBuLi or LiNMe, failed. Layering the reaction mix-

ture with diethyl ether at 0 °C gave a red precipitate, which was identified by X-ray
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crystallography as polystibane (EtSb),Shg. The asymmetric unit of this compound
consists of four EtSb fragments connected by a tetracyclic Sbg cage (Figue 5.3a).
Although the pathway towards this tetracyclic motif is unknown, it has been previ-
ously observed by Breuing and Roesky 2520

in further detail.

and its formation was not investigated

C[:| (I3|
Me3Si\N,Bi.N,SiMe3 Et3S|\NSbN,S|Et3
a) . Mg metallic deposits + free ligands + ...
4.11a 4.2b
H

|
Et3S| \N.Sb.N,SlEt3

b) 4.11a + i i

4.3b

NEt; metallic deposits + free ligands + ...

SiMe; SiEty

| I
"Buli . 411a O NN O
e

| |

SlMe3 SlEt3
NBuLi SiE
': 'ts; 5.1
SlEt 4
(F'Sb),Shbg
NMez

EtsSis | Sb. -SiEts
d)  4.3b + Bi(NMey); ——

+ metallic deposits
e

4.3-NMe,

NMez

. ! . S|R3 S|R3
R3SI\N’BI‘N/SIR3

R =Me, R' = Et; 5.1

e) 43 + _ R =Me, R =Pr; 5.2
OO -HNMe; R=R =Et; 5.3
S|R3 SlR'

4.11-NMe,

Figure 5.2: Syntheses of aminostibane 4.3-NMe, and bismuthanylstibanes 5.1, 5.2,
and 5.3.
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We next attempted aminolysis using the Sb-H functional group and a bismuth
amide. The reaction between 4.3b and Bi(NMey); (in hexane at 0 °C and —78 °C)
gave a light yellow solution and a black precipitate (Figure 5.2d). Analysis of the
crude reaction mixture by 'H NMR spectroscopy showed the formation of the corre-
sponding antimony amide, abbreviated as 4.3-NMesy, and free HNMesy, indicating
proton removal from the stibane. The identity of 4.3-NMey was confirmed by
the independent reaction of 4.3b and LiNMe,. Compound 4.3-NMes presumably
formed due to the decomposition of a transient Sb-Bi bonded species. We hoped
that the use of a tethered naphthalene diamine framework would prevent decom-
position and allow isolation of an Sb—Bi bonded species. Dropwise addition of a
hexane solution of 4.3b to a hexane solution of bismuth amide, 4.11-NMe,, at —30
°C yielded a dark red solution over ten minutes (Figure 5.2e). Concentration of the
reaction mixture yielded bright red crystals of the first Bi-Sb o-bonded compound —
a bismuthanylstibane 5.1. The silane substituents were easily varied using different
precursors to give 5.2 and 5.3. The progress of the reaction is easily monitored
using 'H NMR spectroscopy, which shows the disappearance of the hydride single
and formation of HNMe,.

The structures of all bismuthanylstibanes were determined by single-crystal X-
ray diffraction, providing the first structural data for Bi-Sb o-bonds. The asym-
metric units contain a bimetallic structure with trigonal pyramidal antimony and
bismuth atoms (Figure 5.3b). The lone pair sites on each of the metallic atoms are
oriented in opposite directions achieving maximum spatial distance between the two
distinct naphthalene diamine ligand frameworks. A Bi/Sb substitutional disorder
was detected in 5.3, which prevents an in-depth discussion of the geometric param-
eters of this structure. The Sb—Bi, Sb—N, and Bi-N bond lengths in 5.1 and 5.2 do
not significantly vary when the silane substituents are changed, indicating that this
type of “outer sphere” bulk has little influence on the immediate bond parameters
of the Bi-Sb bond. The N-Bi-N angle is slightly more contracted than the N-Sh-N
angle in both cases (see deposited CIFs). The Bi-Sb bonds in 5.1 (2.9775(9) A)
and 5.2 (2.9764(7) A) are comparable in length to the value in ThtBi=SbTbt (Tht
= 0,0-(CH(SiMe3)5)2-p-C(SiMes)-Ph) B
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A solution of 5.1 in CgDg was heated to 100 °C in a J-Young tube for 72 h to
assess the stability of the Bi—Sb bond. No decomposition or metal redistribution was
observed over this period, despite ®Bi-Bi® and ®'Sh-Sb* (R = Me, R’ = Et) being
isolable compounds, and in sharp contrast to the facile redistribution previously

reported for alkyl/aryl-substituted Bi-Sb bonds even at room temperature 3

DFT calculations were performed on 5.1, PhyBiSbPhy, and (Me,N)2BiSh(NMe, ),
to explore the specific influence of the bis(silylamino)naphthalene framework and
reconcile the high stability of the prepared compounds. Energy decomposition
analysis (EDA)EIE:I revealed that the Bi-Sb bonding interaction in 5.2 (AFE;, =

~72.03 kcal mol™) is significantly stronger than the corresponding interactions in the

Figure 5.3: Single-crystal X-ray structures of a) (EtSb),Sbg, b) 5.1, ¢) 5.2, and d)
5.4. Thermal ellipsoids are shown at the 50% probability level. Hydrogen atoms
have been omitted and silyl groups are shown in wireframe for clarity.
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Parameter | 5.1 | (MeyN),BiSb(NMey), | PhyBiSbPh,
AEy, | -72.03 -46.72 -52.55
AEpaui | 329.36 238.66 224.41
AEBqsa | -126.07 -88.05 -96.26
AEy, | -236.29 -182.19 159.15
AEg4g | -39.03 -15.14 -21.55
AEp.e | 081 6.12 0.68
AE(-D.) | -7T1.22 -40.60 -51.87
d/A 3.003 2.981 2.940
Qsb 1.15 0.92 0.64
qBi 1.12 0.93 0.68

Table 5.1: Energy Decomposition Analysis for selected Bi-Sb bonded compounds at
the BP86-D3/[Triple-Zeta with Two Polarization Functions Basis Set| (TZ2P)) level
in kcal mol™*. ¢Sb and ¢Bi denote the NBO determined partial atomic charges.

Ph,yBiSbPhy (AE;,; = —52.55 kcal mol™!) or (MeyN)2BiSb(NMey)s (AE;,; = —46.72
kcal mol™). Table 5.1 displays the orbital (AE,,;) and electrostatic (AEgsiq) com-
ponents of the interaction energy. These values are more stabilizing in the amino-
substituted compounds than in the phenyl-substituted compounds. Attachment of
the metal atoms to electronegative nitrogen atoms increases their partial charge as
evidenced by the significant difference in NBO determined partial atomic charges
(Table 5.1) of Sb and Bi in 5.1 (¢Sb 1.15; ¢Bi 1.12) and PhyBiSbPh, (¢Sb 0.64; ¢Bi
0.68). This also increases the stabilization of the electrostatic component by mak-
ing the metals stronger electron density acceptors. Attractive dispersion forces2
between the bulky trialkyl silyl groupd® also provide additional stabilization in
5.1 (AEys, = —39.03 keal mol ™). Notably, the contribution of dispersion forces is
greater than the sum of AEp,ui, AEEstar, and AFEoupita. These results showcase
the unique ability of the bis(silylamino)naphthalene scaffold for stabilizing the oth-
erwise weak Bi—Sb bond by peripheral dispersive attraction — an underappreciated

feature that may enable the isolation of other fragile bonds.

The reactivity of 5.1 towards a variety of unsaturated substrates was examined
(Figure 5.4). No reaction between 5.1 and azobenzene, phenylacetylene, or pyridine
N-oxide was observed after several days in the presence of UV light or refluxing CgDg.
Photochemical or thermal disproportionation to homonuclear single-bonded species

was also not observed at any point of these reactivity studies. Heating solutions of
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5.1 and ammonia borane gave 4.3b, as well as bis(trimethylsilylamino)naphthalene
and bis(triethylsilylamino)naphthalene in a 10:2 ratio along with metallic deposits.
Although 4.3b is a stable metal hydride, any transiently formed bismuth analogue
presumably undergoes reductive elimination of bis(trimethylsilylamino)naphthalene

due to the known instability of Bi-H bondsEI and deposits metallic bismuth. Inser-

PhNNPh
or PhCCH
or C6H5NO

————> no reaction
a)

NH;BH
5.1 —# 4.3b + metal deposits  +
MesSi SiMe;  Et3Si JSiEt
HN
OO
ratio: 10 2

Figure 5.4: Reactivity of 5.1 with a variety of substrates.

tion of a sulfur atom into the Sb-Bi bond was achieved by heating a solution of 5.1
and Sg in toluene at 100 °C for 1 hour. This gave full conversion to 5.4, which pro-
vides the first documented example of an Sb—S-Bi bonding moiety (Figure 5.4c). A
[Cambridge Crystallographic Data Center| (CCDC|) search further revealed that 5.4

is only the third structurally characterized example of an Sb-Z-Bi moiety, where Z
is any element of the periodic table ZEEH Compound 5.4 was fully characterized,
and the structure was determined by X-ray crystallography. The Sb—S (2.3838(8)
A) and Bi-S (2.5456(7) A) bond lengths are within range of mean E-S bond lengths
observed for antimony sulphides and bismuth sulphides (Sb—S: 2.5274+0.173 A; Bi-S:
2.79140.177 A) and the Sb-S-Bi angle (116.06(3)°) is as expected for a bent ge-
ometry at sulphur. The N-Bi-S bonding angles (91.52(6), 91.15(6)°) are signifi-
cantly more contracted than the N-Sb—S angles (101.50(6), 102.49(6)°). The N-E-N
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(E=Shb: 89.35(8); E=Bi: 83.86(8)°) angles around Sb are comparable to those found

in 5.1 and 5.2, however significantly contracted with respect to the bismuth atom.

The field of bismuth antimony alloys is an attractive area of materials chemistry
due to the potential of BiSb alloys being the best n-type thermoelectric material at
low temperatures (20-200 K). Current methods do not have a single-source precursor
leading to poor morphological control and broad size distribution. The deposition of
SbBi nanocrystals was accomplished from dual-source precursors through the reduc-
tion of antimony and bismuth amides in the presence of olyelamineZ® Reactivity
studies of compounds with Sb—-Bi bonds and reducing agents (e.g. LIHBEt3) will be
undertaken to develop application of these compounds as single-source precursors

for depositing BiSb nanocrystals.

5.3 Conclusions

Thermally-robust bismuthanylstibanes were synthesized in a one-step, high yield re-
action, providing the first examples of neutral Bi—Sb o-bonds in the solid-state. DFT
calculations indicate that the bis(silylamino)naphthalene scaffold is well-suited for
supporting otherwise labile bonds because it increases interaction energies through
a combination of inductive effects and the dispersion effects. We also examined the
reaction chemistry of the Bi-Sb bond by showing the insertion of a sulphur atom.
This provides the first documented example of a Bi-S-Sb bonding moiety. We are
currently examining the reactivity of this bond and the application of bismuthanyl-

stibanes compounds as single-source precursors for depositing BiSb nanocrystals.

5.4 Experimental

5.4.1 General

Synthetic procedures.All manipulations were performed using standard Schlenk
and glovebox techniques under an atmosphere of dry nitrogen. Solvents were dried

over Na/benzophenone (tetrahydrofuran, pentanes, hexanes, benzene-dg) or over
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calcium hydride (dichloromethane, chloroform-d). Reaction glassware was baked in

a 160 °C oven for at least 1 h prior to use and assembled under nitrogen while hot.

Solution NMR Spectroscopy. Nuclear magnetic resonance spectra are refer-
enced to tetramethylsilane ('H, '*C) on a Bruker AV-300 spectrometer or a Bruker
AV-500 spectrometer with residual solvent used for chemical shift calibration. Sam-
ples for NMR spectroscopy were prepared and sealed inside the glovebox with

Parafilm or in a J-Young tube before removal into ambient atmosphere.

Vibrational Spectroscopy. Infrared spectra were obtained on a Thermo Scientific
Nicolet NXR 9650 FT-Infrared Spectrometer instrument equipped with a 1064 nm
Nd:YVO4 laser and InGaAs detector, on KBr plates. Details for individual com-
pounds are given with their characterization data. Peak intensities are normalized

to 100 and given in parentheses.

Melting Points. Melting points were obtained for samples sealed in glass capillaries

and are uncorrected.

Crystallography. Single crystal diffraction experiments were performed on a
Bruker D8-Quest Photon II diffractometer. The data was processed using the APEX
[T GUI software The XPREP program was used to confirm unit cell dimensions and
crystal lattices. All calculations were carried out using the SHELXTL-plus and the
Olex2 software packages for structure determination (ShelXT/Intrinsic phasing),
solution refinement (ShelXL/Least squares), and molecular graphics. Space group
choices were confirmed using Platon. The final refinements were obtained by in-
troducing anisotropic thermal parameters and the recommended weightings for all
atoms except the hydrogen atoms, which were placed at locations derived from
a difference map and refined as riding contributions with isotropic displacement
parameters that were 1.2 times those of the attached carbon atoms. Details for
individual compounds are given with their characterization data. Crystallographic
data has been deposited with the Cambridge Structural Database under numbers:

1975977-1975980.

Mass Spectrometry. Atmospheric Pressure Chemical Ionization (APCI) spectra
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were obtained on a Bruker MicroTOF.

Commercial reagents. 1,8-Naphthalene diamine was obtained from Oakwood
Chemicals. Chlorosilanes were obtained from Alfa. nButylltihium (1.6 M in hex-
anes) was obtained from Acros. SbCl; and BiCl; were obtained from Alfa and
sublimed prior to use. LiNMe, was obtained from Sigma Aldrich and used as re-

ceived.

Known starting materials. Compounds 4.3b and 4.2b were synthesized ac-
cording to the procedure of Chitnis et. alZ Compound 4.11a was synthesized
according to the procedure of Stalke et. alE2

5.4.2 Synthesis and Characterization

Representative procedure for the synthesis of bismuthanylstibanes (R*BiSb®).

Compound 4.3b (1.4460 g, 2.85 mmol) was dissolved in hexane (ca. 50 mL)
and cooled to —30 °C. To this, compound 4.11a (1.5792 g, 2.85 mmol) in a solution
of hexane (ca. 50 mL) was slowly added, resulting in the formation of a dark red
solution. The solution was warmed to room temperature and stirred for 5 hours.
The reaction mixture was concentrated and placed in the freezer for recrystallization

at —25 °C which gave the respective diaminobismuthanylstibanes as a red powder.
Compound 5.1:
Yield: 2.2047 g, 76%

"H NMR (300 MHz, benzene-dg): § 7.30-7.08 (m, 12H, Ar-H), 0.89-0.86 (m, 18H, 2
x Et3S1), 0.70-0.69 (m, 12H, 2 x Et,Si), 0.15 (s, 18H, 2 x Me;Si).

BC{'H} (75 MHz, benzene-dg): § 154.3 (CAr), 151.4 (CAr), 138.2 (CAr), 137.7
(CAr), 136.9 (CAr), 126.2 (CAr), 124.7 (CAr), 124.4 (CAr), 122.1 (CAr), 120.4
(CAr), 116.8 (CAr), 116.01 (CAr), 7.4 (2 x Et3Si), 6.7 (2 x Et3Si), 3.13 (2 x Me;Si).

FTIR (cm™ (relative int.)): 3051(7), 2050(25), 2906(2), 2872(5), 1959(13), 1555(55),
1511(1), 1460(1), 1453(6), 1429(2), 1422(19), 1384(4), 1371(34), 1324(33), 1312(3),
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1271(100), 1249(33), 1174(7), 1155(1), 1126(3), 1103(1), 1057(81), 1039(14), 1018(4),
1002(29), 958(<1), 887(12), 872(15), 856(72), 838(21), 809(26), 781(22), 763(30),
751(81), 736(1), 720(1), 693(2), 682(<1), 675(9), 658(3), 624(<1), 618(4), 599(2),
589(7), 572(1), 530(14), 521(6), 481(11).

HRMS (APCI, [M]"): calculated = 1014.2732 m/z, observed = 1014.2734 m/z, error
= 0.24 ppm

X-ray: Crystals were grown from a hexane solution. CssHgoBiN,SbSi, (M =1029.93
g/mol): monoclinic, space group C2/c (no. 15), a = 20.7764(8) A, b = 9.9748(4)
A, ¢ = 422992(15) A, B = 100.049(2)°, V = 8631.6(6) A3, Z = 8, T = 120.0 K,
p(CuKa) = 14.180 mm™, Deye = 1.585 g/cm?, 60586 reflections measured (4.242°
< 20 < 144.412°), 8363 unique (R = 0.0536, Rgigma = 0.0306) which were used in
all calculations. The final Ry was 0.0334 (I > 20(I)) and wRs was 0.0809 (all data).
CCDC No. 1975979.

