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Abstract

Transition metal nitride (N*) complexes exhibit useful reactivity towards heteroatom
transfer, as well as providing valuable insight into the mechanisms of dinitrogen reduction
and ammonia oxidation. Salen ligands are capable of forming complexes with a large
number of metal ions in different oxidation states and are thus a versatile platform in
coordination chemistry research. By incorporating salen ligands with a variety of R-group
substituents at the para position of the phenolate moieties, the electronic structure and
thus the reactivity of the nitride ligand can be modified. This thesis will focus on the
synthesis, characterization and reactivity of Cr nitride complexes bearing modified salen
ligands (R = NOy, CF3, 'Bu, OMe, O'Pr, NMe;, and NEt). Salen ligands are well-known for
their ability to form ligand radicals upon oxidation, as opposed to metal-based oxidation.
Oxidation of CrNSalV™e2 and CrNSalVf? yields Cr" ligand radical species, whereas the
other less donating R-groups yield high-valent Cr"' nitride complexes. Oxidized complexes
were characterized by both experimental and theoretical techniques including UV-vis-NIR
spectroscopy, electron paramagnetic resonance spectroscopy, electrochemistry, and
density functional theory calculations. Depending on the locus of oxidation, desirable
reactivity may be observed such as C-H bond activation. The addition of exogenous
ligands may further activate the nitride ligand and facilitate homocoupling or C-H bond

activation pathways.
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Chapter 1. Introduction

1.1. Overview of Transition Metal Nitrides

Transition metal nitrides garner significant interest for their properties in materials,
photocatalysis, electrocatalysis, energy storage and plasmonics.'® Nitride ligands display
different bonding modes depending on the coordination environment and stoichiometric
ratio of metal to nitrogen atoms, ranging from complex coordination compounds to discrete
molecules."®'° This thesis will focus on the chemistry of terminal molecular nitrides (N*)

bound to a single metal center.

Nitrides are proposed intermediates along the nitrogen reduction pathway, which
yields the essential feedstock chemical ammonia.'"'? Ammonia is used in multiple
industries including pharmaceuticals, fertilizers and metal treatment.’>'® In particular,
ammonia has received attention in the alternative energy sector as a green fuel with
properties that make it more attractive than hydrogen gas.'® While hydrogen gas is
explosive and lacks infrastructure, ammonia carries a higher energy density, is not
explosive, and society is already equipped to transport and store ammonia.'” Currently,
ammonia is produced using the Haber-Bosch process by flowing N2 and Hz at high
temperatures and pressures over Fe or Ru catalysts according to Figure 1.1, which uses
~2% of the world’s energy.'®'® To meet the growing demand for ammonia, more efficient

processes must be discovered.

300-500 °C
150-200 atm
3H; +N; —— > 2NH;

Fe catalyst

Figure 1.1. Haber Bosch process for ammonia production from H; and N, gas."®

Chemists draw inspiration from natural systems such as the FeMoco active site in
nitrogenase shown in Figure 1.2A, which has evolved to reduce nitrogen gas to ammonia
under ambient conditions.?>-2* While the goal of reducing nitrogen under mild conditions
with small molecules remains elusive, complexes incorporating Fe and Mo centers based
on FeMoco have achieved catalytic nitrogen reduction using harsher temperatures and/or

oxidants. The first molecular nitrogen reduction catalyst that functions at room temperature



was reported by Schrock & Yandulov and combines a Mo metal center with a tetradentate
amide ligand (Figure 1.2B).?° Peters et al. has also published multiple articles concerning
nitrogen reduction with catalysts based on Fe and tris-phosphinoborane-type ligands.?-28
Since then, many other transition metals and ligand scaffolds have proven to be capable
of the nitrogen reduction reaction, although work continues to find robust catalysts that

function under mild conditions. 3182930

Figure 1.2. Nitrogenase enzyme and MoFe active site of dinitrogen fixation
(orange = Fe; blue = Mo; grey = C) (A).2"22 Transition metal complexes
such as Schrock’s Molybdenum catalyst (left) and Peter’s Fe catalyst
(right) can mimic this reactivity (B).2>%¢

Complementary to the nitrogen reduction reaction, the ammonia oxidation reaction
converts ammonia back into N2 and H,. Compared to nitrogen reduction, research into
molecular ammonia oxidation catalysts is less explored.?' The ability to recycle ammonia
back into its constituents will play an essential role in designing an ammonia fuel economy
despite the initial challenge of ammonia synthesis. Again, nitride species are likely
intermediates along the reaction pathway, with Fe, Mo and Ru complexes incorporating
ligands such as porphyrins, phosphines and amides acting as catalysts.®'-" Li et al.’s Fe
amido, Nakajima et al.’s Ru diisoquinoline and Dunn et al.’s Ru porphyrin complexes for

catalytic ammonia oxidation are depicted in Figure 1.3.33:3%:36



Li et al. 2022 Nakajima et al. 2019 Dunn et al. 2020
TON: 4.4 TON: 14 TON: 125

Figure 1.3. Fe and Ru molecular transition metal catalysts and their respective
catalytic TON for the ammonia oxidation reaction.333536

1.2. Bonding in TM Nitride Complexes

Bonding in transition metal nitride complexes is often compared to isoelectronic
oxo (O%) systems. Ballhausen and Gray devised the first bonding scheme for the vanadyl
ion, using it to rationalize the electronic structure and reactivity of oxo complexes.®° In
principle, transition metal nitride complexes exhibit the same molecular orbital (MO)
diagram as their oxo counterparts and an example MO diagram is shown below in Figure
1.4. The simplified MO diagram includes the metal d orbitals and nitride ligand orbitals in
C4« symmetry. Nitride ligand orbitals and d orbitals of appropriate energy and symmetry
combine to form bonding and antibonding MO’s. The dyx,and d.2,? orbitals of the metal as
well as one of the sp; hybrid orbitals are non-bonding. Importantly, the MO diagram
predicts a non-bonding orbital (NBO) containing the lone pair of the nitride ligand, as well

as a o- and 2 1r-bonds comprising the M=N triple bond.
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Figure 1.4. Simplified MO diagram for a d’transition metal nitride complex with
a nucleophilic nitride ligand.*°

The proposed bonding scheme provides insight into the reactivity and stability of
early TM oxo and nitride complexes. The two 1T highest occupied molecular orbitals
(HOMO'’s) are mostly nitride in character, consistent with the nucleophilic reactivity of the
nitride ligand observed. The d,, nonbonding orbital and two T* antibonding orbitals
comprise the lowest unoccupied molecular orbitals (LUMQO’s) and are largely metal in
character, resulting in an electrophilic metal center. In terms of stability, metal complexes
with one or two d electrons populate the d,, NBO, with minimal effect on the bond order of
the complex. However, as three or more d electrons are added from the metal center, the
 antibonding orbitals are filled and the oxo or nitride ligand becomes unstable. Therefore,
complexes with early transition metal centers in high oxidation states are favored, and oxo

and nitride complexes become increasingly unstable moving right across a period.



Transition metal oxo and nitride complexes past Group 8 are transient or unknown despite

past claims, resulting in the “oxo wall” coined by Gray and Winkler shown in Figure 1.5.3941

3 4 5 6 7 8 9 10 11 12
Sc Ti \' Cr Mn Fe Co Ni Cu Zn
Y Zr Nb Mo Te Ru Rh Pd Ag Cd
Lu Hf Ta w Re Os Ir Pt Au Hg

Figure 1.5. Gray and Winkler's “oxo wall.” Ealy transition metal nitrides of
Groups 3-8 are stable and isolable, whereas late transition metal
nitrides are transient species.

1.3. Reactivity and Stability of Nitride Complexes

1.3.1. Early Transition Metal Nitrides

Early transition metal nitride complexes containing Groups 4-7 metal centers can
be isolated, with the nitride ligand becoming increasingly unstable as d electrons are
added as predicted by the bonding theory described in Section 1.2. However, Ti nitride
complexes readily aggregate into multinuclear species, with Carroll et al. first isolating a
mononuclear Ti nitride complex with a terminal nitride ligand in 2015 (Figure 1.6).4244
Similarly, Group V monomeric nitride complexes are also rare in literature, with only a few
examples of V terminal nitride complexes known.*>#¢ For the limited complexes known,

the nitride ligand exhibits nucleophilic reactivity.

; K., " 2 Mel 'Prz

| N-Mes Mes~p |

NZ T.'V " N_'L'ri"’ENMe
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Mes ‘ S N-Mes I
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Figure 1.6. Potassium bridged Ti'" complex containing terminal nitride ligands.**-
“The nitride ligand is nucleophilic and reacts with a variety of
electrophiles such as methyl iodide.



Terminal nitride complexes of Groups 6, 7 and 8 can be readily formed employing
a rich diversity of ligand scaffolds, making them more suitable as N-atom transfer reagents
and catalysts in comparison to their Group 4 and 5 counterparts. Group 6 complexes of
Cr, Mo and W contain nucleophilic nitride ligands that react with acid chlorides, boranes
and other transition metals.*’-%° Some select reactions with a CrV nitride acetylacetonate

complex are shown below in Figure 1.7.50%

NB(CgFs)3
!
B(CeFo)s ;?;lcl;lrv?#
I -~
B?"C%O\# NPtCI,DMSO
™~ !
PdCI,(DMSO), BEJ(I?IE:)O-

Figure 1.7.  Nucleophilic reactivity of CrV nitride ligands towards boranes and late
transition metals.5"5

Group 7 complexes of Mn typically exhibit nucleophilic character at the nitride
ligand and undergo N-atom transfer reactions to suitable substrates. Groves first unlocked
the N-atom transfer reactivity of Mn nitrides by reaction of trifluoracetic acid with a MnV
nitride complex ligated by a porphyrin ring.5? The resulting nucleophilic imido complex can
then transfer the imido ligand to cyclooctene to form an aziridine, analogous to epoxidation
chemistry observed with transition metal oxo complexes. However, Shi et al. recently
synthesized the Mn"' tetraammido complex shown in Figure 1.8 that reacts with electron-
rich phosphines, highlighting that Mn nitrides can also act as electrophiles.>® Shi et al.
again showed the ambiphilic nature of Mn nitrides using this complex following changes
in alkene aziridination reactivity.>® Styrenes with strong electron withdrawing and strongly
electron-donating groups reacted fastest compared to those with intermediate donation
strengths, suggesting the nitride can behave as a nucleophile or electrophile. Tc nitride
complexes have been synthesized, but their radioactivity limits their application as
reagents or catalysts.* Multiple examples of nitrogen reduction reactions with Re nitride

complexes have also been observed such as Meng et al.’s PNP complex shown in Figure
1.8.55_57
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Figure 1.8. Shi et al.’s tetraamido cyclic Mn nitride complex that is reactive
towards phosphine nucleophiles (A).>* Meng et al.’s Re PNP pincer
nitride complex that catalyzes ammonia oxidation (B).%®

Finally, Group 8 transition metal nitride complexes can also participate in C-H bond
activation, N-atom transfer and be protonated to form ammonia complexes modelling N2
reduction.?6-2858-62 Gjven that these complexes contain transition metals situated on the
oxo wall, these complexes are challenging to isolate, with Peters et al. isolating the first
room temperature stable Fe nitride complex in 2004 (Figure 1.9A).5® Fe nitride ligands are
electrophilic and react with olefins and alkynes to form valuable aziridine products.®®%* Fe
nitride complexes are prevalent in nitrogen reduction modelling where the nitride ligand is
sequentially protonated, providing some inference as to the reactions occurring in the
nitrogenase enzyme. Ambiphilic nitride ligands are also found in Os complexes, where an
Os'"V nitride complex could react with silyl halides or phosphines (Figure 1.9B).%® Finally,
Ru nitride complexes can participate in many reactions including C-H bond activation of

alkanes and N-insertion with alkenes and alkynes.®5-68
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Figure 1.9. First stable terminal Fe nitride complex synthesized by Betley and
Peters (A).® Ambiphilic reactivity of an Os nitride pincer complex.
Electrophilic substrates such as silyl halides as well as nucleophilic
phosphines react at the nitride (B).%®

1.3.2. Late Transition Metal Nitrides

In accordance with the oxo wall, there are few examples of transition metal nitride
complexes containing metals after Group 8 due to the addition of d electrons into anti-
bonding molecular orbitals. These complexes are highly unstable and cannot be isolated,
with spectroscopic detection also difficult. However, the decay products provide some
evidence for transient nitride intermediates. For example, attempts to synthesize a Co
nitride complex by photolysis of the azido ligand resulted in undesirable C-H bond
activation and N-insertion into the pincer ligand as shown in Figure 1.10A with similar N-
insertion/C-H bond activation occurring for a Co carbene complex.®®7° This ligand insertion
reactivity was also observed in a Ni PNP pincer complex upon photolysis of the azido
complex (Figure 1.10B).”" In addition to nitride insertion, nitride homocoupling can also
occur leading to loss of the nitride ligands as N, gas as observed in Scheibel et al.’s Rh

and Ir PNP pincer complexes (Figure 1.10C).72"3
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Figure 1.10. Stability of late transition metal nitride complexes. Photolysis of Co(l)
azido complexes yields ligand insertion products(A).%° Ni pincer azido
complexes form unstable nitride intermediates that perform ligand
insertion after photolysis (B).” Rh(IV) and Ir(IV) complexes are
unstable and homocouple to release N, gas (C).”>"

1.4. Redox-Active Ligands and Salens

Redox-active or redox-non-innocent ligands were first conceptualized in 1966 by
Jorgensen.” While redox-innocent ligands allow definitive assignment of the metal
oxidation state, non-innocent ligands lead to an ambiguous metal oxidation state.”>"®
These redox-active ligands allow formation of complexes containing ligand radicals rather
than high-valent metals after oxidation, displaying different properties and reactivity
compared to their metal-oxidized analogues (Figure 1.11).”-8 Similarly, redox-non-
innocence also applies to reduction processes. Whether oxidation or reduction leads to
ligand radical formation in a metal complex ultimately depends on the ordering of the
ligand and metal HOMO and LUMO energies.

Mn+(L) ; [Ox] ; Mn+1(|_) E : Mn+(L-+)

: Metal Complex EHigh-vaIent metal : Ligand Radical
Figure 1.11. Oxidation of transition metal complexes containing redox-active
ligands can yield high-valent metals or ligand radicals.



Nature utilizes redox-active ligands to facilitate challenging organic
transformations, serving as inspiration for novel metal complexes that can mimic this
remarkable reactivity. One example is cytochrome P450 which is responsible for the
destruction of foreign molecules as well as the synthesis of signaling molecules such as
hormones in humans and other organisms.®! The active site of the enzyme contains a
heme group, with an Fe metal center coordinated to a redox-active porphyrin ligand as
shown in the PyMOL rendering in Figure 1.12A.?282 A cysteine amino acid coordinates
axially and anchors the active site to the protein, leaving another axial site vacant for
substrate binding. The catalytic cycle involves multiple peroxo and oxo intermediates, with
Compound | being an Fe'V ligand radical species that performs oxygen insertion into C-H
bonds (Figure 1.12B).%!

Figure 1.12. Heme active sites in cytochrome P450 visualized using PyMOL
(A).2282 The Fe' radical cation performs the oxygen insertion step of
the catalytic cycle (B).%"

Another example of an enzyme using a ligand radical to facilitate a challenging
reaction is galactose oxidase found in certain fungus species.®3%* This enzyme contains a
Cu metal center and oxidizes primary alcohols to aldehydes in the presence of Oy,

releasing hydrogen peroxide.?5® The active site coordination sphere consists of two

10



histidines, two tyrosines and a water ligand that is displaced by the alcohol substrate
during the catalytic cycle. A PyMOL rendering of the enzyme active sites and net reaction
scheme are shown in Figure 1.13.%2 A ligand radical that is localized on the post-
translationally-modified tyrosine amino acid ligand and is essential to the reactivity has
been detected using electron paramagnetic resonance (EPR) and other
spectroscopies.?”:%¢ Based on these observations, synthetic transition metal complexes
often incorporate these redox-active phenolate groups and modify the electronic structure

of the complex and achieve similar reactivity.8°

...............................................................................................
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Figure 1.13. Active site of galactose oxidase visualized using PyMOL (A).2283
Galactose oxidase catalyzes the oxidation of primary alcohols to
aldehydes utilizing ligand radical intermediates (B).34%°

The Storr group’s main interest lies in the chemistry of transition metal complexes
bearing salen ligands. Salen ligands are synthesized through the condensation reaction
between 2 equivalents of salicylaldehyde (sal) and ethylenediamine (en), though this basic
framework has been modified extensively (Figure 1.14A-C).°-% Different diamine
backbones can be used, and the positions ortho and para to the phenol of the aromatic

rings can easily be substituted with electron-donating or electron-withdrawing groups.
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Moreover, salen ligands readily chelate a wide variety of transition metals and even
lanthanides.®*-% This versatility enables chemists to utilize a basic ligand framework and

study changes in reactivity and electronic structure.
H;N Y

(o] / \
H =N  N= MX; =N_ N=
’ @AH d b . P
OH HO
2H0 2 eq. base o o

=N N= =N N=
Ry Ry R, R

Symmetric Asymmetric

A S\
NH,
t

S =N Nz NH HN
erc” Hobgz R: OH HO R; R OH HO R,
Ry Ry Ry R4 R4 Ry

Phenyl backbone Reduced Imine
Cyclohexyl backbone " "
Y iad "Salphen™ Salan

Figure 1.14. Select examples of salen ligands and their synthesis. Salen ligands
are formed from the condensation reaction between a diamine and 2
equivalents of salicylaldehyde (A). The para and ortho groups can be
substituted with one or more different R-groups to form symmetric or
asymmetric ligands (B).%! Different backbones can be used to enforce
different electronics or geometries to the metal center (C).%

In addition to modularity, salen ligands are valuable for their redox-activity.®’-%°
Ligand radical salen complexes can exhibit interesting electronic structures depending on
identity of the metal center and chemical environment. For example, the metal used can
determine whether the ligand radical is localized to one half of the salen ligand or
delocalized over both phenolate rings as was observed in manganese and nickel systems
respectively (Figure 1.15A).190.10" alence tautomerism in which external stimuli such as
temperature or supporting electrolyte allow switching between metal and ligand oxidized
states has also been observed in copper salen complexes(Figure 1.15B).7%21%% Finally,
ligand coordination can also result in a change of the locus of oxidation. Oxidation of
NiSal® yields the fully delocalized ligand radical species [NiSal®']**, but the addition of

pyridine yields a metal-oxidized adduct (Figure 1.15C).'%
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Figure 1.15. Redox-active properties and electronic structures observed in
transition metal salen complexes. Metal identity can influence the
degree of ligand radical delocalization (A).'°%1%" Cu salen complexes
exhibit temperature-induced valence tautomerism between ligand
radical and metal oxidized states (B)."”? Exogenous ligand
coordination can trigger a change in locus of oxidation from ligand
radical to metal oxidized in some Ni salen complexes (C).1%

In addition to the metal identity of the salen complex, the locus of oxidation can be
influenced by additional factors such as the previously mentioned R-group substituents.
For example, a Cu salen complex containing para 'Bu substituents contains significant
phenoxyl radical character after oxidation at higher temperatures (Figure 1.16A), whereas
the identical ligand bearing para CFs groups forms a high-valent metal after oxidation
(Figure 1.16B).'92194 As predicted, strong electron-donating groups such as NMe; facilitate
the formation of ligand radicals, whereas electron withdrawing groups such as CF3 favor
the formation of metal oxidized species.®” This donation strength of a given R-group can
be determined empirically and is known as a Hammett parameter value (o, and o, for the
para and ortho positions respectively).'® The ortho positions often employ Bu

substituents to inhibit coupling of the aromatic rings should ligand radicals form.®
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Figure 1.16. The locus of oxidation depends on the para substituent for transition
metal salen complexes. Cu salen complexes undergo ligand-based
oxidation for electron-donating groups (A) and metal oxidation for
withdrawing groups (B).19%104

Manganese salen nitrides continue to be of interest within the Storr group.
Previous work found that the 'Bu, CF3, O'Bu, OMe and O'Pr R-groups para to the phenolate
result in high-valent metal complexes upon oxidation, in contrast to the NMe- derivative
which forms a ligand radical after oxidation as shown in Figure 1.17.1%.197 |nterestingly,
bis-oxidation of the OMe, O'Pr and NMe2 derivatives results in bis-ligand radical species

with the ligand radicals localized onto each half of the salen ligand."’

t t +
R = CFs, 'Bu, O'Bu, OMe, O'Pr Np

@_ n- E
-..Nlp [0x] [MnV'NSalR]'
@_ n—N -]

=3

‘Bu tgy

-+
R = CF3, 'Bu, NMe, =N p
o- l1
R = NMe, b*

[MnVNSaINMeZ]n

Figure 1.17. MnNSal® complexes previously synthesized in the Storr group. The
electron-donating strength of the R-group influences the locus of
oxidation.06.107

Moreover, the metal-oxidized species [MnV'Sal®']* and [MnY'Sal°™*]* rapidly
decay at room temperature to release N2 according to the scheme in Figure 1.18, while

the ligand radical [MnVSal"Me2]** is stable.'® This homocoupling decay pathway results
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from two of the oxidized [Mn"'SalR]* interacting with each other through their nitride ligands
sufficiently to break the Mn=N bond, forming N, and two [Mn"SalR. This
thermodynamically driven process has been observed in many other transition metal
nitride systems. Based on the stability trends of the oxo wall, chromium salen nitrides

should offer greater stability and facilitate electronic structure and reactivity studies.
2 1
+

- p 1+ — 2| R h-thnQ- + N
N g | MR
o- O‘b R = CFs, 'Bu u
‘Bu It R

[MnY'NSal®]*

Figure 1.18. Homocoupling decay for [Mn"'NSal®]* (R = '‘Bu, CF3) to yield N>gas and
[Mnlllsa|]+_106,107

1.5. Cr Salen Complexes

Research into Cr salen complexes first began in the 1970’s, with the first synthesis
and structural identification of Cr''CISal via x-ray crystallography achieved by Coggon et
al. in 1970."% Since then, Cr'" salen complexes have become widespread in the literature,
acting as catalysts for reactions such as hetero-Diels-Alder coupling, epoxide ring-
opening, as well as the catalyst precursor to oxo transfer reagents.''®''2 CrV salen oxo
complexes were first isolated and characterized by Siddall et al. in 1983, where they were
shown to be strong electrophiles that perform oxygen insertion into alkenes to form
epoxides catalytically or stoichiometrically as shown in Figure 1.19.""® One of the most
well-known epoxidation agents is Jacobsen’s chromium oxo salen complex, which has the
advantages of stability which permits study of the oxo complex versus the Mn analog.''*-
116 Starting from Cr'"'ClISal®¥, an oxo transfer reagent shuttles the oxo ligand to the
chromium salen complex to form [CrVOSal®']* in situ. This complex readily converts
alkenes to epoxides, and the reactivity and enantioselectivity of these complexes can be
tuned by exchanging groups ortho and parato the phenolate.'”-'"® The relative instability
of these [Cr'OSalR]" complexes limits comprehensive study, but these serve as a useful
comparison to nitride analogues based on their electronic structure and square-pyramidal

geometry.
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Figure 1.19. Chromium analog of Jacobsen’s catalyst for the epoxidation of
alkenes.'®

The Storr group recently published work related to the synthesis and
characterization of chromium salen nitride complexes bearing CFs;, 'Bu, and NMe:
substituents at the para position of the phenolate. The locus of oxidation was identified
using multiple spectroscopic and theoretical methods, ultimately finding that CrNSal®® and
CrNSal®F? undergo metal-based oxidation whereas CrNSal"e2forms a ligand radical upon

oxidation according to Figure 1.20'%®

R = CF3, 'Bu ITI’D +
=N
R o-CroN=
)
‘Bu By R
p [Ox] vi Ry+
il
o
R

t
Bu tBy

R = CF,, 'Bu, NMe,

A R -N=
0-Cr2 2
R = NMe;, ‘Bu g R

[chNSaINMEZ]-l

Figure 1.20. Previously synthesized and characterized chromium salen nitride
complexes.'”® The R-group substituent on the phenolate ring dictates
the locus of oxidation.

As discussed previously in Sections 1.2. and 1.3.1, neutral Cr" nitrides are
nucleophilic. Depending on the locus of oxidation, a change in reactivity was observed
towards boranes and phosphines as shown in Figure 1.21. No reaction observed between
boranes and electrophilic [Cr''NSal®®“]* and [Cr''NSal°"®]*, while a reaction was observed
with phosphines (Figure 1.21A). In contrast, the ligand radical [CrVNSalVMe?]** retains
sufficient nucleophilic nitride character to react with boranes, but does not react with
phosphines (Figure 1.21B). This work provides the foundation for additional studies into

electronic structure and reactivity.

16



B(CgFs)s No Reaction
, + //
il
R‘@;,cn‘”- PPh,
. o " /A +
L Bu By \ . TED
[CrV'NSaIR]‘ PPh3 R‘{:‘ﬁ,.ﬁr" -

R=CF3,'Bu
electrophilic nitride

B(CgFs)s R o-CroN=
(o]
o+ / Byt ; DR
--..Mﬁtl/D
R =N
=Cr~=
@ .Ob
R

t \
Bu By \‘\
PPh;

[CrVNsal®*
R = NMe,

No Reaction

nuclephilic nitride

Figure 1.21. Reactivity of [Cr'NSalf]* (R = CF;, '‘Bu) (A) and [CrNSal'Me2]** (B)
towards Lewis acidic boranes and Lewis basic phosphines.'® High
valent metals are electrophilic and react with phosphines, whereas
ligand radicals are nucleophilic and react with boranes.

However, interest remains for oxidized chromium salen nitride complexes in
various areas. One pertains to further fine-tuning of the locus of oxidation. The currently
isolated complexes cover the o, values 0.54, -0.20 and -0.83 for the CF3, 'Bu and NMe;
derivatives respectively.'® Based on current knowledge of the locus of oxidation,
synthesizing new chromium salen nitride complexes with R-group o, values between -0.20
and -0.83 could unlock compounds with interesting electronic properties such as valence
tautomerism. Secondly, the decay pathway of the oxidized complexes is poorly
understood. Kinetics data indicates the oxidized complexes slowly decay according to
second-order kinetics which is consistent with homocoupling, but further experiments
need to be completed. Given the slow decay observed with oxidized chromium complexes,
this presents the opportunity to investigate nitride activation by addition of ligands trans to
the nitride. Finally, these oxidized chromium salen nitride complexes have unknown
reactivity towards C-H bond activation. By synthesizing a larger suite of R-group
derivatives as shown in Figure 1.22, a proper Hammett plot analysis can be conducted,

as well as provide complexes better tuned for specific reactions. This thesis will explore
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the synthesis and characterization of neutral chromium salen nitrides, followed by the

electronic structure and reactivity of the complexes after oxidation.
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Figure 1.22. Target chromium salen nitrides with Hammett parameter values of the
different para phenolate substituents.

1.6. Thesis Outline

Chapter 2 will focus on the synthesis and characterization of the new CrNSal®
complexes using spectroscopic and computational methods. Chapter 3 focuses on
determining the locus of oxidation for the new complexes using electrochemistry, EPR,
UV-vis-NIR spectroscopy and computational analyses. Chapter 4 examines the reactivity
of exogenous ligands and xanthene substrate with the oxidized chromium salen nitride
complexes. Finally, Chapter 5 will detail future work including the synthesis of additional
R-group derivatives and whether exogenous ligands could activate the nitride ligand

towards C-H bond activation.
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Chapter 2. Synthesis and Characterization of
Neutral CrNSal® Complexes (R = NO2, H, OMe,
O'Pr, NEty)

W. VandeVen synthesized CrNSalN°?, CrNSal, CrNSal°™¢ CrNSal°"" and
CrNSalVE?2 collected UV-vis-NIR spectra, simulated EPR spectra and performed DFT
studies. H.SalVf? was synthesized according to an unpublished procedure by S. Mahato
in the Storr Group. Preliminary data was reported for CrNSal°"" in a previous Storr group
publication.'® CrNSal®¥, CrNSal°"?, and CrNSal'“e2 were synthesized according to the
procedure reported by D. Martelino.'® G. MacNeil collected EPR data using the Walsby

group EPR spectrometer. W. Zhou and J. Pulfer collected and solved X-ray data.

2.1. Introduction

Transition metal nitride complexes can be synthesized through various methods
depending on the target transition metal nitride.’®4° Early synthetic routes involved
complexation of metal salts with the ligand of interest, followed by treatment with a nitride
precursor ligand (see Figure 2.1 for select examples). One method involves the photolysis
of complexes containing the azido ligand, which generates the target nitride complex and
is thermodynamically driven by the N gas released.’?'?" Mn(lll) salen complexes treated
with ammonia as the nitrogen source and oxidant can also yield Mn(V) nitride
complexes.'??12% Many other methods based on the cleavage of N-heteroatom bonds
such as nitrosyl, hydrazido or imines have also been used towards the isolation of other
transition metal nitride complexes.'?*'26 Furthermore, intermetal N-atom transfer based
on the thermodynamic stability of the transition metal nitride product versus the transition
metal nitride transfer reagent has become popular. For example, in accordance with oxo
wall stability trends, nitride ligands are readily transferred from Mn nitride complexes to Cr
as shown by Neely & Bottomley, and can be further tuned through careful ligand

selection. 127130

19



Figure 2.1. Synthetic route to transition metal nitride complexes. Photolysis of
azido ligands results in the metal nitride and release of N> gas (A).'?
Reaction of MnCISal in ammonium hydroxide with bleach oxidizes
ammonial ligands to nitrides (B).'%2'% Nitrides can be transferred from
one metal complex to another (C).'27:128,128,130

The method previously used in the Storr group to isolate CrNSal°3, CrNSal® and
CrNSal'™e2 was first discovered by Birk & Bendix and is based on intermetal N-atom
transfer from MnNSal” to Cr''Cl;e3THF, generating a labile [CrN]?* fragment in solution
coordinated by weakly bound MeCN (Figure 2.2)."?” Simultaneously, Mn"'CISal" is formed
as a byproduct and is easily removed due to its insolubility, facilitating purification. The
[CrN]?* fragment is readily chelated by salen ligands and will also metallate other ligand

scaffolds as shown in Figure 2.2.
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Figure 2.2. Intermetal N-atom transfer scheme developed by Birk & Bendix to
generate a labile [CrNY]* fragment (highlighted in purple).'?
Chelating ligands such as salens, pyrrolidinedithiocarbamate and
acetylacetonate will displace weakly coordinated ligands to form CrV
nitride complexes.

2.2. Results

2.2.1. General Strategies for H.SalR Synthesis

As discussed in Chapter 1.4, salen ligands are synthesized through the
condensation reaction between 2 equivalents of the substituted aldehyde of interest with
1 equivalent of diamine (Figure 2.3). All aldehydes and salen ligands were previously
reported in the literature or according to methods developed in the Storr group.'07.131-137
(x)-trans-1,2-diaminocyclohexane was used as the diamine backbone in all syntheses. R-
groups were chosen to expand the current range of o, Hammett values (Figure 2.3) and
find novel electronic structures, as well as perform more rigorous analysis of how electron-

donation strength influences reactivity.%
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Figure 2.3. Synthetic route and o, values of R-group substituents for target salen
ligands.

Hansch, Leo & Taft report the o, value of the NEt; substituent as -0.72 and NMe;
substituent as -0.83.'% This is unexpected, given that the ethyl groups should impart
stronger electron-donation inductively. Another study by Price and Belanger determined
the o, values of the NEt. and NMe, groups to be ~-0.9 and ~-0.8 respectively.'®
Herkstroeter also reported the NEt, and NMe: o, values as -0.72 and -0.63 respectively.'®
Electrochemical data in Section 3.2.1 also indicates that the NEt; substituent is more
donating for this CrNSal system in comparison to NMe.. Therefore, in the absence of direct
measurement of the o, value, we propose the o, value of -0.93 for the NEt, group based
on the consensus value of -0.83 for the NMe: group, and the difference reported by Price

and Belanger and Herkstroeter.