Compound 5.2:
Yield: 0.3975 mg, 69%

'"H NMR (300 MHz, benzene-dg): ¢ 7.30-7.09 (m, 12H, Ar-H), 1.39-1.33 (m, 6H, 2
x iPr3Si), 1.15-1.13 (d, 18H, 2 x iPr3Si), 0.99-0.97 (d, 18H, 2 x iPr3Si), 0.17 (s, 18H,
2x Megsl)

BC{'H} (75 MHz, benzene-dg): ¢ 153.7 (CAr), 151.8 (CAr), 138.2 (CAr), 137.7
(CAr), 136.9 (CAr), 124.8 (CAr), 124.0 (CAr), 1224 (CAr), 1205 (CAr), 117.6
(CAr), 116.5 (CAr), 19.2 (2 x iPrsSi), 19.1 (2 x iPrsSi), 14.9 (2 x iPr3Si), 3.27 (2 x
Me;Si).

FTIR (cm! (relative int.)): 3053(13), 2045(60), 2927(1), 2924(1), 2889(4), 2865(25),
1959(24), 1598(3), 1578(2), 1556(63), 1465(19), 1425(22), 1384(12), 1370(33), 1325(24),
1313(6), 1270(100), 1248(22), 1173(5), 1165(2), 1124(5), 1098(1), 1059(68), 1049(8),
1039(8), 1016(7), 988(3), 884(15), 868(36), 842(100), 794(33), 780(16), 758(47),
748(6), 734(23), 674(4), 654(19), 557(7), 524(20), 515(3).

HRMS (APCI, [M]"): calculated = 1098.3671 m/z, observed = 1098.3634 m/z, error
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= 3.32 ppm

X-ray: Crystals were grown from benzene solutions. C,;H5BiN,SbSi, (M =1139.20
g/mol): monoclinic, space group P2;/n (no. 14), a = 11.7148(10) A, b = 24.8374(17)
A, ¢ =17.6977(10) A, B = 98.486(2)°, V = 5093.0(6) A3 Z = 4, T = 120.0 K,
p(CuKa) = 12.067 mm™, Deye = 1.486 g/cm?, 82000 reflections measured (6.178°
< 20 < 127.002°), 8287 unique (Rin = 0.0579, Rgigma = 0.0298) which were used in
all calculations. The final Ry was 0.0592 (I > 20(I)) and wRs was 0.1426 (all data).
CCDC No. 1975980.

Compound 5.3:
Yield: 0.2609 g, 58%

'H NMR (300 MHz, benzene-dg): § 7.31-7.08 (m, 12H, Ar-H), 0.91-0.80 (m, 36H, 4
x Et3Si), 0.77-0.70 (m, 24H, 4 x Et;Si).

BC{'H} (75 MHz, benzene-dg): § 154.9 (CAr), 151.5 (CAr), 138.0 (CAr), 137.7
(CAr), 136.5 (CAr), 126.5 (CAr), 124.5 (CAr), 124.3 (CAr), 122.2 (CAr), 120.3
(CAr), 117.4 (CAr), 115.5 (CAr), 7.5 (1 x Et;Si), 7.1 (1 x Et;S1), 6.9 (2 x Et;Si).

FTIR (cm™ (relative int.)): 2950(20), 2932(2), 2920(3), 2906(1), 2870
1959(23), 1556(17), 1463(2), 1454(7), 1434(2), 1413(8), 1384(17), 1370(6), 1322(1),
1311(11), 1271(4), 1235(100), 1205(2), 1182(3), 1153(8), 1127(17), 1062(16), 1039(13),
1019(4), 999(29), 984(8), 879(23), 860(13), 845(27), 804(47), 788(17), T79(8), T63(8),
747(36), 719(11), 691(14), 652(2), 588(5), 530(4), 521(8).

(8), 2851(1),
)

HRMS (APCI, [M]"): calculated = 1098.3671 m/z, observed = 1098.3680 m/z, error
= 0.89 ppm.

X-ray: Crystals were grown from hexane solutions. This structure was solved in tri-
clinic, space group Py (no. 1) due to a Bi/Sb substitutional disorder. C,4H;;BiN,SbSi,
(M =1099.64 g/mol): triclinic, space group P; (no. 1), a = 10.5482(4) A, b =
12.2644(5) A, ¢ = 19.2011(8) A, a = 90.033(2)°, B = 78.3440(10)°, v = 89.997(2)°,
V = 2432.77(17) A%, Z = 2, T = 115.0 K, p(CuKa) = 12.609 mm™, Deye = 1.501
g/cm?, 134707 reflections measured (4.698° < 20 < 144.452°), 18345 unique (Riy
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= 0.0521, Rgigma = 0.0293) which were used in all calculations. The final Ry was
0.0973 (I > 20(I)) and wRsy was 0.2513 (all data). CCDC No. 1980822.

Compound 5.4:

Compound 5.1 (0.2561 g, 0.252 mmol) was dissolved in toluene (ca. 5 mL) and
added to a pressure vessel containing Sg (0.0081 g, 0.031 mmol). The solution was
heated to 100 °C and stirred for 1 hour. The solvent was removed and the residual
solid was dissolved in pentane and placed in the freezer for recrystallization at —25

°C which gave the respective thiobismuthanylstibane as a brown solid.
Yield: 46%

"H NMR (300 MHz, benzene-dg): ¢ 7.43-7.09 (m, 12H, Ar-H), 0.87-0.80 (m, 18H, 2
x Et3Si), 0.79-0.71 (m, 12H, 2 x Et;Si), 0.21 (s, 18H, 2 x MeySi).

BC{'H} (75 MHz, benzene-dg): ¢ 148.1 (CAr), 145.6 (CAr), 137.9 (CAr), 137.7
(CAr), 132.1 (CAr), 127.1 (CAr), 126.4 (CAr), 123.6 (CAr), 121.8 (CAr), 119.7
(CAr), 118.0 (CAr), 116.2 (CAr), 7.2 (2 x Et;51), 6.0 (2 x Et;Si), 2.6 (2 x MeSi).

FTIR (cm ! (relative int.)): 3223(10), 3054(17), 3027(6), 2955(108), 2933(3), 2874(21),
2029(11), 1959(43), 1598(5), 1579(10), 1562(78), 1512(14), 1494(21), 1460(33), 1453(5),
1420(51), 1416(2), 1384(14), 1375(40), 1332(11), 1313(17), 1293(6), 1274(100), 1263(5),
1251(37), 1175(6), 1162(2), 1154(6), 1092(2), 1080(6), 1059(111), 1043(17), 1031(8),
1017(6), 1002(27), 870(32), 859(2), 842(92), 815(40), 783(13), 767(30), 755(127),
730(16), 693(60), 659(3), 648(2), 627(2), 621(10), 605(32), 588(8), 532(13).

HRMS (APCI): decomposed in spectrometer.

X-ray: Crystals were grown from a saturated hexane solution. CsgHgoBiN,SSbSiy
(M =917.87 g/mol): monoclinic, space group P2;/c (no. 14), a = 16.5940(6) A,
b = 12.7708(4) A, ¢ = 21.9816(8) A, B = 108.2140(10)°, V = 4424.9(3) A% 7 =
4, T = 116 K, pu(CuKa) = 14.183 mm™, Dy = 1.378 g/cm?, 106069 reflections
measured (5.606° < 260 < 144.504'), 8717 unique (Riy = 0.0309, Rgigma = 0.0126)
which were used in all calculations. The final Ry was 0.0178 (I > 20(I)) and wR»
was 0.0440 (all data). CCDC No. 1975978.
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Compound (EtSb),Sbs:

Spectroscopic data could not be obtained for this product due to poor solubility
and a mixture of solids precipitating out of solution. Note that this compound was

formed as a byproduct and is not of immediate interest to the findings of this study.

Xray: Crystals were grown from a solution of ether. CsoH,oN,SbsSiy (M =850.07
g/mol): monoclinic, space group P2; (no. 4), a = 18.3686(6) A, b = 11.8349(4) A,
¢ = 25.5125(8) A, B = 92.574(2)°, V = 5540.6(3) A3, Z = 8, T = 125.0 K, pu(MoKa)
= 3.016 mm™, Deye = 2.038 g/cm?3, 147121 reflections measured (3.972°< 26 <
53.406°), 22856 unique (Riy = 0.0470, Rggma = 0.0261) which were used in all
calculations. The final Ry was 0.0200 (I > 20(I)) and wRy was 0.0411 (all data).
CCDC No. 1975977.

5.4.3 Computational Details

All calculations were performed using the 2017 Amsterdam Density Functional
(ADF) suite>d

EDA calculations: The BP86 functional was used with Grimme’s D32 correc-
tion and Becke-Johnson dampening. The TZ2P basis set was employed with a small
frozen core approximation and scalar relativistic correction. Homolytic dissociation
of the Sb-Bi bond into two doublet fragments was assumed due to their similar
electronegativities. All optimized species were confirmed as minima by frequency

analysis 20

NBO calculations: The BP86 functional was used with Grimme’s DI correc-
tion and Becke-Johnson dampening. The TZ2P basis set was employed without
any frozen core approximation. Scalar relativistic correction was employed. NBO
analysis homolytic dissociation of the Sb-Bi bond into two doublet fragments was

assumed due to their similar electronegativities.
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CHAPTER 6

Selective Insertion of Carbon
Dioxide Into Bismuth Nitrogen
Bonds

6.1 Introduction

The capture and functionalization of CO,, a potent greenhouse gas, is widely re-
garded to be a major challenge of the twenty-first century22 CO, capture and func-
tionalization possess many challenges, such as the intrinsic reaction barrier of CO,-
activation, particularly when considering operative ambient reaction conditionsZ3
The high polarity of the C=0 bond makes it kinetically susceptible towards reac-
tions with strong dipolesZ¥ As such, facile insertion into very polarized M-N bonds
has led to the conversion of CO, to organic carbamates; a class of compounds with

applications in the synthesis of polymers 23 insecticides @ and pharmaceuticals 22

Uncatalyzed insertion of CO, into polar metal amide bonds of heavy main-group

elements is much less common than the analogous insertion reaction involving elec-

tropositive s-, d-, and f-block metal amides = 4eBIRZLZN A5 part of our explo-
ration of chemistry at heavy Group 15 centers, we were interested in exploring the
facility of selective CO5 insertion into bismuth amide bonds. The reaction of COq
with Bi-O and Bi—C bonds is known to yield carbonates and carboylates, respec-

tively (Figure 6.1) ZZ222R2RIRPRITN Ty some instances, the captured CO, equivalent
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has been transferred to organic fragments (e.g. epoxides)ZZEZ The insertion of
COy into a Bi-N bond has been comparatively minimally explored, with the two
known studies demonstrating uncontrolled, multiple, insertion under excess CO,
conditionsZZE3 Bismuth carbamates are also known to be made through alkox-

ide/carbamate methathesis 223

Previously known: CO, functionalization with molecular Bi complexes

R o R o)

Bi-O + o0=Cc=0 ——> }Bi—O—~/< CO, to carbonates
R R (e]S}
R R o)

Bi-R" + 0=c=0 — Bi-0—< CO, to carboxylates
R R R'

This work: Aminobismuthination of CO,

(@) R'
R R 25°C,1atm R >—N’ CO, to carbamates
Bi-N + 0=C=0 —__— > Bi-O R selective insertion

' <5mi
R R mins R

Figure 6.1: Conversion of COy to carbonates, carboxylates and carbamates with
molecular Bi complexes

6.2 Results and Discussion

The homoleptic bismuth amide 6.1a contains three polar Bi-N bonds, potentially
allowing for single, double, and triple insertion of CO, (Figure 6.2). As previously
reported 22 the addition of one molar equivalent of CO, to yellow coloured solutions
of 6.1a in THF gave a colourless solution, characteristic of formation of 6.1b.
Monitoring of reaction mixtures via 'H NMR spectroscopy revealed sole formation

of 6.1b, even when a 3:1 stoichiometry of 6.1a:CO, was used.
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i) Unselective and non-stoichiometric aminobismuthination of CO,
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Figure 6.2: i) Unselective and non-stoichiometric insertion of CO; into Bi-N bonds,
ii) selective but non-stoichiometric insertion of CO5 into Bi-N bonds.
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The analogous reaction of Bi(N(SiMejy)y); with COs was unproductive based
on 'H NMR spectroscopy, even after prolonged exposure to the gas. This was
presumably because of the significant increase in steric bulk around the Bi center
and lower basicity of the N(SiMes), group relative to NMey. We then considered
triamide N(CH,CH,N(SiMes))sB#3 (6.3b, Figure 6.2c), where the steric bulk is
pinned back with a trenamine ligand. FExposure of solutions containing 6.3a to
one molar equivalent of COy gave a complex mixture of compounds. Although
COy insertion was confirmed via vibrational spectroscopy (Figure D.9), the specific

identities of the products remain unknown.

Figure 6.3: View of the structures of 6.4c (top) and 6.6bgim, (bottom) in the solid
state. Hydrogen atoms have been omitted for clarity and thermal ellipsoids are
shown at the 50% probability level.

We then sought to better control the selectivity of COs insertion through the use
of bismuth amide 6.4a, which features a diaminonaphthalene ligand framework and
terminal -NMe, group ZEZERIRIRIRINThe oreater basicity of alkylamides relative

to arylamides and the chelating nature of the backbone ultimately gave more define
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reactivity. Exposure of 6.4a to one molar equivalent of CO, (Figure 6.6) led to the
immediate formation of 6.4c in quantitative yield by 'H NMR spectroscopy. Single-
crystal X-ray analysis revealed selective insertion of CO, into the terminal Bi-NMe,
bond. Despite the 1:1 stiochiometry of the reactants, a different stoichiometry of
the products was obtained, resulting in what we refer to as “non-stoichiometric”
insertion. Compound 6.4c is instead viewed as an adduct between 6.4a and tran-
siently formed 6.4b. Bil is coordinated to the carbamate in its primary coordination
sphere and is five-coordinate due to interaction with both oxygen atoms [Bil-O2
= 2.837(3) A]. It is additionally coordinated to the NMe, moiety of an unreacted
equivalent of 6.4b [Bil-N2 = 2.712(3) A, Bi2-N2 = 2.228(3) A].

A variable temperature 'H NMR study revealed only one NMe, resonance, inte-
grating to 12 protons, for redissolved crystals of 6.4b in benzene-dg, tetrahydrofuran-
dg, or pyridine-d; at 300 K, but two environments at 206 K, implicating a dynamic
process that renders the two NMey groups equivalent (Figure 6.4).

DFT calculations (Figure 6.5) indicate that formation of a dispersion adduct
between 6.4a and CO, (Intl) is followed by a nearly barrierless (T'S1) nucleophilic
attack by the amide upon the electrophilic carbon in CO,, templated by a weak
Bi—O interaction (Int2). A small barrier leads to the key insertion transition state
(T'S2), featuring both Bi-N and Bi-O interactions, and culminates in the formation
of Int3 where the carbamate is bound to the metal via a pronounced Bi—O bond and a
tenuous Bi—N interaction. The pyramidal NMe, group in Int3 then rotates around
the nascent C-N bond via TS3 to enable N(lp)—COy 7* conjugation, furnishing
6.4b, which has a planar carbamate substituent. Coordination of 6.4b to 6.4a
(giving 6.4c) is favoured over dimerization of 6.4b (giving 6.4bgim) by 11 kcal/mol,
consistent with the exclusive observation of the adduct 6.4c. Noting that the 11
kcal/mol energy difference is modest, that we anticipated being able to steer the

reaction towards stoichiometric COs insertion by one of three routes.
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Figure 6.4: 'H NMR spectra of 6.4c as a function of temperature showing partial
resolution of the NMe, resonance at low temperature into new peaks.
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Figure 6.5: Reaction coordinate for the reaction of 6.4a and CO,. Enthalpy values
given in the gas phase at 298 K. Hydrogen atoms are omitted for clarity.
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i) Attempted synthesis of a bulky bismuth amide
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Figure 6.6: i) Attempted synthesis of a bulky bismuth amide. ii) Selective and
stoichiometric aminobismuthination of CO,. iii) Attempted reduction of 6bgim,.
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First, 6.4a was exposed to CO, in pyridine - a strongly coordinating solvent
- to try and disrupt intermolecular association and liberate free 6.4a for further
reaction with COs. Unfortunately, this also yielded 6.4c as the main product.
We then treated a dilute solution of 6.4a with a 10-fold excess of CO,, to try
and favour reactivity with the gas, rather than formation of 6.4c. This yielded
the silyl carbamate Me3Si—-OC(O)NMe,, indicating decomposition of 6.4c through
N-Si bond scission. Formation of the undesired silylcarbamate must occur with

concurent formation of 6.4d or related oligomers.

When the above two routes failed, we turned towards the bulkier compounds
6.5a and 6.6a. Exposure of 6.5a to excess CO; led to formation of the correspond-
ing triethylsilylcarbamate, indicating that the progression from methyl to ethyl sub-
stitutes was not sufficient. Targeting the even bulkier Si(‘Pr)3 derivative required
the addition of LiNMe; to 4.11b, as the attempted syntheses via an aminolysis re-
action between Bi(NMey)s and the corresponding naphthalenediamine did not yield

the targeted bismuth amide.

Fortunately, the exposure of 6.6 to CO, gave quantitative and rapid forma-
tion of a single species as evidenced by 'H NMR spectroscopy. Single-crystal X-
ray diffraction confirmed this species as being the targeted stoichiometric dimer
6.6bgim. Weak intermolecular Bi—O interactions (2.91(1)-3.10(1) A) hold the two
monomeric components together. Adding excess CO did not give the corresponding
silylcarbamate. Attempts to reduce 6.6b with phenylsilane, triethylsilane, and am-
monia borane yielded 6.7, due to the instability of Bi-H bonds2Z3 and unidentified

decomposition products.