2.2.2. General Strategies for CrNSal® Synthesis

Two general methodologies were used in the synthesis of the CrNSalR derivatives
discussed below. Both methods employ the use of MnNSalas a nitride transfer reagent
due to the thermodynamic favourability of transfer, as well as the low solubility of the
MnSal"Cl by-product which facilitates purification. Either CrSalRCl can be synthesized and
reacted with MnSal"N according to Neely & Bottomley’s procedure, or CrCl;e3THF can be
reacted with MnSal"N to form a labile [CrN]?* species which is readily ligated with H,Sal®
based on the method discussed previously by Bendix (Figure 2.4).12"128 Where possible,
complexes were purified via silica column chromatography. Due to the low solubility of the
Cr''ClSalN%? and Cr'"'CISal” intermediates the Bendix method is the only way to access

these target nitride products. Electrospray ionization mass spectrometry (ESI-MS) and
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elemental analysis are consistent with the proposed mass and formula of the target
complexes. Evan’s method NMR indicated one unpaired electron for each complex as

predicted for a Cr¥ d' system.

1. MnNSal® (1eq.)

2. HoSal®(1eq.), NEt; (2eq.)
=

CrCly3THF ——— = R o-Cr-N=
MeCN Ob
tBu R

1. Crcl,

2. Air, NH4CI MnNsal N ﬁ D

e, L e, T et

Bu tBu
R = NO,, CF3, H, 'Bu, MeO, 'PrO, NMe,, NEt,

Figure 2.4. Synthetic routes to target CrNSal® complexes. Either a [CrN]*
fragment can be generated in situ and reacted with substituted salen
ligand (A), or the CrSalRCl intermediate can be synthesized and
reacted with the nitride transfer reagent (B).'?"12°

2.2.3. Solid-state Structures

Newly reported solid-state structures for CrNSalN°?, CrNSal°, CrNSal",
CrNSal°Me and CrNSal®®" are shown below in Figures 2.5 to 2.9 (CrNSal®“and CrNSal\Ve2
previously reported).'® Crystals suitable for XRD were obtained using various solvent
combinations and slow evaporation. CrNSal°P" was crystallized by layering hexane on
THF and slow evaporation. Single crystals of CrNSal°™e were grown by dissolving in hot
MeCN and slow evaporation. CrNSal°" crystals were obtained by layering hexane on
DCM and slow evaporation. Crystals of CrNSalN°2and CrNSal were grown by layering
MeCN on DCM and slow evaporation. Attempts to crystallize CrNSalNf? were
unsuccessful and led to amorphous powders regardless of solvent systems tested.
Comparison to previously reported chromium nitride complexes reveals similar
coordination sphere bond lengths, and computational methods agree closely. Key
crystallographic information is recorded in Table 2.1 below. Of note is the short Cr=N bond
length of ~1.5A, similar to other Cr=N complexes (see Table 2.4 for coordination sphere
bond lengths).’?"140 Moreover, the Cr=N bond length decreases as the o, increases, in

accordance with a more electron-deficient metal center. In all complexes, the Cr atom is
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slightly out of the plane of the salen ligand towards the nitride, which is also consistent

with the literature.08.121.140

Figure 2.5. XRD structure of CrNSal°? visualized using POV-Ray.Thermal
ellipsoids shown at 50% probability level. Hydrogen atoms omitted
for clarity. Cr, pink; C grey; O, red; N, blue. Select interatomic
distances [A] and angles [deg]: Cr(1)-O1: 1.910(2), Cr(1)-O(2):
1.906(2), Cr(1)-N(1): 2.015(3), Cr(1)-N(2): 2.002(3), Cr(1)-N(3): 1.560(4),
O(1)-C(1): 1.314(4), O(2)-C(2): 1.314(4). Angles: O(1)-Cr(1)-O(2):
89.1(5), O(1)-Cr(1)-N(1): 88.0(6), O(1)-Cr(1)-N(2): 152.4(4), O(1)-Cr(1)-
N(3): 104.8(7), O(2)-Cr(1)-N(2):89.2(7), O(2)-Cr(1)-N(1): 149.3(9), O(2)-
Cr(1)-N(3): 107.6(8), N(1)-Cr(1)-N(2): 79.5(0), N(1)-Cr(1)-N(3): 102.4(7),
N(2)-Cr(1)-N(3): 101.8(0).
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Figure 2.6.

Figure 2.7.

XRD structure of CrNSal°"® visualized using POV-Ray.Thermal
ellipsoids shown at 50% probability level. Hydrogen atoms omitted
for clarity. Cr, pink; C grey; O, red; N, blue. Select interatomic
distances [A] and angles [deg]: Cr(1)-O1: 1.909(2), Cr(1)-O(2):
1.910(2), Cr(1)-N(1): 2.021(3), Cr(1)-N(2): 2.010(3), Cr(1)-N(3): 1.539(3),
O(1)-C(1): 1.309(4), 0O(2)-C(2): 1.307(5). Angles: 0O(1)-Cr(1)-
0(2):89.3(6)), O(1)-Cr(1)-N(1): 87.6(2), O(1)-Cr(1)-N(2): 153.3(9), O(1)-
Cr(1)-N(3): 104.5(8), O(2)-Cr(1)-N(2): 88.4(6), O(2)-Cr(1)-N(1): 146.1(7),
0(2)-Cr(1)-N(3): 110.0(3), N(1)-Cr(1)-N(2): 79.6(4), N(1)-Cr(1)-N(3):
103.2(8), N(2)-Cr(1)-N(3): 101.0(5).
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XRD structure of CrNSal" visualized using POV-Ray.Thermal
ellipsoids shown at 50% probability level. Hydrogen atoms omitted
for clarity. Cr, pink; C grey; O, red; N, blue; F, green. Select
interatomic distances [A] and angles [deg]: Cr(1)-O1: 1.896(1), Cr(1)-
0(2): 1.915(1), Cr(1)-N(1): 2.008(1), Cr(1)-N(2): 2.031(1), Cr(1)-N(3):
1.549(2), O(1)-C(1): 1.317(2), O(2)-C(2): 1.316(2). Angles: O(1)-Cr(1)-
O(2): 87.8(1), O(1)-Cr(1)-N(1): 88.3(5), O(1)-Cr(1)-N(2): 141.5(8), O(1)-
Cr(1)-N(3): 111.9(3), O(2)-Cr(1)-N(2): 88.7(7), O(2)-Cr(1)-N(1): 156.4(7),
0O(2)-Cr(1)-N(3): 104.5(7), N(1)-Cr(1)-N(2): 79.9(7), N(1)-Cr(1)-N(3):
98.3(8), N(2)-Cr(1)-N(3): 105.9(7).
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Figure 2.8.

Figure 2.9.
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XRD structure of CrNSal°"® visualized using POV-Ray.Thermal
ellipsoids shown at 50% probability level. Hydrogen atoms omitted
for clarity. Cr, pink; C grey; O, red; N, blue. Select interatomic
distances [A] and angles [deg]: Cr(1)-O1: 1.907(3), Cr(1)-O(2):
1.911(3), Cr(1)-N(1): 2.010(3), Cr(1)-N(2): 2.006(5), Cr(1)-N(3): 1.556(5),
O(1)-C(1): 1.317(5), O(2)-C(2): 1.318(6). Angles: O(1)-Cr(1)-O(2):
89.5(1), O(1)-Cr(1)-N(1): 88.6(3), O(1)-Cr(1)-N(2): 147.0(8), O(1)-Cr(1)-
N(3): 108.9(8), O(2)-Cr(1)-N(2): 86.7(6), O(2)-Cr(1)-N(1): 152.7(4), O(2)-
Cr(1)-N(3): 105.0(4), N(1)-Cr(1)-N(2): 80.2(2), N(1)-Cr(1)-N(3): 101.2(1),
N(2)-Cr(1)-N(3): 103.5(5).
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XRD structure of CrNSal®"" visualized using POV-Ray.Thermal
ellipsoids shown at 50% probability level. Hydrogen atoms omitted
for clarity. Cr, pink; C grey; O, red; N, blue; F, green. Select
interatomic distances [A] and angles [deg]: Cr(1)-O1: 1.839(6), Cr(1)-
0O(2): 1.823(6), Cr(1)-N(1): 2.036(6), Cr(1)-N(2): 2.051(6), Cr(1)-N(3):
1.538(1), O(1)-C(1): 1.340(9),0(2)-C(2): 1.340(9). Angles: O(1)-Cr(1)-
0(2): 92.0(2) , O(1)-Cr(1)-N(1): 89.9(6), O(1)-Cr(1)-N(2): 153.5(5), O(1)-
Cr(1)-N(3): 101.3(8), O(2)-Cr(1)-N(2): 89.9(8), O(2)-Cr(1)-N(1): 157.8(6),
0O(2)-Cr(1)-N(3): 98.5(0), N(1)-Cr(1)-N(2): 78.7(5), N(1)-Cr(1)-N(3):
102.7(1), N(2)-Cr(1)-N(3): 104.3(9).
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Table 2.1. Key crystallographic information for CrNSal"°?, CrNSal®"3, CrNSal',
CrNSal°Ve and CrNSal®*r.

Complex CrNSalNoz CrNSalcF3 CrNSalt CrNSaloMe CrNSalCiPr
Formula CagH34CrNsOs ~ CaoH34CrFeN3Oz2  CogHagCrN3O2 - CaoHaoCrN3Os  CasHasCrN3Oq
Formula 588.61 634.61 498.61 558.66 614.77
weight

Space group P121/c1 Pbca P121/n1 P1 [2
a(A) 11.34(5) 23.55(3) 13.14(3) 11.19(1) 14.90(7)
b (A) 23.91(4) 10.85(2) 12.80(5) 11.40(5) 13.44(0)
c(A) 10.82(5) 23.89(4) 15.45(5) 13.41(1) 21.26(4)
a (deg) 90 90 90 87.71(6) 90

B (deg) 104.66(1) 90 99.91(5) 69.85(6) 99.15(5)
y (deg) 90 90 90 82.00(9) 90
V(A 2841.17 6107.5(4) 2562.20 1591.3(2) 4206.0(4)
7 4 8 33 2 2

T (K) 296 296 296 296 210
Pealcd (g €M-3) 1.376 1.380 1.293 1.252 1.142
A(A) 1.54178 0.71073 1.54178 1.54178 0.71073
§ (mm-) 3.735 0.443 3.898 3.282 0.315
R indices 0.0604 0.0551 0.0318 0.0491 0.0831
with 1>

2.00(l) (data)

wR2 0.1472 0.1467 0.0924 0.1449 0.2707
Ri 0.0604 0.0551 0.0318 0.0491 0.0831
Goodness-of- 1.053 1.011 1.046 1.094 1.100
fit on F2
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2.2.4. Electron Paramagnetic Resonance

Chromium(V) salen nitride complexes contain one unpaired electron in a 3d
orbital. Low temperature electron paramagnetic resonance (EPR) can detect this
electron and provide information on complex geometry. The addition of supporting
electrolyte reduces intermolecular interactions and simplifies analysis of spectra. Spectra
for novel compounds are shown below in Figures 2.10 and 2.11, and full instrumental
details are collected in Table 2.2. Simulations were performed in MATLAB using the
EasySpin package.'#-'*2 The EPR data for CrNSal® (R = CF3, 'Bu, NMe;) were reported
previously.'%® All neutral complexes have g values at ca. 1.99, close to the theoretical
value of 2.0023 for a free electron and consistent with a 3d" metal centre.’*® The axial

symmetry line shape also supports a square-based pyramidal geometry.

j
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Figure 2.10. Frozen EPR spectra for CrNSal® where R = NO, H (black = experiment,
red = simulated). Conditions: T =77 K; 0.45 mM complex; 0.1 M TBAP.
See Table 2.1 for full instrumentation details, g-values and hyperfine
couplings.



jjj\r_v\ﬁj ~ome

325 330 335 340 345 350 355

B/mT

Figure 2.11. Frozen EPR spectra for CrNSal® where R = OMe, O'Pr, NEt; (black =

Table 2.2.

experiment, red = simulated). Conditions: T =77 K; 0.45 mM complex;
0.1 M TBAP. See Table 2.1 for full instrumentation details, g-values
and hyperfine couplings.

Full instrumentation details for EPR analysis of CrNSal® (R = NO_, H,

OMe, O'Pr, NEt,).

Complex g, ASSCr g ASSCr Freq. Power  Mod. Mod.
(MHz) (MHz) (MHz) (mW) Freq. Amp.

(kHz) (GHz)
CrNSalvoz  1.994 53 1.951 130 9.3% 2.000 100 3.0
CrNSalt 1.994 53 1.951 130 9.397 2.000 100 3.0
CrNSalove  1.992 50 1.950 130 9.388 2.000 100 1.0
CrNSaloPr  1.992 55 1.950 130 9.387 2.000 100 6.0
CrNSalNez  1.990 53 1.950 130 9.3% 5.024 100 10




2.2.5. Electronic Absorption Spectroscopy

UV-vis-NIR spectroscopy was used to verify the electronic structure of neutral
CrNSalR. Spectra for all CrNSalR complexes are shown in Figures 2.12 and 2.13, and key
data is recorded in Table 2.3. The visible range absorbance from 17,500 cm™ to 27,500
cm can be attributed to a combination of ligand-to-metal charge transfer (LMCT) and
- m* transitions of the salen ligands.®® This visible range absorbance shifts to higher
energies as the electron withdrawing strength of the para substituent increases,
supporting this LMCT assignment. In addition, weak absorbances in the visible region can
be observed around 18,000 cm™' for all complexes except CrNSal'Me2 and CrNSalVE®?, and
there is little shift in the energy of this band with the R-group substituent of the salen ligand.
The weak absorbance of this band and energetic R-group independence is consistent with
a Laporte forbidden d = d transition from the non-bonding dy, orbital into the T* orbitals
of dx; and d, character.* This transition may not be observed for the R = NMe; and R =

NEt, derivatives due to the broadness of the LMCT into the 18,000 cm™" energy range.

3 o o
&/ 107 mol 1 cm 1

3 o E
&/ 107 mol 1 cm 1

25 20 15 10 5 20 15 10 5

Energy.’103 cm’ Energy / 103 cm”

¢/10° mort em?
/103 mor? em™!

25 20 15 10 5 25 20 15 10 5

1 Energy / 103 em™!

Energy / 10%em”

Figure 2.12. UV-vis-NIR spectra for CrNSalN°?, CrNSal°f3, CrNSal" and CrNSal'®y,
Inset is zoomed in view of d =2 d transitions. Conditions: 0.45 mM
complex; T = 253 K; CH:Cl..
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Figure 2.13. UV-vis-NIR spectra for CrNSal°Ve,

R=0OMe R=0Pr
8 'l 8
- ‘WJ,'A% -
§ 64 § 6
s 'S
E . E
"= 4 Enegy 110° om 5 41
2 4 24
0 T T T T 0 T T T
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Energy / 10% em™! Energy / 103 cm”

¢/ 10 mor? em™!

25 20 15 10 5

Energy / 10% em’”

/103 mor? em™!

R = NEt,

25 20 15

Energy / 103 em”

CrNSal®Pr,

5

CrNSalVMe2  and

CrNSalNE2, Inset is zoomed in view of the d = d transition (note that
for R = NMe2 and NEt;, the d = d transition is likely hidden by the
broad LMCT band). Conditions: 0.45 mM complex; T = 253 K; CH2Cl..