6.3 Conclusions

Selective insertion of one molecule of CO, into a bismuth-nitrogen bond yielded
the corresponding bismuth carbamates under mild conditions. This thorough study
revealed the importance of ligand choice and bulk in obtaining selective insertion.

These findings now motivate our pursuit of catalytic functionalization strategies to
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valorize this greenhouse gas using rationally designed bismuth amides.

6.4 Experimental

6.4.1 General

Synthetic procedures.All manipulations were performed using standard Schlenk
and glovebox techniques under an atmosphere of dry nitrogen. Solvents were dried
over Na/benzophenone (tetrahydrofuran, pentanes, hexanes, benzene-dg) or over
activated 3 Amolecular sieves (THF-dg, C¢Dg, C5D5N, o-difluorobenzene). Reaction
glassware was baked in a 160 °C oven for at least 1 h prior to use and assembled

under nitrogen while hot.

Solution NMR Spectroscopy. Nuclear magnetic resonance spectra are refer-
enced to tetramethylsilane (‘H, '¥C) on a Bruker AV-300 spectrometer or a Bruker
AV-500 spectrometer with residual solvent used for chemical shift calibration. Sam-
ples for NMR spectroscopy were prepared and sealed inside the glovebox with

Parafilm or in a J-Young tube before removal into ambient atmosphere.

Vibrational Spectroscopy. Infrared spectra were obtained on a Thermo Scientific
Nicolet NXR 9650 FT-Infrared Spectrometer instrument equipped with a 1064 nm
Nd:YVO4 laser and InGaAs detector, on KBr plates. Details for individual com-
pounds are given with their characterization data. Peak intensities are normalized

to 100 and given in parentheses.

Melting Points. Melting points were obtained for samples sealed in glass capillaries

and are uncorrected.

Crystallography. Single crystal diffraction experiments were performed on a
Bruker D8-Quest Photon II diffractometer. The data was processed using the APEX
IIT GUI software The XPREP program was used to confirm unit cell dimensions and
crystal lattices. All calculations were carried out using the SHELXTL-plus and the
Olex2 software packages for structure determination (ShelXT/Intrinsic phasing),

solution refinement (ShelXL/Least squares), and molecular graphics. Space group
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choices were confirmed using Platon. The final refinements were obtained by in-
troducing anisotropic thermal parameters and the recommended weightings for all
atoms except the hydrogen atoms, which were placed at locations derived from
a difference map and refined as riding contributions with isotropic displacement
parameters that were 1.2 times those of the attached carbon atoms. Details for

individual compounds are given with their characterization data.

Mass Spectrometry. Electro-Spray lonization (ESI) and Atmospheric Pressure
Chemical Ionization (APCI) spectra were obtained on a Bruker MicroTOF. In all
cases, decomposition to the ligand occurred and precluded detection of the desired

compounds.

Commercial reagents. 1,8-Naphthalene diamine was obtained from Oakwood
Chemicals. Chlorosilanes were obtained from Alfa. nButylltihium (1.6 M in hex-
anes) was obtained from Acros. SbCl; and BiCl; were obtained from Alfa and
sublimed prior to use. LiNMe, was obtained from Sigma Aldrich and used as re-
cieved. CO, gas was passed through a column packed with activated 3 Amolecular

sieves prior to use.

Computational Chemistry. Geometry optimizations and frequency calculations
were performed using the Gaussian 16 suite. The PBE1 functional was used with

Becke-Johnson dispersion dampening.

Known starting materials. Compounds 6.1a, 6.2a, 6.3a, 6.4a, and 1,8-bis-

[(triisopropylsilyl)amino]naphthalene were prepared as per literature proceduresIE2

6.4.2 Synthesis and Characterization

Representative procedure for adding CQO,. Inside a glovebox, 0.1 mmol of an
amide was transferred to a J-Young valved NMR tube and ca. 0.6 mL of solvent was
added. The sealed tube was removed from the glovebox and attached to a Schlenk
manifold. The sample was degassed using 3 freeze-pump-thaw cycles and then
refilled with 1 atm of CO5 and sealed at room temperature. The headspace of the
tube at 1 atm holds approximately 0.1 mmol of an ideal gas. If required, additional

equivalents of CO, were introduced by reopening the J-Young tube (with sample
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under static vacuum due to consumption of previously added gas) briefly to the
COy stream until 1 atm internal pressure was again achieved. The sealed tube was
inverted several times to mix the gas. Reactions generally began immediately and

were completed within 5 minutes of mixing, as monitored by 'H NMR spectroscopy.

Synthesis of 6.1b A yellow solution of 6.1a (0.1 mmol) was prepared in 0.5 mL
of tetrahydrofuran-dg and CO; (0.3 mmol) was added as per the representative pro-
cedure to obtain a colourless solution within 5 minutes, which showed a single 'H
NMR resonance. Removal of solvent under vacuum yielded 6.1b as colourless crys-

tals. Spectroscopic data matched previously reported values for this compound 232

Attempted reaction of 6.2a with CO; A yellow solution of 6.2a (0.1 mmol)
was prepared in 0.5 mL of tetrahydrofuran-dg and CO, (0.3 mmol) was added as

per the representative procedure. No reaction was observed over 24 h.

Reaction of 6.3a with CO; A pale yellow solution of 6.1a (0.1 mmol) was pre-
pared in 0.5 mL of tetrahydrofuran-dg and COs (0.3 mmol) was added as per the
representative procedure to obtain a colourless solution within 5 minutes, which
showed a multitude of 'H NMR resonances attributed to multiple products. Isola-
tion was not attempted due to the complex speciation. Removal of solvent left an
oily solid, which was assayed by IR spectroscopy to determine the C=0 stretching
frequencies (Figure D.9).

IR (KBr plate, cm™): 2957(27), 2923(1), 2902(4), 2868(3), 1660(66), 1608(12),
1454(9), 1335(50), 1335(50), 1335(50), 1251(82), 1251(82), 1211(5), 1120(41), 1036(4),
1014(33), 938(7), 911(3), 848(100), 787(13), 757(9), 743(4), T05(3).

Synthesis of 6.4c: A dark orange solution of 6.4a (0.18 mmol) was prepared in
pyridine and CO; (ca. 0.2 mmol) was added as per the representative procedure.
A slight change in colour to dark yellow was observed within 5 minutes and the
conversion to 6.4c was complete as per 'H NMR spectroscopy. The reaction mixture
was dried under vacuum and the residue was extracted with 5 mL of hexanes to
obtain a bright yellow-orange solution. Cooling this solution to —25 °C yielded the

product as a fine yellow powder.
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Yield: 0.101 mg, 48%
Melting Point: 159-162 °C

'H NMR (500 MHz, C¢Dg): 0.34 (s, 36 H, Me,Si), 2.16 (s, 12 H, NMey), 7.17 (dd,
7.3/1.4 Hz, 4 H, Ar), 7.29 (t, 7.4 Hz, 4 H, Ar), 7.41 (dd, 7.5/1.3 Hz, 4 H, Ar).

BC{'H} (126 MHz, CgDg): 2.6 (MesSi), 36.0 (NMe,), 115.6 (Ar), 120.3 (Ar), 126.8,
(Ar), 130.9 (Ar), 138.2 (Ar), 147.8 (Ar), 162.7 (COO).

IR (KBr plate, cm1): 3050(10), 2949(37), 2894(2), 1558(98), 1484(20), 1440(12),
1426(3), 1397(50), 1373(15), 1329(21), 1275(80), 1249(30), 1233(1), 1175(5), 1061(71),
1040(12), 885(5), 868(28), 836(100), 803(5), 783(17), 757(37).

X-Ray: Crystals were grown from a hexane solutions. Cs;HgBi,NgO,Si, (M =1151.23
g/mol): monoclinic, space group P21/c (no. 14), a = 10.2425(4) A, b = 31.6554(12)
A, ¢ =28.1041(10) A, B = 92.3920(10)°, V = 9104.3(6) A3, Z = 8, T = 116.0 K,
p(CuKa) = 16.299 mm-1, D, = 1.680 g/cm?, 140891 reflections measured (4.206°
< 26 < 144.354°), 17919 unique (Rin = 0.0592, Rgjgma = 0.0322) which were used
in all calculations. The final R; was 0.0281 (I > 20(I)) and wRy was 0.0726 (all
data). CCDC No. 2063353.

Synthesis of 1,8-bis[(triisopropylsilyl)amino]bismuth chloride: Naphthalene
diamine (0.6328 g, 4 mmol) was dissolved in THF (ca. 25 mL) and cooled to —78
°C. To this, 5.1 mL of a solution of n-Butyllithium (1.6M in hexanes, 8 mmol) was
slowly added, resulting in formation of a dark brown solution. The solution was
warmed to room temperature and stirred for 14 hours. Next, a solution of BiClg
(1.2565 g, 4 mmol) in THF (ca. 25 mL) was prepared and cooled to —78 °C. The
solution of BiCly was added dropwise to a cooled solution of the lithiated ligand,
which resulted in the formation of a dark red to black solution. The reaction was
warmed to room temperature and stirred for 12 hours. The reaction was evaporated
to dryness and the residue dissolved in ca. 20mL of hexanes then filtered, yielding a
deep-red solution. Recrystallization at —25 °C gave the respective bismuth chloride

as a red powder used without further purification.
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Yield: 1.474 g, 52%
Melting Point: 118-123 °C

'H NMR (300 MHz, C¢Dg): 1.05 (d, 6.8 Hz, 18 H, CH(CHs),), 1.14 (d, 6.9 Hz, 18
H, CH(CH,),), 1.29 (sept, 6 H, CH(CHs,),), 7.13 (m, 2 H, Ar), 7.27 (t, 7.5 Hz, 2 H,
Ar), 7.36 (d, 8.1 Hz, 2 H, Ar.

BO{H} (75 MHz, CgDg): 15.2 (CH(CHs),), 19.2 (CH(CHj)s), 116.8 (Ar), 121.8
(Ar), 126.1 (Ar), 137.8 (Ar), 145.9 (Ar).

IR (KBr plate, cm): 3376(10), 3053(5), 2945(100), 2890(5), 2726(3), 1650(11),
1588(82), 1566(11), 1510(5), 1463(67), 1416(22), 1391(12), 1365(12), 1297(14), 1260(45),
1168(12), 1099(7), 1045(63), 1016(23), 996(6), 920(20), 882(68), 838(1), 790(34),
749(22), 735(6), 678(12), 640(25).

X-Ray: Crystals were grown from hexanes solutions. CygHgBiCIN,Si, (M =713.29
g/mol): orthorhombic, space group P2:2,2; (no. 19), a = 11.3776(3) A, b =
11.6456(3) A, ¢ = 23.0890(5) A, V = 3059.27(13) A®, Z = 4, T = 100.0 K, u(CuKa)
= 12.993 mm™?, Deae = 1.549 g/cm?, 56544 reflections measured (7.658° < 26 <
144.348°), 6028 unique (Rin, = 0.0362, Rgigma = 0.0169) which were used in all calcu-
lations. The final Ry was 0.0231 (I > 20(I)) and wR, was 0.0548 (all data). CCDC
No. 2063350.

Synthesis of 6.5a: Lithium dimethylamide (0.1023 mg, 2mmol) was dissolved in
THF (ca. 10 mL) and cooled to 25 °C. This was added dropwise to a solution of
1,8-bis](triisopropylsilyl)amino|bismuth chloride (1.4261 g, 2 mmol) in THF cooled
to —25 °C, which resulted in the formation of a brown-green solution. The reaction
was warmed to room temperature and stirred for 30 minutes. The reaction was evap-
orated to dryness and the residue dissolved in ca. 50 mL of pentanes then filtered,
yielding a yellow-green solution. Recrystallization at —25 °C gave the respective

bismuth amide as a yellow-green powder.
Yield: 0.3605 g, 26%

Melting Point: 148 °C (decomposition)
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' NMR (300 MHz, CgDg): 1.12 (d, 7.2 Hz, 18 H, CH(CHy),), 1.22 (d, 7.2 Hz, 18
H, CH(CHs)2), 1.42 (sept, 7.2 Hz, 6 H, CH(CHj),), 3.00 (s, 6 H, NMey), 7.23 (m, 4
H, Ar), 7.38 (m, 2 H, Ar)

130{1H} (75 MHZ, CGDG) 15.5 (CH(CH3)2)7 19.5 (CH(CHg)Q), 19.6 (CH(CHg)Q),
43.2 (NMey), 117.1 (Ar), 121.2 (Ar), 126.1 (Ar), 129.7 (Ar), 138.4 (Ar), 148.1 (Ar)

IR (KBr plate, cm1): 3235(10), 2944(8), 2866(19), 2388(7), 2375(2), 2280(100),
1618(21), 1557(11), 1454(21), 1391(5), 1330(56), 1270(14), 1162(10), 1052(14), 884(7),
867(3), 812(79), 786(5), 758(3), 732(6).

Synthesis of 6.5b: A dark green-brown solution of 6.5a (0.15 mmol) was prepared
in THF and CO; (ca. 0.15 mmol) was added as per the representative procedure.
A slight change in colour to brown-orange was observed within 5 minutes and the
conversion to 6.5b was quantitative as per 'H NMR spectroscopy. Addition of an
additional molar equivalent of COs (1.5 mmol) did not result in further reaction.
The reaction mixture was dried under vacuum and extracted with 5 mL of hexanes
to obtain a bright yellow-orange solution. Cooling this solution to —25 °C yielded

the product as a fine yellow powder.
Yield: 62%
Melting Point: 164--175 °C

'H NMR (300 MHz, C¢Dg): 1.14 (d, 7.6 Hz, 18 H, CH(CHj)), 1.23 (d, 7.5 Hz, 18
H, CH(CHs)s), 1.37 (sept, 7.6 Hz, 6 H, CH(CHs),), 2.18 (s, 6 H, NMe,), 7.15 (m, 2
H, Ar), 7.28 (t, 8.1 Hz, 2 H, Ar), 7.36 (d, 7.8 Hz, 2 H, Ar).

1“Q'C{ll"l} (75 1\/H‘IZ7 C6D6) 15.3 (CH(CH3)2), 19.2 (CH(CHg)Q), 19.3 (CH(CHg)Q),
36.1 (NMe,), 116.5 (Ar), 121.0 (Ar), 126.1 (Ar), 130.1 (Ar), 137.7 (Ar), 147.3 (Ar),
162.6 (COO).

IR (KBr plate, cm1): 3052(7), 2944(68), 2889(6), 2866(100), 2360(14), 2341(3),
2067(7), 1685(3), 1587(50), 1559(25), 1509(5), 1464(62), 1396(34), 1270(69), 1226(6),
1171(5), 1050(66), 1014(17), 919(12), 882(53), 867(9), 836(17), 787(45), T56(17),
735(35).
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X-Ray: Crystals were grown from 1,2-difluorobenzene. Cs;H5,BiN30,Si, (M =765.93
g/mol): triclinic, space group Pi (no. 2), a = 12.0403(7) A, b = 14.8836(12) A, ¢ =
19.5472(15) A, a = 81.850(5)°, 8 = 85.510(5)°, I = 77.107(5)°, V = 3376.2(4) A%, 7
=4, T =115.0 K, p(CuKa) = 11.159 mm-1, Dy = 1.507 g/cm?, 99481 reflections
measured (4.572° < 20 < 144.316°), 13241 unique (Riy = 0.0373, Rajgma = 0.0211)
which were used in all calculations. The final Ry was 0.0213 (I > 20(I)) and wR,
was 0.0533 (all data). CCDC No. 2063352.

121



CHAPTER 7

Synthesis of a Perfluorinated
Phenoxyphosphorane and
Conversion to its Hexacoordinate
Anions

This project was explored at the beginning of my Ph.D. program; however, it was
abandoned n favour of studying Group 15 amides after the targeted compounds
failed to perform as expected under commercially relevant conditions (tested in col-
laboration with Prof. Jeff Dahn). This work is included here to provide an account
of research completed based on Ph.D. funding proposals. Even though it does not fit
within the overarching themes of the report, it did provide valuable insight into the
requirements for computing the Lewis acidity at main-group centers that was recalled

frequently throughout this report.

Portions of this work have appeared in K. M. Marczenko, C. L. Johnson,’ S. S.
Chitnis, Chem. Eur. J., 2019, 25, 8865-8874 (Full Paper; DOI: 10.1002/chem.201901333).

Contributions to the manuscript: KMM completed all experimental synthesis,
most of the computational work, and wrote the first draft of the manuscript. CLJ
conducted reactivity studies. SSC completed some computational work, wrote the
final version of the manuscript, and supervised the project. { denotes undergraduate

author.
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7.1 Introduction

Strong Lewis Acids are essential as catalysts in industrial and academic chem-
istry BAEEIN T ewis acids are precursors to weakly coordinating anions (WCAs)
- species that can improve the overall performance of batteries used in consumer
electronics P8 T academic chemistry, strong Lewis acids and the WCAs derived
from them allow for the isolation of fundamentally interesting molecules that push
the boundaries of knowledge and may have future applications. The discovery of a
new collection of Lewis acids and WCAs, and the evaluation of their performance as

catalysts and materials for battery technology, is crucial for advancing these areas.