Table 2.3. Key UV-vis-NIR spectroscopic information for CrNSal®R.
Complex Amax [ 103 cm™ (e / 10° M-' cm)
CrNSalNoz 26.5(27.3),18.3(0.4)

CrNSal°F3 27.5(8.1),18.0(0.3)
CrNSalt 26.3 (6.4),18.0 (0.3)
CrNSalt®v 25.5(7.8),18.0 (0.3)
CrNSalOMe 246 (8.7),17.9 (0.5)
CrNSaloPr 24.7 (8.2),17.7 (0.3)
CrNSalNMe2 23.3 (6.4)

CrNSalNet2 23.5(6.7)
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2.2.6. Theoretical Analysis

Density functional theory (DFT) was used to obtain optimized geometries. The
UB3LYP functional and 6-31g* basis set employed the polarizable continuum model
(PCM) with DCM as solvent. This functional/basis set combination has been previously
observed to afford good correlation with experimental metrical parameters.’04106.108 A
frequency job at the same level of theory verified the structure was at the true energetic
minimum. As discussed in Chapter 2.2.2 and shown in Table 2.4 below, predicted bond

lengths closely match those determined experimentally and all are within 0.04 A of each

other.
Table 2.4. Predicted and experimental (parentheses) coordination sphere bond
lengths (A) for CrNSalR. Refer to Figures 2.5-2.9 for atom numbering scheme.
Complex Cr1-01 Cr1-02 Cr1-N1 Cr1-N2 Cr1-N3  01-C1  02-C2
CrNSalNo2 1.932 1.941 2.027 2.037 1.519 1.302 1.303
(1.906) (1.910)  (2.002) (2.015) (1.560) (1.314) (1.314)
CrNSalcrs 1.927 1.936 2.028 2.037 1.521 1.309 1.310
(1.909) (1.909)  (2.010) (2.021)  (1.540) (1.307) (1.311)
CrNSalt 1.922 1.930 2.029 2.041 1.523 1.315 1.316
(1.896) (1.915)  (2.008) (2.031) (1.549) (1.316) (1.317)
CrNSalt8u 1.922 1.930 2.029 2.038 1.524 1.316 1.316
(1.909) (1.898)  (2.008) (2.019) (1.549) (1.314)  (1.307)
CrNSaloMme 1.916 1.925 2.034 2.043 1.524 1.320 1.321
(1.907) (1.911)  (2.006) (2.010) (1.556) (1.317) (1.318)
CrNSaloPr 1.919 1.928 2.030 2.038 1.525 1.318 1.318
(1.845) (1.922)  (2.040) (2.045) (1.536) (1.309)  (1.309)
CrNSaltMe2 1.919 1.928 2.029 2.038 1.525 1.317 1.318
(1.911) (1.906)  (2.013) (2.004) (1.544) (1.305) (1.323)
CrNSalNEt2 1.914 1.923 2.033 2.042 1.526 1.323 1.323
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Spin density and singly occupied molecular orbital (SOMO) plots also provide
insight into the location of the unpaired d electron. Example plots for CrNSalNE® are shown
below in Figure 2.14 (see Figures A1 to A4 for spin density and SOMO plots for additional
novel complexes). In all cases, spin density is located on the Cr metal center and the
nitride ligand. Spin density values on the nitride ligand and Cr are similar regardless of R-
group. Plots of the SOMO depict the single d electron is located in the Cr dy, orbital which

does not participate in bonding to the nitride ligand.
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Figure 2.14. Spin density (top) and SOMO (bottom) plots for CrNSalVE2, All R-
group derivatives exhibit similar plots (Figures A1-A4).

2.3. Conclusion

Novel CrNSal? (R = NOz, H, OMe, O'Pr, NEt;) were synthesized according to
previously established intermetal N-atom transfer methods. XRD, ESI-MS and elemental
analysis are consistent with target complex structures. Evan’s method NMR and EPR also
predict one unpaired electron. Theoretical analysis also showed good agreement between
optimized structures and crystal structures, providing further evidence that the target

nitride complexes have been isolated, and useful data to compare to the oxidized forms.
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Chapter 3 will focus on the electronic structure of the novel complexes upon chemical

oxidation using electrochemistry, UV-vis-NIR, EPR and computational methods.

2.4. Experimental

2.4.1. Materials

All chemicals used were obtained from commercial suppliers and used without any
further purification unless noted otherwise. All ligands and MnNSal" were synthesized
according to literature procedures.'?7.122131-137 Dry tetrahydrofuran was obtained by
refluxing over sodium in the presence of benzophenone under N.. Dry acetonitrile was

obtained by refluxing over calcium hydride under Na.

2.4.2. Instrumentation

EPR spectra were collected on a Bruker EMXplus spectrometer operating with a
premium X-band microwave bridge and HS resonator. UV-vis-NIR data was collected on
a Cary 5000 spectrophotometer equipped with custom designed immersion fiber-optic
probes with a-1 mm path length. Constant temperatures were maintained with an FTS
Multi-Cool Low Temperature Bath. ESI-MS was performed using an Agilent 6210 TOF
ESI-MS system. Elemental analysis was performed by Carol Wu using an EA CHN 1110
analyzer. Evan’s method 'H NMR spectra were collected on a Bruker AVANCE Il 500

MHz instrument.

2.4.3. Syntheses

Synthesis of CrNSal"°2 Under a nitrogen atmosphere, 0.214 g (0.571 mmol) of
CrCl3*THF and 0.192 g (0.572 mmol) of MnNSal" were dissolved in 2 mL of acetonitrile
and stirred for 1 hour. 0.200 g (0.381 mmol) of H,SalN°? was dissolved in 2 mL of 1:1
dichloromethane/acetonitrile and 8 drops of NEt; and added dropwise to the [CrN]
solution. After refluxing 1 hour, a precipitate formed, and the suspension was placed in a
-20 °C freezer. The precipitate was collected by vacuum filtration and washed with 2 x
10mL cold acetonitrile. CrNSalV°? was isolated as a purple-brown solid. Yield 0.085 g
(0.144 mmol, 38%). ESI-MS (negative mode) m/z: {M+H>0+MeCN} 647.23 100%. Anal.
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Cald (%) C28H34CrNsOge0.5H,0: C 56.28, H 5.90, N 11.72; Found (%): C 56.23, H 5.82,
N 11.76. et = 1.86 (Evans method).

Synthesis of CrNSal": Under a nitrogen atmosphere, 0.259 g (0.691 mmol) of
CrCl3*THF and 0.231 g (0.689 mmol) of MnNSal” were dissolved in 2 mL of acetonitrile
and stirred for 1 hour. 0.200 g (0.460 mmol) of H.Sal" was dissolved in 2 mL of 1:1
dichloromethane/acetonitrile and added dropwise to the [CrN] solution. After stirring 1
hour, a precipitate formed and 0.128 mL of NEt; was added. The suspension was stirred
overnight, then concentrated in vacuo. The crude product was purified by column
chromatography using dichloromethane as eluent (Rf 0.7). CrNSal" was isolated as a tan
solid. Yield 0.050 g (0.100 mmol, 22%). ESI-MS m/z: 499.23 {M+H}+ 100%. Anal. Calcd
(%) C2sH36CrN3O2: C 67.45, H 7.28, N 8.43; Found (%): C 67.32, H 7.35, N 8.21. pert =
1.98 (Evans method).

Synthesis of CrNSal°"e: To a yellow solution of 0.500 g H.Sal°™¢ (1.01 mmol) in
10 mL tetrahydrofuran was added 0.149 g CrCl. (1.212 mmol) and the reaction was stirred
overnight under inert atmosphere. 30 mL of saturated ammonium chloride was added and
stirred for 2 hours in air, followed by the addition of 25 mL of brine. The organic layer was
dried over sodium sulfate, filtered and removed in vacuo to yield 0.500 g (0.862 mmol) of
crude CrClISal°™e intermediate. The intermediate was dissolved in 30 mL dichloromethane
and 0.347 g of MnNSal" (1.035 mmol) was added, refluxed for 1 hour, and the solvent
was removed in vacuo. The crude product was purified by silica gel column
chromatography using dichloromethane as the eluent (Rf 0.4). CrNSal°™® was isolated as
a yellow-brown powder. Yield 0.209 g (0.374 mmol, 37%). ESI-MS m/z: 559.23 {M+H}+
100%. Anal. Calcd (%) C30H40CrN3sO4: C 64.50, H 7.22, N 7.52; Found (%): 64.43, H 7.32,
N 7.20 perr = 1.71 (Evans method).

Synthesis of CrNSal°®": To a yellow solution of 1.000 g H,Sal°"" (1.82 mmol) in
20 mL tetrahydrofuran was added 0.268 g CrCl. (1.82 mmol) and the reaction was stirred
overnight under inert atmosphere. 30 mL of saturated ammonium chloride was then added
and stirred for 2 hours in air, followed by the addition of 25 mL of brine. The organic layer
was dried over sodium sulfate, filtered, and removed in vacuo to yield 0.670 g (1.05 mmol)
of crude CrClSal°P" intermediate. The intermediate was dissolved in 30 mL
dichloromethane and 0.359 g of MnNSal" (1.07 mmol) was added, refluxed for 1 hour,

and the solvent was removed in vacuo. The crude product was purified by silica gel column
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chromatography using dichloromethane as the eluent (Rf 0.3). CrNSal®®" was isolated as
a yellow-brown powder. Yield 0.430 g (0.70 mmol, 38%). ESI-MS m/z: 615.31 {M+H}+
100%. Anal. Calcd (%) CasHasCrN3O40.5H.0: C 65.47, H 7.92, N 6.74: Found (%): C
65.59, H 7.53, N 6.24 ues = 2.04 (Evans method).

Synthesis of CrNSalNf2: To a yellow solution of 0.200 g H.SalVE® (0.347 mmol)
in 20 mL tetrahydrofuran was added 0.051 g CrCl» (0.407 mmol) and stirred overnight
under inert atmosphere. 30 mL of saturated ammonium chloride was then added and
stirred for 2 hours in air, followed by the addition of 25 mL of brine. The organic layer was
dried over sodium sulfate, filtered, and removed in vacuo to yield 0.227 g (0.343 mmol) of
crude CrCISalNE? intermediate. The intermediate was dissolved in 30 mL dichloromethane
and 0.127 g MnSal"N (0.379 mmol) was added, refluxed for 1 hour, and the solvent was
removed in vacuo. The crude product was purified by silica gel column chromatography
using 1% triethylamine/dichloromethane as the eluent (Rf 0.4). CrNSalNt'2 was isolated as
an orange-brown powder. Yield 0.096 g (0.150 mmol, 43%). ESI-MS m/z: 641.39 {M+H}+
100%. Anal. Calcd (%) C3sHs2CrN3O2: C 67.47, H 8.49, N 10.93; Found (%): C 67.29, H
8.42, N 10.72. pes = 1.96 (Evans method).

2.4.4. X-ray Structure Determination

All crystals were mounted on a 150 mm MiTeGen Dual-Thickness MicroMount
using Paratone oil and measurements were made on a Bruker Photon Il diffractometer
with TRIUMPH-monochromated Mo Ka radiation (sealed tube) or Cu Ka radiation (Cu-
micro source). The data were collected at a temperature of 298 K in a series of scans in
0.50° oscillations. Data were collected and integrated using the Bruker SAINT software
package and were corrected for absorption effects using the multi-scan technique
(SADABS) or (TWINABS).'#>-148 All structures were solved by direct methods and refined
using SIR97 and SIR92.™.150  All non-hydrogen atoms were refined anisotropically. All
hydrogen atoms were placed in calculated positions but not refined. All refinements were
performed using the SHELXTL crystallographic software package of Bruker-AXS."' The

molecular drawings were generated using POV and ORTEP.'%?
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2.4.5. Theoretical Analysis

All theoretical analyses were performed using Gaussian 16 (version C.01) software
using Digital Research Alliance of Canada cluster resources. All analyses used the
polarizable continuum model (PCM) with DCM (¢=8.93) as the solvent. Optimizations and
frequency calculations were performed using the UB3LYP functional and 6-31g* basis set.
Single point energies and NBO calculations were determined using the UBLYP functional
and TZVP basis set.
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Chapter 3. Electronic Structure of [CrSalRN]*
(R =NOy, H, '‘Bu, OMe, O'Pr, NEt,)

W. VandeVen performed electrochemistry, chemical oxidation titrations, and DFT
studies. Data for CrNSal®™, CrNSal® and CrNSal"Me2 was reported previously by D.

Martelino et al.."® G. MacNeil collected EPR data using the Walsby Group spectrometer.

3.1. Introduction

The redox-active nature of salen ligands makes them attractive as described in
previous chapters, but also presents challenges when determining the locus of oxidation
or reduction. In addition to ambiguity of whether the electron transfer occurred at the metal
or ligand, the degree of delocalization between the metal and ligand, as well as the ligand
itself, can also complicate electronic structure assignment. Robin & Day developed a
classification system for redox-ambiguous bimetallic compounds in 1968, separating them
into Class I, Il, or Ill, though this nomenclature can be extended to other non-innocent
systems.'3 Class | systems have a large energy barrier to intramolecular electron transfer,
usually containing metal ions in significantly different coordination spheres and/or the
bridge cannot mediate electronic coupling. Class Il complexes exhibit intermediate
delocalization and the energetic barrier to electron transfer allows detection of different
oxidation states. One of the earliest examples of Class Il complexes include Cowan’s
biferrocene shown in Figure 3.1A."%41%5 Finally, Class Il complexes contain metal centers
in very similar or identical coordination environments such that there is complete
delocalization between the metal centers, and the oxidation states are averaged across
the system. One of the most well-known examples of a Class Ill system is the Creutz-
Taube dinuclear Ru complex, in which each Ru center has a 2.5+ oxidation state, rather
than a 2+ and 3+ Ru center based on a Class | assignment (Figure 3.1B)."%'%" Further
subdivision of these classes since highlights the complexity and challenges of these
systems.'®®15° Multiple spectroscopies and techniques are required to make an

assignment, and there is often some inherent uncertainty.
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Figure 3.1. Examples of mixed-valence species. Class Il species such as
Crowan’s biferrocene cannot readily exhange electrons between
metal centers (A).'54% Class lll species such as the Taube ion have
fully delocalized electronic structures and metal center oxidation
states are indistinguishable (B).%6-1%7

Paramount to this work, transition metal salen complexes are redox-active as
discussed in Section 1.4, and ligand radical salen complexes typically fall in between
Class Il and Class 11I.% Electrochemistry, EPR, UV-vis-NIR, and DFT studies will be
combined to assess the locus of oxidation upon oxidation of the Cr(V) salen nitrides
discussed in Chapter 2, as well as determine the extent of delocalization for potential

ligand radical species (Figures 3.2 and 3.3).
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R = NO,, CF3, H, 'Bu, OMe, O'Pr, NMe,, NEt,

Figure 3.2. Oxidation of Cr'NSal® will yield high-valent metal [Cr''NSalR]* or
ligand radical [Cr'NSal®]** complexes depending on the para R-group
substituent.
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Figure 3.3. Potential Robin-Day classifications for ligand radical salen
complexes. No coupling occurs between the aromatic rings for Class
I (A). Limited coupling occurs between the aromatic rings for Class Il
(B), and full delocalization between the aromatic rings occurs for
Class lll systems (C).

3.2. Results

3.2.1. Electrochemistry

Redox processes for CrNSal® were investigated using cyclic voltammetry. Upon
scanning to higher potentials, the first redox event for each complex is in agreement with
the o, value of the R group substituent (Figures 3.4 and 3.5, Table 3.1). All complexes
feature reversible first oxidation events, except for CrNSal" which exhibits a quasi-
reversible wave based on the ratio of peak current (lpa/lpc). Notably, the stronger electron-
donating groups feature multiple reversible redox waves (only the first two are shown in
Figure 3.3; see Appendix B - Figures B1 to B5 for full scan windows for all complexes),
with CrNSalNE2 exhibiting four redox events. CrNSalN? also features a reduction at very
low potentials which is not observed in any of the other complexes. Due to the electron-
withdrawing nature of the nitro group, it is likely that the Cr(V)/Cr(IV) couple is now

observed in the electrochemical window.
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As discussed in Section 2.2.1, the literature reports the o, value of the NEt, groups
as -0.73 whereas the NMe; group has o, value of -0.83."% This assignment is incorrect
based on the electrochemistry data for the two complexes, as the first redox process for
CrNSalNE2? occurs at significantly lower potentials (~0.18 V more negative) than
CrNSal"Ve2 (Figure 3.5). Moreover, the substitution of methyl groups for ethyl groups are
expected to increase the donation of the amine groups into the aromatic rings via an
inductive effect. Therefore, we propose a o, value of -0.93 for the NEt, group in accordance
with previously reported differences in o, value and to maintain consistency within the

current Hammett parameter scheme. 38139

00 02 04 06 08 1.0 1.2

Potential /V vs F_/F,

Figure 3.4. Cyclic voltammograms of first redox events for CrNSal®®", CrNSal",
CrNSal®F? and CrNSalV°?, Conditions: 0.1 M TBAP; CH:Cl»; 1 mM
complex; T =298 K; scan rate =100 mV/s.
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Figure 3.5. Cyclic voltammograms of first redox events for CrNSalVE?
CrNSalVVe2  CrNSal°P" and CrNSal°™, Conditions: 0.1 M TBAP;
CH:CI2; 1 mM complex; T = 298 K; scan rate = 100 mV/s.

Table 3.1. Tabulated redox potentials for CrNSalRvs F.*/F. in volts. Peak-to-peak
separation in parentheses. Only the first two redox events (as applicable) are
included.