The replacement of halide groups with less reactive organic electronegative groups

such as CgF5 or OCgFg was successful in producing potent, non-corrosive Lewis

acids using Group 13 elements (Figure 7.1a) 8288 lARAAIRL The most widely

used classes of WCAs based on tetrahedral polyfluorinated borate® and alumi-
nates were developed using this conversion strategyZIEZIRIN Strong neutral Lewis
acids containing group 14 centers and pseudohalide substituents have also recently
emerged T While this halide-to-pseudohalide conversion strategy is well-developed
for Group 13 elements, and to a lesser extent group 14 elements, it has limited prece-
dence for Group 15 elements BEEEERE Begides the binary pentahalides, the best
example of a neutral yet potent pnictogen (V) Lewis acid is the teflate derivatives
(Figure 7.1b) B2 Their fluoride ion affinities surpass the value for SbF;, classifying
them as Lewis superacids 2 The corresponding [M(OTeF5)g]- anions show very low
basicity, which has enabled the isolation of reactive carbo- and xeno-cations 220252
However, these Lewis acids require the handling of elemental fluorine in their syn-
thesis, are extremely moisture sensitive, thermally unstable, and difficult to handle,
limiting their practical utility®8 In contrast, numerous examples of hexacoordi-

nate phosphorus(V) anions featuring organic substituents have been reported - six

of which feature bidentate monoaryl substituents (Figure 7.1¢)300IR0R0E Ag o

result, the degree of halogenation is quite low, and they are also formed as race-
mates rather than pure compounds. Nevertheless, some derivatives have successfully
been used as the anionic components of polymerization initiators Z28 The only

achiral P(V) WCAs are those derived from perfluoroalkyl trifluorophosphates and
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the tetracyano(difluoro)phosphate ionZ8 Due to the practical challenges associated

with introducing perfluoroalkyl, cyanide, OTeF5, or CgF5 substituents, we focused

a) Neutral Group 13 acids and anions: b) Strong neutral Group 15 acids and WCAs:

R R R OTeFs OTeFs
N |
Om FsTeO—,_OTeFs FsTe0-Sl _oTeF,
| AN M M = As, Sb M=
R I R / \ ’ F Teo/l OTeF5
R R FsTeO OTeFs 5 OTeFs
R = CgF5, OCeFs, OTeFs, CN, OC(CF3)s, Lewis acids thermally unstable and
OC(CgFs5)3, N(CeF5)2, OCsFuN, ... challenging to make
c) Phosphorus based WCAs:
R cl
(0]
R R cl cl
R O 3 )
R 90 R OO o cl O]
0p0 62,0 )P(Gg)
Ov I\O ,FI)\O O | O
X oot 4T
R
R I R cl cl Q
R=H,FCl Cl Applications
- ionic liquids
- catalysis
o) F F - chiral resolution
F3CF,CQl _CF,CF
o——GPD/ S Gt NC>@|p<CN Challenges
(o) \O F (l;,:zFCF3 F éNCN - low halogention extent
- chirality

- HF, CN™ handling

d) Perfluoroaryloxy derived acids and WCAs:

OCBF5 OC6F5
CeFs0___OCeFs  (CeF5)sCO_ _OC(CgFs)s o, c.F-0-9l _ocF
B Al /M\OCF 6M5 =\~ ~6'5
| CeFs0” | 265 cors0” | OCefs
OCqFs5 OC(CgF5)s OCqFs OC¢Fs
FIA = 440 kJ/mol FIA =572 kJ/mol M =B, Al M = Nb, Ta
e) This chapter: assessing OCgF5 substituent in Group 15 Lewis acid/WCA chemistry,|
OCgF5 OCqFs OCgFs
CGF5O\F|,\/OCGF5 F = 06 CeF50-2 /8g6E5 cﬁFso@P/ggE;?;
/ = T ST
CeF50 65 CeF50 65
CoFsO OCeFs  y jyrmol 6Fs ; 6Fs (|) s
25 F and 5 O atoms 26 F and 5 O atoms 30 F and 6 O atoms

Figure 7.1: Select examples of pseudo-halide derived Lewis acids and WCAs. FIA
refers to the Fluoride Ion Affinity and is a measure of Lewis acidity. See text for

references.
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on the easily accessible OCgF5 substituent to prepare neutral P(V) Lewis acids and
anions. Marks et al. showed that the octahedral [M(OCgFg)s]* (M = Nb, Ta) an-
ions are comparable to the [B(CgF5),]” anion in their ability to stabilize electrophilic
metallocenium ions catalysts. This provided additional motivation for choosing the
OCgF; substituentZX Our goal was to prepare and test the [P(OC5F5)g]” anion as
a potential new WCA and a Li-ion battery electrolyte additive to enhance metal ion

mobility, as has been reported successfully with the [AI(OC(CF3)3),]" anion 220

7.2 Results and Discussion

7.2.1 Syntheses

The reaction of commercially available PCls with five equivalents of LiOCg4F5 in
CH,Cly at room temperature led to straightforward synthesis of P(OCgF35)s (7.1)
in 70% isolated yield (Figure 7.2a). Compound 7.1 was purified by recrystalliza-
tion from CH,Cl, at —30 °C. It was found to be stable and soluble in acetoni-
trile, CH,Cly, and 1,2-difluorobenzene. During the reaction, several intermediates
were observed by NMR spectroscopy, and these were assigned the generic formula
P(OCgF5)Cls. The most stable mixed pseudohalide/halide intermediate was iden-
tified as P(OCgF5)4Cl (7.2) by independent synthesis. Addition of NBuySiPhsFs
to a solution of 2.1 in CH,Cly yielded NBusP(OCgF5)sF (7.3) in 87% isolated
yield (Figure 7.2b). The anionic portion of 7.3 represents the fluoride adduct of
7.1. Unexpectedly, NBuyP(OCgF5)6 (7.4) was formed as a minor product (5%) of
this reaction, and varying the concentration, rate of addition, and order of addition
did not affect the product ratios. Compound 7.1 was treated with one equiva-
lent of LiOCgF5 in CH5Cly in an attempt to rationally form 2.4, but no reaction
was observed. We hypothesized that the lack of a reaction was due to lower nu-
cleophilicity of the OC4F5 anion in poorly coordinating solvent, in which Li—O
bridged oligomers could form. However, no reaction was observed between 7.1 and
LiOCg4F5, even in the more coordinating solvent Et;O. Cooling this reaction mix-
ture yielded a small amount of crystalline solid identified crystallographically as

the tetramer (LiOCgF5)4-(Et2O)s (7.5). This outcome suggested that aggregation
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a)

b)7

tallography.

4 LiIOC4Fs
P(OC4Fs5),Cl (7.2, 90%)

CH,Cl,
lLiOC6F5
5 LIOCFs
PCls ——— P(OCq4Fs)s (7.1, 70%)
H,Cl,
NBU4SiPh3F2
> NBU4P(OC6F5)5F + NBU4P(OC6F5)6 + Ph3S|F
CH,Cl,
(7.3, 87%) (7.4, trace)
LiOCgFs _
> No reaction
CH,Cl,
LiOCgF5 o
.1———— > no reaction, identified (LIOCgF5)4(Et,0)5(7.5)
Et,0 (by X-ray crystallography)
LiOCgF NBu,SiPhsF
D605 e | iP(OCEFs)y ———— 7.4+ Ph,SiF + LiF
MeCN MeCN )
(7.6, >99%) (66%)

CeF5OH

N(EYs o N(Et);HP(OCeFs)e

MeCN (7.7, 60%)

Figure 7.2: Synthesis of compounds 7.1-7.7.

remains an obstacle, even in Et50.

In contrast, treatment of 7.1 with one equivalent of LiOCgF5 in even more
coordinating solvent CH3CN gave LiP(OCgF5)g (7.6) in nearly quantitative yield.
Compound 7.6 is susceptible to cation exchange with NBuySiPhsF5 in acetonitrile
to give NBuyP(OCgF5) (7.4). It was possible to prepare the tertiary ammonium
salt NEtsHP(OCgF5)6 (7.7) in 60% yield by addition of the amine to an equimolar
mixture of 7.1 and CgF5OH.

Compounds 7.1-7.4, 7.6, and 7.7 were isolated and comprehensively charac-
terized by multinuclear NMR spectroscopy, vibrational spectroscopy, and elemental

analysis. Compounds 7.1-7.5 were also structurally characterized by X-ray crys-

126



7.2.2 X-ray Crystallography

The single-crystal X-ray structures of compounds 7.1-7.5 were obtained. The struc-
tures of 7.1 (Figure 7.3a) and 7.2 (Figure 7.3b) have a trigonal-bipyramid PX; co-
ordination geometry. The bond lengths in 7.1 (axial; 1.655(1), 1.675(1), equatorial;
1.590(1), 1.618(1), and 1.623(1) A) are comparable to those in 7.2 (axial; 1.657(2)
A, equatorial; 1.593(2), 1.594(2), 1.595(2) A). No secondary bonding interactions
exist between the phosphorus center and the fluorine atoms of the OCgF5 groups in

the structure of 7.1 or 7.2.

Figure 7.3: Single-crystal X-ray structure of a) 7.1, b) 7.2, ¢) the [P(OCgF5)sF]
anion in 7.3 d) the [P(OCg¢F5)¢] anion in 7.4, e) select portions of the [P(OCgF5)¢]
anion in 7.4 showing the fluorine-m,,ene interaction involving the ortho C—F groups,
and f) 7.5. Thermal ellipsoids are shown at the 50% probability level. Disordered
CH,Cl, solvent in b) and hydrogen atoms in ¢) have been omitted for clarity.

The [P(OCgF5)5F]| anion in 7.3 (Figure 7.3c) has an octahedral PXg coordi-
nation geometry in which three short P-O bonds [1.698(1), 1.701(1) A] and a P-F
bond comprise the equatorial plane, and two P-O bonds [1.712(1) A] define the axis.
The P-O bonds in 7.3 are significantly elongated with respect to the correspond-
ing values in 7.1, consistent with the trans influence exerted by the substituents

in the octahedral geometry. To the best of our knowledge, 7.3 contains the first
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example of a structurally characterized mono-fluorophosphate anion. The crystal
structure of 7.3 reveals two F—H contacts (2.365, 2.416 A) between the tetrabuty-
lammonium cation and the phosphorus bound fluorine atom. In the solid-state, all
OCgF5 groups are participating in intramolecular ortho-F—r interactions (2.988,
2.988, 3.055, 3.180 A, from the ortho-F to the centroid of OCg¢F5 participating in a

m-interaction).

The geometry of the anion in the single-crystal X-ray structure of NBuyP(OCgF'5)g
has an octahedral PXs coordination geometry with Cg symmetry (Figure 7.3d).
Both the axial and equatorial P-O bond lengths are comparable to those found in
the [P(OCgF5)5F| anion, indicating that replacement of a fluoride with OCgF5 did
not introduce significant steric strain. No significant P—F contacts exist within
the anion and the only interactions between the tetrabutylammonium cation and
the [P(OCgF5)g] anion are H—F hydrogen bonds with the ortho and meta fluorine
atoms of the OCgF5 groups. In the solid-state, all OCgF5 groups are participating
in intramolecular ortho-F—r interactions with the ortho-F acting as a donor to the
centroid of an adjacent electron-deficient CgF5 ring (m-hole)Z@ The F—r interac-
tions in 7.4 (2.710, 2.813, 2.865 A) are shorter than those observed in 7.3 (2.988(1),
2.988(1), 3.055(1), 3.180(1) A).

7.2.3 NMR Spectroscopy

YF and 3'P NMR spectroscopic data for compounds 7.1-7.7 are summarized in Ta-
ble 7.1. The F NMR spectra of compounds 7.1 and 7.2 only show one set of ortho,
meta, and para fluorine signals due to rapid rotation of the —OCgF5 substituents in

solution.

The YF NMR spectrum of 7.3 and 7.4 were challenging to interpret at room
temperature due to signal broadening and overlap. A variable temperature °F NMR
study was conducted to assess the dynamic behaviour in solution. Upon cooling,
the five aromatic C-F resonances observed in the '"F NMR spectra of 7.3 split
into seven signals (Figure 7.4). Based on the observed integrals, three of the sig-
nals are due to ortho, meta, and para-fluoro substituents of a single OCgF5 group

trans to the fluoride. The remaining four signals arise from the aromatic fluorine
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Compound‘ 31p ‘ 19F ‘ Jpr

7.1 "86.3 “154.0, -160.2, -162.9
7.2 65.3 ~153.5, -158.8, -162.8
7.3 ~145.4 | -66.6, -150.5, -154.4, -167.6, -168.0, -168.6 | 895.6 Hz
7.4 -148.2 -152.2, -167.5, -168.4
7.6 -148.2 ~152.5, -166.9, -167.9
7.7 -147.0 ~152.6, -167.0, -168.0

Table 7.1: 3'P and F NMR resonances for P(OC¢F5);5 (7.1), P(OCgF5)4Cl (7.2),
[NBuy|[P(OCgF5)sF] (7.3), [NBuy|[P(OCeF5)e] (7.4), [Li][P(OCgF5)q] (7.6), and
[N(Et)s][HP(OCgFs5)g] (7.7).

atoms of the equatorial OCgF5 substituents. Two of those are due to two ortho
fluorine atoms residing syn or anti to the P-F bond and the remaining two signals
are assigned to one para and two equivalent meta resonances per OCgF5 group.
The F NMR spectrum of the [P(OCsF5)¢] anion showed splitting of a broad ortho
resonance upon cooling to 250K (Figure 7.5). The observation of two distinct ortho
C-F environments are consistent with the F—r arene interactions observed by X-ray
crystallography. The experimentally determined AG* value of 48 kJ mol™* for the
exchange process is considerably higher than values determined for F— .0 interac-
tions in “molecular balances” experiments (typically 6 kJ mol'l), which is consis-
tent with the shorter ortho F—centroid,yene distances observed in the [P(OCgF5)g]
anion (2.710(1)-2.865(1) A) than in molecular balances (3.06(1)-3.14(1) A) =2
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Figure 7.4: Variable temperature °F NMR spectra of 7.3 in CH,Cl,.
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Figure 7.5: Variable temperature *F NMR spectra of 7.4 in CH,Cl,.The ortho C-F
peaks are at -146.1 and -157.8 ppm in the 250 K spectrum.
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7.2.4 Evaluation the Lewis Acid Strength of P(OC4F5)s

Dispersion-corrected DFT calculations were used to study the structure of 7.1 in
the gas-phase. The Lewis acidities of the E(OCg¢F5)s (E=P, As, Sb) family of com-
pounds were evaluated by computing their Fluoride Ion Affinities (FIAs) at the
BP8694/def2-SV (P2 level with Grimme D3 dispersion correction ™ Def2-SV(P)
is a split valence basis set with polarization functions on heavy atoms (not hy-
drogen). This basis set was chosen to facilitate direct comparison with previously
reported data in the field ZEERT FTAs were calculated by considering the sum of

the reactions:

LA + COF3 — LAF + COF,

COF; + F- — COFy5

LA + F — LAF

where LA=E(OC¢F5)5 and LAF=[E(OCsF;)F|, and the experimental gas-phase
FIA value of COF is known to be 209 kJ mol™ BA These calculations yielded an
exceptionally high value of 497 kJ mol™ for P(OCgF5)s5 in the gas phase, with the FTA
value increasing down the group (Table E.1). For comparison, the calculated FIA of
SbF5 is 489 kJ mol™!, defining the threshold of Lewis super acidity. An attempt was
made to measure the Lewis acidity of 7.1 using the Gutmann-Beckett test 22203
The Gutmann-Beckett test uses triethyl phosphine oxide as a probe molecule by
relating the change in the 3'P chemical shift upon complexation to a Lewis acid.
The combination of 7.1 with Et;PO in CH5Cly revealed no evidence of interaction
after 24 hours. The lack of evidence for complexation could be due to steric bulk,
which has been shown to influence the observed chemical shift in the Gutmann-

Becket methodology2Z2

We then experimentally bracketed the Lewis acidity of 7.1 through attempted
fluoride abstraction from known anions. Although fluoride transfer from [BFy,] to
P(OCgF5)5 was accomplished, no reaction was observed in the presence of the [PFg|

anion. This experimentally observed trend of FIA(BF3) < FIA(7.1) < FIA(PF;)
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Figure 7.6: Calculated FIA (BP86/SV(P)) of BF3, PF5, SbFs, P(OCgF5)s (7.1),
AS(OC6F5)5, Sb(OC6F5>5, and AI(N(C6F5>2)3 (ALTA) iIl the gaS phase, Wlth a PCM
solvent model and with a COSMO solvent model.

does not agree with the calculated FIAs, which show that FIA(BF3 = 337 kJ mol™)
< FIA(PF5 = 390 kJ mol!) < FIA(2.1 = 497 kJ mol™). The lack of agreement
prompted us to investigate the influence of solvent inclusion on the calculated FIAs
of these Lewis acids. The literature has noted a significant dampening of the FIA
by the enthalpy of solvation (AHy,,) for cationic Lewis acids, but not neutral Lewis
acids™0 In contrast, significantly lower FIAs for all Group 15 E(OC¢F5); (E =
P, As, Sb) Lewis acids were computed when implicit solvation was included. Both
the [Polarizable Continuum Modell (PCM)Z2 or a [Conductor-like Screening Model]
(COSMOJf*= solvent models were evaluated using a field of CHyCly (Figure 7.6). The

FIA attenuation upon solvent model inclusion is strongly correlated with the size of

the Lewis acid (Figure 7.6) with larger Lewis acids experiencing a more significant
lowering of their FIA values when a solvent model is employed. For example, the
gas-phase FTA of PFj is reduced by only 20 kJ/mol, but the gas-phase FIA of 7.1 is
reduced by 140 kJ/mol in a field of CHyCly. Large reductions from the calculated
FIAs are also observed for As(OCgF5)5 and Sb(OCgF5)s but not for AsF5 or SbF;
(Table E.1). These results highlight the limitation of an often employed tool in this
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field.

Given that FIA values specifically measure the fluorophilicity of a Lewis acid,
we used Parr’s global electrophilicity index (GEIPERIREED (Equation 7.1) to study
derivatives of E(OCgF5); (E = P, As, Sb). As with the FIA calculations, the cal-
culated GEIs implied that 7.1 (GEI = 2.1 e¢V) is a much stronger electrophile than
both PF5 and BF3 (GEI for both = 1.5 eV) in the gas-phase. Importantly, the
inclusion of solvation did not reduce the GEI of the Lewis acids by a significant
amount (Figure E.10). The lack of reduction in the predicted Lewis acidity could
be because this method does not involve ions as part of the assessment or because it
ignores steric crowding. Our results show that although the GEI has been proposed
to be a convenient computational alternative to FIA calculations when assessing

intrinsic electrophilicity, its use as a predictor for the outcomes of reactions is

limited, even when solvation is considered.

[0.5(Enomo + Erumo)]?

GEI =
2(Frumo — Enomo)

(7.1)

7.2.5 Scope of [P(OCgF5)5F]” and [P(OCgF5)s]” as WCAs

The viability of [P(OCgF5)sF] and [P(OCgF5)s]” as new weakly coordinating an-
ions were also assessed. The [Molecular Electrostatic Potential Surface] (MEPS)
of [P(OCgF5)e], [P(OCeF5)sF], [A(OC(CF3)3)4]", [B(CsF5)4]", [SbFg], and [BF,]
were calculated at the BP86-D3/SV(P) level (Figure 7.8). The small classical an-

ions, like [SbF¢]” and [BF,]", show significant charge localization on the fluorine

atoms, which highlights their tendency to interact strongly with electrophiles and
transfer a fluoride anion. In comparison, the larger and bulkier perfluoroarylborate
and perfluoroalkoxyaluminate anions effectively disperse the negative charge and

offer fewer sites for electrophile coordination.

The MEPS of [P(OCgF5)5F] and [P(OCgF5)g]” are comparable to that of the
heavily fluorinated borate and aluminate anions suggesting that this phosphorus

based anion is comparable in its charge dispersal efficiency.
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Figure 7.7: Molecular electrostatic potential surface (BP86-D3/SV(P)) at the
0.025 e Bohr isodensity surface for a) [BFy|, b) [SbF¢|, ¢) [B(CeF5)4, d)
[AI(OC(CF3)3)4] , e) [P(OCgF5)g] , and f) [P(OCgFs5)sF]

These predictions were tested experimentally. The introduction of a strong elec-
trophile, such as the trityl cation or unsolvated lithium cation, resulted in OC¢F5
group transfer. These experiments provide evidence for lability of the OCgF'5 groups
in the [P(OCgF5)6]” and [P(OCgF5)5F| anions, rendering them unsuitable as WCAs,
despite their favourable calculated MEPS. The small atomic radius of phosphorus
and the high steric pressure created by five or six aryl groups presumably drive the

extrusion of an OCgF5 group in the presence of electrophiles.

7.3 Conclusions

To conclude, we reported the synthesis and structural characterization of a neutral
P(V) Lewis acid, P(OCg4F5)5, and related [P(OCgF5)sF] and [P(OCgF5)g] anions.
A rare intramolecular F-7,,.n0 interaction was detected in the solid-state structure of
[P(OCgF5)¢| . The strength of this interaction in the solution phase was established
quantitatively by VT NMR experiments. Fluoride ion abstraction experiments were

used to assess the Lewis acid strength of P(OCgF5)5, which revealed that P(OCgF5);
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is a weaker fluoride acceptor than PF5, despite the favourable gas-phase FIA and
GEI calculations. This discrepancy prompted an investigation into solvation effects,
which revealed that when solvation is taken into account, the FIA of P(OCgF5)s
is indeed smaller than PF5. The impact of FIA dampening upon solvation is size
and charge-dependent. Although the [P(OC¢F5)sF] and [P(OCg¢F5)g] anions effec-
tively delocalize negative charge, they are susceptible to OCgF5 group abstraction by
cationic electrophiles (e.g. trityl cation or uncoordinated lithium cation). Although
not discussed in this report, all attempts at preparing the antimony derivatives
Sb(OCgF5)s and [Sb(OCgF5)s] have thus far failed. The tri- and tetracoordinate
intermediates, Sb(OC¢F5); and [Sb(OCgF5),| , were isolated but could not be con-
verted to their penta- and hexa-coordinate derivatives, presumably due to the in-
creased stability of the 43 oxidation state. Guided by these findings, we continue to
explore other electronegative substituents for expanding the scope of neutral Group

15 Lewis acid and WCA chemistry.
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CHAPTER 8

Conclusion

To conclude, this work highlighted the use of multidentate ligands to create novel
electronic structures at main group centers. Lewis acidity at planar trivalent anti-
mony/bismuth triamides tethered with an N,N N-triamide ligand (Chapters 2 and
3) was investigated. These compounds were examined in the solid, solution, and
gas-phase. Gas-phase calculations were used to assess the Lewis acidity of the pla-
nar bismuth Lewis acid, considering both steric and electronic effects. These results
complement our findings of a new class of antimony hydrides that participate in
the first example of additive-free hydrostibanation of C=C, C=C, C=0, and N=N
bonds (Chapter 4). These hydrometallation reactions were unlocked by frontier or-
bital engineering through the careful choice of a bis(silylamino)naphthalene ligand.
Hydrostibination of phenylacetylene was shown to proceed via a radical mechanism.
Studies on the use of catalytic amounts of stibanyl hydrides for the syntheses of
z-olefins are currently underway. These results further the non-intuitive concept of
a diagonal relationship between the lightest Group 13 and the heaviest Group 15

elements.

The reactivity of Sb-H bonds was found to be surprisingly diverse. This led to
the one-step, high yield synthesis of thermally-robust bismuthanylstibanes, which
provided the first examples of neutral Bi-Sb o-bonds in the solid-state (Chapter 5).
The reaction chemistry of the Bi-Sb bond was debuted by showing the insertion of a

sulfur atom, providing the first documented example of a Bi-S—Sb bonding moiety.

136



DFT calculations indicated that the bis(silylamino)naphthalene scaffold is particu-
larly efficient in increasing interaction energies through a combination of inductive
effects and dispersion donor effects, foreshadowing the use of this ligand in the isola-
tion of other labile bonding motifs, such as bismuth carbamates. Selective insertion
of one molecule of COy into a bismuth-nitrogen bond yielded the corresponding
bismuth carbamates under mild conditions (Chapter 6). The importance of ligand
choice and bulk in obtaining selective insertion was highlighted. These findings
now motivate our pursuit of catalytic functionalization strategies to valorize this

greenhouse gas usisng rationally designed bismuth amides.

Neutral Group 15 Lewis acid and WCA chemistry was also explored using a com-
bination of experimental and computational methods (Chapter 7), which demon-
strated the importance of solvent effects in predicting the Lewis acid strength of
bulky, neutral species. The targeted properties were not accessed and so this project

has been temporarily abandoned.
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APPENDIX A

Supporting Information for
Chapter 2

Procedure for determining thermodynamic parameters for 2.1-8b, 2.1-Sbg;n,, and

2. I'deim’:

Compound 2.1-Sb was found to crystallize as 2.1-Sbgj,,. This dimerization was
investigated using variable temperature NMR. It was found that the dimerization
process involved the formation of an intermediate species 2.1-Sbgin, (Figure 2.6
in manuscript). First, raw integral values for the three species from Figure 2.6
were obtained. Integration of a residual DCM signal at 4.27 ppm and subsequent
integrations were made of a peak for 2.1-Sb (0.284 ppm, RT to 193 K), for 3dim’
(0.452 ppm, RT to 193 K), and 2.1-Sbgijy, (0.414 ppm, 253 K to 193 K). The
integration value for 2.1-Sb was divided by two to reflect the symmetry of the
species from Figure 2.6. These raw data integrals (Table A.1) were turned into
mol fraction (y) data (Table A.2) for each species. The mol fraction data was then
used to calculate the equilibrium constants (K; and Kj) (Table A.3) at the given
temperatures following equations (A.1) and (A.2).

X 2.1-Sbdim’
K === Al
' X2.1—Sb2 ( )
Ky = X 2.1-Sbdim (A.2)
X 2.1-Sbdim’
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Temperature (K)‘ 2.1-Sb ‘ 2-1'deim" 2.1-Sbgim

193 19.1789 4.9943 40.0834
203 27.01365 6.0375 34.2246
213 37.0426 9.129 26.6784
223 43.5643 15.5529 16.1791
233 44.43125 22.5523 7.8907
243 55.5955 21.8196 5.7346
253 63.5968 17.6842 3.4268
263 72.6891 12.1046 0
273 79.2468 7.6881 0
283 80.44825 4.7408 0
293 91.0552 2.9314 0

Table A.1: Raw integral values for 2.1-Sb, 2.1-Sbgin, and 2.1-Sbg;,. The values
for 2.1-Sb shown have already been divided by two.

Temperature (K) ‘ X 2.1-Sb ‘ X 2.1-Sbdim’ ‘ X 2.1-Sbdim
193 0.28899641 | 0.10700864 | 0.60399495
203 0.40079094 | 0.09143208 | 0.50777698
213 0.51692879 | 0.11077464 | 0.37229657
223 0.59331861 | 0.18633214 | 0.22034926
233 0.57238583 | 0.32109517 | 0.106519
243 0.66861937 | 0.26241345 | 0.06896718
253 0.75077856 | 0.20876708 | 0.04045436
263 0.85724647 | 0.14275353 0
273 0.91156486 | 0.08843514 0
283 0.94434966 | 0.05565034 0
293 0.96881045 | 0.03118955 0

Table A.2: Mol fraction data for 2.1-Sb, 2.1-Sbgjm’, and 2.1-Sbg;m calculated
from the raw integral data.

Temperature ‘ Ky ‘ K,
203 - 5.66867081
213 - 2.92237923
223 - 1.04026259
243 - 0.26281875
253 0.37037212 -
263 0.19425645 -
273 0.10642648 -
283 0.06240253 -
293 0.03323009 -

Table A.3: Equillibrium constants at select temperatures.
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The van’t Hoff plot for each equilibrium was constructed using In[K] versus 1/T
data and are shown in Figure 2.8. AH and AS data were calculated using the gas
constant R = 8.314 J mol! K-! multiplied by the slope or y-intercept, respectively.
AGogsk and AGigsi were calculated using the AH and AS values. Error propagation

was employed following the equations below.

8.314Jmol ' K™ 0 gope

_ A3

AT TH000 « 4184k Jkeal L (A-3)
8.314Jmol P K™ x 0y iy

_ Ad

AT 1000 * 4184k Jhecal ! (A-4)

UAG:\/(UAH)?—F(UAS*T)z (A.5)
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Figure A.2: 'H NMR spectrum of 2.1-Sb in CgDs.
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Figure A.1: 'H NMR spectrum of 2.1-Sb in CDCls.
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Figure A.3: 3C{'H} spectrum of 2.1-Sb in CgDs.
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Figure A.4: 'H NMR spectrum of 2.1-Sb-(pyo)s in C¢Dg. Signals at 1.56 ppm
(acetone) and 4.30 ppm (DCM) are from residual solvent in the glovebox atmo-
sphere.

142



mnmw ' | Vbmcmarars

Figure A.5: BC{'H} spectrum of 2.1-Sb-(pyo)s in CsDs. The two unpicked
signals are from residual solvent (acetone) in the glovebox atmosphere.
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Figure A.6: '"H NMR spectrum of 2.1-Bi-(pyo), in CgDs.

143



148 6D
148.63
45
63
&)
20,50
45
)
19

B W S

i

200 150 100 0 o Jopm

Figure A.7: BC{'H} spectrum of 2.1-Bi-(pyo)2 in CgDs.
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Figure A.8: Comparison of the calculated (top) and experimental (bottom) 'H NMR
spectra for 2.1-Sbgijm,. The bottom spectrum also shows the COSY cross-peaks
between the peaks assigned to 2gim.
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Figure A.9: EXSY crosspeaks observed between the TMS protons of 2.1-Sb and
2.1-Sbgim. As 2.1-Sbg;y is an intermediate, it exchanges too rapidly with both
2.1-Sb and 2.1-Sbg;m and therefore EXSY crosspeaks are not seen with the same
acquisition parameters needed to see the peaks between 2.1-Sb and 2.1-Sbgjm.
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Figure A.10: NOESY experiment showing the spatial proximity of one of the TMS
group protons (labelled y on the vertical spectrum) in 2.1-Sbgjn,’ to the one of the
protons ortho to the central N (labelled e on the horizontal spectrum).
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Figure A.11: 3C CP-MAS ssNMR spectrum of 2.1-Sb at 6.5 kHz spinning fre-
quency.
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Figure A.12: 3C CP-MAS ssNMR spectrum of 2.1-Bi at 6.5 kHz spinning fre-

quency.
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Geometry optimizations and frequency calculations for compounds 2.1-P, 2.1-
As, 2.1-Sb, and 2.1-Bi (bent and planar geometries) were carried out at the PBEO-
D3/def2-tzvpd level in Gaussian 16. NBO calculations were performed on structures
optimized at the PBE0-D3/def2-tzvpd level for monomers and PBE0-D3/def2-tzvp

level for dimers.

EDA calculations were performed using geometries optimized at the PBEO-
D3/def2-tzvp//SCRF (Toluene) level in Gaussian 16. These geometries were ex-
ported to the Amsterdam Density Functional (ADF) suite where energy calculations
were done at the PBE1-D3/TZ2P//COSMO(Toluene) level with scalar relativistic
correction. No significant difference was observed between small-core and large-
core calculations and therefore, all calculations were performed using the large-core

approximation for time efficiency.

UV-VIS calculations were performed using geometries optimized at the PBEO-
D3/def2-tzvp//SCRF (Toluene) level in Gaussian 16. These geometries were ex-
ported to the Amsterdam Density Functional (ADF) suite where energy calcula-
tions were done using TD-DFT at the BLYP-D3(BJ)/TZ2P//COSMO(Toluene)
level with scalar relativistic correction and large-core approximation. Davidson

method was used and with 10 singlet-triplet excitations were calculated.

NMR calculations were performed using geometries optimized at the PBEO-
D3/def2-tzvp//SCRF (Toluene) level in Gaussian 16. These geometries were ex-
ported to the Amsterdam Density Functional (ADF) suite where energy calculations

were done using TD-DFT at the BLYP-D3(BJ)/TZ2P-J //COSMO(Toluene) level

with scalar relativistic correction and large-core approximation.
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Figure A.13: Optimized structure of the 2.1-Sbgjy, at the PBEQ/def2-TZVP level.

Figure A.14: Calculated LUMO of 2.1-Sbgjm, which is antibonding with respect
to the Sb-N bonds between the two units.
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Figure A.15: Top: Bonding schemes for bent and planar geometries. Bottom: LU-
MOs of 2.1-P, 2.1-As, 2.1-Sb, and 2.1-Bi (left to right, respectively) in their
minimum geometries.

Figure A.16: Electron density gradient plots of the two PN,C, heterocycles in 2.1-
P. The dark blue line denotes the N-P—-N interaction. Blue circles represent bond
critical points and orange circles denote ring critical points.
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Figure A.17: Key NBOs involving the antimony and nitrogen atoms in 2.1-Sbgim.
Values in italics denote Wiberg Bond Indices. Note that the WBI for the N3-Sb’
interaction is greater than the WBI for the dative N3-Sb interaction.
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APPENDIX B

Supporting Information for
Chapter 4

>

Figure B.1: Molecular structures of 4.2a-c in the solid state as determined by
crystallography. Ellipsoids are drawn at the 50% probability level. Carbon atoms
on silyl groups are shown in wireframe for clarity and hydrogen atoms are omitted.
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Figure B.2: Molecular structure of 4.4 in the solid state as determined by crystal-
lography. Ellipsoids are drawn at the 50% probability level. Carbon atoms on silyl
groups are shown in wireframe for clarity and hydrogen atoms are omitted.