Compound op Epa! Epc' Eqp! Epe? Epe? Eq2

CrNSalNoz 0.78 0.83 099  0.91(0.16) ]

CrNSalcF 0.54 0.75 098  0.87(0.23) ;

CrNSal 0.00 0.54 069  0.62(0.15) )

CrNSal®u -0.20 0.51 070 0.61(0.19) )

CrNSaloMe -0.27 0.34 046  040(0.12) 053 065  059(0.12)

CrNSaloPr -0.45 0.31 045  038(0.14) 048 062  055(0.14)

CrNsalMe  -0.83 -0.12 0.05 -0.04 0.03 020  0.12(0.17)

CrNSalVe2 -0.93 -0.30 -0.15 (%122 -0.14 -0.01 -0.08
(0.12) (0.13)
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To gain further insight into the electronic structure of the complexes, differential
pulse voltammetry (DPV) was used to resolve poorly separated redox events for
CrNSal®Me, CrNSal°Pr, CrSal'Me2 and CrSalNE®. Stack plots of the full cyclic voltammogram
and DPV scan are shown in Figure 3.6. AEx values and comproportionation constants K
are tabulated in Table 3.2 (Equations 1-3). CrNSal°® and CrNSal®"" undergo two
reversible redox events, CrSal'Me2 exhibits three redox processes, and CrSalNE?
undergoes four one-electron redox events. However, the sharp peak observed in the
reverse scan at 0.6V for CrSal"f? cannot be conclusively assigned as a one electron
transfer. If the ligand radical is delocalized it would be difficult to oxidize a second time. If
not delocalized, there is little to no communication and thus the oxidations should occur
at similar potentials. Based on the small AEo values for CrNSal"Me2 and CrNSalVE?, these
compounds likely exhibit strong radical localization upon oxidation.'®® Further analysis of
doubly-oxidized CrNSal"Me2 previously established that both electrochemical events are
ligand-based.®® Furthermore, studies of Ni, uranyl and Mn nitride complexes containing
R = NMe; salen ligands show similar cyclic voltammograms.®1%.13 Therefore, we expect
a similar electronic structure for CrNSalV¥2 upon oxidation. While further oxidations at
higher potentials have not been investigated, these could be metal-based to form Cr"'

and/or sequential oxidations of the ligand to form quinone-like species.

Interestingly, both CrNSal®™e and CrNSal°P" display two reversible redox events
at relatively low potentials, in comparison to the MnN complexes of the same ligands which
show only one quasi-reversible feature at low temperature, which results in a metal-based
oxidation to MnV'.'” However, due to relatively fast homocoupling, the second feature for
the Mn analogues is much weaker.'” AE. and comproportionation equilibrium constant
values K. (Equations 1-3) are higher for the R = OMe and R = O'Pr derivatives in
comparison to the R = NMe;, and NEt; derivatives, which could indicate that the presence
of alkoxy groups results in a more delocalized ligand radical upon oxidation, or
alternatively, that the first oxidation is metal-based (Table 3.2). Thus, the electrochemistry
data for CrNSal°™® and CrNSal°P" do not provide a definitive assignment of the locus of
oxidation (either metal- or ligand-based), and further investigation is required to make an

assignment for these derivatives.
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[LML] + [L"*ML'*] = 2[LML"¥] (1)

LML (2)
Ke= [LML][L*+ML*]
AE F
Ke = exp (<) o
!
R =OMe
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Potential / V vs F_*IF_
Figure 3.6. Stacked plots of cyclic voltammograms (black) and differential pulse

voltammograms (red) for CrNSal°¢, CrNSal°®, CrNSal"V*?2 and
CrNSal“E2, Conditions: 1mM complex; 0.1 M TBAP; T = 293 K, CH:Cl..
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Table 3.2. AE.xand Kc values for obtained from differential pulse voltammetry.

Complex AEx/V Kc
CrNSalove 0.198 2222
CrNSaloPr 0.180 1103
CrNSal\Me2 0.140 232
CrNSalVEt2 0.162 547

3.2.2. Electronic Absorption Spectroscopy

UV-vis-NIR spectroscopy was used to monitor changes in absorbance as neutral
CrNSal® were oxidized and gain insight into the resulting electronic structure. Based on
the high redox potentials for the less electron-donating R-groups (E12 = 0.91 V vs. F¢'/F.
for R = NO2), the oxidant magic green (Tris(2,4-dibromophenyl)aminium
hexafluoroantimonate) (E12 = 1.1 V vs. F.'/Fc) was used to oxidize all complexes.'8"162 A
standardized oxidant solution was titrated into a solution of neutral CrNSal® until one
equivalent was reached, and the solutions of all compounds turned a darker colour.
Isosbestic points indicate clean conversion to the oxidized species. All of the weaker
donating ligands up to and including CrNSal®"" exhibit broad bands in the vis to NIR region
(Figures 3.7 and 3.8), and these bands generally move to lower energy as the electron-
donating ability of the para-ring substituent is increased (Table 3.3). This trend is
consistent with a ligand-to-metal charge transfer (LMCT) assignment for this band, where
the ligand donor orbital energy decreases as the donating ability of the para-ring
substituent is lowered, while the acceptor orbital (Cr d,) energy remains constant.’#4163
Thus, the UV-vis-NIR data is consistent with metal-based oxidation to CrV' for [CrNSalR]*
(R = NO, CF3, H, tBu, OMe, O'Pr). In addition, the alkoxy substituted CrNSal® (R = OMe,
O'Pr, NEt,) feature a second oxidation process accessible with magic green. Discussion
of these bis oxidized complexes is beyond the scope of this thesis, but spectra of these

bis oxidized complexes are shown in Figures B6-B8.

In contrast, chemical oxidation of CrNSal"Ve2 and CrNSalVE® results in spectra with
significantly weaker bands in the NIR, and the visible region band centered around 23,000
cm’ shifts to two more absorption bands at lower energies (Figure 3.9). Again, similar

visible region bands were also observed for oxidized Ni, uranyl and Mn nitride complexes
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containing the R = NMe; salen ligands.%*10%6.198.13¢ Gjyen that these complexes as well as
[CrNSalNMe2]* were all assigned ligand radical structures, CrNSalVE® likely also forms a
ligand radical after oxidation. With respect to delocalization, broad and weak absorptions
in the NIR are associated with Class Il systems, in comparison to Class Ill systems which
exhibit sharp and intense absorptions in the NIR.”'%° Taken together, this spectrum is
indicative of a Class Il ligand radical species [CrNSalNE®]** with a ligand radical localized

to one of the phenolate rings.
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Figure 3.7. Magic green oxidant titrations monitored by UV-vis-NIR spectroscopy
for CrNSalN®?, CrNSal°", CrNSal" and CrNSalt®", Black = neutral; grey
= intermediate aliquots of oxidant; red = one equivalent of oxidant.
Conditions: 0.45 mM complex; T = 233 K; CH.Cl..
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Figure 3.8. Magic green oxidant titrations monitored by UV-vis-NIR spectroscopy
for CrNSal®Me, CrNSal®Pr, CrNSal'Me2 and CrNSal“E2, Black = neutral;
grey = intermediate aliquots of oxidant; red = one equivalent of
oxidant. Conditions: 0.45 mM complex; T = 233 K; CH.Cl..

Table 3.3. Key UV-vis-NIR data for [CrNSalR]*.

Complex Op Amax [ 10% cm!
(/103 M-" cm™)
CrNSalNo2 0.78 23.0(9.3),11.4 (4.3)
CrNSalcF 0.54 23.0(5.8),11.0(2.2)
CrNSalt 0.00 22.2 (6.6), 9.9 (2.5)
CrNSalt®v -0.20 21.9(5.0),8.1(4.2)
CrNSalOMe -0.27 24.2 (8.0),7.0(3.9)
CrNSaloPr -0.45 23.9(8.2),7.3(2.9)
CrNSal\Me2 -0.83 21.3(6.8),18.8 (6.8),11.5
(1.0)
CrNSalNe:2 -0.93 20.9 (6.0), 18.2 (7.7),
12.7, (1.4)
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3.2.3. Electron Paramagnetic Resonance

EPR was used to gain insight into the electronic structure of new complexes upon
oxidation. As outlined in Chapter 2.2.3, Cr'NSal? are paramagnetic d' species (S = %)
exhibiting axial symmetry. If metal oxidation occurs, a diamagnetic d° Cr(VI) species forms
and no EPR signal should be observed. Ligand oxidation may also result in a loss of EPR
signal depending on the strength of coupling between the d' chromium center and ligand
radical. In the case of a triplet spin state (S = 1), the electron located in the Cr dy, orbital
ferromagnetically couples to the ligand radical. The resultant zero-field splitting can cause
the energy of the EPR signals to fall outside the X-band frequency window.'%4-'6¢ The third
case involves the antiferromagnetic coupling of the Cr d, electron and the ligand radical

which can also result in a loss of EPR signal.'67:168

A significant loss of EPR signal occurs upon oxidation of all the CrNSal® complexes
as observed in Figures 3.9 and 3.10. For R = NO3, ~4 % of the signal remains, and close
inspection of the spectrum reveals that the remaining spin is the neutral complex. A higher
spin integration is observed for R = H (~18 %), and again close inspection of the oxidized
spectrum reveals that the signal is due to the neutral Cr(V) complex. When R = OMe, an
even higher double spin integration is calculated at ~27 %. Finally, the spin integration
drops to ~15% with the R = O'Pr derivative. The residual signal observed can be attributed
to unreacted CrVNSal?, as well as potential decay that occurs during EPR sample
preparation. Unexpectedly, CrNSalNE? retains significant signal and spin integration, as
well as the same line shape as the neutral Cr(V) species. While this could be attributed to
incomplete oxidation, the same spectrum was collected after performing a replicate,
suggesting the spectrum is accurate. The previously reported spectrum for [CrNSalNMe2]**
showed different symmetry upon oxidation and could be attributed to the presence of

neutral and bis-oxidized species that form upon comproportionation.'®

EPR alone cannot definitively assign the structure for chemically oxidized
CrNSalN?, CrNSal", CrNSal°Me and CrNSal®Pras Cr(VI) species, and oxidized CrNSalNE?
as a Cr(V) ligand radical complex due to the reasons mentioned at the beginning of this
section. The relatively high double integration ratio for CrNSal®™e could be attributed to
unreacted Cr(V) nitride and the high degree of error in calculating double spin integration.

Given that chemical oxidation of CrNSalVE? consistently yields a spectrum with high
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double spin integration, controlled potential electrolysis (CPE) could serve as a milder and

more controlled method of oxidation to further study this species.

R = NO,

R=H
A VE—

325 330 335 340 345 350 355

B/mT

Figure 3.9. Frozen solution EPR spectra for concentration matched CrNSal®
(black = experiment, red = oxidized). Conditions: T = 77 K; 0.45 mM
complex; 0.1 M TBAP. See Table 3.4 for full instrumentation details.
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Figure 3.10.

Table 3.4.

R =OMe

325 330 335 340 345 350 355
B/mT

Frozen solution EPR spectra for concentration matched CrNSalR
(black = experiment, red = oxidized). Conditions: T = 77 K; 0.45 mM
complex; 0.1 M TBAP. See Table 3.4 for full instrumentation details.

Full instrumentation details for EPR analysis of [CrNSal®]* (R = NO.,

H, OMe, O'Pr, NEt,).

Complex Freq. (MHz) Power (mW) Mod. Freq. (kHz)  Mod. Amp. (GHz)
CrNSalNo2 9.39%4 2.000 100 3.0
CrNSal+ 9.395 2.000 100 3.0
CrNSalome 9.390 2.000 100 1.0
CrNSaloPr 9.388 2.000 100 6.0
CrNSalNet2 9.396 2.000 100 3.0
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3.2.4. Solution Infrared Spectroscopy

Solution IR can be used to detect changes in Cr=N bond strength. The Cr=N
stretching frequency for CrVNSal®" occurs at 1,020 cm™ in solution, and at 1,110 cm" for
[CrVINSal®]*.% The Cr=N stretch for Cr'NSal°™ is observed at 1,029 cm™, however the
stretch for [CrNSal®™]* is obscured by adjacent bands.'® In comparison to the high-valent
Cr(VI) complexes, the Cr=N stretch for CrVNSal¥™e2 only changes from 1,020 cm™ to 1,021
cm™ after oxidation to the ligand radical [Cr/NSalNMe2]** 198 High-valent Cr(VI) contains a
stronger Cr=N bond as predicted by theoretical methods (Section 3.2.5), and a shift to
higher energy for the Cr=N stretching frequency has been observed in the literature.'®®
Solution IR data for CrNSal® and [CrNSalR]* (R = OMe, O'Pr) is shown in Figure 3.11.
CrNSal®P" exhibits a resolved Cr=N stretch at 1,014 cm, which is consistent with the
previously measured data for the neutral CrNSal? complexes (R = CF3, 'Bu, NMey)."%®
Upon oxidation to [CrNSal®P1*, the band at 1,014 cm™ is lost and two new bands appear
at 1,041 cm™ and 1,096 cm™. While it is unclear at this time which of the two new bands
corresponds to the Cr=N stretch, it is clear that oxidation leads to a substantial increase
in stretching frequency in accord with metal-based oxidation to a Cr(VI) species. The Cr=N
stretch for CrNSal®™® is harder to distinguish, but likely manifests as a shoulder around
1,020 cm™ (Figure 3.11). Upon oxidation to [CrNSal°M¢]* new stretching bands at 1,041
cm™ and 1,081 cm™ are apparent which could be due to the Cr=N stretch. While the IR for
the R = OMe is not conclusive for assigning the shift in the Cr=N stretch upon oxidation,
the IR data for R = O'Pr provides strong support for the shift in the Cr=N stretch to higher

energy upon oxidation, consistent with metal-based oxidation for this derivative.
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Figure 3.11. Solution IR spectra for neutral (black) and chemically oxidized with
magic green (red) CrNSal°”® and CrNSal°?". Conditions: 5 mM
complex; T =293 K; CH:Cl..

3.2.5. Theoretical Analysis

Three geometry optimizations were performed for each oxidized CrNSalR species
corresponding to singlet, broken-symmetry singlet (BSS) and triplet spin states. As
described in section 3.2.3, the singlet state corresponds to a® Cr(VI) (S = 0), triplet refers
to ferromagnetically coupling between the dy, electron of Cr Cr(V) and a ligand radical (S
= 1), and BSS refers to the antiferromagnetically coupled Cr(V) dx, electron and ligand
radical (S = 0). Relative energies for each spin state are shown in Table 3.4. As expected,
the electron-withdrawing and weaker electron-donating R-groups favour metal-based
oxidation whereas strong electron-donating groups tend to favour ligand-based oxidation.
This is in accord with our previous work on the CF3,'Bu and NMe; derivatives.'® Inspection
of the full series (Table 3.4), shows that energy gap between the spin states for a given
complex increases with electron withdrawing strength. Despite the small energy gap
determined computationally between spin states for [CrNSal°M¢]* and [CrNSal°]*, the
Cr(VI) singlet is of lowest energy, and experimental evidence also points towards metal-
based oxidation under the conditions tested. [CrNSal"M¢2]* and [CrNSalV*?]* are predicted
to form Cr(V) ligand radical species, either antiferromagnetically coupled BSS or
ferromagnetically coupled triplet species upon oxidation. There is very little energy gap
between the BSS and triplet states for [CrNSalV™e2]* and no difference in energy for
[CrNSalNE2)*,
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Table 3.5. Relative energies of different spin states for [CrNSal®]* (kcal/mol).

Complex Singlet BSS Triplet
CrNSalNo2 0 4.1 10.4
CrNSalcFs 0 4.4 9.9
CrNSalt 0 3.6 8.5
CrNSaltsv 0 2.8 6.4
CrNSalove 0 1.9 2.3
CrNSalo®r 0 0.3 25
CrNSalNMe2 2.3 0 0.6
CrNSalNEt2 24 0 0

Key coordination sphere bond lengths and their respective changes are shown in
Table 3.5. In accordance with forming a high-valent metal, a contracted coordination
sphere is observed for lowest energy singlet solutions for [CrNSalR?]* (R = NO,, CF3, H,
Bu, OMe, O'Pr). Significant shortening of the chromium-phenolate (Cr-O) bond is
observed for [CrNSalR]* (R = NO,, CF3, H, 'Bu, OMe, O'Pr) compared to the neutral
species, though there is little change in Cr-N bond length with different para substituents.
Additionally, the lowest energy BSS solutions for the ligand radical species [CrNSal"Me2]*
and [CrNSalVE?]* predict an asymmetric coordination sphere due to radical localization on
one of the two phenolates. For example, the Cr-O2 bond is predicted to lengthen, with a
concomitant decrease in the 02-C2 bond for [CrNSalVE?]*, which is consistent with
phenoxyl radical formation. In comparison the Cr-O1 bond decreases slightly, and the O1-
C1 bond remains essentially unchanged. The spin density plots (Figure 3.12) show a

visual representation of this ligand radical localization.
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Table 3.6. Predicted coordination sphere bond lengths (A) for [CrNSalR]*.
Changes from neutral to oxidized (oxidized — neutral) in parentheses. Refer to Table
2.4 for neutral metricals, and to Figures 2.5-2.9 for atom numbering scheme. Ligand
radical metrics obtained from BSS state.

Complex Cr1-01 Cr1-02 Cr1-N1 Cri-N2  Cr1-N3  01-C1  02-C2
[CrVINSalNoz]+ 1.815 1.818 2.029 2.063 1.502 1.324 1.334
(-0.117) (-0.123) (0.002)  (0.026) (-0.017) (0.022)  (0.031)
[CrVNSalcF]* 1.813 1.818 2.026 2.065 1.503 1.328 1.340
(-0.114) (-0.118)  (-0.002) (0.028)  (-0.018) (0.019)  (0.03)
[CrYNSalH]* 1.813 1.816 2.028 2.062 1.505 1.332 1.344
(-0.109) (-0.114)  (-0.001) (0.021)  (-0.018) (0.017)  (0.028)
[CrINSal®v]* 1.815 1.819 2.022 2.062 1.505 1.331 1.343
(-0.107) (-0.111)  (-0.007) (0.024)  (-0.019) (0.015)  (0.027)
[CrVINSaloMe]* 1.821 1.824 2.023 2.060 1.506 1.328 1.344
(-0.095) (-0.101) (-0.011) (0.017)  (-0.018) (0.008)  (0.023)
[CrVINSaloPr]* 1.825 1.829 2.018 2.052 1.506 1.325 1.339
(-0.094) (-0.099) (-0.012) (0.014) (-0.019) (0.007)  (0.021)
[CrVNSalNVez]-+ 1,891 1.978 2.009 2.047 1.522 1.324 1.285
(-0.028) (0.050)  (-0.020) (0.009)  (-0.003) (0.006)  (-0.032)
[CrVNSalNEZ]++ 1.893 1.975 2.010 2.047 1.523 1.324 1.287
(-0.021) (0.0562)  (-0.023) (0.005)  (-0.003) (0.001)  (-0.036)

Spin density plots were prepared for [CrNSalNE2]* in the BSS and triplet spin states
to visualize where the unpaired electron is located on the ligand (Figure 3.12). Similar
plots were obtained for [CrNSal"Ve2]* (see Appendix B - Figure B6). Both spin states show
most of the spin lies on one of the phenolate rings. As expected, spin is also observed on
Cr. This spin localization has been observed in other transition metal complexes utilizing

NMe: substituted salen ligands.
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Figure 3.12. Spin density plots for oxidized CrNSal“E* in the BSS (A) and triplet (B)
spin states.

IR spectroscopy provides further insight into the Cr=N bond strength and locus of
oxidation as described in Section 3.2.4. The predicted change in energy of the Cr=N
stretch for the lowest energy electronic structures for CrNSal® and [CrNSalR]* are
tabulated in Table 3.7. Frequency calculations were performed at the same level of theory
as optimizations. All high-valent metal complexes exhibit stretches at higher frequencies
in comparison to their neutral analogs by ~80 cm™. In contrast, the ligand radical species
[CrVNSalR]** display little change in Cr=N stretch, with a shift to higher energy by only ~8
cm™. As discussed in Section 3.2.4, a shift to higher energy is consistent with a stronger
Cr=N bond upon oxidation. This can be attributed to a decrease in the energy of the Cr d-
orbitals upon oxidation from Cr(V) to Cr(VI) resulting in improved overlap with the nitride

p-orbitals (see Figure 1.4), and stronger bonding.

Table 3.7. Predicted change (A) in Cr=N Stretch Frequencies (cm™) upon
oxidation of CrNSal® to [CrNSal®]*.

Complex Change in Cr=N Stretch (cm-)
[CrV'NSalNoZ]* 76
[CrVNSalcF] 79
[CrV'NSal*]* 78
[CrVINSalte:]* 79
[CrYINSalove]* 77
[CrYNSaloP]+ 79
[CrYNSalNMe2]-+ -8
[CrYNSalNee]-+ -7
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3.3. Conclusion

Multiple methods are required to assess the locus of oxidation and extent of ligand
radical delocalization in the system under study. Cyclic voltammograms of CrNSalV°? and
CrNSal" feature one reversible redox event, while CrNSal®¢, CrNSal°Pr and CrNSalNE?
feature two close redox events at relatively low potentials. Chemical oxidation of CrNSalR
(R =NO,, H, OMe, O'Pr) monitored by UV-vis-NIR results in the appearance of broad low
energy bands between 17,000 cm™and 5,000 cm™. These broad NIR bands blue shift as

the op increases, consistent with a LMCT assignment.

Oxidation of CrNSalNE? | similarly to CrNSal'Me2 | exhibits a different UV-vis-NIR
spectrum in comparison to the derivatives above, showing a broad envelope of transitions
in the 24,000 cm™ to 10,000 cm™ region, and thus supporting a different electronic
structure for these two derivatives. Upon oxidation, The EPR signals for all [CrNSalR]*
species are substantially diminished compared to the neutral analogues. Interestingly, the
oxidized CrNSalNE? still exhibited a significant amount of spin after oxidation, and this
result needs further investigation. Solution IR spectroscopy of neutral and oxidized
CrNSalNE? can provide insight into the locus of oxidation, as a weaker shift in Cr=N stretch
was detected for [CrNSal"Me2]** (Av =1 cm™") than for [CrNSal®']* (90 cm™). Finally, DFT
analysis predicts high-valent Cr(VI) complexes after oxidation of CrNSal? (R = NO, H,
OMe, O'Pr) and the BSS ligand radical structure for CrNSalNE2,

The current data supports metal-based oxidation to Cr(VI) for CrNSal® (R = NO.,
H, OMe, O'Pr), and ligand oxidation for CrNSal"t®?, However, additional studies could be
used to definitively assign the locus oxidation for [CrNSalR]*. For example, Evan’s method
'H NMR could be used in this system. Cr'NSalR is paramagnetic and exhibits broad
signals. If metal oxidation occurs, [Cr''NSal?]* becomes diamagnetic and a spectrum with
resolved signals can be obtained, while triplet and BSS species spectra can remain
broadened. X-ray absorption (XAS) can also provide insight into the oxidation state of Cr
for [CrNSalR]*. Finally, the reactivity of [CrNSalR]* towards electrophilic boranes and
nucleophilic phosphines can indicate the oxidation state of Cr. As discussed in Section
1.5, [CrVNSalR]" (R = CF3, 'Bu) contain electrophilic nitrides and react with phosphines, in

contrast to [CrYNSalV™e2]** which has a nucleophilic nitride and reacts with boranes.
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3.4. Experimental

3.4.1. Materials

All chemicals used were obtained from commercial suppliers and used without any
further purification unless noted otherwise. [(2,4-Br.CsHs)sN*][SbFe]” (magic green
oxidant) was synthesized according to literature methods.'? Dry dichloromethane was

obtained by refluxing over calcium hydride under N..

3.4.2. Instrumentation

See Section 2.4.2 for full instrumentation details. Electrochemistry experiments
were performed on PAR-263A potentiometer equipped with a silver wire reference
electrode, a platinum disk counter electrode and glassy carbon working electrode under
N2 atmosphere. Solution IR spectra were collected on a PerkinElmer UTAR Two FT-IR

spectrometer using a 1 mm Specac transmission cell.

3.4.3. Synthesis of [CrNSalR]*

Oxidation titrations were performed by titration of 3.5 mL of 0.45 mM CrNSal® with
one equivalent of magic green oxidant in 20 uL additions at 253 K under a N2> atmosphere.
A solution of magic green was first standardized by titration with 3.5 mL of 0.45 mM
NiSal®Y, in which oxidant was slowly added until no further increase or a decrease in
absorbance of the 4,700 cm™ band was observed. Excess oxidant will also manifest as a
strong absorbance at 11,260 cm™."%7.182 Frozen samples for EPR analysis were prepared
as above in the presence of 0.1 M TBAP supporting electrolyte and stored in liquid N2 for

analysis.

3.4.4. Theoretical Analysis

All theoretical analyses were performed using Gaussian 16 (version C.01) software
using Compute Canada cluster resources. All analyses used the polarizable continuum

model (PCM) with DCM (g = 8.93) as the solvent. Optimizations and frequency calculations
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were performed using the B3LYP functional and 6-31g* basis set. Single point energies

and NBO calculations were determined using the UBLYP functional and TZVP basis set.
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Chapter 4. Reactivity of [CrNSalR]* (R = 'Bu,
NMe:) Towards Exogenous Ligands and C-H
Bond Activation

4.1. Introduction

Cr¥ salen oxo complexes are effective epoxidation reagents as discussed
previously in Chapter 1. However, these compounds require binding of an axial ligand
trans to the oxo to achieve their full reactivity potential.''® Computational studies with Mn
oxo salen complexes found that the Mn-O bond is weakened after exogenous ligand
binding and triggers geometric changes in the coordination sphere.'® Similar to Cr salen
oxo complexes, RuY' salen nitride complexes are stable in weakly coordinating solvents,
but undergo homocoupling in the presence of stronger neutral and anionic ligands as

discovered by Man et al.."™®

- - r +
2 -Nﬁli_? = N + Ny
SR 2 ~—® | SRR

o] (o}

=N~
2 SR 2 <5 ' ? £ N
@;-Ru, » 'Rfu‘o

@ = Py, CI, Br, DMSO, Melm, PhNH,

Figure 4.1. [RuVINSal"]* is stable in the absence of an exogenous ligand (A).'"°
Axial binding of an exogenous ligand activates the nitride towards
homocoupling (B).

Man et al. also found that Ru"' salen nitride complexes can activate weaker C-H
bonds such as those in xanthene in acetonitrile to form N-insertion products, but can also
activate significantly stronger C-H bonds such as those in cyclohexane when ligands such
as pyridine, bromide, or chloride are present as shown in Figure 4.2.%8 In addition to
exogenous ligands, the R-group substituent on the salen ligand was shown to significantly

affect the reactivity of Cr oxo salen complexes towards oxygen transfer.!®171-173
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Therefore, oxidized CrV' salen nitrides could prove to be effective N atom transfer reagents

as well.

) =py,cr,Br

Figure 4.2. Man’s Ru"' nitride complex that performs C-H bond activation (A).% In
the absence of exogenous ligands, the complex cannot activate
strong C-H bonds such as those in cyclohexane (B) until exogenous
ligands bind to vacant axial site (C).

This chapter will examine how neutral and anionic ligands interact with [CrNSalR]*
and the decay pathway that occurs, as well as the reactivity of [CrNSalR]* towards C-H
bond activation. Previous research in the Storr group found that [CrNSalR]* are relatively
stable at room temperature and slowly decay according to second-order kinetics.'%
[MnVINSalR]* complexes are unstable at room temperature and also decay according to
second-order kinetics to liberate N, gas.'® Based on the interaction of Cr oxo complexes
and [RuNv'Sal"]* with exogenous ligands, the binding of axial ligands trans to the nitride
ligand in [CrNSalR]* should lead to activation and homocoupling (Figure 4.3). [CrNSalR]*
may also react with the weak C-H bond activation substrate xanthene to form an N-

insertion product.
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Figure 4.3. [CrNSalR]* is relatively stable towards homocoupling at room
temperature (A). Exogenous ligands should bind trans to the nitride
and activate it towards homocoupling (B).
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Figure 4.4. [CrNSal®]* may activate the weak C-H bonds in xanthene and form an
N-insertion product (A). The addition of exogenous ligands should
activate the nitrde and increase reactivity(B).
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4.2. Results

4.2.1. Electronic Absorption Spectroscopy with Ligands

UV-vis-NIR spectroscopy was used to monitor changes as one equivalent of
pyridine, bromide and chloride ligands were added to solutions of [CrNSal®']" and
[CrNSalNMe2)** Spectral changes are observed when aliquots of each ligand are added to
[CrNSal®]* with a decrease in the bands at 21,800 cm™ and 8,100 cm™' (Figure 4.5). The
most significant decrease in the band intensities was observed with the addition of
chloride. Addition of a second equivalent of ligand results in full decay of the 8,100 cm™’
band (Appendix C - Figure C1). We then investigated the change in the [CrNSal®]*
spectrum over time after addition of one equivalent of the exogenous ligands (Figure 4.6).
In this case immediate changes are observed for both chloride and bromide addition, while
a slower change is observed for pyridine. While preliminary, these results suggest that a
more significant interaction is observed for the anionic chloride and bromide ligands in
comparison to pyridine. Very limited spectral changes are observed when one equivalent
of either chloride, bromide, or pyridine are added to [CrNSal¥Me2]** (Figure 4.7). This
indicates that the locus of oxidation and/or donation strength of the salen ligand strongly
influences the reaction of exogenous ligands with oxidized chromium salen nitrides. Given
that the locus of oxidation is metal-based for [CrNSal®']*, this is in agreement with the

metal center being more Lewis acidic.
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Figure 4.5. Titration of one equivalent of pyridine, bromide, and chloride into
[CrNSal®']* monitored by UV-vis-NIR spectroscopy. Conditions: 0.1
mM [CrNSalf]*; T = 253 K; CH:Cl,. Red = [CrNSal®']*; grey =
intermediate aliquots of ligand; purple = one equivalent of ligand.
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Figure 4.6.
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ESI-MS analysis of the reaction between [CrNSal®']* and exogenous ligands
should identify the [Cr''Lsal]* product if homocoupling is occurring. Figure 4.8 shows the
mass spectrum following addition of pyridine to [CrNSal®']* and key compounds observed.
Multiple [Cr''Sal®']* species are observed, corresponding to two, one or no pyridine
ligands bound. These Cr'"' cations are consistent with a homocoupling decay pathway,
however decay caused by ESI-MS conditions cannot be ruled out. Residual
[CrNSal®'+H]" could be due to incomplete oxidation of the starting complex as well as
incomplete reaction with pyridine. Attempts to identify the products of the reaction between
[CrNSal®]* and CI" using positive mode ESI-MS were unsuccessful due to the strong

tetraethylammonium cation signal (Appendix C — Figure C2).
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Figure 4.8. ESI-MS spectrum of the reaction between [CrNSal®']'and one
equivalent of pyridine. Cr'Nsal®' starting material and various
[Cr''Sal]* homocoupling decay products are observed.
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4.2.2. GC-MS Headspace Analysis

If homocoupling is occurring, a sample of 50% '°N labelled [Cr'>NSal®]* will
liberate isotopically labelled 2N, and *°N, in a 2:1 ratio upon addition of exogenous ligand.
However, no labelled nitrogen gas was detected via GC-MS headspace analysis after
reaction with chloride or pyridine as shown in Figure 4.9. Furthermore, an oxidized sample
without exogenous ligand did not generate any labelled nitrogen gas after 48 hours.
Irradiation of the oxidized complex with UV light does not trigger homocoupling either,
which was observed in an unpublished Storr group study. This is in stark contrast to
[Mn'*NSal®“]* which rapidly homocouples at room temperature (Figure 4.9). Based on the
data collected so far, the oxidized nitride complexes are decaying according to second
order kinetics, but homocoupling cannot be confirmed.'® If homocoupling is occurring, it
must be a slow process and the labelled nitrogen gas is escaping at the same rate as
formation. The oxidized nitride complexes may be forming dimers, which would follow
similar second-order kinetics but could trap the nitride ligands in the dimer. Unfortunately,
no isotopically labelled dimer was observed after positive mode ESI-MS analysis of the
pyridine reaction GC-MS experiment. The addition of ligands may activate the nitride
sufficiently to dimerize, but the resulting dimer is relatively stable and does not appear to

decompose to afford N2. Further investigation is needed.
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Figure 4.9
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chloride were added.