Figure B.3: Molecular structure of 4.3c in the solid state as determined by crystal-
lography. Ellipsoids are drawn at the 50% probability level. Carbon atoms on silyl
groups are shown in wireframe for clarity and hydrogen atoms are omitted.
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Figure B.4: The dimeric molecular structure of 4.7 in the solid state as determined
by crystallography. Ellipsoids are drawn at the 50% probability level. Carbon atoms
on silyl groups are shown in wireframe for clarity and hydrogen atoms are omitted.
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Figure B.5: 'H NMR spectrum of 4.2a.
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Figure B.6: *C NMR spectrum of 4.2a.
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Figure B.7: 'H NMR spectrum of 4.2b.
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Figure B.9: *H NMR spectrum of 4.2c.
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Figure B.10: ¥C NMR spectrum of 4.2c.
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Figure B.11: 'H NMR spectrum of 4.3a. This compound was not isolated due to ther-
mal instability and has only been characterized spectroscopically in freshly prepared
solutions.
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Figure B.12: ¥C NMR spectrum of 4.3a.This compound was not isolated due to
thermal instability and has only been characterized spectroscopically in freshly pre-
pared solutions.
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Figure B.13: 'H NMR spectrum of 4.3b.
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Figure B.14: ¥C NMR spectrum of 4.3b.
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Figure B.15: *H NMR spectrum of 4.3c.
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Figure B.16: 3C{'H} spectrum of 4.3c.
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Figure B.17: 'H NMR spectrum of 4.5.
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Figure B.18: C{'H} spectrum of 4.5.
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Figure B.19: 'H NMR spectrum of the reaction mixture containing 4.6 after 140 h
at ambient temperature. Unpicked peaks are due to 4.3b, 3-vinylanisole, and 4.2b
(from thermal decomposition of 4.3b).
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Figure B.21: C{'H} spectrum of 4.7.
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Figure B.22: 'H NMR spectrum of the reaction mixture containing 4.8 and excess
p-trifluoromethyl benzaldehyde (used as co-solvent). All unintegrated peaks are due
to the excess benzaldehyde.

Figure B.23: 'H NMR spectrum of 4.9.
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Figure B.24: C{'H} spectrum of 4.9.
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Figure B.25: 'H NMR spectrum of 4.10.
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Figure B.26: C{'H} spectrum of 4.10.
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Figure B.27: '"H NMR spectrum obtained upon combining PhsCB(CgF5), with 4.3b
in CgDg. The picked peaks match with the literature spectrum of PhsCH. This
reaction also produces an insoluble black material presumably from decomposition
of the generated two-coordinate bent stibenium.
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Figure B.28: Portion of the 'H-COSY spectrum of 4.7 showing a methylene region
under the Et3Si resonances.
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Figure B.29: 'H NMR spectrum of the crude reaction (in CgDg) between p-CF3-
phenylacetylene and 4.3b. Only the alkene C-H peaks have been labelled. The
3Jun coupling constant is 12.7 Hz (c.f. 12.7 Hz for compound 4.5).
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Figure B.30: F NMR spectrum of the crude reaction (in CgDg) between p-CF;-
phenylacetylene and 4.3b.
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Figure B.31: BC{'H} spectrum of the crude reaction (in C¢Dg) between p-CF;-
phenylacetylene and 4.3b.
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Figure B.32: NOESY spectrum of the crude reaction (in CgDg) mixture between
p-CFs-phenylacetylene and 4.3b showing cross-peaks between the protons of the
Z-alkene.
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Figure B.33: Spectrum of the crude reaction (in CgDg) between p-Me-
phenylacetylene and 4.3b. Only the alkene C-H peaks have been labelled. The
3Jun coupling constant is 12.4 Hz (c.f. 12.7 Hz for compound 4.5). The small dou-
blet at 6.5 ppm arises from the small amount of unreacted p-Me-phenylacetylene.
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Figure B.34: 3C{'H} spectrum of the crude reaction (in CgDg) between p-Me-
phenylacetylene and 4.3b showing the 15 peaks expected for a single isomer.

(I
\ A oA A I 1
LA e ol — - Aot L
| ekl Bid-Mo-Plac- 100418 15 1 “CiUiers\ S ablidesgie Ditvalmagne thendalainmiase™ T E
o I3
= < —
Hl VY t
| : &
| I
3| FE [
L2
e L
_ : rw L=
o e W I
= [
A =
-
T:'I' LB S l:! L FZl.pprl:IJ

Figure B.35: NOESY spectrum of the crude reaction (in CgDg) mixture between
p-Me-phenylacetylene and 4.3b showing cross-peaks between the protons of the

Z-alkene.
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Figure B.36: 'H NMR spectrum of 4.3b dissolved in neat acetone after 24 h — no
reaction has taken place. The intact Sb—H resonance is labelled. The peak at 7.16
ppm is due to a CgDg capillary used for locking.
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All calculations for our paper titled “Hydrostibination”® were performed using

Gaussian 16. Geometry optimizations and frequency calculations were carried out
at the PBE0-D3/def2-TZVP level (coordinates shown below) in a simulated field of
toluene (SCRF).

NBO calculations: The BP86 functional was used with Grimme’s D3 correction
and Becke-Johnson dampening. The TZ2P basis set was employed without any

frozen core approximation. Scalar relativistic corrections were employed.

Figure B.37: View of the LUMOs of Phy,SbH (left), (Me,N),SbH (middle), and
N,N’—(dimethyl)naphthyl)SbH (right) at the PBE1/def2-tzvp level.
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Figure C.1: Crude 'H NMR spectrum of EtSbNMe, obtained from the combination
of LiNMe, and 4.2b.
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Figure C.2: 'H NMR spectrum of 5.1.
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Figure C.4: 'H NMR spectrum of 5.2.
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Figure C.6: 'H NMR spectrum of 5.3.
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Figure C.8: 'H NMR spectrum of 5.4.
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Figure C.9: ¥*C{'H} spectrum of 5.4.
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Figure C.10: HRMS of 5.1.
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Figure C.12: HRMS of 5.3.
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Figure D.1: C{'H} spectrum of 6.4c in CgDs.
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Figure D.2: 'H NMR spectrum of 6.5a in CgDs.
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Figure D.3: ¥C{'H} spectrum of 6.5a in C¢Dg. An instrument artifact at 110 ppm
has been suppressed.
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Figure D.4: 'H NMR spectrum of 6.5b in CgDs.
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Figure D.5: C{'H} spectrum of 6.5b in CgDs.
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Figure D.6: 'H NMR spectrum of 6-Cl in CgDs.
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Figure D.7: BC{'H} spectrum of 6-Clin C¢Ds. An instrument artifact at 110 ppm
has been suppressed.
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Figure D.8: Comparison of the diagnostic region of the *H NMR spectra of crystals
of 6.4c in pyridine-d; (top) and reaction of 6.4a with COs in pyridine-ds (bottom)
showing that the same product is formed in each case.
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Figure D.9: IR spectrum of the reaction of 6.3a with COs.
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Figure D.10: IR spectrum of 6.5a.
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Figure D.11: IR spectrum of 6-Cl.

600 1100 1600 2100 2600 3100 3600
Frequency (cm™)

Figure D.12: IR spectrum of 6bgjm-
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Figure D.13: View of the polymeric structure of 6.1b in the solid state. Hydrogen
atoms have been omitted and carbon atoms shown in wireframe for clarity. A ball
and stick representation is used because disorder in the diffraction data limited
refinement to isotropic treatment.
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Figure D.14: 'H NMR spectra of 6.3a (bottom) and the reaction 6.3a + CO,

(top) in tetrahydrofuran-ds. Broad ill-defined species are formed as seen in the top
spectrum, likely due to oligomerization through the highly flexible ligand backbone.

193



(=] [a ] Wun o =+
~ - N i
w M~ o~ ™o =]
| [ e/ |

_ I

110 100 90 80 70 60 50 40 30 20 1.0 0.0
f1 (ppm)

Figure D.15: 'H NMR spectrum after addition of excess CO, to 6.4a in pyridine.
The resonances at 2.76 ppm and 0.34 ppm correspond to MesSiO,CNMe,. The
resonance at 2.76 ppm arises from the NMe, portion of the carbamate and appears
as a doublet due to significant contribution from the iminium resonance form (partial

C=N double bond) of the molecule.
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Figure D.16: 'H NMR spectrum of the reaction between 6.5a and CO,. The peak-
picked signal shows exclusive formation of Et3Si0,CNMe,.
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Figure E.1: 3P NMR spectrum of P(OC4F5); in dichloromethane.
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Figure E.2: ¥F NMR spectrum of P(OC4F5)5 in dichloromethane.
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Figure E.3: 3P NMR spectrum of P(OC4F5),Cl in dichloromethane.
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Figure E.4: F NMR spectrum of P(OCgF5),Cl in dichloromethane.
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Figure E.5: F NMR spectrum of reaction intermediates P(OCgF5)Cli—, in
dichloromethane.
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Figure E.6: 3P NMR spectrum of NBu,P(OC4F5)sF in dichloromethane at 303K.
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Figure E.7: F NMR spectrum of NBuyP(OCgF;)5F in dichloromethane at 303K.
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Figure E.8: 3P NMR spectrum of NBu,P(OC4F5)s in dichloromethane at 303K.
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Figure E.9: F NMR spectrum of NBuyP(OCgF5)g in dichloromethane at 303K.
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All calculations were performed using Gaussian 09. Geometry optimizations and
frequency calculations were carried out at the BP86-D3/SV(P) level for FIA calcu-
lations and B3LYP-D3/tzvp for GEI calculations. Optimizations in the presence of
a solvent model (PCM or COSMO) were computed in dichloromethane.

BF3 PF5 SbF5 POCF5 AsOCF5 SbOCF5

—o— GEI GEI-PCM

Figure E.10: Calculated GEI (B3LYP-def2tzvp; OCF = OC4F5) of BF3, PF5, SbFj,
P(OCgF5)5, As(OCgF'5)s5, and Sb(OCgF5)5 as free molecules and with a PCM solvent
model.

201



Compound ‘ Gas-phase ‘ PCM ‘ COSMO ‘ GEI

BF, 337 335 331 1.48

PF; 393 369 362 1.46
SbF; 489 430 413 4.92
P(OCgFs5)s 497 367 354 2.03
As(OCgF3)5 509 380 369 4.24
Sh(OCeFs)s 509 380 364 6.54
AL(N(CgF5))s 561 431 411 NA

Table E.1: Calculated FIA’s (kJ mol™t; BP96-SV(P)) of BF3, PF5, SbF5, P(OCgF5)s,
As(OCgF5)s5, Sb(OCgF5)5, and AI(N(CgF5),)5 as free molecules, with a PCM solvent
model and with a COSMO solvent model, and the corresponding GEI values (with-
out solvation effects).

202



APPENDIX F

Copyright Agreement Letters

203



5/18/2021

RightsLink - Your Account

May 18, 2021

License Number
License date
Licensed Content Publisher

Licensed Content
Publication

Licensed Content Title

Licensed Content Author
Licensed Content Date
Licensed Content Volume
Licensed Content Issue
Licensed Content Pages
Type of Use

Requestor type

Format

Portion

Will you be translating?
Number of languages
Title

Institution name
Expected presentation date
Specific Languages
Requestor Location

Publisher Tax ID
Total
Terms and Conditions

5056000537143
Apr 25, 2021
John Wiley and Sons

Chemistry - A European Journal

This Agreement between Katherine Marczenko ("You") and John Wiley and Sons ("John Wiley and Sons") consists of your license
details and the terms and conditions provided by John Wiley and Sons and Copyright Clearance Center.

Periodicity in Structure, Bonding, and Reactivity for p-Block Complexes of a Geometry Constraining

Triamide Ligand

Katherine M. Marczenko, Joseph A. Zurakowski, Marcus B. Kindervater, et al

Nov 26, 2019

25

71

11

Dissertation/Thesis
Author of this Wiley article
Print and electronic

Full article

Yes, including English rights
1

Thesis

Dalhousie University

Jul 2021

English

Katherine Marczenko

5691 Rhuland St
Apt 7

Halifax, NS B3J1B5
Canada
Attn: Katherine Marczenko

EU826007151
0.00 CAD

TERMS AND CONDITIONS
This copyrighted material is owned by or exclusively licensed to John Wiley & Sons, Inc. or one of its group companies (each a"Wiley
Company") or handled on behalf of a society with which a Wiley Company has exclusive publishing rights in relation to a particular
work (collectively "WILEY"). By clicking "accept" in connection with completing this licensing transaction, you agree that the following
terms and conditions apply to this transaction (along with the billing and payment terms and conditions established by the Copyright
Clearance Center Inc., ("CCC's Billing and Payment terms and conditions"), at the time that you opened your RightsLink account

(these are available at any time at http://myaccount.copyright.com).

Terms and Conditions

https://s100.copyright.com/MyAccount/web/jsp/viewprintablelicensefrommyorders.jsp?ref=847289e 1-0848-468e-a163-2827ef422dbe&email=



5/18/2021

https://s100.copyright.com/MyAccount/web/jsp/viewprintablelicensefrommyorders.jsp?ref=847289e 1-0848-468e-a163-2827ef422dbe&email=

RightsLink - Your Account

e The materials you have requested permission to reproduce or reuse (the "Wiley Materials") are protected by copyright.

e You are hereby granted a personal, non-exclusive, non-sub licensable (on a stand-alone basis), non-transferable, worldwide,

limited license to reproduce the Wiley Materials for the purpose specified in the licensing_process. This license, and any
CONTENT (PDF or image file) purchased as part of your order, is for a one-time use only and limited to any maximum
distribution number specified in the license. The first instance of republication or reuse granted by this license must be
completed within two years of the date of the grant of this license (although copies prepared before the end date may be
distributed thereafter). The Wiley Materials shall not be used in any other manner or for any other purpose, beyond what is
granted in the license. Permission is granted subject to an appropriate acknowledgement given to the author, title of the
material/book/journal and the publisher. You shall also duplicate the copyright notice that appears in the Wiley publication in
your use of the Wiley Material. Permission is also granted on the understanding that nowhere in the text is a previously
published source acknowledged for all or part of this Wiley Material. Any third party content is expressly excluded from this
permission.

With respect to the Wiley Materials, all rights are reserved. Except as expressly granted by the terms of the license, no part of
the Wiley Materials may be copied, modified, adapted (except for minor reformatting required by the new Publication),
translated, reproduced, transferred or distributed, in any form or by any means, and no derivative works may be made based
on the Wiley Materials without the prior permission of the respective copyright owner.For STM Signatory Publishers
clearing permission under the terms of the STM Permissions Guidelines only, the terms of the license are extended
to include subsequent editions and for editions in other languages, provided such editions are for the work as a
whole in situ and does not involve the separate exploitation of the permitted figures or extracts, You may not alter,
remove or suppress in any manner any copyright, trademark or other notices displayed by the Wiley Materials. You may not
license, rent, sell, loan, lease, pledge, offer as security, transfer or assign the Wiley Materials on a stand-alone basis, or any
of the rights granted to you hereunder to any other person.

The Wiley Materials and all of the intellectual property rights therein shall at all times remain the exclusive property of John
Wiley & Sons Inc, the Wiley Companies, or their respective licensors, and your interest therein is only that of having
possession of and the right to reproduce the Wiley Materials pursuant to Section 2 herein during the continuance of this
Agreement. You agree that you own no right, title or interest in or to the Wiley Materials or any of the intellectual property
rights therein. You shall have no rights hereunder other than the license as provided for above in Section 2. No right, license
or interest to any trademark, trade name, service mark or other branding ("Marks") of WILEY or its licensors is granted
hereunder, and you agree that you shall not assert any such right, license or interest with respect thereto

NEITHER WILEY NOR ITS LICENSORS MAKES ANY WARRANTY OR REPRESENTATION OF ANY KIND TO YOU OR
ANY THIRD PARTY, EXPRESS, IMPLIED OR STATUTORY, WITH RESPECT TO THE MATERIALS OR THE ACCURACY
OF ANY INFORMATION CONTAINED IN THE MATERIALS, INCLUDING, WITHOUT LIMITATION, ANY IMPLIED
WARRANTY OF MERCHANTABILITY, ACCURACY, SATISFACTORY QUALITY, FITNESS FOR A PARTICULAR PURPOSE,
USABILITY, INTEGRATION OR NON-INFRINGEMENT AND ALL SUCH WARRANTIES ARE HEREBY EXCLUDED BY
WILEY AND ITS LICENSORS AND WAIVED BY YOU.

WILEY shall have the right to terminate this Agreement immediately upon breach of this Agreement by you.

You shall indemnify, defend and hold harmless WILEY, its Licensors and their respective directors, officers, agents and
employees, from and against any actual or threatened claims, demands, causes of action or proceedings arising from any
breach of this Agreement by you.

IN NO EVENT SHALL WILEY OR ITS LICENSORS BE LIABLE TO YOU OR ANY OTHER PARTY OR ANY OTHER
PERSON OR ENTITY FOR ANY SPECIAL, CONSEQUENTIAL, INCIDENTAL, INDIRECT, EXEMPLARY OR PUNITIVE
DAMAGES, HOWEVER CAUSED, ARISING OUT OF OR IN CONNECTION WITH THE DOWNLOADING, PROVISIONING,
VIEWING OR USE OF THE MATERIALS REGARDLESS OF THE FORM OF ACTION, WHETHER FOR BREACH OF
CONTRACT, BREACH OF WARRANTY, TORT, NEGLIGENCE, INFRINGEMENT OR OTHERWISE (INCLUDING, WITHOUT
LIMITATION, DAMAGES BASED ON LOSS OF PROFITS, DATA, FILES, USE, BUSINESS OPPORTUNITY OR CLAIMS OF
THIRD PARTIES), AND WHETHER OR NOT THE PARTY HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH
DAMAGES. THIS LIMITATION SHALL APPLY NOTWITHSTANDING ANY FAILURE OF ESSENTIAL PURPOSE OF ANY
LIMITED REMEDY PROVIDED HEREIN.

Should any provision of this Agreement be held by a court of competent jurisdiction to be illegal, invalid, or unenforceable,
that provision shall be deemed amended to achieve as nearly as possible the same economic effect as the original provision,
and the legality, validity and enforceability of the remaining provisions of this Agreement shall not be affected or impaired
thereby.

2/4



5/18/2021 RightsLink - Your Account

https://s100.copyright.com/MyAccount/web/jsp/viewprintablelicensefrommyorders.jsp?ref=847289e 1-0848-468e-a163-2827ef422dbe&email=

o The failure of either party to enforce any term or condition of this Agreement shall not constitute a waiver of either party's right
to enforce each and every term and condition of this Agreement. No breach under this agreement shall be deemed waived or
excused by either party unless such waiver or consent is in writing signed by the party granting such waiver or consent. The
waiver by or consent of a party to a breach of any provision of this Agreement shall not operate or be construed as a waiver
of or consent to any other or subsequent breach by such other party.

e This Agreement may not be assigned (including by operation of law or otherwise) by you without WILEY's prior written
consent.

e Any fee required for this permission shall be non-refundable after thirty (30) days from receipt by the CCC.

e These terms and conditions together with CCC's Billing and Payment terms and conditions (which are incorporated herein)
form the entire agreement between you and WILEY concerning this licensing transaction and (in the absence of fraud)
supersedes all prior agreements and representations of the parties, oral or written. This Agreement may not be amended
except in writing signed by both parties. This Agreement shall be binding upon and inure to the benefit of the parties'
successors, legal representatives, and authorized assigns.

¢ In the event of any conflict between your obligations established by these terms and conditions and those established by
CCC's Billing and Payment terms and conditions, these terms and conditions shall prevail.

o WILEY expressly reserves all rights not specifically granted in the combination of (i) the license details provided by you and
accepted in the course of this licensing transaction, (ii) these terms and conditions and (iii) CCC's Billing and Payment terms
and conditions.

e This Agreement will be void if the Type of Use, Format, Circulation, or Requestor Type was misrepresented during the
licensing process.

e This Agreement shall be governed by and construed in accordance with the laws of the State of New York, USA, without
regards to such state's conflict of law rules. Any legal action, suit or proceeding arising out of or relating to these Terms and
Conditions or the breach thereof shall be instituted in a court of competent jurisdiction in New York County in the State of New
York in the United States of America and each party hereby consents and submits to the personal jurisdiction of such court,
waives any objection to venue in such court and consents to service of process by registered or certified mail, return receipt
requested, at the last known address of such party.

WILEY OPEN ACCESS TERMS AND CONDITIONS

Wiley Publishes Open Access Atrticles in fully Open Access Journals and in Subscription journals offering Online Open. Although
most of the fully Open Access journals publish open access articles under the terms of the Creative Commons Attribution (CC BY)
License only, the subscription journals and a few of the Open Access Journals offer a choice of Creative Commons Licenses. The
license type is clearly identified on the article.

The Creative Commons Attribution License

The Creative Commons Attribution License (CC-BY) allows users to copy, distribute and transmit an article, adapt the article and
make commercial use of the article. The CC-BY license permits commercial and non-

Creative Commons Attribution Non-Commercial License

The Creative Commons Attribution Non-Commercial (CC-BY-NC)License permits use, distribution and reproduction in any medium,
provided the original work is properly cited and is not used for commercial purposes.(see below)

Creative Commons Attribution-Non-Commercial-NoDerivs License

The Creative Commons Attribution Non-Commercial-NoDerivs License (CC-BY-NC-ND) permits use, distribution and reproduction in
any medium, provided the original work is properly cited, is not used for commercial purposes and no modifications or adaptations
are made. (see below)

Use by commercial "for-profit" organizations

Use of Wiley Open Access articles for commercial, promotional, or marketing purposes requires further explicit permission from Wiley
and will be subject to a fee.

Further details can be found on Wiley Online Library http://olabout.wiley.com/WileyCDA/Section/id-410895.html

Other Terms and Conditions:

3/4



5/18/2021

Rightslink® by Copyright Clearance Center

& i RightsLink A 2 n 2

Home Help Live Chat Katherine Marczenko v

Center

Z High Lewis Acidity at Planar, Trivalent, and Neutral Bismuth
/ Centers
Author: Katherine M. Marczenko, Samantha Jee, Saurabh S. Chitnis
ACSPublications Ppublication: Organometallics
v Maost Trusted. Mest Cited. Most Read.

Z Publisher: American Chemical Society
Date: Dec 1, 2020

Copyright © 2020, American Chemical Society

0 T s,

PERMISSION/LICENSE IS GRANTED FOR YOUR ORDER AT NO CHARGE

This type of permission/license, instead of the standard Terms & Conditions, is sent to you because no fee is being
charged for your order. Please note the following:

- Permission is granted for your request in both print and electronic formats, and translations.

- If figures and/or tables were requested, they may be adapted or used in part.

- Please print this page for your records and send a copy of it to your publisher/graduate school.

- Appropriate credit for the requested material should be given as follows: "Reprinted (adapted) with permission

7/ from (COMPLETE REFERENCE CITATION). Copyright (YEAR) American Chemical Society." Insert appropriate

7 information in place of the capitalized words.

7/ - One-time permission is granted only for the use specified in your request. No additional uses are granted (such as
7 derivative works or other editions). For any other uses, please submit a new request.

7 BACK CLOSE WINDOW

© 2021 Copyright - All Rights Reserved |  Copyright Clearance Center, Inc. | Privacy statement | Terms and Conditions
Comments? We would like to hear from you. E-mail us at customercare@copyright.com

https://s100.copyright.com/AppDispatchServlet

7



5/18/2021 RightsLink - Your Account

May 18, 2021

This Agreement between Katherine Marczenko ("You") and John Wiley and Sons ("John Wiley and Sons") consists of your license
details and the terms and conditions provided by John Wiley and Sons and Copyright Clearance Center.

License Number 5071930873829

License date May 18, 2021

Licensed Content Publisher ~ John Wiley and Sons

Licensed Content Angewandte Chemie International Edition
Publication

Licensed Content Title Hydrostibination

Licensed Content Author Saurabh S. Chitnis, Joshua W. M. MacMillan, Karlee L. Bamford, et al
Licensed Content Date Oct 24, 2019

Licensed Content Volume 58

Licensed Content Issue 50

Licensed Content Pages 6

Type of Use Dissertation/Thesis

Requestor type Author of this Wiley article

Format Print and electronic

Portion Full article

Will you be translating? No

Title Thesis

Institution name Dalhousie University

Expected presentation date  Jul 2021

Requestor Location Katherine Marczenko
5691 Rhuland St
Apt 7

Halifax, NS B3J1B5

Canada

Attn: Katherine Marczenko
Publisher Tax ID EU826007151
Total 0.00 CAD

Terms and Conditions

TERMS AND CONDITIONS
This copyrighted material is owned by or exclusively licensed to John Wiley & Sons, Inc. or one of its group companies (each a"Wiley
Company") or handled on behalf of a society with which a Wiley Company has exclusive publishing rights in relation to a particular
work (collectively "WILEY™"). By clicking "accept" in connection with completing this licensing transaction, you agree that the following
terms and conditions apply to this transaction (along with the billing and payment terms and conditions established by the Copyright
Clearance Center Inc., ("CCC's Billing and Payment terms and conditions"), at the time that you opened your RightsLink account
(these are available at any time at http://myaccount.copyright.com).

Terms and Conditions

e The materials you have requested permission to reproduce or reuse (the "Wiley Materials") are protected by copyright.

¢ You are hereby granted a personal, non-exclusive, non-sub licensable (on a stand-alone basis), non-transferable, worldwide,
limited license to reproduce the Wiley Materials for the purpose specified in the licensing_process. This license, and any
CONTENT (PDF or image file) purchased as part of your order, is for a one-time use only and limited to any maximum

https://s100.copyright.com/MyAccount/web/jsp/viewprintablelicensefrommyorders.jsp?ref=6a0053ce-786e-4f3d-a475-8dca4a8cb008&email= 1/4



5/18/2021

RightsLink - Your Account

distribution number specified in the license. The first instance of republication or reuse granted by this license must be
completed within two years of the date of the grant of this license (although copies prepared before the end date may be
distributed thereafter). The Wiley Materials shall not be used in any other manner or for any other purpose, beyond what is
granted in the license. Permission is granted subject to an appropriate acknowledgement given to the author, title of the
material/book/journal and the publisher. You shall also duplicate the copyright notice that appears in the Wiley publication in
your use of the Wiley Material. Permission is also granted on the understanding that nowhere in the text is a previously
published source acknowledged for all or part of this Wiley Material. Any third party content is expressly excluded from this
permission.

With respect to the Wiley Materials, all rights are reserved. Except as expressly granted by the terms of the license, no part of
the Wiley Materials may be copied, modified, adapted (except for minor reformatting required by the new Publication),
translated, reproduced, transferred or distributed, in any form or by any means, and no derivative works may be made based
on the Wiley Materials without the prior permission of the respective copyright owner.For STM Signatory Publishers
clearing permission under the terms of the STM Permissions Guidelines only, the terms of the license are extended
to include subsequent editions and for editions in other languages, provided such editions are for the work as a
whole in situ and does not involve the separate exploitation of the permitted figures or extracts, You may not alter,
remove or suppress in any manner any copyright, trademark or other notices displayed by the Wiley Materials. You may not
license, rent, sell, loan, lease, pledge, offer as security, transfer or assign the Wiley Materials on a stand-alone basis, or any
of the rights granted to you hereunder to any other person.

The Wiley Materials and all of the intellectual property rights therein shall at all times remain the exclusive property of John
Wiley & Sons Inc, the Wiley Companies, or their respective licensors, and your interest therein is only that of having
possession of and the right to reproduce the Wiley Materials pursuant to Section 2 herein during the continuance of this
Agreement. You agree that you own no right, title or interest in or to the Wiley Materials or any of the intellectual property
rights therein. You shall have no rights hereunder other than the license as provided for above in Section 2. No right, license
or interest to any trademark, trade name, service mark or other branding ("Marks") of WILEY or its licensors is granted
hereunder, and you agree that you shall not assert any such right, license or interest with respect thereto

NEITHER WILEY NOR ITS LICENSORS MAKES ANY WARRANTY OR REPRESENTATION OF ANY KIND TO YOU OR
ANY THIRD PARTY, EXPRESS, IMPLIED OR STATUTORY, WITH RESPECT TO THE MATERIALS OR THE ACCURACY
OF ANY INFORMATION CONTAINED IN THE MATERIALS, INCLUDING, WITHOUT LIMITATION, ANY IMPLIED
WARRANTY OF MERCHANTABILITY, ACCURACY, SATISFACTORY QUALITY, FITNESS FOR A PARTICULAR PURPOSE,
USABILITY, INTEGRATION OR NON-INFRINGEMENT AND ALL SUCH WARRANTIES ARE HEREBY EXCLUDED BY
WILEY AND ITS LICENSORS AND WAIVED BY YOU.

WILEY shall have the right to terminate this Agreement immediately upon breach of this Agreement by you.

You shall indemnify, defend and hold harmless WILEY, its Licensors and their respective directors, officers, agents and
employees, from and against any actual or threatened claims, demands, causes of action or proceedings arising from any
breach of this Agreement by you.

IN NO EVENT SHALL WILEY OR ITS LICENSORS BE LIABLE TO YOU OR ANY OTHER PARTY OR ANY OTHER
PERSON OR ENTITY FOR ANY SPECIAL, CONSEQUENTIAL, INCIDENTAL, INDIRECT, EXEMPLARY OR PUNITIVE
DAMAGES, HOWEVER CAUSED, ARISING OUT OF OR IN CONNECTION WITH THE DOWNLOADING, PROVISIONING,
VIEWING OR USE OF THE MATERIALS REGARDLESS OF THE FORM OF ACTION, WHETHER FOR BREACH OF
CONTRACT, BREACH OF WARRANTY, TORT, NEGLIGENCE, INFRINGEMENT OR OTHERWISE (INCLUDING, WITHOUT
LIMITATION, DAMAGES BASED ON LOSS OF PROFITS, DATA, FILES, USE, BUSINESS OPPORTUNITY OR CLAIMS OF
THIRD PARTIES), AND WHETHER OR NOT THE PARTY HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH
DAMAGES. THIS LIMITATION SHALL APPLY NOTWITHSTANDING ANY FAILURE OF ESSENTIAL PURPOSE OF ANY
LIMITED REMEDY PROVIDED HEREIN.

Should any provision of this Agreement be held by a court of competent jurisdiction to be illegal, invalid, or unenforceable,
that provision shall be deemed amended to achieve as nearly as possible the same economic effect as the original provision,
and the legality, validity and enforceability of the remaining provisions of this Agreement shall not be affected or impaired
thereby.

The failure of either party to enforce any term or condition of this Agreement shall not constitute a waiver of either party's right
to enforce each and every term and condition of this Agreement. No breach under this agreement shall be deemed waived or
excused by either party unless such waiver or consent is in writing signed by the party granting such waiver or consent. The
waiver by or consent of a party to a breach of any provision of this Agreement shall not operate or be construed as a waiver

https://s100.copyright.com/MyAccount/web/jsp/viewprintablelicensefrommyorders.jsp?ref=6a0053ce-786e-4f3d-a475-8dca4a8cb008&email= 2/4



5/18/2021 RightsLink - Your Account

of or consent to any other or subsequent breach by such other party.

e This Agreement may not be assigned (including by operation of law or otherwise) by you without WILEY's prior written
consent.

e Any fee required for this permission shall be non-refundable after thirty (30) days from receipt by the CCC.

e These terms and conditions together with CCC's Billing and Payment terms and conditions (which are incorporated herein)
form the entire agreement between you and WILEY concerning this licensing transaction and (in the absence of fraud)
supersedes all prior agreements and representations of the parties, oral or written. This Agreement may not be amended
except in writing signed by both parties. This Agreement shall be binding upon and inure to the benefit of the parties'
successors, legal representatives, and authorized assigns.

¢ In the event of any conflict between your obligations established by these terms and conditions and those established by
CCC's Billing and Payment terms and conditions, these terms and conditions shall prevail.

o WILEY expressly reserves all rights not specifically granted in the combination of (i) the license details provided by you and
accepted in the course of this licensing transaction, (ii) these terms and conditions and (iii) CCC's Billing and Payment terms
and conditions.

e This Agreement will be void if the Type of Use, Format, Circulation, or Requestor Type was misrepresented during the
licensing process.

e This Agreement shall be governed by and construed in accordance with the laws of the State of New York, USA, without
regards to such state's conflict of law rules. Any legal action, suit or proceeding arising out of or relating to these Terms and
Conditions or the breach thereof shall be instituted in a court of competent jurisdiction in New York County in the State of New
York in the United States of America and each party hereby consents and submits to the personal jurisdiction of such court,
waives any objection to venue in such court and consents to service of process by registered or certified mail, return receipt
requested, at the last known address of such party.

WILEY OPEN ACCESS TERMS AND CONDITIONS

Wiley Publishes Open Access Articles in fully Open Access Journals and in Subscription journals offering Online Open. Although
most of the fully Open Access journals publish open access articles under the terms of the Creative Commons Attribution (CC BY)
License only, the subscription journals and a few of the Open Access Journals offer a choice of Creative Commons Licenses. The
license type is clearly identified on the article.

The Creative Commons Attribution License

The Creative Commons Attribution License (CC-BY) allows users to copy, distribute and transmit an article, adapt the article and
make commercial use of the article. The CC-BY license permits commercial and non-

Creative Commons Attribution Non-Commercial License

The Creative Commons Attribution Non-Commercial (CC-BY-NC)License permits use, distribution and reproduction in any medium,
provided the original work is properly cited and is not used for commercial purposes.(see below)

Creative Commons Attribution-Non-Commercial-NoDerivs License

The Creative Commons Attribution Non-Commercial-NoDerivs License (CC-BY-NC-ND) permits use, distribution and reproduction in
any medium, provided the original work is properly cited, is not used for commercial purposes and no modifications or adaptations
are made. (see below)

Use by commercial "for-profit" organizations

Use of Wiley Open Access articles for commercial, promotional, or marketing purposes requires further explicit permission from Wiley
and will be subject to a fee.