4.2.3. Theoretical Analysis with Exogenous Ligands

Theoretical calculations should reveal any changes in coordination sphere
geometry upon binding of an axial ligand to oxidized [CrNSal®]*. Optimizations of
[CrNSal®]* with axial ligands were carried out with the UB3LYP functional and 6-31g*
basis set employing the polarizable continuum model (PCM) with DCM as solvent. A
frequency job at the same level of theory verified the structure was at the true energetic
minimum. For all ligand adducts, an interaction is observed, and key structural information
is collected in Tables 4.1 and 4.2. No interaction is predicted between [CrNSal"Me?]**and
CI, consistent with experimental observations (Appendix C - Figure C3). Minor changes
were observed for all bonds in the coordination sphere, but elongation of the Cr=N bond
was observed for all ligand adducts and is indicative of Cr=N bond weakening. Moreover,

all adducts become ~10% more planar based on the 15 values calculated for the Cr-salen
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plane.’”75 This planarization of Cr and the salen ligand can activate the nitride by

reducing the reorganization energy to form products.*°

[CrNSal®']*+ Py &~ @

%8 % “:
? ot o o5
,‘ug“fa

fa

[CrNSaltBv]*+ CI-

Figure 4.10. Optimized structures for adducts between [CrNSal'®®']* and pyridine,
bromide and chloride.

Table 4.1. Predicted coordination sphere bond lengths (A) for [CrNSal*®']* and
ligand adducts. Changes from [CrNSal®']* on ligand coordination (adduct — free
complex) in parentheses.

Complex Cr1-01 Cr-02 Cr1-N1 Cr1-N2 Cr1-N3  01-C1 02-C2
[CrNSalteu]* 1.819 1.815 2.022 2.062 1.505 1.331 1.343
[CrNSal®u]-py  1.802 1.814 2.090 2.044 1.512 1.335 1.340
(-0.017) (-0.001) (0.0680 (-0.017) (0.006)  (0.005)  (-0.003)
CrVNSaltBu-cI  1.822 1.827 2.054 2.050 1.514 1.328 1.333
(0.003) (0.013)  (0.033) (-0.011) (0.009)  (-0.002) (-0.010)
CrVNSaltBu-Br  1.823 1.833 2.058 2.055 1.517 1.329 1.332
(0.004) (0.018)  (0.036) (-0.007) (0.012)  (-0.001) (-0.011)
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Table 4.2. Additional geometric information for [CrNSal®']*-L coordination
sphere.

CrVINSaltBu-L NoL L=Py L=CI L=Br
Cr=N Bond 1505 1512 1514 1517
Length (A)

cr-L Bond : 2.72 2.916 2.936
Length (A)

1sParameter 0.18 0.04 0.09 0.08

Various Cr=N bonding parameters can be evaluated to quantify bond strength as
summarized in Table 4.3. There is a small increase in Cr=N bond length by ~0.01A after
any of the ligands bind, consistent with a weakening of the Cr=N bond. The Mulliken
charge on the nitride also increase after ligand binding, showing an increase in nitride
electrophilic character which has been reported to afford more rapid nitride
homocoupling.'%61%.176 The %N in the Cr=N =" orbital suggests the oxidized complex with
an axial ligand contains a more reactive nitride, although the trend is not consistent with
experimental reaction rates. The Mayer bond order indicates a slightly weaker Cr=N bond
for bromide and chloride adducts, although pyridine appears to increase Cr=N bond

strength. From this data, there is an overall trend for nitride activation upon trans ligation.

Table 4.3. Cr=N Bonding Metrics for [CrNSal®®']*-L.

CrVINSaltBu-L NolL L =Py L=Cl L=Br
Cr=N Bond 1.505 1.512 1.514 1.517
Length (A)

Mulliken Nitride ~ 0.19 0.18 0.23 0.23
Charge

%N in Cr=N 52.62 53.94 52.78 55.43
Order

Further to the bonding analysis above, comparison of the energies between the
different adducts can provide insight into the thermodynamics of the reaction. The energy
change for adduct formation was determined by subtraction of the combined energy of the

free ligand and singlet [CrNSal®']* from the respective adduct according to Figure 4.11.
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Formation of the chloride adduct was found to be the most energetically favourable by ~8
kcal/mol and 6 kcal/mol versus the pyridine and bromide adducts respectively as shown
in Table 4.4. The unfavorability of pyridine binding could be attributed to sterics and the
neutral charge versus the smaller anionic ligands. This energy decrease could account for
the more complete decay of the NIR band for [CrNSal®®]* after one equivalent of chloride
and bromide ligands versus pyridine. Chloride is predicted to bind more strongly, and the
equilibrium strongly favors the adduct, whereas the weaker binding ligands form an
equilibrium mixture of bound and unbound oxidized chromium complex. Titration of an
additional equivalent of ligand into [CrNSal®']* supports this hypothesis, as the chloride
spectrum changes less after one equivalent in comparison to pyridine and bromide
(Appendix C - Figure C1).

Figure 4.11. Reaction between oxidized CrNSal®®" and exogenous ligands to form

adducts.
Table 4.4. Reaction energetics for the interaction between oxidized CrNSal®"
and pyridine, chloride and bromide ligands.
[CrNSalt®v]* + L L=Py L=CI L=Br
AEreactionl kcal m0|'1 26 -67 -1 1

4.2.4. Electronic Absorption Spectroscopy with Xanthene

To complement the reactivity studies of [CrNSal®]* with exogenous ligands and
previous work with boranes and phosphines, C-H bond activation reactivity was also
probed. UV-vis-NIR was used to monitor changes in absorbance over time after the

addition of 100 equivalents of xanthene, a substrate with relatively weak C-H bonds (75.2
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kcal/mol)."” A reaction occurs and isosbestic points are observed for all [CrNSalR]*
derivatives, indicating clean conversion to new species (Figure 4.12). The reaction occurs
fastest as the electron withdrawing strength of the R-group increases, suggesting the

nitride ligand is acting as an electrophile.
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Figure 4.12. UV-vis-NIR spectra for the reaction between [CrNSalR]* and xanthene.
Conditions: 0.1 mM [CrNSalR]*; 10 mM xanthene; T = 253 K; CH:Cl..
Red = [CrNSalR]*; grey = intermediate scans over time; purple = 2
hours after addition of xanthene.

4.2.5. Mass Spectrometry of Reaction Between [CrNSalR]*and
Xanthene

Isosbestic points observed after reaction of [CrNSalR]* and xanthene indicate that
[CrNSalR*is cleanly converting to a new species. ESI-MS was employed to identify the
potential N-insertion product(s) of this reaction, and should readily detect amines and
imines that could form based on previous work.%® All [CrNSalR]* tested (R = CF3, Bu,
NMe2) show a signal at 196.07 m/z corresponding to a free imine N-insertion product, and
[CrSal®]* and [CrSal°™]* contain weak signals resulting from an N-insertion product
bound to [CrNSal®']* at 792.409 m/z and 816.251 m/z respectively (Figures 4.13-4.15).

No N-insertion adduct between xanthene and [CrNSal"Me?]** was observed.
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Figure 4.14. Positive-mode ESI-MS spectrum of reaction between [CrNSal*®®“]*and

xanthene.
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Figure 4.15. Positive-mode ESI-MS spectrum of reaction between [CrNSal"V¢?]*and
xanthene. No signal corresponding to the CrNSal"Me2-xanthene N-
insertion adduct is observed.

The C-H bond activation/N-insertion products observed are the same as those
observed for RuNSal", and thus a similar reaction pathway is likely occurring.®® This
pathway is shown in Figure 4.16. First, hydrogen atom transfer (HAT) occurs between
[CrNSalR]* and xanthene to form an alkyl radical and [CrN=HSalR]* intermediate. The alkyl
radical can then react with [CrN=HSalR]* again in a radical rebound mechanism to form
the N-insertion adduct complex. A second hydrogen atom transfer can occur with an
additional equivalent of [CrNSalR]* to form the imine N-insertion product, which exhibits

weaker binding and thus is observed as a free ligand under ESI-MS conditions.
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Figure 4.16. C-H bond activation and N-insertion scheme for the reaction between
[CrNSalf]* (R = CFs, 'Bu, NMe;). The nitride ligand first abstracts
hydrogen from xanthene to form an alkyl radical and the imine
complex [Cr'N=HSalR?]* (A). Radical rebound occurs next and the
[CrYN-HXanSalR]* adduct is formed (B). An additional HAT reaction
can occur between [Cr'YN-HXanSalR]* and a second equivalent of
[CrNSalR]* to form the weakly coordinated adduct [Cr'"NH=XanSalR]*

(C).
4.3. Conclusion

[CrNSal®]* and [CrNSalNMe2]** were reacted with pyridine, chloride and bromide
ligands to test whether nitride activation and homocoupling occurs upon binding of an axial
ligand to Cr. UV-vis-NIR spectroscopy indicates [CrNSal®']* reacts with all ligands,
whereas [CrNSal"Me2]** does not react appreciably, highlighting the role the locus of
oxidation impacts the reactivity of these complexes. Moreover, chloride appears to exhibit
the strongest interaction. DFT studies of the [CrNSal®']*-ligand adducts predict nitride
activation with all ligands and similarly provides evidence for the strong chloride binding.
Despite the reaction observed via UV-vis-NIR spectroscopy and some evidence for Cr(lll)
products using ESI-MS , isotopic labelling and GC-MS headspace analysis did not detect
N labelled N2 gas. Further studies are required to identify the decay pathway of
[CrNSalR]* in the presence of exogenous ligands. The reaction of [CrNSal®“]*, [CrNSal°F3]*

and [CrNSalVMe2]** with xanthene was also investigated. All complexes showed a reaction
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based on UV-vis-NIR spectroscopy and ESI-MS, with C-H bond activation/N-insertion
products detected. Reaction rate increased with increasing op, suggesting the nitride is
acting as an electrophile towards the xanthene substrate. Additional experiments using
[Cr'®NSal®]* must be conducted to confirm the origin of the inserted nitrogen atom as the

nitride ligand.

4.4. Experimental

4.4.1. Materials

All chemicals used were obtained from commercial suppliers and used without any
further purification unless noted otherwise. [(2,4-Br.CesHs3)sN*][SbFe]- (magic green
oxidant) was synthesized according to literature methods.'®? Dry DCM was obtained by

refluxing over calcium hydride under Na.

4.4.2. Instrumentation

See Section 2.4.2 for full instrumentation details. UV-vis-NIR data was collected
on a Cary 5000 spectrophotometer equipped with custom designed immersion fiber-optic
probes with a 1 cm path length. GC-MS headspace analysis was performed manually
using He carrier gas and an Agilent Technologies 6890 series GC system equipped with

a 5973 mass selective detector in splitless injection mode.

4.4.3. UV-vis-NIR Monitored Reaction of [CrNSalR]* with Exogenous
Ligands

A 5 mL solution of 0.1 mM [CrNSal?]* in dry DCM was prepared as outlined in
Section 3.4.3 under a N2 atmosphere and cooled to 253 K. Titrations were performed by
adding 10 pL aliquots of 5 mM ligand solutions in dry DCM until one and two equivalents
were reached. Spectra were also collected 3 minutes after one equivalent of ligand was
added by adding a 100 uL aliquot of 5 mM ligand solutions. The addition of pyridine causes

a colour change from brown to orange.
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4.4.4. GC-MS Headspace Analysis

Under a N> atmosphere, 0.003 mmol of nitride complex was added to a 1.5 mL
GC-MS vial and dissolved in 0.3 mL of dry DCM. Stock 0.3 mM ligand solutions were also
prepared in 1 mL of dry DCM. A stock solution of magic green oxidant prepared in dry
DCM and standardized according to the procedure in Section 3.4.3. All solutions were
purged with Ar for 20 minutes before use. The required volume of oxidant solution was
added, followed by the addition of 0.1 mL of ligand solution as required. The solution was
swirled, then allowed to rest 10 minutes before injection. 1 pL of headspace was injected

manually and a peak containing isotopically labelled N2 gas was detected at 1.10 minutes.

4.4.5. UV-vis-NIR Monitored Reaction of [CrNSalR]* with Xanthene

A 5 mL solution of 0.1 mM [CrNSalR]* was prepared as outlined in Section 3.4.3
under a N2 atmosphere and cooled to 253 K. To this solution was added 100 uL of 0.5 M
xanthene in dry DCM and the spectrum was monitored over time. The reaction between
[CrNSalR]* (R = CF3, 'Bu) and xanthene resulted in a colour change from brown to green,
in comparison to the reaction between [CrNSal¥Ve?]** and xanthene which remained

purple.

4.4.6. Theoretical Analysis

All theoretical analyses were performed using Gaussian 16 (version C.01) software
using Compute Canada cluster resources. All analyses used the polarizable continuum
model (PCM) with DCM (e = 8.93) as the solvent. Optimizations and frequency calculations
were performed using the B3LYP functional and 6-31g* basis set. Single point energies
and NBO calculations were determined using the UBLYP functional and TZVP basis set.

Mayer bond order calculations employed the UBLYP functional and TZVP basis set.
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Chapter 5. Future Directions

5.1. Introduction

Chapter 2 focussed on the synthesis and characterization of new CrNSal?
complexes (R = NOy, H, OMe, O'Pr, NEt,) using XRD, EPR, UV-vis-NIR and theoretical
methods. These complexes were then chemically oxidized in Chapter 3 and their loci of
oxidation determined using electrochemistry, UV-vis-NIR, EPR and computational
methods. Finally, Chapter 4 examined nitride activation and the reactivity of [CrNSalR]* (R
= CF3, 'Bu, NMe;) towards exogenous ligands (pyridine, chloride, bromide) and xanthene
using UV-vis-NIR, GC-MS headspace analysis, ESI-MS and theoretical methods. Chapter
5 will discuss preliminary work to synthesize new CrNSalR derivatives utilizing para imine
and monoalkylated amine groups, as well as future work regarding nitride activation and
C-H bond activation with [CrNSalR?]* (R = NO,, CF3, H, 'Bu, OMe, O'Pr, NMe;, NEt,).

5.2. Novel R-Group Substituents and Valence Tautomerism

The current series of chromium nitride complexes exhibit ligand radical or high-
valent metal center character upon oxidation. Valence tautomer complexes can switch
between metal and ligand oxidized states based on environmental stimuli such as
temperature and weakly binding ligands. These complexes are desirable for sensing,
electronics and reactivity applications. By synthesizing additional oxidized chromium
nitride complexes with weakly donating R groups, one can potentially identify the Hammett
parameter where this property occurs. However, salen ligands bearing R- groups with
sigma Hammett parameter values between -0.83 and -0.45 (corresponding to NMe; and
OiPr respectively) are unknown in literature. To this end, | propose chromium salen nitride
complexes containing R = N=Ph (o, = -0.55) and R = NHPh (o, = -0.56) and will discuss

current progress along their synthetic routes.’?®

5.2.1. Synthesis of R = N=Bn Derivative

To synthesize salen ligand derivatives containing nitrogen atom donors, it is often
necessary to form primary amine intermediates. However, attempts to hydrogenate the

nitro group presumably lead to condensation between the aldehyde and amine formed in
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situ. To circumvent this issue, the aldehyde must be protected using ethylene glycol to
form the corresponding acetal. The hydrogenation then proceeds to completion, and the
amine can be reacted with aromatic aldehydes to generate the desired imine. Interestingly,
the use of further substituted aromatic aldehydes could provide further tuning of donation
strength to the metal center. Deprotection in aqueous acetone liberates the target
aldehyde.'® Currently, the protected imine has been synthesized, however protecting

group removal to furnish the aldehyde needs further development.

0 o o
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Figure 5.1. Proposed synthetic route to chromium salen nitride complexes
bearing para imine groups.

Synthesis of 2-(tert-butyl)-6-(1,3-dioxolan-2-yl)-4-nitrophenol

(o]
H o(\o
2 eq. HOCH,CH,OH
HO NO, e
2 mol % TsOH-H,0
Toluene, Dean-Stark gy

NO,

'Bu

To 1.000 g (4.48 mmol) of 3-(tert-butyl)-2-hydroxy-5-nitrobenzaldehyde was added

0.5 mL (8.97 mmol) ethylene glycol and 0.016 g (0.08 mmol) p-toluenesulfonic acid
monohydrate. The solution was refluxed overnight using a Dean-Stark apparatus until all
starting material was consumed. The solution was concentrated in vacuo to a yellow oil.

(Note: The ethylene glycol protecting group is prone to hydrolysis at this step. Best results
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were found when the crude product was left in dry toluene from refluxing and directly
hydrogenated without further concentration or purification.) Yield: 1.367 g (5.12 mmol,
114%). ESI-MS m/z: 268.11 {M+H+} 100%. 'H NMR (400 MHz, CDCls): & (d, J = 2.8 Hz,
1H, ArH [Ha]), (d, J=2.8 Hz, 1H, ArH [Hx]), (s, 1H, CH [Hg]), (m, 2H, CH2[Hg]), (m, 2H,
CH: [Hc]), 1.41 (s, 9H, C(CHs)3 [Hc]). See Appendix D - Figure D1 for full NMR spectrum.

Synthesis of 4-amino-2-(tert-butyl)-6-(1,3-dioxolan-2-yl)phenol

O(\o 0(\0

Pd/C, H,
_—
HO NO, HO NH,
Toluene
‘Bu Bu

To approximately 1.000 g (3.74 mmol) of 2-(tert-butyl)-6-(1,3-dioxolan-2-yl)-4-
nitrophenol in 30mL toluene was added 0.100 g of 5% Pd/C. The solution was purged and
refilled with hydrogen gas and stirred 48 hours until complete disappearance of starting
material via TLC. The yellow solution was filtered over celite, after which the solution
turned dark purple. The solution was concentrated in vacuo to a purple oil. (Note: The
ethylene glycol protecting group is prone to hydrolysis at this step. Best results were found
when the crude product was left in dry toluene from refluxing and directly hydrogenated
without further concentration or purification.) Yield: 0.479 g (2.02 mmol, 54%). ESI-MS
m/z: 238.14 {M+H+} 100%. 'H NMR (400 MHz, CDCls): & 6.73 (d, J = 2.8 Hz, 1H, ArH
[Hal), 6.55 (d, J=2.8 Hz, 1H, ArH [Ha]), 5.86 (s, 1H, CH [Hg]), 4.17 (m, 2H, CH- [Hg]), 4.08
(m, 2H, CH2[Hc]), 1.41 (s, 9H, C(CHs)3 [Hc]). See Appendix D - Figure D2 for full spectrum.

5.2.2. Synthesis of R = NHPh Derivative

Similar challenges to imine substituted salens arise when synthesizing secondary
amine derivatives. Any amine intermediates formed will condense with aldehydes present.
In addition, the copper catalyzed coupling conditions require further protection of the
phenol group to avoid coupling of the aryl bromide to the phenolate. The phenol protected
intermediate can then undergo Suzuki coupling with the amine of interest, followed by
deprotection in aqueous acetone and Pd/C hydrogenation.'”317° Protection of the phenol
has been achieved, but further protection, Suzuki coupling, and deprotection to obtain the

target aldehyde remains incomplete.

78



O P o
H H o]
HOCH,CH,OH
HO Br 0 Br T > o Br
K,CO;s Q_/ 2 mol % pTsOH
MeCN Dean-Stark Toluene gy

PdBry, K,CO; |

NH2 Toluene
G

(o]
H 3:1 Acetone:H,0 (\0
10 mol % TsOH-H,O 0
o] NH -~
NH
‘Bu
Bu

0
3:1 Acetone:H,0 Q_/
1

Pd/IC,H, '@  MeOH

Y
HaN  NH,
o
H j D)
O { e
Hob"” ________ o Ho—25
1 EtOH Bu gy NH
Bu
CrCly-3THF
MnSalN
4 MecN
O
‘Bu tBu NH

Figure 5.2. Proposed synthetic route to secondary amine groups at para
positions of the aromatic rings.

Synthesis of 2-(benzyloxy)-5-bromo-3-(tert-butyl)benzaldehyde
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To 3.000 g (11.67 mmol) of 5-bromo-3-(tert-butyl)-2-hydroxybenzaldehyde
dissolved in 30mL acetonitrile was added 2.258 g (16.34 mmol) of potassium carbonate.
The solution turned green, and 1.39 mL (11.67 mmol) of benzyl bromide was added. A
yellow green suspension formed overnight, and the acetonitrile was removed in vacuo.

The solid was redissolved in dichloromethane and filtered over celite. Removal of filtrate
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solvent in vacuo yielded a yellow brown oil. Yield: 4.021 g (11.58 mmol, 99%). ESI-MS
m/z: 347.06 {M+H+} 100%. "H NMR (400 MHz, CDCls): 5 10.27 (s, 1H, O=CH [Ha]), 7.88
(d, J=2.6 Hz, 1H, ArH [Ha]), 7.73 (d, J = 2.6Hz, 1H, ArH [Hg]), 7.46 (m, 5H, ArHs [Hg]),
5.07 (s, 2H, CH2 [Hc]), 1.46 (s, 9H, C(CHs)s [Hc]). See Appendix D - Figure D3 for full

spectrum.

5.3. Ligand Accelerated C-H Bond Activation and
Homocoupling

5.3.1. Reactivity Studies Using UV-vis-NIR and GC-MS

Spectroscopic data and ESI-MS indicates C-H bond activation is occurring
between oxidized chromium salen nitrides and xanthene. Many transition metal oxo and
nitride complexes feature increased reactivity in the presence of exogenous ligands. UV-
vis-NIR data suggests a reaction is occurring with [CrNSal®']* and exogenous ligands, but
homocoupling could not be confirmed. It is still unknown how the addition of ligands affects
the relative rates of homocoupling versus hydrogen atom abstraction, as well as whether
the identity of the ligand would favor one pathway (Figure 5.3). In order to minimize
homocoupling and favor C-H bond activation, more dilute concentrations of CrNSalR are
required in a longer pathlength cell (5 cm). However, we are limited with our current setup

in keeping the reaction at low temperatures under inert atmosphere.
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R = NOy, CF3, H, 'Bu, OMe, O'Pr, NMe,, NEt,

@ =Py, CI', Br

Figure 5.3. Potential increase of C-H bond activation reactivity upon axial binding
of exogenous ligand. No reaction with stronger C-H bonds substrates
such as cyclohexane occurs with oxidized CrNSal® in absence of
exogenous ligand (A). The addition of exogenous ligand could
increase the reactivity of the nitride ligand towards C-H bond
activation or could accelerate the competing homocoupling pathway

(B).

[CrNSalR]* and xanthene undergo nitride insertion reactions based on ESI-MS
data. Interestingly, a reaction is also observed via UV-vis-NIR spectroscopy between 9,10-
dihydroanthracene (C-H BDE: 76.3 kcal/mol) and [CrNSal°"]" and [CrNSal®]*, whereas
little reaction is observed with [CrNSal"Me?]** as shown in Figure 5.4. Reactions with
[CrNSal®F3]* and [CrNSal®]* exhibit clear isosbestic points, indicating clean conversion to
a new species. In addition, the reaction between 9,10-dihydroanthracene and [CrNSal°™]*
occurs significantly faster than with [CrNSal®']*, in agreement with the nitride acting as an
electrophile. However, ESI-MS does not reveal a nitride insertion product for any of the
complexes tested. This is consistent with Man’s ruthenium salen nitride system, where
desaturation products are observed as C-H bond strength increases.®® In order to
understand the reaction pathway and verify C-H bond activation is occurring, the predicted
anthracene product or other N-insertion product(s) need to be identified via GC-MS. This

will both identify the potential desaturation products of the reaction as well as quantify the
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products of the reaction, providing insight into how favoured C-H bond activation is over

homocoupling.
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Figure 5.4. UV-vis-NIR spectra for the reaction between [CrNSal®]* and 9,10-
dihydroanthracene. Conditions: 0.1 mM [CrNSal’]*; 10 mM 9,10-
dihydroanthracene; T = 253 K; CH:Cl.. Red = [CrNSalR]*; grey =
intermediate scans over time; purple = 2 hours after addition of 9,10-
dihydroanthracene.

The exogenous ligands investigated in this study included pyridine, bromide and
chloride. UV-vis-NIR suggests the strongest interaction occurs between chloride and
[CrNSal®]*, which could be attributed to the strong electrostatic interaction between ions
and hard Lewis base pairing between Cr(VI). Therefore, the fluoride ion could interact
even more strongly with [CrNSal'®®']* and increase the reactivity of the nitride ligand even

further, making it a valuable inclusion to the current ligand series.

+
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Figure 5.5. The reaction of [CrNSal®"]* with the fluoride anion ligand.

5.3.2. Homocoupling and C-H Bond Activation

GC-MS headspace analysis could not confirm the presence of isotopically labelled
nitrogen gas following the addition of chloride to oxidized Cr'>NSal®'. However, there are
significant reaction rate differences depending on whether pyridine, chloride, or bromide

is used. Chloride causes the fastest decay, followed by bromide then pyridine. Section
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4.2.3 theoretically examined the interaction of one ligand and one [CrNSal®']* complex

and investigated changes indicative of nitride activation.

Another method to probe the difference in reaction rate with different ligands is
computationally modeling the transition state when two of the oxidized chromium salen
nitride complexes come together. Depending on the relative energies of the transition
state, a significantly lower transition state may be observed for one of the ligand adducts,
and all should be more accessible than in the absence of an exogenous ligand. Moreover,
this will provide insight into whether both oxidized chromium salen nitride complexes must
be ligated for the decay to occur (Figure 5.5). The results of this study may confirm why
kinetics studies are challenging for this system if there are complex equilibria and ligation

of all complexes is not required for homocoupling to occur.

R ~Cr~N= + R - cr-N= ---------» Reaction?
D ~~=5 D
‘Bu R '‘Bu R

+ +

O’Cr- - | - » Reaction?
(o]
‘Bu R

Figure 5.6. Future work regarding nitride activation and homocoupling. No
reaction occurs in the absence of an exogenous ligand L (A). It is
unknown if a reaction will occur if only one of the [CrNSalR]*
complexes contains an axial ligand (B), or if both complexes must be
coordinated by axial ligands (C).

5.4. Conclusion

Novel Cr salen nitride complexes were synthesized containing para R = NO», H,
OMe, O'Pr and NEt, groups. The complexes were chemically oxidized and their electronic

structure investigated using electrochemistry, UV-vis-NIR, EPR and DFT. Based on the
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data collected so far, oxidation of Cr'NSal® (R = NO_, H, OMe, O'Pr) yields metal oxidized
CrVINSalR, and oxidation of CrNSalNe® yields a ligand radical [CrVNSalNE?]**, Interactions
between previously characterized [CrNSal®']* and [CrVNSal'™e?]**and exogenous ligands
(L = Py, CI, Br) were investigated to determine whether nitride activation and
homocoupling occurs upon axial ligand binding to Cr. The locus of oxidation strongly
influences this interaction, with a reaction observed for [CrNSal®']* and all ligands,
whereas no reaction occurs for [Cr'NSal"Me?]** and any ligands based on UV-vis-NIR
spectroscopy. DFT analysis of the different [CrNSal®]*-L adducts supports activation of
the nitride ligand based on increased Cr=N bond length and planarity of the CrSal unit.
However, attempts to identify the product(s) of the reaction were unsuccessful.
[CrNSalR]*.(R = CF3, 'Bu, NMey) also react with xanthene to form N-insertion products as
detected by UV-vis-NIR and ESI-MS. This C-H bond activation reaction occurs faster as

the o, increases, in accordance with the nitride acting as an electrophile.

Future work with CrNSal®? will continue searching for the o, where the locus of
oxidation changes by synthesizing new para substituted salen ligands. Additional
experimental methods such as XAS will help verify the locus of oxidation for [CrNSalR]*.
CrNSal? (R = OMe, O'Pr, NMe;, NEt;) exhibit additional redox processes at relatively low
potentials which remain poorly explored with respect to electronic structure and reactivity.
While homocoupling in the presence of an exogenous ligand could not be confirmed, the
product of the reaction remains elusive, and work is ongoing to probe whether a simple
ligand-complex interaction is occurring or activation of the nitride towards dimerization.
Other methods of nitride activation such as temperature and UV light remain unexplored.
In addition to xanthene, [CrNSal?]* may also react with stronger C-H bonds such as
cyclohexane depending on the salen R-group. Moreover, [CrNSalR]* may perform N-
insertion reactions with other substrates such as alkenes and alkynes, highlighting the
wide reaction scope of these complexes. While chloride appears to activate the nitride the
strongest in comparison to bromide and pyridine, it is unknown whether it is the optimal

ligand for reactivity applications.
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Appendix A. Supporting Information for Chapter 2

Figure A.1. Spin density (top) and SOMO (bottom) plots for CrNSalN°2,

Figure A.2. Spin density (top) and SOMO (bottom) plots for CrNSal".
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Figure A.3. Spin density (top) and SOMO (bottom) plots for CrNSal®Ve,

Figure A.4. Spin density (top) and SOMO (bottom) plots for CrNSal°"r,
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Appendix B. Supporting Information for Chapter 3
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Figure B.1. Full scan window cyclic voltammogram for CrNSal"°2, Conditions:
0.1 M TBAP; CH2Cl2; 1 mM complex; T = 298 K; scan rate = 100 mV/s.
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Figure B.2. Full scan window cyclic voltammogram for CrNSal". Conditions: 0.1
M TBAP; CH:Clz; 1 mM complex; T =298 K; scan rate =100 mV/s.
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Figure B.3. Full scan window cyclic voltammogram for CrNSal°Ve, Conditions:
0.1 M TBAP; CH:Cl2; 1 mM complex; T = 298 K; scan rate = 100 mV/s.
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Figure B.4. Full scan window cyclic voltammogram for CrNSal°"". Conditions:
0.1 M TBAP; CH:Cl2; 1 mM complex; T = 298 K; scan rate = 100 mV/s.
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Figure B.5. Full scan window cyclic voltammogram for CrNSal"E2, Conditions:
0.1 M TBAP; CH:Cl2; 1 mM complex; T = 298 K; scan rate = 100 mV/s.
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Figure B.6. UV-vis-NIR spectra for chemically oxidized CrNSal°Ve, Black =
neutral; red = mono-oxidized; purple = bis-oxidized. Conditions: 0.45
mM CrNSal®Me; CH.Cl,; T = 253 K.
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Figure B.7. UV-vis-NIR spectra for chemically oxidized CrNSal°*", Black =
neutral; red = mono-oxidized; purple = bis-oxidized. Conditions: 0.45
mM CrNSal®®"; CH.Cl;; T = 253 K.
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Figure B.8. UV-vis-NIR spectra for chemically oxidized CrNSal"®2. Black =
neutral; red = mono-oxidized; purple = bis-oxidized. Conditions: 0.45
mM CrNSal“E®2; CH.Cl,; T = 253 K.
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Figure B.9. Spin density plots for oxidized CrNSal"V¢2 jn the BSS (A) and triplet
(B) spin states.
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Appendix C. Supporting Information for Chapter 4
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Figure C.1. Titration of two equivalents of pyridine, bromide, and chloride into
[CrNSal®®']* monitored by UV-vis-NIR spectroscopy. Red = no ligand;
purple = one equivalent ligand; magenta = two equivalents of ligand;
grey = intermediate scans. Conditions: 0.1 mM [CrNSalR]*; T = 253 K;
CH.Cl..
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Figure C.2. Positive mode ESI-MS spectrum of reaction between [CrNSal*®“]*and
tetraethylammonium chloride.
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Figure C.3. Attempt to generate an optimized structure of [CrNSalNMe2]** with
Cl-bound axially. An optimization was first performed with the Cr-Cl
bond locked at 2.9A, then unlocked.
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Appendix D. Supporting Information for Chapter 5
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Figure D.1. 'H NMR spectrum of 2-(tert-butyl)-6-(1,3-dioxolan-2-yl)-4-nitrophenol
in CDClIs. * = residual solvent.
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Figure D.2. 'H NMR spectrum of 4-amino-2-(tert-butyl)-6-(1,3-dioxolan-2-
yl)phenol in CDCIs. * = residual solvent.
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Figure D.3. 'H NMR spectrum of 2-(benzyloxy)-5-bromo-3-(tert-
butyl)benzaldehyde in CDCIs. * = residual solvent.
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