Further details can be found on Wiley Online Library http://olabout.wiley.com/WileyCDA/Section/id-410895.html

Other Terms and Conditions:

v1.10 Last updated September 2015
Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or +1-978-646-2777.

https://s100.copyright.com/MyAccount/web/jsp/viewprintablelicensefrommyorders.jsp?ref=6a0053ce-786e-4f3d-a475-8dca4a8cb008&email= 3/4



5/18/2021 RightsLink - Your Account

May 18, 2021

This Agreement between Katherine Marczenko ("You") and John Wiley and Sons ("John Wiley and Sons") consists of your license
details and the terms and conditions provided by John Wiley and Sons and Copyright Clearance Center.

License Number 5056000715276

License date Apr 25, 2021

Licensed Content Publisher ~ John Wiley and Sons

Licensed Content Chemistry - A European Journal

Publication

Licensed Content Title Hydrostibination of Alkynes: A Radical Mechanism**
Licensed Content Author Saurabh S. Chitnis, Erin R. Johnson, Katherine M. Marczenko, et al
Licensed Content Date Nov 11, 2020

Licensed Content Volume 26

Licensed Content Issue 71

Licensed Content Pages 9

Type of Use Dissertation/Thesis

Requestor type Author of this Wiley article

Format Print and electronic

Portion Full article

Will you be translating? Yes, including English rights

Number of languages 1

Title Thesis

Institution name Dalhousie University

Expected presentation date  Jul 2021

Specific Languages English

Requestor Location Katherine Marczenko
5691 Rhuland St
Apt 7

Halifax, NS B3J1B5

Canada

Attn: Katherine Marczenko
Publisher Tax ID EU826007151
Total 0.00 USD

Terms and Conditions

TERMS AND CONDITIONS
This copyrighted material is owned by or exclusively licensed to John Wiley & Sons, Inc. or one of its group companies (each a"Wiley
Company") or handled on behalf of a society with which a Wiley Company has exclusive publishing rights in relation to a particular
work (collectively "WILEY™"). By clicking "accept" in connection with completing this licensing transaction, you agree that the following
terms and conditions apply to this transaction (along with the billing and payment terms and conditions established by the Copyright
Clearance Center Inc., ("CCC's Billing and Payment terms and conditions"), at the time that you opened your RightsLink account
(these are available at any time at http://myaccount.copyright.com).

Terms and Conditions

e The materials you have requested permission to reproduce or reuse (the "Wiley Materials") are protected by copyright.

https://s100.copyright.com/MyAccount/web/jsp/viewprintablelicensefrommyorders.jsp?ref=30a64f20-3c03-4432-ad02-97b6b8beef91&email= 1/4



5/18/2021

RightsLink - Your Account

e You are hereby granted a personal, non-exclusive, non-sub licensable (on a stand-alone basis), non-transferable, worldwide,

limited license to reproduce the Wiley Materials for the purpose specified in the licensing_process. This license, and any
CONTENT (PDF or image file) purchased as part of your order, is for a one-time use only and limited to any maximum
distribution number specified in the license. The first instance of republication or reuse granted by this license must be
completed within two years of the date of the grant of this license (although copies prepared before the end date may be
distributed thereafter). The Wiley Materials shall not be used in any other manner or for any other purpose, beyond what is
granted in the license. Permission is granted subject to an appropriate acknowledgement given to the author, title of the
material/book/journal and the publisher. You shall also duplicate the copyright notice that appears in the Wiley publication in
your use of the Wiley Material. Permission is also granted on the understanding that nowhere in the text is a previously
published source acknowledged for all or part of this Wiley Material. Any third party content is expressly excluded from this
permission.

With respect to the Wiley Materials, all rights are reserved. Except as expressly granted by the terms of the license, no part of
the Wiley Materials may be copied, modified, adapted (except for minor reformatting required by the new Publication),
translated, reproduced, transferred or distributed, in any form or by any means, and no derivative works may be made based
on the Wiley Materials without the prior permission of the respective copyright owner.For STM Signatory Publishers
clearing permission under the terms of the STM Permissions Guidelines only, the terms of the license are extended
to include subsequent editions and for editions in other languages, provided such editions are for the work as a
whole in situ and does not involve the separate exploitation of the permitted figures or extracts, You may not alter,
remove or suppress in any manner any copyright, trademark or other notices displayed by the Wiley Materials. You may not
license, rent, sell, loan, lease, pledge, offer as security, transfer or assign the Wiley Materials on a stand-alone basis, or any
of the rights granted to you hereunder to any other person.

The Wiley Materials and all of the intellectual property rights therein shall at all times remain the exclusive property of John
Wiley & Sons Inc, the Wiley Companies, or their respective licensors, and your interest therein is only that of having
possession of and the right to reproduce the Wiley Materials pursuant to Section 2 herein during the continuance of this
Agreement. You agree that you own no right, title or interest in or to the Wiley Materials or any of the intellectual property
rights therein. You shall have no rights hereunder other than the license as provided for above in Section 2. No right, license
or interest to any trademark, trade name, service mark or other branding ("Marks") of WILEY or its licensors is granted
hereunder, and you agree that you shall not assert any such right, license or interest with respect thereto

NEITHER WILEY NOR ITS LICENSORS MAKES ANY WARRANTY OR REPRESENTATION OF ANY KIND TO YOU OR
ANY THIRD PARTY, EXPRESS, IMPLIED OR STATUTORY, WITH RESPECT TO THE MATERIALS OR THE ACCURACY
OF ANY INFORMATION CONTAINED IN THE MATERIALS, INCLUDING, WITHOUT LIMITATION, ANY IMPLIED
WARRANTY OF MERCHANTABILITY, ACCURACY, SATISFACTORY QUALITY, FITNESS FOR A PARTICULAR PURPOSE,
USABILITY, INTEGRATION OR NON-INFRINGEMENT AND ALL SUCH WARRANTIES ARE HEREBY EXCLUDED BY
WILEY AND ITS LICENSORS AND WAIVED BY YOU.

WILEY shall have the right to terminate this Agreement immediately upon breach of this Agreement by you.

You shall indemnify, defend and hold harmless WILEY, its Licensors and their respective directors, officers, agents and
employees, from and against any actual or threatened claims, demands, causes of action or proceedings arising from any
breach of this Agreement by you.

IN NO EVENT SHALL WILEY OR ITS LICENSORS BE LIABLE TO YOU OR ANY OTHER PARTY OR ANY OTHER
PERSON OR ENTITY FOR ANY SPECIAL, CONSEQUENTIAL, INCIDENTAL, INDIRECT, EXEMPLARY OR PUNITIVE
DAMAGES, HOWEVER CAUSED, ARISING OUT OF OR IN CONNECTION WITH THE DOWNLOADING, PROVISIONING,
VIEWING OR USE OF THE MATERIALS REGARDLESS OF THE FORM OF ACTION, WHETHER FOR BREACH OF
CONTRACT, BREACH OF WARRANTY, TORT, NEGLIGENCE, INFRINGEMENT OR OTHERWISE (INCLUDING, WITHOUT
LIMITATION, DAMAGES BASED ON LOSS OF PROFITS, DATA, FILES, USE, BUSINESS OPPORTUNITY OR CLAIMS OF
THIRD PARTIES), AND WHETHER OR NOT THE PARTY HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH
DAMAGES. THIS LIMITATION SHALL APPLY NOTWITHSTANDING ANY FAILURE OF ESSENTIAL PURPOSE OF ANY
LIMITED REMEDY PROVIDED HEREIN.

Should any provision of this Agreement be held by a court of competent jurisdiction to be illegal, invalid, or unenforceable,
that provision shall be deemed amended to achieve as nearly as possible the same economic effect as the original provision,
and the legality, validity and enforceability of the remaining provisions of this Agreement shall not be affected or impaired
thereby.

The failure of either party to enforce any term or condition of this Agreement shall not constitute a waiver of either party's right
to enforce each and every term and condition of this Agreement. No breach under this agreement shall be deemed waived or

https://s100.copyright.com/MyAccount/web/jsp/viewprintablelicensefrommyorders.jsp?ref=30a64f20-3c03-4432-ad02-97b6b8beef91&email= 2/4



5/18/2021 RightsLink - Your Account

excused by either party unless such waiver or consent is in writing signed by the party granting such waiver or consent. The
waiver by or consent of a party to a breach of any provision of this Agreement shall not operate or be construed as a waiver
of or consent to any other or subsequent breach by such other party.

e This Agreement may not be assigned (including by operation of law or otherwise) by you without WILEY's prior written
consent.

e Any fee required for this permission shall be non-refundable after thirty (30) days from receipt by the CCC.

e These terms and conditions together with CCC's Billing and Payment terms and conditions (which are incorporated herein)
form the entire agreement between you and WILEY concerning this licensing transaction and (in the absence of fraud)
supersedes all prior agreements and representations of the parties, oral or written. This Agreement may not be amended
except in writing signed by both parties. This Agreement shall be binding upon and inure to the benefit of the parties'
successors, legal representatives, and authorized assigns.

¢ In the event of any conflict between your obligations established by these terms and conditions and those established by
CCC's Billing and Payment terms and conditions, these terms and conditions shall prevail.

o WILEY expressly reserves all rights not specifically granted in the combination of (i) the license details provided by you and
accepted in the course of this licensing transaction, (ii) these terms and conditions and (iii) CCC's Billing and Payment terms
and conditions.

e This Agreement will be void if the Type of Use, Format, Circulation, or Requestor Type was misrepresented during the
licensing process.

e This Agreement shall be governed by and construed in accordance with the laws of the State of New York, USA, without
regards to such state's conflict of law rules. Any legal action, suit or proceeding arising out of or relating to these Terms and
Conditions or the breach thereof shall be instituted in a court of competent jurisdiction in New York County in the State of New
York in the United States of America and each party hereby consents and submits to the personal jurisdiction of such court,
waives any objection to venue in such court and consents to service of process by registered or certified mail, return receipt
requested, at the last known address of such party.

WILEY OPEN ACCESS TERMS AND CONDITIONS

Wiley Publishes Open Access Articles in fully Open Access Journals and in Subscription journals offering Online Open. Although
most of the fully Open Access journals publish open access articles under the terms of the Creative Commons Attribution (CC BY)
License only, the subscription journals and a few of the Open Access Journals offer a choice of Creative Commons Licenses. The
license type is clearly identified on the article.

The Creative Commons Attribution License

The Creative Commons Attribution License (CC-BY) allows users to copy, distribute and transmit an article, adapt the article and
make commercial use of the article. The CC-BY license permits commercial and non-

Creative Commons Attribution Non-Commercial License

The Creative Commons Attribution Non-Commercial (CC-BY-NC)License permits use, distribution and reproduction in any medium,
provided the original work is properly cited and is not used for commercial purposes.(see below)

Creative Commons Attribution-Non-Commercial-NoDerivs License

The Creative Commons Attribution Non-Commercial-NoDerivs License (CC-BY-NC-ND) permits use, distribution and reproduction in
any medium, provided the original work is properly cited, is not used for commercial purposes and no modifications or adaptations
are made. (see below)

Use by commercial "for-profit" organizations

Use of Wiley Open Access articles for commercial, promotional, or marketing purposes requires further explicit permission from Wiley
and will be subject to a fee.

Further details can be found on Wiley Online Library http://olabout.wiley.com/WileyCDA/Section/id-410895.html

Other Terms and Conditions:

v1.10 Last updated September 2015

Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or +1-978-646-2777.
https://s100.copyright.com/MyAccount/web/jsp/viewprintablelicensefrommyorders.jsp?ref=30a64f20-3c03-4432-ad02-97b6b8beef91&email=

3/4



5/18/2021

RightsLink - Your Account

May 18, 2021

License Number
License date
Licensed Content Publisher

Licensed Content
Publication

Licensed Content Title
Licensed Content Author
Licensed Content Date
Licensed Content Volume
Licensed Content Issue
Licensed Content Pages
Type of Use

Requestor type

Format

Portion

Will you be translating?
Number of languages
Title

Institution name
Expected presentation date
Specific Languages
Requestor Location

Publisher Tax ID
Total
Terms and Conditions

Terms and Conditions

5056000647043
Apr 25, 2021
John Wiley and Sons

Chemistry - A European Journal

This Agreement between Katherine Marczenko ("You") and John Wiley and Sons ("John Wiley and Sons") consists of your license
details and the terms and conditions provided by John Wiley and Sons and Copyright Clearance Center.

Synthesis of a Perfluorinated Phenoxyphosphorane and Conversion to Its Hexacoordinate Anions

Saurabh S. Chitnis, Chloe-Louise Johnson, Katherine M. Marczenko

Jun 6, 2019

25

37

10

Dissertation/Thesis
Author of this Wiley article
Print and electronic

Full article

Yes, including English rights
1

Thesis

Dalhousie University

Jul 2021

English

Katherine Marczenko

5691 Rhuland St
Apt 7

Halifax, NS B3J1B5
Canada
Attn: Katherine Marczenko

EU826007151
0.00 USD

TERMS AND CONDITIONS
This copyrighted material is owned by or exclusively licensed to John Wiley & Sons, Inc. or one of its group companies (each a"Wiley
Company") or handled on behalf of a society with which a Wiley Company has exclusive publishing rights in relation to a particular
work (collectively "WILEY™"). By clicking "accept" in connection with completing this licensing transaction, you agree that the following
terms and conditions apply to this transaction (along with the billing and payment terms and conditions established by the Copyright
Clearance Center Inc., ("CCC's Billing and Payment terms and conditions"), at the time that you opened your RightsLink account
(these are available at any time at http://myaccount.copyright.com).

e The materials you have requested permission to reproduce or reuse (the "Wiley Materials") are protected by copyright.

https://s100.copyright.com/MyAccount/web/jsp/viewprintablelicensefrommyorders.jsp?ref=f9dfed37-3be6-4cb4-ab1f-14d966e86c94 &email=



5/18/2021

RightsLink - Your Account
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material/book/journal and the publisher. You shall also duplicate the copyright notice that appears in the Wiley publication in
your use of the Wiley Material. Permission is also granted on the understanding that nowhere in the text is a previously
published source acknowledged for all or part of this Wiley Material. Any third party content is expressly excluded from this
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With respect to the Wiley Materials, all rights are reserved. Except as expressly granted by the terms of the license, no part of
the Wiley Materials may be copied, modified, adapted (except for minor reformatting required by the new Publication),
translated, reproduced, transferred or distributed, in any form or by any means, and no derivative works may be made based
on the Wiley Materials without the prior permission of the respective copyright owner.For STM Signatory Publishers
clearing permission under the terms of the STM Permissions Guidelines only, the terms of the license are extended
to include subsequent editions and for editions in other languages, provided such editions are for the work as a
whole in situ and does not involve the separate exploitation of the permitted figures or extracts, You may not alter,
remove or suppress in any manner any copyright, trademark or other notices displayed by the Wiley Materials. You may not
license, rent, sell, loan, lease, pledge, offer as security, transfer or assign the Wiley Materials on a stand-alone basis, or any
of the rights granted to you hereunder to any other person.
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Agreement. You agree that you own no right, title or interest in or to the Wiley Materials or any of the intellectual property
rights therein. You shall have no rights hereunder other than the license as provided for above in Section 2. No right, license
or interest to any trademark, trade name, service mark or other branding ("Marks") of WILEY or its licensors is granted
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WILEY AND ITS LICENSORS AND WAIVED BY YOU.

WILEY shall have the right to terminate this Agreement immediately upon breach of this Agreement by you.

You shall indemnify, defend and hold harmless WILEY, its Licensors and their respective directors, officers, agents and
employees, from and against any actual or threatened claims, demands, causes of action or proceedings arising from any
breach of this Agreement by you.

IN NO EVENT SHALL WILEY OR ITS LICENSORS BE LIABLE TO YOU OR ANY OTHER PARTY OR ANY OTHER
PERSON OR ENTITY FOR ANY SPECIAL, CONSEQUENTIAL, INCIDENTAL, INDIRECT, EXEMPLARY OR PUNITIVE
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THIRD PARTIES), AND WHETHER OR NOT THE PARTY HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH
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LIMITED REMEDY PROVIDED HEREIN.
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that provision shall be deemed amended to achieve as nearly as possible the same economic effect as the original provision,
and the legality, validity and enforceability of the remaining provisions of this Agreement shall not be affected or impaired
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The failure of either party to enforce any term or condition of this Agreement shall not constitute a waiver of either party's right
to enforce each and every term and condition of this Agreement. No breach under this agreement shall be deemed waived or
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excused by either party unless such waiver or consent is in writing signed by the party granting such waiver or consent. The
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CCC's Billing and Payment terms and conditions, these terms and conditions shall prevail.

o WILEY expressly reserves all rights not specifically granted in the combination of (i) the license details provided by you and
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e This Agreement will be void if the Type of Use, Format, Circulation, or Requestor Type was misrepresented during the
licensing process.
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Conditions or the breach thereof shall be instituted in a court of competent jurisdiction in New York County in the State of New
York in the United States of America and each party hereby consents and submits to the personal jurisdiction of such court,
waives any objection to venue in such court and consents to service of process by registered or certified mail, return receipt
requested, at the last known address of such party.
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